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Water impact

Shallow Shell SSTA63 resin: a rapid approach to
remediation of hazardous nitrate

Elif Cendik,® MUgenur Saygi,® Yasar Kemal Recepoglu ©®° and Ozgur Arar ©*2

This study examines the potential of Purolite Shallow Shell™ SSTA63 anion exchange resin for mitigating
nitrate ion (NO3") contamination in agueous environments. Through systematic experimentation, including
dosage optimization, pH dependency, kinetic and desorption studies, we investigate the sorption behavior and
practical applications of the resin. Results indicate that the resin effectively removes NOs™ ions, with
maximum efficiency achieved within 10 minutes. When 0.025 g of resin was used, 75% of NOsz~ was
removed, whereas with 0.05 g, 89% was removed, and with 0.1 g of resin, 95% was removed. At pH 1,
approximately 50% of NOs™ ions were removed, with removal efficiency reaching 97% between pH 4 and
10. Sorption isotherms affirm the suitability of the Langmuir model for the current investigation. The
monolayer maximum sorption capacity (Gmax) Value was found to be 53.65 mg g*. The resin demonstrates
robust desorption capabilities using 0.1 M hydrochloric acid (HCl), effectively desorbing NOs~ above 99%,
indicating easy NOs~ desorption and resin regeneration. The presence of coexisting ions such as chloride
(CD), sulfate (SO42), and phosphate (PO4*) showed a minimal impact on NO3z~ removal in individual binary
mixtures, with efficiencies exceeding 93%, suggesting a strong selectivity of the resin towards NOs™.
Purolite SSTA63 anion exchange resin exhibited a high affinity for NOz™ ions, even over other competing
ions, despite the general trend of ion exchange resins to favor ions with a higher atomic number and
valence. Overall, this resin presents a promising solution for NOs~ removal, with implications for water
treatment and environmental remediation.

Our study highlights Purolite Shallow Shell™ SSTA63 resin as a highly effective solution for mitigating nitrate ion (NO;") contamination in water. Utilizing
advanced anion technology that strategically deactivates the gel bead center, the resin shows rapid and efficient removal within 10 minutes and robust

regeneration capabilities with hydrochloric acid. Minimal interference from coexisting ions emphasizes its reliability in diverse environmental conditions,

suggesting broad applicability in water treatment and environmental remediation efforts.

1. Introduction

driven by agricultural runoff, industrial discharges, and

Water, a critical component of Earth's hydrological cycle, is
increasingly compromised by anthropogenic activities.
Population growth, industrial expansion, and elevated
consumption patterns have exacerbated water scarcity and
pollution. In aquatic environments, emerging contaminants,
including chemical residues, microbial pathogens, and heavy
metals, pose significant risks to ecosystems and human health.
Consequently, developing and implementing robust water
treatment technologies are imperative to safeguard water
quality and ensure sustainable resource management.'™*
Nitrate (NO;") pollution in water is a significant global concern,
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improper waste management, posing threats to the
environment and human health.>® Studies indicate that NO,;~
is among the most prevalent compounds found in water.” NO;~
is a salt ion of nitric acid (HNO,).® A healthy individual typically
consumes 75 to 100 mg of NO;™ daily, but regular vegetable
consumption can raise this intake to 250 mg per day. To
balance NO;~ levels, a varied diet is essential.”™*' The NO,~
level obtained from deep water sources may vary. When
comparing the NO;~ content per liter of surface water sources
with that of well water, it is observed that surface water sources
generally contain 80% less NO; . This is a significant
difference; adjusting water consumption according to NO3z~
intake would be beneficial.'* According to WHO data, 80% of
diseases in developing countries are linked to drinking water,
making it one of the top three hazardous substances. Daily
water pollution with toxic and carcinogenic substances and
dwindling clean water sources have driven the development of
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wastewater recycling processes.”®* NO,” contamination in
waterways mainly stems from using nitrogen-based fertilizers
in agriculture. Ammonium, sodium, potassium, and calcium
salts are the primary NO,™ fertilizers, with millions of
kilograms produced annually. Although vital for crop yields
and food security, these fertilizers often leave excess nitrogen
leaching into groundwater and surface waters, worsening NO;~
pollution."*™” Furthermore, industrial processes and urban
runoff contribute to NO;  pollution, featuring the
multifaceted nature of the problem.*®*° For example, nitrates
are oxidizing agents in explosives, facilitating the rapid
oxidation of carbon compounds and releasing gases in large
volumes.”*** Sodium nitrate is used to remove air bubbles
from molten glass and certain ceramics.>® Mixtures of molten
nitrate salts are used to harden some metals.>® The
ramifications of NO,;~ pollution extend far beyond mere
environmental degradation. NO;™ toxicity can arise through the
enterohepatic metabolism of NO;™ that harms health, mainly
when converted into nitrite (NO, ).>*® Toxicosis can be
defined as a form of toxin poisoning. When ingested via
contaminated drinking water sources, NO;  poses significant
health risks, particularly in vulnerable populations such as
infants and pregnant women.>*>' Excessive intake of the
carcinogenic nitrate can lead to stomach cancer.’*** NO;~
cannot carry oxygen as it oxidizes the iron atoms in
hemoglobin. This process can result in a general lack of oxygen
in organ tissues and a dangerous condition known as
methemoglobinemia.**® Although NO;™ can be converted into
ammonia, organisms may slowly perish due to oxygen
deprivation if an excessive amount cannot be converted.*’
Moreover, elevated NO;  concentrations can lead to harmful
algal blooms, which not only disrupt aquatic ecosystems but
also release toxins harmful to aquatic life and human health.*®

