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INTRODUCTION

Transporting crude oil in pipeline systems is usually
in mixture with water (1). High amount of pumping
energy is required to overcome the pressure drop
buildup in pipeline flow of these two immiscible
fluids. The maintenance and installation of these
pumps can lead to high operational cost in process
industry. Hence, one of the key operations in oil
and gas industry is the pipelines transportation of
fluids (1-3).

Many researchers have proved that frictional
pressure loses in pipeline flows can be reduced by
adding small amount of higher molecular weight
polymeric solution which is referred to as drag
reduction (DR) (3-4). Thus, the pumping energy

requirement is reduced (5-6). DR has many
industrial applications in different field which
include drilling of oil from reservoir, crude oil
pipeline transportation, filtration, irrigation and
extraction among others (1, 7, 8). Recently, it was
suggested for transportation of drinking water due
to its harmless properties (9).

Drag reducing polymers (DRPs) are divided into
artificial drag reducing polymer (HPAM, PEO,
among others) and natural drag reducing polymer
(guar gum, AVM, carboxymethyl cellulose among
others). The efficiency of the natural drag reducing
polymers is less than that of HPAM and PEO due to
their rigidity but are more environmentally friendly
(10-13). The incorporation of natural drag reducing
polymer (AVM) onto HPAM and PEO can improve


mailto:uceclce@ucl.ac.uk
mailto:uceclce@ucl.ac.uk%20+2349099265536
https://dergipark.org.tr/jotcsb
http://www.turchemsoc.org/

Gimba et al. JOTCSB. 2020; 3(1): 1-8.

the efficacy of DR and reduce environmental impact
(12-13).

However, several oil-water flow (multiphase flow)
patterns have been identified and classified by
researchers. These include stratified flow, stratified
flow with mixing at the interface, annular flow,
dispersed flow, slug flow and plug flow among
others (6-7). Multiphase flow patterns depend on
density, viscosity, velocity, inclination and
diameter, pipe roughness, surface wetting, and
interfacial tension (14). Also, in multiphase flow Re
is a function of density, viscosity, pipe diameter,
superficial or mixture velocity, temperature,
pressure and each phase volume fraction (14-15).
The present research is limited to the use of
polymer mixtures (HPAM+AVM and PEO+AVM) on
pressure drop in pipeline multiphase flow (MPF). DR
on oil-water flow have been carried out by many
researchers (14-20).

Abubakar et al. (14) also studied DR with co-
polymer (AN 105-SH) in horizontal oil-water flows
in relatively large pipe diameter of 74.7 mm ID and
length of 12 m. They reported that DR increased
with increase in mixture velocity but decreased with
increase in oil input volume fraction (o).
Edomwonyi-Otu and Angeli (1) explored on the
effect of polymer addition on pressure drop and
interfacial waves in horizontal oil-water flows using
HPAM in 14 mm ID acrylic pipe with middle
distillate as oily phase. They reported that mixture
velocity affected the pressure drop in oil-water
flows and small amount of DRP reduces drag for
both single and multiphase flow. Al-Wahaibi et al.
(16) studied effect of pipe diameter (19 mm and
25.4 mm) on DR in horizontal oil-water flows using
magnafloc 1035 with concentration ranging from 2
- 30 ppm. DR of 60% in 25.4 mm and 45% in 19
mm ID pipe was achieved. Langsholt (17) used
both water and oil soluble polymers at mixture
velocity of 1.5 m/s. It was reported that DR in oil-
water flows increased with increase in Bo of the
drag reducing polymer soluble phase. Yusuf et al.
(6) studied the effect of drag reducing polymer on
pressure drop using Magnafloc 1035 with
concentration ranging from 2 - 10 ppm in a
horizontal pipe diameter of 25.4 mm ID and length
of 8 m using high viscous oil (mineral oil). A
maximum DR of 60% was achieved. Omer and Pal
(18) also used two different molecular weight PEO
and carboxymethyl cellulose with concentration
ranging from 0 -1 wt% each, in different horizontal
pipe ID. They observed a negative effect on
pressure drop due to the insolubility of the drag
reducing polymers in the oil phase. Al-Yaari et al.
(19) used three different molecular weights of PEO
of concentrations ranging from 10-15 ppm in 25.5
mm ID horizontal pipe and using kerosene as the
oil phase. They reported that pressure drop is a
function of water fraction, mixture velocity,
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concentration and molecular weight of the drag
reducing polymer and drag DR efficiency (DRE)
decreases in the presences of salt water. Though,
Al-Wahaibi et al. (20) was the first to report a
documented work on DR in oil-water flows. They
investigated the effect of two concentrations (20 &
50 ppm) of Magnafloc 1011 in 14 mm ID horizontal
acrylic pipe on oil-water flows. They achieved the
maximum DR of 50%. They also observed that
pressure drop decreases with increased in the
water phase velocity which is similar with the
findings of Al-Yaari et al. (19).

Despite the works done in understanding the
mechanism of DR in oil-water flow using polymer
mixtures, the literature is rather insufficient. There
is also the need to develop robust models for the
accurate prediction of DR in synergistic system and
these require a lot of data than is currently
available. Thus, the main focus of this work is to
study the effect of the combine polymer mixtures
(HPAM+AVM and PEO+AVM) in horizontal oil-water
flows.

METHODS

Description of the flow facility

The diagrammatic representation of the flow facility
is shown in Figure 1. It is divided into three main
parts: the handling section, pumping or regulating
section and the flow measuring section. The
handling section consists of three tanks where the
fluids are stored: the oil, and water tanks are each
200 litres while the separator is 220 litres in
capacity. Gravity is the main principle of separation
in the separator where water is drained through the
bottom opening while the separated oil is recycled.
The 20 mm ID unplasticised polyvinylchloride
(uPVC) pipes are each connected to water and oil
tanks and m. The centrifugal pumps (model Jet
102M/N.31227) with maximum flow rate of 65
L/min each were used to circulate the test fluids
into the test section. The flow rates which were
measured with variable area flow meters (LZM-20J;
+3% accuracy) are controlled by gate valves and
are separated for each fluid. The meter for the
water line flows at < 24 GPM or 100 LPM and it was
calibrated before the experiments begin. The
injection port for the polymer master solution is
located by the side of the water pipeline before the
Y-junction. The programmable peristaltic injection
pump (model NE-9000; +1% accuracy) was used
to add the master solution in the water line. The
internal diameter of the acrylic pipe is 20 mm ID
with a length greater than 140*D from the mixing
point (Y-junction) to the next pressure measuring
point, which are 1.5 mm in size at lower portion of
the pipe walls. They were at a location that ensures
that fully developed flow in the test section is
attained before measurements.
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Figure 1: Schematics of experimental flow rig.

Polymer preparation

The polymers used are partially hydrolysed
polyacrylamide, HPAM (Magnafloc 1011)
manufacture by BASF chemicals 10 x 10° g/mol,
polyethylene oxide (PEO) manufacture by Sigma-
Aldrich with average molecular weight of 8 x 10° g/
mol, and Aloe Vera mucilage (AVM) extracted from
Aloe Vera plant. All the polymers are water soluble
and were used without further purification. The
individual solutions of the polymers were prepared
firstly, before the solution of polymer mixture. A
master solution of 2000 ppm of each of the
synthetic polymer was prepared as follows. 10 g of
each of the polymeric powder was measured using
weighing balance (Kerro, BLC 3002) and gently
spread over 5 litres of surface of water and stirred
for 3 hours with a mechanical stirrer (Gilverson,
L28) at a very low speed (to avoid degradation of
the polymer) for the mixture to be completely
homogenised. The stirred solution was left for 12
hours, mostly overnight, to ensure complete
dissolution of the polymeric particles and removal
of trapped gas bubbles to form the master solution
(21, 7). Aloe Vera leaves were harvested from a
garden then washed thoroughly. The leaves were
then cut vertically on both sides and soaked in
water for 10 minutes, to remove the Aloin within
them. The leaves were then peeled and the Aloe
Vera mucilage (AVM) was extracted by scraping
and sieving the gel from the leaves (22). Aloe Vera
leaf contains about 98% water while the remaining
2 % is the AVM (23-24). 20,000 ppm master
solution of AVM was prepared. AVM suffers
biological degradation in 24 hours. After the
preliminary experiments with each of the polymer
solutions in single phase water flow, the total
concentration (tc) for any mixture was chosen
based on the fact that at least one of the polymers
in the mixture gave maximum DR at that
concentration (25). In case of this work, 30 ppm

and 400 ppm were selected as the total
concentration for the mixture of HPAM-AVM and
PEO-AVM. The mixtures master solution of 2000
ppm and 20,000 ppm were prepared at different
mixing ratio to achieve the required concentration
of the polymer mixtures in the flow line as
described by Reddy & Singh and Malhotra et al.
(26, 25). 200 millilitres of 20,000 ppm of AVM
master solution was measured and diluted with
8000 millilitres of water to achieved 500 ppm. 1500
ppm of the synthetic polymers (HPAM & PEQO) was
mixed with 500 ppm of AVM and stirred for 3 hours
and the stirred solution was left for 12 hours to
form a master solution of 2000 ppm for the
polymer mixtures. It was injected into the aqueous
phase at specific flow rate in order to achieved the
require concentration in the water flow line.

