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ARTICLE INFO ABSTRACT
Keywords: This paper reports adsorption studies of Pb(II) ions onto Bentonite-Chitosan (Bt-Ch) composites or beads when
I-optimal design using an I-optimal design experiment approach. Three adsorption factors (pH, adsorbent dosage, and initial

Pb(1) adsorption

concentration) were optimised whilst simultaneously investigating multiple adsorbents. The Bt-Ch composites
Bentonite-chitosan composites

and beads (type A and B) adsorbents were made using weight ratios 90%,/10% and differed characteristically due
to their preparation methods of solution blending and precipitation, respectively. A batch procedure was used for
adsorption experiments, and the amounts of Pb(II) ions (adsorbed onto Bt-Ch composites/beads) were analysed
using inductively coupled plasma optical emission spectrometry (ICP-OES). Adsorption experimental parameters
were analysed and optimised by using a response surface method (I-optimal design) generated from Design-
Expert® 13.0 software. The main achievements of this study were to intensify the understanding and application
of I-optimal experimental designs, which allow simultaneous determination of adsorption capacities and effi-
ciencies across multiple adsorbents in an economical manner. A reduced quadratic model provided the best fit for
the experimental data and exhibited minimal deviation between predicted and experimental values. This was
evidenced by the very small covariance (CV) values of 1.81% and 1.33% observed for adsorption capacity and
adsorption efficiency, respectively, also suggesting high reproducibility. It was observed that the adsorption
factors studied (pH, adsorbent dose, and initial concentration) have a more pronounced effect on the adsorption
capacity (F-value = 714.37) compared to adsorption efficiency (F-value = 140.62). Adsorbent dosage was found
to have the greatest effect on adsorption capacity, while the initial pH of Pb(II) solution had the greatest effect on
adsorption efficiency. Under optimal conditions, the adsorption capacities of beads-A (73.2 mg/g) and beads-B
(77.6 mg/g) were found to be higher than that of the corresponding composite (51.7 mg/g). Whilst the optimum
adsorption efficiency values for all three adsorbents were ~100% (with ranges of pH 2-5, initial concentrations
50-200 mg/L, and adsorbent dosage 0.05-0.5 mg). The desirability indexes for the optimised conditions for these
respective responses (and each adsorbent) were found to be within the ranges of 0.892-0.974 and 0.945-0.967
for adsorption capacity and adsorption efficiency, respectively. These high desirability index values for both
responses indicate that the optimised conditions lead to very good performance for both measures. The infor-
mation obtained in this study provides detailed understanding of the adsorption phenomena of the adsorbents
studied. It gives confidence in the use of I-optimal designs to be applied as a chemometric tool for the specific
adsorbents studied herein and others.

1. Introduction battery recycling plants, metal mining, and electronic assembly plants;
its cumulative effect can result in brain damage, dysfunction of the

The contamination of water by toxic metals, like lead (Pb), exceeding kidneys, liver and central nervous system in humans (El Kaim Billah
permissible limits is an issue of great concern to the public and health et al., 2024; El KaimBillah et al., 2021; Fu and Wang, 2011; Hassan et al.,
implications. The major source of Pb contamination in water (and other 2015; Liu et al., 2016a,b; Majdoubi et al., 2023; Ngah and Fatinathan,
environmental media) can be traced to the effluents emanating from 2009; Nuhu et al., 2014; Sallau et al., 2014; Sharma and Lee, 2013).
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Adsorption with the combined use of functional composites (made from
chitosan biopolymers and bentonite clays) seems to be a promising
technique for removal of toxic metals (e.g., Pb) from water (Hao et al.,
2018; Jacob et al., 2018; Lata and Samadder, 2016; Liu et al., 2016a,b;
Nonkumwong et al., 2016; Wang et al., 2016; Yang et al., 2020). The
combination of the biopolymer chitosan with other materials (such as
clay) has been reported to improve its chemical and mechanical stabil-
ity, which in turn also enhances its adsorption capacity. The presence of
amine (-NHy) and hydroxyl (-OH) functional groups in the chitosan
structure contributes to both polyelectrolyte and chelating properties
(Bambaeero and Bazargan-Lari, 2021; Majiya et al., 2019; Majiya, 2017;
Pillai et al., 2009; Pooladi and Bazargan-Lari, 2020). Modifications with
chitosan performed to date to improve their sorption properties include
the incorporation of other sorptive materials, such as clays (Liu et al.,
2015; Lourdes Dalida et al., 2011; Rusmin et al., 2015), hydroxyapatite
(Bambaeero and Bazargan-Lari, 2021; Pooladi and Bazargan-Lari, 2020,
2023), tripolyphosphate (Ngah and Fatinathan, 2009), polyvinyl chlo-
ride (Popuri et al., 2008), and fluorapatite (El KaimBillah et al., 2021)

Adsorption can be extremely complicated and is characterised by
various parameters (or termed factors), which have significant influence
on adsorbents effectiveness and efficiency (Aydin and Aksoy, 2009).
These parameters are critical to a successful adsorbent and therefore
finding the optimum values of the operating parameters (conditions) to
get the optimum pollutant removal efficiency becomes crucial (Anupam
et al.,, 2011). Thus, process optimisation becomes a vital activity to
determine the values of the design parameters (e.g. pH, pollutant con-
centrations, adsorption time) at which the responses (e.g. maximum
adsorption) reach their optimum levels (Anupam et al., 2011; Aydin and
Aksoy, 2009).

The traditional and current strategy of conducting experimental
work is typically recognised by analysing the change in one factor at a
time, in this approach one factor is varied while the other factors are
maintained constant (Maleki and Karimi-Jashni, 2020). When studying
multiple factors, this approach involves a large number of experiments
and leads to an unnecessary waste of resources (e.g. time and chemical
reagents). In addition, the effect of one factor might be dependent on the
level of other factors, i.e., a factor interaction effect. The use of a one
variable at a time approach may therefore often miss important con-
clusions about the effect of one experimental factor when the level of
another factor is changed. In essence, the process optimisation becomes
inefficient and there is difficulty in finding the true optimum with a
reasonable number of experiments and time (Maleki and Karimi-Jashni,
2020; Montgomery, 2013; Morgan, 1991).

To overcome the limitations discussed above, statistical design of
experiments (DoE) can be utilised. Response Surface Methodology
(RSM) is one technique used to investigate optimal conditions and
combined interaction effects of significant factors for adsorption (and
other similar processes). In RSM the values (levels) of each factor are
varied in each experiment following a systematic experimental plan.
Then an empirical model is fitted to the multivariate experimental data,
which is used to obtain a better understanding of the system studied.
This has the advantage of evaluating relatively large numbers of factors
in a smaller number of experiments and essentially offers better detec-
tion and more precise evaluation of factor interactions and process
optimisation (Ben-Khalifa et al., 2019; Glyk et al., 2015; Goupy Jacques,
1993; Landdaburu-Aguirre, 2012; Montgomery, 2013; Morgan, 1991;
Morgan et al., 1989). A good experimental design is essential for any
optimisation process. Classical RSM designs, such as Central Composite
design (CCD) and Box-Behnken design (BBD), can be challenging to map
onto experimental scenarios and require a large number of experimental
runs for multiple adsorbent samples. Some DoE studies have been
published regarding optimising the absorption process to remove heavy
metal ions (or other pollutants) from aqueous solutions, and the
response surface methods employed to date include CCD (Ahmad and
Hasan, 2016; Anfar et al., 2017; Ayushi et al., 2017; Gusain et al., 2014;
Yus Azila et al., 2008; Zbair et al., 2019) and BBD (Ahmadi et al., 2014;
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Rahimi et al., 2015).

To address these challenges, an optimal design (a type of RSM) was
used instead. Optimal designs are more flexible and require fewer
experimental runs, making them less time-consuming to perform,
especially when testing multiple, different adsorbent samples (Goos
Peter, 2011; Jensen, 2018; Montgomery, 2013). Two of the commonly
used criteria (in optimal design) are the D-criterion and I-criterion. Both
of these criteria have distinct characteristics; the D-criterion deals with
the variation of factor impacts, while the I-criterion is concerned with
the accuracy of predictions (Goos Peter, 2011; Mancenido et al., 2019;
Smucker et al., 2018). This implies that I-optimal designs are advanta-
geous for response surface methods when concerned with more accurate
predictions as they result in reduced average variance for predictions
over the experimental range (as used herein).

