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ABSTRACT

The present study investigates the potential of a commercially available anion exchange resin
namely Duolite A 171 (DA 171) as an adsorbent for the removal of nitrate and phosphate
from the anionic aqueous solutions in batch mode. Effects of various parameters such as
contact time, dosage of adsorbent, pH of the aqueous solutions, competitive co-anions, and
temperature on the sorption capacity of the sorbent were studied. Adsorption from the
nitrate/phosphate binary coexisting system was also done. Regeneration of the sorbent was
carried out using 0.025M NaCl solution. The desorption study showed that even after fifth
regeneration cycle, the adsorption efficiency of DA 171 resin for nitrate and phosphate
remained as 99.8 and 99.5%, respectively. The negative AH" values revealed that the adsorp-
tion of nitrate and phosphate is exothermic processes. Fitting of Langmuir, Freundlich, and
Dubinin—Radushkevich (D-R) adsorption models to the equilibrium data were investigated.
The adsorption capacity of nitrate (Q°) derived from Langmuir isotherm was 123.63mg/g
and of phosphate derived from D-R isotherm was 43.95mg/g. The pseudo-second-order and
particle diffusion kinetic models were the applicable kinetic models in both the cases. The
adsorbent was characterized using scanning electron microscopy, energy-dispersive X-ray
spectroscopy, and Fourier transform infrared spectroscopy.
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1. Introduction

Phosphate and nitrate are the key nutrients for the
growth of biological organisms. The fertilizers having
nitrate and phosphate in their composition really
turned over the agricultural growth. Excess of these
nutrients in water sources mainly induced by agricul-
tural runoff, household wastes, and industrial efflu-
ents results in the decline of aquatic life and threatens
the human health following the food chain. These
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nutrients especially phosphate in water sources induce
eutrophication which leads to the overgrowth of phy-
toplankton, causing lack of oxygen, water quality
reduction, and aquatic life depopulation [1]. The pri-
mary health hazards from drinking water with nitrate
occurs when nitrate is transformed to nitrite in the
digestive system which creates the condition known
as methemoglobinemia which commonly observed
among children [2]. A high concentration of nitrate in
drinking water leads to the production of nitrosamine,
which is related to cancer [3]. According to environ-
mental protection agency (EPA), the maximum
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permissible level of phosphates in water is 0.1 mg/L
[4] and that of nitrate is 45mg/L [5].

Biological method [6], ion exchange [7], chemical
reduction of nitrate [8,9], chemical precipitation of
phosphate [10], electrocoagulation [11,12], membrane
process [13,14], and adsorption method [15] are the
common techniques used for the removal of nitrate
and phosphate from water. Biological nutrient
removal is a conventional method and nutrient can be
removed from the effluents and aquaculture effec-
tively. But additional organic substrates are required
and temperature should be maintained [16-18]. Post-
treatment is required due to micro-organisms [19].
Anion removal by adsorption through ion exchange
mechanism is an effective, simpler, and economical
method. The adsorbents can be efficiently reused by
regenerating it using suitable eluents. Some of the res-
ins used for the removal of nitrate and phosphate and
their adsorption capacities are given in Table 1.

Duolite A 171 (DA 171) is a macro porous strong
base anion exchange resin with quaternary ammonium
functional group and Cl™ as the exchangeable anion. It
has the matrix of styrene-divinylbenzene copolymer,
and has not been studied for nitrate and phosphate
removal so far. The present study evaluates the sorp-
tion behavior of nitrate and phosphate over DA 171
adsorbent using batch studies. In doing so, the effects
of contact time, initial concentration of adsorbates,
temperature of solution, adsorbent dosage, initial pH
of solutions, and coexistent anions were investigated.
The sorption studies from the binary aqueous solu-
tions of nitrate and phosphate were also carried out.
The best fit sorption isotherms among Freundlich,
Langmuir, and D-R have been discussed. Thermody-
namic parameters such as AG®, AH®, and AS® were cal-
culated in order to understand the nature of sorption
process. Reaction-based and diffusion-based kinetic
models were also discussed.

