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Abstract
The polyacrylamide (PAAM) hydrogel consisting of acrylamide and 2(methacryloyloxy) 

ethyl aceto acetate as monomer, N, N/-methylenebisacrylamide as crosslinker and 
ammonium peroxodisulfate as initiator was prepared using different solvents. Methanol, 
ethanol, dimethylsulfoxide and deionized water was used as solvent to prepare the 
hydrogel. Its usefulness as adsorbent for the removal of iron as contaminants from 
industrial lean methyl diethanol amine solvents (MDEA, 50 weight % used by GASCO 
Company, Abu Dhabi for natural gas sweetening) was tested. Finally, PAAM hydrogel in 
water with nitric acid treated sepiolite having different loading were prepared to increase 
the mechanical strength of the composite hydrogel. SEM and FTIR analysis of the PAAM 
clay composite hydrogel explained the morphology and adsorption process. PAAM 
composite hydrogel with 12.5 % clay loading was found to be best using batch adsorption 
studies for the removal of iron (45.15% having uptake capacity 6.397 µg/g using 1.0 g 
hydrogel) from industrial lean MDEA solvent.
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Introduction
GASCO Company, Abu Dhabi is currently using methyldiethanolamine (MDEA, 50 

weight %) as solvent to remove H2S/CO2 from natural gas. In this process, reaction 
between aerial oxygen and H2S/CO2with MDEA produces low molecular weight organic 
acid anions such as formate, acetate, propionate etc. These anionic species and 
protonated MDEA makes heat stable salt (HSS) which is not possible to be separated 
from the solvents in the regenerator [1] [2]. Accumulation of HSS continuously in the 
lean solvent deteriorates its quality making less sensitive for absorption. The increase in 
HSS also leads to foaming in the process as well as corrosion and fouling of the process 
equipment [3] [4] [5]. To maintain 50 weight % MDEA solution, make-up water as well 
as fresh MDEA are added frequently in the process. Also, heavy metal ions such as iron, 
chromium, lead etc.is another class of contaminants found in lean MDEA solvents. It is 
coming mostly due to metal corrosion and erosion in the process.  The heavy metal ions 
present in lean MDEA samples was mainly iron ranging from 900-1500 µg/g as found in 
different batches [6]. Accumulation of iron as metal ions due to corrosion in running 
plant enhance foaming issues [7]. Iron complexing with MDEA degradation products 
also causes corrosion [8]. Again, iron produces soluble complex in alkanolamine solution 
saturated with carbon dioxide supports dissolution of steel surfaces [9]. Foaming 
tendency was increased by addition of 0.235 weight % ferrous sulfide on 50 weight % 
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MDEA [10]. The functional groups in MDEA (tertiary amine 
and hydroxyl) is easily attached with heavy metal ions using 
chelation. Thus, adsorbent like activated carbon cannot 
remove heavy metal ions overcoming this complexation. 
Currently, GASCO Company is using commercially available 
activated carbon as adsorbent to remove mostly HSS anions. 
Few attempts were tried to remove HSS anions and metal ions 
from alkanolamine solutions using distillation and electro-
dialysis [11] [12] [13]. These processes suffer serious setbacks 
in utility requirements in terms of continuous supply of huge 
volumes of waterand no more a cost efficient process