While previous studies have employed classical designs of response
surface methodology (RSM) for adsorption optimisation, they have al-
ways focused on using only one adsorbent at a time. This study in-
troduces and investigates I-optimal design for the optimisation of
adsorption parameters with multiple adsorbents simultaneously. This
involved the impact of the adsorption factors including pH, adsorbent
dosage, and initial concentration on the removal of Pb(II) ions by
various novel adsorbents (Bt-Ch composites or beads). The I-optimal
experimental designs were generated from Design-Expert® 13.0 soft-
ware to study the effects of the aforementioned adsorption factors and
optimise the removal of Pb(Il) ions from aqueous solutions. The opti-
mum conditions were estimated by a numerical optimisation tool and
were adjusted by changing the significance of each response involved.
The use of I-optimal design could offer several advantages, including
fewer experimental runs, improved prediction accuracy, and serve as a
model for future adsorption studies.

2. Materials and methods

Lead (II) nitrate (>99.95%), sodium hydroxide (reagent grade, 97%,
pellets), and the stock standard solution of Pb(II) for inductively coupled
plasma-optical emission spectrometry (ICP-OES), were all obtained from
Merck, UK, while nitric acid (HNO3 69% w/v; specific gravity = 1.41)
was obtained from Fisher Scientific, UK. Both nitric acid and sodium
hydroxide were used to prepare aqueous acidic and basic solutions,
respectively. All preparations were made using deionised water.

2.1. Adsorbent

The three different adsorbent samples tested for Pb(II) removal were
Bt-Ch composites, beads-A and beads-B, and labelled as X, Y and Z,
respectively. As described in a previous study (Majiya, 2022; Majiya
et al., 2023), Bt-Ch composites and beads were prepared by combining
bentonite clay and chitosan biopolymer through solution blending and
precipitation methods, respectively. These materials were produced by
changing the starting compositions in the weight ratios of 90/10, 70/30,
and 50/50. The beads were further subdivided into beads-A and
beads-B, which were formed by adding bentonite suspension or
bentonite powder, respectively, to the solubilised chitosan solution. The
detail descriptions of the preparation procedures are shown in the
Supplementary section (Table S1). The characterisation of these adsor-
bents has previously been reported in detail (Majiya, 2022; Majiya et al.,
2023). In this study, the three adsorbent samples selected for adsorption
tests were of weight ratio 90/10 because after preparation they all
contained similar amounts of chitosan. This therefore allowed the design
experiments to focus on assessing the effects of different preparation
procedures of the adsorbents. For example, results showed that chitosan
was intercalated within the interlayer space of the bentonite for Bt-Ch
composites and Bt-Ch beads-A, but less intercalation of chitosan was
observed for Bt-Ch beads-B.
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2.2. Adsorbate solution preparation

The stock solution (1000 mg/L) of Pb(II) ions was prepared by dis-
solving 1.599 g of lead (II) nitrate in ultrapure deionised water and
preserved with 10 ml of aqueous 5% w/v HNOg solution as described in
a previous study (Majiya et al., 2023). This concentration was chosen
because it allowed accurate weighing and minimal dilution re-
quirements to obtain the concentrations for calibration standards and
working solutions. Aqueous working solutions were prepared daily from
the stock solution by serial dilution.

2.3. Batch adsorption experiments

In this study, batch adsorption experiments were used to assess the
adsorption capacity and efficiency of Bt-Ch composites/beads towards
Pb(Il) ions. The adsorption experiments were designed based on I-
optimal designs, as shown in the Supplementary section (Table S2).

The pH of the Pb(II) solution requires careful consideration in this
study. At pH > 7 the predominant species of Pb(II) ions are Pb(OH) ", Pb
(OH),, and Pb(OH)3, these have tendency to precipitate and so could
therefore lead to erroneous conclusions (Yang et al., 2010). Even at pH
6, a partial precipitation of Pb(II) solution was observed at the highest
Pb(II) concentration (250 mg/L) investigated. To ensure that Pb(II) ions
were removed only by adsorption processes without the effect of pre-
cipitation, the adsorption experiments were carried out within the range
of pH 2-5. Adsorption experiments were conducted in cleaned and
sterilised Nalgene centrifuge plastic tubes (50 mL capacity). The
centrifuge plastic bottles together with their contents were agitated for
specified times using a Gyrotory Water Bath shaker (Model G76D; New
Brunswick Scientific, Edison. N.J. U.S.A). After that, the mixtures were
centrifuged (using a Sorvall RC6 Superspeed Centrifuge) at 3000 rpm for
5 min and the supernatant collected, and stored in cleaned and sterilised
Fisherbrand PP centrifuge tubes (15 mL capacity) appropriately labelled
for analysis of Pb(Il) ions. The quantitative measurement of Pb(II) ions
was carried out by ICP-OES (Agilent 5110 ICP-OES) using wavelength
220.353 nm, axial viewing mode, and linear weighted calibration fit as
measurement conditions. Standard solutions of 10, 20, 50, 100, 200, and
300 mg/L Pb(Il) were used for the calibration curve of the Pb(II)
measurements.

The amounts of Pb(II) ions per unit mass of adsorbent and percent-
ages of adsorption performance (%) were calculated using Equations 1
and 2, respectively.

G —Ct
=———X

de M v (€Y

G —Cs

% Adsorption = x 100 ()]

i

Where q. (mg Pb(II) ions g~ ! adsorbent) is the adsorption capacity, and
C; and C¢ (mg L~1) are initial and final concentrations of the Pb(II) ions
before and after the adsorption experiment, respectively. V (L) is the
volume of solutions and M (g) is the mass of the adsorbent.

2.4. Response surface methodology

2.4.1. Optimisation stage

An adsorption study using screening designs (two-level fractional
factorial) was performed to examine six potential factors namely, pH,
initial concentration, agitation rate, temperature, adsorbent dosage, and
agitation time for their significance. The detailed description of the
screening experiment is discussed elsewhere (Majiya, 2022) yet the re-
sults are presented in the Supplementary section (Fig. S1). The screening
experiment identified only three variables (pH, initial concentration,
and adsorbent dosage) to have a significant effect. Therefore, one
categoric factor (adsorbent type) and three numeric factors (pH, initial
concentration, and adsorbent dosage) were incorporated into the
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response surface experiment (Table 1).

2.4.2. I-optimal experimental design

Using Design-Expert® software (Design-Expert® software, version
13.0), an I-optimal experimental design was constructed, consisting of
28 experimental runs with five replicates. This design is detailed in the
Supplementary section (Table S2). Each factor level combination was in
a randomised order. A sequential model fitting process was then per-
formed using three different tests (sequential model sum of squares, lack
of fit tests, and model summary statistics) to evaluate the competency of
the models. The results from this showed the best fit to be a second-order
polynomial model, which has main effects, two-factor interactions, and
quadratic terms. The quadratic terms capture the curvature in the
relationship between the response (adsorption capacity or efficiency)
and the experimental variables. In summary, the equation model was
defined as:

Y=a+aA +bB+cC+dD + abAB + acAC + adAD + beBC + bdBD
+¢dCD + aaA? + bbB? + ccC?

where Y (e.g., Pb-adsorption capacity, mg/g or efficiency, %) is the
measured response associated with every variable level combination, o
is the intercept (mean value), A, B, C and D are the main factors (A = pH
of Pb(II) ion solution; B = adsorbent dosage; C = initial concentration of
Pb(II) ion solution; D = adsorbent type). AB, AC, AD, BC, BD, and CD are
the two-factor (binary) interactions; A2, B2 and C? are the quadratic
numerical (quantitative) factors; and a, b, c, d or ab, ac, ad, bc, bd, cd or
aa, bb and cc are the coefficients of the main factors, interaction factors,
and quadratic numerical factors, respectively.

