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I/CS aerogel beads with a high
density of reactive sites for efficient Cr(VI) sorption:
batch and column studies†

Ran Li,a Qing-Da An, *a Zuo-Yi Xiao,a Bin Zhai,a Shang-Ru Zhai *a

and Zhan Shi b

In view of the sustainable character and high-density of reactive sorption sites, a new kind of

poly(ethylenimine)/chitosan (PEI/CS) aerogel beads were successfully synthesized using controllable sol–gel

and freeze drying methods, with the aim of using them for efficient Cr(VI) removal from aqueous acid

solutions. Compared with the reported CS-based sorbents for hexavalent chromium [Cr(VI)], not only is the

synthetic process used simple but the bead-like samples could be easily separated from solutions for

recycling. Structural characterization and batch experiments were compared to illustrate the adsorption

performance of the aerogel beads which were synthesized using various processes. Out of the three

samples (CS–glutaraldehyde (GA), CS–GA–PEI and CS/PEI–GA beads), the one referred to as CS–GA–PEI

exhibited the highest adsorption capacity and the maximum amount of Cr(VI) removal was 402.9 mg g�1 at

pH 2.0 and 298 K. The pseudo-second-order and Langmuir model preferably fitted the adsorption process

best. After five cycles of desorption–regeneration tests, more than 80% of Cr(VI) could still be removed by

these newly designed CS–GA–PEI beads. Adsorption mechanisms could be explained using electrostatic

attraction and reduction reaction theories, on the basis of comprehensive analysis. More importantly, taking

advantage of the micrometer sized particles and three-dimensional network that developed, fixed-bed

column tests were also conducted on the resultant bead-like sample, which also exhibited excellent

sorption performance under testing conditions. These superiorities of CS–GA–PEI beads make them

a potential candidate for use in remediating the pollution caused by Cr(VI) ions.
1. Introduction

Because of the high mobility, toxicity and non-biodegradable
nature of heavy metal ions in nature, the majority of them
can enter the human body easily through the food chain.1–4 As
a member of the toxic priority heavy metals which affect human
health, hexavalent chromium [Cr(VI)], which is widely produced
from many industries such as electroplating, leather tanning,
pigments, metallurgy, and textiles, has been signicantly
interesting people.5 When confronted with the highest warning
limit (0.05 mg L�1) for total chromium {including trivalent
chromium [Cr(III)], Cr(VI) and its other forms} in drinking water
from World Health Organization (WHO),1 the important task is
to decrease the total concentration, in drinking water and
industrial effluents, to a desirable level for the conservation of
the environment.
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tion (ESI) available. See DOI:
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Various useful methods, such as reduction, biological,
membrane ltration, ion exchange, chemical and adsorption,
have been used to remove Cr(VI) from wastewater.6–11 However,
amongst them, adsorption is generally accepted as an attractive
method, because of its high efficiency, simple preparation
process, and lower secondary pollution than other
techniques.12,13

Considering the various resources that decrease every day,
many researchers and the authors of this paper have turned to
biomass derived materials. For example, utilizing byproducts of
the agriculture and marine industries, i.e., rice husks and
sodium alginate, several types of effective adsorbents have been
prepared to remove heavy metal ions or dyes, for which they
exhibited expected sorption performances.14–18 In addition to
the starting materials previously mentioned, because of the
abundant presence of –OH and –NH2 groups, renewable chito-
san (CS) has been extensively studied for the removal of heavy
metal ions from aqueous solutions.19 Meanwhile, as a renew-
able resource, CS can be easily obtained from shellsh and the
wastes of the seafood processing industry.20 Because of the
natural, easy-to-dissolve properties of CS, it is difficult to recycle
and re-use it as a traditional CS-based adsorbent in acidic
conditions. Because of this, there is high demand to improve its
RSC Adv., 2017, 7, 40227–40236 | 40227
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mechanical strength using surface modication or crosslinking
using specic reagents. As a widely used crosslinking agent,
glutaraldehyde (GA) has been successfully applied to solve this
problem for CS-based composites.21–23

Because of the favorable affinity of the amine group towards
the adsorption of heavy metal ions,24 including Cr(VI), branched
polyethylenimine (PEI), which contains numerous amine
groups in each molecular unit, and many more than other
amino-containing chemicals, can be used as a coating and/or
modifying agent to improve the adsorption performance.25,26

