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Abstract The removal of hazardous dyes from process
water has become one of the most important tasks for water
clarification. In this work, a novel type of latex, prepared
by the emulsion polymerization of butyl acrylate (BA) and
acrylamide (AM) in the presence of hemicellulose, was
developed. Under the optimal polymerization conditions,
the conversion of monomers reached as high as 97.6 %.
The resulting hemicellulose-containing latex (HCL) was
assessed as an absorbent toward dyes, methylene blue
(MB) in particular. Much effort was made to revealing the
impact of adsorption conditions of the dye removal induced
by HCL. The maximum removal of the dye by HCL was
about 93.8 %, much higher than that of the control sample.
The dye adsorption isotherm was determined to further
understand the adsorption mechanism. The adsorption data
were found to fit Langmuir model well (R?=0.99904). The
maximum adsorption capacity obtained at 25 °C was
42.7 mg g~', suggesting that the HCL is promising as an
excellent absorbent for the removal of dyes from effluents.

J. Zhang
Liaoning Key Laboratory of Pulp and Paper Engineering, Dalian
Polytechnic University, Dalian 116034, China

J. Zhang - H. Xiao (IX))

Department of Chemical Engineering, University of New
Brunswick, Fredericton, NB E3B 5A3, Canada

e-mail: hxiao@unb.ca

Y. Yang
School of Environmental Science & Engineering, North China
Electric Power University, Baoding 071003, China

Introduction

Hemicelluloses are the second most abundant biopolymers
in the cell wall of cellulose materials [1]. It is mainly made
of low molecular weight monosaccharide, such as xylose,
arabinose, glucose, galactose, and mannose. Recently
much attention has been paid to exploring the utilization of
hemicellulose for a variety of applications; and the market
potential of resulting products from hemicellulose is sig-
nificant [2—4]. One of the potential applications of hemi-
cellulose is to act as an important composition of pulp to
increase fiber swelling and flexible in papermaking indus-
try. However, the high-value utilization of hemicellulose is
still highly demanded.

Dyes have been extensively used in many industries, such
as textile, papermaking, leather, food technology, and hair
coloring [5, 6]. Discharging large amount of dyes in water
accompanied with organics, bleaches, and salts can deteri-
orate the physical and chemical properties of freshwater. It is
estimated that the annual dye production world-wide
exceeds 7 x 10° tons and more than 100,000 commercially
available dyes of different chemical and physical properties
are being used [7-9]. In addition to their undesirable colors,
some of these dyes may degrade to produce carcinogens and
toxic products. Therefore, it is necessary to reduce dye
concentration in the wastewater before their biological
treatment processes. However, the removal of dyes from
wastewater is still a challenge due to the complex properties
of dyes. A number of methods have been attempted for the
removal of dyes from wastewater, including both chemical
and physical methods [10]. Among these methods, using
absorbents, such as activated carbon [11, 12] and kaolinite,
to absorb dyes is an efficient approach. However, not all
these adsorbents are cost-effective and highly efficient.
Therefore, the green-based and biodegradable adsorbents
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with low-cost and high efficiency recycled are highly
demanded. A wide variety of materials such as jute fiber
carbon [13], modified clays [14], activated sludge [15],
wood chips [16], carbon nanotube [17], palm-fruit bunch
particles [18], nanosize modified silica [19], and many
others have been used as absorbents currently.

In this study, a kind of hemicellulose-containing latex
(HCL) was prepared and applied to absorb methylene blue
for its removal from waste water. The effect of influencing
factors such as initial methylene blue concentration, mass
of absorbent, pH, temperature, and contact time on
absorptive capacity of the HCL was tested. The adsorption
isotherm of the dye on HCL was also studied to further
understand the adsorption mechanism of methylene blue
onto the HCL. The incorporation of hemicellulose into the
latex particles not only creates the stable latex with
enhanced absorptive capacity, but also improved the bio-
degradability of the latex.

Materials and methods
Materials

Hemicellulose used in this work was isolated from the pre-
hydrolysis liquor (PHL) of the Kraft-based dissolving pulp
production process [20]. All chemicals and reagents used
for experiments and analysis were analytical grade and
purchased from Sigma—Aldrich Canada. The dye used in
this work was methylene blue. The emulsifier was sodium
dodecyl sulfate. The initiator was ammonium persulfate.

