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Abstract. In the present work, N-acetylcysteine attached poly(acrylamide-co-methyl methacrylate) [poly(AAm-MMA)]
cryogels were synthesized and used for removal of heavy metal ions (Zn(II), Cd(II) and Pb(II)). For this, poly(AAm-MMA)
cryogels were synthesized by free radical cryopolymerization technique and then, modified by N-acetylcysteine. Synthesized
cryogel was characterized by FTIR, SEM and EDX analyses. Removed amounts of heavy metal were demonstrated by
stripping voltammetry and the heavy metal removal efficiency was found to be 98.33 for Zn(II), 90.74 for Cd(II) and
96.19% for Pb(II). Additionally, this newly synthesized cryogel was successfully used for removal of heavy metals from
environmental and biological media.
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1. Introduction
One of the main concerns for the global environmental
pollution is heavy metal contamination. Heavy metals exhibit
high toxicities and high bioaccumulation in human body and
food chain. Also, their non-biodegradability nature causes
various types of carcinogenicities to humans. Industrial
wastewater, contaminated surface water and ground water
contain huge amount of heavy metals, such as lead, mercury, chromium, arsenic, cadmium, zinc, copper and nickel.
Water, which contaminated with these heavy metals, causes
vital threats to life of human and other living organisms [1].
The critical levels of different metal ions in drinking water
have been limited by the United States Environmental Protection Agency (EPA). Five parts per billion of Cd causes
kidney damages, whereas 15 ppb of Pb level induces kidney
problems, increases blood pressure and causes deficiency in
learning abilities and attention span [2].
Heavy metals have been commercially removed from the
contaminated water by various techniques, such as chemical
oxidation, biological treatment, coagulation and adsorption.
Among these methods, adsorption is the most intensively
applied one, due to its high efficiency, cheapness and simplicity [3,4]. Various adsorbent systems, such as carbon
materials [5,6], metal oxides [7,8], clays [9,10], zeolites
[11,12], biomass [13,14] and polymeric materials [15,16]
have been explored to show their capacities for heavy metal
removal.
Conventional bead-based support materials have been
intensively chosen for the adsorption of heavy metal contaminants from wastewater. However, these materials still have
0123456789().: V,-vol

some limitations, such as reduction in flow rate and high
pressure drops. These materials also demonstrate low productivity and are not suitable for ‘scale up’ applications. Also,
bead-based columns highly require pre-decontamination steps
for further applications, due to the possible blockage in the
column system, when using the crude extracts and viscous
materials, such as whole blood. Another disadvantage of the
conventional bead-based column is the time-consuming sample preparation steps. For these reasons, to eliminate these
drawbacks, new and unique materials (such as membranes,
monoliths and cryogels) have been prepared and applied as
an alternative for these bead-based materials.
Cryogels, which characterized with interconnected macroporous sponge-like structure, are a new generation monolithic, polymeric materials. Because of these macroporous
structure, cryogels allow extremely high flow rates and
demonstrate low pressure drops. Also, these materials are
highly compatible with viscous liquids, such as blood,
and exhibit any blockage in their pores due to the highly
wide-open macroporous structures of cryogels [17]. These
macropores are interconnected with each other and create
continuous pore structure. Due to these large and interconnected macropores, metal ions can be diffused fast and easily
along with the cryogelic matrix by direct application of wastes
without any purification or separation steps. Preparation procedure of cryogels is very easy by using cheap precursor
materials. Polymerization reaction is typically taken place
at subzero temperatures by using various kinds of polymerizable monomers and appropriate initiators [18]. Cryogels
present great opportunity for various kinds of modifications
and functionalization by attachment of the suitable ligands,
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and can find wide range of significant applications, such as
pharmaceutical capturing, protein binding, or cell immobilization [19–21]. It is well known that sulphydryl-containing
compounds show high affinity towards metal ions by chelating them. One of the intensively used chelating compounds is
N-acetylcysteine, which has been reported by many papers,
and it has been successfully applied for the extraction of metals from human body [22,23].
In this work, poly(acrylamide-co-methyl methacrylate)
[poly(AAm-MMA)] cryogels were synthesized by free radical cryopolymerization technique using the monomers of
AAm and MMA. Prepared cryogels were then functionalized
with the metal chelating agent N-acetylcysteine by covalent
attachment, and used for the removal of heavy metals from
environmental and biological media. Stability and regeneration ability of the cryogel were also investigated.

