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Abstract: Chromium is one of the most significant metals used in the industry. There are many
techniques for treating different types of industrial waste water that include chromium ion. In this
study, the authors successfully adsorbed the chromium ion from alkaline aqueous solutions using
different prepared types of chitosan as adsorbent materials. For the simultaneous sorption behaviour,
the adsorption potential of the produced adsorbent was investigated for Cr*® in a batch system.
Natural chitosan was extracted from shrimp shell as it contains about 8-10% chitin which is used in
the production of chitosan. The removal percentage of Cr*® reached 99% after grafting natural and
commercial chitosan at specific conditions. Several isotherm models have been used for mechanistic
studies. The results indicated that the adsorption data for commercial chitosan is well-fitted by
the Freundlich isotherm, Langmuir for commercial grafted, natural and natural grafted chitosan.
Kinetic and equilibrium studies showed that the experimental data of Cr*® were better described
by the pseudo-first-order model for commercial chitosan and fitted the pseudo-second-order model
for different types of chitosan used. Significantly, in order to scale this effective strategy on an
industrial scale, response surface methodology (RSM) was used as a modelling tool to optimise
process parameters such as ion concentrations, utilising Statistica Software.

Keywords: chromium ion; chitosan; grafted; wastewater; optimization; modeling; response
surface methodology

1. Introduction

Wastewater is a serious public health issue that stems from a variety of industrial
operations, including battery manufacturing, metal plating, cosmetics, medicines, plastics,
and textiles [1-4]. Wastewater contains a variety of toxins, both organic and inorganic,
that are harmful to humans, animals, and aquatic life [3,5]. Chromium has different
oxidation states Cr(IlI) and Cr(VI), Chromium(VI) is more hazardous than Cr(IIl) as it can
diffuse as CrO4 2 or HCrO—* through cell membranes and oxidise biological molecules [1].
Increased chromium exposure causes cancer, as well as asthma and diarrhoea. When the
concentration level is higher than 0.05 ppm, it causes liver damage, kidney issues, and
brain damage, all of which lead to physiological impairment [3,6,7]; thus, Cr(VI) has been
placed at the top of the priority list of toxic pollutants by the U.S. EPA [8].

To remove Cr(VI) at low levels from industrially polluted waste waters, various
procedures have been used, including reduction, solvent extraction, precipitation, and
reverse osmosis [6], and flotation also may be an effective method for the removal of
Cr® in waste [9]. However, the majority of these systems have significant limitations
and downsides, including low efficiency, high cost, toxic byproduct formation, operation
delay, inefficiency in targeting specific pollutants, and treatment procedure complexity [4,5].
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Therefore, new, innovative, and cost-effective approaches to removing hazardous chem-
icals from waste waters are urgently needed [5]. Due to the ease of operation control,
regeneration potentials, cost efficiency, inertness to materials, absence of sludge formation,
and variety of adsorbents, adsorption technology has been identified as one of the most
efficient and extensively used treatment methods [3,10-12].

Activated carbon, metal oxides, carbon nanotubes, polymers, agricultural wastes,
and natural and modified clays have all been successfully employed as adsorbents for the
removal of chromium from aqueous solutions [5,6].

Chitosan has good heavy metal ion adsorption characteristics, owing to the presence
of amino groups (-NH,) in the polymer matrix, which interact with metal ions in solution
through ion exchange and complexation reactions [7]. Chitosan is a linear polysaccharide
consisting of -(1-4)-linked D-glucosamine that is randomly distributed. The amine and
hydroxyl groups in chitosan are primarily used for metal ion adsorption [8]. One of the
most intriguing features of chitosan is its adaptability, since it can be easily physically
changed to produce various polymers such as beads [12], membranes [13], and sponges [14]
for various uses. Chitosan can also be chemically changed to expand its range of uses.
Several critical evaluations on the diverse applications of chitosan as an environmentally
acceptable biomaterial have recently been published [13].

