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ARTICLE INFO ABSTRACT
Keywords: Clay has been reported as an active absorbent for the removal of toxic heavy metals from aqueous
Kaolinite clay medium. In this study, pristine and acid modified kaolinite clays (PKC and AMKC) were prepared,

Cadmium ions

Adsorption

Optimization

Response surface methodology

characterized using various analyses, and tested for Cd*" ion adsorption from textile industry
wastewater. After acid modification, the specific surface area of clay increased from 84.2 to
389.4 m?/g. Adsorption isotherm, kinetics and thermodynamics behaviour process were exam-
ined. The pH at (pHp,) of 8.5 indicate that AMKC surface is positively charged for pH below the
pHpc attracting anions. Response surface methodology was used to investigate the effect of
adsorption process factors on Cd*" ion removal uptake. At the optimum process conditions of
45.3 °C temperature, 0.63 g/L adsorbent dosage, and 120.9 min contact time, the percentages of
Cd?* adsorbed by PKC and AMKC were 77.82% and 99.19%, respectively. Various models were
employed to analyzed the kinetic and equilibrium data. The Pseudo-first order, Pseudo-second
order and Intra-particle diffusion were used to evaluate the kinetic data, while the Langmuir,
Freundlich and Temkin isotherm models were applied to analyzed the equilibrium data. The
sorption kinetics was found to be best described by Pseudo-second order considering the high
correlation coefficient (Rz), smaller Chi-square (4x2) and sum of square error (SSE). The Freundlich
model was the most accurate in describing the equilibrium data followed by Langmuir and
Temkin respectively. The thermodynamic reveal that the reaction is spontaneous and endo-
thermic in nature, and increase in randomness between the adsorbent and adsorbate. The ob-
tained activation energy (Ea) value suggest that the adsorption mechanism of Cd(Il) is a
physisorption dominated.

1. Introduction

Water pollution is identified as one of the social issues posing health risks to humans and their environment [1,2]. Water pollution
caused by toxic heavy metal discharge from process industries and mining sites is a major concern [3]. Despite being an essential
micronutrient, excessive heavy metal intake can have a variety of toxic effects [4]. Cadmium is one of the toxic heavy metals and
longstanding environmental contaminants [5]. Numerous process industries such as electroplating, textile, metal plating and battery
manufacturing generate huge quantities of wastewater contaminated by cadmium ions (Cd?*) [6,7]. Over the years, the researchers’
main focus has been on water, which contains heavy metals because of their negative effects on the environment and humans [8].
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However, when these heavy metals are present in humans and biological systems in concentrations that exceed the threshold limits,
they are known to cause health problems. For example, persistent exposure to Cd?* ions can lead to skin irritation, nasal cancer, liver
and heart damage [7,9]. As a result, the removal of Cd?* from aqueous medium is an urgent focus of research [10]. Several methods for
Cd* ions removal from water/wastewater have been investigated over the last several decades, including chemical precipitation [11],
membrane separation [12], ion exchange [13], and adsorption [7, 14, 15]. Amongst these techniques, adsorption has emerged to be
the most promising treatment technology because of its high removal efficiency, low cost and ease of operation [16-19].

Among the various adsorbents utilized for wastewater treatment, the abundant clays have derived one large adsorbent family
endowed with natural physicochemical properties, high specific surface area, extraordinary cation exchange capacity (CEC) and cation
exchange selectivity, surface hydrophilicity and surface electronegativity, attracting widespread attention on environmental reme-
diation [20,21]. According to earlier research, the adsorption capacity of local clay samples for heavy metals removal was improved
through acid modification [22]. The purpose of this study is to analyze the properties of locally sourced clay that has been treated with
hydrochloric acid, in order to enhance its economic value and useability. The uses of locally sourced natural material, offers several
benefits such as reducing environmental challenges and supporting local economy. Acids are commonly used for surface modification
and impurity removal from clay minerals. Acid activation has been shown to increase the adsorption capacity of clay material by
opening pore spaces and edges clay minerals, thereby increasing their adsorption capacity [23,24]. Clay activation also removes
cations such as magnesium, potassium, calcium and metal oxides that may be present in the clay, increasing the number of empty sites
for heavy metal adsorption [25]. Hydrochloric, phosphoric, nitric, sulfuric, lactic and acetic acids are the most commonly used acids
for clay modification [26-28]. Therefore, clay modified with acid can serve as a promising adsorbent in industrial wastewater
treatments [24,28]. When compared to other commercial adsorbents, clay has a wide range of benefits and utility, including excellent
specific surface area, high mechanical and chemical stability, availability, affordability, ion exchangeability, surface and structural
property variety and good adsorption capacity [27].

In the past, researchers have typically applied one variable at time (OFAT) to study the impact of operating factors on adsorption of
heavy metals onto adsorbent materials. However, this approach requires a large number of experiments and fails to reveal the iterative
behaviour of process factors [29]. Additionally, it can be time consuming and expensive when dealing with high number of variables
[30]. By utilizing statistical experimental design such as response surface methodology (RSM), it becomes possible to eliminate the
limitations of a classical methods by optimizing all parameters collectively.

The objectives of study is to examine the potential of pristine and acid-modified kaolinite clay (PKC and AMKC) as effective ad-
sorbents for the removal of Cd?* ions from textile industry wastewater. These adsorbents prepared were characterized using various
techniques. Moreover, the optimum adsorption process factors needed for the maximum removal Cd2" ions uptake have been eval-
uated using design of experiment.