2. Material and methods
2.1 Materials
N-acetylcysteine, acrylamide (AAm), methyl methacrylate
(MMA), N,N -methylenebis(acrylamide) (MBAAm), ammonium persulphate (APS), N,N,N, N -tetramethylenediamine
(TEMED), zinc standard solution (1000 mg l−1 ), cadmium
standard solution (1000 mg l−1 ), lead standard solution
(1000 mg l−1 ), acetate buffer solution (pH 4.6), bismuth standard solution (1000 mg l−1 ) and synthetic human serum were
obtained from Sigma (Steinheim, Germany). Ultrapure water
was prepared by Millipore Simplicity®system (18.2 mcm).
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(pH 5.5) and then, subjected continuously with 50 ml of
coupling solution (0.4 M of EDC, 0.1 M of NHS and
50 mg ml−1 of N-acetylcysteine) by using a peristaltic pump
at 37◦ C for 24 h. At the end of the coupling period, Nacetylcysteine attached cryogels were washed with PBS
solution (pH 5.5) to remove the unattached N-acetylcysteine
molecules from the medium.

2.3 Characterization of N-acetylcysteine attached cryogel
Functional groups of the synthesized N-acetylcysteine
attached poly(AAm-MMA) cryogels were investigated by
using a Fourier transform infrared (FTIR) spectrophotometer (Varian FTS 7000, USA). For this, dried cryogels were
grounded and mixed with IR-grade KBr. This mixture was
pressed into a pellet form and then, the FTIR spectrum was
recorded.
Pore size, pore structure and surface morphology of Nacetylcysteine attached cryogels were examined by scanning
electron microscopy (SEM) studies (Philips XL-30S FEG,
the Netherlands). Before SEM measurements, a piece of the
inner part of the cryogel was pulled off from the cryogel and
then, directly mounted in the SEM device. SEM pictures of
cryogels were taken by environmental SEM (ESEM) mode.
Attached amount of N-acetylcysteine onto poly(AAmMMA) cryogels was determined by energy dispersive X-ray
(EDX) studies (LEO, EVO40, Carl Zeiss NTS, Peabody,
USA) considering the sulphur stoichiometry.

2.2 Preparation of N-acetylcysteine attached cryogels

2.4 Removal of heavy metals by using N-acetylcysteine
attached cryogels

Poly(AAm-MMA) cryogels were prepared by the method of
our recent cryogel work [17]. In the present work, AAm and
MMA monomers were used to establish the polymeric backbone, while APS and TEMED were used as initiator and
activator, respectively. In a typical cryopolymerization technique; monomer solution was prepared by dissolving 1.07 ml
of MMA and 0.71 g of AAm in 5 ml of distilled water, and then
mixed with 10 ml of MBAAm solution (0.285 g). This polymerization solution was cooled down by an ice bath and the
polymerization was initiated by adding of 25 µl of TEMED
and 20 mg of APS. Immediately after the addition of initiator
and activator, the polymerization solution was transferred to
the cylindrical column and incubated for 24 h at −12◦ C. At
the end of the incubation period, synthesized cryogels were
thawed at room temperature and washed thrice with 100 ml
of distilled water to remove the unreacted reagents.
To functionalize the carboxy-terminal groups of the cryogel, N-acetylcysteine was covalently attached to the
polymeric cryogel surface by the standard 1-ethyl-3(-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide (EDC/
NHS) chemistry. For this purpose, poly(AAm-MMA)
cryogels were first washed and equilibrated with PBS buffer

Heavy metal removal efficiency of the N-acetylcysteine
attached poly(AAm-MMA) cryogels was investigated by
three different metals: Zn(II), Cd(II) and Pb(II). For this purpose, 5 ml of metal solutions (5–30 ppb at pH 4.6) was
passed through the N-acetylcysteine attached cryogel column (total mass of the cryogel was 0.305 g) with the flow
rate of 0.5 ml min−1 . Initial and final metal concentrations in
adsorption solution were measured by using an electrochemical method, whose details are explained below. Adsorption
isotherms were also evaluated by the adsorption data. Heavy
metal removal efficiency of the N-acetylcysteine attached
cryogel was also tested in various media, such as tap water,
sea water and human serum. Human serum (from human AB
plasma) was purchased from Sigma, while sea water was collected from Kuşadası/Davutlar shore (Aydin, Turkey).
Desorption profile of the adsorbed metal ions was also
investigated in the continuous system. For this, 5 ml of
HCl solution (0.1 M) was preferred to desorb the adsorbed
metal ions from the N-acetylcysteine attached cryogel. Desorption ratio was calculated by determining the metal ions
concentrations adsorbed on the cryogel and final metal ions
concentrations in the desorption solution.
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Figure 1. Schematic presentation for the preparation and functionalization steps of N-acetylcysteine
attached poly(AAm-MMA) cryogel.

