é
- water

Article

Application of Different Coagulants and Cost Evaluation for
the Treatment of Oil and Gas Produced Water

Namita Das ', Himadri Rajput 2?, Ashraf Aly Hassan 2%* and Sandeep Kumar *

Citation: Das, N.; Rajput, H.;

Aly Hassan, A.; Kumar, S. Applica-
tion of Different Coagulants and
Cost Evaluation for the Treatment of
Oil and Gas Produced Water.

Water 2023, 15, 464.
https://doi.org/10.3390/w15030464

Academic Editor: P. V. Nidheesh

Received: 15 November 2022
Revised: 17 January 2023
Accepted: 18 January 2023
Published: 23 January 2023

Copyright: © 2023 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 General Education Department, City University College of Ajman, Ajman 18484, United Arab Emirates
2 Civil and Environmental Engineering Department, United Arab Emirates University,
Al-Ain 15551, United Arab Emirates
3 National Water and Energy Center, United Arab Emirates University, Al-Ain 15551, United Arab Emirates
¢ Department of Bio and Nano Technology, Guru Jambheshwar University of Science and Technology,
Hisar 125001, India
* Correspondence: alyhassan@uaeu.ac.ae; Tel.: +971-(03)713-5334

Abstract: A coagulation treatment is a separation technology widely used in industries as a pre-
treatment step to remove the dissolved organic matter in wastewater. However, the type of coagu-
lant, the optimized dose, and the treatment cost associated with various commercially employed
coagulants must be investigated for the treatment of oil and gas produced water. In this study, five
widely employed coagulants —ferric chloride, aluminum potassium sulphate, chitosan, sodium sul-
fide, and magnesium oxide —were tested for the treatment of actual complex oilfield-generated pro-
duced water. Water quality parameters such as the total suspended solids (TSS), total dissolved
solids (TDS), turbidity, salinity, and pH were assessed for a better understanding of different coag-
ulant activities against the produced water treatment. All the coagulants were efficient for the treat-
ment of produced water. The findings of this study showed that ferric chloride led to the best re-
moval of total solids (74.25%) of all water quality parameters, with treatment costs of USD 4 per m=
of produced water. The results from this study contribute to the environmentally friendly, broader,
and cost-effective application of a coagulation treatment to produced water.

Keywords: produced water; coagulation; treatment cost; ferric chloride; aluminum potassium sul-
phate; chitosan; sodium sulfide; magnesium oxide

1. Introduction

Produced water (PW) is a by-product of the natural gas and crude oil recovery pro-
cess at onshore and offshore operations [1]. Worldwide, approximately 250 million barrels
of PW is generated per day to produce 80 million barrels of oil [2]. The composition of PW
varies from location to location and with the type of production facility. A producing field
throughout its economic life can generate 10 times more volume of PW compared with
the volume of produced hydrocarbons. This volume can further increase based on the
maturity of the producing oil and gas fields. PW is considered to be toxic as it is a complex
mixture of various organic and inorganic components such as aliphatic dispersed oils and
hydrocarbons, including benzene, toluene, and polycyclic aromatic hydrocarbons, as well
as metal ions, hardness, and phenols [3,4]. The oil and grease content present in PW can
pose serious side effects such as the fouling of sewer systems and the generation of foul
odors if it does not meet the discharge standards [5]. The impact of PW discharge on the
environment is summarized in Table 1. The threat of PW to the environment can be un-
derstood by the fact that its discharge in coastal estuarine and marine waters is not per-
mitted in the United States; however, the offshore discharge limit of treated PW in Aus-
tralia is 30 mg L (daily average) and the limit for the total oil and grease content in the
Arabian Gulf and Asia is 40 mg L [6].
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Table 1. Impact of PW discharge.

