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Abstract: Novel porous chitosan microspheres were successfully produced by a freezing- lyophiliza-
tion drying method in this study and were then used as adsorbents to remove a toxic iron metal,
hexavalent chromium (Cr(VI)). The effects of the concentration of the chitosan solution, syringe
diameter, and freezing time on the morphologies of porous chitosan microspheres were characterized.
The metal ion adsorption for Cr(VI) was also studied. Results showed that freezing chitosan hydrogel
beads at a temperature of −20 ◦C and subsequently lyophilizing the frozen structure allowed to
easily obtain the porous chitosan microspheres with rough surfaces and large pores, which were
more suitable for adsorption materials to remove metal ions. A chitosan solution concentration of 3%
(w/v) and a syringe diameter of 500 µm allowed the porous microspheres to have a good sphericity,
thinner pore walls, and small pore sizes. The adsorption capacity of porous chitosan microspheres for
Cr(VI) increased with the increase in freezing time. The pH of the initial adsorption solution ranged
from 3.0 to 5.0 and was beneficial to the maximum adsorption efficiency for Cr(VI). The porous
chitosan microspheres prepared with 3% (w/v) chitosan solution at −20 ◦C for a freezing time of 72 h
had a higher adsorption capacity of 945.2 mg/g for Cr(VI) than the those at 24-h and 48-h freezing
times. Kinetic study showed that the adsorption process could be described by a pseudo-second
order (PSO) kinetic model. The equilibrium adsorption rate constant and the adsorption amount at
equilibrium for the porous chitosan microspheres increased with an increase in the freezing time,
and those for the porous microspheres prepared with 3% chitosan solution at −20 ◦C for a 72-h
freezing time were 1.83 × 10−5 g mg−1 min−1 and 1070.5 mg g−1, respectively. The porous chitosan
microspheres have good potential to facilitate the separation and recycling of expensive and toxic
Cr(VI) from wastewater.

Keywords: freeze drying; chitosan microsphere; porous adsorbent; adsorption

1. Introduction

The treatment of industrial effluents has become a major concern of humanity, causing
extensive losses to society, ecology, and the economy. A major problem in addressing
industrial wastewater lies in the removal of heavy metals, which are not degradable
through bioaccumulation which occurs throughout the entire food chain, causing disorders,
poisoning and diseases [1]. Large amounts of chromium enter the environment through
various industrial effluents, such as chrome ore processing, metal surface treatment, leather
tanning, printing, and dyeing, existing in the form of trivalent chromium (Cr(III)) and
hexavalent chromium (Cr(VI)), and are easily absorbed and accumulated by humans, which
can enter drinking water-supply systems via corroding water pipes or containers, or enter
groundwater via landfills. Due to the different biological and chemical properties of Cr(III)
and Cr(VI), the toxicity of Cr(VI) is 100 times that of Cr(III), and Cr(VI) is carcinogenic
and mutagenic and can induce dermatitis [2]. The concentration of Cr(VI) in surface
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water should not exceed 0.05 mol/L according to United States Environmental Protection
Agency [3].

In the last decade, many removal methods for Cr(VI) compounds have been applied,
such as coagulation/flocculation [4], membrane treats [5], oxidation/reduction [6], ion
exchange [7], adsorption [8,9], and so on. However, the majority of these methods may
produce secondary pollution, non-degradable sludge compounds, and require a great
deal of capital [10]. Adsorption is simple, highly effective, cost-effective, and reusable
compared to other methods. Adsorbents are the key in the treatment of heavy metal
ion wastewater by adsorption. In particular, porous adsorption materials with a number
of grafted functional groups and that are exposed on the surface or mesopore channel
can allow more active groups to interact with pollutants and thus improve adsorption
capacity [9,10]. Therefore, adsorbents with more functional groups and a larger specific
surface area are a research direction for the development of the adsorption materials. Most
of the existing inorganic adsorbents have some disadvantages, such as a high cost, complex
preparation processes, small size, poor adsorption capacity, and poor recovery [11]. Due to
the advantages of having easily available raw materials, being renewable and non-toxic,
having a low cost, their biodegradability, as well as having diverse active groups and easy
modification, natural polymer materials and their derivatives have been prepared using
green and environmentally friendly adsorption materials for the heavy metal ion treatment
of wastewater [11,12].

Chitosan is a natural-based polysaccharide with good compatibility, bio-functionality,
and degradability, obtained by chitin deacetylation, and is widely used in many fields,
such as medicine, food, chemical industry, cosmetics, metal extraction and recycling, water
treatment, and tissue engineering [4,13]. It has abundant active functional groups, amine
groups (-NH2), and hydroxyl groups (-OH), which have good affinity with several metal
ions [14]. Various forms of chitosan adsorbents have been used for Cr(VI) adsorption.
Chitosan gel beads and flakes have been used for Cr(VI) adsorption and exhibited a
distinguishable difference in terms of adsorption capacity [15,16], such as 34.4 mg/g of
chitosan wet beads and 156.2 mg/g of solid chitosan flakes, respectively [16]. Chitosan–
citric acid nanoparticles for the removal of chromium (VI) have the lower adsorption
capacity compared to those in other studies [17]. This was because chemical reagents
reacted with the active functional groups of chitosan and could reduce the adsorption
capacity of heavy metal ions, while the unreacted chemical required additional processing
and possessed potential toxicity [18–20].

