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inhibition. Recent advancement shows that nano scale inhibitors are believed to be
able to migrate deep into reservoirs and adsorb onto the mineral surface during the
shut-in period. Since the adsorption ability of scale inhibitors onto the mineral surface
is an important characteristic, in this work adsorption morphology of several nano
scale inhibitors onto mineral surface was investigated. For this purpose, this paper first
describes the synthesis of these nano scale inhibitors which are nano Ca-DTPMP, nano
Si-Zn-DTPMP, and nano Si-Ca-DTPMP. Results from Transmission Electron Microscopy
analysis indicate the particle size of these nano scale inhbibitors in comparison to the
commercial DTPMP and Ca-DTPMP. To investigate the adsorption morphology of these
nano scale inhibitors onto mineral surface, static adsorption tests were done using
Kaolinite as the selected mineral. Results from Field Emission Electron Microscopy
analysis show the morphological changes of the Kaolinite surface after application of
the scale inhibitors. Nano Si-Zn-DTPMP scale inhibitor exhibits smallest particle size of
31 nm to 37 nm based on the TEM image. As supported by the FESEM image on the
adsorption morphology, this small particle size contributes to better adsorption of this
scale inhibitor than its counterparts.
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1. Introduction

In oil and gas industry, mineral scale refers to precipitation of sparingly soluble salts resulted from
the mixing of incompatible formation water and water injection [1]. The mineral scales are
precipitated in the production tubing due to the changes in pressure and temperature as two
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incompatible waters such as brine water and formation water mixed together [2]. In general, the
formation of scale usually occurs in sequence from nucleation to crystal growth and finally to
precipitation [3]. It is apparent that in scaling problem, the main ions that cause scaling problem are
Calcium and Magnesium and their scale deposits are Calcium Sulfate (CaSOa), Barium Sulfate (BaSOa),
Calcium Carbonate (CaCOs), Calcium Fluoride (CaF;), Calcium Phosphate (Ca3(POa)2), Magnesium
Hydroxide (Mg(OH)2) and Magnesium Carbonate (MgCOs) [4]. The precipitation of insoluble or
slightly soluble salts in the water-intensive processes equipment such as steam generators, boilers,
cooling towers and pipes is a critical problem [5]. In the worst cases, the scale precipitation can block
the tubing completely and lower the throughput of the pipeline extremely [6].

Scale deposition can be moderated via chemical, physical or biological methods. These methods
can be divided into three main categories which are through affecting the salt solubility, changing
the roughness of the surfaces on which scales are deposited and finally a method that can alter the
growth mechanism of crystals by addition of the chemical inhibitor [7]. The use of chemical scale
inhibitors is known to be the best approach to inhibit the mineral scales formation since its role is to
prevent deposition of the scales, delay the growth of the scale and scale dispersion for the nucleation
inhibition [8]. The chemical scale inhibitors which consist of polyphosphates, phosphonates or
polycarboxylates are referred as threshold scale inhibition agents which are highly effective in scale
inhibition due to their lower inhibitive dosage requirement for specific stoichiometric scale quantities
and their workability at peak levels of saturations indexes for certain scales such as CaCO3z and BaSOa4
[9].

In addition, the squeeze treatment process is a widely used scale prevention method in oil
production site due to its high cost effective factor to inhibit the scale formation [10]. In this process,
the scale inhibitor solution is injected into the well above the formation pressure. Consequently, the
scale inhibitor solution will be pushed into the near well formation rock pores. The well is then shut
in for a given period in order to allow the inhibitor to be retained in the rock matrix. When the well
is set back on-stream, produced water will pass through the pores dissolving some of the retained
chemical. The disintegration of the retained chemical includes the mechanism of Brownian diffusion
that influence particles migration and reaction with base fluid compounds and mineral surfaces [11].
Unfortunately, the retention ability of the existing scale inhibitor is low due to the low adsorption of
scale inhibitors onto the mineral surface, resulting in less efficient performance of scale inhibition
[12]. Thus, the adsorption of the scale inhibitors has direct influence on the efficiency of the
adsorption squeeze treatment [13].

