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Hardness in water is responsible for both residential and industrial problems. Moreover, drinking hard water is suspected as the
main cause of chronic kidney disease of unknown etiology (CKDu) in Sri Lanka. The major constituents that are responsible for
water hardness are calcium and magnesium ions. In this study, a composite was synthesized using activated carbon of Strychnos
potatorum seeds (ACSP) and acrylamide to remove hardness in drinking water. The synthesized composite was characterized
using Fourier transform infrared-attenuated total reflection (FTIR-ATR) spectroscopy and scanning electron microscope (SEM).
According to this study, the process of removal of hardness depends on the contact time, adsorbent dosage, initial contents, and
pH of the solution. The adsorption data were well fitted to the Freundlich isotherm and the pseudo-second-order kinetic models.
Furthermore, environmental samples collected from Anuradhapura, Sri Lanka, which is well known for water with high hardness,
were treated with an adsorbent, and hardness was reduced effectively. Moreover, the adsorption appeared to be spontaneous in

nature. Finally, it can be concluded that this adsorbent can be used as an effective hardness-removing agent.

1. Introduction

Hardness in water causes both residential and industrial is-
sues. It produces hard scales in pipes and boilers [1].
Moreover, hard water causes toughening of skin and hair [2].
The major constituents that are responsible for water hard-
ness are Ca and Mg ions. Those constituents originated in
water by seepage of sedimentary rocks and runoft from soil
[1, 3]. Hardness is expressed as milligrams of calcium car-
bonate equivalent per liter and that can be classified into four
groups: the calcium carbonate concentration of water below
60 mg/L is generally considered as soft; 60-120 mg/L, mod-
erately hard; 120-180 mg/L, hard; and more than 180 mg/L,
very hard [3]. Groundwater is the main drinking water source
in many countries. Therefore, the consumption of hard water
causes serious health problems such as kidney problems,
cancer, cardiovascular disorder, and urolithiasis [2].

Due to the problems faced by hardness, many re-
searchers have focused on various methods for the removal
of excess hardness from water and wastewater. Various
techniques including nanofiltration [1, 4], ion exchange
[5, 6], and electro-coagulation [7] have been widely used for
the treatment of hardness-enriched water.

However, due to the high cost, applying these methods to
remove hardness is not economical [2].Moreover, there are
limited studies focused on the removal of hardness by ad-
sorption using low-cost materials [2, 8].

The seeds of the Strychnos potatorum trees are nontoxic
[9, 10]. And also, due to the water purification ability of
seeds, that tree is known as a clearing nut tree. This property
is due to the presence of lipids, polyelectrolytes, carbohy-
drates, and alkaloids with ~-COOH and free ~-OH surface
groups [10, 11]. Various contaminants in water such as
heavy metals, anions, pesticides, and dyes have been
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removed by Strychnos potatorumseeds [12-18]. Neverthe-
less, there are only a few studies that are focused on the
removal of contaminants using Strychnos potatorum-derived
activated carbon (ACSP) [15].

The acrylamide monomer can be obtained by partial sa-
ponification of acrylonitrile. It is a colorless crystalline solid with
high water solubility in water [19]. Polyacrylamide is obtained
by free-radical polymerization of acrylamide, and polyacryl-
amide is used for the treatment of drinking water and waste-
water. In addition, it is used in many other industrial processes,
such as the production of dyes, paper, and plastics [19].

The treatment of water using Strychnos potatorum-
derived activated carbon should be conducted in a sus-
pended solution, which will result in a turbid and viscous
solution at the end. Therefore, additional separation is
needed to be conducted to remove the small particulate
matter from the solution. This process may be difficult and
probably expensive. In order to overcome this problem, it is
better to produce composites with a robust polymeric
material that has enhanced mechanical strength and dura-
bility [20]. Therefore, this study aims to determine the ef-
ficiency of ACSP-polyacrylamide composite in removing
hardness in water. Adsorption isotherm, kinetics, and
thermodynamic models were also used to describe the ex-
perimental equilibrium data.

2. Materials and Methods

2.1. Chemicals. All the chemicals that were used in this
experiment were purchased from Sigma-Aldrich Chemical
Company. H,SO4 (9.0 M, 15.0 mL), acrylamide (99%), and
potassium persulphate (0.7 wt%) initiator were used in the
composite preparation.

