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Abstract

This paper reports a study of the apparent reaction kinetics of crude palm oil (CPO) dechlorination using a sodium
silicate (SS) solution, providing a water-efficient alternative to conventional washing to mitigate the 3-MCPD
precursor. Three CPO-to-SS volume ratios (0.25, 2.33, and 3.00) were tested across temperatures of 60 °C, 70 °C, and
80 °C. The results showed the 2.33 ratio as most effective, achieving 1000 times of extraction, as indicated by the
McCabe-Thiele equilibrium plot. Kinetic analysis revealed a transition from pseudo-first-order regimes at lower
temperatures to exceptionally high apparent reaction orders (up to 24.90) at 80 °C. These high orders indicate a mass-
transfer limited process where declining SS concentration might have destabilized the emulsion, making the reaction
rate sensitive to interfacial surface area. The FTIR spectra confirmed that SS acted as both a buffering agent and a
dispersant, reducing moisture retention without clear free fatty acid neutralization. The elevated temperatures
significantly enhanced dechlorination rates, with the 0.25 ratio facilitating chloride breakdown with the highest rate
constant. The results revealed that the kinetic rate is: r = kCgy, with the rate constant, k (range 3.6 x 107 until 1x10 ') and the
apparent order,x (range up to 24.9) at 80 °C. These findings conclude that SS can effectively reduce chlorine content in CPO,
and that process is strongly governed by the phase volume ratio and operating temperature.
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1. Introduction Chlorine, particularly chloride ion, is key
precursor to 3-MCPD, which exists in crude palm
oil (CPO) as inorganic and organic chlorides.
During high-temperature refining in the presence
of strong acid, these compounds can transform
into chlorinated esters, which subsequently
degrade to form 3-MCPD [2]. Beyond safety risks,
organic chlorides can accelerate rancidity,
reducing shelf life and nutritional quality [3].
Therefore, controlling chlorine content is essential

for ensuring both product safety and quality.
Current dechlorination practices, such as
water washing, are widely applied in mills located
near plantations where water is abundantly
" Corresponding Authors. gvailablg [4]. Hovs./eve}f, this app?oa(.:h seems
Email: mohdsabri@umpsa.edu.my (Mahmud, M. S.) impractical for refineries located in industrial
zones or port areas where free chlorine water may

Palm oil is an important global edible oil. Its
refining process can form harmful contaminants
such as 3-monochloropropane-1,2-diol (3-MCPD)
and its esters if chloride ion is present. The
International Agency for Research on Cancer
(IARC) classifies them as possibly carcinogenic to
humans due to its association with renal tubular
hyperplasia and benign tumors in animal studies
[1]. This raises significant food safety concerns for
palm oil industries.
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be scarce. Alternative methods, such as steam
distillation and adsorption using silica, activated
carbon or bleaching earth have been explored, but
these techniques face considerable challenges,
including hydrolysis of chlorides into corrosive
hydrogen chloride and strict requirements for
temperature and pressure regulation [5,6]. These
limitations highlight the need for a more efficient,
scalable and water-conversing solution.

From the review of literature, the information
of chlorine distribution between CPO and it
treating liquid phase is lacking. Despite several
reports from dechlorination studies, none of them
reported their dechlorinating agent between two
contacting liquids and their reports only present
simple raw data without any kinetic parameter
that can be used to design the chlorinating unit of
operation. Alkaline extraction provides a
promising route to remove organic chlorides
without relying on large volumes of water.
However, the alkaline concentration must be
sufficiently controlled to prevent unwanted
saponification and hydrolysis reactions. In this
study, sodium silicate (SS) was selected because it
provides a buffering mechanism for sodium
hydroxide released upon its dissociation according
to Equations (1) and (2).

Na,Si0; + 2H,0 = 2NaOH + H,SiO, (1)
Sodium Silicate Silicic Acid
NaOH - Na* + OH™ (2)

Besides organic chloride, NaOH from SS can
also react with inorganic chloride to form water-
soluble, chloride salts, which then be separated
from the oil phase. The efficiency of this reactive
extraction depends on factors such as pH and
distribution coefficients between oil and aqueous
phases. To systematically evaluate these
parameters, the McCabe-Thiele approach for
liquid-liquid system is employed, providing
insight into equilibrium relationships and the
number of theoretical stages required for effective
dechlorination [7,8]. The use of SS as a buffering
agent for alkali may enhance pH stability, thereby
promoting a new method for converting chlorides
into less hazardous, water-soluble forms [9].
Therefore, comprehensive analysis of different
mixture compositions and sodium-silica ratios is
required to define the intricate chemical pathways
involved in applying aqueous sodium silicate to
CPO. This study aimed to delineate the apparent
reaction Kkinetics of the reaction between
hydroxide and chloride compound in CPO.

