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Abstract
In this study, a new type of circulating three-phase fluidized bed reactor was conducted by adding a spiral path and was 
named as spiral three-phase fluidized bed reactor (TPFB-S) to investigate the possibility for removing  engine oil (virgin 
and waste form) from synthetic wastewater by using Ricinus communis (RC) leaves natural and activated by KOH. The 
biosorption process was conducted by changing particle diameter in the range 150–300 and 300–600 µm, liquid flow rate in 
the range 2.5–4.5 L/min and gas flow rate in range of 0–1 L/min, while other parameters initial oil emulsion concentration, 
pH, adsorbent concentration, agitation speed and contact time were kept constant at 2000 mg/L, 2,400 mg/L, 200 rpm and 
90 min, respectively. Both FTIR and SEM tests showed that the Ricinus communis surface contains of active and strong 
groups; therefore, it shows a morphological characteristic of interest. The tests of FTIR and SEM explained that the adsorbent 
solid texture consists of negative valences that related to strong and active groups like carboxyl and hydroxyl groups. Fur-
thermore, the results showed that the removal efficiency reaches about 91 and 98% for both virgin and waste oil at 150–300 
µm particle size, 3.5 l/min liquid phase flow rate and 1 L/min air flow rate and for 90 min by using natural and activated form 
of RC leaves, respectively. In addition, results revealed that 95% of oil was recovered from the adsorbent by using 150mL/L 
of hexane. Finally the results concluded that TPFB-S has a better performance than the traditional fluidized bed, where the 
removal efficiency was enhanced by about 23% and 17% for removing virgin oil emulsion from aqueous solution by natural 
and activated form of adsorbent, respectively.
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Introduction

Various pollutants are emerging in our environment. One 
of the pollutants that can cause an environmental problem 
is the presence oil and grease inside water system. Oil can 
contaminate the water in two different forms which are in 
the form of emulsified oil or the form of free oil. Once oil 
wastewater is introduced into aquatic environments in high 

concentration, it becomes toxic to the aquatic life and dam-
ages other ecology in water bodies (Abdul Hamid et al. 
2016).

Lubricating oil is the most famous type of petroleum frac-
tion that used in different vehicles and generators. Using of 
lube oil decreases friction between surfaces of moving parts. 
After oxidation of oil has been occurred, the impurities are 
formed in the base oil, which can happen due to the internal 
combustion inside the engine (Osman et al. 2018).

More than 30.3 billion liters of waste oil are generated 
yearly. Vehicles’ engines are the major source of the waste 
oil. This waste of lubricant oil contains high hazardous 
essential from carbon residue, ash, materials asphaltenes, 
metals and other unclean materials formed during lubricants 
in the machine. The disposing of waste oils directly toward 
the environment can lead to severe problems; the problems 
can take place in seas, rivers and lakes, and the contamina-
tion can effect negatively on water resources and marine 
life (Riyanto et al. 2018). Oily wastewater contains toxic 
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substances such as phenols, petroleum hydrocarbons and 
polyaromatic hydrocarbons, which are inhibitory to plant 
and animal growth, equally, mutagenic and carcinogenic to 
human being. Similarly, oily wastewater contains high oil 
content, chemical oxygen demand (COD) and color (Alade 
et al. 2011). Oil and grease is defined as a group of related 
materials rather than a specific chemical compound extract-
able by certain solvents, such as hexane (USEPA 1999). 
They are nonpolar and, as a result, are hydrophobic in nature 
(Travis et al. 2008). Generally, oil is not soluble in the water 
phase and the nature of the oil phase in oily wastewater is 
different from one case to another. Under anaerobic condi-
tions, oils and grease hydrolyze to long chain fatty acids 
(LCFA) and glycerol. The glycerol further degrades to 1, 
3-propanediol and subsequently to acetate. Oil–water mix-
ture with droplets greater than or equal to 150 microns is 
classified as free oil, while oil–water mixture with droplets 
size ranging between 20 and 150 microns is classified as 
dispersed oil mixture. Emulsified oil mixture is oil–water 
mixture with droplet sizes smaller than 20 microns, and 
oil–water mixture with droplet sizes smaller than 5 microns 
is classified as soluble oil mixture (Alade et al. 2011).

