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ABSTRACT: Fines migration can cause various issues, such as
plugging of the sand screen and damage to tubings. There are two
chemical sand control methods: consolidation and agglomeration.
Consolidation works by injection of a solvent into the formation to
harden over time and hold the sand in place, while agglomeration
works by altering chemical properties of the sand surface to attract
and clump up sand. Various chemicals have been used for research
in sand control. Some chemicals for consolidation, mostly resins,
have been effective in consolidating sand but may cause
permeability impairment, which will reduce production. Some chemicals for agglomeration such as a polymer with amines have
been less effective or are nonbiodegradable. In this work, a novel deep eutectic solvent (DES) and ionic polymer combination as a
fines stabilizer is formulated in-house and tested through extensive experimental study. The development of chemicals is based on
agglomeration principles which determine the range of zeta potential reduction that can be achieved to destabilize, coagulate, and
flocculate the fine particles together with different combinations of DESs and ionic polymers tested systematically using the design of
experiment (DoE) method. The chemicals are then tested for compatibility with reservoir fluids in the jar test. The optimized
formulation is characterized by thermogravimetric analysis (TGA) for limit of temperature degradation and laser particle size
analysis (LPSA) for the extent of particle size. The novelty of this work is the development of a greener and more cost-saving in-
house DES and ionic polymer combination as a fines stabilizer chemical, which is effective for both injection or production wells
after stimulation or enhanced oil recovery (EOR) treatments. Due to the tunable nature of the DES, the formulated chemical can be
tailored for various reservoir conditions to cater to specific requirements.

1. INTRODUCTION
Sand production has been an unavoidable issue in the oil and
gas industry. It is the delocalization of sand particles from the
rock formation when the formation strength is weaker than the
stress around the wellbore. Sand production will pose various
issues to production operations such as plugging and erosion
to equipment.1,2 There are two categories of sand control
methods, namely, mechanical and chemical methods. The
mechanical method uses sand screens and gravel packs to
retain sand; they are made of wires of different sizes made into
a screen to prevent sand grains from entering the wellbore.
There are two methods of chemical sand control: consol-
idation and agglomeration. The consolidation method works
by injecting a solvent such as a resin into the rock formation,
followed by a hardener to solidify the solvent to hold the sand
in place. It will then be followed by perforating the
consolidates to further create channels for fluid flow.3 Such
methods of sand control have posed problems such as
permeability impairment due to resin particles occupying
pore spaces4 and timing estimations as the resin and hardener
must be premixed before injection and the hardening takes
place immediately. The agglomeration method commonly uses
polymers or amine compounds through a bridging effect to

bind sand grains and form bigger clumps to be retained on the
sand screen. Agglomeration methods that use ionic liquids
paired with polymers have received more attention for
research. Some recent studies have used zeta potential altering
solutions (ZPASs) with a polymer, but they might be less
durable or nonbiodegradable. Agglomeration can be promising,
but the efficiency can only achieve a 12-month period of sand-
free production.
The zeta potential is an important parameter in particle

agglomeration. The zeta potential is the potential difference
between the slipping plane of a surface and that of the
surrounding fluid. A high value of either the positive or
negative zeta potential indicates that the particles will repel
each other and hence the tendency for agglomeration is highly
unlikely, while to form agglomerates, the zeta potential value
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should be within ±5 mV. These surface charges can be altered
and it depends on several factors such as the charge density,
ionic strength of the solvent, temperature, and pH.5 Sand
surfaces are known to possess a charge of −30 mV.6 Charge
neutralization is one of the most common mechanisms in
promoting agglomeration. Charge neutralization can be
achieved by exposing the sand particles to a positively charged
solvent to destabilize the surface charge and cause rapid
agglomeration. In order to form stable colloidal systems, the
zeta potential must be altered to become more positive.7