Therefore, in order to improve the adsorption capacity of chitosan adsorbents, a chi-
tosan adsorbent with a high specific surface area structure was made. Porous chitosan
or chitosan-based materials were prepared through a freezing-drying method, which
was simple to operate and usually used non-toxic water as the pore-forming agent. Chi-
tosan/gelatin/Ag porous sponge compound was used as a wound healing material and
was prepared by freezing the mixture solution at −80 ◦C for 24 h and then freeze-drying
for 48 h [21]. To form a porous scaffold for tissue engineering, a chitosan-poly(vinyl
alcohol)-methylcellulose mixture was refrigerated at 4 ◦C, frozen at −20 ◦C in a deep
freezer for 24 h and then placed in a lyophilizer at −40 ◦C until dried porous scaffolds
were obtained [22]. Chitosan/tricarboxylic acid composites with different concentration
ratios for tunable dye release were manufactured by freeze-drying a hydrogel mixture for
48 h and the pore shapes and sizes of the composites were related to the concentration
ratio [23]. Sundararajan et al. [24] produced porous chitosan scaffolds for tissue engineering
by controlling the freezing temperature of chitosan solutions; the porous chitosan scaf-
folds exhibited different exterior structures, pore shapes and sizes, and better mechanical
properties than non-porous chitosan materials. This research focused on chitosan porous
scaffolds or microspheres that were composited with other organic/inorganic materials
at lower freeze-drying temperatures. However, there are no reports regarding the use of
pure chitosan-based porous microspheres produced via a freezing–lyophilization drying
method at −20 ◦C as adsorbents to remove a toxic iron metal.
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The main aim of this work is to prepare chitosan porous microspheres without any
other materials using a freezing-drying process. Various factors, including the freezing
time and temperature, the diameter of the injection needle, and chitosan concentration,
were taken into consideration and the microspheres were characterized in terms of their
morphologies and FTIR. Finally, an adsorption test for Cr(VI) was carried out to estimate
whether the porous chitosan microspheres could serve as an effective adsorbent to remove
Cr(VI) compounds from wastewater.

2. Materials and Methods
2.1. Materials

Chitosan (degree of deacetylation of 88.0%, molecular weight of 161.16 kDa and vis-
cosity of 51 mPa·s; viscosity was measured by dissolving 10 g of chitosan in 1 g/mL glacial
acetic acid solution at 20 ◦C according to GB 29941-2013) was obtained from Sinopharm
Chemical Reagent Co. Ltd. (No. 20120330 China). NaOH, ethanol, K2Cr2O7, HCl and
acetic acid were purchased from Beijing Beihua Fine Chemicals Co., Ltd., (Beijing, China).
Materials were used without any further purification.

2.2. Preparation of Porous Chitosan Microspheres

Porous chitosan microspheres were prepared using a freeze-drying method [25].
Previously, homogeneous chitosan solution (1%, 2%, 3% w/v) was prepared by dissolving
chitosan powder in 0.2 M acetic acid, stirring for 12 h at 60 ◦C, and then vacuuming at room
temperature overnight to remove air bubbles. Next, chitosan hydrogel beads with a porous
structure were obtained by dripping the chitosan solution droplets into 100 mL of 1.0 M
NaOH aqueous solution using a syringe pump (LSP02-1B, Longer Precision Pump Co.,
Beijing, China) with microneedle diameters of 500 µm or 800 µm. The obtained hydrogel
beads were rinsed with distilled water until neutral and then subjected to pre-cooling and
freezing at −20 ◦C for different times (24 h, 48 h, 72 h), followed by being dehydrated
in a freeze dryer. The control group experiment was set to dehydrate directly in a freeze
dryer without freezing at −20 ◦C; that is, direct lyophilization without freezing. Freezing
temperature fixed at −20 ◦C and was based on previous works [22,25]. This temperature is
more energy-saving and can be much more easily achieved using a refrigerator that can
reach −20 ◦C, without the need for special devices.

2.3. Characterization of Porous Chitosan Microspheres
2.3.1. Scanning Electron Micrographs (SEM)

Scanning electron micrographs (SEM) of the surfaces and cross-sections of the porous
chitosan microspheres were observed using a Zeiss EVO 18 SEM (Zeiss, MERLIN Compact,
Germany). An accelerating potential of 20 kV was used and the samples were sputtered
with a Au layer before observation and then photographed.

2.3.2. Porosity Analysis

The porosities of the porous chitosan microspheres were measured using a liquid
displacement method according to Ren et al. [25]. The porous microspheres were dried to
a constant weight at 25 ◦C in a vacuum oven for 48 h. Then, the weighed dried chitosan
microspheres (Wd) were immersed in 10 mL of ethanol. After 10 min, the system underwent
application of a vacuum to force ethanol to penetrate into the pores of the porous chitosan
microspheres until no air bubbles emerged from the microspheres. Subsequently the
chitosan microspheres were removed from the ethanol and immediately transferred to a
weighing bottle; the masses of the wet chitosan microspheres were recorded as Ww, and the
volume (V) of the wet chitosan microspheres was obtained using a glass dilatometer. The
density of the porous chitosan microspheres (d), average pore volume (Vp) and porosity
(Pr) were calculated according to the following equations (Equations (1)–(3)).

d =
Wd

V − (Ww − Wd)/ρ
(1)
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Vp(mL/g) =
V − Wd/d

Wd
(2)

Pr(%) =
Vp

Vp + 1/d
(3)

where ρ is the density of ethanol at the test temperature (25 ◦C). The tests were performed
in triplicate for each sample.

