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Abstract

This chapter is focused on the development and implementation of a distributed and
hierarchized control system for the wastewater treatment plant (WTP) Calafat, Roma-
nia. The primary control loops for both treatment lines (water and activated sludge) are
developed and analyzed. Also, the distributed control system (DCS) architecture of the
wastewater treatment plant is presented, and the advantages of the proposed control
structure are highlighted. In order to increase the performance of the overall control
system, some advanced control solutions are investigated. More precisely, multivari-
able adaptive and robust control algorithms are proposed for the activated sludge
bioprocess. Several realistic simulation experiments are performed, and the obtained
results are analyzed.

Keywords: wastewater treatment, activated sludge, control systems, distributed control,
adaptive control

1. Introduction

In this chapter, a control architecture developed at the wastewater treatment plant (WTP)
Calafat (located in Oltenia region, Romania) is presented. This control structure was developed
in the frame of research project ADCOSBIO (no. 211/2014, UEFISCDI) [1] and contract no. 168/
2017, University of Craiova-Water Company Oltenia (WCO). More precisely, a distributed
control system (DCS)-supervisory control and data acquisition (SCADA) architecture was
proposed, which is organized as a distributed and hierarchized control system. This control
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solution envisaged the wastewater treatment plant Calafat but can be adapted and implemented
for other similar wastewater treatment plants from the WCO.

The wastewater treatment is a process operated to convert wastewater into an effluent that can
be returned to the water cycle with minimal impact on the environment. This process takes
place in a wastewater treatment plant (WTP) [2]. In a WTP, the treatment usually comprises
three stages, called primary, secondary, and tertiary treatments [3]. Primary treatment consists
in the mechanical removing of settled and floating materials, and the remaining liquid can be
discharged or directed to secondary treatment. Secondary treatment removes dissolved and
suspended biological matter, and it is typically performed by microorganisms in a special
habitat. The goal of tertiary treatment is to provide a final treatment stage to improve the
effluent quality before it is released to the environment. The treatment method used at the
WTP Calafat is a classical one, with a mechanical stage for the impurity removal and a
biological stage based on activated sludge. The proposed control solution for this WTP is
based on a DCS structure.

The paradigm of DCSs is related to the control of medium and high complexity processes, and
it consists in the implementation of distributed and hierarchized systems in a number of four
to five levels [4]. The two main attributes of the DCS should be mentioned here: the horizontal
functionality in each level is managed by a real-time operating system, and the communication
between levels is characterized by the network used in the DCS. Currently, some modern
technologies from the networks and processing devices are incorporated into the DCSs [5, 6].
The DCS-SCADA solution for the WTP Calafat consists in four levels: the field level (level 0),
the direct control level (level 1), the plant supervisory level (level 2), and the production
control/regional coordination level (level 3). In this chapter, the structure of the first three
levels and their functionality are presented. The primary control loops implemented at level 1
of DCS-WTP Calafat are described. Also, due to the fact that the performance improvement of
the WTP control system is possible only by managing the activated sludge bioprocess, some
advanced control solutions based on nonlinear adaptive and robust control algorithms are
proposed for level 2 of the DCS.

The activated sludge process implemented at WTP Calafat is an aerobic process, highly nonlinear
and characterized by parametric uncertainties [3, 7-11]. The best-known model that tries to
describe the activated sludge processes is ASM1 (Activated Sludge Model No. 1) [3, 10-12]. The
main drawback of ASM1 is its complexity, such that it becomes unfeasible for control. Thus, in
this chapter a simplified model of the activated sludge process will be used. The model is based
on the model of Nejjari et al. [8], adapted for WTP Calafat.

Several control strategies were developed for bioprocesses, such as linearizing strategy, adap-
tive approach [3, 7-9], robust and optimal control, sliding mode control [13], model predictive
control [14], etc. Yet, in all these schemes, the knowledge of all inputs is required. Unfortu-
nately, for wastewater treatment processes, usually, the complete knowledge of inputs is not
available. For these cases, interval observers (or set observers) were developed in the last
period, allowing the reconstruction of a guaranteed interval for the unmeasured states instead
of estimating their precise numerical values. The only requirement is to know an interval in
which the unmeasured inputs of the process evolve. These robust observers are capable of
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coping with the problems posed by both the uncertainties in the inputs and the incomplete
knowledge of process kinetics [15-18].

In this chapter, some of our previous results [12] are extended for WTP Calafat in order to
design multivariable adaptive and robust control algorithms. The proposed control strategies
are able to handle the model uncertainties of an activated sludge process used for removal of
two pollutants carried out in a continuous recycle reactor. The main control objective is to
maintain the pollution level at a desired low value despite the load and concentration varia-
tions of the pollutant. The adaptive control scheme is designed by combining a linearizing
control law with a state asymptotic observer and with an estimator used for online estimation
of unknown kinetics. The robust control structure is designed as a linearizing control law plus
an interval observer able to estimate lower and upper bounds in which the unmeasured states
are guaranteed to lie. Moreover, the uncertain process parameters are replaced by their lower
and upper bounds assumed known.

The chapter is organized as follows. In Section 2, the general characteristics of the WTP Calafat
and the process flow are presented. Section 3 proposes a distributed control solution for the
wastewater treatment process from WTP Calafat. The control architecture and the primary
control loops are analyzed. In Section 4, the design of multivariable adaptive and robust
control schemes for the activated sludge process is provided. The behavior of the proposed
control algorithms is analyzed by performing realistic simulation experiments. The final con-
clusions are presented in Section 5.

2. Description of the technological process flow

The general characteristics of the wastewater treatment plant (WTP) Calafat and the process
flow will be presented. The process flow comprises two stages: the pretreatment (which is the
so-called mechanical stage) and the biological stage. Figure 1 presents the general block
diagram of the WTP, and Figure 2 shows an aerial photography of the WTP.

The WTP was designed for the treatment of a daily average flow of 8366 m°/day and of a
maximum flow of 530 m®/h. The WTP size was chosen in order to solve the needs of a number
of maximum 29,000 inhabitants of Calafat town, predicted for 2020. The treatment method is a
classical one, with a mechanical stage for the impurity removal and a biological stage based on
activated sludge. The wastewater enters in a tank; it is lifted with special pumps to the
pretreatment area and after that is gravitationally discharged in the biological tanks, where
the water is aerated and mixed with the activated sludge. Thus, the biodegradation of the
water occurs. Finally, the effluent is discarded through decantation.

2.1. Process flow: pretreatment

The process technological lines will be succinctly described. After the entering in the WTP, the
influent wastewater passes through a bar screen (the gross filter) to remove all large objects,
and after that it flows in a gravitationally way through a slit in the pump room. This unit is
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Figure 1. Block diagram (WTP Calafat).

Figure 2. WTP Calafat (aerial photo).

equipped with three Flygt submersible centrifugal pumps P1.A, P1.B, and P1.S (two active
pumps (A and B) and one for backup (S)). The water level is measured by using an ultrasonic
transducer L1 and is kept between two limits (preestablished limits depending on average
water flow). By using the level information, the pumps act to keep the level into the limits.
Also, the level information is transmitted to the process computer in the central control room.
The water exits from the pumps P1.A, P1.B, and P1.S through three vertical pipes, which at the
superior part of the tank (in the valve room) pass to a horizontal configuration and after that
merge into a collector. From the valve room, a pipeline goes to the preliminary treatment
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(pretreatment: mechanical stage). This plant is placed on a metallic structure at the +6.40 m
elevation.

An electromagnetic flow meter is placed on the vertical part of the pipe, and it is used to
measure the hourly flow of the wastewater provided by the pumps P1.A, P1.B, and P1.S. By
opening two sluice valves located at the entrance of the channels used for thin filtering, the
wastewater resulted from the pumps P1.A, P1.B, and P1.S passes through the channels and is
filtrated by using some rotational filters. The thin impurities which are separated by the filters
are then discharged on a conveyer belt and stored into a special tank.

The wastewater enters in a tangential manner in the workers, and, under the mixer action, the
water has a descendant spiral movement. After that, the wastewater is lifted through a central
pipe, and finally it is evacuated through a radial pipe. This movement, due to the gravitational
and centrifugal forces, allows the sedimentation of the solids in the lower part of the workers.
The fat and grease floating on the surface are collected by the skimmers. The solid particles are
removed by opening the sliding valves, and thus these particles are periodically drained via a
spiral conveyer. The grit is cleared into a special tank. After the pretreatment, the water passes
via a pipeline which ramifies at the superior part of the biological tanks in the anoxic zones.

2.2. Process flow: biological stage

The biological tanks consist of two biological reactors (bioreactors) and two settlers (sedimen-
tation tanks). These are circular tanks, positioned in a concentric manner, with the settler in the
inner part and the biological reactor in the exterior. The walls of the tanks (5 m height) are from
special glassed steel. The walls are embedded into concrete structures plated with Izocor
hydro-isolation. The external diameter is d; = 35.16 m, the volume is V = 3800 m?>, and the inner
diameter is d, = 18.86 m. At the biological reactor, the bottom is plane, but the bottom of the
settler is in the shape of a truncated cone. The bioreactor is divided in two zones, anoxic and
aerobic, by using two steel walls, radially disposed. The ratio of the volumes is 30% anoxic/
70% aerobic.

In the anoxic zone of each bioreactor, the wastewater from the pretreatment is mixed with the
activated sludge which is recirculated by the Flygt pumps RAS/SAS P3.A, P3.B, P3.S. These
pumps are controlled with frequency converters, and the flow ratio is 1:1. An equal flow of
mixture from the aerobic zone is pumped through a slit from the zone separation wall by the
internal recirculation pumps P2.A and P2.B (Flygt type, with frequency converters). The
mixers placed in this anoxic zone achieve the homogenization of the three inputs (wastewater,
activated sludge, aerobic mixture). In the anoxic zone, the next actions are achieved:

* An appropriate ratio between the substrate (the organic content of the wastewater +
nutrients) and the microorganisms (the active content of the sludge)

*  The denitrification process (the nitrogen removal)

From the anoxic zone, the compound passes into the aerobic zone, where the biochemical

oxidation of the organic matter is achieved. The needed oxygen is provided from the air
delivered by the BOC Edwards air blowers A1.A, A1.B, and A1.S and bubbled as thin bubbles
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by using polymeric membranes. Two technological variables are very important for the aerobic
process: the dissolved oxygen (DO) and the pH of the mixture. These are measured and
indicated by using the transducers Q1 and Q2 (for DO concentration) and Q3 and Q4, respec-
tively, (for pH). The air is blown by the air blowers A1.A, A1.B, and A1.S (two active and one
for backup) through galvanized steel pipes. The air pressure and temperature can be moni-
tored by using the local devices. The airflows at the two tanks are measured by using the flow
meters F1 and F2. The flow control is necessary in order to maintain the DO concentration
between the specified values. The DO is measured by using the sensors Q1 and Q2, and the
information is used to control the air blower speed by using frequency converters.

The mixture from the aerobic zone arrives at the partition wall where one-third from the flow
is taken by the recirculation pumps P2.A and P2.B and delivered to the anoxic zones and two-
thirds from the flow is passed through a pipeline (via the communicating vessel principle) into
the central pipe of the settler. From here the mixture exits in a radial and uniform way at the
superior part. The effluent is separated from the sludge and after that is gravitationally
removed through a circular drain. Finally, the effluent is flushed in the Danube through a
channel. The settlers are equipped with radial scrapper bridges, which have a double goal:

*  The superior scrapper collects the foam and directs it to a foam-collecting chamber.
*  The inferior scrapper cleans the sediments and directs the sludge to a discharge whirl.

The activated sludge is transported to a collector from which is exhausted through three
ramifications by the pumps RAS/SAS P3.A, P3.B, P3.S (RAS is the recirculated activated sludge
at the anoxic zones; SAS is the surplus activated sludge, which is carried to a special tank).