Procedure

The injection pump and flow metres were tested
before running the experiments to ensure accurate
delivery of the required amounts of oil and water
into the test section, and the polymeric master
solution into the water phase. The experiment was
carried out in horizontal pipe diameter of 20 mm ID
and length of 140*D at ambient conditions (25 °C, 1
atm). The U-tube manometer was used to for the
pressure drop measurement. The experiments were
performed at least three times with a standard
deviation less than 2.5%. HPAM, PEO, AVM,
HPAM+AVM and PEO+AVM were tested at different
concentrations and Reynolds numbers. The
concentrations of HPAM and PEO ranging from 2.5 -
100 ppm while the concentration of Aloe Vera
mucilage (AVM) ranging from 5 - 500 ppm at flow
rates of 10 L/min, 20 L/min, 30 L/min and 40 L/min
(Re from 12916 - 48871). The optimal polymer
concentration of 30 ppm (for HPAM & PEO) and 400
ppm (for AVM) were obtained from preliminary
experiments of a single-phase water flow. The
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optimal concentrations were selected to be the total
concentration (tc) for the polymer mixture (25).
The preliminary experiment of the polymer
mixtures (HPAM+AVM & PEO+AVM) was conducted
at different mixing ratio for the tc of 30 ppm and
400 ppm at different Re (12916 - 48871). The
mixing ratio of 3:1 and 1:19 was chosen due the
fact that, maximum DR was achieved at that
mixing proportion from the preliminary experiment
conducted. HPAM, PEO, AVM, HPAM+AVM and
PEO+AVM were tested at different oil input volume
fraction (Bo) and mixture Reynolds number (Mix-
Re; mixture velocity, Umix). The Mix-Re was
obtained from the summation of the water phase
Reynolds number and that of the oil phase, at
different superficial velocities of water (Usw) and oil
(Uso). The concentrations of 30 ppm (HAPM & PEO)
and 400 ppm (AVM) were tested at Reynolds
number of 37773. The various proportion of the oil
input volume fractions were 0, 25, 50, 75 and
100%.

The pressure drop was recorded and used for
calculation of DR; defined by the given Equation 1
below:

_AP,—AP

DR 2 % 100%
AP,

Where; APy, and AP, is pressure drop of the fluid
with and without DRPs.

RESULTS AND DISCUSSION

Only the mean values of the pressure drop
obtained from three measurements were used in
the calculation of percentage drag reduction (DR).
The DR calculated using Equation 1 was presented
graphically in two ways; at first DR against Bo at
different Mix-Re and second against Mix-Re at
different Bo.

DR in Single Phase Water Flow
The DR of HPAM, PEO, AVM, HPAM+AVM &
PEO+AVM was studied in single phase water flow at
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different concentrations and Reynolds number. The
maximum DR of 50%, 70% & 72%, for AVM, HPAM
& PEO; 75.2% & 82.5% for HPAM+AVM (3:1 &
1:19) and 78% & 83% for PEO+AVM (3:1 & 1:19)
respectively  were  obtained. The  optimal
concentration of 30 ppm (HPAM & PEO), 400 ppm
(AVM), 22.5 ppm - 7.5 ppm (HPAM+AVM &
PEO+AVM at tc of 30 ppm), and 20 ppm - 380 ppm
(HPAM+AVM & PEO+AVM at tc of 400 ppm) were
achieved at Reynolds number of 37773 in the
preliminary experiments. The results obtained are
in agreement with the work of Reddy & Singh (25)
and Malhotra et al. (26).

DR by Polymers in Multiphase flow

The DR of HPAM, PEO and AVM was studied in MPF
at different fo and Mix-Re. Figures 2 - 4 show the
results of the effect of fo and Mix-Re on DR in oil-
water flows for HPAM, PEO and AVM. It was
observed that DR declined with increase in Bo due
to decrease in the Reynolds number of the water
dominated region because the drag reducing
polymers (HPAM, PEO and AVM)) used were only
soluble in the water phase. This agree with the
findings of Yusuf et al. (6) and Edomwonyi-Otu et
al. (7).

Moreover, At 75 -100% o, high pressure drop was
observed owing to the fact that the larger portion
of the pipe was occupied by the oily phase, which
reduces the Reynolds number of the water phase,
as such reduced the DR. It was also observed that
increased in Mix-Re increases Usw, which creates
high degree of turbulence in the water phase thus
cause better interaction between the DRPs and
turbulent eddies. At high turbulence in the water
phase DRPs suppress the formation and
propagation of this eddies which reduce the
pressure drop as well the pumping energy in oil-
water flow. This corroborate with the previous
findings of (6-7, 14-16, 20-21).

DR of 61.67%, 58.33% and 43.33% for PEO, HPAM
and AVM respectively were achieved at 25% Bo and
water phase Reynolds number of 28329.
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Figure 2: DR vs Bo for HPAM at different Mix-Re at concentration of 30 ppm in 20 mm pipe diameter.
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Figure 3: DR vs Bo for PEO at different Mix-Re at concentration of 30 ppm in 20 mm pipe diameter.
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Figure 4: DR vs Bo for AVM at different Mix-Re at concentration of 30 ppm in 20 mm pipe diameter.

DR Polymer Mixtures in Multiphase Flow

The DR of HPAM+AVM and PEO+AVM was studied
in oil-water flows at different o and Mix-Re. The
total concentration (tc) of 30 ppm and 400 ppm at
mixing ratio of 3:1 and 1:19 for the master solution
of 2000 ppm and 20,000 ppm were used for the
polymer mixtures. Figures 5 - 8 show the results of
the effect of Bo and Mix-Re on DR in oil-water flows
for a mixture of HPAM+AVM and PEO+AVM. Similar

declination in DR observed resulted from decrease
in water phase Reynolds number due to decrease in
Mix-Re (27-28). It was also observed that at the
same conditions DR obtained by the polymer
mixtures (61.67% & 66.67% for HPAM+AVM at 3:1
& 1:19; 63.33% & 68.33% for PEO+AVM at 3:1 &
1:19) was higher than the DR of each polymer
present in the polymer mixture. The synergy in DR
in the oil-water flow by polymer mixtures may be
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due to the presence of other polymer molecules used, this is in agreement with the previous works
which improve the rigidity (flexibility) of the DRPs (29, 25).

(27-28)(29, 25).
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Figure 5: DR vs pBo for HPAM+AVM mixture ratio of 3:1 at different Mix-Re and tc of 30 ppm in 20 mm
pipe diameter.
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Figure 6: DR vs Bo for PEO+AVM mixture ratio of 3:1 at different Mix-Re and tc of 30 ppm in 20 mm pif)e
diameter.
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Figure 7: DR vs Bo for HPAM+AVM mixture ratio of 1:19 at different Mix-Re and tc of 400 ppm in 20 mrh
pipe diameter.
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Figure 8: DR vs Bo for PEO+AVM mixture ratio of 1:19 at different Mix-Re and tc of 400 ppm in 20 mm
pipe diameter.
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INTRODUCTION

Food materials can be spoiled by individual or
combined effects of physical, biological, or
chemical factors. Microorganisms (bacteria,
mould, vyeast), enzyme activities, lipid
oxidation (oxidative rancidity), non-enzymatic
browning (Maillard) events and physical
impacts (striking, heat, etc.) can lead to such
spoilage. In order to prevent the physical,
biological or chemical factors that lead to

spoilage, a variety of food preservation
methods are being used. These include such
methods as drying, thermal process
(pasteurization/sterilization),  fermentation,
adding preservative materials (salting and
sugaring), fuming (smoking), canning,
freezing, cold-preserving and irradiation (1,2).

Drying is a process which occurs in nature
spontaneously. People have observed nature
and discovered that sun drying can protect
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foods. So they started to dry agricultural
products. Today drying can be done
industrially and more rapidly and healthily due
to the increase in mechanization (3-6). Drying
is reducing the water activity (aw) under a
value preferred for food and making it durable
against microbiological, chemical and
enzymatic spoilage (7-9). The purpose of
drying food materials is to prevent the
spoilage of food, preserving its nutrient value
and quality features, reducing its dimension
for transportation and storage, and removing
maximum amount of water in the food using
minimum energy. Choosing the most suitable
drying method in terms of energy
consumption and economy is essential (10).

The drying process in the presence of
surrounding hot air could be considered as one
of the viable option to accomplish the
satisfactory evaporation of moisture from
fruits. The drying process could be defined as
a progress of removal of moisture via
simultaneous heat and mass transfer between
the sample and the surrounding atmosphere
by means of vaporization, generally caused by
temperature and air convection forces (11).

The aim of this study is to dry kiwi, pineapple,
and avocado fruits with two different methods
in different geometric shapes and to determine
the vitamin C values before and after drying.
In addition, drying data were applied to
various models and the most appropriate
model was determined by statistical analysis.

