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1. Background

The fourth industrial revolution of the water sector complies
with the objectives of Water 4.0 by employing digital tech-
nology for flexible, reliable, and competitive water manage-
ment [1, 2]. Digitization and automation are used to
promote and strengthen the water-human-data nexus, espe-
cially to maintain efficient wastewater treatment technolo-
gies [3, 4]. The digital support systems allow for collecting
a sufficient amount of data with nonexcessive field sampling
and monitoring [5, 6]. This advantage would further save
time and effort, viz., avoiding workers’ exposure to dust, air-
borne bacteria, and endotoxins, for data collection and
assessment [7, 8]. Because the adsorption process has been
widely used for removing heavy metals, dyes, turbidity, and
organic compounds in wastewater treatment, its perfor-
mance optimization and prediction by advanced modeling
techniques should be comprehensively investigated [9, 10].
Hence, this Special Issue represents the utilization of the
adsorption technique to remove various pollutants from
wastewater, focusing on the application of artificial intelli-
gence techniques to simulate and forecast the pollutants’
removal efficiencies. This Special Issue also attempts to show
that applying the advanced and innovative computational
tools in various adsorption-based wastewater treatment sys-
tems would overcome the drawbacks of conventional model-
ing and statistical methods.

2. Summaries of Accepted Articles

Reynel-Avila et al. [11] represented a review of the artificial
neural network (ANNs) applications for modeling, simula-
tion, and optimization of the adsorption process for organic
and inorganic pollutant reduction. The study demonstrated
that ANN had been widely used in more than 250 papers
reported in the Web of Science® database to predict the
adsorption performance and the related isotherm and
kinetic parameters for either batch or dynamic operation.
The review concluded that the ANN-based modeling of
adsorption systems was efficient for resolving complex
engineering problems due to achieving both technical and
economic advantages.

Yadav et al. [12] used incense stick ash to prepare Ca-
rich zeolite, which was characterized in terms of gismondine
(Ca,Al,Si,0,,9H,0). A computational model was used to
estimate the electronic properties and density of states of gis-
mondine (Ca,Al,Si,0,,9H,0), indicating the successful
synthesis of Ca-based zeolites. The Ca-exchanged zeolite
was further employed to remove heavy metals and alkali
metals from fly ash aqueous phases. The removal efficiencies
of these metals were about 27.6% for Cu, 64.1% for Cd,
80.0% for Cr, 20.5% for Co, 23.4% for Ni, 48.8% for Zn,
73.5% for Ba, 27.6% for Ca, 64.1% for Mg, 32.5% for Mn,
and 62.6% for Al within 120 min adsorption time.
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Kumi et al. [13] represented the application of the pyrol-
ysis process to convert sewage sludge into biochar. The bio-
char elemental composition was modified by adding eggshell
waste, generating an adsorbent suitable for toluene and
xylene (TX) removals. The removal efficiencies of T and X
reached 79.1% and 86.6%, respectively, at pH = 10, biochar
dosage =2 g/L, and initial TX of 40 mg/L for 1 h adsorption
time. The economic feasibility of the proposed adsorption
system was estimated, equivalent to a 6.9 yr payback period.
Isotherm and kinetic models were used for fitting the
adsorption data and suggesting the removal mechanisms.

Alhothali et al. [14] represented the application of artifi-
cial intelligence prediction models and statistical methods to
simulate and optimize the removals of chemical oxygen
demand (COD) and total organic carbon (TOC) via biochar
adsorbent. Biochar was prepared from the pyrolysis of tea
leaves at 700°C for 2h under an inert atmosphere (N, gas).
Each modeling method was composed of 3 inputs (pH, dos-
age, and adsorption time) and 2 outputs (COD and TOC
removals). The highest removal efficiencies of 83.0% for
COD and 98.3% for TOC were achieved at biochar dosage
=25mg/L and pH =10 within 35min. The study demon-
strated that the highest predictive accuracy was maintained
by adaptive neuro-fuzzy interference (ANFIS), followed by
artificial neural network (ANN) and response surface meth-
odology (RSM).

Suditu et al. [15] investigated the application of artificial
intelligence-related models to optimize and predict the color
removal efficiency by adsorption onto activated carbon. The
adsorbent material showed a decolorization efficiency of
39.92%, using the RSM method with optimum factors of bro-
mocresol green color = 5.135 mg/L and adsorbent dosage =
1.58 g/L within 62.74min. An ANN model with 2 hidden
layers was employed to optimize the adsorption process,
improving the decolorization performance to more than 99%.

Mostafa et al. [16] used the adsorption process to remove
organic pollutants (expressed by biochemical oxygen
demand; BOD) from wastewater. For this purpose, zero-
valent iron nanoparticles were prepared and encapsulated
into cellulose acetate, giving CA/nZVI adsorbent. The adsor-
bent material was characterized for surface morphology, ele-
mental composition, and surface functional groups and used
for BOD uptake. The highest BOD removal efficiency was
96.4% at initial concentration = 100 mg/L, 200 rpm agitation,
and 3 g/L CA/nZVI dosage. The adsorption system should
also be operated at a wastewater pH of around 7 within
30 min. Further, the factors affecting the adsorbent perfor-
mance toward pollution reduction were optimized by qua-
dratic regression model and ANN. The highest predictive
performance (R*: 0.972 and Adj-R*: 0.971) was achieved by
the ANN model using 10 neurons in the hidden layer and
“trainlm” learning algorithm as a back-propagation training
function. The proposed models also demonstrated that the
highest influential factor was solution pH followed by adsor-
bent dosage.

We hope that this Special Issue can assist relevant aca-
demic and industry researchers in meeting the requirements
of the Internet of Things (IoT) and the fourth industrial rev-
olution for wastewater treatment by adsorption.
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This study highlights the benefits of optimizing the decolorization of bromocresol green (a colorant/pH indicator widely used in
the industry, whose degradation produces toxic byproducts) by adsorption on active carbon. A set of experiments were planned
and performed based on the design of experiments methodology for the following parameters: the colorant concentration (0.009-
0.045 g/L), the amount of adsorbent (0.5-3 g/L), and the contact time (60-240 min). Modeling and optimization strategies were
employed to determine the working conditions leading to efficiency maximization. Using the response surface methodology,
the optimum values of the primary process parameters were established. In addition, a modified bacterial foraging
optimization algorithm was applied as an alternative optimizer in combination with artificial neural networks in order to
determine multiple combinations of parameters that can lead to maximum process efficiency. Different solutions were obtained
with the considered strategies, and the maximum efficiency obtained was >99%. The study emphasizes that adsorption on
active carbon is an effective method for bromocresol green decolorization in wastewater that can be further improved using

advanced optimization methods.

1. Introduction

For thousands of years, the dyes and the pigments used were
derived from natural sources. Only in the middle of the 19™
century, when the natural resources were insufficient to ful-
fill the increasing demand, did the genuine industry of syn-
thetic dyes and pigments start to grow [1-6]. Nowadays,
the production of dyes and pigments has reached millions
of tons per year [7], and almost every industry is a con-
sumer. On a global scale and in a relatively short time, such
tremendous growth generated massive amounts of air,
water, and soil pollutants [8-11].

Many manufacturing branches generate colored indus-
trial wastewaters such as dye industries, Kraft bleaching, tan-

nery, textiles, pulp and paper, food processing, cosmetics,
and pharmaceuticals [12, 13]. Consequently, over the years,
numerous physicochemical treatments and decolorization
methods have been proposed [14, 15]: coagulation and floc-
culation [16], electrocoagulation [17], adsorption [18-21],
wet oxidation [22], ozonation [23], photochemical degrada-
tion [24], biodegradation [25], and other advanced oxidation
processes [22], with each method having its own advantages
and drawbacks [26]. To be competitive, all these methods
must evolve with the technical progress and the continuous
tightening of the environmental standards and regulations
[27]. In this view, there are a series of directions that focus
on (i) finding new, more effective technologies [28, 29], (ii)
combining existing methods to increase their effectiveness
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[30-33], and (iii) optimizing existing technologies to
increase the efficiency and decrease the operation costs [34,
35].

One of the classical approaches with multiple applica-
tions in the optimization of industrial wastewater treatments
[23, 24, 36-38] is the response surface method (RSM) based
on central composite design (CCD), proposed in the ‘60s by
Box and Hunter [39]. RSM is based on a collection of statis-
tical and mathematical techniques (helpful in developing,
improving, and optimizing processes) that is widely used
to design an experiment, explain the main interaction effects
of the independent variables, and determine the optimal
conditions using a limited number of experiments [40-42].
On the other hand, artificial neural networks (ANNs),
although proposed roughly during the same period as
RSM, has recorded in the latest years a series of break-
throughs that demonstrated their extraordinary potential
to model complex systems with highly nonlinear interac-
tions. Therefore, ANNs have a large area of applicability,
being applied to many fields. Examples in the adsorption
area include (i) ultrasonic-assisted adsorption [43], (ii) dye
adsorption [44], and (iii) heavy metal biosorption [45].
However, despite their advantages and capabilities, ANNs
suffer from several drawbacks related to the model type
and hyperparameter tuning [46, 47], which depend on the
problem’s characteristics. In this context, neuroevolution
(combining ANNs with evolutionary-based algorithms) is a
strategy that can be used to overcome these problems, with
the hyperparameter optimization being performed by the
optimization strategy.

For the optimization step of this study, a population-
based algorithm represented by bacterial foraging optimiza-
tion (BFO) was used. BFO [48] is a bioinspired metaheuris-
tic that mimics the foraging behavior of E. coli. Among the
multitude of nature-inspired algorithms [49], BFO distin-
guished itself as an efficient approach. Its simplicity, ease
of use, and efliciency in solving a wide range of problems
represent the main reasons for selecting BFO from the mul-
titude of algorithms from its class [34] and applying it as an
alternative approach to RSM for optimizing the considered
process. Furthermore, it was successfully applied to various
synthetic [50, 51] and real-world problems [52].

Various types of adsorbents: conventional [53, 54], non-
conventional [55], ion-exchange [56], and biosorbents [57],
were employed in decolorization of dye-polluted wastewa-
ters [58]. Although rather costly, activated carbon is gener-
ally recognized as one of the most efficient adsorbents that
can be successfully used for various colored or noncolored
pollutants [26].

Typically, the chemicals that generate the effluent’s color
absorb light, directly impacting photosynthesis. They also
reduce visibility, making it more difficult for microorgan-
isms to eat or reproduce [59]. Bromocresol green (BCG) is
a member of the triphenylmethane (anionic) family and
has a variety of applications as a pH indicator, DNA tracer,
and tracking dye in the weaving industry (cotton, flax) [60,
61]. However, the three benzene rings’ molecular structure
makes it difficult to degrade once released into wastewater
naturally. As a result, there are numerous studies related to
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its complete removal and/or decolorization using various
methods [62-66]. Among these, two strategies attract much
attention: advanced oxidation processes (AOPs) and adsorp-
tion on activated carbons (AC) or other materials such as
chitin [61] or polymers [67]. The AOPs usually involve
chemically assisted UV irradiation [68, 69] and/or heteroge-
neous photocatalysis [70, 71]. As for the active carbon-based
materials, the focus is on preparing activated carbon from
various low-value natural materials [72, 73] using pyrolysis
and, in some cases, additional chemical activation [34].
Although this method is one of the most cost-effective, the
properties of the resulting AC are highly dependent upon
the conditions under which the raw material is produced
(soil quality, precipitation, temperature, etc.).

As a result, this research focuses on commercial AC with
controlled and repeatable properties. This research is aimed
at evaluating the AC’s capacity for BCG decolorization and
underlining that process optimization using artificial
intelligence-based strategies can improve process efficacy.
In this context, the interaction among three parameters
(the BCG concentration, the amount of adsorbent, and the
contact time) and their influence on the process yield was
analyzed, modeled, and optimized using RSM, ANNs, and
a BFO-based approach. The variant of BFO used in this
work is a modified, improved version. In order to distinguish
between the two versions, the standard algorithm will be
referred to as BFO, while the modified version will be
denoted as iBFO. Graphical response surface and contour
plots were used to identify the best operating conditions.
This work’s novelty consists of applying classic (RSM) and
newer modeling and optimization methods (ANNs, iBFO)
for improving the bromocresol green decolorization using
active carbon. Moreover, to the author’s knowledge, iBFO
has never been applied to such a process.

2. Materials and Methods

2.1. Work Plan. This study is aimed at showing that even
classical and well-known processes (e.g., colorant adsorption
on active carbon) can be improved by using a combination
of (i) standard approaches for planning, modeling, and opti-
mization and (ii) artificial intelligence techniques that com-
bine ANNs with bioinspired metaheuristic optimizers.
Consequently, the knowledge about the considered process
was gathered through experimental analysis and planned
using a design of experiment (DOE) approach. Then, the
process was modeled using two approaches (RSM and
ANNs). Finally, the process optimization was performed
by two distinct strategies (RSM and iBFO). Figure 1 presents
the main workflow of data and the interconnection between
all the applied strategies.

2.2. Materials. BCG powder (analytical purity, supplied by S.
C. ChimReactiv Ltd.) and bidistilled water were used to pre-
pare the dye solutions. Irregular-shape particles of active
carbon, supplied by Romcarbon S.A., were used to perform
the experiments. Before performing the experiments, the
particles were washed several times with bidistilled water
to remove surface impurities, dried at 120°C for 24 h, and
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FiGure 1: Workflow for the application of the different strategies used in this work.

TaBLE 1: The specific surface areas and porous characteristics of
commercial activated carbon.

Physical properties Characteristics Value
BET surface 1403 m*/g
Surface External surface 38 m?/g
Total surface 631 m?/g
Mean pore size 1.62nm
Volume Specific microporous volume  0.48 cm’/g
Total microporous volume  0.66 cm’/g

classified by sieving; the average diameter ranges between 2.5
and 3.15mm.

The main characteristics of the commercial active car-
bon (Table 1) were investigated by Secula et al. [74]. In addi-
tion, for this study, SEM images were registered (Figure 2).
The captured images emphasized the parallel arrangement
of the pores and their size similarity (Figure 2(b)). In addi-
tion, the micropores are perpendicularly placed on the
macropores (Figure 2(a)).

2.3. Experimental Design. In order to determine the optimal
parameters for BCG decolorization, three independent vari-
ables were considered based on the experience of our previ-
ous studies [34, 75]. Table 2 presents the considered
variables, their unit of measure, and the considered range
used in the experimental phase based on DOE.

The UV-Vis spectra and the absorbance values were
recorded using a JASCO V-550 UV-Vis spectrophotometer.
Disposable disc filters of 0.45 ym were used for particle sep-
aration during solution sampling. The morphologies of the
AC particles were observed using a Vega-Tescan scanning
electron microscope.

Following the DOE procedure proposed by Box and
Hunter [39], a minimum number of relevant experiments
were statistically identified (Table 3) and further used in
the experimental analysis.

2.4. Experimental Procedure. Batch adsorption experiments
were performed using 100 mL solution samples with the
required BCG concentration without additional pH adjust-
ments. The solutions were mixed with an adequate amount
of active carbon for a well-defined time, according to the
data presented in Table 3. In order to avoid settling, the
slurry was constantly stirred during all the experiments.

The AC performances were characterized by measuring
the rate of BCG decolorization by adsorption.

Since one of its typical applications is the pH indicator,
the BCG is highly sensitive to pH deviations. The pH
increase from being acidic to basic leads to a color variation
ranging from yellow to green and blue. The UV-Vis spec-
trum of BCG also varies with the pH change. BCG’s acid
and basic forms display an isosbestic point in their UV-Vis
spectrum, around 515nm [68, 76]. Zaggout [76] and Fassi
et al. [68] show that at acidic and natural pH, the most
intense band is at around 614 nm, while at basic pH, the
most intense band is shifted to around 444 nm. The pH sen-
sitivity of BCG, certified by the spectroscopic versatility, is
highlighted in various literature reports. Many authors
working with BCG reported different values of the reference
band (Table 4). Some followed the band at 440 nm, while
others tracked it at 614 nm.

During this study, the absorbance values at 412nm
(Figure 3(a)) were used to analyze the process course. BCG
concentration was calculated from an absorbance versus
concentration calibration curve with an R® value of
0.99677 (Figure 3(b)). It is worth mentioning that the cali-
bration curve failed from linearity when parallel measure-
ments were done at 617 nm (results not shown).

The efficiency of BCG decolorization # (%) was calcu-
lated using the following equation:

BCG - BCG'

, 1
BCG’ @

n[%] =
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FIGURE 2: SEM images of the commercial AC: pore size, shape, and alignment.

TaBLE 2: Designated variables and their variation range for BCG
decolorization with active carbon.

Independent variables Measure units Range Symbol
From To

BCG concentration g/L 0.009 0.045 BCG

Adsorbent amount g/L 0.5 3 AA

Contact time min 60 240 CT

where BCG” and BCG' are the BCG (g/L) concentrations at
the time t = 0 and at the time ¢t =1t.

2.5. Bacterial Foraging Optimization. BFO is an optimization
technique inspired by the foraging behavior of E. coli bacte-
ria. In order to provide solutions to a specific problem, it
simulates the evolution of a series of potential solutions
using a set of specific mechanisms that include chemotaxis,
reproduction, elimination, and dispersal (Figure 4).

All these steps are repeated until a stop criterion is
reached. For the standard BFO, this stop criterion is repre-
sented by the number of dispersal steps (N,4). In this work,
the stop criterion combines two criteria, and the algorithm
stops when one of them becomes true. These criteria are
(i) the number of dispersal steps and (ii) the number of func-
tion evaluations (FEs). The reason for this modification
relies on the fact that FEs can be relatively easily set as a stop
criterion for almost all bioinspired metaheuristics and can be
further used for comparison purposes, while the number of
internal repetitions an algorithm performs does not correctly
show the computational resources consumed versus the effi-
ciency of the solution provided.

As can be observed from Figure 3, there is a close inter-
connection between the steps of the algorithm. The most
iterated step is chemotaxis, which represents the movement

of bacteria from food-scarce areas to affluent areas through
swimming and tumbling. This is done by all bacteria (which,
for the sake of simplicity, will be further referred to as indi-
viduals, and the colony of bacteria will be referred to as pop-
ulation) several times indicated by the N_ parameter. In the
BFO algorithm, the mechanism used for food searching is
associated with the repellent-attraction biological princi-
ple [79].

In the reproduction step, the individuals are sorted based
on their fitness (a function that measures the individual’s fit-
ting to the environment). After that, the best individuals
reproduce, while the worst ones are removed. This is per-
formed N, times, during which the population will be cen-
tered on several clusters and the overall diversity reduced.
Therefore, to simulate the migration of bacteria into a new
environment, with a probability indicated by a parameter
(peq)> some individuals are randomly replaced with new ones
(the elimination-dispersal step).

In the initial BFO, p 4 has a fixed value; therefore, as the
population evolves, the probability of replacing good indi-
viduals is the same as replacing worse individuals. As a
result, individuals located in the vicinity of the global opti-
mum can be replaced with individuals far from the opti-
mum. Thus, potentially good solutions to the problem at
hand can be lost. In order to avoid this aspect, in this work,
Peq is modified adaptively (equation (2)). This modification
represents the main idea of the iBFO variant used in this
work.

fitmin + ﬁtavg
fit, .. + fit

ﬁtmax - ﬁtavg
fit

—fit_. ~

min

,  if the objective is fitness minimization,
min

Pea =

if the objective is fitness maximization,

(2)

max
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TaBLE 3: Designated variables and their variation range for BCG decolorization with active carbon.

Input variables

No. Type! BCG (g/L) , AA (g/L) , CT (min) , Response 71 (%)
Real Coded Real Coded Real Coded
1 01 0.045 1 3.006 1 240 1 27.96
2 02 0.009 1 3.004 -1 240 1 31.94
3 03 0.045 1 3.002 1 60 -1 21.54
4 04 0.009 1 3.002 -1 60 -1 28.95
5 O5 0.045 -1 0.506 1 240 1 13.37
6 06 0.009 -1 0.506 -1 240 1 23.77
7 o7 0.045 -1 0.5 1 60 -1 9.23
8 08 0.009 -1 0.501 -1 60 -1 32.21
9 S1 0.049 0 1.754 o 150 0 18.27
10 S2 0.0051 0 1.752 - 150 44.60
11 S3 0.027 0 1.753 0 259.35 o 28.31
12 S4 0.027 0 1.757 0 40.65 - 16.33
13 S5 0.027 o 3.27 0 150 0 21.23
14 S6 0.027 - 0.23 0 150 0 12.16
15 C1 0.027 0 1.752 0 150 0 21.50
16 Cc2 0.027 0 1.752 0 150 0 21.59
17 C3 0.027 0 1.75 0 150 0 22.50
18 C4 0.027 0 1.754 0 150 0 24.32

'0 = orthogonal design points; S = axial or star points; C = center points. >-1=low value, 1 = high value, 0 = center value, and —a, a = star point value.

TaBLE 4: Literature reported BCG reference bands.

Authors Tracked band (nm) Ref.
Ghaedi et al.; this work 412 [62]; this work
Ozdemir et al. 424 [63]
Salmalian et al. 430 [65]
Khan et al. 438 [73]
Bhanuprakash and Belagali; Murmu et al.; Shokrollahi et al. 442 [60, 64, 77]
Fassi et al.; Fassi et al. 444 [68, 69]
Palazzolo et al. 404 and 617 [78]
Bai et al. 613 [66]
Liu et al. 614 [61]
Chaleshtori et al. 616 [70]
Palazzolo et al. 617 [78]
Ying et al. 620 [71]
Torgut and Demirelli 623 [67]

where fit,,;,, fit,,,, and fit,,, are the minimum, maximum,

min’
and average of the fitness of all individuals in the population.

In order to determine the optimal conditions for the
considered process, two models were considered: (i) the
regression equations determined using the RSM-based
approach and (ii) ANNSs. In the second case, the ANNSs, on
their own, required a series of optimization to determine
their best parameters. Thus, in this work, iBFO is applied
to perform two optimization types: process and model
optimization.

Regarding process optimization, the process parameters
are evolved and then fed into the considered model to gen-
erate the necessary predictions. On the other hand, in the
case of ANN optimization, the necessary ANN parameters
are directly encoded into a vector containing real numbers
and then fed into the iBFO. This encoding is necessary
because iBFO cannot directly work with ANN structures.
Even though in neuroevolution, both topology (structure
and organization of the neurons) and training can be per-
formed by the optimizer, in this work, iBFO performs only
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FIGURE 3: Chemical structure of BCG: (a) UV-Vis spectra and absorbance; (b) concentration calibration curve.
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FIGURE 4: Schema of the BFO algorithm.

a topology determination. The training procedure is the
standard approach used in the Keras framework for the
ANN model implementation in combination with Adam, a
stochastic optimizer based on scaled gradient updates. The
type of model considered is sequential. The entire software
implementation (iBFO and ANNs) was performed in
Python.

3. Results and Discussions

3.1. Response Surface Method. The parameters that directly
affect the efficiency of the decolorization process are BCG,
AA, and CT, as presented in Table 2. In order to study the
combined outcome of these three factors, experiments were
performed, varying their values in carefully chosen intervals
(Table 2), following a statistically designed experimental
routine (Table 3). The experimental results were analyzed
and interpreted using the MINITAB 17.1.0 software pack-

age. The full quadratic model obtained (equation (3)) had
an R? of 90.34% and an adjusted R* of 79.47%.

1[%] = 42.85 - 1741 - BCG - 0.0236 - CT +7.04 - AA
+17631 - BCG? — 0.000056 - CT? —2.72 - AA?
+1.231-BCG-CT +122.1-BCG-AA +0.0154 - CT - AA.

(3)

By setting one parameter at a constant value, preferable
to the value in the middle of the designated interval of vari-
ation, three-dimensional plots (surface plots) were drawn as
presented in Figures 5(a)-5(c).

Such exposure of the parameter variation allows the
visualization of maximum and/or minimum points, which
leads to accurate identification of the optimal values, high-
lighting the impact of the selected parameters on the decol-
orization efficiency.
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FIGURE 5: Surface and contour plots: (a) efficiency vs. BCG (g/L) and AA (g/L) at CT =150 min; (b) efficiency vs. AA (g/L) and CT (min) at
BCG =0.02702 g/L; (c) efficiency vs. BCG (g/L) and CT (min) at AA=1.75g/L.
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FIGURE 6: (a) Three-dimensional response surface displaying the effects of BCG and CT on the process efficiency. (b) Two-dimensional

contour plot showing the effects of BCG and CT on the process efficiency.
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FIGURE 7: (a) Three-dimensional response surface displaying the effects of BCG and AA on the process efficiency. (b) Two-dimensional

contour plot showing the effects of BCG and AA on the process efficiency.
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TaBLE 5: Optimization results obtained with BFO and RSM for typical and extrapolation cases.

Case Sol. no. AA (g/L) CT (min) BCG (g/L) n (%)
1 1.683 81 0.010000 34.2
2 1.830 235 0.010086 34.0

(i) Typical (-1,1 from DOE)* 3 1.632 122 0.010413 339
4 1.819 151 0.010711 33.8
5 1.948 216 0.011115 334
6 1.844 197 0.005111 39.3
7 2.112 212 0.005184 39.1

(ii) Extrapolation (—a, & from DOE)* 8 2.018 99 0.007150 373
9 1.485 123 0.007219 37.1
10 1.162 79 0.007698 36.0

*—a, -1, 0, 1, and & are the coding levels for the values from Table 3.

Efficiency (%)

—o— Experimental
—®— ANN predicted

Exemplars

FIGURE 9: Evolution of the MSE in the training and validation phases for the best model obtained.

TaBLE 6: Optimization results based on the ANN model.

Case Sol.  AA(g/ CT BCG (g n
no. L) (min) L) (%)
1 0.110 4080  0.001730 99.9
2 1.012 3862  0.001490 95.8
(i) Model limits 3 1.188 1813  0.000330 93.0
4 0.188 1737 0.000330 92.5
5 2.771 3551  0.043100 92.3
6 1.777 237 0.009000 45.6
B 7 1.685 235 0.009800 43.9
(ii) (-1,1) from
DOE* 8 1.687 227 0.011010 43.9
9 1.795 238 0.009070 43.8
10 1.353 155 0.027460 37.1
11 1.844 197 0.005111 39.3
12 2.112 212 0.005184 39.1
(iii) (—a, &) from
DOE* 13 2.243 202 0.006830 37.4
14 1.485 123 0.007219 37.1
15 1.162 79 0.007698 36.0

*—a, -1, 0, 1, and « are the coding levels for the values from Table 3.

The 3D (three-dimensional) surface plots and contour
plots were used to graphically describe decolorization effi-
ciency at different values of the main process parameters.
The interactive effect of bromocresol concentration and con-
tact time for an adsorbent concentration of 1.75 g/L is illus-
trated in Figures 6(a) and 6(b). The active carbon performs
better at lower BCG concentrations. The prolongation of
contact time after reaching the equilibrium does not have
positive outcomes towards decolorization efficiency.

The combined effect of AA and BCG after 150 min CT
on the efficiency is depicted in Figures 7(a) and 7(b). It can
be observed that the percentage of adsorbed BCG is
increased with raising the adsorbent dosage especially at
lower BCG values. The growing of the adsorbent amount
besides a 2.5 g/L threshold does not improve the adsorption
yield.

Finally, the evolution of the decolorization efficiency as a
function of the contact time and the adsorbent amount is
presented in Figure 8, where the interactive effect of these
two parameters is studied at fixed values of BCG. As
expected, raising the adsorbent amount and the contact time
leads to an increase in BCG retention percentage.

According to the RSM method, the optimal values of the
considered variables are BCG=5.135E - 03 g/L, AA=1.58
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TaBLE 7: Comparison of several adsorbents’ efficiency in decolorizing BCG.
Adsorbent Considered process parameters Optimization method (;}) Ref.
()
Acid-treated charcoal
. . . 16.85
(ACT) UV irradiation time, catalyst dosage, recycled catalyst dosage. — [73]
Co-adsorbed ACT 40.5
AC derived from rice husk Contact time, temperature, adsorb.ent dosage, pH, and initial . 93 [72]
concentration
Chitin nanofibers Contact time, temperature, adsorb.ent dosage, pH, and initial IBM SPSS statistics; one- 9275  [65]
concentration way ANOVA
Zeolitic imidazolate H, stirring speed, contact time, temperature — 89 [80]
framework (ZIF-11) pHh & speed, ? P
Almond husk pH, adsorbent dosage, contact tlAme, and initial and final o 975  [77]
concentration
Rice straw biochar Biochar, pyrolysis temperature, solution pH, biochar dosage, initial _ 80 (1]
Rice husk biochar dye concentration, and contact time 50
Activated biosorbent pH, agitation speed, contact time, biosorbent dosage, initial dye
. . — 99.99  [64]
Phragmites karka concentration, temperature
Fe304/MIL-§8A Contact time, adsorbent dosage, initial concentration — 70 [82]
nanocomposite
Differential evolution  99.83
Commercial active carbon Contact time, adsorbent dosage, initial concentration RSM 97.77  [75]
Differential search 99.99
RSM 39.3 i
Commercial active carbon Contact time, adsorbent dosage, initial concentration ) This
iBFO >99  work

g/L, and CT =62.74 min that lead to 39.92% process
efficiency.

As observed, there is a complex interdependency
between the process parameters. Therefore, the standard
analysis of the variation of efficiency considering two param-
eters at once does not provide a complete picture regarding
the output parameters’ lowest or highest surface points. Fur-
thermore, since the RSM performs the optimization by set-
ting some parameters fixed and varying only a few (usually
just one parameter), the search space is not efficiently
explored, and there is the possibility that other solutions
can be found. Thus, iBFO was applied to perform an exhaus-
tive search and identify promising high-efficiency regions.

The optimal results attained with this method (39.92%)
are comparable to those reported in other studies focusing
on the decolorization of bromocresol green with different
types of active carbon. For example, in [73], the maximum
efficiency of active charcoal from pine cones doped with
Co was 41.86%.

3.2. Bacterial Foraging Optimization. Two cases were con-
sidered for process optimization using bacterial foraging
optimization: (i) the statistical model determined using
RSM and (ii) an ANN model. However, the determina-
tion of the ANN model is, in its turn, an optimization
problem, and thus, iBFO was also applied for model
optimization. In both the model and process optimiza-
tion, the settings for the iBFO parameters were the
same: N =20, N,=5, N,.,=8, N4=20, and the initial
value for p, =0.25.

3.2.1. RSM-Based Optimization. Using the regression model
determined by the RMS approach (equation (3)), iBFO was
applied to determine if additional optimal points could be
found by thoroughly searching the search space indicated
by the process parameters. To this means, the maximum
process efficiency was identified based on AA, CT, and BCG.

As iBFO is flexible and permits an easy alteration of the
intervals for the process parameters, multiple optimization
cases were considered: (i) typical (when the minimum and
maximum values for the independent variables are identical
to the experiments, coded -1 and 1 from the DOE planning)
and (ii) extrapolation (where the limits are set to —« and «
from the DOE planning). Thus, in each considered case,
ten runs were performed. From the multitude of solutions
(from the vicinity of the optimum) provided by iBFO, for
each case, Table 5 presents the best five combinations of
parameters that optimize the process.

As observed in Table 5, the iBFO algorithm provided
various solutions indicating a high capability of exploring
the search space and finding promising areas. Depending
on the specific requirements at a given time, the end user
or the process manager can select a different optimization
solution. Compared to the RSM approach, the iBFO, in
combination with the statistical model, provided results sim-
ilar in terms of efficiency. However, iBFO generated multiple
solutions in the vicinity of the optimum, indicating that the
interaction between parameters is complex and that different
combinations of parameters lead to the same efficiency.

3.2.2. ANN-Based Optimization. In this case, the iBFO role is
to determine the optimal topology that best fits the
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considered process. The sequential ANNs considered in this
work are trained using a supervised approach, and thus, the
experimental data describing the process is used for hyper-
parameter tuning. However, as the number of experiments
resulting from the standard DOE planning is relatively
small, a series of random experiments were performed to
increase the number of points that can be included in the
training/testing phase. As a result, the efficiency was mea-
sured for a more extended period compared with the DOE
plan. Thus, compared with the RSM strategy, the ANN
model can predict without extrapolating a higher number
of parameter combinations.

In order to perform the model determination, the stan-
dard data processing techniques used in the machine learn-
ing area were applied: (i) data normalization, (ii) data
randomization, and (ii) data splitting. For data normaliza-
tion, all the experimental points were normalized in the
[-1,1] interval to ensure that no specific process parameter
significantly influences the model based on the order of
magnitude for its values. After that, to ensure that training
is not performed on a subgroup of points, the data is ran-
domly assigned to one of the phases: training/testing. The
percentage of training data is 75%, and 25% is for testing.

After data processing, iBFO was applied to determine the
best-suited model. This suitability is measured by the fitness
function, which in the case of ANN determination is repre-
sented by the Mean Squared Error (MSE) in the training
phase. The elements evolved by iBFO are strictly related to
topology (hidden layers and neurons in each hidden layer).
As the current iBFO version works with a population of
fixed dimension, which for the current case corresponds to
a limit on the number of hidden layers, based on a series
of preliminary analyses, it was set to 5. Furthermore, the
activation function for each neuron from the hidden layer
is set to ReLU, while the activation function for the output
layer is linear. Finally, in order to train each identified topol-
ogy, the Adam optimizer was considered.

The best model obtained had two hidden layers with 33
and 22 neurons, respectively. The MSE was 16.14 in the
training phase and 26.7 in the testing phase. The average
absolute error and the correlation were 9.14% and 0.962
for training and 10.73% and 0.961 for testing. A comparison
between the experimental and predicted values for the test-
ing data is presented in Figure 9. As it can be observed, for
most exemplars, the differences are relatively small, indicat-
ing the model’s capability to capture the process efficiently.

iBFO and the determined ANN were then utilized to
optimize the process. Table 6 presents the best five solutions
provided by the model. In this case, two situations were con-
sidered: (i) when the limits for the search are the ones
obtained through the supplementary experiments performed
to expand the dataset, (i) when the limits are set as in the
DOE approach (-1,1), and (iii) when the limits are set to
(—a, ).

As seen in Table 6, the results considering the extended
limits allow the identification of conditions that lead to
~100% efficiency. Regarding cases where the (-1,1) interval
was considered, the solutions provided with the ANN-
based model have a higher efficiency than those obtained

11

with the RSM-based model. On the other hand, for the (-
a, ), the solutions provided had a similar efficiency. There-
fore, the results obtained in this case are similar to those pre-
sented in the literature. For example, in [72], for an active
carbon produced from rice husks, the maximum efliciency
was 93%.

Overall, the results obtained with iBFO when using both
the RSM and the ANN-based models indicate that the opti-
mizer can explore the search space and identify distinct solu-
tions in the vicinity of the optimum. Furthermore, this
variety can support a large area of use cases where a specific
parameter can be limited within the desired interval (consid-
ering a maximum efficiency and a minimization of con-
sumed resources).

3.3. Comparison with Other Adsorbents. Several adsorbents
have been used for BCG decolorization/removal from waste-
water. Most of them are active carbons/charcoals prepared
from various lignocellulosic biomass. Chitins, polymers,
and various nanocomposites were also used, as presented
in Table 7.

Most authors report the direct influence of individual
process parameters on decolorization efficacy, such as adsor-
bent dosage, contact time, initial BCG concentration, pH,
and temperature. However, only a few show optimization
studies that report the conjugate influence of the process
parameters and classify them in order of their significance
for the process.

4. Conclusions

This study applied various modeling and optimization strat-
egies to BCG decolorization on commercial activated carbon
with the scope of demonstrating that the application of new
approaches from the artificial intelligence area can provide
optimal solutions. The methodologies included conventional
(RSM) and nonconventional artificial intelligence methodol-
ogies (ANNs and a modified version of bacterial foraging
optimization). iBFO was utilized as an optimizer for the
model and process, with its adaptability and capabilities sub-
stantiating the favorable results obtained.

First, in order to consume the minimum resources (time,
chemicals, etc.), the DOE methodology was applied to pro-
gram a minimal number of statistically relevant experiments.
Then, the most used strategy encountered in literature
(RSM) was applied. Using the MINITAB 17.1.0 software
suite, the findings were analyzed and interpreted and a sta-
tistical model was determined and then used for process
optimization, with the maximum efficiency obtained being
39.92% at BCG=5.135E-03g/L, AA=1.58¢g/L, and CT
=62.74 min. Compared with the experimental data
obtained for the [-a, «] DOE limits, this optimal value is
close, but lower. This can be explained by the RSM-based
model error (R* = 90.34%). These results point out that this
approach is not able to find better solutions.

To further test if the issue of not finding better solutions
than the experimental data is related to the optimization
strategy or to the model, the statistical model was applied
in combination with iBFO. While the maximum efficiency
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obtained was similar when using the same statistic model,
iBFO could find multiple distinct combinations of parame-
ters that lead to the same efficiency. This proved the capabil-
ity of the optimizer to explore the search space efliciently
and identify the regions with promising potential (local
and global minima). These results also pointed out that
within the considered DOE limits of [-a, a, a higher effi-
ciency could not be obtained.

Thus, a series of additional random experiments were
performed and, together with the DOE plan, were used to
determine an ANN model. First, its optimized topology (2
hidden layers with 33 neurons in the first one and 22 neu-
rons in the second one) was identified using the iBFO
approach. Then, it is applied to optimize the process consid-
ering different limitations for parameters. In this case, condi-
tions that lead to >99% efliciency were identified, proving
that even the classical processes can be further improved
when good strategies are applied.

The strategy of starting with standard approaches and
then when they fail to provide improved solutions to replace
them with novel strategies from the area of artificial intelli-
gence demonstrated that process modeling and optimization
are not a straightforward fit-all approach and that there are
cases where multiple variants must be tested before reaching
an acceptable solution. The good results of the current case
study pave the way for the advanced optimization of other
types of processes, with a significant economic and industrial
impact.
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Predicting the adsorption performance to remove organic pollutants from wastewater is an essential environmental-related topic,
requiring knowledge of various statistical tools and artificial intelligence techniques. Hence, this study is the first to develop a
quadratic regression model and artificial neural network (ANN) for predicting biochemical oxygen demand (BOD) removal
under different adsorption conditions. Nanozero-valent iron encapsulated into cellulose acetate (CA/nZVI) was synthesized,
characterized by XRD, SEM, and EDS, and used as an efficient adsorbent for BOD reduction. Results indicated that the medium
pH and adsorption time should be adjusted around 7 and 30 min, respectively, to maintain the highest BOD removal efficiency
of 96.4% at initial BOD concentration (C,) = 100 mg/L, mixing rate = 200 rpm, and adsorbent dosage of 3 g/L. An optimized
ANN structure of 5-10-1, with the “trainlm” back-propagation learning algorithm, achieved the highest predictive performance
for BOD removal (R*: 0.972, Adj-R*: 0.971, RMSE: 1.449, and SSE: 56.680). Based on the ANN sensitivity analysis, the relative
importance of the adsorption factors could be arranged as pH > adsorbent dosage > time = stirring speed > C,. A quadratic
regression model was developed to visualize the impacts of adsorption factors on the BOD removal efficiency, optimizing pH at
7.3 and time at 46.2min. The accuracy of the quadratic regression and ANN models in predicting BOD removal was
approximately comparable. Hence, these computational-based methods could further maximize the performance of CA/nZVI
material for removing BOD from wastewater under different adsorption conditions. The applicability of these modeling
techniques would guide the stakeholders and industrial sector to overcome the nonlinearity and complexity issues related to the
adsorption process.

1. Introduction

Recently, adsorption has been employed in several types of
research as an efficient and reliable process for wastewater treat-
ment [1-3]. The adsorption systems neither consume a lot of
electricity nor generate large amounts of sludge [4, 5]. More-
over, the adsorbent material could be appropriately synthesized
to provide effective adsorption sites to capture the pollutants

from wastewater [6, 7]. However, the adsorption process is
highly influenced by several operational factors such as time,
pH, and mixing speed [8]. The correlation between these envi-
ronmental factors and pollutant removal efficiency could be
described by nonlinear and complex modeling methods [9].
Hence, more studies are required to investigate the applicability
of various statistical tools and artificial intelligence techniques
for predicting adsorption performance.
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Artificial neural network (ANN) models have been used
in recently published studies as a proper method to describe
the adsorption performance in relation to operational condi-
tions [10-12]. The architecture of ANN is composed of mul-
tiple processing elements (or units) arranged in layers. These
units, known as neurons, are highly interconnected and
work in parallel to solve complex problems and get relevant
relationships among the input attributes. For instance, Mah-
moud et al. [13] found that an ANN model could simulate
and predict phosphate removal in adsorption experimenta-
tion, showing a predictive accuracy of R*: 0.976. Several
operational factors such as solution pH, adsorbent dosage,
and mixing speed were used in the adsorption process,
showing that pH was the most influential attribute [13].
Hamdy et al. [14] also demonstrated that the removal effi-
ciency of methylene blue (MB) dye from wastewater could
be explained by several adsorption factors incorporated into
an ANN model (R%: 0.931). These input attributes included
medium pH, initial MB level, and adsorption time; among
them, time was the most influential factor [14].

Several researchers have also used regression models and a
combination of statistical tools to predict the treatment perfor-
mance under different operational factors. For example,
Fawzy et al. [15] used a quadratic regression model to predict
the Ni(II) removal efficiency via adsorption onto plant bio-
mass. The quadratic equation described the correlation
between Ni(II) and several inputs (e.g., pH, biomass dosage,
and adsorption time) with high predictive accuracy of R* =
0.837 [15]. Their study demonstrated that the statistical
model could appropriately illustrate the interaction among
the input parameters and the shape of the input-output
curve [15]. In another study, Fawzy et al. [16] employed a qua-
dratic model to predict the Cd(II) removal efficiency via adsorp-
tion onto Gossypium barbadense waste. Total Cd(II) removal
was achieved under the optimized condition of pH = 7.61, bio-
sorbent diameter = 0.125-0.25mm, and biosorbent dosage =
24.74 g/L within 109.77 min at initial Cd(II) = 50 mg/L [16].

Given the aforementioned aspects, the application of the
computational approaches to describe the adsorption pro-
cess is an essential point of research. However, further inves-
tigations are required to verify the implementation of ANN
and quadratic models to predict organic matter removal.
This objective would offer a feasible and sustainable approach
to domestic wastewater treatment.

Hence, this research focused on predicting and optimiz-
ing the BOD removal performance in adsorption experi-
mentation by a computational-based approach (quadratic
regression and ANN models). In particular, the study objec-
tives are fourfold: (1) characterization of adsorbent material
synthesized by the entrapment of nanozero-valent iron into
cellulose acetate polymer (CA-nZVI), i.e., this material has
been widely used in the adsorption system due to its proper
mechanical strength, thermal stability, and accessibility; (2)
use of the CA-nZVI adsorbent to reduce organic matter
from wastewater, expressed by BOD, i.e., BOD is considered
the standard criterion for assessing the organic pollution of
domestic wastewater; (3) describe the influence of various
adsorption factors, i.e., pH, adsorbent dosage, time, mixing
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rate, and initial BOD concentration (C,), on BOD removal
efficiency; and (4) employ computational techniques, i.e.,
ANN and polynomial regression models, to predict and
optimize the adsorption process.