Sun and co-workers have successfully prepared PEI-modied
iron(II,III) oxide–silicon dioxide (Fe3O4–SiO2)–CS magnetic
microspheres, nevertheless, not only was the maximum
adsorption amount relatively low, only 236.4 mg g�1 at 298 K for
Cr(VI), but also the preparative procedures for this composites
consisted of multiple steps which were complicated.27 In addi-
tion, when compared to other CS-based membrane or bead-like
adsorptive materials,28,29 magnetic powdery materials have had
to be separated from solutions using an extra strong magnet,
which would unavoidably result in secondary pollution derived
from non-magnetic components. More signicantly, from
a practical point of view, there are problems of preparative cost
and small particles which might cause bottlenecks for this type
of adsorptive material. Within this context, taking the unique
advantages of the abundant amino groups of both PEI and CS
molecules, searching for a controllable method to fabricate
bead-like high-performance sorbents toward Cr(VI) removal is of
practical signicance.

Following the previously mentioned discussion, in this
research, renewable CS and branched PEI were used to
synthesize three type of aerogel beads: CS–GA, CS–GA–PEI and
CS/PEI–GA using the controllable sol–gel and freeze-drying
processes with different synthesis procedures. Batch adsorp-
tion experiments (determining solution pH, primal solution
concentration, regeneration conditions and the effect of co-
existing ions) and column studies were used to test the
removal capacity of Cr(VI) from aqueous solutions using these
newly synthesized adsorbents. At the same time, the adsorption
isotherms and kinetic models were further discussed to accu-
rately investigate the adsorption process. Therefore, a feasible
adsorption mechanism was proposed based on the extensive
experimental data and testing conditions.
2. Materials and methods
2.1 Materials and reagents

PEI (molecular weight (Mw) � 600 Da) was purchased from
Aladdin Chemical Co., Ltd., China. CS (degree of deacetylation:
80.0–95.0%, Mw � 1.3 � 105 Da) was provided by Sinopharm
Chemical Reagent Co., Ltd, China. GA (50% in water), glacial
acetic acid, potassium dichromate (K2Cr2O7), 1,5-diphe-
nylcarbazide, sodium hydroxide (NaOH), hydrochloric acid
(HCl), sodium chloride, sodium nitrate, sodium sulfate and
trisodium phosphate dodecahydrate were obtained from Ker-
mel (Tianjin, China). All chemical reagents were of analytical
grade and no further purication was required before use.
40228 | RSC Adv., 2017, 7, 40227–40236
2.2 Synthesis of CS–GA beads

Firstly, CS solution was prepared by dissolving 0.75 g of CS in
25 mL of a 5.0% aqueous solution (w/w) of glacial acetic acid
with stirring. The CS hydrogel beads, with a mean diameter of
3 mm, were obtained by dropwise addition (controlled by
a peristaltic pump) of the prepared CS solution (3%, w/v) into an
aqueous solution of 2.5 M NaOH (100 mL) with continuous
magnetic stirring. Aer 30 min, the CS hydrogel beads obtained
were washed several times with deionized water.

The neutral CS hydrogel beads were poured into 100 mL of
deionized water, and then, 1 mL of GA was added into the
system. Aer stirring for two hours, the CS–GA hydrogel beads
obtained were washed three times with deionized water and
washed once with ethanol. Finally, a vacuum freeze-drying
method was applied for 12 hours to obtain the CS–GA aerogel
beads.
2.3 Synthesis of CS–GA–PEI beads

The neutral CS hydrogel beads that were synthesized using the
previous method were poured into 100 mL of deionized water,
and then, 0.5 g of PEI was added into the system. Aer one hour,
1 mL of GA was added into the system with continuous stirring.
Aer two hours, the CS–GA–PEI hydrogel beads obtained were
washed with deionized water and ethanol. The vacuum freeze-
drying was applied uniformly to obtain CS–GA–PEI aerogel
beads. The preparation process of CS–GA–PEI aerogel beads is
presented in Scheme 1.
2.4 Synthesis of CS/PEI–GA beads

Firstly, a mixed CS/PEI solution was prepared by dissolving
0.75 g of CS and 0.5 g of PEI into 25 mL of a 5.0% aqueous
solution (w/w) of glacial acetic acid with stirring. The CS/PEI
hydrogel beads were obtained by the addition of the prepared
mixture into a 2.5 M aqueous solution of NaOH (100 mL) with
continuous magnetic stirring. Aer 30 min, the hydrogel beads
obtained were washed several times with deionized water.

