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ABSTRACT

Fixed bed column breakthrough curves are measured to evaluate the adsorption behavior of total
organic carbon (TOC) from industrial wastewater onto natural Jordanian zeolite tuff (JZT). Two sizes
fractions are studied, that is, 0.30-0.70 mm for JZT2 adsorbent and 0.70-1.0 mm for JZT1 adsorbent.
Batch equilibrium experiments are conducted to determine the optimum pH for adsorption. The batch
isotherms indicated that both JZT1 and JZT2 have higher adsorption capacity in the acidic environment
at pH = 4. The measured breakthrough curves showed that the smaller size particle adsorbent exhibits
enhanced column performance. The measured breakthrough curves are analyzed by Bohart-Adams,
Thomas, Yoon-Nelson and Wolborska mathematical models. All the studied mathematical models
fit the experimental breakthrough curves with R? > 0.9. The calculated adsorption capacity values
using from Bohart-Adams are 25,956.28 and 22,472.39 mg/L for JZT2 and JZT1, respectively. Thomas
rate constant values are 0.00042 L/min.mg for JZT2 and 0.00054 L/min.mg for JZT1. The estimated
values from Yoon-Nelson model of the time needed to reach 50% of the breakthrough are 156.36 and
135.37 min for JZT2 and JZT1, respectively. The estimated kinetic coefficient values of the external

mass transfer using Wolborska model are 7.22 min™ for JZT2 and 6.26 min! for JZT1 adsorbent.
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1. Introduction

One of the current prime environmental concerns is the
increase of the industrial activities that discharge wastewater
effluents with dissolved organic pollutants, such as petro-
leum and petrochemical plants, coal liquefaction processes,
pharmaceutical manufacturing, polymer industries and
textile production [1-4]. Removal of such organic pollutants
from wastewater before releasing it into the environment is
a crucial issue [5-7]. The wastewater if not treated properly,
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the site or plant would not be able to discharge the water in
compliance with environmental regulations [5-7].

Dissolved organic matter in wastewater is usually
quantified using a measurable parameter called total organic
carbon (TOC) which is well-known for describing the quality
of municipal and industrial wastewaters in terms of organic
pollutants. It is correlated to biological oxygen demand and
chemical oxygen demand. Concentrations of organic matter
in the effluent of wastewater treatment plants must be about
6-10 mg/L represented by its TOC [8].

Adsorption process was implemented as attractive, effi-
cient and low-cost alternative for the separation of organic
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pollutants from industrial wastewater streams. Ozdemir and
Kilig [9] investigated the potential use of agricultural waste
for the removal of the organic pollutant methylene blue from
wastewater. The results suggested that the agricultural waste
has a high potential to be used as an effective adsorbent for
MB adsorption. Activated carbon is a well-known adsorbent
used in treating wastewater with organic pollutants, yet there
were certain restrictions and limitations. Ozdemir and Onal
[10] prepared activated carbon using chemically activating
polymer waste and evaluated the ability of the activated car-
bon in removing organic matter such as naproxen sodium,
tannic acid and caffeine from aqueous solutions through a
process of adsorption. Due to the fact that organic macromol-
ecules are large in size, activated carbon exhibits slow mass
transfer rates and therefore low efficiency [6,7]. Moreover,
regeneration of activated carbon is an expensive process with
limited usage in various industrial applicability [8]. Stoquart
et al. [11] applied carbonized cedar wood chips (charcoal) as
adsorbent to reduce TOC in wastewater. A good adsorption
capacity of TOC onto charcoal was reported. Several research
investigations on the use of clay materials as media of sep-
arating organic pollutants from waste streams have been
reported with significant results as clay minerals are efficient
and recyclable adsorbent [12-18].

Natural zeolites are plentiful and available at low-cost
levels. Its structure is crystalline and porous containing
numerous alumina-silicates hydrates. They exhibit a high
cation exchange capacity and high capability to act as a
molecular sieve. Natural zeolites have been extensively
used as adsorbents in water purification processes [19-22]. It
has been used in the adsorption of small organic pollutants
from aqueous streams [23]. Zeolites (phillipsite and chaba-
zite) exhibit a marked ability to absorb organic compounds
such as humic acids from water [24]. In this work, natural
Jordanian zeolite tuff (JZT) was investigated as a low-cost
adsorbent for TOC removal from industrial wastewater in a
continuous fixed bed column.