2. Materials and Methods

2.1. Preparation of Adsorbent Material. For preparing an
iron solution, around 0.0037 M of ferric chloride hexahy-
drate (FeCl;-6H,0; 98.5% pure, Arabic lab.) was dissolved
in 60 mL of a mixture of 4 (ethanol; C,H,O, 95% pure,
World Co.) 1 (deionized water). In parallel, 0.7564 g
of reducing sodium borohydride (NaBH,; 99% pure, Win
lab.) was dissolved in 200 mL of deionized water to pre-
pare the NaBH, solution. Further, the reducing NaBH, solu-
tion was placed in a burette and added drop by drop into the
prepared iron solution. Black iron nanoparticles precipitate
as a result of the direct reaction (Equation ((1)). The iron
nanoparticles, known as nZVI, were then washed with dis-
tilled water and dried at 75°C for 5 h:

2FeCly(aq) + 6NaBH, (aq) + 18H,0 — 2Fe’(s)

+21H,(g) + 6B(OH),(aq) + 6NaCl(aq). @

Further, the prepared nZVI was capsulated into cellulose
acetate (CA; 99%, Oxford) polymer, using the phase inver-
sion approach [17]. Briefly, at room temperature, 4 g of CA
was dissolved in 25 mL dimethylformamide (DMF; 99.99%,
Fisher Chemical) solution and then mixed at 300 rpm until
complete dissolution (within approximately 60 min). About
0.4 g of nZVI was mixed into the dissolved CA solution for
10 min before being cast into a gelation bath. The prepara-
tion of the gelation bath included 2L of nonsolvent distilled
water, 2wt% DMF, and 0.2wt% sodium lauryl sulphate
(SLS). The prepared CA/nZVI beads (around 3-4mm in
diameter) were collected and washed with distilled water
and then used for the adsorption experimentation.

2.2. Preparation of BOD Containing Solution (Adsorbate).
Raw wastewater samples were collected from a sewage treat-
ment plant located in New Cairo, Egypt. The samples were
analyzed for BOD and subjected to different dilution regimes
with ultrapure water. Working stock solutions with BOD
concentrations of about 100, 200, 300, 400, and 500 mg/L
were prepared and used for the individual experiments.

2.3. Batch Studies on Adsorption. Batch experiments were
conducted to determine the effects of adsorption factors on
the BOD removal efficiency. For this objective, a one-fac-
tor-at-a-time approach was used to prepare the batch assays
statistically (Table 1). The factors (pH, CA/nZVI dosage,
time, stirring rate, and C,) and the associated range values
were selected following the approaches of previous studies
[18-20]. After each experimental run, the percentage of
BOD removal (R) and the quantity of sorbed BOD were cal-
culated by Equations (2) and (3). All tests were performed in
triplicate, and the average values were recorded:
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TaBLE 1: Operating conditions of batch adsorption experiments for BOD removal.

Experimental assay pH Dosage (g/L) Time (min) Stirring rate (rpm) C, (mg/L)
Effect of pH 3-11 3 25 200 300
Effect of adsorbent dose 7 1-5 25 200 300
Effect of contact time 7 3 5-60 200 300
Effect of stirring rate 7 3 25 100-500 300
Effect of BOD concentration 7 3 25 200 100-500

R(%):(%)xloo, (2)

0

(CO - Ce>V

IV, ®)

q, (mg/g) =

where C, and C, refer to the initial and equilibrium BOD con-
centrations (in mg/L), respectively, q, represents the equilib-
rium adsorption capacity (mg/g), V is aqueous phase volume
(L), and M represents the adsorbent’s dry mass (mg).

2.4. Analytical Analysis. The concentrations of BOD in the
aqueous solutions were determined using the procedures of
Standard Methods for the Examination of Water and Waste-
water [21]. An X-ray diffractometer (PANalytical’s, X’Pert
PRO MRD, Netherlands) was used to determine the X-ray
diffraction (XRD) patterns of the synthesized nZVI. The
XRD equipment was operated with current and voltage
levels of 30 mA and 40 KkV, respectively. A copper (Cu)
K-alpha radiation with a wavelength (1)=1.5406 A
was used to record the XRD patterns in a 40-90° range (step
size of 0.02°) [14]. The XRD spectra were used to estimate
the crystallite size of the prepared nanoparticles, following
Scherrer’s formula:

Pt @

where D is the average crystal size, K is the nanoparticle
shape factor, 0 is the peak diffraction angle, § is pure diffrac-
tion broadening, and A is the X-ray wavelength.

The nanoparticles’ surface morphology was measured by
a scanning electron microscope (Philips SEM, Quanta 250
field emission gun (FEG), USA). The elemental composition
of nZVI was analyzed using energy-dispersive spectroscopy
(EDS) in conjunction with SEM at a high magnification of
16kx. For determining the pH at the point of zero charge
(pHpyc), the solution pH was incrementally adjusted from
2 to 12 using either 1N H,SO, or 1N NaOH (pH,) in a
100 mL Erlenmeyer flask. About 0.1g of nZVI was added
to the flasks and kept at 23°C for 24 h, and then, the final
pH readings were recorded (pHy).

2.5. Computational-Based Studies

2.5.1. Artificial Intelligence Neural Networks. Figure 1 shows
the ANN architecture used to predict BOD removal from a
given dataset of five input variables (pH, adsorbent dose,
time, stirring rate, and C,), forming 25 experimental runs.

The ANN model is composed of three subsequent layers, i.e.,
an input layer with 5 neurons, a hidden layer with multiple
neurons (m), and the last layer with a single neuron. Each
node in the hidden layer is interconnected with a number of
weighted signals from the neurons of the 5-length input vector
(Psy)- In particular, the inputs were weighted using a m x 5
weight matrix (W) and summed up, giving the formula
of ZW s - Ps. ;. This expression was added to a m-length bias
(b,,41)> and then, a tangent sigmoid (tansig) transfer function
was employed to generate an output; a,,,; = tansig(ZW . -

P., +b,,,). This output was weighted using a 1 x m weight
matrix (W), and then, a 1-length bias (b,,;) was added.
Finally, a linear (purlin) transfer function was used to generate
a single neuron in the output layer using the formula of a,,,
=purlin(EW,, - d,q + b15y)- The “tansig” transfer func-
tion limits the output between —1 and +1, whereas the “purlin”
function generates outputs in the —co to +co range [22]. The
ANN output was compared with the actual BOD removal effi-
ciencies, and the network weights and biases were adapted
until reaching the best predictive performance. The total data
describing the inputs-target correlations were randomly sepa-
rated into three subgroups: training (70%), validation (15%),
and testing (15%).

During the ANN learning phase with a back-
propagation technique, the weights and biases were adjusted
using several epochs (trials). The mean squared error (MSE)
between the ANN output and measured BOD removal
reached its minimum value at the best network performance.
This feed-forward ANN model was used for its simplicity
(no cycles or loops) to describe complex input-output rela-
tionships and to cope with the weighting adjustment issues
[23]. In this study, the number of neurons (m) and the train-
ing algorithms were optimized to develop the most suitable
ANN architecture. The MATLAB (R2015a) software was
used to perform all the ANN computations.

2.5.2. Regression Analysis. A quadratic regression model
(Equation (5)) was developed to predict BOD removal and
estimate the optimum adsorption condition. Moreover, the
results of the polynomial model were used to visualize the
correlation between BOD removal and the adsorption fac-
tors. The model parameters were estimated based on the
least square method [24] to fit the BOD removal data. The
goodness-of-fit criteria (R* and Adj-R?) were used to assess
the predictive accuracy of the quadratic model [25]. The ¢
-test was used to verify the significance level (a=0.05)
among the adsorption variables [26]. The MATLAB
(R2015a) software was used to conduct all the statistical cal-
culations:
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F1GURE 1: Flowchart of feed-forward back-propagation ANN model for predicting BOD removal efficiency using five adsorption factors, i.e.,
solution pH, CA/nZVI dosage, time, stirring speed, and initial BOD concentration.

Y = By + B,(x:) + By(x)” (5)

where Y is the BOD removal efficiency predicted using the
inputs (x;), 3, is the model intercept, and 8, and f3;; represent
the constants associated with the linear and squared forms of
the inputs, respectively.

3. Results and Discussion

3.1. Characterization of nZVI. Figure 2(a) shows the XRD
pattern in the 20 range of 40-90" for the prepared nZVI.
Two peaks were recorded at 20 =~ 44.6 and 64.9° for planes
Fe (110) and Fe (200), respectively. The results of XRD dem-
onstrated the dominance of zero-valent iron (Fe°) in the pre-
pared nanoparticles. Comparable XRD peaks related to
nZVI characterization have been reported elsewhere [13,
27]. Based on Scherrer’s equation, the particle size of the
prepared nZVI adsorbent ranged from 23 to 59 nm, obeying
the results provided by the SEM morphological study
(Figure 2(b)). In particular, the SEM image of the synthe-
sized nZVI showed a heterogeneous and irregular pore
structure with particle sizes ranging from 33 to 56 nm. Addi-
tionally, many pores were observed in the prepared nano-
particles, facilitating the diffusion and mass transfer of
molecules inside the nanomaterial [28]. The SEM image also
showed the presence of larger nanoclusters (agglomerated
particles), which could be assigned to the magnetic forces
existing between the iron nanoparticles. Similar chainlike
aggregates and surface tension properties have also been
reported while preparing the nZVI material [29]. The EDS
analysis observed the presence of iron, gold, and oxygen

with an elemental weight content of 51.49%, 34.53%, and
13.98, respectively (Figure 2(c)). The oxygen element could
be generated from the oxidation reaction with air and/or
water in the outer layer of nZVI. The oxide formation on
the nanoparticles’ surface layer has also been reported [30].
Moreover, the detection of the Au signal in EDS could assign
to the sample coating with a gold layer, following the labora-
tory analytical procedure [31]. The plot of ApH versus pH,
indicated that the pHp,- of nZVI could be determined
around 7.5 (Figure 2(d)). At this pHp,, the net surface
charge of nZVI became zero, where the nZVI surface would
be positively charged at pH < pHy, and negatively charged
at pH > pHp,- [32]. Moreover, at pH > pHy,, the nZVI
particles could partially disaggregate because of surface
charge repulsion [33].

3.2. Effect of Operating Conditions on BOD Removal. The
BOD removal efficiency varied considerably in response to
the change in the adsorption factors (Figure 3). For instance,
adapting the solution pH to 7-8 would provide a suitable
condition for BOD reduction (Figure 3(a)). This pH range
complied with the pHp, ., supporting the involvement of
strong attractive and binding forces to remove organic
impurities. Moreover, the optimum pH condition would
facilitate the generation of hydroxyl radicals (OH) to
degrade and oxidize a series of organic compounds [29].
However, decreasing the pH level below pH,,- was associ-
ated with unsatisfactory BOD removal, probably due to the
dissolution and/or separation of Fe from nZVI [34]. The
BOD removal efliciency was also maximized (above 90%)
at pH of 7 in an adsorption process using mixed adsorbent
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F1Gure 2: Characterization of the prepared CA/nZVI adsorbent (a) XRD, (b) SEM, (c) EDS, and (d) pHp.

carbon [35]. Their study also demonstrated that the alka-
line condition (pH >pHp,-) would promote the abun-
dance of OH™ ions to hinder the diffusion of organic
ions [35].

The BOD removal efficiency was also enhanced by
increasing the CA/nZVI dosage for the 1-5g/L range
(Figure 3(b)). For instance, the BOD removal efficiency
improved from 66.3% to 83.2% when the CA/nZVI dosage
increased from 1.0g/L to 5.0g/L, respectively. Increasing
the adsorbent dosage provided more vacant sites to capture
large amounts of organic ions. Similar behavior was
observed for organic matter removal via an adsorption sys-
tem with wood fly ash (adsorbent), showing an increase in
BOD removal from 4 to 24% with elevating the dosage from
20 to 160 g/L, respectively [36]. Their study demonstrated
that raising the adsorbent dosage was accompanied by
greater surface area and carbon content, finally promoting
higher sorption of organic pollutants [36].

The adsorption time within the range of 5-60 min also
influenced the BOD removal efficiency (Figure 3(c)). A
high BOD reduction (61.5%) occurred rapidly within the
first 10 min, assigning to the availability of a large number
of vacant sites at the initial stage. This BOD removal
reached 76.8% after 25min and then slightly increased to
81.2% after 60min (Figure 3(c)). It could be observed that
the adsorption process started to reach the equilibrium
state after 25min due to nZVI saturation. This time was
shorter than 60min used to remove BOD with an effi-
ciency of 91.3% via adsorption onto green synthesized
nanomaterials [37].

The BOD removal efficiency also varied according to the
rate of mixing nZVI particles in the aqueous solutions
(Figure 3(d)). The mixing speed of about 200-300 rpm was
suitable to improve BOD removal due to facilitating the
transfer and diffusion of organic ions through the nZVI
pores. However, increasing the mixing speed over 300 rpm
would not be recommended in the adsorption process, prob-
ably due to further desorption of the captured contaminants
under fast agitation. Moreover, the operational cost of the
adsorption system would be expensive due to the surplus
electricity input to reach 500 rpm.

The results in Figure 3(e) depict that increasing C, in the
100-500 mg/L range was associated with a drop in BOD
removal from 96.4% to 61.5%. Most vacant adsorption sites
are available for entrapping organic ions at low C,, in agree-
ment with previous results [27, 37, 38]. Increasing C, tends
to provide a driving force to overcome the mass transfer
resistance of solute onto nZVI. However, at a high C, condi-
tion, the adsorption capacity of nZVI would suffer from
increased competition among organic ions and blockage of
the available active sites [10]. This finding verifies the slight
reduction in the adsorption performance at an excessive C,.

3.3. BOD Removal by Different Adsorbents Reported in the
Literature. Table 2 includes the removal efficiencies of
BOD using various adsorbent materials reported in the liter-
ature compared to CA/nZVI applied in this study. For
example, Mahmoud et al. [37] used soft black tea to prepare
nZVI, which removed 91.3% of BOD at pH 8, stirring rate
200rpm, and adsorbent dosage 3.2g/L within 60 min. To
avoid the unmanaged disposal of wood residues, Laohapra-
panon et al. [36] used wood fly ash to remove BOD via batch
sorption experiments. Their study achieved BOD removal of
24% using an ash dosage of 160 g/L within 20 min. Due to its
high carbon content and quite accessibility, date palm waste
was used to prepare activated carbon, which is further
employed for organic matter adsorption [39]. Their study
showed that 1g/L of this activated carbon could eliminate
92.8% of BOD at pH=6.0, agitation rate =400rpm, and
25°C within 150 min [39]. It could be noticed that nZVI
exhibited higher BOD reduction than the application of agri-
cultural wastes. This finding could be assigned to the dual
effects of adsorption and degradation caused by nZVL.

3.4. Isotherm and Kinetic Studies. Three isotherm models
were used to describe the adsorption equilibrium between
organic pollutants and CA/nZVT (Figure 4(a)). These models
were Langmuir [40] (Equation (6)), Freundlich [41] (Equation
(7)), and Tempkin and Pyzhev [42] (Equation (8)):

(6)
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F1GURE 3: Influences of adsorption factors on BOD removal efficiency: (a) solution pH, (b) adsorbent dosage, (c) contact time, (d) stirring

rate, and (e) initial adsorbate concentration.

log (0= () log (C) +og Ky, ()

q,=BrIn (Ar) +BrIn (C,), (8)
where g, is the number of biological pollutants adsorbed in the
form of BOD at equilibrium per gram of CA/nZVI (mg/g) cor-
responding to the equilibrium BOD concentration (C,, in mg/
L), Q,, (mg/g), and K; (L/mg) which are the Langmuir model
parameters, 1/n and K  ((mg/g) (L/mg)""™) are the Freundlich
model parameters, and B (J/mol) and A (L/g) are the Temp-
kin and Pyzhev model parameters.

Table 3 lists the values of isotherm parameters and the
corresponding fitting accuracies (R* values). A low R* of
0.881 obtained by fitting the adsorption data to the Lang-
muir model suggested that BOD removal by nZVI could
not follow the monolayer adsorption hypothesis [43]. The
Freundlich model achieved a sufficient fitting accuracy
(R*=0.994) to describe the adsorption isotherm. This
goodness-of-fit indicates that multilayer adsorption and het-
erogeneous sites could facilitate BOD removal by CA/nZVI
[44]. The 1/n and K values were 0.285 and 23.014 (mg/g)
(L/mg)"", indicating that the adsorption of organic ions
onto CA/nZVI was preferable under the experimental con-
ditions. A high R* value (0.985) was also observed using
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TaBLE 2: Removal efficiencies of BOD using various adsorbent materials reported in literature.

Experimental factor

Adsorbent Adsorbent dosage C, Time  Stirring rate eﬂifiieemngva(lty) Reference
(g/L) P (mg/L)  (min) (rpm) y e
Wood fly ash 160 14 15001 20 600 24 Laohaprapanon
et al. [36]
FeSO,-7H,0 coagulant 2.0 5 25500 30 200/50 78 Hossain et al. [46]
nZVI from black tea extract 32 80 365 60 200 91.3 Mahm[g‘;? etal
Activated carbon prepared from date 10 6.0 14 150 400 92.8 Nayl et al. [39]
palm waste
CA/nZVI 3.0 7.0 100 30 200 96.4 This study
Mixed adsorbent carbon 35 7 505 150 600 99.1 Devi aFi]D ahiya
Commercial activated carbon 40 2 505 180 600 99.5 Devi aF?:is]D ahiya
120 90
804 L L == a
- _--O _O--—-—
100 - L. o] /n’g,n
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FIGURE 4: Fitting of adsorption data to (a) isotherm models and (b) kinetic models.
TaBLE 3: Results of isotherm and kinetic studies for BOD removal by CA/nZVT adsorbent.
Model Parameter Fitting formula Fitting accuracy (R?)
Q,, = 88.496 mg/g
Langmuir isotherm K, =0.155L/mg Q,=13.755C,/(1+0.155C,) 0.881
R; =0.013-0.060
Freundlich isoth 1/ =0.285 =23.014C,02% 0.994
reundlich 1sotherm K, =23.014 (mg/g) (L/mg)l/n Q =23 e .
. . B =17.009 J/mol B
Tempkin and Pyzhev isotherm A;=1.630L/g Q, =17.009In(1.630C,) 0.985
ineti Q. = 42.442 mg/g = 42.442[1 - exp (~0.079¢
Pseudo-first-order kinetic k. =0.0791/min Q 442[1 - exp (-0. )] 0.997
Pseudo-second-order kinetic Q. =86.207 mg/g Q; =23.202t/(1 + 0.269¢) 0.984

k, =0.003 g/mg/min
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TaBLE 4: Determining the best ANN predictive performance by adapting the number of hidden layer neurons and the back-propagation

learning algorithm.

ANN structure  Back-propagation learning algorithm

Coefficient of determination (R?)

Goodness of fit

Training  Validation  Testing R? Adj-R*>  RMSE SSE

5-3-1 trainlm 0.992 0.579 0.931 0.740 0.730 3.067 254.000
5-5-1 trainlm 0.174 0.980 0.830 0.198 0.168 3.088 257.500
5-8-1 trainlm 0.908 0.955 0.910 0914 0911 2.207 131.500
5-10-1 trainlm 0.975 0.926 0.998 0.972 0.971 1.449 56.680

5-15-1 trainlm 0.752 0.430 0.819 0.741 0.731 4.103 454.500
5-20-1 trainlm 0.992 0.994 0.684 0.910 0.908 2.831 216.400
5-10-1 trainbfg 0.960 0.992 0.924 0.960 0.949 1.729 80.690

5-10-1 traingdm 0.228 0.598 0.399 0.246 0.218 2.359 150.200
5-10-1 traingda 0.823 0.740 0.968 0.824 0.819 3.175 272.300
5-10-1 traincgb 0.169 0.441 0.027 0.127 0.095 10.940  3234.000
5-10-1 traincgf 0.835 0.918 0.507 0.815 0.809 3.762 382.100
5-10-1 trainoss 0.904 0.891 0.982 0.906 0.903 2.696 196.200
5-10-1 trainscg 0.000 0.005 0.264 0.000 -0.037 10.290  2860.000

the Tempkin and Pyzhevisotherm model, signifying a good
fit with the experimental data. The estimated Tempkin and
Pyzhev parameters (B = 17.009 J/mol ; A = 1.630 L/g) were
assigned to the occurrence of physical adsorption and uni-
form distribution of bounding energies for BOD removal.

The pseudo-first-order (PFO) (Equation (9)) and
pseudo-second-order (PSO) (Equation (10))) kinetic models
[45] were used to quantitatively describe the kinetic adsorp-
tion of organic impurities onto CA/nZVI:

ko, (9)

2.303

log (q, — q,) =log (q,) -

t 1 1
= 4

= 10
9, kyxq; 9, (10)

where k; (1/min) and k, (g/mg/min) are the PFO and PSO
constants, respectively, and g, (mg/g) and g, (mg/g) repre-
sent the amount of adsorbed molecules at time ¢ and equilib-
rium, respectively.

The plot of g, vs. t shows the applicability of the adsorp-
tion kinetic models for fitting the experimental data
(Figure 4(b)). This fitting reveals that the interaction
between organic pollutants and CA/nZVI for BOD removal
is influenced by the physisorption and chemisorption path-
ways. In another kinetic adsorption study [39], a chemisorp-
tion reaction was dominant for removing BOD by activated
carbon. Hossain et al. [46] also demonstrated that the
removal of BOD from palm oil mill effluent by coagula-
tion/adsorption using FeSO,-7H,O followed the PSO kinetic
modeling.

3.5. Artificial Neural Network (ANN) for
Adsorption Computation

3.5.1. ANN Optimization. Table 4 lists the predictive perfor-
mances of several ANN structures derived by altering the
number of hidden layer neurons and the back-propagation

learning algorithm. The input layer (with 5 neurons)
received data from the five adsorption factors. Only one hid-
den layer was used in these ANNs to avoid an overcomplex
network’s architecture and obey the optimality criterion
(e.g., save computational cost, minimize MSE, and fasten
the learning speed). The output layer included a single node,
and hence, the ANN configuration could be expressed as 5
—-m— 1. The network performance was unsatisfactory for
small m, probably due to a lower learning capability caused
by the insufficient computational neurons. It was also found
that 10 neurons yielded the highest R* values, where a fur-
ther increase in the number of neurons would cause more
fitted functions and prolong the computation time. Hence,
local minima or overfitting might affect the ANN training
process by either elevating or lowering the number (m)
beyond 10 neurons, finally leading to an imprecise fit. More-
over, Levenberg-Marquardt (trainlm) yielded the best
goodness-of-fit statistics compared with other learning algo-
rithms. The “trainlm” training function is one of the fastest
back-propagation algorithms to adapt the weight and bias
values [22]. Although some functions such as “trainbfg”
showed high R? values for the training dataset, R* of the val-
idation and testing procedures were unsatisfactory. Accord-
ingly, the “trainlm” training function with m =10 neurons
was selected for the optimized network configuration.

3.5.2. ANN Training, Validation, and Test. During network
optimization, the predictive accuracies for the training, vali-
dation, and testing processes were recorded (Figure 5(a)). In
these figures, the theoretical and best regression fittings are
given by the dashed and solid lines, respectively. These pro-
cesses showed R? values of 0.975, 0.926, and 0.998 for the
optimum ANN structure (5-10-1), respectively. The overall
R? value was 0.972, in which the ANN model would explain
97.2% of variability within the BOD removal efficiencies via
a linear regression model. Figure 5(b) shows the validation
checks during training that stopped at epoch number 6. This
epoch corresponded to a validation check of 6, in which the
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proportions, respectively.

errors were repeated six times before the process termina-
tion. During the 6 error repetitions (Figure 5(c)), the
MSE of the training dataset dropped due to the fact that
“trainlm” is an efficient algorithm to improve the learning
of ANN subjected to complex relationships [47]. For
instance, the ANN parameters (weights and biases) were
appropriately adjusted during training. The validation
curve initiated to rise after epoch 0, giving the best valida-
tion performance at the minimum MSE of 8.644. Based on
the validation plot, the ANN model would overfit the data

after epoch 0, giving unsatisfactory generalization power.
The testing curve gradually declined until epoch 2,
followed by a slight rise; where the MSE between the pre-
dicted and target outputs increased. The MSE of the test-
ing dataset implied that the ANN model could predict
BOD removal using new input records not seen during
training and validation. Based on the network perfor-
mance during training, validation, and test, the optimum
weights and biases were determined at epoch 0 to give
precise results when importing new input data.
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TABLE 5: ¢ statistics and p values for coefficients of the quadratic regression model to predict BOD removal efficiency. Significant level at
p < 0.05. Goodness-of-fit indices are R? = 0.973 and Adj-R* = 0.959, with MSE = 3.096 and DFE = 18.

Variable Beta SE t ratio Prob > |¢| Effect
Constant By: 33.0635 9.049 3.654 0.002 Significant
pH B,: 6.2763 1.202 5222 0.000 Significant
Dosage B,: 6.2479 2.070 3.019 0.007 Significant
Time B5:1.7217 0.123 14.022 0.000 Significant
Rate B,4:0.0496 0.027 1.805 0.088 Insignificant
C, Bs: -0.1421 0.021 -6.866 0.000 Significant
pH x pH By -0.4274 0.084 -5.110 0.000 Significant
Dosage x dosage By,y: -0.3297 0.332 -0.992 0.334 Insignificant
Time x time Bs5: -0.0186 0.002 -10.551 0.000 Significant
Mixing X mixing B4t -0.0001 0.000 -1.286 0.215 Insignificant
C, xC, Bs5: 0.0001 0.000 2.549 0.020 Significant

3.5.3. ANN Applicability for Adsorption Studies. In this
study, a three-layer feed-forward back-propagation ANN
with a “trainlm” training algorithm and 5-10-1 architecture
was the optimized artificial intelligence model. This model
would be beneficial in predicting the adsorption perfor-
mance to remove BOD under varying environmental condi-
tions. Moreover, the obtained weights (W, and W,4,)
and thresholds (b, and b,,;) would be used to determine
the relative importance of the input factors. This step was
achieved by partitioning the network’s connection weights,
as reported elsewhere [47, 48].

Figure 5(d) shows each experimental factor’s relative
importance, where the solution pH experienced the most
influence on the BOD removal efficiency. Accordingly, the
medium pH should be adjusted to around 7.5 for maintain-
ing the highest adsorption performance. Controlling and
adjusting the medium pH would be essentially considered
to design and scale up the adsorption system. The relative
importance of adsorbent dosage, time, and mixing speed
was almost comparable at around 18%. Lower relative
importance for C, could be assigned to the efficient adsorp-
tion process for the investigated range of BOD (100-500 mg/
L). Moreover, all the relative importance percentages were
satisfactory, implying that no input factor could be excluded
during the adsorption experimentation.

3.6.  Quadratic  Regression Model for Adsorption
Computation. Table 5 lists the statistical results generalized
from the t-test analysis for predicting BOD removal
(response variable). The model’s performance showed a reli-
able goodness-of-fit with R* of 0.973 and Adj-R* of 0.959.
Adj-R* was approximately comparable to R?, which could
be assigned to the importance of the selected parameters in
describing the adsorption process. Moreover, significant
(p <0.05) results were observed for the linear correlations
of x,,x,, x5, and x5, suggesting that the BOD removal effi-
ciency would be improved with incrementing pH, dosage,
and time. Moreover, an increase in C, tended to reduce
the BOD removal significantly (p <0.05) because the
vacant adsorbent sites would be exhausted by increasing

the BOD concentration. The model output also showed
significant correlations with the quadratic forms of x,, x;
,and x;. Hence, a quadratic linear concave up curve would
be visualized for the plot of BOD removal against each pH
and time. This curve indicated that the improvement of
BOD removal after certain values of pH and time would
be insignificant (p >0.05). The optimum values of these
parameters were numerically assigned as 7.3 and
46.2 min, respectively. Moreover, a quadratic linear convex
down shape would be noticed for the plot of BOD
removal versus C, because increasing the BOD concentra-
tion would deteriorate the adsorption performance of CA/
nZVIL. The plot of the BOD removal vs. mixing rate
showed a “flat” curve, assigning to the insignificant
(p>0.05) influence of the input “x,” on the model
response. This “flat” pattern could be attributed to the
narrow range of stirring rate during the investigation,
making it imprecise to demonstrate a considerable rela-
tionship. Accordingly, the mixing rate was selected as
100 rpm to reduce the cost of the adsorption process.

3.7. Model Verification. The accuracy of the developed com-
putational models to predict BOD removal under new condi-
tions was estimated. In particular, additional 25 experimental
runs were performed by varying the adsorption factors,
followed by the analysis of BOD concentrations. In parallel,
these inputs were incorporated into the quadratic and ANN
models to predict the corresponding BOD removal efficien-
cies. The average of the absolute differences between the
experimental results and model outputs was used to estimate
the mean absolute error (MAE). The results in Table 6 demon-
strate that the MAE values for the ANN and quadratic regres-
sion models were 0.73% and 1.91%, respectively. Apparently,
both models showed a promising ability to predict the BOD
removal efficiencies remarkably close to experimental values.
However, the ANN model was more reliable and robust than
the quadratic regression method in providing the predictions
closer to the measured data. Each of the modeling techniques
has advantages, regarding the prediction, optimization, and
recognition applications in wastewater treatment processes.
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TABLE 6: Verification of quadratic regression and ANN models for predicting BOD removal using additional experimental runs.

Experimental parameters*

BOD removal efficiency (%)

Absolute error (%)

Run X X, X5 Xy X5 Actual  ANN  Quadratic regression model =~ ANN  Quadratic regression model
1 3 3 25 200 300 69.0 69.0 67.5 0.0 1.5
2 5 3 25 200 300 70.6 70.6 73.2 0.0 2.6
3 6 3 25 200 300 72.7 75.4 74.8 2.7 2.1
4 7 3 25 200 300 76.8 76.8 75.5 0.0 1.3
5 8 3 25 200 300 75.8 74.4 75.4 1.4 0.4
6 9 3 25 200 300 71.4 71.4 74.4 0.0 3.0
7 11 3 25 200 300 70.9 70.9 69.9 0.0 1.0
8 7 1 25 200 300 66.3 66.3 65.7 0.0 0.6
9 7 2 25 200 300 70.5 70.5 70.9 0.0 0.4
10 7 4 25 200 300 79.4 79.4 79.5 0.0 0.1
11 7 5 25 200 300 83.2 83.2 82.8 0.0 0.4
12 7 3 5 200 300 50.7 54.5 52.3 3.8 1.6
13 7 3 10 200 300 61.5 61.5 59.5 0.0 2.0
14 7 3 15 200 300 67.3 67.3 65.8 0.0 1.5
15 7 3 20 200 300 72.4 72.2 71.1 0.2 1.3
16 7 3 30 200 300 77.9 81.0 79.0 3.1 1.1
17 7 3 60 200 300 81.0 81.0 80.5 0.0 0.5
18 7 3 25 100 300 73.0 73.0 73.6 0.0 0.6
19 7 3 25 300 300 78.9 78.9 75.5 0.0 3.4
20 7 3 25 400 300 79.1 79.1 73.5 0.0 5.6
21 7 3 25 500 300 79.0 76.7 69.4 2.3 9.6
22 7 3 25 200 100 96.4 96.4 96.0 0.0 0.4
23 7 3 25 200 200 88.9 93.2 84.7 4.3 4.2
24 7 3 25 200 400 67.4 66.9 68.3 0.5 0.9
25 7 3 25 200 500 61.5 61.5 63.1 0.0 1.6
Mean absolute error (MAE) (%) 0.73 191

*x, is pH; x, is adsorbent dose (g/L); x; is contact time (min); x, is stirring rate (rpm); x; is initial concentration (mg/L).

However, ANN is able to overcome some shortages that
could arise during regression analysis implementation. In
particular, the input factors do not require a statistical
experimental design to train the ANN model (compared
to the regression analysis that only provides first- or
second-order polynomial models). ANN as a soft comput-
ing technique and a black-box model depends on the anal-
ysis of available data to simulate any form of nonlinearity.
In parallel, the regression models utilize a small number
of experiments to generate manifold information, provide
graphical illustrations for input-output relationships, and
establish significance analysis. Hence, the authorities are
encouraged to develop and scale up these modeling
approaches in real-scale wastewater adsorption systems.

4. Conclusions

This study focused on the application of computational-
based techniques to predict BOD removal in an adsorption
process. The adsorbent material was characterized by XRD,
SEM, and EDS, showing a successful preparation of Fe nano-
particles in the zero-valent state. The highest BOD removal

efficiency (96.4%) was observed at pH=7, adsorbent
dosage = 3¢g/L, mixing rate=200rpm, and C,=100mg/L
within 25 min. A quadratic regression model was developed
to enhance BOD reduction, showing optimum pH of 7.3 and
time of 46.2 min, equivalent to a BOD removal efficiency of
over 99%. Moreover, an ANN structure was properly opti-
mized as 5-10-1 with the “trainlm” back-propagation learn-
ing algorithm to predict BOD removal (R?*: 0.972, Adj-R*:
0.971). The results of the computational-based studies
revealed that the adjustment of medium pH at the 7-8
range would be essentially considered to design and scale
up the adsorption system. The results also showed that
the ANN model (MAE 0.73%) was more reliable than
the quadratic regression model (MAE 1.91%) in predicting
the BOD removal efliciency; however, both models main-
tained acceptable predictive accuracies. Hence, both
modeling approaches would be employed to guide the
stakeholders and industrial sector to overcome the nonlin-
earity and complexity issues associated with the adsorption
process. Further studies are required to apply these ANN
and quadratic models to enhance organic pollution reduc-
tion at a large scale.
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Nomenclature

ANN: Artificial neural network

BOD: Biochemical oxygen demand

CA: Cellulose acetate

CA/nZVI:  Nanozero-valent iron encapsulated into cellu-
lose acetate

DMEF: Dimethylformamide

EDS: Energy-dispersive spectroscopy

FeCl;-6H,0: Ferric chloride hexahydrate

MAE: Mean absolute error

MSE: Mean squared error

NaBH,: Sodium borohydride

PFO: Pseudo-first-order

PSO: Pseudo-second-order

SEM: Scanning electron microscope

SLS: Sodium lauryl sulphate

XRD: X-ray diffraction.
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This study was aimed at evaluating the artificial neural network (ANN), genetic algorithm (GA), adaptive neurofuzzy interference
(ANFIS), and the response surface methodology (RSM) approaches for modeling and optimizing the simultaneous adsorptive
removal of chemical oxygen demand (COD) and total organic carbon (TOC) in produced water (PW) using tea waste biochar
(TWBC). Comparative analysis of RSM, ANN, and ANFIS models showed mean square error (MSE) as 5.29809, 1.49937, and
0.24164 for adsorption of COD and MSE of 0.11726, 0.10241, and 0.08747 for prediction of TOC adsorption, respectively. The
study showed that ANFIS outperformed the ANN and RSM in terms of fast convergence, minimum MSE, and sum of square
error for prediction of adsorption data. The adsorption parameters were optimized using ANFIS-surface plots, ANN-GA
hybrid, RSM-GA hybrid, and RSM optimization tool in design expert (DE) software. Maximum COD (88.9%) and TOC
(98.8%) removal were predicted at pH of 7, a dosage of 300 mg/L, and contact time of 60 mins using ANFIS-surface plots. The
optimization approaches showed the performance in the following order: ANFIS-surface plots> ANN-GA>RSM-GA>RSM.

1. Introduction

With an increase in the world population, industrialization,
and urbanization, the evaluation of water resources and
monitoring of their quality have become a significant con-
cern in hydroenvironmental science. Various contaminants
are being released continuously into water resources and
causing the degradation of aquatic animals’ habitat and
freshwater quality up to a greater extent [1, 2]. Attempts
have been made to establish strategies for the safe removal
of contaminants in wastewaters, e.g., coagulation-floccula-

tion, photocatalytic treatment, electrocoagulation, adsorp-
tion, and oxidation [3, 4]. However, in comparison to
other methods, adsorption has gained prominence due to
its high operating speed, design stability, cost-effectiveness,
and robustness [5, 6].

The adsorption process is influenced by various operat-
ing variables, including contact time between adsorbent
and adsorbate, adsorbent particle size, pollutant concentra-
tion, and pH of the solution. It has been noted that building
an automated and optimized adsorption treatment process is
complex in wastewater treatment plants (WW'TP) due to the
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following reasons: (i) complex nature of adsorption process,
(ii) nonlinear interactions between the operating variables,
and (iii) drastic changes in pollutant’s concentrations [7].
Therefore, mathematical models are needed to understand,
optimize, and quantify the interactions between the operat-
ing variables. Modeling and simulation can save time,
reagents, and delayed analysis by avoiding multiple time-
consuming experimental runs of the process. Classical and
linear mathematical models can not completely model and
simulate the adsorption results. Recently, response surface
methodology (RSM) has been used to model a wide variety
of adsorption processes, but it has been found to have lim-
ited application when the data is minimum. Therefore, to
interrelate the adsorption operating variables with output
removal efficiencies of the pollutants and automate the
WWTP, advanced computer-simulated models are neces-
sary. Automation and optimization of the adsorption pro-
cess can help in saving workforce, cost, and resources [8].

Artificial Intelligence (AI) is an advanced computer-
based simulation technology. It was first implemented in
the mid-1950s in the world of computer science. After that,
many more robust and realistic Al-based techniques were
developed in engineering to solve challenging problems
and provide real-world implementations, whereas tradi-
tional or conventional methods were inadequate or unsuc-
cessful [7, 9]. The application of Al techniques in the water
treatment sector and optimization process has recently
gained attention [10]. Al-based methods, such as
knowledge-based structures and fuzzy logics (FIS), including
adaptive neurofuzzy interface systems (ANFIS) [11], particle
swarm optimization (PSO) [12, 13], genetic algorithm (GA)
[14, 15], and artificial neural network (ANN) [16, 17], have
been applied recently in water treatment and adsorption
optimization systems. Such as optimization of the adsorp-
tion process of various dyes [18-24], metals [8, 14, 25, 26],
and organic matter [27] has been reported in the literature
using ANN, ANFIS, and RSM methods. However, limited
studies have been found for the application of ANN, GA,
and ANFIS for modeling and optimization of chemical oxy-
gen demand (COD) and total organic carbon (TOC) adsorp-
tive removal in produced water (PW).

The PW is one of the largest wastewater streams
obtained during oil and gas exploration. Contaminants in
PW change significantly depending on the source of their
disposal. However, recently organic contaminants in PW
have become the highest priority pollutants and need to be
treated on a priority basis [28]. The COD and TOC are sig-
nificant parameters for analyzing organic contaminants in
PW and have been commonly used to represent the effluent
water quality (WQ) [29, 30]. Hence, for the safe disposal of
PW, these parameters need to be reduced significantly.

Most of the studies in the literature are performed on
synthetic waters, which cannot be used efficiently for auto-
mation of oil and gas reservoirs’ effluent treatment plants.
Hence, there is a gap in the literature regarding the appli-
cation of ANN, GA, and ANFIS in the adsorption field
utilising PW. This research work was aimed at designing,
implementing, comparing, and evaluating the ANN, GA,
and ANFIS approach to remove COD and TOC in PW.
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Tea waste biochar (TWBC) had been used as an adsorbent
in batch studies under the control of three factors, i.e., pH,
adsorbent dosage, and contact time. The ANN and ANFIS
results were compared with RSM results. It is expected
that this study would help to scale up the industrial appli-
cation of the adsorption process for COD and TOC
removal in PW.

2. Materials and Methods

2.1. Materials. Tea leaves waste was used for the preparation
of biochar (BC). The waste was collected from local Malay-
sian restaurants. High range (HR) COD vials were obtained
from Avanti’s laboratory items supplier in Malaysia. The
water sample was taken from a South-East Asian oil and
gas company.

2.2. Characterization of PW. The PW was filtered to remove
suspended solids using a suction filtration unit. The filtered
water was characterized for initial COD and TOC concen-
tration. COD was measured using the USEPA reactor diges-
tion method. Briefly, 2 mL of filtered PW sample was added
to the high range COD vial. The vial was capped, mixed, and
kept in a preheated digester at 150°C for 2 hrs. An empty vial
prepared using 2mL pure water was also observed in the
digester. After 2 hrs, the concentration of COD (mg/L) was
measured using USEPA method 800 under program 430,
using HACH DR 2800 spectrophotometer. TOC in PW
was measured using the Shimadzu TOC-L/SSM-5000A ana-
lyzer. The pH value of PW was found out using the OHAUS
pH meter, and it was about 8 + 0.2.

2.3. Preparation and Characterization of Biochar. The
TWBC was prepared using our previously reported method
[31]. Briefly, the tea leaves were washed and all impurities
were removed. Before pyrolysis, the leaves were soaked over-
night in phosphoric acid. The soaked leaves were dried and
pyrolyzed at 700°C for 2 hrs in the presence of N, gas. The
obtained TWBC was washed, dried in an oven for 24 hrs,
and stored in a desiccator. The surface characteristics of
the TWBC were determined using a ZEISS scanning electron
microscope with energy-dispersive X-ray spectroscopy
(SEM-EDX) mapping and a 15kV accelerating voltage.

2.4. Design of Experiments Using RSM. The RSM-based poly-
nomial Box-Behnken Design (BBD) in design expert (DE)
software (Stat-Ease, version 12) was used for the design of
adsorption batch experiments. Three independent variables
were taken as inputs, including initial pH of PW, contact
time, and dosage of TWBC. Adsorptive removal efliciencies
of COD and TOC were taken as outputs. The design was
chosen at three stages of low (-1), center (0), and high (1)
points (Table 1), giving a total of 13 experimental runs.

2.5. Adsorption Batch Experiments. According to the design
of experiments obtained through BBD, 13 batch experiments
were conducted to investigate the effects of initial solution
pH, adsorbent dosage, and contact time on COD and TOC
removal in PW. The adsorbent was applied in varying
amounts (25-300mg/L) for 100 mL of PW at varying initial
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TaBLE 1: Ranges of variables for the design of experiments.

Factor Variables Level

-1 0 1
A pH 3 6 10
B Adsorbent dosage (mg/L) 25 162.5 300
C Contact time (min) 10 35 60

pH (3-10) and contact times (10-60 mins). The water was
stirred at 220 rpm at a temperature of 20 + 5°C using a mag-
netic stirrer. The initial and final COD and TOC concentra-
tions were measured before and after each experiment. All
data were measured in three replicates, and the average value
was recorded. The removal efficiencies were determined
using the formula given as follows:

X Initial concentration — Final concentration
Removal efficiency (%) = Initial trati x 100,
nitial concentration
(1)

where initial and final concentrations refer to COD and
TOC amounts in mg/L before and after the adsorption
experiment, respectively.

2.6. Modelling of Artificial Neural Network (ANN). Artificial
neural networks (ANNs) are well known for their ability to
research and organize large amounts of data. It is influenced
by the brain, neurological system, neuronal learning, and
reaction mechanism [18].

MATLAB R2021a was used to create a three-layer feed-
forward neural network (FFNN). A FFNN network has no
loops or cycles because all data is solely delivered forward
[32]. For training the network, three inputs in the input
layer, 2-20 neurons in the hidden layer, and two outputs
in the output layer were taken. The input layer was given
pH, TWBC dosage (mg/L), and contact time (min) as inde-
pendent variables. The output layer had two dependent var-
iables showing the removal efficiency of COD (%) and TOC
(%), as shown in Figure 1. The neurons in the hidden layer
were connected to the inputs and outputs through weights
(w) and biases (b). In Figure 1, the symbol i represents the
i™ input in the input layer (1<i<3), j represents the j neu-
ron in the hidden layer (1<j<n), and k represents the k™ out-
put in the output layer (1<k<2). w;; represents the weights
from the input layer to the hidden layer, and w;, represents

the hidden layer to output layer weights, where n represents
the total number of neurons in the hidden layer.

