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A B S T R A C T

Macroporous cryogels for capturing cisplatin were synthesized by cryogelation polymerization of methacrylic
acid and 2-hydroxyethyl metacrylate. The cryogel materials exhibited good mechanical property, high swelling
ratio and high affinity for cisplatin, with an adsorption capacity of up to 150 mg cisplatin per gram of cryogel.
The correlation between the capacity of the cryogel and the monomer composition in the material was in-
vestigated in this study. The physical and chemical properties of the cryogels were studied in detail using
scanning electron microscopy, textural analysis and infrared spectroscopy. The optimal cryogel can be reused for
at least 14 cycles of adsorption/desorption to remove cisplatin from water without noticeable reduction of
capacity. The experimental results suggest that the cryogel may be used as affinity adsorbents to remove cis-
platin from wastewater discharged from pharmaceutical manufacturers and hospitals.

1. Introduction

Cisplatin (cis-diammine-dichloroplatinum(II)) belongs to the cyto-
toxic drug category and has been used for cancer treatment for over
30 years [1]. Multiple mechanisms have been suggested for the complex
activities of this drug in the body. However, the critical mechanisms of
cisplatin are DNA damage and the associated DNA damage response
[2]. Although cisplatin is an effective cancer drug, it imposes a threat to
the ecosystem and human health due to its capability of direct and
uncontrolled damaging of DNA. In addition, the low biodegradability,
high toxicity and low selectivity for therapeutic targets make cisplatin
one of the most challenging drug contaminants in wastewater [3].
Today, cisplatin is considered as an emerging water contaminent and its
presence has already been recorded in surface water, hospital sewage
system and wastewater treatment plants in the range of ng/L to µg/L,
respectively [4–7]. Therefore, it is crucial to find an effective and
practical way to remove cisplatin from wastewater streams at the
sources e.g. hospitals and manufacturing plants before the drug enters
drinking water and food chain.

To tackle the problem of water contamination, different technolo-
gies based on (a) biological treatment, (b) physico-chemical separation,
and (c) advanced oxidation processes have been proposed for removal
of different cytotoxic drugs [8] such as membrane bioreactor (MBR)
[9,10], adsorbents based on powder or granular activated carbon

[11,12], membrane filtration [13,14], electrodialysis [15], ozonation
[16], catalytic oxidation [17], etc. MBR and electrodialysis have been
reported earlier for removing cisplatin from hospital wastewater ef-
fluent [10,18]. However, the efficiency of removal by MBR was re-
ported to reach only around 51–63% of total platinum. Besides, the
drug showed negative effects on the microbial community on the
membrane [19]. Although electrolysis showed higher removal effi-
ciency, its operational cost is considerably higher in comparison with
the other techniques [18]. Therefore, there is still a need for alternative
technology for removing cisplatin from the wastewater stream, which
has high efficiency yet being simple and inexpensive.

As one special type of macroporous hydrogel, cryogel is composed
of a polymer network with well-controlled macroporosity (with pore
sizes between 1 and 100 µm). The large pores in cryogels are formed
during cryogelation polymerization at sub-zero temperature. This
macroporous structure is stable at room temperature, and due to the
large porous structure, it enables efficient mass transfer [20]. In addi-
tion, the macrometers size of the interconnected channels allows the
passage of particulate-containing fluids such as wastewater at a high
flow rate with low back pressure [21–25]. These unique properties of
cryogel make it possible to realize direct removal and separation of a
target molecule from complex samples without any pre-treatment step.
In this study, a cryogel composed of methacrylic acid and 2-hydro-
xyethyl metacrylate was prepared for removing cisplatin from water
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samples. The cryogel was designed based on the physico-chemical ad-
sorption mechanism of cisplatin. The properties of the cryogel material
were studied, as well as its binding capacity towards cisplatin and the
regeneration of the cryogel after multiple rounds of adsorption/deso-
rption processes.

