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Nanocomposites containing graphene oxide (GO), polyethyleneimine (PEl), and chitosan (CS) were
synthesized for chromium(vi) and copper(i) removal from water. Response surface methodology (RSM)
was used for the optimization of the synthesis of the CS—PEI-GO beads to achieve simultaneous
maximum Cr(vi) and Cu(i) removals. The RSM experimental design involved investigating different
concentrations of PElI (1.0-2.0%), GO (500-1500 ppm), and glutaraldehyde (GLA) (0.5-2.5%),
simultaneously. Batch adsorption experiments were performed to obtain responses in terms of percent
removal for both Cr(v) and Cu(i) ions. A second-order polynomial equation was used to model the
relationship between the synthesis conditions and the adsorption responses. High R? values of 0.9848
and 0.8327 for Cr(vi) and Cu(i) removal, respectively, were obtained from the regression analyses,
suggesting good correlation between observed experimental values and predicted values by the model.
The optimum bead composition contained 2.0% PEI, 1500 ppm GO, and 2.08% GLA, and allowed Cr(vi)
and Cu(n) removals of up to 91.10% and 78.18%, respectively. Finally, characterization of the structure and
surface properties of the optimized CS—PEI-GO beads was carried out using X-ray diffraction (XRD),
porosity and BET surface area analysis, scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS), which showed favorable adsorbent
characteristics as given by a mesoporous structure with high surface area (358 m? g1 and plenty of
surface functional groups. Overall, the synthesized CS—PEI-GO beads were proven to be effective in
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rsc.li/rsc-advances removing both cationic and anionic heavy metal pollutants.

1. Introduction of its advantages of low initial cost, flexibility, simplicity of
design, ease of operation, and minimal sludge production.” The
Wastewater is a necessary by-product of human activities. —main requirements for an efficient adsorbent are high capacity
However, some industries, such as mining and electroplating, —and fast adsorption. This can be achieved if the adsorbent has
discharge effluents containing high levels of heavy metals, such as  large surface area and plenty of adsorption sites.> Unfortu-
Cr(vi) and Cu(u), which are non-biodegradable and tend to accu- nately, most adsorbents rarely possess both properties at the
mulate in living organisms.* These metals can pose serious threats =~ same time. Hence, there is need for research of new adsorbents
to human health and the environment since they are toxic to living ~ incorporating these key characteristics for a better adsorption
beings. Therefore, it is absolutely necessary to cleanse wastewater ~ of diverse heavy metals.*”
streams of heavy metals before disposal in the environment. Recent studies in nanotechnology highlight the strong
Among the current treatment techniques used to separate adsorption abilities of graphene oxide (GO), making it an
heavy metals from wastewater, adsorption is preferred because excellent adsorbent for heavy metals in itself or enhancers of
other materials.%” GO possesses a large surface area and has
numerous oxygen-containing functional groups protruding
“Department of Civil and Environmental Engineering, University of Houston, Houston, — from the graphene backbone that make metal cations bind
‘?Z:u:zrj;zeif-i}]f;ze[r]rzzzf ;::Zj:eij:zf;mgzi::;gu;iiz Philippines, 1101 Diliman, readily to it. However, GO is hydrophilic and very small, there-
Qui on City, Philippines ’ PPIES " fore iF cann.ot be ea.sily sep.ara.ted from w.ater even by filtration or
f Blectronic  supplementary  information (EST)  available. See  DOI: centrifugation, which limits its application in water treatment.®
10.1039/¢7ra00750g In light of this, GO can be incorporated into polymer networks
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to maximize its properties and produce polymer nano-
composites with improved adsorption capabilities for a wide
range of target pollutants.>*®

Chitosan, a known biosorbent, is a derivative of chitin,
which is the second most abundant natural polymer after
cellulose. Chitosan has been explored extensively for many
applications because of its low cost, hydrophilicity, biodegrad-
ability, and antimicrobial properties.'* It has been proven to be
an effective adsorbent for heavy metals because of the amino
and hydroxyl functional groups present in its structure.'> Amine
groups form complex reactions with cationic metal ions, while
anionic ions are adsorbed by electrostatic attraction.'® Despite
the favorable characteristics of chitosan, it has poor mechanical
strength and is unstable, which hinder its practical applica-
tions.™ These drawbacks can be solved by physical and chem-
ical modifications, such as gel formation into porous beads,
reaction with cross-linking agents, and incorporation of nano-
materials. The bead formation provides better adsorption
ability compared to its flakes/powder form due to decrease in
crystallinity and expansion of the chitosan polymer network.*>¢
Incorporation of nanomaterials, such as GO, has produced
beads and chitosan gels with superior mechanical strength,"”
and also with significantly improved adsorption capacities of
the new polymer nanomaterials toward cationic heavy metals.’
Additionally, cross-linking agents, such as glutaraldehyde
(GLA), formaldehyde, and epichlorohydrin (ECH), are used to
chemically modify chitosan and make it insoluble and appli-
cable in acidic conditions.”® However, most of these agents,
even ECH, tend to react with the amine groups of chitosan. This
reaction decreases the availability of adsorption sites.’® Thus,
introduction of more functional groups have been achieved by
blending chitosan with other polymers. These polymer
composites have been shown to maintain or even improve the
adsorption capacity of chitosan derivatives toward heavy
metals.*>*

