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MODELING OF DISPERSE DYE ADSORPTION ON MODIFIED POLYESTER
FIBERS

Marija Kodri¢!, Dragan Dordevi¢'*, Sandra Konstantinovi¢!, Mirjana Kostic?,
Tatjana Sarac'

!"University of Ni§, Faculty of Technology, Bulevar oslobodenja 124, 16000 Leskovac, Serbia
2 University of Belgrade, Faculty of Technology and Metallurgy, Karnegijeva 4, 11000 Belgrade, Serbia

The results of the research on the ability of adsorption of dye on polyester fibers at a
temperature of 98 °C are presented in this paper. The fibers were previously modified in
aqueous solutions of NaOH, KOH or Al(OH);. Typically, the dyeing of the fibers takes
place at high temperatures and under pressure in the presence of the carrier. Previous
processing before adsorption-dyeing, alkali hydrolysis, changes the surface morphology
of polyester fibers. Based on dye exhaustion results, it was found that the dye adsorption
on modified polyester fibers (degree of exhaustion 18.2 %, for a dye concentration of 200
mg-dm? and adsorption time of 5 min) has been bigger than adsorption to unmodified
fibers (degree of exhaustion 10 %, for a dye concentration of 200 mg-dm™ and adsorption
time of 5 min). The five-parameter nonlinear model of Fritz-Schlunder is the most effi-
cient in simulating isothermal adsorption of disperse dye on polyester fibers (the corre-
lation coefficient is 0.995). Other adsorption models, Dubinin-Radushkevich, Marczew-
ski-Jaroniec and Hill give poorer results and cannot be used to explain the adsorption of
the disperse dye for polyester fibers (the correlation coefficients are 0.891, 0.922 and
0.973, respectively).

Keywords: adsorption, polyester, disperse dye, nonlinear modeling.

INTRODUCTION

The synthetic fiber sector is continually exploring new areas to diversify products and
give them new properties. Thus, in recent years, great advances have been made in the
development of fibers derived from polyester and, for the first time, its consumption has
now surpassed the consumption of cotton, the most used natural fiber (1).

Polyethylene terephthalate (PET) fiber, which is a type of polyester (PES) fiber, is the
most widely used synthetic fiber due to its good physical and chemical properties. It is
also well known that PET fiber is dyed using disperse dyes at high temperatures of 120-
130 °C, owing to its hydrophobic nature and highly compact molecular structure (2).

It is known that most polyester textile materials are dyed in high-temperature (HT)
conditions. However, it may occasionally occur circumstances in which the use of HT
conditions is undesirable, and other methods must be used. These circumstances are, for
example, the presence of other fibers mixed with polyesters that are unstable in high-tem-
perature conditions or the need to achieve a brighter color of textile. Some other factors

* Corresponding author: Dragan Pordevié¢, University of Ni§, Faculty of Technology, Bulevar oslobodenja 124,
16000 Leskovac, Serbia, e-mail drag_64@yahoo.com
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may also occur in response to the increasing customer demands from textile production
(3).

The fact is that the polyester fiber has a very compact and crystalline structure and is
extremely hydrophobic. For this reason, its aqueous dyeing is carried out at high tempera-
ture and high pressure using disperse dyes. The dyeing of the polyester can be represen-
ted by several successive processes such as dissolving and dispersing the disperse dye,
transferring dissolved dye from the aqueous solution to the surface of the fibers, diffusing
and adsorbing the dye on the surface of the fibers, and diffusing from the surface to the
inside of the fiber. Thus, it should be added that it is very well known that additives affect
the processes of dyeing. (4).

Nowadays hydrolytic modification of the surface of polyester materials is more and
more used for obtaining different and better appearance. It has been shown that poly-
ethylene terephthalate has good conditions for modification by processing with alkalis.
The reaction with NaOH is saponification polyethylene terephthalate, and the products of
reactions are sodium-terephthalate and ethylene-glycol. It is an irreversible reaction,
which shows that in case of greater mass loss than wanted it is not possible to fix the ma-
terial. It is often called the peeling of polyester because by measuring the diffraction of
X-rays, it is proved that alkali hydrolysis appears only at the surface of fibers, and the
inner morphological structure of fibers stays unchanged. Treatment of fabrics with alkali
leads to the decrease of fiber diameter and exposure of the new surfaces and hence the
fabric properties will change (5-8).

This work tends to contribute to the explanations of dye adsorption on polyester fibers
through the modeling process, i.e. abilities of dye adsorption at chemically modified PES
fibers in aqueous alkaline solution, at a temperature of 98 °C without a carrier. The aim is
to successfully perform the dye adsorption or dyeing of alkaline hydrolyzed hydrophobic
fiber in less extreme conditions. Also, if the exhaustion of dye is large enough, there will
be less colored wastewater and less harm to the environment.

EXPERIMENT

Raw, undyed 100 % polyester (polyethylene terephthalate) fibers have been used
which is common in practice with the following characteristics: length 90 mm, fineness
1.5 dtex, tenacity 51.7 cN-tex’!, elongation at break 34.5 %.

Before dyeing 1 g of the PES fibers have been modified by water solution (50 dm?) of
NaOH, KOH and Al(OH); for 30 min, fibers: liquor ratio has been 1:50 while the tempe-
rature of the process has been 60 °C.

Dyeing of this modified PES fibers has been performed by disperse dye C.I. Disperse
Blue 81, molecular formula C14HoBrN>O4 and molar mass of 349.14 g-mol!, at 98 °C,
without carriers. According to its molecular structure, the dye is classified into anthraqui-
nones and is shown in Figure 1.
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Figure 1. Structure of the applied disperse dye C.I. Disperse Blue 81
(by software ChemBioDraw Ultra 14.0)

The test of dyeing-adsorption has been performed in the way that 1 g of fibers have
been dyed in the solution of a constant volume of 0.1 dm® on a shaker with a turn of 120
rpm; dye concentration has been 50, 100, 150 and 200 mg-dm™. The time of adsorption—
dyeing has been 5, 10, 20, 40 and 60 min. Equilibrium time has been 60 min because it
has been shown that with longer dyeing there are no significant changes in the level of
dye exhaustion. The aqueous solution of the dye has had the dispersing agent (Dispersant
SP, Achitex Minerva, Italy) 1.5 g-dm™ and formic acid (pH=4.5), whereas the tempera-
ture of the dye has been 98 °C.

For determining the concentration of dye in the solution, UV-VIS spectrophotometry
and apparatus Cary 100 Conc UV-VIS, Varian (absorption maximum on 630 nm) have
been used.

The dye exhaustion (9) or degree of exhaustion has been calculated via equation:

Dye Exhaustion = % 100 (%) (1]
0
where: Cp and C; (mg-dm™) are the initial and dye concentration in time ¢.

The amount of the adsorbed dye (9) obtained via equation:

_Co=Ce (2]

w
where: g. (mg-g!), the mass of adsorbed dye per mass unit of fibers in equilibrium; C,
(mg-dm), equilibrium dye concentration in the solution; w (g), the mass of fibers and V
(dm?), the volume of solution for dyeing.

The Dubinin—Radushkevich (D-R) isotherm can be applied for the estimation of appa-
rent free energy and the characteristics of adsorption (10).

The Dubinin—Radushkevich equation defined by the following equation:

e

e

2
de = dmpR ‘eXpli_KDR ~[R‘T~In(1+ci)] ] (3]

where Kpg is the Dubinin—Radushkevich isotherm constant related to the adsorption
energy (mol>kJ?), g.pr is the theoretical isotherm saturation capacity (mg-g), R is the
gas constant (8.314 J-mol! K!) and T is the temperature (K).
Hill (H) has proposed an isotherm model from the non-ideal competitive adsorption
model to define different adsorbate binding on a homogeneous surface of adsorbent (10).
3
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This isotherm model undertakes that the adsorption is basically a cooperative mani-
festation, including the ligand-binding capability at one site onto the macromolecule,
influencing various binding sites onto the same macromolecule.

The Hill isotherm can be represented as follows:

_ AmH 'CgH
Ky +CoH

If ny is greater than 1, this isotherm indicates positive cooperativity in binding, ny is
equal to 1, it indicates non—cooperative or hyperbolic binding and ny is less than 1,
indicating negative cooperativity in binding.

Marczewski—Jaroniec (M-J) isotherm (10) which is as well recognized as the four-
parameter general Langmuir equation is recommended based on the suppositions of local
Langmuir isotherm and the adsorption energies distribution in the active sites.
Marczewski—Jaroniec isotherm is expressed as follows:

e [4]

Myy

(KMJ 'Ce )nMJ ] My

- [5]
1+ (Kppy -Ce )™

Qe = Ammy [
The parameter nyy and myy, characterize the heterogeneity of surface, can vary from 0
to 1. This isotherm reduces to Langmuir isotherm for the value of both 7, and my; equal
to 1, to Langmuir-Freundlich isotherm for ny; equal to my; connected with the symmetri-
cal quasi-Gaussian energy distribution and to the Toth isotherm for my equal to 1 corres-
ponding to asymmetrical quasi-Gaussian energy distribution. The parameter m,; descri-
bes the spreading of the distribution in the path of higher adsorption energies, while 7,/
describes this spreading in the path of lesser adsorption energies.
Fritz-Schlunder (F-S) have proposed a five-parameter empirical expression which can
represent a broad field of equilibrium data (9):

_ 9mrs Ki-Co"
1+ K, -CJ"?
where ¢. is the adsorbed amount at equilibrium (mg-g™!), C, the equilibrium concentration

of the adsorbate (mg-dm™), gurs the Fritz-Schlunder maximum adsorption capacity
(mg-g") and K;, K>, m;, and m; are the Fritz-Schlunder parameters.

Qe withm; and m; <1 [6]

RESULTS AND DISCUSSION

Alkali hydrolysis leads to the greatest mass loss of PES fibers (9-11.0 %). Physical
characteristics vary slightly, the tenacity falls slightly (5-10 %), and elongation at break
shows a small increase (3-6 %), all compared to untreated samples of PES fibers.

The level of dye exhaustion in the dyeing of alkali hydrolyzed PES fibers has shown
in Figure 2. The results are shown only for the previous treatment of fiber with potassium
hydroxide since this pre-treatment showed the best results of the degree of exhaustion
compared to pre-treatment with sodium or aluminum hydroxide.

These results can confirm the fact that alkali pre-treatments change surface morpho-
logy of PES fibers, increasing the porosity (during the previous process in alkali solu-
tion), decreases the size of dye particles so that more individual molecules of disperse
4
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dye are present in water, and there are real chances that the applied alkali increased fibers
permeability, which gives the possibility to a greater number of dye molecules to diffuse
into PES fibers (11).

In the process of dyeing of raw PES fibers, i.e. in the disperse dye adsorption process
for PES fibers, the degree of dye exhaustion ranges from 10 % (18.2 % for KOH modi-
fied PES fibers) to 60 % (69.9 % for KOH modified PES fibers) for an initial dye con-
centration of 200 mg-dm™ at the time of dyeing 5 and 60 min.

Isotherm adsorption is of essential significance for investigation of the process of
dyeing at a temperature of 98 °C. The analysis of isothermal data by their fitting via dif-
ferent isothermal equations is an important step towards finding the right model which
can be used for controlling the process of dyeing (12).

In this investigation, nonlinear isothermal two-, three-, four- and five-parameter mo-
dels, i.e. D-R, H, M-J and F-S equation have been used. For the fitting of experimental
points, a "trial-and-error" non-linear regression method has used, which is implemented
using Microsoft Excel software (12).

100

—m— 60 min| 90 4
—®— 40 min|
904 —A— 20 mi
e tomin 80 ]
80 —_— . —*— 5 min 1 /
< — 70 *
% 70 .\.\.\- B */
2 I 507
2 60+ A
& A A N 3 50
3 504 T T——a 5
Q o 404
0O 404 — . . 8 A g ;
—_ . 304 / —=— 50 mg/dm*
30 4 4 —@®— 100 mg/dm
* —A— 150 mg/dm’
204 \*\*\* 20 1 —%— 200 mg/dm’
T T T T 10 T T T
50 100 150 200 0 20 40 60
C,, mg/dm® t, min
Figure 2. The level of exhaustion of dye on PES fibers during a different time and initial
concentrations

This software was used to compare and optimize isotherms using optimization to mi-
nimize the residual sum of squares error (SSE) or maximize the coefficient of determi-
nation (R?) between the experimental and the modeled values.

Figure 3 gives a comparable display of isothermal models of D-R, H, M-J and F-S
through the nonlinear fitting of experimental data. Parameters of models obtained from
nonlinear regression are listed in Table 1. SSE (0.26) and R? (0.995) in five-parameter F-
S isotherm is the highest of the four models, which confirms the fact that this model is the
most efficient in nonlinear simulating of isothermal adsorption of disperse dye on PES
fibers, which can be noticed at a visual review of nonlinear curves in a diagram of Figure
3. Then, three-parameter H model follows, also with high SSE (1.48) and a smaller R?
(0.973), then four-parameter M—J model which has poorer statistical parameters, SSE
(4.32) and R? (0.922) and finally, two-parameter D-R with the worst results (SSE=6.09
and R?>=0.891). F-S, as five-parameter isotherm is dominant, according to the cover of

5
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% Experimental points
[=——— Fritz and Schlunder
- Hill

= = Marczewski-Jaroniec
[— - — Dubinin-Raduschkevich

20 30 40 50 60

C,, mg/dm®

Figure 3. Nonlinear adsorption isotherms during PES fibers dyeing

Table 1. Analytic equations of nonlinear isotherms with coefficients for the system

dye-PES fibers

An analytic expression of a nonlinear model Model parameters |SSE| R?
Dubinin—Radushkevich: qmbr, ME/g 13.12
2
g, =13.12-exp —1.4.105.[3084.5.|n(1+i)] Koz, mol/kJ? | 1.4.105| 609 0-891
e
Hill: gm, mg/dm® | 3.3-10°
_3.3.10°.¢2%° i, — 0.59 11.48(0.973
° 25.10°+C2%° K, — 2.510°
Marczewski—Jaroniec: qmms, mg/g |1.3:10°°
5 008 Y Ky, dm¥mg |1.3-10°
(13:10°c,) -
-6 e ), 0.05 ]4.32(0.922
9e =130 8105 G, P
+(1.3-107-Co) M, — -1.75
gmrs, Mmg/g 0.35
Fritz—Schlunder: K, — 1.71
_ 059.Cc2% K>, — 7.8:10°]0.26[0.995
° 1+7.8.10°.c2™ my, — 0.86
my, — 2.14
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CONCLUSION

It is shown that dye adsorption of alkali modified fibers has increased, the dye
exhaustion grows in comparison with the raw sample.

The five-parameter nonlinear model of F-S is the most efficient in simulating iso-
thermal adsorption of disperse dye on PES fibers.

Other adsorption models, D-R, H, and M-J give poorer results and can not be used to
explain the adsorption of the disperse dye for PES fibers.

The results of this work achieved by these effects indicate the possibility of a different
approach in the process of dyeing the polyester by disperse dye, for the benefit of greater
exhaustion, economy, and protection of the environment.
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REMOVAL OF NATURAL ORGANIC MATTER AND EMERGING
CONTAMINANTS FROM GROUNDWATER USING OZONATION AND GAC
FILTRATION

Jelena J. Molnar Jazié, Marijana M. Kragulj Isakovski, Aleksandra M. Tubi¢, Tamara B.
Apostolovi¢, Malcolm A. Watson, Snezana P. Maleti¢, Jasmina R. Agbaba*

University of Novi Sad, Faculty of Sciences, Department of Chemistry, Biochemistry and Environmental
Protection, Trg Dositeja Obradovi¢a 3, 21000 Novi Sad, Republic of Serbia

This work presents results from a pilot-scale drinking water treatment plant used to
investigate the performance of ozone oxidation and granulated activated carbon (GAC)
adsorption in removing natural organic matter (NOM) and specific organic micropollu-
tants from groundwater. The investigated groundwater has a relatively low NOM content
(1.83+1.01 mg C/L total organic carbon, TOC). Using gas chromatography/mass spec-
trometry (GC/MS) screening analysis, a variety of different organic compounds were
identified, including benzophenone, 2-phenoxyethanol, butylated hydroxytoluene and
benzoic acid, all contaminants of emerging concern (CEC) identified by NORMAN. The
application of the ozonation process resulted in a 4-20% NOM reduction, based on the
TOC values. Estimated removal of CECs by ozone increased with increasing ozone dose
(up to 1.0 g Os/m?) and was in the range 24-70%. Adsorption on GAC further improves
total NOM and CECs removal compared to the ozonation alone. Combined use of ozone
and GAC provides up to 16-33% TOC reduction as well as 70-82% CECs removal. UV
absorbance values at 254 nm can serve as an indicator of aromatic carbon content in
water, and were significantly reduced after ozonation and GAC filtration (by up to 50%,).
Among the CECs investigated, benzophenone was the most prone to oxidation/adsorption
treatment. In addition to the naturally present organic matter, CECs detected can serve
as indicators of anthropogenic pollution which may alter drinking water quality.
Tracking their behaviour during treatment allows assessment of the efficiency of the tech-
nological line and optimization of the oxidation process in the case of groundwater
pollution by infiltration.

Keywords: ozonation, GAC filtration, NOM, emerging substances

INTRODUCTION

Drinking water treatment plants face great challenges in optimizing technologies to
avoid human health risks and to ensure environmental sustainability. Population growth
is in direct correlation with the lower availability of water sources, as quality deteriorates
due to land use and climate changes, hydrology and water quality changes (1). An impor-
tant series of new contaminants are of particular concern, the emerging (or micro-) pollu-
tants (2), with varied concentrations (ranging from ng/L to mg/L) whose transformation
through drinking water treatment processes can lead to compounds which may be more

* Corresponding author: Jasmina Agbaba, University of Novi Sad, Faculty of Sciences, Department of Che-
mistry, Biochemistry and Environmental Protection, Trg Dositeja Obradovi¢a 3, 21000 Novi Sad, Republic of
Serbia, e-mail: jasmina.agbaba@dh.uns.ac.rs
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toxic, persistent and less biodegradable than their predecessors. The NORMAN network
was created to keep track of such contaminants and maintains a list of substances detec-
ted in European aquatic environments, but which are not currently included in routine
environmental monitoring programs. The NORMAN network (2016) list now has 700
contaminants of emerging concern (CEC), their metabolites and transformation products,
and these contaminants may be candidates for future legislation due to their adverse ef-
fects and/or persistency (3). CECs are categorized into more than 20 classes relating to
their origin including: pharmaceuticals, pesticides, disinfection by-products, and wood
preservation and industrial chemicals (4). The most important environmental effects of
CECs refer to: bioaccumulation and biomagnification, persistency, toxicity, endocrine
disruption potential, carcinogenic effects, and mutagenic and teratogenic effects (5).
Conventional treatment processes that include physical-chemical and biological treat-
ments as the major steps during water treatment, are principally designed to eliminate
organic matter and finally prevent outbreaks of infectious waterborne diseases by app-
lying chlorination in the final step (6). However, previous research has shown that many
organic micropollutants are not completely removed during conventional drinking water
treatments (coagulation-flocculation, filtration, chlorination) (7). In addition, chlorination
as a means of drinking water disinfection, although an indispensable treatment process
since the early 20th century (8), may lead to reactions between free chlorine and CECs in
water, resulting in the formation of disinfection by-products (DBPs) such as nitrogen-
containing DBPs including haloacetonitriles, halonitromethanes and haloacetamides, car-
bonaceous DBPs including trihalomethanes, haloacetic acids and chloral hydrate as well
as brominated and iodinated DBPs (8). The combined use of ozone and activated carbon
has been developed to improve process efficacy for the treatment of water rich in natural
organic matter (NOM) which can interfere and reduce the target pollutants removal (6).
The aim of this study was to investigate the possibility of NOM and selected CECs
removal from groundwater using ozone oxidation with different ozone doses and GAC
adsorption. The investigation was carried out using a modular drinking water pilot plant.

EXPERIMENTAL
Materials

All solvents used, dichloromethane, hexane and methanol, were purchased from J.T.
Baker and were ultra resi-analysed quality. Analytical standards were purchased from
Sigma-Aldrich. Potassium indigotrisulfonate and potassium iodide were purchased from
Sigma-Aldrich. All other chemicals were of analytical grade and were used without
further purification.

Pilot plant investigations

The water treatment was carried out using a modular drinking water pilot plant with a
capacity of 2 m*h. The groundwater investigated was drawn from the first aquifer layer
from wells of a depth of around 30 m (AP Vojvodina, Republic of Serbia). It was
subjected to the following treatments: aeration, sand filtration, ozonation, adsorption on
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GAC. The water flow through the ozonation column was about 1300 L/h. Ozone was ge-
nerated from ambient air using a General Electric ozone generator with a 10 g/h capacity.

Ozone gas was introduced into the ozonation column by injector and the applied
ozone doses ranged from 0.3-1.0 g Os/m?, based on the ozone demand of the investigated
water. Off-ozone was removed from the top of the column and underwent destruction via
activated carbon. The pilot plant was equipped with two ozonation columns and a
retention (stabilization) column. Water flowing from the retention column was fed to the
GAC adsorber. The adsorbers were designed as closed vessels with a GAC layer and
were operated in downflow mode. The treated water was collected in a reservoir and
sampled for further analysis. This work presents the results of the influence of ozonation
and GAC filtration on the total NOM and specific CECs removal.

Analytical methods

The concentration of ozone in the gas phase and in water samples was determined by
iodometric procedure and the indigo colorimetric method according to the standard
methods (9). Determination of pH in water samples was carried out on-site using a WTW
InoLab portable pH meter, according to SRPS H.Z1.111:1987. The TOC content in the
water samples was determined by Elemental LiquiTOCII according to method SRPS ISO
8245:2007. UV2s4 absorbance was measured in a 1 cm quartz cell on a CINTRA 1010,
GBC Scientific Equipment spectrophotometer at a wavelength of 254 nm.

Gas chromatography/mass spectrometry (GC/MS, Agilent Technologies 7890A/ 5975C)
was used for screening analysis. Chromatographic conditions were as follows: initial tempe-
rature 70 °C for 2 min, then 25 °C/min to 150 °C, then 3 °C/min to 200 °C, then 8 °C/min to
280 °C, hold 10 min. Injection temperature 250 °C, injection mode splitless, injection volume
2 ul. MS source temperature 230 °C, MS Quad temperature 150 °C, transfer line temperature
280°C. Acquisition mode Scan/SIM. Results of GC/MS analysis were evaluated using
Deconvolution Reporting Software (DRS) that combines results from the Agilent MSD
Productivity ChemStation, the NIST Automated Mass Spectral Deconvolution and Iden-
tification Software, and the NIST 2008 Mass Spectral Search Program (NISTO08). Samples for
GC/MS analysis were prepared using an extraction procedure according to USEPA 3510C
method guidelines.

RESULTS AND DISCUSSION

Groundwater characteristics

The groundwater was subject to defferisation and demanganisation (aeration and sand
filtration: A/F). This water then underwent ozone and GAC treatments with the following
characteristics: pH 7.9£0.1; electroconductivity 635+28 uS/cm; hardness 15,4+0,6 °dH;
KMnO4 consumption 5,1+0,4 mg/L; 1.83+1.01 mg C/L TOC and 0,025+0,01 cm™ UVs4.
The investigated groundwater has a relatively low content of total organic matter. How-
ever, results of GC/MS analysis showed that different organic compounds are present in
the water samples, including hydrocarbons, organic acids and esters of organic acids, al-
cohols and aldehydes, phenols and organonitrogen compounds, with up to 40 compounds
detected in total. Among the identified compounds benzophenone (BP), 2-phenoxyetha-
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nol (2-PE), butylated hydroxytoluene (BHT) and benzoic acid (BA) were selected as con-
taminants of emerging concern (CEC) identified by NORMAN. CEC have been detected
in the environment but are not yet included in routine monitoring programmes at the EU
level. The estimated CEC concentrations were in range 35-150 ng/L. Taking into account
that the fate, behaviour and (eco)toxicological effects of CEC are not well understood
their fates during the water treatment processes were monitored.

BP is commonly used in many kinds of cosmetics and sunscreens and represents a
typical ultraviolet-absorbing chemical. BP is commonly detected in effluents of wastewa-
ter treatment plants, lakes, surface and groundwaters and even in tap waters at concen-
trations between several nanograms per liter and micrograms per liter. BP has endocrine-
disrupting effects in vitro and in vivo thus it needs to be removed during the water treat-
ment preparation (10,11). Aromatic carboxylic acids including BA are used as raw ma-
terials or generated in various industries such as printing and dyeing, pharmaceuticals,
food, cosmetics and paper mills and have a low biodegradability. BA is detected in the
effluents of the pharmaceutical industry, in surface waters and groundwater (12). BHT is
a toluene-based ingredient used as a preservative in food and personal care products. 2-
PE is a bactericide often used in dermatological products, such as skin creams and sun-
screens; and also, as fixative for perfumes, insecticide and topical antiseptic and has been
found in surface waters at concentrations up to 14 pg/L (13) and 129 ng/L in groundwater
(14). Previous investigations have shown relatively high concentrations of the studied
CEC in the range up to 0.1-40 ug/L, which indicates the necessity to apply appropriate
water treatments for their removal from drinking water sources.

Effects of ozone oxidation and GAC filtration on the total NOM removal

Figure 1 presents the results of the total NOM removal from water using ozonation
and GAC filtration based on the TOC value (Figure 1a) and UV,s4 absorbing compounds
(Figure 1b). The application of the ozonation process resulted in a 4-20% TOC reduction.
Combined use of ozone and GAC provides up to 16-33% TOC reduction. UV absorbance
values at 254 nm can serve as indicators of aromatic carbon content in water and were
significantly reduced after ozonation and GAC filtration (by up to 50%).
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Figure 1. Effects of ozonation and GAC filtration on the (a) TOC and (b) UV2s4
reduction in water
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Effects of ozone oxidation and GAC filtration on the removal of certain CEC

Figure 2 presents the results of the CEC removal from water using ozonation and
GAC filtration. Estimated removal of CECs by ozone increased with increasing ozone
dose (up to 1.0 g O3/m?) and was in the range 24-70%.
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Figure 2. Effects of ozonation and GAC filtration on the (a) BP, (b) BHT, (¢) 2-PE and
(d) BA removal from water

The efficacy of CEC degradation by ozone alone increases with increasing ozone
dose. Adsorption on GAC further improves CECs removal compared to ozonation alone,
due to the affinity to adsorb not only persistent CEC but also their oxidation intermediate
products (15). Combined use of ozone and GAC provides 70-83% CECs removal. The
results show that of the CECs investigated, BP was the most prone to oxidation/adsorpti-
on treatment, probably due to the presence of two aromatic rings susceptible to electro-
philic ozone attack. The highest degree of BHT, BA and 2-PE removal was achieved
using the highest applied ozone dose of 1.0 g O3/m? in combination with GAC adsorption
(up to 82%, 70% and 75%, respectively), while a maximal BP removal of 82% was
obtained using 0.7 g Os/m® in pretreatment to the GAC filtration. Previous studies indi-
cate that most of the investigated CEC can be degraded using ozone under laboratory
conditions (10,12, 13). However, there is a lack of data related to their behaviour using a
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combined treatment of ozone and GAC at a higher level such as pilot scale and in real
drinking water conditions, indicating the significance of the data obtained in this study.

CONCLUSION

A pilot-scale investigation of drinking water treatment showed that ozonation com-
bined with adsorption on GAC can reduce total NOM content as well as contaminants of
emerging concern from water with high efficiency. The efficacy of total NOM and CEC
removal increased with increasing ozone dose in the pretreatment before GAC. Even
though CEC are not yet included in routine monitoring programmes at the EU level or in
the Republic of Serbia, they are indicators of anthropogenic pollution which may alter
drinking water quality so there is a need for their monitoring during water treatment.
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The article discusses the use of concentrated coagulant aluminum sulfate solution to
increase the efficiency of upflow clarifiers for drinking water preparation. The water
treatment using coagulants from roughly dispersed and colloidal contaminants is one of
the most common methods. However, the reagent consumption is quite significant under
adverse coagulation conditions (insufficient alkalinity, high chromaticity, and low water
temperature), therefore this method requires improvement. It was established that the
considered method for the increasing efficiency of upflow clarifiers of water supply sys-
tems at drinking water preparation by using the concentrated solution of aluminum sul-
fate coagulant can reduce the reagent consumption by an average of 15-20%, to improve
the water treatment quality and to increase the treatment setups productivity. Therefore,
the actual tasks are to study the features of the coagulation process and the influence of
various factors for the natural water treatment quality and the scientific improvement
and technological regime choice elaboration for water treatment in upflow clarifiers with
the concentrated coagulant solution using.

Keywords: upflow clarifiers, drinking water quality, water treatment processes, alumi-
num sulfate coagulant

INTRODUCTION

Water resources are the national wealth and one of the main components of the
economic development of each country (1). The water supply provides the industry stable
functioning, satisfies social, hygienic, cultural, aesthetic and other population needs (2,
3). It is necessary to have a number of plants for the water collection, lifting, treatment,
accumulation, transportation and distribution to provide the population and the industrial
complex by water (4).

The surface water preparation often involves the colloidal and suspended solids reten-
tion, which sizes are fluctuating over a wide range (5). Single- or two-stage schemes of
water reagent preparation can be used for this purpose (2). The sedimentation tanks or
upflow clarifiers are used in the first stage of water treatment (6). The treatment efficien-
cy in upflow clarifiers is higher than in the sedimentation tanks, as a result of combining
the processes of water sedimentation, flocculation and filtration through the suspended
sediment bed. As a result, the overload to the second stage of water preparation (to the
rapid filter) decreases.

* Corresponding author: Serhii Martinov, National University of Water and Environmental Engineering, Rivne,
Ukraine, e-mail: s.y.martynov@nuwm.edu.ua
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The task of the water clarifying technological process improving at the upflow cla-
rifiers mainly leads to creation the optimal conditions, to obtain the large flakes with a
highly developed surface and to reduce the time of their formation (7, 8). The high effect
of water clarification is achieved at clarifiers; at the same time, they are not without
drawbacks, such as the sensitivity to the water flow rate changes through the suspended
sediment bed, to the water temperature and other parameters (9). The effectiveness of
upflow clarifiers depends on the suspended bed state in the working chamber. The source
water quality (suspended solids presence, water chemical composition, temperature),
hydraulic conditions (ascending water flow rate, its distribution between the clarification
zone and the sediment separation zone), the sediment chemical composition and structure
in the suspended bed (flakes size, their strength and volumetric weight), are the main
factors, which are determining the intensity of suspended bed formation and the suspen-
ded solids content in it.

It is advisable to improve the efficiency of upflow clarifiers by optimizing the contact
medium properties that can be achieved by implementing the studies in the following
directions (10, 11):

- by increasing the suspended sediment concentration;

- by improvement the contact medium physicochemical properties (fall velocity,
specific gravity, volume concentration, particles coalescence force);

- by increasing the ability of suspended sediment coagulating (changes & potential
and adsorption capacitance);

- by optimization the compaction conditions for excess sediment in the sediment
compactor;

- by searching the possibility of reducing the input coagulant doses.

The greatest difficulties during the exploitation of upflow clarifiers are occurring
during the treatment of low turbid colour water when suspended sediment formation and
the flakes amalgamation with a dense structure are very slow. The suspended bed con-
centration is insufficient and its sorption ability is small to achieve the necessary degree
of water clarification at high rates of the increasing flow in clarifiers. The situation is
more complicated in winter because the processes of water coagulation and clarification
are slowed down significantly at a low temperature of the source water (12, 13).

It is possible to intensify the water purification processes in upflow clarifiers using the
concentrated solution of the aluminum sulfate coagulant. The process of solid-phase
nuclei formation, their growth and transformation into coagulation centers at water treat-
ment with a concentrated coagulant solution occurs more intensively than using a diluted
coagulant solution. It should be noted that coagulant salts in more concentrated solutions
are hydrolyzed to a lesser extent in diluted ones; aluminum hydroxides formed from a
less hydrolyzed salt and have a larger coagulating ability (14). Electron microscopic stu-
dies showed that the emerging aluminum hydroxide sols acquire a more branched crys-
talline structure when using a concentrated coagulant solution; the last one allows inten-
sifying the processes of drinking water treatment.

The purpose of the work is to increase the efficiency of upflow clarifiers at the pre-
paration of drinking water using a concentrated solution of aluminum sulfate coagulant.

The influence of a concentrated solution of aluminum sulfate coagulant to the change
in the following basic parameters of the upflow clarifier was studied for this:
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- the fall velocity of the clarifiers contact medium;
- the change in the suspended sediment concentration along with the clarifier

height;
- the dependence of sediment suspension concentration on upstream water
velocity.
EXPERIMENTAL
Laboratory setup is equipped by upflow clarifiers

The studies were conducted at a laboratory setup; they are shown in Fig. 1.

: 0

el

_
1]

Figure 1. Scheme of the laboratory setup with clarifiers

1 — the clarifier; 2 — the sampling drainages; 3 — the coagulant batcher; 4 — the tank with the polluter; 5 — the
tank with the source water; 6 — the mixing tank; 7 — the mixer; 8 — the air separator; 9 - the clarified water
sampling (the outlet of treated water); 10 — the piezometric shield; 11 — the pipe of the excess sediment removal
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The setup consists of a clarifier 1, made of plexiglass tube with a diameter of 100 mm
and a height of 2.5 m. The clarifier transparent walls allowed us to visually observing the
water treatment process. The clarifier after 200 mm height was equipped by sampling
tubes 2 for sampling from different beds of the clarifier. The water with finely dispersed
kaolin was fed into the tank with the source water from the tank with the polluter 4,
where it was mixed by the mixer 7. The obtained water model was mixed in the mixing
tank 6 using the mixer with a coagulant solution from coagulant batcher 3. A piezometric
shield 10 was used to control the water pressure in clarifiers. The clarified water outlet 9
was carried out along the circular gutter from the boundary part of the clarifier. The
excess sediment was removed into the sewage by pipe 11.

The filtrate quality and head losses in the suspended bed of the clarifier were fixed
during our studies. The filtrate quality was evaluated by measuring the light attenuation
coefficient using the photoelectric calorimeter. Head losses were determined according to
the piezometer data of the piezometric shield.

Our studies were fulfilled with the water of The Seversky Donets River and with test
water in the winter period and in the spring flood period, when the impurities coagulation
process is the most difficult. The qualitative indicators of the studied water are given in
Table 1.

The coagulant solution concentration did not exceed 25%. The coagulant doses were
in the range of 45-70 mg/dm?, counting on a marketable product.

Table 1. The qualitative characteristic of studied water

The indicator’s name The winter period The spring flood period

Temperature, °C 2.6-3.1 8.8-10.1

The suspended substances

3 28.0-35.0 21.5-234
content, mg/dm
Chromaticity, degrees platinum
cobalt scale (PCS) 2531 33-45
pH 79-8.1 69-7.1
Alkalinity, mmol/dm? 25-2.8 1.7-2.1

The laboratory setup for study the particles fall velocity of suspended bed

The hydraulic characteristic of the clarifier contact medium determines the sedimen-
tation rate and the degree of the suspension homogeneous. The water rate in the clarifier
and its productivity depends on it. The volumetric suspended solids concentration and
residual solids content in clarified water depends on the hydraulic characteristics at a
given water rate in the clarifier (6, 15).

Fig. 2 shows a setup for determining the fall velocity of the coagulated suspension of
upflow clarifiers contact medium. The laboratory setup consists of a glass cylinder with
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conical ends and it works on the pressure principle, which allows regulating the rate of its
filling over a wide range. The suspended sedimentation time is adopted following the
rules of the water treatment technological analysis (16, 17). So, the sedimentation time of
the suspended solids fall velocity is 0.2 mm/s, the settling time was 24 minutes, 0.4 mm/s
— 9 minutes, etc (6). Samples were taken from the upper part of the device (above mark
A) and the lower part of the device (below mark B) after the specified sedimentation
period. The weight content of suspended solids was determined in each sample.

g

g

ol %
B v
1

Figure 2. Setup for determination the fall velocity of suspended solids:

1, 3 — the branch pipe for connecting the rubber tubes with clamps for regulation the fluid motion mode; 2 — the
branch pipe for the contact medium sample inlet from the laboratory setup into the device; 4 — the branch pipe
for the air outlet.

The weight concentration of suspended solids in samples, mg/dm® taken from the
contact medium was determined by the formula:

C=(gi1tg)/Vo (1]

where g; is the sediment weight in a sample taken from the upper part of the device, mg;
g2 1s the sediment weight in a sample taken from the lower part of the device, mg; Vy is
the part of the device volume from the end of branch pipe A to mark 2, mm3.

Then the percent of the suspended solids in each device was determined by the

formula:
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K=(C-Vi- g)/(CVy) [2]

where V; is the part of the device volume between marks A and B, dm®.

The corresponding sedimentation rate 7 of suspended solids for each of the obtained
values K was determined by dividing the distance between marks A and B (mm) to the
sedimentation time of the sample (seconds). These values and the rates of suspended so-
lids sedimentation, at a given particle fall velocity, under various conditions of its forma-
tion are represented at graphs.

The sediment amount, which was sedimented into the cone of the first cylinder in 6
minutes, characterizes the percentage of the suspended solids that were sedimented from
the test water at a rate of 1.2 mm/s or more according to the (6) study. The sediment
amount, which was sedimented into the cone of the second cylinder in 36 minutes, cha-
racterizes the percentage of the suspended solids that were sedimented from the test water
at a rate of 0.2 mm/s and more.

The results of the determination of the suspended solids sedimentation rate, %, are
expressed by the formula:

S=A/B [3]

where A is the amount of the suspended solid (as a percentage from the initial), which
was sedimented with a sedimentation rate of 1.2 mm/s and more; B is the suspension
amount (in percent of the initial) that was sedimented at a rate of 0.2 mm/s and more.

RESULTS AND DISCUSSION

The influence of concentrated solution of aluminum sulfate coagulant to the fall
diameter of the clarifiers contact medium

The value of the coagulated suspended solids fall velocity is one of the main indi-
cators of the upflow clarifiers’ work. The fast and complete heterogeneous system sepa-
ration (the natural water) depends on the suspended solids fall velocity that was formed
during water treatment with reagents.

Some conditions must be complied with determining the hydraulic characteristics of
suspended solids of the clarifiers contact medium. The suspended solids should save the
same particle size and volume concentration in the samples taken for study, like in the
clarifier working area. The breaking of suspended solids flakes, their sedimentation and
amalgamation should not occur at sampling for this purpose.

The study results are shown in Fig. 3.

It was established that the sedimented coagulated suspension amount increases at 25%
with the increasing of coagulant solution concentration.

22



APTEFF, 51, 1-206 (2020) UDC: 628.161.3:628.033]:66.065.2:546.62'226

DOI: https://doi.org/10.2298/APT2051017D BIBLID: 1450-7188 (2020) 50, 17-27
Original scientific paper

z 100 7 Coagulant solution concentration:

e O -10% 0O-20% A -25%

< 807

<

Ei X

g g 607

joni e}

(/Z o

T § 401

=

]

£

S 207

%]

0 T T T T T 1
0 0.2 0.4 0.6 0.8 1.0 1.2

Fall velocity of the clarifiers contact medium, mm/s

Figure 3. The influence of concentrated solution of aluminum sulfate coagulant to the
fall velocity of the upflow clarifiers contact medium

The influence of the concentrated solution with aluminum sulfate coagulant to the
changes of suspended sediment concentration along with the clarifier height

The suspended solids content in the clarified water, their physical properties and the
coagulant dose affect to flakes specific gravity and the size of suspended sediment.

The sediment value concentration that is entered into the sediment compactor has a
significant impact on the compaction process. It is compacted better and faster if the
sediment concentration is higher with the same specific gravity of flakes.

The observations were carried out at a laboratory setup (Fig. 1) with the steady-state
mode of the clarifiers work at the end of the cycle. The sampling was not disturbing the
upper boundary position of the suspended sediment, i.e., the amount of the entering sedi-
ment into the clarifier was corresponding to the collected sediment amount.

The research results are shown in Fig. 4.

The variable weight concentration of the suspended sediment presence along the bed
height was observed during observation, using conventional and concentrated coagulant
solution. The heaviest particles were accumulated at the bottom as a result of hydraulic
sorting.

During the patterns of change study, it was found that the suspended sediment weight
concentration along the suspended bed height increases with the increasing concentration
of the coagulant solution. This process occurs over the all suspended sediment bed height
at water treatment with 20% of the aluminum sulfate coagulant solution, the suspended
solids concentration at a depth of 140 cm is 1250 mg/dm? and using 10% of the coagulant
solution it is 671 mg/dm’, etc.
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Figure 4. The suspended solids concentration changes along the bed height in the upflow
clarifiers

The increasing productivity of upflow clarifiers

The intensifying effect of the concentrated coagulant to the processes of suspended
sediment formation in clarifiers, water treatment in these structures, the excess sediment
compaction allowed us to conclude that it is possible to reduce the coagulant estimated
doses and to increase the productivity of clarifiers without the deterioration of clarified
water quality.

Table 2 shows studies with different coagulant aluminum sulfate concentrations at the
test water.

During studies, the ascending water flow rate in the clarifier at water treatment with a
10% of coagulant solution was 0.5-1.0 mm/s, and at the concentrated coagulant solution
using it was 0.6—1.2 mm/s, which allowed to increase the throughput ability of clarifiers
and to increase its productivity. The decrease of clarified water transparency has occurred
when the clarifiers medium is increased during water treatment with 10% of the coagu-
lant solution.