Polymer bridging is a process in which a polymer is
adsorbed into one or more particles and will bind them
together. This process usually occurs when a high-molecular-
weight polymer is added.8 Typically, high-molecular-weight
polyacrylamide is used for this reaction. The bridging occurs
due to the attractive forces between the polymer and the
particle surfaces to form colloidal systems. In a colloidal
system, solvents such as polymers are added to the sand; the
polymer will interact with the particles to form attractive
forces. This reaction will result in sand particles being attracted
to each other, thus forming agglomerates. Patch attraction will
occur when agglomerates are bound by the polymers and they
form larger and more stable clumps. Polymer additives such as
cross-linkers can be added into a polymer system to enhance
the reaction.9,10 Cross-linkers range from organic to inorganic
compounds such as acetic acid, ammonium sulfate, hydro-

chloric acid, etc. Studies have shown that charged polymers
even at low concentrations, Al-Risheq11,12 using 10−35 mg/L
and M. Fauzi (2020)6 using 100 mg/L, are able to increase the
size distribution of sand and bentonite effectively.
The sand agglomeration solvents such as polymers, ionic

liquids, and deep eutectic solvents have a certain range of
operating temperature for them to be chemically stable. Since
these solvents are held together by ionic bonds or hydrogen
bonds, certain high reservoir temperatures will cause the bonds
between particles to break down and lose its effects.13,14 The
temperature effect on solvents can be assessed by running
through thermogravimetric analysis (TGA). TGA will show
that with an increase in temperature, the stability of the
solvents begins to decline and the temperature limit where the
bonds of the solvent particles begin to disintegrate will be
determined.
New studies are aimed toward deep eutectic solvents

(DESs), which have been widely studied in the past decade
in the field of pharmaceuticals and biotechnology as a medium
to promote the formation of suspensions by altering the
surface charge of particles.15−21 DESs are made from a
hydrogen bond acceptor (HBA) and a hydrogen bond donor
(HBD) that are relatively common materials such as choline
chloride as HBAs and urea, glycine, and many more as HBDs.
They are mostly nontoxic,22 inexpensive to acquire, and can be
manufactured easily. Most DESs can be tuned to cater to

Table 1. DoE Parameter Design

factor name units type minimum maximum coded low coded high

A brine categoric NaCl MgCl2
B DES conc. mg/L numeric 5000.00 10000.00 −1 ↔ 5000.00 +1 ↔ 10000.00
C polymer conc. mg/L numeric 250.00 500.00 −1 ↔ 250.00 +1 ↔ 500.00
D polymer dosage mL numeric 1.00 2.00 −1 ↔ 1.00 +1 ↔ 2.00
E temperature °C numeric 25.00 90.00 −1 ↔ 25.00 +1 ↔ 90.00
F polymer type categoric AN FO

Figure 1. Illustration of the jar test for (a) the DES only and (b) the DES and the polymer.
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specific or desired situations, such as changing the ratio of
HBAs to HBDs to have different eutectic points and melting
points.23−25 In the early 2010′s, the usage of DESs has been
heavily focused on microextraction operations such as water
treatment, where they were proven to be highly effective in
flocculating waste materials.17,18 Studies of application in the
oil and gas industry have started to gain popularity since 2015.
Current studies have been applied in drilling mud additives
due to their inhibition properties and for wettability alteration
and interfacial tension (IFT) reduction for enhanced oil

recovery (EOR) purposes.7,25−29 In this study, the DES
functions to reduce the zeta potential of the sand to promote
better agglomeration, as a zeta potential of ±5 mV is the range
where particles start to destabilize and form agglomerates. The
ionic polymer then binds the sand together through polymer
bridging to form bigger clumps.
This study was conducted to investigate the effect of the ion

composition of brine (monovalent and divalent) and temper-
ature on the effectiveness of agglomeration with the
combination of a DES and an ionic polymer. After that, the

Figure 2. FTIR of (a) choline chloride, urea, and ChCl:urea, (b) choline chloride, glycerol, and ChCl:glycerol, and (c) choline chloride, oxalic acid,
and ChCl:oxalic acid.
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factors such as the DES concentration, polymer concentration,
polymer dosage, and temperature were optimized with the
response surface methodology (RSM). Three types of DESs
were used, which are choline chloride-urea, glycerol, and oxalic
acid and two types of polymers, which are anionic (AN934SH)
and cationic (FO4290SH) polymers, This study has
investigated the combinations and chosen the most effective
DES−polymer combination.