2. Material and methods

2.1. Material

Methacrylic acid (MAAc, 98.5%), 2-hydroxyethyl methacrylate
(HEMA, ≥99%), N,N’-methylenebisacrylamide (MBA, 99%), N,N,N′,N′-
tetramethyl ethylene diamine (TEMED, 99%), ammonium persulfate
(APS, ≥98.0%), sodium chloride (NaCl, ≥99.0%), sodium acetate
(NaAc, ≥99.0%) and acetic acid (HAc, ≥99.0%) were purchased from
Sigma-Aldrich and were used without further purification. Cisplatin
(raw material for the pharmaceutical industry produced in China) was
provided by the Center for Pharmaceutical Research and Development
of Cuba (CIDEM).

2.2. Synthesis of poly(HEMA-co-MAAc) cryogel

The cryogels were synthesized using methacrylic acid (MAAc) and
2-hydroxyethylmetacrylate (HEMA) and N,N'-methylenebisacrylamide
(MBA) as crosslinker by free radical polymerization. N,N,N′,N′-tetra-
methyl ethylene diamine (TEMED) and ammonium persulfate (APS)
were utilized as an activator and initiator, respectively. Different
monomer compositions were used to prepare the macroporous hydro-
gels (Tables 1 and S1), where the molar ratio between MAAc and HEMA
was varied from 0:10, 3:7, 4:6 to 5:5, and the molar ratio between
(MAAc + HEMA) and MBA was changed from 20:1 to 8:1, while the
total monomer concentration was kept at 10% (wt/v). The concentra-
tions of APS and TEMED were fixed at 2% (wt/wt) with respect to the
total monomers.

The monomers and the crosslinker were dissolved in water. The pH
of the mixture was adjusted to (6–7) by using 5 M sodium hydroxide
(NaOH) solution before adding the initiator. Then the mixture was
cooled in an ice bath while it was purged by a gentle stream of nitrogen
gas for 20 min. The APS solution (500 µL) was added to the mixture at
the final stage. Aliquots (0.5 mL) of the solution were transferred into
pre-cooled glass tubes (i.d. 7 mm) and frozen at −15 °C in a cryostat
overnight. Once the reaction was completed the tubes were defrosted at
room temperature. The cryogels were washed with distilled water
several times to remove the excess of un-reacted chemicals. All cryogels
were dried in an oven at 50 °C until constant weight. The cryogels that
only contain HEMA as the monomer was dried by freeze-drier.

2.3. Cryogel characterization

Polymerization yield for each cryogel was calculated based on the
equation below:

= ×Y W
W

(%) 1001

0 (1)

where W0 and W1 are theoretical weight and the dry weight of the
cryogels, respectively.

Scanning electron microscopy (SEM) was used to study the mor-
phology of the macroporous gels. The wet samples were cut into thin
discs (1–2 mm thick) and freeze-dried. The dried samples were sput-
tered with gold: platinum (40:60, 15 nm thickness) and inspected using
a JEOL JSM-80 5600 LV microscope (Tokyo, Japan).

Attenuated total reflection (ATR) infrared spectra were recorded at
room temperature on a Thermo Fisher-Scientific FT-IR instrument
(Thermo Fisher-Scientific Inc., Waltham, USA). All spectra were col-
lected in the 4000–500 cm−1 wavenumber region with a resolution of
4 cm−1 and with 16 scans.

To determine the swelling degree of the cryogels, dried cryogel was
weighed and immersed in distilled water and left for one hour at room
temperature to ensure complete swelling. Then it was removed from the
water and the excess surface water was removed by soaking with filter
paper before the swollen cryogel was weighted again. Three replica-
tions were made in each case. The swelling degree was calculated using
Eq. (2):

=S W W
Ww

2 1

1 (2)

where W1 and W2 are the weight of the dried and swollen cryogel,
respectively.