2.5 Electrochemical measurement of Zn(II), Cd(II) and
Pb(II)
Concentrations of metals were determined electrochemically
by the method of stripping voltammetry (by Palmsens 4;
− 100 kHz per 5 V; The Netherlands). Stripping voltammetric
measurements were carried out by in situ co-deposition of a
bismuth film along with the target metal ions in the presence
of dissolved oxygen [24].

3. Results and discussion
3.1 Synthesis and characterization of N-acetylcysteine
attached cryogels
Because of their unique properties and easy to prepare features, cryogels have been preferred as a new polymeric
material for various biotechnological applications. Cryogels
are synthesized at sub-zero temperature by using the polymerizable monomers. This polymerization technique is also
called as ’cryotropic polymerization‘, and in this technique,
growing ice crystals acts as porogen and create huge, interconnected macroporous structures. At the end of a typical
cryopolymerization process, synthesized cryogels are first

thawed at room temperature and macroporous cryogels with
sponge-like structure are synthesized [25]. Cryogels can be
functionalized easily by various types of ligands, and by
this way, it can find wide range of application areas (i.e.
heavy metal removal). In this study, N-acetylcysteine was
chosen as a metal-chelating ligand and thus, it was covalently
attached onto surface of the poly(AAm-MMA) cryogel. A
brief schematic presentation for the preparation and modification of the cryogel with N-acetylcysteine is demonstrated
in figure 1. Figure 2A shows the FTIR spectra of plain
unmodified poly(AAm-MMA) cryogel and N-acetylcysteine
attached poly(AAm-MMA) cryogel. As seen here, C–H and
N–H bands are located around 3000 and 3500 cm−1 , respectively. Characteristic carbonyl bands are found at around 1680
and 1290 cm−1 , while amide I and II bands appeared in 1530
and 1450 cm−1 , respectively. Also, O–H bending bands are
localized around 700 and 1400 cm−1 . Abovementioned characteristic bands can be observed for both plain unmodified
poly(AAm-MMA) cryogel and N-acetylcysteine attached
poly(AAm-MMA) cryogel. However, the main characteristic
band indicating the incorporation of N-acetylcysteine onto
the polymeric structure is the adsorption band of S–H, which
is located around 2600 cm−1 . This band is the main evidence
for the attachment of the N-acetylcysteine covalently to the
cryogel backbone. The cross-section and surface structure
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Figure 2. (A) FTIR spectra of plain and N-acetylcysteine attached poly(AAm-MMA) cryogel, (B) SEM
picture and (C) EDX spectrum of N-acetylcysteine attached poly(AAm-MMA) cryogel.
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Figure 3. N-acetylcysteine attached cryogel for efficient metal chelation. Schematics (A) for the
removal of Zn, Cd and Pb by N-acetylcysteine cryogel, (B) stripping voltammograms for Zn(II),
Cd(II) and Pb(II) by unmodified (blue line) and N-acetylcysteine attached (red line) cryogel, and (C)
heavy metal removal efficiency of plain poly(AAm-MMA) and N-acetylcysteine attached poly(AAmMMA) cryogel.
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Zn2+
Cd2+
Pb2+
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Freundlich adsorption isotherm

qm (ng g−1 )

b (ml ng−1 )

R2

K f (ng g−1 )