The synthesized CS/PEI hydrogel beads were added into
100 mL of deionized water, and 1 mL of GA was added into the
beaker at the same time. Aer stirring for two hours, the
CS/PEI–GA hydrogel beads obtained were washed several times
with deionized water and once with ethanol. In addition, as for
the CS–GA–PEI aerogel beads, a similar treatment method was
applied to obtain the CS/PEI–GA aerogel beads.
2.5 Adsorption experiments in a batch system

During the testing process, 1.413 g of K2Cr2O7 was dissolved in
1000 mL of deionized water to prepare the Cr(VI)-containing
stock solution at a concentration of 500 mg L�1. The stock
solution was diluted to the specic concentrations that were
required in the next experiments. To determine the effect of pH,
the initial Cr(VI) concentration, contact time, coexisting ion
competition, and reusability were tested in a batch method. All
the batch adsorption experiments were performed with
magnetic stirring at a speed of 160 rpm. Solutions of 0.5 M HCl
and 0.5 M NaOH were used to determine the effect of pH in the
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic demonstration of the preparation process of the CS–GA–PEI aerogel beads.
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range of 2.0–9.0. The amount of Cr(VI) that was removed onto
the adsorbent materials was calculated using the following
formulae:30

R% ¼ C0 � Ce

C0

� 100 (1)

qe ¼ ðC0 � CeÞ � V

m
(2)

qt ¼ ðC0 � CtÞ � V

m
(3)

where C0, Ct and Ce are the concentration of Cr(VI) ions at the
initial condition (mg L�1), at time t (mg L�1) and at equilibrium
state (mg L�1), respectively. V, m and R represent the mass of
adsorbent (g), the volume of the solution (mL) and the removal
efficiency (%), respectively. In addition, qe is the equilibrium
adsorption capacity of adsorbent in solution (mg g�1), and qt is
the adsorption capacity of the adsorbent at time t (mg g�1).

Kinetic experiments were conducted at pH 2.0 with Cr(VI)
solution (100 mg L�1) at set time periods. Pseudo-rst-order
[eqn (4)] and pseudo-second-order models [eqn (5)] were
applied to investigate the adsorption kinetics of the adsorption
process and these are expressed as:20

qt ¼ qe(1 � e�k1t) (4)

qt ¼ qe
2k2t

1þ qek2t
(5)

where k1 (min�1) and k2 (g mg�1 min�1) are the rate constants of
pseudo-rst-order and pseudo-second-order adsorptions,
respectively.

For the adsorption isotherm tests, the adsorption of Cr(VI)
was continued for 24 h at pH 2.0 and carried out with initial
concentrations ranging from 75 to 500 mg L�1. Langmuir and
This journal is © The Royal Society of Chemistry 2017
Freundlich adsorption isotherm models were utilized to deter-
mine the experimental adsorption data and study the adsorp-
tion mechanism. The nonlinear equations for the Langmuir
isotherm model [eqn (6)] and the Freundlich isotherm model
[eqn (7)] are:31

qe ¼ qmbCe

1þ bCe

(6)

where b (L mg�1) is the equilibrium constant related to
adsorption energy, and qm (mg g�1) is the maximum adsorption
capacity.

qe ¼ KFCe
1/n (7)

where KF and n are the Freundlich constants related to
adsorption capacity and adsorption intensity, respectively.
2.6 Fixed bed column studies

Continuous xed-bed adsorption experiments were carried out
in this research using a glass column with a height of 80 mm
and internal diameter of 12 mm, which was lled with the
CS–GA–PEI bead adsorbent (0.346 g). The initial concentration
of Cr(VI) ions was 50 mg L�1 at pH 2.0 and the input ow rate
was 1 mL min�1, 2 mL min�1 and 3 mL min�1 controlled by
a peristaltic pump. The concentration of the effluent solution
was recorded using an ultraviolet-visible (UV-vis) spectrometer
aer suitable time intervals until the time when Ct/C0 ¼ 95%.

The total mass of Cr(VI) adsorbed, qtotal (mg), can be calcu-
lated as follows:

qtotal ¼ Q=1000

ðt
0

ðC0 � CtÞdt (8)

where C0 (mg L�1) and Ct (mg L�1) are the concentration of the
ions in the feeding solution and effluent solution at time t,
RSC Adv., 2017, 7, 40227–40236 | 40229
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respectively. Q (mL min�1) is the ow rate of the solution, and
t (min) is the total ow time.

