
Citation: Alzahrani, S.A.; Jamoussi,

B.; Neamatallah, A.A.; Aloufi, F.A.;

Halawani, R.F.; Chakroun, R.;

Jablaoui, C. Instant Controlled

Pressure Drop (DIC) Processing to

Reduce 3-Monochloropropane-1,2-diol

Concentration in Palm Oil. Processes

2023, 11, 1085. https://doi.org/

10.3390/pr11041085

Academic Editor: Bing-Huei Chen

Received: 13 March 2023

Revised: 30 March 2023

Accepted: 1 April 2023

Published: 3 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Instant Controlled Pressure Drop (DIC) Processing to Reduce
3-Monochloropropane-1,2-diol Concentration in Palm Oil
Saleh A. Alzahrani 1 , Bassem Jamoussi 1,* , Abdullatif A. Neamatallah 1, Fahed A. Aloufi 1 ,
Riyadh F. Halawani 1 , Radhouane Chakroun 1 and Cherif Jablaoui 2

1 Department of Environmental Sciences, Faculty of Meteorology, Environment and Arid Land Agriculture,
King Abdulaziz University, Jeddah 21589, Saudi Arabia; saa.zah@gmail.com (S.A.A.);
anemalallah@kau.edu.sa (A.A.N.); faloufi@kau.edu.sa (F.A.A.); rhalawani@kau.edu.sa (R.F.H.);
rshagroon@kau.edu.sa (R.C.)

2 LaSIE (Laboratory of Engineering Sciences for Environment), La Rochelle University, 7356 UMR CNRS,
Avenue Michel Crépeau, 17042 La Rochelle, France; jableoui.cherif@gmail.com

* Correspondence: bissuomaj@kau.edu.sa

Abstract: Deodorization of vegetable oils may introduce potentially carcinogenic, as well as geno-
toxic contaminants, generating health risks for consumers. However, the deodorization step of the
refining process leads to the formation of 3-monochloro-1,2-propanediol (3-MCPD). 3-MCPD has
been classified as potentially carcinogenic to humans by the World Health Organization (WHO).
The purpose of this study was to optimize recently updated oil treatment techniques using Instant
Controlled Pressure Drop (DIC) to improve 3-MCPD elimination in edible palm oil. Based on the
central composite (CCD-DoE), response surface methodology (RSM) was developed to find the best
combination of two variables at five levels to remove 3-MCPD from the palm oil. Samples of palm oil
were split into two groups. The first group was treated only by the traditional method, including
refining, degumming, deacidification, decolorization, deodorization, dehydration, filtration, and
dewaxing processes. The second group was first treated by the traditional method, followed by the
DIC technique during different periods at various temperatures and pressures. In the experiment, the
effect of 3-MCPD removal in palm oil was examined by varying the oil inlet pressure and reaction
time from 200 to 325 kPa and from 8.66 to 26.34 s/cycle, respectively. The 3D surface graphs showed
that the optimum reduction of 3-MCPD occurs with a reaction time of 26.34s and a pressure value
of 413 kPa. Samples of palm oil were analyzed using a GC-MS/MS method to determine 3-MCPD
concentrations. It was found that the DIC technology reduces oil contamination with 3-MCPD when
used after the traditional oil treatment process.

Keywords: 3-MCPD; DIC; palm oil; RSM; oil refined; quality preservation

1. Introduction

Edible oils are considered important ingredients in food and food preparation world-
wide. About 157 million tons of edible oil are extracted annually worldwide from oil-filled
seeds and fruits. Vegetable oils are obtained by mechanical expulsion or solvent extraction
of oleaginous seed (sunflower, rapeseed, soybeans, etc.) or oleaginous fruit, such as olive
and palm [1]. These seeds give oils in different proportions. Global reported average
oil production yields are 40.9% (sunflower); 38.6% (rapeseed); 18.3% (soybean); 40.3%
(groundnut), 42.4% (sesame) and 45–50% (palm fruit) [2]. 3-Monochloropropane-1,2-diol
(3-MCPD) is an oily, viscous, highly soluble, and hygroscopic type of chloropropanol. The
3-MCPD reacts quickly with alcohols, acids, amino compounds, ammonia, aldehydes,
thiols, and ketones. Several studies indicated that different chlorine compounds could react
with monostearoyl glycerol at a high-temperature condition to produce various products,
including 3-MCPD and distearoylglycerol [3]. The major sources of pollution in refined fats
and oils include glycidyl fatty acid esters (GEs). Chloride can produce 3-MCPD by reacting
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with the glycerol backbone of fats during the hydrolysis of proteins at high temperatures
with hydrochloric acid. Additionally, 3-MCPD can also be found in foods that have been ex-
posed to materials containing hydrated epichlorohydrin-based resins in the manufacture of
tea bags and sausage casings [4]. Several Toxicological studies have shown that 3-MCPDE
is almost completely broken down by lipase in the gastrointestinal tract (GIT) [5,6]. The
kidneys and testicles are the most targeted organs for 3-MCPD-induced toxicity in animal
models, according to Gao et al. [7]. Moreover, Huang et al. [8] found 3-MCPD to have an
oxidative metabolism that generates β-chlorolactaldehyde and β-chlorolactic acid (free rad-
icals), leading to oxidative stress and impaired glycolysis and energy production. Ozcagli
et al. also found that Glycidol and GEs caused many tumors in mice [9]. According to Food
Standards Australia New Zealand’s guidelines [10], the limit for 3-MCPD in soy sauce is
0.02 mg/kg.