In conclusion, to the best of our knowledge, there is limited or no available literature on the use of pristine and acid-modified
kaolinite clay for decontamination of Cd?* from wastewater. If there is any available material, no central composite design (CCD)
method of RSM was conducted for the design of experiment. Nevertheless, the limitation of this research further revealed that
simulated wastewater was used for the adsorption experiments of all the reviewed papers. Hence, the current study establishes the
performance evaluation of the developed pristine and acid-modified kaolinite clay adsorbents on textile industry wastewater.

2. Materials and methods
2.1. Materials

Pristine kaolinite clay (PKC) was sourced from Umunze, Nigeria, while effluent used was collected from a textile industry, Kaduna,
Nigeria. All reagents used in this study which include hydrochloric acid (HCl, 36%), sodium hydroxide (NaOH, 95%), acetic acid
(CH3COOH, 97%) were supplied by Panlac Scientific Limited, Minna Nigeria. The chemical composition of PKC, as determined by
chemical analysis, were 67.8% SiO3, 12.9% Al;03, 6.7% Fe303, 1.5% TiO3, 1.5% MgO, 1.7% other metal oxides and 7.9% Loss on
ignition (LOI).

2.2. Preparation of acid-modified kaolinite clay adsorbent

10 g of PKC was gently ground and washed with distilled water to get rid of dirt. The washed PKC was thereafter dried in an oven at
105 °C overnight and then sieved using sieve mesh size of 125 pm to obtain fine particle. In order to activate the PKC powder, 5 g of the
fine PKC was suspended in 2.0 M HCI aqueous solution in an Erlenmeyer beaker, stirred on hot plate at 80 °C for 2 h. Following the clay
activation process, the slurry was severally washed with distilled water until the solution pH attained neutral, filtered, oven-dried at
108 °C for 3 h and finally stored in a covered container. Henceforth, the acid-modified kaolinite clay will be referred to as AMKC.

2.3. Characterization of acid-modified kaolinite clay adsorbents

The surface structure, surface functional groups, crystallographic structure and textural characteristics of as-synthesized clay-based
adsorbents were evaluated using scanning electron microscope (SEM, Zeiss Sigma, Germany), Fourier-transform infrared (FTIR)
spectrometer (FTIR, Agilent Cary 600), powder X-ray diffractometer (GBC eMMA XRD) and surface area analyzer (Tristar™ II 3020,
Micromeritics, USA).
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2.4. Equilibrium batch adsorption studies

Adsorption capacities of the PKC and AMKC adsorbents were assessed through batch an equilibrium adsorption study, which was
carried out in a set of each 250 mL Erlenmeyer flasks containing 50 mL of effluent without adjusting the wastewater pH. The flasks
were agitated in a water bath shaker at different operating conditions, contact time (10-120 min), adsorbent dosage (0.1-0.5 g) and
temperature (25-45 °C) until equilibrium was reached. Following the completion of the process, the concentrations of Cd(II) ions
before and after adsorption were measured using atomic absorption spectrophotometer (AAS, PinAACLE 900Z, USA.). The percentage
removal (R) of Cd(II) ions by both adsorbents was determined by Eq. (1)

R.%— (@) x 100% &)

e

Where M (g) is the mass of sorbent, V (L) is termed the volume of the solution, C; (mg/L) is the final concentration of the Cd(II) ions; C,
(mg/L) is the initial concentration of the Cd(Il) ions and C, is the Cd(Il) ions concentration at equilibrium (mg/L).
The amount of adsorption of Cd(II) ions can be calculated using Eq. (2)
(Cq — CE)V

=" 2

2.5. Optimization of Cd(ID) ions adsorption by acid-modified clay

The central composite design (CCD) of response surface methodology (RSM) was used to study the effects of adsorption process
conditions (time, adsorbent dosage and temperature) on equilibrium uptake of Cd(II) ions by PKC and AMKC adsorbents. For
considering three process factors, a total of 20 experimental runs, comprising of 6 axial points, 8 factional runs and 6 center runs, were
employed. Experimental data were analyzed using Design Expert software (statistical) version 7.0 (STAT-EASE Inc., Minneapolis,
USA). The experimental ranges and the levels of the process input variables for Cd(II) ions removal are given in Table 1. However, the
adsorption removal efficiency (Y) which is the dependent variable was evaluated using batch techniques. To analyze the data, a second
order quadratic polynomial expression relate the three independent factors to the response (Y). The equation for this model is given in
Eq. (3).

Y =bo + 3 biXi + YbiX{ + ¥ bXiX; 3

The experimental data is analyzed using the analysis of variance (ANOVA). The choice of ANOVA is due to its ability to analyze
multiple independent variables and their effects on the dependent variables and also to identified the optimal levels of each inde-
pendent variables. In this analysis, Y is considered as the dependent variable representing the removal efficiency, while X; and X; are
the independent process variables. Here i and j takes the value of 1, 2 and 3, but i is not equal to 1. The model incorporates constant
regression coefficients by, bi, bj;, and bj;. To determine the quality of fit for the polynomial model, both the adjusted R square (R and
determination coefficient (R?) are utilized as evaluation metrics. In order to evaluate the statistical significance and adequacy of the
model, the probability value (Prob > F), Fisher variation ratio (F value) and adequate precision value are taken into consideration.

2.6. Point of zero charge (pHpy)

[7] described the essence of zero-point charge as a means of evaluating the net surface charge. The pHp,. was examined using a
method of salt solution. 0.1 g of sorbent samples was added with 0.1 M of KNO3 which were thoroughly mixed in six conical flask at
operating condition of 25 °C. The mixture pH was adjusted to (pHi) value of 2, 4, 6, 8, 10 and 12 respectively by adding several drops of
H2S04. The agitation of the mixture was carried out in an isothermal water bath shaker at 180 rpm for 24 h, following the evaluation of
pHs of each solution. The plot of (pHy — pH;) versus pH; was plotted and pHj,. was obtained at the intercept on X axis.

