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a b s t r a c t
In this work, activated carbon, zeolite, silica gel, and mixed adsorbents (activated carbon and silica 
gel) were used for adsorption of oil and chemical oxygen demand (COD) from produced water 
by experiments of adsorption (continuous fixed-bed column). Two types of activated carbon 
(powdered and granular) were utilized. The effects of operational parameters, such as flow rate 
(1.25–3.15 mL/min), oil concentration (40–1,000 ppm), and COD concentration (1,350–28,500 ppm), 
on the performance of the column were studied. Also, two kinetics models (Thomas and Yoon–
Nelson models) were applied to predict the breakthrough curve and calculate the distinguishing 
parameters of the column that are beneficial for a process design. The results reveal that Thomas 
kinetic model was suitable for the adsorption of oil and COD on all types of adsorbents. Also, the 
removal of pollutants increased with a decrease in flow rate and concentration. The highest removal 
of oil and COD were obtained (83.62% and 78.81%) by mixed adsorbents, (72.98% and 69.5%) by 
powdered activated carbon, (67.8% and 64.74%) by silica gel, (64.87% and 60.94%) by granular acti-
vated carbon, (58.58% and 52.49%) by zeolite at a flow rate (1.25 mL/min), adsorbent dose (0.5 g) oil 
concentration (40 ppm), and COD (1,350 ppm) bed height (2 cm); the highest adsorption capacity 
was 108.38 mg/g for oil and 96.74 mg/g for COD by mixed adsorbents. As well, the results illustrate 
that the highest removal of pollutants by mixed adsorbents, and least removal of pollutants by zeo-
lite. Therefore, the results suggest that mixed adsorbents (activated carbon and silica gel) can be an 
effective adsorbent for the removal of pollutants from produced water.
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1. Introduction

Water pollution is considered a significant problem 
in the Iraqi environment, it affects several aspects of our 
life and environment such as the effect on drinking water 
and groundwater resources, danger to aquatic life creates 
atmospheric pollution, affects crop production, and ulti-
mately dangerous to human health. Industrialization and 
urbanization have contributed to the increase in pollution. 
Wastewater mostly discharges into rivers, wells, streams, 
and other water bodies either without treatment or with 
inappropriate treatment. Produced water is water trapped 
during the formation of subsurface and is brought along 

with gas or oil to the surface. It forms the largest volume 
of the stream of waste associated with gas and oil pro-
duction. The amounts of produced water depend on the 
characteristics of the reservoir, extraction technology, and the 
oil extraction rate. Globally, 77 billion bbl of water are pro-
duced per year [1–3]. Produced water contains the organic 
and inorganic compounds, soluble and insoluble petroleum 
fractions (such as oil droplets not removed by physical sep-
aration), metals, salts, organic acids, phenols, and dissolved 
hydrocarbons, at different concentrations [4,5]. The discharge 
of produced water may cause severe pollution of surface 
water, soil water, and underground water; therefore, the 
treatment of produced water may need to meet regulatory 
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limits. Oil is considered an important contaminant in PW 
since it can create potentially toxic effects near the discharge 
point, also can significantly contribute to biological oxygen 
demand (BOD), and hence affects the aquatic or marine eco-
system [6]. Therefore, the removal and measurement of oil 
in produced water is significant for control processes and 
for reporting to regulatory authorities. The conventional 
methods for dealing with wastewater are reinjection into 
wells, and direct discharge or reuse in case of a thermal loop. 
From these methods, the more effective method for treating 
produced water is to reinject it into wells [1,7]. The organic 
matter from petroleum and industrial wastewater can be 
treated by several chemicals, physical, and biological meth-
ods [8–11]. Involves advanced oxidation, activated sludge 
process, anaerobic reactors, trickling filters, and membrane 
bioreactors [12–14]. The physicochemical treatments, such 
as electrostatic separator, adsorption, are the most efficient 
for the removal of organic pollutants (oil and grease) from 
petrochemical wastewater [15,16]. All of these methods 
except adsorption have several restrictions and involve 
complex proceedings that are economically infeasible and 
have their own limitations such as high cost, generation of 
secondary pollutants, and poor removal efficiency [17].