Furthermore, for the preparation of Ca and Mg solution,
CaCl,-H,O (99%, ACS) and Mg(NO3),-6H,0 (99%, ASC)
chemicals were used. Moreover, NaOH (98%, ACS) and/or
(37 wt. %, ACS) were used for the pH adjustment.

2.2. Preparation of Adsorbent

2.2.1. Synthesis of Strychnos potatorum Derived Activated
Carbon (ACSP). Raw Strychnos potatorum seeds were
purchased from an Ayurvedic shop in Sri Lanka and washed
thoroughly with hot distilled water to remove all impurities.
The seeds were air-dried for 24 hours at 105°C. For the
preparation of activated carbon of Strychnos potatorum
seeds, H,SO4 (9.0M, 15.0mL) solution was poured into
dried seeds (125g). Then, the mixture was carbonized in a
muffle furnace at 400°C for 15 min. The activated Strychnos
potatorum seeds were washed with deionized water several
times until the pH of the washing solution reaches 6-7 and
oven-dried for 24hrs at 105°C. Then, dried ACSP was
crushed and sieved using a 250 ym sieve.

2.2.2. Synthesis of Polyacrylamide-Strychnos potatorum De-
rived Activated Carbon Composite (PA-ACSPC). For the
synthesis of Strychnos potatorum-derived activated carbon
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composite (PA-ACSPC), 8.0g of acrylamide was weighed
and dissolved in 28 mL of deionized water. Then, Strychnos
potatorum-derived activated carbon (6g) was added and
stirred for 1 hr (200 rpm). The mixture was purged with N2
for 15 minutes. A potassium persulphate (0.7 wt%) initiator
was added, and the mixture was kept in a 55°C water bath to
allow the polymerization to occur. The reaction was con-
tinued for 1 hour to complete the polymerization. Then, the
synthesized polymer composite was removed and washed
with acetone. It was dried for 5 hours in an air oven at 50°C
and placed in a desiccator. The dried composite was crushed
using laboratory mortar and pestle before taking for the
adsorption experiments.

2.3. Characterization of the Adsorbent. PA-ACSPC, pure
polyacrylamide, and Strychnos potatorum-derived activated
carbon were analyzed using Fourier transform infrared
(FTIR) spectrometer (PerkinElmer Corporation, Norwalk,
CT) to evaluate the functional groups which were respon-
sible for adsorption and to investigate vibration frequency
changes. Furthermore, the surface morphology of synthe-
sized PA-ACSPC was examined by scanning electron mi-
croscopy (VEGA3 SEM, TESCAN).

2.4. Batch Experiments. Batch adsorption experiments were
carried out in a 250 mL glass conical flask by shaking 0.5 g of
PA-ACSPC adsorbents in a 50mL of Ca/Mg solution
mixture of pH 7 on a shaking incubator at 200 rpm for
3hours at 25°C. The concentration of Ca and Mg in the
mixture was 200 mg/L. Several operating parameters, in-
cluding the effect of contact time (5-180 min), initial con-
centration  (25-1000 mg/L), temperature (20-40°C),
adsorbent dosage (0.05-2g), and pH (3-8), were investi-
gated in this study. The optimized adsorption time for this
synthesized composite was first examined by varying the
contact time at 25°C temperature, pH 7, and adsorbent
dosage of 0.5 g in 50 mL of Ca (200 mg/L) and Mg (200 mg/
L) solution mixture. Then, the pH was adjusted by adding
NaOH or HCI solution. After the adsorption experiment,
solutions were separated from the composite by centrifu-
gation at 10,000 rpm for 15 min (MX-207, Tomy Seiko Co.,
Ltd. Tokyo, Japan). The calcium and magnesium concen-
trations were analyzed using flame atomic absorption
spectroscopy (GBC Avanta, Australia). All experiments were
carried out in duplicate, and the average value was taken for
data analysis.
The removal efficiency (RE) was determined using the
following equation:
Ca — Ce
RE = x 100, (1)
Co

where C, is the initial concentration of the adsorbate (mg/L)
and C. is the equilibrium concentration of the adsorbate
(mg/L).