Analysis of variance (ANOVA) was also carried out to assess and
check the significance (by p- and F-values) and adequacy (lack-of-fit test
and correlation coefficients) of the quadratic model. Through this pro-
cess the non-significant terms in the quadratic model can be removed
and thus improve predictions. Perturbation plots were used to visualise
the effect of each significant quantitative factor on Pb adsorption by Bt-
Ch composites and beads. 3D surface plots and 2D contour plots were
used to visualise the interactive influence of the significant factors on
adsorption by Bt-Ch composites and beads.

2.5. Optimisation and desirability function of adsorption parameters

Generally, optimum adsorption conditions are determined by a nu-
merical optimisation method and one of the popular strategies is to use
the simultaneous optimisation technique, which was put forward by
Derringer and Suich (1980) (Montgomery, 2013; Myers et al., 2016).
This method adopts an objective function D, often referred to as the
desirability function, which transforms calculated response into a free
scale value (d;) called desirability (Myers et al., 2016). The desirability

Table 1
Factors and their levels investigated during the optimisation stage of the batch
adsorption experiments of Pb (II) ions onto Bt-Ch composites/beads.

Levels Numeric continuous factors Categoric

nominal factor

A-pH B-Adsorbent C-Initial D-Adsorbent
dosage (g) concentration (mg/ type
L)
Low (—1) 2 0.05 50 Bt-Ch
composites (X)

Centre varied  varied varied Bt-Ch beads-A

point )

©
High (+1) 5 0.50 250 Bt-Ch beads-B

2

Note: The centre points (0) for each continuous factor may be slightly different
due to the algorithms of the Optimal-I designs.
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ranges from zero to one (i.e., least to most desirable, respectively). The
factor settings with best total desirability are the optimal conditions. The
simultaneous objective function is a geometric mean of all transformed
responses, which is given as;

D=(d xdyxds......dy)n (4)

where D is the desirability function, dj, do, d3 and d,, are the desirability
ranges for each response, and n is the number of responses in the
measurement.

3. Results
3.1. Surface response approach: I-optimal design

I-optimal experimental design was used to optimise conditions for
the adsorption of Pb(II) ions on Bt-Ch composite and bead samples. The
experimental design investigated the respective (and combined) effects
of pH, initial concentration, and adsorbent dosage on the adsorption of
Pb(II) ions by Bt-Ch composites/beads. The adsorption capacity (mg/g)
and efficiency (%) were evaluated as a function of these three inde-
pendent factors. The results of the 28 experimental runs, along with
their corresponding experimental and predicted responses (adsorption
capacity and adsorption efficiency) are presented in the Supplementary
section (Table S2).

Sequential model fitting was used to assess the credibility and reli-
ability of various models, including linear, 2-factor interaction,
quadratic, and cubic. Three different fittings were employed: sequential
model sum of squares, lack of fit tests, and model summary statistics.
The results of these fittings for both responses (adsorption capacity and
adsorption efficiency) are presented in Tables S3 and S4, respectively.
The sequential model sum of squares approach generally suggests the
best model as being that with the highest F-value and lowest p-value. For
the lack of fit tests, the suggested model should have the lowest F-value
and highest p-value to ensure statistical insignificance. Whilst with
model summary statistics, the suggested model is based on the lowest
standard deviation and highest correlation coefficients (RZ, Rgdjusted, and
Rgredicted). Based on these criteria, the quadratic model was found to
provide the best fit for both responses.

3.2. Analysis of variance (ANOVA)

After the model was chosen, analysis of variance (ANOVA) was used
to evaluate the model’s overall performance and the significance of in-
dividual terms (main, interactive, and quadratic effects). Summaries of
the ANOVA results for the adsorption capacity and adsorption efficiency
of Pb (II) ions by Bt-Ch composites/beads with respect to the full and
reduced quadratic models are presented in the Supplementary section
(Tables S5-S8). The ANOVA tables show the F-values, p-values, and
degrees of freedom (df) for the overall model (top row), each factor (next
four rows), and the interactions (following eight rows). The F-value is a
measure of the amount of variation between the factors and the
response. The p-value is a probability value that indicates the signifi-
cance of the difference between the effects of the factors on the response.
A p-value of less than 0.05 indicates that the difference is statistically
significant (Ahmad and Hasan, 2016; Montgomery, 2013). The ANOVA
table also includes several other statistics that can be used to interpret
the results of the analysis. These statistics include the mean square error,
adjusted R-squared, and predicted R-squared.

3.2.1. Full quadratic models

The full quadratic model is assessed when non-significant terms (as
indicated by the ANOVA) have not yet been removed from the model.
The ANOVA tables for the full quadratic model of adsorption capacity
and adsorption efficiency are presented in Tables S5 and S7 of the
Supplementary section. The full-quadratic models were deemed
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significant for both adsorption capacity and adsorption efficiency with
F-values of 658.45 and 120.97, respectively. Pb-adsorption capacity
(Table S5) was affected linearly by pH (A), adsorbent dosage (B), initial
concentration (C), and adsorbent type (D). Binary interactions were
observed between; pH-adsorbent dosage (AB), pH-adsorbent type (AD),
adsorbent dosage-initial concentration (BC), and adsorbent dosage-
adsorbent type (BD). Significant quadratic effects were also noted with
the pH (AZ), adsorbent dosage (BZ), and initial concentration (C%). For
adsorption efficiency (Table S7) linear effects were also observed with
pH (A), adsorbent dosage (B), and initial concentration (C), but not
adsorbent type (D). Binary interaction effects were the same as for
adsorption capacity, but with the addition of CD, only two quadratic
effects (A2 and B%) were found to be significant (not c2.

3.2.2. Reduced quadratic models

The model reduction was performed where appropriate by deleting
or reducing non-significant terms to improve the proposed model
(Design-Expert® software, version 13.0). The ANOVA tables for the
reduced quadratic model of adsorption capacity and adsorption effi-
ciency are presented in Tables S6 and S8 of the Supplementary section.
As shown the importance of the terms in the quadratic models varied,
and their significance was assessed through F-value and p-values. If the
p-values were greater than 0.10 then the model terms were deemed not
significant and so were removed from the model. For adsorption ca-
pacity, the binary interactive term AC (P-value = 0.40 > 0.10; Table S5)
was ruled out, and the model F-value improved to 714.37 from 658.45
(Tables S6 and S5, respectively). For adsorption efficiency, AC (P-value
=0.92 > 0.10; Table S7) and C? (p-value = 0.23 > 0.10; Table S7) were
removed, and the model F-value increased to 140.62 from 120.97
(Tables S8 and S7, respectively). Although the p-value for factor-D
(adsorbent type) was slightly greater than 0.10 (P-value of factor-D =
0.19; Tables S7 and S8) it was not deleted from the model because it is an
important categorical factor, which supports the hierarchy of other
significant terms such as AD, BD, and CD.

The adequacies of these reduced models were also checked with lack-
of-fit tests (Tables S6 and S8, for adsorption capacity and adsorption
efficiency, respectively). The non-significant lack-of-fit values for
adsorption capacity (F = 0.4012; P = 0.8515) and adsorption efficiency
(F = 0.771; P = 0.6368) suggest that both models are adequate to
explain data within the experimental design, since the p-values were
greater than 0.05 (Yus Azila et al., 2008).

Another assessment of the adequacy of these modified quadratic
models are the correlation coefficients R?, Rgdjusted and Rgredicted, these
are presented in Tables S6 and S8, for adsorption capacity and adsorp-
tion efficiency, respectively. When a repressor variable is eliminated (i.
e. a variable that increases the predictive validity of another variable) in
statistical modelling, the coefficient of determination decreases, and a
high R? value does not necessarily confirm a good regression model.
Therefore, Rgdj is preferred in evaluating the regression model fit as it
does not necessarily increase with additional variables (Rahimi et al.,
2015). The current study revealed a high dependence and correlation
between the observed and predicted values of the responses (i.e.,
adsorption capacity or adsorption efficiency) with a high R? value of
0.99. The Rgdj values (0.99 for both adsorption capacity and adsorption
efficiency) indicated that the independent variables explained approxi-
mately 99% of the total variation in Pb removal (uptake and efficiency),
while only 1% of the variation could not be accounted for by the model.
Also, the predicted R? (0.99 and 0.95; for adsorption capacity and
adsorption efficiency, respectively) were in reasonable agreement with
adjusted R% (0.99 for both adsorption capacity and adsorption
efficiency).

