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An Application of Polydopamine-dip Coating as a Gentle Surface Modification Process for
Cryogel Disks

Go6zde OZBEKY, Orhan GEZICI*, Mevliit BAYRAKCI?

ABSTRACT: The process called “polydopamine-dip coating” was successfully applied to modify the
surface of poly(2-hydroxyethyl methacrylate), PHEMA, cryogel disks for the first time. This facile
surface modification process fitted very well to the chemistry of cryogels since the integrity of the
cryogel disks was maintained during the whole process. Polydopamine (PDA) nanocoating process was
observed to be homogeneously performed through the pores and there was a net color change from white
to brown after 24 h. The obtained (brownish) material (PHEMA-PDA) was characterized with respect
to FTIR spectroscopy, pHpz, and water-holding capacity analyses. The potential of this new material
was studied by utilizing it as an adsorbent for the adsorption of Ni(ll) from synthetic aqueous solutions.
The equilibrium adsorption data were analyzed on the basis of the Langmuir, the Freundlich, and the
Temkin isotherm models. In general, Ni(ll) adsorption on PHEMA-PDA was evaluated as a favorable
process as depicted from the studied models. The proposed approach was found to be a promising post-
surface modification process for tailoring the surface of monolithic cryogels without any difficult
synthesis steps and harsh chemicals.
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INTRODUCTION

Surface tailoring by appropriate modification processes and thus to obtain functional materials has
become the core of today's popular disciplines. Depending on the chemistries of the solid support and
the functional substance, very harsh conditions may be necessary, because most of the surface
modification processes rely on a chemical attachment of a ligand onto the surface to be engineered.
Chemical modification of the solid support under consideration is the method of choice over a physical
modification because it yields materials with high chemical stability (Gezici and Bayrakci, 2015).
However, the volume of chemicals needed and sometimes harsh experimental conditions required during
the process led researchers finding alternative manners to perform desired modifications on a surface.

After its discovery in 2007 (Lee et al., 2007), the polydopamine (PDA) dip-coating process has
been applied in surface modification of many materials (Jinhao et al., 2009; Lee et al., 2009; Waite,
2008) and today it has been recognized as a universal surface modification process (Yu et al., 2014).
The simplicity of the process and hydrophilic nature of the PDA coating as well as its biocompatibility
have increased the popularity of the process (Wang et al., 2015). The secret of the success of this process
lies in the fact that dopamine hydrochloride can tightly adhere to almost all types of surfaces upon its
auto polymerization process occurring on a surface under basic conditions (Lee et al., 2007). The
presence of some functional groups (e.g. aromatic units, catechol, and amine) within the structure lends
the PDA coating a multifunctional character associated with an extremely high hydrophilic nature (Wang
etal., 2015; Yu et al., 2014).

Because of the above-mentioned aspects of PDA-coating, this surface modification process has
been widely exploited in the preparation of functional materials for separation and purification methods.
For example, it has been applied to prepare functional membranes (Fang et al., 2016; Li et al., 2009,
2012), magnetic nanoparticles (Wang et al., 2013), organic frameworks (Chen and Chen, 2017), carbon
nanotubes (Yin et al., 2015), open tubular columns for capillary electrochromatography (Chen et al.,
2012; Liang et al., 2014; Xiao et al., 2015; Zeng et al., 2010), capillaries for capillary electrophoresis
(Zhang and Yang, 2019), aerogel sorbents (Tang et al., 2019; Zhan et al., 2019), composite of graphene
hybridized PDA-kaolin (He et al., 2019), magnetic sub-micro spheres (Pan et al., 2019), ultrathin
nanofiltration membranes (Wu et al., 2019), and etc. Some of the prepared materials are seen to have a
potential (as adsorbent) in adsorption of some chemicals such as heavy metals (Mu et al., 2020; Wang
et al., 2020), dyes (An et al., 2020; Chen et al., 2020), and bisphenol A (Sun et al., 2020).

