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A bio-adsorbent of thiol-functionalized cellulose (TFC) was chemically prepared for the removal of Hg(II) from
aqueous solutions. The surface morphology and thiol content of TFC were characterized and measured, and the
adsorption kinetics and adsorption isotherm of Hg(II) were investigated. Results showed that the maximum
adsorption efficiency (99%) of the as-prepared TFC was obviously higher than that of the raw cellulose (66%).
More than 96% of Hg(II) at the concentration of 1.0 mg L-1 could be removed from real wastewater samples
within 20 min. The adsorption behavior could be fitted by Langmuir and Freundlich models with R2>0.96. The
results demonstrated that the as-prepared TFC is a novel bio-adsorbent for the removal of Hg(II) from water
environment with the advantages of rapidity, high efficiency, simple preparation and environment protection.
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INTRODUCTION
Mercury (Hg) is one of the most toxic heavy metals because of its severely mutagenic, teratogenic
and carcinogenic effects on organisms.1 In ecosystems, Hg mainly derives from releasing sources,
such as discharged urban sewage, agricultural materials, mining, fossil fuel combustion and industrial
discharges, which trigger serious mercurial pollution of the water environment.2 Through biochemical
processes, the species of inorganic Hg in the environment are readily converted into highly toxic
organic mercury, such as monomethylmercury and dimethylmercury. These organic mercury species
will be assimilated and accumulated rapidly by algae, fish and shellfish.3,4 Considering the effects of
bioaccumulation and biomagnification, even low concentrations of Hg(II) in the water environment
could cause serious risks for human health through the food chain. Therefore, it is essential to develop
an effective and convenient method to remove Hg(II) from the water environment.
Many technologies, such as chemical precipitation, coagulation, ion exchange, membrane filtration
and physical adsorption, have been developed to remove Hg(II) from aqueous media.5 With the
advantages of simple operation, environmental benefits and abundance of raw materials, activated
carbon is extensively used as an adsorbent for Hg(II) in water treatments. However, the drawback of
its high cost has seriously restricted its large-scale applications in wastewater treatment.6-8 Hence,
much attention has been paid to the exploration of low cost and highly efficient bio-adsorbents. With
abundant functional groups and high affinity to Hg(II), many natural raw materials, such as chitosan,9
rice husk,10 rice straw,11 wheat bran,12 and microbial biomass,13 have been directly used as
bio-adsorbents. However, these natural raw adsorbents cannot be applied for the treatment of real
samples because of their low adsorption efficiency and poor specificity.14 Therefore, efforts have been
focused on the modification of the raw materials to improve the adsorption efficiency and specificity.
For example, Gupta et al.15 prepared a thiol-functionalized sugarcane bagasse (SCB) with an
adsorption capacity of 192.31 mg g-1, higher than that of the virgin SCB (44.36), and the thiol-SCB
was successfully applied for the removal of Hg(0) vapor from broken compact fluorescent light bulbs
and Hg(II) from contaminated water streams. Wang et al.16 synthesized a thiourea-modified chitosan

