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hesis of high-performance
monodispersed chitosan microparticles for methyl
orange adsorption

Zheng Dong,a Hong Xu,a Zhishan Bai,a Huizhi Wang,b Li Zhang,a Xiaojiao Luo,d

Zhiyong Tang,d Rafael Luquec and Jin Xuan*ab

High-performance monodispersed chitosan microparticles for methyl orange (MO) adsorption were

synthesized on a microfluidic platform coupled with a cross-linking approach. Batch adsorption

experiments were carried out to evaluate the capacity and kinetics of the as-prepared microparticles on

the adsorption of MO. Due to the advantage of microfluidics that all the manipulations and operations

are related to independent droplets, the prepared microparticles are controlled to within a narrow size

distribution (CV ¼ 1.86%) while exhibiting uniform high performance (adsorption capacity ¼ 182 mg g�1).

Adsorption experiments were carried out under various design and operation conditions. It is found that

the adsorption isotherm was well described by the Langmuir model and the adsorption kinetics followed

a pseudo-second-order kinetic model. The high performance together with biodegradable feature and

low-cost raw material give the microfluidic-synthesized chitosan microparticles a promising potential for

future dye effluent treatment.
1. Introduction

Discharge of synthetic dyes in textiles, leather and paper
industries currently imposes a major threat on the environ-
ment.1 Dyes are stable, recalcitrant, colorant, and sometimes
carcinogenic and toxic. Their release into the environment
results in serious environmental, aesthetical and health issues.2

With respect to both number and production volume, azo dyes
are the largest group of colourants, constituting 70% of all
organic dyes produced in the world.3 Due to the existence of the
–N]N– chromophore group and the aromatic structure, they
are non-biodegradable and resistant to light and oxidizing
agents.4,5 Adsorption methods have been proven more advan-
tageous for azo dyestuff treatment as compared to various
physical, chemical, photochemical and biological methods,
owing to their high efficiency, economic feasibility and simple
operation.6–9 Recently, considerable attention has been directed
towards low-cost biosorbents due to their sustainable sources
and excellent biodegradable nature.10,11 Biological materials
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including peat, biomass, cellulose and chitosan are commonly
used biosorbents to concentrate and remove dyes from
solutions.12

Chitosan (CS), synthesized from chitin deacetylation, second
most abundant polysaccharide aer cellulose, has been the
subject of several studies due to its relevant physicochemical
properties with promising applications in antibacterial coatings
and adsorbents. Its high adsorption capability is provided by
the presence of several chelating groups including primary and
secondary hydroxyl groups as well as highly reactive amino-
groups.13 Combined with special characteristics such as
biocompatibility, biodegradability and non-toxicity, chitosan
can provide a promising and competitive alternative as green
adsorbent for dyestuff wastewater treatment.14 Cross-linking
treatments are usually needed to stabilize chitosan forming
insoluble beads and/or particles with improved (bio)chemical
and mechanical resistance.15

Particle adsorption materials possess numerous applica-
tions in process equipment such as xed bed reactors, absorp-
tion columns, uidized beds and cyclone separators for
wastewater treatment,16–18 with advantages including cost-
effectiveness, simplicity in construction and adaptability to a
wide range of operating conditions. In these advanced process
designs, microparticles with controlled shapes, compartments,
nanostructures and size distributions are required to achieve
not only a high adsorption capacity but also improved process
efficiency and reliability. Most conventional methods for
particle synthesis have limitations to achieve a precise control
of size distribution. Therefore, microuidic-based platform
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Schematic drawing of the structure and dimension of micro-
fluidic chip (a) the chip in expanded view, (b) the chip in assembly view
and (c) the partial enlarged view of the flow-focusing junction.
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with its intrinsic feature in high degree of product control can
provide a novel approach towards the synthesis of advanced
emulsion-based templates and/or microparticles.19,20 Micro-
uidics have already proven useful in applications related to
bio-technologies, diagnostics, drug encapsulation and
controlled release.21,22 Yet, little or no attempts have been
considered to develop microuidic-synthesised materials for
large-scale industrial processes including wastewater treat-
ment, probably due to the high costs and limited production
capacity associated with microuidic methods. Recent break-
throughs in microreactors and their scale-up/integration tech-
nologies have nevertheless allowed an additional exibility and
further opportunities for future large-scale application of
microuidic-synthesized materials.21,23 Fundamental research
is consequently highly demanded to ll the gap by exploring the
possibilities and potential benets of using microuidic
synthesized materials in large-scale industrial processes.

