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Abstract A novel porous adsorbent with high surface
area and rigid structure was prepared by crosslinking
oxidized microcrystalline cellulose particles with
tetrafluoroterephthalonitrile. N, adsorption—desorption
measurements revealed the surface area to be
88.32 m? g~ ! for the porous adsorbent, while it was
only 25.74 m* g~ for the sample crosslinked using
epichlorohydrin. This porous adsorbent showed excel-
lent performance for fast and efficient removal of low-
concentration heavy metals from aqueous solution.
Adsorption kinetic study demonstrated that, within
5 min, the removal efficiency for Pb**, Cu**, and Cd**
with initial concentration of 10 mg L™ by this adsor-
bent was 93.2, 87.5, and 72.3 %, respectively.
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Moreover, the pseudo-second-order model correlated
better to the adsorption kinetic data than the pseudo-
first-order model. The effects of other factors, e.g.,
initial solution pH, adsorption temperature, initial metal
concentration, and background electrolytes, on the
removal efficiency were also analyzed. Additionally,
desorption experiments indicated that this adsorbent
could be effectively regenerated using dilute HCI
solution.

Keywords Microcrystalline cellulose - Heavy-metal
removal - Porous materials - Fast adsorption

Introduction

The global problem of micropollutants in water
resources has attracted worldwide attention due to
the potential harm to human health and the environ-
ment. Unlike organic pollutants, heavy-metal ions
cannot be degraded by organisms. Consequently, they
accumulate in ecosystems and cause gradual toxicity
to living organisms (Duan et al. 2013; Fu and Wang
2011). Thus, it is believed that even trace amounts of
heavy metals can pose a risk to human beings (Singh
etal. 2010; Ma et al. 2015). Various treatment
technologies have been established and used for
removal of heavy metals from aqueous solution and
effluents, including chemical precipitation, ion
exchange, oxidation/reduction, membrane processes,
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and electrochemical technologies (Ge et al. 2016;
Gollavelli et al. 2013; Xu et al. 2011). However,
inherent drawbacks to these methods including incom-
plete treatment, requirement for large amounts of
reagents, high energy consumption, and generation of
toxic sludge have hindered their application for heavy-
metal removal (Anwar et al. 2009). The adsorption
method has been proved to be a suitable process for
removal of several kinds of pollutant from aqueous
solution owing to its high removal efficiency, low cost,
and simple regeneration. Different types of adsorbent
materials have been investigated for heavy-metal
removal. However, adsorbents have limited application
for wastewater treatment because of various drawbacks
of such materials, for instance, long time needed to
reach equilibrium, unsatisfactory removal efficiency,
unsuitability for low-concentration wastewater treat-
ment, etc. (Ji et al. 2012; Ozturk et al. 2004; Wang
et al. 2014). Generally, an effective adsorbent should
have cellular structure, abundant functional groups, and
high mechanical and chemical stability which could
endow it with large contact area, adsorption selectivity,
and structural stability (Slater and Cooper 2015; Soler-
[llia and Azzaroni 2011; Chen et al. 2016). Against this
background, microsized porous adsorbents have
attracted increasing attention for potential applications
in water treatment because their high surface area and
highly interconnected porous structure give rise to high
transport rates (Tseng et al. 2007).

In recent years, natural and modified biobased
materials have drawn public attention due to their
environmental friendliness, cost-effectiveness,
biodegradability, regenerability, high uptake capacity,
and ready availability (Hokkanen et al. 2016; Yi and
Zhang 2008; Caoet al.2017). Various types of cellulose
have been tested and shown to exhibit excellent
performance for water pollution control (Xu et al.
2013; Kikuchi and Tanaka 2012). Due to the strong
hydrogen bond between glucans, microcrystalline cel-
lulose (MCC) has highly crystalline structure. Thus,
MCC has unique mechanical and chemical properties,
and can be used as a grafted framework to synthesize
adsorbents (Liimatainen et al. 2012). However, the
adsorption capacity of MCC might not be as excellent as
expected without modification due to the lack of strong
binding sites for heavy metals (Zhang et al. 2016b).
Having three functional hydroxyl groups in its repeating
unit, it can be modified by typical alcohol groups, whose
oxidation enables introduction of carboxyls.
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Tetrafluoroterephthalonitrile (TFTPN) is a very impor-
tant organic intermediate because of its unique proper-
ties resulting from fluorine atoms and cyano groups, as
well as its rigid structure. Many kinds of high-surface-
area and microporous polymers with intrinsic microp-
ores have been prepared using nucleophilic aromatic
substitution reaction between hydroxyl groups and
TFTPN. Such materials synthesized using TFTPN have
been applied in adsorption processes, having potential
for application in wastewater treatment (Carta et al.
2009; Budd et al. 2004; Zhang et al. 2016a).

