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Abstract

Toxic oxyanions of Cr (VI) can be potentially removed by adsorbents with positively charged
surfaces. In this study, we synthesized a stable and insoluble amine-rich polymer composite (CS-
PEI-GLA) by crosslinking polyethyleneimine (PEI), a soluble amine-rich synthetic polymer, and
chitosan (CS) with glutaraldehyde (GLA). The positively charged amine groups were the main
adsorption sites. The batch investigation demonstrated that the adsorbent was able to remove
>90% of chromium in pH ranging from 2 to 8. Due to deprotonation of the amine groups,
chromium removal decreased at higher pH values. The adsorption was fast and reached
equilibrium after 45 min. The maximum adsorption capacity was 500 mg/g according to the
Langmuir isotherm and did not decrease in the presence of monovalent anions. In the column
study, the adsorption capacity was the highest when the flow rate was the lowest (5 mL/min),
influent concentration was medium (225 mg/L), and the bed height was the shortest (3.5 cm).
NaOH was the best recovery reagent with recovery of 67% in batch and 31% in the column. The
CS-PEI-GLA was able to remove 97.1 £ 0.1% chromium in batch and treat 750 mL of

electroplating wastewater with a 3.5 cm packed-bed column.

Keywords: Chitosan, Polyethyleneimine, Chromium, Batch adsorption, Packed-bed column
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1. Introduction

Chromium is mainly present in the environment as Cr (III) and Cr (VI) (1-5). Cr (IIl) is a
micronutrient, but it can be toxic at high concentrations. On the other hand, Cr (VI) compounds
like chromate (CrOq), dichromate (Cr207%*), and hydrogen chromate (HCrO4) are carcinogenic
and toxic even at ppb levels since they are highly soluble and can easily diffuse through the cell
membranes in the tissues (1, 6-8). These harmful compounds are usually found in electroplating
wastewater, leather tanning, nuclear power, metal finishing, photography, dying, and textile
industries (1, 6, 7, 9). The environmental threat of Cr (VI) has attracted many scientists to work
on innovative approaches to remove Cr (VI) from water for the past 20 years, as indicated by the
high number of publications.(4, 5) Furthermore, many studies have favored adsorption over other
methods, mainly because it is simple, cost-effective, and reusable (1, 3-5, 10). Two review articles
from 2008 (11) and 2023 (12) have identified coagulation/flocculation followed by filtration as a
promising industrial approach for Cr (VI) removal. This means that despite all the research done,
no significant practical advances have been made for chromium treatment that has been applied in
industry.

The main missing piece in many of these past adsorption studies is how the adsorbent can be used
in real-world applications. For instance, nano scale adsorbents are popular for chromium removal
among scientists, (13, 14) however, the high surface energy of these adsorbents leads to
aggregation, which makes the adsorption sites unavailable for chromium removal, making the
adsorbent inefficient.(15) That could be the reason why most research articles limit the evaluation
of their adsorbents to batch conditions instead of continuous conditions, like in a column reactor.
To put this fact into numbers, in a review article focusing on polyethyleneimine (PEI)

composites,(5) out of 136 studies on chromium adsorption, only six had studied continuous flow
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conditions in a column reactor. While the authors highlight the value of batch studies as an
essential first step to understand the adsorption process, they emphasized the importance of
investigations in flow conditions to bring adsorption technologies to real-world applications.
Moreover, to improve the reusability in industrial scale applications, large size adsorbents are more
desirable (15-17).

The literature review has shown that for the removal of anionic Cr (VI) compounds, an adsorbent
with abundant positively charged functional groups like -NH> can be effective.(1, 18, 19) Chitosan
(CS) and PEI are two amine-rich polymers that have been described to be good candidates for
chromium removal. CS is a cheap, natural polymer that can be produced from the waste of shrimp
canning industry.(20) PEI is a synthetic polymer with repeating -CH2CH>N- groups.(5) The two
polymers are naturally unstable especially at acidic pHs, therefore they should be combined with
other materials to form a stable composite. (21-41) Previous studies have identified two main
problems in CS/PEI adsorbents used for metal removal: 1. Complicated synthesis process (42, 43)
and 2. Reduction in adsorption capacity at pH values above 3 that would lead to low adsorption
capacity at neutral pH value.(42-46) To use an adsorbent for chromium removal in industry, the
production process should be robust to facilitate scale-up and the adsorbent should be effective at
pH values close to real wastewater, instead of highly acidic water.

This study fills these knowledge gaps and lays a foundation for real-world application of these two
promising polymers for chromium adsorption. A facile synthesis method at room temperature was
used to synthesize a durable composite of chitosan and polyethyleneimine using glutaraldehyde
(GLA) as the crosslinker (CS-PEI-GLA). After conducting the mechanistic studies to understand
the fundamentals of adsorption in batch mode, including the effect of PEI concentration, pH,

dosage, contact time, initial Cr (VI) concentration, and coexisting ions on Cr (VI) adsorption. The
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practicality of the adsorbent was investigated by packing a column with the adsorbent for
continuous removal of Cr (VI). Effect of flow rate, concentration of chromium (VI) in the influent,
and bed height on the column performance was studied. Recovery of the adsorbent in both batch
and continuous modes were studied with different recovery agents at different concentrations, and

finally, chromium removal from real electroplating wastewater was done by CS-PEI-GLA.