The studies are showing the possibility of reducing the concentrated coagulant solu-
tion doses. Reducing the coagulant dose using 10% of the coagulant solution is imprac-
tical because the increased turbidity of clarified water is observed. The concentrated coa-
gulant solution doses can be reduced during its use on the average of 10-25%, without the
deterioration of the clarified water turbidity.
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Table 3 shows the effectiveness of the concentrated coagulant solution using during
the water clarification process in upflow clarifiers at various concentrations.

Table 3. The efficiency of using the concentrated coagulant solution at the water
clarification process in upflow clarifiers models at various activation modes

Coagulant The upstream Coagulant Clarified water Chromaticity of
solution  upstres dose turbidity the clarified
. rate increasing, . . .
concentration, Y reduction, reducing (max), water reducing,
% ° % % %
20 12 10-16 28 — 34 10-12
25 17 20 —-25 40 — 45 18 — 25
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The analysis of our obtained data allows concluding that the greatest effect is obser-
ved at water treatment with the 25% of the aluminum sulfate coagulant solution.

It was established that the concentrated coagulant solution of aluminum sulfate use
allows achieving the clarified water transparency of 290-300 cm and more at sufficiently
low turbidity values of clarified water in the clarifier (up to 100 mg/dm?).

The reduction of the clarified water turbidity in upflow clarifiers influences the opera-
tion of system treatment facilities in general, using the concentrated coagulant solution. It
is known, that the fine suspended solution, which is difficult to remove (at a sedimen-
tation rate of 0.2-0.4 mm/s or less), is sedimented to the constructions of the second trea-
ting stage (filters) with the clarified water, where one part is deposited at the film on the
filters surface, another part is in the pores of the filter bed, etc. As a result, the head losses
during the water passage through the filters gradually increase, and upon reaching a cer-
tain limit value the last one must be output for washing. The filters run duration (the filter
duration from one washing to another) significantly affects the treatment setups opera-
tion. Moreover, the consumption for filters washing composes a large part (approxima-
tely 70%) from current expenses for the filters exploitation. Therefore, the filters run du-
ration will be longer with the lower suspended solids content in water, which is entered
into the filters. The treatment setup will operate more efficiently and vice versa the filter
run duration decreases with the suspended solution amount increasing in filtered water.

CONCLUSIONS

(1) The method for increasing the efficiency of the upflow clarifiers was proposed for
the clarified water treatment with the concentrated coagulant solution of aluminum sulfa-
te that allows optimizing the contact medium properties of the clarifier.

(2) The studies of the regularity work of upflow clarifiers with the impurities coagu-
lating by the concentrated coagulant solution of aluminum sulfate, allowed increasing the
fall velocity of coagulated suspended solids by an average of 30%. The increasing of the
suspended solution weight concentration along with the suspended sediment bed height,
the increasing of the suspended sediment specific gravity with the invariable duration of
its formation, the possibility of increasing the upflow rate without the significant redu-
cing of the suspended sediment concentration were noted.

(3) It was established that the use of concentrated coagulant solutions at the water
clarification process allows reducing its dose by an average of 15% without the deterio-
ration of the clarified water quality, to increase the throughput ability of upflow clarifiers
by 10-20%.

(4) The efficiency of water treatment with the concentrated coagulant solution is
maximum at the suspended solids content up to 200 mg/dm?.
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USE OF PHOTO-FENTON FOR MACROLIDE ANTIBIOTIC AZITHROMYCIN
REMOVAL
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Azithromycin (AZT) is one of the most used antibiotics worldwide. This has led to its
introduction into different environmental compartments, which implies that conventional
technologies used in wastewater treatment are not enough to remove this kind of pollu-
tants. Photo-Fenton is an advanced oxidation process in which ferrous ions (Fe’*), under
light radiation, catalyzes H>O, decomposition generating hydroxyl free radicals (HO")
which have the potential to oxidize different organic molecules. In this way, this study
presents the main results regarding the evaluation of photo-Fenton using simulated
sunlight in the removal of AZT from aqueous solutions. The effects of operational para-
meters such as ferrous ions and hydrogen peroxide initial concentrations were assessed.
In addition, some tests were carried out in order to evaluate the extent of pollutant mine-
ralization considering the dissolved organic carbon and the nitrate ions presence on
treated samples. In general, results indicated that Fe** and H>0: initial concentrations
have a significant effect on pollutant removal.

Keywords: Advanced oxidation technologies; antibiotics; azithromycin; photo-Fenton;
water quality

INTRODUCTION

Antibiotics are drugs used for the treatment of different diseases caused by bacteria in
animals and humans. When antibiotic residues reach water bodies they can cause a
selection of microorganisms and trigger the emergence of resistant bacterial strain, which
could generate diseases not treatable with conventional antibiotics (1, 2).

Macrolide antibiotics, including azithromycin (AZT, CssH72N»012), are some of the
most used drugs worldwide, a fact that has led to their introduction into surface and even
drinking water. This also implies that conventional technologies used in wastewater
treatment are not enough to prevent the entry of this kind of pollution into water and
ecosystems (3-6).

Advanced oxidation technologies have proven to be efficient in removing organic
contaminants present in aqueous matrices. In particular, Fenton and photo-Fenton pro-
cesses have been able to oxidize various types of organic pollutants. The reaction consists
in the generation of highly reactive species such as the hydroxyl free radical (HO") from
the catalytic decomposition of H,O in the presence of iron species and light radiation.

* Corresponding author: Henry Zuiiiga-Benitez, Departamento de Ingenieria Quimica, Facultad de Ingenieria,
Universidad de Antioquia UdeA. Calle 70 # 52-21, Oficina 18-319, Medellin, Colombia, e-mail:
henry.zuniga@udea.edu.co
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An important aspect of this type of methodologies is that they allow the use of radia-
tion with a wavelength similar to that of the sun, favoring its subsequent application on a
larger scale using sunlight directly (7, 8).

Having into account the above, the main objective of this study is to present the
results related to the use of photo-Fenton under simulated sunlight radiation at laboratory
scale in the removal of AZT from aqueous solutions considering the effect of operational
variables such as H,O,, Fe*" and antibiotic initial concentration. In addition, organic
matter mineralization was evaluated considering the variation of the total organic carbon
and nitrates content of the treated samples.

EXPERIMENTAL
Chemicals and solutions

Used chemicals were of analytical grade. Azithromycin dihydrate (98%) was purcha-
sed from AK Scientific. Iron (II) sulphate heptahydrate (FeSO4 7H>O, Sigma Aldrich)
was used as ferrous ions source. Hydrogen peroxide (35% w/w) and isopropyl alcohol
were supplied by Merck. Control of pH was done using concentrated solutions of NaOH
and HCI obtained from Alfa-Aesar. Sodium thiosulphate pentahydrate (Na,S,03 5H>0O,
Sigma Aldrich) was used for quenching remaining H,O, during the sampling stage. All
the aqueous solutions were prepared using ultra-pure water. Methanol and ammonium
formate (NH4sHCOO) for chromatographic analysis were of LC/MS grade.

Photocatalytic experiments

A Suntest CPS+ (Atlas) photosimulator (wavelength: 290-800 nm and irradiance: 500
W m?) was employed to carried out all the experiments.

Borosilicate glass flasks containing 50.0 mL of 1.0 mg L™! pollutant aqueous solution
were used for light exposition. Solution pH was 3.0 during reaction time. Distance from
the lamp to the liquid surface was ~15.0 cm, and the liquid depth inside the flasks was
~5.0 cm.

Analytical methods

Samples of 1.0 mL were withdrawn at different time intervals and analyzed after
quenching remnant H,O; using an Acquity UPLC system (Waters Corporation) and an
Acquity UPLC BEH C18 column (1.7 mm, 50 mm, 2.1 mm, Waters). Mobile phase was
a mix of water: methanol 95:5 and methanol: water 95:5. Solvents ratio was 60/40 for one
min, then 40/60 for one additional min, next 10/90 for one min and finally 40/60 for two
minutes. Masslynx 4.1 (Micromass) software was used to process data.

Mineralization of organic matter was evaluated considering the dissolved organic car-
bon (DOC) and nitrates concentration in the treated samples using the Standard Methods
for the Examination of Water and Wastewater methods 4129D and 526D (9).
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RESULTS AND DISCUSSION

According to equations 1 and 2, the main source of HO" radicals, in Fenton treat-
ments, is the decomposition of H,O», while Fe*" acts as a catalyst, undergoing changes in
its oxidation state under the presence of light radiation.

Fe*' + H,0; — Fe3'+ OH + HO' [1]
Fe’*+ H,0,+ hv— Fe?*+ HO" + HY [2]

In this study, the effects of the initial concentrations of H,O, and Fe*" on AZT remo-
val were evaluated in first instance performing exploratory tests considering concentra-
tions of peroxide between 10.0 and 200.0 mg L', and for FeSO, between 5.0 and 10.0 mg
L-!. Results of these preliminary experiments (data not shown) indicated that under these
initial concentrations of FeSO4 and H,0,, around 83.0 % of AZT was removed after 30
min of reaction.

Effect of Fe?* initial concentration on AZT removal
Effect of ferrous ions on pollutant removal was evaluated in the range 2.5 - 7.5 mg L™!
FeSO,. Figure 1 presents the results about AZT elimination after 30 min of photo-treat-

ment.
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Figure 1. Effect of Fe?" initial concentration on AZT removal using photo-Fenton
(pollutant initial concentration 1.0 mg L', pH 3.0, H,O, initial concentration 20.0 mg L™,
irradiance 500.0 W m, reaction time 30 min).

From this figure, it is evident that increases in the concentration of ferrous ions pro-
mote a higher contaminant removal because of a probable higher HO" radicals generation.
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In this particular case, it was decided not to increase the Fe?* concentration con-
sidering that the achieved antibiotic removal percentage was ~90.0% in just 30 min of
reaction, and excess of Fe?" could have inhibitory effects on pollutant removal as a result
of HO" scavenging (10).

Effect of H20:initial concentration on AZT removal

Effect of H>O; initial concentration was evaluated in the range 5.0 - 35.0 mg L. In
this sense, Figure 2 indicates that increasing peroxide concentration between 5.0 and 27.5
mg L' favors a higher removal of AZT due, probably, to a greater generation of HO" free
radicals from H>O, decomposition (equation 1). However, an excess of peroxide could
react with radicals promoting the formation of species with less potential to oxidize
organic pollutants, for example, the hydroperoxyl radical (HO>") (equation 3). HO," can
also react with HO" (equation 4), which would reduce the possibility of removing the
organic matter present in the solution via oxidation by HO" (11).

HO' + H,O, — HO,' + H, [3]

HO" + HOy — H,0 + O, (4]

Considering the above, the conditions that would favor a higher AZT removal using
photo-Fenton with simulated sunlight are FeSO4 and H>O; initial concentrations of 7.5

and 27.5 mg L™ respectively.
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Figure 2. Effect of H,O, initial concentration on AZT removal using photo-Fenton

(pollutant initial concentration 1.0 mg L1, pH 3.0, FeSOys initial concentration 5.0 mg L™,
irradiance 500.0 W m, reaction time 30 min).
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AZT removal under different experimental conditions

In order to clarify the reaction mechanism, tests were carried out considering the com-
bination, under the evaluated experimental range, that lead to a higher extent of antibiotic
removal using photo-Fenton technology. In addition, some experiments that allowed to
determine the individual performance of the different agents in the reaction, and their
synergistic effects were evaluated. Figure 3 indicates that photo-Fenton process resulted
in an antibiotic removal higher than 90.0% after 30 min of reaction. Likewise, the role of
HO’ free radicals was evaluated by performing tests under the presence of isopropanol
(radicals scavenger agent), which led to a significant inhibition in AZT elimination,
suggesting that HO® would be the main responsible specie for substrate oxidation.

100.0%
0,
92.0% ® Photo-Fenton
90.0% OFenton
80.0% B Photo-Fenton + Isopropanol
BFe(ll) + light
O 70.0% @ Hydrogen peroxide +light
°:, 57 2% 60.5% mHydrogen peroxide alone
= 60.0% i .
g 51.1% EIPhotolyst.s
S 50.0% BHydrolys's
: N
~ 40.0% \
§ 30.0% \
\ 20.6%
20.0% \
10.0% \\ 2.1% 1.8%
0.0% L 11 1

Figure 3. AZT removal under different reaction systems (pollutant initial concentration
1.0 mg L'}, pH 3.0, FeSOs initial concentration 7.5 mg L1, H,O; initial concentration 27.5
mg L', irradiance 500.0 W m, reaction time 30 min).

Another aspect that should be highlighted is the fact that the application of photo-
Fenton technology conducts to a high pollutant removal, while the conventional Fenton
reaction only allowed a 57.2% reduction in analyte concentration, ratifying, that the
incorporation of simulated sunlight improves the efficiency of the process because of a
higher regeneration of Fe?' ions in the solution (equation 2).

On the other hand, it can be seen that combination of Fe?" ions and sunlight led to an
antibiotic removal ~ 60.0% in 30 min possibly as a result of an eventual formation of
H,0, after Fe?* photo-transformation (equations 5 and 6) (12). The H,O; could react with
the Fe?" ions present in the solution and generate HO" radicals (Fenton reaction).

Fe*" + O+ hv— Fe*™+ Oy~ [5]

Fe?"+ 0," + 2H" — Fe3* + H,0 [6]
33



APTEFF, 51, 1-206 (2020) UDC: 628.316.12:615.33:66.094.3

DOL: https://doi.org/10.2298/APT2051029] BIBLID: 1450-7188 (2020) 50, 29-37
Original scientific paper

Additional tests including the presence of H,O, indicated that the H,O»/light combi-
nation allows to achieve ~ 26.0% of AZT elimination, which could be a result of a break-
down of the peroxide molecule and radicals generation (mechanism of the UV/H,0, ad-
vanced oxidation process) (13). Besides, the individual action of H,O, only allowed
~20.0% of AZT removal.

Finally, it was confirmed that the individual action of sunlight and hydrolysis at opti-
mal pH on AZT removal is negligible (removal percentages less than 3.0%).

Effect of pollutant initial concentration on AZT removal

The effect of the initial concentration of AZT was evaluated in the range 1.0 - 3.0 mg
L. Figure 4 indicates that a higher antibiotic removal is obtained under an initial concen-
tration of 1.0 mg L', and it decreases as the substrate concentration in the solution in-
creases. This could be due to the fact that the amount of HO" radicals generated during
the process is constant, which would represent a limitation in the degradation of the
pollutant as result of a competition between it and the generated by-products to react with
the free radicals, a situation that also has been reported by other authors in the treatment
of organic pollutants using photo-Fenton (14).

100.0%
90.0%

91.9%

82.3%

76.9%

80.0%

68.9%

70.0% A

60.0%
50.0%

40.0% A

AZT removal (%)

30.0% A
20.0% A
10.0% A
0,0% ——r——7m>™ > —0—"""™""""" /" ”Z¥4 "—

AZT initial concentration (mg LY

Figure 4. Effect of pollutant initial concentration on AZT removal using photo-Fenton
(pH 3.0, FeSOy initial concentration 7.5 mg L', H,O; initial concentration 27.5 mg L,
irradiance 500.0 W m, reaction time 30 min).

In addition, different authors have reported that reactions involving Fenton and photo-
Fenton processes satisfy a pseudo-first order reaction kinetics (8, 14, 15). Figure 5 pre-
sents the relationship between -Ln (C/Cp) and time, indicating that the experimental data
fit the proposed model appropriately (correlation coefficients > 0.85).
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Figure 5. Pseudo-first order reaction kinetics model for AZT removal using photo-
Fenton (pH 3.0, FeSOs initial concentration 7.5 mg L', H,O; initial concentration 27.5
mg L, irradiance 500.0 W m, reaction time 30 min).

Mineralization studies

Total mineralization of AZT would conduct to the formation of CO,, H,O and NOs™.
In this way, in order to assess the extent of organic matter oxidation, variation on DOC
and NO;™!' content in the treated samples was analyzed. In this sense, Figure 6 indicates
that after 120 min of reaction, decrease in organic matter was ~67.0%, which suggests
that part of the contaminant is being transformed into CO, and H,O. In addition, the
increase of the NOs™! presence indicates that nitrogen content on AZT molecule is also

being oxidized.
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Figure 6. DOC and NO;! variation during AZT removal using photo-Fenton (pH 3.0,
FeSOs initial concentration 7.5 mg L', H,O; initial concentration 27.5 mg L™, irradiance

500.0 W m?).
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CONCLUSIONS

Photo-Fenton under simulated sunlight is able to remove macrolide antibiotic azithro-
mycin in deionized water solutions. Initial concentrations of ferrous ions and hydrogen
peroxide have a significant effect on pollutant removal. However, excess of H,O inhibit
the reaction.

Removal of azithromycin, under the evaluated conditions, is mainly due to the action
of hydroxyl free radicals, and satisfies a pseudo-first order reaction kinetics model.

Under the studied conditions, it is possible to reach more than 60.0% of contaminant
mineralization, indicating that AZT is being transformed into CO,, H,O and HNO:s.
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CHEMICAL COMPOSITION AND CONSUMER ACCEPTABILITY OF
COOKIES FLAVOURED WITH VANILLA - AIDAN (Tetrapleura tetraptera)
BLENDS

Kazeem K. Olatoye'*, Adetunji I. Lawal’, Idowu A. Olamilekan’

! Department of Food Science and Technology, College of Agriculture, Kwara State University, Malete, Nigeria
2 Department of Food Technology, Faculty of Technology, University of Ibadan, Ibadan, Oyo State, Nigeria

Aidan is an underutilised spice with characteristic fragrant and pungent aromatic
odour, similar to vanilla flavour. Chemical composition and consumer acceptability of
cookies flavoured with vanilla-Aidan blends were investigated. Aidan pulp was milled
and substituted for vanilla powder (25-100%) in cookies formulation. Cookies were cha-
racterised for chemical contents and sensory properties using standard methods and pa-
nellists test. Data were analysed using ANOVA at ag5. The study revealed that chemical
contents, (except carbohydrate and metabolizable energy) and sensory properties of
cookies significantly improved with increase in addition of Aidan. Moisture content of the
cookies ranged between (1.83-3.77%), crude protein (9.83-12.86%), ash (0.55-0.71%,),
fat (0.98-1.29%), fibre (0.35-0.46%,), carbohydrate (81.35-86.45%) and metabolizable
energy (380.60-393.94 kcal). Mineral content was significantly influenced, with phos-
phorus content ranging between (64.00-142.67mg/100g), iron (2.62-6.53 mg/100g) and
zince (3.80 mg/100g- 4.47 mg/100g). The ranges of tannin, phytate, flavonoid and pheno-
lic compounds in mg/100g were 0.07-0.08, 0.17-0.23, 0.53-0.82 and 0.76-1.53 respecti-
vely. Mean scores for cookies appearance, taste, aroma, crispness and over all accep-
tability ranged between 7.23-8.17, 7.30-7.87, 7.33-8.07, 7.20-7.80 and 7.72-8.31, res-
pectively. Panellists accepted sample with 3 g (75%) of Aidan and 1 g (25%) of vanilla
the most. Acceptable cookies with good nutritional composition can be produced, using
vanilla-Aidan blends as a flavouring agent.

Keywords: Tetrapleura tetraptera, cookies, spices, consumer acceptability, functional
food

INTRODUCTION

In Nigeria, like many other developing countries, the increasing phenomenon of
urbanisation coupled with the growing number of working mothers, have contributed
greatly to the popularity and increased consumption of snack foods such as cookies and
biscuits (1). Snack food industry is expanding rapidly all over the world, nonetheless, the
21% century saw the revolution of snack foods towards functional snacks (2-3). Snack
making from suitable blends of appropriate food materials with incorporation of nutrients
(vitamin, minerals, protein, low fat, high fibre, fat replacers, gluten free ingredients)
and/or phytochemicals (anthocyanin, phenolics or flavonoids) constitutes better vehicles
of nutrients conveyor and health promoters (3-5). They are regarded as functional snacks

* Corresponding author: Kazeem Koledoye Olatoye, Department of Food Science and Technology, College of
Agriculture, Kwara State University, Malete, Nigeria, e-mail: luckykaykay@yahoo.com

39



APTEFF, 51, 1-206 (2020) UDC: 664.68+664.57]:66.014:541.69

DOI: https://doi.org/10.2298/APT20510390 BIBLID: 1450-7188 (2020) 51, 39-49
Original scientific paper

known to possess additional health benefit, apart from basic nutrient. Similarly, repla-
cement of synthetic components of the snack ingredients with more natural ones consti-
tutes another avenue of producing less expensive functional food with bioactive sub-
stances (6-7). Thus, there is the need to explore natural flavourings and spices with
noteworthy impact on organoleptic and functional properties of snacks. Such edible
products with flavouring characteristics include fruits, seeds, leaves, flowers, nuts, pulp
and oils from naturally occurring plants with pungent or aromatic characteristics, which
have been previously used to season foods. Reportedly, an underutilised spice with
characteristic fragrant and pungent aromatic odour in Nigeria is Aidan, according to (6).
It is botanically known as Tetrapleura tetraptera and belongs to the family Fabaceae
(formerly Leguminosae: Mimosoideae). It is commonly known as “Aidan” among the
Yoruba ethnic group of south western Nigeria, “Agbolo” among the Igala people of
North central Nigeria, and “dawo” among the Hausa people of Northern Nigeria. It is
used as a popular seasoning spice in these areas. Compared with other commonly used
spices, it is a rich source of phytochemicals which contribute to its documented biological
and pharmacological activities, including cardiovascular, anti-inflammatory, hypoglycae-
mic, anti-hypertensive, anti-ulcerative, anti-microbial, and emulsifying properties (8-10).
Currently, the use the oil extracted from Tetrapleura tetraptera to flavour popcorn was
documented (6). However, use of Aidan power in contrast with extracted flavour could be
free of impurities from extraction solvents. Literature report on the use of Aidan powder
in frequently consumed snacks like cookies as flavourings is rare. Substitution of Aidan
powder, a natural flavouring spice for synthetic and imported flavours may bring about
production of less expensive, nutritive and healthy cookies. Therefore, chemical and sen-
sory characteristics of cookies flavoured with vanilla- Aidan blends in cookies production
was investigated.

EXPERIMENTAL

Dried pulp of Tetrapleura tetraptera was obtained from Forestry Research Institute of
Nigeria (FRIN), Jericho, Ibadan, Nigeria. Wheat flour, sugar, salt and egg were purcha-
sed from Malete market, Ilorin and brought to Food processing Laboratory, Department
of Food Science and Technology, Kwara State University, Nigeria. The chemicals and
reagents used were of analytical grade and were obtained from Bumlab Nigeria Limited,
Ring Road, Ibadan, Nigeria. The Tetrapleura tetraptera pulp was pounded using mortar
and pestle to promote its surface area. It was then milled using an electric blender, sieved
with a 250 um mesh and bottled in a sterile plastic container prior to use. The cookie was
formulated using the modified method of Eneche (11). The formulation was done in a
way that all ingredients were kept constant, except Aidan and vanilla power. Vanilla
powder was substituted by Aidan powder (25%-100%) in the formulation. The baking
butter (125 g) and sugar (120 g) were mixed together manually for 5 min to get a flufty
mixture of butter and sugar. The flour (250 g), salt (2.5 g), egg (60 g) and baking powder
(9 g) were mixed together and then mixed with the butter-sugar mixture to get a dough.
The measured amount of water (20 ml) was gradually added into the bowl and continuous
mixed until good textured, firm dough was obtained. The dough was kneaded on a clean
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flat surface for 4 min and transferred to a cutting table with which a shape maker was
pressed over the dough to give desired shapes. The cut dough pieces were then transfer-
red into fluid-fat- greased baking trays and baked at 180 °C for 45 min, cooled and
packaged. Cookie samples were coded as Cy, Czs, Cso, C75 and Co for Cookie containing
0% Aidan, 25% Aidan, 50% Aidan, 75% Aidan and 100% Aidan respectively. Methods
described by AOAC (12) was used to determine the proximate composition, including
crude protein, fat, moisture content, crude fibre, ash and carbohydrate content of the
ground cookie samples. Five grams of each sample was oven dried at 105 °C until cons-
tant weight is obtained. Moisture content was calculated as percentage of weight loss to
the original weight. The micro kjeldahl method was used to determine crude Protein.
One-gram sample was weighed into the digestion tubes and 15ml of conc. sulphuric acid
was added followed by mixing and then addition of two tablets of kjeldahl selenium
catalyst to the flask. The mixture was digested at 420 °C until the solution turned
colourless and fuming ceased. 75 ml of distilled water was quickly added to the mixture
to avoid caking. The digest was distilled with 50 ml of 40% sodium Hydroxide solution.
The distillate (100 ml) was the collected into 25 ml boric acid mixture prepared by
mixing 250 ml of 4% (w/v) boric acid, 14 ml and 20 ml of 0.02 g methyl red and 0.02
bromocresol green, respectively and made up to one liter with deionised water. The
ammonium borate produced was titrated with standard 0.1N hydrochloric acid solution
until green colour just disappeared. Blank were prepared and treated in a similar way.
Percentage Nitrogen was calculated using the equation below:

_ 1401 x(ml HCL sample-mIHCL titre of blank) xNHCL

0
%N Sample weight

Eq. 1

% crude protein = % N x conversion factor (6.25) Eq. 2

The soxhlet fat extraction methods was used to determine crude fat content. A 250 ml
boiling flask was cleaned and dried in the oven at 105 °C for 30 min. The flask was
moved into a desiccator and then allowed to cool. The flask was labeled, weighed and
then filled with 300 ml petroleum ether. 2 grams of the sample was accurately weighed
into a correspondingly labeled thimble. The extraction thimble was tightly plugged with
cotton wool. The soxhlet apparatus was assembled and allowed to reflux for ether was
collected on the top of the container in the set up and drained into another container for
re-use. The flask was removed and dried at 103 °C before being transferred from oven
into a desiccator for cooling and re-weighing. The percentage fat was calculated as
follows:

% Fat = Weight of defatted sample x100 / Weight of sample Eq.3

For ash content, three grams of dried samples from moisture determination was
charred on a heater until it carbonized then incinerated in a muffle furnace at 550 °C for 6
hours the residue was weighed and aseptically kept. For crude fibre content, 100 ml TCA
(Trichloroacetic acid) digestion reagent made up of 500 ml acetic acid, 450 ml distilled
water, 50 ml conc. HNOs and 20 g TCA was added to 1 g of defatted sample. The sus-
pension was boiled under reflux for exactly 40 min. The solution was filtered through a
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whatman no. 4 filter paper of known weight. Residue was washed six times with hot
water and once with industrial spirit. The filter paper and content were transferred into a
known weight of porcelain dish and dried overnight at 100 °C. The porcelain dish was
transferred into desiccators to cool, weighed and charred in a muffle furnace at 600 °C for
Shour. This was allowed to cool and then reweighed. The carbohydrate content was
determined by difference using the formula.

% Carbohydrate = 100-(% moisture + % ash + % protein + % fat + % fibre) Eq. 4

The energy value of the cookie was calculated from percentages of major nutrients in
kilojoules per 100 g and the values were converted to kcal by dividing them by the
conversion factor (4.184), according to (13) as shown in equation 1.

EV (kcal) = (Carb. x 17+ Prot. x 17+ Fat x 37)/ 4.184) Eq. 5

Where EV - Energy value and Carb, Prot. and Fat are the percentages of carbohydra-
tes, proteins and fats.

The content of phosphorus (P), iron (Fe) and zinc (Zn) minerals in each cookie
sample was determined by digesting 2.0 g of the flour sample using the Atomic Ab-
sorption Spectrophotometric method as outlined in the Association of Official Analytical
Chemists’ Approved method 968.08 AOAC (14). The Folin-Denis colorimetric method
described by (15) was used to determined tannin content. Five grams of the sample flour
was dispersed in 50 ml of distilled water and shaken. The mixture was allowed to stand
for 30min at 28 °C before it was filtered through Whatman No. 42 grade of filter paper.
Preparation of a standard tannic acid solution was carried out. From the standard solution,
2 ml and equal volume of distilled water was dispersed into a separate 50 ml volumetric
flask. This serve as standard and reagent blank respectively. Then, 2 ml each of the
sample extracts were put in their respective labelled flask. The contents of each flask
were then mixed with 35 ml distilled water and 1 ml of the Folin-Denis reagent was
added to each. This was followed by addition of 2.5 ml saturated Na>CO3 solution. The
content of each flask was made up to 50 ml with distilled water and allowed to incubate
at 28 °C for 90 min. Their respective absorbance was measured in a spectrophotometer
(Jenway 6305 UV) at 760 nm using the reagent blank to calibrate the instrument at zero.
Calculation of tannin content was as show below:

. 100 au vt
% tannin =y Xoxcx— Eq. 6
as va

Where W - weight of sample; au - absorbance of test sample; as - absorbance of the
standard tannin solution. ¢ - concentration of standard tannin solution; vt - total volume of
extract; va - volume of extract analysed. Phytate content was determined according to the
method of Young and Greaves (16). About four grams (4 g) of the sample flour were
soaked in 100 ml of 2% HCI for 3 hours and then filtered. Thereafter, 25 ml of the filtrate
was placed in the conical flask. A 5 ml of 0.3 % ammonium thiocyanate solution was
added as an indicator and 53.3 ml of distilled water was also introduced to attain the
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desired acidity. This was titrated with standard FeCls solution until a brownish yellow
colour was appeared persisting for 5 min.

Phytate in mg/100 g = titre value x 564.11 Eq.7

The gravimetric method was used (17) to determine the total flavonoid content,
following ethyl lactate precipitation. Five-gram (5.0 g) sample was measured and mixed
with 100 ml of 2% HCI solution and boiled for 30 minutes. It was allowed to cool and
then filtered through Whatman No. 42 filter paper. The filtrate was treated with dropwise
addition of ethyl lactate until full precipitation was obtained. The filtrate was recovered
using a weighed filter paper and dried in the oven at 100 °C for 30 minutes. Cooling was
done in a desiccator and reweighed. The weight of flavonoid was obtained by difference
and expressed as percentage of the sample weight analysed. The formula below was used
to calculate the flavonoid content.

% Flavonoid = (100 (W2-W1))/(Wt. of sample) Eq. 8

W1 - wt. of empty filter paper
W2 - wt. of paper + Flavonoid precipitate

Determination of total phenolic content of the sample was determined using Folin-
Ciocalteu spectrophotometric method. Two grams (0.2 g) of the sample was extracted
with 10 ml of pure methanol. One millilitre of the filtrate (extract) was mixed with equal
volume of Folin-Ciocalteu reagent in a test tube. Also, 1 ml of standard phenol solution
was treated the same way. One millilitre of saturated sodium bicarbonate solution was
added to each tube and their respective content was calculated using the formula below:

100 AU ¢ vt
% Total Phenolics = W X = X 700 X% XD Eq.9

W - weight of sample

Au - Absorbance of test sample

As - Absorbance of standard tannin solution

V¢ - total volume of extract

C - concentration of the standard tannin solution
V. - Volume of extract analysed

D - Dilution factor where necessary

Sensory evaluation was conducted on cookie samples for appearance, taste, aroma,
crispness and overall acceptability using multiple comparison analysis. The samples were
presented to thirty-man, untrained panellists mainly, undergraduate students who are fa-
miliar with cookies, to evaluate and score them on a 9-point Hedonic scale. On the scale,
9 represented = like extremely and 1 = dislike extremely (18). All obtained data in, repli-
cated were statistically analysed using a one-way analysis of variance (ANOVA) and
means were separated by Duncan’s Multiple Range Test (DMRT) using the Statistical
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package for social science (SPSS) IBM VERSION 21.0 package (Armonk, New York).
Significance was accepted at 0.05 probability level.

RESULTS AND DISCUSSION

Proximate composition and metabolizable energy of cookies flavoured
with Aidan as substitute for vanilla

The moisture content of the cookies ranged between 1.83% and 3.77% and were
lower than (6.20-13.41%) reported by (7) in similar study involving substitution of vanil-
la by African nutmeg in cookies production (Table 1). The low moisture content sugges-
ted their microbial stability (19). The crude protein, fat, ash and fibre contents of the
cookies ranged between (9.83-12.86%), (0.98-1.29%), (0.55-0.71%) and (0.35-0.46%)
respectively. The carbohydrates (81.35-86.45) and metabolizable energy (380.60-393.94
kcal) however decreased with substitution of vanilla by T. tetrapleura. The protein
content was close to the value reported by (6-7) in similar studies. The increased protein
can contribute significantly to the recommended daily intake of proteins for adults (34-56
g day™") and children (13-19 g day!) (20). For long, protein has been well regarded as
essential nutrient in the human diet as it helps to repair worn-out tissues (21). Low fat
content of the cookies (0.98-1.29%) is desirable, being a ready-to-eat snacks. Usually, the
amount of fat in a food product plays a major role in its shelf life. High fat content can
promote rancidity, leading to development of unpleasant sensory properties (22). Hence,
the low fat was an advantage with respect to the keeping quality of this cookie. Ash
content (0.55- 0.71%) was in accordance with reported values by Eke et al. (23), and was
an indication of adequate mineral status of the cookie (21). Fibre is regarded as essential
nutrient in human diet as it absorbs water and provides roughage for the bowels, assisting
intestinal transit (24). The crude fibre content was low, which is however helpful to the
digestive process (24). Substitution of T. tetraptera for vanilla resulted in reduced carbo-
hydrate and energy contents of the cookie. This may help in the prevention of over-
weight and obesity. Accurate information on energy value of foods is paramount, when it
comes to the challenges of normal nutrition, undernutrition and obesity.

Table 1. Proximate composition and metabolizable energy of cookies flavoured with
Aidan as substitute for vanilla

sample Crude Moisture Crude Protein Crude Fat Crude Ash Crude fibre Carbohydrate M. E.
(%) (%) (%) (%) (%) (%) (kcal)
Co 1.839+0.29 9.83¢¢0.30 0.98+0,03 0.55¢+0.02 0.35¢+0.01 86.452+0.40 393.94
Cys 2.67°¢0.58 11.69+0.17 1.1740.01 0.65°+0.01 0.42°+0.01 83.40°£0.56 391.02
Cso 3.00°¢+0.01 12.22°0+0.59 | 1.222+0.06 | 0.68°°+0.03 | 0.442"+0.02 82.44°+0.70 380.60
Cys 3.3320+0.29 12.86°+0.17 1.292+0.02 0.7121£0.01 0.4621£0.01 81.359+1.92 388.47
Cioo 3.77°+0.25 12.06°+0.48 1.21°+0.05 0.67°+0.03 0.43+0.02 81.879+0.40 386.42

Means with the same superscript in the same column are not significantly different (P<0.05) Key: M. E. — meta-
bolizable energy.
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Mineral content of cookies flavoured with Aidan as substitute for vanilla

Mineral contents varied significantly (p<0.05) among the samples of cookies flavou-
red with Aidan as a substitute for vanilla (Table 2). Phosphorus ranged between (64.00-
142.67 mg/100 g), iron (2.62-6.53 mg/100 g) and zinc (3.80-4.47 mg/100 g). Minerals are
essential for health and as such are part of all aspects of cellular function and they are
involved in different structural components of human beings. Some mineral elements
form an integral part of enzyme or protein structure. They are vital for normal growth,
maintenance, effective immune system and prevention of cell damage (25). Phosphorus
makes up to 1% of a person’s total weight, it plays an important role in how the body
uses carbohydrates and fats. it is normally required for bone growth, kidney function and
cell growth (26). Iron is known to be an essential constituent of haemoglobin found in
blood and contributes to the combat of anaemia (27). Deficiency of zinc in humans is
widely recognized as important malnutrition problem, especially in areas of high cereal
and low animal food consumption. Indicators of zinc deficiency include low blood
plasma/serum zinc concentration, and stunting prevalence (25).

Table 2. Mineral composition (mg/100 g) of cookies flavoured with Aidan as substitute
for vanilla flavour

Sample Phosphorous (mg/100 g) Iron (mg/100 g) Zinc (mg/100 g)
Co 64.00°+10.58 2.62°+1.49 3.80°+0.14
Cas 105.60°+0.25 3.44°+0.75 3.99°+0.09
Cso 109.33%+2 31 4.05°+2.18 4.08+0.03
Css 140.00°+4.00 5.028+0.31 4.05°+0.09
Cioo 142.67°+£33.5 6.537+0.64 4.47°+0.06

Means with the same superscript in the same column are not significantly different(P<0.05)
Phytochemical profile of cookies with Aidan as substitute for vanilla flavour

Phytochemical contents of cookies flavoured with Aidan as substitute for vanilla
flavour varied significantly (p<0.05) among the samples (Table 3). The ranges of tannin,
phytate, flavonoid and phenolic compounds in mg/100 g were 0.07-0.08, 0.17-0.23) 0.53-
0.82 and 0.76-1.53, respectively. However, some phytochemicals become antinutrients
when ingested in high quantities. They interfere with digestive enzyme, for example,
tannins have been reported to form complexes with proteins, reducing their digestibility
and palatability (28). Tannins also inhibit the absorption of minerals like iron and zinc,
but their concentrations in foods are known to decline during cooking (29-31). Similarly,
phytates are known to adversely affect mineral bioavailability (31). However, the levels
of these phytochemicals in this product were within the ranges earlier considered safe in
humans (32). Besides, health benefits of some of these phytochemicals are documented
(32). These include reductions of pathogenesis of cancer development and damage to
intestinal tract (31-33). The low tannin content in the cookie samples corresponded to the
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values reported by (34, 35). Inhibition of the activities of digestive and hydrolytic enzy-
mes such as amylase, trypsin, chymotrypsin and lipase by phenolic compounds have been
reported (36). They also possess anticarcinogenic, antiviral, antimicrobial, anti-inflam-
matory, hypotensive and antioxidant activities (36). According to Agbaire et al. (37), fla-
vonoids are known to be potent water-soluble antioxidants and free radical scavengers
which prevent oxidative cell damage. They also have strong anticancer and antiulcer
activity. Flavonoids might, in addition, offer protection against the different levels of car-
cinogenesis. Therefore, since functional snacks usually possess additional health benefit
apart from basic nutrient, cookies flavoured with Aidan as substitute for vanilla flavour
may be considered as one.

Table 3. Phytochemical content (mg/100 g) of cookies flavoured with Aidan as substitute
for vanilla flavour

Sample Tannin Phytate Flavonoid Total phenolics
(mg/100 g) (mg/100 g) (mg/100 g) (mg/100 g)
Co 0.07°+0.00 0.17°+0.01 0.53°4£0.02 0.76°+0.04
Css 0.07%+0.00 0.18°+0.01 0.67°+0.07 0.91°+0.06
Cso 0.08%+0.01 0.21°+0.02 0.68°+0.04 0.95°+0.20
Css 0.08°+0.01 0.232+0.01 0.772+0.07 1.00°+0.17
Cioo 0.08%°+0.00 0.23%+0.11 0.822+0.07 1.53%+0.02

Means with the same superscript in the same column are not significantly different(P<0.05)

Sensory properties of cookies with Aidan as substitute for vanilla flavour

Table 4. shows the results for the sensory evaluation of the cookies. There was no sig-
nificant difference (p < 0.05) between the mean sensory scores for most attributes of
cookie samples and control, especially taste and crispness. Mean scores for cookies
appearance, taste, aroma, crispness and over all acceptability ranged between 7.23 - 8.17,
7.30 - 7.87,7.33 - 8.07, 7.20 - 7.80 and 7.72 - 8.31, respectively. The intensity of brown
colour increased in cookie samples with increase in substitution levels of aidan for
vanilla. It may be due to the colour of the aidan powder. Panellists accepted sample with
75% of Aidan and 25% of vanilla the most, though it was observed that all samples were
generally accepted by panellists. The overall acceptability of the samples was based on
the judgement of the panellists as perceived by their sensory organs based on the appea-
rance, taste, aroma and crispness. Iwe (18), considered a product with overall accepta-
bility score of 7.0 as being accepted by consumer. The sensory attributes of foods, which
are detectable by human senses are often used as food quality indices and may also serve
as references during food selections (38).
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Table 4. Sensory attributes of cookies flavoured with aidan as substitute for vanilla

flavour
Sample | Appearance Taste Aroma Crispness Over"‘u.
acceptability
Cy 7.932+(0.87 7.87°+0.82 7.60°£1.07° | 7.80°+1.06 7.832+0.97
Cos 7.23¢1.10 7.77°+0.99 7.57°°+0.94 | 7.63%+1.03 7.76°+0.79
Cso 7.33%+1.32 7.30°+1.29 7.33%+1.15 7.20°+1.19 7.72°+0.99
Crs 8.17°+1.15 7.60°+14.65 | 8.07°+1.14 7.93°+16.66 | 8.31°+0.97
Cioo 7.73%¢+1 .11 7.67°+0.66 7.40°+0.93 7.53°+1.38 7.862°+0.74

Means with the same superscript in the same column are not significantly different(P<0.05)

CONCLUSIONS

Substitution of vanilla powder by Tetrapleura tetraptera powder as a flavouring agent
during cookies production yielded acceptable cookies with adequate nutritional compo-
sition. The cookie samples had adequate proximate composition, metabolizable energy,
mineral (phosphorus, zinc and iron) and phytochemical (phenolics and flavonoids) con-
tents which are essential for human health. However, low contents of antinutrient (tannin
and phytate) which could reduce the digestibility and palatability of cookies when inges-
ted were observed, but fell within tolerable limits. Tetrapleura tetraptera powder can be
utilized as substitute for vanilla powder to obtain nutritious and acceptable cookies or
similar snacks. Further study on antioxidant properties of such product is recommended.
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THE COMPARISON OF FIVE NEUTRON SOURCES VIA "LI(P,N) REACTION
FOR THE DESIGN OF A FACILITY BASED ON PROMPT GAMMA RAY
NEUTRON ACTIVATION ANALYSIS (PGNAA) IN VIVO DETECTIONS OF
BORON

J. G. Fantidis'* G. E. Nicolaou?

! Department of Electrical Engineering-Physics, International Hellenic University, Kavala, Greece;
2 Laboratory of Nuclear Technology, School of Engineering, ‘Democritus’ University of Thrace, Xanthi, Greece

Prompt Gamma Ray Neutron Activation Analysis (PGNAA) is a useful nondestructive
method with numerous applications. In this study neutron yield from "Li(p,n) reaction
with proton energies of 2.5, 3, 4, 4.5 and 5 MeV was used in order to provide the neces-
sary thermal beam to the investigated sample. The facility was designed and simulated
using the MCNPX Monte Carlo code. The primary goal was the enhancement of the sig-
nal to noise ratio and the improvement of the detection limit of the system. An extensive
series of simulations were performed for each source in order to examine the conse-
quence of the solid angle which formed between the neutron beam and the collimator
detector. Boron was used as an element which emits the prompt gamma rays and accor-
ding to the simulations, 2.5 and 3 MeV protons beams offer the best performance, while
for proton beam with energy in the range between 4-5 MeV the results indicate slightly
poorer performance. Simulations are presented for the in-vivo PGNAA in the human
liver.

