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ORIGINAL RESEARCH ARTICLE Aqueous phase salinity has a major effect on the quantity of carbon
dioxide trapped by solubility trapping and may also affect mineral
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Phase Salinity 0.02 wt (20000 ppm) respectively. Result shows a decrease in the moles of

carbondioxide solubilized with anincrease in brine salinity level.Increase in
brine salinity decreases the moles of carbon dioxide converted to aqueous
ions and dissolution in resident brine. There was an increase in the rate of
Kaolinite precipitation, Calcite precipitation and a decrease in the rate of
Anorthite dissolution with increase in duration of carbon dioxide injection.
The mineral mole changes for Anorthite increases with level of salinity and
decreases with duration of carbon dioxide injection. Moreover, Calcite
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with duration of carbon dioxide injection. Calcite and Kaolinite decreases
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1. Introduction

Carbon dioxide (CO, is the major
greenhouse gas (GHG), that arises mostly from
the consumption of fossil fuels. Indisputably,
sensible environmental difficulties such as
climate changes and an increase in the global
surface temperature are as a result of a rise in
carbon dioxide emission (Abas and Khan, 2014;
Olajire, 2018; Venkatraman and Alsberg, 2017,
Liu et al., 2018; Singh, 2018). Geological carbon
storage is one of the most promising strategies
to decrease anthropogenic carbon emissions by
trapping the carbon dioxide from big stationary
sources and depositing it into deep geological
formations (Pruess et al., 2003).

Among the numerous sorts of prospective
storage locations, saline aquifers have
been identified with the biggest storage
capacity(Zhang et al, 2016).Generally carbon
dioxide should be injected at depths below 800
m, where formation temperature and pressure
would preserve the carbon dioxide in a dense
supercritical phase (Pruess et al., 2003; Pentland
et al, 2011). The brine-carbon dioxide density
difference can then migrate toward the surface
vertically. The movement can be minimized and
carbon dioxide can be inhibited from leaking to
the atmosphere via four basic trapping strategies,
namely structural trapping (Hesse et al.,, 2008;
Naylor et al,, 2011; Iglauer et al., 2015), residual
trapping which relies on the capillary forces
(Pentland et al., 2011; Iglauer et al., 2011; Krevor et
al.,2015;Rahman et al., 2016), dissolution trapping
(Spycher et al., 2003) which is a function of carbon
dioxide-brine interfacial area (Kumar et al., 2005)
and mineral trapping (Xu et al, 2004; Gaus,
2010) which is a factor of the chemical reactions
between reservoir rock mineralsfluids and the
injected carbon dioxide (Xu et al., 2003; 2005).

The permanent storage of carbon dioxide
in saline aquifer is connected with mineral
trapping (Pruess, 2003; Gunter et al., 2004), where
dissolved carbon dioxide reacts with the minerals
present in the formation rock and with cations
present in the pore water to form stable mineral
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precipitates, which bind injected carbon dioxide
more tightly into the aquifer.

These geo-chemical reactions becomes the
trapping processes for the injected carbon
dioxide in saline aquifers and rely on a number of
parameters, including the existing pressure and
temperature of the formation, the mineralogy
of the formation rock and the composition and
salinity of the resident brine (Gaus, 2010).

During carbon dioxide storage, solubility and
mineral trapping processes are connected in
which solubility in brine have an impact on the
rate of mineral trapping. As example, the higher
the solubility, the more carbon dioxide that
can react with formation minerals (Bachu, 2016;
Kolster et al.,, 2018). Significantly, brine salinity
has an effect on the amount of carbon dioxide
trapped by solubility trapping (Saraji et al,
2014; Al-Yaseri et al., 2016; Arif et al., 2016a) and
may positively or negatively influence mineral
dissolution and precipitation. Carbon dioxide
solubility in brine has been shown to decrease
with increase in brine salinity (Al-khdheeawi et
al, 2017; Al-khdheeawi et al.,, 2018). Kumar et
al. (2020) opined that increase in brine salinity
decreases the storage efficiency and mass of
carbon dioxide dissolved in the aqueous phase
but nosignificance effect on mineral precipitation
in carbonate formation.

The objective of this study is to analyze the
impact of different brine salinity level on carbon
dioxidedissolution, carbon dioxide aqueousions,
mineral moles changes, carbon dioxide trapped
for different mineral types (Anorthite, Calcite, and
Kaolinite). CMG-GEM was used to built a three
dimensional geological model of the aquifer
and PR1978 EOS used for the thermodynamic
properties evaluation. An injector well was built
and completed in three layers at the bottom of
the model and shut in after 10 simulation years
of carbon dioxide injection and fate monitored
for 190 simulation years. Then, the base model
for water with no salinity was initiated and three
models simulated for three differentsalinities and
compared for the carbon dioxide mineralized for
three different mineral types.
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2. Methodology

2.1.Simulation and Input Data

CMG simulator and data on Aquifer properties
(Aquifer depth, thickness , width, and length, Rock
compressibility, Initial temperature and pressure,
Permeability and porosity), Rock physics functions
(saturations and phase relative permeabilities),
Fluid properties (Methane and Carbon dioxide
fractions, Aquifer temperature, Aquifer salinity),

Injection well (Grids well completion, Well radius
and skin, Maximum Bottom-hole pressure,
Maximum injection rate), Mineral properties
and kinetic parameters (Rate constant, Reactive
surface area, Activation energy, Molecular weight
and initial volume fraction) were used and
presented in (Table 1to Table 6).

Table 1. Aquifer Properties for the Initial Condition (Khan et al., 2015)

Property Value
Aquifer depth 1265 m
Aquifer thickness (z direction) 300 m (10x30)

Aquifer length

2100 m (30x70)

Rock compressibility 4.5x107 per kPa
Initial reservoir temperature 45°C
Initial reservoir pressure 12400 kPa
Permeability 165 mD
Porosity 0.21
Gas/Water contact 1250 m

Table 2. Data for GEM Fluid Model Creation (Khan et al., 2015)

Component Mole fraction
CH, 0.999
Co, 0.001
Aquifer temperature 45°C

Aquifer salinity

10000 ppm (base case)

Table 3. Properties and Kinetic Rate Parameters for Minerals (Khan et al., 2015)

Rate Constant

Reactive Surface Activation Energy Molecular Weight

Initial Volume

I mol/m?. s Area m¥/m? J/mole g/mol Fraction
Calcite -8.78 88 41870 100 0.0088
Anorthite -12 88 67830 278 0.0088
Kaolinite -13 17600 62760 258.1603 0.0176
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Table 4. Water Relative Permeability Data

Sw Krw Krow
0.20 0.0000 1.0000
0.30 0.0002 0.5862
0.40 0.0039 0.3164
0.50 0.0198 0.1526
0.60 0.0625 0.0625
0.70 0.1526 0.0198

0.8 0.3164 0.0039

0.9 0.5862 0.0002

1 1.0000 0.0000

Table 5. Gas Relative Permeability Data

Sg Krg Krog
0.05 0.0005 0.7725
0.1 0.0037 0.5862
0.2 0.0273 0.3164
03 0.0857 0.1526
0.4 0.1875 0.0625
0.5 0.3357 0.0198
0.6 0.5273 0.0039
0.7 0.7537 0.0002
0.8 1.0000 0.0000

Table 6. Parameters of the Injection Well (Khan et al., 2015)

Property Value
Grids well completion (I J K) 15, 15, 8-10
Injection duration 10 years
Well radius 0.0762 m
Skin 0
CO, mole fraction 1
Maximum Bottom-hole Pressure 28300 kPa
Maximum injection rate (SC) 89200 m*/day

2.2.Transport Equation for Mineral and
Aqueous Phase
The simulations were performed using the  equations are given in equation (1), (2), (3) and (4);

commercial compositional generalised equation For the components of the gaseous phase,
Of state simulator (CMG'GEM) The goveming the mass balance equation is given byl
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For the components in the aqueous phase;
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=V.|————
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w
For the minerals;

ONgm
ot = Okmmn

Where o, is mineral reaction rate, p, is
density of gas, p,, is density of water, p_,, is
capillary pressure between water and gas, J,,
is diffusion/dispersion of gas component, J,_ is
diffusion/dispersion of aqueous component,
N, is the number of moles of gas component
i per grid volume, g is well molar flow rate of
gas component, m,,, is the mole fractions of
gas component i in gas phase, m,, , is the mole
fractions of gas component i in aqueous phase,
m,,,, is mole fraction of aqueous component
i in aqueous phase, o, , is reaction rate
between gaseous and aqueous component,

is reaction rate between aqueous and
aqueous component, a,,,. is reaction rate
between aqueous and mineral component, & is
permeability, k,, is gas relative permeability, &,
is water relative permeability, ¢ is time step, and
z is depth and p is water pressure.

O-ia, aq

The first terms at left hand side of equations
(1), (2) and (3) represent the accumulation.

The first and second terms at the right-
hand side of equations (2), and (3) describe
convective and diffusive transport respectively.
g in equations (1) and (2) are the flow rates and,
in this study, represent the CO, injection rate.

The mineral dissolution/precipitation due to
chemical reactions with the components forming
the aqueous phase in equations (3) is governed by:

Ri = Aiki (1 — Ql) (4)

keq,i

Where 4, is reactive surface area for mineral i,
k;, is reaction rate constant, Q, is activity product
of mineral reaction /, and k,,, is the equilibrium

9 |

pwkkrwmig,w

) (Yp + VPewg — pweY2) + V.Jig + Oigaq +q (1)

w

) (Vp - prVZ) + V-]ia + Uia,aq + aia,mn + q (2)

constant for mineral reaction.

The numerical method adopted for solving
the above governing equations was the finite
difference method with the adaptive-implicit
discretisation. Newton’s method was used to
solve the equations describing the flow, the
phase equilibrium, the chemical equilibrium and
the mineral dissolution and precipitation rates.

Geochemical reactions

i. Intra-aqueous chemical equilibrium reactions

COZ(aq) + H20 = H+ + HCO:):_
CO?~ + H* = HCO3

OH™ + H* = H,0

ii. Mineral reactions

Calcite + HY = Ca®* + HCO3

Anorthite + 8H* = Ca™ + 2A1*** + 25i0;(4q) + 4H,0

Kaolinite + 6H* = 5H,0 + 2Si0(aq) + 241+

Koalinite: A1,Si,0,(OH),
Calcite: CaCO,
Anorthite: CaAl,Si,Oy

2.3.Simulation Approach

We used CMG-GEM and built-in grid building
module “Builder” to generate the geological
model of the aquifer. A three (3) dimensional
homogeneous aquifer model of dimensions
30x30x 10 (9000 grid blocks) and block width of
70 mwas built. The generated grid was populated
with petrophysical, grid and rock properties with
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the data presented in (Table 1). Data in (Table 2)
and (Table 3) were used for the calculation of
the properties of CH, and CO, (critical pressure,
critical temperature, acentric factors and binary
interaction coefficients) and the mineral species
present in the aquifer at initial condition with
PR1978 selected as the EoS for thermodynamic
properties calculation. The aquifer was assumed
to be completely saturated with reservoir brine
and has an insignificant concentration of trace
gas (methane gas). Li-Nghiem’s model was
used for the calculation of Henry’s constant for
gas solubility in brine. The created fluid model
was imported into the component section of
GEM data file. Relative permeability data in
(Table 4) and (Table 5) were used to define the
relative permeability curves and the model was
initialized with water-gas contact set at 1250 m
above the reference depth which gave a model
fully saturated with brine. Gas cap was initialized
with supercritical CO, fraction of 0.001 and CH,
fraction of 0.999 respectively.

Start

Simulation grid block
creation and grid properties
specification (grid top,

Journal of Gas Technology . JGT, Volume 9/ Issue 1/ 2024

An injector well ‘CO,_INJECTOR’ was
completed in three layers at the bottom of the
model with the data presented in (Table 6). Pure
supercritical CO, was injected at a maximum,
constant surface gas rate of 89200 m*/day with
a bottomhole injection pressure limit of 28300
kPa for 10 years. The injector was shut-in after
10 years of CO, injection with the CO, fate
monitored for 190 years. The base case model
for pure water (zero salinity level) was initiated
and three models with similar rock and fluid
characteristics simulated for different salinity
of 0.01 wt (10000 ppm), 0.015 wt (15000 ppm)
and 0.02 wt (20000 ppm) in terms of NaCl
concentration as brines and modeled with
assumption that the total salinity is due only to
Na+ and Cl- ions. The simulation work flow is
shown in (Figure 1).

The 3D visualization of the reservoir model
for case with no salinity, 10000 ppm, 15000
ppm and 20000 ppm salinities are presented in
(Figure 2), (Figure 3), (Figure 4) and (figure 5).

Fluid model Relative

Fluid model creation in
WINPROP i S a e
> o, importation into permeability data
thickness, PermX, PermY, . - GEM data file entry
composition)

PermZ, Poro etc.)

Model Initialization

Well definition (grid block
location, injection

and validation

constraints, injection fluid
composition entry

! ¥

Simulation run for
the base model
(pure water)

Simulation runs
considering different
aqueous phase salinity

g Compare the
amount of CO2
mineralized

Figure 1. Simulation Work Flow
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3. Results and Discussion
3.1. Amount of CO, Dissolved in Water

The amount of CO, dissolved in resident injection phase for each resident time. The CO,
brine for pure water is presented in (Figure 6).  dissolved in moles increases with time (duration
Result reveals that a higher number of moles  of injection) and decreases with increase in level
solubilised in the post-injection phase than the  of salinity. There was a significant difference in
injection phase. The number of moles dissolved  the CO, dissolved for each level of salinity with
in the post-injection phase doubles the increaseintime.

9e+09 -
8e+09 - )
Te+09 - __...—""--‘-:-:':‘.‘: ,,,,,,,,
3 6e+00 - e e
£ e
U P I et St
oy T T
: e [
5 4e+09 - T T e e g
Q oy T _ 1ooooppm
o .
O 3e+09 - =
% e [ R 20000ppm
2e+09 -
1e+09 -
[} 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000 65000 70000

Time (day)

Figure 6. Aqueous Salinity on CO, Dissolution
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3.2. Amount of CO, Converted to
Aqueous lons

The amount of supercritical CO, converted
into aqueous ions, O, is shown in (Figure 7).
For zero salinity level, a lower number of moles of
CO, were converted to €O, and later increases
by one and half times the moles at 200 years.
Increase in the salinity level with duration of

injection decreases the level of CO, conversion

Journal of Gas Technology . JGT, Volume 9/ Issue 1/ 2024

to aqueous ion. There was no much difference
between the CO, aqueous ions converted with
increase in level of salinity for each salinity. The
change in the CO, aqueous ions was almost the
same with increase in time (duration of injection)
for each level of salinity. There was a continues
uniform trend for all the level of salinity with time.

3.3e+09
3eH00 4 e e T T L T et e ot T T
2.7e+09 -,-_’_E:'_"'-:-'_':".—E.-.'_-.'.:-.:-_'.-.-:.-. Tt T T T -
="
T 2.4e+09
E
2 2.1e+09
o
> 1.8e+09
=
8 1.6e+09 Zero salinity
g -== 10000ppm
8 1.2e+09 —.—. 15000ppm
O  9e+08 —-= 20000pplj1
6e+08
3e+08
0 i
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000 65000 70000

Time (day)

Figure 7.Aqueous Salinity on CO, Conversion to Aqueous lons

3.3.Changes in Rock Mineralogy

The beginning of injection was characterised
by saturation of the injected CO, through
brine displacement away from the wellbore.
Dissolution of CO, within formation water occurs
through mass transfer from CO, phase to aqueous
phase whenever the two phases are in contact.
The dissolved CO, dissociates into ions, H* and
bicarbonate, HCO3 and the process continues as
long as there was free CO, phase and results in
increasing HCO5. The ions result in acid solutions
and the possibility of attack on the initial minerals
present in the formation. Resident minerals begin
to dissolve as long as there is enough H* and
generate ions (Ca’* from Anorthite and Calcite,
AP* from Anorthite and Kaolinite) in the system.
The generated ions from the mineral dissolution
process combined with bicarbonate HCO; and
precipitate Calcite and Kaolinite.

3.3.1. Mineral Mole Changes (Anorthite)

Changes in rock mineralogy for CO,
injection in resident brine in the presence of
various aqueous phase salinity for Anorthite
are shown in (Figure 8). There was dissolution
in mineral mole changes for Anorthite. The
dissolution of Anorthite continue until the
dissolutions of the other minerals (Calcite and
Kaolinite) provide excess calcium ions (Ca?),
which reverses the process to precipitation.
There was a decrease in the moles of Anorthite
dissolved from the injection to post-injection
phase. Increase in the duration of injection
decreases the mineral mole changes for each
level of salinity. Increase in the level of salinity
increases the mineral moles changes with time.
There was a uniform decline in the mineral
moles changes with increase in duration of
injection.
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Figure 8. Aqueous Salinity on Mineral Mole Changes for Anorthite

3.3.2. Mineral Mole Changes (Calcite)

(Figure 9) shows the mineral mole changes
of Calcite in resident brine of various
salinities. There was continuous dissolution
of Calcite minerals until the dissolution of
Anorthite began to provide excess Ca*" ions
until precipitation occurs. The mineral mole
changes of Calcite after dissolution increases

4e+07

with duration of injection for all salinity levels.
The precipitation of Calcite (mineral mole
changes) increases for all level of salinity with
duration of injection. There was a uniform
trend in the level of precipitation with time.
Increase salinity level decreases level of Calcite
precipitation.
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Figure 9.Aqueous Salinity on Mineral Mole Changes (Calcite)

3.3.3.Mineral Mole Mhanges (Kaolinite)

The total amount of Kaolinite precipitated
in resident brine of different salinities is
presented in (Figure 10). The present of excess
AP* ion from Anorthite dissolution results in
precipitation of Kaolinite. Increase in the level
of salinity decreases the Kaolinite mineral moles

changes with duration of injection. There was a
uniform trend in level of Kaolinite precipitation
with time. There was no significant change
in mineral moles change from each level of
salinity.
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Figure 10. Aqueous Salinity on Mineral Mole Changes (Kaolinite)

3.4. Storage Capacity of CO, by Mineral
Trapping

(Figure 11) shows aqueous phase salinities
level on the storage capacity of CO, by mineral
trapping mechanism.The results indicate a rise
in the process of mineral dissolution during a
period of 10 years of CO, injection, regardless of
the salinity levels. CO, mineral trapped decreases

with increase in level of salinity as shown in
(Figure 11). While 10000 ppm gave the least CO,
mineral trapped, 15000 ppm and 20000 ppm
almost gave the same level of trapping with
increase in duration of injection.
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Figure 11. Aqueous Salinity on CO, Trapping by Mineralization

3.5.Comparison of Carbon dioxide
Converted to Aqueous lons

The carbon dioxide converted to aqueous
ions for different salinity level is presented in
(Figure 12). Increase in salinity level reduces

the moles of carbon dioxide converted to
aqueous ion.
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Figure 12. Carbon Dioxide Converted to Aqueous lons for Different Salinity

3.6. Comparison of Mineral Mole Changes
Due to Precipitation

The level of precipitation of the mineralsfor ~ The precipitation level of Kaolinite is about
different salinities is presented in (Figure 13).  six(6) times the Calcite while Anorthite did not

Kaolinite has the highest precipitation level.  precipitate but dissolved.
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Figure 13. Precipitation Level of Minerals

3.7.Mineral Mole Changes Due to
Dissolution (Anorthite)
(Figure 14) shows the mineral dissolution =~ The composition of the mineral is a vital factor
level at different salinities. Increase in salinity ~ for dissolution tendencies.
decreases the level of dissolution for Anorthite.
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Figure 14. Mineral Dissolution Level

4. Conclusions

In this work, Numerical simulations were
conductedusingdifferentsalinity concentration
and model outputs were compared to evaluate
the affects of salinity concentrations on carbon
dioxide sequestration by mineral trapping.

