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ABSTRACT

The adsorptive performances for anionic dye, Eriochrome Black T (EBT), uptake from water using
a hybridized aluminum-cobalt double layered hydroxide (LDH) and its clay intercalated nanocom-
posites were evaluated using response surface methodology (RSM). The predictive performances of
the RSM models were compared with that artificial neural network (ANN) models developed using
Bayesian Regulation algorithm considering root mean square error and coefficient of determination
(R?. The maximum removal efficiencies and adsorption capacities data obtained for the adsorbents
well fitted cubic RSM models with insignificant lack of fit (R* = 0.991-0.997). The adsorption capacity
increased with decrease in pH and increase in initial concentration of the EBT, while the temperature
increase tends to decrease it. Respectively, the parent LDH maximum EBT adsorption capacity of
328.1 mg/g was significantly increased to 530 mg/g for the bentonite-clay intercalated LDH, both
obtained at temperature 25°C, pH 2 and 100 mg/L initial EBT concentration. The bentonite-clay
intercalated nanocomposite exhibited higher adsorption capacity for EBT compared with other
adsorbents under similar operational condition. Even though, both the RSM and ANN models were
reliable to interpret EBT adsorption by CO-Al-LDH and B-CoAl-LDH yet, higher values of R?of the
ANN model (All R*=0.999) and their corresponding lower values of the RSME indicate ANN better
performances. The excellent reusability of the spent CO-Al-LDH and B-CoAl-LDH for three consec-
utive regeneration cycles indicates the high potentials bentonite hybridized LDH as an adsorbent for
the uptake of dyes from industrial contaminated water and wastewater.

Keywords: Hybridized bentonite-clay layered double hydroxides; Cobalt-aluminum LDH nanocom-
posites; Anionic dye removal from water; Artificial neural network; Response surface
methodology

1. Introduction

(1-X)

are denoted with a structural formula [Mj, M7 (OH),]*

Layered double hydroxide (LDH) as novel material
possessing brucite-like layers has recently been receiv-
ing increased research popularity for its broad range of
uses in field of science and engineering [1-3]. Mostly, LDH

* Corresponding author.

[A"]y,- mH,O [4]. M* represents trivalent cations (Fe** and
APP*)and divalent cations (such as Mg? Ca*, Mn?*', Co*, Fe*,
Ni*, Zn*') are represented by M?*" within the brucite-like lay-
ers with intercalating anions A" which represents OH~, F,
NO?, CI, CO} or SO} [4,5]. Characterized with large surface
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area and high ionic exchange capacity and superlative struc-
ture, they are currently, considered as one of the most prom-
ising adsorbents for efficient removal of pollutants from
water and wastewater [6,7]. Moreover, recent reviews show
that applications of LDH have been advanced as a result of
nanocomposites hybridization of LDH with other functional
materials such as carbon materials, polymers or anions which
further rendered having superior qualities employable for
excellent water pollution control using adsorption process
[7-9]. This has been demonstrated by several reported studies
on using LDH nanocomposites such as CNT/MgAIO, MgAl,
carbon dot/Mg-Al from which fast and enhanced adsorptive
removal of several types of dyes and heavy metals were
obtained [7,10-12]. Yet, research on discovering new LDH
with high adsorptive performance would ensure identifying
better novel materials characterized with higher uptake
capacity for pollutants in water.

On the other hand, statistical based modeling tech-
nique, namely, response surface methodology (RSM) has
been widely employed as a tool for designing experiments,
developing models, evaluating influences and interaction
between operating condition as well as determining pro-
cess optimum conditions [13,14]. One outstanding benefit of
RSM is that it requires fewer number of experimental trials
compared with other statistical methods [13,14]. In recent
years, artificial neural network (ANN) has been adopted
as a modeling tool in various environmental applications
which demonstrated clear predictive superiority over RSM
[15-20]. This has been attributed to its power as a generic
in structure and its possession historic data learning ability
data. Moreover, as a contrast to RSM, ANN does not need
specified function fitting. This implies that it is character-
ized by strong capabilities of universal approximation of
a given response. As a technique in soft computing, ANN
involves studying process via manipulation of network
weights in order to capture a certain target response of
interest [21]. Moreover, no any specific information of phys-
ico-chemical process affecting the system is required for its
implementation.

Our recent works on LDH nanocomposites [7,22] as
well as other relevant works suggest that study on evalua-
tion of bentonite clay enhanced adsorptive performance of
LDH composites via employing modeling approach such as
RSM and ANN has so far not been reported. Moreover, most
of the reported research mainly focused on using MgAl-
LDH as the precursor material for removal of EBT [7,23,24].
Therefore, in this study, a new bentonite interlayed CoAl-
LDH (B-CoAl-LDH) was synthesized using hybridization
with bentonite via a ultrasonicated co-precipitation method.
The produced nanocomposites were characterized for phys-
icochemical and mineralogical composition using several
techniques such as X-ray diffraction (XRD), X-ray fluores-
cence, thermal analysis (TG/TDA), scanning electron micros-
copy (SEM), Fourier transform infrared (FTIR), etc. RSM
under different experimental conditions was employed for
modeling, evaluating and optimizing the adsorptive perfor-
mance of the adsorbents for aqueous sorption of Erichrome
black T (EBT). The predictive performances of the RSM
models were compared with that ANN models developed
using Bayesian Regulation algorithm based on root mean
square error (RMSE) and coefficient of determination (R?).