2. Materials and methods
2.1. Materials

The adsorbent DA 171 was supplied by Auchtel
Products Ltd., Mumbai, India. It has been selected
because of its low cost compared to other commer-
cially available adsorbents. The characteristics of resin
given by the formulaters along with pH at zero point
charge (pHzpc) measured by drift method [27] are
given in the Table 2. Working solution of nitrate and
phosphate were prepared by dissolving respective
KNOj; and KH,PO, (supplied by Merck) in deionized
water. The reagents HCI, NaOH, NaCl, NaHCO;, and
NaySO4 used were of analytical grade.
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2.2. Instrumental characterization

Scanning electron microscopy (SEM) and energy-
dispersive X-Ray spectroscopy (EDAX) were taken
for the resin DA 171 on VEGA3TESCAN fitted with
Bruker Nano GmbH, Germany. SEM image and
EDAX spectra along with the percentage of elements
present in the DA 171 resin at a particular focusing
area are shown in Fig. 1(a) and (b). Fourier transform
infrared (FTIR) spectra were collected on JASCO-460
plus model. DA 171 before and after treatment with
nitrate and phosphate were ground with spectral
grade KBr and made into pellets. All FTIR measure-
ments were carried out at room temperature.

2.3. Adsorption and regeneration studies

The effect of contact time on nitrate and phosphate
removal was investigated using 200mg/L of nitrate
solution and 50 mg/L phosphate solution, respectively,
at room temperature in mechanical shaker having
120rpm. The dose of the adsorbent used was 0.1g in
both the cases. pH of the nitrate and phosphate aque-
ous solutions as such was between 5 and 5.5. No pH
adjustments were made. The concentrations of the
nitrate solutions were varied between 100 and 500 mg/
L, and that of phosphate solutions were 50-250mg/L
to study the effect of initial concentration. Contact time
was fixed as 30 and 90 min for nitrate and phosphate,
respectively. Dosage effect of DA 171 was investigated
by varying the dose between 0.1 and 0.5g. To investi-
gate the pH effect, adsorption studies were carried out
after adjusting the pH of the nitrate and phosphate
solutions as 3,5,7,9, and 11 using concentrated HCl
and NaOH. Adsorption isotherm and kinetic studies
were carried out at 303, 313, and 323K at various con-
centrations. Nitrate is analyzed by Ultraviolet Spectro-
photometric ~ Screening method in which the
absorbance was measured at wavelength of 202nm
and phosphate is analyzed by Vanadomolybdophos-
phoric Acid Colorimetric method in which the absor-
bance was measured at wavelength of 400nm [28] in a
UV-Visible spectrophotometer (Spectroquant Pharo
300, Merck). The sorption studies from the nitrate/
phosphate binary coexisting system were also carried
out at various concentrations, and the nitrate and
phosphate were analyzed using 883 Basic IC Plus Ion
Chromatogram, Metrohm. pH of the solutions were
analyzed using expandable ion analyzer, Orion EA940.

Regeneration of DA 171 after the adsorption stud-
ies of both nitrate and phosphate were carried out
using 0.025M NaCl at various contact times. The effi-
ciency of the regenerated samples was checked up to
fifth cycle.
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Table 1
Resins used for the removal of nitrate and phosphate and their adsorption capacities
Resin Polymeric matrix Functional group Adsorbate Adsorption Regenerant Reference
and ionic form capacity
(mg/g)
Purolite A  Polystyrene cross-linked with DVB Quaternary Nitrate 81.97 0.6M NaCl [20]
520E ammonium and
Cl-
Amberlite  Poly(styrene-divinylbenzene) Quaternary Nitrate 65.36 - [21]
IRA 400 ammonium and
Clr-
D-201 Poly(styrene-divinylbenzene) Quaternary Phosphate 12.2mg - [22]
ammonium and P/g
cr
HFO-201  Hydrated ferric oxide (HFO) Quaternary Phosphate 17.8mg 5% NaOH [22]
impregnated poly(styrene- ammonium and P/g +5% NaCl
divinylbenzene) HFO
Amberlite PS-DVB Quaternary Nitrate 192.8 - [23]
IRN ammonium and
9766 C1-
Amberlite PS-DVB Quaternary Nitrate 190.6 - [23]
IRN ammonium and
9766 OH
Indion Styrene divinyl benzene copolymer Quaternary Nitrate 119 - [24]
NSSR ammonium and
Cl-
ALR-AE Hydrophyte Arundo donax L. reed Amines Nitrate 44.61 - [25]
resin
MIEX Magnetized iron oxide incorporated Strong-base and  Phosphate 26.5 - [1]
resin into the polyacrylic matrix Cl™
NDP-2 Styrene—divinylbenzene Quaternary Nitrate 174.20 0.6M NaCl [26]
ammonium and
Cl-
Purolite A Gel polystyrene crosslinked with Quaternary Nitrate 147.4 - [26]
300 divinylbenzene ammonium and
Cl-
D 201 Styrene divinylbenzene Quaternary Nitrate 173.80 - [26]
ammonium and
c1r-
Duolite A Styrene—-divinylbenzene Quaternary Nitrate 123.63 0.025M Present
171 ammonium and NaCl study
Clr
Duolite A Styrene-divinylbenzene Quaternary Phosphate 43.95 0.025M Present
171 ammonium and NaCl study