Location Impact of PW discharge Reference
United  Elevated level of radium (*¢Ra) up to 97% was detected in marine sediment samples at sites
Ki . . [7]
ingdom downstream of the point of PW discharge.
Niceria Even after treatment, the PW discharged in the Niger Delta exceeded the discharge limits for (8]
& the oil and grease content (60 + 20), TDS (6200 + 700), and chloride ions (4100 + 500).
PW discharged in Nueces Bay made the sediments in the vicinity of the discharge toxic, with
Texas . (91
ECso values ranging between 7.3 and 24.6%.
After the release of PW in the Grand Banks, selected health bioindicators of fish (cell count,
Canada visible skin and organ lesions, cellular alteration, etc.) were absent or similar to the reference [10]
site.
Long-term PW discharge into the ocean at the Gulf of Mexico could cause an increase in eco-
Mexico logical and human risks over time and space due to high concentrations of PAHs (up to 2324 [11]
ng/g).
PW discharge may have toxic effects on organisms close to the outlet and severe cumulative
Norway (2]
effects.
Ttaly PW discharged in Adriatic Sea led to the toxicity of water (ECso value of 20.73% for P. lividus); [12]

however, no significant effect was observed on marine sediment.

The presence of calcium chloride and magnesium chloride is also very common in
PW. These compounds can generate scaling issues in the American Petroleum Institute
(API) oil-water separators used in oilfields, with further generating issues in the oil-water
separation process. The discharge of toxic PW can have a detrimental effect on fresh and
brackish marine life, and its treatment in an economical way can be challenging because
of the presence of high salinity and a large oil content. Therefore, efficient treatment meth-
ods are needed for PW before its disposal. An efficient treatment enables the beneficial
recycling and reuse of a huge volume of PW, which can lead to a reduction in the water
disposal cost along with the mitigation of the potential adverse effects of PW on the envi-
ronment. Several treatment methods such as adsorption, membrane processes, coagula-
tion, gas flotation, biological processes, and advanced oxidation have been explored for
the remediation of PW [5,13]. Among these, membrane processes such as a reverse osmo-
sis (RO) treatment are usually used in combination with other pre-treatment methods for
the efficient remediation and reuse of PW. RO is considered to be a good choice for treat-
ing PW as it possesses properties such as a high rejection rate of colloids and salts [14].
However, before being subjected to the RO process, the pre-treatment of PW is needed
due to membrane fouling and scaling problems. Oil, fine organic compounds, and other
pore-blocking colloids present in PW cause the issue of membrane fouling [15]. The prob-
lem of scaling is caused by the deposition of CaCOs and CaSO4.2H20, which are mostly
responsible for scaling in membranes. Complications such as a hindrance to the permeate
flow, irreversible pore plugging, an increased pressure drop, and physical damage to the
membrane are the consequences of scaling [16]. It has also been observed that the mem-
brane surface charge was decreased due to calcium ions, which led to a reduction in the
solute rejection [17]. Therefore, attention to the scaling issue is needed as it significantly
affects the operation of the RO process. To solve these issues, a pre-treatment by coagula-
tion prior to the RO process has been recommended to enhance the treatment of PW and
the life span of the used membrane [18].

Coagulation is one of the most conventional pre-treatment methods used for the pu-
rification of PW. Many recent studies have shown the effectiveness of coagulation tech-
nology for the treatment of wastewater [19]. The presence of a chemical agent destabilizes
the colloidal particles, causing them to be suspended in water. Later, these individual col-
loids aggregate and grow in size, followed by their settlement at the bottom. The coagu-
lant can be synthetic or natural and has a positive charge that combines with the
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negatively charged impurities in the water, ultimately causing their settlement and re-
moval [20]. Various studies have been carried out on the treatment of PW using different
coagulants such as lime [21], polynuclear polymers [22], calcite [23], and ferric ions [24].
Coagulation has been shown to successfully remove suspended solids and turbidity; how-
ever, its efficiency depended on the colloids, pH, temperature, dose, and type of coagu-
lants [25]. Coagulation is a preferred method because of its easy operation, economic via-
bility, low energy demand, reduced environmental impacts, and high removal efficiency
[26,27]. Coagulation can be employed as a pre-treatment technology in combination with
other advanced treatment methods for the efficient treatment of complex PW.