Keywords: PGNAA, "Li(p,n) reaction, Lithium target, Boron, MCNPX

INTRODUCTION

Prompt Gamma Neutron Activation Analysis is a useful nondestructive testing radio-
analytical method for the fast detection of elemental and isotopic compositions in various
fields of activity. The object is irradiated by a low energy neutron beam and the identifi-
cation based on the detection of the gamma radiation which is emitted after neutron cap-
ture (n,y) reaction. This technique has been widely used for measurement of many low Z
elements such as H, B, C, N, Si, P, S, Cl and some others elements with high neutron
capture cross-sections e.g. Hg, Cd, Sm and Gd. The hydrogen and boron measurements
are really important owing to the lack of other reliable analytical methods. Especially the
9B concentration in human during the boron neutron capture therapy can be detected
easily and accurately, as a result of high neutron capture cross section of '°’B(3837 b), via
478 keV prompt gamma ray (1-4).

The aim of this work is to study the performance of a Prompt Gamma Neutron Acti-
vation Analysis (PGNAA) facility which is based on neutrons production via "Li(p,n)
reaction, using proton beams with energies of 2.5, 3, 4, 4.5 and 5 MeV. The presented
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unit has been designed and simulated using the MCNPX 2.5 Monte Carlo code (5). For
each proton beam the primary purpose is to enhance the signal to noise ratio of the
emitted gamma-rays, through the '°B(n, a)’Li reaction. Boron was selected as the investi-
gated material for in vivo calculations because has a useful interest both for the in vivo
PGNAA in the human liver during the BNCT and in its determination in water samples.

MATERIAL AND METHODS

The choice of the "Li(p,n) reaction is based on the fact that this is one of the most
promising neutron sources, because it provides a low energy, high intensity spectrum.
However, the lithium metal has a relatively low melting point temperature (182°C) and
for this reason usually requires a heat removal system. According to the experimental
works by Bayanov et al. a simple cooling system, which is based on water, can be used
for proton beam current up to 10 mA (6-7). Several researcher have been calculated the
neutron spectra from the 7Li(p,n) reaction for a wide range of the proton energies, but
some discrepancies are noted (8-9). The produced neutron yield can be described by the
equation (10-12):

a’N_ . dopn dcms Ep -1
= igp (") EmsTg-1(p ) [1]
dNdEn de Jcmys d  dEp

where i and g express the proton beam current and the number of protons per pA
respectively, D indicates the atomic density of 'Li, (dj%)cmdenotes the differential
cross-section of the "Li(p,n) reaction, E, is the proton energy, E, is the energy of the
emitted neutrons in the solid angle Q and finally S™* (Ep) is the inverse stopping power in
lithium. The relevant neutron spectra (that used in the simulations) corresponding to 2.5,
3,4, 4.5 and 5 MeV protons were derived from previous work by Bakshi et al. [9] and by
Bleuel et al. [13] and are depicted in Figure 1. The estimated total neutron yields per pA
are equal to 8.83x108, 1.56x10°, 3.62x10°, 4.96x10° and 6.48x10° ncm™s™! for proton
energy beams of 2.5, 3, 4, 4.5 and 5 MeV, respectively. The number of photons with
energy Ej; corresponding to the presence of the element i is given by the equation (4):

milijNa
M;

C(Eijr) = 0,;GoL;;(Eiji)S(Ex)e(Ex)Te [2]

where: i, j, k indicate the element, the isotope and the gamma energy respectively, m;
express the mass of the element i in the sample, 7; is the isotopic abundance of the
emitting isotope, N4 is the Avogadro number, M; is the molar mass of the element, g is
the mean activation cross-section of the j isotope, G is the neutron self-shielding factor,
@ is the total neutron flux, /; is the prompt gamma yield per capture, S(Ey) express the
gamma self-shielding in the sample, ¢(E)) is the total efficiency of counting, 7. is the
counting time.
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Figure 1. Neutron spectra for the protons beam with energy 2.5, 3, 4, 4.5 and 5 MeV
The mean cross-section o;j can be calculated by the equation:

Iy 01j(E)po(E)AE
Po

(3]

O'ij =

where ¢y is the total neutron flux at the surface of the sample. For the "Li(p,n) reaction,
the photon yield of the (p, y) reaction can be estimated by the formula (14):

Epo op—y(Ep)
y =D L dE, [4]

where E, is the incident proton energy and o;.(E,) denotes the total cross section, as a
function of proton energy E,. The minimum detectable concentration (MDC) of boron in
water samples is easily calculated by the equation (15):

MDC = 4.653 x = X VB [5]

where C is the concentration of boron, B is the background counts and P is the net count
of the characteristic gamma-ray peak. The error in MDC is given by the formula:

omm=%xV2xB [6]
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One of the main problems of most PGNAA facilities is the low signal to noise ratio
because of the inherently relatively large background, which reduce this ratio. The
presence of the collimated detectors is necessary in order to stop the undesired stray
gamma rays to reach the detector however, simultaneously this means than the detector is
able to "see" just a small part of the investigated sample. Previous works (16-17) illustra-
te that the field of view between of the detectors and the neutron beam create a volume of
intersection. The solid angle and the thermal neutron flux within this volume determine
the detectors response. According to previous work, the solid angle (€2p) can be measured
with the help of a Monte Carlo method, which make use of a total variance reduction and
is expressed by formula:

Qp =T, W, [7]
where W; is a weighting factor correlated with the location within the volume V, that emit
induced gamma-rays and subtend a non-zero solid angle with the detector, while N is the
number of these positions.

Figure 2 illustrates the side view of the simulated geometrical configuration. This
arrangement includes (1) a polyethylene cube with side 20 cm, (2) lead layers with 3 cm
thicknesses that cover the polyethylene box, in order to stop the gamma ray, while
borated polyethylene sheets with thicknesses 1cm shield the rest of the neutrons (3). A
cylindrical void (4), with length of 24 cm and diameter of 2 cm, permits the neutrons
from the lithium disk source (5) to reach the irradiated object (6), which is a cubic
phantom with a sidelength of 16 cm. The distance of the phantom from the borated poly-
ethylene sheets is 5 cm, while the distance between phantom and source is 15cm. Based
on the fact that the typical quantities of the boron in a healthy and in a sick liver are about
8 and 50 ppm, respectively [18], the theoretical phantom contains water with 50 ppm of
1B homogeneously distributed (the selection of the suitable boron compound escapes the
purposes of the present work). A cylindrical aperture (7), with 5 cm height and 4 cm
diameter, permits the produced gamma rays to arrive at the detector (8), which has both a
diameter and a height of 5 cm. A lead straight bore collimator (9) with height and dia-
meter 10 and 12 cm respectively, was used to minimize the background.

Proton,

beam

Figure 2. Geometric configuration of the simulated experimental facility
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RESULTS AND DISCUSSION

In order to enhance the gamma-ray detection sensitivity for a 0.478 MeV photons, a
number of simulations for different positions, both for the collimator detector and for the
lithium target were carried out, for every proton beam. The F8:P pulse height tally that
calculates the energy distribution of pulses created in the detector cell per starting
neutron, was selected as an optimization index. The detector and its collimator were
moved along the Z and the Y directions. Tables 1-5 show the normalized results for every
neutron source. According to results from the Table 1 the best detection sensitivity has
been achieved at y = -4 cm and z =-5 while =1 cm from this position the boron detection
sensitivity is very high (with normalised values among 0.94-0.98). The comparison
between the "best" and the initial "symmetric" position indicates that the symmetric
position provides 60% lower boron peak area.

For the 3 MeV proton beam the "best" positions occur at y = -3 cm and z =-3.
According to the results a small shift for this position reduces more the boron peak (with
normalised values among 0.78-0.96) in comparison with the 2.5 MeV proton beam. The
"symmetric" position gives 40% lower gamma peak area (Table 2).

Table 1. The normalized signal peak area for the different positions of the proton beams
with energy 2.5 MeV and collimator detector relative to the object

Neutron source position (Z axis)
Detector position (Y axis) 2 1 0 -1 -2 -3 -4
0 0.31 10391 0.51 064|076 | 0.81 | 0.83
-1 0.31 | 041 [ 0.53 | 0.67]0.79 | 0.87 | 0.88
-2 0.36 | 0.43 | 0.58 | 0.71 | 0.88 | 0.96 | 0.96
-3 0.35 /046058 | 0.70 | 0.84 | 0.96 | 0.99
-4 038 1046|058 10.75]1091 097 ]0.98
-5 0.33 1042054070 | 0.83 | 0.95 | 1.00
-6 0.34 1 0.39 | 0.50 | 0.68 | 0.84 | 0.94 | 0.97

Table 2. The normalized signal peak area for the different positions of the proton beams
with energy 3 MeV and collimator detector relative to the object

Neutron source position (Z axis)
Detector position (Y axis) 2 1 0 -1 -2 -3 -4
0 0.4510.55]10.62|0.71 | 0.77 | 0.82 | 0.82
-1 0.43 1049 | 0.60 | 0.69 | 0.75 ] 0.89 | 0.87
-2 0.41 | 0.50 | 0.60 | 0.75 | 0.78 | 0.93 | 0.88
-3 0.40 | 0.46 | 0.64 | 0.75 | 0.85 | 1.00 | 0.94
-4 0.40 | 048 | 0.62 | 0.76 | 0.85 | 0.96 | 0.93
-5 041048 | 0.58 | 0.72 | 0.84 | 0.95 | 0.91
-6 0.38 | 0.43 | 0.49 | 0.67 | 0.76 | 0.89 | 0.88
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The result is similar for the 4 MeV proton beam but the "best" position records at

= -3 cm and z = -4 (Table 3). The neutron source based on 4.5 MeV proton beam, offers

the maximum boron peak area at y = -3 cm and z = -5 (Table 4). Table 5 illustrates the

relevant results for the 5 MeV proton beam with the maximum value at y = -3 cm and
z=-3.

Table 3. The normalized signal peak area for the different positions of the proton beams
with energy 4 MeV and collimator detector relative to the object

Neutron source position (Z axis)
Detector position (Y axis) 2 1 0 -1 -2 -3 -4
0 048 1 0.58 | 0.61 | 0.71 | 0.76 | 0.85 | 0.90
-1 0.44 1052 | 0.60 | 0.66 | 0.76 | 0.87 | 0.88
-2 0451057 | 0.66 | 0.81 | 0.85 | 0.90 | 0.86
-3 0381049 064 | 080|084 | 095 ]| 0.86
-4 0461054 |0.64 | 0.74 1 0.90 | 1.00 | 0.98
-5 0451054 |0.64|0.78 1091 [ 094 | 0.92
-6 03710451056 | 0.72 ] 0.89 | 095 | 0.92

Table 4. The normalized signal peak area for the different positions of the proton beams
with energy 4.5 MeV and collimator detector relative to the object

Neutron source position (Z axis)
Detector position (Y axis) 2 1 0 -1 -2 -3 -4
0 044 | 0.53 1 0.62 | 0.71 | 0.78 | 0.93 | 0.86
-1 0.47 | 0.53 1 0.59 | 0.75 | 0.83 | 0.87 | 0.85
-2 0.48 | 0.57 1 0.70 | 0.82 | 0.88 | 0.92 | 0.90
-3 0.50 | 0.62 | 0.74 | 0.85 | 0.97 | 1.00 | 0.96
-4 0.54 | 0.61 | 0.73 | 0.81 | 0.88 | 0.98 | 0.97
-5 0.48 | 0.60 | 0.66 | 0.76 | 0.89 | 1.00 | 0.98
-6 0.49 |1 0.58 | 0.67 | 0.78 | 0.81 | 0.90 | 0.86

With these criteria both the signal to noise ratio (SA/B) and the corresponding relative
error (rs =S+ 2B /S), "best" position and "symmetrical" position were compared for
each of the five considered neutron source. The results are listed in Table 6 for neutron
flux equal to 3x10° n/s and irradiation time of 100 s. For the 2.5 MeV protons beam

(SA/B) and r have increased by factors of 1.35 and 1.41, respectively. In the case of 3
MeV protons beam (S/A/B) and 1 have improved by factors of 1.10 and 1.32 respectively.

As regards the 4 MeV protons beam (S/A/B) and r, have increased by factors of 1.11 and
1.22, respectively. Similar is the amelioration in the case of the 4.5 MeV protons beam

with enhancement for (SA/B) and r, by 1.13 and 1.20 respectively. Finally, for the 5 MeV

proton beam both (SA/B) and 1, increased by factors of 1.13 and 1.21 correspondingly.
Based on the results of the Table 6 the facility which incorporates the 2.5 MeV proton
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beam has the better performance while the 3 MeV proton beam provides to the unit the
second better results. Proton beams with energy 4, 4.5 and 5 MeV have similar perfor-
mance and comparatively slightly worse from the facility which uses the 3 MeV proton
beam.

Table 5. The normalized signal peak area for the different positions of the proton beams
with energy 5 MeV and collimator detector relative to the object

Neutron source position (Z axis)
Detector position(Y axis) 2 1 0 -1 -2 -3 -4
0 0341047 1057 10.73 10.84 | 091 | 0.89
-1 0.35[1044 | 0.59 | 0.77 | 0.88 | 0.91 | 0.91
-2 0341043063 ]0.79 092|098 | 0.94
-3 040 | 0.51 | 0.63 | 0.75 1090 | 1.00 | 0.98
-4 0361045 0.60 | 0.77 [ 0.92 | 1.00 | 0.99
-5 038 1045 0.55]0.72 | 0.88 | 0.99 | 0.98
-6 0.34 10451 0.55]0.70 | 0.85 ] 092 | 091

Table 6. The comparison of the 5 neutron beams with flux 3x10° n/s and irradiation
counting time 100 s

2.5 MeV 3 MeV protons 4 MeV 4.5 MeV 5 MeV protons
protons beam beam protons beam | protons beam beam

Signal to noise ratio

Symmetric|  5.62E+1 6.81E+1 6.40E+1 6.05E+1 5.39E+1
Best 7.58E+1 7.51E+1 7.10E+1 6.81E+1 6.08E+1
Relative error

Symmetric|  5.23E-2 5.16E-2 4.84E-2 4.91E-2 5.05E-2
Best 3.70E-2 3.90E-2 3.96E-2 4.08E-2 4.17E-2

With the help of the F8:P tally the MDC of boron is calculated for each protons beam.
According to the results the MDC and the owmpc for the protons beams with energy 2.5, 3,
4, 4.5 and 5 MeV is 3.7+1.1, 3.7+1.1, 3.9+1.2, 4.1+1.3 and 4.9+1.5 ppm respectively.
Figure 3 shows simulated values for the boron concentration versus the 0.478 MeV peak
area for the 2.5 MeV protons beam. The enlarged MCNPX calculated gamma ray spectra
for 4 different boron concentrations of aqueous sample are illustrated in Fig. 4.
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Figure 3. Relationship between the Signal to Noise ratio and the Boron concentration

The dose equivalent rate (DER) in the phantom both from neutrons and photons was
also calculated for each neutron source. The neutron flux was considered equal to 3x10°
n/s and irradiation counting time 100 s for the "best" position of each source. The DER
was calculated with the combination of the F4 tally and DE, DF cards. Tally calculates
the flux in the phantom cell while the DE, DF cards convert the flux into the dose equiva-
lent. Table 7 shows the results of the simulations, the DER varied between 0.56 and
2.43mSv while based on the fact that tissue weighting factor of liver is 0.05 the effective
dose varied between 28.21 and 121.67uSv. The 2.5 MeV proton beam provides the lower
DER while L

50 ppm Boron

——— 100 ppm Boron
............. 150 ppm Boron
200 ppm Boron

1e-7 A

Relative intensity

1e-8 A

0.470 0.475 0.480 0.485
Energy (MeV)

Figure 4. Enlarged gamma ray spectra (containing 50-200 ppm boron) over 0.465-0.49
MeV energy
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Table 7. The calculated maximum DER

Proton beam 2.5 MeV 3MeV | 4MeV | 4.5MeV | 5 MeV
Dose equivalent rate (uSv) 28.21 34.83 100.42 102.92 121.67
CONCLUSIONS

In the present work five neutrons sources via the “Li(p,n) reaction using protons
beams with energy in the range from 2.5 to 5 MeV was evaluated with the help of
MCNPX Monte Carlo code for the design of a PGNAA facility. The comparison based
on the finding of the position which offer the best signal to noise ratio and hence improve
the detection sensitivity of the system. By virtue of the importance of the boron in the
human body this element used as example element although the same procedure will be
also applied for a number of elements such as Gd (0.182 MeV), Hg (0.368 MeV), Sm
(0.334 & 0.44 MeV) and Cd (0.559 MeV). According to the results both 2.5 and 3 MeV
protons beam provide in the facility the best performance while the facilities which based
on proton beam in the energy range between 4-5 MeV have a slightly poorer perfor-
mance. The effective dose in the human liver for in vivo quantification for neutron flux
3x10° n/s and irradiation time 100 s varies from 28.21 up to 121.67 uSv.
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STABILITY OF ENCAPSULATED Lactobacillus rhamnosus GG IN COCOA
(Theobroma cacao L.) JUICE
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This study investigated the stability of Lactobacillus rhamnosus GG (LGG) in cocoa
Jjuice. Lactobacillus rhamnosus GG was encapsulated separately with sodium alginate
and sodium alginate+gum Arabic, and incorporated into cocoa pulp juice. Un-encapsu-
lated LGG (free cell) served as a control. The viability of free and encapsulated LGG in
cocoa juice and simulated gastrointestinal conditions was evaluated. The juice was sto-
red at 4 °C for 28 days and its chemical composition was determined weekly. Colour
attributes and sensory properties of the freshly prepared juice were also determined. The
percentage yield of LGG encapsulated with sodium alginate and sodium alginate+gum
Arabic was 80.8 and 89.9%, respectively. Sodium alginate+gum Arabic encapsulated
LGG showed higher viability in cocoa juice and simulated gastrointestinal conditions
than free cell and LGG encapsulated with sodium alginate only. There was no significant
(p>0.05) difference in the pH of cocoa juice that contained sodium alginate only (CJSA)
and the one that contained sodium alginate+gum Arabic (CJAG). Titratable acidity of
CJAG was significantly (p<0.05) higher than CJSA throughout the storage. Significantly
higher pH, total soluble solids, and sugar were recorded for cocoa juice that contained
the free cell (CJFC) compared to CJSA and CJAG. There was no significant (p>0.05)
difference between CJSA and CJAG in terms of the degree of lightness, however, the
samples differed significantly (p<0.05) in terms of chroma, and colour intensity. There
was no significant (p>0.05) difference between CJFC and CJAG in terms of colour,
appearance, aroma, taste, and consistency. This study showed that the encapsulation of
LGG with sodium alginate and gum Arabic improved its stability in cocoa juice.

Keywords: Cocoa juice, encapsulation, gastrointestinal condition, Lactobacillus rhamno-
sus GG, viability.

INTRODUCTION

Probiotics are defined as living organisms that provide health benefits to the host
when ingested in sufficient quantities, usually 107 CFU/mL at consumption time (1).
Lactic acid bacteria (LAB) are the commonest probiotic microorganisms due to their
beneficial effects on the gastrointestinal tract (1). Lactic acid bacteria can withstand
extreme acidic pH in the gastrointestinal tract and remain active (2). Species that belong
to genera Lactobacillus, which include Lactobacillus plantarum, Lactobacillus johnsonii,
Lactobacillus acidophilus, Lactobacillus sakei, Lactobacillus bulgaricus, Lactobacillus
salivarius, and Lactobacillus rhamnosus have been used as probiotics in food systems,

* Corresponding author: Olajide E. Adedeji, Department of Food Science and Technology, Federal University
Wukari, PMB 1020, Wukari, Nigeria, e-mail: adedeji@fuwukari.edu.ng
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especially, milk products (3). Lactobacillus rhamnosus is one of the most extensively stu-
died probiotic lactic acid bacteria due to its remarkable growth pattern (4). Lactobacillus
rhamnosus is a facultative, rod-shaped, non-sporulating mesophilic anaerobe (4). Recent
studies have shown its effectiveness in combating gastrointestinal diseases such as infant
diarrhea and lactose intolerance (2). Its effective antagonistic prowess on common patho-
gens such as Escherichia coli, Streptococci, Clostridium spp., Salmonella spp., and Clos-
tridium difficile has also been established (5). Lactobacillus rhamnosus acts by adhering
to the mucosa of the intestine and colonizes the gastrointestinal tract and produces anti-
microbial substances, which have high antagonistic activity against pathogens (2).

In recent times, there has been an increased interest in the improvement of the via-
bility of probiotic organisms in the gastrointestinal tract. This is needful to ensure that the
organisms tolerate and survive harsh conditions of the stomach and intestines until they
reach the upper intestinal tract where they are required to proliferate (6). Encapsulation is
an efficient technology for improving the viability of probiotics in the gastrointestinal
tract (7). Several authors have reported improvement in the viability of LAB such as Lac-
tobacillus paracasei NFBC 338 (8) and Lactobacillus rhamnosus GR1 (2), consequent to
their encapsulation before use. Alginate is the commonest biopolymer used for the encap-
sulation of probiotics due to its ease of handling, non-toxic nature, low cost, availability,
and good gelling properties (9). In practice, encapsulating materials are combined with
prebiotics to further improve the viability of probiotics in the gastrointestinal tract (10).
Prebiotics function by modifying the condition of the gastrointestinal tract to promote the
continuous proliferation of probiotics (2). The use of alginate beads, either singly or in
combination with prebiotics, for the immobilization or encapsulation of probiotics, has
proven to be very effective for probiotics such as Lactobacillus rhamnosus, Lactobacillus
plantarum, Lactobacillus acidophilus, and Bifidiobacterium lactis (11, 12). Gum Arabic
is an edible exudate from Acacia senegal, which has a good prebiotic property (13). The
combination of alginate and gum Arabic for improved viability of probiotics in food
systems and gastrointestinal tract is well documented (14, 15).

Traditionally, dairy products are considered as media for administering probiotics,
however, increased interest in the development of functional foods in recent times has
shifted attention to non-dairy products (16, 17). White and Hekmat (2) reported the de-
velopment of probiotic apple juice using Lactobacillus rhamnosus GR1. Similar studies
have been conducted using aloe vera (11), mango juice (1), tomato, and carrot juices (18).
Moreover, more studies are required to evaluate the stability of encapsulated probiotics in
other non-dairy food products, such as cocoa juice, which have high nutritional benefits.
Cocoa (Theobroma cacao L.) is an important crop in many West African countries such
as Nigeria, Ghana, and Cote d’Ivoire (19). The pulp is a component of cocoa fruit, which
plays important role during fermentation operation for the recovery of cocoa beans (20).
The quantity of the pulp is one of the factors that determine the overall quality of the
beans (19). In many cases, the pulp is more than what is required, thus, the excess serves
as an important raw material for the production of juice, wine, jam, kefir, and jelly (21).

This is because, the cocoa pulp is a rich source of sugars (15%), organic acids (5%),
and pectin (1.5%), which contribute to the nutritional, aesthetic, and refreshing properties
of the products (20). Other nutrients that are present in considerable quantity include as-
corbic acid, pyridoxine, niacin, K, Mg, and Ca (22). Cocoa juice is the most popular
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product of cocoa pulp due to its ease of production, reduced nutrient loss during proces-
sing, and high organoleptic attributes (23). Therefore, cocoa juice has the potential to ser-
ve as a carrier of probiotics. The objective of this study was to evaluate the effect of en-
capsulation, using sodium alginate and gum Arabic, on the viability of Lactobacillus
rhamnosus GG in cocoa juice.

MATERIALS AND METHODS

Lyophilized Lactobacillus rhamnosus was obtained from GG Valio Ltd., Helsinki,
Finland. Cocoa (Theobroma cacao L.) pods were obtained from the Cocoa Research
Institute of Nigeria, Ibadan, Nigeria. Sodium alginate (Foodchem, Shanghai, China) and
gum Arabic (Zeenab, Abuja, Nigeria) were procured from Bristol Plc., Lagos, Nigeria.
All reagents used were of analytical grade.

Preparation of Lactobacillus rhamnosus GG Culture

Lactobacillus rhamnosus GG (LGG) culture was prepared based on the procedure
outlined by Chaikham et al. (24) with slight modification in cultivation time. Five grams
of lyophilized pellets of LGG were rehydrated in 50 mL of Man Rogosa Sharpe (MRS)
broth at room temperature (2842 °C) for 15 min. The broth was incubated at 37 °C under
an anaerobic condition in an Anaerocult (Merck, Germany) for 16 h with continuous sha-
king (110 rpm). Thereafter, the MRS-broth culture was cultivated on MRS broth at 37 °C
for 48 h to multiply the organism. Subsequently, stock cultures were prepared by mixing
MRS-broth culture and sterile glycerol (Oxoid, Germany) (4:1, v/v) in sterile cryogenic
vials and stored at -80 °C until required. To prepare probiotic culture for immediate use, a
vial of each culture was thawed at room temperature (2842 °C) and inoculated on MRS
broth at 37 °C in an AnaeroGen system (Wesel, Germany). Thereafter, the recovered cell
was multiplied by incubating anaerobically on MRS broth at 37 °C for 24 h. The cell was
washed twice with peptone water (Oxoid, Germany) and separated in a centrifuge
(K241IR, Centurion Scientific, UK) at 3,000 x g for 25 min. The cells were diluted with
peptone water to a concentration of 10° CFU/mL.

Preparation of beads and encapsulation of Lactobacillus rhamnosus GG

Alginate beads containing LGG were prepared using the method described by Moha-
med et al. (25). A 75 mL aliquot of 3% sodium alginate solution was autoclaved (121°C,
15 psi) for 15 min, cooled to room temperature (28+2 °C), and mixed with 25 mL of 10°
CFU/mL LGG. The solution was gently agitated for the even distribution of the organism
in the mixture. Subsequently, the mixture was dispensed into 100 mL of 0.1 M CaCl, and
allowed to stand for 30 min to harden the beads. The beads were washed with sterile pep-
tone water and stored at 4 °C for further use. Combined sodium alginate and gum Arabic
(sodium alginate+gum Arabic) beads were prepared according to the method of Krishnan
et al. (26). Three grams of gum Arabic was dissolved in 100 mL of de-ionized water at 4
°C for 12 h and the mixture was sheared in a homogenizer (Huanghua Faithful, China)
until a uniform medium was formed. The mixture was sterilized (121 °C, 15 psi) for 15
min and cooled to room temperature (2842 °C). A 0.1M CaCl, solution was added to the
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gum arabic medium, allowed to dissolve, and 10 mL/L Tween 80 (Sigma, Germany) was
added. Sodium alginate-probiotic cell solution (as earlier discussed) was dispensed into
the gum Arabic/CaCl, medium and allowed to stand for 30 min to harden the beads. The
beads were washed with sterile peptone water and stored at 4 °C for further use.

Incorporation of Lactobacillus rhamnosus GG into cocoa juice

The ripe cocoa pods were washed, opened with a sharp knife, and the pulp was ex-
tracted with the aid of a de-pulping machine (CP-12M, Wuhan Acme Agro Tech.,
China). The pulp was filtered using a 75 um sieve and cocoa juice was obtained. The
juice was pasteurized (80 °C, 15 min) and cooled to room temperature (28+2 °C). One
gram each of encapsulated LGG and un-encapsulated LGG (free cell) was inoculated
separately per 100 mL of the juice. The mixture was mixed gently for the optimum
distribution of the cells. The mixture was incubated at 37 °C for 48 h. Each of the juice
samples was divided into two halves. For the first half, LGG was recovered from the
juice and its viability was determined. The viability of the recovered LGG in simulated
gastric and intestinal conditions was also evaluated. For the second half, the juice
(containing LGG) was subjected to refrigerated (4 °C) storage for 28 days and its che-
mical composition was determined every week. Colour attributes and sensory properties
of the freshly prepared probiotic juice were also determined.

Viability of encapsulated Lactobacillus rhamnosus GG in simulated gastrointestinal
conditions

Viability of free and encapsulated LGG was evaluated in simulated gastric and
intestinal juices following the methods described by Chaikam et al. (24). Simulated gas-
tric juice was prepared by adding 0.3% pepsin to 5 mL of an electrolyte solution. The
electrolyte solution was prepared by mixing 6.2 g/L NaCl, 2.2 g/L. KCl, 0.22 g/L. CaCl,,
1.2 g/L NaHCOj; and lysozyme, and pH was adjusted to 2.5 with 1 M HCI. The mixture
was sterilized (121°C, 15 psi) for 15 min. Twenty milligrams each of free and encapsula-
ted LGG was incubated in 5 mL simulated gastric juice for 60 min in an incubator (CLN
115, Pol Eko Aparatura, Poland) at 37 °C. Thereafter, the capsules were removed and
rinsed in sterile water. The viability of LGG was determined at 30 min interval. Simula-
ted intestinal juice was prepared by adding 10 mL of 0.45% bile salt and 0.1% pancreatin
(v/w) to 5 mL of the electrolyte solution. The pH was adjusted to 8 using 0.5 M NaOH,
and the solution was sterilized. Fifteen milligrams each of free and encapsulated LGG
was incubated in 5 mL of simulated intestinal juice for 120 min at 37 °C in an incubator
(CLN 115, Pol Eko Aparatura, Poland). The viability of LGG was determined at 30 min
interval.

Analyses

Determination of particle size and yield of encapsulated Lactobacillus rhamnosus
GG. The particle size of beads was determined based on the procedure described by Iva-
novska et al. (27). A 20 mg bead was suspended in 5 mL acetate and phosphate buftfers of
pH 1.5 and 7.4, respectively. The mixture was agitated at a temperature and speed of 37
°C and 300 rpm, respectively. Beads were removed at a time interval from the swelling
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medium and particle size assay was done with the aid of Master sizer (Hydro 2000,
Malvern Ltd., UK). Particle size was obtained using Equation 1.

Dt-D

0
=2 %100 [1]

Particle size=

where Dt and Do were mean volume diameters of micro-particle at a time, t, and in a dry
state, respectively.

The percentage yield of encapsulated LGG was determined based on the procedure
described by Chavari et al. (28). Lactobacillus rhamnosus GG was released by homo-
genizing 1g of bead in 99 mL of sterile 0.1 M citrate buffer (pH 6.0). The homogenized
fluids were diluted serially to appropriate concentrations and pour plated in MRS agar.
The plates were anaerobically incubated at 37 °C for 48 h and thereafter enumerated as
log CFU/mL. The encapsulation yield (EY), which is a combined measurement of the
efficacy of entrapment and the survival of viable cells during the microencapsulation
procedure was obtained using Equation 2.

EY=2x100 [2]
No

where: N is the number of viable entrapped LGG released from the beads, and No is the
number of free cells added to the biopolymer mix during the production of the beads.

Determination of the chemical composition of cocoa juice. Titratable acidity (TTA)
and pH of cocoa juice were determined using the AOAC (29) methods. A refractometer
(ATR-W2 plus 2009/230, United Kingdom) was used to determine total soluble solids
while the phenol-sulphuric method (30) was used to determine total sugars.

Determination of colour attributes of cocoa juice. Colour attributes, L* (a measure
of lightness), a* (a measure of redness and greenness), and b* (a measure of yellowness
and blueness) were measured with the aid of a colour meter (Chromameter CR-400/410,
Japan). From the data obtained, hue angle, chroma, and colour intensity were obtained
using Equations 3, 4, and 5, respectively.

Hue angle= Tan™! b/a [3]
Chroma= v Aa® + Ab? [4]
Colour intensity= v AL? +Aa? + Ab? [5]

Sensory evaluation of cocoa juice. Sensory evaluation of cocoa juice samples was
done using a nine-point Hedonic scale, which had two extremities i.e. 1 = dislike extre-
mely and 9 = like extremely (2). Fifty panellists that consisted of Postgraduate students of
Faculty of Technology, University of Ibadan, Nigeria, were asked to assess the samples
for colour, appearance, aroma, taste, consistency, and overall acceptability. The samples
were served to the panellists at 8 °C in individual booths under fluorescent light. Potable
water was provided in between samples for palate cleansing.

Statistical analysis. Raw data were analyzed statistically using the Statistical Package
for Social Scientist 23.0 (Stat-Ease Inc., Minneapolis, USA). The means and standard
deviation of means were obtained using two-way analysis of variance (ANOVA) while
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Duncan’s multiple range test was used to separate the means. The tests were carried out
at ao.0s.

RESULTS AND DISCUSSION
Particle size and yield of Lactobacillus rhamnosus GG
The average particle size and yield of LGG encapsulated with sodium alginate were

2.28 mm and 80.8% respectively, and 2.42 mm and 89.9% for sodium alginate+gum
Arabic encapsulated LGG (Figure 1).

2,55 100
2,5 2899 90
2,45 & S0 51 80
e 24 70
E 235 60
S 23 50 \%/
é-‘ 2,25 40 %
i 2,2 30
~ 2,15 20
2,1 10
2,05 0
Sodium alginate encapsulated Sodium alginate+gum Arabic
LGG encapsulated LGG
mm Particle size (mm) Yield (%)

Figure 1. Particle size and yield of encapsulated Lactobacillus rhamnosus GG
LGG-Lactobacillus rhamnosus GG

The average particle size obtained in this study was similar to 0.5-3.0 mm reported by
Etchepare et al. (9). According to Ivanovska et al. (27), beads of particle sizes <3 mm are
suitable for easy incorporation into food systems. They are stable and colonize easily in
the gastrointestinal tract. There was no significant (p>0.05) difference between Lactoba-
cillus rhamnosus GG encapsulated with sodium alginate and sodium alginate + gum Ara-
bic in terms of size. However, significantly (p<0.05) higher yield (89.9%) was recorded
for LGG encapsulated with sodium alginate + gum Arabic. This indicated higher protec-
tion of LGG’s viability as a result of the combined use of sodium alginate and gum Ara-
bic. This could be due to increased encapsulation efficiency owing to high prebiotic
potential of gum Arabic (31).

Stability of Lactobacillus rhamnosus GG in cocoa juice

The viability of free and encapsulated LGG in cocoa juice is presented in Figure 2.
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Figure 2. Stability of Lactobacillus rhamnosus GG in cocoa juice
LGG- Lactobacillus rhamnosus GG, Free cell- unencapsulated LGG

Encapsulation of LGG significantly (p<0.05) preserved its viability in cocoa juice.
Significantly (p<0.05) lower viability (8.62 log CFU/mL) was recorded for the free cell
compared to the encapsulated LGG. This could be due to the predisposition of the free
cell to the harsh acidic condition of the juice. According to Prakash et al. (7), the main
objective of encapsulating probiotics is to protect them against harsh conditions in the
gastrointestinal tract, as well as in food matrices. Previous studies had reported impro-
vement in the viability of LAB, such as Lactobacillus paracasei NFBC 338 (8) and Lac-
tobacillus rhamnosus GR1 (2), consequent to their encapsulation before use. Signifi-
cantly (p<0.05) higher viability (10.66 log CFU/mL) was recorded for LGG encapsulated
with sodium alginate+gum Arabic compared to LGG encapsulated with sodium alginate
only (10.23 log CFU/mL). This implied better stability of LGG as a result of improved
protection offered by a double-layered matrix created by the combination of sodium
alginate and gum Arabic. This result aligned with the findings of Wang et al. (30) who re-
ported improved stability of a double-layered encapsulated Bifidiobacterium adolescentis
in pineapple and grape juices.

Survival of Lactobacillus rhamnosus GG in simulated gastrointestinal conditions

The viability of free and encapsulated Lactobacillus rhamnosus GG in simulated
gastric condition is presented in Figure 3.
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Figure 3. Stability of Lactobacillus rhamnosus GG in simulated gastric juice
LGG- Lactobacillus rhamnosus GG, Free cell- unencapsulated LGG

Irrespective of encapsulating materials used, the survival of LGG decreased as the
residence period increased. During the first 30 min of incubation, the free cell was <7 log
CFU/mL, while the population of the encapsulated samples was >9 log CFU/mL. Many
studies (7, 30, 32) had shown that encapsulation could increase the survival of probiotics
by inhibiting the diffusion of calcium ions outside the capsules. Mokkarram et al. (33)
showed that Lactobacillus acidophilus and Lactobacillus rhamnosus exposed to simu-
lated gastric condition had higher viability when encapsulated in calcium alginate. The
free cell further decreased to 2.76 log CFU/mL after 120 min. This indicated an approxi-
mate 73% reduction in viability. The result indicated that the free cell would be sensitive
to the acidic environment of the stomach, which might affect its survival. Kim et al. (34)
also reported that at pH 1.2, un-encapsulated Lactobacillus acidophilus was destroyed
after 1 h of incubation. After 60 min of incubation, higher viability was recorded for
LGG encapsulated with sodium alginate + gum Arabic compared to the LGG encapsula-
ted with sodium alginate. This could be due to the formation of a double layer membrane
by sodium alginate and gum Arabic, which probably led to the reduced interaction bet-
ween LGG and gastric juice. Ivanovska et al. (27) also reported high viability of Lactoba-
cillus casei consequent to its encapsulation with chitosan and calcium alginate. Accor-
ding to Sivudu et al. (18), the combined use of alginate and prebiotics, such as gum Ara-
bic and chitosan, confers a high level of inertness against many enzymes of the intestinal
tract.

The viability of free and encapsulated LGG in the simulated intestinal condition is
presented in Figure 4.
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Figure 4. Stability of Lactobacillus rhamnosus GG in simulated intestinal juice
LGG - Lactobacillus rhamnosus GG, Free cell - unencapsulated LGG.

Generally, there was a significant reduction in viability of the free cell after exposure
to simulated intestinal condition. The viability of the free cell reduced from 10.60 to 4.41
log CFU/mL, and this indicated a 58.4% loss of viability. This could be due to the
unfavourable pH of the intestine. Mokkarram et al. (33) also reported a reduction in the
viability of Lactobacillus rhamnosus when subjected to intestinal juice. During the early
stages of incubation, LGG encapsulated with sodium alginate and sodium alginate + gum
Arabic was stable. However, after 120 min of incubation, higher viability was recorded
for LGG encapsulated with sodium alginate + gum Arabic. Viability of LGG encapsula-
ted with sodium alginate and sodium alginate + gum Arabic was 8.0 and 8.83 log
CFU/mL, respectively. This corresponded to 23.8 and 16.3% reduction, respectively.
Higher stability recorded for LGG that was encapsulated with sodium alginate + gum
Arabic could be due to the synergistic effect of sodium alginate and gum Arabic in pro-
tecting the organism against the harsh conditions of the intestine. Wang et al. (30) also
reported higher survival efficiency of Lactobacillus casei encapsulated with sodium
alginate and vegetable protein.

Chemical composition of cocoa juice during storage

Changes in pH, titratable acidity, total soluble solids, and total sugar of probiotic
cocoa juice as influenced by encapsulation of LGG are presented in Table 1. After 7 days
of storage, there was a general reduction of the pH of cocoa juice as storage progressed.
The reduction in pH could be attributed to the elaboration of organic acid as storage
progressed (32). Prakash et al. (7) also reported decreasing pH of litchi juice during
storage. Also, after seven days of storage, there was no significant (p>0.05) difference in
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the pH of cocoa juice samples that contained the free cell (CJFC), encapsulated LGG, and
the freshly prepared cocoa juice. However, after 21 days of storage, significantly
(p<0.05) lower pH was recorded in cocoa juice samples that contained encapsulated LGG
compared to CJFC. This implied that the encapsulation of LGG caused a significant
(p<0.05) reduction in the pH of the juice. This could be due to the increased utilization of
cocoa juice sugars, especially sucrose, by the encapsulated LGG, which probably led to
the increased elaboration of organic acids (11).

