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The sorption of SPANDS from aqueous solution onto the macroporous polystyrene anion exchangers of
weakly basic Amberlyst A-21 and strongly basic Amberlyst A-29 in a batch method was studied. The effect
of initial dye concentration and phase contact time was considered to evaluate the sorption capacity
of anion exchangers. Equilibrium data were attempted by various adsorption isotherms including the
Langmuir, Freundlich and Dubinin-Radushkevich (D-R) models. A comparison of kinetic models applied
to the adsorption rate constants and equilibrium sorption capacities was made for the Lagergren first-
order, pseudo second-order and Morris-Weber intraparticle diffusion kinetic models. The results showed
that the adsorption isothermis in the good agreement with the Langmuir equation and that the adsorption
kinetics of SPADNS on both anion exchangers can be best described by the pseudo second-order model.
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1. Introduction

Waste treatment is one of major problems facing the chem-
ical, petrochemical, pharmaceutical and textile industries. These
industries generate large quantities of organic pollutants that cause
environmental and health problems [1]. Dyes are common water
pollutants and they may be frequently found in trace quantities in
industrial wastewater. Their presence in water, even at very low
concentrations is highly visible and undesirable [2]. Over 100,000
commercially available dyes exist and more than 7 x 10° tones are
produced annually. An indication of the scale of the problem is the
fact that two per cent of dyes produced are discharged directly in
aqueous effluents [3]. The overwhelming majority of synthetic dyes
currently used are the highly water soluble azo dyes character-
ized by the existence of nitrogen-nitrogen double bonds and the
presence of bright color is due to these azo bonds and associated
chromospheres [4]. The azo dyes also contain auxochromes such as
—NH,;, —OH, —COOH, —SO3H which are responsible for the increase
of color intensity [5]. Color in the effluent is one of the most obvi-
ous indicators of water pollution and the discharge of highly colored
synthetic dye effluents is aesthetically displeasing and can damage
the receiving water body by impending penetration of light. More-
over, the azo dyes which are composed of ionosable groups such
as sulphonates (—SO3~), carboxylates (—CO,~) are most problem-
atic with their high molecular weight, as they tend to pass through
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the conventional treatment system unaffected [6,7]. The release of
colored dyes into the ecosystem is a dramatic source of eutrophi-
cation, and perturbations in aquatic lives. Some azo dyes and their
degradation products such as aromatic amines are highly carcino-
genic [8]. The acute toxicity of azo dyes is low and may cause skin
and eye irritation, weakness and dizziness. Only a few dyes showed
LDsq values below 250 mg/kg body weight, where as the majority
showed LDs( values between 250 and 14,000 mg/kg body weight.
It is necessary to treat the industrial effluent to remove the dyes
from the effluents before discharging it into hydrosphere [9].

Many different treatment techniques have been used in the
removal of colored dyes from wastewater. These methods are
coagulation/flocculation [4,10,11], chemical oxidation and pho-
tocatalytic processes [5,12,13], ozone treatment [14], membrane
technology [15,16] and biological treatments [7,17,18]. But these
processes have disadvantages and limitations, such as high cost,
generation of secondary pollutants, and poor removal efficiency.
Thus adsorption has been found to be the most effective economical
alternative with high potential for the removal and recovery of dyes
from wastewater [19]. Activated carbons used in granular, powder
or fiber forms are the most common adsorbents in the liquid-phase
dye adsorption process [20-23]. However, although it has a great
adsorption capacity due to its highly porous structure, extremely
large surface area to volume ratio and high degree of surface reac-
tivity, it suffers from a number of disadvantages. Activated carbon
is quite expensive and the higher the quality, the greater is the cost.
Both chemical and thermal regeneration of spent carbon is expen-
sive, impractical on a large scale producing additional effluent and
resulting a considerable loss of adsorbent [18].
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In recent years, many low-cost and easily obtainable natural
materials such as zeolite [24-26], sepiolite [27,28], dolomite [29],
alunite [30], chitin [31], oxihumolite [32] and industrial solid wastes
such as fly ash [33], hydroxide sludge [34], mud [33,35], basic oxy-
gen furnace slag [36], sawdust [37,38] as adsorbents have been
tested for pollutant removal. Numerous studies have been focused
on utilization of wastes from agriculture as sorbents and their
application in dyes removal. Of many examples reported in liter-
ature, the following may be mentioned: soy meal hull [39], peanut
hull [40], rice husk [41], coconut husk [42], kudzu [43], banana
pith [44], orange peel [45,46], kohlrabi peel [47], sunflower seed
shells [48]. The comparison of adsorption performance of these
low-cost adsorbents is very difficult due to the lack of consis-
tency in the literature data. Adsorption capacities were evaluated
at different pH (and not necessarily at the optimum pH), tempera-
tures and the dyes concentration ranges which makes comparison
very complicated. Another very important and helpful factor in
comparing these materials, namely the adsorbent cost, is seldom
reported in the research papers. According to the available litera-
ture data bagasse, flyash, peat, sphagnum moss peat, fullers earth,
BF slag, bentonite, zeolite, manganese oxide, laterite soil, carbona-
ceous adsorbent are the materials costing <0.1 US $ per kg making
them useful materials in terms of cost as compared to commer-
cial ACs which normally costs more than 1.5 US $ per kg. However,
these estimates should be considered as indicative, as the cost may
vary because it strongly depends on local availability, processing
required, treatment conditions, and both recycle and lifetime issues.
It varies depending on the fact when/where the adsorbents are
made in/for developed, developing or undeveloped countries. The
dye removal data available in literature suggest that removal of dyes
is possible by low-cost adsorbents to a certain extent since some
promising results are obtained in some of the studies. It is worth
noting that some of the materials can be used as adsorbents with
little or no pretreatment and can therefore be manufactured at low
cost which is a great advantage for the less industrialized world.
Thus, undoubtedly low-cost materials offer a lot of promising ben-
efits for commercial purposes in the future but now their adsorption
capacities, mechanical strength, and other properties need further
improvement for wider application. The studies show that there is
still a need for some technical improvements in preparing and espe-
cially utilizing adsorbents because it is indicated that the sorption
capacity of low-cost materials is often effective only when large
amount of loading of these materials is used for color removal,
particularly in the case of high dye concentration, consequently
producing large amount of sludge [35,49-53].