Ccl

3. Results and discussion

3.1. FTIR studies

The FTIR of the DA 171, nitrate, and phosphate
adsorbed DA 171 are given in Fig. 2. The characteris-
tic peaks of styrene-divinylbenzene copolymer were
observed. The peaks at 3,019 and 2,925 cm ™! are due
to the stretching vibrations of C-H in ring and —CH,
of the cross-linked polystyrene, respectively. The

deformation vibrations of 1, 4-disubstituted benzene
ring is due to the styrene-divinylbenzene matrix of
resin which observed at 977 and 829cm™' [29]. The
band at 1,481 cm™! is due to symmetric deformation
and asymmetric angular bending of methyl groups of
quaternary nitrogen [30,31]. A sharp band at
1,382cm™! in the nitrate adsorbed DA 171 corre-
sponds to the nitrate group [32,33]. The peak at
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Table 2
Characteistics of the resin

Matrix Styrene—divinylbenzene copolymer

Functional groups -N—(CHz3);

Ionic form Cl-

Total capacity Min 1.0eq/L (CI” form)
Particle size 0.3-1.2mm

pHzrc 7.1

1,074cm ™" is due to the presence of phosphate anion
in the phosphate adsorbed DA 171 [3].

3.2. Effect of contact time, adsorbate concentration and dose
of the adsorbent

The sorption capacity and required contact time
are important factors in the adsorption process since it
decides the applicability of the adsorbent. Nitrate
sorption on DA 171 was fast. Around 62mg/g of
sorption capacity was attained in 10min and was sat-
urated in approximately 30 min with a sorption capac-
ity of 78 mg/g. While phosphate sorption was slow
compared to nitrate sorption and the process extend
over 30min to reach the sorption capacity of 14.7
mg/g and 90min to reach the saturation with a sorp-
tion capacity of 17.5mg/g (Fig. 3). The batch studies
were carried by with varying the initial concentrations
of aqueous anionic solutions (Fig. 4(a) and (b). The
sorption of nitrate and phosphate increased with
increasing initial concentration of the solutions which
shows the strong adsorption capability of the resin.
With increasing concentration of the solutions, more
ions came to the internal parts of the DA 171 through
diffusion. In drinking water, the presence of nitrate
and phosphate is normally less than 50 and 10mg/L,
respectively. About 50 mg/L of nitrate and 10mg/L of
phosphate synthetic solutions were used for sorption
studies and almost 99% removal was observed in both
the cases. There was an increase in the anion removal
percentage with the increase of sorbent dose. But,
after 0.2mg, the increase in the dose does not signifi-
cantly alter the anionic sorptions (Fig. 5).

