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Abstract: In the present work, electrocoagulation and adsorption were applied as environmentally
friendly methods to treat produced water (PW) obtained from East Baghdad oil field. Electrocoagulation
was applied using iron-iron and aluminum-aluminum electrodes while modified silica was used as
adsorbent material to remove total dissolved solids (TDS) and reduce electrical conductivity (Ec) of
produced water. XRD, SEM and AFM were used to characterize the modified silica. The experiments
were achieved using different adsorbent doses (0.2 and 0.4 mg/L) and contact times (30-180 min) at
room temperature. The results showed that the electrocoagulation failed to treat the produced water.
The surface roughness of modified silica had a significant role in adsorbing TDS. The lowest values of
TDS and Ec were 513 mg/L and 781 uS/cm, respectively, obtained using adsorbent dose of 0.4 mg/L
modified silica at a contact time of 180 min. These results were within the permissible limit according
to the specifications of the WHO to provide the possibility of reuse of produced water when re-injected
into oil wells.
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1. Introduction

Produced waters are the biggest origin of contamination identified with oil production, as they
contain contaminants, such as hydrocarbons, inorganic compounds and metals [1,2]. Total dissolved
solids (TDS) describe the inorganic salt and little amount of organic matters existed within produced
water. The main components represent typically calcium, magnesium, sodium, potassium cations,
carbonate, hydrogen carbonate, chloride, sulphate and nitrate anions [3]. The electrical conductivity
(Ec), on the other hand, is a measure to the capacity of water to conduct electrical current; it is directly
related to the concentration of salts dissolved in produced water [4]. In produced water, the salt content
varies greatly, from almost freshwater levels to salt levels that are ten times higher than sea water [5].

The TDS in produced water depends on the diverse geological territories due to distinctions in the
solubility of minerals [6]. Most studies focus on treating the produced water by removing dissolved
solids and thus reduce environmental damage, including sodium adsorption, which causes soil clay
damage [7]. Therefore, the World Health Organization (WHO) [8] focused on regulating the acceptable
level of dissolved solids in water that can be discharged into the surrounding environment to be safe [9].
Higher TDS in produced water may be due to the natural weathering of certain sedimentary rocks or
some anthropogenic source, e.g., irrigation discharge, domestic effluents, and sewage effluent. For
purifying produced water, many treatment technologies like chemical precipitation, adsorption, ion
exchange, membrane filtration, electrochemistry, and phytoremediation are employed [10]. Electro-
coagulation (EC) is a treatment technology that has several advantages including safety, does not need
auxiliary chemicals, low cost, and flexibility. However, it is a complex process because it includes
several chemical and physical mechanisms achieved using sacrificial electrodes, like aluminum, iron
and others to supply ions in water. The coagulant is produced in situ through electrically dissolving the
consumable electrodes (Fe / Al) during an electrical current supply. Metal ions are generated at the
anode, while hydrogen gas is liberated at the cathode [11,12].
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Adsorption technique is considered as a significant technique of solid phase extracting (SPE) for
separating and removal of contaminants such as TDS. It has several advantages such as it is fast,
consumes less effort, the ability to reuse adsorbent and eco-friendly [13]. Adsorption can be
accomplished by using a variety of materials, including organoclays, zeolites, chitosan, activated carbon,
silica and alumina [14]. Silica particles are vital metal oxides which have the ability to eliminate weighty
metal ions from aqueous solutions due to their great surface area, extraordinary sorption capacity, and
mechanical strength [15]. Silica adsorbent was used in previous years and became the focus of many
researchers [16-19]. Recently, modified silica has been successfully applied to treat wastewater [20].
The major environmental damage resulting from pumping the produced water to the vast lands or rivers
or damages related to re-injecting the produced water into the oil wells attracted researchers to reduce
the dissolved solids that are the main cause of these problems. Therefore, the main purpose of this study
is to investigate the enhancement of TDS removal and reduction of EC of produced water obtained from
East Baghdad oil field using electrocoagulation and adsorption methods. Adsorption was performed at
different adsorption parameters such as adsorbent dose and contact time using modified silica. The
comparison between electrocoagulation and adsorption in the treatment of produced water is also
covered.

