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Abstract

Fresh water quality and supply, particularly for domestic and industrial pur-
poses, are deteriorating with contamination threats on water resources. Multiple 
technologies in the conventional wastewater treatment (WWT) settings have been 
adopted to purify water to a desirable quality. However, the design and selection 
of a suitable cost-effective treatment scheme for a catchment area are essential 
and have many considerations including land availability, energy, effluent quality 
and operational simplicity. Three emerging technologies are discussed, including 
anaerobic digestion, advanced oxidation processes (AOPs) and membrane technol-
ogy, which holds great promise to provide integrational alternatives for manifold 
WWT process and distribution systems to mitigate contaminants and meet accept-
able limitations. The main applications, basic principles, merits and demerits of the 
aforementioned technologies are addressed in relation to their current limitations 
and future research needs in terms of renewable energy. Hence, the advancement in 
manufacturing industry along with WWT blueprints will enhance the application 
of these technologies for the sustainable management and conservation of water.

Keywords: anaerobic digestion, advanced oxidation processes,  
membrane technology, renewable energy

1. Introduction

Wastewater, which is the biggest waste stream from municipalities, petrochemi-
cal, pharmaceuticals, food, textile, agricultural, polymer and paper industries and so 
on contain high contaminants of oil and salts of organic and inorganic compounds 
[1–5]. This strikes as a major ecological problem with high environmental impacts 
when discharged into the ecosystem without proper treatment. Furthermore, 
the industrial revolution associated with demographic growth have increased the 
demand for freshwater supply, which is depleting the natural fresh water supply 
sources [3, 5], although wastewater can be treated through various physical, chemical 
and biological strategies [1–3]. Unfortunately, the current conventional wastewater 
treatment methods cannot eliminate the contaminants. In addition conventional 
wastewater treatment can be expensive. Therefore, the quest for clean water and 



Water and Wastewater Treatment

2

clean environment has resulted in various environmental protection agencies setting 
stringent discharge limits [3, 4]. Conversely, there are always variations in wastewater 
qualities which have different impacts on the environment [2–4], where a proper 
wastewater treatment incorporated with primary, secondary and advanced treatment 
strategies seems to more viable [1, 3, 4]. The primary treatment involves separating 
the solids from the liquids via filtration or sedimentation, whereas the secondary 
treatment removes the dissolved solids and other contaminants through chemical 
precipitation and biological process [4, 6, 7]. Then UV light or membranes are used 
for further treatment [1, 2, 5]. After which, the treated water can be profitable to 
farmers as well as the environment positively in sustainable manner viz. irrigation, 
and agricultural purposes. In this study, evaluating the streamline flow of innovative 
wastewater treatment technologies for reuse and subsequent sludge generation as 
an energy source is being addressed. The biological treatment is presented in section 
one, followed by membrane technology and lastly the advanced oxidation process. 
The current limitations and future prospects of each technology are also presented.

2. The biological wastewater treatment process

Municipal solid wastes are attracting more obstructive legislation with respect 
to landfill disposal of the biodegradable fraction [4, 8]. The treatment process for 
these organic fractions is biological wastewater treatment. These technologies 
maximises the recycling and recovery processes of waste components. The biologi-
cal treatment is regarded as an important and vital aspect of wastewater treatment 
and is a technique employed for municipal or industrial use for soluble organic 
components [9]. Among all, the most widely employed method for sludge treat-
ment is anaerobic digestion [9, 10].

2.1 Anaerobic digestion (AD) process

In this process, a large fraction of the organic matter (cells) is broken down into 
carbon dioxide (CO2) and methane (CH4), and this is accomplished in the absence 
of oxygen. About half of the amount is then converted into gases, while the remain-
der is dried and becomes a residual soil-like material. Kougias and Angelidaki [11] 
reported that the end products of organic assimilation in anaerobic treatment of 
waste are CH4 and CO2 as depicted in Figure 1. The AD technology has encountered 
significant recognition in the last few decades with the applications of separately 
configured high rate treatment processes for industrial wastewater streams. In 
the wastewater treatment settings, the AD has been employed in several instances 
throughout the world for bioremediation and biogas production [8, 12, 13]. Biogas, 
a well-known and common renewable source of energy, is produced via the AD 
process, consisting largely of CH4 and CO2. As an alternative source of energy, the 
AD process produces biogas that can be chiefly used as fuel in combined heat and 
power gas engines [11, 12, 14]. There has also been a rapid adoption of anaerobic co-
digestion, where two or more different feed stocks are digested together in anaerobic 
biodigesters with the core aim of improving the biogas yield [8, 11–13, 15–17]. 
Other advantages ensured in the anaerobic systems include lower energy require-
ments, a safer and more convenient way of converting “waste” to useful products 
associated with urbanisation, being a predictive tool for the fulfilment of the UN 
Sustainability Goal to meet Global standards, having excellent nutrient recovery 
and high organic removal efficiencies. Drawbacks include longer hydraulic retention 
times (2–4 months) and high alkalinity requirements [11, 18, 19]. The aerobic system 
presents merits such as high organic removal efficiencies, excellent effluent quality 
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and shorter start-up times (2–4 weeks). Demerits include longer hydraulic retention 
times, pretreatment requirements for delignification of lignocellulosic biomass, 
odour built-up in bioreactors, costs associated with CO2 upgrading, no nutrient 
recovery and high energy requirements [8, 12, 17]. Research conducted by Kainthola 
et al. [19] details the major differences between the anaerobic and aerobic systems of 
wastewater treatments, as depicted in Figure 2, demonstrating the mechanism with 
species required and products formed. The anaerobic/aerobic systems have also been 
employed largely at both municipal and industrial levels as a method for wastewater 
treatment for many years. It presents advantages such as a lower consumption of 
energy, low chemical consumption, low sludge production, its enormous potential 
for the recovery of resources, simplicity of the operation and the requirement of less 
equipment. Some advantages of the biological treatment method over other treat-
ment techniques such as thermal and chemical oxidations are capital investments 
required and costs in operation of the processes [8, 11, 12, 14].

2.1.1 Operating parameters of AD process

Some operating parameters which are usually monitored and optimised to maxi-
mise the performance and operation of AD include organic loading rate, pH, hydraulic 

Figure 1. 
Modified stages of the anaerobic digestion process, adapted from [11, 12].

Figure 2. 
Schematic diagrams of (a) aerobic treatment principle and (b) anaerobic treatment principle, adapted from 
[11, 12].
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retention time, temperature, carbon to nitrogen ratio and many more [15, 20]. As a 
result, any sharp variation in these parameters could adversely affect the substrate 
concentration in the biodigesters. Some of the operating parameters are discussed in 
Sections 2.2.1–2.2.4.

2.1.1.1 Organic loading rate (OLR)

This is generally expressed in terms of the amount of chemical oxygen 
demand (COD) or volatile solids (VS) of digester volume in a day and denoted 
as KgCOD/m3 d or KgVS/dm3 d. Most favourable COD removal of the can-
ning industry effluent was found to be between 89 and 93% at OLRs of 9.8 and 
10.95 kgCOD/m3 d at an HRT of 10 h at a pH of 5.5 [15, 18, 19]. This predic-
tion becomes viable during the selection of the reactor-type and other process 
parameters such as pH control. OLR has been found to increase with decreasing 
biodegradation of the volatile solid and the subsequent bioenergy produced. 
The performances of bioreactors decrease when the OLRs increase with energy 
production [10, 15, 17].

Furthermore, the pH range suitable for AD is reported to be within the range 
of 6.8–7.2 [13]. This is achieved by charging the AD at an optimum OLR to obtain 
a higher yield of biogas. There is usually a variation in pH during AD especially 
during acidogenesis where volatile fatty acids such as propionate, butyrate and 
acetates are produced [19]. The presence of phosphates (PO4

−) in most wastewater 
treatment facilities renders the pH adjustment with calcium hydroxide possible to a 
pH of about 7.2, even at high concentrations. The growth of microorganisms in AD 
is largely dependent on the pH of the substrates undergoing the overall biodegrada-
tion [8]. In the treatment of wastewaters, the observed pH range of 6.0–7.1 was 
been reported in a study where a mixed batch reactor produced larger quantities of 
biogas at an average value of 0.405 m3/d [11].

2.1.1.2 Temperature

Temperature conditions during the AD process for bioenergy produc-
tion includes psychrophilic (<30°C), mesophilic (30–40°C) and thermophilic 
(50–60°C) [8, 12]. The anaerobes are found to be more active under both meso-
philic and thermophilic temperatures as compared to psychrophilic tempera-
tures. Comparatively, thermophilic temperatures are considered suitable for the 
enhancement of biomethanation by accelerating the hydrolysis of the polymeric 
feedstock and other metabolic pathways [12, 13]. However, several studies have 
shown that thermophilic digesters suffer from poor process stability due to 
volatile fatty acid accumulation during the acidogenesis process, most especially 
propionate [13, 17].

2.1.1.3 Hydraulic retention time (HRT)

This is the measure of the time required to achieve the complete biodeg-
radation of an organic matter associated with process parameters such as the 
temperature of the medium and the waste composition [12]. The HRTs observed 
in AD under mesophilic and thermophilic temperatures are 15–30 days and 
12–14 days respectively [13, 17]. Temperature and HRT effects on the metha-
nogenesis process have been observed in a study by Shah et al. [13]. In the same 
study, the working temperature was adjusted from 30 to 55°C following an HRT 
of 8–12 days.
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2.1.2 Applications of the anaerobic digestion process

The full-scale application of the AD technique in the treatment of industrial 
wastewater depends on the hydrodynamic configuration of the AD reactor. There 
have been different types of AD reactors applicable in the wastewater treatment 
settings, which includes continuous stirred tank reactor (CSTR), the anaerobic 
sequencing batch reactor (ASBR), upflow hybrid anaerobic sludge-filter bed 
(UASFB), upflow anaerobic sludge blanket reactor (UASBR), expanded granular 
sludge bed (EGSB), anaerobic baffled reactor (ABR), anaerobic fixed-bed reac-
tors (AFBR) and integrated bio-membrane reactors [8, 13, 15–17]. For instance, 
Figure 3 depicts schematic cross section view of the upflow hybrid anaerobic 
sludge-filter bed and the upflow anaerobic sludge blanket reactor. The integrated 
anaerobic-aerobic bioreactors have been most preferred in the past few decades 
due to its ability to meet stringent constraints in terms of mitigating odorant 
compound release and minimising sludge production.

2.1.2.1 Limitations of adapting AD process in large scale

Research has shown that among the various reactors used in the performances for 
the treatment of wastewaters, the UASBR configuration is the most widely used with 
a high-rate anaerobic reactor for the treatment of high-strength wastewater [8, 12]. 
Several modifications have been carried out in the design of bioreactors to enhance 
both the consistency and the efficiency of the reactors. The AD process does encoun-
ter failures causing serious environmental hazards [8]. In addition, some of the 
aforementioned operating parameters as previously discussed (Section 2.2) can affect 
the performances of the microbes responsible for the biodegradation of organic mat-
ter in the wastewater settings. Further drawbacks observed in AD large scale opera-
tion include microbial shift, process instability, low yield of biogas production and 
poor water quality [8, 10, 12, 14, 19]. For instance, monodigestion of energy crops still 
struggle to meet the reduction targets concerned with the drawbacks in AD compared 
to anaerobic co-digestion (AcoD) such as a mixture of slurry and energy crops [5, 20]. 
In response, pretreatment techniques for cellulose enhancement and the use of energy 
crops as feed stocks have been found to increase the efficacy of biogas production via 
AD [12]. Some of the improvement techniques which have gained attention in terms 
of research for the betterment of AD process design and the optimisation includes 

Figure 3. 
(a) Upflow-hybrid anaerobic sludge-filter bed and (b) upflow-anaerobic sludge blanket reactor [8].
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evaluating the AD process kinetics and dynamics, nitrification-denitrification, 
recycling of the centrate back to the AD reactor, wastewater characterisation, optimi-
sation of operational and environmental parameters, and microbial community shift.

2.1.3 Future prospects of AD application

According to the United Nations Sustainability Development Goal of 2030, the 
use of renewable energy is expected to reach 100% by the year 2050. The seventh 
goal focuses on the production of affordable and clean energy globally which is 
environmentally friendly [21, 22]. Renewable energy has gained attention to cater 
for the ever-increasing use and over-reliance of non-renewable forms of energy. 
This arises because of the emission of greenhouse gases compelling researchers in 
the past decades to search for an alternative means of sustainable energy produc-
tion [17, 23–25]. The reserve for energy has become necessary for global concern 
in maintaining a sustainable way in lieu of the resources available especially at 
WWTPs. Aside the protection of the environment, wastewater treatment plants 
(WWTPs) also serve as a source of generating renewable forms of energy such 
as biogas. In a WWTP, the dumping of sewage sludge produced as a by-product 
is a problem of growing significance representing up to 50% of the entire oper-
ating costs of all WWTPs [8, 12, 14]. Also, wastewaters with a high content of 
nitrogen can be treated with the nitrification and denitrification technique form 
of AD generally known as Anammox [26]. Constructive government policies 
have shown Germany as being the dominant global biogas energy generation 
country globally for the future [23, 25]. Latest reports predict that biogas produc-
tion could increase from 18,244 Gigawatt hours (GWh) in 2012 to 28,265 GWh 
in 2025, indicating a compound annual growth rate (CAGR) of 3.4%. In 2011, 
Germany contributed the largest share of the world’s cumulative installed capac-
ity as the country accounted for approximately a quarter of the global biogas 
biogas [23, 25, 27].

