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Using a green biosorbent to remove toxic mercury ions from aqueous solutions is a significant undertaking.

In the present study, a novel biosorbent, L-cysteine modified cellulose nanocrystals (Lcys-CNCs), was

prepared by functionalizing high surface area cellulose nanocrystals with L-cysteine through periodate

oxidation and reductive amination reaction. Lcys-CNCs were characterized by FT-IR, 13C CP-MAS NMR,

elemental analysis, XPS, zeta potential and SEM. As cellulose nanocrystals are the natural nanomaterial,

and L-cysteine contains strong mercury chelating groups, Lcys-CNCs show excellent adsorption capacity

for mercury ions. The experimental conditions such as pH, contact time, and initial mercury ion

concentration are discussed. The pseudo-second order model can describe the removal kinetics of Hg(II)

more accurately than the pseudo-first order model. The adsorption isotherm study of Hg(II) followed the

Langmuir model of monolayer adsorption. The maximum uptake capacity of Lcys-CNCs was determined

to be 923 mg g�1. Lcys-CNCs can remove mercury ions with 93% removal efficiency within 5 min from

a 71 mg L�1 solution. For Cd(II), Pb(II), Cu(II) and Zn(II) ions, Lcsy-CNCs can selectively adsorb Hg(II) ions

and the removal efficiency is 87.4% for Hg(II). This study suggests Lcsy-CNCs are a green and highly

efficient biosorbent for adsorption of mercury ions from aqueous solutions.
1. Introduction

Mercury is a common heavymetal that is toxic to living organisms.
In recent decades, the development ofmodern industry has caused
mercury pollution to a great extent.1,2 The accumulation ofmercury
in human bodies can cause serious health issues.3 Therefore, the
removal of Hg(II) pollutants from water is required to reduce the
harm of Hg(II) to organisms.4 Among various treatment methods,
adsorption is an effective, simple and feasible method to remove
Hg(II) from water.5 At present, many adsorbents (such as inor-
ganic6–8 and organic materials9) have been developed to remove
Hg(II) from aqueous solutions. However, their application is
limited because they are not renewable or cause secondary pollu-
tion to the environment. According to the concept of sustainable
development, it is important to develop a green biosorbent10 based
on biomass that can efficiently and selectively remove mercury
ions. Biosorbents are more favored than traditional adsorbents,
due to their less toxicity, wide sources and biodegradation.11,12

Commonly used biosorbents include cellulose-based adsor-
bents,13–15 chitosan-based adsorbents,16,17 and Agaricus macro-
spores,18 etc. However, these reported biosorbents still face many
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challenges such as low specic surface area, lessmercury chelating
groups and poor selective adsorption of mercury ions.

Cellulose is themost abundant biopolymer in nature. And its
nanoform, cellulose nanocrystals (CNCs), can be used as
a promising adsorbent due to their sustainability, biodegrad-
ability, biocompatibility and high specic surface properties.19

However, the adsorption capacity of CNCs is not high due to the
lack of strong mercury chelating groups.

The introduction of functional groups (e.g. amino group,
thiol group) that have strong affinity to Hg(II) ions on the surface
of adsorbents can improve their adsorption capacity for
mercury ions.20 Liu and co-workers21 reported that maximum
adsorption capacity was 718 mg g�1 by 3-mercaptopropyl-
trimethoxysilane (MPTs) modied TO-NFC aerogel. Zhang and
co-workers22 reported that the maximal uptake capacity as high
as 543 mg g�1 by triethylenetetramine (TETA) functionalized
magnetic poly(glycidyl methacrylate) (PGMA) nano-adsorbent.
Therefore, increasing the content of amino and thiol group on
the CNC can help increase its adsorbability of mercury ions.

L-Cysteine is a common amino acid in the body, and contains
strong mercury chelating groups such as thiol group, amino
group. The L-cystine functionalized-exfoliated graphene oxide
adsorbent have been used for removal of Hg(II).23 L-Cysteine
doped polypyrrole (PPy@L-Cyst) have been reported to be rapid
and efficient removal of Hg(II) ions from water.24 Thus, the
content of the thiol group and the amino group on the surface
of the CNCs is increased by graing L-cysteine.
This journal is © The Royal Society of Chemistry 2019
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In this study, a green biosorbent, L-cysteine modied cellu-
lose nanocrystals, was successfully synthesized by periodate
oxidation and reductive amination reaction. Lcys-CNCs have
the following features: renewability because the raw material is
green biomass; high specic surface; a large number of mercury
chelating groups (thiol and amino groups) that are anchored to
CNCs by covalent bond. The effect of pH, contact time, mercury
ions initial concentration was thoroughly investigated to opti-
mize the adsorption process. Herein, Lcys-CNCs exhibited the
excellent adsorption capacity for mercury ions and could
quickly achieve adsorption equilibrium. Lcys-CNCs can selec-
tively adsorb mercury ions in the presence of other coexisting
metal ions, and show a good regeneration performance.