The equilibrium adsorption capacity, qe, of the CS–GA–PEI
beads for Cr(VI) can be calculated as follows:

qe ¼ qtotal

m
(9)

wherem (g) is the mass of the total adsorbents in the column.
The Thomas model [eqn (10)] and the Adams–Bohart model

[eqn (11)] were used to analyze the breakthrough curves:32

Ct

C0

¼ 1

1þ e
KTq0m

Q
�KTC0t

(10)

Ct

C0

¼ eKABC0t�KABN0
Z
F (11)

where KT (mL min�1 mg�1) and KAB (mL min�1 mg�1) belong to
the constant of the Thomasmodel and the Adams–Bohartmodel,
respectively. q0 (mg g�1) is the adsorption capacity of the adsor-
bent. N0 (mg mL�1) is the saturation concentration and Z (cm) is
the bed depth of the column. F (cm min�1) is the linear velocity
calculated by dividing the ow rate by the column section area.
2.7 Desorption and regeneration

For the cyclical desorption and regeneration experiments, the
original concentration of Cr(VI) was 100 mg L�1. In addition,
other conditions were the same when compared with other
adsorption experiments. Aer running the adsorption process
for 24 h, the Cr-loaded CS–GA, CS–GA–PEI and CS/PEI–GA
beads were washed with deionized water, and then, 50 mL of
eluent (0.2 M NaOH) was added to the system for 2 h. Aer each
cycle, regenerated CS–GA, CS–GA–PEI and CS/PEI–GA beads
were washed with deionized water and then freeze-dryed before
being reused. The regeneration performance of the adsorbents
was tested ve times for each one.
2.8 Characterization

Field-emission-scanning electron microscopy (FE-SEM; Jeol,
Japan) was used to survey the surface images andmorphology of
the synthesized materials. Fourier transform-infrared spectro-
photometry (FT-IR; Shimadzu, Japan) was used to determine the
chemical bands of the corresponding materials in the range of
4000–400 cm�1 with potassium bromide pellets. X-ray photo-
electron spectroscopy (XPS) measurements were carried out
using an Axis spectrometer (Kratos) equipped with Al-Ka radi-
ation. The surface areas and pore diameter of the adsorbents
were obtained using an ASAP 2020 (Micromeritics, USA) with
a nitrogen (N2) adsorption–desorption method at 77 K. The
ions' concentration was obtained using a UV-vis spectrometer
(Shimadzu, Japan) the corresponding calculation formula.
Fig. 1 Optical microscopy images of (a) CS–GA, (c) CS–GA–PEI, (e)
CS/PEI–GA beads, and the inset images are the equivalent hydrogel
beads before freeze-drying. (b), (d) and (f) are the FE-SEM images of
three different beads, respectively.
3. Results and discussion
3.1 Characterization of materials

Fig. 1a, c and e show the electronic images of the CS–GA,
CS–GA–PEI, and CS/PEI–GA beads. The inset images are the
40230 | RSC Adv., 2017, 7, 40227–40236
CS–GA, CS–GA–PEI, and CS/PEI–GA hydrogel beads, respec-
tively. We can observe that these beads are about 3 mm in
diameter and their colors are white, light red and beige.
Compared with CS–GA and CS–GA–PEI, it is obvious that parts
of prepared CS/PEI–GA beads have broken up in the cross-
linking process, for which the most likely reason is that the GA
does not completely enter the inside of CS/PEI complex hydro-
gel beads. The microscopic morphologies of the three adsor-
bents were characterized by using FE-SEM and the results are
shown in Fig. 1b, d and f. Among these, CS–GA–PEI exhibited an
ideal microscopic three-dimensional network structure
compared to CS–GA, and CS/PEI–GA. Clearly, this obvious
network structure might be helpful for increasing the adsorp-
tion capacity for heavy metal ions from aqueous solutions.

Fig. 2 shows the FT-IR spectra of CS, CS–GA–PEI and CS–
GA–PEI–Cr. In the spectrum of the initial CS (Fig. 2a), the peak
at 3434 cm�1 was because of the stretching vibration of –NH
and –OH bands, and the peaks at 2920 and 2874 cm�1

(between 2800 and 3000 cm�1) were attributed to the
stretching vibration of the unsaturated C–H band.33,34 The two
bands at 1660 and 1603 cm�1 represent bending vibrations of
the free amine and acetylated amine, respectively, indicating
that the fresh CS is not fully deacetylated. The bands at
1157 cm�1 and 1083 cm�1 came from the symmetric stretch-
ing of the bridge C–O–C and the skeletal C]O stretching.35

More importantly, the peak at 1645 cm�1 shown in Fig. 2b
could be attributed to the stretching vibration of the C]N
band that generated by Schiff base reaction or Michael
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 FT-IR spectra of (a) fresh CS, (b) CS–GA–PEI and (c) CS–GA–
PEI beads after adsorption.
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addition reaction between the amine groups from CS or PEI
and the carboxyl from GA, which indicated that CS was
successfully modied with PEI.

