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Abstract: Removal of organic pollutants and metal ions from produced water by adsorption, using
prepared activated carbon (AC) from sewage sludge, with chemical activations using NaOH, KOH
and ZnCl, separately and pyrolysis at different temperatures (500, 600 and 700 °C). Pure sludge and
prepared ACs were analyzed using FTIR and XRD. The results showed 18% crystallinity compared
to that of commercial AC, which has 44% crystallinity. The results of FTIR demonstrate that the
properties of the post-treated affect the final products depending on the method used and that it
contains similar functional groups to those present in the commercial AC, but at a higher peak
intensity. Adsorption treatments were carried out at 25, 35 and 45 °C solution temperatures. The
results showed that the removal of pollutants from produced water using prepared AC with all types
of chemical activations reached 99.5%, such as commercial AC with 0.06 g dosage of adsorbent at
pyrolysis temperatures of 500 and 600 °C and a solution temperature of 25 °C. The obtained results
refer to the mechanism of exothermic reaction and physical adsorption. It was observed that despite
the lower dosage of adsorbent of 0.01 g, a sufficient treatment of pollutants was achieved. This reveals
the effectiveness of using sewage sludge as a cheap adsorbent. Also, using pure sewage sludge, the
adsorption data showed a 95.2% removal of the pollutants. This result indicated that pure sludge has
an efficient adsorption capacity and can be utilized as a cheap and environmentally friendly material.
For the removal of manganese and cadmium metal ions from the produced water, the resultant
data showed that more than 90% of manganese was adsorbed and more than 97% of cadmium was
adsorbed, especially when using pure sewage sludge and prepared activated carbon with NaOH
chemical activation at pyrolysis temperatures of 500 °C and 600 °C.

Keywords: produced water; adsorption; sewage sludge

1. Introduction

Oil production is associated with a huge amount of produced water. Globally, the pro-
duction of produced water from oilfields is expected to increase over the next 10 years from
about 158,900 million barrels/day to 243,000 million barrels/day, due to increased demand
for oil [1,2]. More than 40% of produced water is discharged into the environment [3]. In
Oman a large amount of produced water, around 900,000 m?, is generated each day as a
byproduct of its 135,000 m? of oil production per day. In other words, for every barrel of
oil there will be nine barrels of produced water [4]. A similar scenario occurred in Nigeria
in which the oil-to—water ratio could be 1:10 [5]. Produced water is a waste byproduct
of the oil and gas industry that contains relatively high concentrations of hydrocarbons,
including dissolved and dispersed oils, grease, heavy metals, radionuclides, treating chem-
icals, formation solids, salts, dissolved gases, scale products, waxes, microorganisms, and
dissolved oxygen [6]. Currently, the treatment of produced water is being performed
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through various methods, including physical, chemical, and biological methods [5,7,8].
The importance of the treatment of produced water encourages many researchers to focus
on the topic and several treatment methods were investigated for optimal and economical
methods, such as Humidification-dehumidification [9]; Ozonation [10]; Electrochemical
and Electrocoagulation techniques [11,12]; Filtration and reverse osmosis [13]; Advanced
oxidation process [14]; Chemical coagulation [15]; etc.