2. Experimental
2.1 Chemicals and reagents

Qualitative lter paper (Hangzhou Fuyang Special Paper
Industry Co., Ltd.) were used as CNC source. Sulfuric acid
(H2SO4, 98%), sodium periodate (NaIO4), glycol, L-cysteine and
sodium cyanoborohydride (NaBH3CN) were purchased from
Sigma-Aldrich.

2.2 Synthesis of dialdehyde cellulose nanocrystal

CNCs were synthesis by H2SO4 hydrolysis of lter paper. The
powdered lter paper was added slowly into sulfuric acid
(64 wt%, 10 mL g�1) under mechanical stirring at 45 �C for
45 min, then deionized water (4 �C, 10 equivalents per mL of the
reaction solution) was added into reaction. CNCs were sepa-
rated from the resulting suspension by centrifugation
(9000 rpm, 5 min). The sediment was dialyzed with the dialysis
membranes (molecular weight cut-off, MWCO: 8000–14 000)
against deionized water to neutrality. Then the suspension
could remove aggregates by centrifugation (8000 rpm, 10 min).
The CNC suspension (2.0 wt%) and sodium periodate (corre-
sponding to 6.0 mmol g�1 CNCs) were mixed for 12 h in the
absence of light at 40 �C. At the end the oxidation period, 10 mL
ethylene glycol was added into the reaction mixture to remove
the residual sodium periodate. The resulting product was dia-
lyzed (MWCO: 8000–14 000) against deionized water to that of
deionized water (�5 mS cm�1). The resulting dialdehyde cellu-
lose (DAC) nanocrystal was stored at 5 �C.25,26

The aldehyde content of DAC was measured by the Schiff
base reaction between aldehyde groups and hydroxylamine
hydrochloride.27,28 In this work, aldehyde content of DAC was
3.49 mmol g�1.

2.3 Synthesis of Lcys-CNCs

L-Cysteine (9.51 g) was slowly added to DAC (300 mL, 0.015 g
mL�1) suspension, then the reaction was stirred for 6 h at room
temperature. NaBH3CN (1.97 g) was added in multiple steps
into reaction and continued for 6 h at room temperature, fol-
lowed by addition of HCl dilute solution (3 mol L�1) to
neutralize the excess NaBH3CN. The resulting product was
dialyzed (MWCO: 8000–14 000) against deionized water to that
of deionized water (�5 mS cm�1), then freeze dried.
This journal is © The Royal Society of Chemistry 2019
2.4 Characterization

Characterization is shown in ESI.†
2.5 Adsorption/desorption studies

Batch adsorption experiments were conducted by a certain
amount of dry Lcys-CNCs (�10 mg) were added into 30 mL
Hg(II) solution, at different Hg(II) concentration (71–502 mg L�1)
and contact time (0.5–180 min), the varying pH value (2–7), and
constant 25 �C.29 Aerwards, the precipitate was separated by
centrifugation (5000 rpm, 10 min) and the amount of mercury
in the solution was quantied by ICP-MS. In addition, the
selective removal of Hg(II) from a solution containing Hg(II) at
116 mg L�1 and other toxic metals Pb(II), Cd(II), Zn(II) and Cu(II)
at 90, 80, 108 and 91 mg L�1, respectively, was evaluated at pH 5
and 25 �C for 3 h. Desorption was carried out using Lcys-CNCs
preloaded with Hg(II) in mercury ion solution. Briey, a known
amount of the loaded Lcys-CNCs were eluted with 2 M HCl and
0.5 M thiourea by stirring for 30 min at 25 �C. For the regen-
eration study of Lcys-CNCs, this adsorption–desorption cycle
was repeated four times. The amount of mercury adsorbed per
gram and removal efficiency of Lcys-CNCs was calculated
according to following equations.30,31

Qe ¼ ðCo � CeÞV
m

(1)