In the recent years, besides the low-cost materials polymeric
adsorbents [54,55] have emerged as a potential alternative to acti-
vated carbons in terms of their vast surface area, perfect mechanical
rigidity, adjustable surface chemistry and pore size distribution as
well as and feasible regeneration under mild conditions. Another
group of materials being alternative to the activated carbon are the
commercial anion exchange resins. They have been shown to pos-
sess excellent adsorption capacity because of the functional groups
bounded to the polymeric matrices which in comparison with
the polymeric adsorbents additionally provide specific interactions
with the target pollutants and effectively improve adsorption per-
formance of a polymeric adsorbent toward highly water soluble
dyes. Besides, the anion exchangers demonstrate efficient regen-
eration property for the removal and recovery of dyes which gives
an important economic and environmental impetus. What is more,
there is not much of a market for services for the resins, as there
is for activated carbons, so suppliers generally compete on price
and production cost efficiency. Prices for ion-exchange resins in
the U.S. market have remained stable over the past three years fol-
lowing a dip through the 1990s, sources say. Prices now average
between 0.24 US $ and 0.45 US $ per kg for cationic resins, and
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Fig. 1. Chemical structure of SPADNS.

between 0.70 US $ and 0.93 US $ per kg for anionic resins [51,56,57].
Despite all these advantages of the anion exchangers, a very limited
amount of information is available about their use as a method for
dye removal. Karcher et al. [58] tested several commercial weakly
and strongly basic anion exchangers for dye removal and found
that they are very effective adsorbents. Their follow-up study pro-
vided useful information for the successes of packed-bed operation,
including the aspect of resin regeneration [59]. Also Wawrzkiewicz
and Hubicki [60] proved the potential application of strongly basic
anion exchange resins for removal of the azo dye named tartrazine.
Therefore, anion exchange resins should be a good choice for
dye adsorption and the related performance should be intensively
evaluated. Especially the macroporous anion exchangers derived
from styrene-divinylobenzene copolymers seem to occupy a spe-
cial place among the anion exchangers used in the field of dyes
removal. The macroporous anion exchangers allow the penetra-
tion of large molecules of dyes inside their network as well as an
easier elution during the regeneration process. However, copoly-
mers of styrene and divinylobenzene as matrices for ion exchange
resins have an excellent physical strength and resistance to the
degradation by oxidation, hydrolysis or elevated temperatures.
These advantages make the macroporous anion exchanger with
the styrene-divinylobenzene matrix promising material for dyes
removal. However, the investigation by Karcher et al. [58] proved
that the adsorption capacity is dependent not only on the number
and type of functional group or on the chemical and physical struc-
tures of macroporous matrix but also on the structure of organic
compound. Because there exists a large variety of dyes and their
removal is based on various factors, e.g. dye-anion exchanger inter-
action. More detailed work on these interactions between different
dyes and anion exchange resins is needed for the studies to correlate
and compare [50,61,62].