Training a network aims to reduce the error between the
network’s outputs and the target values. The training proce-
dure reduces the error by modifying the weights and biases
of the network. The ANN architecture was repeatedly
trained to select the best suitable number of neurons, train-
ing algorithm, weights, and biases to predict COD and
TOC removal efficiencies. A total of 13 data sets were taken
through batch experiments for COD and TOC removal effi-
ciencies, respectively. 70% data was used to train the model
and 15% for validation and testing, respectively. For all data
sets in ANN, the symmetric sigmoid transfer function (tan-

sig) was used in the hidden layer. The linear transfer func-
tion (purelin) was used at the output node for the
simulation and prediction of COD and TOC elimination.

The suitable number of neurons in the hidden layer was
selected based on the hit and trial method using 2—20 neu-
rons. As for performance criteria, minimum mean square
error (MSE) and simulation time were taken.

After selecting the no. of neurons, the network was eval-
uated for various algorithms. The backpropagation (BP)
algorithms were chosen for the network’s training. It is a
first-order gradient descent technique to model the experi-
mental data [33]. The three BP algorithms named Elman
BP (EBP), Cascade Forward BP (CFBP), and Levenberg
Marquardt BP (LMBP) were evaluated for their perfor-
mance, and the best algorithm was taken for the training
purpose.

In order to train the ANN model, input values are mul-
tiplied by connection weights, followed by bias addition. The
same procedure is used for the output layer, with the hidden
layer’s output acting as the input. After training the ANN
model, it was tested and validated. The goal was to achieve
an overall correlation coefficient (R) of nearly 1. The rela-
tionship between inputs and outputs can be expressed
through Equation (2) [34].

y=1f(x)= ((iwj’k (iwi,j.x+bj>> +bk>, (2)

where y shows the output variable and x denotes the
input variable, and n represents the number of neurons in
the hidden layer and m is the number of input variables. w
and b are the weights and biases between the layers. i, j,
and k represent the input order number, hidden neuron
order number, and output order number, respectively.

2.7. Modelling of Adaptive Neurofuzzy Interference System
(ANFIS). Fuzzy systems have some advantages over tradi-
tional approaches, particularly where ambiguous data is
involved. Recently, fuzzy systems have gained popularity as
alternative methods for information processing [35].

As illustrated in Figure 2, the fuzzy inference system
(FIS) used in ANFIS was created in MATLAB R2021a using
a neurofuzzy designer. The Sugeno-type ANFIS design con-
sisted of four hidden layers: fuzzification layer, inference
layer, defuzzification layer, and output layer [36]. For each
output, a total of 13 data sets were used to train the model.
Data were randomly divided into training (70%), testing,
and checking data (30%). Three variables (pH, TWBC dos-
age, and contact time) were selected as inputs and removal
efficiency of COD, and TOC were taken as targets. Mini-
mum numbers of membership functions (mf) were selected
based on minimum MSE. Optimization of the model was
done based on backpropagation and least square estimation.
FIS and optimization methods were selected based on error
minimization.

2.8. Modelling of Response Surface Methodology (RSM). The
experimental data collected through batch tests were
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subjected to the second-order polynomial regression model.  as follows:

As a polynomial model based on the quadratic equation, the

response Y can be connected to the independent variables.

At the middle of the pattern, one center point was used to < < )

approximate the total error. The quadratic regression equa- Y=p+ Zl B p T Zl B o T lelﬁ X%t E (3)
tion used to extract the expected response results is given P P =
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The output is expressed here by Y, while variables are
written in the form of x, and x,,. m shows the number of var-

iables examined. By, f8,, B, and B, are classified as a con-

stant coeflicient, linear coefficient of interaction, coefficient
of quadratic interaction, and the interaction coefficient of
the 2™ order terms, respectively. Furthermore, the F-test
and p values were used to determine the validity of each
element.

To determine the adequacy of the established model and
the statistical importance of the constant regression coeffi-
cients, the analysis of variance (ANOVA) was applied [37].
ANOVA analyzed the interactive, individual, and quadratic
effects of input variables using TWBC on the removal effi-
ciency of COD and TOC. Using the p value with a 95% trust
rating, the model terms were evaluated. The F-value was
used to analyze the sensitivity of the coefficients in regres-
sion. Also, to verify the adequacy of the formula, the coeffi-
cient of determination (R?) value was compared to the
adjusted R? value.

2.9. Performance Evaluation of the Models. The performance
of the AI techniques (ANN and ANFIS) and RSM for pre-
diction of adsorption data were evaluated using statistical
equations, i.e., (i) the coefficient of determination (R?) Equa-
tion (4), (ii) the sum of squared error (SSE) Equation (5),
and (iii) mean squared error (MSE) Equation (6) [32, 38].
The value of R? should lie between 0 and 1. A value near 1
shows a good correlation between the experimental and
model-simulated data sets. The SSE has values ranging from
0 to 1, while the best value is closer to 0 [39]. The minimum
value of MSE is taken as the best value [40]. Following equa-
tions were used to measure the errors:

2
] Z;:l (ypred,l - yexp,l)

R*=
2 b
lel (ypred,l _ym)

1¢ 2
SSE = \/? Z (ypred,l _yexp,l) > (5)
I=1

Iy¢ 2
MSE = ;Z (ypred,l _yepr) ’ (6)
=1

where Y.
mental values, respectively. r denotes the total number of

values in data. The mean value of the response is denoted
by Yo

4 and Y, denote the predicted and experi-

2.10. Optimization of the Adsorption Process

2.10.1. Development of ANN-GA. ANN and genetic algo-
rithm (GA) hybrid were used for the optimization purpose
using MATLAB optimization tool. Multiobjective optimiza-
tion using GA (gamultobj) was taken as solver, and the ANN
output equation (Equation (2)) was taken as an objective
function. The algorithm had the following attributes: (i)
population type of double vector; (ii) population size of 50;
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TaBLE 2: Experimental design matrix using the RSM technique
with the experimental values for COD and TOC removal efficiency.

Run - Dosage antact COD r.emoval TOC r.emoval
order time efficiency efficiency
(mg/L) (min) (%) (%)

1 10 162.5 60 30.61+3 83.13+3
2 3 1625 60 75.27+3 91.52+3
3 6.5 25 60 58.94+3 89.34+3
4 6.5 300 60 89.87+3 96.87 +3
5 6.5 1625 35 70.57+3 88.35+3
6 10 25 35 83.04+3 98.39+3
7 6.5 25 10 68.83+1 88.75+3
8 3 1625 10 52.12+3 93.13+3
9 3 25 35 60.96 + 3 88.78 3
10 10 162.5 10 783+3 94.6 +3
11 3 300 35 55.89+3 90.07+3
12 10 300 35 62.92+3 92.19+3
13 6.5 300 10 57.12+2 88.32+3
13 6.5 300 10 57.12%2 88.32+3

TABLE 3: Performance evaluation of ANN based on number of
neurons and algorithms.

Parameters MSE R?

No. of neurons
1 0.01 0.789
2 0.004 0.872
3 0.006 0.842
4 0.008 0.812
5 0.0002 0.998
6 0.0009 0.891
7 0.0005 0.997
8 0.0006 0.994
9 0.0008 0.991
10 0.0001 0.999

Algorithm
Cascade-forward backpropagation (CFBP) 04 07
Levenberg-Marquardt backpropagation (LMBP) 0.0001 0.99
Bayesian regularization (BR) 0.04 0.85
Scaled conjugate gradient (SCG) 0.001 091

(iii) creation and mutation functions were constraint depen-
dent; and (iv) crossover fraction of 0.8. The algorithm was
run for optimization further. The goal was to maximize the
COD and TOC removal efficiency.

2.10.2. Development of ANFIS Surface Plots. For the optimi-
zation of adsorption data through ANFIS, 2D surface plots
were generated for pH range 3-10, dosage 25-300 mg/L,
and contact time 10-60 min. Optimal values of the input
variables were obtained through the surface plots.
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TaBLE 4: Weights and biases for ANN model.
Weights from input Weights from input Weights from input Weights from Weights from Biases for  Biases for

1 to hidden layer 2 to hidden layer 3 to hidden layer hidden layer to hidden layer to  hidden layer output layer
w;; w;; w;; output 1 w;; output 2 w;; b; by
wy, = 1.157 w,, =2.0135 w,, =0.9782 wy, =1.5125 wy, = -0.6018 3.7538

w,, =—1.8344 w,, = 1.4641 wy, =—2.2931 w,,; =0.24355 W, =0.5023 25117

w5 =0.72447 w,, =1.0304 ws,; =2.8132 wy, =0.98934 wsp =0.6861 -2.9508

w4 =0.74183 Wy, =-3.2745 wy, =—0.0515 w,, =1.2401 w,, =0.6152 13429

w5 =—2.8229 w,; =-0.6843 w;; =1.5581 ws, =—0.01233 ws, =0.7447 0.67837

w6 =2.3265 w,, =-1.6772 wy; =-1.1571 wg, =—0.57107 wg, =0.2616 -0.0693 -1.4341
w, ; =1.5054 w,; =-2.3961 w;, =—0.7552 w,; =-0.58306 w,, =—0.8805 1.26 0.042027
w,; g =0.65708 w,, =2.5639 w;; =-2.1007 wg, =0.46212 wg, =0.1041 0.51291

W g = —2.4848 w,; =-1.169 Wy, =—1.1492 Wy, = —0.9444 wy, = —0.6083 -2.1602

wy 0 =3.1325 w,, =—0.5409 w;, =0.4161 wyy, =1.0595 Wy, = 0.8042 2.2443

w, 1, =3.5646 w,, =-1.3943 wy, =-0.0107 w;,, =-0.2883 wy,, =0.2258 1.9193

wp, =2.0214 w,; =—0.1438 wy, =2.2269 wy,, =0.5544 Wy,, =0.1560 2.8432
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FIGURE 5: Schematic diagram of optimized ANFIS.

2.10.3. Development of RSM Surface Plots and RSM-GA.
Using the DE software, three-dimensional surface and two-
dimensional contour plots were created to visualize the rela-
tionship between the process factors and their correspond-
ing effect on the output response. Optimal conditions were
calculated after the model was completely analyzed. The
numerical method was used under the optimization option
in the Design Export software. For all independent variables
“in range” options were chosen (e.g., pH 3-10, biochar dos-
age 25-300mg/L, and contact time 10-60min) while the
“maximize” alternative was chosen for COD and TOC
elimination.

RSM was also hybridized with GA in MATLAB R2021a
using the response equations as the objective function.
Response equation was obtained through the RSM model.
GA parameters were the same as stated above. The opti-
mized input values were obtained.

3. Results and Discussion

3.1. Characteristics of BC. The SEM-EDX images of TWBC
are presented in Figure 3. Figures 3(a) and 3(b) showed that
TWBC had many open pores available for adsorption of
COD and TOC. The activating agent (phosphoric acid)
seems to create an etched texture, as well as volatile matter
decomposition [41]. The AC surfaces are uneven due to
the etching, with significant porosity and roughness, indicat-
ing a desirable textural property of AC [42]. The mesopores
available at the surface seem to cause capillary condensation
as well as transferring adsorptive into the micropores, hence

TaBLE 5: Modeling performance of ANFIS.

Output Training MSE Testing MSE Checking MSE
COD 0.3626 0.49414 0.00000001
TOC 0.33281 0.69148 0.00001

increasing the AC’s adsorption capacity. The elemental com-
position in Figure 3(c) showed that TWBC had 80.8% of car-
bon and 16.2% oxygen content. The high carbon content
showed good carbonization of TWBC. Small impurities of
Ca and K were also observed in the TWBC.

3.2. Characterization of PW. The concentration of COD in
the PW was about 1400 mg/L, which was much higher than
the safe discharge limit of COD in effluents reported as
150 mg/L. The initial concentration of TOC in PW was
4339 mg/L. It was also higher than the safe discharge limit
of TOC in effluents, e.g., 30 mg/L. The COD>TOC indicated
that the PW sample contained a substantial amount of
chemically oxidizable organic and inorganic molecules. Oil
and grease content can be found to attribute to the higher
COD and TOC in PW, followed by suspended solids,
organic acids, aromatic compounds, carbonyl compounds,
anions, phenols, and metals [43].

3.3. Experimental Results. The experimental results of
removal efficiencies for COD and TOC are presented in
Table 2. A total of 13 batch experiments were conducted,
and 26 data points were obtained. The results were used
for the modeling of ANN, ANFIS, and RSM models.
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FIGURE 6: Modeling results using ANFIS for (a) CD removal efficiency and (b) TOC removal efficiency.

3.4. Modelling and Training of ANN. The neural network
tool (nntool) was used in MATLAB R2021a for training of
the ANN model. Among 26 data points collected from batch
experiments, 18 points were selected for the training purpose
and the remaining points were used for the testing and val-
idation of the model.

12 no. of neurons, LMBP algorithm with trainlm train-
ing function, and tan sigmoid (tansig) transfer function were
found most suitable to fit the experimental data. The no. of
neurons and algorithm were selected based on the best per-
formance measured as minimum MSE and highest regres-
sion analysis coefficient (R?) as shown in Table 3.

After the selection of ANN architecture parameters,
the model was applied for experimental data prediction.
The trained model had a correlation coefficient of 0.985
with the experimental data as shown in Figure 4. The
MSE value was 0.0001 which showed that the model had
a minimum error and was significant. For the validation
of the model, the remaining 15% points were tested and
removal efficiency was found out, which had an R-value
of 0.999. It showed that the model was well trained and
could be used effectively for the prediction of COD and
TOC adsorption on biochar. The model was further
applied for the 15% data set for the prediction of COD

and TOC adsorption, and an R-value of 1 was obtained
for the predicted data. The overall efficiency of ANN
model was 0.989 (Figure 4).

The weights and biases of the trained ANN model at 12
neurons and LMBP algorithm are given in Table 4. w;; rep-
resents the weights from the input layer to hidden layer, w;;
represents the weights from hidden layer to the output layer,
b; represents the biases added at hidden layer, and b, repre-
sents the biases added at the output layer of ANN model.

3.5. Modelling and Training of ANFIS. Sugeno-type subclus-
tering FIS was generated for three inputs (26 data points)
and two outputs (COD and TOC removal efficiency). 70%
data was used for the training of the model. Membership
functions were taken as 13 in numbers for each input vari-
able and guassmf type. The range of influence was tested
from 0 to 1 value. A minimum error was obtained at the
value of 0.00001. Whereas, squash factor, accept ratio, and
rejection ratio were 1.25, 0.5, and 0.15, respectively. The
backpropagation method was taken as the optimization
method due to the minimum RMSE of training data as com-
pared to the backpropagation method. The optimized sche-
matic diagram of ANFIS generated is shown in Figure 5.
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TaBLE 6: ANOVA for removal efficiencies using RSM.
(a) COD removal efficiency
Source Sum of squares df Mean square F-value p value
Model 2248.685 9 249.8539 10.87023 0.037405 Significant
A-pH 548.6328 1 548.6328 23.86902 0.016399
B-dosage 235.9878 1 235.9878 10.26697 0.049173
C-contact time 627.6425 1 627.6425 27.30644 0.013633
AB 0.0081 1 0.0081 0.000352 0.020142
AC 46.58063 1 46.58063 2.026554 0.024975
BC 84.73203 1 84.73203 3.686383 0.015064
A? 276.9487 1 276.9487 12.04903 0.040312
B? 117.588 1 117.588 5.115827 0.108743
c? 9.984229 1 9.984229 0.434378 0.556921
Residual 68.95543 3 22.98514
Cor Total 2317.64 12
(b) TOC removal efficiency
Source Sum of squares df Mean square F-value p value
Model 202.2155 9 22.46839 44.11838 0.004961 Significant
A-pH 12.37531 1 12.37531 24.29986 0.016003
B-dosage 5.6448 1 5.6448 11.08399 0.044744
C-contact time 25.52551 1 25.52551 50.12128 0.005796
AB 5.29 1 529 10.38732 0.048476
AC 15.72123 1 15.72123 30.86981 0.0115
BC 7.29 1 7.29 14.31447 0.032367
A? 75.276 1 75.276 147.8101 0.001198
B? 2.057432 1 2.057432 4.039924 0.137989
c? 3.693889 1 3.693889 7.253231 0.074214
Residual 1.527825 3 0.509275
Cor Total 203.7433 12

A total of 1000 no. of epochs were taken, and the model
was trained several times for each output. The ANFIS training
parameters were as follows: (i) number of nodes = 110; (ii)
number of linear parameters = 52; (iii) number of nonlinear
parameters = 78; (iv) total number of parameters = 130; (v)
number of training data pairs: 13; (vi) number of checking
data pairs: 6; and (vii) number of fuzzy rules = 13. The model
was well trained after 10000 epochs for COD and 5000 epochs
for TOC output. The minimum MSEs obtained for COD and
TOC are given in Table 5. The model was tested and checked
for the remaining 30% of experimental data.

Minimum MSE was obtained for both COD and TOC
removal efficiencies after repeated training (Figure 6). It
showed that model was well trained and could be used for pre-
diction or optimization of adsorption data. The performance
of the model was better in understanding the behavior of
TOC removal as compared to COD removal. The reason can
be low variance in TOC data as compared to COD.

3.6. Modelling of RSM Using BBD and Statistical Analysis. In
the BBD design, three variables (pH, dosage, and contact

time) were given as inputs. COD and TOC removal efficien-
cies were given as a response for analyzing the experimental
data in design expert software. The generated runs and their
experimental outputs are given in Table 2. The results of
analysis of variance (ANOVA) are given in Table 6. It pre-
dicts the reliability of the applied design and correlation
between various variables and their significance. A p value
shows the significance of the results if it is less than 0.05. A
higher p value shows that the data is insignificant to predict
the behavior of variables. It can be seen in Table 6 that the
overall model was significant for the removal of COD and
TOC using biochar. The model F-values of 10.87 and
44.12 for COD and TOC removal efliciencies, respectively,
implied that the model was significant, and there were only
3.74% and 0.50% chances that an F-value this large could
occur due to noise. Adequate precision measures the signal
to noise ratio. A ratio greater than 4 is desirable. Here, the
ratio of 11.51 and 25.046 indicated an adequate signal and
indicated that the model could be used to navigate the design
space. The terms A, B, C, AB, AC, BC, and A* were signifi-
cant model terms. The results of COD and TOC were fitted
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by a quadratic equation given in Equations (7) and (8),
respectively:

COD = +62.92 + 8.28A + 5.43B + 8.86C — 0.00450AB
—3.41AC - 4.60BC — 11.01A% + 7.17B? + 2.09C?.

(7)

TOC =+92.19 + 1.24A + 0.84B + 1.79C — 1.15AB
—1.98AC + 1.35BC — 5.74A% + 0.9488B> + 1.27C2.

(8)

In terms of coded factors, Equations (7) and (8) can be
used to predict responses for various ranges of each factor.
The three-dimensional surface plots of variables and
their interaction are shown in Figure 7. Figure 7(a) shows
that higher removal of COD can be achieved at higher values

of dosages and pH within the selected range of parameters.
Whereas for TOC adsorption, the removal efficiency
decreased after pH 7 (Figure 7(d)). A similar trend has been
observed in Figures 7(b) and 7(e) that higher contact times
and higher pH was suitable to achieve the maximum
removal of COD whereas TOC removal was maximum at
middle points of the data range. The interaction plots of dos-
age and contact time (Figures 7(c) and 7(f)) suggested that
higher dosage and contact time were suitable for the maxi-
mum removal of COD and TOC onto TWBC.

The correlation between COD and TOC removal efficien-
cies predicted and real values using RSM was quite strong. The
R? values of the COD and TOC correlation plots were 0.999
and 0.999, respectively. Figures 8(a) and 8(b) represent the
correlation plots of predicted and actual data whereas normal
plots of residuals are represented in Figures 8(c) and 8(d). It
showed that the model could be used satisfactorily for the pre-
diction and optimization of the actual data set.
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TaBLE 7: Experimental and predicted results of COD and TOC adsorption using RSM, ANN, and ANFIS and statistical analysis of predicted

results.
Sr. COD removal efficiency TOC removal efficiency
no. (%) (%)
Dosage  Contact time Predicted  Predicted  Predicted Predicted  Predicted  Predicted

PH (mgiD) (min) 2l pom ANN ANFIS Al pen ANN ANFIS
1 10 162.5 60 30.6 33.45 30.694 30.6 83.1 82.71 83.192 83.1
2 3 162.5 60 75.2 73.36 76.937 75.3 91.5 92.11 88.589 91.5
3 6.5 25 60 58.9 56.84 61.511 58.9 89.3 89.16 87.386 89.3
4 6.5 300 60 89.9 89.86 89.260 90.2 96.9 98.39 96.061 96.8
5 6.5 162.5 35 70.5 67.73 70.546 70.6 88.3 88.77 88.340 88.3
6 10 25 35 83.0 81.87 83.002 83 98.3 98.39 98.331 98.4
7 6.5 25 10 68.8 72.84 68.770 68.8 88.7 88.33 88.728 88.8
8 3 162.5 10 52.1 53.29 52.206 52.1 93.1 93.13 93.146 93.1
9 3 25 35 60.9 61.89 60.936 61 88.7 88.95 88.783 88.8
10 10 162.5 10 78.3 80.21 78.469 78.3 94.6 94.01 95.313 94
11 3 300 35 55.8 57.99 55.832 55.9 90.0 90.25 90.043 89.4
12 10 300 35 62.9 62.92 62.893 62.9 92.1 92.19 92.183 93.2
13 6.5 300 10 57.1 56.19 57.157 57.12 88.3 88.15 88.342 88.3
R? 0.969 0.9920 0.9986 0.9924 0.9932 0.9943
SSE 2.3017 1.2244 0.4915 0.3424 0.3200 0.2957
MSE 5.2980 1.4993 0.2416 0.1172 0.1024 0.0874

3.7. Optimization of Adsorption Process Using Trained ANN,
ANFIS, and RSM. For optimizing process parameters, the
GA approach was combined with the ANN model to maxi-
mize COD and TOC removal efficiency. The optimum con-
ditions for the COD and TOC removal process were as
follows: 6.5 pH, 298.5 mg/L dosage of biochar, and 60 min
contact time. The relationship between removal efficiency
and iteration showed that the removal efficiency achieved
the maximal value after 121 iterations and remained con-
stant. The COD and TOC removal performance obtained
under optimum conditions was 89.80% and 98.9%. The
values were confirmed in the lab and obtained as 89.3 + 3%
and 97.95 + 3%.

For the prediction of adsorption data through ANFIS,
surface plots were generated. Optimized value was obtained
at pH value of 7, the dosage of 300 mg/L, and contact time
60 mins. The removal achieved at the optimized parameters
was 88.9% and 98.8% for COD and TOC, respectively. The
experimental value for the found variables was 89.3 + 3%
and 97.95 + 1.5%. It shows that the model well predicted
the optimized value.

Optimal conditions using RSM were found after the
model was completely analyzed. Optimized values were
obtained at pH 6.5, dosage 300mg/L, and contact time
60 min, with COD and TOC elimination of maximum as
89.859% and 98.390%, respectively. The viability of the
model and the existence of ideal conditions were confirmed
by a strong agreement between the experimental COD
(89.87 £2%) and the predicted COD (89.859%) perfor-
mance. The model predicted value was also confirmed for
TOC removal efficiency as 96.87 + 3% (experimental) and
98.390% (predicted) values.

The RSM-GA optimization was performed using Equa-
tions (7) and (8) as an objective function in GA using
MATLAB. GA quickly trained and found the optimum
values as pH of 6.6, TWBC dosage as 300 mg/L, and contact
time of 60 min with removal efficiencies of COD and TOC as
89.86% and 97.2%, respectively.

3.8. Comparison of ANN, ANFIS, and RSM for Prediction of
COD and TOC Adsorption Data. All three models applied
for the adsorption data were well trained for COD and
TOC removal efficiencies using pH, the dosage of TWBC,
and contact time as input variables and COD and TOC as
output variables. All models well fitted the adsorption data
and were further applied for the prediction of experimental
data. It was observed that the model’s predicted values were
near to the experimental data (Table 7). Further perfor-
mance of the models was analyzed using Equations (4)-(6)
for error analysis of predicted data. The analysis is given in
Table 7. Analysis showed that RSM, ANN, and ANFIS had
error values of 2.301, 1.2249, and 0.49157 for SSE and
529809, 1.49937, and 0.24164 for MSE, respectively, for
the adsorption of COD onto biochar. For prediction of
TOC adsorption using three models, the error values were
as follows: 0.34243, 0.32001, and 0.29576 for SSE and
0.11726, 0.10241, and 0.08747 for MSE. The run time of
ANFIS was only 100 seconds for 100 epochs whereas ANN
took 120 seconds for 100 epochs. ANFIS proved to be a
highly efhicient tool in MATLAB for the modeling and pre-
diction and optimization of adsorption data. The error anal-
ysis and coefficient of determination of three models
determined that ANFIS>ANN>RSM in performance for
the prediction of COD and TOC adsorption on the biochar.
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Whereas for the optimization of adsorption data, ANN and
ANFIS performed better as there were no specific limits for
the input and output variables like RSM. Also, for both Al
methods, no specific design of experiments was needed. It
helped the models to analyze the correlation between inputs
and outputs in a broader range. Enhanced efficiency of RSM
may be obtained using larger data points. However, Al
methods are innovative and include a variety of parameters
to understand the nonlinear adsorption data.

4. Conclusions

To obtain the optimized results for COD and TOC adsorp-
tion using ANFIS, surface plots were generated. The BC
was used in this study to model and optimize the adsorption
process using computational techniques. COD and TOC
removal efficiencies were taken as the representation of
reduction in organic pollutants in the wastewater. Batch tests
were performed using pH, dosage, and contact time as input
variables. The experimental results were modeled and opti-
mized using RSM, ANN, and ANFIS models. BBD was used
for the RSM model, and ANOVA was used to predict the
model significance. ANN model was modeled using 3 lay-
ered, feed-forward Levenberg-Marquardt backpropagation
(LMBP) algorithm and 12 no. of neurons. ANFIS was gener-
ated of Sugeno type using subclustering FIS type. The exper-
imental data was successfully optimized using the three
models. For optimization of adsorption data, ANN and
RSM models were hybridized with GA. Optimized values
were well matched with the experimental results. ANFIS
showed minimum run time and highest performance as
compared to other models. Error analysis and coefficient of
determination of three models determine the ANFI-
S>ANN>RSM in performance for the prediction of COD
and TOC adsorption onto the biochar. However, Al
methods predicted the optimized values at a broader range
of input data which was not possible with RSM. No specific
design of experiments was needed for AI methods and once
trained can be used for prediction at any range of data.
Hence, it can be stated that the AI methods can be used
more effectively for the automation of the COD and TOC
adsorption process for wastewater treatment.
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The application of artificial neural networks on adsorption modeling has significantly increased during the last decades. These
artificial intelligence models have been utilized to correlate and predict kinetics, isotherms, and breakthrough curves of a wide
spectrum of adsorbents and adsorbates in the context of water purification. Artificial neural networks allow to overcome some
drawbacks of traditional adsorption models especially in terms of providing better predictions at different operating conditions.
However, these surrogate models have been applied mainly in adsorption systems with only one pollutant thus indicating the
importance of extending their application for the prediction and simulation of adsorption systems with several adsorbates (i.e.,
multicomponent adsorption). This review analyzes and describes the data modeling of adsorption of organic and inorganic
pollutants from water with artificial neural networks. The main developments and contributions on this topic have been
discussed considering the results of a detailed search and interpretation of more than 250 papers published on Web of Science
® database. Therefore, a general overview of the training methods, input and output data, and numerical performance of
artificial neural networks and related models utilized for adsorption data simulation is provided in this document. Some
remarks for the reliable application and implementation of artificial neural networks on the adsorption modeling are also
discussed. Overall, the studies on adsorption modeling with artificial neural networks have focused mainly on the analysis of
batch processes (87%) in comparison to dynamic systems (13%) like packed bed columns. Multicomponent adsorption has not
been extensively analyzed with artificial neural network models where this literature review indicated that 87% of references
published on this topic covered adsorption systems with only one adsorbate. Results reported in several studies indicated that
this artificial intelligence tool has a significant potential to develop reliable models for multicomponent adsorption systems
where antagonistic, synergistic, and noninteraction adsorption behaviors can occur simultaneously. The development of
reliable artificial neural networks for the modeling of multicomponent adsorption in batch and dynamic systems is
fundamental to improve the process engineering in water treatment and purification.

1. Introduction [1, 2]. Adsorption is a key treatment method for facing the

current challenges of water depollution. In particular, it is
The removal of pollutants from industrial process streams,  a proven and well-known technology for water purification
groundwater, and wastewaters has an undoubtedly impor-  due to its both technical and economic advantages [3-7].

tance in terms of sustainability and human health protection =~ The recent advances on adsorption for water treatment have
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mainly focused on the preparation and evaluation of new
materials with outstanding adsorption capacities for the
removal of different pollutants like dyes, heavy metals, geo-
genic compounds, pharmaceuticals, and other emerging
toxic chemicals [8-20]. Actually, there is a wide spectrum
of adsorbents that have been prepared and assessed to
remove inorganic and organic compounds from aqueous
solutions. Adsorption properties of these novel adsorbents
have been determined experimentally using batch adsorbers
and/or packed bed columns, which are the typical operating
modes of this purification method.

Experimental studies with batch adsorbers allow to
quantify the adsorption kinetics and isotherms as well as
other important thermodynamic parameters associated to
the adsorbent performance. Batch adsorbers are useful for
establishing the maximum adsorption capacities for the
adsorbate(s)-adsorbent system under ideal and controlled
conditions since the experimental data are obtained at the
thermodynamic equilibrium where the mass transfer resis-
tances are reduced [21, 22]. Note that the adsorption pro-
cesses in batch condition are not commonly employed for
the treatment of real fluids at large scale since equipment
with significant dimensions and long operating times is
required. The packed bed adsorption columns are the most
appropriate option for treating real fluids at industrial scale
operation including the adsorbent regeneration [23]. Break-
through curves obtained in packed-bed columns are funda-
mental to determine the maximum adsorption capacities at
dynamic operating conditions and the analysis of mass
transfer phenomena on the adsorbent performance.

Process systems engineering of adsorption for water
treatment requires the development of reliable models to pre-
dict the corresponding kinetic, thermodynamics, and mass
transfer parameters of the system at hand. The adsorption
modeling offers valuable data for the operation, control, opti-
mization, and design of water purification equipment. For
instance, the modeling of adsorption processes is fundamen-
tal to estimate the adsorbent performance at both dynamic
and batch operating conditions, to optimize the adsorption
process variables, to perform a sensitivity analysis of process
conditions on the adsorption performance, and to analyze
other design issues that are required to improve the operating
costs and removal efficacy in water treatment [24-27].
Herein, it is necessary to highlight that the adsorption pro-
cesses in liquid phase are highly dependent on the type, vari-
ety, and concentration of adsorbate(s) contained in the fluid,
the fluid physicochemical characteristics (e.g., ionic strength,
temperature, and pH), the operational conditions of adsorber
(e.g., stirring rate, adsorbent dosage, bed height, flow rate,
and residence time), and the adsorbent physicochemical
properties (e.g., particle size, surface chemistry, and textural
parameters). Therefore, the modeling of adsorption process
is a multivariable problem that involves nonlinear relation-
ships between the input and output variable(s). These math-
ematical characteristics imply that the reliable correlation
and prediction of adsorption processes are challenging, espe-
cially for multicomponent systems [28-30].

Overall, the available adsorption models can be classified
in theoretical, semitheoretical, and empirical, and they can
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be also in the form of analytical and differential equations.
Some reviews have analyzed specific adsorption equations
[31-34], and results reported in a number of studies have
also illustrated their limitations and advantages [28, 29, 33,
35-38]. In particular, the drawbacks of adsorption models
are magnified when they are applied in multicomponent
solutions. The simultaneous presence of several compounds
to be adsorbed from the fluid can affect the adsorbent behav-
ior due to their antagonic, synergic, and noninteraction
effects [39-41]. These adsorption effects depend significantly
on the properties of the adsorbates dissolved in the fluid and
their concentrations. Multicomponent adsorption models
derived from the traditional equations of Langmuir, Freun-
dlich, or Sips are regarded as empirical approaches that
can fail to simulate adsorption systems with several adsor-
bates. Consequently, it is important to develop and improve
the available modeling tools for analyzing the multicompo-
nent adsorption involved in the treatment and purification
of real-life fluids.

Artificial intelligence-based models are an alternative to
improve the simulation of adsorption processes for water
treatment. Several authors have recognized the contribution
of this type of models to obtain better correlations and esti-
mations of the adsorption of inorganic and organic adsor-
bates in single and multicomponent solutions [42-47]. The
artificial neural networks (ANN) have been introduced as
an effective and reliable approach to overcome the problems
associated to the simulation of adsorption systems especially
those corresponding to fluids with more than one adsorbate
at different operating conditions [43, 46, 48, 49]. ANN are
based on human brain structures and capable to represent
the nonlinear interactions between a set of input and output
variable(s) of a given system without considering a sophisti-
cated theory [50]. They have been employed to resolve engi-
neering problems such as fault detection, prediction of
materials properties, soil degradation analysis, water treat-
ment modeling, data reconciliation, process modeling, and
control [50-54]. The advantages of ANN (e.g., reliable corre-
lation, simplicity, versatility, and prediction capabilities) to
handle multivariable problems with nonlinear behavior have
justified their application in the analysis and simulation of
adsorption processes [50, 52, 55-58].

In this direction, this review covers the ANN-based
modeling of adsorption processes in dynamic and batch
operating schemes. The objective of this review was to
provide the readers a general perspective of the develop-
ments, contributions, and opportunities on the modeling
of adsorption data with artificial neural networks. A brief
description of the theory and basis of ANN is provided in
the first section of this review. The modeling of kinetic, iso-
therms, and breakthrough curves with ANN is analyzed
and discussed. Some important guidelines concerning the
parameter estimation problem to be resolved for ANN
training, the selection of the input and output variables to
be modeled with ANN, the details of its numerical imple-
mentation in terms of adsorption data correlation and pre-
diction, and some challenges to be faced and resolved
besides perspectives on this topic are also covered in this
manuscript.
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2. Brief Introduction of Artificial
Neural Networks

ANN were initially developed using the concept for artificial
intelligence with the aim of simulating the activities and
functions of nervous system and human brain in terms of
memorizing and learning [48, 59]. They came from the
analogy made between the human brain and computer pro-
cessing. Basically, ANN are a computational system that
replicates the function of the brain to carry out a specific
task [60]. Input value(s) (i.e., independent variables of the
system under study) are provided to the network and are
manipulated via internal mathematical operations to pro-
duce an output value(s) (i.e., dependent variables of the sys-
tem under study) [60]. ANN are considered as black-box
models useful when a mathematical relationship between
the output and input variables is not available to describe
the phenomenon to be analyzed and/or where the tradi-
tional models may fail [61, 62]. ANN contain multiple inter-
connected nonlinear processing elements that “learn” to
represent and extrapolate the nonlinear relationships
between the dependent and independent variables of the
case of study [48].

Mathematically, ANN are composed of simple elements
to perform the calculations where these elements are inter-
connected with a certain topology or structure. The percep-
tron (neuron) is the simplest elements of a network. The
basic model of a neuron is illustrated in Figure 1(a) and is
integrated by the next components [63, 64]: (1) a set of syn-
apses, which are the inputs of a neuron given by a weighted
vector; (2) an adder that simulates the neuron body and gets
the level of arousal; and (3) an activation function that gen-
erates the output if it reaches the level of excitement and
restricts the output level, thus, avoiding the network conges-
tion. Formally, the neuron output (y) in ANN is given by
the expression

Vi= (Zwij5j+wi0>’ (1)
=1

where n indicates the number of inputs to the neuron i, and
¢ denotes the excitation or activation function [65, 66]. The
argument of the activation function is the linear combina-
tion of the neuron inputs. Considering the set of entries s
and weights W of the neuron i as a vector of dimension #
+ 1, Equation (1) can be defined as follows

Vi :‘P[WiTS]’
5:[_1a51a52>"'>5n]T) (2)
w; = [Wig, Wip» *++s win]T'

ANN can be classified into static and dynamic networks
where the first one has a broad range of application mainly
due to its characteristic of not change with respect to time.
Dynamic networks are applied for those problems that have

changes with respect of time [67, 68]. Multilayer ANN are
widely utilized because they resemble the structures of
human brain and can be spread with forward and backward
configurations where the selection depends on the case of
study [69, 70]. Particularly, the multilayer ANN with for-
ward spread has been successfully applied in the correlation
and prediction of batch and dynamic adsorption processes
[6, 11, 27, 41, 57, 71-80].

A multilayer ANN structure includes an input layer,
one or more hidden layers, and an output layer, see
Figure 1(b). Input layer contains the independent variables
of the case of study, while the output layer corresponds to
the corresponding dependent variables. The structure defi-
nition of a multilayer ANN seeks to reduce the problems
associated to the prediction of nonlinear behavior of a mul-
tivariable system. Therefore, an important issue is to estab-
lish the suitable ANN architecture (i.e., the number of
hidden layers and their neurons). This task is commonly
based on a trial-error approach. In this sense, the theorem
of Kolmogorov [81] indicates that “the number of neurons
in the hidden layer need not be larger than twice the num-
ber of entries.” Hecht-Nielsen et al. [82] proposed the next
equation to estimate the number of neurons in the hidden

layers of ANN [83]:
2
h— (§> (n+m), (3)

where h is the number of hidden layer neurons, n is the
number of entries, and m is the number of hidden layers
used in the ANN, respectively. Equation (3) suggests that
the number of neurons required in the hidden layer should
be h < 2n. For the case of a multilayer structure with a sin-
gle hidden layer, it has been recommended that the number
of neurons should be 2/3 of the corresponding number of
entries [84, 85].

The next step for building an ANN model is the appli-
cation of excitation or activation function(s). These func-
tions are required to spread the information and used
for ANN training (i.e., the adjustment of the correspond-
ing synaptic weights to model the system at hand) [86,
87]. There are different excitation/activation functions
where the most common ones are the tangential sigmoidal
(Equation (4)), logarithmic (Equation (5)), and radial basis
(Equation (6))

e Vi e
= e “
1
P T (5)
N

9= wd(|w-w,). (6)

i=1

The radial basis function is commonly used for
dynamic systems and can be utilized in nondynamic pro-
cesses but at the expense of increasing the computation
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FiGure 1: lllustration of (a) neuron element and (b) structure of a multilayer artificial neural network (ANN).

and data processing time [88-91]. Note that there are
different radial functions, for example:
Gaussian

(7)

Multiquadratic

Polyharmonic
O(w)=wt k=1,3,5,-,
(10)

(D(w):wf In (w;) k=2,4,6,---.

After selecting the excitation/activation function(s), it is
necessary to train the ANN model. This training can be per-
formed with different approaches but the most common one
is the training of back-propagation (BP), which has been the
basis to apply other numerical methods like Levenberg-

Maquart (LM) and Broyden-Fletcher-Goldfarb-Shannon
(BFGS) [92-95], or even more sophisticated optimization
algorithms like the metaheuristics also known as stochastic
optimizers [96, 97]. BP algorithm is used to define the
parameters of a multilayer ANN with a fixed architecture
with the aim of “learning” the system behavior. An optimi-
zation algorithm is required to minimize the sum of errors
between the ANN output values and the given target values
of the system to be modeled. Interested readers on advance
topics of ANN, its characteristics and developments are
encouraged to consult the reviews of Basheer and Hajmeer
[73], Abraham [66], Poznyak et al. [98], Alam et al. [99],
Gopinath et al. [29], Chong et al. [97], and Aani et al. [100].

Finally, ANN have been combined and/or hybridized
with other numerical approaches to resolve complex engi-
neering problems. Stochastic global optimization methods
(e.g., particle swarm optimization, genetic algorithm, cuckoo
search, and ant colony optimization), fuzzy logic, and prin-
cipal component analysis have been employed to improve
the performance of ANN modeling in several fields includ-
ing adsorption [29, 96-102].

3. Applications of ANNs to Model the
Adsorption of Water Pollutants

A wide variety of theoretical and empirical models have
been proposed to analyze, correlate, and predict adsorption
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processes. However, these models are generally based on
restrictive assumptions and theories, which can limit signifi-
cantly their application [7]. For instance, the traditional
adsorption isotherms like Langmuir and Freundlich have
adjustable parameters that neglect the impact of solution
temperature or pH on the adsorption capacities at equilib-
rium. These traditional models have been extended to handle
the multicomponent adsorption but their errors are signifi-
cant for those systems with the simultaneous presence of
antagonistic and synergistic adsorption effects [31, 34, 38,
103, 104]. Other examples corresponded to statistical physics
models that are theoretical equations utilized to estimate
physicochemical parameters of adsorption processes but
with the limitation of neglecting the role of solution pH or
other fluid characteristics. Similar remarks can be formulated
for the conventional kinetic equations (e.g., pseudofirst and
pseudosecond order models) or even mass transfer models.
Therefore, ANN are an alternative to overcome these disad-
vantages and also to develop improved versions with better
correlation and prediction capabilities. However, it is conve-
nient to remark that ANN can be considered as black-box
(i.e., empirical) models that are effective for correlation and
prediction but without providing an additional theoretical
understanding of the system under analysis. This drawback
of ANN can be partially resolved via its hybridization with
theoretical adsorption models [105, 106].

Mathematically, the performance of an adsorption
system is a nonlinear function depended on the adsorbent
properties, chemistry of adsorbate(s), operating conditions,
fluid properties, and equipment configuration. This nonlin-
ear functionality can be modeled using ANN based on the
fact that there is no a limitation to incorporate all the
independent variables affecting the adsorption system, see
Figure 2. ANN can also predict the performance of multi-
component adsorption systems where the adsorption capac-
ities or other performance metrics, like the concentration
profiles of breakthrough curves, of all adsorbates are incor-
porated as output variables.

For the preparation of the current manuscript, a litera-
ture review was performed in Web of Science® database
using the keywords “adsorption,” “water,” and “artificial
neural network(s).” All articles found with these keywords
were scrutinized to identify papers out of the scope of this
review. Several references were identified with a significant
lack of information in terms of type of characteristics of
ANN, input and output data, and other relevant points,
which were discarded for the analysis and discussion. This
review covers more than 250 papers related to ANN model-
ing of adsorption data. For illustration, Figure 3 provides an
overview of paper published on ANN and adsorption of
water pollutants since 1999 to 2021 (July) according to
Web of Science® database using the keywords. It is clear that
the number of publications about this topic has continuously
increasing where a diversity of adsorption systems (i.e.,
adsorbents, adsorbates, process configurations, and operat-
ing conditions) has been analyzed via ANN with different
topologies, activation functions, and training methods
including hybrid approaches. This set of publications has
briefly described and discussed to provide an overview of
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FIGURE 2: Input and output variables of an adsorption process that
can be incorporated in ANN modeling.

the advantages, limitations, and current challenges on the
adsorption modeling using ANN. Consequently, this section
summarizes the main findings on the application of ANN for
the modeling of kinetics, isotherms, and breakthrough curves
obtained in the adsorption of different water pollutants.