The following conclusions were drawn from
the performed analysis:

i. The carbon dioxide dissolved in moles
increases with duration of injection and
decreases with increase in salinity.

ii. Increase in the salinity level with duration
of injection decreases carbon dioxide
conversion to aqueous ion.

iii. Increase in the level of salinity increases
the mineral moles changes for Anorthite
with time.

iv. Calcite precipitation rate decreases with
increase in salinity level with time.

v. Kaolinite mineral moles changes
decreases with increase in salinity
level with duration of carbon dioxide
injection.

15000ppm 20000ppm
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1. Introduction

Reservoir damage is a critical major concern
within the oil and gas industry that has the
potential to have a significant impact on
reducing reservoir productivity (Abdulmutalibov
et al. 2023). In the scope of reservoir stimulation,
matrix acidizing stands out as a crucial technique
employed to improve the productivity of oil
and gas wells (Alvarez et al. 2023). One of the
key factors that considerably influences the
success of acidizing matrix operations is the
careful selection of treatment fluids. The choice
of acidizing fluids can make the difference
between a non-optimal treatment and a highly
effective well stimulation. This article explores
into the critical aspects of fluid selection in
the matrix acidizing process, introducing the
concept of an acidizing fluids selection (McLeod
1984, Mouedden et al. 2022). The acidizing fluid
selection serves as a guide, enabling engineers
and operators to make informed decisions
about the type of acids and additives that will
yield optimal results for a specific reservoir
(Sumotarto 1995, Santos et al. 2022). Navigating
through the complexities of matrix acidizing,
one will explore the factors influencing fluid
selection, the commonly used types of acids and
the role of additives in tailoring the treatment
to the unique characteristics of each well.

Dargi et al. (2023) demonstrated that machine
learning models successfully predicted post-
acidizing permeability changes in oil and gas
wells, with genetic programming outperforming
other models. The study underscores the
potential of genetic programming and machine
learning for accurate post-acidizing permeability
forecasting, aiding in design and improving
production rates. Sidaoui et al. (2018) used a
machine learning model based on rock and HCI
properties to predict optimum injection rates
in matrix stimulation with 90% accuracy. This
streamlined approach improves acid job design
for production engineers and minimizes the
demand for extensive laboratory experiments.

Journal of Gas Technology . JGT, Volume 9/ Issue 1/ 2024

Chavanne and Perthuis (1992) presented a
novel expert system for fluid selection in matrix
treatments, employing a chemistry-driven two-
step reasoning process and providing multiple
ranked solutions. Tested for conformity, the
system offers safe recommendations, improving
field practices and contributing a noteworthy
addition to the literature on fluid selection
advisors in well stimulation. Domelon et al.
(1992) introduced the development of Acid
Expert, a PC-based matrix acidizing expert
system, utilized for designing damage removal
treatments in sandstone formations. The system
improves consistency in recommendations
globally, facilitates timely technology transfer
and considers technical, economic and
product availability aspects for cost-saving
benefits. Blackburn et al. (1990) discussed the
development of acidman, an expert system for
designing matrix acid treatments in oil wells, with
anticipated benefits including rised treatment
success rates and improved cost-effectiveness.

Chiu et al. (1993) explored the challenges of
designing fluid systems for well completion,
proposing expert systems as efficient tools for
advising engineers on selecting base fluids
and additives. It emphasized the necessity of
knowledge representation, inference methods
and user interface in system implementation.
Using Acid Expert as an example, the study
highlights the significance of knowledge
acquisition and user interaction for excellent
product recommendations, ultimately leading
to cost savings and enhanced service quality
in the oil industry. Xue et al. (2012)introduced a
neural network method to predict acidizing fluid
selection and dosages for oilfield applications,
highlighting the complexity of conventional
methods and the demand for a more efficient
solution. Through successful training and
testing, the study illustrates the network’s
ability to forecast optimal fluid systems based
on diverse input parameters, aiming to foster
systematization and intelligence in the oil
industry.
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The aim of this study is to develop an expert
advisory system that accurately and quickly
identifies the suitable acidizing fluid for acidizing
operations, addressing well damages effectively.
This system intends to utilize acidizing fluids and
various acidizing stages to mitigate damages,
ultimately bridging the gap between artificial
intelligence and acidizing. By the end of this
article, readers will gain invaluable insights into
the importance of a well-informed fluid selection
strategy and the tools available to make such
decisions in the field of acidizing matrix.

2. Methodology
2.1. Diverting Agents

Adiverterinwell acidizingis a type of material
or equipment used to control and prevent the
uneven flow of acid or other fluids within the
well. The purpose of employing a diverting

21

agent in this process is to achieve a uniform
distribution of acid in the reservoir structure and
prevent pressure drop due to undesired acid
diversion. Types of diverting agents include: 1)
Gels: gel-forming materials are added to acid
to create a gel that controls the flow of acid; 2)
Polymers: polymers are additives, which added
to acid for increasing viscosity and improving
acid distribution in the reservoir; 3) Foams:
foams are formed by adding gas to acid and
can enhance the direction and distribution of
acid; 4) Particulate diverters: particles such as
carbonates or silica are combined with acid to
act as barriers, diverting the acid flow to specific
points. Diverters are typically used when the
reservoir treatment interval is greater than 20
ft and the reservoir temperature is less than
300°F. As seen in (Figure 1), there are six types of
diverters, which are explained below.

Figure 1. Detection of Diverting Agents Fluid
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2.1.1. Xylene Foam Diverter

In the case of encountering damages
such as mixed deposit, wettability alteration,
emulsion blocking, water blocking, injection
carryover-emulsion, asphaltene and paraffin
in the reservoir, xylene can be used. Xylene is
employed for reducing mixed deposit damage
when the reservoir temperature is below 176°F
and in situations where the target of acid
injection is to treat the wellbore, perforation,
or gravel pack solely in the sandstone reservoir.
Otherwise, other diverting agents are utilized.

2.1.2. Temporary Xlink Acid Diverter

In the case of acidizing on a carbonate
reservoir, if there is a need for a diverting
agent, xlink should be used. The condition for
using this type of diverting agent includes high
water cut in the well or performing operations
near the water-producing zone, along with the
non-acceptance of water and avoiding the use
of nitrogen. If it is not possible to use a foam
diverter, xlink can be used instead.

2.1.3.ViscoelasticSurfactant (VES) Diverter

Completion type with stimPAC (stimPAC is a
type of well completion method used to increase
oiland gas production from oil wells)inan oil orgas
condensate production well can be implemented
when the reservoir temperature is below 250°F
and there is a low water cut in the well. It can also
be utilized when operations are conducted near
the water-producing zone along with the non-
acceptance of higher water cut values.

In addition, VES diverter can be utilized when
the completion type is either an open hole
or a cased hole in a carbonate reservoir with
natural fractures and high water cut in the well,
or operations are conducted near the water-
producing zone along with the non-acceptance
of higher water cut values.

2.1.4. High Temperature Oil Soluble in
Resin/ Oil Soluble in Resin

In the reservoir, when the well produces oll
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or gas condensate at temperatures higher than
200 °F, high temperature oil soluble in resin
diverter is utilized to address damage. This
diverter is used in states with low water cut in
the well and the absence of operations near the
water-producing zone, along with either the
non-acceptance or acceptance of higher water
cut values and the avoidance of using nitrogen.
Regarding reservoirs with temperatures below
200 °F, oil soluble in resin diverter is used.

2.1.5. Sodium Benzoate

In an injection well, if nitrogen is not used
and there is a high water cut in the well, along
with the absence of operations near the water-
producing zone and either the non-acceptance
or acceptance of higher water cut values,
sodium benzoate diverter can be used.

2.1.6. Foam

In the case of performing various operations
near the water-producing zone or observing a
high water cut in the well, when using nitrogen
in the wellbore treatment fluid, base foam
diverters should be used. In the absence of
nitrogen, only in the case of gas-producing
wells, this type of diverter can be used. If a low
water cut is observed in the well in sandstone
formations, only base foam diverters are
employed. In carbonate formations with gas-
producing wells it can be used, however in
other wells when there is no natural fracture in
formation, foam diverters are used.

2.2. Main Fluid, Over Flush and Pre-Flush

2.2.1. Clay Swelling

For the selection of the main fluid, pre-
flush and over-flush in clay swelling damage,
mineralogy needs to be examined, which can
be divided into two categories based on the
amounts of calcite and dolomite: between 20-
40% and less than 20%. If the amounts of calcite
and dolomite are between 20-40% and with
the absence of glauconite, chlorite and zeolite
in the formation minerals, the selection of the
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acidizing fluiddependsonthetemperature.Ifthe
temperature is below 200°F, the recommended
main fluid is HCl 28% and for temperatures
between 200-300 °F, the suggested main fluid is
HCl 15%. If the temperature is higher than 300°F,
the recommended main fluid is HCl 10%.

In the next state, where the content of calcite
and dolomite is less than 20%, the mineral’s
presence in the formation, significantly impacts
the injected acidizing fluid, as illustrated in
(Figure 3). In a situation where only quartz,
calcite and dolomite minerals are presented
in the formation and there is no cement in the
formation, the selection of the fluid depends on
the reservoir permeability and the injected or
produced fluids. Specifically, if the permeability
is less than 20 mD and the produced fluid is
oil or injection fluid, the pre-flush, main fluid
and over-flush will be HCl 7.5%, mud acid 6/1.5
and HCl 7.5%, respectively. For permeability

Effect Glauconite,
Chlorite and Zeolites
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MF: Mud Acid 6/1.5
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between 20-100 mD, if the produced fluid is
oil or injection fluid, the pre-flush and over-
flush fluids will be HCl 10% and the main fluid
will be mud acid 8/2. However, as long as the
produced fluid is gas, the pre-flush and over-
flush fluids will be gas well acid 10% and the
main fluid will be gas well mud acid. For gas
condensate fluids, the pre-flush and over-flush
fluids will be alcoholic acid 10% and the main
fluid will be alcoholic mud acid 8/2.

Finally, providing that the permeability of the
formation is greater than 100 mD, for oil and
injection fluids, the pre-flush and over-flush fluids
will be HCI 15% and the main fluid will be mud
acid 12/3. In the case of gas produced fluids, the
pre-flush and over-flush fluids will be gas well
acid 15% and the main fluid will be gas well mud
acid. For gas condensate fluids, the pre-flush and
over-flush fluids will be alcoholic acid 15% and
the main fluid will be alcoholic mud acid 12/3.
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MF: Mud Acid 9/

1
OF: HC17.5%
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MF: Mud Acid 4.5/
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OF: Alcoholic Acid 10%

Figure 2. Detection of Main Fluid, Over-flush and Pre-flush in Clay Swelling Damage for Sandstone Reservoir
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2.2.1.1. Mineralogy Effect

So long as there are other minerals
except quartz, calcite and dolomite in the
formation, the acid fluid injection depends on

temperature, permeability and produced fluid.

If the amounts of calcite and dolomite is
between 20-40% and the formation includes
mineralssuch asglauconite, chloriteand zeolite,
the acidizing fluid selection is as follows: if the
temperature is lower than 200°F, the main fluid
is HCl 10%, while for temperatures higher than
200 °F, main fluid is acetic acid.

In a state where the amounts of calcite and
dolomite in the formation is less than 20% and
with the presence of minerals such as lllite,
kaolinite, smectite and mixed layer exceeds
30%, or minerals like chlorite, glauconite
higher than 6.1%, or the presence of zeolite is
more than 2.1%, the recommended pre-flush
and over-flush fluid is acetic acid and the main
fluid is organic fluoboric. If other minerals are in
the formation with the percentage of 3-6% of
chlorite and glauconite, also mica, K-feldspar
and Na-feldspar are greater than 10%, with
permeability less than 20 mD, the suggested
pre-flush and over-flush are HCl/acetic 5/5
and the main fluid is mud acid/acetic 6/1/5. In
formations with permeability greater than 20
mD, the pre-flush and over-flush are the same
as in formations with less than 20 mD, but the
main fluid is mud acid/acetic 9/1.5/5.

Another state is in addition to quartz, calcite
and dolomite, the formation also contains
3-6% of the mineral’s chlorite and glauconite.
For formation with permeability less than 20
mD, the recommended pre-flush and over-
flush are HCl/acetic 7.5/5 and the main fluid
is mud acid/acetic 6/1.5/5. When formation
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permeability is greater than 20 mD, the pre-
flush and over-flush are same as permeability
in formations with less than 20 mD, but the
main fluid is mud acid/acetic 8/2/5. In the
next state, when the illite, kaolinite, smectite
and mixed layer are between 10-30%, or mica,
K-Feldspar and Na-Feldspar are greater than
10%, in formations with permeability less
than 20 mD, the recommended pre-flush and
over-flush for oil-producing formation is HCl
5% and the main fluid is mud acid 6/1. For gas
and gas condensate producing formations, the
pre-flush and over-flush are alcoholic acid 5%
and the main fluid is alcoholic mud acid 6/1. In
formations with permeability between 20-100
mD, for oil-producing formations, the pre-flush
and over-flush is HCl 7.5% and the main fluid is
mud acid 9/1.5. For gas-producing formations,
the pre-flush and over-flush fluid are gas well
acid 7.5% and the main fluid is gas well mud
acid. If the produced fluid is gas condensate,
the pre-flush and over-flush are alcoholic acid
7.5% and the main fluid is alcoholic mud acid
9/15.

In the final state, when the impact of
zeolite content is greater than 2.1%, the effect
of permeability is as follows: For formation
with permeability less than 20 mD, the
recommended pre-flush and over-flush are
HCl/acetic 7.5/5 and the main fluid is mud acid/
acetic 6/1.5/5. In formation with permeability
between 20-100 mD, the suggested pre-flush
andover-flush are HCl/acetic 10/5 and the main
fluid is mud acid/acetic 8/2/5. For formations
with permeability greater than 100 mD, the
pre-flush and over-flush are HCl/acetic 15/5
and the main fluid is mud acid/acetic 12/3/5.
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Figure 3. Mineralogy Effect in Acidizing Fluid Selection

2.2.1.2.Cement Effect

The effect of cementation is important,
when the dolomite and calcite content is less
than 20%. In a state that the formation includes
minerals quartz, calcite, dolomite and cement,
the recommended fluid is different from the
situation in which cement is absent in the
formation. The selection of fluid in this case
depends on the permeability of the formation.
For permeabilities below 20 mD, both pre-flush
and over-flush are suggested to be with HCI 5%,
accompanied by mud acid 4.5/0.5, as the main
fluid. In cases with permeability between 20-
100 mD, the recommended fluid for pre-flush
and over-flush is HCl 7.5% and the main fluid is
mud acid 9/1. Finally, for permeabilities greater
than 100 mD, the recommended fluid for both

pre-flush and over-flush is HCl 10% and the main
fluid is mud acid 13/1.5.

In the formation, if the proportion of minerals
such as glauconite and chlorite constituting is
less than 6.1%, or zeolite is higher than 2.1%the
recommended fluid for pre-flush and over-flush
is acetic acid. In formations with permeability
below 20 mD, the main fluid is mud acid/
acetic 4.5/0.5/10, while for permeabilities
higher than 20 mD, mud acid/acetic 9/1/10
is suggested. When the formation contains
glauconite and chlorite in the range of 3-6%,
the proposed pre-flush and over-flush are HCl/
acetic 5/5. For permeability below 20 mD, the
main fluid is mud acid/acetic 4.5/0.5/10 and
for permeability higher than 20 mD, mud acid/
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acetic 9/1/5, is recommended. However, if the
zeolite content is less than 2.1%, the choice of
fluid is similar to the state where the formation
includes glauconite and chlorite in the range of
3-6%, while for permeabilities higher than 100
mD, a different fluid is suggested, with HCI/
acetic10/5, for pre-flush and over-flush and
mud acid/acetic13.5/1/5, as the main fluid. In the
final state, if the formation contains glauconite
and chlorite between 3-6%, along with mica,
K-Feldspar and Na-Feldspar greater than10%,

Cement Effect

Just Quartz, Calcite
and Dolomite

No

Chlo+ Glau >6.1%

PF: HCVAcetic5/5
MF: Mud Acid/Acetic
9/1/5
OF:HCVAcetic5/5

PF: HCVAcetic5/5
MF: Mud Acid/
Acetic 4.5/0.5/10
OF HCVAcetic5/5

Zeolite <2.1%

No

v

PF: HCVAcetic5/5 3%<Chlo+Glau<6%
MEF: Mud Acid/ ma | and
Acctic 9/1/5 |0 = Mica+k-Feld+Na-
OF :HCV/Acetic5/5 Feld>10%

PF: HCV Acetic5/5
MF: Mud Acid/
Acetic5/4.5/0.5

OF :HCVAcetic5/5
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the injection acidizing fluid is similar to the
state when glauconite and chlorite are between
3-6%, but the distinction in recommending
mud acid/acetic 5/4.5/0.5, as the main fluid for
permeabilities below 20 mD.

For carbonate reservoirs, if the calculated
maximum pump rate is greater than zero and
the anticipated pump rate is less than the
maximum pump rate, then the main fluid can
be selected from the available fluids (Nguyen
et al. 2021, Novikov et al. 2022).

