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ABSTRACT

Purpose: Silica/silicate scale is a significant problem, especially in oilfield production during 
Alkaline Surfactant Polymer (ASP) flooding, where chemical inhibitors are the preferred method 
to prevent them. In this study, the effect of inhibitor vinyl sulfonated copolymer (VS-Co) on 
silica/silicate scale formation was analysed using X-Ray Diffraction (XRD) and Fourier-transform 
infrared spectroscopy (FTIR).
Design/methodology/approach: The functional group type of VS-Co are sulfonate ions, 
SO3-, and these interact in the scaling process. Bulk-inhibited scaling brine tests were conducted 
at 60°C and pH 8.5. During these tests, the silicon brine (with VS-Co) representing the inhibited 
ASP leachate was mixed with a magnesium brine representing the connate water to replicate 
reservoir conditions during ASP flooding. The samples tested in this study were non-inhibited 
Si/Mg mixed brine of 60 ppm Mg2+ and 940 ppm Si4+ (60Mg:940Si) as a blank, and inhibited 
60Mg:940Si mixture with various VS-Co concentrations of 20 ppm, 50 ppm, and 100 ppm. The 
inhibition efficiency of the VS-Co was determined, followed by the characterisation study of the 
silica/silicate scale deposited from both test conditions.
Findings: The IR spectra of all 60Mg:940Si samples show a similar peak at 1050 cm-1 to 1080 cm-1, 
attributed to a Si-O covalent bond and a band at 790 cm-1 to 800 cm-1 showing the presence 
of Si-O-Si stretching. XRD patterns produced a broad scattering peak for all samples at 2θ of 
24° showing that the samples are amorphous silica. For tests of high Mg2+ in the brine mix, 
900Mg:940Si, a mix of crystalline silica and crystalline magnesium silicate was produced. Based on 
these results, it can be concluded that the scale formed even with 100 ppm of VS-Co present. 
Further studies are required to address how to mitigate scale formation effectively in the future.
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Research limitations/implications: Based on the research conducted, we can conclude 
that the VS-Co alone could not significantly inhibit the formation of silica/silicate scale even 
at the highest concentration (100 ppm) of VS-Co. However, having VS-Co present caused an 
alteration in IR spectra frequency which requires further investigation to assess how best to 
develop the inhibiting properties of the VS-Co product. The application of nanoparticles and 
their successful stories spark the interest of authors in searching for an efficient method of 
managing the silica/silicate scale where the modification of potential scale inhibitor (SI) with 
nanoparticles may be able to improve the inhibition efficiency towards the silicate/silicate scale.
Practical implications: The presence of VS-Co in the scaling brine only slightly inhibits the 
Mg2+ ion (initially comes from connate water) from reacting. It is worth further investigation on 
how this VS-Co can make it happen. Hence, the functional groups responsible for this may 
be altered by adding other functional groups to provide a synergistic effect in preventing this 
silica/silicate scale; or by modifying the VS-Co with nanoparticles to improve their adsorption/
desorption capacity.
Originality/value: The newly developed technique in analysing the inhibition mechanism of a 
chemical inhibitor using various spectroscopic analysis is promising where an alteration in the 
spectra may provide proof of the chemical’s inhibition efficiency.
Keywords: Silica/Silicate scale, Alkaline surfactant polymer (ASP) flooding, Vinyl sulfonated 
copolymer (VS-Co), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR)
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PROPERTIES

silica and crystalline magnesium silicate was produced. Based on these results, it can be concluded that the scale formed even with 100 ppm 
of VS-Co present. Further studies are required to address how to mitigate scale formation effectively in the future. 
Research limitations/implications: Based on the research conducted, we can conclude that the VS-Co alone could not significantly inhibit 
the formation of silica/silicate scale even at the highest concentration (100 ppm) of VS-Co. However, having VS-Co present caused an 
alteration in IR spectra frequency which requires further investigation to assess how best to develop the inhibiting properties of the VS-Co 
product. The application of nanoparticles and their successful stories spark the interest of authors in searching for an efficient method of 
managing the silica/silicate scale where the modification of potential scale inhibitor (SI) with nanoparticles may be able to improve the 
inhibition efficiency towards the silicate/silicate scale. 
Practical implications: The presence of VS-Co in the scaling brine only slightly inhibits the Mg2+ ion (initially comes from connate water) 
from reacting. It is worth further investigation on how this VS-Co can make it happen. Hence, the functional groups responsible for this may 
be altered by adding other functional groups to provide a synergistic effect in preventing this silica/silicate scale; or by modifying the VS-
Co with nanoparticles to improve their adsorption/desorption capacity.  
Originality/value: The newly developed technique in analysing the inhibition mechanism of a chemical inhibitor using various 
spectroscopic analysis is promising where an alteration in the spectra may provide proof of the chemical’s inhibition efficiency. 
 