3.1. Kinetic and Isotherms. Batch adsorption tests are
required to quantify kinetics and isotherms thus characteriz-
ing the performance of adsorption processes. First applica-
tions of ANN in adsorption modeling were associated to
the correlation and prediction of kinetics and isotherms.
Tables 1 and 2 summarize the ANN modeling of kinetic
and equilibrium studies for the adsorption of several pollut-
ants from water. For instance, the adsorption data of arsenic,
dyes, fluorides, heavy metals, pesticides, and organic com-
pounds using activated carbons, bone char, lignocellulosic
biomasses, clays, nanocomposites, hydrogels, and metal-
organic frameworks have been modeled with ANN. These
experimental studies have covered different operating condi-
tions (e.g., 20-60°C and pH 1-11) and a broad spectrum of
adsorption capacities (3-270 mg/g). Several input variables
have been considered in the ANN modeling such as pH,
temperature, adsorbent dosage, contact time, initial concen-
tration, physicochemical properties of the pollutant(s), and
adsorbent, among others. Adsorption systems with one pol-
lutant (i.e., adsorbate) dominate in the literature (~87%),
and a limited number of multicomponent adsorption studies
with two or more pollutants have been reported although
the recognized capabilities of ANN to handle multiresponse
processes. A brief description of representative studies on
ANN modeling of kinetics and isotherms for different water
pollutants is provided below.

Brasquet and Le Cloirec [107] were pioneers in the
modeling of batch adsorption data with ANN. These authors
formulated the question “why use neural networks in
adsorption processes?” thus determining that ANN can be
excellent predictors for this separation process if properly
implemented. They studied the adsorption of 368 organic
compounds on three activated carbons and used an ANN
with four input variables: molecular size and flexibility with
the variable *Xp (0-10.33), molecular volume and topology
of insaturation and heteroatoms with the variable *X"p (0-
9.58), the critical dimension with the variable 6X"p (0-
5.06), and a dummy variable “D” (-1.15-1.08). ANN with
three neurons in the hidden layer were applied considering
log (g,/C,) as the output variable where g, is the equilibrium
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FIGURE 3: Survey of papers published on the ANN modeling of the
adsorption of inorganic and organic pollutants from water. Source:
Web of Science (July 2021).

adsorption capacity and C, is the adsorbate equilibrium
concentration [108]. These authors used 333 quantitative
structure-activity relationship (QSAR) data for learning
and 35 for testing of ANN from Blum et al. [109]. They used
a classical neural network with BP algorithm as a training
method and hyperbolic tangent sigmoid as activation func-
tion. This study concluded that an excessive number of neu-
rons in the hidden layer was not necessary to achieve
satisfactory modeling results with R*=0.875. It was also
analyzed the impact of the number of neurons on the
ANN overtraining.

Chu and Kim [110] compared the modified Langmuir
model and feed-forward ANN for the prediction of com-
petitive adsorption of cadmium and copper by a plant bio-
mass. Equilibrium adsorption data at pH 4-5 and 25 °C
were taken from Pagnanelli et al. [111] where a mutual
suppression of the adsorption of both metals occurred in
the binary metallic system due to the competition for the
binding sites of this adsorbent. Input variables for ANN
modeling were the copper and cadmium equilibrium con-
centrations (0.124-2.243 mmol/L) and pH, while the ANN
outputs were the copper and cadmium adsorption capaci-
ties (0.006-0.165 mmol/g). ANN training was performed
with 83.3% of data set, while the remaining 16.7% was uti-
lized for testing. The logistic sigmoid function was applied
in neuron activation. The best ANN configuration con-
sisted of 1 hidden layer with 10 neurons and BP training.
These models were compared using the relative errors
where the best values were obtained for the ANN thus out-
performing the data correlation with the modified Lang-
muir model.

Singh et al. [112] employed an adapted neural fuzzy
model and a BP-ANN for the prediction of cadmium adsorp-
tion by hematite. Specifically, a 3-layered feed-forward
BP-ANN was employed where the input variables were the
cadmium concentration (44.48-88.96 umol/L), agitation rate
(50-125rpm), pH (9.2), temperature (20.5-40.5°C), and
contact time (29-222min), while the output variable was
the final cadmium concentration (43-103 ymol/L). The
training database consisted of 15 datasets. The activation
functions were the logistic sigmoid and symmetric Gaussian
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for classical ANN model and hybrid neural fuzzy model,
respectively. Results showed that the cadmium adsorption
depended on the five input variables. The hybrid neuro-
fuzzy model (R? =0.96) provided better predictions of the
cadmium adsorption than BP-ANN (R* =0.88).

ANN were used by Aber et al. [113] for modeling the
kinetic adsorption data of the acid orange 7 dye using pow-
dered activated carbon. In the kinetics experiments, the
effect of initial concentration (150-350mg/L) and pH (2.8-
10.5) was evaluated. Input variables were the initial concen-
tration (150-350mg/L), pH (2.8-10.5), and contact time
(75-600 min), while the final concentration after adsorption
(5.48-178 mg/L) was the output variable to obtain the
ANN model. Conventional adsorption kinetic equation
(i.e., pseudosecond order) and feed-forward BP-ANN with
3-2-1 neurons and logistic sigmoid and hyperbolic tangent
sigmoid functions were used for modeling the experimental
data. A total of 219 experimental data were employed with
146 for training and 73 for prediction. The performance of
these models was assessed, and ANN achieved the lowest
mean relative error (5.81%). This study concluded that
ANN was a predictive approach that could replace conven-
tional kinetic models.

Yetilmezsoy and Demirel [114] proposed the use of a
three-layer ANN for predicting the removal of lead with
antep pistachio shells. The input variables were the adsor-
bent dosage (2-16g/L), contact time (5-120 min), tempera-
ture (30-60°C), pH (2-9), and lead initial concentration
(5-100mg/L), while the output variable was the lead
removal (26.45-98.70%). 34, 16, and 16 data were used for
training, validation, and testing, respectively. Tangent sig-
moid function at the hidden layer and a linear function at
the output layer were used, while LM algorithm was the best
alternative for ANN modeling. This ANN model was able to
fit the adsorption data showing a minimum value of the
mean square error of 2.28 x 107* and R? = 0.94. Sensitivity
analysis revealed that pH was the most influencing variable
on the metal adsorption where a maximum lead removal
of 99% was obtained.

Three-layer feed-forward ANN was used to model the
adsorption kinetics of auramine O by activated carbon
[115]. ANN were trained using the parameters obtained from
the pseudosecond order kinetic equation. LM method was
employed to train ANN with the next input variables: initial
dye concentration (85-200 mg/L), contact time (1-120 min),
agitation speed (400-800rpm), temperature (305-333K),
initial solution pH (3-8), and activated carbon mass (0.3-
1.8 g). The output variable was the dye adsorption capacity.
The best ANN architecture was 6-7-1 with linear and hyper-
bolic tangent sigmoid activation functions. Overall, the
difference of mean squared errors between the ANN and
the pseudosecond order kinetic model varied only by <2%.
This study was among the early attempts to combine ANN
and a traditional kinetic adsorption equation to improve
the adsorption modeling.

Garza-Gonzilez et al. [116] proposed an approach to
compare ANN and conventional isotherm models in the
methylene blue adsorption by Spirulina sp. Simulated
annealing and genetic algorithms were applied with ANN



Adsorption Science & Technology

. a8ejuaorad aw ud © o uoneJedoid yoeq STOIA TRISAT HOQIE> DOIEATLS
[s81] 66 [eAOwISY }WHETO 0-8-€2 PIeMIOJ padJ patake[ 221y, WIOW [0 8 PABAROY
B sonauny| Iapio .o N (1-81-¢) uonededord
(2] pu023s Opnasg L7370 £91-0cee SHoUR yoeq iprenbrey-S1oquana [oteIeaTed 12od a8ueio
. - (a@oo) wsa o ;
[y] ~ %616 AD %86 aBmuaoiad ) ew pd 0 0-szs.  puesopoury (L9 co_gwama PEQ - MOIRA, Qcaw& A woques pareane-g-JoW
X9 ‘%186 DI [eAOwISY PIemIO] PadJ paroke[-MIN  UISOd ‘UdaId Ise]
‘wnrqmby
Jer SoTjouLy pue wa)sAs ouIyul
7] %66 o w9 ‘Hd ‘1, 0-0¢-0£ Hatial b . 861 pa1oampeay  aysodwod gy 1D/S1-VAS
0 uonydiospy wnuqmbg Azzny omoau aandepy : :
a8ejuaorad et (1-01-5) uoneSedod yoeq
[92] 3/8w 7301 [eAouY 31 pd ‘w 0y 01-01-19 sonaUY pIEMIO] P29y posake]-201y L an[q SuSAYIoIN €3} Juads pajeAnoy
a8ejuaorad . J wo)sAS oUIJUT poe
[£1] 8/8w gz [eAowoy 1 ‘puaxns oot ‘Hd w sretel (@d0) wsy Azzny-omoau aandepy SI0UEB}D00IONIdJ 1oBo13e suaydesd 4/mo
) Aypoedes o umriqmba (1-05-09-€) asoduwod
[e1] 8/8w 9g0¢ uondiospy Hd W =St pue NSY  PIEMIOJ Pad] IS210] wopURy W0 UesoIYd-ODI d1oueA
1-02-%)
. a8ejuaorad e ( SISSE[OUT 9)SeM UIOJ]
[et] 3/ut c0'8L8 [eaoway VHd WD pretie (@) wsy co%%&oa *Peq iprenbiey +°Y PRALISP JU3qI080IqOUEN
I0QUIADT PIEMIO} PO
UOTBIJUIDUOD ALIIU pue
[11] 8/8w 647 L1 Ayoeded UOTJRIJUIOU0D ﬁcoﬁ%ﬁm 91-91-8% SULISY}OS] . Iprenbiey-81quasdT] uadonIN BLI9}ORqQ XOWIWERUY
uondiospy B — PIeMIO) PI9J paIdke-NIA
38w juarpess 2jedn(uod payess
. . a8ejuaorad O« SOTAUDY pue pue pazurengdar uersafeq D9 UIWEPOY
[6] m ¢ wmub@ omw w\mw: [eaouwry 3w 9o Hd S0l wnuqmbg 9prenbrejp-S1oquaaa 9a701A AYIRIN [PYs Inu[em dpousely
L07T PO RPN ‘pIeMIO} Pad) patoke[-TinIA
. a8ejuaoiad . sonjaury pue (1-£-%)
(8] %T'86 [eAOwISY Hd 9 el umpqrbyg  premioy pagj paroke[-nnN vomzed SHIOZ
a8ejuaoiad WISYIOST uonededoid yoe dgsem
[9] %0566 L9 w9 pyd €e-ceeql 1 e PO 3[e0 pareande-HOEN
- +z :
[eAOwaYy pue OIOUTY  PIEMIOJ PIdJ PaIoke[-aa1Y], DU 3158M Y20 MEY
¢O11,/9s0m[ad
. Ayoedes O e (d0) Wsd (8-1-5) uonededod yoeq OLL
[s] 88w 6611 wondiospy w ‘p, ) 9 pgd 6-6-8C puE WIOST o rad posAel- By pa1 oSuo) Aylowdxoqred
onauny Jouriuef[oq
MoT[aA utsog
I a8ejuaorad O sonauny pue uorjeSedoxd 997014 TeISAID) HOQIES DOIEAID
(] %LV'66 [eAowoYy } o) 80-¢¢ wnuqmbyg  yoeq jprenbrejy-Sioquoss ‘O-ouIueINy 182 PAPALY
ON|q AUIAYIOIN
(uoneprep
DUAIJNY  [BAOWAI JULIN[[O] JIqPLIeA sa[qerrea nduy Bupsa, JuswLadxy [Ppowr NNV 2)eqIOSpY JUQIOSPY
mdinp : -Sururexy) :
pasn ereq

suonipuod Sunerado yojeq je syuenpod 1o3em jo uondiospe 2y} jo JurEpowr NNV 2y} Jo Arewrwng :] g14v ],



Adsorption Science & Technology

—c- NNV
[901] 38w 7¢g Ayoedes (SWIAYIOST 10§) 3D mu:wmmﬁvwwm-m ULIYJOST  pIemIO) Padj e Yym suonenba sv vopur snoyf erpundo
uonjdiospy (somauny) 3 ‘{Hd L D Wstos  PUE 2BRUDY uorjdiospe [euonper +€ WOIJ U0GIed PIAJRATIOY
1T HHetosI ay) jo uonezIpuqdy
88w ¢’ 119 UD Ayoedes O o (1-(01-€)-¥) wprode pa1 o3uo)
61 5w geszz eotay  vondiospy 1o d seorLL P onousB-NNY PHOAY pUE NNV L1 3PEIq POV 10 MA HRIEd
%L9°S6 SYIOMOUIE]
a8ejuaorad . O o € uonjededoxd yoeq premioj pady
8]  (1Z)99-OMN-ZHN ype— LHd O Wy, 20101 (ADD) WSA 61 dnad pasaker-nmiy duaikd ua%wo [eu (17)99-01N
%T'66 (12)99-0M1 -“HN Ppue (12)99-01n
%0T" aBejuadiad d 9w © -G- Ammu mwuzwwﬂ (1-8-%) uexoyjeIe 3 - YO
(62] %0T°€6 JeAowoY Hd 9w D 9-5-LT P .uﬁaw ' Dremiop pedy posokel-BI pexoyeres ((Ca)T0T-TIN/ 0%
3/Jowrwx : Aedes d wr g © - {HIIOst conwmmwmownw\wumm MMMMWENE QUIZUGOIO 9)IU0JU3q PAYIPO
(8] /loww £776°0 uondiospy Hd w9 D pue spaury qU2AIT ‘pIeMIO) qo1014D MU0IUSq PAYIPOIN
Pa9] uonouNg SIseq [eIpey
. Ayoedes O cr o ST uonjededod yoeq jprenbrepy
(o] 8/8w 9¢eT uonjdiospy O ‘L w ‘Hd §-5°L1 RJIELN | —819quaAdT pazafef a1y, 10 amyxrur Aep)
. a8ejuaorad O e ULIDYJOST (1-8-S) JuaqIospe
(5] 8w y0'ze [eAowIoy w L0 9 ‘Hd 02-0c-09 pue dnoUTY  pIemIoj Pad) paroke[-LinIA aueio [y -oueu JuI[TUeA[0]
(1-01-9) Iprenbrepy
—819quoaaT pue judrperd
Ayoedes wnrqmba : pnur pax
[w2] 3/8w 79'761-¥€° 1€ : 11 ‘gd w Op 8-8-67 b a1edn(uod pareos ‘wonededoid aeydsoyg .
uonjdiospy pue onjeuny yprq uomaN-tsenb puv PAZI[eNINaU PaJeAIIOR-PIOY
PIeMIO] Pad pardke[-221y],
Y a8ejuaorad q qw © s (1-%1-%) uonededoxd s s spaas
(19] % 06< [eAowoy A o 9€-9¢-801 b yoeq jprenbrey-Sioquansg +SV SV eeydoooona] euseona
. a8ejuaorad w1 9w md o ULISYJOST TeMIOI-DoaT Takerm mgﬂwo MMMUME assedeq aueoredns
[09] %001 [eAoway d 9wy 020209 i apsury p }-pad) JoAeMN PIM Juonpy paypour A[peoruay)
S[IXa) [eay
. aSejuaorad e So1jauUTY pue yse A mex
(66] %0€°T6 [eAowY Hd 9w, S¥H-12 wnuqumbg PRI D% pasafe[-nmN ) wouy posedaid ooy
(<] 0418°66 aSejuaorad w 0y 4 qd b0 ULIDYJOST (1-8-%) T — aysodwosoueu
[eaouwry pue onouUTY  pIemIoj Padj parake[-LinIA : corg/auriued[oqg
Bryuadiad w 9 ‘gd © So13oUT (1-£-5) vonededod ny ‘9f pai dIse snpme
[o81] - [eaowy }HATO 9-9-8¢ HouRy yoeq prenbrey-S1oquasdy  *7 O 97 patd1sed snpmes
(add) Wsy
pue sonauDy
‘wmnuiqrmbyg
(uoneprep
J[qerrea -Sunsay,
DUAIJNY  [BAOWAI JULIN[[O] nding so[qerrea nduy Surures)) jusurtradxy [Ppowr NNV 2)eqIOSpY JUQIOSPY
pasn ereq

‘ponunuo)) 1 1AV ],



Adsorption Science & Technology

I9)ourerp arod
pue swmnoa a10d “eare

(1-01-6)

Ayoedes )
[£81] 8/8w 97°6/41 wondiospy 149 9uayuod uadorpAy Sh-Sh-6¢1  wmuqmbyg  uoneSedoid yoeq jprenbrely g Yoe[q 2AnORRY ssewolq reSung
: P JUIU0D UOQIED JU)UOD —815quoAdT pIemIo} padg
uadonu 4 ‘gd 0D
%I aBejuadiad w 9 O -¢- AMW mmvuw w/%m (1-6-€) B Kep ayruojus
ler1] %C1'06 [eaourayg 170 0-¢-¢l mbsiﬁmaww uoxndasrad parakel-nmy +ed [> Sruojueg
Ayoedes o T (T-01-€) .
[811] /3w g wondiospy 1Hd 9D 9¢-9¢-087  wnuqmbyg uonededosd yoeq premioy paag  TIHOTP [EIOL ds snypoeq
a8eyuaorad (gg pue (1-g1-¢) uonededoid ypeq pnur par ym
[£11] %1586 JeAowoy Hd w9 S00T/S0/ST  dDD) INSY %::v:ﬂ&sm_cm%m pieaLI0y 29d syeqpea] 33pnys [erspU]
pue sonjouny]  pady uoxndoorad pazafel-nma
Ayoedes
uondiospe J
[o11] 3/8w 006 10 2Zeyusonad w gd ‘1. 0-18-801 umuqmbyg  (1-02-02-¢) wypLode onousn  an[q SUIAYISA ssewolq “ds eurnudg
[eAOwISY
Ayoedes W1} UOTJRIPRLIT Sururen (1-£-9) uonededoid yoeq
(str] 378w 002 uonjdiospy ‘L9 wgd O 10} ©JEP 7/T Rtk PIemIo) Padj parakel-nnA O suteany UOQIEY pRIeARY
o aSejuaorad 0~ q w7 ord 0T sonaur umﬁ-ﬁ Hﬁmw Moﬁwwww omm% SIPYS (T 42A
[p11] %0L 86 [PAOwY D9 WL ‘H 91-91-¥€ nouny yoeq 1p N—519qUaAYT +249d vovisiq) onpeysid doyuy
PIeMIO} Pad] patake] Iy,
SOTjoUTY pue
. O < o (1-7-¢) uonededoid yoeq uoqred
[erT] 8/3w £/ 6V D 1% ‘pd 0-€£-9%1 Ezﬂm%wm DIEALIO] poay PaIOKe] SOIT L £ 98ueio poy POIEAIIE pIOPMOG
[e11] 88w ¢ 11 0D sd ‘Hd ‘L A4 D v i-L sonauDy] (1-0z-¢) uonededoxd PO AWl
A Yoeq pue £zznj [emau paydepy +T :
urd)yed uonninsqns [eqo[d
[801] - (20/2b) Bor 3 wﬂﬂwﬁﬁmmﬂ”ﬂu%ﬂmﬂw B 0-01-S¥ SUWLIOYIOS] (1-€-9) mWMMMWHM ’ SU0QIed PIjeAT}OY
19)ouwrered oy, Surgpueiq Swngo PIeMIO} PadJ patake] 21y, SESIo o
pue 9zIS Je[NOJ[OIA]
uroyyed
uonmsqns [eqo[s pue
(eD/2b) o1 swojeo1a)ay YPSua| (1-¢-¥) uoneSedoid yoeq spunoduwios
[£01] - 5 d . 0-S¢-€€¢€ SULIY)OS] ‘ sneuwoIe UOQIEd PIJLATIOY
Jowrered oy, JUSNITISQNS “IOqUUNT PIemIO] PadJ patake] a1y,
Suryouelq ‘oumpoa pue oneydiy
Te[NO[OW 9ZIS JB[NOJOIA
(uoneprep
J[qerrea -Bunsay,
DUAIJNY  [BAOWAI JULIN[[O] nding so[qerrea nduy Surures)) yuswiLradxy [Ppowr NNV 2)eqIOSpY JUQIOSPY
pasn ereq

‘ponunuo)) 1 1AV ],



Adsorption Science & Technology

10

. adeyuaorad o (aoD) WSA U0qIed PajeAr}oR
[set] %68'86 [eAOwISY waro 81-0-9¢ wnuqmbg onuny siseq [eIpey uaa15 Juelg -sapnaedoueu guy
foedes (1-(£1-¥)-1) uonesedoxd
[g€T] 3/8w g7z cos. J10s 0y qd SI-ST-0Z wnuqqmby  yoeq jprenbrejy-Sioquoss 24d spunoisd aago)D
: PV pUe pIeMIO) D3] JoAB[-991Y],
o8eyuaorad SOIjoUNy pue -(cz-1)-¢) uonededoxd $aqNjOUBU UOQIRD PI[fem
[ze1] %56 ) ) w 95 61-0-SF nounl pue (1-(s2-1)-€) i SUBISUIEL] oan e pore
[eAowoy umuqmbyg  -yoeq jprenbrep-S1oquoas o[3urs pue paem-nNA
adejuaoiad O e wr2)s4s .
[te1] ) [eaoway 5d 9?0 ‘w ‘Hd ) wnHqimby SouaIyuT AzznJ omau aandepy +z2PO 4IN sisuaBurwiop eyd4y,
(1-9-€)
. a8eyuaoiad dew b Mﬁﬁw%m
[621] %08 [eAowoy Hd w 9y 8-6-97 umpqmbyg  9ouardjur Azznj-fernau pue i ve) MEI}S 90Ty
uorjededoxd-yoeq jprenbrey
—810qUIAYT pIEMIO]-PID]
(¢-(sT-1)-¢€) uonededoxd
%18 ..ND ‘%0 TS a8eyuaorad (@aoD) aysodurodoueu
(8z1] T 3w ) 0-9-€1 orq [BIUSWAIOUL Y} UO 210 IN 4.4d
+!N%09°€6 ,9d [eaotod INSY Paseq JIOMIOU [eINSU JO[OABA o[e3/onausey
. a8ejuaorad e e sonouny pue  (1-9-9) uondeorad 1afe[-nmu
[£eT1] %0T'66 [eaowyg LoASd WD e1-eI-oy wnuqqmbg  uoneSedoid yoeq wnjuengd) +¢2d [0S SNOSIBIED
1-21-€) 2annadwod
a3ejusorad e sonuny pue ( i 4 U0qIed PajeAn)de YIm
[eet] %66 [eAowRy 1L wHd 0-2L-891 wnuqmby psiperadury - premiop a8ueio aanoeay  papeof sapniedoueu ploo
i Pa9] parahe] sa1) pugiAH : :
A319u0 uoneIpAY
“fy1anedouoIidspe (ST-ST-02)
‘TIpeI JTUOT PaJeIpAY (wrayyost)
[sz1] 8/8w /-1 :% _Mmmwu M ,wasohw u%Wum 5o . P T6 " ﬁ% ; AMom-m%-oToz-oTov ¢ n+~cN ] SISSBUIOT OISO[N][Po0USIT
ndiospy  uonenusouod ‘urud pue  ((G1-61-0£)  wnuqqmby  uonededoid yorq premioy psag ¢, IN °,.PD ‘,.Ad
9SO[N[[20TWAY ASO[N][2I (onoumny)
JO Ju2)u0d “edre I 9D eJep 691
SWIBYI0S] 9 0D somauny|
fyoedeo (Z-01-%)
uondiospe O < o o YAIVN mdur snouagoxa
[¥er] %08 wSejuantad D “ozis apnaed w ‘pd 01-0T-01 umuqrmbyg s sassao01d [ppow 9z [[PYS PUOWe PajeAndY
[eaowry aA1Ss215010INE TRIUT[-UON
. Ayoedes O o T (1-¥¢-%) uoneSedoid spmb
[eet] 83w 71714 uondiospy 190 ‘Hd ‘w ‘sq PSI-P8I-$8L  somAUDY pIEMIO] 0] podake] B, D pa1 Jaseue] Mens [HUST
) fyoedeo o (1-LT-¢-¢) 2180]
[1z1] 3/3w g1y wondiospy L ‘w ‘Hd 0-01-0T  wnuqmby Azmy OINOU M. PIEMIOY PIOS 10 spass wied a1
(uoneprep
DUAIJNY  [BAOWAI JULIN[[O] JIquHeA so[qerrea nduy “Bunsa, yuswiLradxy [Ppowr NNV 2)eqIOSpY JUQIOSPY
mdinp : -Sururexy) :
pasn ereq

‘ponunuo)) 1 1AV ],



11

Adsorption Science & Technology

foedes (o) Wsya jprenbirej-3roquond spass
. ! ard ‘ur < -
[wst1] /8w y¢ 7w wondiospy 1 ‘gd w Op G-6-17 vcw ULIdYJOST pue uoneSedoid yoeq an[q o[IN SIUA[OS9 SNYPSOWPAY
S1RUDY PIeMIOJ—PadJ PaIdke[-aa1Y],
Jsny oL
fyoedeo w 9 ‘931eyd 0197 wiR3shs duasojur Azznj-omou WQMQMMMMM% MMWMMMMMM
(est] 8/8wr 0001 :oﬁ.&ow?« Jo jurod “eare 20eJING 081-081-0¥8 M| aandepe pue uonededoxd +gHIPUI ‘MEI)S UIOD ‘UBSOIYD
yoeq jprenbrep-81oquana B .
unIyo ‘saqnjouru
uoqIed ‘U0qIed PIJeANOY
a8eyuaorad UOT}EIJUIDUOD WISY)OST wa)sAs doudIdJUI aysodurodoueu uesoIIYd
o/ I e I0s1 Jul I Iy
(ost] %0766 [eAowoy depy O w ¢, 4 9 pd 61-0-8¢ pue onouny Azznj-omou aandepy +d /((deH) @medefxoipAH
and) WSy
. a8ejuaorad et ( p (1-6-%) wyytiodye
[87T] %05°66 [eAOWRY ) w ‘pgd O SI-ST1-0L ULIDY)OST S1J2US8 - pIEMIO} P33} PUGALL 197014 TeIsA1D) sprsdorpoueu/uesolry))
pue onouny
(1-7-%)
[s¥1] 9%09°CS ABeuadiad Hd 9D ‘w ‘gd 6-6-LT ADnUUv uorjededoxd yoeq jprenbrey gz onpq aszadsiq  apuIo[yd wnrurwnye-£[0J
[eaowy NSE PHeUn - o o £
QUOAT PaIdAe] 221y,
8/8w 61 Beuadiad w 0y 9 <7, ‘gd Amuﬁwwv H\meﬁm JLromiou 3]01A [eIsAx W)S LAINBIUD
(zp1] /8w 61'9F JeAowoy D9°LH 9-0-9¢ aﬁﬁx. premioy poay pasokepnyy  IOM S0 ) 12D
(1-£-5) uorssaidar reaur|
aandepe ym Juaosap juarpesd
a8ejuaorad (@oo) Wsa uoqied
[171] %06 L w ) 9 pd 0%-0%-061 . pue uonededoidyoeq juarpsax 7
[eAowIoy SO1AUY Suonsop Juarpes ‘woneSedod P3eATIOR [[2US [SUI] Wed
yoeq jprenbrepy-S1oquasat
fyoedes e (1-01-9) .
[o¥1] 33w ¢t wondiospy Hd <L, w <) BJep 099 RISELY | prenbrey-8roquand] sprongy (*ON)-TV-®D paumd[e)
: P PIeMIO} Pad] patake] 1Y,
s[opowr a3}
Jo WWBE%& ULIdYJOST (¢-p-€) suoyenba 19pio
. < < 1 ¢ <0 - - . -
[6€T] 3/8w 71 pue Ayedes L‘Hd9D ‘L9 0€-0€-69 - puod3s-opnasd pue Imurdue| apuonf ayomndour)
wondiospy puE NNV JO uonezIplqdy
] Ayoedes e (T-01-%)
[8€T] 8/8w g¢1~ wondiospy L Hd 9% 81-67-18 onauny pIeMIO] P9y posSAel- I ee) ueIq dzrejy
3/8w ¢g'/¢ a8ejuaorad 0 o Amwmuuw W\/Mm uonjededoxdyoeq surwre)) oJipuy uoqIed
(ceT] DI 8/8w 60'62 O-S [eaouwray } O sl-el:0L P HoUL PIeMIO} Pad] patake] 1Y, ‘O-UrueIges PJeATIOR PUE SIITMOUEN
‘wmntiqrmbyg
(uoneprep
DUAIJNY  [BAOWAI JULIN[[O] JIquHeA so[qerrea nduy “Bunsa, yuswiLradxy [Ppowr NNV 2)eqIOSpY JUQIOSPY
mdinp -Sururexy)
pasn ereq

‘ponunuo)) 1 1AV ],



Adsorption Science & Technology

12

. Aoedes On o1d “ur ¢ (1-€2-¥) uonesedoxd ypeq 5 (D
(e61] 8/8w 6¢zLe wondiospy 190 ‘Hd ‘w sq 69E°69€-99GT  SMDUDY 1B or parake] 20T pox Joseue] BLIPIIUOD BIeY)
. aSejuaorad et (1-21-5) uoneSedoid yoeq .
(z61] %SL'T6 JeAowoY 1oL Hd w D 09-09°08T  SMIUDL ol oy poradep soryy U0 IMPPIEN ds vaeyD edy
a8ejuaoiad O € sonauny pue (1-8-%) uonededoid yoeq
(t61] % 09< [eaouwray 1L 0 Hd 0v1-0v1-0cs SULIY}OS] PIeMIO} Pad] patake] 1Y, 1ouydooryd UOQIEY poIeAY
aSejuaorad e 1o (1-£T-07-05-%) BOTpUT
[o61] 3/8w 9 i sd ‘L ‘Hd D ST-9ST-809F  SWLIAYIOS] uonegedord-yoeq e} erapSuew J0 JsnpMe
I Juarmodax [enyed parofel-nmiA I 3 PMES
fyoedeo e e e Sururen (1-£°9)
[681] 3/8w ocg wondiospy A wgd e rag —— RJEE1RN uoneJedod yoeq jprenbrejy O durweIny U0qIed PajeAndy
: P } eieh —38159quoAdT pIemIo} Pad
[881] 3/3w Apede wnsAs ut -1- SUWLIdYIOS e AM.WMMWUMM ﬁﬂm%hoﬂﬂ% areydso STenpsa
881 00¥ uondiospy areydsoyd rejoy pue yd [ oSt i Howmm::E ﬁWME&@@uom T qdsoqd jued Juouuyean) I9je
Aoedes onjel ssewolq/ [Ouyz sesed snagws
[so1] 8/3w 7568 :o:. diospy ¢ ozmh SSPUIOL ?ogs . 0-5-S¢ wnuqmbg suryoew 103034 J1oddng 2ad $19047) pajeAnde HOM
: P : q WOIJ PIALIDP JeYd0IPA
aSejuoorad (1-1-5)
[€o1] 8/8w 111 e A9 w gd eJep 67 sonauny| uonjededoid yoeq jprenbrejy ite) ysny 2511 padop uoig
I d -819qUaAdT premioy pasg
(1-7-7) saysodwodoueu
%29’ 2Bejuadiad Oy “qqd - wyrodye opruasI aprxo suoydeid
[1o1] %T9'98 p— 190 ‘Hd L (AOOINST 5008 - prompou [exmou prussIy s owmsoh&wa
uonjededod yoeq puqiyg /70740 W
aysodwos
1-6-%) uonjededoxd :
38w 57791 AD a8ejuaorad T w© ( 19[01A [e3SAI1D uoqred pod 020D YIIM
[091] 38w ¢p /T N [eaouwray VHA WD 9°9-81 (AOO)WsY  >peq iprenbiely-B10quasa] aN|q UL papeo] sspnredoueu
PIemIo} Padj parokel-nnIA
: Y091 onoudey
-€1-5)
. adejuaorad O e e a YO%1/epXO
l6s1] 38w 7 [eaoway WL e (oo xumMﬂWNMMMMstE woutIp apnsad audyderny/Aep sndudejy
a3eyuaorad o (1-01-01-01°%)
[85T] 38w pp eAOWS > ‘gd ‘T, w GI-ST-0Z SoTjoUDY] uonededord sprionyy YsN{[ 2011 WO Ieydo1g
I q Yoeq patoke[-nnA
and) sy
. afejuaorad O oo € An wpiod[e onouad-NNV pLqAy spriqAyoueu
[os] %0788 [esoway 591 Hd 9-0-¥¢ wmhwm%wﬁw urrems oprred- NNy puady BN o 101 snorodosoy
(uonepreA
J[qerrea -Bunsay,
DUAIJNY  [BAOWAI JULIN[[O] nding so[qerrea nduy Surures)) yuswiLradxy [Ppowr NNV 2)eqIOSpY JUQIOSPY
pasn ereq

‘ponunuo)) 1 1AV ],



13

Adsorption Science & Technology

3 . a8eyuaorad
150c) 1es [eAoway 3w ) o-zr-gy  CweunIpue - (1--€) uonededoid yoeq
[£07] a8ejuaoiad umuqmbyg  premioj pesy paraker-oa1yy, +970 eLpoeq ds 19)0€qOjPUNDY
4 %16 JeAowoY 1L d w 0y LT-L1-1S sonaury (1-%1-5) uoneSedoid yoeq
: PIeMIO} Pa3) PaIake] 221y, 76 on[q pPVY “1 Jourw euw| e[y
ooel wITTS o A wEd 9D og-og-go  UBI puv woneedord
I N or nuqumby yoeq jprenbrey-31aquaaa +29d $Iaqy Iso[n[Edoue
PIemI0} pady pardke[-nIA L N
[s0¢] %001 %MNMSS& Lm0 oc (1-6-%) uonededoid yoeq
uro -ST-
I Nt 1-98 sorjouTy juatperd 2jedn(uod pafess 1¥1 Pa1 aA1)ORY KepouediQ
o os . faodes PIeMIO} 3] parake] 221y,
/sW 9T°C uondiospy gd 1, 9 w 0y ce-66-001 somaury (1-(21-9)-5) uonededoxd
u . yoeq jprenbrey-3ioquasa 98 N9 1A U0QIed PajeAndy
[c0z] %E86 PBryuadiad PN
-~ , 10 2dky 07 sq w 0-12-75T wnuqmbyg (1-5-5-9)
Hd quaquospe Jo 2dA . uonesedoid yorq premioy paag oBipu] [PYs 1nu00)
[z02] 8/8w pLL81 Auoedeo qd ¢
uondiospy 1HA D G9-69-8LT onauDy| (1-0z-¢€) o1 108
(10¢] 8/3uw g0'g fyoedes premioy paoj porkelnmpy O P sy anurem
uondiospy Hd w g, 0-TI-ST MMWW%NMNM uondooiad 1afeT-nMN ad
[o07] %ET9L afejuaorad HATA . " e P
b JeAowoy A9 w0y YIhT-TL oAUy uornyeSedoxd spaas
T seq jprenbrey-3 IN
R 3P'q IpIenDIBN -5 IqUIAT e ereydoooona euseona|
[66T1] %86 [eAow 3L w gd eJep 001 (7-8-7) vonesedoad
EN| RRISELLS yoeq jprenbrey-S1oquasd
T u
PIemIo} Pasy patake] a1y, o [ R £Q A e
(861] /38w ¢z “IOND-d fyoedes
8/8w g'6g QOuZ -4 uondiospy A9 W Hd 69-0-60  umuqqmbg . (1-6-6-6) e (84as)
Rk uoneSedoid yoeq premioy pasg OJ[ns suszuaq (d) aurruedjog
[£61] %001 sBeyuaosad 1oapop wmipos
b [erouy 1L gd w 0y 09-09-08T  TNSY ©noury (1-71-5) uonededoid yoeq 3
[961] %00 s8eueoiad premioj pasj pasake darqy, oo N ds eidydoruey e3ry
Wt [eAowRY 19 Hd w ) ppppger CPPUBLPUE (1) uonesedoid yoeq 3
. B R—— wnuqmbyg  premioj pasj parake] sa1y, U315 NYIe[RA eroydopep) e3[y
[s61] %YTS8 1w ¢
[eAOWRY VL WD o-cp-ser BRI PUE o needoxd
SULISYIOS] fiesedold oeq pI1emIo] paog SV SSBWIOIq SNDID ST[[IoeY
(61 %0816 E_Mm%u p— (1-5-8-¢) uonededoid yoeq
uondiospy YLl sopoury  jprenbrejN-819quaAdT pIemioy £9-uwmiyred SISUaINQeYI
pa3y uondaorad pasae-nnp SALDEOIPEY SNoIANY) JO SUIOOE S
(uoneprep
QOUDIJY  [BAOWIDI JULIN(O4 oE%r? sapqerea nduy “Bunsa, d
mdinQ : Qe JjuowLradx
Surure1y) 4 [PPOW NNV djeqIospy JU2qIOSpY
pasn ejeq

‘ponunuo)) 1 1AV ],



Adsorption Science & Technology

14

1-6-€)
a8ejuaorad sonouny pue ( U0qIed pajeAr)de
[tze] %06 3w 9D 0-96-¥7¢ C aannaduwod jsiperraduwy Mo[pA Jasung i :
[eAowIay umuqrmbyg —piemioj-paoy pasake]-aoxy, sapnredoueu zZ(HO)uZ
v sBeyuaosad e sz LRI T e a w0 paproj sapiedoue
lozz] %¥S 66 [PAOWY 1w D 6€6€T8T  pqumbg P W-SIQUIAT NNV g 1010 5 anoeoy PapEO[ S3h
-sisA[eue juouodwod [edourig apyms 1addop
l612] peree Faawied L w Hd 9 0-06-0,  ono B PEE (roes) 0D ‘N s@o%wzmmmwﬂ
‘s a7 : +290 4t !
4290 “%8T6L L IN [eaourayg wnuqmbg uondoorad parake-nmp /VAd (10909 Kur)Aod
aSejuadrad (1-01-7) uonededod
[812] %66 erowy 10 - sonaUTY yoeq jprenbrey-SioquaadT  jousydoroyyorry, ©JRIOPO BUIL[OWOIY))
I PIemIo} Pady patake om],
NSY
a8ejuaoiad e T . (1-9-%)
[L12] %56 JeAowoy 1w gd <9 L-0-TT PO PUT 1 foviod posakel-ny JAreqIe) ssewrolq Jofeur pUWT
wnuqimby :
U0qIed PIjeATIOR
[912] %06< sBeuadiad }w ‘], 8¢-8¢-9/1 SonjoUDY (1-€c-€) Eﬁﬁomﬂuuozmw X uIsog uo wovmow&u%mwomg
BAOWIS T - pIEMIOJ P39} patake-n : :
[ d % )} Poo P [-BION apIX0 (I1) 00
1-8-5)
Ayoedes sonouny pue ( sImqns
[s12] 3/8w 16'15T : Hd ‘1 9 w0y CI-H1-€9 U uoneJedoid yoeq jprenbrejy i ve) i
uondiospy umpqrmbyg _815quonaT preMIO] pod] sny[eq PazZIIqouIw|
UOT)BIJUDUOD sonjeuny pue (1-01-5) uoneBedoid
1] /3w 6£°9¢-€°0 T ew 3 gd <1, wr O 12-12-€% wnainb yoeq jprenbrey-Sioquans an[q SUIAYIOIN SIQNIOUBU UOQIE))
TPUtd HQmmbe PIemIO} Pad] patoke] 921y,
%TS'86 a3ejuaorad o a1 © o s (1-%1-%) uoneSedoid pax oSuo) $P33s BISIATO L3I0
lete] D ‘%706 9N [eAoway A o 9E-9¢7801 HIuA yoeq jprenbrey-Sioquans an[q SUIAYISN P ehd HOW
% 19°26 a8ejuaoiad e w© o (1-%1-%) uonededoid .
[e1T] LSV % 8818 .SV [eAOWRY A3 WD 9€-9¢-801 SonaUDY yoeq prenbrey-S1aquass +SV LSV 1pMmog qoD) skewr eaz
. joyyydeu (oD 105 1-6-9 .vaaz 105 1
%86 aejuaoiad -G-/-¥%) IpIenbrejy-S1oquosd
[117] . -z-(ozedpuid-7)-1 jo 01-0T-L¢ SonaUDY ) 4290 UN TOIS 19)uoueN
+220 "% 66 . UN [eAOWIRY woenUAOU0d 9 ‘w ‘Ld NNV -uoneziundo
Auooo Jue puqiy
s8ejuaorad e O < (T-T1-9)
lore] - - L 9w ) ‘Hd §-6-01 SonAUDY uoneSedoxd yoq JudsY +4d uoqIed pajeAndy
a8ejuaorad (1-8-p) uonededod
[607] %66 erowRY L D w ‘pgd €6-76-601  wmuqmbyg  >eq JprenbreN-81aquandT wIO1A [e3sh1D) S[PYs33g
I PpIemlIo] pasj UMHO%NM YT,
(uoneprep
DUAIJNY  [BAOWAI JULIN[[O] Jrqvirea so[qerrea nduy Bunsa], jusurtradxy [Ppowr NNV 2)eqIOSpY JUQIOSPY
mdinp : -Sururexy) :
pasn ereq