2. Materials and methods
2.1. Materials

The characterization of the adsorbent was discussed in
detail by Ozdemir and Onal [25]. They highlighted the most
useful characteristics such as the pore properties including
the Brunauer-Emmett-Teller surface area, the volume of the
pore, its size distribution and average diameter. The impreg-
nation ratio was determined as an important surface area
property of the adsorbent along with Boehm titration, X-ray
diffraction (XRD), fourier transform infrared, differential ther-
mal analysis and thermal gravimetric analysis as important
characterization methods [25].

The used adsorbent is a JZT collected from Mukawir
volcano, Central Jordan. SEM analysis presented in Fig. 1
shows that the dominating zeolites in JZT are chabazite as
major and phillipsite as minor minerals [26]. The JZT samples
were analyzed for mineral composition using X-ray analysis
(Fig. 2). Clearly, the X-ray analysis supports that chabazite as
the major mineral in the JZT adsorbent.

JZT samples were subjected to crushing and sieving only,
without any chemical modification. The samples were sieved

Fig. 1. SEM image of the natural Jordanian zeolitic tuff (JZT)
adsorbent [26].

into the size fraction (1.0-0.3 mm) which contains highest
zeolite grade [26,27]. JZT samples were then sieved into two
sizes: the size cuts (0.30-0.70 mm) for JZT2 adsorbent and
(0.70-1.0 mm) for JZT1 adsorbent.

The wastewater stock was obtained from local industrial
petrochemical industry. The wastewater stock was filtered
using a filter paper of porosity 4 from the company Whatman,
Fisher Scientific UK Ltd. (particle retention 12-25 mm) in
order to remove all the suspended and undissolved mat-
ter. The sample was then analyzed for TOC three times to
take an average value. The stock wastewater feed used in all
experiments was from the same origin, which was stored in
a closed opaque plastic vessel to prevent the exposure to the
light. The TOC concentration of the wastewater stock used in
all experiments was 83 mg/L.

2.2. Batch experiments

To determine the optimum pH that gives the optimum
percentage removal (PR) of TOC for the two types of JZT
adsorbents, different wastewater samples were prepared at
different initial pH values by the addition of concentrated
HNO, and NaOH solution. The range of pH investigated
was from 3 (acidic medium) to 10 (basic medium). There was
no precipitation or colloid formation observed at all the pH
values. In each batch experiment, the initial pH value was
adjusted at the desired value and measured at the start of
the experiment. A 100 mL of the wastewater sample was
mixed with 0.2 g of the JZT1 or JZT2 adsorbents in a tightly
closed conical flask. The flask was covered by aluminum foil
to ensure no light interactions and placed in a shaker for 6 h
to reach equilibrium. The experiments were repeated three
times in order to obtain accurate average values for both JZT1
and JZT?2 at each pH of the solution. The percentage removal
of TOC was then evaluated by measuring the final concentra-
tion of TOC. The percentage removal was calculated from the
following equation:

PR =

C.-C
lc L %x100% 1)

0
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Fig. 2. XRD analysis for the natural Jordanian zeolitic tuff (JZT) adsorbent [26].

where C, is the concentration in the stock wastewater
(83 mg/L), C,is the final equilibrium concentration.

2.3. Fixed bed adsorption experiments

The experimental setup used to measure the break-
through curves for the continuous adsorption of TOC on the
JZT absorbent is shown in Fig. 3. The influent was stored in
a well closed 20 L feed tank. The glass column (50 cm length)
is a cylindrical tube with a diameter of 1.13 cm equivalent
to cross sectional area of 1 cm? The adsorbent was packed
inside the column until the desired bed height is obtained.
Fiber glass wool layers were fixed at the top and bottom of
the backing to support the bed and protect it from being lost
with the flowing solution. This support was observed and
checked during the whole run. A peristaltic pump (Heidolph,
Germany) was installed to force the liquid to flow down-
ward through the column. The flow rate was kept constant at
50 mL/min for all experiments with a superficial velocity of
50 cm/min. The effluent from the column was collected and
samples were taken at regular intervals to be analyzed for
concentration measurements. The predetermined optimum
pH value (acidic pH = 4) from equilibrium batch runs was
selected for the fixed bed continuous runs.