In this study, we explored the effectiveness of different coagulants and compared
them in terms of the treatment efficiency and cost. We used real PW from the Gulf region
and explored the effectiveness of commercially available coagulants for its pre-treatment.
As PW is highly complex and generated in huge quantities, we investigated a cost-effec-
tive coagulant for the pre-treatment of PW. The pre-treatment PW could be further sub-
jected to a secondary treatment to minimize the organic load and its complexity. A total
of five different coagulants —namely, ferric chloride (FeCls), sodium sulfide (Na:2S), chi-
tosan, aluminum potassium sulphate (AIKSOs), and magnesium oxide (MgO)—were
tested and analyzed for their efficiency in the remediation of PW. The effect of the coagu-
lant dose on the removal of solids has been studied for its potential application as a pre-
treatment method on a large scale. The cost of the treatment of the produced water using
the five coagulants was evaluated to understand the potential practical implementation.
The outcomes gave an insight into the activity and convenience of different coagulant
materials for PW treatments.

2. Materials and Methods
2.1. Chemicals and Materials

The real produced water sample was provided from an undisclosed oilfield located
in the Middle East. The sample was collected and stored in a refrigerator throughout this
study. Ferric chloride (98.5%) and magnesium oxide (97%) were provided by Alpha
Chemika, India. Sodium sulfide (60%) was purchased from S.D. Fine-Chem Limited, In-
dia. Aluminum potassium sulphate (99%) was obtained from Loba Chemie, India. Chi-
tosan powder, a natural fiber derived from the ocean, was purchased online (Mystic Mo-
ments). All the coagulants used in the present study were not further modified and used
as received.

2.2. Coagulation Experiments and Analytical Methods

A glass reactor (9 x 7 cm) was used to perform the batch-scale coagulation experi-
ments. Different coagulants were added to the PW (50 mL) and kept for rapid mixing
using a magnetic stirrer (5T10, 220 V, Didactic Systems and Technology, Al Ain, UAE) for
30 min. After mixing, the flocs were allowed to settle for a few hours; the supernatant
sample was then carefully separated using a pipette and characterized. A similar proce-
dure was followed for all the coagulants used in this study. The influence of the coagulant
dose variation was studied for the treatment of PW. All the experiments were performed
in triplicate and an average value was reported. An analysis of the PW samples before
and after their coagulation treatment was performed for their electrical conductivity (EC),
salinity, and total dissolved solids (TDS) using a conductivity meter (Laqua Horiba, PC
1500). The pH was measured using a pH meter (Extech, China). The turbidity of the sam-
ples was measured by using a turbidity meter (Lutron TU-2016). The total suspended sol-
ids (TSS) were estimated using Hach Lange DR 3900 equipment.
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3. Results and Discussions
3.1. Characterization of PW

The PW obtained from the oilfield site was characterized for its properties so that a
comparison could be made after its coagulation treatment. The results of the PW charac-
terization are summarized in Table 2.

Table 2. Characteristics of PW.

S. No. Parameter PW Composition
1 pH 7.8
2 Electrical conductivity (mS cm™) 151.2
3 Salinity (parts per thousand) 90.8
4 TDS (g L) 80.8
5 Turbidity (NTU) 6.6
6 TSS (mg L) 22