Despite these formidable challenges, concerted efforts to
develop effective NO;  removal strategies have become
imperative. Traditional approaches such as ion exchange,*
adsorption,” and biological denitrification"' have long been

employed to mitigate NO; pollution. Some emerging
technologies, including membrane filtration,*>**
44-46 47,48

electrochemical treatment, and phytoremediation,
also offer efficient and sustainable NO; removal. Among
them, the ion exchange method has superior properties.
Exceptional selectivity enables targeted removal or exchange
of specific ions from solutions, making it invaluable in water
purification, = metal  recovery, and  pharmaceutical
industries.”>*® In addition, ion exchange resins exhibit high
capacity and efficiency, ensuring optimal ion removal with
minimal resin usage. Their robust physical and chemical
stability ensures prolonged lifespan and reliability even
under harsh conditions. Moreover, these resins offer
versatility, —accommodating diverse pH levels and
temperatures and enhancing their suitability for various
processes.”® A wide range of sorbents, from traditional
materials to advanced nanomaterials, have been investigated
to remove various pollutants. As research progresses, there is
an increasing need for more efficient sorbents capable of
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rapid and effective pollutant removal. There is a significant
demand for materials across various industries due to their
ability to precisely alter their physical properties in response
to environmental stimuli, including temperature fluctuations,
mechanical stress, magnetic fields, chemical exposure,
electrical currents, pH variations, and hydrostatic
pressure.”>> Beyond, as ion exchange materials are being
developed, shallow shell technology (SST) represents a
significant advancement in ion exchange resin design,
offering numerous advantages over traditional resin
structures. This innovative approach involves engineering
resin particles with a thin, highly accessible outer layer,
which enhances mass transfer kinetics and efficiency. One
notable advantage of SST is its superior accessibility to active
sites, facilitating faster ion exchange kinetics and improving
overall process performance. On the other hand, the reduced
diffusion path length within the shallow shell structure
enhances the capacity of resin for ion exchange, leading to
higher throughput and increased productivity (Fig. 1). Their
enhanced resistance to fouling and chemical degradation
further proves their suitability for demanding industrial
applications. SST in ion exchange resins offers unmatched
efficiency, capacity, and durability, making it a preferred
choice for diverse separation and purification processes.’*
This work examines the efficacy of Purolite Shallow Shell™
SSTA63 anion exchange resin for removing NO;™ from aqueous
solutions for the first time in the literature. Through systematic
experimentation, the interplay between resin dosage, pH levels,
and the presence of coexisting ions is investigated, aiming to
elucidate optimal conditions for enhancing removal efficiency
while minimizing resin utilization. The thermodynamic aspects
governing the interaction between the resin and NO;™ ions are
explored. By unraveling the underlying mechanisms driving
NO; removal by the Purolite resin, contributions to
advancements in  water quality management and
environmental remediation efforts are sought. This study
introduces an innovative approach to NO;  removal by
employing a resin enhanced by the SST as a key material. The
application of this ion exchange resin further distinguishes this
work, allowing for unprecedented insights into reduced
diffusion path length. Integrating ion exchange resin with SST
ensures a comprehensive evaluation of removing NO; ", setting