The aim of this work is to develop a cellulose-based
material with greater ability for fast and effective
removal of low-concentration heavy metals from aque-
ous solution. As shown in Fig. 1, sequential oxidation of
hydroxyl groups on MCC by sodium periodate and
sodium chlorite can be applied as a selective reaction
route to prepare anionic dicarboxylic cellulose (DCC)
(Liimatainen et al. 2012). NalO, can oxidize vicinal
hydroxyl groups on cellulose molecules to aldehyde
groups while simultaneously breaking the carbon—
carbon bond of glucopyranose to form 2,3-dialdehyde
cellulose (DAC) (Sirvio et al. 2011). Subsequently,
NaClO, selectively oxidizes the aldehyde groups to
form chemically stable DCC (Kim and Kuga 2001). We
prepared oxidized cellulose crosslinked by TFTPN and
epichlorohydrin (EPI), respectively, and investigated
the performance of these materials for removal of Cu®™,
Pb>", and Cd*" as model heavy metals. Fourier-
transform infrared (FTIR) spectroscopy, N, adsorp-
tion—desorption isotherm measurements, scanning elec-
tron microscopy (SEM), and thermogravimetric
analysis (TGA) were conducted to characterize the
structure of the adsorbents. The effects of initial solution
pH, contact time, initial metal ion concentration, and
temperature on their adsorption performance were also
investigated. Additionally, we analyzed adsorption
kinetics, adsorption isotherms, and adsorption thermo-
dynamics to investigate the metal ion removal mecha-
nism of this novel adsorbent and explored its
regeneration experimentally.

Experimental

Materials

Microcrystalline cellulose (MCC) was purchased from
Linghu Xinwang Chemical Co. (Huzhou, China).
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Fig. 1 Preparation of
modified microcrystalline
cellulose-based porous
adsorbent
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NalO,4 (99 %), NaClO, (80 %), acetic acid (99 %),
epichlorohydrin (EPI, 99 %), tetrafluorotereph-
thalonitrile (TFTPN, 99 %), and anhydrous tetrahy-
drofuran (THF, 99.9 %) were supplied by Shanghai
Aladdin Biochemical Technology Co. Ltd. and used
without further purification. Other materials were of
analytical reagent grade and used as received.

Preparation of adsorbents
Preparation of oxidized cellulose

MCC (1.62 g) was added into 150 mL NalO, solution
(0.1 mol Lfl) and oxidation reaction performed at
50 °C for 4 h in absence of light. The resulting DAC
was subsequently filtered, washed, and further reacted
with NaClO, (1.088 g) in 30 mL deionized water, then
CH;COOH (0.26 mL) dissolved in 2 mL H,O was
added dropwise. The reaction was performed for 7 h at
room temperature. The oxidized product DCC was
filtered and washed with deionized water to remove
impurities (Visanko et al. 2015; Varma and Chavan
1994). The particle size distribution of DCC was
measured using a Zetasizer (Nano-zs90, Malvern, UK)
and is shown in Fig. S1 (Supplementary Information).

Preparation of adsorbents

Porous adsorbents with different ratios of DCC to
TFTPN, named S-1 (DCC/TFTPN, 20/1, w/w) and S-2
(DCC/TFTPN, 4/1, w/w), were prepared. A contrast
sample, named S-3, was prepared by crosslinking

DCC using EPI. The composition of the three samples
is presented in Table 1.

