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Abstract Tetracarboxylic acid ester was synthe-

sized with diethyl malonate and methyl acrylate, and

an amino terminated hyperbranched polymer (HBP-

NH2) was prepared by reaction of a tetracarboxylic

acid ester with diethylenetriamine (DETA). Hyper-

branched polymer grafted chitosan (HBP-g-chitosan),

a novel adsorbent material for Cr(VI) removal, was

prepared from HBP-NH2 and chitosan with epichloro-

hydrin as crosslinking agent. The adsorbent was

characterized by thermogravimetric analysis, Fourier

transform infrared spectroscopy, scanning electron

microscopy, X-ray photoelectron spectrophotometry,

and X-ray diffraction. The influence of the initial

concentration of Cr(VI), the dosage of adsorbent, pH

value and the coexisting anions on the adsorption

performance were studied. An isotherm of the adsorp-

tion process was generated and studied by Langmuir

and Freundlich models. The results showed that the

Freundlich model proved to be more suitable than the

Langmuir model. The adsorption kinetics were deter-

mined by pseudo-first order and pseudo-second order

kinetics. In doing so, it was found that the pseudo-

second order kinetic model was more reliable than the

pseudo-first order kinetic model.
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Abbreviations

BP-NH2 Amino terminated hyperbranched polymer

XRD X-ray diffraction
1HNMR H-Nuclear magnetic resonance

FT-IR Fourier transform infrared spectroscopy

SEM Scanning electron microscopy

TGA Thermogravimetric analysis

XPS X-ray photoelectron spectrophotometer

CrLHCh Cr(VI) loaded to HBP-g-chitosan

Introduction

Cr(III) and Cr(VI) represent the most common oxida-

tion states of chromium in water. Through food chain

transmission and enrichment, the highly toxic hex-

avalent chromium Cr(VI) species may enter the

human body with serious negative impacts to human

health (Kimbrough et al. 1999). Cr(VI) is listed as the

first category of strictly controlled emission of heavy

metal pollutants. Therefore, the proper treatment of

Cr(VI) waste represents an important concern in

environmental protection and pollution control. Var-

ious methods have been developed to remove Cr(VI)

form wastewater, including biosorption, chemical or

physical adsorption, chemical reduction or bioreduc-

tion, electrochemical processes, ion-exchange, and

membrane separation techniques (Barrera-Diaz et al.

2012; Jin et al. 2016; Chen et al. 2017; Lyu et al. 2017;

Pradhan et al. 2017; Vendruscolo et al. 2017; Xie et al.

2017).

Adsorption represents the most important and

effective way for the treatment of Cr(VI). Adsorbents

such as MCCS (magnetic ceramsite functionalized

with carbon nanospheres), modified activated biochar,

modified ramie or chitosan biomass, PEI/CS aerogel

beads, nanocarbonmaterials (magnetic or CNOs), etc.,

can be used for the efficient removal of hexavalent

chromium (Bhatt et al. 2017; Huang et al. 2017; Jiang

et al. 2017; Li et al. 2017; Preethi et al. 2017;

Sakulthaew et al. 2017; Wu et al. 2017; Zhou et al.

2018). However, conventional adsorption materials

exhibit various disadvantages, such as low adsorption

capacity, slow adsorption and desorption, long adsorp-

tion time, poor selectivity and disability for regener-

ation and reuse. Therefore, it is of great scientific

importance to prepare adsorption materials that are

both cost-effective as well as efficient in the removal

of Cr(VI) (Azarova et al. 2016; Salehi et al. 2016;

Wang et al. 2016; Zhang et al. 2016; Bano et al. 2017;

Ma et al. 2017; Wang et al. 2017).

Chitosan, the deacetylated form of chitin, is com-

posed of D-glucosamine units joined by b-(1–4)
glucosidic bonds. Due to its low toxicity, biocompat-

ibility and antimicrobial activity, chitosan has been

widely applied in the fields of wastewater treatment,

membrane separation, antimicrobial agents, biomed-

ical materials, etc.

Chitosan with high content of amine and hydroxyl

groups shows good sorption capacity for ordinary

transition metal ions including Hg, Co, Ni, Cu, Zn, and

Cd, but exhibits a limited sorption capacity properties

for anionic oxyspecies (e.g. As and Cr). Thus, the

chemical modification of chitosan to achieve the

required physical, chemical and mechanical proper-

ties, represents a key goal to further enhance the

applicability in wastewater treatment strategies. More-

over, chitosan is highly pH sensitive as it can either

form a gel or get partly dissolved depending on pH

conditions. Suitable modifications of chitosan may

result in the production of thin films, fibers, gels,

sponges, beads or nanoparticle-based polymeric mate-

rials. The preparation of chitosan-based materials

generally includes blending, crosslinking, internal

hydrogen bonding formation, graft polymerization,

etc.

Various chitosan derivatives have been prepared by

physical and chemical modification based on active

amino groups and hydroxyl groups in the chitosan

backbone, which can be used for the treatment of

heavy metal ions, such as Hg(II), Cr(VI), and Cu (II)

etc. (Ahmad et al. 2015; Li et al. 2015; Ahmad et al.

2016; Lee et al. 2016; Ahmad et al. 2017a, b).

Hyperbranched polymers (HBP) are regarded an

important development of polymer science in the

twentyfirst century (Hu et al. 2012; Zheng et al. 2015).