3. Membrane technology

Membranes, as a thin layer barrier for size differential separation, are usually 
integrated with chemical and biological treatment or standalone systems in second-
ary treatment of wastewater settings [28–30]. In a typical membrane mechanism, 
there is usually a driving force, such as a semi-permeable barrier which controls the 
rate of movement of components by fractional permeation and rejection through 
pores of different sizes as depicted in Figure 4 [32]. The permeation and selective 
rejection is a function of the membrane pore size and chemical affinity, which helps 

Figure 4. 
Membrane selective permeation for various solutes adapted from [31].
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to have a product stream devoid of target components [33]. Due to the relatively low 
energy requirement and wastewater treatability efficiency, membrane technology 
has tremendously improved by the development of new materials and configura-
tions for industrial applications. Some of these applications include microbial 
fuel cells, removal of organic and inorganic components, disinfection, pathogen 
removal and desalination [30, 33, 34].

3.1 Types of membrane technologies

Generally, the major driving force for selective filtration is a potential gradient of 
variables such as hydrostatic pressure, electrical voltage, temperature, concentration 
or a combination of these driving forces [29, 32]. These variables including nature 
(natural and synthetic) and structure (porous or non-porous and heterogeneous 
or homogenous) have been used in the classification of membranes [28, 31, 32, 
34]. However, most commercially available and industrially used membranes are 
pressure-driven and energy driven (electrodialysis and electrodialysis reversal) 
membranes [35]. Pressure driven types are namely microfiltration (MF), ultrafiltra-
tion (UF), reverse osmosis (RO) and nanofiltration (NF). These are also classified 
by their pore sizes or molecular weight cut-off (MWCO). MWCO is expressed in 
Daltons (1 Da = 1 g mol−1) and is the minimum or smallest component that can be 
retained with at least 90% efficiency [28, 30, 32, 35]. It should be noted that as the 
pore size of these membranes decrease, the driving force for the operation increases. 
For instance, the MF and UF are referred as low pressure driven processes while RO 
and NF are high pressure driven processes [28, 29, 34].

3.2 Applications of membrane technology

3.2.1 Microfiltration (MF) application

Microfiltration utilises a sieving mechanism to retain macromolecules or par-
ticles more than 0.1 μm, specifically in the range of 0.1–10 μm [30]. Unlike UF, RO 
and NF, the transmembrane pressure (TMP) for both sides of the membrane as a 
result of the small particle retention is puny, hence requiring a relatively small TMP 
lower than 2 bar but varies from 0.1 to 2 bar [28, 30]. As indicated, the larger pore 
sizes of MF membranes limit removal to suspended solids, bacteria, some viruses 
(up to 2-log), protozoan cyst, turbidity and on a lesser extent, organic colloids 
within the region [28, 29, 32].

3.2.2 Ultrafiltration (UF) application

The role of UF is increasing as a pretreatment for desalination and membrane 
bioreactors. Ultrafiltration (UF) like MF utilises physical sieving as a separation 
mechanism. The pore size, MWCO and pressure for a UF membrane ranges from 
0.05 μm to 1 nm, 1–500 kDa and operating pressure of 1–7 bar [30, 33]. As such, 
UF with a definite MWCO are impermeable to compounds with molecular weights 
exceeding the MWCO and have shown a 3–6 log removal of chlorine resistant 
protozoan cysts, active Giardia lamblia, colloids, viruses and coliform bacteria. 
The use of MF and UF as pretreatment to RO has gradually emerged as an industry 
standard. Both are often used as pretreatment for NF and RO processes to reduce 
membrane fouling and is also applied as a post treatment to chemical precipitation 
for organic chemical removal and pH adjustment, phosphorus, hardness and metals 
[29–31, 33, 34]. Fouling is highly eminent in UF due to the high molecular weight 
of fractions retained in relations with the small osmotic pressure differentials and 
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liquid phase diffusivity. However, this does not negatively influence the demand for 
UF’s as any design, configuration and application will be fouled [28, 30, 36]. The 
configuration for application is influenced by the mechanical stability, hydrody-
namic requirement and economic limitations.

3.2.3 Nanofiltration (NF) application

Nano filtration is a pressure related process where the mechanism of separa-
tion is based on molecular size for the removal of dissolved micro pollutants and 
multivalent ions. The NF is a complex process characterised by solvent diffusion, 
transport and electrostatic repulsion effects at the membrane surface and within 
the nanopores [29, 30]. The difference between the pore diameter and particle 
size forms the basis of the sieve effect. Based on the membrane pore size, NF 
is often referred to as ‘loose RO’ with separation taking place at the lower end 
of UF and upper end of RO as it covers a MWCO of 100–500 Da, a pore size of 
0.5–5 nm and operates at relatively low pressure of 5–35 bar [28, 30, 34]. The 
NF is usually deployed in the removal of polyvalent cation, reduction in colour, 
tannins, turbidity and disinfection by-product precursors such as organic matter 
as their potency lies in the high rejection of divalent ions (98%), permeation 
of monovalent ions (20–80% rejection) and high flux. Nano filtration is often 
used as a post treatment or polishing step in conventional treatment processes. 
Although it is not advisable to be used in desalination processes, it is used to 
reduce the salt content of slightly saline water. Recent applications have used NF 
as a pretreatment to RO reducing the operating pressure in RO providing savings 
in operational and maintenance costs [31, 32, 35]. Second stage fouling is usually 
reduced in NF systems through ozone pretreatment and non-thermal crystallisa-
tion while cleaning is done using suitable alternatives that also exist for MF and 
UF [30, 33].

3.2.4. Reverse and forward osmosis

Reverse osmosis, often referred to as tight membrane has been widely used 
in brackish water and wastewater treatment with its effectiveness in desalina-
tion against conventional thermal Multi stage flash. High external pressure of 
15–150 bar which is a function of the hypertonic feed and greater than the osmotic 
pressure is applied to retain dissolved solute and solvent permeation at a MWCO 
around 100 Da through diffusion mechanism [37–39]. Using concentration gradi-
ent as the driving force, separation and concentration in forward osmosis (FO) 
occurs as the concentrated solution (e.g., salts such as NaCl) draws water from 
a less concentrated feed solution. Characteristic advantages include low energy 
consumption, simple configuration and operation, low membrane fouling ten-
dency and high rejection of a wide range of contaminants. The use of FO operates 
at ambient conditions, hence irreversible fouling is low [37, 39]. However, FO 
technology is faced with the lack of recyclable and economical drawing solutions, 
internal and external concentration polarisation and a difficulty of developing 
effective large scale plants [37]. To achieve desired process flow and optimum 
configuration, ROs are arranged in stages and passes. The sequence of the stages 
has the concentrate stream of the first stage as the feed inlet of the second stage. 
Permeate streams from both streams are summed into one discharge channel. 
However, passes involve either a one path recovery of permeate or the rechannel-
ling of permeates from the first RO into the second RO to improve quality [40, 41] 
as summarised in Table 1.
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3.2.5 Membrane bioreactors

Low-pressure driven MF and UF used for critical solid-liquid separation has 
been integrated with biological treatment into a hybrid activated sludge process 
termed as membrane bioreactors (MBR) for wastewater treatment. Unlike con-
ventional wastewater treatment processes with treatment limitations, MBRs have 
shown wide range treatment efficiency in the removal of organic and inorganic 
emerging micro pollutants including pesticides, antibiotics, analgesics, anti-
epileptic, biodegradable organic compounds, microplastics, industrial chemicals 
and nutrients [30, 42, 43]. The MBRs can be configured into gravity or submerged 
vacuum driven systems by using hollow fibre or flat sheet modules, while pressure 
driven membranes on the other hand are mostly configured with external pipe 
cartridge systems. The MBR is usually combined with conventional systems includ-
ing thermophilic or mesophilic bioprocesses, AOPs, powdered activation carbon to 
enhance improve the water quality and treatability efficiency [39, 40, 42, 44]. Some 
of the advantages of MBRs include small foot-print requirement, simple transport 
configuration and the ability to handle high biomass concentrations [45].

3.2.6 Ion exchange membrane

Ion exchange membranes are classified as anion exchange membrane (AEM) 
if the polymer matrix is embedded with fixed positive charge groups and vice 

Membrane Microfiltration Ultrafiltration Nanofiltration Reverse 

osmosis

Structure Asymmetrical 

(thickness 

10–150 μm)

Symmetric 

(thickness = 10–200 μm)  

or asymmetric 

(thickness = 0.1–0.5 μm  

and supported by sublayer  

of 50–150 μm)

Asymmetric 

150 μm

Asymmetric 

150 μm

Material Ceramic, PP, 

PSO, PVDF

Ceramic, PTFE, PSO, CA, 

PVDF, thin film

PA,CA, PES 

SPSF, PI, PVA, 

CS, organic/

inorganic 

hybrids: thin 

film

Zeolite, 

PVDF, PES, 

PBI, TFC

Transport  

Laws

Darcy’ Law Darcy Fick’s Fick’s

Module Dead end: flat 

sheet or spiral 

wound

Cross flow: 

capillary, 

hollow fibre or 

tubular

Capillary, spiral wound, 

others: tubular, plate and 

frame, rotary modules, 

vibrating modules and 

dean vortices

Tubular, spiral 

wound, plate 

and frame

Tubular, 

spiral wound, 

plate and 

frame

Configuration Dead end, cross 

flow, transverse 

flow

Dead end, cross flow, 

transverse

Shell-side feed, 

bore-side feed, 

cross flow

Cross flow 

in various 

stages and 

passes

PBI, polybenzimidaole; CA, cellulose acetate; PSO, polysulfone; PP, polypropylene; PVDF, polyvinylidene fluoride; 
PES, polyethersulfone; TFC, thin film composite.

Table 1. 
Summary of pressure-driven membranes [39–41].
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versa for cation exchange membranes (CEM) [35]. This involves the permeation of 
anions/cations and rejection of cations/anions in the effluent. Electrodialysis (ED), 
reverse electrodialysis (RED), diffusion dialysis (DD) and Donnan membrane 
process (DMP) are examples of these, which usually involves the exchange of ions 
between the solutions across the membrane as shown in Figure 5. The application 
of these processes is usually based on the type of effluent and is reported to be non-
fouled and energy resourceful as mechanism of separation is by potential gradient. 
The DD is applied to reclaim free mineral acids and alkalis while DMP is used in 
recovery of toxic and valuable metals from various feeds. In both DD and DMP, 
a Donnan equilibrium is established hence their difference lies the in application 
areas. Unlike ED and RED, DD and DMP are being applied on bench scale, have 
osmotic limitations and therefore kinetic studies are been considered for various 
effluents. However, ED and RED constructions requires compatibility of feed 
stream and stack materials, electrical safety consideration and larger footprint to 
produce equivalent water quantity and quality [30, 32, 33, 36].

4. Advanced oxidation process

Basically, there are two stages which are usually employed in wastewater treat-
ment settings via a pre-treatment step involving mechanical and physicochemical 
systems to reduce the heterogeneous components of the effluents followed by an 
advanced treatment process. The physiochemical process enhances the efficiency 
of the advanced treatment by agglomerating the containments into a larger size for 
easy filtration or removal [46, 47]. However, degradation of emerging recalcitrant 
components with membrane and bioremediation in advanced treatment processes 
attests to be complex. So, in addressing this problem, advanced oxidation process 
(AOP) has gained much attention due to its potential to degrade a wide range of 
organic micro-pollutants [47, 48]. This process involves the generating of potent 
reactive hydroxyl radicals (E0 = 2.8 eV) with photon energy and without further 
additional chemical treatment. Examples are chemical oxidation (O3, Fenton 
reagents), photochemical oxidation (Ultraviolet-UV/O3, UV/H2O2), heterogeneous 
photocatalysis (UV/TiO2), electrolysis and sonolysis [46, 49–52] as shown Figure 6. 
These technologies use UV-A with long wavelengths of 315–400 nm, and UV-C with 
short wavelength radiation of 100–280 nm for degradation of most environmental 
contaminants. Generally, UV/O3 and UV/H2O2 processes consume large amounts 
of oxidant, which makes them uneconomical to operate [43]. On the other hand, 

Figure 5. 
Configurations of (a) electrodialysis, (b) reverse electrodialysis and (c) diffusion dialysis [35].
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the hazards associated with ozone being an unstable gas limits its application and 
is usually coupled with an ozone-water contacting device to convert the ozone into 
its liquid phase thus increasing the cost of production. However, the considerable 
operational conditions of ambient temperature and pressure and the use of a low-
cost and chemical stable catalyst (TiO2) are predominantly attractive for complete 
mineralisation of contaminants and by-products. This makes heterogeneous photo-
catalysis techniques to be advantageous over other AOP’s. Other advantages include 
no sludge production, quick reaction rate, low cost and operating well at ambient 
temperature and pressure conditions [46, 49].