2. METHODOLOGY
2.1. Preparation of Materials. The sand sample used was

silica sand with the size ranging from 100 to 150 μm. Choline
chloride (ChCl, Sigma-Aldrich, >98%), urea (Merck), glycerol
(Fisher, >99%), oxalic acid (Sigma, >98%), methylenebis-
(acrylamide) (Sigma-Aldrich, 99%), and potassium persulfate
(Sigma-Aldrich, 99%) were purchased from Avantis Laboratory
Supplies. The anionic polymer AN934SH, which is a
copolymer consisting of acrylamide (C3H5NO) and sodium
acrylate (C3H3NaO2), and the cationic polymer FO4290SH,
which is a copolymer consisting of acrylamide (C3H5NO) and
dimethylaminoethyl acrylate (C7H13NO2), were supplied by
SNF France.
Prior to preparation of the DES, choline chloride and urea

were dried under vacuum. The weight ratio of ChCl to the
HBD was measured using an electronic weight balance. The

eutectic solvents were prepared according to the steps given by
Abbott et al.23 Both ChCl and urea were weighed and mixed in
a 1:2 mol ratio in a beaker. The beaker was heated to 80 °C
and stirred at 250 rpm for 30 min until a homogeneous liquid
was obtained. The steps were repeated similarly for all DESs
with their respective molar ratios. The polymers were prepared
according to 250 and 500 mg/L concentrations. This is
because increasing concentrations can result in high viscosity,
which will affect the rheology of the formulation. The
potassium persulfate solution as an initiator was dissolved in
hot water in a 500 mg/L concentration, and the polymer and
methylenebis(acrylamide) (50 mg) were added into the
mixture and stirred for 40 min until it thickened.
2.2. Preliminary Testing. Fourier transform infrared

(FTIR) spectroscopy is an analytical technique used to identify
various bonds such as hydrogen, hydroxyl, C−H, and many
other bonds in organic or inorganic compounds. FTIR analysis
uses infrared light to scan the chemicals through a span of
wavelengths, and specific bonds will be detected from the
peaks shown by certain wavelengths. The FTIR spectra of
choline chloride, urea, glycerol, oxalic acid, and the prepared
DES were generated using a PerkinElmer Frontier 01 FTIR
spectrometer. The spectrum was recorded through a resolution
of 4 cm−1 over a wavenumber ranging from 550 to 4000 cm−1

at room temperature and the attenuated total reflectance
(ATR) method was used to capture the bonds present in each
compound and the hydrogen bonds that have been formed in
the DES. Four scans were performed and the average was
obtained by the software.
The X-ray diffraction (XRD) analysis can be used to identify

crystalline and noncrystalline structures present in the sand
sample. The sand used was silica sand of 100−150 μm. Clay
mineral identification is vital toward further analysis as water
and brine in the chemicals may cause the clay to swell and
affect the overall efficiency of the agglomeration mechanism.
The XRD patterns were obtained using a benchtop X-ray
diffractometer (D2 Phaser) operating at 45 kV and 40 mA with
Cu Kα radiation (λ = 1.54059 Å). The 2θ interval used was
from 0−90°. The step size used was 0.026 Å/s over 100 s.
Bragg’s equation was then used to find the interlayer spacing.
Highscore 3+ COD software was used to match the peaks of
mineral phases. The Inorganic Crystal Structure Database
(ICSD) was used to identify the minerals. Rietveld analysis was
used to quantify the mineral phases in the sample.
The Malvern Zetasizer nano ZSP was used to analyze the

zeta potential as well as the particle size distribution of the
sand particles. For sand agglomeration experiments to be
deemed successful, it is necessary to determine the size of the
lumps after a certain solvent has been added. The most
common test done to determine particle size distribution is by
running it through a laser particle size analyzer (LPSA). LPSA
results will show a normal distribution graph showing the
volume percentages of various size populations, such as d10,
d50, and d90, that have been detected. d10 represents the
smallest particle size as it shows 10% of the distribution
retained in the corresponding mesh of a distribution, d50
represents 50% of the distribution retained in the correspond-
ing mesh of a distribution, and d90 represents the biggest
particle size as it shows 90% of the distribution retained in the
corresponding mesh of a distribution. The sand together with
the liquid was loaded into the capillary cell with 1 mL at most.
The laser was set at a single wavelength of 633 nm. The
particle size and zeta potential were calculated by the software.

Figure 3. TGA of (a) individual chemicals and (b) the DES and
polymer mixtures.