Owing to a large number of functional groups (amino,

hydroxyl, amine, and amide groups), HBP exhibits

good chelation properties with divalent metal ions

such as Cu(II), Pb(II), Ni(II), Zn(II), Au(II) and Ru(II)

(Camarada et al. 2014; López-Cabaña et al. 2015).

The introduction of hyperbranched polymers into

the chitosan backbone leads to novel biosorbents for

diverse metal ions, such as Hg(II), Pb(II), and Cr(VI)

(Ma et al. 2009; Gandhi and Meenakshi 2013;

Zarghami et al. 2016). Ma et al. (2009) reported the

preparation of a novel PAMAM-g-chitosan biosorbent
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material using a divergent method: Michael addition

of methyl acrylate to amino groups on the chitosan

surface and amidation with ethylenediamine (EDA).

Furthermore, the adsorption capability for Pb(II) was

studied. Gandhi and Meenakshi (2013) studied the

preparation of novel chitosan beads and their Cr(VI)

adsorption behaviors. Chitosan was functionalized by

amino terminated hyperbranched polyamidoamine (up

to 3rd generation) following the same method as

described above. Meanwhile, Zarghami et al. prepared

different generations of PAMAM-grafted chitosan

integrated biosorbents via a step-by-step method using

chitosan, methyl acrylate and ethylenediamine as raw

materials. Furthermore, PAMAM-grafted chitosan

biosorbents were utilized for Pb(II)-removal (Zar-

ghami et al. 2016).

The influence of adsorption conditions (pH value,

adsorbent dosage, contact time, initial metal ion

concentration) on adsorption properties, adsorption

isotherm or kinetics, and adsorption thermodynamics

were studied. In general, the active sites in HBP-g-

chitosan biosorbent are closely related to free amine and

the amide group present in chitosan, structural factors of

hyperbranched polymers (end group types, linkers,

nuclear unit, and cavity). Furthermore, the distribution

of functional groups (amino terminal groups, amide

groups) in the hyperbranched polymer skeleton plays a

significant role in the adsorption behaviors of the

biosorbent. HBP-g-chitosan biosorbents derived from

an ethylenediamine core and using a divergent method

in heavy metal adsorption, showed obvious disadvan-

tages, including a low grafting rate, poor structure

regulation (specific surface area, average pore size,

molecular volume), and poor absorption capacities.

Wang et al. (2014, 2015) reported the synthesis of

an amino-terminated G0 hyperbranched polymer from

diethyl malonate, methyl acrylate, and diethylenetri-

amine prepared via a two-step synthesis (cf. Fig. 1).

The total amine value, secondary amine value and

primary amine value of HBP-NH2 were determined to

be 291.59, 210.14, and 81.45 mg/g, respectively. The

total amine value was higher than that of the G0

hyperbranched polymer with ethylenediamine core

(calculated as 271.1 mg/g), while the structure was

more flexible, exhibiting a higher specific surface area

and more binding sites for the adsorption of metal ions

such as Cr(VI).

In this paper, a tetracarboxylic acid ester was

synthesized using diethyl malonate and methyl acry-

late. An amino-terminated hyperbranched polymer

(HBP-NH2) was prepared with tetracarboxylic acid

ester and diethylenetriamine (DETA). The hyper-

branched polymer grafted chitosan (HBP-g-chitosan)

was prepared with epichlorohydrin as crosslinking

agent for the treatment of Cr(VI). HBP-g-chitosan was

characterized by TGA, FT-IR, SEM, XPS, and XRD.

The influences of the initial concentration of Cr(VI),

HBP-g-chitosan adsorbent concentration, pH value

and the competitive anions on the adsorption perfor-

mance were also discussed. The isotherm of the

adsorption process was studied using the Langmuir

and Freundlich models. Adsorption kinetics were

determined with pseudo-first order and pseudo-two

order kinetic models.

Experimental section

Materials

Chitosan (deacetylation degree: 94.13%, molecular

weight: 8.41 9 105) obtained from Huantai Shell

Products Co. Ltd. (Jinhu County, Zhejiang, China)

was dried at 85 �C in a vacuum oven for 8 h to remove

any residual water content (Xu et al. 2016).

Diethyl malonate, methanol, tetra-n-butylammo-

nium bromide, methyl acrylate (MA), epichlorohydrin

(ECH), and diethylenetriamine (DETA) were pur-

chased from Sinopharm Chemical Reagent Co., Ltd.

Potassium dichromate, potassium carbonate, and

H2NC2H4HNC2H4HN

O
NHC2H4NHC2H4NH2

O

NHC2H4NHC2H4NH2

NHC2H4NHC2H4NH2

O

O

=     
HBP

Fig. 1 Structure of G0

HBP-NH2
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sodium hydroxide were purchased from Shanghai

Aladdin Industrial Chemical Co., Ltd. All reagents

were of Analytical Reagent grade.

Preparation of HBP-g-chitosan

HBP-g-chitosan was prepared via a two steps synthe-

sis, (1) preparation of HBP-NH2 with diethyl mal-

onate, MA, and DETA according to the literature

(Wang et al. 2014, 2015), and (2) preparation of HBP-

g-chitosan from HBP-NH2 and chitosan with ECH as

crosslinking agent. The corresponding synthesis pro-

cedure is shown in Fig. 2.

First, Michael addition of a tetracarboxylic ester

(cf. Fig. 2a) was carried out with petroleum ether as

solvent, tetra-n-butylammonium bromide as phase

transfer catalyst, and potassium carbonate as base.