4.1 Photocatalysis

There are several semiconductors favourable for water treatment such as TiO2, 
ZnO, Fe2O3 CdS and ZnS, which are active within a band gap energy of 2.3–3.2 eV 
and wave length of 413–539 nm [53, 54]. TiO2 has been the most widely used photo-
catalyst and exists in three major crystalline polymorphs such as anatase, rutile and 
brookite (Figure 7). There have been intensive studies to determine the crystalline 
structure, surface area, density of surface hydroxyl groups and adsorption/desorp-
tion characteristics of TiO2 [46, 49]. As mentioned, the surface hydroxyl group 
concentration has been documented to play a vital role in the photocatalytic degra-
dation process, such that an increase in concentration of the hydroxyl groups on the 
catalyst surface might have a positive effect on the reaction rate [46, 49, 51]. Thus, 
the hydroxyl radicals produced (OH−) are a very combative species and are therefore 
able to oxidise a wide range of organic pollutants in a swift and effectual means.

Figure 6. 
Types of advance oxidation process (AOPs) adapted from [46].

Figure 7. 
Crystal structures of TiO2 adapted from [51, 52, 55].
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4.1.1 Principles of heterogeneous photocatalysis

The heterogeneous photocatalysis process involves series of reactions such as 
oxidation, dehydrogenation, hydrogen transfer and metal deposition, among others 
[55]. Besides, the normal thermal and chemical catalytic actions that ease any 
distinctive chemical reaction require simultaneous activation of the molecules. As 
such, in photocatalysis, a light source with energy equal to or higher than the band-
gap energy of the catalyst is employed to stimulate the catalyst to be active during 
the reaction bringing about the reduction or oxidation of the adsorbed species on the 
surface, for instance, oxidation of organic compounds into their subordinates until 
carbon dioxide and water are formed [56, 57]. This results in charge separation as the 
electron (e−) moves from the valence band to the conduction band of the semicon-
ductor catalyst, resulting in a hole (h+) in the valence band as shown in Figure 8.

4.1.1.1 Selection of catalysts

Some of the parameters to consider in selecting a photocatalyst to enhance the deg-
radation capacity include the nature and intensity of light source, the amount of pho-
tons to activate the catalyst, the reaction medium and the water chemistry to generate 
the hydroxyl radicals, and the nature and concentration of the pollutants [46, 51, 55]. 
However, the relationship between the energy levels of conduction and valence bands 
with respect to the energy for reduction and oxidation is one of the cardinal points 
to consider in selecting a photocatalyst [46, 47]. The chemical capacity of the photo-
generated electrons and holes has high influence on the conduction band energy level 
of the photocatalyst. Thus the photo-generated electron of a catalyst should be able to 

Figure 8. 
Schematic illustration of the photocatalytic mechanism in the presence of a water contaminant adapted from 
[46, 49, 52].
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have essential energy to ease the mineralisation of the micro pollutants. The conduc-
tion band energy level of the photocatalyst in terms of mineralisation has to be more 
negative, while the valence band has to be more positive with respect to the energy for 
oxidation of water. This makes semiconductors with large band gaps to be considered 
as suitable for photocatalytic activities [46, 47, 50]. Thus, semiconductor materials are 
able to provide adequate negative and positive redox potentials in conduction bands 
and valence bands, respectively. In addition, the wider the band-gap of semiconductor 
material the higher the energy input to enhance its efficiency. Furthermore, the poor 
photo-corrosion stability of many semiconductors limits significantly the number of 
potential photo-catalytic materials for mineralisation in wastewater settings [55, 57].

4.1.1.2 Modification of catalyst

Photocatalytic activity of a distinctive semiconductor, such as TiO2, can 
attract light energy equivalent to or higher than the band gap energy, resulting in 
generating electrons and holes. This electron-hole pair then migrates to the TiO2 
surface and amalgamates with the adsorbed reactants to hasten the reduction and 
oxidation process. The lack of such an energy transfer leads to recombination of 
the pairs, which then competes with the desirable redox process with a high loss 
of energy. Therefore, to increase photocatalysis efficiency, suitable modification 
of the semiconductor band gap is essential to attract the recombination charge 
carriers which might hinder the photocatalytic efficiency. Some of these processes 
include (i) doping with metal cations and anions, (ii) coupling with other semicon-
ducting oxides, (iii) sensitization with light harvesting compounds/dye molecules 
and (iv) plasmon resonance induced by specific metals [49, 51].

4.1.2 Parameters affecting photocatalysis

As with most processing techniques, several parameters affect the performance 
of the photocatalytic degradation process. Photocatalytic activities are being 
influenced by experimental conditions such as the amount of catalyst, light inten-
sity, lighting area, reactor volume, pH type of reactor, temperature and pressure. 
Likewise, the inherent structural and properties of semiconductor photocatalyst 
influences its performance. This includes the particle size, phase composition, 
surface area, surface hydroxyls, lattice defects and the type of dopants (metals 
and non-metals) [46–48, 52]. The amount of light radiation absorbed is the driv-
ing force for semiconductor with threshold wavelength to provide the appropriate 
photon energy to overcome the band gap between the valence and conduction 
bands. This threshold wavelength is very important to promote electrons to be in 
an excited state corresponding to the band gap energy as depicted in Table 2.

4.1.3 Applications of photocatalysis

With the current greenhouse emission problems and energy deprivation situ-
ation, photocatalysis emerges as one of the alternative ways of providing feasible 
solutions to the global front in relation to energy and the environment. For instance 
(Figure 9), in the phenomenon of photosynthesis, green plants trap the solar 
energy from the sunlight and with a series of enzyme catalysed redox processes, 
converts the CO2 into water and carbohydrates by releasing oxygen into the 
atmosphere where most living organisms depend on to survive. In this scenario, 
photocatalysis which works with the same principle has gained incredible status and 
hence can be explored for divert applications in seeking sustainable energy, social 
economic growth and environmental impact.
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4.1.3.1 Photocatalytic degradation in wastewater

The importance of photocatalytic degradation technology in pre- and post-
treatment of water and wastewater using sunlight on a large scale is at the verge of 
development, with few of them like self-cleaning, anti-fogging and anti-bacterial 
applications currently being practiced. For instance, two slurry reactors coupled 
with TiO2 were built in New Mexico (USA) and Almeria (Spain); however, the 
environmental conditions, low photonic yield and efficiency under the visible light 
make it challenging to be commercialised [27, 60–63]. There are numerous studies 
ongoing seeking to address some of these limitations in order to improve the photo-
catalyst, reactor design and light efficiency [55, 59]. Furthermore, the kinetics study 
to understand the mechanistic pathways of mineralisation of recalcitrant organic 
and micropollutants has also received attention.

4.1.3.2 Photocatalytic energy production

In the early 1900s, the photocatalytic techniques commonly referred to as 
“artificial photo-synthesis” was employed in reducing CO2 into useful hydrocarbons 
(Figure 9). This has now attained incredible status on the global level. Currently 
researchers, scientists and engineers are exploring the mechanism to control the 
current atmospheric carbon dioxide levels (green-house gas effect) by altering it into 
to fuels and useful chemicals, and the role of CO2 as a source of energy. However, the 

Figure 9. 
Schematic comparison of photo-catalysis and photo-synthesis [58, 59].

Semiconductor Band gap energy (eV) Wavelength (nm)

TiO2 (rutile) 3 413

TiO2 (anatase) 3.2 388

ZnO 3.2 388

ZnS 3.6 335

CdS 2.4 516

Fe2O3 2.3 539

Adapted from [47].

Table 2. 
Semiconductors and their band gaps at specific wavelengths.
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use of solar energy via chemical storage can be attained by photocatalytic or photo-
electrochemical initiation of light-sensitive catalytic surfaces. Due to the simplicity 
of the photocatalytic process, it can be employed in converting solar energy into 
other useful forms of energy like hydrogen via splitting of water and hydrocarbons 
(methane, methanol, etc.), commonly known as solar fuels [52, 55, 59].

4.1.4 Future prospects for photocatalysis

There have been tremendous efforts dedicated to improving photocatalytic 
degradation efficiency, where some role of the aforementioned parameters on the 
AOPs performance have been studied with different types of wastewaters from the 
textile, oil refinery, slaughterhouses [46, 47, 59]. However, in relation to relative 
operational and energy utilisation costs, as well as the formation of unknown toxic 
intermediates from the parent compounds (semiconducts) and the pollutants 
remain unsolved. Although, this method is prone to shifting of hydroxyl radicals 
by non-target substances, but some are not suitable for certain varieties of toxic 
compounds that can counterattack the hydroxyl radicals rendering an increase in 
ecotoxicity when discharged into the environment. In response, there have been 
attempts to improve the semiconductor material performance by discovering the 
reaction mechanisms to develop commercial scale technology, but there are still 
some challenges which include mass transfer limitations, catalyst deactivation, 
generation of intermediate products and by-products, and the multi-complex opti-
misation of the materials and the reactor configuration [49, 55, 58]. Furthermore, 
due to the intrinsic nature of photocatalysis, it is very difficult to model photo-
catalytic reactors with a uniform light along the whole reactor volume [58, 59]. 
Therefore, a feasibility study on the irradiance distribution inside the reactor is 
required, especially with heterogeneous media such as TiO2 in suspension.

5. Conclusion

The availability of a cost effective technology to ensure the economic viability of 
wastewater settings for domestic and industrial purposes is still limited. This chapter 
presented the insights in applicability of some of the cost-effective technologies in 
addressing the global water, energy and environmental concerns. The fate of biological 
systems (AD process), and some of its operating parameters essential for wastewater 
treatment and bioremediation to energy (biogas) were also discussed. Furthermore, 
limitations, applications and different configuration types of AD reactors, as well as 
the forthcoming of the AD process as the alternative technology for bioenergy produc-
tion using wastewater as a source was discussed. The emerging membrane technolo-
gies such as Donnan membrane process are also spotted as the foreseen green and 
energy saving technologies for industrial and environmental applications. The future 
challenge for using AOPs in wastewater treatment could be addressed by developing 
a cost effective photocatalyst to enhance the wastewater treatment and coupled in 
reduction of carbon dioxide as a renewable energy source to fuels. Therefore, adapt-
ing strategies for processes integration and commercialisation of the aforementioned 
technologies will enhance sustainable social economy growth and development.
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Chapter

Desalination with Renewable 
Energy: A 24 Hours Operation 
Solution
Muhammad Wakil Shahzad, Muhammad Burhan, 

Doskhan Ybyraiymkul and Kim Choon Ng

Abstract

The inevitable escalation in economic development has serious implications on 
energy and environment nexus. The International Energy Outlook 2016 (IEO2016) 
predicted that the Non Organization for Economic Cooperation and Development 
(non-OECD) countries will lead with 71% rise in energy demand in contrast 
with only 18% in developed countries from 2012 to 2040. In Gulf Cooperation 
Council countries (GCC) countries, about 50% of primary energy is consumed 
for cogeneration based power and desalination plants. The desalination capacities 
are expected to increase fivefold by 2050 and renewable energy application can 
be one of the solution for sustainable water production. The major bottleneck in 
commercialization of renewable energy sources is its intermittent nature of sup-
plies specially wind and solar. We proposed solar thermal energy storage to operate 
desalination system around the clock. Magnesium oxide (MgO) can be utilized 
as an efficient energy storage system to store solar thermal energy for off period 
operation. The heat generated by regeneration processes at day time and exothermic 
adsorption at night can operate desalination cycle 24 h. The operational tempera-
ture ranges from 120 to 140°C and energy storage 41–81 kJ/mol. It was successfully 
demonstrated by experimentation that MgO operated hybrid desalination cycle can 
achieve highest performance and lowest carbon emission. The proposed cycle can 
achieve sustainable water production goals.

Keywords: renewable energy, hybrid desalination, low emission desalination, 
sustainable desalination, energy storage

1. Introduction

The energy demand in Gulf Cooperation Council (GCC) countries is almost 
doubled in a decades, from 300 TWh in 2000 to 600 TWh in 2012. In GCC coun-
tries, the residential and commercial sector energy demand has grown rapidly. The 
residential sector consumes over 50% due to improved living standards. In GCC 
countries, per capita primary energy consumption is the highest as compared to 
other countries in the world as shown in the Figure 1 [1–3].

The GCC countries also produce substantial amount of CO2 and it was estimated 
as 1.2 billion tons of CO2-equivalent in 2012. The major part of CO2 emission is 
related to energy and water production. The GCC countries are the most water 
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scariest in the world due to dry environmental conditions and recently it became 
even worst due to population increase and GDP growth. It is estimated that by 2050, 
the shortage of water supply can be as high as 77%. Table 1 shows the water con-
sumption and shortage in million cubic meter per year scenario in all GCC countries 
by 2050. It can be noticed the large gap in water demand and supply cannot be filled 
by renewable and ground water sources. The non-renewable such as desalination is 
the only source for future water supplies in GCC countries [1–3].

Today, all desalination processes are energy intensive and consume primary energy 
in the range of 6–10 kWh/m3. The inefficiency of desalination processes, 10–13% of 
thermodynamic limit, requires not only more energy but they also emit enormous 
CO2 [4–7]. For future sustainability, one feasible option is to utilize renewable energy 
such as wind and solar. The renewable technologies have drastically developed and 
their economics are greatly improved in recent years, and GCC countries have great 
potential to exploit the renewable energies potential such as solar and wind. The GCC 
countries government announced mega investment plans to invest in renewable energy 
sectors to meet the increasing demand of electricity as shown in Figure 2 [8].