2. Materials and method
2.1. Produced Water Characteristics

Produced water was obtained from East Baghdad oil field and its characteristics compared with
drinking water [8,9] and sea water [21] are shown in Table 1. The value of pH was determined using a
pH meter model Hanna Bench pH 211 Meter /UK. Total dissolved solids (TDS) of produced water was
measured according to ASTM D 5907-96a [22] using TDS device model TDS-3/India with a range of
0-999 ppm. Sulfate ions concentration was estimated in the produced water according to ASTM D 516-
68 [23]. Electrical conductivity (Ec) of produced water was determined according to the standard D1125-
95 [24].

Table 1. Comparison of the chemical and physical characteristics of produced
water with drinking water and sea water

East Baghdad Qil Drinking water
Characteristics Fickd Sea water [21]
= 1e I 9 WHO [
oy (Ctrl) - raq 7] I5]
pH 6.6 6.3-83 6.5-83 7-8
TDS (mgL) 242500 1000 1000 35000
Sulphate (mg/L) 2100 250 250 2710
Electrical Conductivity (uS/cm) 19300 2300 2000

2.2. Electrocoagulation Process

The electrocoagulation cell is an electrochemical separation procedure that uses the application of
electrical current among sets of metal sheets called anodes. The metal anodes were flooded into a
solution, as the coagulation factors destabilize the contamination. The electrocoagulation cell is made of
glass material with a capacity of 3 L and a stirrer of 50 rpm, with which the terminals are connected to
the power supply. The electrodes were connected at 0.1 mV. Electrodes of aluminum (99% purity) and
iron (99.4% purity) were utilized in the electrocoagulation cell. The first electrocoagulation was
performed using electrodes (anode and cathode) of iron (1.25 mm thickness and 120 mm diameter) as
shown in Figure 1a. The second electrocoagulation was achieved using electrodes (anode and cathode)
of aluminum as a rectangular plate (140 x 100 x 1.5 mm) as shown in Figure 1b. The distance between
electrodes was set at 1.5 cm. Since these two materials are widely used to treat contaminated water, the
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electrodes were placed after each experiment in hydrochloric acid (5% volt/volt), washed with water,
and then dried until they were used again.

(@)

Figure 1. Electrodes used in electrocoagulation
cell a. Iron electrode b. Aluminum electrode

2.3. Adsorbent Material Preparation and Adsorption Process

The modified silica was prepared by mixing the silica with 6 M of HCI for 4 h and then treated with
distilled water to get rid of the acid residue. The mixture was mixed with 2.5 M of sodium hydroxide
using magnetic stirrer for 6 h. Drops of concentrated sulfuric acid solution were added to the mixture
until it reached 8. The sediment was treated with Aqua Dest until the free base was obtained and
transferred to the oven for drying. The modified silica surface area of 9 m?/g was determined using a
surface area analyzer type (HORIBA SA - 9600 Series/lUSA). X-ray diffraction (XRD) type (Shimadzu
Model AA-6800/ Japan) was used to distinguish the modified silica phases that had evolved. Scanning
electron microscopy (SEM) Type (Thermo Fisher /[USA) was used to clarify the surface morphology of
modified silica. Atomic Force Microscope (AFM) type (220V, AA3000, Angstrom advanced Inc.
America) includes a cantilever with a probe at its end that was used to scan the sample surface to
determine the adsorbent surface roughness.

The adsorption process was achieved by adding modified silica to a one liter of produced water.
Different modified silica doses (0.2 and 0.4 mg) and contact times (30, 60, 90, 120, 150, and 180 min)
during the adsorption process were used. During the adsorption process, the samples were shaken using
a magnetic stirrer at 50 rpm under the conditions of 25°C and pH 7. The pH of the samples was controlled
by the addition of 0.1 M NaOH to reach the required value. To accurately determine the Ec, the
conductivity cell was rinsed with de-ionized water and loaded with the sample at 25°C.