Then HBP-NH2, a yellow viscous liquid, was synthe-

sized from tetracarboxylic ester and DETA with

methanol as solvent (cf. Fig. 1).

In a 500 mL four-neck round-bottomed glass flask,

chitosan (1.5 g) was dissolved in 2% aqueous acetic

acid (50 mL) and HBP-NH2 (6 g) was added there-

after. The mixture was stirred for 1 h at room

temperature. Then, the temperature was raised to

40 �C and ECH (6 g) was slowly added into the flask.

The mixture was stirred for 5 h at 70 �C and then

cooled and filtered. HBP-g-chitosan (Fig. 2b) was

obtained by washing the solid residue with deionized

water, and drying at 80 �C in a vacuum oven for 12 h.

Material characterization

The chemical structure of tetracarboxylic ester was

characterized by 1H-NMR. 1H-NMR spectra were

recorded on an AVANCE AV-500 (Bruker Co. Ltd.,

Germany) operating at 500 MHz. Chemical shifts are

provided in ppm units relative to tetramethylsilane

(TMS). The splitting patterns were designated as

follows: s (singlet), d (doublet), t (triplet), q (quartet),

and m (multiplet).

FT-IR spectra of chitosan and HBP-g-chitosan were

recorded on a Nicolet 5700 FT-IR spectrometer

(Thermo Electron Corporation, Madison, WI, USA).

For each spectrum, 64 scans were recorded over a

range of 4000–500 cm-1 at 22 �C at a resolution of

4 cm-1. A background spectrum was recorded on air

and subtracted from the sample spectrum.

A Mettler Toledo TGA Q50 machine (Mettler-

Toledo Ltd., Port Melbourne, Australia) was used with

40 lL aluminium crucibles for thermogravimetric

analysis (TGA) under nitrogen. A sample mass of

about 5 mg was used for each run. The samples were

heated from 40 to 500 �C and measured in a dynamic

heating regime, using a constant heating ramp of 10 K/

min.

XRD patterns were collected on a Smart Lab 2kw

XRD diffractometer with Cu Ka radiation

(k = 0.154 nm) over the range of 5�–60� (2h) and at

a scan speed of 2� (2h) per minute.

SEM photomicrographs were recorded on a

TM3000 scanning electron microscope (FEI Instru-

ment Co., Ltd., USA) at an accelerating voltage of

20 kV. The free surfaces of the regenerated chitosan

were coated with thin layers of gold before

observation.

A Kratos AXIS Ultra DLD Multifunctional X-ray

Photoelectron Spectrometer (Manchester, UK) using

monochromatic Al Ka X-rays (1480 eV) was used to

study the adsorption mechanism of the chitosan-based

adsorbent. C, O, N, Cl and Cr for each sample were

scanned (binding energy, 0.00–1100.00 eV; scanning

speed, 0.65 eV/150 mS; two times), and XPS peak

software (version 4.1) was used to fit the spectra peaks

to identify the different oxidation states of each

element. The binding energy scale for the final

calibration was corrected by the C1s peak correspond-

ing to 284.8 eV.

COOCH2CH3

COOCH2CH3
H3COOC

COOCH3

a

b
c

d e

NH CH2 CH CH2 NH

OH

HBPChitosan

(a)

(b)

Fig. 2 Schematic structure: a tetracarboxylic ester, b HBP-g-

chitosan
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Cr(VI) adsorption experiments

A series of batch adsorption experiments were carried

out by adding aqueous solutions of Cr(VI) ions

(50 mL) and a quantitative HBP-g-chitosan to the

flasks with different contact time. The pH of the above

solution was adjusted by adding HCl or NaOH

solutions (0.1 M).

The influences of the initial concentration of

Cr(VI), dosage of adsorbent, pH and the coexisting

anions on the adsorption performance were studied.

The effect of initial Cr(VI) concentration was con-

ducted by placing different concentrations of an

aqueous solution of Cr(VI) (from 20 to 220 mg/L

with 40 mg/L interval) and 50 mg of HBP-g-chitosan

at pH = 5.0. The effect of the quality of HBP-g-

chitosan was studied by adding an aqueous solution of

Cr(VI) (100 mg L-1) and different quantities of HBP-

g-chitosan (from 10 to 60 mg) at pH = 5.0. Mean-

while, the effect of pH was measured from 2.0 to 6.0

and the effect of competitive anions was studied by

adding Ac-, HSO3
-, Cl- and SO4

- (10 mg/L) to the

solution. The bottles were sealed with rubber stoppers

and equilibrated on a shaker at 200 rpm. The corre-

sponding Cr(VI) concentration was determined using

a UV–visible spectrophotometer (Cary60, Agilent) at

540 nm, according to the 1,5-diphenyl-carbazide

method. In order to ensure the reproducibility of all

results, experiments were conducted in triplicate and

the mean value of these independent tests was used for

analysis.

The adsorption capacity and removal rate were

calculated by the following equation:

Qt ¼ q0 � qtð Þ � V=m ð1Þ

r ¼ q0 � qt
q0

� 100% ð2Þ

where Qt is the unit adsorption capacity (mg/g), r is the

removal rate of Cr(VI), q0 and qt are the initial Cr(VI)
concentration (mg/L) and Cr(VI) concentration at time

t (mg/L), respectively. V is the volume of Cr(VI)

solution (L), and m is the weight of HBP-g-chitosan

(g).