During the production of vegetable oil, refining is an integral part of the process,
allowing the removal of non-glyceride impurities accumulated during harvesting, storing,
and grain extraction. Indeed, the refining process reduces the concentration of these
impurities for better protection of the consumers [11]. The sensory quality of the oil is
negatively affected by a variety of factors, notably volatile particles, pigments, and free
fatty acids.

The use of vacuum pressure is also being developed for many new or emerging
technologies to control vegetable oil refining on an industrial scale. Generally, these
technologies involve a series of unitary operations, such as degumming, neutralizing,
bleaching, and deodorizing [12]. Several natural antioxidants are significantly reduced
during chemical and physical refining, affecting the protective power against oxidation
and reducing the nutritional value of oils [13,14]. It is essential to improve or intensify the
refinement operation at the critical points of the process. DIC technology is environmentally
friendly since it uses water as a solvent and as an energy source at the same time, resulting
in high-quality, safe products. The preservation of heat-sensitive compounds is explained
by the short extraction and heating times [15].

The value of DIC as an emerging technology can be seen through several applications,
including drying, decontaminating microorganisms, texturing, preparing non-volatile
molecular extractions and decontaminating pharmaceuticals, and also quality control and
improvement [16–19]. Moreover, DIC has been shown to be an excellent method for an-
tioxidant extraction and deodorization of rosemary leaves [20]. DIC treatment relies on the
instant pressure drop toward the vacuum (about 5 kPa), which causes auto polarization
and product cooling. Sudden pressure drop can cause product inflammation and possible
controlled destruction of cell walls [21]. During oil extraction, DIC technology modifies the
cell structure and improves the extraction of oily materials [22]. Several studies showed the
significant role of DIC in oil extraction. Allaf et al., (2014) [19] reported that the treatment of
rape seeds with DIC resulted in the alteration of grain texture, favoring the release of triglyc-
erides. Bouallegue et al. [23] reported an increase in yield attributed to higher availability
and better kinetics for the solubilization of fatty acids in dissolving solvents following the
DIC treatment. Moreover, Bouallegue et al. [24] reported better oil yield and extraction
time when DIC was used as a texturing pre-treatment for the extraction of Camelina sativa
(L.) oil. Destaillats et al. study [25] focused on the variation of 3-MCPD concentration
following the heat treatment of palm oils. The results showed that at temperatures above
200 ◦C, there was contamination with 3-MCPD, which is due to the thermal reaction be-
tween triacylglycerol and organochlorine compounds present in palm oil. Additionally,
Craft et al. [26] reported the generation of 3-MCPD in palm oil at temperatures between
170–180 ◦C. Furthermore, the authors suggested that the extraction technique, whether on
the crude oil before the deodorization process using a solution (ethanol: water) or after
first refining using ethanol and glycerol, plays a vital role in reducing palm oil contamina-
tion. Ben Hammouda et al. [27] studied the concentration of 3-MCPD and glycidyl esters
forms in olive oil using refined and blended processes. The results showed no endogenous
presence of the 3MCPD and glycidyl esters compounds after 16 h of deep-frying. Stauff
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et al. [28] study aimed to evaluate the concentrations of 3MCPD and bound glycidol in food
products in German markets. The authors reported that the 3MCPD was present in refined
vegetable oil products. On another side, DIC technology is widely used in the extraction of
oil because it offers several advantages. Indeed, the DIC technology has been shown to
save the biological matrices of oils, improve the drying process, decrease contamination,
and enhance the effectiveness of active ingredient extraction from oils, as well as reduce the
cost of oil treatment [29]. It also provides powerful pollution cleansing, eliminates plant mi-
croorganisms, and reduces non-food and allergenic ingredients. Several studies suggested
modifying or combining the DIC method with other technologies. In this perspective, the
study conducted by Jablaoui et al. [22] included the instant controlled pressure drop (DIC)
and expander-controlled pressure drop. The authors obtained high-quality soybean oil
with fatty acid concentrations comparable to that of the untreated seeds. Additionally, the
authors recommended the use of short heat treatment time and the instant cooling process
in the soybean treatment process. Additionally, Jablaoui et al. [30] optimized the DIC
technology for the processing of vegetable seed oils. The authors relied on pressure and
time control to increase the quality of the oils after seed treatment, as well as to reduce the
cost of this process. The results showed that decreasing treatment pressure time produced
a high-quality oil, and the ultrasonic technology improved oil production compared to
using the DIC method alone.