Keywords: Silica/Silicate scale, Alkaline Surfactant Polymer (ASP) Flooding, Vinyl Sulfonated Copolymer (VS-Co), X-Ray Diffraction 
(XRD), and Fourier-transform infrared spectroscopy (FTIR). 
 
 
 
 
 
 
 
 
 
 
 
1. Introduction 

 
Silica and silicate scale formation have been encountered 

in various operation plants/systems such as steam 
generators, desalination, water treatment, geothermal, and 
oilfield production [1-5]. According to Wang and Wei 
(2016), silica/silicate scale formation occurs through silica 
condensation and polymerisation mechanisms [6]. The 
formation of silica/silicate scale is usually controlled by a 
few factors such as amorphous silica solubility, temperature, 
composition, solution pH, rate of growth, system dimension, 
hydrodynamic conditions of brine flow, and concentration 
of colloidal particles [1,7]. 

In the oil and gas industry, alkaline surfactant polymer 
(ASP) is a relatively new and still evolving enhanced oil 
recovery (EOR) technique. When using ASP flooding in 
sandstone reservoirs, silica/silicate scaling is almost 
unavoidable in the production well [8]. This phenomenon 
can lead to various technical problems, such as pipe and 
equipment obstruction, which eventually cause damage, 
reduced production, and economic losses. Many studies 
have been conducted to prevent the scaling or at least to slow 
down the silica/silicate scale formation to prolong the 
lifespan of existing assets and infrastructure [2, 9-11]. The 
expenditure to eradicate this problem was estimated at 0.8 
billion USD in Great Britain, 3 billion USD in Japan, and 9 

billion USD in the USA]. Hence, engineers must understand 
the mechanisms of silica/silicate scale formation, its type, 
and how to prevent or slow down the scaling process. 

Numerous studies [3,8, 13-16] have described the 
formation of silica/silicate scale as a complex process arising 
as a consequence of silica dissolution, polymerisation, and 
precipitation with other multivalent ions. Three important 
factors affect the silica formation rate and quantity; pH, ion 
concentration, and temperature [4,7]. Silica is not only 
dissolved in water but solubilised through hydrolysis 
reactions to form dissolved silica called silicic acid at a pH 
of 7, represented in reaction (1): 

 

SiO2 + 2H2O ↔ H4SiO4 (Reaction 1) 
 

At pH > 7 or alkali conditions, the silicic acid (H4SiO4) 
becomes ionised; hence reducing the concentration of H4SiO4, 
causing the system to re-equilibrate by dissolving additional 
SiO2 into solution [3]. Fatah (2021) reported that silica 
dissolution is a critical factor that leads to the supersaturation 
condition in the production system. This supersaturation 
condition has induced the silica/silicate scale formation, 
which affects not only the production wells but may lead to 
severe formation damage [17]. When the pH is high, the 
quartz in the formation is dissolved by the solution, resulting 
in dissolved monomeric silica as shown in reaction (2): 

 

SiO4 + NaOH → Si (OH)3O-Na+ (Reaction 2) 

1.  Introduction
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There is often neutral (pH7) connate water near or in the 
wellbore. When the high pH of the alkaline surfactant 
polymer propagates into the production well, both of these 
solutions will comingle hence neutralising the high pH 
alkaline water. When the pH decreases, this results in the 
polymerisation of dissolved silica to form colloidal silica 
nanoparticles [18]. It is well known that the magnesium 
silicate system is highly pH-dependent. When pH < 7, 
magnesium silicate scale precipitation does not occur, as 
silica is only available in the unionised form. However, 
when the pH is increased, it is very likely for magnesium 
silicate to form with the general chemical structure shown in 
Figure 1. 