2.7. Isotherm study

This study employs isotherm models to investigate the interaction between sorbate and sorbent in adsorption process. To examine
the adsorption of Cd(II) onto AMKC. Langmuir, Freundlich and Temkin model were applied. According to Langmuir isotherm model,
adsorbate molecules form a monolayer on the surface of a solid, and it is assumed that once a site on the adsorbent is saturated with

Table 1
Experimental ranges and levels of the independent factors.
Independent variable Code Unit Levels
-1 0 +1
Temperature A °C 25 35 45
Adsorbent dosage B g/L 0.1 0.3 0.5

Contact time C Min 10 65 120
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metals ion, no further adsorption occurs at that site. The model further proposed that all adsorption site have equivalent energy. The
equation for this model was developed by Irving Langmuir (1916).
The Langmuir non-linearized form is given as Eq. (4)

_ OnaKiC,

1 +K,.C, “

9e

Where Qmax (mg/g) is the maximum number of adsorption capacity of metal ion adsorbed, ge (mg/g) is the metal ion adsorption
capacity at equilibrium, C. is the concentration of the adsorbate in solution at equilibrium (mg/L) and K;, which is the Langmuir
equilibrium constant (L/mg) which reflect the energy of adsorption, quantitatively indicating the degree of affinity between the
adsorbent and adsorbate. Although the Langmuir adsorption isotherm model is unable to explain the mechanism behind the adsorption
process, it is useful in providing information on both the adsorption capacity and equilibrium state [31]. The model is visually
identifiable by plateau that represent the point of equilibrium saturation, where no further adsorption can occur once a molecule
occupies the site [32].

The Freundlich model isotherm assumes that adsorption takes places on a surface with heterogeneous characteristic and it can be
applied to both chemisorption (monolayer adsorption) and van Der Waals adsorption (multilayer adsorption) [33]. The nonlinear form
of the Freundlich equation, originally proposed by Ref. [34] is represented by Eq. (5)

Ge=KiCpt 5)

Where 1/n is the coefficient of heterogeneity, C, is the concentration of the adsorbate, while Kg is the Freundlich constant associated
with adsorption capacity. The higher value of Ky suggest a greater adsorption capacity. The values of n give favourability information
on the adsorption process [35,36].

The Temkin isotherm postulates that the reduction in the heat of adsorption is proportional to the adsorption heat, and that the
adsorption process is characterized by uniform distribution of binding energies.

Temkin model non-linearized equation can be expressed as Eq. (6)

RT
e = In(KrCe) (6)

where q. (ng/g) is the adsorption capacity, Ce (mg/L) is the concentration of metals ion at equilibrium, Kr is the equilibrium constant
(L/g), b (ﬁ) is related to heat of adsorption, the gas constant R (8.314 J mol~ % K1) and T is the absolute temperature (K) [37].

2.8. Kinetic study

Kinetics is a crucial aspects of adsorption process because it provides valuable insight into the reaction pathways and rate con-
trolling mechanism of the reaction [38]. To investigate the adsorption rates of Cd(II) ion onto AMKG, this study utilizes the Pseudo-first
order, Pseudo-second order and intra-particle diffusion model. The removal mechanism of Pseudo-first order kinetics model intro-
duced by Refs. [39,40], involves diffusion through a boundary that precedes the adsorption process. The non-linear version of the
model is represented by Eq. (7)

g =q.(1—e™") 7)

q¢ denotes the quantity of metal ion at time t, the volume of adsorption at equilibrium is q., while k; (min~!) is the rate constant of
the first order kinetic models and time t (min). The Pseudo-first order assumes that each active site on the adsorbent surface bind to
only one adsorbate molecules.

[41] introduced the Pseudo-second order kinetics, which assumes that adsorption follows a second order kinetics mechanism.
According to this model, the sorption process is controlled by chemisorption where electron are shared or exchanged between the
solute and the adsorbent. The model also assumes that a single adsorbate molecule binds to two active sites on the surface of the
sorbent. The equation for this model can be expressed as Eq. (8)

Qeszt
qr=

T 1+ q.Kot (8)

The Pseudo-second order rate constant denoted as Ky (g/mgmin), amount of Cd(II) adsorbed at equilibrium (qe) and at time t (qy)
and time t (min) respectively.

From analytical view point, experimental kinetics data is interpreted using the intra-particle diffusion model, which is based on the
theory presented by Weber and Morris (1963). The equation is expressed using Eq. (9)

Qr:Kid\/;‘FC (C)]

The quantity of Cd(II) ion adsorbed per unit mass of adsorbent is represented by qt, while C (measured in mg/g) is a constant that
provides information about the boundary layer. The term “t” is the contact time and "Kiq" (mg g~ min~/2) refers to intraparticle
diffusion rate constant. When C equals zero, the intraparticle diffusion is the only factor that limits the rate of adsorption. However, if C
is not equal to zero, it indicates that there is some degree of boundary layer control the reaction and therefore, intraparticle diffusion is
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not the only factor limiting the rate of adsorption.

2.9. Non-linear regression method

The parameter of adsorption isotherm model can be estimated through the non-linear regression analysis, which involves the
original form of the isotherm equation. This method shares the same objectives with linear regression method, which is to obtain the
model parameters estimate by minimizing the squared difference between the experimental data and the model output. However, the
non-linear regression method differs from linear regression because it requires an iterative process [42].

