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a b s t r a c t
The current study investigated the performance of the adsorption process for the remediation of 
secondary treated wastewater from the Al-Daura Oil Refinery in Central Iraq, employing batch 
and continuous (fixed-bed column) adsorption systems. A functionalized mesoporous material 
with amine groups (NH2-MCM-41) was used as an efficient adsorbent for the removal of various 
types of polycyclic aromatic hydrocarbons (PAHs) compounds. The highest removal efficiency 
of PAHs in batch and continuous adsorption systems were 85.7% and 74.24%, respectively. The 
batch adsorption system was operated based on our earlier work, using the NH2-MCM-41 dos-
age = 0.4 g/L, time = 50 min, rpm = 200, and pH = 7. For this case, the removal efficiency of the 
chemical oxygen demand was 45%. The fixed-bed column (i.e., bed height = 8 cm, flow rate = 1 mL/
min, and pH = 7) showed a removal efficiency of 40%–66% for the chemical oxygen demand as well 
as 74.24% PAHs degradation. The results indicated that functionalized MCM-41 can be used as an 
effective adsorbent for the removal of different types of polycyclic aromatic hydrocarbons com-
pounds using either batch or continuous (fixed-bed column) adsorption systems in oil refineries.

Keywords:  Batch and fixed-bed adsorption; Functionalized mesoporous MCM-41; Organic removal; 
Polycyclic aromatic hydrocarbons; Refinery wastewater; Wastewater treatment

1. Introduction

A large quantity of organic and chemical pollutants 
from wastewater has been produced in the wastewater by 
the crude oil refining process [1]. These pollutants include 
different types of polycyclic aromatic hydrocarbons (PAHs) 
compounds, such as phenols, surface-active substances, 
metal derivatives, naphthenic acid, sulfides, etc. [2–4]. 
Polycyclic aromatic hydrocarbons are typically detected in 
crude oil and usually form as a derivative due to the par-
tial combustion of fossil fuels in the cracking processes and 
during storage [5,6]. Presently, PAHs compounds from oil 
refinery wastewater treatment plants are discharged into a 

nearby water source [7]. PAHs decompose slowly in the aer-
obic conditions of aquatic environments due to PAHs’ high 
number of aromatic rings, meaning that they can remain 
in the environment from three months to several years [8]. 
Furthermore, oil refineries produce contaminated wastewa-
ter that contains a biochemical oxygen demand (BOD) and 
chemical oxygen demand (COD) of around 150–250 ppm 
and 300–600 ppm, respectively [7,9–11]. These contami-
nated wastewaters are highly inhibitory and toxic to micro-
bial activity and make wastewater treatment in the oil 
refinery unit even more challenging [12,13]. Recently, there 
are new and promising treatments [9,14], such as mem-
brane bioreactors [15], adsorption [16], biodegradation, ion 
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exchange and flotation, electrochemical separation, biolog-
ical activated carbon (AC), advanced oxidation techniques 
[17], and activated sludge system [18]. Nevertheless, there 
are obvious limits to these techniques due to the high cost 
of membrane and fouling problems, chemical agents, and 
activated carbon, etc. [19–22].

Adsorption is one of the major potential methods for 
managing PAHs that is both environmentally friendly and 
efficient because of the useful properties of adsorbents as 
well as their low cost, adaptability, and simplicity [23,24]. 
Cavalcanti et al. [25] investigated the adsorption of waste-
water contaminants from petroleum refineries by organo-
clay and was able to eliminate highly toxic organic elements, 
such as mixtures of benzene, toluene, and xylene and phe-
nols. Alardhi et al. [19] verified a matched pair method 
using ozone with activated carbon (AC) for refinery waste-
water processing and accomplished a powerful COD elimi-
nation (90%) [26]. An additional new investigation applied 
adsorption after the biological treatment for dyeing and 
COD removal from wastewater, with 96% COD removal 
[26–28]. Mesoporous inorganic silicas, such as HMS, M41S, 
SBA, and MSU, are especially desirable adsorbents because 
of their high adsorption capacity, pore-volume, large sur-
face area, and uniform pore size [29]. The cyclic mesoporous 
elements (i.e., MCM-41) are deemed profoundly attractive 
for several technological processes [1]. The construction of 
the hexagonal mesoporous MCM-41 consists of the hexago-
nal filler of one-dimensional channels, with a pore volume 
above 0.3 cm3/g and a pore diameter from 1.5–10 nm. There 
are few studies on the adsorption of PAHs by MCM-41 
using real wastewater from an oil refinery, and none exclu-
sively studying the adsorption of PAHs by functionalized 
MCM-41. Therefore, there is a significant interest in devel-
oping functionalized MCM-41 for adsorbing PAHs [30,31].