2.5. Isotherm and Kinetic Experiments. Isotherm and ther-
modynamic and kinetics experiments were carried out using
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0.5 g of each adsorbent in 50 mL of calcium/magnesium (1 :
1) mixture at pH 7 by shaking at 200 rpm. In the isotherm
experiments, the concentration range for both calcium and
magnesium was 25-1000 mg/L and the equilibrium time was
120 min. Furthermore, in kinetic studies, equilibrium data
were taken at time intervals of 5, 15, 30, 60, 70, 90, and
120 min, and the concentration of both calcium and mag-
nesium was 200 mg/L. The temperature for both the iso-
therm and the kinetic experiment was 25°C. Moreover,
according to the thermodynamic studies, the adsorption
studies were conducted at four temperatures of 20, 25, 30,
and 40°C (concentration of both calcium and magnesium
was 200 mg/L and time was 120 min).

2.6. Field Studies. Several water quality complications were
found in well water in the Anuradhapura district [21-23].
Among the water quality complications, high hardness
content in well water is the most significant [22]. Therefore,
water samples (n=6) were randomly collected from dug
wells in the Medawachchiya Divisional Secretariat (DS) of
Anuradhapura district, Sri Lanka, during the premonsoon
season. The primary water quality parameters such as pH,
dissolved solids (TDS), and electrical conductivity were
obtained by a HACH HQ40d multiparameter meter
(HACH, Loveland, Colorado, USA). Calcium and magne-
sium concentrations in water samples were determined by
flame atomic absorption spectroscopy, and hardness was
calculated using calcium and magnesium concentration
according to APHA standards (APHA, 1998).

In order to investigate the removal efficiency of hardness
by PA-ACSPC under field conditions, each water sample
(50.0mL) was treated with the synthesized PA-ACSPC
(0.5g) for 120 min at 200 rpm in a shaking incubator. The
resulted equilibrated solution was obtained, and the
remaining hardness was determined.

3. Results and Discussion
3.1. Characterization of PA-ACSPC

3.1.1. SEM Analysis. According to Figure 1(a), Strychnos
potatorum seed powder did not have many unique features.
It seemed to have an amorphous structure. However, the
surface of charcoal prepared from Strychnos potatorum seeds
had a porous structure with a smooth surface and had lost its
amorphous structure giving it much more rigidity (or mi-
crocrystalline nature) compared to Strychnos potatorum
seed powder. Furthermore, oval- and circular-shaped pores
were observed (Figure 1(b)). Furthermore, the surface of
activated carbon prepared from Strychnos potatorum seeds
consisted of a highly porous, crystalline structure. These
structures seemed to have a network of pores that were
connected. Some pores seemed hexagonal in shape
(Figure 1(c)). The surface of PA-ACSPC consisted of a rough
surface having incomplete holes/shallow cavity-like struc-
tures, and these holes/cavities-like structures looked circular,
oval, and irregular in shape due to the coverage by the
polymer (Figure 1(d)).

3.1.2. FTIR Analysis. Figure 2 represents the FTIR spectra of
PA, ACSP, and PA-ACSPC adsorbents. In the FTIR spectra
of PA and PA-ACSPC, the peak around 2937 cm ™" is due to
the C-H stretching of CH, moiety. Furthermore, the peaks
at 1652 and 3344 cm ™ are due to C = O and N-H moieties
[24]. In addition, in the spectra of PA and PA-ACSPC, the
band at 1454 cm™" is due to C-O stretching vibrations. The
FTIR spectrum of the PA-ACSPC consisted of bands from
both the ACSP and PA. Therefore, this indicated the co-
existence of networks of ACSP and PA in the synthesized
PA-ACSPC.

3.2. Effect of Contact Time. The effect of contact time on the
removal of Ca and Mg ions and total hardness is shown in
Figure 3. Hardness was calculated according to the APHA
standards (APHA -2340B) (APHA, 1998). Observation
revealed that the removal of ions responsible for hardness
increased with increasing contact time. The rates of ad-
sorptions of all three parameters were very high at the start
and had approached the equilibrium within 2 hours. Fur-
thermore, an increase in the contact time had not shown
significant removal of Ca and Mg ions in solution.