Table 1. Chemical composition of cocoa juice as influenced by encapsulated
Lactobacillus rhamnosus GG

S;;)rriil)gde Encapsulation pH Titratable TOtZL]Si%]SUble Total sugar
1 1di 0,
(day) material acidity (%) (°Brix) (mg/100 mL)
0 Fresmj?{lg:pared 4.06'+0.01 | 1.61%:0.02 | 9.87%:0.02 | 25.10%:0.04
7 Free cell 4.05%+0.01 1.58%+0.01 9.535+0.06 16.14+0.24
Sodium alginate 4.06°+£0.01 1.572+0.01 8.202+0.01 9.48°+0.00

Sodium alginate
+ gum Arabic

14 Free cell 4.05+0.01 1.35°+0.01 9.53%+0.06 11.57°+£0.06

Sodium alginate 3.539:0.06 | 1.41°+0.01 8.90%0.00 10.89°+0.02

Sodium alginate
+ gum Arabic

21 Free cell 4.03°+0.01 1.25%£0.05 9.47°+0.06 10.97°4+0.15

Sodium alginate 3.80%:0.00 | 1.38°£0.02 | 8.90%+0.00 10.99°+0.01
Sodium alginate
+ gum Arabic
28 Free cell 4.02+0.01 1.060.01 9.47°¢0.06 10.779+0.19

Sodium alginate | 3.70°£0.00 | 1.35°+0.02 8.83°+0.06 8.338+0.05
Sodium alginate
+ gum Arabic

Values are means+standard deviations of triplicate scores. Means with different superscripts in column were
significantly (p<0.05) different.

4.06°+0.11 1.59°+0.01 8.979¢+0.06 7.56%0.40

3.509+£0.00 1.46°+0.01 9.009+£0.00 8.82f+0.02

3.83°£0.06 1.439£0.02 | 8.979+0.06 10.01°+0.05

3.70°4+0.00 | 1.41%0.01 8.83°£0.06 8.08"+0.00

This is advantageous because the low pH of juice that contained encapsulated LGG
would result in increased pH stability of the juice. Teanpaisan et al. (11) also reported the
stability of the pH of orange juice containing encapsulated Lactobacillus paracasei SD1.
Throughout the storage, results also showed that there was no significant (p>0.05) differ-
rence in the pH of cocoa juice that contained sodium alginate only (CJSA) and the one
that contained sodium alginate+gum Arabic (CJAG). Irrespective of the nature of LGG,
there was no significant (p>0.05) difference in titratable acidity of the samples during the
first 7 days of storage. However, after 14 days of storage, there was a significant (p<0.05)
difference in titratable acidity of the samples. Significantly (p<0.05) higher titratable
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acidity was recorded for CJAG compared to CJSA. This could be attributed to the
accumulation of higher organic acids in the juice owing to the high metabolic activity of
sodium alginate+gum Arabic encapsulated LGG (24). This further validated the effecti-
veness of combined use of alginate and gum Arabic for the encapsulation of LGG. Wang
et al. (30) also reported a similar trend in pineapple and grape juices that contained
double-layered encapsulated Bifidiobacterium adolescentis.

Significantly (p<0.05) higher total soluble solids and sugar were recorded in CJFC
compared to CJSA and CJAG. Lower soluble solids and sugar recorded for CJSA and
CJAG could be due to increased proliferation of LGG, which probably resulted in a
higher rate of sugar catabolism (35). This finding contradicted that of Prakash et al. (7)
who reported insignificant (p>0.05) change in total soluble solids of litchi juice as a result
of the microencapsulation of Lactobacillus casei 359 with sodium alginate and gum
acacia. Throughout the storage, significantly (p<0.05) higher total soluble solids and
sugars were recorded for CJSA compared to CJAG. This could be due to the increased
rate of sugar degradation of LGG encapsulated with sodium alginate and gum Arabic.

Colour attributes of cocoa juice as influenced by encapsulated Lactobacillus
rhamnosus GG

The colour attributes of cocoa juice samples are presented in Table 2. The samples
differed significantly (p<0.05) in terms of L*. Significantly (p<0.05) higher L* was
recorded for CJFC compared to CJSA and CJAG. This implied a reduction in L* of co-
coa juice as a result of the encapsulation of LGG with sodium alginate and gum Arabic.

Table 2. Colour attributes of cocoa juice as influenced by encapsulated Lactobacillus
rhamnosus GG

Encap sulhatlon L* a* b* Hue angle Chroma .C0101.1r

material intensity
Free cell 66.95::0.42 0.415£0.01 [2.032£0.17 [85.78%:0.03 | 1.77°£0.09 [19.68:0.38
Sodium alginate  [51.09°:0.03 [0.44°:0.01 |5.87°:0.06 [85.974:0.07 |5.52°40.04 B4.85%+1.16
Sodium alginate |5, 410 36 10 48220.02 |6.5740.01 [85.79%£0.17 |6.28%£0.07 [36.50°£0.12
+ gum Arabic

Values are means+standard deviations of triplicate scores. Means with different superscripts in column were
significantly (p<0.05) different. L* (a measure of lightness), a* (a measure of redness and greenness), b* (a
measure of blueness and yellowness)

This could be due to the effect of the encapsulating materials, which caused the con-
traction of colour. Teanpaisan et al. (11) had attributed a reduction in clarity or lightness
of fruit juice containing encapsulated cells to the contrasting colour of juice and beads.
Significantly (p<0.05) lower a*, b*, chroma, and colour intensity were recorded for CJFC
compared to CJSA and CJAG. Significantly (p<0.05) higher a* and b* in CJSA and
CJAG could be due to the impartation of colour by sodium alginate and gum Arabic,
which culminated in increased redness and yellowness. There was no significant (p>0.05)
difference between CJSA and CJAG in terms of L*, however, the samples differed
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significantly (p<0.05) in terms of a*, b*, chroma, and colour intensity. In all the listed
parameters, significantly (p<0.05) higher values were recorded for CJAG. This result
indicated that the incorporation of sodium alginate + gum Arabic encapsulated LGG into
cocoa juice caused an improvement in the colour attributes of the juice. This is advan-
tageous because it could result in increased acceptability of the juice. High chroma and
colour intensity of CJAG could imply high colour purity of the juice (36). The hue angle
of the samples was 85.78-85.97, and the parameter did not significantly (p>0.05) differ
among them. The hue angle obtained in this study showed a deviation between 0 and 90°,
and this implied deviation from red to yellow. This was evident by the creamy white
colouration of the juice samples.

Sensory properties of cocoa juice as influenced by encapsulated
Lactobacillus rhamnosus GG

The effect of encapsulation of LGG on the sensory properties of cocoa juice is
presented in Table 3. There was no significant (p<0.05) difference among the samples in
terms of colour and appearance. This showed that the encapsulation of LGG did not alter
the acceptable colour of the juice. This could be due to the stability of the creamy colour
of the juice. Cocoa juice that contained sodium alginate+gum Arabic encapsulated LGG
compared significantly (p<0.05) with CJFC in terms of taste and consistency. This con-
tradicted the findings of Sivudu et al. (18) who reported that the presence of encapsulated
beads in tomato and carrot juices negatively affected their swallowability (consistency).
Higher preference was given to CJAG in terms of aroma, while CJFC performed better in
terms of overall acceptability.

Table 3. Sensory properties of cocoa juice as influenced by encapsulated
Lactobacillus rhamnosus GG

Encapsulation . Overall
material Colour Appearance Aroma Taste Consistency acceptability
Free cell 746"+ 1.23 7.02£1.24 | 642"+ 1.84 | 6.46°+1.53 | 6.56*°+1.01 741°+1.12

Sodium alginate 6.93° £1.16 | 7.03%+1.03 6.12°+1.81 | 6.11°+1.51 6.20° + 1.64 6.07°+1.28

Sodium alginate +
gum Arabic
Values are means=+standard deviations of fifty scores. Means with different superscripts in column were signi-
ficantly (p<0.05) different.

7.41°+£1.64 | 7.04°+1.51 | 6.67°£1.68 | 6.52*°+1.28 6.51°+£0.43 7.27°+1.36

Both CJFC and CJAG showed better preference than CJSA in all the parameters.
High preference for CJAG could be due to improved purity and particle size of the juice
as a result of enhanced activity of sodium alginate + gum Arabic encapsulated LGG. This
result did not align with the findings of Teanpaisan et al. (11) who reported reduced
consumer preference of juice that contained double-layered beads. High aroma preference
for CJAG could be due to the bio-availability of aroma compounds owing to the increa-
sed activity of sodium alginate + gum Arabic encapsulated LGG. According to Pereira
and Rodrigues (32), lactic acid bacteria are associated with the development of aroma
compounds that are preserved by microencapsulation.
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CONCLUSIONS

This study showed that the encapsulation of LGG with sodium alginate and gum
Arabic stabilized the organism in cocoa juice. The combination of sodium alginate and
gum Arabic for the encapsulation of LGG resulted in a higher yield compared to the use
of sodium alginate alone. Higher stability was obtained for the encapsulated LGG in co-
coa juice compared to the un-encapsulated LGG. The viability of the organism in simu-
lated gastro-intestinal conditions also followed a similar trend. Incorporation of LGG into
cocoa juice caused a significant (p<0.05) reduction of its titratable acidity, total solids,
and sugars during storage. Higher titratable acidity, total solids, sugars, chroma, and
colour intensity were recorded for CJSA and CJAG compared to CJFC. Overall, CJAG
performed better in the listed parameters than CJSA. Also, CJAG compared favourably
with CJFC in terms of colour, appearance, aroma, taste, and consistency. The valorization
of cocoa pulp into value-added products will reduce wastage. Besides, the incorporation
of a probiotic organism and prebiotic in cocoa juice will improve its health-promoting
potential, especially in the prevention against gastro-intestinal diseases such as infant
diarrhea, lactose intolerance, and colon cancer.
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This study investigated the effect of pretreatment of orange and plantain peels on the
inactivation kinetics and thermodynamic properties of polygalacturonase (PG) produced
by Aspergillus awamori CICC 2040. Orange and plantain peel powders were subjected
to microwave-assisted NaOH pretreatment and used as substrates for PG production.
Un-treated peels served as controls. The PG was purified using acetone precipitation and
column chromatography, and the inactivation kinetics, temperature dependency, and
thermodynamic properties of the crude and purified PGs were determined. Higher inac-
tivation rate constant was obtained for crude PG produced using pretreated orange peel
(CPOF) and plantain peel (CPPF) compared to PG produced using untreated orange
peel (Uo) and plantain peel (Up). At all the temperatures considered, higher half-life and
decimal reduction time were recorded for CPOF and CPPF compared to Uo and Up.
The highest half-life (45.60 min) and decimal reduction time (151.49 min) were recorded
for CPOF at 60 °C. Lower half-life and decimal reduction time were obtained for puri-
fied PGs compared to the crude PG. Polygalacturonase produced from pretreated peels
had lower activation energy than those produced from untreated ones. The higher acti-
vation energy was recorded for the PG produced using orange peel compared to the one
from plantain peels. The enthalpy of CPOF and CPPF was slightly lower than Uo and
Up. The pretreatment of the peels resulted in a reduction of Gibbs firee energy (AG ) and
entropy (AS) of crude and purified PG. Higher AG and AS were recorded for the purified
PG compared to the crude PG. Negative entropy and enthalpy were recorded for all the
PGs. The findings from this study showed that the kinetic and thermodynamic properties
of PG, produced by Aspergillus awamori CICC 2040, were enhanced by the pretreatment
of orange and plantain peels.

Keywords: Aspergillus awamori CICC 2040, thermostability, polygalacturonase, pre-
treatment, purification

INTRODUCTION

Pectinases are enzymes that are involved in the breaking down of pectin-rich mate-
rials that are the main constituents of plant tissues (1). They modify cell wall structures
through tissue maceration and cell lysis, which results in tissue degradation (2). Pecti-
nases are important enzymes in the food industry, particularly in fruit and vegetable pro-
cessing, and represent 10% of estimated commercialized enzymes (3). Fungi, especially
members of the Aspergillus niger group, are good producers of pectinases (3). Pectinases

* Corresponding author: Olajide E. Adedeji, Department of Food Science and Technology, Federal University
Wukari, PMB 1020, Wukari, Nigeria, e-mail: adedeji@fuwukari.edu.ng
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are produced through solid-state and submerged fermentation processes (1, 4). Based on
substrate preference, three classes of pectinases are known. They are esterase, lyase, and
polygalacturonase (PG) (1). Among these pectinases, PG finds higher industrial applica-
tions due to its stability at various pH values and temperatures (5). Polygalacturonase
(E.C. 3.2.1.15) is a hydrolytic pectinase that has an affinity for glycosidic bonds in galac-
turonic acid (6). Production of PG and its applications in fruit and vegetable processing
are well documented (2, 5, 7).

In recent times, the use of agricultural residues as feedstock for the production of
microbial products is becoming increasingly popular due to the high cost of traditional
feedstock (8). Orange (Citrus sinensis L.) and plantain (Musa paradisiaca L.) peels are
suitable substrates for the production of PG due to their wide availability (9, 10).
However, the high lignocellulosic content of these peels limits their bio-conversion (11).
Consequently, pretreatment of these peels for the improved proliferation of microorga-
nisms and increased activity and/or yield of bio-products is imperative (12, 13).

Pretreatment of residues enhances the proliferation of microorganisms, thereby in-
creasing the bioconversion rate of agricultural residues; consequently, it improves the
yield and activity of products (9). Besides, pretreatment disrupts the highly organized
lignin-carbohydrate composite of agricultural residues (9, 14). This results in lignin re-
moval with an attendant increase in surface area of carbohydrate amenable to hydrolysis
(15). In recent times, pretreatment of residues involving two or more methods is be-
coming popular due to the synergistic effect of each of the methods (16). In particular,
microwave-assisted alkaline pretreatment of residues is considered highly efficient due to
the high degradation of lignin fibres by microwave radiation in the presence of alkali (17,
18). Also, pretreatment that involves a combination of microwave radiation and alkali is
attributed to high solids recovery (18). Properties of enzymes, e.g. cellulase, pectinase,
and xylanase, produced from pretreated agricultural residues are well documented (9, 19,
20). These studies demonstrated an increase in the activity of microbial enzymes as a
result of the pretreatment of agricultural feedstocks. However, information on the pro-
perties of these enzymes as influenced by the pretreatment of residues is sparsely repor-
ted. In our previous study (21), it was observed that pretreatment of orange and plantain
peels enhanced the activity, stability, chemical composition, and physical properties of
PG produced by Aspergillus awamori CICC 2040. However, further studies are required
to evaluate the correlation between residue pretreatment, inactivation kinetics, and ther-
modynamic properties of microbial enzymes.

Inactivation and thermodynamic studies determine the thermo-stability and economic
viability of enzymes in food and non-food systems (22). According to de Oliveira et al.
(23), the thermodynamic properties of enzymes are related to parameters such as half-life,
decimal reduction time, activation energy, enthalpy (AH), entropy (AS) and Gibbs free
energy (AG). Abdel Wahab et al. (24) reported that these concepts are the cornerstones
for understanding various biological processes such as enzyme reaction, protein folding,
and interaction. Information on thermodynamic properties of three-phase partitioned exo-
PG and immobilized PG from Aspergillus spp. are well documented (22, 25, 26). This
study was designed to evaluate the effect of microwave-assisted alkaline pretreatment of
orange and plantain peels on the inactivation kinetics and thermodynamic properties of
PG produced by Aspergillus awamori CICC 2040.
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MATERIALS AND METHODS
Materials

Peels of orange (Citrus sinensis L. Osbeck) and plantain (Musa paradisiaca Linn.)
were obtained from small-scale food processing factories in Ibadan, Nigeria. Fungal
strain, Aspergillus awamori CICC (China Centre of Industrial Culture Collection) 2040,
was obtained from China National Research Institute of Food and Fermentation, Beijing,
China. Polygalacturonic acid (Oxoid, England) was procured from Bristol Scientific
Company Ltd., Lagos, Nigeria. All reagents used were of analytical grade.

Methods
Production of orange and plantain peel powders

Orange and plantain peels were blanched (80 °C for 3 min), rinsed, and dried in a hot
air oven (NL9023 A, Genlab Ltd., England) at 60 °C for 48 h. The dried peels were milled
into powders with the aid of a blender (BLX750RD, Kenwood, UK) and sieved with the
aid of 0.8025 mm sieve (United States Pharmacopoeia Standard Sieve, Metallurgy Corp.,
Canada). The powders were packaged in polyethylene containers (ZipLock, Yantai Bag-
mont Co., China) and stored at -20 °C in a freezer (Fc 260, Hisense, China) for sub-
sequent analyses.

Pretreatment of orange and plantain peel powders

Microwave-assisted NaOH pretreatment of orange peel powder (OPP) and plantain
peel powder (PPP) was done following the procedure outlined by Peng et al. (27). Peel
powder (5 g) was soaked in 500 mL 0.1 M NaOH for 12 h. Subsequently, the mixture
was treated in a laboratory microwave oven (NX-802, with 25 L capacity, 800 W power
output, and frequency of 2450 MHz, Nexus, China) at 720 W for 10 min. The residue
was recovered and washed several times with distilled water to remove adhering NaOH.
Pretreated peels were oven-dried at 60 °C to constant moisture content and stored (-20
°C) in a freezer (Fc 260, Hisense, China). Untreated OPP and PPP served as controls.

Culturing of microorganism

Fungal strain Aspergillus awamori CICC 2040 was maintained on malt extract agar
(MEA) (ACROS Organics, USA) at 28 °C for 6 days. Inoculums for the experiments
were prepared from heavily sporulated MEA slants (21).

Polygalacturonase production

Polygalacturonase was produced from Aspergillus awamori CICC 2040 under solid-
state fermentation based on the procedure outlined by Dey et al. (7). Five grammes of
pretreated and untreated peel powders were mixed with 10 mL Czapek-dox medium (2.5
g/L NaNOs, 1 g/L KH,PO4, 0.5 g/L KCl and 0.5 g/L MgS04.2H,0) at pH 4.0 in a 250
mL Erlenmeyer flask. The mixture was autoclaved (121°C, 15 psi) for 15 min and cooled
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to room temperature (28+2 °C). Thereafter, 10° spores/mL of Aspergillus awamori was
inoculated and this was incubated at 28 °C for 5 days in an incubator (CLN115, Pol Eko
Aparatura, Poland). After fermentation, a 50 g/L suspension of the mass was made using
distilled water and kept in an incubator (CLN115, Pol Eko Aparatura, Poland) at 30 °C
for 1 h. The suspension was centrifuged at 2200 x g for 10 min in a centrifuge (K24IR,
Centurion Scientific Ltd., UK) and the supernatant was removed with the aid of What-
man No. 1 filter. Crude PG extract was stored at -20 °C until required.

Purification of polygalacturonase

The crude PG extract was purified using acetone precipitation and column chromato-
graphy as described by Anand et al. (2). Crude PG extract (5 mL) was mixed with 15 mL
0f 99% cold acetone and kept at 4 °C with continuous stirring for 12 h. The solution was
centrifuged at 8000 x g for 20 min and the resulting pellet was separated from the
supernatant. The pellet was dissolved in 0.1 M citrate buffer (1:10, w/v) at pH 5.0, filte-
red with the aid of 0.45 p filter, and loaded on a chromatographic column (Sephadex G-
100 Column, MP Biomedicals, USA). The column was maintained at 12.0 mL/h flow
rate and protein fractions were collected.

Analyses
Determination of inactivation and thermodynamic properties

The inactivation kinetics of PG was determined by incubating the enzyme in a water
bath (NL9023A, Genlab Ltd., England) at temperatures 60, 70, 80, and 90 °C in the
absence of substrate. Aliquots were taken, every 20 min for 2 h, and cooled in an ice bath
and assayed for PG activity. Percentage residual activity was calculated as the ratio of
enzyme activity at a given time to the initial activity (28). The inactivation rate constant
(kd) was obtained from a semi-log graph of residual activity and time. Half-life (t..) and
decimal reduction time (D) were calculated as the ratio of In 2 and kd, and In 10 and kd,
respectively (25).

Arrhenius equation (Eq. 1) was used to evaluate the temperature dependency of PG.

Inkd = In (ko) - (%)(é) [1]

where Fa is the activation energy (J/mol), ko is the Arrhenius equation constant, R is the
ideal gas constant = 8.314 J/molK, and 7 is the temperature (K).
Eyring equation (Eq. 2) was used for the estimation of thermodynamic data
AH, AS
kd=(22 1) 2]
where kg is Boltzman’s constant, 1.38 x 102 J/K; h is Plank’s constant, 6.63 x 1034 Js.
The enthalpy of activation AH, J/mol; free energy of activation AG, J/mol, and
entropy AS, J/molK were obtained from Egs. 3, 4, and 5, respectively.
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AH=E,-RT [3]
- Fa_
AG=-RT In % [4]
AS= AH-AG [5]
RESULTS AND DISCUSSION

Inactivation kinetics and thermodynamic properties of polygalacturonase

Inactivation kinetics of crude and purified PGs are presented in Table 1. The inacti-
vation rate constant (kd) of all the PGs investigated in this study increased with increa-
sing temperature. This suggested a reduction in PG thermo-stability as temperature in-
creased. The increase in kd as temperature increased could be due to the denaturation of
protein consequent to the breakdown of primary, secondary, tertiary, and quaternary
structures of proteins without disruption of covalent bonds (25, 29). This followed earlier
trends described for PG (24), glucoamylase (28), protease (30), and B-fructofurasinosi-
dase (23). At every temperature considered, kd differed depending on the source of the
substrate used for PG production. Higher kd was obtained for crude PG produced using
pretreated OPP (CPOF) and PPP (CPPF) compared to PG produced using untreated oran-
ge peel (Uo) and plantain peel (Up). This implied higher thermo-stability of crude PG
produced using pretreated OPP and PPP. This could be due to the modification of nutri-
ents, e.g. increase in the concentration of inducer substrates (pectin and sugars), and
structures of the peels following their pretreatment. According to Norouzian et al. (31),
variation in carbon and nitrogen sources, and their ratio could have a crucial influence on
enzyme’s properties such as activity and thermo-stability. Han et al. (32) had reported
differences in kd of glucoamylase produced from Aspergillus awamori on different
wastes, such as cake, pastry, and bread, due to their different chemical constituents. Half-
life and decimal reduction time of PG decreased with increasing temperature. This was
consistent with an increase in kd as temperature increased. Han et al. (32) also reported
decreasing half-life of glucoamylase with increasing temperature. Decimal reduction time
of peroxidase also reduced with increasing temperature (33). The highest half-life (36.10-
45.60 min) and decimal reduction time (119.93-151.49 min) were obtained at 60 °C. At
all the temperatures considered, higher half-life and decimal reduction time were recor-
ded for CPOF and CPPF compared to Uo and Up. The variation in half-life and decimal
reduction time of PGs obtained from this study suggested differences in their thermo-
dynamic properties. Therefore, CPOF, which had the highest half-life (45.60 min) and
decimal reduction time (151.49 min) could be said to be most thermo-stable at 60 °C.
According to Melikoglu et al. (28), half-life and decimal reduction time are good indica-
tors of enzyme thermo-stability, therefore, Up, which had the lowest half-life and decimal
reduction time at all the temperatures considered could be said to be the least thermo-
stable PG. The purification of PG resulted in an increase in kd at all the temperatures
considered. However, lower half-life and decimal reduction were obtained for purified
PGs compared to the crude PGs. This could be due to an increase in the sensitivity factor
(Z value) resulting from the purification operation (22). High R? (0.905-0.994) recorded
for all the PGs at different temperatures suggested good fitness of experimental data.
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Table 1. Inactivation kinetics of crude and purified polygalacturonase

T Crude polygalacturonase Purified polygalacturonase
emperature
(°C) Parameter Uo CPOF Up CPPF PUo PCPOF PUp PCPPF
kd (min'!) | 0.0151 | 0.0152 | 0.0142 | 0.0154 | 0.0326 0.0380 0.0336 | 0.0496
60 R2 0.961 0.973 | 0.907 0.905 0911 0.949 0.955 0.961
t% (min) 4390 | 45.60 | 36.10 45.01 13.26 18.24 20.63 23.97

D (min) 145.49 | 151.49 | 119.93 | 149.52 | 70.63 80.59 68.53 76.42
kd (min'") | 0.0202 | 0.0232 | 0.0214 | 0.0222 | 0.0371 0.0636 0.0441 | 0.0552

o R? 0970 | 0.977 | 0.900 | 0905 | 0924 | 0932 | 0962 | 0978
0i(min) | 3131 | 3431 [ 2441 | 31.22 | 1868 | 2290 | 1572 | 17.56
D (min) 113.99 | 119.99 | 81.08 | 103.72 | 5206 | 6620 | 5221 | 61.71
kd (min) | 0.0315 | 0.0335 | 0.0346 | 0.0394 | 0.0571 | 0.0703 | 0.0481 | 0.0648
R? 0980 | 0.994 | 0.949 | 0914 | 0974 | 0994 | 0.987 | 0.994

80 1 (min) | 20.00 | 22.00 | 2003 | 2358 | 7.14 9.86 841 | 10.70
D (min) 73.10 | 78.10 | 6655 | 7832 | 4033 | 3275 | 47.87 | 53.53
kd (minl) | 0.0387 | 0.0425 | 0.0608 | 0.0681 | 0.0671 | 0.0852 | 0.0707 | 0.0770
R 0945 | 0937 | 0927 | 0943 | 0933 | 0970 | 0.987 | 0.996

% 4 (min) 1791 | 2133 | 1140 | 1441 | 733 8.14 880 | 9.00

D (min) 59.50 | 70.85 | 37.87 | 47.87 | 2332 | 27.03 | 3257 | 37.90

kd-inactivation rate constant; t/-half-life; D- decimal reduction time; Uo- Crude PG produced from un-treated
orange peel; CPOF- Crude PG produced from pre-treated orange peel; Up- Crude PG produced from un-treated
plantain peel; CPPF- Crude PG produced from pre-treated plantain peel; PUo- Purified PG produced from un-
treated orange peel, PCPOF- Purified PG produced from pre-treated orange peel; PUp- Purified PG produced
from un-treated plantain peel; PCPPF- Purified PG produced from pre-treated plantain peel.

Temperature dependency of polygalacturonase inactivation

Temperature dependency of crude and purified PG as described in terms of activation
energy of denaturation is presented in Table 2. Positive activation energy was obtained
for all the PGs. This indicated a catalytic reaction of enzyme deactivation (28). Dogan
and Tari (25) also reported positive activation energy for PG produced by Aspergillus
sojae. The activation energy was 2.26-3.07 kJ/mol for crude PG and 1.23-2.15 kJ/mol for
purified PG. This implied a higher reaction rate of purified PG owing to the reduction of
the energy barrier, consequent to an increased motion and collision frequency of purified
PG and substrate (24). The impurities in the crude PG might have resulted in a reduction
in the rate of collision of the enzyme and substrate. Polygalacturonase produced from
pretreated OPP and PPP had lower activation energy than those produced from untreated
ones. Also, the activation energy of PG from OPP was higher than those from PPF.

According to Lam et al. (34), activation energy connotes the energy required to form
activation complex for protein hydrolysis, therefore, the low activation energy of PG pro-
duced from pretreated PPF implied that it required lesser energy to form the complex,
and this will improve the economy of the operation. Arrhenius model used for the tempe-
rature dependency of inactivation rate constant showed linear conformations with high R?
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that ranged from 0.891 to 0.989. This suggested a single conformation up to the transition
temperature (28).

Table 2. Temperature dependency of crude and purified polygalacturonase

Crude polygalacturonase Purified polygalacturonase
Parameter | U0 | CPOF | Up | CPPF | PUo | PCPOF | PUp | PCPPF
ko (min'!) | 0.011 | 0.010 | 0.013 | 0.012 | 0.024 | 0.033 | 0.027 | 0.042
Ea (J/mol) | 3.71 3.07 3.03 226 | 2.15 2.1 1.92 1.23
R? 0.982 | 0987 | 0.966 | 0919 | 0.953 | 0.891 | 0.947 | 0.989

ko- Arrhenius constant; Ea- activation energy; Uo- Crude PG produced from un-treated orange peel, CPOF-
Crude PG produced from pre-treated orange peel; Up- Crude PG produced from un-treated plantain peel; CPPF-
Crude PG produced from pre-treated plantain peel; PUo- Purified PG produced from un-treated orange peel;
PCPOF- Purified PG produced from pre-treated orange peel; PUp- PG produced from un-treated plantain peel;
PCPPF- PG produced from pre-treated plantain peel.

Thermodynamic properties of polygalacturonase

Thermodynamic properties of crude and purified PGs as described by enthalpy, free
energy, and entropy at different temperatures (60 to 90°C) are presented in Table 3.

Table 3. Thermodynamic properties for thermal inactivation of crude and purified

polygalacturonase
Temperature Crude polygalacturonase Purified polygalacturonase
(°C) Parameter | Uo CPOF Up CPPF PUo PCPOF | PUp PCPPF
AH (J/mol) | -2764.85 | -2765.49 | -2765.53 | -2766.30 | -2766.41 | -2766.46 | -2766.64 | -2767.33
60 AG (J/mol) | 93466.98 | 93448.70 | 93637.11 | 93412.51 | 91336.25 | 90911.90 | 91252.60 | 90174.34

AS (J/molK) | -288.984 | -288.932 | -289.497 | -288.825 | -282.591 | -281.316 | -282.34 | -279.104
AH (J/mol) | -2847.99 -2848.63 -2848.67 | -2849.44 | -2849.55 | -2849.60 | -2849.78 | -2850.47
70 AG (J/mol) | 95528.36 | 95133.49 | 95363.79 | 95259.13 | 93794.71 | 92257.66 | 93301.82 | 92661.60
AS (J/molK) | -286.812 | -285.662 | -286.334 | -286.031 | -281.762 | -277.281 | -280.325 | -278.461
AH (J/mol) | -2931.13 | -2931.77 | -2931.81 | -2932.58 | -2932.69 | -2932.74 | -2932.92 | -2933.61
80 AG (J/mol) | 97093.82 | 96913.16 | 96818.34 | 96437.07 | 95348.13 | 94737.77 | 95851.52 | 94976.87
AS (J/molK) | -283.357 | -282.847 | -282.578 | -281.500 | -278.416 | -276.687 | -279.843 | -277.367
AH (J/mol) | -3014.27 | -3014.91 -3014.95 | -3015.72 | -3015.83 | -3015.88 | -3016.06 | -3016.75
90 AG (J/mol) | 99307.40 | 99024.72 | 97944.03 | 97601.83 | 97646.47 | 96925.73 | 97488.75 | 97231.13
AS (J/molK) | -281.878 -281.101 -278.124 | -277.183 | -277.307 | -275.321 | -276.873 | -276.165
AH- Enthalpy; AG- Gibbs free energy; AS- Entropy; Uo- Crude PG produced from un-treated orange peel;
CPOF- Crude PG produced from pre-treated orange peel; Up- Crude PG produced from un-treated plantain
peel; CPPF- Crude PG produced from pre-treated plantain peel; PUo- Purified PG produced from un-treated
orange peel; PCPOF- Purified PG produced from pre-treated orange peel; PUp- Purified PG produced from un-
treated plantain peel; PCPPF- Purified PG produced from pre-treated plantain peel.

The AH of CPOF and CPPF was slightly lower than Uo and Up. This could be due to
the increased mobilization of pectin in the peels, following their pretreatment, which
increased the stability of the PG. The lower AH recorded for CPOF and CPOF could be
advantageous because low AH is an indication of increased mobility, collision, and inte-
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raction of enzyme and substrate molecules (28). Besides, purification caused an increase
in the AH of the PGs probably due to the disruption of non-covalent linkages of proteins
in the enzyme (29). Irrespective of substrate pretreatment and enzyme purification, AG
increased with increasing temperature. This suggested a reduction in the energy barrier of
inactivation and an increasing degree of spontaneity as temperature increased (33).

The pretreatment of the peels resulted in a reduction of AG of crude and purified PGs.
This could be due to an increase in the rate of collision between the enzyme and substra-
te, hence, an improvement in the efficiency of the enzyme. This result suggested that the
pretreatment of the peels enhanced the thermal unfolding of the enzyme (24), and thus,
improved its stability. The variation in AH and AG of the PGs could be due to differences
in pectin and sugar contents of the peels as a result of the pretreatment operation (21).
Han et al. (32) also reported variation in the thermodynamic properties of bread wastes
due to differences in their chemical composition. Negative entropy (AS) was obtained for
all the PGs at all temperatures, and this, according to Riaz et al. (35), could be attributed
to the orderliness of the PG-substrate structure in the reacting system. A lower AS was
recorded for the crude and purified PGs produced using pretreated peels compared to
those from untreated peels. This could be due to the modification of the pectin of the
peels, following their pretreatment, which probably caused an increase in covalent bin-
ding between PG and substrate (22). Since AS is correlated with the order of rigidity of
enzyme-substrate complex, the low value obtained for PG from pretreated peels implied
high orderliness of the structure of the PG during its transition stage (26). Negative AS
was recorded for all the PGs in this study and this implied that the structure of the PG-
substrate complex at the transition stage was more ordered in the reacting system (25).
Also, negative AS and AH recorded for the PGs depicted spontaneity of the inactivation
process (28). A similar result was also reported for glucoamylase (32). Lower AG and AS
were recorded for purified PGs compared to the crude PGs and this implied increased
enzyme-substrate interaction and orderliness of structure (26). This could be attributed to
the reduction of interfering compounds, such as phenolic and colour compounds, which
would have otherwise reduced the degree of interaction between the enzyme and the
substrate (21).

CONCLUSIONS

The findings from this study showed that the pretreatment of orange and plantain
peels enhanced the kinetic and thermodynamic properties of PG. Polygalacturonase pro-
duced from pretreated peels had higher inactivation rate, thermo-stability, and reaction
rate than PG produced from un-treated peels. The pretreatment of the peels resulted in PG
with higher efficiency in terms of spontaneity and the order of enzyme-substrate struc-
ture. Investigation on the kinetic and thermodynamic properties of PG would assist in
determining the thermo-stability and economic viability of the enzyme in food and non-
food systems.
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In this work phytochemical characterization of two medicinal plants from Lamiaceae
family, Mentha rotundifolia and Satureja calamintha, has been carried out. Extracts
obtained with different solvents were screened for different plant secondary metabolites
and were biologically characterized by defining their antiradical and antibacterial activi-
ties. Phytochemical screening of M. rotundifolia and S. calamintha confirmed their rich-
ness in different secondary metabolites. The determination of phenolic compounds revea-
led high polyphenols contents in water: methanol (30:70) extracts with concentrations of
20.64+1.74 mg EAG/g DW and 13.45+0.91 mg EAG/g DW for M. rotundifolia and S.
calamintha, respectively. These extracts were also characterized by high concentrations
of flavonoids (Mentha rotundifolia 12.33+1.58 mg EQ/g DW, Satureja calamintha
7.11+0.02 mg EQ/g DW). Furthermore, the water:methanol (30:70) extract of M. rotun-
difolia was the most effective in inhibiting free radicals. Recorded inhibition diameters
for both plant samples and tested microbial strains ranged from 6.66 mm to 13.66 mm.
Presented results confirmed that tested indigenous Algerian plants are favorable sources
of polyphenols with antioxidant and antimicrobial properties.

Keywords: Mentha retundifolia, Satureja calamintha, phytochemical screening, extrac-
tion, phenolic compounds, antioxidant activity, antibacterial activity.

INTRODUCTION

Medicinal plants have been used since ancient times in folk medicine to prevent or
treat different diseases. In fact, their therapeutic properties are due to the presence of
hundreds or even thousands of natural bioactive compounds, most often plant secondary
metabolites (1). Algeria has an important plant heritage characterised by its richness and
diversity. In coastal areas, mountain ranges, high plateaus, steppes and Saharian oases,

* Corresponding author: Benfares Redhouane, National Center for Research and Development of Fisheries and
Aquaculture (CNRDPA) 11, Bd Amirouche, PO Box 67, Bou Ismail 42415 Tipaza, Algeria, e-mail:
benfaresredhouane@yahoo.fr
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more than 3000 plant species have been identified. Among these natural resources, aro-
matic and medicinal plants, such as Mentha rotundifolia and Satureja calamentha,
occupy large space (2).

Mentha rotundifolia or mint, has a special place in herbal medicine owing to its tonic,
aromatic and digestive properties used to relieve colic, nausea, diarrhea and Crohn's
disease (3). Bioactive compounds from mint demonstrate also hypotensive and vasodi-
lating activities, as well as effects on sympathetic nerve centers (relaxing, stimulating,
depressing). It's antibacterial, antifungal and antimalarial properties, have also been
reported (4).

The genus Satureja, belonging to the Lamiaceae family, comprises about 30 species
distributed in Tropical Africa, Europe and North America (5). Satureja calamintha subsp.
nepeta (L.) Briq enjoys great popularity in Algeria as a traditional cure for coughs, im-
paired digestion and mild respiratory infections. In addition to acting as expectorant, sto-
machic and tonic, the plant has antiseptic, antispasmodic and carminative properties (6).
Satureja species are also used as potent disinfectants and odoriferous agents in perfumes
(7).

In this work, two plants used in traditional Algerian medicine, namely Mentha rotun-
difolia and Satureja calamintha were studied. Their secondary metabolites were extracted
using different solvents (methanol, water:methanol (30:70) and water). Total polyphe-
nols, flavonoids and tannins were quantified and their contents were related to antioxi-
dant and antibacterial activities of the extracts. Antioxidant properties of extracts were
characterised by DPPH and ABTS radical scavenging tests. Antibacterial activity was
screened for different bacterial strains. The extracts were also subjected to phytochemical
screening to reveal major plant constituents responsible for the reported activities.

EXPERIMENTAL
Samples

In this work aerial parts of S. calanintha and M. rotundifolia were studied. M.
rotundifolia was harvested in Jijel and Bejaia regions (North East of Algeria) during the
period from February to April 2018, while S. calamintha was harvested in the Jijel area
during the same period. The stems and leaves of the samples were air dried at room
temperature during 15 days and were powdered and stored at 4 °C for further analysis.

Chemicals and reagents

Gallic acid, butylhydroxytoluene (BHT), Folin-Ciocalteu, quercetin, 2,2-diphenyl-1-
picrylhydrazyl (DPPH) were purchased from Sigma-Aldrich (USA). Methanol, acetic and
hydrochloric acids, ammonia, ferric trichloride, dimethyl sulfoxide (DMSO) were obtain-
ned from Merck (Germany), Rectapur, Cheminova (France) and Fluka. Mueller-Hinton
agar and broth were obtained from Pasteur Institute (Algeria).
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Phytochemical screening

Phytochemical screening was performed to detect different chemical classes in
decoctions and infusions of the samples, using the method as described by Bruneton (8).
In general, the method relies on specific chemical reaction between specific chemical
class and reagents.

Polyphenols
Free flavonoids

A few drops of concentrated HCI and a few milligrams of magnesium were added to 1
ml of the infusion. The reaction gives an orange-red coloration in the presence of
flavonoids.

Anthocyanins

The identification of anthocyanins was done by adding 10 drops of ammonia to 5 ml
of the plant infusionl. The reaction gives a greenish-blue coloration.

Leuco-anthocyanins
Powdered plant material (2 g) was introduced into 20 ml of a propanol/chloric acid
(v/v) mixture. The solution thus obtained was then placed in a water bath (100°C) for a
few minutes. In the presence of leucoanthocyanins a red coloration develops.
Tannins

Total tannins

A few drops of ferric chloride solution (5%) were added to 5 ml of the infusion. The
positive reaction gives a black or greenish blue coloration in the presence of tannins.

Gallic tannins
Sample infusion (5 ml) was introduced into a vial using a graduated pipette and then
supplemented with 2 g of sodium acetate and few drops of ferric chloride solution (1%).
After stirring, a dark blue coloration appears in the presence of gallic tannins.
Condensed tannins
Five milliliters of the sample infusion were added to 2 g of ammonium acetate and

three drops of ferric chloride solution (1%) after what the mixture was shaken. The
appearance of a blue-black coloration indicated the presence of catechetical tannins.
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Free quinones

Powder plant material (2 g) was moistened with 2 ml of hydrochloric acid (1 M)
which was in contact with 20 ml of chloroform during three hours. The mixture was
filtered and then stirred with 5 ml of ammonia.The appearance of red coloration indicated
the presence of free quinones.

Reducing sugars (Fehling’s test)

Twenty drops of the Fehling reagent were added to 1 ml of infusion and 2 ml of
distilled water. A positive reaction was characterized by the appearance of a brick red
precipitate.

Cardiac glycosides

Two milliliters of the infusion were mixed with 2 ml of chloroform and concentrated
sulfuric acid was carefully added. The formation of a dark reddish brown layer at the
interface indicated the presence of cardiac glycosides.

Alkaloids

A mixture of 5 ml of infusion, 2 ml of HCl and 1 ml of Dragendroff reagent gives a
red or orange precipitate in the presence of alkaloids.

Coumarins

The presence of coumarin was revealed after mixing 5 ml of the infusion and 0.5 ml
of ammonia (25%). An observation of the fluorescence under an ultra violet lamp at 365
nm indicated the presence of coumarin.

Saponosides

Hydrochloric acid (5 ml, 0.1 M) and 5 ml of NaOH (0.1 M) were introduced
separately into two test tubes. The tubes were shaken after addition of few drops of the
infusion. Foam formation indicated the presence of saponosides.