MATERIAL AND METHOD

Information on the fruits used in
experiments

Pineapples (A. comosus var. Perola), kiwi
(Actinidia deliciosa) and avocado (Persea
americana) were purchased in a local market
in Elazig, Turkey. Fruits were washed and
peeled. The fruits were cut in appropriate

geometric shapes and used in experiments.

Kiwi is the common name given to the plants
in cultivar group obtained from Actinidia
deliciosa, which is a grapevine-like arboreal
climbing plant, and the hybrids of A.
deliciosa and other Actinidia species; it is also
used for the edible fruits of these plants.

In recent years kiwi fruit has been begun to be
farmed in and around Artvin, Yalova,
Adapazari, Rize, Ordu and Antalya/Turkey.
Kiwi includes high levels of potassium, fiber,
and vitamins A, E and C and potassium, kiwi is
also rich in calcium, iron, and magnesium
minerals. Kiwi has a high nutritive value and

10

RESEARCH ARTICLE

even one kiwi can meet the entire daily need
for Vitamins A and C (12).

Pineapple (Ananas comosus) is a plant from
Bromeliaceae family, which grows in warm
countries; the word is also used to refer to the
fruit of that plant. Its home is South America.
Its fruit is big, fragrant and delicious, and it
has a bunch of leaves on top (13, 14).

Avocado (Persea Americana) is a tree
belonging to the Lauraceae family, which also
includes cinnamon and camphor tree which is
in the <class Angiospermae (division
Magnoliophyta), whose homeland is the
central part of Mexico; this word is also used
to denote the fruit of this tree. Its plant is
cultivated in all warm climates; in Turkey, it is
planted between Antalya and Iskenderun in
Mediterranean region and in eastern Black Sea
region provinces such as Rize where frost is
rare. On the back of rapidly growing global
demand, world production of avocado reached
an estimated 6.3 million tonnes in 2018,
representing a 6.7 percent increase from
2017. Among all the major tropical fruits,
avocado has seen the fastest production
growth in the last decade, at an annual
average rate of 6 percent, primarily due to
increases in harvested area in the major
producers (15). The consistent rise in the
agriculture of avocado fruit is attributed to its
increasing requirement as a consequence of
numerous benefits of the same on human
health (16,17). There have been many studies
on avocado (18-20).

Straight air-flow experiments
dryer

Prior to beginning the experiments, dryers
were operated idly for 30 minutes and the
regime conditions were created as regards the
internal temperatures of dryer rooms. The
experiments were repeated in tray dryers for
the straight flow condition of heating air at 1.5
m/s air velocity and 45 °C, 55 ©°C air
temperatures (Figures 1-2). In the second
experiment mechanism, the infrared dryer
was operated at 55 °C temperature (Mettler
LJ16).

in tray

The straight air flow tunnel-type dryer blower
used in experiments includes electrical heater,
thermometers, dryer trays, and precision
scales. Drying air was heated through
electrical resistance wires which were placed
at the outlet of the blower and air temperature
was adjusted using temperature control knob.
Air velocity was controlled using a
speedometer held at the air outlet through
speedometer knob.


http://tr.wikipedia.org/w/index.php?title=Actinidia_deliciosa&action=edit&redlink=1
http://tr.wikipedia.org/w/index.php?title=Actinidia_deliciosa&action=edit&redlink=1
http://tr.wikipedia.org/w/index.php?title=Actinidia_deliciosa&action=edit&redlink=1
http://tr.wikipedia.org/wiki/Actinidia
http://tureng.com/tr/turkce-ingilizce/class%20angiospermae
http://tureng.com/tr/turkce-ingilizce/division%20magnoliophyta
http://tureng.com/tr/turkce-ingilizce/division%20magnoliophyta
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Figure 1. Tray type dryer (21)

Ascorbic acid (vitamin C) content of dried
fruits

Using HPLC device, the ascorbic acid standard
curve required for ascorbic acid designation
was determined and data were evaluated
using this curve (22).

Calculations made to determine drying
characteristics and Drying Model
Equations

During the drying of fruits samples in cabin-
type dryer moisture content is calculated as
follows:

Me= S (1)

Figure 2. Fruits in tray dryer.
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Drying speed is found by taking the derivative
of the drying time curves as per moisture
content.

Drying speed = —(M“g't_M“)
(g water/g dry material. min.) (2)

Moisture ratio is calculated as follows:

— (Mt_Me)
MR_(MO—ME) (3)

While drying food materials with hot air, Me
value is negligible compared to M; and M, For
this reason, it is reported that Me value could
be taken as zero in the calculations (23).
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While using MR values M¢/M, equation was
used directly.

Previous studies include equations which are
used to design drying processes, ensuring
large-scale drying and improving drying
processes. Among these equations,
experimental drying data can be used to
determine the model which best represents
drying (24-29).

The constants in models were determined by
the non-linear regression analysis to examine
the goodness-of-fit of the models. Statistical
software package (Statistica for Windows 5.0,
1995) was used to perform the nonlinear
regression analysis of experimental drying
data. The quality of the fit of the model was
estimated wusing the various statistical
parameters such as root mean square error
(RMSE), chi-square (x2) , mean bias error
(MBE), mean percentage error (MPE) and the
coefficient of determination r? (30).

Determination of diffusion coefficient

Diffusion, which occurs during the drying of
food materials, is a complicated process. In
decreased speed period, the drying
parameters of biological products can be
defined wusing Fick’s diffusion equation

RESEARCH ARTICLE

(31,32). Diffusion coefficient is an important
parameter in drying, and was calculated using
different velocities and temperatures for fruits.
For sliced fruits for which diffusion coefficient
is fixed and the first moisture content is
homogeneous, this equation was obtained by
Crank as follows (33).

M-M, _
M;-M,

8 yoo 1 —(2n+1)?m?Degst
ﬂ2n=0 (2n+1)2 exp( 412 ) (4)

MR=
where Defr is diffusion coefficient (m?/s), L is
the semi-thickness of dried products, and t is
drying period. This equation can be simplified
as based on the first term of series for long
drying processes (34).

MR=

M-Me _ 8¢ —Tt? Degtt
M;-M, - nZn=0( 412 ) (5)

Diffusion coefficient can be found by solving
Equation (5) using regression analysis.

EXPERIMENTAL RESULTS

Geometric shapes of the samples were chosen
as cubic (1x1x1 cm), rectangular prismatic
(1x1x2.5 cm) and spherical (1 cm diameter)
which were placed separately into the dryers
(Figure 3).

Figure 3. Dried fruits.

Experiments performed at tray dryer

As a result of the experiments conducted in
tray dryer at 45 an 55 °C, it was found out that
drying was faster at 55 °C. For this reason,
effort was paid to determine how geometric
shape of the material would affect drying at
fixed temperature and air velocity.

The results of fresh food drying processes
conducted for tray dryer are given in Figure 4.
As a result of the examination of Figure 4, it
was observed that at 1.5 m/s drying velocity
and 55°C drying temperature the color of the
samples did not change, which meant that
drying was realized in 420 minutes without
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carbonization at material level. An
examination of Figure 4 shows that cube is the
geometric shape which witnessed fastest
moisture removal followed by rectangular
prism and sphere.
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Figure 5. Variation in moisture content as a
function of drying time (avocado fruit)

As for avocado fruit, it is seen that average
drying took 500 minutes and, similar to the
other fruits given above, drying was fastest in
cubic shape followed by rectangular prismatic
and spherical (Figure 5).
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Figure 6. Variation in moisture content as a
function of drying time (kiwi fruit)

The experiments conducted for kiwi showed
that average drying period was 360 minutes
and, similar to the pineapple fruit, moisture
removal was fastest in cubic followed by
rectangular prismatic and spherical (Figure 6).

Moisture content values were obtained by
drying tropical fruits in three different
geometrical shape in the tray dryer. The
relevant experimental data is modeled using
five different drying models and the results are
presented in the Table.