As a conclusion, in the biological tanks, the following processes occur:

¢ The decomposition of the organic matters by using enzymes (enzymatic reactions)
* Assimilation of some components by the microorganisms

*  Microorganism growth (increase of the activated sludge mass)

*  Oxygen consumption for endogenic respiration and biochemical oxidation

* Nitrification and denitrification

*  The removal of the excess sludge

3. A distributed control solution for the wastewater treatment process:
WTP Calafat

3.1. The control architecture

The proposed DCS-SCADA solution for the WTP Calafat is presented in Figure 3. The levels of
the DCS and their functionality are described in the next paragraphs.
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Figure 3. The structure of the DCS with four levels (WTP Calafat).

Level 0 contains all the field devices placed at the technological process level. Classically, at this
level we have the measurements of various variables and the final control elements. The
components of this level are:

Sensors (analogic) for flows, levels, pressures, pH, and DO concentrations, such as elec-
tromagnetic sensors (Siemens, 0-10 m/s water speed) for flows, ultrasonic sensors (Sie-
mens, 0.3-8 m) for level measurements, pH, and DO concentrations measured via
integrated measurement systems (4-20 mA) for dosing devices, etc.

Contact sensors that provide data about the state of some equipment and operations
Final control elements (actuators) such as control valves, pumps, etc.

Dedicated devices for various operations such as dosages, recipes, and technological
processing, which will interact with the DCS at the monitoring level

On/off elements for various actions such as pump starting, etc.

Level 1 comprises the data acquisition devices and the controllers, including the real-time data
processing. The analogic signals from sensors and also the control inputs to the actuators are
unified signals (e.g., currents in the range 4-20 mA). Due to the geographical distribution, the
WTP control system is implemented with several PLCs (programmable logic controllers).
These PLCs are connected into a master-slave network with extensions, which handles the
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information and takes the required decisions for the coordination of the entire technological
process. The acquired data, the decisions, and the events occurred in the process are commu-
nicated to the next level (SCADA) in order to be used and displayed on the graphical monitor-
ing interface. The information flow is bidirectional; that is, the PLCs receive information about
global decisions or optimization, such as set points for the control loops, switches between
operational regimes, etc. The decisions at this level are taken in real time and such that the
operation of the overall process is managed. The primary control loops are implemented at the
PLC level, but the set point of each loop is provided by the superior hierarchic level (SCADA).
The PLCs also achieve the implementation of the direct commands delivered by the control
algorithms and function of various operational regimes.

Level 2 contains the equipment and the devices from the control room, which receive the informa-
tion from level 1 (PLC level) and supervise the global operation of the WTP. This level is
represented by the SCADA/HMI (human-machine interface) system. The main functions achieved
at this level consist in operation optimization, implementation of adaptive and robust control
algorithms (proposed in Section 4), operation monitoring via graphical interfaces, remote operation
mechanisms, data/event storage, achievement of a data historian, etc. Also, the SCADA ensures the
communication between the local dispatcher room (WTP Calafat) and the regional dispatcher of
Water Company Oltenia, by using a GSM/GPRS system. The SCADA/HMI runs on two redundant
servers. The SCADA supervises the direct control system (real time). If the SCADA system stops,
the process will be automatically operated by using the PLCs. Several protection and backup
procedures are incorporated in the operation and supervisor programs. The most of control and
data acquisition devices used for levels 1 and 2 are provided by Siemens, Telemecanique, etc.

Level 3 is the regional dispatcher of the WCO, and it will coordinate the activity of the WTP
with respect of the performance and of extended monitoring of the geographical area.

The operation regimes allowed by the DCS are as follows: automatic, manual via the computer,
and locally manual. Automatic: The WTP control is achieved exclusively through the com-
mand/decision provided by the DCS (PLCs + SCADA/HMI). Manual via the computer: The
DCS works only as a data acquisition system, but the decisions are taken by the human
operator and are transmitted via PLCs and SCADA to the actuators. The system offers all the
information and keeps the inter-blockings at the software and hardware levels. This regime
can be achieved for the entire WTP or only for some components. Locally manual: This regime
implies the local operation, no matter what regime is set at the PLCs or SCADA levels. This
regime is of high priority, but the SCADA will signalize at the dispatcher level in this situation,
and the event will be stored. This regime is useful when failures occur or in the case of network
communication problems, startups, and maintenance.

The integration of local SCADA in regional SCADA. The regional SCADA system is a regional
centralized structure, which implies the organization of a regional dispatcher, equipped with
reliable industrial devices, disposed in a redundant topology in order to ensure a continuous
operation. The regional dispatcher role is to coordinate all the subnetworks from the urban
areas. The local dispatchers are in fact local process networks from each urban area, which
acquire and handle the primary information from the process (levels, flows, concentrations,
telemetry, diagnostic signals, etc.). This information is available for the local operator but also
at the regional level.
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3.2. Level 1: primary control loops

In this section, a few numbers of primary control loops that are implemented at level 1 of DCS-
WTP Calafat will be described.

The control loop 1 ensures the level control in the admission room. The level is measured with the
sensor L1, and the control action is achieved via the wastewater pumps P1.A, P1.B, and P1.S (two
active pumps (A and B) and one for backup (S)). The block diagram of this control loop is presented
in Figure 4. The level set point is preestablished, since the influent flow in the WTP fluctuates. If the
level decreases under a limit, the pumps are shut down (decision at the PLC level). This critical
situation is transmitted to the SCADA system, where a warning signal will be displayed/stored.
The control loop is a classical feedback loop, with a possible PID control law plus a switching
mechanism. The control loop is implemented at level 1 of DCS, but the set point (the reference) is
provided by level 2. The actuators are the three pumps P1.A, P1.B, and P1.S that have the motors
controlled with static frequency converters in order to provide a variable flow. The switching
mechanism (switching logic) of the pumps is designed to ensure a rotation in the operation of the
pumps. This fact is done to avoid the unevenly wear of the pumps but also for the failure situations.
The influent wastewater flows are disturbances for the loop and will be rejected by the control law.

The control loop 2 is designed for the control of dissolved oxygen (DO) concentrations, which
are measured with the transducers Q1 and Q2, and the control is provided by the air blowers
A1.A, A1.B, and A1.S. The control loops are presented in Figure 5 and are dedicated to the DO
concentration control in the biological tanks (aerators).

The control laws are PIDs (with self-tuning facilities), but also some advanced control laws can
be implemented. As in the previous case, the control loop is implemented at level 1 of DCS, but
the set point is provided by level 2. The actuator for the technological line A is the air blower
A1l.A and for the line B is A1.B (A1.S is a backup air blower).

The control loop 3 is dedicated to the regulation of the recirculated flow percentage calculated
from the aerated water flow (from the input of the distribution room). This process variable
(percent) is processed by using an algorithm with several input arguments such as dissolved
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oxygen, suspended solids, nitrogen, and phosphorus provided by the automated extraction
probe system. The set point is given by the operator via the SCADA system, and the control
action is based on the emulsion sludge pumps P2.A and P2.B from the aerators. These two
control loops (block diagrams in Figure 6) are independent because we have two biological
treatment tanks. The control loop is implemented at level 1 of DCS, and the set point is
provided by level 2. The actuator for the technological line A is the recirculation pump P2.A,
and for the line B is the pump P2.B.

The control loop 4 is designed to control the ratio (flow F1)/(flow F2), which is the activated
sludge flow introduced in the influent wastewater flow, by using the submersible pumps P3.A,
P3.B, and P3.S. This control loop is presented in Figure 7. The backup pump P3.S will act:

*  Periodically (scheduled by the operator), to ensure a uniform usage of the pumps

*  When additional flows of wastewater occur and the active pumps cannot provide the
required activated sludge flow

*  When some failures occur at the active pumps
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As in the previous cases, the control loop is implemented at level 1 of DCS, and the set point is
provided by level 2. The actuators are the submersible pumps P3.A, P3.B, and P3.S. The switching
mechanism (switching logic) of the pumps is designed in order to cover the above-described
scenarios. The influent wastewater flows and their parameters are disturbances for the control
loop and will be rejected by the control law.

4. Advanced control solutions for the activated sludge bioprocess

In the following sections, some advanced control solutions are proposed in order to be
implemented at level 2 of the DCS-WTP Calafat. More precisely, multivariable adaptive and
robust control algorithms are proposed for the activated sludge process that takes place at
WTP Calafat. The main control objective at this level is to maintain the pollution level at a
desired low value despite the load and concentration variations of the pollutant. The con-
trolled variables are the concentrations of pollutant and dissolved oxygen inside the aerator.
Therefore, some of the control loops described in the previous section will be used, and other
loops will be modified. The simulations performed in realistic conditions and using an
adapted model of the activated sludge process showed that the performance of the overall
control system can be increased. The implementation of the proposed control algorithms at
WTP Calafat will be ensured within the research project TISIPRO [19].

4.1. Dynamical model of the activated sludge bioprocess and control objective

The activated sludge process which works at WTP Calafat is an aerobic process of biological
wastewater treatment. As it was mentioned above, this process is operated in at least two
interconnected tanks: a bioreactor (aerator) in which the biodegradation of the pollutants takes
place and a sedimentation tank (settler) in which the liquid is clarified (the biomass is sepa-
rated from the treated wastewater) (Figure 8). This bioprocess is very complex, highly
nonlinear, and characterized by parametric uncertainties. In the literature there are many
models that try to describe the activated sludge processes. The best-known model is ASM1
(Activated Sludge Model No. 1) [3, 10-12]. The main drawback of ASM1 is its complexity, such
that it becomes unusable in control issues. Thus, in this chapter a simplified model of a process
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for the removal of the pollutant S from the treated water will be used. The model is based on
the model of Nejjari et al. [8], adapted for WTP Calafat. The dynamics of the plant (aerator +
settler) is described by the mass balance equations [8, 9]:

X(t) = u(t)X — ugX — D(1+7rX +rDX,,

S(t) = =(1/Y)(u(t)X = pgX) = D(1+7)S + DSjy,

O(t) = —(Ko/Y) (u()X — uX) — D(1+7)O + aFo(Osat — O) + DOy,
X,(t) = (1+7r)DX — (r+p)DX,,

(1)

where X, S, O, and X, are the concentrations of biomass (active sludge) in the aerator, of
substrate (pollutant), of dissolved oxygen, and of recycled biomass, respectively, Oy is the
saturation concentration of dissolved oxygen, D = F;,/V is the dilution rate (F;, is the influent
flow rate, V is the constant aerator volume), u is the specific growth rate, s is the decay
coefficient for biomass, Y is the consumption coefficient of substrate S, r is the rate of recycled
sludge, 3 is the rate of removed sludge, Fo is the aeration rate, and a is the oxygen transfer
rate. S;, and O;, are the substrate and dissolved oxygen concentrations in influent substrate.

If we define & = [X S O X,]” the state vector of model (1), ¢ = (u(-) — ug)X the reaction rate,
v=1[0 DS, DO, +aFoOq;) 0]! the vector of mass inflow rates and gaseous transfer rates,
andK=[1 —1/Y —Ko/Y 0] the yield vector, then model (1) can be written as

£ =Kp(&) - DE + v (2)

where D is the matrix of dilution rates, whose structure is the next one:

D(1+7) 0 0 —rD
5_ 0 D(1+7) 0 0 .
0 0 D(1+r)+aFo 0
~D(1+7) 0 0 D(r+p)

In fact, model (2) describes the dynamics of a large class of bioprocesses carried out in stirred
tank reactors and is referred as general dynamic state-space model of this class of bioprocesses [3, 7],
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with £ € 907", ¢(-) € R", Ke R, D € B, and v € R". The nonlinear character of model (2) is
given by the reaction kinetics, its modeling being the most difficult task.