Preparation of hemicellulose-containing latex

Hemicellulose was dispersed in distilled water with mag-
netic stirring at 85 °C for 60 min before the solution was
cooled to room temperature. Then, the hemicellulose dis-
persion liquid was mixed with an emulsifier for 1 h; and
the mixture was heated to 65 °C; and then added with
monomer (butyl acrylate and acrylamide) and initiator,
while N, bubbled through the flask. The polymerization in
the presence of hemicellulose proceeded for 2 h under
constant stirring with the rate of 500 rpm at 70 °C. The
emulsion polymerization of butyl acrylate and acrylamide
in the absence of hemicellulose was performed under the
same reaction conditions to generate a control sample.
The particle sizes of the HCL were measured using BIC
particle size analyzer (model: ZetaPlus, Brookhaven
Instruments Corporation). The particle images were
obtained from a transmission electron microscope (TEM)
using a JEOL JEM-2011 Scanning Transmission Electron
Microscope equipped with a Gatan GIF2001 Gatan Image
Filter, a Gatan MSC Multiscan camera, a Gatan Dualvision
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300W CCD camera, a Gatan Ultrascan 4000SP camera,
and an EDAX Phoenix EDS system.

Adsorption process

The as-prepared sample was dried in an oven at 80 °C for
6 h for MB adsorption. A series of stock solutions of MB
with different concentrations (1-500 ppm) were prepared.
The batch adsorption experiments were conducted in a
series of flasks containing 100 mL of MB solutions and
equilibrated in a temperature-controlled water bath shaker.
After adsorption, equilibrium was achieved, the flasks were
removed from the shaker. The final concentration of MB in
the solution was measured using an UV-Visible spectro-
photometer (Genesys 10S, Thermo Electron Co.). The
adsorbed amount (Q.) and the removal (R) of MB by HCL
were calculated according to the following equations:

0. = Q= CIxY (1)
R:(Co—cce)x 100 o)
0

where Q. is the adsorption amount at equilibrium (mg g~ ),
R is the removal ratio (%), Cy and C. are the initial and
equilibrium concentrations of MB in the solution (ppm), V is
the volume of solution (L), and M is the mass of HCL (g).
Similar procedures were performed in the solution at pH
of 3.0-13.0. The pH was adjusted by adding an appropriate
amount of hydrochloric acid or sodium hydroxide.

Adsorption isotherms

Adsorption isotherms of MB on HCL were obtained in
temperature range of 25-45°C using the UV-visible spec-
trophotometer to quantify the equilibrium amount of MB
after the adsorption.

Results and discussion
Characteristics of hemicellulose-containing latex

The solid content of hemicellulose-containing emulsion
was 16.3 % and the conversion of monomer was 97.6 %,
measured gravimetrically.

The particle sizes of HCL and control sample were 195
and 825 nm, respectively (Fig. 1). And the Zeta potential
of HCL and the control sample were —37.0 and —13.1 mV,
respectively. It is obvious that the particle size of HCL is
smaller than that of control sample. The TEM images of
HCL and control sample are shown in Fig. 2.

It can be seen that the particle of HCL was very uniform.
For control sample, the particle was non-uniform and there
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Fig. 1 Particle size of HCL (left) and control sample (right)
Fig. 2 TEM images of HCL (leff) and control sample (right)
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HCL also has good water absorption, enabling to adsorb 3
times water. Moreover, the HCL particles could be used as
absorbent to remove the dyes from waste water. The effect of
HCL and control sample on dye removal is shown in Fig. 3.

The amount of MB removal induced by HCL under
different MB concentrations was all higher than that of
control sample. The maximum dye removal by HCL was
93.8 %, while the control sample only reached 74.1 %
under the same conditions. This is attributed to the higher
zeta potential and higher surface area of HCL. After added
hemicellulose, the particle size of HCL was very uniform
and there was no aggregation, which indicated that the
hemicellulose acts as auxiliary emulsifying agent in the
system. On the other hand, hemicellulose has a negative
surface charge, so the zeta potential of HCL was higher
than that of control sample. Therefore, the adsorption
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Fig. 3 MB removal effect of HCL and control sample

efficiency of methylene blue onto HCL was higher than
that of MB onto control sample for the higher surface area
and zeta potential of HCL. Hemicellulose improved the
MB removal ability of HCL.

Adsorption of MB on HCL

Effect of HCL dosage

The effect of HCL dosage on MB adsorption at 25 °C was
investigated and the results are shown in Fig. 4.
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to some extent.
Effect of initial concentration of MB

Adsorption data collected at various equilibrium concen-
trations can be used to obtain adsorption isotherms which
are important in design of the adsorption system to remove
the dyes. The effect of equilibrium concentration of MB on
adsorption was investigated and results are shown in Fig. 5.

With the increase of MB equilibrium concentration, the
adsorption amount increased. Based on the experimental
data, the adsorption isotherm of MB onto HCL at 25°C,
based on Langmuir model, is given in Fig. 6. The corre-
sponding equation for the Langmuir model [Eq. (3)] is
given as follows [21]:

C. 1 Ce
Qe KL Qmax Qmax

where Q.x 1 the maximum adsorption amount (mg gfl)
and K is the Langmuir binding constant which is related to
the energy of adsorption (L mg~"). Plotting C./Q. against C,
gives a straight line with slope and intercept equal to 1/Q,ax
and 1/K; Qmax, respectively (Fig. 6). It was observed that the
value of Qnax (42.73 mg g_l) obtained from Langmuir plots
at 25°C is mainly consistent with the experimentally
obtained value (46.85 mg g~ '). It can be concluded that the
adsorption process is mainly monolayer. According to the R*
value (0.99904) shown in Fig. 6, the experimental data of
adsorption fit the Langmuir model well.

