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Chapter 1

Characterization of the 
Youssoufia-Morocco-
MineFluoride-Contaminated 
Water and Their Detrimental 
Effects on Human Health
Moufti Ahmed

Abstract

In Youssoufia, the second phosphate mining center of our country (Morocco), 
the drinking water needs of the rural population are of underground origins. 
Indeed, most of Youssoufia’s rural areas feed on traditional wells. The main purpose 
of this chapter is to evaluate the degree of contamination of mine water along the 
pumping canal by fluoride. Wells located near this channel were also analyzed to 
see the influence of the existence of black phosphate in this region on these wells. At 
the end of this analytical part, it is obvious to conclude that the dewatering waters 
of the black phosphate mines of Youssoufia, known as dewatering water along the 
canal, contain significant fluoride concentrations in the order of 3–4 mg/l on aver-
age and the waters of the wells located near this canal have fluoride concentrations 
higher than the standard recommended by the National Office of Drinking Water in 
Morocco and the World Health Organization which is 1.5 mg/l. Indeed, a number of 
residents residing in Youssoufia suffer from fluorosis.

Keywords: fluoride, characterization, Morocco, mine water, human health

1. Introduction

In Morocco, the establishment of a water resources management policy both 
quantitatively and qualitatively is not a whim of organization but a necessity for 
survival. In fact, the reserves of drinking water are not infinite, and many regions 
suffer either from the lack or the intolerable waste of this vital density.

In Youssoufia, the second phosphate mining center of our country, the drinking 
water needs of the rural population are of underground origins. Indeed, most rural 
areas of Youssoufia feed from traditional wells, the closest to each Douar. The drink-
ing water supply is made from four holes of the BAHIRA water table located 24 km 
southeast of Youssoufia.

On the other hand, there is black phosphate mine water that is not waste water, 
in the common sense of the term, because it has never actually been used. These 
are the waters of a multitude of superimposed layers drowning the different 
layers of phosphates in the southern zone of the Gantour deposits, which requires 
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predigestion to allow the exploitation of these deposits. Currently, this predigestion 
is carried out essentially in the recipes 7 and 9 where the average flow reaches in 
6–8000 m3/day, and at present, it exceeds 35,000 m3/day [1].

The main purpose of this chapter is to evaluate the degree of contamination of 
mine water along the pumping canal by fluoride. Wells located near this channel 
were also analyzed to see the influence of the existence of black phosphate in this 
region on these wells.

2. Choice of the zone

In Morocco, the phosphate areas have a geographical area extending from 
Khouribga, Oued Zem and Tadla to the northeast, Settat to the center, and Ben Guerir 
and Youssoufia to the west [2]. The choice of the Youssoufia zone is justified on the 
one hand by the fact that the latter contains significant concentrations of fluoride of 
the order of 3 mg/l on average in mine water [3–5], and on the other hand, that all the 
studies that have already been done on regions other than Youssoufia [6, 7].

3. Overview of the study area (Youssoufia)

3.1 Historical aspect

The city of Youssoufia was born in 1930 following the discovery of a phosphate 
deposit in the Gantour plateau by the French geologist Lois Gentil. Since then, the city 
took the name of the latter until 1960, when it was renamed Youssoufia by his majesty 
Mohamed V following the visit he made to this locality on the same date [8].

The development, extension and exploitation of the deposit, as well as the 
increasing demand for labor, have given the Youssoufia center considerable eco-
nomic growth and accelerated urbanization.

3.2 Geographic location

The city of Youssoufia is located east of the city of Safi, at a distance of 80 km, north 
of the city of Marrakech, at a distance of 100 km and south of the city of Casablanca, at 
a distance of 220 km. It is part of the Doukkala-Abda region, Safi province (Figure 1). It 
is also part of the Gantour plateau, one of the four main deposits of the cherifian office 
of phosphates (OCP) group, limited to the north by the RAHMANA, to the east by the 
MOISSAT hills, to the south by the Bahira, and to the west by the TASSAOUT Wadi.

The city of Youssoufia is crossed by a railway that connects the phosphate 
deposits of Ben Guerir and Youssoufia with the port of SAFI. It is also served by: 
the Jamaat Shaim road to the northwest, the road to Chemaia on one side and Ben 
Guerir on the other, the road that joins the main road 12 to Marrakech to the south, 
and the new road to Sidi Bennour to the north.

Despite this important network of roads and railway lines, the city of Youssoufia 
remains a locality and on the fringe of the existing clean economic activities on the 
roads (e.g., Ben Guerir, Sidi Bennour,…) and this is because of the hand of OCP on 
the city as a single manager concerned with the development-only activities related 
to the mining sector.

3.3 The climate

The climate of the city of Youssoufia is semicontinental, arid in winter, the average 
rainfall is about 272 mm per year, and the average minimum temperatures vary 
between 13°C in January and 25.1°C in July. Highs above 30°C can be observed in the 
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region. The coldest months are December, January, and February when the minimum 
average is 8.6°C. The winds are relatively weak with predominance of the northern 
directions during the dry season and the northeast during the wet season [8, 9].

The monthly averages (Table 1) show that there is a rainfall accident in 
November, December, January, and February, which allows a medium or wet year 
for a crop life until March or April due to the water potential accumulated in the 
ground. Outside these periods, the existence of a vegetative life is linked to the sup-
ply of water by irrigation. The months of July and August are the driest [10, 11].

3.4 Mining potentials

In terms of phosphate, the region is full of a large amount of phosphate; it is the 
largest reserve of the country after Khouribga. Its reserves are estimated at 2 billion 
m3, which are located in the Gantour plateau [12].

Figure 1. 
Geographic location of Youssoufia.
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Phosphate mining is carried out in two areas, clear phosphate and black phos-
phate. There is a drying unit with a capacity of 60 million tons per year and a black 
phosphate calcination unit. The O.C.P for some years directs its exploitations on 

Figure 2. 
Average lithological section of the Youssoufia black phosphate deposit.

Month Jan. Feb. March April May June July August Sept. Oct. Nov. Dec. Ann.

Average 
monthly 
(mm)

39 34 39 22 17 2 0 0 10 25 40 44 272

Table 1. 
Average monthly rainfall (Youssoufia station, period 1933–2000).
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Ben Guerir where they are in open sky, when with the city of Youssoufia, they are 
executed in great depth. This has practically caused a stagnation of the depth since 
1970, and a very significant regression since 1984.

3.5 Overview of the hydrogeology of the Youssoufia flood zone

The sedimentary basin is in the form of a subsidence basin, it is a tectonized and 
folded primary substratum during the New Caledonian tectonic phases and a cover 
ranging from quaternary to quaternary affected by attenuated tectonic replicas of 
the tectonic Alpine phase. Currently in the zone of Youssoufia, it is the layer 1 that 
is in exploitation. It also exploits the layer 0 when the interlayer layer 1-layer 0 is 
absent or friable. As it moves south, light phosphate is exploited in recipes 5 and 
6 (discovery), where it exploits in addition to layer 1 and layer 0, groove X (see 
Figure 2; [10]). The lithological section of this deposit (Figure 3) shows that the 
black phosphate of Youssoufia is located at an average depth of more than 150 m, up 
to 180 m. The phosphate layer is located below the aquifer, which results in particu-
larly delicate mining problems, which had to be controlled. The exploitation of this 
deposit is done underground [11].

Layer 1 (Montien): it is a loose sandy phosphate whose power is of the order of 
2–2.5 m. The base of this layer is usually in the form of a phosphate limestone. This 
layer is also surmounted by a cardial spacer. This spacer separates layer 1 from layer 0.

The layer 0 (Montien): it is a loose sandy phosphate less rich in view than the 
layer 1. The X groove is encountered in the Maastrichtian, which is characterized 
by an alternation of phosphate levels and sterile levels with predominantly marly 
levels. The phosphate levels are in the form of phosphated sands called from bottom 
to top: layer 6, 5, 4, 3, 2, and the groove X. The layers 0 and 1 are in the Montien, 
Sillon X in the Maastrichtian.

4. Dewatering water (Exhaure water)

Underground mining at Youssoufia began in 1930 with the extraction of the 
clear, dry phosphate that runs along the northern limit of the deposit, whose work 
has bypassed the area drowned in its northern and western parts.

Figure 3. 
Mine stations “Exhaure” and design of shallow basins.
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Phosphate mining is carried out in two areas, clear phosphate and black phos-
phate. There is a drying unit with a capacity of 60 million tons per year and a black 
phosphate calcination unit. The O.C.P for some years directs its exploitations on 

Figure 2. 
Average lithological section of the Youssoufia black phosphate deposit.

Month Jan. Feb. March April May June July August Sept. Oct. Nov. Dec. Ann.

Average 
monthly 
(mm)

39 34 39 22 17 2 0 0 10 25 40 44 272

Table 1. 
Average monthly rainfall (Youssoufia station, period 1933–2000).
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In fact, this zone is characterized on one hand by the existence of organic 
matter giving the phosphates their blackish color and acting on its content, 
which necessitates their calcination before delivery [11], and on the other hand 
by the presence of water in extraction sites from groundwater that have been 
discovered since 1960 by the exploitation of recipe 7 and then by recipes 8 and 9. 
This water called “mine water” is pumped to the outside of the mine to allow the 
exploitation of these deposits [13]. The observation in recent years of the ton-
nage dewatering discharge relationship predicts a flow of more than 35,000 m3/
day from the year 2000. The average composition of black phosphate is shown in 
Table 2 [11].

Extraction of black phosphate in the submerged area of Youssoufia occurs 
between two underground aquifers. In this zone, there are two types of devices for 
precleaning the upper water table: surface precleaning (caving and tracing) and 
spot precleaning (wells and predigestion soundings) [10].

4.1 Exhaure “mine water”

The water that impedes the smooth progress of phosphate extraction in the 
underground workings of the flooded Youssoufia zone comes from:

• lightning strikes;

• tracing;

• operating wells; and

• precleaning drains.

To ensure the smooth running of extraction, a dewatering infrastructure was set 
up for the evacuation of these waters to the day. The scheme adopted for evacuation 
consists of three phases [10]:

First phase: it concerns the collection of water from the various roads and sites by 
essentially pneumatic pumps installed in the cuvettes. The water will be evacuated 
to the nearest settling stations (to the headway).

Second phase: the water collected during the first phase is collected in the second-
ary basins. These waters are discharged in a 50/60 pipe where 80/90 is connected 
directly to the pipe 6", which is different in the main dewatering station. Typically, 
these pumps supply intermediate basins, and the main station consists of a succes-
sion of settling ponds (Figures 3 and 4).

Third phase: this is the main phase of dewatering; all the water from the sector 
collected in the settling ponds is repressed by electric pumps (GFP, Rotos, Guinard, 
and Deplechin). This water is discharged to the day through wells in 6 “pipes to be 
conveyed by gravity in 10” pipes, which reject them away from the farms to avoid 
any recycling of water. The position of the dewatering stations that force the inflow 
of water toward the day depends on the hydrogeology of the zone and the dynamics 
of exploitation [10] (Figure 4).

Element P2O5 CaO CO2 SiO2 Al2O3 F−

Percentage 32.5 52 3.7 3.9 0.36 3.9

Table 2. 
Average composition of black phosphate.
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5. Exhaure and quality

5.1 Characterization techniques for Youssoufia mine water

All the water samples are kept at 4°C in plastic bottles (Year 2001/2002) and 
analyzed in the laboratory “Water and Environment,” at the Faculty of Sciences of 
El Jadida within 24 h according to the standard French methods (AFNOR) [14, 15]. 
At each sampling, the temperature, TDS, conductivity, and pH were measured in 
situ in the field using an HACH conductivity meter, modeled 44,600 and a WTW 
pH meter, modeled 522 with a combined electrode. Turbidity is measured using a 
turbidimeter.

In this study, fluoride was assayed by potentiometric method using TISAB solu-
tion, a fluoride ion-specific electrode and a reference electrode (Ag/AgCl). It has 
the advantage of being simple, of rapid response and of being amenable to serial 
dosages [14, 16]. The apparatus used is a JENCO model 6209 type pH-ionometer 
equipped with a fluoride-specific electrode.

5.1.1 Nature and methods of taking samples

Samples were taken along the mine-water channel from recipe 9 “unit 9” (Douar 
OULED ABADE) from stations S1 to S5 and recipes (unit)7 and 8 (station S6) and 
the mixture of the three recipes located at neighborhood of SIDI AHMED and 
extend to El BIAR (stations S7, S8, and S9). Samples from wells near the dewatering 
water channel were also taken (Figure 5).

5.1.2 Results of characterization of mine water

Youssoufia mine water from black phosphates corresponds to natural ground-
water characterized by a more or less variable chemical composition. Table 3 

Figure 4. 
Operating method.
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summarizes the results of physicochemical analyzes carried out along the canal. It is 
noted that these waters have electrical conductivities ranging from 1.2 to 1.4 ms/cm 
at 25°C and pH from 7.67 to 8.22, so we can conclude that these groundwater (mine 
water) are slightly alkaline.

5.1.2.1 Evolution of the fluoride content for the different stations

Table 4 presents fluoride standards for drinking water as a function of average 
annual temperature obtained from daytime daily maximums [17].

According to Table 4, the world Health Organization (WHO) standard for water 
with an average temperature of 21.66–27.77°C (average temperature of mine water) 
is set at 0.8 mg/l. Examination of the results obtained shows that the Youssoufia 
mine water along the canal has high levels of F− of the order of 3.5 mg/l on average, 
thus much higher than the norms published by the WHO. It can be added that these 
important levels decrease along the canal, moving away from the recipe 9 (station 
1) to the mixture of the three recipes 7, 8, and 9 (station 9) located near the village 
of Charige, the content of F− decreases from 4.06 to 2.36 mg/l (Figure 6). The same 
results were found by Falgata [1].

This abnormal fluoride content is due to the fact that leaching of the black 
phosphate from this region contains from 3 to 4% of fluoride [18]. This was well 
verified in the study conducted by ARAFAN [19] on the monitoring of the release 
of fluoride ions by black phosphates, which shows that they release between 3 and 
3.5 mg/l of fluoride for a stirring time greater than 100 up to 300 h for the different 
masses used (Figure 7). This quantity of fluorides released by black phosphate is 
greater than that released by white phosphate [20–22].

5.1.2.2 Orthophosphates and magnesium

From station 1 (S1) to station 9 (S9), the contents of orthophosphates (Figure 8) 
and those of magnesium (Figure 9) decrease along the dewatering channel, except 
that in the case of (Mg2+), there is a slight increase in the station 6 (S6) and this is 
because the mine water of recipes 7 and 8 (station 6) are more concentrated in Mg2+.

Moreover, we can note that the contents of (PO4
3−) and (Mg2+) do not exceed the 

standards published by WHO [23].

Figure 5. 
Dewatering water sampling stations. S10 et S11 : Welles.
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Figure 6. 
Evolution of fluorides concentration along the mine water channel.

Average annual temperature 
(°C) of water from daytime 
maximums daily

Optimal levels of 
fluorides (ppm)

Maximum allowable 
levels of fluorides 

(ppm)

Limit levels of 
fluorides (ppm)

10 1 1.074 1.640

10.55 0.956 1.024 1.548

11.11 0.916 0.979 1.465

11.67 0.880 0.940 1.393

12.22 0.849 0.905 1.329

12.78 0.821 0.873 1.270

13.33 0.796 0.844 1.218

13.89 0.773 0.819 1.170

14.45 0.752 0.795 1.127

15 0.733 0.774 1.088

15.55 0.714 0.752 1.048

16.11 0.698 0.734 1.015

16.67 0.682 0.716 0.983

17.22 0.667 0.700 0.953

17.78 0.654 0.685 0.925

18.33 0.640 0.670 0.897

18.89 0.629 0.657 0.874

19.45 0.618 0.644 0.850

20 0.6 0.632 0.28

20.55 0.597 0.621 0.807

21.11 0.587 0.610 /

21.66 to 27.77 0.800

28.33 to 32.22 0.700

Table 4. 
The fluoride level standards of drinking water at different temperatures.
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5.1.2.2.1  Relationship between the evolution of concentration of fluorides, 
magnesium, and orthophosphates concentration

A correlation is made between fluoride (F−) and orthophosphate (PO4
3−) contents 

(Figure 10) and between fluoride (F−) and magnesium (Mg2+) (Figure 11). The results 
showed that these three elements decrease in the same way since the correlations is 
linear. So, they undergo the same phenomenon along the channel, and this can be 
explained by the precipitation of Mg5−x Cax (PO4)3 F, OH, which is insoluble in water.

5.1.2.3 Calcium

For calcium, the acceptable limit set by WHO is 75 mg/l. In the study area, mine 
waters have significant calcium contents, that continue to increase away from sta-
tion 9 (S9), from station 2 (S2), toward the mixture of the three recipes R7, R8 and 

Figure 7. 
Releasing fluorides as a function of time to different masses of black phosphate.

Figure 8. 
Evolution of orthophosphates along the canal.
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Figure 10. 
Relationship between the evolution of concentration of fluorides and orthophosphates.

Figure 11. 
Relationship between the evolution of concentration of fluoride and magnesium.

Figure 9. 
Evolution of magnesium along the canal.
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R9 (Figure 12). These levels are higher than the standard published by WHO. The 
low value of Calcium in station 6 (S6) is due to the fact that the dewatering water of 
recipe 7 (R7) is not very well concentrated in this element.

5.1.3 Impact of the phosphatic layer on the groundwater

In order to study the impact of the phosphatic layers on the water table, we 
sampled two wells (stations 10 and 11) located near the dewatering channel.

To better interpret the results, we have drawn figures that represent the concen-
tration of the element considered in stations 5, 6, and 7 and we compared them with 
that of stations 10 and 11 to better make a comparison between dewatering water of 
recipe 9 before mixing (station 5), water of recette 7 and 8 (station 6), the mixture 
of the three recipes “recette” (station 7), and the well waters (stations 10 and 11). 
The results are as follows.

The results of the physicochemical analyzes carried out on the water of the well 
in question showed that these waters are contaminated by several elements, which 
influences their conductivity (CE) and the hardness (TH) (Figures 13 and 14). We 
can therefore conclude that the phosphatic layer influences the wells (S10 and S11), 
since the black phosphatic minewater has concentrations with a much higher hard-
ness (135 <[TH] <175 mg/l), this is due may be leaching phosphatic soils. The same 
remark is noted for conductivity.

5.1.3.1 Fluoride concentration

Figure 15 shows that the well waters (S10 and S11) are contaminated with fluo-
ride; the concentration of fluoride concentration [F− (S10) = 1.51 and F− (S11) = 1.63] 
is greater than the limit set by the WHO of 1.5 mg/l, which is in good agreement 
with previous results obtained by Mr. Mountadar and his collaborators [20] in a 
study of Khouribga well waters have shown that these waters are contaminated 
with fluoride [(F−) > 1.5 mg/l], and also by Hassani et al. [19], who showed that 
the well waters in the vicinity of the Youssoufia calcination units have fluoride 

Figure 12. 
Evolution of calcium levels along the canal.
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Figure 14. 
Evolution of hardness in the study area.

Figure 15. 
Comparison between fluoride levels in mine water and neighboring wells.
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Figure 13. 
Comparison between the conductivity of the waters along the canal and that of neighboring wells.
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concentrations between 1.5 and 2.8 mg/l. The consumption of such fluoride-laden 
water has negative health effects: dental fluorosis and skeletal disorders [3].

For the other elements, it can be said that they are comparable to those obtained 
for Youssoufia mine water and they do not exceed the standards set by the World 
Health Organization (WHO).

6. Conclusion

At the end of this analytical part, it is obvious to conclude that:

• Youssoufia mine water contains high concentrations of fluorides of the order 
of 3–4 mg/l on average; this is due to the fact that the black phosphate of 
Youssoufia contains 3–4% of F−. This abnormal fluoride content is due to 
the fact that leaching of the black phosphate from this region contains 3–4% 
of F− [3]. This was well verified in the study conducted by Garmes [2] on 
the monitoring of the release of fluoride ions by black phosphates, which 
shows that they release between 3 and 3.5 mg/l of for a stirring time greater 
than 100 h up to 300 h for the different masses used. This quantity of 
fluorides released by black phosphate is greater than that released by white 
phosphate [20].

• The ions (F−), (Mg2+), and (PO4
3−−) are eliminated in the same way along the 

dewatering channel. This is probably due to the precipitation of magnesium 
orthophosphates.

• The waters of the wells near the canal are contaminated by fluoride 
(F− → 1.5 mg/l), and the same result was observed by Hassani and his collabo-
rators [24] in a study made on wells located in the vicinity of the Youssoufia 
calcination units, which showed that these wells have F− concentrations of 
between 1.5 and 2.8 mg/l. Indeed, a number of residents reside in Youssoufia 
suffer from fluorosis. Therefore, there is a permanent risk for the population 
using the groundwater near the phosphate mining plants in Youssoufia. In 
addition, Fandi [3] noted during a study (questionnaire) carried out on the 
inhabitants of the city of Youssoufia that:

1. Caries is the most common dental disease and is more prevalent in urban 
than in rural areas, meaning that the diet consumed in cities can also affect 
the condition of the teeth.

2. With regard to the state of the teeth, people from rural areas seem to be 
the most affected; in fact 36% of these subjects have a form of hyperplas-
tic tooth compared to 9.67% of urban people, 45.33 and 49.33% of rural 
people, respectively, have yellow and rusty pigmentation against 40.32 and 
38.71%, respectively, for urban people.

3. For bone disorders, they are present in 61.3% in urban areas while this 
figure reaches 77.33% in rural areas.

We, therefore, note the main health problem resulting from the possibility of 
using mine water as drinking water where irrigation resides in the clinical manifes-
tation of mottled enamel called “Darmous” in Morocco and “Disease of the facto-
ries.” In France [3, 8], this causes psychological problems for thousands of people 
residing in the phosphate zones.
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Abstract

Greenhouse gas emissions are accounted by greenhouse gases inventories, 
which must be produced by common accounting rules, called Guidelines, which 
are endorsed by the United Nations Framework Convention on Climate Change 
(UNFCCC). These inventories are fundamental to analyze the impact of agriculture 
on emissions, and as example of the difficulty and complexity of implementation 
of the guidelines, a comparative study is made on emissions from Agricultural Soil 
Management (CRF category 3D source) utilizing biological nitrogen fixation. The 
analysis carried out for the N2O emissions under this section of the agrarian sector 
of Spain, Europe, New Zealand, Canada and the USA, inventories and national 
communications from Argentina and Brazil permit to observe the wide spectrum 
of approaches and the importance of the management of the accounting rules to 
be used mainly if we need that the impact of mitigation policies are captured in a 
direct way by the inventory. New technologies could introduce changes in the rules 
and can be utilized for reducing emissions, and examples are also analyzed.
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1. Introduction

Agriculture is one of the economic sectors that make up the economic struc-
ture of a country and, as such economic activity, contributes to generate part of 
greenhouse gas of the total emissions of each country and, therefore, is an activity 
co-responsible for climate change.

Emissions of greenhouse gas (GHG) are accounted by greenhouse gases 
inventories and allow us to characterize both the emitting sources and the amount 
emitted and must be made respecting common rules designed with high technical 
qualifications.

This accounting of emissions from the agricultural sector is particularly complex 
and should be a useful tool for the design of agricultural policies for emissions 
mitigation from this sector.

To be able to check the difficulty and complexity of application of accounting 
guidelines and, also, the wide spectrum of options that you can use, a comparative 
study of the treatment of emissions from a series of inventories or national commu-
nications from various countries is made in this chapter.
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nications from various countries is made in this chapter.
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It is undeniable that knowledge and the correct accounting of emissions we will 
strongly condition analyses and measures that specifically we design and pretend 
to implement to achieve lower emissions in this sector. It will enable us and also 
defines new technologies that may be incorporating gradually and its effect can be 
captured by each country GHG inventory.

2. Greenhouse inventories and agricultural sector

From the year 2015, national GHG inventories have been developed following 
the Guidelines of the International Panel of Climate Change (IPCC) 2006 [4]. 
Until that year, 1996 IPCC Guidelines were used, and the introduction of these 
new guidelines meant significant changes in the accounting emissions of agri-
cultural sector. In addition to new accounting rules that affect every economic 
sector, the potential of global warming greenhouse gases also changed, which 
meant to make updates of all the data series that are measured from the 1990 
base year.

Table 1 presents the global warming potential (GWP) of the three major gases 
that have been used and the new planned reform [1].

In addition to the changes made to the potential of global warming gases, two 
of which, (CH4 and N2O) particularly affect agriculture also changed certain 
accounting rules which generated significant changes in the volume of emissions in 
this economic sector. The changes that are made to inventories’ rules will affect in 
proportion to each country’s productive structure.

2.1 Emissions from agriculture

Emissions from agriculture activity vary depending on the economic structure 
of countries and the extent of its territory because agriculture is mainly based on 
Earth’s surface arable in each country. An idea of absolute importance (total emis-
sions) and relative (percentage of agriculture with respect to the total emissions) 
can be seen in Table 2 using data on inventories [2] and national communications 
of different countries [3].

We can see that the developed countries have a much less percentage of agrarian 
sector emissions (their emissions more importantly tend to belong to the energy 
sector), and the big countries such as Argentina and Brazil have a large amount of 
emissions in relative and absolute value. An exception is New Zealand that even 
being a developed country has a broad agricultural sector.

Gases Chemical 
formula

GWP values for 100-year time horizon

Second Assessment 
Report (SAR)

Fourth Assessment 
Report (AR4)

Fifth Assessment 
Report (AR5)

Carbon 
dioxide

CO2 1 1 1

Methane CH4 21 25 28

Nitrous 
oxide

N2O 310 298 265

Table 1. 
Global warming potential (GWP) values relative to CO2.
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3. A comparative analysis of methodologies

In order to show the complexity and diversity of options that can be used, a 
comparative analysis of the methodologies used will be carried out to evaluate the 
emissions from agriculture’s sector in the inventories and national communications 
of previous countries.

In a first epigraph, it will use a section of the inventory of emissions from 
agriculture, the emissions from managed agricultural soils: Agricultural Soil 
Management by the analysis that the new guidelines have been given to the nitrogen 
biological fixation (NBF).

We will study methodologies, which not being developed in the United Nations 
Framework Convention on Climate Change (UNFCCC) guidelines are approved 
by the inspectors in different reviews carried out inventories and if it be known by 
other countries could be used.

A detailed analysis is performed, with respect to N2O emissions under this 
epigraph of the agrarian sector, of Spain, Europe, New Zealand, Canada and the 
USA inventories and national communications from Argentina and Brazil to see the 
broad spectrum of approaches and the importance of management of accounting 
rules.

We will use, as demonstrative example, legumes’ crops because they are widely 
cultivated throughout the world on a large part of the Earth’s surface, and also they 
have the ability to fix atmospheric nitrogen to facilitate its growth; so it is very 
important to know the accounting treatment that has been given to these plant 
species in the IPCC guidelines.

3.1 The treatment of legumes

New 2006 Guidelines introduced a very significant change in the treatment 
of legumes in GHG’s inventories compared to previous 1996 guidelines [4]. This 
change meant a large reduction in emissions of the main producer countries, and 
this reduction is not due to an effective policy of mitigation emissions, but it is due 
to a simple change in accounting criteria, which is based on a technical scientist 
analysis.

To facilitate understanding of the problem, a brief theoretical nitrogen cycle 
exposure begins.

We will use the Centro Superior de Investigaciones Científicas (Spain) work, 
which explains very clearly this topic [5]:

Year/
methodology

Countries Agriculture 
emissions

Total kt CO2 eq.

Agriculture emissions/total 
emissions (%)

2016/AR4 EUR28 + Island 431,000 9.2

2016/AR4 USA 562,600 8.6

2016/AR4 Canada 72,000 10

2016/AR4 New Zealand 38,727 49.2

2016/AR4 Spain 34,405 12.1

2012/SAR Argentina 119,498 27.8

2010/SAR Brazil 407,067 32

Table 2. 
Agriculture emissions by countries.
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this reduction is not due to an effective policy of mitigation emissions, but it is due 
to a simple change in accounting criteria, which is based on a technical scientist 
analysis.

To facilitate understanding of the problem, a brief theoretical nitrogen cycle 
exposure begins.

We will use the Centro Superior de Investigaciones Científicas (Spain) work, 
which explains very clearly this topic [5]:

Year/
methodology

Countries Agriculture 
emissions

Total kt CO2 eq.

Agriculture emissions/total 
emissions (%)

2016/AR4 EUR28 + Island 431,000 9.2

2016/AR4 USA 562,600 8.6

2016/AR4 Canada 72,000 10

2016/AR4 New Zealand 38,727 49.2

2016/AR4 Spain 34,405 12.1

2012/SAR Argentina 119,498 27.8

2010/SAR Brazil 407,067 32

Table 2. 
Agriculture emissions by countries.



Environmental Chemistry and Recent Pollution Control Approaches

24

“Nitrogen fixation may be purely abiotic or biological. In abiotic fixation, oxides 
are formed as a result of the combustion of organic compounds, electric shock, etc., 
which are dragged to the ground by rain, or ammonium by the industrial process 
Haber-Bosch. Biological nitrogen fixation process are carried out by prokaryotic 
organisms, N2 is reduced to ammonium and incorporated into the biosphere.”

“These bacteria from the soil that we could call fixation free, as those of 
the genus Azotobacter, require up to 100 units of glucose equivalents per unit 
of nitrogen fixed. For this reason, its agricultural significance is low, which 
increases considerably in the case of the symbiotic fixation, as the established 
between rhizobia and legumes, where the ratio decreases of 6–12 units of glucose 
consumed per unit of nitrogen fixed. In this case, moreover, the power source is 
carbon compounds supplied directly by the plant derived from photosynthesis, 
while free fixation has to take them from soil, where these carbon compounds 
(glucose) do not exist in the amount and form necessaries. So in fact, Azotobacter 
provides to the ground a few hundred grams of nitrogen per hectare/year, and 
on the other hand, this value goes up in the Rhizobium association with alfalfa, 
clover, peas or soybean, until a few hundred kilos. Despite these differences, 
free fixation alone represents, at global level, rather less than half of the total 
of N2 fixed per year [6], because symbiotic fixation, although was more high, is 
limited to a few plant species, including legumes.” Therefore, the N2 is fixed not 
only by bacteria in the roots, mostly legumes, but also by the free bacteria (not 
symbiotic) in the soil.

Data show that 250 Mt. of N2 are fixed annually for bacteria and about 70 Mt. 
would be fixed by soil or free bacteria, which would represent 28% of N2 fixed and 
about 50% would be fixed for biological fixation.

It is very important to bear in mind this data because it will strongly affect the 
inventories and the ways of accounting for the whole issue of the fixation of atmo-
spheric N2 as we will then develop.

On the one hand, it is very common that mitigation measures to tackle climate 
change are based on the property of legumes to fix atmospheric N2 by a series of 
bacteria (genus Rhizobium mainly).

Thus, for example, the road map of Spain for the reduction of diffuse emissions 
proposes, among others, the following course of action [7]: the introduction of 
legumes in managed grasslands with the aim of reducing the emissions from soils in 
meadows. The fixation of atmospheric nitrogen produced by legumes outweighs the 
need for mineral fertilizers.

On the other hand, the United States of America is the only country that counts in 
their inventory emissions of N2O due at atmospheric N2 fixed by the free soil bacteria.

3.2 The measurement of the biological fixation by legumes

With the 1996 IPCC Guidelines [8] to account for emissions of nitrous oxide 
(N2O) that occurs naturally in soils: “some agricultural activities bring nitrogen 
to the soil, increasing the amount of nitrogen (N) available for nitrification and 
denitrification and, ultimately, the amount of N2O emitted. Direct emissions of 
N2O from agricultural soils due to the application of N and other farming practices 
should reflect the contributions of anthropogenic (N) resulting from the use of syn-
thetic fertilizers (NSF) and the animal manure applied (AMA), N of fixing varieties 
(NBF), the incorporation to the soils the crop residues, the nitrogen mineralization 
of the soil due to the cultivation of organic soils (i.e., histosols) (COS).”

The first conclusion we get is that those 1996 Guidelines address the plantation 
of legumes as an incorporation of N to the soil and, therefore, the producer of N2O 
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emissions. The captured N of the atmosphere as a sink is not considered, but it is a 
source of emission.

To see how the emission due to the nitrogen biological fixation (NBF) is 
accounted, it can be seen from the following Table 3 [9] that shows data of NBF in 
2012 from the inventory of 15 European countries.

We can see that because the property of N fixation of legumes Europe-15 
have been issued 753,000 tons of nitrogen, which then result in N2O emissions. 
Transformed into CO2 eq., they are equivalent to 4.575 Mt. of CO2 eq.

3.3 New rules of measurement of biological fixation

As indicated above, from the year 2015, the 1996 IPCC guidelines are no longer 
used for inventory and entered into force the new 2006 Guidelines currently in the 
process of improvement.

These Guidelines say: “Biological nitrogen fixation has been removed as a direct 
source of N2O because of the lack of evidence of significant emissions arising from 
the fixation process itself [33]. These authors concluded that the N2O emissions 
induced by the growth of legume crops/forages may be estimated solely as a func-
tion of the above-ground and below-ground nitrogen inputs from crop/forage 
residue (the nitrogen residue from forages is only accounted for during pasture 
renewal). Conversely, the release of N by mineralization of soil organic matter as a 
result of change of land use or management is now included as an additional source. 
These are significant adjustments to the methodology previously described in the 
1996 IPCC Guidelines.”

This change means that they are accounted only for emissions from biological 
fixation of nitrogen for the purpose of the N2, which are produced from the crop 

Member states 2012 N-fixing crops (Gg N)

Austria 23

Belgium 4

Denmark 42

Finland 0.7

France 224

Germany 78

Greece 0.8

Ireland 0.5

Italy 140

Luxemburg 0.1

The Netherlands 4

Portugal 10

Spain 172

Sweden 35

The United Kingdom 19

EU-15 753

Table 3. 
The European Union greenhouse gas inventory 2014.
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residue and mineralization and so the inventories will not reflect emissions that are 
previously counted as biological fixation.

The amounts saved because of this new methodology are significant because 
they can reduce emissions under this epigraph of the inventory by 50%.

As example, if we analyze successive inventories of Spain since the year  
2012–2016, we obtain the following results (Table 4). The 1996 IPCC guidelines 
were used in the year 2012 and, therefore, included the biological fixation of 
nitrogen emission and also applied the N2O (SAR = 310) global warming potentials. 
That year was an emission result of the epigraph of agricultural soils 3D = 18,167 kt 
of CO2 eq.

Subsequently, this year 2012, inventories were calculated with the new warming 
potential of N2O (AR4 = 298) and began to gradually introduce the 2006 Guidelines, 
because as we have said is required to recalculate since 1990 with the new param-
eters. The result has been that the 2012 emissions calculated in the year 2018 and 
referred to the year 2016 have meant 9245 kt CO2 eq. for the year 2012.

This has meant that without changing the variables of activity of this section due 
to the recalculations, the year 2012 emissions were almost lower 50%. The inventory 
lowered emissions due to a change in accounting criteria, not the implementation of 
mitigation measures.

Table 4 presents the evolution of Spain emissions for 2012, taking into account 
the recalculations marked in each annual inventory for the indicated methodologi-
cal changes.

3.3.1 The cultivation of soybean

Then, we analyze the accounting treatment that different inventories of large 
producers of legumes make use of nitrogen biological fixation. We utilize, as an 
example, the crop of soybean, because it is the most widely legume cultivated 
worldwide and its high impact will allow us to better appreciate the distortions 
that occur in the accounting treatment of biological fixation. In Table 5, we can 
observe the increase of soybean crop between 2020 and 2016 surfaces mainly in 
Brazil and Argentina, and as in the United States, it has not changed, but remains 
as the maximum world producer of this crop.

These data provide us with an idea of the magnitude of the cultivation of these 
countries, some of which possess more hectares dedicated only to the soybean crop 
that the entire surface of Spain dedicated to all crops (Spain = 26.6 Million ha in the 
year 2016).

We can see that with such immense extensions dedicated to the cultivation of 
this legume, “accounting” treatment that Guidelines gives to the biological fixation 
will be a great importance for the inventory of emissions of these countries.

We will study two of the major producer countries (Argentina and Brazil) 
through their national communications and the inventories from the USA and 
Canada to observe how this phenomenon of biological fixation for the purposes of 
accounting has been treated.

Emissions of Spain in 2012 in the successive inventories in kt. CO2

2012 2013 2014 2015 2016

18,167 16,151 11,872 8823 9245

Table 4. 
Spain emissions N2O activity 3D.
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3.3.1.1 Argentina

To analyze how this item is addressed in Argentina, in your inventory, we will 
use data available from the second [11] and the third national communications [12]. 
These two communications are still made according to the 1996 IPCC guidelines 
since it closes its data in 2012.

The second national communication of Argentina says “the amount of nitrogen 
incorporated by NBF increased around 63% between 1990/91 and 2000/01 cam-
paign. This fact was due to the strong increase in soybean production that went 
from 12 to nearly 20 million tons, making it the main crop of the country. The main 
increase in the amount of N was due, again, to the great increase of soybean produc-
tion, the main crop with contribution of the NBF.”

The third communication data already indicate a rise of 5.354 Mt. CO2 eq., that 
is, an increase of 31% in emissions in those 12 years (Table 6).

The data, in Table 5, show that soybean crop in Argentina increases until 19.5 
Million ha and 58.8 Million tonnes in the year 2016. These data lead us to conclude 
that emissions from this crop and the NBF would grow strongly by applying the 
1996 Guidelines. When they are finally implementing the 2006 Guidelines, the 
emissions reduction, due to this item, will be very significant.

As it is indicated above, Argentina will reduce its emissions simply by a change 
in accounting criteria unless it really is because of a mitigation policy.

The data show that the year 2012 Europe-15 saved with the accounting change 
of the NBF = 4.7 Mt. CO2 eq. front the 22.5 Mt. CO2 eq. that will save Argentina. 
That year 2012, Argentina only accounted 7.04 Mt. CO2 eq. (much lower than that of 
the NBF) due to the use of synthetic fertilizers that are usually the most important 
epigraph in agriculture emissions of developed countries.

We can see that the two large producers of soybean as Brazil (33.2 Mhas.) and the 
USA with (33.5 Mhas.) in 2016, compared the 17.6 Mhas. of Argentina in 2012, if they 
counted with this methodology that would have a great impact on their emissions.

Soybean crop

Year 2000 2016

Countries Million ha Million tonnes Million ha Million tonnes

Argentina 8.6 20.1 19.5 58.8

Brazil 13.6 32.8 33.2 96.3

Canada 1.06 2.7 2.2 5.8

USA 29.3 75.1 33.5 117.2

Table 5. 
Data from FAOSTAT [10].

Argentina Years

2000 2012

Surface of soybean (Mhas.) 8.6 17.6

Direct emissions from crops fixing (Mt. of CO2 eq.) 17.231 22.585

Table 6. 
Argentina emissions.
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The Argentine Government makes a [13] comparative study to analyze the 
impact that would have to apply the new accounting standards (1996 Guidelines 
against the 2006 Guidelines) and also apply the changes of global warming poten-
tials from methane and nitrous oxide with a result of = −58.257 Mt. CO2 eq. if the 
new guidelines had been applied in the 2012 inventory (Table 7).

3.3.1.2 Brazil

To analyze the accounting treatment of the emissions from this crop in Brazil, 
third national communication [14] sent to the UNFCCC in April 2016 will be used. 
In this document, Brazil already uses the IPCC 2006 Guidelines and, therefore, does 
not consider NBF as a source of N2O.

They also used a “study of Cardoso et al. (2008) that would demonstrate that 
don’t exist any differences between the emissions of N2O measured in soils planted 
with inoculated varieties (in Brazil, soybean is inoculated with the specific bacteria 
for N2 fixation) and other varieties not inoculated.” The authors of this national 
communication don’t take into account, therefore the NBF, and they use the meth-
odology of the 2006 Guidelines for analyses the N, which is incorporated into the 
soil by residue. To estimate these emissions of residues, annual productions and the 
amount of dry matter by crop type were used.

Brazil introduced an innovation by including a new measuring method and it 
explains their results also using the potential of global temperature that is proposed 
by the IPCC. To explain its emissions, results using three warming potential in addi-
tion to those specified in Table 1 were used, the potential SAR and the AR5, and a 
new one is introduced: the global potential temperature (GTP) (Table 8). But, for 
the calculations, do not use the AR4 potential, which should be used according to 
the rules of implementation of the guidelines for 2006. Therefore, the results would 
be questionable and are not comparable.

Brazil with much more surface dedicated to the cultivation of soybean (33.2 
Mhas. 2016) should produce much higher emissions than Argentina with much less 
soybean surface (in 2012 with 17.6 Mhas. produced 22.6 Mt. of CO2 eq.), but the 
use of 2006 Guidelines that do not account NBF and the use of different potential 
warming involve that this country has fewer emissions.

The gap would be much better if these divergent rules had been applied to 
the year 2016, in which both countries doubled their crop surfaces. The conclu-
sion is that accounting rules are very important, because Brazil “save” important 

Emissions from agriculture in Argentina in 2012 according to the different 
guidelines. Mt. CO2 eq.

Category IPCC 2006 IPCC 1996 Absolute 
difference

Difference %

4A. Livestock 52.900 49.372 3.528 +7%

4.B. Agriculture 35.242 70.130 −34.887 −50%

5.A. Change of land use 
and forestry

63.616 90.515 −26.898 −30%

−58.257

Table 7. 
Evaluation guidelines effect.
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emissions, using the guidelines for 2006, which would be much greater with the 
1996 Guidelines.

Knowing in depth how inventories are produced is, therefore, very important, 
and thus, we would conclude that the reduction of emissions from the agriculture 
sector was due to an “effective mitigation policy” when actually is due to a simple 
change of the accounting rules.

3.3.2 Canada

Let us look at another example, the case of Canada [15–17], which also uses the 
2006 Guidelines and it is another large producer of soybeans, although in smaller 
amounts (5, 8 Mt. in 2016). Canada, in its 2016 inventory, reports the emissions of 
leguminous crops in residues which are incorporated into the soil (6.5 Mt. CO2 eq.) [18].

As shown in Table 9, another novelty introduced in 2004 Canada’s inventory 
is the appearance of new emissions due to summer fallow (0.43 Mt. CO2 eq.) and a 
sink effect (−0.63 Mt. CO2 eq.) due to the use of practices that do not till the soil, 
known as conservation agriculture.

These emissions and these sinks have no specific methodology in the 2006 
Guidelines and their effects are calculated with methodologies developed by the 
country. According to the 2016 Canada’s inventory, these emissions accounted for 
0.22 Mt. CO2 eq. in the case of the fallow summer and −1.5 Mt. CO2 eq. as a sink 
due to conservation agriculture. Canada’s inventory reports 20 Mt. CO2 eq. as direct 
sources of agricultural soils (N2O) and, therefore, conservation agriculture has been 
a significant sink (7,5%).

Gases Chemical formula Global temperature potential: GTP/100 years

Carbon dioxide CO2 1

Methane CH4 4

Nitrous oxide N2O 234

Table 8. 
Global temperature potential

Agricultural soils (N2O)
Direct sources. Kt. CO2 eq.

Inventory 
2003

Inventory 
2004

Inventory 
2016

Synthetic nitrogen fertilizers 8816.77 5800 11,000

Manure applied as fertilizers 3280.76 2100 2100

Biological nitrogen fixation 3779.12 — —

Crop residue decomposition 6154.48 3800 6500

Cultivation of organic soils 61.01 60 60

Grazing animals (pasture, range and paddock 
manure)

3272.71 4300 210

Mineralization of soil organic carbon — — 800

Conservation tillage practices −630 −1500

Summer fallow 430 220

Irrigation 330

Table 9. 
Evolution of Canada’s inventories.
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1996 Guidelines.
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sector was due to an “effective mitigation policy” when actually is due to a simple 
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2006 Guidelines and it is another large producer of soybeans, although in smaller 
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They also incorporate emissions from irrigation practices by which we can 
conclude that a great evolution has suffered the emissions of this section of direct 
sources of agricultural soils.

3.3.3 The United States of America (USA)

In addition to changes in the measurement of nitrogen biological fixation, the intro-
duction of emissions’ new categories, as we saw in Canada, “innovations” will continue 
to generate and, thus, the inventory of the United States [19], extends the computation 
of their emissions. This inventory includes in the accounting the nitrogen fixed, by 
what we have called-fixing bacteria N2 of the soil, which belong, for example, the genus 
Azotobacter and so-called biological fixation free. The USA in your inventory calls this 
fixation as asymbiotic fixation and, therefore, reports emissions. (Figure 1) shows the 
scheme how are calculated agricultural soils N2O emissions’ in United States inventory.

The US inventory defines asymbiotic fixation as the fixation of atmospheric 
N2 by bacteria living in the soil and that do not have direct relationship with 
plants. This inventory says that although the nitrogen incorporated by asym-
biotic N fixation is not specifically collected by the 2006 Guidelines, it is a 

Figure 1. 
Asymbiotic fixation [19].
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component of the total emissions for managed soils and it should be included. 
It is calculated by a method of the high level developed to assess the source. 
To make the calculations, they use a combination of different methods using a 
specific model called Daycent.

The result for the year 2016 was 95.1 Mt. CO2 eq., which includes the miner-
alization and asymbiotic fixation, and we can observe that it is a very significant 
amount. It is difficult to obtain which data belong to asymbiotic fixation and which 
are due to mineralization.

But what is striking is that it introduces a concept [20] that does not force the 
2006 Guidelines.

We can observe in his inventory data that how meadows and crops emit more 
due to mineralization and asymbiotic fixation (95.1 Mt. of CO2 eq.) by the addition 
of the synthetic fertilizer (64.5 Mt. CO2 eq.) to the soils.

Only these emissions be over all Canada emissions from agricultural soils  
(24 Mt. of CO2 eq.). Compared to Spain’ emissions, only this item exceeds the emis-
sions of all Spanish agriculture (34.4 Mt. CO2 eq. in 2016) (the United States has 405 
Mhas. agricultural soils and Spain 26.6 Mhas. in 2016).

We can conclude that the methodology used to measure the nitrogen biological 
fixation is very relevant for the emissions of a country and consideration of asym-
biotic fixation (free or mineral) is an issue to consider. In the case of large agrarian 
countries, it would have important effects on the emission amount.

4. New technologies

In this section, we will discuss, using New Zealand GHG inventories as example 
[21, 22], how we can make improvements in GHG inventories and we introduce 
measurement methodologies of new technologies applied in the agricultural sector.

4.1 The nitrification inhibitors

The application of nitrogen fertilizers to the soil means the occurrence of 
biological and physicochemical reactions that leads to loss of nitrogen. The use 
of fertilizers with nitrification inhibitors has become a useful tool to reduce loss 
and improve the efficiency of the N. The use of nitrogen fertilizers stabilized 
become widespread and its are added, during the production process, with some 
substances, such as nitrification inhibitors, which can keep N applied as NH4

+ 
for longer.

These products delayed the transformation of ammonia nitrogen (NH4
+) 

to nitrate nitrogen (NO3−) through temporary inhibition of various bacteria 
Nitrosomonas spp., and thus, the nitrogen is released in a progressive and gradual 
way and, at that same rate, it is assimilated by the crop.

Nitrification inhibitors degrade over time after being applied on the ground, 
and this degradation is influenced by temperature, moisture, pH and quantity 
of organic matter. There is already a long list of chemical compounds that have 
been tested as inhibitors of nitrification in the world (more than 64), but the most 
studied and used nitrification inhibitors are nitrapyrin, dicyandiamide (DCD) and 
3,4-dimethylpyrazol phosphate (DMPP) [23].

In the United States, nitrapyrin is being used in corn, sorghum, wheat, cotton 
and strawberries (in a manner restricted in these). However, more than 90% is used 
in corn. Nitrapyrin must be injected and immediately incorporated into the soil due 
to its volatility and therefore its use is limited in the regions where N is typically 
injected to the ground. In principle, only it is marketed in the United States.
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To make the calculations, they use a combination of different methods using a 
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biological and physicochemical reactions that leads to loss of nitrogen. The use 
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and improve the efficiency of the N. The use of nitrogen fertilizers stabilized 
become widespread and its are added, during the production process, with some 
substances, such as nitrification inhibitors, which can keep N applied as NH4
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for longer.

These products delayed the transformation of ammonia nitrogen (NH4
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to nitrate nitrogen (NO3−) through temporary inhibition of various bacteria 
Nitrosomonas spp., and thus, the nitrogen is released in a progressive and gradual 
way and, at that same rate, it is assimilated by the crop.

Nitrification inhibitors degrade over time after being applied on the ground, 
and this degradation is influenced by temperature, moisture, pH and quantity 
of organic matter. There is already a long list of chemical compounds that have 
been tested as inhibitors of nitrification in the world (more than 64), but the most 
studied and used nitrification inhibitors are nitrapyrin, dicyandiamide (DCD) and 
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In the United States, nitrapyrin is being used in corn, sorghum, wheat, cotton 
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in corn. Nitrapyrin must be injected and immediately incorporated into the soil due 
to its volatility and therefore its use is limited in the regions where N is typically 
injected to the ground. In principle, only it is marketed in the United States.
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The dicyandiamide (DCD) has a bacteriostatic effect on bacteria Nitrosomonas 
spp., which only has a depressive effect on those, without killing them (not bacteri-
cidal). The disadvantage is that it requires a large amount of DCD for to contribute 
with between a 10% to 15% of the N-NH4

+ to the ground. (Applications are approxi-
mately 10 kg per hectare, twice a year, in spring and autumn).

It is a very soluble product that easily seeps with rainfall separating the fraction 
of ammonium. Another disadvantage is that this molecule can be absorbed by the 
plant, and in some cases, has generated toxicity. Currently, this product is not only 
used but also is formulated in combination with other molecules.

3,4-dimethylpyrazol phosphate (DMPP), equally to the DCD, has a bacterio-
static effect, not the bactericidal effect (does not kill bacteria but it inhibits its 
action for a certain period of time), and it is relatively immobile into the soil; so it 
does not occur losses by leaching. On the other hand, application rates are very low 
compared to other nitrification inhibitors (+ −1% of the N-NH4

+). Their application 
rate is 16 times lower than the rate of application of the DCD. It has a high selectiv-
ity, because it effectively inhibits only the action of Nitrosomonas bacteria and it 
degrades completely into the soil without leaving any residue. To retard the passage 
of ammonium to nitrate, avoiding nitrogen losses by leaching, it also reduces the 
effect of soil acidification.

Used as an inhibitor of nitrification, 3,4- dimethylpyrazol phosphate is regulated 
in the European countries and also fertilizers are used with this product in Asia and 
Latin America. In contrast to the DCD, in which several authors have cited toxic 
effects, the 3,4-dimethylpyrazol phosphate has not been demonstrated, for the 
moment, toxic effects on the plants.

The GHG inventory from New Zealand in the year 2012 has incorporated 
an amendment to the IPCC methodology that consists in introducing the use of 
inhibitors of the nitrification for mitigation of emissions of N2O. They developed a 
methodology for incorporating the inhibitor of nitrification dicyandiamide (DCD) 
in the agriculture sector. N2O emissions in the agricultural soils category take into 
account the use of nitrification inhibitors on dairy farms.

Based on several investigations, they have produced a good management prac-
tice that consists of the incorporation of the DCD to pastures and maximize reduc-
tions of N2O emissions. The utilization of DCD has been reflected on the accounting 
and, so, incorporated in the inventory calculations and they modified parameter 
FracLEACH [24] and emission factor EF3PR & P [25] that are minor when using 
nitrification inhibitors. With these new emission factors, significant reductions of 
N2O emissions from soils in both direct (nitrate leaching) and indirect (volatiliza-
tion of N2O) are achieved.

The emission factors are fixed by the Guidelines, but it is possible to modify the 
amount with scientific studies and this practice is done in New Zealand.

Table 10, [26] shows the differences between emission factors when DCD is not 
used (for example in 2012, EF3PR & P = 0.00994 front EF3PR & P = 0.01, that it is the 
amount fixed in the Guidelines, and FracLEACH = 0.06964 front FracLEACH = 0.07, 
that it is the amount fixed in the Guidelines) and as such these small differences of the 
emission factors meant, in total, that in 2102 its “save” 19.6 Mt. CO2 eq.

Currently, the dicyandiamide (DCD) retired voluntarily in New Zealand’s 
market due to the concern of customers by the existence of certain residues in 
dairy products even though it is at a very low level. On this point, the inventory of 
Agriculture of New Zealand says: “there is no risk in dairy products for humans 
with low levels of inhibitor used.” However, in the last inventory of 2018, they 
asserted that sales of this product have been suspended and they have not returned 
to use this discount since the year 2012.
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Within the existing inhibitors, 3,4-dimethylpyrazol phosphate is the inhibitor 
which has major advantages over the rest of nitrification inhibitors existing, due to 
his effectiveness at low concentrations, its stability and movement on the ground. 
The DMPP is an inhibitor of nitrification considerate under different national 
regulations of fertilizers, including the Spanish. In particular, the Royal Decree 
824/2005 on fertilizer products includes fertilizers with DMPP as suitable for 
marketing in Spain. Similarly, Portugal has authorized the commercialization of 
fertilizers with DMPP.

4.2 Urea inhibitors

The New Zealand GHG inventory from agriculture has also developed a meth-
odology for urea inhibitor called urease. Urea is the nitrogen fertilizer most used in 
the grasslands that are grazed in New Zealand and in addition to be excreted in the 
urine while the animals are grazing.

Urea inhibitors suspend or delay, during a period of time, the transformation 
of nitrogen in form of amide that exists in the urea to the ammonium NH4

+ by 
the hydrolytic action of the urease enzyme. It reduces the speed at which urea is 
hydrolyzed in the soil and, therefore, losses of ammonium in the atmosphere by 
volatilization or nitrate by runoff are reduced or avoided.

The objective is to increase the efficiency of fertilizations with urea and to 
minimize the environmental impact of their use. For the purpose of the inclusion in 
the GHG inventory, they change the value of FracGASF [27] parameter when using 
the urease inhibitor.

Field- and laboratory-based studies [28] have come to the conclusion that 
using these inhibitors could lower FracGASF = 0.1, which is the amount fixed in 
the Guidelines, to a new FracGASF = 0.055, when they apply the urea inhibitor at 
0.025% rates.

As a result of these practices, we can see in Table 11 [29] a strong increase in the 
use of inhibitor every year and this practice has meant that in 2016 will save 20.1 kt 
CO2 eq. of emissions.

2007 2008 2009 2010 2011 2012

Percentage of dairy 
area applied with 
inhibitor

3.5 4.5 3.1 2.2 3.0 2.9

Final modified 
emission factor or 
parameter, EF3(PRP) 
(kg N2O-N/kg N)

0.00992 0.00990 0.00993 0.00995 0.00993 0.00994

Final modified 
emission factor 
or parameter, 
FracLEACH  
(kg N2O-N/kg N)

0.06957 0.06944 0.06962 0.06973 0.06963 0.06964

Mitigation  
(Gg CO2 eq.)

