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In this work the synthesis of hemicellulose-based hydrogels and their application for the removal
of arsenic and chromium ions is described. In a first step O-acetyl galactoglucomannan (GGM) was
subjected to a transesterification applying glycidyl methacrylate (GMA) for the synthesis of novel
GGM macromonomers. Two distinguished and purified GGM fractions with molar mass of 7.1 and
28 kDa were used as starting materials. The resulting GGM macromonomers (GGM-MA) contained well-
defined amounts of methacrylate groups as determined by '"H NMR spectroscopy. Selected GGM-MA
derivatives were consecutively applied as a crosslinker in the synthesis of tailored hydrogels using [2-
(methacryloyloxy)ethyl]trimethylammonium chloride (MeDMA) as monomer. The swelling rate of the
hydrogels was determined and the coherence between the swelling rate and the hydrogel composition
was examined. The morphology of the GGM-based hydrogels was analysed by SEM and the hydrogels
revealed a high surface area and were assessed in respect to their ability to remove arsenate and chromate
ions from aqueous solutions. The presented bio-based hydrogels are of high interest especially for the
mining industries as a sustainable material for the treatment of their highly contaminated wastewaters.
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1. Introduction

The rapid growth of the world population and the increas-
ing living standard in developing countries leads to a constant
augmentation of the need for construction materials, electronic
components, and energy resources. Therefore, worldwide oil and
coil, resp. ore deposits are exploited. Beside various other prob-
lems, one threatening side effect of the exploitation of ores is that
the local environment is often highly contaminated with toxic
heavy metals and metalloids such as mercury (Hg), chromium
(Cr), arsenic (As), lead (Pb), cadmium (Cd), and zinc (Zn). Ions of
these metallic species are found in the industrial wastewaters and
they can be accumulated in the environment and tissues caus-
ing various diseases and disorders in living organisms. Because
heavy metal ions show toxic effects even at very low dosages,
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an effective wastewater treatment is essential to avoid unneces-
sary exposure of the population in the surroundings of ore mines.
Several methods for the removal of metal ions are known, such
as the adsorption of metal ions on activated carbon (Faulconer,
von Reitzenstein, & Mazyck, 2012), application of chelating or
ion exchange resins (Zainol & Nicol, 2009), zeolites (Ali, Thabet,
El-Nasser, Hassan, & Salama, 2012), as well as the use of syn-
thetic polymers (Rivas, Pereira, Gallegos, & Geckeler, 2002; Rivas,
Pereira, Palencia, & Sanchez, 2011) and chemical precipitations
(Feng, Aldrich, & Tan, 2000). Nevertheless, these techniques have
several inherent disadvantages such as high costs, formation of
toxic sludge, and other waste products, which have to be dis-
posed (Peng, Ren, et al. 2012; Peng, Zhong, et al. 2012). Extensive
efforts are thus made in order to produce more efficient, envi-
ronmentally friendly (e.g. biobased), and reusable materials for
heavy metal removal from wastewaters. In the last decade, dif-
ferent plant materials such as lignin (Guo, Zhang, & Shan, 2008),
cellulose (Akama & Ueda, 2013), chitin/chitosan (Ayoub, Venditti,
Pawlak, Salam, & Hubbe, 2013; Zheng, Wang, Zhu, & Wang,
2013), hemicelluloses (Peng, Ren, et al. 2012; Peng, Zhong, et al.
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2012), agriculture wastes (Ahluwalia & Goyal, 2005; Wan Ngah
& Hanafiah, 2008), starch (Apopei, Dinu, Trochimczuk, & Dragan,
2012) and bark (Netzahuatl-Mufioz, Guillén-Jiménez, Chavez-
Goémez, Villegas-Garrido, & Cristiani-Urbina, 2012; Palma, Freer,
& Baeza, 2003) were tested in respect to their ability to absorb
metal ions. From this list especially cellulose and hemicelluloses
reveal a high potential due to their high abundance, as well as the
already existing refining factories, e.g. pulp mills. Furthermore, the
use of cellulose and hemicelluloses does not raise ethical issues
because they cannot be used as food, what makes them favourable
compared to starch.