The purpose of the present study was to screen and investi-
gate the commercially available macroporous polystyrene anion
exchange resins: Amberlyst A-21 and Amberlyst A-29 for removal
of azo dye: SPADNS (2-(p-sulphophenyloazo)-1,8-dihydroxy-3,6-
napthalenedisulphonic acid trisodium salt). The effects of some
parameters, such as phase contact time and initial dye con-
centration were examined. As effective applications of sorbent
require more detailed knowledge of sorption mechanism, the
equilibrium isotherms and kinetic study were performed. The
adsorption isotherms are described by the Freundlich, Langmuir
and Dubinin-Radushkevich (D-R) isotherm models. The pseudo
first-order and pseudo second-order models were tested to fit
the experimental kinetic dependencies. An intraparticle diffusion
model was also used to examine diffusional processes affecting the
rate of dye sorption.

2. Materials and methods
2.1. Reagents

Azo dye SPADNS was purchased from POCH (Poland). The struc-
ture of dye is presented in Fig. 1. The dye was used as supplied

without purification, and the fraction of inert material was not
taken into account in the calculation of dye concentration.
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Table 1
Physicochemical properties of the anion exchangers.

Description Amberlyst A-21 Amberlyst A-29
Type Weakly basic Strongly basic
Functional groups —N(CHs ), —N*(CH3),C,H4OH
Matrix Styrene divinylobenzene
Structure Macroporous

Ionic form as shipped Free base Cl-

Bead size [mm)] 0.49-0.69 0.4-0.5

Total capacity [eq/dm?] >1.25 >0.85

Max. operating temp. [°C] 100 65

Producer Rohm and Haas, France Rohm and Haas, France

The macroporous resins Amberlyst A-21 and Amberlyst A-29
were used for sorption studies. The anion exchangers were sup-
plied by Rohm and Haas (France). Important physical and chemical
properties of these resins are presented in Table 1.

2.2. Apparatus

A laboratory shaker (Elphine type, Poland) was used to shake
the anion exchangers and liquid phases. An UV-VIS spectropho-
tometer (Specord M 42, Carl Zeiss Jena, Germany) was used for
absorbance measurements of the samples. The maximum wave-
length (Amax) used for determination of residual concentration of
SPADNS in the supernatant solution using a UV-VIS spectropho-
tometer was 507 nm. Only the linear range of calibration curve was
used in this research.

2.3. Experimental procedure

In the experiments of equilibrium adsorption isotherm, 0.2 g
samples of anion exchangers were shaken mechanically in the con-
ical flask with 20cm3 of SPADNS dye solution of different initial
concentrations (30-12,000 mg/dm3) for 120 min at 20°C. In the
experiments of kinetic adsorption, 0.2 g samples of anion exchang-
ers were shaken mechanically in the conical flask with 20 cm3 of
SPADNS dye solution of different initial concentrations (57, 100,
200, 300, 500 mg/dm?3) for the period from 1 to 240 min at 20°C.

All SPADNS solutions were filtered off to determine the content
of dye in the raffinate using the spectrophotometric method. The
data obtained from the adsorption tests were used to calculate the
adsorption capacity, q; (mg/dm3) from the following Eq. (1):

_ (CO—Ce) %

v (1)

Je
where Cy is the initial concentration of SPADNS in the aqueous
phase, Ce is the concentration of SPADNS in the solutions after time
t, Vis the volume of the solutions (dm3) and w is the weight of the
dry anion exchanger (g).

2.4. Adsorption isotherms

Equilibrium data, commonly used as adsorption isotherms, are
basic requirements for the adsorption systems under investigation.
Obtaining equilibrium data for a specific sorbate/sorbent system
can be performed experimentally, with a time-consuming proce-
dure that is incompatible with the growing need for adsorption
system design. They provide information on the capacity of the
adsorbent or the amount of adsorbent required to adsorb a unit
mass of dye under the system conditions [30,63]. Several isotherm
equations are available and two of them were selected in this study.
Adsorption isotherm data of SPADNS were fitted to the well-known
and widely applied isotherm model of Langmuir, Freundlich and
Dubinin-Radushkevich.