The porous adsorbents were prepared using the
following steps (Alsbaiee et al. 2016): A dried pressure
bottle was charged with DCC, TFTPN, and K,CO; and
flooded with N, for 5-10 min, then anhydrous THF was
added and N, was bubbled for 3—5 min. Next, after the
N, inlet was removed, the bottle was placed in an oil
bath (85 °C) and the reactants stirred for 48 h. The
resulting brown suspension was cooled and filtered, and
remaining K,CO3 was removed using HCI (1 mol L™
until no CO, was generated. The recovered brown solid
was soaked in H,O (10 mL) twice for 15 min, THF
(10 mL) twice for 30 min, and CH,Cl, (15 mL) once
for 15 min. Then, the resulting product was dried
in vacuo at 50 °C for 48 h.

The contrast sample was prepared using the
following steps: DCC was dissolved in a volume of
NaOH solution and vigorously stirred for 15 min at
room temperature, then EPI was added dropwise for
150 min at 60 °C. The reactant turned into a yellow
gel, which was washed with deionized water then
soaked in H,O (10 mL) twice for 15 min, THF
(10 mL) twice for 30 min, and CH,Cl, (15 mL) once
for 15 min. The product was obtained after drying
in vacuo at 50 °C for 48 h (Udoetok et al. 2016;
Anirudhan et al. 2012).

Characterization

Fourier-transform infrared (FTIR) spectroscopic anal-
ysis was carried out on KBr pellets of the adsorbents
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Table 1 Composition and structural characteristics of the three samples

Sample DCC TFTPN K,CO3 THF NaOH EPI H,O Yield ARgT Viotal D (nm)
(® © @ mL) () (mL) (mL) (%) m’g")  (em’gh)

S-1 0.2 0.05 0.32 8 - - - 82 88.32 0.2860 12.95

S-2 0.2 0.01 0.32 8 - - - 74 66.71 0.2281 13.67

S-3 0.2 — — — 0.8 2 8 79 25.74 0.1452 22.56

using a Tensor 27 infrared spectrometer (Bruker,
Switzerland) over the wavenumber range of 400-
4000 cm™'. Thermogravimetric analysis (TGA) of
adsorbents was carried out using a thermogravimetric
analyzer (Mettler TGA/SDTAS851) at heating rate of
10 °C min~"' under N, flow. After being coated with a
thin layer of gold powder, the surface morphology of
the adsorbents was analyzed by scanning electron
microscopy (SEM) measurements (JSM-7600F,
JEOL, Tokyo, Japan). To determine the pore surface
area of each sample, N, adsorption—desorption mea-
surements were carried out using a specific surface
area and pore analyzer (NOVA 3200e, Quan-
tachrome). Before N, adsorption measurements, each
sample was degassed at 150 °C for 24 h. The specific
surface area of each sample was calculated using the
Brunauer-Emmett-Teller (BET) equation. Under rel-
ative pressure of 0.99, the volume of N, adsorbed was
measured to calculate the total pore volume of each
sample. Desorption isotherms were used to investigate
the pore size distribution based on the Barrett—Joyner—
Halenda (BJH) method. The average pore size D (nm)
for each sample was calculated using Eq. (1) (Lowell
et al. 2004):

D = 4Vora1/ABET (1)

where Vi (cm? gfl) is the total pore volume and
Aggr (m? g_l) is the specific surface area.

Adsorption studies

Batch experiments were performed to determine the
parameters for adsorption of heavy metals on the
adsorbents. In each experimental run, the adsorption
behavior was measured by adding 0.050 g adsorbent
into 50 mL heavy-metal ion solution. The solution
was stirred using a magnetic stirrer throughout the
adsorption process. After adsorption, the mixture was
separated by centrifugation, and atomic adsorption
spectrophotometry (Varian Spectra HP 3510) was
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used to determine the residual metal concentrations in
solution.

