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chloride. Experiments for single, bisolute and trinary competitive adsorption were carried out to investigate
the adsorption behavior of 2-naphthalenesulfonic acid (NSA), sulfuric acid and sulfurous acid from their solution
at 298K onto the novel hybrid iron impregnated D301(Fe-D301). Adsorption affinity of NSA on Fe-D301 was
found to be much higher than that of sulfuric acid, while adsorption affinity of sulfuric acid was slightly higher
than that of sulfurous acid. The data of single-solute adsorption were fitted to the Langmuir model and the
Freundlich adsorptionmodel. The non-ideal competitive adsorbedmodel coupled with the single-solute adsorp-
tion models were used to predict the bisolute and trinary-solute competitive adsorption equilibria. The NICM
coupled with the Langmuir model yields the favorable representation of the bisolute and trinary-solute compet-
itive adsorption behavior.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction
Effluent fromdyemanufacturing that contains 2-naphthalenesulfonic
acid (NSA) can cause serious pollution and affect water quality when it is
discharged into the environment. The removal of NSA from wastewater
can be carried out by ion exchange, solvent extraction, reverse osmosis,
chemical oxidation and adsorption. Adsorption holds promise in the
treatment of wastewater, as it is inexpensive, simply designed, easy to
handle, and provides sludge-free cleaning operation [1,2]. Many adsor-
bents have been investigated for wastewater treatment, including
activated carbon, sludge ash, cashew nut shells, and polymers [2–6].
Weakly basic resin ion exchange resin is used to remove contaminants
in water treatment processes because of its huge specific surface area
and well-developed pore structures [7,8]. Review of literature shows
that adsorption capacity of adsorbent increased significantly by surface
modification [9–12]. Surface modification involves functionalization of
the adsorbent surface with new groups that may provide new sites for
adsorption of solutes from aqueous solutions. Iron hydroxides have
high adsorption capacities, large surface areas, and the capability to ad-
sorb both anions and cations. Therefore, impregnating iron hydroxide
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nanoparticles on the macroporous polystyrene anion exchanger (D301)
may improve the capacity of the resins.

In present study, a simple method was to use ferric salt solution as
the precursor and precipitate ferric onto commercial weakly basic
D301resin. Fe-D301 was used as an adsorbent for the removal of NSA,
H2SO4 and H2SO3 from their aqueous solutions. It had good selectivity,
large capacity and is easy for regeneration.

2. Materials and Methods

2.1. Materials

All reagents used were of AR grade and obtained from Shanghai
Chemical Reagent Station (Shanghai, China). Stock solutions of NSA, sul-
furic acid and sulfurous acid were prepared with double distilled water.
The resins used in this study D301 was commercial weakly basic resins
(from Nankai University Chemical Plant).

2.2. Adsorbent preparation

Fe-D301 resin was prepared by soaking dry D301 resin in FeCl3–
HCl–NaCl solution (0.4 mol·dm-3 FeCl3, 2.0 mol·dm-3 NaCl and 0.2
mol·dm-3 HCl) for 72 h at 298 K. Themixture was then filtered and rap-
idly added dropwise to a NaOH–NaCl solution (2.5 mol·dm-3 NaOH and
1.0 mol·dm-3 NaCl) to form Fe-D301. The Fe-D301 resin was filtered
ustry Press. All rights reserved.
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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 [13]. Physical
Table 1
Physical properties of D301and Fe-D301

Properties D301 Fe-D301

Polymer matrix Styrene-DVB Styrene-DVB
Function group -N(CH3)2 -N(CH3)2 + Fe-OH
Bead size/mm 0.35-0.55 0.35-0.55
Specific surface area/m2·g-1 29.5 35.8
Pore diameter/nm 20.5 17.5
properties of D301and Fe-D301 listed in Table 1.

2.3. Analytical methods

The concentration of NSA, sulfuric acid and sulfurous acid in each so-
lution were determined by a high-performance liquid chromatograph
(LC-10AT, Shimadzu Corp., Kyoto, Japan) and a UV-Vis spectrophotome-
ter (10AVP, Shimadzu Corp., Kyoto, Japan). Separationwas performed on
a C18 analytical column (150 mm ×4.6 mm i.d., particle size 5 μm). The
mobile phase was methanol–water (50/50, v/v) containing 0.5 %
KH2PO4 as pH regulator. The mobile phase flow rate was 0.8 cm3·min-1,
and the detector wavelength was 275 nm.