A significant amount of chitin, 8-10%, used for chitosan production has been found in
shrimp shell, which is an expensive ingredient used in many applications, and exportable
frozen products, including large quantities of shrimps, are produced by processing plants,
and also from restaurants [14].

Experiments have been conducted to investigate how independent variables (factors)
affect the process or the formulation dependent variable (response). The RSM technique,
which employs the quadratic polynomial model, is a simple, successful strategy for optimis-
ing a variety of processes. It is one of the statistical models used in experiment design. RSM
requires fewer experiments, which reduces the cost of expensive analysis methods. This
method can be implemented using the central composite design (CCD) or the Box-Behnken
Design (BBD).

In this paper, low-cost chitosan from wastes of Egyptian shrimp shells was used as a
base material for Cr*® removal. Commercial and prepared natural chitosan was treated
and applied to remove Cr*® from simulated polluted water, and the effect of different
variables was studied. Isotherm and kinetic models of the adsorption process for different
types of chitosan used was also studied. Finally, optimised Cr*® adsorption capacity (g/g)
with different factors such as time (h), concentration (%), and temperature (°C) using
Box—Behnken Design (BBD) was studied.

2. Materials and Methods

Commercial chitosan (Degree of Deacetylation = 95% and Molecular Weight
(100,000-300,000)) was supplied by ACROS ORGANICS CO, Ltd. Hong Kong (Macau),
Shrimp’s shells were obtained from a local fish market. Sodium hydroxide, methyl
acrylate, and ceric ammonium nitrate were obtained from sigma Aldrich (Schaffhausen,
Switzerland).

2.1. Preparation of Chitosan from Shrimp’s Shells

The shrimp shells were washed several times with tap water and then dried at 70 °C.
The dried shells were ground into a fine powder. The purified chitin was put into a flask
with 70% NaOH solution and stirred at 95 °C for 4 h. Subsequently, chitosan was washed
with distilled water and dried at 55 °C overnight [14].

2.2. Preparation of Grafted (Commercial and Natural) Chitosan

Scheme 1 presents the grafting preparation method for the commercial and the pre-
pared natural chitosan [15].
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Reaction System

Preparation of chitosan aqueous solution 2% by wt

Dissolving 2 g of chitosan powder in 100 mL of

acetic acid solution (1%, v/v)

Ceric ammonium nitrate 0.06 M in 0.5 M nitric

acid solution was with continuous stirring

0.12 M of Methyl Acrylate was injected at 35° C for 3 hr.

poure mix into methanol in the ratio of 1:5 for precipitation

Centrifugate the precipitate and washed with pure methanol

Crude copolymer obtained was dried under vacuum for 24 h at 40° C

till constant weight

Dried material was extracted with dimethyl formamide for 48 h then

washed with methanol.

Grafted Chitosan was dried for 24 h at 40° C under vacuum

Scheme 1. Preparation method of grafting.

2.3. Preparation of Chromium Solution

A quantity of 1000 mg/L (Stock solution) was prepared using Analytical grade
K>CryOy7, and then diluted to obtain standard solutions with concentrations of 20, 40,
60, 80, 100 mg/L of Cr*®.

2.4. Batch Experiment

Adsorption tests in the batch form were carried out using 100 mL capacity glass bottles
at (30 °C) at a fixed speed 160 rpm for various time intervals at different concentrations
(20, 40, 60, 80 and 100 mg/L) of Cr*®. The extent of removal of Cr*® was investigated by
changing the adsorbent dose, pH of the solution, initial concentration of Cr*® solutions.

The adsorbents were separated by field centrifugation and the residual concentration
of Cr*® in solution was determined by UV-DR2010 spectroscopy at 540 nm. The amount of
metal ions removed was calculated by the following equation:

% Removal = (C; — Ce)/Ci x 100 @
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While the Cr*® amounts were adsorbed using chitosan and grafted chitosan at equilib-
rium, qe(mg/g) was calculated by the following mass balance relationship:

qe = (G — Ce) X V/m )

- C;is the initial liquid-phase concentration of Cr*®, (mg/L).