2. Materials and Method

2.1. Materials

CPO samples were collected from a final
storage tank of the Felda-owned mill at Lepar
Hilir, Kuantan, Pahang, Malaysia. The collected

CPO was vigorously stirred to ensure
homogeneity before being aliquoted into several
containers and stored in a chiller for preservation.
For each laboratory session, the required amount
of CPO was thawed and stirred again to restore
uniformity at room temperature, which was 29 °C.
Sodium metasilicate (SS) with technical grade
was supplied by Sigma-Aldrich. Deionized water
was used to prepare 0.01 g/mL of SS solution,
corresponding to concentration commonly applied
in industrial practice [10].

2.2. Extraction of Chloride from CPO

Three volume ratios of CPO to SS solutions
were prepared in 300 mL beakers, i.e. 3.0, 2.33,
and 0.25, the ratios that could secure biphasic
conditions in our previous work [11]. Prior to
mixing, the pH of each liquid was measured. The
oil and aqueous solutions were then combined and
mixed using a tabletop overhead stirrer (DLAB,
0S4-Pro) (200 rpm) and a magnetic stirrer (400
rpm) at room temperature to ensure vigorous
mixing and rate limiting conditions. The pH of the
mixture was measured using the pH meter
(Mettler Toledo, FiveEasy model). After mixing,
separation processes were carried out using a
centrifuge at 5000 rpm for 15 minutes to separate
liquid phases within 5 appropriate intervals.
Thus, all centrifuged samples were left for an
additional 15 minutes to ensure full phase
separation and to minimize any remaining
reactions. Each sample was collected carefully
from both oil and aqueous phase by utilizing
pipettes. Initial purging of air from submerged
pipette tips was applied when the bottom liquid
phase was taken. Each sample, either oil or
aqueous phase, was analyzed using ThermoFisher
FTIR and OMNIC software to quantify the free
fatty acid level in both phases formed using the
method proposed by Hari et al. [12]. Functional
groups were also compared before and after the
mixing. Chloride concentration in aqueous phase
was  determined by using a UV-Vis
Spectrophotometer Merck Spectroquant Prove
300 and the total chlorine content in the oil phase
was determined by using Combustion Ion
Chromatography (CIC) Mitsubishi AQF-100,
according to the ASTM D4929-19 standard. Total
chlorine content covers inorganic chloride, organic
chloride and radical chlorine but chloride content
measured by the spectrophotometer only covers
water-soluble chloride compounds such as
inorganic chloride and radical chlorine. Initial
known concentration of chloride ion in an aqueous
sample was used to compare results of chloride
content between the spectrophotometer and CIC.

2.3. Determination of Dechlorination Rate

Using the same mixture preparation and
reaction setup as mentioned in Section 2.2, the
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dechlorination rate test was conducted at three
different temperatures: i.e. 60 °C, 70 °C, and 80 °C
for each volume ratio, which are lower than
operating temperatures at most units in mills
[13]. The oil and alkaline buffer solution were
heated separately by using the heating bath until
the desired temperatures were achieved and both
initial pH values were recorded. Then, the
reaction started by mixing both liquids using
tabletop and magnetic stirrer. The pH was
recorded within the time intervals of 30, 60, 90,
and 120 seconds as a measurement for hydroxide
ion concentration. Hydroxide ions from NaOH are
involved in a nucleophilic substitution with
organic chlorides to form sodium chloride salt and
alcohols. Although hydroxide ion was present in
access compared to chloride components (ionic or
organic compound), its concentration
measurement was preferred thru pH analyses to
represent the dechlorination. This approach was
chosen partly due to the limited availability and
higher cost of trace chloride content analysis [14].
Other analysis methods that need separate
analyte solution preparations might involve
human errors and the delay would produce wrong
results mainly due to uncertainty related to the
reversible reaction of SS dissociation. The
measurement of chloride contents was not
possible due to its traces level of concentration.
The nucleophilic substitution reaction equation
between sodium hydroxide and organic chloride is
expressed in Equation (3). The samples were
analyzed using the same methods in Section 2.2.

OH™ + RCl » ROH + CI- 3)

The rate of the dechlorination reaction was
determined by differentiating the regression

equations obtained from fitting the
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time-dependent OH™ concentration data using an
exponential decay model [15].