2. Materials and methods
2.1. Materials

Commercial powdered bentonite (BDH, UK) of density
2.5 g/cm?, cobalt(II) nitrate hexahydrate and all other chemi-
cal reagents used of high purity were purchased from Sigma-
Aldrich CO, USA. Millipore Ultrapure system produced
deionized water (DI) was used for stock solution of EBT dye
(1,000 mg/L) preparation and all other purposes throughout
the study.

2.2. Production and characterization of adsorbents

The CoAl-LDH synthesis, earlier reported method was
adopted [25]. This involved mixing 0.01 mole AI(NO,),-9H,0
and 0.03 mole Co(NO,),6H,0 in a 500 mL round bot-
tom flask and adding 60 mL of water followed vigorous
stirring at 600 rpm at 60°C for 15 min. The dropwise addi-
tion of 1 M NaOH was followed until pH was at 10 + 0.5.
Afterwards, the temperature was increased up to 90°C while
stirring at higher speed of 1,000 rpm and refluxing for 24 h.
Thereafter, the resulting suspension was centrifuged with
ethanol. The resulting densed slurry was dried at 90°C for
24 h. For the synthesis of the B-CoAl-LDH, the Co-Al-LDH
synthesis method was modified before the aforementioned
coprecipitation reaction stage. About 500 mg bentonite
added to 60 mL of DI water and ultrasonicated for 30 min
at 60 rpm prior to the salt co-precipitation explained above.
Characterization of the produced adsorbent was carried out
using SEM, TEM, BET and detailed elsewhere [25].

2.3. Adsorption experimental design and tests

A 3° FC-CCD experimental design was adopted to inves-
tigate and model the influences of operational conditions
A (25°C-45°C), B (20-100 mg/L) and C (2-6) with levels
given in Table 1 selected based on our previous works [7,25].
As FC-CCD consists of a 3* factorial runs, 2% axial runs,
and k central runs, a total of nineteen (19) batch adsorption
tests were required as given in Table 2 were undertaken
in duplicates. The tests were randomly run to ensure that
influences of uncontrollable factors were avoided to ensure
data quality [13,26]. Initially, two preliminary tests oper-
ated at temperature (25°C + 5°C) were conducted using
adsorbent mass of 5 mg by 40 mL of 100 mg/L EBT solution
in 50 mL vails were agitated at 275 rpm for maximum of
4 h. Based on this test, an equilibrium time of 2 h for both
adsorbents was established. Hence FC-CCD experimen-
tal runs were conducted with each sample vail containing
5 mg at the required temperature, initial EBT concentration

Table 1
RSM modeling experimental factors and their levels

Designation  Factor Factors (coded) values

A Temperature, °C 25(-1) 35(0) 40 (+1)

B EBT concentration, 20 (-1) 60 (0) 100 (+1)
mg/L

C Initial pH 2(-1) 4(0) 6(+1)
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Table 2
RSM experimental for sorption of EBT onto Co-Al and B-CoAl

N.D. Mu’azu et al. | Desalination and Water Treatment 179 (2020) 340-353

Test# Operating conditions Removal efficiency (%) Adsorption capacity
(mg/g)

Temperature EBT concentration Initial CoAl B-CoAl CoAl B-CoAl

O (mg/L) pH

A B C Y, Y, Y, Y,
R1 25 20 2 83.50 88.95 133.60 142.32
R2 45 20 2 81.55 85.60 130.48 136.96
R3 25 100 2 41.01 66.25 328.08 530.00
R4 45 100 2 35.88 60.44 287.04 483.52
R5 25 20 6 5.90 13.00 20.72 52.40
R6 45 20 6 22.60 33.35 36.16 53.36
R7 25 100 6 2.17 4.15 17.36 33.20
R8 45 100 6 5.80 8.33 46.40 66.64
R9 25 60 4 12.05 15.87 57.84 76.16
R10 45 60 4 4.75 6.97 22.80 33.44
R11 35 20 4 20.45 33.70 32.72 53.92
R12 35 100 4 4.49 6.18 35.92 49.44
R13 35 60 2 52.97 69.65 254.24 334.32
R14 35 60 6 6.27 13.88 30.08 66.64
R15 35 60 4 7.83 9.73 37.60 46.72
R16 35 60 4 5.03 10.42 24.16 50.00
R17 35 60 4 7.40 9.25 35.52 44.40
R18 35 60 4 6.32 11.03 30.32 52.96
R19 35 60 4 7.25 10.58 34.80 50.80

and initial pH and agitated at 275 rpm for 2 h. After each k k k-1 k
run, the residual EBT dye solution was separated from the ¥ =P, + DB+ Y B+ ZZB,;%X e 3)
i=1 i=1 i=1 j=2

spent adsorbent operated at 4,000 rpm for 10 min via centri-
fuge. The EBT residual concentration was measured using
spectrophotometer (Hach Lange A = 530 nm). The target
responses, EBT removal efficiency and adsorption capacity
for each of the samples were estimated using Eqgs. (1) and (2).

