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atch  and  fixed-bed  assessment  of  sulphate  removal  by  the  weak  base
on  exchange  resin  Amberlyst  A21
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 i  g  h  l  i g  h  t  s

Amberlyst  A21  (weak  base  resin)  was  applied  for  the  first  time  in sulphate  removal.
It is  a comprehensive  study  of the  main  aspects  of  sulphate  adsorption,  never  done  before.
Sulphate  adsorption  process  by  Amberlyst  A21  is fast  and  feasible  in  acid medium.
Efficient  sulphate  elution  was  obtained  using  simple  and  accessible  conditions.
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a  b  s  t  r  a  c  t

This  paper  investigated  sulphate  removal  from  aqueous  solutions  by Amberlyst  A21,  a  polystyrene  weak
base  ion  exchange  resin.  Both  the pH and  initial sulphate  concentration  were  observed  to  strongly
affect  sorption  yields,  which  were  largest  in  acidic  environments.  Working  under  optimum  opera-
tional  conditions,  sulphate  sorption  by  Amberlyst  A21  was  relatively  fast  and  reached  equilibrium  after
45  min  of contact  between  the  solid  and liquid  phases.  Sorption  kinetics  could  be  described  by  either
the  pseudo-first  order  (k1 =  3.05  × 10−5 s−1) or pseudo-second  order  model  (k2 =  1.67  ×  10−4 s−1),  and
both  the  Freundlich  and Langmuir  models  successfully  fitted  the  equilibrium  data.  Sulphate  uptake  by
Amberlyst  A21 was  a physisorption  process  (�H  =  −25.06  kJ  mol−1) that occurred  with  entropy  reduction

−1 −1

on exchange
mberlyst A21
eak base resins

(�S  =  −0.042 kJ  mol K ).  Elution  experiments  showed  that sulphate  is easily  desorbed  (∼100%)  from
the  resin  by  sodium  hydroxide  solutions  at pH 10  or pH 12.  Fixed-bed  experiments  assessed  the effects  of
the  initial  sulphate  concentration,  bed  height  and  flow  rate  on  the  breakthrough  curves  and  the  efficiency
of  the  Amberlyst  A21  in  the  treatment  of  a real effluent.  In all studied  conditions,  the  maximum  sulphate
loading  resin  varied  between  8  and 40 mg  (SO4

2−)  mL (resin)−1.
© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

When oxidizing conditions are present, sulphate is the pre-
ominant sulphur species in liquid effluents associated with the
rocessing sulphur-laden raw materials [1,2]. High sulphate levels

n water and wastewaters are related to the occurrence of piping
nd equipment corrosion, and, when such effluents are discharged
nto the environment, they may  increase the acidity of both soils
nd bodies of water [1,3].
Among wastewaters containing high sulphate concentrations,
cid mine drainage (AMD) is one of the most important. AMD  is
enerated when sulphide minerals are oxidized in the presence of

∗ Corresponding author. Tel.: +55 31 3559 1102; fax: +55 31 3559 1561.
E-mail address: guimaraes.damaris@yahoo.com.br (D. Guimarães).

ttp://dx.doi.org/10.1016/j.jhazmat.2014.07.071
304-3894/© 2014 Elsevier B.V. All rights reserved.
water and oxygen, either with or without the aid of bacteria. This
acidic solution acts as a leaching agent for different minerals, pro-
ducing a drainage rich in dissolved metals, which can render natural
waters unsafe for use, even after mining activities have ceased
[4]. High sulphate concentrations in drinking water cause taste
alteration and, when the sulphate content exceeds 600 mg  L−1,
diarrhoea [2]. Because of these adverse effects to human health and
the environment, mining countries usually set limits for sulphate
concentrations in waters and wastewaters ranging from 250 mg  L−1

to 500 mg  L−1 [2,5].
Sulphate emissions can be controlled by combinations of

different techniques such as lime neutralization and gypsum pre-

cipitation, reverse osmosis, electrodialysis and adsorption [1].
Although the application of adsorption is often limited to the pol-
ishing step of wastewater treatment, it is a promising method due
to its ability to reduce sulphate ion concentrations to very low levels

dx.doi.org/10.1016/j.jhazmat.2014.07.071
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2014.07.071&domain=pdf
mailto:guimaraes.damaris@yahoo.com.br
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6]. Moreover, its relative cost can be reduced by selecting a suit-
ble resin and working under conditions that maximize adsorption
nd also facilitate regeneration. Sulphate removal by shrimp peel-
ngs [7], modified cellulose contained in both sugarcane bagasse
8] and rice straw [9], coconut pith [10], limestone [11] and mod-
fied zeolites [12] have been proposed. Feng et al. [13] devised a
rocess for AMD  treatment comprised of metal precipitation and
ulphate sorption on ion exchange resins. Nevertheless, a funda-
ental assessment of sulphate sorption mechanisms is yet to be

arried out. Within such a context, the present study sought to
nvestigate the utilization of Amberlyst A21, a weak base resin, for
ulphate sorption because this material confers the advantage of
asy elution via pH shift.

