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ABSTRACT:Commercial grade weakly basic resin D301 was impregnated with iron through a simple method using ferric chloride
as the precursor for removing of 2-naphthalenesulfonic acid (2-NSA) from aqueous solution and sewage. The characteristics of the
D301 before and after iron-impregnation were examined using scanning electron microscopy, X-ray diffraction, and Fourier
transform infrared spectroscopy. The influences of pH, initial concentration of 2-NSA, contact time, temperature, and coexisting
salts on the adsorptive removal of 2-NSA from aqueous solution by iron-impregnated resin D301 (Fe-D301) were studied by batch
adsorption experiments. The adsorption of 2-NSA was found strongly affected by the pH, with pH 2.8 providing maximum
adsorption of 2-NSA from aqueous solutions. Langmuir, Freundlich, Redlich�Peterson, and Temkin isothermmodels were applied
to the experimental data. Thermodynamic parameters such as free energy, enthalpy, and entropy were calculated using van't Hoff
equations, which showed that 2-NSA adsorption on Fe-D301 was spontaneous and exothermic. Column studies were conducted to
examine the use of the adsorbent for the removal of 2-NSA from continuously flowing aqueous solutions. Fe-D301 synthesized in
this study exhibited a higher affinity for 2-NSA and salt coexisting solution compared with references in literature and shows great
potential in further field processes.

1. INTRODUCTION

Effluent-containing dye is one of the most difficult types of
wastewater to treat, because of the presence of large quantities of
poorly biodegradable and often toxic substances such as addi-
tives, detergents, surfactants, and textile auxiliary chemicals. One
of these substances is 2-naphthalenesulfonic acid (2-NSA),
which is an important dye intermediate and used as a textile
auxiliary chemical.1 2-NSA contains one sulfonic group
(�HSO3). Effluent from dye manufacturing that contains
2-NSA can cause serious pollution and affect water quality when
it is discharged into the environment.

Various techniques have been developed for the removal of
dyes from water and wastewater. These include biological treat-
ment,2 coagulation,3 ozone treatment,4 chemical oxidation,5,6

membrane filtration,7 ion exchange,8 photocatalytic degra-
dation,9,10 and adsorption.11�14 Adsorption is a good technique
for the removal of trace amounts of solutes from aqueous
solution, because of its low cost, simple design, easy operation,
potential for adsorbent recycling, and environmental friend-
liness.15 Many adsorbents have been investigated for wastewater
treatment, including activated carbon, sludge ash, cashew nut
shells, and polymers.16,17 Ion exchange resin is used to remove
contaminants in water treatment processes because of its huge
specific surface area and well-developed pore structures. In
our previous study,18 we used D301 resin for the adsorptive
removal of 2-NSA from aqueous solution and found that a
dramatic decrease in adsorption capacity was observed for
D301 upon addition of Na2SO4 into the 2-naphthalenesulfonic
acid solution. A review of literature shows that the adsorption
capacity of adsorbent was increased significantly by surface
modification.19�21 Surface modification involves the functiona-
lization of the adsorbent surface with new groups that may

provide new sites for the adsorption of solutes from aqueous
solutions. Many studies have focused on arsenic adsorption by
iron-modified activated carbon and iron-impregnated ion ex-
change beads.22�28 However, few reports have detailed use of the
iron-impregnated resin to remove dyes and dye intermediates
from wastewater.

In this article, a simple method was to use ferric salt solution as
the precursor and precipitate ferric onto commercial weakly basic
resin (D301). The iron-impregnatedD301 (Fe-D301) structures
were characterized using various analytical techniques. Fe-D301
was used as an adsorbent for the removal of 2-NSA from aqueous
solutions. The influence of experimental parameters such as pH,
contact time, initial 2-NSA concentration, temperature, and the
presence of salts were studied. Column adsorption was used to
evaluate the adsorption process for the removal of 2-NSA from
aqueous solutions and sewage.