The major component of sewage sludge is organic material, which comprises between
60% and 80% of sewage sludge [16,17], the sludge is utilized for producing activated carbon.
There are many sources to produce activated carbon [18-21], but producing activated
carbon from sewage sludge will have many economic and environmental advantages.
Activated carbon-based sludge can be prepared by either direct pyrolysis or pyrolysis
followed by a physical activation process, chemical activation process, or physical-chemical
activation process [22-24]. Gupta and Garg stated that the poor management of sewage
sludge, which is a by-product from sewage treatment plants, is a major environmental
issue. Being carbonaceous in nature, the waste residue can be converted into activated
carbon for utilization in wastewater treatment plants to remove toxic and persistent organic
pollutants. This study investigated the performance of sewage sludge-derived adsorbents
for the removal of recalcitrant lignin (found in paper and pulp mill effluents) from synthetic
wastewater [25]. The adsorbent was prepared from primary sewage sludge using a chemical
activation process employing a strong base, KOH. Aliakbari, et al. [26] prepared activated
carbons from sewage sludge by chemical activation with phosphoric acid (H3POy), acid
(HC1, HF), and base (NaOH) as post-treatment steps, which were employed to eliminate
the mineral matter and other impurities of AC based sewage-sludge. Microwave radiation
could be utilized to produce activated carbon from sewage sludge [27]. Zaker Ali et al. [28]
published a detailed review paper on the microwave-assisted pyrolysis of sewage sludge.
They have reported that the main advantages of the microwave pyrolysis process lie in
reducing energy consumption and processing time during microwave heating. They have
also mentioned that the quality and properties of microwave-assisted pyrolysis products
are dependent on many factors, including sewage sludge composition and conditions
employed, such as the process temperature, heating rate, and time. Yu-Huan Li, et al. [29]
reported a method for preparing sludge-activated carbon (SAC) by activating sludge
pyrolysis carbon by zinc chloride. The effect of ZnCl, concentration, activation temperature,
and activation time on the activated carbon were investigated. The prepared activated
carbons were characterized (TGA, XRD, FTIR, SEM, and N, adsorption-desorption) and
tested for their adsorption ability of iodine and methylene blue. According to the data
obtained, sludge pyrolysis char is a suitable precursor for activated carbon preparation,
and the obtained SAC could be used as a low-cost adsorbent with favorable surface
properties. Dos Res et al., [30] have reported a comparison study of activated carbon
prepared from sewage sludge by using two types of pyrolysis: conventional furnace
and microwave. In their experiments, it was reported that the activated carbon made
by conventional pyrolysis possessed higher surface area values overall than the samples
synthesized using the microwave. The optimum parameters for the preparation of activated
carbon using conventional pyrolysis have been identified as a pyrolysis temperature of
500 °C, a holding time of 15 min, and a ratio of ZnCl,: sludge of 0.5. Microwave pyrolysis
is found to be optimal when operating at 980 W for 12 min. The analysis of nitrogen
adsorption/desorption isotherms revealed the presence of micro- and mesopores in the
activated carbon.

In this study, the treatment of produced water was carried out using prepared activated
carbon-based sewage sludge and chemical-physical activation using NaOH, KOH, and
ZnCl, separately. Pyrolysis was performed at different temperatures (500, 600, and 700 °C),
followed by physical activation using carbon dioxide. The treatment was compared to that
of using commercial AC and sewage sludge.
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2. Materials and Methods

Sewage sludge samples were collected from an aeration tank at Nizwa Sewage Treat-
ment Plant (STP). Activation chemical agent: 1 M of each solution, KOH, NaOH, and ZnCl,,
were used. Chemicals were provided by the chemistry lab at the University of Nizwa.

The produced water sample was provided by Petroleum Development Oman (PDO).
The properties of the produced water were as follows: UV absorption: 0.59; Conductivity:
5.47 ps, and pH: 7.6. The sample was used to evaluate the potential efficiency of the
developed adsorbents for the removal of pollutants from produced water.

Surface morphology and chemical structure of treated sludge were investigated using
XRD (BRUKER, model D8 DISCOVER, Karlsruhe, Germany, with CuKo radiation, and
their diffraction patterns were recorded between diffraction angles of 0° and 90°) and FTIR
(model TENSOR 37-UK). Both devices are available at Daris laboratory at the University
of Nizwa.

2.1. Preparation of Sewage Sludge Sample for Activated Carbon

Two liters of sewage sludge samples were filtrated using a piece of cloth, then, air-
dried in a clean place for two days. Samples of 30 g of dried sludge were chemically
activated using 100 mL of 1 M NaOH, KOH, and ZnCl, separately. The solution was stirred
using an orbital shaker at 200 rpm for 24 h at room temperature. Then, samples were
thoroughly washed using distilled water several times until the pH reached 8, then samples
were dried in an electrical oven at 105 °C for one hour.