2.4. TOC analysis

The TOC concentration of the filtered stock effluent
was measured by indirect methods. The difference between
the total carbon and the inorganic carbon was determined.
TOC-VCPN instrument (Shimadzu, Japan) was used for the
analysis. The system included an auto sampler ASI-V and an
NDIR detector.
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Fig. 3. Experimental setup used in the measurement of break-
through curves.

3. Results and discussion

3.1. Influence of pH

The influence of pH value of the wastewater on the
adsorption of TOC was investigated by using batch equilib-
rium experiments. Fig. 4 shows the PR of TOC for both JZT1
and JZT2 adsorbents over the pH range from 3 to 10. The pH
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Fig. 4. Measured percentage adsorption of TOC on JZT1 and JZT2
adsorbents at different initial pH values using batch equilibrium
experiments (C, =83 mg/L, 0.2 g adsorbent/100 mL wastewater).

of the wastewater stock solution without any addition is 7.2.
The results shown in Fig. 4 indicate that pH has a great impact
on the adsorption of the TOC pollutants onto JZT. Higher
removal percentage was measured in the acidic medium
(pH = 4). The pH value plays an important role in changing
the surface charge of zeolite [28-33]. The higher adsorption
capacity in the acidic medium can be attributed to the effect
of H' on decreasing the negative charge density in the pores,
thus making the negative charge sites far apart with lower
density. This will facilitate the diffusion of the organic macro-
molecules that are large in size (with more negative sites) into
the pores and making a complexation with the hydrophilic
sites of zeolite (metal ions). The measured higher adsorption
capacity for the JZT in the strong acidic medium indicated
that the protons adsorbed to the surface and improve the
adsorption of TOC onto zeolite.

3.2. Fixed bed adsorption column

The performance of a fixed bed adsorption column is
usually characterized by measuring breakthrough curve.
The shape of the curve as well as the time to reach the break-
through is very important features used in the design and
operation of the adsorption column.

Continuous fixed bed column experiments were per-
formed to determine the operating parameters for the adsorp-
tion process of TOC onto the JZT1 and JZT2 adsorbents. The
two adsorbents JZT1 and JZT2 have the same origin and
composition. However, they vary simply in their particle size
with JZT1 is larger in particle size (0.70-1.0 mm) than JZT2
(0.30-0.70 mm). The experiments were conducted in a way
that breakthrough curves can be obtained under controlled
experimental conditions. All the parameters were kept con-
stant (bed height = 25 cm; flow rate = 50 mL/min, initial
pH=4, TOC concentration =83 mg/L) for both JZT1 and JZT2
adsorbents. The experimentally measured breakthrough
curves are illustrated in Fig. 5.

The measured breakthrough curves show typical S
shaped form (Fig. 5). This is a clear evidence that resistance
to bulk diffusion mass transfer and the bonding of molecules
into the pores surface play an important role during the
adsorption process of TOC onto zeolite adsorbent. The mea-
surements presented indicate a better column performance
for TOC adsorption onto the smaller size adsorbent (JZT2)
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Fig. 5. Experimental breakthrough curves for TOC adsorption
onto JZT1 and JZT2 adsorbents (bed height = 25 cm; flow
rate = 50 mL/min; initial pH = 4; TOC concentration = 83 mg/L).

than the larger size adsorbent (JZT1). Thus, the time needed
to reach the breakthrough time increases for smaller size par-
ticles (Fig. 5). It is well recognized that larger size adsorbent
particles exhibits longer diffusion paths and therefore the
molecules will be subjected to more resistance to be adsorbed
to the active sites of the pores. Additionally, the available sur-
face area for liquid-solid interface is greater in the case of
smaller size particles, which plays an important role in the
improvement of adsorption process.

3.3. Modeling of fixed bed breakthrough curves

For adsorption column design, the kinetic parameters
need to be determined. In this study, four kinetic models,
Adams-Bohart, Thomas, Yoon-Nelson and Wolborska,
were applied to the measured experimental data to predict
the breakthrough curves. These models were applied by
Ozdemir [34] for the removal of methylene blue by activated
carbon in a fixed bed column.

