
ORIGINAL PAPER

Design and preparation of a cellulose-based adsorbent
modified by imidazolium ionic liquid functional groups
and their studies on anionic dye adsorption

Su-Feng Zhang . Miao-Xiu Yang . Li-Wei Qian . Chen Hou .

Rui-Hua Tang . Jin-Fan Yang . Xue-Chuan Wang

Received: 6 March 2018 / Accepted: 27 April 2018 / Published online: 3 May 2018

� Springer Science+Business Media B.V., part of Springer Nature 2018

Abstract Adsorption of dyes via strong interactions

between modified cellulose paper and dyes is an

economical, effective, and sustainable method for

treating wastewater. In this work, using multiple

interactions with dye molecules, an imidazolium ionic

liquid modified cellulose adsorbent (CCP-Im) was

prepared and used to treat anionic dye wastewater

effectively. Zeta potential tests and Gaussian simula-

tions revealed the strong interactions between CCP-Im

and anionic dye molecules. Under optimum adsorp-

tion conditions, CCP-Im has good adsorption capacity

for anionic dyes, and the maximum adsorption capac-

ities of xylenol orange and Congo red could reach

1169 and 563 mg g-1, which were 3.1 and 3.5 times,

respectively, higher than the values of the original

cellulose paper. The Freundlich and Scatchard models

for isothermal study demonstrated the adsorption

process of CCP-Im toward anionic dyes occurred on

a heterogeneous surface via multilayer sorption, and

the kinetics revealed that a Pseudo-second-order

model described the adsorption process well, indicat-

ing the adsorption was controlled by the mechanism of

chemical adsorption. Therefore, preparation of this

bioadsorbent would be useful for environmental

protection and development of sustainable resources.

Keywords Cellulose � Dye � Adsorption �
Imidazole � Ionic liquid

Introduction

Industries and human activities discharge large quan-

tities of pollutants that contain organic dyes, which

can have a very negative environmental impact

because they are toxic, nonbiodegradable, and have

mutagenic effects on human health and marine

organisms. Congo red (CR) and xylenol orange (XO)

are the most commonly used dyes for printing and

dyeing textiles and have proven to cause a variety of

carcinogenic, teratogenic, and mutagenic diseases in
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humans (Zhu et al. 2016). Therefore, it has become

urgent to solve the problem of treating wastewater that

contains these dyes.

In the process of removing dye from wastewaters,

many treatment methods have been developed,

including electrolysis (Umukoro et al. 2017), ultrafil-

tration (Lin et al. 2016), chemical flocculation (Han

et al. 2016), chemical oxidation/reduction (Buthiyap-

pan et al. 2016) and adsorption (Liu et al. 2018a, b).

Among these methods, adsorption is considered to be a

competitive method for treating dyestuffs in wastew-

ater because of its economic feasibility, high effi-

ciency, and operational simplicity. Activated carbon is

a renewable and sustainable resource and is the most

commonly used adsorbent for removing contaminants

from air and wastewater because it has a high removal

efficiency and does not produce harmful by-products

(Maneerung et al. 2016). However, the higher pro-

duction cost of activated carbon limits its further

development and application. Thus, developing an

inexpensive, efficient, and sustainable absorbent that

can be used instead of activated carbon to remove dyes

would have great prospects.

Cellulose is widely considered to be an inex-

haustible and sustainable raw material (Trache et al.

2017). Paper is one of the earliest prepared cellulose

materials and is expected to be a very promising

adsorbent for replacing activated carbon because of its

low cost and mature preparation process. However,

hydrogen bonding interactions between the hydroxyl

groups of cellulose-based paper and dye molecules are

susceptible to water molecules in the aqueous phase

and result in a lower adsorption capacity (Hokkanen

et al. 2016). Grafting functional groups via electro-

static forces or p–p stacking on the surface of cellulose
can solve this problem to a certain extent. Liu reported

a nanofibrillated cellulose/chitosan composite modi-

fied with ethylenediamine to remove the anionic dye,

new coccine (Liu et al. 2016), and the prepared

material had an adsorption capacity of 103 mg g-1 as

a result of strong electrostatic interactions. Xiao et al.