The resettlement of energy mix in GCC countries needs a comprehensive 
plan for contractor as well as operator companies. One of the major challenges 
in renewable energies development is its intermittent nature. Currently they are 
only employed to cope the peak load typically during office hours. The one of 
the solution to overcome intermittent supply is the energy storage and there are 
two methods namely, battery storage and thermal heat storage. In terms of bat-
tery storage, the efficiency is very low, typically 8–10% in field operation due to 

Figure 1. 
Per capita oil consumption in different parts of the world.

Country 2010 consumption 2050 consumption 2050 shortage

Bahrain 227 400 380

Kuwait 509 1220 850

Oman 760 1700 1150

Qatar 328 400 175

Saudi Arabia 20,480 27,000 20,100

UAE 3375 3500 3250

Total

Table 1. 
Water consumption and estimated shortage in 2050 in GCC countries.
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efficiencies involved from one form to other form conversions. On the other hand, 
direct thermal storage and utilization efficiency is significantly high due to same 
form of energy utilization without conversion into different forms. There are three 
major technologies utilize different methods to store solar energy. The comparison 
of different heat storage materials is summarized in Table 2 [9–11].

2. Solar thermal energy storage and desalination application

Thermochemical materials (TCM) have many advantages over the other materials 
such as high heat storage density and low heat leak. Once the reactant leave the thermo-
chemical materials, the enthalpy remains same and it help to achieve the state of energy 
charging. Subsequently, the discharged energy is utilized while the material remains 
stable. In the past, a lot of studies were carried out on heat pump using different TCM 
materials [12–14]. The selection of TCM materials for different application is based on 
many elements such as (i) heat storage temperature, (ii) heat releasing temperature, 

Figure 2. 
GCC countries renewable energy development plan by 2030.

Materials Heat storage method Heat storage 
density (GJ/m3)

Heat charging 
temperature (°C)

Co3O4 Thermochemical materials 

(TCM)

Inorganic 

oxides

5.0 925

CaO 4.5 550

MgO 3.4 350

MgSO4 Anhydrate 2.6 125

Silica gel Adsorbate 0.8 85

Zeolite 0.6 220

Paraffin Phase change materials 0.2 60

Water Sensible 0.2 0–100

Table 2. 
Comparison of different thermal energy storage materials.
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(iii) heat storage density, and (iv) material stability. The magnesium oxide (MgO) is 
most suitable for thermal heat storage as compared to other materials due to its high 
density and stability. Many researchers published data on MgO thermal heat storage 
and its performance improvement [15, 16].

The dry MgO reacts with water (hydration) to become hydrated Mg(OH)2. The 
hydration is a exothermic reaction and generates 81 kJ/mol. During dehydration 
of Mg(OH)2 it becomes MgO through a reverse process at 350–500°C from solar 
collectors and high temperature vapor are utilized as a heat source. It can be noticed 
that MgO as an energy storage material produce heat during day as well as night 
time. The hydration process at night and dehydration process at day with solar 
energy can produce sufficient heat energy to operate the desalination cycle.

The principle of this heat pump is shown in Figure 3. The heat pump consists of 
a magnesium oxide reactor and a water reservoir. In heat storage mode magnesium 
hydroxide (Mg(OH)2) is dehydrated by surplus heat (Q d) at Td from sun. The gen-
erated vapors are condensed at the reservoir at TC and the condensation heat (Q d) 
of the vapor is used for desalination cycle at day time. The hydration of magnesium 
oxide proceeds in the reactor by introducing the vapor, and a hydration heat output 
(Q h) at Th is generated to operate desalination cycle at night. Thermal drivability, 
which does not require mechanical work, is one of the advantages of the heat pump. 
The environmentally friendly and economical nature of the reactants is also advanta-
geous. This type of heat pump is able to store heat at around 350°C through Mg(OH)2 
dehydration and to transfer stored heat at temperatures between 110 and 150°C through 
MgO hydration. The solar thermal energy storage and 24 h delivery around 100°C is 
best suitable for sustainable desalination processes [17–19].

The renewable energy (RE) driven desalination processes are already commer-
cialized but at low scale due to some operational complexity. Table 3 summarized 

Plant name Location Technology Capacity Energy source Cost* (US$/m3)

Kimolos Greece MED 2000 Geothermal 2.5–3

Keio university Japan MED 100 Solar thermal

PSA Spain MED 72 CSP

Ydriada Greece RO 80 Wind 2–6

Morocco Morocco RO 20 PV 2–5

Oyster Scotland RO — Wave energy 3–5

KAUST** Saudi 

Arabia

MEDAD hybrid 10 Solar thermal 0.5

*Cost is estimated based on plant capacity more than 1000 m3/day [20].
**Refs. [21–29].

Table 3. 
RE driven desalination technologies and water cost.

Figure 3. 
MgO thermal energy storage system operation.
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the major renewable desalination plants operated in the world and estimated cost 
of water production.

It can be noticed that thermal desalination processes are most favorable 
option with solar thermal energy operation. The most efficient thermally 
driven multi effect desalination (MED) system recently investigated to over-
come its conventional operational limitations. The numbers of stages in a MED 
is controlled by top brine temperature (TBT) and lower brine temperature 
(LBT). The TBT typically 70°C is restricted by soft scaling components in the 
feed water and the LBT is controlled by ambient condition due to water cooled 
condenser to condense the last stage vapors. The MED system can be more effi-
cient if these two limitations cab be removed to increase number of recoveries. 
Researchers found that TBT can be increased to 125°C by inducing nano-filtra-
tion (NF) prior to introduction the feed into the system. This NF process helps 
to remove soft scaling components and prevent scaling and fouling on the tubes 
of evaporators. The inter stage temperature and the last stage operating tem-
perature limitations can be overcome by hybridization with adsorption cycle. 
AD cycle can operate below ambient conditions typically as low as 5°C due high 
affinity of water vapors of adsorbent (silica gel). MED last stage temperature 
can be lower down to 5°C by introducing the AD at downstream. The  
proposed hybrid MEDAD system with TES will be the best choice for sustain-
able water supplies.

3. Proposed system operation

The detailed schematic of TES driven hybrid MEDAD desalination cycle 
is shown in Figure 4. During day time operation, solar heat is supplied to the 
hydrated Mg(OH)2 at 300–400°C and regenerated vapor condensation heat at 
120–150°C is utilized to operate desalination cycle. At night time, the hydration 
of MgO generates sufficient heat due to exothermic reaction that is supplied 
to the desalination cycle to continue the operation. It can be noticed that with 
MgO energy storage system, thermal desalination can be operated for 24 h 
using solar energy.

Figure 4. 
Proposed TES driven hybrid MEDAD desalination cycle.



Water and Wastewater Treatment

6

4. Experimentation

An experimental system was designed and installed to test workability of 
proposed concept. Figure 5 shows the temperature profiles of MEDAD effects at 
heat source of 45°C. The pilot was tested at different temperatures to investigate 
the performance. Figure 6 shows the hybrid MEDAD system effects temperatures 
at different heat source temperatures. The system performed well as per designed 
3–4°C inter-effect temperature difference. Similarly, Figure 7 shows the corre-
sponding saturation pressures.

Figure 8 shows the water production profiles of MED effects, AD condenser and 
total production at 45°C heat source temperature. The summary of water produc-
tion presented in Figure 9 at different heat source temperatures. It can be seen that 
at higher temperature the water production is also higher and it drop due to drop 
in heat capacity. The system is designed for 45°C operational temperature but it 
performed well at off-design conditions. It shows the robustness of the thermally 
driven desalination systems.

The thermal energy consumed is shown in Figure 10. It can be noticed that at 
higher heat input temperature the energy consumed by the system is also higher. 
It is mainly due to the higher temperature difference between heat inlet and out 

Figure 6. 
Hybrid MEDAD inter-effect temperatures at different heat source (reproduce with author’s permission [30].

Figure 5. 
Hybrid MEDAD temperature profiles at 45°C heat source.
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Figure 7. 
Hybrid MEDAD inter-effect pressures at different heat source (reproduce with author’s permission [30]).

Figure 8. 
Hybrid MEDAD water production profiles at 45°C heat source (reproduce with author’s permission [30]).

Figure 9. 
Hybrid MEDAD water production at different heat source temperature (reproduce with author’s permission [30]).
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temperatures. The interesting trend was noticed at below 25°C where heat input 
showed negative value. It is because the heat was scavenged from the ambient. The 
system was operating below ambient conditions due to adsorption cycle hybridiza-
tion that allows last effects to operate as low as 5°C.

The successful experimentation of hybrid MEDAD cycle proved the workability 
of TES + MEDAD system for future sustainable water supplies.

5. Conclusion

Thermal energy storage based hybrid desalination system is proposed for 24 h 
operation. MgO has high energy density and stability for long term operation. The 
proposed TES + MEDAD hybrid cycle has highest performance. The superiority of 
MEDAD cycle has been successfully demonstrated pilot as compared to conven-
tional MED system by improving water production to twofold as same heat source 
temperature. The proposed combination is estimated to have highest performance 
to achieve sustainability goals. These innovative solutions will help to save energy 
and protect environment.
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Abstract

Catalytic wet air oxidation (CWAO) is a nonconventional wastewater treatment, 
consisting of oxygen pressure releasing inside a reactor in order to degrade organic 
compounds dissolved in water, using a solid catalyst in the presence of an activated O2 
species, usually at temperatures ranges of 125–250°C and pressures of 10–50 bar. CWAO 
can reduce operating costs of conventional treatment due to the use of ideal catalyst that 
is able to improve reaction conditions at temperatures and pressures as mild as possible, 
simultaneously setting high catalytic activity and long-term stability of heterogeneous 
catalysts. Oxygenated fuels are gasoline additives in reformulated gasoline and oxyfuels. 
In the beginning, they provided an alternative solution of environmental problems, such 
as greenhouse gas emissions and octane enhancement, caused by fossil fuel use. The 
oxygenated fuels frequently used are methyl tert-butyl ether (MTBE), ethyl tert-butyl 
ether (ETBE), and tert-amyl methyl ether (TAME). However, there is environmental 
impact from oxygenated fuel hydrocarbons related to widespread contamination of 
groundwater and other natural waters. Our research group developed a wide study in 
order to evaluate several catalysts (Ru, Au, Cu, and Ag supported on Al2O3, Al2O3-CeO2, 
and TiO2-CeO2) and to obtain the best for the efficiency of the oxidation process.

Keywords: nanoparticles, wastewater, CWAO, fuel oxygenated

1. Introduction

1.1 Oxygenated fuels

Oxygenated fuels are oxygen-rich compounds such as alcoholic and ether fuels 
that act as gasoline additives in reformulated gasoline and oxyfuels. Oxygenates can be 
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blended into gasoline in two forms: alcohols (such as methanol or ethanol) or ethers. 
They have potential to provide an alternative solution of environmental problems 
caused by fossil fuel use. The oxygenated ether fuels used more frequently are methyl 
tert-butyl ether (MTBE), ethyl tert-butyl ether (ETBE), and tert-amyl methyl ether 
(TAME), although the first fuel oxygenate used in reformulation was MTBE. The use 
of MTBE as an octane enhancer in the United States began in 1979 [1, 2].

MTBE is a compound (chemical formula C5H12O) that is synthetized by the 
chemical reaction of methanol and isobutylene, and it is almost exclusively used as 
a fuel additive in motor gasoline. Although ETBE and TAME have only secondary 
importance in production industry, recently they have become more prevalent, and 
they can be used instead of MTBE. In France, MTBE has been partially replaced by 
the ETBE since 1990 or as part of a “binary or ternary mixture” with MTBE [3–5].

ETBE (chemical formula C6H14O) is considered an attractive octane enhancer as it 
presents a lower reid vapor pressure (RVP) mixture and lower water solubility than 
MTBE and ethanol. The azeotropic mixture of ETBE with ethanol takes down the 
volatility of ethanol making it suitable as an additive for automatic gasoline [6, 7].

Finally, TAME (chemical formula C6H14O) was considered as an oxygenated fuel 
until the 1990s despite its octane rating lower than other oxygenated fuels; besides 
it is very soluble with other ethers, and it is highly soluble in water (12 g/l) [8, 9].

1.2 Importance of oxygenated fuels in petroleum industry

The leading produced fuel in the world is gasoline. Because of its widespread 
use and the fact that it is composed of that fraction of crude oil with lower boiling 
points, gasoline is the single largest source of volatile hydrocarbons to the environ-
ment. Motor gasoline comes in various blends with properties that affect engine 
performance. All motor gasolines are made of relatively volatile components of 
crude oil. Other fuels include distillate fuel oil (diesel fuel and heating oil), jet fuel, 
residual fuel oil, kerosene, aviation gasoline, and petroleum coke. In the petroleum 
refining process, heat distillation is used first to separate different hydrocarbon 
components. The lighter products are liquefied petroleum gases and gasoline, 
whereas the heavier products include heavy gas oils. Liquefied petroleum gases 
include ethane, ethylene, propane, propylene, n-butane, butylenes, and isobutane. 
Internal combustion engines of high compression ratio require gasoline with octane 
ratings that are sufficiently high to ensure efficient combustion [2, 10, 11].