The main control objective is to maintain the pollution level at a desired low value despite the
load and concentration variations of the pollutant. Because in any aerobic fermentation a
proper aeration is essential in order to obtain an efficient process, then an adequate control of
dissolved oxygen concentration in aerator is very important [3, 8, 11]. Thus, the controlled
variables are concentrations of pollutant S and dissolved oxygen O inside the aerator, that is,

y=1[S O]". As control inputs we chose the dilution rate D and the aeration rate Fo, that is,
u=[D Fol". So, we have a multivariable control problem of a squared process with two

inputs and two outputs [12]. Since in model (1) the relative degrees [20] of both controlled
variables S and O are equal to one, then the dynamic of output y can be written as

y=W(E&) +D(EO+B(E)uy, (4)

where W(&), CDT(E), 0, and B(¢&) are given by.

(1/Y) - pgX } o, [ 1)y

o Sin - (1 + T’)S 0
&)= {(KO/Y)"USX ’ —Ko/Y

o=~ 0100 wou-0) ©

Model (4) is linear with respect to control input u(t).

The matrix B(¢) is nonsingular and so invertible as long as S;, — (1 4 r)S and a(Osy — O) are
different from zero, conditions that are satisfied in a normal operation of the reactor.

We consider that the specific growth rate 1 is a double Monod-type model, i.e., [8]

_ 5(t) o)
#E) = o K3 5(0) Ko + 00D ©

where u . is the maximum specific growth rate of microorganisms and Ks and Ky are the
saturation constants for substrate S and for oxygen, respectively.

Consequently, based on the input-output model (4), the main control objective is to make output
y to asymptotically track some desired trajectories denoted y* € 93* despite any influent pol-
lutant variation and uncertainty and time-varying of some process parameters and also of
unavailability of some process states.

4.2. Control strategies

4.2.1. Exact feedback linearizing control

Firstly, we consider the ideal case where maximum prior knowledge concerning the process is
available; that is, model (2) is completely known (i.e., p is assumed completely known and all
the state variables, and all the inflow rates are available by online measurements). Then, a
multivariable decoupling exact feedback linearizing control law can be designed. Since the relative
degree of the input-output model (4) is equal to 1, then for the closed loop system, we impose
the following first-order linear stable dynamical behavior:
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W=y +AN-y -y =0 )

where y* = [S* O*]" is a desired piecewise constant output, A = diag {1;}, A; >0,andi=1, 2.
Then, from models (4) and (7), one obtains a multivariable decoupling feedback linearizing control law:

u=B(E)" [AY —y) - V() - (&) +y"]. (8)
The control law (8) leads to a linear error model described as ¢ = —Ae, where e = y* — y is the

tracking error, which for A; > 0, i=1,2 has an exponential stable point at e = 0.

This controller will be used both for developing of the adaptive and robust controllers and as
benchmark, because it yields the best behavior and can be used for comparison.

4.2.2. Adaptive control strategy

Since the prior knowledge concerning the process previously assumed is not realistic, we will
design an adaptive control strategy under the following conditions:

®  The specific growth rate p is time-varying and completely unknown.
e  The variables X and X, are not accessible.
*  The inflow rate F;, and the rate of recycled sludge r are time-varying.

¢  The online available measurements are the output pollution level S; the oxygen concen-
trations O;,, and O, respectively; and the influent substrate concentration S;,,.

e All the other kinetic and process coefficients are known.

Recall that the control objective is to make output y to asymptotically track some specified
references y* € i”? despite the unknown kinetics, any time variation of S;,, O;,, and F;, and
time-varying of some process parameters. Under the above conditions, an adaptive controller is
obtained as follows. The unmeasured variables X and X, can be estimated by using an appropri-
ate form of the reaction rate-independent asymptotic observer developed in [12], described by the
next equations (for details, see [12, 15-17]):

~ -~

() =W (t) + ZH) 4+ Nb(t), @(0)=NEWO) Ca(t) = Ny (@(t) — N1y (1) )
with
W(t) = (N1Ap(t) + NaApn ()N, Y, Z(t) = N1An (1) + NaAy (t) — W(HN; (10)

This observer was developed for the following class of nonlinear models [12, 15-17]:

() = Ko (&, ) + A(B)E(E) + b(), (11)

that can describe the dynamics of numerous bioprocesses, with x € #", ¢(-) e ®B", Ke ®"",
Ae ™", and b e M". Note that the aerobic process modeled by model (2) belongs to this class.
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For a good understanding, we resume here only some aspects. If in model (11) g<n, states are
measured online, and then model (11) can be rewritten as [12, 15-17]:

G =Kip(E ) +AnG +AnG +bi(t), Ct) =Kap(E,1) + An G + An G + ba(t), (12)

where (; (dim(; = gq) denotes the measured variables and C, (dim(, = n — q = s) represents
the variables that have to be estimated, and the matrices Ky, K5, A11, A1, As1, Aao, by, and by,
with suitable dimensions, are the corresponding partitions of K, A, and b, respectively.

The observers (9) and (10) were developed under the next assumptions about model (11)
[12, 15-17]: (H1) K, A(t), and b(t) are known, Vt>0; (H2) ¢(¢&,t) is unknown, Vt>0; (H3)
rank K; =rank K =pwithp<m < n; and (H4) A(t) is bounded, i.e., there exist two constant
matrices A~ and A" suchas A" <A(t)<A" and Vt>0.

The auxiliary variable w (dim w =s) is defined as w(t) = N&(t), with N = [N7:Ny] € :#%",
where N; € 9**7 and N, € 5°° checks the equation N1K; + N»K; = 0. If N, can be arbitrarily
chosen, then N1 = —N,KyKj, where K] is a generalized pseudo-inverse of K; [15, 21]. More-
over, if N, is invertible, then the unmeasured states (, can be calculated from
w(t) = N1y (t) + N2 Go(t) as G = N, ' (w — N1(y). This condition is satisfied if N is chosen as
N» = kl;, where k > 0 is a real arbitrary parameter and I; is the s-dimensional unity matrix.

The stability of the observers (9) and (10) can be analyzed by using the observation error

o = G — Cp, whose dynamics obtained from models (9) and (12) is given by zz(t) = W(¥)
(Z,Q(t), with

We(t) = Ny 'W(tH)Ny = Agp(t) — KoK Ap(b). (13)

It was proven (see [21]) that whatever Kj is, the observers (9) and (10) are asymptotically stable
if the next conditions hold [15]: (a) W¢,;;(t) 20 and Vi # j, that is, W is a Metzler matrix [22]; (b)

W_ and W{ are Hurwitz stable matrices, with W (f) = Ay, (t) — K2K{Aj;(t), where Aj, and
A5, and A}, and A, are the corresponding partitions of A~ and A™, specified in (H4). Since in
model (2) rank K = 1, under the above conditions, let us consider the next state partitions:

G=1[5S0"and G = [X X, |". (14)
which are induced on the matrices K, A, and b from model (11) the following partitions:
K= [KIKI) = 1Y —Ko/Y 1 01T, 0(5,0) = (4(5,0) — pg)X,
(—D(1+7) 0 ; 0 0
A11 A12 0 —D(l + 1’) - O(Fo 0 0
A(t) — N , (15)
A21 A22 0 0 —D(l + 1") rD
0 0 D(1+7r) —D(r+p) |
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If the matrix N, is chosen as N, = I, then the matrix N from N = [N;:N,]| takes the form:

1 _[1/1/ KO/Y]
(1/Y)* + (Ko/Y)* | O 0

Ni = —NL, KoK} = (16)

The unmeasured states X and X, are obtained by using the asymptotic observers (9) and (10)
where W(t) and Z(t) are described by the following matrices:

—D(147) rD
wit) = { D(1+r) —D(B+r) ] )
B 1 0 —(Ko/Y)aFo(1+7)
A=A+ Kol vP {—(1/Y)D<1 +1) —(Ko/Y)D(B +7) ] "

Since N, = I,, then W¢(t) = W(t). It is obvious that if 0 < D~ <D<D" and 0<r~ <r<r", where
D~ and D" and r~ and r" represent a lower and, respectively, an upper bound of D and r, and
1220, then two stable bounds denoted W and WZ’ can be calculated for the stable matrix W¢ (t).

To obtain the online estimates 1 of the unknown rate y, we will use an observer-based
parameter estimator (OBE) (for details, see [3, 7, 21]).

Since for the aerobic digestion we must estimate only one incompletely known reaction rate,
using only the dynamics of S and O, then the OBE is particularized as [3, 7, 12]

$(H) = —(1/Y)(fi — ug)X —D(1+7)S+DSiy +an (s - §) O(t) = —(Ko/Y) (il — pg)X
“D(1+47)0 + aFo(Out — O) + DOy, + wz(o - 6),ﬁ(t) = —(1/V)X -y, - (s - §)

—(Ko/Y)X -y, (o - 6), (19)

where X is the online estimate of X, calculated by using the state asymptotic observer given in
Egs. (9) and (10), and w1, w; < 0andy,, y, > 0 are design parameters at the user’s disposal
to control the stability and the tracking properties of the estimator.

Finally, the complete adaptive control algorithm is made up by combination of the observer
Egs. (9), (10), and (14)—(18) and parameter estimator Eq. (19) with the linearizing control law
(8) rewritten as

Rl= (520000 won-a] (6 2] [520]

) . (20)

A block diagram of the designed multivariable adaptive system is shown in Figure 9.

S'*
O*

—(1/Y) - (F — ) - X
~(Ko/Y)- (i — pg) - X

+
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Figure 9. Structure of the adaptive controlled bioprocess.

4.2.3. Robust control strategy

We will develop a robust control strategy under realistic conditions as follows:

e §;,and O;, are not measurable; that is, in model (11) the vector b(t) is incompletely known,
but some lower and upper bounds, possible time-varying, denoted by S; and S} and O,

and O

s Tespectively, are given.

e  The variables X and X, are not accessible.

®* U is uncertain and time-varying, because both u . and Kg are uncertain and time-
varying, but for these, the bounds p__ and p! and K3 and K¢, respectively, are known.

¢  The inflow rate F;, is time-varying.
e ristime-varying, butre[r~, r'|, where the bounds r* are given.
* The available online measurements are S and O.

e All the other kinetic and process coefficients are known.

To control process (1) under the above conditions, we will develop a robust control strategy as
follows. First, the components D and F, of the control law (8) are written as

1
D= S, TS (A1(S* =S)+£p), (21)
B O;, — (1 -+ T)O * 1 "
Fo = G @419 a(0m —0) M~ o) e, =gy (RO~ OV o) (2
where
fo=/Y) (1= ps)X.fo = (Ko/Y) (1 — s) X (23)

To estimate the unknown variable X from Eq. (23), we cannot use anymore the asymptotic
observers (9) and (10) because S;, and O;, are not measurable. Hence, by using a suitable
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observer interval, based on the known lower and upper bounds of S;, and O;,, we estimate
lower and upper bounds of X, in-between it evolve. The interval observer is achieved by using
the designed asymptotic observers (9) and (10). For this purpose, the hypothesis (H1) is
modified into (H1') as follows: (H1') K and A(t) are known, Vt>0, and the next additional
hypotheses are introduced [15, 16, 21]: (H5) the input vector b(t) is unknown, but guaranteed
bounds, possibly time-varying, are given as b~ (t) <b(t)<b" (t); and (H6) the initial state condi-
tions are unknown, but guaranteed bounds are given as & (0) <&(0) <&7(0).