2.3.3. Swelling and Acid–Base Resistance Experiment

The swelling behavior of the porous chitosan microspheres were tested by immersing
the dried microspheres (W0) into distilled water. Before measuring the weight of the
swollen microspheres (W1), the excess water on the surface of the samples was removed
using filter papers. The swelling degree was calculated using the following Equation (4):

Swelling degree = (W1 − W0)/W0 (4)

A similar acid–base resistance experiment was done to explore the dissolution rate of
microspheres in HCl or NaOH solution with different pH for 18 h at room temperature.
Briefly, the four groups of dry porous chitosan microspheres (Wd) were immersed in
solution and taken out and dried to obtain the mass (Ww). The related acid–base resistances
were calculated using Equation (5):

Acid-base resistance = Wd/Ww (5)

2.3.4. Fourier Transform Infrared Spectra (FTIR)

In order to study the adsorption mechanism of porous chitosan microspheres for
Cr(VI), Fourier transform infrared spectra (FTIR) of the chitosan powder and porous
chitosan microspheres (with or without Cr(VI)) were recorded using a FTIR spectrometer
(IRAffinity-1 spectrophotometer, Shimadzu, Japan) at a resolution of 4 cm−1 and 32 scans
in the range 500−4000 cm−1. The dry samples were ground with KBr and then pressed
into pellets.

2.3.5. Adsorption Kinetics Experiments

In this work, adsorption experiments were carried out to reveal the adsorption capacity
of porous chitosan microspheres, as well as the effects of contact time on the adsorption
capacity in a Cr(VI) solution at a certain pH value. Chitosan microspheres of 18 mg (m) were
immersed in 250 mL of Cr(VI) solution with an initial concentration (C0) of 235 mg/L by
dissolving a certain amount of K2Cr2O7 in deionized water. The mixture was then shaken
in a water-bath shaker at 120 rpm and 30 ◦C for different contact times. After certain time
periods (0, 15, 30, 45, 60, 90, 120, 180, 240, 360, 480 min), a constant volume of mixture (V)
was collected and the corresponding Cr(VI) concentrations were determined by analyzing
at 540 nm using a UV spectrophotometer (Ruili Analytical Instrument Company, Beijing,
China). The adsorption capacities of the porous chitosan microspheres were calculated
as follows:

qt =
C0V0 − Ct[V0 − (t − 1)V]− ∑i

1 CiV
m

(i = t − 1, i > 0) (6)

Ra =
C0 − Ct

C0
(7)

where qt (mg/g) is the amount of Cr(VI) on the mass of the microspheres at time t; C0
and Ct (mg/L) are the concentrations of Cr(VI) before adsorption and at contact time t,
respectively; t (min) is the contact time; V (mL) is the volume of the Cr(VI) solution taken
out for UV spectrophotometer analysis; m (g) is the mass of the microspheres; and Ra is the
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ratio of the adsorption. The adsorption data were fitted by adsorption kinetic models to
analyze the removal process and mechanisms.

2.4. Statistical Analysis

All experimental data are expressed as mean ± standard deviation. The differences
between factors and levels were evaluated using analysis of variance (ANOVA). Duncan’s
multiple range tests were used to compare the means to identify which groups were
significantly different from others. Statistical significance was set at p < 0.05.

3. Results
3.1. Porous Chitosan Microspheres Preparation

Preparation of the porous chitosan microspheres has two main processes, obtaining
the chitosan hydrogel beads and freezing–lyophilization of the beads, presented in Figure 1.
Chitosan, as a high polymer material, can be dissolved in acidic solutions but not in neutral
and alkaline solutions, which creates the opportunity for the preparation of the chitosan
hydrogel beads. Chitosan acid solutions were added dropwise into an alkaline NaOH
solution using a syringe. Because of acid–base neutralization, the chitosan droplets remain
round without dissolution. After being hardened in alkaline solution, chitosan hydrogel
beads with microsphere shapes were obtained. In this procedure, the diameters of the
chitosan hydrogel beads mainly depended on the size of the syringe needle. Thus, in this
work, two syringe needles of different sizes were used.
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Figure 1. The generation process of the porous chitosan microspheres.

The porous chitosan microspheres were prepared by first freezing the chitosan hydro-
gel beads and then drying them. When the chitosan hydrogel, a mixture of the chitosan
molecule chain and water, was placed at a low temperature under the crystallization point
of water, the chitosan chains were squeezed into the gaps of the ice crystals. At that
time, non-toxic ice crystals played the role of a pore-forming agent while chitosan was
the backbone. After the sublimation of ice crystals, porous chitosan microspheres with
abundant pores replaced the ice crystals in the microspheres were successfully prepared.
Interestingly, the factors that could affect the shape, quantity, crystallization degree, and
growth velocity of the solvent crystals included solvent concentrations and types, the
freezing temperature and methods, the drying method, and time, which could influence
the formation of the obtained porous materials of various morphologies [24–28]. In this
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study, the chitosan concentration, freezing methods, and drying time were the focus for the
preparation of porous chitosan microspheres.