Pyrolyzed materials were obtained from the dried sewage sludge (10 g) by using
thermal treatment in a tubular furnace under nitrogen gas at different temperatures (500,
600 and 700 °C) for two hours with a heating rate of 10 °C/min. Carbon dioxide gas was
used for physical activation at 400 °C for one hour. The resulting adsorbent was crushed
and sieved to 300 um.

2.2. Adsorption Study

Experiments of batch adsorption were carried out using different dosages; 0.1, 0.2, 0.4,
and 0.6 g of the prepared activation carbon for treatment of 50 mL of produced water at
different temperatures: 25, 35, and 45 °C, respectively. Samples were mixed using an Orbital
shaker at 200 rpm for 8 h (an equilibrium time). Then, samples were filtered through filter
paper. The pollutants in the produced water were determined using the UV absorption
technique. The percentage of removal of pollutants was calculated as follows:

uv. —uv
— X

% R I =
emova v

100 1)
where UV. and UV are the ultraviolet absorption measurements of initial and treated
produced water samples.

Also, to test the capability of the prepared activated carbon adsorbents to adsorb
metal ions from produced water, the availability of metal ions in the sample of produced
water was determined using the 8000-ICP-OES double monochromator (PerkinElmer, Inc.,
Waltham, MA, USA) device available at the University of Nizwa-Daris Center. Table 1
shows the concentration of metals present in the produced water. Two metals were selected
to perform the adsorption test: cadmium and manganese. The adsorption test was per-
formed, and batch experimental tests were carried out using 0.05 g of adsorbent with 50 mL
of produced water at a temperature of 25 °C and contact time of 8 h.
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Table 1. Concentration of some metals available in produced water.

Metal Concentration mg/L
Ca 3.417
Cd 3.804
Co 3.852
Mg 3.852
Mn 3.734
Na 33.01

3. Results and Discussion

A comparative study of the prepared sewage sludge adsorbents at different pyrolysis
temperatures was performed and compared with that of commercial activated carbon and
pure non-treated sewage sludge.

3.1. Characterization of Prepared Activated Carbon-Based Sewage Sludge

The XRD was examined for prepared AC at a pyrolysis temperature of 500 °C and the
results are presented in Table 2. The results showed that the crystallinity of the commercial
AC shows a crystallinity content of 44.6% and the rest are amorphous structures, while the
prepared activated carbon from pure sludge has 15.2% crystallinity. Most of the prepared
AC with or without chemical activation showed a similar percentage of crystallinity, the
highest crystallinity was obtained for that which was chemically activated using NaOH, of
which the crystallinity is 23.6%.

Table 2. XRD of prepared and commercial activated carbon.

Types of Adsorbents Crystallinity Structures % Amorphous Structures%
Commercial AC 44.6 55.4
Pure sludge 15.2 84.8
Prepared AC without
chemical activation at 500 °C 158 84.2
Prepared AC activated with
ZnCl, at 500 °C 181 819
Prepared AC activated with
NaOH at 500 °C 23.6 764
Prepared AC activated with
KOH at 500 °C 17.1 82.9