2.4. Adsorption studies

A single-solute adsorption on Fe-D301 resin was obtained for each
solute dissolved in water. A series of 200ml test flasks were filled with
100ml of NSA, sulfuric acid and sulfurous acid solutions of varying initial
concentration at pHb4 and 298K. Fe-D301 resin (0.1g) was then added
into each test flasks and agitated intermittently for 24h. The initial con-
centration of NSA was 0.1, 0.2, 0.3, 0.5, 0.7, 0.9, 1.0 g·dm-3 respectively.
It was observed that adsorption equilibrium was reached in about 24h
on an orbit shaker revolving at 250 r·min-1. Single-solute adsorptions
for NSA, sulfuric acid and sulfurous acid were carried out in twice and
three times, respectively.

The bisolute systems of NSA/sulfuric acid, NSA/sulfurous acid and
sulfuric acid/ sulfurous acid with different initial concentrations were
prepared by mixing solutions of the same concentration in l:1 volume
ratio into a 100ml solution. We performed bisolute adsorption experi-
ments for the various initial concentrations with the fixed amount Fe-
D301resin (0.1g) by following the same procedure as the single-solute
adsorption experiment.

A trinary-solute system of NSA/sulfuric acid /sulfurous acid with dif-
ferent initial concentrations were prepared by mixing solutions of the
same concentration in l:1:1 volume ratio into a 100ml solution.We per-
formed trinary-solute adsorption experiments for the various initial
concentrationswith thefixed amount Fe-D301 resin (0.1g) by following
the same procedure as the single-solute adsorption experiment. During
our experiments, three parallel measurementswere performed for each
process variable, and an average value is given. Themaximum standard
deviation of each triplicate data is 0.21 %, and the minimum is 0.14 %.

The adsorbed Phase concentration was calculated according to

qe ¼
C0−Ceð ÞV

W
ð1Þ

Where C0 and Ce are the initial and equilibrium concentration
(mg·dm-3) of solute in solution, respectively; and V and W are the test
solution volume (dm3) and mass (g) of adsorbent used for the test,
respectively.
3. Single and Multisolute Competitive Adsorption Models

The adsorption isotherms employed frequently for single-solute sys-
tems are the 2-Parameter Langmuir and Freundlich models. The
Langurnir and Freundlich models obey the correct thermodynamic
boundary condition of Henry’s law over an infinitely dilute concentra-
tion range. The Langmuir and Freundlich models for liquid-phase ad-
sorption are written respectively as follows.

qe ¼
qmaxbCe

1þ bCe
ð2Þ

qe ¼ kC
1
n
e ð3Þ

To analyze multisolute competitive adsorption behavior, the non-
ideal competitive adsorbed model (NICM) [14] is used in this study.
The equivalence of spreading π in a mixture containing N solutes leads
to

ali ¼ zia0i ð4Þ

XN

i¼1

zi ¼ 1 ð5Þ

1
asT
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i
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ð6Þ
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among of them

ali ¼ γl
ice;i ð10Þ

asi ¼ γs
i qe;i ð11Þ

a0i ¼ γl;0
i c0e;i ð12Þ

as;0i ¼ γs;0
i q0e;i ð13Þ

Where Davies empirical equation is applied to calculate γi
l, γi

l,0 [14],
and Wilson equation is applied to calculate γi

s, γi
s,0 [14].

The NICMmethod is formulated on the basis that at equilibrium, the
spreading pressures for all species are the same. A Newton-Raphson it-
eration method was used to solve these equations.

4. Results and Discussion

4.1. Single-solute adsorption equilibrium

The experiments of single-solute adsorption of NSA, sulfuric acid
and sulfurous acid were run using Fe-D301 resin as an adsorbent. Ad-
sorption equilibrium isotherms for sulfuric acid and NSA are shown in
Fig. 1.

