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Abstract

Silicate scaling tends to form and be aggravated during high pH Alkaline Surfactant Polymer (ASP) floods and
this silicate scale deposition affects oil production. Hence, it is important to examine the conditions that lead to sil-
icate scale forming. The severity of the silicate scaling reaction, the type and morphology of silica/silicate scale
formed in an experimental ASP flood were studied for pH values 5, 8.5, and 11, whilst the temperature was kept
constant at 90 °C. In addition, the impact of calcium ion was studied and spectroscopic analyses were used to iden-
tify the extent of scaling reaction, morphology type and the functional group present in the precipitates. This was
performed using imagery of the generated precipitates. It was observed that the silica/silicate scale is most severe
at the highest pH and Ca:Mg molar ratios examined. Magnesium hydroxide and calcium hydroxide were observed
to precipitate along with the silica and Mg-silicate/Ca-silicate scale at pH 11. The presence of calcium ions altered
the morphology of the precipitates formed from amorphous to microcrystalline/crystalline. In conclusion, pH af-
fects the type, morphology, and severity of the silica/silicate scale produced in the studied scaling system. The com-
prehensive and conclusive data showing how pH affects the silicate scaling reaction reported here are vital in
providing the foundation to further investigate the management and prevention of this silicate scaling.
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water which contributes to the expansion of
sweep efficiency and the ability to increase the
viscosity of the fluid.

The primary aim of the surfactant is to re-
duce the IFT between fluid injection and resid-
ual oil in the reservoir and alter the wettability
to water-wet which has been proven to enhance
oil recovery. Whilst the alkali added is present
to further reduce the IFT, alter the wettability
and improve the emulsion via saponification
[1-3]. Alkali reacts with natural acids
(naphthenic acids) that are present in crude
oils from the reservoir to develop in-situ surfac-
tants (sodium naphthenate) through the sapon-
ification process causing a decrease in the in-
terfacial tension bounded by oil and water to
transfer additional quantities of oil to the well.

The improved retention of polymer in ASP
readily improves the mobility ratio, which sig-
nificantly enhances the sweep efficiency be-
cause of its capacity to increase the viscosity of
the fluid [4—-6]. More than 20 percent of the oil
was recovered using an ASP flooding enhanced
oil recovery technology when the Daqing oil-
field became, the world's most outstanding ASP
flooding case [7]. As stated, as the ASP flood is
injected and progresses into the production
well, the alkali reacts with the formation water
and rock minerals triggers the increase of the
scaling ions concentration, i.e. the calcium(II)
ion (Ca2*), the carbonate ion (COs27), and sili-
cate anion (S1023-) within the production sys-
tem. As the production fluid moves into or near
the well, a significant change in pressure and
temperature will be encountered. This results
in the scaling ion equilibrium being altered
causing the scale formation which has been ex-
plained by some as an increased concentration
of reactive silica ions in the structure [8,9].

The production fluid and experiences signifi-
ant changes in pressure and temperature as it
passes adjacent or into the well, disrupting the
scaling ion equilibrium resulting in the forming
of scales. Changing pH can also alter silica sol-
ubility. A decrease in the pH value dissolves
metal ions, such as Mg?+ and Ca?*, in the for-
mation and that increases the concentration of
silica (by the dissolution of the formation rock
due to the high initial pH of the ASP slug)
causing supersaturation to happen. Hence, it is
important to understand the factors that influ-
ence silicate scale formation. The silica/silicate
scale is believed to be formed via four (4) stages
which are silica dissociation, and silica
polymerization before further either polymeris-
ing into pure long chain silica or bridging the
metal ions into metal silicate scales. The sili-

calsilicate scale may also co-precipitate with
the calcium carbonate scale as further ex-
plained in detail below.

With respect to silica dissociation, the high
pH of the ASP slug causes the dissolution reac-
tions of quartz, SiOz (solid, crystalline) and
amorphous silica, SiOz (solid, amorphous). This
can be represented by Scheme 1:

SIO2 (solid, amorphous) + 2H2O Ad Sl(OH)4 (aqueous)
SIO2 (solid, crystalline) + 2H2O g Sl(OH)4 (aqueous)
(Scheme 1)

This monosilicic acid, Si(OH)4 formed is later
ionized to dissolved monomeric silica, HsSi04~
(also known as monosilicate ion or silicate ion),
and can be expressed by Scheme 2:

H4Si104° < H3S104~ + H* (Scheme 2)

A study by Brown [10] reported that the sol-
ubility of amorphous silica under various pH
conditions can be expressed by the following
Equation (1):

s-clis 107" x K, (1)

7 u,sio;

where, C is silica concentration in mg/L and
can be calculated from log C=-731/T + 4.52, T
is an absolute temperature in Kelvin, where
valid for 0 — 250 °C [11]; K: is the dissociation
constant, which can be obtained with log K;=
—2549/T — 15.36X10-6T2 (T in Kelvin); ynssios 18
the activity coefficient of the ionized monosilic-
ic acid that can be calculated from the Debye-
Hiickel equation and the ionic strength of the
solution [12,13].

According to silica polymerization, ASP wa-
ter at high pH travels through the formation to
the near-wellbore (producer) region. As it
flows, it comingles with the approximately neu-
tral pH connate water generating a combined
fluid mixture of lower pH. It is known that the
solubility of monomeric silica decreases signifi-
cantly at pH values below pH ~10.5. Under
these lowered pH (and supersaturated) condi-
tions, the dissolved monomeric silica begins to
polymerize and colloidal silica nanoparticles
start to form.

This simplest condensation reaction to form
the neutral dimer is likely to proceed in
Scheme 3. The silicate ion readily polymerizes
by a dehydration reaction (by loss of H20O mol-
ecule) that may build up to dimer Si2O(OH)s,
trimer SizO2(0OH)s, tetramer SisO3(OH)10, and
SO on.
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With respect to silica scale formation, poly-
meric silicates can also form cyclic oligomer
(instead of forming long-chain open structure —
pyroxene) by linking the chain and eliminating
the oxide where the most common cyclic pol-
ysilicates are the cyclic trimers, (SiOs)s6~ and
the cyclic hexamers, (S5103)6!2- (see Scheme 4).

Dimer wmy Cyclic = Colloidal = Amorphous silica (scale)

(Scheme 4)

The polymerized silicate may continue to grow
and form a “pure” amorphous silica scale if
there are no divalent cations present (Scheme
5).

Polymerized silicate (short chain) s “Pure” amorphous silica

N2

(Scheme 5)

Supersaturation occurs when the silica con-
centration is much higher than the solubility
thus causing the amorphous silica scale to pre-
cipitate by both heterogeneous and homoge-
nous pathways that are predominantly con-
trolled by total silica concentration, silica mon-
omer content, and temperature, while particle
deposition is strongly affected by hydrodynam-
ics [14]. Supersaturation of silica decreases as
pH increases as the silica solubility increases
(which reduce the tendency of the silica/silicate
precipitation), however, in contrast, the rate of
silica polymerization increases as pH increases
generating the formation of amorphous silica
scale [15]. As the ASP slug is injected, the pH
of the injecting fluid that flows through the res-
ervoir formation will experience changes in pH
under different conditions.

In general, the solubility product, K, is the
mathematical product of its dissolved ion con-
centrations raised to the power of their stoichi-
ometric coefficients. For insoluble salts or
slightly soluble salts, they are always in equi-
librium. However, a real solution may not be in

Monosilicic acid + Monosilicic acid —

OH OH
| |

the state of equilibrium. This non-equilibrium
state is described by the ion activity product,
IAP.

