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a b s t r a c t
This research investigates kaolin’s adsorption potential from the Mahis area in Jordan as an 
adsorbent to treat wastewaters contaminated with a high concentration of sulfate ions in aqueous 
solutions. Artificial wastewater was studied of 500 mg/L sulfate ions concentration and at pH = 5.5. 
The kaolin used was modified by sorption of BaCl2 on its surface. A fixed-bed column (particle 
size 4 mm; bed height 7 cm; bed mass 35 g) was used to measure breakthrough curves to evaluate 
sulfate ions’ adsorption behavior onto the modified kaolin at different flow rates. For the studied 
flow rates of 6.6, 12, and 24 mL/min, the measured breakthrough times are 50, 24, and 13 min respec-
tively, while the exhaust times are 75, 50, and 40 min respectively. The measured breakthrough 
curves are analyzed by the mathematical models: Bohart–Adams model, Thomas model and Yoon–
Nelson model. The calculated maximum adsorption capacity from the Bohart–Adams model is 
46,838.34 mg/L at a flow rate of 24 mL/min. Thomas rate constant values are nearly constant at 
0.0001 L/min mg at all flow rates. The estimated values from the Yoon–Nelson model of the time 
needed to reach 50% of the breakthrough are 43.96, 20.88, and 13.46 min the flow rates 6.6, 12, and 
24 mL/min, respectively. Yoon–Nelson model fits the measured breakthrough curve to a higher 
degree than the Bohart–Adams model.
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1. Introduction

Water security is a big concern for water-scarce 
countries facing changing water challenges due to defi-
cient water supply, climate change, and increasing water 
demand [1]. Freshwater is essential to human health, and 
it affects ancillary activities needed for survival. Needed 
for freshwater is rising with many factors like population 

growth, the pollution of water, and technological progress. 
On a per-capita basis, Jordan has one of the world’s low-
est water resources [2]. Jordan has faced deficits in water 
resources early since the 1960s. It is sorted number ten in 
the world concerning the shortage in water [3]. In many 
industries such as aluminum productions, controlling 
the quantity and quality of water intake and water dis-
charge has become critical due to freshwater resources and 
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environmental issues [3]. Most of these industrial processes 
require a high amount of water use, which reveals the 
need to apply a cheap way to reuse this discharged water 
or use it, for example, for irrigations.

Sulfate ions (SO4
2−) are found in many types of wastewa-

ters worldwide, such as the wastewaters produced from the 
oxidation of sulfide minerals, steel mills, and sulfate-pulp 
mills, and textile plants [4]. In Jordan large quantities of 
wastewater contaminated with sulfate ions are discharged 
from the Phosphate Mines. The digestion process of phos-
phate rock for production of Single Super Phosphate 
involves acidification with sulfuric acid. The sulfate con-
tent of the wastewater at Al-Abyad EW phosphate mines 
reached 790.8 mg/L [5] and at Eshydia mines 386 mg/L 
[6]. Moreover, wastewaters produced from many local 
industries such as pharmaceutical factories, printing, and 
dyeing processes contribute in increasing the quantities 
of wastewaters contaminated with sulfate ions in Jordan.

Although SO4
2− is a well-known and non-toxic compo-

nent of many kinds of water bodies, high concentrations 
of SO4

2− in the water can cause a significant environmental 
problem, such as water mineralization, metal corrosion, 
toxic hydrogen sulfide release, pipes scaling, and disrup-
tion in the balance of the natural sulfur cycle [7–10]. Also, 
high concentrations of SO4

2− (>600 mg/L) in the water can 
cause taste and health issues such as laxative problems in 
mammals [2,11]. The maximum level of sulfate suggested 
by the World Health Organization (WHO) standards is 
250 mg/L of sulfate in water intended for human consump-
tion [12]. Many countries like Jordan set the industrial 
effluent range as (200–500 mg/L) [13]. Hence, developing 
useful, low-cost, and sustainable treatment methods for 
removing sulfate is a need to meet the industrial process 
demands (the recycling of desulfurization wastewater) and 
environmental regulation.