Few attempts have been reported to date in order to produce
chitosan microparticles under microuidics,24–26 with these
investigations mostly limited to the development and control of
various chitosan particle structures. No investigations have
been conducted to utilize chitosan microparticles in applica-
tions related to dye adsorption and/or detailed adsorption
characterization studies. In this study, we have developed a
simple, reproducible and high performing microuidics
approach combining crosslinking methods towards the design
of chitosan microparticles as a model azo dye (MO) adsorption
materials. As-prepared particles show a narrow size distribution
(CV ¼ 1.86%) while exhibiting high performance (adsorption
capacity ¼ 182 mg g�1). The mechanism of adsorption was also
claried and the adsorption isotherm could be well described
by the Langmuir model, with adsorption kinetics following a
pseudo-second-order kinetic model.
2. Experimental
2.1 Materials

85% deacetylated chitosan (Haidebei Marine Bioengineering
Co., Ltd) was dissolved in acetic acid (Jingchun Biochemical
Technology Co., Ltd), forming an aqueous solution, which
serves as dispersed phase. The solution was stirred overnight
and utilised aer several ltrations and vacuum degassing. An
emulsier, Span 80, was added as in continuous phase for the
stabilization of chitosan droplets. The continuous phase was
made from Span 80 dissolved in a mixture of liquid paraffin and
petroleum ether with volume ratio of 7 : 5 (all from Jingchun
Biochemical Technology Co., Ltd). Glutaraldehyde Saturated
Toluene (GST, Jingchun Biochemical Technology Co., Ltd) was
used as cross-linking reagent for solidication. All reagents
were of analytical grade and used as received. Deionized
distilled water was used throughout the experiments.
2.2 Design and fabrication of a microuidic system

The microuidic ow-focusing chip (55 mm � 35 mm � 3 mm)
was curved on 1 mm PMMA plate with a Laser Microfabrication
Machine (Universal VLS2.30). The chip comprises three layers
This journal is © The Royal Society of Chemistry 2015
(Fig. 1a and b) which are, from top to bottom, the cover layer
(containing three inlet orices holes), the main layer (contain-
ing the ow-focusing junction) and the bottom layer (contain-
ing one outlet orices hole). The channel width at the ow-
focusing junction is 500 mm and the broadened channel
expands to 2 mm to reduce pressure resistance and facilitate in
situ observation (Fig. 1c). The three layers were sealed with hot-
pressing bonding, thus forming the enclosed microchannels
with a certain degree of strength and minimizing deformation
and leakage. Single-channel syringe pumps (Longer LSP01-1A)
were used to pump the dispersed phase and a dual-channel
syringe pump (Longer LSP01-1B) was used to pump the
continuous phase. The pumps were connected to the chip with
Teon tubes. When the emulsion was formed, it was led and
collected in a container on a shaker where it will further be
solidied upon cross-linking. The overview of the experimental
system as well the cross-linking process is shown in Fig. 2.
2.3 Formation of monodispersed chitosan microspheres

To prepare monodispersed chitosan microspheres, an aqueous
solution containing 2.0 wt% chitosan and 2.0 wt% acetic acid
was injected into the central channel, while 4.0 wt% Span 80
liquid paraffin and petroleum mixed solution was injected into
the side channels. When reaching the ow-focusing geometry,
the dispersed phase immediately breaks up into droplets by the
shear force of the continuous phase as shown in Fig. 3. Chitosan
droplets were subsequently solidied under Schiff's base reac-
tion by adding the cross-linking agent (glutaraldehyde). Chito-
san microspheres were eventually washed several times with
ethanol, acetone and then deionized water to remove the
remaining impurities on the particle surface, before drying at
40 �C for 12 h.
2.4 Analysis and characterization of microspheres

The droplets and microspheres were observed with an optical
microscope (OLYMPUS SZX7) and on-line high-speed CCD (IDT
Motion XtraNX4) with a frequency of 200 images per second.
RSC Adv., 2015, 5, 78352–78360 | 78353
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Fig. 2 Overview of the microfluidic system and cross-linking process: (a) microfluidic system, (b) sketch figure of cross-linking process and (c)
schematic representation of the cross-linking process.