‘ponunuo)) 1 1AV ],



15

Adsorption Science & Technology

Areurg
3/8w Ayoedes Sururen -ouowr (z-2-7-7) .
ree 7,20 %Bw IN  uondiospy 39 IOJ BJEP 97  SOLQUDY pue  PIEMIOJ Padj paroke[-nnIA 10 N enpuadify wmssesres
wnuqrmby
38w 9y'1, , fyoedes uorjededoxd yoeq .
leec] Yz B/3w $95 24d  uondiospy i i wmLqimby uondoorad parefe-nmu 172 429 [PYs 9810
3/8w ¢1°09 Doy Ayoedes . sonouny pue (1-(s2-1)-¢) uonededoxd 09 UTWEPOYY
[eez] §/8w 9¢'0/ OV uonjdiospy HA 9L 5T5T0s wnuqqmbyg  yoeq jprenbrey-Sioquoss  98uero surproy TeOIpAH
3 (1-01-9)
[1¢2] % 06< ° MMHM& 05 <, a “wr “pyd 6L-6L-698 oo B woneSedoud ypeq prenbiely  anjq awopyoy  ssewoiq [e8fe papio-aq
I d HQImbd -810qUandT premioy paag
a8ejuaoiad O o (1-81-€) Iopmod
[oge] % S6< [eaowray O ‘w ‘Hd 0-91-8¢ winqimby uoneSedod yoeq premioy pasg +9™0 110D IJI[[PqE[] snserog
. adejuaorad e T So1aUTY pue (1-21-%)
lecc] %0526 i 1w Hgd 9D TWIELST npqmby  wiems spnaed-NNVY PHAAH wnuapgLjoN sapnredoueu 19A11S
a8eyuaorad INSY (1-2-9)
[822] %5266 eAowY 3 Oy wr ‘A qd 11-42-0L ‘sorjouny] pue wIode onoudd - uondedrad  anpq suSAYION u0qIed PajeATIOY
[ wnuqmbyg pazafe-nmur puqi
I-11-€)
a8ejuaorad 0 < < SOTJoUTY pue (
[zzd] %09< S D ‘L ‘Hd EFIE) nuqqmby uopegedord e} ayondourd
yoeq patake] aa1y],
. Ayoedes T e sonauDy pue (1-%1-9) uonededoid yoeq
[oz7] 3/3w y6'1% wondiospy AHd ‘w9 0D 000709 \nuqumby  pesiog pooj posaker-ooryy M4 Uy udr yspn T,
1-02-5)
aSejuaorad e 1o sonouny pue (
[sz2] %86 [Eacwoy A w gd 9 O ¥T-VC-LY wnpqebg uoneJedoid yoeq jprenbrejy SV spnredoueN Quz
b —319qUoAYT pIeMIO]-Pao]
(1-£2-L2-67€) e
b e TR g g S GGG, pmer g pa
I o HQImbd Azznj-omou aandepy [OZPIPRIT e T Pt PI°D
(1-¢-¢) wyyiodye
%¢€°L6 afejuaorad a0 sonouny pue oneudd pue uonededord uda13 juer(ug spnredoueu
leet] g ‘% L6 N [eaourayg } O 0-10T-5€2 wmuqmbyg  yoeq jprenbrejy-Sioquoss an[q QUIAYIOIN aprxo aydern
PIeMIO} PadJ patoke] oIy,
(1-11-%) wrems
0 a8ejuaorad O soneuny pue spnred pue uorjededoxd 23UrI0 1Ato meMMH”W MMMSM MM“M\MMVM
[eet] %86< [eaourayg } O 0-8L-28T wmuqmbyg  -yoeq jprenbrepy-S1oquoss At P 18 paeAl
il papeoy sapnredoueu pjoo
PIeMIO} Pad] patoke] 91y,
(uoneprep
DUAIJNY  [BAOWAI JULIN[[O] Jrqvirea so[qerrea nduy Bunsa], jusurtradxy [Ppowr NNV 2)eqIOSpY JUQIOSPY
mdinp : -Sururexy) :
pasn ejeq

‘ponunuo)) 1 1AV ],



&
2
[S)
£ [ . o8ejusniad . (@o0) Wsa (1-%-01-€)
S L¥7] %C1'96 [eAOWY ) w ‘gd ¥9-71 sonoury] pue  uonededoid yoeq jprenbrepy 0 saAed] ©9) Juadg
& umuqrmbyg —815quoAdT pIemIo} pad
'
e (%¥'L6) DV-AN-nY  a3ejuasiad sonauT 3 3- oqiIes pajeanoe
957 A o O < o Nouny pue  WUJLIOZ[E douag- pIremIo]
m [ove] (%€°L6) DV-dN-IL [eaoway 3w o Hd sS04 ympqumbg Pa3) paake] 921y puqdg pa1jousyd uo papeo] s3ppIedouey
g SpIXOIp wniuejn pue pjoH
9}
= :Mmm.:-@ .
° oSejuasrad . sonauny| pue uoneziundo wrems s[onIe uoqied
MP [s¥2] % 08< - ] ‘w 0 0-94-9/1 wn :m.E:ﬂum -NNV prqdy pue uonjededord  woais juerg PajeATIOR UO PapeO]
um i -oeq jprenbreN-S1aquaad] spntedoueu apy[ns oury
2 PIeMIO) PadJ PaIdLe[-9a1y],
a8ejuaorad o $o15 (1-(0€-1)-€)
[7¥el %66 [eAOwY 1w 0D 0-79-98T E%MM%% ® wuoSe onousS- premio; oo ayoR[Ey U0GIe> pAjeAIe Uuo
Lqmby paay pazake] sa1y prighp] papeo] saxmoueu 1addoy
a8ejuaorad o sonaury pue (1-(0T-1)-€)
[ev2] % 86< p— 1w Oy Ly-Ly81c En._ﬁ%vm uoneSedoxd MO[A Josung UOQIEd PIJLATIOY
. ] Rk yoeq patake daIy],
%¢€1'98 958U P sonauny pue
[e¥e] 120D “%ST06 . IN [eAOWRY 1w ‘pd 0-0¢-0L umnuqumbg PIeMIO} PadJ patokel-NNA 4290 “IN SSeUIorg
Aoedes
(152 /3w 599 I 10y pqd w s el (1-52-5) uonededod yoeq
wondiospy D H d OVE-SPEGOPT  SMRUDY A sey pasake] 201 9 pa1 d1seq Ssny nuge
[0v2] B adejuaoiad ) ep w yd _ sonjouny pue (1-01-¢) uonededod yoeq S— syopreidoueu
MM\EEum umpqibyg  premioj pasy parokey 221y, ey aprxo auaydein
deo
l652] 3/3w 7755 J1o® OHEUDU0D o« L (1-5-¢) uonededod yoeq
co:&ow?« ’ OH 3 L 0-5-L1 EEBE:WM premioj pasj @uugﬁ NI, m:gosmmosm [osxneq
wyogdre
[8€] %TE 66 ABruaiad Hd w99 ¢-¢- wnuqqubg 272998 - cwumwm%a Peq soproipAy
[eaolay 6l HATAA jprenbrejy-31oquoss premioy +79d d[qnop pazade] Ty
pody patake]-nnur PUAAL —SIN-9)e1)IR) paje[EdIAIU]
. Aoedes . soTPuRy pue uornyeSedoxd
[L£T] 3/3w gg'18 uondiospy qduans oruor 390 L Hd  9€-9¢-801 8?@1%5 peq JprenbreN-S1oquaadT 7T YR POV Teydo1q ooquieq
i PIemIO} Pad] patake] a1y,
£ (@oo) Wsa
[9¢z] 3/8W $9°¢TT zowmw%u w 0 < yd 0-8-12 somury pue (1-%-%) uonededoid yoeq . 21080135
RA0SPY wnr h.E::um PIEMIOJ Pa3J patake] 21y, e Kepo papuadxs jydry
%88'S a8eyuaorad o sorjouny] pue uonededord
[sec] 1970 *%9ETY 1D [eaouIy Ao HEP 091 E?i%:@m Peq 3prenbiejy-Bioquar +910 “4efO 3SO[M[[2D AUT[eISAI0IIN
i PpIemIo} padj parokel-nnIA
(uoneprep
J[qerrea -Sunso
DUAIJNY  [BAOWAI JULIN[[O] nding so[qerrea nduy -mﬁﬂﬁ% ) jusurtradxy [Ppowr NNV 2)eqIOSpY JUQIOSPY
pasn ereq

16

‘ponunuo)) 1 1AV ],



17

Adsorption Science & Technology

. aSejuaorad w0 N Amwwuw w/%m e MM%M&&M“ ors g uIsod U0QqIed PajeAr}oR
[09z] %00T [eaouwray 1o . P HOURY - q 3P W—o19quandT ‘uoaid Juenug  popeo[ sopntedoueu guyz
wnuqImbyg  pue premioj pady paroke[-nniA
) aSejuadrad e O T sonouny pue  ([-§-$7-9) YIOMIAU [eINSU
lest] 8/8w 67°¢9 [Eacwy 1esd A 9D ‘Hd ‘L 01699 ymuqqmbg  [epgnse ise pasaker-mog +PD UIS21 UUUE) BIUOTEA
v a8ejuoorad 1d 9 01 N sonauny pue um.ﬁ.uwwwww:ocmwn_ﬂwm 3 sed[e (wouradq
[8sc] %06 [eAowsy HE3 70 979°9C wnuqmbg e b N=e1oq 1 +°H '§) woueAdq winssedreg
e ‘pIEMIOJ PadJ patake[-NNIA
s q yuarpersd ayedn(uod
(Ls7] 00/9°6 aSejuaoIa juaqIospe T — pafeos puv woneSedoid a S[[OYS INUOD0D PUE SIALI]
’ feiotid jo 2dla 5w %5 “Hd o yoeq %Esfmzwmhaco%q " A "SI001 UEAH
. fyoedeo o O o ¢ $oTjaury pue (1-¢-%) €1 snziyire
[ose] 88w €9zel uondiospy 490 ‘w Hd 50T wmuqibyg  premioj pasy paraker-aaay, a8uero aandeRy sndoziyy jo sseworg
fyoedes
[sse] %56 v:MoMWﬁMMMWM& LA w0 9 Hd LLvt SOHIUEA pIeMIO] wuﬁuw. ﬂ%&ﬂ.uoi L WV (woou) S%EHMMWMMMWMM
[eAoway
foedes 0y ‘gd quaunyeany uorjededoxd yoeq
[¥sz] 8/3wcy sy won diospy J10J UOTJRIFUIIUOD 0-€-4T wmnuqrmbyg  premioy pasy parofe[-nnuw pue 4d 3UO03S AT
: uonn[os [edTWAYD) wo)sAs oudIyuI AZZNy [eINAN
a8ejuaorad "UOT)BIJUIIUOD (1°8-%) ansodwiosoueu
[es7] %8466 ooty wor apuop “w 5 4id €T-€T-1L sonjouny]  juarpersd ajedn(uod pofedss urer) te) UOII JUI[eA
I FopPHol ‘pIEMIOJ PadJ PaIdAe[-921Y[], -019Z PazZIIqe)s-ajordag
D
38w pue fyoedes (9-8-¢) uonededoid q00
[zs?] . . . uondiospe A ‘w9 8%-8F-FF1  wnuqmbyg  oeq jprenbrey-3ioquoss e}
€00 /3w 6's SV 9Zejuaorad pue uonydaoiad rakel-nnA U103 pue sou0)s Jooudy
[eAoway
agejuaoiad sonauny pue (1°9-9)
[152] %YE L6 ?Mo:bm I 49w gd 9 - E.M En._ww%vm uoneSedod yoeq premioy [ouayg yse [9ad s8ue1Q
e pa9y uondaorad 1akel-nmp
. a8ejuaoiad T e SonauDy pue (1-£-5) uonededoid yoeq aysodwod
[osz] %06°€6 [eaouwray LHd 9w 0ve-zs umuqmbyg  premioj pasy pazokey sa1y], ™0 surruedod apIxo winiId))
) a8ejuaorad n e d < <O sonauny pue (1-£-9) (IDHVH
leve] %0886 [eAowoy L45Hd WD 0-07-09 umuqimbyg  uoneSedoid yoeq premioy paog +5V -3D) [eldYeW pLIGAH
uoqIed
a8ejuaorad o sorjouny pue 1-9-¢) uoneSedoid yoe
tigd %6886 [eaouwray bW 0-18-681 E::p,::ﬂvm A %Hﬁw_&wz&ho@zowﬁa morpaA jasuns PAPARDE U0 popro]
i SPOIOURU IPIXO JUIZ
(uoneprep
DUIJRY  [eAOWIAI JueIn[od Jrqvirea so[qerrea nduy Bunsa], jusurtradxy spowr NNV 9)eqIOSPY JUqIOSPY
&t [ II ndino [q¢e! “Sururery) L [°P q1osp q1osp
pasn ejeq

‘ponunuo)) 1 1AV ],



Adsorption Science & Technology

18

agejuadiad R WS (I-(F1-21)-9)
lect] %66 [eaourayg HA A 9w 2D 88t ‘so1joUTy] uoxndadrad parakel-nmy Y aus0duod AUIAYO/U0I]
[2L2] %88 PBeuadiad w ‘p, ) 9 pgd 02-02-09 SoTjoUDY (1-8-5) Joe[q Oprury aysoduwrod uoag
° [eaourayg T PIEMIOJ PadJ patoke[-9aIy], : :
INSY
. fyoedeo ajeqiospe . unpIod[e onauas-NNV TeypoIq
(12l 873 Ly01 uonjdiospy - Joueyyg oner ‘Hd el {HIITOst uorjededoxd yoeq puqdyg v suodaurd papeor-uz
‘ : pue onjeuny : : ‘
foeded (ado) msyd (1-9-%)
. . 3 13 ¢ <0,
[022] %01°16 wondrospy 1w ygd 9 0 £-0-%C pU® ULIdYJOST unyjrode SV eOIpUI SNPULIBWIE],
: P onauny o1euad-NNV PUgiH
a3ejusorad (@d0) Wsy uonededozd
[697] 3/8w 7/°8¢ PAOTISY 19w ¥-7-¥1 ‘WLIAY)OST Yoeq iprenbrey-S1oquona spuionyy aprxo auaydern
[ pue dOULY  ‘PIEMIOJ PIJJ PIdAR[-2IY],
Ieyp pajeAnoe
(892] 005966 adejuaorad AL pd 9w 0 ~ A@UUV INST uonededoxd SpLIO[YDOIPAY poApap snuoqdossishy
[eaowray SOTjOUTY -Yoeq pIEMIO] PId] aurpniuey wnpusTeg
. L uoqIed
(9] Am\ma L8 DN a8ejuad1ad w9 gd 95 9-9-0¢ (ao0) sy (¢-(02-9) Sem POIPATIOE U0 papLO]
3/8w ¢¢86 ,,qd [eaoway ULIDY}OS] PIeMIO) D3] PaIdLe[-991Y[], ajyorRW . qd spruedoue sprxo 15ddor)
aSejuoorad (I-€1-¥)
[997] 8/81 ¢gL1 erowoy w 9 9y ‘gd 0T-01-9% onauny uorjededord yoeq jprenbrepy  -sunsLoonIN aqnjoueu UOqIR))
[ —819quaAdT pazafe[-aa1y],
%0 PBejuadiad w ‘gd © (@d0) Wsd oe Hmﬁw«&ommv UJAY an[q AUIAYYR HOGIES PAPALOE
[s97] %0L'86 [eAOwRY }PWHETO §5°1e wnuqqmby o 4P W 53qUaAaT PRI 46 sapnredoueu F(HO)uz
T PIeMIO] PadJ patokel-NNA :
. a8eyuaorad o (ann) NSy uoxjdaorad
[voel 8w 110y [eAowoy Hd WD Y 8Cs cwnuqimbg PpIemIo} pady Joke[-IinIA " [PLI9IPLON] [Pt XPL
(@dD) WsA .
feoc] %66 Ty AW ewpor  puesweuy (CEOURRERITE ol g peey
[ g wmnuqmbyg |% )} Pa9) P [-9914 L q) U0qIed pajeAndy
a8ejuaoiad
. [eAOwaI © (€-6-6-0-7) premioy proe z
[eoz] WLYV'L6 pue ¢oeD weo “ep 9t wmqiEnby pa9j uondaoiad parafel-nmjy  dnedBLUZUSYG apnaedoueu “0eD
JO Junoure )
(¢6
%86'S. (I1)ND a8ejuaorad o N -¢) prenbrejn-310quansT pue . sapnredoueu
[19c] ‘%81'16 (INAd [eaourayg PO 5-0-sT et unprod[e onouas ‘uorjeSedord +2"0 44d FOEI] pue MBI}S 90TY
oeq yojeq ‘uonededord yom
(uoneprep
20U212J BAOWIAI JUBIN[[O Jrqvirea so[qerrea ndu Bunsa], udwradx spouwr 9)eqI0S u2qIOos
R T juein(od ndino [qetres nduy “Sururery) justLIadxy [Ppou NNV 1eqIOoSpy JU2qIospy
pasn ejeq

‘ponunuo)) 1 1AV ],



19

Adsorption Science & Technology

"(A) awmjoa pue ‘(4) jex Surans (1) swmn (1) aamjeradwo) ‘(NSY) ASojoporpour
aoeymns asuodsar ¢(sq) azis apnaed (D)) uoNeNUIOUOD 9JBQIOSPE [RIIUT (3D)) UONBIIUIIUOD d)eqIospe [euy (D)D) udisap aysodwod [enuad (qgg) udisa uayuyag-xog (wr) a3esop 1uaqIospe :2INJePUIWON

a8ejuaorad o O WISYIOST sapnredoueu ajrouedeye
[ssz] 8/w os1< [eaourayg Wa0 serlt pue onjouny uonesedoid-ypeg pat 0fuo) PIZISAYIUAS-IABMOIDIA
a8ejuaorad O T wntiqimba uoneSedoid yoeq
(v8z] %66 [eAOwSY A wEd 9L 0¢-0c-09 pue oIoUDY  PIEMIOJ PadJ PaIdAe[-221Y], +79d sdid 24110
$/owwr z30° Aoedes sxnjeraduw2y sisdoidd -80T- WLIDY}0S uonededoad yoeq premioy pao aN[q UL Teyoor
[¢82] /1 L¥0°0 uondiospy 0 ssq ‘2dA) JuaqIOSpY 801-801-70S 10S] n oeq p ] P9 19 [AQISIN oorg
a8ejuaorad o ULISYJOST uoneSedoxd HOGE
[z82] - AOU w 9 0y 0T-01-L¥ e snaur eq DoIAEl-201 MO[A Josung snozodosaw pa1opIo
[ d pue dnouny 3deq p [-9914 L payIpow wnrApoan
(1-£-€)
[182] 3/8w ¢'9/7¢ Ayoedes 30y pd - (@30) Wsd urrems apnred - pIemioj an[q AUIAYIOIN [0T8)S/UTUIR[OYD)B))
uondiospy sonAuny Pady b>£..z?€ PUIgAH .
(1-8-%) uonededoid
[o8e] LI TL PBeueaiad 9 ‘w 9 ‘gd €-¢-G1 ﬁuuv WSE yoeq iprenbrepy-Siaquass  anjq susthyiagy FOMED-OH
[eAowoy SOTjOUTY
pue wondoorad rafe[-nmA
Serusoiad INSY (s-s¢-1) uonededord SYIOMIWIRTJ
[622] 3/8w $¢9 mMoEw Oy «wr <1, 9 ‘gd SI-ST-0Z ULIDYJOST yoeq jprenbrepy-Sroquaaa aprued) sruedio Tejowr-1oddoo
I ! onauny pue wondaozad rakel-nmA pue sapnredoueu Quyz
INSY
[822] %86 wwﬂwwmwmmm 3w Oy ‘gd $-$-97 areyjost  (1-6-F) uondoorad roke-nmpyy £ 28uero poy uesolIyD
pue onouny
[£22] - aBejuadiad A:QHSEWQMM Wﬁuﬁh:w 65-65-611 umuqrmbs (1-02-9) uonededord no SNy pass Jamopung
I = +z
[eAOwISY pue 28esop ae1 mop pue onouny  Yoeq jprenbrey-31oquana
a8ejuaorad O < ULIaY)OST (8-1-5) uoneSedoid yoeq (pass
[oce] 878w 00t [eAowoy 1w o Hd 8T-0-T7 pue onauny uondoozad paroke-nmu +10 IE[PIJA]) UOQIED PIJRATIOY
35 - Ayoedes eore rd q © o ULISYJOST wd)sAs 9ouaIJUT AZZNj—0Inau . HOQIES DATEAID
[sct] /SW 0G°€9 uondrospy 14d ‘HA 9 D 06-06-0T¥ pue onaury aandepe pue NNV +IN qIed P3IeAROY
a8ejuaorad e (1-€1-%)
744 8/3w og [eAoway Hd 9 ‘w ) 91-91-¢L sonaULy uondsasad parskel-n anjq duSAYIN uoqred NI-dudyderd
(uonepIrEA
DU  [BAOWAI JUeIN[[Od JIqeLIeA sa[qerrea nduy BunsaL juowrradxyg [Ppowr NNV 9)eqIOSpY JU2qIOSPY
mdinp ‘ -Sururexy) :
pasn ereq

"panunuo) T AIAV],



Adsorption Science & Technology

20

3/8w gy Ayoedes o (2-01-€) JU2qI0S0Iq
[ott] PO 88w gz6 ,nD  uondiospy Hd D LILIOL  swagost Areuig uonededod yoeq premioj pasg +PO74 "0 [eOIQOIDTIA
JUAWAD
%S'S6 VIA a8ejuaorad o WSY “wniqrmba (1-5-7) uoneBedoxd uvdozerp ‘[[PYS3P[0d “Ieyporq
(98] “%¥6 dID ‘%706 NLV eAOWIRY 01 SISTSY rauodwoon .32 Peq 3prenbiey-S1aquasa uexopo1diy Q097 ‘OYUOJUD
° ° L I a PIeMIO) Pad] patake[-2a1y], ‘[o[ou}y L : 4
JO IMIXTIN
[2¥1] €0 IW:MM“HE 70 Aypede €D T9D ‘TD 0-TF-0F wnuqrmba £reusay, xum%ﬂmﬁwwﬁwww/wwwmmgq durue ‘ouayd HOGIED poreniot
NV B/Joww 660 IN uondiospy i pIEMIO Po] PoTAE[-0aTY QUIZUIQONIN paje[nueln
(1-%-%) uoneSedoid
S/8w 13621 -Yoeq jprenbrey-31oquossy ud013 jueruq spnaed oueu
[e¥] ng 9/3w 1% g %9 STRXIULUE D 0-07-001  wniqimbs Areutg PIEMIOJ PadJ paloke] 2211} On|q SUSAYISIN aprxo aydern
- stsATeue Juauodwoo [edpuLI]
ppe
$/Jowrwx Ayoedeo sneoefxouayddyiowr
[8¥] b0 W S/oww g50 @ uondiospy D 6-0-1¢ STLISYOST ATRUIg uondaoiad soke[-nmN 0100 U0qIed PIJeATIOY
pue - S9pRIqIoH
[9ad orejod pue
35w Kyoedeo 0 a1 9 rd wnuqmba Areurs) (1-2-€) Anwuwwwcﬁmﬂwﬁwﬁ [eod 1aquunond
[9%] /o4 007 AN uondiospy O WY H 07-07-781 pue Areurq ‘9[3urg PIEMIOJ PdJ parke[-921Y[], el ‘[eod MDY woy
ON[q SUIAIOIN
U0qQIed PIJeATIOY
oEWMHHM MA.WEE Aoedes 0 s o SULIBUI0S wyrod[e uonededoxd [ourejooered OB DAIEAID
(o] ! NN‘Ho oﬁ:smohﬁz uondiospy o1 d 51058 oSt yoeq uonjezrren3ar uersafeq QPIMNSIWIN T PRIV
9[0ZeIT)0ZUaq
0, WN. <
(62l w78 m\& 5 M\YWM 15V a8ejuaorad Ju onex wwo Lud  c-c-06 sonaun| [opow uoIsnyIp 20eyIns uaydoururejooe SU0qIE? PoTEATIDY
.oo nw [eAOWIRY o6 10 adA Areurd) pue Areurg  snosusSowoy - NNV PHIAH QuIayged On[q :
%S8 VLAV ‘%S9 OV JUSqIOSpe § L poE @8ueIo poY
S/jourur 1
[87] +10 Bflowm 060 Aoedes 9 P1-87-66 SULISTRosT (7-(01-5)-(02-01)-%) . 1o uog
Y7 §/jowwr g¢'1 . uondiospy juauodwod-nnA PIeMIOJ PaoJ JoKe[-NIA O ¢ Y ¢ IN ¢ +zP0 4
JAN S/jowwr 791, pD
3/3w o¢'11 anq Apeded JUoT 8% QNMMNM.NW«M&OE anyq auafAyjowr unIyd payIpowr
[cz]  ouspkyow B/Buwr ¢5zg . L 0€-0€-0%1 SULIYIOS] D e 1 o bbb
IN S8 P79 o uondiospy Yoeq pue uopemsar uersafeq +IN ;90 -punosenyn
+T +C 9prenbrejn-S1oquaad
3/8w c¢61T Apedes 3 “fyisorod Quayuod (z-01-01-01-5) uoneSedoxd . spSoIpAY prIghy
(] v S/8w sy v uondiospy  uoqres 7% 1%D Ly-Ly-Tee sonaupy Lreutg yoeq iprenbrey-Sioquossy pa1 vae oniq PRV Ppaseq-uesoy)
(uonepirep
ERlIENE) ) PAOUIDI S)URIN([O JIqeLIeA sa[qerres ndu Bunsa, uowadx: ajeqIO0S uaqIos
PA T juem[oq mdino [qeltea nduy “Sururexy) JuswWILIAXY 1eqIospy JU2qIOSpY
pasn ere(q

‘suontpuod unerado yojeq je syueinjjod 1a1em jo uondiospe Jusuodwoonmur oy Jo SurEpow NNV 9Y) Jo ATewwng :z 414V ],



21

Adsorption Science & Technology

'(A) swmjoa pue (7) awm (1) dunjeraduway

‘(NSY) £3ojopoyiowr doeyms asuodsar (sq) azis apnred (%)) uonenuaouod deqrospe [eNIUl (D) UONERIIUSOUOD d)eqIospe [euy (qDD) udissp arsodwod [enuad (ur) 98esop JUSGIOSPE :DINJBPUIUON

uoqred
aSejusorad (apd) WSy SIOMJAU [eINJU [eIOYI}IEe MmofA josuns
[162]  %6'L6 &S “%9°'S6 TFAV 1w ‘pgd S-6-0T . i i . PajeAnOT Papeo]
[eaowoy wmuqmbs Areurg  -sis{feue juouodwos Tedourig ¥ MO[[PA pPOY apnedoueu {oug
2D
8/8w 1921 pue foedes jusaqIospe (9-0T-01-%) T[oYs iy
uondiospe -0- wnqmb hahad I 1 :
o6l 1910 B/BW 9765 IN .%ﬁﬁawm jo 2dfy ‘w 0 pr07l HAITR [PPOW DV YIM NNV - 1970 4N sopurew [382y
[eaoway
8/8w g¢ | 1) G/8w Ayoedes SULIDYJOST (1-1-¢) Iprenbrepy S1oquansy . .
(e8] 89 U7 am,\rmz:o D uondiospy e - yuauodwoon iy uoxndaorad 1oke[-ymy 910 W2 0 SUIEO ULSOIYD
uoneSedord se Ysny 201
%06 [OUIDI0SY aSejuaorad O o .
[887] i o eAOUS w 95 9 ‘gd 1-1-ST sonjouny| Areurg yoeq jprenbrejy-Sioquasa [OUIDIOSaY [OUdYJ  pUE [BODILYD POOM
%sL [0UUd I d PIemIO) Pady JoAe[-221Y], UOQIED PIIRATOY
3/3uw Kyoedeos (2-5-1) sseworq empuadify
[287] 691 ,,UZ ‘T16T PO uondiospy 3 ot swost Areurg uonjeSedoid yoeq premioy paog +"Z74PO umssedreg
(I-X-X-8-%) Swa)sAS 2ouaraju]
: :w:MEw: : Ayoede> MMMBM WMMM -6%- SULIOYJOS Azzny-omoN 2andepy np < _0p*, 38 3J1[09
[2sT] wwMﬁon /iour Wmm uondiospy ma ,Ao M Todl wc 0°6775L2 HIOST pue (1-01-%) uoneSedoidyoeq "0 479 oV WIOoZ
+00 B/outr g 5Y 00 "OnEI [V/1S "L uonjezire[nda1 uersofeq NNV
-0T- Jedoxd UOQIEd PIJeALIOR
9 a3ejuaorad 0 (aso) (€-01-9) uone 2213 ajIyoeEW ¢ 182 pateal
[ov1] ‘%IL %%\WM\,H%@ e MoEu 0 ;om wé qyd 091-S9  INSY ‘wnuqumba  oeq jprenbrey-Squasdr H..Mmcw oww uo payroddns
0T OS % ON [ d 01O H Areura], PIeMIO) PadJ PaIaLe[-da1y[], RS eotoq 950y sapnIedoueu Ony
3/3wW 676 a8ejuaoiad . e Z-11-5) uoneSedoid yoe anjq suymnst uoqes
[ev1] aq $/8w $¢'¢8 XS [eaowry 0109w Hd  wep 9z .Esmmmwvvwawwwﬁm %Hﬁio%vwﬁ v&&ﬁ-mwimk ;\:ﬂ& wmcsm PIBARE UO popro]
il ‘ sopntedoueu Qug
uoqIed
S/8w 80'STT 24p yoes yo O 20 wigLoBe 2013 dyryoe[EW pajeanoe vummoﬁ
[ogT] /8w 75971 afejuoorad %D 1D 9w gd  0-01-cz  (ADD) INSY AIeUlg  QUOIS [OUINY YIIM YIOM]IU 5n7q susih 1 -uﬁmomEouo:mn
ON an [eAoway [eINAU UOT}OUNJ SIseq [erpey 19 2RI ’
SUZ/SNO@UN
94p yoea jo (z-11-9) uoqred
8/3w $0°£0T (add) WA 2213 dy1yde[ew
[o€1] . : adeyusorad D 9 g wgd  z-z-9¢ . uoneSedoxd yoeq jprenbrejy . : Ppajeande papeo|
O B/3w s5°561 AN [eAoway wnpqmbs Areurg -319qQUaAT pIeMIO] PO an[q AU -£0%1-% oneudey
: a4p yoea jo (aoo) (¢-71-9) uonededoxd .
[9z1] 3/Bw mwow %2 3/Bu a8ejuaniad D 9y 9w PI-91-79  INSY ‘wnuqinba -yoeq jprenbrejy S1oquossy QMMMH&MMME Mwm%, 5 me.HNSEum
PET AD "o/oW 90T B [eaowray Areuray, PIeMIO] Pad] patake[-2a1y], A {19910 JUPHIHY POPEOIOUN
(uonepire
DUINSY  [EAOWII S)ULIN[[OJ Jrqvirea sa[qetrea nduf Bunso yusurradxy [Ppowr NNV 2jeqIoSpy JUIQIOSPY
mdinQ ‘ -Sururexy) ‘
pasn ejeq

‘panunuoy) g 414V,



22

with two hidden layers and hyperbolic tangent sigmoid
function. Temperature (25-50 °C), pH (2-8), and adsorbent
dosage (1.2-10g/L) were used as input neurons, while the
adsorption capacities (3.09-66.98 mg/g) or the removal effi-
ciency (23.56-86.89%) were considered as the output neu-
rons. Results showed that genetic algorithm outperformed
simulated annealing. Sensitivity analysis indicated that the
removal efficiency was impacted by the operating variables
as follows: pH > adsorbent dosage > temperature, while the
adsorption capacity was depended on adsorbent dosage >
pH > temperature. Finally, the experimental isotherms
indicated a maximum adsorption capacity of 900mg/g.
The optimized ANN model outperformed significantly the
Fritz-Schlunder equation.

Yang et al. [96] proposed the application of ANN and
genetic algorithm to determine the importance of adsorption
variables (e.g., initial dye concentration, time, temperature,
and pH) on the adsorption of dyes congo red and acid black
172 by Penicillium YWO1 biomass. Experimental results
showed that the maximum adsorption capacities of this bio-
mass were 411.53 mg/g for congo red and 225.38 mg/g for
acid black 172. This dye separation process was endothermic
and pH dependent. Adsorption kinetics were modeled with
the pseudosecond order and Weber-Morris models, and
the isotherms were fitted with Langmuir equation. ANN
modeling was performed with 129 experimental data divided
in 77, 26, and 26 for training, validation, and testing. The
input variables were the contact time (5-360 min), initial
dye concentration (50-800 mg/L), pH (1-10), and tempera-
ture (20-40°C), while the output variable was the dye
adsorption capacity (21.45-411.53 mg/g). R? values > 0.99
were obtained for the prediction of congo red and acid black
172 adsorption using ANN and genetic algorithm. This
combined approach was more effective than ANN. The
authors concluded that the initial adsorbate concentration
and temperature showed the highest impact on the adsorp-
tion of both dyes.

Response surface methodology (RSM) and ANN were
used to model the lead removal from industrial sludge leach-
ate using red mud [117]. pH (3-7), contact time (5-60 min),
and adsorbent mass (1.25-10 g/L) were the input variables,
and the lead removal was the output variable. Box-Behnken
design (BBD) was utilized for RSM and to obtain the data
involved in ANN training. From this experimental design,
the lead removal ranged from 38.84 to 96.82% where adsor-
bent dosage was the main operating variable followed by the
contact time and pH. Feed-forward multilayer ANN with
hyperbolic tangent sigmoid and logistic sigmoid functions
and 3-12-1 architecture was used to predict the lead
removal. R* and root mean squared error were used as the
statistical metrics to assess the model performance. Both
ANN and RSM models were satisfactory to correlate the
experimental data of this adsorption system but with an evi-
dent advantage of ANN for predictive purposes.

Masood et al. [118] applied an ANN to predict the
removal of total chromium using Bacillus sp. Experimental
results showed that this removal process was pH dependent
achieving a maximum adsorption capacity of 50mg/g
according to the equilibrium data, which were fitted to
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Freundlich equation. Feed-forward BP-ANN with three
layers and logistic sigmoid activation function was employed
in data analysis. Solution pH (4-9), contact time (2-6h), and
initial adsorbate concentration (100-400mg/L) were the
input layer variables, while the adsorption capacity (16.5-
50 mg/g) was the output variable. 360 data from adsorption
experiments were utilized for training (80%), testing (10%),
and validation (10%). Modeling errors and R? were utilized
to test the ANN accuracy. A minimum root mean squared
error of 0.0001 and R* = 0.971 were obtained for ANN with
10 neurons. It was identified that pH was the most influenc-
ing factor to model the chromium removal followed by the
adsorbate concentration and contact time.

Savic et al. [119] proposed a comparative study of a cen-
tral composite design (CCD) and multilayer ANN to model
and optimize the adsorption of iron on bentonite clay. This
experimental design consisted of 16 tests, and results showed
that the adsorption efficiency ranged from 71.24 to 89.85%
at pH 7 and room temperature. For the ANN modeling,
the training sample was 80%, and the test sample was 20%.
The initial metal concentration (17.09-51.91 mg/L), contact
time (10-120min), and adsorbent concentration (1000-
7000 mg/L) corresponded to the input layer, and the metal
removal was the output layer where the ANN architecture
was 3-9-1 with radial basis activation function. 3D and con-
tour plots for CCD and ANN were obtained. Multilayer
ANN showed higher R* and lower errors than CCD thus
confirming its better prediction performance.

The performance of 9 adsorbents obtained from dead
fungal biomass was analyzed in the adsorption of reactive
black 5 from aqueous solution [120]. Adsorption isotherms
and kinetics were quantified to study the adsorption mech-
anisms. ANN were utilized to predict the impact of adsor-
bent textural parameters and physicochemical properties
on the dye adsorption capacities. Experimental adsorption
capacities of these adsorbents were 34.18-179.26 mg/g. The
pseudosecond order and Langmuir equations were suitable
to fit the experimental kinetics and isotherms, respectively.
BP-ANN was used with the next input variables: pH (1-
9), contact time (5-360min), initial dye concentration
(50-250 mg/L), BET area (0.0698-0.7656 mz/g), pore volume
(1.62x 107 - 2.40 x 10 m?/g), pore diameter (4.21-
4.70 nm), nitrogen content (2.29-4.70%), carbon content
(45.78-60.21%), and hydrogen content (9.18-7.20%), while
the output variable was the adsorption capacities (0.65-
172.67 mg/g). 135, 45, and 45 experimental data were utilized
for training, validation, and testing. LM algorithm was the
training method with a feed-forward BP-ANN with 3 layers.
A sensitivity analysis was performed via the Garson method
obtaining the next tendency for tested input variables: pH
(22%) > nitrogen content of adsorbent (16%) > adsorbate
concentration (15%) > carbon content of adsorbent (10%).
The authors concluded that the adsorption capacities were
affected by the chemical composition and not by the surface
area of these adsorbents.

Bingol et al. [121] carried out a comparison between the
multiple linear regression and the adaptive neuro-fuzzy
inference system (ANFIS) for the cadmium adsorption with
date palm seeds. This analysis considered 20 experiments to
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assess the effect of adsorbent mass (0.05-0.5 g), initial adsor-
bate concentration (5-100mg/L), and pH (2-6) on the
adsorption capacity (0.01-4.18 mg/g). ANFIS was trained
with 50% of the experimental data, and the remaining 50%
was utilized in testing. Results showed R?=0.9843 for
ANFIS and R?=0.7594 for the multiple linear regression.
These authors concluded that the multiple linear regression
could not represent the nonlinearity of this adsorption pro-
cess, and ANFIS was a better modeling alternative.

The application of ANN and gene expression program-
ming (GEP) was studied by Celekli et al. [122] in the pre-
diction of the adsorption of lanaset red G dye using low-
cost lentil straw. They applied a three-layer BP-ANN with
1 input layer consisting of 4 input neurons, namely, adsor-
bent particle size (125-500 ym), pH (1-4), contact time (0-
360 min), and adsorbate concentration (50-800 mg/L), and
an output layer corresponding to the adsorption capacity
(30.57-271.12mg/g). The training algorithm was the quick
propagation method with the logistic sigmoid function
where the data were divided in training (784), validation
(184), and testing (184). The maximum adsorption capac-
ity of this adsorbent was 271.12mg/g. R* values were
0.999, 0.989, and 0.989 for ANN, pseudosecond order,
and GEP models, respectively. Therefore, ANN was the
best to adjust the experimental data. Solution pH and ini-
tial dye concentration were the operating variables with a
significant impact on the adsorption of this organic
pollutant.

Khajeh and Hezaryan [120] employed a hybrid ant
colony optimization and ANN for the simulation and opti-
mization of manganese and cobalt adsorption on SiO, nano-
particles. Feed-forward multilayer ANN was utilized where
pH (7.5-10.5), adsorbent dosage (0.05-0.015 g), contact time
(10-30min), and the concentration of 1-(2-pyridylazo)-2-
naphthol (0.5-1.5mol/L) were the input neurons, while the
removal of manganese and cobalt (29-99%) was the output
neuron. Tangent sigmoid and linear activation functions
were used. LM algorithm was employed in ANN training
where 57 experimental data were split into 64, 18, and 18%
for training, validation, and testing, respectively. The exper-
imental conditions optimized with the ant colony optimiza-
tion were well predicted with ANN thus obtaining R* = 0.94
and 0.98 and a root mean square error of 0.0979 and 0.04 for
manganese and cobalt, respectively.

Multilayer feed-forward ANN and genetic algorithm
were applied to analyze the effect of several operating
parameters on the adsorption of eosin Y dye by Co,0O5-acti-
vated carbon [123]. The experimental maximum adsorption
capacity was 555.56 mg/g at 25°C and pH 3. A three-layer
ANN with linear and tangent sigmoid functions were tested.
LM method was the training algorithm. Input neurons
included the adsorbent dosage (0.005 - 0.02 g), initial adsor-
bate concentration (30 — 80 mg/L), and contact time (0.5-
30 min), while the removal percentage (%) was the output
neuron. 70% of experimental data was used for training,
15% for validation, and 15% for testing. The lowest values
of mean squared error (0.00015) and highest R* (0.9991) of
ANN and genetic algorithm confirmed their suitability to
model this adsorption system.
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Coruh et al. [124] proposed the use of nonlinear auto-
regressive model with exogenous input (NARX) neural
network for predicting the zinc adsorption on activated
almond shell. This model was developed considering as
input variables the adsorbent dosage (0.125-4.0g), pH
(2-10), particle size (0.23-2.0mm), and initial metal con-
centration (15-100mg/L), where the output layer consisted
of 2 neurons, i.e., adsorption capacity (mg/g) and removal
percentage. These authors indicated that NARX was a
dynamic recurrent model that converged faster and gener-
alized better than other ANN. NARX architecture was 4-
10-2 with a tangent sigmoid function and BP algorithm
with a gradient descent momentum optimization. The per-
formance of this model was tested thus obtaining a
mean squared error < 0.001, and numerical results showed
that NARX was successfully to model this batch adsorp-
tion system.

Mendoza-Castillo et al. [125] implemented a classical
BP-ANN for modeling the adsorption isotherms and kinet-
ics of four heavy metals (i.e., lead, cadmium zinc, and
nickel) on several lignocellulosic wastes (i.e., jacaranda fruit,
plum kernels, and nut shells). These authors discussed that
the heavy metal adsorption on lignocellulosic biomasses
was a complex process with highly nonlinear interactions
among the adsorbent characteristics, the physicochemical
properties of adsorbates, and the removal operating condi-
tions. The input data were the biomass specific surface area
(23-33 mzlg), the biomass contents of cellulose (29.54-
50.16%), hemicellulose (21.46-25.87%), and lignin (26.58-
20.50%), the concentration of acidic groups (0.87-
1.14 mmol/g), the molecular weight (58.69-207.20 g/mol),
hydrated ionic radii (4.01-3.30 A), electronegativity (1.60-
1.90), and hydration energy (-1485--2106 kJ/mol) of tested
heavy metals, the initial metal concentration (40 and
100mg/L), or equilibrium metal concentration (20-
250mg/L) depending on kinetics or isotherms were ana-
lyzed. The experimental adsorption capacities (1-7 mg/g)
of all heavy metals were considered as the ANN outputs.
Different structures of ANN were assessed in terms of input
variables where 70% of experimental data were used for
training, 15% for testing, and 15% for validation. Linear
and tangent sigmoid activation functions were used with
one hidden layer and 10 neurons to avoid model overfitting.
Results of the mean relative errors and R* showed that this
ANN fitted properly the experimental data. The lignin con-
tent, acidic group amount, molecular weight, and hydration
energy of heavy metals were the main factors affecting the
adsorption process.

Nia et al. [123] reported the reactive orange 12 adsorp-
tion on gold nanoparticle-activated carbon and its modeling
with ANN using an imperialist competitive algorithm. Neu-
ral Network Toolbox of MATLAB R2011a was utilized in
this study. LM and BP algorithm were utilized. The input
variables for ANN modeling were the adsorbent amount,
contact time, and dye initial concentration, while the output
variable was the dye removal (%). 168 experimental data
were used for training and 72 for testing. ANN model with
9 hidden neurons showed R*=0.972 and a mean squared
error of 0.0007 for this adsorption system.
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A hybrid approach using principal component analysis
and ANN was proposed by Zeinali et al. [43] for modeling
the competitive adsorption of brilliant green and methylene
blue by graphite oxide nanoparticles. The experimental
results indicated that the dye adsorption was pH dependent
where the maximum adsorption capacities were 410 and
129.41 mg/g for methylene blue and brilliant green, respec-
tively. Dye adsorption was inhibited by the presence of the
second dye molecule in the aqueous solution. Adsorption
data were divided in 100 for training and 40 for testing of
ANN model. Input variable was the equilibrium concentra-
tion (mg/L) of dye mixture, and the output variable was
concentrations (mg/L). Tangent sigmoid and linear activa-
tion functions with BP algorithm were used for ANN. The
optimal ANN architecture included 10 neurons with R? >
0.9944 and mean squared error < 0.0674. The competitive
isotherms were fitted with the conventional equations and
the extended Freundlich model adjusted properly the data.
Finally, the principal component analysis and ANN were
effective for the simultaneous modeling of the adsorption
capacity of brilliant green and methylene blue in binary
solutions.

The ternary adsorption of three dyes (i.e., methylene
blue, crystal violet, and brilliant green) on MnO,-loaded
activated carbon was optimized and predicted with RSM
and ANN [126]. Specifically, CCD and a three-layer feed-
forward structure for RSM and ANN were used, respectively.
Different ANN training algorithms were tested where the
LM method was the most suitable. Hyperbolic tangent sig-
moid and linear functions were used for hidden and output
layers, respectively. 90 experimental data were divided into
70% for training, 15% for testing, and 15% for validating.
R? and modeling errors were used to test the performance
of the ANN model. Results indicated that ANN outper-
formed RSM with R* > 0.99.