Polyethyleneimine (PEI), a polymer containing many
primary and secondary amines," has been gaining attention as
a polymer-based adsorbent for wastewater and heavy metal
treatment.>”>* Because of the large number of amine groups in
its structure, PEI has been shown to be a good chelating poly-
mer for metal cations specifically Cu**.2?¢ Modification of CS
beads with PEI significantly increased the amine groups present
in the new material, giving it better adsorption capacity towards
Cu”" ions compared to unmodified beads.?” In addition, PEI can
easily be protonated at low pH conditions, making it favorable
for anionic metal ions, such as Cr(vi), via electrostatic
attraction.'®?®

In this study, polyethyleneimine (PEI) and GO were incor-
porated for the first time into the chitosan matrix to produce
CS-PEI-GO porous nanocomposite beads. The unique proper-
ties of PEI and GO to bind to anionic and cationic contami-
nants, respectively, were optimized using Response Surface
Methodology (RSM) to generate a multifunctional material. We
hypothesize that the favorable properties of each individual
components of the nanocomposite and the many and different
functional groups in the final nanocomposite bead will produce
a stable nanocomposite material with superior capacity to
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adsorb both anionic Cr(vi) and cationic Cu(u) ions. The
optimum composition of the beads for maximum removal of
both metals was determined with the response surface meth-
odology (RSM). RSM experimental design was used in this study
to evaluate the relationship between the different factors and
responses with a smaller number of experimental runs, while
also considering the interaction effects among the independent
variables.” RSM has been widely utilized for design of experi-
ments and optimization processes by combining mathematical
modeling and statistical techniques.**** Synthesis conditions of
CS-PEI-GO nanocomposites in terms of concentrations of PEI,
GO, and cross-linking agent GLA were investigated and opti-
mized for maximum removal efficiency. The final optimized
nanocomposite was also fully characterized.

2. Experimental section

2.1. Materials

The graphite (<45 pm) used for the synthesis of graphene oxide
was purchased from Sigma-Aldrich. Low molecular weight chi-
tosan (CS) was also purchased from Sigma-Aldrich. The sodium
nitrate, potassium permanganate, potassium dichromate, cop-
per(u) chloride, branched polyethyleneimine (50% wt% in H,O;
MW ~ 750 000) and 25% glutaraldehyde solution (v/v) were also
purchased from Sigma-Aldrich. Other chemicals such as
sodium hydroxide, sulfuric acid, hydrochloric acid, and
hydrogen peroxide solution were obtained from Fisher Scien-
tific. All reagents used were of analytical grade, and all aqueous
solutions were prepared using deionized (DI) water, unless
indicated otherwise.

2.2. Synthesis and characterization of GO

2.2.1. Synthesis of GO. Graphene oxide (GO) was synthe-
sized using the modified Hummer's method.** Briefly, 2.0 g of
graphite powder was placed in a round bottom flask and 92 mL
of H,SO, was added and stirred continuously at 150 rpm for
20 min at 0 °C. While the mixture was continuously stirred at
0 °C, 2.0 g NaNO; was added and stirred for 1 h. Then 12.0 g
KMnO, was slowly added for further oxidation of the nano-
material. The temperature was subsequently raised and main-
tained at 35 °C for 16 h to allow complete oxidation of graphite.
Then, 160 mL of distilled water was added and the temperature
was further raised to 90 °C. The mixture was stirred at this
temperature for 30 min. Another 400 mL of distilled water was
added to the mixture, then 40 mL of 30% H,O, solution was
slowly added to reduce the excess of permanganate. The
mixture was cooled down, and then centrifuged at 14 500 rpm
for 5 min. The collected brown precipitate was then mixed with
distilled water and centrifuged again under the same condi-
tions. The washing process was repeated until the pH of the
resulting supernatant became neutral. The precipitate was re-
suspended in 2 L distilled water then sonicated for 8 h for
exfoliation of graphite oxide. The sonicated solution was settled
overnight, then decanted and freeze-dried to obtain pure GO
powder.
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2.2.2. Characterization of GO. The transformation of
graphite to graphene oxide was monitored using Fourier
transform infrared analysis (FTIR). The functional groups of the
synthesized GO were analyzed using a Nicolet iS10 Mid Infrared
FTIR Spectrometer (Thermo Fisher Scientific, USA) in the range
of 800 to 4000 cm ™" with air as background. Data acquired were
processed and analyzed using Omnic 8 Software (Thermo Fisher
Scientific, USA). The X-ray diffraction pattern of GO was ob-
tained using a PANalytical X-ray Diffractometer with Cu Ka
radiation (A = 1.5418 A). The Raman spectra was obtained using
an in-house built Raman spectrophotometer.®® The X-ray
photoelectron spectroscopy (XPS) analyses were determined
using a PHI 5700 X-ray photoelectron spectrometer. High and
low resolutions with pass energies of 23.5 and 187.85 eV,
respectively, were both performed. High-resolution spectra were
acquired for photoelectrons emitted from C 1s and N 1s. All
data processing were done using a PHI Multipak software
(version 5.0A).

2.3. Synthesis of CS-PEI-GO beads using RSM

2.3.1. Preparation of working solutions. Pure CS powder
was dissolved in 2.0% HCI solution and stirred overnight at
room temperature to produce a homogeneous CS stock solution
(4% CS). The GO powder was dissolved in DI water and the
suspension (5000 ppm GO) was sonicated for 30 min to ensure
dispersion of the stock solution. The 50 wt% PEI solution
reagent was diluted with 2.0% HCI to make the resulting stock
solution (4% PEI) less viscous and less alkaline. Desired ratios
of these prepared stock solutions were mixed with continuous
stirring at 180 rpm to obtain a homogeneous CS-PEI-GO
solution. The concentrations of PEI, GO and GLA to synthesize
the nanocomposite CS-PEI-GO (2.0% CS) were determined by
the RSM experimental design described below.