The ratio between IAP and Ks, enters the
definition of the saturation index, SI as shown
in Equation (2):

SI = 10g10 I}?—P (2)

sp

The saturation index is a useful quantity to de-
termine whether the water is saturated, under-
saturated, or supersaturated concerning the
given mineral;
SI=0; IAP = K, — saturated (in equilibrium)
SI < 0; IAP < Ky, — undersaturated (no pre-
cipitation)
SI>0; IAP > K, — supersaturated (tendency
to precipitate)

With respect to silicate scale (metal-silicate)
formation, the presence of divalent cations
such as Mg2* and Ca2* in the solution can affect
the precipitation reaction where Meyers report-
ed that silicate solubility decreases with pH
when divalent cations were present [16]. The
magnesium ion present in the con-
nate/formation water may bridge the colloidal
silicate particles to form an amorphous magne-
sium silicate scale. As the solution pH increas-
es (especially at pH > 9), magnesium silicate
scale 1s very likely to form because silica forms
reactive silicate ions.

Hence, with the presence of Mg2?*, from the
colloidal form explained earlier, silica scale
forms as Mg2*-poly-silicates (also true for Fe,
Al, and Ca, but Mg2+ is the worst) (see Scheme
6).

A A A ot L e
WA;J%\}J + Mg = Precipitates of Mg-silicates
(Scheme 6)

According to co-precipitation of silicate scale
with other minerals, the presence of calcium
ions in the connate water will also promote the
formation of a calcium carbonate scale which
may additionally provide the nuclei for the de-
velopment of silicate scales. A thorough review
of previous work revealed that much research
has been done on studying the mechanism in-
volved in the formation of this silicate scale,

Dimer, Si,0(OH), + Water
OH OH
| (Scheme 3)

HO ==Si=—0OH + HO =—Si—OH 2> HO —Si=—=0=—=Si—OH + H,0

| |
OH OH

OH OH
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however there is no detailed research done on
the impact of pH variation on this type of scale
in the ASP-flooded well environment. For in-
stance, Jiecheng et al. [7] revealed that the
scales formed in the ASP-flooded field are a
combination of carbonate and silicate scale, but
no information is available on the tempera-
ture/pH of the oilfield itself [7]. A study by Qing
et al. reported a newly developed scale inhibitor
to mitigate the silicate scale in an ASP-flooded
Dagqing oilfield, however, the SI formulation, as
well as the reservoir condition, was not re-
vealed [17]. Brown focused on the thermody-
namics and the kinetic of pure amorphous sili-
ca formation, while Fleming and Crerar stud-
ied the silicic ionization and the solubility val-
ues; both worked in a geothermal well [10,18].
Kashpura and Potapov who also studied the
possibility and methods of control for amor-
phous silica scaling from geothermal solution
under conditions of Verkhne-Mutnovskaya geo-
thermal electric power station, i.e. limited their
investigation in the replicated environment of
250-300 °C and pH of 9.2 [19]. Whilst Lu et al.
focused on developing a new inhibition efficien-
cy testing for the scale inhibitor performance
using the kinetic turbidity test (KTT) with the
application of the Ultraviolet-Visible (UV-Vis)
spectrophotometer, as an alternative to the dy-
namic tube blocking test due to the fact that
the silica scale is very difficult to remove once
they are formed [20]. Wang and Wei, on the
other hand, contributed to the scale modelling,
lab testing, and field trial observation to under-
stand the silica/silicate scale formation in a
steam-flooded well limited their study to well-
bore condition of ~87.8 °C (and unknown pH
condition) [21].

Therefore, this study aimed to investigate
the changes in solubility, i.e. the effect of pH on
the type, morphology, and severity of the sili-
ca/silicate scaling, to understand its formation
mechanism in the ASP-flooded field. The pres-
ence of calcium ions was also investigated by
varying the initial molar ratios of calcium with

Table 1. Final mixed brine concentration.

to magnesium ions, (Ca:Mg),. With current
knowledge and these new findings examination
of the inhibition (or at least reducing) of this
silica/silicate scale in the ASP-flooded oilfield
were investigated so that the silica/silicate
management can be optimized.

2. Materials and Methods
2.1 Material

Silicon brine (SB) containing 1880 ppm of
silicon ion (Si%*) was prepared by dissolving
14.2 grams of sodium metasilicate pentahy-
drate (Na2S103.5H20) (Sigma Aldrich, =95.0%
(T)) in 1 L of distilled water (DW) to represent
the ASP slug. The magnesium brine (MB) solu-
tion was prepared by adding 15.05 grams of
magnesium chloride hexahydrate salt
(MgCl2.6H20) (Merck, ACS reagent, 99.0-
102.0%) in 1 L of DW to produce an initial con-
centration of 1800 ppm magnesium ions (Mg2+).

Meanwhile, the various concentrations of
calcium(Il) ion, (Ca2?*) i.e. individual calcium
brines (CB) were prepared by adding 4.1
grams, 8.2 grams, and 16.4 grams of calcium
chloride hexahydrate salt (CaCl2.6H20) (Sigma
Aldrich, 98%) in 1 L of DW separately, to pro-
duce different initial concentrations of 750
ppm, 1500 ppm, and 3000 ppm Ca?2* respective-
ly so that the effect of various initial of Ca:Mg
molar ratios on silicate scale formation could
be studied. Note that, Ca2+, Mg2+, and Si4* ions
are used exchangeably with Ca, Mg, and Si
throughout this entire paper.

2.2 Methods
2.2.1 Brine mixing and conditions

All prepared brine solutions explained in
section 2.1 were filtered using 0.45 pm filter
paper. The brine solutions were mixed at ap-
propriate volume as shown in Table 1 for a to-
tal of 7 experimental conditions. The brine so-
lution in Experiments 1 and 2 contain Si ion
only; while the mixed brine in Experiments 3
and 4 contain Si/Mg ions and Si/Ca ions respec-

Final Mix Concentration

Experiment Silicon (ppm) Magnesium (ppm) Calcium (ppm)
1 (Si only) 1880 0 0

2 (Si only) 940 0 0

3 (Si/Mg; Mg in excess) 940 900 0

4 (S1/Ca; Si in excess) 940 0 900

5 (Si/Mg/Ca; Ca:Mg=0.25) 940 450 187.5

6 (Si/Mg/Ca; Ca:Mg=0.5) 940 450 375

7 (S1i/Mg/Ca; Ca:Mg=1) 940 450 750
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tively; whereas the mixed brine in Experiments
5, 6, and 7 contain Si, Mg, and Ca ions with a
variation in Ca:Mg molar ratios.

All mixed brines in the seven experiments
were conducted at different initial pH condi-
tions of pH 8.5, 5, and 11 which are denoted as
Test Condition 1, 2, and 3 can be seen in Figure
1. The temperature of these mixed brines will
be kept at a constant 90 °C to represent the res-
ervoir condition. In the testing procedure, 50
mL of 1880 ppm silicon brine was added to 50
mL of 1800 ppm magnesium brine to produce a
final mixed brine of 940 ppm Si and 900 ppm
Mg (940S51:900Mg) in the test bottles, i.e. dupli-
cate glass bottles 5 and 6, to get repeatable and
reproducible results (Table 2). The initial pH of

this mixed brine was checked, and the reading
was recorded. The pH was adjusted to pH 8.5
(Test Condition 1) before being put into the ov-
en at test temperature. They were allowed to
react for 2 hours before the supernatant was
sampled for further analysis to determine the
relevant scaling ions, i.e. Si and Mg ions left in
the supernatant using Atomic Absorption Spec-
troscopy (AAS) and the pH was checked. The
glass bottles were then returned to the oven
and allowed to react for another 20 h. The su-
pernatant of the test solutions were sampled
and the pH of the solution recorded. These fi-
nal solutions were filtered through a 0.22 xm
filter paper into a glass filtration unit and the
precipitations formed were collected (if any).

Mixed brine solutions
Glass bottle, 900C

l

L J

b

Test Condition 1:
Bottle 1-8, 25-30
Initial mixed pH at pH8.5

Test Condition 2:
Bottle 9-16, 31-36
Initial mixed pH at pH5

Test Condition 3:
Bottle 29to 42
Initial mixed pH at pH 11

|

J

L J

Allowed to react for 2 hours
(Reaction time: 2 hours)

|

‘ Supernatant sampling and pH checked at 2 hours

|

Allowed to react for another 20 hours
(Reaction time: 22 hours)

L

[ Supernatant sampling and pH checked at 2 hours ‘

l

‘ Precipitate collected (if any) ‘

!