3.3. Effect of pH

pH is an important parameter which alters the
adsorbate as well as adsorbent nature [34]. From the
results shown in Fig. 6, it is evident that the nitrate
adsorption took place well at the pH ranges of 3-9.
But at pH 11, the competition of OH™ with nitrate
anions leads to decline in the sorption capacity [35].
In contrast, as the pH of the solution increase the
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phosphate sorption capacity also increased and
reached a maximum of 25mg/g at basic pH of 11.
This is due to the existence of phosphate in various
ionic forms at different pH levels. Phosphate can exist
in the form of HsPO, H,PO,, HPO; , and PO;,
respectively, at pHranges of <2, 2-7, 7-12.5, and >12.5
[36]. Thus as the pH of the solution increase, the pres-
ence of divalent mono hydrogen phosphate anion
become predominant species in the solution which
has higher charge (HPO3") than the monovalent dihy-
drogen phosphate anion (H,PO;) [4] and get
exchanged more.

3.4. Adsorption from the nitrate/phosphate binary
coexisting system

The adsorption studies were carried out from the
binary coexisting solution of nitrate and phosphate
anions. Three solutions were prepared with the con-
centration of ions as 200mg/L of nitrate; 200mg/L
phosphate and 50 mg/L of nitrate; 50 mg/L phosphate
and 200mg/L of nitrate; 50mg/L phosphate. In the
three cases, the sorption capacities were 78.6mg/g;
17.5mg/g and 212mg/g; 12.2mg/g and 69.1mg/g;
10.5mg/g, respectively (Fig. 7). As the concentration
varies, the availability of the ions at the sorption sites
is also varies. And also from the effect of contact time
studies it was evident that nitrate adsorption on the
resin is rapid and more effective than the phosphate
adsorption. Though the resin is more selective
towards nitrate, phosphate adsorption is also signifi-
cant.

3.5. Effect of co-ions

Anions such as CI7, HCO;3, and SOi* are mostly
found in natural fresh water and effluent water. The
adsorption abilities of the DA 171 for nitrate and
phosphate removal in the presence and absence of
Cl™, HCO;3, and SOif ions are shown in Fig. 8. It can
be seen that in the presence of 200mg/L of CI,
HCOj3, and SO}~ anions, nitrate removal capacity was
58.1, 65.5, and 47.3mg/g, respectively, and phosphate
removal capacity was 12, 18.5, and 4.5mg/g, respec-
tively. Higher influence of sulfate on the adsorption
was due to its higher ionic charge than nitrate and
phosphate ions [15,37].

3.6. Isotherms

The equilibrium sorption data of nitrate and phos-
phate on adsorption models viz., Langmuir, Freund-
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Fig. 1. (a) SEM images of DA 171 and (b) EDAX and elemental composition.

lich, and Dubinin—-Radushkevich (D-R) adsorption
models were investigated and the equations are as fol-
lows.

The linear form of Freundlich equation [38] is,

logg. = log kg + %log C.

where C, is the equilibrium concentration (mg/L) and
gde is the amount adsorbed per unit weight of adsor-
bent. The kg and n values are calculated from the
intercepts and slopes of the linear plots of log ge vs.
log C. for the removal of both anions.

The linear form of Langmuir equation [39] is given
as follows:

(Ce/qe) = (1/Q0b) + (Ce/QO)

where C, is the equilibrium concentration (mg/L) and
ge is the amount adsorbed at equilibrium (mg/g) and
Qo and b are Langmuir constants related to energy of
adsorption (L/mg) and adsorption capacity (mg/g),
respectively.
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Fig. 2. FTIR spectra of DA 171 before and after the
adsorption of nitrate and phosphate.
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Fig. 3. Effect of contact time on removal of nitrate and
phosphate.

The essential characteristics of the Langmuir iso-
therm can be expressed in terms of a dimensionless
constant separation factor or equilibrium parameter,
Ry [40]. .

RL:1+bCO

where b is the Langmuir isotherm constant and C, is
the initial concentration of anion (mg/L).