There are many conventional processes for removing 
high concentrations of sulfate ions from industrial waste-
water streams, such as membrane filtration (nanofiltration 
membrane and reverse osmosis) [14,15], flotation process 
[16], chemical precipitation, coagulation, and ion exchange 
[17]. These processes have many drawbacks, such as high 
energy, high reagent costs, and notably toxic sludge disposal 
[16,18]. Adsorption methods, either batch or continuous col-
umns, are becoming one of the most critical approaches due 
to their lower costs and higher efficiency [18–23]. Adsorption 
of sulfate on clay minerals is an effective chemical process 
controlling their migration in soil and aquifer; further-
more, the adsorptive properties of clay make it valuable as 
cost-effective material that can find practical application to 
prevent the migration of toxic ions into groundwater [16,24].

Many clay types have been studied for wastewater 
treatment, like, kaolinite [19,25] and montmorillonite [26] 
as a low-cost adsorbent due to its metal binding capacity. 
Kaolinite [Al2Si2O5(OH)4] is a common phyllosilicate min-
eral formed through geological processes decomposition of 
feldspars. Kaolin natural deposits are inexpensive and avail-
able richly in different locations in Jordan. These deposits 
are distributed throughout Jordan in the north (e.g., Jarash 
area), central (e.g., Mahis area), and in the south (e.g., Batn 
El-Ghoul, Al Mudawwara, Ghor Kabid, Jabel Umm Saham, 
and Dubaydib areas) [2]. Modification of kaolin clay 

methods has been studied around the world to enhance 
the surface properties of amorphized (grounded) kaolin 
through acid activation [27], mechanochemical activation 
[28], and clay composites [29].

In this work, the surface properties of kaolin will be 
modified by sorption of BaCl2 on its surface [30]. Kaolin 
clay was obtained from the Mahis location in Jordan and 
investigated as a potential and low-cost adsorbent for high 
concentration sulfate ions in aqueous solutions. Continuous 
fixed-bed experiments were carried out to investigate the 
adsorption potential of sulfate ions on the treated kaolin 
adsorbent. The kinetic parameters of the Bohart–Adams 
model, Thomas model, and Yoon and Nelson model were 
determined.

2. Experimental part

2.1. Materials

All the experiments were conducted with artificial 
wastewater stock solution prepared by dissolving ana-
lytical grade Na2SO4 to distilled water. The stock solution 
was diluted to a specific concentration and stored at 25°C. 
Clay samples obtained from the Mahis area were used as 
adsorbent material.

Kaolin clay was collected from the Mahis area, Jordan. It 
was crushed and sieved to 5 and 10 mesh size. Then it was 
washed and mixed with NaCl solution (0.9 M) and stirred 
for 4 h. The excess NaCl was then washed and dried at 120°C 
for 20 min. After that, it was mixed with barium chloride 
solution (0.5 M) and stirred for 8 h. Finally, washed with 
ultrapure water and dried at 120°C for 20 min. The BaCl2 is 
supposed to be adsorbed to the surface of the kaolin.

2.2. Characterization of kaolin

Both raw kaolin and modified kaolin were character-
ized using Fourier-transform infrared spectroscopy (FTIR) 
instrument, model PerkinElmer, Spectrum Two L1600400, 
FT-IR/DTGS. The chemical composition of raw kaolin 
without any treatment used in this study as the adsor-
bent was analyzed using ThermoFisher XRF Instrument, 
model ARL™ SMS-Omega.

2.3. Apparatus

Fig. 1 demonstrates the experimental apparatus used 
to measure the continuous adsorption of sulfate ions on 
kaolin. Breakthrough curves were measured by collecting 
effluent samples at regular periods and measuring each 
sample’s time, volume, and concentration.