Many pollutants are discharged from the refinery waste-
water; however, this research focuses on the removal of 
PAHs. The concentrations of these contaminants PAHs in 
treated WW effluents must be reduced to acceptable limits 
before discharging the water into the environment.

This study aims to investigate the performance of 
functionalized MCM-41 for the adsorption of PAHs that 
are exist in the real wastewater from the Al-Daura Oil 
Refinery in Central Iraq, employing batch and continuous 
(fixed-bed column) adsorption systems.

2. Materials and methods

2.1. Chemicals

Cetyltrimethylammonium bromide (≥ 99%; Sigma-
Aldrich, Germany) and tetraethoxysilane (TEOS), (C2H5) 
4SiO4 (98%; Sigma-Aldrich, Germany) were used as reagents 
for fabricating MCM-41 (Section S1 – Preparation of MCM-
41). PAHs (≥ 99.5%) was also supplied by Sigma-Aldrich 
(Germany).

2.2. Characteristics of the adsorbent material

The characterizations of the functionalized mesoporous 
material MCM-41 were accomplished according to the tra-
ditional method and had been achieved in our previous 
work [1] (Section S1 – Preparation of MCM-41).

2.3. Characterization of refinery wastewater

The effluent utilized in this study was obtained at the 
discharge point of the biological processing unit in the treat-
ment plant of the Al-Daura Oil Refinery in Baghdad, Iraq. 
Using secondary treated wastewater samples, concentra-
tions were recorded and analyzed in triplicate according 
to the Standard Methods [31–33]. The BOD5, COD, and 
NH3–N were measured using an ultraviolet-visible spec-
trum (UV-vis) spectrophotometer (DR-3600, Germany). 
The concentrations of PAHs in the real wastewater samples 
were measured using high-performance liquid chromatog-
raphy (HPLC) (SYKNM S-31155; Germany) in the Ministry 
of Science and Technology, Baghdad, Iraq. Additionally, 
removal efficiencies of PAHs, COD, and other tested param-
eters were calculated as follows:

Removal %inlet outlet

inlet

% =
−

×
X X

X
100  (1)

2.4. Batch adsorption of the Al-Daura Oil Refinery wastewater

The experimental work was performed to remove PAHs 
from secondary (biologically) treated wastewater samples. 
All samples were filtered using 0.45-micron filtration paper 
before the adsorption experiment to remove the insoluble 
materials in order to obtain soluble PAHs.

The first step entailed a batch adsorption process using 
functionalized MCM-41 adsorbents as an efficient adsorbent. 
At the same time, NH2-MCM-41 was evaluated under the 
optimal conditions obtained from the kinetics and isotherms 
adsorption of our previous work, as shown in Table 1 [1].

2.5. Continuous adsorption of Al-Daura Oil Refinery wastewater

The process took place in a continuous fixed-bed 
system 100 cm in length and a 0.7 cm internal diame-
ter. The column was filled with functionalized MCM-41 
obtained from our previous study [1]. The fixed bed con-
sisted of the column packed with 6 g of functionalized 
MCM-41, providing a total bed height of 8 cm. The efflu-
ent wastewater from the oil refinery was filtered before the 
treatment and then drawn into the adsorption column at a 
flow rate of 1 mL/min. Afterward, the wastewater was trans-
ferred to the last collecting container, as shown in Fig. 1.