Gasolines need additives that increase their octane rating so they can decrease 
their self-knock capacity, increasing their resistance to compression, and finally 
improve the quality of gasoline. An economical way of achieving these properties 
has been the use of anti-knock additives, such as tetraethyl and tetramethyl lead at 
concentrations up to 0.84 g/l. With the phasing out of lead from gasoline because it 
was increasingly recognized that lead is toxic and non-biodegradable, oxygenated 
fuel become a better alternative for gasoline additive, instead of lead. Oxygenated 
fuels act as octane enhancers, bringing the additional benefit of making gasoline 
burn almost completely. Actually, using oxygenated fuels in internal combustion 
engine leads to a reduction of greenhouse gas (GHG) emissions, compared to 
gasoline because they burn cleaner than regular gasoline and produce lesser carbon 
monoxide (CO) and nitrogen oxides (NOx) and they reduce emissions of unburned 
hydrocarbons. Furthermore, using oxygenated fuels in an internal combustion 
engine (ICE) provides an alternative to conventional fuels that can solve many 
environmental problems [6, 12, 13].

In the United States, air quality regulations placed on automobile exhaust gases 
have forced dramatic changes in gasoline formulations. By 1990, the Clean Air Act 
Amendments (CAAA) required additives, such as MTBE at 15% and ethanol, to be 
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blended in gasoline in some metropolitan areas, heavily polluted by carbon monox-
ide, and to reduce carbon monoxide and ozone concentrations [14].

1.3 Environmental impact of oxygenated fuels

Despite providing better conditions in terms of fuel quality, an environmental 
impact from oxygenated fuel hydrocarbons related to widespread contamination 
of groundwater and other natural waters exists. The distribution and storage of 
crude oil and refined products result in releases of significant amounts of hydro-
carbons to the atmosphere, surface waters, soils, and groundwater. Groundwater 
contamination by crude oil, and other petroleum-based liquids, is a particularly 
widespread problem. In Mexico, the agency in charge of producing and distribut-
ing fuels derived from petroleum distillation, such as gasoline, diesel, fuel oil, 
diesel, and LP gas, is Petróleos Mexicanos (PEMEX). The retail distribution of 
gasoline and diesel is carried out by service stations (gas stations). One of the 
environmental risks that involves the handling of these stations is spills or leaks 
of fuels, which cause the contamination of the sites where the storage tanks are 
located [15].

Unfortunately, these oxygenates have high water solubility and high volatility, 
causing a high concentration of oxygenated fuel in the environment, air, and water. 
Another important problem happens when oxygenated fuel is accumulated in the 
groundwater due to it not absorbing appreciably to soil and undergoing only in slow 
biodegradation compared to the benzene, toluene, ethylbenzene, and the xylenes 
(BTEX) in gasoline. The relatively recalcitrant nature of oxygenated fuel to micro-
bial attack makes them persistent, due to them being refractory to the biological 
treatments. Because of the chemical structure of these, oxygenated fuel hinders 
their natural biodegradation, which contains a combination of two biorecalcitrant 
organic functional groups: the ether bond and tertiary carbon atom. These are 
the reasons why water supplies close to the production sites of MTBE, ETBE, and 
TAME or near underground petroleum storage tanks and fuelling stations are often 
contaminated by large amounts of these compounds [16, 17].

There have been extensive occurrences of groundwater contamination by 
MTBE in the United States because of its prevailing use. In a sampling study of 
1208 domestic wells in the United States, MTBE was the most frequently detected 
fuel oxygenate and the eighth most commonly detected VOC. Perhaps the most 
publicized case of MTBE contamination of groundwater is the one involving public 
water supply wells in Santa Monica, California. In August 1995, the city of Santa 
Monica discovered MTBE in wells used for drinking water supply through routine 
analytical testing of well water [18, 19].

MTBE has been detected in snow, storm water, surface water (streams, rivers, 
and reservoirs), groundwater, and drinking water, based on limited surveillance 
operations conducted in the United States. MTBE concentrations found in storm 
water ranged from 0.02 to 8.7 μg/l, with a median value of less than 1.0 μg/l. In 
streams, rivers, and reservoirs, the detection range was 0.2–30 μg/l, and the range 
of median values in several studies was from 0.24 to 7.75 μg/l [5, 19].

In fact, the US Environmental Protection Agency (USEPA) included MTBE 
in its Contaminant Candidate List. MTBE in drinking water is carcinogenic for 
humans and animals. USEPA established a drinking water health advisory of 
20–40 μg/l MTBE in December 1997, because it is hazardous to human health (US 
Environmental Protection Agency, 1997).

Although alternative ether oxygenates are detected less frequently than MTBE, 
these alternative oxygenates show future groundwater contaminations similar to 
MTBE if they are not under control.
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The toxicokinetic data on MTBE in people come mainly from controlled studies 
of healthy adult volunteers and in a population exposed to oxygenated gasoline. 
MTBE quickly passes into circulation after inhalation exposure. In healthy vol-
unteers exposed to inhalation, MTBE kinetics was linear up to concentrations of 
268 mg/m3 (75 ppm). It was measured in the blood and urine of people exposed to 
tertiary butyl alcohol, metabolic MTBE. The maximum blood concentrations of ter-
tiary butyl alcohol were 17.2–1144 μg/m3 and 7.8–925 μg/m3, respectively, in people 
exposed between 5.0 and 178.5 mg/m3 (1.4–50 ppm) of MTBE. Based on a single-
behavior model, rapid (36–90 min) and slow (19 h) components of MTBE half-life 
were identified (41). Following the introduction of two separate fuel programs in 
the United States, which require the use of gasoline oxygenation products, consum-
ers in some areas have complained of acute health disorders, such as headaches, 
irritation of the eyes and nose, cough, nausea, dizziness, and disorientation. The 
acute experimental toxicity (CL50) of MTBE in fish, amphibians, and crustaceans is 
greater than 100 mg/l.

WAO consists of an oxidation in aqueous medium at high temperatures using 
pure oxygen or high pressure air as an oxidant to maintain the liquid phase. The pres-
sures used and reported in the literature range from 20 to 200 bar and temperature 
between 150 and 350°C, making this process highly expensive for industrial applica-
tion. The use of catalysts allows reducing the temperature and pressure conditions 
for oxidation and even increasing the selectivity toward CO2. That is why we employ 
catalytic wet air oxidation, instead of WAO. CWAO of MTBE and oxygenated fuels 
of gasoline as ETBE and TAME is a nonconventional treatment for degradation of 
organic compounds in aqueous medium. Our research group developed a wide study 
in order to evaluate several catalysts and to know what the best are for the efficiency 
of oxidation process and the total mineralization of pollutants into CO2 and H2O.

2.  Synthesis, characterization, and catalytic activity of noble (Ru, Au, 
Ag) and based (Cu) metal nanoparticles supported applied in the 
CWAO of fuel oxygenated

2.1  Synthesis of Al2O3 and Al2O3-CeO2 by wet impregnation and precursor 
calcination

The synthesis methods occupied for the production of supported catalysts 
include different techniques or procedures based on a phenomenon of precipitation, 
chemical adsorption, hydrolysis-polymerization, etc. These methods can synthesize 
supported catalysts in a single step, or in two steps, that is, both the precursor salt of 
the support and the active phase are added in the reaction mixture in a single step; 
otherwise, in sequential or two steps, first the support is synthesized, usually an 
oxide, and then the active phase, usually a metal, is prepared by some other specific 
method, expecting all the metal to be added and adsorbed on the support, without 
metal loss and with a high metal dispersion [20, 21].

These methods determine important properties such as homogeneous metal 
dispersion, high specific surface area, adequate acidity/basicity ratio, metal-support 
interaction, and generation of structural defects, for example, oxygen vacancies 
and reducibility; an improvement in the catalytic performance is concluded owing 
to the development of these properties in the synthesized catalysts [22, 23]. So 
in this, study we evaluated different synthesis methods for the catalysts tested in 
CWAO from oxygenated fuels.

The γ-alumina was obtained by the calcination of boehmite Catapal-B 
(AIO(OH)), in this process an amount of boehmite (AIO(OH)) is deposited in a 
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fixed-bed quartz reactor in which a continuous flow of air of 1 cm3/s is passed, and 
then the calcination is carried out, at a temperature of 650°C for 4 h.

Wet impregnation method was used to prepare the Al2O3-CeO2 support. 
Ceria is incorporated into the boehmite (AIO(OH)) with an aqueous solution of 
Ce(NO3)3.6H2O (necessary amount of salt to obtain 1, 3, 5, 7.5, and 10% weight) in 
100 ml of distilled water. The precursor solution of ceria is previously deposited in 
a ball flask, the boehmite is added to this solution and left to stir for 3 h in a rotary 
evaporator, and then the solution is dried with constant agitation at 60°C to evapo-
rate the water excess. After impregnation, the obtained solid sample was dried at 
120°C for about 16 h and calcined at a temperature of 650°C in air flow of 1 cm3/s 
for 4 h. The CeO2 support was obtained commercially.

2.2 Synthesis of noble and base metal catalysts by wet impregnation

The solid catalysts reported in the literature that are used in the oxidation of 
water pollutants can be classified into four groups: supported metal oxides, unsup-
ported metal oxides, supported metals, and mixtures of noble metals and metal 
oxides. The type of supported metal is composed mainly of noble and base metals. 
These are also very important to influence catalyst activity. Noble metals such as Ag, 
Au, Ru, Pd, Rh, and Pt are very active elements for oxidation reactions; they reveal 
high activities and excellence stability; however, their high cost and limited avail-
ability can decrease their applicability. Base catalysts such as Ni and Cu are more 
interesting systems, and a lot of research is being done to improve their stability 
because by having a lower cost, compared to noble metals, they are an economical 
option; they are also active, but less stable, and suffer from carbon deposit and 
metal leaching [24, 25].

Cu catalysts supported on Al2O3 were synthesized by wet impregnation in a sin-
gle step. A calculated amount of copper nitrate to obtain a concentration by weight 
of 5, 10 and 15wt% in copper plus an adequate amount of boehmite Catapal-B were 
dissolved in 100 ml of water; then the solution was adjusted to a pH of 1, with the 
addition of a drop of HNO3, and stirred for 4 h, regulating the temperature from 
70 to 90°C. After impregnation, the obtained solid sample was dried at 120°C for 
about 12 h and calcined at a temperature of 400°C in airflow of 1 cm3/s for 4 h. Cu 
(5wt%)/Al2O3, Cu (10wt%)/Al2O3, and Cu (15wt%)/Al2O3 are the monometallic Cu 
catalysts supported in alumina, synthesized by wet impregnation method in a single 
step, which later we will name as Cu5AlIH, Cu10AlIH, and Cu15AlIH.

Copper catalysts supported on Al2O3 were also synthesized by sol-gel in a single 
step. An aqueous solution of 10 ml of aluminum trisecbutoxide ([C2H5CH(CH3)
O]3Al), 97% aldrich, d = 0.96 g/mol with 4 g of urea and copper nitrate adequate 
amount in grams for the percentages of 5, 10, and 15wt% in 1-butanol was progres-
sively added, between 70 and 90°C to a mixture of water and butanol, under constant 
stirring. After 24 h reflux at 70°C, the resulting pseudo-gel was dried in in a rotating 
evaporator at 120°C for 12 h and then calcined at 400°C for 4 h. It is worth mention-
ing that a catalyst was prepared with a pyrrolidine additive instead of urea, exclusively 
with the same quantities of reagents as the 15wt% in Cu. The synthesized monometal-
lic catalysts will be named as Cu5AlSG, Cu10AlSG, Cu15AlSG, and Cu15AlSGp.

Finally, the monometallic Cu/Al2O3 catalysts were synthesized by wet impregna-
tion with urea and with a concentration by weight of 5, 10, and 15wt% of the metal. 
A calculated amount of boehmite Catapal-B was dissolved in 300 ml of deionized 
water; then the solution was adjusted to a pH of 3 with the addition of 1 ml of HNO3 
and stirred for 2 h. After that, 200 ml of a solution of cupric nitrate [Cu(NO3)2 
½H2O] and urea is added dropwise to the solution of boehmite Catapal-B, regu-
lating the temperature from 70 to 90°C. After impregnation, the obtained solid 
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sample was washed three times with hot water and dried at 120°C, and finally it 
was calcined at a temperature of 400°C for 4 h. It should be noted that a catalyst 
was prepared with a pyrrolidine additive instead of urea, exclusively with the same 
amounts of reagents as the 15wt% in Cu. The synthesized monometallic catalysts 
will be named as Cu5AlIHU, Cu10AlIHU, Cu15AlIHU, and Cu15AlIHp.

Ru-supported catalysts were prepared by wet impregnation method of Al2O3 
and Al2O3-CeO2 supports aggregating the appropriated amounts of an aqueous 
solution containing RuCl3* XH2O to obtain a nominal concentration of 2wt% of Ru, 
adding 100 ml of hydrochloric acid 0.1 M. First Al2O3 and Al2O3-CeO2 (1.0, 3.0, 5.0, 
7.5, and 10wt% of Ce) support was wetted by distilled water in a beaker in order to 
have high dispersion and to maximize the mass transfer of added metal salt (RuCl3* 
XH2O) on the surface and the pores of the catalyst. The resulting solution is stirred 
for 1 h; after that it is heated at 60°C. The samples were dried at 120°C for 24 h and 
then calcined under air flow (60 ml/min) at 650°C for 4 h, with a heat rate of 2°C/
min. Finally, the catalysts were reduced under H2 (60 ml/min) at 400°C for 5 h, 
with a heat rate of 2°C/min. The synthesized monometallic catalysts will be named 
as RuAlIH, RuAlCe1IH, RuAlCe3IH, RuAlCe5IH, RuAlCe7.5IH, and RuAlCe10IH.

