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Abstract

Alkaline injection is a chemical enhanced oil recovery method that is used to increase oil recovery by reacting with the
crude oil and creating an in situ surfactant. Many chemical agents can be used as an alkali during injection all of which
have several advantages and disadvantages. This research focuses on the innate properties of three alkali agents and
their ability to alter pH and temperature downhole. Alkali solutions were prepared with five different concentrations
including 0.2, 1, 2, 3, and 4 wt%. The impact of varying the alkali concentration, monovalent cations manifested in sodium
chloride, and divalent cations manifested in calcium chloride was investigated for all three alkalis. The chemical agents
investigated include sodium hydroxide, sodium silicate, and sodium carbonate. Results indicated that sodium hydroxide
and sodium silicate managed to impact the pH the most compared to the sodium carbonate. Sodium hydroxide also
managed to increase the temperature significantly which is advantageous since it can reduce oil viscosity downhole.
Sodium silicate had an advantage of being in liquid state at ambient conditions which makes injecting it downhole much
easier compared to the two other alkaline agents. The chemical that was much affected by divalent cations was sodium
silicate, which generated a precipitate and thus is not compatible with divalent cations, which are a major composition
of most formation water. This research focuses on the innate properties of the alkali agents and the downhole factors
that may impact their applicability in different oil reservoirs.
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1 Introduction unconventional, and the oil and gas properties [8, 9]. One

of the enhanced oil recovery methods that have several

In order to recover the maximum amount of hydrocar-
bons from oil and gas reservoirs economically and safely,
several methods may be applied to further mobilize the
hydrocarbons [1-5]. Enhanced oil recovery is applied to
increase oil recovery from hydrocarbon reservoirs [1-3, 6,
7]. There are many types of enhanced oil recovery meth-
ods based on the reservoir type, including conventional or

advantages due to its reaction with the reservoir is alkaline
flooding. Alkaline flooding involves injecting a chemical
agent into the reservoir with a high pH value in an attempt
to create a surfactant downhole through reaction with the
crude oil, which in turn can increase oil recovery by mobi-
lizing the otherwise deemed irreducible oil.
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Many researchers have investigated alkaline injection
to increase oil recovery. Chiwetelu et al. [10] investigated
the feasibility of using several alkaline flooding agents,
including sodium hydroxide, sodium metasilicate, and
sodium orthosilicate, on increasing oil recovery from a
heavy oil reservoir in Canada. Rincén-Garcia et al. [11]
studied the use of alkaline chemical agents to increase oil
recovery from high-acidity crude oil. EI-Sayed and Almalik
[12] studied the effect of horizontal-vertical well configu-
ration on oil recovery from the Safaniya Oil Field. Three
alkalis were tested including sodium carbonate, sodium
orthosilicate, and sodium hydroxide. Tagavifar et al. [13]
researched the use of alkaline as a sacrificial chemical to
reduce adsorption of other chemical enhanced oil recov-
ery agents during injection. Cooke et al. [14] investigated
the reaction of alkaline with the organic acids in the crude
oil which resulted in the generation of surfactants that can
help increase oil recovery by reducing interfacial tension
between the oil and water. Mayer et al. [15] underwent
a review of field tests and laboratory studies conducted
using alkaline injection to determine the conditions at
which this chemical enhanced oil recovery method was
applied in both field and laboratory studies. Krumrine
and Falcone [16] modified the proposed models that are
used to model alkali consumption in the formation during
alkaline flooding operations. Krumrine et al. [17] studied
the scale precipitation due to alkaline reaction with some
elements in the reservoir during alkaline enhanced oil
recovery operations. It was observed that the hardness
of the mixing water was one of the main reasons behind
the creation of some of the precipitates. Southwick [18]
investigated the loss of alkalinity created by the alkaline
injection agent, usually sodium hydroxide, due to the dis-
solution of the alkaline with the silica in the formation,
manifested mainly in the sand in the formation. Solutions
to overcome this phenomenon were presented in this
research in order to increase the usefulness acquired from
the alkaline injection operation. Surkalo [19] provided a
review on alkaline flooding principles and methods includ-
ing different types of alkalis and the cost of a common
alkaline injection operation.