3.2. Treatment of PW Using Ferric Chloride

Upon addition to water, a dissociation of iron salts takes place and reacts to generate
hydrolysis products. These hydrolysis products form coagulant species, which are re-
sponsible for the removal of turbidity and color from wastewater [28]. The hydrolysis of
ferric chloride leads to the formation of monomers, dimers, trimers, and polycations with
24 Fe atoms in a 3-FeOOH structure [29]. In this study, a raw PW sample was subjected
to a coagulation treatment using the most common coagulant, i.e., ferric chloride. Differ-
ent concentrations of FeCls (0.1, 0.2, 0.3, and 0.4 g L-') were added to the PW. The effects
are represented in Figure 1. With an increase in the concentration, a drop in the pH of the
solution was observed. At 0.1, 0.2, 0.3, and 0.4 g L' FeCls, the pH of the PW solution was
observed to be 4.5, 2.19, 2.07, and 1.63, respectively. Once the coagulant was added, a
sudden drop in the pH was observed, i.e., from 7.8 to 4.5, with a further reduction upon
an increase in the coagulant dose. A similar reducing trend of pH was also observed with
an increase in the FeCls concentration as the coagulant hydrolysis exceeded the buffer
capacity of the solution [30]. No attempt was made to alter the pH of the solution as, on
an industrial scale, a pH adjustment for a large volume would require additional care and
cost. The effect of the FeCls dosage on turbidity, TSS, TDS, and salinity reduction was
studied. The maximum treatment was observed at a FeCls dose of 0.2 g L1 (74.3% removal
of turbidity, 91% removal of TSS, 57.5% removal of TDS, and 67.5% removal of salinity).
A further increase in the FeCls dosage did not lead to a better degradation efficiency. The
concentration of the coagulant must be proportional to the present colloidal quantity. If
the coagulant dose exceeds the required quantity, the restabilization of particles occurs
due to a charge reversal on the colloids [31]. At the optimum coagulant dose (0.2 g L),
lower residual turbidity and better removal efficiency were observed, as also previously
reported in [32].
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Figure 1. Effect of ferric chloride on the treatment of produced water.

3.3. Treatment of PW Using Sodium Sulfide

The utilization of Na:S is an option for wastewater remediation due to its non-toxic
nature and excellent chemical properties [33]. The wide application of Na:S as a reducing
agent [34], surface cleaning agent [35], depressant for rutile and zircon [36], sulfurizing
agent [37], and chemical coagulant [38] has been extensively explored. When Na:S is
added to wastewater, it neutralizes the negative charge present on the suspended solids.
After this reaction, the suspended particles aggregate and form slightly larger particles,
which can easily be separated [39]. In the present study, different concentrations of so-
dium sulfide (0.2, 0.3, 0.4, and 0.5 g L") were added as a coagulant for the treatment of
PW, which led to a significant reduction in the solids (Figure 2). Even though PW is a very
complex mixture, 0.4 g L' NazS resulted in an 86%, 53%, 60.6%, and 66% removal of TSS,
TDS, turbidity, and salinity, respectively. The highest turbidity removal (86.3%) was ob-
served at 0.4 g L' Na:5. However, 0.3 g L' Na:S also showed a comparable removal of
TSS (77.2%), TDS (58.4%), turbidity (72.7%), and salinity (68.7%). As the highest TSS re-
moval was achieved at 0.4 g L, it was considered to be the optimum coagulant dose. Na25
was previously reported to be efficient for removing heavy metals [40] and nickel from
pickling and electropolishing processes [41]. A slight increase in the pH was observed
with an increase in the concentration of sodium sulfide, which might have been due to the
hydrolysis of a strong base salt. A similar pH rising trend was seen upon the addition of
NazS in a previous study [41]. However, a major concern associated with Na:S is its cost,
and, at a low pH, it might lead to the formation of H2S. However, if the solution pH is
adjusted to 8 with the existence of Na:S, the generation of HzS can be prevented [42]. In
our study, the pH of the reaction solution was above 8 after adding the coagulant; hence,
the chances of toxic gas formation were very low.



Water 2023, 15, 464

6 of 12

100

22 Tss [l TDS B Turbidity B8 Salinity

»11.2
P ]
(=d KXXD 3
PS] %
Q\ 1R KRR
~ RXK] KXY
K55 5%%!
R3] B
— IXXX] P
© o203 R
XX 90%%
RS 50005 e
> Ko o 3%
’7’0’0‘ P X P" “4
KX 9595% oo
K55 e%e%!| RSN
s o%e% RRXY Se%0%
%% o KX RS 0,
0% 204 So5o% 200% o205
R k] oo 23255
) K i o 2
K] KX R B
92058, So%e% BRI b
[ k] B e o
KA. - (XX %6%6% [(Yo%e%!