From last decade, polymeric hydrogel showed superior 
quality in removing different types of inorganic (such as 
chromium, lead, cobalt etc.) as well as organic pollutants 
using adsorption [14] [15]. The adsorption mainly results from 
the presence of large number of functional groups remain in 
the polymeric hydrogel network [16]. The presence of specific 
functional groups (such as -OH, -NH2, -SO3H, -COOH, -CONH2 
etc.) in hydrogel networks enables adsorptive removal of 
pollutants [17]. In recent studies, it was observed that 
hydrogels have superiority over conventional adsorbents like 
carbon in terms of adsorption capacity [18]. Hydrogels are 
similar to ion-exchange resins in many respects; for instance, 
they are polymeric materials and mostly remove pollutants 
through electrostatic interactions. However, resins have rigid 
structures while the structures of hydrogels are flexible and 
can imbibe much more pollutants compared to resins [19]. 
The pollutants can be adsorbed onto the outer surface as well 
as in the swollen three dimensional network of hydrogels. It 
has been shown that hydrogel properties can be varied by 
controlling the synthesis parameters, such as amount of 
monomers reaction time, temperature, and solvent used to 
prepare hydrogels [20]. Advantages of using hydrogel as 
adsorbents are due to its easy loading, reusability and the 
possibility of continuous operation [21] [22]. High swelling 
and wettability of the hydrogel also facilitates adsorption as 
the swelling of the three-dimensional networks allots high 
surface area and more exposed functional groups easily 
approachable for adsorption [23]. Hydrogels are generally 
prepared by copolymerization and crosslinking of functional 
monomers. Solvent has enormous role while producing 
polymeric hydrogels in terms of structure and morphology of 
the three dimensional network [24]. Even, mixed solvents like 
water and tetrahydrofuran were used to modulate 
polymerization and cross-linking of N-isopropylacrylamide to 
obtain useful three dimensional hydrogel structure [25]. Most 
of the works using hydrogel beads as adsorbents usually focus 
on physicochemical and textural characterization, but very 
few has dealt with the mechanical properties of the hydrogels. 
These properties are relevant in order to select the type of 
equipment and the best operating conditions to achieve 
good adsorption performance at full-scale. 

Hydrogel as adsorbents should be able to sustain the load 
they will be subjected to during handling and adsorption; 
consequently, an important issue is to determine if deformation 
affects their use, by reducing the voidage of flattened beads or 

increasing the resistance of the flow of liquids around them 
[26]. However, few studies have taken into account the presence 
of fillers in the hydrogel matrix affects the final characteristics 
of the beads. The latter is particularly important for their further 
commercialization as adsorbents. Moreover, mechanical 
strength of polymeric beads remains almost unexplored. 
Recently, the compression strength of alginate hydrogel 
cylinders reinforced with GO to the alginate matrix has been 
studied [27]. Mostly, clay composite hydrogels show good 
mechanical strength and used effectively as adsorbents for the 
removal of contaminants from solutions [28]. Sepiolite is one of 
the easily available low cost clay is being used as adsorbent for 
long for the removal of metal ions from solutions [29]. In our 
previous studies, removal of heavy metal ions like iron and 
chromium from MDEA solutions using polyacrylamide hydrogel 
(PAAM) was explored [30]. Though good removal was achieved, 
the polymeric PAAM adsorbents did not show good mechanical 
strength urged for more useful alternatives. To the best of our 
knowledge, no study has yet reported mechanically stable 
polyacrylamide sepiolite composite hydrogel beads for the 
removal of iron from aqueous lean MDEA solutions.

Aim of the work
The major aim of this research work is to explore the 

possible use of polyacrylamide (PAAM) hydrogel as effective 
adsorbent for the effective removal of iron from industrial 
lean MDEA solutions. Solvent plays a major role in polymerizing 
and cross linking to produce effective three dimensional 
network hydrogel to be used as adsorbent. Thus, PAAM 
hydrogel was prepared using three different organic solvents 
such as methanol, ethanol, dimethyl sulfoxide including 
deionized water to select the best to be used as adsorbent. 
The mechanical strength of the hydrogel is another useful 
parameter to be effectively used as adsorbents. Sepiolite, is a 
well-know clay used in this study to be added to increase the 
mechanical strength of the PAAM hydrogel. Sepiolite clay was 
treated with 0.1 (N) nitric acid solution to avoid any metal 
leaching to the MDEA solution. The composite PAAM hydrogel 
using nitric acid treated sepiolite clay of different loading was 
prepared to increase the mechanical strength to be used as 
adsorbent. The best selected PAAM sepiolite composite 
hydrogel was characterized using FTIR and SEM analysis. 
Adsorption studies were conducted using PAAM hydrogels 
using different solvents as well as PAAM sepiolite composite 
hydrogels to find best possible hydrogel for the removal of 
iron from industrial lean MDEA solvent.