The number of vacant surface sites in an adsorbent is
fixed. Therefore, adsorption is fast during the initial stage,
and the adsorption rate decreases with the decrease in the
available active sites of the adsorbent [25]. Moreover, due to
some repulsive forces that were generated between solutes in
the solid and liquid phases, the adsorption rate may be
decreased with time [2].

3.3. Effect of Concentration. The effects of initial Ca and Mg
ion concentrations and the respective total hardness content
for the removal efficiency were investigated while main-
taining the adsorbent dosage at 0.5g and pH at 7.0. The
pattern of adsorption capacity (g.) and percentage removal
varied with the initial Ca and Mg ion contents, as shown in
Figure 4. The adsorption capacity of calcium, magnesium,
and the removal of total hardness increased with increasing
the initial concentrations. In this study, the effect of initial
concentrations was investigated up to 1000 mg/L of Ca and
Mg ion concentrations. Up to that point, the adsorption
capacity of PA-ACSPC has not become constant. Moreover,
the percentage removals of calcium and magnesium ions and
hardness contents are calculated, and the results are shown
in Figure 4.

3.4. Effect of Adsorbent Dosage. The effect of adsorbent
dosage on the percentage removal of Ca and Mg ions and the
respective hardness is shown in Figure 5. The effect of ad-
sorbent dosage was investigated at different adsorbent
dosages of 0.05-1.00 g while keeping the Ca and Mg con-
centrations and the volume of the solution mixture constant.
According to the results, the percentage of adsorption in-
creased with adsorbent dosage. This was due to the increase
in the available active sites of the adsorbent [26, 27]. The
maximum removals of all parameters were observed at an
optimum dosage of 0.5g. The removal of Ca and Mg ions
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FIGURE 1: SEM images of (a) Strychnos potatorum seed powder, (b) charcoal prepared from Strychnos potatorum seeds, (c) activated carbon
prepared from Strychnos potatorum seeds, and (d) PA-ACSPC.
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FIGURE 2: FTIR spectra of ACSP, PA, and PA-ACSPC samples.
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FIGURE 4: Effect of (a) concentration of calcium and magnesium ions and (b) content of hardness.

became almost constant beyond this adsorbent dosage. This
may be attributed to the reduction in the Ca and Mg ion
concentration gradients between the solution and the ad-
sorbent surface [28].

3.5. Effect of pH. 'The percentage removal of Ca and Mg ions
and hardness by PA-ACSPC at different pH values is presented
in Figure 6. According to the results, all three parameters

showed similar behavior with pH. The % removals were slightly
higher in alkaline conditions compared to the ambient pH
values. This may be due to precipitation/colloid formation of
metal hydroxides. The exact reason for the variation of the
percentage removal of each parameter at low and intermediate
pH values cannot be made due to the complex structure and
chemical modifications of the adsorbent under the above
conditions. However, a considerable Ca, Mg, and total hard-
ness removal had been obtained at all pH values.
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3.6. Sorption Isotherms of Ca and Mg ions on PA-ACSPC.
The adsorption capacities of PA-ACSPC for Ca and Mg ions
and the respective hardness at different concentrations
(25-1000 mg/L) were tested in order to investigate the re-
moval mechanisms based on Langmuir and Freundlich
isotherm models. These isotherm studies were carried out
using a fixed amount of adsorbent (0.5g) in 50 mL of the
solution of pH 7 at 25°C by shaking at 200 rpm for 2 hrs.
The amount of Ca and Mg retained in the adsorbent
phase was calculated using equation (2). The nonlinear form
of the Langmuir isotherm model is expressed with equation
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(3). Langmuir model describes homogeneous and inde-
pendent monolayer adsorption, which was proposed by
Irving Langmuir in 1916 [29]. Freundlich adsorption iso-
therm is an empirical model that can be applied to multilayer
adsorption on a heterogeneous surface [30]. The nonlinear
form of the Freundlich isotherm model is expressed with
equation (4). The OriginPro v9.5 software was used for
fitting experimental data to isotherm models:

q.=(C,-C),yM™, (2)
_ KLCe

qe - 1 + qmaxce, (3)

Ge=K,C'F> (4)

where g, is the amount of adsorbate adsorbed per Gram of
the adsorbent at the equilibrium (mg/g), C, is the initial
concentration of the adsorbate (mg/L), C. is the equilibrium
concentration of the adsorbate (mg/L), V is the volume of
the solution mixture (L), and M is the adsorbent dosage (g).
In equation (3), gmax is the maximum monolayer coverage
capacity (mg/g) and K, is the Langmuir isotherm constant
(L/mg). Freundlich isotherm parameters of ny and K (mg/
g) are related to the intensity of adsorption and adsorption
capacity, respectively [30].