3. Results and discussion

3.1. Characterization of adsorbents

The Brunauer–Emmett–Teller surface area, pore-vol-
ume, and pore diameter of the NH2-MCM-41 sample were 
measured, and the results are outlined in Table 2.

3.2. Analysis of oil refinery wastewater

The characterization of secondary wastewater of 
Al-Daura Oil Refinery was tested, as shown in Table 3. The 
major peaks before treatment have been labeled and named, 
as shown in Figs. 2a and 3a, which provide a good view 
of the 16 PAHs present in the wastewater. The total PAHs 
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levels in the present study were greater than the highest 
allowable concentrations of the Environmental Quality 
Criteria of the United States, which is Σ PAHs = 0.03 μg/L 
[6]. Such PAHs have polluted the Tigris River, according to 
the World Health Organization (WHO) [34], which consid-
ers water to be heavily polluted when the concentration of 
total PAHs exceeds 2.2 μg/L. Similar results were obtained 
in the Ruwais Refinery Wastewater Treatment Plant in Abu 
Dhabi [7] and also in the Shatt Al-Arab River, Northwest  
Arabian Gulf [35–38], and Langkawi Island of Malaysia 
[38]. BOD5 and NH–N were also measured before and after 
the experiment, and it was found that no change in their 

values was noticed as there was no biological treatment 
involved in our experiments.

3.3. Secondary treated wastewater treatment using a batch process

A very low fixed mass-functionalized MCM-41 of 
0.4 g/L under pH = 7 at lab temperature (25°C ± 2°C) and 
200 rpm was applied as the best-operating conditions. 
Under those conditions, the factory wastewater processing 
removed more than 85% of PAHs along with a 45% COD 
removal with a contact time of 50 min, as shown in Figs. 2b, 
3b and Table 4. Table 4 represents the quality of the treated 
PAHs samples and the percentage removal of the pollut-
ants, showing that most of the PAHs compounds were 
separated effectively, with their concentrations reduced 
to zero. This can be illustrated as follows, functionalized 
MCM-41 had many Si–O–Si bonds in its frame-work and 
had many hydroxyl groups (OH) and amino groups (NH2) 
at the pore surface, which has some hydroscopic features; 
the PAHs could interact with groups by hydrophobic 
interactions which result in significant adsorption.

3.4. Secondary treated wastewater treatment 
using a continuous fixed-bed process

Before treatment, the chromatogram of the Al-Daura 
Oil Refinery wastewater and major peaks were labeled as 
shown in Figs. 4a and 5a, according to HPLC identifica-
tion. Figs. 4b and 5b demonstrate that sorption by a contin-
uous fixed-bed process reduced the concentration of PAHs 
compounds by 74.24% this indicates an excellent efficacy 
to treat wastewater in the continuous mode of operation. 

Table 1
Operating conditions of the adsorption of PAHs by functionalized MCM-41

Process factors Conditions

Initial pH = (3, 4, 5, 7, 9 and 10) Temperature = (25°C ± 2°C); agitation = 200 rpm; MCM-41 dosage = 0.02 g; 
initial PAHs concentration = 15 mg/L; contact time = 50 min

Agitation speed = (100, 150, 175, 200 and 250 rpm) Temperature = (25°C ± 2°C); pH = 4; MCM-41 dosage = 0.02 g; initial PAHs 
concentration = 25 mg/L; contact time = 50 min

MCM-41 dosages = (0.01, 0.02, 0.03, 0.04, 
0.05, 0.06, 0.07, 0.08, 0.09 and 0.1 g)

Temperature = (25°C ± 2°C); agitation = 200 rpm; initial PAHs 
concentration = 25 mg/L; initial pH = 4; contact time = 50 min

Different PAHs concentrations = (2.5, 5, 
10, 15, 20, 25, 30, 40 and 50 mg/L)

Temperature = (25°C ± 2°C); MCM-41 dosage = 0.02 g; agitation = 200 rpm; 
initial pH = 4; contact time = 50 min

Optimum conditions Temperature = (25°C ± 2°C); MCM-41 dosage = 0.02 g; agitation = 200 rpm;  
initial pH = 4; contact time = 50 min

Fig. 1. A flow diagram of the continuous fixed-bed treatment 
operation.