2.3 Synthesis of noble and base metal catalysts by deposition-precipitation

Deposition of gold into the modified supports was carried out by the method 
of deposition-precipitation using urea according to the procedure described 
below. Support powder (Al2O3, CeO2, Al2O3-CeO2 (1wt%), Al2O3-CeO2 (5wt%), 
Al2O3-CeO2 (10wt%) was first dispersed in distilled water. The temperature of 
the suspension was kept constant at 80°C and agitated with a magnetic stirrer. 
Secondly, the requisite quantity of chloroauric acid (HAuCl4) solution was added 
to the suspension, and the temperature was let to stabilize. Thirdly, 2.33 g of urea 
was added into the reactor vessel, and the suspension was stirred continuously for 
16 h. The deposition was followed by centrifugation of the catalyst suspension in 
50 ml tubes. The centrifugation was conducted three times. Separated water was 
decanted away, and the tube was refilled with distilled water after the first and the 
second centrifugations. Posterior the following separation and washing, the solid 
was collected and moved to a rotary evaporator and dried at 60°C in a water bath 
under vacuum. Final drying was done in an oven at 120°C overnight. All catalysts 
were calcined in air flow by heating them from room temperature up to 300°C for 
4 h. The synthesized monometallic catalysts will be named as AuAlDPU, AuCeDPU, 
AuAlCe1DPU, AuAlCe5DPU, and AuAlCe10DPU.

The supported Ag nanoparticles were synthesized by DP with NaOH. The 
procedure was the same as the described for the gold synthesis by DP with urea, 
only that, instead of urea, NaOH was occupied, regulating solution’s pH to 9. The 
synthesized monometallic catalysts will be named as AgCeDPNa, AgAlDPNa, 
AgAlCe1DPNa, AgAlCe3DPNa, AgAlCe5DPNa, AgAlCe7.5DPNa, and AgAlCe10DPNa. 
All the catalysts prepared are mentioned in Table 1.

2.4 Characterization of noble (Ru, Au, Ag) and base (Cu) metal nanoparticles 
supported

Figure 1 shows the adsorption isotherms of the synthesized materials of RuAlIH 
and RuAlCe1IH. It was observed that both isotherms are of type IV, which were 
associated with capillary condensation in mesoporous catalysts, where the hyster-
esis loops indicated that the pores are well distributed.

For the catalysts of RuAlIH and RuAlCe1IH (the other TPR analyzes the rest of 
the catalysts not shown), Figure 2 which displayed a main peak of 36–52°C was 
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Catalyst 

abbreviation

Synthesis method Target molecule

One step Two step

Wet 

impregnation

Sol-

gel

Wet impregnation with 

urea

Wet 

impregnation

Deposit-

precipitation

With urea

Deposit-

precipitation

With NaOH

MTBE ETBE TAME

Cu5AlIH X x x

Cu10AlIH X x x

C15AlIH X x x

Cu5AlSG, x x x

Cu10AlSG x x x

Cu15AlSG x x x

Cu15AlSGp x x x

Cu5AlIHU x x x

Cu10AlIHU x x x

Cu15AlIHU x x x

Cu15AlIHp x x x

RuAlIH x x

RuAlCe1IH x x

RuAlCe3IH x x

RuAlCe5IH x x

RuAlCe7.5IH x x

RuAlCe10IH x x

AuAlDPU x x x

AuCeDPU x x x
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Catalyst 

abbreviation

Synthesis method Target molecule

One step Two step

Wet 

impregnation

Sol-

gel

Wet impregnation with 

urea

Wet 

impregnation

Deposit-

precipitation

With urea

Deposit-

precipitation

With NaOH

MTBE ETBE TAME

AuAlCe1DPU x x x

AuAlCe3DPU x x x

AuAlCe5DPU x x x

AuAlCe10DPU x x x

AgCeDPNa x x

AgAlDPNa x x

AgAlCe1DPNa x x

AgAlCe3DPNa x x

AgAlCe5DPNa x x

AgAlCe7.5DPNa x x

AgAlCe10DPNa x x

Table 1. 
Lists the Cu, Ag, Au, and Ru catalysts supported on Al2O3, CeO2, and Al2O3-CeO2, tested in CWAO of fuel oxygenated (FO) with the operating conditions: T = 100°C, P(O2) = 10 bar, 
VLiq = 0.25 l, CFO = 1000 mg/l, CCat = 1 g/l, and ω = 1000 rpm.
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observed which indicates that the reduction is carried out in that first peak, and it was 
attributed to the oxidation change of Ru from +2 to 0 (RuO) since it was the species 
that was reduced first. The second signal observed at 135–142°C was attributed to 
ruthenium oxide (RuO2), with an oxidation state of +4 which passes from +4 to +2 
and subsequently to 0. On the other hand, the two peaks clearly observed in Figure 2 

Figure 1. 
Adsorption isotherms of (a) RuAlIH and (b) RuAlCe1IH.

Figure 2. 
H2-TPR profiles of the catalysts RuAlIH and RuAlCe1IH.



Water and Wastewater Treatment

10

Figure 3. 
X-ray diffraction patterns of Au-supported catalysts.

indicated that the ions of Ru existed in two different states to be reduced with hydro-
gen, meaning that at the end of the reduction, only the states +2 and 0 remain.

Figure 3 corresponds to the diffraction patterns of the catalysts containing Au. 
It showed only signals corresponding to Al2O3 and CeO2, and only a decrease of the 
alumina signal was observed when the content of Al2O3-CeO2 increases by 10%. The 
corresponding Au signals were not shown in this diffractogram due to the weight 
% in which the catalysts were prepared, and in XRD only the metal was observed at 
concentrations higher than 2 and sometimes 3%.

In Figure 4, the H2-TPR profiles of the Au-supported catalysts revealed that 
the first reduction peaks (around 50°C) appearing for all Au-supported catalysts 
corresponded to the highly dispersed Au peaks on the catalyst surface. This signal 
increased to values higher than 50°C in the case of the Au catalyst deposited in Ce 
which indicates a difference in the size of the particles (observed by TEM). The 
second peak (around 100°C) was attributed to a second oxidation state of Au that 
interacts with Ce. This signal increased with the Ce content. This can be supported 
since in the AuAlDPU catalyst, this signal did not appear; however, it appeared in 
the AuCeDPU catalyst.

Figure 5 shows the XRD for the copper catalysts prepared by wet impregnation 
method, in which γ-Al2O3 phase was seen as well as the intense signals that indicated 
the presence of CuO, and the boehmite, indicating that the metal was correctly 
dispersed in the three synthesized catalysts.

2.5. Catalytic evaluation (MTBE, ETBE, TAME)

2.5.1 Reaction conditions

The activity level tests of the catalysts synthesized in this study were carried 
out in a Parr batch 300 ml batch reactor, under the conditions of 100°C, 10 bar, and 
1000 ppm of fuel oxygenated. In the standard procedure for a CWAO experiment, 
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Figure 4. 
H2-TPR of Au-supported catalysts.

Figure 5. 
X-ray diffraction patterns for the Cu-supported catalysts synthesized by wet impregnation in a single step.
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250 ml of fuel oxygenated solution were poured, and 0.25 g of catalyst were placed 
in the 300 ml reactor. When the selected temperature was reached, stirring was 
started at a maximum speed of 1000 rpm. This time was taken as the zero reaction 
time and the reaction duration was 60 min. These conditions were the same for 
all synthesized materials. The liquid samples were periodically removed from the 
reactor, then filtered to remove any catalyst particles, and finally analyzed by gas 
chromatography and total organic carbon (TOC).

With the following equation, the conversion values for total organic carbon and 
FO were determined at different times with intervals of 30 min up to 180 min of 
reaction:

   X  TOC   =    TOC   0  −  TOC   60    _________________ 
 TOC   0 

   × 100  (1)

   X  FO   =   
 C  0   −  C  60  

 ______ 
 C  0  

   × 100%  (2)

where TOC0 is TOC at t = 0 (ppm), C0 is FO concentration at t = 0 (ppm), C60 
is FO concentration at t = 1 h of reaction (ppm), and TOC60 is TOC at t = 1 h of 
reaction (ppm).

The initial rate (ri) was calculated from FO conversion depending on time, using 
the following equation:

   r  i   =  (  
 ∆  FO   (%) 

 _______ 
∆ t  m  cat  

  )   (  [contaminant]   i  )   (3)

where    
 ∆  FO   (%) 

 _______ 
∆ t

    is the initial slope of the conversion curve, [contaminant]i = initial 
FO concentration, and mcat = catalyst mass (gcat/l).

So the selectivity was calculated according to the following equation:

   S   CO  2     =   
 X  TOC  

 ____ 
 X  FO  

   × 100  (4)

2.5.2.  Degradation of MTBE by catalytic wet air oxidation over noble and base 
metals

This research studied the degradation of the fuel oxygenated MTBE through 
CWAO occupying Ru, Au, and Ag as the catalysts, which will be responsible for 
mineralizing the pollutant.

Figure 6 shows the results of the catalytic activity for CWAO of MTBE with 
the sets of catalysts Ru, Au, and Ag. The best activity for the set of ruthenium-
supported catalysts was for the one named RuAlCe1IH, since it presented a 68% 
conversion of MTBE and a 63% degradation of TOC; the most favorable results for 
this particular catalyst were attributed to a particle size of 9 nm measured by TEM, 
and to the contribution of ceria, due to the oxygen storage capacity phenomenon. 
Ceria is known for having the capacity to exchange oxygen, through its vacan-
cies of oxygen, which promotes the increase of selectivity in all cases with the 
Ru-synthesized catalysts from a chlorinated salt, by the formation of a species of 
type Ce4+ − O2− − M+, contributing to improve the reducibility of ruthenium.

With respect to the Au-supported catalysts, AuAlCe5DPU was the one that 
stood out for its catalytic performance in comparison to the rest of its counter-
parts. AuAlCe5DPU reached a maximum of 73% MTBE conversion and a TOC 
degradation of 72%, indicating that this catalyst was efficient both to have a good 
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conversion and to transform to CO2. This behavior was explained by the fact of 
presenting the best distribution of particles on the surface of the catalyst, according 
to the TEM analysis, and confirmed by TPR. The largest amount of active particles 
for this catalyst was below 2 nm. It was observed that the other catalysts had a 
similar activity attributable to the distribution of particle sizes ranging between 2 
and 10 nm. According to the performed analysis, well-dispersed Au nanoparticles 
and the oxidation state of Au play an important role in this type of oxide-reduction 
reactions. The excess of CeO2 does not allow a good selectivity toward CO2 since it 
interferes in the exchange of O2 at the time of oxidation, giving an excess of oxygen 
that causes the metal particle to change its oxidation state on the surface of the 
catalyst and confirming the theory made by Imamura et al. [26] that a balance of 
metal particles in oxidized and reduced state is needed to obtain satisfactory results 
in terms of activity and selectivity; this theory is fulfilled in molecules that are 
strongly adsorbed on the surface of the catalyst such as acetic acid, and according to 
this study, this principle can be also applied with MTBE.

The results of the catalytic activity for CWAO of MTBE for the set of silver 
catalysts indicated that the best conversion obtained corresponds to the AgCeDPNa 
catalyst with 66%, due to the presence of CeO2. In this case, we can only mention an 
effect of CeO2 because the particle sizes obtained by HRTEM and TPD-CO revealed 
different distributions but did not significantly impact the catalytic activity. This 
effect has been explained by several researchers as the formation of a bridge M-O-Ce 
where M means silver metal. The AgCeDPNa catalyst was the one that has a bet-
ter behavior toward mineralizing CO2 due to the oxide-reducing properties of this 
support. However, it was observed that the catalyst with 5% of CeO2 has a very close 
TOC value with respect to the AgCeDPNa catalyst. In this case, the effect between 
the particle size, the activity, and the selectivity toward CO2 was not possible to 
distinguish because, as the HRTEM histograms showed, the range of sizes was 

Figure 6. 
MTBE conversion and TOC degradation, at 100°C and 10 oxygen bar over Ru-, Au-, and Ag-supported 
catalysts.
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Catalyst ETBE conversion % % TOC SCO2

Cu5AlIH 76 81 100

Cu10AlIH 66 82 100

C15AlIH 72 80 100

Cu5AlSG 82 84 100

Cu10AlSG 88 89 100

Cu15AlSG 80 78 97

Cu15AlSGp 78 74 95

Cu5AlIHU 71 59 83

Cu10AlIHU 89 79 89

Cu15AlIHU 86 81 94

Cu15AlIHp 80 69 86

Table 2. 
ETBE conversion, TOC and SCO2 at 100°C and 10 bar of pressure during 1 h of reaction with one of 
[ETBE]0 = 1000 ppm.

very broad in all cases; nonetheless, the effect of CeO2 appeared in the activity and 
also in the selectivity. Imamura proposed a theory stating that a balance of metal 
particles in oxidized and reduced state is needed to obtain satisfactory results in 
terms of activity and selectivity, which is observed here by TPR of H2 in the case of 
AgCeDPNa catalyst; Ag particles remain oxidized even with the passage of H2 which 
makes them more selective toward CO2. It is not possible in this case to account for 
the proportion of Ag+/AgO particles because this can only be done by XPS, a very 
expensive technique and not available in this case; however, it can be concluded that, 
in terms of activity, the optimal catalyst is the one that only contains ceria.