Spectroscopy analysis
Supernatant: AAS
Precipitate: XRF, FTIR, XRD, SEM

Figure 1. Experimental procedure for the effect of pH on silicate scaling test.

Table 2. List of the mixed solution in the glass bottle at test condition 1 (90 °C, pH 8.5).

Experiment  Glass Bottle Initial Mixed Volume
1 1&2 100 mL 1880 ppm Si
2 3&4 50 mL 1880 ppm Si + 50 mL distilled water
3 5&6 50 mL 1880 ppm Si + 50 mL 1800 ppm Mg
4 7&8 50 mL 1880 ppm Si + 50 mL 1800 ppm Ca
5 25 & 26 50 mL 1880 ppm Si + 25 mL 1800 ppm Mg + 25 mL 750 ppm Ca
6 27 & 28 50 mL 1880 ppm Si + 25 mL 1800 ppm Mg + 25 mL 1500 ppm Ca
7 29 & 30 50 mL 1880 ppm Si + 25 mL 1800 ppm Mg + 25 mL 3000 ppm Ca

Copyright © 2022, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 17 (3), 2022, 666

The precipitate collected was then dried in a
desiccator for at least 24 h. The dried precipi-
tates were crushed by a mortar turning them
into a powder before being analyzed by various
spectroscopic analysis techniques, such as Fou-
rier transform infra red (FTIR), X-ray Diffrac-
tion (XRD), X-ray Fluorescence (XRF), and
Scanning Electron Microscope/Energy Disper-
sive X-ray (SEM/EDAX). All steps were repeat-
ed for the other pH conditions of pH 5 (Test
Condition 2) and pH 11 (Test condition 3) as
shown in Tables 3 and 4, respectively. The
methodology designed for this work was
adapted from Sazali [22].

2.2.2 Atomic Absorption Spectroscopy (AAS)

Atomic Absorption Spectroscopy (AAS) mod-
el Hitachi Z-2000 located at the Instrumenta-
tion Laboratory II, School of Chemical Engi-
neering, Ui'TM was used. Various appropriate
concentrations of the standard solution for Ca
and Mg were prepared. All these standard solu-
tions were measured from the least to the high-
est concentration for the calibration curve set-
ting. Between each analysis solution, a rinsing
time of 30 seconds with the rinsing solution
was used to clear carry over from the previous
sample.

Metal cation reacted [M]x = [M]o — [M]:  (3)

where, [M], and [M] are initial and final values
of Mg2+ Ca2+, and Si#+ concentration in the su-
pernatant, respectively.

2.2.3 Fourier Transform Infrared (FTIR)

The FTIR spectra of the samples were ob-
tained wusing Spectrum 100 spectrometer
(PerkinElmer, USA) which is equipped with a
mercury-cadmium-telluride (MCT) detector in
the wavelength range from 650 to 4000 cm™!
and an universal attenuated total reflectance
accessory (ATR) with a diamond prism. The
FTIR spectra of all the samples were recorded
on a Perkin Elmer Paragon 1000PC FTIR spec-
trometer using a diamond crystal. The spectra
were measured in the wavenumber range 450-
4400 cm-!. The ability of the FTIR spectra
range from 4000-400 cm~! indicated all the pos-
sible functional groups present. The samples
were crushed by the mortar to generate small-
er particles. The smaller particles give a better
spectra reading, while the larger particle tends
to scatter the infrared beam and cause a slope
of baseline and a poor spectra reading. This
FTIR is also available at the Instrumentation
Laboratory II, School of Chemical Engineering,
UiTM.

2.2.4 X-Ray Diffraction (XRD)

A XRD RIGAKU /D/MAX 2200V/PC located
in Drilling Laboratory, School of Chemical En-
gineering, Ui'TM was used to analyze the struc-
ture of materials from the scattering pattern
produced by a beam of x-ray interacting with
the experimental precipitate produced. It oper-
ated at experimental conditions 40 kV c’and 40
mA with a wavelength of Cu Ka 1.54 A. This

Table 3. List of the mixed solution in the glass bottle at test condition 2 (90 °C, pH 5).

Experiment  Glass Bottle

Initial Mixed Volume

1 9& 10 100 mL 1880 ppm Si

2 11 & 12 50 mL 1880 ppm Si + 50 mL distilled water

3 13 & 14 50 mL 1880 ppm Si + 50 mL 1800 ppm Mg

4 15 & 16 50 mL 1880 ppm Si + 50 mL 1800 ppm Ca

5 31 & 32 50 mL 1880 ppm Si + 25 mL 1800 ppm Mg + 25 mL 750 ppm Ca
6 33 & 34 50 mL 1880 ppm Si + 25 mL 1800 ppm Mg + 25 mL 1500 ppm Ca
7 35 & 36 50 mL 1880 ppm Si + 25 mL 1800 ppm Mg + 25 mL 3000 ppm Ca

Table 4. List of the mixed solution in the glass bottle at test condition 3 (90 °C, pH 11).

Experiment  Glass Bottle

Initial Mixed Volume

17 & 18
19 & 20
21 & 22
23 & 24
37 & 38
39 & 40
41 & 42

< O Otk W N

100 mL 1880 ppm Si

50 mL 1880 ppm Si + 50 mL distilled water

50 mL 1880 ppm Si + 50 mL 1800 ppm Mg

50 mL 1880 ppm Si + 50 mL 1800 ppm Ca

50 mL 1880 ppm Si + 25 mL 1800 ppm Mg + 25 mL 750 ppm Ca
50 mL 1880 ppm Si + 25 mL 1800 ppm Mg + 25 mL 1500 ppm Ca
50 mL 1880 ppm Si + 25 mL 1800 ppm Mg + 25 mL 3000 ppm Ca
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wass then matched to an existing database to
determine the chemical components within the
material with a continuous scanning range of
20 = 10 — 90° for 3 min per sample.

2.2.5 X-Ray Fluorescence (XRF)

The percentage composition of each chemi-
cal component within a particular chemical in
the precipitates was determined using a Mal-
vern PANanalytical Zetium 4 kW. This was
available in the Drilling Laboratory, School of
Chemical Engineering, UiTM. The samples
were mounted in a dedicated holder that has
been exclusively designed for samples of irregu-
lar shapes and different sizes, where a small
clamping device is available in the holder for
accurate positioning of small samples and to
avoid damage to samples.

2.2.6 Scanning Electron Microscope/ Energy
Dispersive X-Ray Spectroscopy (EEM/ EDAX)

A Hitachi SU3500 15 kV SEM/EDAX locat-
ed at the Material Science laboratory, School of
Mechanical Engineering, UiTM was used to
record the surface morphology of all precipi-
tates. After sprinkling the powdery precipitates
(specimen) on the double-sided conductive ad-
hesive tape, excess powder was blown off using
a blower. The specimen stub was set on the
specimen holder and a vacuum level for observ-
ing a specimen (VP-SEM or SEM) in the
[Vacuum mode] on the [Optics] tab on the oper-
ation panel was selected.

3. Results and Discussion

3.1 Observation

The physical observation of the effect of pH
on silicate scaling formation was monitored
and photographed. Three different pH condi-
tions of pH 5, pH 8.5, and pH 11 were studied

while the temperature was kept constant at 90
°C to represent reservoir conditions. The obser-
vations of each condition were recorded and ex-
plained in detail below.

Part A: Si-containing brine alone (to replicate
ASP slug)

For the Si-containing brine only solutions
shown in Figure 2, a clear solution remained
for 22 h once the fluids were adjusted to pH 8.5
and pH 11. The acidic environment of pH 5
caused a cloudiness to be observed and during
22 h this became more of a jelly like precipi-
tate.