Materials and Methods
Materials and instrumentations

All the chemicals were purchased from and used without 
any further purification. Chemicals used in this study are 
obtained (acrylamide, C3H5NO; ammonium peroxodisulphate, 
(NH4)2S2O8; N,N’-methylenebisacrylamide, C7H10N2O2Merck, 
Germany/ 2(methacryloyloxy) ethyl aceto acetate, C10H14O5, 
Aldrich/ dimethyl sulfoxide dehydrated, C2H6OS; VWR 
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Chemicals, BDH and methanol, CH3OH; ethanol, C2H5OH; 
Fisher Scientific) from different sources. MDEA solvent 
containing 50 weight % MDEA was provided by GASCO 
(Habshan, Abu Dhabi) and sepioliteclay was purchased from 
Sigma Aldrich, Germany.

Elemental analysis was carried out using Inductively 
Coupled Plasma Optical Emission Spectrometry (ICP-OES, 
Optima 8000, Perkin Elmer). Scanning Electron Microscopy 
(SEM) was carried out with FEI Quanta 200, The Netherland. 
The FTIR studies of lean MDEA, PAAM sepiolite clay composite 
before and after adsorption were carried out using FTIR, 
Nicolet, iS10, Thermo Scientific instrument using OMNIC 
software (number of scans 64, resolution 4). 

Methods
Preparation of hydrogel using different solvents

Hydrogel was prepared using acrylamide (AM) and 
2-(methacryloyloxy) ethyl acetoacetate (AAEM) as monomer 
using free radical polymerization. N, N-methylenebisacrylamide 
(MBA) was used as cross-linker and ammonium 
peroxodisulphate (APS) was used as initiator. Methanol, 
ethanol, dimethyl sulfoxide (DMSO) and deionized water was 
used as solvent. Acrylamide (300.0 mg) was dissolved in 2 mL 
distilled water in 25 mL glass vials. 200 µL AAEM was dissolved 
in 2 mL methanol/ethanol/DMSO/water was added to AM 
solution. The mixture was stirred for 2 h to get homogenous 
mixture. Then, 300 µL saturated MBA was added as cross 
linker. Finally, 100 µL 10 weight% APS was added to initiate 
polymerization reaction. The mixture was transferred into a 
water bath at 60oC for 2 h and kept at room temperature for 
24 h to ensure complete polymerization. The resulting 
polymer hydrogel was cut into small pieces and immersed in 
deionized water to remove any unreacted monomers. Finally, 
the hydrogel was placed in an oven at 45-50oC for 15 min 
before use as adsorbent.

Preparation of polyacrylamide hydrogel using different 
amount of sepiolite clay

Acrylamide (300.0 mg) was dissolved in 2 mL deionized 
water. Predetermined amount of 0.1 (N) nitric acid treated 
sepiolite clay was added and mixed to get homogeneous 
solution. MBA (300 µL) and APS (100 µL) was added 
subsequently to the acrylamide solution. The mixture was 
transferred into a water bath at 60oC for 2 h followed by 24 h 
at room temperature. The composite hydrogel was washed 
with distilled water and oven dried for 15 minutes at 45-50oC 
before use as adsorbent.

Analysis of iron in lean MDEA
The iron content in lean MDEA was determined by 

Inductively Coupled Plasma Optical Emission Spectroscopy 
(ICP-OES, Optima 8000; Perkin Elmer) and found to be 1417 
µg/g (). The argon flow rate was 12 L/min and air flow rate (1.2 
L/min). Internal standards yttrium (1.0 ppm) was added to 
correct the physical interferences of aqueous-organic mixture 
on 2% nitric acid as blank, standards and MDEA solution [3].