Surfactants are chemical compounds that include both 
hydrophobic and hydrophilic properties, and they have been 
used in a different type of commercial products such as 
detergents. When surfactants mix with oil–water mixtures, 
then the hydrophilic zone of the surfactants moves toward 
the water phase, while the hydrophobic part of the molecular 
move toward the oil phase (Vu and Papavassiliou 2018), 
leading to reduction of the surface tension of oil drops and 
separation of them in solution. The separation of oil can be 
enhanced when mixing force is founded like high flow rate 
or high pressure (Krstonosic et al. 2012).

Oily wastewater has made several problems in environ-
ment due to its hazardous nature. The amount of oily waste-
water has become in huge amount; one of the reasons is the 
petroleum stations that still supply for the growing number 
of cars. In Iraq, there are more than 500 car service facilities, 
and some of these stations discard their wastewater in emul-
sion form toward the sewers without any treatment (Mustafa 
et al. 2013). There are many methods for the separation of 
oil–water emulsions, such as variety of filters (Cumming 
et al. 1999), biological processes (Parhamfar et al. 2018), 
membrane bioreactor (Capodici et al. 2017), electrocoagu-
lation and electroflotation (Ji et al. 2015) and adsorption 
(Abdul Hamid et al. 2016) and air flotation (Sulaymon and 
Mohammed 2010; Alwared and Faraj 2015), and each of the 
methods has their advantages and disadvantages.

Adsorption is a universal, attractive, simple and effec-
tive treatment method that can be used for the remediation 
of the contaminants present in aqueous solutions (Moham-
med et al. 2018; Khodadadi et al. 2019), which is charac-
terized by high oil removal efficiency, low cost and low in 

processing cost. However, there are also some disadvantages 
in using adsorption methods; it required labor intensive and 
poor removal of fine emulsions (Abdul Hamid et al. 2016). 
Biosorbents fall under the following categories: bacteria, 
yeast, fungi, algae and industrial and agricultural wastes 
(Kamar et al. 2016). A wide range of a biosorbent material 
had been used in the treatment of oily wastewater; such as 
bentonite (Okiel et al. 2010), egg shell (Abdel-Jabbar et al. 
2010) and potato peels (Tontiwachwuthikul et al. 2016).The 
biosorption in columns and its modeling have been receiving 
more attention. Fixed and fluidized bed reactors have been 
used widely by the chemical industry, pharmaceutical indus-
try, food industry, wastewater treatment and for recovery of 
different substances Fluidized bed systems are common and 
important reactors in process engineering because of the 
good mass and heat transfer rate between the fluid and the 
particles, and between the particles and the side wall of the 
column (Sulaymon et al. 2013a, b).

In gas, liquid, and solid circulating fluidized beds reactor, 
the adsorbent is circulated between the downer and the riser 
in which the adsorption process occurs in the riser while 
the desorption process occurs in the downer column which 
increase contact efficiency between liquid–solid, operated 
continuously (adsorption and desorption work simultane-
ously that the particles circulated between two separate col-
umns), reduced back mixing of phases, greater throughput 
and improved mass transfer owing to the higher velocity and 
uniform flow pattern (Mohammed and Najim 2020).

The present work aimed to examine a novel technique 
of three-phase fluidized bed reactor, through adding a spi-
ral path for removal of engine oil (virgin and waste) from 
aqueous solutions by using Ricinus communis (RC) parti-
cles as inexpensive and environmental-friendly adsorbent. 
The biosorption process was examined under the influence 
of various important parameters including particle size and 
flow rate.