2. Materials and methods

2.1. Preparation of the CS-PEI-GLA adsorbents and characterization

The synthesis procedure of the adsorbents and the characterization techniques can be found in our
previous publications.(20, 47) Briefly, different solutions with fixed concentration of chitosan (2%
w/w) and four different concentrations of polyethyleneimine (0, 2, 5, 10% w/w) were prepared.
The solutions were stirred overnight, and after that, glutaraldehyde was added to the ultimate
chitosan concentration of 2% w/w. The solutions were transformed into gels after GLA (2%)
addition. The gels were washed several times with deionized water and freeze-dried. Different
techniques used to characterize the adsorbent were Attenuated Total Reflectance Fourier
Transform Infrared spectroscopy (ATR-FTIR), Brunauer-Emmett-Teller (BET), X-ray
photoelectron spectroscopy (XPS), and Scanning Electron Microscopy (SEM) as described by

Nadres et al. (47).

2.2. Optimization of Cr (VI) removal: Batch process

The batch process was used to optimize Cr (VI) removal in terms of PEI concentration in the
adsorbent, pH, dosage of the adsorbent, time of exposure of Cr (VI) to the adsorbent, and initial
concentration of Cr (VI). The effect of temperature and coexisting ions on the adsorption was also
investigated. The general procedure for Cr (VI) removal was as follows: CS-PEI-GLA dry powder
was mixed with Cr (VI) solution and shaken at 120 rpm for the time indicated. Then, the

5
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suspension was allowed to settle, and an aliquot was withdrawn. The solution was filtered through
a sterile syringe filter with polyethersulfone (PES) membrane with 0.2 um pore size (VWR). The
chromium concentration in the samples were measured by atomic absorption spectroscopy (AAS)
using PerkinElmer AAnalyst 200. Seven solutions with 1 to 7 mg/L of chromium were prepared
as calibration standards. The details for each set of experiments are described in the supporting
information. All experiments were done in triplicates and the percent removal was calculated with

Equation 1 and adsorption capacity at equilibrium (qeq) with Equation 2:

Ci—Ce

Removal (%) = —— %100 Equation (1)

where C; (mg/L) is the initial concentration and C. (mg/L) is the equilibrium concentration of

chromium.

Qeq (%) = izt Equation (2)

m
where V (L) is the volume of sample and m (g) is the mass of the adsorbent.

2.3. Optimization of Cr (VI) removal: Column process

The details of the column setup are provided in the supporting information. The effect of flow rate
was investigated with 0.5 g of the polymer composite (equal to 7 cm bed height) packed in the
column. Then, 225 mg/L Cr (VI) was pumped through the column at three different rates (5, 7.5,
and 10 mL/min). The flow rate was adjusted by changing the pump’s speed and measured by
measuring the effluent volume in 1 min. The effect of influent concentration was investigated at
the best flow rate (5 mL/min) with 0.5 g (7 cm) of the adsorbent packed in the column. Cr (VI)
solutions with concentrations of 100, 225, and 500 mg/L were pumped through the column. The

effect of packed-bed height on Cr (VI) removal was investigated at the optimized flow rate (5
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mL/min) and initial Cr (VI) concentration (225 mg/L). Three bed heights were tested by packing

the glass column with 0.25 (3.5 cm), 0.5 (7 cm), and 0.75 g (10.5 cm) of CS-PEI-GLA.

2.4. Recovery of chromium from CS-PEI-GLA in batch and continuous modes

CS-PEI-GLA (0.5 g) was exposed to 200 mL of 1000 mg/L Cr (VI) for 3 h. Then, the suspension
was allowed to settle. The adsorbent was collected and washed with deionized water twice. Excess
water was removed by placing the precipitates on a paper towel. Recovery of chromium ions was
started by weighing 20 mg of the Cr (VI)-laden CS-PEI-GLA and adding it to 40 mL of recovery
reagents. The recovery reagents used were water, HCI (0.1 M), NaOH (0.1 M), Na>SO4 (0.1 M),
NaCl (0.1 M), NaHCOs3 (0.1 M). The mixtures were shaken for 24 h and analyzed for total
chromium concentration by AAS as described in section 2.2. The recovery percentage was

calculated by Equation 3:

Cr Recovered (%) =

C_C_dc x 100 Equation (3)

where Cq (mg/L) is the chromium concentration in the supernatant after desorption and C; and Ce
(mg/L) are the same as described in section 2.2. For the best recovery reagent, different
concentrations (0.1, 0.25, 0.50 and 1.0 M) and three adsorption/desorption cycles were tested. The
adsorbents before and after adsorption, and after desorption cycles were characterized with ATR-
FTIR and XPS. The optimized recovery agent was used to recover chromium from a saturated
column. First, the column with 0.5 g of the adsorbent was saturated with 225 mg/L Cr (VI) solution
at 5 mL/min for 8 h. Then, 200 mL of the recovery agent was run through the column at 5 mL/min

and 10 mL fraction of the eluent was collected to measure the chromium concentration.
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2.5. Removal of chromium from electroplating wastewater in batch and continuous modes

A 200 mL of electroplating wastewater obtained from Allied Plating, Houston, TX was mixed
with 100 mg of CS-PEI-GLA. The wastewater was used without prior pretreatment. The mixture
was left in a shaker for 1 h. After that, the suspension was allowed to settle, and an aliquot was
withdrawn. Chromium concentration was measured as described in section 2.2. For continuous
removal of chromium from the plating wastewater, a column was prepared with 0.25 g of the
adsorbent as described before. Wastewater was pumped through the column at 5 mL/min.
Fractions of 25 mL were collected for 6 h and chromium concentrations were analyzed as

described in section 2.2.