2.3.2. Preparation of beads. CS-PEI-GO beads were formed
via dropwise addition to an alkaline solution. Briefly, the
prepared CS-PEI-GO solution was placed in a syringe with 23G
needle and dropped to 1.5 M NaOH solution using a pump
injector at a rate of 1 mL min~" to control the bead size. The
alkaline precipitation bath was stirred continuously at 150 rpm
during the process. The beads were then collected and washed
with DI water several times until the pH of the washings became
neutral. To make the beads stable in acidic conditions, the
beads were cross-linked for 30 min with the desired concen-
tration of GLA solution (as determined by the RSM design).
Finally, the beads were washed with DI water several times to
remove any GLA left. For validation purposes, control beads
(GLA crosslinked CS, CS-PEI, and CS-GO) were also produced
using the same preparation method as the CS-PEI-GO bead to
compare their performance with the resulting optimized
composition.

2.4. Experimental design and statistical analysis

The effects of the synthesis conditions on the heavy metal
removal efficiencies of the beads were investigated by employ-
ing a three-factor and three-level Box-Behnken Design with two
output responses. The concentrations of PEI (X;), GO (X,), and
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crosslinking agent GLA (X;) were used as the independent input
variables/factors, and the percentage removal of Cr(vi) (¥;) and
Cu(n) (Y,) were taken as the output responses. The range of
concentrations/levels for the independent input factors were
determined by performing preliminary investigations based on
the successful synthesis of the beads. Coded and actual levels of
each factor are presented in Table 1. Design Expert software
(Stat-Ease Inc., Minneapolis, USA) was used to design the total
number of experiments (15 runs with three center point repli-
cates) and analyze the experimental data. All runs were
randomized and performed in triplicate.

The mathematical relationships of the independent vari-
ables with the obtained responses were established by fitting
the experimental data to a second-order polynomial equation as
given by eqn (1)

n n—1 n n
Y =6,+ Z Bix; + Z Byxix; + Z Bixi* (1)
=1 1 i-1

=1 j=itl

where Y is the predicted response of the model; x;, x,, and x; are
the coded independent variables; 7 is the number of indepen-
dent variables; 8, is the constant offset coefficient; and §;, 8y,
and g;; are the coefficients for linear, interaction, and quadratic
effects, respectively.®***

Statistical analysis was done to evaluate the significance of
each term in the model in terms of Analysis of Variance
(ANOVA), with probability values established at P < 0.05. The
adequacy and predictability of the model was also tested using
the lack-of-fit criterion, coefficient of determination R?
adequate precision, and residual diagnostics.

2.5. Optimization of the nanocomposite synthesis

To obtain the best composition of the CS-PEI-GO beads, Cr(vi)
and Cu(u) responses were maximized by performing numerical
optimization of the generated models based on a desirability
function. Beads with the resulting optimum composition were
synthesized and additional validation experiments were per-
formed to verify the accuracy of the model prediction. All
statistical analyses and optimization were done using the
Design Expert software.

2.6. Batch adsorption experiments for heavy metal removal

To determine the heavy metal removal efficiency of the
synthesized CS-PEI-GO with different compositions and the
optimized bead composition, batch adsorption experiments
were performed at 25 °C in triplicate. Stock heavy metal solu-
tions (1000 ppm) were prepared by dissolving appropriate

Table 1 Experimental factor levels

Levels
Independent Variables -1 0 +1
X,, PEI concentration (%) 1.0 1.5 2.0
X,, GO concentration (ppm) 500 1000 1500
X3, GLA concentration (%) 0.5 1.5 2.5

This journal is © The Royal Society of Chemistry 2017
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amounts of K,Cr,0, and CuCl,-2H,0 in DI water. The pH was
maintained at pH 5.5 to prevent metal precipitation. Working
concentrations of 10 ppm Cr(vi) and Cu(u) solutions were ob-
tained by serial dilutions of the stock solutions.

The CS-PEI-GO beads (0.5 g) were added to heavy metal
solutions (20 mL, 10 ppm) in 50 mL conical tubes. The solutions
with the beads were mixed for 24 h at 130 rpm. The beads were
then removed and the concentrations of the Cr(vi) and Cu(u)
ions left in the solutions after the adsorption process were
measured using a flame atomic adsorption spectrometer
(AAnalyst 200, Perkin Elmer). The removal efficiency of the
beads was calculated using eqn (2)

Cy— C,
Removal (%) = (07) x 100 (2)
G
where C, and C. are the initial and final metal concentrations
(mg L") in the solution, respectively.

2.7. Characterization of the optimized CS-PEI-GO beads

The synthesized CS-PEI-GO beads with the best composition
were characterized in terms of surface properties. Prior to
characterization, the beads were freeze-dried for 24 h. The
beads were characterized by FTIR, XPS and XRD, using the same
conditions described above.