R3S

el

R
R
22
’.‘
X
RS
SRR
T
00K
ptotolele
e
RRR
0,600
i2elolole

KX
-
9
X
X5
=
X
2555

XX

TR
SRR
D 0.9,

TS
=
R
5,
9383
oS
R
258

XXX

32
0.0

>
XX
X
%
R
XXX
505
9.9,
3>
X
%5

3

T
&
3
%
%5
5

..
X
9.

e,

oo
X
Zs

<
35

R

i
i

”§§§E§E§E§E§§§§'

,
S
(X

%,

5

TS
3
X5
—
P
X
s
&

&
2
>
35
S
KX

el
K>

0.2 0.3 04 0.5
Na,S dose (L)

Figure 2. Effect of sodium sulfide on the treatment of produced water.

3.4. Treatment of PW Using Chitosan

Chitin is one of the most abundant biopolymers worldwide and comes in second
place after cellulose. The raw material chitin is extracted from shellfish sources (shrimps
and crabs) [43]. The alkaline deacetylation of chitin produces chitosan, which is a partially
deacetylated polymer. Chitosan is a linear chain copolymer of d-glucosamine and N-ace-
tyl-d-glucosamine. Chitosan possesses unique properties when compared with other bi-
opolymers such as the presence of primary amino groups. It is a compound of commercial
interest due to the presence of a high nitrogen content in comparison with cellulose [44].
Chitosan has gained attention due to its coagulation properties in the field of wastewater
treatments [45]. Chitosan is capable of performing coagulation as well as flocculation and
has properties such as a long polymer chain and a high cationic charge density. It is also
capable of bridging aggregates in neutral or alkaline pH conditions. These properties of
chitosan can be advantageous for the removal of organic and inorganic suspensions and
even for the removal of dissolved organics. The advantages chitosan has over chemical
coagulants are its eco-friendly behavior, biodegradability, non-toxic nature, efficient che-
lation behavior, and low cost [46].

In the present investigation, an optimum chitosan dose of 0.2 g L' led to the 86%,
79%, 82%, and 66% removal of TSS, TDS, turbidity, and salinity, respectively (Figure 3).
When the chitosan dose was increased above the optimum concentration, a decrease in
the TSS value (73% at 0.3 g L' and 59% at 0.4 g L) was observed, which could be at-
tributed to the reversal of the surface charge and the restabilization mechanism [47]. It
was observed that adding chitosan did not significantly alter the original pH of the reac-
tion solution. The results obtained under an optimum concentration showed that chitosan
could be used as a coagulant for the efficient treatment of PW, resulting in an effective
TSS removal from palm oil mill wastewater [48].
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Figure 3. Effect of chitosan on the treatment of produced water.

3.5. Treatment of PW Using Aluminum Potassium Sulphate

Aluminum potassium sulphate, commonly known as potash alum, was used to treat
PW at different concentrations. Potash alum is a very common coagulant used widely due
to its relatively low cost and ready availability. A 0.1 g L-! optimum dose of potash alum
resulted in the 77%, 70%, 88%, and 54% removal of TSS, TDS, turbidity, and salinity, re-
spectively (Figure 4). When this coagulant is added to PW, Al ions rapidly hydrolyze to
form different metal hydrolysis species. These cationic species are adsorbed onto nega-
tively charged particles and neutralize the charge, which results in the destabilization of
the particles and aggregation occurs [49,50]. The pH of the reaction solution after the ad-
dition of the coagulant at different doses was observed to be in the range of 5 to 5.5. If the
pH increases from 8, aluminum exists in the form of Al(OH)4 ions. These ions can reduce
the treatment efficiency due to electrostatic repulsion between the negatively charged im-
purities present in the wastewater and AI(OH)4~ ions [31].
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3.6. Treatment of PW Using Magnesium Oxide