Table 2. XRD Analysis Table

sample quartz feldspar kaolinite muscovite total

sand 74 11 0 15 100
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Thermogravimetric analysis (TGA) was performed using the
PerkinElmer STA6000 thermal analyzer. The liquid sample
(20 mg) was placed on a ceramic crucible and loaded into the
machine. The temperature range was set from 25−500 °C with
a heating rate of 10 °C/min. The sample was burned under
nitrogen gas. The results were then generated by the software
and plotted on a graph.
2.3. Design of Experiment (DoE). The design of

experiment (DoE) was implemented to come up with a series
of tests and obtain a relationship for optimization purposes. In
this experimental design, Design Expert 13 was used to model
the six variables, which are the type of brine, type of DES, DES

concentration, polymer concentration, polymer dosage, and
temperature, while the three responding variables are the
particle size, zeta potential, and turbidity. The Box-Behnken
design (BBD) was used to generate the limits of variables, as
shown in Table 1. By the input of the range of each variable,
the appropriate amount of runs to be executed was generated
by the software. In this study, the 26 fractional factorial was
used to generate 16 runs for each type of DES, adding up to 48
runs in total. The software was able to verify and analyze the
relationship between the inputs on a plot to observe the
relation toward the responding variables. Next, an ANOVA
table was provided by the software to confirm the level of

Figure 4. XRD results of (a) quartz, (b) sanidine, and (c) muscovite.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03759
ACS Omega 2024, 9, 41321−41333

41325

https://pubs.acs.org/doi/10.1021/acsomega.4c03759?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03759?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03759?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03759?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


significance of each variable toward the responding variable,
and the correlation coefficient R2 was also provided to prove
the confidence level of the analysis.30−32 R2 in the DoE is the
determination coefficient as a correlation coefficient is used for
nonintentional variation of the independent factors or
variables. After that, an equation was generated by the software
based on the variables, and this was used to optimize the best
combination of parameters to achieve the best results. Finally,
the solutions for the optimized parameters were generated
through numerical optimization.
2.4. Agglomeration Jar Test. The DES in brine solutions

was prepared by mixing the DES in 30000 ppm NaCl brine.

The mixture was stirred under 500 rpm at 50 °C for 10 min.
The polymer solution was prepared by mixing according to the
concentration from the DOE and stirred under 200 rpm at
ambient condition for 10 min until a homogeneous liquid was
obtained.
The jar test was performed in a vial under ambient

conditions to observe the agglomeration mechanism. Figure
1a shows the jar test with the DES alone. Five g of sand has
been prepared and placed into the vial. Twenty mL of DES
solution was added into the vial and left for 4 h. The sample of
sand was taken out and loaded into a Malvern Zetasizer to
measure the zeta potential and particle size distribution. Figure
1b shows the jar test with the DES and the polymer. The steps
were also repeated with the DES in brine and polymer solution
to obtain the most suitable composition. The polymer
concentration was changed from 250 to 500 ppm and the

Figure 5. (a) Jar test with FO4290SH on the left and ChCl:urea +
FO4290SH on the right. (b) Jar test with ChCl:oxa on the left, with
AN934SH in the center and with FO4290SH on the right.

Table 3. Effectiveness of Individual Chemicals on
Agglomeration

chemicals size (μm) zeta potential (mV) turbidity (NTU)

FO4290SH 183.4 −15.6 15.72
AN934SH 176.8 −18.45 20.67
ChCl:U 131.8 −12.12 5.22
ChCl:gly 145.7 −10.8 30.56
ChCl:oxa 146.3 −9.15 2.17

Figure 6. Box and whisker plot for the particle size based on (a) the
polymer type in NaCl, (b) the polymer type in MgCl2, and (c) the
brine type.
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dosage was changed from 1 to 2 mL to observe the effects on
the agglomeration mechanism.

3. RESULTS AND DISCUSSION
3.1. Preliminary Results. 3.1.1. Fourier Transform

Infrared (FTIR) Spectroscopy. The Fourier transform infrared
(FTIR) spectroscopy results were used to confirm the
formation of bonds in the respective DES, as shown in Figure
2. For the ChCl:urea DES, the characteristic peak of −NH2
shifted from 3428 to 3347 cm−1 and broadened to confirm the
formation of hydrogen bonds, the C�O shifted from 1675
and 1589 to 1621 cm−1 and appeared at 582 cm−1 and CH2
that shifted from 1480 to 1459 cm−1 can be seen in the DES to
confirm its formation.14,25 For the ChCl:glycerol DES, the
characteristic peak of −OH shifted from 3280 to 3323 cm−1

and broadened to confirm the formation of hydrogen bonds
and the appearance of the peak at 1208 cm−1 represents the

bending of C−O. For the ChCl:oxalic acid DES, the
characteristic peak of −OH shifted from 3410 to 3358 cm−1

and broadened to confirm the formation of hydrogen bonds,
the C�O shifted from 1613 to 1636 cm−1 to confirm its
formation.