(Xiao et al. 2016) demonstrated using L-cysteine

reduced graphene oxide to remove anionic and

cationic dyes, and the results showed that the p–p
interactions between graphene and organic dyes with

conjugated aromatic structure play a key role in the

efficient removal of contaminates from the aqueous

phase.

Furthermore, some available research has demon-

strated that wastewater can be efficiently treated using

multiple interactions between functionalized adsor-

bent and dye molecules. Veerakumar et al. (Veeraku-

mar et al. 2017) synthesized 2D graphene oxide

nanosheets that showed an adsorption capacity of

217 mg g-1 for eosin yellow, and this was attributed

to complex driving forces, including hydrogen bond-

ing, p–p conjugation, and electrostatic interactions.

Qiu et al. (Qiu et al. 2009) used the synergistic effect

of electrostatic forces and p–p stacking between

straw-based biochar and dyes to obtain a good

adsorption capacity of 313 mg g-1 on reactive bril-

liant blue.

Based on the above strategy, studying the use of

imidazolium ionic liquid (IM-IL) functional groups to

modify the adsorption performance of substrates has

drawn worldwide attention. IM-IL is a functional

material that has a cationic imidazole group and

anionic free halogen or other anionic organic group.

Because of the strong interactions with guest mole-

cules via electrostatic forces, p–p conjugation, and

hydrogen bonding (Qian et al. 2017; Mi et al. 2013),

IM-IL modified materials have excellent adsorption

performance for treating dyes in wastewater. Song

proposed novel IM-IL-based hyperbranched polymers

(Song et al. 2016), in which imidazole cation groups

generate multiple interactions with dyes and result in

an extremely superior adsorption capacity of 1993 mg

L-1 for CR. However, there are still few studies

regarding the modification of cellulose with IM-IL

functional groups to treat dyes in wastewater.

In this work, a cotton cellulose-based paper (CCP)

was selected as the substrate, and IM-IL groups were

selected and used to modify CCP via esterification and

alkylation reaction. The obtained modified bioadsor-

bent was characterized using Fourier transform

infrared spectroscopy (FT-IR), X-ray photoelectron

spectroscopy (XPS), and scanning electron micro-

scopy (SEM). In addition, Zeta potential tests and

molecular simulation calculations were carried out to

analyze the interactions between IM-IL groups and

dye molecules. Furthermore, the adsorption perfor-

mances of the anionic dyes Congo red and xylenol

orange were evaluated using adsorption experiments,

and the adsorption behavior of each was investigated

using adsorption isotherms, kinetics, and thermody-

namics in the study.
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Experimental

Materials

2-Bromopropionic acid (2-BPA, 98%) and

1-methylimidazole (99%) were analytical grade and

obtained from Shanghai McLean Biochemical Tech-

nology Co., Ltd. (Shanghai City, China); para-tolue-

nesulfonic acid (p-TSA) was analytical grade and

obtained from Sinopharm Chemical Reagent Co., Ltd.

(Shanghai City, China); Congo red (CR, IND),

methylene blue (MB, IND), dimethyl yellow (DY,

IND), and xylenol orange (XO, IND) were analytical

grade and obtained from Tianjin Kemiou Chemical

Reagent Co., Ltd. (Tianjin City, China). CCP (Ø

22 cm) had a basis weight of ca. 255 g m-2 and was

obtained using refined cotton pulp from Tianjin

Zhongchao Paper Co., Ltd. Other reagents were

analytical grade and used without further purification.

Characterizations

FT-IR spectra were recorded on a Bruker VERTEX 70

spectrometer with ATR technique. SEM images were

recorded using a TESCAN VEGA 3 Easy Probe. XPS

was performed on a KRATOS AXIS Supra spectrom-

eter for surface analysis with a monochromatized Al-

Ka source (ht = 1486.6 eV) during analysis. The full

spectra (0–1200 eV) were obtained at a constant pass

energy of 40 eV. The Zeta potential of each sample in

water was characterized using a GermanyMutek SZP-

06 Zeta potential analyzer. The concentration of the

dye solution was determined using a UV-2550 UV–

Vis spectrophotometer (Shimadzu Co., Ltd.).

