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ABSTRACT

Macroporous foams having 80 vol % of nominal porosity were synthesized by the copoly-
merization crosslinking of glycidyl methacrylate (GMA) based high internal phase emulsions 
(HIPEs). To alter the mechanical and thermal properties, cellulose nanocrystals (CNCs) were 
used as filler. For this purpose, CNCs were added to the continuous oil phase during emulsifi-
cation process at a loading rate of 1, 5 or 7 wt %. Consequently, composite foams were obtained 
by purification of the polymerized HIPEs (polyHIPEs). The effect of CNCs on the morpho-
logical and mechanical properties was investigated. It was found that CNCs have a significant 
influence on the thermal stability and the compressive strength of the obtained foams. In the 
end, the neat polyHIPE foam and the polyHIPE/CNC composite foam with 1 wt % of CNC 
were post-functionalized by reacting phenylimidazole (PIAL) with the epoxy ring of the GMA 
units. Resulting amine functional foams and the neat foam were utilized in Cr(III) removal 
from aqueous solutions. It was demonstrated that amine functional foams have a great po-
tential as sorbent materials. The results also showed that the existence of CNCs decreased the 
performance for removing Cr(III) ions. Nevertheless, functionalization by PIAL significantly 
improved the selectivity of Cr(III) in comperasion with the neat polyHIPE foam.

Cite this article as: Kekevi B, Eslek A, Mert EH. Macroporous thermoset monoliths from 
glycidyl methacrylate (GMA)-based high internal phase emulsions (HIPEs): Effect of cellulose 
nanocrystals (CNCs) as filler - Functionalization and removal of Cr(III) from aqueous solu-
tions. Environ Res Tec 2021;4:4:358–368.

INTRODUCTION

Morphology is one of the main factors affecting the ap-
plication area of polymeric materials. Especially for sepa-

ration science and chromatography, polymeric monoliths 
that are exhibiting well-defined open-cellular morphology 
are highly preferred due to their highly permeable structure 
allowing mass transfer. Apart from the porous structure the 
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other important parameter required for above mentioned 
applications is of course the chemical functionality. From 
this point of view a polymer monolith, in which ideal pore 
morphology combines with the chemical structure com-
posed of special functional groups is the perfect material 
for separation and chromatography applications. To achieve 
this goal, since the first introduction of high internal phase 
emulsion (HIPE) templated polystyrene based hierarchical 
macroporous foams, which are known as poly(high inter-
nal phase emulsions) (polyHIPEs), by Unilever researchers 
Bartl and Bonnin [1], scientists are benefiting from HIPE 
templating for its versatility [2].

In a HIPE, the volume fraction (φ) of the internal phase (or 
the droplet phase) is over 0.74. This is the critical volume 
fraction that described by Ostwald [3, 4]. At this volume ra-
tio the mono-disperse hard spheres are packed in the closest 
manner and deformed into polyhedral droplets over this val-
ue [5]. Because the adjacent droplets are separated by the thin 
film of continuous phase, the resulting emulsions are similar 
to interconnected foams. If the continuous phase is consisted 
of polymerizable species, polyHIPEs can be obtained [6].

Although HIPEs can be prepared as water-in-oil (w/o) or 
oil-in-water (o/w) emulsions depending on the continuous 
phase, most of the polyHIPEs are synthesized from w/o type 
HIPEs, which are prepared by using hydrophobic mono-
mers [7]. In such HIPEs, the oil phase is usually composed 
of monomer(s), crosslinker and surfactant(s) whereas the 
internal phase constitutes of water. Polymerization can be 
achieved under mild conditions by using an oil or water-sol-
uble initiator. Consequently, water act as a porogen and 
well-defined, interconnected porous structure is achieved by 
the removal of the porogen upon polymerization [8–10]. 

So far, styrene is the most common monomer used in the 
synthesis of polyHIPEs due to its highly hydrophobic struc-
ture [6]. Indeed, the main reason of this is preventing the 
coalescence of emulsion droplets and phase inversion and 
providing the emulsion stability. Since hydrophilic mono-
mers tend to diffuse into the aqueous phase it is more diffi-
cult to achieve stable HIPEs by using them. However, more 
hydrophilic monomers such as acrylamide (AAm), 2-hy-
droxyl ethyl acrylate (HEA), ethylene glycol dimethacry-
late (EGDMA), glycidyl methacrylate (GMA), and methyl 
methacrylate (MMA) have been also successfully utilized in 
HIPE templating [11–14]. Especially, acrylates and meth-
acrylates have been served very well in the preparation of 
functional monoliths to be used as a separation and purifi-
cation media, due to their chemical structure open to fur-
ther functionalization reactions.