The adsorption method is the cheaper, simpler, and 
more suitable method to remove pollutants from waste-
water [18]. The adsorption process can be carried out in a 
batch system or a bed column under continuous conditions 
[19]. Actual adsorption processes are mostly associated with 
adsorption in a column. Fixed-bed columns are widely uti-
lized in several chemical industries because of their easy 
operation [20,21]. The operation involving the use of a 
column is efficient for adsorption and desorption because 
it achieves a better utility for the concentration difference 
known to be a driving force of adsorption. This opera-
tion also allows the use of the more effective adsorbents 
and therefore obtains the best quality of effluent [22]. The 
advantages of utilizing a fixed-bed column in the treatment 
of wastewater involve a high-quality removal for inveterate 
production, easy operation, simplicity, and the possibility of 
regeneration in situ. Furthermore, it is appropriate for use 
in pollutants treatment [23,24]. Two models (Thomas model 
and Yoon–Nelson model) were used to analyze the column 
performance for the removal of oil and COD produced 
water by using different types of adsorbents.

The adsorption process uses either activated carbon, 
carbon nanotubes, fullerene [25] or other adsorbents, such 
as zeolite, activated alumina, or low-cost adsorbents, such 
as limestone, rice husk ash and peat [26,27]. Adsorption by 
activated carbon was found to be superior to other meth-
ods of water treatment owing to its design simplicity and 
its ability to adsorb a wide range of various kinds of adsor-
bate efficiently [28,29]. Activated carbon is acquired from 
materials with a high carbon content and a large capac-
ity of adsorption, which is fundamentally determined by 
their porous structure [30]. It can be utilized as a powder 
called a powdered activated carbon (PAC), in which form 
it is mixed with the liquid to be treated and then removed 
by filtration. Further, it can be utilized as a granular form 
called a granular activated carbon (GAC), which is packed 
in adsorption columns [31,32]. Zeolite is an important class 
of aluminosilicates used as catalysts and adsorbents [33]. 

An important property of zeolite is its capacity to be easily 
regenerated while preserving its initial properties. Studies 
of zeolite adsorption of organic molecules from an aque-
ous solution are relatively rare [34,35]. Silica gel considers 
a low-cost adsorbent and has a high surface area and pore 
volume, it’s a good adsorbent for the adsorption of pollut-
ants due of it has mechanical, thermal, and chemical sta-
bility. In addition, there are two various types of functional 
groups; siloxane (Si–O–Si) and silanol (Si–OH) on the sur-
face of silica gel [36]. Adsorption from an aqueous solution 
depends not only on the zeolite pore structure but also on 
the competition between the organic adsorbate and water 
for the adsorption site [37,38]. Although the use of low-cost 
adsorbents prepared from the waste materials for removal, 
the different pollutants from aqueous solutions exten-
sively. However, the use of mixed adsorbents to remove oil 
and COD from produced water is still not fully understood.

The aims of this research are to investigate the possibil-
ity of PAC, GAC, zeolite, silica gel, and mixed adsorbents 
(activated carbon and silica gel) to remove oil and COD 
from produced water at South Oil Company in Iraq, to com-
pare these types of adsorbents for pollutant removal, and 
to recommend the mathematical models for the dynamic 
adsorption of oil and COD onto adsorbents mentioned 
above from produced water.

2. Materials and experiment

2.1. Adsorbents

Activated carbon (powdered and granular), zeolite, and 
silica gel that were utilized in this study were obtained from 
chemical companies in Baghdad/Iraq. The properties of 
adsorbents were determined by the Brunauer–Emmet–Teller 
method, and the results are shown in Table 1. The study 
involved the use of PAC and its conversion to mixed acti-
vated carbon with silica gel. Silica gel is the colloidal form 
of silica (SiO2) and usually resembles coarse white sand. 
A mixture of a homogeneous proportion (1:1) wt.% of the 
PAC and silica gel was prepared for the mixed adsorbents.

2.2. Preparation of synthetic produced water

Samples of the produced water were prepared by the 
homogenous mixing of water, oil, clay (bentonite), and 
salt food (NaCl). The synthetic produced water (SPW) 
was found on the chemical properties of samples collected 
from Iraqi natural oil fields (South Oil Company in Basra, 
Iraq) (composition of chemical materials: salt, 100 g; clay, 
0.4 g; oil, 0.04 g, 0.1 g, 0.5 g, and 1 g (for deriving various 
concentrations) in 1 L of distilled water). The mixture was 
blended at a speed of 2,000 rpm for 20 min to obtain a reg-
ular diffusion of additive chemical materials. SPW samples 
have been prepared at the required concentrations. Table 2 
summarizes the SPW characteristics used in this research.