2.4.1. Langmuir adsorption isotherm model

The Langmuir isotherm is based on the assumption that adsorp-
tion takes place at specific homogeneous sites within the adsorbent
and there is no significant interaction among the adsorbed species.
It is then assumed that once a dye molecule occupies a site, no
further adsorption takes place at that site. Theoretically, therefore,
a saturation value is reached beyond which no further sorption
takes place [30]. The linearized Langmuir isotherm equation can
be written as follows:

C 1 b

a = E + E x Ce (2)
where ¢ (mg/g) is the amount of the dye adsorbed per unit weight
of the adsorbent, Ce (mg/dm?) is the equilibrium concentration
of solution, K; (mg/g) is the monolayer adsorption capacity, b
(dm3/mg) is the Langmuir constant related with the free energy
of adsorption.

When Ce/qe is plotted against Ce and the data are regressed
linearly, qo and b constants can be calculated from the slope and
intercept.

The essential characteristic of Langmuir isotherm can be
expressed by the dimensionless constant called the equilibrium
parameter, Ry, defined by:

1
~ (1+K.Co)
Ry values indicate the type of isotherm to be irreversible (R =0),

favourable (0<Ry<1), linear (R =1) or unfavourable (R_ >1)
[39,63-65].

RL (3)

2.4.2. Freundlich adsorption isotherm model

The Freundlich isotherm model takes multilayer and heteroge-
neous adsorption into account. Its linearized form can be given as
follows:

log ge = log K¢ + % log Ce (4)

where ¢e and Ce have the same definitions as in the Langmuir
equation above, K¢ (mg/g) is the Freundlich constant related with
the adsorption capacity of adsorbent and 1/n is another constant
related with the surface heterogeneity. On this basis the latter con-
stant sorption can be classified as irreversible (1/n=0), favourable
(0<1/n<1)and unfavourable (1/n>1).

When log g is plotted against log Ce and the data are treated by
linear regression analysis, the constant Kr and the exponent n can
be determined [30,39,64].

2.4.3. Dubinin-Radushkevich (D-R) adsorption isotherm model

Raduskevich and Dubnin have reported that the characteristic
sorption curve is related to the porous structure of sorbent. The
Dubnin-Radushkevich isotherm model, which based on the Polanyi
theory, was applied to distinguish between physical and chemical
adsorption. The D-R equation was given by:

Inge = In Xy, — Be? (5)

where ¢e has the same definitions as in the Langmuir equation
above, X, (mg/g) is the D-R adsorption capacity, 8 (mol?/k]?) is
the activity coefficient related to the mean sorption energy and &
the Polanyi potential given by [66,67]:

& =RT 1n(1+Cle) (6)

where R is the gas constant (kJ/mol K), Ce has the same definitions
as in the above Langmuir and Freundlich equations and T is the
temperature (K), when Inqe is plotted against €2 and the data are
treated by linear regression analysis, the constants 8 and gg can be
obtained from the negative slope and the intercept, respectively.
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2.5. Kinetic models of sorption

In recent years, adsorption mechanism involving kinetic models
has often been reported. Numerous kinetic models have described
the reaction order of adsorption system based on solution concen-
tration.

In order to examine the controlling mechanism of sorption pro-
cess such as chemical reaction, diffusion control and mass transfer,
several kinetic models were used to test the experimental data
[38,68].

2.5.1. Pseudo first-order equation

The pseudo first-order rate equation is generally expressed as
follows:
dge
—1e _ — 7
ar = ki@ —ge) (7)
where gjand ge are the amounts of dye adsorbed at equilibrium
(mg/g) and at time t, respectively, and kq is the rate constant of
pseudo first-order sorption (1/min).

After integration for the boundary conditions: ge =0 at t=0 and
ge =qe at t=t, Eq. (7) can be rearranged to obtain a linear form:

kyt
log(q1 — ge) = log gy — ﬁ (8)

A straight line of log(qe — q;) versus t suggests applicability of the
kinetic models to fit the experimental data [30,38,69].

2.5.2. Pseudo second-order equation

The pseudo second-order chemisorption kinetic rate equation is
expressed as:
dqe 2
—1t — 9
ar k2(q2 — q¢) (9)
where ¢, is the amount of dye adsorbed at equilibrium (mg/g), k,
is the equilibrium rate constant of pseudo second-order sorption
(g/mg min).

Integrating Eq. (9) for the boundary conditions ge =0 at t=0 and
(e =(e at t=t gives:

t 1 1

— =+ —t 10

42 kg  ge (10)
The initial sorption rate is:

h =kyq2 (11)

The pseudo second-order kinetic constant and the theoretical ge
are obtained from the plot of t/qe versus t [38,60,68].