Interval observers work as a bundle of two observers: an upper observer, which produces an
upper bound of the state vector, and a lower observer producing a lower bound, providing
this way a bounded interval in which the state vector is guaranteed to evolve [15-17, 23]. The
design is based on properties of monotone dynamical systems or cooperative systems (see
[15-16, 21, 24]). Then, under hypotheses (H1')-(H6), a robust interval observer for the system
(2) can be described as [12, 15-17, 21]

(£+) = { Wt (t) = WHw (£) + Z(H) & (8) + Mot (£),  w(0)" = NE&O)T,
G (1) = Ny H(w' (1) = Nia (1)),

L w () =W(Hw (t)+Z(H) G (1) + Mo (t), w(0)” =NE&O),
)= { G (1) = N3 (@ () - NiGa(8), -

where W(t) and Z(t) are given by (10), ; () and , (t) are upper and lower bounds of the
estimated state (,(t) and M = [N71:|Ny,i|i N2 |, and o™ (t) = [(b7 +b7)/2 (b —b7)/2 b;]T
and v~ (t) = [(b] +b7)/2 — (b —b7)/2 bﬂT, with b, by and by, b,, are the partitions
of the known upper and lower bounds of the input vector b(t). Since N, must have to be

invertible, then it is chosen as N, = kl;, where I, is the identity matrix and k > 0 is a real
arbitrary parameter.

If the matrix W¢(t) defined in Eq. (13) is cooperative [15-16, 23], then under hypotheses (H1')-
(H6), the pair of systems (X", ¥L7) constitutes a stable robust interval observer generating
trajectories Cj (t) and G, (#), and it guarantees that C, (t)<Cy(t)<C; (f) and Vt>0 as soon as
E7(0)<&(0)<&EM(0) [15-16, 21]. The convergence of observer (24) can be proven like in [21].

Since the control objective is to maintain the wastewater degradation S at a desired low-level S°
with a proper aeration, then under the next realistic conditions S; <S;,<S/, O, <O, < O

m = m’ m = m’
poo <u <ut  Kg<Kg<Kg,r <r<rt, and X <X<X' (where X is the estimated value of
X, but X and X" are its lower and upper bounds achieved by using the interval observer
(24)), we can define the following robust control strategy.

IfS<(1-¢)S"and O < (1 — €)O*, where 0 < £<0.05, represent a dead zone, then***

1 ) i
0o Sin— (1 +1%)S (44(S" =) +fp),
= O;l _ (1 + 1’+)O # + 1 . _
o (St — (1 +77)S) - a(Os — O) (M(5"=S) +/p) 20w —0) (A2(0* = 0) +£5)



Distributed Control Systems for a Wastewater Treatment Plant: Architectures and Advanced Control Solutions
http://dx.doi.org/10.5772/intechopen.74827

elseif (1 —¢)and O > (1 + €)O", then

D= - (11+r+)5 (M(S*=S) + 1),
Fo = ~ st —5) (5" = 5) o) + =gy (40" = 041
elseif S > (14 ¢)S* and O < (1 — €)O*, then
D:S;_J+rﬁmN9—$+hﬁ (25)
Fo=— 5 ((f;()ls)*;()g 55 (M5 =) +£3) + rm—; (10" = 0)+5)

elseif S > (14 ¢)S* and O > (1 + ¢)O", then

1 . _
D= Sz-:z B (1 +7’_>S (A1(S - S) +fD)’
_ 0, —(1+r7)0 . . 1 . N
Fo= 5= +m9) a0m—0) 1 =9+ 55,5 (120" - 01+ /o)
where.
fo=)Y™) (0 — )X fo = (Ko/Y™) (1" — )X (26)

In Eq. (26) the values of u* and u~ of u are calculated as u* = ut_ S/(K$ +5) - O/(Ko + O),
+and O

m m’

and X and X correspond to S;, and O;, and S respectively.

Remark 1. Note that in a normal operation of the bioreactor the terms S! — (1+7r7)S,
S, — (1 +71")S, and a(Osy — O) from control law (25) are different from zero.4p

As can be observed from the structure of the control scheme (25) (block diagram in Figure 10)
and from the simulation results presented in the next section, this control strategy forces the
controlled variables to be as close as possible to their desired values.

4.3. Simulation results and discussions

The performance of adaptive controller given by Eq. (20) and of robust controller given by Egs.
(25) and (26) by comparison to the exact linearizing controller (8) (used as benchmark) has
been tested by performing extensive simulation experiments. For a proper comparison, the
simulations were carried out by using the process model (1) under identical conditions. The
values of process and kinetic parameters [8, 12] are adapted for WTP Calafat as in Table 1. Two
simulation scenarios were taken into consideration:
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Figure 10. Structure of the multivariable robust controlled system.
Parameter Value Parameter Value
W 0.15h7" a 0.018
K3 100 g/1 B 0.2
Ko 2 mg/l 70 0.6
Y 65 g/g P 6.75 m*/min
Ko 0.5 mg/g v 3800 m®
g 0.0002h™" S0 200 mg/1
Osat 10 mg/1 o° 0.025h~!

Table 1. Kinetic and process parameters values.

Case 1. We analyzed the behavior of closed-loop system using the adaptive controller (20), by
comparison to exact linearizing control law (8) under the following conditions:

Sin and O;, are time-varying (Figures 11 and 12), but they are assumed measurable.

The specific growth rate p is unknown and time-varying.

The kinetic coefficients 1 __and K are time-varying parameters described as 1 (t) = u°
(1+0.5sin(nt/10)), Ks(t) = K3(1+ 0.25sin (tt/12 + 711/2)).

The rate of recycled sludge r is time-varying as r(t) = (1 + 0.5 sin (71¢/36)).

The influent flow rate F;, is time-varying as F;,(t) = F) (1 + 0.2 sin (7¢/25) + 0.05 sin
(t/4)).
All the other coefficients (Y, Ko, g, B, a) are constant and known.

The variables S and O are known (measurable).

The states X and X, are unmeasurable (X and X, will be estimated).
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Figure 11. Evolution of S;, and of its bounds.
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Figure 12. Evolution of O;, and of its bounds.

The behavior of closed-loop system using adaptive controller (20), by comparison to exact
linearizing control law (8), is presented in Figures 13-16. To verify the regulation properties,
for references S” and O, some piece-wise constant variations were considered.

To be close to reality, we considered that the measurements of controlled variables S and O are
corrupted with additive zero mean white noises (2.5% from their nominal values), as well as
the measurements of the influent variables S;, and O;, are corrupted with an additive zero
mean white noise (2.5% from their nominal values). The gains of control laws (8), respectively,
(20) are A; = A, =2, and the tuning parameters of adaptive controller have been set to the
values w1 = wp, = 0.5and y; =y, =0.75.

The evolution of the estimate of unknown variable X provided by the observers (9), (10), and
(14)—(18) is presented in Figure 17, and the profile of estimate of unknown specific growth rate
u provided by the OBE (19) is given in Figure 18. It can be noticed that both state observer and
parameter estimator provide proper results. From graphics in Figures 13 and 14, it can be seen
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Figure 13. Time evolution of output S (Case 1).
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Figure 14. Time evolution of output O (Case 1).
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Figure 15. Profile of control input D (Case 1).

that the behavior of overall system with adaptive controller (20) is correct, being very close to
the behavior of closed-loop system in the ideal case obtained using the linearizing controller
(8) when the model is known. Note also the regulation properties and ability of the controller
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Figure 16. Profile of control input Fp (Case 1).
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Figure 17. Estimate of unknown X (Case 1).
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Figure 18. Estimate of unknown rate u (Case 1).

to maintain the controlled output y very close to its desired value, despite the high variation of
S;, and F;, as well as of the unmeasurable influent dissolved concentration O;, and time
variation of some process parameters. Even if the control inputs are more affected by noisy
measurements, the behavior of the controlled system remains satisfactory.
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Case 2. In this case the closed-loop system is based on the structure of robust controllers (25)
and (26) under the following assumptions:

e §,,and O, are not measurable, but some lower and upper bounds, denoted by S, and O;,

and S/, and O}, respectively, as in Figures 11 and 12, are given.

0 0 . . .
* u,. and K are two uncertain and time-varying parameters, but some lower and upper

bounds of them are known, i.e., u  <p. . (f)<pt and Kg <Kg(t)<Kj.
e Fj,is time-varying as in Case 1, and the variables S and O are known (measurable).

e The rate of recycled sludge r and the yield coefficient Y are time-varying, but some lower
and upper bounds of them are known, i.e., r~ <r(t)<r" and Y <Y (t)<Y™.

e All the other kinetics and process coefficients are constant and known; states X and X, are
unmeasurable (the lower and upper bounds X~, X, and Xt Xj will be estimated,

corresponding to S;, and O;, and S, and O,

in s Tespectively).

In our analysis we assume that the time variations of u and K are those from Case 1, that is
B € [ Hibn] = (0540, 1.5 ], and Ks € [Kg, K& = [0.75K2, 1.25K2].

We assume also that the time variation of r is like in Case 1, thatis, re [r~, r*] = [0.5/°, 1.5/°].
As we mentioned above, in the control laws (25) and (26), the values of u*™ and u~ are
calculated as u* = pt_ S/(KF +S) - O/(Ko + O).

The behavior of closed-loop system using robust controllers (25) and (26) by comparison to the
linearizing law (8) is presented in Figures 19-22. The gains of control laws (25) are the same as
in the first case, i.e., Ay = Ay = 2. The estimates of lower and upper bounds of variable X are

presented in Figure 23. The estimated values X' and X are obtained by using the interval
observers (24) and (14)—(18), where the input vectors v* and v~ contain the known bounds S,

and O;, and S;; and O;;, respectively. The state initial conditions are unknown, but some

30 . : .
1 — Exact linearizing control
2 — Robust control
25 e
B
£
n 20+ i
2 1
- |
_5 15 7 e
5
= 2
o *
T 4ol S|
5 L L L L L
0 20 40 60 80 100 120

Time (h)

Figure 19. Time evolution of output S—Case 2.
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guaranteed lower and upper bounds are assumed as 245 = X (0)<X(0) <X " (0) = 255 (g/l).
The time evolution of the uncertain but bounded time-varying parameter p as well as of its

bounds is shown in Figure 24.
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Note that the reference profiles of S"and O are the same as in the first case. As in the adaptive
case, the measurements of controlled variable S and O are corrupted with additive zero mean
white noises (2.5% from their nominal values). From Figures 19-22, it can be seen that the
behavior of overall system with robust controllers (25) and (26), even if this controller uses
much less a priori information and is affected by measurement noises, is correct, being close to
the behavior of closed-loop system with adaptive controller (20) as well as to the behavior of
closed-loop system in the ideal case (process completely known).

5. Conclusions

In this chapter, a distributed and hierarchized control system implemented at WTP Calafat was
presented and analyzed. Also, advanced control solutions for the activated sludge bioprocess
taking place in the WTP were proposed.
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The implemented DCS-SCADA architecture of the WTP was organized as a distributed and
hierarchized control system, developed on four levels. The first three levels were approached
in this chapter: the field level, the direct control level, and the plant supervisory level. The
structure and the functionality of these levels were described. The primary control loops were
dedicated to the control of main technological variables such as levels, dissolved oxygen
concentrations, recirculation flows, activated sludge flows, etc.

The analysis of the WTP behavior showed that the performance improvement of the control
system is possible by developing advanced control solutions for the activated sludge
bioprocess that takes place in the WTP. Therefore, multivariable adaptive and robust control
algorithms were proposed and will be implemented at level 2 of the DCS.

The main control objective for the activated sludge process is to maintain the pollution level at a
desired low value in spite of load and concentration variations of the pollutant. The controlled
variables were the concentrations of pollutant and dissolved oxygen. Two nonlinear control
strategies were proposed: an adaptive control scheme and a robust control structure. The adap-
tive control law was developed under the assumption that the growth rates were unknown but
the influent flow rate was measurable. The robust control structure was designed under more
realistic suppositions that the growth rates are uncertain and the influent concentrations are
completely unknown, but lower and upper bounds of growth rates and of influent organic load
(possibly time-varying) are known. Also, the uncertain process parameters were replaced by
their lower and upper bounds assumed known.