Three acids exhibited isotherms of type I [15]. Such isotherms
were characteristic of strong adsorbate and adsorbent interactions.
The 2-parameter Langmuir and Freundlich models were fitted to
the adsorption data of each solute using the regression method.
Fitted curves of the Langmuir and Freundlich models were shown
in Fig. 1 for comparison with the adsorption data, and the parameters
of both adsorption models were tabulated in Tables 2 and 3,



Fig. 1. Single-solute adsorption equilibrium isotherms of NSA, H2SO4 and H2SO3 on Fe-
D301 resin(a)NSA, (b)H2SO4, (c)H2SO3. (initial concentration=100-1000mg·dm-3,
solution=0.1dm3, adsorbent=0.1g,temperature=298K)

Table 3
Freundlich parameters of each solute on Fe-D301 resin (298K)

Solute lnk 1/n R2

NSA 5.211 0.353 0.926
H2SO4 3.877 0.418 0.977
H2SO3 2.826 0.504 0.834
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respectively. The values of the parameter qmax in the Langmuir
model, roughly reflected the order of adsorption affinity between
the three acids.
Table 2
Langmuir parameters of each solute on Fe-D301 resin (298K)

Solute qmax/mg·g-1 b/g·mg-1 a R2

NSA 844 0.18 152 0.998
H2SO4 548 0.024 13.2 0.999
H2SO3 344 0.023 7.92 0.999
The NSA, sulfuric acid and sulfurous acid onto Fe-D301 resin were
attributed to interact with three acids and active sites of the adsorbent
surface. Fe-D301 resin had two distinctly different active sites within
the polymer phase. Firstly, covalently attached tertiary ammoni-
um(-N(CH3)2) functional groups bound to the polymeric matrix of
the host resin with high affinity toward hydrophobic anions such
as sulfuric acid and so on. Secondly, surface iron oxyhydroxide par-
ticles have high affinity toward ligands with NSA. These two classes
of adsorption sites were also independent of each other, and the
amount of active sites of iron oxyhydroxide particles was much
morn than that of tertiary ammonium(-N(CH3)2) functional groups
on surface due to precipitating ferric onto resin surface.

Which solutes were adsorbed onto Fe-D301 resin, it could be ex-
plained with protonated theory of -N(CH3)2 functional group [16,17]
and coordinate bonding between solutes and iron oxyhydroxide parti-
cles [18]. Among of these two attractive forces, the coordinate bonding
dominated. So Fe-D301 resin exhibited the higher selective sorption to-
ward NSA, which was mainly due to the coordinate bonding between
Fe(III) and NSA. During the adsorption run, Note that in the pH range
of nomore than4.0, NSA got selectively adsorbed through the formation
of inner-sphere complexes [19], while other sulfuric and sufurous ions
present in the solution form mainly outer-sphere complexes with pro-
tonated -N(CH3)2 functional group through electrostatic interactions
and yielded poor sorption affinities. As a result, the adsorption affinity
of NSA on Fe-D301 was found to be much higher than that of sulfuric
and sufurous acids.

On the comparable of sulfurous acid, the capacity of sulfuric acid
adsorbed onto Fe-D301 resin was higher than that of sulfurous acid.
This resulted showed that the SO4

2- which attached to two protonated
sites of resin was expected to be more strongly anchored on the resin
sites than SO3

2-. The adsorption affinity of sulfuric acid on Fe-D301 was
found to be much higher than that of sulfurous acid. This difference in
behaviormay be attributed to theweaker dissociation of SO3

2- compared
to SO4

2- [20].
In view of the values of R2 listed in Tables 2 and 3, the Langmuir

model exhibited a little better fit to the adsorption data than the
Freundlich model.

4.2. Bisolute competitive adsorption

Bisolute competitive adsorptions were performed for the NSA /sul-
furic acid, NSA/sulfurous acid and sulfuric acid/ sulfurous acid binary
system dissolved in water at 298K, respectively. The competitive ad-
sorption data are shown in Fig. 2.

The ^ij parameter of NSA-H2SO4, NSA-H2SO3, H2SO4-H2SO3 was cal-
culated with method of literature [14] on basis of adsorption data for
the bisolute competitive adsorption, the results were tabulated in
Table 4.