To study the effect of pH, the initial pH value was
adjusted using 0.1 mol L™' HCL and 0.1 mol L™
NaOH solutions. The adsorption time was varied from
0 to 40 min for kinetic analysis. In each experimental
run, 0.05 g of adsorbent was added into 50 mL
solution of heavy metals with initial concentration
varying from 10 to 85 mg L ™" and stirred to obtain the
adsorption isotherm. Experiments were conducted at
temperatures from 20 to 50 °C for thermodynamic
study.

The adsorption capacity ¢. and removal efficiency

R. were calculated using Egs. (2) and (3),
respectively:
Cy—Ce) xV
qe = ¥, (2)
m
Cy—C
Re = (C0=C 100 %, (3)
Co

where Cy (mg L_l) is the initial concentration of
heavy metals, C. (mg Lfl) is the concentration of
heavy metals at equilibrium, V (L) is the volume of
solution, and m (g) is the mass of adsorbent used.

Adsorption kinetic models

Three adsorption kinetic models were used to evaluate
the time required to remove heavy metals and
determine the rate-controlling mechanism.

The pseudo-first-order kinetic model can be
expressed as (Cao et al. 2017)

(4)

where ¢, and ¢ are the adsorption capacity (mg g~ ") at
time ¢ (min) and at equilibrium, respectively, and k;
(min~") is the kinetic rate constant.

The pseudo-second-order kinetic model can be
expressed as (Cao et al. 2017)

4 =qe — gee ",
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kzqgl
=, 5
4= + kotqe )

"'min~") is the pseudo-second-order

where k, (g mg™

rate constant.
The intraparticle diffusion rate model, which

determines the rate-controlling step, can be expressed

as (Bardajee et al. 2015)
qr = k3t0'5 + Ca (6)

where k3 (mg g~' min”?) is the intraparticle diffusion

rate constant and C (mg g~') is a constant that
describes the boundary layer effect.

Adsorption isotherm models

Two common isotherm models were employed to fit
the experimental data. The first is the Langmuir
isotherm model expressed by Eq. (7) (Cao et al.
2017):

_ KLQmCe

— —Ldm*e 7
1+K.C.’ (7)

where ¢. (mg g~ ') is the equilibrium adsorption
capacity of the adsorbent, C, is the equilibrium ion
concentration in solution (mg L_l), gm (Mg g_l) is the
maximum adsorption capacity of the adsorbent, and
Ky (L mg™") is the Langmuir adsorption constant. A
dimensionless constant R; for analysis of the Lang-
muir isotherm was defined by Eq. (8) (Zhang et al.
2003):

1

RL=— .
LT KLG

(8)

The second adsorption isotherm model is the
Freundlich isotherm model, which is expressed as
(Cao et al. 2017)

e = KFC;/nv (9)

where ¢g. and C. are defined as above, Kr (L mgfl) is
the Freundlich constant, and n is the heterogeneity
factor.

Adsorption thermodynamics
Based on the Langmuir isotherm, the thermodynamic

properties, such as the free energy change (AG’,
kJ mol™"), entropy change (AS®, J mol™' K™'), and

enthalpy change (AH°, kJ mol™"), are defined as
follows (Bardajee et al. 2015):

Ky = g— (10)

AG® = —RTIn(Ky), (11)
AS®  AHC

In(ky) = 25 AT (12)

R RT’

where Ki, (L gfl) and ¢, (mg gfl) are defined as
above, R (8.314 T K ' mol™") is the universal gas
constant, and 7 (K) is temperature.

Desorption studies

After the 30-min adsorption experiment, the adsorbent
was filtered out from the heavy-metal solution. The
adsorbed heavy-metal ions were removed from the
adsorbent by washing with HCl solution (10 mL,
0.1 mol L_l) for 15 min, then the adsorbent was used
again in the same heavy-metal solution. Five consec-
utive such adsorbent reutilization experiments were
performed.