The proposed control strategies were tested in realistic simulation scenarios, by using noisy
measurements of the available states. Taking into account all the uncertainties, disturbances,
and noisy data acting on the bioprocess, the conclusion is that the adaptive and especially the
robust controllers can constitute a good choice for the control of such class of wastewater
treatment bioprocesses. As future research, the implementation of the proposed control algo-
rithms for the activated sludge process at WIP Calafat will be ensured within the project
TISIPRO. The proposed control architecture and solutions envisaged the WTP Calafat but can
be adapted and implemented for other similar WTPs from the WCO.
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Abstract

A single-channel pump, which is commonly used for wastewater treatment, with a single-
channel impeller can effectively prevent performance reduction or damage caused by
foreign substances. However, the design methods for this special type of pump are
different and more difficult to realize than those for general pumps. In this chapter, a
state-of-the-art design technique for a single-channel pump is introduced for realizing
high efficiency and low-fluid-induced vibration. In other words, advanced multidis-
ciplinary design optimization techniques combined with unsteady flow analysis are intro-
duced and discussed in detail to simultaneously improve hydraulic efficiency and reduce
flow-induced vibration, considering the impeller-volute interaction of a single-channel

pump.

Keywords: single-channel pump, wastewater treatment, hydraulic efficiency,
flow-induced vibration, radial force, optimization

1. Introduction

The most common fault in a submerged pump is due to waste clogging. This phenomenon
causes not only motor overload but also serious damage to a pump system. Hence, this type of
pump requires unique design features for preventing losses in performance due to factors such
as waste clogging, damage, and failure, unlike general submerged pumps.

Representative types of submerged pumps for wastewater treatment consist of the crushing
type and flow-path-securing type. A crushing-type pump mostly crushes and transfers foreign
substances with a disintegrator installed in front of the impeller. However, as such types of
pumps require the installation of an additional crusher, large-sized solid particles cannot be

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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driven perfectly along the flow path. Moreover, it has a complex structure, high cost, low
capacity, and frequent replacement cycle. On the other hand, as a single-channel pump is a
representative case of a flow-path-securing type, it has different mechanism features compared
with general pumps pressurized by multiblades. A single-channel impeller has one free annu-
lus passage and does not have multiple blades. Further, it is driven by the centrifugal force
generated from the rotating annulus passage [1]. Therefore, a single-channel pump is very
robust, especially against failure and damage due to waste clogging.

Because of these advantages, the demand for single-channel pumps has increased rapidly in
recent times in the field of wastewater treatment. Nevertheless, only a few studies have been
published on the design of a single-channel pump [1-4]. To the best of the author’s knowledge,
the lack of studies can be attributed to the difficulties in establishing a theoretical design
methodology, manufacturing, and especially, solving the balancing problem related to the
fluid-induced vibration between the impeller and volute of a single-channel pump. In fact,
because the mass distribution of a single-channel impeller is not rotationally symmetric, it is
difficult to stabilize the fluid-induced vibration between the impeller and volute. Furthermore,
unsteady radial forces, which rotate at a frequency generally determined by the rotating speed,
are generated in the single-channel impeller [5]. These unsteady sources are generated by the
interaction between the rotating impeller and volute, and these adversely affect the overall
performance of a single-channel pump, especially its life expectancy and durability.

Over the past several years, there has been growing interest on the effects of unsteady dynamic
radial forces due to impeller-volute interaction in centrifugal pumps [6-8]. However, no sys-
tematic studies on single-channel pumps have yet been attempted, except for several concepts
and patents. To this end, this work presents a state-of-the-art design technique for a single-
channel pump for wastewater treatment based on a theoretical approach and three-
dimensional steady and unsteady numerical analyses. Moreover, advanced multidisciplinary
numerical design optimization techniques are introduced and discussed in detail to simulta-
neously improve hydraulic efficiency and reduce the flow-induced vibration due to the
impeller-volute interaction in a single-channel pump. The objective of this chapter is to provide
practical guidelines for optimizing the design of a single-channel pump with the proposed
design approach.

2. Basic design approach of single-channel pump

The single-channel pump with an impeller and a volute for wastewater treatment is initially
designed according to the Stepanoff theory [9]. The pump can then be modeled as a three-
dimensional shape, as shown in Figure 1 [10]. The three-dimensional model can be developed
using commercial modeling software such as SOLIDWORKS and CATIA. Because the
Stepanoff theory generally minimizes the flow loss due to flow speed differences by increasing
the cross-sectional area of internal flow at a fixed rate according to the theta angle position, it is
especially useful for designing a stationary volute. Nonetheless, the impeller of a single-
channel pump can be designed based on this concept because it has a free annulus passage
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Figure 1. Three-dimensional shape of a single-channel pump [10].
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Figure 2. Cross-sectional area distribution and definition of the impeller [10].

and does not contain multiple blades. Further, the impeller is driven by the centrifugal force
generated from the rotating annulus passage. Thus, the internal flow distribution in the cross-
sectional area of the impeller and volute is changed proportionally with the theta angle
position in order to maintain a constant flow velocity. Figures 2 and 3 show the distribution
of internal flows in the cross-sectional area of the impeller and volute generated from the
Stepanoff theory. In the authors’ previous work, for example, the reference volume flow rate
and total head at the design point were 1.42 m*/min and 10 m, respectively, with a rotational
speed of 1760 rpm [11].

When the distribution of internal flows in the cross-sectional area is determined according to
the theta angle, the shape of the area should be defined. This shape is very important for
deciding the hydraulic performance and size of solid matter in a single channel. In the previ-
ous work, the authors proposed a novel design method for defining the cross section of the
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Figure 3. Cross-sectional area distribution and definition of the volute [10].

impeller and volute of a single-channel pump with high performance, as shown in Figures 2
and 3, respectively. The cross-sectional area is determined as follows:

The given total area (A,) in the impeller part,

H; = 0.835 x Dy 1)

where the impeller height (H;) is fixed along theta angle and D, represents the inlet diameter
of the impeller.

A (@0 ~70") = 0.013 x Dy? @)

L = A/H; 3)

A¢(@360°) = 0.38 x Dy? @)

Ar=2A1+ A+ A3 )

R; = {theta (1)-70 (value of fixed area angle)} x Cy (here, 70" < theta(")<360) (6)

where C; = 0.1 x H;/83.5 is the expansion coefficient.

Ay = nR,%/4 @)

A, =Ry x Ly )

Az = A-Ay-2A4 )

Ls = A3/H; (here,L; > 0) (10)

The given total area (A,) in the volute part,

H, = 0.01 x A¢(@360) (11)

where the volute height (H,) in fixed along theta angle.
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A = 2A, + As + Ag (12)

Ry = theta(") x Gy (13)

where C; =0.1 x H,/89.5 is the expansion coefficient.

Ay = mRy* /4 (14)

As =R, x Ls (15)

Ag = Ar—2A4—As (16)

L; = Ag/H, (here,L; > 0) (17)

The cross sections of the impeller and volute are defined as mentioned above. The three-
dimensional shape can then be modeled as shown in Figure 1. The more detailed explanation
can be found in the previous works of the authors [12, 13].

3. Steady and unsteady numerical analyses

In the computation domain generated from the basic design approach, the internal flow field is
analyzed by solving three-dimensional steady and unsteady incompressible Reynolds-
averaged Navier-Stokes (RANS) equations with a k-w-based shear stress transport (SST)
turbulence model by using a finite volume solver. In this work, the commercial computational
fluid dynamics (CFD) code ANSYS CFX 14.5 is used, and ICEM CFD is applied to generate
computational meshes for the impeller and volute. The numerical analysis is carried out with
boundary conditions, solved, and post-processed using ANSYS CFX-Pre, CFX-Solver, and
CFX-Post, respectively.

For the turbulence closure model, the k-w-based SST model [14] is employed to accurately
predict flow separation under an adverse pressure gradient. In this model, the k-w and k-¢
models are applied in the near-wall region and bulk domain, respectively, and a blending
function ensures smooth transitions between these two models. The accuracy of the numerical
analyses of turbulent flows significantly depends on treating the wall shear stress. In this
chapter, the near-wall grid resolution is adjusted to maintain y + < 2 to accurately capture the
wall shear stress and to implement a low-Reynolds-number SST model.

A tetrahedral grid system is constructed in the computational domain with a prism mesh near
the surfaces, as shown in Figure 4 [15]. The rotating single-channel impeller and the volute
domains are each constructed using approximately 1,300,000 and 1,200,000 grid points. Hence,
the optimum grid system selected using the grid independency test has approximately
2,500,000 grid points, as previously reported [15, 16].

For the boundary condition, water is considered as the working fluid, and the total pressure and
designed mass flow rate are set to the inlet and outlet of the computational domain, respectively.
The solid surfaces in the computational domain are considered to be hydraulically smooth under
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Figure 4. Computational domain and grids.

adiabatic and no-slip conditions. The stage average and transient-rotor-stator methods are
respectively applied to connect the interface between the rotating impeller and volute domains
in the steady and unsteady analyses.

The convergence criteria in a steady computation consist of the root-mean-square (RMS)
values of the residuals of the governing equations, which are set to less than 107> for all
equations. The physical time scale was set to 1/w, where w is the angular velocity of the
impeller. The computations are carried out using an Intel Xeon CPU with a clock speed of
2.70 GHz, and the converged solutions are obtained after 1000 iterations with a computational
time of approximately 4 h.

The results of the steady RANS analysis are used in the unsteady RANS analysis to obtain the
characteristics of the radial force sources in the region of the exit surface of the impeller
according to the impeller-volute interaction in the single-channel pump. In an unsteady simu-
lation, the time step and coefficient loop for the time scale control are set to 0.000947 s and
three times, respectively. The solutions are obtained after 180 iterations with an unsteady total
time duration of 0.170478 s (five revolutions), and the computational time for the unsteady
calculation was approximately 8 h.

4. Optimization techniques

In this chapter, the geometric parameters related to the internal flow through the cross-
sectional area of the impeller and volute are selected as design variables to simultaneously
optimize the hydraulic efficiency and radial force sources, considering the interaction between
the rotating impeller and volute of the single-channel pump. The distribution of internal flow
in the cross-sectional area of the impeller and volute can be changed smoothly by adjusting the
control points represented by third-order and fourth-order Bezier-curves, respectively, as
shown in Figure 5. Therefore, the variations in the y-axes for five control points (CP1, CP2,
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CP3, CP4, and CP5) of both the impeller and volute are selected as design variables to obtain
the most sensitive results for the variation in curve among the control points [17].

The aim of the current optimization problem is to simultaneously improve the hydraulic

efficiency (1) and reduce the radial force sources considering

the impeller-volute interaction

in the single-channel pump. Here, one of the three objective functions, that is, the hydraulic

efficiency, is defined as follows.