Fig. 3 Time-serial images of the generation of chitosan micro-emulsions including (a) chitosan solution flow, (b) primary droplet and thinned
thread, (c) chitosan droplet and (d) overall representation of the formation of emulsions.
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Particle monodispersity was dened using coefficients of vari-
ation (CV). 300 particles were measured each time in this
experiment. Lower CV values indicate narrower microsphere
size distributions. SEM (JEOL JSM-6380LV) was also employed
to observe more detailed structures of the particles.

CV ¼

 XN
i¼1

ðDi �DnÞ2
ðN � 1Þ

!1
2

Dn

� 100% (1)

2.5 Batch adsorption experiments

Amethyl orange (MO) stock solution (1.0 g L�1) was rst prepared
and further diluted to desired MO concentrations. For each
78354 | RSC Adv., 2015, 5, 78352–78360
adsorption experiment, 30 mL of the dye solution with a specied
concentration was prepared and a certain amount of chitosan
microspheres were added. The adsorption experiments were
carried out in a mini-shaker (Mei Xiang Instrument, KR-B, oscil-
lation frequency 800 min�1, and vibration amplitude 8 mm) at
constant temperature under continuous shaking. At given time
intervals, upper samples were withdrawn by a pipette and
centrifuged. The residual concentration was then determined
from a constructed calibration curve by measuring the absor-
bance at 465 nm using UV-Vis (Xin Mao Instrument, UV-7502). It
should be noted that the calibration curves under different pH
conditions (pH ¼ 2.9, 5.0, 6.8, 9.0, 11.0) were measured and used
separately to avoid any inuence from the pH variation.

Adsorption properties were measured by varying adsorbent
dosage, the initial concentration of MO and pH. Original
This journal is © The Royal Society of Chemistry 2015
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parameters used for this study included adsorbent dosage 5 mg,
40 mg L�1 initial concentration of MO and pH 6.84 of MO
solution (pH value of MO in DI water) at 298 K (room temper-
ature) as initial conditions. These values were carefully chosen
aer several pilot experiments and acted as conditional control
group (CCG). Under pH parameter experiments, solutions were
adjusted to a desired value by adding 0.1 mol L�1 NaOH or HCl
solution, and pHs were measured with a pH meter (Aolilong,
AOLL-01).

The adsorption capacity (qt) and adsorption efficiency (h) was
calculated according to the following equations:

qt ¼ ðC0 � CtÞ V
M

(2)

h ð%Þ ¼ ðC0 � CtÞ
C0

� 100% (3)

where C0 is the initial concentration of MO (mg L�1), Ct (mg L�1)
is the instant concentration of MO at a predetermined time t. V
(mL) is the volume of solution and M (mg) is the adsorbent
weight. The time interval was set aer the adsorption–desorp-
tion equilibrium was reached.

Each experiment is replicated 3 to 8 times and the standard
deviation for each group of data is found to be under 2%.

2.6 Desorption experiments

In desorption study, 5 mg chitosan microspheres was added to
30 mL MO solution with initial concentration of 40 mg L�1.
Fig. 4 (a) Micrograph image of chitosan microspheres, (b) size distributio
and (d) SEM image of chitosan microspheres.

This journal is © The Royal Society of Chemistry 2015
Aer 10 h, the MO-loaded absorbent was collected, quickly
rinsed with deionized water, and stirred for 6 h in 30 mL of 2
mol L�1 NaCl and 0.5 mol L�1 NaOH solution. The amount of
regeneration MO and the corresponding desorption rate of the
material were analyzed and calculated in the same way as that in
the adsorption experiments. To test the reusability of the
adsorbent, this adsorption/desorption cycle was repeated ve
times.

3. Results and discussion
3.1 Size and monodispersity control of chitosan
microspheres

As-prepared microspheres have been depicted in Fig. 4a, clearly
illustrating a remarkable size uniformity and sphericity could
be achieved for synthesized chitosan microspheres under
microuidics. Further measurements demonstrated the high
monodispersity in as-synthesized materials (CV ¼ 1.86%,
Fig. 4b), considerably lower to that of microparticles synthe-
sized using conventional methods including stirring (CV > 10%)
and membrane methods (CV � 10%). The monodispersity of
the material can provide a high degree of control at the process
level, which is signicantly important in large-scale industrial
applications, particularly for uidized bed and cyclone separa-
tors.27,28 Fig. 4c shows a digital photo of chitosan microspheres
in water solution, indicating that particles are insoluble in water
and can be homogeneously dispersed in aqueous solutions.
SEM images of chitosan microspheres (Fig. 4d) also pointed out
n of chitosan microspheres, (c) photograph of chitosan microspheres

RSC Adv., 2015, 5, 78352–78360 | 78355
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Fig. 5 Effects of continuous phase flow rate Qc and dispersed phase
flow rate Qd on microsphere diameter Dav.
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a homogeneous and reproducible spherical geometry and
surface smoothness of particles. Glutaraldehyde was uniformly
available to cross-link the surface of the droplets due to the
solubility of toluene in liquid paraffin.