. Experimental

.1. Amberlyst A21 resin

Amberlyst A21 is a weak base (tertiary amine) macroporous
olystyrene resin with an exchange capacity of 1.25 eq L−1 [14].
rior to the experiments, the resin was sieved using Tyler sieves,
nd a particle size range between 0.71 mm and 0.84 mm was
elected for all experiments. Samples were kept under water for
t least 40 h before use in the experiments.

.2. Batch sorption and elution

The influence of both pH (2, 4, 6, 8 and 10) and initial anion
oncentration on sulphate uptake was studied by placing 1 mL  of
ydrated resin in contact with 100 mL  of sodium sulphate solu-
ions with SO4

2− concentrations ranging from 100 to 1200 mg  L−1.
he experiments were performed over 5 h, during which the sys-
em was stirred at 180 min−1 while temperature (34 ◦C, 50 ◦C or
0 ◦C) and solution pH were constant. At the end of the experi-
ents, the samples were filtered, and the sulphate concentration

n the aqueous phase was determined by ICP–OES (Inductively Cou-
led Plasma–Optical Emission Spectroscopy). Sulphate loadings in
he resins were determined by mass balance.

The kinetic of the sorption was also studied. In this step, 5 mL
f hydrated resin were mixed with 1 L of solution containing
60 mg  (SO4

2−) L−1 at 28 ± 1 ◦C and pH 4, which were kept con-
tant throughout the experiment. The system was sampled every

 min  in the first hour, every 10 min  in the second hour, and at 140,
60, 180, 210, 240 and 360 min. Sorption data were then fitted to
seudo-first order, pseudo-second order and intraparticle diffusion
odels [15].
The pseudo-first order model assumes that the sorption process

s reversible and reaches equilibrium. This model is represented by
q. (1), where k1 is the overall rate constant for the pseudo-first
rder model, t is time and Ut the fractional attainment of equilib-
ium. Ut is obtained by Eq. (2). Such a model can only be applied
o data from to the lower part of the resin loading curve; i.e., the

odel does not apply to equilibrium data [15].

n (1 − Ut) = −k1t (1)

t = q

qeq
= Co − C

Co − Ceq
(2)
The pseudo-second order model (Eq. (3)) was proposed by Ho
nd McKay [18] to describe sorption processes in which the rate-
etermining step is the sorption reaction. In this equation, k2 is
he rate constant of the pseudo-second order model, and qt and
ous Materials 280 (2014) 209–215

q∞ are the sulphate loading achieved at time t and at equilibrium,
respectively.

qt = tk2(q∞)2

1 + tk2q∞
(3)

The intraparticle diffusion model proposed by Weber and Mor-
ris [19] is valid if adsorbate diffusion in the liquid film is the only
controlling step of the process. This model is described by Eq. (4),
in which kip is the rate constant of intraparticle diffusion, and C is
a constant related to the thickness of the boundary layer.

q = kip(t)1/2 + C (4)

Sorption equilibrium was investigated using adsorption
isotherms produced at different temperatures, which enabled a
thermodynamic analysis of sulphate sorption. The isotherms were
produced by mixing 1 mL  of hydrated resin with 100 mL of sodium
sulphate solutions whose initial sulphate concentrations varied
between 30 mg  L−1 and 1800 mg  L−1. Each system was stirred at
180 min−1, pH 4 and a temperature of 34 ◦C, 50 ◦C or 70 ◦C until
equilibrium was reached. The aqueous phase was subsequently
separated from the solid phase, and the residual aqueous sul-
phate concentration was determined by ICP-OES. Resin loading was
determined by mass balance. Equilibrium data were then fitted to
the Freundlich and Langmuir models [14] prior to thermodynamic
analysis.