Heteroglycosides
O-heterosides

Distilled water (5 ml) and 0.5 ml of HCI were mixed with powdered plant material
previously put in contact with CHCl;. Then, the mixture was heated for 15 minutes. After
cooling and filtration, 2.5 ml of CHCI; were added and the organic phase thus formed
was separated. The appearance of a brown color after addition of 0.5 ml of diluted
ammonia indicated the presence of O-heterosides.
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C-heterosides

Distilled water (10 ml) and 1 ml of ferric chloride solution (10%) were added to the
aqueous phase previously obtained for O-heterosides. The mixture was heated for 30
minutes in a water bath and then cooled. The organic phase was separated after mixing
with 5 ml of diluted NH4OH (50%). The appearance of, more or less intense red
coloration, indicated the presence of C-heterosides.

Sterols and triterpenes

Five milliliters of the infusion were added to 5 ml of acetate anhydride. After that 1
ml of H,SO4 was added to the bottom of the tube without stirring. The formation of a
brownish red ring at the contact area of the two liquids and a purple coloration of the
supernatant layer indicated the presence of sterols and triterpenes.

Extraction of phenolic compounds

Twenty grams of powdered stems and leaves of the samples were macerated
separately with 250 ml of different solvents (pure methanol, water-methanol (30/70) and
water) for 24 h. The obtained extracts were filtered through Wattman paper and solvents
were evaporated under reduced pressure at 40° C using rotary vacuum evaporator (RV 8
IKA, Belgium). After evaporation, the residues were dissolved in small volume of the
adequate solvent and kept in sterile vials at 4°C until use.

Determination of total polyphenols

Sample (100 ul) was dissolved in 500 pl of Folin-Ciocalteu reagent (diluted 1/10) and
1 ml of distilled water was added. The solution was mixed and incubated at room
temperature for 1 min. After that 1500 pl of 20% sodium carbonate solution was added.
The mixture was shaken and incubated for 2 hours in the dark at room temperature. The
absorbance of the samples was measured at 760 nm using spectrophotometer (Varian 50
Tablet, USA) and the results were expressed in milligrams of gallic acid equivalent
(GAE) per gram of dry plant matter. A calibration curve was defined using gallic acid as
a standard (9).

Determination of flavonoids

Total flavonoids were determined by mixing 500 pl of the extract with 2 ml of
distilled water and 0.15 ml of sodium nitrite solution (15% w/v). After 6 minutes at room
temperature, 0.15 ml of aluminum chloride solution (10% w/v) was added. After 6
minutes of incubation at room temperature, 2 ml of sodium hydroxide solution (4 % w/v)
were added to the mixture adjusting the volume to 5 ml with distilled water. The mixture
was agitated and incubated for 15 min and the absorbance was measured at 510 nm (10).
The results were expressed in milligrams of quercetin equivalent (EQ) per gram of dry
plant matter.

91



APTEFF, 51, 1-206 (2020) UDC: 633.88:66.061]:547.56:615.279

DOLI: https://doi.org/10.2298/APT2051087R BIBLID: 1450-7188 (2020) 51, 87-102
Original scientific paper

Determination of condensed tannins

Condensed tannins were determined using the vanillin method in an acidic medium. A
crude extract (50 pl) was added to 1500 pl of the vanillin/methanol solution (4%, m/v)
and then mixed using a vortex. Then, 750 pl of the concentrated hydrochloric acid were
added and allowed to react at room temperature for 20 minutes. Absorbance at 550 nm
was measured against a blank (11). The concentration of tannins was expressed in
milligram of catechin equivalents per gram (g) of dry matter (mg EC/g MS) from the
calibration curve defined by catechin.

Biological activity

Antioxidant activity

DPPH assay

The antioxidant activity of the extracts was defined in vitro by DPPH radical
scavenging and ABTS assays. The results were compared against a positive control
containing butylated hydroxytoluene (BHT). The DPPH (1,1-diphenyl-2-picrylhydrazyl
(CisH12NsOg) is a stable free radical, which gives a dark violet color in solution. When it
is reduced, the color becomes pale yellow. The DPPH assay was performed following
method as described by Sanchez-moreno et al. (12). Different concentrations of the
extracts (500 pL) were added to 375 ul of absolute methanol and 125 pl of DPPH
methanolic solution (60 mM) used as a free radical source. The obtained mixture was
covered with parafilm and incubated in dark for one hour. The absorbance was measured
at 517 nm using a spectrophotometer (T70 UV—visible) and compared to BHT calibration
curve. DPPH solution was used as a blank. The antioxidant activity was expressed as
percentage of inhibition of DPPH free radicals (A%) and calculated using the following
formula:

A% = [(Ao— As) /Ag] 100

where Ay is the absorbance of the blank and A the absorbance of the sample.
Moreover, the concentration for 50% inhibition (ICso) was calculated by linear reg-
ression equation of the corresponding scavenging effect vs. concentration dependence.

ABTS assay

The 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS*") radical scaven-
ging activity was measured according to the method of Re et a/ (13) with small modi-
fications. First, ABTS and potassium persulfate were dissolved in distilled water to obtain
final concentrations of 7 mM and 2.45 mM, respectively. The obtained solutions were
allowed to stand in the dark at room temperature (25 °C) for 12 to 16 h before use in
order to generate ABTS radical. Finally, The ABTS** solution was diluted with ethanol,
to adjust the absorbance to 0.70+0.02 at 734 nm. Trolox (2.5 mM) solution was prepared
in methanol for use as a stock standard.
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The scavenging ability of the sample was expressed on percentage using the fol-
lowing equation:
I aBTS % = [(A blank-A sample)/A blank | X 100
where:
A biank 18 the absorbance of the blank containing only ABTS** solution,
A qample is the absorbance of the ABTS®* solution after the addition of the sample.

Antibacterial activity

The antibacterial activity of the extracts was determined by the disc-diffusion method
that used impregnated discs. Nutrient agar medium was prepared by pouring 15 ml of
Muller Hinton agar into Petri dishes. After cooling and solidification, 100 pl of bacterial
suspension was spread on the surface of agar medium using a Pasteur pipet. Then, with
sterile forceps, filter paper discs 6 mm in diameter impregnated with 15 pl of the tested
extract were placed on the agar (14, 15). Each assay was done in three replicates. The
Petri dishes were closed with parafilm and stored at 4°C for 2 hours, after what they were
turned and incubated at 37°C for 18-24 hours. Chloramphenicol antibiotic (1 mg/ml) was
used as a standard. The antibiotic disc was deposited on the surface of the agar medium,
previously seeded with a culture of the studied strain. The sensitivity of bacteria to
antibiotic was assessed according to the same protocol as with paper discs impregnated
with the extract.

Statistical analysis

All experiments were performed in triplicates and the results were presented as mean
+ standard deviation. Analysis of variance was conducted using ANOVA with two
factors in the software STATISTICA 5.5 and differences were considered to be signi-
ficant at probability less than 0.05 (P < 0.05).

RESULT AND DISCUSSION
Phytochemical screening
Phytochemical screening was conducted to detect different chemical classes in in-

fusions and decoctions of M. rotundifolia and S. calamintha. The results are presented in
Table 1.
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Table 1. Identified chemical classes in M. rotundifolia and S. calamintha extracts

Sample

M. rotundifolia M. rotundifolia .
Metabolites (]ije])f (BejaiaJ; S. calamintha
Flavonoids -+ +++ ++
Anthocyanes ot +++ I
Leucoanthocyanes - - -
Total tanins +++ -+ 4+
Glycosides
anthraquinones ) ) )
Cardiac glycosides - - -
Quinones - _ _
Reducing sugars ++ +++ +++
Alcaloids ++ +++ +++
Coumarins +++ ++ +
Saponines +++ et +++
O-heterosides +++ ++ o+
C-heterosides - T+ I
Sterols and triterpenes ++ A+ ++

(-): Absence, (+): Presence in low concentrations, (++): Presence in average concentrations, (+++): Presence in
high concentrations.

In both studied plants same classes of compounds were identified. Six classes of
compounds were indentified in the extracts of M. rotundifolia in high concentrations,
more specifically flavonoids, anthocyanins, total tannins, gallic tannins, reducing com-
pounds and saponins. The concentrations of reducing sugars, alkaloids, coumarins, O-he-
terosides, C-heterosides, sterols and triterpenes showed moderate concentration variation
in M. rotundifolia species depending on the geographical region.

Leucoanthocyanins, anthraquinone, cardiac glycosides and quinines were not detected
in either of the studied plan extracts. Presented results were in agreement with the results
obtained by Seladji (16) who reported numerous secondary metabolites in M. rotundo-
filia. In addition, here obtained results concerning both gallic and catechetical tannins
were also in concordance with those found by Bounihi (17). Concerning the S. calamin-
tha, the results of phytochemical screening revealed also the presence of numerous se-
condary metabolites. The plant showed to be high in total and gallic tannins, reducing
compounds, alkaloids, saponins and heterosides. Reported results were in agreement with
numerous other studies that dealt with chemical characterisation of the plant (18, 19, 20).

Extraction yield

The extraction yields for three different solvents (pure methanol, methanol:water
(70:30) and water) was compared (Figure 1).
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Figure 1. Extraction yield for three different solvents (%)
MRIJ: Mentha rotudifolia harvested in the Jijel region; MRB: Mentha rotundifolia harvested in the Bejaia
region, SC: Satureja calamintha.

The highest extraction yields for all studied samples was seen for the aqueous ex-
tracts, being in agreement with the results reported by Majhenic et a/ (21), Seladji (16)
and Bougendoura (22). This can be explained by simple fact that water is a polar solvent,
solvating wide range of molecules including significant amount of non-phenolic com-
pounds such as carbohydrates and proteins, which in plants, are present in higher con-
centrations than secondary plan metabolites (23).

Total polyphenols content

Phenolic compounds are secondary plant metabolites synthesized by many plants.
Numerous biological activities have been reported for these chemical classes (24). The
total polyphenols were determined in all extracts and were expressed in milligrams of
gallic acid equivalents per gram of dry matter (mg EAG/g DW). The results obtained are
presented in Table 2.

Table 2. The content of total polyphenols in extracts

Total polyphenols (mg EAG/g DW)
Water : methanol
Sample Methanol (30:70) Water
MRIJ 16.02+2.63 20.52+5.34 7.06+£0.45
MRB 13.16+1.34 20.64+1.74 9.74+1.25
SC 931+1.18 13.45+0.91 12.83+1.83
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The highest content of total poplyphenols was determined in water: methanol extract
of Mentha rotundifolia collected from Béjaia region (20.64 mg EAG/g DW) whereas the
water extracts of the three studied plants had the lowest total polyphenols content varying
from 7.06 to 12.83 mg EAG/g DW. Less polar phenolic substances, mostly phenolic
acids, were not quantitatively extracted with pure water leading to lower recoveries and
explaining the lowest contents of total phenols when using pure water, in comparison to
other two solvents (25). According to Lapornic et al (26), the use of water in combination
with organic solvent contributes to the creation of a moderately polar medium which
ensures the extraction of different classes of phenolic compounds.

The results on total polyphenols contents in methanolic extracts were in agreement
with the results of Seladji (2015) who analysed methanolic extract of Mentha rotun-
difolia. Contents determined in this work, however, were superior to those reported by
Benabdallah et a/ (27) who analysed water:methanol (20:80) extracts of Mentha
rotundifolia (15.10+£0.60 mg EAG /g MS) collected in the East of Algeria. Here deter-
mined contents of total polyphenols in methanolic extracts of Satureja calamentha were
~3 fold greater of those reported by Bougendoura (22). It should be, however, taken into
consideration that the content of plants metabolites is dependent on numerous factors,
such as geographical region, climate, soil composition, stress etc.

Flavonoids content
Determined flavonoid contents for all analysed extracts are presented in Table 3.

Table 3. Flavonoids contents in extracts

Flavonoids content (mg EAG/g DW)
Water : methanol
1 Wat
Sample Methano (30 :70) ater
MRIJ 12.01+0.50 13.55+£2.53 6.49+0.76
MRB 11.47+0.80 12.33+1.58 11.28+0.73
SC 6.88+1.04 7.11+0.02 5.61+£0.82

Similarly as for total phenols contents, the highest flavonoids contents were obtained
in water:methanol extracts, but didn't differ substantially from the contents seen in
methanolic extracts. For three tested solvents the contents of flavonoids ranged from 5.61
to 13.55 (mg EQ/g DW), with water extracts presenting the lowest concentrations. The
contents of flavonoids in M. rotundifolia extracts determined in this work were substan-
tially higher of those reported by Seladji (16) who reported flavonoids contents of
2.19+0.08 mg EC/g DW and 1.974+0.04 mg EC/g DW for methanolic and aqueous
extracts, respectively.
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The content of condensed tannins
The contents of condensed tannins in analysed samples are illustrated in table 4.

Table 4. The contents of condensed tannins

Condensed tannins content (mg EAG /g DW)
Water:methanol
Plant Methanol (30 :70) Water
MRJ 4.50+2,59 0.524+0.05 3.64+0.03
MRB 3.01+0.13 0.75+0.05 3.76+1.19
SC 3.00+0.85 0.57+0.14 4.45+0.20

On oppose to other phenols classes, the contents of condensed tannins were the lowest
in water:methanol extracts, whereas methanolic and aqueous extracts presented compa-
rable contents. In methanolic extracts the contents varied from 3 to 4.5 mg EAG /g DW,
whereas in aqueous extracts the contents ranged 3.64-4.45 mg EAG /g DW. Here obtain-
ned results were comparable with those reported by Seladji (22) who determined the con-
centration of tannins in M. rotundifolia between 0.6 and 1.2 mg EAG /g DW for aqueous
extract, and between 1.1 and 1.5 EAG /g DW for methanolic extracts.

Biological activity
Antioxidant activity
Free radicals are known to be a major factor in biological damages. The DPPH radical
scavenging and the ABTS assay are commonly used to evaluate the ability of plant
extracts to scavenge free radicals. (13). The results of antioxidant activity of the extracts

obtained are shown in table 5.

Table 5. DPPH scavenging activity of the extracts

Pure methanol ‘Water-methanol (30:70) Water
Sample MRJ MRB SC MRJ MRB SC MRJ | MRB | SC
C"‘(“‘:Z"/::i;“’" 0.56£0.20 0.97+0.15 0.93+0.01 0.90+023 | 0.94+0.13 | 1.14%0.07 | ND ND ND
% of inhibition
PP 76.80 59.81 68.33 80.13 78.90 78.46 ND ND ND

ND: Not determined

Table 5 indicates that water-methanol and methanolic extracts had a good ability to
scavenge DPPH radicals, while aqueous extracts were inactive, which was in collision
with the previously determined contents of polyphenols in aqueous extracts. Namely,
previous results confirmed the presence of total polyphenols, flavonoids and condensed
tannins in the aqueous extracts of all three plant samples. The content of these natural
antioxidants was lower in comparison to methanol extracts, however owing to well-
known DPPH-scavenging activity of these chemical classes, it was reasonable to expect
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radical-scavenging activity. Water-methanol and methanolic extracts of M. rotundifolia
(Jijel) at concentrations of 0.90 mg/ml and 0.56 mg/ml inhibited around 80.13% and
76.80% of DPPH radicals, respectively. Water-methanol and methanolic extracts of the S.
calamintha plant inhibited around 78.46% and 68.33% of DPPH radical, respectively,
corresponding to concentrations of 1.14 and 0.93 mg/ml respectively. Furthermore, at a
concentration of 0.9 mg/ml, the water-methanol and methanol extracts of M. rotundifolia
(Bejaia) presented the inhibition percentages of 78.93% and 59.81%. High antioxidant
activity could be related to high polyphenols in the samples.

Since water:methanol extracts showed to be the most efficient in inhibiting DPPH
radicals, their 1Csy values were calculated and compared to standard antioxidants BHT
(buthylhydroxytoluen). Calculated ICso were low, reflecting significant antiradical acti-
vity (Table 6).

Table 6. Calculated ICso values for water: methanol extracts

Extract 1Cso (mg/ml) I1Cs0 (mM Eq Trolox/g DW)
MRJ 1.41 17.91
MRB 1.27 18.85
SC 1.51 31.06
BHT 0.53 -
Trolox - 1.27

Calculated ICsy values for M rotundifolia (Jijel and Bejaia) and S calamintha were
1.41, 1.27 and 1.51 mg/ml, respectively, being around 2.4-2.8 higher in comparison to the
standard. Benabdallah et a/ (27) reported better DPPH scavenging activity for M. rotun-
difolia and the same solvent, whereas for S. calamintha. the authors found lesser activity.

Examined extracts demonstrated weaker inhibition effect for ABTS radicals in
comparison to DPPH radicals, which could be attributed to different redox potentials,
reaction stoichiometry or/and steric effects of the two radicals (28). Calculated ICso
values for M. rotundifolia from the two regions Jijel and Bejaia) were very close corres-
ponding to 17.91 and 18.85 mM Eq Trolox/g DW, respectively and much lower in com-
parison to. S. calamintha (31.06 mM Eq Trolox/g DW). Here presented results were in
concordance with those cited by Nickavar et al. (28) who calculated ICso (DPPH®) =
21.71 pg/ml and ICso(ABTS*") = 158.90 pg/ml for M. rotundifolia collected in Teheran,
Iran.

The Fig 2 represents the spider diagram which is used to better visualize the rela-
tionship between total polyphenols, flavonoids, tannin and antioxydant activity of the
most active water : methanol extracts. Water : methanol extract of Mentha rotundufolia
from Bejaia had the highest content of total polyphenols and demonstrated the most pro-
nounced antioxidant activity, followed by Mentha rotundufolia from Jijel.
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Figure 2. Antioxidant activities and total polyphenols content of the tested plants
Antibacterial activity

The antimicrobial activity of water-methanol extracts of the studied plants was perfor-
med using the disk diffusion method (Table 7).

Table 7. Antibacterial activity of water-methanol extracts

Inhibition zone (mm)
Bacteria strains MRJ MRB SC Chloramphénicol
Enterococcus 10.66:0.94 10.33+0,94 7.00+0.81%* 1000
faecalis
Staphylococcus 8.66+1.88% 10.33+2.49 11.33+2.86 1400
aureus
SARM 10.33+0.47* 13.66:0.94 11.66:£0.94 18.3340.5
Escherichia coli 7.33+0.94 10.6620.94% %+ 8.6620.47%%* 3000
Pseudomonas 8.66+1.24 10.66:£0.47%% 7.00£0.47%++ 22.5040.50
aerugmosa
?:;z;zc"“”s 7.66+0.47% 9.33+0.47* 6.66+0.94* 17.50+2.50

It could be noted that antibacterial activity of M. rotundifolia was close to standard
antibiotic chloramphenicol for Enterococcus faecalis, Micrococcus luteus, Pseudomonas
aeruginosa, Escherichia coli and SARM. The inhibition zone of the extracts of both
plants was inferior in comparison to chloramphenicol.

The inhibitory effect of the M. rotundifolia (Bejaia) extract against six bacterial
strains could be described by inhibition zone ranging from 9.33 to 13.66 mm. This extract
demonstrated statistically significant results against Escherichia coli, Pseudomonas aeru-
ginosa and Micrococcus luteus. The extract of the same plant M. rotundifolia but col-
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lected from different region (Jijel) had lower antibacterial activity against all tested
strains. Inhibition zones for this extract ranged from 7.33 to 10.66 mm. These results
were statistically significant for Staphylococcus aureus, SARM and Micrococcus luteus.
Statistically significant results for methanolic extract (70%) of S. calamintha were noted
for Escherichia coli, Pseudomonas aeruginosa and Micrococcus luteus. Similar results
were reported by Seladji (16) who studied antibacterial activity of the methanolic extract
of the M. rotundifolia harvested in West of Algeria against three common strains (Esche-
richia coli, Staphylococcus aureus and Pseudomonas aeruginosa). Labiod, (19) reported
the absence of antibacterial activity against Escherichia coli, Staphylococcus aureus and
Enterococcus faecalis for the methanolic extract of S. calamintha harvested growing in
East of Algeria. On the other hand, a very effective inhibitory effect on bacterial growth
of this plant extract was reported by Benkhedimallah and Kismoun (18) who determined
inhibition diameters ranging from 15.75 to 25.50 mm.

CONCLUSION

The results of the phytochemical screening of M. rotundifolia and S. calamintha
revealed the presence of different secondary metabolites, namely flavonoids, tannins, re-
ducing compounds, alkaloids and saponins. The determination of phenolic compounds
revealed high polyphenols contents in water : methanol (30:70) extracts with the concen-
trations range of 20.64+1.74 mg EAG/g DW and 13.45+0.91 mg EAG/g DW for M.
rotundifolia and S. calamintha, respectively. The extracts were also characterized by high
concentrations of flavonoids, more specifically for the two plants the contents were
13.55+2.53 mg EQ/g DW and 7.11+0.02 mg EQ/g DW, respectivelly. The evaluation of
antioxidant activity by the DPPH test showed that the water : methanol (30:70) extract of
M. rotundifolia was the most effective in inhibiting radicals. Furthermore, the study of
antibacterial activity revealed that the water : methanol (30:70) extracts obtained from the
three plants had significant inhibitory activity against different pathogenic strains of
bacteria, in some cases superior to standard antibiotic chloramphenicol. These findings
suggest that these extracts could be used as potential natural antimicrobial agents.
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STUDY OF WHEAT STRAW DELIGNIFICATION IN A ROTARY-PULSATION
APPARATUS
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This paper presents the results of studies of isolation lignin and hemicelluloses effi-
ciency during the pre-treatment of wheat straw for hydrolysis in a rotary-pulsation appa-
ratus. The pre-treatment of lignocellulosic raw materials for hydrolysis is a necessary
step in the second-generation bioethanol production technology. The lignocellulose com-
plex is destroyed during this process, and this allows hydrolytic enzymes access to the
surface of cellulose fibers. The pre-treatment is the most energy-consuming stage in bio-
ethanol production technology, since it usually occurs at high temperature and pressure
for a significant time. One of the ways to improve the efficiency of this process is the use
of energy-efficient equipment that allows intensifying heat and mass transfer. An example
of such equipment is a rotary-pulsation apparatus, which are effective devices in stirring,
homogenization, dispersion technologies, etc.

The treatment of wheat straw in a rotary-pulsation apparatus was carried out under
atmospheric pressure without external heat supply at solid/water ratios of 1:10 and 1:5
in the presence of alkali. It was determined that the treatment of the water dispersion of
straw at ratio of 1:10 due to the energy dissipation during 70 minutes leads to the release
of 42 % of lignin and 25.76 % of easily hydrolyzed polysaccharides. Changing the solid /
water ratio from 1:10 to 1:5 leads to an increase in the yield of lignin and easily hydro-
lyzed polysaccharides to 58 and 33.38 %, respectively.

Keywords: wheat straw, delignification, pretreatment, rotor-pulsating apparatus

INTRODUCTION

The production of bioethanol from lignocellulosic raw materials (second-generation
bioethanol) has both a number of advantages and disadvantages in comparison with
traditional raw materials containing starch. The main advantage is the availability and
low cost of raw materials, which is usually agriculture and forestry wastes. The main
disadvantage of this production is the high cost of bioethanol, because of the peculiarities
of the technology for converting cellulose into fermentable sugars. The bioethanol pro-
duction process can be divided into four stages.

The first stage is raw material grinding. Usually, this is a process of mechanical action
on raw materials. Straw choppers, disintegrators, ball mills, etc. are used as equipment.

* Corresponding author: Oleksandr M. Obodovych, Institute of Engineering Thermophysics of National
Academy of Sciences of Ukraine, 2A Marii Kapnist Str., 03057 Kyiv, Ukraine, e-mail: tdsittf@ukr.net
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The final parameters of the first stage are the type of raw material and its particle size.
Studies of many authors have confirmed the dependence of the release of reducing sugars
isolation in the hydrolyzate on the degree of dispersion of raw material (1-3).

The second stage of the process is the hydrolysis, which consists of raw materials pre-
treatment for hydrolysis and hydrolysis itself (acidic or enzymatic). The pre-treatment is
a necessary step, especially for enzymatic hydrolysis, since the presence of lignin and
hemicelluloses in the raw material prevents the access of hydrolytic enzymes to the sur-
face of cellulose fibers. The stage of hydrolysis refers to physicochemical processes since
it is carried out at high temperatures and pressures (hydrolysis with dilute acids).

The result of the second stage is a hydrolysate with the required concentration of re-
ducing sugars. The pre-treatment is the subject of extensive research because it is the
most energy-consuming process in the production of bioethanol (4,5).

The alcoholic fermentation stage is the third stage of bioethanol production. This
stage concerns biotechnology and is a type of fermentation in which carbohydrates,
mainly glucose, are converted into ethanol molecules and carbon dioxide. This stage con-
sists of the hydrolysate fermentation phase, which is carried out by yeast, and the alcohol
distillation phase. The fermentation stage provides optimal temperature and additional
nutrition conditions for obtaining yeast biomass. The final parameter of the third stage is
96% ethyl alcohol.

The fourth stage is the of ethanol dehydration to a concentration of 99.5% ethyl alco-
hol. Currently, the process is purely physical in nature and is based on the ability of
zeolites to absorb water molecules from an azeotropic water-alcohol mixture due to the
characteristics of the crystal lattice.

The hydrolysis production experience shows that the processing of organic biomass
profitability can only be achieved by its deep complex treatment to obtain products,
which cost exceeds the cost of the initial lignocellulosic raw material as fuel.

One of the stages of complex processing of lignocellulose is the process of isolation
lignin and hemicelluloses from the lignocellulose complex to further obtaining valuable
chemical products or fuel from it. This stage is an integral part of the preliminary pre-
paration of raw materials for hydrolysis.

The alkaline method is considered as one of the most promising pre-treatment
methods among the many methods that are used to prepare lignocellulosic raw materials
for hydrolysis, because of the high efficiency of delignification and high final total sugar
yield (6).

The improvement of alkali-based pre-treatment technology has been the subject of
many scientific studies in recent years. The authors of the patent (7) proposed a method
for producing cellulose by lignin isolation. The method provides, in particular, pulping
cellulose-containing material in an alkaline solution in combination with thermo-mecha-
nical-chemical activation of cellulose-containing materials using rollers, knife crushers,
hummer crushers, disk mills and their combinations. Pulping of one-year-old plant mate-
rials was carried out in an alkali solution with a concentration of 0.7 wt% of straw/water
ratio 1:15 with the addition of hydrogen peroxide 0.25 wt% and SAS with a concentra-
tion of 0.1 wt%. The temperature of the pulping solution was 100 °C and the pulping time
was 35 minutes. The highest lignin yield 46.6% was obtained when processing alfalfa
straw using a series connection of two hammer crushers.
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The effect of sodium hydroxide concentration on the yield of lignin and hemicellu-
loses during the pre-treatment of wheat straw for hydrolysis by hydrolytic bacteria
isolated from termites was determined in (8). The pre-treatment process took place at a
temperature of 80 °C for 4 hours without additional stirring. At 1% concentration of
sodium hydroxide and the ratio of solid/water, the yield of lignin was 23.23%, hemi-
celluloses - 18.6%. An increase in the concentration of sodium hydroxide to 10% led to
an increase in the yield of lignin to 69.5% and hemicelluloses to 55.55%.

The temperature and time dependence of the wheat straw processing in the autoclave
in a 2.5% sodium hydroxide solution was studied by Asghar U, Irfan M, Iram M, et al.
(9). The results showed that the period of 90 minutes at a temperature of 121 °C strongly
affects the substrate, reaching a maximum cellulose content of 83%, delignification of
81%, and hemicelluloses content of 10.5%.

The use of an extruder for the pre-treatment of wheat straw in an alkaline solution
followed by extraction was studied in [10]. It was determined that the pre-treatment of
wheat straw in a single-screw extruder at the temperature of 155 °C for 3 minutes and a
sodium hydroxide concentration of 1% leads to the isolation of 6.1% of lignin. An
increase in the concentration of sodium hydroxide to 6% leads to the release of 8.7% of
lignin. Further extraction of wheat straw in 0.86% sodium hydroxide solution at the
temperature of 80 °C for 180 min led to the release of 70% lignin.

One of the ways to increase the efficiency of the complex processing of ligno-
cellulosic raw materials is the implementation of energy-efficient equipment that makes it
possible to increase the degree of conversion of raw materials into main and by-products.
An example of equipment that significantly intensifies heat and mass transfer in liquid
multicomponent media are rotary-pulsation apparatus, which are effective devices for
mixing, homogenization, dispersion and the like technologies.

The purpose of the work was to determine the efficiency of lignin and hemicelluloses
extraction during the pre-treatment of wheat straw for hydrolysis in a rotary-pulsation
apparatus (hereinafter RPA).

EXPERIMENTAL

The raw material for the research was wheat straw, pre-grinded in the disintegrator to
an average particle size of 100 microns.

Rotary-pulsating apparatus

The study was carried out on setup, the main hydraulic diagram of which is shown in
Fig. 1.

105



APTEFF, 51, 1-206 (2020) UDC: 633.11+631.572:547.992:66.094.941

DOLI: https://doi.org/10.2298/APT2051103S BIBLID: 1450-7188 (2020) 51, 103-110
Original scientific paper
11
7

2
12
1
| 1
9
’ samples 9 X ? P
< L 10
O

to storage tank

Figure 1. Schematic hydraulic diagram of the experimental setup
1-receiving tank; 2- raw materials tank; 3 — RPA; 4 - stuffing unit; 5 - bearing unit; 6- coupling; 7 - reflux
condenser; 8 - corner ball valve; 9 - ball valve % ”; 10 - ball valve 1 ”; 11 - pressure gauge; 12 - control unit.

Receiving tank 1 with a volume of 50 liters is designed for a mixture of raw materials
and an alkaline solution during processing. Tank 1 is connected to RPA through the inlet
pipe. Tank 2 for raw materials is used for loading wheat straw. The supply of raw
materials is controlled by a ball valve 10. The tank for raw materials is connected to the
RPA through the inlet pipe. RPA 3 is used for pre-treatment of a mixture of wheat straw
and alkaline solution. The RPA consists of housing, stator (inner radius 85.85 mm; outer
radius 97.85 mm, width 44.5 mm, 24 holes with a diameter of 14.3 mm) and rotor (inner
radius 67.5 mm; outer radius 85.25 mm, width 44 mm). The gap width between the stator
and the rotor is 0.6 mm. The outlet pipe of RPA is connected to the upper part of the tank
1 by two pipelines through the angle ball valve 8 and the ball valve 9. The pressure gauge
11 is connected to the outlet pipe of RPA.

The rotary motion from the motor shaft through the coupling 6 is transmitted to the
RPA shaft located on the console together with the bearing unit 5. The stuffing unit 4 is
designed to ensure the tightness of the RPA during operation. The reflux condenser 7 is
designed to prevent changes in the ratio of the components of the alkaline solution during
processing. Control unit 12 is a separate stationary unit for remote control of the setup.
The unit is equipped with an input automatic device, a frequency converter, an ammeter,
and an electricity meter. The minimum volume of fluid for treatment in the installation is
10 liters.
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Determination of lignin content

The isolation of lignin was carried out the following way. The weighed experimental
amount of straw was soaked in two liters of water. The rest of the water was mixed with
sodium hydroxide, in the amount of 1 wt %. The resulting solution was filled in the recei-
ving tank and RPA. The required rotor speed was set. The parameter of variation was the
ratio of straw to water.

The temperature of the mixture was measured at regular intervals with different
solid/water ratios after starting the engine at the frequency determined by the experi-
mental conditions. The mixture treatment lasted about 70 minutes. The temperature of the
mixture at the end of the treatment was 95 °C. The lignin content was determined by
separating it from the filtrate followed by weighing.

Determination of the content of reducing substances

The concentration of reducing substances in the hydrolysate obtained after treatment
was determined parameter. The amount of reducing substances was first defined in the
untreated raw material. Then the residue remaining on the first filter was washed with
water until neutral, dried to constant weight, and polysaccharides were determined. The
difference was used to define the amount of reducing substances that were released
during processing in RPA.

The concentration of reducing substances was determined by the DNSA method.
DNSA method is a colorimetric technique that consists of a redox reaction between 3,5-
Dinitrosalicylic acid and reducing sugars present in the sample. The reducing power of
these sugars depends on their carbonyl group, which can be oxidized to the carboxyl
group by mild oxidants, while DNS (yellow) is reduced to 3-Amino-5-nitrosalicylic acid
(red-brown), which can be quantified by spectrophotometry at 540 nm, the wavelength of
maximum absorption (11).

RESULTS AND DISCUSSION

The processes associated with chemical transformations usually require a high tempe-
rature maintaining in the reaction zone. An external supply of heat distributed throughout
the reaction zone leads to significant energy costs. The localization of the sufficient ener-
gy supply to carry out the necessary chemical transformations into the reaction zone is
the principle of the method of Discrete Pulse Energy Input (12).

It is known that the fluid flow is heated by passing through the working zone of the
RPA (13), especially the flow of multicomponent mixtures. The temperature increase,
due to the dissipation of the flow of mechanical energy, is one of the mechanisms that
allow the delignification process to be carried out without external heat supply. The
dynamics of temperature change in the installation with a rotation speed of 47.75 rps at
different solid/water ratio over time is shown in Fig. 2.
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Figure 2. Dynamics of temperature change of water dispersion of straw at different
solid/water ratio over time: m - 1:10; A - 1: 5; ¢ - water.

Samples were taken every 10 minutes. The data about the amount of extracted lignin

are given in the Table 1.

Table 1. Dependence of the lignin extraction on the duration of treatment at rotation

speed of 47.75 rps

solid/water ratio 1:10

sample 1 2 3 4 5 6 7
processing duration, min 10 20 30 40 50 60 70
% of the total lignin 10 18 25 32 38 41 42

solid/water ratio 1:5

% of the total lignin

| 18 | 29 \ 36 \ 45 | 50 \ 55 | 58

From the data in Table 1 we can conclude that the treatment of water suspension of
straw in RPA allows isolating up to 42 % of lignin for 70 minutes under atmospheric
pressure without external thermal energy supply. Changing the solid/water ratio of the
water dispersion of straw from 1:10 to 1:5 leads to an increase in the amount of lignin
release, since the temperature of the mixture increases more intensively.

Further increasing of straw content in the water dispersion of straw leads to signifi-

cant energy consumption and unstable processing for the selected RPA design.
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The histogram of the content of reducing substances in the residue on the filter depen-
ding on the treatment duration at straw/water ratio of 1:10 and 1:5 respectively is pre-
sented in Fig. 3. The initial indicator in the histogram is the content of reducing substan-
ces in the raw material at complete hydrolysis.
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Figure 3. Histogram of the content of easily hydrolysable reducing substances in residue
on the filter depending on the duration of treatment at the solid/water ratio of 1:10 (blue)
and 1:5 (red).

The obtained data indicate that the cellulose content does not change during proces-
sing, but the hemicelluloses content in the hydrolysate increases during processing. A
significant (up to 25.76%) amount of hemicelluloses gets into the solution at the
solid/water ratio of 1:10 under experimental conditions. The increase of the solid/water
ratio to 1:5 leads to an increase in the percentage of the polysaccharides (up to 33.38%).

CONCLUSIONS

A change in the solid / water ratio from 1:10 to 1: 5 leads to an increase in the yield of
lignin and easily hydrolyzable polysaccharides, both in percentage terms and by weight,
but a further decrease in the solid / water ratio requires a change in the design parameters
of the apparatus.
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UNMODIFIED GLASSY CARBON ELECTRODE AS A RELIABLE SENSOR
FOR SENSITIVE VOLTAMMETRIC QUANTIFICATION OF VITAMIN D3
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In this paper a sensitive voltammetric method was developed for determination of
vitamin D3 in commercial dietetic supplements using unmodified glassy carbon electrode
as a working electrode. Following the optimization of the square-wave voltammetric
method, the linear relationship between the peak current and vitamin D3 concentration
was perceived in the concentration range of 1.25-105 umol/L. The calculated values of
detection limit and quantification limit were 0.24 and 0.73 umol/L, respectively. In addi-
tion, the developed analytical procedure revealed exceptional precision with RSD values
for intra- and inter-day (n=7) lower than 3%. Finally, developed voltammetric method
was successfully applied for the determination of vitamin D3 in dietetic supplements using
standard addition method.

Keywords: vitamin D3, voltammetry, glassy carbon electrode, dietetic supplements

INTRODUCTION

Vitamin Ds (cholecalciferol, [UPAC 9,10-seco(5Z,7E)-5,7,10(19)-cholestatriene-3b-
ol, Figure 1) is a prohormone obtained by conversion of its precursor 7-dehydrochole-
sterol upon ultraviolet radiation in the epidermis (1). Even though the main functions of
vitamin D3 are related to calcium and phosphorus homeostasis which are required for a
wide range of biological processes (1), in recent studies significantly wider health impli-
cations of vitamin D3 deficiency are reported. In fact, deficiency of this valuable vitamin
is associated with cardiovascular diseases, metabolic disorders, cancer, neuropsychiatric
disease and deregulation of the immune system (2-5). Regarding to the important func-
tions in the human body, attention should be paid to the necessary daily dose of this vita-
min. Under conditions distinctive for modern lifestyle, such as reduced sunlight exposure,
blocking of UV light by air pollution, clothing and sunscreens, as well as various geo-
graphical and seasonal factors, vitamin D3 becomes an important nutritional factor, and
must be supplied via diet (1). However, it should be aware of the fact that rich sources of
this vitamin are very limited, consequently adequate supplementation is advisable, espe-
cially in winter months.
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Figure 1. Structural formula of vitamin Ds

Considering the importance of this vitamin on the human health, a number of methods
that are focused on the quantification of vitamin D3 have been published in the literature,
and were summarized in a recent study (6). A majority of these methods are based on the
chromatography, but also capillary electrophoresis, and immunoassays have been repor-
ted as well (6). Although chromatography is established as a standard method for cho-
lecalciferol determination, complicated sample preparation procedures, long analysis
time, high cost of instrumentation, and a long-term training period of the laboratory staff
are disadvantages associated with its practical use. To overcome these drawbacks, the de-
velopment of the simple analytical methods, using green solvents and non-toxic mate-
rials, while improving sensitivity, as well as the reproducibility with reduced duration of
the analysis is emphasized. In the light of these demands, voltammetric methods can meet
these rigorous requirements, and can serve as an alternative method for cholecalciferol
determination. Despite numerous advantages provided by voltammetric techniques, so far
a small number of papers enabling the quantification of vitamin Dj; in real samples have
been published (7-13). The use of glassy carbon electrode (GCE) as a working electrode
for quantification purposes of this vitamin has already been apperceived in the literature
(9, 13). Glassy carbon as a carbon-based material has attracted serious attention in elec-
troanalysis, primarily because of its multiple advantages such as: broad potential window,
low background current, rich surface chemistry, low cost, chemical inertness, non-toxi-
city (14), and its use has not been unattended in the analysis of various organic subs-
tances even nowadays (15).

The objective of the present study was to develop a simple, fast and reliable voltam-
metric procedure for cholecalciferol determination using unmodified GCE. In comparison
to the existing methods that imply the same working electrode material (9, 13), the deve-
loped procedure can be characterized with improved sensitivity. Following optimization
and validation, the developed voltammetric procedure has been successfully applied for
quantification of cholecalciferol in commercially available dietetic supplements.

EXPERIMENTAL
Chemicals and solutions
Cholecalciferol (purity > 98%) was purchased from Sigma-Aldrich (St. Louis, Mis-

souri, USA). Standard solution of cholecalciferol (10 mmol/L) was prepared by dissol-
ving of the appropriate amount of the substance in the ethanol (Fisher Scientific, Hamp-
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ton, New Hampshire, USA). All other chemical used were of analytical reagent grade and
were used as received. Double distilled water was used for preparing all the solutions.

Instrumentations

Voltammetric measurements were performed using a three-electrode system compri-
sed GCE (total surface area of 7.07 mm?) as the working electrode, Ag/AgCl (3.5 mol/L,
KCl) and platinum wire as the reference and auxiliary electrode, respectively. Electrodes
were connected to potentiostat PalmSens 4 (GA Houten, Netherlands), which was con-
trolled by PSTrace 5.4 software. All potentials were referred to the above mentioned re-
ference electrode. An ultrasonic bath Iskra (Kranj, Slovenia) with working frequency of
30 Hz, and power of 500 W was used at the end of the polishing procedure of GCE, and
to support dissolution of the dietetic supplements, as well. The surface of the GCE was
polished with water suspension of Al,Os particle size 1 pm Merck (Darmstadt, Germany)
on the special polishing pad until a mirror-like surface was obtained, followed by soni-
cation in ethanol and water mixture (1/1, v/v) for 5 min. After subsequent rinsing with
double distilled water and drying, the working electrode was ready for measurements.

Measurement procedure for voltammetric analysis

For performing voltammetric measurements, the supporting electrolyte (15 mL) and a
three-clectrode system were placed in the glass cell. After 5 s of stirring, and the same
period of quiescence time, square-wave voltammograms were recorded in the potential
range from +0.7 V to +1.4 V. For performing square-wave voltammetry (SWV) experi-
ments, the following optimal parameters were selected: amplitude of 75 mV, step poten-
tial of 5 mV, frequency 25 Hz with equilibrium time of 10 s.