The coefficient of variance (CV) is expressed as a percentage and
represents the ratio of the standard error of estimate to the mean value of
the observed response. When it does not exceed 10%, it is considered to
be reproducible (Yus Azila et al., 2008). In this study, the small values of
CV (1.81% and 1.33%; for adsorption capacity and adsorption
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efficiency, respectively) implies that deviation between the predicted
and experimental data values were minimal and highly reproducible.
Adequate precision measures the signal-to-noise ratio, and a ratio
greater than 4 is desirable (Design-Expert® software, version 13.0). For
these models, the ratio value was found to be 104.77 and 43.03 for
adsorption capacity and adsorption efficiency, respectively, which in-
dicates an adequate signal for Pb adsorption.

The mathematical relationships between these three studied inde-
pendent factors (i.e., pH, initial concentration, and adsorbent dose) and
the responses (i.e., adsorption capacity and adsorption efficiency) were
also provided by Design-Expert® 13.0 software. The quadratic equations
in terms of actual factors (with regards to respective adsorbents) which
describes the various parameters regarding the Pb (II) adsorption onto
Bt-Ch composites are all shown in Equation (5) (adsorption capacity)
and 6 (adsorption efficiency). The equations for other adsorbents (beads
A and beads B) are presented in the Supplementary section (see Equa-
tions S1- S4). The actual values are the experimental or measured values
of the adsorption capacity and adsorption efficiency obtained for Bt-Ch
composites/beads, and were determined experimentally using Equa-
tions (1) and (2), respectively, while, predicted values were generated
by using Equation (5) (adsorption capacity) and 6 (adsorption
efficiency).

Log,,(Adsorption capacity)X =0.0776 + 0.4689A — 2.7332B
+0.00648C — 0.1562AB + 0.0037BC — 0.05204A% + 2.5178B>
—0.0002C? 5)

Log,,(Adsorption efficiency)X = 0.6258 + 0.5250A + 2.3522B
—0.0012C — 0.2015AB + 0.0034BC — 0.0557A” — 2.4599B> (6)

Although the equations generated by the response surface designs
may not accurately predict the actual value when computing factor
values due to noise, model limitations, or complexity, they still reveal
essential information about the influence of each factor (Goos Peter,
2011). In the above equations, the coefficient values represent strength,
and positive or negative signs signify the nature and influence of
respective terms on the response. A positive effect for a factor means that
the response is improved by increasing the factor level. A negative effect
indicates that an increase in the factor level has an inhibitory effect on
the response (Bajpai et al., 2012; Maleki and Karimi-Jashni, 2020; Sar-
kar and Majumdar, 2011). As can be seen from Equation (5), the Pb
adsorption capacity (mg/g) increases with pH (A) and initial concen-
tration (C) but decreases with adsorbent dosage (B) (this is also noted in
the coefficient estimate of A, B, and C in Table S6). For Pb adsorption
efficiency (%) pH (A) and adsorbent dosage (B) increases but initial
concentration (C) decreases when increasing the factor level (also see
the coefficient estimates of A, B, and C in Table S8).

3.3. Diagnostic analysis of fitted reduced quadratic model

To check the adequacy of the selected model for the appropriate
approximation of the real data, diagnostic plots provided by Design-
Expert 13.0 software, such as a normal probability plot of residuals
can be used (Maleki and Karimi-Jashni, 2020). Figure S2 (a) and (b) in
the Supplementary section depict the normal probability plot of the
residuals (predicted value from model minus actual value) for both
adsorption capacity and adsorption efficiency, respectively. These plots
are used to check the normality of the data. As seen from these plots, the
data points lie near a diagonal straight line without little deviation.
Furthermore, residuals are used in model analysis to compute error by
examining the disparity between predicted values and experimental
data. Independent plots can be used to verify residual plots against the
analyses (runs) of the experiments. The evaluation of model adequacy
heavily relies on residuals obtained from the experimental design.
Figure S3 (a) and (b) in the Supplementary section depict the
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comparative analysis of the predicted and experimental values for both
adsorption capacity and adsorption efficiency based on the developed
model. The percentage errors between the actual and predicted values
ranged from —2.99% to +3.18% for adsorption capacity and —5.00% to
+3.12% for adsorption efficiency.

3.4. Perturbation plot and the effects of the main factors on Pb adsorption

Perturbation plots can be utilised to visualise the effect of quantita-
tive factors (pH, adsorbent does and initial concentration) on analysed
responses (adsorption capacity and adsorption efficiency), they are
simplistic, but useful for assessing the impact of the various factors at a
specific location in the design space. In effect, the response is displayed
by changing a single factor while all other variables remain constant.
When the line of a factor in a perturbation plot has a steep slope or
curvature, it indicates that the response is easily influenced by that
factor. Conversely, a relatively flat line indicates that the factor has little
impact on the response. If there are multiple factors, the perturbation
plot can therefore be used to identify which factors have the greatest
effect on the response.

The perturbation plots showing the effect of each quantitative factor
on the adsorption capacity (mg/g) and adsorption efficiency (%) of Pb
(II) ions by Bt-Ch beads-A (adsorbent Y) are shown in Fig. 1(a) and (b),
respectively. The perturbation plots (concerning the same responses)
obtained for the other two adsorbent samples (i.e., composites and
beads-B designated as adsorbents X and Z, respectively) are shown in the
Supplementary section (see Fig. S4). It is observed in the perturbation
plots that the adsorption efficiency (%) exceeds 100%, which is not
theoretical possible and so these may be due experimental errors or
variations in the measurement, however, it does represent near to 100%
adsorption efficiency.

Generally, the line plots for each factor (A, B or C) are similar for
each adsorbent for either adsorption capacity or adsorption efficiency.
The most significant factor for adsorption capacity is adsorbent dosage
(B) as indicated by the sharp decreasing slope from a negative to positive
deviation from the reference point. The perturbation plots for pH (A)
and initial Pb concentration (C) exhibited almost flat curves, indicating
that changes in these factors had less impact on adsorption capacity, but
still remain crucial in affecting the adsorption process. The non-linear
line plots within the adsorption capacity data for pH, adsorbent dose,
and initial concentration were due to the influence of the quadratic
terms in their modelled equations (A%, B%and C2, respectively) as indi-
cated as significant in the ANOVA Table (Table S6).

For adsorption efficiency, line plots for both pH (A) and adsorbent
dosage (B) show steep slopes compared to initial concentration indi-
cating these are the most significant factors affecting the response of the
adsorption efficiency. The line plot for initial concentration is linear and
reflects its non-significance as a quadratic term in the modelled equation
(Table S8).

3.5. The 3D response surface and 2D contour plots analysis

To help visualise the interactive influence of the significant variables
on the adsorption of Pb(II) ions onto Bt-Ch composites/beads, 3D
response surface and 2D contour plots can be used. These plots are
graphical representations of the regression equation and show the
simultaneous interaction effect of two variables (on responses), while
maintaining the other variable constant (Ahmad and Hasan, 2016;
Ayushi et al., 2017). Examples of the 3D response surface and corre-
sponding contour plots for adsorption capacity are presented in Figs. 2
and 3, respectively, and Figs. 4 and 5 illustrate the same for adsorption
efficiency. In the context of 3D response surface plots, it is not possible to
vary all three factors simultaneously; one factor must be fixed. For
instance, when visualising the 3D response surface plot for the interac-
tion effect of pH and adsorbent dosage, a constant initial concentration
of 200 mg/L was fixed for adsorption capacity (Fig. 2a) and 150 mg/L
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Fig. 1. Perturbation plots showing the effect of each factor on the (a) adsorption capacity and (b) adsorption efficiency by Bt-Ch beads-A (adsorbent Y).
Note: these graphs were plotted and obtained from Design-Expert®13; A = pH, B = adsorbent dose, C = initial concentration.
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Fig. 2. 3D response surface plot for the interaction effect on Pb adsorption capacity; (a) pH-adsorbent dosage (at constant 200 mg/L initial conc.) and (b) adsorbent
dosage-Initial conc. (at constant pH 4.5) for Bt-Ch beads-B (adsorbent Z). Note: these 3D surface plots were plotted and obtained from the Design-Expert®13 version.

for adsorption efficiency (Fig. 4a). Similarly, for the 3D response surface
plot depicting the interaction effect of adsorbent dosage and initial
concentration, a constant pH of 4.5 was fixed for both adsorption ca-
pacity and adsorption efficiency (Fig. 2b and 4b, respectively). This al-
lows a clearer view of how the other two factors interact. As mentioned
above, the adsorption efficiency (%) should be no more than, very close
to, or identical to 100%, but the 3D surface plots (for adsorption effi-
ciency, %) did show data marginally above 100%. This could be down to
inaccuracies found in the set-up of the experimental model applied or to
any variance related to experimentation.