Synthesis of cellulose bromopropionate esters

(CBE)

First, the reactant 2-BPA (17.6 g) and the catalyst

p-TSA (0.14 g) were successively dissolved in 80 mL

of toluene, and then the CCP (2.0 g) was immersed

into the reaction system. The mixture was heated to

reflux under Dean-Stark conditions (Song et al. 2016;

Watson et al. 2017) in an oil bath at 130 �C, and after

reacting for 7 h, it was cooled to room temperature.

Then the mixture was washed with ethanol, 4%

aqueous sodium carbonate solution, and deionized

water. The product was dried at 30 �C to obtain

cellulose bromopropionate esters (CBE).

Synthesis of ionic liquid modified cellulose

products (CCP-Im)

A mixture of CBE (1.4 g) and 1-methylimidazole

(16.4 g) in 60 mL of ethanol was stirred for 24 h at

70 �C to synthesize CCP-Im (Liu et al. 2017). The

crude product was then washed with ethanol and

deionized water and dried at 30 �C to obtain CCP-Im.

Computer simulation

To study the interactions between dye molecules and

CCP-Im, density functional theory (DFT) calculations

using the B3LYP functional with the 6-31G (d) basis

set were carried out in this work. All of the DFT

calculations were performed using the Gaussian 09

program. Similar DFT methodology has been suc-

cessfully employed to study these interactions (Qian

et al. 2017; He et al. 2015). According to a previous

report (Guan et al. 2015), CCP-Im can be simplified as

Compound 1 (as shown in Fig. S1), and this is the main

factor that interacts with dyes. The binding energies

(DE) between dye molecules and CCP-Im were

evaluated using Eq. 1

DE ¼ E complexð Þ � E Compound 1ð Þ � E dyeð Þ
ð1Þ

where E (Compound 1), E (dye), and E (complex)

were the potential energies of Compound 1, the dye

molecule, and their complex, respectively.

Adsorption experiments

Binding experiments were carried out to verify the

adsorption performance of CCP-Im toward the dyes. A

certain amount of CCP-Im was immersed completely

to 10 mL of dye solution at a specific concentration

without other operations. After the adsorption exper-

iments, the concentrations of dyes in the remaining

solution were analyzed using UV–vis spectrophotom-

etry. The adsorption capacity (Q) was determined

from Eq. 2 (Mir et al. 2018)

Q ¼ ðC0 � CtÞV
m

ð2Þ
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where C0 (mg g-1) is the initial concentration of the

dye, Ct (mg g-1) is the concentration of the dye after a

certain period of adsorption time, V (L) is the volume

of the used dye solution, and m (g) is the weight of

adsorbent.

Optimization of adsorption conditions To optimize

the adsorption conditions and evaluate the adsorption

capacity, different adsorbent dosages, values of pH,

contact time, and initial concentrations of dyes were

used to control variables of the procedure. All batch

adsorption experiments were carried out at a fixed

temperature and prescribed amounts of adsorbent were

added to samples of 10 mL of dye solution that had a

defined concentration (Góes et al. 2016). After the

adsorption experiments, the dye solution was

obtained, and the concentrations of dyes in the

remaining solution were measured using UV–vis

spectrophotometry. Also, the optimum conditions for

adsorption were evaluated to determine the maximum

adsorption capacity.

CCP was also subjected to the dye adsorption

experiment under the same conditions to compare the

adsorption capacity of CCP-Im and CCP toward dyes.

Also, the impact factor (IF) was used to evaluate the

increase in the adsorption capacity, and IF was

calculated using Eq. 3

IF ¼ QCCP�Im

QCCP

ð3Þ

where QCCP-Im and QCCP are the adsorption capacities

of CCP-Im and CCP, respectively.

Selective adsorption To evaluate the selective

adsorption capacity of CCP-Im toward dyes (Fu

et al. 2016; Yao et al. 2017), 0.05 g of CCP-Im was

added to a 6 mL solution mixture that contained CR

and MB with a concentration of 5 mg L-1. After the

adsorption reached saturation, the remaining solutions

were measured using UV–vis spectrophotometry at

664 and 497 nm for MB and CR, respectively.