The morphology of the synthesized beads were determined
with Scanning electron microscopy (SEM). Prior to analysis, the
freeze-dried beads were coated with a thin layer of gold using
a Desk V sputter (Denton Vacuum, NJ). This step was to ensure
that the surface was conductive and to protect the samples from
the high energy beam of the instrument. The Brunauer-
Emmett-Teller (BET) surface area and porosity measurements
were done using an ASAP 2020 V4.02 analyzer (Micromeritics,
USA). Nitrogen gas adsorption-desorption isotherms were
measured at 77 K. Relative pressures of 0.05 to 0.25 were
selected for the linear range of the BET method. Prior to
measurement, the freeze-dried beads were degassed at 120 °C
for 300 min. Chemical and thermal stability tests were also
performed. Solubility experiments were done by placing 0.5 g
beads into 20 mL of different solutions (0.1 M and 1 M HCl and
NaOH, and 5% (v/v) acetic acid). The solutions were mixed for
24 h at 130 rpm and observed. For Thermogravimetric Analysis
(TGA), freeze-dried beads were ground into powder and pre-
weighed into an Al,O3 pan. Analysis was done under N, atmo-

sphere from 25 to 550 °C at a heating rate of 10 °C min .

3. Results and discussion

3.1. Characterization of GO

To confirm the successful synthesis of GO, several character-
ization analyses were performed. X-ray diffraction patterns of
GO and graphite are shown in Fig. 1. A sharp diffraction peak at
20 = 26.84° is observed for graphite, which corresponds to a d-
spacing of 0.332 nm. On the other hand, GO exhibits a relatively
broader diffraction peak at a lower angle of 26 = 11.25°, with
a corresponding d-spacing of 0.786 nm. The observed GO peak
is due to graphite oxidation and is consistent with the known

This journal is © The Royal Society of Chemistry 2017
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Fig.1 XRD spectra of graphite and GO.

characteristic peak of GO,* indicating that GO was successfully
synthesized. Also, the absence of peak is observed for GO at
about 26°, suggesting full oxidation of the synthesized
product.®® Furthermore, the observed increase in the d-spacing
of GO compared to that of graphite can be attributed to the
presence of oxygen-containing functional groups.***” Because of
these functional groups, water easily intercalates the layers of
oxidized graphite, which also contributes to the increased d-
spacing of GO.*”

Raman spectroscopy, Fourier transform infrared spectros-
copy (FTIR), and X-ray photoelectron spectroscopy (XPS) were
done to further confirm the successful synthesis of GO, and the
spectra are presented in the (ESI) (Fig. S1 and S21).

3.2. Experimental design and statistical analysis

The components used in the synthesis of CS-PEI-GO beads, i.e.
the concentration of PEI, GO, and GLA, were optimized with
BBD. The BBD was chosen to design the CS-PEI-GO composi-
tion since it requires synthesis of fewer number of beads with
different compositions to adequately explain the behavior of
a three-factor and three-level system.**** Midpoints of the edges
of a cube and replicates of the center point represent the
combinations of bead components in this design. The combi-
nations of the nanocomposite components can also be viewed
as three interlocking 2> factorial designs and center point
replicates.*” The sequence of experiments with the actual and
predicted responses obtained from the runs are summarized in
ESI Table S1.7 Actual responses, ie. heavy metal removal,
represent average values of the results from triplicate experi-
ments. To each set of responses obtained with the different
beads synthesized, the proposed quadratic model was fitted to
develop a correlation between the synthesis conditions and the
metal removal efficiencies. The resulting second-order equa-
tions for Cr(vi) and Cu(u) removal in terms of coded factors are
expressed by eqn (3) and (4), respectively.

le(n0 Cr(VI) removal) — 79.34 + 0.82X1 + 1.24X2 + 4478)(3 + 1.22X1X2
+0.23x;x3 — 0.047x5x3 + 3.59x,2 + 2.47x,°
— 0.95x5° (3)

RSC Adv., 2017, 7, 18480-18490 | 18483
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Yz(n % Cu(Il) removal) — 61.34 + 2.27X1 + 6.87X2 — 5.09X3 + 2.61X1X2
+ 1.04x x5 + 1.84x,x3 + 4.30x% + 2.57x,°
+2.43x5° (4)

The values and the signs of the coefficients obtained from
the model equations allow the assessment of how each bead
component influence the responses.** Positive values for the
coefficients indicate positive influence to the response, while
negative values correspond to antagonistic effects.”” From eqn
(3), it can be seen that all three factors have a positive effect on
Cr(vi) removal. On the other hand, GLA concentration inhibits
the removal of Cu(u), as seen in eqn (4). Additionally, the values
of the coefficients suggest that GLA concentration has the
largest effect on Cr(vi) removal, while GO concentration affects
Cu(u) removal the most.

The significance of each term in the model equations was
evaluated using Analysis of Variance (ANOVA), and the results
are shown in ESI Tables S2 and S3{ with high F values and low
probability values as the significance criteria.**** Most of the
variation in the results is not due to noise and can be explained
by the model when the F value is large, and the corresponding
probability value checks whether it is statistically significant.*®
Probability values less than 0.05 suggest that the terms in the
model are significant, while values greater than 0.1 suggest non-
significant terms. From ESI Table S2,7 the regression model F-
value of 37.94 with a probability value of 0.0004 suggest that the
model for Cr(vi) removal is highly significant, and that there is
only 0.04% chance that the model F-value is due to random
error. Also, x;x; and x,x; with probability values of 0.6265 and
0.9215 respectively, are the only non-significant terms.
Furthermore, with the largest F-value of 223.42 and the smallest
probability value of <0.0001, ANOVA confirms that the GLA
concentration has the most significant effect on Cr(vi) removal.
Finally, lack-of-fit tests are possible because of the three repli-
cates of the center point in the design to account for the pure
error of the system.*® From ESI Table S2,} it can be seen that the
lack-of-fit value is 0.3003, indicating non-significance with
respect to pure error. The non-significant lack-of-fit is good
because it implies that the model can be used as a response
predictor.