3. Results and discussion

3.1. Optimization of Cr (VI) removal in batch mode

3.1.1. Optimization of PEI concentration

Four adsorbents with different PEI contents, 0, 2, 5, and 10%, were prepared to investigate how
the abundant adsorption sites in this amine-rich polymer could enhance Cr (VI) removal. The
adsorbent was a fluffy brown sponge. A schematic representation of the synthesis process has
been provided in supporting information (Figure S1). Figure S2 & 3 shows ATR-FTIR spectra
and SEM image of the adsorbent, respectively. The ATR-FTIR spectrum of CS-PEI-GLA shows
a combination of peaks from the two starting materials. The peak located at 3347 cm™ is the
combination of stretching vibrations of -N—H and —O—H of the CS and PEI, and is slightly shifted,
which indicates a stronger intramolecular hydrogen bonding (48). The peak located at 2961cm! is
attributed to PEI and corresponds to —C—H stretching. The peak located at 1616 cm™ is a result

from the overlap of peaks from —N—H bending from both CS and PEI. These peaks confirm the
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successful CS-PEI-GLA synthesis.

The XPS analysis of the adsorbents (Table S2) showed that by increasing the concentration of
PEI in the reaction, the concentration of nitrogen increased and oxygen decreased in the final
products, which supported the fact that higher amounts of PEI were incorporated into the
adsorbents. The percent removal for the adsorbent with the highest PEI content, 10%, was
expectedly higher than the others (Figure S4), where removal increased from 25 + 2 % for 0%
PEI to 93 + 0 % for 10% PEI. Although some adsorption sites on CS were lost due to crosslinking
with PEI (18), overall CS-PEI-GLA composites performed better than CS-GLA alone for Cr (VI)
adsorption. The ~ 70% increase in chromium removal by adding PEI suggested that most of the
adsorption sites were amine groups, while hydroxyl groups from CS contributed little for the
adsorption. An attempt to synthesize a polymer composite with PEI content higher than 10% failed
because a homogenous mixture of CS and PEI could not be achieved due to PEI viscosity. As a
result, CS-PEI 10%-GLA was found to be the optimum adsorbent and was used for further
experimentation. For the rest of the study, the optimized adsorbent will be referred to as CS-PEI-

GLA.

3.1.2. Optimization of pH

An important factor playing a key role in the performance of the adsorbent for chromium removal
is pH since it can change the properties of the functional groups present in the adsorbent as well
as the stability of the adsorbent (49). Moreover, pH affects chromium oxidation states i.e. Cr (III)
and Cr (VI) and their speciation (18, 31, 50, 51). Therefore, different parameters should be
considered during pH optimization to explain its effect. The results (Figure 1) showed same
removal (~ 90%) at pH values between 2 and 8, at higher pH values the removal decreased. The

integrity of the adsorbent was not compromised in this pH range.

9
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Figure 1: Effect of pH on chromium (100 mg/L) removal from a 20 mL solution by CS-PEI-

GLA (20 mg) after 16 h. The standard deviation based on triplicate experiments are represented

by the error bars.
As shown in our previous study (47) and Figure S5, the surface of the adsorbent is positively
charged at the pH range 2-10 due to the protonation of amine and hydroxyl groups. However, a
drastic decrease in surface charge was detected from pH 9 to 10. According to Cr (VI) speciation
diagram (52) for the conditions tested in this study, at pH values between 2-5.5, Cr (VI) will be
present in the solution as ~ 90% HCrO4 and 10% Cr,O7*, then the concentration of both species
will decrease, while CrO4* will increase with increasing pH. At pH 9, CrO4* is the only form of
Cr (V]) existing in the solution. Since all the Cr (VI) ions are negatively charged, they can be
attached to the positively charged surface of the adsorbent via electrostatic interaction (19, 31, 50,
53). Moreover, hydrogen bonds can form between amine groups and Cr (VI) species (49, 53). As
pH increases, OH™ anions compete with Cr (VI) anions for adsorption sites (35), hence, removal
decreases slightly at pH 9 compared to pH 8. This decrease is not significant, possibly because the

conversion of HCrO4 to CrO4> leads to stronger electrostatic attraction between Cr (VI) anions

10
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and the surface of the adsorbent, therefore, partially neutralizing the effects of increasing OH"
concentrations. However, from pH 9 to 10, the removal dropped significantly, because of the
increase in OH" concentration as well as decrease in surface charge of the adsorbent due to

deprotonation of the amine groups.

Besides the anions, chromium in the cationic state, Cr (III), should be accounted for the removal.
Cr (VI) can be reduced to Cr (III) in the presence of electron donors functional groups like
hydroxyl and amine (15, 18, 49, 53, 54). After the reduction, amine groups on CS-PEI-GLA can
chelate the cations (15, 49, 50, 55). Another possible mechanism for Cr (III) removal is its
precipitation as Cr(OH)s, especially at pH above 6 (49). To better understand the adsorption of

chromium on the adsorbent, other parameters were investigated.