Part B: Si/Mg/Ca - containing brine (to repli-
cate the mixed brine of ASP slug with the pres-
ence of Mg ion and Ca ion in formation water)

Generally, as for the other Si/Mg/Ca scaling so-
lution, a cloudy solution appeared as soon as
the solutions were mixed (and the pH of the so-
lution was adjusted) as can be seen in Figure 3.

With respect to Si/Mg mixed brine, for a fi-
nal mixed Si/Mg brine of 940Si:900Mg, a
cloudy solution instantly appeared at all pH
values tested. Figure 3(a) (bottom) shows that
the 940S1:900Mg at an initial pH 11 produced
the highest amount of precipitates followed by
Test Condition 1 (pH 8.5) and Test Condition 2
(pH 5). This shows that the mixed brine at pH
11 experienced the most severe scaling reac-
tion, this may be due to the co-formation of
magnesium hydroxide in addition to the Mg-
silicate scale e.g. (MgSiOs); a magnesium salt
of silicic acid that containing magnesium oxide
(MgO) and silicon oxide SiO2 with an unspeci-
fied amount of water was formed.

With respect to Si/Ca mixed brine, experi-
ments were conducted to study the effect of pH
on the initial Si/Ca mixed brines of

L 3/ 17297

- =3

pH 5 pH11 pH 8.5 pH S pH11
(Left) (Right)

Figure 2. Physical observation after 22 h of reaction time for Si-only containing brine with 1880 ppm

Si (left) and 940 ppm Si (right).
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(a) Si/Mg

(b) Si/Ca

Ca:Mg=0.5 CaMg=1 Ca:Mg=2
(c) Si/Mg/Ca

pH = 8.5 (Top)

(a) Si/Mg

(b) Si/Ca

Ca:Mg=0.5 CaMg=1 Ca:Mg=2
(c) Si/Mg/Ca

pH = 5 (Middle)

 J

(a) Si/Mg

(b) Si/Ca

Ca:Mg=0.5 CaMg=1 Ca:Mg=2
(c) Si/Mg/Ca

Figure 3. Physical observation of Si/Mg/Ca containing brine with various concentrations at pH 8.5

pH =11 (Bottom)

(top), pH 5 (middle), pH 11 (bottom) at 0 hours, i.e., immediately after being mixed and pH adjusted.
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940S1:900Ca, i.e. initial pH of 8.5, 5, and 11,
respectively. All of these mixed brines turned
into cloudy solutions immediately after pH-
adjusted and became more prominent at 22 h,
for all pH conditions. This occurrence is proba-
bly because of the effects of the initial pH play
in the silicate scaling reaction. At these high
pH conditions, the silicic acid dissociates into
silicate anion (Si0s2-) which tends to react with
a high concentration of calcium ion (Ca2+) pre-
sent.

In addition to that, the presence of the calci-
um ion in the solution may decrease the solu-
bility of the silica ion that creating a supersatu-
ration condition that leads to the polymeriza-
tion of the silica ion and the bridging of this
polymerized silica with the calcium ion. Based
on these arguments, we can directly correlate
the haziness/cloudiness/precipitate that ap-
peared at the bottom of the test samples with
the amounts of silicate scaling formed as can be
seen in Figure 3(b). These must be confirmed
through AAS analysis, though. At acidic condi-
tions, it can be seen that the precipitate was
much lesser compared to the alkaline condition.
This may be due to the silicic acid did not disso-
ciate much to form the silicate anion.

Focusing on Si/Mg/Ca mixed brine, the same
observations and findings can be seen from Fig-
ure 3(c) which studies the Si/Mg/Ca mixed
brines with different Ca:Mg molar ratio concen-
trations that explain the cloudy formation im-
mediately formed after being pH adjusted.
However, we cannot confirm the extent of the
reactions for all Ca:Mg molar ratios tested by
only observing the reactors, so that the super-
natants were sampled and analysed in AAS
and are discussed in the following section.

3.2 AAS Results and Data Analysis: Severity
of Silicate Scaling and Extent of Reaction

The supernatants of the mixed brine were
quenched into 1% EDTA/NaOH quenching so-
lution before being analysed using AAS to de-
termine the extent of reaction of metals ion
presented in the solution, i.e. Mg2+* and Ca2?*.
The extent of reaction was evaluated using the
amount of metal cations which has reacted ac-
cording to Equation (1).

According to Sazali et al. what is measured
in these experiments (by AAS) is the concentra-
tion of [Mg] and [Ca] remaining in the solution
after any silica/silicate precipitation has oc-
curred [22,23]. However, it is convenient here
to plot the amount of Mg or Ca which has react-
ed, 1.e. the amount missing from the solution,
which we refer to as the “lon reacted” (since it
1s in the precipitate).

The AAS results for the three pH conditions
studied were further analysed and graphed in
Figure 4. It can be seen that for pH 8.5, the
percentage amount of magnesium ion reacted
was increased from 68.8% to 70.5% at 2 h and
22 h respectively. The results suggest that at
pH 8.5, the reaction between magnesium and
silica tends to form a metal silicate which was
magnesium silicate in addition to the amor-
phous silica scale. At pH 5, it was observed
that 66.3% and 65.7% were reacted at 2 h and
22 h respectively. It is postulated that at a pH
lower than pH 8.5, the magnesium ion did not
react with silica thus “NO” metal silicate
formed as no ionization and no monomeric that
could polymerize a unionized silicic acid. How-
ever, in this experiment, the temperature was
kept very high at 90 °C, which that sufficiently
high to initiate and aggravate the Mg-silicate
scale formation where the magnesium silicate
scale exhibited inverse solubility [24-26]. It
was observed that 95.8% of magnesium was re-
acted at 22 h, and this had increased to 97.6%
at 22 h when the mixed Si/Mg was left reacted
at pH 11. This may be due to that at a high pH
value of 11, the magnesium ions were also re-
acted to with hydroxyl ion (OH-) forming the
magnesium hydroxide Mg(OH)2, in addition to
the formation of the Mg-silicate scale.

AAS analysis on the amount of Ca ion react-
ed at different pH conditions corresponding by
the time is taken shown in Figure 5. Generally,
the amount of Ca ion reacted in Si/Ca mixed
brine was less than the amount of Mg ion re-
acted in Si/Mg mixed brine at all pH studied.
At pH 8.5, it was found that only 30.7% and
26.3% of Ca ions reacted at 2 h and 22 h re-
spectively; whereas these amounts were 24.4%
and 30.7% at pH 5. This may suggest that the
Mg?2+ has a greater impact than Ca?*, that the
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Figure 4. Percentage amount of Mg ions react-
ed under different temperature conditions for
940 ppm Si : 900 ppm Mg scaling brine.
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silica backbone has a higher tendency to bridge
the Mg2* than Ca2?* which agrees with
Hauksson et al. [27] that reported commonly
encountered cations affect solubility in the or-
der of Mg > Ca > Sr > Li > Na > K. However,
AAS results show these values were substan-
tially high at pH 11 with 92.8 and 91.9% at 2 h
and 22 h, respectively. The potential of calcium
silicate formed was higher where the high tem-
perature of 90 °C sufficiently leads to scale ac-
celeration. The Si:Mg molar ratios and Si:Ca
molar ratios in the precipitates formed in both
Si/Mg and Si/Ca scaling solutions were further
analysed in Figure 6. The amounts of ions re-
acted as calculated by Equation 1 were eventu-
ally converted into Si:Mg and Si:Ca molar rati-
os in the solid silicate scale and these can be
compared to ESEM/EDAX analysis.