Based on correlation coefficients, the results were well
fitted to the Freundlich isotherm model for Ca and Mg ions
and calculated hardness contents than the Langmuir iso-
therm model (Table 1) (Supplementary Information 1).
Previous studies also reported similar behavior for hardness
removal [31]. According to the Freundlich isotherm model,
adsorption was not restricted to monolayer adsorption, and
adsorption was happening on heterogeneous and amor-
phous surfaces [32]. The Freundlich parameter of » indicates
the favorability of the adsorption process. Since the value of
1/n was less than one for hardness removal, the adsorption
can be considered favorable [33].

3.7. Adsorption Thermodynamics. To evaluate the thermo-
dynamic feasibility and to assess the spontaneous nature of
the adsorption process, adsorption thermodynamic pa-
rameters such as free energy change (AG®), enthalpy change
(AH®), and entropy change (AS°) were calculated.

The Gibbs free energy change (AG®) value was obtained
using the following equation:

AG® = —RT In K¢, (5)
oy ASY AH°
In(Ke) ="~ R ©

where K°. is the equilibrium constant and the value of K°_ is
the ratio of the Ca and Mg ion amounts adsorbed on the PA-
ACSPC at equilibrium (g., mg/g) to the remaining Ca and
Mg ion concentration in the solution at equilibrium (C,, mg/
L) [25], T'is the absolute temperature in Kelvin (K), and R is
the universal gas constant. The Gibbs free energy change
(AG) value was negative for hardness removal, indicating a
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TaBLE 1: Freundlich isotherm parameters of PA-ACSPC.

Parameter Hardness Mg Ca

K ¢ ((mg/kg) (L/mg)"™)) 387.1 209.4 249.3

n 1.031 1.097 0.794

R? 0.999 0.998 0.995

TasLE 2: Thermodynamic parameters of Ca, Mg, and hardness for PA-ACSPC adsorbent: (a) Gibbs free energy (AG®), (b) enthalpy (AH®),

and entropy (AS°).

Temperature

Gibbs free energy (AGo) (kJ)

Ca Mg Hardness
20°C —-5.984 -2.414 -3.411
25°C —-7.354 -2.915 -4.019
30°C -8.598 -3.497 —4.636
40°C -10.092 —4.076 —-5.259
AH® (kJ/mol) AS° (J/mol/K)
Ca Mg Hardness Ca Mg Hardness
62.730 25.401 0.928 234.765 96.032 3.381
TaBLE 3: Kinetic parameters of PA-ACSPC.
Ca Mg Hardness
q « (mg/g) 13.680 14.825 91.897
o K,,ads (min™") 0.039 0.0190 0.0216
Pseudo-first-order kinetic model R? 0.906 0.926 0.902
Kinetic parameters SEE 0.154 0.0836 0.0948
P q . (mg/g) 20.781 20.525 131.106
I K. 0.0035 0.000865 0.000249
Pseudo-second-order kinetic model R2 0.997 0.975 0.989
SEE 0.156 0.481 0.0483
spontaneous nature of adsorption (Table 2) (Supplementary t ot 1 ®)
— 8

Information 2).

The AG® values increased with the increasing temper-
ature from 20°C to 40°C (Table 2). Therefore, the adsorption
is more favorable at higher temperatures. Moreover, the
positive value of AH® indicated that the adsorption reaction
was endothermic [28]. Furthermore, according to the pos-
itive value of ASo, the adsorption reaction was a spontaneous
process.

3.8. Adsorption Kinetics. The adsorption kinetic analysis is
based on the reaction kinetics of pseudo-first-order
Lagergren rate and pseudo-second-order mechanisms. The
pseudo-first-order Lagergren rate model equation is as
follows:

-K,,ads
log(q. - 4) =(2§W)t+log 4 (7)

where K;, ads (min~") is the pseudo-first-order rate constant,
q: (mg/g) is the amount of adsorbate adsorbed on the ad-
sorbent at any time f, and q. (mg/g) is the amount of ad-
sorbate adsorbed on the adsorbent at the equilibrium. The
values of g, and Kj, ads can be determined by the intercept
and slope of the plot.