The prepared artificial sulfate contaminated wastewa-
ter solution was stored in a tightly sealed 20 L feed vessel. 
The initial concentration of sulfate ions was 500 mg/L, and 
its pH = 5.5. The adsorption column is a cylindrical glass 
tube with a cross-sectional area of 1.92 cm2 and 40 cm 
length. The kaolin was packed inside the column until the 
desired bed height and mass is attained. The backed column 
was kept stable by fixing a fiberglass wool layer at the top 
and the bottom of the backing to prevent adsorbent loss 
with the flowing solution, thus ensuring a constant mass 
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of adsorbent during the experiment. The kaolin bed was 
packed into the column and wetted with ultrapure water. 
The average particle size studied was 4 mm. The solution 
was allowed to flow through the bed downwards from 
the reservoir by gravity at a constant flow rate by using a 
manually controlled valve fixed at the exit of the feed tank. 
The feed’s flow rate through the bed was measured by col-
lecting a known volume of water for a specific time. Three 
different flow rates were studied (6.6, 12, and 24 mL/min). 
The residual sulfate ions concentration in the effluent stream 
was analyzed using a spectrophotometer (UV-visible), 
model UV-Vis spectrophotometer UV-1800 – Shimadzu. 
The measurements were carried out at a maximum wave-
length (λmax) of 420 nm. Column studies were completed  
when the column attained exhaustion.

3. Results and discussions

3.1. Kaolin adsorbent characteristics

A mineralogical investigation of the raw kaolin was 
carried out using X-ray fluorescence (XRF) analysis. 
The chemical composition is presented in Table 1. The ele-
ments determined in kaolin clay have been expressed as 
oxides in the whole sample, as shown in Table 1. Results 
indicated that the raw kaolin deposits are majorly com-
posed of kaolinite, quartz, and hematite. According to 
the XRF chemical analysis, the used kaolin as adsorbent 
composed mainly of 67.35 wt% of silica and 8.62 wt% of 
alumina. Obviously, the presence of a large amount of 
hematite of about 17.48 wt% is higher than alumina. The 
nature of the sulfate bond to iron oxides (hematite) as sul-
fate ion bond is known and was evaluated as a strong bond 
[31]. Moreover, oxide surfaces generally are considered a 
very powerful adsorbent for sulfate ions. The composition 
of kaolin candidates it as a suitable and powerful adsorbent 
for sulfate ions due to large areas of oxide surfaces that can 

bond with sulfate ions. On the other hand, the modifica-
tion of the surface of kaolin by the adsorption of BaCl2 will 
enhance the sulfate removal due to the bonding between 
BaCl2 and sulfate ions according to the reaction:

BaCl SO Cl BaSOaq aq aq s2 4
2

4( ) ( )
−

( )
−

( )+ → +  (1)

3.2. FTIR analysis

FTIR spectra of raw kaolin and modified kaolin are pre-
sented in Fig. 2. The corresponding functional groups of 
raw kaolinite. Both raw kaolin and modified kaolin demon-
strated 3,691.89 and 3,619.5 cm–1 corresponds to the inner 
hydroxyl groups, located between octahedral and tetra-
hedral sheets [32,33]. The bands for raw kaolin at 1,032.7, 
1,003.78 and modified kaolin with a significant shifting at 
1,075.5 and 1,004.78 cm–1 were attributable to Si–O stretch-
ing vibration.

The band at 913.76 and 911.2 cm–1 was assigned to Si–
OH or Al–Al–OH vibration [34]. The peaks at 777.3 and 
789.3 cm–1 were attributed to Si–O–Al stretching vibration, 
respectively [33,34]. A weak absorption band at 691.5 and 
696.2 cm–1 was attributed to Si–O–Si bending vibration [34].

Vibration at 438 and 429.8 cm–1 for both raw and modi-
fied kaolin can be related to the deformation mode of Si–O 
or Al–O bonds [35]. For the modified kaolin, a significant 
band was observed at 410.63 corresponds to Ba–Cl in-plane 
bending [36].