4

PF: HC17.5%
= o] MF: Mu(li Acid 9/
OF: HC17.5%

Yes

h 4 h 4
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OF :HCVAcetic5/5 5

Figure 4. Cement Effect in Acidizing Fluid Selection

2.2.2. Emulsion Blocking

In this damage type, if emulsion blocking
occurs without any secondary damage, the
recommended fluid to eliminate this damage is
a multifunctional solvent. If the emulsion phase

is oil outside phase, it is type | and if it is water
outside phase, it is type lll.

If wettability alteration occurs along with
emulsion blocking damage in the formation,
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priority is given to addressing the wettability
alteration damage as a secondary damage. If
wettability alteration is the primary damage,
the fluid selection is the same Irrespective of
whether the secondary damage is emulsion
blocking. In the first stage, the well state should
be assessed to eliminate this damage. If the
well is newly completed or suspected, the
recommended main fluid is the multifunctional
solvent. For another well state, if drilling mud
is water base, the recommended main fluid is
the multifunctional solvent and for oil-based
drilling mud, the recommended main fluid is
the oil mud removal system.

If solids-completion, workover, stim. fluids
damage occurs as a secondary damage
along with emulsion blocking damage in
the formation, to address these damages, in
addition to the fluids mentioned in the clay
swelling damage section, a multifunctional
solvent pre-flush should be used.
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occur along with emulsion blocking damage
is solids - mud (not filter cake) damage. In the
case of using oil-based drilling mud, to address
this damage along with emulsion blocking
damage, a multifunctional solvent pre-flush
and an oil mud removal system main fluid
should be used. If water-based drilling mud is
used and the mud loss is more than 5 gal/ft and
the formation consists of calcite and dolomite is
between 20-40%, the recommended pre-flush
and main fluids are multifunctional solvents
and mud dispersant system, respectively. If the
formation contains less than 20% of dolomite
and calcite, the recommended fluids are similar
to when dealing with clay swelling damage,
with the difference that the suggested main
fluid is mud dispersant. If the water-based
mud with mud loss less than 5 gal/ft, is used,
the recommended fluids are similar to address
clay swelling damage, with the difference that
the suggested main fluid is a multifunctional
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Figure 5. Detection of Main, Over Flush and Pre Flush Fluid In Emulsion Blocking Damage
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2.2.3. Other Damage Types

with regard to (Figure 6), if damage other
than clay swelling has occurred in the formation
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or well, the fluid selection is carried out as
follows:
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Figure 6. Detection of Main, Over Flush and Pre Flush Fluid in another Damage Types

2.2.3.1. Fine Migration

The selection of fluid for eliminating fine
migration damage, such as clay swelling
damage, is recommended in the previous
section. However, if the fine problem is severe,
it is recommended to use a secondary over-
flush such as organic fluoboric to eliminate
this damage completely. Fines migration is not
typically observed in carbonate formation.

2.2.3.2. Polymer

If the reservoir is affected by polymer damage
and the target of acidizing fluid injection is to
treat the wellbore, perforation, or gravel pack,
in addition to the fluids recommended for clay
swelling damage recommended a pre-flush fluid
of 3% NH,Cl for sandstone reservoirand 2% KCl for
carbonate reservoir are recommended. However,
if the purpose of acid fluid injection is to treat the
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matrix, the selected fluid, as recommended for
clay swelling damage, should be used.

2.2.3.3. Mixed Deposition

If the reservoir suffers from mixed deposition
damage, to eliminate this damage if the
formation temperature is higher than 176 °F,
a pre-flush fluid of xylene is recommended
in addition to the fluids mentioned for clay
swelling damage. However, if the temperature
is lower than 176 °F and the target of injection
is to treat the wellbore, perforation and
gravel pack only, the recommended pre-
flush is dispersed HCl 15%, while if the target
of injection is to treat the matrix, an acidizing
fluid injection similar to clay swelling damage
is recommended, with the difference that the
pre-flush in this case is dispersed HCl 10%.

2.2.3.4. Scale and Precipitate Damage

If scale damageis BrSO, or SrSO, and the aimis
to treat the wellbore, perforation, or gravel pack
only,aninjectionscheduleis notrecommended.
However, if the injection objective is to treat the
matrix, the only recommended fluid is the main
fluid scale dissolver (U104). If the scale damage
is because of the NaCl, using fresh water can
potentially eliminate this damage. If the scale
damage is other than the states mentioned,
the recommended fluids in the clay swelling
damage section can be used.

The selection of fluid for eliminating
precipitate damage, if caused by CaF, or K,SiF,
does not recommend any injection fluid.
However, if the damage is because of the Fe(OH),
or SiO, the recommended fluid for addressing
the damage is similar to the one suggested for
clay swelling damage.

2.2.3.5. Bacteria

In oil and gas wells, bacteria can enter
through the water or chemicals injected into
the well. These bacteria can thrive in the well
environment and on the equipment. Some of
these bacteria can cause damage to the well,
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such as producing acid or forming deposits.
Therefore, bacterial damage in oil and gas
wells occurs when bacteria infiltrate the well
and their activities, which leads to various
problems and damage to the well structure.
However, for removing the bacteria damage,
the recommended fluid for pre-flush, over-flush
and main fluid is similar to the fluids used for
clay swelling damage. However, to eliminate
this damage completely, other fluids such
as oxidizer for pre-flush and tubing spacer
including 3% KCl for carbonate and 3% NH,Cl for
sandstone are also recommendedi

2.2.3.6. Asphaltene/Paraffin

If asphaltene or paraffin damage occurs
alone, xylene is injected into the reservoir as the
main fluid to address this damage. However, if
asphaltene or paraffin damage occurs along
with other damage, xylene is used as the pre-
flush fluid along with other selected fluids,
similar to the clay swelling damage and injected
into the reservoir.

2.2.3.7. Injection Carryover

If the injection carryover damage is of the
emulsion type, the selection of an acidizing fluid
is similar to the case where emulsion blocking
damage has occurred alone. Specifically, if the
emulsion phase is oil outside phase the main
fluid is multifunctional solvent | and if the
emulsion phase is water outside phase, the main
fluid is multifunctional solvent Ill. However, if
the damage is of the oil type, it can only be
eliminated with the main fluid multifunctional
solvent |. The injection carryover-formation
solids damage is different from the previous
two cases. In this case, the selection of the fluid
is similar to the clay swelling damage.

2.2.3.8. Water Blocking

Water blocking damage is different from
otherdamages.formitigating thisdamageinany
conditions, only the main fluid Multifunctional
solvent lll can be used.
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3. Results and Discussion

An expert system criterion for selecting
acidizing fluid and eliminating
damage was randomly applied to eight
damages that may occur in the formation.
Among these eight damages, five damages
are related to sandstone reservoirs and three
damages in carbonate reservoirs have been
identified. Damages related to sandstone
formations include three damages associated
with calciteand dolomiteless than 20% and two
damages associated with calcite and dolomite
between 20-40%. As can be seen in (Table 1),
for selecting acidizing fluid to eliminate the
specified damages in sandstone formations,
actions have been taken based on parameters
such as objective,
interval, permeability, temperature, well type,
water cut, nitrogen, emulsion phase and fines
problem. When bacteria damage occurs in
the sandstone formation, if the treatment
interval is greater than 20 ft, a diverter should
be injected. Here, due to the use of nitrogen,
the diverter is foam. In addition to the main

reservoir

treatment treatment

fluid, a secondary pre-flush and tubing spacer
should also be injected in the case of bacterial
damage occurrence. When emulsion blocking
occurs as the primary damage and solid-mud as
secondary damage in the sandstone formation
composed of cement, if the loss of water-
based drilling mud is higher than five and the
well type is gas-injected and nitrogen is used,
the injection fluids to remedy these damages
include initial pre-flush, secondary pre-flush,
main fluid, over-flush and diverters. In this
situation, the emulsion phase parameter also
affects the initial pre-flush. The next examined
sample is mixed deposition damage that occurs
in the sandstone formation when the amount
of calcite and dolomite is less than 20% and
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minerals such as smectite, illite and glauconite
present in the formation. To treat the wellbore,
with a permeability of 45 mD and a formation
temperature of 120°F, the injection fluids are
in order, the main fluid and the diverter. The
next examined damage is swelling damage
accompanied by paraffin, which occurs in the
sandstone formation. In this case, due to a
treatment interval of less than 20 ft, a diverting
agent will not be used. Therefore, considering
the permeability and temperature of the
formation, pre-flush fluid and main injection
fluid are used. The last case for investigation is
fine migration damage along with asphaltene
damage, which occurs during gas production
in the formation. To remedy these damages,
pre-flush, main fluid, diverter and over-flush
are used and xylene is used in this case to
eliminate asphaltene damage, while over-flush
injection is performed due to fine problem.
In the carbonate formation, considering
the entered parameters and the calculated
maximum pump rate, If the maximum pump
rate is suitable, it can determine the injected
fluid in the formation. The damages of polymer,
bacteria, clay swelling and paraffin that have
occurred in the carbonate formation have
been examined. The influential parameters on
the selected fluid are reservoir information,
treatment interval, pump rate and treatment
fluid. The injection schedule is presented
in (Table 2). In the case of clay swelling and
paraffin damage occurrences, the maximum
pump rate is less than zero. Therefore, a fluid
for injection is not recommended. Based on
the compiled information in the (Tables 1) and
(Tables 2), it has been confirmed by the expert
system that the damage is removed in the
formation.
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Table 1. Results of Expert System for Sandstone Formation

Primary Damage Bacteria Emulsion Blocking Mixed Deposition Clay Swelling Fine Migration
Secondary Damage None Solid-mud None Paraffin Asphaltene
Well State - - - - -

Water Base
Drilling Mud - - - -
Mud Lost > 5gal/ft
Quartz: 67% Quartz: 72%
Quartz: 83% Quartz: 67% Quartz: 72%
Calcite: 4% Calcite: 4%
Calcite: 7% Calcite: 16% Calcite: 12%
Dolomite: 5% Dolomite: 5%
Mineralogy Dolomite: 6% Dolomite: 15% Dolomite: 14%

Glauconite: 4%

k-Feldspar: 12%

Kaolinite: 12%

Smectite: 6%
Zeolites: 2%
lllite: 6%

Glauconite: 2%

No Cement No Cement No Cement
Cement Glauconite: 2%
To Treat the Well-
Treatment Objective - - - -
bore, Perforation, ...
Treatment Interval 20 ft 20 ft 20 ft 19 ft 20 ft
Permeability 75 md 105 md 45 md 15 md 7 md
Temperature 250 degF 190 degF 120 degF 170 degF 220 degF
Well Type Oil Producing Gas Injection - - Gas Production
Is Higher Water Cut
Yes Yes - - No

Acceptable?
Nitrogen Yes Yes - - -
Emulsion Phase - Oil Out Phase - -
Fines Problem - - - - Yes

PF: Oxidizer System  PF: Multifunctional

TS:3%NH4Cl Brine  Solvent PF: Xylene

PF: HCl/Acetic7.5/5  PF:HCl 10% MF: Dispersed HCI 15 MF: Acetic Acid

PF: Xylene
Schedule MF: Mud Acid/Ace-  MF: Mud Disper- FO: Xylene Foam FO: Foam Diverter
MF: HCI 10%

tic8/2/5
OF: HCl/Acetic7.5/5

FO: Foam Diverter

Sant

OF: HCl 10%

FO: Foam Diverter

Diverter

OF: Fluoboric Acid

System
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Table 2. Result of Expert System for Carbonate Formation

Primary Damage Polymer

Bacteria

Clay Swelling

Secondary Damage -

Paraffin

) Quartz: 55%
Mineralogy Calcite: 45%

Quartz: 48%
Calcite: 52%

Quartz: 50%
Calcite: 50%

Permeability = 50md
TVD = 1000ft
Pressure = 500psi
Reservoir Information Temperature = 250degF
Porosity = 30%
Wellbore Radius = 3in
Fracture Gradient = 0.7Psi/ft

Permeability =200md
TVD =1500ft

Pressure =200psi
Temperature =160degF
Porosity=50%

Wellbore Radius = 3in
Fracture Gradient = 1Psi/ft

Permeability = 20md

TVD = 1500ft

Pressure = 1500psi
Temperature = 200degF
Porosity = 7%

Wellbore Radius = 3in
Fracture Gradient = 0.9Psi/ft

Treatment Interval 20 ft 20 ft 20 ft
Anticipated Pump Rate 0.1bbl/min 5bbl/min -
Maximum Pump Rate 0.4bbl/min 7.7bbl/min -0.2bbl/min
Treatment Fluid HFc HAc -
Dissolution Face Dissolution Wormhole -

PF: Oxidizer System Maximum pump rate must be

PF: 2%KCl

TS: 3%KCl higher than zero and antici-

Schedule MF: Formic Acid

SD: Temporary Xlink Acid Diverter

MF: Acetic Acid

FO: Foam Diverter

pated pump rate must be less

than maximum pump rate.

4. Conclusion

Determining the appropriate fluid to eliminate
existing damages in a formation is a challenging
process. This complexity persists when multiple
damages are identified in the formation and
the task involves selecting the best fluid for
mitigating formation damages. Identifying
the fluid for damage remediation requires a
complete understanding of the formation and
the damages occurring within it. In this study, our
aim was to establish an expert system capable
of fluid selection for damage remediation and
well improvement. The results obtained in fluid
selection for eliminate formation damages have
been promising. Furthermore, in future research,
our objective is to enhance these investigations
by developing a fuzzy logic-based system for
more precise fluid selection.
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In this research, a comparative study of the treatment the biotreated (UASB-
AERATED LAGOON) leachate effluent before and after using advanced oxidation
processes The combined application of biotreated processes (UASB + aerated
lagoon) and advanced oxidation processes (AOPs) for treating leachate effluent offers
significant advantages. This integrated approach allows for efficient decolorization,
outperforming the use of biotreated leachate alone. The UV/H,0O, process also yielded
significant pollutant removal rates in biologically treated effluent, achieving up to 74%
COD, 71% BOD and 52% color reduction. Among the AOPs studied, UV/H,0, showed
the highest decolorization efficiency, reaching up to 98%. Ozonation was particularly
effective as a pretreatment for raw, untreated leachate, achieving substantial
reductions 93% in color, 88% in BOD and 77% in COD. Additionally, ozonation of the
initial leachate provided superior results in terms of decolorization, COD removal and
BOD removal compared to other AOPs. The Photo-Fenton process emerged as the
most effective AOP, delivering the highest removal efficiencies across all parameters,
especially for COD (82%) and color (92%). Its efficacy is attributed to the synergy
between UV light and the Fenton reaction, which generates abundant hydroxyl
radicals. Notably, the photo-Fenton treatment achieved the highest BOD removal
efficiency. The order of COD removal efficacy across AOPs was UV/H,O, > UV > ozone
> photo-Fenton. Although ozone proved highly effective for COD and color removal
in the initial leachate, the performance of UV/H,0, may have been influenced by the
low pH level used. However, combining UV or H,0, with ozone further enhanced
decolorization rates. Overall, UV/H,0O, emerged as the most efficient AOP for both
COD and color removal. Applying UV and H,0, to biotreated leachate shows strong
potential for industrial use. In conclusion, this study proposes combining biological
processes with tailored AOPs for efficient landfill leachate treatment. Initial ozonation
prepares raw leachate, while UV-based AOPs and the photo-Fenton process excel
in later stages. Customizing AOPs based on leachate properties like pH and organic
content boosts pollutant removal, reduces environmental risks and meets discharge
standards, offering a scalable solution for leachate management.
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1. Introduction

Human life is inevitably associated with the
generation of substantial amounts of waste
and wastewater. Various methods, including
dumping, incineration, recycling and sanitary
burial, are employed in different regions to
manage waste and effluents based on the
volume of waste and available technologies.
Open dumpsites, which are the oldest and
most prevalent solid waste landfills globally,
can significantly impact the environment and
human health in negative ways. One of the
contributors to this pollution is leachate, a
highly contaminated wastewater produced
during waste disposal. Leachate results from
rainwater infiltration and the decomposition
of organic matter within solid waste (Faridun
et al,, 2019). The characteristics and quantity
of leachate depend on several factors, such
as waste composition, dumpsite lifespan,
waste material stabilization, compaction level,
initial moisture content, rainwater infiltration
rate, regional climate, season, temperature,
evaporation, transpiration and  on-site
management practices (Costa et. al, 2019;
Salem et al,, 2019). Leachate typically contains
significant quantities of both organic and
inorganic pollutants, ammonium, heavy metals,
hazardous organic compounds, pathogenic
microorganisms and toxic substances. Leachate
is a critical factor in water source pollution (Shu,
Jetal, 2019). Leachate is one of the important
factors that pollute water sources (Fallah et al.,
2021; Rezaei et al., 2009).

Landfill ~ leachate  contamination s
recognized as one of the major environmental
health challenges in many developing
countries, primarily due to the lack of cost-
effective  treatment  technologies and
regulatory standards for waste disposal
(Alzamora BR et al., 2020). This contamination is
driven by the rapid increase in municipal solid
waste (MSW) generation globally, resulting in
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an estimated production of 2.2 billion tons of
MSW per year (Cetrulo TB et al., 2018). Unlike
specialized waste disposal facilities, such as
incinerators and recycling plants, engineered
landfills are often seen as the most feasible
solution for managing large volumes of MSW,
as they can contain waste while reducing risks
of groundwater, surface water and air pollution
(Yatsunthea T et al., 2020).

Consequently, a significant number of
countries, particularly China (0.1%) and
members of the European Union, utilize
landfills as their primary method for MSW
disposal (Ozbay G et al, 2020). However,
leachate can escape due to damage or chemical
degradation of protective liners, such as high-
density polyethylene (HDPE) geomembranes
(Sauve G et al., 2020). The leachate produced
in landfills poses substantial environmental
and public health hazards due to the release
of toxic substances, harmful microorganisms
and noxious gases into groundwater and the
atmosphere. Leachate is a dark, complex liquid
containing various toxic organic and inorganic
compounds, including microbial contaminants
(Amoatey P et al., 2021). Common pollutants in
leachate include dissolved organic compounds,
trace ions, xenobiotic organics, ammonia
and coliform bacteria (Ankit ShL et al., 2021).
Additionally, leachate can release persistent
organic pollutants, heavy metals and emerging
contaminants into the environment (Nika MC et
al., 2021).

In many developing countries, unsustainable
production and consumption patterns have
led to increased MSW generation, a rise in
landfill sites and thus more frequent leachate
contamination events (Siddiqi SA et al., 2021).