Largest diameter standard bead

1.2 mm diameter

Largest diameter SST bead

Largest diameter uniform particle size bead
0.87 mm 1 mm diameter ‘
te’

10x faster than 3.5x fastsr than

standard /
@ 0.375 mm diameter

0.375 mm equivalent bead

Fig. 1 Diffusion path comparison of different resin bead types
(adapted from the Purolite SST ion exchange resin catalog).
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Table 1 Typical physical and chemical properties of Purolite Shallow
Shell™ SSTA63 anion exchange resin

Polymer structure Gel polystyrene crosslinked DVB

Appearance Spherical beads
Functional group Type II quaternary ammonium
Ionic form Cl" form

Dry weight capacity (min.) 2.6 eq. kg™' (CI” form)

Moisture retention 37-45% (CI” form)
Particle size range 300-1200 um
Specific gravity 1.12

Temperature limit 35 °C (95 °F)

this research apart from existing studies in the field. The
combination of this advanced material and method not only
enhances the accuracy of the findings but also offers a scalable
solution for NO; remediation.

2. Experimental
2.1. Materials

Sodium nitrate (NaNOj3), sodium chloride (NaCl), and sodium
hydroxide (NaOH) were procured from Merck with a stated
purity of 99%. Hydrochloric acid (HCI) of 37% concentration
was obtained from Carlo Erba. These chemicals were selected
for their high purity to ensure the integrity of the experimental
procedures and the reliability of the results. In addition,
Purolite Shallow Shell™ SSTA63 anion exchange resin, acquired
from Purolite, was employed as the sorbent in the study. This
resin was chosen for its documented properties in the targeted
ion exchange processes efficiency, as given in Table 1.

2.2. Conditioning of Purolite SSTA63 anion exchange resin

Before using in sorption/desorption studies, conditioning the
Purolite SSTA63 anion exchange resin was performed as
follows: the wet resin (50 mL) was transferred into a plastic
container, and 100 mL of a 2.0 M NaCl aqueous solution was
added. The mixture was agitated at 250 rpm for 5 h using a
shaker. Subsequently, the resins were filtered and washed
with distilled water until the conductivity of the washing
water approached that of pure water. The conditioned resin
was then dried in an oven at 35 °C until reaching a constant
weight, after which it was utilized in the experiments.

2.3. Sorption/desorption experiments of NO;™ using Purolite
SSTA63 anion exchange resin

To determine the optimum resin amount, conditioned and
dried resins were weighed at 0.025, 0.05, 0.1, 0.2, and 0.3 g and
placed into plastic bottles containing 25 mL of a 100 mg L™
NOj;™ solution (pH 6), and they were agitated in a shaker for 24
h. The optimum operating pH was determined by the contact
of the optimum amount of resin with 25.0 mL of 100 mg L™
NO;™ solutions prepared at different pH levels (pH: 1, 2, 4, 6, 8,
and 10) using solutions of HCI and NaOH for 24 h. The effect
of contact time was investigated through kinetic tests where 4.0
g of SSTA63 resin was added to a 1000 mL solution containing

This journal is © The Royal Society of Chemistry 2024
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100 mg L™" NO;~ and mixed at 25 °C and 300 rpm. Samples of
10.0 mL were collected from the solutions at specified time
intervals. For sorption isotherm studies, the resin in the
optimum quantity was equilibrated with 25 mL solutions
containing 50, 100, 200, 400, and 600 mg L™ concentrations of
NO;™ at 30 °C for 24 h. For thermodynamic studies, the
optimum quantity of resin was agitated for 60 min at different
temperatures (15, 20, 30 °C) with 25 mL taken from a solution
containing 200 mg L™ NO; ™.