It can be concluded that the sorption of BaCl2 on 
kaolin showed no change in the basic structure of kaolin, 
and this allows us to say that adsorption is done by phys-
ical interaction forces mainly shown at 410.63 cm–1 [36]. 
Hence, the maximum intensities have decreased slightly, 
and the adsorption bands’ position shifted significantly; 
this may be related to an energy variation due to the 
bonds established and probably justifies the feasibility of  
adsorption [37].

3.3. Fixed-bed column breakthrough curves

Fig. 3 presents the experimentally measured break-
through behavior of the continuous column adsorption 
process of sulfate ions on kaolin at different flow rates. All 
the other parameters are kept constant (bed height = 7 cm; 
pH = 5.5; inlet concentration C1 = 500 mg/L; mass of 
adsorbent = 35 g).

Fig. 1. Schematic diagram of the experimental setup.

Table 1
Chemical composition (XRF) (wt%) of the raw kaolin clay 
samples used in this study

Al2O3 8.62
CaO 0.65
Fe2O3 17.48
K2O 0.27
MgO 0.22
SO3 0.14
SiO2 67.35
Loss of ignition 5.27
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In a fixed bed column, the flow of contaminated water 
forms a front moving downwards through the bed. The 
front separates the saturated (exhausted) part of the bed 
and the adsorption mass transfer zone where the adsorp-
tion process takes place. As the kaolin adsorbent becomes 
exhausted over time, the mass transfer zone decreases 
and moves downwards across the bed leaving behind the 
portion of the adsorbent bed that is saturated by the con-
taminants which increases over time. Consequently, the 
front of the mass transfer zone reaches the end of the col-
umn and breakthrough occurs. The breakthrough point 
is typically known as the point when the ratio of C2/C1 
becomes between 0.1 and 0.9.

In this study the time to reach a value of C2/C1 = 0.5 (t0.5) 
is focused due to its importance as a significant process 
design parameter [38,39]. At t0.5 the adsorbent is regularly 
changed in the case of industrial scale application, that is, 
at 50% breakthrough of the bed. However, after the 50% 
breakthrough point, the column can still operate until the 
ratio C2/C1 becomes 0.90. This point is termed as t0.9 where 
the column will be practically exhausted.

The extent of adsorption for the continuous operation 
depends on the flow rate of the aqueous solution. The break-
through and exhaust times are considered essential values 
in the adsorption fixed-bed column’s design and operation, 
and obviously, they are strongly dependent on the flow 
rate. Fig. 4 displays the dependence of both 50% break-
through and exhaust times on flow rate.

Fig. 4 shows that the time taken to achieve 50% break-
through and the exhaust time decreases with increased 
flow rate; it is obvious that the adsorption efficiency is 
higher at lower flow rates. As the flow rate increased, the 
contact time between sulfate ions and the surface of mod-
ified kaolin adsorbent reduced and thus sulfate ions will 
pass through the column faster, causing a reduced break-
through and exhaustion times. Lower flow rates leads to 
higher residence time of the solution in the column, and the 
sulfate ions will have more time to diffuse into the pores 
of kaolin through intra-particle diffusion [40,41]. In other 
words, the sulfate contained solution leaves the column 
before equilibrium occurs, causing a reduction in adsorp-
tion capacity and service time of the bed. This trend similar 
to the other research work found in the literature [42].