Removal efficiency ¼ Co � Ce

Co

� 100% (2)

where Qe is the adsorption capacity of Lcys-CNCs (mg g�1) at
equilibrium, Co is the initial concentration of mercury (mg L�1),
Ce is in the concentration of the mercury ion (mg L�1) at equi-
librium, V is the volume of the solution (L), and m is the weight
of Lcys-CNCs (g).
3. Results and discussion
3.1 Synthesis and characterization

CNCs were prepared by H2SO4 (64 wt%) hydrolysis from lter
paper aer which rod-shaped crystalline region (CNC) remained
while the amorphous region was removed. Sodium periodate
could selectively oxidize CNC and cleave the C2–C3 bond to
synthesize DAC. DAC was then graed with L-cysteine to obtain
Lcys-CNCs through reductive amination reaction (Scheme 1).

Themolecular structure of Lcsy-CNCs was determined by FT-
IR, XPS and solid-state 13C NMR. The FT-IR spectra of CNCs,
DAC and Lcsy-CNCs was shown in Fig. 1A. As shown in Fig. 1A,
CNCs, DAC and Lcys-CNCs had the same absorption bands at
3418, 1634, 1436, 1318, 1164 and 665 cm�1 correspond to the
OH stretching vibration, OH bending vibration of absorbed
water, the HCH and OCH in-plane bending vibration, CH2

rocking vibration at the C6 position, C–O–C asymmetrical
stretching and C–OH out-of-plane bending, respectively.32

These absorption bands indicate that the CNCs, DAC and Lcys-
CNCs have characteristic bands of cellulose. Compared to
CNCs, the characteristic absorption band appeared at
1730 cm�1 for the stretching vibration of the C]O of DAC,
RSC Adv., 2019, 9, 6986–6994 | 6987



Scheme 1 Oxidation and reduction reaction of cellulose nanocrystals.
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which is caused by the formation of aldehyde groups. The two
absorption bands at 1731 and 2550 cm�1 in the spectrum of
Lcys-CNCs correspond to COOH and S–H groups, respectively.
This result indicated that I-cysteine was graed onto CNCs
surface.

XPS was used to further study the surface chemical compo-
sition of Lcsy-CNCs. As shown in Fig. 1B, compared to CNCs,
Lcys-CNCs shown new peaks appeared in the N 1s and S 2p
regions. The S 2p XPS spectrum of Lcsy-CNCs (Fig. 1C, Table
S1†) displayed two characteristic peaks, one of which for sulfate
(high oxidation state sulfur, S 2p 3/2 at 167.0 eV and S 2p 1/2 at
168.4 eV) and the other for thiol groups (S 2p 3/2 at 161.6 eV and
S 2p 1/2 at 162.8 eV).33 At the same time, the N 1s XPS spectrum
of Lcsy-CNCs (Fig. 1D) shown two characteristic peaks, one of
which (397.8 eV) was assigned to amino groups and one of
which (400.1 eV) was assigned to the protonatable amino
groups (amino groups were protonated when HCl was added to
remove unreacted NaBH3CN). The C 1s XPS spectrum of Lcsy-
CNCs (Fig. 1E) shown four peaks, which were attributed to
C–C (283.8 eV), C–O (284.7 eV), O–C–O (286.0 eV) and O–C]O
(286.8 eV), respectively. Moreover, the O 1s XPS spectrum of
Lcsy-CNC (Fig. 1F) displayed two splitting peaks of the binding
energy at 530.0 and 531.1 eV could be assigned to C–O–H and
O–C–O or C]O.34

The structure of Lcys-CNCs was also analyzed with the solid-
state 13C NMR. As can be seen in Fig. 1G–H, the 13C CP-MAS
NMR spectra of CNCs and Lcys-CNCs displayed typical signals
from cellulose, C1 (105 ppm), C2, C3 and C5 (70–80 ppm), C4
(�89 ppm), and C6 (�65 ppm).35,36 Moreover, 13C CP-MAS NMR
spectra of Lcys-CNCs (Fig. 1H) showed peaks at 32 ppm (C8
carbons, –C–S) 54 ppm (C7 carbons, –C–N) and 174 ppm (C9
carbons, –C]O).37,38