In recent advancement, nano scale inhibitors are believed to be able to migrate deep into
reservoirs and adsorb onto the mineral surface during the shut-in period and release phosphonates
into the production water at a concentration higher than the minimum inhibitor concentration (MIC)
required to inhibit scale formation for a longer period of time [14]. It must be considered that the
scale removal techniques should be economical, fast, non-damaging to the wellbore tubing and
formation as well as ability to prevent the precipitation [15]. Since the application of nanotechnology
turns out as the new focus in the innovation of scale inhibitor, the adsorption ability of nano scale
inhibitors with different particle size needs to be further investigated. In this work, several nano scale
inhibitors were considered, which are nano Calcium Diethylenetriamine Pentamethylene Phosphonic
(nano Ca-DTPMP), nano Silica Zinc Diethylenetriamine Pentamethylene Phosphonic (nano Si-Zn-
DTPMP), and nano Silica Calcium Diethylenetriamine Pentamethylene Phosphonic (nano Si-Ca-
DTPMP). After the syntheses of these nano scale inhibitors, the particle sizes were analyzed followed
by the study on their adsorption morphologies onto mineral surface. The results were compared
between the different types of nano scale inhibitors as well as with the commercial counterparts in
an effort to develop more efficient scale inhibitor with better adsorption ability.
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2. Methodology

In this work, the nano scale inhibitors were first synthesized, which are nano Ca-DTPMP, nano Si-
Zn-DTPMP, and nano Si-Ca-DTPMP. The products obtained from the synthesis processes were used
for Transmission Electron Microscopy (TEM) analysis to determine the particle size ranges for all
synthesized scale inhibitors. Comparisons were made between these nano scale inhibitors as well as
with the commercial DTPMT and Ca-DTPMT scale inhibitors. To investigate the adsorption
morphology of these nano scale inhibitors onto mineral surface, static adsorption tests were done
using Kaolinite as the selected mineral. For this purpose, the solid products obtained for each scale
inhibitors were kept for morphological studies before and after undergoing static adsorption test.
Results from Field Emission Electron Microscopy (FESEM) analysis show the morphological changes
of the Kaolinite surface after application of the scale inhibitors. The following describes the details.

2.1 Synthesis of Nano Ca-DTPMP

The following describes the synthesis process of nano Ca-DTPMP [16]. First of all, 0.1385g Calcium
Chloride (CaCl;) was weighed, transferred into an empty 50ml volumetric flask and diluted with
deionized (DI) water until it reached 50ml. Next, 1.5g of Tetradecyltrimethylammonium Bromide
(TTAB) surfactant was prepared. The Calcium Chloride (CaCl;) solution was titrated about 40ml and
added to the 1.5g TTAB in a beaker while constantly stirred. The solution was left to stir for additional
15 minutes to let it be well-dispersed and the solution was expected to have pH 6.5.

Next is description for the preparation of DTPMP acid solution. Firstly, 2.08ml| of DTPMP was
measured with pipette and the DTPMP was diluted with DI water until the 25ml volume was reached
by using the volumetric flask. In order to obtain pH 9.0 DTPMP solution, Potassium Hydroxide (KOH)
was added slowly to the solution. When the two solutions were successfully acquired, the DTPMP
solution was drop by using burette into the mixture of CaCl, with TTAB while the solution was
constantly stirred. A white milky precipitate was formed instantaneously. As soon as the drop wise
process was done, the solution was stirred for another hour before transferred into the conical flask
and the lid of the conical flask was covered using Aluminium foil. Afterward was the aging process,
where the conical flask that contained the white slurry was placed in the 75°C oil bath for 12 hours.

Moving onto the next stage, the solution was equally divided into two different test tubes and
centrifuged for 23 minutes at 4000 rpm. The separated white precipitate was filtered using 2um filter
and left to dry in the oven at 100°C for 6 hours. Lastly, both the liquid and solid products were set
aside for the TEM and FESEM analysis, respectively. Similar procedure was repeated for synthesizing
Ca-DTPMP except that the 1.5g of TTAB surfactant was not added during the Ca-DTPMP synthesis
procedure. However, for the preparation of the commercial DTPMP, the only required procedure is
that the pH of the DTPMP solution is adjusted to pH 9 by using the 10M KOH.