- Ce is the equilibrium liquid-phase concentration of Cr*®,(mg/L).
- V the volume of the solution (L).

- mis the weight of the adsorbent used (g).

For experiments on the pH effect, simulated solutions were initially adjusted with
aqueous solutions of acid or base to reach pH values ranging from 4 to 9 [13]. The effect of
the adsorbent dose was studied by varying the sorbent amounts from 1 to 5 g/L at room
temperature, fixing the initial concentration, pH, and contact time [5].

2.5. Optimization of Cr*® Removal (%) by Response Surface Methodology

In the Box-Behnken design experiment, the response surface methodology was ex-
plained [16,17], and used to find the best conditions for removing Cr*® (%) using c-chitosan,
grafted c-chitosan, natural chitosan, and grafted natural chitosan, respectively. A 15-trial
design matrix was chosen to simulate the interaction of various operating conditions [18].
The Box-Behnken design with three independent variables at three levels (—1, 0 and 1) was
considered with the study of the adsorption process and a total number of 15 experiments.
All runs were performed to estimate the effect of three factors (dose (mg), X;(1-5), concen-
tration (ppm), X, (20-100) and time (h), X3 (1-5)) on Cr*® removal (%). Response Optimizer
further refined the Cr*® removal (percent) response function to obtain the recommended
value.

Table 1 shows the entire experimental design in coded form, with mutable minimum
and maximum ranges. The answer regression analysis produced a model, and the efficacy
of the model was assessed using ANOVA and F test [19-21]. The statistical software
“Statistica” was used for data analysis and optimisation, and the interaction effects of the
factors were summarised as follows in quadratic Equation (3):

Y =Bo+Y Bixi + Y Bii xi® + Y BiXiX; ®)

where, Y is the predicted response, (3 is the intercept term, {3 is the linear effect, (3;; is the
square effect, and Bj; is the interaction effect.

Table 1. Experimental variables and its levels using Box-Behnken factorial design.

Code of Variable Variables Name Levels
+1 0 -1
X1 Dose (mg) 5 3 1
Xa Concentration (ppm) 100 60 20
X3 Time (h) 5 3 1

3. Results and Discussion
3.1. Effect of Different Parameters on the Removal Ratio of Cr*®

Figure 1A shows the removal ratio of Cr*® jons for different adsorbent used (Commer-
cial Chitosan (CC), Natural Chitosan (NC), Commercial Grafted Chitosan (CGC), Natural
Grafted Chitosan (NGC)) at different concentrations (20, 40, 60, 80 and 100 ppm). All figures
demonstrate that the removal ratio increases with increasing time to reach the maximum
value after 3 h and it is then fixed. Additionally, the results are similar to that of Ruihua
Huang et al. [19]. Figure 1B illustrates the relationship between the percentage of removal
and different concentrations used for the four types of sorbent material. The maximum
percentage of removal for all types used was at 20, 40 ppm with a value of 92-96%. This is
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likely due to the increased surface area of the adsorbent when Cr+6 adsorption is initiated.
The speed at which the adsorbate is consumed controls the uptake rate when the surface
adsorption sites are exhausted. It was transferred from the exterior to the interior sites of
the adsorbent particles. Moreover, different quantities of adsorbent were used to study
the effect of increasing dose on removal percentage of Cr*®, as shown in Figure 1C. This
figure demonstrates that the percentage of removal for grafted chitosan (commercial or
natural) is greater than the percentage of untreated adsorbents. Further, by increasing the
adsorbent dose, the percentage removal increased from 1 to 4 g and then was fixed. The
maximum value of removal was at 4 g with a removal percentage of 96-99% for the four
adsorbent types. One of the parameters affecting the removal process was pH, as shown in
Figure 1D; the results are similar to that of S. Ramasubramaniam et al. [5]. The removal
percentage was increased by increasing pH from 4 to reach the maximum value at pH =6
and then decreased again. This behavior may be due to that increasing the pH would shift
the concentration of HCrO, ~ to other forms, such as CrO, 2 and Cr,O; 2.