The contents of surface S and N of the adsorbent directly
affect its adsorption capacity of Hg(II).21 The proportions of S
and N in CNCs and Lcys-CNCs are performed by elemental
analysis in Table 1. The calculated content of surface S and N
6988 | RSC Adv., 2019, 9, 6986–6994
elements in Lcys-CNCs was 2.80 and 2.77 mmol g�1, respec-
tively. Therefore, the nitrogen and sulfur contents of Lcys-CNCs
were signicantly increased aer CNCs modication by L-
cysteine. The specic surface area of adsorbent is also a major
factor affecting the adsorption performance. The N2 adsorp-
tion–desorption isotherms of CNCs and Lcys-CNCs are pre-
sented in Fig. S1.† The BET specic surface area of CNCs and
Lcys-CNCs shown in the Table 1, reveal that Lcys-CNCs (72.10
m2 g�1) have a much higher BET surface area than that of CNCs
(10.81 m2 g�1) due to the destruction of the ordered packing of
CNCs by sodium periodate oxidation and post-modication
reactions, which loosens its surface.

Thus, the factors affecting the adsorption capacity of
mercury ions include specic surface area and mercury
chelating groups. Lcys-CNCs are the nano-material with higher
specic surface area. A large number of amino and thiol groups
were introduced on the surface of CNCs by chemical modi-
cation. Therefore, Lcys-CNCs with the above structural charac-
teristics implies it can efficiently adsorb mercury ions.
3.2 Adsorption studies

To evaluate the adsorption capacity of Lcsy-CNCs for removing
Hg(II), a certain amount of dry Lcys-CNCs were added into
30 mL Hg(II) solution at 25 �C. The pH value of solution can
change the surface charge density of adsorbent, and inuences
the adsorption property of Hg(II). Therefore, the effect of pH
value on the adsorption capacity of Hg(II) by Lcys-CNCs (Fig. 2a)
and the effect of zeta potential of Lcys-CNCs at different pH
values (Fig. 2b) were studied.

When CNCs were used as adsorbent, the adsorption was very
low, and the pH value had a mild inuence on the adsorption.
However, aer the L-cysteine was introduced on CNCs, the
adsorption capacity of Hg(II) was greatly increased, and the
adsorption capacity also changed at different pH values. When
the pH was raised from 2 to 5, the adsorption of mercury ions by
Lcys-CNCs showed an upward trend. At pH 5, it reached the
maximum, but the adsorption properties decreased with pH
value (>5) increased.

The reason why the uptake capacity of Lcys-CNCs was
affected by pH is as follows. At pH 1.56, the zeta potential of
Lcys-CNCs was +4.39 mV due to the –NH– groups of Lcys-CNCs
were protonated. At the same time, the protons compete with
Hg(II) ions for getting adsorbed onto active sites of adsorbent
and electrostatic repulsion between mercury ions and Lcys-
CNCs results in decreasing adsorption of Hg(II).39 The zeta
potential of Lcys-CNCs decreases rapidly with increasing pH
value, because the deprotonation of the amine and carboxyl
groups on the surface of Lcys-CNC at high pH. At pH 5, L-
cysteine reaches the isoelectric point, the number of protonated
amino groups and deprotonated carboxyl groups is equal, and L-
cysteine is uncharged.40 However, Lcys-CNC is obtained by
introducing L-cysteine into the surface of the CNC, and its
surface contains not only amino, carboxyl groups but also
sulfate groups. Therefore, the potential of Lcys-CNC is
�28.3 mV at pH 5.31, and Lcys-CNC has strong electrostatic
attraction to Hg(II) and can quickly, effectively adsorb Hg(II)
This journal is © The Royal Society of Chemistry 2019



Fig. 1 (A) The FT-IR spectra of CNCs (a), DAC (b) and Lcys-CNCs (c); (B) XPS survey spectra of CNCs and Lcys-CNCs. The S 2p XPS spectrum (C), N
1s XPS spectrum (D), C 1s XPS spectrum (E) and O 1s XPS spectrum (F) of Lcys-CNC; 13C CP-MAS NMR spectra of CNCs (G) and Lcys-CNCs (H).
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from aqueous solutions. Lcys-CNCs reach the maximum uptake
capacity (587 mg g�1) at pH 5 (Fig. 2a). Although the zeta
potential of Lcys-CNCs decreases with pH value (>5) increases,
the amount of OH� increases, and OH� groups react with Hg(II)
ions to form Hg(OH)+, Hg(OH)2, and Hg (OH)3

�, which reduces
the adsorption effect.41
This journal is © The Royal Society of Chemistry 2019
3.3 Adsorption kinetics