The Langmuir model (Eq. (5)) was originally developed to rep-
resent monolayer adsorption on ideal surfaces. It assumes that the
heat of adsorption is independent of surface coverage and is similar
to that observed in chemical reactions. Further assumptions are: (i)
there is a limited and measurable area for adsorption; (ii) the mono-
layer is one molecule thick; and (iii) adsorption is reversible, and
equilibrium conditions are attained [6]. Conversely, the Freundlich
isotherm (Eq. (6)) is an empirical equation that describes non-ideal
adsorption processes. It assumes heterogeneous surfaces and mul-
tilayer adsorption [20], resulting in an exponential distribution of
the heats of adsorption [6].

qeq = qmaxbCeq

1 + bCeq
(5)

qeq = Kf

(
Ceq

)1/n
(6)

In Eqs. (5) and (6), qeq is the resin loading at equilibrium, Ceq is
the equilibrium concentration of the adsorbate in solution, qmax is
the maximum loading, b is a constant related to the affinity between
the resin and the adsorbate, Kf is the capacity factor, and n is the
intensity parameter [6].

A thermodynamic analysis used data produced for the initial
sulphate concentration of 300 mg  L−1 was  carried out to assess the
influence of temperature on the sorption process. Equilibrium con-
stant (Keq) values corresponding to the sorption process developed
at different temperatures were determined utilizing Eq. (7):

Keq = qeq

Ceq
(7)

The equilibrium constant, as written in Eq. (7), is also called
the distribution coefficient (KD) [24–26]. After obtaining Keq, the
enthalpy (�H) and entropy (�S) of sulphate sorption were deter-
mined from the van’t Hoff equation (Eq. (8)), and the Gibbs free
energy was  calculated by Eq. (9).

ln Keq = −�H

RT
+ �S

R
(8)
�G  = −RT ln Keq (9)

In Eqs. (8) and (9), R is the universal gas constant
(8.314 J K−1 mol−1) and T is the temperature.
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Table  1
Composition of the industrial effluent used experimentally.

Element/ion Concentration (mg  mL−1)

SO4 98.41
F 1.30
Cl 10.11
Al 0.02
As total 0.24
Cd <0.05
Ca 27.52
Pb <0.05
Cu <0.05
Fe 0.02
Mg  3.12
Mn  0.08
Ni <0.05
K 0.96
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Sulphate elution from Amberlyst A21 was assessed by mixing
00 mL  of sodium hydroxide solutions (at pH 10 and pH 12) with

 mL  of pre-loaded resin (10.4 mg  (SO4
2−) mL  (resin)−1). The system

as kept under agitation for 24 h at 30 ◦C, and the final sulphate
oncentration in the aqueous phase was determined by ICP–OES
rior to calculating resin elution efficiencies

.3. Fixed-bed experiments

Sulphate adsorption in fixed-bed columns were performed in
rder to investigate the effects of concentration, bed height and
ow rate on bed loading. Different volumes of resin (0.71–0.84 mm
article sizes) were transferred to a glass column (13 mm diam-
ter × 142 mm height) to produce different bed lengths, Z (6 cm,

 cm and 12 cm). After loading, distilled water was passed through
he column (60 min) to remove fine particles that could have been
oaded in the column. The column was fed upwards by peristaltic
umps so that any preferential pathway for the solution would be
voided. The flow rate (Q) was varied between 10 and 20 mL min−1.
amples were collected regularly from the column effluent. The sul-
hate concentrations in these samples were analysed by ICP–OES.
he inlet sulphate concentration (C0) ranged from 55 mg  L−1 to
60 mg  L−1, and the anion loading on the resin was determined by
ass balance. The experiments were carried out at a pH of 4.0 and

 temperature of 28 ± 1 ◦C.
To assess the efficiency of Amberlyst A21 in the treatment of a

eal effluent (from the mining industry), adsorption experiments
ere performed in a fixed-bed column. The composition of the

cidic effluent (pH 3.2) is presented in Table 1 and the experiments
ere carried out at 25 ± 1 ◦C, using a bed height of 9 cm,  which was

ed at a flow rate of 10 mL  min−1. Immediately after loading the bed,
t was eluted for 3 h with a pH 12 sodium hydroxide solution at a
ow rate of 10 mL  min−1. The samples were collected in intervals
f 10 min  and the chloride and fluoride content were determined
y ion chromatography (Metrohm).