_ pgHQ
U

(18)

where p, g, H, Q, 7, and w denote the density, acceleration of gravity, total head, volume flow

arte, torque, and angular velocity, respectively.
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The other objective functions related to the radial force sources are defined as the sweep area
(As) of the radial force during one revolution of impeller and the distance (Ds) of the mass center
of the sweep area from the origin, as shown in Figure 6. These functions are defined as follows:

n—

1
As = (xiyi+1 - xi+1yi) (19)
0

N —

=

where A; is the signed area of the polygon as the sweep area of the radial force during one
revolution of impeller. The centroid of a non-self-intersecting closed polygon, defined by n
vertices (xo, Yo), (X1, Y1), ---» (Xn-1, Yn-1), is defined as the point (C,, Cy) as follows:

1 n—1

G = 6A Z (xi + xit1) (xiyi+1 - xi“yi) 20)
s =0
1 n—1

Gy = 6A (Y; + Vi) (30 — Xi1y;) .
5 =0

In these formulas, the vertices are assumed to be numbered in the order of their occurrence
along the perimeter of the polygon. Therefore, the distance of the mass center of the sweep area
from the origin is finally defined as follows:

Dy =/C* +C,° (22)

The Latin hypercube sampling (LHS) is employed to generate 54 design points that are used as
the initial base data for constructing the response surface from five design variables. LHS, as
an effective sampling method for designing and analyzing computer experiments (DACE)
[18], is a matrix of order i x j, where i is the number of levels to be examined and j is the
number of design variables. Each of the j columns of the matrix containing levels 1, 2, ..., i is
randomly paired. LHS generates random sample points, ensuring that all portions of the
design space are represented. Finally, the objective function values at these design points are
evaluated by steady and unsteady numerical analyses.

The response surface approximation (RSA) model is applied as a surrogate model to predict
the objective function values based on the 54 design points generated in the design space by
using LHS. The RSA model, as a methodology of fitting a polynomial function to discrete
responses obtained from numerical calculations, represents the association between the design
variables and response functions [19]. The construction function for a second-order polynomial
RSA can be expressed as follows:

N N N
fx) =By + Z pixi + Zﬁjjsz + Z Z pijxixj (23)
= = 7

where 8, N, and x represent the regression analysis coefficients, number of design variables,
and a set of design variables, respectively, and the number of regression analysis coefficients
(Bo, Pi, etc.)is [(N + 1) x (N +2)]/2.
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Figure 7. Multiobjective optimization procedure [22].

The RSA models are employed to construct the response surfaces based on the objective
function values at the 54 design points generated in the design space using LHS. A hybrid
multiobjective genetic algorithm (MOGA) is used to obtain the global Pareto-optimal solutions
(POSs). The approximate POSs are obtained using a controlled elitist genetic algorithm (a
variant of NSGA-II [20] as the MOGA function for three objective functions. The optimization
algorithm and functions in the MATLAB OPTIMIZATION TOOLBOX [21] are used to finally
generate the global POSs. Figure 7 shows an example of the multiobjective optimization
procedure [22]. The detailed optimization procedure can be referred to in the previous litera-
tures [23, 24].

5. Results of multiobjective optimization

A hybrid MOGA based on the response surface constructed from the RSA model is employed
to obtain the global POSs by using a controlled elitist genetic algorithm (a variant of NSGA-II)
for three objective functions. Figure 8 shows the three-dimensional POSs based on the three
objective functions obtained using a hybrid MOGA combined with the RSA model. Here, the
values of all the objective function are normalized according to the corresponding values in the
reference design. Three-dimensional POSs are obviously the trade-off among the conflicting
objective functions. As a result, a trade-off analysis shows an obvious correlation between the
hydraulic efficiency and radial force sources. The arbitrary optimum design (AOD) is ran-
domly extracted near the end of the POSs, which exhibits the best performance in terms of all
objective functions, as shown in Figure 8. The AOD has objective function values that are
remarkably improved relative to those in the reference design. Consequently, the value of each
objective function in the AOD shows improvements of approximately 49%, 80%, and 4% in the
sweep area (As) of the radial force during one revolution, the distance (Ds) of the mass center
of the sweep, and the hydraulic efficiency (1), respectively, in comparison with the reference
design. On the other hand, a relatively large error among the three objective functions is
observed, especially for the distance of the mass center of the sweep. Nevertheless, the values
obtained by the numerical analysis are better compared with the reference design.

To understand the optimization results, the trade-off of the POSs in each two-dimensional
functional space is shown in Figure 9. As shown in Figure 9(a) and (b), the decrement in the
distance of the mass center of the sweep clearly leads to deterioration in the other objective
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functions. Specifically, the reduced distance of the mass center of the sweep is obtained at a
lower efficiency and higher sweep area of the radial force during one revolution. However, the
efficiency and sweep area of the radial force during one revolution shows a positive relation, as
shown in Figure 9(c). The trade-off analysis of the POSs therefore allows an engineering
designer to choose any economic solution according to the required design conditions.

Figure 10 shows the isosurfaces having a low velocity of 2 m/s. As shown in Figure 10(a), an
extremely low-velocity region is formed along the internal wall in the impeller flow path in the
reference design, whereas a similar low velocity isosurface is reduced considerably in the
arbitrary optimum model (Figure 10(b)). These results illustrate the enhancement of hydraulic
efficiency in the arbitrary optimum model as a result of optimization.

Figure 11 shows the distributions of unsteady radial force sources, averaged at the boundary
surface near the impeller outlet, during one revolution of the impeller for both the reference
and AODs. Here, both values are normalized by the value of the maximum radial force in the
reference design. The sweep area constructed from the unsteady radial force sources in the
reference design leans slightly toward the four quadrant directions from the origin, whereas it
is formed near the origin in the AOD. Furthermore, the sweep area in the AOD is remarkably
decreased compared with that in the reference design. Consequentially, as discussed already;
the sweep area and the distance of the mass center of the sweep in the AOD are decreased by
49% and 80%, respectively, compared with those in the reference design.

Figure 12 shows the unsteady fluctuations of the net radial forces for the reference and AODs
during one revolution. Both values are also normalized by the maximum value in the reference
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Figure 10. Isosurfaces having a low velocity of 2 m/s. (a) Reference design (b) Arbitrary optimum design.

design. As shown in Figure 12, the amplitude values of the fluctuation of the net radial forces
in the AOD decrease considerably for most theta angle positions, especially in the region
where the value of theta is 100°. In addition, its level is also less than the normalized value of
0.5 and mostly flat compared with the reference design. These phenomena clearly highlight the
considerable decrease in the radial force sources as a result of optimization.
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Figure 13 shows the time history of instantaneous unsteady pressure contours at the boundary
surface near the impeller outlet for both the reference and AODs. Here, both values are
normalized by the maximum pressure value in the pressure contours. Both the instantaneous
unsteady pressure contours are compared for one rotation 7 of the single-channel pump
impeller. This rotation is divided into six steps to clarify changes in flow structure with time
during one revolution of the impeller, as shown in Figure 13. In the reference design, high-
pressure zones occur widely on the boundary surface near the impeller outlet, as shown in
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Figure 13(b), and a high-pressure zone caused by impeller-volute interactions becomes grad-
ually larger. Consequently, this results in the unbalancing phenomena, along with the fluid-
induced vibrations caused by unsteady radial forces, throughout the annulus passage area of
the pump. Thus, the sweep area constructed from the unsteady radial force sources leans
slightly toward the four quadrant directions from the origin, as shown in Figure 11. In the
AQOD, the pressure distribution is generally uniform; especially, at the same instantaneous
time, the large high-pressure zone caused by impeller-volute interactions is obviously
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suppressed, as shown in Figure 13(b). The AOD results in mostly stable flows throughout the
annulus passage area of the pump. This explains the considerable decrease in the fluid-
induced vibration caused by impeller-volute interaction owing to optimization.

Figure 14 shows the spectra of the magnitude values at observation points on the casing wall
for the reference and AODs. Here, the spectra are calculated based on the wall pressure
fluctuation time history by using a fast Fourier transformation algorithm. Both magnitude
values are normalized by the first blade passing frequency (BPF) in the reference design, and
these values are also related to the vibration of pump. As shown in Figure 14, the BPF is
approximately 30 Hz (BPF = Blade number x rpm/60). The peak magnitude values are clearly
seen at every harmonic BPF in steps of 30 Hz, which are due to the periodic motion of pump
impeller rotation. In the AOD, a considerable decrease in the magnitude values at the first BPF
is observed specifically, as well as at all observation points, especially for points B and C. It
clearly shows that the large high-pressure zone caused by impeller-volute interactions is
obviously suppressed, as shown in Figure 13(b). Consequently, the considerable decreases in
these magnitude values reduce the vibration caused by impeller-volute interaction.

6. Conclusions

A state-of-the-art design technique was introduced for a single-channel pump for realizing
both high efficiency and low-fluid-induced vibration. The technique is based on a theoretical
approach and three-dimensional steady and unsteady numerical analyses. Furthermore,
advanced multidisciplinary numerical design optimization techniques were discussed in detail
to simultaneously improve hydraulic efficiency and reduce the flow-induced vibration caused
by impeller-volute interaction in the single-channel pump. The CFD studies conducted in the
last decades, along with an increase in computing power systems, have significantly contrib-
uted to the development of various turbomachines with a deep understanding of flow physics
and mechanism. Of course, it was possible to suggest a state-of-the-art design technique for a
single-channel pump because of the rapid increase in the computing power system and
development of computational methods. The authors expect that the practical design tech-
nique introduced in this chapter will be useful for engineers designing various single-channel
pumps in the near future.
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Abstract

The presence of pollutants in water promotes negative impacts on aquatic organisms.
Among the methods of wastewater treatment, the use of sorbent materials is one
of the most outstanding due to its efficiencies and easy implementation. Orange peels
had become value-added products for these purposes. Activated carbon as a sorbent
material was prepared using orange peel as a precursor. The resulting material was
physicochemically characterized by scanning electron microscope (SEM) and Fourier
transform infrared radiation (FTIR); structural changes were identified and related to
sorption capacity using a model pollutant. Results of sorption indicated natural dried
orange peel which presented a sorption capacity of 149.26 mg/g, while sorbent-
activated carbon presented a sorption capacity of 2342.91 mg/g. The recovery of
orange peel to obtain potential interest materials provided benefits for wastewater
treatment.

Keywords: orange peel, sorbent material, activated carbon, valorization, wastewater
treatment

1. Introduction

The industry of agricultural products processing, or agribusiness, is defined as the economic
activity that combines the agricultural productive process with the industrial processing to
obtain food or semi-processed raw materials. Among the industrialized products are fruits,
vegetables, seeds, tubers and pods; some are marketed fresh and others are transformed into
nectars, juices, jams, flours, oils, and wines, among others.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.



202 Wastewater and Water Quality

After the processing of these products, agroindustrial waste is obtained. Agroindustrial
waste is solid or liquid materials generated from the direct consumption of primary products
or its industrialization. Those residues are no longer useful for the process that generated
them, but they are susceptible to transformation to obtain another product with economic
value, of commercial and social interest [1].

From the residue to
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materials Water
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Figure 1. Alternatives for organic residue waste management.



Sustainable Sorbent Materials Obtained from Orange Peel as an Alternative for Water Treatment
http://dx.doi.org/10.5772/intechopen.76137

The food industry is characterized by a considerable generation of waste and byproducts.
Despite the environmental repercussions that this represents, the amount of agroindustrial
waste has increased continuously. Orange peels represent a clear example of agroindustrial
waste, which is the result of fruit processing for the production of juices. Due to the large
volume of generation and the environmental risk they represent, some investigations have
focused on the valorization of this waste through extraction of value-added products or even
transformation to other materials.

Valorization of waste is an attractive approach that offers potentially useful alternatives
to treat waste, instead of disposal or landfill deposition. In general, agroindustrial waste
possesses varied characteristics, which depend on the raw material and the process that
generated those residues; however, they share a similar characteristic, that is the organic
matter content, constituted by different percentages of cellulose, lignin, hemicellulose,
and pectin. The valorization of food waste components could give numerous possibilities
for obtaining value-added products [2]. Figure 1 represents different alternatives for
organic residue waste management, on the one hand, the common use of waste that
implies it's wasted, and even its contribution to the environment and, on the other hand,
some possibilities to use them as materials for environment protection from the use of
sorbent materials.