2.5.3.  Degradation of ETBE by catalytic wet air oxidation over noble and base 
metals

We also analyzed the degradation process of the ETBE molecule through CWAO 
using Cu synthesized by three different synthesis methods, with the main character-
istic of being carried out in a single step. The aim of the application of these methods 
is to avoid the leaching of the metal, which has occurred in other previous experi-
ments by different investigators, after having passed a certain time of the reaction.

The analysis results of the ETBE-treated solutions by CWAO are presented in 
Table 2; for each of the three synthesis methods of the Cu catalysts, Cu10AlSG and 
Cu10AlIHU catalysts were more active, obtaining 88 and 89% ETBE conversion, 
respectively, after 1 h of oxidation. But the highest values for TOC degradation 
were obtained with the catalysts prepared by sol-gel method, as Cu5AlSG reached 
84% and Cu10AlSG 89%. This last result confirmed that Cu catalysts synthesized 
by sol-gel are more effective catalysts for the mineralization process, which allows 
to degrade the organic matter, coming from the contaminant present, by almost 
90% until obtaining CO2 in the treated solutions. In addition, we can affirm that the 
optimum percentage of Cu was 10%, as well as the commercial catalyst used for this 
type of reactions and reported in the literature.

Another discovery in this study with copper nanoparticles was realized by 
measuring copper concentration through atomic absorption in the ETBE-treated 
solutions, since no copper concentrations were obtained, particularly in the cata-
lysts prepared by sol-gel method, opposite situation for the other catalysts prepared 
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by wet impregnation and wet impregnation with urea. Therefore, we can encap-
sulate the copper in the alumina, by sol-gel method, thus avoiding contamination 
by the metal, leaching, and, in turn, obtaining an improvement in the catalytic 
performance of the metal.

2.5.4.  Degradation of TAME by catalytic wet air oxidation over noble and base 
metals

Another series of experiments was conducted under the same conditions 
described below over Cu synthetized in three different methods and Au-supported 
catalyst but in this experiments with TAME as a target molecule by CWAO.

Table 3 presents the analysis results of the treated solutions of TAME by 
CWAO; for each of the three synthesis methods of the Cu catalysts, the catalysts of 
Cu15AlSG and Cu10AlIHU were more active, obtaining 78% of TAME conversion, for 
both catalysts after 1 h of reaction. But the highest values for TOC degradation were 
obtained with the catalysts prepared by sol-gel method; Cu15AlSG reached 78% and 
Cu10AlIHU 75%. These results sustained that the Cu catalysts synthesized by sol-gel 
were more effective catalysts for TAME mineralization process, which allows them 
to degrade the organic matter, coming from the existing contaminant, by almost 
80% in the treated solutions.

The results of the catalytic activity for TAME CWAO in Au-supported catalysts 
are shown in Figure 7. It was observed that the best activity happened with the 
catalyst at AuAlCe10DPU with 80% conversion of TAME, although all the remaining 
catalysts showed good activity except for the catalyst with AuAlCe1DPU; this could 
be explained by the fact that this molecule may not be very sensitive to particle size 
due to its structure.

Figure 7 also shows the abatement of TOC of the supported Au catalysts; 
as can be seen the best carbon transformation toward CO2 was obtained for the 
AuAlCe3DPU catalyst, with a 77% conversion, and for the AuCeDPU catalyst with 
80%, although all the remaining catalysts showed a remarkable performance, 
without exceeding these, except for AuAlCe1DPU.

Table 4 shows the selectivity to CO2, and we can say that the supported Au cata-
lysts containing Ce 5 and 10% were the least selective to CO2. This is because there is 

Catalyst TAME conversion % TOC SCO2

Cu5AlIH 72 68 93

Cu10AlIH 68 61 89

C15AlIH 77 75 98

Cu5AlSG 73 68 94

Cu10AlSG 72 68 95

Cu15AlSG 78 78 100

Cu15AlSGp 70 41 59

Cu5AlIHU 49 64 100

Cu10AlIHU 78 75 95

Cu15AlIHU 66 62 95

Cu15AlIHp 69 34 50

Table 3. 
TAME conversion, TOC degradation, and SCO2 at 100°C and 10 bar of pressure during 1 h of reaction with 
one of [TAME]0 = 1000 ppm.
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a poisoning by CeO2 that affects the selectivity when it is in excess due to the interac-
tion of M-Ce-O; this case shows that the optimal percentage of CeO2 for the TAME 
is 3%. It is important to note that the AuAlCe3DPU catalyst is equally active and 
selective to the AuCeDPU catalyst, so the alumina-ceria support with low concentra-
tions of CeO2 is presented as an alternative for the wet oxidation process of TAME.

3. Conclusions

This study concludes that the catalytic activity for MTBE oxidation of catalysts 
Ru, Au, and Ag, supported on Al2O3, CeO2, and Al2O3-CeO2, synthesized by wet 
impregnation methods and DP with NaOH and urea, in two steps, is classified as 
follows:

   AuAlCe  5   DPU >  RuAlCe  1   IH > AgCeDPNa  (5)

In addition, the catalytic activity for the oxidation of target molecule ETBE on 
Cu catalysts supported on Al2O3, synthesized by three different methods in a single 
step, is classified as follows:

   Cu  10   AlSG >  Cu  10   AlIH >  Cu  15   AlIHU  (6)

The catalytic activity for TAME oxidation using Copper catalysts supported on 
Al2O3, synthesized by three different methods in a single step and Au supported on 

Figure 7. 
TAME conversion and TOC degradation % at 100°C and 10 bar over Au-supported catalysts.

Catalysts SCO2

AuAlDPU 99

AuCeDPU 100

AuAlCe1DPU 100

AuAlCe3DPU 100

AuAlCe5DPU 96

AuAlCe10DPU 88

Table 4. 
TAME selectivity at 100°C over Au-supported catalysts.
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Al2O3, CeO2 and Al2O3-CeO2 synthesized by DP with urea in two steps, is classified 
as follows:

  AuCeDPU >  Cu  15   AlSG >  AuAlCe  3   DPU >  Cu  10   AlIHU =  Cu  15   AlIH  (7)
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Chapter

Removal of Cr(VI) from Waters by 
Multi-Walled Carbon Nanotubes: 
Optimization and Kinetic 
Investigations
Francisco J. Alguacil and Félix A. Lopez

Abstract

The adsorption of chromium(VI) from aqueous solutions onto multi-walled 
carbon nanotubes (MWCNTs) has been investigated under various experimental 
conditions of initial metal concentration, agitation speed, aqueous pH, temperature 
and adsorbent dosage to assess the equilibrium and kinetic parameters. It was found 
that the kinetic data were fitted with the pseudo-first- and pseudo-second-order 
models, whereas the chromium(VI) adsorption data were fitted with the Langmuir 
and Freundlich equilibrium models to give the characteristic parameters of each 
model. According with the evaluation, both isotherm models are useful to represent 
the measured adsorption data. The adsorption of chromium(VI) is also dependent 
on the temperature, and the corresponding thermodynamic parameters including 
ΔH°, ΔG° and ΔS° were estimated from the experimental data, indicating the exo-
thermic and non-spontaneous nature of the metal adsorption onto the MWCNTs. 
Chromium(VI) desorption was investigated by the use of aqueous hydrazine sulfate 
solutions.

Keywords: chromium(VI), multi-walled carbon nanotubes, adsorption,  
desorption, kinetics

1. Introduction

Despite its toxic character, chromium(VI) is widely used in various industries, 
being its recovery from the corresponding liquid effluents a primary target before 
their discharge to natural waters. Several technologies have found application to 
remove and/or recover chromium(VI) from these process wastes: pseudo-emulsion 
strip dispersión pertraction [1, 2], adsorption onto activated carbons [3], liquid-
liquid extraction [4], biomass adsorption [5, 6], adsorption onto natural zeolites 
[7], adsorption onto phosphates [8], ion exchange [9] and electro-assisted and 
photo-assisted technologies [10]. Among them, adsorption onto carbon nanotube 
(CNT) technology could be competitive when the metal is present at low concen-
trations in the aqueous solution. Various carbon nanotubes configurations can 
be found, being the most commonly used the single-walled carbon nanotubes 
(SCNTs) and multi-walled carbon nanotubes (MWCNTs) configurations, together 
with functionalized multi-walled carbon nanotubes. In either configuration, and 
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after the metal adsorption, a subsequent operation or elution is needed in order to 
recover the metal to a solution where it is concentrated and purified, and thus it can 
be conveniently recovered or even recycled to the original industrial process.

A number of examples using these CNTs for chromium(VI) recovery from 
aqueous solutions can be found in the literature. Naghizadeh [11] investigated the 
adsorption efficiency of activated carbon and multi-walled carbon nanotubes 
respect to cadmium(II) and chromium(VI) in the 3–12 pH range. Whereas both 
adsorbents presented high metal adsorption capacities over the whole pH range 
investigated, the experimental results indicated that MWCNTs had a greater 
potential for the removal of chromium(VI) and cadmium(II) from aqueous solu-
tions than activated carbon. In an investigation by [12], oxidized (–COOH) multi-
walled carbon nanotubes were used to remove Cr(VI) (hazardous element) and 
Au(III) (valuable element), from aqueous solutions. Experiments were performed 
in order to investigate the influence of different variables on the adsorption kinet-
ics, i.e., the stirring speed (250–2000 min−1) and adsorbent dosage (0.25–1.5 g/L) 
in the case of chromium(VI) as well as temperature (20–60°C) and HCl (0.1–10 M) 
concentration in the case of gold(III). The performance of these carbon nanotubes 
was excellent in the removal of both elements, presented as the anions HCrO4

− and 
AuCl4

−, from the aqueous solutions.
Anastopoulos et al. [13] reviewed the removal of chromium(III) and (VI) 

from aqueous solutions by carbon nanotubes. In both cases, the pH of the solu-
tion seemed to control the adsorption process, with a maximum adsorption of 
Cr(VI) occurring at pH 1–4 (in the case of Cr(III), the above occurs at pH values 
of 5–8). Furthermore, it is stated that most of the investigations are reported 
using non-real wastewater, conditions that very often are not repeated in real 
wastewaters. Xing et al. [14] presented a novel remediation protocol for Cr(VI) 
featured with high-capacity adsorption and electrochemical regeneration of 
the adsorbent. In their study, MWCNTs modified carbon cloth (CC) is used as 
a useful carrier for electrodepositing polypyrrole (PPy) film and the resultant 
nanocomposite CC-MWCNTs-PPy is used as an adsorbent with high adsorption 
capacity and stability. CC-MWCNTs-PPy is electrically regenerated to reduce 
secondary wastes.

In the present work, results obtained for the adsorption of chromium(VI) using 
multi-walled carbon nanotubes are presented. Several variables that could affect 
the adsorption process, such as the stirring speed of the aqueous solution, metal 
concentration and adsorbent dosage, temperature, etc., are investigated. Several 
equilibrium, kinetics and thermodynamic parameters are also reported. The 
desorption of the Cr(VI)-loaded MWCNTs is accomplished using aqueous solutions 
of hydrazine sulfate.

2. Methods

2.1 Reactives and experimental procedure

The multi-walled carbon nanotubes were obtained from Fluka and were used 
without further purification; the main characteristics of the adsorbent are given 
in Table 1, with further characteristics (i.e., Raman data) of them published 
elsewhere [15]. The characteristics of other adsorbent-ion exchangers used in this 
investigation were described elsewhere: Dowex 1x8 resin [16], oxidized MWCNTs 
[12] and activated carbon [17].

Stock Cr(VI) solutions were prepared by dissolving K2Cr2O7 (Merck) in distilled 
water. All other chemicals were of AR grade.
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Metal adsorption (and elution) studies were carried out in a glass reactor 
provided for mechanical shaking. Metal adsorption (or elution) was determined 
by monitoring concentration by AAS in the aqueous solution as a function of 
time, whereas the metal concentration in the adsorbent was calculated by mass 
balance.

2.2 Modeling of kinetic adsorption

2.2.1 Pseudo-first-order model

The pseudo-first-order equation [18] used in this work can be expressed accord-
ingly with the next equation:

  ln  (  [Cr]   c.e   −   [Cr]   c,t  )  = ln   [Cr]   c,e   −  k  1   t  (1)

where [Cr]c,t and [Cr]c,e are the chromium concentrations in the nanotubes at 
equilibrium and at an elapsed time, respectively, t is the time and k1 is the constant 
related to this model.

2.2.2 Pseudo-second-order model

In this model, the equation used is

    t ______ 
  [Cr]   c,t  

   =   1 _______ 
 k  2     [Cr]   c,e  

2  
   +   t ______ 

  [Cr]   c,e  
    (2)

In this case, k2 is the constant related to this model.