Alkaline injection has also been coupled with other
enhanced oil recovery methods including surfactant injec-
tion [20], polymer injection [21, 22], polymer and surfactant
flooding [23-26], smart water injection [27], and even
steam-assisted gravity drainage [28]. Potts and Kuehne [29]
underwent experiments using fired Berea sandstone cores
and reservoir cores to compare the difference between both
when undergoing polymer/alkaline injection. It was found
that higher concentrations of alkali were required for the
reservoir cores compared to the Berea sandstone due to
the prevention of chromatographic separation of the alkali
and polymer injected. Flaaten et al. [30] applied a combined
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method of alkaline-surfactant—polymer flooding by using
a form of borax that overcomes precipitation problems
associated with chemical injection in the reservoir. Based
on the experiment conducted, a formulation was found
with the optimum salinity and total dissolved salts. Levitt
et al. [31] studied the hydrolysis of polyacrylamide during
alkaline-polymer injection and its impact on Injectivity. It
was noticed that the injectivity of polyacrylamide was much
better than that of hydrolyzed polyacrylamide since it had
lower viscosity. Wu et al. [32] studied the applicability of
alkaline—polymer injection in high-viscosity acidic crude
oil. Lau [33] investigated the improvement of steam-foam
generation and stability by injecting a specially formulated
alkali-surfactant mixture in the aqueous phase of steam.
Tests conducted included emulsion screening tests, core-
floods, and flow visualization tests. Southwick et al. [34]
observed that ammonia was much more preferable com-
pared to sodium carbonate for alkaline surfactant and poly-
mer flooding combined enhanced oil recovery due to its
lower molar mass and its ability to be delivered easier due
toits liquid state. Korrani et al. [35] underwent a mechanistic
simulation study to investigate the reactions occurring dur-
ing chemical enhanced oil recovery injection of combined
alkaline surfactant and polymer injection. Wang et al. [36]
performed geochemical modeling during alkaline—sur-
factant-polymer injection to study surfactant retention in
limestone cores using sodium hydroxide alkaline solution.
Kazempour et al. [37] reported the results of several core-
flooding experiments that investigated the impact of alka-
linity of the water on the performance of the polymer used
during alkaline-polymer chemical enhanced oil recovery
operations.

Most of the research conducted on alkaline flooding
focused on two major aspects including either its ability
to increase oil recovery, or its compatibility when being
injected with other chemical enhanced oil recovery meth-
ods including polymer and surfactant, with little focus on
the innate properties of the alkali agent itself and what
factors may impact them. This research undergoes an
experimental investigation of the properties of three alkali
agents and the factors that may have a strong impact on
them in order to investigate their applicability in oil reser-
voirs and the limitations that they may bear in an attempt
to provide a better understanding of alkaline agents that
can be used during alkaline flooding operations.

2 Alkaline injection enhanced oil recovery
mechanism

Alkaline injection is a chemical enhanced oil recovery
method that is used primarily to increase the microscopic
oil recovery by the creation of in situ surfactants in the
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reservoir, thus reducing interfacial tension and altering
rock wettability. The surfactant is created when the high-
pH alkaline chemical agent reacts with the acidic compo-
nents of the crude oil [38]. This reaction is therefore highly
dependent on two main factors. The first is the ability of
the alkaline chemical agent to increase the pH signifi-
cantly, especially in the presence of monovalent and diva-
lent cations which are commonly present in the formation
water. The second factor is the presence of an abundance
of acidic components in the crude oil in order for the reac-
tion between the chemical alkaline agent and the crude oil
to take place. Another byproduct of some of the alkaline
chemical agents' reaction is the generation of heat. This
heat can result in the reduction in the crude oil’s viscosity,
which increases the oil's mobility and thus is an advanta-
geous interaction as well. Based on this, understanding the
ability of different alkaline chemical agents to increase pH
in the presence of monovalent and divalent cations and
their impact on temperature is crucial in determining the
proper alkaline chemical agent to use during an alkaline
injection operation.

3 Experimental description

Three sets of experiments were conducted to investigate
the performance of three different alkaline chemicals,
including sodium hydroxide, sodium silicate, and sodium
carbonate when dissolved in distilled water, monovalent
cations, and divalent cations. The experimental materials
and the procedure followed to conduct all the experi-
ments will be discussed in this section.