Results and discussion
Characterization of adsorbents

As shown in Fig. 2, the FTIR spectrum of S-1 showed
absorbance at 2207 cm~' corresponding to C=N
vibration and absorbance at 1425 cm ™' corresponding
to C—C aromatic stretching. The band at 1265 cm ™" is
attributed to C-F stretching vibration (Alsbaiee et al.
2016). Compared with the smaller peak at 1617 cm ™
for MCC, the peak at 1630 cm ™! for DCC and S-1 can
mainly be attributed to adsorption by acetyl group,
because the peak strength sharply increased and the
wavenumber of this peak also increased after oxida-
tion (Zhou et al. 2013). The FTIR spectra exhibit O—H
stretching near 3438 cm_l, C-H stretching vibration
at around 2930 cm ™', and intense C—O—C stretching at
1033 cm™". The FTIR results demonstrate successful
introduction of functional groups for adsorption and
successful crosslinking of DCC using TFTPN. Due to
the weak interaction between hydroxyl group and
heavy-metal ions, MCC is not suitable for use as an
adsorbent for heavy-metal ion removal. However,
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Fig. 2 FTIR analysis of MCC, DCC and the three adsorbents

there are large amounts of carboxyl groups on the
surfaces of S-1, S-2, and S-3, providing adsorption
sites for heavy-metal ions. As a result, each sample can
be used as an adsorbent.

The thermogravimetric analysis (TGA) and differ-
ential thermogravimetric (DTG) curves obtained when
the adsorbents were heated from 100 to 700 °C in
flowing nitrogen are presented in Fig. 3 and Fig. S2.
MCC exhibited obvious weight loss at 340 °C corre-
sponding to the maximum rate of decomposition, with
almost complete weight loss at the end (Miranda et al.
2013). The TGA curve for DCC showed significant
mass loss at two different temperatures. The first mass
loss at temperature lower than 200 °C can be
attributed to loss of water, while the second loss at
289 °C can be attributed to decomposition of cellulose
component. Adsorbent S-1 demonstrated slight mass
loss at 175 and 233 °C and significant mass loss at
312 °C. The peak temperature of its main mass loss is
shifted to higher temperature compared with that of
DCC, which could be due to the introduction of
TFTPN. Thermal degradation of DCC resulted in
26.01 wt% residual mass at 700 °C, compared with
31.60 wt% for S-1, both being much greater than the
value of 1.58 wt% for MCC.

As shown in Fig. 4 and Table 1, the differences in
the microstructure of the three samples were investi-
gated by BET analysis. For S-1, the BET surface area
and pore volume were measured to be 88.32 m”* g~
and 0.2860 cm® g™, respectively. However, the BET
surface area and pore volume of S-3 were only
25.74 m* g~' and 0.1452 cm® g', much lower than
for S-1. This difference reflects that crosslinking DCC
with TFTPN could enhance the surface area and total
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Fig. 3 TGA curves for S-1, DCC, and MCC

pore volume more. For similar molecular structures,
higher surface area is beneficial for adsorbing heavy
metals from wastewater. The porosity of the three
samples was further characterized by BJH analysis to
determine their pore size distribution. Comparing S-1
and S-3, it was found that S-3 had smaller total pore
volume and lower porosity than S-1, and obviously
narrower pore size distribution (mainly 3-10 nm).
Regarding S-1 and S-2, even using the same crosslink-
ing agent, the curve for S-1 indicated a pore size
distribution extending to above pore width of 10 nm.
S-1 exhibited a higher cumulative pore size distribu-
tion above 3 nm compared with S-2. Thus, this rigid
adsorbent crosslinked using TFTPN showed better

200 m
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Fig. 4 N, adsorption—desorption isotherms and pore size
distributions of the three adsorbents
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pore structure, and this favorable effect became more
pronounced with greater TFTPN addition.

The surface morphology of the three adsorbents
was investigated by SEM as shown in Fig. 5.
According to the images, S-1 showed many nanopores
and small aggregates on its surface (Fig. 5a), which
could favor diffusion of metal cations into the
adsorbent structure and thus enhance its adsorption
capacity. S-3 exhibited an entirely different regular
structure, being relatively nonporous. It showed
irregular granular structures with dominant size larger
than 1 um (Fig. 5d).