One promising water-soluble hemicellulose is O-acetyl galac-
toglucomannan (GGM), which can be extracted from softwood by
pressurized hot-water extraction (PHWE) (Al Manasrah, Kallioinen,
Ilvesniemi, & Manttari, 2012) or recovered from the wastewaters of
a thermomechanical pulping process by ultrafiltration (Lundqvist
et al., 2003; Persson, Nordin, Zacchi, & Jénsson, 2007; Willfor et al.,
2003; Xu, Willfér, Holmlund, & Holmbom, 2009). The circum-
stance that GGM is a side product of the pulping industry and
hence available in large amounts, reveals the outstanding potential
of GGM as a renewable raw material for novel functional prod-
ucts. GGM consists of a linear backbone of randomly distributed
(1—4)-linked 3-p-mannopyranosyl (Manp) and (1—4)-linked -
D-glucopyranosyl (Glcp) units, with a-p-galactopyranosyl (Galp)
units as single side units (Hannuksela & Hervé du Penhoat, 2004).
GGM is partially acetylated and the O-acetyl groups are located
randomly at C2 and C3 position of the mannose units in the main
chain (Willfor et al., 2003). In order to make GGM suitable for ion
removal applications, water-soluble GGM derivatives bearing dif-
ferent, either charged or neutral, groups might be synthesized. The
most convenient way to modify GGM is the substitution of the
hydroxyl groups (Dax, Eklund, et al., 2013; Dax, Xu, et al., 2013;
Voepel, Edlund, Albertsson, & Percec, 2011), but charged polymers
can also be attached to the reducing end of GGM (Dax, Eklund, et al.,
2013; Dax, Xu, etal., 2013). These GGM derivatives would be water-
soluble and could be applied for metal removal in a similar way
as water-soluble synthetic polymers. However, the complex setup
needed when using water-soluble polymers makes it preferable to
develop water-resistant products, such as hydrogels based on bio-
renewable materials. These materials could be removed from the
aqueous solution either by filtration or centrifugation, which makes
the use of, e.g. expensive special membranes superfluous.

In this work, an effective way for the synthesis of novel,
tailor-made GGM-based hydrogels with tuneable swelling rates
is described. Two purified and well-characterized GGM fractions
were in a first reaction step derivatized in a transesterification
reaction with glycidyl methacrylate and analysed by 'H and 13C
NMR. Subsequently, the GGM macromonomers were applied as
bio-based crosslinkers in the production of several hydrogels using
a methacrylic monomer bearing a quaternary ammonium group.
The GGM-based hydrogels were tested with respect to their poten-
tial as a bioadsorbent by removing toxic As and Cr ions from
aqueous solutions.

2. Experimental
2.1. Materials

Glycidyl methacrylate (GMA) 97% (Aldrich), ammo-
nium persulfate 98% (Aldrich), [2-(methacryloyloxy)ethyl]
trimethylammonium chloride (MeDMA) 80 wt.% in H,O (Aldrich),
dimethyl sulfoxide (DMSO) (Merck), dimethylformamide (DMF)
(Aldrich), acetone (J.T. Baker), 4-(dimethylamino)pyridine (DMAP)
98% (Aldrich), ethanol (EtOH) (Merck), Na;HAsO4-7H,0 (Merck),
K,Cr,07 (Merck), NaOH (Merck), HNO3 (Merck). DMSO and DMF

Table 1
Reaction conditions for the transesterification of GMA with GGM.

Crosslinker T(°C) GMA/X* DMAP" Solvent MA per GGM  DSya
chain®
GGM5-MA0.04 50 5:7 5 DMF 0.97 0.03
GGM5-MA0.25 50 5:7 10 DMF 6.89 0.25
GGM5-MA0.32 50 5:7 20 DMF 8.87 0.32
GGM5-MA0.03 50 5:7 10 DMSO 0.87 0.03
GGM5-MA0.14 50 5:7 20 DMSO 3.78 0.14
GGM5-MA0.33 50 10:7 20 DMSO 9.23 0.33
GGM22-MA0.41 50 5:7 20 DMF 50.78 0.41
GGM22-MA0.32 50 5:7 20 DMSO  39.7 0.32
GGM22-MA0.20 50 2.5:7 20 DMSO  24.7 0.20

2 Molar ratio of GMA to anhydrous sugar units of GGM.
b wt.% in respect to GGM.
¢ Average amount of MA groups present in each GGM chain.

were distilled to remove water. All the other materials were
commercially available and were of reagent grade or better and
were used without further purification.