The pollutants in the water were analyzed by using 
special analytical instruments. Oil content analyzer 
HORIBA instrument model OCMA-350 to measure the 
concentration of oil content in SPW, and COD instrument 
model Lovibond SN11/25370 to measure the concentration 
of COD in SPW.
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2.3. Continuous adsorption experiments

The continuous adsorption process was studied in a 
fixed-bed column made of a pyrex glass tube having an 
internal diameter of 1 cm and a height of 50 cm. A layer of 
glass wool was placed at the bottom of the column to pro-
hibit the loss of adsorbents. In fixed-bed adsorption, a sample 
of produced water was pumped up from a container to the 
top of the column by a peristaltic pump to avoid channel-
ing due to gravity [39], and the samples were taken at inter-
vals from the bottom of the column. Fig. 1 demonstrates the 
schematic diagram of the process. To obtain the conditions 
that are best suited to the hydrodynamic parameters for the 
adsorption column, adsorption experiments were conducted 
at different flow rates (1.25, 2.25, and 3.15 mL/min), differ-
ent oil concentrations (40; 100; 500; and 1,000 ppm), different 
COD concentrations (1,350; 2,500; 13,500; and 28,500 ppm) 
pH = 7, and ambient temperature.

2.4. Fixed-bed-column data analysis for oil 
and COD adsorption on adsorbents

From the analysis of the pollutant removal from the 
produced water, the shape of the breakthrough curve was 
obtained, that is, the shape that determines the performance 

of the column studied by plotting curves. The maximum 
capacity of the column, qtotal (mg), for a specific flow rate 
and feed concentration is equal to the area under the plot 
of the adsorbed of oil and COD concentration. This can be 
expressed as (1 – C/C0) ppm, vs. effluent time t (min) and is 
obtained from Eq. (1):
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where C is the effluent concentration, C0 is the influent 
concentration, and Q is the volumetric flow rate (mL/min), 
which can be determined by dividing the volume of effluent 
(Veff, mL) by the total time (ttotal, min) as in Eq. (2):
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where qexp (mg/g) is the equilibrium uptake, can be deter-
mined from Eq. (3):

q
q
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total  (3)

where m (g) is the total amount of adsorbent in the column.
where mtotal is the total amount of pollutants sent to the 

column, which is determined from Eq. (4):
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The percentage removal of the total amount of 
pollutants can be calculated from Eq. (5) [40]:
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3. Results and discussion

3.1. Effect of flow rates

Fig. 2 demonstrate the breakthrough curves for the 
adsorption of oil and COD by activated carbons, zeolite, and 
silica gel at various flow rates (1.25, 2.25, and 3.15 mL/min) 
with a bed depth of 2 cm, an initial concentration of oil of 
40 ppm, and a COD concentration of 1,350 ppm.

The results showed that the removal efficiency and 
adsorbed quantity decreased with the increase of the 
flow rate for all types of adsorbents. This behavior can be 

Table 1
Properties of the adsorbents

Properties Powder activated carbon (PAC) Zeolite Granular activated carbon (GAC) Silica gel

Real density (g/cm3) 0.423 2.430 1.563 0.784
Surface area (m2/g) 824.34 303.45 504.35 615.61
Pore volume (cm3/g) 0.753 0.503 0.632 0.693
Pore diameter (nm) 3.12 3.01 3.07 3.10

Table 2
Characteristics of synthetic produced water

Parameter Range

Oil (ppm) 40–1,000
COD (ppm) 1,250–28,500
Turbidity (NTU) 320
TDS (ppm) 100,000
pH 7

 
Fig. 1. Schematic diagram of a continuous fixed bed process.
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Fig. 2. Breakthrough curves of (a–d) oil adsorption and (e–h) COD by using different adsorbents.
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explained by the insufficient residence time of the solute in 
the fixed-bed column and the diffusion of the solute into 
the pores of the adsorbent (rapid saturation of the filter 
bed) causes to decrease in the exchange speed between the 
adsorbent and pollutants. Therefore, the solute left the col-
umn before equilibrium was reached and the breakthrough 
curves became steeper and reached the breakthrough point 
more quickly when the flow rate is increased. This means 
that the contact time between the adsorbate and the adsor-
bent was minimized, thus leading to a decrease adsorp-
tion efficiency. These results agree with those obtained by 
Fathy et al. [41], El-Sayed et al. [42], and El Mouhri et al. [43].

