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Abstract
The present work evaluated a mercury adsorption from its aqueous solution through chemically enhanced kapok fiber with 
the self-polymerization of the dopamine (DA) on the surface of the kapok fiber. The adsorption capacity of mercury ions was 
greatly improved with the DA coated kapok fiber (235.7 mg/g), compared with the raw kapok fiber (39.9 mg/g). The kinetic 
and isotherm studies were established, and the most fitting pseudo-first-order reaction and the Langmuir model indicated 
that the homogenous chemisorption occurred on the surface of the chemically modified kapok fiber with the equilibrium 
time of 80 min. According to the FTIR and XPS spectra analyses, the bidentate adsorption of mercury ions was illustrated 
with hydroxyl groups induced by three-dimensional (3-D) polymerization of DA. The optimum pH was at 8 for the adsorp-
tion with the dopamine-coated kapok fiber and the high adsorption efficiency was still maintained after three recycle times, 
extending its application to treating a number of industrial wastewater streams.
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Introduction

Mercury, classified as a toxic heavy metal, is a threat to 
human health and living organisms because of its neuro-
logical toxicity, volatility, persistence, and bioaccumulation 
through a food chain. Once entering human body system, it 
was known to be difficult to be metabolized and eliminated 
(Anirudhan et al. 2008; Ghodbane and Hamdaoui 2008; 
Miretzky and Cirelli 2009; Starvin and Rao 2004). Also, 
it was added that high levels of mercury and its complexes 
could cause an inhibition of enzyme activity, cell damage, 
impairment of pulmonary function and kidney performance, 
chest pain, and damage on a central nerve system (Han et al. 
2014; Jeong et al. 2007; Kaneko 1988; Zahir et al. 2005). 
The main source of mercury pollution comes from industrial 
wastewater discharged by such a variety of industries as oil 
refinery, chloro-alkali chemical facility, pulp and paper, min-
ing, electroplating, paint, pharmaceutical and battery manu-
facturing (Boening 2000; Donia et al. 2008; Krishnan and 
Anirudhan 2002). Therefore, the environmental remediation 
of the effluent containing mercury or its compound draws a 
great deal of attention from many environmental scientists 
and engineers, in terms of developing innovative methods 
to remove it (Li et al. 2018; Liu et al. 2018).

This article is a part of Topical Collection in Environmental Earth 
Sciences on Water Sustainability: A Spectrum of Innovative 
Technology and Remediation Methods, edited by Dr. Derek Kim, 
Dr. Kwang-Ho Choo, and Dr. Jeonghwan Kim.
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A number of chemical and physical methods have been 
developed for the removal of mercury from varied waste-
water streams. A method of adsorption is one of the most 
effective techniques among numerous chemical and physi-
cal separation processes such as solvent extraction, ion-
exchange, precipitation, membrane separation including 
reverse osmosis, coagulation and photo reduction (Chiarle 
et al. 2000; Dawlet et al. 2013; Nam et al. 2003). For the 
case of adsorption process, many adsorbents, like charcoal-
immobilized papain (CIP), eucalyptus bark, guava bark, 
char, yellow stuff, pozzolana, clays, and ion-exchange resin, 
were used for treating aqueous mercury from wastewater 
streams (Cai et al. 2014; Dutta et al. 2009; Ghodbane and 
Hamdaoui 2008; Lohani et al. 2008; Di Natale et al. 2006; 
Velicu et al. 2007; Wang et al. 2019). When it comes to deal-
ing with those, the use of adsorbents is quite advantageous 
because of such reasons as low operating cost, easy modi-
fication and adaptation to an existing system, and relatively 
short operation time. As far as an industrial application is 
concerned, a small footprint and capital costs are important 
decision-making factors for a system installation. With such 
consideration, the objectives of this study were to develop 
an efficient adsorbent using kapok fibers, derived from the 
fruit of Ceiba pentandra. Kapok fibers drift away in the 
wind after they reached maturity, which adds to the pol-
lution issues and are considered a waste of potential biore-
source. Moreover, only the minority of those are used as 
stuffing material for bedding, upholstery, life preservers, and 
other water-safety devices (Dong et al. 2015; Lim and Huang 
2007; Wang et al. 2014, 2015). Therefore, any attempt to 
extend the utilization of kapok fiber will be worthwhile. 
Admittedly, some efforts were already made for using kapok 
fiber as precursors for the preparation of potential adsorbents 
in removing a mercury contamination. However, it is quite 
new and innovative to significantly increase the adsorption 
capacity of mercury via inducing functional groups to bind 
mercury ions because of a self-polymerization phenomenon 
of dopamine in a 3-D structure. The initial concentration of 
mercury ions, contact time, and initial pH, were systemati-
cally and carefully studied to evaluate their effects on the 
mercury adsorption process. In addition, to investigate the 
adsorption process of bioadsorbents, the pseudo-first order 
and pseudo-second order reactions were applied for a kinetic 
evaluation, and the Langmuir and the Freundlich models 
were used to describe an isotherm study. The mechanisms of 
adsorption of mercury onto the surface of kapok fiber were 
also explored based on the kinetics and thermodynamics 
of adsorption with the help of XPS and FTIR analyses of 
adsorbents. At last, the reusability of the adsorbents was 
also assessed for the purpose of practical applications. The 
poly(dopamine)-coated kapok fibers (D-KF) can be highly 
utilized as an attractive adsorbent for the mercury treatment 
from aqueous solution.