3.3.1. Bohart—Adams model

Bohart-Adams model is a commonly used mathematical
model for the design of fixed bed adsorption columns [35,36].
It assumes that the adsorption process follows a rectangu-
lar isotherm and the rate of adsorption is proportional to the
capacity of the adsorbent and the adsorbate concentration. A
simple known linear form of Bohart-Adams model is given
by the following relation [37]:

K,.N H
1{% —1] e @)

0

where C is the inlet concentration (mg/L), C is the effluent
concentration (mg/L), K,, is the Bohart-Adams Kkinetic
constant (L/mg min), V, is the linear velocity (flow rate/
column section area, cm/min), H is the bed height (cm) and
N, 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 can be used to estimate the
Bohart-Adams model parameters K, ; and N,. The calculated
Bohart-Adams model parameters are given in Table 1. The
change of the values of the parameters in Table 1 is resulted
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Table 1

Parameters of Bohart-Adams, Thomas, Yoon-Nelson and
Wolborska models using linear regression analysis of the
experimental breakthrough curves

Kinetic model Adsorbent

parameters JZT2 JZT1
Bohart—Adams

K, (L/mg min) 0.000539 0.000431

N, (mg/L) 25,956.28 22,472.39
R? 0.9460 0.9376
Thomas

K, (L/mg min) 0.000421687 0.000542169
q (mg/g) 2654956571 21.18418222
R? 0.9186 0.9237
Yoon—Nelson

K,y (1/min) 0.0358 0.0447

T (min) 156.36 135.37

R? 0.9301 0.9136
Wolborska

B, (1/min) 7.2262 6.2652

N, (mg/L) 34,669.05 33,121.75
R? 0.9448 0.9631

solely from the change of particle size of the adsorbent as all
the operating parameters (flow rate, sorbate concentration,
bed height and pH) were kept constant.

From the results of Table 1, the values of N, which rep-
resents the bed capacity per unit volume is higher for the
smaller particle size adsorbent (JZT2). The values of K, also
increased with decreasing the particle size. The value of K,
usually increases with increasing process parameters that
augment the external mass transfer rate [38] such as initial
adsorbate concentration and the volumetric flow rate, which
was fixed for both JZT1 and JZT2. This indicated that smaller
size particles have a dominant role in enhancing the external
mass transfer rate.

The linear regression R* > 0.93 show an overall good fit of
the measured breakthrough curves to Bohart-Adams model.
The calculated breakthrough curves from Bohart-Adams
model compared with the experimentally measured data
are depicted in Fig. 6. As shown in Fig. 6, the Bohart-Adams
model smooths the experimental breakthrough curve at the
initial part of the curve more accurately than the later part
which is well known in the literature. This points out that
the fixed bed adsorption process of TOC on the zeolite tuff
used in this study can be limited by the external mass transfer
and the design of the column can be performed based on the
using Bohart-Adams model with excessive confidence.

3.3.2. Thomas model

Thomas model is of mostly used to model the break-
through curves and to describe the performance of the fixed
bed adsorption column. In addition, it estimates the adsorp-
tion capacity per one gram of the adsorbent, which is very
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Fig. 6. Calculated breakthrough curves by Bohart-Adams and
Thomas models compared with the measured experimental data.

important in the design of a continuous fixed bed adsorption
column. Thomas model assumes adsorption with Langmuir
isotherm with no axial dispersion. The model was derived
on the basis that the rate driving force follows second order
reaction kinetics [38-41]. Theoretically, it is suitable to esti-
mate the adsorption process where the external and internal
resistances to diffusion are very small [38]. The linearized
form of Thomas model can be described by the following
equation:

In &—1 :7C0KTXV+MXE’XKT 3)
C F F

where F is the volumetric feed flow rate (mL/min), K, is
Thomas rate constant (L/min.mg), V'is the volume of effluent
wastewater (mL), § maximum adsorption capacity (mg/g),
M is the adsorbent mass in the column (g).

The Thomas model parameters (K, and gq) were
determined by the linear fitting of the experimental data
according to Eq. (3). The Thomas model parameters were
calculated from the slopes and intercepts of linear plot of

C
In Eo_l against t. The Thomas model parameters are

listed in Table 1.