On the other hand, the best performance of the col-
umn appeared when the flow rate was low and noted a 
longer breakthrough and exhaustion time (sufficient time 
for adsorption), cause the increase of speed exchange 
between sorbent and sorbed, therefore leads to an increase 
in the capacity adsorption and removal efficiency of oil and 
COD with decreased flow rate.

The maximum adsorption capacity of oil and COD was 
85.78 and 71.83 mg/g, respectively, by PAC, while the min-
imum adsorption capacity by zeolite, this result due to the 
large surface area of PAC and small surface area of zeolite. 
The porous nature and the high internal surface area of 
PAC are favorable characteristics for the adsorption pro-
cess, the adsorption capacity of the activated carbon is asso-
ciated with a very high surface area per unit volume [44]. 
Whilst the adsorption capacity of pollutants by silica gel 
was higher than the adsorption capacity of pollutants by 
GAC for the same reason previous. As shown in Fig. 2, the 
highest efficiency removal of oil and COD was at the low-
est flow rate (1.15 mL/min) by PAC; therefore, it was con-
sidered the best adsorbent for the adsorption of organic  
pollutants.

3.2. Effect of initial oil and COD concentrations

Fig. 3 shows the effect of oil and COD concentration on 
the breakthrough curves at the flow rate of 1.15 mL/min and 
bed depth of 2 cm. It observed the decrease in breakthrough 
and exhaustion times upon the oil concentration increased 
from 40 to 1,000 ppm and COD from 1,350 to 28,500 ppm.

At a high concentration, the availability of the molecules 
for the adsorption sites was greater, which led to a higher 
uptake of oil and COD at a higher concentration, although 
the breakthrough time was shorter than that of lower con-
centrations. Besides, at a high concentration, the isotherm 
gradient was smaller, yielding a high driving force for the 
adsorbent. Thus, the equilibrium was attained faster for a 
high concentration of COD and oil, which leads to increased 
adsorption capacity [45].

On the other hand at low concentration, the decreased 
adsorption capacity of the fixed-bed column, due to a neg-
ative effect on the mass transfer rate between adsorbent and 
pollutants (lower mass transfer flux from the bulk solution 
to the particle surface) owing to weak driving force [46].

The maximum adsorption capacity of oil and COD were 
377.82 and 275.4 mg/g by GAC, 410.54 and 344.8 mg/g by 
silica gel, 282.36 and 196.2 mg/g when zeolite was used, 
551.846 and 434.962 mg/g by PAC, respectively. Therefore, 
PAC performed better adsorption properties than other 

adsorbents in the adsorption of oil and COD. These results 
align with those obtained by Mohammed et al. [47].

3.3. Mixed adsorbents for removal of oil and COD 
from produced water

The behavior of the oil and COD adsorption process 
onto mixed adsorbents (activated carbon and silica gel) 
was investigated at 40 ppm and 1,350 ppm initial oil and 
COD concentrations, the flow rate of 1.25 mL/min, and 
a bed height of 2 cm. In Fig. 4 depicts, the results of the 
breakthrough and exhausting times for oil and COD were 
321 and 338 min; the removal percentage of oil and COD 
reached 83.63% and 78.81%, respectively, and the equilib-
rium adsorption capacity for oil and COD was 108.38 and 
96.74 mg/g, respectively.

Moreover, a mixed adsorbent was more efficient to 
remove pollutants from produced water in comparison with 
a single adsorbent (activated carbon, silica gel, and zeolite) 
and the adsorption capacity is greater due to the presence of 
a number of surface sites of various structure. This result can 
be explained due to the mixed adsorbents (PAC and silica 
gel) have a higher surface area and pore volume compared 
with other adsorbents as shown in Table 1, therefore, mixed 
adsorbents have more effective surface area for adsorption 
of oil and COD and the diffusion will be much easy, and 
thus the adsorption kinetics will be higher so, the removal 
efficiency and adsorption capacity were higher [48].

3.4. Column dynamics models

Both the Thomas model and the Yoon–Nelson model 
were applied. The linear form of the Thomas model for 
adsorption column is expressed as Eq. (6) [49]:
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where C (mg/L) is the effluent concentration, C0 (mg/L) is 
the initial concentration, KTH (mL/min mg) is the constant of 
the Thomas model, qTH (mg/g) is the predicted adsorption 
capacity, M (g) the mass of adsorbent, Q (mL/min) the flow 
rate, and V (mL) is the volume of the bed.