To study the mechanical stability of the gels, a texture analyzer
(XT2i, Stable Micro Systems, Godalming, England) was employed and
Exponent, v.5.0.9.0 software (Godalming, England) was used for the
data analysis. The cryogels were placed horizontally on a metal plate
and a 2 kg load cell was applied at a speed of 1 mm/s at room tem-
perature. The samples were compressed up to 70% of their original
height. Texture analyzing test was done in duplicate. The Young’s
elasticity modulus was calculated in the linear range (Eq. (3)):

= =E F A
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/
/

0
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where E is Young’s elasticity modulus (Pa), F is the force applied to the
object (N), A0 is the cross-sectional area on which the force is applied,
Δl is the change in length under the compression and l0 is the original
height of the object.

2.4. Batch adsorption experiments

For batch adsorption of cisplatin, a dried cryogel was weighted and
placed in a glass flask and hydrated with 0.5 mL of distilled water. Then
an appropriate volume of cisplatin solution was added to the flask (the
solid content of the sample was kept at 10 mg/mL). The flask was put
on a rocking table at room temperature for 24 h. The solution after
adsorption was measured by NanoPhotometer Pearl UV–Vis spectro-
photometer (Germany) at 300 nm wavelength to determine the re-
maining concentration of cisplatin in the solution. The amount of the
adsorbed drug on the gel was calculated by depletion method using Eq.
(4):

=
C C V

m
( )i eq

(4)

where Γ is the amount of cisplatin adsorbed (mg/g), Ci and Ceq are the
cisplatin initial and equilibrium concentration (mg/mL), respectively, V
is the volume of cisplatin solution (mL) put in contact with cryogel and
m is the weight of the cryogel (g).

The initial concentrations of cisplatin for the batch adsorption were
0.25, 0.5, 0.75, 1, 1.5 and 2 mg/mL. Each solution was prepared by
dilution of a 2 mg/mL cisplatin stock solution in distilled water. It
should be noted that the stock solution was prepared 3 days in advance
of the experiment in order to guarantee that the replacement of chloride
ligands by water is complete and no changes in the UV spectrum was to
take place. The cisplatin calibration curve was prepared from the same
stock solution and measured at the same time as the samples.

Kinetic adsorption was studied on a selected cryogel with two dif-
ferent concentrations of cisplatin (0.5 and 2 mg/mL). The cryogel was
left in contact with cisplatin solution for 1, 2, 4, 6, 8, 14, 20, 24, 30, 40
and 48 h before the unbound cisplatin in solution was measured as
described above.

2.5. Desorption experiments

Desorption experiments were carried out in different media to find
out the most effective solution to remove cisplatin from the cryogel.
After cisplatin adsorption, each cryogel was rinsed with distilled water
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(2 mL) to remove the cisplatin solution remained inside the cryogel’s
channels. Then the gel was put in a clean glass flask. Distilled water,
1 M NaCl, acetate buffer (0.1 M HAc, 0.005 M NaAc, pH 3.5) and 1 M
NaCl in the same acetate buffer were selected as desorption solutions.
The concentration and pH of the acetate buffer were kept constant
throughout all the experiments. An appropriate volume of desorption
solution (solid/liquid ratio at 10 mg/mL) was added to the cryogel, and
the sample was left on a rocking table at room temperature for 24 h.
The amount of desorbed cisplatin in the solution was measured with the
spectrophotometer at 300 nm wavelength. The cisplatin calibration
curve was prepared in respective to the medium in which the deso-
rption experiment was carried out.

2.6. Repetitive adsorption-desorption experiments

For repetitive adsorption-desorption process, the selected cryogel
was put in cisplatin solution (1 mg/mL) at a solid/liquid ratio of 10 mg/
mL and kept for 4 h at room temperature on a rocking table. After this,
the solution was collected and the concentration of cisplatin in solution
was measured. The cryogel was rinsed first with distilled water (2 mL)
and then treated with the desorption medium (2 mM NaOH or 1 M NaCl
in acetate buffer) while keeping the solid/liquid ratio at 10 mg/mL. The
experiment was carried out on the rocking table for 1 h at room tem-
perature. The desorbed cisplatin was measured with the spectro-
photometer. After the desorption step, the cryogel was rinsed with
distilled water (2 mL) before starting a new adsorption-desorption
cycle. The adsorption-desorption experiment was carried out in tripli-
cate independent samples.