On the other hand, ANOVA results for Cu(u) removal (ESI
Table S31) show that the probability value of the model is

Predicted vs. Actual
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0.0142, indicating that the model is significant and that there is
only 1.42% chance that the F-value of 8.68 is caused by noise.
Also from ESI Table S3,7 ANOVA confirms that GO concentra-
tion has the most significant effect on Cu(u) removal, as sug-
gested by the largest F-value of 38.16 with corresponding
probability value of 0.0016. However, interaction coefficients
X1X5, X1X3, and x,x3, and second-order model terms x,> and x5>
are not significant, with probability values of 0.1573, 0.5369,
0.2954, 0.1768, and 0.1983 respectively. The model's lack-of-fit
value indicates that there is 8.30% chance that the lack-of-fit
F-value is due to noise.

To improve the predictability of the responses, model
reduction was done by eliminating the insignificant terms
determined by ANOVA from eqn (3) and (4).** The reduced
model equations in terms of coded factors are given by eqn (5)
and (6)

Yl(n0 Cr(VI) removal) = 79.34 + 0.82X1 + 1.24X2 + 4.78X3 + 1.22X1X2
+3.59x,% + 2.47x,% — 0.95x5° (5)

Yo Cul) removaty = 64.20 + 2.27x1 + 6.87x5 — 5.09x3 + 3.94x,
(6)

The removal efficiencies as predicted by eqn (5) and (6) are
presented in the last two columns of ESI Table S1.1 The results
show good correlation between the actual values and the pre-
dicted responses, as also shown in Fig. 2. The low standard
deviations of the models (0.78% and 3.71% for Cr(vi) and Cu(u)
response, respectively) also confirm the goodness of fit.

The coefficient of determination R* evaluates how well the
model can predict the response,** and it shows good agreement
between experimental and predicted values when R? is close to
1. In this study, high R” values of 0.9848 and 0.8327 for Cr(vi)
and Cu(u), respectively, were obtained. This suggests that the
models can explain 98.48% and 83.27% of the total variations in
the responses. Additionally, adjusted R*> values were also
calculated to correct for the sample size used and the number of
terms in the models.***!

Still, relatively high values of 0.9695 and 0.7657 for Cr(vi) and
Cu(u) models, respectively, were obtained after correction,
indicating that the models generated for the system design have
good predictability. Another criterion considered is the
adequate precision value, defined as the signal-to-noise ratio of
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Fig. 3 Cr(v)) surface plots. (a) The effects of PEl and GO concentration
on Cr(vi) removal show upward curvature confirming significant positive
quadratic terms from ANOVA results; (b) the effects of PEl and GLA
concentration as well as (c) the effects of GO and GLA concentration
show higher removals of Cr(v) when GLA concentration is increased.

the model.**** This value shows a comparison between the
predicted response and the pure error of the prediction, and
a ratio higher than 4 is desired.***' Obtained values of 24.140
and 11.696 for Cr(vi) and Cu(u), respectively, further justify that
the models are adequate for predicting responses.

Additional evaluation of the adequacy of the models was done
using residual diagnostics. It is estimated that the difference
between the actual and predicted responses are normally
distributed, as ideally represented by the residuals following
a straight line in the normal probability plot.**** The results
presented in ESI Fig. S3(a) and (b)} show that the data points are
approximately linear for both responses, indicating that the
residuals follow a normal distribution and that no transformation
is required. Furthermore, the residual data points appear to be
distributed randomly showing no pattern with the responses, as
shown in ESI Fig. S3.f Also, no outliers are observed, as the
residuals are scattered within a narrow range, less than the set
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Fig.4 Cu(n) surface plots. (a) The effects of PEl and GO concentration
on Cu() removal show upward curvature for PEl trend and also
demonstrate large positive effect of GO; (b) the effects of PEl and GLA
concentration show negative effect of GLA concentration; and (c) the
effects of GO and GLA concentration show maximum increase in Cu(n)
removal when GLA concentration is decreased and GO concentration
is increased.

limit of £3.0. The diagnostics indicate that the generated BBD
models are suitable for Cr(vi) and Cu(u) removal optimization.
3.2.1. Response surface analysis. The response surface
analysis allows the understanding of the individual and
combined effects of the input variables to the responses (Fig. 3
and 4). Additionally, interactions among factors can be
observed by holding the third factor constant at its center level.
The effect of PEI and GO concentration on % Cr(vi) removal with
a GLA concentration of 1.5% is shown in Fig. 3a. Both factors
show the same trend, where the % removal decreased first, then
increased when increasing PEI and GO concentrations. This
upward curvature is in agreement with the ANOVA results,
where the quadratic terms for PEI and GO (x,> and x,?) were
shown to be significant and to have positive effects on the Cr(vi)
removal. Also, the interaction term x;x, was proven as a signif-
icant term, and the combined effects of increasing amounts of
PEI and GO led to a maximum % removal of Cr(vi) of 88.67%.
Introduction of more PEI gives additional positively-charged
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amine groups on the surface of the beads, which are protonated
during the reaction conditions, and thus favor electrostatic
attraction of the anionic Cr(vi) ions in the solution.****** After
attraction of the anionic ions to the surface of the beads, further
increase in the removal of Cr(vi) ions were observed due to the
presence of hydroxyl groups from GO and CS in the beads that
may also participate in the adsorption process via reduction of
the hexavalent chromium ions to trivalent species.*®