2.3 Modeling the rate law

Three possible adsorption mechanisms had been evaluated if the adsorption 
of chromium(VI) into the MWCNTs must be considered as a liquid-solid phase 
reaction which includes diffusion of chromium species from the aqueous phase to 
the adsorbent surface, the diffusion of ions within the nanotubes and the chemical 
reaction between ions and any functional group in the carbon nanotubes [19]. The 
rate equations for the above three cases are:

Type Multi-walled

Melting range 3652–3697°C

Density 2.1 g/mL

Appearance Dust

Purity ≥98% carbon basis

Dimensions 10 ± 1 nm external diameter

Maximum adsorption 4.5 ± 0.5 nm internal diameter

BET 3–6 μm (length)

1295 cm3/g

263 m2/g

Table 1. 
Characteristics of the multi-walled carbon nanotubes.
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i. film-diffusion controlled process, in which the rate equation is

  ln  (1 − F)  = − kt  (3)

ii. particle-diffusion controlled process, with the equation as

  ln  (1 −  F   2 )  = − kt  (4)

iii. Shrinking core model

  3 − 3   (1 − F)    2/3  − 2F = kt  (5)

In all the above equations, F is the fractional approach to equilibrium, which is 
defined as

  F =   
  [Cr]   c,t   ______ 
  [Cr]   c,e  

    (6)

whereas k is the corresponding rate constant.

2.4 Modeling of adsorption isotherms

Both the Langmuir and Freundlich approaches had been used to model the 
experimental data, being both widely used in the modeling of adsorption or ion 
exchange processes [20].

The Langmuir model is valid for monolayer adsorption onto a surface containing 
a limited number of identical sites. The equation in its linear form describing this 
model is

    1 ______ 
  [Cr]   c,e  

   =   1 ______ 
  [Cr]   c,m  

   +   1 _______ 
b   [Cr]   c,m  

     1 ______ 
  [Cr]   s,e  

    (7)

where b is a constant related to the model, [Cr]c,m is the maximum metal uptake 
in the carbon nanotubes and [Cr]s,e is the equilibrium chromium(VI) concentration 
in the solution.

The Freundlich model is an empirical expression describing adsorption onto het-
erogeneous surfaces, having the adsorbent surface sites with a variation of binding 
energies. In this case, the equation also in its linear form is

  ln   [Cr]   c,e   = ln  k  f   +   1 __ n   ln   [Cr]   c,e    (8)

where kf and n are parameters related to the Freundlich model.

3. Results and discussion

3.1 Effect of stirring speed

Adsorption of chromium(VI) from aqueous solution to MWCNTs as a function of 
the stirring speed at pH 1 ± 0.1 is shown in Figure 1. The adsorption of chromium(VI) 
increases with increasing stirring speed, though from 1000 min−1 no significant 
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changes are encountered in metal adsorption specially at the longer contact times. 
These results shown that from 1000 min−1, the thickness of the aqueous diffusion layer 
and the aqueous resistance to mass transfer were minimized, and the diffusion contri-
bution of the aqueous species to the adsorption process is assumed to be constant.

3.2 Effect of temperature

The relationship between chromium(VI) adsorption and the temperature is also 
studied using aqueous solutions containing 0.01 g/L Cr(VI) at pH 4 ± 0.1 and adsor-
bent dosage of 1 g/L. Table 2 shows the variation of log DCr vs. T, over the range of 
temperatures used, where D (the distribution coefficient) was calculated as

  D =   
  [Cr]   c,e   ______ 
  [Cr]   s,e  

    (9)

where [Cr]c,e and [Cr]s,e being the chromium concentrations in the nanotubes 
and in the aqueous solution at equilibrium. There is a decrease of chromium 
adsorption with the increase of temperature. One explanation of these results is to 
consider the nature of the species with the temperature as predicted by the Bjerrum 
equation. Accordingly, the estimated change of enthalpy is −14 kJ/mol, and the 
adsorption process is therefore exothermic.

Figure 1. 
Influence of stirring speed on the percentage of chromium(VI) adsorption at the equilibrium. Aqueous solution: 
0.01 g/L Cr(VI). MWCNTs dosage: 1 g/L. Temperature: 20°C. Time: 2 h.

Temperature % adsorption D (L/g) Log D

20°C 44 0.79 −0.10

40°C 36 0.56 −0.25

60°C 28 0.39 −0.41

Stirring speed: 1000 min−1. Time: 2 h.

Table 2. 
Influence of temperature on chromium(VI) adsorption onto the MWCNTs.
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The kinetic adsorption data were simulated with the two models shown in Eqs. 
(1) and (2), representing the pseudo-first- and pseudo-second-order models, 
respectively. The results are listed in Table 3. From the values of r2, the kinetic 
adsorption of chromium(VI) at the temperatures of 20 and 60°C can be fitted by 
the pseudo-second-order model.

3.3 Effect of pH

The pH of the aqueous solution may be one of the most decisive parameters 
controlling the adsorption process. The influence of pH on the adsorption of 
chromium(VI) is investigated at pH values ranging from 1 to 13. Figure 2 shows 
that the maximum adsorption of the metal occurs at pH 4, and decreases either at 
more acidic and at alkaline pH values, these mean that HCrO4

− species (which is 
predominant at this range of initial chromium(VI) concentration and pH values 
below 6) is adsorbed onto the MWCNTs better than CrO4

2− species, which is 
predominant at alkaline pH values. Furthermore, Table 4 presented data about the 
adsorption of 0.005 g/L chromium(VI) at pH values of 1 and 4; it is also observed 
how the percentage of metal adsorption is greatly dependent on the pH of the aque-
ous solution, decreasing as the pH shifts to more acidic values.

3.4 Effect of carbon nanotubes dosage

It is apparent that the amount of adsorbent used in the removal of a given 
solute from aqueous solutions is critical for the practical application of such 
system. Thus, adsorption of chromium(VI) as a function of MWCNT dosages 
at pH 4 ± 0.1 is shown in Figure 3. The percentage of metal adsorption increases 
with the MWCNT dosage increasing, i.e. near 90% chromium(VI) is adsorbed at 
the adsorbent dosage of 10 g/L and this value down until 44% when the adsorbent 
dose is 1 g/L. These results are consistent with the fact that the increase of the 
adsorbent dosage results in the increase of the active sites in which the metal can 
be adsorbed, thus increasing the percentage of metal adsorbed or eliminated from 
the aqueous solution.

The data of the amount of chromium(VI) adsorbed on the MWCNTs (mg/g) 
and the metal concentration remaining in solution (mg/L) are fitted to the 
Langmuir and Freundlich models represented by Eqs. (7) and (8), respectively. The 
relative parameters obtained from the fit are listed in Table 5. The experimental 
data are well described by both models, indicating that the chromium(VI) uptake 
onto the MWCNTs is homogeneous and multilayer in nature. However, a singular 
fact of the Langmuir model can be described by the dimensionless separation fac-
tor, defined as

  R =   1 ________ 
1 + b   [Cr]   s,0  

    (10)

20°C 60°C

Pseudo-first order k1 (min−1) 0.057 0.056

r2 0.9493 0.9856

Pseudo-second order k2 (g/min mg) 0.16 0.034

r2 0.9992 0.9983

Table 3. 
Constants for the kinetic adsorption of chromium(VI) to MWCNTs using different adsorption models.
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where [Cr]s,0 is the initial metal concentration in the solution and b is the Langmuir 
constant. The value of R indicates if the adsorption is unfavorable (R > 1), linear 
(R = 1), favorable (0 < R < 1) or irreversible (R = 0). The value of R in this investigation 
was found to be 0.82, indicating that the adsorption of chromium(VI) is favorable.

3.5 Effect of metal concentration

The various adsorptions of chromium(VI) on MWCNTs as a function of initial 
metal concentration at pH 4 ± 0.1 are shown in Figure 4. The adsorption percentage 
of chromium(VI) decreases with initial metal concentration increasing.

The rate law governing the metal adsorption was investigated using the three 
models depicted in Eqs. (3)–(5), and the results from these fits were summarized 
in Table 6. It can be seen that within the particle-diffusion controlled model, the 
chromium(VI) adsorption onto the MWCNTs was better explained.

3.6 Comparison with other adsorbent-anion exchangers

The adsorption capacity, in terms of percentage of adsorption, found in 
this investigation was compared with the results obtained using other potential 
adsorbent-anion exchangers for Cr(VI). The results obtained from this set of 

Figure 2. 
Influence of the pH on chromium(VI) adsorption. Experimental conditions as in Figure 1.

pH ± 0.1 % adsorption

1 19.5

2 80.7

3 91.1

4 99.5

MWCNTs dosage: 10 g/L. Temperature: 20°C. Time: 2 h.

Table 4. 
Influence of pH on chromium(VI) adsorption onto the MWCNTs.
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b (L/mg) [Cr]c,m (mg/g) r2 ln kf 1/n r2

Langmuir 0.021 37 0.9950

Freundlich −0.28 0.94 0.9952

Table 5. 
Langmuir and Freundlich constants.

Figure 3. 
Influence of MWCNTs dosage on chromium(VI) adsorption. Aqueous solution: 0.01 g/L Cr(VI) at pH 4. 
Temperature: 20°C. Time: 2 h.

Figure 4. 
Influence of initial chromium(VI) concentration on metal adsorption. MWCNTs dosage: 10 g/L. 
Temperature: 20°C.
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experiments together with the experimental conditions used in the investigation 
were summarized in Table 7.

It can be concluded that, under the present experimental conditions, Dowex 1×8 
resin is the most effective to remove hazardous chromium(VI) from near neutral 
or acidic solutions, whereas MWCNTs presented the worse registers. The above is 
not a bad conclusion about the use of these MWCNTs as adsorbents for Cr(VI), and 
not delegitimize the investigation presented in this work, only stated that there are 
other potential adsorbents-ion echangers that remove Cr(VI) from liquid effluents 
with a better efficiency.

3.7 Thermodynamics

Besides the data of the change of enthalpy (see Section 3.5) derived for the 
adsorption process of chromium(VI) onto the carbon nanotubes, a further thermo-
dynamic analysis of the adsorption process can be considered taking into account 
the next equations:

  Δ  G   
∘
  = − RT ln b  (11)

  Δ  G   
∘
  = Δ  H   

∘
  − TΔ  S   

∘
   (12)

Accordingly with Eq. (11) in which b is the Langmuir constant showed in 
Table 5, it can be obtained that the value of ΔG° is 9 kJ/mol, confirming that the 
chromium(VI) uptake onto the nanotubes is nonspontaneous.

To calculate ΔS° for the present adsorption system, Eq. (12) is used, obtaining a 
value of −0.08 kJ/mol K. The negative value for the change of entropy characterizes a 
decrease disorder of the system when chromium(VI) is adsorbed onto the nanotubes.

Equation 0.005 g/L 0.01 g/L 0.04 g/L

3 k (min−1) 0.48 0.27 0.26

r2 0.9008 0.7710 0.8968

4 k (min−1) 0.36 0.14 0.15

r2 0.9537 0.9739 0.9796

5 k (min−1) 0.11 0.06 0.06

r2 0.9004 0.8767 0.9760

Table 6. 
The rate law governing the adsorption of chromium(VI) onto the MWCNTs.

Adsorbent-anion exchanger Active group pH 1 pH 4

Dowex 1x8 QAS-Cl− form 89 >99

MWCNTs None 32 42

ox-MWCNTs –COOH 68 No data

Activated carbon None 47 59

Aqueous solution: 0.01 g/L Cr(VI) at different pH values. Solid dosage: 1 g/L. Temperature: 20°C. Stirring speed: 
1000 min−1. Time: 1 h.
QAS: quaternary ammonium salt.

Table 7. 
Percentage of Cr(VI) adsorption using various adsorbent-anion exchangers.
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3.8 Chromium(VI) desorption

In the present investigation, the desorption of chromium(VI) from the metal-
loaded carbon nanotubes was studied using hydrazine sulfate solutions as desorbent 
for the metal, at the same time, in the desorption process, Cr(VI) is reduced to the 
less hazardous Cr(III) oxidation state, accordingly to

  4  HCrO  4  −  + 10  H   +  + 3  N  2    H  4   ·  H  2    SO  4   → 4  Cr   3+  + 16  H  2   O + 3  N  2   + 3  SO  4  2−   (13)

Desorption experiments were carried out with aqueous solutions containing 
25–50 g/L of hydrazine sulfate and 2 mg/g Cr(VI)-loaded MWCNTs at a 25 mL/g 
solution volume/weighed MWCNTs relationship and 20°C. The results from these 
experiments indicated that:

i. The variation in the hydrazine sulfate solution concentration has no effect 
on the reaction yield (95% chromium recovery from loaded nanotubes).

ii. The equilibrium is reached within 5 min of reaction.

iii. The desorbed solution contained a chromium(III) concentration near eight 
times the initial chromium(VI) concentration in the feed solution (0.01 g/L) 
of the adsorption experiments.

4. Conclusions

The adsorption of chromium(VI) onto the multi-walled carbon nanotubes 
is dependent on the pH values of the aqueous solution. The adsorption reaches 
a maximum at pH 4 and decreases at more acidic and alkaline pH values. The 
adsorption is exothermic (ΔH° = −14 kJ/mol) and nonspontaneous (positive ΔG° 
valor), whereas at 20–60°C, the adsorption of chromium (VI) onto the nanotubes 
better fits to the pseudo-second-order model. In the 0.005–0.04 g/L range of 
chromium(VI) concentrations in the aqueous solution, the metal uptake onto 
the nanotubes responded well to the particle-diffusion model, and the metal 
adsorption responded to the Langmuir and Freundlich isotherms, indicating that 
the adsorption process is homogeneous and multilayer in nature. Chromium(VI) 
can be desorbed from MWCNTs by the use of hydrazine sulfate solutions, which 
releases to the aqueous solution chromium in the less hazardous (III) valence 
state.
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