Batch adsorption study
Iron adsorption from lean MDEA was conducted in batch 

mode in 50 mL stoppered conical flasks containing 1.0 g () of 
adsorbent in 10 mL lean MDEA solution () at 25°C. The flasks 
were placed on a water bath shaker (Dihan, Korea) at 140 rpm 
for 24 h to attain equilibrium. The supernatants were extracted 
and analyzed using ICP-OES for equilibrium concentration ().

The amount of contaminants removed using batch 
equilibrium study was calculated as:

% Removal=
(Co-Ce) X100%________

Co

 (1)

Co = Initial concentration of iron in lean MDEA (µg/L)
Ce = residual concentration of iron in lean MDEA at equilibrium (µg/L)

qe= (Co-Ce)
V( ___ )
M

 (2)

qe Uptake capacity of iron adsorbed per unit mass of hydrogel 
at equilibrium (µg/g)
V = volume of lean MDEA (mL)
M = mass of adsorbent (g)

Results and Discussions
Polyacrylamide hydrogels using different solvents

The PAAM hydrogels prepared using different solvents 
were found to have different texture. The produced hydrogels 
are shown in Figure 1. Hydrogels prepared from methanol, 
ethanol, DMSO and water were cut into pieces and used for 
adsorption studies. PAAM hydrogel prepared using methanol 
was colorless. While, hydrogel prepared using ethanol was 
found to be milky with good textural appearance and found 
to be less swelled in lean MDEA. However, it was unstable and 
became softer when added to lean MDEA solvent. Hydrogel 
produced using DMSO solvent was found to be fast gelling 
during polymerization and yellowish in color and best in 
mechanical strength and less swelling. While, PAAM hydrogel 
prepared using water was best to use as less corrosive as 
compare to other organic solvents.

Figure 1. PAAM hydrogel prepared using(a) methanol, (b) ethanol, 
(c) DMSO and (d) water as solvent.
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Polyacrylamide hydrogels with different clay loading
Composite PAAM hydrogel using 0.1 (N) nitric acid 

treated sepiolite clay having different amount are shown in 
Figure 2. It was observed that composite hydrogels were 
denser with increasing clay loading.

Figure 2. PAAM clay composite hydrogel prepared using (a) 3.125 
% clay, (b) 6.25 % clay, (c) 9.375 % clay and (d) 12.5 % clay.

SEM analysis
The PAAM composite hydrogel beads with different weight 

% of sepiolite clay were observed using Scanning Electron 
Microscopy (SEM) to understand surface properties. The SEM 
images are shown in Figure 3.Composite PAAM hydrogel with 
different amount of sepiolite was found to be heterogeneous 
with internal cavity. As the amount clay increased in polyacrylamide 
matrix, the surface morphology was changed. The surface 
became more homogeneous near to outer surface, while at the 
center of the bead it was found to be more compact. In Figure 
3 (b), it can be seen that there is well-distributed porosity at the 
center. At higher clay loadings, Figures 3 (c and d) the center of 
the beads became denser and compact, and there was no 
distinct improvement in surface porosity.

Figure 3. SEM micrographs of (a) PAAM hydrogel in water (b) 
composite PAAM hydrogel 3.125% sepiolite (c) PAAM-9.375% 

sepiolite(d)PAAM-9.375% sepiolite.