The AAS results established that the result-
ant Si:Mg molar ratios in the precipitates is ap-
proximately 1 at all pH, when the Mg was in
excess initially as compared to Si ion, i.e.
(S1:Mg)o~0.9. This means, approximately 1 mol
of magnesium is bridged to 1 mol of silicon ion.
This complemented the Si:Mg molar ratio in
precipitates that measured via inductively cou-
pled plasma optical emission spectrometry
(ICP-OES) reported by Sazali et al. [23]. They
reported that the Si:Mg molar ratio in the pre-
cipitates were ~1.3 and ~1 at pH 8.5 and pH
10.1, respectively which is comparable with re-
sults reported om Figure 6 (Si1:Mg molar ratio
in the precipitates were ~1.2 and ~0.9 at pH 8.5
and pH 11, respectively). It is worth noting that
the Si/Mg mixed brine was left reacted at room
temperature (as opposed to 90 °C in this work);
this may explain a little bit of deviation of the
values at the same pH. From these analyses, it
is clear that the pH values of the mixed brine
are the most affecting factor as compared to the
effect of temperature.
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Figure 5. Percentage amount of Ca ions reacted
under different pH conditions for 940 ppm Si:
900ppm Ca scaling brine.

This however was different in the Si-excess
condition in the i.e. (Si:Ca), = 1.5 in the Si/Ca
scaling environment solution; where the result-
ant Si:Ca molar ratios of more than 4 in the
precipitates formed at pH 8.5 and pH 5. It was
observed Si:Ca was found to be 5.3 and 4.7; at
pH 8.5 and pH 5.0, respectively. This may be
due to the polymerization of silica that oc-
curred before the calcium ion reacted with the
silica backbone. This is also in agreement with
Hauksson et al. [27] that reported that Mg ion
has a higher tendency to bridge the Si back-
bone as compared to Ca ion. In contrast, the
Si:Ca was found to have remained approxi-
mately 1.5 at pH 11. This may suggest that the
solubility of Ca ion is reduced significantly at
high pH that aggravating the formation of cal-
cium silicate scale that lead to more Ca ion
bridged the Si backbone. Also, it is postulated
more Ca2+ was reacted to form Ca(OH)z in ad-
dition to Ca-silicate and SiOz in this high pH of
11.

Figure 7 shows that the Ca:Mg molar ratios
in the precipitates formed in various initial
Ca:Mg molar ratios at all pH values tested.
Generally, the Ca:Mg molar ratios increase
with an increasing amount of Ca initially pre-
sent at all pH’s tested. At pH 8.5, a lower mo-
lar ratio of Ca:Mg was observed in the precipi-
tates as compared to their initial molar ratios.
This indicates that silicates favour Mg ions
when both Ca and Mg ions are present at this
pH condition. In contrast, higher molar ratios
of Ca:Mg in precipitate were observed (as com-
pared to their initial Ca:Mg molar ratios) at
the lower pH 5 and higher pH 11 conditions.
However, it is well known that the solubility of
calcium silicate is much higher than that of

52
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Si:Mg or Si:Ca molar ratios

(Si:Ca)o=15
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Initial Si:Mg or Si:Ca molar ratios
Figure 6. Si:Mg and Si:Ca molar ratios in the
precipitates formed in Experiment 3

(94051:900Mg) and Experiment 4 (9405i:900Ca)
at various pH conditions.
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magnesium silicate, hence could explain the in-
itial removal of silica as magnesium silicate.
Similar to aluminum silicate
Si04-Al, calcium carbonate CaCOs, and calcium
sulfate CaSO4, Mg-silicate and Ca-
silicate also show inverse solubility [28]. There-
fore, as expected higher Mg-Ca-silicates were
observed for this test temperature of 90 °C.
This inverse or retrograde solubility may best
be explained by the Le-Chatelier principle
which states that dynamic equilibrium is dis-
turbed by changing the conditions, and hence
the position of equilibrium moves to counteract
the change. Both Mg-silicate and Ca-
silicate evolve heat when they are dissolved.
For instance, the solution of solute (i.e. Mg2*
and Ca2*) in water generates heat, hence, the
position of the equilibrium will shifts left in the
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Figure 7. Ca:Mg molar ratios in the precipi-
tates formed in Experiment 5
(940S51:450Mg:187.5Ca), Experiment 6
(940S51:450Mg:375Ca) and Experiment 7
(94051:450Mg:750Ca) at various pH conditions.
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Figure 8. The percentage amount of Mg ion re-
acted in the presence of various Ca ion concen-
trations at various pH conditions.

direction of the endothermic process to counter
the disturbed equilibrium. As a consequence of
this, the dissolution process will be slowed
down. There will be more undissolved solutes,
i.e. Mg-silicate and Ca-silicate in water.

The magnesium silicate system is highly pH
-dependent. Essentially no Mg-silicate is ex-
pected to form at any pH less than 7 whereas
magnesium silicate is very likely to form at
higher pH due to the reactive silicate ions
formed. However, as mentioned earlier, if the
temperature is sufficiently high, precipitates
may be seen at a much lower pH. It was ob-
served in Figure 8 that around 30 to 34% of Mg
ions reacted at pH 5 (and 90 °C) where the
amount reacted seemed to reduce as the initial
concentration of Ca ions present was increased.
This was also true for the higher pH 8.5. At pH
11, it was observed that all Mg and Ca reacted.
This may be due to some of the ions having re-
acted with the hydroxyl ion to form Mg(OH):
and Ca(OH): in addition to the formation of the
Mg-Ca-silicates scale.

Figure 9 shows that the amount of Ca ion
reacted increased with a pH increase. The AAS
results suggested that Ca2* and Mg2*+ were act-
ing as the catalyst for the silica polymerization
reaction. As mentioned earlier, Mg2* has a
greater impact than Ca?2*, which indicated that
Mg2* is precipitated out first before the Si
backbone starts to bridge Ca2?t. The for-
mation of Mg-SiO4 is a two-step process. Gen-
erally, Mg(OH)z will form first and become in-
versely soluble with temperature. This is fol-
lowed by the deposition of silicic acid Si(OH)4
on a solid surface which condens-
es with any pre-existing solids surface that
bears hydroxyl OH groups or any MOH, where

Percentage of Ca ion Reacted (precipitate)
(Mg)o fixed at 450ppm

m(Ca:Mg)o=0.25

pH8.5 pH11
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Figure 9. The percentage amount of Ca ion re-
acted when the initial Ca:Mg ion concentration
varied at pH value tested.
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M is a metal that will form silicate at the pH
involved. The high percentage of Mg2+ and Ca2+
reacted indicates that the co-precipitation of
Mg(OH)2 and colloidal silica occurs.

3.3 XRF Results: Elemental Composition of the
Metal-Silicate Scales

XRF analysis showed the percentage of
magnesium, calcium, and silica concentration
in the precipitates. The XRF results also indi-
cate the composition of the precipitate where
the 100% for every mixed solution concentra-
tion at all pH conditions is broken into its con-
stituents. Figure 10(a) shows that the percent-
age of Mg in the precipitates increases as pH
increased, which agrees with the AAS results
shown in Figure 4. The low concentration de-
tected at pH 5 suggested that the Mg ions were
involved in any reactions under these acidic
conditions. The XRF data in Figure 10(b) shows
the highest percentage of calcium concentration
was observed at pH 11. This suggested that
more Ca ions have to bridge the silica backbone
to form calcium silicate. The percentage of cal-
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Figure 10. The element concentration analysed

by XRF for (a) Si/Mg and (b) Si/Ca at various
pH conditions

clum concentration increased when pH in-
creased from 5 to 8.5 and 11 due to lower calci-
um solubility at higher pH. This Si/Ca pattern
similar to the Si/Mg mixed brine also agrees
with the AAS result presented in Figure 5. The
Figure 11 shows the percentage concentration
of calcium in the precipitates increases as the
concentration of Ca in the Si/Mg/Ca mixed
brine increased from Ca:Mg is 0.25 to 0.5 and 1
at all pH values. At pH 5 (Figure 11(a)), the
presence of Mg and Ca ion in the mixed brines
has aggravated the polymerization of amor-
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Figure 11. The element concentration analysed
by XRF for various (Ca:Mg), at various pH: (a)
pH 5, (b) pH 8.5 and (c) pH 11.
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phous colloidal silica in which the percentage of
Si varied from 96% at pH 5 and gradually re-
duce to 95.3% and 92.2% at pH 8.5 and pH 11,
shown in Figure 11(b) and 11(c), respectively.
At pH 8.5 (Figure 11(b)), the percentage of Mg
present in the precipitate increased significant-
ly from 2.6-2.9 % to 35.2-39.3 %. This is in
agreement with the AAS results in Figure 8,
where magnesium silicate is very likely to form
at higher pH due to the reactive silicate ions
formed. The XRF data in Figure 11 shows the
decrease in the percentage of silica and con-
trasts with the increase in the percentage of
calcium as the pH increases from pH 5 to pH
11. This XRF data complements the AAS anal-
ysis and confirms that the silica has a higher
tendency to bridge the Mg ion than the Ca ion,
and also silica reacts with more Ca ion at high
Ca concentration and at higher pH.