3.5.1. Interactive effect of pH and adsorbent dosage

As already discussed in Section 3.2.2 solution pH (A) and adsorbent
dosage (B) have an interactive effect (interaction AB, p < 0.0001) on
both the adsorption capacity (mg/g) and adsorption efficiency (%) of Pb
ions (Tables S6 and S8). It is not unexpected for pH to have an effect
since it has been widely reported that the initial pH of the adsorbate
solution plays a significant role in the adsorption process of heavy metal
ions from aqueous solution (Chen et al., 2018). In this study, the effect of
pH was examined within the range from pH 2 to 5, and at the lower
adsorbent dosages (with constant 200 mg/L initial concentration), both
the respective adsorption capacity and removal efficiency were found to
increase with increasing pH for Bt-Ch beads-B (adsorbent Z), as shown in
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Fig. 3. 2D contour plots for the interaction effect on Pb adsorption capacity; (a) pH-adsorbent dosage and (b) adsorbent dosage-Initial conc. for Bt-Ch beads-B
(adsorbent Z). Note: these 2D contour plots were plotted and obtained from the Design-Expert®13 version.
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Fig. 4. 3D response surface plot for the interaction effect on Pb adsorption efficiency (%); (a) pH-adsorbent dosage (at constant 150 mg/L initial conc.) and (b)
adsorbent dosage-Initial conc. (at constant pH 4.5) for Bt-Ch beads-B (adsorbent Z). Note: these 3D surface plots were plotted and obtained from the Design-

Expert®13 version.

the 3D response plots, Fig. 2a, 4a and 2D contour plots Fig. 3a and 5a.
Thus, the lowest loading capacity (mg/g) and removal efficiency (%) of
Pb ions was obtained at a lower pH (2) for low adsorbent doses, this is
likely due to competition from hydronium ions (H30") and protonation
of adsorbent active sites such as the silanol groups present on bentonite
and the amino groups (pKa = 6.0 to 6.5) present on the chitosan
biopolymer (Abollino et al., 2003; Wang et al., 2008). As the pH in-
creases, these active sites are largely deprotonated and thereby,
encourage more Pb ions uptake by the adsorbent (Wang et al., 2008).
There is also the movement towards lower solubility as pH increases.
At the higher adsorbent doses (0.3-0.5 g) the adsorption capacity

does not show any significant increase with pH apart from a slight non-
linear relationship (Fig. 2a and 3a), whereas the adsorption efficiency of
Pb ions only slightly increases and then decreases as pH of the solution
increases from 2 to 5 (Fig. 4a and 5a). As indicated above, the impact of
pH on Pb adsorption can vary depending on the size of the adsorbent
dosage. While buffering from the adsorbent could play a role, a previous
study indicated that, even before adsorption begins, the addition of
adsorbents (composites and beads) raises the solution pH (Majiya et al.,
2023), which logically should lead to greater Pb adsorption herein.
However, this isn’t the case. Instead, steric hindrance caused by the
close packing and formation of diffusional barriers within the adsorbent
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Fig. 5. 2D contour plots for the interaction effect on Pb adsorption efficiency (%); (a) pH-adsorbent dosage and (b) adsorbent dosage-Initial conc. for Bt-Ch beads-B
(adsorbent Z). Note: these 2D contour plots were plotted and obtained from the Design-Expert®13 version.

is a plausible alternative or contributing factor at play, which could
account for the lesser effect of pH on both Pb adsorption capacity and
efficiency at higher adsorbent dosages. The non-linear response reflects
the quadratic effect of pH (A2, as noted in Tables S6 and S8 in the
Supplementary section). This quadratic effect of pH (A?) is minimal in
comparison to the linear effect of pH (A). The other adsorbents, com-
posites and beads-A, exhibited similar trends within their 3D surface and
2D contour plots for adsorption capacity (Figs. S5 and S6) and efficiency
(Figs. S7 and S8), but differences in adsorption extents were noted. For
example, at a pH range of 4-5, Bt-Ch composite (adsorbent X) had a Pb
uptake of 40 mg/g, while both of the bead’s samples (adsorbents Y and
Z) had Pb uptakes of about 60 mg/g.

When considering change in adsorbent dosage at lower pH for all
adsorbents, the adsorption capacity shows only a slight decrease with
increase in adsorbent dose from 0.05 to 0.5 g, but a much larger change
and increase for adsorption efficiency (%). The near steady change in
adsorption capacity is because the amounts adsorbed are lower than the
maximum adsorption capacities and the capacity to adsorb is not greatly
affected. The observed higher removal efficiency with increase in
adsorbent dosage, is due to the fact that at high adsorbent dose, more
adsorbent surface and exchangeable sites for adsorption are available for
the Pb(I) ions adsorption (Radnia et al., 2012). At higher pHs, the
adsorption capacity decreases more as adsorbent dose increases while
the adsorption efficiency generally increases and plateaus as adsorbent
dose is increased. The observation that adsorption capacity decreases
more with increasing adsorbent dosage at higher pHs could again be
explained in terms of steric hindrance effects, the higher adsorbent
levels leading to closer packing and diffusional barriers within the
adsorbent. These phenomena could also result in less of a buffering ef-
fect (i.e., preventing pH increase). As for the observation that adsorption
efficiency first increases and then decreases with increasing adsorbent
dosage, this can be attributed to the interplay between multiple factors
including saturation of the adsorbent’s active sites. At low adsorbent
dosages, the adsorbent’s active sites are not fully utilised. Again, as the
adsorbent dosage continues to increase, the adsorbent particles start to
pack together more tightly, leading to the formation of diffusional bar-
riers and steric hindrance, which can counteract the increased avail-
ability of active sites.

The influence of adsorbent dosage may have a positive and negative
effect on the adsorption capacity and adsorption efficiency, respectively,
in a non-linear manner (as reflected in the B? coefficient in Tables S6 and
S8, respectively in the Supplementary section). In comparison to the
linear effect of adsorbent dosage (B), the quadratic effect of adsorbent
dosage (B%) has a lower strength (but opposing sign) for adsorption
capacity. However, for adsorption efficiency, the quadratic effect of
adsorbent dosage (B?) has a similar strength (and same sign) in com-
parison to the linear effect of adsorbent dosage (B).

3.5.2. Interactive effect of adsorbent dosage and initial concentration

The ANOVA analysis (Tables S6 and S8) also showed the adsorbent
dosage (B) and initial concentration (C) had an interactive effect
(interaction BC, p < 0.0001) on both the adsorption capacity and
adsorption efficiency of Pb ions. Fig. 2b and 4b show the respective 3D
response surface plots and Fig. 3b and 5b the 2D contour plots for the
interaction effect of adsorbent dosage and initial concentration (at
constant pH of 4.5) on Pb(II) adsorption capacity and adsorption effi-
ciency for 90%Bt-10%Ch beads-B.