The process of estimating adsorption isotherm model parameters involves inputting the experimental data’s, including the equi-
librium concentration (C.), the amount of metals ion adsorbed at equilibrium (q.) as well at time t, (q¢) into Excel spreadsheet and
creating a graph. Initial estimates of the unknown parameters in the model equations are then made to calculate theoretical qe or q¢
values. The squared sum of the difference (SS) between the experimental data and theoretical model output is computed. Subsequent
iteration are performed by slightly adjusting the initial estimated parameters values and recalculating the (SS) multiples until the
parameters value yield the lowest possible (SS) value. Unlike the non-linear regression method which is an iterative process, linear
regression typically only needs one calculation to produce lowest (SS) values. The solver add in function in Microsoft Excel is a
convenient tool which was used for performing non-linear regression analysis. Generally, the non-linear regression method considered
more appropriate and accurate in determining model parameter than the linear method [43].

2.10. Error analysis

To validate the fitness of these isotherm models in describing the adsorption process further, error analysis methods such as chi-
square (Xz) and sum of square error (ERRSQ/SSE) were used and compared to the correlation coefficient (R?). Because it only rep-
resents the fitness between linear forms of isotherm equations and experimental data, the coefficient correlation (R?) alone may not be
sufficient to validate the basis for the best adsorption model selection. Non-linear regression is commonly used to distribute experi-
mental data and predicted isotherms based on convergence criteria, minimization and maximization error. The difference between the
experimental data and data obtained from the model can be quantify by chi square test (y2). It is calculated as the sum of squares of this
difference divided by the corresponding data calculated from models as described in Eq. (10). If the g, exp values are similar to qe
model values, the ¥ value approaches zero. Conversely, a higher y? indicates a significant discrepancy between the experimental and
the calculated model values, which suggest a high level of bias [44]. The smaller y* and ERRSQ/SSE values for the isotherm models
studied, the better the fit to the adsorption process. The y? and SSE values were calculated using the following Egs. (10) and (11) below;
[45].

2 _ (qe.exp - QCal)z
=y e (10)
Gecal
SSE=>" (qeery — Gecar)’ an

i=1

The quantity of Cd(II) adsorbed at equilibrium is denoted as qe, exp (mg/g) and the amount of Cd(II) uptake from the model after
using solver Add-in is Qe cal (Mg/g).

2.11. Thermodynamic study

The behaviour of the adsorption process was evaluated using the thermodynamic parameters which include Gibbs free energy
changes AG® (kJ/mol), AH® (kJ/mol) for enthalpy change and change in entropy AS° (J mol 1K), The adsorption thermodynamic
studies were evaluated using the following Eqs. (12)-(14) respectively [27].

AG® = — RTInK, 12)
K=o (13)
In(k2) = 7% (%) +InA (15)

Where Cyq is the concentration of the metal ion, Keq is the constant at equilibrium, T(K) is the temperature, and the gas constant is R
(8.314 Jmol ~'K1). The Arrhenius equation, as shown in equation (15), was utilized to calculate the activation energy (E,). Ea is the
activation energy (KJ/mol), Arrhenius constant is denoted as A. An adsorption activation energy (Ea) value of 5-40 kJ/mol or below
suggests physisorption, whereas a value between 40 and 800 kJ/mol indicates chemisorption.
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2.12. Desorption study

The reusability and recoverability of AMKC was tested using batch desorption studies. 10 ml of 0.1 N HSO4 solution was added
with the adsorbent saturated with metal ions after the process of adsorption. The solution mixture was agitated at 160 rpm for 120min,
thereafter the desorbed metal ion concentration of each sample was analyzed [46].

The desorption percentage (Ds) of metal ions was expressed as Eq. (16)

Ds (%) = <%) % 100 (16)

M; = Amount of metal ion desorbed (mg)
M, = Amount of metal ion adsorbed (mg)

3. Results and discussion
3.1. Adsorbent characterizations

The surface features of the two adsorbents (PKC and AMKC) are presented in Table 2. As seen from the results, it was obvious that
the specific surface area of the unmodified clay material was lesser than that of the modified clay, indicating that acid modification of
the clay resulted in a surface characteristics improvement. These observations were in agreement with study reported by Ref. [47] who
found that the modification of clay material by mineral acid facilitated an ion exchange between H" and those components of the clay.
Furthermore, the process led to leaching of Al>* from tetrahedral and octahedral sites of the clay while the silicate groups remained
largely intact, thus improving the performance of the AMKC sample. As also seen in Table 2, the pore volume of the clay largely
improved upon modification, suggesting that active sorption sites were available on the external surface of the AMKC sample, and it
could enhance the adsorption of Cd%" ions onto its surface.

The microstructures of pristine and acid modified clay are displayed in Fig. 1. As seen from Fig. 1a, PKC exhibited a leaf-like
structure. However, these leaf-like layers vanished upon modification of the raw clay by HCI, forming thin films which reduce the
sharp edge features of the parent clay. It is worthy of note that the AMKC sample showed a wide pore distribution, size asymmetric
cavity and smaller particles. The presence of the pores on the AMKC adsorbent suggested a good possibility for metal ions to be
adsorbed [19,48].

Fig. 2 revealed the FTIR spectra of pristine and modified clay samples within the wavenumber range of 4000-500 cm ™', The peaks
at around 3638-3449 cm ™! were as a result of moisture presence on the samples which could be attributed to hydroxyl (O-H) group.
The presence of peaks at around 1650 cm ™' and 1000-900 cm ™! in both PKC and AMKC samples could be assigned to the deformation
of Si-O-M* and O-Si-O stretching, respectively [49]. A series of absorption bands in both samples at 867-876 cm ™!, 768 cm™! and 698
em™! could be respectively attributed to CH out-of-plane deformation, Al-Mg-OH and Si—-O-Al vibration of the clay sheet [20]. It is
noteworthy that a peak at 876 cm ™! in AMKC suggested the presence of acid group in the modified clay [50]. Overall, the presence of
the functional groups on the surfaces of the two samples contributed to their better performances.