H,Cr,O4 & H* + HCrO4

HCrO,~ < H* + CrO, 2
2HCrO, 2 < Cry,O, 72 + H,O

At very low pH values, the surface of the adsorbent would also be surrounded by
hydronium ions, which would increase the attractive forces of the Cr*® interaction with the
adsorbent’s binding sites. The overall surface charge on the adsorbent becomes negative
as the pH rises, and adsorption decreases. Due to the dual completion of the anions,
adsorption of Cr*® was not significant at pH levels greater than 6. CrO; 2, Cr,O; 2, and
OH" were adsorbed on the adsorbent’s surface, with OH™ dominating [17].

3.2. Adsorption Isotherms

Four adsorption isotherms (Freundlich, Langmiur, Tempkin, and Dubinin-Radushkevich)
were studied for the removal of Cr*® through the four adsorbents used in this study.

Commercial chitosan demonstrated that adsorption of Cr*® fitted the Freundlich
isotherm, so the adsorption of Cr*® was a multi-layer adsorption as (R? = 0.9987) compared
with the R? for Langmiur, Tempkin, and Dubinin-Radushkevich which equals 0.9982,
0.9651, 0.8695, respectively, as shown in Table S1. and Figure 2A. For the heterogeneity
parameter (1/n), the smaller 1/n, the more variability is expected. When 1/n =1, this
expression reduces to a linear adsorption isotherm. If n is between one and ten, the sorption
process is favourable [17]. From the data, that value is 1/n = 0.665, which indicates that the
adsorption is favourable. Moreover, Figure 2B for commercial grafted chitosan showed that
the adsorption of Cr*® was monolayer adsorption as the data fitted the Langmuir isotherm
with R2 = 0.9978 compared with the R? for other isotherms, as shown in Table S1. The
significance of the separation factor is that the adsorption isotherm is either unfavourable
(Rp > 1), favourable (0 Ry, > 1), linear (R, = 1), or irreversible (R, = 0) when Ry is used.
The values of Ry, were found to be in the range of 0 to 1, with Ry, = 0.503 indicating good
adsorption Cr*®.
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Figure 1. Effect of different parameters on Cr*® removal (%), (A) Effect of contact time at different initial concentration
Cr*®, adsorbent dose 1gm chitosan and pH = 7, (B) Effect of Cr*® concentration at equilibrium time, adsorbent dose 1gm
chitosan and pH = 7, (C) Effect of adsorbent dose on Cr*®% removal at contact time 3 h and pH = 7, (D) Effect of pH on
Cr*®% removal at 3 h, and adsorbent dose 1 gm chitosan.
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In addition, we studied the adsorption isotherm of natural chitosan, shown in Figure 3A,
where adsorption isotherm of Cr*® fitted the Langmuir isotherm as R? = 0.9967 compared
to the R? for other isotherms, as shown in Table S2. The values of Ry were found to be in
the range between 0 and 1, that value of Ry, = 0.42 for adsorption of chromium indicates
the favourable adsorption over natural chitosan. Furthermore, the adsorption isotherm for
natural grafted chitosan (Figure 3B) shows that the adsorption of Cr*® by natural grafted
chitosan fitted the Langmuir isotherm as R? = 0.9566 compared to other isotherms, as shown
in Table S2 and Figure 3B. The values of R, were found to be in the range between 0 and 1,
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and that value of Ry, = 0.52 indicates the favourable adsorption of chromium onto the natural

grafted chitosan.
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3.3. Adsorption Kinetics for Different Types of Adsorbent Used

The adsorption rate was studied using three different reaction kinetic models: pseudo-
first-order, pseudo-second-order, and Elovich equation models, for different materials (i.e.,
commercial, commercial grafted chitosan, natural, and natural grafted chitosan) Table 2.