Post-polymerization functionalization is a convenient ap-
proach to gain special groups in the monolith structure. In 
this respect, polyGMA based monoliths offer the advantage 
of reactive epoxy ring. Particularly in the presence of thi-
ols and amines, the epoxy ring can be easily opened under 

mild reaction conditions [15–19]. In this respect, Krajnc et 
al. [20] synthesized poly (GMA-ethylene glycol dimethacry-
late) polyHIPE monoliths and functionalized these mono-
liths with different amines to investigate their capacity in the 
chromatographic separation of proteins. Pahovnik et al. [21] 
prepared hydrogel polyHIPEs through o/w type HIPEs from 
functionalized-polyGMA and carried out post-function-
alization with different amine compounds. Consequently, 
they revealed the water uptake capacity of the obtained ma-
terials. In another study, Mert et al. [22] synthesized poly-
HIPE monoliths by the crosslinking of unsaturated polyster 
resin with GMA and DVB in the w/o type HIPEs. Thereaf-
ter, they carried out post-functionalization of the resulting 
monoliths with several amine ligands. In the end they have 
shown that resulting materials are highly effective in the re-
moval of heavy metal ions. In their following study, Mert 
and Yıldırım also demonstrated the synthesis, functional-
ization and heavy metal ion uptake capacity of poly(unsatu-
rated polyester-co-GMA-DVB) polyHIPE beads [23].

In the preparation of polyGMA based polyHIPEs, obtain-
ing a material with high amounts of epoxy groups is chal-
lenging due to the hydrolysis of epoxy groups during poly-
HIPE synthesis to achieve highly functional materials [24]. 
However, depending on the polymerization temperature, 
hydrolysis amount of epoxy groups varied. Yang et al. [25] 
successfully utilized radiation-induced HIPE polymeriza-
tion at room temperature to prepare polyGMA monoliths.

Herein, we focused on the preparation of amine function-
al poly(GMA-co-DVB) polyHIPE monolith and cellulose 
nanocrystal (CNC) loaded polyHIPE/CNC composite 
monoliths. For this purpose, CNC was used as filler during 
the preparation of polyHIPEs because it offers the advan-
tages of biocompatibility and preparing polymers with im-
proved properties [26–28]. Moreover, it is a cost-effective 
material. It is known from previous studies that the ad-
sorption capacity of the polymers obtained by reinforcing 
the polymer matrix with CNC also increases significantly 
[27, 28]. In this respect, polyHIPE/CNC composite mono-
liths were obtained from the precursor HIPEs at which the 
amount of CNC loading was corresponding to 1, 5 or 7 wt 
% of the continuous oil phase. Resulting monoliths were in-
vestigated in terms of, morphological properties, thermal 
stability, and mechanical strength. In the end, post-polym-
erization functionalization reactions were also conducted 
by using 2-phenylimidazole (PIAL) and the capacity of the 
resulting functional polyHIPEs was demonstrated by uti-
lizing in the removal of Cr(III) from aqueous solutions. In 
addition to all, the kinetics of the Cr(III) removal by using 
the resulting polyHIPE sorbents was also demonstrated. To 
the best of our knowledge, this is the first study describing 
the preparation of CNCs supported poly(GMA-co-DVB) 
polyHIPEs and demonstrating the synergistic influence 
of functionalization and CNCs loading on the removal of 
Cr(III) from aqueous environment.
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MATERIALS AND METHODS

Materials
Glycidyl methacrylate (GMA, 97%, Sigma Aldrich), divi-
nylbenzene (DVB, Sigma Aldrich), sorbitane monooleate 
(Span® 80, non-ionic surfactant, Sigma-Aldrich), poly(eth-
ylene oxide-block-propylene oxide-block-ethylene oxide) 
(PEO-b-PPO-b-PEO, Mw: 4400 g/mol) (Pluronic®L-121, 
Aldrich), potassium persulfate (KPS, ≥99.0%, ACS reagent), 
Cellulose Nanocrystals (CNC) (dry powder, Dia:10–20 nm, 
L:300–900 nm, Nanografi), 2-Phenylimidazole (PIAL, 98%, 
Sigma Aldrich), dimethylformamide (DMF, 98%, Merck), 
calcium chloride hexahydrate (CaCl2.6H2O; 98%, Sig-
ma-Aldrich), were used without purification. AIBN was in 
technical grade and used after recrystallization from etha-
nol. Chromium standard solution (Cr(NO3)3 in HNO3 0.5 
mol/L, 1000 mg/L Cr, CertiPUR®, Merck) was used by di-
luting with ultrapure deionized water.