Materials and methods

The raw kapok fiber (R-KF) products were imported from 
Malaysia and were filtered, washed to remove some impuri-
ties, and dried at room temperature for a longer use. Dopa-
mine (DA) was purchased from the Sigma-Aldrich, Ger-
many, and mercury(II) chloride was purchased from the 
Daejung Chemicals and Metals Co., Ltd, Korea.

Surface modification of the adsorbent

The DA solution (2 g/L) was prepared by completely dis-
solving DA into tris–HCl buffer solution (0.1 mol/L) and 
the pH value was adjusted to approximately 8.0. Then, 
100 mL of the DA solution containing 0.2 g of kapok fiber 
was stirred for 24 h. After that, the poly(dopamine)-coated 
kapok fibers (D-KF) were washed with deionized water and 
then dried at 60 °C in a vacuum condition.

For a comparison, another chemical modification process 
on the surface of the kapok fiber (M-KF) was carried out, 
using a  NaClO2 solution. One hundred grams of kapok fiber 
were added to 500 mL of  NaClO2 solution (0.1 N) and such 
oxidative treatment lasted for 30 m at room temperature. 
Then, the fibers were rinsed several times with deionized 
water. The M-KF was dried at room temperature.

Characterization

To identify the differences of the surface morphology of 
the kapok fiber (e.g., before and after modification), a field 
emission scanning electron microscope (FE-SEM) (Model 
S-5500, Hitachi, USA) was used and the measurements were 
carried out at an accelerating voltage of 10 kV. The IR spec-
tra of raw kapok fibers, surface modified kapok fibers, and 
kapok fibers after adsorption were recorded with a FTIR 
Spectrophotometer (Model Bomen MB Series, Hartmann 
and Braun (ABB), Canada). Samples of 100 mg of potas-
sium bromide containing 2% of finely ground powder were 
prepared for an analysis. An X-ray photoelectron spectrom-
eter (Model Kratos AXIS Ultra DLD, Shimadzu, Japan) with 
an Al Kα X-ray source (1486.6 Ev photons) was used for the 
XPS measurements. Binding energies were calibrated with 
a containment carbon (C1s = 284.8 eV).

Adsorption study

Adsorption studies for mercury ions were developed with 
raw and chemically modified kapok fibers in mercury (II) 
aqueous solutions, in terms of various parameters, initial 
concentration of mercury ions, and the contact time dur-
ing the adsorption process. For the adsorption process, a 
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flask containing 0.1 g of the adsorbent and 100 mL of the 
mercury chloride solution (400 mg/L) was shaken at room 
temperature for 2 h, using a flask shaking incubator and 
the residual solution was analyzed for the estimation of the 
residual mercury ion concentration with an Atomic Absorp-
tion Spectrophotometer (Model AA-7000, Shimadzu, Japan) 
equipped with a Hydride Vapor Generator (Model HVG-1, 
Shimadzu, Japan). The standard solutions for the analysis 
were purchased from Kriat, Korea. All of the experiments 
were repeated and the average value was expressed as a 
mean value.

Effects of pH on adsorption

To find the optimum pH on the adsorption effectiveness of 
mercury (II) ions, mercury chloride solution was adjusted 
to various  pH5 of 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0, 
using hydrochloric acid (1 M) and sodium hydroxide (1 M), 
and the initial concentration of mercury ions was 70 mg/L 
in the aqueous solution before adsorption. One hundred mil-
liliters of mercury chloride solution were shaken with 0.1 g 
of raw kapok fibers (R-KF), modified/oxidized kapok fibers 
(M-KF), and DA coated kapok fibers (D-KF) at a room tem-
perature for 2 h and the residual concentration of mercury 
ions was analyzed.