Pressurized hot-water extracted O-acetyl galactoglucomannan
(GGM) from Norway spruce (Picea abies) was provided by The
Finnish Forest Research Institute Metla. The extraction conditions
were studied and optimized in a previous study (Kilpeldinen,
Kitunen, Pranovich, Ilvesmiemi, & Willfor, 2013) and GGM was
obtained as a solution with a concentration of 30 wt.%. The extract
was further purified in order to remove impurities and to nar-
row down the molar mass distribution (low polydispersity (PDI)).
Therefore, the concentrated GGM solution (330 mL) was diluted
with water (670 mL) and then precipitated in 9L of ethanol at room
temperature. The colourless precipitate was filtrated off and con-
secutively washed with ethanol, acetone, and methyl tert-butyl
ether and finally the solid GGM was freeze-dried. The purified GGM
fraction was obtained with a weight average molar mass (My,)
7.1kDa (polydispersity ~ 1.5). The second GGM fraction was pre-
pared from the process water of spruce thermomechanical pulping
(TMP) prior to any chemical treatments (Willfor et al., 2003). In
short, the process water was purified from colloidal wood resin,
and aromatic residues using a cationic coagulant (Raifix 120, Raisio
Chemicals Oy, Finland) and XAD-7 resin (Amberlite, Rohm and
Haas, UK). The solution was concentrated under reduced pressure
before GGM collected by precipitation in ethanol. The GGM was air-
dried and its My, was 28 kDa (polydispersity ~ 1.3), as determined
by HPSEC-RI/MALLS. In the following text the GGM fractions are
referred as GGM5 (M, =4.7 kDa) and GGM22 (M, =21.5kDa). The
sugar unit ratio of GGM was determined by acid methanolysis and
gas chromatography and was around 5-4:1:0.5-1.1(Man:Glc:Gal)
(Willfor, Sundberg, Tenkanen, & Holmbom, 2008) and the degree
of acetylation (DSx¢)~ 0.20.

2.2. Synthesis of GGM-MA macromonomers

The reaction conditions for the insertion of the methacrylate
groups into the GGM chain were adjusted outgoing from a pre-
vious study (Peng, Ren, et al. 2012; Peng, Zhong, et al. 2012)
by changing the temperature, the catalyst amounts, and the sol-
vent. The parameters of the performed reactions are listed in
Table 1. The exact procedure is exemplarily described for the prod-
uct GGM5-MAO.03 (here 0.03 denotes the degree of substitution
of GGM5). GGM5 (100mg, 0.6 mmol of anhydrous sugar units,
1 equiv.) was dissolved in 3 mL of dry DMF at 50 °C. Consecutively
DMAP (5mg, 0.041 mmol, 5wt.% in respect to GGM) and GMA
(62 mg, 0.43 mmol, 0.7 equiv.) were added and the mixture was
stirred under nitrogen atmosphere at 50°C for 16 h. The reaction
mixture was then transferred into a dialyses tube (cut-off of 2 kDa)
and dialyzed against distilled water for 3 days with daily water
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exchange. The aqueous solution of the product was dried by con-
secutive evaporation under reduced pressure and storage in the
oven at 50°C overnight. A brownish solid was obtained (62.7 mg,
yield 62%). 'H NMR (600 MHz, D,0, 25°C, ppm): § 1.81-2.00 (s,
3 H, CH,=C—CH3s), 2.04-2.22 (m, 3 H, —CO—CH3), 3.09-5.56 (non-
anomeric and anomeric protons of GGM, more details in Fig. 2),
5.70-5.87 (m, 1 H, C=CH;), 6.09-6.33 (m, 1 H, C=CH); 13C NMR
(600 MHz, D,0, 25°C, ppm): 17.47 (C=CH;), 20.27 (—CO—CH3),
59.75-77.48 (non-anomeric GGM carbon signals, details in Fig. 3),
98.41-103.3 (anomeric GGM carbon signals), 127.47 (CH,=C—CH3).

2.3. Synthesis of the GGM-based hydrogels

Exemplary the synthesis of [GGM5-MAO0.14;20;10;5] is
described. The products of the polymerization were labelled as fol-
lows: [(GGM-MA derivative used); (wt.% of GGM-MA + monomer
in the reaction solution); (wt.% of GGM-MA in respect to the
monomer); (mol% of the initiator in respect to the monomer)].
GGM5-MAO0.14 (50.0 mg, 0.01 mmol), MeDMA (450 mg, 2.16 mmol)
and ammonium persulfate (24.7 mg, 0.11 mmol) were dissolved
in 2.0mL of de-ionized water and N,-gas was bubbled into the
solution for 15 min in order to remove oxygen. Subsequently the
reaction tube was placed in an oil bath at 75°C for 2 h. After the
reaction was completed, the formed hydrogel was placed in 200 mL
of de-ionized water in order to remove unreacted monomers and
loose polymer chains from the hydrogel. After drying in the oven
at 40°C, a pure GGM-based hydrogel was obtained.