Fig. 3b shows the effect of PEI and GLA concentration on %
Cr(vi) removal with a constant GO concentration of 1000 ppm.
Slight downward curvature of the GLA trend is in agreement
with the negative quadratic term x;> of the reduced model.
When GLA concentration is increased from 0.5 to 2.5% with
2.0% PEI, Cr(vi) removal is improved from 78.02% to 87.57%.
Similar trend is observed for the effect of GO and GLA
concentration on % Cr(vi) removal when PEI concentration is
held constant at 1.5%, as shown in Fig. 3c. Cr(vi) removal
increases from 77.32% to 86.87% when GLA concentration is
increased from 0.5 to 2.5% at maximum GO concentration of
1500 ppm. Crosslinking with GLA yields imine bonds whose
form is still cationic and could also participate in the electro-
static attraction of the Cr(vi) ions.*®

In the case of Cu(n), the effect of PEI and GO concentration
on % removal with a GLA concentration of 1.5% is shown in
Fig. 4a. Upward curvature for the PEI concentration is explained
by the significant quadratic term x;> of the reduced model.
Increase in GO concentration from 500 to 1500 ppm signifi-
cantly improves Cu(u) removal from 63.54% to 77.27%. This
large effect is due to the coefficient of the term x, in the reduced
model having the largest positive value. Introduction of more
GO and PEI resulted into more functional groups that are
capable to adsorb Cu(u) ions. Although PEI addition makes the
surface of the beads positive and therefore not favorable for
Cu(u) adsorption because of electrostatic repulsion, analysis
of the response plots still show increased removal for Cu(u)
ions with further increase in PEI concentration due to addition

|:|Cr (V1)
100198, cu ()
804
5 .
> 60 .
1S
(]
r 40 .
=
20
od
CS CS-PEI  CS-GO CS-PEI-GOpredicted

Beads

Fig. 5 Validation of optimum conditions (*denotes statistically
significant difference from CS-PEI-GO results). The results from
validation experiments with optimized CS—PEI-GO beads are not
statistically different from the responses as predicted by the respective
models. Adsorption experiments were done with 10 ppm of 20 mL
metal solutions at pH = 5.5 for 24 h contact time.
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of more amine groups which are primary sites for Cu(u)
adsorption.

Fig. 4b shows the effect of PEI and GLA concentration on %
Cu(u) removal with 1000 ppm GO. GLA concentration has
a negative effect on % removal of Cu(u), as represented by the
negative x; term of the reduced model. Under constant PEI
concentration of 2.0% and decreased concentrations of GLA
from 2.5% to 0.5%, higher % removal of Cu(u) from 65.31% to
75.50% is achieved. This trend is opposite to that observed for
Cr(v1) removal, and it could be explained by the difference in the
mechanisms by which the two metal species are bound to the
amino groups of PEI and chitosan. Cr(vi) ions are held by the
adsorbent primarily via electrostatic attraction, while Cu(u) ions
are held by complex formation with the primary amine groups
on the surface of the beads.* Crosslinking with GLA consumes
some of the amine groups, resulting into the observed lower
Cu(n) removal.

Finally, the effect of GO and GLA concentration on %
removal of Cu(u) is shown in Fig. 4c with PEI concentration of
1.5%. The trend observed is linear since both the quadratic
terms x,”> and x;> were not significant from the ANOVA results.
As mentioned earlier, maximum % removal of Cu(u) is achieved
when GLA concentration is minimum and GO concentration is
maximum. Increasing the GO concentration from 500 ppm to
1500 ppm and decreasing the GLA concentration from 2.5% to
0.5% resulted in a large increase of % Cu(u) removal from
52.24% to as high as 76.15%.

3.3. Optimization of the nanocomposite synthesis for the
removal of heavy metals

The response surface analyses predicted optimum concentra-
tions of PEI, GO, and GLA to result into maximum heavy metal
removal efficiencies. Statistical analyses with RSM were done
with Cr(vi) and Cu(u) separately, however, to produce a single
type of adsorbent that could efficiently remove high amounts of
both metal pollutants, numerical optimization was done using
both Cr(vi) and Cu(u) responses. The numerical optimization
was employed such that the concentrations of PEI, GO, and GLA
were kept in range to ensure the successful synthesis of the

[0)
o
c
@
=
£
)
c
©
—
|_
X
° pure CS
crosslinked CS
—— CS-PEI-GO

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 6 FTIR spectra of pure/uncrosslinked CS, crosslinked CS, and
CS—-PEI-GO.
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Fig. 7 TGA spectra of pure CS, GO, and CS—-PEI-GO.

beads, while both responses (Cr(vi) and Cu(u) removal) were
maximized. A desirability function was used to perform the
optimization, and the generated solution with the highest
desirability value was chosen. The analysis determined that the
optimum composition of the beads were 2.0% PEI and 1500 ppm
GO, and the crosslinking GLA reagent should be at a concentra-
tion of 2.08%. The model predicted that this composition would
result to 91.11% and 74.32% removal of Cr(vi) and Cu(u),
respectively. Beads with this optimum composition were
prepared using the same synthesis procedure, followed by
adsorption experiments to verify the predictability of the model
for each metal response. In addition, control beads (CS, CS-PEI,
CS-GO) were also prepared using the corresponding optimum
concentrations of each variable as determined by the optimiza-
tion results. Validation results of the optimum conditions, as well
as comparison with the control beads are shown in Fig. 5. Two-
tailed t-test analysis (« = 0.05) was performed to determine if
the values obtained are statistically different from each other.
Calculated P values of 0.9929 and 0.2155 for Cr(vi) and Cu(u),
respectively, confirm that there is no significant difference
between experimental results from the optimized CS-PEI-GO
beads and the predicted responses from the respective models.
These results suggest that the model prediction is valid. Finally, it
can be observed that both Cr(vi) and Cu(u) responses of the
optimized CS-PEI-GO beads are higher than the responses of all
the control beads, suggesting that the combination of all the
starting materials (CS, PEI, and GO) in the beads indeed produces
a more efficient adsorbent for both negatively-charged Cr(vi) and
positively-charged Cu(u) pollutants.