3. Results and discussion

3.1. Synthesis and characterization of cryogels

The large and interconnected channels of the cryogels provide a
unique matrix for separation purposes when dealing with particulate-
containing fluids such as wastewater. In comparison with conventional
methods and materials such as filters and membranes, cryogels allow
the sample mixture to pass through the polymeric matrices with a low
back pressure without facing any fouling problem. Therefore, macro-
porous cryogels were selected as a potential material for removal of
cisplatin from wastewater streams. The water-soluble monomers were
selected based on their physico-chemical properties and possible mo-
lecular interactions with cisplatin, and their impacts on the architecture
and stability of the resulting cryogel.

The poly(MAAc-co-HEMA) cryogel shows good stability and me-
chanical strength at room temperature. Based on visual inspection, the
cryogels retained their physical forms after being dried, and do not
disintegrate during the swelling process. Almost all the cryogels have a
spongy texture except for the cryogel synthesized using only HEMA
monomer, which appeared gelatinous. Digital image of the dried and
fully swollen cryogel is presented in Fig. S1.

The yield of the cryogelation polymerization using different
monomer compositions is presented in Table 1. High polymerization
yield was obtained when the molar ratio of MAAc:HEMA was less than
5:5. No cryogel can be synthesized when the molar ratio of MAA-
c:HEMA is higher than 7:3. At high concentration, MAAc monomer is
known to form dimers through hydrogen bonds [26]. This is probably
the reason that caused the low yield of cryogel production. For the
effect of the crosslinker, a slightly higher yield was reached when the
amount of crosslinker was increased. This may be explained by the
higher probability of the monomers to be incorporated into a living
polymer chain [27].

The swelling degree and Young’s elasticity modulus for the cryogels
are presented in Table 1. In general, the swelling degree increases
gradually with the MAAc content in the cryogel, which is coherent with
the introduction of the ionizable carboxylic group in the cryogel. The

electrostatic repulsion between eCOO− groups at pH above its pKa

value (4.65) [28] increases the uptake of solvent into the polymer
network [29]. However, for the cryogels with MAAc: HEMA molar ratio
of 5:5 (cryogels C3 and C4), the swelling degree becomes lower, which
may be due to the fact that at high MAAc concentration the carboxylic
groups tend to interact via hydrogen bonds to form dimers [26]. The
swelling degree decreases slightly when the concentration of the
crosslinker increases. This is expected since there are more crosslinked
bridges between the polymer chains, making the polymeric network to
hold together more tightly [27]. Similar results have been reported by
Yarimkaya and Basan for poly(2-hydroxyethyl methacrylate-co-acrylic
acid-co-ammonium acrylate) hydrogels [30].

The elasticity modulus of the cryogels increases gradually when the
concentration of MAAc increases. In addition, higher crosslinker con-
centration also resulted in higher elasticity modulus. Therefore, in-
creasing the concentration of MAAc and the crosslinker strengthens the
mechanical properties of the cryogels.

The SEM images of the cryogels show clearly the macroporous
structure with evenly distributed pores separated by smooth and thin
walls (Fig. 1). The heterogeneous pore size distribution of the cryogels
was calculated between 10 and 100 µm based on the SEM images by
using Image J software. The exact size distribution of the pores of a
cryogel was analysed and reported elsewhere [31]. There were no
significant differences in the porous structures when the concentration
of the crosslinker was increased.