Materials and experimental work

Sorbent and chemicals

Ricinus communis (RC) leaves, as shown in Fig.  1, organic 
sorbent, have been collected from one of the fields in Bab-
ylon province, Iraq. Leaves were cleaned several times 
with distilled water until no foreign color was noticed, 
dried in an oven at 100 °C for 24 h after that sieved to 
the desired size and stored in stoppered bottle until use. 
Brunauer–Emmett–Teller (BET) analysis was performed 
using Belsorp mini II instrument conducted according to 
ISO-9277-2010 in laboratories of Iraqi Petroleum Research 
and Development Center, which is revealed that the sur-
face area of the used RC was found to be 11,175 cm2/g. 
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Moreover, to elucidate the fundamental morphological char-
acteristics of the RC, SEM images before and after adsorp-
tion of virgin and waste engine oil by RC particle was stud-
ied. Additionally, the active groups in solid surface were 
evaluated using Fourier transform infrared (FTIR) analysis, 
where the FTIR spectra were made using FTIR spectroscopy 
instrument (Shimadzu FTIR 8000 series).

•	 Engine oil type Hyundai ATF SP-III was used in this 
study, both of virgin and waste engine oil form, which 
was provided from a car station at Hilla city/Babylon, the 
car station serves at least 50 vehicle per day by replacing 
the used engine oil by a new one, and the oil used in this 
station was semi-synthesized type. The physical proper-
ties of engine oil were measured according to ASTM 
standard methods and GC–mass and are listed in Table 1

•	 Sodium dodecyl sulfate (SDS) was used as surfactant, 
the surfactant had both hydrophilic and hydrophilic ends, 
and the hydrocarbon tail attached oil molecules, while 

the sulfate and sodium end had been attached to water 
molecules. Table 2 lists the main properties of the SDS.

•	 All the chemicals used in this study were of analytical 
grade. The value of pH of the solutions was fixed to 
desire magnitude by adding of 1 mol/l NaOH or HCl by 
using a pH meter (WTW, inoLab 720, Germany).

•	 The desired concentrations of oil emulsion were by 
injecting the required volume of oil and SDS into specific 
volume of distilled water and then stirring at 200 rpm 
for about 15 min after that mixing; oil drops disappeared 
from water surface and water solution, and then, milk-
like solution was obtained, which exhibited the charac-
teristics of chemically stabilized solution. Diameter dis-
tribution of the emulsion was measured at different time 
intervals to ensure the stability using microscope, and 
the scanning cycles were set to three times to ensure the 
accuracy.

Experimental work

The experimental work was implemented in a continuous 
system using three-phase fluidized bed with spiral path reac-
tor (TPFB-S), which consists of two parts: the riser (9 cm 
diameter, height of 50 cm and capacity of 3.5L) connected 
to a cone of 7 cm height and then connected to a column of 
12.5 cm diameter for mixing the three phases. The second 
part is the spiral path (12.5 cm diameter contained a heli-
cal tube with 13.8 m length and 3.6L capacity), which then 
moved downward joining with the starting point of flow. 
The treatment unit contained emergency air outlet at the top 
of the riser which can be used to decrease the air fraction if 
pressure drop occurred; Fig.  2 shows a schematic diagram 
and photographic of the experimental device, respectively.

Different parameters were studied in reactor such as par-
ticle size at the range of 150–300 µm and 300–600 µm, flow 
rate and operation time for the removal of virgin and waste 
engine oil emulsion in aqueous solution, while keeping 
other parameters constant from previous batch experiments 
(400 mg/L concentration of adsorbent, 90-min contact time 

Table 1   General properties of fresh and waste oil

Property Fresh oil Used oil

Specific gravity (g/cm3) 0.887 0.773
Flash point (C) 218 198
Appearance Light brown liquid Dark brown 

to black 
liquid

Table 2   Properties of SDS surfactant

Property SDS surfactant

Chemical formula NaC12H25SO4

Molecular weight (g/mole) 288
Purity 99%
Company Fisher Scientific

Fig. 1   Ricinus communis leaves a before grinding and sieving, b after grinding and sieving and c after activation by KOH
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and acidified solution (pH < 2)) (Jaber and Alwared 2019). 
The minimum inlet velocity that causes fluidization of the 
solid particles was investigated by testing different inlet 
velocities placing on a specific amount of solid particles 
placed at the bottom of the reactor. At specific time intervals 
of each test, a sample was withdrawn from end point of the 
spiral zone, filtered and then analyzed for oil content using 
liquid extracted method (EPA 1664A method).