This study aims to optimize the treatment of palm oil using Instant Controlled Pressure
Drop (DIC) to reduce the occurrence and content of 3-MCPD, as well as the effects of DIC
treatment on the individual and total tocopherol contents.

2. Materials and Methods
2.1. Raw Materials

Raw palm oil samples (oil-1, oil-2) were provided by two refining industries located in
the Jeddah region (Saudi Arabia). Thirty-three samples (100 mL each) were taken from the
raw product and processed in two ways before performing laboratory analysis to detect
the 3-MCPD compounds. The main characteristics of the three raw products are shown in
Table 1.

Table 1. Physical properties of Crude palm oil samples.

Raw Palm Oil Density (g/cm3)
Acid Value

(mg KOH/g)
Viscosity at 40 ◦C

(mm2/s)

Palm oil 1 0.864 2.08 3.5

Palm oil 2 0.859 1.634 3.4

2.2. Technological Alternatives for Vegetable Oil Refining

DIC technology relies on hydrothermal mechanical effects and instantaneous expan-
sion to create a vacuum. Convection and instantaneous condensation of saturated steam
allow fluid heating [30]. Steam and samples are immediately connected through a vacuum,
which enhances heat transfer. In response to initial heat, a sudden decrease in pressure
within several milliseconds results in the self-evaporation of water inside the product,
producing steam and causing significant mechanical stress. Overheating and vacuum
equilibrium are explained by the pressure gradient and difference in pressures. Moreover,
the automatic evaporation of water ensures that the treated products are cooled rapidly,
preventing sensitive chemicals from thermally degrading (Figure 1). Cooling rates can
reach 1500–2000 kW m−2 [20,31].
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Figure 1. Schematic diagram of DIC industrial unit.

As shown in Figure 2, the DIC process of palm oil involves successive compression
and decompression of the oil in a vessel (5) under cyclic variations of pressure. The oil is
filled via a dispensing nozzle (4). The pressure increase is due to the steam coming from
the saturated dry steam generator (1). In the first phase, compressed air of edible grade
was injected from an adequate compressor (3). In addition to injecting oils, the compressor
controls valve opening and closure. A valve has been installed to regulate the pressure. A
second step involves an instant decompression (less than 0.1 s), achieved by the opening
of a pneumatic valve (6) between the process vessel and the vacuum tank (7). The closing
of this valve indicates that a cycle has ended and that a new one has begun. In this way,
the pressure oscillates between two levels: the high-pressure level (P+) and the vacuum
level (P−). Hence, each cycle starts with an initial vacuum, followed by a high pressure
in the treatment vessel, which is maintained for a certain time (t+), and in the last step,
there is an instant pressure drop, followed by a certain vacuum tempering time (t-). In this
step, a vacuum (8) is used to exhaust the air, the water, and the other evaporated volatile
molecules (Equation (1)).

β =
P+

i − P−
i

P+
i

=
P+ − P−

P+
≈ 325kPa − 4kPa

325kPa
≈ 98.8% (1)

where β is the reduction Ratio, P+
i is the high-pressure level, and P−

i is the vacuum level.
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At every instant, 98% of the 3-MCPD molecules should be removed from the “atmo-
sphere” by decompression.

In order for auto vaporization to occur, there must be a pressure gradient between
overheating and vacuum equilibrium.