Equation 5 is solved in order to determine
diffusion speed. Table 1 provides the change
of diffusion coefficient according to the
geometric shape of fruits. An examination of
the table shows that diffusion coefficient is
higher in fruits sliced in 1x1x1 dimension.
Results are in harmony with the data obtained
in the literature (35, 36).
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Table 1. Regressions for the Lewis' Model (Mr = exp(-kt).
Fruits k aln|c R2 RMSE X2 MBE MPE
1x1x1 | 0.0065| - | - | - 1 0.989 | 0.00047 | -0.0005 | 0.00962 | -18.8869
pineapple | 1x1x2.5 [ 0.0046 | - | - | - |1 0.968 | 0.00257 | -0.0027 | 0.02177 | -102.990
sphere | 0.0049 | - | - | - | 0.975 | 0.00620 | -0.0066 | -0.0601 | -12.7089
1xix1 [ 0.0054 | - | - | -]10.971 ]| 0.00313 | -0.0033 | -0.0279 1.5188
avocado | 1x1x2.5 | 0.0052 | - | - | -]0.928 | 0.00872 | -0.0094 | -0.0579 | 7.5148
sphere | 0.0035| - | - | - | 0.964 | 0.00679 | -0.0073 | 0.00765 | -12.7089
1xix1 [ 0.0091 | - | - | - [ 0.957 | 0.00827 | -0.0089 | -0.0639 10.859
Kiwi 1x1x2.5 [ 0.0067 | - | - | - [ 0.956 | 0.00433 | -0.0047 | -0.0335 | -0.3501
sphere | 0.0057 | - | - | - 1 0.947 | 0.01066 | -0.0115 | -0.0507 | -13.3486
Table 2. Regressions for the Page model Mg = exp(-kt).
Fruits k a n C R2 RMSE X2 MBE MPE
1xi1x1 [ 0.0062 | - | 1.32 | - | 0.987 | 0.00039 | -0.0004 | -0.0010 | -14.537
pineapple | 1x1x2.5 | 0.0059 | - | 1.13 | - | 0.985 | 0.00767 | -0.0089 | -0.0604 | -36.166
sphere | 0.0055 | - | 1.15| - | 0.990 | 0.00164 | -0.0192 | -0.0020 | -11.718
1x1x1 [ 0.0029 | - | 1.27 | - | 0.995 | 0.05280 | -0.1616 | -0.1945 | 56.7868
avocado | 1x1x2.5|0.0035| - |1.19| - | 0.993 | 0.05533 | -0.0645 | -0.1976 | 50.2778
sphere | 0.0036 | - | 1.43 | - | 0.985 | 0.20722 | -0.2417 | -0.3882 | 77.1123
1x1x1 [ 0.0017 | - | 1.38 | - | 0.954 | 0.01727 | -0.0204 | -0.0985 | 45.1689
Kiwi 1x1x2.5 1 0.0026 | - | 1.26 | - | 0.960 | 0.02200 | -0.0259 | -0.1169 | 40.5022
sphere | 0.0028 | - | 1.11 | - | 0.943 | 0.00559 | -0. 006 | -0.0119 | -25.768
Table 3. Regressions for the Modified Page Model (Mg = exp(-kt)).
Fruits k a n c R2 RMSE X2 MBE MPE
1x1x1 | 0.2204 | - | 0.2813 | - | 0.997 | 0.00038 | -0.0004 | -0.0006 | -15.8836
pineapple | 1x1x2.5 | 0.205 | - | 0.274 | - | 0.991 | 0.01269 | -0.0148 | -0.0866 | 23.9696
sphere 0.190 | - | 0.274 | - 10.981 | 0.00758 | -0.0088 | -0.0665 | 8.0315
1x1x1 [ 0.2113 | - | 0.3011 | - | 0.996 | 0.00658 | -0.0077 | -0.0557 | 9.6452
avocado | 1x1x2.5 | 0.227 | - [ 0.2990 | - | 0.990 | 0.01795 | -0.0209 | -0.0995 | 17.8466
sphere 0.315 | - | 0.3150 | - | 0.976 | 0.01694 | -0.0197 | -0.0927 | 14.2536
1x1x1 [ 0.2345| - | 0.2703 | - | 0.998 | 0.00771 | -0.0091 | -0.0594 | 5.9008
Kiwi 1x1x2.5 | 0.230 | - | 0.2540 | - | 0.988 | 0.01047 | -0.0123 | -0.0725 | 12.4995
sphere 0.209 | - 1 0.2980 | - | 0.988 | 0.02335 | -0.0275 | -0.1083 | 8.8510
Table 4. Regressions for the Henderson and Pabis model (Mg = (a) exp (-kt).
Fruits k a nj|c R2 RMSE X2 MBE MPE
1x1x1 | 0.0069 | 1.0037 | - | - | 0.985 | 0.00052 | -0.0006 | -0.0045 | -8.6598
pineapple | 1x1x2.5 | 0.0076 | 1.117 | - | - | 0.980 | 0.00265 | -0.0031 0.0086 | -3.5396
sphere | 0.0027 | 1.115 | - | - | 0.944 | 0.03280 | -0.0382 | 0.1757 | -73.827
1xix1 | 0.0070 | 1.4179 | - | - 1 0.947 | 0.02283 | -0.0266 | 0.0506 | -3.4628
avocado | 1x1x2.5 | 0.0059 | 1.463 | - | - | 0.953 | 0.03151 | -0.0367 | 0.0918 | -16.4503
sphere | 0.0055 | 1.316 | - | - | 0.908 | 0.01443 | -0.0168 | 0.01337 | -0.6117
1x1x1 [ 0.0089 | 1.2596 | - | - | 0.955 | 0.00923 | -0.0109 | 0.0234 | -14.1932
Kiwi 1x1x2.5 | 0.0081 | 1.296 -1-10.946 | 0.01337 | -0.0158 | 0.01767 | -1.2819
sphere | 0.0067 | 1.282 | - | - [ 0.963 ]| 0.01285 | -0.01518 | 0.01455 | -17.9026
Table 5. Regressions for the logarithmic model.
Fruits k a n|c R2 RMSE X2 MBE MPE
1x1x1 0.01510.944 | - | -0.43 | 0.973 | 0.00038 | -0.0004 | -0.00075 | -14.6425
pineapple | 1x1x2.5 | 0.013 [ 0.901 | - | -0.027 | 0.981 | 0.00623 | -0.0079 | 0.07277 | -73.5226
sphere 0.009 | 0.911 | - | -0.043 | 0.961 | 0.00183 | -0.0023 | -0.00416 | -8.4672
1x1x1 0.0131.113 | - | -0.013 | 0.966 | 0.06895 | -0.0878 | -0.2185 | 62.4314
avocado | 1x1x2.5 | 0.015]1.105|- | -0.017 | 0.976 | 0.01213 | -0.01544 | -0.0676 15.3346
sphere 0.021 | 1.085 | - | -0.018 | 0.959 | 0.20440 | -0.2602 | -0.3879 | 78.9746
1x1x1 0.011 | 1.125 | - | -0.017 | 0.947 | 0.01647 | -0.0214 | -0.0896 | 39.5625
Kiwi 1x1x2.5 [ 0.010 | 1.133 | - | -0.019 | 0.952 | 0.02385 | -0.0310 | -0.1130 | 39.7571
sphere 0.017 | 1.097 | - | -0.034 | 0.935 | 0.13415 | -0.1744 | -0.3065 | 81.3499
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The higher the values of the EF and R, the
better the goodness of the fit. The lower the
values of the RMSE, x2 and MBE, the better the
goodness of the fit. The results have shown
that highest values of EF and r and the lowest
RMSE, x? and MBE values could be obtained
with the statistically fitted model of Modified

Page Model.
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Equation 5 is solved in order to determine the
speed of diffusion. Table 1 provides the change
of diffusion coefficient according to the
geometric shape of fruits. An examination of
the table shows that diffusion coefficient is
higher in fruits sliced in 1 x 1 x 1 dimension.
Results are in harmony with the data obtained
in the literature (36, 37).

Table 6. Variation of the diffusion coefficient with the geometric shape of the fruits.

Fruits geometric _Di_ffusion
shapes Coefficients (m2/s)

1x1x1 1.654x108

Pineapple 1x1x2.5 1.140x108

sphere 9.100%x109

1x1x1 9.380x10°

Avocado 1x1x2.5 8.110x10°°

sphere 1.540%x108

1x1x1 1.190x108

Kiwi 1x1x2.5 9.128x10°

sphere 1.650x10°8

Experiments conducted in infrared dryer
In an infrared dryer, the time-moisture
content of pineapple, kiwi, and avocado at
different sizes was examined and presented in

figures.
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The experiments conducted in infrared dryer
showed that fruits sliced in 1x1x1 dimensions
dried faster. Only the experiment conducted
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for pineapple showed deviations in the fruits
sliced in 1x1x1 dimensions. It is believed that
this situation was caused by experimental
errors.

Ascorbic acid (vitamin C) content of dried
fruits

Prior to drying process, the Vitamin C values
found in pineapple, avocado and kiwi were
485, 75 and 1002 mg/kg, respectively. After
the drying process, Vitamin C values were
found as 187.0, 25.9 and 385.4 mg/kg,
respectively. These results show that during
drying process 60-65% of vitamin C is lost.

CONCLUSIONS

The impact of parameters in the drying
process of fruits is discussed and explained
with the findings. At the end of this study, the
following conclusions can be reached:

1. The effective parameter in both
straight flow and infrared drying of fruits is
temperature. If the temperature is increased,
drying period can be shortened. Temperatures
under 50 °C are not suitable for drying. In the
study, drying period can be extended. Again,
drying at temperatures above 70 °C causes
change of color and the fruit tends to be baked

and then carbonated; thus, it is not
recommended.
2. The impact of air velocity on the drying

of fruits is not as much as temperature as,
during drying, the external shell of the fruit
can show excessive resistance against drying,
which, in turn, makes the diffusion of moisture
more difficult. Air velocity is effective at drying
processes where moisture is accumulated
especially at external section, meaning at
fixed velocity zone. Diffusion is more effective
than convection while drying fruits; thus,
keeping air velocity low is essential in terms of
cost.