:CU_CcX

q. 14 )

)

2.4. RSM modeling

RSM was adopted because it has been known for its
effectiveness as initial steps in evaluation and assessment
of processes using fewer experimental samples. RSM facil-
itates development of response models that incorporates
curvature easing process optimization while integrating
ANOVA [26,27]. Additionally, it enables easy correlating the
operational parameters and their interactive effects on the
targeted responses. To evaluate the impact of the bentonite
incorporation into CoAl-LDH on EBT adsorption was mod-
eled via RSM modeling under the 3°* FC-CCD. Development
of RSM models was based on fitting data into Eq. (3) with
the aid of Design-Expert 8.0 statistical program [28].

2.5. ANN models development

The ANN models for adsorption data (Y,, Y,, Y, and Y,)
were developed using a two-layer under the MATLAB™
(R2017a) environment according to the generalized archi-
tectural ANN scheme as depicted in Fig. 1. The best ANN
models were obtained based on the optimal number of
neurons that yielded the best performances via balancing
between training, validation and test data which were split
70%, 15% and 15%, respectively. Three suitability of the
ANN-based algorithms namely scaled conjugate gradient,
Bayesian Regularization (BRA) and Levenberg—Marquardt
algorithm (LMA) were initially tested for the whole data set.
Based on preliminary assessments, the BRA was observed to
be the most suitable algorithm for the FC-CCD adsorption
data set due to its clear better performances. Consequently,
the BRA was adopted for optimizing and training the
ANN models.

2.6. Evaluation of developed models performance

In order to ensure common parameters were used in
facilitating understanding attained RSM and ANN models
accuracy and reliability, the performances of the developed
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Fig. 1. ANN model structure.
RSM and ANN models were evaluated using coefficient of

determination (0 < R*< 1) and RSME according to Egs. (4)
and (5), respectively.
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¥, ¥ and y, represent the experimental, mean and pre-
dicted responses, respectively. SSR is the sum of squares for
estimated errors also known as residuals; SST is the total sum
of squares, which represents the total variation of the depen-
dent variable around its mean value. The closer the R? value
to 1, the higher its predictive capabilities while zero-value
indicate random relationship. On the other hand, low val-
ues for RMSE are desirable with zero-value indicating model
with no predictive error.

3. Results and discussion
3.1. Adsorbents characterization analysis

The SEM image of parent CoAl-LDH and the hybrid
B-CoAIl-LDH adsorbents are given in Fig. 2a which for
both indicate roughly, compacted surfaces of homogeneous
nanoparticles [29]. However, it could be seen that the com-
posite B-CoAl-LDH (Fig. 2b) possessed marginally different
morphology of softer nanostructure with possible higher
porosity with better uniformity. These suggest that there
was a success in dispersing and also intercalation of the ben-
tonite particles within the precursor CoAl to produced the
composite B-CoAl-LDH using the co-precipitation method.
To further confirm, the excellent intercalation of bentonite
within the layers of CoAl LDH nanoparticles EDS and BET
surface area analyses were undertaken and presented as
supplementary materials in Fig. S1 as well as Tables S1 and
S2. Incorporation of the bentonite was found to have led to

CoAl-LDH

B-CoAl-LDH
(a)

..........

(b)

i

Fig. 2. (a) SEM micrographs and (b) TEM for CoAl-LDH and
B-CoAl-LDH.

significant higher B-CoAIl-LDH composite BET surface area
of 119.14 m?/g compared with 44.20 m*/g for the CoAl-LDH
(Table S1). Likewise, addition of bentonite resulted in sub-
stantial reduction in pore size of B-CoAl LDH (19.51 A°)
relative to CoAl (34.61 A°) as given in Fig. S1 and Table S1.
Nevertheless, pore size and pore volume for both show the
mesoporous surface characteristics of the two adsorbents
[12,22,30]. Additionally, the EDS analysis results given in
Table S2 show that the elemental composition in the benton-
ite, omitted in the precursor LDH, are clearly manifested in
the bentonite-Co-Al [22]. Also, Fig. 2b for the B-CoAl-LDH
TEM analyses reveals a successful ultrasonicated hydrid-
ization of homogenous high porous bentonite nanoparticles
intercalated into the interlayers of the CoAl-LDH which
could yield higher adsorptive performance.