2.3. MCPD Determination
2.3.1. GC/MS/MS Instrumentation

A GC/MS analysis of 3-MCPD was carried out using an Agilent 7890 gas chromato-
graph coupled with an Agilent 7000 Series Triple Quad GC/MS (Agilent, Santa Clara,
CA, USA). A 30 m fused-silica capillary column (L 30 m × ID 0.25 mm × FT 0.25 µm)
was used for the chromatographic separation. Helium was kept flowing at 1.2 mL/min
using an electronic pressure control. A spitless injection mode was used, with the injector
temperature set at 250 ◦C. The initial temperature was 60 ◦C (held for 1 min), then ramped
at a rate of 6 ◦C/min to 190 ◦C (held for 1 min) and finally raised to 280 ◦C at a rate of 30 ◦C
(held for 5 min). Automatic electron ionization (EI+) gain control system was used, with an
electron energy of −70 eV. The ion source was heated at 300 ◦C. A dwell time of 50 msec
was used for every MRM transition, with a gain voltage of 30 A. Selected ion monitoring
(SIM) was used to detect the target analytes. The extracts were injected into the system in a
volume of one microliter. Mass Hunter software was used to control the instruments and
analyze the data. A comparison of the mass spectra of the 3-MCPD compounds with the
NIST reference compounds from NIST was conducted to confirm their presence.

2.3.2. Sample Preparation

A determination of MCPD was carried out according to AOAC 2007.01 method. A
50 mL centrifuge tube was filled with 5 ± 0.1 g of sample (oil). As an internal standard,
50 µL of 10 µg/mL 3-MCPD-1,2-dipalmitoyl ester-d5 was added, and 10 mL of acetonitrile
was subsequently added. The QuEChERS Extraction pouch was added to the sample tube,
along with agitation for 2 min, followed by centrifugation at 5000 rpm for 5 min. Afterward,
6 mL of the upper layer was taken from the solution, filtered through a 0.45-micron pore-
size membrane, and moved into a 250 µL insert vial for injection into the GC-MS/MS.

2.3.3. Determination of 3-MCPD

Four 3-MCPD concentration levels (3.0, 5.0, 50.0 and 70.0 µg·kg−1) were used for the
determination of the method performance. In order to determine the selectivity, blank
samples were spiked with the internal standard and subjected to the entire analysis proce-
dure. Each batch of samples was analyzed with at least one blank palm oil (Raw) sample
to ensure the stability of the background levels. Interfering peaks were evaluated with
recorded single-ion chromatograms. A calibration curve was also performed by spiking
a blank sample (in this case, the RPO) with six different concentrations of 3-MCPD. The
concentrations were 5, 10, 25, 50, 75 and 100 µg·kg−1 of 3-MCPD in 100 mg of sample.
Subsequently, it was spiked with a known amount of deuterated 3-MCPD (100 µg·kg−1

in 100 mg sample) before extraction according to the sample preparation procedure. To
estimate the LOD and LOQ, ten low-contaminated oil samples were spiked with a mixture
of free 3-MCPD at a level of 5 µg/kg each. The whole analysis procedure was applied
to both non-spiked and spiked samples. Signal differences between the spiked and the
non-spiked samples can be attributed to the spiked amount of analytes. LOD was estimated
using Equation (2), while LOQ was estimated using Equation (3) [32].

xLOD = 3.86
sy,nt

b
(2)

xLOD: the content level at LOD; sy,nt: standard deviation of the net signal (difference of
peak area between spiked and native sample); b: the slope of the calibration curve.

xLOQ = 7.2
sy,nt

b
(3)
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xLOQ: the content level at LOQ; sy,nt: standard deviation of net signal (difference of
peak area between spiked and non-spiked sample); b: the slope of the calibration curve.

Factors 3.86 and 7.2 take into account the number of experiments and the chosen error
probabilities.

2.4. Tocopherol Determination
2.4.1. HPLC Instrumentation

Tocopherol concentrations were determined using a Shimadzu liquid chromatography
system equipped with a fluorescence detector (FR-10AXL) and a reverse phase C-18 column
(250 × 4.6 mm, 5 µm, Alltech Associates Inc, 2051 Waukegan Road, Deerfield, IL, USA).
The mobile phase was a binary mixture of acetonitrile/methanol (75:25, v/v) at a flow rate
of 1 mL/min. The excitation and emission wavelengths were set at 290 nm and 325 nm,
respectively. The identification of tocopherols was made by comparison of the retention
times with standards of α-, β-, γ- and δ-tocopherols.

2.4.2. Sample Preparation

A 50 mg sample of oil was submitted to a tenfold dilution in hexane. In a screw-capped
tube, 50 mL of the above solution was diluted with 1 mL of a mixture of methanol, hexane,
and tetrahydrofuran (90:5:5, v/v/v). After stirring for 5 min, the sample was centrifuged
at 5000 rpm for 10 min. An aliquot of the clear liquid was then filtered through a 0.45 µm
pore size filter and directly injected into the HPLC column.

2.5. Design of Experiments (DoE)

The analysis and statistical optimization of DIC operating parameters were performed
using a 2-parameter, 5-level central composite CCD-DoE design. A minimal 3-MCPD
was obtained by optimizing parameters with the Response surface methodological (RSM)
approach. Response surface methodology, based on the design of experiments, is a set
of statistical and mathematical tools for designing experiments and optimizing the effect
process variables. RSM reduces the number of trials and recognizes the influence of process
parameters on the removal process [33,34].