The IR spectra of the cryogels are presented in Fig. 2. The char-
acteristic bands of the functional groups are present: νOeH
(3400 cm−1), νCeH (2984–2882 cm−1), νC]O (1715 cm−1), νas COO−

(1556 cm−1), νCH2 (1485 cm−1), νs COO− (1390 cm−1), νCeO
(1255 cm−1), νCeO ester group (1160, 1076 cm−1) and ρCH2

(748 cm−1). The presence of the band from νas COO− indicates that the
carboxylic group is deprotonated. The increase in the relative intensity
of this band in sample C3 with respect to sample C7 is coherent with the
increase of the molar ratio of MAAc from 30% to 50%. However, in the
cryogel C1, the intensity of this band is lower, which may be related to
the formation of hydrogen bonds between neighboring carboxylic
groups when the amount of MAAc is increased. Note that the νC]O
band for this sample has a shift towards higher wavenumbers, which
supports the formation of hydrogen bonds.

3.2. Adsorption of cisplatin in the cryogels

Fig. 3A and B show the adsorption isotherms of cisplatin in the
obtained cryogels. The concentration of cisplatin was measured by
spectrophotometer at 300 nm wavelength (Ɛ300 = 95.2 M−1 cm−1).
The shape of the isotherm curves with a steep slope denoted a great
affinity of the adsorbents for cisplatin. The results show the importance
of the presence of MAAc for cisplatin adsorption. Based on the ad-
sorption isotherm of the HEMA-based cryogel, the capacity of the gel is
very low for cisplatin adsorption. Introducing MAAc monomer to the
HEMA cryogel increases the binding capacity noticeably. This result can
be explained by the formation of a stable complex between cisplatin
and the carboxyl group from MAAc, as has been reported previously
[32–34]. As can be seen from the steepest binding isotherms, saturation
binding cannot be measured due to the limited solubility of cisplatin in
water [35]. Fig. 3B also shows that increasing the amount of crosslinker
leads to a slight reduction of the cisplatin adsorption capacity (Fig. 3B).
This result may be explained by the higher rigidity and firmness of the
cryogel, which makes it more difficult for cisplatin molecules to diffuse
inside the gels.

Fig. 4 shows the adsorption of cisplatin as a function of time on
cryogel C3 for two different cisplatin concentrations. Cryogel C3 was
selected for the kinetic studies considering it’s physico-chemical prop-
erties and cisplatin binding capacity. The kinetic curves show a gradual
initial increase in the amount of cisplatin adsorbed as a function of
time, then a pseudo equilibrium is reached and later continue to
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Table 1
Synthesis of cryogels and characterization of physical properties.

Cryogel Molar ratio MAAc:HEMA Molar ratio (MAAc + HEMA):MBA Polimerization yield (%) Sw (g/g) E (kPa)

C1 7:3 20:1 36.0 N.A. N.A.
C2 8:1 52.6 N.A. N.A.

C3 5:5 20:1 95.2 24.6 ± 0.4 9.3 ± 1
C4 8:1 99.4 14.7 ± 1 15.6 ± 0.7

C5 4:6 20:1 81.0 26.2 ± 0.3 7.7 ± 0.5
C6 8:1 82.4 23.6 ± 0.5 9.7 ± 1

C7 3:7 20:1 93.7 21.4 ± 0.3 3.9 ± 0.1
C8 8:1 99.9 20.4 ± 0.3 10.5 ± 1

C9 0:10 20:1 95.6 12.1 ± 0.9 3.3 ± 0.2
C10 8:1 92.2 11.2 ± 0.3 5.2 ± 0.6

Fig. 1. SEM images of the cryogels at different magnifications. (A) Cryogel C3; (B) Cryogel C4. Images (a, a′) and (b, b′) are the image (A) and the image (B) at higher
magnifications, respectively. The scale bars show 100, 10 and 1 µm, respectively.
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increase until reaching equilibrium at 24 and 48 h, for initial cisplatin
concentrations of 0.5 and 2 mg/mL, respectively. The two-step satura-
tion curve may be explained by the special cisplatin adsorption process.
The first saturation occurs (ca 8 h and 20 h for initial concentrations at
0.5 and 2 mg/mL, respectively) on the surface of the cryogels where the
mass transfer is high between the available carboxcylic groups on the
surface of the cryogel and the free cisplatin. The second adsorption step
is when the cisplatin molecules migrate from the surface to the interior
of the hydrogel network through diffusion. The second step is slower
and takes a longer time to reach equilibrium even though cisplatin is a
small molecule (molecular weight 301 g/mol [36]).