3.1 Experimental materials

The experimental materials used to conduct all the experi-
ments in this research are mentioned and described in this
section.

Sodium hydroxide Commercially available sodium
hydroxide with high purity was used to conduct exper-
iments. The chemical was provided as solid pellets.
Sodium hydroxide is highly soluble in water, with a
solubility of 111 g/100 ml of water at 20 °C.

Sodium silicate Sodium silicate was provided as a trans-
parent liquid visually similar to water. The chemical had
a purity of 99.99%. Sodium silicate has a solubility of
22.2 g/100 ml of water at 20 °C.

Sodium carbonate The sodium carbonate used was a
commercially available chemical and was provided as
a powder with white color. Sodium carbonate has a
solubility of 50.31 g/100 ml of water at 29.9 °C.

Distilled water Distilled water was used to conduct some
of the experiments that did not involve any salts, and
was also used to prepare the monovalent and divalent
brine solutions.

Sodium chloride Chemical-grade sodium chloride was
used to prepare the monovalent brine solution for all
three alkalis.

Calcium chloride Calcium chloride was used to prepare
the divalent brine solution for all three alkalis.

pH meter A high-accuracy pH meter was used to meas-
ure the pH for all the alkali solutions created at different
conditions.

Thermometer A high-accuracy thermometer was used
to measure the temperature change during the reaction
of the alkali with the water and brine solutions.
Magnetic stirrer A magnetic stirrer was used to mix all
the components of any solution homogenously to
ensure that the measurements were as accurate as
possible.

3.2 Experimental procedure

A predefined procedure was placed and followed for all
the experiments conducted in order to be able to accu-
rately compare the results. Each experiment conducted
was repeated at least three times to ensure repeatability
and accuracy. The exact procedure followed is presented
below.

e Prepare the alkaline solution using 100 ml of distilled
water, or the brine solution, and then, add the alkaline
chemical agent.

e Stir the solution using the magnetic stirrer for the dura-
tion of the experiment. This is to ensure that the solu-
tion is homogenous during the pH and temperature
measurements.

e Measure the pH of the solution using the pH meter. The
value taken for each experiment is recorded after the
pH is stable for at least 30 min.

e Record the temperature using both the pH meter and
the thermometer to ensure that the temperature read-
ing is accurate. The temperature is recorded after the
reading is stable for 5 min.

e Repeat each experiment at least three times to ensure
that the values recorded were accurate and the experi-
ment was repeatable. If the values did not match, all the
experiments conducted for the specific variable were
repeated until an accurate measurement is achieved.

o After each experiment was concluded, the beaker and
equipment were washed using distilled water to avoid
contamination from previous experiments and to avoid
the impact of salts that many be present in the tap
water.
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4 Results and discussion

The results for all the experiments conducted will be
explained in this section. Initially, the impact of alkali con-
centration on the pH will be discussed for all the different
alkali agents. Following this, the impact of monovalent
and divalent cations on the alkali agents’ performance
will be discussed. The impact of the alkali agents on the
temperature of the solution will also be explained. Finally,
a comparison between the performances of all the alkali
agents will be presented and explained.

4.1 Alkali concentration impact on pH

The impact of altering the alkaline concentration in solu-
tion on the pH change for sodium hydroxide, sodium sili-
cate, and sodium carbonate is presented in this section.
The alkaline concentrations used for all three chemical
agentsinclude 4, 3, 2, 1, and 0.2 weight percent.

4.1.1 Sodium hydroxide

Sodium hydroxide is one of the most commonly used alka-
line agents due to its ability to alter the pH of the crude oil
and create in situ surfactants in the wellbore [39]. During
its reaction with water, the sodium hydroxide dissociates
into sodium and hydroxide, OH™, ions both of which are
stable in water. The hydroxide ions are the main reason
behind the increase in pH. The exact reaction is shown
below

NaOH + H,0 = Na* + OH™ + heat.