As independent variables, reaction inlet oil pressure (P) and time per cycle (t) were
coded as follows (Equation (4)) [35]:

X =
x − [xmax + xmin]/2

[xmax − xmin]
(4)

Table 2 shows the coding of the variables at the maximum (+1) and minimum (−1)
levels. The highest level (+1) is assigned to the variable Xmax, and the lowest level (−1) is
assigned to the variable Xmin.

Table 2. DIC treatment parameters for the reduction of 3-MCPD.

Variable Symbol Level

−α −1 0 +1 +α

Pressure (kPa) X1 200.00 236.61 325.00 413.39 450.00
Time (s/cycle) X2 5.00 8.66 17.50 26.34 30.00

Equation (5) illustrates how 3-MCPD can be reduced using a second-order polynomial
equation [35].

Y = β0 +
n

∑
i=1

βiXi +
n

∑
i<j

βijXiXj +
n

∑
i=1

βX2
i (5)

Y refers to the expected yield of 3-MCPD in palm oil. In a coded variable, n represents
the number of variables coded, β0 is the constant intercept coefficient, β0 represents the
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constant linear coefficient, βij is the constant interaction coefficient, and βi is the constant
quadratic coefficient.

2.6. Statistical Analysis

The experimental design was carried out with STATGRAPHICS® plus for Windows®

(Statgraphics centurion XV, StatPoint Technologies, Inc., Rockville, MD, USA). We per-
formed the analysis of variance (ANOVA) to evaluate the effects of the variables on re-
sponses using 5% probability p-Values (p < 0.05) in order to determine significant differences
between the measures. A Pareto chart was used to analyze the significance level of the
parameter’s impact on the effectiveness of the process. As a function of first and second-
order models, the regression coefficient R ensures the validation of the obtained models
and represents the variation in response (Y) in relation to the independent variables.

3. Results and Discussion
3.1. Method Performance (3-MCPD)

Table 3 shows the percentage recovery for the studied concentrations. The recovery
was 97.8% for the lowest concentration level and 103.9% for the highest level. The repeata-
bility of the test, expressed as the relative standard deviation (RSD), was 8.23, 5.34, 4.15 and
3.22 for 3-MCPD levels of 3, 5, 50 and 75 µkg−1, respectively. The calibration curve was
linear with R2 = 0.99947715. The limit of detection (LOD) and the limit of quantification
(LOQ) of the method were respectively 2.5 and 4.7 µg/kg.

Table 3. Recovery for four concentration levels (RPO spiked with 3-MCPD).

Concentration (µg/Kg) n = 6 % Recovery RSD (%)

3 96.8 8.23
5 105.6 5.34
50 102.5 4.15
75 103.9 3.22

3.2. Regression Model and Statistical Analysis

The results obtained with the CC-Do’s 5-level composite-centered design are summa-
rized in Table 3. They show the impact of the DIC operating parameters (Pressure and
treatment time t) on the formation of 3-MCPD. Experimental designs were based on the
coded levels of two variables, pressure (X1) and treatment time t per cycle (X2). As shown
in Table 4, thirteen simplified experimental runs were obtained. As shown in Equations (6)
and (7), multiple regression analyses were used to calculate predicted yields for 3-MCPDE
concentrations in palm oil (oil-1 and oil-2).

Y 3MCPD Oil-1 = 10,4145 − 0.0191748 × X1 + 0.0638606 × X2 + 0.0000264662 × X1
2

− 0.000335911 × X1 × X2 − 0.000265379 × X2
2 (6)

Y 3MCPD Oil-2 = 46.8284 − 0.188458 × X1 − 0.145631 × X2 + 0.000267374 × X1
2

− 0.00143002 × X1 × X2 + 0.0125934 × X2
2 (7)

Table 4. 3-MCPD experiments and yields based on the central composite design.

Run X1 X2
Yield (ng/mL)

3-MCPD (Oil-1) 3-MCPD (Oil-2)

Actual Predicted Actual Predicted

1 325.0 17.50 6.41 6.10 6.95 6.99
2 450.0 17.50 5.10 5.53 5.13 6.21
3 325.0 30.00 5.08 5.38 5.18 6.84
4 325.0 17.50 5.46 6.10 5.68 6.99
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Table 4. Cont.