Hence, it is seen in the literature that the PDA dip-coating process has been applied to the
modification of various types of surfaces, while a study that critically focuses on the PDA-coated
cryogels is seen to be lacking in the literature. Essentially, PDA dip-coating process is thought to be a
nice manner for the modification of monolithic materials, like cryogels, without destroying their
integrity. Cryogels are the hydrogels prepared at subzero temperatures, and these monolithic materials
have been widely used in separation and purification processes. However, some difficulties encountered
in surface modification of cryogels and the limited number of functional monomers constitute a real
problem to prepare functional monolithic cryogels (Guven et al., 2018; Per¢in et al., 2015). As mentioned
above, the PDA dip-coating process can overcome some limitations when preparing functional
monolithic cryogels, and that combining the chemistries of PDA and cryogels might be a critical
contribution to prepare new types of functional monolithic adsorbents. Since heavy metals have
undesired effects on health (Bisgin, 2019), in this preliminary study, we have focused on the adsorption
behavior of Ni(Il) on PDA-coated PHEMA cryogel disks. To the best of our knowledge, this is the first
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study that critically focuses on the surface functionalization of a monolithic cryogel (i.e. PHEMA) by
means of the PDA dip-coating process.

MATERIALS AND METHODS

Chemicals and apparatus

2-hydroxyethyl methacrylate (HEMA; Aldrich, Germany), N,N’'-methylene-bis(acrylamide)
(MBAAm; Fluka, USA), ammonium persulfate (APS; Sigma-Aldrich, Germany), N,N,N'.N'-
tetramethylethylenediamine (TEMED; Aldrich, Germany), dopamine hydrochloride (Sigma-Aldrich,
Germany), and Tris (Sigma-Aldrich, Germany) buffer are the chemicals we used to prepare PDA-coated
PHEMA disks (PHEMA-PDA). Ethyl alcohol (VWR, USA) is used to rinse the prepared disks after the
synthesis of PHEMA-PDA. Ni(NOz)2.6H.O (Alfa-Aesar, USA) was the probe substance we used
throughout the adsorption experiments. Agueous solutions of Ni(ll) were prepared in pure water and the
pH was adjusted to 6.0. pH adjustments were done by using dilute HCI (Merck, Germany) and NaOH
(Sigma-Aldrich, Germany) solutions. 2 M HNOz solution, which was prepared by diluting the stock
HNOs (Merck, Germany), was utilized as a stripping agent. All the chemicals were used as received,
and ultrapure water was used throughout the study.

FTIR spectra of the dried materials were recorded on a Perkin-Elmer (USA) Spectrum-Two model
ATR-FTIR spectroscopy instrument with a diamond crystal. A pH measurement system (VWR, USA)
was utilized to measure pH. The mixtures were shaken on a Heidolph (Germany) orbital shaker. An
ultrasonic bath (Isolab (Germany)) was utilized to ultrasonicate the mixtures. Spectroscopic
measurements were done by using a Shimadzu (Japan) AA 7000 flame atomic absorption
spectrophotometer (FAAS). A Hitachi (Japan) SU5000 model instrument was used to take Scanning
electron microscopy (SEM) images after coating the dry material with gold.

Preparation of PHEMA disks

PHEMA was synthesized according to a known procedure (Ozkan et al., 2018) which is based on
radical polymerization of the monomer HEMA and the cross-linker MBAAM. The monomer solution
was prepared by using the distilled water which was degassed under vacuum to remove air oxygen. The
mixture of monomers was prepared by combining two solutions comprised of (i) 0.60 mL HEMA in 2.0
mL water and (ii) 0.10 g MBAAm in 8.0 mL water. By the addition of APS (0.020 g) and TEMED (40
uL) to this mixture, radical polymerization was initiated, and the final solution was quickly poured into
2.5 mL syringes previously housed in an ice-bath. Finally, the syringes were gently put into a freezer at
—20 °C for about 24 h. By doing this, the cryogelation process was initiated. Afterward, the syringes
were put out of the freezer for thawing at room temperature, and the obtained white PHEMA monoliths
were washed three times with (i) distilled water and (ii) 30% (v/v) ethyl alcohol solution (50 mL in total
for each). The rinsed PHEMA monoliths were carefully cut into disks having 8.8 mm i.d. and 0.5 mm
thickness. In this way, the base material to be coated with PDA according to the following procedure
have been prepared.