Synthesis of polyHIPEs
GMA based polyHIPEs were prepared by 80 vol% of nom-
inal porosity. All HIPEs were prepared by using the same 
experimental setup consisting of a 250 mL round bottom 
two-necked glass reactor equipped with an overhead stirrer 
and a peristaltic pump. The continuous phase was composed 
of GMA and DVB at a volume ratio of 9:1 and a non-ion-
ic emulsifier mixture. The non-ionic emulsifier mixture was 
composed of Pluronic® L121 and Span® 80, where the volume 
ratio of the emulsifiers was also set to 9:1, similar as the mono-
mer ratio in the continuous phase. In a typical experiment 
HIPE was prepared as described below: 40 mL of aqueous 
internal phase prepared by dissolving 0.4 g CaCl2.6H2O and 
1 mole % of KPS (regarding to monomers) in 40 mL of ultra-
pure deionized water was added to the continuous oil phase 
under constant stirring (@300 rpm) by droplets with the help 
of a peristaltic pump (pumping rate: 50 rpm). When the ad-
dition of the internal phase was completed, mixing process 
was continued for an additional 30 min to provide a uniform 
emulsion. Afterwards, precursor HIPE was transferred to 
sealed glass container and cured at 60 oC in an air-circulating 
oven for 24 h. For purification of the obtained monoliths and 
removal of the internal phase, monoliths were extracted by 
using Soxhlet apparatus in ethanol for 24 h and all samples 
were dried under vacuum at 40 oC after extraction.

To improve the properties of poly(GMA-co-DVB) poly-
HIPEs, composite monoliths was also prepared by using 
CNC as filler. PolyHIPE/CNC composite monoliths were 
also prepared by using the similar experimental procedure 
described above. The only difference was the addition of 
CNC (1 wt %, 5 wt % or 7 wt %) into the continuous oil 
phase before emulsification procedure. To provide homo-
geneous distribution of the filler continuous oil phase was 
homogenized at a rate of 1500 rpm for 15 min. Afterwards, 
the internal water phase was added as described above and 

the obtained HIPEs were cured. The resulting composite 
monoliths were names as PHC-x, where x is designating 
the CNC loading rate.

Post-Polymerization Functionalization of the polyHIPEs 
Post-polymerization functionalization of the polyHIPEs 
was achieved by reacting epoxy groups of the GMA units 
existing on polymer chains with PIAL in mild reaction 
conditions. For this purpose, certain amount of polyHIPE 
monolith sample was cut into pieces, powdered, and placed 
in a 50 mL round bottom two-necked reactor equipped 
with a condenser. Then, 20 ml of DMF was added to swell 
the polyHIPE sample before the reaction. After 30 min, cer-
tain amount of PIAL corresponding to the 20% of the the-
oretical epoxy group content of the monolith sample was 
dissolved in 10 mL of DMF and added to the reactor and 
the temperature was increased up to 80 oC. The reaction 
was continued for 24 h under constant stirring at 300 rpm. 
In the end, functionalized polyHIPE monolith sample was 
filtered off and washed with DMF, ethanol and ethanol/wa-
ter (1:1) mixture to remove the impurities. Then the sample 
was dried under vacuum at 50 oC for 48 h. The resulting 
functional polyHIPE monoliths were named as PHR-F and 
PHC-F. While PHR-F was derived from the neat polyHIPE 
monolith (PHR), PHC-F was derived from the polyHIPE/
CNC composite monolith containing 1 wt % of CNC.

Metal Removal of Monoliths
Cr (III) metal adsorption capacity of polyHIPE/CNC com-
posite monoliths in diluted acid solutions were determined 
under competitive conditions with neat polyHIPE mono-
lith in batch experiments. For increasing adsorption ca-
pacity, 0.2 g of the neat polyHIPE monolith and polyHIPE/
CNC composite monoliths were placed in aqueous Cr(III) 
solution. At specific time intervals, polyHIPE monoliths 
were filtered and the Cr(III) concentrations of the remain-
ing solutions were investigated by Atomic Absroption Spec-
trometer (AAS).