The XRD patterns of pristine and acid-modified kaolinite clay are shown in Fig. 3. The XRD intensity of the clay was changed by
modification with acid. Fig. 3 illustrates the characteristic peaks of SiO3 in form of kaolinite and tridymite for the AMKC adsorbent. The
acid-modified clay was sufficiently active in the adsorptive removal of cadmium ions because of the intensity of kaolinite (21.3°, 39.1°,
43.7°,50.3° and 56.1°), quartz (27.4°), tridymite (63.1°) and CaSiO5 (74.6°). It is clear that the presence of silica and alumina in the as-
synthesized clay-based adsorbent would play a critical role in the adsorptive removal of Cd ions from wastewater. According to Refs.
[19,27], SiO3 is an inorganic adsorbent with the presence of silanol (SiOH) group on its surface, which acts as sorption sites during the
adsorption process.

3.2. Response surface methodology for Cd ions removal by PKC and AMKC

The 3-factor CCD matrix as generated by the software and the removal efficiencies obtained in adsorption of Cd?* ions by PKC and
AMKC at different adsorption process conditions are listed in Table 3. The polynomial (second-order) equations (Egs. (17) and (18))
were used to illustrate the adsorption process parameters and Cd>* removal uptake by AMKC and PKC.

Y amke = 93.74-2.60A - 0.22B + 2.37AB + 3.68AC + 0.50BC - 6.49A% + 3.04B? + 2.34C> a17)
Ypkc = 71.24 + 5.81A - 8.58B + 3.53 + 10.95C + 7.57AB - 2.96AC +5.7BC - 2.13A” - 3.53B% - 6.71C> (18)
Table 2
Surface characteristics of the PKC and AMKC.
Sample Specific surface area Pore volume (cm3/g) Pore diameter (A)
PKC 84.2 0.05 2.12
AMKC 389.4 0.22 2.13
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Fig. 2. FTIR spectra of PKC and AMKC samples.

As seen from Egs. (17) and (18), the positive terms indicate synergistic effect on the response whereas negative terms suggest an
antagonistic effect on the process output. Coefficient of determination (R? and Rgdj) standard deviation (SD), p-value, F-value and
analysis of variance (ANOVA) were used in judging the model fitness. As shown in Tables 4 and 5, the coefficients of determination
values (R* = 0.9987 and RZ;; = 0.9953 for AMKC and R* = 0.9940 and RZ; = 0.9826 for PKC) were high, thus suggesting that the
predicted values matched the experimental values reasonably well and ensuring a satisfactory adjustment of the second-order
regression model with the experimental data. Furthermore, the low values of SD for both adsorbents (SD = 0.17 for AMKC and SD
= 1.48 for PKC) reaffirmed the model fitness as the smaller SD suggests more accurate prediction of response by the model [8].

Moreover, the ANOVA results for the Cd>* adsorption by AMKC and PKC adsorbents are presented in Tables 4 and 5, respectively.
The adequacies of the regression models were further judged by P-value, lack of fit, F-value and signal to noise ratio. The P-value less
than 0.05 suggests that the model term is significant, whereas the lack of fit value greater than 0.0500 signifies an insignificant model.
Non-significant lack of fit is good as it confirms the adequacy of the model fit. Also, an adequate precision (a parameter that measures
ratio of signal to noise) value greater than 4 is desirable as it indicates an adequate signal [51]. As shown in Tables 4 and 5, the models
for the Cd%* ions removal efficiencies for AMKC and PKC satisfied those above-mentioned criteria, thus confirming the model’s fitness
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Table 3

3-factor central composite design matrix and the value of response function.
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Fig. 3. XRD pattern of PKC and AMKC samples.
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Run Temperature, A (°C) Dosage, B (g) Time, C (min) Yamke Yrke
1 35.00 0.30 65.00 93.89 70.14
2 35.00 0.30 10.00 93.67 55.32
3 25.00 0.50 10.00 93.25 17.14
4 25.00 0.30 65.00 90.08 64.22
5 45.00 0.10 10.00 82.22 62.82
6 35.00 0.10 65.00 97.07 77.29
7 35.00 0.30 65.00 93.68 69.89
8 35.00 0.30 65.00 93.84 69.22
9 35.00 0.30 65.00 93.67 70.78
10 25.00 0.10 10.00 99.39 61.25
11 35.00 0.30 120.00 98.44 75.97
12 45.00 0.50 10.00 85.58 49.63
13 35.00 0.30 65.00 93.82 70.99
14 35.00 0.50 65.00 96.44 60.37
15 35.00 0.30 65.00 93.67 73.73
16 25.00 0.50 120.00 92.01 56.61
17 25.00 0.10 120.00 96.10 77.22
18 45.00 0.30 65.00 84.37 76.23
19 45.00 0.50 120.00 99.00 77.44
20 45.00 0.10 120.00 93.67 68.39
Table 4
Response Surface (ANOVA) for cd** adsorption using AMKC.
Source Sum of Squares Df Mean square F/value P —value prob > F Comment
Model 403.14 9 44.79 1563.6 <0.0001 S.D =0.17
A — temp 67.55 1 67.55 2357.89 <0.0001 Mean = 93.19
B - dosage 0.47 1 0.47 16.44 0.0023
C - time 63.05 1 63.05 2200.91 <0.0001 CV=0.18
AB 44.75 1 44.75 1561.93 <0.0001 R? = 0.9987
AC 108.05 1 108.05 3777.1 <0.0001 R(Zadj),().9953
BC 2.02 1 2.02 70.51 <0.0001 AP = 144.365
A? 115.67 1 115.67 40.37 <0.0001
B? 25.49 1 25.49 889.79 <0.0001
c2 15.12 1 15.12 527.67 <0.0001
Residual 0.29 10 0.029
Lack of fit 0.24 5 0.047 4.79 0.0553
Pure Error 0.049 5 9.897E-003
Cor Total 403.43 19
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Table 5