This poses a severe environmental and
health risk, especially in regions lacking
engineered landfill infrastructure (Baawain MS
et al., 2020). Studies have shown elevated levels
of lead (Pb), cadmium (Cd) and chromium (Cr)
in groundwater samples, exceeding critical
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thresholds and posing cancer risks due to
leachate contamination (Teng C et al., 2021).
Research by (Propp VR et al., 2021) also revealed
high concentrations of heavy metals, such as
nickel (Ni), cadmium (Cd) and manganese (Mn),
in crops irrigated with leachate-contaminated
surface water, which highlights a potential
carcinogenic risk to humans and animals
(Abiriga D et al., 2021).

To mitigate the environmental impact of
leachate, efficient and affordable treatment
methods are crucial (Parvin F et al., 2021). Given
the complexity of leachate as a pollutant,
preliminary treatments-such as coagulation-
flocculation, air stripping and chemical
oxidation-are necessary to reduce COD, total
dissolved solids and overall toxicity (Iravanian
A et al, 2020). For many years, conventional
biological treatments and classical physico -
chemical methods have been considered the
mostappropriatetechnologiesformanipulation
and management of high strength effluents like
landfill leachates. There are many advantages
of destructive technologies for the treatment
of nonbiodegradable pollutants. The AOPs
generate free radicals, which act as strong
oxidants to destroy the organic pollutants.
In AOPs, oxidant agents such as H,0,, O,, UV
and ultrasound Fenton, are used alone or in a
combination (Sarria et al., 2002).

Latest investigations on the degradation
of organic pollutants are focused on the
combination of biological and physical-
chemical treatments. This saves a considerable
amount of energy in comparison with what is
needed to achieve the full mineralization of
the pollutants by chemical oxidation. Torres
et al. (2003) and Marco et al. (1997) reported
the degradation of generated chlorophenol
from bleaching process during paper
production by sequential biological-AOP using
T.versicolor and UV/TiO,/Ru,Se, obtaining a
99% chlorophenol removal after 96 h and 20
min with a 97% reduction in chemical oxygen
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demand. A biological treatment does not
prove to be so effective in color removal from
treated leachate within permissible limits.
Therefore, post treatment seems to be essential
to bring anaerobically treated effluent to the
recommended quality. In addition to these
systems, advanced oxidation processes (AOPs)
are the emerging post treatment options. The
main advantages of AOPs include a lack of
byproducts of environmental concern, high
process rate and efficiency (Pedroza et al., 2007).
These treatment processes are considered
very promising methods for the remediation
of pollutants containing non-biodegradable
organic (Kosetal.,2008).Post treatmentinvolves
the application of UV and AOPs a schematic
of chemical oxidation experimental set-up is
presented in (Figure 2) in colorand COD removal
and disinfection of leachate. Post treatment
is accomplished by UV and AOPs, including
O, H,0,, UV/H,0, Fe™/H,0, According to
Yasar et al. (2006), all processes show good
performance for the removal of color and COD
from the combined industrial biotreated (UASB)
effluent. These systems are feasible to quickly
remove both the parameters. AOPs (O,, H,0,/UV
and UV/H,0,/Fe*?) result in over 90% and 80%
removal for color and COD, respectively, UV and
Fe*?/H,0, results in slightly less color removal of
76% and 68%, respectively and COD removal
57% and 60%, respectively. Overall it can be
said that the photo-Fenton process appears
to be the most effective technology, whereas
ozonation appears to be similar with proper
optimal conditions for pH and temperature. In
a study, advanced oxidation processes (AOPs)
such as Fenton, ultraviolet light (UV), hydrogen
peroxide (UV/H,0,) and photo-Fenton
processes were investigated in laboratory scale
experiments as an effective alternative for
leachate treatment (Tikhe et al., 2014). The other
study showed that the photo-Fenton process
was the most effective treatment process under
acidic conditions at pH 2.5 - 3.5 and produced a
higher percentage of COD removal and color
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removal. Although these techniques are not
economically acceptable for the treatment of
large-scale effluents, the combination of AOPs
with a biological process could significantly
decrease the overall cost of leachate treatment
(Neyens et al., 2006). Fang and colleagues used
an up flow anaerobic sludge blanket (UASB)
reactor at 37 °C to treat landfill leachate. The
process achieved COD removal ranging from
66% to 90% within a 6-day hydraulic retention
time. The UASB effluent, containing 1500 mg/L
COD, was then subjected to Fenton coagulation.
By adjusting the initial pH to between 4-6 and
using ahydrogen peroxide concentration of 300
mg/L, they achieved 99.3% COD removal in just
30 minutes (Fang et al., 2005). Literature review
revealed that though the sequential biological
and advanced oxidation techniques have been
studied, there is no available literature on using
UASB+Aareated Lagoon as the pretreatment
step followed by AOP (UV/H,0,/O,) process.
The objective of this study was to compare
the effects of AOPs on biotreated leachate
performance in reduction (COD, BOD and TOC)
and comparison conclusions with before using
AOPs. In this work the sequential biological
degradation-advanced oxidation process for
leachate was evaluated. Biological degradation
was carried out using laboratory scale (UASB-
AREATED LAGOON) process and AOP in a batch
recycle photochemical reactor.

2. Material and Methods

Samples were collected at specific time
intervals from the reaction vessel and
transferred into 5 ml glass vials. These vials were
filled completely to avoid any headspace and
then sealed using Teflon-lined silicon septa and
screw caps. Immediate analysis was conducted
onthe samples to prevent any further reactions.
The concentration changes of phenol were
determined using a spectrophotometer (DR
2500, HACH) following established methods
(Cortez et al,, 2011). The initial and biotreated
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solutions were also analyzed using the standard
methods procedure, (Primo et al, 2008) pH
measurements were carried out using a pH
meter (Shu et al., 2006). To adjust the pH, 250
mL of leachate sample was mixed with H,SO, to
achieve pH values of 2.5, 3 and 3.5. The mixture
was stirred for 15 minutes using a magnetic
stirrer and pH testing occurred every 5 minutes.
Once the pH stabilized, the sample was settled
for 1 hour and supernatant samples were taken
for COD measurements.

1. INLET TANK 9. Deflector baffles

2. Peristaltic pump 10. Areated lagoon

3.  UASB reactor 11. Air blower

4. Gas seperator 12. Air nozel

5. Effluent outlet 13. Air flow

6. Gasoutlet 14. Sedimentation tank
7. Gas collection system 15. Lagoon outlet

8. Sludge blanket 16. Ultimate outlet

Figure 1. Schematic view of the UASB Reactor,
Aerated Lagoon and Sedimentation Tank

2.1. Experimental Setup

The schematic diagram of the experimental
setup for biodegradation using an Upflow
Anaerobic Sludge Blanket (UASB) reactor and
an aerated lagoon is shown in (Figure 1). The
UASB reactor, constructed from PVC material,
has a cylindrical shape with a diameter of 15
cm and a height of 170 cm. Sampling valves are
strategically placed at 20 cm intervals along the
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vessel and the top of the cylinder serves as the
gas outlet.

To initiate the reactor, approximately 4 liters
of sludge obtained from activated sludge,
which had been stored in a sealed container
for one month, was used as inoculum material.
This sludge was mixed with 7 liters of leachate
diluted to a chemical oxygen demand (COD)
of 1000 mg/L to provide necessary nutrients.
The UASB reactor was also equipped with a
peristaltic pump (KT-20, Model PDP-B-V, Italy).

Further  details, including system

specifications and operational information,
please given in (Table 1).

Table 1. Characteristics of Bio Treated
(UASB- AREATED LAGOON) Leachate

Bio treated

Leachate Parameter ;;,qp_AREATED LAGOON)

pH 7.6-83
Color (PtCo) 980
BOD, (mg/L) 1960
COD (mg/L) 960

In the initial stage, diluted leachate with a
COD concentration of 2000 mg/L entered the
reactor from the bottom to the top, with a
volumetric loading of 1 g/L/d. The hydraulic
retention time (HRT) was 1 day. The organic
loading of the system varied between 1 and
20 kg/m?/d of COD. The reactor pH ranged
from 7 to 8, which is optimal for anaerobic
microorganisms. We measured pH, COD,
temperature and BOD. Due to faster results
than BOD, COD measurements served as the
daily indicator of pollution load in biological
treatment. COD was determined using the
digestion method with the HACH spectrometer
DR-5000 (USA product). An aerated lagoon
supplementedtheanaerobictreatmentsystem.
The pilot study used a tank with dimensions of
0.5 x 0.5 x 0.5 m?, equipped with a barrier to
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prevent short-circuiting. Lagoon ventilation
was achieved by installing a diffuser at the tank
bottom, maintaining dissolved oxygen levels
at 2-3 mg/L. The aerated lagoon’s effluent
was directed to a sedimentation unit (0.2 x
0.5 x 0.5 m?® with a retention time of 6 hours.
(Figure 1) illustrates the UASB reactor, aerated
lagoon and sedimentation tank. To establish
the aerated lagoon, we introduced 10 liters of
fresh brown sludge from a sewage treatment
plant with an active sludge system. To prevent
organic shock, we gradually replaced the
leachate with twice the pollution every 5 days
until the COD reached 3000 mg/L. The aerated
lagoon’s mixed liquor suspended solids (MLSS)
concentration was 3500 mg/L, suitable for
aerobic treatment (Tchobanglous et al., 2019).

We investigated retention times of 2, 4,
6, 8, 10 and 12 hours by adjusting the flow
rate to optimize organic compound removal.
Dissolved oxygen levels in the lagoon were
maintained above 3 mg/L. Total nitrogen (TN)
and total phosphorus (TP) concentrations
were determined using persulfate digestion
and persulfate UV oxidation methods with the
HACH spectrometer DRB-5000 (USA product).
Portable meters (Partech 740 monitor and soli-
tech 10 sensors) measured total suspended
solids. Volatile fatty acids (VFA) were
quantified following standard methods (5560
C) (APHA, AWWA et al, 1998). To calculate
filtered Chemical Oxygen Demand (CODF),
samples were filtered using Whatman GF/C
glass microfiber filters.

(Figure 2) depicts the experimental setup
for advanced oxidation. The cylindrical reactor
(250 mL volume) was made of quartz glass.
A 125W UV lamp immersed in the glass tube
provided irradiation. The lamp included a
cooling water space within the reactor vessel.
The reaction mixture filled the chamber
between the reactor walls and UV lamp system,
with an air bubbler ensuring suspension of the
photocatalyst.
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UASB
+Areated
lagoon
effluent

7 Ozenator | |UV supply

Prista\itic—‘
Pump

Figure 2. AOP Unit Used in the Experimentation

2.2. AOPS Setup

Ozonation was performed inabubble column
reactor made of plexiglass. The internal diameter
and height of the reactor were 3.5 cm and 35.5
cm, respectively. Ozone was introduced at a rate
of 100 mg/hr through a diffuser at the bottom
of the reactor using an ozone generator (Enalay
HGOZ 1000). Ozonation time varied from 5 to
25 minutes for solo experiments. For combined
O,/H,0,experiments, 112 mg/L of H,0, was
added to the sample, followed by varying
ozonation times. A hydrogen peroxide reactor
consisted of a graduated Pyrex glass cylinder
with a magnetic stirring setup. Analytical-grade
hydrogen peroxide (35% w/w) from Merck was
used and the H,0, dose ranged from 112 to 373
mg/L. Additionally, peracetic acid was prepared
in different concentrations (1%, 5% and 15%)
following standard methods (Cortez et al., 2011).
For each concentration, a fixed dose of 1 ml/L
was used. UV irradiation, both alone and in
combination with H,0, (H,0,/UV), took place in
a cylindrical reactor with an internal diameter
of 3.5 cm and a volume of 330 ml. To enhance
UV absorbance, the reactor was wrapped with
aluminum foil (Figure 2).

A low-pressure mercury UV lamp (Pen ray
3SC9 Upland, CA USA) with radiation intensity
of 5 m W/cm? (at the surface of the lamp) and
wavelength of 254 nm was used. The UV lamp
was placed at the center of the reactor to ensure
uniform distribution of UV irradiation and no
lamp cooling was provided. All the experiments
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were performed in batch mode and at ambient
temperature. UV irradiation time was varied
from 5 to 25 min for UV solo experiment and for
H,O,/UV. 112 mg/L of H,0, was added to the
sample and then UV irradiation time was varied
from 10 to 60 sec. Disinfection by solar radiation
was undertaken using a rectangular (40x5x5
cm) reactor made of Plexiglas. (Table 1) show
the characteristics of (UASB+ Aerated Lagoon)
treated leachate.

2.3. Ozone

Ozone has proved to be a powerful oxidizing
agent and its oxidizing ability is owed to
nascent oxygen atoms and hydroxyl radicals.
It reacts, directly or indirectly, with complex
compounds, breaking them into simpler and
smaller molecules. The ozonation process
minimally generates toxic byproducts and
its prior application to wastes also enhances
their biodegradation (Sevimlim et al., 2004).
Consequently, no additional disposal problems
are associated with the ozone treatment
technique. However, process conditions like
pH, temperature, initial leachate concentration,
ozone dose and exposure time influence the
performance of the ozonation process (Arslan et
al,, 2001, WU et al., 2001).

According to (Yasar et al., 2007), ozonation
shows best results for post treatment of
anaerobically (UASB, AREATED LAGOON) treated
effluent for colorand COD removal as compared
to the pretreatment of combined industrial
wastewater of the same nature. However, the
efficiency of the ozonation process increases at
elevated pHwhiletemperatureshowsanadverse
effect on removal efficiency as an increase
in temperature (>30°C) results in continuous
decrease of color and COD degradation. The
effect of ozone on COD and biodegradability
of leachate is also dictated by reaction time.
Many studies (Tizaoui et al., 2007) reported an
overall increase in COD removal as the reaction
time of oxidation increased. This is because of
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higher ozone doses. For instance, COD removal
increased from 4% at 5 min reaction time to 10%
at 60 minutes at an inlet ozone concentration
of 63 mg/L (normal temperature and pressure)
(Cortez et al., 2011) COD removal was observed
when leachate was treated for 60% instead of
20 minutes.

2.4.UV Light

Ultraviolet (UV) light plays a crucial role in
breaking chemical bonds by providing the
necessary energy. When UV irradiation interacts
with molecules, it can cleave chemical bonds,
resulting in fragmented by-products. These
by-products may either degrade further or
become excited and prone to oxidation. Even
strong bonds, such as the double oxygen bond
(O=0) in molecular oxygen (O,) or the double
carbon-oxygen bond (C=0) in carbon dioxide
(CO,), can dissociate due to UV exposure.
High-efficiency UV lamps are essential for
delivering the required energy in applications
like leachate treatment processes. However,
selecting the appropriate UV lamp pressure
and radiation intensity involves balancing cost
and efficiency requirements. The duration of
exposure to UV light has a direct effect on the
removal of color and COD (chemical oxygen
demand) from leachate. Notably, the reduction
in color depends on the initial concentration
of leachate. Even when using a high-intensity
UV lamp, significant improvements in color
removal may not be achieved if the leachate
concentrations are already high. UV systems
offer several advantages, as highlighted in
numerous studies. These benefits include
compact design, ease of operation, low
maintenance requirements, rapid treatment
and the absence of disinfection byproducts.
However, it's essential to recognize that
UV disinfection alone does not provide
residual protection and bacteria can become
reactivated after a few days of treatment
(ZHOU et al., 2002).
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2.5.UV/H,0,

The use of ultraviolet light in combination
with hydrogen peroxide enhances the rate of
generation of free radicals OH* significantly. This
occurs because UV light supplies energy required
forthe dissociation of H,O, into hydroxyl radicals.
Photolysis of aqueous hydrogen peroxide has
been investigated by many researchers (Yasar et
al., 2007). In the UV/H,O, process, photon energy
is high enough to break the chemical bonds
of the organic compounds which enables the
process to treat leachates that contains different
organic contaminations. A low concentration of
H,0O, did not generate enough OH* in solution.
Addition of H,O, above optimum will lead to
decrease in hydroxyl radical concentration due
to free radical scavenging by the excess H,O,
(Chen et al., 1997).

UV/H,0O, process is efficient in mineralizing
organic pollutants. A disadvantage of this
process is that it cannot utilize solar light as
the source of UV light due to the fact that the
required UV energy for the photolysis of the
oxidizer is not available in the solar spectrum
(Neyens et al., 2003). Moreover, H,O, has poor
UV absorption characteristics and if the water
matrix absorbs a lot of UV light energy, then
most of the light input to the reactor will be
wasted. Finally, special reactors designed for
UV illumination are required, while residual
H,O, should be addressed (Crittenden et al.,
2005). The major factors affecting this process
are the initial concentration of the target
compound, the amount of H,0, used, leachate
pH, presence of bicarbonate and reaction time.
Specifically, the kinetic rate constant for the
degradation process is inversely proportional
to the initial concentration of the pollutant. As
a result, leachate dilution should be done at an
optimum level (Gogate et al., 2004). Moreover,
there is an optimum concentration for H,0O,.
Beyond this limit, the presence of H,O, is
detrimental to the degradation reaction due
to scavenging action.
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2.6. Fenton and Photo-Fenton Processes

Fenton and photo-Fenton oxidation
processes are effective for treating bio-treated
leachate. The photo-catalytic treatment process
efficiency is significantly higher than the
simple Fenton process for bio-treated leachate
as photo-Fenton provides almost complete
color removal and significant COD reduction
(BALCIOGLU I.A. et.al, 1999). The mechanism of
Fenton’s oxidation is based on the generation of
hydroxyl radicals by the catalytic decomposition
of the H,O, in acidic media (Barusinski et al.,
2000, Malato et al., 2007). Photo-Fenton process
combining with aerobic biological processes
have been successfully used for the treatment of
saline industrial wastewater containing almost
0.6 g/I a-methyl phenylglycine (Mosteo et al.,
2008).In that study, the optimal conditions were
observed when 6 ml of H,0, (70%) and 1 ml of
FeSO, (0.5 M) were added to 50 ml of OMWW
(reaction time = 6 days, pH = 4.2) (El-Gohary et
al, 2008). In another study, Dias et al. (2000)
investigated the use of Fenton process for the
pretreatment of OMWW. COD removal up to
83% was achieved, at pH values ranging from 2
to 3 (initial COD = 23400 mg/L, reaction time =
90 min, H,0,/Fe’* = 10). Fenton’s oxidation has
been applied for the pretreatment of landfill
leachate. Petruzzelli et al. (2007) reported that
under optimal conditions (initial COD = 10915
mg/L -1, reaction time = 120 min, H,0,/Fe*" =
13 w/w, pH = 3.2) almost 50% COD removal was
observed.