To analyze the adsorption kinetic isotherm, different models were
tested e.g. pseudo first order model [37], pseudo second order model
[38], Elovich’s equation [39] and intra-particle diffusion model [40].
The mathematical expressions of each model are summarized in Table
S2, while the results of the fitting are presented in Fig. 5 and Table 2.

The pseudo first and pseudo second order kinetic models are the
most widely used to describe the adsorption of a solute from a liquid
solution [41]. In our case, comparison of the correlation coefficients
obtained from the fitting with the two models for two different cisplatin
concentrations (R2 = 0.91 and 0.97 for pseudo first order, and
R2 = 0.94 and 0.98 for pseudo second order) indicates that the pseudo

second order model describes the sorption data better. However, the
sorption capacity predicted by this model is far from the experimental
value for cisplatin concentration of 0.5 and 2 mg/mL (Table 2).

Elovich’s equation based on chemisorption was established by
Zeldowitsch [39] and has been used to describe the adsorption of gases
on solid systems [42,43] and the adsorption process of pollutants from
aqueous solutions [44,45]. This model was considered here due to the
formation of complexes between cisplatin and the carboxyl groups of
MAAc that was reported elsewhere [32–34]. The non-linear adjustment
of our experimental data according to this model gave correlation
coefficients greater than 0.90 for the two initial concentrations of cis-
platin. If this equation is to become applicable, the data fitting should
lead to a straight line for the amount adsorbed at time t (qt) vs. ln t.
However, in this study, different linear portions were obtained, which
indicates that several steps may control the overall adsorption process.
Therefore, it can be concluded that the chemisorption mechanism is not
the limiting step of cisplatin adsorption.

The next model which was applied to fit the experimental data was
the intra-particle diffusion model. In this model, plotting qt vs. t1/2 will
give a straight line that passes through the origin if intra-particle dif-
fusion is the sole rate-limiting step. When film diffusion takes place in
this model, the intercept is θ, which is a constant related to the

Fig. 2. ATR infrared spectra of cryogels: (a) cryogel C1, (b) cryogel C3 and (c)
cryogel C7.

Fig. 3. Cisplatin adsorption isotherms of the cryogels prepared using different monomer compositions. The molar ratio of (MAAc + HEMA): MBA is (A) 20:1 (-♦-
cryogel C3, -▴- cryogel C5, -●- cryogel C7 and -■- cryogel C9), and (B) 8:1 (-♢- cryogel C4, -△ - cryogel C6, -○- cryogel C8 and -□- cryogel C10).

Fig. 4. The adsorbed amount of cisplatin as a function of time measured on
cryogel C3 using two different initial cisplatin concentrations: -○- 0.5 mg/mL
and -■- 2 mg/mL.

T. Farías, et al. Separation and Purification Technology 235 (2020) 116203

5



thickness of the boundary layer (see Table S2). In addition, if the data
exhibit multi-linear plots, then two or more steps influence the sorption
process. In our case, the plot of qt vs. t1/2 (Fig. 5B) shows two straight
lines (I and II) and the plot does not pass through the origin. Therefore,
we consider that the cisplatin adsorption occurs in two steps. The first
step is related to gradual cisplatin adsorption where the intra-particle
diffusion within the cryogel macro pores is rate-limiting, and the second
step is where equilibrium is reached.