Table 2
Structure properties of functionalized MCM-41

Material SBET 
(m2/g)

V  
(cm3/g)

DBJH  
(nm)

Particle size  
(nm)

d100 (nm)  
XRD

a0 (nm)  
XRD

Wt  
(nm)

O2 wt.%  
EDX

Si wt.% 
EDX

Functionalized MCM-41 300 0.68 3.0776 19.748 4.41 5.09 2.012 52 48

d100: d(100) spacing; a0: center–center distance (a0 = (2/√3)) d; SBET: BET surface area; V: volume of the pore; DBJH: diameter of the pore; Wt: thickness 
of wall, computed as a0 − DBJH.
XRD: X-ray diffraction; EDX: energy-dispersive X-ray analysis; BET: Brunauer–Emmett–Teller; BJH: Barrett–Joyner–Halenda.
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Fig. 2. Chromatogram of Al-Daura Oil Refinery wastewater (a) before batch process treatment and (b) after treatment batch process.
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Fig. 3. Major peaks of Al-Daura Oil Refinery wastewater (a) before batch process treatment and (b) after batch process treatment.
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Fig. 4. Chromatogram of Al-Daura Oil Refinery wastewater (a) before fixed-bed treatment and (b) after fixed-bed treatment.
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Fig. 5. Major peaks of Al-Daura Oil Refinery wastewater (a) before fixed-bed treatment and (b) after fixed-bed treatment.



135K.R. Kalash, T.M. Albayati / Desalination and Water Treatment 220 (2021) 130–141

Table 5 represents the quality of the treated PAHs samples 
and the percentage removal of the pollutants. The surface 
properties of adsorbents play an essential role, mainly when 
used for adsorption from wastewater by a continuous fixed-
bed process. The active site on the surface of adsorbents 
could improve hydrophilicity, but it blocked the adsorption 
of hydrophobic contaminants in wastewater. Adsorbents 
cover with strong ion exchangeability were useful to the 
adsorption of organic pollutants.

3.5. COD reduction

The performance of the continuous fixed bed for COD 
removal is presented in Fig. 6. The influent COD sam-
ple was filtered using filter paper to obtain a soluble COD 
concentration. Although the soluble COD varied in range 
(32–63 mg/L) throughout the study, the effluent COD was 
essentially lower than 25 mg/L, with an average removal effi-
ciency of 53%. This meets the standard limits for discharge 
(i.e., 50 mg/L). In general, the results indicated that the con-
tinuous fixed bed was effective in eliminating organic mat-
ter: although the influent varied, the COD removal efficiency 
was sustained at 40%–66%. This percentage of removal 
represents the total removal of aromatic and other sub-
stances. Other contaminants like BOD5 and NH3–N cannot 
be removed by adsorption; however, they can be removed 
by other techniques like activated sludge systems.

The removal efficiency of the adsorption (R%) was 
observed may be attributed to positive charge sites are cre-
ated on the MCM-41 surface, and it has resulted in a con-
siderably high electrostatic attraction between organic 

compounds (COD) and the positively charged surface of the 
MCM-41. This outcome is in good agreement with the results 
reported by El-Naas et al. [39] investigated the adsorption 
of wastewater contaminants from petroleum refineries by 
date-pit activated carbon and achieved 30% COD removal at 
36°C. In contrast, at 60°C, 53% COD removal was reached.

3.6. Compression study

This work investigated the performance of the adsorp-
tion process for the removal of real wastewater from the 
Al-Daura Oil Refinery in Central Iraq, employing batch 
and continuous (fixed-bed column) adsorption systems. 
A functionalized mesoporous material with amine groups 
(NH2-MCM-41) was used as a competent adsorbent for the 
removal of various types of polycyclic aromatic hydrocar-
bons (PAHs) compounds. A comparative study between 
this work and others was achieved, as shown in Table 6. 
It is obvious from Table 5 that NH2-MCM-41 is a prom-
ising adsorbent to remove the PAHs and COD from oil 
refinery wastewater. Also, because NH2-MCM-41 has a 
similar performance to adsorbents documented in the lit-
erature, the results of this study support the use of NH2-
MCM-41 as an adsorbent for the elimination of organics 
from industrial wastewater and surface water.