2.7. Application of Combined Systems

The mechanism of action of combined AOPs
is not so straightforward. The application of
an O,/UV system enhances the disinfecting
characteristics of ozone significantly (Benitez
et al,, 1996). However, it is desirable that UV
irradiation should follow ozonation because
simultaneous application of UV and ozone
retards the efficacy of ozone due to the
decomposition of ozone to molecular oxygen.
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During the treatment of effluent by an
H,O0,/UV system, UV irradiation followed by
H,O, produces two hydroxyl radicals that
react with organic contaminants or undergo
an H,0, decomposition-formation cycle. This
decomposition formation cycle helps maintain
nearly constant concentration of H,0, during
the treatment process (Zhouh et al, 2002).
However, an excessive H,0, dose may hinder
the penetration of hydroxyl radicals because
of its character to scavenge hydroxyl radicals
(Glaze et al., 1987).

3. Results and Discussion
3.1. Ozonation

Ozone is commonly employed for leachate
treatment due to its potent oxidative properties
resulting from the decomposition of O, into
nascentoxygen (O’) and hydroxylradicals (Camel
etal., 1998). Ozone effectively reduces pollutants
(such as Aeromonas salmonicida, Aeromonas
liquidfaciens Pseudomonas fluorescens and
Yersinia ruckeri) by up to 99%, even in systems
containing suspended and dissolved particles.
In a study, the impact of ozonation time on the
removal of COD, color and BOD (biochemical
oxygen demand) was investigated using 99.5%
pure oxygen fed into the ozone generator.
Initially, COD, color and BOD removal increased
with ozonation exposure time, up to 25 minutes
and then stabilized. This behavior can be
attributed to variations in the susceptibility
of different organic compounds to oxidation
(Azbar et al., 2004).

Despite ozone being a highly oxidizing
agent, pH values significantly influence COD
removal, with higher pH values enhancing
removal efficiency (Fallah et al., 2021).

Results suggest that initial leachate
decolorization can be achieved efficiently
at a constant pH of 6.2 through ozonation,
achieving 62% removal within 25 minutes
(Figure 3). Additionally, ozonation experiments
on Dbiotreated leachate effluent (from
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UASB and Aerated Lagoon processes) were
conducted at a constant pH of 6.2, using 5%
ozone concentration and a pure oxygen
supply of 1.51/min. These experiments yielded
promising results: 93% color removal, 88%
BOD reduction and 77% COD removal within
25 minutes (see Figures. 3, 4 and 5). Notably,
the color removal initially increased with
ozone dosage but reached a plateau, likely
due to the prior reduction in leachate intensity
through biotreatment.

The reactivity of ozone and its efficiency in
leachate treatment depend on the nature and
concentration of compounds present (Frontistis
et al., 2008).

The higher COD values correspond to
greater concentrations of oxidizable pollutants.
Therefore, initial COD concentration plays
a crucial role in ozonation effectiveness.
Emphasize the Photo-Fenton process’s potential
for effective leachate treatment (Shu et al., 2005).
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3.2. UV Radiation in Landfill Leachate
Treatment

UV radiation has become a well-established
method for treating landfill leachate, often
paired with advanced oxidation processes (AOPs)
to improve treatment outcomes. Leachate is a
complex wastewater, typically containing various
organic and inorganic pollutants, including
colorants, that absorb UV light. This absorption
can diminish the overall UV intensity and reduce
treatment efficiency, especially in untreated
leachate with high color intensity. Despite these
challenges, UV irradiation has been effectively
used for decades, particularly for disinfecting
leachate effluents.

In one study, untreated landfill leachate
was exposed to UV radiation alone, aiming
to reduce levels of COD, color and BOD.
The results showed that after 20 minutes of
exposure, the highest removal efficiencies
were observed: COD, color and BOD were
reduced by approximately 32%, 28% and 37%,
respectively (see Figures 6 and 7). Beyond
the 25 minutes mark, however, the removal
rates declined. This reduction in effectiveness
may be due to the intense color of the
untreated leachate, which absorbs UV light
and interferes with the irradiation process.
Generally, UV-supported treatments perform
best with aqueous wastes that have lower
colorintensities, as high color levels can shield
pollutants from UV exposure.
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The study also explored the effect of UV
radiation on leachate that had been pre-
treated biologically through an upflow
anaerobic sludge blanket (UASB) reactor
and an aerated lagoon system. Applying UV
radiation to this biotreated effluent produced
significantly better results, especially in terms
of color removal, with 82% decolorization, as
well as strong reductions 84%, 71% in COD
and BOD levels (see Figure 6). The improved
effectiveness is likely due to the lower initial
color intensity of the biotreated effluent,
which allowed the UV light to penetrate more
effectively and treat remaining contaminants.
This finding highlights the importance of
integrating UV radiation with pre-treatment
steps for highly colored leachate, as it can
enhance the overall efficiency of the treatment
process.
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3.3. UV/H,0,

The utilization of the UV/H,0, process for
treating biotreated leachate yielded significant
removal efficiencies for various pollutants.
Specifically, the process achieved the following
removal percentages:

* (COD): A remarkable 74%
depicted in Figure 10).

removal (as

* Color: An impressive 52% removal (as
illustrated in Figure 11).

e (BOD): A substantial 71% removal (as shown
in Figure 9).

The overall contaminant removal efficiency
did not meet initial expectations, which may be
attributed to the pH-dependent modulation of
hydroxyl radical generation. This effect suggests
that the production and availability of hydroxyl
radicals, essential for effective UV-mediated
decolorization, are influenced by solution pH.
Enhancing decolorization performance may
involve increasing the concentration of H,0, or
optimizing the operational parameters of the
UV/H,0, system to improve radical generation
and sustainability of the oxidation process.

Interestingly, when applying this process
to biotreated effluent leachate (from UASB+
Aerated Lagoon), the results diverged. After
20 minutes of exposure, color increased by
93% (see Figure 11) and after 25 minutes, an
impressive 98% of color was removed (see
Figure 11). However, the reduction in COD was
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not linear over time. Initially, it rapidly decreased
to 98% (within the first 20 minutes), but then it
gradually declined to 95% (between 20 and 25
minutes, as shown in (Figure 10). This suggests
that UASB-ARETED LAGOON-treated effluents
may contain compounds that necessitate a
more potent oxidizing system. Additionally,
the BOD removal was 95% after 20 minutes
(Figure 9) and decreased to 93% after 25
minutes (Figure 9). These findings underscore
the necessity of tailoring AOP configurations to
the unique characteristics of leachate, especially
when dealing with effluents that may harbor
complex, partially oxidized intermediates
resistant to conventional treatment approaches.
This nuanced approach to process design can
significantly enhance the effectiveness of AOPs
in handling variable effluent compositions.
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3.4. Photo-Fenton Process

The Photo-Fenton process represents
a significant advancement in oxidation
technologies. In this process, various tests were
conducted using a FeSO, concentration of 10
mg/L and a UV exposure time of 30 minutes.
The results are:

Color Removal: In the treatment of biotreated
leachate using the Photo-Fenton process,
optimal color removal was observed after 25
minutes of UV irradiation. At this stage, color
removal efficiency reached 49% (as shown in
Figure 14), indicating a significant reduction in
color intensity, which is a primary indicator of
effective treatment.

(COD): The Photo-Fenton process also
demonstrated high effectiveness in reducing
COD levels. After 25 minutes of UV exposure, COD
removal efficiency reached an impressive 63%
(refer to Figure 13), underscoring the method’s
capability in breaking down organic compounds
and reducing overall chemical pollution load.

(BOD): The treatment’s impact on BOD levels
was equally notable. Following 25minutes
of exposure, the process achieved 77% BOD
removal (see Figure 12). This substantial reduction
in BOD reflects the process’s ability to degrade
biodegradable organic matter effectively.

However, an intriguing phenomenon was
observed when the Photo-Fenton process was
applied to effluent leachate pretreated with
(UASB) and Aerated Lagoon systems. The UV
spectrum between 200-300 nm was found to
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primarily disrupt biological substances, signifying
the selection of an appropriate wavelength
range for optimal degradation. After 25 minutes
of UV irradiation, the percentage removal rates
for color, COD and BOD were recorded as follows:

COD: 82% (Figure 13), Color: 92% (Figure 14)
Beyond this point, no removal efficiency was
observed. These findings emphasize the Photo-
Fenton process’s potential for effective leachate

treatment.
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4. Conclusion

The combined application of biotreated
(UASB + Aerated lagoon) and advanced oxidation
processes (AOPs) for treating leachate effluent
offers significant advantages. This integrated
approach allows for efficient decolorization,
surpassing the effectiveness of using biotreated
leachate alone.

Ozonation was particularly effective as
a pretreatment for raw, untreated leachate,
achieving substantial reductions-93% in color,
88% in BOD and 77% in COD.

UV irradiation alone showed limited
effectiveness on untreated leachate due to
its high color intensity, which impedes UV
light penetration. However, when applied to
biologically pretreated effluent, UV irradiation
achieved notable improvements, including up
to 82% color removal and substantial reductions
in COD and BOD.

The UV/H,0, process also yielded significant
pollutant removal rates in biologically treated
effluent, achieving up to 74% COD, 71% BOD
and 52% color reduction. The Photo-Fenton
process emerged as the most effective AOP,
delivering the highest removal efficiencies
across all parameters, especially for COD (82%)
and color (92%). Its efficacy is attributed to
the synergy between UV light and the Fenton
reaction, which generates abundant hydroxyl
radicals.

The combined application of biotreated
(UASB + Aerated lagoon) and advanced
oxidation processes (AOPs) for treating leachate
effluent offers significant advantages. This
integrated approach allows for efficient
decolorization, surpassing the effectiveness
of using biotreated leachate alone. Among
the AOPs studied, UV/H,0, demonstrated the
highest decolorization efficiency, reaching
up to 98%. Additionally, ozonation of initial
leachate resulted in superior decolorization,
COD removal and BOD removal compared to
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other AOPs. Notably, photo-Fenton treatment
achieved the highest percentage removal of
BOD. The order of COD removal across AOPs was
UV/H,0, > UV > O, > photo-Fenton. While ozone
proved effective as a strong oxidizing agent,
particularly for COD and color removal in initial
leachate, UV/H,0,’s performance may have
been impacted by the pH used (6.4). However,
combining UV or H,O, with ozone enhanced the
decolorization rate. Overall, UV/HO, emerged
as the most efficient AOP for both COD and
color removal. Simultaneously applying UV and
H,O, to biotreated leachate holds promise for
industrial implementation.
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1. Introduction

Natural gas is one of the most important
sources of energy in the world. Natural gas
is a hydrocarbon fuel that forms below the
earth’s surface (Chen et al, 2021; Dorao and
Fernandino, 2011; Faramawy et al., 2016).
Following the extraction and refining of
natural gas, its transmission becomes the
most critical phase. Several methods are used
for transmitting natural gas, such as, liquefied
natural gas, pipeline transport, converting
gas to solid, gas to electricity, and gas to
liquid (Thomas and Dawe, 2003). The optimal
method depended on the volume and distance
required for natural gas transmission. (Figure 1)
illustrates the relationship between distance
and the suitable volume for transmission
using each method (Mokhatab et al., 2018). For
example, if the distance is less than 2000 km,
the pipeline method is acceptable. The most
common method of transporting natural gas is
the pipeline.

Liquified Natural Gas
Pipeline (LNG)

To-Liquids FT-GTL

Gas

stranded or Methanol or DME-GTL

Gas Field Production Rate (bcm/year)

T T T T T
1000 2000 3000 4000 5000
Distance to Gas Consuming Market (km)

O -

Figure 1. Gas Transmission Methods
(Mokhatab et al., 2018)

Natural gas pipeline systems are crucial
for advancing and transmitting natural
gas due to their cost-effectiveness and
reliability (Lanzano et al., 2013; Wei et al,
2023). The cost-effectiveness of natural gas
transmission through pipelines has spurred
substantial scholarly research in this field.
Academic studies have focused extensively on

51|

improving pipeline performance, particularly
concerning operational pressure and diameter
characteristics in natural gas transmission
pipelines.

Gregori et al. (Gregory et al., 1979) conducted
mathematical modeling and simulation of a 12-
inch diameter pipeline using ethane. Their study
considered variations in physical properties,
employing one-dimensional energy and
mass balance equations. Results emphasized
significantimpacts of physical property changes
on temperature and pressure profiles. Moore et
al. (Moore et al., 1980) explored high-pressure
pipeline design and modeling, focusing on
natural gas hydrodynamics. They utilized
energy and flow equations for modeling and
employed the Benedict-Webb-Rubin (BWR)
equationto calculate gas properties. Their study
involved analyzing eleven natural gas samples
and comparing model predictions with actual
pipeline data, showing consistent alignment.
Prittit and Toth (Peretti and Toth, 1982)
optimized natural gas transmission pipelines
by identifying ideal compressor combinations
and outlet pressures from compressor stations
for optimized fuel gas delivery. Shariati et
al. (Shariati et al., 1999) investigated a two-
phase natural gas transmission pipeline to
assess the effect of different hexane plus
percentages. Their focus was on understanding
liquid content variations with decreasing
temperatures along the pipeline, finding
increased liquid content as temperature drops.
Gato et al. (Gato and Henriques, 2005) explored
dynamic behavior of high-pressure natural gas
flow through mathematical modeling. Zhang et
al. (2006) conducted an investigation into gas
transmission within pipelines, with a focus on
analyzing pressure drop under adiabatic and
isothermal conditions. Their findings indicated
that the variations in pressure drop between
the two conditions were negligible. Tend et al.
(Teng et al., 2016) investigated gas transmission
and analyzed pressure drop under isothermal
and adiabatic conditions, finding density
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decreases along the pipeline and negligible
pressure drop variations. Mokhatab (Mokhatab,
2007) developed an analytical method using
momentum and continuity equations to
calculate temperature and pressure in natural
gas pipelines containing hydrogen sulfide
gas, showing close agreement with literature
data. Chaczykowski et al. (2012) conducted
numerical simulations of fast and slow fluid
transients in pipelines to evaluate velocity,
pressure, and temperature profiles. Witkowski
et al. (Witkowski et al., 2018) simulated natural
gas pipelines incorporating hydrogen, focusing
on safety concerns. Abd et al. (2020) explored
the influence of impurities on the properties
of natural gas. Their analysis revealed that
these impurities significantly affect pressure
drop, and physical properties. Cristello et al.
(2023) analyzed the influence of hydrogen on
natural gas pipelines, highlighting its effects on
pressure and velocity.

Recently, the transmission of natural
gas in dense phase has been investigated.
Transmission of natural gasin dense phase leads
to a decrease in pressure drop in the pipeline.
To transfer natural gas in the dense phase state,
the natural gas pressure must be greater than
the cricondenbar, and its temperature should
be between the critical temperature and the
cricondentherm (Zivdar, 2021).

Researches on the transmission of natural
gas through pipelines in the dense phase are
limited. However, we have made an effort to
review the most relevant studies on dense-
phase pipeline modes. Botros (Botros, 2002)
investigated an experimental work to determine
the thermodynamic equation of state in the
dense phase mode. The results showed that the
Peng-Robinson equation of state was in good
agreement with the experimental data. Vera
et al. (Vargas-Vera et al, 2020) simulated an
undersea pipeline in the dense phase mode and
compared results with the two-phase mode.
Results showed that in the dense phase mode
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the pressure drop was about 100% less than the
Two-phase case. Zivdar and Abrofarakh (Zivdar,
2021) simulated a gas pipeline in the dense
phase mode and compared results with a vapor
phase. They showed that when natural gas was
transported in the dense phase, the number of
the compressor stations were reduced. Also,
they showed that the cooling duty of dense
phase was 563 MW. Almora et al. (Almara et
al., 2023) examined the physical properties of
natural gas in supercritical conditions. Their
study indicated that the density behavior in
supercritical phase resembles that of liquids,
while its viscosity is similar to gases. Parsad
et al. (Prasad et al, 2023) investigated the
transportation of natural gas in supercritical
conditions through mathematical modeling.
Their findings showed that natural gas at a
flow rate of 800 kilograms per second can be
transported up to 4801 kilometers without
compression.

Although the transmission of natural gas in
dense phase mode has advantages, however,
due to the low cricondentherm temperature
of natural gas, this method requires extensive
cooling of natural gas. Additionally, a
comprehensive study and development of
mathematical models are crucial to improve
the understanding of pipelines in this phase.
According to our review and to the best of
our knowledge, there have been no studies
investigating natural gas in combined dense
and hybrid phases, along with the development
of mathematical modeling for these phases.
Therefore, this study proposes the transmission
of natural gas in a hybrid phase (combining
dense phase and near dense phase) to decrease
the required cooling energy. Additionally, the
results of the hybrid mode were compared
with those of the dense phase and two-phase
flow. Finally, quadratic models for the pressure
drop in dense phase and hybrid modes were
developed, considering pipeline diameter,
mass flow, and length.
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Table1. Mole Fraction of Components, Masjed Soleyman
to Mahshahr Gas Pipeline (Mokhatab, 2007)
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Table 3. Specifications of Inlet Conditions
for the Three Cases

Components Mole fraction (%) State Temperature (’C) Pressure (bar)
H,S 25.6 Two- phase flow 35 80.29
N, 0.2 Dense phase 19 122
Cco, 9.9 Hybrid 35 122
< 629 For simulating the pipeline, the system is
G 07 modeled as steady-state, compressible, and
3 0.2 one-dimensional. The steady-state assumption
iC, 0.06 implies that the properties of the system,
nC, 0.09 such as pressure, temperature, and velocity,
i, 0.04 do not change with time. The compressible
flow of natural gas was considered because
nGs 0.05 the density and volume of the gas can change
G 0.26 with variations in pressure and temperature.

2. Mathematical Modeling

2.1. Physical Model

The pipeline information of the Masjed
Soleyman is shown in (Table 2). At two-phase
(normalmode), the inlet pressure and temperature
of the pipeline are 80.29 bar and 35 degrees
Celsius, respectively. To transmit the natural gas of
Masjed Soleyman in the dense phase, its pressure
must be higher than 112 bar and its temperature
between-271to 19 degrees Celsius. Also, to transmit
the natural gas in the hybrid mode, its pressure
must be higher than 110 bar and its temperature
between 17 to 35 degrees Celsius. (Table 3) shows
specifications of inlet pipelines for the three cases.