A novel quantum BP multilayer ANN was implemented
by Bhattacharyya et al. [127] to predict the adsorption of
iron by calcareous soil. Specifically, the quantum computing
is based on the principles of quantum mechanics with oper-
ations like superposition and entanglement. Superposition
is the characteristic of dynamical equations, while the
entanglement is the property that produces a nonlocal
interaction among bipartite correlated states. 6-6-1 topology
was used for the multilayer ANN and the quantum-based
ANN. The input variables were the initial adsorbate con-
centration (1.5-15mg/L), adsorbent amount (0.01-0.11g/
mL), pH (2-10), contact time (20-180min), stirring rate
(100-300rpm), and temperature (303-330K), while the
output variable was the iron removal (39.56-97.34%). Tan-
gent and sigmoid activation functions were evaluated. Cal-
culations demonstrated that the architecture of quantum
ANN was superior to multilayer ANN for describing this
adsorption process. The adsorbent achieved a maximum
adsorption capacity of 2.475 mg/g, and the removal process
depended on solution pH and temperature.

Darajeh et al. [128] carried out a comparative study
between wavelet ANN and RSM to optimize the adsorption
of copper, nickel, and lead onto a magnetic/talc nanocom-
posite. This ANN used wavelet functions as an alternative
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to the conventional sigmoid activation function. The initial
adsorbate concentration (32-368 mg/L), adsorbent dosage
(0.07-0.13 g), and adsorption time (13-147 s) were the input
variables, and the removal percentages (21.6-98.5%) of these
adsorbates were the output variables. This ANN was trained
with 13 data, and the incremental BP, batch BP, quick-prop-
agation, genetic algorithm, and LM were applied and
assessed to obtain the best network. The best architecture
was the incremental BP with 3-14-3 with R?>=0.982 -
0.993. It was concluded that the initial adsorbate concentra-
tion was the most influential factor (35.16%) on the heavy
metal adsorption followed by the adsorbate dosage. This
alternative ANN was more suitable than RSM to predict
the adsorption process.

The adsorption of cadmium on rice straw was modeled
with ANFIS [129]. As the authors stated, this model
combined the advantages of both fuzzy systems and ANN.
The influence of initial cadmium concentration (10 and
100 mg/L), solution pH (2 and 7), and adsorbent mass (0.1
and 0.5 g/L) was analyzed. These operating conditions were
the ANFIS input variables, and the output variable was the
removal efficiency (%). LM method was utilized for ANN
training where the data were distributed in 70% for training
and 30% for validation. Hyperbolic tangent activation func-
tion was used with an architecture of 3-6-1. ANFIS showed
that the initial cadmium concentration had the highest
impact on the adsorption followed by pH and adsorbent
dose. This model achieved R* =0.99 for training, 0.82 for
validation, and 0.97 for testing, respectively.

The individual and simultaneous ultrasonic-assisted
removal of malachite green and methylene blue dyes by a
magnetic ¥-Fe,O;-loaded activated carbon were studied by
Asfaram et al. [130] including its modeling with RSM and
ANN. A feed-forward BP ANN was used with the next
input variables: pH (4.5-7.5), initial dye concentration (10-
20 mg/L), sonication time (3-5), and adsorbent mass
(0.01-0.02 g). Dye removal (%) was the output variable.
Hyperbolic tangent sigmoid function was used in hidden
layer, and linear activation function was applied in output
layer. 50 data were divided for training, testing, and valida-
tion (70/15/15 %) where LM was the training method. R?
and different error functions were applied to test the ANN
performance. Both RSM and ANN were capable of predict-
ing the dye adsorption with high values of R* but ANN out-
performed RSM.

Esfandian et al. [8] tested ANN using the experimental
data of the removal of pesticide diazinon using acid-
treated zeolite and modified zeolite by Cu,O nanoparticles.
Experimental results indicated that these zeolites showed
adsorption capacities of 15.10 and 61.73 mg/g, respectively.
Adsorption depended on pH and temperature where an
exothermic process was identified. Data modeling was per-
formed considering pH (3-8), initial adsorbate concentra-
tion (50-120mg/L), adsorbent dosage (0.05-0.35g), and
contact time (10-105min) as input variables, and the target
variable was the removal efficiency (%). Experimental data
was divided in training (70%), validation (15%), and testing
(15%). In this study, the multilayer feed-forward ANN with
7 hidden layer neurons and sigmoid function was utilized.
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This ANN showed the lowest modeling errors and was suit-
able to fit the experimental data of this adsorption system.

Fawzy et al. [131] also proposed the use of ANFIS to
establish the impact of operational parameters on the nickel
and cadmium adsorption by Typha domingensis biomass.
Five variables were analyzed: pH (2-8), adsorbent dosage
(2.5-40g/L), particle size (0.25-1.0mm), contact time (5-
150 min), and metal concentration (25-300 mg/L). The out-
put variable was the metal removal efficiency (%). Experi-
mental data showed that this biomass achieved a maximum
adsorption capacity of 4.51 and 28.49 mg/g for nickel and
cadmium at pH 6 and 25 + 3°C, respectively. ANFIS training
was carried out with a hybrid methodology consisting of a
combination of the least-squares method and the BP gradient
descent method where the Sugeno-type fuzzy inference sys-
tem was applied. Results indicated that the initial concentra-
tion and pH had a significant influence on the metal
adsorption. ANFIS was useful to identify the role of these
operational parameters.

Ghaedi et al. [132] studied the application of ANN-
particle swarm optimization approach for the modeling of
methyl orange removal on lead oxide nanoparticles-loaded
activated carbon. The input ANN variables were the contact
time, adsorbent dosage, and dye concentration, while the
output variable was the removal of methyl orange (%).
ANN training was performed with LM algorithm using 270
data and 90 data for testing. ANN-PSO modeling with 6 neu-
rons in the hidden layer offered the best results (R* = 0.9685).

Gomez-Gonzalez et al. [133] utilized ANN to model the
lead adsorption by coffee ground. Its performance was com-
pared with traditional equations as Langmuir and Freun-
dlich. Specifically, pattern search, simulated annealing, and
genetic algorithm were used to adjust the parameters of
Langmuir and Freundlich and then to compare with ANN.
Tangent sigmoid function was used with ANN (3 layers)
and LM training. Input neuron was the equilibrium concen-
tration, and the adsorption capacity (mg/g) was the output
neuron. The architecture used was 1-13-1 for pH 3 and 1-
4-1 for pH 4 and 5. Experimental data were distributed in
70% for training, 15% for validation, and 15% for testing
with a tangent sigmoid activation function. A maximum
adsorption capacity of 22.9 mg/g was obtained with coffee
ground at pH 5 and 30 “C. These authors concluded that
pattern search was the best optimization method, and
ANN outperformed the conventional isotherm equations
used in adsorption.

Podstawczyk and Witek-Krowiak [134] studied the mal-
achite green adsorption using a novel composite. Specifi-
cally, the rapeseed meal was modified with magnetic
nanoparticles. Adsorption kinetic data were modeled with
the surface diffusion, pseudosecond order, and pseudofirst
order models as well as ANN. These authors proposed a
teed-forward ANN with 2-3-1 topology that was trained
with LM method. The input variables were the adsorption
time (0-270 min) and pH (4-6), while the adsorption capac-
ity (0-40 mg/g) was the output variable. ANN outperformed
the conventional kinetic equations showing R* = 0.995. Dye
adsorption isotherm indicated a maximum adsorption
capacity of 836.2 mg/g.
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Ahmadi et al. [135] tested random forest, radial basis
function ANN and CCD polynomial model to simulate and
optimize the ultrasonic-assisted removal of brilliant green
with ZnS nanoparticles loaded on activated carbon. In partic-
ular, the random forest is based on decision trees and uses
voting for classification and averaging for regression and pre-
dictions. The effect of several operational conditions such as
adsorbent dosage (10-30 mg), initial adsorbate concentration
(4-20mg/L), and sonication time (2-6 min) on the removal
efficiency (15.4-100%) was evaluated. Experimental data
were divided in 70% for training and 30% for validation.
Results showed that these approaches were suitable for data
fitting. However, the random forest outperformed the other
models. The optimized adsorption conditions allowed to
achieve 98% of brilliant green removal.

Asfaram et al. [136] applied RSM, ANN, and radial basis
function neural network (RBFNN) to model and predict the
efficiency of Mn@CuS/ZnS nanocomposite-loaded activated
carbon to remove malachite green and methylene blue dyes
in binary adsorption systems assisted by ultrasound. The
effect of pH (4-8), initial dye concentration (5-25 mg/L), son-
ication time (1-5min), and adsorbent mass (0.01-0.03 g) on
the dye removal percentage was tested. For ANN modeling,
32 experiments were used and randomly divided in 70%
(training), 15% (testing), and 15% (validating) where LM
algorithm was the best training method. Hyperbolic tangent
sigmoid and linear functions with a BP algorithm were
applied. For RBFNN, the Kernel stone algorithm was used
as training method with 70% of data for training and 30%
for testing. The results demonstrated the effectiveness of
these models to predict the binary adsorption with the next
tendency RBENN > ANN > RSM with R? values of 0.9984-
0.9997, 0.9787-0.9997, and 0.917-0.9850, respectively.

The removal of indigo carmine and safranin-O using
nanowires loaded on activated carbon was analyzed by Dast-
khoon et al. [137]. Models based on RSM, multilayer ANN,
and Doolittle factorization algorithm were tested for this
adsorption system. CCD experimental design of 4 factors
and 5 levels with a total of 30 experiments was employed.
ANN model consisted of 3 layer feed-forward with tangent
sigmoid and linear functions. Input neurons were the indigo
carmine concentration (4-16 mg/L), safranin-O concentra-
tion (4-16 mg/L), adsorbent mass (20-40 mg), and sonica-
tion time (1-5min), while the neuron output was the
removal of these dyes (71.91-96.32%). Hyperbolic tangent
sigmoid was the activation function. Doolittle factorization
algorithm consisted of a factorized matrix that contained
all the experimental data. Modeling results indicated that
ANN offered a better precision in comparison to the other
models, although Doolittle factorization algorithm was fas-
ter. The sensitivity analysis showed that the sonication time
was the most important parameter. The maximum adsorp-
tion capacities were 29.09 and 37.85 mg/g for indigo carmine
and safranin-O, respectively.

Parveen et al. [138] evaluated the support vector regres-
sion, multiple linear regression and ANN model to predict
the chromium adsorption on maize brain waste. The effect
of adsorption time (10-180 min), initial adsorbate concen-
tration (200-300 mg/L), pH (1.4-8.5), and temperature (20-
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40°C) on the adsorption capacity (mg/g) was analyzed. For
support vector regression model, the Gaussian radial basis
function was selected as the kernel function. 124 data were
utilized: 80% for training and 20% for testing. ANN with a
topology 4-10-1 was used where the experimental data were
divided in 65% for training, 15% for validations, and 20%
for testing where the kernel function was used as activation
function. Results indicated that the support vector regression
model was the best to predict the chromium adsorption
capacity with the highest R? (i.e., 0.9986), followed by ANN
(R*=0.9331) and multiple linear regression (R? =0.8955),
respectively.

Natural and modified clinoptilolite were tested in the
fluoride adsorption from aqueous solutions, and the model-
ing was performed via the hybridization of ANN with Lang-
muir and pseudosecond order equations [105]. Specifically,
ANN was employed to calculate the parameters of pseudose-
cond order and Langmuir equations, and the adsorption
capacities were determined with these parameters and the
corresponding adsorption equation. A feed-forward ANN
was used where the input layer contained the temperature,
time, and initial fluoride concentration for the adsorption
kinetics and initial fluoride concentration, pH, and tempera-
ture for the adsorption isotherms. The output layer corre-
sponded to the adjustable parameters of tested adsorption
kinetic and isotherm equations. Experimental data were
divided in 70% for training and 30% for validation and test-
ing where a logistic sigmoid activation function was also uti-
lized. This hybrid ANN model outperformed the classical
adsorption equations showing R? from 0.95 to 0.99. These
authors also indicated that the classical equations failed to
predict the experimental data in some particular operating
conditions. The maximum experimental adsorption capaci-
ties of these zeolites were 5.3 and 12.4mg/g at 40°C and
pH 6, respectively.

Yildiz [139] reported the use of ANN for the modeling of
zinc adsorption on peanut shells. Input variables were the
initial solution pH, initial zinc concentration, and adsorbent
dosage, and the output variable was the adsorbed amount of
zinc. ANN with an architecture 3-16-1 and BP were utilized
where Matlab® was the software employed in these calcula-
tions. 12, 4, and 4 data were used for training, testing, and
validation of ANN. Overall, this ANN showed satisfactory
results in adsorption data modeling.

Ghosal and Gupta [140] studied the application of ANN
and Pareto front analysis for fluoride removal using Al/oliv-
ine. The impact of solution pH, agitation rate, temperature,
contact time, initial fluoride concentration, and adsorbent
dosage was studied. ANN modeling was performed with
these input variables, and the output variables were the
adsorption capacity and removal efficiency. LM was selected
as the training algorithm. Finally, the results of ANN showed
R?>0.99 and mean square errors of 2.035 and 0.018 for the
removal efficiency and adsorption capacity, respectively.

Karri and Sahu [141] tested the use of palm kernel shell
derived-activated carbon for the zinc removal. RSM and par-
ticle swarm optimization-ANN were compared to obtain the
optimal removal. First, RSM and CCD were utilized to cor-
relate the zinc removal with the independent variables: pH
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(2-8), adsorbent mass (2-20 g/L), initial adsorbate concentra-
tion (10-100 mg/L), contact time (15-75min), and tempera-
ture (30-70°C). Different training algorithms as LM-BP,
gradient descent, resilient BP, and gradient descent with
adaptive linear regression were assessed. A feed-forward
ANN and PSO were employed to obtain better estimations
of this adsorption system. Several learning methods and
topologies were analyzed, and the optimal ANN model was
obtained with LM-BP training and 5-6-1 topology. Particle
swarm optimization and ANN outperformed the RSM
approach.

Mendoza-Castillo et al. [28] studied and discussed the
advantages and limitations of ANN for the modeling of mul-
ticomponent adsorption of heavy metals on bone char.
Experimental isotherms of single, binary, ternary, and qua-
ternary solutions of copper, nickel, cadmium, and zinc were
quantified experimentally and employed in ANN modeling.
A multilayer feed-forward ANN was utilized with 141 data
divided in 70% for training, 20% for testing, and 10% for val-
idation. Input layer included the initial concentration of the
metals in the solution, while the equilibrium concentration
and adsorption capacity were analyzed as the output layer.
Experimental results showed that the heavy metal adsorp-
tion in single solutions followed the tendency: copper >
nickel > cadmium > zinc. The adsorption in multimetallic
systems showed an antagonistic effect caused by the pres-
ence of other coions. ANN showed a proper fit of multicom-
ponent systems with R?>0.96. However, these results
depended on the activation function and selected output
variable. Specifically, the use of equilibrium concentration
was not recommended because this extensive variable can
generate wrong predictions (i.e., desorption behavior not
observed in the experimental data) for this adsorption sys-
tem. These authors concluded that intensive variables such
as the adsorption capacity must be utilized in ANN model-
ing with the aim of generating reliable predictions. Results
of this study also revealed that a proper ANN training and
architecture are fundamental for a reliable prediction of the
complex adsorption behavior in multicomponent systems.

Naderi et al. [142] applied a hybrid model consisting of
simulated annealing and ANN to optimize and predict the
crystal violet dye removal on centaurea stem. RSM was used
to find the best experimental conditions. The maximum
adsorption capacity was 476.19 mg/g. ANN with 6-10-1
topology and tangent sigmoid and linear activation functions
was employed to model the adsorption data. This network
was trained with the feed-forward BP algorithm where 32
data were divided in 80% for training and 20% for validation
and testing. Input neurons were pH (5-13), temperature (20-
40°C), contact time (5-25min), initial dye concentration
(20-300 mg/L), and adsorbent dosage (3-15 mg), while the
dye removal (%) was the output variable. R* of RSM
(0.9942) and simulated annealing-ANN (0.9968) was very
similar but the lowest prediction errors were obtained with
the approach based on ANN.

The ultrasonic-assisted binary adsorption of sunset yel-
low and sidulfine blue dyes on oxide nanoparticles loaded
on activated carbon was optimized and modeled with RSM
and ANN [143]. A total of 26 experiments were performed
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where the effects of sonication time (6-12min), adsorbent
dosage (0.016-0.030 g), pH (7), and initial dye concentration
(8-16 mg/L) on the dye removal percentage were tested. 17
BP algorithms were evaluated with ANN where LM and
resilient methods were the best. The performance of these
models was statistically compared by considering R?, root
mean squared error, mean absolute error, and absolute aver-
age deviation. Results showed that ANN (R*>0.999) out-
performed RSM (R? ~ 0.986).

The modeling of adsorption of salicylic acid on SiO,/
AlL,O, nanoparticles was performed by Arshadi et al. [144]
with ANN. In this study, the input variables were the initial
salicylic acid concentration (5-1000 mg/L), initial solution
pH (1-12), contact time (0.25-30 min), temperature (15—
80°C), and adsorbent dosage (0.25-10). The output variable
was the adsorption capacity of salicylic acid (mg/g). ANN
architecture of 5-12-1 was utilized. Results indicated that
the ANN-based simulation of the adsorption of this com-
pound was satisfactory obtaining R* = 0.9841.

Gadekar and Ahammed [145] tested a hybrid RSM and
ANN model in the prediction of blue 79 dye removal using
aluminum-based water treatment residuals. RSM was used
to identify the optimum experimental conditions to achieve
a high dye removal, and these data were employed to train
ANN. ANN with 4-4-1 topology, tangent sigmoid, and lin-
ear activation functions was used. For ANN training, LM,
gradient descent, and scaled conjugate BP algorithms were
utilized. 45 data were employed in training (60%), validation
(20%), and testing (20%). ANN input layer contained the
adsorbent dose (10-30g/L), initial pH (3-5), initial dye con-
centration (25-75mg/L), and final pH (3.01-5.80). Dye
removal (31.2-52%) was the ANN output neuron. Results
indicated that ANN and RSM were a reliable alternative to
predict the removal of this dye.

Ghaedi et al. [146] modeled the simultaneous ultrasonic-
assisted ternary adsorption of rose bengal, safranin O, and
malachite green dyes on copper oxide nanoparticles sup-
ported on activated carbon. ANN with 3 layers was applied
where the initial dye concentrations (8-12mg/L), pH (6-8),
adsorbent dosage (0.05-0.025g), and sonication time (2-
4min) were the input variables, while the output variable
was the dye removal percentage (18.2-92.67%). LM and BP
were employed as learning method. Hyperbolic tangent sig-
moid and linear functions were utilized at hidden and out-
put layers. High R? of ANN (>0.99) revealed a satisfactory
fitting of tested experimental data.

The multicomponent adsorption of nitrobenzene, phe-
nol, and aniline from a ternary aqueous system using gran-
ulated activated carbon was studied by Jadhav and
Srivastava [147]. ANN was tested with BP and different acti-
vation functions. The equilibrium concentrations of nitro-
benzene (0.003-0.8 mmol/L), aniline (0.01-1.6 mmol/L),
and phenol (0.01-1.8 mmol/L) were the input variables,
and the adsorption capacities were the output variable.
Adsorption data were divided in 50% for training and 50%
for testing. R* and mean squared errors were used to verify
the model performance. ANN model accurately predicted
(R*>0.99) the ternary adsorption in comparison to other
models.

27

Similarly, Nasab et al. [148] proposed a hybrid model
consisting of genetic algorithm and ANN to predict the
adsorption of crystal violet on chitosan/nanodiopside. CCD
with 5 levels and 4 factors (30 experiments) was chosen to
obtain the optimal dye removal. The input variables for the
ANN model were pH (4.5-8.5), contact time (15-55min),
initial dye concentration (15-35mg/L), and adsorbent
amount (0.001-0.01g), while the output variable was the
dye removal (%). Feed-forward ANN with hyperbolic
tangent sigmoid and linear activation functions and LM
algorithm were employed. 70, 15, and 15% of experimental
data were used in training, validation, and testing, respec-
tively. The maximum dye removal was 99.5%. Genetic
algorithm was applied to identify the optimal factors for
obtaining the maximum adsorption. Results of ANN-
genetic algorithm showed a higher R* (0.9708) than that of
RSM (0.9652). Overall, both approaches provided accurate
dye removal percentages.

Sharafi et al. [149] reported the phenol adsorption from
aqueous solution using scoria stone modified with different
acids (e.g., nitric, acetic, and phosphoric). Modeling of
adsorption data was performed with RSM and ANN. Clonal
selection algorithm was used with ANN modeling where the
input variables were the phenol concentration, adsorbent
dosage, and contact time. The output variable was the phe-
nol removal. Overall, both RSM and ANN showed satisfac-
tory results in data correlation.

Sadeghizadeh et al. [150] used ANFIS to predict the lead
adsorption with a hydroxyapatite/chitosan nanocomposite.
This adsorbent showed a maximum adsorption capacity of
225mg/g, and this removal process was also endothermic.
Concerning the data modeling, the input variables were tem-
perature (25-55°C), adsorption time (15-360 min), shaker
velocity (80-400 rpm), adsorbent amount (0.05-1.5 g), initial
lead concentration (0-5000 mg/L), pH (2-6), and hydroxy-
apatite concentration (15-75%). Output variable was the
lead adsorption capacity (mg/g) where 57 experimental data
were modeled (38 for training and 19 for testing). ANFIS
was able to predict the lead adsorption with R? = 0.999.

Takdastan et al. [6] used ANN to model the cadmium
adsorption on modified oak waste. Kinetic and isotherms
were quantified to characterize the effect of adsorption oper-
ating conditions. Experimental results revealed that the
adsorption increased with temperature, initial concentra-
tion, adsorbent dosage, and pH. Isotherms were modeled
with Liu, Temkin, Redlich-Peterson, Freundlich, and Lang-
muir equations, while the kinetics were fitted to intraparticle
diffusion, pseudosecond and pseudo-first order, Elovich, and
Avrami fractional order equations. Raw adsorbent and the
NaOH-modified adsorbent had a maximum adsorption
capacity of 155.9 and 771.4mg/g, respectively. A feed-
forward BP-ANN was applied using pH (2-8), contact time
(5-240 min), adsorbent dosage (0.1-10 g/L), cadmium initial
concentration (25-100mg/L), and temperature (10-40°C)
in the input layer with a hidden layer of 8 neurons, and
the cadmium removal (16-92.4% for ROW and 26-99.5%
for AOW) was in the output ANN layer. 219 experimental
data were employed in training (153), validation (33), and
testing (33). R?>0.999 for ANN modeling where pH had
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the highest impact on cadmium removal, while the adsorp-
tion temperature showed a slight effect.

ANN were used to model the lead adsorption on rice
husks treated with HNO; [151]. Specifically, a feed-
forward BP-ANN and LM training were used. The input
variables of ANN were the adsorbent dosage, initial lead
concentration, and contact time, and the output variable
was the lead adsorption capacity. These authors concluded
that the adsorption modeling with ANN was effective.

The adsorption of 6 heavy metals (arsenic, nickel, cad-
mium, lead, zinc, and copper) on 44 biochars obtained from
lignocellulosic feedstocks was modeled using a multilayer
ANN and random forest [152]. 353 adsorption data were
collected from literature, and 14 input variables were studied
and divided in 4 sets (adsorbent properties, initial heavy
metal concentration, operational conditions, and heavy
metal properties), while the removal efficiency was the out-
put variable. ANN architecture included 14 input neurons,
8-28 hidden neurons, and 1 output neuron with sigmoid
activation function. Results showed that random forest out-
performed in 28% the ANN performance with R* = 0.973. Tt
was concluded that biochar characteristics were the most
important variables in heavy metal adsorption. Surface area
did not show a significant impact on the metal removal.

Afolabi et al. [47] reported the use of ANN to model the
pseudosecond order kinetics of the paracetamol adsorption
using orange peel-activated carbon. The experimental condi-
tions used as input variables were the initial paracetamol
concentration (10-50mg/L), contact time (0-330 min), and
temperature (30-50°C), and the output variable was the
pseudosecond order kinetics. ANN with different hidden
neurons, training algorithms, and activation functions were
used for the data modeling. A total of 495 data were used
(i.e., 330 for training and 165 for testing). Results showed
the impact of training algorithms and activation functions
on the ANN performance. The best ANN showed R? = 1.

The removal of lead, cadmium, nickel, and zinc using a
natural zeolite was modeled with ANN, multivariate nonlin-
ear regression, particle swarm optimization-adaptive neuro-
fuzzy inference system, genetic programming (GP), and the
least squares support-vector machine [10]. The input model-
ing variables were the initial and equilibrium solution pH, sil-
ica concentration, molecular weight, first ionization energy,
hydrated ionic radii, and electronegativity of tested metals.
The adsorption capacity of heavy metals of the zeolite was
the output variable. Results showed that ANN outperformed
traditional adsorption equations with R*=0.9948. Other
tested models also offered a satisfactory data correlation.

Gopinath et al. [29] proposed the use of ANN with a
homogeneous surface diffusion model to analyze the single,
binary, and ternary adsorption kinetics of acid orange, acid
blue, caffeine, acetaminophen, and benzotriazole on acti-
vated carbon. The mass transfer model considered bulk dif-
fusion in the fluid phase and surface diffusion via the
internal adsorbent structure. Note that these phenomena
are not considered by the conventional pseudosecond and
pseudofirst order models. Feed-forward ANN with 5 layers
was utilized. Input variables were the type of adsorbent (car-
bon labelled and active char products), pH (3-8), tempera-
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ture (25-45°C), initial concentration (100-300 mg/L), and
ratio of mass/volume (0.8-2g/L), while the output variable
was the removal efficiency (%). Tangent sigmoid and linear
activation functions were used. Datasets were distributed in
90, 5, and 5 for training, testing, and validation, respectively,
where ANN was trained with LM algorithm. R? of 0.999,
0.986, and 0.993 were obtained using the mass transfer
model and ANN for single, binary, and ternary systems,
respectively. Results of this study proved the advantages of
ANN in the simulation of multicomponent adsorption
kinetics considering more complex models based on mass
transfer phenomena.

The treatment of water polluted with atenolol, cipro-
floxacin, and diazepam in presence of COD and ammonia
was performed in a sequencing batch reactor with a com-
posite adsorbent consisted of bentonite, zeolite, biochar,
and cockleshell mixed with Portland cement [11]. Contact
time (2-24h) and initial pharmaceutical concentration (1-
5mg/L) were the input variables for ANN modeling, while
the output variable was the pharmaceutical removal (90.3%
for atenolol, 95.5% for ciprofloxacin, and 95.6% for diaze-
pam). ANN with three layers (2-5-1) was utilized where
the model performance using the mean squared sum errors
and R%. Data were divided in training (60%), validation
(20%), and testing (20%), and LM was used for ANN train-
ing. Overall, ANN showed R*>0.99 for the modeling of
this system.

The single and competitive adsorption of acid blue 9 and
allura red AC on chitosan-based hybrid hydrogels were
modeled with ANN [7]. Experimental data indicated that
acid blue 9 was better adsorbed than allura red on five adsor-
bents. In binary dye solutions, an antagonistic adsorption
was observed. Input layer of ANN with the initial concentra-
tion of both dyes (0-0.126 mmol/L and 0-0.201 mmol/L for
acid blue 9 and allura red AC, respectively), carbonaceous
mass percentage of adsorbent (0-10% g/g), adsorbent poros-
ity (0.724-0.880), and contact time (0-200 min). All experi-
mental data were used for training (70%), validation (15%),
and testing (15%). Several topologies were investigated, and
the best ANN architecture was 5-10-10-10-2 with tangent
sigmoid activation function. R* > 0.99 and root mean square
error of 0.119 thus indicating that ANN could be an effective
model to predict the adsorption of dyes by these hybrid
hydrogels.

Franco et al. [153] applied the ANN and ANFIS to ana-
lyze the indium adsorption on 10 adsorbents: commercial
activated carbon, multiwalled carbon nanotubes, chitin, chi-
tosan, and other lignocellulosic agroindustrial wastes. The
indium adsorption capacities of these materials ranged from
8.20 to 1000 mg/g. Modeling was performed considering the
next input variables: specific surface area (0.85-200.40 m*/g),
pH of point of zero charge (4.5-7), adsorbent dosage (0.05-
2.0g/L), and contact time (5-120 min). Output variable was
the indium adsorption capacity. 1200 data were employed
in the modeling where 70% for training and 30% for testing
and/or validation. ANFIS utilized the Sugeno type with 4 hid-
den layers, while ANN was used with a 4-4-1 topology. ANN
obtained R? =0.9913 and a mean squared error of 1 x 107%,
On the other hand, ANFIS achieved R* = 0.9998 and a mean
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squared error of 8.42 x 10°%. Both models were capable of
predicting the adsorption data.

Nayak and Pal [154] employed ANN for the prediction
of nile blue A dye adsorption with overripe Abelmoschus
esculentus seeds. CCD with 31 experiments was utilized to
optimize the dye adsorption where the effect of adsorbent
dosage (1-9g/L), initial adsorbate concentration (140-
750 mg/L), pH (2-9), and contact time (5-125min) was
tested. The maximum dye adsorption capacity was
71.78 mg/g. ANN with 3 layers and BP algorithm was used.
ANN architecture included 4 input neurons (contact time,
pH, initial dye concentration, and adsorbent dosage), one
output neuron (adsorption capacity), and 12 hidden neu-
rons. 31 experiments (including 16 factorial points, 8 axial
points, and 7 replicates) were divided in training (70%), val-
idation (15%), and testing (15%), and tangent sigmoid acti-
vation function was used. R* and modeling errors were the
metrics to analyze the ANN performance. Sensitivity analy-
sis demonstrated that pH and contact time were the most
important parameters in this adsorption system. This adsor-
bent showed a maximum adsorption capacity of 105mg/g
according to the experimental isotherms.

Thirunavukkarasu and Nithya [155] reported the
removal of acid orange 7 using CaO/CeO, and its modeling
via RSM and ANN. The input variables for ANN were the
adsorption temperature (301-338K), contact time (0-
300 min), initial concentration of acid orange 7 (10-50 mg/
L), adsorbent dose (0.02-0.2g), and initial solution pH (2-
12). The output variable was the dye removal (%). LM and
BP were used in ANN training where the best architecture
was 5-10-1. ANN results indicated a satisfactory modeling
with a root mean square error of 0.3020.

Qi et al. [156] employed RSM, ANN-genetic algorithm,
and ANN-particle swarm optimization to analyze the meth-
ylene blue adsorption on mesoporous rGO/Fe/Co nanohy-
brids. The effect of pH (2-6), temperature (20-40°C),
contact time (3-15min), and initial dye concentration
(200-600mg/L) on the dye adsorption was analyzed using
a CCD consisting of 30 experiments. The experimental
results showed that the nanohybrids achieved a maximum
dye removal of 89.41%, while a maximum adsorption capac-
ity of 909.1 mg/g was obtained from the Langmuir isotherm.
ANN with 3 layers, BP algorithm, and linear and tangent
sigmoid activation functions was utilized. For the case of
ANN-genetic algorithm, its parameters were population
size = 20, crossover rate = 0.8, number of generations = 100,
and mutation probability =0.01. On the other hand, the
parameters of particle swarm optimization were maximum
inertia weight = 0.9, minimum inertia weight =0.3, global
learning coefficient =2,  individual learning coefficient = 2,
maximum iteration = 50, and swarm size = 20. The absolute
errors between the experimental and predicted values were
2.88, 0.52, and 1.35 for CCD, ANN-particle swarm optimi-
zation, and ANN-genetic algorithm, respectively. Therefore,
ANN-particle swarm optimization was the best option for
this adsorption system.

In the study of Samadi-Maybodi and Nikou [79], ANN
was used to predict the sarafloxacin adsorption on magne-
tized metal-organic framework Fe,O,/MIL-101(Fe). RSM
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with CCD of 30 experiments was used to optimize the
removal efficiency obtaining a maximum value of 88.26%.
A multilayer ANN with three layers was employed where
the input variables were the solution pH (3-11), initial con-
centration (10-50 mg/L), adsorbent dosage (5-25mg), and
contact time (15-45min), while the removal percentage
(35.73-88.26%) was the output variable. LM was the training
method with sigmoid tangent hyperbolic function for input
to hidden layers and linear transfer function for hidden to
output layers, while ANN was assessed using R* and mean
squared error. Overall, ANN was reliable for predicting the
sarafloxacin removal with R* = 0.9861.

Netto et al. [157] applied ANFIS and ANN to model the
adsorption equilibrium of silver, cobalt, and copper on three
zeolites ZSM-5, ZHY, and Z4A. Adsorption experiments
were conducted at different temperatures. The input vari-
ables for the models were the Si/Al ratios of zeolites (50:
50, 71:29, 90:3), molecular weights of metal ions (58.93-
107.87 g/mol), temperature (298-328K), and initial adsor-
bate concentration (0-300mg/L), while the equilibrium
adsorption capacities of these metals were the output vari-
ables. ANN was tested with two training functions (LM-BP
and Bayesian regularization BP). The linear and hyperbolic
tangent sigmoid functions were utilized. For the case of
ANFIS, the Gaussian curve was the input function, and the
tune sugeno-type was used for training. 324 experimental
data were divided in 85% for training and 15% for testing.
The performance of ANN and ANFIS was analyzed with dif-
ferent statistical metrics. Overall, both models predicted
accurately the adsorption data where ANFIS was slightly
better. Z4A zeolite showed the best adsorption capacities
where silver was more adsorbed in comparison to cobalt
and copper.

Other recent studies on the ANN modeling of adsorp-
tion isotherms and kinetics include the fluoride adsorption
on rice husk-derived biochar modified with Fe or Zn [158],
the removal of brilliant green dye using mesoporous Pd-Fe
magnetic nanoparticles immobilized on reduced graphene
oxide [15], the adsorption of diazinon pesticide on a mag-
netic composite clay/graphene oxide/Fe,;O, [159], the
removal of crystal violet and methylene blue on magnetic
iron oxide nanoparticles loaded with cocoa pod carbon com-
posite [160], the arsenide removal employing mesoporous
CoFe,O,/graphene oxide nanocomposites [161], the adsorp-
tion of perfluorooctanoic acid on copper nanoparticles and
fluorine-modified graphene aerogel [17], the uptake of
dicamba (3,6-dichloro-2-methoxy benzoic acid) by MIL-
101(Cr) metal-organic framework [16], the phosphorous
adsorption on polyaluminum chloride water treatment
residuals [162], the use of iron doped-rice husk for the chro-
mium adsorption/reduction [163], the removal of methyl
orange dye by an activated carbon derived from Acalypha
indica leaves [164], the lead adsorption by a hydrochar
obtained from the KOH activated Crocus sativus petals
[165], the adsorption of the cefixime antibiotic using
magnetic composite beads of reduced graphene oxide-
chitosan [13], the use of graphene oxide-cyanuric acid nano-
composite for the lead adsorption [14], the arsenic removal
by an adsorbent consisting of iron oxide incorporated
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carbonaceous nanomaterial derived from waste molasses
[12], the fluoride adsorption by chemically activated carbon
prepared from industrial paper waste [18], the methylene
blue adsorption with polyvinyl alcohol/carboxymethyl
cellulose-based hydrogels [166], the modeling of adsorption
properties of biochar and resin for the removal of organic
compounds [167], and the removal of lead from waster with
a magnetic nanocomposite [168].

3.2. Breakthrough Curves. The dynamic adsorption experi-
ments provide important engineering information about
the adsorption process especially for real-scale applications.
Breakthrough curves are commonly represented via the ratio
of effluent adsorbate(s) concentration(s) and feed adsor-
bate(s) concentration(s) (i.e., C;/C,;) versus the operating
time or treated volume. These curves characterize the adsor-
bent performance at dynamic operating conditions. Overall,
the breakthrough curves of water pollutants can correspond
to symmetric and asymmetric profiles depending on the
process operating conditions (e.g., feed flow, residence time,
and column length) and the impact of mass transfer phe-
nomena. The modeling of asymmetrical breakthrough is
more challenging because the conventional models like
Thomas and Yang equations are limited because they were
developed to handle the ideal “S” profile expected and
desired for adsorption columns. Therefore, ANN have been
utilized to improve the correlation and prediction of break-
through curves of the adsorption of water pollutants. ANN
modeling of breakthrough curves has covered the adsorption
of fluoride, dyes, heavy metals, pesticides, organic com-
pounds, and phosphates with bone char, activated carbon,
graphene, biochar, zeolites, biomasses, composites, nanoma-
terials, and other adsorbents like agroindustrial wastes. Dif-
ferent operating conditions such as temperature (15-50°C),
feed flow (0.5-30 mL/min), and pH (2-9) have been tested
in the modeling of breakthrough curves in aqueous solutions
with one or more adsorbates. Details of several studies on
the ANN modeling of dynamic adsorption process for differ-
ent pollutants and adsorbents are shown in Tables 3 and 4. A
brief description of the main findings and representative
studies of the ANN-based breakthrough adsorption model-
ing are provided in this subsection.

Texier et al. [169] proposed the application of a multi-
layer ANN to model the breakthrough curves of the adsorp-
tion of lanthanide ions (La, Eu, and Yb) using an
immobilized Pseudomonas aeruginosa in polyacrylamide
gel and a fixed-bed adsorber. The effect of superficial liquid
velocity (0.76-2.29 m/h), particle size (125-500 ym), influent
concentration (2-6 mM), and bed depth (250-400 mm) on
the adsorption capacities was analyzed. Experimental break-
through curves showed that the maximum bed adsorption
capacities were 208 umol/g for La, 219 ymol/g for Eu, and
192 ymol/g for Yb in single aqueous solutions. ANN model-
ing was performed considering the next input variables: ini-
tial concentration (2-6 mM), bed depth (250 and 330 mm),
operating time (min), and the modified Reynolds number.
Ratio C/C, was the output variable. BP algorithm was used
in ANN training where the activation function of the hidden
layer was the hyperbolic tangent. Training and validation
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were carried out with 392 adsorption data, and 40 additional
data were used for testing the ANN performance. Root mean
square error was used as the statistical metric to analyze the
calculations with ANN. Results showed that the prediction
ability of ANN was satisfactory for the first zone of the break-
through curve, which corresponded to the zone before the
breakthrough point. These authors also concluded that it
should be necessary to extend the experimental column data-
base to improve the ANN performance with the objective of
predicting reliably all the zones of breakthrough curves.

Park et al. [170] modeled the breakthrough curves of
chromium adsorption using a column packed with brown
seaweed Ecklonia biomass. These authors discussed the
effect of the operating parameters (feed concentration, initial
concentration, pH, flow rate, and temperature) on the
adsorption of this priority water pollutant. The experimental
results showed that this biomass achieved an adsorption
capacity of 50.2 mg/g by the 274th bed. Chromium adsorp-
tion reduced with pH decrements, and this removal process
was endothermic. ANN modeling was done with the next
input variables: influent chromium concentration (100-
200 mg/L), biomass concentration (70-140 g/L), pH (2), flow
rate (10-20 mL/min), temperature (25-45°C), and the bed
number (i.e., flow rate operating time/total column volume).
Chromium concentration of treated fluid (0-200 mg/L) was
utilized in the output ANN layer. 127 data were utilized
for obtaining the ANN model with hyperbolic tangent func-
tion in the hidden layers and a linear function in the output
layer. The performance of the feed-forward BP-ANN was
assessed. Root mean square errors ranged from 2.52 to
3.20, thus, indicating that ANN was successful to model
the breakthrough curves of chromium adsorption.

The adsorption breakthrough curves of 3 pesticides
(namely, atrazine, atrazine-desethyl, and triflusulfuron-
methyl) using 5 commercial activated carbon filters were
modeled by Faur et al. [171]. Experimental isotherms of
pesticides in aqueous solutions and natural waters were car-
ried out in single and competitive adsorption between pes-
ticide and natural organic matter. In a second stage, the
breakthrough curves of pesticide were quantified for solu-
tions with only one adsorbate. 15 variables were identified
and ranked, in order of decreasing relevance and impact
on the pesticide adsorption, by Gram-Schmidt orthogonali-
zation. A static feed-forward ANN was used with the next
input variables: micropore volume (%), mesopore volume
(cm®/g), solubility (g/L), molecular weight (g/mol), initial
concentration (mg/L), initial total organic carbon, flow
velocity (m/h), time (min), Freundlich constants K
((mg/g)(L/mg)"""), and 1/n and elimination of natural
organic matter (%). Also, a recurrent ANN was used with
the next inputs: solubility (g/L), molecular weight (g/mol),
initial concentration (mg/L), initial total organic carbon,
secondary micropore volume (%), (C/C,) k-1)7> isotherm
constants like K ((mg/g)(L/mg)"”") and 1/n. In both
models, the output variable was C/C,. 9749 data were
employed and distributed in 67% for training and model
selection and 33% for the final testing. ANN provided reli-
able predictions with R*>0.981 and a rootmean square
error < 0.035. However, the recurrent ANN outperformed
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the static ANN particularly for the breakthrough and sat-
uration zones. Note that this behavior was expected since
the dynamic character of the adsorption process was con-
sidered in the recurrent ANN. Operating conditions and
pesticide properties exhibited a significant impact on this
adsorption process according to both ANN models, while
the adsorbent properties showed a low impact on the pes-
ticide removal.

Balci et al. [172] used the bed depth service time model
and multilayer ANN for the correlation of breakthrough
curves of the adsorption of reactive black 5 and basic blue
41 on Eucalyptus camaldulensis barks. The input variables
were the volume of water treated (0.04-32.4L), bed depth
(5-20cm), and dye concentration (100-400 mg/L), while
the output variable was the final concentration of treated
water (mg/L). These authors proposed a multilayer percep-
tron ANN with 3-5-1 architecture to model this adsorption
process. This ANN was able to fit the adsorption data show-
ing low modeling errors. They concluded that ANN was
effective in the modeling, prediction, and estimation of
adsorption processes.

Cavas et al. [173] applied the Thomas equation and
ANN for modeling the breakthrough curves of methylene
blue adsorption via Posidonia oceanica dead leaves. These
authors used a multilayer feed-forward ANN with LM algo-
rithm. Data modeling was performed considering the next
input variables: bed height (3-9cm), flow rate (3.64-
7.28 mL/min), and time (min), while the effluent methylene
blue concentration was the output. 1215 experimental data
were used to train and test the performance of ANN with
a hyperbolic tangent sigmoid activation function. Results
showed that this ANN outperformed Thomas equation with
R?=0.998 and a mean square error lower than 0.001453.

Tovar-Goémez et al. [57] applied a hybrid neural network
model and conventional adsorption models to predict the
breakthrough curves of fluoride adsorption on two commer-
cial bone chars. This study introduced the development of a
hybrid approach based on ANN to improve the prediction of
breakthrough curves with traditional adsorption equations.
In particular, ANN was used to estimate the parameters of
Thomas equation, and these estimated parameters were used
to calculate the corresponding concentration profiles of
asymmetric breakthrough curves. Input data for the hybrid
ANN were the feed fluoride concentration (9-40 mg/L), col-
umn operating time (12.7-178.0h), and feed flow rate
(0.198-0.396 L/h). The output variable was the ratio C/C,
for fluoride adsorption. All experimental data of two bone
chars (186 and 198 for these bone chars) were used for train-
ing (75%) and 25% remaining data for verification and test-
ing. A feed-forward ANN with two hidden layers with 18
neurons was chosen. This study utilized the classical BP
algorithm for ANN training and the sigmoid activation
function. This hybrid Thomas-ANN model outperformed
the traditional Thomas equation showing the lowest mean
square error thus reflecting its better accuracy for correlating
and predicting the fluoride adsorption breakthrough curves.
This study opened the possibilities of improving the perfor-
mance of traditional breakthrough equations via their
hybridization with ANN.
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A comparison between hybrid Freundlich and wave
propagation model with ANN was carried out to simulate
the breakthrough curves of cesium and strontium on
montmorillonite-iron oxide composite [42]. For ANN
modeling, the input variables were the column operating
time (min), feed concentration (2-50 mg/L), bed height (5-
15cm), and feed flow rate (0.5-8 mL/min), while the output
variable was the outlet concentration. LM algorithm was
applied in ANN training. ANN showed root mean square
error values of 0.321-0.561 with R=10.99 for the modeling
of breakthrough curves of cesium and strontium adsorption.