Response Surface (ANOVA) for Cd** ions adsorption using PKC.
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Source Sum of squares Df Mean square F/value P —value Prob > F Comment
Model 3635.64 9 403.96 185.61 <0.0001 S.D =1.48
A -temp 337.21 1 337.21 154.94 <0.0001 Mean = 65.23
B- Dosage 735.82 1 735.82 338.10 <0.0001 R? = 0.9940
C- Time 1198.37 1 1198.37 550.63 <0.0001 R(zadj),().9826
AB 458.74 1 458.74 210.78 <0.0001 AP = 57.602
AC 60.83 1 60.83 27.95 0.0004 CV =226
BC 261.52 1 261.52 120.78 <0.0001
A? 12.50 1 12.50 5.74 0.0375
B? 34.21 1 34.21 15.72 0.0027
c? 123.88 1 123.88 56.92 <0.0001
Residual 21.76 10 2.18
Lack of fit 9.38 5 1.88 0.76 0.6158
Pure Error 12.38 5 2.48
Cor. Total 3657.90 19
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[19]. In addition to this, it was noticed that all the three independent variables studied were significant to the adsorption of cd?* ions
by the acid-modified kaolinite clay.

3.3. Effect of parameters as response surface plots

3.3.1. Response surface plots for Cd*" uptake removal by AMKC

The interaction influence of independent process factors studied (temperature, adsorption dosage and contact time) on Cd?* ions
removal uptake by AMKC is illustrated in Fig. 4. Fig. 4a displays the combined effect between adsorbent dosage and temperature on
Cd*" ions removal uptake for a contact time of 65 min. As displayed in Fig. 4a, the removal efficiency decreased with increasing
adsorbent dosage and temperature. This observation indicated that the small amount of AMKC adsorbent was needed to adsorb larger
amount of Cd?" ions and also implied that the process was endothermic [52]. Fig. 4b shows that the removal efficiency of Cd** ions
increased with increasing contact time. The figure also showed that little amount of heat was needed to achieve maximum removal
uptake of cd?" ions. Fig. 4c depicts the interaction effect between contact time and adsorbent dosage on Cd?* jons removal efficiency
(%) for a temperature of 35 °C. From the figure, it was observed that as the contact time increased, the removal efficiency also
increased until it attains 120 min. This observation indicated that the time required to attain adsorption equilibrium was established at
maximum value of contact time [7]. The same trend is also observed in the case of removal efficiency versus adsorbent dosage.
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Fig. 5. Combined effect of process factors (a) dosage and temperature (b) time and temperature (c) time and dosage on percentage removal of cd*t
ions on PKC.
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3.3.2. Response surface plots for Cd** ions uptake removal by PKC

Fig. 5a shows the response surface plots of Cd?* ions removal efficiency as a function of adsorbent dosage and adsorption tem-
perature. It was revealed that the removal efficiency of Cd?* ions rapidly decreased with increasing adsorbent dosage, while it
increased with an increase with in the temperature. This observation may be due to more active sites of adsorbent remained unsat-
urated during the Cd%" ions adsorption. Fig. 5b shows an increase in removal efficiency with an increase in contact time and tem-
perature. At the beginning of adsorption, the high rate of adsorption of Cd%* ions on the PKC adsorbent was due to the availability of an
abundance of adsorption sites. However, the increase in removal efficiency with the increase in temperature indicated that Cd** ions
adsorption by PKC was endothermic in nature [52]. Fig. 5¢ shows that the Cd** ions uptake decreased with an increase in adsorbent
dosage. It could be deduced from the figure that to achieve maximum adsorption, cadmium ions-containing solution needs to be
treated with 0.10 g/L PKC, and this indicated that the adsorbent dosage is the most influential factor among the variables studied.

The experimental data was also analyzed to assess the correlation between the predicted and experimental adsorption efficiency of
AMKC and PKC in removal of Cd(II) ion. Fig. 6a depicts the correlation between Normal % probability and studentized residual plot
which indicates a satisfactory distribution of data points near the straight line, while that of Fig. 6b indicate a strong correlation
between the experimental and predicted values of Cd(II) ion removal efficiency as calculated by Egs. (17) and (18). Fig. 7a and b Shows
a similar trend. This suggest a positive relationship between the experimental and predicted response values and that the assumption
underlying the analysis were appropriated as noted in similar study by Ref. [53]. Furthermore, the results suggest that the quadratic
models selected was sufficient in predicting the response variables for the experimental data.

3.4. Process optimization

The numerical optimization feature of the DOE software version 7.0.0 was used to determine the best operating conditions for the
removal of Cd%* ions by AMKC and PKC adsorbents. Table 6 shows the optimum process variable values for maximum removal up-
takes. The predicted removal efficiencies for AMKC and PKC at these optimum values were 97.61% and 76.32%, respectively. A
comparison between the experimental and predicted results revealed that the error between them is less than 0.3% indicating that the
generated model is reliable. However, by repeating the experiment under the established optimal conditions, the observed percentage
adsorbed of Cd** ions by AMKC and PKC were 99.19% and 77.82%, respectively. The obtained results show that the strategy used in
optimizing the conditions of Cd?* ion uptake by both PKC and AMKC, as well as achieving the maximum percentage removal by RSM
for batch adsorption of Cd*" ions, is feasible. To further validate the model, a dosage of 0.2 g, temperature of 30 °C and time of 80 min
which were within the working range but not tested before were also evaluated. The predicted removal efficiency was 96.81% and
75.42% for AMKC and PKC. This was substantiated experimentally in the laboratory, where 95.97% and 74.53% efficiency were
obtained. This established the reliability and accuracy of the model in predicting other random independent runs.