Table 2. Pipeline specifications, Masjed Soleyman
pipeline (Mokhatab, 2007)

Specification Value
Length (km) 168
Diameter (cm) 48.26
Wall thickness (mm) 14
Mass flow (kg/s) 59.12
Inlet Pressure (bar) 80.29
Inlet Temperature (°C) 35
Ambient temperature(°C) 15
Permissible outlet pressure (bar) 55

Additionally, frictional losses within the pipeline
were determined using the Darcy friction factor,
which represents the flow resistance resulting
from the interaction between the gas and the
pipeline’s internal surface. Physical properties
such as density, viscosity, heat capacity, and
thermal conductivity vary with temperature
and pressure. Therefore, an equation of state
for high-pressure natural gas mixtures is also
required to describe the relationship between
natural gas density, pressure, and temperature,
andto calculate otherthermodynamic properties
accurately. In this study, the equation of state
was employed to calculate thermophysical
properties due to the presence of a hydrocarbon
system and high-pressure conditions (Saffari and
Zahedi, 2013).

Thermo-hydrodynamics modeling of natural
gas requires equations of continuity, momentum,
and energy. These equations are as follows
(Helgaker and Ytrehus, 2012):

V.(pu) = 0 (continuity) (1)
0=-Vp—fp %ulul = 0 (momentum) ()

pACpu.VT = V.(AKVT) + fp % [ul® + Qw (energy) (3)

p=HTp) (4)
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Where 4, p, u, p, 5, D, C,, T, k and Q,, are
area, density, velocity, pressure, Darcy friction
factor, diameter, heat capacity, temperature,
thermal conductivity and heat exchange with the
surroundings through the pipeline, respectively.
The first and second terms on the right-hand
side in Eq. (2) represents the gradian pressure
and viscous pressure drop. both for turbulent
and laminar flow regimes (Darcy friction factor),
respectively. The term on the left side of Eq. (3)
(energy) represents convection heat transfer.
The first, second and third terms on the right side
of Eq. (3) represent the conduction heat transfer,
friction heat dissipation due to viscous and
external heat exchange through the pipeline
wall, respectively.

The expression of the Darcy friction factor in
Eqg. (2) is shown as follows (Haaland, 1983):

111

e
v __ 2) 69 5
T 1.8log1 (3.7 T e ©)

Where e and Re are pipe wall roughness and
Reynolds number, respectively. The expression
of the Reynolds number in Eq. (5) is shown as
follows:

puD
Tw
The expression of O, in Eqg. (3) is shown as
follows (Haaland, 1983):

Re

(6)

Qw = hZ(Tepy — T) )

In this study, we consider a buried and
insulated pipeline. The overall heat transfer
coefficient includes contributions from internal
film resistance, wall resistance and external film
resistance (Figure.2), Eq. (8).

Ground surface

Soil

Figure 2. Cross-section of the Pipeline
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Where r, r,, 7, h, h,
are the inner radius, outer radius, insulation
radius, soil radius, thermal conductivity of the
pipeline, thermal conductivity of the insulation,
thermal conductivity of the soil, internal heat
transfer coefficient and external heat transfer
coefficient respectively. Nusselt number inside

of the pipeline is as follows (Haaland, 1983):

r

soil>

h;D
Nui = X

)

% (Re — 1000)Pr
Nu; = . (10)
14127 %(prz 1)

The expression for Pr in Eq. (9) is shown as
follows.

C
Pr=%u (11)

Nusselt number outside the pipeline is as
follows:

1 5
0.62W Regir \8
Nu, = 0.3 + 1+ ( )

< . 2 % 282000
4 \3
L (24 )
Prair

2.2. Physical Properties

ull s

(12)

Since the variations of the temperature
and pressure in the pipeline are significant,
the physical properties change along the
pipeline. Duo to high pressure system, the
behavior of natural gas is real gas. The density
and heat capacity are calculated from Peng-
Robinson equation. Botros (2002) showed that
the Peng-Robinson equation is suitable for
dense-phase natural gas; therefore, this study
used this equation for density calculation.
Also, Brokaw equations and kinetic theory
were used to calculate viscosity and thermal
conductivity of natural gas, respectively.
Brokaw (1965) established the suitability of the
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Brokaw equation for natural gas; therefore, this
equation was used in this study for viscosity
calculation. The density in Equations (1) to (3) is
not constant. Therefore, Equations (1) to (4) are
coupled. For example, the mixture density from
Peng- Robinsons is as follow (Haaland, 1983):

ijix+Mzzmix+NZrnix+ r= 0 (13)
M=B -I (14)
N:Amix_2Bmix_3B2mix (15)
r:BSmix+B2mix_Amimeix (16)
k
Amix = x;XjAij (17)
22
k
Bmix = ) xiB; (18)
2
A;i = 045724 (ppi) a; (19)
ii — Y- T 2 i
M
p= RI;"ZW- 21)
Where, Z . is compressibility factor of the

gas mixture; k is the number of components; x
is mole fraction; p is pressure; T'is temperature;
p. is critical pressure; T is critical temperature.
K is interaction parameter.

2.3. Boundary Conditions

Equations (1), (2) and (3) require boundary
conditions for velocity (mass flow), pressure,
and temperature. The boundary conditions in
this study are as follows:

u|z:L: uout (22)
m

Uput = p_A (23)

p|z=():pin (24)

T|z=0: Zn (25)

V.ql..,=0 (26)

55

Where u,, m, p, T, and g are outlet
velocity, mass flow rate, inlet pressure, inlet
temperature and heat flux, respectively. For
the inlet of the pipeline, the inlet pressure and
temperature for each phase were considered.
Additionally, for the outlet of the pipeline, the
velocity was used. The reason for this choice is
that the mass flow rate is constant due to the
conservation of mass, and the velocity depends
on the mass flow rate. Moreover, EQ.(26) is
typically used for the outlet boundary of the
energy equation because the temperature
variation between the outlet node and its
adjacent node is insignificant.

COMSOL Multiphysics version 6 was used to
solve the continuity, momentum and energy
equations. COMSOL Multiphysics solves a
finite element discretization of the continuity,
momentum and energy equations. Also, the
Peng- Robinson equation of state was used to
calculate the physical properties of the natural
gas, simultaneously.

3. Results and Discussion

3.1. Simulation of the Pipeline

(Figure 3) illustrates the dense and hybrid
regions within the phase envelope based on the
Majed Soliman natural gas composition (Table 3).
In this Figure, the pressure of the dense phase
region was at least 112 bar and the temperature
should be between -27 and 19 °C. Also, in this
Figure, hybrid phase is also shown. The pressure
of the hybrid phase was at least 100 bar and
the temperature should be between 19 and
35°C. The phase envelope in (Figure 3) is plotted
using Aspen Plus and the Peng-Robinson
equation. (Figure 4) shows the process flow
diagram of two- phase flow, dense phase and
hybrid. In two-phase mode, the natural gas
enters the pipeline at a given temperature and
pressure, then the exited natural gas enters
the separator and the liquid separate from the
gas phase, then the natural gas flows into the
compressor and the pressure reaches 80.29
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bar. Finally, the natural gas enters the heat
exchanger and its temperature reduced to 35
degrees Celsius. In the dense phase state, the
compressor first increases the pressure to 122
bar and then the heat exchanger reduces the
natural gas temperature to 19 °C. In this state,
the natural gas enters the dense phase region.
In the hybrid mode, the compressor increases
the pressure to 122 bar and then the heat
exchangerreduces the natural gas temperature
to 35 °C. In this mode, the natural gas enters
the hybrid region. The difference between

160
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dense phase and hybrid mode is the inlet
temperature of the pipeline. The temperature
of hybrid mode is higher than the dense phase
mode. In this research, Aspen plus V12.1 and
Peng-Robinson equation of state were used
to calculate the duty of the heat exchangers
and the compressors duties. Equations of
continuity, momentum and energy were solved
simultaneously using COMSOL Multiphysics and
Peng-Robinson equation of state to determine
pressure, velocity, physical properties and
temperature of the pipeline.
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Figure 3. Masjed Soleyman Natural Gas Phase Envelope, Dense Phase Region, and Near Dense Phase Region
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Figure 4. Process Flow Diagram of two- Phase Flow, Dense Phase and Hybrid Mode
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(Table 4) shows the required compression
power and the duty of the heat exchangers for
both dense phase and hybrid mode. Due to the
fact that the inlet temperature and pressure of
the compressors are the same in both modes,
the power of the compressors are also the
same. Due to the fact that the inlet temperature
of the pipeline for hybrid mode is higher than
dense phase, the duty of hybrid mode is 35 %
less than dense phase.

Table 4. Power of the Compressors and Duty of the
Heat Exchangers

Mode Power of compressor Duty of heat exchanger

(MW) (MW)
Dense phase 2.87 -9.71
Hybrid 2.87 -6.37

3.2. Density Effect

It is necessary to understand the density
variations in the pipelines since it is related to
volumetricflowandvelocity.Asdensityincreases,
the volumetric flow rate corresponding to a
specific mass flow rate decrease, resulting in
a reduction in fluid velocity. In this state, if
the viscosity of the fluid is almost unchanged,
according to the continuity and momentum
equations, as the velocity reduced, the pressure
drop is also reduced. (Figure 5) shows the
density profiles along the pipeline. On average,
the density in dense phase and hybrid modes is
2.5 times higher than the two-phase flow. The
density profiles in the dense phase and hybrid
modes are similar to liquids. The changes in
density for the dense phase, hybrid mode, and
two-phase mode are 87%, 11.1%, and 25%,
respectively. Small variation of density in the
pipeline causes small variation in volumetric
flow, velocity, and pressure drop. Moreover,
the variation in density in the hybrid mode
differs from that in the dense phase and two-
phase flow. This difference is attributed to the
distinct temperature and pressure conditions
in this phase. Compared to the dense phase,
the variation in density in the hybrid mode
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is influenced by higher temperatures, while
the variation in the hybrid mode differs from
the two-phase flow due to higher pressure.
Consequently, the higher temperature
difference between the natural gas flow and
the surrounding environment in the initial
section of the pipeline leads to an increase
in density (the temperature of the natural gas
decreases with increasing pipeline length). After
100 kilometers, the density decreases due to the
pressure drop, and the effect of temperature
variation becomes less significant as the
temperature difference between the natural
gas and the environment decreases.
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Figure 5. Density Profiles in Dense, Hybrid,
and Two-phase Flow Modes

3.3. Viscosity Effect

(Figure 6) presents the viscosity profiles for
the dense phase, hybrid, and two-phase flow
modes. The viscosity variations in all three states
are similar to gases. Moreover, the viscosities of
the three phases are nearly identical, indicating
that the frictional effects associated with viscosity
are consistent across these phases. While the
dense phase and hybrid state exhibit densities
comparable to liquids and significantly higher
than vapor, their viscosities remain similar to gases.
Consequently, viscosity has a negligible impact on
the comparative results, while density differences
play amore critical role ininfluencing flow behavior.
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3.4. Pressure Drop

(Figure 7) shows the pressure-drop profiles
of the pipeline for dense phase, hybrid, and
two-phase flow modes. In the dense phase
and hybrid modes, the pressure drop is lower
compared to the two-phase mode, primarily
due to differences in density. The higher density
in the hybrid and dense phases, compared to
the two-phase flow, is attributed to the higher
pressure in these phases. Since the mass flow
rate remains constant for all three phases, a
higher density results in a lower volumetric flow
rate and consequently a lower velocity of natural
gas. Since the pressure drop is directly related
to flow rate and frictional resistance within
the pipeline, the decrease in velocity leads to
a lower pressure drop in both the dense and
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hybrid phases. The lower velocity in the dense
and hybrid modes results in reduced turbulence
and friction compared with the two-phase flow.
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Figure 7. Pressure-drop Profiles in Dense,
Two-phase, and Hybrid Modes

3.5. Effect of Phase

(Figure 8)illustrates the temperature and pressure
profiles of the pipeline for dense phase, hybrid,and
two-phase flow modes on the phase envelope.
Additionally, the inlet and outlet conditions of the
pipeline are depicted. As shown, the profile for
the two-phase case enters the two-phase region,
resulting in two-phase flow. This occurrence leads
to issues such as high-pressure drop and potential
damage to the pipeline. In contrast, the dense
phase and hybrid profiles indicate only single-
phase flow, thereby eliminating the problems
associated with two-phase flow.
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3.6. Velocity

(Figure 9) shows the natural gas velocity
profile in the pipeline for dense phase, hybrid,
and two-phase flow modes. On average, the
gas velocities in the dense phase and hybrid
modes are 2.2 times smaller than the two-phase
flow. Since the velocities in the dense phase and
hybrid modes are lower than the two-phase
flow, the possibility of pipeline erosion and
associated problems is eliminated.

5
4.5 .
4 _7
3.5 -
- : - Dense phase
E 3 == « =Two- phase
S’
£ 25 — — Hybrid
o
&
Il 2
- ™ = o -
—————————=—
1.5
1
0.5
0
0 50 100 150 200
Length (km)
Figure 9. Velocity Profiles in Dense Phase,
Two-phase and Hybrid Modes
40
35\ Dense phase
\
= + =Two-phase
30{ ™ P
2 - i
- b ~ Hybrid
U 25 A AN
S . Ny,
@ -~ -
E 201 T
= ~—— =l
.g- 15
=]
=
10 1
5 4
0 T T T
0 50 100 150 200
Length (km)

(A)

59|

3.7. Heat Transfer

(Figure 10A) shows the temperature profiles
in the pipeline for dense phase, hybrid, and two-
phase flow modes. The temperature variations
are smaller in the dense phase because the
difference between its inlet temperature and
the environmental temperature is smaller.
Additionally, the temperature profiles for the
hybrid mode and two-phase flow are almost
identical because the inlet temperatures
for these phases are similar. Moreover, the
temperature variation for all three phases
decreases as the pipeline length increases
because the temperature difference between
the natural gas flow and the environment
diminishes.

(Figure 10B) shows the heat loss profiles
in the pipeline for dense phase, hybrid, and
two-phase flow modes. The heat loss in the
dense phase is lower than in the hybrid mode
and two-phase flow because the temperature
difference between the natural gas flow and
the environment in this phase is smaller than in
the other two modes. The maximum heat loss in
the dense phase, hybrid, and two-phase modes
are 12,60, and 59.9 W/m, respectively.
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3.8. Transmission Capacity

One of the major advantages of natural gas
transmission in dense phase or hybrid modes
is the increase in gas transmission capacity.
(Figure 11) shows the pressure drop versus gas
mass flow rate. The capacity increase has been
investigated in two cases with the limitation
of two-phase flow formation. Therefore, the
maximum amount of gas that can be transmitted
in dense phase or hybrid mode is 90 kg/s, which
is 52% higher compared to normal conditions. In
this state, the pressure drops in dense phase and
hybrid modes are 27 and 30 bar, respectively.

35
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3.9. Validation

Validation of simulation results is a crucial
step to ensure confidence in the results.
To achieve this, the results of Moreh et al.
(Moore et al., 1980) were used for validation
purposes. Detailed information on natural
gas components and pipelines one to three
were reported earlier (Moore et al., 1980).
Pressure and temperature outputs from
these pipelines were used to validate the
simulation results. (Table 5) compares the
simulated pressure and temperature outputs
with the actual outputs from the three
pipelines. The validation results indicate that

Dense phase the maximum error between the simulation
30 | T = Hybrd results and Moreh et al.’s results is 4.55%.
Two. (Table 6) demonstrates the validation of
z Phase the present model using experimental data
region .
'-Z; for high-pressure natural gas. The study by
= Sletfjerding (1999) investigates the pressure
% drop at various mass flow rates. The maximum
é and average relative errors between the
present model and the experimental data are
6.0% and 4.8%, respectively. Therefore, there
s 60 o 50 00 100 is a good agreement between the simulation
Mass flow (kg/s) results and the pipeline outputs.
Figure 11. Variation of Pressure-drop versus
to the Mass Flow Rate in Two Cases
Table 5. Validation of outlet pressure (MPa) and temperature (K)
from simulation results (Moore et al., 1980)
Outlet Outlet X Outlet Outlet .
o Relative Relative
Pipeline Pressure Pressure Temperature Temperature
L . . Error (%) o . . Error (%)
(Pipeline) (Simulation) (Pipeline) (Simulation)
1 2.26 2.15 283.2 2833 0.03
2 4.66 4.55 290.6 288.9 0.58
3 3.59 3.57 280.6 282.4 0.64
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Table 6. Comparison of Pressure Drop Between the Present Model and
Experimental Data (Sletfjerding, 1999)

Mass flow rate (kg/s) Pressure (bar)

Temperature (°C)

AP (mbar):
Experimental

AP (mbar):
Present model

3.046 71.77 36.30 0.93 0.94
5.999 72.33 37.26 3.12 3.25
14.61 71.01 37.43 19.09 20.28
17.65 7179 37.43 27.56 29.22
20.45 7142 37.45 37.34 39.47
23.04 70.78 37.24 47.93 50.60
25.86 70.82 37.15 60.58 63.71
28.46 70.54 36.95 73.59 77.50
32.86 69.79 36.87 98.45 104.77

4. Statistical Analysis

The Response Surface Method can produce
extensive data from a few trials and is powerful
in distinguishing the interaction effects between
factors ontheresults, along with determining the
optimal conditions. However, in multivariable
operations containing different effective factors,
an initial screening design before optimization
seems essential. Design-Expert software v13 was
used to analyze the data and the regression
coefficients (Bezerra et al., 2008; Said and Amin,
2015). A three-level Box-Behnken scheme was
used to indicate the relative importance of the
selected factors for the proposed models of
the pressure drop in dense phase and hybrid
modes using numerical trials. In this research,
the factors are diameter, mass flow, and length
of the pipeline. (Table 7) shows the factors and
their ranges. Also, (Table 8) shows the levels
of the factors and their corresponding results.
Numerical trials (solving equations of continuity,
momentum, and energy) were accomplished
according to the shown trial plan (Table 8). The
quadratic regression equations for the pressure
drop in dense phase and hybrid modes in terms
of diameter, mass flow, and length of the pipeline
are given by Equations (27) and (28), respectively.

(Tables 9) and 10 present the p-values for

each model and factor in the dense phase and
hybrid mode, respectively. A p-value below 0.05
signifies a significant effect, whereas values
above 0.05 indicate a negligible influence.
For the pressure drop model in both modes,
the quadratic effects of mass flow area (A?)
and length (C), as well as the interaction
between mass flow rate and length (AC), have
no significant impact on pressure drop. Other
factors exhibit a significant effect on pressure
drop, as their p-values are below 0.05.