Recycling studies The recycling stability of the

adsorbent was evaluated using a procedure of repeated

CR adsorption–desorption (Melo et al. 2018). First, for

the adsorption cycles, solutions of 2000 mg g-1 CR

were static with the CCP-Im adsorbent (5 g L-1) at

25 �C for 24 h. Then, the CCP-Im material that

adsorbed the CR species was subjected to a desorption

process in 50 mL of HCl aqueous solution (0.5 mol

L-1) at 25 �C for 30 min to remove CR (Peng et al.

2018). Recovered CCP-Im was then subjected to the

next adsorption cycle of the experiment under the

same conditions. After the adsorption experiments, the

remaining solutions were measured using UV–vis

spectrophotometry to determine the adsorption capac-

ity (Qn). The relative ratio of the adsorption capacity

among each cycle were calculated by Qn/Q0, where n

was the recycling number.

Results and discussion

In this work, a novel IL functional group modified

bioadsorbent was designed and prepared via simple

esterification and alkylation reactions with cellulose,

as shown in Fig. 1. Due to the strong electrostatic

forces, hydrogen bonding, and p–p stacking between

imidazolium cation and anionic dyes, the prepared

bioadsorbent was expected to exhibit good adsorption

capacity and selectivity.

Chemical structure and elements analysis

FT-IR analysis The chemical structures of the cellu-

lose paper before and after adsorption were analyzed

using FT-IR (Fig. 2). First, the spectrum of CCP

shows typical absorption bands of the cellulose

backbone at 1104, 2915, and 3340 cm-1, which are

attributed to C–O–C, C-H, and O–H bonds, respec-

tively. Compared to the FT-IR spectrum of CCP, the

FT-IR spectrum of CBE (Chen et al. 2017) reveals a

new band at 1721 cm-1, which corresponds to the

stretching mode of the carbonyl group (C=O) of the

newly formed ester linkage between CCP and 2-BPA.

In addition, the FT-IR spectrum of CCP-Im shows

some new bands at 1207, 1454, and 1637 cm-1, and

these are typical absorption bands for C–N, C=C, and

C=N, respectively, of the imidazole group (Karatzos

et al. 2011; Boakye et al. 2017). This suggests that the

IM-IL structure was successfully grafted onto the

cellulose backbone.

XPS analysis XPS analysis of both the original and

functionalized cellulose provides important informa-

tion regarding changes to the surface elemental

composition that occur when the imidazole group is

immobilized. As shown in Fig. 3a, the spectrum of

CCP only shows peaks for carbon and oxygen atoms at

285.0 and 531.8 eV, respectively. After esterification

with 2-BPA, the survey spectrum of the prepared CBE
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shows a new peak at 69.0 eV; this is attributed to

bromine atoms, confirming that the esterification

reaction was successful (Fig. 3b) (Qian et al. 2017).

Compared to the spectra of CCP and CBE, the survey

spectrum of CCP-Im shows a new peak at 399.7 eV,

which is attributed to the nitrogen atom of the

imidazole functional group. The presence of imidazole

further confirms that the IM-IL structure was success-

fully grafted onto cellulose (Fig. 3c).

Surface morphology analysis

SEM was used to investigate the effects of the

esterification and alkylation reactions on the mor-

phologies and microstructures of the cellulose fibers

and paper (Li et al. 2015). As shown in Fig. 4a, the

SEM images at low magnification show that the fibers

of the original CCP exhibited an expected ribbon-like

structure, in which individual fibers could easily be

identified and the surface of the fiber was intact and

smooth. After the esterification and alkylation reac-

tions, a low-magnification image of CCP-Im (Fig. 4c)

shows that the structural integrity and the original

interwoven state of the fiber were basically retained.

However, further examination of SEM images at high

magnification reveal that the surfaces of the modified

cellulose fibers were rougher than the base paper, and

this also provides evidence that the IM-IL structure

was grafted onto the cellulosic backbone.