The Yoon–Nelson linearized model for a single 
component system is given as Eq. (7) [50,22]:
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where τ (min) is the time required for 50% adsorbate break-
through, t (min) is the breakthrough (sampling) time, and 
KYN (min–1) is the constant rate. The breakthrough curves 
were plotted for the adsorbate by the Eqs. (6) and (7) for 
two models (Thomas and Yoon–Nelson) at different con-
centrations and flow rates. Thomas and Yoon–Nelson 
parameters are listed in Tables 3–7. From Tables 3–7, it can 
be observed that correlation coefficients (R2) for the Thomas 
model are higher than those from the Yan model, and the 
experimental adsorption capacity of oil and COD has fitted 
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Fig. 3. Breakthrough curves of (a–d) oil adsorption and (e–h) COD adsorption on different concentration (flow rate = 1.25 mL/min, 
L = 2 cm, and pH = 7) by using different adsorbents.
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the Thomas model well. Therefore, the Thomas model can 
be considered as a more suitable kinetic model for describ-
ing oil and COD adsorption in a fixed-bed column of acti-
vated carbon, silica gel, zeolite, and mixed adsorbents. The 
mechanism of this model that when the molecules of oil and 
COD are adsorbed, they moved and fixed on the surface 
of the adsorbents. If a molecule has an affinity for adsor-
bents, it will be attracted to the adsorbents, until it reaches  
equilibrium [51].

According to Tables 3–7, it can be concluded that all of 
the parameters (the inlet oil and COD concentration as well 
as the flow rate) influenced the Thomas model constants 
(KTH) and (qTH) and the Yan model constants (KYN) and (qY). 
As the flow rate increased from 1.25 to 3.15 mL/min, the 
values of KTH increased, and the values of qTH decreased. 
The reason is that the driving force for adsorption is the 
concentration difference between the oil and COD on the 
adsorbents in the produced water. However, when the inlet 
oil and COD concentration increased from 40 to 1,000 ppm, 
qTH increased because of the driving force for adsorption, 
although the KTH value decreased because of the rise in the 
driving force for adsorption stemming from the higher oil 
and COD concentration.

The results also show that the rate constants, KYN and 
qY, increased with an increased flow rate and initial oil and 
COD concentration. This is due to the increased rivalry 
between the molecules of the adsorbate at the site of adsorp-
tion and by the high concentration of oil and COD a fact 
that is obvious in the state of increasing the uptake rate 
[39]. This observation is in agreement with that made by  
Fathy et al. [41].

3.5. Modeling the behavior of oil and COD 
in a fixed-bed column adsorption

The performance of adsorption onto an adsorbent was 
evaluated by the mathematical model for the simulation of 
adsorption processes to predict adsorption behavior [52]. The 
Thomas model was chosen to fit the data of the experiments.

Fig. 5 presents the experimental breakthrough curves 
obtained for each activated carbon, silica gel, zeolite, and 

mixed adsorbent at a flow rate of 1.25 mL/min, inlet oil con-
centration of 40 ppm, COD of 1,350 ppm, and a bed height 
of 2 cm. The theoretical curves calculated according to the 
proposed model are also shown in Fig. 5. It can be seen that 
the theoretical curve is in agreement with the experimental 
curve.

3.6. Comparison between different adsorbents 
for oil and COD removal

Fig. 6 shows a comparison between mixed adsorbents 
and other adsorbents (PAC, GAC, silica gel, and zeolite) 
for exploring the ability of these adsorbents of COD and 
oil adsorption. Fig. 6 also shows that mixed adsorbents 
were more efficient in removing oil (R% = 83.63) and COD 
(R% = 78.81) while the percentage removal of oil (R% = 58.58) 
and COD (R% = 52.49) decreased when zeolite was utilized. 
Fig. 6 further reveals that when GAC is used as an adsor-
bent for removal pollutant, we obtained the percentage 
removal of oil as R% = 64.87, and COD as R% = 60.94, but 
when PAC was utilized, the removal of oil reached 72.98% 
and COD reached 69.5%. Where the percentages removal of 
pollutants by different adsorbents were arranged as follows: 
(Re% mixed adsorbents > Re% PAC > Re% silica gel > Re% 
GAC > Re% zeolite). This arranged can be related to the 
characteristics (surface area, pore volume) of the adsorbents 
that were used, where the surface area was 824.34, 615.61, 
504.35, and 303.45 m2/g and pore volume was 0.753, 0.693, 
0.632, and 0.503 cm3/g for PAC, silica gel, GAC, zeolite, 
respectively. This can be explained when the surface area 
(large pore size) of the adsorbent is increased the amount of 
adsorption capacity increases due to a decrease in the diame-
ter of the adsorbent particles, because of increasing the active 
sites and the activity of adsorption kinetic for adsorbent to 
adsorb oil and COD from produces water and therefore the 
increased removal efficiency of organic pollutants [53]. On 
the other hand, the smaller particle sizes reduce the internal 
diffusion and mass transfer limitation to penetrate the adsor-
bate inside the adsorbent. As a result, the removal efficiency 
of organic pollutants was low for adsorbents that possess 
small particle sizes (small surface area) [54]. Moreover, these 
results illustrate the higher removal of pollutants was by 
mixed adsorbents and the lower removal was by zeolite. 
As well as, the results show the possibility of using mixed 
adsorbents as an adsorbent for the removal of pollutants as 
by so doing, an efficient removal percentage can be attained.