18.7 25.4 18.3 13.7 19.5 19.6

Note: EF3(PRP) = 0.01 and FracLEACH = 0.07 when inhibitor is not applied. All other emission factors and 
parameters relating to animal excreta and fertilizer use (FracGASM, FracGASF, EF4 and EF5) remain unchanged 
when the inhibitor is used as an N2O mitigation technology.

Table 10. 
Emission factors, parameters and mitigation for New Zealand’s DCD inhibitor calculations from 2007 to 2012.
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The dicyandiamide (DCD) has a bacteriostatic effect on bacteria Nitrosomonas 
spp., which only has a depressive effect on those, without killing them (not bacteri-
cidal). The disadvantage is that it requires a large amount of DCD for to contribute 
with between a 10% to 15% of the N-NH4

+ to the ground. (Applications are approxi-
mately 10 kg per hectare, twice a year, in spring and autumn).

It is a very soluble product that easily seeps with rainfall separating the fraction 
of ammonium. Another disadvantage is that this molecule can be absorbed by the 
plant, and in some cases, has generated toxicity. Currently, this product is not only 
used but also is formulated in combination with other molecules.

3,4-dimethylpyrazol phosphate (DMPP), equally to the DCD, has a bacterio-
static effect, not the bactericidal effect (does not kill bacteria but it inhibits its 
action for a certain period of time), and it is relatively immobile into the soil; so it 
does not occur losses by leaching. On the other hand, application rates are very low 
compared to other nitrification inhibitors (+ −1% of the N-NH4

+). Their application 
rate is 16 times lower than the rate of application of the DCD. It has a high selectiv-
ity, because it effectively inhibits only the action of Nitrosomonas bacteria and it 
degrades completely into the soil without leaving any residue. To retard the passage 
of ammonium to nitrate, avoiding nitrogen losses by leaching, it also reduces the 
effect of soil acidification.

Used as an inhibitor of nitrification, 3,4- dimethylpyrazol phosphate is regulated 
in the European countries and also fertilizers are used with this product in Asia and 
Latin America. In contrast to the DCD, in which several authors have cited toxic 
effects, the 3,4-dimethylpyrazol phosphate has not been demonstrated, for the 
moment, toxic effects on the plants.

The GHG inventory from New Zealand in the year 2012 has incorporated 
an amendment to the IPCC methodology that consists in introducing the use of 
inhibitors of the nitrification for mitigation of emissions of N2O. They developed a 
methodology for incorporating the inhibitor of nitrification dicyandiamide (DCD) 
in the agriculture sector. N2O emissions in the agricultural soils category take into 
account the use of nitrification inhibitors on dairy farms.

Based on several investigations, they have produced a good management prac-
tice that consists of the incorporation of the DCD to pastures and maximize reduc-
tions of N2O emissions. The utilization of DCD has been reflected on the accounting 
and, so, incorporated in the inventory calculations and they modified parameter 
FracLEACH [24] and emission factor EF3PR & P [25] that are minor when using 
nitrification inhibitors. With these new emission factors, significant reductions of 
N2O emissions from soils in both direct (nitrate leaching) and indirect (volatiliza-
tion of N2O) are achieved.

The emission factors are fixed by the Guidelines, but it is possible to modify the 
amount with scientific studies and this practice is done in New Zealand.

Table 10, [26] shows the differences between emission factors when DCD is not 
used (for example in 2012, EF3PR & P = 0.00994 front EF3PR & P = 0.01, that it is the 
amount fixed in the Guidelines, and FracLEACH = 0.06964 front FracLEACH = 0.07, 
that it is the amount fixed in the Guidelines) and as such these small differences of the 
emission factors meant, in total, that in 2102 its “save” 19.6 Mt. CO2 eq.

Currently, the dicyandiamide (DCD) retired voluntarily in New Zealand’s 
market due to the concern of customers by the existence of certain residues in 
dairy products even though it is at a very low level. On this point, the inventory of 
Agriculture of New Zealand says: “there is no risk in dairy products for humans 
with low levels of inhibitor used.” However, in the last inventory of 2018, they 
asserted that sales of this product have been suspended and they have not returned 
to use this discount since the year 2012.

33

Greenhouse Gas Emissions of Agriculture: A Comparative Analysis
DOI: http://dx.doi.org/10.5772/intechopen.84208

Within the existing inhibitors, 3,4-dimethylpyrazol phosphate is the inhibitor 
which has major advantages over the rest of nitrification inhibitors existing, due to 
his effectiveness at low concentrations, its stability and movement on the ground. 
The DMPP is an inhibitor of nitrification considerate under different national 
regulations of fertilizers, including the Spanish. In particular, the Royal Decree 
824/2005 on fertilizer products includes fertilizers with DMPP as suitable for 
marketing in Spain. Similarly, Portugal has authorized the commercialization of 
fertilizers with DMPP.

4.2 Urea inhibitors

The New Zealand GHG inventory from agriculture has also developed a meth-
odology for urea inhibitor called urease. Urea is the nitrogen fertilizer most used in 
the grasslands that are grazed in New Zealand and in addition to be excreted in the 
urine while the animals are grazing.

Urea inhibitors suspend or delay, during a period of time, the transformation 
of nitrogen in form of amide that exists in the urea to the ammonium NH4

+ by 
the hydrolytic action of the urease enzyme. It reduces the speed at which urea is 
hydrolyzed in the soil and, therefore, losses of ammonium in the atmosphere by 
volatilization or nitrate by runoff are reduced or avoided.

The objective is to increase the efficiency of fertilizations with urea and to 
minimize the environmental impact of their use. For the purpose of the inclusion in 
the GHG inventory, they change the value of FracGASF [27] parameter when using 
the urease inhibitor.

Field- and laboratory-based studies [28] have come to the conclusion that 
using these inhibitors could lower FracGASF = 0.1, which is the amount fixed in 
the Guidelines, to a new FracGASF = 0.055, when they apply the urea inhibitor at 
0.025% rates.

As a result of these practices, we can see in Table 11 [29] a strong increase in the 
use of inhibitor every year and this practice has meant that in 2016 will save 20.1 kt 
CO2 eq. of emissions.

2007 2008 2009 2010 2011 2012

Percentage of dairy 
area applied with 
inhibitor

3.5 4.5 3.1 2.2 3.0 2.9

Final modified 
emission factor or 
parameter, EF3(PRP) 
(kg N2O-N/kg N)

0.00992 0.00990 0.00993 0.00995 0.00993 0.00994

Final modified 
emission factor 
or parameter, 
FracLEACH  
(kg N2O-N/kg N)

0.06957 0.06944 0.06962 0.06973 0.06963 0.06964

Mitigation  
(Gg CO2 eq.)

18.7 25.4 18.3 13.7 19.5 19.6

Note: EF3(PRP) = 0.01 and FracLEACH = 0.07 when inhibitor is not applied. All other emission factors and 
parameters relating to animal excreta and fertilizer use (FracGASM, FracGASF, EF4 and EF5) remain unchanged 
when the inhibitor is used as an N2O mitigation technology.

Table 10. 
Emission factors, parameters and mitigation for New Zealand’s DCD inhibitor calculations from 2007 to 2012.
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We can conclude that nitrification inhibitors and urea inhibitors are chemical com-
pounds whose use can be a valid methodology to reduce the accumulation of nitrates 
in the soil and prevent emissions both by leaching and by volatilization of N2O.

Different studies on mitigation policies propose the use of these practices with 
fertilizers or urea with inhibitors as, for example, France [30], that in a study of the 
INRA, proposes this mitigation measure in its roadmap for the agricultural sector. 
Similarly, the FAO [31], in his study of mitigation of emissions from production 
livestock, proposes the addiction of these inhibitors to the manure.

The use of inhibitors can be a useful tool to improve the efficiency of N in the 
soil, and for this reason, the use is being increased. However, this use needs still 
more securities, in particular, with regard to its possible effect on the food chain 
and in the environment and more research for the security on these products should 
be carried out.

Currently, these products accounted for GHG inventories do not appear and, the 
development of a methodology similar to the made by New Zealand could be used 
by other countries to reduce emissions. The 2018 USA inventory indicates that it will 
develop a methodology for use in next inventory due to the use of these products in 
the country.

4.3 The inoculation of nitrogen-fixing bacteria

The importance of legumes in the agricultural crops and its property of symbi-
otic fixation open the possibility of extend this property to other plant species of 
agricultural interest. The consequent descent of the need to use nitrogen fertilizers 
has made nitrogen biological fixation a subject of intense research over the years.

We will use other works of the Centro Superior de Investigaciones Científicas 
(Spain) for explaining this topic [32].

“NBF is capable of providing between 25 and 84% of the nitrogen required for 
normal growth and development of the cultivation of soybean. Therefore, nitrogen 
fixation presents great economic and ecological interest. In fact, and as an example, 
the high productions of soybeans around the world are due to this process through 
the application of microbial inoculants.”

One of the new technologies to be applied in the agricultural field that could be 
used for reducing emissions, in addition to other benefits, is known as biofertiliza-
tion, which continues influencing mutualistic symbiosis of nitrogen fixation.

Year Percentage of urea applied that included 
urease inhibitor (urea treated/total urea)

Estimated greenhouse gas mitigation from 
using urease inhibitor kt. CO2 eq.

2007 5.0 3.0

2008 5.2 3.0

2009 9.4 4.7

2010 6.9 4.1

2011 5.3 3.5

2012 7.0 4.6

2013 8.6 5.9

2014 20.2 13.6

2015 16.2 13.1

2016 26.5 20.1

Table 11. 
Mitigation impact of urease inhibitors on nitrous oxide emissions from volatilization, from 2007 to 2016.
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Biofertilization is defined as the use of living organisms to improve the growth 
of plants by two ways or increasing their nutrition making available available 
the required nutrients or acting on its development by the production of phyto-
hormones. Also we can use biological control and biological remediation when 
with the inoculation of microorganisms we want to remove pathogens or increase 
the defensive response of the plants or remove xenobiotics compounds from the 
environment.

The use of inoculants for legumes is essential if the vegetal species has not 
been grown in that soil and, therefore, there is no presence of the corresponding 
Rhizobium species. This is the case of soybean in Europe that has to be inoculated 
with the bacteria Bradyrhizobium japonicum or Sinorhizobium fredii. This practice is 
also made in Brazil because most of the farmland comes from deforestation of the 
jungle and soybeans should be inoculated for their cultivation.

In a soil where is planted a new vegetal specie, if the natural infection’s plant 
with these bacteria isn’t possible, the crop efficiency is not superior to 40% poten-
tial. With the inoculation, up to 80% can be reached.

For example, in Spain, there are, in our soil, bacteria appropriate for crops 
how, alfalfa, clover, pea, lentil, chickpea, etc., but are not always effective enough; 
these are nitrogen fixative, and there are cases in which the inoculation is neces-
sary if we want to obtain satisfactory yields. The same occurs when characteristics 
of the soil, such as acidity, drought, etc., influence the persistence of Rhizobium 
bacteria.

New knowledge is being developed in this field of biological nitrogen fixation 
and investigators start to get the extension of the fixing capacity to other non-
leguminous plants of interest. So, they are trying to achieve that corn, wheat or rice 
be infected efficiently by Rhizobium, and begin to glimpse the possibility of trans-
ferring to these plants the fixing capacity. So its plants will be able to take advantage 
of the atmospheric N2 for themselves.

In the short term, the selection of strains and their appropriate genetic manipu-
lation are underway, to prepare the most suitable inoculants and, also, to improve 
the plant so that there are no limiting factors in the establishment of the corre-
sponding symbiosis.

“Researchers point that not everything is optimal in obtaining self-sufficient plants 
for nitrogen, because although the crops should not be fertilized, it would be less 
productive. The energy cost involved in fixing becomes up to three times higher than 
the utilization of nitrate and the plants would grow less, the performance would 
be lower and may even were reduced the area of cultivation. But this independence 
of nitrogen fertilization would possibly more profitable crop, more suitable for 
economically weak areas and environmentally cleaner” [32].

In short, as we have seen above, the 2006 Guidelines do not consider the contri-
bution of nitrogen by biological fixation, which involves a direct emission of N2O to 
the atmosphere and, therefore, this technology should be taken into account.

5. Conclusions

The GHG inventory is a great source of information, not only for its environ-
mental aspect, but also by the possibility of using their data for relevant technical 
and economic analyses. Other quality is its role for serving us a guidance when 
preparing mitigation policies.

This comparative study of different inventories show the wide spectrum of 
approaches and the importance of the management of the accounting rules.
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We can conclude that nitrification inhibitors and urea inhibitors are chemical com-
pounds whose use can be a valid methodology to reduce the accumulation of nitrates 
in the soil and prevent emissions both by leaching and by volatilization of N2O.

Different studies on mitigation policies propose the use of these practices with 
fertilizers or urea with inhibitors as, for example, France [30], that in a study of the 
INRA, proposes this mitigation measure in its roadmap for the agricultural sector. 
Similarly, the FAO [31], in his study of mitigation of emissions from production 
livestock, proposes the addiction of these inhibitors to the manure.

The use of inhibitors can be a useful tool to improve the efficiency of N in the 
soil, and for this reason, the use is being increased. However, this use needs still 
more securities, in particular, with regard to its possible effect on the food chain 
and in the environment and more research for the security on these products should 
be carried out.

Currently, these products accounted for GHG inventories do not appear and, the 
development of a methodology similar to the made by New Zealand could be used 
by other countries to reduce emissions. The 2018 USA inventory indicates that it will 
develop a methodology for use in next inventory due to the use of these products in 
the country.

4.3 The inoculation of nitrogen-fixing bacteria

The importance of legumes in the agricultural crops and its property of symbi-
otic fixation open the possibility of extend this property to other plant species of 
agricultural interest. The consequent descent of the need to use nitrogen fertilizers 
has made nitrogen biological fixation a subject of intense research over the years.

We will use other works of the Centro Superior de Investigaciones Científicas 
(Spain) for explaining this topic [32].

“NBF is capable of providing between 25 and 84% of the nitrogen required for 
normal growth and development of the cultivation of soybean. Therefore, nitrogen 
fixation presents great economic and ecological interest. In fact, and as an example, 
the high productions of soybeans around the world are due to this process through 
the application of microbial inoculants.”

One of the new technologies to be applied in the agricultural field that could be 
used for reducing emissions, in addition to other benefits, is known as biofertiliza-
tion, which continues influencing mutualistic symbiosis of nitrogen fixation.

Year Percentage of urea applied that included 
urease inhibitor (urea treated/total urea)

Estimated greenhouse gas mitigation from 
using urease inhibitor kt. CO2 eq.

2007 5.0 3.0

2008 5.2 3.0

2009 9.4 4.7

2010 6.9 4.1

2011 5.3 3.5

2012 7.0 4.6

2013 8.6 5.9

2014 20.2 13.6

2015 16.2 13.1

2016 26.5 20.1
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Mitigation impact of urease inhibitors on nitrous oxide emissions from volatilization, from 2007 to 2016.
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Biofertilization is defined as the use of living organisms to improve the growth 
of plants by two ways or increasing their nutrition making available available 
the required nutrients or acting on its development by the production of phyto-
hormones. Also we can use biological control and biological remediation when 
with the inoculation of microorganisms we want to remove pathogens or increase 
the defensive response of the plants or remove xenobiotics compounds from the 
environment.

The use of inoculants for legumes is essential if the vegetal species has not 
been grown in that soil and, therefore, there is no presence of the corresponding 
Rhizobium species. This is the case of soybean in Europe that has to be inoculated 
with the bacteria Bradyrhizobium japonicum or Sinorhizobium fredii. This practice is 
also made in Brazil because most of the farmland comes from deforestation of the 
jungle and soybeans should be inoculated for their cultivation.

In a soil where is planted a new vegetal specie, if the natural infection’s plant 
with these bacteria isn’t possible, the crop efficiency is not superior to 40% poten-
tial. With the inoculation, up to 80% can be reached.

For example, in Spain, there are, in our soil, bacteria appropriate for crops 
how, alfalfa, clover, pea, lentil, chickpea, etc., but are not always effective enough; 
these are nitrogen fixative, and there are cases in which the inoculation is neces-
sary if we want to obtain satisfactory yields. The same occurs when characteristics 
of the soil, such as acidity, drought, etc., influence the persistence of Rhizobium 
bacteria.

New knowledge is being developed in this field of biological nitrogen fixation 
and investigators start to get the extension of the fixing capacity to other non-
leguminous plants of interest. So, they are trying to achieve that corn, wheat or rice 
be infected efficiently by Rhizobium, and begin to glimpse the possibility of trans-
ferring to these plants the fixing capacity. So its plants will be able to take advantage 
of the atmospheric N2 for themselves.

In the short term, the selection of strains and their appropriate genetic manipu-
lation are underway, to prepare the most suitable inoculants and, also, to improve 
the plant so that there are no limiting factors in the establishment of the corre-
sponding symbiosis.

“Researchers point that not everything is optimal in obtaining self-sufficient plants 
for nitrogen, because although the crops should not be fertilized, it would be less 
productive. The energy cost involved in fixing becomes up to three times higher than 
the utilization of nitrate and the plants would grow less, the performance would 
be lower and may even were reduced the area of cultivation. But this independence 
of nitrogen fertilization would possibly more profitable crop, more suitable for 
economically weak areas and environmentally cleaner” [32].

In short, as we have seen above, the 2006 Guidelines do not consider the contri-
bution of nitrogen by biological fixation, which involves a direct emission of N2O to 
the atmosphere and, therefore, this technology should be taken into account.

5. Conclusions

The GHG inventory is a great source of information, not only for its environ-
mental aspect, but also by the possibility of using their data for relevant technical 
and economic analyses. Other quality is its role for serving us a guidance when 
preparing mitigation policies.

This comparative study of different inventories show the wide spectrum of 
approaches and the importance of the management of the accounting rules.
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A detailed analysis of the nitrogen biological fixation and, particularly, the 
cultivation of soybeans, allow us to appreciate the importance of the follow-up to 
the guidelines that govern the preparation of inventories.

This article also shows significant differences in the volume of emissions due to the 
use of the 1996 Guidelines front the 2006 Guidelines, and both change the rules and 
the changes of global warming potentials. Using the emissions from the cultivation 
of an important legume such as Argentina and Brazil soybeans, we can observe in a 
practical way the importance of methodological changes in “accounting standards.”

The case of the USA includes emissions that would not be bound by these guide-
lines, such as those due to asymbiotic fixation and the case of Canada incorporates 
the non-tillage (conservation agriculture) sink effect as the emissions due to fallow 
and irrigation systems.

On the other hand, examples of introduction of new technologies are exposed 
that are not included in the Guidelines, which require the development of specific 
methodologies. The case of the inventory of New Zealand regarding the nitrifica-
tion inhibitors and urea inhibitor is a relevant example. Nitrogen Biological Fixation 
should be one of the fields to research in more depth because the specificity of some 
bacteria to capture atmospheric N2 could provide large reductions in the use of 
synthetic nitrogen fertilizers.

Although the guidelines seek to unify criteria, we have exposed the full spec-
trum of options that have all these inventories to the same heading of emission from 
agricultural soils. We must bear in mind that correct accounting will condition 
strongly the analyses and measures that specifically we design and try to implement 
in the agricultural sector.

The objective should be that the effectiveness of a mitigation policy was vali-
dated for the concrete results of the GHG inventory and, of course, that this policy 
could be applied at the farm level. Deep knowledge of accounting rules is a neces-
sary premise. It is very important that all persons participating in the measurement 
of emissions (technicians, researchers, public, professional managers of agricul-
ture, etc.) are aware of the use of the same rules.

A country greenhouse gas measurement methodology is a science, not well 
known among professionals, which requires, in addition to a large sectoral specializa-
tion, to be addressed, by large multidisciplinary teams, and should be given in college 
and, perhaps, the most difficult, to be conducted at the level of agricultural farm in 
an understandable way. We must bear in mind that farmers will be responsible for 
putting into practice any measure of mitigation or generation of sinks that intends to.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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A detailed analysis of the nitrogen biological fixation and, particularly, the 
cultivation of soybeans, allow us to appreciate the importance of the follow-up to 
the guidelines that govern the preparation of inventories.

This article also shows significant differences in the volume of emissions due to the 
use of the 1996 Guidelines front the 2006 Guidelines, and both change the rules and 
the changes of global warming potentials. Using the emissions from the cultivation 
of an important legume such as Argentina and Brazil soybeans, we can observe in a 
practical way the importance of methodological changes in “accounting standards.”

The case of the USA includes emissions that would not be bound by these guide-
lines, such as those due to asymbiotic fixation and the case of Canada incorporates 
the non-tillage (conservation agriculture) sink effect as the emissions due to fallow 
and irrigation systems.

On the other hand, examples of introduction of new technologies are exposed 
that are not included in the Guidelines, which require the development of specific 
methodologies. The case of the inventory of New Zealand regarding the nitrifica-
tion inhibitors and urea inhibitor is a relevant example. Nitrogen Biological Fixation 
should be one of the fields to research in more depth because the specificity of some 
bacteria to capture atmospheric N2 could provide large reductions in the use of 
synthetic nitrogen fertilizers.

Although the guidelines seek to unify criteria, we have exposed the full spec-
trum of options that have all these inventories to the same heading of emission from 
agricultural soils. We must bear in mind that correct accounting will condition 
strongly the analyses and measures that specifically we design and try to implement 
in the agricultural sector.

The objective should be that the effectiveness of a mitigation policy was vali-
dated for the concrete results of the GHG inventory and, of course, that this policy 
could be applied at the farm level. Deep knowledge of accounting rules is a neces-
sary premise. It is very important that all persons participating in the measurement 
of emissions (technicians, researchers, public, professional managers of agricul-
ture, etc.) are aware of the use of the same rules.

A country greenhouse gas measurement methodology is a science, not well 
known among professionals, which requires, in addition to a large sectoral specializa-
tion, to be addressed, by large multidisciplinary teams, and should be given in college 
and, perhaps, the most difficult, to be conducted at the level of agricultural farm in 
an understandable way. We must bear in mind that farmers will be responsible for 
putting into practice any measure of mitigation or generation of sinks that intends to.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Long-term excessive intake of fluoride (F) leads to chronic fluorosis, result-
ing in dental fluorosis and skeletal fluorosis. Chronic exposure to high doses of 
fluoride can also cause damage to soft tissues, especially when it passes through 
the blood-brain, blood-testis, and blood-placenta barrier, causing damage to the 
corresponding tissues. Fluorosis has become a public health problem in some 
countries or regions around the world. Understanding the pathogenesis of fluorosis 
is very important. Although the exact mechanism of fluorosis has not been fully 
elucidated, various mechanisms of fluoride-induced toxicity have been proposed. In 
this chapter, we will introduce the research progress of the mechanism of fluorosis, 
focusing on dental fluorosis, skeletal fluorosis, nervous and reproductive system 
toxicity, and influential factors related to fluoride toxicity (i.e., genetic background, 
co-exposure with other element). In addition, the application of proteomics and 
metabolomics in the study of the pathogenesis of fluorosis is also introduced. 
Currently, there is still no specific treatment for fluorosis. However, since fluorosis 
is caused by excessive intake of fluoride, avoiding excessive fluoride intake is the 
critical measure to prevent the disease. In endemic regions, health education and 
supplement diet with vitamins C, D and E, and calcium and antioxidant com-
pounds are important.

Keywords: chronic fluorosis, fluoride, influential factor, mechanisms, proteomics, 
skeletal fluorosis

1. Introduction

Fluorine is a highly active gaseous element found widely in nature. Fluoride in 
small doses is beneficial for preventing dental caries and is commonly used in the 
prevention of dental caries [1, 2]. However, long-term excessive fluoride intake 
will affect human health, causing chronic fluorosis. Chronic fluorosis is a systemic 
disease, high doses of fluoride leads to bioaccumulation in the body, especially hard 
tissues such as bones and teeth, and primarily harms bones and teeth [3–5]. Besides 
skeletal and dental damage, excessive exposure to fluoride can also cause other 
non-phrenological hazards, such as metabolic, structural, and functional damage to 
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the nervous system [6–12], kidneys [13–16], liver [14, 16–19], cardiovascular system 
[20–23], and reproductive system [24–26].

Chronic fluorosis is an endemic disease; it is endemic in at least 25 countries 
across the globe, China and India being the worst affected among them [27]. Most 
cases of fluorosis were caused by drinking fluorous water. In China, fluorosis is 
caused by drinking water as well as inhaling combustion fumes of coal being used 
as an indoor fuel source [28–31]. Guizhou is one of the most severely afflicted areas 
of endemic fluorosis in China and this occurrence is due to indoor coal burning 
[30]. Another type of fluorosis is brick tea-type fluorosis, due to fluoride accumula-
tion in brick tea. It is more prevalent in Tibet than in other regions of China [32]. It 
is also worth noting that chronic exposure to volcanic environments may lead to the 
exposure of excessive amounts of fluoride [33]. It is estimated that more than 10% 
of the worldwide population live within the potential exposure range of some active 
or historically active volcano, either erupting or in a post-eruption phase [34].

In recent years, numerous studies focused on the molecular mechanisms associ-
ated with fluoride toxicity [35–39]. Although the underlying mechanisms of chronic 
fluorosis is still not well understood, the results of the previous studies indicated 
that fluoride can induce oxidative stress; regulate intracellular redox homeostasis; 
and lead to mitochondrial damage, endoplasmic reticulum stress, and alteration 
of gene expression [35–39]. Other mechanisms include enzyme inhibition, induc-
tion of apoptosis, cell cycle arrest, etc. [35–39]. This chapter reviews the present 
research on the potential adverse effects of overdose fluoride on various organ-
isms, summarizes the molecular mechanism of fluorosis, and aims to improve our 
understanding of fluoride toxicity.

2. Mechanisms of skeletal fluorosis

Fluoride is a cumulative toxin, which accumulates in mineralized tissues, notably 
in the lattice of bone and tooth crystals. The bones and teeth are recognized as the 
target organs of fluoride, and bone tends to accumulate this element with age. The 
main features of the disease are dental fluorosis and skeletal fluorosis. Dental fluo-
rosis is the first visible toxic effect of F exposure, which manifests as pitting of tooth 
enamel and yellow cracked teeth in adults and in children [37]. Skeletal fluorosis 
is a metabolic bone disease with osteosclerosis as the major clinical sign, mostly 
involving bone joints [40]. It results in ligament calcifications, accompanied by 
osteopenia, osteoporosis, and osteomalacia to varying degrees [40, 41]. Fluorine is 
a trace element that is incorporated into bone mineral during bone formation [42]. 
Fluoride substitutes for the hydroxyl group in hydroxyapatite, forming fluorapatite. 
Bone metabolism includes the process of osteoblasts forming bone and the osteo-
clasts degrading bone. Fluoride has an effect on bone mineral, bone cells, and bone 
architecture [42]. Fluoride at physiological levels promotes osteoblast proliferation, 
increases bone mass, as well as increases osteoblast activity via the up-regulation of 
markers such as alkaline phosphatase (ALP), bone morphogenetic protein (BMP), 
and bone gla protein (BGP) [43]. The levels of ALP and BGP were higher in patients 
with skeletal fluorosis than the control group [44]. However, fluoride may stimulate 
osteoblastic activity and delay mineralization of new bone [42]. On the other hand, 
osteoclasts are derived from hematopoietic progenitors in bone marrow and are 
only responsible for bone resorption. The mechanism associated with the osteo-
clasts is complicated; some studies showed that high fluoride concentrations may 
promote the formation of osteoclasts [45], or reduce the number of osteoclasts and 
decrease their bone resorption ability [46, 47]. Others suggested that fluoride had 
little effect on the number of osteoclasts and no effect on the osteoclast formation 
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[48]. Indeed, excessive fluoride intake can destroy the processes of bone formation 
and resorption, which may lead to bone turnover disorders and result in skeletal 
fluorosis. Bone turnover is a dynamic balance regulated by osteoblasts and osteo-
clasts. Excessive fluoride disrupts this balance, influencing the differentiation of 
osteoblasts and osteoclasts and resulting in the development of bone lesions [49]. 
This may be related to certain signaling pathways and mechanisms. Fluoride influ-
ences bone turnover by regulating certain factors, such as runt-related transcription 
factor 2 (Runx2) and receptor activator for nuclear factor-κB ligand (RANKL), 
which act as markers of osteoblasts and osteoclasts [48, 50]. Through the mitogen-
activated protein kinases (MAPK) pathway, fluoride mediates gene expression and 
cell viability. In ameloblasts, fluoride activates the Rho/ROCK pathway. Fluoride 
can also induce endoplasmic reticulum (ER) stress, leading to protein misfolding 
[51]. In addition, TGFβ-SMAD signaling regulates expression of essential genes 
(MMP13, Collagen Type I, Collagen Type VII, Aggrecan, and Biglycans) involved in 
the formation of extracellular matrix (ECM). Fluoride exposure affects the expres-
sion of these genes through TGFβ-SMAD signaling [52]. Additionally, excessive 
fluoride exposure leads to disturbances of bone homeostasis. c-Fos is known to be 
essential in bone development by affecting osteoblast and osteoclast differentiation, 
suggesting that c-Fos might negatively regulate osteoprotegerin (OPG) expression 
induced by fluoride in osteoblastic cells [53].

Furthermore, collagen and noncollagenous proteins are of significant impor-
tance for maintaining the biomechanical integrity of the bone and many bone 
matrix proteins play important roles in mineralization [42]. Excessive intake of 
fluoride affects the bone matrix proteins, that is, collagen and noncollagenous 
proteins, which may be another possible mechanism of skeletal fluorosis [42, 54]. 
For example, it has been shown that fluoride could inhibit the synthesis of type I 
collagen and decrease the degree of collagen cross-linking [54–59] or affect other 
collagen proteins [60–62], and affect the synthesis of proteoglycan [63], and 
expression of matrix metalloproteinases (MMPs) [54, 64, 65]. Taken together, these 
studies suggested that exposure to fluoride alters growth, ECM formation, bone 
mineralization, and skeletal development and induced bone formation and bone 
resorption, thus leading to the development of fluorosis.

3. Nervous system toxicity

Excessive fluoride may cross the blood-brain barrier and accumulate in the 
brain, causing dysfunction of the central nervous system (CNS). In recent years, 
many studies have focused on fluorine neurotoxicity. The central nervous system 
during development is highly sensitive to the influence of fluorine due to its weak-
ened protective mechanisms [66]. Studies showed that children in high fluoride 
areas had significantly lower IQ (intelligence quotient) scores than those who lived 
in low fluoride areas [67, 68]. The results of meta-analyses supported the possibility 
of adverse effects of fluoride exposures on children’s neurodevelopment [67, 69]. 
In the animal experiments, as exposed to high levels of fluorine, the content of 
fluorides in the rats’ brains was even 220 and 300 times higher than in the control 
group [70], and fluoride exposure affects the behavior, memory, cognitive and 
learning ability [71–73]. Dendritic thickening and disappearance, mitochondrial 
swelling, neuronal endoplasmic reticulum dilation, and impaired hippocampus 
synaptic interface structure can be observed in the brain of fluoride exposed rats 
[73]. The numbers of Nissl bodies in neurons in the hippocampus and cortex of 
brains from both adult rats and their pups with fluorosis were reduced, suggesting 
an injury of neurons [10]. These data indicate that excessive exposure to fluoride 
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the nervous system [6–12], kidneys [13–16], liver [14, 16–19], cardiovascular system 
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as an indoor fuel source [28–31]. Guizhou is one of the most severely afflicted areas 
of endemic fluorosis in China and this occurrence is due to indoor coal burning 
[30]. Another type of fluorosis is brick tea-type fluorosis, due to fluoride accumula-
tion in brick tea. It is more prevalent in Tibet than in other regions of China [32]. It 
is also worth noting that chronic exposure to volcanic environments may lead to the 
exposure of excessive amounts of fluoride [33]. It is estimated that more than 10% 
of the worldwide population live within the potential exposure range of some active 
or historically active volcano, either erupting or in a post-eruption phase [34].

In recent years, numerous studies focused on the molecular mechanisms associ-
ated with fluoride toxicity [35–39]. Although the underlying mechanisms of chronic 
fluorosis is still not well understood, the results of the previous studies indicated 
that fluoride can induce oxidative stress; regulate intracellular redox homeostasis; 
and lead to mitochondrial damage, endoplasmic reticulum stress, and alteration 
of gene expression [35–39]. Other mechanisms include enzyme inhibition, induc-
tion of apoptosis, cell cycle arrest, etc. [35–39]. This chapter reviews the present 
research on the potential adverse effects of overdose fluoride on various organ-
isms, summarizes the molecular mechanism of fluorosis, and aims to improve our 
understanding of fluoride toxicity.

2. Mechanisms of skeletal fluorosis

Fluoride is a cumulative toxin, which accumulates in mineralized tissues, notably 
in the lattice of bone and tooth crystals. The bones and teeth are recognized as the 
target organs of fluoride, and bone tends to accumulate this element with age. The 
main features of the disease are dental fluorosis and skeletal fluorosis. Dental fluo-
rosis is the first visible toxic effect of F exposure, which manifests as pitting of tooth 
enamel and yellow cracked teeth in adults and in children [37]. Skeletal fluorosis 
is a metabolic bone disease with osteosclerosis as the major clinical sign, mostly 
involving bone joints [40]. It results in ligament calcifications, accompanied by 
osteopenia, osteoporosis, and osteomalacia to varying degrees [40, 41]. Fluorine is 
a trace element that is incorporated into bone mineral during bone formation [42]. 
Fluoride substitutes for the hydroxyl group in hydroxyapatite, forming fluorapatite. 
Bone metabolism includes the process of osteoblasts forming bone and the osteo-
clasts degrading bone. Fluoride has an effect on bone mineral, bone cells, and bone 
architecture [42]. Fluoride at physiological levels promotes osteoblast proliferation, 
increases bone mass, as well as increases osteoblast activity via the up-regulation of 
markers such as alkaline phosphatase (ALP), bone morphogenetic protein (BMP), 
and bone gla protein (BGP) [43]. The levels of ALP and BGP were higher in patients 
with skeletal fluorosis than the control group [44]. However, fluoride may stimulate 
osteoblastic activity and delay mineralization of new bone [42]. On the other hand, 
osteoclasts are derived from hematopoietic progenitors in bone marrow and are 
only responsible for bone resorption. The mechanism associated with the osteo-
clasts is complicated; some studies showed that high fluoride concentrations may 
promote the formation of osteoclasts [45], or reduce the number of osteoclasts and 
decrease their bone resorption ability [46, 47]. Others suggested that fluoride had 
little effect on the number of osteoclasts and no effect on the osteoclast formation 
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[48]. Indeed, excessive fluoride intake can destroy the processes of bone formation 
and resorption, which may lead to bone turnover disorders and result in skeletal 
fluorosis. Bone turnover is a dynamic balance regulated by osteoblasts and osteo-
clasts. Excessive fluoride disrupts this balance, influencing the differentiation of 
osteoblasts and osteoclasts and resulting in the development of bone lesions [49]. 
This may be related to certain signaling pathways and mechanisms. Fluoride influ-
ences bone turnover by regulating certain factors, such as runt-related transcription 
factor 2 (Runx2) and receptor activator for nuclear factor-κB ligand (RANKL), 
which act as markers of osteoblasts and osteoclasts [48, 50]. Through the mitogen-
activated protein kinases (MAPK) pathway, fluoride mediates gene expression and 
cell viability. In ameloblasts, fluoride activates the Rho/ROCK pathway. Fluoride 
can also induce endoplasmic reticulum (ER) stress, leading to protein misfolding 
[51]. In addition, TGFβ-SMAD signaling regulates expression of essential genes 
(MMP13, Collagen Type I, Collagen Type VII, Aggrecan, and Biglycans) involved in 
the formation of extracellular matrix (ECM). Fluoride exposure affects the expres-
sion of these genes through TGFβ-SMAD signaling [52]. Additionally, excessive 
fluoride exposure leads to disturbances of bone homeostasis. c-Fos is known to be 
essential in bone development by affecting osteoblast and osteoclast differentiation, 
suggesting that c-Fos might negatively regulate osteoprotegerin (OPG) expression 
induced by fluoride in osteoblastic cells [53].

Furthermore, collagen and noncollagenous proteins are of significant impor-
tance for maintaining the biomechanical integrity of the bone and many bone 
matrix proteins play important roles in mineralization [42]. Excessive intake of 
fluoride affects the bone matrix proteins, that is, collagen and noncollagenous 
proteins, which may be another possible mechanism of skeletal fluorosis [42, 54]. 
For example, it has been shown that fluoride could inhibit the synthesis of type I 
collagen and decrease the degree of collagen cross-linking [54–59] or affect other 
collagen proteins [60–62], and affect the synthesis of proteoglycan [63], and 
expression of matrix metalloproteinases (MMPs) [54, 64, 65]. Taken together, these 
studies suggested that exposure to fluoride alters growth, ECM formation, bone 
mineralization, and skeletal development and induced bone formation and bone 
resorption, thus leading to the development of fluorosis.

3. Nervous system toxicity

Excessive fluoride may cross the blood-brain barrier and accumulate in the 
brain, causing dysfunction of the central nervous system (CNS). In recent years, 
many studies have focused on fluorine neurotoxicity. The central nervous system 
during development is highly sensitive to the influence of fluorine due to its weak-
ened protective mechanisms [66]. Studies showed that children in high fluoride 
areas had significantly lower IQ (intelligence quotient) scores than those who lived 
in low fluoride areas [67, 68]. The results of meta-analyses supported the possibility 
of adverse effects of fluoride exposures on children’s neurodevelopment [67, 69]. 
In the animal experiments, as exposed to high levels of fluorine, the content of 
fluorides in the rats’ brains was even 220 and 300 times higher than in the control 
group [70], and fluoride exposure affects the behavior, memory, cognitive and 
learning ability [71–73]. Dendritic thickening and disappearance, mitochondrial 
swelling, neuronal endoplasmic reticulum dilation, and impaired hippocampus 
synaptic interface structure can be observed in the brain of fluoride exposed rats 
[73]. The numbers of Nissl bodies in neurons in the hippocampus and cortex of 
brains from both adult rats and their pups with fluorosis were reduced, suggesting 
an injury of neurons [10]. These data indicate that excessive exposure to fluoride 
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results in structural and functional damages to the central nervous system, and may 
significantly hinder the neurodevelopment.

Fluorine neurotoxicity may be associated with oxidative stress, neuroinflamma-
tory and neurotransmitter alterations. Fluorine induces increase in ROS (reactive 
oxygen species) and lipid peroxidation and decrease in anti-oxidative enzyme activ-
ity in neurons and glia, resulting in oxidative stress, which in turn causes cell dam-
age and metabolism disorders [12, 74]. Fluorine causes glial cell activation which is 
involved in inflammation through producing proinflammatory cytokines. Chronic 
inflammation in the brain appears to cause neuronal damage [66, 75]. Moreover, 
fluorine influences the synthesis of neurotransmitters, the activity of enzymes, the 
expression of receptors, and the plasticity of neurons [76–78]. Therefore, excessive 
exposure to fluoride results in structural and functional damages to the central 
nervous system.

Of note, because fluoride can not only cross the blood-brain barrier, but also 
penetrate through the placenta, fluorine exposure in the prenatal and neonatal 
periods is dangerous [66, 79]. A recent study showed that during pregnancy and 
lactation, even at very low concentrations, F exposure may alter parameters of the 
central nervous system functionality, producing a delay in eye-opening develop-
ment in the offspring as well as hypoactivity in adult offspring [80]. Further studies 
will be crucial to elucidate the molecular mechanisms through which F exposure 
during gestation and lactation trigger neurobehavioral changes [80].

4. Reproductive system toxicity

Research on the effects of fluoride on the reproductive system has been carried 
out for many years. As early as 1925, Schulz and Lamb reported the reproductive 
toxicity of fluoride [81]. Fluoride shows adverse effects on the male reproductive 
system, including spermatogenesis defect, sperm count loss, sperm differentiation, 
and maturation impairment [82], and increase in chromosomal aberrations in 
primary testicular cells and the rate of sperm deformity [83]. Interestingly, recent 
studies showed that exposure to fluoride can alter the BTB (blood-testis-barrier) 
[84, 85]; fluoride induced structural and functional alterations in the BTB by 
increasing the expression levels of Arp3 protein with a concomitant increase in 
the expression levels of IL-1ɑ (interleukin-1ɑ) that led to the reorganization of the 
highly branching F-actin and the decreased expression of F-actin [25]. A significant 
increase in the fluoride concentration in the testes of mice that were exposed to 
sodium fluoride (NaF) has been observed [85]. In addition, ovaries of albino rats 
treated with high doses of NaF exhibited abnormal ovarian follicles, dilated blood 
vessels, stromal congestion, and necrotic granulose cells [86].

Cell apoptosis is one early sign of genotoxic damage in mature testis, and 
plays critical roles in spermatozoa output. Fluoride may induce oxidative stress 
through the activation of MAPK cascade and Jun N-terminal kinase (JNK, c-Jun) 
and extracellular signal-regulated protein kinase (ERK) signaling pathway lead to 
cell apoptosis that includes both intrinsic and extrinsic apoptotic pathways [82]. 
Fluoride could also cause leakage of potassium ions, thereby reducing sodium and 
potassium levels in spermatozoa [87]. In addition, higher levels of inflammatory 
factor such as IL-1ɑ were detected in the testes of NaF-treated rats [25], suggesting 
that inflammation was involved in the in the toxicity of fluoride to the reproductive 
system [25, 88]. More recently, a proteomics study analyzed the proteome char-
acteristics of sperm from fluoride-exposed mice, and identified 15 differentially 
expressed proteins between fluoride-exposed and control groups. Most of them are 
associated with sperm functions such as sperm motility, maturation, capacitation 
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and acrosome reaction, lipid peroxidation, detoxification, inflammation, and 
stability of membrane structure [89]. Another study reported altered MicroRNA 
(miRNA) expression profiling in sperm of mice induced by fluoride. Sixteen altered 
miRNAs were identified and they mainly were involved in protease inhibitor activ-
ity, apoptosis, ubiquitin-mediated proteolysis, and signaling pathways of calcium, 
JAK-STAT, MAPK, p53, and Wnt [90]. These findings provide new insights into the 
mechanism underlying fluoride reproductive toxicity. However, the toxicity mecha-
nism of fluoride on the reproductive system still needs further exploration.

5. Other systems

As mentioned above, excess fluoride uptake affects other organs including liver 
and kidneys, and cardiovascular system. Liver is the most important detoxification 
organ in the body. The effect of fluoride on the liver has been widely studied and it 
has been demonstrated that excessive intake of fluoride causes serious liver damage 
[14, 16–19].

The kidneys are the main route of F removal from the body, and approximately 
60% of the total daily F absorbed is filtered and excreted in urine [91]. The link 
between fluoride and kidney disease has been known and confirmed for many 
years [13–16], the toxicity or damage of fluoride to the kidney has been observed 
in population and experimental animals, including the kidneys of the fetus and 
suckling mammal [92]. Of note, people on kidney dialysis, patients with reduced 
glomerular filtration rates, and diabetic mammals are particularly susceptible to 
fluoride exposure [15].

A rising number of research studies have been carried out on the toxic effect of F 
in cardiovascular system [20–23, 93]. Fluoride can accumulate in the cardiovascular 
system, resulting in arterial calcifications, elastic properties of ascending aorta 
disruption, and ventricular diastolic dysfunction [93].

6. Influence factor

6.1 Genetic susceptibility to fluorosis

Clearly, toxic effects in humans due to chronic fluoride ingestion mainly depend 
on the total dosage and duration of exposure. However, dose and time alone are not 
the only factor affecting fluorosis. Some studies have shown the existence of non-
responder populations to fluorine [94], while others have shown that some people 
seem to be very sensitive to fluorine [95, 96]. Animal experiments have observed 
that three inbred strains of mice (A/J, SWR/J, 129P3/J) displayed variations in the 
onset and severity of dental/enamel fluorosis with equivalent fluoride exposure 
[97]. The bone mechanical properties were reduced in the “susceptible strain” 
(A/J), moderately altered in the “intermediate strain” (SWR/J), and unaffected in 
the “resistant strain” (129P3/J), suggesting a genetic contribution to the variation 
in bone response to fluoride content [97]. Fluoride effects on bone formation and 
mineralization are influenced by genetics [42]. Another study showed that exposure 
to the same dosage and time, as compared with Wistar rats, the urine fluoride of SD 
rats was higher while bone and teeth fluoride levels were lower. Meanwhile, dental 
fluorosis susceptibility of SD rats is higher [98].

Interestingly, the association between genetic polymorphisms in candidate genes 
and the susceptibility in the development of fluorosis has been well reviewed [27]. 
Candidate genes associated with human dental fluorosis and skeletal fluorosis are 
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results in structural and functional damages to the central nervous system, and may 
significantly hinder the neurodevelopment.

Fluorine neurotoxicity may be associated with oxidative stress, neuroinflamma-
tory and neurotransmitter alterations. Fluorine induces increase in ROS (reactive 
oxygen species) and lipid peroxidation and decrease in anti-oxidative enzyme activ-
ity in neurons and glia, resulting in oxidative stress, which in turn causes cell dam-
age and metabolism disorders [12, 74]. Fluorine causes glial cell activation which is 
involved in inflammation through producing proinflammatory cytokines. Chronic 
inflammation in the brain appears to cause neuronal damage [66, 75]. Moreover, 
fluorine influences the synthesis of neurotransmitters, the activity of enzymes, the 
expression of receptors, and the plasticity of neurons [76–78]. Therefore, excessive 
exposure to fluoride results in structural and functional damages to the central 
nervous system.

Of note, because fluoride can not only cross the blood-brain barrier, but also 
penetrate through the placenta, fluorine exposure in the prenatal and neonatal 
periods is dangerous [66, 79]. A recent study showed that during pregnancy and 
lactation, even at very low concentrations, F exposure may alter parameters of the 
central nervous system functionality, producing a delay in eye-opening develop-
ment in the offspring as well as hypoactivity in adult offspring [80]. Further studies 
will be crucial to elucidate the molecular mechanisms through which F exposure 
during gestation and lactation trigger neurobehavioral changes [80].
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Research on the effects of fluoride on the reproductive system has been carried 
out for many years. As early as 1925, Schulz and Lamb reported the reproductive 
toxicity of fluoride [81]. Fluoride shows adverse effects on the male reproductive 
system, including spermatogenesis defect, sperm count loss, sperm differentiation, 
and maturation impairment [82], and increase in chromosomal aberrations in 
primary testicular cells and the rate of sperm deformity [83]. Interestingly, recent 
studies showed that exposure to fluoride can alter the BTB (blood-testis-barrier) 
[84, 85]; fluoride induced structural and functional alterations in the BTB by 
increasing the expression levels of Arp3 protein with a concomitant increase in 
the expression levels of IL-1ɑ (interleukin-1ɑ) that led to the reorganization of the 
highly branching F-actin and the decreased expression of F-actin [25]. A significant 
increase in the fluoride concentration in the testes of mice that were exposed to 
sodium fluoride (NaF) has been observed [85]. In addition, ovaries of albino rats 
treated with high doses of NaF exhibited abnormal ovarian follicles, dilated blood 
vessels, stromal congestion, and necrotic granulose cells [86].

Cell apoptosis is one early sign of genotoxic damage in mature testis, and 
plays critical roles in spermatozoa output. Fluoride may induce oxidative stress 
through the activation of MAPK cascade and Jun N-terminal kinase (JNK, c-Jun) 
and extracellular signal-regulated protein kinase (ERK) signaling pathway lead to 
cell apoptosis that includes both intrinsic and extrinsic apoptotic pathways [82]. 
Fluoride could also cause leakage of potassium ions, thereby reducing sodium and 
potassium levels in spermatozoa [87]. In addition, higher levels of inflammatory 
factor such as IL-1ɑ were detected in the testes of NaF-treated rats [25], suggesting 
that inflammation was involved in the in the toxicity of fluoride to the reproductive 
system [25, 88]. More recently, a proteomics study analyzed the proteome char-
acteristics of sperm from fluoride-exposed mice, and identified 15 differentially 
expressed proteins between fluoride-exposed and control groups. Most of them are 
associated with sperm functions such as sperm motility, maturation, capacitation 
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and acrosome reaction, lipid peroxidation, detoxification, inflammation, and 
stability of membrane structure [89]. Another study reported altered MicroRNA 
(miRNA) expression profiling in sperm of mice induced by fluoride. Sixteen altered 
miRNAs were identified and they mainly were involved in protease inhibitor activ-
ity, apoptosis, ubiquitin-mediated proteolysis, and signaling pathways of calcium, 
JAK-STAT, MAPK, p53, and Wnt [90]. These findings provide new insights into the 
mechanism underlying fluoride reproductive toxicity. However, the toxicity mecha-
nism of fluoride on the reproductive system still needs further exploration.

5. Other systems

As mentioned above, excess fluoride uptake affects other organs including liver 
and kidneys, and cardiovascular system. Liver is the most important detoxification 
organ in the body. The effect of fluoride on the liver has been widely studied and it 
has been demonstrated that excessive intake of fluoride causes serious liver damage 
[14, 16–19].

The kidneys are the main route of F removal from the body, and approximately 
60% of the total daily F absorbed is filtered and excreted in urine [91]. The link 
between fluoride and kidney disease has been known and confirmed for many 
years [13–16], the toxicity or damage of fluoride to the kidney has been observed 
in population and experimental animals, including the kidneys of the fetus and 
suckling mammal [92]. Of note, people on kidney dialysis, patients with reduced 
glomerular filtration rates, and diabetic mammals are particularly susceptible to 
fluoride exposure [15].

A rising number of research studies have been carried out on the toxic effect of F 
in cardiovascular system [20–23, 93]. Fluoride can accumulate in the cardiovascular 
system, resulting in arterial calcifications, elastic properties of ascending aorta 
disruption, and ventricular diastolic dysfunction [93].

6. Influence factor

6.1 Genetic susceptibility to fluorosis

Clearly, toxic effects in humans due to chronic fluoride ingestion mainly depend 
on the total dosage and duration of exposure. However, dose and time alone are not 
the only factor affecting fluorosis. Some studies have shown the existence of non-
responder populations to fluorine [94], while others have shown that some people 
seem to be very sensitive to fluorine [95, 96]. Animal experiments have observed 
that three inbred strains of mice (A/J, SWR/J, 129P3/J) displayed variations in the 
onset and severity of dental/enamel fluorosis with equivalent fluoride exposure 
[97]. The bone mechanical properties were reduced in the “susceptible strain” 
(A/J), moderately altered in the “intermediate strain” (SWR/J), and unaffected in 
the “resistant strain” (129P3/J), suggesting a genetic contribution to the variation 
in bone response to fluoride content [97]. Fluoride effects on bone formation and 
mineralization are influenced by genetics [42]. Another study showed that exposure 
to the same dosage and time, as compared with Wistar rats, the urine fluoride of SD 
rats was higher while bone and teeth fluoride levels were lower. Meanwhile, dental 
fluorosis susceptibility of SD rats is higher [98].

Interestingly, the association between genetic polymorphisms in candidate genes 
and the susceptibility in the development of fluorosis has been well reviewed [27]. 
Candidate genes associated with human dental fluorosis and skeletal fluorosis are 
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listed in Table 1. Candidate genes in dental fluorosis include BGLAP (Osteocalcin), 
COL1A2 (Collagen type 1 alpha 2), CTR/CALCR (Calcitonin Receptor), ESR 
(Estrogen Receptor), and VDR (Vitamin D Receptor). Candidate genes in skeletal 
fluorosis include MMP-2 (Matrix metallopeptidase2), MPO (Myeloperoxidase), 
GSTP1 (Glutathione S-transferase pi 1), PRL (Prolactin), and VDR (Vitamin D 
Receptor). These genes are involved in different functions—BGLAP, ESR, and 
COL1A2 are related to bone formation and development; VDR and CTR are related 
to bone formation and metabolism; and PTH and PRL are related to hormones’ 
secretion. GSTP1, MMP, COMT, and MPO are related to detoxifying enzymes, 
extracellular matrix, cognitive and immune responses, respectively [27]. These 
results suggest that an individual’s genetic background plays a major role in influ-
encing the risk to fluorosis.

6.2 Co-exposure with other element

Co-exposure to other elements is another major factor affecting fluorosis. All of 
these could complicate the overall toxic response. For example, in geothermal areas, 
volcanic activity includes CO2-rich hot springs, steaming vents, hot ground and 
boiling mud pools that normally contain unusually high concentrations of Li, Rb, 
Cs, Si, B, As, and F [33]. Thus, chronic exposure to volcanic environments may lead 
to the exposure of excessive amounts of fluoride and other elements. Interestingly, 
a recent study indicated that an increase or decrease in various elements (including 
F, Al, Se, Zn, Cu, Fe, Mo, Mn, B, V, Ca, Mg, and P) in the environment is related to 
the abnormal levels of the corresponding elements in a fluoride-exposed population 
[28]. High levels of F, Al, As, Pb, and Cr were a risk factor for dental fluorosis, but 
not Se, Zn, Cu, B, Ca, and P, which was a protective factor for dental fluorosis [28].

Candidate genes Polymorphism site (restriction sites or 
mutational bases)

References

Dental fluorosis

COL1A2 (Collagen type1 alpha 2) rs414408 (PvuII)
rs412777 (A/C)

[99]
[100]

ESR (Estrogen receptor) rs1256049 (G > A, RsaI)
rs2234693 (A > C, XbaI)

[101]

AMBN (Ameloblastin) rs4694075 (C/T) [102]

TFIP11 (Tuftelin interacting protein 11) rs5997096 (C/T) [102]

TUFT1 (Tuftelin) rs4970957 (A/G) [102]

DLX1 (Homeobox protein DLX-1) rs788173 (A/G) [103]

DLX2 (Homeobox protein DLX-2) rs743605 (A/G) [103]

TIMP1 (Metalloproteinase inhibitor 1) rs4898 (C/T) [103]

Skeletal fluorosis

FRZB1 (frizzled-related protein 1) rs2242070 (A/G) [104]

VDR (Vitamin D receptor) rs2228570 (Fok I) [105]

GSTP1 (Glutathione S-transferase pi 1) rs1695 (A/G) [106]

PRL (Prolactin) rs1341239 [107]

MMP-2 (Matrix metallopeptidase 2) rs2287074 (G/A) rs243865 [108]

Table 1. 
Candidate genes in dental fluorosis and skeletal fluorosis.
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At present, some studies have been reported on the co-exposure of fluorine and 
arsenic (As) or fluorine and aluminum (Al). Both arsenic and fluoride are ubiquitous 
in the environment. The co-exposure of fluorine and arsenic is mainly through drink-
ing water [109–111] or burning coal [112, 113]. The latter is a unique type in China, 
which was attributed to exposure to high levels of As and F in food and breathing 
As-laden air, caused by polluted food and air due to indoor combustion of coal [112, 
113]. The interaction mechanism of these two elements is complicated, which may be 
independent, synergistic, or antagonistic [114]. A recent study indicated that arsenic 
may be involved in fluoride-induced bone toxicity through PTH/PKA/AP1 signal-
ing pathway [115]. Arsenic affects the expression of c-Fos, thereby affecting the 
expression of transcription factor AP1, indirectly involved in fluoride-induced bone 
toxicity [115]. Another study showed that the joint effect of fluoride and arsenate on 
the gene expression of ODF (osteoclast differentiation factor) is antagonistic, while 
the combined effect on the gene expression of OPG is synergistic [116]. Ma et al. 
reported that As and F can induce the expression of adhesion molecules, chemokines 
and pro-inflammatory cytokines in rabbit aorta separately, and antagonistic effects 
were observed on inflammatory response [117]. Fluoride and arsenic, either alone or 
combined, can decrease learning and memory ability in rats [118].