Reusability of the adsorbents

After the adsorption process, the adsorbent of D-KF was 
thoroughly rinsed with deionized water and dried in vacuum. 
Then, one hundred milliliters of hydrochloric acid solution 
(1 M) were used to desorb the mercury ions from the adsor-
bent, and the flask containing hydrochloric acid solution and 
the adsorbent, was shaken for 2 h at a room temperature.

Results and discussion

Characteristics of the adsorbents

The surface morphological difference between R-KF and 
D-KF is viewed in Fig. 1. Figure 1a shows the smooth 
surface of R-KF because of the presence of a thick wax 
structure (Zahir et al. 2005). On the contrary, the relatively 
rough and uneven surface of D-KF was observed with some 
degrees of wrinkles and grooves, which was due to the 3-D 
polymerization of DA (Fig. 1b). Also, it was reported that 
the wax structure on the surface of kapok fiber could be 
removed then transformed to a hydrophilic surface when 
treated with  NaClO2 solution (Wang et al. 2012).

According to the XPS spectra, the same peak compo-
nents including carbon 1 s, nitrogen 1 s and oxygen 1 s were 
observed in Fig. 2. It could be assessed that the intensities 

of C1s, N1s and O1s of D-KF were increased, compared to 
the peaks of R-KF (Liao et al. 2010; Xu et al. 2011). It could 
indicate that the DA layer was formed on the surface of the 
kapok fiber through a self-polymerization of the DA along 

Fig. 1  FE-SEM images of raw kapok fibers (R-KF) (a) and kapok fib-
ers (D-KF) after dopamine functionalization (b)

Fig. 2  XPS spectra of R-KF and D-KF
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with chemical bonds of C, N, and O. The process mechanism 
for the DA 3-D polymerization was well described in a pre-
vious work (Wang et al. 2014, 2015), based on the oxidative 
self-polymerization of DA (2-(3, 4-dihydroxy-phenyl) eth-
ylamine) onto the surfaces with an intermediate step form-
ing 5, 6-dihydroxyindole right after chemical oxidation and 
structural rearrangement (Wang et al. 2015). In addition, 
chemical functional groups are involved in such structural 
change. A quinone structure was formed by oxidizing cat-
echol groups from the redox activity of catechol groups 
in DA. These quinone structures could react further with 
amines and other catechol or quinone to form an adherent 
poly(dopamine) film, which will become an inter- and intra-
polymer network (IPN) (Kim et al. 2005). This reorganized 
polymer network will play a fishnet in easily entrapping mer-
cury ions (Kim et al. 2005).

As for one another possible evidence of change on kapok 
fibers, the color of kapok fiber gradually changed from 
bright white to dark gray. Figure 3 showed the FTIR spectra 
of the three kapok adsorbent samples. The strong and broad 
peak at 3341 cm−1 was assigned to non-free O–H stretching 
vibration and N–H stretching vibration, and another strong 
peak at 2917 cm−1 was corresponding to asymmetric and 
symmetric stretching vibration in –CH2 and –CH3 because 
of the presence of the wax structure on the surface of kapok 
fiber (Wang et al. 2012). The absorption peak at 1738 cm−1 
was suggested to the C=O stretching vibration of ketones, 
carboxylic groups or esters, while another peak at 1594 cm−1 
was corresponding to the aromatic ring of carbon skeletal 
stretching. In addition, the absorption peaks at 1238  cm−1 
and 1035 cm−1 were assigned to the C-N bending vibra-
tion and C-O bending vibration, respectively. Notably, after 
DA coated onto the R-KF, the peaks in 3341 cm−1 and 
1035 cm−1 became more intense in the D-KF, indicating that 

DA was successfully introduced onto the surface of kapok 
fiber with ample hydroxyl groups and amino groups. Addi-
tionally, because of the self-polymerization of DA, many 
functional groups and bonds such as carbonyl group, aro-
matic rings, C-N bonds and C-O bonds could be introduced 
onto the surface of kapok fiber, which caused the FTIR of 
D-KF, again representing the significant increase in other 
range of wavenumber, when it comes to comparing the raw 
and chemically enhanced fibers.

Kinetics and isotherm study of mercury adsorption

The adsorption kinetic study was conducted to estimate the 
adsorption rates and optimized reactions for the removal of 
mercury ions. Figure 4 exhibited the  Hg2+ adsorption kinet-
ics of mercury ions of three kapok fiber samples. The sorp-
tion displayed a quite high rate of mercury adsorption uptake 
for the first 5 min and gently slowed down after 10 min. 
Commonly, the pseudo-first-order (Eq.  1) and pseudo-
second-order (Eq. 2) reactions (Zhang et al. 2014) can be 
applied in the formulas as follows:

where k stands for the rate constant  (min−1), Qt is the adsorp-
tion capacity (mg/g) at a certain time t, and Qe is the adsorp-
tion capacity (mg/g) at an equilibrium time, respectively 
(Nam et al. 2003).