Linear form of D-R isotherm equation is given
as,

Ing. = In X;,, — kpgre®

where X,, is the adsorption capacity (mg/g) and k is
the constant related to adsorption energy (mol®/kJ?).
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The values of k and X,, were computed from the
slope and intercept of the plot In g. vs. &2 Polanyi
potential can be calculated by the equation,
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where T is the temperature (K) and R is the gas
constant (8.314Jmol ! K™!). The value of k is used to
calculate the mean free energy E (kJ/mol) of the sorp-
tion,

E=—(2k)*

The parameters of adsorption isotherms studied
for the data of nitrate and phosphate equilibrium
studies carried out at 303K are given in the Table 3.
The values of 1<n<10 [41] and Ry values between 0
and 1 indicate favorable adsorption [42] of both
nitrate and phosphate. The higher r and lower sd val-
ues indicate the applicability of the three isotherms
studied. To identify the most suitable isotherms for
the adsorption of nitrate and phosphate onto DA 171,
chi-square analysis was carried out. The mathematical
statement of chi-square analysis [43] is

2 (qe — Qeﬁm)z
=2 Ge.m

Table 3
Parameters for Freundlich, Langmuir, and D-R isotherms
for the adsorption of nitrate and phosphate on DA 171

Adsorption isotherm Parameters Nitrate Phosphate
Freundlich 1/n 0.406 0.632
n 2.459 1.581
ke (mg/g)  15.048 0.164
(L/mg)""
r 0.995 0.999
sd 0.011 0.002
. 0.044 0.0002
Langmuir Qo (mg/g) 123.06 33.400
b(L/g) 0.031 0.011
r 0.999 0.994
sd 0.004 0.012
Ry, 0.110 0.627
¥> 0.015 32.813
Dubnin- kpr 2.02E-04 5.59E—-05
Radushkevich (mol®/J%)
Xm (mg/g) 116.98 43.95
E (kKJ/mol)  0.050 0.095
r 0.983 0.999
sd 0.145 0.008
$? 202.816  0.001
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where gem is equilibrium capacity obtained by calcu-
lating from the model (mg/g) and 4. is experimental
data of the equilibrium capacity (mg/g). The chi-
square values obtained using the nonlinear forms of
isotherms are given in the Table 3.

Freundlich > Langmuir >> D-R was the order of
suitability in the case of nitrate sorption and for phos-
phate it was Freundlich>D-R >> Langmuir. Hence,
the most suitable adsorption isotherm was Freundlich
for both nitrate and phosphate adsorption and it can
be concluded that, nonideal adsorption on the hetero-
geneous surface of DA 171 was occurred, and multi-
layer nitrate and phosphate sorption was also possible
[24]. The E values obtained for nitrate and phosphate
from the D-R isotherm were 0.050 and 0.095k]J/mol,
respectively, which further confirms the physical
adsorption between the anions and functional moieties
in DA 171 [44,45].

3.7. Thermodynamic parameters

The temperature dependence of adsorption process
is associated with the changes in thermodynamic
parameter such as standard free energy, enthalpy, and
entropy of adsorption. These thermodynamic parame-
ters were calculated by the Khan and Singh method
[46] and given in the Table 4. The negative values of
AG® at different temperatures indicate the spontane-
ous nature of phosphate and nitrate adsorption. The
negative values of AH" confirm the exothermic nature
of adsorption in both cases. The positive values of AS”
indicated a decreased randomness during the adsorp-
tion of nitrate and phosphate onto DA 171.

3.8. Kinetic parameters

The reaction-based and diffusion-based models
that are the two most important types of adsorption
kinetic models were adopted to fit the experimental
data of nitrate and phosphate adsorption on DA 171.

3.8.1. Reaction based models

The adsorption kinetic data were described by the
Lagergren pseudo-first-order model [47], which is the

Table 4
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earliest known equation describing the adsorption rate
based on the adsorption capacity.

ka
log(qe - qf) = logqe - 23d03t

where g. and g; are the adsorption capacity at equilib-
rium and at time t, respectively (mg g™ "), k.q is the
rate constant of pseudo-first-order adsorption (min").
Linear plots of log (g9.—gq.) against t give a straight
line that indicates the applicability of pseudo-first-
order model. k,4 and g, can be determined from the
slope and intercept.

The adsorption kinetics may be described by the
pseudo-second-order model [48], which is generally
given as follows

o1t
a h g
2
where g; = liitkt, amount of anions on the surface of

the sorbents at any time, f (mg/g), k is the pseudo-sec-
ond-order rate constant (g/mgmin), g. is the amount
anions adsorbed at equilibrium (mg/g) and the initial
sorption rate, h =kg2. The value of g. (1/slope), k
(slope?/intercept), and h (1/intercept) of the pseudo-
second-order equation can be found out experimen-
tally by plotting t/g; against ¢.