for Hg(II) removal from wastewater with an adsorption capacity higher than that of the raw chitosan.
A chelating resin containing abundant sulfamine groups has been prepared with a maximum
adsorption capacity of Hg(II) more than 200 mg g-1.17 Chemical modification provided the natural
materials with more binding sites or additional functional groups to improve the adsorption capacities
of Hg(II) in aqueous solutions.18,19 Sulfur-containing materials have also attracted much attention due
to their high affinity to Hg. For example, thiol-incorporated and sulphurised activated carbons,20,21
thiol-functionalized Zn-doped biomagnetite particles,22 mercapto-grafted rice straw11 and
L-cysteine-functionalized mesoporous silica23 have been synthesized and successfully applied to the
removal of Hg(II) from aqueous solutions.
Plant cellulose, an abundant natural biopolymer, with the formula of (C6H10O5)n, is a category of
polysaccharides consisting of linear chains with hundreds to over ten thousand β-(1,4) linked
D-glucose units. With a large quantity of hydroxyl groups and flexible polymer chain, cellulose has
been widely used as a bio-adsorbent to remove heavy metals from aqueous solutions.24,25 However,
natural raw cellulose presents low adsorption capacities for heavy metals, especially for Hg(II).26 For
the purpose of increasing the adsorption efficiency, partial or full surface modification was required.27
Thiol-functionalization is one of the most important methods for cellulose modification. For example,
thiosemicarbazide with C=S and amino groups has been grafted onto the surface of cellulose for heavy
metal removal from aqueous solutions.27 Cellulose modified with mercaptobenzothiazole exhibited
high adsorption efficiencies to Hg(II) in aqueous solutions due to soft-soft interaction.28 Although
many thiol-functionalized celluloses have been prepared, there are few studies about the
thiol-functionalized cellulose synthesized using mercaptoacetic acid as thiol reagent, and its
application for the rapid removal of Hg(II).
In the present study, a bio-adsorbent of thiol-functionalized cellulose (TFC) was prepared using
mercaptoacetic acid as thiol reagent, and the morphology of TFC was characterized. The adsorption
behaviors of TFC to Hg(II) in aqueous solutions were evaluated and discussed.
EXPERIMENTAL
Materials
Cellulose was purchased from Henan Huikang Industrial General Co., Ltd, China. Mercury chloride was
obtained from Guizhou Tongren Yinhu Chemical Co., Ltd, China. Mercaptoacetic acid and acetic anhydride
were supplied by Sinopharm Chemical Reagent Co., Ltd, China. 5,5'-dithiobis (2-nitrobenzoic acid) was
purchased from Sigma Aldrich, USA. The other chemicals, such as sodium hydroxide, acetic acid, sulphuric acid,
and thiourea, were obtained from Xilong Chemical Co., Ltd, China. All reagents were of analytical grade.
Deionized water (18.2 MΩ·cm) (TKA Genpure series, Germany) was used throughout the experiment.
Preparation of thiol-functionalized cellulose
The thiol-functionalized cellulose was prepared based on the methods proposed by Celo et al.29 and Lee and
Mowrer30 with some modification. Briefly, 100 mL of mercaptoacetic acid, 60 mL of acetic anhydride, 40 mL of
acetic acid, and 0.3 mL of concentrated sulphuric acid were mixed in a flask and stirred thoroughly. After
cooling to room temperature, 30 g of cellulose was impregnated in the mixed solution. The reaction was
maintained at 40 °C for 3 days to yield the thiol-functionalized cellulose (TFC). The TFC was collected by
vacuum filtration, and washed with water. After drying at 40 °C under vacuum, the TFC was stored in a brown
container at 4 °C. The thiol-functionalization reaction is shown in Figure 1.
Characterization of TFC
TFC coated with a thin layer of platinum was characterized by scanning electron microscopy (SEM) (Hitachi,
Japan) at accelerating voltage from 10 to 15 kV. Infrared spectroscopic analysis was performed on a Nicolet 380
Fourier transform infrared spectrometer (Thermo scientific, US) with KBr pellets at a mass ratio of 100:1.

Figure 1: Schematic reaction of cellulose and mercaptoacetic acid
Determination of thiol groups
The amounts of thiol groups (-SH) were measured with Ellman’s method31 with some modification. Briefly,
0.2 g of TFC was hydrated with 2 mL of deionized water, then 2 mL of 0.5 mol L-1 phosphate buffer (pH 8.0)
and 4 mL of Ellman’s reagent (3 mg of 5, 5'-dithiobis (2-nitrobenzoic acid) in 10 mL of 0.5 mol L-1 phosphate
buffer, pH 8.0) were sequentially added. After incubation for 3 h at room temperature, the hydrated TFC was
centrifuged (3260×g) for 10 min, and the supernatant was spectrophotometrically measured at 412 nm with an
ultraviolet-visible spectrophotometer (UV-2100, LabTech Holdings, Inc. Beijing). Mercaptoacetic acid was used
as a standard to calibrate the measurement.
Measurement of Hg concentrations
The concentrations of Hg in all the solutions were measured with a hydride generation atomic fluorescence
spectrometry (HG-AFS) (AFS-640, Beijing Ruili Instrumental Co., China). The accuracy and precision of the
measurement were evaluated using three levels of standard additions with an average recovery of 101%. The
detection limit was calculated to be 0.026 µg L-1 with 3 times the standard deviations (n=8).
Adsorption
Adsorption experiments were performed by adding 50 mg of TFC in Hg(II) solutions (50 mL) with various
concentrations. After oscillation at 25 °C for a certain time, the supernatants were collected by syringe filters
(0.45 µm). All of the experiments were carried out in triplicates. Hg(II) concentrations in all the supernatants
were measured with HG-AFS as described above.
Hg(II) solutions (1 mg L-1) at different pH values from 2.0 to 9.0 adjusted by 0.1 mol L-1 NaOH and 0.1 mol
-1
L HCl were used for pH optimization. After adsorption for 120 min, the concentrations of Hg(II) in suspensions
were measured, and the adsorption efficiencies (%) were calculated by the following formula:
C  Ce
(1)(1)
Adsorption efficiency (%)  0
 100
C0
where C0 is the initial Hg(II) concentration (mg L−1), Ce is the equilibrium Hg(II) concentration (mg L−1) after
adsorption.
Hg(II) mixed with 50 mg TFC at pH 4.0 was used for the test of adsorption kinetics.
Hg(II) with different initial concentrations from 0.5 to 25 mg L−1 at pH 4.0 was used for the study of the
adsorption isotherm. The adsorption capacity (qe, mg g-1) was calculated by the formula:

qe 
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where C0 and Ce are the initial and equilibrium concentrations of Hg(II) (mg L−1), respectively; V is the solution
volume (L) and m is the mass of TFC (g).
Desorption
Based on the methods of Hakami et al.32 and Shade,33 30 mL of 3 mol L−1 HCl or 3 mol L−1 HCl containing
2% (m/v) thiourea was respectively used for desorption. After oscillation for 30 min, the suspensions were
separated using a syringe filter (0.45 µm). The desorption efficiency (%) was calculated by the amount of Hg(II)
in the solutions versus the total amount of Hg(II) loaded in TFC.
Adsorption of Hg in effluents

Wastewater was collected from a local sewage treatment plant for treating a real sample. Since the
concentration of Hg(II) in the wastewater was below 1.0 μg L-1 based on our measurement, artificial Hg(II) at
two levels was added for TFC adsorption. After adjusting the pH at 4.0, the effluent samples were added with 50
mg of TFC. The mixture was oscillated for 20 min. The adsorption efficiencies (%) were calculated.

RESULTS AND DISCUSSION
Characteristics of TFC
The SEM images of raw cellulose, TFC, TFC after adsorption and TFC after desorption are shown
in Figure 2. The raw cellulose presents a smooth surface with a great number of tiny stripes, and the
TFC shows a rough and uneven surface, indicating successful thiol-modification on the surface of
cellulose. The phenomenon of granular adhesion is observed on the surface of TFC after adsorption,
which possibly derived from the interactions of Hg(II) and -SH. The surfaces of TFC became smooth
and homogeneous after desorption, suggesting broken bonds of Hg(II) and -SH. The FTIR spectrum of
raw cellulose in Figure 3a shows that the peak at 3349 cm-1 derived from the O-H stretching vibration
in cellulose. Two strong bands at 2875 cm-1 and 1300-1500 cm-1 were assigned to C-H stretching
vibration of methyl and methylene radicals, which are the characteristic features of cellulose,
hemicelluloses and lignin.11 The peak at 1799 cm-1 was assigned to the carbonyl group.28 The weak
band at 1548 cm-1 was attributed to the C=C stretching vibration of aromatic or alkene groups in
cellulose. The peaks at 873 cm-1 could be assigned to the C-O-C carbohydrate stretching group.
Moreover, the peaks at 1112 cm-1 and 1033 cm-1 were attributed to the ring stretching of glucose and
C-O stretching vibration in cellulose, respectively.28 The spectrum of TFC (Fig. 3b) is similar to that
of the raw cellulose. An additional weak characteristic peak at 2563 cm-1 was assigned to S-H
stretching vibration,32,34,35 suggesting that the cellulose has been functionalized with -SH. The peaks of
TFC after adsorption at 2563 cm-1, 1731 cm-1, 1469 cm-1 and 1456 cm-1 (Fig. 3c) disappeared and the
O-H band shifted from 3346 cm-1 to 3353 cm-1, indicating the interaction of TFC with Hg(II).28

Figure 2: SEM images of raw cellulose (a), thiol-functionalized cellulose (TFC)
(b), TFC after adsorption (c), and TFC after desorption (d)
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Figure 3: FTIR spectra of raw cellulose (a), thiol-functionalized cellulose (TFC) (b), TFC after adsorption (c),
and TFC after desorption (d)