3. Results and Discussion
3.1. Extraction of Chloride from CPO

Water-soluble chloride species and radical
chlorine present in the aqueous solution were
compared with total chlorine content in the oil to
evaluate liquid-liquid extraction behavior based
on the MacCabe-Theile method. In this system,
CPO served as the original phase containing
chlorine/chloride, while the aqueous phase acted
as extractant. The distribution of chloride
between the two phases was assessed relative to
the operating line associated with each volume
ratio to determine the extractability of the solute.
Figure 1 shows the MacCabe Thiele plot for the
CPO-water system and CPO-SS solution system
using 0.01 g/Li SS solution. y denotes composition
of chlorine in CPO and x denotes the composition
of chlorine (where soluble chlorines are chloride
ions and radical chlorines) in SS. For the CPO-
water system in Figure 1(a), the ratios of 7:3 and
3:1 produced chloride distribution points
(equilibrium point or EP) below the respective
operating lines (OL), whereas the 1:4 ratio yielded
a point above the line, indicating that only the 1:4
ratio achieved extraction conditions when
deionized water was used. In contrast, for the
CPO-SS system shown by Figure 1(b), all chloride
distribution points were positioned significantly
above the operating line, demonstrating that by
the presence of SS, greatly enhanced the
extraction efficiency, which was more than 1000
times if both distributions of chloride are
compared. The significant enhancement in
extraction efficiency observed in the CPO-SS
system 1is largely facilitated by the inherent
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8000 1 oL (1:4)
b . . ®
6000 oL (7:3)
] ——oL(3:1)
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Figure 1. McCabe Thiele graphs of liquid-liquid extraction for (a) CPO-water system and (b) CPO-SS

solution system.
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buffering capacity of the sodium silicate solution.
By maintaining a stable alkaline environment
during the extraction, SS ensures that the pH
remains within a range conducive to chloride
solubility throughout the phase contact. This
stability prevents the ionic fluctuations that
would otherwise occur in a non-buffered system.

3.2. Infrared Radiation Analysis

The FTIR spectra contains a series of
characteristic bands where wavenumbers and
intensities reveal the functional groups present in
oil and water samples. This is a mid-infrared
region, typically has four main sections where the
type of group frequency can often be inferred from
the region in which it appears. These include the
X-A stretching in the wavenumber from 4,000 to
2,600 cm!, the triple-bond region in 2,500 —
2,000cm!, the double-bond region in 2,000 —
1,500 cm 1, and the fingerprint region in 1,500 —
600 cm-1! [16].

Figure 2 presents overlayed attenuated total
reflectance (ATR) spectra for CPO mixed with
deionized water and SS solution at three different
ratios, which were scanned from 600 to 4000 cm-!.
The characteristic transmittance features of oils
were evident. Notably, the C-H stretching bands
associated with cis C=CH, CH,, CH; and CH,/CH;
groups appeared between 2,800and 3,050 cm-l.
The strong C=0 stretching vibration of the
triacylglycerol ester linkage is evidenced in the
1,650 to 1,800cm? region, while numerous
structural vibrations constituting the typical
fingerprint pattern occurred within 1000 —
1,500cm-! [17]. Distinct peaks attributed to
nitrogen-associated stretching bands, which were
normally absent in refine palm oil [18], appeared
at various intensities from 2220 to 2280 cm-! in
both mixtures. The highest peak intensity was

CPO after water mixing

CPO after SS solution mixing

RN

COOH ' N bonded

1600 2100 2600 3100
Wavelength (cm)

Figure 2. The spectra of crude palm oil for three
volume ratios (0.25 for 1:4, 2.33 for 7:33 and 3.00
for 3:1) after being mixed with deionized water
and SS solution.

Transmittance (%)

observed at the ratio of 3:1 for the CPO-water
system and 1:4 for the CPO-SS system. The broad
band observed between 3100 and 3600 cm
corresponds to O-H stretching from hydrogen
bonding. While this region suggests significant
aqueous interaction, the variations in
environment and molecular ratio significantly
influence these specific vibrational modes. Billa
et al. [19] suggested hydrogen bonding can alter
the intensity of nitrogen-containing functional
groups, which explains the intensity increase
observed in the 3:1 ratio. Furthermore, chemical
modifications within the matrix may enhance

specific vibrations, similar to phenomena
observed in polyacrylonitrile fibers where
modification alters C=N and C=N peak

intensities [20].