When the initial concentration was low (i.e., 50 mg/L), the adsorp-
tion capacity of Pb(II) ions was only influenced a little by the adsorbent
dose, but at higher initial concentrations (i.e., 250 mg/L) the adsorption
capacity decreased a lot with increasing adsorbent dose. At low initial
concentrations, the adsorption efficiency remained high close to 100%,
but at higher initial concentrations the adsorption efficiency was lower
at lower adsorbent doses. It should be noted that the adsorption effi-
ciency does increase beyond 120%, as discussed above, which is
nonsensical and can be considered at 100%. Similar trends were
observed for all the 3D plots of other adsorbents as shown in the Sup-
plementary section (Figs. S5 and S7 for adsorption capacity and effi-
ciency, respectively). The larger changes in adsorption capacity at
higher initial concentrations can be explained by mass transfer effects, a
phenomenon in which the adsorption of most heavy metals (including
Pb) becomes an extremely concentration-dependent process (Radnia
et al., 2012). The adsorption is driven by a concentration gradient be-
tween the medium and the adsorbent material. With less adsorbent, the
phenomenon is more likely to happen due to higher competition and
thus Pb will migrate more to the adsorbent surface. The decrease in
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adsorption efficiency can be explained by relatively fewer adsorption
sites being available as adsorbent dosage decreases.

At low dosage (0.05 g) and increasing initial concentration (50-250
mg/L) the adsorption capacity increases, whilst the adsorption effi-
ciency decreases. Here again, the adsorption capacity is affected by mass
transfer effects. At the higher dosages (0.5 g), this has less of an effect
and thus why the steady adsorption capacity is observed. At higher
adsorbent doses and increasing initial concentration (Fig. 4b) maximum
adsorption efficiency is reached (percentage is close to 100% or above)
as there are more active sites for Pb adsorption (Radnia et al., 2012;
Surchi, 2011).,

Although the maximum adsorption capacities here (2D contour
plots; Fig. 3b) are only based on two factors, it is interesting to note
differences in the highest amount of adsorption capacity between the
different adsorbents, Bt-Ch beads-B achieved 60 mg/g of Pb uptake
within an initial concentration range of 200-250 mg/L (Fig. 3b), beads-
A achieved the same amount of uptake, but at a lower initial

1 M
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concentration of 200 mg/L, whilst Bt-Ch composites achieved 40 mg/g
of Pb uptake with an initial concentration range between 150 and 200
mg/L (Figs. S6d and S6e, respectively). The observed difference in Pb
uptake between beads and composites highlights the model’s ability to
discern adsorption capacity variations arising from chitosan distribu-
tion, as reported in a previous study (Majiya et al., 2023). However,
these values remain lower than the optimal capacities achievable when
considering all three factors, as detailed later. This emphasises the
importance of incorporating all significant parameters for optimising
experimental conditions.

The influence of initial concentration may have a negative effect on
the adsorption capacity in a non-linear manner (C2, check the coefficient
in Table S6 in the supplementary section). In comparison to the linear
effect of adsorbent dosage (C), the quadratic effect of adsorbent dosage
(C?) has a lower strength (but opposing sign) for adsorption capacity.
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Fig. 6. Charts showing (a) adsorption capacity as main priority response (with corresponding adsorption efficiency) and (b) adsorption efficiency as main priority
response (with corresponding adsorption capacity) obtained from optimised conditions.
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3.6. Optimisation of parameters for Pb (II) adsorption by Bt-Ch
composites/beads

To obtain the optimum values of Pb-adsorption capacity and effi-
ciency for the different adsorbents, a numerical optimisation method
was used. This method determines the optimal point that maximises the
desirable conditions related to the desirability function. The desirability
function is a multiple-response approach that calculates an objective
function that ranges from O to 1 (i.e., from undesirable to target con-
ditions). With this tool, one can combine a favourable set of conditions
to achieve optimal experimental conditions that fulfil all goals to the
highest extent possible.

The numerical optimisation approach (within the Design Expert®
13.0 software) sets the values of pH, adsorbent dosage, and initial
concentration of Pb(II) ions within their ranges, selecting each specific
adsorbent (Bt-Ch composites, beads-A, and beads-B) and thus max-
imising (optimising) the adsorption capacity and removal efficiency of
Pb(II) ions (Table S9 in Supplementary section). In this study, simulta-
neous optimisation of the multiple responses was applied, where
respective responses (i.e., adsorption capacity or adsorption efficiency)
were integrated into the process. Optimum conditions for each response
involved were estimated by the numerical optimisation tool that was
adjusted by changing the significance (importance) between each
response.

Figures S9, S10 and S11 (Supplementary section) show optimised
conditions for Bt-CH composites, beads A and beads-B, respectively,
when adsorption capacity was considered more important than ab-
sorption efficiency (importance = 5 and 1, respectively). The model
chose the lowest adsorbent dose within the range, 0.05 g, as the best for
Pb uptake by Bt-Ch composites, beads-A, and beads-B, and also selected
optimal pH values near the upper limit of the pH range of 4.5, 4.9, and
4.6, with initial Pb concentrations within the upper range of 216.8,
199.6, and 214.8 mg/L, respectively. At these conditions, the adsorption
capacities were 51.67 mg/g, 73.22 mg/g, and 77.56 mg/g, respectively
(Fig. 6a), with corresponding adsorption efficiencies of 51.41 %, 60.31
%, and 58.99 %, and desirability values of 0.89, 0.96, and 0.97. Notably,
beads-A and beads-B had higher adsorption capacities than their cor-
responding composites under optimal conditions. As a previous study
revealed, both composites and beads prepared in the weight ratio of 90/
10 contain the same amount of chitosan (Majiya, 2022; Majiya et al.,
2023). While different methods were used to prepare the composites and
beads, morphology studies revealed slight varying distributions of chi-
tosan on their surfaces. This explains the differences in optimal
adsorption capacities observed among these adsorbents. It could also be
stated that the optimal pH values, adsorbent doses, and initial concen-
trations didn’t vary much between the 3 adsorbent types and thus the
differences are due to the different adsorbent characteristics.

When the emphasis was placed more on adsorption efficiency
(importance = 5) rather than adsorption capacity (importance = 1), as
shown in Figures S12, S13 and S14, the optimal conditions chosen by the
model for Bt-Ch composites, beads-A, and beads-B were as follows: pH
levels of 4.2, 4.9, 4.4; adsorbent doses of 0.25, 0.05, 0.17 g; and initial
Pb concentrations of 236.97, 67.97, 140.90 mg/l, respectively. These
conditions achieved adsorption efficiencies of 100 % (22.49 mg/g;
desirability = 0.95), 100 % (36.30 mg/g; desirability = 0.97), and 100 %
(28.33 mg/g; desirability = 0.96), respectively (Fig. 6b). Therefore,
while the amounts of adsorbent dose and initial concentrations varied
considerably, the pH remained consistent across all tested adsorbents in
achieving optimal adsorption efficiencies of 99.9%.

It’s important to keep in mind that the estimated optimum response
values, which include the optimum adsorption capacity and efficiency,
may not be optimal in reality due to errors in the estimates and in-
adequacies of the model. The polynomial equations provided by the
model were validated by performing confirmatory adsorption experi-
ments, although only the result of the confirmatory experiment with Bt-
Ch composite (adsorbent X) is presented in Table 2. This is because the
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Table 2
Confirmation of experimental runs for analysed Optimal-I design model.
Response Target Predicted Confirmation Confidence
Mean experiment Interval
(95%)
Low  High
Pb-Adsorption Maximise  51.7 + 2.4 45.6 = 0.5 45.5 58.6
capacity (mg/
)
Pb-Adsorption Maximise = 50.2 + 2.8 56.7 £ 2.3 43.1 58.3

efficiency (%)

Adsorbent type used = Bt-Ch composites (X); pH = 4.5; adsorbent dose = 0.05 g;
Initial Pb(II) concentration = 202.9-205.0 mg/L. For confirmation experiment,
each value represents mean =+ standard deviation of three (3) different samples
(n=3).

model only recommended one confirmatory experiment, and it was to be
done with adsorbent X. In addition, under selected adsorption condi-
tions, the confirmatory experiments were also independently carried out
for the other adsorbents (Y and Z, Bt-Ch beads-A and beads-B, respec-
tively), and their results show that the experimental adsorption values (i.
e., adsorption capacity and adsorption efficiency) closely matched the
predicted values obtained using this model (see Table S10 in the Sup-
plementary section). This implies that the predicted results were within
the accuracy and precision of the design space (95% for both prediction
and confidence intervals), which provides confidence in the reproduc-
ibility and accuracy of the analysis.