Adsorption studies
Adsorption kinetics

The adsorption kinetic curves (R, versus ?) are illus-
trated in Fig. 6. It can be seen that the adsorbents
exhibited rapid adsorption and that using TFTPN as
crosslinking agent obviously improved the removal
efficiency. From Fig. 6a, it can be seen that Cu®" was
most rapidly removed by S-1, eventually reaching
equilibrium in about 5 min, while more than 25 min
was required for S-3 to reach equilibrium. The
removal efficiency of Cu®" lay in the order S-1
(87.5 %) > S-2 (67.3 %) > S-3 (56.3 %). Figure 6b

shows that S-1 exhibited higher adsorption capacity
for Pb>" (93.2 %) and Cu®* (87.5 %) than Cd**
(72.3 %). DCC was crosslinked using TFTPN to
provide S-1 with high surface area and rigidity.
Generally, pores in common adsorbents are twisted
and tortuous, resulting in some disadvantages for use
as adsorbents, including longer time needed to reach
adsorption equilibrium and a more difficult regener-
ation process caused by the resistance of pore diffu-
sion (Tseng et al. 2007). However, these problems
could be mitigated in adsorbent S-1 owing to its
special structure and the characteristics of the raw
material and crosslinking agent. The produced mate-
rial had high surface area and rigid structure, promis-
ing rapid and efficient removal of low-concentration
heavy metals from aqueous solution.

Curve fits for the kinetic models are shown in
Figs. S3 and S4. The rate constants, regression
coefficients, and other essential parameters for the
kinetic rate models are presented in Table 2, revealing
that the equilibrium adsorption capacity calculated by
fitting the pseudo-second-order kinetic model to the
curve was closer to the measured value. The plot of g,
versus 1° is shown in Fig. S4. Obviously, the plots
have nonzero intercept, indicating that intraparticle
diffusion occurs throughout the adsorption process
(Seifi et al. 2011). Thus, the rate-controlling steps of

Fig. 5 SEM images of a, b S-1 and ¢, d S-3
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Fig. 6 a Kinetic adsorption (a)100 (b) 1004
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the adsorption process include both intraparticle
diffusion and liquid film diffusion. There are essen-
tially three stages during adsorption by porous mate-
rials: liquid film diffusion (i.e., diffusion to the
exterior surface of the adsorbent), intraparticle diffu-
sion, and the equilibrium stage (Mohammed et al.
2015).

Adsorption isotherms

The isotherms for adsorption of heavy metals are
shown in Fig. 7, while the calculated parameters of the
Freundlich and Langmuir models are summarized in
Table 3. The g. value for each adsorbent increased
with increasing concentration until equilibrium was
reached. From the results in Table 3, one can see that
the adsorption isotherm data matched better with the

Langmuir than Freundlich model. The Langmuir
model is normally used to describe monolayer
adsorption on a homogeneous distribution of sites
with a sorption energy that does not consider interac-
tion between adsorbed heavy-metal ions (Guo et al.
2009). Meanwhile, the Freundlich model is suitable for
describing multilayer adsorption on a heterogeneous
adsorbent surface (Wei et al. 2016; Lin and Juang
2009). According to the results, adsorption occurred
on a homogeneous adsorbent surface. It has been
reported that a value of n in the range of 2-10
represents good, 1-2 moderate, and < 1 poor adsorp-
tion characteristics (Yao et al. 2010). The » values for
adsorption of heavy metals onto S-1 indicate that this
adsorbent is extraordinarily suitable for heavy-metal
adsorption.

Table 2 Pseudo-first-order and pseudo-second-order kinetic parameters for adsorption of heavy metals onto the three adsorbents