. Results and discussion

.1. Batch experiments

As can be seen in Fig. 1, sulphate loadings in Amberlyst A21
ere significantly reduced as the solution acidity decreased. This

utcome was explained by the presence of tertiary amine groups,

hich must be positively charge in order to bind sulphate (Eq. (10)).

herefore, the concentration of protonated amine groups increased
ith increasing acidity, resulting in greater sulphate loading

Eq. (11)). Fig. 1 also indicates that increasing the initial anion
Fig. 1. Effect of pH on sulphate sorption by Amberlyst A21 resin at 34 ◦C (a), 50 ◦C (b)
and 70 ◦C (c). Experimental conditions: 1 mL of hydrated resin, 100 mL  of solution
and stirring rate of 180 min−1.

concentration resulted in larger sulphate loadings on Amberlyst
A21. Conversely, sulphate loadings were slightly reduced at higher
temperatures; this will be further discussed during the analysis of
the effect of temperature on sorption equilibrium.
R–NH3(resin) + H2O � RNH4
+

(resin) + OH−
(aq) (10)

2RNH4
+

(resin) + SO4
2−

(aq) � (RNH4
+)2(SO4

2−)(resin) (11)
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Table 2
Adsorption isotherms parameters of Langmuir model obtained at different temper-
atures, pH 4 and stirring rate of 180 min−1, with Amberlyst A21 resin.

Temperature Langmuir

Parameters R2

34 ◦C qmax = 16.18 0.83
b = 0.16

50 ◦C qmax = 12.78 0.98
b = 0.15

70 ◦C qmax = 10.11 0.92
b = 0.06

0.0029 0.003 0 0.0031 0.003 2 0.003 3
3.6

3.8

4.0

4.2

4.4

4.6

4.8

Y=3014 ,25 *X-5,02
R2=0,99

1/T

ln
(K

eq
)

odel from adsorption essays by Amberlyst A21. Experimental conditions: 5 mL of
ydrated resin, 1 L of sodium sulphate solution (150 mg  (SO4

2−) L−1), at 28 ± 1 ◦C, pH
,  stirring rate of 200 min−1.

The pH 4 was selected for further sulphate sorption studies
ecause this pH is encountered in many AMD  sites. Working at
his pH, Fig. 2 depicts the profile of the sulphate concentration
n the resin as a function of time in a batch study. The sorption
rocess, which was comprised of two different stages, resin pro-
onation (Eq. (10)) and sulphate sorption (Eq. (11)), was  relatively
ast, attaining an equilibrium concentration of 11.6 mg  mL  (resin)−1

n nearly 45 min.
The kinetic data were fitted to pseudo-first order, pseudo-

econd order and intraparticle diffusion models. Among these
odels, only the pseudo-second order model showed a good

t to the experimental data and described all the data gener-
ted in the kinetic experiments. Thus, it can be inferred that this
odel describes the adsorption of sulphate by Amberlyst A21

esin. As shown in Fig. 2, the pseudo-second order rate constant
as 1.67 × 10−4 s−1 and the theoretical equilibrium sulphate load-

ng (q∞) was 13.9 mg  mL  (resin)−1, which is consistent with the
xperimental value (11.6 mg  mL  (resin)−1). In studies of sulphate
dsorption by another type of adsorbent, Oliveira [12] investigated
he adsorption of sulphate in zeolites functionalized by barium
alts. In this case, the process was described by the pseudo first-
rder model with an overall rate constant of 0.4 s−1.

Subsequently, sorption equilibrium was investigated utiliz-

ng isotherms produced at different temperatures and fitted to
oth Langmuir (Eq. (5)) and Freundlich (Eq. (6)) models. Fig. 3
resents the fittings of the experimental data to the Langmuir
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ig. 3. Adsorption isotherms fitted to Langmuir model, constructed with data
btained from essays carried out in different conditions of temperature, pH 4 and
tirring rate of 180 min−1, with the Amberlyst A21 resin.
Fig. 4. van’t Hoff plot for sulphate sorption on Amberlyst A21.

equation at different temperatures (34 ◦C, 50 ◦C and 70 ◦C); the
Langmuir isotherm can be utilized to describe sulphate adsorp-
tion by Amberlyst A21, with qmax values close to 15 mg  mL  (resin)−1

(Table 2). The observed b constant values, also listed in Table 2, gen-
erally decreased with increasing temperature. As this constant is
related to the affinity between sulphate and resin, it can be inferred
that the affinity decreases as temperature increases [6]. Sorption
data were also fitted to the Freundlich model, however, a good fit-
ting was  not observed in this case. Based on the analysis of the
R2 values, it can be stated that sulphate adsorption in Amberlyst
A21 is described by the Langmuir model. This way, the surface of
the loaded resin is composed of a monolayer of sulphate anions.
Similar results were also observed by Haghsheno et al. [21] for the
ion exchange resin Lewait K6362, by Namasivayam and Sangeetha
[10] using ZnCl2 activated carbon produced from coconut shell, and
by Oliveira [12] in studies with zeolites. In these works, the maxi-
mum  sulphate loadings observed were 55.6 mg  g−1, 4.9 mg g−1 and
53.8 mg  g−1, respectively.