Characterization
The pore morphology of the neat polyHIPE monolith and 
polyHIPE/CNC composite monoliths was investigated by 
scanning electron microscopy (SEM). For this purpose, 
all samples were coated by gold prior to analysis. While 
SEM images of the neat polyHIPE monolith was record-
ed by using FEI Inc., Inspect S50 model microscope, the 
morphology of polyHIPE/CNC composite monoliths were 
determined by using EDAX Philips XL-30 microscope. Av-
erage cavity size (CS) of the monoliths were calculated with 
the help of SEM images. In this respect, dimension of at 
least 50 cavities for each sample were measured from the 
corresponding SEM image and multiplied with a correction 
factor of (2/31/2) [29]. Then the arithmetic average and stan-
dard error were also calculated.
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Brunauer-Emmet-Teller (BET) specific surface area (δBET) of 
the polyHIPE monolith samples was measured by recording 
N2 adsorption/desorption isotherms on Micromeritics Gem-
ini VII Surface Area and Porosity Analyzer. All samples were 
degassed flow prior to analysis under N2 and at 100 oC on Mi-
cromeritics FlowPrep 060 Sample Degas Unit. For each poly-
HIPE monolith sample, δBET of the 3 identical specimens were 
determined and the arithmetic average of the determined val-
ues was calculated as BET specific surface area (δBET).

Thermal stability of the polyHIPE monoliths was investi-
gated by thermal gravimetrical analysis (TGA). With this 
aim, TGA and DTG curves were recorded between 30 oC 
and 650 oC by using Mettler Toledo TGA/DSC 3+ STAR 
system under N2 flow. During the analyses the heating rate 
was adjusted to 10 oC/min. 

To determine the mechanical behavior of the polyHIPE 
monoliths under uniaxial compressive load, compression 
tests were performed by using a ZwickRoell Z020 Universal 
Testing Machine. The tests were carried out according to the 
testing standard (Standard Test Method for Compressive 
Properties of Rigid Cellular Plastics) ASTM D1621-04a. In 
this respect, for each polyHIPE monolith sample five differ-
ent specimens with identical dimensions were prepared (15 
mm height × 10 mm width). The test data were recorded 
on testXpert II Testing Software and the obtained data was 
used to draw stress vs. strain plots. The compression modu-
lus (Ec), compressive strength (σL) and relative deformation 
at compressive strength (εL) were also determined by using 
the original software.

The chemical structure of the functional polyHIPE mono-
liths were confirmed by Fourier Transform Infrared Spec-
troscopy (FTIR) and elemental analysis. For this purpose, 
Perkin Elmer Spectrum 100 FT-IR spectrometer was used 

for FTIR analysis, while Eurovector EA3000-Single Analy-
ser was used for elemental analysis. 

The Cr(III) removal capacity of the polyHIPE sorbents was 
determined by atomic absorption spectroscopy. For this 
purpose, Cr(III) concentrations were calculated by using 
the data obtained from Perkin Elmer Elmer Analyst 800 
atomic absorbance spectrometer.

RESULTS AND DISCUSSION

PolyHIPE Synthesis and Characterization
To determine the influence of CNC addition on the prop-
erties of poly(GMA-co-DVB) polyHIPEs, polyHIPE/CNC 
composite monoliths (PHC-x) was also synthesized by 
varying the amount of CNC loading at a rate of 1%, 5% 
and 7%. In all cases, the neat polyHIPE monolith (PHR) 
sample and the CNC added polyHIPE/CNC composite 
monoliths (PHC-x) were obtained successfully by the co-
polymerizartion crosslinking of precursor HIPE templates. 
Afterwards, the influence of CNC addition on the mac-
roporous morphology of the samples was first investigat-
ed by SEM. The SEM image of the neat polyHIPE mono-
lith (PHR) and the polyHIPE/CNC composite monoliths 
(PHC-x) are presented respectively in Figure 1 and Figure 
2. It was determined from Figure 1 that PHR displayed 
an open-cell structure with well-defined spherical pores 
and interconnecting pore throats pores. However, as can 
be seen from Figure 2, the morphology of the composite 

Figure 1. SEM image of the neat polyHIPE monolith (PHR).

Figure 2. SEM images of the polyHIPE/CNC composite 
monoliths. (a) PHC-1, (b) PHC-5 and (c) PHC-7 at differ-
ent magnification rates. (A)2500 x and (B)5000 x.