A comparative chromatographic analysis using HPLC

For HPLC analysis, a liquid chromatograph Agilent 1200 (Agilent Technologies Inc.,
USA) equipped with diode array detector, Chemstation Software, binary pump, vacuum
degasser, auto sampler and Agilent column (Eclipse XDB-C18, 1.8 pum, 4.6 x 50 mm)
were used. Detection wavelength was set to 260 nm. Pure methanol was used as the mo-
bile phase with isocratic conditions. Furthermore, the following HPLC conditions were
chosen: flow rate of 0.4 mL/min, and the column temperature of 30 °C.

Real samples analysis

Dietetic supplements of cholecalciferol in the form of film tablets were crushed in a
mortar and accurately transferred into the glass with the supporting electrolyte. The con-
tent was sonicated for 10 min and filtered using Whatman filter paper No. 1 (Whatman
International, Maidstone, UK) in the calibrated flask. For the analysis 10 mL of the pre-
pared sample was transferred to the glass cell, and SWV was performed by following the
optimal parameters of the analysis using standard addition method with three replicate
experiments for quantification. For HPLC analysis, after sonication the samples were fil-

113



APTEFF, 51, 1-206 (2020) UDC: 577.161.2:613.2]:543.552:544.6.076.32-033.5

DOI: https://doi.org/10.2298/APT2051111D BIBLID: 1450-7188 (2020) 51, 111-118
Original scientific paper

tered through a 0.45 pm membrane syringe filter Chromafil®Xtra PET45/25, (Macherey-
Nagel, Diiren, Germany), a volume of 15 pulL was injected into HPLC system, analysed in
triplicates, and quantified by means of calibration curve.

RESULTS AND DISCUSSION

In order to find optimal experimental conditions for voltammetric determination of
cholecalciferol using GCE as a working electrode, extensive SWV studies were perfor-
med in the anodic potential range from +0.7 V to +1.4 V, in various supporting electro-
lytes. Due to poor solubility of cholecalciferol in water, the supporting electrolytes were
prepared in 50% of ethanol (v/v). 0.1 mol/L acetate and citrate buffers, 0.04 mol/L
Britton-Robinson buffer, 0.05 mol/L solutions of HNO3, H,SO4 and HCI were tested as
the supporting electrolytes. In all studied supporting electrolytes one well-defined oxida-
tion peak was observed. However, 0.05 mol/L solution of H,SO4 was selected as the
optimal supporting electrolyte, as it showed the best characteristics in terms of sensitivity,
linearity and peak definition. Square-wave voltammograms recorded in the 0.05 mol/L
H,SO4 solution containing 50% of ethanol without and with 50 pmol/L of cholecalciferol
is shown in Figure 2.

4.0 1
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Figure 2. Square-wave voltammograms recorded at GCE for (a) blank, and (b) in the
solution containing 50 umol/L of cholecalciferol. Supporting electrolyte 0.05 mol/L
H»SO, containing 50% of ethanol, teq =10 s, AE =5 mV, Eamp =75 mV, /=25 Hz.

Aiming to develop a sensitive method for determination of cholecalciferol content in
the supplements, various parameters of the SWV, such as pulse amplitude (Eamp), fre-
quency (f), step potential (AE) and equilibrium time (teq) in 0.05 mol/L H,SO4 in 50%

114



APTEFF, 51, 1-206 (2020) UDC: 577.161.2:613.2]:543.552:544.6.076.32-033.5

DOIL. https://doi.org/10.2298/APT2051111D BIBLID: 1450-7188 (2020) 51, 111-118
Original scientific paper

ethanol with respect to the peak current (I) were studied and optimized. During expe-
riments each parameter was changed, while others were kept at constant level in the solu-
tion containing 50 umol/L of cholelaciferol. In the optimization study next parameters
proved to be optimal: Eqmp=75 mV, f=25Hz, AE=5mV and t,q = 10s.

Calibration curves were constructed by adding aliquots of vitamin Ds standard solu-
tion in the glass cell with the supporting electrolyte under the optimized condition of the
SWYV analysis. A linear response was observed in the concentration range of 1.25-105
pmol/L of cholecalciferol, and it can be described by the equation I, (pA) = 0.0475-c
(umol/L) — 0.2007 (r = 0.9959) (Figure 3).
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EM
Figure 3. Square-wave voltammograms of cholecalciferol with corresponding calibration
curve (inset): a) blank, b) 1.25, ¢) 2.5, d) 5, e) 12.5, f) 25, g) 40, h) 50, i) 80, and j) 105
pmol/L. Equilibrium time 10 s, potential step 5 mV, amplitude 75 mV, frequency 25 Hz.

For the purpose of determination limit of detection (LOD) and limit of quantification
(LOQ) values, the linearity range of lower concentrations was used (1.25-40 pmol/L),
and LOD and LOQ values were calculated as follows: LOD = 3.3 S,/b, and LOQ = 10
Sa/b (16), where S, stands for standard deviations of the intercept, while b represents the
slope of the calibration curve (n = 3). Calculated LOD and LOQ values were 0.24 and
0.73 umol/L, respectively. The results presented in this study have shown favourable
LOD value and wide linear range for determination of cholecalciferol, which are better in
comparison to those obtained by the use of GCE (9, 13), or some modified GCE mate-
rials (8, 10, 11). It should be emphasized that herein presented procedure does not require
modification, which usually involves complicated and prolonged procedures (11, 12).

The precision of the presented procedure was evaluated under the optimized condi-
tions of the SWV analysis at two different cholecalciferol concentrations (25 pmol/L and
50 umol/L) by seven replications during the same day (intra-day), and during seven con-

115



APTEFF, 51, 1-206 (2020)
DOL: https://doi.org/10.2298/APT2051111D
[©) ov-c-no ]

UDC: 577.161.2:613.2]:543.552:544.6.076.32-033.5
BIBLID: 1450-7188 (2020) 51, 111-118

Original scientific paper

secutive days (inter-day). Obtained values of relative standard deviations (RSD) were
lower than 3% indicating satisfactory precision of the proposed method.

In order to examine the applicability of the presented method in the analysis of real
samples, two dietetic supplements of vitamin D; were analysed. Based on the obtained
results presented in Table 1, the determined contents of vitamin D3 were close to values
declared by the manufacturer. Additional confirmation of the accuracy of the developed
method was performed by HPLC analysis (Table 1).

Table 1. Assay of vitamin D3 in dietetic supplements using the presented square-wave
voltammetric procedure and HPLC as a comparative analysis

Sample Labeled content Proposed voltammetric HPLC
P (ng/tablet) method (ng/tablet)? (ng/tablet)?
1 50 47.08 + 0.66 (94.16) 46.63 +0.09 (93.26)
2 25 24.51 £ 0.45 (98.04) 24.65 + 0.15 (98.60)

* Mean value + SD, Recovery (%), n=3.
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Figure 4. Square-wave voltammograms for determination of vitamin D; in the sample of
dietetic supplement using the standard addition method with two successive additions
with corresponding analytical curve (inset): (a) Sample 1, spiked sample with
cholecalciferol: (b) + 6.50 umol/L, (c) + 13.52 pmol/L. teg =10 s, AE =5 mV, Eamp =75
mV, /=25 Hz.

Moreover, RSD values obtained for the samples were less than 1.9%, indicating on
the high precision of the developed voltammetric procedure. Statistical comparison of the
results obtained by voltammetric procedure with chromatographic HPLC method using
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the paired t-test showed no statistically significant difference between the two methods at
95% confidence level. Finally, square-wave voltammograms recorded during the analysis
of the sample (Figure 4) revealed that the peak of vitamin D3 was not interfered by any of
the matrix compounds of the formulations additives such as: cellulose, talc, magnesium
stearate and starch, confirming thus the selectivity of the herein presented voltammetric
procedure.

CONCLUSION

In this work a new electroanalytical method for determination of vitamin D3 has been
described. The method is based on the oxidation of the analyte on the surface of the
unmodified glassy carbon electrode as a working electrode, and subsequent determination
using square-wave voltammetry. In comparison to the previously reported papers dealing
with voltammetric determination of this vitamin by using unmodified or modified GCE,
better analytical performances were achieved, regarding favourable LOD value and wider
linear range, and most of all, without complicated working electrode preparation or
modification procedures. The practical utility was successfully demonstrated in the analy-
sis of the dietetic supplements containing vitamin D3, with satisfying recovery values and
low RSD values indicating on high accuracy and precision of the developed method. Ba-
sed on these facts, herein presented voltammetric procedure could be considered as a
significant contribution in the field of applied analytical chemistry in determination of
cholecalciferol content in different samples.
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Due to renewed interest in fruit residue application, cashew apple pomace and other
fruit pomace are receiving unparallel attention as substitute for food ingredient or food
enrichment options. This necessitates this study to investigate drying as vital approach in
preserving and conditioning cashew apple pomace. In this study, cashew apple fruits
were blended in fruit blender and filtered through 150 microns filter; the filtrate was
further tightened in a fabric material and pressed with manual hydraulic press to further
express the juice in it. The pomace was stored in a refrigerator at 3 °C for 18 h to homo-
genise the moisture. The pomace was divided into nine equal weights, a portion was fed
into hot air oven dryer at 60 °C and constant circulating air velocity of 2.2 m/s, the chan-
ges in mass was measured using digital mass balance after every 10 minutes. The pro-
cedure was repeated at 70 and 80 °C and in triplicate; in each case the mass of the samp-
les was measured. It was found that cashew pomace dry under a single falling rate pe-
riod, effective moisture diffusivity increased with increasing drying temperature and ran-
ges from 9.02015x10°° to 2.12177x10, activation energy was estimated as 41.880 kJ/K,
specific drying energy consumption decreased with increasing drying temperature and
ranges from 24.1 to 45.3 MJ/kg. Our proposed drying model was found to adequately
simulate the drying kinetics of cashew apple pomace.

Keywords: activation energy, cashew apple pomace, drying modelling, effective mois-
ture diffusivity; specific energy consumption

INTRODUCTION

Cashew pomace is a byproduct of cashew apple fruit juice extraction. It has high
moisture content (1) therefore it must be dried as soon as possible to prevent microbial
growth and inhibit biochemical reactions and consequent deterioration. Cashew apple
pomace is rich in dietary fibre, protein, fat, carbohydrate, calcium, phosphorus and iron
(1). In the past, cashew apple pomace are used mainly as animal feeds, recently it has
received renewed interest for many applications to supplement food ingredients for the
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purpose of food enrichment with vitamins and minerals or bioactive compounds, such
application are reported in cakes, muffin and biscuits, it is also used for fat and wheat
substitution in baked foods and sugar replacement in many food products (1, 2, 3, 4).

When developing empirical models that predict food drying kinetics, fruits, vegetab-
les and their associated by-products are mostly dried in thin layer to allow the drying
material extract reasonably high quantity of heat from heated air, maintaining high air/
feed ratio in the dryer (5, 6). Moisture migration in biomaterials during drying occur in
either falling rate period or constant rate period, for fruits and vegetables, due to high
interplaying effect of diffusion process, they are mostly dried in falling rate period (7).

Studying drying characteristics will assist in identifying appropriate drying methods,
control drying processes, optimize dried product quality and in designing dryers (8).
Drying is sometimes expensive and time consuming to conduct an in-depth study to de-
termine the suitable control conditions, thus, drying characteristics is used to express the
moisture removal process due to couple effect of heat and mass transfer and its link to the
process variables (8), hence; an excellent understanding of the drying rate has since
become an important factor in developing drying models.

Thin layer drying models exist for different moisture ratio curves (9); however, the
goal of every drying model is to satisfactorily predict the drying kinetics of the dried
sample with zero noise and zero residual, thus drying models are continually developed
to obtain a robust model with excellent performance functions.

Studies carried out on drying fruit pomace are documented in Sharma et al. (10) and
Kumar et al. (11) for dried apple pomace, Andréia et al. (12) for dried Caja pomace, and
De Menezes et al. (13) for dried Yellow passion fruit pomace. Studies on drying kinetics
of fruit pomace are limited, for cashew apple pomace, to the best of our knowledge, no
research evidence was reported on its drying modelling and drying kinetics, hence, the
formulation of a new and robust drying model with the underlying objective of predicting
moisture ratio during drying and estimation of effective moisture diffusivity, activation
energy and drying energy consumption of cashew apple pomace forms the basis of this
study.

MATERIALS AND METHOD
Experimental method

Firm-ripped cashew apple fruits were plugged from cashew tree and washed with
distil water and kept under ambient condition. The fruit were fed into fruit blender and
blended at 200 rpm for 2 minutes. The paste was filtered through a 150 micron filter to
separate the pomace from the juice; the pomace was further tight in a mesh fabric and
pressed between two plates of hydraulic press for 5 minutes. The pomace were mixed
together and placed in a refrigerator in an air tight polythene bag at 3 °C for 18 hours to
homogenize the moisture in the pomace matrix. The cashew apple pomace was divided
into nine samples each weighing 21.2 g. In each case, prior to drying, a pomace sample
was stacked in a 130x120x100 mm stack placed on a mesh wire.

120



APTEFF, 51, 1-206 (2020) UDC: 66.011:66.047.41:[634.11+66.849

DOI: https://doi.org/10.2298/APT2051119S BIBLID: 1450-7188 (2020) 51, 119-136
Original scientific paper

The drying oven was switched-on and allowed to build up to a set temperature of 60
°C; the sample was then fed into the drying chamber of the circulating hot air oven dryer
(Presto-Mercury) operating at constant circulating air velocity of 2.2 m/s. After 10 minu-
tes, the sample was removed from the drying chamber and weighed using digital weight
balance (KERRO BL3002) until no further change in weight was recorded and in each
case, the oven was allowed to build up to the selected drying temperature of 60 °C.

The procedure was repeated for drying temperatures of 70 and 80 °C. The experiment
was carried out in triplicate and in each case the instantaneous moisture content was cal-
culated in dry basis (db) using equation 1 for all drying temperatures and their average
was computed.

M;-Mq
Mg

Miyar = X100 (1]

M; is the mass of cashew pomace prior to drying; My is the mass of dried cashew
apple pomace.

To obtain moisture the ratio profile and effectively formulate drying model, cashew
pomace moisture ratio (MR) was estimated using equation 2.

MR= Mt—Me 2]
Mo—Me
While the drying rate was estimated using equation 3.
dR _ (Miydt—My)
dt dt [3]

Mt is the moisture content of cashew pomace at an instant (%); M, is the equilibrium
moisture content (%) of cashew pomace; M, is the initial moisture content of cashew
pomace (%); dt is the drying time interval; M, q4; is the instantaneous moisture content.

Estimation of effective moisture diffusivity

Experimental method has become the most widely adopted approach in estimating
effective moisture diffusivity of biomaterials; this is done with the help of drying curves
base on Fick’s second law of diffusion. For infinite slab and assuming a constant diffu-
sion coefficient, uniform moisture distribution at the beginning, negligible drying tempe-
rature changes and shrinkage, the analytical solution of Fick’s one-dimensional diffusion
equation is expressed in equation 4 (14);

8 woo 1 —(2n+1)2
MR=5 20 s exp |55 72Det | [4]

n is the term of the experiment, D is the effective moisture diffusivity (m?/s), t is the
drying time (s) and L is half the thickness of slab (m).

The expansion term for equation 4 is
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MR== (e 2’ "Fl 4~ 727 TFl 4 — g7 7%/ TFi ), [5]
2 9 25 ’
MR=0.692¢~>78NFi+(,131e~30-5NFi+ ().0534e~74NFi [6]

Ngi (ngft) is the Fick number, L is half the characteristic thickness of cashew apple
pomace slab.

However, for longer drying time where Ng; (%) > 0.1 and MR<0.6, the first term
of the series prevails and the equation can be simplified to a linear form in equation 7.

InMR= In¢ —st [7]

Where s, is the gradient and represents the drying constant (t™1) which is also equal to

(¢ %), ¢ is the constant taken from the first series. For slap, ¢ =2.47; natural-log plot of

moisture ratio against drying time gives a straight line graph above Fick’s number of 0.1.
Effective diffusivity was estimated from the slope of straight line graph using the equa-
tion 8.

—s(L2
Degr=""¢ [8]

Estimation of activation energy

The relationship between effective moisture diffusivity and temperature is expressed
by the famous Arrhenius equation (15) expressed in equation 9.

Der=Doexp [ 22| [9]

It can be simplified to a linear equation expressed in equation 10.

InDeg=InD, — = [10]

The plot of In Deg against % gives a straight line plot with — ET:‘ equated to the slope

and InD, as the intercept of the graph. The activation energy was computed using equa-
tion 11.

E,=slopexR [11]

E, is the activation energy, kJ/mol., T is the absolute drying temperature, D, is the pre-
exponential Arrhenius constant m?/s and R is the universal gas constant, kJ/mol. K.
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Estimation of drying specific energy requirement

The energy consumed in drying a unit charge of cashew apple pomace in the dryer
was estimated using equation 12 (16).

Et=(Avp, (C, + RhC,)(T — Tt ) [12]

The density of air was estimated at different drying temperature using equation 13
7).
_353.05
Pa= 7

[13]

A is the surface area of drying rack, m?; v is the drying air velocity, m/s?; p, 1s air
density, kg/m3; Rh is the relative humidity of drying air, T is the drying temperature, K;
T, is the ambient air temperature, K; t is the total time taken to completely dry cashew
apple pomace to equilibrium moisture, s; C,is the specific heat capacity of air (1008.3
J/kg K); C, is the specific heat capacity of water vapor (1828.8 J/kg K).

The energy required to dehydrate lkg of wet cashew apple pomace, was estimated
using equation 14;

Ekg%, MJ/kg [14]

W,, is the mass of water evaporated from cashew apple pomace.
Experimental uncertainty analysis

The weight of cashew apple pomace was weighed in triplicate experimental runs, like
wise effective moisture diffusivity, activation energy and specific energy consumption
were also computed in triplicate. The mean was computed using equation 15;

Mean Value (X) :ﬁ noX i=1,2,3...n [15]

Where X; is the measured parameter value.

To calculate the expanded uncertainty, Guassian for bell shape probability density
function at 95 % uncertainty range was employed as adopted by Luka et al. (18) using
equations 16-19.

Since the smallest unit of the weight balance is 0.1 g, calibration uncertainty (Ad)
would be twice smaller, that is equal to 0.05 g.

To compute B-type uncertainty, equation 16 was used.

_ud

u(dy=3 [16]

The result distribution was observed in A-type, thus standard uncertainty was calcu-
lated using equation 17:
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u(d)=y/5= [ DL (X — 021 23y (17]

n is the number of measurements.
Also, since the size of A-type and B-type uncertainties is the same, combine uncer-
tainty was computed using equation 18.
— g2 42
u(d)= [sf + 5 [18]
To compute expanded uncertainty at 95 % confidence level, k=1.96, equation 19 was
used.

U(d)=kxu(d) [19]
Mathematical modelling of moisture ratio

MATLAB 2014b was used to fit drying models listed in Table 1 to moisture ratio
profile of cashew apple pomace dried at different temperatures as obtained in Khanali et
al. (16) along with proposed empirical model dubbed Luka et al (equation 20).

MR = aexp(—kt")+kt(b—a)+(1—a) [20]

Where a and b are model constants, k is the drying constant, t is the drying time (m)
and n is the power term.

Levenberg-marquardt algorithm was used for the iteration using nonlinear least squa-
re method to estimate the coefficients of the model, coefficient of determination (R?),
mean square error (MSE) and corrected Akaike information criteria (AICc) were used as
optimal performance functions of the models’ fitness. AICc was used as indicator of the
models performance due to low data size relative to the model parameters, that is
n/K<40, in this case, a second-order bias correction factor is added to Akaike informa-
tion criteria (AIC) to give a refined AIC called AICc expressed in equation 21 (19)

2K(K+1)

— 2
AlCc=nlIn(c°)+2K + — [21]
0?= MSE; K= Number of parameters estimated in the model.
nln (c?) + 2K =AIC [22]

2K(K+1)
n-K-1

is the correction factor
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Table 1. Drying models and proposed drying model

No  Models Equation

1 Demir et al. MR =a exp(—kt")+b

2 Diffusion approach MR=aexp(—kt) +(1—a)exp(—kbt)

3 Henderson and Pabis MR =a exp(—kt)

4 Lewis MR = exp(—kt)

5 Logarithmic MR =a exp(—kt) +c

6 Midilli et al. MR =a exp(—kt")+bt

7 Modified Henderson and Pabis MR=aexp(—kt)+bexp(—gt)+cexp(—ht)

8 Page MR = exp(—kt")

9 Simplified Fick’s diffusion equation MR =a exp(—k(t/L?))

10 Two-term exponential MR=aexp(—kt)+(1—a)exp(—kat)

11 Vermaetal. MR=aexp(—kt)+(1—a)exp(—gt)

12 Wangh and Singh MR =1+at +bt?

13 Weibull MR =exp(— (t/a)P)

14 Luka et al.(Proposed model) MR = aexp(—kt")+kt(b—a)+(1—a)
RESULTS AND DISCUSSION

Drying curves

Drying temperature obviously affects moisture removal rate from cashew apple po-
mace matrix (Fig. 2), characterized by steeper drying rate gradient from highest to lowest
drying temperature (Fig. 3) that is, higher drying rate at higher oven dryer temperature
and lower drying rate at lower drying temperature. The drying time at 60 °C drying tem-
perature is 32.29 % greater than at 70 °C, and at 70 °C is 18.18 % higher than at 80 °C,
such uneven variation could be imputed to exponential relationship that exists between
vapor pressure and relative humidity with increasing drying temperature, a few degree
rise in temperature has an increasingly large impact on saturation point, this makes drying
rate gradient more steeper as drying temperature is increased (20, 21), Moisture migration
was more pronounced at the beginning of the drying at all drying temperatures and less at
later stage, this could be owing to abundant free water molecules on the surface of the
pomace at the beginning of the drying process (16), also since cashew apple pomace con-
tains pectin (22), as moisture content reduced under heat, it become more esterified and
form thick gel (23, 24) this pectin under gelling and crusting effect could form packed
pectin molecules around cashew apple pomace matrix lumps causing lesser vapor per-
meability and consequently reduces moisture migration from the core with pronounced
effect at later stage of the drying process.
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Figure 1. Moisture ratio profile of cashew apple pomace

The drying curve (Fig. 2) shows that cashew apple pomace dried only in single falling
rate period and no constant rate, this infer a diffusion controlled drying process, similar
drying rate curve was reported in dried apple pomace by Sharma et al. (10). Falling dry-
ing rate period is peculiar to agricultural and food products because moisture is either
bounded or free) (25) in the case of cashew apple pomace, such drying period could be
due to majority of the water chemically bounded to its matrix due to viscous pectin (26,
24).
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Figure 2. Variation of drying rate at different drying temperature
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Effective moisture diffusivity

Despite pitfalls and over simplification in models utilizing effective moisture diffusi-
vity, it has become the most dominantly used equation for modeling drying (27).

Fig. 3 shows the plot of estimated natural-log of moisture ratio against drying time
base on their corresponding fitted linear equation and coefficient of determination (R?)
for each drying temperature.
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Figure 3. Variation in semi-log of moisture ratio with drying time

The estimated effective moisture diffusivities are presented in Table 2.

Table 2. Effective moisture diffusivity of cashew apple pomace

No. Drying temperature (°C) (Degr) Effective moisture diffusivity (m?/s)
1 60 9.02015x10?
2 70 1.53000x10-
3 80 2.12177x10°8

Effective moisture diffusivity of cashew apple pomace increases with increasing dry-
ing temperature, this was corroborated by the steepness of drying rate against drying time
for different drying temperatures (Fig. 2) since diffusivity controls rate of moisture mi-
gration during drying. The values of effective moisture diffusivity of cashew apple po-
mace fall within the bracket of 10-'? to 10°® for biological materials (28). Temperature de-
pendent effective moisture diffusivity of cashew apple pomace at constant air velocity
can be expressed in equation 23 base on Arrhenius equation;

- 5037.29
Deff:3‘45x 10 Zexp[— m:l [23]
T is the drying temperature (°C).
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Activation energy

The fitted linear equation used in estimating the activation energy is displayed on Fig.
4, The minimum energy required to initiate moisture migration from the surface of
cashew apple pomace was estimated to be 41.880 kJ/ K this falls within the bracket of
12.7-110 kJ/K for biomaterials (29) and the estimated pre-exponential Arrhenius factor of
3.45%x10"2 m?/s was obtained base on the fitness line equation. The higher activation ener-
gy could be due to predominantly chemically bounded water molecules in cashew apple
pomace and gel forming effect of pectin as drying progresses which inhibit rapid moistu-
re diffusion.
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Figure 4. Fitted regression line for estimating activation energy
Energy requirement

The profile of specific energy consumption in drying a unit kilogram of cashew apple
pomace is presented in Fig. 5, the specific energy consumption at 60, 70 and 80 °C are
45.3, 29.4 and 24.1 MJ/kg respectively. The highest energy requirement was obtained at
60 °C drying temperature and minimum at 80 °C drying temperature, this could be ex-
plained in terms of pronounced difference in drying time at different drying temperature;
longer drying time negates the influence of increasing energy consumption obtainable
from increasing dryer heater temperature and consequently results in higher specific ener-
gy consumption at drying temperature of 60 °C (28, 16), this can also be substantiated by
larger coefficient of drying time against drying temperature in equation 24.
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Figure 5. Variation in specific energy consumption with drying temperature and drying
temperature

Regression analysis was carried out using MATLAB 2014b, to ascertain the influence
of drying temperature and drying time on specific energy consumption of oven dryer
when drying cashew apple pomace, the regression equation that simulates their relation is
presented in equation 24 and the plot in Fig .5

Eyg = 0.177T+0.353t—21.833, R?=0.9999 [24]
T is the drying temperature (°C) and t is the drying time (m).
Uncertainty analysis
Result of combine uncertainty error analysis presented in Table 3 shows that all the
errors fall below the standard threshold of 5 %, this infer that error in measurement are

within the acceptable bracket.

Table 3. Experimental combine uncertainty error

Parameters Combine uncertainty error
60 °C 70 °C 80 °C
1| Effective moisture +1.6310100 | £1.9211101° | +1.7010101°
diffusivity
2 | Specific energy +0.8565 +0.3591 +0.1944
consumption
3 | Activation energy | £0.6710
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Modelling of moisture ratio of cashew apple pomace

Among the fourteen drying models fitted to each of the three drying moisture ratio
data, our proposed model (Luka et al.) performed better than all of them with highest
R? value of 0.9999, 0.9999 and 0.9997 and lowest RMSE of 0.002789, 0.004539 and
0.008063 at 60, 70 and 80 °C drying temperatures respectively. Also, our proposed model
gave the lowest AICc value of -90.5 followed by Demir et al. model with AICc value of
-75.2 and AICc value of -38.0 followed by Wang and Singh model with AICc value of
-34.1 at 60 °C and 70 °C drying temperatures respectively, however, at 80 °C drying tem-
perature, our proposed model has an AICc value of -5.70 compared to Lewis model
which has the lowest AICc value of -20.5, this is possible owing to smaller data size and
higher number of estimated model coefficients in our model (19), overall, the model pro-
ves adequate and superior at 60 °C and 70 °C drying temperature. The fitted profile of
Luka et al. model for the three drying temperatures are presented in Figs. 6-8 and the
summary of all the fitted model coefficients and performance functions are presented in
Tables 4-6.
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Figure 6. Model and experimental fitted line at 60 °C drying temperature
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Figure 7. Model and experimental fitted line at 70 °C drying temperature
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CONCLUSION

Drying kinetics of cashew apple pomace has been investigated and modelled; it was
found that cashew apple pomace dry under falling rate period. Diffusion coefficient is
strongly influenced by drying temperature and ranges between 9.02015x10” and 2.12177
%1078 for drying temperature of 60-80 °C. The activation energy required to initiate dry-
ing in cashew apple pomace was found to be 41.880 kJ/ K while the specific energy con-
sumption ranges from 24.1 to 45.3MJ/kg with minimum required drying energy obtained
at 80 °C drying temperature. Our proposed drying model (Luka et al. model) was found
to perform better than all tested models and consequently proofs more adequate in simu-
lating the drying kinetics of cashew apple pomace. Drying parameters are essential to
food industries in optimizing dried food quality and dryers’ performance and design.
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Until now, there is no documentation concerning the composition, biological and
pharmaceutical activities of Algerian grape (Vitis vinifera L.) seeds. The present study
aims to evaluate the phytochemical analysis, antioxidant and antimicrobial activities of
grape seed extracts (GSEs) from the Algerian Red globe and Valenci varieties. The total
polyphenols content (TPC) in the GSEs was evaluated by spectrophotometry, it was
398.01 + 18.12 mg GAE/g GSEs and 335.11 + 11.44 mg GAE/g GSEs for the Red globe
and Valenci varieties respectively. The antioxidant activity of GSEs was also evaluated
by spectrophotometry on stable free radicals of DPPH. The ICsy for the Red globe variety
was 4 £ 0.2 ug/ml, while for the Valenci variety it was 4.6 + 0.36 ug/ml. The antimicro-
bial activity was determined using the disk diffusion method. Both extracts showed anti-
microbial activity against the eight studied strains: Escherichia coli, Pseudomonas aeru-
ginosa, Pasteurella sp., Salmonella sp., Staphylococcus aureus, Streptococcus faecalis,
Clostridium sp., and Candida albicans. The extracts produced a clear inhibition zone for
all the tested strains. Inhibition diameters greater than 19 mm were registered. The ob-
tained results in this study indicate the differences between the Red globe and Valenci
varieties, in terms of polyphenol content, antioxidant and antimicrobial activities in Alge-
rian GSEs.

Keywords: grape seed extract, antioxidant activity, antimicrobial, Algerian Vitis vinifera
L., phytochemical screening, DPPH radical scavenging, Red globe, Valenci,
total phenolics

INTRODUCTION

One of the most important fruit crops in the world is grapes (Vitis vinifera L.) (1, 2)
and its seeds are considered as an excellent source of polyphenolic compounds especi-
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ally, catechins, epicatechins, monomeric gallic acids, polymeric, and oligomeric procya-
nidins (2, 3). Grape seeds are an important part of the pomace, corresponding to 38-52%
of dry matter (4). So, grape seeds are often considered as an important agricultural and
industrial waste (5). In fact, Algeria is one of the richest countries in grape varieties.
Worldwide, the composition, biological and pharmaceutical activities of GSEs from dif-
ferent varieties are very well documented, unlike the seeds of Algerian grape varieties. In
this context, finding solutions to treat these wastes and developing new products would
be an excellent opportunity. GSEs may be a good option, as there may be many health
benefits related to their composition, especially concerning polyphenolics compounds.
Thus, the possibility of reusing grape seeds is of considerable importance (5). On the
other hand, in 2012 some studies have indicated that GSEs may have antibacterial and
antioxidant activities (2). Also, due to its rich contents of polyphenols like proanthocyani-
dins, GSEs have been proved to have the significant antioxidant ability (6-8). Besides,
GSE has attracted considerable attention because of its interesting antimicrobial proper-
ties (6, 9, and 10). Recent studies have found the ability of GSEs to inactivate Listeria
monocytegenes, Bacillus cereus, Staphylococcus aureus, Bacillus subtilis, Lactobacillus
Sfermentum, Escherichia coli, Streptococcus thermophilus, Pseudomonas aeruginosa, and
Lactobacillus vaginalis (6, 11). The objectives of this work were to screen the phytoche-
mical composition, to study the antioxidant and antimicrobial activities of grape seed ex-
tracts from Red globe and Valenci Algerian varieties. GSEs of these two varieties were
examined against eight microbial strains: Escherichia coli ATCC 25922, Pseudomonas
aeruginosa ATCC 27853, Pasteurella sp., Salmonella sp., Staphylococcus aureus ATCC
25923, Streptococcus faecalis ATCC 29212, Clostridium sp., and Candida albicans.

EXPERIMENTAL
Plant material

The samples of Vitis vinifera L. (Red globe and Valenci) were collected at maturity
from the north-western province of Algeria at Mascara, in November 2017, exactly at
35°23'47.9" N and 0°8'25" E. Uninfected and germ-free fruit was washed with water to
remove pesticide residues. The grape seeds were manually freed of pulp and skin, and
dried at room temperature in the shad.

Extraction procedure

The dried grape seeds were ground into powder using a blender (Molinex®). The
obtained powder was macerated in the dark with 80% methanol-water hydroalcoholic
solution for 24 hours, and then the resulting flotation liquid was decanted. The remaining
powdered sediment was washed with 80% methanol three more times, and the combined
supernatants were vacuum filtered through a double layer of Whatman filter paper. The
extracts (GSEs) were concentrated in a rotary evaporator and were kept in airtight con-
tainers at 4 °C until further use (20).
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Qualitative Phytochemical Screening

Specific standard methods were used for the qualitative phytochemical screening of
medicinal plant parts.

Coumarins test. 20 ml of diethyl ether was added to 0.5 g of vegetable powder. The
mixture was macerated for 24 hours. After filtration and evaporation of the ether using a
water bath, the dry residue obtained was mixed with 0.5 ml of 25% NH4 OH. The
observation of intense fluorescence under UV light at 366 nm in the tube indicates the
presence of coumarins (12).

Test for anthracene derivatives. In a test tube, 1 g of vegetable powder was added to
10 ml of CHCIl;. After heating in a water bath for 15 minutes, the volume of the filtrate
was filled to 10 ml with chloroform. Then, a 10% aqueous solution of KOH was added to
the chloroform extract. After stirring, the presence of anthraquinones was confirmed by
turning the aqueous phase to the red color (12).

Alkaloids test. 1 g of the plant material was mixed with 5 ml of a 10% H> SO4 so-
lution. The resulting mixture was stirred for 24 hours at room temperature. This mixture
was then filtered and the volume was completed with 5 ml of distilled water, and then 1
ml of the mixture was taken separately in two test tubes (12). Few drops of Dragendorf’s
reagent (potassium iodide-bismuth nitrate) were added in the tube and the appearance of
orange-red precipitate was taken as positive. Few drops of Mayer’s reagent (composed of
mercuric chloride and potassium iodide dissolved in distilled water) were added to the
second tube and the appearance of buff-colored precipitate designates the existence of
alkaloids (13).

Flavonoids test. 5 ml of ethanol was added to 500 mg of dry powder; the mixture was
heated slightly and then filtered. The liquid filtrate was then added to a few pieces of
magnesium shavings. A few drops of concentrated HCl were then introduced into the
mixture. The presence of a pink, orange, or red to purple coloration indicates the existen-
ce of flavonoids (13).

Cardenolide test. 1 g of powdered grape seeds was added to 10 ml of 80% alcohol
and stirred vigorously. The mixture was filtered and then lead acetate, water, and chloro-
form were added and allowed to evaporate to dryness. Ferric chloride and concentrated
sulphuric acid were then added according to the method of Trease and Evans (14). The
presence of cardenolide was confirmed by the formation of brown rings (15).

Saponins test. According to the French pharmacopeia's operating method. The ex-
tract was subjected to a foaming test for the identification of saponins. One gram of the
powdered grape seeds was placed in 100 ml of distilled water, boiled for 30 minutes, then
filtered and adjusted to 100 ml after cooling. In a series of 10 test tubes of 20 cm high and
10 mm in diameter. 1, 2, 3, ... 10 ml of extract was introduced successively and the
volume of each tube was adjusted to 10 ml with distilled water. Each tube was shaken for
15 seconds (two shakes per second). The tubes were allowed to stand for 15 min and the
foam height in each tube was measured. The foam index (If) was calculated according to
the formula If = 1000/N, where N represents the number of tubes with a foam height is
Icm (16).

Characterization of reducing compounds. In a beaker, 3g of plant material was
added to 20 ml of 50% ethanol, and then the mixture was heated for 15 minutes. The
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sample was filtered and the filtrate was tested next: 3 ml of the ethanoic extract was
treated with 5 ml of distilled water and a few drops of Fehling's solution. After heating, a
positive test was revealed by the formation of a brick-red precipitate (17).

Tannins test (Ferric chloride test). Two milliliters (2 ml) of the aqueous solution of
the GSEs were added to a few drops of 10% Ferric chloride solution (light yellow). The
occurrence of the blackish blue color showed the presence of gallic tannins and a green-
blackish color indicated the presence of catechol tannins (13-18).

Liebermann—Burchard test for sterols and triterpenes. 0.5 of vegetable powder was
agitated with 10 ml of ethyl ether for 24 hours. The mixture was then filtered and
adjusted to 10 ml. A mixture of 0.1 ml of acetic anhydride and 0.1 ml of chloroform was
added to the residue obtained by steaming 1 ml of the ether solution. 0.1 ml of concen-
trated H,SO4 was added to the previous solution. Blue indicates the presence of sterols,
whereas red indicates the presence of triterpenes (12, 19).

Total phenolics in GSEs

The quantity of total soluble polyphenols in GSE was quantified by spectrophoto-
metry according to the Folin-Ciocalteau method (21-22). Gallic acid was used as a cali-
bration standard and the results were presented as gallic acid equivalents (GAE) in
milligrams per 1 gram of dry seed extract. All analyses were performed in triplicate and
the results averaged (22).

Antioxidant assay: DPPH radical scavenging

The antiradical activity of plant extracts was determined by the DPPH radical scaven-
ging assay according to the method adopted by Orphanides et al (23). A volume of 3.9 ml
of DPPH" solution (0.04 mM) was mixed with 100 pl of plant extract prepared at diffe-
rent concentrations (10, 9, 8, 7, 6, 5,4, 3, 2 and 1 ug ml™") and incubated for 30 min at
room temperature. The absorbances were then measured by a spectrophotometer (Jenway
6315-United Kingdom) set to 517 nm. Butylated hydroxytoluene (BHT) and Ascorbic
Acid (AA) were used as a standard antioxidant. The capability to scavenge the DPPH
radicals was calculated using the following equation (24):

A DPPH‘ (%) =100 x (AControl - ASample)/AComrol

Where Acontrol 18 the absorbance of the control reaction (containing all reagents except for
the extract) and Asample is the absorbance in the presence of the GSEs. The values of
antioxidant activity were investigated for the various concentrations of the GSEs (24, 23).

Microorganisms’ preparation

Microorganisms were obtained from the culture collections of the Department of Mic-
robiology at the Pasteur Institute of Algeria. The strains were as follows: four Gram-ne-
gative bacteria Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853,
Pasteurella sp., Salmonella sp., three Gram-positive bacteria Staphylococcus aureus
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ATCC 25923, Enterococcus (or Streptococcus) faecalis ATCC 29212, Clostridium sp.,
and the yeast Candida albicans.

Antimicrobial activity studies

Antimicrobial activity was determined by the Agar disk diffusion test. The strains
were grown on Mueller-Hinton (bacteria) or Sabouraud Dextrose slants (yeasts) 24 h at
37 °C. After incubation, the strains were suspended in a sterile physiological solution.
Inocula were prepared by diluting cultures to 0.5 McFarland standards turbidity. The gra-
pe seed extracts were dissolved in a 50% (V/V) aqueous solution of dimethylsulfoxide
(DMSO) to obtain the concentrations listed in Table 2 (c¢;= 0.4 mg/ disk to cs =12.8
mg/disk).

Statistic analysis

All measurements in this study were carried out in triplicate (n=3), and were presen-
ted as means + SD. Values were calculated using Microsoft Office Excel 2010.

RESULTS AND DISCUSSION
Phytochemical analysis

The phytochemical analysis is a crucial preliminary step since it reveals the presence
of constituents known by their physiological activities and possessing medicinal virtues.
The phytochemical screening of Algerian GSEs is shown in Table 1. The results revealed
the presence of important secondary metabolites which are tannins (gallic), flavonoids,
coumarins, reducing substances, cardenolides, anthracene derivatives, and saponosides.
Whereas, the alkaloids were absent in GSEs.

Table 1. Summary table of detection of secondary metabolites in Algerian GSEs

Secondary metabolites GSEs (Red globe and Valenci varieties)
Flavonoids (flavon) +++

Tannins (galliques) -+

Coumarins ++

Anthracene derivatives ++

Alkaloids -

Saponosides ++

Cardenolides ++

Reducing compounds ++

Triterpenes +

(+++), (+1), (+) and (-) refer to, high, moderate ,low and absent amount, respectively

The results are somewhat similar to those obtained from the literature, the differences
are in coumarins, alkaloids and saponosides metabolites. According to Buvaneswari et al.
(25), Hanaa et al. (26), and Hassan et al. (27), saponosides are absent in Indian and Egyp-
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tian varieties, while they are present in those of Algeria. Moreover, the researches of
Hanaa et al. and Buvaneswari et al. confirmed the presence of alkaloids in Egyptian and
Indian grape seeds. On the contrary, our results show that Algerian grape seeds are free
of alkaloids. Furthermore, Hassan et al proved the absence of coumarins, whereas they
are present in Algerian varieties.

Quantitative analysis of total phenolic components

The results of the spectrophotometric analysis of polyphenolic components are shown
in Figure 1.

500

398.01x18.12

S
=
S

335.11+11.44

(98]
(el
S

200

100

Total polyphenols (mg EAG/g GSE)

Valenci Red Globe

Figure 1. Total polyphenols in two varieties of Algerian Vitis vinifera L.