3.3. Desorption of cisplatin from the cryogels

The aim of this study is to use cryogels to remove cisplatin from
water/wastewater streams. Reusing cryogels can be an interesting
economical subject both from research and industry point of views.
Therefore, the desorption of cisplatin from cryogel has to be considered.
Fig. 6 shows the results of cisplatin desorption from cryogels C3 and C7
in different desorption media. The binding of cisplatin with the cryogel
is very strong since the release is slow and difficult in distilled water.
This confirms the formation of a complex between the drug and the
carboxylic groups of methacrylic acid. In fact, desorption is slightly
lower for the cryogel prepared using a MAAc:HEMA molar ratio of 5:5
(cryogel C3), which theoretically has a larger number of carboxylic
groups available in the polymer matrix. In addition, the amount of
cisplatin desorbed increases with the ionic strength of the desorption
medium, due to the breakdown of the cisplatin:carboxylic acid com-
plex.

3.4. Adsorption-desorption cycles

The adsorption-desorption studies were carried out in order to find
out how many times the cryogel can be reused. Note that in the deso-
rption step, the time for desorption was set at 1 h to be more realistic to
real conditions. As presented earlier the maximum desorption can be
reached to 60% after 24 h. The cryogel C3 was selected for this part of
the experiment considering our previous results. Fig. 7 shows the ad-
sorption-desorption graph of cisplatin for the selected cryogel, where
1 M NaCl in acetate buffer was used as the desorption medium.

In the first cycle, the cryogel adsorbs about 54 mg/g and around
30% of the loaded cisplatin is desorbed when the gel put in contact with
the desorption medium for 1 h (Fig. 7). In the following cycles, the
amount of cisplatin adsorbed is considerably reduced (to less than half
of the amount adsorbed in the first cycle) while the percentage released

Fig. 5. Fitting of experimental data of cisplatin adsorption for two different
initial concentrations of cisplatin: -○- 0.5 mg/mL and -■- 2 mg/mL. (A) Non-
linear curve fit: — pseudo first order model, ⋯⋯ pseudo second order model
and —— Elovich’s equation. (B) Fitting experimental data according to the
intra-particle diffusion model (see Table S2), where I and II represent the two
linear portions.

Table 2
Kinetic parameters obtained from data fitting for the adsorption of cisplatin on
cryogel C3.

Kinetic models Parameters The initial concentration of Cisplatin

0.5 mg/mL 2 mg/mL

Pseudo first order qe (mg/g) 42 ± 2 255 ± 13
K1 (h−1) 0.13 ± 0.01 0.066 ± 0.001
R2 0.91 0.97

Pseudo second order qe (mg/g) 50 ± 2 334 ± 20
K2 (g/mg h) 0.003 ± 0.0005 0.0002 ± 0.00003
R2 0.94 0.98

Elovich’s equation α (mg/g h) 19 ± 3 51 ± 5
1/β (mg/g) 10 ± 1 67.7 ± 4
R2 0.94 0.96

Intra-particle diffusion θ (mg/g) 43 ± 1 153 ± 4
Kid (mg/g h1/2) 0.1 ± 0.01 14 ± 1
R2 0.96 0.99

Fig. 6. Amount of cisplatin desorbed from two selected cryogels (gray: cryogel
C3 and black: cryogel C7) in different desorption media: (1) distilled water, (2)
0.5 M NaCl, (3) acetate buffer and (4)1 M NaCl in acetate buffer. The amount of
cisplatin available on the cryogels was calculated to be about 60 mg/g before
the desorption experiment.
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increases. This behavior may be related to structural changes in the
cryogel due to the treatment with the buffer solution. The pKa of MAAc
is about 4.65 [28], therefore at pH 3.5, the carboxylic groups in the
cryogel are almost entirely protonated resulting in a neutral polymer,
while at neutral or basic pH the carboxylic groups are deprotonated to
make an anionic polymer. Taking into account that the most probable
mechanisms of cisplatin adsorption in the cryogel is through the for-
mation of a platinum complex with the carboxylic groups, it is then
expected that the adsorption will be favored when the polymer is in its
anionic form. On the other hand, it has been reported that the forma-
tion of two different types of carboxylic acid dimers within poly-me-
thacrylic acid, which differ in their relative abundance, stabilities and
acidities [26]. Based on 1H solid-state NMR studies by Díez-Peña et al.,
P-MAAc hydrogel changes from an expanded conformation at high pH
to a compact contracted form at low pH, where hydrogen bonds play a
central role [46]. The treatment of the cryogel with the acetate buffer
solution during the desorption stage produces a volume contraction in
the gel (Fig. S2). In fact, the swelling degree of the cryogel decreases
from 24.6 g/g to 9.1 g/g after the contact with the desorption buffer
solution. This may be due to an increase in the relative abundance and
stability of the carboxylic acid dimers within the polymer gel [26].
Based on physical observation, the contraction of the structure leads to
a decrease in the gel’s volume making intra-particle diffusion processes
difficult, which also disfavor cisplatin adsorption (Fig. S2).