At high temperature (in this case 90 °C) and
high Ca concentration (relative to Mg ion), Ca
ions have a high tendency to bridge the Si
backbone. Hauksson et al. [27] reports that
commonly encountered cations affect solubility
in the order of Mg > Ca > Sr > Li> Na > K.

3.4 FTIR Results and Analysis: Materials and
Functional Groups Identification

To confirm the presence of amor-
phous/crystalline of silica/silicate scale, the pre-
cipitates were characterized using FTIR analy-
sis to identify the functional groups that were
present.

TEST CONDITION 1 {pH 8.5)
105

3.4.1 FTIR of precipitates in Si-containing only
brine

Referring to Figure 12, at low pH (pH 5),
FTIR bands around 1070 cm~! and ~970 cm™!
was observed which showed the Si—O-Si, and
Si—OH asymmetric stretching modes, respec-
tively, which is consistent with previously re-
ported studies by Sazali [22], Sazali et al. [23],
El Nahrawy et al. [29], and Joni et al. [30]. The
presence of a broad and strong band around
3440 cm™! is evidence for the existence of a
stretching vibration of hydroxyl groups
(Si—OH) in the structure of SiOz [29,31]. Ac-
cording to Musié¢ et al. [31], the FTIR band
around 1632 cm™! is due to the bending vibra-
tion of H2O molecules while the 785 cm~! can
be assigned to a Si—O—Si symmetric stretching
vibration [31]. All of the bands shown for the
pH 5 condition resemble the formation of silica
S102 which is consistent with the observation
seen in Figure 2. In Figure 2, the Si-containing
only brine shows that the solution turned
cloudy solution after 22 h at pH 5 and more
was observed for the concentrated Si brine,
1880 ppm (as compared to 940 ppm).

These five bands absent in the spectra rec-
orded for the basic conditions, i.e. pH 8.5 and
pH 11 and this is consistent with the observa-
tion shown in Figure 2 where the Si brine un-
der basic pH remained clear, even after 22 h of
reaction. However, this must be proved via the
ICP analysis to determine the extent of the re-
action of Si for this basic condition. The spectra
bands actually observed agreed well with Alex-
ander et al. results [32] which stated that the
solubility of the amorphous silica increased

FTIR Spectra for Precipitates formed in Si-containing brine only
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Figure 12. FTIR spectra for precipitate formed from Si-containing only brine, 1880 ppm Si at various

pH conditions (temperature 90 °C).
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with a pH increase. In addition, it has been
stated by Osswald & Fehr [33] that solid silica
gels commonly have 4 peaks at ~1200 cm!,
~1150 ecm™1, ~1100 ecm™!, and ~950 cm™! relat-
ing to the Si—0O-Si asymmetric stretching vi-
bration, skeletal Si—O stretching vibration,
Si—0-Si asymmetric stretching vibration, and
Si—O stretching vibration of surface silanol
groups, respectively as illustrated in Figure 12
[33]. The band ~1217 cm™! observed for both
basic conditions may be due to the Si—O-Si
asymmetric stretching vibration [33,34]. If the
FTIR spectra at pH 8.5 is examined carefully,
weaker peaks can be observed for the Si—O-Si
bond at 1094 cm-!, the Si—OH bond at 896
cm~l, and the Si—O—-Si symmetric stretching vi-
bration at 775 cm™! [29,34]. These weaker
peaks were not observed at the higher pH 11
conditions. Considering all these observations,
it can be concluded that the Si-brine only may
produce very small amount of silica under the
basic conditions, however, due to its high sta-
bility, it is less likely to be stable and be ob-
served.

3.4.2 FTIR of precipitates in Si/Mg mixed brine

Sazali [22] analysed the FTIR spectra of the
commercial magnesium silicate scale MgSiOs3
showing the important peaks at ~1014 cm™i,
~789 ecm™!, and ~675 cm~! may be assigned to
the Si—O—S1 symmetrical stretching vibration,
Si—0-Si symmetric, and Si—O bending motion
respectively which agreed well with results of
Rashid et al. [35]. Jager et al. [36] also conclud-

TEST CONDITION 1 {pH 8 5)

ed that the position of the Si—O stretching vi-
bration is shifted from ~1111 cm~! (9 um) for
the pure SiO2 to ~1030 cm-! (9.7 pm) for
MgSiOs and to ~975 cm™! (10.25 pm) for
Mg2.4S104.4 [36].

With reference to Figure 13, the precipitates
at pH 8.5 showed peaks at 1000 cm1, 898 cm™1,
and 635 cm~! that may refer to Si—O stretching
vibration for Mg-silicate; Si—O band; and Si—O
bending motion. These 3 bands were further
shifted to the right for precipitates formed at
the higher pH 11, i.e. at 980 cm™1, 887 cm™1,
and 610 cm™1, respectively. The band at ~1217
cm-! observed for the Si-only brine due to the
Si—0—S1 asymmetric stretching vibration was
also observed for both basic conditions.

When closely examined, two peaks at 1435
cm~! and 1365 cm~! were observed in for the
basic conditions and may refer to overtone com-
bination bands and water bending modes such
as H-O-H, Si-O-H, or Mg—O—-H [37]. Hof-
meister and Bowey [37] reported overtone com-
bination bands and water bending modes such
as H-O-H, Si—-O-H or Mg—-O-H (all near 5-8
pum/ 2000-1250 cm~1), whereas Jiang et al. [38]
reported a bending vibration of OH bond at
~1456 cm~! when they analysed Mg(OH):. Un-
der acidic conditions, the precipitates exhibited
a very strong and broad peak at ~1100 cm™!
which is usually assigned to the transverse op-
tical mode (TO) and longitudinal optical mode
(LO) of the Si—O—Si asymmetric stretching vi-
bration, ~957 cm~1 due to the silanol group and
~794 cm~! due to Si—O-Si symmetric stretch-
ing vibration [31,37].

FTIR Spectra for Precipitates formed in Si/Mg containing brine
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Figure 13. FTIR spectra for precipitate formed from Si/Mg mixed brine, 940Si:900Mg at various pH

(temperature 90 °C).
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Through detailed analysis of the FTIR spec-
tra, the precipitates formed at pH 8.5 and pH
11 may consist of a mixed scale, i.e. amorphous
silica, amorphous magnesium silicate, and
magnesium hydroxide. The magnesium silicate
produced at both pH values may differ struc-
turally, as the peaks at 1000 cm~! (~980 cm™! at
pH 11) and 898 cm~! (~887 cm! at pH 11) and
635 cm™! (610 cm™! at pH 11) have been shifted
further (to the right) for the higher pH 11. This
may indicate a different stoichiometric ratio of
MgO to SiO. Also, the peaks observed at ~1430
cm~! may indicate to some extent, a little
amount of Mg(OH)z may form in both basic en-
vironments.