3.1.3. Optimization of adsorbent dosage and contact time (kinetics)

The dosage of the adsorbent determines how many adsorption sites would be available for the
adsorbate; therefore, it can affect the percentage removal. As shown in Figure S6, CS-PEI-GLA
can remove Cr (VI) completely from the solution at 0.5 g/L. dosage. Therefore, this dosage was

used for further experiments.

The rate of the adsorption and the right kinetic model describing the adsorption process are
important for an efficient adsorption system design and to reveal the governing mechanisms in the
adsorption process (56). Figure 2 shows the adsorption capacity of CS-PEI-GLA over time from
Cr (VD) solutions with 50, 100, and 250 mg/L concentration at pH=7. As can be seen in the figure,
for 0.5 g/L dosage of the adsorbent at all three conditions, adsorption reaches equilibrium after 45
min. Therefore, an adsorption system with 45 min residence time can provide the maximum Cr

(VI) removal from the aqueous phase by the adsorbent.

11
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Figure 2: Experimental data and kinetic models for adsorption capacity over time (q;) of CS-
PEI-GLA (25 mg) in 50 mL solution at pH=7 with 50, 100, and 250 mg/L Cr (VI). The standard

deviation based on triplicate experiments are represented by error bars.

These data were further studied by fitting them to the nonlinear form (57, 58) of the kinetic models:
pseudo-first order and pseudo-second order. The rate constants (ki and k») and the calculated
adsorption capacity (qe, cal) Were obtained by fitting. As presented in Table 1, the goodness-of-fit
value for both models were above 0.98 and qe, cal Was within the 7% range of the geq, exp 1n all the
three conditions. However, as initial concentration of Cr (VI) increased, the R? for the pseudo-first
order model decreased from 0.9983 to 0.9855 and the R? for the pseudo-second order model
increased from 0.9878 to 0.9956. Same trend was observed for the difference between qeq, exp and
Qe, cal, as for the pseudo-first order model the difference between the two adsorption capacities
increased from 2% to 7% with increase in initial concentration while the difference decreased from

4% to 1% for the pseudo-second order model.
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Table 1: Adsorption kinetic parameters of Cr (VI) onto CS-PEI-GLA. The experiment was done
with 25 mg of the adsorbent and 50 mL solution at pH=7, containing 50, 100, and 250 mg/L Cr
(VD). geq, exp (Mg/g) is the batch experimental adsorption capacity at equilibrium, ki (1/min) is the
rate constant for pseudo-first order model, qe, ca (Mmg/g) is the calculated adsorption capacity at
equilibrium, R?is the goodness-of-fit value, and k> (g/mg.min) is the rate constant for pseudo-

second order model.

pseudo-first order pseudo-second order
Cr (VI) concentration  qeq, exp ki e, cal R2 ko Qe, cal R
(mg/L) (mg/g) (1/min)  (mg/g) (g/mg.min) (mg/g)
50 91.75  0.1730 89.85 0.9983 0.0028 95.09 0.9878
100 17470~ 0.1707  172.15  0.9908 0.0015 181.80 0.9947
250 403.38 0.1530 37534  0.9855 0.0006 399.52  0.9956

Based on the features of the two kinetic models, it can be suggested that both diffusion and
chemical adsorption is controlling the adsorption process, while the rate-limiting step at low
concentrations is diffusion, and at high concentrations is the chemical adsorption that includes
strong interactions between adsorption sites on the adsorbent and metal ions (59-61). In our
previous study (47) we showed that the adsorbent has a porous structure with specific surface area
of 462 m?/g, therefore the diffusion in the pores can be the rate-limiting step at low concentrations.
At high concentrations, chemisorption, which was suggested as one of the involved mechanisms
in section 3.1.2, controls the kinetic of the adsorption. Abundant amine functional groups on the
adsorbent can form complexes with cations Cr (III), which were reduced from Cr (VI), due to the
presence of electron donor functional groups like hydroxyl and amine (15, 49, 50). It should also

be noted that the k> value decreased from 0.0028 to 0.0006 (g/mg.min) when initial concentration
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increased, which shows that the adsorption process highly depends on the concentration (62). To
further identify characteristics of the adsorption process, the effect of Cr (VI) concentration and

adsorption isotherms were investigated.

3.1.4. Effect of Cr (V1) initial concentration and isotherms

The concentration of the adsorbate can affect the adsorption process. Moreover, data obtained from
the adsorption at various initial concentrations can be used to determine the parameters in
adsorption isotherms. These mathematical models can provide valuable information about the
characteristics of the adsorbent that can be used in the design of an adsorption system, namely:
maximum adsorption capacity, adsorption sites, and their homogeneity (59, 63, 64). The
equilibrium concentration and adsorption capacity data, after adsorption started at 20, 50, 100,
250, and 500 mg/L, were used to determine the model parameters of 2 two-parameter models:
Langmuir and Freundlich and 3 three-parameter models: Redlich-Peterson, Sips, and Toth. For the
two-parameter models, the adsorption system was better described with the Langmuir model rather
than Freundlich (Figure 3 (a) and Table 2) and for the three-parameter models, Sips had the best
fitting (Figure 3 (b) and Table 2). However, the R? for all the three-parameter models was > 0.97,
since these models inherently have less error in fitting to the experimental data because of the

higher number of parameters (65).
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Figure 3: Experimental data at equilibrium with (a) two-parameter isotherm models and (b)

three-parameter isotherm models. The geq (mg/g) is the adsorption capacity at equilibrium and

Ce (mg/L) is the Cr (VI) concentration in the solution at equilibrium. Adsorption was done for

five Cr (VI) solution with 20, 50, 100, 250, and 500 mg/L concentration by adding 0.5 g/L of

the adsorbent for 2 h. The standard deviation based on triplicate experiments are represented by

the error bars.