Fig. S1 [ESI†] shows the N2 adsorption–desorption
isotherms of CS–GA, CS–GA–PEI and CS/PEI–GA beads. These
three types of adsorption materials show the obvious type-IV
curves with hysteresis loops, clearly proving that these
samples are porous materials with developed mesopores. As is
shown in Table S1 (ESI†), the surface areas of CS–GA, CS–GA–
PEI and CS/PEI–GA were 59.4, 13.7 and 23.0 m2 g�1, respec-
tively. The average pore diameters of these three different
adsorbents were approximately 19.5, 22.7 and 3.8 nm,
respectively. Taking these results together, the ones of CS–GA–
PEI show that it can be considered as a potential adsorbent
with favorable textural characteristics.
Fig. 3 Effect of pH on the adsorption of Cr(VI) onto CS–GA, CS–GA–
PEI and CS/PEI–GA beads (adsorbent dose: 20 mg, volume: 20 mL,
initial Cr(VI) concentration: 100 mg L�1, contact time: 24 h and
temperature: 298 K).

This journal is © The Royal Society of Chemistry 2017
3.2 Effect of pH on adsorption

The different pH values of a solution cannot only inuence the
form in which the Cr(VI), exists, but can also affect the adsorp-
tion capacity of the adsorbents. The results of Cr(VI) adsorption
using adsorbents with the original Cr(VI) concentration of
100 mg L�1 are shown in Fig. 3. As the pH increases from 2.0 to
9.0, the removal rates of CS–GA, CS–GA–PEI, and CS/PEI–GA
decreased from 93.42%, 96.34%, 95.34% to 13.48%, 26.09%,
14.18%, respectively, and the highest removal capacity was
appeared at pH 2.0. Similarly, compared to CS–GA and CS/PEI–
GA, CS–GA–PEI always showed the best adsorption capacity
under same pH testing conditions. According to these reports,
the main form of Cr(VI) is CrO4

2� when the pH is greater than
6.5 and the main form would change to HCrO4

� while the pH <
6.5 in solution.36 Compared with CrO4

2�, HCrO4
� is more likely

to adsorb on the surface active sites because of the low
adsorption free energy. When the solution is alkaline, the
existence of OH� would also compete with CrO4

2� for the
limited active sites, and lead to an obvious decrease for the
adsorption capacity. In a similar way, in the acidic system, the
protonated active sites would have a higher adsorption capacity
because of the electrostatic attraction for Cr(VI). In conclusion,
the acidic condition is effective for the removal of Cr(VI).37
3.3 Adsorption kinetics

One of the critical parameters for wastewater treatment, the
adsorption kinetics were determined and their nonlinear ts
and kinetic parameters are shown in Fig. S2 (ESI†) and Table 1
for the three adsorbents. From Fig. S2 (ESI†), it is clearly
revealed that the adsorption equilibrium time was at 240 min
for CS–GA, CS–GA–PEI, CS/PEI–GA beads for the adsorption of
Cr(VI) (100 mg L�1). In addition, the equilibrium sorption
capacity of CS–GA, CS–GA–PEI, CS/PEI–GA beads in 100 mg L�1

Cr(VI) solutions were 94.2, 99.9, 96.3 mg g�1, respectively. It was
clear, that CS–GA–PEI exhibited a higher removal capacity than
CS–GA and CS/PEI–GA beads, which might be associated with
the porous network it had developed, making it to be more
easily accessible to probe the Cr(VI) ions.
Table 1 Kinetic parameters for the adsorption of Cr(VI) onto different
adsorbents

Different adsorbents

Kinetic parameters

CS–GA CS–GA–PEI CS/PEI–GA

qe,exp (mg g�1) 94.15 99.87 96.31

Pseudo-rst-order model
qe,cal (mg g�1) 89.596 95.337 91.605
k1 (min�1) 0.03513 0.06451 0.04438
R2 0.95609 0.97965 0.96461

Pseudo-second-order model
qe,cal (mg g�1) 98.478 102.107 99.608
k2 (g mg�1 min�1) 0.00053 0.00069 0.00102
R2 0.98941 0.99806 0.99564