In case of commercial and commercial grafted chitosan, the experimental data fitted
pseudo-first-order as the value for R? was 0.9956. However, the values of R? for the pseudo-
second-order and Elovich were 0.9806 and 0.9756, respectively. While, for commercial
grafted chitosan, the experimental results were fitted to the pseudo-second-order kinetics
as the R? value was 0.9829, the values of R? for the pseudo-first-order and Elovich were
0.9636 and 0.9686, respectively. In addition, the experimental results were fitted to the
pseudo-second-order kinetics for chromium adsorption by natural chitosan and natural
grafted chitosan, as R? was 0.9797 and 0.9901, respectively. Meanwhile, R? for the pseudo-
first-order and Elovich were 0.7159, 0.7159 and 0.978, 0.978 for natural chitosan and natural
grafted chitosan, respectively, as shown in Table 2.

Table 2. Kinetic data for chromium ions adsorption onto commercial, commercial grafted chitosan, natural, and natural

grafted chitosan.
Materials Pseudo-First Order Pseudo-Second Order Elovich
qt = qel1 — exp(—kipt)] qt = kopqe®t/(1 + gekopt) qe=pIn(x B )
Parameters R? Parameters R? Parameters R?
qe =327 mgg~, qe=1341mgg ", B=32117gmg !,
CcC ki = 0.4561 h,i 0.9956 kap = 00318 g mgfllhfl 0.9806 o= 1.072 mg g’l h;l 0.9756
qe=275mgg™ ", qe =13.07mg g™, B=31872gmg -,
CGN k1p = 03467 h-1 0.9636 kap = 00414 g mgfllhfl 0.9829 o= 1.34 mg g’l hzl 0.9686
Qe =209 mg g, Qe = 13.69 mg g1, B=32759 gmg!,
NC kip = —0.3828 h,ll 0.7159 kap = 0027 g mg,llh,l 0.9797 o = 0.96 mg gfl h;l 0.978
NGC qe =2531mgg -, 0.9883 qe=127mgg™ ", 0.9908 B =3.0653 gmg !, 0.9833

kip =0242h7!

kop =0.042 ¢ mg_1 h-1! a=138mg g_1 h-1!

3.4. Optimisation Using Response Surface Methodology (RSM)

The adsorption processes are presented using the Box-Behnken design that deter-
mined the superlative levels of the variables as dose (mg), concentration (ppm), and time (h)
as illustrated in (Table 3) for Cr*® removal (%) using CC, GCC, NC, and GNC, respectively.
The quadratic model revealed the statistical relationship between the selected variables
and the response in terms of coded factors is well fitted with the following equations.

Ycc = 7.02871 + 17.85634X; — 0.56769X, + 39.50063X3 — 2.76210X,2 + 0.00429X,2 — 3.76478X32 — 0.00662X1 X, + 0.06688X; X5 — 0.05854X,X5  (4)

Ygcce = 24.57955 + 7.80089X; — 0.47381X, + 38.43375X5 — 1.27973X;2 + 0.00282X,2 — 4.30527X52 + 0.00294X; X, — 0.01125X; X3 — 0.01103X, X3 (5)

Yne = 7.95799 + 17.38277X; — 0.66003X; + 39.86812X5 — 2.74379X;% + 0.00486X,% — 3.69808X;2 + 0.00084X1 X, + 0.01063X; X5 — 0.06106X, X3 (6)

Yone = 12.95018 + 12.33964X; — 0.41437X, + 40.30500X3 — 1.82411X;2 + 0.00290 X,2 — 4.02089X32 + 0.00625X; X, — 0.19750X; X5 — 0.06121X, X5 (7)

where Y is the response (Cr*® removal (%)) and X; is dose (mg), Xy is concentration (ppm),
and Xj is time (h).