To identify the functional groups of the prepared activated carbon-based sewage
sludge with and without chemical activations, pure sludge, or commercial activated car-
bon, which are responsible for the adsorption of pollutants from produced water, Fourier
transform infrared spectroscopy (FTIR) spectrum of all samples were recorded. Figures 1-3
show the results of the FTIR spectra. The presence of functional groups in the activated
carbon mainly depends on the starting precursor and the activation method used. FTIR
spectra of the commercial activated carbon is presented in Figure 1 and compared with that
of the chemically activated carbon. The commercial activated carbon exhibited two charac-
teristic bands at 2360 and 2332 cm ™!, which corresponds to the presence of O=C=0. The
FTIR of sewage sludge samples (Figure 2a,b) exhibit wave-number range 990-1000 cm ™!,
which corresponds to the C=C bending, and wavenumbers in the range 1210-1370 cm !
correspond to the C-N stretching. The chemically activated carbon samples have exhibited
similar absorption patterns in the range of 2300-2350 cm ! to that of commercial activated
carbon (Figure 3a—c). The CO, functional group existed due to the physical treatment
carried out in the presence of CO, gas. The absorption in the range of 1730-1780 cm !
was observed in chemically activated carbon samples due to the presence of aromatic C=0O
stretching. The wavenumber range 990-1000 cm ™! corresponds to the C=C bending. The
wavenumbers in the range 1210-1370 cm ™! correspond to the C-N stretching. The activated
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carbon prepared from the sewage sludge contains heavy metals and other impurities which
are corresponding to the many miscellaneous peaks.
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Figure 1. FTIR analysis of commercial activated carbon.
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Figure 2. (a). FTIR analysis of pure sewage sludge. (b). FTIR analysis of activated carbon from sludge
without chemical activation at 500 °C.
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Figure 3. (a). FTIR analysis of activated carbon from sludge chemically activated with ZnCl, at
500 °C. (b). FTIR analysis of activated carbon from sludge chemically activated with NaOH at 500 °C.
(c). FTIR analysis of activated carbon from sludge chemically activated with KOH at 500 °C.

3.2. Produced Water Treatment Using Commercial AC

The adsorption data for the removal of pollutants from produced water by using
commercial AC adsorbent at the optimized experiment conditions is represented in Figure 4.
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The adsorption data show that with the increase of the adsorbent dosage from 0.01 to 0.06 g
the removal percentage of the pollutants was increased from 98.8% to 99.6%, especially at a
solution temperature of 25 °C. Similar results were obtained at a solution temperature of
35 °C, while the removal percentage was much lower at a solution temperature of 45 °C
(increased from 15% to 34.7%). This means that the highest adsorption affinity occurred
at lower solution temperatures. The solution temperature has the highest effects on the
adsorption process, which affects the rate of diffusion of the sorbate within the pores and
may affect the number of sorption sites generated due to the breaking of some internal
bonds near the edge of active surface sites of sorbent [31]. The decrease of the sorption
capacities with the increase in solution temperature indicates an exothermic reaction
followed by physical adsorption. These results agree with all previous results [32,33].
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Figure 4. Removal of pollutants from produced water using commercial AC.

3.3. Produced Water Treatment Using Pure Sewage Sludge

The adsorption data for the removal of pollutants from produced water by pure
sewage sludge adsorbent at the optimized experiment conditions is represented in Figure 5.
The adsorption data show that with the increase of the adsorbent dosage from 0.01 to
0.06 g the removal percentage of the pollutants was increased from 91% to 95.2%, especially
at a solution temperature of 25 °C. The removal percentage was much lower at solution
temperatures of 35 °C and 45 °C (around 10-20%). The highest adsorption affinity occurred
at a lower solution temperature as temperature has the highest effects on the adsorption
process, as explained above. The decrease of the sorption capacity with the increase of
solution temperature refers to an exothermic reaction. The results showed that pure sewage
sludge has an efficient capacity for adsorption at room temperature.
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Figure 5. Removal of pollutants from produced water using pure sewage sludge.
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3.4. Produced Water Treatment Using Prepared AC from Sludge without Chemical Activation

The adsorption data for the removal of pollutants from produced water by prepared
AC from sludge without chemical activation adsorbent at the optimized experiment con-
ditions is represented in Figure 6a—c at different pyrolysis temperatures. The adsorption
data show that with the increase of the adsorbent dosage from 0.01 to 0.06 g the removal
percentage of the pollutants was increased: from 94% to 97.5% with pyrolysis tempera-
ture 500 °C; from 96 to 100% with pyrolysis temperature 600 °C from 88% to 100% with
pyrolysis temperature 700 °C, especially at a solution temperature of 25 °C and similar
results at 35 °C. The removal percentage was much lower at a solution temperature of 45 °C
(around 10-26% with all pyrolysis temperatures). Also, the highest adsorption affinity
occurred at lower solution temperatures as the temperature has the highest effects on the
adsorption process as explained above. The decrease of the sorption capacities with the
increase of solution temperature refers to an exothermic reaction. The results showed that
pure sewage sludge has an efficient capacity for adsorption at room temperature. These
results clearly show that the best treatment conditions were at room temperature with
a pyrolysis temperature of 500-600 °C and most dosages of prepared AC. The obtained
results agreed with the previous results [34].
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Figure 6. (a). Removal of pollutants from produced water using prepared AC without chemical
activation at a pyrolysis temperature of 500 °C. (b). Removal of pollutants from produced water
using prepared AC without chemical activation at a pyrolysis temperature of 600 °C. (c). Removal
of pollutants from produced water using prepared AC without chemical activation at a pyrolysis
temperature of 700 °C.