2. EXPERIMENTAL SECTION

2.1. Materials. 2-NSA (98.0% purity) was purchased from
Sigma-Aldrich (St. Louis, MO). All other chemicals were of
analytical grade and obtained from Shanghai Chemical Reagent
Station (Shanghai, China). D301 resin was from Nankai Resin
Co. Ltd. (Tianjin, China).
2.2. Adsorbent Preparation. Fe-D301 resin was prepared by

soaking dry D301 resin in FeCl3�HCl�NaCl solution (0.4
mol 3 dm

�3 FeCl3, 2.0 mol 3 dm
�3 NaCl, and 0.2 mol 3 dm

�3

HCl) for 72 h at 298 K. The mixture was then filtered and
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rapidly added dropwise to a NaOH�NaCl solution (2.5 mol 3
dm�3 NaOH and 1.0 mol 3 dm

�3 NaCl) to form Fe-D301. The
Fe-D301 resin was filtered and washed with ethanol until no
brown floc appeared and then washed with distilled water until
the pH was neutral. Finally, it was dried at 313 K for 24 h and
stored in an airtight container.
2.3. Adsorbent Characterization and Analytical Methods.

Morphological analysis of the Fe-D301 resin was performed
using field emission scanning electron microscopy (SEM, Sirion
200 FEI, Hillsboro, OR). Iron species were identified by X-ray
diffraction (XRD, D/MAX-2500/PC, Rigaku, Tokyo, Japan).
Fourier transform infrared (FT-IR) spectra for the D301 resins
before and after their impregnation with iron were obtained
using a NICOLET-380 FT-IR (Thermo Fischer Scientific,
Waltham, MA). The Brunauer�Emmett�Teller (BET) surface
area of the Fe-D301 resin was measured using an automated gas
sorption system (3H-2000PS2, Bei Shide Instrument S&T Co.
Ltd., Beijing, China).
2-NSA in solution was analyzed on a high-performance liquid

chromatograph (LC-10AT, Shimadzu Corp., Kyoto, Japan) and
a UV�vis spectrophotometer (10A VP, Shimadzu Corp., Kyoto,
Japan). Separation was performed on a C18 analytical column
(150 � 4.6 mm i.d., particle size 5 μm). The mobile phase was
methanol�water (50:50, v/v) containing 0.5 % KH2PO4 as a pH
regulator. The mobile phase flow rate was 0.8 cm3

3min�1, and
the detector wavelength was 275 nm. Sample solutions were
filtered through 0.45 μmmembrane filters, and the filtrates were
analyzed for residual 2-NSA.18

2.4. Adsorption Studies. Batch adsorption studies were
performed by mixing 0.100 g of resin particles with 100 cm3 of
2-NSA solution at various concentrations [(100 to 1000) mg 3
dm�3] in a 250 cm3 glass flask at pH 2.8. To investigate the effect
of pH, 100 cm3 of 500 mg 3 dm

�3 2-NSA solution (pH 2.8 to
12.0) was mixed with 0.100 g of resin particles for 24 h to reach

equilibrium. Sulfuric acid and sodium hydroxide were used to
adjust the solution pH throughout the experiment when neces-
sary. The effect of temperature [(298, 313, and 323) K] was
investigated at pH 2.8 with 0.100 g of resin particles at various
2-NSA concentrations. Adsorption kinetic studies were con-
ducted at pH 2.8 using 0.100 g of resin particles. The resin was
added to 100 cm3 of 500mg 3 dm

�3 2-NSA, and the contact times
ranged from (0.5 to 9) h. Samples were removed for 2-NSA
concentration measurements at 30 min intervals.
The 2-NSA uptake capacity, qe, at equilibrium (or at time, t) of

the sorbent was calculated from the following mass balance
relationship:29

qe ðorÞ qt ¼ ðC0 � CeÞV
W

ð1Þ

where C0, Ct, and Ce are the initial, at time t, and residual
concentration (mg 3 dm

�3) of 2-NSA in solution, respectively;
and V andW are the test solution volume (dm3) and mass (g) of
sorbent used for the test, respectively.
Column experiments were carried out with a glass column (ø

12mm, length 230mm) equipped with a water bath tomaintain a
constant temperature. A BT-200F pump was used to ensure a
constant flow rate. All column runs were performed under
hydrodynamic conditions at 298 K, with 1000 mg 3 dm

�3

2-NSA, a dry resin bed volume (BV) of 10 cm3, and a liquid
velocity of 3 BV 3 h

�1. During our experiments, three parallel
measurements were performed at the same conditions, and an
average value is given. The maximum standard deviation of each
triplicate data is 0.19 %, and the minimum is 0.11 %.