Polydopamine dip-coating process: Preparation of PHEMA-PDA disks

In the PDA dip-coating procedure, first, a dopamine hydrochloride solution was prepared by
dissolving 0.200 g dopamine hydrochloride in 100 mL of a Tris buffer (10 mM; pH=8.5). Wet PHEMA-
PDA disks were put into 100 mL of the buffer and agitated on an orbital shaker for about 24 h at room
temperature. In the final step, the obtained brown PHEMA-PDA disks were washed with water and ethyl
alcohol and ultrasonicated for about 3 min in each solvent. In order to check the success of the formation
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of PDA-coating throughout the disks, a PHEMA-PDA disk was cut into pieces and the progress of PDA
formation was visually checked. The overall synthesis procedure is summarized in Fig. 1.

/(1) Preparation of PHEMA disks
APS PHEMA
HEMA TEMED
MBAAM >
-20°C; 24 h
S #
((2) PDA-coating process h

Dopamine hydrochloride
in Tris buffer (pH=8.5)

=

PHEMA PHEMA-PDA
N o

Fig. 1. A representative view for the procedure followed for the preparation of PHEMA-PDA disks

PHEMA-PDA was characterized by means of FTIR spectroscopy, pHpzc measurements, and water-
holding capacity.

FTIR spectrum of PHEMA-PDA was directly recorded on the dried materials within the range
4000-650 cm™ by ATR-FTIR spectroscopy. The recorded spectrum was compared with that of the
support material, PHEMA.

The surface charge characteristics of the newly prepared material were studied using the mass
titration method (Gezici et al., 2006; Noh and Schwarz, 1989; Reymond and Kolenda, 1999; Schwarz et
al., 1984). For this purpose, 5 test tubes were taken and filled with 0.01 M NaNOs3 solution. To each
tube, 0, 1, 2, 3, and 6 piece(s) of PHEMA-PDA disk(s) were added. In this way, solid/suspension mass
ratio was gradually increased to an extent that the medium pH reaches a steady state. When this steady
state condition is achieved, the medium pH is governed by the solid material inside the tube, which is
taken as the pHpzc of the studied material.

Microstructure of the prepared PHEMA-PDA disks was analyzed by SEM technique. Also, the
water-holding capacity of PHEMA-PDA was determined from the difference between the wet and the
dry weights of PHEMA-PDA disks.

Adsorption experiments and isotherm modeling

The classical batch adsorption experiments were applied to derive equilibrium adsorption data.
For this purpose, 50.0 mL of analyte solutions having concentrations in the range 25-150 mg L™, were
shaken with one PHEMA-PDA disk (for each) over a predetermined time period (24 h).

To determine amount of Ni(ll) adsorbed, Ni(ll)-bonded disks were put into 10 mL 2 M HNOs
solutions for 2 h, and the acidic supernatant was subjected to FAAS analyses after diluting it adequately.
In FAAS analyses, standard Ni(11) solutions were used to build an external calibration curve (r?>=0.999)
in the linear range.

The determined C and q values were then analyzed in terms of some common adsorption isotherm
models (i.e. the Langmuir, the Freundlich, and the Temkin models) by using curve fitting techniques.
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RESULTS AND DISCUSSIONS

Before performing FTIR analyses and water-holding capacity measurements, the progress of PDA-
coating process was checked by cutting a PHEMA-PDA disk into pieces. It was seen that PDA-coating
process had been performed throughout the disks homogeneously without local distinctions. Hence,
dopamine molecules are understood to be diffused properly through the pores of PHEMA, ensuring a
desirable formation of PDA coating on the surface.