A three-layer feed-forward BP-ANN was applied to
model the adsorption of phosphate by hydrated ferric
oxide-based nanocomposite in a fixed bed column [174].
ANN with tangent sigmoid and linear activation functions
was able to predict the performance of this adsorption sys-
tem. Input variables were pH (3-9), sulfate concentration
(0.42-1.68 mM), phosphate (0.042-0.084 mM), and temper-
ature (15-35 °C). Removal efficiency (%) was the output var-
iable. A feed-forward BP-ANN with 3 layers, 20 neurons,
quasi-Newton training algorithm, and logistic sigmoid acti-
vation function was utilized. Overall, this surrogate model
was suitable to predict the breakthrough curves, but it failed
to follow the trend of some experimental data. The authors
concluded that high-quality experimental data were required
to obtain reliable predictions of dynamic adsorption
systems. However, the characteristics of the studied break-
through curves were well described by this ANN
(R*=0.9931).

Masomi et al. [175] studied the dynamic adsorption of 4-
nitrophenol, 2-chlorophenol, and phenol using activated
carbon obtained from pulp and paper mill sludge where
ANN was also applied to model this removal process. The
experimental variables were bed height (2, 4, and 6 cm
equivalent to 0.1, 0.2, and 0.3g of activated carbon), feed
flow rate (2, 3.5, and 5mL/min), feed concentration (50—
400mg/L), and temperature (20, 3,5 and 50 °C). C/C, from
the breakthrough curves was the output variable for ANN.
An architecture with several hidden layers and neurons
was employed. 106 data were utilized for training, 20 for
testing, and 20 for validation. The authors concluded that
the use of ANN satisfactorily predicted the dynamic adsorp-
tion of phenol compounds.

Rojas-Mayorga et al. [176] performed a comparative
study of the prediction of asymmetric breakthrough curves
of fluoride adsorption on a modified bone char. The tradi-
tional models of Yan and Thomas, mass transfer model,
and ANN were assessed. ANN input variables were the
operating time (8-24h), fluoride feed concentration (10-
100 mg/L), and flow rate (0.18-0.36 L/h), while the output
variable was the ratio of C/C, for fluoride removal. 948
experimental data were divided in 50, 25, and 25% for
training, validation, and testing. Modeling results showed
that ANN outperformed other models to predict these
breakthrough curves. In fact, the model performance was
ANN > mass transfer model > Thomas and Yan equations.
Due to the asymmetry of fluoride breakthrough curves, the
Thomas and Yan equations showed the worst fitting. In
fact, the main advantage of ANN relied on its capabilities
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to model asymmetric breakthrough curves that commonly
occur during water treatment.

Reynel-Avila et al. [38] applied an ANN model to ana-
lyze and characterize the adsorption of anionic dyes (i.e.,
reactive blue 4, acid blue 74, and acid blue 25) using fixed-
bed columns packed with bone char. ANN modeling was
performed considered dye feed concentration (50-300mg/
L), column operating time (2-448 min), molecular weight
of the dye (g/mol), adsorption temperature (30-40 °C), and
dye molecular dimensions (X =length, Y =width, Z=
depth, A) as the input neurons. Output neuron was associ-
ated to the profile C/C, of the breakthrough curves. Adsorp-
tion experimental data and BP algorithm were used for
training (70%), validation (15%), and testing (15%). Experi-
mental results indicated that the maximum adsorption
capacities of bone char were 34.91, 32.2, and 27.9 mg/g for
acid blue 25, acid blue 74, and reactive blue 4 molecules,
respectively. ANN was reliable to correlate the adsorption
profile of packed bed columns with R? > 0.99. In particular,
the molecular dimensions of dyes were relevant in the
dynamic adsorption with this adsorbent.

A stratified adsorption column packed with bone char
was used for the binary adsorption of cadmium and zinc
where the data modeling was performed with ANN [177].
Results showed that the use of this adsorber configuration
reduced the antagonistic effects present in binary metallic
systems and outperformed the conventional fixed-bed col-
umns. A feed-forward BP-ANN was applied to model the
binary breakthrough adsorption curves. Input variables were
the molecular weight (g/mol), electronegativity and hydrated
ionic radius (A) of heavy metals, feed concentration of both
adsorbates (100-200mg/L), feed flow rate (4-6 mL/min),
stratified bed length (5-15g), and the column operating time
(0-750 min), while the profiles C/C, for both metals were the
output variables. ANN was able to fit the highly asymmetric
behavior of cadmium and zinc breakthrough curves. These
authors indicated that the breakthrough zone was challeng-
ing due to ANN showed the highest modeling errors. This
study highlighted a limitation of ANN to model asymmetric
breakthrough curves in multicomponent adsorption systems.

Gordillo et al. [178] reported the study of dynamic fuzzy
ANN for the simulation of a fixed bed adsorption of zinc,
nickel, and cadmium on bone char in single and bimetallic
systems. Experimental dynamic adsorption studies were per-
formed at pH 5 and 30°C with feed concentrations of 2—
60 mg/L in single and binary systems. Breakthrough curves
were employed to calculate several parameters of fixed-bed
columns. The modeling of concentration profiles via ANN
considered the next input variables: initial feed concentra-
tion, hydration energy, electronegativity, hydrated ionic
radii, and molecular weight of tested metals besides the col-
umn operating time. The output variables were the ratios
C/C, for both metals. 3 hidden layers were employed in
the ANN architecture where 70% of experimental data were
utilized for training, 15% for validation, and 15% for testing.
Results of this study indicated that this ANN was effective to
represent the main characteristics and behavior of the break-
through curves in the heavy metal adsorption in single and
binary systems with antagonistic adsorption.
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Liu et al. [179] performed the ANN modeling of a collec-
tion of experimental data reported in the literature for the
adsorption of copper, chromium, and methylene blue on dif-
ferent waste residues (i.e., rice husk, tamarind fruit shell, and
catla fish scales) using a rotating packed bed. Cascade-
forward BP-ANN, Elman BP-ANN, and feed-forward BP-
ANN were employed in this study. Experimental data were
divided in 82 and 18% for training and testing, respectively.
The input variables were the Reynolds number, ratio of con-
tact time to maximum contact time, average high gravity
factor, ratio of particle size to bed height, and ratio of feed
concentration to packing density. The ratio of adsorption
capacity at given time to the maximum adsorption capacity
was the output variable. Tangent hyperbolic sigmoid func-
tion and a topology with 5 neurons in the hidden layer were
utilized. Feed-forward BP-ANN showed the highest R*
values and better accuracy followed by Cascade-forward
BP-ANN and Elman BP-ANN.

Moreno-Pérez et al. [41] analyzed and discussed the
capabilities and limitations of feed-forward BP-ANN, feed-
forward BP-ANN with distributed time delay, cascade for-
ward ANN, and Elman ANN for the modeling of multicom-
ponent adsorption of heavy metals on bone char. The
dynamic adsorption of these heavy metals generated asym-
metric breakthrough curves, which were difficult to model
with traditional adsorption equations. Twenty breakthrough
curves were obtained for the adsorption of zinc, nickel,
copper, and cadmium and their combinations in multime-
tallic solutions. Initial concentration of column feed (0.52-
0.85mmol/L) and column operating time (0-8h) was the
input variables, while the concentration profiles C/C,, were
the output variable. 1420 experimental data were divided
into 70, 15, and 15% for training, validation, and testing of
these ANN models. LM, Bayesian regularization, and scaled
conjugate gradient were used and assessed as training
algorithms. Experimental results showed that the highest
adsorption capacities were obtained for copper in single
and multicomponent solutions, which were 2.15-
5.14mmol/g. An antagonistic adsorption was identified in
the solutions containing two or more heavy metals, which
competed for the binding sites of the adsorbent surface.
ANN performance depended on the hidden layers and their
neurons, activation function, and training algorithm. Cas-
cade forward ANN outperformed the other tested ANN
models. Note that feed-forward BP-ANN is the most used
ANN in adsorption literature but it could fail in the model-
ing of high asymmetric breakthrough curves of both single
and multicomponent systems.

Shanmugaprakash et al. [180] developed an ANN model
and optimized the zinc adsorption using Pongamia oil cake
in both batch and dynamic systems. CCD was employed to
improve both batch (31 experiments) and dynamic adsorp-
tion (20 experiments). A multilayer ANN with a topology
of 3-7-1 and tangent sigmoid and linear activation functions
was used. LM algorithm was the training method. For the
column modeling, the input variables were the feed flow rate
(5-15mL/min), feed concentration (50-500 mg/L), and bed
height (4-12 cm), while the output variable was the adsorp-
tion capacity (13.58-66.29 mg/g). This adsorbent had an



Adsorption Science & Technology

adsorption capacity of 66.29 mg/g, and ANN outperformed
RSM modeling with R values of 0.99 and 0.84, respectively.

Cadmium adsorption on green adsorbents (i.e., jackfruit,
mango and rubber leaves) in a down-flow fixed-bed columns
was studied by Nag et al. [181]. They used a hybrid model
ANN-genetic algorithm for the simulation and optimization
of this adsorption process where the influence of bed height,
flow rate, and initial concentration was determined. ANN
model used the type of adsorbent, bed height (3-9 cm), feed
flow rate (10-25mL/min), column operating time (5-
600 min), and feed concentration (20-80 mg/L) as input var-
iables. Cadmium percentage removal (6-99.95%) was the
output variable. 556 experimental data were divided in 70,
20, and 10% for training, validation, and testing, respec-
tively. ANN modeling was done with the hyperbolic tangent
activation function. Cadmium adsorption capacities
followed the next trend: jackfruit > mango > rubber. The
adsorption of this metal depended on the operating param-
eters thus achieving a maximum removal of 98.26% at opti-
mized conditions. This ANN model showed R* > 0.997.

Vakili et al. [77] applied ANN to model the removal of
organic micro-pollutants (tonalide, ketoprofen, carbamaze-
pine, and bisphenol) with fixed-bed columns packed with
chitosan/zeolite. 30 experiments from CCD were employed
to optimize the removal of these pollutants. A three-layer
feed-forward ANN with 2-4-1 topology was used where the
input variables were pH (4-8) and adsorbate concentration
(0.5-2mg/L), and the removal percentage (47.3-96.1%) was
the output variable. LM algorithm was used for ANN train-
ing with several activation function as linear, hyperbolic tan-
gent, and logistic sigmoid. This ANN showed a high accuracy
with R = 0.993 — 0.999 indicating that it can be used to opti-
mize the adsorption process of organic micropollutants.

Anbazhagan et al. [182] analyzed the application of
ANFIS and ANN for the methylene blue adsorption using
activated carbon from leaves of Calotropis Gigantea
(CGLAC) in a fixed-bed column. Different experimental
conditions were tested including the initial concentration
of methylene blue (100-500mg/L), bed height (1-2cm),
solution pH (2-10), flow rate (3.5-6.5mL), and temperature
(303-333 K). These operating conditions were also used as
inputs in the ANN analysis, while the methylene blue
removal was the output variable. 60 experimental data were
used for ANN where 40 were employed for training and 20
for prediction. Bed Depth Service Time, Yoon-Nelson, Wol-
broska, Adams-Bohar,t and Thomas models were also
employed to model this adsorption column. Results showed
that ANN was effective to predict the adsorption of methy-
lene blue in dynamic operating conditions.

Yusuf et al. [183] predicted the copper and manganese
adsorption on surfactant decorated graphene packed in a
down-flow bed column using ANN. Breakthrough curves
were determined to identify the saturation time and bed
adsorption capacity. The optimum adsorption capacities
were 48.83 and 45.62mg/g for copper and manganese,
respectively, at bed height of 3cm. A multilayer feed-
forward ANN with hyperbolic tangent sigmoid function
and a quick propagation algorithm were used. ANN model
with 4-5-1 topology obtained R?>0.996 for both heavy
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metals where the input variables were the adsorbent dosage
(0.01-0.1g), initial concentration (25-250 mg/L), tempera-
ture (25-50°C), and pH (2-5), and the output variable was
the heavy metal removal percentage.

ANN modeling of the adsorption of phenolic com-
pounds on activated date palm biochar in a down-flow
fixed-bed column was studied by Dalhat et al. [49]. Break-
through curves at several operating conditions were deter-
mined and modeled with ANN and nonlinear regression
generalized decay function model. A two-layer feed-
forward ANN was used with next input data: bed height
(10-40 cm), adsorbent mass (21.8-87.0g), feed initial con-
centration (10-100mg/L), feed flow rate (5-30 mL/min),
and column operating time (0-720 min). Output data were
the final effluent concentration or the ratio C/C,. Adsorp-
tion data was divided in 70% for training, 15% for validation,
and 15% for testing. LM algorithm was used for ANN train-
ing with hyperbolic tangent sigmoid activation function.
Adsorption capacities were 560.55 and 647.28 mg/g for
orto-cresol and phenol, respectively. ANN outperformed
the nonlinear regression model to fit the dynamic adsorption
data. The use of final effluent concentration as output vari-
able offered better adjustments that those with C/C,. Sensi-
tivity analysis revealed that column operating time and
feed initial concentration were the most relevant parameters
for the adsorption of these pollutants.

Finally, the modeling of simultaneous dynamic adsorp-
tion of organic pollutants (e.g., phenol, toluene, benzene,
caffeine, ciprofloxacin, flumequine, and diclofenac) on acti-
vated carbon was carried out with ANN [184]. A set of 15
systems with 5951 data collected from published papers were
used to build the ANN model where the input variables were
the molar mass (78.11-361.37 g/mol), initial concentration
(0.00019-500mg/L), feed flow rate (0.05-456.62 mL/min),
bed height (2-200cm), adsorbent particle diameter (0.1-
2.4mm), specific surface area (678-2869 m?/g), average pore
diameter (1.29-3015 nm), and operating time (0-57170 min),
while the ratio C/C;, was the output variable. ANN was
implemented using BP algorithm for learning with logistic
sigmoid and hyperbolic tangent sigmoid as activation func-
tions for hidden and output layers, respectively. The data
were divided into 80% for learning, 10% for testing, and
10% for validation. ANN architecture was 8-45-1. Modeling
results demonstrated the applicability of ANN to predict
these dynamic adsorption systems with R = 0.997, root mean
square error of 0.029, and absolute deviation of 1.81%. The
sensitive analysis showed that all variables impacted the sys-
tem performance where the flow rate and specific surface
area were the most relevant.

4. Remarks on the Application of ANN for a
Reliable Adsorption Modeling

This literature review indicates that the application of ANN
for the modeling and correlation of adsorption data has been
successfully adopted as an alternative approach to overcome
the limitations of traditional models. Unfortunately, it has
been identified that several published papers contain com-
mon mistakes related to the ANN implementation thus
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affecting the quality and reliability of developed models and
the corresponding conclusions obtained from them in the
adsorption modeling.

First, the output variables used in ANN modeling must
be intensive variables especially for multicomponent adsorp-
tion systems. Several studies have reported the ANN training
with removal percentages or final adsorbate concentrations
as the output variables especially in batch adsorption sys-
tems. They are extensive variables whose values are directly
related to the adsorbent amount and, consequently, the
ANN-based models can learn incorrectly the system perfor-
mance thus providing wrong estimations. In particular,
Mendoza-Castillo et al. [28] have demonstrated that the
use of extensive variables in the ANN modeling of binary,
ternary, and quaternary antagonistic adsorption of heavy
metal ions generated inaccurate estimations of the adsorp-
tion isotherms where a desorption process was erroneously
predicted. It is convenient to indicate that the selection of
proper output variables for ANN training will be more rele-
vant for systems with multiple adsorbates that could display
simultaneously different multicomponent adsorption behav-
iors. One example is the simultaneous adsorption of heavy
metals and acid dyes where this system has the presence of
both synergistic and antagonistic adsorption. Overall, the
adsorption capacities should be the output variable used in
the ANN modeling especially for real fluids (e.g., industrial
effluents and groundwater) where several adsorbates could
interact with the adsorbent utilized as separation medium.

After defining the ANN architecture (i.e., the number of
neurons and layers), ANN training should be performed to
determine the corresponding model parameters. This train-
ing relies on the resolution of a parameter estimation prob-
lem that is characterized by the presence of multiple
solutions (i.e., a global optimization problem should be
resolved). Training methods used in ANN-based adsorption
modeling are commonly based on the application of local
optimization methods, which are effective to find a set of
the ANN parameters but their numerical performance is
strongly related to the initial estimates, and there is no guar-
antee to find the global optimal solution that corresponds to
the best data modeling. Under this scenario, the ANN
parameters obtained with conventional training methods
generally correspond to a local optimum of the objective
function used. The identification of the ANN parameters
via the traditional training algorithms (e.g., LM method)
should imply several calculations with different initial esti-
mates to identify the best solution based on results from
proper statistical metrics. Therefore, ANN training should
be recognized as a global optimization problem that requires
reliable optimizers for its resolution. Stochastic global opti-
mization methods like differential evolution, particle swarm
optimization, genetic algorithm, and other recent metaheur-
istics are an alternative to solve the parameter identification
of ANN training. Some studies on adsorption research have
applied these optimizers as already discussed in Section 3 of
this review. However, it is important to remark that the
ANN training based on these optimizers will imply a signif-
icant increment on the computer time of the adsorption data
modeling.

Adsorption Science & Technology

Another common failure identified in several adsorption
studies is the ANN training with a limited number of exper-
imental data. Overall, the increment of hidden layers and
their neurons will improve the ANN performance thus
reducing the modeling errors and increasing the determina-
tion coefficient (R?). But the number of ANN parameters to
be determined on the model training should be significantly
lower than the number of available experimental data with
the aim of obtaining a reliable ANN model from a statistical
point of view. With this in mind, the verification of ANN
overtraining is a relevant issue that should be also analyzed
in adsorption modeling. This step is usually not considered
in the papers reported on the ANN-based adsorption model-
ing. As a general rule, the authors should select the ANN
architecture with the least number of parameters that offered
the best data fitting and modeling errors. These remarks also
apply for hybrid models obtained from the combination of
adsorption equations and ANN.

5. Conclusions

Artificial neural networks have proved to be a useful numer-
ical approach to develop new models for the adsorption
analysis. Several studies have demonstrated that ANN-
based models can outperform the traditional equations for
the correlation and prediction of isotherms, kinetics, and,
in less extent, breakthrough curves. ANN-based models have
been widely applied in the analysis and modeling of adsorp-
tion systems with one water pollutant. There are few studies
on the multicomponent adsorption modeling with ANN,
which are mainly related to the removal of heavy metals,
dyes, and other few organic pollutants. Therefore, the appli-
cation of ANN-based models in the analysis and simulation
of multicomponent adsorption systems is an interesting
topic to be studied and analyzed in forthcoming papers.
Also, the studies related to the modeling of dynamic adsorp-
tion systems involving several adsorbates should be
increased to complement the characterization of the capabil-
ities and limitations of ANN in this configuration mode,
which is fundamental for industrial and real-life applica-
tions. Literature review also indicated that several authors
have reported the utilization of ANN with extensive vari-
ables (e.g., removal percentages or final adsorbate concentra-
tions) as the output variables thus generating models that
could predict wrongly the performance of adsorption system
under analysis. ANN training with intensive adsorption var-
iables is fundamental and mandatory to obtain reliable
model for the process design of fluids with multiple adsor-
bates. The overtraining and the application of global optimi-
zation methods in the training stage are key issues to be
analyzed and resolved during the adsorption data modeling
via ANN. Data sets with a suitable amount of experimental
information of adsorption systems are also required to
obtain reliable ANN models from a statistical perspective.
In this context, it is convenient to remark that the main
drawback of ANN-based models relies on their limitation
to provide a theoretical understanding of the physical and
chemical phenomena present to the systems to be modeled.
These models are considered as black-box and empirical



Adsorption Science & Technology

approaches that are effective for both data correlation and
prediction and, consequently, they can be employed as sur-
rogate model when the theoretical models are not proper
to simulate the adsorption system at hand. The hybridiza-
tion of ANN with theoretical-based adsorption equations is
an option to face this drawback and to develop advanced
models. Overall, this artificial intelligence tool has a signifi-
cant potential to overcome the limitations of traditional
adsorption models for real fluids where several adsorbates
are present thus causing different removal behaviors.
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Petrochemical industrial wastewater (PIW)contains toluene and xylene (TX), and various organic and inorganic pollutants,
causing severe risks to human health if improperly released into the environmental matrices. For the long-term reliability of
environmental conservation, this study illustrates the interlinkage between PIW treatment and the three pillars of sustainable
development. Sewage sludge biochar was modified with eggshell, showing a relatively high fixed C content (increase in
carbonization degree), and small O/C and N/C ratios. The prepared biochar was employed for TX adsorption in mono-
component solutions, giving removal efficiencies of 79.1% (T) and 86.6% (X), at pH =10, adsorbent dosage=2g/L, and C =
40 mg/L within 60 min. The main adsorption mechanism was physisorption, including precipitation/pore-filling, -7 dispersive
interaction, and van der Waals force. The modified biochar also treated real PIW under five adsorption/regeneration cycles,
providing essential steps toward large-scale applications. According to an economic feasibility estimation, the biochar
application for treating 1 m® of PIW would offer a payback period of 6.9yr. The study outputs could be linked to the
restoration of water-related ecosystems, biochar modification for industrial applications, and climate change mitigation,

adopting the 2030 agenda and its sustainable development goals (SDGs).

1. Introduction

Petrochemical manufacturing industries generate large
amounts of wastewater composed of aromatic hydrocarbons
and organic solvents, e.g., toluene and xylene (TX) [35]. The
TX compounds of petrochemical industrial wastewater
(PIW) are considered slowly biodegradable and highly toxic,
imposing harmful and emerging threats on human health
[31]. The unsafe disposal of these hydrocarbons would dam-
age the human organs and central nervous system, or could
even cause death at high doses [24]. Because PIW should be
managed properly using sustainable and feasible pathways,
its treatment should be investigated regarding the environ-
mental and economic points of view.

Various physicochemical methods have been adopted to
treat PIW, providing a rapid process accompanied by conve-
nient operation and control. Unlike in biological systems,
the physicochemical-based processes could withstand fluctu-
ating temperature patterns and complex discharges within a
shorter treatment time [9]. Among thephysicochemical
treatment techniques, adsorption is becoming a cost-effec-
tive, simple, andenvironmentally friendly option to mitigate
PIW-related pollution [1]. Adsorption is not considered an
energy-intensive technique because it does not usually
require aeration, heating, and/or mixing [16]. Adsorption
does not also suffer from sludge handling and management
due to the utilization of low quantities of chemical reagents,
providing an economically feasible approach [28]. Previous
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researchers have investigated the treatment of PIW by
adsorption onto crumb rubber [3], graphene [16], Na-P1
zeolite [5], silica [24], biocomposite [1], carbon nanotubes
[4], and solid waste biochar [15]. Based on these studies,
the adsorbent should be abundantly available, eco-friendly,
and prepared with a cheap materialfor providing a stand-
alone wastewater treatment system.

In most developing countries, wastewater treatment pro-
cesses generate large amounts of sewage sludge that could
pose serious burdens tothe environment (soil and ground-
water) [25]. A proper and smart waste (e.g., sludge) manage-
ment system should be outlined according to the sustainable
development goals (SDGs), tackling multiple environmental,
economic, and social aspects [8]. Waste sludge could be uti-
lized as a renewable biomass to produce biochar (a carbon-
rich material) via pyrolysis [27]. Biochar has been employed
as an innovative and effective adsorbent for removing aque-
ous contaminants such as complex organic compounds fro-
mindustrial effluents [11]. However, under improper sludge
pyrolysis, biochar might be unable to capture large amounts
of pollutants due to the associated insufficient surface area
and poor porosity [14]. Adding food residues and optimiz-
ing the pyrolysis temperature are efficient options to modi-
fythe texture, surface functional groups, molecular
structure, and pore-size distribution of biochars [22, 32].
For example, eggshell wastescould be utilized for providing
multiple functional groups and mineral components (cal-
cite) to biochars [6]. This pattern would enhance the intrin-
sic features and pore structure of biochars to improve the
adsorption performance.

A significant gap exists in the literature regarding the
relationship between biochar manufacturing, SDGs, and
economic feasibility, which should be comprehensively
addressed. Hence, this study is the first toillustrate the inter-
linkage between PIW treatmentand the three pillars of sus-
tainability via the techno-economic feasibility of a modified
biochar adsorbent. In particular, the study objectives are
fourfold (i) characterize biocharproduced from sludge and
eggshell wastes, (ii) determine optimum pyrolysis tempera-
ture, effects of adsorption conditions on TX removal, and
suggested adsorption mechanisms, (iii) test the synthesized
biochar for treating real PIW under successive adsorption/
regeneration cycles, and (iv) highlight the achievable SDGs,
environmental considerations, and economic feasibility
associated with the study outputs.

2. Materials and Methods

2.1. Wastewater Preparation/Collection. The synthetic
medium was prepared by initially dissolving calculated vol-
umes of each of T and X compounds in a small amount of
methanol, not exceeding 1% in the stock solutions. The stan-
dard stock solutions (1000 mg/L of each of T and X) were
dilutedwith appropriate amounts of distilled water to pre-
pare mono-component systems (T and X: 40 — 200 mg/L).
The suspension pH was regulatedby adding either 0.1 M
NaOH or 0.1 M HCI solutions. For treatingreal PIW, a pet-
rochemical industry situated in Alexandria, Egypt, was
selected to collect the wastewater samples. The received
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PIW samples were directly used in the adsorption treatment
assays without further adjustments. All solutions were stored
in glass-stoppered bottles under the dark condition at 4°C.
All reagents and solvents were of analytical grade (Sigma-
Aldrich; >99% purity) and used without further purification.

2.2. Biochar Adsorbentpreparation. Sewage sludge was col-
lected from the Alexandria East wastewater treatment plant
(WWTP) located in Alexandria, Egypt. All the sludge sam-
ples were oven-dried (100°C for 24 hrs), and then screened
using a 60-mesh sieve. Sludge pyrolysis was performed in
an oxygen-deprived condition using a muffle furnace (Asahi
Rika tabletop, AMF-25N, Japan) to prepare the raw biochar
(BC) material. The pyrolysis temperatures were investigated
at300, 350, 400, 450, 500, and 550°C with a 5°C/min heating
rate for 60 min, based on the methods of earlier reports [2,
39]. These biochars were labelled as BC300, BC350, BC400,
BC450, BC500, and BC550, respectively. The raw biochars
(300-550°C) were examined for TX adsorption, and the best
pyrolysis temperature was selected to prepare eggshell-
modified biochar (EMBC), following our previous study [18].

2.3. Adsorption Experiment. In the first experiment, single-
component sorption assayswere performed in 250 mL flasks
under 100 rpm stirring rate at room temperature (25 +2°C).
The influences of adsorption factorson TX removal were sta-
tistically investigated using a one-factor-at-a-time method.
Briefly, the first run was conducted by varying the pH values
from 2 to 12 at adsorbent dosage=1g/L and C =100 mg/L
within 60 min. The optimized pH was used in the second
assay at C =100 mg/L for 60 min with increasing the adsor-
bent dosagefrom 2 to 10 g/L. Theseoptimum pH and dosage
values were further used to operate the adsorption system
for 60 min with varying C, from 40 to 200 mg/L.The opti-
mum pH, adsorbent dosage, and C_ were used in the fourth
experimental assay to investigate the influence of adsorption
time (5-240 min) on TX removal. The measured TX concen-
trations were used to estimate the adsorption performance
in Egs. (1) and (2).

C -
R="2 ¢ %100 1
o (1)
\%4
=(C -C.)x — 2
4=(C,=C)x - @)

where R is the adsorbate removal percentage (%), q is uptake
capacity (mg adsorbate/g biochar), C, and C, are the initial
and equilibrium adsorbate concentrations (mg/L), respec-
tively, m is biochar mass (g), and V is the flask working vol-
ume (L).

The second experiment was conducted to determine the
adsorption performance and stability of biochar for real
PIW treatment. For this purpose, five adsorption/regenera-
tion cycles were conducted to assess biochar reusability.
Before each re-adsorption trial, the utilized biochar was
washed with methanol and then dried overnight at 105°C.
All experiments were conducted in triplicate, and the aver-
age results were recorded.
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TasLE 1: Physiochemical, BET surface area and pore properties of biochars produced at various pyrolysis temperatures (300-550°C).

Properties BC 300 BC 350 BC 400 BC 450 BC 500 BC 550
Yield (wt. %) 66.10 54.20 45.82 38.60 38.55 38.09
pH 7.87 8.13 8.49 8.68 8.76 8.88
C (Wiw %) 84.79 77.55 73.4 69.28 65.56 67.43
N (w/w %) 5.90 5.56 5.23 4.71 4.18 4.16
O (w/w %) 18.09 17.82 15.68 12.62 9.86 6.73
C/N ratio 14.37 13.95 14.03 14.71 15.68 16.21
O/C ratio 0.21 0.23 0.21 0.18 0.15 0.10
S (w/w %) 0.92 0.48 2.13 3.82 2.94 1.79
Ca (w/w %) 3.40 3.79 7.69 7.81 7.62 9.00
BET (mZ/g) 0.227 0.282 1.266 22.680 27.240 52.210
Total pore volume (cmS/g) 0.00562 0.00745 0.00919 0.02962 0.01087 0.03238
Average pore size (nm) 14.00 12.60 12.20 1.29 1.27 1.23

2.4. Analytical Analysis. Biochars were characterized for
their specific surface area and pore-size distribution using
the methods of Brunauer-Emmett-Teller (BET) and the
Barrett-Joyner-Halenda (BJH) [23].BELSORP-mini II
instrument (BEL Japan, Inc.) was assigned for measuring
the N, adsorption-desorption isotherms at 77K, following
Shaheen et al. [27]. Proximate analysis and pH of biochars
were determined as adapted from Fidel et al. [10]. X-ray dif-
fractometer (XRD) (Shimadzu Xlab 6100, Kyoto, Japan) was
used to analyze the biochar crystallinity over a 26 range of 5-
80° (0.02° step size @ 12°C/min). The XRD instrument was
operated with Cu-Ka radiation (A=1.5406A) at 40kV and
30mA.A Fourier Transform Infrared (FTIR) spectroscopy
(Vertex 70, Bruker Optics Inc., Ettlingen, Germany) was
used to detect the shift in peak wavenumbers associated with
the adsorption process. The change in FTIR bands was
recorded over the 4000-400 1/cm region. The surface mor-
phology of biochars was characterized by scanning electron
microscopy (SEM, JSM-6010LV JEOL, Tokyo, Japan).
Energy Dispersive X-ray analysis in conjunction with the
SEM instrument was employed to provide information ofthe
biochars’ elemental composition (e.g., C, N, and O), follow-
ing the procedures reported elsewhere [2, 15]. For identify-
ing the benzene, T, ethylene, and X components, the liquid
samples were treated through a 0.22um filter (Whatman
syringe filters). The resulting filtrates were analyzed byGas
Chromatography-Mass Spectrometry (GC-MS), with a
QP2010 PLUS system (Shimadzu, Japan) and helium as a
carrier gas.

3. Results and Discussion
3.1. Biochar Characterization

3.1.1. Biochar Yield Andnutrient Content. Table 1 represents
the variation in the properties and nutrient availability of
biochars under different pyrolysis temperature conditions.
The pyrolysis temperature substantially affected the yield
of biochars. For instance, at 300°C the biochar yield was
66.1%, representing about 2-folds the yield at 450°C. The
negative correlation between the biochar yield and the

pyrolysis temperature could be ascribed to the thermal
decomposition and gasification of the sludge components,
such as volatile compounds and other non-carbon elements
[32]. The volatilization of organic acids under high-
temperature conditions also contributed to the rise in pH
values (Table 1). Shaaban et al. [26] reported that elevated
pyrolysis temperatures would increase the amounts of basic
OH groups on the biochar surface, accompanied byelimi-
nating various acidic functional groups. Increasing the total
surface basicity of biochars, owing to organic acid decom-
position, at elevated pyrolysis temperatures has also been
verified [25]. However, increasing the pyrolysis temperature
t0550°C provided an insignificant (p>0.05) impact on the
biochar yield, assigning that the carbonization process was
almost completed.

Table 1 also revealed that biochars contained nutrient
species (e.g., N, S, and Ca) that have probably been embed-
ded in the components of the collected sewage sludge. The
reduction of the C, N, and O fractions for biochars pyrolyzed
at 300-550°C could be ascribed to the pyrogenic decomposi-
tions and emission of volatile matters at elevated tempera-
tures [26]. Hence, a high proportion of nutrientswould be
maintained in biochars synthesizedat low pyrolysis tempera-
tures. The variation of the nitrogen properties with tempera-
ture (Table 1) could be assigned to the loss of volatile
nitrogen species, such as ammonia or volatile amines, obtain-
ing stable pyridine compounds at elevated temperatures [14].
Moreover, the C/N ratio of the biochar products varied as a
result of carbonization along with the conversion and trans-
formation of the organic nitrogen fractions [30]. The change
in the O/C ratio between 0.10 and 0.23 could be linked to
the degree of polarity [2], attaining a minimum O/C ratio of
0.10 at 550°C. A low O/C ratio at elevated pyrolysis tempera-
tures is an indication of the high aromatic nature (i.e., the aro-
matic linkages were more stable) of the investigated biochars
[30]. This O/C range is comparable to O/C 0.07 - 0.27 for
biochar-based crop residues [2], but lower than O/C 0.59 -
0.71 for biochars obtained from digested sludge [32].

3.1.2. BET Surface Area. Increasing the pyrolysis tempera-
ture from 300 to 550°C provided a positive impact on



theBET surface area, which improved from 0.23 to 52.21 m*/
g, respectively (Table 1). This BET surface area is higher
than that (2.0-3.2m?/g) of biochar prepared from poultry
litter [30]. For the preparation of rice husk biochars [28],
the BET surface area was increasedfrom 45.2 to 193.1 m*/g
with raising the pyrolysis temperature from 500 to 700°C,
respectively. Comparable patterns were noticed for the total
pore volume (Table 1), which could be linked to a high
degree of carbonization and the release of most volatiles with
elevating the temperature from 300 to 550°C.These observa-
tions were also confirmed by the BET N, adsorption/desorp-
tion assays and BJH pore-size distribution of different
biochars (Figure 1(a)), implying the presence of mesopores
and micropores. The pore-size distribution of BC 300-
400°Cwas within the 2-50 nm range, denoting a mesoporous
material classification. The pore-size of biochars BC 450-
550°C obeyed the micropores region (< 2nm). Based on the
aforementioned results, a high pyrolysis temperature would
develop the biochar surface area, ie., an essential property
for entrapping high amounts of molecules via the pore-filling
mechanism [26]. Additionally, an increase in pyrolysis tem-
perature would provide an appropriate condition for attaining
a high ash content and a stable physicochemical quality, which
complied with the study by Song and Guo [30].

3.1.3. XRD Pattern. The crystallinity of biochars synthesized
at different pyrolysis temperatures was estimated using the
XRD analysis (Figure 1(b)). The XRD patterns of biochars
BC 300-550°C exhibited the predominance of two main
crystalline minerals, i.e., quartz (SiO,) and calcite (CaCO;).
Similarly, Kraiem et al. [17] indicated the occupancy of
quartz and calcite in biochar prepared from the pyrolysis
of waste fish fats at a temperature of 500°C. The XRD peaks
observed at 20 approximately of 20.9°, 36.6°, 50.2°, and 60.0°
could be associated with (100), (110), (112) and (121) planes
of SiO,, respectively [13]. This result suggests that SiO, was
the main crystalline phase for all biochars pyrolyzed
throughout the temperature 300-550°C range. Some peaks
of quartz for BC450-550 were higher than those for
BC300-400, indicating the increment of quartz crystalliza-
tion in biochars when the heating temperature increased.
However, the peak intensities of calcite decreased with an
increase in temperature, which could be due to decomposing
carbonaceous materials (calcite) after thermal treatment
with elevated temperatures [26]. The presence of calcite in
all biochar samples would elucidate the pH distribution
within the alkaline range (Table 1), as previously recognized
by Yuan et al. [34]. Similarly, Fidel et al. [10] demonstrated
that the intensities of XRD peaks ascribed to the mineral
content (e.g., sylvite, calcite, and dolomite) of biochar were
diminished under a high thermal treatment condition.

3.1.4. FTIR and Functional Groups. Figure 1(c) shows the
functional groups on the biochar surface treated at various-
pyrolysistemperatures (300-550°C). The intensity of peaks
between 3270 and 3380 1/cmdecreased largely withincreas-
ing the pyrolysis temperature. This finding suggested that
the organic O —H group was unstable at elevated tempera-
tures, probably due to the biochar structure dehydration
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[14]. Similarly, the reduction in peak intensities at 3250-
3400 1/cm under higher temperature conditions could be
associated with decomposing the organic nitrogen (N —H)
groups in amines and amides. This finding could also
explain the variation in the C/N ratio along with the pyroly-
sis temperature, as previously listed in Table 1. Thedomi-
nance of alkyl and oxygenated functional groups (e.g., C-
O-C, COOH, -OH, and C=0)for BC300°C indicated that
the biochar surface was more aliphatic at lower pyrolysis
temperature. However, the structures of BC400-550°C were
more aromaticat higher pyrolysis temperature (>400°C)
because of the dehydroxylation and volatilization process,
supporting crystallization [20]. Again, this finding complied
with the XRD pattern (Figure 1(b)), suggesting that biochars
were more crystalline at higher pyrolysis temperatures.
Hence, the arrangement of carbon structures was adjusted
from aliphatic to aromatic, with raising the pyrolysis tem-
perature from 300 to 550°C. Moreover, some adsorption
bands between 2850 and 2950 1/cm for BC300-400°C were
gradually disappeared at pyrolysis temperatures over 400°C
dueto the instability of the aliphatic hydrocarbon (-CH,)
groups. The change in C=0 stretching (around 1700 1/cm)
with temperature could be ascribed to the formation of some
conjugated aromatic carbonyl/carboxyl groups at exceeding
the pyrolysis temperature over 300°C[39]. A slight change
in the peak intensity at 1604 1/cm with elevating the pyrol-
ysis temperature could be associated with the stability of
conjugated aromatic ring stretching of C=C groups [22],
viz., this observation also supports the decrease of O/C ratio
(see Table 1). Moreover, the biochar surface would be more
hydrophobic at elevated temperatures because of the evolve-
ment of oxygen functional groups via gasification [20, 26].
Accordingly, the —OH, —NH, and — CH, groups were unsta-
ble, with a concomitant increase in aromaticity at elevated
temperatures. The decrease in the polar functional groups
for BC400-550°C revealed the establishment of a condensed
and carbonized structure owing to higher mass loss
(Figure 1(c)). The presence of more functional groups
(Figure 1(d)) for EMBC, viz., alkane (CH, and CH;bands),
aromatic (C=C stretching), esters (S-OR) group, and alcohol
(OH stretch andH-bonded), would be usefulto form interac-
tions and complexations with the adsorbate compounds.

3.1.5. SEM. Figure 2 shows the surface morphologies of the
biochar samples (BC300-550°C). The SEM micrographs
clearly indicated the development of irregular and uneven
biochar surfaces with channels and well-defined and vacant
pores. A smooth textureand incomplete decomposition were
noticed for BC300 - 400°C. However, the surfaceroughness
and intensity increased for BC450 - 550°C, suggesting an
improved porosity. This finding could be ascribed to the
release of volatiles during carbonization with elevating the
pyrolysis temperature [37].

3.2. Toluene and Xylene (TX)Removals in Single-
Solute System

3.2.1. Effect of pH on TX Adsorption. Figure 3(a) shows the
influence of solution pH on TX adsorption by biochars
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FIGURE 1: Biochar adsorbent characterization: (a) BET nitrogen adsorption/desorption isotherms and BJH pore-size distribution, (b) XRD
patterns of BC 300-550°C, (c) FTIR spectra of BC 300-550°C before adsorption, and (d) FTIR spectra of BC 550°C and EMBC 550°C after
adsorption.
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(BC and EMBC). For BC, the T removal efficiency improved
from 46.8 to 75.1%, with an increase in the solution pH from
2 to 10, respectively, suggesting that pH around 10 was
favourable for the adsorption process. At the pH 10 condi-
tion, the X removal efliciency was comparable toT and
reached 73.4%. The EMBC adsorbent attained better adsorp-
tion capabilities compared with BC, exhibiting the highest
removal efficiencies 0f82.1% for T and 86.1% for X. At lower
pH, the high concentration and mobility of H* ions tended
to generate extremely protonated sorption sites [9], causing
electrostatic repulsion to hinder the TX uptake ability. The
data in Figure 3(a) also revealed that a further increase in
solution pH over 10 caused an insignificant (p>0.01)
enhancement in the removal efficiencies of the TX adsor-
bate. This result could be ascribed to the competition
between the adsorbate molecules and hydroxide (OH") ions
for the active sites occupying the biochar surface [21]. The
point of zero charge (pHp,) also showed a zero electrical
charge density on the biochar surface at a solution pH of
about 10 (Supplementary Figure S1). In another study,
Jayawardhana et al. [15] found that pH conditions of 8.3
and 9.0 were favorable for the adsorption of toluene and
m-xylene onto biochar prepared from municipal solid waste.

The affinity of EMBC towards TX adsorption over a
wide pH scalecould be ascribed to the increase in the degree
of ionization of surface functional groups (see Figure 1(d))

SElI 20kV WD11mmSS30
B
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Figure 2: SEM of biochar and modified biochar adsorbents prepared under different pyrolysis conditions (300-550°C).

essential for binding the hydrophobic TX compounds with
the biochar adsorbent. Moreover, the TX removalsundervar-
ious pH conditions implied the occurrence of additionalad-
sorption mechanisms such as 7-m bonding interaction and
hydrophobic interaction [37].

3.2.2. Effect of Biochar Dosage on TX Adsorption. Figure 3(b)
represents the influence of biochar dosage on TX removal by
BC and EMBC. The removal efficiencies were improved
from 77.8 to 84.1% for T and from 80.2 to 87.8% for X with
increasing the EMBC dosage from 2 tol0 g/L, respectively.
These efficiencies were higher than the adsorption patterns
attainedusing the unmodified BC biochar. The increase in
the number of active adsorption sites on biochars, following
the increment in biochar dosage, tended to uptake additional
amounts of TX molecules [31]. Due to the insignificant
(p>0.05) variation in the TX removal efficiencies within the
range of biochar dosage investigated, 2 g/L was selected for
further investigations. This selection would minimize the
requirement of chemical regeneration, disposal of exhausted
adsorbents, and operational and maintenance issues.