Fig. 3 shows the % weight loss of bentonite-CoAl at varied
temperature 20°C-750°C. It was observed that the percentage
weight loss at 20°C-200°C correspond to water molecules
was around (20%—-23%). Moreover, the % weight loss of ben-
tonite-CoAl further reduced to 24%-54%, at temperature
200°C—400°C, respectively. This is related to the degradation
of oxygen based functional groups (hydroxyl, carbonyl and
carboxylic) on surface of composite. Higher % weight loss
clearly suggests the abundant presence of functional groups
which is in agreement with FTIR analysis. Further increase
in temperature from 400°C to 700°C showed a minimal
decrease of about 5% weight loss of composite. Similarly,
thermal behavior of the precursor CoAl-LDH showed com-
parable behavior as reported in our previous study [12,25].
Thus, these are indicative of good characteristics with
great potentials for the B-CoAl to exhibit higher adsorptive
performance for EBT removal from aqueous system [12].

3.2. Development of RSM models for EBT sorption

The experimental data provided in Table 2 are the cal-
culated average values of R and g, for the duplicated 38
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adsorption tests. The values of these adsorption parameters
ranged between 2.17% to 83.5% and 17.36 to 328.08 mg/g
for CoAl-LDH. However, for the hybrized B-CoAl-LDH,
the corresponding values obtained were 4.15% to 88.95%
and 33.2 to 530 mg/g, respectively. These values indicate
significant performance improvement the ultra-sonicat-
ing of the CoAl-LDH with bentonite. Thus, a multiple
nonlinear regressions was employed to fit data in Table 2
into Eq. (1). The best RSM arrived at according to high sig-
nificant model’s terms with no alias and p-value < 0.0001
(Table 2) were reduced cubic models in Egs. (6)-(9), respec-
tively [31]. These models include only terms possessing
significant influence on respective response as indicated by
the ANOVA performed at p-values < 0.05 (Table 2) [26]. For
instant, considering the ANOVA of Y|, all the single terms
(i.e., main effects A to C) and their two-way interaction
effects AB, AC and BC, B?and C?squared effects as well as
cubic term A’B and AB? are significant model terms. Even
though the A? terms were insignificant (p-value = 0.5113),
they exerted significant influence when interacted in the
cubic term A?B (p-value = 0.0093), as such contributed in
the accuracy in the models prediction. Similarly, interpre-
tation of the other developed RSM models can be deduced
according to the respective model Egs. (4)-(6) and ANOVA
in Table 2.

3.3. EBT adsorption Pareto charts

The comparative assessment of the contributions of the
main as well as the two-way interactions of the operational
conditions on the investigated responses is pictorially pro-
vided by the Pareto charts presented in Figs. 4a and 5a.
Hence, the parameters relative importance on the responses
Y, to Y, are proportionally represented by the Pareto’s plot
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height; the higher the bar the higher the influence [13].
Consequently, factor C, B and their interacting effects BC
mainly controlled adsorption of EBT onto adsorbents for
responses Y, (Fig. 4a), Y, and Y, (Fig. 5a). Meanwhile for
Y, in Fig. 4a, the Pareto’s analysis suggests that AC and AB
had higher contributions compared with BC. Consistently,
these plots revealed that in absence of its interactions, factor
A had the least influence on EBT adsorption for both adsor-
bents. This Pareto’s analysis consistently corroborates the

ANOVA presented in Table 3.

Y,=7.12-3.65A - 7.98B — 25.22C - 2.03AB + 3.43AC +
8.45BC + 0.83A%+4.90B>+ 22.05C*- 5.61A%B + 5.31AB* (6)
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Fig. 3. TGA for B-CoAl-LDH.
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Fig. 4. Pareto diagram and probability normal plot of (a) CoAl and (b) B-CoAl for EBT removal efficiency.
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Fig. 5. (a) Pareto diagram and (b) probability normal plot of CoAl-LDH and B-CoAl-LDH for EBT adsorption capacity.
Table 3
ANOVA of CoAl-LDH and B-CoAI-LDH for EBT sorption models
YI YZ YS
F-value p-value F-value p-value F-value p-value F-value p-value
Model 270.87 <0.0001 171.00 <0.0001 136.97 <0.0001 482.22 <0.0001
A 6.70 0.0360 3.56 0.0886 3.94 0.0752 8.55 0.0152
B 32.03 0.0008 107.21 <0.0001 0.03 0.8597 0.09 0.7654
C 1,599.45 <0.0001 798.60 <0.0001 620.10 <0.0001 1719.47 <0.0001
AB 8.30 0.0236 3.90 0.0766 - - - -
AC 23.62 0.0018 12.74 0.0051 6.31 0.0308 8.71 0.0145
BC 143.80 <0.0001 - - 95.07 <0.0001 641.44 <0.0001
A? 0.48 0.5113 - - - - - -
B? 16.53 0.0048 11.15 0.0075 - - - -
c? 334.19 <0.0001 223.80 <0.0001 267.52 <0.0001 858.06 <0.0001
A’B 12.65 0.0093 - - - - - -
A%C - - - 3.17 0.1055 5.51 0.0408
AB? 11.33 0.0120 5.83 0.0364 - - - -
BC? - - - - 19.12 0.0014 130.40 <0.0001

“Significance established at 5% (p-value < 0.05).
!Significance established at 10% (p-value < 0.1).

LOF = lack of fit.