3.4. Modeling of fixed-bed breakthrough curves

3.4.1. Bohart–Adams model

Bohart–Adams model is a commonly used mathemat-
ical model for designing fixed-bed adsorption columns 
[43,44]. It assumes that the adsorption process follows a 
rectangular isotherm, and the rate of adsorption is propor-
tional to the adsorbent’s capacity and the adsorbate con-
centration. A simple known linear form of Bohart–Adams 
model is given by the relation [45–48].

ln AB

C
C

K C t
K N H
V

AB2

1
1

0

0







= −  (2)

Fig. 2. FTIR spectra of raw kaolin and modified kaolin.
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where C1 is the inlet concentration (mg/L), C2 is the effluent 
concentration (mg/L), KAB is the Bohart–Adams kinetic con-
stant (L/mg min), V0 is the linear velocity (flow rate/column 
section area, cm/min), H is the bed height (cm) and N0 is 
the adsorption capacity of the adsorbent per volume of the 
bed (mg/L). The linear fit of the experimental breakthrough 
curves according to Bohart–Adams model is shown in 
Fig. 5, and the estimated Bohart–Adams model parameters 
KAB and N0 at the different flow rates are listed in Table 2.

The change of the values of the parameters in Table 2  
resulted from the variation of the flow rate of the solu-
tion as all the operating conditions (particle size, sorbate 
inlet concentration, bed height, and pH) were fixed.

From the results presented in Table 2, the values of N0 
which represents the bed capacity per unit volume is higher 
at higher flow rates. The change in the values of KAB with 
flow rate is minor and can be neglected. The value of KAB 
usually changes with variations in parameters that boost 
the external mass transfer rate. The minor change in KAB val-
ues indicated that flow rate plays a minor role in enhancing 
the external mass transfer rate. This is attributed to the high 
concentration of sulfate ions (500 mg/L), which govern the 
external mass transfer.

The range of linear regression R2 of the Bohart–Adams 
model lies from 0.73 to 0.92 at the different flow rates, 
which exhibits a relatively poor fit of the measured break-
through curves to the Bohart–Adams model. The calculated 
breakthrough curves from Bohart–Adams model compared 
to the experimentally measured data are depicted in Fig. 7.

As shown in Fig. 7, the Bohart–Adams model poorly 
fits the experimental data, however it smooths the experi-
mental breakthrough curve at lower flow rates more pre-
cisely than at higher flow rates.

3.4.2. Thomas model

Thomas model is widely applied to model the break-
through curves and describe the fixed bed adsorption 
column’s performance. Moreover, it estimates the adsorp-
tion capacity per one gram of the adsorbent, which is very 
important in designing a continuous fixed-bed adsorption 
column.

Thomas model assumes adsorption with Langmuir 
isotherm with no axial dispersion. The model was derived 

because the rate driving force follows second-order reaction 
kinetics [47,49–51]. Theoretically, it is suitable to estimate the 
adsorption process where the external and internal resis-
tances to diffusion is very small [52]. The following relation 
can express the linearized form of the Thomas model:
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Table 2
Estimated Bohart–Adams model parameters at different flow 
rates

Flow rate, (mL/min) KAB, (L/mg min) N0, (mg/L) R2, (–)

6.6 4.82 × 10–5 19,160.96 0.90
12 4.82 × 10–5 24,899.97 0.92
24 4.14 × 10–5 46,838.34 0.73
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where F is the volumetric feed flow rate (mL/min), KT 
is Thomas rate constant (L/min mg), V is the volume of 
effluent wastewater (mL), q is the maximum adsorption 
capacity (mg/g). M is the adsorbent mass in the column (g).

The Thomas model parameters (KT and q) can be esti-
mated from the slope and intercept of the linear plot of 

ln
C C

C
1 2

2

−





 against V, which is depicted in Fig. 6. The 

Thomas model parameters are listed in Table 3.
The results presented in Table 3 indicate a good fit of the 

experimental breakthrough data to the Thomas model with 
the R2 values ranging from 0.88 to 0.96. The results given 
in Table 2 show that the adsorbent capacity has the high-
est value at a higher flow rate (24 mL/min). This is in good 
agreement with the result obtained from Bohart–Adams 
model (Table 3).

The predicted breakthrough curves from Thomas 
model equation compared to the experimentally mea-
sured data are depicted in Fig. 7. It is obvious that Thomas 
model provides an excellent fit to the experimental results. 
Moreover, the fixed-bed column experimental results are 
fitted more accurately by Thomas model than Bohart–
Adams model which exhibits a poor fitting of the experi-
mental breakthrough curves.