3.5. Point of zero charge determination

The value of pHy,. obtained on the surface of prepared adsorbent (PKC and AMKC) was gotten to be 8.5 (basic) and 3.8 (acidic)
which can be seen in Fig. 8 (a, b). Due to acid activation, the pH decreased from 8.5 to 3.8. The results indicate the AMKC would be
good enough to eliminate metal ions at pH > 3.8 [54]. A basic idea, samples develop positive charge when the pH of substance is lesser
than the pHy,. In contrast, samples develop negative charge when the pH is greater than pHp,.. Making it the chosen materials for
cation adsorption [55,56].

3.6. Effect of pH

The effect of solution pH was carried out to evaluate the maximum percentage of Cd(II) ions onto the adsorbent AMKC in an
aqueous solution. The result of effect of pH as illustrated in Fig. 9 showed that as the pH of Cd(II) ion increases from 2 to 10, the
percentage removal also increase from 32.5% to 92.4% and beyond the point of (pH > 8) the percentage remain constant. At low value
of pH the uptake percentage is low which may be due to protonation on the surface of the adsorbent in an acidic medium thereby
leading to electrostatic repulsion between the adsorbent surface and Cd(II) ions [57].

3.7. Adsorption isotherms study

The parameters of adsorption isotherm model and the results of error analysis are displayed in Table 8 alongside Fig. 10. A
comparison of R2, 42 and SSE values for the model used was evaluated. Based on the experimental data, it was observed that the
adsorption isotherm model fit the data in the following order; Freundlich > Langmiur > Temkin. The Freundlich isotherm model
provided the best description of the experimental data, with the highest R? value of 0.997 with the lowest x2 and SSE values of 2.02E-7
and 8.6E-6 respectively. This further suggests that the studied adsorption process could be described as either non-ideal or reversible
sorption, not limited to the formation of a monolayer on a heterogeneous surface [45,58,59]. Also, the (1/n) was determined to be
0.146 (corresponding to an n value of 6.84) as shown in Table 8. This value indicate that the adsorption of Cd(II) ion onto AMKC is
favourable, as an exponent value between O and 1 suggests favourable adsorption process [60]. The adsorption process follows
monolayer and homogeneous mechanism with high-capacity uptake and also as a result of ionic properties (See Table 7). Lastly the
strong attraction of Cd(II) to the adsorbent surface is due to its high electronegativity value [22 ,61].

11



L.S. Mustapha et al.

Design-Expert® Software
R

Normal Plot of Residuals

Color points by value of
R

9939 -
9% g
8222 a E

Normal % Probabilitv
I

ﬁ’

23

AN 025 081 187

Internally Studentized Residuals

Design-Expert® Software
Ri

Color points by valug of
R1

99.39
IBZ 2 b

Predicted

Heliyon 9 (2023) 18634

Predicted vs. Actual

10000

950 -

9100 —

8650 —

8200 4

8221

I
8653 9085 %17 LiEt)

Actual

Fig. 6. a. Plot of a Normal % probability versus residual error b. Actual values versus predicted values for AMKC.

Design-Expert® Software
R3

Normal Plot of Residuals

Color points by value of

Normal % Probabilitv
L

159

01 04 088

Internally Studentized Residuals

167

Design-Expert® Software
R3

Color points by value of
R3:

7744
1714

Predicted

Predicted vs. Actual

7800 -

6275

225 —~

1700 =

LN

229 a4 6260 .

Actual

Fig. 7. a. Plot of a Normal % probability versus residual error b. Actual values versus predicted values for PKC.

Table 6

Optimal condition and model validation of Cd*" ions adsorption by AMKC and PKC adsorbents.

A (°Q) B (g/L) C (min) Cd** removal uptake (%) by AMKC Cd** removal uptake (%) by PKC
Predicted Experimental Predicted Experimental

45.3 0.63 120.9 97.61 99.19 76.32 77.82

30 0.2 96.81 95.97 75.42 74.53

3.8. Adsorption kinetics study

The kinetic model for adsorption of Cd(II) ion adsorption was carried out using three models namely Pseudo-first order, Pseudo-
second order and intra particle diffusion model respectively, and the resulting kinetics parameters and error function data are dis-
played in Table 9 and their plots in Fig. 11. Regarding the Cd(I)ion, the R? value for Pseudo second order kinetic equation was
observed to be superior to that of Pseudo-first order and intra particle diffusion. Additionally, the calculated qe value for the Pseudo-
second order (0.0658 mg/g) was found to be closer to the experimental g, value (0.0661 mg/g) as compared to the pseudo-first order
model (0.0620 mg/g). Although both Pseudo first order and Pseudo-second order exhibited good correlation with experimental data.
The fitness of Pseudo-second order model was further attested to the smaller value of SSE (9.0E-8) and x2 (1.3E-6). It is worth nothing
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Table 7

Cd(II) ions ionic property.
Property cddn
Atomic weight 112.41
Ionic radii (A°) 0.95
Molecular weight 769.52
Hydrated radii (A®) 4.260
Electronegativity 1.69
Coordination number 6 and 4

Source [61].

that both physisorption and chemisorption could be occurring simultaneously on the surface of the adsorbent as a layer of molecules
may be physically adsorbed on top of an underlying chemisorbed layer [62,63]. The decrease in the rate constant (K») attest to the fact
that at lower concentration the Cd(II) ion attain equilibrium faster [64].