Fig. 2 showed adsorption data for the bisolute competitive adsorp-
tions of NSA, sulfuric acid and sulfurous acid. Adsorption capacities of
NSA (/sulfuric acid or /sulfurous acid) decreased when sulfuric acid
and sulfurous acidwere present due to the competition for the available
sites between adsorbable components. NSA competitively displaced
sulfuric acid and sulfurous acid from the limited adsorption sites avail-
able on Fe-D301 resin at higher concentrations. Oneof themain features
of adsorption was that adsorption capacity of a solute was reduced
whenmultiple soluteswere present due to sharing the finite adsorption
sites with other solutes on a competitive basis. The amount of decrease



Fig. 2.Bisolute competitive adsorption behavior on Fe-D301 resin (a)NSA-H2SO4, (b) NSA-
H2SO3, (c) H2SO4-H2SO3.
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in adsorption capacitywas found to be greater for sulfuric acid sulfurous
acid and than for NSA, and it could be found that a dramatic decrease in
adsorption capacity was observed for sulfurous acid at present of
Table 4

The ˄ij parameter of NSA-H2SO4, NSA-H2SO3, H2SO4-H2SO3

NSA (1) - H2SO4 (2) NSA(1) - H2SO3(3) H2SO4(2) - H2SO3(3)˄12 ˄21 ˄13 ˄31 ˄23 ˄32
3.635 0.389 3.915 0.696 2.006 0.557
sulfuric acid and NSA, which could be explained by protonated theory
and coordinate bonding of Fe-D301 resin.

4.3. Multiple solute competitive adsorption models

To predict the competitive adsorptions, we applied NICM coupled
with Langmuir adsorption model. The parameters of each model are
listed in Tables 2 and 3.

Figs. 2 and 3 showed predictions from NICM coupled with Langmuir
adsorption model. The NICM coupled with the single solute Langmuir
model for NSA, sulfuric acid and sulfurous acid, respectively, provided
the most favorable predictions for the bisolute and trinary-solute com-
petitive adsorption o f the acids on Fe-D301 resin.

5. Conclusions

Iron impregnation of D301 resin provided a suitable adsorbent for
the removal of NSA, sulfuric acid and sulfurous acid from aqueous solu-
tion. Expriments on single-solute, bisolute and trinary-solute competi-
tive adsorption equilibrium were carried out to investigate the
adsorption behavior of NSA, sulfuric acid and sulfurous acid from solu-
tion at 298K onto Fe-D301 resin. Adsorptive affinity of the three acids
on Fe-D301 resin was found to be in the order of NSA N sulfuric acid N

sulfurous acid. The single-solute adsorption equilibria data were fitted
to the Langmuir and the Freundlich adsorption models to obtain the
model parameters. The NICM coupled with the single-solute adsorption
models was used to predict the bisolute and trinary-solute competitive
adsorption equilibrium. TheNICMcoupledwith the Langmuirmodel for
NSA, sulfuric acid and sulfurous acid, respectively, yielded the favorable
representations of competitive adsorption behavior.

Nomenclature
A surface area, m2·g-1

ai
l equilibrium activity of i solute in liquid, mg·dm-3

ai
s equilibrium concentration of i solute in solid phase, mg · g-1

ai
s,0 equilibrium activity of i solute in solid phase for single-solute

adsorption, mg·g-1

ai
0 equilibriumactivity of i solute in liquid phase for single-solute

adsorption, mg·dm-3

aT
s total surface loading, mg·g-1

b equilibrium constant, g·mg-1

c fnal concentration in liquid phase, mg·dm-3

ce equilibrium concentration in liquid, mg·dm-3

ce,i equilibrium concentration of i solute in liquid, mg·dm-3

ce,i
0 equilibrium concentration of i solute in liquid phase for

single-solute adsorption, mg·dm-3

c0 equilibrium concentration in liquid phase for single-solute
adsorption, mg·dm-3

c0 initial concentration in liquid phase, mg·dm-3

k empirical Freundlich constant
N number of components
n empirical Freundlich constant
q adsorbed phase concentration, mg·g-1

qe equilibrium concentration in solid phase, mg·g-1

qe,i equilibrium concentration of i solute in solid phase, mg·g-1

qe,i
0 equilibrium concentration of i solute in solid phase for single-

solute adsorption, mg·g-1

qmax saturation capacity, mg·g-1

q0 equilibrium concentration in solid phase for single-solute ad-
sorption, mg·g-1

R gas constant, J·mol-1·K-1

T temperature, K
V test solution volume, dm3

W mass of sorbent, g
z fraction on surface of the adsorbent
π spreading pressure, g·s-2·mol-1



Fig. 3. Trinary-solute competitive adsorption models on Fe-D301 resin.
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γi
l activity coefficient in liquid phase

γi
s activity coefficient in solid phase

γi
l,0 activity coefficient of i solute in liquid phase

γi
s,0 activity coefficient of i solute in solid phase˄ij is the adjustable parameter of Wilson model
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