The model was validated using analysis of variance (ANOVA), the results of which
are displayed in the tables below (Tables S3-56). The values of F-value and p-value can be
seen in these tables for this model are 11.14, 12.29, 12.62, 10.95 (F-value) and 0.0022, 0.00078,
0.000697, 0.00124 (p-value) for CC, GCC, NC, and GNC, respectively. In general, the model
is significant and effectively predicts test results when F-value is very high and the value
of “prob > F” is less than 0.05. Values greater than 0.1000 demonstrate that model terms
are not significant. Due to the above reasons, all models for different types of adsorbents
were completely significant [17]. The Box-Behnken design results can be shown in 3D
presentations with contours. The 3D surface plots show the sort of interaction between the
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factors that can be used to find the best conditions [20]. These plots of the second-order
polynomial equation for cc-chitosan, grafted cc-chitosan, natural chitosan, and grafted
natural chitosan are shown in Figure 4. The surface plots indicate the maximum anticipated
value. Figure 4A,D,G,] illustrate the simultaneous effect of concentration/dose on Cr*t
removal (%) using CC, GCC, NC, and GNC, respectively.

The Cr*® removal (%) increased with the increase of of the adsorbent dose from 1 to
5 mg, and the maximum Cr*® removal (%) was obtained with 5 mg dose of adsorbent CC,
GCC, NC, and GNC, respectively.

In addition, Cr*® removal (%) was between 35.4% and 99.067% in the case of CC
(Figure 4A,B); between 46.46% and 99.26% in the case of GCC (Figure 4D,E); between
33.03% and 97.92% in the case of NC (Figure 4G,H); and between 41.83% and 99.9% in the
case of GNC (Figure 4] K) [16,17].

On the contrary, Figure 4A,C,D,FEG,L]J,L show the effect of concentration, where
Cr*® removal percentage decreases with increasing concentration and the maximum Cr*®
removal percentage was for 20, 40 ppm for all types of adsorbents. The uptake rate is
controlled by the rate at which the adsorbate is transferred from the exterior to the interior
sites of the adsorbent particles, which may be due to the larger surface area of the adsorbent
available at the beginning for Cr*® adsorption. However, as Cr*® concentration increases,
the surface adsorption sites become exhausted, and the uptake rate is controlled by the rate
at which the adsorbate is transferred from the exterior to the interior sites.

The fitted surface plots of Cr*® removal (%) versus the combined effect of time and
dose is also shown in Figure 4B,E,HK for CC, GCC, NC, and NGC, respectively. In
contrast, by investigating the combined effect of time and dose on Cr*® removal (%), it was
demonstrated that Cr*® removal (%) became lower when the dose was low and time was
low. In addition, the Cr*® removal (%) increased with increasing time; the maximum value
was reached, and after 3 h, the value stayed relatively constant. This result demonstrated
that the sorbent materials were first adsorbed externally, with a rapid increase in adsorption
rate; however, after a period of time, the sorbent material became saturated, and its affinity
for sorbed molecules decreased. Nonetheless, at some point in time, the sorbent material
became saturated, and its affinity for sorbed molecules decreased; however, at some point
in time, the sorbent material reached a constant value, and no more Cr*® was adsorbed
from the solution. Furthermore, as contact time increased, Cr*® removal (%) for GCC and
GNC were higher than those of CC and NC. This result is expected since GCC and GNC
have more active sites than CC and NC, allowing them to attach Cr*® ions more easily to
the adsorbent [18,19]

The solver function of Microsoft Excel tools was used to calculate the best levels of the
three components in this case. To obtain these optimal levels, the maximum point of the
polynomial model was used. Values of 99.07, 99.26, 97.9 and 99.99 Cr*® removal (%) were
obtained for CC, GCC, NC, and GNC, respectively, in the case of Cr*® at 3 h contact time,
20 ppm concentration at adsorbent dose 5 mg. Thus, these results stress the necessity and
value of the optimisation process.