The prepared PHEMA-PDA disks were characterized by ATR-FTIR spectroscopy. Strong bands
coming from the base material, PHEMA, constituted a serious problem to see the main bands of PDA
coating clearly. Thus, the spectrum of PHEMA-PDA was observed to be one exhibiting a typical pattern
observed for PHEMA cryogels with almost no distinguishing bands. Despite this limitation, fortunately,
the bands related with C—N stretching vibrations (for aromatic structures) and C—C aromatic vibrations
were observed around 1332 and 1609 cm™, respectively, as weak shoulders (Fig. 2). The last is also
attributed to indole or indoline structures existing in PDA (Dreyer et al., 2012). Since aromatic structures
are not existing in PHEMA, these bands emerging after PDA-coating process make the two spectra
somehow different and thus confirm the presence of PDA coating on the surface of PHEMA.
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Fig. 2. FTIR spectra for PHEMA and PHEMA-PDA

pPHpzc measurements confirmed the results of FTIR spectroscopy so that a clear decrement was
observed in pHpc after coating the surface of PHEMA with PDA. As it is seen in Fig. 3, the pHpz value
for PHEMA-PDA is around 4.5-5.0 which is less than the value we previously obtained for PHEMA
(PHpc=6.2) (Ozkan et al., 2018). Hence, such an increment in surface acidity was evaluated as an
indication for the surface coverage by a PDA layer. The calculated value is concordant to the previous
reports on PDA-coated surfaces (Dong et al., 2016). Because of this moderately low pHpzc value, the
surface of PHEMA-PDA becomes negatively charged at pH values higher than 5.0, because of this the
material was evaluated as a convenient and an attractive option for the adsorption of cationic species.
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Fig. 3. Determination of pHp;c by the mass-titration method

Microporous structure of PHEMA-PDA was confirmed by SEM analyses (Fig. 4). As it is seen in
the figure, PHEMA-PDA is made up of 10-20 um size pores and this microstructure can be evaluated
as a suitable medium for the solutions to diffuse through the pores easily.

100 pm

Fig. 4. SEM image for PHEMA-PDA

Water holding-capacity of PHEMA-PDA was determined in order to have some information about
the role of PDA coating process on both morphology and hydrophilic character of PHEMA. Results
showed that more than 80% of PHEMA-PDA structure was fully occupied by water molecules. This is
a very typical behavior observed for cryogels (Ozkan et al., 2018; Pergin et al., 2015) and confirms
macroporous morphology and hydrophilic nature of PHEMA-PDA. Thus, PDA-coating process was
found not to have a negative impact on the porous structure of the studied cryogel matrix.

Adsorption isotherm modeling

Adsorption is an interface phenomenon which is based on the mass-transfer from a fluid phase
(i.e. liquid, gas) to a solid phase (Gezici and Ayar, 2009). The overall efficiency of the process is
determined by the physicochemical properties of the solid phase (i.e. adsorbent) and the chemical species
(i.e. adsorbate) adsorbed from the fluid phase. This is a complex phenomenon that different interaction
types can take role during the mass-transfer. On the other hand, some mathematical equations called
“adsorption isotherms” make it easy to have some information about the nature of the adsorption process

under consideration. Today, many different adsorption isotherm models are existing in the literature
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(Foo and Hameed, 2010). Some of them (like the Langmuir and the Freundlich models) are the most
widely used ones because of their adaptability to the adsorption from both gas and liquid phases.