4. Conclusion

The present study deals with the investigation of 
removing oil and COD from synthetic produced water by 
fixed-bed adsorption using different adsorbents (PAC, 
GAC, zeolite, silica gel, and mixed adsorbent), and compar-
ison between them. Also, the effects of flow rate 1.25, 2.25, 
and 3.15 mL/min and concentration of oil 40; 100; 500; and 
1,000 mg/L and COD 1,350; 2,500; 13,500; 28,500 mg/L were 
studied on pollutants removal. The results illustrated the 
uptake capacity of adsorbents decreased when the flow rate 
increased and concentration decreased. The Thomas and 
Yoon–Nelson models were applied in the experiments, but 
the former turned out to be the better model for describing 

 
Fig. 4. Breakthrough curves of oil and COD adsorption by using 
mixed adsorbents adsorbent (flow rate = 1.25 mL/min, L = 2 cm, 
and pH = 7).
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Table 4
Kinetic parameters for adsorption of oil and COD on zeolite in a fixed bed column

Kinetic model Flow rates Oil concentration

1.25 mL/min 2.25 mL/min 3.15 mL/min 100 ppm 500 ppm 1,000 ppm

Thomas

KTH × 104 (mL/min/mg) 9.60 10.6 19. 90 5.2 1.03 0.87
qTH × 10–2 (mg/g) 30.5 25.9 24.4 34.7 129.3 148.6
R2 0.985 0.934 0.964 0.941 0.976 0.978

Yoon–Nelson

KYN (min–1) 6.93 7.12 7.44 5.27 5.34 5.87
qY × 10–2 (mg/g) 3.87 6.81 9.95 7.7 47.3 80.7
R2 0.923 0.912 0.954 0.80 0.952 0.961

COD concentration
2,500 ppm 13,500 ppm 28,500 ppm

Thomas

KTH × 104 (mL/min/mg) 0.28 0.43 0.61 0.21 0.04 0.02
qTH × 10–2 (mg/g) 706.2 643.2 620.1 808.8 2,840 3,521
R2 0.977 0.964 0.978 0.981 0.972 0.975

Yoon–Nelson

KYN (min–1) 5.87 6.36 6.80 5.65 6.29 6.87
qY × 10–2 (mg/g) 3.88 7.16 9.61 194.1 1,068 2,328
R2 0.933 0.957 0.965 0.902 0.944 0.956

Table 3
Kinetic parameters for adsorption of oil and COD on powdered activated carbon in a fixed bed column

Kinetic model Flow rates Oil concentration

1.25 mL/min 2.25 mL/min 3.15 mL/min 100 ppm 500 ppm 1,000 ppm

Thomas

KTH × 104 (mL/min/mg) 0.098 0.13 0.215 5.41 2.98 0.67
qTH × 10–2 (mg/g) 34.7 29.5 28.9 4.53 17.8 27.8
R2 0.900 0.958 0.971 0.933 0.975 0.978

Yoon–Nelson

KYN (min–1) 7.82 7.98 8.10 5.54 6.29 6.87
qY × 10–2 (mg/g) 3.75 6.88 9.87 7.56 46.4 78.7
R2 0.869 0.897 0.892 0.872 0.917 0.958