The main precipitate produced in the acidic
conditions is mainly amorphous silica scale,
however, the AAS analysis showed that a sig-
nificant amount of reacted Mg. Jéger et al. [36]
reported that the position of the Si—O stretch-
ing vibration is shifted from 9 um (1111.1 cm™1)
for pure SiOz to 9.7 um (1030.9 cm-!) for
MgSiOs and 10.25 pm (975.6 cm™1) for
Mg24SiO44. Hence, it is believed that Mg-
silicate may also have formed with a higher ra-
tio of Mg2+ ions bridges to the SiOz backbone
(as compared to the SiO2 back bone under the
basic condition) as a peak at ~957 cm~! was ob-
served for the acidic condition.

3.4.3 FTIR of precipitates in Si/Ca mixed brine

Based on Figure 14, for Test Condition 1, a
broad band ~3408 cm~! was observed that is
due to the moisture absorption band [39]. A
peak at ~1455 cm~! was also seen in this pH 8.5
solution that may indicate the presence of a

Ca-0 functional group due to CaO or Ca(OH)
which agreed with Galvan-Ruiz et al. [40].
Peaks at ~1068 cm~! and ~829 cm~! may indi-
cate Si—0-Si, Si—O—Ca asymmetric stretching
modes. El Nahrawy et al. [29] reported these
functional groups i.e. Si—0-Si, Si—O—Ca asym-
metric stretching mode at ~1075 cm~! whereas
Husain et al. [41] reported Si—O—Ca asymmet-
ric stretching modes may be seen at ~848 cm~1
and ~999-1001 cm™! [29,41]. A peak at ~965
cm~! may be due to Si—-OH, Ca—OH asymmet-
ric stretching modes [29] or Si—O stretching
modes [39]. The precipitate formed at pH 8.5 at
~T791 cm~! that may indicate the presence of
S102 [40]. Galvan-Ruiz et al. [40] also reported
that FTIR spectra bands were observed at
3643, 1417, 866 cm~! for Ca(O) and 3643, 2500,
1427, 875, and 500 cm-! for Ca(OH)2 [40].
Based on this detailed inspection of all the
peaks, it is postulated that the precipitates
formed at pH 8.5 may be a combination of
mostly silica SiO2, Ca-silicate scale, and a little
fraction of Ca(OH)2. As for the precipitates
formed at acidic pH 5, peaks were observed at
1092 cm1; 952 em™!; and 793 cm~! possibly in-
dicating the presence of Si—-0O-Si, Si—0-Ca
asymmetric stretching mode; silanol group;
and Si—O-Si symmetric stretching vibration;
respectively. Hence, the most probable scale
produced may be a mixed scale of silica and
Ca-silicate scale.

Precipitates at the higher pH 11 value show
bands at ~1458 cm™! (Ca—0), ~1061 cm!
(S1—-0-S1, Si-0-Ca), and ~853 cm-!
(CaO/Ca(OH)2) indicating the presence of
amorphous silica SiO2, Ca-silicate scale, and

TEST CONDITION 1 (pH 8.5) FTIR. Spectra for Precipitates formed in Si/Ca containing brine
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Figure 14. FTIR spectra for precipitate formed from Si/Ca mixed brine, 940Si1:900Ca at various pHs (&

90 <C).
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Ca(OH)s. It is postulated that more Ca-silicate
and Ca(OH)zformed at pH 11 due to the higher
pH environment and the AAS results shows
more than 90 % of CaZ?* ions reacted even after
only 2 h of reaction. The morphologies of all the
scales formed may be crystalline or amorphous,
though this may need to be reconfirmed by
XRD.

3.4.4 FTIR of precipitates in Si/Mg/Ca mixed
brine with various initial molar concentrations
of Ca to Mg at various pH values

Generally, the FTIR spectra for both basic
conditions are similar with bands observed at
~1000 cm~1, ~791 cm™!, and ~651 cm~! that may
indicate the presence of Mg-silicate, Ca-silicate
scale, or even Mg-Ca-silicate scale (Figure 15).
However, no band appeared at ~1458 cm~! for
precipitates formed at pH 8.5. AAS revealed

TEST CONDITION 1 (pH 8.5)

105

that ~95% and ~82% of Mg and Ca ions reacted
at pH 8.5 as opposed to almost 100% of both
ions reacting at pH 11. Hence, the ~1458 cm™!
band seen in precipitates formed at pH 11 may
indicate the presence of Mg(OH)2 and Ca(OH):
scale in addition to the aforementioned scale.
In contrast, the spectra of the precipitates
at pH 5 show similar bands at ~1739 cm™1,
~1367 cm™1, ~1217 cm™! as observed for both
basic environments. However, the band around
1000 cm™! was further to the left, at around
~1090 ecm~l. AAS reported that only ~35% of
Mg ions reacted as opposed to ~82% of Ca for
the acidic environment. This was probably due
to unionized silica at this low pH, which result-
ed in less Mg ion bridged into the silica back-
bone. Silica polymerization rapidly occurred
due to the high temperature and Ca ions domi-
nantly bridging the silica backbone in this low
pH environment. It is postulated that precipi-

FTIR Spectra for Precipitates formed in Si/Mg/Ca containing brine at 90°C
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Figure 15. FTIR spectra for precipitate formed from Si/Mg/Ca mixed brine (Ca:Mg)o = 0.25 at various

pH conditions.
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Figure 16. FTIR spectra for precipitate formed
from Si/Mg/Ca mixed brine (Ca:Mg)o=0.5 at
various pH conditions.
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Figure 17. FTIR spectra for precipitate formed
from Si/Mg/Ca mixed brine( Ca:Mg)o=1 at vari-
ous pH conditions.
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tates formed were a mix of silica, Mg-silicate,
Ca-silicate, and Mg-Ca-silicate scale.

Figures 16 and 17 shows the FTIR bands for
initial calcium to magnesium molar ratios of
0.5 and 1.0, respectively at various pH values.
The same trends were observed for all Ca:Mg
molar ratios, with a peak at ~1000 cm™! for
both pH 8.5 and pH 11. However, the peak at
around 650 cm~! for pH 8.5 was shifted to the
right to ~616 cm™! in the precipitates formed at
the higher pH 11, this trend was observed for
all Ca:Mg molar ratios. Figures 15, 16, and 17
were examined and peaks at ~1734 cm™l,
~1361 cm~!, and ~1215 cm~! were observed in
all Ca:Mg molar ratios for the basic environ-
ment and acidic pH 5, except for initial molar
ratio Ca:Mg of 1. Figure 17 shows the band at
~1734 cm-! was very weak; ~1364 cm~! was al-
most gone; and no band was detected at ~1215
cm~1, for this (Ca:Mg), of 1 at pH 5. In addition,
it was found that peaks at ~1090 cm-! and
~790 cm™! appeared for all molar ratios. As the
initial amount of Ca ions increased, it was
found that the band at ~900 cm~! (at (Ca:Mg), =
0.25 ) was shifted to ~950 cm~! (at (Ca:Mg), =
0.5 and 1.0).

Si-brine only at various pH (& 90°C)
2000

1800
1600
1400
1200
1000

1880Si, pH 8.5
——9408Si, pH 8.5
—— 18808, pH 11
940Si, pH 11
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——940Si, pH 5
—— Commercial amorphous SiO2

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
Theta [°26)

Figure 18. XRD pattern for Si-only containing
brine of 1880ppm/940ppm Si at various pH con-
ditions.
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Figure 19. XRD pattern for Si/Mg brine of
940S51:900Mg at various pH conditions.

3.5 XRD Results and Analysis: Crystallograph-
ic Structure of the Silica/ Silicate Scale

3.5.1 XRD diffraction pattern for Si-containing
only brine

Based on Figure 18 showing the XRD pat-
tern for Si-containing only brine, it was ob-
served the broad peaks between the range of
17° to 26° belonged to the amorphous silica,
which agreed well with XRD patterns of com-
mercial amorphous silica as previously report-
ed by Sazali [22]. This may be due to the re-
duced solubility of silica which leads to the
polymerization of silicic acid. At pH 5, amor-
phous silica not only detected with broad peaks
at 23°, but also crystalline silica (may be micro-
crystalline) was observed with the sharp peaks
at theta of 32°, 46°, 56° and 66°, due to the
high test temperature of 90 °C.