After equilibrating, the resins were separated by filtration,
and the initial and remaining NO;  concentrations in the
solution were measured. The percentage removal of NO;~
and the sorption capacity of the sorbent were calculated by
the following equations (eqn (1) and (2)):

Co-Ce

0

Removal of NO3™ (%) = %100 (1)

g =27 @)

m
where C, and C. are the initial and equilibrium
concentrations (mg L"), respectively. g. is the sorption
capacity at equilibrium (mg g™"), V is the solution volume (L),
and m is the dry weight of the sorbent.

The desorption process was conducted in two steps. In
the first step, NO; ions were loaded onto the SSTA63
resin. 1 g of dry resin was weighed, and 100 mL of a 1000
mg L' NO;~ solution was added. The mixture was agitated
in a shaker for 3 h, and then the resin was separated by
filtration, washed with distilled water, and dried in an
oven until a constant weight was achieved. The remaining
NO; concentration in the filtrate was measured to
calculate the amount of NO; retained by the resin. In the
second step of the study, the process of reclaiming the
NO; ions retained in the resin was performed. 0.025 g of
NO; -loaded dry resin was weighed and agitated for 3 h
with 25 mL of HCl solution at different concentrations
(0.1, 0.5, 1.0, and 2.0 M). After filtration, the concentration
of NO,; transferred to the solution was measured to
calculate the desorption efficiency for each concentration
using the formula provided below (eqn (3)):

Desorption efficiency (%) (3)
_ The amount of NO;~ desorbed from the resin

—Xx100
The amount of NO;~ loaded onto the resin

The selectivity of the resin towards NO;™ in the presence of
Cl', SO,* and PO,*>  anions was investigated by contacting
binary mixtures (25 mL) containing 100 mg L™ of each
NO; , CIT, SO,*” and PO,>” and the optimum sorbent
amount for 1 h separately.

The sorption/desorption experiments (except kinetic
investigation) were performed in two parallel experiments,
and the results were averaged; the difference between them
was 4% or less, so 4% error bars have been added to the
relevant figures.
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2.4. Determination of NO; concentrations

NO; analyses were conducted spectrophotometrically at a
wavelength of 200 nm using a quartz cuvette with the
assistance of an Agilent Cary 60 UV-vis spectrophotometer
instrument.

3. Results and discussion
3.1. The effect of resin dose on NO; removal

The resin dose plays an important role in the removal of
NO; ions from water. Experimental observations in Fig. 2
indicate a notable relationship between the amount of resin
used and the efficiency of NO;™ removal. As demonstrated in
our study, as the amount of resin increased, the removal rate
of NO;™ increased and eventually reached equilibrium. When
0.025 g of resin was used, 75% of NO; was removed, whereas
with 0.05 g, 89% was removed, and with 0.1 g of resin, 95%
was removed. Since the removal rate did not change with
higher resin usage, 0.1 g of resin was determined as the
optimum amount. Specifically, with an increase in resin
quantity, the number of functional groups utilized for NO;~
sorption increased, thereby enhancing the removal rate of
NO; . However, it is noteworthy that after reaching a certain
threshold, further increments in resin dose did not yield
significant improvements in removal rates, suggesting the
attainment of equilibrium conditions.

3.2. The effect of pH on NO;™ removal

As illustrated in Fig. 3, the removal efficiency of NO;™ ions
using Purolite SSTA63 resin exhibits variations with changes
in solution pH. At pH 1, approximately 50% of NO;  ions
were removed. Upon increasing the solution pH from 1 to 3,
the removal efficiency rose from 50% to 89%, reaching a
value of 97% between pH 4 and 10. The diminished removal
efficiency observed at lower pH values can be attributed to
interference from CI” ions introduced into the environment

80 -

60

40 -

Removal of NO; (%)

20 A

00 T T T T
0 0.05 0.1 0.15 02 0.25 03

T T

Resin dose (g/25 mL solution)

Fig. 2 The effect of resin dose on the removal efficiency of NOs~ from
water by Purolite SSTA63 anion exchange resin (Co = 100 mg L'%; pH =
6; T = 25 °C; contact time = 24 h).
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Fig. 3 The effect of pH on the removal efficiency of NOs~ from water
by Purolite SSTA63 anion exchange resin (Co = 100 mg L™; resin dose
= 0.1 g/25 mL solution; T = 25 °C; contact time = 24 h).

by adding HCI solution for pH adjustment. As the pH
increases, the introduction of Cl™ ions into the environment
decreases, consequently reducing the interference effect and
increasing NO;~ removal efficiency.