As predicted by constant b in the Langmuir model, the van’t
Hoff equation (Eq. (8)) [27] confirmed that sulphate sorption by
Amberlyst A21 is an exothermic process (�H = −25.06 kJ mol−1)
related to a decrease in entropy (�S = −0.042 kJ mol−1 K−1) of

the system (Fig. 4, Table 3). A study of sulphate sorption
on activated carbon revealed it to be an endothermic process

Table 3
Changes of enthalpy, �H, Gibbs free energy, �G and entropy, �S, related to sulphate
adsorption process by Amberlyst A21 resin, at pH 4 and stirring rate of 180 min−1.

Temperatura (◦C) �H (kJ mol−1) �S  (kJ mol−1 K−1) �G (kJ mol−1)

34 −12.21
50 −25.06 −0.042 −10.25
70 −10.74
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Table 4
Sulphate elution of Amberlyst A21 resin, at 30 ◦C and stirring rate of 180 min−1.

Initial sulphate loading
(mg  (SO4

2−) mL (resin)−1)
Dessorption
efficiency (%)

Eluant

10.4
∼100 Solution of NaOH

(pH 10)

tion, there was a slight reduction in sorption capacity to a value
around 8 mg  mL (resin)−1, which is consistent with the study by
Haghsheno et al. [21] on the resin Lewait K6362.
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o

Time (min)

 SO4
2-

 Cl-

 F-
onditions: pH 4, 28 ± 1 ◦C and 0.35 bed porosity. Fixed conditions: inlet sulphate
oncentration of 80 mg L−1, bed height of 9 cm and flow rate of 15 mL min−1.

�H = 15.4 kJ mol−1) that occurred with an increase in entropy
�S = 0.133 kJ K−1 mol−1) [10].

The �H  value lower than 40 kJ mol−1 (in absolute terms) implied
hat physisorption was the main sorption mechanism [6,28],
hereas the negative �S  values were interpreted to indicate a

eduction in sulphate accessibility to the resin core with increasing
emperature [27]. It is also worth noting that the Gibbs free energy
elated to sulphate sorption by Amberlyst A21 was  also measured
Eq. (9)), and the results are presented in Table 3. Such thermody-
amic parameters, however, refer to the overall sorption process,

.e., they include both the protonation of the functional groups and
ulphate adsorption steps.

An important feature to be addressed in applying Amberlyst A21

n the treatment of sulphate-laden effluents is resin elution [29]. As
bserved in the study of the influence of pH on sulphate adsorption
y Amberlyst A21, amine functional groups are not protonated in
∼100 Solution of NaOH
(pH 12)

alkaline conditions, resulting in low sulphate loadings. Therefore,
elution was  carried out by setting the pH of the eluent solution to
10 and 12, which gave yields approaching 100% (Table 4). Similar
to the current study, Feng et al. [13] observed elution yields for
the ion exchange resins Duolite A161, Duolite A375 and Amberlite
IRA67 between 90% and 95% when applying Ca(OH)2 solutions con-
taining 2% NaOH. Moreover, Moret and Rubio [7] observed nearly
96% sulphate elution from shrimp peelings functionalized with ter-
tiary amine groups after increasing the pH to 12. Efficient sulphate
desorption from carbon produced from coconut shell and activated
with ZnCl2 was also promoted in an alkaline medium (pH 11) with
90% efficiency [10].