The effect of continuous/dispersed phase ow rates on the
size control of chitosan microspheres was subsequently studied
as shown in Fig. 5. The diameter of chitosan microspheres was
found to decrease with an increase in the ow rate of the
continuous phase (Qc), while synchronized with the change in
ow rate of the dispersed phase (Qd). These ndings pointed out
Fig. 6 (a) Effect of adsorbent dosage on MO removal adsorption efficie

Fig. 7 (a) Effect of initial concentration on MO removal adsorption effic

78356 | RSC Adv., 2015, 5, 78352–78360
that the size of chitosan microspheres can be easily controlled in
a wide range (e.g., in our experiment, from 1002 mm to 735 mm).
3.2 Adsorption experiment studies

3.2.1 Effect of adsorbent dosage. Adsorbent dosage is an
important parameter in wastewater treatment processes as this
factor determines the capacity of an adsorbent for a given initial
concentration of the adsorbate.29 Fig. 6a illustrates the effect of
chitosan microspheres dosage on adsorption efficiency of MO
solution. MO adsorption efficiency increased from 15 to >95%
with a slight increasing of adsorbent dosage (from 1 to 7 mg).
Available adsorption sites obviously increase with an increase in
the adsorbent dosage, which consequently result in the increase
of the amount of adsorbed dye. The adsorption capacity was
comparatively reduced as the adsorbent dosage increased. The
amount adsorbed per unitmass ofMOdecreased from182mg g�1

to 158 mg g�1 with increasing adsorbent dosage (as shown in
Fig. 6b), which can be attributed to the increase of unsaturated
adsorption active sites during the adsorption process.30

3.2.2 Effect of initial MO concentration. The effect of initial
MO concentration on adsorption efficiency is depicted in
Fig. 7a. A rapid initial adsorption of MO took place within the
rst 220 min, aer which the adsorption slowed down and
nally reached equilibrium aer 10 h. MO adsorption efficiency
tended to decrease from 89 to 49% when increasing the initial
dye concentration from 20 to 60 mg L�1. Fig. 7b shows the effect
of initial concentration on MO adsorption capacity. The
ncy, (b) effect of adsorbent dosage on MO adsorption capacity.

iency, (b) effect of initial concentration on MO adsorption capacity.

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 (a) Effect of pH on MO removal adsorption efficiency, (b) effect of pH on MO adsorption capacity.
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adsorption uptake of MO was improved from 107 mg g�1 to 175
mg g�1, with the increase in initial concentration. The higher
performance at more concentrated dye solution can be attrib-
uted to an increase of mass gradient between the solution and
adsorbent, which acts as a driving force to transfer dye mole-
cules from bulk solution to the particle surface.31

3.2.3 Effect of pH. The pH of the dye solution affects the
surface charge of the adsorbent, the degree of ionization of the
materials, the dissociation of functional groups on the active
sites of the adsorbent and eventually structure of the dye
molecule.32 The adsorption efficiency of MO at different pH
values is plotted in Fig. 8. The pKa value for MO is 3.4. To avoid
the pH effect on the accuracy of MO concentration determina-
tion, the UV-Vis curves under different pH conditions (pH¼ 2.9,
5.0, 6.8, 9.0, 11.0) were measured and used separately. We also
measured the pH value aer the adsorption experiment, and the
variations of pH were lower than �0.1. The result showed that
an increase in pH from 3.0 to 11.0 remarkably reduced MO
adsorption efficiency from 83 to 11% (as shown in Fig. 8a) while
MO adsorption capacity decreased from 201mg g�1 to 26mg g�1

(as shown in Fig. 8b). These results indicated that an acid
environment can be more favorable for chitosan microparticles
functioning as dye adsorbent. Chitosan has a positively charged
surface below pH 6.5 (point of zero potential).33 In acidic
Fig. 9 (a) Freundlich and Langmuir adsorption isotherms for MO adsorpti
25 �C (equilibration time ¼ 10 h; from left to right: C0 ¼ 10, 20, 30, 40,