Purolite SSTA63 resin operates via an anion exchange
mechanism, wherein NO;  in the water is exchanged for
other anions on the resin. The resin contains positively
charged functional groups that attract and exchange anions
in the surrounding solution. The resin is typically in its Cl”
form at low pH (acidic conditions). The resin has a high
affinity for NO;  ions in the water in this form. The
exchange process involves Cl” ions being released from the
resin into the solution while NO;™ ions are captured by the
resin.

Resin-Cl™ + NO;~ = Resin-NO; + CI™

3.3. The effect of contact time on NO;™ removal and sorption
kinetics

The sorption of NO;~ on Purolite SSTA63 anion exchange
resin over varying contact times was examined at 25 °C.
Analysis revealed swift NO;  sorption within the initial
minutes, followed by a decrease wuntil reaching
equilibrium, as illustrated in Fig. 4(a). The initial rapid
sorption can be ascribed to the abundant available
binding sites on the resin surface. Subsequently, the
sorption rate decelerated as the active sites became
saturated. Maximum removal of NO;  was achieved within
the first 5 min of contact time, and equilibrium sorption
was attained after 10 min.

The kinetics of NO;™ sorption on Purolite SSTA63 anion
exchange resin was assessed utilizing pseudo-first-order
(PFO) and pseudo-second-order (PSO) kinetic models.>
Fig. 4(b) and (c) show the linear plots of PFO and PSO,
respectively. Detailed rate equations and associated values

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) The effect of contact time on NOsz~ sorption onto Purolite
SSTA63 resin and sorption kinetics fitting plots by (b) pseudo-first
order model, (c) pseudo-second order model.

are presented in Table 2. The results obtained from the PSO
model demonstrated good agreement with the experimental
data, thereby providing a favorable explanation for NO;~
sorption on the resin. The correlation coefficient (R*) for the
PSO model surpassed those for the PFO model, and the
calculated ¢ cq (24.15 mg g') values from the PSO model
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closely approximated the experimental geex (24.05 mg g ')
values compared to the calculated gecq (0.30 mg g') values
from the PFO.

3.4. Sorption isotherms

Sorption equilibrium is typically characterized by an
isotherm equation, which describes the affinity and
surface properties of the sorbent under specific pH and
temperature conditions. These equations establish the
relationship between the quantity of sorbate adhered to
the sorbent and the concentration of dissolved sorbate in
the liquid phase at equilibrium, referred to as sorption
isotherms. The sorption isotherms aid in characterizing
the pollutant removal process using sorbents, shedding
light on physical/chemical phenomena, favorable sorption,
sorption energy, and the distinction between single-layer
and multilayer sorption scenarios.”® These equations, often
used to describe experimental isotherms, were developed
by Freundlich, Langmuir, Dubinin-Radushkevich (D-R),
and Temkin.

Fig. 5 illustrates the fitting of isotherm models
alongside experimental data, providing insights into the
sorption behavior of NO;  onto Purolite SSTA63 resin.
Table 3 represents the isotherm models with their
associated parameters and values. The experimental
dataset exhibited a strong fit with the Langmuir model.
The plots depicting 1/g. versus 1/C. for the NO; sorption
onto the resin displayed linear relationships with high
correlation coefficients (>0.99), affirming the suitability of
the Langmuir model for the current investigation. The
monolayer maximum sorption capacity (¢max) and
Langmuir constant (Ky) values were found to be
53.65 mg g ' and 0.0688, respectively. The gma.. value
obtained from the Langmuir isotherm closely matched the
experimental value at the specified temperature. These
findings suggest that NO;  sorption is in a monolayer
coverage configuration. To assess the favorability of
sorption, the influence of sorption isotherm shape has
been investigated,”® focusing on the dimensionless
constant ‘R;’, also known as the separation factor or
equilibrium parameter. The calculation of ‘R;’ is carried
out using the equation provided below (eqn (4)):

Table 2 Linear rate equations and their associated values for the model and fitting parameters for NO3™ sorption on Purolite SSTA63 anion exchange resin

Kinetic model Linear equation” Parameters Values
Pseudo-first order In(ge - ) = Inge — kst ky 0.097
qe,cal 0.300

e exp 24.050

R? 0.623

Pseudo-second order t 1 " 1 ks 0.301
% kg g Geycal 24.150

Geexp 24.050

? 0.999

“ g instantaneous sorption capacity (mg g™'), k;: sorption rate constant of PFO model (min™"), k,: sorption rate constant of PSO (g mg™" min™").