The Red globe variety has the highest polyphenol content (398.01 + 18.12 mg EAG/g
of GSE ), followed by the Valenci one (335.11 £ 11.44 mg EAG/ g of GSE). Hanaa et al
(25) reported similar results in the methanolic extract of grape seed in the order of 372.5
+5.00 mg EAG/g GSE for Egyptian varieties. More significant content has been recorded
in the Turkish GSEs, the results ranged between 506.60 £ 19.78 mg EAG/g GSE and
589.09 + 10.14 mg EAG/ g GSE using Soxhlet extraction with a ratio of 90:9.5:0.5
acetone:water:acetic acid (10). The polyphenol content is closely linked to the extraction
solvent used to extract these substances from plant material. Hanaa et al. (25) measured
the content of total phenolic in grape seed extracts prepared by using different solvents:
water, methanol, 70% acetone and 70% ethanol, a significant difference between the re-
sults was found with the lowest recorded for the aqueous extract (186+8,485 mg EAG/g
GSE) and the highest for the hydroacetone extract (528+16.97 mg EAG/g GSE).
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Antioxidant activity of GSEs

The antioxidant activity of GSEs was determined in vitro by the DPPH method. The
percentages of inhibited DPPH versus extract, AA, and BHT concentrations were plotted
to obtain the ICso index. This latter is defined as the necessary antioxidant concentration
to decrease 50% of the initial DPPH" concentration. The values of the ICs are recorded in
Figure 2.

6
4.60 £0.36
5 4.0+0.2
4 3.183+0.202
E
2
= 3
@
@)
L)
2 1.043 £ 0.136
1
0
BHT Valenci Red Globe

Figure 2. Comparison of the two Algerian varieties of Vitis vinifera L and reference
products according to the ICsy value

According to the results reported in figure 2, the highest antioxidant effect is found in
GSE of the Red globe with an ICso = 4 £ 0.2 pg/ml, followed by the extract of the Va-
lenci, which yielded an ICsg of 4.6 £+ 0.36 pug/ml. The two GSEs of Red globe and Valenci
varieties have excellent antioxidant power and this in comparison with the reference
products, AA (ICso = 1.043 + 0.136 pg/ml) and BHT (ICsp = 3.183 £ 0.202 pg/ml). These
results are in accordance with the phenolic contents in both plant varieties. In fact, poly-
phenols are known for their high capacity to scavenge DPPH" radicals. Comparing with
the study of Hanaa et al (26), it is noted that among the different solvents used, grape
seed acetone extract was the most antioxidant compared to methanolic extract. Thus,
Bagchi et al. (28) reported the superior antioxidant effect of GSE compared to other
known antioxidants, including vitamin C, vitamin E, and B-carotene (28, 29).
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Antimicrobial activity

The results of the antimicrobial activity of two grape seed extracts from Red globe
and Valenci varieties are presented in Table 2.

Table 2. Antimicrobial activity of the GSEs of Red globe and Valenci varieties from
Algerian Vitis vinifera L

Cl=0.4 | C2=0.8 | C3=1.6 | C4=3.2 | C5=6.4 | C6=12.8

mg/disk
E Coli Valenci 12+ 0.5 132+ 0.61 | 13.68+0.32 | 14.83+ 0.28 | 15.2+0.35 | 15.83+0.29
Red globe | 11.66+0.57 | 13.83+0.763 | 14.83+0.76 | 17.16£0.29 | 18.5£0.5 | 19.17+0.29
S aureus Valenci 0 10.33£0.57 | 11.9£0.36 | 12.36£0.32 | 13.33£0.29 | 13.33+0.288
Red globe | 12.66+1.60 | 13+0.86 | 13.83+0.29 | 14.66+0.29 | 16.35£0.13 | 17.16£0.29
) } Valenci %] 9.33+0.57 11£0.5 12.16£0.58 | 13.25+0.5 | 13.83+0.58
E. faecalis

Red globe | 12.83+0.28 | 13.33+0.14 | 14.23+0.25 | 15.05+0.18 | 16.18+0.16 | 18.16+0.29
Valenci 8.5+0.5 9.5+0.5 11.6+0.61 | 11.98+0.03 | 12.95+0.09 | 13.67+0.29
Red globe | 11.816+0.16 | 12.33+0.57 | 14.4+0.17 | 13.86+0.32 | 14.2+0.61 | 15.08+0.38
Valenci | 10.85+0.304 | 12.58+0.38 |13.03+0.057 | 15.33+0.76 | 16.93+0.12 17+0.5

Red globe | 10.01+0.011 | 10.88+0.34 | 12.9+0.79 | 14.6+0.36 | 16.23+0.25 | 16.33+0.289
Valenci | 12.05+0.08 |13.416+0.52 | 16.05+0.08 | 17.03+0.05 | 18.01£0.029 | 17.93+0.81
Red globe | 11.5+0.86 | 13.16+0.14 | 15.66+0.57 | 14.83+0.29 | 14.67+0.28 | 15.83+0.28

P.aeruginosa

C. albicans

Pasteurella. sp.

Valenci (9] [4) (4] 12.16+0.28 | 12.33+£0.58 | 12.08+0.14
Salmonella sp.
Red globe (4] (4] (4] 11.33+£0.58 | 13.42+0.52 | 14.08+0.38
o Valenci (4] [4) (9] (4] 11.674£0.29 | 12.08+0.14
Clostridium sp.
Red globe (4] (%] [9) (9] 13.7540.25 | 14.16+0.14

@ — no activity (growth around disk)

In this study, the results are expressed by the diameter of the inhibition zone (mm)
around each disk. The GSEs proved to be effective on the different tested strains. The
results indicate that for the strains: Escherichia coli ATCC 25922, Staphylococcus aureus
ATCC 25923, Streptococcus faecalis ATCC 29212, Pseudomonas aeruginosa ATCC
27853, Salmonella sp. and Clostridium sp. the Red globe variety has a higher antimicro-
bial potential than the Valenci one. This latter, on the other hand, generates greater anti-
microbial activity against the Candida albicans and Pasteurella sp. strains. The best re-
sults were recorded for Escherichia coli and Streptococcus faecalis with an inhibition
diameter of 19.166+0.288 mm and 18.166+0.288 mm respectively, for the highest con-
centration of the Red globe variety. This shows high sensitivity (very sensitive if the inhi-
bition diameter is between 15 and 19 mm). The inhibition zone was directly proportional
to the concentration of GSEs. Therefore, the highest concentration (C6 = 12.8 mg/disk)
always provides the best antimicrobial effects. Comparing with the results of Bayader et
al. (10), the Turkish GSEs gave higher inhibition zones than those illustrated by our
extracts because of the difference in polyphenol content. From the registered results, it is
clear that each variety has significant antimicrobial activity against certain microbial
strains. Hence, antimicrobial activity depends on the quality as well as the quantity of the
active biomolecules present in the plant material. In this context, previous research con-
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ducted by Avato et al (30), De Souza et al (31), Abbassy et al (32) and Akhtar et al (33)
have shown that saponosids, coumarins and cardenolides could be responsible for the
antimicrobial effect.

CONCLUSION

The present study falls within the valorization of Algerian medicinal plants. The phy-
tochemical analysis of the GSEs of Red globe and Valenci varieties from Algerian Vitis
vinifera L. revealed the presence of important secondary metabolites such as tannins
(gallic), flavonoids, coumarins, reducing substances, cardenolides, anthracene derivati-
ves, and saponosides. This group of metabolites offers an interest in the therapeutic in-
vestigation in grape seeds. Oppositely, the same test proved the absence of alkaloids. The
obtained results indicate that the GSEs of both varieties are a rich source of polyphenol
with significant antioxidant activity. The Red globe variety registered a high amount of
polyphenol to that of the Valenci one. The calculated ICsy values confirmed an excellent
DPPH scavenging activity of the extracts. The highest antioxidant effect is reported for
the Red Globe GSE, followed by the Valenci GSE. Concerning the antimicrobial activity,
the obtained results show that the two Algerian varieties have a significant antimicrobial
potency against the eight microbial studied strains. Both varieties inhibited microbial
growth with different diameters of inhibition that depends on the concentration of the
extracts. Based on these comparisons, we conclude that each variety has significant anti-
microbial activity against certain microbial strains. Thus, this activity depends on the
quality and quantity of the active substances of each variety. The results of this study
could be exploited in many fields: in pharmaceuticals, for example, to fight against oxi-
dative stress and/or infectious diseases caused by pathogenic germs. Also, in the food
industry, grape seed extracts could be used in the preservation of food and drinks as a
food additive.
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ENCAPSULATION OF CAROTENOIDS EXTRACTED FROM TOMATO
WASTE
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Vesna T. Tumbas Saponjac, Jelena J. Vulié, Vanja N. Seregelj
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Utilization of carotenoids as a nutraceutical ingredients or natural colorants within
foods is currently limited due to their instability. Encapsulation is one of the prominent
means used to improve carotenoid stability. In this study the content of bioactive com-
pounds (lycopene, p-carotene and phenolics) and antioxidant activity (DPPH, ABTS,
superoxide anion and reducing power test) were investigated in the tomato waste extract.
Based on the obtained results, tomato waste showed high contents of lycopene (13.72
mg/100 g DW), p-carotene (12.36 mg/100 g DW) and phenolic compounds (203.33
mg/100 g DW). Also, high values of antioxidant activity were determined in all applied
tests. To protect extracted sensitive carotenoid compounds (lycopene and [-carotene)
tomato waste extract was encapsulated with various encapsulating materials (soy prote-
in, pea protein, inulin and gum arabica) by freeze drying method. The influence of apply-
ing different encapsulating materials on the encapsulation efficiency of carotenoids (ly-
copene and pB-carotene) was studied. Also, obtained encapsulates were characterized in
terms of water activity, moisture content, hygroscopicity, flowability, density ratios and
particles size. Encapsulate on the basis of gum arabic showed highest encapsulation
efficiency of p-carotene (53.47%), while encapsulate prepared with soy protein as
encapsulating material showed highest encapsulation efficiency of lycopene (51.44%).
The results of this study support the need for preparation of encapsulates with different
encapsulating material and evaluation of their characteristics with the aim of develop-
ment powder forms suitable for supplementation and food fortification.

Keywords: tomato waste, bioactive compounds, lycopene, B-carotene, encapsulation

INTRODUCTION

Tomatoes (Lycopersicum esculentum) are considered richer sources of several bioac-
tive antioxidants, such as lycopene, B-carotene, flavonoids, phenolic acids, ascorbic acid,
in addition to basic nutritional compounds (1, 2). The evidences suggest that health bene-
fits of tomato have been principally ascribed to its phenolics (flavonoids, phenolic acids,
etc.), vitamin C content and carotenoid constituents (particularly lycopene and B-carote-
ne) (3).

As one of the most popular vegetables in the world, tomato is used both in fresh as
well as in processed forms in food preparations (4, 5). Although tomatoes are commonly
consumed fresh, over 80% of the tomato consumption comes from processed tomato pro-

* Corresponding author: Sladana M. Staj¢i¢, University of Novi Sad, Faculty of Technology Novi Sad, Bulevar
Cara Lazara 1, 21000 Novi Sad, Serbia, e-mail: sladja@uns.ac.rs
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ducts such as tomato juice, paste, puree, ketchup and sauce (6). During commercial pro-
cessing of tomato a large quantity of waste at different stages is generated. The major part
of the tomato waste is the tomato pomace that comes from the pulper (5). The wet po-
mace contains 33% seed, 27% skin and 40% pulp, while the dried pomace contains 44%
seed and 56% pulp and skin (7). On average, tomato pomace accounts for approximately
3-5% (w/w) of the raw material applied for processing (8).

Generally, agro-industrial by-products are a valuable resource for bioactive com-
pounds such as polyphenols, carotenoids, dietary fibers and others (9). Tomato proces-
sing wastes contain high quantities of the above mentioned bioactive compounds (8). Due
to the increasing demand for natural additives in food production the valorization of
bioactive compounds from tomato wastes gained substantial interest (9). Incorporation of
B-carotene and lycopene in various food systems is limited by their instability in presence
of light, heat, and oxygen (10, 11). Among several strategies to protect carotenoids,
encapsulation is one that has been often applied and was found to enhance the stability of
carotenoids (12). The protective mechanism of encapsulation is to form a membrane
(wall system) to enclose the droplets or particles of the encapsulated material (core) (13).

For the encapsulation of bioactive compounds different techniques and wall materials
have been used (14). Among different encapsulation techniques, lyophilisation is one of
the most suitable for heat sensitive samples (15). In addition to selection of encapsulation
technique, the correct choice of the wall material is also very important for encapsulation
process, because it influences the encapsulation efficiency and stability of the microcap-
sule (16). The criteria for selecting a wall material are mainly based on its physicoche-
mical properties (such as solubility, emulsifying, drying properties, etc.), nature of the
core material, process of encapsulation, economics and requirements for a certain appli-
cation (17). For encapsulation of bioactive substances carbohydrate polymers and pro-
teins are most broadly used encapsulant materials (14).

The aim of our study was to determine lycopene, B-carotene and phenolic content, as
well as antioxidant activity of tomato waste. For the protection of extracted sensitive bio-
active compounds (lycopene and B-carotene) tomato waste was encapsulated with various
encapsulating materials by freeze drying method. Another major objective of this study
was to investigate the influence of different encapsulating materials on the encapsulation
efficiency and other physicochemical properties of obtained encapsulates.

EXPERIMENTAL
Chemicals and instruments

Folin-Ciocalteau reagent, 2,2-diphenyl-1-picrylhydrazyl radical (DPPH), 2,2'-azino-
bis-3-ethylbenzothiazoline-6-sulphonic acid (ABTS™), Trolox and trichloroacetic acid
were purchased from Sigma Chemical Co. (St Louis, MO, USA), ferric chloride was
obtained from J.T. Baker (Deventer, Holland). Soy protein isolate were purchased from
Olimp Laboratories (Debica, Poland), Gum arabica from Carlo Erba (Val de Reuil, Fran-
ce), pea protein from Beyond d.o.0. (NiS, Serbia) and inulin from Elephant Co. (Belgrade,
Serbia). Other chemicals and solvents were of the highest analytical grade. Spectropho-
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tometric measurements were done with a MultiskanGO microplate reader (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Freeze dryer, model Christ Alpha 2-4 LSC, was
from Martin Christ (Osterode am Harz, Germany).

Plant material and dried tomato waste preparation

Fresh tomato waste material obtained after pressing the pulp as by-product from the
fruit and vegetable processing industry (Zdravo Organic d.o.o., Selenca, Serbia). Tomato
waste was dried in freeze dryer at -40 °C for 48h. Dried tomato waste material was gro-
und, packed in vacuumed plastic bags and stored at -20 °C until further analysis. Weight
of fresh tomato waste before and after drying was 155.86 g and 24.37 g, respectively.

Extraction procedure

Dried waste was extracted using acetone:ethanol mixture (36:64 v/v) in solid to
solvent ratio 1:20 w/v for 10 min using a laboratory shaker (Unimax 1010, Heidolph
Instruments GmbH, Kelheim, Germany) at 300 rpm, under light protection, at room tem-
perature. The extraction was performed three times with the same volume of solvents.
The obtained three extracts were filtered (Whatman paper No.1), combined, and stored in
dark bottles at -20 °C till further analysis.

Determination of bioactive compounds content in tomato waste extract

Total B-carotene and lycopene content. Total content of B-carotene and lycopene in
tomato waste extract was analyzed spectrophotometrically by the method of Nagata and
Yamashita (18) adapted for 96 well microplate. The total -carotene and lycopene con-
tent was expressed as mg of B-carotene or lycopene per 100 g sample (DW).

Total phenolic content. The total content of phenolics (TP) in waste extract was
determined spectrophotometrically by Folin-Ciocalteau method adapted for 96 well mic-
roplate (19). Results were expressed as gallic acid equivalents (GAE) per 100 g sample
(DW).

Determination of tomato waste extract bioactivity

DPPH assay. Antioxidant activity on DPPH radicals (AApppu) was performed spec-
trophotometrically in a 96-well microplate reader, according to Girones-Vilaplana et al.
(20). The calibration curve was made with Trolox and results were expressed as mg TE
per 100 g of sample (DW).

Reducing power assay. Reducing power (RP) was determined by the method of
Oyaizu (21) adapted for 96 well microplate. The calibration curve was made with Trolox
and results were expressed as mg TE per 100 g of sample (DW).

ABTS assay. Antioxidant activity on ABTS" radicals (AAagrs), i.e. the ability of
samples to scavenge ABTS™ was evaluated employing modified method according to
Tumbas Saponjac et al. (22). Results were expressed as mg TE per 100 g of sample
(DW).
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Superoxide anion assay. Antioxidant activity on superoxide anion radicals (AAo»*-),
i.e. the ability of samples to scavenge superoxide anion radicals was evaluated employing
method of Nishikimi et al. (23) adapted for 96 well microplate. Results were expressed as
mg TE per 100 g of sample (DW).

Encapsulation process

Freeze dried encapsulates were prepared according to the method developed by Indra-
wati et al. (24) with some modifications. Wall material (28 g) was dissolved in 42 ml of
water at 60 °C and kept under stirring until the temperature reached 30 °C. Separately,
160 ml of tomato waste extract was combined with sunflower oil (6 ml), concentrated un-
der reduced pressure on a rotary evaporator set at 40 °C to remove the organic solvent,
and immediately mixed with 0.1 g of Tween 80 and with previously prepared carrier so-
lution. The mixtures were homogenized (Heidolph DIAX 900, Heidolph Instruments
GmbH, Kelheim, Germany) at 11000 rpm for 5 min at room temperature and subjected to
drying. The previously prepared mixture was frozen overnight at -70 °C and then freeze
dried at -40 °C and 0.01 mbar for 72 h to ensure complete drying. Collected freeze dried
encapsulate was stored at -20 °C until further use.

Determination of the physicochemical properties of the encapsulates

Water activity, moisture content, hygroscopicity, solubilty, bulk density (Db), tapped
density (Dt), Carr’s Index (CI), Hausner ratio (HR) and particle size was determined as
reported previously (25).

Determination of encapsulation efficiency

Encapsulation efficiency of carotenoids (B-carotene and lycopene), total and surface
carotenoids in encapsulate were determined by following a modified method of Barbosa
et al. (26). For total B-carotene (TC) and total lycopene (TL) determination, 0.125 g of
sample was vortexed with 2.5 ml of 0.2 M PBS (pH 7) for 1 min to break the capsules,
extracted with 1 ml of acetone and 1.5 ml of diethyl ether on a vortex, and then subjected
to ultrasound for 5 min, centrifuged for 10 min at 4000 rpm, and the supernatant was
separated. Surface B-carotene (SC) and surface lycopene (SL) were determined by direct
extraction of encapsulate (0.1 g) with 1 ml acetone on a vortex for 20 s, followed by
centrifugation at 3000 rpm (10 min) and supernatant separation. The supernatants obtai-
ned after separations were filtered (0.45 pm, PTFE) and B-carotene and lycopene quanti-
fication was carried out according to the previously described protocol of Nagata and Ya-
mashita (18). The results were expressed as mg of -carotene or lycopene per 100 g en-
capsulate (mg/100 g encapsulate). The encapsulation efficiency of B-carotene (EEg-carotenc)
and lycopene (EELycopenc) Was calculated by using the equations:

EEﬁ—Carotcnc (%) = ((TC-SC)/TC) x 100;
EELycopenc (%) = ((TL-SL)/TL) x 100;
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where TC and TL are the total B-carotene and lycopene, while SC and SL are the surface
B-carotene and lycopene in the encapsulate. Simultaneously, the control samples, i.e. the
wall materials without extract, were prepared in the same way, for the correction of
interfering substances originating from the wall materials.

Statistical analysis

All experiments were run in triplicate and results were represented as means + stan-
dard deviation. Statistical analyses were carried out using Origin 7.0 software package
and Microsoft Office Excel 2010.

RESULTS AND DISCUSSION

In order to investigate tomato processing waste as a source of natural bioactive mole-
cules, tomato waste was subjected to evaluation of antioxidant contents and activity.
Results of the determination of B-carotene, lycopene and phenolic contents in the tomato

waste are shown in table 1.

Table 1. Content of f-carotene, lycopene and phenolics in the tomato waste

Bioactive compounds Content (mg/100 g DW)
B-Carotene 12.36 £ 0.06
Lycopene 13.72+0.12
Phenolics 203.33 +£4.74

The content of lycopene (13.72 mg/100 g DW) and -carotene (12.36 mg/100 g DW)
revealed in this study were in accordance with the previous research findings (9, 27, 28,
29). In the study of Stajci¢ et al. (29) the lycopene and B-carotene content determined in
waste of different tomato genotypes ranged from 13.40 to 81.54 mg/100 g DW and from
8.64 to 50.14 mg/100 g DW, respectively. The results of research conducted on tomato
waste by Szabo et al. (9) indicated that lycopene content in tomato waste depending on
genotype varied from 14.9 to 28.8 mg/100 g DW, while the content of B-carotene was in
range from 2.9 to 4.8 mg/100 g DW. Knoblich et al. (27) found that amounts of lycopene
and B-carotene in tomato skin were 73.4 and 2.93 mg/100 g, while lycopene and (-
carotene in tomato seed were 13.0 and 1.44 mg/100 g of dry by-product, respectively. In
the study of Kalogeropoulos et al. (28), lycopene and B-carotene content of tomato waste
was 413.7 mg/kg and 149.8 mg/kg, respectively.

The phenolic cotent in tomato waste (203.33 mg/100 g DW) determined in this study
was consistent with phenolic contents (111.9 - 407.7 mg/100 g DW) in waste of different
tomato genotypes determined using HPLC in the study of Szabo et al. (9). The results of
phenolic contents (423.43 - 719.73 mg/100 DW) determined spectrophotometrically in
tomato wastes obtained from different genotypes where higher than the phenolic contents
(69.83 - 177.94 mg/100 g DW) determined using HPLC method (30). It is known that
interfering substances (particularly sugars, aromatic amines, ascorbic acid, etc.) present in
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extracts could be responsible for higher obtained results by Folin-Ciocalteu method (31).
The differences in the reported results of bioactive compound contents could be due to
the period of harvesting, cultivar, maturation stage, geography and climate (32).

Based on the obtained results, it can be concluded that the tomato waste showed high
values of antioxidant activity in all applied tests (table 2).

Table 2. Antioxidant activity of tomato waste measured by different assays

Antioxidant assay Antioxidant activity (mg TE/100 g DW)
DPPH 356.32 +£9.62
ABTS 181.66 = 5.82
Reducing power 277.54 £12.08
Superoxide anion 785.64 + 36.35

The variation it the results of antioxidant activity determined by different assays can
be explained by the fact that antioxidant activity of antioxidants could be attributed to
different mechanism (33). Antioxidant activity determined on DPPH radicals (356.32 mg
TE/100 g DW, or 1423.63 umol/100 g DW) is in the range of antioxidant activities (199 -
404 mg TE/100 g DW; 794 - 1614 pmol/100 g DW) which were determined for the waste
of different tomato genotypes in the study of Savatovi¢ et al. (34), and is higher than the
antioxidant activities (~ 420 - 574 pmol TE/100 g DW) which were determined for the
waste of 10 tomato genotypes in the study of Szabo et al. (19). The differences between
the reported antioxidant activities may be caused by the above mentioned reasons for the
variation in the content of bioactive compounds (32).

In the study of Stajc¢i¢ (30), a significant correlation was found between the reducing
power of ethanolic tomato waste extracts and flavonoid content. Also, higher correlation
between the results of ABTS test and lycopene content in tomatoes of different genotypes
than the correlation of the results of ABTS test and polyphenolic content compounds was
established in the study of Ilahy et al. (35). In the study of Belovi¢ (36), it was shown that
carotenoids present in tomato waste extract and tomato juice are stronger antiradical
agents determined according to the superoxide anion radical test than polyphenolic com-
pounds. Also, it was found that synergistic and/or antagonistic effects between the pre-
sent antioxidants, as well as their interaction with other constituents determine the anti-
oxidant activity of tomato extracts (35).

For improvement of the stability of lycopene and B-carotene present in tomato waste
extract encapsulation method was employed with the aim for the development of lycope-
ne and B-carotene forms suitable for incorporation in food products. Tomato waste ex-
tract encapsulates were prepared using different wall materials (soy protein, pea protein,
inulin and gum arabica). Obtained encapsulates were characterised in terms of physico-
chemical properties and encapsulation efficiency.

The physicochemical characteristics i.e., water activity, moisture content and hygro-
scopicity are essential for powder products stability and storage, while solubility is cor-
related with ability of powders for reconstitution (37). Flowability and density ratios are
of importance for packing granular materials and their industrial applications (38). Physi-
cochemical characteristics of tomato waste extract encapsulates are shown in table 3.
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Table 3. Characterisation of tomato waste extract encapsulates

Physicochemical properties EPS* EPP* EIN* EGA*
Water activity (ay) 0.036 £0.001 | 0.017+0.000 | 0.020+0.000 | 0.656 +0.020
Moisture content (%) 3.73+0.11 2.49+0.04 2.21+0.06 22.54+0.45
Hygroscopicity (%) 12.81+£0.38 12.75 +£0.25 14.67 +£0.29 3.55+£0.07
Bulk density (Db; g/ml) 0.17 £ 0.00 0.16 = 0.00 0.23 +0.00 0.24 £ 0.00
Tapped density (Dt; g/ml) 0.25+0.01 0.25+0.01 0.30+0.01 0.29 +0.01
Carr index (CI) 31.76 £ 0.98 35.14+£0.47 24.08 +0.45 16.00 £ 0.32
Hausner ratio (HR) 1.47 +£0.02 1.54+0.01 1.32+0.01 1.19 +0.00
Flowability Very poor Very poor Passable Fair
Solubility (%) 18.5+0.5 7.3£0.1 46.4 £0.92 54.4 £ 1.63
Average diameter of particles (um) 92.88 98.33 62.29 206.89

*EPS, EPP, EIN and EGA - encapsulates of the tomato waste extracts on the basis of soy protein, pea protein,
inulin and gum arabica, respectively.

Water activity (aw) represents the availability of free water in a food system which is
responsible for biochemical reactions (39). Therefore, water activity has long been consi-
dered as one of the most important quality factors for dried products especially for long
term storage (32). Basically, product with ay, less than 0.6 is microbiologically stable and
when the water activity level drops below 0.4 the most of the unfavorable changes in
food during storage such as lipid oxidation, enzymatic reactions and non-enzymatic
browning are almost completely hindered (40, 41). Water activity of EPS, EPP and EIN
encapsulates insured their stability. Higher a, value, about 0.66, found for the EGA
encapsulate in comparison to other encapsulates indicating that probably longer drying
time could be required for EGA encapsulate to reach lower a,, value, and therefore to
improve its stability. Similarly, higher moisture content was determined in the EGA
encapsulate than in other investigated encapsulates.

For determination of flowability of encapsulates Carr index (CI) and Hausner ratio
(HR) were used. Encapsulates prepared with carbohydrates as wall materials (EIN and
EAGQG) showed higher flowability than encapsulates on the basis of protein wall materials
(EPS and EPP).

The aqueous solubility is one of the main powder quality indicators (42). For aqueous
solubility of encapsulates the selection of wall material is very important, not only to the
solubility itself but also to the crystalline state that is conferred to the dried powder (43).

In this study, the higher solubility may be related to the high solubility of the encap-
sulating agents used (gum arabic and inulin).

The hygroscopicity values varied from 3.55% to 14.67% (table 3), indicating relati-
vely low hygroscopicity of powders, thus facilitating its conservation and the preser-
vation of color and bioactive compounds (44). The lower hygroscopicity values found for
EGA powder can be related to its larger particle size when compared to the ESP, EPP and
EIN powders, since larger the particle size, lower is the exposed surface area and con-
sequently lower is the water absorption (44).

The total and surface content, and therefore encapsulation efficiency of encapsulated
compounds are the most important parameters for evaluating the properties of microcap-
sules. The contents and encapsulation efficiency of B-carotene and lycopene in encapsu-
lates are shown in the table 4 and table 5.
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Table 4. Total and surface content, and encapsulation efficiency of f-carotene in

encapsulates
Encapsulates* TB (mg/100 g DW)** SB (mg/100 g DW)** | EEg-carotene (%0)**
EPS 1.11 £0.05 0.73 £0.02 34.48
EPP 1.04 +0.03 0.61 +0.02 41.33
EIN 1.16 £0.03 0.72+0.01 37.39
EGA 1.83 £ 0.06 0.85+0.03 53.47

*EPS, EPP, EIN and EGA - encapsulates of the tomato waste extracts on the basis of soy protein, pea protein,
inulin and gum arabica, respectively; **TB - total -carotene content; SB - surface B-carotene content; EEg
carotene - €ncapsulation efficiency of f-carotene.

Table 5. Total and surface content, and encapsulation efficiency of lycopene in

encapsulates
Encapsulates* TL (mg/100 g DW)** | SL (mg/100 g DW)** EELycopene (%0)**
EPS 1.56 +£0.07 0.76 £ 0.03 51.44
EPP 1.56 £ 0.04 0.94 +0.05 39.74
EIN 1.79 +£0.05 0.95+0.04 46.86
EGA 2.05 + 0.08 1.16 = 0.01 43.44

*EPS, EPP, EIN and EGA - encapsulates of the tomato waste extracts on the basis of soy protein, pea protein,
inulin and gum arabica, respectively; **TL - total lycopene content; SL - surface lycopene content; EEyycopene -
encapsulation efficiency of lycopene.

Highest total B-carotene and lycopene contents were determined in encapsulate on the
basis of gum arabic as wall material (EGA) (table 4; table 5). Highest encapsulation
efficiency of B-carotene was obtained with gum arabic (EGA) (table 4), while highest en-
capsulation efficiency of lycopene was obtained with soy protein (ESP) as encapsulating
material (table 5). Numerous techniques and different carriers were employed to achieve
greater encapsulation efficiency and better preservation of carotenoids. In the study of
Nogueira et al. (45), carotenoids were encapsulated by lyophilization technique with soy
protein as a carrier, and their encapsulation efficiency was about 65%. Singh et al. (46)
studied B-carotene encapsulation on poly(ethylene glycols) based functionalized amphi-
philic copolymers by the lyophilization technique, and for different encapsulation formu-
lations the encapsulation efficiency ranged from 22.60% to 28.08%. Mulyadi et al. (47)
examined encapsulation efficiencies depending on the different concentration of encapsu-
lated carotenoids from kabocha pumpkin into coating agents chitosan-sodium alginate-
sodium tripolyphosphate by freeze-drying technique. The content of total carotenoids at a
concentration of 0.5% was 117.98 mg/100 g, and the encapsulation efficiency was
90.86%, while at a concentration increase of 3% the carotenoid content was 318.29
mg/100 g, and the encapsulation efficiency was significantly reduced to 54.72%; there-
fore the application of higher carotenoid concentration did not contribute to the increase
in encapsulation efficiency probably due to over loading of carotenoids used (47). Also,
Thamaket and Raviy (48) concluded that the loading carotenoids with high concentration
did not provide better encapsulation efficiency. With the aim to minimize lycopene insta-
bility, Rocha et al. (49) encapsulated the lycopene by spray drying, using a modified
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starch as an encapsulating agent. In their study encapsulation efficiency, calculated as the
quantity of lycopene present in the capsules compared to the lycopene initially used to
produce them, ranged between 21.01 and 29.73%. Shu et al. (50) encapsulated lycopene
in gelatin and sucrose by atomization in a spray dryer and verified that the greater the
quantity of core, the encapsulation was less efficient. Varying parameters such as the
wall:core ratio, the gelatin mass:sucrose mass ratio, lycopene purity, homogenization
pressure, inlet temperature and feed temperature in the spray dryer, they observed an
encapsulation efficiency varied between 12.1 and 82.2% (50). Rodrigues-Huezo et al.
(51) reported values for encapsulation efficiency between 25.6 and 87.5% for encapsu-
lates obtained by spray drying of emulsions containing carotenoids using gum arabic,
gellan gum and maltodextrin as encapsulation materials (49). In the study of Ranveer et
al. (52) the effect of different process parameters, core to wall ratio, sucrose to gelatin
and inlet temperature on encapsulation yield and encapsulation efficiency of lycopene in
encapsulates obtained by spray-drying technique were investigated. Highest encapsu-
lation efficiency (92.6 %) and encapsulation yield (82.2%) was observed when the core
to wall ratio was 1:4, sucrose to gelatin ratio was 7:3 and inlet temperature was 180 °C
(52). Guo et al. (53) presented a new way of preparation of lycopene microcapsules with
ultrasonic emulsification and after optimization of the process parameters the encapsula-
tion efficiency had increased to 64.4%. In the study of Nunes and Mercadante (54), lyco-
pene was encapsulated using the mixture of gum arabic and sucrose (8:2) as wall mate-
rials by spray-drying technique, and encapsulation efficiency ranged from 94 to 96%.
Encapsulation efficiency of pB-carotene and lycopene determined in our study were in
range of previousely reported results.

CONCLUSIONS

In the present study, due to the increasing demand for natural additives in food
production, tomato processing waste was subjected to investigation as a source of bioac-
tive compounds. Based on the results, tomato waste showed high content of bioactive
compounds (lycopene, B-carotene and phenolics) and antioxidant activity in all applied
tests. In order to overcome the problem of carotenoids (lycopene and B-carotene) insta-
bility the encapsulation of tomato waste extract was employed. Producing encapsulates
using different wall materials resulted in different encapsulation efficiency of carotenoids
(lycopene and B-carotene), and physicochemical properties such as water activity, mois-
ture contents, hygroscopicity, flowability, density ratios and particles size, depending on
the characteristics of each wall material. Encapsulate on the basis of gum arabic showed
highest encapsulation efficiency of P-carotene, while encapsulate prepared with soy
protein as encapsulating material showed highest encapsulation efficiency of lycopene.
Our results suggest that tomato processing waste represent a reliable source of natural
bioactive molecules with high antioxidant activity. Also, overall results support the need
for preparation of encapsulates with different encapsulating material and evaluation of
their encapsulation efficiency and other physicochemical characteristics with the aim of
development functional ingredients in new food formulations.
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Nowadays, low-cost particulate reinforced metal matrix composites with improve me-
chanical properties are highly sought in various industrial and critical engineering
applications including automotive and aerospace sectors. Meanwhile, increasing con-
sumption rate of African giant land snail (Archachatina marginata) had been posing dis-
posal challenges of its shells. Therefore, this paper tends to investigates the influence of
waste snail shells particulates on the physical and mechanical properties of recycled alu-
minum-silicon alloy matrix. Different weight proportions i.e. (0 — 7.5) wt% of calcined
snail shell particles at an interval of 1.5 wt% were successfully incorporated into Al-Si
alloy matrix melted at 750 °C using stir-casting route. The microstructure, physical and
mechanical properties of the resulting composites were examined and presented. Micro-
structural examination shows fairly uniform dispersion of snail shell particles in the alu-
minium alloy matrix intermingled with aluminium-silicon dendrites. Mechanical proper-
ties such as hardness, impact, compressive and tensile strengths increased with increa-
sing addition of calcined snail shell particulate up to 6 wt% while density and elongation
decreases. The total equivalent density reduction of 5.4% in composites compared to
unreinforced alloy was obtained at 7.5 wt% snail shell addition. The maximum hardness,
impact, compressive and tensile strengths obtained are 1184 HV, 88 J, 552420 MPa
and 211 = 4.8 MPa equivalent to 21, 25, 19 and 36 percent increase respectively relative
to un-reinforced aluminium-silicon alloy. Hence, mechanical and physical properties of
Al-Si alloy can be enhanced using calcined snail shell particulates which can widen its
application in automotive industries.

Keywords: metal marix composite, low-cost reinforcement, mechanical properties, stir-
casting, automotive and aluminium alloy

INTRODUCTION

The demand for light weight and cost-effective engineering materials with higher
strength especially in automotive, aerospace and structural applications for enhance per-
formance are on the increase (1, 2). Interestingly, aluminium and its alloys with matching
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characteristics of light weight, low cost, good thermal and electrical properties desirable
in various engineering applications had stimulated research interest. These overwhelming
properties as well as the recyclability of aluminium had made it a promising candidate
material of the present century in engineering applications. Moreover, good resistance to
corrosion has further preserved the integrity of aluminium and its alloys’ properties for
improved performance in many environments. Barely all sectors of human endeavour
today including and not limited to cooking utensils, household furniture, electrical in-
dustries, aerospace, automobile and structural applications are making use of aluminium
either in their pure or and alloyed forms. However, global increasing demand for light-
weight material with enhance mechanical properties over the conventional alloys in the
emerging industrial applications and requirements has recently fuelled the curiosity of
researchers on advanced engineering materials (metal matrix composites) developments
(3, 4). Reinforcing a metal matrix phase resulted in metal matrix composite with pro-
cessing techniques serving as major hub for tailoring the resulting properties into desired
application. By literature search (5), research birth in metal matrix composites (MMCs)
was dated back to about two decades ago. Interestingly, this has transpired into modern
days advanced materials finding application in structural, aerospace, automotive, marine,
electronic, wear and thermal applications. This was due to improved physical, mechanical
properties and weight savings advantage associated with metal matrix composite compa-
red to unreinforced alloys (6, 7).

Reinforcement materials can simply be regarded as strength enhancer or load carrying
member in MMCs. It is usually a non-metallic in nature including ceramics, agro and bio-
shell wastes. It can also be classified according to its geometry into, continuous and
discontinuous fibre, wiskers or particulate reinforcement materials (8). Literature has
shown (9) that the mechanical properties of MMCs with continuous fibre has superior
strength compered to whisker or particulate reinforced composites. However, particulate
metal matrix composites (PMMCs) are easier to process, cost-effective with good iso-
tropic properties advantages which could be automated (4, 10). In addition, properties of
PMMCs can easily be processed for desirable applications by modifying the parameters
thereof such as the particle size, volume fraction, stirring speed and time, melt tempera-
ture and solidification rate. As a result, synthetic reinforcement particles such as silicon
carbide (SiC), alumina (Al,O3) are the earlier and mostly investigated in MMCs. How-
ever, their use in industrial production of MMCs had greatly been hindered by the scarce
and increasing cost of synthetic reinforcement materials like alumina, silica oxide and si-
lica carbide. As a result, modern day researches on material development are now explo-
ring the use of industrial and agro allied waste products as a cost-effective and potential
source of reinforcement materials in MMCs production (4, 6, 11). Various viable indus-
trial and agro-wastes that had been investigated in aluminium alloy matrix include agri-
cultural (rice husk, bamboo leaves, coconut shells and fibers, maize corb and husk, egg
shells) wastes and industrial (fly ash, red mud) wastes materials (5, 12-19). Their findings
revealed that agro and industrial wastes can be use as aluminium matrix reinforcement
materials due to their promising properties enhancement.

African giant land snail shells (4drchachatina marginata) is a bio-waste material rea-
dily available in Nigeria and other tropical regions of the world. However, their increa-
sing consumption of its flesh due to medicinal benefit especially in Nigeria has been re-
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sulting into indiscriminate disposal with associated environmental threats (4, 20, 21). But
a recent study (4) of this species of snail shell confirmed the presence of ceramics phases
with promising potentials to be use as low-cost metal matrix reinforcement material.
Various available processing routes for processing of MMCs include squeeze casting,
infiltration, powder metallurgy and stir casting techniques. However, stir casting process
has widely been reported to be the most viable and economical route for particle reinfor-
ced metal matrix composites (PMMCs) processing and production (22). Moreover, its
simplicity, cheap and applicability for large scale industrial production has made it to sur-
passed other fabrication routes (23, 24). Hence in this paper, Physical and mechanical
properties of Archchatina marginata snail shell particulate reinforced aluminium-silicon
alloy are presented.

MATERIALS AND METHODS

Materials used in this work are piston scraps made of aluminium-silicon alloy as
matrix material and discarded African giant land snail shells as reinforcement materials.

Processing of matrix materials

The scraps of aluminium piston sourced from Ipata-Oloje mechanic market in Ilorin,
Kwara State, Nigeria was used in this study. The collected piston scraps were washed
with detergents and warm water to obtain a clean and oily free aluminium scrap. It was
then sun dried for three days before melted in pit furnace and de-slagged three times to
eliminate the impurities. The chemical composition of processed aluminium scrap used in
this study as examined with SEM/EDX analysis is presented in Table 1.

Table 1: Elemental composition of Al-Si alloy

Elements Al Si C o Na Br Sr

87.10 7.70 0.03 4.95 0.01 0.18 0.03
+1.500 +0.950 £0.001 +0.250  +£0.005 +0.002 +0.001

Wt% Composition

Reinforcement materials preparation and characterization

Figures 1 (a & b) shows the photograph of the Archachatina Marginata snail shells
(SnS;) and its powder form as used in this study. The elemental composition (by weight)
of snail shell had previously been reported to contains 81% calcium carbonate in addition
to other elements like silicon, aluminium, Sulphur, bromine, tin and potassium (4). The
cleaned and dried snail shells were crushed into powder via a disc mill and subjected to
calcination at 900 °C for 3 hours to obtain a thermally stable reinforcement material. The
resulting powder obtained from calcination was followed by sieving analysis using
BS1377:1990 standard procedure. The sieve sizes were arranged in descending order of
fineness (250, 200, 150 and 100 um). The powder retained at 100 um sieve size was used
in this work. The functional group analysis of both calcined and un-calcined S,S, inspec-
ted using Thermo-Nicolet 6700P FTIR Spectrometer (USA) in the range of 4000 cm™' to
500 cm! using Attenuated Total Reflectance (Smart iTR) mode. Determination of SnS,
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(calcined and un-calcined) phase analysis was investigated using Cu-Ko (1.54 A) radia-
tions using PANalytical X Pert Powder X-ray diffractometer from Philips, Netherlands.
The diffractograms selected span through the range of 20 and 80° with step size of 0.02°
and count time of 1 s per step. In addition, the morphology and particle size of the selec-
ted calcined snail shell powder (100 um) was determined using SEM image supported
with Microsoft word and Gwyddion 2.31. Resolution of SEM image as determined by
Microsoft word is 0.91inches which is equivalent to 1 pm in the image. This scale was
then used to determine the width (5.50 um) and height (5.51 pm) of the SEM image
which were used as impute data for width and height in the Gwyddion software for deter-
mining the particle sizes.