The results presented in Table 1 indicate higher adsor-
bent capacity for smaller size adsorbent (JZT2) while the
value of Thomas constant decreases. This is resulted from
the higher driving force due to the smaller adsorbent size,
which resulted in better column performance. The predicted
breakthrough curves for both adsorbent sizes according to the
Thomas model are displayed in Fig. 6. It is clear from Fig. 6
that Thomas model fits the experimental data very well only
in the earlier part up to C/C, value of 0.3 of the breakthrough
curve, while in the later part there were discrepancies from
the experimental data.

3.3.3. Yoon—Nelson model

The Yoon-Nelson model assumes that the decreasing in
the rate of adsorption probability is directly proportional to
the probability of molecule adsorption and probability of
molecule breakthrough. The Yoon-Nelson expression in its
linear form is as follows [42]:
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where K is the Yoon-Nelson rate constant (1/min) and 7 is
the time needed to reach 50% of the breakthrough (min).
The value of K, depends on the column operating con-
ditions such as initial adsorbate concentration, bed height
and feed flow which were kept constant in this study and the
experiments were conducted to understand the performance
of the fixed bed column when loaded with small size and
large size zeolite. The values of K and t are estimated from

] =Kt =Ky 4)

the slopes and intercepts of the linear plot of In c _c

0
against ¢ for the both adsorbents JZT1 and JZT2. The esti-
mated Yoon-Nelson model parameters for both adsorbents
are given in Table 1.

From the results listed in Table 1, it can be observed that
the smaller size adsorbent (JZT2) exhibits better column
performance. The increased value of K, for the adsorbent
of smaller size indicates increased driving force of mass
transfer. In addition, the increase in T with decreasing parti-
cle size points out that smaller size adsorbent reveals higher
capacities. The estimated correlation coefficient R? values of
0.9136 and 0.9301 for JZT2 and JZT1 adsorbents, respectively,
show a good fit of the experimental data to Yoon-Nelson
model. The comparison of data from simulated Yoon-Nelson
model breakthrough curves and the experimental data is
illustrated in Fig. 7.

3.3.4. Wolborska model

The column performance can be well defined and under-
stood in terms of mass transfer mechanism by applying
Wolborska model [43]. The model is based on the general
equation of mass transfer for the diffusion mechanism for
low concentration ranges. The mass transfer in the fixed bed
column can be described by the following linear equation:

C)|_BG,, BH
ln[CJ_N - (5)
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Fig. 7. Comparison of breakthrough curves calculated according
to Yoon-Nelson model and the experimental values for the
adsorption of TOC onto JZT1 and JZT2 adsorbents.
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Fig. 8. Simulated breakthrough curves according to Wolborska
model for the adsorption TOC onto JZT1 and JZT2 adsorbents
compared with the measured breakthrough curves.

where (3, is the kinetic coefficient of the external mass transfer
(1/min). N, is the bed capacity per unit volume of the bed
(mg/L). A linear plot of the experimental breakthrough
measurements according to Eq. (5) is applied to extract the
kinetic parameters. The calculated parameters are given in
Table 1. Fig. 8 exemplifies the degree of fitting of Wolborska
model to the measured breakthrough curves. However, in
the initial stages, there is a clear divergence from the exper-
imental data. The estimated values of the kinetic external
mass transfer coefficient ((3) is 7.22 and 6.26 min™ for JZT2
and JZT1 adsorbents, respectively. It is clear that smaller
size adsorbent has higher diffusion mass transfer driving
force. This also can be obviously concluded from the higher
N, value for JZT2 given in Table 1 indicating increased
adsorption capacity for smaller size adsorbent.

4. Conclusions

Jordanian natural zeolite tuff is investigated as a low-
cost adsorbent to treat industrial wastewater with dissolved
organic matter. The advantage of this adsorbent is its
availability in large amounts and it could be implemented
directly after crushing and sieving without any additional
cost. The column performance results indicated that the
natural zeolite could be suitable for industrial applications
in wastewater treatment of effluents with organic pollutants.
The particle size is found to be an influential parameter.
However, it is recommended to conduct further research
to modify the microstructure of the zeolite to modify the
adsorption and thus the column performance.
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