Table 2: Isotherm models’ parameters and goodness-of-fit (R?) of Cr (VI) adsorption onto CS-

PEI-GLA obtained by nonlinear method. Adsorption was done for five Cr (VI) solution with

20, 50, 100, 250, and 500 mg/L concentration by adding 0.5 g/L of the adsorbent for 2 h.

Langmuir Freundlich Redlich-Peterson Sips Toth
R?*=0.9862 R*=0.8370 R*=0.9793 R*=0.9922 R*=0.9782
dmax = 500 Kr=30.2018 Arp=25.7585  qs=488.4890 q=512.8120
Kr=0.0344 1/n=0.5547 Brp=0.0808 Ks=0.0430 K=0.0515
£=0.9239 ns= 1.0566 t=0.8253

15



273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

The fact that Langmuir model described the system well was confirmed not only by the goodness-
of-fit value but also by ns from the Sips model, since it was close to one (64). The Langmuir model
assumes the adsorbent’s surface to be homogenous and the adsorption to be a monolayer (59, 60,
66). The adsorption being monolayer was further confirmed as the parameter g from Redlich-
Peterson and t from the Toth models were close to unity (67, 68). As discussed in section 3.1.2,
hydroxyl and amine groups are the adsorption sites on CS-PEI-GLA, however, the abundance of
amine groups in the adsorbent makes them the dominant adsorption sites (18). The adsorption
capacity from Sips model (488.49 mg/g) was close to maximum adsorption capacity obtained from
the Langmuir model (500 mg/g). When compared to qmax of similar adsorbents in the literature, it

was found that the Langmuir gmax for CS-PEI-GLA was significantly higher (Table S3).

3.1.5. The effect of temperature and thermodynamics

Along with the isotherms, thermodynamic concepts can further elaborate the adsorbent behavior.
Figure S7 shows the Cr (VI) adsorption capacity onto CS-PEI-GLA at different temperatures, and
it was observed the Q. increased with the rise in temperature. The thermodynamic parameters
Gibb's free energy (AGP®), the enthalpy (AH®), and the entropy (AS°) change were calculated from
the Equations S11 to S13. The determined values are shown in Table S4. The negative values of
AG® at different temperatures confirmed that adsorption process is spontaneous and feasible. The
enthalpy change was 18.10 kJ/mol, which indicated the endothermic nature of the adsorption
process. The positive value of entropy change suggests an increase in the randomness at the solid-

solution interface during the adsorption process (69-71).
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3.1.6. Effect of coexisting ions

The presence of other ions in water can influence the chromium removal, because electrostatic
interactions play an important role in the adsorption process (72, 73). Experiments were performed
to evaluate the effect of CI,, NO3"SO4>", PO4>", Cd**, and Zn?" at different concentrations. As shown
in Figure 4, the chromium removal capacity was affected by all ions, however, with different

levels of influence.
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Figure 4: The effect of coexisting ions on the Cr (VI) adsorption. Experiments were performed at
pH 7 with 100 ppm Cr (VI) solution and CI, NOs", SO4>, PO4> in a range of concentration from
200 to 2000 mg/L. For Cd** and Zn?" the concentration range were between 20 and 2000 mg/L.

The standard deviation based on triplicate experiments are represented by error bars.

The CI" and NOs™ had no remarkable effect on the adsorption process, even when the concentration
of those anions increased. However, when the SO4> and PO4*" concentration increased from 200

to 2000 ppm, the removal capacity decreased substantially. Moreover, it was noticed that the effect
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of PO4*" was greater than SO4*". This could be attributed to charge that each anion possesses (70,
74). According to Cr (VI) speciation diagram, Cr (VI) is mostly present as CrO4* at pH 7;
therefore, monovalent ions of Cl"and NO3™ could slightly compete with Cr (VI) for positive charges
on the CS-PEI-GLA surface. On the other hand, the SO4> and PO4>" are bivalent and trivalent
anions, respectively, and they may greatly compete with Cr (VI) for more sites on the adsorbent.
These results were consistent with the previous investigations (72-75). For Cd and Zn, the presence
of ions in the concentration range between 20 and 200 ppm, slightly decreased the chromium
removal capacity. However, when the cation concentration increased to 2000 ppm, it was observed
a significant decrease in the removal capacity. This can be explained by the fact that those cations
might combine with chromium anions, which leads to a reduction of the adsorption efficiency (76).

Nonetheless, the presence of anions seems to play a major role in chromium adsorption.

3.2. Optimization of Cr (VI) removal: Column process

3.2.1. Optimization of flow rate for Cr (VI) removal

One of the most important factors for real adsorption applications that cannot be assessed by batch
studies, is flow rate. According to Figure S9 (a) and Table 3, the breakthrough curves shifted to
the left when the flow rate increased from 5 mL/min to 7.5 mL/min and 10 mL/min, resulting in
smaller breakthrough time, volume of clean water, and adsorption capacity. When the flow rate
increased, a higher load of chromium ions entered the column with a shorter residence time,
therefore, the column met the breakthrough point quicker (77). An increase in flow rate can
increase adsorption capacity by reducing the mass transfer resistance, (77, 78) or decrease

adsorption capacity by decreasing the residence time (79). The short residence time interferes with
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the equilibrium between the ions and adsorbent, as a result, the adsorbent cannot reach its full
adsorption capacity (77, 79). As shown in Table 3, for the conditions tested in this study, the effect

of residence time was dominant and the lowest flow rate yielded the highest adsorption capacity.