3. RESULTS AND DISCUSSION

3.1. Adsorbent Characterization. SEM micrographs of the
D301 resin are shown in Figure 1a,c, and those of the Fe-D301

Figure 1. Morphology of resin (a, c) = D301 and (b, d) = Fe�D301.
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resin are shown in Figure 1b,d. The iron was evenly distributed
on the D301 resin (Figure 1d), and the surface morphology of
Fe-D301 resin was different from that of the D301 resin. A rough
surface and abundant pores would provide convenient diffusion
channels for ions onto the Fe-D301 resins when they were used
for adsorption in aqueous solution. The iron formed rod-shape
particles (Figure 1d) approximately (1 to 4) μm in length and
(0.1 to 0.5) μm in diameter in the macropores of D301. Some
areas without iron rods were observed (Figure 1d). The presence
of these areas suggests some parts of the resin contains micro-
and mesopores, which are smaller in size than macropores and
not large enough to allow the formation of rod-shape particles
from the impregnated iron.
The XRD spectrum of Fe-D301 (Figure 2) showed that the

impregnated iron in Fe-D301 was amorphous.
The FT-IR spectra of D301 and Fe-D301 are shown in

Figure 3. The FT-IR spectrum of D301 shows a broad absorption
band around 3300 cm�1, which may be attributed to the O�H
group. The bands at (2996 and 2869) cm�1 correspond to C�H
stretching from the methylene group. The bands at (1637 and
1459) cm�1 are from aromatic C�C stretching in the phenyl

ring of lignin.18 The band at 1477 cm�1 was associated with the
C�H bending vibration of quaternary ammonium groups in the
modified resin. The intense band at 1376 cm�1 corresponded to
the characteristic C�N stretching vibration of amine groups in
the resin.30 The spectra indicated that the carbonyl group band
was less intense and had shifted for of Fe-D301 compared to
D301. There were also fewer bands in the fingerprint region of
Fe-D301 compared to that of D301. The bands near 1625 cm�1

(Figure 3b) are from C�O functional groups in the fingerprint
region of Fe-D301. It may be caused by a chemical bond between
the impregnated iron and the resin. The bands at (424 and
408) cm�1 can be assigned to the stretching vibration of Fe�O
in Fe-D301. Gong et al.31 stated that the bands between (700 and
400) cm�1 are from Fe�O stretching vibration. The FT-IR
spectrum of Fe-D301 has a weak band at 1037 cm�1 for
Fe�OH.32 These observations clearly indicate that iron impreg-
nation of D301 occurred.
The BET surface area of Fe-D301 was 28.80 m2

3 g
�1. Table 1

lists the physical characteristics of Fe-D301. After iron impreg-
nation, the D301 resin surface area decreased slightly because of
blockage of its pores by iron. However, the pore volume of the
modified resin slightly increased. The pores of Fe-D301 resins
were found to range in size from (1.7 to 46.6) nm (Figure 4). The
micropore volume of the resin is increased slightly after
modification.
3.2. Impact of pH on 2-NSA Adsorption. The pH is one of

the most important factors affecting the adsorption process.
Because 2-NSA and the surface charge of Fe-D301 in the liquid
phase depend on pH, experiments were performed to find the
optimum pH for adsorption of 2-NSA ions onto the Fe-D301
adsorbents. Different initial pH values ranging from 2.8 to 12.0
were investigated (Figure 5). The removal of 2-NSA was clearly
pH-dependent, with the highest adsorption occurring at pH 2.8.
In the lower pH region, positively charged sites dominate, and

Figure 2. XRD spectra of Fe-D301.

Figure 3. FTIR spectrum of resin. (a) D301; (b) Fe-D301.