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Comparison of NO3™ sorption isotherm fitting and experimental
data for Purolite SSTA63.

Table 3 Isotherms models with associated parameters and values for
sorption of NO3~ on Purolite SSTA63 anion exchange resin

Isotherm model  Nonlinear equations®  Parameters Values

Langmuir _ ImaxK1Ce gmax (Mg g™)  53.65
9= 71 K.Ce Ky, (L mg™) 0.0688
R? 0.9962
Freundlich ge = KpC" Ky 6.3777
n 2.3751
R? 0.9511
Temkin ge = BIn(A1C,) by (J mol™) 272.24
B = RT/by Ar (L mol™) 1.26
R? 0.9244
D-R Ge = Gmax exp(-fe?) S (mol® kJ?) 0.0045
1 E (k] mol™) 10.54
e=RTIn(1+—
Ce
1t Gmax (Mg ") 51.68
V2B R? 0.9622

¢ Ki: Langmuir isotherm constant (L mg™'); Kz and n: Freundlich
isotherm constants; B: Temkin isotherm constant related to the
heat of sorption, Ay equilibrium binding constant (L mg™), R:
universal gas constant (8.314 ] mol " K '), T: absolute temperature
(K); p: adsorption energy constant (mol®> kJ™®), E: mean free energy
(kJ mol™).

1

RL =
14 K.Co

4)

The obtained Ry, values, ranging between 0 and 1, confirm
the favorable nature of the sorption isotherm for all initial
concentrations. This conclusion is also strongly supported
by the finding concerning the 1/n value obtained from the
Freundlich isotherm. The Freundlich constants, represented
by the parameters n and Ky, were calculated as 2.3751 and
6.3777, respectively. Despite relatively less fitting
experimental data (R> = 0.9511) than Langmuir isotherm,
these values indicate that NO;™ is favorably sorbed by the
resin. Temkin proposed that the heat of sorption of all
molecules within the sorbent layer decreases linearly with
coverage, thereby governing the interactions between the
sorbate and sorbent. The positive by value (+272.24 ] mol™)

2770 | Environ. Sci.. Water Res. Technol,, 2024,10, 2765-2775
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obtained from the Temkin model indicated an exothermic
process of NO; suggesting the presence of electrostatic
interactions.>” In D-R isotherms, the nature of sorption can
be discerned through the calculated mean adsorption energy
(E). The process will likely be chemical if the E values surpass
8-16 kJ mol™. Conversely, lower E values suggest physical
adsorption.”® In this study, the calculated experimental value
of E was found to be 10.54 k] mol, indicating the ion
exchange of NO;™ ions with resin functional group. However,
a relatively low correlation coefficient may lead to a deviation
in numerical values as the nature of the sorption was found
to be a physical sorption in thermodynamic analysis, which
was discussed later in detail.

The sorption capacities of our applied sorbent that is
Purolite SSTA63 anion exchange resin and several others
recently utilized, mostly featuring commercially available
anion exchange resins such as Purolite A 520E, Amberlite
IRA 400, D417, Dowex 21K XLT etc. are presented in
Table 4. Notably, the Purolite SSTA63 resin, utilized in this
study, demonstrates distinct kinetics and isotherm models
in the removal of NO;  compared to other reported
sorbents, thereby highlighting its promising efficacy in NO;~
removal.

3.5. Sorption thermodynamics

The nature and thermodynamic feasibility of the sorption
process were assessed by analyzing the thermodynamic
constants, including the standard free energy (AG°, k] mol™),
standard enthalpy (AH°, k] mol '), and standard entropy
(AS®, k] mol™ K™"), using eqn (5)~(8):

AG® = AHP — TAS°® (5)
AG® = -RTIn Ky, (6)
Inkp — 250 - A )

R RT
Kp = gelCe (8)

where Ky, is the equilibrium distribution constant.