The effect of altering the sodium hydroxide concentra-
tion on the pH is presented in Fig. 1. All experiments were
conducted at room temperature using distilled water. The
red columns represent the initial pH of the water before
adding the alkaline, while the black columns represent
the final pH after adding the alkaline. Overall, the sodium
hydroxide increased the pH of the solution by an average
of 64%. Increasing the sodium hydroxide concentration
resulted in an increase in the pH; however, the change was
not extremely significant.

4.1.2 Sodium silicate

The second alkaline chemical agent used was sodium
silicate. Sodium silicate has an advantage of being liquid
at room temperature, and thus, it is much easier to inject
compared to the sodium hydroxide or the sodium carbon-
ate. The result of altering the sodium silicate concentra-
tion on the pH is shown in Fig. 2. All experiments were
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EInitial pH ™ Final pH

4 3 2 1 0.2
Sodium Hydroxide Concentration, wt%

Fig. 1 Effect of sodium hydroxide concentration on pH

B Initial pH ®Final pH

4 3 2 1 0.2
Sodium Silicate Concentration, wt%

Fig.2 Effect of sodium silicate concentration on pH

conducted at room temperature using distilled water.
Increasing the sodium silicate concentration resulted in
an increase in the pH. The lowest sodium silicate concen-
tration, 0.2 wt%, resulted in a much lower pH, 10.5, com-
pared to the 4 wt%, which resulted in a pH of 11.6. Overall,
the average pH increase was 62.4%, which is slightly lower
than the sodium hydroxide pH change.

4.1.3 Sodium carbonate

The final alkaline agent used in this study is sodium car-
bonate. When reacting with water, sodium carbonate will
result in the generation of both an alkaline and an acid.
This results in an overall low alteration of pH. Initially, the
sodium carbonate will dissociate into positive sodium ions
and negative carbonate ions, as is shown in the equation

yields + 5
Na,CO; + H,0 — 2Na* +CO2".

Each of the sodium ions and the carbonate ions will
then react with the water separately to form a new com-
pound. The sodium will react with the water to form
sodium hydroxide as is presented in the equation
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yields
2Na*™ + H,0 - 2NaOH.

The carbonate will react with the water and form car-
bonic acid, which is a weak acid. This reaction will also
result in the release of hydroxide ions, which are stable
in the water

5 yields _ _
COZ™ +H,0 = HCO; + OH
yields
HCOS +H,0 = H,CO; + OH™.

Even though the reaction results in the generation of
both an alkaline and an acid, the overall pH will actually
increase due to the larger concentration of hydroxide ions
present.

The impact of altering the sodium carbonate concentra-
tion on the change in pH is shown in Fig. 3. All experiments
were conducted at room temperature using distilled water.
The overall change in pH is extremely low, especially when
compared to the sodium hydroxide and the sodium sili-
cate. This is mainly due to the negation of the impact of
the generated sodium hydroxide by the carbonic acid.
The average pH increase for the sodium carbonate experi-
ments was 21.4%.

4.2 Monovalent cation impact on alkali pH

The presence of monovalent cations in the water may
impact the performance of the alkaline chemical agent
due to the reaction of the salts with the alkaline agent. It is
therefore important to investigate this impact since forma-
tion water will usually be associated with several dissolved
salts, some of which are monovalent.

4.2.1 Sodium hydroxide

When dissolved in water, sodium hydroxide will dissoci-
ate into ions via an exothermic reaction. Since sodium

B Initial pH B Final pH

—_
S

pH
S = N W kA LN 0 O

4 3 2 1 0.2
Sodium Carbonate Concentration, wt%

Fig. 3 Effect of sodium carbonate concentration on pH

chloride is a salt and sodium hydroxide is a base, there
is no reaction between both. The ions will dissociate in
the aqueous medium and remain in solution. A precipi-
tate may form if a high concentration of either chemi-
cal is added due to a restriction in solubility. The impact
of altering the sodium chloride concentration on the
sodium hydroxide pH alteration potential is shown in
Fig. 4. All experiments were conducted at room tem-
perature using 1 wt% sodium hydroxide. For all three
sodium chloride concentrations, a significant pH change
was observed. Increasing the sodium chloride concen-
tration decreased the overall pH change. The pH increase
for all three sodium chloride concentrations was 70, 68.5,
and 65.7% for the 1, 5, and 10 wt% sodium chloride,
respectively.