 

 
 
Fig. 1. A schematic of the structure of magnesium silicate [19] 

 
Silica/Silicate scale is very difficult to remove 

chemically once formed. The only method being used 
traditionally is mechanical removal. A diverse range of 
polymers and chemicals have been developed and tested as 
scale inhibitors (SIs) for preventing or retarding the 
formation of amorphous silica and magnesium silicate scales 
[20]. It is learned that the biopolymers have interesting 
qualities such as their lightness, strong mechanical 
properties, and appealing functionality, plus their 
insensitivity toward brine salinity, but somehow present 
enormous potential for environmental application because of 
their biodegradability, chemical adaptability, reactivity, 
biocompatibility, and nontoxicity; though this is still under 
laboratory investigation [21]. 

A couple of studies have tested various SI formulations 
from different manufacturers by reproducing the field 
condition using synthetic brine solutions. The performance 
of these various SI tested, i.e., in inhibiting the silica/silicate 
scale, has been compared to a brine acidification technique 
that is normally used for geothermal field operations in  
Mak-Ban field, Philippines. They concluded that brine 
acidification was more effective than the tested Sis, but this 
tends to increase the corrosion rate of steel significantly [6, 
22-23]. Increasing the pH value to 10.5 and the Ca/Si ratio 
> 1.25 mitigated silica/silicate scaling effectively by forming 
calcium-silicate-hydrate phases [24]. 

The promising application of nanoparticles in various 
industrial applications is worth further study by synthesising 
and characterising various types of nanoparticles to be 
embedded with the commercial SI [25-28]. Nanobubbles 
may not represent perfect inhibition effectiveness for 
corrosion and scaling of calcium carbonate and silica on the 
steel surface, where it can only mitigate up to 50% [29]. A 
new approach has been developed to study the performance 
of silica/silicate scale inhibitor chemistries by a Kinetic 
Turbidity Test (KTT) method and static bottle test method 
under field application conditions [30,31]. 

The scale management method that is most used to 
control downhole scale formation is called a ‘squeeze 
treatment’. This treatment is performed near the wellbore by 
injecting a chemical inhibitor [32]. A squeeze treatment is 
where the chemical inhibitor is injected or ‘squeezed’ into 
the rock formation. When the good returns to production, the 
chemical will slowly return through a desorption or 
redissolution process into the produced fluid, where the 
inhibitor concentration remains greater than the required 
level to prevent scale deposition. This is called the Minimum 
Inhibitor Concentration or MIC. A ‘squeeze lifetime’ is 
when the inhibitor concentration in the produced fluid 
exceeds the MIC. 

Laboratory testing data for SI selection on both 
silica/silicate and other scales by [5] suggested that the MIC 
of Product C (a combination of phosphonate inhibitor + 
unknown silicate inhibitor) is 25 ppm, though there was no 
information available on this unknown silicate inhibitor plus 
there will be cost incurred due to the requirement of adding 
the phosphonate. In addition, it was reported that 
flocculation was observed at dosages higher than MIC due 
to trapping within the colloidal silica matrix; hence 
determining the accurate MIC is crucial. Non-ionic 
polymers, i.e., poly(2-ethyl-2-oxazoline) PEOX, poly(vinyl 
pyrrolidone) PVP, polyethylene polypropylene block 
copolymer, PL68, were tested at 50 ppm in 650 mg/L silica 
as SiO2 solution, pH 7.0, 40 °C showing IE % between 40 to 
70 % [34-35]. Whereas a nonpolymeric additive, i.e. 
propylene glycol PGL shows poor performance of < 10% IE 
and can be ranked as PEOX > PL68 > PVP >> PGL. 
Research by [36] learned that the synergistic effect of 
antiscalants (A: acrylic homopolymer, B: carboxylic sulfone 
copolymer, C: carboxylic sulfone non-ionic terpolymer) and 
the antiscalant composition (10 different mixtures) at 6.5 
ppm minimised the cleaning needs of the silicate-stibnite 
deposits in reinjection wells of geothermal power plants 
located in the west coast of Turkey.   