3. Among the examined fruits, pineapple
and kiwi are very rich in terms of Vitamin C.
At the end of the experiments, ascorbic acid
amount of pineapple, kiwi and avocado was
found as 485, 1002 and 75 mg/kg,
respectively. After the drying process, Vitamin
C values were determined as 187.0, 25.9 and
385.4 mg/kg. These results show that during
drying process 60-65% of Vitamin C is lost.
4. Five different drying models (Modified
Page model, Page model, Henderson and Pabis
model, Lewis model, and Logarithmic model)
were used in order to define the theoretical
model which gives the best approach to
experimental values. For fruits in different
geometric shapes dried at 55 °C and 1.5 m/s
air velocity, it can be said that Modified Page
equation provides relatively good results in
determining drying behavior. In addition, in all
drying models it has been observed that
drying coefficient (k), which is an essential
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parameter, reduced as the shape grew larger.
This is an indicator that drying will be faster
when the size of the fruit becomes smaller.

5. It has been observed that diffusion
coefficient was larger for fruits sliced in 1x1x1
dimension. The results are in harmony with
the values given in the literature.
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INTRODUCTION

Desulfurization (DS) of petroleum middle distillates
using an efficient cost-effective process is one of the
main goals of modern oil refineries. Desulfurization
methods mainly cover adsorptive desulfurization
(ADS), extractive desulfurization (EDS), oxidative
desulfurization ODS), hydrodesulfurization (HDS),
biodesulfurization (BDS), and desulfurization by ionic
liquids. Though the HDS technique is considered
useful in lowering sulfur concentrations in petroleum
middle distillates, some sulfur compounds such as
dibenzothiophene and its derivatives are less
responsive to this operation. Moreover, deep HDS
required highly severe pressure and temperature
accompanied by higher costs (1). The key is how to
select proper adsorbents which cover molecular
sieves, activated carbon, ion-exchange resin, and
activated carbon fibers (2) to realize the
desulfurization process. Jochen et al. (3) suggested
that EDS with ILs is a good alternate for deep HDS
of diesel oil. Duarte et al. (4) reported that despite

19

the significant advantages provided by the use of
ultrasound, in the last years, few studies related to
its direct application are available in the petroleum
industry. Shafeghat et al. (5) used ODS assisted by
ultrasonic waves to remove sulfur from gas oil and
gasoline.

The ILs have withdrawn remarkable interest as
extractive materials for DS of middle distillates (6-
8), or as an end-step operation for the HDS process
(9). Many consider ILs as green chemical solvents
with unique physical and chemical properties, like
insignificant vapor pressure, high thermochemical
stability, and readily be recycled. Moreover, they
have high relevance with sulfur-compounds (S-
compounds), in particular with aromatic S-
components, and have good miscibility with middle
distillates, which nominates ILs as good extracting
agents for desulfurization of fuels (10-11). Many
organic ILs are expensive, for example, imidazolium-
based ILs (12). Fluoride based ILs can absorb
humidity and produce toxic hydrogen fluoride known
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as a defective product (13-14). In the current study,
we investigated the feasibility of usage effective-cost
ILs in a continuous process for extractive
desulfurization (EDS) of gas oil under ambient
conditions. Another objective was to study the
equilibrium behavior of sulfur compounds in studied
ternary mixtures.
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MATERIALS AND METHODS

Materials

The authors purchased high purity chemicals of
sodium chloride (99.0 wt% min), sodium hydroxide
(> 98%), and calcium hydroxide (> 96%) from
Sigma Aldrich, India. We ordered hydrochloric acid
(36%) from Merck, Germany. We also obtained light
gas oil from Al-Daura Oil Refinery, Baghdad. Table 1
lists the specifications of real gas oil.

Table 1. Properties of real light gas oil feed (Al-Daura Qil Refinery, Baghdad).

Property Method of analysis Value
API@15.6 °C ASTM D1298 40.1

Sp.gr @ 15.6 °C ASTM D1298 0.8246
Sulfur content (ppm) ASTM D 5623 2140
Cetane number ASTM D 7170 51.2
Distilled (vol.%) in crude oil ASTM D 86 17.1
1.B.P (°C) ASTM 6352 195
E.B.P (°C) ASTM 6352 322

Experimental procedure for selectivity and
partition coefficient

The authors installed a batch setup to predict the
behavior of selectivity and the partition coefficient
for the studied systems. Mixtures of ternary systems
components (IL + S-compound + oil) in the
immiscible region were mixed in a 50 mL glass
vessel immersed in a water bath and connected to a
recirculation Chiller type Accel 250 LC from Thermo
Scientific, to control the vessel temperature at
(251 °C). The mixtures were agitated using a
magnetic stirrer for 1 h, and then let stabilize for a
minimum of 2 h. We considered that these periods
being enough to attain a proper equilibrium between
constituents producing a pure vyellow aqueous
solution. Then, we used syringes to obtain samples
from each layer of the mixture. GC was used to
measure the weight fractions of oil and sulfur
compounds, and we tabulated the results.

Experimental setup for continuous operation

Of each ionic material (sodium hydroxide, calcium
hydroxide, and hydrochloric acid), three different
concentrations (5, 10, and 15 wt%) were prepared
separately in 100- mL glass beakers. 50 mL of gas
oil was taken in an Erlenmeyer flask and added to
each prepared ionic aqueous solution in a 250 mL-
cylindrical glass Flask (V1), respectively. The mixing
was applied at 300 rpm by an electric mixer type
(IKA RW 20, Cole-Parmer). We selected this mixing
speed as the optimum value after a series of mixing
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experiments. We then transferred the mixture to
another 250- mL glass cylindrical vessel (V2), which
contained an ultrasonic generator (Model VCX-750,
vibra-cell, Sonics) whose probe immersed in the
mixture. Table 2 lists the characteristics of the
ultrasonic probe. We kept the temperature of the
sonication vessel at 40 °C because, above this
temperature, extraction of S-compounds becomes
increasingly more inadequate (15). The authors
sonicated the mixture for 30 min with a 4 min of a
break between sequential ultrasonic periods of 5
min. As the sonication process continued, samples
for sulfur determination were drawn periodically by a
syringe. We neglected the influence of sampling on
mixture volume because of the small sample
amounts (< 1.0 mL per sample). After ultrasonic
periods of 30 min, we conveyed the mixture to a
funnel of liquid-liquid separation (S1) to let separate
the denser layer from the oil light layer. Then the oil
light layer was transmitted to a 250-mL glass beaker
(V3) where a neutralizing agent was added (if
required). We then utilized a pH meter type (On-line
pH meter Model Excel 25PH/mV/ISL) to monitor the
pH of the solution in V3. We transferred the
neutralized solution to a high-speed centrifuge type
(Centrisart® D-16C, Sartorius Company). The
authors analyzed the lighter stream (desulfurized
gas oil) for the concentration of total sulfur utilizing
a sulfur analyzer type (XOS, Model: Sindie OTG). We
rechecked the analysis result with GC. Figure 1
shows a plot of the experimental setup in Figure 1.
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Figure 1: Experimental setup of the continuous extractive desulfurization process.
Table 2: Specifications of the ultrasound probe.

Characteristics Values
Power Output 750 Watts
Frequency 20 kHz

Standard Probe Size

Diameter: 13 mm ; Length:136 mm

Probe Material

Titanium Alloy Ti-6Al- 4V

Processing Capacity

10 mL - 350 mL

Method of analysis

The fractions of the samples in the ternary systems
were measured by GC type ta3000 (AMETEK®
Process Instruments), equipped with a column SPB-1
SULFUR 30 m x 0.32 mm ID 4.0 ym phase and
flame ionization detector (FID). We utilized the
analyzer of sulfur type (XOS, Model: Sindie OTG) to
measure the total sulfur content of gas oil before
and after the EDS process. (FTIR) records were
carried out in the 400-4000 cm™ range, using the IR
Affinity-1, Shimadzu analyzer. Cetane number (CN)
of gas oil was measured using near infrared diesel oil
cetane number testing instrument model FDW-0371,
China. Gas oil density was measured using density
meter model DDM 2909 from Rudolph Research
Analytical, USA. Initial and end boiling points of gas
oil were determined using distillation tester, model:
PT-D1401-255 from Genius Laboratories, China.

THEORETICAL ASPECTS

It is scientifically apparent that ultrasonic irradiation
can effectively improve the reaction yield in chemical
synthesis. The result is cavitation when mechanical
vibrations generate into the liquid as ultrasonic
waves. When one subjects liquids to high-intensity
ultrasonic waves, it creates acoustic cavitation. This
phenomenon is the formation and succeeding violent
collapsing of cavitation bubbles, creating shock
waves, preparing a great set of conditions for
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chemical reactions, and increasing the chemical
reactivity in the system. During this process, short-
term, localized hotspots can form. The violent
collapse of each bubble causes locally high
temperatures (up to 5000 K), high pressure (up to
1000 atm), and drastic liquid jets. This micro-
environment, with extreme local conditions, is
suitable for the creation of active intermediates
permitting the reaction to progress rapidly.
Moreover, ultrasonic waves may assist in increasing
the formation of lighter sulfur-molecules due to the
breakage of heavier ones (16).