Fig. 1 Schematic illustration of the synthesis of the CCP-Im adsorbent and its adsorption performance for dyes

Fig. 2 FT-IR spectra of CCP, CBE, and CCP-Im

Fig. 3 Survey spectra of a CCP, b CBE, and c CCP-Im (Elemental content is provided in each panel)
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Zeta potential analysis

Because grafting IM-IL functional groups may

directly affect the charge on the surface of cellulosic

material, Zeta potentials were measured in this work

(Song et al. 2017). As shown in Fig. S2, when the pH

was 7, compared to the value of the Zeta potential of

CCP, that of CBE was significantly increased from

- 39.9 to - 15.3 mV because of the decreased

number of hydroxyl groups after the esterification

reaction. In addition, CCP-Im exhibited a positive

charge (42.1 mV), indicating the presence of imida-

zolium cations in the cellulose, which is beneficial for

treating wastewater that contains anionic dyes.

Computer simulation

To study the interaction between the IM-IL structure

of CCP-Im and dye molecules, Gaussian 09 was used

to calculate the binding energy (DE) between the two

compounds. To facilitate the simulations, the CCP-Im

was simplified to Compound 1, as shown in Fig. S1,

and a similar method has been reported (Guan et al.

2015). In addition, three kinds of four different dye

molecules (CR and XO (anionic dyes), MB (cationic

dye), and DY (neutral dye)) were selected for this

study. As shown in Fig. 5a, the value of DE between

the cationic dye MB and Compound 1 could not be

obtained because the electrostatic repulsion was

higher than the bonding force. In contrast, the value

of DE between the neutral dye DY and Compound 1

(Fig. 5b) was - 103.98 kJ mol-1, and this might be

because of hydrogen bonding and p–p stacking

interactions. Finally, the binding energy between

Compound 1 and XO as well as CR (Fig. 5c, d) were

- 277.06 and - 143.52 kJ mol-1, respectively, and

these values indicate that the multiple interactions of

Compound 1 favor the adsorption performance of

CCP-Im for anionic dye.

Optimization of adsorption conditions of CCP-Im

Effects of adsorbent dosage, pH, contact time, and

initial concentration on adsorption capacities of the

dyes were investigated in the adsorption experiments

to optimize the adsorption conditions. As shown in

Fig. S3, using the anionic dyes CR and XO as

examples, the adsorption capacity changed slightly

with pH in the range of 2–7. However, when pH was

higher than 7, the adsorption capacity of CCP-Im

dramatically decreased because excess OH- ions

compete with the dye anions for the adsorption sites.

Fig. 4 SEM images of a CCP, CBE, and c CCP-Im

Fig. 5 Interactions between Compound 1 and a MB, b DY,

c XO, and d CR
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In contrast, Fig. S4 shows that the impact of adsorbent

dosage was inversely proportional to the adsorption

capacity. This is because the quantity of dye adsorbed

per unit weight of the adsorbent is reduced, causing a

decrease in the utility of active sites utilization ratio

(Li et al. 2011; Nandi et al. 2009).

As shown in Figs. S5 and S6, the adsorption

capacity gradually increased with increases in the

contact time and dye concentration under constant

temperature. In addition, adsorption saturation was

achieved when the concentrations of CR and XO were

2000 mg L-1 and the contact time was 24 h, as shown

in Table S1. Using a similar experimental method, the

optimal adsorption conditions for the neutral dye DY

and the cationic dye MB were each determined, and

the results are shown in Table S1.

Adsorption performance of CCP-Im

Adsorption experiments for both CCP and CCP-Im

were carried out under the same conditions to verify

the influence of the modification of IM-IL functional

groups on the adsorption capacity of cellulose paper-

based materials. In addition, the influence factor (IF)

was obtained by dividing adsorption capacity of CCP-

Im by CCP for quantitative comparison of the

adsorption performances in this work.

As shown in Fig. 6, the value of IF for MB is only

0.9 because of electrostatic repulsions between the

cationic imidazole group of CCP-Im and MB. Com-

pared to MB, the IF of adsorption for DY is slightly

higher, which might be a result of hydrogen bonding

and p–p conjugate interactions between CCP-Im and

DY. Unlike CCP-Im adsorption for MB and DY, the

adsorption capacities of CCP-Im for XO and CR were

significantly increased compared to that of CCP

because of multiple interactions involving hydrogen

bonding, p–p stacking, and electrostatic interactions.