This journal is © The Royal Society of Chemistry 2015
solution, amino groups (–NH2) present in chitosan can be easily
protonated. As a result, the electrostatic interactions between
MO anions and positively-charged chitosan surfaces can be
enhanced.30,34 Furthermore, the lower adsorption capacity
observed under alkaline solutions can be also attributed to the
presence of excessive hydroxyl ions, which competed with MO
molecules for the adsorption sites.35

3.3 Adsorption isotherms

To describe the adsorption process and investigate adsorption
mechanisms, two well-known models (Langmuir and Freund-
lich isotherms) were selected to correlate chitosan–dye inter-
actions in this study. Langmuir's adsorption model depends on
the assumption that intermolecular forces rapidly decrease with
distance and consequently predicts the existence of monolayer
coverage of the adsorbate at the outer surface of the adsorbent.
The isotherm equation further assumes that adsorption takes
place at specic homogeneous sites within the adsorbent. Once
a dye molecule occupies a site, no further adsorption can take
place at that site.36 The Langmuir isotherm model can be rep-
resented as:

qe ¼ KLqmCe

1þ KLCe

(4)
on, and (b) digital photos of dye adsorption by chitosanmicrospheres at
50, 60, 70, 80 mg L�1).

RSC Adv., 2015, 5, 78352–78360 | 78357
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Table 1 Isotherm parameters for MO adsorption

Freundlich constants Langmuir constants

KF (mg
g�1) (L mg�1)1/n n R2 KL (L g�1) qm (mg g�1) R2

92.569 5.395 0.928 0.754 181.462 0.992

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
15

. D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

6:
20

:2
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
where Ce is the equilibrium concentration (mg L�1); qe is the
amount of dye adsorption at equilibrium (mg g�1), qm is for a
complete monolayer (mg g�1), which gives the maximum
adsorption capacity of adsorbent; and KL is the sorption equi-
librium constant (L mg�1).

Comparatively, the Freundlich isotherm model is valid for
multilayer adsorption on the surface of the adsorbent where
there is a possibility that the amount of dye being adsorbed on
the adsorbent surface is not constant at a given concentration.37

The Freundlich isotherm model can be represented as:

qe ¼ KFC
1/n
e (5)

where Ce is the equilibrium concentration (mg L�1); qe is the
amount of dye adsorption at equilibrium (mg g�1). KF and n are
Freundlich constants. n gives an indication of adsorption
intensity and KF (mg g�1 (L mg�1)1/n) is the adsorption capacity
of the adsorbent.

A general consensus has been made by comparing the
results among Langmuir, Freundlich and experimental data for
the adsorption of MO on chitosan microspheres. The compar-
isons have been summarized in Fig. 9 and Table 1. The calcu-
lations revealed that the equilibrium data showed a perfect
agreement with the Langmuir model with R2 ¼ 0.992, as
compared to the less tted Freundlich model (R2 ¼ 0.928). The
results suggest that once a MO molecule occupies homoge-
neous sites within the adsorbent surface, the adsorption is
completed and MO monolayers are consequently formed.38

From Langmuir adsorption isotherms, the maximum MO
adsorption capacities for chitosan microspheres were calcu-
lated to be 182 mg g�1, signicantly higher to those reported for
similar chitosan-based adsorption materials in literature (ca.
30–70 mg g�1) (Table 2). The superior capacity demonstrated in
this study may be attributed to the natural advantage of
microuidics for a high-degree of control in the production of
Table 2 Comparison of the adsorption capacity of chitosan micro-
spheres for the removal of MO with other chitosan based adsorbents

Adsorbent
qm
(mg g�1) pH Ref.

Maghemite/chitosan (lms) 29 6.0 39
Chitosan/alumina composite (ake) 33 6.0 40
g-Fe2O3/SiO2/CS
composite (irregular shape)

34 4.7 6

g-Fe2O3/MWCNTs/chitosan (powder) 60–66 6.5 41
Monodispersed chitosan
microparticles by this study

182 6.8 This
work
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microparticles, which lead to an increasing number of more
homogeneous adsorption sites together with an ideal cross-
linked surface, with respect to lm, ake or irregular shapes
present in similar adsorbent systems.
3.4 Adsorption kinetics

Kinetics models are generally employed to correlate adsorption
rates and equilibrium time. Through adsorption kinetics, the
mechanism for MO uptake rate and the residence time for the
adsorption process can be determined. Two of the most widely
used kinetic models, i.e. Lagergren-rst-order model, and
pseudo-second-order model were used to investigate the
adsorption kinetic behavior of MO onto chitosan microspheres.