The experimental parameters and the correlation coef-
ficients of reactions (R2) are presented in Table 1. The 
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Fig. 3  FTIR spectra of R-KF, M-KF, and D-KF after baseline collec-
tion

Fig. 4  The adsorption kinetics of mercury by R-KF, M-KF, and D-KF 
(Initial concentration of  Hg2+ = 400 mg/L and initial pH = 8.0)
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pseudo-second-order provided a better fit than the pseudo-
first-order model according to the correlation value, which 
means that the chemisorption process might be a dominant 
step and the reaction rate could be increased by increasing 
the concentration of adsorbents and adsorbates, when chemi-
cally modifying fibers. On the contrary, the diffusion process 
appeared to be a rate limiting step for the adsorption process 
of mercury ions with R-KF. With such notion, the adsorption 
rate of D-KF was significantly enhanced through chemical 
modifications, as shown in Fig. 4.

In addition, Langmuir (Eq. 3) and Freundlich (Eq. 4) 
models were applied to estimate the adsorption capacity 
and reaction mechanisms. The equations are respectively 
represented as follows:

where Ce (mg/L) is the equilibrium concentration of  Hg2+ 
and Qe (mg/g) is the equilibrium adsorption capacity. Qmax 
(mg/g) and K (L/mg) are the Langmuir constants relating 
to an adsorption capacity and the energy of an adsorption 
reaction, respectively. KF is the Freundlich constant relating 
to an adsorption capacity and n is the energy of an adsorp-
tion reaction.

Figure 5 presents the uptake of mercury ions from kapok 
fiber samples under various initial concentrations of mercury 
solution. The parameters and correlation coefficients (R2) 
are presented in Table 2, in conjunction with the Langmuir 
and the Freundlich models. The adsorption process ended 
for R-KF and M-KF because capacity was saturated with 
no significant increase after increasing the initial concen-
tration of mercury ions up to 115.00 mg/L (Fig. 5). It can 
be speculated from the correlation coefficients (R2) that the 
Langmuir model is a better fit than the Freundlich model for 
all three kapok fibers. This can further suggest that a mon-
olayer adsorption was carried out on a homogenous surface. 
Additionally, the maximum adsorption capacity of D-KF 
from the Langmuir model was found to 235.68 mg/g, a great 
enhancement made for the mercury adsorption using D-KF. 
This was due to functional groups induced by the layer of 
DA artificially built on the surface of kapok fiber, which 
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can be identified by the FTIR spectra. Generally, as the KF 
increases adsorption capacity of an adsorbent increases. 
However, mercury uptake by M-KF was quite limited simi-
larly to that of R-FK. Only bleaching with  NaClO2 was not 
sufficient to build an IPN structure by chemically removing 
lignin and producing a matrix in fibers (Wang et al. 2014; 
Kim et al. 2005).

Sorption study of  Hg2+ on D‑KF

The kinetic and isotherm study of the mercury adsorption 
indicated that the chemisorption dominated the whole sorp-
tion process on the modified surface of D-KF. Figure 6 
provides the FTIR spectra of R-KF, D-KF, and D-KF-400 
(after adsorption at 400 mg/L of  Hg2+). When compared 
to the unique FTIR spectra of R-KF and D-KF, the spec-
tra of D-KF-400 had a significant reduction at 3341 cm−1. 
This identified the chemisorption of mercury ions happened 
owing to the DA coating process induced by dominating 
hydroxyl (-OH) groups. In Fig. 7, two peaks  (4f7/2 and  4f5/2) 
at 99.9 eV and 103.8 eV, respectively, appeared. The dif-
ference of  4f7/2 and  4f5/2 peaks, 3.9 eV was obtained after 
deconvolving the experimental data with a software (XPS 
peak 4.1). It appeared that there were 57% of  Hg0 (metallic 
state), and 43% of mercury atoms in the  Hg2+ chemical state 

Table 1  The mercury 
adsorption rate parameters of 
pseudo-first-order and pseudo-
second-order reactions for 
different kapok fibers

Samples Pseudo-first-order Pseudo-second-order

R2 K1  (min−1) Qe (mg/g) R2 K2 (g/mg min) Qe (mg/g)

R-KF 0.9310 0.0413 20.32 0.9046 0.0405 24.96
M-KF 0.9663 0.0024 28.44 0.9910 0.0583 24.61
D-KF 0.9618 0.2431 211.40 0.9918 0.4270 225.92

Fig. 5  The adsorption of mercury ions by R-KF, M-KF, and D-KF 
(Final pH was 8.0, adsorption time was 2 h, amount of adsorbent was 
0.1 g and 100 mL of initial concentrations of  Hg2+ were 23.2, 30.7, 
87.2, 115.0, 140.5, 184.5, 280.5, 381.0, and 444.0 mg/L, respectively)
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existing on the surface of D-KF-400 after the adsorption 
reaction ceased in mercury solution (Hutson et al. 2007).