Table 1. Physical Characteristics of D301 and Fe-D301

BET specific surface area total pore volume pore size

adsorbent m2
3 g

�1 cm3
3 g

�1 nm

D301 29.06 0.13 17.51

Fe-D301 28.80 0.15 20.46

Figure 4. Microspore size distribution of Fe-D301. ], V; 9, ΔV/Δd.
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this enhances the attractive forces between the sorbent surface
and the 2-NSA ions, which subsequently increases the adsorption
of 2-NSA ions. By contrast, at higher pH the deprotonation of
sorbent surface is favored,33,34 which increases the number of the
negatively charged sites. This enhances repulsion between the
sorbent surface and the 2-NSA and consequently decreases the
adsorption capacity.
3.3. Effect of Contact Time and Initial Concentration. The

adsorption of 2-NSA onto Fe-D301 was monitored for 9 h at 298
K. The initial 2-NSA concentration was 500 mg 3 dm

�3, and the
initial pH was 2.8. 2-NSA was adsorbed onto Fe-D301 rapidly,
and equilibrium was achieved within 6 h (Figure 6). The large
specific surface area of the Fe-D301 resin could contribute to this
result, because it favors diffusion of 2-NSA from the bulk solution
onto the active sites of the adsorbent surface. External adsorption

apparently dominated, and pore diffusion was observed to
decrease the adsorption rate. A 24 h contact time was adopted
for the subsequent experiment to ensure adsorption equilibrium
was attained. The short equilibrium time is in agreement with
other reports for the adsorption of other aromatic compounds
onto resins.18 In conventional porous adsorbents, adsorption
occurs through pore diffusion, which decreases the adsorption
rate. The iron-impregnated particles are nonporous adsorbents,
and only external adsorption occurs. This type of adsorption
mass transfer requires less time to reach equilibrium.35 This
result is promising as equilibrium time is important in determin-
ing the economic viability of a wastewater treatment plant.
More 2-NSA was adsorbed as the initial concentration of

2-NSA in solution also increased (Figure 7). This can be
attributed to an increase in the ion occupancy number, which
favors the adsorption process. The initial concentration of 2-NSA
provided the necessary driving force to overcome mass-transfer
resistance of 2-NSA between the aqueous and the solid phases.
Hence, a higher initial metal concentration will be beneficial for
the resin adsorption capacity. The equilibrium adsorption capa-
city appeared to increase linearly (R2 = 0.995) as the initial metal
concentration was increased from (100 to 1000) mg 3 dm

�3.
3.4. Effect of Temperature on 2-NSA Adsorption. The

quantity of 2-NSA adsorbed onto Fe-D301 was investigated at
different temperatures. Figure 8 shows temperature does not
have a pronounced effect on the adsorption capacity of the
adsorbents. It is found that the adsorption of 2-NSA decreases
with an increase in temperature slightly. Since adsorption is an
exothermic process, it would be expected that a decrease in
temperature would result in an increase in the adsorption
capacity of the adsorbent. The decrease in 2-NSA adsorption
with temperature may be attributed to a decrease in solution
viscosity and solubility, which in turn decreases the number of
ions that interact with active sites at the adsorbent surface. This
decrease suggests that the adsorption process is exothermic.36 In
this work, a study of temperature-dependent adsorption pro-
cesses provides valuable information about the standard Gibbs
free energy, enthalpy, and entropy changes accompanying
adsorption.
3.5. Adsorption Isotherms. For a solid�liquid system, the

adsorption isotherm is important for describing adsorption

Figure 6. Effect of time for the adsorption of 2-NSA onto Fe-D301
(initial 2-NSA concentration, 500 mg 3 dm

�3; temperature, 298 K;
agitation speed, 180 rpm).