3.2. The Morphology of Porous Chitosan Microspheres
3.2.1. Effect of the Freezing Drying Method

Figure 2 show the surface and sectional morphologies of the porous chitosan micro-
spheres prepared using microneedles with a diameter of 800 µm, and supported by two
types of freezing–drying methods, which were freezing temperatures being maintained at
−20 ◦C for 24 h followed by lyophilizing (called freezing and lyophilizing, Figure 2a,b) and
direct lyophilization without being frozen (Figure 2c,d). As shown in Figure 2a, when the
concentration of chitosan solution was 2% and drying method was freezing–lyophilizing,
chitosan microspheres were obtained, but the formed material exhibited a flat ellipsoid
structure. There was also a mountain-like fold tabular structure on the surface of the chi-
tosan material with a sponge-like stacked structure with plentiful gaps and a thin-walled
interior. When the chitosan concentration was 3%, stereosphere structures were formed
and traditional round pore-structures were found from the sectional morphologies of those
microspheres. The morphologies of the porous chitosan microspheres obtained by direct
lyophilization were quite different. Figure 2c,d shows a smooth and compact surface with a
few cracks and a porous internal structure. Specifically, a low-magnification SEM image of
the cross section revealed a highly concentrated internal structure with a few round pores,
while a high-magnification showed a few large pores scattered among a large number of
small pores with excellent connectivity.

It was noticed that forming a dense and smooth surface and small pores in the
interior of the chitosan microspheres was easier with direct lyophilization, while forming
chitosan microspheres with rough surface structures and large pores, which were more
suitable for the adsorption of materials to treat wastewater was easier by first freezing then
lyophilizing [25]. These phenomena could be due to the fact that = ice crystals were formed
during the freezing–drying process [25]. The water was frozen at sub-zero temperatures,
and ice nucleuses were produced and then grew into ice crystals, which squeezed the
chitosan chains into ice-crystal gaps. After the sublimation of ice, specific sponge-like
structures are formed. There was no accumulation of chitosan nor obvious pores, which
was because the ice crystal nucleation rate and growth rate were functions of both the heat
and mass transfer rates [24,28]. In other word, when the chitosan content was constant,
the lower the temperature was, the faster the heat transfer rate was, and the more ice
nuclei there were. Porous chitosan-based microspheres had relatively larger pores when
the freezing temperature was higher according to previous studies [21–25]. For example,
gelatin/chitosan/Ag porous sponge compound prepared by freezing at −80 ◦C for 24 h
had a dense pore structure with a pore size of about 100–250 µm [21]. The pore diameter
of chitosan-poly(vinyl alcohol)-methylcellulose porous scaffolds fabricated by freezing
at −20 ◦C for 24 h, however, was in the range of 200–500 µm [22]. In this work, the
temperature of −20 ◦C was not sufficiently cold to produce enough ice crystal nuclei, so the
few ice crystals that formed did not interfere with other crystals’ growth and had enough
space to grow into flakes. Larger pores appeared when the chitosan concentration was
3% (w/v), as shown in Figure 3a, which was due to the increase in chitosan concentration,
resulting in an increase of ice crystal nuclei. This finding was consistent with previous
results [24,25,28,29].
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On the other hand, direct lyophilization without freezing resulted in a compact and
cumulate structure, which was due to the fact that no ice crystals were separated by self-
crosslinking or the aggregated chitosan chain. After the evaporation of water droplets, a
large number of stacked structures with small pores remained. The thinner wall of the
pores facilitated the exposure of more chitosan chains, which was the purpose of this study.
Therefore, the freezing method with a freezing temperature of −20 ◦C was used in the
next experiment.
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3.2.2. Effect of the Concentration of Chitosan Solution

In order to determine the optimal concentration of the chitosan solution for the porous
microspheres, the morphological structures of the microspheres fabricated using various
concentrations of chitosan solution (1%, 2% and 3%, w/v) with the freezing temperature
kept at −20 ◦C for 24 h followed by lyophilization are shown in Figure 3. It can be seen
from Figure 3a that a stack of sheet-like structures, distributed throughout the aspherical
architecture, was formed when the concentration of the chitosan solution was 1%. When
the concentration was increased to 2%, a shriveled sphere with fibrous spines on the
surface with irregular pores in the interior was prepared, as shown in Figure 3b. When the
chitosan concentration was increased to 3%, on the one hand, porous structures with a good
spherical shape were formed and dense and smooth microporous membranes appeared
on the surface of the microsphere (Figure 3c). On the other hand, abundant round pores
with a high degree of interconnectivity were distributed in the interior of microspheres,
as shown in the cross section of the morphological structure (Figure 3c); the sizes of the
inner pores were notably smaller than those of the chitosan microspheres prepared with
2% chitosan solution.
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Obviously, chitosan concentration played an important role in the structure and
morphology of the porous microspheres. It was noticed that a higher chitosan concentration
resulted in a more compact structure and smaller pore sizes, both on the surface and the
inside of the chitosan microspheres, which was in accordance with the fact that the increased
difficulty for ice crystal formation was due to an increase in impurities and, in this case, the
impurity was chitosan [28]. This phenomenon could be explained by the balance of the
adsorption and desorption of a solute on the surface of an ice crystal significantly affected
ice crystal growth [27]. At the same time, with an increase in chitosan concentration, more
impurities tended to accumulate and adsorb on the surface of ice crystals, which hindered
the growth of ice crystals. As a result, more ice crystals were formed, and the ice crystals
became smaller and produced more dense pores. However, the low concentration of the
chitosan solution formed ice crystals with a large size though in small amounts, which
were connected with each other and grew into flakes and blocks, which increased the
preparation difficulty of spherical ice crystals. Consequently, chitosan solution with a high
concentration of 3% was chosen for further analysis.