(Figure 12A) and (Figure 12B) show the
predicted pressure drop in dense phase and
hybrid modes, respectively. According to the
values of R? the predicted values are in good
agreement with the actual values. According
to the models and their coefficients, it is clear
that the diameter has a significant effect on the
pressure drop compared to the mass flow and
length of the pipeline.

Table 7. Factors and Their Range

Factor Low Level High Level
m: mass flow (kg/s) 60 90
D: diamete (m) 0.45 0.75
L: Length (km) 100 200
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Table 8. Factors and Their Corresponding Results

Run m. (kg/s) D (m) L (km) AP (bar) of the dense phase AP (bar) of the hybrid

1 75 0.75 200 1.93 2.06

2 75 0.45 100 14.91 17.04

3 90 0.6 200 9.21 10.076

4 90 0.45 150 37.73 43.64

5 60 0.6 100 1.97 2.19

6 75 0.75 100 0.97 1.08

7 60 0.6 200 3.95 422

8 75 0.45 200 33.53 37.3

9 60 0.75 150 0.92 0.99

10 90 0.6 100 453 5.13

11 75 0.6 150 4.68 5.14

12 90 0.75 150 2.09 230

13 60 0.45 150 14.09 15.50
AP(bar) =-91.73 + 3.38m-354.70D + 1.02L - 2.49mD - 0.58DL + 459.69D’ (27)
AP (bar) =-109.23 +3.93m-403.84D + 1.18L-2.98mD - 0.64DL + 528.85D’ (28)

Table 9. The Analysis of Variance of Dense Phase Mode (Eq. 27)

Model Terms Sum of Squares  Degree of Freedom Mean Square p-value (Significant)

Model 193.5700 9 193.5700 0.0061
A-m 188.6900 1 188.6900 0.0062

B-D 1112.7400 1 1112.7400 0.0011

C-L 141.4200 1 141.4200 0.0083

AB 126.2300 1 126.2300 0.0093

AC 18.7700 1 18.7700 0.0578

BC 77.9700 1 77.9700 0.0149

A? 3.4600 1 3.4600 0.2297

B2 213.9600 1 213.9600 0.0055

c 9.5800 1 9.5800 0.1047
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Table 10. The Analysis of Variance of Hybrid Mode (Eq. 28)

Model Terms Sum of Squares  Degree of Freedom Mean Square p-value (Significant)
Model 2265.4000 9 251.7100 0.0104
A-m 258.5900 1 258.5900 0.0100
B-D 1432.4600 1 1432.4600 0.0018
C-L 173.8500 1 173.8500 0.0148
AB 179.9600 1 179.9600 0.0143
AC 26.4400 1 26.4400 0.0867
BC 92.9300 1 92.9300 0.0271
A? 4.1000 1 4.1000 0.3380
B2 283.1800 1 283.1800 0.0092
C? 14.2500 1 14.2500 0.1453
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Figure 12. Comparison of Predicted and Actual Pressure Drop of the Dense Phase (A) and the Hybrid Mode (B)

5. Conclusion

In this study, the performance of natural gas  evaluated. These modes reduced issues such as
pipelines in dense phase and hybrid modeswas  high pressure drop, high velocity, low capacity,
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and the formation of two-phase flow. The main
findings are as follows:

The pressure drops and velocities in the
dense phase and hybrid modes were,
on average, 2.2 times lower than in two-
phase flow. This suggests that transporting
natural gas in dense phase or hybrid mode
is a suitable method to mitigate pressure
drop concerns in pipelines.

The densities in dense phase and hybrid
modes were, on average, 2.5 times higher
than in two-phase flow. Thus, increasing
the density in these modes helps reduce
velocity and pressure drop.

The viscosities in dense phase and hybrid
modes were similar to those of gases,
indicating no significant concern about an
increased pressure drop due to viscosity
when transporting natural gas in these
modes.

Nomenclature

A
Cp

D

Jo

Pr

ow

Re

Area (m?)

Heat capacity (J kg'K")

Diameter (m)

Surface roughness (m)

Darcy friction factor (-)

Overall heat transfer coefficient (W m? K')
Thermal conductivity (W m! K1)

Pressure (Pa), Perimeter (m)

Prandtl number (-)

Heat exchanged with the environment (Wm™)
Outer radius of the pipeline (m)

Reynolds number (-)

Temperature (°C)

Velocity (ms™)

The maximum gas flow rate that can be
transmitted in dense phase or hybrid mode
is 90 kg/s, which is 52% higher than under
normal conditions. Therefore, if additional
capacity is needed, using dense phase or
hybrid mode canincrease pipeline capacity.

The duty of the hybrid mode was 35%
lower than that of the dense phase mode.
This suggests that the transmission of
natural gas in hybrid mode is more suitable
than in dense phase mode when the
cricondentherm temperature (maximum
temperature of the dew point curve) is low.

Quadratic models for pressure drop in
dense phase and hybrid modes, in terms
of diameter, mass flow rate, and pipeline
length, were proposed.

Pipeline diameter had a greater impact on
pressure drop compared to mass flow rate
and pipeline length.

Subscripts

in inlet

out outlet

env environment

Greek Letters

u Gas viscosity (Pa s)
p Gas density (kgm™)
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1. Introduction

Formation damage is one of the most
important reasons for declining well injectivity
as well as productivity in oil and gas reservoirs.
Several mechanisms responsible for formation
damage are reported in the literature including
fines migration, clay swelling, fluid-fluid
incompatibility, phase blocking, scale formation,
dissolution and precipitation reactions, and
wettability alteration. The formation of
mineral scales in hydrocarbon reservoirs and
oil field facilities is the main challenge in water
injection operations (Asadollahi et al., 2021).
Scale formation and deposition can occur
during certain operations such as stimulation,
production and transportation in petroleum
industry. Carbonates, sulfates and sulfides are
common scales in oil fields. Usually, these scales
are caused by changes in temperature, pressure
and mixingofincompatible watersinthereservoir
(Merdhah and Yassin, 2007). Controlling and
preventing the formation of scales as one of the
most effective solutions has been the concern of
both research and industry for many years. The
most effective method to reduce mineral scales
in water injection operations is the use of scale
inhibitors, which requires a comprehensive study
underdifferent conditions. Toselect the best type
and concentration of scale inhibitor, laboratory
tests should be performed on formation brine
and injection water. Scale inhibitors have
different mechanisms of inhibition. A group of
inhibitors can reduce the activities of the ions
in the solution and consequently reduce the
scale formation. Sum types of inhibitors affect
the scale after the formation of the solid crystal
core and prevent the crystal growth through
adsorption to the active sites on the crystal
surface. Another inhibition mechanism is the
modification of the crystal structure, which
often reduces the adhesion of scales on the
solid surface. Another category of inhibitors
reduces the deposition of scales by increasing
the dispersion of solid crystals and reduces the

Journal of Gas Technology . JGT, Volume 9/ Issue 1/ 2024

accumulation and settling of suspended solid
particles (Valadbeigian et. al., 2023).

For the best inhibitor performance, some
factorsshould beinvestigated. The scale inhibitor
(SI) must be stable against high temperature and
salinity. In addition, since the chemistry and
ionic composition of sea water and formation
water vary at different regions, an effective S
should be compatible with these waters. Hence,
a Sl that performs well in a given oil field may
not do so in another (Tantayakom et al., 2005;
Viloria et al,, 2010). Changes in environmental
conditions such as pH value, temperature, fluid
hydrodynamics, and presence of other chemicals
can also influence the performance of a scale
inhibitor. Factors such as brine supersaturation
and the presence of divalent cations, such
as Ca?* and Mg* ions or even Zn** can lead to
incompatibility between the brine system with
the chemical, hence reducing its concentration
in solution and its scale inhibition performance
(Kan and Tomson, 2012).

Most commercial inhibitors used in oil fields
are based on phosphonate and polyacrylate.
Phosphonates are  phosphorus-containing
organiccompoundsthatarenoteasily hydrolyzed
due to the strong bond between phosphorus
and carbon in their structure. Phosphorus and
nitrogen compounds have been used effectively
to prevent inorganic scale formation. Today,
chemicals which are toxic and harmful to the
environment are severely restricted. Therefore,
it is important for the industry to develop
alternative solutions, i.e.,, the use of green and
environmentally friendly inhibitors to control the
formation of mineral scales. Green chemicals are
defined accordingtothree criteria of non-toxicity,
non-biological accumulation and possibility of
biological degradation (Zojaji, 2020). Various
natural products, especially from plants, contain
generousamounts of polyphosphates, carboxylic
acid groups, alcohol and aromatic amines, which
are potential functionalities for adsorption or
antiscaling effect of the chemical SIs. Research on
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the use of plant materials as oilfield chemicals like
drilling mud (Ghazali et al., 2015), biosurfactants
(Silva et al., 2014) and corrosion inhibitors (ltuen
et al.,, 2016; Ituen et al,, 2017) is very active, but
very little has been done to explore some plant
materials as Sls. Extracts of natural plants are
environmentally friendly, non-toxic, relatively
less expensive, readily and sustainably available
and also biodegradable. Nevertheless, this
biodegradability limits the storage and long-term
usage of plant extracts. Leaf extracts of Fig (Ficus
carica L) contains B-amyrine, umbelliferone,
bergabten, psoralene, {3-sitosterol, p-coumaric
acid, lupeol and other organic compounds and
have been used to inhibit calcium carbonate
scales (Abdel-Gaber et al,, 2008). Other plants
materials reported as efficient scale inhibitors
include sea weeds polysaccharides and soybean
oil methyl ester (Miksic et al., 2005; Abdel-Gaber
et al., 2011), and leaf extracts of Punicagranutum
(Abdel-Gaber et al., 2017). There are also reports
on products or compounds from plants and
natural products such as humic acid, leucine,
citric acid and xanthan used as scale inhibitors
(Chaussemier et al., 2015). Recently, due to the
limitations of the world community to protect
the environment and also considering the fact
that before using any scale inhibitor, laboratory
studies of the inhibitor’s performance under field
conditions are required, environmentally friendly
green inhibitors have received much attention
by researchers (Zojaji, 2020).

In this research, an attempt was made to
investigate the efficiency of olive leaf extract as a
green inhibitor to control the formation of barite
scales. To ensure the presence of functional
groups such as hydroxyl and carboxyl in the
olive leaf extract, a fourier transform infrared
(FTIR) spectrometer was used for characterizing
the extract. Brines compatibility experiments
were conducted via standard jar test at reservoir
temperature of 90 °C to explore the optimum
inhibitor concentration. Furthermore, the effect
of salinity and pH value of injected water on
inhibition efficiency was also investigated.
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2. Experimental Procedure

2.1.Brines Preparation

The formation brine and injection water
samples were synthesized by dissolving a
certain amount of high purity salts in distilled
water. To prepare the injection water sample,
0.47 g sodium sulfate salt and 3.63 g sodium
chloride salt were dissolved in 100 cc distilled
water. The formation water sample was made
by dissolving 0.26 g barium chloride and 14.98
g sodium chloride in 100 cc distilled water. All
samples were passed through filter paper in
order to remove any solid particles from the
prepared solutions.

Olive leaf extract was prepared by two
extraction methods using a Soxhlet apparatus
and by boiling the powdered leaves in distilled
water. In the first method, 100 g of dried olive
leaves were ground into powder by grinding in
a mortar. Then, 5 g of the powder was mixed
with 100 cc distilled water and the extraction
process was performed for 6 hours using a
Soxhlet apparatus. Finally, the refluxed solution
was filtered to remove any contamination and
solid particles.

In the second method, 5 g of dried olive
leaves that were ground into powder were
mixed with 100 cc distilled water and placed on
a heater stirrer. After boiling the mixture for 30
minutes, the mixture was filtered using a 0.45
um cellulose acetate filter paper and stored in a
closed bottle at ambient temperature. A fourier
transform infrared (FTIR) spectrometer was used
for characterizing the olive leaves extract.

2.2.Brines Compatibility Test

Static jar tests were performed to determine
the amount of scale and the performance of
olive leaf extract as scale inhibitor. To this
end, formation and injection water samples
were mixed in different volume ratios in
different glass tubes. The glass tubes were
kept at constant temperature and pressure
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and their content was stirred every 15 minutes
to complete the precipitation reaction. After
complete mixing of brines, the electrical
conductivity and turbidity of the solutions
were measured. Finally, by passing each
solution through 0.45 um filter paper, the solid
scale was separated, dried, and weighed using
a digital balance.

The same procedure was repeated by adding
the olive leaf extract at various concentrations
(i.e., 20, 40, 50 and 100 ml/l) to the injection
water and the amount of the formed scale was
measured accurately. Using the experimental
data, the percentage of scale inhibition was
calculated.

The salinity of injection water is a key
factor in designing low salinity water injection
operations. In order to observe the effect of the
salinity of injected water on the green inhibitor
efficiency, 2, 5 and 10 times diluted seawater
samples were prepared as shownin (Table 1) and
compatibility tests were conducted at different
salinities. In (Table 1), SW denotes seawater and
SWXD indicated X times diluted seawater.
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Table 1: Diluted Injection Water Composition

Concentration

(ppm) SW SW2D SW5D Sw1oD
Na* 13100 6550 2620 1310
Cl- 23800 11900 4760 2380

SO4* 3200 1600 640 320
TDS 40100 20050 8020 4010

One of the main parameters affecting
the solubility of mineral scales is pH value.
Therefore, the impact of injection water pH
value on the amount of scale and inhibitor
efficiency were explored in this study. To
this end, the injection water samples were
prepared at different pH values by adding
a specified amount of Sodium Hydroxide.
At each pH value, jar tests were performed
at different inhibitor concentrations, and
variationsintheamount of scale was measured.
(Figure 1) demonstrates the procedure of the
experiments.

Figure 1. Schematic of the Experimental Procedure

3. Result and Discussion

(Figure 2) illustrates the FTIR spectrum of

the olive leaf extract. The observed peak at
wavenumber 342822 cm” can be attributed

to the hydroxyl functional group, and the two
peaks at 1730.98 and 1631.77 cm™ are related to
the C= O bond of the carboxylic group.
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Figure 2. FTIR Spectrum of Olive Leaf Extract

3.1. Effect of Mixing Ratio

In the first set of static tests, the effect of
the mixing ratio of formation brine to injection
water was investigated. It was observed that
with the increase in the volume of formation
water more scale is formed due to the increase
of barium ions concentration and more reaction
with sulfate anions. As shown in (Figure 3), in the
mixture containing 50% formation brine and
50% injection water, the amount of scale was
measured 0.033 g, and in the solution including
90% formation brine, the amount of scale was

0.08
0.07
0.06
0.05
0.04

scale (g)

0.03
0.02
0.01

40

detected 0.074 g. The highest amount of scale
was observed in the mixture containing 90%
formation water. In fact, with increasing the
volume fraction of formation brine, the amount
of barium ions in the solution increases, and
therefore the chemical reaction of barium
sulfate formation (i.e.,, Eq. 1) proceeds toward
the formation of solid phase and the formation
of solid crystals of scale.

Ba’* (aq) + SO (aq) S BaSO’ (s) (1)

60 80 100

mixing percentage of FW

Figure 3. The Amount of Scale at Different Percentage of Formation Water
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3.2. Inhibitor Performance Analysis

Static jar tests were performed at different
inhibitor concentrations of 20, 40,50 and 100 ml/
liter of injected water. As can be seen in (Figure
4), the lowest amount of scale was formed at
inhibitor concentration of 20 (ml/l). Increasing
the concentration of inhibitor more than 20
(ml/1) leads to increase the scale amount. In fact,
similar to chemical inhibitors, an optimum value
for the concentration of green inhibitors should
be determined to reach the highest inhibition

0.08
| Soxhlet extraction

0.075
C
o
S
(73]

0.07

0.065

0 20 40
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efficiency.Forolive leaf extraction using a Soxhlet
apparatus, the best efficiency was observed at
the concentration of 20 ml/l, and the amount of
barite scale was decreased to 0.068 g.

Forthe second method of extractionin which
the olive leaf extract was obtained by boiling
the powdered leaves in distilled water, static jar
tests were repeated. As shown in (Figure 5), the
best inhibition efficiency was again detected
when the inhibitor concentration was 20 (ml/I).

60 80 100 120

Inhibitor concentration(ml/1)

Figure 4. The Amount of Scale at Different Inhibitor Concentrations from Soxhlet Extraction

0.08

Boiling extraction

0.075

scale (g)

0.07

0.065
0 20 40

60 80 100 120

Inhibitor concentration(ml1)

Figure 5. The Amount of Scale at Different Inhibitor Concentrations from Boiling Extraction

By comparing the obtained results of
two different extraction methods, it can be
concluded that the extracts obtained from both
methods were equally effective in reducing

the barite scale. Therefore, the boiling method
which is simpler and done in less time can be
used as an effective extraction method.
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3.3. Effect of Salinity

The effect of injection water salinity on
inhibitor performance was explored by diluting
the injection water. The measurement of the
electricalconductivityofbrinesmixturecontaining
inhibitor at different salinities showed that the
decrease in injection water salinity, decreases

0.08
0.07
0.06
0.05

0.04

Scale (g)

0.03

73|

the electrical conductivity, which means that the
dissolved ions in the solution are decreased. As
can be seen in (Figure 6), with the decrease of
injection water salinity and consequently the
decrease of electrical conductivity, the amount
of barite scale decreases.

0.02

—®— scale mass with inhibitor

—@— scale mass without inhibitor

0.01

0 10000

20000

30000 40000 50000

Injection water salinity(ppm)

Figure 6. The Effect of Salinity on the Scale Amount

3.4. Effect of pH Value

As most mineral scales are soluble in acidic
solvents, the pH value of injection water is an
effective factor on inorganic scales. As shown
in (Figure 7), pH value has no effect on barium
sulfate precipitation in the absence of inhibitor
and it can be stated that barium sulfate scale
formation is independent of pH value. Similar
results have been reported in the experiments
of Tantayakom et al. (2005).

0.082

The effect of pH value on barite scale is
different in the presence of inhibitor. It was
found that with increasing the injection
water pH value, the amount of scale increases
slightly which is in accordance with the results
of previous studies (Asadollahi et al., 20271;
Merdhah and Yassin, 2007). The amount of scale
formed at pH 8.7, 9.7, and 10.7 was measured
0.070, 0.074, and 0.080 g, respectively.