Based on our measurement, the amount of thiol groups grafted on TFC was 39.7±2.9 µmol g-1. The
adsorption efficiency for 1 mg L-1 of Hg(II) was 99%, much higher than that (66%) of the raw
cellulose. The result suggested that the features of TFC, such as surface area, pore structure and
functional groups, have been significantly improved after thiol-functionalization.11,28,36 Similar results
were also found in previous reports. For example, Song et al.11 found that the mercapto-grafted rice
straw presented a strong affinity to Hg(II) with a maximum adsorption capacity of 161.3 mg g-1 in
water solution, which was superior to that of the raw rice straw (103.1 mg g-1). Gupta et al.15 observed
that the adsorption capacity of thiol-functionalized sugarcane bagasse was 4.3 times higher than that of
the virgin sugarcane bagasse.
Effect of pH on adsorption
The pH value is a critical factor affecting the surface properties of adsorbents and the speciation
forms of metal ions in aqueous solutions.37 However, the pH values ranging from 2.0 to 4.0 showed no
obvious influence on the Hg(II) adsorption, as illustrated in Figure 4. However, the adsorption
efficiencies slightly decreased at pH values above 4.0, which might be derived from the formation of
HgOH+ and Hg(OH)2 species.28,38 Considering economic interests and operation convenience, a pH
value of 4.0 was selected as the optimum.
Adsorption kinetics
Adsorption kinetics (Fig. 5) shows that the adsorption efficiencies of TFC rapidly increased in the
first 5 min, in which about 70% of Hg(II) was adsorbed. Then, the adsorption rates decreased and the
adsorption equilibrium was reached in 20 min. At the initial stage, the rapid adsorption might be
attributed to the presence of a large quantity of binding sites on the TFC surfaces. However, the
occupation of binding sites resulted in a low adsorption rate in the latter stage.28,32 In the present study,
20 min of the adsorption equilibrium time was less than those reported previously for Hg(II)
adsorption. For example, the equilibrium time of thiol-functionalized biomass was up to 90 min.34 The
adsorption equilibrium of Ulva lactuca39 and chemically modified rice straw11 was up to 2 h.
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Figure 4: Effect of pH on Hg(II) adsorption by TFC
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Figure 5: Adsorption efficiency versus adsorption time
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Figure 6: Fitting curve of Weber-Morris model for the
adsorption of Hg(II) by TFC

The pseudo-first-order model, pseudo-second-order model and Weber-Morris diffusion kinetic
model were used to fit the adsorption kinetics data:
Pseudo-first-order:40 log(qe  qt )  log qe  k1 t

(3)

Pseudo-second-order:40 t  1  t
2

(4)

Weber and Morris:41 qt  kid t 0.5  c

(5)

2.303

qt

k2 qe

qe

where qe (mg g-1) and qt (mg g-1) are the amounts of Hg(II) adsorbed onto the TFC at equilibrium and
at a certain time of t (min), respectively; k1 (min-1), k2 (g mg-1 min-1) and kid (mg g-1 min-0.5) are the rate
constants; c is the intercept (mg g-1).
The data in Table 1 show that the pseudo-second-order model fitted the experimental data with a
correlation coefficient of R2 > 0.999. The calculated qe (1.122 mg g-1) was in good agreement with the
measured value (1.115 mg g-1). The fitting curve of the Weber-Morris model in Figure 6 indicates that
the adsorption was not solely determined by the rate-control process, because the fitting curve does not
pass through zero with an intercept of 0.8628 mg g-1. Three stages, including external mass transfer,
intraparticle diffusion and saturation, were used to describe the adsorption process. The rapid
adsorption in the first stage was attributed to the external surface adsorption, and the equilibrium stage
was assigned to the intraparticle diffusion of Hg in TFC.42

Table 1
Parameters of adsorption kinetic models at 25 °C
Pseudo-first-order
k1 (min-1)
qe (mg g-1)
R2
0.1108
0.1572
0.6741

Experimental value
qe (mg g-1)
1.115

Pseudo-second-order
k2 (g mg-1 min-1)
qe (mg g-1)
1.191
1.122

R2
0.9999

Weber and Morris
kid ( mg g-1 min-0.5)
C (mg g-1)
0.0291
0.8628

Table 2
Parameters of isotherm models for Hg(II) adsorption by TFC
Adsorbent

Langmuir isotherm model
qm (mg g-1)
b (L mg-1)
R2
11.00
0.9670
0.9631

TFC

Freundlich isotherm model
Kf ((mg g-1)(L mg-1)1/n)
1/n
3.931
0.4183

R2
0.9622

Table 3
Characteristics of the effluent collected from Jimei Sewage Treatment Plant, China
pH