3.2.3. Effect of the Syringe Diameter

Porous chitosan microspheres were prepared using two sizes of syringe needles
(diameters of 500 µm and 800 µm) and the effects of the syringe diameter on the morphology
of the chitosan microspheres are as shown in Figure 4. It can be seen from Figure 4 that there
were dense thin layers on the surface of the two kinds of chitosan porous microspheres,
and their internal porous structures were similar. However, Figure 4a shows that a better
spherical shape could be obtained with a syringe diameter of 500 µm, while an ellipsoid
was obtained using the syringe needle with a diameter of 800 µm, which might be due to
the fact that the volume of the chitosan solution droplet squeezed from the 800-µm syringe
was too large to form a spherical structure. Under the action of gravity, the movement
speed of the front part of the droplet with a larger volume was faster than that of the back
during the process of falling, thus forming an elliptical droplet. The large volume delayed
the counteracting effect of surface tension on gravity, prolonging the time to recover a
spherical shape. On the contrary, a small droplet could return to a spherical shape within
the dropping time. In theory, compared with the ellipsoid, the surface area of a sphere
could reach the maximum value in the case of the same volume of the droplet. Hence,
in order to obtain adsorption microspheres with large specific surface areas, the syringe
needle with a diameter of 500 µm was selected to prepare porous chitosan microspheres in
the following study.

3.2.4. Effect of the Freezing Time

The formation and distribution of ice crystals should be influenced by freezing time.
Therefore, the effect of freezing time on the morphological structures of porous chitosan
microspheres, obtained using various freezing times (24 h, 48 h and 72 h) with the chitosan
solution concentration kept constant at 3% (w/v) and using a 500-µm syringe needle,
were investigated. It can be seen from Figure 5 that the morphological structures of the
surface and the cross section of the chitosan microspheres prepared over different freezing
times were very different. With the increase in freezing time, the surface of the chitosan
microspheres gradually became rough and uneven; when the freezing time increased to
72 h, a “honeycomb-like” hexagonal pit structure with visible edges was formed. At the
same time, porous chitosan microspheres had a larger pore when the freezing time was
longer, as observed from the cross section structure. These might be explained by the fact
that, at the beginning of ice crystal formation, crystalline ice readily released itself from any
dissolved solute, in this case chitosan, which were concentrated in the empty areas where
the ice initially resided [28]. The ice grew larger and “pore pressure” is produced with the
increasing of freezing time [30], which caused chitosan to flow to the surface to form the
edge of the pit. This conjecture could be confirmed by thinner pore walls appearing in the
interior of the porous chitosan microsphere prepared by freezing for 72 h.
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Since the porous chitosan microspheres prepared with 3% (w/v) chitosan solution at a
freezing temperature of −20 ◦C (using a 500-µm syringe) had a good spherical structure,
the above conditions were taken as constants for further tests. Because of the electrostatic
interaction and chelation between active functional groups of chitosan and heavy metal
ions [31,32], the abundant pores and ultra-high specific surface area were more conducive
to the adsorption of heavy metal ions. The above results showed that a change in freezing
time caused great differences in the porosity and surface area of the porous chitosan
microspheres. The porosity of porous chitosan microspheres prepared at −20 ◦C for 24 h,
48 h, and 72 h were 23.14 ± 0.89%, 46.72 ± 1.20% and 64.15 ± 1.07%, respectively. Therefore,
in further adsorption experiments, the effect of freezing time on the adsorption activity of
the chitosan microspheres for Cr(VI) was investigated.

3.3. The Adsorption Properties of Porous Chitosan Microspheres
3.3.1. The Choice of pH of Initial Adsorption Solution

The pH level of waste water affects the adsorption capacity of an adsorbent in many
cases, which is ascribed to the fact that it can affect the surface charge of an adsorbent and
the degree of ionization and the nature of ions [33]. The main reason for the adsorption of
Cr(VI) ions on chitosan is the protonation of active sites on the surface of the microspheres.
This is to say, -NH2 is cationic into -NH3

+ and -NH2
+, which results in the differences in

Cr(VI) anion ion forms with significant removal differences. When the pH value was less
than 2, the chromium ion was converted into neutral H2CrO4, which could not be adsorbed
by the protonated sites on the surface of the adsorbent materials. When pH was about 3, a
change in the form of Cr(VI) resulted in a decrease in the adsorption capacity [34]. On the
contrary, when the pH value was higher than 5, dichromate ions were transformed into
monochromatic ions with the same charge; this is to say that both HCrO4

− and Cr2O7
2−

were transformed into CrO4
2−, resulting in a decrease in Cr(VI) absorption [35].
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Some other heavy metals, such as Pb(II) and Cd(II), may coexist with Cr(VI) in
industrial wastewater, and thus it is necessary to investigate the adsorption capacities of
chitosan porous microspheres for Cr(VI) in the presence of these coexisting ions. Due to the
presence of NH-C=O, -OH, -COH and -NH2 groups, porous chitosan microspheres showed
a higher affinity towards multivalent metals, but the pH of the initial adsorption solution
beneficial to the maximum adsorption efficiency for Pb(II), Cd(II) and Cr(VI) was different.
The adsorption capacities of Pb(II), Cd(II) and Cr(VI) were maximal at pH values of 6,
6, and 3, respectively. For Cr(VI) ion adsorption, the electrostatic attraction between the
positively charged microspheres (protonated amino and carboxylic groups of adsorbent at
lower pH values) and negatively charged HCrO4

− can result in the maximum absorption
of Cr(VI) ions.