4. Discussion
4.1. Model development and statistical analysis

This study demonstrates that I-optimal design can be a useful tool to
simultaneously investigate the impact of various adsorption parameters
affecting the removal of Pb(II) ions from aqueous solutions by multiple
adsorbents. The three adsorbent samples used for this study were
composed from a 90/10 ratio of bentonite to chitosan. Response surface
experiments were also conducted for respective samples composed of
70/30 and 50/50 ratios, replicating the exact approach used for the 90/
10 samples (Majiya, 2022). For each ratio, all three adsorbent types
(composites, beads-A, and beads-B) were tested together in a single
experiment. This was performed to ensure that all adsorbents were
tested under the same conditions and to avoid any potential bias that
could arise from running separate experiments (Majiya, 2022), with this
the same number of experimental runs were conducted. It is noteworthy
that a single experimental setup could have been utilised with a set of
nine adsorbents (combining 90/10, 70/30, and 50/50 ratios for com-
posites, beads-A, and beads-B). With this approach it would have
reduced the number of experimental minimising time and chemical
usage, though although not tested, it may have compromised the sta-
tistical power of the study, making it more challenging to detect sig-
nificant effects.

The data obtained from model summary statistics suggested that a
quadratic model was the most suitable (Tables S3 and S4), and ANOVA
confirmed that a reduced quadratic model, obtained by deleting or
removing non-significant terms (Design-Expert® software, version 13.0)
was the most valid to explain the data derived from the two responses
concerning the adsorption of Pb(II) ions by Bt-Ch composites or beads
(Tables S6 and S8). The reduced quadratic models developed in this
study were satisfactory for the prediction of Pb (II) ions in the system,
with an R? value of 0.99 for both adsorption capacity and adsorption
efficiency.

Having confirmed the significance of the reduced model for Pb (II)
ion removal (ANOVA Tables S6 and S8), the main effects of pH, adsor-
bent dosage, and initial concentration, as well as their quadratic terms,
were also highly significant (p < 0.0001). The observed F-value for
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adsorption capacity (714.37) was significantly higher than that for
adsorption efficiency (140.62). This indicates that the studied adsorp-
tion factors (pH, adsorbent dose, and initial concentration) have a
stronger impact on the amount of Pb adsorbed per unit mass of the
adsorbent (adsorption capacity) than on the percentage of Pb removed
from the solution (adsorption efficiency). Thus, the adsorption capacity
appears to be more sensitive to changes with respect to investigated
adsorption factors compared to adsorption efficiency. This sensitivity is
reflected in the higher F-values associated with these factors obtained
for adsorption capacity, as compared to the F-values observed for
adsorption efficiency. One possible reason for the higher F-value
observed in adsorption capacity could be the nonlinearity of the model.
Specifically, all three investigated factors (pH, adsorbent dose, and
initial concentration) have quadratic terms that are significant in the
model (A%, B2 and C2, respectively). However, for adsorption efficiency,
only two factors (pH and adsorbent dose) have quadratic terms in the
model (A2 and B?, respectively), which may contribute to the lower F-
value.

4.2. Interactions between adsorption parameters, and comparison to
previous studies

For adsorption capacity, the adsorbent dosage was the most signifi-
cant factor affecting the Pb uptake (mg/g) by Bt-Ch composites or beads.
Whereas pH was the most significant factor affecting the adsorption
efficiency of Pb ions by Bt-Ch composites or beads. There was also strong
evidence that two-factor interaction effects involving pH-adsorbent
dosage and adsorbent dosage-initial concentration existed, as the p-
values for these effects were also less than 0.0001. The implication of
this is that the effect of pH is more pronounced at lower adsorbent
dosage for both adsorption capacity and adsorption efficiency. At low
adsorbent dosages, the adsorbent particles are more likely to be
dispersed and thus have more free surface area available for Pb
adsorption. This makes them more sensitive to pH changes, as even
small changes in pH can alter the electrostatic interactions between
these adsorbents and the Pb ions. For adsorbent dosage, the effect with
respect to adsorption capacity was more affected at higher pH and
higher initial concentration. When the pH level is higher, the adsor-
bent’s ability to buffer is diminished. Consequently, the adsorbent be-
comes less efficient in maintaining stable pH levels, which in this
situation appears to impede the adsorption of Pb as the amount of
adsorbent used increases. At higher initial Pb concentrations, the
adsorbent must compete with more Pb ions relative to active sites on the
surface, which can limit the adsorption extent, and overall adsorption
capacity. However, in terms of adsorption efficiency, the effect of
adsorbent dosage was significantly noticed at both lower and higher pH
and initial concentrations. Similarly, the effect of initial concentration
was observed to be more pronounced at lower adsorbent dosage for
adsorption capacity and adsorption efficiency, respectively. Further-
more, the quadratic effects of pH, adsorbent dosage, and initial con-
centration were observed for adsorption capacity of Pb ions, yet only
quadratic effects of pH and adsorbent dosage were observed for
adsorption efficiency. These important observations about the behav-
iours of Pb(II) adsorption by Bt-Ch composites or beads cannot be easily
obtained by one-factor-at-a-time experimentations. For instance, Ngah
and Fatinathan (2010), studied the adsorption of Pb(II) using chitosan
(and chitosan derivatives beads). They investigated the effects of pH,
adsorbent dosage, and initial concentration via one-factor-at-a-time
experiments. Although they obtained a similar optimum pH range of
4.5, they could not explain in detail the interactive effects of other
factors, such as pH with adsorbent dosage, pH with initial concentration,
or adsorbent dosage with initial concentration. Rahimi et al. (2015),
studied the optimisation of Pb removal from aqueous solution using
goethite/chitosan nanocomposite using Box—-Behnken design. Similar to
this study, they found that a reduced quadratic model was the best fit for
the experimental data, and that pH was the most significant factor
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affecting the removal efficiency of Pb ions. However, they only inves-
tigated the optimisation of these factors with one adsorbent sample and
15 experimental runs were used. If three adsorbent samples were to be
used, at least 51 experimental runs would have to be generated for
optimisation study of pH, adsorbent dosage, and initial concentration.
This would be time-consuming and expensive. In another adsorption
study, Aydin and Aksoy (2009) investigated the optimisation of Cr (VI)
ions onto chitosan using a Central-Composite design. They investigated
the same three adsorption factors, pH, adsorbent dosage, and initial
concentration, but with just one adsorbent sample by carrying out 20
batch adsorption experiments. They found that all three factors were
significant for the removal efficiency (%) of Cr (VI) ions by chitosan. If
three adsorbent samples were to be used, at least 60 experimental runs
would have to be generated for optimisation studies of these factors.
This again would involve conducting many experiments, which would
be time-consuming and costly. In this study, we simultaneously inves-
tigated the optimisation of adsorption parameters (pH, adsorbent
dosage, and initial concentration) with three different (but similar)
adsorbent samples using just 28 adsorption experiments. This was more
efficient and cost-effective.

Since three different adsorbent samples were investigated simulta-
neously, one may expect that statistical diagnosis (such as ANOVA)
containing information about the studied adsorption factors would be
obtained for each adsorbent. However, this was not possible, which is a
limitation of this study. An advantage of the approach used herein are
the Perturbation, 2D contour and 3D surface plots, which help describe
and visualise how the significant factors (pH, adsorbent dosage, and
initial concentration) affect the adsorption of Pb ions with the respective
adsorbents. The trends of these behaviours among the three adsorbents
of 90/10 investigated in this study, and those of other samples composed
of 70/30 and 50/50 ratios investigated in our previous study (Majiya,
2022), remained similar, but with some slight differences. In addition,
although the model equations generated in this study (like all other
statistical models) may not perfectly predict actual values when
computing factor values due to inherent challenges like noise, model
limitations, or complexity, they still offer valuable insights into the in-
fluence of each factor.