3.9. Adsorption thermodynamics study

The adsorption thermodynamics study for the adsorption of Cd(II) onto AMKC and results obtained were depicted in Table 10. The
entropy (AS°) and enthalpy (AH®) values were determined by analyzing the slope and intercept of the linear graph generated by
plotting log % against +. The negative AG® values obtained for the metal ion onto the sorbent showed that the adsorption process is
feasible and spontaneous. The positive value of AH® indicate that the adsorption process was endothermic. The positive AS® value
implies increase in the degree of freedom at the adsorbate-adsorbent interface during the adsorption process [21]. Also the activation
energy Ea was calculated using equation (15), based on the obtained Ea value of 7.439 kJ/mol, it can be inferred that the adsorption of
Cd(II) was primarily due to physical adsorption (physisorption).
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Table 9

Fig. 10.

Heliyon 9 (2023) 18634

Table 8
Isotherm parameter constant and coefficients cor-
relation for adsorption onto Cd(II).

Isotherm Value
Langmuir
Qmax (Mg/g) 388.80
Ky, (L/g) 0.024
R? 0.988
2 4.9E-5
SSE 2.2E-5
Freundlich
Kg(mg/g) (L/g) 0.0386
1/n 0.146
R? 0.997
2 2.02E-7
SSE 8.6E-6
Temkin
Kr (L/g) 123.68
B (J/mol) 263.64
R? 0.737
2 0.0540
SSE 2.11E-4
0.02
0.018 /,.ﬁ__i___________.'
0.016 2
0.014
= 0.012 &  Experimental
g 0.01 el Langmiur
© 0.008 = 4= «Freundlich
0.006 — =¢(—-Temkin
o004
0.002
0
0.005 0.01 0.015 0.02 0.025

Ce(mg/L)

Predicted curve fits for equilibrium isotherm for Cd(II) adsorption on AMKC.

Kinetic models for adsorption of Cd(II) ion onto AMKC.

Kinetic model Equation Parameter Adsorbate (Cd(I)
Pseudo-first order G = qe(1 — ehat) Qe,cal (ME/g) 0.0621
Qe,exp (Mg/8) 0.0661
K; (min~1) 0.0464
SSE 1.68E-5
R? 0.9850
2 2.7E-4
Pseudo-second order qe2Kot Qe,cal (Mg/g) 0.0658
& =T Kyt
Qe exp 0.0661
K, (g/mg min) 0.00603
SSE 9.0E-8
R? 0.9991
2 1.3E-6
Intraparticle diffusion q = kat®S + C Kiq (mg/gmin'/?) 0.00608
C 0.0112
SSE 1.64E-2
2 4.2E-5
R? 0.92618

3.10. Desorption study

In terms of broad utilization, the recyclable and stability of AMKC is important. The desorption efficiency results depicted in
Table 11 revealed the number of metal ions removed. The modified adsorbent decreased slightly after the first and second cycles,
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Fig. 11. Predicted curve fits for kinetics of Cd(II) adsorption onto AMKC.

Table 10
Thermodynamic parameters for adsorption of Cd(II) ion onto AMKC.
Adsorbate Temp (°K) AH°(kJmol 1) AS°(KJmol K1) AG® (kJmol 1)
Cd(n 298 26.5324 0.093009 —1.18413
303 —1.64917
308 —2.11422
313 —2.57926
318 —3.04432
Table 11

Desorption efficiency of Cd(II) ion after 3 cycles.

Desorption efficiency (%)

Adsorbent Adsorbate Cycle 1 Cycle 2 Cycle 3
AMKC cdn 98.73 86.41 65.39

respectively. The reduction is attributed to the repetition of the desorption process which also decreased the adsorption capacity [7,
65].

Table 12 presents a comparison of the adsorption capacities of various clay materials for Cd(II) ion. The Langmuir adsorption
capacity of AMKC is also compared to previous studies reported in the literature. The results demonstrate that AMKC exhibit a high
adsorption capacity, indicating its effectiveness and appropriateness for the removal of heavy metals from wastewater.

4. Conclusions

The adsorptive removal of Cd>" ions from textile industry wastewater was investigated using pristine and acid-modified clay. When
the clay was activated with HCI acid, its physicochemical and structural properties improved significantly, allowing AMKC to adsorb
more Cd?™ ions than PKC. The percentages of Cd?* ions adsorbed by the AMKC and PKC was 99.19% and 77.82%, respectively, under
optimum conditions (temperature = 45.3 °C, adsorbent dosage = 0.63 g/L, contact time = 120.9 min). Freundlich isotherm was found
to be the most suitable model for describing the adsorption isotherm, with the highest R? value of 0.997 and the lowest y2 and SSE
values of 2.02E-7 and 8.6E-6 respectively. The result obtained from kinetic model showed that the adsorption process follows Pseudo-
second order. Investigation on thermodynamics behaviour showed that the process was spontaneous and endothermic in nature. The
adsorption mechanism of Cd(II) ion was shown to be primarily dominated by physisorption. Maximum desorption efficiency was

Table 12
Comparison of Cd(II) ion maximum adsorption capacity using different clays and other materials.
Metal ion Adsorbent Maximum adsorption capacity Qmax (mg/g) Reference
Cd(In) Ball clay 27.27 [16]
Commercial (AC) 31.9 [66]
Pure smectite 3.87 [67]
Waste eggshell 23.4 [37]
Recycled ligno-cellulose 51.28 [68]
Cork biomass 14.77 [69]
Luffa cylidrica 7.29 [70]
Bone meal apatite 116.16 [13]
AMKC 388.80 Present Study
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recorded at 98.73% which create an avenue for reuse of adsorbent. From the various analysis conducted this suggests that modifying
kaolinite clay with mineral acid may be a better option than unmodified clay for Cd*" ion adsorption from contaminated water.
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