1/n

R2

129.03
248.14
1663.89

0.027
0.022
0.011

0.9986
0.9962
0.9972

2.15
1.575
1.986

0.50
0.61
0.63

0.9582
0.9391
0.7524

of N-acetylcysteine attached poly(AAm-MMA) were
investigated in detail by SEM analysis and the SEM pictures
are given in figure 2B. As clearly seen here, cryogels had very
large and interconnected pores with the average pore size of
30 µm. This wide macroporous structure makes possible the
increased interaction between the cryogel and metal ions, and
also decreases the diffusional limitation for metal ion adsorption. As also seen here, pore walls are very thin and thickness
of the pore walls was about 10 µm. Incorporated amount of
N-acetyl cysteine onto cryogenic structure was investigated
by EDX analysis. As seen in figure 2C, synthesized cryogel
consists of C, O, N and S atoms. Attached amount of Nacetylcysteine was calculated from EDX data and found to be
180.88 µmol g−1 cryogel by using sulphur stoichiometry.
3.2 Removal of heavy metals by using N-acetylcysteine
attached cryogels
As a new and unique alternative for conventional adsorbents,
cryogels serve many improved and advantageous features to
remove the heavy metals, such as large pores, short diffusion
paths for adsorption/desorption [26]. In the present study,
the heavy metal removal efficiency of the N-acetylcysteine
attached cryogel was studied by using three model metal ions
(Zn2+ , Cd2+ and Pb2+ ) (figure 3A). For this, a mixture of
all heavy metal ions was prepared with the concentration
of 20 ppb at a constant pH of 4.6 and 25◦ C. Figure 3B
gives a comparison for the heavy metal removal efficiency
by using plain (N-acetylcysteine free) and N-acetylcysteine
attached cryogels. Removed amount of heavy metals were
found to be 98.33% for Zn2+ , 90.74% for Cd2+ and 96.19%
for Pb2+ . As clearly seen here, heavy metal removal efficiency of plain poly(AAm-MMA) cryogen was found to
be extremely lower than that of N-acetylcysteine attached
cryogel. It can be concluded from these results that incorporation of N-acetylcysteine onto cryogel structure increases the
heavy metal removal capacity efficiently for all tested metal
ions (figure 3C).
Adsorption isotherms are used to find out brief information
about adsorption capacities, adsorption types, surface characteristics of adsorbent and interaction between adsorbent and
adsorbates [27,28]. There are two intensively applied adsorption isotherms, Langmuir and Freundlich models. Langmuir
isotherm states that the overall adsorption process is a

monolayer character on a homogeneous surface. Conversely,
Freundlich model renders multilayered adsorption on a
heterogeneous surface [29–31]. Langmuir and Freundlich
isotherm constants for the adsorption of the metal ions are
summarized in table 1. Comparison of the regression coefficients (R 2 ) suggest that overall adsorption process for the
removal of the heavy metals can be well defined by the Langmuir model. The constants of b and qmax , which are indicators
for the adsorption energy and maximum adsorption capacity,
respectively, were calculated from the slope and interception
of Langmuir isotherm plot. According to Langmuir model,
adsorption/chelation of the metal ions onto N-acetylcysteine
attached poly(AAm-MMA) cryogel occurred as monolayer
and all adsorption sites were disturbed uniformly across the
surface of the cryogel. Additionally, b constant for Langmuir
model used for understanding the affinity between the heavy
metals and the cryogel support by the dimensionless constant ‘separation factor’ (RL ), which defined by the following
equation:
RL =

1
1 + bC0

here C0 is the initial heavy metal concentration before cryogel application. RL value reflex the type of the Langmuir
model as to whether irreversible (RL = 0), linear (RL = 1),
unfavourable (RL > 1) or favourable (0 < RL < 1). RL
values of Zn(II), Cd(II) and Pb(II) were calculated as 0.55,
0.60, and 0.75, respectively. These values pointed out that the
removal of heavy metals by adsorption onto N-acetylcysteine
attached poly(AAm-MMA) cryogel was a favourable process.
Chromatographic flow rate is an important parameter
affecting the adsorption process. In the present work, the
effect of chromatographic flow rate on the metal removal
efficiency was tested by varying the flow rates between 0.5
and 4.0 ml min−1 . As expected, heavy metal removal capacity
of the N-acetylcysteine attached poly(AAm-MMA) cryogel
decreased with increasing the chromatographic flow rate. This
decrease generally occurs due to the decreased interaction
time between heavy metal ions and the metal binding regions
of the cryogel structure.
Additionally, heavy metal removal capacity of the Nacetylcysteine attached poly(AAm-MMA) cryogel was also
tested in raw tap water, sea water and artificial human serum.
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For this purpose, first, the samples were tested to show the
absence of the target metal ions by stripping voltammetry.
Then, metal ion contaminated samples were prepared by the
addition of Zn(II), Cd(II) and Pb(II) ions with the concentration of 500 µg l−1 . Heavy metal removal efficiencies of
the N-acetylcysteine attached cryogel for these three different contaminated media are demonstrated in figure 4A, B and
C. As seen here, initial metal concentrations decreased efficiently via cryogel application. Zn(II), Cd(II) and Pb(II) levels
of tap water were decreased with the removal rate of 75.20,
69.51 and 61.65%, respectively. Same heavy metal removal
efficiency was also observed by sea water. Zn(II) level of
sea water was decreased by 83.15%, while Cd(II) level was
reduced at the rate of 82.73%. Pb(II) level was also reduced
significantly in the ratio of 70.29%. Heavy metal removal
efficiency of the metal chelated cryogel in human serum was
found to be lower than that of tap water and sea water samples.
Serum sample has complex structure and this might influence the removal efficiency. Zn(II), Cd(II) and Pb(II) removal
capacities for serum sample were calculated as 52.17, 52.39
and 87.65%, respectively. On the contrary as seen in figure 4,
heavy metal removal capacity of the plain chelator free cryogel was as low as negligible. These data also demonstrate
that N-acetyl cysteine attached poly(AAm-MMA) cryogel
removed the three tested metal ions efficiently with high binding affinity, and this affinity was not affected by the complex
structure of the samples.