2.4. Swelling

The swelling ratio was determined by placing 100-200 mg of the
dried GGM-based hydrogel in 200 mL of de-ionized water. After
24h at room temperature, the hydrogel was removed from the
solution. Water that remained on the surface of the hydrogel was
carefully removed using a paper filter. The weight of the swollen
hydrogels was determined and the swelling ratio (Q) was calculated
using Eq. (1):

mg —mg
Q= o

(1)

where m; is the weight of the hydrogel at the time t and mg is the
initial weight of the oven dried sample (Albertsson, Voepel, Edlund,
Dahlman, & Séderqvist-Lindblad, 2010; Zheng et al., 2013).

2.5. High performance size exclusion chromatography (HPSEC)

The weight- and number-average molar mass (M,, and M;)
and molar mass distribution (MWD) of native GGM were deter-
mined by HPSEC in on-line combination with a multi-angle laser
light scattering (MALLS) detector (miniDAWN, Wyatt Technology,
Santa Barbara, USA) and a refractive index (RI) detector (Shimadzu
Corporation, Japan). A two-column system, 2x UltrahydrogelTM
linear 300 mm x 7.8 mm column (Waters, Milford, USA), in series
was used. 0.1 M NaNO3 was used as the elution solvent. The flow
rate was 0.5mLmin~!. A dn/dc value of 0.150mLg~! was used
(Michielsen, Brandrup, & Immergut, 1999). The samples were fil-
tered through a 0.22 wm nylon syringe filter before injection. The
injection volume was 100 L. Astra software (Wyatt Technology,
Santa Barbara, USA) was used to analyse the data.

2.6. Nuclear magnetic resonance spectroscopy (NMR)

The native GGM and the GGM-MA derivatives were analysed by
1H and '3C NMR measurements using a Bruker Avance spectrome-
ter (operation frequency: 'H: 600.13 MHz; 13C: 150.92 MHz). Either
D,0 or DMSO-dg was used as solvent and the temperature for all the

experiments was set to 25 °C. For the "H NMR spectra 50 scans were
made and for the 13C NMR 20000 scans were required to assure a
good resolution.

2.7. Determination of the degree of acetylation and calculation of
the degree of substitution

The degree of acetylation (DSa.) for the native GGM was deter-
mined by titration following a procedure described earlier (Xu etal.,
2010). The DSa obtained by titration was used as reference and the
DS for all the GGM derivatives was determined by evaluating the
respective 'H NMR spectra.

The degree of substitution (DSya) of the GGM derivatives was
determined by 'H NMR measurements. Therefore the 'H NMR
spectra were calibrated using a method described earlier (Dax,
Eklund, et al., 2013; Dax, Xu, et al., 2013) (detailed procedure can
be found in the supporting information). For GGM5 the peak region
from 3.2 to 4.4ppm was set to 162.5 and for GGM22 to 727.9.
Because the number average molar mass was used for the calcula-
tions, the integration of the peak area from 1.81 to 2.06 ppm will
directly give information about the amount of MA groups present
in one GGM chain. The DSy value can hereafter be calculated using
Eq. (2):

DSpia = (2)

where Icy;, is the integration value of the CH3 group of the inserted
MA group (corresponds to three protons) and ns is the number of
anhydro-sugar units present in the GGM chain (the calculations of
ns can be found in the supporting information).

2.8. Fourier transformed infrared spectroscopy (FTIR)

The infrared spectroscopy measurements were performed with
a Bruker ALPHA series using the ALPHA platinum ATR single reflec-
tion diamond ATR module. The samples were directly placed on the
ATR plate for the measurements. The results were evaluated using
the software OPUS from Bruker.

2.9. Scanning electron microscopy (SEM)

Before the SEM measurements, the samples were fully swollen
in de-ionized water and consecutively freeze-dried. The SEM
images were recorded using a Cameca model SU-30 SEM Probe in
order to analyse the morphology of the hydrogel. The acceleration
voltage for the measurement was 10kV.

2.10. Toxic ion removal from aqueous solutions

To determine the arsenic and chromium sorption capacity of
the hydrogels, a batch procedure was applied for the prepared and
grinded hydrogels in separate experiments. All experiments were
performed in a flask mounted on a shaker. Sorption equilibrium
experiments were carried out in order to study the effects of the
swelling rate of the hydrogels and the pH value of the solutions. Fur-
thermore, successive batch experiments using the same hydrogel
sample were performed to estimate the maximum sorption capac-
ities of the hydrogels. The sorption capacity (S) of the hydrogel is
determined by Eq. (3):

(G -GV
m

S= (3)
where S is the amount of As(V) or Cr(VI) sorbed into the hydrogel
matrix (mg metal sorbed per g of hydrogel). C; and C; (mg/L) are
the concentrations of the ions in the solution before and after the
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Fig. 1. Transesterification of GGM by glycidyl methacrylate using DMAP as a catalyst and DMSO as a solvent.

sorption by the hydrogels. Vis the volume (L) of the aqueous phase
and m is the mass of the dried hydrogel (g).