Also, in Fig.  8, the mercury adsorption was graphi-
cally illustrated. Most of mercury ions were homogene-
ously adsorbed on the surface of the kapok fiber and had a 

bidentate reaction with a great number of hydroxyl groups, 
induced by the 3-D DA polymerization through chelating 
bonds. The catechol groups in the poly-dopamine film were 
spontaneously oxidized to quinone structures, allowing for 
the reduction of  Hg2+ to  Hg0 in situ along with a bond switch 
from covalent to chelating bond without the addition of a 
reducing agent (Liao et al. 2010). In addition, being com-
pared to FTIR of R-KF, the increased peak area of D-KF-
400 corresponded to the oxidized quinone structures ranging 
from 1738 to 1035 cm−1 (Fig. 6).

Effect of pH

Figure 9 shows how pH affected a mercury adsorption of 
kapok fibers. Sorption was strongly dependent on a specific 
pH range. Adsorption efficiency was greatly increased at 
pH of 5, and maximized through pH of 8 for D-KF, while 
efficiencies for R-KF and M-KF were relatively low at an 
acidic range, attributable to competition between  H+ and 
 Hg2+. Therefore, the adsorption study for kapok fiber was 
optimized at the pH range of 5-8. In other words, the highest 
adsorption efficiency was obtained at the pH of 8 because 
of the neutralization between hydroxyl groups and replaced 
hydrogen ions, while more alkali condition might age sur-
face sites of kapok fibers, resulting in a decrease of adsorp-
tion efficiency (Ghodbane and Hamdaoui 2008).

Recyclability of D‑KF

It has been reported that it was inappropriate for recovering 
metal ions from an absorbent in alkali solution, since the 

Table 2  The mercury 
adsorption reactions of the 
Langmuir and Freundlich 
models for different kapok 
fibers

Samples Langmuir Freundlich

R2 K (L/mg) Qmax (mg/g) R2 KF (mg/g) (L/
mg)1/n

n

R-KF 0.9183 0.0070 39.93 0.8689 0.7294 1.5042
M-KF 0.9492 0.0080 43.70 0.9033 1.0315 1.5964
D-KF 0.9848 0.0028 235.68 0.9542 4.6449 1.4950

Fig. 6  FTIR spectra of R-KF, D-KF, and D-KF-400 after baseline 
correction (Initial concentration of  Hg2+ was 400 mg/L and initial pH 
was 8.0)

Fig. 7  XPS spectra of Hg 4f with D-KF-400 after the deconvolution

Fig. 8  A schematic of the bidentate adsorption of mercury ions with 
D-KF from aqueous solution
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recovery could be maximized at a lower pH with the reduction 
of metal binding capacity (Dutta et al. 2009). Most of metals 
are more freely moving at an acidic environment. With such 
results of pH effect on adsorption, the experiment of recy-
clability was conducted at a low pH around 1.5, artificially 
adjusted with hydrochloric acid solution (1 M). In Fig. 10, 
after three times of recycling D-KF, the adsorption capacity 
decreased only 8.6%, from 224.8 to 205.4 mg/g. It was found 
that even strong acidity was not able to weaken functional 
groups and chemical bonds in crosslinked fishnet agglomera-
tion of the 3-D structure.

Conclusions

The study dealt with the bidentate adsorption of mercury 
ions through artificially manufactured kapok fiber adsorbent. 
The kinetic and isotherm study indicated the adsorption 
capacity of mercury ion was greatly enhanced with the appli-
cation of D-KF. The improvement in surface morphology 
was made with the help of the functional groups of D-KF 
through a 3-D DA functionalization. The equilibrium study 
for D-KF adsorption fitted with the Langmuir model. The 
oxidation of catechol groups and the reduction of  Hg2+ to 
 Hg0 were identified. The recyclability of fibers assessed a 
potential use for the metal recovery and industrial waste-
water treatment.
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ing Project of Some Local Colleges and Universities in Shanghai, 
17030501200. Foundation of Shanghai University of Engineering 
Science, 2016-22. Excellent Young Talents Fund Program of Higher 
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