Lagergren rst-order kinetics can be generally expressed as:

logðqe � qtÞ ¼ log qe � k1

2:303
� t (6)

where qe and qt are the amounts of adsorbed MO at equilibrium
and at time t, respectively, k1 is the rate constant. The value of
adsorption capacity, rate constant and correlation coefficient
(R2) are determined from the plot log(qe � qt) versus t.

The pseudo-second-order kinetics model is expressed using
the following equation:

t

qt
¼ 1

h
þ t

qe
(7)

where k2 is rate constant for pseudo-second-order model and h
¼ k2qe

2 is the initial adsorption rate of MO. The slope and
intercept of the plot t/qt versus t denotes the rate constant and
adsorption capacity, respectively.

Kinetic parameters were determined from linear plots of
log(qe � qt) versus t for the Lagergren-rst-order model, and t/qt
versus t for the pseudo-second-order model (shown in Fig. 10a
and b). All experimental data obtained was in better agreement
with pseudo-second-order kinetics in terms of higher correla-
tion coefficient values (R2) as shown in Fig. 10. In addition,
experimental qe values (qe,exp) also exhibited a better t with
calculated values (qe2,cal) obtained from the pseudo-second-
order kinetic model. Both results suggested that the adsorp-
tion behavior of MO onto chitosan microspheres follows
pseudo-second-order kinetics (R2 > 0.99) rather than rst-order,
indicating that the chemisorptions step is the rate-limiting step
of the adsorption mechanism, with mass transfers in solution
being less relevant to overall adsorption rates.31 Similar kinetic
results were found for MO on various adsorbents previously
reported by other researchers.6,41
3.5 Material regeneration capability

We have also studied the material regeneration capability to
provide indications for possible future solutions for the spent
sorbent. Fig. 11 shows MO recovery performance by potting the
adsorption rate (%) aer successive adsorption/desorption
cycles. A mixture of NaCl and NaOH was used as desorption
agent in each batch. Our material demonstrated a considerable
regenerative property, as around 85% of the adsorbed dye can
be desorbed, indicating same percentage of adsorption capacity
This journal is © The Royal Society of Chemistry 2015
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Fig. 10 Kinetic models for MO adsorption for different initial MO concentrations: (a) Lagergren-first-order model and (b) pseudo-second-order
model.

Fig. 11 MOadsorption (%) for five adsorption (Ai)/desorption (Di) cycles.
Adsorbent dosage 5mg, initial concentration of MOwas 40mg L�1 and
pH 6.8.
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being recovered aer each cycle. A part of the MO dye (about 15–
16%) remained adsorbed on the surface of adsorbent leading to
the reduced adsorption capacity of the particle material.42 In
addition, the adsorption capacity of the adsorbent show a slight
decrease (<10%) aer 5 adsorption–desorption cycles. There-
fore, further improvement of the material regeneration capacity
is highly desired by better material design.

In addition to that, more solutions for the treatment of spent
sorbent can be proposed. Firstly, because of the low cost nature of
the raw material, the sorbent material is possible to be disposed
(e.g. burned or naturally degraded) aer use, as long as the total
production cost of the material can be kept under acceptable
level. Secondly, with the advantage of microuidic platform,
more advancedmaterials, such as core–shell particles integrating
adsorption–photocatalysis functions, can be designed and
fabricated for in situ degradation of the dye and other organics.
These researches are currently undergoing in our lab.

4. Conclusions

Microuidics has been successfully utilized to design high
performing, reproducible and highly monodispersed chitosan
microparticles with unprecedented adsorption properties for
dyes. Aiming to develop advanced and efficient materials for dye
This journal is © The Royal Society of Chemistry 2015
wastewater treatment, chitosan microparticles synthesized
under microuidics integrating crosslinking methods exhibited
an excellent monodispersity (CV ¼ 1.86%) together with a high
adsorption capacity (182 mg g�1) for MO adsorption. This
demonstrated benets of using microuidic synthesized
materials in dyestuff wastewater treatment opens up a new
direction for future efforts in both material synthesis and
alternative industrial process development for large-scale
applications of advanced micro-materials.
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