For the sorption experiments, 20 mg of dried hydrogel were
added to 10 mL of As(V) or Cr(VI) ions solutions and consecutively
shaken for 24 h at 25 °C. The initial concentration of the As(V) resp.
Cr(VI) ions was 100 mg/L and the pH value was adjusted using
0.1 M NaOH and HNOs. After the sorption, the hydrogel samples
were filtered off and washed with water having the same pH value
as the initial ion solution. The metal ion concentrations in the fil-
trates were determined by atomic adsorption spectroscopy (AAS)
(Unicam Solaar 5M series). For the AAS a flame atomizer with 40%
acetylene and 60% oxygen was used and an electrode discharge
lamp (EDL) was used as a radiation source. The detected wave-
lengths were 193.7 nm for arsenic and 357.9 nm for chromium.

3. Result and discussion
3.1. Synthesis of GGM-MA crosslinker

The GGM-MA crosslinker was synthesized using GMA as
methacrylate source and DMAP as a catalyst. The transesterifica-
tion conditions were optimized for the GGM5 and GGM22 (7.1 kDa
and 28 kDa, respectively) in order to generate GGM-MA deriva-
tives with a desired degree of substitution of methacrylate groups
(DSma)- The reaction pathway is shown schematically in Fig. 1 and
it was assumed that all hydroxyl groups of GGM can be converted.

The temperature was set to 50 °C to assure a high reaction rate
and dry DMSO or DMF were used as solvents. The reaction mix-
tures were kept under N, atmosphere and the reaction parameters
for some selected reactions are listed in Table 1. It was found that
when DMF was used as a solvent, a higher DSy could be reached
compared to DMSO for equal reaction conditions. It can be assumed
that the better solubility of the MA-derivatized GGM in DMF led to a
higher reaction velocity compared to DMSO. Furthermore, the use
of higher amounts of catalyst leads to a higher conversion of the
GMA. It was found that the higher the GMA content in the reac-
tion mixture was, the higher were the DS54 values determined by
TH NMR. It has to be noted that even though DMF leads to slightly
higher conversions of GMA, DMSO is preferred as a solvent due to
its non-toxicity and because GGM22 showed, because of its high
molar mass, low solubility in DMF.

The GGM5-MA and GGM22-MA derivatives were all readily sol-
uble in water and were analysed by 'H and '3C NMR using D, 0 as
a solvent in order to define the exact DSy values. The assignment
of the signals in the proton spectra of GGM5 and GGM5-MAO0.33
are exemplary shown in Fig. 2. The anomeric protons (H-1 and H-
1”) of the sugar units, as well as the protons at the carbon next to
the acetyl-groups (H-9) gave signals in the peak region from 4.42
to 5.62 ppm. The signals of the other sugar protons from GGM (H-
(2-6)) are situated in the peak region from 3.08 to 4.42 ppm. The
CH3 protons of acetyl groups gave signals from 2.07 to 2.26 ppm.
In the spectrum of the GGM5-MAO.33, three additional peak areas
could be identified. The CH3 groups (H-11) of the methacrylate
attached to GGM gave signals from 1.81 to 2.06 ppm. The two pro-
tons on the unsaturated carbon (H-12) gave signals in the regions

5.70-5.91 and 6.09-6.38 ppm. The DSy for the different GGM-MA
derivatives was determined using the integration value of the peak
area from 1.81 to 2.06 ppm as a reference. The DEPT-135 spectrum
of the GGM-MA crosslinker confirmed the successful conversion
of GMA in the presence of DMAP (Fig. 3). The signals of the native
GGM chain are divided in two peak regions from 59.75 to 77.48 ppm
(C-(2-6),9,10) and from 98.41 to 103.03 ppm (C-1 and C-1"). Fur-
thermore the signal of the CH3 carbon (C-7) of the acetyl-groups
could be separately detected at 20.27 ppm. In the spectrum of the
GGM-MA crosslinker the signal at 17.46 ppm could be assigned
to the CH3 group (C-11) of the methacrylate and the unsaturated
carbon (C-12) of the methacrylate was detected at 127.47 ppm.
The FTIR spectra for native GGM and the GGM-MA derivatives
were recorded at room temperature (Fig. S1 in the supporting
information). The carbonyl signal at 1722 cm! is stronger in the