Y,=11.24 - 4.45A - 10.93B - 29.82C — 2.33AB + 4.21AC +
6.27B2+28.10C*+ 6.37AC?

Y,=34.63 -17.52A + 1.60B - 98.27C + 11.08AC -
43.02BC +93.78C*+ 17.56 AC*+ 43.14BC>

Y, =50.87 - 21.36A — 2.24B - 135.49C + 10.78AC -
92.52BC +139.06C*+ 19.18AC?+ 93.28BC?

@)

®)

©)

3.4. Validation of EBT sorption RSM models

The developed CoAl-LDH and B-CoAl-LDH EBT sorp-
tion models’ coefficients of determination (R? of 0.998,

0.991, 0.993 and 0.997 for Y, Y,, Y, and Y,, respectively, are

very high and not far from their respective R*-adjusted and
R*-predicted. This indicates strong agreements amongst all

the models biased and non-biased regression coefficients as
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required in RSM modeling [26]. Thus, the developed RSM
models’ are characterized by high prediction capabilities of
the experimental data [32,33]. The plots of the normal proba-
bility presented in Figs. 4b and 5b are linear, indicating nor-
mally distributed experimental data. Besides, considering the
various sources models variations based on their calculated
F-values from ANOVA, all the model terms are statistically
significant (i.e., p <0.05 or p < 0.1 in Table 3). These diagnos-
tics imply the appropriateness of using the developed RSM
models for understanding the influence of the operating con-
ditions on EBT sorption onto the two adsorbent for drawing
reliable inferences [26,27].

3.5. Effect of adsorption parameters on EBT removal and
adsorption capacity

Based on constructed 3D plots developed from the devel-
oped RSM models (Figs. 6 and 7), the influence of operating
conditions on EBT removal from water are discussed below.
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3.5.1. Effect adsorption operating parameters on EBT removal
efficiency

Fig. 6 depicts the combined effects of the operating
conditions on EBT removal efficiency for the two adsor-
bents. Apparently, for both CoAl and B-CoAl, increase in
the initial pH of the EBT contaminated water from 2 to 6
profoundly led to decrease in the percentage removal of
EBT with the highest obtainable removals occurring at
pH 2 (Figs. 6a and b). At fixed 20 mg/L EBT and tempera-
ture 25°C, the highest removal efficiency of and 83.5% and
88.95% deteriorated to as low as 5.9% and 13% when the
initial pH was increased from 2 to 6, respectively. This cor-
roborates other studies of LDH which reported that higher
pH values do not favor EBT (as well as other dyes) adsorp-
tion [34-36]. In fact, most of these studies found that the
optimal LDH adsorption capacity was achieved at pH 2
despite the tendency for LDH instability due to possible
solubilisation. As such, this was ascribed to adding more
OH- ions as the pH increase, thereby dwindling the chances
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for the anionic EBT interactions to the functional groups
on surfaces of the two adsorbents [37]. Lower solution pH
promotes protonation of the adsorbents surface functional
groups, thus, resulting in stronger electrostatic attraction of
the anionic EBT to the CoAl and B-CoAl, thereby increas-
ing the removal efficiency [38]. Supportively, the two adsor-
bents point of zero charge (PZC) measured using drifting
method were found to be above pH 2 (around 4.8 and 5.2,
respectively), which suggests that, at pH 2 (<PZC), proton-
ation occurring at the adsorbents surfaces was highly pro-
moted [38]. Consequently, at pH 6, which was above the
PZC values for both the adsorbents, their surface became
negatively charged which was more prone to resist the
anionic EBT ions, thus, the dramatic observed dropped in
the EBT removal efficiencies [39].

The dependency of the initial EBT concentration on
the removal efficiency for the two adsorbents (Y, and Y)) is
displayed in Figs. 6b and c (and also Table 3). Similarly, as
the initial concentration was increased from 20 to 100 mg/L
at fixed initial pH 2 and temperature 25°C, the maximum
removal efficiency decreased from 83.5% to 35.88% and

88.9% to 66.4% for the CoAl and B-CoAl, respectively. These
marked influences by the pH and initial EBT concentration
corroborate a stronger interaction that existed between these
two parameters when compared with the interactive effects
as observed earlier. Contrastingly, the EBT removal efficiency
for both adsorbents slightly decreased when temperature
was increased which is more manifested for the B-CoAl for
its higher adsorptive performance (Fig. 6¢c). Even though,
changing the temperature was found to also influence the
EBT removals for both the tested adsorbents, yet, its effect
was the least amongst the investigated parameters (Fig. 6c
and least p-values in Table 3). Moreover, the temperature
exhibited lower interactive effects with other parameters on
the measured responses.