The agreement between the predicted and measured Cr*® removal (%) demonstrated
that using the response surface method to design the experiments can be considered a
successful choice in the optimisation of work parameters, in addition to its uses as an
experimental design and statistical analysis, as shown in Table 3 of model validations.
From Table 4, we see that the values of R? and Rzadj for all types of adsorbent are close
to 1, and they indicate a better correlation between laboratory and calculated results [21].
Moreover, for all types of adsorbents, the predicted R-squared value is in good agreement
with the adjusted R-squared, where the difference is less than 0.2 [15]. So, this model can
use to navigate the design space [17].
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Figure 4. Response surface plots for Cr*® removal perecntage using cc-chitosan, grafted cc-chitosan, natural chitosan, and
grafted natural chitosan, respectively: Effect of concentration/dose of (A) CC, (D) GCC, (G) NC, (J) NGC (time: 3 h; at
30 °C); effect of time/dose of (B) CC, (E) GCC, (H) NC, (K) NGC (Cr(VI) concentration = 100 ppm; at 30 °C); effect of

time/concentration for (C) CC, (F) CGC, (I) NC, (L) GCC (dose: 1 gm; at 30 °C).



Sustainability 2021, 13, 13494

12 of 14

Table 3. Box-Behnken factorial design of real values along with the experimental and predicted values for Cr*® removal
percentage using CC, GCC, NC, and NGC.

g 2 g
I ) E = Cr*® Removal (%) Cr*® Removal (%) Cr*® Removal (%) Cr*® Removal(%)
= & & 2 Using CC Using GCC Using NC Using GNC
a g F
@]
Measured Predicted Measured Predicted Measured Predicted Measured Predicted

1 3 20 1 59.7 60.469 61.4 62.166 58.5 59.186 62.9 61.267
2 3 60 3 90.6 90.613 93.2 93.184 88.9 88.88 92.2 92.18
3 5 60 5 93.5 94.148 94.6 95.142 92.8 93.259 95.7 94.200
4 3 60 3 90.6 90.613 93.2 93.184 88.9 88.884 92.2 92.186
5 5 20 3 99.7 99.067 99.82 99.259 98.4 97.921 99.15 100.63
6 3 20 1 59.7 60.469 61.4 62.166 58.5 59.186 62.9 61.267
7 5 60 1 40.1 39.212 48.6 47.606 37.9 36.982 46.36 48.122
8 1 100 3 74.18 74.849 84.91 85.424 72.88 73.313 78.95 77.425
9 3 60 3 90.6 90.613 93.2 93.184 88.9 88.884 922 92.186
10 1 20 3 94.56 93.659 99.65 98.669 94.95 94.047 95.15 96.925
11 5 100 3 77.2 78.138 86.02 86.955 76.6 77.457 84.95 83.135
12 3 100 1 49.93 49.966 51.2 51.157 48.4 48.357 52.6 52.560
13 3 100 5 96.5 95.000 98.6 97.018 96.2 94.779 87.2 90.425
14 1 60 5 88.35 89.264 93.21 94.172 88.28 89.165 92.86 91.070
15 1 60 1 36.02 35.398 47.03 46.455 33.55 33.058 40.36 41.832

Table 4. Parameter of selected quadratic model of Cr*® removal percentage using different types of

adsorbent.
Adsorbents R-Squared (r2) Adjusted R-Squared  Predicted R-Squared
CC 0.992 0.98 0.88
GCC 0.998 0.997 0.88
NC 0.992 0.99 0.88
GNC 0.98 0.97 0.87

4. Conclusions

Commercial and natural chitosan without and with treatment were prepared and
then used as adsorbent material to remove Cr*® in different concentrations. By studying
various parameters such as concentration, adsorbent dose, pH, and contact time, the results
concluded that the removal percentage of Cr*® enhanced using grafted chitosan. Various
types of isotherm and kinetic models were applied to the four types of adsorbent used. The
response surface methodology (Box-Behnken design) was used to determine the optimum
conditions for Cr+6 removal percentage using the different types of chitosan utilised in
this study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/5u132313494 /51, Table S1: Isotherms equations and constants for chromium ions adsorption
onto commercial and commercial grafted chitosan, Table S2: Isotherms equations and constants for
chromium ions adsorption onto natural and natural grafted chitosan, Table S3: ANOVA results for
Cr *® removal (%) using CC, Table S4: ANOVA results for Cr*® removal (%) using GCC, Table S5:
ANOVA results for Cr*® removal (%) using NC. Table S6: ANOVA results for Cr*® removal (%) using
GCC.
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