Adsorption isotherms

Langmuir and Freundlich adsorption isotherm models

were used to study the thermodynamics of the Cr(VI)

adsorption process. The adsorption process was con-

ducted using 50 mg HBP-g-chitosan with various

Cr(VI) concentrations (20–220 mg/L) and a contact

time of 10 h at pH = 5.0 and 30 �C.

Adsorption kinetics

Pseudo-first order and pseudo-second order kinetic

models were used to study the kinetics of the

adsorption process of Cr(VI). The adsorption process

was carried out using 50 mg of adsorbent with a

Cr(VI) concentration of 100 mg/L at pH = 5.0 and

30 �C. The Cr(VI) concentrations in solutions were

determined at various time intervals (30 min interval

from 0 to 2 h, and 120 min interval from 2 to 10 h).

Desorption and regeneration of HBP-g-chitosan

adsorbent

For desorption and regeneration, HBP-g-chitosan

adsorbent was used for successive adsorption–desorp-

tion cycle experiments (Chen et al. 2013; Debnath

et al. 2014). For adsorption experiments, 50 mL of

100 mg/L Cr(VI) solution was adsorbed with 1.0 g/L

HBP-g-chitosan at pH = 5.0. After 120 min of adsorp-

tion, the HBP-g-chitosan adsorbent was carefully

separated from the solution and washed thoroughly.

Thereafter, desorption experiments were performed

with 50 mL of different concentration sodium hydrox-

ide (NaOH) solutions (0.05, 0.1, 0.2, and 0.4 M,

respectively) brought in contact with the HBP-g-

chitosan adsorbent. Desorption experiments were

maintained for 120 min. At the end of each adsorp-

tion–desorption cycle, the HBP-g-chitosan adsorbent

was washed with deionized water to remove any

excess NaOH from the adsorbent surface. The des-

orbed Cr(VI) was determined as mentioned in section

‘‘Cr(VI) adsorption experiments’’. The reusability of

HBP-g-chitosan for Cr(VI) adsorption was evaluated

by conducting five consecutive adsorption–desorption

cycles.
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Results and discussion

Characterization of materials

1H NMR spectroscopic data

The 1H-NMR spectrum of the tetracarboxylic ester is

shown in Fig. S1 and all corresponding parameters are

listed in Table S1. Locations of hydrogen in tetracar-

boxylic ester are shown in Table S1 (a, b, c, d, and e).
1H-NMR (DMSO-d6): 1.16 ppm (t, 3H), 2.05 ppm (t,

2H), 2.24 ppm (t, 2H), 3.59 ppm (s, 3H), and

4.11 ppm (d, 2H).

FT-IR spectra

FTIR spectra of chitosan and HBP-g-chitosan are

shown in Fig. 3. The peaks at 1735 cm-1 (C=O

stretching vibration of the ester bond) and 1244 cm-1

(C–O–C stretching vibration of the ester bond) could

not be found in Fig. 3a. However, the peak at

1544 cm-1 could be assigned to N–H bending vibra-

tion of the primary amine, indicating that HBP-NH2

was successfully grafted to the chitosan backbone.

The solubility of chitosan and HBP-g-chitosan in

different solvents is shown in Table S2. As shown

here, chitosan was soluble in 2% acetic acid and

trifluoroacetic acid ? DMF (3:1). HBP-g-chitosan

was soluble in trifluoroacetic acid ? DMF (3:1) but

insoluble in 2% acetic acid. Further solubility tests

confirmed the successful grafting of HBP-NH2 to

chitosan.

Product photos of chitosan and HBP-g-chitosan are

shown in Fig. S2. Chitosan was obtained as a pale

yellow powder (Fig. S2a), while HBP-g-chitosan was

obtained as solid particles with dark yellow color

(Fig. S2b).

TGA characterization

TGA and DTG of chitosan and HBP-g-chitosan are

shown in Figs. 4 and S3. Two weight loss steps could

be observed in chitosan and HBP-g-chitosan. Minor

weight loss of chitosan and HBP-g-chitosan occurred

at around 100 �C, corresponding to 2.3 and 0.4% loss,

respectively. The latter finding may be attributed to the

loss of adsorbed and bound water. Significant weight

loss of chitosan could be observed at 286 �C and

stabilized at 330 �C. This weight loss could be

Fig. 3 FTIR spectra:

a chitosan, b HBP-g-

chitosan
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attributed to the melting, deacetylation, and decom-

position of chitosan. Significant weight loss of HBP-g-

chitosan was observed at 228 �C, a lower temperature

than was observed for chitosan. The reason for this

may be due to the graft of HBP-NH2 to chitosan since

more flexible hyperbranched polymer units were

introduced into the chitosan backbone. In this context,

He et al. (He et al. 2016) found that the decomposition

temperature generally decreases when a hyper-

branched polyamidoamine polymer is introduced into

the chitosan backbone.

XRD characterization

XRD characterization data of chitosan, HBP-g-chitosan

adsorbent, and Cr(VI) loaded to HBP-g-chitosan (ab-

breviated as CrLHCh) is shown in Fig. 5. Two main

diffraction peaks at 2h = 10.5� and 19.8� (shown in

Fig. 5a), assigned to (0 2 0) and (1 0 0) crystallographic

planes, represent typical crystalline domains of native

chitosan (Xu et al. 2016). HBP-g-chitosan and CrLHCh

showed two main diffraction peaks at 2h = 10.0� and
22.5� (shown in Fig. 5b, c). The crystallization degree

of HBP-g-chitosan decreased sharply, most likely due

to the graft of HBP-NH2 on chitosan.