3.2. Fixed-bed experiments

Fig. 5(a) and (b) presents the breakthrough curves produced
from solutions containing different sulphate concentrations and
bed depths, respectively, at a flow rate of 15 mL  min−1. Table 5
depicts the measured sorption parameters. The curves demonstrate
that either increasing the solution concentration or decreasing
the bed depth resulted in reaching breakthrough and saturation
points more rapidly; thus, a smaller volume of solution is treated
at breakthrough. These outcomes were a result of the fact that
the adsorption capacity is finite and was  reached more rapidly
at larger inlet concentrations or lower bed heights. Irrespective of
the parameter investigated, the same capacities of approximately
10 mg  (SO4

2−) mL  (resin)−1 were determined. Fig. 5(c) and Table 5
demonstrate that increasing the flow rate reduced the time needed
to reach the breakthrough and saturation points. Because increased
flow rates imply less contact time between the resin and the solu-
Fig. 6. Breakthrough curves for the adsorption of the major anions present in the
metallurgical industry effluent treated in a fixed-bed of Amberlyst A21. Experimen-
tal conditions: pH 3.2, 25 ± 1 ◦C, bed height of 9 cm, 0.35 bed porosity and flow rate
of  10 mL min−1.
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Table  5
Experimental data obtained with fixed bed experiments carried out at 28 ± 1 ◦C, pH 4, porosity of 0.35, varying the sulphate inlet concentration, bed height and flow rate.

Varied
experimental
condition

Breakthrough
volume (mL)

Breakthrough
time (min)

Saturation
volume (mL)

Saturation time
(min)

Bed capacity of
adsorption
(mg (SO4

2−))

Maximum loading of resin
(qmax)
(mg  (SO4

2−) mL  (resin)−1)

Sulphate inlet concentration
(mg  (SO4

2−) L−1)
55 600 40 1500 100 93.8 8.52

80  450 30 1200 80 105.7 9.61

160  150 10 750 50 126.7 11.5

Bed  height
(cm)

6 150 10 1200 80 101.6 12.7

9  300 20 1350 90 111.6 10.1

12  450 30 1650 110 138.7 9.6

Flow  rate
(mL  min−1)

10 400 40 1100 110 88.5 8.1

15  450 30 1200 80 95.6 8.7

20  400 20 1200 
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ig. 7. Desorption curve of the bed loaded by the metallurgical effluent by using of
odium hydroxide (pH 12). Experimental conditions: 25 ± 1 ◦C, bed height of 9 cm,
.35 bed porosity and flow rate of 10 mL  min−1.

Fig. 6 shows the breakthrough curve obtained in the experi-
ents performed with an industrial effluent (Table 1). At low resin

oadings, there were free tertiary amine functional groups and thus
oth chloride and sulphate ions were adsorbed. As these groups
ere occupied, a competition between chloride and sulphate was

hen observed. Because sulphate has a higher affinity for the resin,
hloride overshooting was observed during the loading as indicated
y Ct/Co ratios larger than 1, for chloride. Therefore, no chloride

oading on the resin was observed at the end of the experiment.
hat was confirmed by the desorption experiments whose results
re presented in Fig. 7 and revealed no chloride in the eluate, i.e.
nly sulphate anions were detected. Furthermore, the industrial
ffluent also contained fluoride ions but the latter was not adsorbed
t any moment.
Approximately 150 min  were necessary to saturate the
esin whose maximum loading was 14.27 mg  (SO4

2−) mL  (resin)−1

hereas approximately 80 min  were required during elution. Resin
oading in the experiment with the industrial effluent was higher
60 96.8 8.8

than those obtained in batch tests (carried out at pH 4). It is likely
that the higher loading observed in the experiment with a real efflu-
ent is due to the pH of the effluent which was 3.2. According to Fig. 1,
the lower the pH, the higher the loading capacity of the resin due
to its functional groups protonation (Eqs. (1) and (2)).

4. Conclusions

The present study showed the application of the ion exchange
resin Amberlyst A21 in sulphate sorption for the first time. By
a comprehensive investigation of different parameters related
to its sulphate sorption performance, it was possible to con-
clude that the process has positive features that make it a good
candidate for use in sulphate removal applications. In acidic
conditions, the process is fast (k = 1.67 × 10−4 s−1), exothermic
(�H = −25.06 kJ mol−1) and can be carried out in both batch and
fixed-bed columns with no difference in the maximum adsorption
capacity (11.6 mg  (SO4

2−) mL  (resin)−1). Although this adsorption
capacity is low compared to strong base resins, 100% resin elu-
tion is easily accomplished by increasing the pH to 10 and 12 with
sodium hydroxide solutions. The experiments with an industrial
effluent indicated that fluoride ions do not interfere on the sulphate
loading. Conversely, although chloride was  also loaded, it was later
desorbed as the bed became saturated with sulphate, which had a
higher affinity for the resin.
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