2.5.3. Weber and Morris intraparticle diffusion equation

Sorption is a multilayer process involving transport of the sor-
bate (dye) molecules from the aqueous phase to the surface of
the solid particles, then followed by the diffusion of the solute
molecules into the pore interiors. The overall adsorption process
may be controlled by one or more steps, such as film or external dif-
fusion, pore diffusion, surface diffusion and adsorption on the pore
surface, or the combination of more than one step. Understand-
ing of significance of diffusion mechanism and accurate estimates
of the diffusivities of the sorbent particles are determined from
the diffusion controlled kinetic models based on interpretation
of the experimental data [69-71]. Due to porosity of the anion
exchangers, the intraparticle diffusion was expected in the adsorp-
tion process and this was explored by using the Weber and Morris
model. According to the model proposed by them, the intraparticle
diffusion is commonly expressed by the following equation:

ge = k;t®° + C (12)

Table 2
Parameters of Langmuir, Freundlich, Dubinin-Radushkevich isotherms for sorption
of SPADNS on Amberlyst A-21 and Amberlyst A-29 at 20°C.

Isotherm Parameters Anion exchangers
Amberlyst A-21 Amberlyst A-29

K. (mg/g) 187.60 381.71
Langmuir b (dm?/mg) 0.0148 0.0044

R? 0.999 0.970

Kr (mg/g) 41.99 59.40
Freundlich n 5.76 4.87

R? 0.969 0.953

Xm [mg/g] 253.26 430.82
Dubinin-Radushkevich 8 [mol?/kJ?] 1.97 x 103 212 x 1073
(D-R) E 15.92 15.34

R? 0.914 0.811

where ki, is the intraparticle diffusion rate constant (mg/g min'/2)
and C is a constant that gives information about thickness of the
boundary layer [mg/g]. The k; values are found from the slopes of
ge versus t%3 plots [71,72].

If the intraparticle diffusion is involved in the adsorption pro-
cess, then the plot of the square root of time versus the uptake, ge,
would result in a linear relationship, and the intraparticle diffusion
would be the controlling step if this line passed through the origin.
When the data exhibit multi-linear plots which do not pass through
the origin, this is indicative of some degree of boundary layer con-
trol and this further shows that the intraparticle diffusion is not
only rate-controlling, but also other processes may control the rate
of sorption [71,72].

3. Results and discussion
3.1. Adsorption isotherms

The values of the Langmuir parameters (K, and b), Freundlich
parameters (Kg, n) and Dubinin-Radushkevich parameters (Xm, 8
and ¢) obtained from the linearized plots of the equations and
the values of correlation coefficients for the SPANDS sorbed on
Amberlyst A-21 and Amberlyst A-29 are listed in Table 2.

3.1.1. Langmuir adsorption isotherm

A linearized Langmuir isotherm for sorption of SPADNS on the
anion exchangers: Amberlyst A-21 and Amberlyst A-29 are pre-
sented in Fig. 2. The isotherm was found to be linear over the entire
concentration range studied with a good linear correlation coeffi-
cient (R2=0.998). In both cases, the Langmuir equation represents
better fit of experimental data than the other two isotherm equa-
tions.

The fact that the Langmuir isotherm fits the experimental data
very well confirms the monolayer coverage of dye onto the anion
exchangers and also the homogeneous distribution of active sites
on them.

The Langmuir model parameters were largely dependent on
the type of the investigated anion exchangers. According to this
model, the monolayer saturation capacity of Amberlyst A-29 for
SPADNS (K. =381.71 mg/g) was higher than those of Amberlyst A-
21 for this dye (K. =187.60 mg/g). The values of sorption capacity
(ge) of Amberlyst A-21 and Amberlyst A-29 calculated using relation
(1) were equal to 193.28 and 417.16 mg/dm3, respectively and are
only insignificantly different from those obtained from the Lang-
muir isotherm. The other Langmuir constant (b) which is related to
the free energy of adsorption indicates the affinity of sorbent for
binding of dye. Its value is the reciprocal of the dye concentration
at which half of the saturation of the adsorbent is attained so a
high value of b indicates steep desirable beginning of the isotherm



M. Greluk, Z. Hubicki / Journal of Hazardous Materials 172 (2009) 289-297 293

60 —
50 —
40 —
& ]
£ 30
& ]
20—
] e
10— B AmberlystA-21
[ J Amberlyst A-29

]IIIIIIIIIIIII'II\\‘\\\Illllll

0 2000 4000 6000 8000 10000 12000
C. [mg/dm®]

Fig. 2. Linearized forms of Langmuir isotherms for SPADNS on Amberlyst A-21 and
Amberlyst A-29.

which reflects the high affinity of the anion exchangers for the sor-
bate resulting in a stable adsorption product [18]. The higher values
of b obtained for sorption of SPANDS on Amberlyst A-21 (b=0.0148)
implied stronger bonding of the dye to this anion exchanger than
to Amberlyst A-29 (b=0.0044).