3.4. Characterization of the optimized CS-PEI-GO beads

Fig. S41 shows a macro-image of the synthesized CS-PEI-GO
beads with an average diameter of about 3 mm, confirming
successful bead formation. In order to demonstrate successful
synthesis and understand the physico-chemical properties of
the new optimized CS-PEI-GO beads, FTIR and XPS were used
to determine the functional groups in the new material and
surface composition of the beads. The beads were further
analyzed for chemical and thermal stability using solubility
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Fig. 8 XPS (a) wide scan, (b) N 1s, and (c) O 1s spectra of CS—PEI-GO.

tests and TGA, as well as for crystallinity, porosity, and surface
morphology using XRD, BET, and SEM analyses.

The comparison of the FTIR spectra of pure/uncrosslinked CS,
crosslinked CS, and CS-PEI-GO beads is presented in Fig. 6 to
show changes with the functional groups present in the material.
IR peaks of CS that are also present and unchanged in the other
spectra appear at wavenumbers of 2877, 1375, and 1065 cm .
These peaks can be attributed to the C-H stretch from CS back-
bone, C-H stretch from -NHCOCH; group,” and C-O-C
stretch,*® respectively. Changes after crosslinking with GLA
include a slight shift of the CS peak at 3361 cm ™' (assigned to
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Fig. 9 XPS wide-scan spectra of CS—PEI-GO beads before and after
(@) Cr(vi) and (b) Cu(i) adsorption confirming the presence of adsorbed
metal ions on the surface of the beads.

-OH and -NH stretching vibrations) to 3369 cm ™. Also, CS peaks
at 1651, 1594, and 1418 cm ', which can be attributed to the
carbonyl stretch of -NHCO- group (amide I),* -NH bending of
amine,*”® and primary amine group,'® respectively, have dis-
appeared in the spectra of the crosslinked CS. All these changes
with -NH bands indicate the participation of amine groups in the
crosslinking process. On the other hand, new peaks at 1653 and
1562 cm™ ' are observed in the crosslinked CS spectrum. These
two peaks can be attributed to imine (C=N) and ethylenic (C=C)
bonds, respectively, which confirm the successful crosslinking
with GLA. Moreover, no unreacted aldehyde from GLA is
observed, as given by the absence of a peak around 1720 cm ™,
which suggests successful washes of the residual GLA from the
beads.**** Changes upon addition of PEI and GO are observed by
comparing the crosslinked CS and CS-PEI-GO spectra. The main
functional groups commonly seen in GO are not visible because
of the low GO content of the synthesized nanomaterial. The peak
assigned to ~OH and -NH stretch shifted to 3377 cm™* and its
intensity increased, suggesting the presence of more hydroxyl
groups from GO and amine groups from PEI The intensities of
the peaks at 1654 and 1561 cm ', which are assigned to the
products of the crosslinking reaction with GLA, also increased
due to more amine groups from PEI being converted to imine
groups and paired with ethylenic double bonds from aldol
condensation. Lastly, due to the incorporation of PEI in the
nanomaterial, a shoulder peak at 1435 cm™ " assigned to primary
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amine groups is observed in the CS-PEI-GO spectrum, indicating
the addition of more potential active sites for adsorption, hence
achieving higher metal removals with PEI addition.

Chemical and thermal stability tests were also performed to
further confirm successful crosslinking and successful synthesis.
Solubility tests with different solvents were performed and the
results proved that the beads are insoluble in different acidic and
basic solutions, as shown in ESI Table S4.7 The good chemical
stability of the beads can be attributed to the successful cross-
linking reaction between GLA and the amine groups present in
the beads. This stability over a wide pH range is favorable for the
potential applicability of the beads to different types of wastewa-
ters, as well as the possibility of regeneration of the beads using
different desorption agents. TGA results presented in Fig. 7 show
that all curves have an initial mass loss when heated to 100 °C due
to evaporation of trapped water and moisture in the materials.
Sharp weight loss of around 30% when GO was heated from 150 to
300 °C can be attributed to the pyrolysis of the oxygen-functional
groups of GO.* This decomposition for the synthesized beads
happened gradually and was observed to start at a higher onset
temperature (250 °C), an indication of the enhanced thermal
stability of the CS-PEI-GO beads due to the strong interaction
between the functional groups of GO and the polymers in the
beads. Lower weight% observed for the beads compared to GO
and CS after heating to 500 °C is due to the decomposition of the
PEI molecules in covalent bonds.” The TGA data show that the
CS-PEI-GO beads are thermally stable at room temperature and
temperatures lower than 100 °C, which make the beads possible
to use at different temperature ranges of wastewaters that can be
advantageous for thermodynamic study purposes.