SEM of chitosan, HBP-g-chitosan, and CrLHCh

The SEM surface morphology (magnification 20009)

of chitosan, HBP-g-chitosan, and CrLHCh is shown in

Fig. 6. Compared to chitosan (cf. Fig. 6a), the surface

morphology of HBP-g-chitosan (cf. Fig. 6b) displayed

a porous morphology at the same magnification,

suggesting that the adsorbent might exhibit a higher

surface area and higher adsorption properties. The

surface morphology of CrLHCh (cf. Fig. 6c) demon-

strated the presence of a large number of holes leading

to a higher Cr(VI) adsorption.

XPS of chitosan, HBP-g-chitosan, and CrLHCh

Figure 7 and Table 1 summarize the XPS data of

chitosan, HBP-g-chitosan, and CrLHCh, including

binding energies and peak area.

The Cr 2p3/2 peak at 576.47 and 2p1/2 peak at

586.59 were observed as shown in Fig. S4. BEs for Cr

2p3/2 could be assigned to Cr(III) at 576.47 eV, while

Cr(VI) was characterized at higher binding energies of

586.59 eV. It is possible to assume that Cr(VI) was

partially reduced to Cr(III) [about 66.9% calculated

from the peak area in Table 1]. In this context, Li et al.

(Li et al. 2015) found the same Cr(VI) reduction to

Cr(III) using electrospinning nanosized chitosan

fibers.

Fig. 4 TGA of samples: a chitosan, b HBP-g-chitosan

Fig. 5 XRD characterization: a chitosan, b HBP-g-chitosan,

and c CrLHCh
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For the N1 s spectra (as shown in Fig. S5), two

peaks of chitosan could be observed at BE 399.01 and

400.21 eV. Both could be attributed to –NH2 or NH

groups and a protonated –NH2 group (–NH3
?)

(Fig. S5a). As for the N1s spectra of HBP-g-chitosan

(Fig. S5b), the N1s binding energy and peak area

changed significantly. A higher binding energy of

401.34 eV was observed, suggesting the presence of a

new bond involving the atom N. The peak area of N1 s

increased sharply from 5368.03 to 9670.67 due to the

graft between HBP-NH2 and the chitosan backbone.

For the N1s spectra of CrLHCh (cf. Fig. S5c), three

peaks at BE 398.70, 400.10, and 401.59 eV could be

observed, indicating the interaction between chro-

mium and the amino group. However, a peak of low

intensity was observed at a BE of 401.59 eV which

could be attributed to the formation of a chromium–

NH2 complex. The appearance of the N peak at higher

binding energy is indicative of reduction in the

electron cloud density of the nitrogen atom, probably

due to the utilization of its lone pair in the formation of

a new bond between N and Cr(VI) (Vieira et al. 2011;

Shen et al. 2013; Bhatt et al. 2015; Lee et al. 2016).

As shown in Fig. S6, two O1s peaks of chitosan and

HBP-g-chitosan at BE 531.5 and 532.6 eV could be

observed, which could be attributed to the presence of

–OH and C–O groups (cf. Figs. S6a and S6b). The O1s

spectrum of Cr(VI) adsorption was deconvoluted into

two peaks at 531.29 and 533.21 eV (cf. Fig. S6c). The

binding energy at 533.21 eV was attributed to the

formation of Cr(OH)3 (Vieira et al. 2011; Shen et al.

2013; Bhatt et al. 2015). The binding energy increased

after chromium adsorption, indicating that the hydro-

xyl group was involved in the adsorption.

For Cl2p spectra of HBP-g-chitosan and CrLHCh

(shown in Fig. S7), the existence of Cl2p spectra

confirmed the successful graft between HBP-NH2 and

the chitosan backbone. As shown in Fig. S7b, there

were two Cl2p peaks of HBP-g-chitosan at BE of

197.24 and 199.50 eV, which could be attributed to

the formation of an ammonium salt. There were two

Fig. 6 SEM surface morphology (magnification 20009): a chitosan, b HBP-g-chitosan, and c CrLHCh

Fig. 7 XPS spectra: a chitosan, b HBP-g-chitosan, and

c CrLHCh
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Cl2p peaks of CrLHCh at BE of 197.73 and 199.97 eV

(cf. Fig. S7c), corresponding to the formation of CrCl3.

Cr(VI) adsorption studies

Effect of initial concentration of Cr(VI)

Figure 8 shows the adsorption capacity and removal

rate of Cr(VI) at different initial concentrations

(20–220 mg/L in 40 mg/L intervals) at 30 �C (adsor-

bent concentration: 1 g/L, at pH = 5.0). Notably, the

higher the initial concentration of Cr(VI), the greater

the adsorption capacity of Cr(VI) at the same adsorp-

tion time. The adsorption capacity of Cr(VI) increased

greatly within the first 120 min, then the adsorption

rate of Cr(VI) increased gradually and was stable after

360 min. The maximum adsorption capacity was

18.75, 48.07, 83.58, 110.12, 125.98, and 160.21 mg/

L, respectively, for different initial Cr(VI) concentra-

tions. The removal rate was 93.8, 80.1, 83.58, 78.66,

70.0, and 72.8%, respectively. The Cr(VI) adsorption

capacity of various chitosan-based adsorbents can be

found summarized in Table 2 (Sankararamakrishnan

and Sanghi 2006; Kousalya et al. 2010; Chauhan et al.