As silica/silicate scale is covalently bonded and 
amorphous in nature, conventional SI cannot inhibit them 
through either a nucleation or crystal growth inhibition 
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mechanism [37]. However, if the silica/silicate scale can be 
dispersed, it will prolong the time prior to the silica/silicate 
scale being formed. One study [38] noted that a good 
dispersant would be a polymer species with M.Wt. < 10,000 
Da with carboxylic acid and sulfonic acid groups. Following 
the evidence suggested [38], VS-Co with the schematic 
structure shown in Figure 2 has been tested in this work as a 
potential silica/silicate SI/dispersant. In addition to that, VS-
Co is used in several North Sea fields, which display good 
scale inhibition properties for both barium sulphate and 
calcium carbonate scales [39]. 

 

 
 
Fig. 2. Structure of vinyl sulfonated copolymer (VS-Co) [33] 

 
Due to the fact that conventional SI may not be efficient 

in totally inhibiting this silica/silicate scale, it is worth 
testing VS-Co as the potential SI where it is postulated that 
the VS-Co may be able to disperse the nucleus of the 
silica/silicate scale i.e. the monomeric silicate anions, or 
dimers so that they are not polymerising further to produce 
amorphous silica/silicate scale. To prove this, the efficiency 
of the VS-Co to inhibit this silica/silicate scale is being 
investigated by studying the precipitates produced in both 
blank non-inhibited and VS-Co-inhibited mixed brine. This 
can be done by determining the IE % of the VS-Co 
(analysing by using Inductively coupled plasma-optical 
emission spectrometry, ICP-OES) and characterising the 
precipitates using XRD and FTIR. 

 
 

2. Experimental details 
 
The laboratory procedures are divided into three parts; 

which are i) the static bottle test, ii) the static inhibition 
efficiency (IE) test, and iii) the characterisation study. In the 
static bottle test, the Si/Mg mixed brine (blank solution 
known as non-inhibited scaling brine) was reproduced in the 
laboratory to replicate the reservoir formation under ASP 
flooding. In another set of experiments (Static IE Test), the 
VS-Co was added to the scaling brine as an inhibition 
strategy of the silica/silicate scaling. This will be denoted as 
the inhibited scaling brine. The last procedure was 
characterising the silica/silicate deposit formed in the blank 
solution and the inhibited brine using XRD and FTIR.  

2.1. Materials and sample preparation 
 

Brine preparation: 1800 ppm and 120 ppm magnesium 
brine (MB) were prepared by dissolving 75.3 gram and 5.02 
gram of magnesium chloride hexahydrate (MgCl2.6H2O) 
salt in individual 5 L of distilled water, respectively. 1880 
ppm of silicon brine (SB) was prepared by dissolving 71 
grams of sodium metasilicate pentahydrate (Na2SiO3.5H2O) 
salt in another 5 L of distilled water. It is worth noting that 
the low-Mg condition was tested for the blank solution and 
the VS-Co IE Test. Note that this high-Mg brine is only 
being used in precipitates characterisation (without the 
presence of VS-Co). 

Scale Inhibitor Solution Preparation: 10,000 ppm active 
SI stock (of the VS-Co) was prepared before being further 
diluted in 250ml SB to obtain various active SI 
concentrations (i.e. 20 ppm, 50 ppm, and 100 ppm) in the 
final mixed brine by mixing SB with MB in 50:50 ratios. 
Hence, the initial SI concentrations prepared to need to be 
higher by a factor of 2 to account for the mix ratio. A non-
inhibited blank SB brine was measured out to represent a 
blank solution. 

Quench Solution Preparation: 50 grams of sodium 
hydroxide (NaOH) and 50 grams of disodium 
ethylenediaminetetraacetic acid (EDTA) were dissolved in 
5L distilled water to prepare a 1% EDTA/NaOH solution. 

 
2.2. Static bottle test and static inhibition efficiency 
bottle test  

 
The procedure in this work was adapted from previous 

work [10-11, 40]. The mixture of brine concentration 60Mg: 
940Si at test conditions of 60°C and pH8.5 was chosen as 
the blank base case (i.e., non-inhibited sample) to study the 
efficiency of the VS-Co as a scale inhibitor. The samples 
were allowed to react at a pH of 8.5 which is believed will 
promote most of the magnesium silicate to form. A reaction 
at a pH less than 8 will not induce the ionisation of the 
monomeric silica, whereas reacting at a pH of more than 
9 will aggravate the magnesium hydroxide Mg(OH)2 scale 
formation. The samples were heated to 60oC to replicate the 
field condition. Various mixed VS-Co concentrations, i.e. 
20 ppm, 50 ppm, and 100 ppm, were added to the 
60Mg:940Si to replicate the VS-Co inhibited mixed brines 
of 60Mg:940Si:20VS-Co, 60Mg:940Si:50VS-Co, and 
60Mg:940Si:100VS-Co respectively. After mixing, the 
solutions were all adjusted to pH 8.5. The solutions were 
then ICP-sampled at 2 and 22 hours at the tested temperature 
and pH. 1 ml of supernatant was sampled and quenched in 
9 ml of 1% EDTA/NaOH solution before being analysed by 
ICP-OES. 