The R; values were found to be between 4 x 10~7 and 0.13 and
between 2 x 10~7 and 0.16 for different initial concentrations for the
sorption of SPANDS on Amberlyst A-21 and Amberlyst A-29, respec-
tively. The lower Ry values at higher initial SPADNS concentration
showed that adsorption was more favourable at higher concentra-
tion because the degree of favourability tended toward zero rather
than unity [73].

3.1.2. Freundlich adsorption isotherm

Fig. 3 shows the plot of log ge versus log Ce, the linear form of
the plot indicating the fitting of experimental data to the Freundlich
adsorption isotherm. The values of Freundlich correlation are lower
than those of Langmuir isotherm. The Freundlich isotherm rep-
resents the poorer fit of experimental data than the Langmuir
equations (Table 2).

Although the Langmuir and Freundlich constants K; and K have
different meanings, they lead to the same conclusion about the
correlation of the experimental data of the sorption model. The
basic difference between K and Kg is that the Langmuir isotherm
assumes sorption-free energy independent of both surface cover-
age and formation of monolayer whereas the solid surface reaches
saturation. However, the Freundlich isotherm does not predict sat-
uration of the solid surface by adsorbate. In conclusion, K| is the
monolayer sorption capacity, while K¢ is the relative sorption capac-
ity (Kg reaches the value of ge when the equilibrium concentration
Ce approaches unity, thus being considered as an indicative param-
eter of the adsorption strength). A greater value of K indicates a
higher capacity for adsorption [18,39]. As follows from Table 2, all
measured values of K showed easy uptake of the acid dye with
high adsorptive capacity of each anion exchanger. The 1/n values
for all sorption systems studied were less than unity which reflects
the favourable adsorption of SPANDS over the entire concentration
range used in this study indicating a strong bond between the ion
sorbed and the sorbent.

3 —
25—
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logCe

Fig. 3. Linearized forms of Freundlich isotherms for SPADNS on Amberlyst A-21 and
Amberlyst A-29.

3.1.3. Dubinin-Radushkevich (D-R) adsorption isotherm

Langmuir and Freundlich isotherms are insufficient to explain
the physical and chemical characteristics of adsorption. Another
equation used to determine a possible adsorption mechanism is
the Dubinin-Radushkevich equation, which assumes a constant
sorption potential [67,74].

The D-R constants are calculated and given in Table 2. Fig. 4
shows the plot of Inge versus &2 from Eq. (5) for the uptake of
SPADNS by the investigated anion exchangers. The values of coeffi-
cient of determination (12 =0.914 for Amberlyst A-21 and r2 =0.811
Amberlyst A-29) indicate that the Dubinin-Radushkevich isotherm
model does not fit well with the equilibrium data as compared
with the other models considered. There were obtained linear
curves were obtained whose negative slopes (f) and intercepts

-7 —
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41— He
] e Bbn
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Fig. 4. Linearized forms of Dubinin-Radushkevich isotherms for SPADNS on
Amberlyst A-21 and Amberlyst A-29.
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Fig. 5. Effect of the phase contact time and the initial SPADNS concentration on the
sorption of dye on the weakly basic Amberlyst A-21 at 20°C.

(InXm) are 1.97 x 1073 mol?/kJ? and 7.72 for Amberlyst A-21 and
2.12 x 10-3 mol?/KkJ? and 7.19 for Amberlyst A-29, respectively. From
the preceding values, the maximum dye sorption capacities, Xy, for
Amberlyst A-21 and Amberlyst A-29 were 253.26 and 430.82 mg/g
respectively.

3.2. Adsorption kinetics

The values of sorption capacities (qe ) of SPADNS dye determined
for the anion exchangers in question are presented in Figs. 5 and 6.

As follows from the comparison of the obtained results, the
sorption capacity of dye at equilibrium on both examined anion
exchangers increases from 5.69 to 49.99 mg/g with an increase in
the initial dye concentration from 57 to 500 mg/dm?3.
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Fig. 6. Effect of the phase contact time and the initial SPADNS concentration on the
sorption of dye on the weakly basic Amberlyst A-29 at 20°C.
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Fig. 7. Fitting of sorption kinetics of SPADNS at different initial dye concentrations
on Amberlyst A-29 by means of the Lagergren model at 20°C.