RSC Adv., 2017, 7, 40227–40236 | 40231
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Fig. 4 Adsorption isotherms of Langmuir and Freundlich models of
Cr(VI) onto CS–GA, CS–GA–PEI and CS/PEI–GA beads.
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Comparing the correlation coefficients (R2) of the kinetic
models for the three adsorbent beads, the pseudo-second-order
model (R2 > 0.98) exhibited more consistent data than the
pseudo-rst-order model (R2 < 0.98). It was also observed that
the calculated qe data (qe,cal) of the pseudo-second-order model
t the experimental data better. As a general trend, the pseudo-
second-order model describes the adsorption process for Cr(VI)
better and indicates that the adsorption process is primarily
controlled by the chemical interaction between Cr(VI) and the
active sites of the adsorbents.38,39

3.4 Adsorption isotherms

Fig. 4 shows the adsorption isotherms of Cr(VI) on CS–GA,
CS–GA–PEI and CS/PEI–GA at 298 K. The correlative data of the
two isotherm parameters are shown in Table S2 (ESI†). The
correlation coefficients (R2) were compared, and the adsorption
process tted better with the Langmuir model than the
Freundlich model, suggesting that the adsorption process of
Cr(VI) onto the three adsorbents is a monolayer coverage.
According to the Langmuir isotherm model, the adsorption
capacity of Cr(VI) on the adsorbents was calculated to be 284.6,
402.9 and 363.1 mg g�1 at 298 K, for CS–GA, CS–GA–PEI and
Table 2 The comparison of adsorption capacity of various adsorbents
for the removal of Cr(VI) at 298 Ka

Adsorbent pH qm (mg g�1) Ref.

Fe3O4–SiO2–CS–PEI microspheres 2.5 236.4 27
MSCG microspheres 2.5 233.1 28
CS-biochar/g-Fe2O3 composite 2.0 167.3 40
Titanium crosslinked chitosan
composite

5.0 171 41

CS/GO composite nanobrous 2.0 310.4 42
CS–GA beads 2.0 284.6 This work
CS–GA–PEI beads 2.0 402.9 This work
CS/PEI–GA beads 2.0 363.1 This work

a MSCG: Fe3O4@SiO2@CS/graphene oxide (GO).
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CS/PEI–GA, respectively. In the synthesis process of CS/PEI–GA,
the CS/PEI compound hydrogel beads which were prepared rst
were washed several times with deionized water, so the water-
soluble PEI could be easily detached from the compound
beads, and this would lead to some wastage of PEI then the
prepared process of CS–GA–PEI beads. The comparison of
adsorption capacity for Cr(VI) ions between CS–GA–PEI and
other similar adsorbents in previous reports is shown in Table 2
and clearly demonstrates the superiority of CS–GA–PEI beads
for removing Cr(VI) from aqueous solution.
3.5 Effect of coexisting ions

In most cases, the wastewater produced from industrial
production does not contain Cr(VI) alone, that is, the presence of
other cations and anions is highly possible. Considering the
presence of electrostatic interactions or other removal mecha-
nisms, it is possible that the anions present in solution would
affect the removal ability of Cr(VI).43

Thus, detailed experiments were conducted to study the
inuence of coexisting anions, such as Cl�, NO3

�, SO4
2�, and

PO4
3� (C0 ¼ 200, 400, 800, 1200 and 2000 mg L�1) on the

adsorption process of CS–GA–PEI beads. The inuence from
four anions with different concentrations is illustrated in Fig. 5,
which could be expressed by the following order of the
adsorbability: Cl� > NO3

� > SO4
2� > PO4

3�.
Based on these results, the former three anions had less

negative effect on the adsorption process, however, when the
concentration of PO4

3� changed from 200 mg L�1 to
1200 mg L�1, the removal capacity for Cr(VI) rapidly decreased
from 85.9 to 11.6 mg g�1. When the PO4

3� concentration
increased continually, the qt showed a slow decrease. Compe-
tition mechanism can be used to account for these results. Of
the four types of ions, Cl�, NO3

� are monovalent anions, and
SO4

2�, PO4
3� are multivalent ions. This would produce a small

competition with the HCrO4
� for the efficient active sites on the

CS–GA–PEI by the monovalent ions. In comparison, there is
Fig. 5 The effect of coexisting ions on the CS–GA–PEI beads on Cr(VI)
(adsorbent dose: 20 mg, volume: 20 mL, Cr(VI) concentration:
100 mg L�1, contact time: 4 h, and temperature: 298 K).

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Experimental and predicted breakthrough curves (Thomas and
Adams–Bohart models) of Cr(VI) adsorption by CS–GA–PEI beads at
different flow rates (1 mL min�1, 2 mL min�1 and 3 mL min�1). Fig. 7 Recycling performance over five successive cycles for CS–GA,

CS–GA–PEI and CS/PEI–GA beads.
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a more obvious competitive effect with the chromium anions
from the multivalent anions on the adsorbents.