2.  Experimental details

2.1.  Materials and sample preparation

2.2.  Static bottle test and static inhibition  
efficiency bottle test 
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All solutions were prepared in duplicate. To ensure its 
repeatability and reproducibility, the results for the 
duplicates must be less than 5% in differences. After 22 
hours, one set of test bottles was filtered using 0.2 μm filter 
paper. The precipitates collected were allowed to dry in a 
desiccator for at least 24 hours. 

The other set of 22-hour duplicate samples of the blank 
and inhibited mixed brines were physically observed and 
photographed over a five days duration prior to being 
filtered, as above. The precipitates collected were then 
analysed using various spectroscopic techniques such as 
ESEM/EDAX, FTIR, and XRD to determine the type and 
morphology of the scale produced. The spectra generated 
were analysed and compared with three (3) commercial 
samples; magnesium silicate (MgO.SiO2), magnesium 
hydroxide (Mg (OH)2), and amorphous silica (SiO2). The 
methodology adopted in this experiment is simplified and 
summarised in Figures 3 and 4. 
 

 
 
Fig. 3. Silica/silicate scale static bottle test experimental 
methodology – blank/ non-inhibited samples [11] 
 

 
 
Fig. 4. Silica/silicate scale inhibition efficiency (IE) test 
experimental methodology – VS-Co inhibited samples [11] 

2.3. VS-Co inhibition efficiency calculations 
 
Inhibition efficiency is calculated by modifying the static 

method used for barium sulphate. However, since we are 
producing magnesium silicate scales, the measurements and 
calculations need to be performed for both the Mg and the 
Si ions, as explained below. The inhibition efficiency of any 
SI (IE %) to inhibit the silica/silicate scaling is calculated 
using Equation (1) [41]: 
 

𝐼𝐼𝐼𝐼 %�𝑡𝑡� � �����������
��

� �������������������
������� � �����������

�������  (1) 
 

where: 
MB ‒ mass of silicon (or other cations) precipitated in 
supersaturated blank solution, mg; 
MI ‒ mass of silicon (or other cations) precipitated in a test 
solution, mg; 
CO ‒ concentration of silicon (or other cations) originally in 
solution (i.e. t=0), ppm 
CI ‒ concentration of silicon (or other cations) at sampling, 
ppm; 
CB ‒ concentration of silicon (or other cations) in the blank 
solution (no inhibitor) at the same conditions and sampling 
time as CI above, ppm; 
(t) ‒ sampling time, hour. 

The IE Mg % is the inhibition efficiency percentage 
calculated using magnesium (Mg) as the scaling ion, i.e. the 
percentage of magnesium ion that can be prevented from 
precipitating in the inhibitor-containing brine as compared 
to the amount of magnesium ion precipitated in the blank 
solution. The IE Mg % value here is interpreted as the 
inhibition efficiency percentage of the tested inhibitor 
towards amorphous magnesium silicate scale formation. 

The IE Si % is the inhibition efficiency percentage 
calculated using silicon (Si) as the scaling ion, i.e. the 
percentage of silicon ion that can be prevented from 
precipitating in the inhibitor-containing brine as compared 
to the amount of silicon ion precipitated in the blank 
solution. The IE Si % value here is interpreted as the 
inhibition efficiency percentage of the tested inhibitor 
towards amorphous silica scale formation. 

 
2.4. X-ray diffraction (XRD) 

 
The X-ray diffractometer patterns were obtained using a 

PANalytical’s X’Pert PRO setup at room temperature using 
Cu K-alpha sources with a wavelength of 1.540598 Å. Four 
(4) 60Mg:940Si samples with different concentrations of 
VS-Co inhibitor were analysed at operating conditions of 45 
kV and 20 mA with a continuous scanning range of 2θ =10 
– 90 ° for 3 minutes per sample. 