Desorption of oil

The recovery of oil from solid surfaces of adsorbent was 
achieved by using the desorption column as shown in Fig.  
3; in this stage, the mixture of solid particles that contained 
adsorbed oil molecules had been discharged to the desorp-
tion column that came from the separator in the second 
stage, and after that, pure hexane solution was added to the 
mixture in specific amount, the new mixture was looped 
many times to ensure completion of mass transfer of oil mol-
ecules from the adsorbent to be dissolved in hexane, then the 
mixture leaved to be stable, the hexane layer is noticeable 
on the top of solution, the column had steel filter near the 
upper point, amount of distilled water was used to raise the 

hexane layer to be above the sieve elevation so that it was 
easily moved out the column to be collected, and the solution 

Fig. 2   Schematic diagram of three-phase fluidized bed reactor: (1) 
riser column, (2) separator column, (3) spiral tube, (4) desorption col-
umn, (5) electrical pump for liquid phase inlet, (6) electrical pump 
for gas phase inlet, (7) emergency air outlet, (8) outlet of phases 
from riser toward spiral tube, (9) outlet of phases from riser toward 

separator column, (10) gas phase outlet, (11) distilled water inlet to 
separator column, (12) 125-micron filter, (13) outlet of solvent after 
extraction, (14) recycling of liquid and solid phases with solvent for 
desorption column, (15) electrical pump for phases recycling in des-
orption column, (16) outlet of particles after desorption

Fig. 3   Desorption column
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then heated for evaporation of hexane, to get the remaining 
matter which represented the adsorbed oil.

Results and discussion

GC–MS test

The chemical compounds that form both types of engine 
oil were analyzed through GC–MS test, and the results 
as plotted in Fig.  4 reveal that the major part of the two 
forms of oil was aliphatic hydrocarbon which was satu-
rated that made by single bond only (alkanes) or unsatu-
rated compound that made by double bond (alkenes) and 
a number of aromatic hydrocarbon had been detected 
by the testing device. It can be seen from these results 
that different aromatic and aliphatic hydrocarbons were 
detected by the GC–MS device, and the results of analysis 
explained the complex mixture of both fresh and used oil.

FTIR test

The ability of RC natural and activated by KOH in the 
case of before and after adsorption process was tested 
under FTIR test as shown in Fig. 5. Oil contains hydro-
carbons such as aliphatic compounds as a major part and 
aromatic compounds and also contains non-hydrocarbons 
such as sulfur and nitrogen compounds (like sulfides, thio-
phene, pyridine and pyrrole) (Liang et al. 2018), function 
group of C = C bond was noticed in the chart in the range 
1440–1600. This bond was resulted by the attendance 
of aromatic compounds in the oil formula (1,3,5-cyclo-
heptatriene and 2-methyl-6-propyl), the other function 
group recognized was C = C of aliphatic compounds in 
the range of 1600–1650, the source of this bond could 
be (1,8-nonadiene, 2,7-dimethyl-5-(1-methylethenyl)-), 
and the C–H bond of aliphatic hydrocarbons also noticed 
in the diagram in the range of 2850–2990. For the peak 
in the range 3200–3550, the hydroxyl group (O–H) was 

Fig. 4   GC–MS test results for a 
virgin oil, b waste oil
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the reason by this peak which included in different com-
pounds in oil like (2-isopropyl-5-methyl-1-heptanol and 
1-dodecanol, 3, 7, 11-trimethyl-). When waste oil was 

used, new bonds appeared and the transmittance values 
(% T) of various groups changed to new values, probably 
due to the interaction between these active sites with the 