Table 3: The parameters of the continuous mode (column) experiments. Q (mL/min) is the rate
of flow, Co (mg/L) is the concentration of chromium in the influent, L (cm) is the height of the
packed-bed, M (g) is the amount of the adsorbent, t, (min) is breakthrough time, qexp (Mg/g) is

experimental adsorption capacity, and Vp (mL) is the volume of clean water obtained before

breakthrough point.
Run# Q(mL/min) Co(mg/L) L(cm) M(g) to(min) gexp (mg/g) Vi (mL)
1 5 225 7 0.5 150 594.76 750
2 7.5 225 7 0.5 73 376.18 549
3 10 225 7 0.5 42 324.36 425
4 5 100 7 0.5 200 370.02 1000
5 5 500 7 0.5 68 562.76 340
6 5 225 3.5 0.25 110 753.12 550
7 5 225 10.5 0.75 220 522.51 1100

Table SS shows how the different parameters of the models change with change in the flow rate.
The dual effects of flow rate can be observed in this table. While the constant rate of the models
increased at higher flow rates, the qexp changed in the opposite direction. The decrease in mass
transfer resistance at higher flow rates resulted in higher rate constants. On the other hand, the
adsorption capacity was lower because of the lower residence time (78). The comparison of the
experimental adsorption capacity (qexp) With the predicted adsorption capacity from the Thomas
model (qm), showed less than a 4% difference for all three conditions. Therefore, the models were

able to accurately represent the characteristics of the column.
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3.2.2. Effect of influent concentration on Cr (VI) removal

To evaluate how the adsorption system can be used to clean up contaminated water from different
sources with different amounts of chromium ions, it is important to investigate how the
concentration of chromium in the influent affects the adsorption operation. According to Figure
S9 (b) the breakthrough curves were moved to the left by an increase in the Cr (VI) concentration
from 100 to 225 and 500 mg/L. Therefore, as presented in Table 3, t, was the shortest at 500 mg/L
and the longest at 100 mg/L. Similarly, Vy was the lowest at 500 mg/L and the highest at 100
mg/L. This is because when the number of chromium ions increased in the flow, the saturation of
the column happened faster (77). In terms of gexp, however, the trend was not straightforward. It is
expected that higher concentrations will lead to a higher concentration gradient between the
adsorbent surface and the bulk of the solution, therefore, providing higher mass transfer force (77,
78). When the mass transfer force increases, the adsorbent becomes saturated faster, as a result
adsorption capacity increases (77). This is true as qexp, as well as qm, were the lowest for 100 mg/L
compared to the highest concentrations, however, these two adsorption capacities were almost
similar when 225 and 500 mg/L were compared (Table 3). This might be because at 5 mL/min
flow rate, the concentration gradient for 225 mg/L was high enough for the adsorbent to reach
equilibrium, therefore increasing the influent concentration to 500 mg/L did not further increase
the adsorption capacity. High goodness-of-fit and less than 5% difference between qexp and qm

(Table 3 & S5) showed that the models described the adsorption system well.

3.2.3. Optimization of bed height for Cr (VI) removal

The role of bed height on the adsorption properties of a column needs to be determined for a real
application design. The main effect of the bed height is on the abundance of adsorption sites and
the flow residence time in the packed-bed (80). Furthermore, bed height may affect the physical
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properties of the packed bed like compaction of the bed and how the flow passes through the bed
(79). Figure S9 (¢) and Table S5 showed that longer breakthrough time and larger Vi, were
obtained at higher bed height. These results are the effect of the increase in adsorption sites for the
chromium ions due to increase in bed height. Therefore, it took longer for the column to reach the
breakthrough point. It is expected that with longer contact time, the system comes closer to the
equilibrium and the adsorption capacity increases (77). However, in this study, the smallest bed
height showed the highest qexp (and qm), which is probably due to compaction of the adsorbent,
channeling of the flow, and the unused adsorbent on the side of the column at high bed heights
(79). These effects on the adsorption system exacerbated for 10.5 cm bed, as the goodness-of-fit
was the lowest (Table S5) compared to the other conditions throughout the whole study. The
models did not predict the breakthrough curve accurately, although qm and qexp were in good
agreement. Based on these results, a low bed height is recommended for this adsorbent for effective

removal of Cr (VI).