4.2.2 Sodium silicate

When dissolved in the sodium chloride solution, the
sodium silicate was found to be highly soluble. If the
concentration of either chemical is increased in the
water, a precipitate may form due to the limited solubil-
ity of the chemical agents. The result of altering the con-
centration of sodium chloride on the performance of the
sodium silicate is shown in Fig. 5. All experiments were
conducted at room temperature using 1 wt% sodium
silicate. Increasing the sodium chloride concentration
resulted in a slight decrease in the pH. The lowest pH
was associated with the 10% sodium chloride concentra-
tion, mainly due to the solubility restriction. The increase
in pH for the 1, 5, and 10% sodium chloride was 60,
57.1, and 54.3%, respectively. The increase in pH using
sodium silicate was lower than that of sodium hydroxide,
which is the same as was observed in the distilled water
experiments.

B Initial pH ®Final pH

1 5 10
NaCl Concentration, wt%

Fig.4 Effect of monovalent cations on sodium hydroxide pH
change
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B Initial pH ®Final pH
12

10

1 5 10
NaCl Concentration, wt%

Fig.5 Effect of monovalent cations on sodium silicate pH change

B Initial pH ®Final pH

—_
S

pH
S = N W kA LN J X O

1 5 10
NaCl Concentration, wt%

Fig.6 Effect of monovalent cations on sodium carbonate pH
change

4.2.3 Sodium carbonate

The impact of altering the sodium chloride concentra-
tion on the ability of sodium carbonate to alter the pH of
the sodium carbonate is shown in Fig. 6. All experiments
were conducted at room temperature using 1 wt% sodium
carbonate. Increasing the sodium chloride concentration

Fig.7 Reaction of sodium
hydroxide with calcium
chloride
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resulted in a slight decrease in the pH. The increase in pH
for the 1, 5, and 10% sodium chloride solutions was 22.9,
18.9, and 15.7%, respectively. Overall, the lowest increase
in pH was observed when using sodium carbonate.

4.3 Divalent cation impact on alkali pH

Formation water may contain divalent cations that could
have an impact on the performance of the alkaline agent.
The divalent cations represent the hardness of the for-
mation water. The impact of divalent cations on the per-
formance of the sodium hydroxide, sodium silicate, and
sodium carbonate was investigated using calcium chlo-
ride. All experiments were conducted at room temperature
using 1 wt% calcium chloride.

4.3.1 Sodium hydroxide

When the sodium hydroxide was dissolved in the calcium
chloride solution, the transparent brine solution changed
color into white. This is due to the reaction of the sodium
hydroxide with the calcium chloride to form calcium
hydroxide. The calcium hydroxide is a white precipitate,
and thus, the color of the solution should change to trans-
parent again if the chemical is left to precipitate. An illus-
tration of the white color obtained is shown in Fig. 7. The
reaction between the sodium hydroxide and the calcium
chloride is as follows

ield
2NaOH + CaCl,”>" 2NaCl + Ca (OH),.

The formation of calcium hydroxide may be unfavora-
ble due to its nature as a precipitate. If it precipitates in
the reservoir, the pores may be plugged, thus reducing
the permeability, and therefore, oil recovery may also be
reduced.
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The impact of calcium chloride concentration on the
performance of the sodium hydroxide is shown in Fig. 8.
Increasing the calcium chloride concentration resulted in
an increase in the solution pH. This can be attributed to the
formation of calcium hydroxide, which has a pH of 12.46,
for 100 mM. Increasing the calcium chloride concentration
resulted in the formation of more calcium hydroxide and
thus a higher pH. The main drawback, however, is that the
calcium hydroxide may precipitate and thus cause plug-
ging problems during hydrocarbon production.

4.3.2 Sodium silicate

Sodium silicate reacted with the sodium chloride in the
solution and formed a solid precipitate. The exact reaction
between both is as follows

yields
Na,SiO; + CaCl, — CaSiO; + 2NaCl.