Fig. 6 is the plot of In K, vs. 1/T to estimate the AH° and AS°
for sorption of NO;™ using Purolite SSTA63 resin from the slope
and intercept, respectively. The summarized values of the
aforementioned parameters are presented in Table 5. The
sorption process exhibits spontaneity, as evidenced by the
negative AG° value at all studied temperatures with increasing
magnitudes as temperature also increased. Also, based on
magnitude, AG® typically ranges from 0 to —20 k] mol™ for
physical sorption and —80 to —400 kJ mol™* for chemisorption.®®
Hence, the mechanism of NO;™ sorption on resin relies on AG°
values falling within the range of 0 to -20 kJ mol™, indicating
physical sorption. On the other hand, the negative AH® value
(-4.77 kJ mol™) indicates an exothermic interaction between
NO; and the resin. Meanwhile, the exothermic nature of the

This journal is © The Royal Society of Chemistry 2024
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Table 4 A comparative analysis of the studied sorbent (Purolite SSTA63 anion exchange resin) and various other sorbents for NOs~ removal

Sorbent Maximum sorption capacity (mg g™") Equilibrium constant” Rate constant” Ref.
Purolite A 520E 81.97 0.400" N.A. 59
Amberlite IRA 400 50.76 0.035" 0.03075¢ 60

NDP-2 174.20 0.052" 0.056""° 61

A 300 147.21 0.035" 0.045"F°

D201 173.80 0.037" 0.044°F°

D417 resin 23.46 8.200" 0.0276"5° 62
PS-WSR 43.88 0.042" 0.036"5¢ 63
PS-CSR 33.35 0.040" 0.050"5°

LS-WSR 50.24 0.048" 0.05275¢

LS-CSR 39.15 0.032" 0.034"5°

ALR-AE resin 44.61 0.045" N.A. 64

Dowex 21K XLT 27.60 5.690F 0.0033"5° 65

Dowex 21K XLT-Fe doped 75.30 4.3407 0.007775°

MFQ resin 124.10 4.644F 0.025"5¢ 66
PAN-PEI-5C 31.32 0.0600" 0.119"5° 67
Purolite SSTA63 53.65 0.0688" 0.30175° This work

“ L: Langmuir; F: Freundlich. b pFrO: pseudo-first order; PSO: pseudo-second order.

sorption process can be justified by the sorption capacities
decreasing from 24.05 mg g ' to 21.08 mg g ' as the
temperature increased from 25 to 30 °C under the same
conditions. Given that the AH° value obtained in this study falls
below 40 kJ mol™, it also suggests that physical adsorption
predominates during the sorption process. This suggests that
weak physical electrostatic and van der Waals interactions,
rather than chemical bonds, are responsible for binding the
NO;” ions to the functionally vacant sites of the resin.®’
Furthermore, the positive AS® value (+1.08 J mol™ K™)
indicates the affinity of the sorbent for NO;~ as randomness
increased in the sorption process.

3.6. Desorption of NO; and selectivity studies

NO;~ desorption experiments were conducted to recover and
reuse the sorbent. The rationale behind this approach is to
desorb the NO;~ ions, initially retained from larger
contaminated water volumes, to obtain concentrated
solutions in smaller volumes. Consequently, both the resin

2.14
212 4
2.1 A
2.08 -+
2.06 -

2.04
2.02 - y=574.2x+0.1291
R2=0.9999
2 T T T T
0.00325 0.0033 0.00335 0.0034 0.00345 0.0035
1/T
Fig. 6 InKp vs. 1/T plot for sorption thermodynamics of NOz~ onto
Purolite SSTA63 anion exchange resin.

InK,
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and the NO;  can be recycled, facilitating sustainable
utilization of resources.”® Fig. 7(a) shows the desorption
efficiencies for NO;~ at different HCl concentrations varying
from 0.1 M to 2.0 M. Even the lowest molarity of 0.1 M HCI
could effectively desorbed NO;~ above 99%, indicating easy
NO;™ desorption and resin regeneration.