3.5.2 XRD diffraction pattern for Si/Mg mixed
brine

Figure 19 shows the diffraction pattern re-
sults for precipitate formed under basic pH
conditions resembles the commercial amor-
phous magnesium silicate analysed by Sazali
[22]. It show the broad peaks indicating the
amorphous silica (~ 23°) and amorphous mag-
nesium silicate (a broad peak from ~33° to ~40°
and small hump at ~60°) exists [22]. In con-
trast, the precipitates that were formed in acid-
ic pH resemble the amorphous silica except
with sharp peaks (that may indicate microcrys-
talline silica also co-existed) exist at the same
position observed in Si-brine only (but with
lower intensity), in addition to the broad amor-
phous silica peak at 23°.

3.5.3 XRD diffraction pattern for Si/Ca mixed
brine

Figure 20 shows at low pH 5, the precipita-
tion resembled silica which is mostly amor-

Si/Ca brine at various pH (& 90°C)
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Figure 20. XRD pattern for Si/Ca brine of
940S1:900Ca at various pH conditions.
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phous form shown by the peak presence at 23°,
with 4 sharp peaks at ~32°, ~46°, ~56°, and
~66° indicating a microcrystalline precipitate
co-existed. It was different at higher pH 8.5
and pH 11, where the sharp peaks appeared at
many theta values indicating the crystalline
Ca-silicate may have dominated in the precipi-
tates formed. The broad peak at ~23° became
less obvious (though this may indicate amor-
phous silica was also formed) indicating more
calcium ions bridged the silica backbone and
produced a microcrystalline Ca-silicate scale.
These observations revealed that the presence
of calcium ions in the silica scaling environ-
ment shifted the silica type from an amorphous
silica scale to a mixture of amorphous silica
and crystalline Ca-silicate scale in a basic pH
environment which agreed with observations
by Sazali et al. [42]. Also, the presence of Ca
ion may already produce a microcrystalline sili-
ca scale even at low pH conditions.

3.5.4 XRD diffraction pattern for Si/Mg/Ca
mixed brine

The XRD data for the diffraction pattern of
precipitate formed at different initial calcium
concentrations present in the mixed brine are

Si/Ca/Mg brine at various pH (& 90°C)
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Figure 21. XRD pattern for Si/Mg/Ca brine of
94081:450Mg:187.5Ca at various pH condi-
tions.
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Figure 22. XRD pattern for Si/Mg/Ca brine of
94051:450Mg:375Ca at various pH conditions.

shown in Figures 21, 22, and 23. Precipitates
formed in all (Ca:Mg), molar ratios at low pH 5
exhibit the presence of amorphous silica with
broad peaks at 23° and sharp peaks appearing
at ~32°, ~46°, ~56°, and ~66°, with increased
intensity with an increase of calcium ions pre-
sent. For the precipitates formed at the lowest
(Ca:Mg), = 0.25 for pH 8.5, the precipitation
formed appeared to resemble a mixture of
amorphous silica (as the same broad peak at
~23° was seen) and amorphous magnesium sil-
icate (as humps at ~28°, ~36°, ~54°, ~60° were
seen). However, as the amount of calcium ions
increased, the same broad peaks/humps ap-
peared except the hump at ~54°. In addition,
several sharp peaks were seen at ~30°, ~36°,
~40°, ~43°, ~47°, ~48°, ~51° for (Ca:Mg), = 0.5;
and ~23°, ~30°, ~36°, ~40°, ~43°, ~47°, ~48°,
~57°, and ~58° for (Ca:Mg), = 1.

Finally, for the precipitates formed at the
highest pH 11 value, all peaks detected showed
multiple sharp peaks at various positions, with
the number of sharp peaks increased as the
number of calcium ions present in the scaling
brine were increased. The XRD results shown
may conclude that as the number of calcium
ions present in the Si/Mg/Ca scaling brine in-
crease, the more crystalline the precipitates is
formed.

3.6 Scanning Electron Microscope / Energy Dis-
persive X-ray Spectroscopy (SEM/EDAX) —
Surface Topography

The types and morphology of silicate scale
formed under different pH conditions was veri-
fied by the analysis data of SEM/EDAX on the
collected precipitate. Based on the SEM images
in Figure 24, it was demonstrated that for both
basic conditions, the solid silicate scales formed
were amorphous in nature with a small
amount of microcrystalline. The main elements
in the precipitates were found to be Oxygen

Si/Ca/Mg brine at various pH (& 90°C)
(Ca:Mg), =1

——pH85
pH5

= 2500 —pH11

Commercial amorphous SiO2
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500 Ny @d %‘“ A L ”

10 20 30 40 50 60 70
Theta [°26)

Intensity (a.u

Figure 23. XRD pattern for Si/Mg/Ca brine of
94051:450Mg:750Ca at various pH conditions.
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33.0 weight% (wt%), Magnesium (21.9 wt%),
and Silicon of 37.1 wt% with traces of sodium
and chloride for precipitates formed at pH 8.5
as shown in Table 5. As for the precipitates

FEM-UITM 150 12.4mim x

formed at pH 11, they consisted of Oxygen
(26.5 wt%), Magnesium (23.5 wt%), and Silicon
(44.6 wt%). The precipitates for the acidic con-
ditions appeared to be crystalline silica in na-
ture.

Based on the SEM images in Figure 25, the
precipitates formed in a higher calcium ion en-
vironment produced a much smaller particle
size. The precipitates formed for this silicate
scale consisted of Magnesium (11.5 to 14.3%),
Silicon (39.7 to 50.4%), Oxygen (24.1 to 36.6%),
and Calcium (5.3 to 8.1%) with traces of sodi-
um and chloride.

HTM 1500EY 12 3mirm <0, Ok

Figure 24. SEM image for precipitate formed from mixing solution of 940Si:900Mg in (a) Test condition

1 (b) Test condition 2 and (c) Test condition 3.

FEKM-UITM 1¢ 4mm x1.00k BS OMP 50.0pm

JLI S B B B B S I
VP 50.0pm

FEM-UiTM 15.0kV 12.4mm x1.00k BSE

Figure 25. SEM image for precipitate formed in various initial Ca concentrations; 940Si1:900Mg with

(a) 375 ppm Ca and (b) 750 ppm Ca at pH 8.5.

Table 5. Weight% for SEM/EDAX spectrum of the precipitates in various tested conditions.

Weight %

No. sample

Magnesium (Mg)

Silicon (Si)  Oxygen (O) Calcium (Ca)

Si/Mg at pH 8.5 21.9
Si/Mg at pH 5 -

Si/Mg at pH 11 23.5
Si/Mg/Ca (Ca:Mg), = 0.5 at pH 8.5 14.3
Si/Mg/Ca (Ca:Mg), = 1 at pH 8.5 11.5

37.1 33

64.7 35.3

44.6 26.5 -
50.4 24.1 5.3
39.7 36.6 8.1
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4. Conclusions

To conclude, pH plays a major role in sili-
cate scaling. Different amounts of magnesium
ion reacted, [Mg]x and calcium ion reacted,
[Ca]ix calculated from the AAS analysis indicat-
ed that different compounds were produced in
the precipitates formed under different pH con-
ditions. These conjectures are supported by the
peak differences in FTIR spectra produced for
the precipitates under different pH conditions.
The presence of calcium ions (and various
(Ca:Mg),) was found to significantly affect the
type and morphology of the scale produced
(sharp peaks observed in the XRD related to
microcrystalline structures) as well as the se-
verity of the scaling reaction. The morphology
of precipitates formed under all pH conditions
was generally amorphous in nature with a
small amount of microcrystalline/crystalline
forms that had co-produced throughout the
scaling reaction.
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