Fig. 5   FTIR test results
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oil components. The founding of aromatic hydrocarbons 
like (benzene-1,3-dimethyl-, benzene-1,2,4,5-tetramethyl-, 
and benzocycloheptatriene) indicating the appearance of 
peak in range of 1440–1625. The appearance of peak in 
the range of 1600–1650 was related to the aliphatic hydro-
carbon (tetracosapentaene-2,6,10,15,19,23-hexamethyl-) 
as it contained the bond (C = C) in its formula, and the 
function group C–H in aliphatic hydrocarbons was found 
in the range 2850–2990. The source of this function 
group was different compounds that included in waste 
oil structure like (hexadecane-7,9-dimethyl- and nona-
decane-2-methyl-), hydroxyl group had been noticed in 
the range of 3200–3500, this function group was related 
to the compounds (phytol, 3-methyl-2-(3-methylpentyl)-
3-buten-1-ol, and octacosanol), and the carbon double 
bond with oxygen (C = O) had been found in the range 
1705–1750 which relates to the compound (2-naphthale-
nol-1,2-dihydro-acetate). The FTIR spectra for RC natural 
and activated were found to undergo significant changes. 
Consequently, the transmittance values (% T) of various 
groups changed to new values. Further, the shift in these 
groups after biosorption signified their role in the binding 
of different chemical compounds in the liquid–solid phase.

SEM test

To investigate the fundamental morphological characteris-
tics of the two adsorbents used, SEM micrographs of RC 
(Fig. 6) were captured. The results revealed that the natural 
form of adsorbent contained fine grooves that enhanced the 
attachment of oil uptake, and similar structure is also found 
by (Mamoucha et al. 2017). After processing the adsorbent 
to modified form, the porosity increased noticeably the acti-
vated by KOH form appeared in the images with more fine 
porosity distributed overall the surface, the accumulative of 
oil portions can be seen clearly by the images related to the 
state after adsorption, and the pores covered by oil indicate 
the validity of using the plant in adsorption process.

Minimum fluidized velocity

The accurate knowledge of the hydrodynamic parameters 
is important for design and performance of fluidized bed 
reactor (Sulaymon et al. 2013a, b). One of the most impor-
tant fundamental parameters in the design and analysis of 
fluidized beds is the minimum fluidization velocity (Hilal 
et al. 2001). It is not only set the lower limit to the flow 
rate of fluidized beds, but it is also one of the fundamental 

Fig. 6   SEM test results for natu-
ral RC adsorbent (a: before, b: 
after) adsorption and activated 
RC adsorbent(c: before, d: 
after) adsorption
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parameters in the modeling of biosorption-fluidized process. 
The minimum inlet velocity was recorded after placing of 
the particle bed and by slowly introducing liquid flow rate 
and increasing it gradually to different values from 0.0004 to 
0.0012 m/s at stagnant gas flow rate until any fluidization of 
the bed has been occurred; 0.0008 m/s was registered as the 
minimum one for fluidizing, and according to Geldart dia-
gram (Dechsiri 2004), the difference between the density of 
solid phase (0.202 g/cm3) and density of solution (0.998 g/
cm3) was 0.796 g/cm3 so that the particle with range size of 
300–150 micron considered as group A (aeratable) and so 
easy to fluidize.

Particle size ranges

The adsorption procedure was implemented in the continu-
ous system for examining the ability of adsorption of Ricinus 
particles with different particle sizes (150–300 and 300–600)
µm for both natural and activated form of RC adsorbent on 
the removal efficiency of virgin and waste oil from aque-
ous solution by natural and activated RC particles which 
are studied, and their results are presented in Fig.  7; this 
figure shows that the removal efficiency by activated RC was 
higher than that of natural form for all particle sizes. Further, 
the size of 150–300 µm shows higher removal efficiency 
for both natural and activated RC particles; this is due to 
decrease in the adsorbent specific surface area when particle 
size was increased (Alwared et al. 2020). Also as can be seen 
in Fig.  7, there is no clear difference between the removal 
efficiency of virgin and waste oil by natural or activated.

Liquid flow rate

The fluid flow rate is a major parameter for designing the 
biosorption column especially fluidized bed reactor due to 
its effect on the contact time between the particles and oil 