0.08

0.078

—@— scale mass with inhibitor

—@— scale mass without inhibitor

0.076

0.074

scale (g)

0.072

0.07
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Figure 7. The Effect of pH Value on the Scale Amount
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3. Conclusions

In this study, olive leaf extract was used as
a novel green inhibitor to prevent and reduce
barite scale formation. For this purpose, the
brine samples were synthetized according to
the ionic composition of formation brine and
sea water, and static jar tests were conducted
to investigate the efficiency of the proposed
inhibitor. The effect of the volume ratio of
formation brine to injection water, salinity
and pH value of injection water was explored
at different concentrations of inhibitor. FTIR
analysis of olive leaf extract confirmed the
presence of hydroxyl and carboxyl functional
groups which are effective chelating agents.

Static compatibility tests showed that the
highest amount of barium sulfate scale i.e., 0.37
(g/1) is formed in the mixture containing 90%
formation water. By adding olive leaf extract
to the brines mixture, first the amount of scale
reduces and then increases. The minimum
amount of scale was detected when the
concentration of green inhibitor was 20 ml/
liter. Although in the absence of inhibitor no
change in the amount of barium sulfate scale
was observed by changing pH value, but the
performance of green inhibitor was decreased
at higher pH values. The results of experiments
at different salinities of injection water indicated
that that the green inhibitor has a good
performance at high salinities. The findings of
this study confirm that olive leaf extract can be
considered as an alternative to chemical and
toxic inhibitors of barite scale.

References

Abdel-Gaber, AM., Abd-El-Nabey, B.A., Khamis,
E., Abd-El-Khaled, D.E. (2008). “Investigation
of fig leaf extract as a novel environmentally
friendly antiscalent for CaCO, calcareous
deposits” Desalination. 230: 314-328.

Abdel-Gaber, AM., Abd-El-Nabey, B.A., Khamis,

Journal of Gas Technology . JGT, Volume 9/ Issue 1/ 2024

E., Abd-El-Khaled, D.E. (2011). “A natural extract
asscaleand corrosioninhibitor for steel surface
in brine solution” Desalination 278: 337-342.

Abdel-Gaber, A.M., Abd-El-Nabey, B.A., Khamis,
E, Abd-El-Rhmann, H. Aglan, H., Ludwick,
A. (2012). “Green anti-scalant for cooling
water systems” International Journal of
Electrochemical Science. 7(12): 11930-11940.

Asadollahi A., Hajipour M., Biniaz Delijani E.,
Rajabi M.S. (2021). “Laboratory assessment
of formation damage due to re-injection
of production water into oil reservoirs” 5"
International Conference on Global Studies in
Technology and Engineering Sciences, Tehran.

Chaussemier, M., Pourmohtasham, E., Gelus,
D., Pécoul, N., Perrot, H., Lédion, J., Cheap-
Charpentier, H., Horner, O. (2015). “State of
art of natural inhibitors of calcium carbonate
scaling. A review article” Desalination. 356:47-
55.

Ghazali, N. A,, Jaih, M. Z. M., Mohd, T. A. T,, Alias,
N., Azizi, A., Yahya, E. (2015). “The Characteristic
Study of Oil Palm Kernel Expeller as Lost
Circulation Material in Water Based Drilling
Mud (WBM)” Advanced Materials Research.
1113:648-653.

ltuen, E., Akaranta, O., James, A., Sun, S. (2017).
“Green and sustainable local biomaterials
for oilfield chemicals: Griffonia simplicifolia
extract as steel corrosion inhibitor in
hydrochloric acid” Sustainable Materials and
Technologies.11, 12-18.

ltuen, E., James, A., Akaranta, O. Sun, S.
(2016).  “Eco-friendly  corrosion inhibitor
from Pennisetum purpureum biomass and
synergistic intensifiers for mild steel” Chinese
Journal of Chemical Engineering, 24(10), 1442-
1447.

Kan, A., Tomson, M. (2012). “Scale prediction for
oil and gas production” SPE Journal. 17(02):362-
78.



Journal of Gas Technology . JGT, Volume 9/ Issue 1/ 2024

Merdhah, A.B., Yassin, AA. (2007). “Scale
formation in oil reservoir during water
injection at high-salinity formation water”
Journal of Applied Sciences 7(21):3198-207.

Miksic, B.A, Kharshan, M.A, Furman, Al.
(2005). “Vapor corrosion and scale
inhibitors formulated from biodegradable
and renewable raw materials” European
Symposium on Corrosion Inhibitors (10 SEIC)
Ferrara, Italy.

Silva, R. D. C. F,, Almeida, D. G., Rufino, R. D,
Luna, J. M., Santos, V. A, Sarubbo, L. A.
(2014). “Applications of biosurfactants in the
petroleum industry and the remediation of
oil spills” International journal of molecular
sciences, 15(7), 12523-12542.

Tantayakom V, Sreethawong T, Scott Fogler
H, de Moraes FF, Chavadej S., (2005). “Scale
inhibition study by turbidity measurement”
Journal of Colloid and Interface Science 284:
57-65.

Tantayakom, V., Fogler, H.S., Charoensirithavorn,
P., Chavadej, S. (2005). “Kinetic study of scale
inhibitor precipitation in squeeze treatment”
Crystal Growth and Design. 5(1):329-35.

Valadbeigian V., Hajipour, M., Behnood, M.
(2023). “Static and dynamic evaluation of
formation damage due to barium sulfate
scale during water injection in carbonate
reservoirs” Journal of Petroleum Exploration
and Production Technology 13(8), 1819-1831.

Viloria, A., Castillo, L., Garcia, J. A., Biomorgi, J.
(2010). U.S. Patent No. 7,645,722. Washington,
DC: U.S. Patent and Trademark Office.

Zojaiji, I. (2020) “A review of the role of natural
inhibitors to prevent calcium carbonate
deposition” 9™ National Conference on
New Research in Chemical and Science and
Engineering.



76 Journal of Gas Technology . JGT, Volume 9/ Issue 1/ 2024

Jab 33 00 S 18D O Fxe p T 3B Sasd WU b3
I Gilwe w3 w8

Fang ST iyl ooz TAarST LisS IVl T golol gy LgSsl o wilisS ToSTy s il @
425 )95l Do 0y (LTl (i (cwiigs 09,5 ¥
OS¢z g8l ol I g i 09,5 Y
SledSl o oRiils (g5l Jae 5 (oias (Ben wols psle 05,5 Y

@hhassani@srb.iau.ir : Jstus ssiws g Joos))

o0 S

2ty BB Sl G156 6)es ol oad (cwp S 9enSTies o Same a1 ol 5 6500 3l agh cnl 5o
Slgs (6,105 Cguy 9 Pl goasl B 5 el (Sas cpizmad g 3,0 Il 05086 5, 5l 0olidl slo a4y (S anSTes Gl
b g Il cosilogdl e il (65loo s adloz 3l 50,8 sumSTies (g3loo peid ilizen sla by, a5 Il 4o 0,08 15b Sose
ol o lazE )T 18 ) 0550 5268 Gl S5e Jalse 5 Gane (g3lailals 4y Jenily cailons axdllas 00 S 5k 4y (Saxe g
b il nl ool 00 (g (5308 (§3lotnd Bob 5] () SenSlisd i (Gaxe p 21 56 (6)9d Dl b (o
2 25 5 (GMEs Sl -+ 0) ¥ ¥ ) ol b oyl G 51 S sampts Jo S 5 sloandist Sltinds 5 ) eslin
Jao ezl 0a p (Fas Slogas 5 S0t (Seibs iy sloThs b oo alst 4K Cal 0 ol s +Y Sl
S, VO WE (VO e eppm) oo ) WE (Voo e o ppm) cilisre slas e 9 @l O] Ll s ol p alie Jlw § Kiw Slusgas b
0ab > 9,5 anST6d lime yeh Ol (598 il L aS ol ylias bt .wad (g5lwdnd cud 5 4 ¢, Y WE (Ve - cppm) 4
Sl o Pl liae 1alS 5 0T 5o Jolme slags 4 odd o (2,5 aSliss slaJge (1alS el (5598 alidl sl oo als
o 5 caiBly il CandlS 5 ot 6T gy £ oS eS80 B3 ol D il L iman 2500 35299
Ol 381 b Lal il iol38l g0 mlaw ial3dl b s el 5550 50 Jame dlge Jge Ol ass il co alS s el Pl 5 oS
Obey Dde g 698 haw (Rl L S glS g CondS (oo Dlits G0 o S bioe 2B 05 wenSTes By Oley e
abee Gl Sl 5 oS ke ol B 650 (Rl L (T b 4 a8 e Ty (1alS 53

O el cpl aS cnl Dglaie (650 cdale a4y G (350 0died LSAS  ase lge (6 iy y1aSTy aS el ools lis dsllas ()
Dl o S alSTgo gilalals 4 g (g5lue S 8 b (o (glonisS s

Silwo >3 o558 (6 0u ‘QIPQT Joe ( Plail o JEReS :‘5..\4.15" Olfjlg



Journal of Gas Technology . JGT, Volume 9/ Issue 1/ 2024 77

SRSl Sgag Sl 0 > (S piaw ol ki g 4 = 3 oolaiw!
RIFTREN PYRSLIT-R) (e Vo, g [V

# . . Ve V. . .
Mu%uub‘&)m\‘ﬁBYod)j)ym °

Olpl el ol s oKisls (S Qlf.\i.ﬁ..}b (e (gwdigeo oasliils o Loliwl Y

(jahanbakhshi@ut.ac.ir : Jstus soiws i Joosl)

o— S

Dbl Sazn Jo ol b oS e Wl g glacawl al8 Gk Sl cd olil sse j0 e GRS olx (650l

WSz a5 WS o gy Alie cplaiS ool ) e BB (il 3P alite balph 4 4z gl b s ol Jhow o ol
L} o‘).c.(b 40).3.5 ‘_gLQW 6[.)‘).4 9 ‘).>‘ 5).3‘ 390 L’ ] )J}A ‘_;)ISMI JLo.w n.:l?w‘ M])S Ogufe O o).».> (.QLQ’W )l oolawl
St e gy (il D S oo SeS i Sl g 5 ge (6 S el 4 s (a2l 58 45 wms o0 (LIS e (63,50 Dlalllas
MTQQ)"L}"")‘ 6‘): JL..M:g_i:4d.~90 QS’L))I)‘Q“J el 00 ul?b..:‘ OJ.?D.- W)‘ ooLﬂ-MA"L’JA-L?‘Jsd.’).ZJ 6‘): LQMT)‘ 4.!9..9..!
Cpnld pas Lyl o gl 5 (53l n o 0yt (Sl oS 5 20 s (LS |y 0 s S 45 el s s
)| L@W U”‘ .o)b (5)"5"“"""'“4" ‘SLQM])B C)Lo‘ 9 LQO‘..Dj) ‘sb.a.ﬁw.a.ﬁ ‘LQLED u....:olf €590 ¥ U’“J‘)B‘ )Q ‘SNL.J Vw&b ‘YL u&é 9
4SS Gl a5 S o oolainl adaliyy alizes glgil jo bolays, cwmin 5 $ilw]de lp 4ty oL, sl Jow 5 bapsy )6

D9 0 82y § Al (S oS e

-1 \.\.J}: éw 50){.5 ‘5wa n.\.:)Lw g.,\.:.w] s&)fdm‘ JLMUJ ul?ib‘ so).:.c} d)lsdm‘ :‘54.3.15 C}EB'S



78 Journal of Gas Technology . JGT, Volume 9/ Issue 1/ 2024

b AOP jl oolaiw! 3l o 9 b8 O 5gdgm ol ddal 4l pud el dxlliae
Ll yols &5y 9 BOD 9 COD B> (Sl

Y . < ¥ . Yo . . E Vo e "
6)W4J‘sg‘6)H09MMsw.>‘)r.oM‘5>l>La)ﬁl.cM‘ G‘M}l"L‘“})“A“MdOb °

@hhassani@srb.iau.ir : Jstus ssis g Joos))

o0 S

OgemlonnST 5l axs g 8 (UASB -AREATED LAGOON) o118 25,5 @l atal glawslio cw)p @ Gudos cpl 50
38 oled Hley g Lo g pH oges Lld L S5, 9 BOD ,COD asile san¥T slajaslis g cunl oo aisls,, (AOPS) aid iy
N0 e b e oles laple) Aiz5E 8 a5 dalllae 5,50 st 525 5 HLO/UV, UV 4l il o5aisS auusS| L pao
555 oloily oYL UV/H,0, caallla 8,50 sAOP Lo 1o el i3 15 Liie oy gmaslinS| anl 3 aiBs Yo 570 Y-
sanld plo 4 s BOD s COD (K, jigo Bido a4 i sl il i 55 5l el ogdle oy ao 0 QA B g ol las |
&,ke AOP 0l 8,0 COD Gis w5 5 ol plaisl ogs 40 1, BOD Gl a0 (o i 55 68 b diaal o900 .0 AOP
S5, 3 COD Gi> (gl p5e 598 ouSonST Jole ey o5l as J= 0 PHOTO FENTON< O,< UV <UV/H,0, :;l 54
AOP ol 3 cp ganl)lS lgieas g og Llo |, 5, Bis ey o s (PH = 6.4) ,0 UV/H,0, an1,8 Lol ol adgl al s yo
A el S5, 9 COD Bis sl

o ygmmlinST o S 5e) g dntial b ) il s s o 1 gaadS” E5lg



Journal of Gas Technology . JGT, Volume 9/ Issue 1/ 2024 79

o P 95 10 SIL O (b I dgf s (Soue (Silwdm

TS (oo gls s (ca e ElBgpl ol
Oyl ealaaly (plina sl o Gl olKails ¢ pwdige 0aSESIS ( cond pwidige 05,5 (535S (goiils )
Oyl ehaly (olina sl o lons olKiils ¢ pwaige 00SLEIS ¢ goud (owiige 09,5 wliwl ¥
Oyl eolanly (lbinz gl 5 Gl oRails ¢ pwdige 00SailS ¢ sond cwidige 09,5 ¢jluiils Y
(Mmzivdar@eng.usb.ac.ir : Jstus osicws g Joos))

Ch >

55 o )18 ookl 350 00,58 by L) b & S (o9 A3 oaiygrie s & dlg) bolas 5 )b I (a5 Ll
S3L9d (b S g a2 95 BB jLid 3l 65 5l YL B ras wiile pla e b dlg) bolas 55 5l (oanibs 5 oo (> cnl L
Sl 6 90 5 (ST 51 & e g STte 51 Bble) (oS 5 ST slasle yo (anb 5B Jlal adlllae (pl )3 sl 4zl
S 1ke 5B 50 5Lad 8l sl p pes 4z )3 08 b (L2L; ladae (il pogdle (235 1 (o) 8590 lalusgaze Cal I (S RalS
Sl s 3l Ay a3 kb da e ol el 2 i olgrinn Ay b3 sk 5 g0z 0lyz k8 el 2 oS 5 Ll
S oy YO S 5 o gl 5 e gl Gy 45 ol s paizman gl il algl L3 b 5 o0 4 o Lt
Sy g lad el Jol> g3lgs sz 5l i 2lp VIB (oS 5 g ST lajls o (S dawgie jobay el ST 56 )
3 ol 58 JUl (gl gl s b b iz el Cewd 4 (55890 by Il 5l eS VIV (oS 5 g 08Tk slalé o
A daloe (59d Ll s o 518 Ul iy 00,0 OF (oS 5 g o5 slajle

b S gl b gy et Sl oS 5 s gauls (Sl



80 Journal of Gas Technology . JGT, Volume 9/ Issue 1/ 2024

ST 8155 Oldos 33 o sb Dguwy 0I5k Olgied AL slaoslas o )5

Y R #Y ofe \ .

(Mm.hajipour@srbiau.ac.ir : Jstwe sdiws i Juosl)

o— S

el 3 ST Vgane (55 ol bl o i 055 51 (36 )8 23l o S Jolate slashs, 5 e 1 ojle & T Gy
(il oo 0308 5 pomdlyiool co sl S Aile Uyl gyl il il DT el Sl S 5 Slilgs i Llagssy ssl 45
w2l By Oldes )0 OMSte (n e 5| (o Wgdige oSS Same Slgmy il O b Gy 5 O DY 51 50 cnlple
W ol Lyl 5 5 cal oo g SOl i ol g LalS (e 4 ol wzgn 4 sl e Sliges, aSis
St ot allln ol 53 ol Sl S35 3] S sl S5 Gy oy slaosiloly 3 sl 95,5 e ol
S5 S el ol wised el al gl b ool col sy LSS (o5 Sz S 0ailol pliear o5 o0
Sy ojlac Saijloil o, Sles aiod bolwe 0o b coze> e slocanns 10 (s g wiad a5l 35 Ol 9 gaijlo ol 28lg
A plol FTIR 5JUT L oolatal 0 y50 (LS o)lac 10 05390 SLuS 5 ol dasein 0l obj)l calisee slacdale o g ) s o
Sls oylias  alKisles] sl esalin w55l Ol o, 8 gyl bglsee 1o 1YY I/ L ol oo )b Sligus Gogany Jlaka (o yiin
D e 3590 525 G5 2l 6590 s PH 8l o1 ogdle el Yo ML iogun; S5 2lS (61 005103 ile 5 550 o5
b osalie YIVL ol PH g £V e v ppm (6,08 ;0 005losb o Shae oy s 9 8,5

2LS o lac (s 005l05b ¢ Some Slgay il ol 1 gaudS 4 E5lg



L

Contents

JOURNAL OF GAS TECHNOLOGY

VOLUME 9 ISSUE1 SUMMER 2024

EISSN: 2588-5596

Evaluation of the Impact of Aqueous Phase Salinity on Carbon dioxide
Mineralization during Gas Sequestration

Bright Bariakpoa Kinate, Ugwunna Dickson Amadi, Olalekan Kunle Akindele,
Jeremiah Ifeanyi Okoroma

Improving Acidizing Fluid Selection in Oil Production: A Comprehensive
Analysis with Expert Systems

Mohamad Norouzi Delaviz, Ahmad Rigi, Saman Jahanbakhsh

Comparative Study of Biotreated Leachate before and After Using AOPs
Treatment for Removing COD, BOD and Color

Sadegh Motaghed, Amir Hessam Hassni, Seyed Alireza Hajiseyed Mirzahosseini ,
Seyed Masoud Monavari, Nabiollah Mansouri

Numerical Simulation of Natural Gas Pipeline in Dense and Hybrid Phases

Moslem Abrofarakh, Mortaza Zivdar, Davod Mohebbi-Kalhori

Application of Plant Extract as Barite Scale Inhibitor in Water Injection
Operation

Amirhossein Maleki, Mastaneh Hajipour, Sayed Jamal Sheikhzakariaee

www.jgt.irangi.org