3.3 Reusability profile of the N-acetylcysteine attached
cryogel
Reusable materials bring improved applicability to diverse
technological uses, and also reduce the production cost and
operation time. To reuse, adsorbed species should be desorbed from the support materials efficiently, and should not
lose their modifications. At this point, preferred desorption
agent should be environmental friendly and should not affect
the adsorption capacity of the support material. In this study,
first, adsorbed heavy metal species were desorbed from the
N-acetylcysteine attached cryogel by using 0.1 M of HCl,
and the desorption ratios of Zn(II), Cd(II) and Pd(II) were
found to be 93.72, 83.54 and 79.30%, respectively. It is important for metal chelating systems that chelation capacity (of
the N-acetylcysteine towards metal ions) must be protected
after the desorption process. After each adsorption/desorption
cycle, the cryogels were rinsed three times with 50 mM of
NaOH solution and deionized water to regenerate the cryogel
matrix. To show the reusability profile of the N-acetylcysteine
attached cryogel, adsorption/desorption cycle was repeated 10
times by using the same cryogel, and the removal capacity of
the N-acetylcysteine attached cryogel did not decrease significantly at the end of 10 reuses. This finding also shows that
this newly synthesized N-acetylcysteine attached cryogel can
be used repeatedly without any significant decrease in their
heavy metal removal capacity.

Figure 4. Heavy metal removal efficiencies of plain poly(AAmMMA) cryogel (red line) and N-acetylcysteine attached poly(AAmMMA) cryogel (blue line) in (A) tap water, (B) sea water and (C)
human serum.

4. Conclusion
Every year, huge amount of heavy metals released into the
environment from diverse industrial processes, such as plating
plants, mining, metal finishing, welding and alloy industries,
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and these metal contaminants threat to the environment and
human health significantly. Disappointingly, heavy metals go
into the food chain easily by various pathways and therefore, induce severe toxic effects by accumulation in living
organisms over their life span. Acute heavy metal toxicity is
infrequent, but chronic ones are very harmful by long-term
exposure, cause chronic illness. Because of the environmental importance and health effects, novel, efficient and reliable
methods have been developed to detect and remove heavy
metals from environment and biological samples.
By the help of the effective, new and improved adsorption technologies; polymeric chelation materials have been
applied for rapid, cost-effective and selective removal of
heavy metals. At this point of view, cryogels are considered
as a unique material for adsorption of heavy metals. Cryogels
also exhibit many improved advantageous properties, such as
structural flexibility, large macroporous structure and short
diffusion path.
In the present study, N-acetylcysteine attached cryogels
were synthesized, and they are used to remove three model
metal ions; zinc, cadmium and lead under the competitive
conditions. N-acetylcysteine attached cryogel demonstrated
high removal efficiency for abovementioned metal ions from
aqueous solution. Same removal trenchancy of the cryogel
was also repeated and tested for metal contaminated tap water,
sea water and human serum, and this newly constructed heavy
metal removal strategy thus, represents a promising route to
decrease the metal contaminants from the environment and is
expected to pave the way for diverse removal applications for
various pollutants.
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