FTIR analysis
Figure 4 shows the FTIR spectra of lean MDEA and PAAM 

sepiolite clay composite hydrogel before and after adsorption. 
The composite hydrogel spectrum showed a peak at 1020 
cm-1 in addition to PAAM characteristic peaks [13]. The peak 
represents Si-OH coming from sepiolite clay. In PAAM 
hydrogel spectrum, the broad peaks centered at 3295 cm-1 
represents OH stretching vibration resulted from the residual 
water molecules in the hydrogel. Also, NH2 stretching vibration 
at the same region increased the intensity of the peak. The 
peak at 1650 cm-1 is attributed to C=O stretching. The peaks 
at 1412 and 1446 cm-1 are due to stretching vibrations of the 
C-N bond and CH2 bending vibrations, respectively. While, in 
lean MDEA and in adsorbed hydrogel sample similar peaks 
were determined. After adsorption, new IR peak appear at 
1451 cm-1 indicates the adsorption of iron on PAAM composite 
hydrogel surface [31].

Figure 4. FTIR spectra of MDEA and polyacrylamide hydrogel 
before and after adsorption in MDEA

Adsorption studies
Polyacrylamide hydrogel using different solvents

The uptake capacity and % removal of iron on PAAM 
hydrogel prepared using different solvents are tested to 
remove iron from lean MDEA as shown in Figure 5. Metanol 
(1), ethanol (2), DMSO (3) and deionized water (4) was used in 
this study. The % iron removal as well as uptake capacity using 
methanol solvent to prepare PAAM hydrogel was found to be 
23.19 % and3.286 µg/g, respectively. The removal efficiency 
was found almost similar using DMSO solvent (21.0 % iron 
removal having uptake capacity of 2.975 µg/g). While, PAAM 
hydrogel prepared using ethanol gave the lowest iron removal 
(14.21 %) and subsequently minimum uptake capacity 
(2.013µg/g). PAAM hydrogel prepared using water was found 
to be best for the removal of iron (24.75 % having uptake 
capacity 3.286 µg/g) from lean MDEA [30]. Therefore, it was 
used further to prepare composite hydrogel for the adsorption 
of iron from lean MDEA solvent.
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Figure 5. Effect of different solvent(1 methanol; 2 ethanol; 
3 dimethyl sulfoxide and 4 deionized water) on uptake capacity and 
% removal of iron using 1.0 g of each PAAM hydrogel in 10 mL lean 

MDEA for 24 h at 298K.

Polyacrylamide composite hydrogel using different clay 
loading

To increase the mechanical strength of the hydrogel 
PAAM-nitric acid treated sepiolite clay composite was used. It 
was evident that sepiolite can be effectively used as adsorbent 
to remove metal ions from solutions and with increasing 
amount of sepiolite in solution decreases the equilibrium 
metal ions concentrations [32]. Thus, uptake capacity as well 
as % removal should be higher with increasing sepiolite 
loading. The uptake capacity and % removal of iron on 
increasing amount of sepiolite loaded PAAM hydrogels is 
shown in Figure 6. It was observed that both % iron removal 
as well as uptake capacity was increased with increasing clay 
content and remain almost constant with 12.5 % of sepiolite 
clay loading. The % iron removal was increased from 26.25-
45.15 % with sepiolite loading increased from 3.125-12.5 
weight %. The uptake capacity was also found to be increased 
from 3.125-6.397 µg/g with increase in sepiloite loading on 
PAAM hydrogel matrix.

Figure 6. Effect of clay loading on uptake capacity and % removal 
of iron using 1.0 g of each PAAM- sepiolite composite hydrogel in 

10 mL lean MDEA for 24 h at 298K.

Conclusion
This research work investigated the preparation of PAAM 

hydrogel using different solvent and used as an adsorbent for 
the removal of iron from industrial lean MDEA. Among 
methanol/ethanol/DMSO/water used, PAAM hydrogel prepared 
using water was found to be best for the removal of iron 

(24.75 % having uptake capacity 3.50µg/g using 1.0 g PAAM 
hydrogel) from lean MDEA solvent. SEM and FTIR analysis 
were carried out using 0.1 (N) nitric acid treated sepiolite 
composite PAAM to characterize the hydrogel. The 12.5 % 
loaded sepiolite PAAM composite hydrogel exhibited the 
highest percentage removal of iron from industrial lean MDEA 
solvent. 
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