The trivalent PO4
3� cannot exist stably in the experimental

condition. It could produce HPO4
2� and OH� through the

hydrolytic process, thus, the system pH would increase from 2.0
to a larger value, resulting in an obvious effect for the adsorbed
capacity. Notably, the graphical trend is similar to the effect of
pH that was described in Fig. 3.
3.6 Fixed-bed column studies

The breakthrough curves of the CS–GA–PEI beads for removing
Cr(VI) with different ow rates are shown in Fig. 6, and the
corresponding parameters from the tted models and calcula-
tions are summarized in Table 3. It is shown that the break-
through time (tb, Ct/C0 ¼ 10%) changed from 10 min to 6 min
when the ow rate increased from 1 to 3 mL min�1. The same
conclusion could be obtained from the ow rate and exhaustion
time (te, Ct/C0 ¼ 95%). In addition, the Cr(VI) ions' adsorption
capacity was 214.1, 110.4 and 71.8mg g�1 at the ow rate for 1.0,
2.0 and 3.0 mL min�1, respectively. Therefore, it is suitable to
choose a lower value as the ow rate for the elimination of heavy
metal ions in the practical application.

For a better understanding of the column experiment, all the
experimental data were applied to t the Thomasmodel and the
Adams–Bohart model. As is shown in Table 3, the Thomas
model is found to be more suitable than the Adams–Bohart
model from a comparison of their own R2 values. With the
increase of the ow rate, the value of KT increased whereas the
Table 3 Parameters of the Thomas and Adams–Bohart models determ

Flow rate (mL min�1) tb (min) te (min) qe (mg g�1)

Thomas model c

KT (L min�1 mg�

1 10 3000 214.1 2.22 � 10�5

2 8 1680 110.4 4.4 � 10�5

3 6 1080 71.8 6.58 � 10�5

This journal is © The Royal Society of Chemistry 2017
value of q0 decreased. This result could be because of the
decreased contact time with Cr(VI) and the CS–GA–PEI beads at
higher ow rates, and in turn this leads to a lower removal
percentage. Thus, the lower ow rate would be more suitable for
a higher removal percentage of Cr(VI) onto CS–GA–PEI beads in
the column sorption system.

3.7 Desorption and regeneration

In this study, 0.2 M NaOH was used as the eluent. The repeated
adsorption/regeneration experiment was carried out for ve
cycles to compare the recycling properties of the three different
adsorbents. Aer the h regeneration, the removal capacity of
Cr(VI) by CS–GA–PEI remained at more than 80% of its original
capacity (see Fig. 7). As compared to two other different mate-
rials, CS–GA–PEI exhibited a sustainable adsorption capacity.
The gradually decreased adsorption capacity aer each cycle
may be attributed to the loss of partial reduction property of
adsorbents and the gradual wastage of mass under the contin-
uous adsorption/regeneration circulation processes.37 In brief,
the CS–GA–PEI beads could be regenerated easily and could be
used in an acid wastewater system which was polluted by Cr(VI).

3.8 Adsorption mechanisms

In order to verify whether any redox reaction occurred during
the adsorption process, the chromium content aer adsorption
of CS–GA–PEI beads at 298 K and pH 2.0 were measured by
different techniques. The concentration of total Cr [including
ined for Cr(VI) removed by CS–GA–PEI beads in the fixed-bed column

onstants Adams–Bohart model constants

1) q0 (mg g�1) R2 KAB (mL min�1 mg�1) N0 (mg L�1) R2

214.61 0.9701 0.0110 16 875 0.9587
213.73 0.9753 0.0193 8952 0.9392
211.85 0.9762 0.0296 5774 0.9478

RSC Adv., 2017, 7, 40227–40236 | 40233
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Table 4 Chromium contents after adsorption of CS–GA–PEI beads at
298 K and pH 2.0 for different initial concentrations

C0 (mg L�1) 100 200 300 400 500
Total Cr (mg L�1) 52.24 62.24 80.80 132.10 246.95
Cr(VI) (mg L�1) 0.17 5.23 12.63 42.96 115.17
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Cr(VI) and Cr(III)] and the Cr(VI) in the solution were measured
using inductively coupled plasma optical emission spectroscopy
(ICP-OES) and a diphenylcarbazide method through the UV-vis
spectrometry. The results are shown in Table 4. Clearly, the
concentration of Cr(VI) was below the concentration of total Cr,
indicating that the valence of Cr was partly changed and turned
to Cr(III) from Cr(VI) aer the adsorption process.