HO OH
Q

" HO 7 5
oH
oH HO °:§9 1" 46 /OH
%3 o
Y

HO 11 i

12 GGM-MA

o PH
M% , S
o H

oH wo °=8 g 1" 46\ [on
HO 0% o o
2 d HO. \W H ) Y H
3
HO HO \L(

native GGM
1,1",9,10 2,3,4,5,6
A A
It Y \
7
D,0/HO I
12
GGMS5-MA0.14 pMso /
N
B 1,1",9 2,3,4,56
A A
r Y N 7
D,0HO /
native GGM5
) T T [ T T T T | T T T T | T T T T | T T T T | T T T
[ppm] 6 5 4 3 2

Fig. 2. "HNMR spectra of native GGM (GGM5) and a GGM5-MA crosslinker (GGM5-
MAO.14) in D, 0.
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Fig. 3. DEPT-135 spectra of native GGM5 and a GGM5-MA crosslinker (GGM-MAO0.33) recorded in DMSO-dgs and D, O, respectively.

GGM-MA derivative compared to the native GGM signal due to the
introduced methacrylate groups. Also the CH; resp. CHs3 signals in
the wavenumber range from 2875 to 2969 cm~! corresponding to
the C—H stretch vibration are stronger for the GGM-MA derivatives
arising from the supplementary CH3 groups from the methacrylate
groups. The amplification of the signal at 1657 cm~! in the GGM-
MA derivatives was assigned to the C=C stretch of the unsaturated
carbon atoms. Furthermore the peaks at 1311 and 808 cm~! could
be assigned to the C—H bending signals of the introduced functional
groups.

3.2. Synthesis of GGM-based hydrogels

Several GGM-based hydrogels were synthesized using the dif-
ferent GGM-MA derivatives, varying amounts of monomer, as well
as different amounts of initiator. For all the hydrogels, a GGM-MA
derivative was dissolved in de-ionized water followed by the addi-
tion of the monomer and the initiator. Subsequently, nitrogen gas
was bubbled into the reaction solution in order to remove the oxy-
gen. Hereafter, the reaction flask was closed and heated up to 75°C
using an oil bath. A considerable increase in the viscosity could
already be observed after 5 min and after 2 more hours at 75 °C, the
resulting hydrogels were swollen in an excess of de-ionized water
to remove all the molecules which were not linked to the hydrogel
network. The hydrogels were oven-dried and the swelling rate (Q)
was defined (Table 2). It was found that the swelling rate followed
a logical trend in respect to the hydrogel composition.

Table 2

Swelling rate (Q) for different GGM-based hydrogels.
Hydrogel composition Q
[GGM5-MAO0.14;10;10;5] 57.6
[GGM5-MAO0.14;20;10;5] 68.6
[GGM22-MAO0.20;20;7;1] 26.6
[GGM22-MA0.20;20;10;5] 184

[GGM22-MA0.32;20;10;5] 6.6

For the hydrogels [GGM5-MAO0.14;20;10;5] and [GGM22-
MAO0.20;20;10;5], low M,, resp. high My, GGM-MA derivatives were
used for which the DSy;a was comparable. All the other parame-
ters during the hydrogel synthesis were the same (same amount
of initiator and monomer) and it could be observed, that for
the GGM5-MA derivative the swelling rate was 3.7 times higher
than for the GGM22-MA derivative. Because the GGM22-MA con-
tains more than six times more MA groups per molecule, denser
networks are formed compared to the GGM5-MA with a similar
DSpa. In Scheme 1 this circumstance is visualized for the simpli-
fied case if there would only be one radical and hence only one
polymer chain growing in the reaction solution.