3.4.3. Yoon–Nelson model

The Yoon–Nelson model assumes that the decrease in 
the rate of adsorption probability is directly proportional to 
the probability of molecule adsorption and the probability of 
molecule breakthrough. The Yoon–Nelson expression in its 
linear form is [53]:

ln YN YN

C
C C

K t K2

1 2−






= − τ  (4)

where KYN the Yoon–Nelson is rate constant (min–1) and τ 
is the time needed to reach 50% of C1 (min). The value of 
KYN depends on the column operating conditions such as 
initial adsorbate concentration, bed height, and feed flow. 
The values of KYN and τ are estimated from the slopes and 

intercepts of the linear plot of ln
C

C C
2

1 2−






 against t (Fig. 8) 

at the studied flow rates. The estimated Yoon–Nelson model 
parameters at the different flow rates are given in Table 4.

It is noticeable that at the flow rates 6.6, 12, and 24 mL/
min, the estimated values of τ are 43.9, 20.8, and 13.4 min, 
respectively. These values are in excellent agreement with 
the experimental values given in Fig. 4

It can be concluded that at a higher flow rate, the time 
required for 50% exhaustion of column (τ) is reduced dra-
matically. This is attributed to the fact that at a higher flow 
rate, the column is exhausted earlier and the fixed bed is 
saturated quickly. Moreover, for the higher flow rate the 
front of the mass transfer zone reached near to the exit of 
the column more quickly. The value of (τ) is an important 
design and operation parameter in the case of the fixed-bed 
column adsorption process. At τ the adsorbent is required 
to be recurrently changed in the case of industrial scale 
application.

The higher R2 linear correlation coefficients given in 
Table 4 point toward the fact that the experimental data 
agree with Yoon and Nelson model. Fig. 7 depicts an 
examination of Yoon and Nelson’s fitting model to the mea-
sured experimental breakthrough curves. It can be envis-
aged that the theoretical curves calculated by the Yoon 
and Nelson model fit very well the measured experimen-
tal curves. It is also clear that the Yoon and Nelson model 
fits the experimental data to a higher degree than the 
Bohart–Adams model (Fig. 7).

4. Conclusion

In this work, modified kaolin has been considered a 
low-cost adsorbent to treat wastewater streams polluted 
with a high concentration of sulfate ions. This adsorbent’s 
benefit is its potential to adsorb sulfate ions with a high 
adsorption capacity in continuous industrial operations. 
The continuous adsorption column process is examined 
at different flow rates and the results indicated that this 
process exhibits an outstanding performance with a high 
separation efficiency. This study showed that the modified 

Table 3
Parameters of Thomas model using linear regression analysis of 
the experimental breakthrough curves

Flow rate, (mL/min) KT, (L/min mg) q, (mg/g) R2, (–)

6.6 1.50 × 10–4 41.65 0.96
12 1.61 × 10–4 35.94 0.97
24 1.54 × 10–4 46.51 0.88

Table 4
Parameters of Yoon–Nelson model using linear fitting of the 
experimental breakthrough curves

Flow rate, (mL/min) KYN, (min–1) τ, (min) R2, (–)

6.6 7.56 × 10–2 43.96 0.957
12 8.07 × 10–2 20.89 0.969
24 7.74 × 10–2 13.46 0.879
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Fig. 8. A plot of the measured breakthrough curves according to 
the Yoon–Nelson model.
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kaolin could be used as a potential adsorbent in continu-
ous packed bed operation for the treatment processes of 
wastewater contaminated with high sulfate ion concentra-
tion. Based on the result obtained, the high removal effi-
ciency of sulfate ion from aqueous solutions by adsorption 
encourages further research to apply the removal of sulfate 
ions from brackish water or seawater as a pretreatment 
step to reduce the fouling of sulfate scaling compounds in 
thermal and membrane water desalination processes.
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