In an alkaline medium, OH− ions occupied the active cites of the adsorbents, which
was not conducive to adsorption. For the removal of Cr(VI), the initial pH value was 4,
according to the report of Kousalya et al. [36], who reported that the predominant species
of chromium in acidic aqueous solutions were HCrO4

− and Cr2O7
2−, and the surfaces of

the adsorbents were highly protonated, which benefited the absorption of Cr(VI). Hence, a
pH range from 3.0 to 5.0 was beneficial to the maximum adsorption efficiency for Cr(VI),
and further adsorption experiments were carried out at pH 4.0. Meanwhile, the acid–base
resistance of porous chitosan microspheres at pH 4.0 was better than that at pH 3.0 and
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5.0. The acid–base resistance at pH 4.0 of porous chitosan microspheres prepared with 3%
chitosan solution at −20 ◦C for 24 h was 0.96 ± 0.01, while those at pH 3.0 and 5.0 were
0.91 ± 0.02 and 0.89 ± 0.01, respectively.

3.3.2. Effect of Freezing Time

According to Section 3.2.4, freezing time played an important role in the structure and
porosity of porous chitosan microspheres, which would influence the adsorption property
of porous chitosan microspheres for metal ions. Figure 6 shows the adsorption kinetic
curve of microspheres prepared with different freezing times (24 h, 48 h and 72 h) and
the initial Cr(VI) concentration was kept at 235 mg/L. It can be seen that the adsorption
capacity of the microspheres increased with the increase in freezing time. When the
freezing time is 72 h, the Cr(VI) adsorption capacity of the porous chitosan microspheres
reached 945.2 mg g−1 under adsorption equilibrium, which was higher than that of a 24-h
freezing time with a maximum adsorption capacity of 590.6 mg g−1 and a 48-h freezing
time with a maximum adsorption capacity of 723.6 mg g−1. These might be attributed
to the increase in freezing time resulting in thinner pore walls, higher porosities, and
larger specific surface areas of the microspheres, and more functional groups exposed
on the surface and in the interior of the chitosan microspheres, which would participate
in Cr(VI) adsorption. Compared with the chitosan-based adsorbents in the literature,
the maximum adsorption capacity of porous chitosan microspheres (945.2 mg g−1) in
present study was significantly higher than that of other chitosan-based adsorbents, such
as xanthated chitosan (625 mg g−1) [37], thiocarbamoyl chitosan (434.8 mg g−1) [38], alkyl-
substituted polyaniline/chitosan composites (229.8 mg g−1) [39], and wet chitosan beads
(only 1.292 mg g−1) [36]. The reason for this might be that the dry and porous chitosan
microspheres provided a lighter denominator in the formula calculation, and the special
preparation method facilitated active functional groups exposure and not being consumed
by other materials, such as crosslinking agents or plasticizers.
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On the other hand, adsorption time is an important factor that could reflect the
adsorption rate of an adsorbent at a certain adsorbate concentration [40]. As shown in
Figure 6, quick Cr(VI) adsorption processes took place in first 120, 120, and 180 min of
contact time for freezing times of 72, 48, and 24 h, respectively; the adsorption curves
then gradually reached equilibrium. This was related to the presence of more vacant
active sites of the chitosan microspheres and more free Cr(VI) ions in the beginning of
the adsorption process, which gave them more opportunities to combine with each other.
Otherwise, after a number of active sites and free Cr(VI) ions were combined, the ion
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concentrations and the amount of active sites decreased significantly and the intraparticle
diffusion of Cr(VI) limited the adsorption rate, resulting in a slow adsorption. When
the freezing times were 24 h and 48 h, the slopes of the adsorption kinetic curves of the
chitosan microspheres were smaller than those of the 72-h freezing time within 120 min
of contact time, but they were bigger after 120 min of contact time. These indicated that
the chitosan microspheres prepared by 72 h of freezing time were quicker to reach a stable
value relative to the maximum and had an excellent adsorption rates. All in all, preparation
of the porous chitosan microspheres for a freezing time of 72 h had a higher adsorption
capacity and adsorption rate for Cr(VI) than those of other freezing times. The swelling
degree of the porous chitosan microspheres prepared for 24 h, 48 h and 72 h freezing times
were 5.68 ± 0.11, 5.71 ± 0.13, and 5.72 ± 0.09, respectively. The porosity might be the main
influence on the adsorption properties of porous chitosan microspheres [25].