Figure 7. Effect of initial concentration for the adsorption of 2-NSA
onto Fe-D301 (contact time, 24 h; temperature, 298 K; agitation speed,
180 rpm). [, qe; 2, removal percentage.Figure 5. Effect of pH on the 2-NSA adsorption on Fe-D301 (initial

2-NSA concentration, 500 mg 3 dm
�3; contact time, 24 h; temperature,

298 K; agitation speed, 180 rpm).
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behavior. Adsorption isotherms are a constant�temperature
equilibrium relationship between the amount of adsorbate per
unit of adsorbent (qe) and its equilibrium solution concentration
(Ce). A number of mathematical models have been employed for
describing this equilibrium relationship. In this work, the Lang-
muir, Freundlich, Redlich�Peterson, and Temkin isotherm
models were used. Identifying the model that is the best fit for
the data is critical for optimizing the adsorption process design.37

The isotherm models were compared using the correlation
coefficient, R2, values.
3.5.1. Langmuir Isotherm. The Langmuir model generally

expressed as follows:38

qe ¼ qmaxbCe

1 þ bCe
ð2Þ

where qe (mg 3 g
�1) and Ce (mg 3 dm

�3) are defined as the mass
of 2-NSA adsorbed per unit weight of adsorbent and equilibrium
liquid phase concentration, respectively; and qmax (mg 3 g

�1) is a
constant related to the area occupied by a monolayer of
adsorbate, which reflects the maximum adsorption capacity.

The qmax results from the Langmuir isotherm at (298, 313, and
323) K were (1843.95, 904.21, and 993.50) mg 3 g

�1, respec-
tively, for 2-NSA (Table 2). The Fe-D301 had a high capacity for
2-NSA removal, which could be used in low-cost and readily
available wastewater treatment.
3.5.2. Freundlich Isotherm. The Freundlich isotherm is an

empirical equation employed to describe heterogeneous systems.
The linear form of the Freundlich equation is as follows:39

qe ¼ kC1=n
e ð3Þ

where k (mg 3 g
�1) and n are Freundlich constants. The constant

k is defined as an adsorption or distribution coefficient and
represents the mass of adsorbate adsorbed on an adsorbent for a
unit equilibrium concentration. The model parameters calcu-
lated from linear plots and correlation coefficients are shown in
Table 2. The n values ranged from 2 to 3 at different tempera-
tures, which indicates adsorption was favorable.
3.5.3. Redlich�Peterson Isotherm. The Redlich�Peterson

isotherm contains three parameters and incorporates the features
of the Langmuir and the Freundlich isotherms.40 The Redlich�
Peterson isotherm has a linear dependence on concentration in
the numerator and an exponential function in the denominator.
It can be described as follows:

qe ¼ KRCe

1 þ bRCm
e

ð4Þ

It has three isotherm constants, namely, KR, bR, and m.
3.5.4. Temkin Isotherm. The Temkin isotherm can be used to

study the heat of adsorption and adsorbate�adsorbent interac-
tion on the adsorbent surface.41 Equation 5 shows the linear form
of this isotherm:

qe ¼ B1 ln KT þ B1 ln Ce ð5Þ

where B1 is the Temkin adsorption constant and KT is the
equilibrium binding constant (dm3

3mg�1).

Table 2. Parameters for 2-NSA Adsorption by Fe-D301
According to Different Isotherm Models

isotherm parameter 298 K 313 K 323 K

Langmuir qmax (mg 3 g
�1) 843.95 904.21 993.50

b (dm3
3mg

�1) 0.19 0.10 0.05

R2 0.947 0.988 0.964

Freundlich k (mg 3 g
�1) 236.79 181.43 133.16

n 3.64 3.03 2.55

R2 0.973 0.911 0.857

Temkin KT (dm3
3mg

�1) 6.01 1.29 0.48

B1 (kJ 3mol
�1) 126.94 171.41 216.30

R2 0.987 0.994 0.966

Redlich�Peterson KR (dm
3
3 g

�1) 523.88 109.12 45.44

bR ((dm
3
3mg

�1)m) 1.48 0.17 0.03

m 0.81 0.92 1.11

R2 0.996 0.991 0.957

Figure 9. Temkin isotherm for adsorption of 2-NSA onto Fe-D301
(initial 2-NSA concentration, (100 to 1000) mg 3 dm

�3; contact time, 24
h; agitation speed, 180 rpm). 9, 298 K; b, 313 K; 2, 323 K; black line,
line fit of 298 K; red line, line fit of 313 K; blue line, line fit of 323 K.