3.8.2. Diffusion-based models

The solute transfer is generally characterized either
by particle diffusion or by intraparticle diffusion con-
trols [49]. A simple equation for the particle diffusion
controlled sorption process is as follows,

C
In(1 - ai) = —kyt

where k;, is the particle diffusion coefficient (mg/
gmin). The value of the particle diffusion coefficient is
obtained by the slope of In(1 — C,/C,) against .

Thermodynamic parameters for the adsorption of nitrate and phosphate on DA 171

Anion AG® (k] mol™Y) AH’ (k] mol ™) AS° (K] K mol™Y)
303K 313K 323K

Nitrate -11.18 —14.07 —14.98 —46.71 0.19

Phosphate —-8.98 —~10.87 -7.92 —24.20 0.05
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The intraparticle diffusion model used here refers
to the theory proposed by Weber and Morris [49]. The
intraparticle diffusion equation,

q, = kit'’?

where k; is the intraparticle diffusion coefficient (mg/
gmin®®). The slope of the plot of g, against +'/? will
give the value of the intraparticle diffusion coefficient.

Among the two reaction-based models namely
pseudo-first-order and pseudo-second-order models,
the phosphate and nitrate adsorption kinetic data well
fitted with the pseudo-second-order model with
higher correlation co-efficient (r) [50]. And also parti-
cle diffusion was the applicable diffusion based
kinetic model in both the cases. The values obtained
are given in Tables 5 and 6 for nitrate and phosphate,
respectively.

3.9. Regeneration studies

For regeneration, the important aspect is to return
the polymeric material to its original state without
altering its indented properties in order to make the
process cost effective. The nitrate and phosphate
adsorbed DA 171 resins were treated with 0.025M
NaCl solution for the time of 5, 10, 15, 30, and 60 min
(Fig. 8(a)). Then the resins were washed with deion-
ized water and dried in room temperature, and were
used for the adsorption of nitrate and phosphate
under predetermined conditions. It is evident that the
DA171 was regenerated with CI™ ions using the aque-
ous solution of 0.025M of NaCl within 5min. The
sorption capacity of the resin towards the nitrate and
phosphate adsorption was not altered. The regenera-
tion studies were carried out up to fifth cycle (Fig. 8
(b)). The nitrate and phosphate sorption capacities
remained 77.9 and 17.7mg/g after fifth regeneration
of the resin. DA 171 is an efficient reusable resin
towards nitrate and phosphate. The sorption and
desorption anions on the DA 171 can be depicted as
follows (Fig. 9).

Adsorption of nitrate
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Fig. 9. (a) Effect of desorption time on the regeneration of
nitrate and phosphate adsorbed DA 171 and (b) sorption
capacity of regenerated DA 171 on nitrate and phosphate
adsorption at various cycles.

was effective in the pH ranges of 3-9 and phosphate
sorption was effective in the pH ranges 3-11 with
an increase in SC at pH 11. In adsorption of both
phosphate and nitrate, sulfate significantly altered
the SC of the adsorbent. The adsorption isotherms
were best fitted with the Freundlich adsorption iso-

Adsorption of phosphate

Resin - N(CH3);'NO;y <——=< Resin - N(CH3);"Cl'’  =——>> Resin - N(CH;);'H,PO,
D — <=
Desorption Desorption

4. Conclusions

Uptake of nitrate is rapid and efficient than the
uptake of phosphate on DA 171. Nitrate sorption

therm which indicates the heterogeneous nature of
sorption. Physical binding forces were involved in
the sorption of both the anions on the resin which
confirmed from E values -calculated from D-R
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isotherm. The sorption of both nitrate and phosphate
is exothermic and spontaneous. The kinetic data
were well fitted with pseudo-second-order and parti-
cle diffusion models. The adsorption mechanism was
due to ijon exchange between chloride and the
respective anions. The desorption rate is rapid and
occurred within 5min by using 0.025M NaCl which
would make the process cost effective, and hence
the resin could be further employed for the technol-
ogy development.
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