Combined exposure to fluoride and aluminum is another noteworthy problem 
related to fluorosis. It mainly occurs through indoor combustion of coal, especially 
kaolin mixed with coal [119], and high Al content in tea such as brick tea [120]. 
The interaction mechanism of F and Al is also complicated, may be independent, 
synergistic, or antagonistic. Aluminum exposure impairs bone formation; inhibition 
of bone formation by aluminum through different signal transduction pathways 
has been reported [121]. Exposure to Al is associated with low bone mineral density 
(BMD) and an increased risk of osteoporosis [121–124]. Fluoride enhances the uptake 
of aluminum; the simultaneous administration of fluorine and aluminum increased 
plasma [125], and bone [126] concentrations of aluminum in rats, whereas aluminum 
suppresses the uptake of fluoride [127]. Decreased bone mineral density was observed 
in fluorine and aluminum-treated rats [126]. Patients with co-exposure to fluoride 
and aluminum display with osteomalacia or osteoporosis may be due to fluoride pro-
moting aluminum accumulation in bone, while aluminum inhibits bone formation. 
However, the vitro study showed that there was a synergistic effect of fluoride and 
aluminum on the expression of Runx2 and Osterix mRNA in osteoblastic MC3T3-E1 
cells, thereby enhance MC3T3-E1 cells proliferation and differentiation [128], and 
contribute to osteosclerosis. This may explain the different clinical features of skeletal 
fluorosis, that is, osteosclerosis accompanied with osteomalacia, and osteopenia.

It is worth mentioning that Al is a well-known neurotoxic agent, and it has long 
since been implicated in the etiopathology of AD [129]. Fluorine and aluminum are 
able to cross the blood-brain barrier and the placental barrier [66, 130]. They can 
accumulate in the brain, and fluoride did not affect the accumulation of aluminum 
in the CNS [131]. It has been reported that increases of microglia activation and 
inflammatory response were seen in aluminum, fluoride, and a combination of 
aluminum-fluoride-treated rat brain [132]. Excessive fluoride and aluminum intake 
induces the progression of cell death which inhibits acetylcholinesterase (AChE) 
activities and triggers the release of lysosomal and cell cycle proteins in the brain of 
rats [133]. More recently, Xie et al. found that continuous exposure to fluorine and/
or aluminum of mother rats impaired the neurobehavioral reflexes, spatial learn-
ing, and memory of offspring rats [134, 135]. The effects of F were obvious, but the 
effects of Al were slight. There were antagonistic effects between F and Al, with Al 
reduction in the toxicity of F [135].

In addition, Chinoy et al. reported that simultaneous exposure of the ani-
mals to NaF and AlCl3 was associated with an increased toxic effect on gonadal 
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listed in Table 1. Candidate genes in dental fluorosis include BGLAP (Osteocalcin), 
COL1A2 (Collagen type 1 alpha 2), CTR/CALCR (Calcitonin Receptor), ESR 
(Estrogen Receptor), and VDR (Vitamin D Receptor). Candidate genes in skeletal 
fluorosis include MMP-2 (Matrix metallopeptidase2), MPO (Myeloperoxidase), 
GSTP1 (Glutathione S-transferase pi 1), PRL (Prolactin), and VDR (Vitamin D 
Receptor). These genes are involved in different functions—BGLAP, ESR, and 
COL1A2 are related to bone formation and development; VDR and CTR are related 
to bone formation and metabolism; and PTH and PRL are related to hormones’ 
secretion. GSTP1, MMP, COMT, and MPO are related to detoxifying enzymes, 
extracellular matrix, cognitive and immune responses, respectively [27]. These 
results suggest that an individual’s genetic background plays a major role in influ-
encing the risk to fluorosis.

6.2 Co-exposure with other element

Co-exposure to other elements is another major factor affecting fluorosis. All of 
these could complicate the overall toxic response. For example, in geothermal areas, 
volcanic activity includes CO2-rich hot springs, steaming vents, hot ground and 
boiling mud pools that normally contain unusually high concentrations of Li, Rb, 
Cs, Si, B, As, and F [33]. Thus, chronic exposure to volcanic environments may lead 
to the exposure of excessive amounts of fluoride and other elements. Interestingly, 
a recent study indicated that an increase or decrease in various elements (including 
F, Al, Se, Zn, Cu, Fe, Mo, Mn, B, V, Ca, Mg, and P) in the environment is related to 
the abnormal levels of the corresponding elements in a fluoride-exposed population 
[28]. High levels of F, Al, As, Pb, and Cr were a risk factor for dental fluorosis, but 
not Se, Zn, Cu, B, Ca, and P, which was a protective factor for dental fluorosis [28].

Candidate genes Polymorphism site (restriction sites or 
mutational bases)

References

Dental fluorosis

COL1A2 (Collagen type1 alpha 2) rs414408 (PvuII)
rs412777 (A/C)

[99]
[100]

ESR (Estrogen receptor) rs1256049 (G > A, RsaI)
rs2234693 (A > C, XbaI)

[101]

AMBN (Ameloblastin) rs4694075 (C/T) [102]

TFIP11 (Tuftelin interacting protein 11) rs5997096 (C/T) [102]

TUFT1 (Tuftelin) rs4970957 (A/G) [102]

DLX1 (Homeobox protein DLX-1) rs788173 (A/G) [103]

DLX2 (Homeobox protein DLX-2) rs743605 (A/G) [103]

TIMP1 (Metalloproteinase inhibitor 1) rs4898 (C/T) [103]

Skeletal fluorosis

FRZB1 (frizzled-related protein 1) rs2242070 (A/G) [104]

VDR (Vitamin D receptor) rs2228570 (Fok I) [105]

GSTP1 (Glutathione S-transferase pi 1) rs1695 (A/G) [106]

PRL (Prolactin) rs1341239 [107]

MMP-2 (Matrix metallopeptidase 2) rs2287074 (G/A) rs243865 [108]

Table 1. 
Candidate genes in dental fluorosis and skeletal fluorosis.
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At present, some studies have been reported on the co-exposure of fluorine and 
arsenic (As) or fluorine and aluminum (Al). Both arsenic and fluoride are ubiquitous 
in the environment. The co-exposure of fluorine and arsenic is mainly through drink-
ing water [109–111] or burning coal [112, 113]. The latter is a unique type in China, 
which was attributed to exposure to high levels of As and F in food and breathing 
As-laden air, caused by polluted food and air due to indoor combustion of coal [112, 
113]. The interaction mechanism of these two elements is complicated, which may be 
independent, synergistic, or antagonistic [114]. A recent study indicated that arsenic 
may be involved in fluoride-induced bone toxicity through PTH/PKA/AP1 signal-
ing pathway [115]. Arsenic affects the expression of c-Fos, thereby affecting the 
expression of transcription factor AP1, indirectly involved in fluoride-induced bone 
toxicity [115]. Another study showed that the joint effect of fluoride and arsenate on 
the gene expression of ODF (osteoclast differentiation factor) is antagonistic, while 
the combined effect on the gene expression of OPG is synergistic [116]. Ma et al. 
reported that As and F can induce the expression of adhesion molecules, chemokines 
and pro-inflammatory cytokines in rabbit aorta separately, and antagonistic effects 
were observed on inflammatory response [117]. Fluoride and arsenic, either alone or 
combined, can decrease learning and memory ability in rats [118].

Combined exposure to fluoride and aluminum is another noteworthy problem 
related to fluorosis. It mainly occurs through indoor combustion of coal, especially 
kaolin mixed with coal [119], and high Al content in tea such as brick tea [120]. 
The interaction mechanism of F and Al is also complicated, may be independent, 
synergistic, or antagonistic. Aluminum exposure impairs bone formation; inhibition 
of bone formation by aluminum through different signal transduction pathways 
has been reported [121]. Exposure to Al is associated with low bone mineral density 
(BMD) and an increased risk of osteoporosis [121–124]. Fluoride enhances the uptake 
of aluminum; the simultaneous administration of fluorine and aluminum increased 
plasma [125], and bone [126] concentrations of aluminum in rats, whereas aluminum 
suppresses the uptake of fluoride [127]. Decreased bone mineral density was observed 
in fluorine and aluminum-treated rats [126]. Patients with co-exposure to fluoride 
and aluminum display with osteomalacia or osteoporosis may be due to fluoride pro-
moting aluminum accumulation in bone, while aluminum inhibits bone formation. 
However, the vitro study showed that there was a synergistic effect of fluoride and 
aluminum on the expression of Runx2 and Osterix mRNA in osteoblastic MC3T3-E1 
cells, thereby enhance MC3T3-E1 cells proliferation and differentiation [128], and 
contribute to osteosclerosis. This may explain the different clinical features of skeletal 
fluorosis, that is, osteosclerosis accompanied with osteomalacia, and osteopenia.

It is worth mentioning that Al is a well-known neurotoxic agent, and it has long 
since been implicated in the etiopathology of AD [129]. Fluorine and aluminum are 
able to cross the blood-brain barrier and the placental barrier [66, 130]. They can 
accumulate in the brain, and fluoride did not affect the accumulation of aluminum 
in the CNS [131]. It has been reported that increases of microglia activation and 
inflammatory response were seen in aluminum, fluoride, and a combination of 
aluminum-fluoride-treated rat brain [132]. Excessive fluoride and aluminum intake 
induces the progression of cell death which inhibits acetylcholinesterase (AChE) 
activities and triggers the release of lysosomal and cell cycle proteins in the brain of 
rats [133]. More recently, Xie et al. found that continuous exposure to fluorine and/
or aluminum of mother rats impaired the neurobehavioral reflexes, spatial learn-
ing, and memory of offspring rats [134, 135]. The effects of F were obvious, but the 
effects of Al were slight. There were antagonistic effects between F and Al, with Al 
reduction in the toxicity of F [135].

In addition, Chinoy et al. reported that simultaneous exposure of the ani-
mals to NaF and AlCl3 was associated with an increased toxic effect on gonadal 
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steroidogenesis, uterine metabolism of carbohydrates, and hypercholesterolemia, 
as compared with each compound administered separately [136]. Recently, Dong 
et al. reported that F induced the reduction in testosterone and sperm amount; 
however, Al had antagonism effects on F and weakened the toxicity of F to some 
extent [137]. Moreover, fluoride interacts with aluminum to form a fluoro-alumi-
num complex AlFx (e.g., AlF3 and AlF4−), which can interact with the G protein 
(guanine nucleotide-binding proteins) and activated effect or enzymes, providing 
false information, and amplify the processes of signal transmission [138]. Together, 
further investigation is needed on the underlying mechanisms by which fluorine 
and arsenic or fluorine and aluminum induce toxicity.

7. Proteomics and metabolomics applications

Proteomics and metabolomics are useful and powerful tools for clarifying toxico-
logical mechanisms associated with diseases. Proteomics offers the possibility to map 
the entire proteome of an organism or cells and detect toxic effects at significantly 
lower doses, as well as faster screening for potential adaptive mechanisms by the use 
of high-throughput technologies [139]. In particular, during the last 10 years, apart 
from the gel-based techniques (e.g., 2D-PAGE and 2D-DIGE), gel-free techniques 
(e.g., stable-isotope labeling or using label-free methods) have been dominating the 
field of MS-based quantitation in proteomics [140]. This enhances the ability of pro-
teomics to explore disease mechanisms. As mentioned above, proteomics analysis has 
been used to investigate the toxicity mechanism of fluorine on sperm [89]. Proteomics 
analysis associated with F-toxicity has also been studied in other tissues including 
gastrocnemius muscle, kidney, liver, midgut, bone, cells, serum, and urine [18, 54, 62, 
68, 141–147]. All of these studies are listed in Table 2. As shown in Table 2, proteomic 
techniques 2D-PAGE, LC-MS/MS (liquid chromatography-tandem mass spectrom-
etry), and iTRAQ (isobaric tags for relative and absolute quantification) labeling 
coupled with LC-MS/MS analysis were employed in these studies. The proteins 
associated with fluoride exposure were found involved in oxidative stress, ER stress, 
cell proliferation and apoptosis, mitochondrial-metabolism, tricarboxylic acid (TCA) 
cycle, unfolded protein response, inflammatory response, etc. These pathways or 
biological processes have previously been linked to the pathophysiology of fluorosis. 
The results support the current views on the molecular mechanism of F-toxicity.

Interestingly, Khan et al. evaluated the effects of F on the liver proteome of mice 
susceptible (A/J) or resistant (129P3/J) to the effects of F. As compared with 129P3/J 
mice, most of the proteins with fold change upon treatment with lower F concen-
trate (15 ppm) were increased in the A/J mice, suggesting an attempt of the former 
to fight the deleterious effects of F. However, upon treatment with 50 ppm F, most 
proteins with fold change were decreased in the A/J mice, especially proteins related 
to oxidative stress and protein folding, which might be related to the higher suscep-
tibility of the A/J animals to the deleterious effects of F [18]. These results add light 
to the mechanisms underlying genetic susceptibility to fluorosis [18].

It is worth mentioning that in our previous comparative proteomic analysis of 
fluoride treated rat bone [54], 13, 35, and 34 differentially expressed proteins were 
identified in low-, medium-, and high-dose NaF exposure group. The medium- and 
high-dose groups shared a more similar protein expression pattern. Most of these 
proteins belong to collagen proteins, matrix metalloproteinases, proteoglycans 
(PGs), proteolytic protein, osteoclast-related protein, and myosin proteins, involved 
in collagen metabolism, bone mass change, mineralization process, dysfunction of 
the motor cell, and affected osteoblasts and/or osteoclasts, finally, contributing to 
the pathophysiology of skeletal and chronic fluorosis [54].
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steroidogenesis, uterine metabolism of carbohydrates, and hypercholesterolemia, 
as compared with each compound administered separately [136]. Recently, Dong 
et al. reported that F induced the reduction in testosterone and sperm amount; 
however, Al had antagonism effects on F and weakened the toxicity of F to some 
extent [137]. Moreover, fluoride interacts with aluminum to form a fluoro-alumi-
num complex AlFx (e.g., AlF3 and AlF4−), which can interact with the G protein 
(guanine nucleotide-binding proteins) and activated effect or enzymes, providing 
false information, and amplify the processes of signal transmission [138]. Together, 
further investigation is needed on the underlying mechanisms by which fluorine 
and arsenic or fluorine and aluminum induce toxicity.

7. Proteomics and metabolomics applications

Proteomics and metabolomics are useful and powerful tools for clarifying toxico-
logical mechanisms associated with diseases. Proteomics offers the possibility to map 
the entire proteome of an organism or cells and detect toxic effects at significantly 
lower doses, as well as faster screening for potential adaptive mechanisms by the use 
of high-throughput technologies [139]. In particular, during the last 10 years, apart 
from the gel-based techniques (e.g., 2D-PAGE and 2D-DIGE), gel-free techniques 
(e.g., stable-isotope labeling or using label-free methods) have been dominating the 
field of MS-based quantitation in proteomics [140]. This enhances the ability of pro-
teomics to explore disease mechanisms. As mentioned above, proteomics analysis has 
been used to investigate the toxicity mechanism of fluorine on sperm [89]. Proteomics 
analysis associated with F-toxicity has also been studied in other tissues including 
gastrocnemius muscle, kidney, liver, midgut, bone, cells, serum, and urine [18, 54, 62, 
68, 141–147]. All of these studies are listed in Table 2. As shown in Table 2, proteomic 
techniques 2D-PAGE, LC-MS/MS (liquid chromatography-tandem mass spectrom-
etry), and iTRAQ (isobaric tags for relative and absolute quantification) labeling 
coupled with LC-MS/MS analysis were employed in these studies. The proteins 
associated with fluoride exposure were found involved in oxidative stress, ER stress, 
cell proliferation and apoptosis, mitochondrial-metabolism, tricarboxylic acid (TCA) 
cycle, unfolded protein response, inflammatory response, etc. These pathways or 
biological processes have previously been linked to the pathophysiology of fluorosis. 
The results support the current views on the molecular mechanism of F-toxicity.

Interestingly, Khan et al. evaluated the effects of F on the liver proteome of mice 
susceptible (A/J) or resistant (129P3/J) to the effects of F. As compared with 129P3/J 
mice, most of the proteins with fold change upon treatment with lower F concen-
trate (15 ppm) were increased in the A/J mice, suggesting an attempt of the former 
to fight the deleterious effects of F. However, upon treatment with 50 ppm F, most 
proteins with fold change were decreased in the A/J mice, especially proteins related 
to oxidative stress and protein folding, which might be related to the higher suscep-
tibility of the A/J animals to the deleterious effects of F [18]. These results add light 
to the mechanisms underlying genetic susceptibility to fluorosis [18].

It is worth mentioning that in our previous comparative proteomic analysis of 
fluoride treated rat bone [54], 13, 35, and 34 differentially expressed proteins were 
identified in low-, medium-, and high-dose NaF exposure group. The medium- and 
high-dose groups shared a more similar protein expression pattern. Most of these 
proteins belong to collagen proteins, matrix metalloproteinases, proteoglycans 
(PGs), proteolytic protein, osteoclast-related protein, and myosin proteins, involved 
in collagen metabolism, bone mass change, mineralization process, dysfunction of 
the motor cell, and affected osteoblasts and/or osteoclasts, finally, contributing to 
the pathophysiology of skeletal and chronic fluorosis [54].
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Metabolomics can capture low-molecular weight metabolites that are the clos-
est to the phenotype, which is believed to be one of the most powerful techniques 
to study the metabolic alteration associated with the treatment of environmental 
toxicants. However, the study on metabolic profile response to fluoride exposure is 
limited. A recent study carried out a metabonomics study on NaF treated human 
oral squamous cell carcinoma cells. The results showed that inhibition of the enolase 
reaction in glycolysis pathway was observed in the early stages of fluoride treatment. 
In the later stages, gradual increases in the AMP/ATP ratio (a putative marker of 
apoptosis) and oxidized products (e.g., GSSH, and methionine sulfoxide), and mar-
ginal changes in polyamine levels (putative marker of necrosis), were observed [148]. 
It suggested that the inhibition of enolase reaction and TCA cycle progression at early 
stage is specific to NaF, whereas the increase of ATP utilization at later stage may be 
common to apoptotis-inducing agents, but not to necrosis-inducing agents [148].

8. Treatment and prevention of chronic fluorosis

So far, there is no specific treatment for fluorosis. Efforts are being made to 
reduce the severity of the disease and improve quality of life of affected patients 
[149]. Medical treatment being used is mainly supplementation of vitamin (Vit) 
C, D, and E, calcium, antioxidants and treatment of malnutrition [150]. In recent 
years, some traditional Chinese medicines (TCM) have been developed to treat flu-
oride-induced bone lesions in China [49]. Treatment options for dental and skeletal 
fluorosis vary according to the severity of the disease [149]. Methods for treating 
dental fluorosis include micro/macro abrasion, bleaching, composite restorations, 
veneers, and full crowns [151]. Treatment of skeletal fluorosis may include surgical 
processes while treatment of deformity includes use of physiotherapy, corrective 
plasters, and orthoses (appropriate appliances) [149].

Clearly, chronic fluorosis is mainly caused by excess intake of fluoride through 
drinking water, food products, air, and industrial pollutants over a long period. 
Therefore, avoiding excessive intake of the fluoride is essential for the preven-
tion of this disease. Notably, to keep fluoride intake within safe limits, one needs 
to consider the total daily intake, including fluoride intake from water, food, air, 
fluoride-rich dental products and drugs. The recommended level for daily fluoride 
intake is 0.05–0.07 mg F/Kg/day [152, 153]. In China, for people aged 8–16 (including 
16-year-olds), the recommended values of the total daily fluoride intake per person 
is ≤2.4 mg; for those 16 years old, the total daily fluoride intake per person is ≤3.5 mg 
[154]. In water-borne fluorosis endemic areas, alternative water resources with low 
fluoride levels or defluorinated water can be used. Coal-burning endemic fluorosis 
areas need to change the way coal is burned and food is dried. Likewise, it is beneficial 
for a daily intake of foods, vegetables, and fruits rich in vitamin C, D, and E, calcium,  
and antioxidants for the prevention of chronic fluorosis in endemic regions [49, 82, 150].  
Moreover, health education is a very important aspect for disease management. 
Knowledge regarding the harmful effects of fluoride and the causes of fluorosis can 
help people, especially the affected population, pay more attention to their living hab-
its [49, 149]. Furthermore, the identification of candidate genes that affect risk factors 
is necessary to develop more effective measures to prevent and treat fluorosis [27].

9. Conclusions

The contents of this chapter are reviewed in Figure 1. Excess intake of fluoride can 
cause chronic fluorosis, leading to dental fluorosis and skeletal fluorosis and damage 
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to nervous system, reproductive system, cardiovascular system, liver, and kidney. The 
possible mechanisms involved different key proteins and signal transduction pathways 
associated with the pathogenesis of fluorosis have been proposed. Some high-through-
put methods such as proteomics, metabolomics, and transcriptomics have been used in 
the study of the mechanism underlying development of fluorosis. Genetic factors play 
a critical role in the pathogenesis of chronic fluorosis. Combined exposure to fluoride 
with other element such as arsenic or aluminum may result in more complicated adverse 
health effects than exposure to fluoride or these elements alone. Further research is 
needed to reveal the interaction between fluorides with these elements with regard 
to their toxic effects. Clearly, the mechanisms of chronic fluorosis still need further 
research. Prevention of chronic fluorosis is important and it can be prevented by keeping 
fluoride intake within safe limits. It is important to consider total exposure (i.e., expo-
sure through air, food, and water) when evaluating adverse health effects of fluoride.
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Figure 1. 
An overview of the occurrence, influencing factors, pathogenesis, treatment, and prevention of fluorosis.
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its [49, 149]. Furthermore, the identification of candidate genes that affect risk factors 
is necessary to develop more effective measures to prevent and treat fluorosis [27].

9. Conclusions

The contents of this chapter are reviewed in Figure 1. Excess intake of fluoride can 
cause chronic fluorosis, leading to dental fluorosis and skeletal fluorosis and damage 
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to nervous system, reproductive system, cardiovascular system, liver, and kidney. The 
possible mechanisms involved different key proteins and signal transduction pathways 
associated with the pathogenesis of fluorosis have been proposed. Some high-through-
put methods such as proteomics, metabolomics, and transcriptomics have been used in 
the study of the mechanism underlying development of fluorosis. Genetic factors play 
a critical role in the pathogenesis of chronic fluorosis. Combined exposure to fluoride 
with other element such as arsenic or aluminum may result in more complicated adverse 
health effects than exposure to fluoride or these elements alone. Further research is 
needed to reveal the interaction between fluorides with these elements with regard 
to their toxic effects. Clearly, the mechanisms of chronic fluorosis still need further 
research. Prevention of chronic fluorosis is important and it can be prevented by keeping 
fluoride intake within safe limits. It is important to consider total exposure (i.e., expo-
sure through air, food, and water) when evaluating adverse health effects of fluoride.
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Chapter 4

Polymer Hydrogels for Wastewater 
Treatment
Luqman Ali Shah and Sher Ali Khan

Abstract

The pollution of water resources turns into a worldwide problem because of 
the indiscriminate disposal of pollutants both organic and inorganic in nature. It 
stays hard to manner or control the purification of wastewater before it flows to 
water reservoirs. The growing interest in the improvement and application of novel 
hydrogels in wastewater remedy is due to its particular chemical characteristics 
along with hydrophilicity, sensitivity, and functionality. Hydrogels exhibit superior 
overall performance inside the adsorptive removal of a wide variety of aqueous 
pollutants along with heavy metals, nutrients, and toxic dyes. In this chapter, 
we are focusing on the behavior and importance of the hydrogels used so far for 
the removal of both organic and inorganic pollutants from wastewater. With this 
contribution, we will be able to elaborate the answer for why these hydrogels are 
superior than other materials used for the same purpose. More attention is given to 
the removal of heavy metal ions from wastewater using different hydrogel systems.

Keywords: hydrogels, hydrophilicity, sensitivity, heavy metal ions, water treatment

1. Introduction

In recent times, the fast growth of industries has caused critical troubles within 
the natural environment. The effluents of many industries that include paint 
industries, metal plating, food industries, pharmaceutical industries, and battery 
production, which comprise heavy metallic ions, dyes, and organic materials, are 
discharged without delay into water bodies and cause water pollution. These pol-
lutants above the permissible limit cause serious effects on human beings and other 
terrestrial and aquatic animals. These substances penetrate and accumulate inside 
the bodies through food chains [1]. For the remediation and purification of waste-
contaminated water, a number of different strategies were used, which include 
chemical precipitation [2], ion exchange [3], biological methods [4], membrane 
separation [5], reverse osmosis [6], coagulation and flocculation [7], catalysis 
[8–11], photodegradation [12], and adsorption [13, 14]. Among these strategies, 
adsorption is considered a cheap, quick, and environmental friendly process for 
wastewater treatment.

Generally, the adsorption process is broadly categorized in chemisorption and 
physisorption. Chemisorption also called chemical adsorption involves the forma-
tion of a chemical bond between adsorbate and adsorbent and therefore behaves 
as an irreversible system. Physisorption or physical adsorption takes place through 
physical interaction like hydrogen bonding, van der Waals, and hydrophobic inter-
actions between adsorbate and adsorbent and acts in a reversible manner. Physical 
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conditions such as pH, ionic energy, adsorbate and adsorbent dosage, contact time, 
and temperature are the most vital factors that affect the adsorption capability of 
hydrogels. The optimization of these factors is very crucial and should be consid-
ered first to layout the adsorption process at large scale [15, 16].

Hydrogels are three-dimensional, cross-linked, and flexible polymer networks 
having hydrophilic groups like hydroxyl, carboxyl, and amide [17] that swell 
in water and biological fluids. This swelling property is reversible and depends 
strongly upon environmental conditions, and therefore, these materials are also 
called intelligent or smart materials. Polymer hydrogels can be synthesized by 
different methods including freeze-drying [18], pyrogenation [19], microemulsion 
formation [20], and segment separation [21], having different geometries in the 
form of bead [22], film [23, 24], ring [25], and hole fiber depending on its applica-
tion. Hydrogels respond to environmental stimuli, which include light [26], tem-
perature [9, 11, 27], electric powered field [28], magnetic field [29], pH [30], ionic 
strength [31], chemical species [32], etc.

A number of efforts had been made within the field of hydrogels for waste-
water treatment. In most studies, the researchers focus on the removal capability 
of hydrogels toward organic toxic dyes and inorganic toxic heavy metal ions, and 
nowadays, special interest is given to emergent pollutants. The distinguished 
emergent pollutants are pharmaceuticals, drugs, insecticides, pesticides, and other 
toxic chemical substances [33]. These pollutants even at very low concentrations in 
wastewater are highly dangerous to human bodies and aquatic animals [34].

2. Graphene oxide (GO)-based hydrogels for wastewater treatment

Polymer hydrogels are used for purification purpose, but due to weak mechani-
cal strength, the use of these materials is restricted to some specific conditions. 
Therefore, to increase the application window for hydrogels, GO or some other 
inorganic species were introduced to fabricate composite hydrogels having 
enhanced mechanical strength. Besides the mechanical strength, the sheets of GO 
show excellent adsorption capacity for the elimination of toxic organic dyes from 
an aqueous environment. Currently, Guo et al. [35] carried out the facile synthesis 
of GO/polyethylenimine (PEI) by incorporation of GO in polyethylenimine (PEI) 
network producing a green adsorbent GO/PEI having enhanced removal capacity 
toward organic dyes. The hydrogen bonding and electrostatic interactions among 
amine groups of PEI and GO sheets accomplished the GO/PEI hydrogels. The 
removal performance was studied for both methylene blue (MB) and rhodamine B 
(RhB). The as-prepared hydrogels show complete removal of these dyes within 4 h 
followed by the pseudo-second-order kinetics. The superior dye removal ability of 
hydrogels is strongly attributed to the GO sheets, while the PEI is responsible for 
the facilitation of the gelation process of GO sheets. The beauty of these hydrogels 
is that it can be recovered and reused again without any trouble from an aqueous 
environment, suggesting the potential importance of these materials for wastewater 
treatment.

Figure 1 shows the various steps occurring in the formulation of GO/PEI 
hydrogels. The GO sheets having large hydrophilic functional groups, e.g., car-
boxyl, hydroxyl, and epoxides (Figure 1A), on the surface can generate hydrogen 
bonds with amine groups of PEI under appropriate conditions. Consequently, 
PEI (Figure 1B) facilitates the gelation of GO sheets in an aqueous solution and 
also reveals the correct adsorption and adhesion properties. It was found that the 
dye adsorption capacity of the GO/PEI hydrogels increased with the amount of 
PEI in polymer network. It is due to the electrostatic attractions among the amine 
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functionalities in polymer network and the dye molecules. From these results, 
we can conclude that the adsorption capability of the GO/PEI hydrogels is largely 
attributed to PEI, and GO increases the mechanical strength. Therefore, in maxi-
mum composite substances, PEI is extensively applied as a robust chelating agent 
and organic intermediate. Furthermore, the GO/PEI composite hydrogel showed 
very stable self-assembly behaviors by using hydrogen bonding and electronic 
interactions, which confirmed an extraordinary possibility to launch PEI to motive 
secondary waste as dye adsorbents for wastewater treatment.

3. Jute/polyacrylic acid hydrogel systems for wastewater treatment

In real life the materials having high adsorption capacity, rapid removal kinet-
ics, reusability, and cost-effective are preferred to utilize in wastewater treatment. 
To achieve these properties, a porous Jute/Polyacrylic acid (Jute/PAA) hydrogel 
was prepared. The high permeability and 80 wt% water in polymer network of 
Jute/PAA hydrogel made the inner sites fully available for the adsorption of metal 
ions. The Jute/PAA gel adsorbs heavy metal ions particularly Cd2+ and Pb2+ from 
wastewater with very high adsorption capacities of 401.7 and 542.9 mg/g for Cd2+ 
and Pb2+, respectively. Furthermore, the adsorption equilibrium was reached within 
10 min for 40 mg/L of initial ion concentration using 1 g/L of hydrogel. Meanwhile, 
the elimination efficiencies reached 81% for Pb2+ and 79.3% for Cd2+. The materi-
als were checked for other metal ions such as Cu, Zn, Mn, Cr, and Fe in melting 
wastewater under the same environmental conditions using different amount of 
hydrogel, and the results are tabulated in Table 1. The concentrations of Pb, Cd, 
and Cr reduced beneath 0.001 mg/L with the use of 4 g/L adsorbent. In the fixed-
bed column experiments, the treatment quantity of melting wastewater reached 
2900 BV (32.8 L) only generating 50 BV (565 ml) eluent. This study strongly helps 
in the development of a realistic adsorption system based on hydrogel adsorbents 

Figure 1. 
Schematic representation of the formulation of GO/PEI hydrogel. (A) GO, (B) PEI, (C) GO/PEI hydrogels, 
and (D) and (E) are the gelation pictures [35].
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for the wastewater treatment. Therefore, the removal performance of hydrogels 
toward heavy metal ions was investigated in real industrial water collected from 
smelting plant.

The preferential removal to low degree of Fe and Cr is because of the excessive 
average valence electron power and the configuration of 3d64s2 subshell, which 
provides empty orbital and strongly coordination ability [36]. When increasing 
the adsorbent dosage to 2 g/L, Pb was preferentially removed in divalent metallic 
ions with the residual attention below 0.001 mg/L, probably because of the better 
electronegativity of Pb. While in addition to increasing the Jute/PAA gel dosage 
to 4 g/L, the Cd ions could be completely adsorbed, and the removal efficiencies 
of Cu, Zn, and Mn ions attain up to 99.8, 90.5, and 61.6%, respectively. From the 
obtained results, it is confirmed that the Jute/PAA hydrogel has a strong capability 
in the removal of heavy metal ions from commercial effluents.

Table 1 shows the adsorption statistics of heavy metal ions through different 
amount of Jute/PAA hydrogel dosage after remedy for 2 h.

4.  Carboxymethyl cellulose/2-acrylamido-2-methyl propane sulfonic 
acid hydrogels

A series of functional copolymer hydrogels composed of carboxymethyl cel-
lulose (CMC) and 2-acrylamido-2-methyl propane sulfonic acid (AMPS) have been 
synthesized using γ-radiations and prompted copolymerization and cross-linking, 
and their swelling ability was investigated to optimum conditions. The capacity 
of these hydrogels was tested in the recovery of toxic heavy metal ions, i.e., Mn+2, 
Co+2, Cu+2, and Fe+3, from their aqueous solutions. The hydrogels showed a pro-
nounced effect on the removal of metal ions. The pronounced removal ability is 
due to the existence of AMPS in the inner composition of hydrogels, which has a 
strong chelating potential and forms a stable interaction with metal ions. Therefore, 
by increasing the AMPS concentration in polymer chains, the chelating potential 
increases, and the hydrogels will show enhanced removal performance. The pre-
pared hydrogels of CMC/AMPS were stable and utilized in a multiple cycles with no 
reduction compared to their initial performance.

The adsorption process will be more active and favorable if the interaction of 
metal ions with the adsorbent is strong. Therefore, the effect of contact time on 
the adsorption ability of the CMC/AMPS copolymer hydrogel toward metal ions, 
i.e., Co, Mn, Cu, and Fe, changed. Initially the adsorbed amount of metal ions was 
efficient and then reduced. Few researchers studied and found that the decrease of 
chelating ability resulted in polymer chain shrinkage that takes area due to adsorp-
tion happening at the hydrogel network, due to which the diffusion of cations 

Sorbent dosage (g/L) Metal ion concentration (mg/L)

Pb Cd Cu Zn Mn Cr Fe

0 3.825 6.075 9.325 188.6 17.05 0.25 9.75

1 0.725 1.255 1.550 132.5 13.25 <0.001 <0.01

2 <0.001 0.225 0.350 94.65 11.15 <0.001 <0.01

3 <0.001 0.075 0.085 40.55 6.55 <0.001 <0.01

4 <0.001 <0.001 0.010 17.95 3.05 <0.001 <0.01

Table 1. 
Metal ion concentrations of industrial effluent by different adsorbent dose [37].
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become difficult inside the bulk of the hydrogel. The fast adsorption process in 
the initial stage occurs on the surface and after the adsorption takes place inside the 
hydrogel network and slows down due to the penetration of metal ions through the 
pores in the hydrogel matrix. The sorption process depends on the intraparticle dif-
fusion, chelation, and ion interactions. Table 2 shows the adsorption rate constant 
obtained by removing different metal ions from wastewater.

In other studies, the environment friendly carboxymethyl cellulose (CMC) 
hydrogel beads were successfully prepared using epichlorohydrin (ECH) as a cross-
linking agent through ether linkage formed between ECH and CMC in the suspen-
sion of fluid wax. The characteristic bands in FTIR spectra confirmed the ether 
linkage. The prepared hydrogel beads were 4 mm in diameter with fully transparent 
and apparently spherical geometry. It was further confirmed by X-ray diffraction 
(XRD) patterns that the adsorption of metal ion onto the oxygen atom of carboxyl 
group changed the crystallinity of hydrogels. The adsorption capacity depends on 
the initial concentrations of metal ions and the pH value of metal ion solution and 
was found increased with increase in pH and initial concentration of metal ion 
solution. After the application of Freundlich and Langmuir isotherm models on the 
data obtained from the batch adsorption experiments, it was found that the sorp-
tion mechanism of the hydrogel beads for metal ions follows the Langmuir model. 
The maximum adsorption values of hydrogel beads for metal ions is 6.49, 4.06, and 
5.15 mmol/g for Cu2+, Ni2+, and Pb2+, respectively.

Superabsorbent hydrogel beads based on CMC were prepared by suspension 
cross-linking method and were characterized by FTIR, XRD, and SEM. The crystal-
linity of these hydrogels was less than the pure CMC and was confirmed by XRD 
analysis. It was assumed that the adsorption of metal ions on hydrogel beads formed 
coordination bonds with the oxygen atoms in the carboxyl groups of hydrogel 
beads and showed good adsorption ability for heavy metal ions. The maximum 
amount of adsorbed metal ions from the data of Langmuir model is 6.49, 4.06, and 
5.15 mmol/g for Cu2+, Ni2+, and Pb2+, respectively, at pH 7. The study of adsorption 
indicates that the hydrogel beads have a potential application and can be applied on 
large scale for wastewater treatment [39].

5. Hydrogels based on natural polysaccharides for wastewater treatment

Nowadays hydrogels based on bio-originated polymers like chitosan, maltodex-
trin, and gum arabic with and without magnetite nanoparticles had been employed 
as adsorbents for entrapping of heavy metal ions from aqueous solutions. The 
adsorption and removal of heavy metal ions by hydrogels are due to the diffusion 
of water molecules inside the hydrogel network and confirmed by adsorption 
kinetics using the Fickian equation. The shape of macromolecules rests and can be 
laid low with the presence of magnetite nanoparticles, and this effect is associated 
with the reticulation factors inside the hydrogel network. The CS-, M-malto-, and 

Metal K (×10−3 s−1) (Ce/C0) R2 Kd (s−1) Ks (s−1)

Fe 5.24 0.842 0.994 1.176 0.013

Cu 6.14 0.884 0.986 1.064 0.013

Mn 4.94 0.847 0.994 0.400 0.008

Co 4.99 0.910 0.989 0.719 0.011

Table 2. 
Adsorption rate constant of different metals on CAP6 hydrogel [38].
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M-GA-based hydrogels were applied for the removal of Cd2+ ions from aqueous 
solutions under the controlled conditions of pH 4.5–5.5, initial concentration of 
20 mg L−1, and dried hydrogel mass of 100 mg [40]. By applying three adsorption 
isotherms, i.e., Langmuir, Freundlich, and Redlich-Peterson, it was found that a 
change in physiochemical phenomena related to Cd2+ adsorption occurred and the 
data fitted to the Langmuir or Redlich-Peterson models more than the Freundlich 
model. The beauty and advantage of these materials are recovery by a simple 
magnetic field compared to other hydrogels that require mostly ultracentrifugation 
or using solvents like HCl, HNO3, etc.

The removal of heavy metals from water and industrial effluents has been the 
goal of a large number of studies. Paulino et al. concluded from their results that 
hydrogels based on polysaccharides such as CS, M-malto, and M-GA are important 
absorbers for the treatment of wastewater and removal of heavy metal ions from 
industrial effluents. It was also elaborated that the diffusion of Cd2+ through polymer 
hydrogel network changed when magnetic nanoparticles were introduced into poly-
mer network. Based on Fickian parameters, the hydrogels have diffusion properties 
with a tendency toward macromolecular relaxation, which is very important for 
adsorption studies of both organic and inorganic pollutants. Different parameters 
such as contact time, pH, initial hydrogel dosage, and initial concentration of the 
Cd2+ solution were studied to examine the potential application of hydrogels with 
and without magnetic properties for the removal of Cd2+ from water and effluents. 
The results confirmed that hydrogels without magnetic nanoparticles based only on 
CS, M-malto, and M-GA can be applied more efficiently in wastewater treatment for 
the removal of Cd2+ compared to hydrogels with magnetic particles. However, the 
regeneration of magnetic hydrogels can be done more easily with the application of 
magnetic field which is environmental friendly and green approach [40].

6.  Treatment of polluted water resources using reactive polymeric 
hydrogel

An experimental work becomes performed to study the overall performance of 
the prepared polyvinyl pyrrolidone/acrylic acid (PVP/AAc) copolymer hydrogel 
to chelate heavy metals from the bulk material [41]. The results clearly indicate 
that PVP/AAc copolymer hydrogel has excessive binding capacities and proper 
adsorption kinetics for the metal ions. The sorption of these metal ions follows the 
Langmuir adsorption isotherm. The feasibility for the uses of PVP/AAc hydrogel 
for the treatment of polluted samples, accrued from distinct water assets in Helwan 
location (Egypt), was investigated. The results showed that by using these hydro-
gels, we can obtain pure usable water from wastewater.

In recent years, there has been considerable interest in the chelation of metal 
ions by insoluble cross-linked polymeric substrate. Such substrates have advantages 
over soluble materials of easy separation from the reaction medium, leading to 
operational flexibility of their facial regenerability and of higher stability. The 
removal performance of hydrogels can be disturbed in the presence of other metal 
salts like NaCl, MgCl2, CaCl2, etc. in polluted water and affect the chelating abil-
ity of the species. This effect was studied by Shawky et al. in the adsorption of Fe 
ions by PVP/AAc hydrogel in the presence of different metal salts, and the effect is 
shown in Figure 2. No effect on the adsorption of Fe ions was observed in case of 
NaCl even at high concentration of NaCl. Furthermore, Fe adsorption is not suffer-
ing by low concentrations of CaCl2 and MgCl2; however, at higher concentrations, 
the adsorption decreases, and this could be attributed to the affinity of the reactive 
polymers toward alkaline earth metals as compared to transition metal ions.
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The results obtained clearly demonstrate and confirmed the applicability of 
PVP/AAc hydrogel for wastewater treatment. Water resources in the Helwan area 
showed that trace metal contents are very high when the analysis of nine water 
samples was carried out. The hydrogel treatment resulted in a satisfactory removal 
of polluted heavy metals especially iron, manganese, and aluminum [41].

7. Conclusion

The smart polymer hydrogels prepared from both synthetic and natural 
polymers can be used successfully with full confidence for wastewater treatment. 
However, the properties of these hydrogels will be kept according to the required 
environmental conditions by changing the composition of polymer networks. The 
performance of few polymer hydrogels was explained and executed in this chapter, 
which clearly indicates that due to smart behavior, easy synthesis, recycling, low 
cost, environment friendly, biocompatibility, etc. make these hydrogels as efficient 
candidate compared to other materials for wastewater treatment. By reading this 
chapter, the researchers could find new approaches which help them in designing 
new hydrogel systems for different applications.
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Figure 2. 
Effect of different concentrations of dissolved salts on Fe uptake [41].



Environmental Chemistry and Recent Pollution Control Approaches

74

M-GA-based hydrogels were applied for the removal of Cd2+ ions from aqueous 
solutions under the controlled conditions of pH 4.5–5.5, initial concentration of 
20 mg L−1, and dried hydrogel mass of 100 mg [40]. By applying three adsorption 
isotherms, i.e., Langmuir, Freundlich, and Redlich-Peterson, it was found that a 
change in physiochemical phenomena related to Cd2+ adsorption occurred and the 
data fitted to the Langmuir or Redlich-Peterson models more than the Freundlich 
model. The beauty and advantage of these materials are recovery by a simple 
magnetic field compared to other hydrogels that require mostly ultracentrifugation 
or using solvents like HCl, HNO3, etc.

The removal of heavy metals from water and industrial effluents has been the 
goal of a large number of studies. Paulino et al. concluded from their results that 
hydrogels based on polysaccharides such as CS, M-malto, and M-GA are important 
absorbers for the treatment of wastewater and removal of heavy metal ions from 
industrial effluents. It was also elaborated that the diffusion of Cd2+ through polymer 
hydrogel network changed when magnetic nanoparticles were introduced into poly-
mer network. Based on Fickian parameters, the hydrogels have diffusion properties 
with a tendency toward macromolecular relaxation, which is very important for 
adsorption studies of both organic and inorganic pollutants. Different parameters 
such as contact time, pH, initial hydrogel dosage, and initial concentration of the 
Cd2+ solution were studied to examine the potential application of hydrogels with 
and without magnetic properties for the removal of Cd2+ from water and effluents. 
The results confirmed that hydrogels without magnetic nanoparticles based only on 
CS, M-malto, and M-GA can be applied more efficiently in wastewater treatment for 
the removal of Cd2+ compared to hydrogels with magnetic particles. However, the 
regeneration of magnetic hydrogels can be done more easily with the application of 
magnetic field which is environmental friendly and green approach [40].

6.  Treatment of polluted water resources using reactive polymeric 
hydrogel

An experimental work becomes performed to study the overall performance of 
the prepared polyvinyl pyrrolidone/acrylic acid (PVP/AAc) copolymer hydrogel 
to chelate heavy metals from the bulk material [41]. The results clearly indicate 
that PVP/AAc copolymer hydrogel has excessive binding capacities and proper 
adsorption kinetics for the metal ions. The sorption of these metal ions follows the 
Langmuir adsorption isotherm. The feasibility for the uses of PVP/AAc hydrogel 
for the treatment of polluted samples, accrued from distinct water assets in Helwan 
location (Egypt), was investigated. The results showed that by using these hydro-
gels, we can obtain pure usable water from wastewater.

In recent years, there has been considerable interest in the chelation of metal 
ions by insoluble cross-linked polymeric substrate. Such substrates have advantages 
over soluble materials of easy separation from the reaction medium, leading to 
operational flexibility of their facial regenerability and of higher stability. The 
removal performance of hydrogels can be disturbed in the presence of other metal 
salts like NaCl, MgCl2, CaCl2, etc. in polluted water and affect the chelating abil-
ity of the species. This effect was studied by Shawky et al. in the adsorption of Fe 
ions by PVP/AAc hydrogel in the presence of different metal salts, and the effect is 
shown in Figure 2. No effect on the adsorption of Fe ions was observed in case of 
NaCl even at high concentration of NaCl. Furthermore, Fe adsorption is not suffer-
ing by low concentrations of CaCl2 and MgCl2; however, at higher concentrations, 
the adsorption decreases, and this could be attributed to the affinity of the reactive 
polymers toward alkaline earth metals as compared to transition metal ions.

75

Polymer Hydrogels for Wastewater Treatment
DOI: http://dx.doi.org/10.5772/intechopen.89000

The results obtained clearly demonstrate and confirmed the applicability of 
PVP/AAc hydrogel for wastewater treatment. Water resources in the Helwan area 
showed that trace metal contents are very high when the analysis of nine water 
samples was carried out. The hydrogel treatment resulted in a satisfactory removal 
of polluted heavy metals especially iron, manganese, and aluminum [41].

7. Conclusion

The smart polymer hydrogels prepared from both synthetic and natural 
polymers can be used successfully with full confidence for wastewater treatment. 
However, the properties of these hydrogels will be kept according to the required 
environmental conditions by changing the composition of polymer networks. The 
performance of few polymer hydrogels was explained and executed in this chapter, 
which clearly indicates that due to smart behavior, easy synthesis, recycling, low 
cost, environment friendly, biocompatibility, etc. make these hydrogels as efficient 
candidate compared to other materials for wastewater treatment. By reading this 
chapter, the researchers could find new approaches which help them in designing 
new hydrogel systems for different applications.

Acknowledgements

The authors are very grateful to acknowledge the Higher Education Commission 
of Pakistan for financial support under Grant No: 7309/KPK/NRPU/R and D/
HEC/2017.

Figure 2. 
Effect of different concentrations of dissolved salts on Fe uptake [41].