3.3.3. Adsorption Kinetic Analysis

The adsorption kinetics of Cr(VI) adsorption were carried out to investigate the ad-
sorption rate and mechanisms. The corresponding Cr(VI) removal data were obtained from
adsorption experiments for different contact times. The pseudo-first order (PFO) mecha-
nism from the Lagergren equation and the pseudo-second order (PSO) mechanism from
the Ho equation were the most adequate adsorption models for metal ion removal [41].
The PFO model was based on the fact that the adsorbates from the solution to the adsor-
bent surface was controlled by the surface diffusion step, and the PFO is expressed as
follows [42]:

ln(qe − qt) = ln(qe) − k1t (8)

where k1 is the equilibrium adsorption rate constant (min−1); qt and qe (mg g−1) are
the adsorption amount at contact time t and equilibrium, respectively. qe and k1 can be
calculated from the linear plots of ln(qe − qt) vs. t.

The PSO model was employed where the adsorption rate was determined by the
square of the amount of unoccupied adsorptive vacancies on the adsorbent surface, and
the process was controlled by a chemical adsorption mechanism. In other words, there was
electron pair sharing or transfer between the adsorbent and the adsorbate [43]. The rate
equation of the PSO can be described as follow [44]:

t/qt = 1/(k2qe
2) + t/qe (9)

where k2 is the equilibrium adsorption rate constant (g mg−1 min−1); qt and qe (mg g−1)
are the adsorption amount at contact time t and equilibrium, respectively. qe and k2 can be
calculated from the linear plots of ln t/qt vs. t.

Figure 7 shows the adsorption data of chitosan porous microspheres prepared with
different freezing times for PFO (Figure 7a) and PSO kinetics (Figure 7b). Correlation
coefficient r2 was used to test the validity of two models. The results are shown in Table 1,
and indicate that the PSO model was more suitable for Cr(VI) adsorption by the chitosan
microspheres than PFO, which was consistent with previous reports [34,41], where it was
reported that chemical adsorption controlled the Cr(VI) removal process and significant
sharing or exchange of electrons happened between the chitosan and Cr(VI) ions. In fact, the
active functional groups (-NH2) of chitosan adsorbed heavy metal ions by complexation and
electrostatic adsorption (which can be proven with the results of FTIR in Section 3.4) [45,46].
Moreover, qe (cal) values obtained by the PFO were closer to qe (exp) measured by the
experiment as opposed to the PSO, which was different from previous reports [34,35].
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Table 1. Cr(VI) adsorption kinetic parameters of the chitosan microspheres prepared over different
freezing times for PFO and PSO kinetics at a solution pH of 4.

Kinetic Model Parameters
Freezing Time of the Chitosan Microspheres

24 h 48 h 72 h

qe, exp (mg g−1) 590.6 723.6 945.2
Pseudo first order qe, cal (mg g−1) 581.7 708.12 937.8

k1 (min−1) 0.0111 0.0122 0.0155
r2 0.982 0.961 0.992

pseudo second order qe, cal (mg g−1) 701.3 847.9 1070.5
k2 (g mg−1

min−1)
0.0000176 0.0000165 0.0000183

r2 0.996 0.995 0.997

However, both the PFO model and PSO model were inadequate to reflect the main
controlling steps of the adsorbate moving from solutions to the solid adsorption surfaces,
including the outer surface and pore inner surface, of adsorbents. The controlling steps
generally include boundary-layer (film) or external diffusion, pore diffusion, interior
surface diffusion and surface adsorption process [47]. For example, the intra-particle
diffusion model was expressed where the amount adsorbed (qt) was proportional to the
square root of adsorption time t, which could indicate the main steps through fitting
experiment data. The equation was given by Weber and Morris as follow [44]:

qt = kwmt1/2 + C (10)
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where qt (mg g−1) is the adsorption amount at contact t; kwm (mg g−1 min−0.5) is the
intraparticle diffusion rate constant, and C represents the intercept of the plot qt vs. t0.5.
C represents the effect of the boundary layer. If the plot qt vs. t0.5 was a single straight
line across the origin (C = 0), the intra-particle diffusion is only controlled the adsorption
process. The multi-linear parts graph represented multiple steps participating in the
adsorption process.

Figure 8 demonstrates the plots qt vs. t0.5 of Cr(VI) removal amount versus t0.5.
Obviously, no straight line crossed the origin and the intra-particle diffusion plots of each
porous chitosan microsphere were divided into three linear regions with three different
slopes (kwm) and intercept value C. The first sharp part was for the boundary-layer (film)
diffusion and the second linear one was due to pore diffusion, while the third portion was
a steady section with interactions between the active site and Cr(VI) ions [34,47]. On the
other hand, no single line crossed the origin, indicating that many factors participated
in controlling the adsorption rate, but not the intra-particle diffusion. In this case, the
boundary-layer (film) diffusion rate, pore diffusion rate, interaction between the active
site and Cr(VI) ions, and the intra-particle diffusion rate, together, determined the overall
adsorption speed. In addition, the different deviations from the origin (different C values
in the graph for one type of microsphere prepared for the same freezing time) might
be attributed to the different Cr(VI) ion concentrations in the initial and final stages of
adsorption [47].
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Further, in the first linear region, the value of kwm increased with the increase in
freezing time (as shown in Table 2). The faster the diffusion rate of the boundary-layer
(film), the smaller the effect of boundary-layer. This may be related to the rough surface
(as shown in Figure 4), which influenced the diffusion ability of the surface liquid film.
In the slopes of the three parts of the plots, kwm gradually decreased, suggesting that the
first portion of boundary-layer (film) diffusion was the main factor controlling the Cr(VI)
adsorption reaction [47].
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Table 2. Intra-particle diffusion model for Cr(VI) adsorption by the chitosan microspheres prepared
by different freezing times at a solution pH of 4.