The basis of the mechanism of extraction is on the
allocation law, which states that if a liquid layer
consists of two immiscible components, it subjoins a
material which is dissolvable in both layers. Then the
material doled out between the two layers so that
the ratio of loading in one solvent to the loading in

the other solvent stays stable at a stable
temperature. It is supposed that the molecular
structure of the material is identical in both solvents.
The distribution or partition coefficient (kq) is
presented by Eq. 1 (17).
1
l, — XS
X
s (Eg. 1)
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where xs' the S-compound loading in phase 1 (i.e.,
IL-rich phase) and x.’ is the loading of S-compound
in phase 2 (i.e., hydrocarbon-rich phase). As a
comparative approach, the allocation parameter may
be estimated equivalent to the ratio of the solubility
of S-compound in the two layers. One dissolves
organic sulfur components readily in the polar
solvents; moreover the solvents having
consanguinity for the sulfur compounds being extra
beneficial in their extraction. So, we have utilized
this method in the present work by applying various

solvent systems at identical conditions (e.g.,
temperature and processing time). Heinrich and
Kasztelan (18) reported that mercaptans and

sulfides form the main proportions of S-compounds
that are present in the lighter middle distillates of
petroleum. One assumes that the S-compound is
soluble in the oil phase. Eqns may represent the
distribution of an S-compound between an oil phase
and an aqueous inorganic ionic solution. (2 - 3)
following:

RSH

P N il
(ol phase) <*———

RSH

{agueous phase)

RSH

(aquzous phase) =—*= RSH_[aquegus phase)
(Eq. 2)(Eqg. 3).

Equilibrium 1 depends on the solubility of the S-

compound in the aqueous phase and in the oil
phase. Equilibrium 2 depends on the ionization
constant of the S-compound and on the
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concentration of free hydroxide of water. Cabo (19)
presented Eq. 4 to correlate to the solute distribution
ratio, ks, and selectivity, S,

| v:><»~

| &<

S (Eq. 4)

N
=

Xs XO

Where x,° and x,' are mole fractions of gas oil in
phase 2 and phase 1 respectively.

RESULTS AND DISCUSSION

Selectivity and partition coefficient

It is a well-known fact that the solute partition
coefficient, ks, and selectivity, S, are linked to the
amount of solvent required for the separation (kq)
and to the number of required steps to achieve it
(selectivity). Thus, they are key parameters to
decide the appropriateness of a solvent as an
extracting material. The k; and S values obtained for
the Liquid-liquid Equilibria data of studied systems
i.e., [10% NaOH + S-compound+ Oil], and [10%
Ca(OH).+ S-compound + Qil] respectively are shown
in Tables 3 and 4. We drew these values versus the
sulfur compound’s molar fraction in the oil-rich
phase in Figure 2(a-b). The trends of S are
qualitatively similar for both ILs. This figure
demonstrates that the separation of S-compound
from light gas oil with these ILs is favorable in terms
of solubility and selectivity, especially at low mole
fractions of S-compound. When we obtain higher
values of ks and S for the studied mixtures, we
obtain a more efficient separation of S-compound
from the oil (20).

Table 3: Experimental data of (10% NaOH + S-compound + Qil) system.

Ionic liquid-rich phase Qil-rich phase
xi x3 x3 xi x3 x2 ka S

0.893 0.00 0.107 0.00 0.00 1.00

0.754 0.15 0.096 0.00 0.029 0.971 5.17 52.29
0.677 0.24 0.083 0.00 0.062 0.938 3.87 43.73
0.514 0.412 0.074 0.00 0.157 0.823 2.62 29.13
0.416 0.525 0.059 0.00 0.263 0.737 1.99 24.85
0.34 0.618 0.042 0.00 0.404 0.596 1.529 21.69
0.311 0.646 0.043 0.00 0.471 0.529 1.37 16.85
0.275 0.68 0.045 0.00 0.558 0.442 1.21 11.88

Table 4: Experimental data of (10% Ca(OH), + S-compound + Qil) system.
Ionic liquid-rich phase Qil-rich phase Kad S
xi x3 x3 xi x} x3

0.941 0.00 0.059 0.00 0.00 1.00
0.863 0.078 0.059 0.00 0.044 0.956 1.77 28.68
0.759 0.182 0.059 0.00 0.108 0.892 1.68 25.39
0.663 0.279 0.058 0.00 0.187 0.813 1.49 20.88
0.578 0.367 0.055 0.00 0.272 0.728 1.34 17.73
0.489 0.454 0.057 0.00 0.400 0.600 1.139 11.98
0.47 0.473 0.057 0.00 0.415 0.585 1.134 11.64
0.404 0.541 0.055 0.00 0.544 0.456 0.99 8.21

2

2
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Figure 2: Variation of selectivity against mole fraction of sulfur for mixtures of (a) 10% NaOH+(S-
compound)+oil, and (b) 10% Ca(OH),+(S-compound)+oil.

Based on the experimental data, related correlation
selectivity vs. sulfur mole fraction in studied ternary
mixtures can represent using StatPlus 6.5.1.0
software by Egs (5-6).

for the mixture (10% NaOH +(S-compound)+ oil):

S = 53.969 252, R? = 0.9813 (Eq. 5)
for the mixture (10%Ca(0OH),+(S-compound)+ oil):

S = 29.573 - 41.878 X, R? = 0.986 (Eq. 6)
Effect of IL type

Figure 3 illustrates the variation of sulfur removal
against processing time using various types of ILs. It

15, and 20 min, the sulfur removal (%) rises steadily
from 20, 35, 52, and 62%. However, as the
processing time increased further from 20, 25 to 30
min, sulfur removal showed slower increases from
52, 62, and 65. Therefore, the operating system
may establish an equilibrium state at the final stages
of the process. For 10% Ca(OH), and 1N HCI, the
same behaviors were shown in Figure 3 of sulfur
removal versus processing time but at lower values
of sulfur removals. So the aqueous solution of NaOH
offers a higher affinity towards sulfur compounds.
We attained the lower sulfur removal with 1N HCI. It
is likely due to the high tartness, which is not an
appropriate medium for the allocation of aromatic
sulfur combinations, which demands an alkaline
environment rather than an acidic environment (21).

is apparent that for using 10% NaOH as the
processing time continues to increase from 5, 10,
- 80 -
S
= 60 i
=
=
g 40 1 ——10%
2 o NaOH
5 50 - =f—1N HCl
= 10% Ca(OH)2
vl
0 T 1
0 20 40
Time (min.)

Figure 3: Variation of sulfur removal against processing time using various types of IL.

Figure 4 (a-b) shows the higher percentage of
sulfur removal achieved by processing gas oil with
different types of ionic liquid assisted with or without
ultrasonic waves, respectively. As shown, sulfur
removal (%) promoted in the arrangement of using
1IN HCI < 10% Ca(OH), < 10% NaOH. We may
attribute this trend to that NaOH aqueous solution
has larger consanguinity for the S-compounds in the
oil distillates. It is possibly because of the acidic
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feature of the specific sulfur components such as
mercaptans, which easily disseminates from the oil
phase inside the alkaline stratum of NaOH and turns
into sulfides. In the same way, the high EDS output
gained with Ca(OH), may also be elucidated
fundamentally, as mentioned above. Although the
alkalinity feature of Ca(OH). is minimal than that of
NaOH, yet, DS effectiveness of Ca(OH). is analogous
with that of NaOH, which proposes that calcium
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endures some grade of chemical charisma to
mercaptans and sulfides. A comparison between
Figure 4a and 4b depicts the noticeable effect of
ultrasonic waves on EDS of gas oil. The increase in
sulfur removal due to the sonication of the IL/gas oil
mixture was 24.2% for 10% NaOH, 10% Ca(OH),,
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and 1N HCI, respectively. It may be due to the
ultrasonic waves which assist in increasing the
formation of lighter sulfur-molecules due to bond
breaking of heavier molecules facilitating the
extraction of S-compound by ILs (16).

— 60 <
B 1IN Hcl -
T
— - 40 3
10% Ca(OH)2 g
o
— - 20 s
0 10% NaOH =
v

-0

60
50
40
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20
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Sulfur Reduction %
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(b)

Figure 4: Variation of sulfur removal (%) against type of ionic liquid (a) assisted with ultrasonic waves; (b)
without ultrasonic waves.

Effect of IL concentration

Figure 5 shows a variation of sulfur removal against
processing time using a different concentration of
NaOH solution. As can be seen in the figure, for all
concentrations a steep increase in sulfur removal
occurred at the early stages of processing. One may
attribute to the high rate of extraction, which is
positively affected by the high concentration of sulfur
compound existed at these stages, creating a higher
driving force of sulfur concentration between the two
layers. After then, as sulfur concentration decreased

continuously, the extraction rate decreased
correspondingly until a pseudo-equilibrium state was
established at the final stage of the process Jj.e. at
25-30 min. Figure 5 indicates that sulfur removal
was positively affected by the concentration of
NaOH. However, Figure 5 depicts that there is an
optimum concentration of IL which may be used to
attain the best sulfur removal, after which any
increase in NaOH concentration would be only costly
(19).

W
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Figure 5: Influence of the concentration of aqueous %NaOH sulfur removal at various processing times.