2012; Shen et al. 2013; Thinh et al. 2013; Zhang et al.

2013; Bhatt et al. 2015). The adsorption capacity and

removal rate of HBP-g-chitosan was much higher than

chitosan crosslinked with DTPA adsorbent (Bhatt

et al. 2015), while lower than Zr-chitosan (Zhang et al.

2013).

Effect of HBP-g-chitosan dosage

Figure 9 shows the adsorption capacity of Cr(VI) with

different dosage of HBP-g-chitosan (0.2, 0.6, and

1.0 g/L) at pH = 5.0 (initial concentration: 100 mg/L

at 30 �C). As shown in Fig. 9, the adsorption capacity
of Cr(VI) increased sharply within the first 120 min,

then increased gradually for different dosages of HBP-

g-chitosan. In addition, the adsorption capacity of

Cr(VI) decreased at same contact time when the

quantity of HBP-g-chitosan was increased. The results

indicate that the active adsorption site increased upon

increasing the adsorbent dosage. However, when the

adsorbent dosage increased to a certain extent, the

adsorption sites were not completely occupied by

Cr(VI).

pH effect

The effect of pH on the adsorption capacity of Cr(VI)

was studied from pH = 2.0–6.0 (adsorption condition:

Table 1 XPS information

of Chitosan, HBP-g-

chitosan, and CrLHCh

Materials Atom Binding energy (eV) FWHM Peak area

Chitosan O 531.54 1.05 11,527.92

532.70 1.32 31,376.79

N 399.01 1.58 4091.29

400.21 1.32 1276.74

HBP-g-chitosan O 531.51 1.49 18,164.98

532.57 1.62 32,229.19

N 399.12 1.89 7265.96

401.34 1.78 2404.71

Cl 197.24 1.42 1780.63

199.50 1.78 2259.69

CrLHCh O 531.29 1.68 26,273.18

533.21 1.34 16,168.4

N 398.70 1.45 3403.18

400.10 1.52 3212.31

401.59 0.95 584.09

Cl 197.73 1.57 1411.98

199.97 1.6 1078.57

Cr 576.47 2.65 1850.92

586.60 2.51 915.67
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initial concentration = 100 mg/L, 50 mg adsorbent,

contact time 300 min at 30 �C).
As shown in Fig. 10, the Cr(VI) uptake increased

slightly from pH = 2.0–3.0, then decreased sharply

from pH = 3.0–6.0. The maximum adsorption

Fig. 8 Adsorption capacity (a) and removal rate (b) of Cr(VI) at different initial concentrations

Table 2 Summary for Cr(VI) adsorption capacity of various chitosan-based adsorbents

Adsorbents Form Process parameters Qmax Removal

rate (%)

Reference

Magnetic chitosan Nanoparticle pH = 3.0; I.C. = 180 mg/L;

D.A. = 2 g/L

55.8 mg/

g

31 Jiang et al. (2017), Xie

et al. (2017)

Chitosan bead grafted with

ethylenediamine

Bead pH = 5.0; I.C. = 10 mg/L;

D.A. = 2 g/L

9.3 mg/g 93 Xu et al. (2016)

Xanthated Chitosan Bead pH = 3.0; I.C. = 100 mg/L;

D.A. = 5 g/L

71 mg/L 71 Zarghami et al. (2016)

Thiocarbamoyl chitosan Flake pH = 2.0; I.C. = 1000 mg/L;

D.A. = 1 g/L

434.8 43.5 Zhang et al. (2016)

Electrospun chitosan

nanofibers

Mat pH = 4.5; I.C. = 100 mg/L;

D.A. = 1 g/L

68.3 68.3 López-Cabaña et al.

(2015)

Chitosan-Fe(III) complex Powder pH = 4.8; I.C. = 500 mg/L;

D.A. = 1 g/L

173.1 34.6 Wen et al. (2011)

Chitosan crosslinked with

DTPA

Powder pH = 3.0; I.C. = 500 mg/L;

D.A. = 2 g/L

192.3 38.5 Wu et al. (2017)

Zr-chitosan Powder pH = 5.0; I.C. = 200 mg/L;

D.A. = 0.08 g/L

175.0 87.5 Zhang et al. (2013)

3ACBZr Bead pH = 4.0; I.C. = 200 mg/L;

D.A. = 1 g/L

185.0 92.5 Thinh et al. (2013)

G0 HBP-g-chitosan Powder pH = 3.0; I.C. = 220 mg/L;

D.A. = 1 g/L

194.6 88.5 This work

I.C. initial concentration, D.A. dosage of absorbent
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capacity of Cr(VI) on HBP-g-chitosan adsorbent

occurred at pH = 3.0.

Generally appreciated is the fact that the pH of the

Cr(VI) solution affects the adsorption performance

since the pH affects the speciation of ionic chromium

species (Cr2O7
2-, HCrO4

-, CrO4
2-, or HCr2O7

-), the

degree of chromium ionization, and the surface charge

of HBP-g-chitosan adsorbent (Kousalya et al. 2010; Li

et al. 2015).