Environmental Chemistry and Recent Pollution Control Approaches

76

Author details

Luqman Ali Shah* and Sher Ali Khan
Polymer Laboratory, National Centre of Excellence in Physical Chemistry, 
University of Peshawar, Pakistan

*Address all correspondence to: luqman_alisha@yahoo.com;  
luqman_alisha@uop.edu.pk

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

77

Polymer Hydrogels for Wastewater Treatment
DOI: http://dx.doi.org/10.5772/intechopen.89000

[1] Fu F, Wang Q. Removal of heavy 
metal ions from wastewaters: A review. 
Journal of Environmental Management. 
2011;92(3):407-418

[2] Charerntanyarak L. Heavy metals 
removal by chemical coagulation 
and precipitation. Water Science and 
Technology. 1999;39(10-11):135-138

[3] Wang M et al. Hybrid algal 
photosynthesis and ion exchange 
(HAPIX) process for high ammonium 
strength wastewater treatment. Water 
Research. 2018;142:65-74

[4] Vashi H, Iorhemen OT, Tay JH. 
Aerobic granulation: A recent 
development on the biological 
treatment of pulp and paper wastewater. 
Environmental Technology and 
Innovation. 2018;9:265-274

[5] Cui X et al. Dark matter results from 
54-ton-day exposure of PandaX-II 
experiment. Physical Review Letters. 
2017;119(18):181302

[6] Volpin F et al. Simultaneous 
phosphorous and nitrogen recovery 
from source-separated urine: A 
novel application for fertiliser drawn 
forward osmosis. Chemosphere. 
2018;203:482-489

[7] Choumane FZ et al. Valorisation of 
a bioflocculant and hydroxyapatites as 
coagulation-flocculation adjuvants in 
wastewater treatment of the steppe in 
the wilaya of Saida (Algeria). Ecological 
Engineering. 2017;107:152-159

[8] Shah LA et al. Synthesis of sensitive 
hybrid polymer microgels for catalytic 
reduction of organic pollutants. 
Journal of Environmental Chemical 
Engineering. 2016;4(3):3492-3497

[9] Shah LA et al. Thermal and pH 
dual responsive copolymer and silver 
nanoparticle composite for catalytic 

application. Chinese Journal of 
Chemistry. 2015;33(4):467-472

[10] Shah LA et al. Silver nanoparticles 
fabricated hybrid microgels for 
optical and catalytic study. Journal 
of the Chemical Society of Pakistan. 
2016;38(5):850-858

[11] Shah LA et al. Ag-loaded thermo-
sensitive composite microgels for 
enhanced catalytic reduction of 
methylene blue. Nanotechnology 
for Environmental Engineering. 
2017;2(1):14

[12] Shah LA et al. TiO2 nanotubes doped 
poly (vinylidene fluoride) polymer 
membranes (PVDF/TNT) for efficient 
photocatalytic degradation of brilliant 
green dye. Journal of Environmental 
Chemical Engineering. 2019;7:103291

[13] Javed R et al. Uptake of heavy metal 
ions from aqueous media by hydrogels 
and their conversion to nanoparticles 
for generation of a catalyst system: Two-
fold application study. RSC Advances. 
2018;8(27):14787-14797

[14] Li J et al. Metal–organic framework-
based materials: Superior adsorbents 
for the capture of toxic and radioactive 
metal ions. Chemical Society Reviews. 
2018;47(7):2322-2356

[15] Rehman TU et al. Zwitterionic 
superabsorbent polymer hydrogels 
for efficient and selective removal 
of organic dyes. RSC Advances. 
2019;9(32):18565-18577

[16] Shah LA. Developing 
Ag-tercopolymer microgels for the 
catalytic reduction of p-nitrophenol 
and EosinY throughout the entire pH 
range. Journal of Molecular Liquids. 
2019;288:111045

[17] Cruz H et al. Rapid removal of 
ammonium from domestic wastewater 

References



Environmental Chemistry and Recent Pollution Control Approaches

76

Author details

Luqman Ali Shah* and Sher Ali Khan
Polymer Laboratory, National Centre of Excellence in Physical Chemistry, 
University of Peshawar, Pakistan

*Address all correspondence to: luqman_alisha@yahoo.com;  
luqman_alisha@uop.edu.pk

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

77

Polymer Hydrogels for Wastewater Treatment
DOI: http://dx.doi.org/10.5772/intechopen.89000

[1] Fu F, Wang Q. Removal of heavy 
metal ions from wastewaters: A review. 
Journal of Environmental Management. 
2011;92(3):407-418

[2] Charerntanyarak L. Heavy metals 
removal by chemical coagulation 
and precipitation. Water Science and 
Technology. 1999;39(10-11):135-138

[3] Wang M et al. Hybrid algal 
photosynthesis and ion exchange 
(HAPIX) process for high ammonium 
strength wastewater treatment. Water 
Research. 2018;142:65-74

[4] Vashi H, Iorhemen OT, Tay JH. 
Aerobic granulation: A recent 
development on the biological 
treatment of pulp and paper wastewater. 
Environmental Technology and 
Innovation. 2018;9:265-274

[5] Cui X et al. Dark matter results from 
54-ton-day exposure of PandaX-II 
experiment. Physical Review Letters. 
2017;119(18):181302

[6] Volpin F et al. Simultaneous 
phosphorous and nitrogen recovery 
from source-separated urine: A 
novel application for fertiliser drawn 
forward osmosis. Chemosphere. 
2018;203:482-489

[7] Choumane FZ et al. Valorisation of 
a bioflocculant and hydroxyapatites as 
coagulation-flocculation adjuvants in 
wastewater treatment of the steppe in 
the wilaya of Saida (Algeria). Ecological 
Engineering. 2017;107:152-159

[8] Shah LA et al. Synthesis of sensitive 
hybrid polymer microgels for catalytic 
reduction of organic pollutants. 
Journal of Environmental Chemical 
Engineering. 2016;4(3):3492-3497

[9] Shah LA et al. Thermal and pH 
dual responsive copolymer and silver 
nanoparticle composite for catalytic 

application. Chinese Journal of 
Chemistry. 2015;33(4):467-472

[10] Shah LA et al. Silver nanoparticles 
fabricated hybrid microgels for 
optical and catalytic study. Journal 
of the Chemical Society of Pakistan. 
2016;38(5):850-858

[11] Shah LA et al. Ag-loaded thermo-
sensitive composite microgels for 
enhanced catalytic reduction of 
methylene blue. Nanotechnology 
for Environmental Engineering. 
2017;2(1):14

[12] Shah LA et al. TiO2 nanotubes doped 
poly (vinylidene fluoride) polymer 
membranes (PVDF/TNT) for efficient 
photocatalytic degradation of brilliant 
green dye. Journal of Environmental 
Chemical Engineering. 2019;7:103291

[13] Javed R et al. Uptake of heavy metal 
ions from aqueous media by hydrogels 
and their conversion to nanoparticles 
for generation of a catalyst system: Two-
fold application study. RSC Advances. 
2018;8(27):14787-14797

[14] Li J et al. Metal–organic framework-
based materials: Superior adsorbents 
for the capture of toxic and radioactive 
metal ions. Chemical Society Reviews. 
2018;47(7):2322-2356

[15] Rehman TU et al. Zwitterionic 
superabsorbent polymer hydrogels 
for efficient and selective removal 
of organic dyes. RSC Advances. 
2019;9(32):18565-18577

[16] Shah LA. Developing 
Ag-tercopolymer microgels for the 
catalytic reduction of p-nitrophenol 
and EosinY throughout the entire pH 
range. Journal of Molecular Liquids. 
2019;288:111045

[17] Cruz H et al. Rapid removal of 
ammonium from domestic wastewater 

References



Environmental Chemistry and Recent Pollution Control Approaches

78

using polymer hydrogels. Scientific 
Reports. 2018;8(1):2912

[18] Butylina S, Geng S, Oksman K. 
Properties of as-prepared and freeze-
dried hydrogels made from poly (vinyl 
alcohol) and cellulose nanocrystals 
using freeze-thaw technique. European 
Polymer Journal. 2016;81:386-396

[19] Badiger MV, McNeill ME, 
Graham NB. Porogens in the preparation 
of microporous hydrogels based on 
poly (ethylene oxides). Biomaterials. 
1993;14(14):1059-1063

[20] Ghayempour S, Montazer M. A 
modified microemulsion method for 
fabrication of hydrogel Tragacanth 
nanofibers. International Journal 
of Biological Macromolecules. 
2018;115:317-323

[21] Omidian H, Rocca JG, Park K. 
Advances in superporous hydrogels. 
Journal of Controlled Release. 
2005;102(1):3-12

[22] Farhoudian S, Yadollahi M, 
Namazi H. Facile synthesis of 
antibacterial chitosan/CuO bio-
nanocomposite hydrogel beads. 
International Journal of Biological 
Macromolecules. 2016;82:837-843

[23] Zhang W et al. A family of metal-
organic frameworks exhibiting size-
selective catalysis with encapsulated 
noble-metal nanoparticles. Advanced 
Materials. 2014;26(24):4056-4060

[24] Zhang M, Zhang Y, Helleur R. 
Selective adsorption of Ag+ by  
ion-imprinted O-carboxymethyl 
chitosan beads grafted with thiourea–
glutaraldehyde. Chemical Engineering 
Journal. 2015;264:56-65

[25] Deng Y et al. Insight into 
highly efficient simultaneous 
photocatalytic removal of Cr (VI) 
and 2, 4-diclorophenol under visible 
light irradiation by phosphorus doped 

porous ultrathin g-C3N4 nanosheets 
from aqueous media: Performance and 
reaction mechanism. Applied Catalysis 
B: Environmental. 2017;203:343-354

[26] Tomatsu I, Peng K, Kros A.  
Photoresponsive hydrogels 
for biomedical applications. 
Advanced Drug Delivery Reviews. 
2011;63(14-15):1257-1266

[27] Shah LA, Sayed M, Siddiq M. 
Fabrication of Ag and Au nanoparticles 
in cross-linked polymer microgels 
for their comparative catalytic 
study. Materials Science-Poland. 
2017;35(3):651-659

[28] Kim SJ et al. Behavior in electric 
fields of smart hydrogels with potential 
application as bio-inspired actuators. 
Smart Materials and Structures. 
2005;14(4):511

[29] Liu TY et al. Magnetic-sensitive 
behavior of intelligent ferrogels for 
controlled release of drug. Langmuir. 
2006;22(14):5974-5978

[30] Rogina A et al. Cellular hydrogels 
based on pH-responsive chitosan-
hydroxyapatite system. Carbohydrate 
Polymers. 2017;166:173-182

[31] Zhang R et al. A novel pH-and 
ionic-strength-sensitive carboxy 
methyl dextran hydrogel. Biomaterials. 
2005;26(22):4677-4683

[32] Yoshida R, Okano T. Stimuli-
responsive hydrogels and their 
application to functional materials. In: 
Biomedical Applications of Hydrogels 
Handbook. New York, Dordrecht, 
Heidelberg, London: Springer; 2010. 
pp. 19-43

[33] Geissen V et al. Emerging 
pollutants in the environment: 
A challenge for water resource 
management. International Soil 
and Water Conservation Research. 
2015;3(1):57-65

79

Polymer Hydrogels for Wastewater Treatment
DOI: http://dx.doi.org/10.5772/intechopen.89000

[34] Pakdel PM, Peighambardoust SJ. 
Review on recent progress in chitosan-
based hydrogels for wastewater 
treatment application. Carbohydrate 
Polymers. 2018;201:264-279

[35] Guo H et al. Preparation of 
graphene oxide-based hydrogels as 
efficient dye adsorbents for wastewater 
treatment. Nanoscale Research Letters. 
2015;10(1):272

[36] Berlia R, Kumar MP, Srivastava C. 
Electrochemical behavior of Sn–
graphene composite coating. RSC 
Advances. 2015;5(87):71413-71418

[37] Zhou G et al. Efficient heavy 
metal removal from industrial melting 
effluent using fixed-bed process based 
on porous hydrogel adsorbents. Water 
Research. 2018;131:246-254

[38] Ahmed S et al. Advances in 
heterogeneous photocatalytic 
degradation of phenols and dyes in 
wastewater: A review. Water, Air, and 
Soil Pollution. 2011;215(1-4):3-29

[39] Yang S et al. Hydrogel beads based 
on carboxymethyl cellulose for removal 
heavy metal ions. Journal of Applied 
Polymer Science. 2011;119(2):1204-1210

[40] Paulino AT et al. Efficiency 
of hydrogels based on natural 
polysaccharides in the removal of Cd2+ 
ions from aqueous solutions. Chemical 
Engineering Journal. 2011;168(1):68-76

[41] Shawky H et al. Treatment 
of polluted water resources using 
reactive polymeric hydrogel. 
Journal of Applied Polymer Science. 
2006;100(5):3966-3973



Environmental Chemistry and Recent Pollution Control Approaches

78

using polymer hydrogels. Scientific 
Reports. 2018;8(1):2912

[18] Butylina S, Geng S, Oksman K. 
Properties of as-prepared and freeze-
dried hydrogels made from poly (vinyl 
alcohol) and cellulose nanocrystals 
using freeze-thaw technique. European 
Polymer Journal. 2016;81:386-396

[19] Badiger MV, McNeill ME, 
Graham NB. Porogens in the preparation 
of microporous hydrogels based on 
poly (ethylene oxides). Biomaterials. 
1993;14(14):1059-1063

[20] Ghayempour S, Montazer M. A 
modified microemulsion method for 
fabrication of hydrogel Tragacanth 
nanofibers. International Journal 
of Biological Macromolecules. 
2018;115:317-323

[21] Omidian H, Rocca JG, Park K. 
Advances in superporous hydrogels. 
Journal of Controlled Release. 
2005;102(1):3-12

[22] Farhoudian S, Yadollahi M, 
Namazi H. Facile synthesis of 
antibacterial chitosan/CuO bio-
nanocomposite hydrogel beads. 
International Journal of Biological 
Macromolecules. 2016;82:837-843

[23] Zhang W et al. A family of metal-
organic frameworks exhibiting size-
selective catalysis with encapsulated 
noble-metal nanoparticles. Advanced 
Materials. 2014;26(24):4056-4060

[24] Zhang M, Zhang Y, Helleur R. 
Selective adsorption of Ag+ by  
ion-imprinted O-carboxymethyl 
chitosan beads grafted with thiourea–
glutaraldehyde. Chemical Engineering 
Journal. 2015;264:56-65

[25] Deng Y et al. Insight into 
highly efficient simultaneous 
photocatalytic removal of Cr (VI) 
and 2, 4-diclorophenol under visible 
light irradiation by phosphorus doped 

porous ultrathin g-C3N4 nanosheets 
from aqueous media: Performance and 
reaction mechanism. Applied Catalysis 
B: Environmental. 2017;203:343-354

[26] Tomatsu I, Peng K, Kros A.  
Photoresponsive hydrogels 
for biomedical applications. 
Advanced Drug Delivery Reviews. 
2011;63(14-15):1257-1266

[27] Shah LA, Sayed M, Siddiq M. 
Fabrication of Ag and Au nanoparticles 
in cross-linked polymer microgels 
for their comparative catalytic 
study. Materials Science-Poland. 
2017;35(3):651-659

[28] Kim SJ et al. Behavior in electric 
fields of smart hydrogels with potential 
application as bio-inspired actuators. 
Smart Materials and Structures. 
2005;14(4):511

[29] Liu TY et al. Magnetic-sensitive 
behavior of intelligent ferrogels for 
controlled release of drug. Langmuir. 
2006;22(14):5974-5978

[30] Rogina A et al. Cellular hydrogels 
based on pH-responsive chitosan-
hydroxyapatite system. Carbohydrate 
Polymers. 2017;166:173-182

[31] Zhang R et al. A novel pH-and 
ionic-strength-sensitive carboxy 
methyl dextran hydrogel. Biomaterials. 
2005;26(22):4677-4683

[32] Yoshida R, Okano T. Stimuli-
responsive hydrogels and their 
application to functional materials. In: 
Biomedical Applications of Hydrogels 
Handbook. New York, Dordrecht, 
Heidelberg, London: Springer; 2010. 
pp. 19-43

[33] Geissen V et al. Emerging 
pollutants in the environment: 
A challenge for water resource 
management. International Soil 
and Water Conservation Research. 
2015;3(1):57-65

79

Polymer Hydrogels for Wastewater Treatment
DOI: http://dx.doi.org/10.5772/intechopen.89000

[34] Pakdel PM, Peighambardoust SJ. 
Review on recent progress in chitosan-
based hydrogels for wastewater 
treatment application. Carbohydrate 
Polymers. 2018;201:264-279

[35] Guo H et al. Preparation of 
graphene oxide-based hydrogels as 
efficient dye adsorbents for wastewater 
treatment. Nanoscale Research Letters. 
2015;10(1):272

[36] Berlia R, Kumar MP, Srivastava C. 
Electrochemical behavior of Sn–
graphene composite coating. RSC 
Advances. 2015;5(87):71413-71418

[37] Zhou G et al. Efficient heavy 
metal removal from industrial melting 
effluent using fixed-bed process based 
on porous hydrogel adsorbents. Water 
Research. 2018;131:246-254

[38] Ahmed S et al. Advances in 
heterogeneous photocatalytic 
degradation of phenols and dyes in 
wastewater: A review. Water, Air, and 
Soil Pollution. 2011;215(1-4):3-29

[39] Yang S et al. Hydrogel beads based 
on carboxymethyl cellulose for removal 
heavy metal ions. Journal of Applied 
Polymer Science. 2011;119(2):1204-1210

[40] Paulino AT et al. Efficiency 
of hydrogels based on natural 
polysaccharides in the removal of Cd2+ 
ions from aqueous solutions. Chemical 
Engineering Journal. 2011;168(1):68-76

[41] Shawky H et al. Treatment 
of polluted water resources using 
reactive polymeric hydrogel. 
Journal of Applied Polymer Science. 
2006;100(5):3966-3973



81

Chapter 5

Biological Remediation of 
Phenoxy Herbicide-Contaminated 
Environments
Magdalena Urbaniak and Elżbieta Mierzejewska

Abstract

Phenoxy herbicides such as 2,4-dichlorophenoxyacetic acid (2,4-D) and 
2-methyl-4-chlorophenoxyacetic acid (MCPA) are widely used in agriculture to 
control broadleaf weeds. Although their application has helped to increase the yield 
and value of crops, they are also recognized as a source of emerging environmental 
contamination. Their extensive use may promote contamination of soil, surface, 
and groundwater and lead to increased inhibition of plant development and soil 
toxicity. Hence, there is an urgent need to identify nature-based methods based 
on appropriate biological remediation techniques, such as bio-, phyto-, and rhi-
zoremediation, that enable the effective elimination of phenoxy herbicides from 
the environment. Bioremediation typically harnesses microorganisms and their 
ability to utilize recalcitrant contaminants in complete degradation processes, 
while phytoremediation is a cost-effective, environmentally friendly strategy that 
uses plants to transform or mineralize xenobiotics to less or nontoxic compounds. 
Rhizoremediation (microbe-assisted phytoremediation), in turn, is based on the 
interactions between plant roots, root exudates enriched in plant secondary metab-
olites, soil, and microorganisms. Based on the above, this chapter presents current 
knowledge on the properties of phenoxy herbicides, as well as the concentrations 
detected in the environment, their toxicity, and the biological remediation tech-
niques used for safe removal of the compounds of interest from the environment.

Keywords: 2,4-D, MCPA, bioremediation, phytoremediation, rhizoremediation, 
toxicity, degradative genes

1. Phenoxy herbicides: general information

2,4-Dichlorophenoxyacetic acid (2,4-D) and 2-methyl-4-chlorophenoxyacetic 
acid (MCPA) are the most commonly used phenoxy acid herbicides in agriculture, 
and 2,4-D is now the fifth most extensively used active ingredient (a.i.) in the US 
agricultural and home/garden market sector [1]. In addition, in 2016, 6.5 mln kg of 
herbicides based on phenoxy-phytohormones (2,4-D and MCPA) were sold in in the 
EU, including ~2 mln kg sold in Poland [2].

Phenoxy herbicides are typically used to protect wheat, one of the most 
extensively cultivated crops, because they selectively control the growth of dicoty-
ledonous weeds [3]. They are applied as post emergence agents and taken up by 
broad-leaved plants. 2,4-D has also been extensively used as an anti-stalling agent 
for the postharvest fresh fruit industry [4].
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These herbicides are based on ring-like structures and have at least one chlorine 
atom attached to the ring at different positions [5]. Their action is similar to that 
of phytohormones (auxins) insofar that they can redirect the regulation of plant 
growth/physiological processes, resulting in nutrition deficiency and subsequent 
plant death [6].

They are typically released to the environment in the form of commercial 
products containing phenoxy acids salts or esters; however, they immediately 
hydrolyze to their corresponding anionic or neutral form [7]. The dosage of phe-
noxy herbicides lies in the range of 0.8–1.8 kg of a.i. per ha. Their transport through 
the environment is governed by soil and climate factors (e.g., distribution of soil 
particles, soil permeability, soil depth, soil pH, soil organic matter content, land 
slope) [8], and their retention and translocation in the soil profile also depend on 
their chemical and physical properties, which are described by several parameters 
(Table 1), particularly pKa (acid dissociation constant), logP (octanol-water parti-
tion coefficient), and Koc (organic carbon distribution coefficient). The degree of 
adsorption and desorption depends on time and the physicochemical properties of 
soil; however, 2,4-D and MCPA are rather poorly adsorbed on the soil particles in 
comparison to their derivatives, which have different sorption characteristics [7].

Although phenoxy herbicides are described as nonpersistent and weakly 
adsorbed (Koc < 50) in soil, they can be transported with runoff and in soil profile 
and reach terrestrial and water ecosystems (surface and groundwater). Figure 1 
summarizes the transport and transfer processes of phenoxy herbicides in the envi-
ronment. After they are applied to land, they are spread through several processes, 
including sorption/desorption, leaching, runoff, and plant uptake [8]. Phenoxy her-
bicide molecules are negatively charged and are therefore highly mobile at neutral 
pH. In groundwater, they are nonvolatile and persistent to hydrolysis, but they 
can be degraded biologically under both aerobic and anaerobic conditions. These 
herbicides demonstrate significantly greater persistence in temperate climates 
characterized by low winter temperatures and, in many regions, by depleted soil 
organic carbon content and acidic pH [7].

Properties 2,4-D MCPA

Chemical 
structure

IUPAC name (2,4-Dichlorophenoxy)acetic acid (4-Chloro-2-methylphenoxy)acetic acid

Molar mass  
(g/mol)

220.04 200.62

Solubility in H2O 
(mg/L) [7]

450 720

pKa [7] 2.73–2.87 3.73

Koc [7] 20.56 mL/g 25–157 mL/g

logP [7] 2.50/2.58 ± 0.36 2.41/2.49 ± 0.27

t1/2 in water  
[9, 10]

1–14 days 15 days

t1/2 in soil [9, 10] 2–4 weeks 3–4 weeks

Table 1. 
Physical and chemical properties of 2,4-D and MCPA.
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2.  Phenoxy herbicides: potential contaminants of soil and water 
environments

Extensive use of phenoxy herbicides can threaten surface and groundwater 
ecosystems by promoting the contamination of soil matrices. The International 
Agency for Research on Cancer classifies phenoxy acids as “possibly carcinogenic 
to humans.” Gupta et al. [11] report that 0.5 kg/ha is the optimal concentration 
of 2,4-D which avoids contamination of environmental matrices, with the effect 
of higher concentrations of 2,4-D on the environment being dependent on irriga-
tion treatment. Hence, little is known of the distribution of phenoxy herbicides 
in the environment. Data from several sources have identified increased levels 
of 2,4-D and MCPA in the soil, ground-, surface, and drinking water (Table 2); 
for example, Ignatowicz and Struk-Sokołowska [12] note that the concentration 
of phenoxy herbicides in the Narew River (Poland) fluctuated seasonally from 0 
to even 150 μg/L. The concentration of MCPA in the Parramatta River (Sydney 
Estuary, Australia) was 0.061 μg/L; however, its presence in river water was caused 
by increased runoff of storm water [13]. MCPA concentration has been found 
to be as high as 42.40 μg/L in the Rhone River (France) [14] and to be as little as 
0.58 μg/L in Brejo of Cagarrão Stream (Portugal) [15]. The 2,4-D concentration has 
been found to vary from 1.678 μg/L in the water of McGregor Creek (Canada) [16] 
to 329.42 μg/L in water from a rice field [17]. By contrast, the maximum permis-
sible concentration of pesticide residues in drinking water is 0.50 μg/L (Directive 
E98/83/EC). The data presented in Table 2 and described above indicate that 
phenoxy herbicides should be considered as emerging contaminant especially in 
water resources.

Despite the diversified levels of phenoxy herbicides noted in worldwide environ-
ments (Table 2), it has to be underlined that these compounds can exert serious 
toxic effects on the sustainability of ecosystems, even at lower concentrations (e.g., 
0.275 μg/L) (Table 3). According to recent research, predicted no effect concentra-
tion (PNEC) for aquatic organisms is 500 μg/L for 2,4-D and 0.022 μg/L for MCPA 
[20]; however, PNEC has not yet been determined for terrestrial organisms.

Because the mode of action of phenoxy herbicides mimics that of plant growth 
hormones, their application causes disturbances among a range of physiological 
processes [21]. 2,4-D inhibits root/hypocotyl elongation in Sinapis arvensis (wild 
mustard) and disrupts mesophyll cell structure in Pisum sativum (pea) [22, 23]. 
There is increasing concern that 2,4-D has negative influence on water ecosystems, 
leading to cellular deformation of green algae, such as Ankistrodesmus falcatus [24]; 

Figure 1. 
Transport and transfer processes of phenoxy herbicides in the environment.
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Dose of phenoxy 
herbicide

Exposure 
time

Test organism Effect on organism Source

220.04 μg/L 2,4-D 2 days Sinapis arvensis  
(wild mustard)

Inhibition of root and 
hypocotyl elongation

[22]

5.06 mg/L 2,4-D 72 hours Pisum sativum (pea) Severe disturbances in 
mesophyll cell structure 
and proliferation of 
vascular tissue in young 
leaves

[23]

10, 100, 500, 
1000 μg/L MCPA

7 days Hydrilla verticillata 
(waterthyme)

Disturbance of growth, 
anatomy, and physiology

[36]

IC50 1353.80 mg/L 
2,4-D

96 hours Ankistrodesmus falcatus 
(green microalgae)

External morphological 
alterations

[24]

IC50 71.20 mg/L 
2,4-D

96 hours Microcystis 
aeruginosa (toxigenic 
cyanobacteria)

Stimulation of 
the production of 
cyanotoxins

LC50 66 mg/L 
2,4-D

96 hours Cyprinus carpio 
(common carp)

Behavioral changes [26]

LC50 9.06 and 
7.76 mg/L 2,4-D

96 and 
168 hours

Rhinella arenarum 
(species of toad)

Reduced body size, 
delayed development, 
microcephaly, agenesis 
of gills, abnormal cellular 
proliferation processes

[27]

10–500 mg/L 2,4-D 1 hour Human erythrocytes Hemolysis [29]

0.275, 2.75, and 
27.5 μg/L 2,4-D and 
MCPA

30 minutes Hepatic cells of 
Metynnis roosevelti 
(species of serrasalmid 
fish)

Damage of cellular 
metabolism and 
homeostasis; increased 
oxidative stress

[21]

Table 3. 
The results of toxicological tests and effects of 2,4-D and MCPA on selected organisms.

Compound Concentration Environmental matrices Source

2,4-D 1.678 μg/L Water from McGregor Creek (Canada) [16]

2,4-D 103.99–329.42 μg/L Water from rice field (Malaysia) [14]

2,4-D 0.0052 mg/kg Soil from cereal plantations (Poland) [15]

2,4-D 0.513 μg/L Lebo drain [16]

MCPA, MCPP, 
2,4-D

0–150 μg/L Water from Narew River (Poland) [12]

MCPA 0.0046 mg/kg Soil from cereal plantations (Poland) [15]

MCPA 0.08–42.40 μg/L Water from Rhône River Delta (France) [18]

MCPA 0.58 μg/L Water from Brejo of Cagarrão Stream 
(Portugal)

[17]

MCPA 0.061 μg/L Water from Parramatta River—Sydney 
Estuary (Australia)

[13]

MCPA 82.75–354.28 μg/L Water from rice field (Malaysia) [14]

MCPA 0.002–0.010 mg/kg Soil from potato plantation (Poland) [19]

Table 2. 
Concentration of phenoxy acids observed in various environments.
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malformations and behavioral changes to various fish, including Cyprinus carpio 
(common carp) and Danio rerio (zebrafish) [25, 26]; abnormal cellular proliferation 
in amphibians such as Rhinella arenarum (species of toad) [27]; and the develop-
ment of nonviable embryos in invertebrates, such as Biomphalaria glabrata (species 
of freshwater snail) [28]. Sarikaya and Yilmaz [26] report that 2,4-D (66,000 μg/L) 
causes internal hemorrhage and behavioral changes in C. carpio.

Among animals, phenoxy herbicide application results in the inhibition of 
crucial enzymes in cell metabolism, including mitochondrial enzymes and those 
associated with DNA synthesis (Table 3). 2,4-D has also been found to induce 
erythrocyte lysis under laboratory conditions [29]. It is interesting to note that 
the intermediates formed during the degradation processes of 2,4-D, such as 
2,4- dichlorophenol (2,4-DCP) and 3,5-dichlorocatechol (3,5-DCC), exhibit a strong 
ecotoxic effect on various organisms, including N. tabacum cells [30]; however, 
Taylor et al. [31] report that 2,4-DCP toxicity was found to be less phytotoxic than 
2,4-D, under both in vitro and in vivo conditions, while 3,5-DCC exhibits higher 
toxicity than its parent compound [32].

Several studies have revealed that MCPA also can have a negative impact on the 
environment: MCPA application caused up to a 56% reduction in dehydrogenase, 
urease, and phosphatase activities and ergosterol content in soil [32]. In addition, 
this application leads to increased soil phytotoxicity to Fagopyrum esculentum var. 
Kora (buckwheat) and promoted stem deformation and leaf discoloration [33]. 
Mierzejewska et al. [34] note that a commercial product containing MCPA was 
highly toxic to the monocotyledon Sorghum saccharatum (sorghum) and dicotyle-
dons Lepidium sativum (garden cress) and Sinapis alba (white mustard), inducing 
nearly 100% root growth inhibition. The authors also note that after 3 weeks of 
incubation at an ambient temperature, the high initial phytotoxicity was reduced to 
3% for L. sativum and 34% for S. alba and that S. saccharatum demonstrated a 12% 
stimulation of root growth in comparison to uncontaminated control soil. The nega-
tive influence of MCPA on L. sativum, S. alba, and S. saccharatum growth was also 
confirmed by Urbaniak et al. [35]. Similarly to 2,4-D, MCPA causes also negative 
effects on freshwater organisms such as the freshwater crustaceans Daphnia magna, 
Thamnocephalus platyurus, and Artemia franciscana and alga Selenastrum capricor-
nutum [36]. Both herbicides were found to induce the action of hepatic enzymes 
involved in detoxification and lipid peroxidation [21].

These studies emphasize the important role played by ecotoxicological 
approaches in evaluating the effect of chemical stressors observed in the ecosystem 
communities. Despite the relatively short half-life (Table 1) of 2,4-D and MCPA, 
their remnants can be transported and deposited extensively in the environment, 
and this can present a potential threat to the soil and water ecosystems as well as to 
human health. Therefore, there is a need to identify nature-based solutions such 
as bio-, phyto-, and rhizoremediation that can enhance the process of phenoxy 
herbicide elimination from the environment.

3. Phenoxy herbicides: removal using biological methods

One approach to removing phenoxy herbicides (2,4-D and MCPA) from soil 
is via degradation by the soil microbiota (biodegradation). This is achieved most 
effectively by bacteria harboring the appropriate functional genes, which are 
involved in the phenoxy herbicide degradation pathways (Figure 2). Alternatively, 
plants can be used to decontaminate sites, a process known as phytoremediation 
(Figure 2). Another promising approach, rhizoremediation, enhances the removal 
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Dose of phenoxy 
herbicide

Exposure 
time

Test organism Effect on organism Source
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[22]
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[23]
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malformations and behavioral changes to various fish, including Cyprinus carpio 
(common carp) and Danio rerio (zebrafish) [25, 26]; abnormal cellular proliferation 
in amphibians such as Rhinella arenarum (species of toad) [27]; and the develop-
ment of nonviable embryos in invertebrates, such as Biomphalaria glabrata (species 
of freshwater snail) [28]. Sarikaya and Yilmaz [26] report that 2,4-D (66,000 μg/L) 
causes internal hemorrhage and behavioral changes in C. carpio.

Among animals, phenoxy herbicide application results in the inhibition of 
crucial enzymes in cell metabolism, including mitochondrial enzymes and those 
associated with DNA synthesis (Table 3). 2,4-D has also been found to induce 
erythrocyte lysis under laboratory conditions [29]. It is interesting to note that 
the intermediates formed during the degradation processes of 2,4-D, such as 
2,4- dichlorophenol (2,4-DCP) and 3,5-dichlorocatechol (3,5-DCC), exhibit a strong 
ecotoxic effect on various organisms, including N. tabacum cells [30]; however, 
Taylor et al. [31] report that 2,4-DCP toxicity was found to be less phytotoxic than 
2,4-D, under both in vitro and in vivo conditions, while 3,5-DCC exhibits higher 
toxicity than its parent compound [32].

Several studies have revealed that MCPA also can have a negative impact on the 
environment: MCPA application caused up to a 56% reduction in dehydrogenase, 
urease, and phosphatase activities and ergosterol content in soil [32]. In addition, 
this application leads to increased soil phytotoxicity to Fagopyrum esculentum var. 
Kora (buckwheat) and promoted stem deformation and leaf discoloration [33]. 
Mierzejewska et al. [34] note that a commercial product containing MCPA was 
highly toxic to the monocotyledon Sorghum saccharatum (sorghum) and dicotyle-
dons Lepidium sativum (garden cress) and Sinapis alba (white mustard), inducing 
nearly 100% root growth inhibition. The authors also note that after 3 weeks of 
incubation at an ambient temperature, the high initial phytotoxicity was reduced to 
3% for L. sativum and 34% for S. alba and that S. saccharatum demonstrated a 12% 
stimulation of root growth in comparison to uncontaminated control soil. The nega-
tive influence of MCPA on L. sativum, S. alba, and S. saccharatum growth was also 
confirmed by Urbaniak et al. [35]. Similarly to 2,4-D, MCPA causes also negative 
effects on freshwater organisms such as the freshwater crustaceans Daphnia magna, 
Thamnocephalus platyurus, and Artemia franciscana and alga Selenastrum capricor-
nutum [36]. Both herbicides were found to induce the action of hepatic enzymes 
involved in detoxification and lipid peroxidation [21].

These studies emphasize the important role played by ecotoxicological 
approaches in evaluating the effect of chemical stressors observed in the ecosystem 
communities. Despite the relatively short half-life (Table 1) of 2,4-D and MCPA, 
their remnants can be transported and deposited extensively in the environment, 
and this can present a potential threat to the soil and water ecosystems as well as to 
human health. Therefore, there is a need to identify nature-based solutions such 
as bio-, phyto-, and rhizoremediation that can enhance the process of phenoxy 
herbicide elimination from the environment.

3. Phenoxy herbicides: removal using biological methods

One approach to removing phenoxy herbicides (2,4-D and MCPA) from soil 
is via degradation by the soil microbiota (biodegradation). This is achieved most 
effectively by bacteria harboring the appropriate functional genes, which are 
involved in the phenoxy herbicide degradation pathways (Figure 2). Alternatively, 
plants can be used to decontaminate sites, a process known as phytoremediation 
(Figure 2). Another promising approach, rhizoremediation, enhances the removal 
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of such recalcitrant xenobiotics from the environment by exploiting the interac-
tions between selected plants (able to grow under the presence of given xenobiotics 
such as phenoxy herbicides), root exudates (including plant secondary metabolites, 
PSMs), and microorganisms (Figure 2). The purpose of this section is to review 
the literature on established and potential biological methods of phenoxy herbicide 
removal from environmental matrices.

3.1 Bioremediation

Bioremediation is a method that uses microbiological processes to degrade or 
transform contaminants to less toxic or nontoxic forms. Biodegradation of organic 
contaminants occurs very slowly in bulk soil; therefore biostimulation and bioaug-
mentation methods are used to enhance the biologically driven removal of toxic 
compounds from environmental matrices. The effectiveness of biodegradation 
is dependent on several factors, among them the characteristics of the soil, the 
bioavailability of the contaminants, and their chemical properties.

An important way of phenoxy herbicide removal from soil is by the use of 
indigenous soil bacteria harboring desirable catabolic genes. The first step in 
the phenoxy herbicide biodegradation pathway is initiated by α-ketoglutarate-
dependent dioxygenase, an enzyme encoded by tfdA or tfdA-like genes [37] located 
in the tfdABCDEF gene cluster [38].

In recent decades, increasingly rapid advances in the application of molecular 
analysis in environmental studies have helped identify the bacterial communi-
ties involved in phenoxy herbicide biodegradation (Table 4). The bacteria able to 
metabolize phenoxy herbicides have been classified into three groups as follows: 
according to their physiology, employed degrading enzymes, and evolutionary 
origin [39–41] (Table 4).

Figure 2. 
The biological processes of phenoxy herbicide biodegradation mediated by soil, rhizospheric, and endophytic 
bacteria.
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1. The first group consists of fast-growing copiotrophic bacteria belonging 
to β- and γ-proteobacteria harboring the tfdA gene (e.g., Cupriavidus neca-
tor JMP134, Burkholderia sp. strain RASC, and Rhodoferax sp. strain P230). 
This first group has been subdivided into four subclasses according to tfdA 
sequence: tfdA Class I, II, and III [42, 43] and tfdA α [38]. Class I is found in 
Cupriavidus pinatubonensis; Class II is less widely distributed, being found only 
in Burkholderia spp.; and Class III is found in Comamonas acidovorans [38]. 
TfdAα was first identified in Bradyrhizobium sp. [40]. However, tfdAα-encoded 
protein has been described as α-ketoglutarate-dependent 2,4-D dioxygenase 
with lower activity than JMP134 dioxygenase.

2. The second group consists of slow-growing oligotrophic bacteria belonging to 
α-proteobacteria, phylogenetically closely related to Bradyrhizobium sp. [41], 
which were isolated from pristine environments. In this group, the phenoxy 
herbicide degradative gene was also identified and classified as tfdAα. Its gene 
sequence shows 50–60% similarity to the Group I degrader Cupriavidus necator 
JMP134.

3. The third group consists of bacteria belonging to the α-proteobacteria harbor-
ing the tfdAα gene, with Sphingomonas being the key member [41]. The wide 
diversity displayed by tfdA-like genes can partly be attributed to the wide 
range of bacteria (α-, β-, and γ-proteobacteria) capable of degrading phenoxy 
acids in the environment. Due to the high degree of homology between strains, 
the tfdA genes have been selected as biomarkers of the capability of bacteria to 
metabolize 2,4-D and MCPA [37, 38], and they are frequently used in studies of 
phenoxy acid biodegradation.

Much of the current literature on phenoxy herbicide metabolic pathways pays 
particular attention to the degradation pathway of 2,4-D. One of the most exten-
sively studied 2,4-D degraders is Cupriavidus necator JMP134, known to harbor the 
80-kb pJP4 plasmid. pJP4 carries all of the structural and regulatory genes needed 
to convert phenoxy herbicides to 2-chloromaleylacetic acid [56]. The tfdA fragment 
is responsible for the conversion of 2,4-D to 2,4-DCP [57]. Subsequently, 2,4-DCP 
is hydrolyzed to 3,5-dichlorocatechol by 2,4-DCP hydroxylase, which is encoded by 
tfdB. 3,5-Dichlorocatechol is further degraded via a pathway encoded by tfdCDEF.

Far too little attention has been paid to the metabolism of MCPA. MCPA degra-
dation takes place by the cleavage of an ether linkage, resulting in the formation of 
the major metabolite, 4-chloro-2-methylphenol (MCP), and acetic acid [47]. This 
process is preceded by the expression of the tfdA gene. Mierzejewska et al. [34] 
report that microorganisms demonstrating the presence of tfdAα and tfdA Class III 
genes in soil contaminated with a commercial product containing MCPA displayed 
biodegradation potential.

The bacteria carrying cad genes, which encode the non-heme iron oxygenase, 
also have the potential to degrade both herbicides. The cadRABKC gene cluster 
was first identified and characterized in strain Bradyrhizobium sp. HW3 which 
was isolated from pristine environment in Volcanoes National Park, Hawaii [39]. 
So far, however, there has been little research on the mode of action and exact 
function of cad genes. According to Kitagawa et al. [38], cadA, cadB, and cadC 
genes are responsible for multicomponent oxygenase production, whereas cadR is 
a transcriptional regulator gene, which regulates the transcription of cadABKC in 
the presence of 2,4-D or 4-chlorophenoxyacetic acid. The cadA gene products show 
structural and functional differences to the tfdA gene with regard to their substrate 
preferences. Both the cadA and cadB and the tfdA genes code for aromatic ring 
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of such recalcitrant xenobiotics from the environment by exploiting the interac-
tions between selected plants (able to grow under the presence of given xenobiotics 
such as phenoxy herbicides), root exudates (including plant secondary metabolites, 
PSMs), and microorganisms (Figure 2). The purpose of this section is to review 
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contaminants occurs very slowly in bulk soil; therefore biostimulation and bioaug-
mentation methods are used to enhance the biologically driven removal of toxic 
compounds from environmental matrices. The effectiveness of biodegradation 
is dependent on several factors, among them the characteristics of the soil, the 
bioavailability of the contaminants, and their chemical properties.

An important way of phenoxy herbicide removal from soil is by the use of 
indigenous soil bacteria harboring desirable catabolic genes. The first step in 
the phenoxy herbicide biodegradation pathway is initiated by α-ketoglutarate-
dependent dioxygenase, an enzyme encoded by tfdA or tfdA-like genes [37] located 
in the tfdABCDEF gene cluster [38].

In recent decades, increasingly rapid advances in the application of molecular 
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range of bacteria (α-, β-, and γ-proteobacteria) capable of degrading phenoxy 
acids in the environment. Due to the high degree of homology between strains, 
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report that microorganisms demonstrating the presence of tfdAα and tfdA Class III 
genes in soil contaminated with a commercial product containing MCPA displayed 
biodegradation potential.

The bacteria carrying cad genes, which encode the non-heme iron oxygenase, 
also have the potential to degrade both herbicides. The cadRABKC gene cluster 
was first identified and characterized in strain Bradyrhizobium sp. HW3 which 
was isolated from pristine environment in Volcanoes National Park, Hawaii [39]. 
So far, however, there has been little research on the mode of action and exact 
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Class Strain Origin Studied 
compounds

Identified 
functional 
genes

Source

α-Proteobacteria Sphingomonas 
paucimobilis

Soil from Michigan 
(USA)

2,4-D — [44]

Sphingomonas 
agrestis 58–1

Soil from Fukuoka 
Prefecture (Japan)

2,4-D, 
MCPA

cadA, cadB [45]

Bradyrhizobium 
sp.; 
Sphingomonas 
sp.

Root nodules; pristine 
environments 
(Hawaii, central 
California, USA; 
southwestern 
Australia, 
southwestern 
Africa; central 
Chile; northern 
Saskatchewan, 
Canada; northwestern 
Russia); volcanic 
soil (National Park 
(Kipuka Keana 
Bihopa, Hawaii, USA)

2,4-D tfdAα, 
cadA, and 
cadB

[38, 39, 
41]

Sphingomonas 
sp.

Sediment from an 
aquifer in Fladerne 
Creek (Denmark)

MCPA cadA and 
cadB

[46, 47]

β-Proteobacteria Comamonas 
acidovorans 
strain MCI

Herbicide-
contaminated 
building rubble 
(Germany)

2,4-D and 
MCPA

tfdB and 
tfdC genes

[48]

Variovorax 
paradoxus

Soil from the Dijon 
INRA experimental 
station (France)

2,4-D tfdA, tfdB, 
and tfdR

[49]

Delftia sp. Polluted river 
in Buenos Aires 
(Argentina)

2,4-D — [50]

Cupriavidus 
campinensis BJ71

2,4-D-enriched soils 
from wheat fields 
in Beijing exposed 
for 2,4-D for at least 
10 years (China)

2,4-D Class I tfdA 
gene

[51]

Achromobacter 
sp. LZ35

Soil in a disused 
pesticide factory in 
Suzhou (China)

2,4-D and 
MCPA

tfdA and 
tfdB

[52]

Halomonadaceae 
sp.

Alkali Lake site 
in Oregon (USA) 
contaminated with 
2,4-D production 
wastes

2,4-D tfdA [53]

γ-Proteobacteria Pseudomonas 
pickettii

Agricultural soil from 
Michigan (USA)

2,4-D — [54]

Pseudomonas 
maltophilia

Wheat rhizosphere 
(laboratory 
experiment)

2,4-D — [55]

Table 4. 
Bacteria degrading phenoxy herbicides isolated from pristine and contaminated environments.
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hydroxylation dioxygenases (RHDO), which are widely distributed in a number of 
microorganisms and might be transferred through horizontal gene transfer [38]; 
CadA- and cadB-encoded proteins are involved in the same initial step of 2,4-D 
degradation; however, the enzyme subunits have a different mode of action to 
the ketoglutarate-dependent dioxygenase encoded by tfdA. CadA and cadB were 
mostly identified in bacteria belonging to Groups I and II of phenoxy herbicide 
degraders. The products of cadA gene expression are able to initiate the degradation 
of both MCPA and 2,4-D. Furthermore, the abundance of cadA gene stimulates 
MCPA degradation [47]. The cadA gene is also essential for 2,4-D conversion in pure 
cultures of α-proteobacteria [38, 45, 58], and the cadB gene is also thought to play a 
sole role in the phenoxy acid degradation; however, the exact role of the cad genes 
remains not fully understood. The two genes share ~50% identity with tfdA, and 
it has been found that cadA, cadB, and tfdA are expressed simultaneously during 
MCPA degradation. Interestingly, some bacteria harbor all three cadA, cadB, and 
tfdA genes, thereby displaying a dual system of degradative genes [47].

The microbial degradation metabolic pathway of phenoxy herbicides has been 
elaborated in recent years (Figure 3). The first step of this catabolic pathway is 
initiated by either the tfdA gene which encodes α-ketoglutarate-dependent dioxy-
genase or cadAB genes which encode subunits of non-heme iron oxygenase [47]. 
Although these enzymes use different modes of action, both catabolic proteins have 
been shown to perform the same initial step in phenoxy acid degradation, turning 
2,4-D into 2,4-DCP and MCPA into MCP.

Until recently, there has been little interest in the stereospecific Fe-(II) 
α-ketoglutarate-dependent dioxygenases which are encoded by rdpA and sdpA 
genes. These enzymes are described in literature as the ones which can also initiate 
the first step of the MCPA and 2,4-D degradation pathway. They were identified 
in Delftia acidovorans, Rhodoferax sp., and Sphingobium sp. Although the proteins 
encoded by the rdpA and sdpA genes possess the highly conserved amino acid 
sequence motif of tfdA-encoded proteins, they share only 37% identity with the 
tfdA genes of C. necator JMP134 [60, 61].

In addition to the soil bacteria, soil microfauna can also profoundly affect the 
biodegradation of organic contaminants. An important example of this relationship 
is the activity of earthworms, which move through the soil, causing better aera-
tion and increasing soil moisture. Hence, insofar as their activity can influence the 
profile of the microorganism communities in the soil, they can indirectly enhance 
the process of phenoxy herbicide aerobic bacterial degradation [61].

3.2 Phytoremediation

A steadily developing strategy for the in situ treatment of contaminated soils is 
phytoremediation. It is a cost-effective and environmentally friendly strategy that 
uses plants to transform or mineralize xenobiotics to less toxic or environmentally 
neutral compounds [62]. Plants play a crucial role in the development of soil struc-
ture and stabilization of fundamental soil ecosystem functions such as water flow 
[63]. They produce also an array of catabolic enzymes, which operate to protect the 
host organisms and detoxify xenobiotic compounds [64]. Therefore, phytoremedia-
tion not only contributes to the detoxification of the environmental matrices but 
also has a positive influence on the functioning of the entire ecosystem.

The process of contaminant absorption by plants depends on several factors, 
including regional climate, soil type, and the nature of the pollutant [65]. The selection 
of an appropriate plant species and cultivar is critical for effective removal of a given 
contaminant from soil [66, 67]. This choice of phytoremediation candidate should 
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Class Strain Origin Studied 
compounds

Identified 
functional 
genes

Source

α-Proteobacteria Sphingomonas 
paucimobilis

Soil from Michigan 
(USA)

2,4-D — [44]

Sphingomonas 
agrestis 58–1

Soil from Fukuoka 
Prefecture (Japan)

2,4-D, 
MCPA

cadA, cadB [45]

Bradyrhizobium 
sp.; 
Sphingomonas 
sp.

Root nodules; pristine 
environments 
(Hawaii, central 
California, USA; 
southwestern 
Australia, 
southwestern 
Africa; central 
Chile; northern 
Saskatchewan, 
Canada; northwestern 
Russia); volcanic 
soil (National Park 
(Kipuka Keana 
Bihopa, Hawaii, USA)

2,4-D tfdAα, 
cadA, and 
cadB

[38, 39, 
41]

Sphingomonas 
sp.

Sediment from an 
aquifer in Fladerne 
Creek (Denmark)

MCPA cadA and 
cadB

[46, 47]

β-Proteobacteria Comamonas 
acidovorans 
strain MCI

Herbicide-
contaminated 
building rubble 
(Germany)

2,4-D and 
MCPA

tfdB and 
tfdC genes

[48]

Variovorax 
paradoxus

Soil from the Dijon 
INRA experimental 
station (France)

2,4-D tfdA, tfdB, 
and tfdR

[49]

Delftia sp. Polluted river 
in Buenos Aires 
(Argentina)

2,4-D — [50]

Cupriavidus 
campinensis BJ71

2,4-D-enriched soils 
from wheat fields 
in Beijing exposed 
for 2,4-D for at least 
10 years (China)

2,4-D Class I tfdA 
gene

[51]

Achromobacter 
sp. LZ35

Soil in a disused 
pesticide factory in 
Suzhou (China)

2,4-D and 
MCPA

tfdA and 
tfdB

[52]

Halomonadaceae 
sp.

Alkali Lake site 
in Oregon (USA) 
contaminated with 
2,4-D production 
wastes

2,4-D tfdA [53]

γ-Proteobacteria Pseudomonas 
pickettii

Agricultural soil from 
Michigan (USA)

2,4-D — [54]

Pseudomonas 
maltophilia

Wheat rhizosphere 
(laboratory 
experiment)

2,4-D — [55]

Table 4. 
Bacteria degrading phenoxy herbicides isolated from pristine and contaminated environments.
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it has been found that cadA, cadB, and tfdA are expressed simultaneously during 
MCPA degradation. Interestingly, some bacteria harbor all three cadA, cadB, and 
tfdA genes, thereby displaying a dual system of degradative genes [47].

The microbial degradation metabolic pathway of phenoxy herbicides has been 
elaborated in recent years (Figure 3). The first step of this catabolic pathway is 
initiated by either the tfdA gene which encodes α-ketoglutarate-dependent dioxy-
genase or cadAB genes which encode subunits of non-heme iron oxygenase [47]. 
Although these enzymes use different modes of action, both catabolic proteins have 
been shown to perform the same initial step in phenoxy acid degradation, turning 
2,4-D into 2,4-DCP and MCPA into MCP.

Until recently, there has been little interest in the stereospecific Fe-(II) 
α-ketoglutarate-dependent dioxygenases which are encoded by rdpA and sdpA 
genes. These enzymes are described in literature as the ones which can also initiate 
the first step of the MCPA and 2,4-D degradation pathway. They were identified 
in Delftia acidovorans, Rhodoferax sp., and Sphingobium sp. Although the proteins 
encoded by the rdpA and sdpA genes possess the highly conserved amino acid 
sequence motif of tfdA-encoded proteins, they share only 37% identity with the 
tfdA genes of C. necator JMP134 [60, 61].

In addition to the soil bacteria, soil microfauna can also profoundly affect the 
biodegradation of organic contaminants. An important example of this relationship 
is the activity of earthworms, which move through the soil, causing better aera-
tion and increasing soil moisture. Hence, insofar as their activity can influence the 
profile of the microorganism communities in the soil, they can indirectly enhance 
the process of phenoxy herbicide aerobic bacterial degradation [61].

3.2 Phytoremediation

A steadily developing strategy for the in situ treatment of contaminated soils is 
phytoremediation. It is a cost-effective and environmentally friendly strategy that 
uses plants to transform or mineralize xenobiotics to less toxic or environmentally 
neutral compounds [62]. Plants play a crucial role in the development of soil struc-
ture and stabilization of fundamental soil ecosystem functions such as water flow 
[63]. They produce also an array of catabolic enzymes, which operate to protect the 
host organisms and detoxify xenobiotic compounds [64]. Therefore, phytoremedia-
tion not only contributes to the detoxification of the environmental matrices but 
also has a positive influence on the functioning of the entire ecosystem.

The process of contaminant absorption by plants depends on several factors, 
including regional climate, soil type, and the nature of the pollutant [65]. The selection 
of an appropriate plant species and cultivar is critical for effective removal of a given 
contaminant from soil [66, 67]. This choice of phytoremediation candidate should 
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Figure 3. 
Pathways of microbial degradation of 2,4-D and MCPA proposed by Pieper et al. [59]; in the picture there 
are indicated functional genes which encode catabolic enzymes as follows: tfdA, α-ketoglutarate-dependent 
dioxygenase; cadAB, subunits of non-heme iron oxygenase; tfdB, chlorophenol hydroxylase; tfdC, catechol 
1,2-dioxygenase; tfdD, dichloromuconate cycloisomerase; tfdE, carboxymethylene butenolidase; tfdF, 
maleylacetate reductase.
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particularly take into account plant growth rate, high biomass production, capacity for 
pollutant accumulation, and tolerance to higher xenobiotic concentrations [67].

In terms of phenoxy herbicide removal, there has been little investigation of the 
plant-mediated removal of 2,4-D and/or MCPA. For example, Ramborger et al. [68] 
evaluated the phytoremediation potential of Plectranthus neochilus (tea) exposed to 
the commercial pesticide containing 2,4-D (Aminol) in soil and water. The removal 
rate for 2,4-D reached 49% during 60 days, and the herbicide was not detected in 
plant leaves. Despite the fact that the phytoremediation potential of P. neochilus in 
soil was not sufficient, the plant exhibited satisfactory resistance to herbicide appli-
cation. Moreover, the presence of phenolic compounds (e.g., ferulic and coumaric 
acid) in tea tissues indicated the ability of these plants to provide defense mecha-
nisms against 2,4-D. The mechanism of the herbicide in plant begins by affecting 
the plasma membrane properties, subsequently leading to poor performance of 
mitochondria and peroxisomes [69]. In consequence, it stimulates the overexpres-
sion of abscisic acid (ABA) and ethylene biosynthesis genes, leading to significant 
changes of cellular redox potential by the production of reactive oxygen species 
(ROS) [70]. The occurrence of ROS leads to the production of phenolic compounds, 
i.e., ferulic acid and coumaric acid, which are responsible for the antioxidant self-
defense mechanism of the plant against the herbicide. These phenolic compounds 
were found in higher concentrations only in plants that were exposed to 2,4-D and 
not in the controls.

3.3 Rhizoremediation

As mentioned above, plants play a key role in soil ecosystems by stabilizing 
the soil structure and by serving as primary sources of organic matter and energy 
which stimulate soil microbial activity [63]. Despite this, they are not the only con-
tributors in the efficient phytoremediation of organic contaminants. Due to existing 
interactions between plant roots, root exudates, soil, and microorganisms, it has 
been proposed that the most effective method for the remediation of contaminated 
soil may be microbe-assisted phytoremediation (rhizoremediation).

Rhizoremediation is a naturally occurring process within the plant root zone 
(rhizosphere), where the growth of microorganisms and their degradative activity 
are stimulated by root exudates enriched by plant secondary metabolites (PSMs). 
Plant-derived compounds can [1] serve as primary substrates in cometabolism and 
provide energy for microbial growth [2], act as inducers of degradative enzymes 
due to their structural similarities to xenobiotics, and [3] enhance the degree of 
contamination removal by increasing pollutant bioavailability in soil [71].

The effectiveness of rhizospheral biodegradation depends also on the potential 
of the microorganisms inhabiting the rhizosphere to adapt to pollutant concentra-
tions [72]. For effective degradation of contaminants to take place, a wide range 
of plants and bacterial traits is needed, involving the orchestrated interaction of a 
multitude of genes and enzymes. Rhizoremediation can therefore be optimized by 
selecting suitable plant-microbe sets, which can be achieved by combining plant 
and plant growth-promoting rhizobacteria (PGPR) [73] and/or microbes capable 
of contaminant degradation [74]. PGPR can improve phytoremediation efficiency 
by enhancing plant tolerance to various environmental stresses, promoting root 
growth and improving plant growth and health. In turn, some rhizospheral 
microorganisms can directly use their own degradative capabilities to metabolize 
organic pollutants [74, 75]. A study of rhizosphere-enhanced biodegradation 
of 2,4-D by Boyle et al. [76] found a significant difference in the mineralization 
of 2,4-D between monocot rhizosphere soils, dicot rhizosphere soils, and non-
rhizosphere soils, with greater microbial activity being observed in monocot 
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particularly take into account plant growth rate, high biomass production, capacity for 
pollutant accumulation, and tolerance to higher xenobiotic concentrations [67].

In terms of phenoxy herbicide removal, there has been little investigation of the 
plant-mediated removal of 2,4-D and/or MCPA. For example, Ramborger et al. [68] 
evaluated the phytoremediation potential of Plectranthus neochilus (tea) exposed to 
the commercial pesticide containing 2,4-D (Aminol) in soil and water. The removal 
rate for 2,4-D reached 49% during 60 days, and the herbicide was not detected in 
plant leaves. Despite the fact that the phytoremediation potential of P. neochilus in 
soil was not sufficient, the plant exhibited satisfactory resistance to herbicide appli-
cation. Moreover, the presence of phenolic compounds (e.g., ferulic and coumaric 
acid) in tea tissues indicated the ability of these plants to provide defense mecha-
nisms against 2,4-D. The mechanism of the herbicide in plant begins by affecting 
the plasma membrane properties, subsequently leading to poor performance of 
mitochondria and peroxisomes [69]. In consequence, it stimulates the overexpres-
sion of abscisic acid (ABA) and ethylene biosynthesis genes, leading to significant 
changes of cellular redox potential by the production of reactive oxygen species 
(ROS) [70]. The occurrence of ROS leads to the production of phenolic compounds, 
i.e., ferulic acid and coumaric acid, which are responsible for the antioxidant self-
defense mechanism of the plant against the herbicide. These phenolic compounds 
were found in higher concentrations only in plants that were exposed to 2,4-D and 
not in the controls.

3.3 Rhizoremediation

As mentioned above, plants play a key role in soil ecosystems by stabilizing 
the soil structure and by serving as primary sources of organic matter and energy 
which stimulate soil microbial activity [63]. Despite this, they are not the only con-
tributors in the efficient phytoremediation of organic contaminants. Due to existing 
interactions between plant roots, root exudates, soil, and microorganisms, it has 
been proposed that the most effective method for the remediation of contaminated 
soil may be microbe-assisted phytoremediation (rhizoremediation).

Rhizoremediation is a naturally occurring process within the plant root zone 
(rhizosphere), where the growth of microorganisms and their degradative activity 
are stimulated by root exudates enriched by plant secondary metabolites (PSMs). 
Plant-derived compounds can [1] serve as primary substrates in cometabolism and 
provide energy for microbial growth [2], act as inducers of degradative enzymes 
due to their structural similarities to xenobiotics, and [3] enhance the degree of 
contamination removal by increasing pollutant bioavailability in soil [71].

The effectiveness of rhizospheral biodegradation depends also on the potential 
of the microorganisms inhabiting the rhizosphere to adapt to pollutant concentra-
tions [72]. For effective degradation of contaminants to take place, a wide range 
of plants and bacterial traits is needed, involving the orchestrated interaction of a 
multitude of genes and enzymes. Rhizoremediation can therefore be optimized by 
selecting suitable plant-microbe sets, which can be achieved by combining plant 
and plant growth-promoting rhizobacteria (PGPR) [73] and/or microbes capable 
of contaminant degradation [74]. PGPR can improve phytoremediation efficiency 
by enhancing plant tolerance to various environmental stresses, promoting root 
growth and improving plant growth and health. In turn, some rhizospheral 
microorganisms can directly use their own degradative capabilities to metabolize 
organic pollutants [74, 75]. A study of rhizosphere-enhanced biodegradation 
of 2,4-D by Boyle et al. [76] found a significant difference in the mineralization 
of 2,4-D between monocot rhizosphere soils, dicot rhizosphere soils, and non-
rhizosphere soils, with greater microbial activity being observed in monocot 
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rhizosphere soil than in dicot rhizosphere soil or bulk soil. Therefore, both the soil 
and plant species determine the mineralization of tested contaminant. According 
to Shaw and Burns [77], the amendment of soil with 2,4-D increased the num-
ber of rhizospheric bacteria degrading 2,4-D in Trifolium pratense (red clover). 
Germaine et al. [78] also note the abundance of 2,4-D degraders in the stem and 
leaves of pea plant and that, under exposure to phenoxy herbicide, pea plants 
developed a stubby root system.