3.1.2. Thermogravimetric Analysis (TGA). Thermogravi-
metric analysis (TGA) is important to determine the thermal
stability and melting point of chemicals to assess the suitability
at high reservoir temperatures. Figure 3 shows the TGA of 3
DESs and both ionic polymers. All 3 DESs have a very high
thermal stability in which they started to break down at
temperatures above 100 °C. ChCl:U started to break down at
50 °C; the breaking down decreased, and it reached 50% at

Figure 7. Box and whisker plot for the zeta potential based on (a) the
polymer type in NaCl, (b) the polymer type in MgCl2, and (c) the
brine type.

Figure 8. Pareto chart of the particle size for ChCl:oxalic acid.

Figure 9. Predicted vs actual values of the particle size of ChCl:oxalic
acid.
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160 °C and totally decomposed at 350 °C. ChCl:oxalic acid
started to break down at 100 °C; it reached 50% at 230 °C and
totally decomposed at 320 °C. ChCl:gly started to decompose
at 130 °C; the breaking down increased, and it reaches 50% at
220 °C and completely decomposed at 300 °C. Both ionic
polymers have a low thermal stability in which AN934SH
started to break down at 30 °C and had totally broken down at
90 °C. FO4290SH started to break down at 50 °C and had
totally broken down at 125 °C. All 3 DESs have a high thermal
stability and can withstand a high reservoir temperature, while
the ionic polymers have a low thermal stability and will break
down at a temperature below the reservoir temperature.
Figure 3b shows the thermal decomposition of the DES and

polymer mixtures. ChCl:U-FO reached 50% at 70 °C and
totally decomposed at 90 °C. ChCl:gly-AN reached 50% at 80
°C and totally decomposed at above 100 °C. ChCl:oxa-FO
reached 50% at 90 °C and totally decomposed at above 100
°C. Hence, ChCl:oxa-FO and ChCl:gly-AN have a similar
performance at high temperatures.

3.1.3. X-ray Diffraction (XRD). The mineralogy of the sand
is vital to determine the suitability of the chemicals to prevent
swelling. Table 2 shows the results of the minerals present in
the sand sample, and Figure 4 shows the peaks for each
mineral in the sample. Only quartz, sanidine (feldspar), and
muscovite are present; hence, there will be no clay swelling
that may affect the agglomeration mechanism.
3.2. Agglomeration Jar Test. The jar test was conducted

based on the conditions generated from the DoE. Figure 5a
shows the comparison between FO4290SH only and ChCl:U
+ FO4290SH. It can be seen that with the polymer only, the
liquid is cloudy, but when the DES is added, the liquid
becomes clear. Figure 5b shows some qualitative analysis of
sand with ChCl:oxa, AN934SH, and FO4290SH. It can be
seen that with only the DES, the liquid is cloudy, while with
polymers, the sand has agglomerated and settled at the bottom
and a clear solution can be seen. Analysis for baseline
conditions is shown in Table 3.
As shown in Figure 6a, with NaCl brine, the glycerol DES

performed better with the anionic polymer, while the urea DES
and the oxalic acid DES performed better with the cationic
polymer. As shown in Figure 6b, with MgCl2 brine, the
performances were similar for the glycerol DES and the urea
DES in an anionic polymer, while the oxalic acid DES
performed the best with a cationic polymer. As shown in
Figure 6c, the best combination of the DES/polymer was used
for analysis. The oxalic acid DES with a cationic polymer in
both brines performed the best. Hence, it can be said that the
oxalic acid DES had the biggest sand size, while the urea DES
did not perform well in terms of the agglomeration size.
As shown in Figure 7a, the ideal zeta potential for

agglomeration is between ±5 mV. Generally, the divalent
ions will cause the zeta potential to decrease more due to the
greater ionic strength.33,34 In NaCl brine, the oxalic acid DES
in both polymers achieved that range followed by the glycerol
DES in the anionic polymer. As shown in Figure 7b, with
MgCl2 brine, the oxalic acid DES in both polymers achieved
that range, while the glycerol DES in the anionic polymer had a
bigger range. As shown in Figure 7c, the oxalic acid DES in the
cationic polymer achieved that range in both brines, followed
by the glycerol DES in both brines. Hence, it can be said that
the oxalic acid DES can create the ideal condition for
agglomeration.