When pHs are below 5.0, the amino groups can

easily be protonated to NH3
? and Cr(VI) appears

mainly as HCrO4
-, CrO4

2-. A strong electrostatic

attraction exists between the oxyanions of Cr(VI) and

the positively charged surface of HBP-g-chitosan

adsorbent. The latter demonstrates the main adsorp-

tion mechanism of Cr(VI) ions onto HBP-g-chitosan

adsorbent. Upon increasing the pH, the degree of

protonation of the NH2 group in the adsorbent reduces

gradually, resulting in a sharp decrease of Cr(VI)

adsorption capacity. The slight increase in Cr(VI)

adsorption from pH = 2.0 to pH = 3.0 can be

explained by the fact that Cr(VI) exists as H2CrO4

(neutral state) at pH B 3.0 and cannot interact with –

NH3
?, resulting in a decrease in Cr(VI) adsorption

(Zimmermann et al. 2010; Wen et al. 2011).

Effect of competitive anions

The presence of anions may decrease the adsorption

capacity of Cr(VI) due to competing effects to interact

with active sites on the surface of HBP-g-chitosan. To

investigate such an effect, different anions (Cl-,

HSO3
-, SO4

2-, and Ac- in the form of NaCl,

NaHSO3, Na2SO4, and NaAc) were added to Cr(VI)

solutions. The concentration of the anions was 10 mg/

L. The corresponding effect of competitive anions on

adsorption capacity of Cr(VI) is shown in Fig. 11.

The adsorption capacity of Cr(VI) reduced upon

addition of competitive anions. The adsorption capac-

ity decreased from 69.69 mg/g (absence of anions) to

66.92 mg/g (Cl-), 57.73 mg/g (HSO3
-), 56.87 mg/g

(SO4
2-), and 50.25 mg/g (Ac-). The decreasing trend

of the adsorption capacity of Cr(VI) in the presence of

Fig. 9 Adsorption capacity of Cr(VI) at different dosage of

HBP-g-chitosan

Fig. 10 Effect of pH on adsorption capacity of Cr(VI)

Fig. 11 Effect of competitive anions on adsorption capacity of

Cr(VI)
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competitive anions was observed in the order of: Cl-

\HSO3
-\SO4

2-\Ac-.

The adsorption capacity of Cr(VI) decreased only

3.97% when Cl- was present, indicating the high

affinity of HBP-g-chitosan to bind to Cr(VI) ions

existing as HCrO4
- at pH = 5.0. However, Cr(VI)

adsorption was greatly affected with the presence of

HSO3
-, SO4

2-, and Ac-. This finding indicates a

strong competition between Cr(VI) and HSO3
-,

SO4
2-, and Ac-. As reported previously (Li et al.

2015; Gandhi and Meenakshi 2013), HSO3
-, SO4

2-,

and Ac- can crosslink with protonated amino groups

in chitosan, thus decreasing the number of the binding

sites of chitosan for the adsorption of Cr(VI). The

HSO3
- anion is likely to dissociate to form a proton

that may affect the speciation of the ionic chromium

species (increase of HCrO4
-, CrO4

2-).

Adsorption isotherm and kinetics study

Adsorption isotherm study

The Freundlich and Langmuir models were adopted

for the determination of Cr(VI) adsorption capacity of

HBP-g-chitosan at different initial concentrations

(20–220 mg/L at 40 mg/L interval) at 30 �C (adsor-

bent concentration: 1 g/L at pH = 5.0).

The Langmuir and Freundlich adsorption isotherm

models are shown in Fig. S8, and the values of relevant

parameters are listed in Table 3.

Freundlich isotherm constants for HBP-g-chitosan

were calculated from the linear plot of ln Qe versus

lnqe (Kousalya et al. 2010; Zarghami et al. 2016). The

conditions were found to be favorable for adsorption

because the value n was greater than 1. The KF value

was 22.31, indicating the applicability of the Fre-

undlich isotherm.

The Langmuir isotherm constants Qmax and KL for

HBP-g-chitosan determined from the respective slope

and intercept of the linear plot of qe/Qe versus qe

(Kousalya et al. 2010; Zarghami et al. 2016). These

values are presented in Table 3. The Qmax for HBP-g-

chitosan was 194.55 mg/g, which was higher than Zr-

chitosan and 3ACBZr adsorbents (175.0 mg/m and

185.0 mg/g, respectively) at the same Cr(VI) initial

concentration (200 mg/L, shown in Table 2) (Gandhi

and Meenakshi 2013; Zhang et al. 2013). The KL

values between 0 and 1 indicated that the conditions

were favorable for adsorption. The higher R2 values of

the Freundlich over the Langmuir isotherm indicated

the higher applicability of the Freundlich isotherm

compared to the Langmuir isotherm.

Adsorption kinetics study

Two kinetic models such as pseudo-first order and

pseudo-second order were applied to determine the

kinetic rate uptake of Cr(VI) onto HBP-g-chitosan

adsorbent (Kousalya et al. 2010; Zarghami et al.

2016). The adsorption capacity as a function of contact

time at an initial concentration of 100 mg/g and

pH = 5.0 (adsorbent concentration: 1.0 g/L) is shown

in Fig. 9. As shown here, by increasing time, the

adsorption capacity increased and at a certain time

(120 min) reached a maximum adsorption capacity

and became almost constant thereafter.

The kinetic parameters for the pseudo-first and

pseudo-second models were determined from the

linear plots of ln (Qe-Qt) versus t and (t/Qt) versus t

from the experimental data described in section

‘‘Effect of HBP-g-chitosan dosage’’. The values of

K1, K2, R
2, Qe(exp), and Qe(cal) are shown in Table 4.