Furthermore, it has been hypothesized that PSMs may have a profound impact 
on the biodegradation of xenobiotics by providing the energy for microorganisms 
to carry out cometabolism; in this case, the xenobiotic is degraded as a secondary 
substrate [45, 71–73]. PSMs can be used as a primary source of carbon for bacterial 
communities to support their growth and stimulate the expression of desirable 
genes involved in the catabolic pathway of given xenobiotic. This is evident in the 
case of biphenyl, naringin, coumarin, myricetin, and l-carvone, which stimulate 
the activity of polychlorinated biphenyl (PCB)-degrading bacteria such as  
A. eutrophus, Corynebacterium sp., P. putida [79], and Arthrobacter sp. strain B1B 
[80]. Another example of PSM-stimulated PCB biodegradation was identified in 
mulberry (Morus sp.). In this case, the PSMs morusin, morusinol, and kuwanon 
C have been found to support the growth of the PCB-degrading bacterium 
Burkholderia sp. LB400 [81]. Likewise, the PSM (cumene) stimulates the activity 
of TCE-degrading R. gordonia bacteria [85]. According to Yi et al. [82], salicylic and 
linoleic acids, excreted by Raphanus sativus, enhanced the bioavailability of polycy-
clic aromatic hydrocarbons (PAHs) and increased the effectivity of their removal 
form soil. According to Ely and Smets [83], PAH biodegradation is stimulated by the 
presence of phenolic compounds, flavonoids, and gibberellic acid. Compounds such 
as acetophenone, phenethyl alcohol, p-hydroxybenzoic acid, and trans-cinnamic 
acid enhance the biotransformation of cis-1,2-dichloroethylene [84].

In addition, it has been hypothesized that PSMs may also induce the detoxifica-
tion mechanisms taking place in bacterial cells [85, 86]. The expression of func-
tional genes in bacteria is essential for the successful bioremediation of xenobiotics 
and can be stimulated by PSMs in different ways. However, very little information 
is given in the literature regarding the influence of PSMs on the induction of genes 
involved in catabolic pathways. Siciliano et al. [87] report greater induction of 
catabolic genes (ndoB, alkB, xylE) involved in the degradation of naphthalene in 
the rhizosphere soil of Festuca arundinacea (tall fescue) than in unplanted soil. 
Salicylate has been reported to have an upregulating effect on the expression of 
bphA, which encodes biphenyl dioxygenase in the PCB degrader Pseudomonas sp. 
Cam-1 [88]. The presence of salicylic acid was found to enhance the expression of 
the bphA gene in R. eutropha H850 and P. fluorescens P2W [89].

In addition, it has been hypothesized that the structural similarity between 
selected xenobiotics and PSMs may have a profound impact on the biodegradation 
of given, structurally related xenobiotic [71, 85]. For example, Urbaniak et al. [35] 
demonstrated the effect of a PSM, syringic acid, on the enhanced removal of struc-
turally similar herbicide, MCPA, by indigenous soil bacteria, with greater MCPA 
depletion being achieved in samples enriched with PSM. The molecular analysis 
revealed ubiquitous enrichment of the samples with Rhodoferax spp., Achromobacter 
spp., Burkholderia spp., and Cupriavidus spp., which are commonly known as MCPA 
degraders. Also, a study by McLoughlin et al. [89] found the PSMs limonene and 
α-pinene to enhance 2,4-DCP degradation, but only following pre-exposure to both 
2,4-DCP and monoterpene, with total 2,4-DCP mineralization extents of up to 71%.

Taking into account the abovementioned aspects, rhizoremediation can serve as 
a potential tool for phenoxy herbicide removal from soil ecosystems. However, to 
date, most studies have focused solely on the phyto- or biodegradation properties 
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of plants or bacteria [71]. Consequently only limited data is available in terms of the 
impact of rhizoremediation on phenoxy herbicide removal from soil.

3.4 Endophyte-enhanced phytoremediation

Endophytic bacteria that reside inside plant tissues are also known to play a 
crucial role in the remediation of organic compounds. Plant-associated bacteria 
can enhance plant growth and degrade organic contaminants such as trichloroeth-
ylene and hydrocarbons [90]. The activity of endophytic bacteria can mitigate and 
improve plant conditions in stressful environments (such as contaminated soils). 
Field studies by Eevers et al. [91] showed that zucchini (Cucurbita pepo) plants 
inoculated with a consortium of three plant growth-promoting endophytic strains 
demonstrated an increased concentration of dichloro-bis(p-chlorophenyl)ethylene 
(DDE) in the aerial parts. The amount of DDE accumulated in C. pepo per growing 
season was significantly higher for inoculated plants. Thus such an approach might 
be promising for phytoremediation applications.

It has also been found that application of 2,4-D (1.42, 2.84, and 5.68 mg a.i./g 
soil) had a negative effect on the physio-morphological parameters of aerobic rice 

Method Compound Initial 
concentration 
of compound 

used in an 
experiment

Duration 
of an 

experiment 
(days)

Removal 
of 

phenoxy-
acetic 

acid (%)

Comments Source

Bioremediation 2,4-D and 
MCPA

0.09 mmol/kg 
of soil

118 60 Activity of 
bulk soil 

microbial 
population 

from various 
soil samples

[93]

2,4-D 1.8 kg/ha 10 45–48 Activity of 
bulk soil 

microbial 
population 

from clay and 
loamy soil 
samples

[94]

Phytoremedi-
ation and 
rhizoremedi-
ation

2,4-D 11.42 kg/ha 20 49 Use of  
P. neochilus for 
phytoremedi-

ation

[76]

2,4-D
2,4-DCP

1.22 10−3 μm
1.19 10−3 μmol

66 ~60 Activity of 
rhizospheric 
soil bacteria 
derived from 

monocots

[68]

Endophyte-
enhanced 
phytoremedi-
ation

2,4-D 47–360 mg/kg 
of soil

53 93–100 The 
inoculation of 
P. sativum by 
endophytic 

bacteria  
P. putida 
VM1450

Table 5. 
Biological remediation methods and % average removal of phenoxy herbicides from soil matrices.
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rhizosphere soil than in dicot rhizosphere soil or bulk soil. Therefore, both the soil 
and plant species determine the mineralization of tested contaminant. According 
to Shaw and Burns [77], the amendment of soil with 2,4-D increased the num-
ber of rhizospheric bacteria degrading 2,4-D in Trifolium pratense (red clover). 
Germaine et al. [78] also note the abundance of 2,4-D degraders in the stem and 
leaves of pea plant and that, under exposure to phenoxy herbicide, pea plants 
developed a stubby root system.

Furthermore, it has been hypothesized that PSMs may have a profound impact 
on the biodegradation of xenobiotics by providing the energy for microorganisms 
to carry out cometabolism; in this case, the xenobiotic is degraded as a secondary 
substrate [45, 71–73]. PSMs can be used as a primary source of carbon for bacterial 
communities to support their growth and stimulate the expression of desirable 
genes involved in the catabolic pathway of given xenobiotic. This is evident in the 
case of biphenyl, naringin, coumarin, myricetin, and l-carvone, which stimulate 
the activity of polychlorinated biphenyl (PCB)-degrading bacteria such as  
A. eutrophus, Corynebacterium sp., P. putida [79], and Arthrobacter sp. strain B1B 
[80]. Another example of PSM-stimulated PCB biodegradation was identified in 
mulberry (Morus sp.). In this case, the PSMs morusin, morusinol, and kuwanon 
C have been found to support the growth of the PCB-degrading bacterium 
Burkholderia sp. LB400 [81]. Likewise, the PSM (cumene) stimulates the activity 
of TCE-degrading R. gordonia bacteria [85]. According to Yi et al. [82], salicylic and 
linoleic acids, excreted by Raphanus sativus, enhanced the bioavailability of polycy-
clic aromatic hydrocarbons (PAHs) and increased the effectivity of their removal 
form soil. According to Ely and Smets [83], PAH biodegradation is stimulated by the 
presence of phenolic compounds, flavonoids, and gibberellic acid. Compounds such 
as acetophenone, phenethyl alcohol, p-hydroxybenzoic acid, and trans-cinnamic 
acid enhance the biotransformation of cis-1,2-dichloroethylene [84].

In addition, it has been hypothesized that PSMs may also induce the detoxifica-
tion mechanisms taking place in bacterial cells [85, 86]. The expression of func-
tional genes in bacteria is essential for the successful bioremediation of xenobiotics 
and can be stimulated by PSMs in different ways. However, very little information 
is given in the literature regarding the influence of PSMs on the induction of genes 
involved in catabolic pathways. Siciliano et al. [87] report greater induction of 
catabolic genes (ndoB, alkB, xylE) involved in the degradation of naphthalene in 
the rhizosphere soil of Festuca arundinacea (tall fescue) than in unplanted soil. 
Salicylate has been reported to have an upregulating effect on the expression of 
bphA, which encodes biphenyl dioxygenase in the PCB degrader Pseudomonas sp. 
Cam-1 [88]. The presence of salicylic acid was found to enhance the expression of 
the bphA gene in R. eutropha H850 and P. fluorescens P2W [89].

In addition, it has been hypothesized that the structural similarity between 
selected xenobiotics and PSMs may have a profound impact on the biodegradation 
of given, structurally related xenobiotic [71, 85]. For example, Urbaniak et al. [35] 
demonstrated the effect of a PSM, syringic acid, on the enhanced removal of struc-
turally similar herbicide, MCPA, by indigenous soil bacteria, with greater MCPA 
depletion being achieved in samples enriched with PSM. The molecular analysis 
revealed ubiquitous enrichment of the samples with Rhodoferax spp., Achromobacter 
spp., Burkholderia spp., and Cupriavidus spp., which are commonly known as MCPA 
degraders. Also, a study by McLoughlin et al. [89] found the PSMs limonene and 
α-pinene to enhance 2,4-DCP degradation, but only following pre-exposure to both 
2,4-DCP and monoterpene, with total 2,4-DCP mineralization extents of up to 71%.

Taking into account the abovementioned aspects, rhizoremediation can serve as 
a potential tool for phenoxy herbicide removal from soil ecosystems. However, to 
date, most studies have focused solely on the phyto- or biodegradation properties 
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of plants or bacteria [71]. Consequently only limited data is available in terms of the 
impact of rhizoremediation on phenoxy herbicide removal from soil.

3.4 Endophyte-enhanced phytoremediation

Endophytic bacteria that reside inside plant tissues are also known to play a 
crucial role in the remediation of organic compounds. Plant-associated bacteria 
can enhance plant growth and degrade organic contaminants such as trichloroeth-
ylene and hydrocarbons [90]. The activity of endophytic bacteria can mitigate and 
improve plant conditions in stressful environments (such as contaminated soils). 
Field studies by Eevers et al. [91] showed that zucchini (Cucurbita pepo) plants 
inoculated with a consortium of three plant growth-promoting endophytic strains 
demonstrated an increased concentration of dichloro-bis(p-chlorophenyl)ethylene 
(DDE) in the aerial parts. The amount of DDE accumulated in C. pepo per growing 
season was significantly higher for inoculated plants. Thus such an approach might 
be promising for phytoremediation applications.

It has also been found that application of 2,4-D (1.42, 2.84, and 5.68 mg a.i./g 
soil) had a negative effect on the physio-morphological parameters of aerobic rice 

Method Compound Initial 
concentration 
of compound 

used in an 
experiment

Duration 
of an 

experiment 
(days)

Removal 
of 

phenoxy-
acetic 

acid (%)

Comments Source

Bioremediation 2,4-D and 
MCPA

0.09 mmol/kg 
of soil

118 60 Activity of 
bulk soil 

microbial 
population 

from various 
soil samples

[93]

2,4-D 1.8 kg/ha 10 45–48 Activity of 
bulk soil 

microbial 
population 

from clay and 
loamy soil 
samples

[94]

Phytoremedi-
ation and 
rhizoremedi-
ation

2,4-D 11.42 kg/ha 20 49 Use of  
P. neochilus for 
phytoremedi-

ation

[76]

2,4-D
2,4-DCP

1.22 10−3 μm
1.19 10−3 μmol

66 ~60 Activity of 
rhizospheric 
soil bacteria 
derived from 

monocots

[68]

Endophyte-
enhanced 
phytoremedi-
ation

2,4-D 47–360 mg/kg 
of soil

53 93–100 The 
inoculation of 
P. sativum by 
endophytic 

bacteria  
P. putida 
VM1450

Table 5. 
Biological remediation methods and % average removal of phenoxy herbicides from soil matrices.
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(Oryza sativa) and reduced the number of plant endophytes [92]; however, inocu-
lation of seeds with the endophytic bacteria strain Stenotrophomonas maltophilia 
improved plant characteristics under herbicide-stressed soils. S. maltophilia has 
previously been described as a plant growth-promoting endophytic strain with the 
ability to produce auxins and siderophores [92].

Bacterial endophyte-enhanced phytoremediation was also studied by Germaine 
et al. [78] on the example of P. sativum: plants were inoculated with genetically 
tagged endophytic bacteria, which naturally possess the ability to biodegrade 2,4-D. 
The inoculated plants not only displayed more efficient herbicide removal but also 
demonstrated a lack of 2,4-D accumulation in their aerial parts. Additionally the 
endophytic strain protected the pea plant from the toxic effects of 2,4-D, resulting 
in a greater increase of plant biomass and thus greater 2,4-D transportation to the 
aboveground parts of the plant from the soil.

Table 5 compares the presented biological methods of remediation of soils 
contaminated with phenoxy herbicides. It illustrates the differences of the removal 
of phenoxy herbicides from soil. It is apparent from this table that the most efficient 
method of contaminant removal is endophyte-assisted phytoremediation; however, 
more research on this topic needs to be undertaken before the association between 
role of symbiotic microorganisms and plants in removal of contaminants from 
environmental matrices is more clearly understood.

4. Conclusions

Uncontrolled use of phenoxy herbicides (2,4-D and MCPA) in the agricultural 
and gardening sector can result in their dispersal in soil and water ecosystems, 
which can significantly disturb the sustainability of the environment and increase 
its ecotoxicity level. Although their persistence in soil is limited due to their 
chemical characteristics, they can be transported and accumulated in water 
ecosystems through runoff and leaching. According to recent reports, phenoxy 
herbicides are especially toxic for plants, freshwater crustaceans, and amphib-
ians; hence there is a growing need to limit the release of phenoxy acids in natural 
environments.

Taking into account the abovementioned aspects, the integration of bio-, 
phyto-, and rhizoremediation can serve as a potential tool for phenoxy herbicide 
removal from soil ecosystems. The ability of bacteria to metabolize phenoxy 
herbicides has been extensively studied over the last decades. However, to date, only 
limited data is available in terms of the impact of phyto- and rhizoremediation on 
phenoxy herbicide removal from soil. What is not yet clear is the impact of PSMs on 
the degradation of phenoxy herbicides. The similarity of the chemical structure of 
chosen PSMs and xenobiotics can be reflected in the xenobiotic degradation rates, 
e.g., the presence and induction of degradative genes and production of degradative 
enzymes, and the composition of microbial populations. To date, little evidence has 
been found associating the removal of phenoxy herbicides using both plants and 
microorganisms. However, the abovementioned research serves as a base for future 
studies on their application for the improvement of soil quality.

Considering the above, the chapter describes an interdisciplinary approach 
to tackling the problem of environmental phenoxy acid herbicide contamination 
through integrating available literature data on the physicochemical properties 
of 2,4-D and MCPA, as well as their levels in the environment and toxicity to 
the organisms from different trophic levels. It also outlines possible methods 
for their removal using nature-based techniques such as bio-, phyto-, and 
rhizoremediation.
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Control
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Abstract

Wool geotextiles were formed from the meandrically arranged thick ropes and 
used as erosion control products. The geotextiles were installed in the experimental 
sites to protect the endangered slopes and the bank of ditches. Additionally, as a 
reinforcement of the soil, loose wool fibres were applied. The progress of wool 
biodegradation on the slope was investigated. Changes in the outer appearance, 
mechanical parameters, molecular structure and fibre morphology were analysed. 
Moreover, the nitrogen content in the soil and the effect of compounds released into 
soil on the grass growth were studied. The measurements revealed that the biodeg-
radation starts at the cleavage of disulphide bonds, followed by disruption of the 
peptide bonds. Degradation is initiated in the outer cuticle and is followed by the 
decomposition of the inner cortical cells. During biodegradation, the nitrogen-rich 
compounds are released. The compounds act as an effective fertiliser which sup-
ports the growth of grass and significantly accelerates the greening of the slope.

Keywords: wool, geotextiles, erosion control, biodegradation, enzymes

1. Introduction

Sheep wool belongs to the oldest known natural fibres. The history of wool 
application coincides with the history of mankind. In many countries wool is highly 
valued, and manufacturing of wool products has a very long tradition.

For a long time, wool has been used for production of apparel textiles. Fine 
fibres have been used to manufacture high-quality fabric for luxury clothing. 
Coarser fibres were used to produce yarns used for knitting the traditional wool 
products. Coarser wool has been also successfully used for production of blankets, 
carpets and other interior textiles.

In the recent years, apart from the traditional products available on the market, 
new wool technical textiles appeared [1, 2]. Among them the most popular are acous-
tic and thermal materials used in the construction industry for insulation of pitched 
roofs, walls and ceilings [3–8]. For commercial application, also wool oil sorbents  
[9, 10], heavy metal-absorbing materials [11, 12] and geotextiles [13] are used.

Wool geotextiles include mats or blankets spread out on the ground and products 
which are buried in the soil. The mats are used to protect grass seeds in the ground. 
Due to wool’s natural ability to regulate the temperature, mats create the proper 
microclimate for seed germination and, later, ensure favourable conditions for plant 
growth. The geotextiles buried in the soil are used in agriculture as plant fertilisers 
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which are buried in the soil. The mats are used to protect grass seeds in the ground. 
Due to wool’s natural ability to regulate the temperature, mats create the proper 
microclimate for seed germination and, later, ensure favourable conditions for plant 
growth. The geotextiles buried in the soil are used in agriculture as plant fertilisers 
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and materials to improve moisture retention [14]. Some products are applied as ero-
sion control materials to protect unstable slopes and embankments [15, 16].

Wool geotextiles do not have a great global significance. The vast majority of geotex-
tiles is produced from synthetic polymers and various biodegradable, natural materials. 
There are also products manufactured from the cellulosic fibres, mostly jute and coir [17].

In some cases, using wool for production of the geotextiles is reasonable and 
economically justified. As the product inseparably connected with sheep breeding, 
wool is available locally. Sometimes, due to low demand from the textile industry, 
the fibres are not further processed. There are attempts to use wool in agriculture as 
a nutrient promoting the plant growth [18–21] and organic nitrogen fertiliser [22], 
or it is mixed with clay to obtain environmentally friendly earthen construction 
materials [23–25]. However, these attempts are not always effective. Thus produc-
tion of the wool geotextiles is a reasonable alternative, especially in the case of poor-
quality wool treated as waste and a troublesome by-product of sheep breeding.

The geotextiles are exploited in contact with the soil in a humid environment. 
In such circumstances they are affected by the microorganisms naturally present in 
the soil. Microorganisms, both fungi and bacteria, secrete the extracellular enzymes 
which process the wool as a source of carbon, nitrogen and sulphur [26–28]. As a 
result, the wool is subject to gradual biodegradation. This process leads to the loss of 
mechanical strength and deterioration of the geotextile properties.

The biodegradation of geotextiles depends on the wool characteristic, product 
parameters and several environmental factors.

Sheep wool belongs to the group of the proteinaceous fibres which are built 
from the proteins formed by condensation of l-α-amino acids. A single fibre is 
composed from approximately 82% of keratinous proteins with high concentration 
of cystine and 17% of nonkeratinous proteins with a relatively low cystine content. 
Additionally, the wool contains approximately 1% by mass of non-proteinaceous 
material, mainly waxy lipids and polysaccharides [29].

A significant portion of the protein chains occur in the form of α-helix and form 
a compact structure of α-keratin, stabilised with different covalent and noncovalent 
bonds. The main bonds responsible for keratin stabilisation are disulphide bonds of 
cystine. The bonds form the intermolecular cross-links between different protein 
chains as well as intramolecular connections between different parts of the same 
protein chains. In addition to the disulphide bonds, the keratin structure is stabi-
lised by the isopeptide linkages formed between the amino groups of lysine and 
carboxyl groups of aspartic or glutamic acid as well as by numerous noncovalent 
interactions: ionic bonds, hydrogen bonds and hydrophobic interactions.

The biodegradation of keratin is a two-stage process. In the first stage, the major part 
of the disulphide bonds, which prevent the protein-hydrolysing enzymes from access-
ing the peptide bonds, is broken. Then, keratin is hydrolysed by extracellular proteases, 
and the peptide bonds are disrupted. As a result, the soluble peptides which are further 
hydrolysed to particular amino acids are released. According to Kunert, the biodegrada-
tion caused by the fungus includes sulfitolysis and proteolysis [30, 31]. During sulfitoly-
sis the disulphide bonds between polypeptide keratin chains cleave to S-sulfocysteine, 
and cysteine occurs. The reaction takes place under the alkaline conditions in the 
presence of inorganic sulphite produced by the fungus [32]. Sulfitolysis entails protein 
denaturation which facilitates the attack of keratinolytic proteases. As a result of protease 
activity, the denatured keratin proteins undergo proteolysis during which the peptide 
bonds are disrupted. Consequently, the simpler proteins, individual amino acids and 
ammonia, are released. According to Yamamura, in the first stage of degradation caused 
by the bacterium, the disulphide bonds get reduced by the disulphite reductase-like 
protein. The denatured keratin formed in the first stage is later decomposed by protease. 
Finally, the soluble products, peptides and/or amino acids, are released [33].
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Wool fibres have complex morphology and consist of the outer layer of cuticle 
cells surrounding the inner cortex.

The cuticle cells consist of approximately 10% of the fibre weight. The flattened 
cells form the external layer and the characteristic scales on the fibre surface. The 
subsequent scales overlap in the longitudinal direction like tiles on a roof, with the 
edge pointing from the root to the tip of the fibre. The degree of overlap is about 
one-sixth of the length of the cuticle cells. For fine wool, except places where two 
cells overlap, the cuticle is normally one cell thick. In coarse fibres, the cuticle is 
thicker and consists of up to 15 layers of cells. Cuticle cells in fine wool range in 
thickness from 0.3 to 0.5 μm, while their length and width are about 30 μm and 
20 μm, respectively [34].

The cuticle has a higher cystine content than the whole wool and is rich in cystic 
acid, serine, proline, glycine and valine [35]. The amino acids present in the cuticle 
belong to non-helix-forming amino acids which do not promote the formation of 
the α-helical structure. As a result, the cuticle structure is more amorphous than in 
the rest of the fibre.

The cuticle cells are composed of two distinct major layers: the outer exocuticle 
and the inner endocuticle. The exocuticle is the layer around 0.3 μm thick and rep-
resents approximately 60% of the total cuticle cell. The outer part of the exocuticle 
consists of a dense layer called the A layer. The exocuticle extends partly around the 
scale edges and contains the major amount of the cystine occurring in the cuticle. 
The endocuticle is around 0.2 μm thick and exhibits low cystine content, has a 
relatively low disulphide cross-link density and is classified as one of the nonkerati-
nous components of the fibre. The low cystine content makes the endocuticle more 
susceptible to chemical or enzymatic attack.

Individual cuticle cells are surrounded by a thin membrane called the epicuticle. 
The epicuticle is approximately 2–7 nm thick and is part of the resistant membrane 
system which surrounds all cuticle and cortical cells. The surface of the epicuticle 
is covered by a thin layer of a complex mixture of polar and non-polar lipids with 
long-chain fatty acids [36, 37]. The lipids are covalently bonded via the ester or 
thioester linkages and are responsible for the hydrophobic character of the surface 
of the wool fibres.

The cortical cells comprise the main bulk of almost 90% of the wool fibre. The 
long and spindle-shaped cortical cells are approximately 100 μm long and 3–6 μm 
wide. The cells are closely packed and oriented parallel to the fibre axis. The cells are 
composed of rod-like elements of crystalline proteins called intermediate filaments 
(microfibrils) embedded in an amorphous matrix. The intermediate filaments have 
the diameter of 7 nm and are built from the protofibrils formed by coiled coils of 
two or three α-helices of individual protein molecules. Simultaneously, the interme-
diate filaments are grouped together into the larger cylindrical units, the so-called 
macrofibrils with the diameter of about 0.3 μm [38].

The cuticle and the cortical cells are separated by the cell membrane complex 
(CMC). The CMC forms continuous network and provides adhesion between the par-
ticular cells. The membrane accounts for approximately 3.5% of the fibre, and its thick-
ness is around 25 nm. The CMC is built from adhesive material that binds the cuticle 
and cortical cells together and consists of the central δ layer approximately 15 nm thick 
sandwiched by the two lipid layers called β-layers, each about 5 nm thick [39].

Due to various composition and cystine content, certain morphological elements 
exhibit various resistance to enzymes. Each part the biodegradation rate is different.

Based on the investigations on human hair which exhibits similar structure and 
morphology, various mechanisms for keratinous fibre degradation were proposed.

According to Kunert, degradation is initiated in the intercellular space in the 
cuticle. Degradation of the cell membrane complex is accompanied by the invasion 
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of enzymes into the endocuticle. After the dissolution of the cell membrane com-
plex, the individual cuticle cells are released and then gradually detached from one 
another. In the next step, the other parts of cuticle are slowly degraded. In the corti-
cal layer, degradation starts in the intercellular spaces and progresses towards the 
keratin located between the macrofibrils. As a result, the separation of macrofibrils 
is observed. The separation is followed by the gradual degradation of macrofibrils, 
both from the surface and from the centre of the bundle. During the next stage, a 
gradual separation of individual microfibrils occurs [40, 41].

According to Wilson, degradation occurs in a predictable sequence, dependent 
on the composition and, hence, relative resistance of the hair structural elements 
to degradation by microorganisms. Degradation starts with the decomposition of 
cystine-poor components in both the cuticle and cortical cells. In the cuticle cells, 
the structural breakdown takes place in accordance to the sequence: cell membrane 
δ-layer, endocuticle, cell membrane β-layers, exocuticle, epicuticle and A layer. In the 
cortical cells, decomposition occurs as follows: cell membrane δ-layer, cell membrane 
α-layers, intermacrofibrillar matrix, microfibrils and intermicrofibrillar matrix [42].

According to Filipello Marchisio, biodegradation caused by fungi takes place 
in two possible mechanisms. The first mechanism, the so-called surface erosion, 
involves gradual destruction of the fibre from the external cuticle inwards to the 
cortical layer. According to this mechanism, the δ-layer of the cell membrane is 
attacked first. Then, the process continues by invading the hyphae under the scales. 
The hyphae lift up the cuticle and then secrete enzymes which digest the scales, 
starting from the cystine-poor endocuticle. In the next stage, the β-layers of cell 
membrane complex are digested, which is followed by destruction of the remaining 
cuticle layers. Then, the fungal hyphae attack the outer layers of the cortical cells. 
In this case, digestion appears to progress more rapidly. The cortex loses its compact 
structure, and the cells and macrofibrillar bundles of keratin become separated.

The second mechanism, called the radial penetration, involves random attack 
by variously specialised fungal hyphae which penetrate the fibre perpendicular to 
its surface. As a result, deep holes with a small diameter axis are formed [43, 44]. 
DeGaetano revealed that the holes exhibit minimal branching and their openings 
are placed under the scale edges or directly on the scale surface [45].

As for the product parameters, water absorption capacity is of a great impor-
tance for the course of wool biodegradation. For wool nonwovens, due to their 
porous structure with numerous open pores in the micron and submicron scales, 
water retention capacity reaches high values. Contrary to the woven and knitted 
fabrics, the porous structure geometry in the nonwovens is less uniform and is 
characterised by a greater distribution of pore size. The amount of absorbed water 
can be several times greater than the weight of the dry product. The water absorbed 
inside the nonwovens is stored for several days and then is slowly released into the 
environment. Persistent high humidity promotes the development of microorgan-
isms, what significantly accelerates the biodegradation processes [46].

The most influential environmental factors include geographical location, 
ultraviolet exposure, temperature and humidity [47, 48]. Solazzo revealed that 
deterioration of textiles is dependent on the burial conditions, soil composition, 
pH, temperature, oxygen content and contact with wood coffins and metals [49].

Previous investigations on the biodegradation of wool in the soil focused on 
archaeological textiles [50, 51]. The literature lacks information on the biodegrada-
tion of the contemporary used wool geotextiles.

The chapter presents the results of investigations on the biodegradation of 
the wool geotextiles designed for erosion control. The geotextiles were installed 
in some experimental sites, and their biodegradation during 2 years of operation 
was studied.
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2. Materials and methods

2.1 Materials

The locally available wool fibres with the length between 8 and 13 cm and the 
diameter between 25 and 32 μm sheared from the Polish mountain sheep were 
applied. Scoured fibres were used to produce a needle-punched nonwoven. The 
nonwoven was manufactured in industrial conditions by interlocking the wool 
carded web by means of the one-side needling machine operated from above with 
the punching density of 70 cm−2. The product was the nonwoven with the thickness 
of 5.8 mm and the mass of 406 g/m2.

The nonwoven strips were used for production of thick ropes with the diameter 
of 12 cm. The ropes were manufactured with the Kemafil machine [52]. The rope 
cores, made from densely packed wool nonwoven, were wrapped with a sheath 
made from cotton or thin polypropylene twine with the linear density of 240 tex.

The ropes were arranged in a meander-like pattern. Segments with the width 
of 2 m and the length adjusted to the length of the slope were prepared. In each 
segment, the subsequent turns of ropes were connected with five regularly spaced 
links. The polypropylene three-wire twine from fibrillated fibres with the linear 
density of 10 g/m was used for linking.

One slope was protected with the ropes made from a mixture of recycled fibres. The 
ropes installed on the slope were covered with the soil mixed with wool fibres. Mixtures 
of soil containing 0.25, 0.5 and 1% of wool in relation to dry soil weight were used.

2.2 Methods

During exploitation of the geotextiles, the behaviour of slopes was regularly 
monitored. The development of vegetation, density of the green cover as well as 
its colour were visually evaluated. Simultaneously, the external appearance of the 
ropes and the nonwovens was evaluated organoleptically. Periodically, the samples 
of geotextiles from randomly selected locations were taken for laboratory tests. 
Before examinations the samples were dried at room temperature and then mechan-
ically cleaned from plant roots and soil particles. During the examinations the 
mechanical parameters of the nonwoven were determined. The tensile strength and 
elongation at break were measured in accordance with the Polish standard PN-EN 
ISO 10319:2010 [53]. The measurements were carried out along and across the non-
woven by means of the KS50 Hounsfield tensile machine equipped with the wide 
jaws. The static puncture resistance was determined by the California bearing ratio 
(CBR) test, in accordance with the Polish standard PN-EN ISO 12236:2006 [54]. 
The dynamic puncture resistance was measured using the cone drop test, in accor-
dance with the Polish standard PN-EN ISO 13433:2006 [55].

The fibre morphology was studied by means of the scanning electron micros-
copy (SEM). A scanning electron microscope JEOL JSM 5500 LV was applied. The 
microscope was operated in the backscattered electron mode. Prior to observations, 
the fibres were sputtered with gold in JEOL JFC 1200 ionic sputter.

The chemical composition of wool keratin was analysed using the Fourier-
transform infrared spectroscopy (FTIR). The FTIR spectrometer Nicolet 6700 
equipped with a mirror beam collimator was applied. The measurements were car-
ried out for tablets formed from the chopped fibres blended with powdered sodium 
chlorine NaCl. The spectra were registered in the range from 400 to 4000 cm−1. 
During the analysis, the spectra were smoothed with the OMNIC software and 
normalised against the peak intensity. The band at 1451 cm−1 corresponding to CH2 
group was chosen for normalisation.
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During the investigations, the nitrogen content in the soil was measured. The 
content of organic, ammonium (NH4+), nitrite (NO2−), nitrate (NO3−) as well as 
Kjeldahl and total nitrogen was determined. The measurements were performed 
according to the Polish standards: PN-ISO 7150-1:2002, PN-73C-04576:2006, 
PN-82C-04576:1982 and PN-EN 25663:2001 [56–59].

2.3 Installation sites

The wool fibres and wool geotextiles were installed in four experimental sites 
situated in Bielsko-Biala and surroundings. All sites were located in southern 
Poland, the temperate climate zone.

In the preliminary research, the samples of ropes made from the wool nonwoven 
were buried in the experimental site located in the university campus. Then, the geotex-
tiles formed from the meandrically arranged thick ropes were used for the renovation 
of the bank of the drainage ditch damaged by water surface erosion. In further inves-
tigations, the similar wool geotextiles were used for stabilisation of steep slope prone 
to sliding in the abandoned gravel pit. In both places, the segments of geotextiles were 
spread on the surface of the slopes and anchored to the slopes with metal “U-shape” 
pins. Finally, the geotextiles were covered with a layer of topsoil (Figure 1).

In recent examinations, geotextiles made from the recycled fibres were applied 
for protection of a steep slope exposed to intensive rill erosion. The slope was 

Figure 2. 
Installation of the geotextiles in Lipnik, (a) mixing fibres with the soil, (b) the geotextiles covered with a layer of 
soil mixed with fibres.

Figure 1. 
Installation of the geotextiles, (a) bank of the drainage ditch in Miedzyrzecze, (b) slope in the abandoned gravel 
pit in Nieboczowy.
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located between flat terraces artificially formed on a gently sloping hill. In this case, 
the geotextiles were covered with soil reinforced with loose wool fibres (Figure 2).

In two locations (Bielsko-Biala and Lipnik), the grass seeds were sown on the 
installed geotextiles. The seed was a commercial mixture of perennial ryegrass 
(Lolium perenne), commonly used for slope stabilisation.

Basic characteristic of the experimental sites is presented in Table 1. More 
details concerning the site characteristic and installation procedure were presented 
in the previous publications [60–65].

3. Results

3.1 Slope greening

In site B-B, the samples of ropes were buried in the ground in autumn. In the 
spring, with the beginning of the vegetation season, the growth of grass was initi-
ated. After a few weeks, the plot was covered with green. In places where wool ropes 
were buried, the grass was higher and dark green (Figure 3a).

In site M, the geotextiles were installed in late spring. In the first year, during the 
whole vegetation season, rare and miserable self-sown plants appeared on the bank. 
In the following vegetation season, the ditch bank was covered with high and dense 
cover consisting of a mixture of grasses and various local herbaceous plants. The 
plants had an intense dark green colour, much darker compared to the plants grown 
in other parts of the bank (Figure 3b).

In site N, the rope segments were installed at the end of the winter season. 
In the early spring, first sparse seedlings of local species appeared on the slope. 
Then, in the following summer weeks, the slope was covered with a dense green 
cover of grasses and other local herbaceous plants (Figure 3c). Next year the 
slope became green and covered with lush vegetation. The plants reached the high 
altitude and formed a very dense, uniform cover on the whole surface of the slope. 
In comparison to the previous year, the vegetation cover was much denser. Apart 
from the species observed in the previous season, more than 20 other species were 
identified.

In site L, the geotextiles made from recycled fibres were covered with the soil 
mixed with wool in the early spring. Shortly after sowing, the quick growth of 
grass was observed. About 2 months later, the slope was completely greened and 

Site Bielsko-Biala (B-B) Miedzyrzecze (M) Nieboczowy (N) Lipnik (L)

Product form Ropes Ropes Ropes Fibres

Object Experimental flat plot Bank of the drainage 
ditch damaged by 

erosion

Unstable slope in 
the abandoned 

gravel pit

Slope between 
terraces damaged 

by erosion

Inclination Flat 1:1.5 1:1.8 1:1.5

Length — 6 m 5 m 5.5 m

Installation 
time

October 2014 May 2015 February 2016 April 2017

Covering soil Sandy silty clay Clay of low plasticity Clay of high 
plasticity

Clay of low 
plasticity

pH 7.2 7.1 7.0 7.0

Seeding Yes No No Yes

Table 1. 
Experimental sites and their characteristics
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coated with a dense grass cover. The highest and the most dense grass cover with 
an intense dark green colour appeared in the places protected with the soil mixed 
with wool (Figure 3d).

The ropes were covered with native soil poor in nitrogen compounds. The total 
nitrogen content in the soil before installation on the slope was low and included 
mainly nitrogen in an organic form (Table 2). Once the wool was added, the 
nitrogen content in the soil, mainly organic nitrogen, increased by fourfold. After 
6 months of using the slope, the organic nitrogen content in the ground decreased 
by almost a half. At the same time, a slight increase in the content of ammonium 

Nitrogen content [mgN/g]

Organic Ammonium
NH4

+
Nitrite
NO2

−
Nitrate

NO3
−

Kjeldahl Total

1 615 25.2 1.2 0 640 641

2 2481 29.1 1.4 0 2510 2511

3 1396 33.7 1.6 207 1430 1639

4 1338 105.5 2.7 84 1444 1530

1, soil without fibres; 2, soil mixed with wool; 3, soil mixed with wool after 6 months; 4, soil mixed with wool after 
12 months

Table 2. 
Nitrogen content in the soil mixed with wool used for covering of ropes on the slope in Lipnik

Figure 3. 
Influence of wool on slope greening, (a) Bielsko-Biala (6th month), (b) Miedzyrzecze (12th month), (c) Nieboczowy 
(4th month), (d) Lipnik (3rd month).
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nitrogen and a significant increase in nitrate nitrogen were observed. In the sec-
ond year of exploitation, after 1 year the total nitrogen content in the soil mixed 
with wool was slightly lower. In this time, the majority of nitrogen occurred in 
the organic form. The soil also contained a significant amount of ammonium and 
nitrate form.

3.2 External appearance

In site B-B, after first 12 months of exploitation, the nonwoven did not show 
external signs of damage. In this time the ropes made from the nonwoven kept their 
physical permanence. Then, in the following months, the discolorations of wool 
appeared. The fibres forming the nonwoven became fragile, and the nonwoven 
could easily be torn in hands.

In site M, the first visible signs of degradation were observed after 1 year of 
exploitation. Serious damage of the nonwoven was revealed in many places on the 
bank. Plenty of gnawing holes, discolorations and numerous signs of rotting were 
visible in the nonwoven. In some places only the rotten remnants of the nonwoven 
were found. After 18 months the nonwoven completely lost its mechanical integrity.

In site N, there were no visible signs of damage of the nonwoven during the 
first year. The ropes maintained their shape and mechanical integrity. After 18 
months, under the weight of the covering soil, the previously round ropes became 
flat. Simultaneously, in the nonwoven forming the outer layer of the ropes, small 
gnawing holes appeared.

In site L, shortly after mixing wool with the soil, the fibres became fragile. Few 
weeks after introducing into the soil, the destruction of fibres was already strongly 
advanced. After 6 months only short and broken remnants of the fibres were visible.

3.3 Mechanical parameters

Table 3 presents basic mechanical parameters: tenacity and elongation at break 
of wool nonwovens before installation and after several months of exploitation in 
the ground.

For the ropes buried in the site B-B, the tenacity of the nonwoven decreased 
by 51% after 6 months. After 12 months the reduction of the nonwoven tenacity 
reached 95%. At the beginning the elongation did not change, and then, after 12 
months, it decreased by 58%. For the ropes buried in the ground for a longer time, 
the nonwoven was easily torn in hands, so it was impossible to measure its strength.

For the geotextiles installed in the site M, during first 6 months, the tenacity 
decreased by 28%. In the months that followed, the reduction of the nonwoven 

Site Months Tenacity [kN/m] Elongation at break [%]

— 0 0.67 ± 0.1 40 ± 3

Bielsko-Biała 6
12

0.34 ± 0.01
0.04 ± 0.01

39 ± 3
17 ± 3

Miedzyrzecze 6
12

0.48 ± 0.02
0.05 ± 0.01

28 ± 2
24 ± 2

Nieboczowy 6
12
18

0.62 ± 0.01
0.40 ± 0.01
0.07 ± 0.01

33 ± 3
31 ± 3
39 ± 3

Table 3. 
Mechanical parameters of the wool nonwoven exploited on slopes
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Influence of wool on slope greening, (a) Bielsko-Biala (6th month), (b) Miedzyrzecze (12th month), (c) Nieboczowy 
(4th month), (d) Lipnik (3rd month).
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nitrogen and a significant increase in nitrate nitrogen were observed. In the sec-
ond year of exploitation, after 1 year the total nitrogen content in the soil mixed 
with wool was slightly lower. In this time, the majority of nitrogen occurred in 
the organic form. The soil also contained a significant amount of ammonium and 
nitrate form.
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bank. Plenty of gnawing holes, discolorations and numerous signs of rotting were 
visible in the nonwoven. In some places only the rotten remnants of the nonwoven 
were found. After 18 months the nonwoven completely lost its mechanical integrity.

In site N, there were no visible signs of damage of the nonwoven during the 
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months, under the weight of the covering soil, the previously round ropes became 
flat. Simultaneously, in the nonwoven forming the outer layer of the ropes, small 
gnawing holes appeared.

In site L, shortly after mixing wool with the soil, the fibres became fragile. Few 
weeks after introducing into the soil, the destruction of fibres was already strongly 
advanced. After 6 months only short and broken remnants of the fibres were visible.

3.3 Mechanical parameters

Table 3 presents basic mechanical parameters: tenacity and elongation at break 
of wool nonwovens before installation and after several months of exploitation in 
the ground.

For the ropes buried in the site B-B, the tenacity of the nonwoven decreased 
by 51% after 6 months. After 12 months the reduction of the nonwoven tenacity 
reached 95%. At the beginning the elongation did not change, and then, after 12 
months, it decreased by 58%. For the ropes buried in the ground for a longer time, 
the nonwoven was easily torn in hands, so it was impossible to measure its strength.

For the geotextiles installed in the site M, during first 6 months, the tenacity 
decreased by 28%. In the months that followed, the reduction of the nonwoven 

Site Months Tenacity [kN/m] Elongation at break [%]

— 0 0.67 ± 0.1 40 ± 3

Bielsko-Biała 6
12

0.34 ± 0.01
0.04 ± 0.01

39 ± 3
17 ± 3

Miedzyrzecze 6
12

0.48 ± 0.02
0.05 ± 0.01

28 ± 2
24 ± 2

Nieboczowy 6
12
18

0.62 ± 0.01
0.40 ± 0.01
0.07 ± 0.01

33 ± 3
31 ± 3
39 ± 3

Table 3. 
Mechanical parameters of the wool nonwoven exploited on slopes
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tenacity was much higher and reached 93% after 1 year of exploitation. The reduc-
tion of the nonwoven tenacity was connected with the decrease of the elongation, 
30 and 40% after 6 and 12 months, respectively. Similarly to the samples taken in 
site B-B, the nonwoven exploited for a longer time disintegrated easily in hands, and 
it was impossible to measure its strength.

For the samples exploited in the site N, the reduction of the nonwoven tenacity 
was relatively small in the first period and after first 6 months equalled to only 7%. 
Another 6 months later, it exceeded 35%. During the months that followed, a rapid 
drop of the nonwoven strength was detected. After 18 months the tenacity reached 
the minimal value which was 85% lower than the value measured for nonwoven 
taken after 1 year. The reduction of the nonwoven tenacity was connected with the 
increase of the elongation at break. The extreme increase of the elongation was 
observed for the nonwovens exploited in the soil for 18 months.

Table 4 presents the values of static and dynamic puncture resistance measured 
for the nonwovens before installation and after several months of exploitation in 
the ground.

Puncture resistance illustrate the resistance of the nonwovens to multidirec-
tional loads. The measurement of static resistance simulates the pressure exerted by 
roots or stones onto the geotextiles lying on the ground. The test involves pushing 
a plunger through a flat specimen, while the penetration force is measured. The 
dynamic resistance measurements imitate dropping sharp stones onto the geotextile 
surface. The test involves dropping of steel cones from a fixed height while the hole 
diameter is measured.

The static puncture resistance of the nonwovens in two sites, B-B and M, 
reduced drastically by 88 and 75% already after 6 months of exploitation. In 
the same time, the dynamic puncture resistance for the specimen taken in B-B 
remained at the same level and for the specimen in M—increased by 19%. During 
further exploitation the nonwoven was weakened, and after 12 months of measur-
ing, the puncture resistance was impossible.

As for the nonwoven exploited in the site N, the reduction of the puncture 
resistance occurred gradually over time and much less rapidly than in the previous 
sites. After 6 months, the penetration force—as the measure of the static puncture 
resistance—dropped by 44%. Then, after 12 months, the force decreased by 63% 
and remained at the same level even after 18 months of exploitation. Similarly, 
the dynamic puncture resistance changed during the first 6 months by 13%. After 
12 months, the measure of the dynamic puncture resistance changed by 19% and 
remained at this level until 18 months passed.

Site Months Puncture resistance

Static [kN] Dynamic [mm]

— 0 0.16 ± 0.01 32 ± 0.5

Bielsko-Biała 6
12

0.02 ± 0.01
—

30 ± 0.5
—

Miedzyrzecze 6
12

0.04 ± 0.01
—

38 ± 1
—

Nieboczowy 6
12
18

0.09 ± 0.01
0.06 ± 0.01
0.07 ± 0.01

36 ± 3
38 ± 1
39 ± 1

Table 4. 
Puncture resistance of wool nonwoven after exploitation on the slopes
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3.4 Fibre morphology

On the surface of the raw wool fibres, the characteristic scales with smooth 
surface and sharp edges were visible. In the samples taken in the site B-B, irregular 
cracks appeared in many places on the surface of scales already after 1 month of 
exposure in the soil (Figure 4a).

Simultaneously, the erosion of the scale edges began. As the destruction progressed, 
after 6 months the scales became barely visible. In the next months, the outer cuticle 
layer was completely destroyed. Then, the particular macrofibrils with the diameter of 
few microns, parallel to the fibres axis, became visible. After 9 months, the macrofi-
brils still adhered tightly to one another. Later, after 12 months, the macrofibrils were 
more separated. After longer period of soil exposition, the microphotographs showed 
microorganisms digesting the wool structure. The microorganisms possessed relatively 
big dimensions and adhered locally to the fibre surface (Figure 4b).

In the fibre samples extracted in the site M after 6 months, the outer cuticle layer 
was heavily damaged (Figure 5a). In many fibres the scale edges were completely 
eroded, and their surface was partially removed. On some fibres transverse fractures 
or longitudinal cracks were visible. As a result of the mechanical damage, the outer 
cuticle was torn in some fibres. The cracks in the cuticle enabled quick enzymatic 
penetration, what led to the rapid fibrillization of the fibres. Surface of the fibres taken 
after 12 months was colonised by numerous fine microorganisms. The microorganisms 

Figure 4. 
Morphology of wool taken in Bielsko-Biala after (a) 6 months and (b) 12 months.

Figure 5. 
Morphology of wool taken in Miedzyrzecze after (a) 6 months and (b) 12 months.
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3.4 Fibre morphology

On the surface of the raw wool fibres, the characteristic scales with smooth 
surface and sharp edges were visible. In the samples taken in the site B-B, irregular 
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big dimensions and adhered locally to the fibre surface (Figure 4b).

In the fibre samples extracted in the site M after 6 months, the outer cuticle layer 
was heavily damaged (Figure 5a). In many fibres the scale edges were completely 
eroded, and their surface was partially removed. On some fibres transverse fractures 
or longitudinal cracks were visible. As a result of the mechanical damage, the outer 
cuticle was torn in some fibres. The cracks in the cuticle enabled quick enzymatic 
penetration, what led to the rapid fibrillization of the fibres. Surface of the fibres taken 
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Figure 4. 
Morphology of wool taken in Bielsko-Biala after (a) 6 months and (b) 12 months.

Figure 5. 
Morphology of wool taken in Miedzyrzecze after (a) 6 months and (b) 12 months.
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formed large colonies which covered almost the whole fibre surface. In fibres extracted 
after 12 months, the outer cuticle layer was completely destroyed. The scales were 
no longer visible, and, in many places, the inner fibrillar structure of the core was 
exposed. The fibres had many deep and widespread gnawed cavities (Figure 5b).

Unlike the previous sites, the wool taken from the site N after 6 months still has 
well visible scales. The significant changes in fibre morphology were observed after 
1 year. The scales of all the fibres were barely visible, and the continuous protective 
thin layer covering the scales was completely destroyed. After 1 year some fibres were 
colonised with big colonies of microorganisms. The microorganisms formed a thick 
layer on many fibres, which occupied almost the whole fibre surface (Figure 6a).

In the fibres inhabited by microorganisms, large cavities penetrating deep inside 
the fibres were formed. About 18 months after the installation, the scales in almost all 
the fibres were completely removed, and the inner parts of the fibres were exposed. In 
many fibres, loosely connected separated fibrils were revealed (Figure 6b).

The fibres in the site L showed numerous signs of mechanical and biological 
damage already after 2 months. Mechanically damaged fibres were cracked, broken or 
frayed. The scales of many fibres were greatly damaged or even completely destroyed 
(Figure 7a). The deeper layered fragments forming the cortex layer were visible. After 
6 months the majority of the fibres showed an advanced stage of fibrillization (Figure 7b). 
Large fragments of many fibres were missing. After 12 months the fibres were totally 
destroyed, and only fragmentary remnants of fibres could be found.

Figure 6. 
Samples of wool geotextiles taken in Nieboczowy after (a) 12 months and (b) 24 months.

Figure 7. 
Samples of wool geotextiles taken in Lipnik after (a) 2 months and (b) 6 months.
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3.5 Chemical structure

The FTIR spectra of all the investigated fibres showed typical bands assigned 
to the peptide bonds in the amide region. For the raw fibres, before installation of 
the geotextiles in the soil, strong amide I, II and III bands occurred at 1657 cm−1, 
1556 cm−1 and 1244 cm−1, respectively. In the sulphoxide region at 1073 cm−1, the 
band corresponding to S▬O bond was observed. For the raw wool, the band pos-
sessed low intensity and was poorly visible.

The position and intensity of the amide bands did not change during the first 6 
months of exploitation on slopes in three sites: B-B, M and N. The gradual reduction 
in the amide band intensity was noticed after 12 months. The specimens taken from 
the site N recorded a lower reduction of the band intensity. Simultaneously, with 
the decrease of the amide band intensity after 6 and 12 months, the increase of the 
intensity of the S▬O peak was observed.

The fibres mixed with soil in the site L showed no change of the amide band 
intensity during the first 6 months. At the same time, the intensity of the S▬O peak 
was considerably greater (Figure 8).

4. Discussion

Wool biodegradation was caused by the enzymes secreted by the microorgan-
isms in the soil. On the molecular level, the enzymes first attacked the disulphide 
bonds of cystine. At the beginning, few weeks after installation of the geotextiles 
in the soil, disruption of the disulphide bonds occurred mostly in outer cuticle 
cells. Initially, the sharp edges of the scales eroded, and numerous cracks appeared 
on the hitherto smooth-scale surface. The complete destruction of the cuticle cells 
was observed in the next stage. The outer appearance of the geotextiles remained 
virtually unchanged; however, a significant reduction of the mechanical param-
eters was recorded.

Due to high cystine content, the biodegradation of cuticle runs relatively slowly. 
The outer cuticle of the geotextiles used in two sites, B-B and M, was destroyed 

Figure 8. 
FTIR spectra of wool used for mixing with soil to protect the slope in Lipnik; (1) raw fibres; (2) after 6 months.
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within 6 months. In B-B this period was in the winter with temperatures between 
−2 and 5°C (Figure 9). In M it was the summer during the vegetation season 
with temperatures between 10 and 30°C. As for site N, the time of scale destruc-
tion was extended to 12 months. This period included the vegetation season 
with temperatures between 10 and 25°C and winter with temperatures between 
0 and −10°C.

Destruction of the cuticle occurred faster in fibres mixed directly with the 
soil—already 2 months after installation on the slope. In this case, fast destruc-
tion resulted from mechanical damage of the fibre scales, which occurred during 
mixing the fibres with the soil. This rapid degradation was also favoured by 
weather conditions, positive temperatures and high soil moisture ensured by the 
heavy rainfall.

During longer operation in the soil, the fibre surface was colonised by microor-
ganisms. The microorganisms adhered to the fibres surface and secreted enzymes 
which—after disrupting the significant amount of disulphide bonds and denatur-
ing the keratin structure—initiated the breakdown of the peptide bonds. After 
destroying the cuticle cells, the enzymes penetrated into the deeper layers of the 
fibres and caused gradual decomposition of the cortical cells. The process started 
with the breakdown of the amorphous proteins filling the spaces between fibrils. 
As a result, the fibrillar structure of the cortical cells was revealed. In the first stage, 
the fibrils adhered to each other. Over time, single fibrils became more separated. 
Simultaneously, deep and wide cavities appeared in many fibres as the results of 
enzyme activity.

At this stage, the changes recorded in fibre morphology were connected with 
geotextile discoloration, changes in the visual appearance and touch and a drastic 
drop of the mechanical strength.

The biodegradation of cortical cells occurred with a relatively higher velocity. 
Keratin in the cortical cells possesses lower content of cystine and exhibits smaller 
resistance to enzymatic attack. As a result, the separation of fibrils and further dis-
integration of keratin structure occurred relatively quickly—within 3 or 4 months.

Keratin destruction led to the release of the soil nitrogen compounds. 
Immediately after adding the fibres, the content of organic nitrogen in the soil 
increased four times. Then, during the exploitation of the slope, the organic nitro-
gen was transformed into mineral nitrogen forms absorbable by plants. Nitrogen 
compounds, which drive the growth of plants, considerably accelerated the green-
ing of the slopes. Due to rapid wool biodegradation in site L, the influence of wool 
on intense grass growth was immediately observed 3 months after installation. In 
other places the effect was recorded later, in the new vegetation season.

Figure 9. 
Minimal and maximal temperature during operation of the slopes.
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5. Conclusions

The wool geotextiles used for slope and ditch protection remained in humid envi-
ronment and were exposed to the enzymes secreted by the microorganisms naturally 
inhabiting the soil. Enzyme activity resulted in the gradual degradation of wool. The 
process was initiated in the cuticle cells forming the outer layer of the fibres. Due to a 
relatively high enzymatic resistance of proteins forming the cuticle, the destruction 
was carried out relatively slowly. It took at least 6 months to destroy the fibres which 
were not mechanically damaged. Until that time, the geotextiles lost their mechani-
cal properties only to a minimum, maintaining their protective potential.

After a longer time and destruction of the outer cuticle, the enzymes penetrated the 
inner parts of the fibres. In a relatively short period, the separation of fibrils followed 
by the total disintegration of the fibre structure was observed. The changes observed 
in the fibre morphology were connected with a drastic reduction of the nonwoven 
mechanical strength, what caused the geotextiles losing their protective abilities.