When the adsorbent reached the adsorption equilibrium, the
required contact time can evaluate the adsorbent. Aer Lcys-
CNCs were added to the mercury ion solution, the adsorption
capacity of mercury ion changed with the contact time.42 The
inuence of contact time on the uptake of mercury ions onto
RSC Adv., 2019, 9, 6986–6994 | 6989



Table 1 Composition of CNCs and Lcys-CNCs measured by elemental analysis; content of surface S element, surface N element and BET
surface area of the samples

Samples

Elemental analysis
Surface
S

Surface
N

BET surface
area

% C % H % S % N mmol g�1 mmol g�1 m2 g�1

CNCs 41.36 6.70 0.89 0.29 0.27 0.20 10.81
Lcsy-CNCs 41.85 6.15 8.98 3.89 2.80 2.77 72.10

Fig. 2 (a) Effect of pH value on the adsorption capacity of Hg(II)
(215 mg L�1, 25 �C, 3 h, pH 2–7). (b) Zeta potential of CNCs and Lcys-
CNCs at different pH values (1.0 g L�1, 25 �C, 0.01 M KCl).

Fig. 3 Effect of contact time on the adsorption capacity of Hg(II) (a);
nonlinear forms of pseudo-first-order model and pseudo-second-
order model for adsorption of Hg(II) by Lcys-CNCs (b); linear forms of
pseudo-first-order model (c) and pseudo-second-order model (d)
(71 mg L�1, pH 5, 25 �C, 0.5–180 min).

RSC Advances Paper
Lcys-CNCs (Fig. 3a) was investigated in 30 mL of 71 mg L�1

Hg(II) solution (pH 5) at 25 �C. When Lcys-CNCs were added to
the mercury ion solution, mercury ions could be quickly and
efficiently adsorbed from aqueous solution because of Lcys-
CNCs with high specic surface area and a large number of
active sites. In particular, the negative charge of Lcys-CNCs
could further accelerate the arrival of Hg(II) ions on the
surface of the adsorbent by electrostatic interaction.21 Aer-
word, the active sites decreased due to mercury ions accumu-
lated on the surface of Lcys-CNCs. Therefore, the adsorption
rate gradually slowed down, then achieved adsorption equilib-
rium within 5 min.
6990 | RSC Adv., 2019, 9, 6986–6994
The adsorption kinetic study can explain the adsorption
mechanism. Therefore, pseudo-rst-order and pseudo-second-
order kinetic models (Fig. 3b–d) were applied to describe the
adsorption of mercury ions onto Lcys-CNCs, and their models
were shown as the following equations.

Nonlinear forms of pseudo-rst-order:

Qt ¼ Qe[1 � exp(�k1t)] (3)

Linear forms of pseudo-rst-order:

ln(Qe � Qt) ¼ ln Qe � k1t (4)

Nonlinear forms of pseudo-second-order:

Qt ¼ t

1
�
k2Qe

2 þ t=Qe

(5)

Linear forms of pseudo-second-order:

t

Qt

¼ 1

k2Q2
e

þ 1

Qe

t (6)

where Qe and Qt are the adsorption capacity (mg g�1) at equi-
librium time and at time t (min), k1 and k2 are pseudo-rst order
rate constant (min�1), and pseudo-second order rate constant (g
mg�1 min�1), respectively.
This journal is © The Royal Society of Chemistry 2019



Table 2 Adsorption kinetics values of Lcys-CNCs for Hg(II)

Sample

Pseudo-rst-order

Nonlinear form Linear form

Qe,exp
a (mg g�1) Qe,cal

b (mg g�1) k1 (min�1) R2 Qe,cal (mg g�1) k1 (min�1) R2

Lcys-CNCs 211 200 1.649 0.6340 21 2.61 � 10�2 0.6641

a Qe,exp: experimental adsorption capacity. b Qe,cal: calculated adsorption capacity.