emulsion solution. A different liquid flow was tested (2.5, 
3.5 and 4.5 L/min) at stagnant air flow rate (1 L/min) and 
keeping other parameters constant from batch experiments, 
and their results are plotted in Fig. 8. The results indicated 
that at the initial 18 min of the adsorption time, the adsorp-
tion occurred at a rapid rate. Subsequently, the process 
slowed in a gradual state; thereby, the system reached the 
equilibrium condition within 90 min. Also, this figure shows 
that the removal efficiency increased by increasing liquid 
flow from 2.5 to 3.5. There was no significant change in the 
removal efficiency by increasing liquid flow rate from 3.5 
to 4.5 L/m. Increasing liquid flow rate more than 4.5 L/min 
leads to the formation of foam in the reactor path lines, and 
the amount of escaped air bubbles is less than those inside 
the solution due to the presence of surfactant in the solu-
tion which decreases the liquid velocity until closing the 
unit (Rossi and Cilliers  2000). The results of Fig.  8a and b 
show that there is no clear difference between the removal 
efficiency of virgin and waste oil by natural RC adsorbent, 
while it increased by about 7% when using activated RC 
instead of natural RC as can be seen in Fig.  8c and d.

Air flow rate

A different air flow rate varied from 0 to 1 L/min was studied 
at constant liquid flow rate for both virgin and waste engine 
oil emulsion by RC adsorbent, and their results are plotted 
in Fig.  9. It can be seen from Fig.  9a that there is a slight 
increase in the oil removal efficiency by increasing air flow 
rate from 0 to 0.3 L/min as compared with what happened 
by increasing the amount of inlet air from 0.3 to 1 L/min 
for both virgin and waste oil, and also, this figure shows a 
small difference in the removal efficiency between virgin and 
waste oil at low air flow rate; this may be due to the presence 
of some impurities of waste oil mixture such as dust, heavy 
metals and waste metals from engine body (Abdel-Jabbar 
et al. 2010). However, when using activated RC instead of 
natural RC, the same behavior was noticed except increasing 
the removal efficiency by about 7% as can be seen in Fig.  
9b. Increasing air flow rate more than 1 L/min leads to the 
problem of foam, and these results were in agreement with 
the finding of Rossi and Cilliers (2000).

Comparison of TPFB and TPFB‑S

In order to evaluate the effectiveness of the spiral path, 
experiments were implemented with the same conditions 
using natural and activated form of adsorbent for treating 
virgin oil without using the spiral part in the unit, and their 
results are plotted in Fig.  10; the results demonstrated that 
the spiral path enhanced the removal efficiency by about 
23% and 17% for natural and activated form of adsorbent, 
respectively.

Fig. 7   Effect of RC particle size on the removal efficiency of oil 
emulsion by RC adsorbent
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Desorption process

At the end of the adsorption process, the solution was trans-
ferred to the second stage in order to separate the adsorbent 
particles from the solution by using different hexane dosages 
(50, 100, 150 and 200) mL/L, and their results are plotted 
in Fig.  11, and as can be seen from this figure, the desorp-
tion process increased by increasing hexane concentration 
until reaching 150 mL/l; after that, it starts to decrease. The 
maximum oil recovery was 95% which had been achieved 
at 150 mL/L of hexane concentration.

Conclusions

In the present study, a spiral unit was introduced into the 
conventional three-phase fluidized bed reactor (TPFB) 
and the new separation equipment was named three-
phase fluidized bed with spiral path reactor (TPFB-S). 
RC leaves were considered as low-cost adsorbent for the 

uptake oil emulsion from aqueous solution in TPFB-S 
unit. The characterization study of the materials done 
using the SEM images and FTIR analysis provided evi-
dence for good biosorption of RC leaves related to the 
surface morphology and active groups. The biosorption 
performance of RC leaves for oil emulsion in TPFB-S 
reactor was remarkably influenced by changing the exper-
imental conditions such as particle size, liquid and gas 
flow rate. The maximum removal efficiency was 91 and 
98% at 150–300 µm particle size, 3.5 L/min liquid flow 
rate and 1 L/min air flow rate for both virgin and waste 
oil by using natural and activated form of RC, respec-
tively. Results show that adsorption–desorption process 
and the recovery efficiency increased from 50 to 95% 
when the concentration of hexane increased from 50 to 
150 mL/L. The results indicated that the spiral unit can 
produce the upward water flow which may reduce the 
burden of water treatment in the conventional TPFB and 
enhanced the removal efficiency of virgin oil emulsion 

Fig. 8   Effect of liquid flow rate on the removal efficiency of oil emulsion by RC adsorbent
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by about 23 and 17% for natural and activated form of RC 
leaves, respectively.
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