2.2 Synthesis of Nano Si-Zn-DTPMP

The following describes the synthesis process of nano Si-Zn-DTPMP scale inhibitor. First and
foremost, silica stock slurry was diluted with deionized water and as a result the silica nano-slurry
(5% wt/wt) was obtained. Then, the pH of the slurry was adjusted to 4 by adding 1N Hydrochloric
acid (HCl). Also, 0.3M Zinc Chloride (ZnCl;) was prepared in deionized water and the solution pH was
adjusted to 4.5 by adding 1N HCI. After being done with the preparation, the 16ml ZnCl; solution was
put on dropwise to the 50ml nano-slurry of silica while stirring the solution with the aid of magnetic
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stirrer. The resultant Zn-silica slurry was subjected to heating in 70°C water bath with subsequent
stirring for 15 minutes.

Next, the stock solution of DTPMP was diluted with deionized water to prepare 0.1M DTPMP
solution. Then, the solution pH was adjusted to 9 by adding KOH. By using burette, 12ml| DTPMP was
added to the Zn-silica slurry while stirring. The formation of white Zn-DTPMP precipitates took place
immediately after the DTPMP injection into the slurry of Zn-silica. After the addition of DTPMP was
completed, the resultant mixture was slowly added with surfactant formed from the combination of
Sodium Dodecyl benzenesulfonate (SDBS) solution (10% wt/wt, 3ml) and 1g
Piperazinediethanesulfonic (PIPES) powder while constantly stirred [17]. The pH of the solution and
the concentrations of dissolved Zn?* and DTPMP were left to stabilize for 15 minutes and remain
constant. The Zn-DTPMP slurry was stabilized by sonication for about 5 minutes which allows the
precipitates to further disperse. The Nano Si-Zn-DTPMP solids were separated by centrifuging the
nano-fluid at 8500rpm for 15 minutes. Finally, the solids product obtained were put in oven overnight
at 100°C to increase the efficiency of interstitial water removal process [14]. The products obtained
underwent transmission electron microscopy (TEM) for further investigation on the particle size
ranges whilst the solid products obtained for each scale inhibitors were kept for morphological
studies of before and after undergoing static adsorption test.

2.3 Synthesis of Nano Si-Ca-DTPMP

The following describes the synthesis process of nano Si-Ca-DTPMP scale inhibitor. The silica
nano-slurry (5% wt/wt) was prepared by diluting silica stock slurry with deionized water. The pH of
the slurry was then adjusted to 4.5 by adding 1N HCI. Afterward, 0.4M CaCl, was prepared in
deionized water and the solution’s pH was adjusted to 4.5 by adding 1N HCI. Next, 15ml CaCl; solution
was dropwise to the 10ml nano-slurry of the silica while stirring the solution with magnetic stirrer at
room temperature. The resultant Ca-silica slurry was subjected to be left in 70°C water bath and
followed by stirring for about 15 minutes.

Proceeding to the next step, the acidic DTPMP stock solution was diluted with deionized water
and the pH of the solution was adjusted to 9 by adding 10M KOH to acquire 0.1M DTPMP solution.
Then, 15ml of DTPMP solution was added to the Ca-silica slurry under constant stirring at 70°C by
using a burette. White precipitates, in this case, Ca-DTPMP formed immediately once the DTPMP
added into the Ca-silica slurry. Once completed, the resultant mixture was gradually added with
surfactant formed with respect to the combination of SDBS solution (10% wt/wt, 3ml) and 0.5g PIPES
powder under constant stirring [17]. The pH of the solution and the concentrations of the dissolved
Ca?* and DTPMP were stabilized for 30 minutes until it remained constant. The resultant nano-
suspension was preserved for 30 min at 70°C. The nano-fluid was subjected to sonication for about
15 minutes. The Si-Ca-DTPMP solids were separated by centrifuging the nano-fluid at 8500rpm for
20 minutes. To sum up, the resultant solids were put in oven overnight at 60°C to aid the interstitial
water removal process [14]. The products obtained underwent transmission electron microscopy
(TEM) for further investigation on the particle size ranges. Furthermore, the solid products obtained
for each scale inhibitors were kept for morphological studies of before and after undergoing static
adsorption test.

2.4 Static Adsorption Test

Following is the detailed procedure for preparing the essential material for static adsorption test.
Adsorption or desorption isotherms provide crucial information on water solid interactions and the
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present solid porous structure [18]. In this study, synthetic Nelson Forties Formation Water (NFFW)
replicates the formation water in real oil production system was prepared. Thus, the synthesized
scale inhibitor was allowed to mix with NFFW and the Kaolinite as mineral rocks was introduced into
the mixing to fully imitate the squeeze treatment operation in oil production system. As shown in
Table 1, the NFFW was prepared by dissolving appropriate quantities of salts in deionized water with
appropriate compositions.