MgO is widely used in the remediation of wastewater due to properties such as its
strong adsorption potential and large activate surface. When MgO was used as a coagu-
lant for the treatment of PW, an almost complete removal of turbidity was achieved. At a
0.2 g L' MgO concentration, a 99%, 70%, 93%, and 52% removal of TSS, TDS, turbidity,
and salinity was observed (Figure 5). It was previously reported that, under alkaline con-
ditions, MgO generates a complex molecular structure of MgO and Mg(OH): [51].
Mg(OH):2 can dissociate and form colloid particles of positive electrons surrounded by
OH- ions, which can aggregate with the PW impurities [52]. The pH increased from 7.8 to
10 when MgO was added to the reaction mixture. A similar rising trend of pH was also
previously reported when MgO was used as a coagulation treatment [53].
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Figure 5. Effect of magnesium oxide on the treatment of produced water.

3.7. Cost Comparison of Different Coagulants

The cost is a critical factor in determining the practical consideration of any existing
or innovative technologies. For the successful commercialization of a process, the coagu-
lation process must significantly reduce the cost of the treatment to remove the dissolved
organics from the produced industrial water. In the case of a coagulation treatment, the
overall expense of the treatment includes the cost of the catalyst required to achieve the
desired removal of the dissolved organics in the produced water. However, it does not
include the cost of the light source, start-up of the process, electricity, labor, and mainte-
nance. The cost of the treatments of the produced water using the five coagulants was
evaluated. The results are summarized in Table 3.
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Table 3. Summary of cost assessment for the treatment of produced water using the various coagu-
lants.

Coagulants
FeCls Na:S Chitosan AIKSO: MgO
Coagulant dose used (mg L) 200 400 200 100 200
Coagulant dose used (kg 10 m) 200 400 200 100 200
Commercial COSL ;fl;:oagulants (USD 0.02 0.09 02 019 0.6
Cost of treatment (USD m3) 4 36 40 19 120
Removal efficiency (%) * 74.25 69.5 82.5 73.5 84.5
Treatment cost efficiency 5.38 51.7 48.4 25.8 142.0
(USD m= %) ** @) 4) ©) ) Q)

Note: * Total solids (TS) removal efficiency was used as a water quality parameter. TS was calculated
by taking the average of TSS and TDS removal efficiencies. ** Values in brackets signify the ranking
score by the cheapest treatment per unit TS removal efficiency (%).

The coagulants were ranked in terms of their feasibility by considering their com-
mercial cost and treatment performance for PW. According to the removal of total solids
and starting with the most desirable coagulant for PW, the coagulants were ranked as
follows: FeCls, AIKSOs, chitosan, Na:S, and MgO. The best removal of all the measured
water quality parameters was achieved by FeCls (74.25%), which cost USD 4 per m= of
produced water. However, it should be specified that other operating costs (such as the
sum of the energy consumption, land requirement, labor, and maintenance costs) were
not considered, which do not particularly depend on the initial organics in the produced
water, but instead on the specific characteristics of the water quantity and energy/labor
prices of each case study.

4. Conclusions

In this study, we utilized widely and commercially employed coagulants for the co-
agulation treatment of oilfield-generated produced water. Among the utilized coagulants,
the most desirable coagulant produced was FeCls, followed by AIKSOs, chitosan, Na:S,
and MgO. The findings of this study demonstrated the advantage of the coagulation treat-
ment of produced water with a high removal efficiency (close to 74% TS removal) and a
nominal treatment cost. The treated water could undergo further treatment steps to be
reused or recycled for various applications. Considering the treatment cost, current com-
mercial prices were used for the coagulants whereas the energy consumption, labor, and
maintenance costs were not considered. The economic and environmental benefits from
this study suggest the great potential of coagulation as a pre-treatment technology for
oilfield-generated produced water. If a secondary treatment of coagulation for pre-treated
PW proves to be highly efficient, it will be helpful for the treatment of the huge volumes
of PW being generated. Future studies should focus on the generated sludge and its char-
acterizations as well as the post-treatment methods to polish the produced water. The
management of the sludge volume and handling costs could signify the total operational
costs associated with the commercial application of coagulation treatments at on-site and
industrial facilities.
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