Environ Res Tec, Vol. 4, Issue. 4, pp. 358–368, December 2021362

monoliths (PHC-x) was altered by CNC loading. The most 
significant change that can be seen from the SEM images 
presented in Figure 2 that, the heterogeneous morpholo-
gy, and the presence of macropores in various dimensions. 
Moreover, while the surface of the neat polyHIPE mono-
liths (PHR) was smooth, polyHIPE/CNC composite mono-
liths (PHC-x) were all exhibited a rough surface. In case of 
composite monoliths (PHC-x) the spherical pore throats 
were mostly replaced by the thin cracks on the surface of 
the macropores. This situation can be explained by the pore 
formation mechanism suggested by Menner and Bismarck 
[30]. According to their study, pore throats are originated by 
the rupture of the continuous polymer film formed around 
the internal phase droplets. The spherical geometry of the 
pore throats can be ascribed to the alteration of the solubil-
ity of the used emulsifier and the phase separation of the 
continuous phase with the progress of polymerization pro-
cess. When the conversion of monomer was increased, this 
incident causes formation of emulsifier rich and polymer 
rich phases. Accordingly, emulsifier molecules that place at 
oil/water interface create weak points that can be rupture 
easily [30]. In addition, the heterogeneous morphology of 
polyHIPE/CNC composites is also indicating low emulsion 
stability, which can be associated by large cavities, possibly 
caused by larger droplets formed due to coalescence and 
Ostwald ripening [31]. In addition to all, when compar-
ing Figure 1 and Figure 2 with the cavity size distribution 
graphs presented in Figure 3, it can be concluded that the 
increase in CNC loading increases the cavity size distribu-
tion. However, as compared to the neat polyHIPE mono-
lith, the alteration of average cavity size of polyHIPE/CNC 
composite monoliths was found to be moderate (Table 1). 
Since the BET specific surface area (δBET) values of foams 
and monolithic materials is an important property for var-
ious applications, variation of BET specific surface area 
by the change of CNC loading rate was also investigated. 
According to the BET specific surface area data displayed 
in Table 1, it was concluded that CNC loading resulted in 
higher surface area.

It is known from the earlier publications that using CNC as 
a filler in the polyHIPE matrix contributes to the thermal 
stability of the materials [26]. In this respect, the influence 
of CNCs on the thermal degradation behavior of the poly-
HIPE/CNC composite monoliths (PHC-x) was investigated 
against the neat polyHIPE monolith (PHR) by using TGA. 
The comparative TGA and DTG curves are presented in 
Figure 4 and the thermal data obtained from TGA is pre-
sented in Table 2.

Figure 3. Cavity size distribution of the polyHIPEs.

Figure 4. (a) TGA and (b) DTG thermograms of the poly-
HIPE monoliths.

Table 1. Average cavity size (CS) and BET specific surface area 
(δBET) of the polyHIPEs

Sample	 CS	(µm)	 	δBET (m2g-1)
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Thermal degradation of polymeric composites generally 
begins with the elimination of low-molecular weight com-
pounds such as water or a monomer and continued with a 
larger weight loss degradation of a highly connected poly-
mer network [32]. Depending on the TGA curves shown in 
Figure 4(a), it could be concluded that the degradation of 
the neat polyHIPE monolith (PHR) was performed in two-
stage process whereas polyHIPE/CNC composite mono-
liths (PHC-x) were degraded in one-stage process. Partic-
ularly, the degradation steps of PHR and PHC-x monoliths 
could be observed from DTG curves more distinctly. In 
DTG curves of all monoliths, evaporation of water below 
100 oC could be observed, clearly. Additionally, in the DTG 
curve of neat polyHIPE monolith (PHR), the weight loss 
detected at 140 oC arise due to the degradation of unreacted 
GMA monomer. The largest weight loss of PHR monolith 
observed in two steps that corresponded to two polymer 
networks crosslinked at different rates. However, the largest 
weight loss of polyHIPE/CNC composite monoliths per-
formed in one step that the partial degradation transitions 
of polymer network had cause the DTG curve look like this. 
The water absorbed by hydrophilic CNC induced the deg-
radation of the polymer network and had cause degradation 
at lower temperatures [33]. This partially different degrada-
tion process of PHC monoliths could be detected evidently 
in DTG curve of PHC-1 monolith due to strong intermolec-
ular interactions between CNC and polymer network [34].