4.3. Optimisation of adsorption parameters

In this study, the adsorption capacity and adsorption efficiency were
simultaneously optimised using a desirability function approach. When
the adsorption capacity was chosen as the main priority response, the
adsorption efficiency was considered less important. On the other hand,
when the adsorption efficiency was considered as a more important
response, the adsorption capacity was adjusted as less priority response.
Through this, the optimum values of each response together with opti-
mum conditions were achieved for each respective adsorbent. Under
optimal conditions, the adsorption capacity of beads-A (73.22 mg/g)
and beads-B (77.56 mg/g) was found to be higher than that of their
corresponding composites (51.67 mg/g). Although the optimum
adsorption capacity values were slightly higher, the trends were similar
to those observed for the maximum adsorption capacity (Qmax) values
reported in a previous study (Majiya, 2022; Majiya et al., 2023). The
slight differences in the values may be attributed to the deliberate
optimisation of experimental conditions usually obtained from the
response surface methods (e.g., I-optimal design), compared to the fixed
conditions employed during equilibrium experiments. The optimum
adsorption efficiency value of about 100% was achievable for all three
adsorbents. It’s crucial to remember that the estimated optimal response
values (i.e. optimum adsorption capacity and efficiency), might not be
truly optimal in practice due to potential errors in the estimates and
model inadequacies. The simultaneous optimisation of these two re-
sponses is key in understanding the absorption behaviour of Pb(II) ions
by Bt-Ch composites and beads. Previous literature on the adsorption of
heavy metals has mostly used single-response optimisation (Ahmad and
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Hasan, 2016; Amini et al., 2008; Anupam et al., 2011; Aydin and Aksoy,
2009; Ayushi et al., 2017; Gusain et al., 2014; Rahimi et al., 2015; Yus
Azila et al., 2008). However, it is important to consider both adsorption
capacity and adsorption efficiency when optimising experimental con-
ditions for the removal of heavy metals. The simultaneous optimisation
of these two responses is a more comprehensive approach that can lead
to better understanding of the adsorption process. For instance, when
removing heavy metals (such as Pb) from drinking water (or waste-
water) using Bt-Ch composites/beads, a higher adsorption capacity
means that these adsorbents can treat more metal-contaminated water
before needing replacement, reducing cost and environmental impact,
which remains the primary concern for large-scale water treatment.
However, adsorption efficiency might be relevant if you want to ensure
the complete removal of heavy metals even with small amounts of
adsorbents.

The desirability index values for the optimised conditions were
0.892, 0.964, and 0.974 for the Pb adsorption capacity of Bt-Ch com-
posites, beads-A, and beads-B, respectively, and the desirability index
values for the optimised conditions were 0.945, 0.967, and 0.956 for the
Pb adsorption efficiency of Bt-Ch composites, beads-A, and beads-B,
respectively. All these indexes are very close to unity (1), indicating
excellent values that satisfy the optimisation criteria (Beringhs et al.,
2015; Myers et al., 2016). Beringhs et al. (2015) found that the opti-
mised conditions for the quantification of phenolic acids in Cecropia
glaziovii products by IV-optimal design were found under a desirability
index of 0.598.

4.4. Adsorption mechanism

The data obtained in this study alone is not sufficient to provide a
clear explanation of the adsorption mechanism of Pb onto Bt-Ch com-
posites/beads. However, it did offer optimal experimental conditions for
investigating significant factors (including pH and adsorbent dosage) in
the author’s other related adsorption studies (e.g., equilibrium experi-
ments) in which the adsorption mechanism and a scheme are discussed
in more detail (Majiya et al., 2023). Considering the strong effect of pH
observed in this study it could infer a stronger Langmuir isotherm in-
fluence (Jeppu and Clement, 2012). The Langmuir model characterises
adsorption behaviour through two key parameters, the maximum
adsorption capacity (Qmax) and the Langmuir constant (KL). Regarding
Qmax, as pH increases from 2 to 5, the surface charge of Bt-Ch com-
posites/beads becomes less positive due to the deprotonation of amino
functional groups in the chitosan. This reduction in positive charge
enhances electrostatic attraction to Pb cations, leading to a higher Qmax
value. In terms of KL, these values optimised with at a high level at pH
4.5, indicating strong complexation of the Pb(II) with the amino func-
tional groups. Furthermore, it is appreciated that the adsorption mech-
anism is complicated especially since there are different adsorption sites
associated with either the chitosan or cation exchange site of the
montmorillonite within the bentonite. If considering chitosan alone and
that at pH 4.5 the amine groups would be protonated (NH3). It would be
unlikely for an electrostatic interaction to occur between NHj and
positively charged Pb?* ions in its simplest form. This therefore would
support a dominant cation exchange mechanism with the bentonite
suggested in our previous study and would be acceptable because the
driving force for the cation exchange of Pb?t with Nat within the
interlayer is the poorer solubility of the PbNO3 in water compared to
NaNOgj rather than an electrostatic interaction. Although there is no
strong evidence, the complexation with chitosan and Pb(II) could be a
possibility. Also, adsorption linked to the slightly polar ether and/or
hydroxyl groups of chitosan could not be ruled out at this low pH < 2.
Also, when chitosan and bentonite are combined in such close prox-
imity, new complexation adsorption sites could be available.

Overall, this study has shown that the use of I-optimal design can be
applied as a chemometric tool to simultaneously study the adsorption
parameters of Pb (and most likely other metal ions or with multiple
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metal ions) with multiple adsorbents. It has provided insight into how
the adsorption (adsorbent quality; Pb adsorption capacity) and effi-
ciency of the adsorption process (Pb removal %) can be approached
simultaneously in an economic way, and it has also indicated the po-
tential of using Bt-Ch composites/beads as a cost-effective adsorbent for
the removal of Pb(II) ions from both drinking and wastewater.

5. Conclusion

This study successfully employed I-optimal design to optimise sig-
nificant adsorption parameters for the removal of Pb ions from aqueous
solutions with multiple adsorbents. The study found that the reduced
quadratic model equations (generated for each response) adequately
describe the behaviour of the adsorption factors (and their interactions)
regarding the removal of Pb by Bt-Ch composites/beads. Very small
values of CV (%) were observed for both adsorption capacity and
adsorption efficiency, suggesting that deviation between the predicted
and experimental data values were minimal and highly reproducible.
Further statistical analysis revealed that the studied adsorption factors
(pH, adsorbent dose, and initial concentration) have a more pronounced
effect on the adsorption capacity compared to adsorption efficiency.
Adsorbent dosage was found to have the greatest effect on adsorption
capacity, while the initial pH of Pb(II) solution had the greatest effect on
adsorption efficiency. The results from the confirmation experiments
validated the accurate prediction of the quantity of Pb ions removed
from aqueous solutions at optimised conditions. The high desirability
indexes obtained for adsorption capacity (0.892-0.974) and adsorption
efficiency (0.945-0.967) were highly satisfactory, especially when
investigating and optimising multiple responses (and factors) by
response surface methodology. The success of the I-optimal design
adopted in this study supports the stronger and more cost-effective
methods than the typical “one-factor-at-a-time” experimental
approach and other response surface methods (e.g., CCD and BBD)
previously published in the literature.

A limitation of the study was the inability to perform individual
statistical analysis for each adsorbent due to the simultaneous investi-
gation of three different samples. As with all statistical models, care
needs to be taken as the generated equations may not perfectly predict
actual values due to inherent challenges such as noise, model limita-
tions, or complexity.

Overall, the study offers valuable insights into the influence of each
factor on Pb(II) ion adsorption and provides optimal experimental
conditions for subsequent adsorption studies (e.g., adsorption equilib-
rium). These findings can contribute to a better understanding of the
adsorption mechanism and inform the design of more efficient and cost-
effective adsorbents for heavy metal removal. In addition, these findings
can be useful for the reproduction of the optimised experimental con-
ditions in adsorption science, especially with multiple adsorbents
simultaneously. Future studies could explore the competitive adsorption
of other metal ions (and other pollutants), and this study described
herein could be useful in guiding the design of experiments, especially
when dealing with multiple factors, responses, and adsorbents.
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