Also, the values of IF for XO and CRwere 3.1 and 3.5,

respectively. Consequently, the adsorption experi-

mental results were in agreement with the trend in the

theoretical values of binding energy between IM-IL

functional groups and the dyes.

Adsorption mechanism of CCP-Im toward anionic

dye

Adsorption kinetics Data for CR and XO (Fig. S5)

were further analyzed and fitted using the two kinetics

models (pseudo-first-order and pseudo-second-order)

to study the adsorption rate of CCP-Im toward anionic

dye (Xu et al. 2017; Wang et al. 2017). The pseudo-

first-order Eq. 4 and pseudo-second-order Eq. 5 are

expressed as follows:

ln q� qtð Þ ¼ ln q� tkf ð4Þ

t

qt
¼ 1

ksq2
þ t

q
ð5Þ

where qt (mg g-1) and q (mg g-1) are the calculated

maximum adsorption capacity and experimental

adsorption capacity, respectively, at time t (min); kf
(min-1) and ks (g mg-1 min-1) are the rate constants

of the pseudo-first-order and pseudo-second-order

kinetics models, respectively. The pseudo-first-order

model is commonly used to describe a physical

adsorption process in which there is a linear relation-

ship between the reaction rate and the concentration of

a reactant (Eris and Azizian 2017). The pseudo-

second-order model universally describes chemical

sorption between an adsorbent and adsorbate (Boua-

bidi et al. 2018).

As shown in Fig. S7a, b and Table 1, the pseudo-

second-order model fit both the CR and XO adsorption

experiments better than the pseudo-first-order model

because of the higher correlation coefficient (R2).

Moreover, as shown in Table 1, the calculated values

of q were closer to the experimental Q values of both

CR and XO, indicating that the actual adsorption

processes of XO and CRwere mainly controlled by the

chemical adsorption mechanism.Fig. 6 Adsorption capacities and impact factors of CCP, CBE,

and CCP-Im for various dyes under optimum adsorption

conditions
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The W-M model (intraparticle diffusion model)

was further employed to identify the factors that

control the rates of the adsorption processes of CR and

XO. The rate parameter of intraparticle diffusion can

be defined as Eq. 6 as follows:

q ¼ kW�Mt
1=2 þ C ð6Þ

where kW-M is the intraparticle diffusion rate constant,

and C is related to the effect of the boundary layer on

molecular diffusion. If the regression of q versus t1/2 is

linear and passes through the origin, then intraparticle

diffusion is the only rate-limiting step (Álvarez-

Gutiérrez et al. 2017; Azad et al. 2016).

As shown in Table 1, the high values of R2 of both

CR and XO revealed that the W-M model could be

used to describe the adsorption process well. As shown

in Fig. S7c, neither fitted line for CR nor XO passes

through the origin, and this indicates that the adsorp-

tion rate was controlled by multiple stages in addition

to internal diffusion. Besides, the fitted lines for CCP-

Im can be separated into two linear regions, confirm-

ing that the adsorption processes can be divided into

two parts: adsorption on the external surface stage and

adsorption on the internal diffusion stage (Al Swat

et al. 2017). The higher slope of the first region

indicates that the rate of dye adsorption was faster in

the first stage because of diffusion on the surface or in

the macropores (Wang et al. 2013). The lower slope of

the second subdued portion was caused by decreased

concentration gradients, which prolonged diffusion of

the dyes into the micropores of the adsorbent and

resulted in low adsorption rates (Foo and Hameed

2012).

Adsorption isotherms The Langmiur and Fre-

undlich isotherm models were used to fit the adsorp-

tion data of XO and CR to further investigate the

adsorption behavior of CCP-Im for anionic dyes (Liu

et al. 2018a, b). The Langmiur Eq. 7 and Freundlich

Eq. 8 are expressed as follows:

C

q
¼ C

qm
þ 1

KLqm
ð7Þ

ln q ¼ lnKF þ
1

n
lnC ð8Þ

where qm is the calculated maximum adsorption

capacity. KL is the Langmiur constant related to

binding affinity, and KF is the Freundlich constant

related to adsorption capacity. 1/n is the Freundlich

constant related to adsorption intensity.