3.5.2. Effect of adsorption operating parameters on sorp-
tion capacity

The influence of investigated operating conditions on
EBT sorption capacities for both adsorbents is depicted in
Fig. 7. The clear trends in Figs. 7a and b reveal that uptake
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capacity increased with decrease in pH. Conversely, when
the initial EBT concentration was increased, the adsorption
capacity also increases in spite of the earlier observed decrease
in removal efficiencies (Fig. 6b). Increase in temperature
was susceptible to reduce both the removal efficiency and
adsorption capacity, thus, indicating an exothermic process.
The maximum achievable EBT adsorption capacity was pro-
foundly raised by a factor of 2.5 and 3.75 to 328.8 mg/g and
530 mg/g for an increase in the EBT initial dye concentration
from 20 to 100 mg/L, respectively. Apparently, the influence
of temperature is not conspicuous from the 3D plots as it is
apparently dwarfed due to its least influence as observed
earlier for the removal efficiencies (Fig. 7c). However, based
on the developed models, ANOVA as well as Pareto charts
presented earlier. The overall optimal adsorption capac-
ity was obtained at 25°C, pH 2 and 100 mg/L EBT for both
adsorbents. This notable continuous enhancement in the
adsorption capacity of the adsorbents at the fixed adsor-
bents dosage when the initial concentration was increased
was attributed to increase in potentials of higher interactions
between the available adsorption active sites as more EBT
molecules are introduced into the solution [40]. Moreover,
the improvement in the measured adsorptive characteris-
tics for the B-CoAl was hence manifested in the observed
higher g, for B-CoAl. However, observed maximum adsorp-
tion capacities for both the two adsorbents which occurred
at pH, initially decreases at higher rates until, apparently,
observed a decline beyond the PZC (Figs. 6a and b).

FTIR analyses were performed and given in Fig. 8a for
both two adsorbents before and after the dye adsorption
process showed shifts in symmetric stretching interlayer
of NOj at 1,292 and 1,358 cm™, at peak 1,750-1,642 cm™ for
C=0 as well as the disappearance and intensity reduction
for bands at 1,217 cm™ and 1,001 intensity for Si-O-Si and
Si-O. Similarly, XRD peaks for the bentonite intercalated
nanocomposites analyzed after EBT uptake show (Fig. 8b)
the existence of the EBT ions considering the interlamellar
space of the B-CoAl-LDH, there was an increase slightly to
0.728 nm (260 = 12.140) from 0.778 nm (26 = 11.360) for the
003 basal spacing [12,25]. These changes were credited to
EBT anion molecules exchange with other LDH anions [12].

3.6. Adsorption models’ performances: ANN vs. RSM

RSM and ANN have recently been popular techniques
for modeling sorption process in literature because of
their potentials of providing good relationships between
the parameters and target responses. Both approaches are
powerful in capturing complex nonlinear relations [17].
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For that, RSM and ANN techniques were employed for
modeling CoAl and B-CoAl EBT adsorption and removals
from aqueous solution using the same experimental data
obtained based on the FC-CCD (Table 3). Table 4 shows that
the overall ANN models optimal performances during the
development of the ANN models were obtained at number
of neurons = 10 which was attained via balancing between
individual performances of the training and test data sets
as given in the table. The comparative performances of the
RSM and ANN are compared for the Y,, Y,, Y, and Y, mod-
els in terms of residuals (predicted-experimental), R? and
RMSE are shown in Table 5. Obviously, the larger abso-
lute residuals are attributed to the RSM models compared
with the ANN models. This resulted in both higher values
of R? = 0.999 for all the ANN four models. Even though,
the R%s for the RSM models were also comparatively high,
yet, considering the lower values of the RSME of the ANN

After EBT adsorption
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Fig. 8. (a) FTIR spectra and (b) XRD after EBT adsorption for
CoAIl-LDH and B-CoAl-LDH.

Table 4

Developed ANN models optimal performances
Model No. of neurons Training Testing Overall

R? RMSE R? RMSE R? RMSE

Y, 10 0.999 0.1897 0.996 2.8 0.999 0.776
Y, 10 0.999 0.072 0.999 34.17 0.997 2.336
Y, 10 0.999 1.00023 0.918 86.033 0.999 3.798
Y 10 0.999 0.299 0.998 50.927 0.999 2.879

'
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Table 5

RSM and ANN predictive models residuals (predicted minus experimental)