In Table 2, while the initial degradation temperature (Td10) 
corresponds to the temperature at which 10% of degrada-
tion occurred, midpoint degradation temperature (Td50) 
corresponds to the temperature at which 50% of the ini-
tial mass is degraded. As can be seen from the thermal data 
(Table 2), the initial degradation temperature slightly in-
creased with the addition of CNC. On the other hand, the 
maximum change in initial degradation temperature was 
recorded for PHC-1 with an increase of ~5 oC. Although 
the PHC-5 and PHC-7 monoliths also exhibited higher 
initial decomposition temperatures as compared to the 
neat polyHIPE monolith (PHR), the change recorded was 
negligible. On the other side, the fluctuation in values was 
also indicating an inhomogeneous distribution of the filler. 

When comparing with the neat polyHIPE monolith (PHR) 
the improvement of the midpoint degradation temperature 
of the polyHIPE/CNC composite monoliths (PHC-x) was 
more obvious. It was found that the increase in the mid-
point degradation was reached to 14.8 oC for the composite 
monolith containing 7 wt % of CNC. In addition to all, the 
residual char determined by TGA is given in Table 2. It can 
be seen from Table 2 that due to the addition of CNC the 
residual char recorded for the polyHIPE/CNC composite 
monoliths (PHC-x) was also increased, as compared to the 
neat polyHIPE monolith (PHR).

To determine the influence of CNC addition on the me-
chanical properties, compressive features of the neat poly-
HIPE monolith (PHR) and polyHIPE/CNC composite 
monoliths (PHC-x) were investigated. Compressive stress 
vs. strain plots of the samples is presented in Figure 5, 
while the data obtained by the tests are given in Table 2. As 
can be seen from Figure 5 and Table 2, CNC addition has a 
great influence on the variation of mechanical properties, 
namely compression modulus (Ec), compressive strength 
(σL) and relative deformation at compressive strength 
(εL). When comparing with the mechanical data of the 
neat polyHIPE (PHR) sample, it was determined that the 
compression modulus and compressive strength were first 
increased and then decreased at the highest loading ratio 
of CNC. It was also found that the relative deformation 
of the polyHIPE/CNC composite monoliths (PHC-x) was 
first slightly increased at a loading ratio of 1 wt % and then 
decreases significantly when the CNC loading ratio was 
corresponding to 7 wt %.

Functionalization of polyHIPEs
To demonstrate a possible field of application and to obtain 
polyHIPE sorbents, post-polymerization functionalization 
was carried out. In this respect, the polyHIPE/CNC com-
posite synthesized by using 1 wt % of CNC (PHC-1) was 
selected considering both morphological, thermal, and me-
chanical properties. The neat polyHIPE monolith (PHR) 
was also used for the same purpose as a reference materi-
al. Functionalization was achieved over the epoxy ring of 
GMA units using PIAL. The achievement of functionaliza-

Table 2. Thermal and mechanical properties of the polyHIPEs

Sample Td10 Td50) Residual char Ec	 σL	 εL 
 (oC) (oC) (wt %) (MPa) (MPa) (%)
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tion was confirmed via FTIR and comparative FTIR spectra 
of the functional monoliths (PHR-F and PHC-F) and PIAL 
are presented in Figure 6.

In the FTIR spectra of PHR-F and PHC-F presented in Fig-
ure 6, the characteristic peaks at 1726 cm−1 and in the range 
between 1200 cm−1 – 1100 cm−1 corresponds to the ester 
bonds. Moreover, the band between 1600 cm−1 –1450 cm−1 
and the peak at 709 cm−1 is corresponding to the aromatic 
ring and these absorption peaks are appeared in the spectra 
of both functionalized polyHIPEs (PHR-F and PHC-F) and 

the PIAL. Finally, the band between 1440 cm−1 – 1480 cm−1 
and the peak appeared at 2930 cm−1 are due to the aliphatic 
groups. Since new bonds are formed with the reaction of 
PIAL with epoxy ring, the absorption peak corresponding 
to the epoxy ring (907 cm−1) in the spectra of functional-
ized polyHIPEs (PHR-F and PHC-F) was expected to be 
decreased or completely disappeared. In this respect, it can 
be seen from Figure 6 that, the signals of the peak expected 
to be appeared at 908 cm–1 decreased distinctly and shifted 
to a lower area (at 899 cm–1), as expected. In addition to 
this, the band observed in the spectra of functional poly-
HIPEs (PHR-F and PHC-F) at 1400 cm–1 can be attribut-
ed to the C-N bonds. In the spectra of PHC-F, the broad 
peak observed at 3450 cm–1 corresponds to the –OH groups 
of CNCs. On the other hand, the C-O stretching band of 
CNCs was overlapped with C-O stretching of GMA units 
and appeared as an intense, necked peak at 1262 cm–1.