As shown in Table 4, Figs. S9a and b, the

calculated Qe (Qe(cal) = 91.158 mg/g) of the

pseudo-second order model was more favorable to

the value of the pseudo-first order model (Qe(-

cal) = 69.839 mg/g). This latter finding indicated that

the pseudo-second order model was more valid to

describe the kinetics of the undergoing Cr(VI)

adsorption process. The R2 value obtained indicates

a higher suitability for the pseudo-first order model.

The more reliable adsorption kinetics of the

pseudo-second order equation implies that the rate

limiting step was chemisorption, involved the forma-

tion of covalent bonds through the sharing or exchange

of electrons between Cr(VI) and HBP-g-chitosan.

Table 3 Parameters for Langmuir and Freundlich

Model Relevant parameters R2

Langmuir Qmax = 194.55, KL = 0.0514 0.7359

Freundlich n = 2.174, KF = 22.31 0.9205

Equilibration time, 600 min
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Desorption and regeneration of HBP-g-chitosan

adsorbent

Reusability evaluation of the adsorbent is a primary

condition to develop a practical and economical

adsorbent. Different concentrations of NaOH solu-

tions (0.05–0.4 M) were used to desorb Cr(VI) from

the HBP-g-chitosan adsorbent (Chen et al. 2013;

Debnath et al. 2014; Zhang et al. 2016).

Desorption of Cr(VI) from HBP-g-chitosan adsor-

bent using different concentrations of NaOH solutions

(0.05–0.4 M), and regeneration of HBP-g-chitosan

adsorbent using 0.2 M NaOH are shown in Fig. 12.

As shown in Fig. 12a, 0.2 MNaOHwas found to be

the optimum concentration for effective Cr(VI)

desorption.

Cr(VI) adsorption percentage (compared to the

initial adsorption capacity) with regenerated HBP-g-

chitosan adsorbent for five consecutive adsorption–

desorption cycles is shown in Fig. 12b.

As shown here, the Cr(VI) adsorption capacity

remained constant for three cycles of adsorption–

desorption. The Cr(VI) adsorption capacity was about

96% of the initial adsorption capacity. For the fourth

and fifth cycle of regeneration, the adsorption capacity

decreased to 89.3 and 85.6% of the initial adsorption

capacity. This result indicates that the HBP-g-chitosan

adsorbent may be considered to be an efficient

recyclable adsorbent for Cr(VI) removal from

wastewater.

Adsorption mechanism

The adsorption of Cr(VI) onto HBP-g-chitosan adsor-

bent took place in three consecutive steps:

1. Binding of anionic Cr(VI) (mainly Cr2O7
2-,

HCrO4
-) to the protonated, positively charged

amino groups on the HBP-g-chitosan surface

promoted by electrostatic attraction;

Fig. 12 aDesorption of Cr(VI) from adsorbent using different NaOH concentrations, and b regeneration of HBP-g-Chitosan adsorbent
using 0.2 M NaOH

Table 4 Parameters for kinetic models

q0/mg L-1 Qe(exp) Pseudo-first order Pseudo-second order

K1 R2 Qe (cal) K2 R2 Qe (cal)

100 84.438 4.36 9 10-3 0.9916 69.839 9.77 9 10-5 0.9795 91.158
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2. Reduction of Cr(VI) to Cr(III) by adjacent elec-

tron-donor groups;

3. Formation of Cr(III) complex with functional

groups (amino, carboxyl, hydroxyl, and amide) in

adsorbent. The amino group played an important

role in the reduction of Cr(VI)–Cr(III) (Kousalya

et al. 2010; Bhatt et al. 2015; Zarghami et al.

2016).

Conclusions

In this paper, tetracarboxylic acid ester was synthe-

sized by reaction of diethyl malonate with methyl

acrylate and the resulting material was characterized

by 1HNMR. An amino terminated hyperbranched

polymer (HBP-NH2) was synthesized by reaction of a

tetracarboxylic acid ester with diethylenetriamine

(DETA). HBP-g-chitosan, a novel biosorbent, was

prepared for the treatment of Cr(VI). HBP-g-chitosan

was characterized by TGA, FTIR, SEM, XPS, and

XRD. The influence of the initial concentration of

Cr(VI), HBP-g-chitosan concentration, pH value and

the competitive anions on the adsorption performance

were discussed. The results showed that the adsorption

capacity of Cr(VI) gradually increased, whereas the

removal rate gradually decreased upon addition of the

initial concentration of Cr(VI) at the same contact

time. Furthermore, the adsorption capacity of Cr(VI)

gradually decreased upon increasing the HBP-g-

chitosan concentration at the same contact time. It

was determined that the pH value played an important

role in the HBP-g-chitosan adsorption process as the

pH affected the speciation of ionic chromium species,

the degree of chromium ionization, and the surface

charge of the HBP-g-chitosan adsorbent. The removal

rate of Cr(VI) was shown to reduce after the addition

of competitive anions and this decreasing trend for the

removal rate of Cr(VI) in the presence of competitive

anions was observed in the following order: Cl- \
HSO3

-\SO4
2-\Ac-.

Langmuir and Freundlich models were applied to

generate a Cr(VI) adsorption isotherm. The results

indicated that the Freundlich model was more suit-

able than the Langmuir model. Pseudo-first order and

pseudo-second order models were used to study the

adsorption kinetics. The results showed that the

pseudo-second order model was more reliable than

the pseudo-first order model in the study of the

adsorption process of Cr(VI).
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