At the advanced stage of the biodegradation, the enzymes catalysed the 
breakdown of wool keratin into the soluble peptides and certain amino acids. The 
nitrogen-rich organic compounds released into the soil were gradually transformed 
into mineral nitrogen forms absorbable by plants and acted as effective fertilis-
ers accelerating the growth of protective vegetation. In this time, the vegetation 
gradually took over the protective function of the geotextiles, and once they were 
completely destroyed, the plants ensured the effective protection of the slopes.
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At the advanced stage of the biodegradation, the enzymes catalysed the 
breakdown of wool keratin into the soluble peptides and certain amino acids. The 
nitrogen-rich organic compounds released into the soil were gradually transformed 
into mineral nitrogen forms absorbable by plants and acted as effective fertilis-
ers accelerating the growth of protective vegetation. In this time, the vegetation 
gradually took over the protective function of the geotextiles, and once they were 
completely destroyed, the plants ensured the effective protection of the slopes.
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Cation-Exchange Resin
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Abstract

To effectively use waste materials in developing a sustainable society, 
 adsorbents for removing trace or low concentrations of fluoride, which is  difficult 
to be removed by conventional techniques, were prepared from three waste 
materials: orange juice residue, waste sea weed, and spent cation exchange resin. 
These adsorbents were loaded with tri- or tetravalent metal ions such as iron(III) 
and zirconium(IV), of which zirconium(IV) was found to be most suitable as the 
loaded metal ion. From the pH effect on adsorption, the adsorption mechanism 
was inferred, and adsorption and desorption was found to be controlled by chang-
ing pH values. The maximum adsorption capacities on zirconium(IV)-loaded 
orange juice residue, waste sea weed, and spent cation exchange resin were 
evaluated as 33.1, 18.1, and 37.6 mg/g, respectively, which were higher than those 
of most other adsorbents reported in literatures. They exhibited high selectivity 
for fluoride over other anionic species and high durability. Tests to remove trace 
concentrations of fluoride from actual waste plating solutions revealed that the 
concentration could be reduced below the acceptable level using small amounts of 
these adsorbents, i.e., it was reduced lower than 1.5 mg/dm3 (WHO standard) by 
adding 1 g of the adsorbents into 1 dm3 test solution.

Keywords: adsorptive removal of fluoride, waste materials, orange juice residue, 
waste seaweed, spent cation-exchange resin, zirconium(IV)-loaded adsorbents

1. Introduction

Fluoride is contained in effluents from various industries, such as plat-
ing,  productions of silicon semiconductors and solar panels, nuclear fuels, and 
phosphoric acid from phosphate rocks, as well as the refining of niobium and 
tantalum. The conventional technique for removing fluoride from such effluents 
is by  precipitation as calcium fluoride by adding calcium, such as in the form 
of lime; however, because of the low solubility product of calcium fluoride 
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(Ksp = 3.9 × 10−11 (e.g., see [1])), it is theoretically difficult to lower the con-
centration to less than 8 mg dm−3 and practically difficult to achieve less than 
10 mg dm−3. The maximum acceptable limit of fluoride in drinking water is 
1.5 mg dm−3 (e.g., see [2]). Consequently, some additional treatment is necessary to 
meet the regulation for fluoride before discharging industrial waste solutions into 
the environment. Adsorption techniques, including ion-exchange, are most suitable 
to remove such trace concentrations of contaminants in water. According to the 
well-known Hoffmeister’s selectivity series of anion-exchange [3], the selectivity of 
usual anion-exchange resins for fluoride over other anionic species, such as sulfate 
and chloride (which usually coexist together with fluoride), is low, so it is difficult 
to selectively remove trace concentration of fluoride from actual solutions using 
usual anion-exchange resins. It has therefore been proposed to use cation-exchange 
resins loaded with high-valency metal ions, such as tri- and tetravalent metal 
ions [4]. Figure 1 shows, as an example, the mechanism of adsorption of arsenate 
on a sulfonic acid-type cation-exchange resin loaded with trivalent ferric ion. In 
this case, all three positive charges of the ferric ion cannot be neutralized only by 
the sulfonic acid functional groups (–SO3

−) due to strong steric hindrance of the 
cross-linked polymer matrix; one or two positive charges are neutralized by anionic 
species present in aqueous solution, such as hydroxyl ions, which are substituted by 
the anionic species in question, such as arsenate or fluoride anions. Consequently, 
the adsorption and desorption of these anionic species are controlled by the pH 
values of the aqueous solution.

However, ion-exchange resins, which are highly porous materials, suffer from 
some drawbacks. One disadvantage is clogging of micropores of the resins by 
fine particles present in actual solutions, making the smooth operation in packed 
columns difficult; another issue is cracking of the resin, caused by numerous cycles 
of fluctuations in pH and solute concentrations over long periods of operation, like 
weathering of rocks. In such cases, the resins are wasted.

In our research, we attempted to develop an inexpensive removal technique for 
fluoride that is free from the above-mentioned troubles by using waste materials. In 
this work, biomass wastes such as orange juice residue [5, 6] and waste seaweeds [7] 
and spent cation-exchange resins [8] were employed. This study also aimed to find 
effective uses of waste materials to support the sustainable development of near-
future society.

Figure 1. 
Mechanism of adsorption of anionic species on cation-exchange resins loaded with high-valency metal ions 
(example of adsorption of arsenate ion on sulfonic acid type of strongly acidic cation-exchange resin loaded 
with ferric ion).
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2. Preparation of adsorbents for fluoride removal

2.1 Preparation of adsorbents from orange juice residue

Orange juice is produced from whole oranges by mechanical peeling followed by 
juicing processes. Approximately, half of each orange is left as orange juice residue, 
abbreviated as OJR hereafter, which consists of thick outer rind, thin inner peel, 
seeds, and calyces. Currently, OJR is used as cattle feed and fertilizer in Japan. Its 
main components are polysaccharides, such as cellulose and pectin, partly methyl-
esterified pectic acid, the chemical structures of which are shown in Figure 2, 
together with alginic acid, which is mentioned in Section 2.2.

To prepare the adsorption gel and improve its adsorption capacity for metal ions, 
OJR was treated with calcium hydroxide to increase the content of carboxylic acid 
groups, which are the adsorption sites for cationic metal ions. Saponification of 
the methyl-ester parts of pectin was carried out according to the reaction shown in 
Figure 3 [5].

For example, about 100 g OJR obtained just after juicing, kindly donated by JA 
Saga Beverage Co. Ltd., was added to a juicer with 8 g calcium hydroxide, and the 
sample was pulverized. The resulting mixture was transferred to a beaker, along 
with a large volume of water, and the mixture was stirred for 24 h at 200 rpm and 
room temperature to facilitate the saponification reaction. The initial pH of the 
mixture was maintained at around 12.5 by adding sodium hydroxide solution. After 
decantation, the mixture was repeatedly washed using water and decanted until 

Figure 2. 
Chemical structures of pectin, pectic acid, and alginic acid.
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it reached neutral pH. In this process, water washing is important because OJR 
contains citric acid, which functions as a water-soluble chelating agent, impeding 
adsorption of metal ions or eluting the loaded metal ions. Finally, the mixture was 
filtered to obtain a wet gel, which was dried in a convection oven for about 48 h 
at 70°C to obtain dry gel. The prepared dry gel is referred to as saponified OJR 
gel (SOJR gel). The specific surface area of this gel was measured as 7.25 m2 g−1. 
Figure 4 shows the outline of the preparation route of SOJR gel and metal-loaded 
SOJR gel (zirconium(IV)-loaded SOJR gel, in this case), which will be mentioned 
later.

Figure 5 shows an image of scanning electron microscope of thus prepared SOJR 
gel. As seen from this figure, SOJR gel is not a porous material.

2.2 Preparation of adsorbents from waste seaweeds

In recent years, big cities adjacent to seas in Japan have been suffering from 
 pollution of their sea sides by waste seaweeds, Ulva japonica in particular, caused 
by their overgrowth due to the eutrophication of the seas around these cities. Large 
amount of these seaweeds decay on beaches in summer and generating stench; con-
sequently, the treatment of the seaweed wastes has become a serious environmental 
problem for municipalities of these coastal areas. The development of effective uses 
of these waste seaweeds is strongly required in Japan. The Ulva species of seaweed 
contains a high content of polysaccharides, including alginic acid (15–65%), lignin 

Figure 4. 
Preparation route of adsorption gels from OJR.

Figure 3. 
Saponification of methyl-ester parts of pectin with calcium hydroxide.
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(1–3%), protein (6–15%), lipid (1–4%), other amino acids, minerals, and water-
soluble organics [9]. Alginic acid presents as calcium alginate with an egg-box 
structure.

In the present work [7], a sample of Ulva japonica collected at Wajiro coast in 
Fukuoka city, Japan, was washed several times with tap water followed by distilled 
water to remove impurities. It was pulverized after drying in a convection oven 
at 70°C for 24 h and sieved to a particle size of <100 μm. The material was then 
cross-linked with calcium chloride to lower its aqueous solubility. The cross-linked 
product was washed several times with distilled water and dried in a convection 
oven at 70°C. Thus, prepared waste seaweed gel is termed as cross-linked seaweed 
and abbreviated as CSW, hereafter. Similar to the case of SOJR gel, mentioned in 
Section 2.1, high-valency metal ions, such as zirconium(IV), were loaded on CSW 
to develop adsorption sites for fluoride, as shown in Figure 6.

2.3 Preparation of adsorbents from spent cation-exchange resin

Ion-exchange resins are extensively used in a variety of field, such as water 
softening, wastewater treatment, precious metal recovery, food industries, and 

Figure 5. 
Scanning electron microscope image of SOJR gel.

Figure 6. 
Preparation of metal-loaded cross-linked seaweed (CSW) gel for fluoride removal [M = Zr(IV), La(III)].
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catalytic processes. Although ion-exchange resins can be regenerated numerous 
times, they gradually deteriorate owing to the generation of many cracks, which 
impede smooth column operation and become unusable after many cycles of 
adsorption followed by elution as mentioned earlier. Tons of spent ion-exchange 
resins are discarded every year all over the world. Although they are unsuitable 
for column operation, their functional groups are still active; however, ideas for 
effective reutilization of such spent ion-exchange resins have not been proposed 
to date.

In our study [8], we attempted to effectively use such spent ion-exchange 
resins by pulverizing them into fine powders for use in batch operation together 
with a coagulating agent, that is, by means of the combined processes of adsorp-
tion and coagulation. A sample of spent cation-exchange resin containing sulfonic 
acid functional groups was pulverized into fine powders and converted to an 
anion exchanger by loading Zr(IV) ions for fluoride ion removal. The feasibility 
of using spent resin powder after loading Zr(IV) as ligand exchange-type material 
for fluoride adsorption was tested in combination with a coagulating agent in a 
batch system.

A sample of spent strongly acidic cation-exchange resin, MUROMAC 
MBX8-WH, which had been employed for the production of ion-exchange 
water, was kindly supplied by Muromachi Chemical Co. Ltd., Omuta, Japan. 
The polymer matrix of this resin is polystyrene cross-linked by divinylbenzene 
and it contained functional groups of sulfonic acid. The sample was pulverized 
into a fine powder, the average diameter of which was less than 20 μm. Thus, 
prepared resin powder is abbreviated as SRP hereafter. Because of the presence 
of an exchangeable hydrogen ion in the sulfonic acid group, waste resin powder 
can effectively adsorb cationic species of metal ions, such as Cu(II), Cd(II), 
Fe(III), La(III), and Zr(IV), whereas it has low affinity toward anionic species 
like fluoride ion. Similar to the cases of SOJR and CSW, the adsorption sites for 
fluoride anion were developed by loading Zr(IV) ion onto the SRP. Here, Zr(IV) 
was loaded by replacing the hydrogen ion from sulfonic acid functional groups 
of SRP by the cation-exchange mechanism as shown in Figure 7. The material 
obtained in this way is termed Zr(IV)-loaded spent resin powder and abbreviated 
as Zr-SRP hereafter.

Figure 7. 
Development of active sites for fluoride onto spent resin powder (SRP) containing sulfonic acid functional 
group via. Zr(IV) loading.
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3.  Adsorption behavior of fluoride on saponified orange juice residue 
gels loaded with various high-valency metal ions

Figure 8 shows the effect of equilibrium pH on the adsorption of fluoride on 
SOJR gels loaded with various high-valency metal ions. It is apparent that pH 
greatly influenced the adsorption in the presence of the different metal ions, 
although the adsorption decreases with increasing pH, regardless of the loaded 
metal ion. Of the metal ions tested, Zr(IV) exhibits the most effective adsorption, 
at low pH in particular. The decrease in adsorption at high pH is attributed to the 
effect of hydroxyl ions, which compete with fluoride ion for adsorption sites on 
SOJR gel, as depicted in Figure 9 for the case of Zr(IV)-loaded SOJR gel.

Also from this figure, it is apparent that the adsorption and desorption of 
fluoride can be easily controlled by changing pH.

Figure 10 shows the adsorption isotherms of fluoride, which is the relationship 
between the amount of adsorbed fluoride (q) and the fluoride concentration (Ce) 
in the aqueous solution at equilibrium, on SOJR gels loaded with various high-
valency metal ions at 30°C. It is evident that SOJR gel loaded with Zr(IV) exhibited 
the highest adsorption capacity for fluoride. Consequently, we used Zr(IV)-loaded 
adsorbent in subsequent work.

Figure 11 shows the effect of coexisting species on the adsorption of fluoride. 
Although sulfate most effectively interferes with the adsorption of fluoride, it is only 
less than 2%; consequently, the effect of coexisting species was practically negligible, 
that is, Zr(IV)-loaded SOJR gel exhibited high selectivity to fluoride over coexisting 
species. Similar was observed also in the adsorption on Zr(IV)-loaded other adsorbents.

Figure 12 shows time variation in the adsorption of fluoride on Zr(IV)-loaded 
SOJR gel at various temperatures. Equilibrium was attained within a short contact 
time (shorter than 100 min), indicating rapid adsorption, regardless of temperature.

Figure 13 shows the effect of initial pH on the elution of fluoride adsorbed on 
Zr(IV)-loaded SOJR gel. The adsorbed fluoride was quantitatively eluted at pH 
higher than 12.

Figure 8. 
Effect of equilibrium pH (pHe) on the adsorption of fluoride on saponified orange juice residue (SOJR) gels 
loaded with various high-valency metal ions.
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times, they gradually deteriorate owing to the generation of many cracks, which 
impede smooth column operation and become unusable after many cycles of 
adsorption followed by elution as mentioned earlier. Tons of spent ion-exchange 
resins are discarded every year all over the world. Although they are unsuitable 
for column operation, their functional groups are still active; however, ideas for 
effective reutilization of such spent ion-exchange resins have not been proposed 
to date.

In our study [8], we attempted to effectively use such spent ion-exchange 
resins by pulverizing them into fine powders for use in batch operation together 
with a coagulating agent, that is, by means of the combined processes of adsorp-
tion and coagulation. A sample of spent cation-exchange resin containing sulfonic 
acid functional groups was pulverized into fine powders and converted to an 
anion exchanger by loading Zr(IV) ions for fluoride ion removal. The feasibility 
of using spent resin powder after loading Zr(IV) as ligand exchange-type material 
for fluoride adsorption was tested in combination with a coagulating agent in a 
batch system.

A sample of spent strongly acidic cation-exchange resin, MUROMAC 
MBX8-WH, which had been employed for the production of ion-exchange 
water, was kindly supplied by Muromachi Chemical Co. Ltd., Omuta, Japan. 
The polymer matrix of this resin is polystyrene cross-linked by divinylbenzene 
and it contained functional groups of sulfonic acid. The sample was pulverized 
into a fine powder, the average diameter of which was less than 20 μm. Thus, 
prepared resin powder is abbreviated as SRP hereafter. Because of the presence 
of an exchangeable hydrogen ion in the sulfonic acid group, waste resin powder 
can effectively adsorb cationic species of metal ions, such as Cu(II), Cd(II), 
Fe(III), La(III), and Zr(IV), whereas it has low affinity toward anionic species 
like fluoride ion. Similar to the cases of SOJR and CSW, the adsorption sites for 
fluoride anion were developed by loading Zr(IV) ion onto the SRP. Here, Zr(IV) 
was loaded by replacing the hydrogen ion from sulfonic acid functional groups 
of SRP by the cation-exchange mechanism as shown in Figure 7. The material 
obtained in this way is termed Zr(IV)-loaded spent resin powder and abbreviated 
as Zr-SRP hereafter.

Figure 7. 
Development of active sites for fluoride onto spent resin powder (SRP) containing sulfonic acid functional 
group via. Zr(IV) loading.
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3.  Adsorption behavior of fluoride on saponified orange juice residue 
gels loaded with various high-valency metal ions

Figure 8 shows the effect of equilibrium pH on the adsorption of fluoride on 
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effect of hydroxyl ions, which compete with fluoride ion for adsorption sites on 
SOJR gel, as depicted in Figure 9 for the case of Zr(IV)-loaded SOJR gel.
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between the amount of adsorbed fluoride (q) and the fluoride concentration (Ce) 
in the aqueous solution at equilibrium, on SOJR gels loaded with various high-
valency metal ions at 30°C. It is evident that SOJR gel loaded with Zr(IV) exhibited 
the highest adsorption capacity for fluoride. Consequently, we used Zr(IV)-loaded 
adsorbent in subsequent work.
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less than 2%; consequently, the effect of coexisting species was practically negligible, 
that is, Zr(IV)-loaded SOJR gel exhibited high selectivity to fluoride over coexisting 
species. Similar was observed also in the adsorption on Zr(IV)-loaded other adsorbents.

Figure 12 shows time variation in the adsorption of fluoride on Zr(IV)-loaded 
SOJR gel at various temperatures. Equilibrium was attained within a short contact 
time (shorter than 100 min), indicating rapid adsorption, regardless of temperature.

Figure 13 shows the effect of initial pH on the elution of fluoride adsorbed on 
Zr(IV)-loaded SOJR gel. The adsorbed fluoride was quantitatively eluted at pH 
higher than 12.

Figure 8. 
Effect of equilibrium pH (pHe) on the adsorption of fluoride on saponified orange juice residue (SOJR) gels 
loaded with various high-valency metal ions.
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Figure 11. 
Effect of coexisting species in the aqueous solution on adsorption of fluoride on Zr(IV)-loaded saponified 
orange juice residue (SOJR) gel.

Figure 9. 
Adsorption and desorption mechanism of fluoride on Zr(IV)-loaded saponified orange juice residue (SOJR) 
gels.

Figure 10. 
Adsorption isotherms of fluoride on saponified orange juice residue (SOJR) gels loaded with various high-
valency metal ions at 30°C.
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Figure 14 shows effect of initial fluoride concentration at various pH values on 
leakage of the loaded zirconium(IV) from the SOJR gel. Such leakage, which would 
cause degradation of the adsorbent, was practically negligible at all pH values, 
except below pH 3, where the loaded metal ions are replaced by hydrogen ions by 
cation-exchange mechanism.

Figure 15 shows the result of cycle test of adsorption of fluoride on Zr(IV)-
loaded SOJR gel followed by elution using 0.1 mol dm−3 NaOH. It can be concluded 
that the adsorption and desorption behaviors of fluoride on this gel were not signifi-
cantly degraded, even after 10 cycles of adsorption and elution. The Zr(IV)-loaded 
SOJR gel exhibited high durability.

Figure 12. 
Time variation in the amount of adsorption of fluoride (q) on Zr(IV)-loaded saponified orange juice residue 
(SOJR) gel at various temperatures.

Figure 13. 
Effect of pH on elution of fluoride adsorbed on Zr(IV)-loaded saponified orange juice residue (SOJR) gel.
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4.  Adsorption behavior of fluoride on waste seaweed gel loaded with 
various high-valent metal ions

Figure 16 shows the effect of equilibrium pH on the adsorption of fluoride on 
the cross-linked seaweed gel (CSW) and CSW gels loaded with Zr(IV) and La(III). 
Unloaded CSW gel also exhibits some adsorption of fluoride, which is attributable 
to calcium(II) ion contained in seaweed as calcium alginate. Similar to SOJR gel, the 
adsorption of fluoride was greatly improved by loading high-valency metal ions, of 
which Zr(IV) exhibited better adsorption than La(III). The decrease in adsorption 

Figure 15. 
Effect of number of cycles of adsorption of fluoride on Zr(IV)-loaded saponified orange juice residue (SOJR) 
gel followed by elution using 0.1 mol dm−3 NaOH.

Figure 14. 
Effect of initial fluoride concentration of fluoride at various pH values on leakage of loaded zirconium(IV) 
from saponified orange juice residue (SOJR) gel.
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with increasing pH at high pH is attributable to the competition of fluoride ion with 
hydroxyl ion for adsorption sites on the loaded metal ions; that is, the adsorption 
and desorption mechanism in this system can also be reasonably interpreted by that 
depicted in Figure 9 for SOJR gel.

Figure 17 shows the effect of initial pH on leakage of the loaded metal ions. It is 
apparent that, compared with La(III), the loaded Zr(IV) is much more difficult to 
leak from CSW than La(III); that is, Zr(IV) is also more suitable as the loaded metal 
ion on CSW.

Figure 16. 
Effect of equilibrium pH on the adsorption of fluoride on the cross-linked seaweed gel (CSW) and metal-
loaded CSW gels [7].

Figure 17. 
Effect of initial pH on leakage of the loaded metal ions from cross-linked seaweed (CSW) gels.
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5.  Adsorption behavior of fluoride on pulverized spent cation-exchange 
resin loaded with zirconium(IV) ions

A small amount of commercially available inorganic coagulating agent, 
MAGNETITE III, the main components of which are calcium, aluminum, and iron, 
was added with Zr-SRP to test solutions containing trace concentration of fluoride 
to achieve smooth solid/liquid separation or smooth filtration. The coagulating 
agent is abbreviated as CA, hereafter. It was found that stable floc was formed at a 
CA/Zr-SRP ratio higher than 0.2.

Figure 18 shows the effect of equilibrium pH on the adsorption of fluoride onto 
SRP before and after Zr(IV) loading in the presence and absence of CA. Although 
SRP exhibited only negligible adsorption for fluoride, the adsorption was greatly 

Figure 19. 
Effect of interfering anionic species on adsorption of fluoride on Zr(IV)-loaded pulverized spent cation-
exchange resin (Zr-SRP) [8].

Figure 18. 
Effect of equilibrium pH on adsorption of fluoride on pulverized spent cation-exchange resin (SRP) before and 
after Zr(IV) loading [8].
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improved by loading Zr(IV), similar to the cases of SOJR and CSW. The small 
amount of adsorption on unloaded SRP at pH = 4–6 is considered to be due to calcium 
accumulated in the resin during its previous function in water treatment. Adsorption 
of fluoride also rapidly decreased with increasing pH at pH values above 6, similar to 
the cases of SOJR and CSW, which is attributable to the competition of fluoride ions 
with hydroxyl ions for the adsorption sites on Zr-SRP. Adsorption of fluoride was not 
affected by the addition of small amount of CA.

Figure 20. 
Effect of fluoride concentration on leakage of loaded Zr(IV) from Zr(IV)-loaded pulverized spent cation-
exchange resin (Zr-SRP) at various pH values [8].

Figure 21. 
Effect of concentration of sodium hydroxide on the elution of fluoride adsorbed on Zr(IV)-loaded pulverized 
spent cation-exchange resin (Zr-SRP) [8].
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Figure 19 shows the effect of interfering anionic species (chloride, nitrate, 
and sulfate) present in aqueous fluoride solutions on the adsorption of fluoride on 
Zr-SRP. Also in this case, the effect of coexisting anionic species was relatively low.

Figure 20 shows leakage of Zr(IV) from Zr-SRP by varying concentration of 
fluoride at various pH values. It is evident that the leakage was negligible at pH 
values higher than 6, regardless of fluoride concentration.

Figure 21 shows effect of sodium hydroxide concentration on the elution of 
fluoride adsorbed on Zr-SRP. The results suggest that nearly quantitative elution of 
fluoride can be achieved by 0.1 mol dm−3 sodium hydroxide solution also in this case.

Figure 22 shows the result of durability test of Zr-SRP for repeating adsorption 
of fluoride followed by elution for up to 6 cycles. This figure suggests that Zr-SRP is 
not significantly degraded up to at least 6 cycles.

6.  Comparison of adsorption capacities for fluoride on Zr(IV)-loaded 
adsorbents prepared from wastes

Adsorbents are evaluated in terms of their maximum adsorption capacities and 
selectivity for targeted species over other coexisting species. Selectivity for fluoride 
of three adsorbents prepared from wastes over other anionic species is discussed 
in the preceding sections. In this section, the maximum adsorption capacities on 
Zr(IV)-loaded SOJR, CSW, and SRP for fluoride were compared.

Figure 23 shows adsorption isotherms for fluoride on Zr(IV)-loaded SOJR, 
CSW, and SRP at 30°C. For all of these adsorbents, the adsorption amount 
increased with increasing fluoride concentration in the low concentration range 
and tends to approach a constant value for each adsorbent in the high concentration 
range, suggesting typical Langmuir-type adsorption.

These adsorption isotherms were therefore replotted according to the Langmuir 
equation, expressed by Eq. (1) as shown in Figure 24.

Figure 22. 
Effect of number of cycles of adsorption of fluoride on Zr(IV)-loaded pulverized spent cation-exchange resin 
(Zr-SRP) followed by elution using 0.1 Mol dm−3 NaOH solution [8].
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  Ce / q = 1 /  q  max   b + Ce /  q  max    (1)

where qmax and b denote the maximum adsorption capacity and adsorption equi-
librium constant, respectively, based on the Langmuir’s monolayer adsorption theory.

As expected from Eq. (1), the plots in Figure 24 lay on straight lines. From the 
values of intercepts of these straight lines with the ordinate and their slopes, the 

Figure 23. 
Adsorption isotherms of fluoride on Zr(IV)-loaded saponified orange juice residue (SOJR), cross-linked 
seaweed (CSW) gels, and pulverized spent cation-exchange resin (SRP) at 30°C.
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Figure 24. 
Replots of Figure 23 according to Eq. (1), the Langmuir’s equation.
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Adsorbents pH qmax 
(mmol/g)

Temperature 
(°C)

Reference

Zr(IV)-loaded SOJR 4 1.74 30 [6]

Zr(IV)-loaded CSW 4 0.95 30 [7]

Zr(IV)-loaded SRP 4 1.98 30 [8]

Sn(IV)-loaded SOJR 3 1.18 30 [5]

Ti(IV)-loaded SOJR 3 0.93 30 [5]

Al(III)-loaded SOJR 6 1.03 30 [5]

Fe(III)-loaded SOJR 4 0.88 30 [5]

La(III)-loaded SOJR 4 1.06 30 [10]

Sc(III)-loaded SOJR 4 0.60 30 [10]

Sm(III)-loaded SOJR 5 1.22 30 [10]

Ho(III)-loaded SOJR 5 0.93 30 [10]

Ce(III)-loaded SOJR 4 0.91 30 [10]

Ce(IV)-loaded SOJR 4 1.53 30 [10]

READF(PG) 3 2.10 30 [11]

READF(HG) 3 2.35 30 [11]

Zr-impregnated cashew nut 
shell carbon

3 0.09 30 [12]

La-loaded 200CT resin 6 1.34 30 [13]

Indian FR 10 7 0.068 30 [14]

Ceralite IRA 400 7 0.078 30 [14]

La-loaded CL gelatin 5–7 1.12 25 [15]

Nd-modified chitosan 7 1.17 30 [16]

Fe-loaded cotton 4 0.97 25 [17]

Protonated chitosan 7 0.38 30 [18]

Activated alumina 5–6 0.86 30 [19]

AFB-Pr resin 5 0.026 30 [20]

La-impregnated alumina 5.7–8 0.35 Room 
temperature

[21]

Spirogyra species IO1 7 0.05 30 [22]

Waste mud 5 0.22 20 [23]

Nanoaluminum hydroxide 5.2 0.17 25 [24]

Magnesia/chitosan composite 10 0.11 Room 
temperature

[25]

Waste carbon slurry 7.5 0.23 25 [26]

Montmorillonite 6 0.01 25 [27]

Table 2. 
Maximum adsorption capacities of fluoride on various adsorbents.

Adsorbents qmax (mmol/g-dry weight) b (dm3/mmol)

Zr(IV)-loaded SOJR 1.74 3.11

Zr(IV)-loaded CSW 0.95 5.04

Zr(IV)-loaded SRP 1.98 1.18

Table 1. 
Maximum adsorption capacities and adsorption equilibrium constants of fluoride on Zr(IV)-loaded 
saponified orange juice residue (SOJR) and cross-linked seaweeds (CSW) gels and pulverized spent cation-
exchange resin (SRP) at 30°C.
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maximum adsorption capacities and adsorption equilibrium constants were evalu-
ated, as listed in Table 1. The data indicate that Zr(IV)-loaded SRP exhibits the 
highest loading capacity.

These maximum adsorption capacities were compared with those on SOJR gel 
loaded with other high-valency metal ions and with those reported in literature, 
as listed in Table 2. Zr(IV)-loaded SRP and Zr(IV)-loaded SOJR exhibited higher 
adsorption capacities than other adsorbents, including Zr-containing adsorbents, 
except for READF, a commercially available porous resin that contains fine zirco-
nium hydroxide powder in its pores.

7.  Removal tests of trace concentrations of fluoride from actual waste 
plating solutions using Zr(IV)-loaded adsorbents prepared from 
wastes

On the basis of the results of fundamental adsorption tests using Zr(IV)-loaded 
SOJR, CSW, and SRP discussed above, adsorptive removal of trace concentrations 
of fluoride was tested from actual waste plating solutions using these adsor-
bents [6–8]. A sample of the actual waste plating solution was kindly donated 
by Federation of Electro Plating Industry Association, Japan, Tokyo, Japan. The 
donated sample solutions contained 12.2 mg/dm3 of fluoride together with about 
750 mg dm−3 of sulfate, as well as following cationic species (mg dm−3): Al 13.8, Ca 
10.5, Fe 36.4, Cu 9.8, and Zn 1.9. Its pH value was 6.7. Figure 25 shows the plots of 
fluoride concentration after the treatment using these three adsorbents as a func-
tion of S/L ratio, defined as the ratio of dry mass of added adsorbent to volume of 
treated solution together with the permissible level for fluoride in effluents in Japan 
(8 mg/dm3), WHO standard for drinking water (1.5 mg/dm3), and that in Japan 
(0.8 mg/dm3). This figure indicates that fluoride concentration can be successfully 
lowered by adding small amount of adsorbents. The concentration was reduced 
to less than 0.8 mg/dm3, the Japanese standard for fluoride, by adding only 2 g of 
adsorbents to 1 dm3 of tested sample solution.

Figure 25. 
Adsorptive removal of trace concentrations of fluoride from actual waste plating solution using three 
adsorbents prepared in the present work, showing relationship between concentration of fluoride remained in 
aqueous solution after adsorption and mass of adsorbent added to unit volume of solution.
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Nanoaluminum hydroxide 5.2 0.17 25 [24]

Magnesia/chitosan composite 10 0.11 Room 
temperature

[25]

Waste carbon slurry 7.5 0.23 25 [26]

Montmorillonite 6 0.01 25 [27]

Table 2. 
Maximum adsorption capacities of fluoride on various adsorbents.

Adsorbents qmax (mmol/g-dry weight) b (dm3/mmol)

Zr(IV)-loaded SOJR 1.74 3.11

Zr(IV)-loaded CSW 0.95 5.04

Zr(IV)-loaded SRP 1.98 1.18

Table 1. 
Maximum adsorption capacities and adsorption equilibrium constants of fluoride on Zr(IV)-loaded 
saponified orange juice residue (SOJR) and cross-linked seaweeds (CSW) gels and pulverized spent cation-
exchange resin (SRP) at 30°C.
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maximum adsorption capacities and adsorption equilibrium constants were evalu-
ated, as listed in Table 1. The data indicate that Zr(IV)-loaded SRP exhibits the 
highest loading capacity.

These maximum adsorption capacities were compared with those on SOJR gel 
loaded with other high-valency metal ions and with those reported in literature, 
as listed in Table 2. Zr(IV)-loaded SRP and Zr(IV)-loaded SOJR exhibited higher 
adsorption capacities than other adsorbents, including Zr-containing adsorbents, 
except for READF, a commercially available porous resin that contains fine zirco-
nium hydroxide powder in its pores.

7.  Removal tests of trace concentrations of fluoride from actual waste 
plating solutions using Zr(IV)-loaded adsorbents prepared from 
wastes

On the basis of the results of fundamental adsorption tests using Zr(IV)-loaded 
SOJR, CSW, and SRP discussed above, adsorptive removal of trace concentrations 
of fluoride was tested from actual waste plating solutions using these adsor-
bents [6–8]. A sample of the actual waste plating solution was kindly donated 
by Federation of Electro Plating Industry Association, Japan, Tokyo, Japan. The 
donated sample solutions contained 12.2 mg/dm3 of fluoride together with about 
750 mg dm−3 of sulfate, as well as following cationic species (mg dm−3): Al 13.8, Ca 
10.5, Fe 36.4, Cu 9.8, and Zn 1.9. Its pH value was 6.7. Figure 25 shows the plots of 
fluoride concentration after the treatment using these three adsorbents as a func-
tion of S/L ratio, defined as the ratio of dry mass of added adsorbent to volume of 
treated solution together with the permissible level for fluoride in effluents in Japan 
(8 mg/dm3), WHO standard for drinking water (1.5 mg/dm3), and that in Japan 
(0.8 mg/dm3). This figure indicates that fluoride concentration can be successfully 
lowered by adding small amount of adsorbents. The concentration was reduced 
to less than 0.8 mg/dm3, the Japanese standard for fluoride, by adding only 2 g of 
adsorbents to 1 dm3 of tested sample solution.

Figure 25. 
Adsorptive removal of trace concentrations of fluoride from actual waste plating solution using three 
adsorbents prepared in the present work, showing relationship between concentration of fluoride remained in 
aqueous solution after adsorption and mass of adsorbent added to unit volume of solution.
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8. Conclusion

For the purpose of removing trace or low concentrations of fluoride from 
aquatic environments, novel adsorbents were prepared from three waste materials, 
orange juice residue, waste seaweed, and pulverized spent cation-exchange resin 
containing sulfonic acid functional groups, by loading with tri- or tetravalent metal 
ions, such as iron(III), aluminum(III), rare earths(III), and zirconium(IV). Here, 
the loaded metal ions function as adsorption sites and waste materials function 
as polymer matrices immobilizing the metal ions. The adsorption mechanisms on 
these adsorbents were inferred from the results of adsorption tests from aqueous 
solutions at various pH values. Adsorption and desorption were found to be easily 
controlled by changing pH. Of the high-valency metal ions tested, zirconium(IV) 
was found to be the most suitable as the loaded metal ion because zirconium(IV)-
loaded adsorbents exhibited highest adsorption of the tested metal-loaded adsor-
bents in the adsorption isotherm tests. Zirconium(IV)-loaded adsorbents exhibited 
high selectivity for fluoride over other anionic species present in aqueous solutions. 
Leakage of the loaded zirconium(IV) ions was found to be negligible, except at low 
pH, and high durability of these adsorbents was confirmed from repeated cycle 
tests of adsorption followed by desorption. The maximum adsorption capacities for 
fluoride on these adsorbents were higher than those of most adsorbents reported 
in literature. The removal test of trace concentration of fluoride from actual waste 
plating solutions revealed that the fluoride concentration could be lowered below 
the acceptable level by using only small amounts of these adsorbents; for example, 
it was reduced to less than 0.8 mg/dm3, the Japanese standard for fluoride, by add-
ing only 2 g of adsorbents to 1 dm3 of tested sample solution. From these results, it 
can be expected that trace concentration of fluoride is effectively removed by using 
adsorbents produced from various waste materials at cheap cost.

Figure 26. 
Flow sheet for recovery of fluoride using powder of spent cation-exchange resin loaded with zirconium(IV).
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Although it is not noticed in laboratory-scale tests and the small-scale adsorption 
tests mentioned in this study, the adsorbent prepared from orange juice residue was 
found to generate considerable stench at larger scale, such as pilot-scale operation. 
Taking account of this, the adsorbent prepared from spent cation-exchange resins is 
recommended to be employed in commercial operations. A process for the recovery 
of fluoride using this adsorbent is proposed as shown in Figure 26.
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Chapter 8

Bioremediation of Heavy Metals
Medhat Rehan and Abdullah S. Alsohim

Abstract

Exposure to lead (Pb), zinc (Zn), cadmium (Cd), copper (Cu), and selenite 
(SeO3−2) consider the main heavy metals that threat human health. These heavy 
metals can interfere with the function of vital cellular components. Soil heavy metal 
contamination represents risks to humans and the ecosystem through drinking of 
contaminated groundwater, direct ingestion or the food chain, and reduction in 
food quality. Bioremediation means cleanup of polluted environment via trans-
formation of toxic heavy metals into less toxic form by microbes or its enzymes. 
Otherwise, bioremediation by microbes has limitations like production of toxic 
metabolites. The efflux of metal ions outside the cell, biosorption to the cell walls 
and entrapment in extracellular capsules, precipitation, and reduction of the heavy 
metal ions to a less toxic state are mechanisms to metals’ resistance.

Keywords: heavy metals, bioremediation, copper, lead, cadmium, selenite

1. Introduction

Since the industrial revolution, heavy metals’ waste has increased rapidly. Toxic 
metals’ species are mobilized from industrial activities and fossil fuel consumption 
and eventually are accumulated through the food chain, leading to both ecological 
and health problems. Some of these metals are taken up as essential nutrients since 
they are incorporated into enzymes and cofactors. Some heavy metals exert toxic 
effects on microbial cells (i.e., mercury, lead, cadmium, arsenic, and silver). Mostly, 
resistance systems have been found on plasmids, whereas bacterial chromosomes 
contain genes for resistance to many of the same heavy metals’ cations and oxyani-
ons as do plasmids [1, 2]. To survive under metal-stressed conditions, bacteria have 
evolved several types of mechanisms to tolerate the uptake of heavy metal ions. 
These mechanisms include biosorption to the cell walls and entrapment in extracel-
lular capsules, precipitation, the efflux of metal ions outside the cell, reduction of 
heavy metal ions to a less toxic state accumulation, and complexation of metal ions 
inside the cell [3, 4].

2. Copper bioremediation

In almost all life forms, copper is a metal essential for the normal function. It 
acts as a cofactor for a number of enzymes involved in respiration and electron 
transport proteins in plants, animals, and microorganisms. Copper is toxic to 
cells at high concentrations mainly due to the disruption of the integrity of cell 
membranes, its interaction with nucleic acids, interference with the energy trans-
port system, and disruption of enzyme active sites [5–8] . At high cytoplasmic 
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metals can interfere with the function of vital cellular components. Soil heavy metal 
contamination represents risks to humans and the ecosystem through drinking of 
contaminated groundwater, direct ingestion or the food chain, and reduction in 
food quality. Bioremediation means cleanup of polluted environment via trans-
formation of toxic heavy metals into less toxic form by microbes or its enzymes. 
Otherwise, bioremediation by microbes has limitations like production of toxic 
metabolites. The efflux of metal ions outside the cell, biosorption to the cell walls 
and entrapment in extracellular capsules, precipitation, and reduction of the heavy 
metal ions to a less toxic state are mechanisms to metals’ resistance.

Keywords: heavy metals, bioremediation, copper, lead, cadmium, selenite

1. Introduction

Since the industrial revolution, heavy metals’ waste has increased rapidly. Toxic 
metals’ species are mobilized from industrial activities and fossil fuel consumption 
and eventually are accumulated through the food chain, leading to both ecological 
and health problems. Some of these metals are taken up as essential nutrients since 
they are incorporated into enzymes and cofactors. Some heavy metals exert toxic 
effects on microbial cells (i.e., mercury, lead, cadmium, arsenic, and silver). Mostly, 
resistance systems have been found on plasmids, whereas bacterial chromosomes 
contain genes for resistance to many of the same heavy metals’ cations and oxyani-
ons as do plasmids [1, 2]. To survive under metal-stressed conditions, bacteria have 
evolved several types of mechanisms to tolerate the uptake of heavy metal ions. 
These mechanisms include biosorption to the cell walls and entrapment in extracel-
lular capsules, precipitation, the efflux of metal ions outside the cell, reduction of 
heavy metal ions to a less toxic state accumulation, and complexation of metal ions 
inside the cell [3, 4].

2. Copper bioremediation

In almost all life forms, copper is a metal essential for the normal function. It 
acts as a cofactor for a number of enzymes involved in respiration and electron 
transport proteins in plants, animals, and microorganisms. Copper is toxic to 
cells at high concentrations mainly due to the disruption of the integrity of cell 
membranes, its interaction with nucleic acids, interference with the energy trans-
port system, and disruption of enzyme active sites [5–8] . At high cytoplasmic 
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concentrations, copper can compete with other metals for their binding sites in 
proteins that can lead to dysfunctional proteins. Otherwise, the presence of Cu (I) 
in cells will react with hydrogen peroxide and produce hydroxyl radicals that will 
damage DNA, lipids, and other molecules [9, 10]. Resistance to copper in microor-
ganisms is dependent mainly on three different systems:

1. The periplasmic plasmid-borne copper (pco) resistance system that encodes 
for PcoA, a multi-copper oxidase protein responsible for oxidation of Cu(I) in 
the periplasmic space. This system presents only on plasmids and presents high 
copper resistance [11–13].

2. The efflux ATPase pump CopA able to throw copper ions outside [10, 14].

3. Cus system (copper sensing copper efflux system) belonging to the resistance-
nodulation-cell division (RND) family responsible for heavy metal export 
(HME-RND) that encodes especially for the CusA protein [10, 13, 15].

In agriculture, copper bactericide is considered one of the most important 
components in environmental contamination with copper especially in programs 
practiced worldwide in growing areas with citrus [16]. Many species of plant patho-
genic bacteria such as Xanthomonas citri subsp. citri (Xcc) have developed resistance 
to copper as a consequence of using copper bactericides [5]. Copper resistance 
genes have taken place from strains of X. alfalfae subsp. citrumelonis from Florida 
and Xanthomonas citri subsp. citri from Argentina [17].

In both X. citri subsp. citri and X. alfalfae subsp. citrumelonis, the long-term use 
of copper bactericides has led to the development of copper-resistant (Cur) strains. 
In X. citri subsp. citri A44, open reading frames (ORFs) related to the genes copL, 
copA, copB, copM, copG, copC, copD, and copF were characterized to be present on a 
large (~300 kb) conjugative plasmid. The same ORFs, except copC and copD, were 
also present in X. alfalfae subsp. citrumelonis 1381 [5, 18]. Via molecular tools, the 
abundance of the copper resistance genes cusA and copA, encoding, respectively, for 
a Resistance Cell Nodulation protein and for a P-type ATPase pump, were assessed 
in Chilean marine sediment cores since, in the impacted sediment, copA gene was 
more abundant than cusA gene [10]. When Sulfolobus metallicus cells are exposed 
to 100 mM Cu, proteomic analysis showed that 18 out of 30 upregulated proteins 
are related to stress responses, the production and conversion of energy, and amino 
acid biosynthesis [19]. Furthermore, when searching the genome, two complete cop 
gene clusters encoding a Cu-exporting ATPase (CopA), metallochaperone (CopM), 
and a transcriptional regulator (CopT) were detected.

Based on a plate assay, Frankia strains EuI1c, CN3, QA3, and DC12 are tolerant 
to high levels of copper (MIC values >5 mM), while many other strains tested are 
very sensitive exhibiting MIC values <0.1 mM [20]. Otherwise, a 24-well growth 
assay was used to reexamine copper sensitivity of five Frankia strains. Frankia 
strains EuI1c, CN3, and DC12 showed similar growth patterns. Growth was initially 
inhibited at low copper concentrations (0.1 mM), but growth yield increased with 
elevated copper levels reaching a peak at 5 mM (Figure 1).

The cells grown in the elevated copper levels appeared blue which suggest that 
copper was accumulating inside of Frankia or binding to the cell surface [21]. When 
observed under phase-contrast microscopy, Cu+2-resistant Frankia EuI1c formed 
unusual globular structures that were associated with their hyphae [20]. These 
structures were further investigated at a higher resolution. The increase resolution 
revealed that the globular structures are composed of aggregates (> 50 um) con-
taining many smaller structures (Figure 2).
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These smaller structures were about 5 μm in diameter and were also observed as 
individual structures throughout the hyphae. At higher magnification, the structures 
have a grooved pattern and appear connected to the hyphae by amorphous material 
[21]. Similar globular structures were observed with SEM of other copper-resistant 

Figure 1. 
Frankia strains DC12 and CN3 growth in 24-well growth system and protein assay under variant 
concentrations from copper stress.

Figure 2. 
SEM of Frankia strain EuI1c grown under 1 mM from copper for 1 week. Panels (A and C) Control conditions 
against (B, D and E) copper metal condition. Size bars represent: 1 µm.
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abundance of the copper resistance genes cusA and copA, encoding, respectively, for 
a Resistance Cell Nodulation protein and for a P-type ATPase pump, were assessed 
in Chilean marine sediment cores since, in the impacted sediment, copA gene was 
more abundant than cusA gene [10]. When Sulfolobus metallicus cells are exposed 
to 100 mM Cu, proteomic analysis showed that 18 out of 30 upregulated proteins 
are related to stress responses, the production and conversion of energy, and amino 
acid biosynthesis [19]. Furthermore, when searching the genome, two complete cop 
gene clusters encoding a Cu-exporting ATPase (CopA), metallochaperone (CopM), 
and a transcriptional regulator (CopT) were detected.

Based on a plate assay, Frankia strains EuI1c, CN3, QA3, and DC12 are tolerant 
to high levels of copper (MIC values >5 mM), while many other strains tested are 
very sensitive exhibiting MIC values <0.1 mM [20]. Otherwise, a 24-well growth 
assay was used to reexamine copper sensitivity of five Frankia strains. Frankia 
strains EuI1c, CN3, and DC12 showed similar growth patterns. Growth was initially 
inhibited at low copper concentrations (0.1 mM), but growth yield increased with 
elevated copper levels reaching a peak at 5 mM (Figure 1).

The cells grown in the elevated copper levels appeared blue which suggest that 
copper was accumulating inside of Frankia or binding to the cell surface [21]. When 
observed under phase-contrast microscopy, Cu+2-resistant Frankia EuI1c formed 
unusual globular structures that were associated with their hyphae [20]. These 
structures were further investigated at a higher resolution. The increase resolution 
revealed that the globular structures are composed of aggregates (> 50 um) con-
taining many smaller structures (Figure 2).
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Frankia strains (e.g., strain DC12). These observations suggest that Frankia may 
precipitate the Cu+2-phosphate complex to the hyphae. Acidithiobacillus ferrooxidans 
will detoxify Cu+1 metal by formatting phosphate granules through stimulation of 
polyphosphate hydrolysis and formation of metal-phosphate complexes [22].

The elemental composition analysis of these structures was investigated by the 
use of SEM-EDAX. As expected, these structures exhibited an elevated copper 
content that was represented by a 73-fold more than the control increase in the 
intensity but also contained an elevated phosphate content that was about 43.88-
fold higher intensity level than the control cells. Furthermore, the oxygen content 
increased 3.5-fold under copper-stressed condition. All three of these elements 
had nearly the same intensity values under Cu+2 condition. These results suggest 
that a copper-phosphate compound forms and binds to Frankia cell surface. The 
EDAX spectra showed that the bodies present in the cells were mainly composed 
of phosphorus and oxygen [8, 21]. The highly sensitive MS analysis of excised 
bands produced peptides such as periplasmic binding protein/LacI transcriptional 
regula tor (E3IXA6; FraEuI1c_7040 gene) with the appropriate protein size (37.6 
kDa). Another protein of interest was the sulfate ABC transporter, a periplasmic 
sulfate-binding protein (E3J029; FraEuI1c_1092; 36.6 kDa) which had 2, 5, and 20 
peptides. These data would indicate a tenfold increase in expression under 2 mM 
Cu+2-stress, while the extracellular ligand-binding receptor (39.925 kDa) induced 
up to six- and eightfold under 1 and 2 mM copper, respectively. These proteins may 
be playing a role in copper resistance through binding and accumulating copper as 
in the periplasmic binding protein/LacI transcriptional regulator and extracellular 
ligand-binding receptor or transporting copper outside the cell as in sulfate ABC 
transporter, periplasmic sulfate-binding receptor. The relative expression of the 
heavy metal transporter/detoxification gene (FraEuI1c_6308) and copper-translo-
cating P-type ATPase (FraEuI1c_6307) has shown 30- to 35-fold increase in the level 
of expression compared to the control under Cu+2-stress for 8 days. These results 
suggest that these two gene products may play a role in copper tolerance [21].

In some bacteria and algae, it has been proposed that inorganic polyphosphates 
and transport of metal-phosphate complexes will participate in heavy metal toler-
ance [23]. After the Frankia grew under copper condition, the level of phosphate 
in EDAX analysis was high which would support this hypothesis of the formation 
of a metal-phosphate complex. This complex could be effluxed outside the cell via 
P-type ATPase or phosphate efflux system [22]. In Enterococcus hirae, CopA func-
tions to import copper when it is deficient [24]. With Pseudomonas syringae, CopA 
is an outer membrane protein and functions in the sequestration and compartmen-
talization of copper in the periplasm and outer membrane [25]. The function of the 
CopB protein in E. hirae is to remove excess copper present in the cytoplasm [24]. 
The specific function of CopB protein in E. coli and Pseudomonas syringae is not yet 
defined [26]. With E. hirae, copA and copB are involved in copper transport using 
ATPases, while copY gene product acts as a copper-responsive repressor. The copZ 
functions in the transport of intracellular copper.

3. Lead bioremediation

Lead enters the cells through Fe2+ and Ca2+ transporters and then exerts its 
toxicity by displacing these cations at their binding sites in metalloproteins. Heavy 
metal resistance systems in many bacterial are based on efflux. Two groups of efflux 
systems have been recognized in gram-negative bacteria which are chemiosmotic 
pumps, e.g., the three-component divalent-cation efflux systems of Ralstonia 
metallidurans (cnr, ncc, and czc [27] and/or P-type ATPases, e.g., the Zn(II), Cu(II), 
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and Cd(II) ATPases [28, 29]. In both gram-negative and gram-positive bacteria, 
lead resistance has been reported in lead-contaminated soils. Bacillus megaterium 
demonstrating intracellular cytoplasmic leads to accumulation and Pseudomonas 
marginalis showing extracellular leads to exclusion [30]. Furthermore, the 
Staphylococcus aureus and Citrobacter freundii accumulated the metal as an intra-
cellular lead-phosphate [31]. CadA ATPase of Staphylococcus aureus and the ZntA 
ATPase of Escherichia coli have been reported as efflux of Pb(II) [32].

Furthermore, 27 isolates were isolated from some abandoned mining areas 
in Morocco and found to belong to Streptomyces and Amycolatopsis genera. The 
minimum inhibitory concentration (MIC) recorded was 0.1 mg·mL−1 for both Zn 
and Cu, 0.55 for Pb, and 0.15 for Cr. Chemical precipitation assay revealed that the 
27 isolates have a strong ability to accumulate Pb (up to 600 mg of Pb/g of biomass 
for Streptomyces sp. BN3) [33].

Interplay between CBA transporters and P-type ATPases in Cupriavidus metal-
lidurans CH34 for zinc and cadmium resistance is reported [34]. The pbrTRABCD 
gene cluster from Cupriavidus metallidurans CH34 revealed that export of Zn2+, 
Cd2+ and Pb2+ was via the main transporter component of the operon P-type 
ATPase PbrA, whereas PbrB, the second component of the operon, was shown to 
be a phosphatase that increased lead resistance. P-type ATPase that removes Pb2+ 
ions from the cytoplasm and a phosphatase that produces inorganic phosphate 
for lead sequestration in the periplasm represent the new lead resistance model 
in Cupriavidus metallidurans CH34. In several different bacterial species and 
when searching databases, gene clusters containing neighboring genes for P-type 
ATPase and phosphatase were detected which suggest that Pb2+ detoxification 
via active efflux and sequestration may be a widespread mechanism of resistance 
[34]. In Pseudomonas putida KT2440, two P-type ATPases and two CBA trans-
porters exhibited that resistance mechanisms for Zn2+ and Cd2+ are somewhat 
different than for Pb2+ since Zn2+ and Cd2+ cannot be sequestered as insoluble 
compounds easily [32, 34].

A group of transporters, the cation diffusion facilitator family (CDF), can 
catalyze heavy metal influx or efflux in both prokaryotes and eukaryotes. All 
characterized CDF proteins to date can transport metals only (such as Fe2+, Co2+, 
Ni2+, Zn2+ and Cd2+), in contrast to other protein families, such as P-type ATPases or 
CBA transporters. In C. metallidurans, CDF family of chemiosmotic efflux systems 
with the CzcD Cd2+ and Zn2+ efflux system was first described [34]. CDF transport-
ers provide very low resistance level, but it plays a main role in heavy metal buffer at 
low concentration of the metal in the cell cytoplasmic [34].

Detoxification mechanism for Pb2+ can also be achieved by sequestration. In sev-
eral bacterial species and via the use of intra- and extracellular binding of Pb2+, they 
can avoid toxicity as in S. aureus, Citrobacter freundii [35, 31], and Vibrio harveyi 
[36] by precipitating lead as a phosphate salt. Mainly through exopolysaccharides 
(EPSs), binding of heavy metals can take place. EPS could act as a biosorbent of 
free metal ions, but it cannot be considered as inducible resistance mechanism in 
response to metals [34].

Nine candidate core biomarker genes might be tightly correlated with the 
response or transport of heavy metals. These genes, namely, NILR1, PGPS1, 
WRKY33, BCS1, AR781, CYP81D8, NR1, EAP1, and MYB15. The same expression 
trend and response to different stresses (Cd, Pb, and Cu) by experimental results 
have been shown [37].

The mechanism of lead resistance in Frankia sp. strain EAN1pec has been 
reported which include cells’ accumulated Pb2+ with saturation kinetics (Figure 3). 
The Cu2+-ATPase and cation diffusion facilitator (CDF) in addition to several 
hypothetical transporters were upregulated under lead stress that may indicate 
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Frankia strains (e.g., strain DC12). These observations suggest that Frankia may 
precipitate the Cu+2-phosphate complex to the hyphae. Acidithiobacillus ferrooxidans 
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polyphosphate hydrolysis and formation of metal-phosphate complexes [22].