2.3.  VS-Co inhibition efficiency calculations

2.4.  X-ray diffraction (XRD)
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2.5. Fourier transform infrared (FTIR) 
 
The FTIR spectra of the samples were obtained using a 

Spectrum 100 spectrometer (PerkinElmer, USA) which was 
equipped with a mercury-cadmium-telluride (MCT) detector 
in the wavelength range from 650 to 4000 cm-1 alongside a 
universal attenuated total reflectance accessory (ATR) with 
a diamond prism. The FTIR spectra of all samples were 
recorded on a Perkin Elmer Paragon 1000PC FTIR 
spectrometer using a diamond crystal. The spectra were 
measured in the wavenumber range 450-4400 cm-1. 

 
3. Results and discussion 
 
3.1. Physical observation 
 

All samples were physically observed, photographed, 
and/or ICP-sampled. The photos of the scaled brine are 
shown in Figure 5. It is postulated that a significant amount 
of inhibitor should slow down or prevent scale formation.  
 

 
 
Fig. 5. Physical observation of the precipitate produced in a 
non-inhibited (blank) and VS-Co inhibited 60Mg:940Si 
system 

However, no obvious differences (in terms of the cloudiness) 
can be observed from the photographs for the various VS-
Co concentrations in the mixed Si/Mg scaling solution. The 
ICP-OES analysis results, however, highlight the differences 
in the supernatant of the blank and inhibited mixed brines 
after being sampled at 2 and 22 hours, respectively.   
 
3.2. VS-Co inhibition efficiency 
 

Figure 6 shows the percentage of scaling ions, i.e. Mg2+ 
and Si4+, reacted after 2 and 22 hours, respectively. It can be 
noted that the presence of VS-Co in the scaling brine only 
slightly inhibits the Mg2+ ion from reacting. However, 
almost no difference in terms of the percentage amount of 
Si4+ ions that reacted in the blank and the VS-Co inhibited 
scaling solution is observed.  

 

 
 

Fig. 6. % of ions reacted in non-inhibited (Blank), and VS-
Co inhibited 60Mg:940Si system 

 
Figure 7 shows the IE % calculated from Equation (1) 

using the Mg2+ and Si4+ ion as the scaling ion, Co, 
respectively. Hence, it can be stated that VS-Co only slightly 
inhibited the Mg2+ ion, and it follows the trend of a higher 
VS-Co concentration giving a higher IEMg %.  

However, VS-Co failed to stop the Si4+ from further 
polymerising even with 100 ppm of VS-Co present. This is 
denoted by the IESi % being zero for all VS-Co concentrations. 

 
3.3. Crystallographic structure of precipitates using 
XRD 
 

Magnesium silicate scales were analysed using XRD and 
FTIR. The precipitate produced from the various test samples, 
i.e. 60Mg:940Si with/without different amounts of VS-Co 
of 20 ppm, 50 ppm,100 ppm, and a blank sample of non-
inhibited 900Mg:940Si was analysed using XRD and FTIR.  

2.5.  Fourier transform infrared (FTIR)

3.  Results and discussion

3.1.  Physical observation

3.2.  VS-Co inhibition efficiency 

3.3.  Crystallographic structure of precipitates 
using XRD
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a)                                               n                          b) 

 
 
Fig. 7. The inhibition efficiency percentage (IE %) of VS-Co IE was calculated using (a) Mg ion as Co, IEMg % and (b) Si ion 
as Co, IESi % 

 
The results were then compared with spectra generated for 
the commercial samples. 

The results show significantly higher silica/silicate scale 
formation for the blank sample of 60Mg:940Si brine without 
any VS-Co presence over the samples that were treated with 
inhibitor. This is because no scale inhibitor is present to stop 
the scaling ion from reacting to form the silica/silicate scale 
in the blank solution. All magnesium silicate samples shown 
in Figure 8 have a similar pattern in terms of peak location  
 

 
 

Fig. 8. XRD patterns of the precipitate produced in non-
inhibited (blank) and VS-Co inhibited 60Mg:940Si system 
 

 
 
Fig. 9. XRD pattern for commercial amorphous silica, SiO2 

but are different in intensity. The samples exhibited a similar 
broad peak in the 2θ range from 15-30° corresponding to the 
XRD of commercial amorphous SiO2 shown in Figure 9, 
which is clearly showing amorphous characteristics. Whilst 
the blank sample of 900Mg:940Si brine in Figure 10 shows 
a crystalline structure of silica/silicate. 
 