Firstly, the polymer chain will attach to one GGM-MA (N°1)
and consecutively continue growing and attach to a second GGM-
MA. The active polymer chain end can then react with a third
GGM-MA (N°2). Up to this moment the three chains are still flex-
ible (for GGM5-MA, as well as for GGM22-MA) and could during
swelling delocalize from each other to a maximum extent only
restricted by the length of the two interlinking synthetic poly-
mer chains. The crucial moment with respect to the swelling
potential of the material occurs when the three GGM-MAs are
merged another time (N°3). Now the GGM-MA chains of the
interlinked network cannot depart from each other anymore and
the swelling capability of the hydrogel is dramatically reduced.
The reduced swelling of the hydrogels using GGM22-MA as a
crosslinker compared to GGM5-MA is due to the higher proba-
bility of the formation of these crosslinked networks containing
a minimum of three GGM-MA'’s (highlighted in red, N°4). When
using the GGM22-MA with a DSyjs of either 0.20 or 0.32 for the
hydrogel synthesis with equal amounts of initiator and monomer
(|JGGM22-MAO0.20;20;10;5] and [GGM22-MAO0.32;20;10;5]), the
swelling rate for the GGM-MAO0.32 based hydrogel was 2.7 times
lower than for the GGM22-MAO0.20 one. This is logical, because
GGM22-MAO0.32 contains more MA groups and hence is the more
efficient crosslinker. This leads to a denser network formation with
shorter polymer chains and hence to a reduced swelling poten-
tial. One hydrogel with a smaller amount of GGM-MA and smaller
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Scheme 1. Simplified illustration of the effect of the molar mass of the GGM-MA crosslinkers. 1 and 2: the active polymer chain reacts consecutively with three GGM-MA
chains; 3: higher probability for interlinking of the three GGM22-MA chains compared to GGM5-MA because of the higher amount of MA groups (highlighted in green); 4:

crosslinked network (for GGM22-MA).

amount of initiator was produced (|GGM22-MA0.20;20;7;1]) and it
could be observed that the swelling rate was increasing compared
to [GGM22-MAO0.20;20;10;5] due to the smaller amount of radi-
cals in the solution. This leads to the formation of longer polymer
chains, which in combination with a lower amount of crosslinking
points, resulting in a less dense network.

In Fig. 4, a series of photographs of [GGM5-MAO0.14;20;10;5]
illustrate the swelling of the GGM-based hydrogels. At t=0 the
hydrogel was water-free after oven drying and showed a brown-
ish colour, which likely aroused from the synthetic polymer. After
merging the solid hydrogel into a large excess of water, it started
swelling and it could be observed that after 10 min the brown colour
vanished in the outer area of the sample. After 120 min the hydro-
gel had taken up around 15 times the amount of water with respect
to its initial weight. It could also be seen that up to that moment the
physical consistency of the hydrogel was stable and only a light yel-
low stain was leftin the core of the structure. After 22 h the hydrogel
was fully swollen (Q=68.6) and broke into smaller fragments. The
fully swollen hydrogel was completely transparent.

3.3. Characterization of the morphology of the GGM-based
hydrogels

Fig. 5 illustrates typical SEM images of a fully swollen
and consecutively freeze-dried GGM-based hydrogel ([GGM5-
MAO.14;10;10;5]). The low-magnification image (Fig. 5(a)) displays
an overview of the sample and it could be observed that the hydro-
gel is present as unevenly shaped particles with a smooth surface.
It has to be assumed that this surface morphology of the individ-
ual particles was formed during the freeze-drying process. Notably,
after the drying process the cross-sectional area of broken particles
reveals a highly porous structure (Fig. 5(b)). The high amplifica-
tion image (Fig. 5(c)) features the extended surface of the material

and led to the assumption that most of the quaternary ammonium
groups are accessible for ion exchange in the swollen hydrogel.

3.4. Sorption of As(V) and Cr(VI) as a function of the swelling rate

In order to estimate the potential of the GGM-based hydrogels
for treatment of wastewater, different sorption experiments were
carried out. The sorption of As(V) and Cr(VI) was studied by apply-
ing different hydrogels with distinguished swelling rates (detailed
in Table 2) in sorption experiments. The experiments were per-
formed at pH 9 to ensure that the ions of arsenic and chromium
were present in anionic form. In Fig. 6, the sorption (S) as a func-
tion of the swelling rate (Q) is shown. For As(V), a higher sorption
was determined for an increasing swelling rate. This is due to the
increased amount of quaternary ammonium groups of the mate-
rial available for ion exchange with arsenic oxy-anions due to the
increased surface area inside the hydrogel. The maximum sorption
corresponds to 48.17 mg As(V) sorbed per g of hydrogel (sample
[GGM5-MAO0.14;20;10;5]). The sorption capacities were consider-
ably higher compared to commercial resins such as Amberlite IRA
400-Cl, which revealed a maximum sorption at identical conditions
of 27.1 mg/g (Rivas & Muiioz, 2009) (details about the resin can
be found in the supporting information). The chromate ion sorp-
tion was higher than for the arsenic ions for low swelling rate and
reached a maximum for the hydrogel [GGM22-MAO0.20;20;7;1]. In
general, hydrogels showed efficient sorption capacities for arsen-
ates and chromates with the tendency of being more efficient the
higher the swelling rate.