4. Conclusions

The adsorption process by batch and fixed-bed treat-
ments showed parallel performance in removing PAHs 
compounds (85% and 74.24%, respectively), with COD 
removal ranging from 40%–66%. This was expected as 
the amount of MCM-41 in the batch and the fixed-bed 
process was a size that had worked under similar oper-
ating conditions. However, the research was conducted 
only at one wastewater processing unit (i.e., the fixed-
bed method of the wastewater treatment facility at the 
Al-Daura Oil Refinery). The batch plus fixed-bed treat-
ment was established to increase the efficiency of process-
ing undesirable oil refinery wastewater. When evaluated 
in relation to the best-operating conditions obtained from 
kinetic and isotherm sorption in our previous study, the 
efficiency of the batch and fixed-bed treatments in this 

Fig. 6. Reduction of COD of Al-Daura Oil Refinery wastewater 
after treatment.

Table 3
Characteristics of the secondary (biologically) treated 
wastewater

No. Parameter Unit Value

1 BOD5 mg/L 15–20
2 COD mg/L 30–70
3 NH3–N mg/L <5
4 pH μg/L 7–7.5
5 Naphthalene μg/L 5–21.3
6 Acenaphthylene μg/L 4–17.1
7 Acenaphthene μg/L 5–12
8 Fluorene μg/L 8–9.1
9 Phenanthrene μg/L 2–5.6
10 Anthracene μg/L 7–9.5
11 Fluoranthene μg/L 3–9
12 Pyrene μg/L 3.0–5
13 Benzo(a)anthracene μg/L 5–11
14 Chrysene μg/L 2.3–23
15 Benzo(b)fluoranthene μg/L 9
16 Benzo(k)fluoranthene μg/L 6
17 Benzo(a)pyrene μg/L 3–9
18 Dibenzo(a,h)anthracene μg/L 4–135
19 Benzo(g,h,i)perylene μg/L 0–70
20 Indeno(1,2,3-cd)pyrene μg/L 0–19
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Table 4
Removal efficiency of PAHs by functionalized MCM-41 using batch adsorption

No. PAHs compound Molecular Formula In (μg/L) Out (μg/L) Removal %

1 Naphthalene 21.3 11.4 46.28

2 Acenaphthylene 17.1 15.9 7.38

3 Acenaphthene 5.6 2.6 53.57

4 Fluorene 9.1 0.0 100

5 Phenanthrene 5.6 0.0 100

6 Anthracene 9.5 0.0 100

7 Fluoranthene 3.4 0.0 100

8 Pyrene 3.0 0.0 100

9 Benzo(a)anthracene 5.2 0.0 100

10 Chrysene 2.3 0.0 100

11 Benzo(b)fluoranthene 9.1 0.0 100

12 Benzo(k)fluoranthene 5.8 0.0 100

13 Benzo(a)pyrene 68.7 0.0 100

14 Dibenzo(a,h)anthracene 134.8 0.5 99

15 Benzo(g,h,i)perylene 65.6 8.9 86.5

16 Indeno(1,2,3-cd)pyrene 18.4 4.6 75
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Table 5
Removal efficiency of PAHs by continuous process adsorption