Test# Removal efficiency, % Adsorption capacity, mg/g
Yl YZ YB Y4

RSM ANN RSM ANN RSM ANN RSM ANN
R1 -1.6 0.16 -2.63 0.01 16.36 -0.07 12.5 0.00
R2 0.87 0.15 0.8 0.01 2.6 -0.06 -8.06 0.01
R3 0.87 0.07 2.87 0.00 2.6 0.01 -8.06 0.03
R4 -1.6 0.01 -0.56 0.00 16.36 0.05 12.5 0.01
R5 1.8 0.06 5.26 -0.01 -3.42 -0.04 -5.08 0.00
R6 -0.66 0.13 1.83 0.02 3.38 0.06 11.16 0.01
R7 -0.69 0.05 -3.09 0.00 3.38 0.00 11.16 0.00
R8 1.8 0.10 0.33 -0.94 -3.42 0.07 -5.08 0.02
R9 -0.45 1.82 -0.18 0.00 -5.69 12.42 -3.93 9.26
R10 -0.45 -0.05 -0.18 -0.03 -5.69 -0.16 -3.93 -0.03
R11 -0.45 -0.42 -5.26 10.03 0.31 -0.01 -0.81 -0.02
R12 -0.45 -0.16 0.4 0.03 0.31 -0.20 -0.81 -0.06
R13 1.42 -0.32 -0.49 0.00 -27.56 0.18 -8.9 -0.03
R14 -2.32 -0.26 -4.36 0.03 0.06 0.02 -12.2 0.00
R15 -0.71 1.80 1.51 -0.27 -2.97 411 4.15 -4.51
R16 2.09 -1.00 0.82 0.42 10.47 -9.33 0.87 -1.23
R17 -0.28 1.37 1.99 -0.75 -0.89 2.03 6.47 -6.83
R18 0.8 0.29 0.21 1.03 4.31 -3.17 -2.09 1.73
R19 -0.13 1.22 0.66 0.58 -0.17 1.31 0.07 -0.43
RMSE 1.211 0.776 2.420 2.336 9.054 3.798 7.496 2.879
R? 0.998 0.999 0.991 0.999 0.993 0.999 0.997 0.999
models indicates better performance of the ANN mod- 1 C
els. In fact, the superiority of the ANN lies in the fact that j =Eqm +f (11)

the models were arrived via splitting the data — despite
the few number of experimental runs — which established
their credibility. Additionally, as the RSM possess the
merit of yielding specific equation capable of predicting
and displaying operating parameters influence and their
interactions on target response via specific experimental
design, the ANN requires neither function nor an experi-
mental design. Nevertheless, both the two approaches pre-
dicted well the experimental results in the present study
with higher R?* and low RMSE. Therefore both RSM and
ANN model is reliable to interpret EBT adsorption using
CO-AI-LDH and B-CoAl-LDH.

3.7. Isotherms analysis of the adsorbent

The phenomena of equilibrium distribution of anionic
adsorbate between aqueous phase and the adsorbent surface
can be well explained by using models describing the iso-
therm. Thus, two widely used models namely, Langmuir and
Freundlich and models (Egs. (10) and (11), respectively) were
fitted to the equilibrium data to accurately describe the EBT
adsorption process.

Ing, :anf +llnCe (10)
n

Fig. 9 depicts the non-linear plots of isotherm models
with experimental values at two studied temperatures and
their respective estimated parameters are listed in Table 6.
Based on regression coefficient (R?) values, for two adsor-
bents, Langmuir isotherm model showed lower values
relative to Freundlich model. The higher R*> 0.994 indicate
that the Freundlich isotherm model can adequately describe
the EBT adsorption onto CoAl and B-CoAl. Inferably, the
EBT adsorption onto CoAl and B-CoAl was explained as
a multilayer adsorption in nature. The maximum mono-
layer adsorption capacity of the CoAl and B-CoAl at 298 K
was found to be 323.45 and 609.15 mg/g, respectively.
Additionally, Freundlich heterogeneity parameter (1/n),
decreased with increasing adsorption temperature demon-
strating that the EBT adsorption is exothermic in nature
and unfavorable at elevated temperatures.

3.8. Regeneration and reusability potentials

The successful industrial application of any adsorbent is
mainly evaluated on the basis of its regeneration and reuse
performance. The reusability performance of CoAl and
B-CoAl was evaluated by conducting series of adsorption—
desorption experiments. To achieve that, a basic solution of
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Fig. 9. Langmuir and Freundlich isotherms fittings for CoAl
and B-CoAL

Table 6
Parameters of non-linear Langmuir and Freundlich isotherm
models for adsorption of EBT onto B-CoAl-LDH composites

T (K) Langmuir Freundlich
famgle) K, R K 1n R
CoAl 298 32345 0.20 0.979 94.69 0.30 0.994
318  280.94 0.22 0.987 94.63 0.26 0.994
B-CoAl 298  609.15 0.12 0.978 9890 0.48 0.996
318  526.67 0.11 0.954 8298 0.47 0.988

0.1 M NaOH was used to desorb EBT dye and effectively
regenerate the CoAl and B-CoAl composites. Nearly, 20 mg
of each adsorbent was agitated with 200 mL, EBT solution
of initial concentration 20 mg/L and pH 2, for about 3 h.
The spent adsorbents were regenerated by agitating with
50 mL of basic solution for 2 h. The resulting adsorbent was
then thoroughly cleaned times with DI water and allowed
to dry at 80°C for 3 h. The adsorbent regenerated was then
used for second adsorption test following the procedure

mentioned above. The spent adsorbent regeneration-reuse
cycle was consecutively repeated three times for the same
material. Fig. 10 depicts the percentage removal of EBT after
three regeneration-reuse cycles. The results showed that,
after three cycles, the removal performance of EBT dyes
reduced from 84.23% to 62.66% and 89.93% to 74.55% for
CoAl and B-CoAl, respectively. Thus, B-CoAl showed excel-
lent tendency of reuse and can be efficiently and economi-
cally employed for eliminating dyes in water and wastewater.