To improve the release of cisplatin from the cryogel and to avoid the
decrease of cisplatin the adsorption on the regenerated cryogel, the
desorption medium was changed to 2 mM NaOH solution (pH 9–10)
(Fig. 8).

The amount of cisplatin adsorbed remains between 50 and 60 mg/g
for 14 cycles and then begins to decrease gradually after the 15th cycle,
accompanied by in increased desorption. As the amount of cisplatin
released is expressed as a percentage of the amount adsorbed in each
cycle, it is consistent that the desorbed percentage increases when the
amount adsorbed decreases. It is interesting to note that despite the
amount of cisplatin released during the desorption in the first cycle is
only around 25%, the amount adsorbed afterwards remains fairly
constant, indicating that cumulative adsorption has occurred in the
cryogel. The cumulative adsorption effect can be seen in Fig. 9 where
the amount of cisplatin in the cryogel increases almost lineally with the
number of cycles. After 16 cycles the slope of the curve decreases, in-
dicating that the cryogel is getting saturated with a maximum adsorp-
tion capacity of about 650 mg of cisplatin per gram of cryogel. This
result is promising from the practical application point of view for the
removal of the drug from pharmaceutical industries or hospital

wastewater streams. In addition, it is noteworthy that the good me-
chanical stability of the cryogels during the adsorption/desorption
studies makes it possible to regenerate the cryogel without losing its
structural integrity.

4. Conclusions

In this work, poly(MAAc-co-HEMA) cryogels were synthesized by
radical polymerization at sub-zero temperature. The prepared materials
show good mechanical properties and high swelling degree at room
temperature. The amount of cisplatin adsorbed increases with the
MAAc content in the cryogel, as a result of complexation between the
drug and the carboxylic group of the monomer. The cryogels demon-
strated a great affinity toward cisplatin and high adsorption capacity. In
addition, the possibility of reusing the synthesized material in multiple
cycles for capturing the cytostatic drug in combination with the macro
channels of the cryogel make this matrix a suitable candidate for the
treatment of wastewater discharged from pharma industries and hos-
pitals. The proposed technique is economical and simple to apply yet
effective for the mentioned goal. Cisplatin was used as a model water
pollutant in this study where the cryogel demonstrated great capability
for its capture and removal. As the synthesis of cryogels has great

Fig. 7. Adsorption (bar graph)/desorption (scatter graph) of cisplatin on
cryogel C3 using 1 M NaCl in acetate buffer as the desorption medium. For the
adsorption step 1 mg/mL cisplatin solution was used.

Fig. 8. Adsorption (bar graph)/desorption (scatter graph) of cisplatin in the
cryogel C3 using 2 mM NaOH as the desorption medium. For the adsorption
step, a 1 mg/mL cisplatin solution was used.

Fig. 9. Cumulative cisplatin adsorption by cryogel C3 during the adsorption-
desorption study using 2 mM NaOH as the desorption medium.
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flexibility and the functional groups on the materials can be designed to
target different types of organic compounds, use of macroporous
cryogels to remove other cytostatic drug contaminants is a very pro-
mising environmental application.
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