Figure 5. Compressive stress vs. strain plots of the poly-
HIPEs.

Figure 7. Kinetics of Cr(III) removal with polyHIPEs: (a) 
the neat polyHIPE (PHR), (b) functionalized neat polyHIPE 
(PHR-F), (c) functionalized polyHIPE/CNC (PHC-F).

Figure 6. Comparative FTIR spectra of the functionalized 
polyHIPEs (PHR-F and PHC-F) and PIAL.

Table 3. Elemental analysis data and the calculated degree of 
functionalization of the functionalized polyHIPEs (PHR-F and 
PHC-F).

Sample Theoretical Experimental Functionalization 
   degree (%)

 N % N %
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In order to determine the degree of functionalization, the 
N % quantity of the functionalized polyHIPEs (PHR-F 
and PHC-F) was determined by elemental analysis and 
used together with the theoretical N % quantity to cal-
culate the degree of functionalization. The theoretical 
and experimental N % values and calculated degree of 
functionalization are demonstrated in Table 3. It can be 
seen from Table 3 that the degree of functionalization 
was performed with a yield of 50.68% for PHC-F and 
44.46% for PHR-F.

Cr(III) Removal by polyHIPEs
The applicability of the resulting poly GMA based neat 
polyHIPE (PHR), functionalized neat polyHIPE (PHR-F) 
and polyHIPE/CNC composite (PHC-F) as polymer-
ic sorbent materials was investigated in the removal of 
Cr(III) from aqueous solutions, under non-competitive 
conditions. It can be seen from Figure 7 that the amount 
of the removed Cr(III) was increased with the increase 
of contact time. However, the kinetic curves presented 
reveals the influence of the structure of sorbent matrix 
used for Cr(III) removal. According to Figure 7, both 
functionalized monoliths (PHR-F and PHC-F) exhibited 
higher efficiency in the removal of Cr(III) as compared 
to the neat polyHIPE (PHR). In case of PHR, the process 
occurred relatively slow and the equilibrium has been 
reached after 500 min As well as the equilibrium has also 
been reached after 500 min when PHC-F was used, this 
sorbent was found to be more efficient in Cr(III) removal 
with regards to the neat polyHIPE (PHR). On the other 
hand, PHR-F sorbent was found to exhibit high sorption 
rate and equilibrium reached after 300 min. As can be also 
seen from Figure 8, which demonstrates the removal effi-
ciency of Cr(III) due to the type of polyHIPE sorbent, the 
percentage of the removed Cr(III) was reached as high as 
98% in the case while PHR-F was used as sorbent. Since 
the PHR-F was obtained by post-polymerization func-
tionalization of the neat polyHIPE monolith (PHR), these 
two sorbent materials basically have the same polymer 
skeleton. However, PHR only showed 12.5% of remov-
al efficiency against Cr(III). Therefore, this result can be 
attributed to the contribution of the functional groups 
of PHR-F sorbent. On the other hand, it was found by 

comparing the removal efficiency of two functionalized 
polyHIPE sorbents (PHR-F and PHC-F), that the PHC-F 
showed almost 60% lower removal efficiency. This signifi-
cantly lower removal efficiency can be explained by the 
pore morphology of the resulting materials. As can be 
seen from the SEM images of the neat polyHIPE mono-
lith (PHR) and the polyHIPE/CNC composite monolith 
containing 1 wt % of CNCs (PHC-1) (Figure 1 and Fig-
ure 2(a), respectively), the neat polyHIPE monolith has a 
more open pore structure. We believe that the more open 
sorbent matrix allows the diffusion of Cr(III) more easi-
ly, which probably resulted in higher removal efficiency. 
Since this situation also strengthens access to functional 
groups, this sorbent may also have shown lower activity, 
although it has a higher degree of functionality.

Adsorption Kinetics
To describe the kinetic process, the experimentally obtained 
kinetic data was fitted into Lagergren pseudo first-order 
and Ho’s pseudo second-order kinetic model by using the 
linearized rate equations given in equations (1) and (2), re-
spectively [35].

ln (Qe - Qt) = lnQe – k'1t (1)

t/Qt = 1/ (k'2 Qe
2) + t/Qe (2)

where Qe (mg/g) and Qt (mg/g) are the absorption capaci-
ties at equilibrium and time t (min), respectively. k'1 is the 
pseudo-first order and k'2 is the pseudo-second order rate 
constants. To calculate the Qe and kinetic rate constants 

Figure 8. The removal efficiency of Cr(III) with polyHIPEs.