Figure 10. Residual vs run values of the particle size of ChCl:oxalic
acid.

Table 4. ANOVA of the Particle Size with ChCl:Oxalic Acid

source sum of squares df mean square F-value p-value

model 39671.32 9 4407.92 30.98 0.0002
A-brine 4589.05 1 4589.05 32.25 0.0013
B-DES conc 5883.27 1 5883.27 41.35 0.0007
C-polymer conc 2356.86 1 2356.86 16.57 0.0066
E-temp 878.68 1 878.68 6.18 0.0475
F-polymer type 16951.39 1 16951.39 119.14 <0.0001
AB 1965.37 1 1965.37 13.81 0.0099
AE 1294.02 1 1294.02 9.1 0.0235
AF 3765.97 1 3765.97 26.47 0.0021
BF 1986.71 1 1986.71 13.96 0.0097
std. dev. 11.93 R2 0.9789
mean 248.98 adjusted R2 0.9473
C.V.% 4.79 predicted R2 0.8502

adeq precision 20.054
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Therefore, after considering both responses, the urea DES
and the glycerol DES were eliminated from further
optimization due to their performance compared to that of
the oxalic acid DES.
3.3. RSM Analysis. In this experiment, the 26 fractional

factorial was utilized to create 16 runs for each kind of DES,
totaling 48 runs in all. The program then presented an
ANOVA table to validate the degree of significance of each
variable in connection to the responding variable, as well as the
correlation coefficient, R2, to demonstrate the confidence level
of the analysis.30−32 Following that, the program created an
equation based on the variables, which was then used to
optimize the optimum parameter combination to obtain the
best outcomes. Finally, numerical optimization was used to
obtain solutions for the optimal parameters.
After all of the results have been input into the table, the

next step was the analysis. The software does not recommend
any transformation for the model; hence, a linear model was
applied. The fit statistics are shown in Figures 8, 9, 10, 12, and
13, while the ANOVA tables for the particle size and zeta
potential are shown in Tables 4 and 5. The fit statistics show
the fitting of the model where the adjusted R2 should be near
0.9 to show good fitting and the difference between the

adjusted and predicted R2 should not exceed 0.2. The ANOVA
table shows the p-value of each parameter, where a p-value of
below 0.05 indicates that it has a good relationship with the
model (Tables 4 and 5).
Figure 8 shows the Pareto chart for the particle size; the

factors above the Bonferroni limit (red line) and the t-value
limit (black line) are significant for the model. Hence, factors
A, B, C, E, F, AB, AE, AF, and BF were chosen for the
modeling for the particle size. Figure 11 shows the Pareto chart
for the zeta potential; factors A, B, C, D, AC, BD, and BF were
chosen for the modeling.
As can be seen from Table 4, the p-values for the selected

factors were below 0.05, which means that they were all
significant toward the modeling. The difference between the
adjusted and predicted R2 is 0.09, which proves that the model
is significant. As shown in Figure 9, the predicted vs actual
values are near to the line, which means the difference in
predictions are small. As shown in Figure 10, the residuals are
around ±4, which means the analysis has a low error. In this
case, factors A, B, C, E, F, AB, AE, AF, and BF are used in the

Table 5. ANOVA of the Zeta Potential with ChCl:Oxalic Acid

source sum of squares df mean square F-value p-value

model 7.69 7 1.1 21.04 0.0001
A-brine 2.84 1 2.84 54.39 <0.0001
B-DES conc 0.3481 1 0.3481 6.67 0.0325
D-polymer dosage 0.8281 1 0.8281 15.86 0.004
AC 0.8649 1 0.8649 16.57 0.0036
AE 1.11 1 1.11 21.32 0.0017
BD 0.429 1 0.429 8.22 0.0209
BF 1.27 1 1.27 24.25 0.0012
std. dev. 0.2285 R2 0.9485
mean −1.52 adjusted R2 0.9034
C.V.% 15.04 predicted R2 0.7939

adeq precision 13.7264

Figure 11. Pareto chart of the zeta potential for ChCl:oxalic acid. Figure 12. Predicted vs actual values of the zeta potential of
ChCl:oxalic acid.
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equation. The brine will be NaCl and the polymer will be

cationic. The final equation will be as follows

= + +
+ +
+

A B C E
F AB AE AF
BF

size 248.98 16.94 19.18 12.14 7.41
32.55 11.08 8.99 15.34

11.14 (1)