3.3. Recovery of CS-PEI-GLA in batch and continuous modes and adsorption mechanism

For environmental (less sludge production) and economical (less operational costs) reasons, it is
important to desorb the absorbate from the adsorbent and use it for multiple rounds of adsorption
(81). Different recovery agents were used to desorb chromium ions from CS-PEI-GLA. According
to Figure S10 (a), NaOH 0.1 M presented the best desorption performance (67 = 3 %) compared
to the other agents. A complete desorption of chromium ions from the adsorbent was achieved
(data not shown) by HNO3 2M at the expense of dissolving the adsorbent. Therefore, NaOH was
identified as the best recovery agent. However, this recovery agent could not completely regenerate
the adsorbent. Additionally, NaOH at higher concentrations did not improve the recovery as shown

in Figure S11. The same outcome was observed for regeneration of the column with NaOH 0.1 M
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solution, where the recovery was even lower compared to the batch study, as about 31% of the
chromium ions were recovered (Figure S10 (b)). However, it should be noted that recovery was
fast and almost all the recoverable adsorbates were desorbed in the first 10 minutes. The fact that
the adsorbent cannot be completely recovered was further revealed when multiple cycles of
adsorption/desorption were done with NaOH 0.1 M. Since part of the chromium ions remained on
the adsorption sites, after each cycle, the amount of chromium ions adsorbed to the adsorbent

decreased in each cycle (Figure S10 (c¢)).

Low recovery of chromium ions from amine-rich adsorbents have been reported in the literature
before. Gonzalez Lopez et al. (77) used CS supported on a porous material to adsorb chromium.
In regeneration of the adsorbent, a maximum of 62% recovery was achieved. About the same
recovery percentage was reported by Zhang et al. (15) when they used a PEI/amyloid
fibrils/polyvinyl alcohol aerogel beads as the adsorbent. Geng et al. (50) investigated the
performance of a PEI-graphene oxide adsorbent for Cr (VI) removal, but they did not investigate
the regeneration of the adsorbent.

To understand the low recovery of chromium, XPS and FTIR spectra of CS-PEI-GLA and CS-
PEI-GLA-Cr were studied. As illustrated in Figure S12 the XPS total survey spectra, the binding
energies at 285, 400, and 533 eV were related to C 1s, N 1s, and O 1s, respectively. For the
spectrum of CS-PEI-GLA-Cr, two peaks at 576 and 585 eV appeared, which were related to Cr
2p3/2 and Cr 2p1/2 orbits, respectively, demonstrating that Cr (VI) was successfully adsorbed by
CS-PEI-GLA (72, 73, 75). The FTIR spectra (Figure S13) of the adsorbent after adsorption with
Cr showed two new sharp peaks at 783 and 902 cm™! belonging to chromium ions compared to the
adsorbent before adsorption (54, 82). The intensity of the broad peak in the 2600-3600 cm™' range

due to stretching vibration of -N-H and -O-H groups decreased, which shows the interaction of
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amine and hydroxyl groups with chromium ions (82). The involvement of amine groups in the
adsorption was further confirmed by the shifting of -N-H bending at 1608 cm™ in the pristine
adsorbent to 1653 cm! in the saturated adsorbent (82). High-resolution XPS spectra of Cr2p for
CS-PEI-GLA-Cr showed four peaks at 576 and 586, which were assigned to Cr (III), and at 577
and 589, which were assigned to Cr (VI) (18) (Figure 5 (a)). In CS-PEI-GLA-Cr, the Cr (I1I) peak

presented a higher intensity than the Cr (VI) peak, which confirmed chromium reduction (15, 38,

72).
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Figure 5: (a) XPS spectra of Cr 2p3/2 for CS-PEI-GLA after exposure to Cr (VI) solution. XPS
C 1s high-resolution spectra of (b) CS-PEI-GLA and (c¢) CS-PEI-GLA-Cr. XPS N 1s high-
resolution spectra of (d) CS-PEI-GLA and (e) CS-PEI-GLA-Cr. Experiments were performed

at pH 7 with 100 ppm Cr (VI).

As discussed in Section 3.1.2. at the condition in our study, CroO7* converts to HCrOs~ The
HCrO 4 is a highly reducible species (+ 1.35 V). Therefore, in the presence of an electron donor,
the reduction reaction might occur according to the following equation, resulting in the conversion

of Cr (VI) to Cr (IIT) (18, 52, 75):
HCrO4 +7H" +3e = Cr* + 4H,0 Equation (8)

Figure 5 shows the high-resolution XPS spectra of C 1s (b&c) and N 1s (d&e) for the adsorbent
before and after the chromium adsorption process. CS-PEI-GLA C 1s spectrum shows four peaks
at 285.3 and 286.5, attributed to C-C bond and C-NH; from amines groups from both chitosan and
PEI, and 286.7, and 288.9 attributed to C-OH, and C=0O bonds from chitosan, respectively (4, 52,
83). CS-PEI-GLA N 1s spectrum presented peaks at 400.94 for -NH- and 398.87 for -N=. Table

4 shows the contribution of each functional group. The peak at 286.5 eV, attributed to the C-NH>

24



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

bond, was more pronounced than the other peaks (67.8%) due to the high concentration of PEI on

the adsorbent.

Table 4: Percentage abundance of the functional group of CS-PEI-GLA and CS-PEI-GLA-Cr

based on the area of the fitted XPS peaks.

Sample C-C/C=C C-NH: C-OH C=0 -NH- -N= -N-Cr
CS-PEI-GLA 11.9 67.8 16.2 4.0 41.5 58.5 0
CS-PEI-GLA-Cr 23 69.4 6.2 22.1 39.5 34.2 26.3

Compared to unused CS-PEI-GLA, C 1s spectrum of used CS-PEI-GLA presented a more
pronounced peak for C=0 (22.1%) while the intensity of C-OH reduced from 16 to 6%, indicating
the occurrence of oxidation reactions as suggested in the following equations (18, 38, 72, 75).