Intra-Particle Diffusion Parameters
Freezing Time of the Chitosan Microspheres

24 h 48 h 72 h

first step kwm (mg g−1 min−0.5) 40.85 46.67 80.46
C (mg g−1) 31.39 6.98 74.45

r2 0.993 0.996 0.998
second step kwm (mg/g min−0.5) 21.4 26.65 16.83

C (mg g−1) 188.01 229.87 631.87
r2 0.996 0.977 0.967

third step kwm (mg g−1 min−0.5) 0.62 4.31 1.55
C (mg g−1) 578.9 641.9 915.8

r2 1 1 1

3.4. Adsorption Mechanism

Figure 9 shows the FTIR spectra of powder chitosan, and porous chitosan micro-
spheres, before and after the adsorption of Cr(VI), to demonstrate the adsorption mech-
anisms. The major bands of the chitosan powder were assigned as follows (as shown in
Figure 9a): (1) an obvious and strong peak at the wavenumber region of 3370 cm−1 was
attributed to inter-molecular hydrogen bonding of chitosan, which was due to overlapping
between -NH2 and -OH stretching vibrations in the region of 3300–3500 cm−1 [48]; (2)
the peaks at 1660 cm−1,1600 cm−1 and 1380 cm−1 presented -CONH bending vibrations
of amide I, N-H bending vibration of amide I and -CH symmetric bending vibrations in
-CHOH- of amide III, respectively [40,49]. (3) The peak at 1080 cm−1 presented -CO stretch-
ing vibration in -COH [49]. After the chitosan powder was prepared as porous chitosan
microspheres, the intensity of the two peaks at 3370 cm−1 and 1080 cm−1 increased, which
was associated with forms of intermolecular and intra-molecular hydrogen bonds between
-OH, -COH and -NH2 due to the chitosan chains stretching for dissolution. In addition,
no other significant differences existed between the FTIR spectra of chitosan powder and
porous chitosan microspheres.
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However, significant changes in the FTIR spectra took place for the porous chitosan
microspheres before and after the adsorption of Cr(VI). Obviously, lower wavenumbers at
1640 cm−1 and 1550 cm−1 appeared in the FTIR spectra of the porous chitosan microspheres
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after the adsorption of Cr(VI), different from the peak at 1650 cm−1 assigned to -CONH
bending vibration and 1590 cm−1 assigned to N-H bending vibration, respectively. After
the adsorption of Cr(VI), the intensity and width of the peaks at 3400 cm−1 and 1080 cm−1

of the porous chitosan microspheres decreased and increased, respectively, which indicated
that the amino groups (-NH2), -COH, and hydroxyl groups (-OH) were adsorption active
sites participating in Cr(VI) adsorption [50]. In fact, the amine and hydroxy groups were
protonated to -NH3

+ and -OH2
+ with a positive charge in an acidic medium through

electrostatic attraction and complexation reactions to remove Cr(VI) ions [36]. In addition,
the presence of two new peaks at 935 cm−1 and 775 cm−1 appearing in the FTIR spectra of
the porous chitosan microspheres after Cr(VI) adsorption suggested that Cr(VI) ions were
adsorbed by the porous microspheres, possibly attributed to forms of Cr(OH)3.

The porous chitosan microspheres in this work can be regenerated. Through the
protonation of carboxylate groups under stronger acid conditions, the interaction between
carboxylate and Cr(III) could be easily weaken and Cr(III) was released from the adsorbent
into the desorbing medium. Cr(OH)3 was decomposed by the acid–base neutralization
effect, and subsequently porous chitosan microspheres can be reused as adsorbents for
metal ions adsorption.

4. Conclusions

Through the process of freezing–lyophilization, novel porous chitosan microspheres
were successfully prepared. A suitable freezing temperature of –20 ◦C, appropriate chitosan
concentration of 3% (w/v), and a needle diameter of 500 µm made microspheres with a
good sphericity, thinner pore walls, and smaller pore sizes. The increase in freezing time
resulted in an increase om Cr(VI) adsorption capacity. The chitosan microspheres prepared
with 3% (w/v) chitosan solution at –20 ◦C for 72 h had a higher adsorption capacity of
945.2 mg/g for Cr(VI) than those of 24-h and 48-h freezing times. The pH of the initial
adsorption solution ranged from 3.0 to 5.0 and was beneficial to the maximum adsorption
efficiency for Cr(VI). The results of the adsorption kinetics showed that the pseudo second
order model fitted the adsorption process well, and the adsorption rate was controlled
by multiple steps. The FTIR results suggested that the amine and hydroxy groups of the
chitosan microspheres were the main reason for the adsorption of Cr(VI). The obtain porous
chitosan microspheres may serve as promising adsorbents for wastewater treatment. In
addition, this work provided a simple and green means to prepare three-dimensional
porous chitosan microspheres, which could facilitate the use of adsorption materials for
additional potential applications.
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