The infrared spectrum reveals that the
presence of sodium silicate (SS) significantly
altered the physicochemical interactions between
crude palm oil (CPO) and the aqueous phase with
and without SS as shown in Figure 2 and Figure
3, respectively. A reduced intensity of the O-H
stretching band (3100-3600 cm™) in the CPO-SS
system compared with the CPO-water system
indicates lower moisture retention in the oil
phase. This behavior can be attributed to a
salting-out effect, whereby the increased ionic
strength resulting from SS dissociation enhances
water polarity and decreases the solubility of
residual water in the oil, which is analogous to
salt-assisted phase separation in saponification
processes. In contrast, the —-COOH band shows
negligible intensity changes (<1%) in both
systems, suggesting that free fatty acid
neutralization did not play a significant role
under the studied conditions. Notably, the
aqueous phase in the presence of SS exhibits
markedly stronger C-H stretching bands,
indicating an increased dispersion of aliphatic

Water after CPO mixing

SS solution after CPO mixing

W

—3.00

2.33

—0.25

2100 2600 3100 3600

Wavelength (cm)

600 1100 1600

Figure 3. The spectra of water (control) and aqueous
phase for three volume ratios (0.25 for 1:4, 2.33 for

7:33 and 3.00 for 3:1) after being mixed with CPO.
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compounds within the aqueous medium. This
observation is consistent with the formation of a
more distinct and stable emulsion, supporting the
hypothesis that SS exhibits dispersant or mild
surfactant-like behavior [21]. Such enhanced
interfacial contact between oil and aqueous
phases 1s expected to improve mass transfer
efficiency  during  dechlorination, thereby
contributing to the observed reduction in chlorine
content without substantially altering the fatty
acid profile of the oil [22].

3.3. Rate of Dechlorination Reaction

The dechlorination of crude palm oil (CPO)
proceeded via a nucleophilic substitution
mechanism, where the hydroxide ion (OH-) acted
as the primary electron donor. In this study, we
characterized the apparent reaction kinetics by
tracking the depletion of hydroxide ions, utilizing
real-time pH monitoring as a proxy for ion
activity. By applying the relationship defined in
Equation (4) the measured pH values were
converted into corresponding molar
concentrations, Con, allowing for a quantitative
assessment of the reaction's progress.
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The reaction was carried out in a batch-stirred,
batch reactor model under conditions assumed to
be pseudo-homogeneous. The rate of hydroxide
consumption (-ron) is defined by the general rate
law shown in Equation (5).

dCoy
dt

=Ton = kCoy (5)

Figure 4 illustrates the time-dependent depletion
of hydroxide ions during the dechlorination
process across three reaction temperatures, i.e.
60 °C, 70 °C, and 80 °C. The decay profiles were
fitted using an exponential decay model with a
residual intercept as shown in Equation (6).

Con = Copo + ae™"t (6)

The regression analysis demonstrated a high
goodness-of-fit (R2 > 95) with standard deviations
below 0.1%, confirming that the exponential
decay model adequately captures the
concentration trends. Unfortunately, the
Sigmaplot graphs in Figure 4 cannot show the
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Figure 4. Concentration of hydroxide ion versus reaction time at three reaction temperatures for the CPO:

SS solution volume ratio of (a) 1:4, (b) 7:3 and (c) 3:1.
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error bars of deviation from various replicates.
The utilization of real-time pH monitoring as a
proxy for hydroxide ion activity demonstrates the
practical application of SS as a buffering agent. As
the nucleophilic substitution progresses, the SS
solution consistently replenishes OH- ions
through its dissociation equilibrium, thereby
maintaining the pH stability required for the
continuous conversion of organic chlorides. This
buffering mechanism is essential for sustaining
the reaction rate under various thermal
conditions while preventing the localized acidity
that could lead to the formation of corrosive
hydrogen chloride.

To determine the kinetic parameters, the rate
data were linearized according to the logarithmic
form of the power law shown in Equation (7)
where the reaction rates were determined by
differentiating Equation (6).

log (—%) =« log Coy + logk (7

Table 1 also summarizes the kinetic
parameters. A pseudo-first-order regime (o = 1)
was observed for the 1:4 volume ratio at 60 °C, and
for the 7:3 and 3:1 ratios at specific temperatures.
In these regimes, the rate constants ranged from
4.0 x 104 to 3.6 x 103 mol.L-1.min"1, suggesting a
reaction controlled by conventional nucleophilic
substitution. However, significantly higher
apparent reaction orders (o > 3, reaching up to
24.9) were calculated for the 1:4 ratio at elevated
temperatures (70-80 °C) and the 7:3 ratio at 80
°C. Pre-exponential factors and activation energy
determinations through the Arrhenius equation
are not possible due to inconsistencies of the
reaction orders at three different reaction
temperatures for each volume ratio. The
exceptionally high apparent reaction orders,
which exceeded 3 and reached values as high as
24.9 at temperatures between 70 and 80 °C,
indicate a profound deviation from elementary