Table 1
NFFW brine composition [17]
lon Concentration Composition Mass

(ppm) (g/2000ml)

Na* 31275 NaCl 159

Ca%* 2000 CaCl6H.0  21.86

Mg 739 MgCl6H.0  12.36

K* 654 KCl 2.5

Ba2* 269 BaCl6H.0  0.96

szt 771 SrCl.6H,0 4.7

Li* 50 Licl 0.61

In order to let the brine became homogenous, the prepared NFFW was stirred and left for 24
hours. The formation water (FW) brine was filtered to remove any dirt and physical impurities. A
blank sample without any scale inhibitor was prepared with 100ml of FW brine solution. Then,
100ppm stock of nano Ca-DTPMP scale inhibitor in FW brine solution was prepared in a 100ml conical
flask and 10mg of scale inhibitor powder with FW solution was transferred into a 100ml conical flask
until the total volume reached 100ml and stirred thoroughly for 30 minutes. 100ml of FW with 10mg
of nano scale inhibitor were added into a glass bottle. Plus, 10g of Kaolinite was weighed and
transferred into the glass bottle. The bottle containing the minerals and scale inhibitor stock solution
were shook well for thorough mixing and transferred into a 95°C pre-heated oven. The sample was
taken out from the oven after 24 hours and filtered through a 10um pore size filter paper. Filtration
process was done at room temperature soon after it was taken out of the oven and left to complete
approximately for an hour. The filtrate was transferred onto a petri dish and the filtered sample was
placed for an overnight to dry in a 60°C oven. The sample which was Kaolinite with adsorbed or
precipitate scale inhibitor was examined under Scanning Electron Microscope (SEM) to observe any
morphology changes and the results were discussed. Furthermore, the steps were repeated by using
commercial DTPMP, Ca-DTPMP, nano Si-Zn-DTPMP and nano Si-Ca-DTPMP scale inhibitors.

3. Results

To obtain the results in term of the particle size characterization of the synthesized scale
inhibitors, the Transition Electron Microscopy (TEM) technique was utilized. In general, nanofluids
can be defined as fluids with particle size of less than 100nm [19]. Additionally, Field Emission
Scanning Electron Microscopy (FESEM) technique was utilized to examine and analyze the adsorption
performance of the synthesized scale inhibitors in the static adsorption test.

3.1 TEM Characterization of Scale Inhibitors
Figure 1 to 5 shows the TEM images of the scale inhibitors considered in this work. From Figure

1, it can be seen that the particle size of the commercial DTPMP was found to be in the range of
263nm to 504nm. Such a range of particle size convinces that the commercial DTPMP is not a nano-
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size scale inhibitor. The introduction of Ca in DTPMT was able to reduce the particle size to the range
of 164nm to 169nm as seen in Figure 2 for Ca-DTPMP. This shows a great improvement in terms of
particle size characterization by introducing Ca element. However, it is worthy to note that the
resulting scale inhibitor is still not a nano-size solution since the range of particle size is still larger
than 100 nm. On the other hand, it can be seen from Figure 3 that this range drops to 74nm to 108nm
for nano Ca-DTPMP which indicates the attainment of nano particle size of this scale inhibitor.
Additionally, the result for nano Si-Zn-DTPMP is even better as demonstrated in Figure 4, whereby
the particle size of this scale inhibitor ranges from 31nm to 37nm. From the results obtained, it can
be seen that the effect of surfactant is significant for nano-synthesis formation [20]. The nano Si-Ca-
DTPMP, however results in particle size ranged from 130nm to 135nm as seen in Figure 5. Although
it is slightly bigger than the scale for nano-size particles, it is still smaller than the commercial DTPMP.

Based on the results obtained via TEM technique, it can be confirmed that nano Si-Zn-DTPMP
yields the smallest particle size among the nano scale inhibitors considered in this work, which is
ranged from 31nm to 37nm. Therefore, in terms of particle size characterization, the nano Si-Zn-
DTPMP represents the best scale inhibitor among all the scale inhibitors synthesized in this work as
it exhibits the smallest particle size which constitutes to higher diffusion coefficient whereby the
diffusivity of the particles is inversely proportional to the particle radius [12,21].