The equilibrium state of sorption for SPADNS occurs with the
anion exchanger solution phase contact time about 10 min for the
dye solutions of the initial concentration from 57 to 100 mg/dm?.
The time of contact phase necessary to reach equilibrium in the case
of higher concentrations of SPADNS is longer and equals 30 min for
the initial dye concentrations of 500 mg/dm3.

3.3. Kinetic parameters

3.3.1. Pseudo first-order kinetics

Fig. 7 shows the plot log(q; — ge) versus t for sorption of SPADNS
for the pseudo first-order model on Amberlyst A-29. However,
although the correlation coefficients, rlz, for the sorption of SPADNS
on Amberlite A-29 were found to be higher than 0.975, the calcu-
lated equilibrium adsorption capacities ge ¢, do not agree with the
experimental values ge exp (Table 3). The correlation coefficients, rlz,
for SPADNS using Amberlyst A-21 in sorption experiments are lower
and range from 0.809 to 0.999 (Table 3). Also in this case the cal-
culated equilibrium capacities according to the pseudo first-order
rate expression were not in good agreement.

As follows from Fig. 7 at all initial dye concentrations the sorp-
tion data were well represented by the first pseudo-order model
only for the first 10 min when rapid sorption took place. This con-
firms that it is not appropriate to use the pseudo first-order model

Table 3
Pseudo first-order kinetic parameters for the effect of the initial dye concentration
on the sorption of dye on Amberlyst A-21 and Amberlyst A-29 at 20°C.

Initial concentration

57 mg/dm> 100 mg/dm? 200mg/dm? 300mg/dm>® 500 mg/dm?

Parameters

Amberlyst A-21

Qeexp (Mg[g) 5.69 10.00 19.99 29.99 49.99
Jecal (Mg/g) 6.62 2.77 16.20 16.61 51.59
kqy (1/min)  0.487 0.214 0.248 0.169 0.141
i 0.961 0.884 0.999 0.809 0.929
Amberlyst A-29
Geexp (Mg[g) 5.69 9.99 19.99 29.99 49.99
Jecal (Mg[g) 4.48 8.10 17.16 21.26 45.64
ki (1/min)  0.346 0.315 0.308 0.196 0.150
i 0.994 0.985 0.975 0.986 0.990
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Table 4
Pseudo second-order kinetic parameters for the effect of the initial dye concentration
on the sorption of dye on Amberlyst A-21 and Amberlyst A-29 at 20°C.

Parameters Initial concentration

57 mg/dm> 100 mg/dm? 200 mg/dm? 300 mg/dm? 500 mg/dm?>

Amberlyst A-21

Qeexp (Mg[g)  5.69 10.00 19.99 29.99 49.99
ecal (Mg/g)  5.71 10.01 20.11 30.26 50.88
ky (g/mgmin) 0.312 0.235 0.049 0.021 0.006
h (mg/gmin) 10.182 23.561 19.821 19.525 15.808
2 0.999 0.999 0.999 0.999 0.999

Amberlyst A-29
Qeexp (MgJg)  5.69 10.00 19.99 29.99 49,99
Qeca (Mgfg) 571 10.04 20.08 30.18 50.67
k; (g/mgmin) 0.286 0.126 0.062 0.030 0.008
h (mg/gmin)  9.321 12.684 25.018 27.329 21.291
2 0.999 0.999 0.999 0.999 0.999

to predict the sorption kinetics of SPADNS dye on the examined
anion exchangers for the entire sorption period [27].

3.3.2. Pseudo second-order kinetics

Kinetic data were further treated with the pseudo second-order
kinetic model. The values of rate constant, k», initial sorption rate,
h, equilibrium adsorption capacity, ge, and correlation coefficient,
r%, were calculated and listed in Table 4. Also Fig. 8 gives the results
of the linearized form of the pseudo second-order kinetic model
for the sorption of SPADNS from the solution of different initial
concentrations on Amberlyst A-29.

The data for Amberlyst A-21 and Amberlyst A-29 show a good
compliance with the pseudo second-order equation at all initial
dye concentrations studied and the correlation coefficients for
the linear plots were all extremely high (>0.999). In addition, the
pseudo second-order expression predicts reasonably the equilib-
rium sorption capacity, ge ¢, when comparing these results with the
experimental data ge exp. Anincrease in the initial dye concentration
results in a significant increase of the equilibrium sorption capacity.
These results suggest that the pseudo second-order sorption mech-
anism was predominant and the rate of each ion was controlled by
chemisorption [61]. For the pseudo second-order model, the rate
constant, k,, decreases with an initial dye concentration, while the

50 —
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-1 [ ] 100 mg/dm?
] 200 mgidm®
40 — J¢ 300 mgidm?
4 500 mgidm®

t/q, [min g/mg]

0 60 120 180 240
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Fig. 8. Fitting of sorption kinetics of SPADNS at different initial dye concentrations
on Amberlyst A-29 by means of the pseudo second-order model at 20°C.
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Fig. 9. Intraparticle diffusion kinetics of SPADNS at different initial dye concentra-
tions on Amberlyst A-29 at 20°C.

initial sorptionrate, h, increases with the increasing of the initial dye
concentration which can be attributed to the increase in the driving
force for mass transfer, allowing more dye molecules to reach the
surface of the sorbents in a shorter period of time [75].