3.9. Comparison with other adsorbents

The performances of the tested B-Co-Al-LDH for EBT
sorption was compared with that of other adsorbent mate-
rials as obtained from literature under similar experimen-
tal conditions (Table 7). As shown in the Table 7, the opti-
mal achieved EBT adsorption capacity for B-Co-Al-LDH of
530 mg/g was relatively higher that the values reported for
calcined-AIMg-LDH and calcined-AlCo-LDH [23,25,41-42].

100 S
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76 - . 7

50

% Removal of EBT
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T ¥ T v T
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Fig. 10. Three consecutive regeneration and reuse cycle for CoAl
and B-CoAl.

Table 7
B-CoAI-LDH adsorption capacity for EBT compared with other
adsorbents

Adsorbent Maximum References
capacity
(mg/g)
CuMgAl-LDH 90.5 [[411]
Magnetite/pectin nanoparticles 72.35 [42]
Date palm ash-MgAIl-LDH 425.16 [23]
Graphene 102.04 [40]
Acid-Modified Graphene 70.42 [40]
Calcined NiFe-LDH 132 [25]
Uncalcined-CoAl-LDH 328.8 Present work
Calcined CoAl-LDH 419.25 [25]
Bentonite-CoAl-LDH 530 Present work
MgAl-LDH 540 [25]
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Inferably, the synthesized B-CoAl-LDH reported in this study
exhibited higher adsorption capacity for EBT. This suggests
that this adsorbent has great potentials for effective uptake of
anionic dyes from industrial contaminated water. This can be
attributed to the improved adsorptive performance observed
due to the bentonite hybridization.

4. Conclusion

Bentonite ultrasonicated LDH synthesized using co-pre-
cipitation was employed for EBT removal from water. The
adsorption process was modeled, evaluated and optimized
using RSM under different operational conditions. The
predictive performances of the RSM models (removal and
adsorption capacity) were compared with that ANN mod-
els. RSM and ANN models predictive performances were
comparatively, evaluated based on coefficient of determi-
nation (R?) and RMSE. The maximum removal efficiency
and adsorption capacities data obtained for the adsorbents
well fitted cubic RSM models with insignificant lack of fit
(R?* = 0.991-0.997). The adsorption capacity increased with
decrease in pH and increased with initial EBT concentra-
tion and tends to decrease with increase in temperature.
The maximum achievable EBT adsorption capacity was
profoundly raised by a factor of 2.5 and 3.75 to 328.8 and
530 mg/g for an increase in the EBT initial dye concentra-
tion from 20 to 100 mg/L, respectively. Both the RSM and
ANN models yielded good predictive performances of EBT
adsorption by CO-Al-LDH and B-CoAl-LDH with the ANN
models (All R?= 0.999) exhibiting superior performances.
The synthesized B-CoAl-LDH exhibited higher adsorption
capacity for EBT compared with other LDH. These results
and the excellent regeneration-reuse of the spent adsor-
bents showed the excellent tendency for their efficient use
for eliminating dyes in water and wastewater, economically.

Symbols

A — Temperature in °C

ANOVA — Analysis of variance

B — Initial EBT concentration in mg/L

C — Initial pH

EBT — Eriochrome Black T

CoAlI-LDH — Coboltaluminium doubled layer hydroxide
B-CoAl — Bentonite-supported CoAl-LDH

RSM — Response surface methodology

FC-CCD — Faced centered central composite design
k — Number of independent variables

y — Model’s predicted response

By, By By By  — Model’s coefficients

X, X — Coded experimental independent variables
C, — Initial concentration of EBT, mg/L

C y — Final concentration of EBT, mg/L

q, — Uptake capacity, mg/g

W — Mass of the adsorbent, g

R — EBT removal efficiency

v, — Adsorbate solution volume in L

Y, — CoAl EBT removal efficiency, %

Y, — B-CoAl EBT removal efficiency, %

Y, — CoAIl EBT adsorption capacity, mg/L

Y, — B-CoAl EBT adsorption capacity, mg/L
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Fig. S1. Mesoporous CoAl and bentonite-CoAl (a) distribution of pore size and (b) N, isotherm for adsorption—desorption.
Table S1
CoAl and bentonite-CoAl mesoporous characteristics
LDH BET surface area (m?/g) Pore volume (cm®/g) Pore size (A)
CoAl 442 0.02 34.6
B-CoAl 119.1 0.06 195
Table S2
Composition of Co-Al and bentonite-CoAl and bentonite
Materials Elemental weight (%)
C (@) Na Mg Al Si Cl Ca Fe Co Cu Total
Bentonite 13.87 51.83 1.16 1.33 7.47 18.22 1.06 0.56 2.66 - 1.85 100
20.83 58.42 0.91 0.99 4.99 11.7 0.54 0.25 0.86 - 0.52 100
Co-Al - 24.69 - - 5.72 - - - - 69.59 - 100
- 52.56 - - 7.22 - - - - 40.22 - 100
B-CoAl 8.68 39.12 - - 6.54 2.64 - - - 40.36 2.66 100
17.08 57.79 - - 5.73 2.23 - - - 16.19 0.99 100
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