Usually, the Langmuir isotherm describes homo-

geneous adsorption, in which all of the sites have equal

affinity for the adsorbate (Ghaedi et al. 2015). In

addition, the Freundlich isotherm commonly assumes

that the adsorption phenomena on heterogeneous

adsorbent surfaces follow an empirical equation

(Zhang et al. 2016a, b). As shown in Fig. S8 (a) and

(b) and Table 2, the Freundlich model can better

explain the adsorption isotherms for CR and XO

because they have higher R2 values than those of the

Langmuir model. Thus, the results show that the

adsorption of CCP-Im toward XO and CR occurred on

a heterogeneous surface with nonuniform distribution

Table 1 Parameters

calculated from the

adsorption kinetics models

Kinetic model Parameter CR XO

Experimental value Q (mg g-1) 563 ± 21 1169 ± 15

Pseudo-first-order q1 (mg g-1) 348.6 583.4

kf (min-1) 0.0051 0.0066

R1
2 0.914 0.742

Pseudo-second-order q2 (mg g-1) 574.7 1177.9

ks (10
-5g mg-1 min-1) 21.781 1.243

R2
2 0.990 0.9997

W-M model kW-M,1 (mg g-1 min-1/2) 34.187 129.213

C1 83.493 27.338

RW-M,1
2 0.998 0.999

kW-M,2 (mg g-1 min-1/2) 12.146 7.848

C2 264.806 923.480

RW-M,2
2 0.988 0.999
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of adsorption heat and affinities (Foo and Hameed

2012). Furthermore, the 1/n values of both CR and XO

were less than 1, suggesting that there are favorable

adsorption behaviors for these anionic dyes on CCP-

Im (Qian et al. 2015; Mashtalir et al. 2014).

To further study the adsorption behavior of CCP-

Im, the data for CR and XO were analyzed using the

Scatchard model (Yu et al. 2017). The Scatchard

equation is as follows:

q

C
¼ qm

KS

� q

KS

ð9Þ

where qm and KS are the Scatchard constants related to

the theoretical maximum adsorption capacity and the

binding affinity, respectively.

Because of sensitivity to the heterogeneous and

cooperative binding effect, Scatchard analysis was

used to estimate the binding properties, such as the

types of binding sites and the corresponding binding

affinities between adsorbent and adsorbate (Liu and

Chen 2015). Generally, if a fitting result shows a linear

plot, it indicates that there is one kind of identical and

independent binding site. However, if there is a

deviation from linearity in a Scatchard fitting plot

(two inflections), it indicates the presence of more than

one type of binding site contributing to the adsorption

(Zhang et al. 2016a, b).

As shown in Fig. S8c and Table 2, neither the

Scatchard model fitting curve of CR nor XO for CCP-

Im is a single straight line, and this further confirms

that the binding sites of CCP-Im were heterogeneous

in the adsorption process. In addition, the two sections

of the fitted curves that have different slopes for both

CR and XO indicate that CCP-Im has two types of

adsorption binding sites for anionic dyes: high-affinity

and low-affinity binding sites (Gong et al. 2017). This

conclusion is also consistent with the fitted results of

the Freundlich model.

Adsorption thermodynamics Thermodynamics

analysis of an adsorption process provides information

on spontaneity. Adsorption experiments were carried

out with temperature as a variable to study the

thermodynamics. The effects of temperature on the

adsorption capacity of CCP-Im are shown in Fig. S9

(Fayoud et al. 2015). The adsorption capacities of XO

and CR are reduced by 38.32 and 35.06 mg g-1,

respectively, after the temperature was increased by

60 K. Because the adsorption capacity decreased with

an increase in temperature, it is determined that CCP-

Im adsorption on anionic dye is an exothermic process

(Luo et al. 2017).