3.3.3. Weber and Morris intraparticle diffusion

Fig. 9 illustrates the intraparticle diffusion kinetics of SPADNS at
various initial concentrations Amberlyst A-29. Kinetic parameters
from the linear plots of this model are given in Table 5. As can be
observed, the plots shown in Fig. 9 represent multi-linearity and
the adsorption data could be fitted by two straight lines. The initial
curved portion of the plot may be attributed to the boundary layer
diffusion effect while the second linear portion is related to the
intraparticle diffusion (diffusion into the polymer network) [72].

The slope of the second linear portion characterizes the rate
parameter corresponding to the intraparticle diffusion, whereas
the intercept of this portion is proportional to the boundary layer
thickness [72].

The values of intraparticle diffusion rate constant, k;, were found
to increase from 0.002 to 0.048 mg/gmin'/?2 and from 0.006 to
0.034 mg/g min'/? with an increase of the initial concentration of
SPADNS from 57 to 500 mg/dm? for Amberlyst A-21 and Amberlyst
A-29, respectively. This could be attributed to the driving force of
diffusion. The driving force changes with the dye concentration
in the bulk solution. Thus, the increase of SPADNS concentration
results in an increase in the driving force, which will increase the
diffusion rate of molecular dye in pores. The intraparticle coeffi-
cients, ri2 given in Table 5 are significantly low. Therefore, it can be
suggested that SPADNS sorption on the anion exchangers Amberlyst
A-21 and Amberlyst A-29 is not intraparticular diffusion control
but also another mechanism is involved. Besides, the ge versus
t9> plots do not pass through the origin and the values of inter-
cepts (C in Table 5) are in the range from 5.67 to 49.31 mg/g for
Amberlyst A-21 and from 5.61 to 49.54 for Amberlyst A-29. This
confirms that sorption mechanism is a multi-step process which
can involve adsorption on the external surface diffusion into the
interior (polymer network), ion exchange and inclusion complex
formation [72].
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Table 5

Intraparticle diffusion parameters for the effect of the initial dye concentration on the sorption of dye on Amberlyst A-21 and Amberlyst A-29 at 20°C.

Parameters Initial concentration
57 mg/dm? 100 mg/dm? 200 mg/dm3 300 mg/dm? 500 mg/dm3

Amberlyst A-21

Kine (mg/gmin'/2) 0.002 0.003 0.007 0.046 0.048

C(mg/g) 5.67 9.95 19.90 29.39 4931

12 0.266 0.278 0.450 0.526 0.921
Amberlyst A-29

Kine (Mg/gmin'/2) 0.006 0.015 0.002 0.021 0.034

C(mg/g) 5.61 9.80 19.97 29.72 49.54

r? 0.334 0.334 0.371 0.453 0.567

Moreover, the values of intercept give an idea about the bound-
ary layer effect. Namely, any increase in the value of constant C
indicates the abundance of solute adsorbed on the boundary effect.
The constant C is found to increase with the increasing of thick-
ness of the boundary layer which indicates smaller probability of
internal mass transfer [69].

4. Conclusion

¢ The investigations show that the macroporous anion exchangers
with the polystyrene skeleton: Amberlyst A-21 (weakly basic) and
Amberlyst A-29 (strongly basic) adsorb SPADNS azo dye with high
affinity and capacity and can be used as the adsorbent for removal
of this dye from aqueous solutions.

The sorption performance is affected by various parameters, i.e.
the phase contact time and the initial dye concentration.

The kinetic data fit very well with the pseudo second-order
kinetic model so sorption of SPADNS azo dye on the investigated
anion exchangers can be described as the chemisorption involv-
ing valency forces through the sharing or exchanging of electrons
between the adsorbent and the adsorbate as covalent forces and
ion exchange.

The equilibrium data fit well with the Langmuir isotherm model
so the sorption of SPADNS on the anion exchangers is found as
monolayer sorption of SPADNS molecules on the homogeneous
surfaces of the anion exchangers.
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