 
 

Fig. 10. XRD pattern for non-inhibited 900Mg:940Si system 
 
3.4. Different functional groups identification in 
precipitates using FTIR 
 

The results of the IR spectra are presented in this section 
by grouping them into three categories:  
1. Blank scaling brine of high Mg2+ (900Mg:940Si) in 

Figure 11;  
2. Commercial samples: (a) Magnesium silicate (MgSiO3), 

(b) Amorphous silica (SiO2), and (c) Magnesium hydroxide 
(Mg(OH2)) in Figures 12, 13, and 14, respectively; 

3. Blank scaling brine of low Mg2+ (60Mg:940Si) in Figure 15;  
4. Inhibited scaling brine of low Mg2+ with various VS-Co 

concentrations (60Mg:940Si 20ppm VS-Co), 
(60Mg:940Si 50 ppm VS-Co), and (60Mg:940Si 
100ppm VS-Co) in Figures 16, 17, and 18 respectively. 
Three different types of commercial samples, i.e. 

magnesium silicate, magnesium hydroxide, and amorphous 

3.4.  Different functional groups identification  
in precipitates using FTIR
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silica, were analysed using FTIR. These commercial 
samples were used as a reference to determine the types and 
morphology of the scale produced in the three systems 
studied, i.e. the non-inhibited high Mg2+ system, the non-
inhibited low Mg2+ system, and the VS-Co inhibited low 
Mg2+ system.  

The spectra for the non-inhibited high Mg2+ system in 
Figure 11 show bands at 1006 cm-1 (Si-O covalent band), 
780 cm-1 (Si-O-Si stretching band), and 670 cm-1 are almost 
identical to the spectra of Figure 12 but at a lower intensity. 
These confirm the presence of magnesium silicate in the 
sample. By comparing the IR spectra of this high Mg2+ 
system to the IR spectra of the amorphous silica in Figure 
13, it can be seen that the band at ~1000 cm-1 is further to 
the left, i.e. at 1067 cm-1, and the band at ~780 is further to 
the right, i.e. at ~807 cm-1. 

When comparing all the IR spectra with the commercial 
Mg(OH)2 (Fig. 14), it can be concluded there is no Mg(OH)2 

present in the samples which were prepared at pH8.5. This 
may be because magnesium hydroxide only forms 
precipitate at ≥ pH 9, and that pH range was avoided in the 
experiment, hence the absence of Mg(OH)2 [42,43]. 

Figure 15 shows the IR spectra for the non-inhibited low 
Mg2+ system. It was shown that the band at ~1000 cm-1 is 
almost identical to the peak shown for the commercial 
amorphous silica, i.e. 1073 cm-1. This low Mg2+ system also 
shows bands at 780 cm-1 and 670 cm-1, but they are of lower 
intensity. Similarly, no peaks were observed to match the one 
found in the commercial Mg(OH)2; this confirms the pH of 
this mixed brine was not high enough for magnesium hydroxide 
to form. From these observations, it can be concluded that 
most of the Si4+ ions were polymerised to form a long chain 
of the amorphous silica before the Mg2+ bridged some of the 
long-chain SiO2 backbones. In contrast, in the non-inhibited 
high Mg2+ system, it can be postulated more Mg2+ ions bridged 
the SiO2 backbone to produce a magnesium silicate scale. 

 

 
 

Fig. 11. FTIR spectra for non-inhibited high Mg2+ sample system (900Mg:940Si) 
 

 
 

Fig. 12. FTIR spectra for commercial magnesium silicate (MgSiO3) 
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Fig. 13. FTIR spectra for commercial amorphous silica (SiO2) 
 
 

 
 

Fig. 14. FTIR spectra for commercial magnesium hydroxide (Mg(OH2)) 
 
 

 
 