Run X1 X2
Yield (ng/mL)

3-MCPD (Oil-1) 3-MCPD (Oil-2)

Actual Predicted Actual Predicted

5 413.4 26.34 5.30 4.85 5.44 3.94
6 413.4 8.66 6.61 6.34 9.84 9.17
7 325.0 17.50 6.61 6.10 8.09 6.99
8 236.6 8.66 7.10 7.21 14.61 13.95
9 236.6 26.34 6.84 6.76 14.68 13.19

10 325.0 17.50 6.58 6.10 7.18 6.99
11 200.0 17.50 7.59 7.49 15.07 16.13
12 325.0 5.00 6.70 6.74 10.60 11.08
13 325.0 17.50 5.46 6.10 7.08 6.99

In Table 4, 3-MCPD concentrations predicted by Equations (6) and (7) are presented for
palm oil-1 and palm oil-2, respectively. There was high agreement between experimental
and predicted values for palm oil’s 3-MCPD concentrations. The different values of pressure
and times applied during oil treatment had a significant effect on concentrations of 3MCPD.
The results show a statistically significant positive effect of pressure and time on the
concentration of 3MCPD (Table 5). From the statistical parameters (ANOVA, p-values)
shown in Table 5, it is possible to determine the effectiveness of the 3-MCPD reduction in
palm oils.

Table 5. ANOVA of the response surface quadratic model for 3-MCPD concentration in palm oil-1
and oil-2.

Oil Source
Sum

Squares
(Sum sq)

Degree of
Freedom

(Df)

Mean
Square

(Mean sq)
F-Value p-Value

Oil-1

X1:
Pressure 3.85211 1 3.85211 13.57 *0.0078

X2: Time 1.86339 1 1.86339 6.56 *0.0374
X1X1 0.297455 1 0.297455 1.05 0.3400
X1X2 0.275625 1 0.275625 0.97 0.3572
X2X2 0.00299067 1 0.00299067 0.01 0.9211

Total error 1.9869 7 0.283843
Total
(corr.) 8.29157 12

R2 = 0.760371; R2(adj) = 0.589207; Standard error of estimate (SES) = 0.532769; Mean absolute error
(MAE) = 0.334355; Durbin-Watson Statistics = 1.54084 (p = 0.4378)

Oil-2

X1:Pressure 98.4715 1 98.4715 50.76 *0.0002
X2:Time 17.9845 1 17.9845 9.27 *0.0187

X1X1 30.3581 1 30.3581 15.65 *0.0055
X1X2 4.99523 1 4.99523 2.57 0.1526
X2X2 6.73473 1 6.73473 3.47 0.1047

Total error 13.5795 7 1.93993
Total
(corr.) 168.973 12

R2 = 0.919635; R2(adj) = 0.86 2232; Standard error of estimate (SES) = 1.39282; Mean absolute error
(MAE) = 0.870076; Durbin-Watson Statistics = 1.11377 (p = 0.1315)

* Significant effect. R2(adj) = adjusted regression coefficient, R2 = regression coefficient.

Table 5 shows the results of the analysis of variance (ANOVA) for the RSM quadratic
model for 3-MCPDE concentrations in palm oil (oil-1 and oil-2). A correlation test was
performed to determine the goodness of fit of the regression model by assessing R2 and
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R2 (adj). In palm oil-1, the correlation coefficient and the adjusted correlation coefficient
between the variables and the responses (3-MCPDE concentrations) were R2 = 0.760371 and
R2(adj) = 0.589207, respectively. In palm oil-2, R2 and R2 (adj) were 0.919635 and 0.862232,
respectively. In palm oil-2, the R2 and R2 (adj) values were close to 1. Compared to oil 1,
there was a higher correlation between experimental and predicted values.

Figure 3 summarizes the main trends of the effects of DIC pressure, time/cycle, and
3-MCPD concentrations (oil1, oil2) on the concentrations of 3-MCPD in the DIC-treated
palm oil samples, based on the quadratic effects of P and t.
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Figure 3. Effect of DIC on the 3-MCPD concentration in Palm oil: Standardized Pareto Chart.

A least squares method was used to calculate the intercept’s regression coefficient,
linear terms, interaction terms, and quadratic terms. The significance of the studied
variables, along with their interactions and quadratic effects, were tested using p-values at
95% (α = 0.05) confidence levels. As a result, it was found that the linear terms of pressure
and time significantly affected the 3-MCPDE concentration in palm oil-1. In contrast, in
linear terms of pressure and time, the quadratic terms of pressure had a significant effect
on the 3-MCPDE concentration in palm oil-2.
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3.3. Analysis of the Response Surface

Figure 4 shows the interaction effect between the reaction pressure and treatment time
per cycle on the formation of 3-MCPD in palm oil-1 and oil-2. It was found that 3-MCPDE
formation in palm oil was significantly influenced by the interaction between DIC pressure
and cycle time. The response surfaces (RSM) related to the formation of 3-MCPD in palm
oil-1 and palm oil-2 were found to be almost identical (Figure 4A,B). Figure 4 shows that
3-MCPD formation is significant at pressures below 300 kPa for both oils. The MCPD
concentration decreased with increasing reaction time/cycle from 25 to 30 s and increased
when the pressure varied from 350 to 450 kPa.