Fig. 1. TEM image of Commercial DTPMP

: :
. )

Fig. 3. TEM image of nano Ca-DTPMP Fig. 4. TEM image of nano Si-Zn-DTPMP
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Fig. 5. TEM image of nano Si-Ca-DTPMP

3.2 FESEM Analysis on Static Adsorption Test

As mentioned earlier, static adsorption tests were undertaken to investigate the adsorption
morphology of the synthesized nano scale inhibitors onto a selected type of mineral surface that can
normally be found in a sandstone mixture. Precisely, sandstone is a mixture of different types of
minerals such as quartz, feldspar and Kaolinite [14]. In this study, Kaolinite was the selected mineral
surface as it is the most abundant member of the Kaolin group, and also one of the most abundant
clay minerals on Earth. Thus, it is one of the common and simplest clay minerals [22]. For the purpose
of investigating the adsorption morphology of the synthesized nano scale inhibitors onto Kaolinite
surface, the solid products obtained for each scale inhibitors were kept before and after undergoing
static adsorption test. Results from Field Emission Electron Microscopy (FESEM) analysis show the
morphological changes of the Kaolinite surface after application of the scale inhibitors to determine
the effect of such scale inhibitors.

Figure 6 shows the FESEM image of Kaolinite surfaces in the absence of any scale inhibitor, which
is referred to as ‘blank scale inhibitor’. In this case, only Kaolinite minerals are presented and
therefore no adsorption of scale inhibitor has taken place. This figure is important as it indicates the
morphology of such surface prior to any adsorption of scale inhibitors. This result acts as a reference
to differentiate the initial morphology of the Kaolinite surfaces against the Kaolinite surfaces with
adsorption of any type of scale inhibitors. Meanwhile, Figures 7 to 11 present the FESEM results of
Kaolinite surfaces upon the adsorption of commercial DTPMP, Ca-DTPMP, nano Ca-DTPMP, nano Si-
Zn-DTPMP, and nano Si-Ca-DTPMP, respectively, after undergoing the static adsorption test. From
these figures, comparison on how the scale inhibitors adsorb onto and affect the Kaolinite surfaces
can be investigated.

Observation to Figure 6 (blank scale inhibitor) reveals that the Kaolinite surfaces have plate like
structure which is stacked on top of each other which replicates the mineral rocks in the real process
of squeeze treatment in oil production site. This Kaolinite surfaces represents the adsorbent while
the synthesized scale inhibitors represent the adsorbate which will be adsorbed onto the Kaolinite
surfaces during the static adsorption test [14].

Figure 7 presents the FESEM image of the adsorption of commercial DTPMP onto the Kaolinite
surfaces. Based on this figure, it can be seen that most of the Kaolinite surfaces are still visible even
with the presence of commercial DTPMP. This shows that the commercial DTPMP is not adsorbed
effectively into the spaces available on the Kaolinite surfaces due to its larger particle size which is
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affected by the absence of surfactant. However, the shape of the Kaolinite surfaces has become
somewhat irregular due to the effect of such adsorption.

Figure 8 presents the FESEM image of the adsorption of Ca-DTPMP onto the Kaolinite surfaces.
From this result, it can be seen that the Ca-DTPMP scale inhibitor is not able to be well-adsorbed
onto the Kaolinite surfaces especially into gap between the stacks of the Kaolinite structure but its
adsorption performance is found to be better than the commercial DTPMP as the plate-like structure
of the Kaolinite surfaces are less visible with the adsorption of the Ca-DTPMP.

Fig. 6. FESEM image of Kaolinite surfaces without  Fig. 7. FESEM image of Kaolinite surfaces with the
adsorption of any scale inhibitor (blank scale adsorption of commercial DTPMP
inhibitor)

3 5 ‘w‘..&‘, 5
Fig. 8. FESEM image
adsorption of Ca-DTPMP

On the other hand, Figure 9 to 11 demonstrate the adsorption effect of the nano scale inhibitors
(nano Ca-DTPMP, nano Si-Zn DTPMP, and nano Si-Ca DTPMP, respectively) onto the Kaolinite
surfaces. Observations to these figures indicate differences in morphology of Kaolinite surface with
the adsorption of these nano scale inhibitors in comparison to those seen previously for the
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commercial and Ca DTPMP scale inhibitors. With adsorption of nano scale inhibitors, the Kaolinite
surfaces can be seen to be more uniformly covered by the scale inhibitor particles. Looking at the
morphologies in Figure 9 to 11, the nanoparticles have certainly adsorbed onto the Kaolinite surfaces
and between the stacking gaps of the plate-like Kaolinite structures. Such morphologies are seen to
demonstrate consistency between the three different types of nano scale inhibitors. Additionally,
these morphologies can be seen to differ from those for commercial and Ca DTPMP whereby most
of the Kaolinite surfaces are still visible and the gaps between the stacks of the Kaolinite structure
still exist. This demonstrates the effectiveness of adsorption by the nano scale inhibitors in
comparison to the commercial and Ca DTPMP counterparts due to the nano-size particles which
result in better adsorption onto the mineral surfaces.