The pseudo second-order model equation:

= — 4 72’
9% q¢ kgq,

where K; (mg/g.min) is the pseudo-second-order rate
constant, and the values of K, and g. can be obtained by the
slope and the intercept of the plot.

Experimental data were best fitted with a pseudo-
second-order model according to the calculated R values
for calcium, magnesium, and hardness (Table 3) (Sup-
plementary Information 3). Therefore, the obtained ki-
netic data suggested that the adsorption of Ca and Mg ion
onto PA-ACSPC followed the pseudo-second-order
model.

3.9. Field Study. The analyzed basic water quality parameters
of the water samples collected from dug wells in Anu-
radhapura, Sri Lanka, are tabulated in Table 4.

After treating the well water samples with PA-ACSPC
adsorbent, the hardness content of collected well water
samples was successfully reduced (85-90%) (Table 5).
According to the local standards, drinking water’s recom-
mended level of hardness is 250 mg CaCO3/L [34]. There-
fore, it can be concluded that PA-ACSPC can be used as a
cost-effective, high-performing hardness removal agent in
aqueous systems.
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TABLE 4: Basic water quality parameters of collected well water samples.

Sample pH TDS (mg/L) Conductivity (uS/cm)
1 6.70+0.14 371.0+2.8 770.0£9.9

2 6.96 +0.37 656.0 5.7 1330.0 £ 12.7

3 7.78+0.17 625.0+5.7 1234.0 £5.7

4 6.28 +0.03 279.5+16.3 587.2+2.5

5 7.33+0.10 479.0+7.1 997.3+2.4

6 7.22+0.17 508.0+7.1 1045.0+7.1

TaBLE 5: Hardness of well water samples before and after treatment with the adsorbent PA-ACSPC.
Initial contents Contents after treatment with PA-ACSPC
Sample Hardness ( Hard Percent 1
ardness (mg ardness ercentage remova
no.
Ca (mg/L) Mg (mg/L) CaCOs;/L) Ca (mg/L) Mg (mg/L) (mg CaCO3/L) of hardness

1 230.260+0.766 250.678 +0.180 1607.251 + 2.652 2.865+0.272 50.765+8.771 216.204 +36.797 86.54 +£2.29

2 560.231 £0.629 178.543 +£0.474 2134.137+0.380 26.986+1.506 41.987 +4.760 240.287 +23.364 88.74+1.09

3 128.934+0.481 270.211+£0.617 1434.677 + 1.341 1.021 £0.141 38.231 £3.233 159.985+12.960 88.81 +£0.90

4 202.938 +£0.033 198.265 +0.051 1323.191 £0.293 1.983+0.069 41.837+1.515 177.236+6.410 86.60 +£0.48

5 357.987 £0.633 154.821 +0.787 1531.446 + 1.661 2.901 +£0.146 38.032+1.571 163.860+6.834 89.30 £ 0.45

6 156.843v0.042 197.345+0.300 1204.304 +1.339 1.103+0.013 35.925+3.497 150.69314.370 87.48+1.19

4. Conclusion

Investigations of the present study have shown that PA-
ACSPC can be used to efficiently remove the hardness of the
water. The removal efliciency was influenced by the pH,
contact time, adsorbate concentration, temperature, and
adsorbent dosage. The synthetic composite of PA-ACSPC
reached the adsorption equilibrium in 120 minutes. Fur-
thermore, the adsorption data were well fitted to the
Freundlich isotherm and the pseudo-second-order kinetic
models. Therefore, adsorption was not restricted to
monolayer adsorption, and adsorption was happening on
heterogeneous and amorphous surfaces. Since the value of 1/
n was less than one, the adsorption can be considered fa-
vorable. Moreover, high temperatures favored the removal
of hardness. Water samples collected from Anuradhapura,
Sri Lanka, with high hardness contents were treated with this
PA-ACSPC, and the results suggested that this adsorbent
could be used as an effective hardness removal agent. Since
the Gibbs free energy change (AG) value was negative for
hardness removal, the adsorption indicated a spontaneous
nature.
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