Processes 2023, 11, x FOR PEER REVIEW  11  of  17 
 

 

 

(A) 

 

(B) 

Figure 4. The effect of reaction time and pressure on the formation of 3-MCPDE in palm oil-1 (A) 

and palm oil-2 (B). 
Figure 4. The effect of reaction time and pressure on the formation of 3-MCPDE in palm oil-1 (A) and
palm oil-2 (B).
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The optimal values for an effective 3-MCPD reduction, according to the Response
Surface Methodology (RSM), are 413 kPa and 26 s/cycle for pressure and cycle time,
respectively.

3.4. Impact of DIC Treatments on Palm Oil Quality
3.4.1. DIC’s Effect on 3-MCPD Removal

A chromatographic analysis allowed the identification and quantification of 3-MCPD
in raw, traditionally treated palm oil and palm oil samples treated under various DIC
operating parameters. Figures 5–10 show the variation of 3-MCPD contents (µg/kg) in the
studied oils.
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Figure 5 shows the results obtained for oils treated with DIC alone (Finished) and
using a blending technique (DIC _traditional technic: refined).

Variable levels of 3-MCPD concentrations were observed among the studied oil sam-
ples, ranging from 0.0 to 10.2 µg/kg. The maximum registered value was for Palm Oil
1 (finished) (10.18 µg/kg), followed by Palm Oil 2 (finished) (8.64 µg/kg), Palm Oil 2
(Raw) (7.34 µg/kg), Palm Oil 2 (refined) (5.02 µg/kg), Palm Oil 1 (raw) (2.18 µg/kg) and
Palm Oil 1 (refined) (0.0 µg/kg) (Table 6). The confidence intervals for 3-MCPD mean
concentrations in the studied oils are given in Table 6, in accordance with the conventional
acceptance of statistical significance at a p-value of 0.05. According to the present study,
the residual concentrations of 3-MCPDE found in palm oil samples are consistent with
those reported by Nidzam et al. [36], Zulkurnain et al. [37], and Hew et al. [38]. Nidzam
et al. [36] optimized the process parameters of phosphoric acid degumming using RSM
based on palm oil’s minimal formation of 3-MCPDE. In the optimal conditions (reaction
time 30 min, phosphoric acid 0.06% by weight, and temperature 90C), the residual concen-
tration of 3-MCPDE was 0.59 µg/kg. Under similar conditions, Hew et al. [38] obtained
1.78 µg/kg of residual 3-MCPDE in palm oil, using 0.06 wt% of 85% phosphoric acid
during the degumming process. Afterward, the degummed oil was bleached at 250C with
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1.0 wt% BE and deodorized at 1.0 wt% BE. Minimal 3-MCPDE formation in the range of
0.46–0.05 µg/kg was reported by Zulkurnain et al. [37]. The researchers used a degumming
water process followed by a magnesium silicate bleaching procedure and deodorization
at 250C. In local Egyptian markets, edible oils of different vegetable origins have been
found to contain quite high levels of 3-MCPD [39]. The authors reported concentrations as
high as 5634.1 µg/kg and 5576.8 µg/kg in palm oil and palm olein oil, respectively. The
authors suggested that the high residual content of 3-MCPD resulted from the elevated
temperatures during the drying and deodorization steps in the refining processes. It is
worth noting that although 3-MCPD residual concentrations in palm oils after treatment
with the different deodorization techniques are comparable, the DIC technique is the only
procedure that does not require the addition of any chemical, making this technique a green
and eco-friendly process.

Table 6. Contents of 3-MCPD (µg/kg) in the studied oils.

3-MCPD (µg/kg) 3-MCPD Maximum Level (µg/kg) Recommended
by Commission Regulation (EU) 2020/1322

Palm Oil 1 (Raw) 2.18 ± 0.16 1250
Palm Oil 1 (Finished) 10.18 ± 0.21 1250
Palm Oil 1 (Refined) 0.00 ± 0.01 1250
Palm Oil 2 (Raw) 7.34 ± 0.08 1250
Palm Oil 2 (Finished) 8.64 ± 0.11 1250
Palm Oil 2 (Refined) 5.20 ± 0.24 1250

These results show that the DIC, combined with the traditional treatment, reduced the
3MCPD contamination in palm oils. On the contrary, using only DIC-treated oils does not
result in a significant reduction in 3-MCPD levels.