The Langmuir model

The Langmuir (Langmuir, 1916) model considers a finite number of binding zones which have the
same energy on the adsorbent. The chemical species under consideration are thought to be adsorbed onto
these binding groups in such a way that a monolayer coverage is formed on the adsorbent surface
eventually. Both the existence of a finite number of binding sites, and a monolayer coverage on the
surface necessitate the presence of a “maximum saturation capacity (gm)” for particular adsorption
process. The classical model equation for this non-linear isotherm model is given below (Foo and
Hameed, 2010):

4, K,C
q= m 1)
where C and q stand for the equilibrium concentration of the analyte in fluid and solid phases,
respectively. The Langmuir model constant gm represents the monolayer saturation capacity, while Ky is
known as the Langmuir binding constant. The last is also known as the affinity constant and it is related
to the capability of an adsorbent to attract the analyte from dilute solutions. This isotherm model is very
important in adsorption and chromatography (Guiochon et al., 1994) because the model is
thermodynamically consistent, and has good adaptability to different processes.

Nonlinear least square curve fitting was applied to fit the classical Langmuir equation to the
equilibrium adsorption data of Ni(Il) on PHEMA-PDA (Fig. 5), and the fitted model parameters were
given in Table 1. As it is seen in the figure, the Langmuir model did not represent the experimental data
of Ni(ll) adequately, according to the regression coefficient (r>=0.917). This behavior was probably
because of the complex structure of PDA coating that such a multifunctional surface can interact with
metal ions through different mechanisms. This argument was supported by the Scatchard plot analysis
(Gezici et al., 2007; Scatchard, 1949) so that the data set was observed to be distributed on two different
linear segments having negative slopes (Fig. 6). Each segment is attributed to different binding types
having different affinities and capacities. Since both the segments are linear (at each respective
concentration range) with a negative slope, for that segmented ranges, the Langmuir model adequately
represents the data (but not for the whole studied concentration range).

14
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= /' Isotherm modeling for Nickel
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Fit of the Freundlich model
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C(mgL’)

Fig. 5. The fit of the Langmuir and Freundlich models to the equilibrium adsorption data of Ni(ll)
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Fig. 6. The Scatchard plot for Ni(ll)

The Freundlich model

Another nonlinear isotherm model is the Freundlich model (Freundlich, 1906). This empirical
model, usually, exhibits good fit to the experimental data. The model distinguishes from the Langmuir
model with respect to the theoretical saturation capacity so that in the Freundlich model there is no
isotherm model parameter related to the maximum theoretical capacity. On the contrary to the Langmuir
model, the Freundlich model considers binding sites having different energies on the adsorbent. Hence,
one of the most important aspects of this model is reflected by the model parameter called “heterogeneity
index, 1/n”. When the heterogeneity index lies in the range of 0<1/n<1, the related adsorption process is
accepted as a beneficial one for the studied experimental conditions (Ahmaruzzaman and Sharma, 2005;
Avyar et al., 2008). The classical model equation is written as follows:

q=K.C"" 2
where K is the isotherm model parameter that combines both affinity and capacity terms.

The Freundlich model exhibited a better fit compared to the Langmuir model (Fig. 5). As it was
inferred from the Scatchard plot analysis, the presence of more than one type of binding sites indicates
a nonhomogeneous energy distribution on the surface for the whole concentration range of Ni(ll). This
is, probably, the main reason why the Freundlich model, which accounts for non-uniform distribution of
adsorption energy and affinity over the heterogeneous surfaces (Foo and Hameed, 2010), best represents
the experimental data. The fitted model parameter, 1/n=0.36, implies a beneficial process since it lies
within the range 0<1/n<1.