The chemical compositions of CS–GA–PEI and CS–GA–PEI–
Cr were measured using XPS to determine the removal mech-
anism. As shown in Fig. 8a, of the total survey spectrums, the
peaks at 577 and 587 eV could be attributed to Cr 2p3/2 and Cr
2p1/2, respectively. Furthermore, the characteristic peaks of C
1s, N 1s and O 1s appeared at the binding energies of 286, 399
and 532 eV, respectively, and the Cr 2p spectrum is shown in
Fig. 8b. On the basis of the experimental data, the binding
energies of 587.6 and 585.69.7 eV should be assigned to the
Cr(VI) and Cr(III) from Cr 2p1/2, respectively, and the 578.5 and
576.8 eV were assigned to Cr(VI) and Cr(III) from Cr 2p3/2,
Fig. 8 XPS total survey spectra (a) of the survey before and after adsorptio
CS–GA–PEI beads.

40234 | RSC Adv., 2017, 7, 40227–40236
respectively,44 which also indicated the existence of Cr(III) aer
the adsorption process. Fig. 8c and d show the N 1s spectra of
CS–GA–PEI before and aer Cr(VI) adsorption. In Fig. 8c, the
peaks at 400.68 and 399.78 eV were attributed to –NH– and
–N], respectively.45 As shown in Fig. 8d, the peaks at 400.28,
399.58 and 399.08 eV were attributed to –NH–, –N] and N–Cr,
respectively, aer the adsorption process.

Comparing the spectrum of Fig. 2b, with the spectrum of
Fig. 2c, the C]N groups had a shi from 1645 cm�1 to
1630 cm�1, and the broad band changed from 3434 cm�1 to
3426 cm�1 aer Cr(VI) adsorption. These changes indicated the
importance of –NH and –OH in the removal process.46

The visual removal mechanism for Cr(VI) is shown in Scheme
2. Under acidic conditions, the main form of Cr(VI) in solution is
negatively charged HCrO4

�, and this could shi to protonated
–OH and –NH2 groups under the inuence of electrostatic
attraction:47,48

–OH2
+ + HCrO4

� / –OH2
+/HCrO4

� (12)

–NH3
+ + HCrO4

� / –NH3
+/HCrO4

� (13)

In addition, because of the strong reduction ability of C–H
and C–OH groups of the adsorbent beads, Cr(VI) was partially
n, (b) Cr 2p peaks, N 1s pattern of (c) before and (d) after adsorption on

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 The possible Cr(VI) removal mechanisms for CS–GA–PEI beads.
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reduced to Cr(III) in the adsorption process. It could be thought
that some Cr(III) enters into the solution, and meanwhile, some
was deposited on the surface of the samples. As a result, this is
one of the reasons why the removal efficiency of the adsorbent is
gradually shrinking aer each cycle in this study. The corre-
sponding relationship is described as follows:49

–C–H + Cr(VI) + H2O / –C–OH + Cr(III) + H+ (14)

–C–OH + Cr(VI) + H2O / –C]O + Cr(III) + H+ (15)

–C]O + Cr(VI) + H2O / –COOH + Cr(III) + H+ (16)

–C–COOH + Cr(VI) + H2O / –C–H + Cr(III) + H+ + CO2[

(17)

4. Conclusions

In summary, using both molecules enriched with abundant
amino groups as starting materials, three types of PEI/CS aer-
ogel beads with a high-density of reactive sorption sites have
been synthesized successfully using controllable sol–gel and
freeze-drying methods, and then used for the efficient elimi-
nation of Cr(VI) from aqueous solutions of acid using batch and
column systems. In contrast to another two samples, the
CS–GA–PEI beads exhibited the best adsorption effect for Cr(VI)
which was demonstrated using various characterization
methods and models. Not only is the preparation process of
CS–GA–PEI beads simple, but the adsorption capacity
This journal is © The Royal Society of Chemistry 2017
(402.9 mg g�1) is also higher than that of reported CS-based
adsorbents. Desorption–regeneration analysis displayed reus-
able features of the CS–GA–PEI beads aer ve cycles. The
column removal studies showed that the Cr(VI) uptake capacity
decreased with the increase of ow rate, and the Thomas model
tted the results better than the Adams–Bohart models for the
xed-bed column tests. The adsorption mechanisms prove that
the adsorption process for Cr(VI) on CS–GA–PEI beads can be
explained by electrostatic interactions and reduction reaction
theory. Resulting from the previously mentioned advantages,
these types of aerogel bead can be considered as a promising
candidate for treat water pollution caused by anionic Cr(VI) ions.
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