3.5. Produced Water Treatment Using Prepared AC from Sludge Activated with ZnCl,

The adsorption data for the removal of pollutants from produced water, by using
prepared AC from sludge with ZnCl, chemical activation adsorbent at the optimized
experiment conditions, is represented in Figure 7a—c at different pyrolysis temperatures.
The adsorption data show that with the increase of the adsorbent dosage from 0.01 to
0.06 g, the removal percentage of the pollutants was increased: from 96 to 99% with
pyrolysis temperature 500 °C; from 98 to 99% with pyrolysis temperatures 600 °C and
700 °C, especially at solution temperature of 25 °C. However, results of the removal of
pollutants were lower at both 35 °C (around 25 to 55% with all pyrolysis temperatures)
and 45 °C (around 12 to 25% with all pyrolysis temperatures). It is clear that the highest
adsorption affinity occurred at lower solution temperatures. The decrease of the sorption
capacities with the increase of solution temperature refers to an exothermic reaction. The
results showed that pure sewage sludge has an efficient capacity for adsorption at room
temperature. These results show that the best treatment conditions are at room temperature
with pyrolysis temperatures of 500-700 °C, using the highest dosage of prepared AC
that activated using ZnCl,. The activation using ZnCl, suppressed the release of small
organic molecules and enhanced the functional groups, hence increasing the quality of
prepared AC.
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Figure 7. Cont.
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Figure 7. (a). Removal of pollutants from produced water using prepared AC with ZnCl, at a
pyrolysis temperature of 500 °C. (b). Removal of pollutants from produced water using prepared AC
with ZnCl, at a pyrolysis temperature of 600 °C. (c). Removal of pollutants from produced water
using prepared AC with ZnCl, at a pyrolysis temperature of 700 °C.

3.6. Produced Water Treatment Using Prepared AC from Sludge Activated with NaOH

The adsorption data for the removal of pollutants from produced water by using
prepared AC from sludge with NaOH chemical activation adsorbent at the optimized
experiment conditions is represented in Figure 8a—c at different pyrolysis temperatures.
The adsorption data show that with the increase of the adsorbent dosage from 0.01 to 0.06 g,
the removal percentage of the pollutants was increased: from 90 to 98% with a pyrolysis
temperature of 500 °C; from 92 to 94% with pyrolysis temperatures 600 °C and 700 °C,
especially at solution temperature of 25 °C. However, results of the removal of pollutants
were lower at both 35 °C (around 35 to 55% with all pyrolysis temperatures) and 45 °C
(around 6 to 17% with all pyrolysis temperatures). The highest adsorption affinity occurred
at lower solution temperatures. The decrease of the sorption capacities with the increase of
solution temperature refers to an exothermic reaction. The results showed that pure sewage
sludge has an efficient capacity for adsorption at room temperature. These results show
the best treatment conditions were at room temperature with all pyrolysis temperatures
of 500 °C and using the highest dosages of prepared AC that activated using NaOH. The
activation using NaOH suppressed the release of small organic molecules and enhanced
the functional groups, hence increasing the quality of prepared AC.
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Figure 8. (a). Removal of pollutants from produced water using prepared AC with NaOH at a
pyrolysis temperature of 500 °C. (b). Removal of pollutants from produced water using prepared AC
with NaOH at a pyrolysis temperature of 600 °C. (c). Removal of pollutants from produced water
using prepared AC with NaOH at a pyrolysis temperature of 700 °C.
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3.7. Produced Water Treatment Using Prepared AC from Sludge Activated with KOH