3.4.2. DIC’s Effect on Total and Individual Tocopherols

The distribution of total individual tocopherol contents in the studied oils (Crude oil,
physical and chemical and DIC treatment) is given in Table 7.

Table 7. Tocopherol content in raw materials and products treated by traditional methods and DIC
methods based on the central composite design.

Run
Pressure

(kPa) Time (s)
Amount (mg/Kg)

Oil-1 Oil-2

α β γ δ Total α β γ δ Total

Raw - - 224.5 134.5 134.5 136.5 630.0 231.4 127.4 127.4 141.3 627.5

Traditional
treatment - - 123.5 n.d. 10.3 n.d. 133.8 132.8 n.d. 8.9 n.d. 141.7

DIC-1 325.0 17.50 221.0 132.8 132.8 134.6 621.2 228.5 125.5 126.0 137.0 617.0
DIC-2 450.0 17.50 217.5 129.6 129.6 133.7 610.4 223.0 123.5 123.8 135.4 605.7
DIC-3 325.0 30.00 220.5 133.0 131.5 135.7 620.7 226.0 126.0 127.0 138.0 617.0
DIC-4 325.0 17.50 220.8 132.5 132.5 134.7 620.5 228.0 126.0 125.5 136.5 616.0
DIC-5 413.4 26.34 219.4 133.8 133.6 132.0 620.3 227.4 125.8 125.5 135.0 613.7
DIC-6 413.4 8.66 221.5 133.5 132.5 132.8 620.3 229.3 127.0 167.4 134.0 657.7
DIC-7 325.0 17.50 220.8 132.0 132.4 134.0 619.2 227.5 125.0 125.5 137.5 615.5
DIC-8 236.6 8.66 222.5 133.5 133.4 135.5 624.9 228.0 126.7 126.0 140.0 620.7
DIC-9 236.6 26.34 221.5 134.0 134.5 135.5 624.5 227.0 127.0 127.0 138.5 619.5

Standard deviation 1.4 1.3 1.4 1.3 4.2 1.8 1.1 13.9 1.9 14.7

Average 220.6 132.7 132.5 134.3 620.2 227.2 125.8 130.4 136.9 620.3

Coefficient of variance 0.7 1.0 1.1 1.0 0.7 0.8 0.9 10.7 1.4 2.3
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Table 7 shows that the variation of the concentrations of the individual and the total
tocopherols are not significantly affected by the changes in the DIC’s operating conditions.
These results are in good agreement with the results reported by Mannaï et al. [16], Jamoussi
et al. [35], and Melki et al. [40].

As shown in Table 7, with the conventional chemical and physical processes, the total
tocopherol content dropped by 23%, and the β and γ tocopherols were completely removed.
These results are with those reported by Suliman et al. [41].

In all studied oil samples, 1-Tocopherol was the most dominant and persistent com-
pound compared to the other derivatives.

As shown in Tables 6 and 7, the three methods of oil treatment resulted in the reduction
of 3-MCPD to a different extent. Even though the reduction of 3-MCPD using the DIC
method was less efficient than the traditional and combined methods, it remains the
technique of choice as it maintains the nutritive value of the oil.

4. Conclusions

An optimized Model of Instant Controlled Pressure Drop (DIC) combined with tradi-
tional deodorization techniques was found to be suitable for decomposing 3-MCPD. The
level of 3-MCPD in the processed oil can be reduced by adjusting temperature, pressure,
processing time, and extraction methods. However, there was no noticeable reduction in
3-MCPD levels when using only DIC treatment. For both treated oils, 3-MCPD formation
is considerable at pressures lower than 300 kPa. When the pressure was raised from 350 to
450 kPa and reaction time/cycle was increased from 25 to 30 s, the MCPD concentration
declined significantly.

According to the results obtained from the experiments defined by the response
surface methodology (RSM), a pressure of 413 kPa combined with a processing duration of
26 sec/cycle corresponds to the ideal values for effectively reducing 3-MCPD. The findings
revealed a statistically significant positive relationship between pressure and time and the
concentration of 3-MCPD.

As evidenced by this research, the traditional processing method of palm oil may
generate esters of 3-monochloropropane-1,2-diol (3-MCPD), which may pose health risks to
consumer health. To produce a safe product, we recommend standard processing, followed
by the DIC method.

Based on the results of this study, there was a significant improvement in the individual
and total tocopherol contents after the DIC processing with optimized time and pressure,
thereby preserving the nutritional value and antioxidant properties of palm oil.
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