COD
(mg L-1)

6.20

3.37

Cr
5.40

Mn
417

Ni
20.4

Concentration of metal ions (µg L-1)
Cu
Zn
Cd
22.9
17.4
0.0390

Pb
0.311

Hg
0.090

Table 4
Removal of Hg(II) from real effluents
Two levels of Hg(II)
1
2

Hg concentrations (mg L-1)
Before adsorption
After adsorption
1
0.033±0.004
10
1.81±0.24

Removal efficiency (%)
96.7
81.9

R2
0.6680

The phenomenon of multilinear adsorption revealed that the adsorption has two simultaneous
mechanisms: surface adsorption and intraparticle diffusion. Similar results have been also observed in
previous reports. For example, Song et al.11 found that the adsorption of Hg(II) by rice straw and
mercapto-grafted rice straw followed the multilinear adsorption mechanisms; and the biosorption of
Cu(II), Cd(II) and Pb(II) by Phormidium sp.-dominated mat biomass also followed the multilinear
adsorption stages.43
Adsorption isotherms
Langmuir44 and Freundlich models45 in formula (4) and (5) were respectively used to fit the data of
the adsorption isotherms.
Langmuir: ce  ce  1

(6)

Freundlich: ln qe  1 ln ce  ln K f

(7)

qe

qm

qm b

n

where Ce (mg L-1) is the equilibrium concentration of Hg(II) in solution, qe (mg g-1) is the amount of
Hg(II) adsorbed on the TFC at equilibrium, qm (mg g-1) is the maximum adsorption capacity, b (L mg-1)
is the Langmuir constant related to the affinity of binding sites and the adsorption energy, Kf (mg g-1)
(L mg-1)1/n is the Freundlich constant related to the adsorption capacity, and n is the heterogeneity
factor.
The parameters in Table 2 illustrate that the two models were able to fit the experimental data (R2 >
0.96). The maximum adsorption capacity (qm) by the Langmuir model was 11.0 mg g-1. The
Freundlich parameter of the heterogeneity factor (n) gave the value of 2.39, indicating a strong
interaction between TFC and Hg(II).46 Although the qm value was lower than the data reported in some
other studies,16,17 it was much higher than those of 2-mercaptobenzothiazole clay (2.71 mg g-1) and
guava (Psidium guajava) bark (3.36 mg g-1).47,48
Desorption
The desorption of TFC-Hg was performed using hydrochloric acid through the exchange of Hg(II)
and H+.11,49 The results showed that a desorption reagent of HCl (3 mol L-1) containing 2% (w/v) of
thiourea could effectively desorb Hg(II) with a desorption efficiency of 94%. The high desorption
efficiency might be due to the formation of a soluble Hg-thiourea complex.32,33 The thiol binding sites
were then protonated in acid media.
Treatment of real effluents
A real effluent sample collected from a local sewage treatment plant was measured to give some
physical and chemical indexes, as listed in Table 3. Two levels of the Hg(II) standard solution were
investigated to verify the practicality of TFC. The results in Table 4 show that the removal efficiencies
of Hg(II) were of 97% and 82% at Hg concentrations of 1 mg L-1 and 10 mg L-1, respectively. The
lower removal efficiency at high concentration might be due to the insufficient quantity of TFC
because the adsorption capacity of TFC was 8.2 mg g-1, which was close to the maximum adsorption
capacity (qm) obtained by the Langmuir model, as described above. The results confirmed that the TFC
could be used to effectively remove Hg(II) from real effluents, especially at low levels of Hg
concentration.
CONCLUSION
Thiol-functionalized cellulose was chemically prepared and characterized for the adsorption of
Hg(II) from aqueous solutions. The optimized pH for the adsorption was 4.0, and the adsorption
equilibrium time was less than 20 min. The adsorption kinetics followed the pseudo-second-order
model, and the adsorption isotherm complied with the Langmuir and Freundlich models. With a high
adsorption efficiency, the TFC could be used to rapidly and effectively remove the Hg(II) present in
low concentrations in wastewater.
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