3. Results and discussions
3.1. Electrocoagulation of Produced Water

Electrocoagulation is an electrochemical technique that has many applications. It is evident from the
literatures that electrocoagulation can be used to remove metal ions from wastewater [25-27]. The
experimental results of this work show that the iron electrode corroded inside the electrolyte solution
after 3 min due to the local dissolution of the iron and the spreading of pits within the electrode surface
resulting in the deterioration of the iron electrode (Figure 2). According to (Tsuyuk et al., 2018) [28],
the dissolution of iron during pitting corrosion is localized to the surface of the electrode where the
passive protective film is destroyed. Also, according to (Wellner et al., 2018) [29] the pH solution inside
the pit decreases due to generation of H* ion in the pit. On the other hand, CI- moves from the electrolyte
to the pit to maintain the lack of charge bias, thus increasing the affinity of the CI" in the pit as the pit
multiplies. Moreover, formation and hydrolysis of iron chloride (FeCl2) occurs in the pit, and this leads
to the evolution of the H* and the decrease in the pH of the pit. The decrease in the pH of the pit results
in continued development of the pit. In addition, it can be shown that the failure of the electrocoagulation
method is due to the high percentage of TDS in the produced water. Also, according to (Yavuz et al.,
2010) [30], electrocoagulation has been found to be ineffective in treating Petroleum Refinery
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wastewater (PRW) due to the high amount of soluble organic pollutants and the low amount of
suspended solids present in PRW.

Figure 3 shows that the aluminum electrodes failed upon initiation of the electrocoagulation to
remove heavy metals in the first 5 min of 0.1 mV due to the high concentration of sulfate ions in the
produced water causing corrosion of these electrodes, these results agree with (Lee and Pyun, 2000)
[31]. Therefore, electrocoagulation according to this study is not an effective method for treating
produced water.

Figure 2. Iron electrode after Figure 3. Aluminum electrode
electrocoagulation after electrocoagulation

3.2. Characterization of Modified Silica

Figure 4 shows the XRD pattern of modified silica. It is clear that the crystallographic reflection
planes of modified silica correspond to peaks of the SiO phase. Intensity of the main peak of 26.6369°
is stronger than the two others of 20.8" and 26.3". It can be assigned that the modified silica categorized
by 20 at 26.6369°, 20.8" and 26.3°, which indicate the diffraction planes of (420), (220) and (420),
respectively. SEM image of modified silica is shown in Figure 5. Obviously, modified silica has irregular
particles shape. Analysis of particle size distribution of modified silica using laser granularity instrument
indicates that the average diameter is 1.5968 um.
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Figure 4. XRD pattern of modified silica Figure 5. SEM image of modified silica

To recognize the adsorbent surface roughness of silica and modified silica, the surface roughness
was measured by AFM. Figure 6 and Figure 7 show the two-dimensional (2D) and the three-dimensional
(3D) images of the silica and modified silica, respectively, for 3 um x 3 pum scan area and 600 nm z-
scale. Bright areas represent the adsorbent particles peaks, while dark areas represent valleys
corresponding to the pores between the adsorbent particles. The average surface roughness was 43.85
nm and 35.07 for silica and modified silica, respectively. Surface roughness plays an important role in
adsorption. Although studies on the effect of surface roughness on the adsorb-ability are limited, the
amount of adsorbate is inversely proportional to the surface roughness. Surface of adsorbent with less
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roughness have less free energy and less stress [32], thus the amount of adsorption is higher.

Wu et al., 2011 [33] explained that roughness has an inverse relationship with a hydrophobic
adsorbent property and thus reduces adsorption. This emphasizes the importance of using modified silica
instead of silica in treating the produced water. Improving the surfaces of the adsorbent material leads
to a greater removal amount of the contaminants, whether they have either hydrophilic or hydrophobic
properties [34].