COD concentration
2,500 ppm 13,500 ppm 28,500 ppm

Thomas

KTH × 104 (mL/min/mg) 0.034 0.043 0.215 0.19 0.048 0.028
qTH × 10–3 (mg/g) 90.3 77.7 76.5 110.7 374.7 586.2
R2 0.941 0.912 0.943 0.949 0.958 0.964

Yoon–Nelson

KYN (min–1) 6.41 6.6 8.08 6.51 6.54 6.77
qY × 10–2 (mg/g) 3.76 6.90 9.90 191.1 105.0 225.7
R2 0.883 0.803 0.837 0.831 0.900 0.959
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Table 5
Kinetic parameters for adsorption of oil and COD on silica gel in a fixed bed column

Kinetic model Flow rates Oil concentration

1.25 mL/min 2.25 mL/min 3.15 mL/min 100 ppm 500 ppm 1,000 ppm

Thomas

KTH × 104 (mL/min/mg) 10.64 12.76 19.02 4.85 2.67 1.23
qTH × 10–2 (mg/g) 17.53 14.31 11.56 20.37 78.92 104.1
R2 0.943 0.926 0.914 0.954 0.934 0.928

Yoon–Nelson

KYN (min–1) 3.86 4.02 5.03 1.99 2.67 3.65
qY × 10–2 (mg/g) 2.07 3.27 7.88 39.03 68.09 75.95
R2 0.887 0.904 0.896 0.876 0.846 0.887

COD concentration
2,500 ppm 13,500 ppm 28,500 ppm

Thomas

KTH × 104 (mL/min/mg) 0.27 0.34 0.51 0.37 0.21 0.17
qTH × 10–2 (mg/g) 462.8 407.3 378.2 189.2 223.6 605.3
R2 0.916 0.908 0.930 0.926 0.935 0.906

Yoon–Nelson

KYN (min–1) 2.08 3.0 3.93 2.06 2.95 3.21
qY × 10–2 (mg/g) 87.9 173.8 264.8 171.01 1,017 2,203
R2 0.876 0.888 0.907 0.887 0.895 0.867

Table 6
Kinetic parameters for adsorption of oil and COD on granular activated carbon in a fixed bed column

Kinetic model Flow rates Oil concentration

1.25 mL/min 2.25 mL/min 3.15 mL/min 100 ppm 500 ppm 1,000 ppm

Thomas

KTH × 104 (mL/min/mg) 13.28 15.66 22.82 7.96 4.12 1.23
qTH × 10–2 (mg/g) 20.6 17.7 15.5 27.04 89.68 104.1
R2 0.882 0.903 0.944 0.931 0.908 0.967

Yoon–Nelson

KYN (min–1) 5.17 5.29 8.48 3.39 4.27 5.98
qY × 10–2 (mg/g) 3.82 7.07 10.18 48.17 77.80 84.47
R2 0.739 0.895 0.846 0.881 0.827 0.907

COD concentration
2,500 ppm 13,500 ppm 28,500 ppm

Thomas

KTH × 104 (mL/min/mg) 0.44 0.56 0.72 0.5 0.35 0.26
qTH × 10–2 (mg/g) 515.0 459.6 403.8 213.4 242.4 634.9
R2 0.912 0.881 0.899 0.926 0.935 0.962

Yoon–Nelson
KYN (min–1) 3.87 4.19 5.36 3.75 4.28 5.97
qY × 10–2 (mg/g) 106.6 196.0 282.4 196.15 1,092 2,426
R2 0.878 0.794 0.781 0.854 0.865 0.917
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Fig. 5. Comparison of predicted and experimental curves for the adsorption of oil and COD (a and b) by PAC and zeolite 
(c) by GAC (d) by mixed adsorbents.
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the kinetic experimental data. Finally, the highest removal 
of oil and COD (83.62% and 78.81%) was attained at a flow 
rate = 1.25 mL/min, oil concentration = 40 mg/L, and COD 
concentration = 1,350 mg/L by utilizing mixed adsorbents 
prepared from activated carbon and silica gel compared 
with the other types of adsorbents were utilized in this 
study (Re% by mixed adsorbents > Re% by PAC > Re% by 
silica gel > Re% by GAC > Re% by zeolite). Therefore, it 
appears to be the more attractive alternative and better for 
produced-water treatment. While when compared the sin-
gle adsorbents, the present study proved the best adsorption 
efficiency of oil and COD was by PAC (72.98% and 69.5%) 
comparing with GAC, silica gel, and zeolite because it has 
the highest surface area for adsorption of pollutants.
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