Fig. 15. FTIR spectra for precipitate produced in non-inhibited low Mg2+ system (60Mg:940Si) 
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The IR spectra for the VS-Co inhibited in the low Mg2+ 
system shown in Figure 16 to Figure 18 exhibit a similar 
band pattern to the blank non-inhibited low Mg2+ system in 
Figure 15. However, the ~1000 cm-1 (Si-O covalent band) 
around 1073 cm-1 observed in the non-inhibited scaling brine 
was moved further to the right when VS-Co was present in 
the scaling brine. When compared to the band recorded for 
the high Mg2+ system, the Si-O covalent band is nearer to 
1000 cm-1 (i.e. 1006 cm-1). The bands at ~780 cm-1 and 
~670 cm-1 became less obvious in the VS-Co-inhibited 
brines, which may explain a lower magnesium silicate scale 
formed when VS-Co is present. This observation agreed 
well with the IEMg % calculated from the ICP-OES analysis 
in Figure 7, which showed that IEMg % increased with higher 
VS-Co concentrations in the scaling brine. 

The observed spectra in Figures 16-18 also confirmed that 
although the sample was inhibited with VS-Co, the 

silica/silicate scale still formed and resembled an amorphous 
silica scale (at bands 1058 cm-1 to 1070 cm-1) and magnesium 
silicate (shown in dual-bands at ~780 cm-1 and ~670 cm-1). 
Previous work [44,45] reported peaks for Si-O-Si and Si-O-
M (where M=Al, Mg, or Fe) at 950 to 1200 cm-1, whereas 
other research [46] reported the Si-O stretching vibration 
shifted from 1111.11 cm-1 for pure SiO2 to 1030.93 cm-1 for 
MgSiO3 and 975.61 cm-1 for Mg2.4SiO4. 

Based on these FTIR results and analysis, it can be 
concluded VS-Co slightly inhibited Mg2+ from reacting but 
completely failed to inhibit the Si4+ ions from polymerising and 
eventually forming an amorphous silica scale, which agreed 
with the ICP-OES analysis. Nevertheless, the presence of VS-
Co in the scaling brine caused an alteration in the frequency 
of 1400 cm-1 to 1600 cm-1. This might happen due to the 
precipitation of VS-Co with amorphous silica, but further 
work is required to investigate and prove this observation. 

 
 

Fig. 16. FTIR spectra for precipitate produced in VS-Co inhibited 60Mg:940Si system (20 ppm VS-Co added) 
 

 
 

Fig. 17. FTIR spectra for precipitate produced in VS-Co inhibited 60Mg:940Si system (50 ppm VS-Co added) 
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Fig. 18. FTIR spectra for precipitate produced in VS-Co inhibited 60Mg:940Si system (100 ppm VS-Co added) 
 

Similar findings were observed in laboratory work [47], 
which studied the IE of three SI on calcium carbonate in the 
presence of EOR chemicals where remarkable ranges of 
crystal morphologies were detected in precipitates collected. 
 
4. Conclusions 
 

This work studies the effect of vinyl sulfonated 
copolymer VS-Co as a possible inhibitor/dispersant for the 
60Mg:940Si mixed brine system. The X-Ray Diffraction 
(XRD) results show the inhibited samples with VS-Co at 
20 ppm, 50 ppm, and 100 ppm, respectively produce similar 
structures to the blank non-inhibited sample, showing the 
amorphous silica was still forming in these VS-Co inhibited 
samples. This structure was amorphous silica, and hardly 
any magnesium silicate was generated, which is also 
supported by the FTIR spectra. However, the sample of 
900Mg:940Si shows a crystalline structure with hardly any 
amorphous silica present, suggesting the sample might 
remain hydrated for a long period and hence alter the 
amorphous condition. The IR spectra results also indicate 
the samples of the 60Mg:940Si brine system have silicate 
scale formation with low magnesium silicate content when 
compared to the non-inhibited 900Mg:940Si brine sample. 

To conclude, VS-Co could not significantly inhibit silica 
scale formation even at the highest concentration (100 ppm) 
of VS-Co. However, having VS-Co present caused an 
alteration in IR spectra frequency which requires further 
investigation to assess how best to develop the inhibiting 
properties of the VS-Co product. Much research on the 
application of nanoparticles [40, 48-51] might be a head start 
in new research direction in searching for an efficient method 
of managing the silica/silicate scale. A modified scale 

inhibitor with nanosilica (SiO2–NH2/PASP) exhibits excellent 
scale inhibition performance against CaSO4 and CaCO3 at 
very low concentrations [52]. The modification of potential 
scale inhibitors with nanoparticles may be able to improve 
the inhibition efficiency towards the silica/silicate scale.  
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