Sample

Pseudo-second-order

Nonlinear form Linear form

Qe,exp (mg g�1) Qe,cal (mg g�1) k2 (g mg�1 min�1) R2 Qe,cal (mg g�1) k2 (g mg�1 min�1) R2

Lcys-CNCs 211 210 1.34 � 10�2 0.8947 209 1.08 � 10�2 0.9994

Paper RSC Advances
Adsorption kinetics values of Lcys-CNCs for Hg(II) are
summarized in Table 2. The equilibrium adsorption capacity
calculated based on the pseudo-second order model is closer to
the experimental data than the pseudo-rst order model, and
correlation coefficients (R2) value for the pseudo-second order
model is much better than the pseudo-rst order model.
Therefore, the adsorption kinetics was accurately described by
a pseudo-second order model, suggesting that the adsorption of
Hg(II) on Lcys-CNCs was mainly through chemical reactive
adsorption between active sites (thiol group and amino group)
of Lcys-CNCs and Hg(II) ions.43
Fig. 4 Effect of initial ion concentration on the adsorption capacity of
Hg(II) (a); nonlinear forms of Langmuir isotherm model and Freundlich
isotherm model for adsorption of Hg(II) by Lcys-CNCs (b); linear forms
of Langmuir isotherm model (c) and Freundlich isotherm model (d)
(3 h, pH 5, 25 �C, 71–502 mg L�1).
3.4 Adsorption isotherm

The initial concentration of mercury ion is also an important
factor in affecting the mercury uptake capacity of Lcys-CNCs.
The effect of initial ion concentration (71–502 mg L�1) on the
adsorption capacity of Hg(II) was shown in Fig. 4a. The
adsorption values increased with the enhancing of initial
concentration of mercury ion, then attained a platform. The
equilibrium adsorption isotherm can help explain the rela-
tionship of metal ions and adsorbent molecule. The Langmuir
and Freundlich models (Fig. 4b–d) are two well-known
isothermal adsorption models, and their models are shown as
the following equations.

Nonlinear forms of Langmuir:

Qe ¼ QmbCe

1þ bCe

(7)

Linear forms of Langmuir:

Ce

Qe

¼ 1

bQm

þ Ce

Qm

(8)

Nonlinear forms of Freundlich:

Qe ¼ KFCe

1
n (9)
This journal is © The Royal Society of Chemistry 2019
Linear forms of Freundlich:

lnðQeÞ ¼ lnðKFÞ þ 1

n
lnðCeÞ (10)

where Ce, Qe and Qm are the equilibrium concentration (mg
L�1), the equilibrium adsorption capacity of the adsorbent (mg
g�1) and the maximum adsorption capacity (mg g�1), respec-
tively. KF and b are the Freundlich and Langmuir constant, and
n is the heterogeneity factor.

The calculated parameters for Langmuir and Freundlich
isotherm models of Lcys-CNCs are summarized in Table 3. The
R2 of Langmuir model are higher than Freundlich model, and
the maximum adsorption values calculated by Langmuir model
are close to the experimental data (923 mg g�1), and which is
higher than most of the adsorbents reported in the literatures
(Table 4). Therefore, the equilibrium adsorption isotherm data
was tted with Langmuir model, suggesting that Hg(II)
adsorption on adsorbent is a monolayer coverage. For the
RSC Adv., 2019, 9, 6986–6994 | 6991



Table 3 Langmuir and Freundlich values of Lcys-CNCs for Hg(II)

Sample

Langmuir

Nonlinear form Linear form

b (L mg�1) Qm (mg g�1) R2 b (L mg�1) Qm (mg g�1) R2

Lcys-CNCs 3.94 � 10�2 1034 0.8627 3.11 � 10�2 1116 0.9818

Sample

Freundlich

Nonlinear form Linear form

1/n KF (mg1�1/n g�1 L1/n) R2 1/n KF (mg1�1/n g�1 L1/n) R2

Lcys-CNCs 0.34 163.70 0.8179 0.43 107.77 0.8605

RSC Advances Paper
Langmuir model, the values of b (0.03–0.04) lie between 0 and 1,
indicating a favorable adsorption process.44
3.5 Adsorption mechanism

The surface microstructure of Lcys-CNCs was analyzed by SEM
(Fig. 5a) and it shown that rodlike shape with length of 228 �
57 nm and width of 25� 6 nm (Fig. S2, Table S2†). Although the
morphology of Hg(II)-loaded Lcsy-CNCs (Fig. 5b) was still
rodlike shape, there was a accumulation phenomenon, and the
width (35� 11 nm) was obviously broader due to adsorptions of
Hg(II) on the same Lcys-CNCs or between with Lcys-CNCs.46 It
was further proved by EDX spectrum of Hg(II)-loaded Lcsy-CNCs
(Fig. 5c) that Lcys-CNCs effectively adsorbed a large amount of
mercury ions.