2. Orange fruit

In the orange Mexican harvest, the volume of production has averaged 4.3 million tons in the
last 6 years. The national market is the main trade of Mexican orange; an average of 67.53% of
the supply of fresh oranges is destined for national production; most of them are designated to
homes, restaurants, street vendors, and hotel chains, among others [3, 4].

Since orange has a high production in the country, as well as in the world, and serves as the
main raw material for agroindustrial processing, the amount of fruit marketed to the juicing
industry has increased [3].

The orange processing industry accommodates a small percentage of 32% in the last years [4].
Since 2004, the percentage of fruit destined to the juice agroindustry increased significantly
due to government programs which allowed the recovery of the freight and collection costs of
the fruit marketed to the Mexican agroindustry of oranges (Table 1). Simple juice and concen-
trated juice are the main products in the processing of citrus fruits [3].

Production 2011 2012 2013 2014 2015 2016
Mexico 83 151 126 159 165 170
EUA 681 607 476 438 383 355
Brazil 1263 980 1230 1006 848 1222

Table 1. Main producing countries of orange juice, considering 1000 metric tons at 65° BRIX.
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The oranges processed in the industry are destined in its majority to the juice export market
(Table 2). Studies show that Mexico, in comparison with large producing countries, has been
increasing the amount of juice produced over the years. Mexico has had a great inclusion in the
international market, satisfying the demand of countries such as the United States, Canada,
and Japan, among others [3, 4].

Production 2011 2012 2013 2014 2015 2016
Mexico 2011 2012 2013 2014 2015 2016
EUA 79 143 121 153 158 163
Brazil 110 114 113 81 66 65

Table 2. Export data of orange juice, considering 1000 metric tons at 65° BRIX.

3. Orange peels

Orange peels are waste generated mainly by the juicing industry that can cause environmental
problems due to its large volume of generation and physicochemical characteristics, such as
soil and water pollution. For this reason, the recovery and transformation of orange peels has
become a topic of interest for recent investigations; one important alternative is the preparation
of sorbent materials.

The waste material of the orange industry is constituted mainly by peels, shells, seeds, and
capillary membranes. When leaving the industry, the orange peels have a high level of organic
matter and low pH; such indicators demonstrate the potential polluting. Since the composition
of orange peels can be transformed to use as raw material for the production of national
interest products, in this way, value-added products can be obtained due to the valorization
process, and, at the same time, it is possible to reduce the environmental impact [5, 6].

3.1. Physicochemical composition of orange peel

The chemical composition of orange peels, shown in Table 3, makes them an attractive source
of industrial products. Soluble sugars present in orange peels are composed mostly of sucrose,
glucose, and fructose, while organic acids are composed of citric, oxalic, and succinic acid. The
fiber is the portion of the shell where the pectin is contained. The pectins contained in the
orange fiber are soluble and insoluble in the form of protopectin [5].

However, resent investigations of citrus waste focus on the recovery of a single component,
such as d-limonene, pectin, or bioethanol [8].

Recent investigations have shown that orange peel is a potentially valuable resource that can
be transformed into value-added products; the most common alternatives have reported the
use of this material as livestock feed, source of heat generation, biomethanization, and com-
post [9, 10].
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Parameter Value
Soluble solids (°Brix) 710+ 1.2
pH 3.93 £ 0.003
Acidity’ 0.29 £ 0.003
Formaldehyde 34.00 £24
Moisture (%) 60.5

Ash (%)? 3.29 +0.19
Fat content (%)* 0.2

Protein (%)? 1.5
Carbohydrates (%) 89.00 + 1.1
Pectin (%)? 170.00 £+ 5
Lignin 320+£04
Essential oils (mL/kg) 1.45 £+ 0.16

! of citric acid/100 mL.
%db = dry basis.

Table 3. Physicochemical composition of the orange peel [7].

4. Sorbent materials obtained from orange peels

The elaboration of high-quality sorbent materials from agroindustrial waste opens an effective
path for the conversion of these residues into high value added products [11].

Activated carbons are commonly used as sorbent materials due to their sorption capacity;
those activated carbons are produced from a wide variety of carbon-based materials. Those
materials used for the production of activated carbon are carbon-based organic materials, such
as coal, lignite, and wood. Although natural coal is the most used precursor, agroindustrial
waste is considered as a good alternative; in this way, the activated carbon produced from
waste would reduce the demand of forests since wood is also used for this purpose [12].

According to International Union of Pure and Applied Chemistry (IUPAC), an activated carbon
is a porous carbonaceous material that has been subjected to gas reaction, sometimes with
chemical agents, during or after carbonization process in order to increase its sorption properties.

The use of carbon-based materials goes so far back in history, since charred wood and mineral
coal or simply partially volatilized coal materials were already used for similar purposes.

From 1901, several patented methods of activated carbon production were registered. In this
way, R. Von Ostrejko patented two methods to produce activated carbon: one based on the
carbonization of lignocellulosic materials with metal chlorides (the basis of chemical activa-
tion) and the second method based on a gentle gasification of coals with water vapor or carbon
dioxide (basis of physical activation) [13].
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Nowadays the activated carbons are prepared from a carbon precursor such as lignite, wood,
or synthetic precursors, mainly of polymeric type such as resins.

A typical carbonization process produces around 20-30% carbonization yield, where the
activating agent is a dehydrating compound, which would increase the amount of active sites,
favored by the thermal degradation of the precursor, modifying in this way the porosity of the
obtained material. Precursors such as lignocellulosic materials reflect the botanical texture of
the precursor [14].

Many of the laboratory uses and industrial applications of activated carbons are based on the
high sorption capacity of the material. This capacity depends on the physical properties of the
coal, as well as its chemical structure [15].

4.1. Chemical structure of activated carbons

The structure of the activated carbon is considered as a continuous descent in the degree of
ordering of the planes in the graphite. However, activated carbon also has a three-dimensional
structure of carbon atoms in flat sheets of hexagonal rings. However, unlike graphite, there is no
crystallographic order in the third dimension, and the cross-linking of the plates can occur [13].

The spaces between the graphite planes of crystals create the microporous structure, with a
high internal surface area [16]. According to IUPAC, pores of activated carbons can be classi-
fied into micropores (pore diameter <2 nm), mesoporous (pore diameter between 2 and
50 nm), and macropores (pore diameter >50 nm) [13].

In addition to the porous structure, activated carbons have a chemical structure, since they
contain small amounts of heteroatoms. The presence of heteroatoms (O, N, H, S, etc.) attached
to the edges of the graphene layers gives rise to a variety of surface functional groups [16],
which allow polar substances to be weakly retained on the surface of activated carbon. This is
because the carbon atoms located at the edges of the planes have a high available activity, since
they are not saturated with carbon atoms and have free electrons [13].

Oxygenated functionalities are the most important due to their surface properties and can also
be developed spontaneously through the exposure of the material to the inert atmosphere.
Chemisorbed oxygen can only be removed from the surface as CO or CO, at temperatures
above 120°C. The unsaturated carbon atoms at the edges of the basal crystal planes are
associated with high concentrations of mismatched electrons, which play a very important
role in the chemisorption process [16].

Oxygenated functional groups are not formed exclusively by the reaction with oxygen; these
groups can also be the results of the reaction with other oxidizing gases (O3, N,O, CO,) and
oxidizing solutions (HNO;, H,0O,). In addition, the electron density m of the basal carbon
planes is considered as chemically active [16]. The surface chemistry of activated carbon has
an amphoteric nature due to the coexistence of acidic and basic surface groups. An activated
carbon is globally acidic or basic depending on the surface concentration of these groups and
also on the strength of acidic or basic compounds [13]. Therefore, the oxygenated surface
groups are classified into the categories mentioned in the following sections.
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4.1.1. Basic surface groups

These groups are formed when the oxidized surface is reduced by an inert or hydrogen atmo-
sphere, at high temperatures. The decomposition of acidic groups creates active sites at the edges
of graphene plates, which can attract oxygen during the cooling stage in an inert atmosphere, and
after a process of reexposure to air, forming basic functional groups such as chromene and pirona.

4.1.2. Acidic surface groups

These groups are formed when the carbon surface is exposed to oxygen through reactions with
oxidizing agents in solutions or the gas phase; this process can be carried out at room temper-
ature or even at high temperatures, these parameters are responsible for the amphoteric
characteristic of the activated carbons, which depend on the pH of the aqueous phase.

4.1.3. Hydrogenated groups

Hydrogen atoms are usually present in the surface of activated carbons such as chemisorbed
water, as part of other surface groups such as carboxylic acids, phenols, amines, or even
directly attached to carbon atoms as part of aromatic or aliphatic structures.

4.1.4. Phosphorus groups

Phosphorus atoms contained in activated carbons generally come from the phosphoric acid
used as an activating agent in the preparation stage. Once phosphorus is located in the carbon
matrix, it can be stable between 500 and 1000°C; this atom can be found as red phosphorus or
chemically bonded as —C—P— or —C—O—P—. Phosphorus-containing species can be
formed during carbonization at low temperature ranges [16].

4.1.5. Activated carbon preparation

The physicochemical properties of each activated carbon depend mainly on the source of the
starting material, since it essentially determines the structural characteristics of the resulting
material [14].

Through the carbonization process, it is possible to obtain a low surface area, as elements such
as oxygen and hydrogen are eliminated by decomposition of the starting material in an inert
atmosphere, usually nitrogen. The resulting material is formed by unions of elementary gra-
phitic microcrystals, usually plugged by tars and carbonization residues, which notably
decrease the sorption capacity. In order to increase the sorption capacity of this coal, it will be
necessary to resort to some method that allows eliminating tars, by means of some oxidizing
agent as the activating agent [14]. There are two activation processes, called physical activation
and chemical activation, described below [13].

4.1.6. Physical activation

This method consists of an oxidation step that is usually carried out in the presence of water
vapor, carbon dioxide, or air; the activation treatment is carried out at high temperatures
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(>700°C) [15]. These agents are capable of extracting carbon atoms from the porous carbon
structure according to the following stoichiometry equations; these equations describe the endo-
thermic reactions. This method of activation is known as physical or thermal activation [14].

C+ CO, —2CO (1)
C+H,O—- CO+ H, ()

In this process, two differentiated stages can be considered: a first one, in which all the
disorganized materials are burned, and a second one, in which the pores that were initially
closed or blocked are opened. As a result of that, a new material with a high surface is
produced, due to the presence of large porosity [17].

4.1.7. Chemical activation

Chemical activation involves the carbonization of the precursor in the presence of an alkali,
hydroxides (KOH, NaOH), or inorganic acids (H3PO,, HNO3;, H,SO,) [16].

The yield of activated carbon prepared by chemical activation method is usually higher than
those activated carbons prepared under physical activations. In order to compare physical and
chemical methods, it is possible to emphasize that, while in the physical activation method, the
development of pores is mainly promoted by the removal of carbon atoms by a gasification
process; in the chemical activation method, the activation agents promote dehydrogenation
reactions in the precursor that promote bonds” formation between carbon atoms and also the
creation of pores on the surface.

Unlike physical activation, the preparation of activated carbons by chemical activations is
carried out in a single stage; the carbonization and activation process are carried out simulta-
neously. Chemical activation requires lower carbonization temperatures than physical activa-
tion. In addition, chemical activation leads to a better formation of the porous structure.

As a result of the carbonization and activation processes, activated carbons with porous
characteristics are obtained which are determined by various factors such as starting material
(precursor), size of the precursor particles, activating agent, activation temperature, heating
rate, temperature and carbonization time, etc. [12, 16].