The essential features of Langmuir adsorption isotherm
can be expressed in terms of a dimensionless constant

(3)
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Fig. 6 Linear fit of C./Q. data and Langmuir isotherm

called separation factor or equilibrium parameter (Ry),
which is given below [Eq. (4)] [22, 23]:
1

R=—
T+ KLG)

(4)

The value of Ry indicates the nature of adsorption iso-
therm where 0 < Ry < 1 shows favorability of the process,
Ry, =1 and Ry > 0 define unfavorable and irreversible
processes, respectively. The value of K was 0.06963
L mg~ ! obtained from the equation in Fig. 6. Therefore, the
Ry can be calculated using Eq. (4), which was in the range
of 0.5660-0.1154. The values of R; implied that the
adsorption of MB on HCL was favorable under the given
conditions.

Effect of temperature

The temperature is one of the most important factors influ-
encing the process of adsorption. The effect of temperature
on the adsorption of MB onto HCL is shown in Fig. 7.
Results showed that the adsorption amount increased as
the temperature increasing. This might be attributed to the
increasing rate of diffusion of the methylene blue mole-
cules, owing to the decrease in the viscosity of the solution.
On the other hand, the rate of dye adsorption on HCL could
also be influenced by the temperature. In fact, both the
diffusivity of dye and the rate of adsorption are sensitive to
temperature; and the rate-determining step depends on the
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Fig. 7 Effect of temperature on adsorption

activation energy. As can be seen from the Figure, the
equilibrium adsorption amount was also affected by tem-
perature. The amount of methylene blue adsorbed was
increased from 32.8 to 46.5 mg g~ ' as the temperature was
raised from 25 to 45°C. The adsorption amount of meth-
ylene blue onto HCL increases with the increase of tem-
perature, suggesting that adsorption is endothermic.

Effect of pH

The pH of aqueous solution is also one of the most
important factors to study the adsorption property of an
adsorbent. The effect of pH on the adsorption of MB onto
HCL at 25 °C is shown in Fig. 8.

It can be seen that the adsorption amount (Q.) of MB on
HCL was almost constant in the pH range of 3.0-7.0 and an
increase was observed after pH 7.0; and reached
30.38 mg g~ ' at pH 3.0 and increased to 97.27 mg g~ ' at
pH 13.0. The increase may be related to the formation of
negative surface charges at higher and higher pH.
Increasing the pH of the adsorbing medium modified the
negative charges of HCL surface and this might be
responsible for the increasing uptake of methylene blue at
higher pH condition. Furthermore, as the pH value
increased, the methylene blue cationic ions got closer to the
HCL surface for the increase of negative charges and the
thickness of the electrical double layer around the HCL
decreased. That meant more methylene blue was adsorbed
in Stern layer [24, 25]. The surface charge became more
negative as the pH increased favoring the adsorption of
methylene blue cationic ions.

Effect of contact time
The effect of contact time on adsorption of MB onto HCL

was carried out at two initial MB concentrations (50 and
100 ppm) at 25 °C. Results are shown in Fig. 9.
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Fig. 9 Effect of contact time on adsorption

With the prolonging of contact time, the adsorption
amount of HCL increased gradually. The time required to
reach the equilibrium was about 12 and 24 h for 50 and
100 ppm, respectively. The corresponding adsorption
amounts at the equilibrium were 19.5 and 27.7 mg g~ ',
respectively. There is only slight increase in the adsorption
amount as the concentration increased from 50 to 100 ppm.
It is obvious that the saturated adsorption occurred at a low

dye concentration.

Conclusion

The functional latex was successfully prepared in the pre-
sence of bio hemicellulose which plays a significant role in
stabilizing the emulsion and lowering the particle size of
latex. The resulting latex is very effective in absorbing
dyes, methylene blue in particular. The investigation on the
equilibrium adsorption indicated that the incorporation of
hemicellulose into the latex increased their removal
capacities toward the dye. The adsorption of MB onto the
HCL was dependent on MB initial concentration, absorbent
dosage, temperature, pH, and contact time. The equilibrium
data fit the Langmiur isotherm model well (R2=0.99904);
and the adsorption process was an endothermic process.
The maximum adsorption capacity obtained according to
Langmuir model at 25°C was 4273 mgg ',
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demonstrating that the latex prepared with hemicellulose
is an effective and promising absorbent in industrial
applications for the removal of dyes from waste water.
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