As can be seen from Table 5, the p-values for the selected
factors were below 0.05, which means that they were all
significant toward the modeling. The difference between the
adjusted and predicted R2 is 0.11, which proves that the model
is significant. As shown in Figure 14, the predicted vs actual
values are near to the line, which means that the difference in
predictions is small. As shown in Figure 15, the residuals are
around ±4, which means that the analysis has a low error. In
this case, factors A, B, C, D, AC, BD, and BF are used in the
equation. The brine will be NaCl and the polymer will be
cationic for standardization. The final equation will be as
follows

= + + +
+ + +

A B D AC
AE BD BF

zeta 1.52 0.421 0.148 0.228 0.233
0.264 0.164 0.281 (2)

3.4. Optimization. After the analysis, optimizations were
done by analyzing the interaction plots to show the effects of
each variable on each response. The numerical optimization
was used for targeted values of the responses, with a number of
solutions available to show the best results.
As shown in Figure 14, the particle size was affected the

most by the DES concentration and the polymer type. To
achieve a high particle size indicated, the polymer used is
cationic, the polymer concentration should be above 500 ppm,
the DES concentration should be above 10000 ppm, and the

Figure 13. Residual vs run values of the zeta potential of ChCl:oxalic
acid.

Figure 14. Interaction plots of the particle size for ChCl:oxalic acid.
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temperature can be varied. As shown in Figure 15, the zeta
potential was affected by all 6 factors. To achieve a zeta
potential of less than −1 mV, the polymer used is cationic, the
brine type should be NaCl, the DES concentration should be
above 10 000 ppm, the polymer concentration should be above
500 ppm, and the polymer dosage should be greater than 2
mL.
After the interaction analysis, numerical optimization was

used, as shown in Table 6. The brine is NaCl, the polymer type
is cationic, the DES concentration is maximized between 5000

and 15000 ppm, the polymer concentration is maximized
between 250 and 1000 ppm, the polymer dosage is maximized
between 1 and 4 mL, and the temperature is maximized
between 25 and 100 °C. The proposed solutions are then
tested for the percentage error.
The proposed solutions together with the percentage error

are shown in Table 7. The particle size obtained was
consistent, with an error around 1%. The zeta potential was
also consistent, and despite the large percentage error imposed,
the actual difference between the values was small.

Figure 15. Interaction plots of the zeta potential for ChCl:oxalic acid.

Table 6. Constraints for Numerical Optimization

name goal lower limit upper limit lower weight upper weight importance

A-brine is equal to NaCl NaCl MgCl2 1 1 3
B-DES conc. maximize 5000 15000 1 1 5
C-polymer conc. maximize 250 1000 1 1 5
D-polymer dosage maximize 1 4 1 1 5
E-temp maximize 25 100 1 1 5
F-polymer type is equal to FO AN FO 1 1 3
size is target = 350 300 358.7 1 1 5

Table 7. Proposed Solutions and Percentage Error

no. brine DES conc. (ppm) polymer conc. (ppm) polymer dosage (mL) temp (°C) polymer type size (μm) zeta potential (mV)

1 NaCl 10656.48 779.134 2.124 100 FO predicted: 349.99 predicted: −0.45
actual: 353.75 actual: −0.78
error: 1.07% error: 73.3%

2 NaCl 10656.55 779.119 2.124 100 FO predicted: 349.99 predicted: −0.45
actual: 352.68 actual: −0.65
error: 0.76% error: 44.4%
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4. CONCLUSIONS
The pairing of deep eutectic solvents with ionic polymers as a
sand-agglomerating chemical has not been previously reported
for usage in the oil and gas industry. The factors investigated,
which are the type of brine, type of DES, DES concentration,
polymer concentration, polymer dosage, and temperature, are
all significant toward understanding their interaction. It was
shown that ChCl:urea performed the worst, and ChCl:oxalic
acid was the most effective. For it to achieve a high particle size
and a zeta potential range of near 0 mV, it was shown that a
divalent salt such as MgCl2 brine can decrease the zeta
potential more, the DES concentration should be above 10 000
ppm, the polymer should be cationic, the concentration should
be around 800 ppm, the dosage can be around 2−3 mL, and
the temperature can be up to 100 °C. The use of DOE
software is highly accurate and can process the analysis without
the need to perform all possible combinations. The most
suitable combinations based on the given data were generated
and tested; the difference in values is not high, which proves
that the DOE is accurate in its predictions.
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