R—CH; — OH + Cr(VI) = R—(C=0) H+ Cr(Ill) Equation (9)

R—(C=0) H+ Cr(VI) » R— COOH + Cr(III) Equation (10)
For N 1s spectrum, after the chromium adsorption, both amino (400.94 eV) and imine (398.87 eV)
peaks intensity decreased considerably and a new peak was observed at 399.55 eV, which was
assigned to N-Cr, indicating that amino groups from CS-PEI-GLA participated in the Cr(VI)
removal process (44, 84).

-NH, + H" - -NH3"  Equation (11)
—NH;3" + HCrO4 - —NH3" ...... HCrO4 Equation (12)
—N*=CH>+ HCrO4 —» —N"=CH,...... HCrO4 Equation (13)

After the recovery with NaOH, the intensity of the peaks at 783 and 902 cm™! belonging to the

chromium ions drastically decreased. This observation along with the increase in the intensity of
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the broad band from 2600 to 3600 cm™ revealed that most of the chromium ions have been
removed from the adsorption sites. However, the -N-H bending was still present at 1653 cm™! and
the broad band from 2600 to 3600 cm™' was not as intense as the pristine adsorbent, showing that

some of the amine groups were still attached to the chromium ions after recovery (54).

Based on the XPS and FTIR data, the desorption happened when the amine groups got
deprotonated at basic pHs, therefore, chromium ions were released to the solution (19, 60).
However, the low recovery of chromium ions could be attributed to the reduction of Cr (VI) to Cr
(IIT) by hydroxyl and amine groups followed by chelation with the amine groups (38, 85). NaOH
was able to recover the electrostatically attached Cr (VI) ions on the surface of the adsorbent by
deprotonation of the functional groups, however, if the metal ions were chelated by the amine
groups, they could not be removed by a change in pH (18, 77, 82). Figure 6 shows the adsorption

mechanism.
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Figure 6: Schematic diagram of Cr (VI) adsorption mechanism on CS-PEI-GLA

Although CS-PEI-GLA could not be completely regenerated, it could be converted from Cr (VI)
to a less toxic form of chromium, i.e. Cr (IIl) (18, 53). Moreover, the adsorbent could be

incinerated to obtain less sludge for disposal.

3.4. Removal of chromium from electroplating wastewater in batch and continuous modes

Chromium electroplating wastewater is highly polluted with chromium ions; therefore, it is
important to treat this wastewater before releasing it into the environment. The electroplating
wastewater with 263 mg/L of chromium was treated with the adsorbent. Detailed characteristics
of the wastewater is presented in Table S6. The batch study showed that CS-PEI-GLA can remove
97.1 £ 0.1 % of the chromium after 1 h. When the wastewater was passed through the column with

0.25 g of the adsorbent, less than 2 mg/L chromium was detected in the effluent after treating 750
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mL of the wastewater, after that the chromium concentration drastically increased and the column
became completely saturated with 1650 mL of the wastewater (Figure 7). These results
demonstrate that CS-PEI-GLA is effective in chromium removal in both batch and continuous

modes from the complicated chemistry of electroplating wastewater.
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Figure 7: Breakthrough curve for chromium removal from electroplating wastewater. The flow
rate was 5 mL/min and 0.25 g (3.5 cm) packed-bed of CS-PEI-GLA was used. The initial

chromium concentration was 263 mg/L.

4. Conclusion

A polymer composite with some hydroxyl and abundant amine functional groups was prepared
through a simple synthesis method by incorporating the soluble PEI into a support matrix of CS
via crosslinking with GLA. The adsorbent with 10% PEI had the best chromium removal compared
to 0, 2, and 5%, highlighting the crucial role of amine groups for Cr (VI) adsorption. The

importance of amine groups was further confirmed when more than 90% chromium removal was
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achieved over a wide range of pH values (2-8) but decreased at pH 9-10 due to deprotonation of
the amine groups. The pseudo-first order was the governing kinetic model at low concentrations,
while at high concentrations the adsorption process was controlled by the pseudo-second order
model. Langmuir isotherm showed the adsorption sites are homogenous and a maximum
adsorption capacity of 500 mg/g. The adsorbent was mostly selective toward chromium ions as a
reduction of adsorption capacity was only observed when di- and tri-valent anions existed at
concentrations four times or more than Cr (VI). FTIR and XPS analysis showed reduction of Cr
(VD) to Cr (IIT) on the surface by hydroxyl and amine groups, which explained the low recovery of
the adsorbent with NaOH. Amine groups that electrostatically adsorbed Cr (VI) could release the
chromium ion because of deprotonation as a result of the increased pH. However, chromium-
loaded amine groups, could not be recovered, because the Cr (VI) on those amine groups were
reduced to Cr (III) and the increase in pH could not affect the amine Cr (III) complex. The
adsorbent was used in continuous mode to investigate practical applications. Adsorption capacity
decreased by an increase in flow rate due to shorter residence time. An increase in influent
concentration from 100 to 225 mg/L increased adsorption capacity, but from 225 to 500 mg/L
same Jexp Was obtained, most likely because the adsorbent reached equilibrium. An increase in the
packed bed height decreased the qexp due to changes in the characteristic of the flow, like
channeling and compaction of the adsorbent. CS-PEI-GLA showed promise for practical removal
of chromium by 97.1 = 0.1 % of chromium from electroplating wastewater in batch mode and

producing 750 mL of clean treated electroplating wastewater with a 3.5 cm packed bed.
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