Fig. 7(b) demonstrates the effect of coexisting ions such as
cl’, s0,*, and PO,> on the removal of NO;~ in individual
binary mixtures of NO; . Although ion exchange resins
generally have a greater affinity towards ions with a higher
atomic number and increasing valence,”! Purolite SSTA63
anion exchange resin was presumed to have a still affinity for
the NO;™ ions than for the others, with a slight decrease in
removal efficiency. >93% efficiency was recorded in the
presence of other competing ions, suggesting a strong
selectivity of the resin towards NO;".

3.7. Removal of NO;™ from groundwater in an agricultural zone

After conducting comprehensive parametric tests with
SSTA63 resin, the resin was applied to a real water sample
obtained from the west side of Tirkiye, Aydin. The
composition of the water sample is detailed in Table 6.

25 mL of this water sample was mixed with 0.1 g of
SSTA63 resin for 1 hour. After separation by decantation, the
treated sample was analyzed for anion content using ion
chromatography  (IC).  Following  sorption, chloride
concentration increased to 557.6 mg L', sulfate

Table 5 Thermodynamic parameters for the sorption of NOz  onto
Purolite SSTA63 anion exchange resin

Temperature (°C) AG° (k] mol™) AH° (k] mol™") AS° (J mol™ K*)

15 —-5.08 -4.77 +1.08
20 -5.09
30 =5.10
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Fig. 7 (a) NOs™ desorption efficiencies at different HCl concentrations,
(b) the effect of coexisting anions on the removal efficiency of NOs .

concentration decreased to 759.2 mg L', and nitrate
concentration decreased to 105.1 mg L', achieving a 40%
removal efficiency.

In the selectivity test, ion concentrations in the solution
were adjusted to 100 mg L, and the removal of NO;~ was
unaffected. However, in the real water sample, high
concentrations of SO,>~ and chloride inhibited the removal rate
of NO;™. In a subsequent test, the resin dose in the solution
was increased to 0.25 g, and 25 mL of water sample was treated
with the resin. After 1 hour of shaking, the resin was removed,
and the anion concentrations in the treated water were
analyzed by IC. Results showed chloride concentration at 789.9
mg L', NO;~ at 62.3 mg L™, and SO,”" at 523.0 mg L.
Increasing the resin dose enhanced the removal rates of NO;~
and SO,>, achieving a 65% removal efficiency for NO; .

Table 6 Composition of groundwater from the agricultural zone

Component Value
Na' (mg L) 303.2
K" (mgL™) 16.3
ca** (mg L™ 304.2
Mg>" (mg L) 209.5
Cl” (mg L™ 315.0
S0,* (mg L) 1017.8
NO;” (mg L™ 176.5
pH 7.2
Conductivity (ms cm™) 3.83
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Despite high removal rates observed in aqueous solutions, the
presence of interfering ions in the real water sample impacted
the removal efficiency of NO;".

3.8. Cost calculations for NO; removal using SSTA63 resin

The resin price in Turkiye is 12 € per L. The resin capacity
was determined to be 53.6 mg of NO;  per gram of resin.
Additionally, 1 gram of dry resin is measured as 2.2 mL of
wet volume. Therefore, the cost of treating 1 mg of NO;~
amounts to 0.05 cents.

Conclusions

The investigation into Purolite Shallow Shell™ SSTA63 anion
exchange resin's effectiveness in removing NO;~ from aqueous
solutions underscores its significant potential for water
treatment. Optimum removal efficiency, surpassing 97%, was
achieved at a resin dosage of 0.1 g and within pH levels ranging
from 4 to 10. Analysis revealed an exothermic interaction
between the resin and NO; ions, complemented by efficient
regeneration through desorption using hydrochloric acid, even
at low concentrations of 0.1 M. Coexisting ions, such as CI’,
S04>7, and phosphate PO,*>”, exerted minimal impact on NO;~
removal, with efficiencies consistently exceeding 93%. These
findings underscore the resin's robust performance in
mitigating nitrate contamination in water sources and suggest
avenues for further research aimed at practical application
scaling. The results show that the resin performs optimally
under specific conditions, providing a scalable and efficient
solution for NO;~ removal in water treatment processes. The
findings have significant implications for the design of more
sustainable and cost-effective water purification systems,
particularly in regions facing high levels of NO;"
contamination.
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