3.5. Effect of pH on the sorption of As(V) and Cr(VI)

In order to estimate in which pH range the GGM-based
hydrogels show the highest performances, sorption experi-
ments at three different pH values were carried out using
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Fig. 4. Swelling behaviour of [GGM5-MA0.14;20;10;5]; 0.150 g of the dried hydrogel was able to take up 10.4 mL of water.

Fig. 5. SEM images of a fully swollen GGM-based hydrogel ((GGM5-MAO0.14;10;10;5]) after freeze-drying.
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Fig. 6. Sorption of As(V) and Cr(VI) for different hydrogels and Amberlite IRA 400-Cl as a commercial product.
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Fig. 7. (a) Sorption of As(V) and Cr(VI) in function of pH for the hydrogel [GGM22-MAO0.20;20;10;5]; (b) sorption of As(V) and Cr(VI) in function of successive batches using
[GGM22-MAO0.20;20;7;1].
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[GGM22-MAO0.20;20;10;5]. Arsenate revealed higher sorption at
pH 6 and at pH 9 in comparison with pH 3. At pH 3, mostly the
monovalent anionic specie (HyAsO4~) (Fig. S2 in the supporting
information) is present and it is assumed that its lower charge den-
sity compared to HAsO42~ lead to a reduced ion exchange. At pH
6, the monovalent (H,AsO,4~) and divalent (HAsO42~) oxy-arsenic
species exist in equilibrium (Sanchez, Bastrzyk, Rivas, Bryjak, &
Kabay, 2013) and the sorption increased compared to pH 3. The
higher retention of As by the hydrogel at pH 9 can be attributed to
the divalent species (see Fig. 7a). In the case of chromate, the high-
est retention capacity was reached at pH 9, where divalent anionic
Cr042- species are predominant. The chromium removal was lower
at pH 6 because CrO42~ and HCrO4~ ions exist in equilibrium. At
pH 3, the sorption was similar to that at pH 9 due to the presence of
Cr,072 ions. The sorption of chromate by the GGM-based hydrogel
was high at a wide pH range, which could facilitate the application
of the hydrogel for wastewater treatment.

3.6. Sorption capacity of As(V) and Cr(VI) in successive batches

The study of the maximum sorption capacity of the hydro-
gel was carried out with [GGM22-MAO0.20;20;7;1] in successive
batches using the conditions described in the experimental part.
The results are shown in Fig. 7b and after the first batch, a similar S
value for As(V) and Cr(VI) (around 40 mg/g) was determined. After
that, the loaded hydrogel was submitted to a second batch (solu-
tion 100 mg/L of As(V) resp. Cr(VI)). The results showed that the
hydrogel could remove similar amounts of ions as for the first batch
reaching values around 80 mg/g. In a consecutively performed third
batch, it could be observed that the hydrogel still removed the
chromate ions in a constant rate compared to the two first batches
reaching a maximum value of S=127 mg/g. However, in the case of
the arsenic ions a reduced up-take capacity for the third batch was
assessed, indicating saturation of the active groups in the hydro-
gels.

4. Conclusions

Two GGM fractions (M, of 7.1 and 28 kDa) were successfully
modified by GMA in a transesterification reaction in the presence
of DMAP. DMSO and DMF were tested as solvents for the mod-
ification of GGM and it was found that the use of DMF lead to
slightly higher conversions compared to DMSO. Several GGM-MA
derivatives were synthesized and the DSy;5 determined by 'H NMR
was between 0.03 and 0.41. A selection of GGM-MA products was
applied as crosslinker in the formation of bio-based hydrogels using
a monomer bearing a quaternary ammonium group. The swelling
rate for the different hydrogels was determined and a correla-
tion between the DSy4 and the nature of the GGM chain could
be assessed. The higher the GGM molar mass and the higher the
DSpa was, the higher the determined swelling rate was due to
the formation of denser networks. Five distinguished hydrogels
were tested with respect to their ability to remove Cr and As ions
from aqueous solutions. It was found that both ions were sorbed
by the GGM-based hydrogels in considerable amounts. The sorp-
tion of Cr ions was highest at pH 3 and pH 9, whereas As ions
sorbed more at pH 9 compared to acidic pH values. These changes
in the sorption capacity at different pH values for As and Cr are
arising from the changing nature of the metallic ions at different
pH values. Overall it could be shown that tailor-made hydrogels
with defined physical properties using derivatized GGM can be
applied as biosorbents for the removal of toxic ions. These results
will be the foundation for the development of GGM-MA contain-
ing biocomposites (e.g. together with nanofibrillated cellulose as a
reinforcing matrix), which could be assessed as a column material

for an efficient and environmentally friendly wastewater treat-
ment.
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