Based on the reaction, both sodium chloride and cal-
cium silicate were formed when sodium silicate and cal-
cium chloride reacted. Calcium silicate is a precipitate
that resembles snowflakes. Figure 9 shows the formation

B Initial pH ®Final pH

1 5 10
Calcium Chloride Concentration, wt%

Fig. 8 Effect of divalent cations on sodium hydroxide pH change

Fig.9 Reaction of sodium
silicate with calcium chloride

of sodium silicate after the reaction has taken place. The
sodium silicate was consumed in the reaction to form
calcium silicate and thus showed no impact on the pH
change. Several attempts were made to measure the pH
change; however, no significant alteration was observed.
This could be due to the extremely rapid rate at which the
calcium silicate was formed which resulted in no signifi-
cant alteration of the solution pH.

4.3.3 Sodium carbonate

When sodium carbonate was added to the calcium chlo-
ride solution, a small concentration of calcium carbon-
ate precipitate formed. This precipitate could only be
observed when the solution was left undisturbed for more
than 2 h. The exact reaction between sodium carbonate
and calcium chloride is presented as follows

yields
CaCl, + Na,CO; " — CaCO; + 2NaCl.

The impact of altering calcium chloride concentration
on the ability of the sodium carbonate to alter the pH is
shown in Fig. 10. Increasing the calcium chloride con-
centration resulted in a decrease in the pH. This could be
explained by comparing the pH of sodium carbonate to
the pH of calcium carbonate which was formed during the
reaction of the sodium carbonate with the calcium carbon-
ate. The pH of sodium carbonate is 11.26, for 100 nM, while
the pH of calcium carbonate is 9.91. Increasing the calcium
chloride resulted in the generation of a larger volume of
calcium carbonate, which has a lower pH compared to the
sodium carbonate, and thus, the overall pH decreased with
the increase in the calcium carbonate concentration.

4.3.4 pH standard deviation

The standard deviation for all the pH values obtained in
all the experiments explained previously was calculated.
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B Initial pH ®Final pH

6.6
1 5 10
Calcium Chloride Concentration, wt%

Fig. 10 Effect of divalent cations on sodium carbonate pH change

Table 1 Standard deviation for all pH values obtained

Solution type Alkaline type Mean SD

Dl water Sodium hydroxide 11.48 0.192
DI water Sodium silicate 11.24 0.439
DI water Sodium carbonate 8.52 0.084
Sodium chloride Sodium hydroxide 11.766667 0.153
Sodium chloride Sodium silicate 1 0.200
Sodium chloride Sodium carbonate 8.3333333 0.252
Calcium chloride Sodium hydroxide 11.666667 0.306
Calcium chloride Sodium carbonate 7.5 0.200

Standard deviation can be an extremely useful value to
indicate the extent to which the data deviate from the
mean. This functions as a quality index for the data; a
low standard deviation value shows that the data have a
high accuracy. Table 1 shows the standard deviation val-
ues for all the experiments. As is shown, all the values are
extremely low, thus indicating a high accuracy for the pH
values obtained from the experiments.

4.4 Alkali impact on temperature change

During its reaction with the water, the alkaline may gener-
ate heat, if the reaction is exothermic. This heat genera-
tion can actually be advantageous in the reservoir since
it may result in a reduction in oil viscosity, which will help
increase oil mobility and thus increase oil recovery. The
temperature change during sodium hydroxide, sodium sil-
icate, and sodium carbonate reaction with distilled water,
and the brine solutions will be presented in this section.

4.4.1 Sodium hydroxide

The temperature change during sodium hydroxide reac-
tion with distilled water, sodium chloride, and calcium
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B Initial Temperature ~ MW Final Temperature

30

Temperature, °C

4 3 2 1 0.2
Sodium Hydroxide Concentration, wt%

Fig. 11 Effect of sodium hydroxide on temperature change

B Initial Temperature ~ WFinal Temperature

Temperature, °C
[\ )

1 5 10
NaCl Concentration, wt%

Fig. 12 Effect of monovalent cations on temperature change due
to sodium hydroxide

B Initial Temperature ~ MFinal Temperature

25

24

23

22

21

Temperature, °C

20

1 5 10
Calcium Chloride Concentration, wt%

Fig. 13 Effect of divalent cations on temperature change due to
sodium hydroxide

chloride is presented in Figs. 11, 12, and 13, respec-
tively. The average initial temperature of the solution
before adding the sodium hydroxide was 18.14 °C. Since
sodium hydroxide reaction with water is exothermic,
it was expected that increasing the sodium hydroxide
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concentration would result in a higher increase in tem-
perature, as was seen from the experiments. The tem-
perature increase for the 4, 3, 2, 1, and 0.2 wt% sodium
hydroxide was 41.5, 32.6, 19.3, 15.5, and 6.6%, respectiv
ely.