Sample g (mgg™ Pseudo-first-order model Pseudo-second-order model
R kymin™) g (mgg™h) R ka x 107 (gmg ' min") g (mgg)
S-1
Pb**" 9.32 0.9940 1.67 9.14 0.9998 46.3 9.39
Cu**t 8.75 0.9964 1.32 8.59 0.9972 34.6 8.90
cd*t 7.23 0.9927 1.09 7.09 0.9952 31.8 7.39
S-2
Pb** 7.87 0.9898 0.89 7.64 0.9968 21.0 8.07
Cu**t 6.73 0.9841 0.76 6.49 0.9988 19.3 6.93
cd*t 5.99 0.9856 0.61 5.69 0.9924 16.5 6.16
S-3
Pb**" 6.39 0.9181 0.31 5.74 0.9810 6.65 6.48
Cu**™ 5.63 0.9421 0.24 5.14 0.9881 5.26 591
Ccd*t 4.14 0.9783 0.16 3.72 0.9953 3.95 4.51
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Fig. 7 a Equilibrium (a) 20 (b)22
isotherms for adsorption of 8] ]
Cu* onto the three 20
adsorbents; b equilibrium 16 1 18 4
isotherms for adsorption of ENETY —:‘n 16 4
Cu2+, Pb2+, and Cd** onto 3 e 4]
S-1 (conditions: adsorption E 121 E
time 30 min; pH 5.0; 30 °C; & 0] s o 127 —a—Pb”
adsorbent dose 1 g L") —e—S2 10 —o—Cu*
8 1 —a—S-3 8 ——Cd*
6 4 6
0 ]l() 2'0 3'0 4IO SI() 6.0 7IO 80 0 ll0 20 3'0 4IU SI() (;0 7l0 80
C,(mgL") C,(mgL")
Table 3 Paramf?ter s and Langmuir model Freundlich model
correlation coefficients for
Langmuir and Freundlich gm (mg g Y K. (Lmg™") R n Kp (L mg™") R
adsorption models
S-1
Pb>* 20.46 0.9161 0.9533 6.560 11.59 0.9051
Cu*t 17.94 0.6808 0.9345 6.282 9.747 0.9267
cd*t 14.89 0.3081 0.9730 5.111 6.626 0.9594
S-2
Pb>+ 18.02 0.3084 0.9852 4.833 7.702 0.9330
cu*t 16.78 0.1903 0.9968 4.072 5.862 0.9387
cd*t 14.00 0.1623 0.9877 3.957 4.646 0.9628
S-3
Pb>+ 13.45 0.3499 0.9520 5.596 6.441 0.9754
Cu*t 12.71 0.1708 0.9885 4.147 4.431 0.9637
cd*t 11.11 0.1196 0.9937 3.633 3.205 0.9327

The value of R can be used to divide adsorption
systems into unfavorable (Ry > 1), linear (R = 1),
irreversible (R;, = 0), and favorable (0 < Rp < 1)
(Ghorai et al. 2012). As seen in Fig. S6, R; ranged
from O to 1, indicating favorable adsorption of heavy
metals onto all the adsorbents.

Adsorption thermodynamics

The adsorption thermodynamics was investigated in the
temperature range of 293-323 K. The effect of tem-
perature on the adsorption capacity is shown in Fig. 8,
revealing a slight decrease in equilibrium adsorption
capacity with increasing temperature from 293 to
323 K. The estimated thermodynamic parameters are
presented in Table S1 (Supplementary Information).
AG® became more negative as temperature was
decreased, indicating a spontaneous nature of the

process, being more favorable at low temperature. In
addition, its more negative value with decrease of
temperature indicates that the adsorption process was
promoted by decrease in temperature (Bardajee et al.
2015). The AH° values were found to lie below zero,
indicating exothermic nature of the adsorption process.
Negative AS® indicates decreasing randomness at the
solid—liquid interface during the adsorption process,
suggesting affinity of the adsorbent for the heavy metals
and some structural changes and irreversibility in the
adsorption process (Yadav et al. 2013).

Effect of pH

The adsorption capacity for heavy metals was inves-
tigated over the pH range of 2.0-6.0. For the three
heavy metals, the removal efficiency of the porous
adsorbents was greatly affected by the pH value of the
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Fig. 8 Effect of temperature on adsorption capacity of S-1
(conditions: adsorption time 30 min; initial metal concentration
10 mg L™"; pH 5.0; adsorbent dose 1 g L")

solution. As shown in Fig. 9, at low pH, the adsorption
capacity of S-1 was insignificant, whereas the removal
efficiency increased with increase of the pH value.
This is due to alteration of the surface charge on the
hydrated heavy metals, because pH affects protonation
or deprotonation of surface functional groups (Cao
et al. 2017). At low pH, H ions occupy a limited
number of possible binding sites on the adsorbent and
heavy-metal ions must compete with them for adsorp-
tion sites. Increasing the HT density restricts the
approach of heavy metals to functional groups on the
adsorbent because of the repulsive force. With
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Fig. 9 Effect of initial pH on removal efficiency of S-1
(conditions: adsorption time 30 min; initial metal concentration
10 mg L~ 30 °C; adsorbent dose 1 g Lfl)