3.2.3. Effect of Initial Concentration (C,) on TX Adsorption.
Figure 3(c) shows the effect of C, on TX adsorption at the
optimum factors (pH=10, biochar dosage=2g/L, and
time =60 min). For the EMBC adsorbent, an increase in
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F1Gurek 3: Effect of operational conditions on toluene and xylene (TX) removal efficiencies: (a) solution pH, (b) biochar dosage, (c) initial TX

concentration, and (d) adsorption time.

C, from 40 to 200 mg/L, respectively, caused a significant
(p<0.05) drop in the removal efficiencies of T from 79.1
to 39.0% and Xfrom 86.6 to 42.4%. These data were better
than the removal efficiencies observed when using raw BC
biochars as an adsorbent material (Figure 3(c)). The nega-
tive correlation between the TX removal efficiency and C,
could be ascribed to the low ratio of adsorption sites-to-
TX molecules (or the full occupancy of the available
adsorption sites) at elevated C_ [3]. Moreover, the active
binding sites of biochars would be saturated with an
increase inthe TX concentrations [33], suggesting that the
removal efficiencies of the TX molecules by biochars were
dependent on theC_ 40-200 mg/L range.

3.24. Effect of Adsorption Time on TX Adsorption.
Figure 3(d) shows the effect of adsorption time on the
removal percentage of TX by biochars (BC and EMBC) at
pH=10 and dosage=2g/L.For the EMBC material, the
removal efficiencies of T and X were 69.6 and 72.1% at
adsorption time =120 min, respectively. These removal effi-
ciencies were insignificantly (p>0.05) improved to 74.4
and 79.0%, respectively, with anadditional increase in
adsorption time to 240 min. The rapid enhancement in TX
adsorption within the initial 120 min could be ascribed to
the accessibility of large amounts of vacant active sites
[35]. The slight increase in the removal efficiencies after
120 min could be attributed to (i) a reduction in the number
of vacant active sites of biochars [5], and (ii) a formation of
repulsion between the adsorbate molecules [15]. A fast

removal rate, followed by a reduced pattern indicated a
two-step adsorption process [33].

These results depicted that the equilibrium condition for
adsorbing TX onto biochars would occur after a contact time
of 120 min. A longer equilibrium time of 24 h was reported
for the adsorption of T and X onto zeolite Na-P1, with
removal efliciencies of 55% and 77-99%, respectively [5].
Jayawardhana et al. [15] found that about 5h was suitable
to attain an equilibrium time for adsorbing toluene and m-
xylene by municipal solid waste biochar.

3.2.5. Adsorption Mechanisms. The results of adsorption iso-
therms revealed that the TX adsorbates were strongly
attached to the EMBC surface via higher binding energy,
as compared with BC (supplementary Figure S2; Table SI).
Moreover, X had a better adsorption intensity or degree of
favorability for adsorption than T. The TX molecules
would form a uniform monolayer on the biochar surface
within specific sites having equivalent sorption energy. In
addition, all binding sites on biochars have equal affinity
for the TX sorbate.

The adsorption favourability followed the order of X>T,
and X needed a shorter time than T to attain a specific frac-
tional uptake (supplementary Figure S3; Table S2). This
pattern could be linked to an increase in both molecular
weight (X 106.17 g/mol > T 92.14 g/mol) and hydrophobicity
(X2.77 - 3.15>T 2.69), and a decrease in water solubility (X
175 - 198 mg/L< T 515mg/L) [5]. A similar arrangement of
adsorption favourability was established for the adsorption of
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FIGURE 4: Possible mechanisms for adsorption of TX onto biochars.

TX ontosilica-based adsorbents [24] and multiwall carbon
nanotubes [4]. Moreover, a higher affinity for X removal
could be associated with the presence of two methyl groups
connected to the benzene ring, augmenting the interaction
with the biochar surface [16]. The reusability and recyclability
of TX-loaded biochars were attained for five consecutive
adsorption-desorption cycles (supplementary Figure S4).

According to the overall observation above, the adsorp-
tion of TX onto biochars could be graphically represented
by Figure 4.

These adsorption mechanisms, occurring either in series
or in parallel, could be summarized as follows:

(a) Monolayer adsorptiononto nearly homogenous
binding sites, and no interaction would occur among
adsorbate species, as revealed by the high fitting
accuracy of the Langmuir isotherm model (see sup-
plementary Figure S2 and Table S1).

(b) Precipitation and pore-filling, as depictedby the
physical properties of adsorbents having many pores
of different sizes (micropores and mesopores)
(Table 1 and Figures 1 and 2).

(c) Electrostatic interactions due to the significant influ-
ence of solution pHon TX removal (Figure 3(a)), and
the corresponding variation in electric charges (solu-
tion pH vs. biochar pHp, ).

(d) Hydrogen bonding interaction with carboxyl and
ester carbonyl groups of biochars

(e) m-m dispersive interaction between carboxylic
oxygen-atom of biochar (electron-donor) and the
aromatic ring of TX (electron-acceptor).

(f) Van der Waals sorption interaction between TX aro-
matic ring and electron-donating functional groups,
as depicted by the surface functional group changes
after adsorption (Figure 1(d)).

(g) Multiple diffusion mechanisms (surface/porediffu-
sions), as revealed by thekinetic model parameters
(see supplementary Figure S3; Table S2).

(h) A minor contribution of chemisorption

3.3. Real Petrochemical Wastewaterapplication. The treat-
ment of real PIW by biochars is an essential step towards
the practical use of sludge-based adsorbents for industrial-
scale applications. Wastewater samples collected from a pet-
rochemical industry were composed of TOC=127.4+
6.1mg/L, benzene=94.1+4.6mg/L, T=340.2+13.0mg/L,
ethylene=457.0 £ 32.0 mg/L, and X=55.2+3.4mg/L, repre-
senting a multi (competitive) aqueous solution. After the
first adsorption cycle, the reductions of TOC, benzene, T,
ethylene, and X denoted C/C =0.61, 0.66, 0.61, 0.78, and
0.61, respectively, within 60 min (Figure 5(a) - 5(e)). Further,
the EMBC material was regenerated and subjected to PIW
(i.e., second cycle within60 min). TheC/C_ values were chan-
ged to 0.67, 0.73, 0.64, 0.80, and 0.66, respectively, suggesting
a slight decline in the adsorption performance. After five
regeneration cycles, the removal efficiencies of TOC, ben-
zene, T, ethylene, and X decreased by 51.6%, 58.3%, 43.9%,
66.6%, and 48.8%, respectively. The decline in the biochar
adsorption performance along with the successive adsorp-
tion/regeneration cycles could be ascribed to (i) the loss of
the adsorbent active binding sites, and/or (ii) the presence
of multiple anions and cations in the real-world industrial
discharges [3, 24]. With a goodregeneration ability, this high
adsorption capacity validates the application of biochar-
based adsorption as a tertiary treatment phase for real PIW.

3.4. Application Prospects and Cost Estimation. The environ-
mental and economic aspects relating to the adsorption sys-
tem were described for both BC and EMBC to determine the
feasibility and cost-effectiveness of the adsorbent material.
The cost estimation was derived as reported byHamdy
et al. (2019) and Mahmoud et al. [21]. The calculations in
Table 2 were represented with a precision of +10% due to
variations in local currency among countries used for
assumptions.

3.4.1. Total Capital Investment (TCI). The total capital
investment (TCI) refers tothe sum of money spent on build-
ings and equipment to establish the project objectives [36].
TCI can be calculated in terms of fixed capital cost (FCC)
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F1GURE 5: Performance of EMBC for treating real petrochemical effluents under five successive adsorption/regeneration cycles.

and working capital cost (WCC). As listed in Table 2, FCC
was presumed regarding the land footprint, building of the
offices and laboratories, electro-mechanical equipment, and
piping and fitting, as reported by Elhafez et al. [7]. The low
land and building costs were assigned to the financial sup-
port of the local government, attaining a “Waste Recycling”
program. The equipment cost of EMBC was higher than that
of BC due to the use of additional machines for handling,

washing, drying, and crushing the eggshell waste [29]. The
installation and construction processes were estimated as
50% of the equipment cost. Accordingly, the FCC values
were 4.20 USD/m® for BC and5.60 USD/m’ for EMBC.
The WCC of the project was assigned to 6.5% of the FCC
and regeneration costs, denoting the financing expenses
used to run the adsorption process on a daily basis. Hence,
the WCC values used to maintain the daily operations were
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TABLE 2: Primary techno-economic estimation for producing biochars to treat wastewater-containing aromatic hydrocarbons, with £10%

precision.

Item BC EMBC Unit
Calculation of total capital investment (TCI) in USD/m’?

Building and construction 0.97 1.23 USD/m’
Equipment purchase and installation 1.51 2.02 USD/m’®
Instrumentation and control 0.71 0.90 USD/m’
Electrical system 0.67 1.01 USD/m’
Piping system 0.34 0.45 USD/m’
Fixed capital cost (FCC) 4.20 5.60 USD/m’?
Regeneration and recycling system 2.10 2.80 USD/m’
Working capital cost (WCC) 0.41 0.55 USD/m’®
Total capital investment (TCI) 6.71 8.95 USD/m’®
Calculation of annual operation cost (AOC) in USD/ma/yr

Raw material and chemicals 0.17 0.23 USD/m’/yr
Waste generation and disposal 0.23 0.29 USD/m’/yr
Utilities (water and electricity) 0.25 0.31 USD/m’/yr
Extra cost 0.22 0.30 USD/m’/yr
Maintenance 0.08 0.11 USD/m’/yr
Insurance 0.04 0.06 USD/m’/yr
Annual operation cost (AOC) 0.98 1.30 USD/m? Iyr
Calculation of net profit (NP in USD/m’/yr) and payback period (years)

Annual profitability and revenue 1.49 2.48 USD/m’/yr
Benefits of tertiary treated wastewater 0.23 0.36 USD/m’/yr
Net profit (NP) 0.74 1.54 USD/m’/yr
Tax 0.11 0.23 USD/m’/yr
Net profit (after tax) 0.62 1.30 USD/m’/yr
Payback period = TCI/net profit (after tax) 10.74 6.86 Years

0.41 USD/m’ for BC and 0.55 USD/m’ for EMBC. In this
regard, the synthesis of BC and EMBC adsorbents entailed
TCI values of 6.71 and 8.95 USD/m’, respectively. A high-
erTCI of EMBC could be linked to the additional prepara-
tion procedures, including washing, drying/heating, and
milling/sieving steps.

3.4.2. Annual Operation Cost (AOC). The annual operation
cost (AOC) was estimated on a yearly basis, concerning
raw material, utilities, operating labor, laboratory cost, main-
tenance and repair, and necessary extra costs [36]. The com-
ponents of AOC were derived based on an operating time of
336 days per year, viz., 8-h shifts per day, 7 days per week,
and 48 weeks per year, including 5 weeks for maintenance.
The cost of raw material depended on sewage sludge and
eggshells required for the pyrolysis process, as well as
reagents (e.g., about 9 USD for each liter of H,SO, 95%
and 10 USD for each kg of pure NaOH) [29]. The sewage
sludge is not always available for free, and the chemicals
were purchased from local chemical suppliers. Table 2 also
lists the cost of utilities, including tariff levels of 0.12 USD/
m’ for water supply and 0.03 USD/kWh for electricityre-
quirement [9]. The operators and workers earned low hourly
wages as the adsorption process is relatively simple and
requires little experiencefor operation [12]. Extra costs

include adsorbent regeneration and recycling, and waste
released during the preparation process. The maintenance
and insurance expenses required for the regular repairing
of damages were equivalent to 2% and 1% of FCC, respec-
tively. According to the above calculations and data obtained
from previous studies, the AOC of 0.98 USD/m’/y for BC
and 1.30 USD/m’/y for EMBC could be determined.

3.4.3. Net Profit and Payback Period. The annual revenue
could be obtained from selling the adsorbent material for
removing toxic species with high concentrations [36]. The
annual profitability should also includethe prices paid by
the municipality to treat industrial wastewater, avoiding
negative environmental consequences from releasing the
contaminants via uncontrolled pathways [9]. Referring to
the real market and contacts with potential customers, the
EMBC price could reach up to 0.32 USD/kg compared with
0.15 USD per kg of BC for industrial applications. These
prices could be compared with 0.09-0.33, 0.60, and 1.50
USD/kg forwood biochar, zeolite, and activated carbon,
respectively [27]. The estimated values corresponded to a
cost of about 8 USD to eliminate 1kg of TX pollutantsfrom
the environment (i.e., calculated from dividing the adsorbent
price in USD/kg by adsorption capacity in mg/g). Hence, the
net profit (NP) values were 0.74 and 1.54 USD/m’/y for BC
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TaBLE 3: Possible achievement of SDGs relevant to the study outputs.

SDG Description

Biochar can improve agricultural soil fertility and facilitate soil carbon sequestration, increasing crop
productivity. This advantage is essential to ensure sustainable food production systems and raise
the incomes of small-scale food suppliers.

Goal 2: Zero hunger

Biochar can be applied in wastewater treatment by eliminating (or immobilizing) heavy metals, dyes,
oils, and organic and inorganic pollutants from aqueous solutions. This benefit would protect and
restore water-related ecosystems, improve decentralized wastewater treatment systems, minimize
nutrient leaching during irrigation, and enhance the sanitation in rural communities.

Goal 6: Clean water
and sanitation

The elevated carbon content in biochar increases the energy value compared with traditional cooking
fuels (e.g., firewood). Moreover, energy and synthetic gas are typically generated during biochar
production. Hence, biochar could be an ideal alternative source of energy, especially for remote areas
with limited electricity access [11].

Goal 7: Affordable
and clean energy

Goal 9: Industry, innovation Biochar synthesized from pyrolysis can act as direct catalysts in various industrial applications, which

and infrastructure

have been covered by Lee et al. [19]. These applications have also been outlined by the Biochar

Industry Technology Innovation Strategic Alliance of China-BITISAC.

Goal 13: Climate action

Generally, N-based fertilizers are associated with N,O emissions. Hence, the biochar application in

agricultural fields to reduce excessive fertilizers would mitigate the GHG emission.

Goal 14: Life below water

According to the biochar-goal 6 description, biochar has additional benefits in protecting marine and

coastal ecosystems from pollution (i.e., enriching life in water).

and EMBGC, respectively. Further, the adsorption process was
economically evaluated using the payback period; i.e., a gen-
eral criterion obtained from TCI divided by NP. The pay-
back periods (after 15% local tax) were 10.7 years for BC
and 6.9 years for EMBC. These periodsare shorter than the-
project lifetime (i.e., 15 years), signifying a profitability
scheme. In addition, the payback period of EMBC wasshor-
ter than that of BC because the modified biochar-related
project would recover its initial investment rapidly.

3.5. Sludge-Based Biochar Technology for Meeting Sustainable
Development Goals (SDGs). The increasingly stringent envi-
ronmental regulations have strongly imposed the researchers
to find viable and economically feasible scenarios for indus-
trial effluent treatment. Table 3 summarizes the number of
SDGs that could be relevant to the study objectives. In this
work, the EMBC adsorbent showed appropriate PIW treat-
ment under repeated adsorption-regeneration (five) cycles,
expressing a good reusable and recycling ability for industrial
applications. This property would reduce the environmental
risks caused by industrial effluents; hence, goal 6 (Clean
Water and Sanitation) and goal 14 (Life below Water) could
be partially achieved. The study also represented the utiliza-
tion of material of natural origin (eggshells) for synthesizing
biochar with unique properties, such as a low O/C ratio (see
Table 1). Hence, no toxic chemicals or reagents were used
during preparation, implying that biochar would act as a
competitive and sustainable resource. The prepared biochar
would have other applications such as soil quality improve-
ment, catalysts, additives for anaerobic digestion/compost-
ing, and reducing GHG emissions. These applications have
been comprehensively reviewed by Zhang et al. [38]. The
public should have adequate education, skills, and awareness
about the potential human health, socio-economic, and envi-
ronmental advantagesassociated with biochar production.
Proper mass media, advertisements, and programs should
transfer the understanding of biochar-based projects to the

public sector, especially in developing countries. The social
benefit relevant to achievable SDGs should ensure jobs crea-
tion, awareness, education, and the standard of living.

3.6. Progress and Future Perspectives. Because the reusability
of exhausted biochars is essential under real PTW wastewater
applications, further studies are required to develop a conve-
nient and economical regeneration method. Various ther-
mal, biological, micro-wave, and ultrasound methods could
be used to enhance the biochar regeneration process by lib-
erating the complex organic contaminations. Several param-
eters, such as breakthrough time, desorption cycles and
capacity, and bed exhaustion time, should be optimized to
improve the regeneration efficiency. Moreover, the solvent
used as an eluting agent for biochar regeneration should be
appropriately selected based on its concentration, volume,
and preferable pH condition, improving the economic via-
bility of the adsorption/desorption cycles. The ability of bio-
chars to eliminate other compounds in PIW such as ethylene
glycol, formaldehyde, tetrachloroethylene, and 1,3-butadiene
by adsorption should be further investigated.

4. Conclusions

The current worksuccessfully synthesized and characterized
sludge-based biochars having high aromaticity, carboniza-
tion degree, and quartz crystallization. Biochar adsorbent
showed high performance for removing toluene and xylene
pollutants with efficiencies of 79.1% and 86.6% at solution
pH=10, biochar dosage of 2g/L, and C,=40mg/L within
60 min. The proposed adsorption mechanism also revealed
a high ability to remove petroleum hydrocarbons from both
synthetic and real PIW. Moreover, the synthesized biochar
exhibited an economic benefit for industrialization with a
payback period=6.9yr. The interlinkagesbetween PIW
treatment and SDGs (e.g., SDG 3, SDG 6, SDG 9, and SDG
14) were identified via (i) reducing the environmental risks
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caused by industrial effluents, (ii) utilizing eggshell residues
and sewage sludge for biochar preparation, avoiding waste
disposal issues, (iii) synthesizing a cost-effective EMBC
adsorbent showing a twofold increase in the specific surface
area than conventional biochars, improving biochar produc-
tion technology, and (iv) raising public awareness about
waste management.
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At present, chemical Si/Al sources are mainly used as precursor materials for the manufacturing of zeolites. Such precursor
materials are quite expensive for commercial synthesis. Here, we have reported the synthesis of Ca-based zeolite from incense
stick ash waste by the alkali-treatment method for the first time. Incense stick ash (ISA) was used as a precursor material for
the synthesis of low Si zeolites by the alkali-treatment method. The as-synthesized zeolites were characterized by various
instruments like particle size analyzer (PSA), Fourier transform infrared (FTIR), X-ray diffraction (XRD), field emission
scanning electron microscope (FESEM), electron diffraction spectroscopy (EDS), transmission electron microscopy (TEM), and
X-ray fluorescence (XRF). FTIR and XRD helped in the identification of the microstructure and crystalline nature of the
zeolites and also confirmed the synthesis of Ca-based zeolite with two thetas at 25.7°. The microscopic analysis by FESEM and
TEM exhibited that the size of synthesized Ca-rich zeolites varies from 200 to 700 nm and they are aggregated and cuboidal in
shape. Additionally, structural, electronic, and density of states’ characteristics of gismondine (Ca,Al,Si,O,4,H,0) structures
were evaluated by computational simulations (first principle, density functional theorem). The structural optimization of
structures was carried out in the first stage under the lowest condition of total energy and forces acting on atoms for the lattice
constant, as well as the available experimental and theoretical findings. The present research approach predicted the
transformation of ISA waste into a value-added mineral, i.e., zeolite, which was further used for the removal of both heavy
metals and alkali metals from fly ash-based wastewater using inductively coupled plasma-optical emission spectroscopy (ICP-OES).

1. Introduction

Zeolites are crystalline aluminosilicates having elements either
from group I or II as counter ions [1]. Zeolites mainly consist
of Al, Si, and O, which forms their basic framework [2]. The
structure of zeolites comprises the framework of [SiO,]*

and [A104]5 tetrahedra linked to each other at the corners
by sharing their oxygen [3, 4]. The tetrahedral 3D network
of zeolites has a lot of voids and spaces in them [5], and these
voids supplement the characteristics to the zeolites, for
instance, the adsorption of molecules in the huge internal
channels [6, 7]. Zeolites can be readily dehydrated and
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rehydrated [8] and are used as cation exchangers [9], soil
decontamination [9, 10], and molecular sieves [11]. The
unique and remarkable properties of zeolites viz. porous
nature, negative charge, water-insoluble, higher melting point,
and water trapping property [12-14] make them a potential
material as an adsorbent [15] for wastewater treatment [16],
as fertilizers in agriculture [17], and as an ion exchanger
[18-26]. Based on their origin, zeolites can be of two types,
i.e,, natural or synthetic [27, 28]. Synthetic zeolites are synthe-
sized in laboratory conditions by optimizing the conditions.

Presently, for commercial production, synthetic zeolites
are preferred over natural zeolites, as they can be modified
as per the need of the industry. Moreover, synthetic zeolites
are more precise, ordered, crystalline, and uniform in size of
the particles. However, the synthesis of zeolites from Al- and
Si-rich chemical sources is not economical [29]. On the
other hand, natural zeolites are present in nature in the form
of volcanic ashes [30, 31], sedimentary rocks [32], clay and
kaolins [33, 34], fly ash [28, 35], bauxite minerals [36], and
other earthy materials which may reduce the cost of the zeo-
lites but purity remains a major concern. Incense stick ash
(ISA) being a waste material of household and religious
places can act as a source of zeolites owing to its similar
composition to the natural zeolites [37, 38]. Yet to date, no
attempt has been made by the scientific community for the
synthesis of zeolites from overlooked waste like ISA [39].
Every day, tons of incense sticks are consumed at religious
places and homes in countries like China, Thailand, Japan,
Burma, and India for deity purposes which in turn produces
ISA. The burning of incense stick leaves behind ashes as a
residue that has to be disposed of in the river or other water
sources especially in India where it holds religious values
and is considered holy [40, 41]. Indian incense stick ash
has high Ca, Mg, Fe, Si, and Al content where Ca and Mg
alone constitute 50-60% total weight of the ash [42-44],
while silica is 20% and alumina is 5-10% forming 25-30%
of the total weight. All these elements are essential for the
synthesis of zeolites [35]. So, instead of disposing the ashes
into the river, it can be utilized for the synthesis of zeolites
which may have potential to treat wastewater and protect
the environment.

ISA was employed in the synthesis of zeolites, by the
alkali-treatment method under laboratory conditions. As
per our knowledge, ISA-based synthesis of zeolites has been
reported for the first time over here. The synthesized zeolites
were characterized by particle size analyzer (PSA), Fourier
transform infrared (FTIR), field emission scanning electron
microscope (FESEM), electron diffraction spectroscopy
(EDS), transmission electron microscopy (TEM), X-ray dif-
fraction (XRD), and X-ray fluorescence (XRF). The synthe-
sized zeolites belong to the sodalite class and are crystalline,
aggregated, and cuboidal in shape with size ranging from
200 nm to 700 nm. Further, the potential of synthesized zeo-
lites was explored for the removal of heavy metals and alkali
metals from fly ash aqueous solutions with respect to time
using inductively coupled plasma-optical emission spectros-
copy (ICP-OES) analysis. In conclusion, the utilization of
ISA for zeolites will reduce the disposal problem of ISA and
water pollution.

Adsorption Science & Technology

2. Materials and Methods

2.1. Materials. Incense stick ash, Conc. HCl (RENKEM),
Conc. H,SO, (RENKEM), NaOH (SRL), ethanol (SRL,
India), round bottom flasks, 100 ml beakers, Whatman filter
paper no. 42 (Axiva, India), and reflux condenser were used.

2.2. Method. The incense stick ash was transferred in a
100 ml beaker and washed 2-3 times with distilled water to
eliminate the carbon and other unburnt particles. Further,
from the ISA slurry, ferrous fractions were extracted using
an external neodymium magnet [44]. Removal of ferrous
from ash enhances the zeolitic property as it interferes with
the transformation of zeolites [45]. The nonferrous fractions
were dried either at room temperature or in an oven at 60°C
till complete dryness. Thereafter, the nonferrous part was
treated with 2N H,SO, in a round-bottomed (RB) flask in
solid to liquid ratio of 1:10 at room temperature (RT). The
mixture was continuously stirred using a magnetic stirrer
under reflux. It removes the excess of Ca in the form of chlo-
rides from the ash. The residue was collected by centrifuging
the mixture at 7000 rpm for 5 minutes and discarding the
supernatant.

The dried residue was further treated with 2N-6N
H,SO, at 95°C under stirring in a reflux condenser which
removes Al from the ash by dissolving it at higher tempera-
ture. Further, the residue was collected by centrifuging the
mixture at 7000 rpm for 5 minutes. The supernatant was
removed, and the residue was washed 2-3 times with distilled
water to eliminate any acidic moieties.

Further, in a RB flask, the dried residue was treated
with 4-8 M NaOH in a ratio of 1:5 at 95°C along with con-
tinuous stirring for 90 minutes under reflux. The residue
was collected by centrifuging the mixture at 7000 rpm for
10 minutes. The residue was collected, and the supernatant
was discarded. The final residue was washed 2-3 times
using distilled water to eliminate any NaOH or NaCl parti-
cles from the surface and dried in a hot air oven at 60°C.
The complete schematic process for synthesis of zeolites
from ISA is shown in Figure 1.

2.2.1. Preparation of 20% Fly Ash Aqueous Solutions. 50-
gram fly ash was weighed and mixed with the 250 ml distilled
water in a plastic bottle, and the mixture was placed inside a
horizontal shaker at 200 rpm for 24-48 hours. After the time
interval, the mixture was allowed to settle down at RT and
filtered using Whatman filter paper no. 42 where the aqueous
solution was retained while the residue was discarded. The
aqueous solution was stored in a glass bottle which was used
as a source of heavy and alkali metals.

2.2.2. Batch Adsorption Study of Heavy and Alkali Metals
from CFA Aqueous Solutions. Batch adsorption study was
conducted for the remediation of heavy and alkali metals
from aqueous solutions of fly ash using ISA synthesized
zeolites. For this, 150 ml of CFA aqueous solution was trans-
ferred in a 250 ml Erlenmeyer flask. To this aqueous solu-
tion, 9mg synthesized zeolites were added. The mixture
was kept in an incubator shaker at 150 rpm and 25°C. An
aliquot of the sample was collected initially at time 0 minute
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F1GURE 1: Schematic flowchart for zeolite synthesis from ISA.

while the final sample was collected after 120 minutes. Both
the samples were analyzed by the ICP-OES for the detection
of the concentration of various heavy and alkali metals after
the specified time.

2.3. Characterization of Ca-Rich Zeolites. X-ray fluorescence
spectroscopy (XRF) was used for the analysis of major ele-
mental oxides of Ca-rich zeolites. The analysis was done to
detect the chemical content of the zeolite sample, and for
that, 5 grams of Ca-rich zeolite powder sample was taken
and measured with PANalytical Epsilon 5, The Netherlands,
fitted with a 4 KW with 60kV, 125mA, Rh anode X-ray
tube. FTIR analysis was carried out using PerkinElmer,
“Spectrum 6500” (USA) by solidifying the samples with
KBr pellets at a resolution of 2cm™. The mid-IR region,
i.e., from 400-4000cm™, provided the transmission mea-
surement. The particle size measurement and distribution
of the ISA sample were analyzed by Malvern Zetasizer, Z-
90 (UK), particle size analyzer with a detection range of
0.1 nm to 300 microns, and it was analyzed by three average
runs. The FESEM-EDS helps in revealing the size and eter-
nal features, porosity, and shape of the synthesized
calcium-rich zeolites. The surface structural analysis of zeo-

lites was analyzed by the FESEM, Nova, NANOSEM 450
(FEI, USA), besides trace and minor elements by the EDS
analysis using Oxford elemental analyzer attached with it.
The XRD patterns of the calcium-rich zeolites were obtained
using a D-8 Advance, Bruker (Germany), instrument that
analyzed the sample in powdered form to confirm the nature
and class of the synthesized zeolites. The XRD patterns were
recorded in the 2-theta range of 5-70, with a step size of 0.02
and a time of 2 seconds/step at 30kV and a current of
30 mA. The HRTEM was used for the identification of mor-
phological details of zeolites, d-spacing, and diftraction pat-
tern. The zeolite was dispersed into the double-distilled
water and sonicated for 10 minutes, and using the drop cast
method, a thin layer was deposited on carbon-coated copper
grids which were analyzed by FEI Model Tecnai G2 20 Twin
(200kV) (USA).

3. Results and Discussion

The basic chemical composition of ISA comprises oxides
such as CaO (49.6%), SiO, (20.3%), AL,O; (4.7%), Fe,O,
(4.28%), MgO (3.9%), and K,O (8.2%), making it a suitable
material for the synthesis of the zeolite [44]. The Si/Al ratio
of ISA was four which indicates a higher amount of silica in
the ISA. Through alkali activation and simultaneous heating,
the silica phase (15-20%) existing in ISA participates in the
zeolitization process by dissolving into the solution whereas
quartz or mullite remains in the nonreactive mineral phase
[46]. Materials with higher Ca content form calcium hydrox-
ide in aqueous media, and owing to its lower water solubil-
ity, Ca forms calcium carbonate during zeolitization [46].
During this step, there is a rise in the pH of the solution,
due to calcium hydroxide along with NaOH; moreover, Ca
substitutes the native Na* ions in the sodium zeolites with
Ca®" ions; hence, it may generate some calcium-exchanged
zeolites [46, 47]. The ISA treatment with the NaOH hydro-
thermal method synthesizes zeolites by the following mech-
anism or chemical reactions:

ISA + xmoldm >NaOH — Zeolite + Residum (1)

Time,A

3.1. FTIR for Identification of Functional Groups of Zeolites.
FTIR spectroscopy is an important analytical technique that
is used for the identification of the functional groups present
in the synthesized zeolites. On the basis of functional group,
a zeolite can be classified into its specific class along with
XRD and EDS data. Figure 2 shows a typical FTIR spectrum
of ISA-based Ca-rich zeolite products like calcium carbonate
which shows polymorphism [48]. The bands around
460cm™ are attributed to the interstitial pore formation
in the synthesized zeolites [49-52]. The bands around
1135cm™ are ascribed to the silicate bond Si-O-Si [53, 54],
while sharper and deeper nature of the bands indicates
enhanced crystallinity of the synthesized zeolites [55]. The
bands near 1600cm™ are due to the -OH molecule, and
another band near 3435cm™ is because of the bending vibra-
tion of the water molecule in the samples [56]. Incidentally,
broader transmittance bands are detected between 3450 and
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F1Gure 4: XRD diffractogram of calcium-rich zeolite particles.

3440 cm™' and centered at 3435 cm™ which can be assigned to
an asymmetrical O-H- stretching linked to Na®, Ca**, Si**,
and/or AI’* [57].

This indicates that there is bridging between Si and Al
tetrahedra by the —~OH ion. However, hydrated aluminum
silicates comprised of such OH- bonding in the end products

peak near 4851 nm. The PSA shows a larger particle size as
compared to the TEM (200-700 nm) due to the fact that in
PSA there is a formation of hydrodynamic layer (includes
core and molecules adsorbed over the surface) around the
nanoparticle which gives overall larger particle size [59].
Moreover, TEM analysis requires a dry sample; however,
PSA uses a sample in a solvated state where solvent mole-
cules associate with the nanoparticle surface to form a
hydration layer [60], while calculating the particle size using
TEM, this hydration layer is absent over the nanoparticle
surface; hence, the obtained particle size was comparatively
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TaBLE 1: Major chemical components of calcium-rich zeolites by
XREF.

Al Si Fe Ca Mg K
9.684 586.197 888.618 44060.21 10.112 2826.267

lower [61]. The PDI of the particle is 0.210 which proves that
the particles are monodispersed in the solvent.

3.3. XRD for Phase Identification and Confirmation of Zeolite
Synthesis. The XRD diffractogram in Figure 4 revealed the
minerals and crystalline nature of the Ca-zeolite which
shows a major intensity peak at 25° and several minor
intensity peaks at 31.6, 38.9, 41.7, and 48.95". The forma-
tion of zeolites was determined based on the peak at 25°
and d-spacing values. The most common Ca-based zeolites
are gismondine (Ca,AlLSi,0,,9H,0) which have the char-
acteristic peaks at 21.7°, 26.6", and 27.9° and the peak at
32.6° could be due to calcite [62].

3.4. XRF Analysis of Zeolites for Chemical Composition of
Zeolites. XRF technique is the most reliable technique for
the detection of major elemental oxides present in a sample.
Figure 5 shows a typical XRF spectrum of an ISA-based zeo-
lite material, whose elemental composition is provided in
Table 1. The spectra clearly show that the zeolite has the
highest amount of Ca, followed by potassium, Fe, Silica,
Mg, and Al. Higher Ca content confirms the presence of
Ca-based zeolites. But the lower value of Al indicates that
the zeolite needs to be supplemented with Al from outsource
to maintain the Si/Al ratio. Lower Al content, i.e., 5-8%, in
ISA can be maintained during the zeolitization step [62].
The resultant zeolite is low Si/Al-based zeolites [63]. The
Ca-based zeolite nature is also supported by the FTIR and
FESEM-EDS.

3.5. Morphological Analysis of ISA and Ca-Rich Zeolites by
FESEM-EDS. Figures 6(a) and 6(b) show the FESEM

micrographs of incense stick ash which shows irregularly
shaped particles displaying higher aggregation. The size of
the particles is mainly in microns, i.e., 1-12 microns. The
aggregated particles are carbon- and calcium-rich particles
which are also evident from XRF. The ISA particles are
mainly dominated by the Ca and carbon particles. The
brighter regions are metal-rich regions like Al, Si, Fe, and
Ca while the darker rich regions are carbon-rich regions.
Figure 6(g) is the EDS spot of the zeolites while Figure 6(h)
is the EDS spectra and elemental composition table of the
synthesized calcium-rich zeolites from ISA. The EDS spectra
are showing mainly Ca, O, C, and S while Al and Si are pres-
ent in a much lesser amount. Ca, O, Si, and Al indicate the
formation of Ca-based zeolites mainly gismondine [64]. C
and S are present as impurities which can be attributed due
to the improper washing of the zeolite sample. As ISA has
high Ca and C, so the synthesized Ca-based zeolite has both
the elements in higher amount.

The absence of ferrous from EDS elemental composition
analysis indicates the removal of most of the ferrous parti-
cles, which have a positive effect on the property of zeolites
[65] since ferrous may interfere with the purity of the
zeolites.

3.6. TEM Analysis for Morphology of Synthesized Calcium-
Rich Zeolites. At the time of exposure of zeolites with the
electron beams, there is a possibility of damage and charging
of zeolites, so there is a requirement of sophisticated tech-
niques such as high-resolution TEM for visualization [66].
The TEM micrographs shown in Figures 7(a)-7(d) reveal
the morphology similar to the FESEM, where the cuboidal-
shaped particles have lengths varying between 200 nm and
700nm and a width ranging from 100nm to 300nm.
Besides, there are several aggregations of smaller particles
which are visible as brighter particles under the TEM field.
The first three images depict Ca-rich zeolite particles in
groups, while Figures 7(d) and 7(e) show two and single
particle, respectively. In both, the image particles are cuboi-
dal in shape, while in Figure 7(e), the dimension of a single
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FIGURE 6: FESEM images of (a, b) incense stick ash, (c—f) calcium-rich zeolites, (g) EDS spot, and (h) EDS spectra.



Adsorption Science & Technology

TABLE 2: Heavy metal concentration after different time intervals.

(e)

()

FiGure 7: TEM micrographs of (a—e) calcium-rich zeolites and (f) SAED pattern.

Time Concentration (mg/1)

Minutes Cu Cd Cr Co Ni Pb Zn
0 1.340 0.092 0.15 0.293 0.833 0.014 4.49
120 097 0.033 0.03 0.233 0.638 -0.034 2.30

particle is 250 nm wide and 700 nm long. The crystal images
of zeolite are overlapping to some extent; the edges of the
crystal are obvious. Moreover, the scattering area electron
diffraction (SAED) pattern in Figure 7(f) shows that the par-
ticles have polycrystalline nature.

The Ca-based or Ca-rich zeolites have several advantages
over Na-based zeolites. The application of Na-based zeolite
is restricted in soil and water and is not an appropriate mate-
rial to be used in agricultural- and aqua-based products as



TaBLE 3: Concentration of nonheavy metals after different time
intervals.

Time Concentration (mg/1)

Minutes Ba Ca Mg Mn Al
0 1.02 1.340 0.092 5.540 152.0
120 0.27 0.97 0.033 3.74 56.9

higher sodium content enhances the salinity and sodicity of
the soil/water [67]. The challenging problems in such situa-
tions are (a) to reduce the harsh conditions of Na-based ISA
zeolites during its application in soil and water and (ii) to
increase the Ca-exchanged zeolites. So the synthesized zeo-
lites from the ISA will solve the problem associated with
these issues.

3.7. Remediation of Heavy Metals and Alkali Metals by Ca-
Rich Zeolites. Here, the dosage of the zeolite particles was
fixed, i.e., 10mg in 200 ml solution of the wastewater. The
remediation of heavy (Cd, Mn, Zn, Pb, Al, Cu, Co, Cr, and
Ni) and alkali metals (Ca, Mg, Ba, and Al) by adsorption
process in a multicomponent system was performed by
shake flask method in an incubator shaker. The percent
removal of heavy metals was calculated by the following
formula:

Removal% = [(C, - C;)C,] x 100, (2)

where C, and C; are the initial and equilibrium concen-
tration (ppm) of metal ions in solution, respectively.

The removal efficiency of all the seven heavy metals
(Cu, Co, Ni, Pb, Cr, Zn, and Cd) decreased, in the solu-
tion after 2 hours as shown in Table 2, while the value
of Pb reached below the detection level of ICP-OES as
the Pb concentration was already less in the wastewater
solution in comparison to the other heavy metals. More-
over, higher electronegativity of Pb can also be a contrib-
uting factor [68]. In the process of metal ion adsorption,
the elemental property of electronegativity becomes highly
significant as higher electronegativity is responsible for the
stronger covalent formation of metals with O atoms situ-
ated on the surface of zeolites [69].

As far as the remediation of the nonheavy metals (Ba,
Ca, Mg, Mn, and Al) is concerned, a reduction in the value
of Ba, Ca, Mg, Mn, and Al was noticed after 2 hours as
shown in Table 3. All these are alkali metals that are present
significantly in fly ash, and their disposal into the river or
other water bodies will increase the alkalinity or hardness
of water [70]. So zeolites can be an efficient and economical
adsorbent for the removal of alkali metals from wastewater
[70]. Here, the adsorption of both heavy metals and alkali
metals takes place on the surface of zeolite particles due to
the electrostatic attraction and coordination. Several investi-
gators have also reported the remediation of numerous
heavy metals from wastewater by nanoadsorbents due to
electrostatic attraction and coordination [71]. The zeolite
surface is positively charged at neutral or slightly acidic
pH, which gives rise to PZC repulsion to cations. The coor-
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dination between CH on the zeolite surface and the bivalent
metal ions is responsible for the adsorption of cations on the
zeolites. Such phenomenon of adsorption and deposition
was observed because the fly ash aqueous solutions are a
multicomponent system where several heavy metals and
nonheavy metals compete for the limited adsorption sites.
Once these binding sites are occupied, there is a healthy
competition among ions and nonmetallic ions, which results
in desorption of the heavy metals.

4. Computation Approach

A theoretical simulation to investigate the structural, elec-
tronic, and density of states’ characteristics of gismondine
(Ca,Al,Si,0,,9H,0) structures was carried out. Figure 8
shows the estimated theoretical models using first principles,
density functional theory calculations [72] as implemented
in the Quantum Espresso program [73]. Interaction of
atomic cores and valence electrons utilizing the extremely
soft pseudopotential technique is proposed by Vanderbil
[73]. Perdew-Burke-Ernzerhof (PBE) [74] exchange correla-
tional functional was used to solve the Kohn-Sham equation
[75], using the generalized gradient approximation [76]. It
has shown its ability to replicate ground state energy charac-
teristics across a broad range of a variety of crystals that are
similar to the experimental findings. An electronic wave
function was added. 70 Ry energy cutoff values at particular
k-points were produced by the 18 x 18 x 18 Monkhorst-Pack
mesh in the Brillouin zone for gismondine (Ca,Al,
Si,0,49H,0) structures. The energy convergence threshold
between two successive steps was maintained at 10-6eV,
and the maximal Hellmann-Feynman force acting on each
atom was kept to a minimum [77] less than 0.001eV.
Finally, the optimized structures were utilized to compute
the electronic and density of states’ properties calculated in
the present study.

4.1. Electronic and PDOS Structure Calculation. In Figure 9,
the structural optimization of gismondine (Ca,Al,Si,O,
9H20) structures was carried out in the first stage under
the lowest condition of total energy and forces acting on
atoms for the lattice constant, as well as the available
experimental [78] and theoretical findings. The computed
value of the lattice constant agrees well with observed values
[78] and differs by less than 1% from other theoretical work
[79]. The differences can be attributed to the differences in
calculating methods.

To better comprehend the electronic characteristics, the
density of states (DOS) and projected DOS (PDOS) are
computed, since they may explain the cause for bandgap
modulation and the gap of gismondine (Ca,Al,Si,O¢
9H,0) structures was in 4.734eV. The DOS and PDOS of
Ca, Al, Si, and O atoms are shown in Figure 9. The picture
clearly shows that s, p, and d are the most contributed
energy in the formation of gismondine type zeolite; the Ca
and Al d orbital is the strong peak at Fermi level just above
the conduction band maxima (CBM) in the range 0 to -8 eV,
as well as some density contribution near the valence band
minima (VBM) in the region 4eV to 18eV. This additional
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FIGURe 9: Band structures. (a) Electronic band structure and TDOS. (b) Projection density of states (PDOS) plot of gismondine

(Ca,AlSi,0,,9H,0).

peak results from the contribution of 2s and 2p orbital elec-
trons in Ca and Al at both CBM and VBM. The 3d orbit
electron of Si and O has a little effect on the VBM between
-11 and -20eV.

5. Conclusion

Increasing global awareness towards environmental issues
acts as a driving force towards the recovery of value-added
minerals from waste materials. The present paper focuses
on the green synthesis of zeolites using incense stick ash
waste. The synthesis of zeolites from the household waste

incense stick ash is justified as the waste, whose disposal
causes environmental problem especially in water, is utilized.
The obtained Ca-rich zeolites were cuboidal in shape with
size between 200 and 700 nm as revealed by TEM analysis.
The zeolites were microporous and crystalline in nature suit-
able as an adsorbent material for the remediation of contam-
inants present in water. The other analysis results such as
FTIR, PSA, XRD, and XRF also confirmed the successful
synthesis of zeolites from ISA. The present work effectively
draws possibility to utilize the ISA for the synthesis of Ca-
rich zeolites. Besides, theoretical calculations were also
established for the band structure and density of states’
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characteristics of gismondine (Ca,A;,Si,0,,9H,0) struc-
tures. The structural optimization was carried out in the first
stage under the lowest condition of total energy and forces
acting on atoms for the lattice constant. The bandgap of
gismondine structures was in 4.734eV. The quality of the
fabricated zeolite product strongly relies on environmental
treatments and the strength of the raw materials [80]. The
ISA-based zeolites have the potential to remediate both
heavy and alkali metals from wastewater. Hence, the ISA-
based synthesis of zeolites is an efficient, low-cost, and green
chemistry-based method that opens a new possibility in the
field of material science and catalysis.
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