Changes in the standard Gibbs energy (DG),
enthalpy (DH), and entropy (DS) for the dyes CR

and XO were calculated from experimental data

obtained at different temperatures. The curves

obtained from plotting ln (Q/Ce) against 1/T based

on Eq. 10 are shown in Fig. S10. Also the value of the

parameter DG at a certain temperature was calculated

using Eq. 11, and the calculated results are listed in

Table 3.

ln
Q

Ce
¼ � DH

RT
þDS

R
ð10Þ

DG ¼ �RT ln
Q

Ce
ð11Þ

As shown in Table 3, all of the DG values were

negative, indicating the spontaneous nature of the dye

adsorption on CCP-Im. The value of DG for the

adsorption process became less negative as the

temperature increased, and this was probably because

the strong interactions between CCP-Im and anionic

dyes decrease substantially with an increase in tem-

perature (Kang et al. 2017). In addition, the negative

values of DH indicate the exothermic nature of the

adsorption process, which is in agreement with

Table 2 Parameters calculated from the adsorption isotherms

models

Isotherm model Parameter CR XO

Langmiur Q (mg g-1) 563 ± 21 1169 ± 15

qm (mg g-1) 598.8 1218.4

KL (L mg-1) 0.014 0.008

RL
2 0.845 0.886

Freundlich KF (mg g-1) 14.401 26.899

1/n 0.600 0.565

RF
2 0.9998 0.9989

Scatchard qm,L (mg g-1) 50.1 173.3

KS,L (L mg-1) 1.173 7.343

RS,L
2 0.952 0.952

qm,H (mg g-1) 710.5 1361.7

KS,H (L mg-1) 162.338 240.964

RS,H
2 0.909 0.904

KS, H and KS, L are the adsorption equilibrium constants for

‘high-affinity’ and ‘low-affinity’ binding sites, respectively
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experimental results that show that lower temperature

leads to higher adsorption capacity.

Selective adsorption of CR from mixture solution

Industrial wastewater composition contains various

types of dyes, which may compete for the adsorption

sites of CCP-Im and thus decrease the adsorption

efficiency (Zhang et al. 2014). In this work, selective

adsorption experiments were carried out to further

verify the adsorption performance of CCP-Im for

anionic dyes of binary solution systems.

As shown in Fig. 7, in the UV absorption curve for

the mixture solution after adsorption, the peak inten-

sity decreased significantly at 497 nm after a contact

time of 24 h, whereas the peak intensity at 667 nm

remained almost unchanged. It was concluded that CR

could be almost completely removed from the mixture

solution after the adsorption by CCP-Im, indicating

that CCP-Im can be used for selective adsorption of

anionic dyes from mixed solutions.

Recycling studies-successive adsorption–

desorption cycles

Reusability is an important criterion for a material to

be applicable for practical purposes. Five consecutive

adsorption–desorption cycles were performed to eval-

uate the stability and reusability of CCP-Im upon

recycling. As shown in Table S2, after five cycles of

adsorption–desorption, the Qn/Q0 value of CCP-Im

still remained 82.13%, suggesting that CCP-Im can be

used cyclically. This important feature demonstrates

that CCP-Im can be effectively regenerated and reused

for sustainable treatment of dyes in wastewater.

Conclusions

In summary, a cellulose-based bioadsorbent was

designed and prepared by grafting IM-IL functional

groups onto cellulose paper. Compared to the original

cellulose material CCP, CCP-Im exhibited excellent

adsorption performance because of the strong multiple

interactions between the imidazole structure and dye

molecules, and thus, CCP-Im can be used to address

the complex issue of treating anionic dyes in wastew-

ater. Therefore, developing this low cost, eco-friendly,

and efficient bioadsorbent is a promising way to

resolve the environmental issues involved in sustain-

able development.
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Fig. 7 UV–Vis spectra of aqueous solutions of CR (a), MB (b),
CR ? MBmixture (c) and CR ? MB after the addition of CCP-

Im (d) (C0, dyes = 5 mg L-1, Vdye = 6 mL, madsorbent = 30 mg,

pH = 7, t = 24 h, T = 293.15 K)

Table 3 Parameters calculated from adsorption thermodynamics models

Dye R2 DH (KJ mol-1) DS (J mol-1 K-1) DG (KJ mol-1) at different temperatures

293.15 K 313.15 K 333.15 K 353.15 K

CR 0.996 - 2.02 - 4.79 - 0.62 - 0.53 - 0.43 - 0.34

XO 0.998 - 1.12 - 0.99 - 0.83 - 0.81 - 0.79 - 0.77

R2 is the correlation coefficient. R is the universal gas constant (8.315 J/mol K)
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