Effect of ultrasonic process on gas oil
properties

Slamet et al. (22) considered viscosity as the last
significant diesel fuel characteristic due to its
influence on the system of pressurized combustion.
Stavarache et al. (23) reported that a method to
upgrade the physical properties of diesel fuel (like
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viscosity) is to employ external power convey
irradiation  with  various origins (ultrasound,
microwaves, infrared waves, ultraviolet, etc.). Some
of these power origins are capable of adjusting at
the micro-molecular grade the chemical framework
of the fuel, with instant effect on its physical
characteristics. Therefore it is of importance to
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investigate the influence of the sonication process on
some properties (e.g., Vviscosity, CN, API) of
produced gas oil. Table 5 lists the measured
properties of gas oil before and after the sonication
process. As can be observed, both viscosity and the
specific gravity of gas oil decreased while CN shows
a different trend. This behavior is due to the
collapsing of cavitation bubbles, creating shock
waves, increasing the chemical reactivity in the

Table 5. Measured properties of real light gas
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system. Moreover, ultrasonic waves assist in
increasing the formation of lighter sulfur-containing
molecules due to the breakage of heavier ones. We
know that the value of CN links to the period desired
for fuel to fire after injection to the burning engine.
The more the CN, the speedier is the firing time.
This CN rises with long straight carbon chains
produced by breaking the branched carbon chain due
to high-intensity ultrasonic waves (24).

oil feed before and after sonication process.

Property

API@15.6 °C
Sp.gr @ 15.6 °C
Viscosity, SSU
Cetane number
I.B.P (°C)

E.B.P (°C)

Values
Before After
40.1 42
0.8246 0.8155
32.3 31
51.2 54.8
165 157
290 281

Effect of mixing speed

To investigate the influence of mixing speed on
stabilization time and S-compound extraction, we
performed a series of experiments, Figure 7 shows
these trends. As can be seen in Figure 7, that a
percentage extraction of S-compound of 37, 65. 4
and 66 % is attained by a stirring speed of 200, 300,

70

S-COMP. EXTRACTED.(%)

1 1

0,5

,5

and 350 rpm respectively with a stabilization time of
2 hours. The positive impact of stirring speed on
percentage extraction of the S-compound may
attribute to the reduction in the mass transfer
limitations because of the turbulence action.
However, from the power savings point of view, a
stirring speed of 300 rpm is selected for operation.

=

==f==200 rpm

== 300 rpm

350 rpm

2 2,5

STABILIZATION TIME (HOUR)

Figure 7: Effect of mixing speed on stabilization time and S-compound extraction.

FTIR spectra

Figure 7 shows the FTIR spectra of the real light gas
oil, and Figure 7 (lower spectrum) points out the
existence of mercaptans by a notable band in the
domain of 2360 cm™ because of the S-H. A less thick
moderate band at 1380 cm™ points out the S=0
asymmetrical oscillation, which bears a sign of the
sulfonyl chlorides, sulfonates, sulfones or sulfoxides.
A broad band at 3420 cm™ demonstrates the
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existence of the HN or HO, which matches to the
bond related to sulfonamides. The FTIR spectrum of
the gas oil cured with NaOH (10%) is in Figure 7
(upper spectrum). The visions indicate that bands in
that domain showing mercaptans S-H (at 2370 cm™)
and S=0 (at 1380 cm™) are impotent in strength in
(upper spectrum) comparable to the spectrum of the
actual sample.
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Figure 7: FTIR spectrum of gaseous oil before treatment with 10% NaOH (bottom) and after EDS with 10%
NaOH (top).

EDS mechanism with the nucleophilic attack of electron density rich
Figure. 8 displays the probable pathway of sulfur in the sulfur atom (4,6-DMDBT) to the electrophilic
extracted by NaOH. Since the DS of divalent sulfur of  character of "OH in NaOH. The (CH3)3C-0O_ was then
4,6-DMDBT compounds follows the nucleophilic re-joined with the hydroxyl and the 4,6-DMDBT
extraction mechanism, the extraction step began sulfoxide formed.

NaOH + — S+/<—> é(P/

®

O

1/ HO l(')
g \S+ Oté/
NaOH +/—> OQOQ
Figure 8: EDS mechanism of S-compound by NaOH.

Economic Aspects equivalent to a percentage loss of (~ 1%) for NaOH
In the present study, we designed the suggested and (~ 3%) for HCI with desulfurization of gas oil up
extractive desulfurization process to operate in a to 66.0 and 60.0% obtained by an ultrasonication
continuous production mode under ambient process using ILs of 10% NaOH and 1 N HCI,
conditions (see Fig. 1). The consumption rate of ionic  respectively.

liquids and sulfur removal from gas oil are

considered the main factors affecting the process CONCLUSION

feasibility. Due to the density difference between gas

oil (poil = 0.82 g/cm?) and that of ionic liquids (pnaon  The present work aimed to investigate the feasibility
= 1.11 g/cm?® and pra = 1.02 g/cm?), separator (S1)  of sulfur extraction from light gas oil using different
worked with a reasonable efficiency which enabling types of cost-effective inorganic ionic liquids (ILs)
ionic liquids to recycle to the mixing tank (V1). such as NaOH, Ca(OH)., and HCI, assisted by
Consumption rates for 10% NaOH and 1N HCI per ultrasonic waves at irradiated power of 750W with
100 g of desulfurized gas oil (DGO) produced were 20 kHz, in continuous operation under mild
estimated by 0.97 and 2.87 g respectively which  conditions of temperature and pressure. The study of
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the equilibrium system for the selected ternary
mixtures showed that solute selectivity was inversely
related to solute mole fraction. We have found that,
within 30 min, 10 wt% NaOH offered a higher sulfur
removal of 66% and 50% with and without
sonication process, respectively. Moreover, we
showed that ultrasonic waves not only increased the
sulfur removal by 24.2% but it also improved gas oil
properties by decreasing density and viscosity by
1.30 and 4.02% respectively while cetane number
(CN) was increased by 6.3%.
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INTRODUCTION

Discrete-time controller accuracy and speed
have importance in industrial applications. A
compromise is needed between cost and
reliability (4). The corresponding controllers
are called digital computers. System models
are described in certain discrete-time domain,
and their parameters are determined by using
various methods based on experimental or
well-simulated input and output data (2-3).

The controlled systems dynamics are
determined by the choice of controller
parameters which are determined using

various methods (1).

Discrete-time controllers are designed to

29

minimize a cost function or to locate closed-
loop system poles in the z-plane unit circle.
Obtaining a desired closed-loop system
response of a controller also minimize
indirectly a cost function. A cost effective
design based on a closed-loop pole-placement

approach was reported for  discrete
proportional- integral controller (7). For two-
degrees-of-freedom  (2DOF) PI  current

controller, an analytical discrete-time pole-
placement technique was used (6). By
separating a closed-loop system poles as a
dominant pole pair and other poles and
locating them in z-plane unit circle by
targeting a certain distance between each set
of poles, a discrete PI-proportional-derivate
(PI-PD) controller was designed by Dincel and
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Soylemez (2018). This technique is called a
dominant pole-placement.

In the present work, two discrete-time
controllers were used to track set point of the
overhead product composition of a pilot-scale
packed distillation column for performance
comparison. The two tuning parameters of the
proposed discrete PI controller were tuned by
observing root locus diagram pole branches
for proportional only control and by choosing
the three poles location in z-plane according
to a performance criteria of the system
response with discrete PI controller. The two
application performances of discrete-time PID
controller (2DOF) that the related six
parameters tuned by means of Simulink
control design in MATLAB were also examined
by choosing the sampling time (Ts) as 1 min
and 0.5 min respectively. As can be seen from
the Simulink applications, the high value of
the sampling time can destabilize the control
or will at least result in the deviations of the
controlled variable being much larger than
necessary. If the chosen sampling time is
larger than the real system delay, then a pole-
placement based proposed discrete-time
controller still produces acceptable set point
tracking response.

DISCRETE-TIME CONTROLLERS

Wardle and Hapoglu (1993) proposed a
discrete-time transfer function of process
without control. This transfer function
response to a step increase in control signal
was compared (10) with two-film approach
model computer simulation that verified (9)
by the experimental data (8) obtained from a
pilot-scale packed distillation column where
methanol water mixture was fed between 1 m
and 0.9 m effective packing height in
enriching and stripping sections.

The discrete system transfer function (10)
without control which relates the deviation
form of overhead product molar methanol
composition (xp) and the deviation form of
reflux flow rate (L") was given in Equation
(1). Where, the Ts value was used as 1 min.
The same system discrete transfer function
can be written by using Ts of 0.5 min and zero
order hold element in Equation (2).

X’p__ 0.4112+0.0119

L’ 7°-0.742z+0.0183 (1)
X’p _ 0.21222-0.01472
L’ 7°-1.0062z+0.1353 2)

The closed-loop system with proportional

1 29-34.
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control transfer function which relates
overhead product composition in Equation
(1) and set point was given in Equation (3).