The elemental composition analysis of these structures was investigated by the 
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content that was represented by a 73-fold more than the control increase in the 
intensity but also contained an elevated phosphate content that was about 43.88-
fold higher intensity level than the control cells. Furthermore, the oxygen content 
increased 3.5-fold under copper-stressed condition. All three of these elements 
had nearly the same intensity values under Cu+2 condition. These results suggest 
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of expression compared to the control under Cu+2-stress for 8 days. These results 
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in EDAX analysis was high which would support this hypothesis of the formation 
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tions to import copper when it is deficient [24]. With Pseudomonas syringae, CopA 
is an outer membrane protein and functions in the sequestration and compartmen-
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CopB protein in E. hirae is to remove excess copper present in the cytoplasm [24]. 
The specific function of CopB protein in E. coli and Pseudomonas syringae is not yet 
defined [26]. With E. hirae, copA and copB are involved in copper transport using 
ATPases, while copY gene product acts as a copper-responsive repressor. The copZ 
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and Cd(II) ATPases [28, 29]. In both gram-negative and gram-positive bacteria, 
lead resistance has been reported in lead-contaminated soils. Bacillus megaterium 
demonstrating intracellular cytoplasmic leads to accumulation and Pseudomonas 
marginalis showing extracellular leads to exclusion [30]. Furthermore, the 
Staphylococcus aureus and Citrobacter freundii accumulated the metal as an intra-
cellular lead-phosphate [31]. CadA ATPase of Staphylococcus aureus and the ZntA 
ATPase of Escherichia coli have been reported as efflux of Pb(II) [32].

Furthermore, 27 isolates were isolated from some abandoned mining areas 
in Morocco and found to belong to Streptomyces and Amycolatopsis genera. The 
minimum inhibitory concentration (MIC) recorded was 0.1 mg·mL−1 for both Zn 
and Cu, 0.55 for Pb, and 0.15 for Cr. Chemical precipitation assay revealed that the 
27 isolates have a strong ability to accumulate Pb (up to 600 mg of Pb/g of biomass 
for Streptomyces sp. BN3) [33].

Interplay between CBA transporters and P-type ATPases in Cupriavidus metal-
lidurans CH34 for zinc and cadmium resistance is reported [34]. The pbrTRABCD 
gene cluster from Cupriavidus metallidurans CH34 revealed that export of Zn2+, 
Cd2+ and Pb2+ was via the main transporter component of the operon P-type 
ATPase PbrA, whereas PbrB, the second component of the operon, was shown to 
be a phosphatase that increased lead resistance. P-type ATPase that removes Pb2+ 
ions from the cytoplasm and a phosphatase that produces inorganic phosphate 
for lead sequestration in the periplasm represent the new lead resistance model 
in Cupriavidus metallidurans CH34. In several different bacterial species and 
when searching databases, gene clusters containing neighboring genes for P-type 
ATPase and phosphatase were detected which suggest that Pb2+ detoxification 
via active efflux and sequestration may be a widespread mechanism of resistance 
[34]. In Pseudomonas putida KT2440, two P-type ATPases and two CBA trans-
porters exhibited that resistance mechanisms for Zn2+ and Cd2+ are somewhat 
different than for Pb2+ since Zn2+ and Cd2+ cannot be sequestered as insoluble 
compounds easily [32, 34].

A group of transporters, the cation diffusion facilitator family (CDF), can 
catalyze heavy metal influx or efflux in both prokaryotes and eukaryotes. All 
characterized CDF proteins to date can transport metals only (such as Fe2+, Co2+, 
Ni2+, Zn2+ and Cd2+), in contrast to other protein families, such as P-type ATPases or 
CBA transporters. In C. metallidurans, CDF family of chemiosmotic efflux systems 
with the CzcD Cd2+ and Zn2+ efflux system was first described [34]. CDF transport-
ers provide very low resistance level, but it plays a main role in heavy metal buffer at 
low concentration of the metal in the cell cytoplasmic [34].

Detoxification mechanism for Pb2+ can also be achieved by sequestration. In sev-
eral bacterial species and via the use of intra- and extracellular binding of Pb2+, they 
can avoid toxicity as in S. aureus, Citrobacter freundii [35, 31], and Vibrio harveyi 
[36] by precipitating lead as a phosphate salt. Mainly through exopolysaccharides 
(EPSs), binding of heavy metals can take place. EPS could act as a biosorbent of 
free metal ions, but it cannot be considered as inducible resistance mechanism in 
response to metals [34].

Nine candidate core biomarker genes might be tightly correlated with the 
response or transport of heavy metals. These genes, namely, NILR1, PGPS1, 
WRKY33, BCS1, AR781, CYP81D8, NR1, EAP1, and MYB15. The same expression 
trend and response to different stresses (Cd, Pb, and Cu) by experimental results 
have been shown [37].

The mechanism of lead resistance in Frankia sp. strain EAN1pec has been 
reported which include cells’ accumulated Pb2+ with saturation kinetics (Figure 3). 
The Cu2+-ATPase and cation diffusion facilitator (CDF) in addition to several 
hypothetical transporters were upregulated under lead stress that may indicate 
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metal export. Furthermore, a potential transcription factor (DUF156) binding site 
associated with several proteins was identified with heavy metals [38]. The EDAX 
results showed much high proportion of phosphate in Frankia cultures exposed to 
higher Pb2+ concentrations which could indicate different Pbx(PO4)x compounds 
formed, which bind to Frankia cell surface [38].

4. Cadmium bioremediation

Cadmium (Cd2+), the heavy metal, is toxic in its ionized form to microbes 
and humans. It is found in the biosphere and often associated with zinc ores at 
concentrations approaching 0.01–1.8 ppm. It can enter the bacterial cell normally 
by essential divalent cations via transport systems. Cadmium toxicity has effect by 
inhibiting respiration via binding to essential proteins’ sulfhydryl groups and can 
also cause single-strand breakage of DNA in E. coli [39].

The full resistance to Cd2+ required the interplay of a P-type ATPase that 
exported cytoplasmic ions to periplasm and a CBA transporter that further 
exported periplasmic ions to the outside. Furthermore, membrane transport pumps 
export metal ions from the cell and binding factors involved in creating tolerance 
to heavy metal ions through detoxify metals by sequestration (i.e., cell wall com-
ponents (exopolysaccharides) and intracellular binding proteins (like metallothio-
neins and metallochaperones)) [34]. As cytoplasmic metal cation-binding proteins, 
metallothioneins can lower the concentrations of free ion in the cytoplasm. SmtA 
from Synechococcus PCC 7942 was the first metallothionein characterized in bacteria 
and can sequester and detoxify Zn2+ and Cd2+. Otherwise, SmtB is a repressor which 
can dissociate from DNA in the presence of metals [40–43].

In Streptococcus thermophilus Strain 4134, two genes (cadCSt and cadASt) were 
confirmed to constitute in cadmium/zinc resistance. P-type cadmium efflux 
ATPases are the proposed product of the cadA open reading frame (CadASt), 
whereas ArsR-type regulatory proteins are the predicted proteins encoded by 
cadCSt (CadCSt) [39]. The plasmid-encoded cad system in S. aureus is the best 
characterized Cd(II) resistance efflux system. CadA functions as an efflux pump 
that exports Cd(II) from the cell interior [44–46]. The gene product of cadC binds 
Cd(II) as it proposed inside the organism since cadC can bind two Cd(II) ions via 
a pair of cysteine residues. It is proposed that cadA takes Cd(II) from cadC in the 
cytoplasmic membrane [47]. cadD, the cadmium resistance gene, has been identi-
fied in a two-component operon which contains the resistance gene cadD and an 
inactive regulatory gene, cadX, from the Staphylococcus aureus plasmid pRW001 

Figure 3. 
Lead precipitation on Frankia hyphae.
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[48]. ZntA, the metal-dependent ATP hydrolysis activity which exports Cd(II), 
Pb(II), and Zn(II) from Escherichia coli, is a cation-translocating ATPase. ZntA 
expression is mediated by transcriptional regulator protein ZntR, belonging to the 
MerR family. Based on in vitro molecular cloning analysis and in silico studies, PcadR 
and CadR are active in the presence of Cd with the highest binding affinity between 
the CadR protein and PcadR [45, 49].

The Frankia strain ACN14a and EuI1c genome was first searched for cadmium-
binding motifs in COG and Pfam databases. A BLASTP analysis was performed on 
the Frankia ACN14a and EuI1c genome using the known CadA proteins as a query 
sequence. Blasting the published Frankia genomes against functionally identified 
CadA and putative cobalt-zinc-cadmium resistance amino acid sequences has 
revealed two possible genes (FRAAL0989 and FRAAL3628).

The identified gene which is CadA (FRAAL0989) in Frankia ACN14a is pre-
dicted to encode cation-transporting P-type ATPase A that possess cadmium and 
zinc outside the cells (Figure 4). Moreover, the putative cobalt-zinc-cadmium 
resistance (FRAAL3628) in the same strain is expected to work as transmembrane 
protein and consider cobalt-zinc-cadmium efflux system protein.

5. Selenite reduction

Selenium, in the form of selenocysteine or selenomethionine, is found in several 
stress proteins including glutathione peroxidase, alkyl hydroperoxidase, and mul-
tiple disulfide reductases. The deprotonated electrons of selenium cofactors make 
the selenoproteins’ reduction–oxidation reactive, explaining why many identified 
selenoproteins are involved in thiol and oxidative stress resistance. Since selenite 
generates these stresses in the cell, the stress-related selenoproteins may function 
doubly in detoxification and removal of free selenite ions from the cytoplasm. 
About 20% of sequenced bacteria contain selenoproteins [50].

The detoxification mechanism of selenite reduction in aerobic condition by 
microorganisms is not yet fully elucidated. Previously, it has been reported that 
selenite reduction may be catalyzed by a periplasmic nitrate reductase as in a 
selenate reductase, a periplasmic nitrate reductase in Thauera selenatis [51], a 
molybdenum-dependent membrane-bound enzyme of Enterobacter cloacae 
SLD1a-1 [52], Thiosphaera pantotropha [53], a periplasmic cytochrome B in Thauera 
selenatis [54], or a hydrogenase 1 of Clostridium pasteurianum [55]. Recent studies 
have indicated that NADPH-/NADH-dependent selenate reductase enzymes bring 
about the reduction of selenium (selenite/selenate) oxyanions. Selenite can be 
reduced to inert elemental selenium, which occurs in the selenite-resistant Frankia 
strains CN3, EuI1c, EUN1f, and DC12 [20].

However, all of the Frankia genomes contained synthase proteins for small thiols 
like mycothiol (MSH), which may substitute for glutathione for metal resistance. 

Figure 4. 
The proposed CadA gene in Frankia alni ACN14a.
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cadCSt (CadCSt) [39]. The plasmid-encoded cad system in S. aureus is the best 
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Cd(II) as it proposed inside the organism since cadC can bind two Cd(II) ions via 
a pair of cysteine residues. It is proposed that cadA takes Cd(II) from cadC in the 
cytoplasmic membrane [47]. cadD, the cadmium resistance gene, has been identi-
fied in a two-component operon which contains the resistance gene cadD and an 
inactive regulatory gene, cadX, from the Staphylococcus aureus plasmid pRW001 
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Selenium can also be reduced enzymatically either using thioredoxin and its reductase 
(TrxA and TrxB) or other oxyanion reductases, whereas selenite reduction by fuma-
rate reductase (FccA) in the periplasm was identified in Shewanella oneidensis MR-1 
[56]. Frankia CN3 has a second type of nitrate reductase (NasC) located with the 
nitrite reductases (NirBD) that may also contribute to its greater selenite resistance.

Many bacteria including Enterobacter cloacae SLD1a-1, Bacillus megaterium, 
Comamonas testosteroni S44, Thauera selenatis, Rhodopseudomonas palustris Strain N, 
and Bacillus cereus form nanospheres of Se° during selenite or selenate reduction 
[57–63], whereas under aerobic conditions, B. cereus reduces selenite to Se° nano-
spheres in the size range of 150–200 nm [64]. Rhodospirillum rubrum is postulated 
to efficiently transport elemental selenium out of the cell [65]. This hypothesis is 
supported by the results of ultracentrifugation experiments showing that the buoy-
ant density of cells increases in the presence of selenite during the reduction phase. 
With Desulfovibrio desulfuricans, selenium-containing particles are postulated to be 
formed in the cytoplasm. However, the red elemental selenium that accumulates in 
the media during the stationary growth phase is released, the result of cell lysis. On 
the surfaces of E. cloacae cells grown in the presence of selenite, more or less spherical 
protrusions were observed [66]. Selenium-containing particles were observed in the 
culture medium, but intracellular Se° was not detected in this study. Selenite reduc-
tion was suggested to occur via a membrane-associated reductase that was followed 
by rapid expulsion of the Se particles. Our data shows extra- and intracellular nano-
sphere particles which may be transported through the membrane. My hypothesis is 
that the small particles are transported out of the cell and then form the large particles 
observed in the culture medium by extracellular aggregation. This postulated mecha-
nism of transport would require an extremely large amount of energy.

In summary, selenite resistance may result from oxidation of selenite to the less 
toxic selenate using SorA. Frankia selenite resistance is likely due to alternate sulfate 
transporters (CysPUWA) that prevent sulfur starvation. The selenite reduction 
observed in resistant strains could occur through several mechanisms including 
NasC/NirBD or mycothiol, TrxAB, and YedY.

Frankia strain EuI1c showed a pattern of resistance to selenite. Growth steadily 
decreased as selenite levels elevated reaching a plateau at 3 mM that remained 
constant up to 8 mM. Strain EuI1c showed a MTC value of <0.1 mM, while the MIC 
was 3 mM. Strain CN3 showed a different overall pattern and a modest level of 
selenite resistance. This strain was more sensitive to 0.1 mM levels than higher levels 
(1–5 mM). Both of these strains formed a reddish cell suspension in the 24-well 
plates. These results indicate the reduction of the toxic, soluble, and colorless 
sodium selenite (Na2SeO32−) to the nontoxic, insoluble, and red-colored elemental 
selenium form (Se°). The red color development started to appear in these cultures 
after the 48-h incubation [67]. Visual observation of the cultures implies that 
Frankia will reduce colorless selenite to red-colored elemental selenium, which is 
nontoxic and insoluble [60]. Cells exposed to 0.1 mM selenite reduced completely 
all of the selenite at day 5. At 0.5 mM selenite, the Se° production initiated at day 3 
and ended at day 8. However, at 1 mM culture, Se° production initiated at day 3 and 
reached saturation at day 7.

When examined under scanning electron microscope, selenite-resistant Frankia 
EuI1c formed spherical nanospheres (Figure 5). These nanospheres were associated 
with the hyphae outside the cell as free deposits and also appeared as aggregates 
attached to the hyphae mass. Furthermore, these spherical particles also appear 
to be located inside the hyphae. The mentioned nanospheres may composed from 
reduced formed Se°. Since the reduction may occur in the cytoplasm, the nanopar-
ticles would be exported outside. These nanospheres were observed in different 
sizes in the nanometer range [67, 68].
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The elemental composition analysis of these nanospheres was investigated by 
the use of SEM-EDAX. As predicted, these nanospheres exhibited an elevation. 
Three absorption peaks in EDAX analysis at 1.37 keV (peak SeLα), 11.22 keV 
(peak SeKα), and 12.49 keV (peak SeKß) can be produced from selenium absorp-
tion. The first peak is related to 1.37 keV (peak SeLα) (keV = kilo electron Volt), 
whereas the second peak is met with 11.22 keV (peak SeKα) [61, 64].

6. Conclusion

Heavy metals are harmful to human health via interference with the function 
of vital cellular components. Lead (Pb), cadmium (Cd), copper (Cu), and selenite 
(SeO32−) are metals and metalloids that are widespread in the environment. P-type 
ATPase system that exported cytoplasmic ions to the periplasm and a CBA trans-
porter that further exported periplasmic ions to the outside are general mechanisms 
in resistance Co, Pb, and Cd. Furthermore, in metals detoxification by sequestra-
tion, binding factors will be involved in creating tolerance to heavy metal ions.
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Figure 5. 
Se nanospheres formed inside and outside Frankia hyphae. Panels (A, B and C) represent selenite oxyanions 
condition. Size bars represent: 1 µm.



Environmental Chemistry and Recent Pollution Control Approaches

152

Selenium can also be reduced enzymatically either using thioredoxin and its reductase 
(TrxA and TrxB) or other oxyanion reductases, whereas selenite reduction by fuma-
rate reductase (FccA) in the periplasm was identified in Shewanella oneidensis MR-1 
[56]. Frankia CN3 has a second type of nitrate reductase (NasC) located with the 
nitrite reductases (NirBD) that may also contribute to its greater selenite resistance.

Many bacteria including Enterobacter cloacae SLD1a-1, Bacillus megaterium, 
Comamonas testosteroni S44, Thauera selenatis, Rhodopseudomonas palustris Strain N, 
and Bacillus cereus form nanospheres of Se° during selenite or selenate reduction 
[57–63], whereas under aerobic conditions, B. cereus reduces selenite to Se° nano-
spheres in the size range of 150–200 nm [64]. Rhodospirillum rubrum is postulated 
to efficiently transport elemental selenium out of the cell [65]. This hypothesis is 
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ant density of cells increases in the presence of selenite during the reduction phase. 
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Chapter 9

Bioremediation of 
Petroleum-Contaminated Soil
Shuisen Chen and Ming Zhong

Abstract

Petroleum is not only an important energy resource to boost the economic 
development, but also a major pollutant of the soil. The toxicity of petroleum can 
cause a negative impact on ecosystem, as well as the negative effects related to its 
carcinogenic for both animals and humans. In the present study, bioremediation as 
an alternative tool for restoration petroleum-contaminated soils was set forth, and 
focusing on the phytoremediatior plants, petroleum-biodegradable microorganism 
are responsible for the biodegradation of petroleum. In the present chapter, the 
bioremediation of petroleum-contaminated soil, as well as the influence factors 
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1. Introduction

Petroleum is an important strategic resource that dominates the world economy 
[1]. Petroleum is composed of a complex mixture of aromatic hydrocarbons, ali-
phatic hydrocarbons, heterocyclic hydrocarbons, asphaltenes and non-hydrocarbon 
compounds. And 60–90% of them are classified as biodegradable [2]. In the past 
decades, with the development of petroleum industry, petroleum has caused a 
severe environment contamination and relevant adverse effects during the explora-
tion, transportation, management or storage of hydrocarbons in underground 
deposits, and refining processes, among which the soil contamination with petro-
leum is a serious global problem [3].

The petroleum contamination induces oxidative stress, causes the alteration 
in soil’s chemical composition and low nutrient availability. The primary harmful 
effects of petroleum include inhibition of seed germination, reduction of photo-
synthetic pigments, slowdown of nutrient assimilation, inhibition of root growth, 
foliar deformation and tissue necrosis, as well as destroy biological membranes, 
disturb the signaling of metabolic pathways and disrupt plant roots architecture 
[4–7]. The low-molecular-weight hydrocarbons can penetrate plant cells resulting 
in plant death. In addition, the petroleum and its derivatives lead to the develop-
ment of cancer and other diseases. Previous studies indicated that petroleum 
contamination caused the depression of the nervous system, narcosis and irritation 
of the mucous membranes of the eyes in humans [8–11]. In view of the high toxic-
ity, carcinogenic, mutagenic and teratogenic potential of petroleum contamination, 
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the bioaccumulation of petroleum in the food chain would disturb biochemical and 
physiological processes which lead directly or indirectly to human health [12, 13]. 
Therefore, petroleum contamination is not only a negative impetus for plant growth 
and development but also an adverse factor for human and ecological health.

2. Technologies for petroleum-contaminated soil remediation

Faced with the serious environmental problems that involve the soil contamina-
tion by petroleum, an increasing attention has paid to the development and imple-
mentation of innovative technologies for the removal of petroleum from soil in the 
past decades. Multiple soil remediation technologies involve the physical remedia-
tion, chemical remediation and bioremediation were developed and employed 
for the restoration of petroleum-contaminated soil, particularly the eco-friendly 
bioremediation (Figure 1).

2.1 Physical remediation

Physical remediation uses the physical properties of the contaminants or the 
contaminated medium to destroy, separate, or contain the contamination, which 
include soil vapor extraction, flotation, ultrasonication, electro kinetics remedia-
tion, thermal desorption and biochar adsorption.

Soil vapor extraction is focus on inducing volatilization of nonaqueous-phase 
liquid and vapor-phase transport of volatile organic compounds form the subsur-
face to the surface for subsequent treatment. Soil vapor extraction is also known as 
in situ soil venting, in situ volatilization, enhanced volatilization, or soil vacuum 
extraction, in which the extraction well was used to create a pressure or concentra-
tion gradient to remove volatiles and some semivolatile contaminants from soil 
[14]. Soil vapor extraction can remove large quantities of volatile contaminants in 
uniform soils within a short time. Meanwhile, soil vapor extraction provides oxygen 
through the flow of air to stimulate the growth of microorganisms. However, the 
efficiency of soil vapor extraction is affected by soil properties and operational 
conditions, as well as contaminant properties [15, 16].

The flotation technology relies on the difference in surface properties of both 
contaminant and soil, which separate oil from soil via a gas–liquid–solid system. 
The flotation mechanism is dependent on (I) collision between contaminants and 

Figure 1. 
Schematic of the remediation strategies for petroleum-contaminated soil remediation.
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bubbles, (II) form bubble-contaminant with the attachment of contaminants and 
bubble, (III) flotation of bubble-contaminant based on difference in buoyancy 
and detachment of contaminant from bubble-contaminant [17]. Flotation is char-
acterized as simplicity, low operational cost and high efficiency for contaminants 
removal. It also can separate very small or light weight particles with low settling 
velocities. Nevertheless, large amounts of wastewater were produced during the 
flotation process. And the efficiency of aged or weathered contaminated soil was 
significantly decreased [18].

The ultrasonication helps desorption of the contaminant and promotes the for-
mation of strong oxidant, hydroxyl radicals (OH·) which enhance the efficiency of 
pollutant removal [16, 19]. Ultrasonication can eliminate the hazardous pollutants 
without any chemicals. Moreover, the on-spot heating and intense agitation will 
enhances heat and mass transfer processes. However, the higher energy consump-
tion for generation of acoustic makes it the costly setup [20].

Electro kinetics remediation employs direct electric current between appropri-
ately distributed electrodes (cathodes and anodes) that embedded in petroleum-
contaminated soil to form an electric field. The voltage potential gradient were 
formed in the electric field which cause the fluid medium to flow preferentially 
towards the cathode and drag the contaminant together with the bulk flow [21].The 
advantage of electro kinetics remediation is speed of execution and low operating 
cost. Moreover, the electro-osmotic flow is constant through the entire soil mass 
during the remediation which more suitable for low permeability soils. However, 
the electro kinetic process is ineffective in low contaminant concentration. The 
alteration of soil pH and hot spots around the electrodes were induced after an 
extended period of time [16].

Thermal desorption based on the manipulation of temperatures to increase the 
vapor pressure of the contaminants, in which the contaminants were volatilized 
and subsequent desorption from contaminated soil [22]. Thermal desorption is 
very effective in destroying the oil pollutants under high heat condition. In addi-
tion, thermal desorption emits little or no contamination gas into the atmosphere. 
However, only the volatile contaminants were removed by thermal desorption [23].

Biochar is carbon-enriched and porous with high specific surface area and 
biodegradability. The biochar was employed as an amendment to implement 
organic contaminated soil remediation due to the surface adsorption, partition and 
sequestration [24, 25].

2.2 Chemical remediation

Chemical oxidation has the potential for rapidly deposing or preprocessing soil 
contaminants. Oxidants that can cause the rapid and complete chemical destruc-
tion of petroleum contaminants are employed in the chemical oxidation remedia-
tion. In chemical oxidation, the contaminants is oxidation chemically converts to 
non-hazardous, at least, biodegradable products or less toxic compound that more 
stable, less mobile or inert [16, 26].

Plasmas oxidation is also considered as highly competitive technology to reme-
diating the pollutants from soils. Especially the plasma technology based on pulsed 
corona discharge and dielectric barrier discharge has aroused widely concerns in 
soil remediation [27, 28]. Plasma are macroscopically electrically neutral aggregates 
composed of numerous ions, electrons, atoms, molecules and unionized neutral 
particles. A number of active constituents such as O3, H2O2, the hydroxyl radicals 
(OH·) and high energy electrons were generated in the generation of plasma by 
ionization, in which a strong oxidizing environment was created for oxidative 
decomposition of contaminants [29].
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Photocatalytic degradation is effective for decomposition of polycyclic aromatic 
hydrocarbon in the soils. This technology makes use of the semiconductor metal 
oxide as catalyst to degrading organic pollutant into small molecules directly [30]. 
Semiconductor molecule contains a valance band with stable energy electrons and 
an empty higher energy conduction band. The absorption of radiation can initi-
ate the photocatalytic reaction, in which the formation of holes (h+) in valence 
band and electrons (e−) in conduction band in femtosecond time scale. During the 
photocatalytic process, the hydroxyl radicals (OH·) and superoxide radical anion 
(O2·−) are formed to degrading organic pollutant. However, the light absorption 
characteristics, humic substances content and moisture content of soil may affect 
the photocatalytic degradation [31, 32].

2.3 Bioremediation

The physical and chemical remediation have their own characteristics, even 
effective for higher contaminants removal. However, the practical applications 
are impracticable under some circumstances, such as the remediation of amount 
of contaminated soil is economically impracticable. Furthermore, most of the 
physical and chemical remediation technologies are unavoidable to destroy the soil 
microbiota that reduces the concentration of soil at the expense of damaging the 
integrity of soil ecosystem [33]. Therefore, alternative technologies that have less 
environmentally aggressive, greater ease of practical application, as well as more 
efficient and cost-effective for environmental decontamination are expected. In the 
past decades, significant advances on bioremediation have been achieved. Although 
it is time consuming, bioremediation techniques, due to their eco-friendly approach 
and very low cost, efficient and sustainable for restoring the contaminated soil in 
the context of sustainability, are extensively noticeable at present [34].

Bioremediation is a process that naturally or artificially take advantage of living 
organisms or their products to reduce (degrade, detoxify, mineralize or transform) 
the pollutants of the contaminated environment [35]. For this purpose, living 
organisms (plants and microorganisms) that tolerate and have capacity to grown 
under contaminated soil are usually used. Number of studies has revealed that 
selecting petroleum-tolerant plants for bioremediation in cases of soil petroleum 
pollution is a feasible and sustainable technology. Many plants, such as perennial 
ryegrass, alfalfa, Mirabilis jalapa, were considered as tolerant to petroleum stress 
[36–38]. The microorganisms that are utilized in petroleum pollutants removal can 
be bacteria, fungi or yeasts. These microbes are the essential component in soil eco-
logical systems that play a vital role for the remediation of petroleum hydrocarbon 
and other pollutants [39, 40]. Some of them have high capacity to degrade contami-
nants and widely used for environmental depollution [41]. In the bioremediation of 
petroleum contaminated soils, the most widely used organisms are bacteria which 
have high frequency, rapid growth and a broad spectrum of degradation of petro-
leum products [42].

Phytoremediation is a kind of bioremediation. Phytoremediation is considered 
as an alternative technology that makes use of plants and microorganisms associ-
ated with their root to degrade or reduce soil contaminants [43]. The main factors to 
consider when choosing a plant as a phytoremediator are root system, plant survival 
and its adaptability to prevailing environmental conditions. Plants not only can 
degrade petroleum pollutants directly via enzymatic activities, but also can stimu-
late the rhizosphere microbial community to degrade petroleum contaminants [44]. 
The use of plant growth promoting rhizobacteria (PGRR) plays an important role 
in phytoremediation. The PGRR promote the growth of plant by providing phyto-
hormones and mineral nutrition. PGRR can also generate antibiotics, compete for 
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nutrients with pathogens or induce systemic resistance in the host plant to protect 
it from pathogens [45]. To understand the interactions between PGRR and plants 
would be better reveal the alleviation of contaminants toxicity of soil.

Rhizoremediation is a strategy for phytoremediation, plant act indirectly in 
phytoremediation, since their presence in the environment provides favorable 
conditions for the growth of microorganisms in the rhizosphere region. The 
rhizosphere is a soil zone ranging from the surface to a depth of 1–5 mm, in which 
the interdependence between plants and microorganisms result in a symbiotic 
lead to form a symbiotic relationship [46]. Plants roots can release the organic 
acids, carbohydrates, amino acid and oxygen to the rhizosphere, which promote 
the development of rhizosphere microbe (including bacteria, fungi, protists, 
nematodes and in vertebrates). And the microbe benefits the plant by providing the 
necessary vitamins, cytokinins and amino acids to promote plant growth [16]. The 
development of microbial biotechnology is beneficial for screening and identify-
ing microorganisms from petroleum contaminated soils [47]. Many microorgan-
isms have been isolated and utilized as biodegraders for petroleum hydrocarbons 
disposal. More than 79 genera of bacteria that capable of degrading petroleum 
hydrocarbons have been identified [48]. Furthermore, some microorganisms were 
crucial for petroleum hydrocarbons since the abundance of these microorganisms 
were dominant increased after petroleum contamination [49]. In view of different 
indigenous bacteria have different catalytic enzymes, the combination of multiple 
functional bacteria were preferable to remediating the pollutants in contaminated 
soils. Previous studies showed that the joint action of indigenous bacterial con-
sortium and exogenous bacteria were effectively accelerating the degradation of 
petroleum [50].

Biostimulation is one of the main strategy bioremediation for the decontamina-
tion of petroleum-polluted soil, which through adjusting the environmental condi-
tions (temperature, moisture, pH, redox potential, aeration, mineral nutrition) to 
enhance the growth and the metabolic activity of indigenous degrading microbial 
populations. The microorganisms’ activity in biostimulation practice is tolerant to 
various hydrocarbons and can utilized hydrocarbons as carbon sources for their 
growth [51].

Bioaugmentation is another strategy of bioremediation, which refer to the 
inoculation of exogenous microorganisms into the contaminated soils to degrade 
the target contaminants [52]. The inoculated microorganism can be one strain or 
a consortium of microbial strains with diverse functional degradation capacities 
[53]. Bioaugmentation was considered to be more effective for the degradation of 
the light fraction (C12-C23) of petroleum hydrocarbons [54]. Bioaugmentation 
can divided into cell bioaugmentation and genetic bioaugmentation based on the 
degradation mechanism of the inoculated strains. Cell bioaugmentation relies 
on the survival and catabolic activity of the inoculated strains to accelerate the 
degradation of target contaminants directly [55]. While genetic bioaugmenta-
tion based on the spread of catabolic genes (plasmids, integrons or transposons 
mediated) into native microbial populations. And then the native acquiring these 
genes achieve the ability to degrade organic contaminants [56]. As compare to 
the cell bioaugmentation, genetic bioaugmentation, especially plasmid-mediated 
bioaugmentation appears to have greater potential for the bioremediation of 
contaminated soils [57].

In addition, microbial electrochemical system was considered as an emerging 
technique for bioremediation, which integrates microbial and electrochemical 
processes to convert the pollutants to less-toxic or value-added products [58]. With 
various inherent advantages, microbial electrochemical system was mostly applied 
in remediation of petroleum contaminants in soil. Microbial electrochemical system 
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is considered as more flexible for various contaminants in bioremediation due to the 
oxidation and reduction transformation in remediation processes [59].

3. Influence factors of bioremediation

Bioremediation is viewed as a technique to accelerate the natural biodegradation 
process in a cost-effective and environment friendly way. However, bioremediation 
is time consuming, and the contaminant concentration and composition, tempera-
ture, soil pH, oxygen condition and salinity are highly affected the bioremediation 
of the petroleum-contaminated soils.

The plants and microbes would unable to grow in a high petroleum soil. In that 
case, the bioremediation was inoperative or low efficiency. In addition, some of the 
petroleum derivatives with high solubility have higher cytotoxicity to biodegrada-
tion bacterial, while other compounds produced no significant inhibitory effects on 
bacterial growth [60].

The temperature plays a vital role in bioremediation and influence biodegrada-
tion reactions [61]. Indeed, temperature can indirectly affecting biodegradation 
efficiency by affecting bacterial growth and metabolism, altering soil matrix and 
the mode of occurrence of pollutants [62].

Petroleum and its derivatives can full fill the interstices of soil, which reduce the 
amount of oxygen in soils. Under reduced or absent oxygen conditions, the metabo-
lism of aerobic microorganisms was partially interrupted, as well as the bioavail-
ability and degradation efficiency of pollutant were reduced [12, 63].

The key components of biodegradation of petroleum hydrocarbons are vari-
ous specific enzymes [61]. The alterations of pH value may influence the enzymes 
activities to reduce the effective of the biodegradation. In other hand, alterations of 
pH and high salinity may inhibit microbial growth and metabolism. In addition, the 
lack of technique to monitor the survival and activity of the organism in soil also 
limited the application of bioremediation.

4. Conclusions

Bioremediation is an eco-friendly and economic method to remove the petro-
leum pollutants of soil. There were several kinds of bioremediation have been 
applied to remediate the petroleum hydrocarbon from contaminated soils, such 
as phytoremediation, rhizoremediation, biostimulation, bioaugmentation, and so 
on. The petroleum-tolerant plants and the high-effective petroleum degradation 
microbes are preferable used in bioremediation process. Alternatively, construction 
of the different functional bacterial consortium or genetic engineering bacteria, 
and potentially using integrated bioremediation approaches for bioremediation of 
petroleum have become a trend in future. However, some of the influence factors 
are significant reduced the degradation efficiency on bioremediation application. 
Therefore, use a combination of bioremediation and other technologies is effective 
strategy to accelerate for petroleum hydrocarbon pollutants removal. Furthermore, 
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Abstract

The chapter reviews the most important researches on the use of micro- and 
macrofungi in the bioremediation of contaminated soils. In particular, the main 
classes of soil pollutants in Europe (heavy metals, mineral oils, polycyclic aromatic 
hydrocarbons (PAHs), monoaromatic hydrocarbons, phenols and chlorinated 
hydrocarbons (CHCs)), together with the emerging contaminants (i.e. endocrine-
disrupting chemicals (EDCs) and pharmaceutical-personal care products (PPCPs)) 
are considered. A description of the fungal species (saprotrophic and biotrophic 
basidiomycetes) and biodegradative extracellular (laccases and class II peroxidases) 
and intracellular (cytochrome P450 monooxygenases and glutathione transferases) 
enzyme classes is reported. Moreover, the chemical-physical parameters that 
influence the biodegradation process are examined, and the biostimulation and 
bioaugmentation strategies are described. A specific attention is paid to the micro-
cosm studies, at the laboratory scale, which are an essential approach to evaluate the 
feasibility of a biodegradation process.
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1. Introduction

The contamination of soil, water and air by toxic chemicals represents one of the 
major worldwide environmental problems. From this point of view, the European 
Union (EU) is paying attention to the improvement of soil protection and recovery 
and to the prevention of soil contamination, since there are still many historical 
and new contaminated sites that require remediation [1, 2]. The main classes of soil 
pollutants in Europe have been reported in [3].

Bioremediation is a simple and cost-effective method that, in the last decades, 
has received worldwide a particular attention. The general term “bioremediation” 
indicates the use of living organisms (i.e. bacteria, fungi, algae and plants) in the 
detoxification of polluted soils and wastewaters. In a bioremediation process, 
organic and inorganic hazardous substances may degrade, accumulate or immobi-
lize, resulting in a significant reduction of the contamination level.

In the last decay, the role of fungi in bioremediation has been increasingly 
recognized [4, 5]. About this, various authors have highlighted the ability of fungi, 
mainly saprotrophic and biotrophic basidiomycetes, to degrade or to transform toxic 
compounds [6, 7]. Mycoremediation is the bioremediation technique which employ 
fungi in the removal of toxic compounds; it could be carried out in the presence of 
both filamentous fungi (moulds) [8] and macrofungi (mushrooms) [9, 10]. Both 
classes possess enzymes for the degradation of a large variety of pollutants [11, 12].
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major worldwide environmental problems. From this point of view, the European 
Union (EU) is paying attention to the improvement of soil protection and recovery 
and to the prevention of soil contamination, since there are still many historical 
and new contaminated sites that require remediation [1, 2]. The main classes of soil 
pollutants in Europe have been reported in [3].

Bioremediation is a simple and cost-effective method that, in the last decades, 
has received worldwide a particular attention. The general term “bioremediation” 
indicates the use of living organisms (i.e. bacteria, fungi, algae and plants) in the 
detoxification of polluted soils and wastewaters. In a bioremediation process, 
organic and inorganic hazardous substances may degrade, accumulate or immobi-
lize, resulting in a significant reduction of the contamination level.

In the last decay, the role of fungi in bioremediation has been increasingly 
recognized [4, 5]. About this, various authors have highlighted the ability of fungi, 
mainly saprotrophic and biotrophic basidiomycetes, to degrade or to transform toxic 
compounds [6, 7]. Mycoremediation is the bioremediation technique which employ 
fungi in the removal of toxic compounds; it could be carried out in the presence of 
both filamentous fungi (moulds) [8] and macrofungi (mushrooms) [9, 10]. Both 
classes possess enzymes for the degradation of a large variety of pollutants [11, 12].
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Fungi are well known for their ability to colonize a wide range of heterogeneous 
environments and for their ability to adapt to the complex soil matrices, also at 
extreme environmental conditions. Furthermore, they can decompose the organic 
matter and easily colonize both biotic and abiotic surfaces [13, 14].

Filamentous fungi show some peculiar characteristics that make them more 
advisable in soil bioremediation than yeasts and bacteria [14, 15]. The most 
important are the type of growth (i.e. the development of a multicellular mycelial 
network) suited to soil colonization and translocation of nutrients and water, 
the production of many bioactive compounds and extracellular enzymes and the 
unique capability to co-metabolize many environmental chemicals [16].

Mycoremediation represents thus a biological tool to degrade, transform or 
immobilize environmental contaminants.

The state of the art of soil mycoremediation is reviewed in the present chapter. 
A particular attention is given to the fungal species and enzymes involved in the 
biodegradation processes, together with the classes of toxic compounds that could 
be biodegraded. Bioremediation strategies (i.e. biostimulation and bioaugmenta-
tion) and significant examples of microcosm and field studies are also discussed. 
Finally, the application of mushrooms as emerging technology in soil mycoremedia-
tion is reported.

2. Important fungal species involved in biodegradation

The most suitable fungi to be used in soil remediation are basidiomycetes and, in 
particular, the ecological groups of saprotrophic and biotrophic fungi [17].

The saprotrophic basidiomycetes, which use dead organic matter as a carbon 
source, include the wood-degrading fungi. Among them, white-rot fungi (WRF) 
are considered for the leading role in biodegradation [18]. WRF can degrade 
efficiently both lignin and cellulose biopolymers till the complete mineraliza-
tion [19], thanks to the production of an extracellular enzymatic complex, which 
comprehend lignin peroxidases (LiPs), manganese-dependent peroxidases (MnPs), 
versatile peroxidases (VPs), laccases, H2O2-generating oxidases and dehydroge-
nases, produced during the idiophase, usually under nitrogen depletion.

Some of the most representative WRF, able to degrade pollutants, include 
Phanerochaete chrysosporium, Pleurotus ostreatus, Trametes versicolor, Bjerkandera 
adusta, Lentinula edodes, Irpex lacteus, Agaricus bisporus, Pleurotus tuber-regium and 
Pleurotus pulmonarius [20, 21]. Among these fungi, Phanerochaete chrysosporium has 
been the most investigated for its ability to degrade toxic or insoluble compounds to 
CO2 and H2O, more efficiently than other fungi. In 1985, for the first time, Bumpus 
et al. proposed the application of Phanerochaete chrysosporium in bioremediation 
studies, and the fungus became a model system in the mycoremediation field [22].

The biotrophic basidiomycetes comprehend ectomycorrhizas which obtain 
the carbon source from a mutualistic plant partner: the fungal hyphal network 
envelopes the root and penetrates between the cells of the root cortex [17]. 
Ectomycorrhizal fungi (ECM) can assemble and recycle the nutrients from the 
organic matter of the soil [23]. ECM comprehends about 10,000 fungal species; 
the most representatives are Amanita spp., Boletus spp., Gautieria spp., Hebeloma 
spp., Lactarius spp., Morchella spp., Suillus spp. and Rhizopogon spp. [16, 24]. ECM 
fungi secrete enzymes to get nutrients by means of the degradation of molecules in 
the soil organic matter. ECM possesses extracellular and cytosolic enzymes which 
attack molecules containing N and P atoms. Hydrolytic enzymes comprehend 
β-glucosidases and phosphatases, while the oxidative ones are peroxidases and phe-
nol oxidases [25]. The ECM fungi application is important in habitat where the litter 
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layer is restricted and consequently ligninolytic enzymes, typical of wood fungi, 
are not so efficacious; in this contest, ECM fungi are able to produce enzymes to 
sequester nutrients directly from the soil. The same enzymes allow ECM to degrade 
many persistent organic pollutants [26].

Most of the biodegradation studies at the laboratory and field scale are con-
cerned to microfungi, but in the last years, much attention has been given to 
mushrooms which are broadly present in soil and also easily soil-cultivated [27]. 
Bioremediation by macrofungi basidiomycetes is reported by [28] to be advanta-
geous because, together with remediation, soil is enriched with organic matter and 
nutrients and plant growth results enhanced. These macrofungi are potent degrad-
ers thanks to the secretion of the same non-specific enzymes (LiP, MnP and laccase) 
described for the wood-degrading fungi and, for this reason, are interesting in the 
bioremediation field. At the same time, they grow to a great extent producing high 
biomass quantities, in particular when cultivated on carbon sources, such as straw 
or sawdust [29]. The mushroom biomass can be a protein source or can contain 
biologically active compounds such as phenols with antioxidant activity [12, 30]. 
Furthermore, mushroom biomass can be applied in biosorption treatment thanks to 
its ability to accumulate ions and xenobiotics from contaminated soils [31].

3. Toxic compounds degraded by fungi

The biodegradation capability of different hydrocarbon classes such as mineral 
oils, polycyclic aromatic hydrocarbons (PAHs), monoaromatic hydrocarbons and 
chlorinated hydrocarbons (CHCs), together with phenols, was demonstrated for 
many fungal species [17]. Moreover, the possibility to decrease the risk associated 
with heavy metals, metalloids and radionuclides in soil has been described [16].

Cd, Cr, Hg, Pb, Cu, Zn and As are the most common heavy metals found in 
soil. In the EU, more than 80,000 contaminated sites are counted. Heavy metals 
can be generated by natural processes, like the metal-enriched rock erosion, and 
anthropogenic activities (e.g. mining, smelting, fossil fuel combustion, waste 
disposal, corrosion and agricultural practices) [32, 33]. Heavy metals that enter 
the environment can be transported or transformed by means of photo-, chemical-  
or biodegradation; moreover, they can also be biotransformed [34]. Fungi are 
potential heavy metal accumulators; in particular basidiomycetes mushrooms 
can uptake heavy metals from soil by means of their mycelia and accumulate 
them in the fruiting bodies, irrespective of their age [35]. As reported by [10], 
species of Agaricus, Amanita, Cortinarius, Boletus, Leccinum, Suillus and Phellinus 
are some of the mushroom applicable for the mobilization/complexation of dif-
ferent heavy metals in soil.

In the EU, mineral oils, together with heavy metals, represent the main source 
of soil contamination, significantly greater than 60% of the total contaminants. 
Mineral oils, refined from crude petroleum oil, are a group of various hydrocar-
bons, straight and branched-chain paraffinic, naphthenic and aromatic ones, with 
15 or more C numbers [2]. They can be used for the preparation of lubricant prod-
ucts (e.g. engine oils or hydraulic fluids) or “non-lubricant” ones (e.g. agricultural 
spray oils). Their industrial application is at a large scale, and the soil contamination 
can occur during transport, storage or refining or also for accidental leakages [36]. 
Hydrolases, dehydrogenases and membrane-bound cytochrome P450 enzymes 
constitute the fungal hydrocarbon-degrading system [37]. Fungal species belonging 
to Rhizopus, Paecilomyces, Alternaria, Mucor, Gliocladium, Aspergillus, Fusarium, 
Cladosporium, Geotrichum, Penicillium and Pleurotus are capable of utilizing crude 
oil as the sole carbon and energy source [37–39].
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Fungi are well known for their ability to colonize a wide range of heterogeneous 
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spp., Lactarius spp., Morchella spp., Suillus spp. and Rhizopogon spp. [16, 24]. ECM 
fungi secrete enzymes to get nutrients by means of the degradation of molecules in 
the soil organic matter. ECM possesses extracellular and cytosolic enzymes which 
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β-glucosidases and phosphatases, while the oxidative ones are peroxidases and phe-
nol oxidases [25]. The ECM fungi application is important in habitat where the litter 
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Polycyclic aromatic hydrocarbons (PAHs), molecules with multiple carbon 
rings, derive from the incomplete combustion of organic materials. Their origin can 
be both natural (e.g. open burning, natural losses of petroleum and volcanic activi-
ties) and predominantly anthropogenic (e.g. residential heating, coal gasification, 
carbon black, activities in petroleum refineries). PAH contamination corresponds 
to 13%: these compounds tend to bound to soil particles and to remain absorbed 
[40]. Both ligninolytic and non-ligninolytic fungi are able to degrade PAHs by 
means of the extracellular lignin-degrading enzymatic system, which contribute 
to the first attack on PAHs, and of the P450 monooxygenase [41]. Apart from the 
model P. chrysosporium, species belonging to Aspergillus, Penicillium, Rhizopus, 
Fusarium, Cladosporium and Trichoderma are capable of degrading PAHs [42].

Another group of crude petrol-derived hydrocarbons, which represent the 6% 
of soil contaminants, is that of monoaromatic hydrocarbons, and in particular those 
grouped in the acronym BTEX (benzene, toluene, ethylbenzene and xylene). Fungi are 
efficient in aromatic hydrocarbon degradation, as for PAH degradation, thanks to the 
ligninolytic enzymatic system. WRF, such as P. chrysosporium and Trametes versicolor, 
are reported to be good BTEX degraders together with soil and mycorrhizal fungi [43].

Phenols consist of one or more aromatic rings with hydroxyl functional groups; 
they are present in the waste streams of almost all the phenolic-using industries 
(e.g. chemical, paper, food and textile industries) and contaminate the soil as 
leachates or particulate matter [44, 45]. The percentage of soil contamination is 
one of the lowest, being around 4% [33]. The biodegradation of phenols is mainly 
concerned to the production of phenol oxidase enzymes (laccases, tyrosinases 
and peroxidases) by basidiomycetes: they act on phenols and incorporate one or 
two atoms of oxygen [46, 47]. Due to the production of these multiple oxidative 
enzymes, Trametes spp., Lentinus spp., Pleurotus spp. and Ganoderma spp. are some of 
the most efficacious fungal species involved in phenol compound biodegradation [48].

The soil contamination of CHCs is about 2%. These compounds contain Cl atoms 
substituted for hydrogen atoms normally bonded to a carbon. This group of chemi-
cals comprehends highly toxic pollutants such as polychlorinated biphenyls (PCBs) 
and chlorinated pesticides, e.g., DDT [49]. As for PAH biodegradation, WRF have 
been intensively proposed as biodegraders of CHCs due to their unspecific oxidative 
enzymes. However, also non-WRF, in particular soil ascomycetes and zygomycetes, 
are able to enzymatically transform these pollutants; in particular, they have the 
advantage over WRF to tolerate neutral pH and adverse growth conditions [50].

In the last years, emerging contaminants have become of great interest [51]. 
Among them, the anthropogenic chemicals, endocrine-disrupting chemicals 
(EDCs) and pharmaceutical-personal care products (PPCPs) are relevant due to 
their biological effects on nontarget organisms; in particular, EDCs simulate or 
antagonize the endogenous hormone effects and are toxic to organisms also at very 
low concentrations. Estrone, 17β-estradiol, 17α-ethinylestradiol, bisphenol A and 
triclosan are the most detected and studied in soil. EDCs and PPCPs mainly enter 
the soil environment via irrigation with contaminated wastewater [52–54]. As 
reviewed by [55], ligninolytic fungi are able to transform EDCs allowing a reduction 
of the endocrine-disrupting activity or their ecotoxicity; moreover, these fungi are 
also reported to be able to degrade the heterogeneous class of PPCPs thanks to their 
broadly unspecific enzymatic systems [56].

4. Enzymes involved in biodegradation of toxic compounds

Since 1985, after the discovery of Bumpus [22] about the degradation potentiali-
ties of P. chrysosporium, a plethora of authors have described the fungal enzymatic 
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machinery and its role in the transformation of a wide range of organic pollutants in 
soils. Most of the enzymes are extracellular and allow to attack and then degrade large 
molecules into smaller units which can enter the cells for further transformations [57].

Extracellular laccases start ring cleavage in the biodegradation of aromatic 
compounds [8]. They are multicopper oxidases with low substrate specificity and 
can act on o- and p-phenols, aminophenols and phenylenediamines thanks to a 
four-electron transfer from the organic substrate to molecular oxygen. The laccase-
mediator systems (LMSs) have an effect on the electron transfer chain increasing 
the laccase substrate range [58].

Fungal peroxidases generate oxidants which initiate the substrate oxidation in 
the extracellular environment [8]. They belong to the class II peroxidases [59] and 
catalyse the oxidative conversion of various compounds utilizing H2O2 as electron 
acceptor. As previously reported, LiPs, MnPs and VPs are the main fungal high-
redox class II peroxidases. They are involved in the biodegradation of the complex 
lignocellulose structure and, consequently, can degrade various organic substrates 
and transform some inorganic ones [46]. Fungi can also secrete the dye-decolorizing  
peroxidases (DyPs), which have oxidative and hydrolytic activities on phenolic and 
non-phenolic organic compounds [60]. Heme-thiolate peroxidases (HTPs) transfer 
peroxide-oxygen, from H2O2  or R-COOH to substrate molecules; in this group 
chloroperoxidases (CPOs) and the unspecific or aromatic peroxygenases (UPOs 
or APOs) are included. In particular, UPOs can mainly operate on heterogeneous 
substrates thanks to aromatic peroxygenation, double-bond epoxidation or hydrox-
ylation of aliphatic compounds [59].

Intracellular detoxification pathways comprehend multigenic families of 
cytochrome P450 monooxygenases and glutathione transferases, mainly owned by 
wood and plant litter fungi but also by some symbiotic species [46]. These intracel-
lular enzymes have functional roles in fungal primary and secondary metabolism.

P450 cytochrome monooxidases, heme-thiolate-containing oxidoreductases, can 
act on various substrates in stereo- and regioselective manner, needing O2 for the 
reaction. They are activated by a reduced heme iron and add one atom of molecular 
oxygen to a substrate. Hydroxylation, epoxidation, sulfoxidation and dealkylation 
can occur and require NAD(P)H as electron donor [61].

Glutathione transferases are located in different cellular compartments and 
catalyse the nucleophilic attack of an electrophilic C, N or S atom in non-polar com-
pounds by means of reduced glutathione (GSH). When electrophilic substrates are 
conjugated with GSH, they become more water-soluble. These enzymes have a wide 
substrate specificity and take part in the detoxification of different endogenous 
toxic metabolites and exogenous toxic chemicals [62].

5. Main parameters that influence mycoremediation

In general, chemical-physical characteristics of soil, such as pH, temperature, 
water content and redox potential, show a significant impact on the microbial 
growth and consequently on the success of a bioremediation process.

In particular, the biodegradation activity of the microorganisms depends on 
macro- and micronutrient availability in soil and on the presence of any other factor 
that influence the microbial metabolism, such as the contaminant type and concen-
tration, and their bioavailability, toxicity and mobility [33].

A proper amount of nutrients for microbial growth is usually present in soil; 
nevertheless, nutrients can also be added in a functional form which serves as 
an electron donor to stimulate bioremediation process [63]. The biodegrada-
tion of a toxic compound mainly depends on the genetic characteristics of the 
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microorganism, in particular on both the extracellular and intracellular enzymatic 
systems [64]. The contaminant concentration directly influences the microbial 
activity: a high concentration may produce a variety of toxic effects on the differ-
ent microbial classes, whereas a low concentration could not be enough to activate 
degradative enzyme synthesis. Filamentous fungi, able to form extended mycelial 
network and to synthetize a lot of aspecific enzymes, generally show a higher 
resistance to high contaminant concentration than bacteria [16]. Moreover, thanks 
to the low substrate specificity, the synthesis of degradative enzymes occurs also 
at low contaminant concentrations. The intracellular metabolic pathways involved 
in mycoremediation show remarkable similarities with those that regulate the 
secondary metabolism in fungi, in particular those of mycotoxin production [64]. 
Filamentous fungi which produce mycotoxins (e.g. Aspergillus and Penicillium 
spp.) exhibit the ability to degrade a wide variety of pharmaceutical compounds 
[65], among them the emerging pollutants EDCs [16, 66], ineffectively degraded 
by bacteria. The contaminant bioavailability is one of the most important factors 
that can be improved to optimize and accelerate the biodegradation; this fact has 
been demonstrated in the mycoremediation of aged PAH-contaminated soils [67]. 
The fungal ability to chemically modify or affect the contaminant bioavailability by 
means of biosurfactant production has been reported in different reviews [68, 69]. 
Penicillium and Aspergillus species have been reported to be biosurfactant producers 
[70, 71]. A wide range of microbial biosurfactant applications have been reported 
in the environmental protection field (e.g. enhancing oil recovery, controlling oil 
spills, biodegradation and detoxification of oil-contaminated soils) [69].

6. Biostimulation and bioaugmentation

Biostimulation and bioaugmentation are the two most developed approaches 
among the bioremediation techniques. Their main purposes are the reduction of 
bioremediation time and the achievement of a complete removal of contaminant [4].

In biostimulation, nutrients and electron exchangers are injected into the con-
taminated site in order to stimulate the degrading ability of indigenous microorgan-
isms [72]. As regards lab-scale tests, nutrients are generally added as inorganic salts 
and as defined chemical species, while at the field scale, the nutrients are frequently 
added in the form of agro-wastes, organic wastes or inorganic fertilizers [63]. The 
main inorganic nutrients, usually added, are nitrogen and phosphorous, because the 
presence of organic toxic chemicals frequently induces an imbalance in the C:N:P 
ratio [73]. The main advantages of biostimulation approach are the low cost and 
the exploitation of indigenous microorganisms without the necessity of adaptation 
required by allochthonous species.

In bioaugmentation, allochthonous or enriched autochthonous microorganisms, 
able to metabolize a specific contaminant, are introduced in soil. In both cases, the 
homogeneous dispersion of the added biomass and its proliferation, in competition 
with native microorganisms, are the great challenges [63]. Moreover, bioaugmenta-
tion and biostimulation could be also coupled in order to further stimulate intro-
duced biomass [74].

In fungal augmentation, high-quality inocula with high potentiality are neces-
sary; consequently, specific methods have been developed for the production 
of fungal inocula. These inocula can be in the form of pelleted solid substrates, 
colonized by fungal mycelium, prepared from cheap agricultural and industrial 
by-products [4, 75]. Pelleted fungal inocula can be optimized in substrate composi-
tion to enhance fungal growth, degradation abilities and competitiveness against 
autochthonous soil microorganisms.
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The bioaugmentation with autochthonous filamentous fungi for the cleanup of 
a historically contaminated site has been shown to be a successful bioremediation 
approach as described by [76]. These fungi were able to grow under nonsterile condi-
tions and to degrade various aromatic hydrocarbons in the same contaminated soil.