The adsorption data for the removal of pollutants from produced water, using prepared
AC from sludge with KOH chemical activation adsorbent at the optimized experiment
conditions, is represented in Figure 9a—c at different pyrolysis temperatures. The adsorption
data show that with the increase of the adsorbent dosage from 0.01 to 0.06 g, the removal
percentage of the pollutants was increased from 91 to 95% with all pyrolysis temperatures
500-700 °C; from 92 to 94% with pyrolysis temperatures 600 °C and 700 °C, especially at a
solution temperature of 25 °C. However, results of the removal of pollutants were lower
at both 35 °C and 45 °C (around 5 to 15% with all pyrolysis temperatures). The highest
adsorption affinity occurred at lower solution temperatures. The decrease of the sorption
capacities with the increase of solution temperature refers to an exothermic reaction. The
results showed that pure sewage sludge has an efficient capacity for adsorption at room
temperature. These results show that the best treatment conditions were at room tempera-
ture with all pyrolysis temperatures of 500-700 °C and with the highest dosage of prepared
AC that activated using KOH. The activation using KOH suppressed the release of small
organic molecules and enhanced the functional groups, hence increasing the quality of
prepared AC.
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Figure 9. (a). Removal of pollutants from produced water using prepared AC with KOH at a pyrolysis
temperature of 500 °C. (b). Removal of pollutants from produced water using prepared AC with
KOH at a pyrolysis temperature of 600 °C. (c). Removal of pollutants from produced water using
prepared AC with KOH at a pyrolysis temperature of 700 °C.

3.8. Adsorption of Metals in Produced Water

The concentration of manganese and cadmium ions after adsorption and percentage
removal are shown in Figures 10 and 11. Despite the considerable contents of metals
available in the sludge sample, the adsorption data show that more than 90% of manganese
was adsorbed and more than 97% of cadmium was adsorbed, especially when using
pure sewage sludge and prepared activated carbon with NaOH chemical activation and
pyrolysis temperatures of 500 °C and 600 °C.
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92.00 B NaOH 500°C
N | KOH 500°C
S 91.50 B Not Act 600°C
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o 91.00 o
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S
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& | Not Act 700 °C
90.00 | ZnCl2 700°C
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89.50
B KOH 700°C
89.00 m Original

25°C

Figure 10. Removal of manganese ion from produced water at 25 °C.
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Figure 11. Removal of cadmium ion from produced water at 25 °C.

Using pure sewage sludge, the adsorption data showed the removal of 93% manganese
and 100% cadmium. This result indicated that pure sludge has an efficient adsorption
capacity and can be utilized as a cheap and environmentally friendly material.

4. Conclusions

The aim of this project was to investigate the feasibility of the effect of using activated
carbon prepared from sewage sludge with chemical activation using 1 M of NaOH, KOH,
and ZnCl, at different pyrolysis temperatures: 500 °C, 600 °C and 700 °C for the treatment
of produced water at different temperatures: 25, 35 and 45 °C. It was evident from the
conducted experiments that removal of pollutants from produced water using prepared AC
reached 99.5% with all types of chemical activations. Similar results were obtained using
commercial AC. The optimum adsorption results were obtained at pyrolysis temperatures
of 500 °C and 600 °C and solution temperature of 25 °C. Lower removal of pollutants was
indicated at a solution temperature higher than 25 °C, which describes the properties of
exothermic reaction and physical adsorption. XRD was found on the best crystallinity at
chemical-activated pyrolysis at 500 °C NaOH ratio of 23%, compared with the commercial
ratio of 44.6%. The results of metals removal from the produced water (manganese and
cadmium ions) indicated 90% manganese and 97% cadmium, especially when using pure
sewage sludge and prepared activated carbon with NaOH chemical activation and pyrolysis
temperatures of 500 °C and 600 °C.
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