3
X 'p

B :a
X “sgr
K,(0.4112+0.0119)
(2°-0.7422+0.0183)+K,(0.4112+0.0119) (3)

Where, Xser represents the set point value of
the overhead product composition in deviation
variable form. K. is the proportional sensitivity
(or the gain) of the proportional (P) controller.
The characteristic equation of the transfer
function given in Equation (3) was utilized to
create root locus diagram data. The K. value
that locates two desired positive poles far
from the edge of the unit circle was chosen to
apply as a constant value in Equation (9).

The proposed discrete-time PI controller
transfer function was written as Equation
(4), because the changes of the manipulated
variable are determined by varying two terms.
Equation (7) is obtained by combining the
discrete definition of the coefficients qo and g
which are given in Equation (5) and
Equation (6) respectively. The velocity form
control algorithm is utilized to create the
terms in Equation (5) and Equation (6).
The tuning parameter of A was presented in
Equation (8).

GC(Z):qOZ_ql
z—1 (4)
=k s KT
0 c 277[ (5)
KT,
q.= R
! 2TI (6)
K +A)z-(A-K
() KerA)z=(A-K)
z—1 (7)
K T
A=
0.95+A)z—-(A-0.95
6, (7)2 095+ A)z—(A-095)
z—1 9)

Where T1; is integral time constant which was
varied by using different values of A (see
Equation (9)).

n=N
ISE=10" z TS(XSET_ XD)i

n=0 (10)

For controller performance comparison,
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integral of the square error (ISE) criteria given
in Equation (10) was used in discrete
domain, where the error (Xser-Xp) is the
deviation of the overhead product composition
from the set point. The N value is the total
number of sampling time step used to reach
the final run time.

GC(Z):P(b*X )set)+I*Tsi(X ’SET_X ’D)
N

1+N*T, 1
z-1

+D (C*X’SET_XJD)

(11)

The second discrete controller was obtained
from Simulink Library in MATLAB. This
discrete PID controller (2DOF) was presented
in Equation (11). Where P, I, D represent
proportional, integral, derivative terms
respectively. The parameters of b and c are
the set point weights. The symbol of N is filter
coefficient. The discrete PID controller block
parameters was tuned by using Simulink
Control Design in MATLAB. By substituting
zero for D in Equation (11) the discrete PI
controller Simulink block was obtained.

RESULTS AND DISCUSSION

The discrete-time transfer function of the
packed distillation column without control (10)
which relates overhead product molar
methanol composition as output and reflux
flow rate as inputs was used to capture the

1 29-34.
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closed-loop behavior of the process with
proportional only control. The proportional
sensitivity (K.) of the closed-loop transfer
function given in Equation (3) was varied to
determine the poles location in z-plane by
using MATLAB (see Table 1). Root locus
diagram obtained was presented in Figure 1.
The branches corresponding to the two poles
of the proportional only control system begin
at the two poles (0.7165 and 0.0255) of the
system transfer function without control
(These poles are represented by symbols of
cross in Figure 1).

In Table 1, The Kc value was varied by
considering the related root locus diagram to
determine adequate location for the poles. For
non-oscillatory stable case, K.=0.95 was
chosen with two real positive closed-loop
poles as 0.2119 and 0.1397.

At all set point tracking applications studied in
the present work, an initial step change from
0.969 to 0.978 was introduced. For the
proposed discrete-time PI controller
parameters identification the K. value selected
from Table 1 was used in Equation (7). The
coefficient of A in Equation (9) was selected
based on closed-loop pole placement
technique by considering the three poles
location and the ISE criteria (Table 2). For
this selection, the controlled variable
behaviors versus time were also examined
(Figure 2-4).

—
=

Imaginary Axis

0
Real Axis

Figure 1: Root locus diagram generated using MATLAB for the closed-loop discrete system with
P controller.

Table 1: Poles for the closed-loop discrete system with P controller.

K¢ poles

1.1 0.1450-0.1019i 0.1450+0.1019i

1.0 0.1655-0.0530i 0.1655+0.0530i

0.98 0.1692-0.0346i 0.1692-0.0346i
(*) 0.95 0.2119 0.1397

0.90 0.2609 0.1112

0.80 0.3285 0.0847
0.009185 0.7124 0.0258

(*) represents the selected poles and K.
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Figure 2: The control of overhead product composition using the proposed discrete-time PI
controller with Ts=1.0 min, Kc=0.95, 11=0.28 min, A=1.7.

Table 2: Poles for the discrete system with PI controller.

A Three poles ISE
1.70 0.3222+0.9953i, 0.0086+0.0000i 79.26
0.70 0.5155+0.6143i, 0.0331+0.0000i 1.41
0.40 0.5683+0.4124i, 0.0504+0.0000i 1.10

(*) 0.20 0.5987+0.1466i, 0.0716+0.0000i 1.08
0.18 0.6016+0.0735i, 0.0748+0.0000i 1.10
0.17 0.6527, 0.5529, 0.0764 1.11
0.16 0.7055, 0.5023, 0.0782 1.13
0.15 0.7400, 0.4700, 0.0800 1.14

The symbol (*) represents the selected A value according to ISE criteria. The values of K. and Ts

are 0.95 and 1 min respectively.

In the cases studied (Table 2), with the
proposed discrete-time PI controller, the offset
problem did not exist. However, the addition
of the integral (I) action with A=1.7 (Ts=1.0
min, 1:=0.28 min) in the discrete controller
that includes the previously chosen K. value of
0.95 caused the oscillatory system response
and increased the maximum deviation from
the desired value (Figure 2). The system
response to a change in set point may exhibit
less oscillatory behavior with tolerable rise

0.985
0.98

time or non-oscillatory behavior with high rise
time as value of A decreases (T value
increases).

Figure 3 showed that the A value of 0.15
produced an overdamped response with high
rise time of 8.8 min. The best response
according to minimum ISE criteria and rise
time of 3.7 min was shown in Figure 4.

sition

0.975
0.97

po

com

ﬂ; point
_System response obtained

using discrete-time Pl controller

0.965
0

The overhead molar

10

20 30

Time, mmn

Figure 3: The control of overhead product composition using the proposed discrete-time PI
controller with Ts=1.0 min, K.=0.95, 11=3.17 min, A=0.15.

The discrete PID controller (2DOF) which is available in MATLAB/Simulink library was examined
when applied to the overhead product composition control of the packed distillation column in
the face of a set point change from 0.969 to 0.978. Its six tuning parameters were determined
as P=0.009185, I=0.01835, D=0, N=100, b=1, c=1 using Simulink control design by using Ts of
1 min. It was noted that the PID controller given in Equation (11) converted to the PI control
action by substituting zero (D=0) for the last term. The overhead product composition set point
tracking with this controller was shown in Figure 5. This control action performance according
to ISE criteria was evaluated as 15.89. This response with 169 min rise time exhibited

sluggishness.
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Figure 4: The control of overhead product composition using the proposed discrete-time PI
controller with Ts=1.0 min, K.=0.95, 11=2.375min, A=0.2.
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Figure 5: The closed-loop response of overhead product composition with the discrete-time PID
controller (2DOF) that is available in MATLAB/ Simulink library.

By using Ts of 0.5 min and the system transfer
function in Equation (2), the discrete PID

controller (2DOF) parameters were also
determined as P=1.164, 1=0.5319, D=-
0.01481, N=3.783, b=0.1233, ¢=0.01017

using Simulink control design. The closed-loop
system response obtained was illustrated in
Figure 6. This set point tracking response
obtained with the discrete PID controller
(2DOF) performed with the ISE criteria of 3.68
and the rise time of 8 min. A decrease in T;
from 1 min to 0.5 min revealed 95.27 % and
76.84 % decreases in the ISE and in the rise

(0.985

time values respectively.

In the present work, the theoretical cost-
effective  performance of the proposed
controller was shown. This enhanced the
economic performance of the modeled pilot-
scale packed distillation column. Therefore, it
is worth to use the discrete-time controller
and evaluate the cost reduction of an
industrial-scale packed column with the
discrete-time controllers.

1

0,98

0

JpreTer

20,975
[ =W

#
£

05

0.97

1

=)

o7 =St point
System response obtained wsing
—discrete-time PID controller
(2D0F) block in Simulink

Z.965
] 1

The overhead molar

(1

20 in

Time, min

Figure 6: The control of overhead product composition using the discrete-time PID controller
(2DOF) Simulink block that its parameters tuned as P=1.164, 1=0.5319, D=-0.01481, N=3.783,
b=0.1233, c=0.01017.

CONCLUSION

Clearly, the proposed discrete PI controller
with the technique applied based on root locus
search and pole-placement approach has a
desired influence upon the set-point tracking
performance of the overhead product
composition of a packed distillation column.
The discrete proposed PI controller exhibited
much better performance than the one

33

obtained using the discrete PID (2DOF)
controller in MATLAB/Simulink library. This
controller can be recommended for relatively
high sampling time applications.

The advantages of the proposed controller
used in the present work were low rise time,
low settling time and very smooth transient
response. It was shown that the desired level
of performance was guaranteed by using
suitable tuning technique based on pole-
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placement for the proposed controller
parameters. There is currently a considerable
need for the controller as described in the
present work to be implemented on a full-
scale industrial packed distillation column.
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