@ Springer

increasing pH, competition from hydrogen ions
decreases, more functional groups become negatively
charged, and electrostatic repulsion decreases, so
adsorption of heavy metals increases (Tseng et al.
2007). In conclusion, adsorption of heavy metals was
more favorable at high pH values.

Effect of background electrolytes

Alkaline and alkaline-earth metal cations, such as
Nat, KT, and Mg, are often present together with
heavy-metal cation pollutants in wastewater (Ge et al.
2012). The effects of Nat, K, and Mg2+ on the
removal efficiency of heavy metals are shown in
Fig. S8. Although the removal efficiency for all three
heavy-metal ions significantly decreased with increas-
ing background electrolyte concentration in the range
of 0-0.08 mol L™, only slight decrease was observed
when the concentration of each background elec-
trolyte was above 0.08 mol L™". Figure 10 shows the
removal efficiency for the three heavy-metal ions
when the concentration of background electrolytes
was 0.1 mol L™'. One can see that the removal
efficiency decreased slightly with increasing concen-
tration of coexisting ions. Mg®" exhibited the most
obvious impact on the removal efficiency, while the
effects of Na' and K™ ions were negligible. Mg*"
shows a greater suppressive effect on adsorption of
heavy metals because of the stronger complexation
between carboxyl groups and Mg”" ions.

ool INa' Z7K CXMg”

Re (%)

cu®”
Background electrolytes

Fig. 10 Effect of background electrolytes on removal effi-
ciency of S-1 (conditions: adsorption time 30 min; initial metal
concentration 10 mg L_l; pH 5.0; 30 °C; adsorbent dose
1 g L™"; background electrolyte concentration 0.1 mol L™")
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Fig. 11 Regeneration and recycling of S-1: a effect of eluting chemical on desorption rate (acid or salt concentration 0.1 mol L™") and

b removal efficiency of S-1
Desorption studies

A series of regeneration experiments were performed
to investigate the reutilization performance of the
adsorbents. HCI, ethylenediaminetetraacetic acid
(EDTA), KCI, and CaCl, were used as eluents for
S-1. The results are shown in Fig. 11a. For Cu®"
desorption, desorption ratio of 97.9 % was obtained
after the adsorbents were treated by HCI
(0.1 mol L™Y). This indicates almost complete des-
orption from the loaded adsorbent. However, after
being treated by KCI (0.1 mol L"), the desorption
percentage was only 12.7 %. HC] showed the highest
desorption ratio for Cu®" and was thus selected for
regeneration of S-1. Figure 11b shows the perfor-
mance of S-1 during the adsorption—desorption cycles.
This porous material could be used for several cycles
without remarkable changes in performance. The
adsorption capacity decreased slightly, which is due
to irreversible combination between some active sites
on the adsorbent and heavy-metal ions. In addition,
according to Fig. 9, the adsorption capability was very
weak at low pH, so it is speculated that some carboxyl
groups may be protonated during the regeneration
process. These results confirm that this porous mate-
rial could be recycled for adsorption of heavy-metal
ions.

Conclusions
We synthesized and characterized a modified micro-

crystalline cellulose-based porous material. It showed
excellent capacity for rapid and efficient removal of

low-concentration heavy-metal ions from aqueous
solution. Adsorption occurred on the homogeneous
surface of the adsorbent with identical binding sites.
Thermodynamic analysis revealed that the adsorption
process was thermodynamically feasible, sponta-
neous, and exothermic. Additionally, this adsorbent
exhibited good reusability. This novel porous adsor-
bent is a promising material for wastewater treatment.
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