Figure 6. AFM image of silica (a) two-dimensional image,
(b) three-dimensional image

Figure 7. AFM image of modified silica (a) two-dimensional image,
(b) three-dimensional image

3.3. TDS and Ec of Adsorption Treated Produced Water

Most of the produced water treatment technologies focus on reducing the values of TDS. Figure 8
shows the effect of different contact times on TDS of produced water using 0.2 and 0.4 mg of modified
silica. It is clear that TDS was decreased with increasing contact time from 30 to 180 min for 0.2 and
0.4 mg of modified silica. Moreover, TDS was decreased with increasing modified silica dose from 0.2
to 0.4 mg due to increased surface area of adsorbent. Different TDS values were obtained using
adsorption method at different parameters. These values can be classified according to (Rusydi, 2018)
[35] into two categories. The first category referred to fresh water with TDS content lower than 1000
mg/L. This category can be obtained using modified silica dose of 0.2 mg at contact time of 150 and 180
min. The fresh water can also be obtained using modified silica dose of 0.4 mg at contact time in the
range of 60-180 min. The second category referred to salty water with TDS content in the range of 1000-
10000 mg/L. This category can be obtained using 0.2 mg of modified silica at contact times of 30-120
min while for 0.4 mg of modified silica a contact time of 30 min is required. Therefore, treatment of
produced water using modified silica with suitable dose and contact time to determine TDS value
according to the World Health Organization making it appropriate for re-injection into oil wells.
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Figure 8. Effect of contact time on the TDS of
produced water

Figure 9 shows the effect of different contact times on the Ec of produced water treated using 0.2
and 0.4 mg of modified silica. The Ec of produced water can be characterized according to (Rusydi.,
2018) [35], such as in kind I, when the salt content is low (Ec<1500 uS/cm); kind II, when the salts
content is medium (Ec: 1500 to 3000 pS/cm); and kind 111, when the salts content is high (Ec >3000
puS/cm). Therefore, adsorption treated produced water can be addressed under the type I (low enrichment
of salts) at contact time of 180 min using 0.2 mg of modified silica and at contact time of 60-180 min
using 0.4 mg of modified silica. Type Il comprises of produced water that treated using 0.2 mg of
modified silica at contact time of 90-150 min, where these treated samples contained medium enrichment
of salts. Type 1l contains high enrichment of salts and comprises of produced water that treated using
0.2 mg of modified silica at contact times of 30 and 60 min and using 0.4 mg of modified silica at contact
time of 30 min. It is clear from experimental results of Ec that the increase in adsorbent dose and contact
time contributed to a decrease in the Ec value of produced water.

10469
10,000
m04 mgaf
- B000 mcdified silica
= 8.3
7] 2
.'}] 5000 % 489 mO.Z mgal
- e Fied silice
=] 00
4
= 2,813
2,000 1,40 1“ 1ﬁ"" sekl® 1375
. ol
0 &0 50 150 120

Time {mi:f)

Figure 9. Effect of contact time on the E. of produced water

4. Conclusions

From the results of the current study, several conclusions can be addressed, which are represented
by the following points:

1- Electrocoagulation failed to treat the produced water using iron-iron and aluminum-aluminum
electrodes due to high amount of soluble pollutants.

2- Modified silica succeeded in removing the TDS and reducing the EC of the produced water.

3- Increased contact time resulted in an increase in the removal of TDS and a decrease in EC value.

4- The use of 0.4 mg of modified silica for removal TDS and reduce EC was significantly higher
than that of 0.2 mg of modified silica due to the increased surface area of the adsorbent.
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5- The adsorption treated produced water was suitable according to the WHO to be re-injected into
the oil wells according to the TDS content and EC value using 0.2 mg of modified silica at contact time
of not less than 60 min while for 0.4 mg of modified silica required at least 150 min of contact time.
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