When using sodium chloride, the temperature increase
was slightly different. For the sodium chloride experi-
ments, the sodium hydroxide concentration was 2 wt%.
The temperature increase for the 1, 5, and 10 wt% was
17.2,16.7, and 15.7%, respectively, which is slightly lower
than the distilled water experiment for the 2 wt% sodium
hydroxide.

The temperature increase for the calcium chloride was
the lowest compared to all other experiments using sodium
hydroxide. This could be due to the dissipation of some of
the heat during the generation of calcium hydroxide. This
is clear from the temperature results, where the rate of
increase in temperature decreases with the increase in the
calcium chloride concentration. The temperature increase
forthe 1, 5,and 10 wt% calcium chloride was 14.2, 13.7,and
10.5%, respectively.

4.4.2 Sodium silicate

Figures 14 and 15 present the temperature change during
sodium silicate reaction with distilled water and sodium
chloride. The reaction with calcium chloride is not pre-
sented due to the incompatibility of the chemicals, as was
explained previously in “Divalent cation impact on alkali
pH" section. For both the distilled water and the sodium
chloride experiments, there was no apparent trend for
the change in temperature. This could be mainly due to
the reaction not being exothermic, as compared to the
sodium hydroxide reaction. The change in temperature
observed in the results could be attributed to the exces-
sive stirring of the solution, which may have generated
some heat, or the change in room temperature slightly
which was recorded on the thermometer due to its high
accuracy.

4.4.3 Sodium carbonate

Temperature change due to the reaction of sodium car-
bonate with distilled water, sodium chloride, and cal-
cium chloride is presented in Figs. 16, 17, and 18, respec-
tively. As was the case with sodium silicate, there was no
apparent trend for temperature change observed for the
sodium carbonate. At higher concentrations of sodium
carbonate, however, a slight temperature increase can be
observed. This is attributed to the generation of a small
concentration of sodium hydroxide which results in an
exothermic reaction with the water, as was explained
previously.

B Initial Temperature B Final Temperature

20

19.5

_.
® o
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—_
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Temperature, °C
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Sodium Silicate Concentration, wt%
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g.14 Effect of sodium silicate on temperature change

B Initial Temperature @ Final Temperature
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S 21

(o}
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19

1 5 10
NaCl Concentration, wt%

Fig. 15 Effect of monovalent cations on temperature change due
to sodium silicate

B Initial Temperature @ Final Temperature

Temperature, °C
3
W

4 3 2 1 0.2
Sodium Carbonate Concentration, wt%

Fig. 16 Effect of sodium carbonate on temperature change

5 Conclusion

This research focuses on the properties of three common
alkaline chemical agents, including sodium hydroxide,
sodium silicate, and sodium carbonate, that are used
during alkaline injection. The research investigates the
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Fig. 18 Effect of divalent cations on temperature change due to
sodium carbonate

chemical agents’ performance in distilled water, mono-
valent cation solution, and divalent cation solution, and
their ability to alter pH and temperature. The main con-
clusions obtained from this research are as follows.

e Increasing the concentration of all the alkaline agents
resulted in an increase in the pH, with the highest pH
being observed for the sodium hydroxide, followed
by sodium silicate, and finally the sodium carbonate.

e Sodium carbonate did not increase the pH sig-
nificantly mainly due to the generation of sodium
hydroxide and carbonic acid during its reaction with
the water.

e The monovalent cation did not directly react with any
of the three alkaline chemical agents used and thus
did not create any new chemical agents during pH and
temperature alteration.

¢ Divalent cations reacted with all three chemical agents
and resulted in the generation of new chemicals. This in
turn impacted the performance of the chemical agents
significantly.
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e Sodium silicate was not compatible with the calcium
chloride, which indicates that formation water with
a high concentration of divalent cations will have a
strong impact on sodium silicate.
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