When Lcys-CNCs were added to the mercury ion solution,
the proposed mechanism of Hg(II) uptake onto Lcys-CNCs was
shown in Fig. 5d. Compared to the common adsorbents, nano-
adsorbent Lcys-CNCs have higher specic surface area (72.10
m2 g�1). The high specic surface area of Lcys-CNCs is bene-
cial to contact with more mercury ions. Moreover, the negative
charge of Lcys-CNCs could further accelerate the arrival of
mercury ions on the surface of the adsorbent by electrostatic
interaction. Then, the lone pairs of electrons of the S, N and O
elements on the Lcys-CNCs could rapidly complex mercury ions.
The abundant active groups (amino and thiol groups) of Lcys-
CNCs indicate that it has the excellent adsorption capacity.
Therefore, Lcsy-CNCs could rapidly and efficiently adsorb
Table 4 Comparison of adsorption capacity with other reported
adsorbents

Adsorbent Qmax (mg g�1) Ref.

TO–NFC–Si–SH 718 38
P(MB-IA)-g-MNCC 240 45
Guanyl-modied celluloseI 48 14
Mercaptobenzothiazole impregnated
cellulose

204 20

Lcys-CNCs 923 This work

6992 | RSC Adv., 2019, 9, 6986–6994
mercury ions from aqueous solution, through complexation
and electrostatic attraction.
3.6 Selective studies

In contaminated water, mercury ions oen coexist with a large
number of other metal ions. The adsorption capacity of mercury
ion can also be affected by the presence of other coexisting
metal ions. In order to investigate the selectivity of Lcsy-CNCs
for mercury ions, Pb(II), Cd(II), Zn(II) and Cu(II) were used as
coexisting ions to investigate their effects on the adsorption
capacity of mercury ions, as shown in Fig. 6a. The adsorption
efficiency of Lcsy-CNCs is 87.4, 2.1, 18.9, 6.1 and 2.7% for Hg(II),
Cd(II), Pb(II), Cu(II) and Zn(II), respectively. For the other four
kinds of metal ion species, Lcsy-CNCs can selectly adsorb
mercury ions. This is mainly based on the Hard-So Acid-Base
(HSAB) theory, mercury ion was so acids, and thiol group of
Lcsy-CNCs was so base, mercury ions could form steady
complex with thiol groups.47 Therefore, Lcys-CNCs would
Fig. 5 SEM images of Lcsy-CNCs (a), and Hg(II)-loaded Lcsy-CNCs (b).
(c) EDX spectrum of Hg(II)-loaded Lcsy-CNCs. (d) Illustration of the
proposed interaction between Lcsy-CNCs and Hg(II).

This journal is © The Royal Society of Chemistry 2019



Fig. 6 (a) Selective adsorption results for mercury ions (3 h, pH 5, 25
�C); (b) reusability results for Lcsy-CNCs in Hg(II) solutions (3 h, pH 5, 25
�C).
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preferentially and more stably bind Hg(II) relative to other metal
ions.
3.7 Reusability test

In practical applications, it is very necessary to investigate the
regeneration performance of the adsorbent. The regeneration
performance of Lcsy-CNCs was shown in Fig. 6b. Aer three
cycles, the removal percentage of Hg(II) could still keep above
70%, but aer the fourth cycle, the removal percentage of Hg(II)
for Lcsy-CNCs was reduced to 55%.
4. Conclusions

A green biosorbent, L-cysteine modied cellulose nanocrystals
(Lcys-CNCs), was successfully synthesized and applied to
adsorb mercury ions from aqueous solutions. Lcys-CNCs show
the excellent adsorption capacity for mercury ions. In the
mercury ion solution with a concentration of 71 mg L�1, the
adsorption of Hg(II) achieved adsorption equilibrium within
5 min. The optimum pH value for Hg(II) removal was 5. The
adsorption of Hg(II) tted Langmuir isotherm and pseudo-
This journal is © The Royal Society of Chemistry 2019
second order. The maximum adsorption value of Lcys-CNCs
was up to 923 mg g�1. And Lcys-CNCs can selectively adsorb
mercury ions in the presence of other coexisting metal ions.
Aer three adsorption/desorption cycles, the removal
percentage of Hg(II) could still keep above 70%. Therefore, Lcsy-
CNCs have great potential as a green biosorbent for highly
efficient adsorption of mercury ions from aqueous solutions.
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