Table 4. The kinetic data and R-square (R2) values of the plots

 PHR PHR-F PHC-F
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experimental data were plotted according to equations 
(1) and (2). The obtained plots are presented in Figure 9 
and Figure 10. Afterwards, kinetic rate constants and Qe 
values were calculated from the slope of the linear plots 
and the points where the graphs cut the y-axis. The calcu-
lated kinetic data and R-square (R2) values of the plots are 
given in Table 4. Since the Lagergren pseudo–first-order 
model is relied on the assumption that the rate of change 
of adsorption by time is proportional to the change in 
saturation concentration and the amount of adsorption 
by time, it is generally applicable over the initial stage of 
an adsorption process [36] (Sahoo and Prelot, 2020). The 
initial first few minutes of adsorption is usually faster, 
this then changes to a slower rate which is maintained 
as equilibrium is approached. The two different rates 
(chemically-controlled rate determining step or diffu-
sion-controlled rate determining step) suggest the pres-

ence of two different adsorption sites (readily accessible 
external and macropore sites, and less accessible meso- 
and micropore sites) [37] (Li et.al, 1999). It is usually 
observed that when the adsorption occurs via diffusion 
through the interface, the kinetics of the process follows 
Lagergren pseudo–first-order rate equation. In this study, 
polyHIPEs sorbents are exhibiting similar macroporous 
morphology. The differences between the R2 values can 
be attributed to the presence of CNC and the function-
al groups. The low R2 values obtained for PHC-F, might 
be a reason of low affinity of PHC-F to Cr(III). This can 
be attributed to the fact that the interactions between the 
ligand molecule and the CNC are stronger than their in-
teractions with Cr(III), and the diffusion rate might be 
decreased. The high R2 values of the graph can be consid-
ered as an indication that the polyHIPE sorbents follow 
the kinetic model expressed by the mathematical equa-

Figure 9. The kinetic plots of Cr(III) removal by poly-
HIPEs based on pseudo-first order kinetic model: (a) the 
neat polyHIPE (PHR), (b) functionalized neat polyHIPE 
(PHR-F), (c) functionalized polyHIPE/CNC (PHC-F).

Figure 10. The kinetic plots of Cr(III) removal by poly-
HIPEs based on pseudo second-order kinetic model: (a) the 
neat polyHIPE (PHR), (b) functionalized neat polyHIPE 
(PHR-F), (c) functionalized polyHIPE/CNC (PHC-F).
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tion used to plot the experimental data. In this respect, 
it can be safely stated that sorption of Cr(III) on to the 
neat polyHIPE (PHR) followed pseudo first-order kinetic 
model, while the sorption on to the functionalized neat 
polyHIPE (PHP-F) followed pseudo second-order kinetic 
model. Moreover, in the case of functionalized polyHIPE/
CNC composite (PHC-F) sorbent, the pseudo-first-order 
kinetic model correlated relatively well with the experi-
mental data, with a relatively low R2 value (0.7104).

CONCLUSION

As a conclusion, to prepare polyHIPE materials exhibit-
ing the potential of post-polymerization functionaliza-
tion precursor HIPEs composed of GMA and DVB were 
used as templates. Moreover, CNC was also used as filler 
during the preparation of the precursor HIPEs for tuning 
the morphological, mechanical, and thermal properties 
of the corresponding polyHIPE monoliths. It was shown 
that CNC has a significant influence on morphological 
and mechanical properties, as well as thermal stability. 
In addition, post-polymerization functionalization with 
PIAL was performed to prepare functional monoliths us-
ing the epoxy ring on the polymer chains. It was confirmed 
that the degree of functionalization was 44.46% for the 
neat polyHIPE monolith and 50.68% for the polyHIPE/
CNC composite. Based on these results, functionalized 
polyHIPEs and the neat polyHIPE were used for Cr(III) 
removal from aqueous solutions under non-competitive 
conditions. It was demonstrated that the Cr(III) removal 
capacity of the polyHIPEs was significantly improved by 
post-polymerization functionalization. Moreover, it was 
also shown that the Cr(III) removal capacity strongly de-
pends on the pore morphology of the polyHIPE sorbents. 
When the removal efficiency of the neat polyHIPE was 
only 12.5%, the capacity of Cr(III) removal of the func-
tionalized polyHIPE and polyHIPE/CNC composite was 
respectively found to be 98% and 36%.
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