To further evaluate the functional groups and composition
on the surface of the synthesized CS-PEI-GO beads, XPS anal-
ysis was used. Wide scan XPS spectrum, as shown in Fig. 8a,
depicts C 1s (62.9%), N 1s (6.6%), and O 1s (30.5%) peaks at
binding energies of 284.4, 398.0, 531.6 eV, respectively.
Deconvolution of N 1s core-level spectrum of CS-PEI-GO
(Fig. 8b) shows two major peaks at binding energies of 397.9
and 399.7 eV, which can be attributed to imine (=N-) and
amine (-NH,) groups, respectively.'® Fig. 8c shows the O 1s

CS-PEI-GO

Intensity (a.u.)

Fig. 10 XRD patterns of pure CS and CS—-PEI-GO. The CS—-PEI-GO
beads demonstrate a broader peak compared to pure CS, which is an
evidence of a decrease in crystallinity.
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spectrum deconvolution into two peaks at binding energies of
530.2 and 531.4 eV assigned to aliphatic C-O-C and -OH or C-O
groups, respectively. These results are consistent with the
findings obtained from FTIR analysis, showing the presence of
many functional groups on the surface of the synthesized
nanomaterial that can participate in the adsorption process.

To confirm the successful adsorption of the metal ions on the
surface of the beads, further analysis of the surface properties of
the CS-PEI-GO beads after Cr(vi) and Cu(u) adsorption was done
using XPS. Comparison of the wide scan XPS spectra of the beads
before and after Cr(vi) adsorption (Fig. 9a) shows the appearance
of a new peak at B.E. of 577.6 eV, which can be attributed to Cr 2p
on the surface of the metal-loaded beads. In addition, XPS analysis
also confirms the presence of Cu(u) on the surface of the beads as
given by the wide-scan spectra before and after Cu(n) adsorption
(Fig. 9b), with a new peak at binding energy of 932.6 eV.

Besides the functional groups, the crystallinity and porosity
of the synthesized CS-PEI-GO beads were also determined,
since these properties are essential for understanding the
adsorption performance of the nanomaterials.*>*® Fig. 10 shows
the XRD patterns of pure CS and the optimized CS-PEI-GO
beads. Pure CS exhibits two characteristic peaks at 26 = 11.02°
and 20.41°, showing the semi-crystalline nature of CS. On the
other hand, the peak observed for the CS-PEI-GO beads at 26 =
20.19° is relatively broader. This corresponds to a decrease in
crystallinity caused by the interactions between the different
functional groups present in the synthesized beads. This
physical modification by gel/bead formation provides enhanced
adsorption due to expansion of the polymer network and
intercalation of functional groups.*>'®>*-*

Evaluation of the pore structure of the synthesized beads was
done using N, adsorption-desorption isotherms. As shown in
Fig. 11, the isotherm shape displays a type IV IUPAC classifi-
cation associated to mesoporous solids. With this isotherm
type, multilayer adsorption at lower adsorbate pressures as well
as capillary condensation at higher pressures take place.
Furthermore, the total porosity of a material can be categorized
into three main groups based on pore size. By IUPAC definition,
micropores have pore diameters less than 2 nm, mesopores

7004 —e— Adsorption

—=— Desorption
600
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400+
300
200+

100+

0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P)

Quantity Adsorbed (cm®/g STP)

Fig. 11 N, adsorption—desorption isotherms of CS—PEI-GO beads.
The isotherm shape displays a type IV IUPAC classification associated
to mesoporous solids.
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Fig. 12 SEM image of porous CS—PEI-GO beads.

have pore sizes between 2 and 50 nm, and macropores have
pore sizes larger than 50 nm."® The average pore diameter ob-
tained for the CS-PEI-GO beads was 7.065 nm, which confirms
the mesoporosity property of the beads. The presence of pores
in the beads is also evident from the SEM image (Fig. 12). This
well-defined porous structure, as well as the high BET surface
area (358.4 m” g~ '), and total pore volume (0.6331 cm® g™ ") of
the synthesized CS-PEI-GO beads suggest favorable properties
for the good adsorption performance observed in Fig. 5.

4. Conclusions

RSM was a powerful tool to optimize the synthesis of a nano-
composite that can efficiently remove both cationic and anionic
metals from water. The composition of the CS-PEI-GO beads
were optimized using Box-Behnken Design by varying the
concentrations of PEI, GO, and crosslinking agent GLA for
maximum removal of Cr(vi) and Cu(u) ions. Second-order poly-
nomial model was adequate to develop the correlation between
the independent and dependent variables. ANOVA results show
good agreement between experimental and predicted responses,
as given by high R” values of 0.9848 and 0.8327 for Cr(vi) and
Cu(u), respectively. Response surface plots revealed the opposite
trend of GLA concentration from the responses due to the
difference in the mechanisms by which the two metal species are
bound to the amine groups of PEI and CS in the nanocomposite.
Cr(vi) ions are removed by the adsorbent primarily via electro-
static attraction, while Cu(u) ions form complex structures with
the primary amine groups on the surface of the beads. Numerical
optimization and validation of the optimized composition of the
CS-PEI-GO beads showed good predictability of the model
employed for both responses. Lastly, characterization of the
optimized beads revealed a chemically and thermally stable
material with a mesoporous structure, high surface area and
plenty of functional groups present on the surface, all of which
are favorable qualities for efficient adsorption capacity. Because
of the excellent properties and multi-functionality of the synthe-
sized CS-PEI-GO beads in this study, applicability to other
contaminants can be explored, making the new adsorbent very
promising for wastewater treatment.
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