Figure 8. Effect of temperature on the adsorption of 2-NSA (initial
2-NSA concentration, (100 to 1000) mg 3 dm

�3; contact time, 24 h;
agitation speed, 180 rpm). 9, 298 K; b, 313 K; 2, 323 K.
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Figure 9 shows the linear Temkin adsorption isotherm applied
to the experimental data. Coefficients B1 and KT are easily
obtained from the slope and intercept of the plot of qe versus
ln Ce. The Temkin adsorption isotherm indicated the heat of
adsorption linearly increased as the thickness of the 2-NSA layer
on the adsorbent gradually increased, because of reduced
adsorbate�adsorbent interaction.42 This model also assumes
uniform distribution of binding sites on the surface of the
adsorbent. The linear plot of this isotherm had a positive slope,
which implies a repulsive lateral interaction exists in the adsorp-
tion layer.43,44 The 2-NSA molecules initially occupy the active
sites on the adsorbent surface. As 2-NSA coverage of the surface
increases, the repulsive lateral interaction between the neighbor-
ing adsorbate molecules reduces the adsorption capacity.
The applicability of these isotherm equations was compared

using the R2 values. The adsorption isotherm results (Figure 10)
indicate that the Redlich�Peterson and Temkin isotherms fit the
data well (R2 > 0.985) at all concentrations at 298 K. The
constants of Langmuir, Freundlich, Redlich�Peterson, and
Temkin isotherms at different temperatures were also evaluated
(Table 2). The Redlich�Peterson model appeared to provide
the best fit for the data at 298 K. The values of m were not close
to unity, which indicates the isotherms are approaching the
Freundlich but not the Langmuir model.

3.6. Thermodynamic Studies. To describe the thermody-
namic behavior of adsorption of 2-NSA onto Fe-D301, the
thermodynamic parameters free energy, ΔG0, enthalpy change,
ΔH0, and entropy change, ΔS0, were calculated for the adsorp-
tion process using the following equations:45

ΔG0 ¼ ΔH0 � TΔS0 ð6Þ

ln
qe
Ce

� �
¼ ΔS0

R
�ΔH0

RT
ð7Þ

where qe/Ce is the adsorption affinity and is a ratio of qe to Ce.
The values ofΔH0 andΔS0 were determined from the slope and
the intercept of the plots of ln(qe/Ce) versus 1/T (Figure 11).
The ΔG0 values were calculated with eq 6. The thermodynamic
parameters for the adsorption of 2-NSA onto Fe-D301 at various
temperatures are summarized in Table 3. The negative ΔG0

values at (298, 313, and 323) K indicate that the adsorption of
2-NSA onto Fe-D301 is favorable and spontaneous. ΔH0 and
ΔS0 for the sorption process were calculated at�5.98 kJ 3mol

�1

and 11.42 J 3 (mol 3K)
�1, respectively. The ΔH0 was negative,

which indicates that the adsorption reaction is exothermic.
However, the adsorption capacity of 2-NSA increased with
decreasing temperature. The positive ΔS0 suggests increased

Figure 10. Isotherm models of (a) Langmuir, (b) Freundlich, (c) Redlich�Peterson, and (d) Temkin for adsorption of 2-NSA onto Fe-D301 (initial
2-NSA concentration, (100 to 1000) mg 3 dm

�3; contact time, 24 h; temperature, 298 K; agitation speed, 180 rpm).
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randomness at the solid�solution interface during the adsorp-
tion of 2-NSA onto Fe-D301.
3.7. Effect of Salts.Generally, wastewater contains more than

one anion. Thus, the presence of other anions may interfere with
the removal efficiency of 2-NSA. Common coexisting anions in
wastewater with 2-NSA include SO4

2� and SO3
2�. Conse-

quently, the selectivity of the adsorbent toward 2-NSA is of
importance for field application. In this study, sodium sulfate
(Na2SO4) and sodium sulfite (Na2SO3) were chosen as repre-
sentative inorganic salts.46 The effect of coexisting Na2SO4 and
Na2SO3 on 2-NSA uptake by Fe-D301 resin was determined.
The adsorption experiments were carried out in initial 2-NSA
concentration range of (100 to 1000) mg 3 dm