No. PAHs compound Molecular formula In (μg/L) Out (μg/L) Removal %

1 Naphthalene 5.5 0.2 96.63

2 Acenaphthylene 4.1 1.7 58.53

3 Acenaphthene 12.2 11.8 3.278

4 Fluorene 8.2 7.5 8.536

5 Phenanthrene 2.4 0.6 75

6 Anthracene 7.3 5.3 27.4

7 Fluoranthene 8.7 1.5 78.16

8 Pyrene 4.2 1.9 82.75

9 Benzo(a)anthracene 11.8 5.0 57.62

10 Chrysene 22.9 0.0 100

11 Benzo(b)fluoranthene 3.6 0.0 100

12 Benzo(k)fluoranthene 4.8 0.0 100

13 Benzo(a)pyrene 3.6 0.0 100

14 Dibenzo(a,h)anthracene 4.8 0.0 100

15 Benzo(g,h,i)perylene 0.0 0.0 100

16 Indeno(1,2,3-cd)pyrene 0.0 0.0 100
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study was comparable. In summary, full elimination of 
PAHs was always accomplished when using this method 
for 12 h of the continuous process. This technique can be 
employed to remove different types of PAHs from sec-
ondary treated industrial wastewater, while also reduc-
ing processing and operational costs. The degradation of 
the PAHs pollutants of the secondary treated wastewa-
ter was certified to the combined effects of the Si–O–Si 
bonds in its frame-work and hydroxyl groups (OH) and 
amino groups (NH2) at the pore surface. Maximum COD 
removal from wastewater was achieved and sustained at 
40%–66% at the optimum conditions. This is recognized 
for their remarkable high surface area and high electro-
static attraction between organic compounds (COD) and 
the positively charged surface of the MCM-41.
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Supporting information

S1. Preparation of MCM-41

MCM-41 were prepared using sol–gel process [1]. 
The silica source was tetraethoxysilane, and the construc-
tion directing tool was cetyltrimethylammonium bromide 
(CTAB). Mesoporous material was made by adding TEOS 
(5.78 g) to a solution including CTAB (1.01 g) and NaOH 
(0.34 g) in 30 mL of deionized water and was mixed using 
a magnetic mixer for 60 min at 298 K. The produced mix 
was formed at 383 K using an autoclave for 4 d. The prod-
uct (solid) was filtered and washed several times by the 
deionized water to remove the incomplete surfactant, and 
the prepared MCM-41 was dried thoroughly at 313 K for 
6−24 h in order to get the non-calcined MCM-41. The pow-
der was then calcined at 823 K for 360 min to separate the 
surfactant, then the powder with white color of MCM-41 was  
prepared.
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S2. Functionalization

The functionalized MCM-41 was accomplished by 
the reaction between the silanol groups and the silylating 
agent onto the MCM-41 surface. 25 g from MCM-41 was 
suspended in dry toluene (200 mL) after that 3-aminopro-
pyltriethoxysilane (10 mL) was added to the mixture. The 
mixture was agitated and refluxed for 720 min at atmo-
spheric conditions. The resulted output was separated and 
frequently rinsed with ethanol and toluene, then evaporated 
for 360 min at 298 K [1].

S3. Characteristics of the adsorbent material

The characterizations of the functionalized mesoporous 
material MCM-41 were accomplished according to the tra-
ditional method and had been achieved in our previous 
work [1]. The prepared adsorbent was characterized using 
X-ray diffraction (XRD) Fig. S3a, scanning electron micros-
copy (SEM) Fig. S2, Fourier-transform infrared spectros-
copy (FTIR) Fig. S3c, thermal gravimetric analysis Fig. S3d, 
energy-dispersive analysis of X-ray (EDAX) Fig. S1 and zeta 
potential (ζ) Fig. S4, as. A Brunauer–Emmett–Teller (BET) 
surface area with N2 adsorption–desorption was achieved as 
well Fig. S3b.
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Fig. S1. Typical EDAX image for MCM-41 (a) uncalcined, 
(b) calcined, and (c) functionalized.
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Fig. S2. Typical SEM image for MCM-41 (a) uncalcined, 
(b) calcined, and (c) functionalized.
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(a) (b)

(c) (d)

Fig. S3. (a) XRD patterns, (b) isotherms of nitrogen sorption–desorption, (c) FTIR spectra of the organic containing silica material, and 
(d) thermal gravimetric analysis.

Fig. S4. Zeta potential for non-calcined and functionalize MCM-
41 at different pH.