Fig. 9. FESEM image of Kaolinite surfaces with Fig. 10. FESEM image of Kaolinite surfaces with
the adsorption of nano Ca-DTPMP the adsorption of nano Si-Zn-DTPMP

Fig. 11. FESEM image of Kaolinite surfaces
with the adsorption of nano Si-Ca-DTPMP

Furthermore, a comparison between the adsorption morphologies of the three different nano
scale inhibitors reveals that the nano Si-Zn-DTPMP has covered the Kaolinite surfaces more uniformly
as compared to the other two synthesized nano scale inhibitors. This is because nano Si-Zn-DTPMP
has the smallest particle size as indicated in TEM analysis. The size of particles for nano Si-Zn-DTPMP
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obtained from TEM analysis ranges from 31nm to 37nm; whereas the particle size for the other nano
scale inhibitors range from 74nm to 135nm. As a result, this causes the adsorption morphology for
nano Si-Zn-DTPMP to be smoother, showing the least plate-like structure of the Kaolinite surfaces as
seen in Figure 10. Although the morphology of the Kaolinite surface due to adsorption of nano Ca-
DTPMP shown in Figure 9 seems to be smooth, the plate-like structure of the Kaolinite surface is still
much noticeable in comparison to those for nano Si-Zn-DTPMP shown in Figure 10, whereby the
Kaolinite surface is seen to be much rounder with the least appearance of plate-like structure. This
demonstrates that the smaller particles size of the nano Si-Zn-DTPMP results in better adsorption, as
supported by the relationship of diffusion coefficient to the particle size [12, 21], whereby the
diffusion coefficient increases as the particle size decreases.

4. Conclusions

This paper presents the syntheses and discusses the adsorption morphologies of five
phosphonate based scale inhibitors which are commercial Diethylenetriamine Pentamethylene
Phosphonic (DTPMP), Calcium Diethylenetriamine Pentamethylene Phosphonic (Ca-DTPMP), nano
Calcium Diethylenetriamine Pentamethylene Phosphonic (nano Ca-DTPMP), nano Silica Zinc
Diethylenetriamine Pentamethylene Phosphonic (nano Si-Zn-DTPMP) and nano Silica Calcium
Diethylenetriamine Pentamethylene Phosphonic (nano Si-Ca-DTPMP). Transmission Electron
Microscopy (TEM) analyses were undertaken to determine the particle size ranges for all synthesized
scale inhibitors. Results show that the three nano scale inhibitors namely nano Ca-DTPMP, nano Si-
Zn-DTPMP, and nano Si-Ca-DTPMP exhibit smaller, nano particle size as expected due to the effect
of surfactant presence during the synthesis execution. In specific, nano Si-Zn-DTPMP yields the
smallest particle diameter which is ranged from 31 nm to 37 nm. Furthermore, to investigate the
adsorption morphology of these nano scale inhibitors onto mineral surface, static adsorption tests
were done using Kaolinite as the selected mineral. Results from Field Emission Electron Microscopy
(FESEM) analysis indicate the effectiveness of adsorption by the nano scale inhibitors in comparison
to the commercial and Ca DTPMP counterparts due to the nano-size particles which result in better
adsorption onto the mineral surfaces. In particular, the nano Si-Zn-DTPMP results in smoother
adsorption morphology, showing the least plate-like structure of the Kaolinite surfaces due to its
nano-size quality. Thus, it can be concluded that nano Si-Zn-DTPMP exhibits the smallest particle size
and best adsorption morphology which constitutes to promising scaling inhibition performance to
mitigate mineral scale. Whilst, other nano scale inhibitors namely nano Ca-DTPMP and nano Si-Ca-
DTPMP also exhibit smaller particle size which is crucial in mitigating oilfield scales better.
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