�3. Figures 12, 13,
and 14 show the effect of the Na2SO4, Na2SO3, and Na2SO4 and
Na2SO3 on the 2-NSA removal efficiency and adsorption capa-
city. It was observed that the 2-NSA removal efficiency for Fe-
D301 was higher than D301 significantly. When Na2SO4 coex-
isted, the 2-NSA adsorption capacity for Fe-D301 may increase
164.85 mg 3 g

�1 compared with that of D301. 2-NSA removal
efficiency was higher for low initial concentrations because of the
availability of unoccupied binding sites on the adsorbents.
The SO4

2� and SO3
2� anions were able to adsorb onto the

adsorbent. In general, the level of competitive adsorption varies
from one anion to another and is related to a number of factors,
such as molecular mass, ionic strength, and the number of π-
bonds. The presence of SO4

2� in the solution greatly reduced the
adsorption capacity for 2-NSA, because it competed for available
adsorption sites. Compared to SO4

2�, the competitive adsorp-
tion of SO3

2� was weak relatively. This difference in behavior
may be attributed to the weaker dissociation of SO3

2� compared
to SO4

2�.

3.8. Continuous Column-ModeOperation.Column studies
are important because sewage is a continuously flowing
system. Columns were designed to determine the break-
through curve for the adsorption of 2-NSA from aqueous
solution onto Fe-D301 resin. The effluent from the outlet of
the column was analyzed for 2-NSA. The adsorption column
was operated for 8 days, and a breakthrough curve was
determined. The breakthrough curve (Figure 15) indicated
that 2-NSA was efficiently removed by Fe-D301 within about
265 BV per run before substantial breakthrough occurred. The
2-NSA concentration in the effluent solution and its removal
percentage for 307 BV was about 90.86 mg 3 dm

�3 and 90.91
%, respectively. This adsorption capacity of Fe-D301 agreed
with the adsorption capacity calculated using the batch
adsorption technique.

Table 3. Values of Thermodynamic Parameters Evaluated for
2-NSA Sorption

T ΔG ΔS ΔH

adsorbent K kJ 3mol
�1 J 3 (mol 3K)

�1 kJ 3mol�1

Fe-D301 298 �9.39 11.42 �5.98

313 �9.56

323 �9.67

Figure 12. Effect of the added Na2SO4 on 2-NSA uptake onto D301
and Fe-D301 at 298 K (0.100 g of resin was introduced into 0.1 dm3 of
solution containing an initial 2-NSA amount of (100 to 1000) mg 3 dm

�3

and 1 % Na2SO4). 9, D301; b, Fe-D301.

Figure 13. Effect of the added Na2SO3 on 2-NSA uptake onto D301
and Fe-D301 at 298 K (0.100 g of resin was introduced into 0.1 dm3 of
solution containing an initial 2-NSA amount of (100 to 1000) mg 3 dm

�3

and 1 % Na2SO3). 9, D301; b, Fe-D301.

Figure 11. Thermodynamic study.9, experiment data; red line, line fit.
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4. CONCLUSIONS

Iron impregnation of D301 resin provided a suitable adsor-
bent for the removal of 2-NSA from aqueous solution and
sewage. The adsorption process was highly dependent on the
pH of the solution, and at the optimum value, pH was 2.8. The
removal percentage of 2-NSA using Fe-D301 resin was 85.60 %
over 4 h. The removal rates increased with decreasing tempera-
ture but decreased with increasing initial concentration of
2-NSA. Equilibrium at the solid�solution interface was
explained by the Redlich�Peterson adsorption isotherm. The
thermodynamics of 2-NSA adsorption onto Fe-D301 resin
confirmed the adsorption process was exothermic and sponta-
neous. A large increase in the adsorption capacity was observed
for Fe-D301 comparing with D301 after addition of coexisting
Na2SO4 and Na2SO3 to the 2-NSA solution. Results from
preliminary column adsorption experiments were plotted as
breakthrough curves and showed that the 2-NSA concentration
and removal percentage in the effluent solution on 307 BV were

about 90.86 mg 3 dm
�3 and 90.91 %. Therefore, Fe-D301 resin is

very effective for the removal of 2-NSA from aqueous solutions.
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