kinetic control. While such extreme values in a
biphasic liquid-liquid system are often attributed
to mass-transfer resistance, the observed
precipitous increase in the reaction rate suggests
the presence of an autocatalytic mechanism. In
this context, the dechlorination process likely
generates an intermediate or product that actively
facilitates further reaction at the oil-water
interface, creating a self-accelerating feedback
loop [23]. This behavior is consistent with the
sigmoidal kinetic trends previously identified in
sodium silicate systems, where the rate of chlorine
removal increases as the reaction progresses [11].
The emergence of these high reaction orders
effectively reflects this acceleration, as the system
moves beyond standard power-law dependencies
into a regime governed by product-induced
catalysis. Furthermore, the inconsistencies in
reaction orders across the three investigated
temperatures for each volume ratio make the
determination of activation energy and pre-
exponential factors through the Arrhenius
equation impossible. This suggests that the
thermal activation of the reactants is no longer
the sole rate-determining factor; instead, the
chemical environment at the interface is being
modified by the reaction itself [12]. Such
autocatalytic behavior may stem from the
formation of specific silicate-soap complexes that
lower interfacial tension or increase the effective
concentration of nucleophiles at the reaction site.
This interpretation aligns with established
findings regarding 3-MCPD mitigation, which
emphasize that the availability and activity of the
nucleophile at the oil-water interface dictate the
overall kinetics rather than the Dbulk
concentrations of the  reactants [24].
Consequently, the high apparent orders serve as
a kinetic signature of a system that has
transitioned from simple diffusion or thermal
control to a more complex, self-promoting
chemical pathway.

Table 1. Summary of apparent kinetic parameters based on the power law model.

Volume

o T Conil o pap At G
(CPO: S9)
1:4 60 - 22.617 3.6 1.00 3.6 x 103
70 15.283 14.504 20.0 17.89 2.2 x 10-82
80 30.947 19.5 35.9 24.90 1.0 x 10-111
7:3 60 5.153 0.6 1.00 6.0 x 104
70 - 4.092 1.0 1.00 1.0 x 10-3
80 4.57 5.43 111 11.52 3.55 x 10-51
3:1 60 - 6.963 0.8 1.00 8.0 x 104
70 7.948 2.593 58.5 3.86 9.72 x 10-10
80 - 16.678 0.40 1.00 4.0 x 104
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Furthermore, the variation in rate constants
across temperatures confirms that the
dechlorination efficiency is highly sensitive to the
physical state of the mixture. The use of alkaline
agents like SS not only provides the necessary
nucleophiles but also alters the interfacial
tension, thereby influencing the contact area
between the chloride precursors and the
extracting phase [25].

4. Conclusions

This study provides a comprehensive
delineation of the apparent reaction kinetics and
extraction performance of SS acting as a chemical
scavenger for CPO  dechlorination. Our
experimental data identifies the 2.33 CPO-to-SS
volume ratio as the most effective configuration,
achieving a peak chloride extraction of 10,600
ppm. We have demonstrated that SS serves a dual
purpose: it functions as a buffering agent that
maintains pH stability for the conversion of
chlorides into water-soluble forms, while
simultaneously acting as a dispersant that
reduces interfacial tension to promote better oil-
aqueous contact. Furthermore, the data indicates
that 80°C is the superior operating temperature
for this dechlorination process, as evidenced by
the maximized apparent rate constants recorded
under these thermal conditions. The study
observed a transition in kinetic behavior; while
specific conditions followed a pseudo-first-order
mechanism (o = 1), elevated temperatures and
certain volume ratios resulted in exceptionally
high apparent reaction orders up to 24.90,
indicating a mass-transfer limited process.
Furthermore, a volume ratio of 0.25 (1:4) was
found to facilitate the breakdown of chloride ions
with the highest rate constant. The results
revealed that the kinetic rate is: r = kCgy, with
the rate constant, k& (range 3.6 X 10-3 until 1x10-
111) and the apparent order, « (range up to 24.9) at
80 °C. These results confirm that SS provides a
water-efficient and effective alternative to
conventional washing for mitigating 3-MCPD
precursors. For industrial implementation, a
higher CPO-to-SS ratio is recommended to
optimize extraction while minimizing unwanted
soap formation from free fatty acids.
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