In a recent review [77], the role of saprotrophic fungi in the biodegradation of 
xenobiotics and toxic metals in co-contaminated sites has been discussed along with 
the metabolic interactions between fungi and bacteria in a microbial consortium. 
Considering the occurrence of a mixed organic-inorganic contamination in brown 
field sites, the bioremediation mechanisms for combined pollution of PAHs and 
toxic metals by fungi and bacteria are also well documented [78].

7. Microcosm study at the lab scale

Microcosm studies are needed, before the in-field treatment, to evaluate micro-
bial potential to degrade soil pollutants, the activity of the indigenous biomass and 
the most effective bioremediation strategy (i.e. biostimulation and/or bioaugmenta-
tion). In order to obtain information on the contaminant biodegradation in soil, 
the use of microcosms is a better approach than other kinds of laboratory tests 
[79]. Even if trials carried out at the lab scale do not always guarantee reproducible 
results on-site, due to chemical, physical and biological factors, they allow to verify 
the biodegradability of a certain compound. Hereafter, some of the most significant 
soil microcosm studies with fungi are reported.

One of the first studies, about PAH degradation in soil microcosm, was car-
ried out with P. chrysosporium and T. harzianum, grown on wheat straw and then 
inoculated in naphthalene-contaminated soil. The biodegradation behaviour was 
monitored by means of naphthalene concentration measurement, CO2 evolution as 
well as phytotoxicity tests [80].

Phanerochaete velutina and many litter-decomposing fungi (LDF) are potential 
degraders of soil organic matter. In the work of [81], they showed good growth, respira-
tory activity and MnP production on pine bark as co-substrate in microcosm. In the work 
of [82], the addition of P. velutina, cultivated on pine bark, to a PAH-contaminated soil 
was evaluated in microcosm and at the field scale. In the microcosm treatment (about 
1 kg of soil), the bioaugmentation with fungi showed a positive effect on the biodegrada-
tion of the high molecular weight PAHs. On the contrary, in the field-scale experiment 
(about 2 tons of soil), carried out at lower starting concentration of PAHs, the degrada-
tion percentage (%) was similar in both the inoculated and non-inoculated soils.

The bioremediation of an aged PAH-contaminated soil in microcosm was dem-
onstrated for an isolate of Trichoderma reesei [83]. The fungus metabolized benzo[a]
pyrene in the presence of glucose as a co-metabolic substrate.

An isolate of Chaetomium aureum was able to halve the free Pb concentration in 
soil in about 2 months, irrespective of its association with indigenous microorgan-
isms when inoculated in Pb-contaminated soil microcosms [84].

A microcosm study was conducted to optimize the degradation of weathered 
total petroleum hydrocarbons (TPH) in arid soils contaminated for more than 
a decade. Among fungi, Aspergillus, Acremonium, Cryptococcus, Geotrichum and 
Penicillium were the most widespread in these soils [85].

Different fungal strains (Aspergillus, Fusarium, Rhizomucor and Emericella spp.), 
isolated from a higher As contaminated agricultural soil, showed different detoxi-
fication mechanisms (biosorption/bioaccumulation and biovolatilization). They 
were able to reduce As contamination under in situ conditions as reported by [86].

In a study on bioremediation of petroleum hydrocarbons, a periodic biostimulation 
and bioaugmentation (PBB), by a single strain or a fungal consortium, was reported 
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microorganism, in particular on both the extracellular and intracellular enzymatic 
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spp.) exhibit the ability to degrade a wide variety of pharmaceutical compounds 
[65], among them the emerging pollutants EDCs [16, 66], ineffectively degraded 
by bacteria. The contaminant bioavailability is one of the most important factors 
that can be improved to optimize and accelerate the biodegradation; this fact has 
been demonstrated in the mycoremediation of aged PAH-contaminated soils [67]. 
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The bioremediation of an aged PAH-contaminated soil in microcosm was dem-
onstrated for an isolate of Trichoderma reesei [83]. The fungus metabolized benzo[a]
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An isolate of Chaetomium aureum was able to halve the free Pb concentration in 
soil in about 2 months, irrespective of its association with indigenous microorgan-
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A microcosm study was conducted to optimize the degradation of weathered 
total petroleum hydrocarbons (TPH) in arid soils contaminated for more than 
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Penicillium were the most widespread in these soils [85].

Different fungal strains (Aspergillus, Fusarium, Rhizomucor and Emericella spp.), 
isolated from a higher As contaminated agricultural soil, showed different detoxi-
fication mechanisms (biosorption/bioaccumulation and biovolatilization). They 
were able to reduce As contamination under in situ conditions as reported by [86].

In a study on bioremediation of petroleum hydrocarbons, a periodic biostimulation 
and bioaugmentation (PBB), by a single strain or a fungal consortium, was reported 
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as the best biodegradation strategy [87]. PBB maintained the enzymatic activities of a 
fungal co-culture (Pestalotiopsis sp., Polyporus sp. and Trametes hirsuta) and enhanced 
the biodegradation rate, in particular during the early stage of remediation [73].

The biodegradation activity of Byssochlamys nivea and Scopulariopsis brumptii 
was evaluated in agricultural soil microcosms contaminated with pentachloro-
phenol (PCP), added with solid urban waste compost [88]. A synergistic effect of 
compost and fungal strains was observed with a reduction of more than 95% of PCP 
after 28 days of incubation. The detoxification role of the two fungal strains in the 
contaminated soil was also confirmed by toxicity assays [89].

8. Mushrooms as an emerging issue in mycoremediation

Mushroom application in the bioremediation field could be considered as an emerg-
ing technology; nevertheless, a lot of scientific works have appeared in the last years.

The biodegradation potential of mushroom species in soil has been reviewed by 
[9]. In this chapter, the mycelial capability of hyperaccumulate chemical elements, 
in particular heavy metals and radionuclides, along with the nutritional potential 
hazards due to mushroom consumption has been extensively discussed.

The biodegradation of recalcitrant pollutants like PAHs by WRF, the biore-
mediation of soil contaminated with engine oil by Lentinus squarrosulus and the 
decontamination of soils polluted with cement and battery wastes using Pleurotus 
pulmonarius were also reported by [29].

Many works on the edible mushroom P. ostreatus have been published. The biodeg-
radation of the carcinogenic secondary metabolite aflatoxin B1 (AFB1), produced by 
Aspergillus flavus on rice straw [90] and on maize [91], was reported for this species. 
The mycoremediation of heavy metal-contaminated soils by means of different 
Pleurotus species was also reviewed in the work of [92]. In general, Pleurotus spp. are 
reported to be able to accumulate high levels of heavy metals; each species is charac-
terized by different sensitivities towards the different metals and their concentration.

In the review of [10], mushroom bioaccumulation of different potentially toxic 
trace elements (PTEs) in the fruiting bodies was reported for Phellinus badius, 
Amanita spissa, Lactarius piperatus, Suillus grevillei, Agaricus bisporus, Tricholoma 
terreum and Fomes fomentarius. The accumulation capability was higher than that of 
plants, vegetables and fruits.

The bioremediation of crude oil-contaminated soil by an unidentified 
Agaricomycetes was demonstrated in the work of [93]. The addition of 10% of spent 
mushroom compost (SMC) allowed to degrade petroleum hydrocarbons over a 
short period of time.

9. Conclusion

The capability of micro- and macrofungi to degrade organic pollutants and to 
decrease heavy metal concentration in soil is a matter of fact. The growth morphol-
ogy in soil (i.e. extended hyphal network), the low specificity of extracellular enzy-
matic complexes and the possibility to use toxic compounds as the growth substrate 
make filamentous fungi more advantageous in bioremediation processes when 
compared to other microorganisms. However, in the design of a soil mycoremedia-
tion process, some important aspects have to be considered such as the choice of 
the appropriate fungal strain and the evaluation of its possible interaction with the 
contaminated soil microbiota. To this end, microcosm studies represent a useful and 
simple method which allows to evaluate the feasibility of a biodegradation process.
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Arsenic Phytoremediation: Finally 
a Feasible Approach in the Near 
Future
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Abstract

Arsenic, a class-1 carcinogenic, is a ubiquitous metalloid found in the atmo-
sphere, soils, natural waters, and organisms. The World Health Organization 
(WHO) estimates that hundred million people worldwide might be chronically 
exposed to arsenic in drinking water at concentrations above the safety standard. 
Conventionally applied techniques to remove arsenic species show low removal 
efficiency, high operational costs, and high-energy requirements. The biological 
methods, especially phytoremediation, could be cost-effective for protecting human 
health and the environment from toxic metal contamination. Plants, as sessile 
organisms, have developed an extraordinary capacity to tolerate arsenic through 
three main strategies: uptake repression, sequestration into the vacuole, or extrusion. 
Therefore, arsenic perception and tolerance require a coordinated response that 
involves arsenic transporters, extrusion pumps, vacuole transporters, and the activa-
tion of the phytochelatin biosynthetic pathway. For phytoremediation to become 
a feasible strategy for arsenic removal from contaminated sites, it is essential to 
completely understand the molecular mechanisms of arsenic uptake, extrusion, and 
sequestration, as well as how this response is coordinated. The new genome-wide 
technologies provide a unique opportunity to understand the molecular mechanisms 
underlying arsenic perception and accumulation in plants that will open up new 
possibilities for phytoremediation of arsenic-contaminated waters and soils.

Keywords: arsenic, phytoremediation, hyperaccumulator, biotechnological 
approaches, Arabidopsis thaliana, Pteris vittata, rice

1. Introduction

Arsenic is a poison naturally present in the Earth’s crust, where it constitutes the 
20th most abundant element. Contamination with this element is derived from natural 
activities, such as volcanism, erosion, or leaching into aquifers, as well as from anthro-
pogenic activities, like mining, smelting ores, or industry. The most abundant forms 
of arsenic in the environment are the inorganic oxyanions of arsenite (As(III)) and 
arsenate (As(V)), both of them highly soluble in water [1–3]. As(III) is more toxic and 
relatively mobile in contaminated soils, whereas As(V) is considered relatively less toxic.

Arsenic from contaminated soil and water resources poses an environmental 
threat for all living beings, since it is bioavailable for crops and animals, eventually 
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Arsenic from contaminated soil and water resources poses an environmental 
threat for all living beings, since it is bioavailable for crops and animals, eventually 
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entering the food chain. Once inside the cell, As(V) interferes with phosphate 
metabolism, due to its structural analogy to this compound, while As(III) binds to 
sulfhydryl groups of proteins affecting their functions. Arsenic toxicity is, thus, 
mostly derived from its interference with enzymes involved in DNA synthesis and 
repair and cellular energy homeostasis, among others [4]. This metalloid is a well-
documented genotoxic agent and class I carcinogen affecting the skin and internal 
organs. Arsenic effects on human health have been a matter of comprehensive 
reviews [5–10]. For these reasons, chronic arsenic exposure, reported in many regions 
of the world, constitutes an environmental and public health problem of devastating 
proportions, particularly in Bangladesh [11, 12]. Besides the exposure to contami-
nated water, another major source of chronic arsenic exposure is derived from dietary 
consumption of contaminated rice. This crop accumulates relatively high amounts of 
arsenic and constitutes the main staple food for over 3 billion people across the world, 
mostly in Asia, being also extensively used for infant feeding [13–17].

For all these reasons, it is imperative to develop strategies to efficiently limit the 
effects of arsenic contamination and its entry in the food chain. Physicochemical 
treatments have been assayed for arsenic-contaminated waters, and recently 
nanomaterials and metal-organic frameworks (MOFs) are emerging as new prom-
ising adsorbent materials. In general, physicochemical treatments are effective at 
high arsenic concentrations but fail to remove it when contamination levels are low. 
Another drawback of these techniques is their economic cost, hardly affordable in 
economically poor rural areas [18, 19].

An alternative approach is the use of living organisms to mitigate arsenic 
contamination, a strategy named bioremediation. This strategy takes advantage of 
the ability of microorganisms and plants to tolerate and accumulate arsenic pres-
ent in nature [20]. The use of plants to clean up contaminated environments is an 
environmentally friendly green technology, well-accepted sociologically, relatively 
easy to implement, and potentially cost-effective that can be used to treat both 
contaminated soils and waters [21–23]. The main drawbacks of this strategy include 
the requirement of prolonged periods of time to be effective, lack of reproducibility 
due to environmental constraints, and the handling of the plant-fixed arsenic waste 
disposal. Another limitation is that high concentrations of arsenic may inhibit plant 
growth and, therefore, phytoremediation performance. A recent report has shown 
that plants accumulating arsenic could efficiently extract and convert it into valu-
able compounds, such as arsenic nanoparticles, with potential medical applications 
[24]. In addition, recent advances in the understanding of arsenic toxicity and the 
pathways of arsenic uptake, accumulation, and tolerance in different plant species, 
mostly in Arabidopsis thaliana (A. thaliana) and rice, have enabled the identifica-
tion of potential biotechnological targets to overcome these limitations and will 
improve efficiency of arsenic phytoremediation in the near future [25–28].

In this review, we focus on the phytoremediation strategy to combat arsenic 
poisoning: we provide a brief overview on the mechanisms of arsenic perception 
and signaling in different organisms, as well as a survey of plants with proven or 
potential use for arsenic phytoremediation. Finally, we address several biotechno-
logical approaches that could potentially improve efficiency of arsenic phytoextrac-
tion and enable the development of safer edible crops.

2. Arsenic perception and signaling

In this section, we present an overview of the known molecular mechanisms 
involved in the arsenic response particularly in yeast and plants that will be the basis 
to design new applied strategies in the near future.
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2.1  Arsenic response studies in prokaryotes: the pioneer studies of ars operon in 
E. coli

The identification of arsenic resistance genes in prokaryotes was first reported 
over 50 years ago [29]. This laboratory identified one strain of Staphylococcus aureus 
(S. aureus) resistant to antibiotic, arsenic and several heavy metal compounds, due to 
the presence of a resistance factor (R-factor) that was located at the plasmid, pI258. 
Later on, another R-factor, responsible for arsenic resistance, was found in Escherichia 
coli (E. coli), the R773 plasmid [30]. This was the very beginning of arsenic detoxifica-
tion gene discoveries. Few years later, arsenic resistance genes were cloned from the 
E. coli R773 plasmid, confirming that this plasmid is responsible for arsenic tolerance 
and contains all the genes involved in the arsenic response, named the ars operon [31]. 
Since then, many works have been done to elucidate the complexity of the R-factors 
and the genes that constitute the ars operon in several species [32].

In this review, we will describe the main genes composing the ars operon and 
their function; we will not focus on the distribution of this operon in prokaryotes, 
comprehensively reviewed previously [32].

The ars operon is widely variable, comprising a group of genes represented in 
different species with a different range of complexity [32] responsible for arsenic 
tolerance in prokaryotes. For instance, the S. aureus ars operon, named arsRBC, is 
composed of three genes, arsR, arsB, and arsC. However, other species such E. coli 
contain additional genes in the operon, like arsD and arsA.

One of the most important components of the ars operon is arsR, the key 
regulator of arsenic response in prokaryotes. This gene encodes a metalloregulatory 
protein (ArsR) that acts as a repressor of the whole operon [33, 34]. ArsR is a mem-
ber of the SmtB/ArsR family [35], a transcriptional repressor in its homodimeric 
form that contains a helix-turn-helix DNA-binding domain and metal-binding 
sites [35–38]. Under non-arsenic conditions, arsR directly binds to the ars operon 
repressing the expression of the downstream genes. In the presence of arsenic, even 
at low concentrations, this metalloid interacts with the ArsR homodimer, inducing 
its dissociation from the DNA [35]. Therefore, ArsR is considered the main sensor 
of the system through direct interaction with arsenic.

Another component of the operon, arsC, encodes an arsenate reductase [39] 
involved in the reduction of As(V) into As(III) using glutathione (GSH) and 
glutaredoxin (GRX) as electron donors [40]. On the other hand, different variants 
of ArsC from other species (S. aureus) use thioredoxin as an alternative electron 
donor [40]. The third gene of the operon, arsB, encodes a membrane protein 
which functions as a proton antiporter, involved in As(III) extrusion [41]. The 
versatility of ArsB is extraordinary. In many species, ArsB is present as a single 
component in which the As(III) extrusion is coupled to electrochemical energy, in 
an ATP-independent way [41]. In contrast, in many other species, such as E. coli, 
ArsB appears complexed with arsA. ArsA encodes an ATPase that forms a complex 
with ArsB that functions as an efficient ATPase-dependent arsenic pump, named 
ArsAB. ArsA displays a specific metal-binding domain in which As(III) is coupled. 
Several studies confirm that the presence of both genes gives an extraordinary bac-
terial survival advantage under arsenic stress conditions compared to the bacterial 
species holding only the ArsB protein.

The last component is arsD. Initially, ArsD was described as a metalloregulatory 
protein [42] with a proposed role in the transcriptional regulation of the ars operon, 
similar to ArsR. Few years later, it was shown that ArsD is a metallochaperone and 
not a regulatory protein [43]. This was an important contribution due to the fact 
that very little was known about metallochaperones by that time. The authors sug-
gested that, under non-arsenic conditions, ArsD weakly interacts with the complex 
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entering the food chain. Once inside the cell, As(V) interferes with phosphate 
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sulfhydryl groups of proteins affecting their functions. Arsenic toxicity is, thus, 
mostly derived from its interference with enzymes involved in DNA synthesis and 
repair and cellular energy homeostasis, among others [4]. This metalloid is a well-
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high arsenic concentrations but fail to remove it when contamination levels are low. 
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In this review, we focus on the phytoremediation strategy to combat arsenic 
poisoning: we provide a brief overview on the mechanisms of arsenic perception 
and signaling in different organisms, as well as a survey of plants with proven or 
potential use for arsenic phytoremediation. Finally, we address several biotechno-
logical approaches that could potentially improve efficiency of arsenic phytoextrac-
tion and enable the development of safer edible crops.

2. Arsenic perception and signaling

In this section, we present an overview of the known molecular mechanisms 
involved in the arsenic response particularly in yeast and plants that will be the basis 
to design new applied strategies in the near future.
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component in which the As(III) extrusion is coupled to electrochemical energy, in 
an ATP-independent way [41]. In contrast, in many other species, such as E. coli, 
ArsB appears complexed with arsA. ArsA encodes an ATPase that forms a complex 
with ArsB that functions as an efficient ATPase-dependent arsenic pump, named 
ArsAB. ArsA displays a specific metal-binding domain in which As(III) is coupled. 
Several studies confirm that the presence of both genes gives an extraordinary bac-
terial survival advantage under arsenic stress conditions compared to the bacterial 
species holding only the ArsB protein.

The last component is arsD. Initially, ArsD was described as a metalloregulatory 
protein [42] with a proposed role in the transcriptional regulation of the ars operon, 
similar to ArsR. Few years later, it was shown that ArsD is a metallochaperone and 
not a regulatory protein [43]. This was an important contribution due to the fact 
that very little was known about metallochaperones by that time. The authors sug-
gested that, under non-arsenic conditions, ArsD weakly interacts with the complex 
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ArsAB (the energetic arsenic pump). However in the presence of As(III), this 
chemical species is able to bind to ArsD [44], forming the complex ArsD-As(III), 
which can subsequently strongly interact with ArsAB, and then, As(III) is extruded. 
Hence, ArsD provides an efficient fine-tune mechanism of As(III) extrusion tightly 
modulated by As(III) concentration.

In conclusion, in non-arsenic conditions, ArsR stays attached to the operator 
of the operon and halts the transcription and expression of the ars-resistant genes. 
Conversely, when arsenic is incorporated into the cells through aquaporins or 
high-affinity phosphate transporters (for As(III) and As(V), respectively), ArsR 
directly interacts with the metalloid, triggering the operon transcription. ArsC 
reduces As(V) into As(III), which directly binds to ArsD, which in turn brings 
As(III) together with ArsAB, leading to the extrusion of the metalloid in an ATP-
dependent manner. The detailed knowledge of all these mechanisms involved in 
arsenic tolerance paved the way to understand how eukaryotes are able to cope with 
the presence of arsenic.

2.2  Saccharomyces cerevisiae: a suitable model to study arsenic response in 
eukaryotes

Saccharomyces cerevisiae (S. cerevisiae) is an excellent model for the study of 
biological processes in eukaryotic organism, including arsenic stress responses. In 
this model, a single locus comprising three genes, ACR1, ACR2, and ACR3, is mainly 
in charge of the arsenic response and tolerance [45].

ACR1 encodes an AP-1-like transcription factor that has been recently character-
ized [46]. ACR1, also named Yap8, is able to interact directly with As(III) due to the 
presence of three cysteines, similar to ArsR in prokaryotes. When Yap8 interacts with 
the metalloid, it suffers a conformational change that avoids its ubiquitin-protea-
some degradation. As a result, Yap8 protein remains stabilized bonded to the ACR2/3 
promoter (both genes are controlled by the same promoter, but they are transcribed 
in opposite directions). In the presence of As(III), Yap8 facilitates the recruitment of 
RNA polymerase II and triggers the transcription of ACR2 and ACR3. ACR2 encodes 
an arsenate reductase enzyme that reduces As(V) to As(III) [47]. However, previous 
experiments have demonstrated that ACR2 alone is not capable of increasing arsenic 
tolerance in yeast, since it requires the expression of an additional member of the 
cluster, ACR3. ACR3 encodes a transmembrane protein directly involved in As(III) 
transport [48]. It has been proved that acr3 mutants are sensitive to both As(V) and 
As(III), leading to the conclusion that this transporter is not only able to extrude 
As(III) to the media but also to incorporate it into cell compartments.

Similarly to ArsR in prokaryotes, Yap8 is considered the arsenic sensor in yeast. 
There is only one difference between the mechanisms of action of both transcrip-
tion factors: while ArsR is a repressor, Yap8 acts as an activator. The identification 
of Yap8 implied an important contribution, since this protein was the first arsenic 
sensor described in eukaryotes, giving rise to a promising model on how other 
arsenic sensors may act in higher organisms including plants.

2.3 Arsenic response in eukaryotes: Arabidopsis thaliana

We will focus this section on the mechanisms of arsenic uptake and detoxifica-
tion in the plant model A. thaliana. This basic knowledge is crucial to develop 
novel strategies for phytoremediation of contaminated soils and waters and to 
obtain staple crops able to produce safe food when grown in contaminated lands. In 
recent years, huge efforts have been made to understand the underlying molecular 
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mechanisms of accumulation and tolerance of arsenic in plants [25–28]. Although 
much knowledge has been acquired over the last years, several aspects of the signal 
transduction pathway are still completely unknown; in particular, the desired 
arsenic sensor still needs to be identified in plants.

The mechanisms of incorporation and extrusion of As(V) and As(III) have 
been extensively described in A. thaliana. The prevalent chemical form of arsenic 
in soils is As(V); As(V) uptake is mediated by high-affinity phosphate transporters 
(PHT) from the PHT1 family, mainly PHT1;1 and PHT1;4, as a consequence of the 
structural similarity between these two anions [49]. As(III), present in paddy soils 
and anoxic environments, is incorporated by aquaporins from the nodulin 26-like 
intrinsic protein (NIP) subfamily, mainly nip1;1 [50]. This family has been shown 
to be in charge of As(III) uptake and extrusion and in root-to-shoot transloca-
tion. Consistently, several studies confirm that nip1;1 mutants are more tolerant to 
As(III) [50–52].

Once inside the cell, As(V) is rapidly transformed into As(III) through an 
As(V) reductase enzyme. Initially, AtACR2 was thought to be the main arsenate 
reductase in plants [53], which was identified by sequence homology with the yeast 
ACR2. A few years later, whether AtACR2 was the main As(V) reductase raised 
many questions among the scientific community [54], and a major role of AtACR2 
remains to be confirmed. Later on, our group identified the gene (At2g21045) 
which encodes the major As(V) reductase in A. thaliana. The name of the gene 
refers to the QTL1, which confers the As(V) tolerance in A. thaliana as we reported 
by natural variation studies [55]. Afterwards the relevance of this protein in the 
arsenic response were corroborated by an independent group, which named it 
HAC1 from high arsenic content [56].

Once As(V) is reduced to As(III), it can be extruded by the previously men-
tioned NIP transporters. Even though As(V) tolerance in nip1;1 mutants has not 
been tested yet, they are likely to display an As(V) hypersensitive phenotype, since 
they are not capable of extruding As(III) to the media. An alternative pathway for 
As(III) detoxification involves its sequestration by phytochelatins (PCs), forming 
PC-As(III) conjugates. PCs are peptides synthesized from glutathione and hold the 
basic structure (ɤ-Glu-Cys)n-Gly where n is a number ranging from 2 to 11 [57]. 
Indeed, PCs could be considered functional analogues of ArsD in terms of directly 
binding to As(III) [58]. ABCC transporters are ATP-dependent transporters 
responsible for the incorporation of PC-As(III) conjugates into the vacuole and thus 
essential for arsenic detoxification in A. thaliana [59].

In conclusion, arsenic in plants is incorporated into the cells either 
through the high-affinity phosphate transporters PHT (As(V)) or through 
NIPs (As(III)). Once inside the cell, it is reduced by ARQ1/HAC1 and subse-
quently gets sequestered by PCs. The resulting PCs-As(III) complexes interact 
with ABCC transporters mediating PCs-As(III) transport into the vacuoles. 
Alternatively, a fraction of As(III) can be extruded into the media through the 
NIPs transporters (Figure 1).

Overall, the detoxification mechanisms have been designed with the aim of 
protecting living organisms from the most dangerous chemical form of arsenic, 
As(III). Nevertheless, a novel phosphate vacuolar transporter has been recently 
identified [60]. Those mutants show an As(V) resistant phenotype since they can-
not accumulate phosphate inside the vacuoles, and as a consequence it is likely that 
phosphate present in the cytoplasm provoked the repression of the As(V)/phos-
phate transporter PHT1;1 preventing the entry of As(V). This novel mechanism 
provides the first insights into the crosstalk between As(V) and phosphate signal 
transduction pathways.
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3. Plant species with potential use for arsenic phytoremediation

The mechanisms of arsenic tolerance in plants—discussed above—confer adap-
tive responses that enable plant growth in the presence of this metalloid. There is 
an immense natural diversity in the arsenic response among different plant species. 
Some of them have developed an extraordinary capacity to grow in the presence of 
arsenic and hyperaccumulate this metalloid, holding a great potential to be used for 
phytoremediation strategies. The most critical parameter in plant species required 
for phytoremediation is a high extraction capacity. This can be achieved in different 
ways: via hyperaccumulation of the contaminant inside the cells or via high growth 
potential or high biomass production in the presence of the toxic compound. They 
should also be robust and adapted to a variety of biogeochemical environments, 
seasonal fluctuations, and climatic conditions, in order to obtain good extraction 
rates in different locations over the years. In addition, the ability to detoxify a 
variety of xenobiotics in complex degraded environments would be desirable.

A plant species is considered arsenic hyperaccumulator if it is able to accumulate 
more than 1000 μg g−1 of dry weight [61, 62]. The brake fern Pteris vittata (P. vittata) 
is the arsenic hyperaccumulator species par excellence, being the most extensively 
reported and the best characterized until the moment [63–69]. The arsenic phy-
toremediation potential of P. vittata was first described in 2001. It was reported to 
tolerate as much as 1500 μg g−1 arsenic in soil, accumulating up to 15,861 μg g−1 in 2 
weeks and up to 22,630 μg g−1 in 6 weeks, under these conditions [70]. Since then, 
many reports have confirmed its arsenic hyperaccumulator capacity in greenhouse 
experiments and field conditions [63–69]. Some of them showed its utility to 
reduce arsenic contamination in crops grown intercropped with this fern [71–73]. 
Several studies have been conducted in order to elucidate the molecular mecha-
nisms underlying the exceptional arsenic accumulation capacity and tolerance of P. 
vittata. Different aspects of arsenic uptake, detoxification, and tolerance have been 
characterized, showing differential strategies in relation to non-hyperaccumulator 
plants [74–82]. For example, the existence of an arsenic-inducible As(V)/phosphate 
transporter with high affinity for As(V) that could account for its great arsenic 

Figure 1. 
Mechanisms of arsenic uptake and detoxification in A. thaliana.
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accumulation capacity has been recently described [74, 83]. Likewise, a differential 
antioxidant response could be the mechanism underlying the different degrees of 
tolerance observed among different species from the Pteris genus [80]. Therefore, 
most probably, the extraordinary extraction capacity and tolerance of P. vittata result 
from a specific combination of all these new mechanisms. Genome-wide studies are 
providing vast information that will help to have a more complete picture of these 
mechanisms in the near future [81–83]. Among them, a relevant recent report has 
shown the utility of transcriptomic and tonoplast-proteomic strategies to uncover 
a regulatory system mediated by alternative splicing and long noncoding RNAs in 
response to As(III) and As(V) treatments, as well as the identification of different 
transporter families and other genetic components underlying arsenic response 
and tolerance in this hyperaccumulator fern [82]. Besides its intrinsic role in phy-
toremediation as hyperaccumulator, the characterization of the molecular mecha-
nisms operating in P. vittata will provide new regulatory elements that may confer 
increased arsenic accumulation capabilities in other species by genetic engineering.

Other species have been evaluated for their arsenic phytoremediation potential. 
Many of them are endemic species that have been selected because of their ability to 
grow in arsenic-contaminated areas, and thus they are good candidates for their use 
as arsenic phytoremediators [61, 63, 84–87]. As mentioned above, the remediation 
of arsenic-contaminated waters and paddy soils deserves special attention due to 
safety concerns. Several wetland plants and aquatic macrophytes have been shown 
to hyperaccumulate arsenic when growing in contaminated environments and 
could contribute to solving this devastating trouble [66, 88–94].

4.  Potential transgenic/biotechnological approaches for  
phytoremediation and arsenic-free crop development

As mentioned above, huge efforts have been made in recent years in order to 
understand the underlying molecular mechanisms of accumulation and tolerance of 
arsenic in plants. These initiatives provide a basic knowledge that is crucial to develop 
novel phytoremediation strategies for environmental cleanup and for producing safe 
staple crops grown in contaminated lands. The key elements of the arsenic response 
in the model plant A. thaliana and other plant species will make possible to tailor the 
arsenic uptake and accumulation in crops for different purposes [28, 95, 96].

Phytoremediation of arsenic-contaminated areas requires the development of 
new plant varieties with enhanced uptake and accumulation of this metalloid in 
order to remove as much arsenic as possible from the environment. On the contrary, 
inhibiting the arsenic uptake and translocation to the edible parts and promoting 
its extrusion outside the cells will be imperative for the development of safe and 
productive crops grown on arsenic-contaminated lands [25, 96].

4.1 Generation of arsenic transgenic plants for phytoremediation purposes

One of the drawbacks of the phytoremediation approach is that it may have low 
efficiency as a consequence of phytotoxicity when plants are exposed to high arsenic 
levels. Moreover, some natural hyperaccumulators do not produce enough biomass, 
which is crucial for successful phytoremediation, and are also restricted to very 
specific climatic conditions [96]. Next-generation “omic” approaches are paving the 
way to increase plant tolerance and extraction of arsenic, holding promising results 
for phytoremediation [97]. Arsenic uptake, accumulation, and tolerance can be 
augmented through the modulation of influx/efflux plasma membrane transport-
ers, the regulation of the arsenate reductase activity, and the increase of the amount 
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accumulation capacity has been recently described [74, 83]. Likewise, a differential 
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toremediation as hyperaccumulator, the characterization of the molecular mecha-
nisms operating in P. vittata will provide new regulatory elements that may confer 
increased arsenic accumulation capabilities in other species by genetic engineering.

Other species have been evaluated for their arsenic phytoremediation potential. 
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4.1 Generation of arsenic transgenic plants for phytoremediation purposes

One of the drawbacks of the phytoremediation approach is that it may have low 
efficiency as a consequence of phytotoxicity when plants are exposed to high arsenic 
levels. Moreover, some natural hyperaccumulators do not produce enough biomass, 
which is crucial for successful phytoremediation, and are also restricted to very 
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of PCs and glutaredoxins [98]. The coordination of this element in the arsenic 
perception and tolerance is a key aspect to sequester arsenic from the cytosol into 
the vacuoles or its translocation from root to shoot via xylem loading [96, 99].

4.1.1 Arsenic uptake enhancement: phytoextraction

The knowledge acquired in studying the mechanisms of arsenic uptake and 
translocation by hyperaccumulators such as P. vittata (see above) provides impor-
tant information to generate promising phytoremediation tools. Root-to-shoot 
translocation studies will contribute to obtain plants with increased shoot arsenic 
content, which could greatly benefit phytoremediation applications [98].

P. vittata displays an enhanced As(V) uptake derived from both increased PvPHT1;3 
expression and high affinity of this Pi/As(V) transporter for As(V). This transporter 
has greater affinity for As(V) than its counterpart from A. thaliana, AtPht1;5 [74]. 
Therefore, we propose the heterologous expression of the transporter PvPHT1;3, which 
is more specific for As(V) uptake over Pi, in a high biomass plant as a potential strategy 
for extracting large amount of arsenic from contaminated lands or waters.

Another interesting example of a biotechnological application has been provided 
by the overexpression of the PvACR3 transporter from P. vittata in A. thaliana [78]. 
This transporter mediates the translocation and storage of As(III) into the vacuolar 
system in P. vittata. A. thaliana-overexpressing plants display a significant increase 
of As(III) export from root to shoot, as well as an increment of arsenic tolerance. 
The strong expression of this transporter makes it to localize in the plasma mem-
brane of the transgenic plants. This was expected to increase As(III) extrusion 
to the external medium or its sequestration in the root vacuoles, but there was an 
enhanced translocation of As(III) into the aerial parts instead [100]. Thus, it seems 
to be useful to constitutively express PvACR3 transporter in a vigorous crop to 
facilitate root-to shoot translocation for phytoremediation purposes.

Importantly, the next-generation gene-editing CRISPR/Cas9 technology is now-
adays an emerging tool to obtain improved crops [101]. This technology is target-
specific and allows targeting multiple genes in the genome with high efficiency and 
specificity. Thereby, this system opens up the possibility to obtain precisely edited 
crops with enhanced arsenic extraction and accumulation. For example, engineer-
ing the aquatic plant Lemna with CRISPR/Cas9 for point mutations in the As(V)/
phosphate transporters and As(III)-PCs vacuolar transporters at the same time 
would be a feasible strategy for cleaning arsenic-contaminated waters.

4.1.2  Arsenic plant tolerance improvement: increasing thiol-rich compound 
production

As(III) chelated with sulfhydryl-rich proteins forms complexes that get seques-
tered into the vacuoles through vacuolar transporters. Therefore, arsenic tolerance 
in plants can be enhanced by modifying GSH and PCs [97]. The constitutive 
expression of the PC biosynthetic gene AtPCS1 under the CaMV 35S promoter in 
the non-accumulator plant Nicotiana tabacum enhanced PC levels. This resulted in 
an increased capacity of vacuolar arsenic and cadmium accumulation in roots and 
improved plant tolerance to these toxic elements [102]. The level of GSH, a precur-
sor of PC, is a limiting factor for high PC production [103], so we suggest to com-
bine PCS1 overexpression along with the GSH biosynthetic genes glutamate-cysteine 
ligase 1 (GSH1) or glutathione synthetase 2 (GSH2) overexpression to maximize 
arsenic accumulation and tolerance.

In plants, arsenic exposure increases GSH content, which has been correlated 
with the feedback induction and increased expression of glutathione S-transferases 
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(GSTs) [104]. GSTs quench reactive molecules with the addition of GSH and 
protect the cell from oxidative damage. Indeed, overexpression of a rice glutathione 
s-transferase in A. thaliana led to increased tolerance toward arsenic and other 
abiotic stresses [105]. This may be attributed to the lower accumulation of reactive 
oxygen species and enhanced GST activity. Thus, gene expression of GST gene 
family could help to evolve strategies for developing arsenic-tolerant crops through 
biotechnological tools in the future.

4.1.3  Rhizoremediation: a beneficial plant-microbe interaction for arsenic 
phytoextraction

Rhizoremediation takes advantage of the interaction between plants and 
bacteria living in the rhizosphere for phytoremediation purposes [96, 106]. Arsenic-
resistant bacteria associated to the rhizosphere have been demonstrated to play an 
important role in promoting plant growth and arsenic phytoextraction capacities 
from contaminated soils [107, 108]. Some bacteria and fungi increase the capability 
of plants to cope with arsenic by the release of phytohormones such as indole-
3-acetic acid and/or essential vitamins and iron. These nutrients promote plant 
growth and reduce arsenic cytotoxicity. In addition, some microorganisms play an 
important role in arsenic bioavailability by catalyzing redox reactions that enhance 
the efficiency of arsenic uptake by the plant roots [109].

Bacterial strains isolated from the rhizosphere of autochthonous plants grown 
on arsenic-contaminated industrial lands have been used to enhance phytoremedia-
tion in P. vittata [108]. These arsenic-tolerant bacteria promoted plant growth and 
tolerance, as well as arsenic phytoextraction. This is possible due to plant growth 
elicitors released by microorganisms in particular siderophore-arsenic complexes, 
which are easily available for the plants promoting arsenic translocation to the 
shoots. Furthermore, arsenic can be volatilized by reducing As(V) and As(III) 
to the organic compound arsine, which can be easily taken up by the plant and 
released to the air through the leaves.

4.2 Development of arsenic-free food crops

Overall, the generation of arsenic-free crops in the aboveground organs involves 
increasing root sequestration or extrusion in order to reduce root-to-shoot transloca-
tion of the metalloid. Basic breakthroughs have been made in A. thaliana and other 
crop models, particularly in rice [25]. As already mentioned, rice naturally accumu-
lates high amounts of arsenic in the form of As(III) when it is cultivated in paddy 
low-oxygen-containing soils, where As(III) is more prevalent [28]. For this reason, 
during the past decade, much research has been done to understand the mechanism 
of arsenic uptake, translocation, and grain filling. These studies are extremely useful 
for the production of rice with low concentrations of arsenic [25, 95].

4.2.1 Arsenate reductases and inositol transporters: from Arabidopsis to rice

AtARQ1/HAC1 constitutes the main As(V) reductase in the roots of A. thaliana. 
Knockout mutants of this gene show hypersensitivity to As(V) and increased trans-
location of arsenic to the shoots mediated by the phosphate transport system, lead-
ing to the hyperaccumulation of As(V) in aboveground tissues [55, 56]. Therefore, 
this As(V) reductase is essential to avoid root-to-shoot arsenic translocation. 
OsHAC1;1, OsHAC1;2, and OsHAC4 are close rice homologues of AtARQ1/HAC1, 
highly expressed in roots. These genes are responsible for mitigating arsenic accu-
mulation in rice shoots and grain. The overexpression of these rice As(V) reductases 
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(GSTs) [104]. GSTs quench reactive molecules with the addition of GSH and 
protect the cell from oxidative damage. Indeed, overexpression of a rice glutathione 
s-transferase in A. thaliana led to increased tolerance toward arsenic and other 
abiotic stresses [105]. This may be attributed to the lower accumulation of reactive 
oxygen species and enhanced GST activity. Thus, gene expression of GST gene 
family could help to evolve strategies for developing arsenic-tolerant crops through 
biotechnological tools in the future.

4.1.3  Rhizoremediation: a beneficial plant-microbe interaction for arsenic 
phytoextraction

Rhizoremediation takes advantage of the interaction between plants and 
bacteria living in the rhizosphere for phytoremediation purposes [96, 106]. Arsenic-
resistant bacteria associated to the rhizosphere have been demonstrated to play an 
important role in promoting plant growth and arsenic phytoextraction capacities 
from contaminated soils [107, 108]. Some bacteria and fungi increase the capability 
of plants to cope with arsenic by the release of phytohormones such as indole-
3-acetic acid and/or essential vitamins and iron. These nutrients promote plant 
growth and reduce arsenic cytotoxicity. In addition, some microorganisms play an 
important role in arsenic bioavailability by catalyzing redox reactions that enhance 
the efficiency of arsenic uptake by the plant roots [109].

Bacterial strains isolated from the rhizosphere of autochthonous plants grown 
on arsenic-contaminated industrial lands have been used to enhance phytoremedia-
tion in P. vittata [108]. These arsenic-tolerant bacteria promoted plant growth and 
tolerance, as well as arsenic phytoextraction. This is possible due to plant growth 
elicitors released by microorganisms in particular siderophore-arsenic complexes, 
which are easily available for the plants promoting arsenic translocation to the 
shoots. Furthermore, arsenic can be volatilized by reducing As(V) and As(III) 
to the organic compound arsine, which can be easily taken up by the plant and 
released to the air through the leaves.

4.2 Development of arsenic-free food crops

Overall, the generation of arsenic-free crops in the aboveground organs involves 
increasing root sequestration or extrusion in order to reduce root-to-shoot transloca-
tion of the metalloid. Basic breakthroughs have been made in A. thaliana and other 
crop models, particularly in rice [25]. As already mentioned, rice naturally accumu-
lates high amounts of arsenic in the form of As(III) when it is cultivated in paddy 
low-oxygen-containing soils, where As(III) is more prevalent [28]. For this reason, 
during the past decade, much research has been done to understand the mechanism 
of arsenic uptake, translocation, and grain filling. These studies are extremely useful 
for the production of rice with low concentrations of arsenic [25, 95].

4.2.1 Arsenate reductases and inositol transporters: from Arabidopsis to rice

AtARQ1/HAC1 constitutes the main As(V) reductase in the roots of A. thaliana. 
Knockout mutants of this gene show hypersensitivity to As(V) and increased trans-
location of arsenic to the shoots mediated by the phosphate transport system, lead-
ing to the hyperaccumulation of As(V) in aboveground tissues [55, 56]. Therefore, 
this As(V) reductase is essential to avoid root-to-shoot arsenic translocation. 
OsHAC1;1, OsHAC1;2, and OsHAC4 are close rice homologues of AtARQ1/HAC1, 
highly expressed in roots. These genes are responsible for mitigating arsenic accu-
mulation in rice shoots and grain. The overexpression of these rice As(V) reductases 
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in roots results in grains exhibiting low concentrations of arsenic compared to 
wild-type grains [110, 111].

In A. thaliana, inositol transporters AtINT2 and AtINT4 are responsible for 
As(III) loading into the phloem and are key transporters regulating arsenic accu-
mulation in plant seeds [112]. Thus, mutations in these transporters could poten-
tially avoid arsenic accumulation in rice kernel. However, orthologues of inositol 
transporters in rice still need to be identified.

4.2.2 Arsenic extrusion strategies

In yeast, ACR3 from S. cerevisiae is the main As(III) efflux pump [48], and ortho-
logues of this protein have not been found in A. thaliana or in rice [78]. In order to 
enhance arsenic efflux to the medium, yeast ScACR3 was expressed in A. thaliana, 
leading to improved arsenic tolerance [113]. Importantly, ScACR3 was also expressed 
in rice under the control of the CaMV 35S promoter, leading to a greater increase of 
As(III) efflux and mitigating arsenic accumulation in rice grain compared to wild-type 
plants [114]. Similarly, the heterologous expression in plants of the As(V) efflux trans-
porter ArsB from E. coli could result in less arsenic accumulation. Hence, heterologous 
expression of well-characterized arsenic transporters from bacteria and fungi in plants 
could be a useful approach for crop improvement, since they allow the development 
of plants capable of growing in the presence of toxic levels of arsenic. Nevertheless, 
plants have a remarkable capacity to extrude As(III) from roots. Several transporters 
of the NIP aquaporin family are involved in a bidirectional transport of As(III) in 
plants [51]. We suggest to enhance As(III) efflux by coordinating an increased As(V) 
reduction through AtARQ1 overexpression along with NIP1;1 overexpression.

4.2.3  Decreasing arsenic accumulation in rice kernel: Lsi1 and Lsi2 knockout 
approach

In rice roots, the aquaporin OsNIP2;1/Lsi1 is a major entry route for Si(IV) 
[28]. This carrier also mediates As(III) uptake and methylated arsenic com-
pounds, monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) [115]. 
Knockouts of this gene show significant lower levels of these arsenic species than 
wild-type rice plants at short times of exposure [116]. However at longer exposi-
tions, these knockout rice plants start to accumulate arsenic since there are bidirec-
tional solute transporters driven by concentration gradient. Lsi2 is an additional 
aquaporin found in rice. Lsi2 mediates Si(IV) efflux and As(III) transport into the 
symplast avoiding the Casparian strip and then being easily loaded into the xylem 
[117]. A knockout mutation of this gene in rice leads to a dramatic reduction on 
As(III) transport to the xylem and its accumulation in the shoots and grains [117].

4.2.4 Arsenic sequestration in root vacuoles to avoid translocation

An ACR3 orthologue that mediates As(III) transport into the vacuole was 
recently identified in P. vittata [78]. When ectopically overexpressed in A. thaliana, 
it significantly favors arsenic translocation to the aerial parts instead of the accu-
mulation in the root vacuoles [118]. Therefore, it seems to be a good option to highly 
express this vacuolar transporter specifically in the root tissues in order to sequester 
arsenic in the root vacuoles and prevent As(III) from being translocated to the shoot 
and grains [97]. Additionally, the rice vacuolar transporter OsABCC1, an A. thaliana 
ABCC1 orthologue, is involved in As(III)-PC sequestration inside the vacuoles as 
well; thus the overexpression of this transporter in roots could help to limit arsenic 
content in the grains [119]. Moreover, it has been recently shown that transgenic rice 
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overexpressing OsPCS1 showed significantly lower arsenic content in grains [120]. 
These results provide a promising strategy to decrease arsenic translocation by mak-
ing use of vascular transporters and PC overproducers to obtain low-arsenic crops.

4.2.5 Conversion of arsenic to less toxic volatile forms

Microorganisms are able to volatilize metals and metalloids into the atmosphere 
through methylation [40]. Several phytoremediation approaches for mercury and arse-
nic volatilization have been proposed as a suitable strategy to produce safe crops grown 
in contaminated crops. However, plants do not have in their genome genes encoding 
As(III) methyltransferases [25]. Therefore, the methylated species of arsenic (MMAs 
and DMAs) found in plants are the result of microbial activity in the rhizosphere. The 
volatile arsenic species produced by these microorganisms are then taken up, trans-
located, and released to the atmosphere by the plant [25]. The reduction of arsenic 
accumulation through volatilization in rice has been achieved by overexpression of 
As(III) methyltransferases from bacteria and fungi [121, 122]. Although this approach 
is very efficient, the release of contaminants into the atmosphere is controversial.

4.2.6 Controlling the AsV/Pi transporter specificity

It has been recently shown that the phosphate transporter PvPHT1;2 from P. 
vittata displays a significantly lower As(V) uptake than other phosphate transport-
ers [123]. The heterologous expression of this transporter in tobacco plants resulted 
in plants with increased shoot biomass in the presence of As(V) due to lower 
arsenic accumulation. Thus, it is tempting to speculate that genome-wide analysis 
of phosphate transporters from several species with different accumulation rates 
will allow the identification of new alleles that favor As(V) or phosphate uptake 
for phytoremediation or food safety purposes, respectively. Importantly, discover-
ing the mechanisms that modulate substrate specificity of the arsenic transporters 
would be essential to develop safer crops or hyperaccumulators, which would 
specifically release or accumulate arsenic, respectively, without interfering with the 
homeostasis of essential metals or phosphate [97].

4.2.7 Phytochelatin and GSH pathway to decrease As accumulation

As mentioned above, one of the most important peptides involved in arsenic 
accumulation and detoxification of arsenic is the PC, forming As(III)-PC com-
plexes that can be sequestered in the vacuoles. Endosperm-specific intron-contain-
ing hairpin RNA-mediated gene silencing of OsPCS1 and OsPCS2 resulted in lower 
arsenic sequestration in the seed vacuoles by PCs in the transgenic rice [124]. This 
led to the accumulation of significantly less arsenic in the grains than those in the 
wild type. GRXs are cysteine-rich proteins and GSH-dependent redox enzymes in 
charge of protection against oxidative stress, maintaining the intracellular GSH 
pool [125]. Recently, two arsenic-responsive rice GRX families of proteins from 
rice, OsGrx_C7 and OsGrx_C2.1, have been reported [126]. The heterologous 
overexpression of these proteins in A. thaliana increased plant tolerance to arsenic 
and reduced As(III) shoot and seed accumulation. This low As(III) accumulation 
in rice can be due to the fact that GRXs regulate intracellular As(III) levels by an 
indirect or direct modulation of the NIP transporters involved in As(III) uptake 
and extrusion [126]. Understanding arsenic-induced stress pathways is of central 
importance for the design of rice crops displaying less arsenic content in their 
edible parts either through the upregulation of OsGrxs or the seed-specific down-
regulation of OsPCS.
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4.2.8 Iron plaques on rice roots restrict arsenic availability

The oxygenation of roots as a consequence of oxygen diffusion from aerenchyma 
to the rhizosphere and microbial growth leads to the oxidation of iron and the subse-
quent formation of iron plaques on the surface of roots particularly in rice [127]. The 
formation of these plaques is highly variable among different rice genotypes [128]. 
These iron plaques promote arsenic adsorption and sequestration on the root surface 
through the formation of Fe-As complexes, thus restricting arsenic bioavailability 
for plants. Hence, there is a direct relationship between iron plaque formation and 
reduced arsenic accumulation in the aboveground biomass in rice [128]. Elucidating 
the genetic mechanisms that affect iron plaque formation would encourage the 
generation of genetically modified rice with low arsenic accumulation.

4.2.9 Transcription factors: the key coordinators of the arsenic response

Transcriptional regulation is a major factor in the regulation of the capacity 
of plants to tolerate and accumulate arsenic [99]. Therefore a suitable approach 
to enhance plant phytoremediation performance will be the identification of key 
transcriptional regulators of the arsenic response. In A. thaliana two WRKY tran-
scription factors have been identified as regulators of As(V) uptake. On the one 
hand, WRKY45 activates PHT1;1 expression in response to phosphate starvation, 
mediating the As(V) influx as a phosphate analogue [129]. On the other hand, 
WRKY6, an As(V)-responsive transcription factor restricts As(V) uptake by the 
downregulation of PHT1;1 [130]. Recently, OsARM1, a MYB transcription factor, 
has been identified in rice. This gene is strongly induced by As(III) and negatively 
regulates arsenic-associated transporters genes, namely, OsLsi1, OsLsi2, and 
OsLsi6, having a potential role in the transcriptional regulation of arsenic response 
in rice [131].

A coordinated network of arsenic, transport, chelation, trafficking, and 
sequestration mechanisms is crucial to uptake, translocate, and detoxify arsenic. 
To achieve this, there must be a strong transcriptional regulation following 
arsenic exposure [99]. However, sensing of arsenic and the signal transduction 
pathway remains completely unknown. As a matter of fact, a master regulator 
controlling the expression of other key transcription factor molecules in response 
to arsenic has not been identified yet. Discovering such transcription factor 
would be fundamental for developing genetically modified crops that trigger 
the expression of arsenic detoxification genes to adapt plants to the stress in a 
synchronized manner.

4.2.10 Relevance of transcriptomic approaches for phytoremediation strategies

The basic discoveries of the arsenic signaling pathway drawn from model 
plants such as A. thaliana hold great potential for the development of new phy-
toremediation strategies using crop plants. Recent studies are taking advantage of 
“omic” technologies to elucidate the genetic regulators and pathways responsible 
for arsenic response in plants. Cadmium and arsenic are toxic elements in rice 
that often appear together in contaminated paddy field soils [25]. To address 
whether rice has a common molecular response mechanism against both cadmium 
and arsenic toxicity, the identification of key genes—expressed in response to 
these contaminant elements—was recently aimed through a transcriptomic 
analysis by RNA-sequencing [132]. They found that the vast majority of the genes 
that responded to both arsenic and cadmium fall into five categories: redox-, 
glutathione metabolism-, cell wall biogenesis-, expression regulation-, and 
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transmembrane transport-related genes. From these, they selected the most dif-
ferentially expressed genes and confirmed 27 common responsive genes to both As 
and Cd stress by RT-qPCR [132]. Additionally, our group performed an RNA-seq of 
A. thaliana seedlings exposed to As(V) (unpublished results), in order to provide 
a deeper understanding of the molecular mechanisms responsible for the arsenic 
stress response. Table 1 shows the 27 arsenic- and cadmium-responsive genes in 
rice and their corresponding homologous arsenic-responsive genes in A. thaliana. 
The conclusion to be drawn from this is that most of the arsenic- and cadmium-
responsive genes found in both A. thaliana and rice belong to redox and glutathione 
metabolism, as well as transmembrane transport, suggesting a conservation of 
these processes between these species; thus, carrying out research in both species is 
extremely useful for crop development and improvement.

Arsenic- and cadmium-
responsive gene in rice

Arsenic-responsive 
orthologue in A. thaliana

Redox-related genes Os06g0216000

Os07g0638300

Os07g0418500 AT2G46950

Os03g0227700 AT3G50660

Os01g0294500 AT2G38380

Glutathione metabolism-related 
genes

Os09g0367700 AT2G29490, AT2G29450

Os03g0283200 AT5G02780

Os10g0530900 AT2G29440

Os12g0263000 AT5G27380

Cell wall biogenesis-related genes Os11g0592000

Os05g0247800

Os03g0155700 AT2G03090

Os03g0416200 AT5G15630

Expression regulation-related 
genes

Os02g0168200 AT1G14600

Os07g0129200

Os07g0597200 AT1G74360

Os08g0203300

Os09g0423200

Os02g0557800 AT1G59940

Os06g0692500

Transmembrane transport-
related genes

Os01g0695800 AT2G36910

Os04g0524500 AT1G65730

Os01g0939100 AT2G41560

Os01g0307500 AT4G10310

Os01g0247700 AT1G62262

Os01g0623200 AT4G27970

Os03g0107300

Table 1. 
Cadmium-responsive genes in rice and their corresponding homologous arsenic-responsive genes in A. thaliana.
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5. Conclusions

Arsenic contamination poses a global threat for all living organisms; for this 
reason, different strategies have been developed to cope with this serious challenge. 
Among them, phytoremediation is a promising approach. In this chapter, we have 
provided a brief overview on the status of arsenic phytoremediation from polluted 
soils and waters, with special focus on the mechanisms of arsenic perception and 
tolerance in several organisms, plant species used for arsenic phytoremediation, 
and biotechnological approaches that are driven to increase phytoremediation 
efficiency as well as crop protection. Although much knowledge and experience 
have been gained over the last years, there are still many aspects to be discovered 
and improved. We have exciting times ahead: the exploitation of natural variation, 
the use of “omic” technologies and biotechnological approaches, a holistic perspec-
tive of plant-soil-microbiota interactions, and valorization of plant-fixed arsenic 
will provide unique opportunities to boost this green strategy.
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