4.2. Sorption on solid surfaces

The forces that hold a solid bonded to the surface of activated carbons produce a field force
around each ion, atom, or molecule. At the surface of the solid, these forces cannot suddenly
disappear, and due to these unsaturated and unbalanced forces, the solid has the tendency to
attract and retain on its surface molecules and ions of other substances with which it is in
contact. Thus, when the surface of the solid is in contact with a gas or a liquid, the concentra-
tion of the gas or liquid is always greater in the surface of the solid than in the interior of the
gas or liquid phase. The substance adhered to the surface is called sorbate, and the material in
which it is sorbed is called sorbent. Depending on the nature of the forces involved, the
sorption process is classified into two main types [18]:
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4.2.1. Physical sorption

The sorbate is bounded to the surface of the activated carbon by relatively weak Van der Waals
forces, identical to the molecular forces of cohesion that are involved in the condensation of
vapor on liquids.

4.2.2. Chemical sorption or chemisorption

This process involves electron exchange between the sorbate molecules and the surface of the
sorbent, resulting in a chemical reaction. The bond formed between the sorbate and the sorbent
is essentially a chemical bond and is stronger than in a physical sorption.

The nature of the forces involved in each of the sorption processes is significantly different. In
the physisorption process, no activation energy is required; therefore, the sorption rate is
higher even at low temperatures. While chemisorption requires activation energy, the sorption
rate is low and depends on the sorption temperature [18].

In the study of new sorbents, it is essential to establish the most appropriate sorption equilib-
rium correlation, which is indispensable for the reliable prediction of sorption parameters and
the quantitative comparison of the sorbent behavior for different sorbent systems, for varied
experimental conditions [19].

The most common way to study the behavior of activated carbon is through kinetic and
sorption equilibrium models. The first model is related to the study of the kinetics, while the
second type is related to the studies of isotherm processes [16].

As a result of activation and carbonization processes, activated carbons with porous character-
istics are obtained, which are determined by factors such as starting material, temperatures
and carbonization and activation times, heating rate, particle size of the starting material, and
so on [12].

In the preparation of an activated carbon, it is necessary to look for the appropriate ratio, as
can be deduced from the information earlier, between the transport pores and the sorption
pores, that is, it is necessary to achieve a rapid transport of the sorbate to the internal surface
and, at the same time, obtain an internal surface sufficiently developed to ensure a high
sorbent capacity. In each case, the properties of activated carbon will depend on the raw
material, its previous treatment, and activation conditions [17].

Nowadays, a strong demand for activated carbons can be expected in two very important
fields in developed countries: atmospheric pollution and wastewater, they are also used for
other applications such as elimination of organic matter and toxic substances from industrial
gases and drinking water, elimination of chlorine from water, etc. This promising future of
activated carbons requires the development of alternative materials that may face the require-
ment of sorbent materials in the depollution area, especially as regards the search for new raw
materials and obtaining very selective activated carbons. Actually, activated carbons with
properties like molecular sieve are being prepared in recent years; the object of these materials
is the selective sorption of molecules of specific size, a process in which the activated carbons
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are displacing the zeolites, used frequently for this purpose. Another important application,
which takes advantage of the properties of a molecular sieve of activated carbons, is the
retention of nitrogen oxides (NOx) from different sources and sulfur that coals and oils contain
and that when heated is transformed into toxic products, such as sulfur dioxide (SO,), hydro-
gen sulfide (SH,), carbon sulfide (S5,C), and so on [17].

Recently, fruit husks as agroindustrial waste have been implemented in the production of
activated carbons; investigation of sorption about selective specific size molecules has been
done regarding these materials. The use of agroindustrial residues is a new alternative that
provides a proposal of integral valorization, taking advantage of the waste abundance and the
low cost of the material [17].

Table 4 shows the results of some reports from which activated carbons have been elaborated;
elaborating parameters as well as surface areas are shown. It is possible to see surface area
values from 200 to 1800 m?/g; these values are comparable to those reported in literature for
lignite of 1300 m?*/g [23], as well as 1853 m?/g [24]. These values are also comparable to
commercial materials: PET activated carbons have 1170 m?/g [25], Darco KB-B of 1608 m*/g
[26], Fluka 05120 of 1110 m?*/g [26], activated carbon MT40 of 528 m?*/g [27], activated carbon
BW of 300 m?/g [27], and Fluka 03866 of 179 m?/g [26].

4.3. Activated carbons obtained from orange peels

Some studies have been done for the preparation of activated carbon from orange peel,
Table 5 shows some reports and it is possible to appreciate the different activating agents
used, temperature, and time of carbonization, as well as the surface area reported for those
materials.

Some studies for the elaboration of activated carbons from orange peel are described below;
these materials have been used for the removal of metals, dyes, among others. These reports
indicate sorption capacities from 7.9 to 982 mg/g.

Quijano and Mejia [31] elaborated activated carbons from the residue obtained after pectin
extraction from orange peels; they analyzed the effect of time and carbonization temperature
on the carbonization percentage, using a 2> factorial design. They determined that temperature
has significant influence on the carbonization yield; the optimum condition was obtained at
400°C and 0.5 h for a 34.8% yield and a sorption capacity of methylene blue of 149.4 mg/g.

Annadurai et al. [32] prepared low-cost sorbents from orange peels for the sorption of several
dyes in aqueous solution. The concentrations of dye and pH were varied and after the study they
determined that sorption capacities decrease as follows: methyl orange > methylene blue >
rhodamine B > red congo > methyl violet > black amino 10B, from 20.5 to 7.9 mg/g.

Khaled et al. [33, 34], in different studies, evaluated different conditions to obtain activated
carbon; they used H,SO, as an activating agent; a solution of this acid was in contact with the
material for 96 h at 105°C; after that, the sample was carbonized at 120°C and 180°C. Obtained
activated carbons were evaluated using direct blue dye-106 and direct yellow-12, for which
sorption capacities were 107.5 and 75.8 mg/g, respectively.



Material® Particle size Temperature Time Activation Agent Temperature Time Surface area Porevolume Poresize Sorption Reference
(mm) O (h) O (h) (m*/g) (cm®/g) (nm) capacity (mg/g)
Grapefruit — 450 2 CH KOH 450, 800 1.5, 1892.1 1.095 1.92 680 [20]
25
Banana — 1000 8 ZnCl — — 1650 1.26 3.01 — [11]
Yaca — 350 0.5 H,PO, 350 05 5 - — F [12]
450 0.5 1033 0.664 1.7 —
550 0.5 1260 0.733 2 =
Almond 1-5 300 1 p CO, — 1 322 19.5 8-12 288.5 [21]
700 1 — 1 385 16.92 10
1200 1 — 1 342 15.5 15-25
Orange 300 1 — 1 225.6 14.5 7-14 166.7
700 1 — 1 248 15 10
1200 1 — 1 240 13.5 12-14
Rice 6x 1072 650 1 CH NaOH — - 253.4 0.17 2.62 0.17 [22]

“Materials were considered as the husks of the mentioned fruits. CH: chemical activation and P: physical activation.

Table 4. Organic waste used for the production of activated carbon.
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Activation Agent Atmosphere  Temperature Carbonization Time of mixing Surface Reference
type O time (h) material-agent area (m?/g)

Physical CO,  Nitrogen 700 1h — 248 [21]
Chemical H;PO, Autogenerated 850 1h — 1090 [28]
Chemical ~ H3zPO, Nitrogen 450 2h 2h 1203 [29]
Chemical ZnCl  Nitrogen 550 1h 36 h 1477 [30]

Table 5. Preparation of activated carbon using orange peels.

Fernandez et al. [35] studied the effect of H;PO, as an activating agent to prepare activated
carbon; the carbonization procedure was carried out at 475°C in 0.5 h. Authors report surface
areas of 1090 m?/g for the obtained materials. Methylene blue and rhodamine B were used
to characterize sorption capacities and the values obtained were 320 and 522 mg/g, respectively.

Lietal. [20], studied the effect of KOH as an activating agent and the process of carbonization in an
inert atmosphere, at 800°C; the activated carbon obtained had a surface area greater than 1800 m?/
g, and a sorption capacity of 680 m/g was obtained using methyl orange as a model pollutant.

Ashtaputrey and Ashtaputrey [36] prepared activated carbon from orange peels by chemical
activation using HCL; they also varied the carbonization temperature from 300 to 500°C for 1 h.
They analyzed the sorption capacity of iodine, and finally, they concluded that a carbonization
temperature of 300°C promotes a sorption capacity of up to 983 mg/g.

5. Preparation and characterization of orange peel-activated carbon

Our results of the preparation of activated carbon from orange peel let us characterize the
material. This material was prepared under the following conditions: activation agent, H3PO4,
carbonization temperature of 400°C, and carbonization time of 1 h. Methyl orange was used as

Figure 2. SEM micrography of orange peel at 1000x.
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Figure 3. SEM micrography of activated carbon obtained from orange peel at 1000x.

the model pollutant in order to analyze sorption capacity of 2342.91 mg/g. This result was
compared to dried orange peel that showed a sorption capacity of 149.26 mg/g.

Figures 2 and 3 show a comparison of the surface morphology of orange peel and activated
carbon obtained from orange peel. It can be seen that after the carbonization treatment the
surface was modified, given by the thermal process and by the activation agent. The carboni-
zation process promotes the formation of new surface sites.

On the other hand, Fourier Transform Infrared Spectroscopy (FTIR) was used to identify the
surface groups of activated carbon obtained from orange peel. Figure 4 shows the comparison
of orange peel and activated carbon. It is possible to appreciate that the intensity of some
signals decreases after carbonization process. Table 6 identifies functional groups associated
with the FTIR spectra of Figure 4.

Orange peel + 100

Transmitance (%)

Orange peel Activated Carbon T 20

: : : : : i : 0
3900 3400 2900 2400 1900 1400 900 400
Wave number (1/cm)

Figure 4. Comparison of the FTIR spectrum of orange peel and orange peel-activated carbon.
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Wave number (1/cm) Functional group
3422.8 _OH
2925.62 C—H
1741.27 Cc=0
1626.83 C=C
1435.53 —CH,
—CHj;
O—CH;
1379.24 Cc—0
1070 P—O
1020.77 C—O0—H
C—O—R
596.19 C—H

Table 6. Functional groups of FTIR spectrum.

Activated carbon prepared from orange peel has higher sorption capacity compared to the
precursor (dried orange peel), which means that the transformation of a residence is a great
advantage. The resulting material possesses the ability to be used for the treatment of water
contaminated with colorants as an alternative principal.

However, it is necessary to continue the study of this material for the removal of heavy metals,
organochloride compounds, and so on in order to provide greater alternatives for better care
for the environment.

6. Sustainable materials

The concept of sustainability arises in 1987, when the World Commission on Environment and
Development from the United Nations published a report titled “Our common future” [37],
that is focused on the idea of sustainability or sustainable development.

Sustainability is a process that aims to find a balance between the environment and the use of
natural resources. Humanity has degraded natural resources in such a way that currently it is
necessary to conscientiously procure and plan its consumption to guarantee the existence to
future generations.

That is why the use of innovative alternatives for the development of materials allows us to offer
better conditions for the care of the environment. Therefore, if a strategy is generated to collect,
characterize, and even take advantage of waste materials that currently contribute to the con-
tamination of the environment, in the future, people tend to think of integral use of consumption
products. It represents a change in how our society thinks about the use of natural resources and
environmental protection.
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This is the case of agroindustrial waste, since they have a physicochemical composition that
can be used for different purposes, both for the recovery of different raw materials and for
their transformation into sustainable materials useful to reduce water pollution.

7. Conclusion

Orange peels are good alternatives as raw materials for the production of activated carbons.
Activated carbons obtained from this precursor have high surface areas and high sorption
capacities, compared to commercial materials used for water treatment.

Orange peel-activated carbon is a sustainable alternative to replace activated carbons obtained
from lignite materials that come from non-renewable sources.
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