The Temkin model

Despite some limitations of the Temkin model in liquid-solid interfaces (Foo and Hameed, 2010),
it is, widely used to explain the adsorption from aqueous solutions. The model accounts for indirect
adsorbate-adsorbent interactions as well as adsorbate-adsorbate repulsions and supplies some
information about the way of adsorption (i.e. physical, chemical). The Temkin isotherm model (Tempkin
and Pyzhev, 1940) characterizes the adsorption process by a uniform distribution of binding energies up
to some maximum values (Araujo et al., 2018; Pourfaraj et al., 2017). The isotherm model equation is
given below:

q=|ZT—TInAT +|ET—TInC 3)
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where br is the Temkin constant representing the heat of adsorption (J mol™?), Ar is the Temkin isotherm
constant (L g%), R is the gas constant (8.314 J mol™ K?), and T is the absolute temperature (K).

The Temkin model did not exhibit a good fit to the equilibrium adsorption data of Ni(ll) (Fig. 7).
Therefore, the repulsions between the adsorbates were thought not to be occurring in high degrees.

Isotherm modeling for Nickel o .-
121" % Experimental Data
-------- Fit of the Temkin model .-
.
o 10' ".”
-]
% )
E
o 8 "
Q.
6.
30 35 40 45 50
InC (mg L")

Fig. 7. The fit of the Temkin model to the equilibrium adsorption data of Ni(ll)

As a conclusion, valuable information about the adsorption of Ni(ll) onto PHEMA-PDA was
gathered from the applied isotherm models. The nature of Ni(ll) adsorption onto the studied monolithic
adsorbent was thought to be a process which is mainly governed by more than one types of binding sites
having different energies. Furthermore, adsorbate-adsorbate repulsions were concluded not to be
important in the adsorption of Ni(ll). Finally, the way of adsorption on PHEMA-PDA disks were
understood to be different for Ni(Il) and crystal violet (Beyazova and Gezici, 2018) as inferred form the
adsorption isotherm models: The adsorption of crystal violet on PHEMA-PDA was found to be
adequately represented by the Langmuir model, while the Freundlich model was found to be better in
modeling the adsorption data of Ni(ll).

Table 1. The fitted model parameters, and the goodness of model fits

Langmuir Freundlich Temkin
Qm Kb r 1/n Ke r2 Ar by 2
(mgg")  (Lmg?) (Lgh)  (kimol?)
n.a.? n.a.? 0.9241 0.36+0.02 2.04+0.20  0.9901 na.? n.a.? 0.9601

2 In the present study, the model fits having the regression coefficients less than 0.98 were evaluated as poor model fits and
thus the fitted model parameters were, intentionally, not reported as they make no sense.

CONCLUSIONS

PDA dip-coating process was successfully applied to functionalize PHEMA disks. The
equilibrium adsorption data of Ni(ll) were modeled on the basis of the Langmuir, the Freundlich, and
the Temkin models.

The new material exhibited its “heterogeneous face” in Ni(ll) adsorption so that the adsorption
data were only represented by the Freundlich model. The other two studied isotherm models were found
not to be applicable for the examined concentration range. On the other side, more than one types of
binding sites having different affinities (and thus energies) might take role in Ni(ll) adsorption on
PHEMA-PDA as inferred from the Scatchard transformation of the Langmuir model. Since the Temkin
model showed a poor fit to the data, the adsorbate-adsorbate repulsions were thought not be at a
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significant level for Ni(ll), and thus the energy of adsorption was concluded not being one decreased
linearly with the progress of adsorption.

As a conclusion, the adsorption behavior of Ni(Il) on PHEMA-PDA was studied for the first time.
As a generic character, Ni(Il) adsorption on PHEMA-PDA was found to be a beneficial one as depicted
from the Freundlich model. The ease of operation when performing the adsorption process with the disk
form and little amount of chemicals used to prepare the disks make the proposed approach preferable in
many adsorption processes. Thus, the PDA dip-coating process is suggested as a straightforward and an
“elegant” process for the post-functionalization of monolithic materials like cryogels. Monolithic
cryogels obtained by this process are promising materials in the adsorption of proteins, heavy metal ions,
dyes, and etc. Hence, further studies are necessary to have a better understanding of the nature of
adsorption on PDA-coated cryogels better.
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