(b)
Figure 1. Pictures of (a) Snail shell and (b) Snail shell powder.

Aluminium-silicon alloy/SnS, composite production

Figure 2 shows the illustrative sketch of the stir-casting process used for the produc-
tion of Al-Si alloy/xSnS, matrix composite. Required amount of Al-Si alloy was kept in
crucible which was first preheated to a red-hot condition in Thermo Scientific™
FD1340M electric muffle furnance before subsequently raising the temperature to 750 °C
at 10 °C/min heating rate. Thereafter, 0.1 wt% of magnesium ribbon was added to the
molten aluminum to enhance wettability (12, 25). 1.5 wt% 100 um of calcined snail shell
powders were preheated at 400 °C to increase its wettability and prevent hydrogen gas
inclusion in the melt through absorption of moisture (OH") (26). The liquid Al-Si alloy at
750 °C was poured into a preheated graphite crucible and incorporate the preheated cal-
cined snail shell particulates into the melt followed by manual stirring for 5 minutes. The
slurry mixture was then placed in locally fabricated electric stirrer set-up with attached
heat source and type K- thermocouple for temperature monitoring (Figure 2). The molten
composite slurry at 750+£10 °C was then stirred at 400 rpm for 120 s and finally poured
into $20 mm cavity of 150 mm height steel die. The same procedure was followed for 3,
4.5, 6 and 7.5 wt% of SnS, additions in aluminium-silicon alloy matrix. The solidified
Al-Si/xSnS, composites were then subjected to mechanical properties test.
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Figure 2. Illustrative pictures of Al-composite production process using stir-casting
technique.

Physical, mechanical and morphology properties characterization

The Al-Si/xSnS, composite obtained from stir-casting were evaluated by carry out
physical, mechanical and morphological characterization.

Microstructural investigation of Al-Si/xSnSp composites

The surface microstructural analysis of Al-Si alloy matrix and reinforced composite
specimens were examined using Scanning Electron Microscope (SEM) Vega LMU from
TESCAN Brno, Czech Republic incorporated with X-Act Energy Dispersive Spectro-
scopy (EDS) detector from Oxford Instruments, Oxford UK operated at 20kV accelerated
voltage. Samples for SEM observation were prepared by cutting and machined down to
$8 mm by 4 mm height dimension and grinded up to 2000 grit size SiC paper in a se-
quence of 400, 800, 1200 and 2000 grits to produce a smooth shiny surface. The ground
surface was then etched in 5 % nital solution before finally mounted on a SEM sample
holder for morphological examination.
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Density determination

Archimedes’ principle as reported in the work of Usman et al., (12) was adopted to
evaluate the density of Al-Si/xSnS, composite and aluminium-silicon alloy. The weight
of Al-Si/xSnS,, composite was firstly carried out in air as (w,) on a digital electronic
weighing (Kern;D-72336 Balingen, Germany) balance with serial number W1500761 and
then immersed in graduated measuring cylinder to obtain the corresponding weight in
water (w;) equivalent to rise in volume. The weight in water was then taken and recorded
to obtain the density of Al-Si/xSnS, composite according to Equation 1.

Wq

p = [1]

Wa—Wi
Where p = density (g/cm?), w, = weight in air and w; = weight in water
Micro-hardness measurement

The hardness of the samples ground up to 1200 grit size at 400, 800 and 1200 grit size
order for smoothness and flatness was measured as per ASTM E384 — 17 using a micro-
Vickers hardness tester under an applied load of 4.9 N for 10 s. A minimum of five rea-
dings were taken at different points on each sample and the averaged of the readings were
recorded as the hardness value for the Al-Si/xSnS, composite samples.

Evaluation of tensile and compressive strengths of Al-Si alloy/xSnS, composite

The tensile test of both unreinforced and Al alloy/SnS, composites specimen (Figure 3a)
were carried out using computerized Testometric Universal UTM (TUE-C-500) model
tensile machine (Figure 3b) by subjecting the specimen into a gradual applied tensile force
at 10 s! until fracture occurred. The specimens were prepared as per ASTM E-8 standard
strain rate (27, 28). The compressive strengths of Al-Si/xSnS, composite samples were also
examined in accordance with ASTM E9-09 standard procedure under 10~ s*! strain rate and
specimen dimension kept constant at 2.0 length to diameter ratio.

A A i

(a) (b)

Figure 3. Mechanical testing: (a) tensile samples and (b) tensile testing process
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Impact strength determination

The impact strength of the Al-Si/xSnS;, composite was performed following ASTMD
256-93 standard using Avery Dension Universal 1zod Impact — Testing machine, model
number 6705U/33122 (18). The prepared samples (75x10x10 mm) of both un-reinforced
and reinforced alloy samples was conducted on notched samples at depth of 2 mm in the
middle and a notch tip radius of 0.25 mm at an angle of 45°. The striking hammer was
raised to the maximum height and release freely to fall from gravity on the already clam-
ped specimen and the readings of absorbed energy to fracture the samples were taken.

RESULTS AND DISCUSSION
Fourier Transform Infrared (TIR) analysis of reinforcement material

The Fourier Transform Infrared (FTIR) patterns of both calcined and uncalcined
Archachatina marginata snail shell powders were as illustrated in Figure 4. This test was
carried out to identify the functional group and phase composition of both the calcined
and un-calcined SnS;, samples. The FTIR of un-calcined SnS, contains mainly aragonite,
calcite (CaCOs3), carbonate (COs”) group with characteristic intensity peaks at 1452,
849.802 and 1799 (cm™!) wavelengths respectively. A small peak of Ca(OH), absorption
functional group was also observed at 667 cm™ (29). On the other hands, the calcined
SnS,, depicts the characteristics IR bands at 1416 and 866 cm™ intensity. These peaks cor-
respond to CaO formation which is in line with the work of Loy et al. (29). In addition, a
sharp peak of Ca(OH), absorption was noticed with calcined SnS, sample at 3644.26
cm! (29, 39). This may be attributed to high reactivity and affinity for moisture of CaO
as a result of its hygroscopic nature when exposed at the time of characterization (30).
Figure 5 was a plot of intensity against angle (2theta) for the XRD analysis of calcined
and un-calcined SnS;. The Figure shows uncalcined snail shell powders were characteri-
zed with many peaks unlike the calcined form which shows a well crystalized and scanty
peaks. This implies that, uncalcined SnS; has more phases than the calcined form with
mono detectable phase. The main phase identified in un-calcined SnS, sample occurs at
diffraction peaks (26.27, 36.20, 37.9, 38.56, 45.91, 48.48, 50.2, 52.4)° corresponding to
aragonite according to JCPDS 00-041-1475 reference code. Meanwhile, the main phase
of calcined SnS, sample occurs at diffraction peaks (32.43, 37.49, 53.89 and 67.73)
corresponding to calcia (CaO) according to JCPDS 00-037-1497 reference code. The
result implies that untreated snail shell powder mainly contains calcium carbonate and its
calcination yielded mainly calcium oxide as the resulting product of calcination process
of SnS;, due to loss of volatile phases. The high proportion of CaO ceramic phase in
calcined shell suggests African giant land snail shell as a potential alternative inexpensive
source of reinforcement material in metal matrix composites. These results are in good
agreement with FTIR results (Figure 4) which also confirmed the liberation of carbonate
group for the formation of CaO.
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Figure 4. FTIR of calcined and un- Figure 5. XRD graph of calcined and
calcined snail shell un-calcined snail shell

The morphology and particle size examination of calcined snail shell particulates used
as reinforcement was as presented in Figure 6. It was observed that the calcined SnS
particulates consist of particles of different sizes and shapes as a result of thermal necking
and agitation of the calcination process. The minimum and maximum particle sizes as
revealed by Gwyddion analysis were 0.219 um and 2.009 um respectively. The particles
tend to disintegrate from larger particle size into smaller size through the process of
diffusion into spheroid, oval, irregular quadrilateral shaped particles in fused form. Diffe-
rences in colour of particles as depicted in the morphology were indication of heating
effect of calcination process without any change in the compositional phases as indicated
by XRD results.

Figure 6. SEM morphology of calcined SnS powder
Density of aluminium-silicon/xSnS;, composites

Figure 7 is a graph of density variation of aluminium-silicon matrix reinforced with
varying weight additions of calcined SnS;, and equivalent percentage density reduction in
the composite produced. The graph shows decreasing trends in density of aluminium-
silicon/SnS, composite produced with increasing weight addition of SnS; The density of
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unreinforced sample as presented in Figure 7 was 2.757gcm™ and decreases with increa-
sing addition of snail shell addition to 2.609 gcm™ at 7.5 wt%. Quantitatively the addition
of 7.5 wt% of SnS,, in aluminum-silicon alloy resulted in 5.37% density reduction in rein-
forced aluminium-silicon/SnS, composite. The reduction in weight of composite produ-
ced could be attributed to the addition of light weight calcined snail shell powder as re-
ported in our previous study which replaced the higher dense soft matrix phase alloy.
Hence, addition of less dense and hard SnS; can enhance the production of light weight
composite material for improve performance. This result is in line with earlier reported
works on metal matrix composites (31-35). Prasad et al. obtained a 2.4 % decrease in
density with 8 wt% of rice husks while Shanmughasundaram et al. (32), reported 6.6
wt% density using flyash as reinforcement in aluminium composite and Usman et al. (12)
recorded 19.9 % declined in density of bagasse reinforced aluminium matrix composite
using double stir casting technique.
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Figure 7. Density of Al-alloy/xSnS, composite with wt% of SnS, reinforcement.

Microstructure and chemical composition of Al-Si alloy/SnS;, composites

Figure 8 shows the microstructure and corresponding EDS analysis of SnS, reinforced
Al-Si alloy composites as obtained from scanning electron microscopy (SEM/EDS). The
unreinforced aluminium alloy only shows a single phase with traces of silicon dendrites
as discernible in the EDS micrograph. With 0.5 wt% SnS, addition in Al-Si matrix, the
calcium peak as shown in respective EDS result and as displayed in the microstructure
appeared as separate phases (Figure 8b). This observation was similar to all microstruc-
tures obtained with varying weight addition of SnS, (Figures 8c-f) in Al-matrix even
though particle size of the matrix-reinforcement phases are becoming bigger given rise to
spatial agglomeration and porosity inclusion within the Al-Si alloy matrix at 6 and 7.5
wt% of SnS; addition. This could be due to high reactivity of calcium oxide and it’s
affinity for silicon at high temperature and as well as difficulty in stirring at high speed in
such a condition. The addition of SnS; is presumed to have enrich the dendritic strands of
aluminium-silicon alloy in the unreinforced matrtix to forming calcium trioxo-silicate
dendrite phase and aluminium-calcium phase particles which can act dislocation locker
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for improve mechanical properties as evidenced in tensile, compressive and impact
strengths of the composite produced. However, the open porosity as observed in in Figure
8e-f can be attributed to gradual drop in strengths of the composites. The EDS analysis of
the respective alloy and composites as illustrated in Figure 8 and also provided in Table 2
as an attached file.

(d)Al1Si/4.5SnS, composite (e)AlSi1/6.0SnS, composite (HAISi/7.58nS, composite

Figure 8. Microstructure of calcined snail shell at 0 — 7.5%wt
(a-f) reinforced aluminium silicon alloys composites

Only aluminium, silicon and oxygen with no peaks of calcium or carbon was obtained
in Figure 8a and Table 2. Addition of 1.5 wt% of SnS, resulted in 0.6 wt% of calcium

and as well as Al and Si as the main element in AlSi/1.5 SnS;, composite (see Table 2).

Table 2. EDS compsition of AlSi alloy and AlISi/xSnS, composites

Composites Al Si Ca o Od

(Wt%) Std (Wt%) Std (Wt%) Std (Wt%) Std (Wt%) Std
Ao 87.15 0.85 7.70 0.01 0.00 0.00 4.85 0.50 0.30 0.00
Al 87.30 0.15 7.69 0.13 0.61 0.35 4.25 0.22 0.15 0.02
A2 87.05 1.25 7.65 0.63 1.20 0.48 3.88 0.2 0.22 0.00
A3 86.04 0.77 7.60 0.55 1.90 0.51 4.41 0.25 0.05 0.01
A4 87.90 0.50 7.30 1.02 1.80 0.46 2.36 0.18 0.64 0.01
AS 89.40  0.85 5.59 0.98 1.59 0.35 2.76 0.35 0.66 0.08

Od - other elements (C, Fe, Br, Na); Ao - AlSi alloy; Al - AlSi/1.5SnS,; A2 - AlSi/3.0SnS,; A3 -
AlSi/4.58nS,; A4 — AlSi/6.0 SnS, and A5 — AlSi/7.5SnS,

Further addition of SnS; increase the peaks of calcium content in addition to Al, Si O,
and other trace elements including carbon, iron, sodium and bromine of the resulting
composites up to 4.5 wt% of SnS,. However, above 4.5 wt% addition of SnS,, a rapid fall
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in calcium, silicon and oxygen peaks was observed in 6 and 7.5 wt% of SnS; reinforced
composites with the calcium peaks decreases to 1.80 and 1.59 wt% respectively in the
resulting composites as discernible in Table 2. The presence of calcium peak (s) in the
composites is an indication of presence of calcined snail shell particles in the aluminium
matrix compared to un-reinforced alloy. The decrease in silicon, oxygen and calcium
especially at higher calcined SnS, addition, can be attributed to slag formation noticed at
higher weight addition of SnS, which may possibly coagulate out some of these elements
along with the slag due to high reactivity. This factor might have been responsible for
some decreases noticed in strength at higher percentage addition of SnS, in Al-Si matrix
composites.

Tensile fracture surface characteristics

Figure 9 shows SEM morphologies of the tensile fractured surfaces of unreinforced
Al-Si alloy (Figure 9a) and reinforced Al-Si/xSnS, composites samples (Figures 9b-f)
respectively. The Figure shows a characteristic feature of cup and cone (cc), goose and
dimples (gd) and as well as fibrous (F) morphologies in both the unreinforced and rein-
forced composites though with slight differences.

b — Al-Si/1.5SnS

d — Al-Si/4.5SnS e— Al-Si/6.0SnS f— Al-Si/7.5SnS
Figure 9. SEM of Al-Si composites’ tensile fracture surfaces

These characteristic features imply a ductile failure mode in both un-reinforced and
reinforced composites in which more energy can be absorbed before failure. However,
increasing wt% addition of calcined SnS; has no significant influence on the morpho-
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logies but only results in gradual disappearance of the cone and cup structure into a large
goose and dimple structure. This metamorphosis of structure with poor resistance to
crack initiation tends to reduce the resilience of material to plastic deformation to pave
way for sudden failure of the material. Hence gradual reduction in ductility of the com-
posite may resulted with increasing addition of calcined SnS; and as evidenced in percen-
tage strain results in Figure 12.

Micro-hardness measurement

The hardness variation of control and Al-Si/xSnS, composite produced with increa-
sing weight percent addition of calcined snail shell was depicted in Figure 10. It was ob-
served that the hardness increases with increasing weight percent of SnS, for all rein-
forced AI-Si alloy. For instance, the hardness value of Al-Si alloy was 97.844 HV at
0 wt% and steadily increased to 118.02 HV at 6 wt% of SnS, and then decreased to
108.36 HV at 7 wt% SnS; addition. The increments in hardness results can be arrogated
to an increase in weight percentage of hard ceramic phases of calcined SnS;, in aluminium
alloy matrix. The calcined SnS, contains phases like CaO, Fe;O3, Cr,O3 and remnant car-
bon of calcination process as revealed by XRD result (Figure 5). These phases are cera-
mics materials which are hard and rigid. Their presence in the Al-Si alloy matrix en-
hances composite phase hardness. Thus, resulting in strong bond interface between the
matrix and reinforcement for increased hardness values in the produced composites (17,
33, 34). This is in accordance with the works of earlier authors (3, 12) and increase in
composites hardness was linked to addition of hard ceramic reinforcement phase in the
matrix. However, the slight decrement in hardness at 7.5 wt% could be as a result of
removal of some hard phases (calcium) in form of slag due to high reactivity as noticed in
SEM/EDS results.

140

120 4

100 4

Hardness (HV)

80+

60 =

3 4 5 8
% wt of SnS

P
Figure 10. Influence of SnS, wt% on hardness of Al-Si alloy/xSnS, composite
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Tensile and compressive strengths behaviour of Al-Si alloy/xSnS, composites

The tensile and compressive strengths of Al-Si alloy/xSnS, composites produced by
stir-casting technique are presented in Figures 11 and 12, respectively. Both strengths incre-
ase with increasing weight percent of SnS,. For instance, the average tensile strength incre-
ases from 155 £5 MPa at 0 wt% to 211+ 4.8 MPa when 4.5 wt% of SnS; was incorporated
into Al-Si matrix. Addition of SnS, beyond this range does not further increase tensile
strength but only resulted in slight decrement by 5 MPa. This implies that a maximum of
36% tensile strength increment at 4.5 wt% SnS, addition in Al-Si alloy was achieved. Also,
it is worthy of noting that, 6 and 7.5 wt% addition of SnS,, yielded 32 and 28% in tensile
enhancement respectively compared to unreinforced Al-Si alloy.

Similarly, the compressive strength (Figure 12) of the same Al-Si/SnS, composites de-
picted similar pattern of the tensile strength behaviour. The compressive strength increased
with increasing addition of SnS;, from 462 + 22.30 MPa SnS, with Al-Si alloy matrix up to
a maximum strength of 551.748 + 19.56 MPa at 6 wt% of SnS; addition though with slight
reduction in percentage elongation. Beyond this limit of addition, only resulted in compres-
sive strength decrement. The equivalent compressive strength increment at 6 wt% of SnS,
was 19% relative to unreinforced Al-Si alloy. The increase in both tensile and compressive
strength as noticed in Al-Si/SnS;, composites was attributed to addition of hard ceramic pha-
se of snail shell particles in Al-Si alloy with no signs of agglomeration as illustrated Figure
8. The presence of this SnS, in Al-Si matrix restricts the displacement of silicon in alumi-
nium matrix phase. Thus, resulted in high dislocation density which in turn requires higher
force for plastic deformation. Moreover, the improvement in both strengths can be attribu-
ted to strain hardening effect as a result of localized stress action of SnS, particles at diffe-
rent points within the matrix coupled with good wettability of SnS, preheated at 400 °C
prior the addition into the Al-Si alloy. These results corroborate with the works of Hassan
and Aigbodion, Dwivedi et al., Aigbodion and Hassan, Prasad and Ramma (3, 19, 33, 35),
where the strength improvement of reinforced matrix was attributed to the presence of hard
particles and higher dislocation density along the grains of the matrix alloy. However,
beyond 4.5 and 6 wt% of SnSp inclusion in matrix, the tensile and compressive strengths
decrease marginally as depicted in Figures 11 & 12 respectively. This was due to addition
of calcined snail shell in Al-Si alloy phase exceeding the saturation limit thus resulting in
mis-matching of reinforcement-matrix interface giving rise to reduced dislocation density.
Hence, reduction in strength of the composite set-in as noticed in both tensile and compre-
ssive strengths (Figures 11 & 12). Similar results were obtained by earlier researchers whe-
re decrease in strength was attributed to poor uniform distribution of harder phase in matrix
at higher content (19). Moreover, the magnitude of compressive strength presented in
Figure 10 was found to be higher than that of the tensile strength (Figure 11) of the same
Al-Si/SnS, composites. This can be attributed to presence of some defects such as micro-
pore, gas inclusion in which the tensile strengths are more sensitive to compared to com-
pressive strength action as experienced during testing. This is because the opposite applied
loads coming towards each other during compressive action of the testing tends to entangle
the interatomic interface which will initially increase the dislocation density and must be
overcome before deformation commences. Thus, higher compressive strength compared to
tensile strength.
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Figure 11. Influence of SnS, wt% on tensile strength of Al-alloy/xSnS; composite
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Figure 12. Influence of SnS, wt% on compressive strength and strain of Al-alloy/xSnS,
composite

Influence of SnS, addition on impact energy of Al-Si alloy

Figure 13 shows the impact energy of Al-Si alloy/xSnS, composites. With increase in
wt% of SnS, addition in AI-Si matrix, the impact strength increases. As illustrated from
Figure 13, the impact energy increased from 72.5 Joules at 0 wt% to 90.5 Joules when 7.5
wt% of SnS;, was dispersed in to the Al-Si alloy phase. The increment in impact strength
obtained in Al-Si/7.0%SnS, composite is equivalent to 25% when compare to un-reinfor-
ced Al-Si alloy. It was noticed that, this result looks contrary to some earlier reported
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work in that, increasing addition of hard brittle reinforcement in metal matrix resulted
into corresponding decrease in impact strength due to loss of ductility (3, 36). However,
it will be noticed from the present work that, with addition of 1.5 wt% of calcined snail
shell in the matrix, the percentage strain of the composite increases from 20% for the
control sample to 30% plus which with further addition of reinforcement particles only
result in slight reduction in strain. Therefore, the increase in impact energy as obtained in
the study can be linked to good percentage strain property which damped the loading
constraint and the rigidity of the calcined SnS;, second phase particles to hinder the com-
posite impact deformation. This result was and follow the pattern reported in the work of
Bello et al. and Abdullahi et al. (37, 38), where they reported increase in impact energy
with increase in reinforcement addition in the matrix.
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Figurel3. Effect of SnS; on impact strengths of Al- alloy/xSnS;, composite
CONCLUSIONS

From the results and discussion in this research work, the following conclusions are

hereby submitted:

1. Calcined giant land snail shells particles were successfully incorporated as reinfor-
cement material in aluminium-silicon scrap via stir casting technique.

2. Microstructural examination of the produced composites revealed a fair dispersion
of SnS, with high desolution in aluminum-silicon matrix with discernible alu-
minu-calcium-silicon dendrites, a major factor causing improvement in mechani-
cal properties of Al-alloy/xSnS; composites synthesized.

3. The dispersion of calcined SnS; in Al-Si alloy matrix yielded a lighter and high
impact energy in Al-Si/xSnS, composite by 5.4 and 25 % respectively at 7.5 wt%.
This implies that the developed composite can absorbed more energy before
failure compared to un-reinforced Al-Si alloy.

4. The maximum tensile and compressive strengths obtained in as-cast Al-Si/xSnS,
composites were 211 + 4.8 MPa and 552 + 19.56 MPa at 4.5 wt% and 6.0 wt%
SnS,, addition equivalent to 36 and 19% respectively relative to un-reinforced Al-
Si8 alloy.
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The study concluded that calcined African giant land snail shell particulate can serves
as an alternative low-cost reinforcement material in Al-Si alloy matrix for the production
of lightweight with enhanced mechanical properties. The Al-Si/SnS;, composites can find
application in the production of automotive components such as piston, connecting rods
and cylinder lining.
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Xanthomonas euvesicatoria is a worldwide causer of pepper bacterial spot, a bacte-
rial plant disease responsible for massive losses of fresh pepper fruits. Considering the
current problems in management of bacterial plant diseases, biological control using
antagonistic microbial strains with high potential for plant pathogens suppression emer-
ges as a possible solution. The aim of this study was to select suitable antagonists for
suppression of X. euvesicatoria among the bacteria, yeast and fungi from the genera
Pseudomonas, Lactobacillus, Saccharomyces and Trichoderma, based on in vitro antimi-
crobial activity testing using the diffusion disc method. The results of this study have
revealed that cultivation broth samples of the antagonists Lactobacillus MK3 and Tricho-
derma reseii QM 9414, as well as supernatant samples of the antagonist Pseudomonas
aeruginosa 1128, have showed significant potential to be applied in biological control of
X. euvesicatoria. Further research would be required to formulate suitable cultivation
medium and optimize bioprocess conditions for production of the proposed pepper bacte-
rial spot biocontrol agents.

Keywords: Pseudomonas spp., Lactobacillus spp., Saccharomyces cerevisiae, Trichoder-
ma reseii, antimicrobial activity

INTRODUCTION

Bacterial plant diseases represent a worldwide problem for sustainable food produc-
tion due to difficulties and insufficient efficacy of existing agricultural practices in plant
disease management. Furthermore, the lack of efficient disease suppression agents and
heavy usage of copper-based chemicals and antibiotics have led to emergence of resistant
bacterial pathogenic strains (1). Bacteria of the genus Xanthomonas are among the impor-
tant plant pathogens, having a wide spectrum of plant hosts (2). The species Xantho-
monas euvesicatoria is a causer of tomato and pepper bacterial spot, a plant disease res-
ponsible for massive fresh fruit losses, resulting in their degraded quality, lower market
value and insufficient amount for industrial processing (3). Since usual bacterial spot
disease management practices, such as crop rotation, usage of healthy planting material
and copper bactericides (2) haven’t given satisfying results in previous decades, biolo-
gical control using microbial biocontrol agents emerges as a possible solution.

Bacteria of the genus Pseudomonas have been largely employed as biocontrol agents
due to their several beneficial abilities: to colonize and multiply in the rhizosphere, to

* Corresponding author: Ivana S. Paj¢in, University of Novi Sad, Faculty of Technology Novi Sad, Bulevar
cara Lazara 1, 21000 Novi Sad, Serbia, e-mail: paj@tf.uns.ac.rs

181



APTEFF, 51, 1-206 (2020) UDC: 579.64:632.4:615.279

DOL: : https://doi.org/10.2298/APT2051181P BIBLID: 1450-7188 (2020) 51, 181-189
Original scientific paper

colonize plants endophytically, to aggressively compete with other microorganisms and
to adapt to environmental stress (4). Furthermore, these bacteria produce wide range of
different biocontrol metabolites: antibiotics, siderophores, volatiles and plant growth pro-
moters (5). Biocontrol traits of Lactobacillus spp. rely on production of bioactive meta-
bolites such as organic acids and bacteriocins (6). An additional advantage for their appli-
cation as biocontrol agents is GRAS (Generally Regarded As Safe) and QPS (Qualified
Presumption of Safety) status of several Lactobacillus strains (7). Saccharomyces cere-
visiae is also a promising biocontrol agent with several biocontrol traits: competition and
production of hydrolytic enzymes and volatiles (8). Trichoderma spp. are well-known as
biocontrol agents exhibiting several indirect or direct biocontrol mechanisms, including
competition for nutrients and space, modifying the environmental conditions, plant
growth promotion, antibiosis, mycoparasitism and activation of plant defense mecha-
nisms (9). Fungi of the genus Trichoderma produce wide range of compounds inducing
localized or systemic resistance responses, and also contribute to substantial changes to
plant proteome and metabolism, simultaneously promoting root growth and development,
uptake and use of nutrients and crop productivity (10). Some of these compounds include
plant growth factors, antibiotics, siderophores and enzymes (9).

The aim of this study was to select suitable antagonists for suppression of X. euve-
sicatoria pathogenic strains, isolated from pepper plants with symptoms of bacterial spot,
among the isolates from the genera Pseudomonas, Lactobacillus, Saccharomyces and
Trichoderma. The main indicator of antagonistic activity was inhibition zone diameter,
obtained as a result of antimicrobial activity testing using the diffusion disc method.

EXPERIMENTAL
Antagonists and pathogens

In this study several antagonists were investigated: Pseudomonas aeruginosa ATCC
27853 (Al), Pseudomonas aeruginosa 1128 (A2) isolated from water, Pseudomonas
putida 1315 (A3) isolated from water, three Lactobacillus strains isolated from cheese —
Lactobacillus 114 (A4), Lactobacillus 119 (AS) and Lactobacillus MK3 (A6), Saccharo-
myces cerevisiae P31 (A7) and Trichoderma reseii QM 9414 (A8). Three phytopatho-
genic Xanthomonas euvesicatoria strains (X1, X2 and X3) were isolated from leaves of
pepper plants with symptoms of bacterial spot in 2015 at the cadastral municipality Piv-
nice, Serbia.

Cultivation of antagonists

Inocula of the antagonistic strains were prepared using the following media: nutrient
broth (HiMedia, India) for Pseudomonas spp. (Al, A2, A3), MHB (Mueller-Hinton broth
— HiMedia, India) for Lactobacillus spp. (A4, A5, A6), SMB (Sabouraud maltose broth —
HiMedia, India) for Trichoderma reseii QM 9414 (A8) and semi-synthetic medium for
Saccharomyces cerevisiae P31 (A7) (11). Inocula were prepared on a laboratory shaker at
30 °C, with mixing (150 rpm) and spontaneous aeration during 48 h. Cultivation of anta-
gonists was performed using the similar media as for the inocula preparation, under the
similar conditions, except bioprocess duration was 96 h.

182



APTEFF, 51, 1-206 (2020) UDC: 579.64:632.4:615.279

DOI: : https://doi.org/10.2298/APT2051181P BIBLID: 1450-7188 (2020) 51, 181-189
Original scientific paper

Testing of antimicrobial activity

Three suspensions of pathogenic X. euvesicatoria strains (X1, X2 and X3) were pre-
pared using a sterile saline to achieve 108 CFU/mL. These suspensions were used to ino-
culate the melted and tempered (50+1°C) test media — YMA (yeast maltose agar) (12).
Samples for antimicrobial activity testing were cultivation broth samples, obtained after
the end of the cultivation of selected antagonists, as well as their supernatants obtained by
centrifugation of cultivation broth samples at 13000 g for 10 min (Rotina 380R, Hettich,
Germany) which were afterwards filtrated through nylon syringe filters (0.22 um pore
diameter, Agilent Technologies, Germany) to completely remove biomass of antagonists.
Commercial streptomycin disks containing 30 pg of streptomycin (Torlak, Serbia) were
used as positive control, while sterile distilled water was used as negative control. Anti-
microbial activity testing was performed in triplicates using the diffusion disc method
(13) with 10 pL of sample per each disk. After incubation at 26 °C for 72 h, inhibition
zone diameters were measured.

Experimental data analysis

The obtained data regarding inhibition zone diameters were processed using several
statistical methods (Levene’s test, ANOVA — analysis of variance, Duncan’s multiple
range test) using the software Statistica 13.5 (Tibco Software Inc., USA). All statistical
analyses were performed at significance level of 95%. Mean values and standard devia-
tions of inhibition zone diameters were calculated using Microsoft® Excel 2010 software
(Microsoft Corporation, USA).

RESULTS AND DISCUSSION

After cultivation of eight selected antagonists, cultivation broth samples and biomass-
free supernatants were tested for antimicrobial activity against three X. euvesicatoria
phytopathogenic strains in order to select the most suitable antagonist and also to deter-
mine a suitable biocontrol agent (cultivation broth containing biomass of antagonists, or
extracellular metabolites produced by the antagonists contained in biomass-free superna-
tants). The experimental data regarding the obtained inhibition zone diameters were
hence analyzed separately for cultivation broth and supernatant samples. Levene’s test
was performed for both datasets and it confirmed hypothesis of variance homogeneity in
both cases. Furthermore, one-way ANOVA was applied to determine statistical signifi-
cance of the antagonists’ and pathogens’ effect to inhibition zone diameter. Finally, Dun-
can’s multiple range test was performed to establish homogenous groups of antagonists
and pathogens with the same level of statistical significance when it comes to their effect
on antimicrobial activity of the tested cultivation broth and supernatant samples against
X. euvesicatoria.

The results of one-way ANOVA for antimicrobial activity of cultivation broth samp-
les of the selected antagonists against X. euvesicatoria are given in Table 1. As it could
be observed, these results have revealed statistically significant effect of the tested anta-
gonistic strains to the obtained inhibition zone diameters at the significance level of 99%,
since the obtained p-value is less than 0.0001.
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Table 1. One-way ANOVA of inhibition zone diameters obtained as a result of
antimicrobial activity testing of cultivation broth samples of the selected antagonists
against X. euvesicatoria

Effect SS MS DF | F-value p-value
Intercept 41525.38 | 41525.38 1 32795.18 | <0.0001
Antagonist 3843.95 480.49 8 379.48 <0.0001
Error 91.17 1.27 72 - -

SS — sum of squares, MS — mean squares, DF —degree of freedom

Furthermore, homogenous groups of antagonists established by the Duncan’s multiple
range test when it comes to testing of antimicrobial activity of the cultivation broth samp-
les are given in Table 2.

Table 2. Results of Duncan’s multiple range test for inhibition zone diameters
(mean values, standard deviations and significance levels) obtained as a result of
antimicrobial activity testing of cultivation broth samples of the selected antagonists
against X. euvesicatoria

Antagonist Inhibition zone diameter (mm)

A7 15.72+0.97*
Al 16.83+1.41°
AS 17.28+0.83Y
A3 17.89+1.05°
A2 20.00+0.87°¢
A4 23.89+1.054
A8 26.50+1.12¢
A6 27.224+1.39°

S 38.44+1.26f

Al - Pseudomonas aeruginosa ATCC 27853, A2 — Pseudomonas aeruginosa 1128, A3 — Pseudomonas putida
1315, A4 - Lactobacillus 114, AS - Lactobacillus 119, A6 - Lactobacillus MK3, A7 — Saccharomyces cerevisiae
P31, A8 — Trichoderma reseii QM 9414, S — streptomycin

The lowest values of inhibition zone diameters were obtained using the cultivation
broth sample of the antagonist A7 (S. cerevisiae P31), while the highest values of inhibi-
tion zone diameters in range 25.5-28.5 mm were obtained by the cultivation broth samp-
les of Lactobacillus 114 (A4) and T. reseii QM 9414 (AS8). These two antagonists are also
at the same level of statistical significance, indicating that each of them could be success-
fully applied for suppression of X. euvesicatoria. In the study published by Daranas et al.
(7) Lactobacillus spp. were successfully applied as biocontrol agents for suppression of
Xanthomonas spp., where the most dominant in vitro inhibitory effect was lowering of
the pH value due to production of lactic acid. Shrestha et al. (14) have also observed sig-
nificant potential of Lactobacillus spp. to be used as biocontrol agents of pepper bacterial
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spot. Trichoderma spp. have provided systemic protection against X. euvesicatoria in the
range 24.13-95.94% (15). Trichoderma strains in mixed culture with other antagonistic
microorganisms, such as Bacillus strains, could also provide satisfying plant protection
from bacterial spot (16).

When it comes to testing of antimicrobial activity of biomass-free supernatants ob-
tained by centrifugation of cultivation broth samples of the selected antagonists, one-way
ANOVA results (Table 3) have revealed statistically significant effect of the antagonists
to inhibition zone diameters against X. euvesicatoria at the significance level of 99%.

Table 3. One-way ANOVA of inhibition zone diameters obtained as a result of
antimicrobial activity testing of supernatant samples of the selected antagonists
against X. euvesicatoria

Effect SS MS DF F-value p-value
Intercept 13046.72 13046.72 22395.42 <0.0001
Antagonist 11327.34 1415.92 8 2430.50 <0.0001
Error 41.94 0.58 72 - -

SS — sum of squares, MS — mean squares, DF —degree of freedom

The results of the Duncan’s multiple range test have showed that biomass-free super-
natant samples of three tested antagonists (A1 — P. aeruginosa ATCC 27853, AS — Lacto-
bacillus 119 and A7 — S. cerevisiae P31) hadn’t showed any antimicrobial activity against
X. euvesicatoria phytopathogenic strains, indicating that these antagonist don’t have an
ability to synthesize antimicrobial compounds in the form of extracellular metabolites
effective against the tested bacterial phytopathogens. Each other antagonist has showed
an ability to suppress growth of X. euvesicatoria by the mechanism of antimicrobial
activity which includes synthesis of extracellular antibacterial compounds. The highest
level of X. euvesicatoria suppression was achieved by the extracellular antibacterial
compounds produced by P. aeruginosa 1128 (A2), an antagonistic strain isolated from
water. Since isolate from water has showed stronger antimicrobial activity against X.
euvesicatoria in both cases of cultivation broth and biomass-free supernatant testing com-
pared to referent strain Al (P. aeruginosa ATCC 27853), these results have also confir-
med the thesis that wild strains isolated from the environment usually express higher
level of antimicrobial activity compared to referent strains, due to their better adaptation
abilities in various ecosystems (17). Similarly, Spago et al. (18) have showed the ability
of P. aeruginosa strain to produce secondary metabolites which have biological activity
against different plant pathogenic Xanthomonas species. Production of extracellular com-
pounds with antibiotic activities against Xanthomonas strains by Pseudomonas sp. has
also been reported by Oliveira et al. (19). Pseudomonas spp. have also been successfully
applied as a foliar treatment in biological control of bacterial spot (20). Bacteriocins, as
the secondary metabolites produced by Pseudomonas spp., have also been investigated
for suppression of X. euvesicatoria (21).
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Table 4. Results of Duncan’s multiple range test for inhibition zone diameters (mean
values, standard deviations and significance levels) obtained as a result of antimicrobial
activity testing of supernatant samples of the selected antagonists against X. euvesicatoria

Antagonist Inhibition zone diameter (mm)

Al 0.00+0.00*
A5 0.00+0.00*
A7 0.00+0.00*
A4 9.78+0.71°
A6 13.61£1.11¢
A8 14.11+0.78¢
A3 16.17+0.794
A2 22.11+0.82¢

S 38.44+1.26f

Al - Pseudomonas aeruginosa ATCC 27853, A2 — Pseudomonas aeruginosa 1128, A3 — Pseudomonas putida
1315, A4 - Lactobacillus 114, A5 - Lactobacillus 119, A6 - Lactobacillus MK3, A7 — Saccharomyces cerevisiae
P31, A8 — Trichoderma reseii QM 9414, S — streptomycin

Furthermore, one-way ANOVA was performed in order to estimate statistical signi-
ficance of the tested X. euvesicatoria pathogenic strains to the obtained inhibition zone
diameter during antimicrobial activity testing (Table 5). As it could be seen, the effect of
pathogens to inhibition zone diameter wasn’t statistically significant at the significance
level of 95%, both in cases of cultivation broth and supernatant samples.

The fact that the effect of pathogens isn’t statistically significant has further been
confirmed by the Duncan’s multiple range test (Table 6), which was performed in order
to establish homogenous groups of pathogens according to their sensitivity towards the
tested cultivation broth and supernatant samples of the selected antagonists.

Table 5. One-way ANOVA of inhibition zone diameters obtained as a result of
antimicrobial activity testing against different X. euvesicatoria strains

Effect SS MS DF F-value p-value
Intercept 41525388 | 41525.38CB 18 824.65¢8 <0.0001¢®
13046.728 13046.728 18 89.538 <0.00015
Pathogen 7.41¢B 3.71¢8 208 0.07¢B 0.9291¢B
2.828 1418 28 0.018 0.99048
Error 3927.70¢8 50.36 B 78 B ) )
11366.46° 145.728 788

SS — sum of squares, MS — mean squares, DF —degree of freedom
B _ samples of cultivation broth, S — samples of supernatant

The results given in Table 6 show that all pathogenic isolates (X1, X2 and X3) were
at the same level of statistical significance, both in cases of antimicrobial activity testing
using cultivation broth and supernatant samples. These results indicate that there are no
statistically significant differences between the tested pathogenic strains, i.e. all of them
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are equally sensitive to antimicrobial action of the tested cultivation broth and superna-
tant samples of the selected antagonists, meaning that the selected antagonistic strains
could be equally successfully applied against all tested phytopathogens.

Table 6. Results of Duncan’s multiple range test for inhibition zone diameters (mean
values, standard deviations and significance levels) obtained as a result of antimicrobial
activity testing against different X. euvesicatoria strains

Pathogen Inhibition zone diameter — samples of Inhibition zone diameter —
cultivation broth (mm) samples of supernatant (mm)
X1 22.284+6.86* 12.50+11.77°
X3 22.634+6.84* 12.63+11.96°
X2 23.02+7.57* 12.94+12.74°
CONCLUSION

The results of this study have revealed significant in vitro potential of cultivation
broths containing biomass of the antagonists Lactobacillus MK3 and T. reseii QM 9414,
as well as antibacterial compounds produced by the antagonist P. aeruginosa 1128, to be
successfully applied as biocontrol agents against X. euvesicatoria, causing pepper bacte-
rial spot, which was also confirmed by the similar sensitivity of the tested pathogenic
strains towards the investigated biocontrol agents. Identification and characterization of
extracellular antibacterial compounds produced by the antagonist P. aeruginosa 1128
would make a significant step towards the understanding of the mechanisms involved in
biological control of X. euvesicatoria. Further research in this field should include opti-
mization of bioprocess parameters, as well as cultivation medium, to produce sufficient
amount of highly-efficient biocontrol agents through a cost-effective biotechnological
process.

Acknowledgements

This study was supported by the Ministry of Education, Science and Technological
Development of the Republic of Serbia (project 451-03-68/2020-14/200134) and the
Autonomous Province of Vojvodina - Provincial Secretariat for Higher Education and
Scientific Research (project 142-451-3243/2020-03).

REFERENCES

1. Sundin, G.W.; Castiblanco, L.F.; Yuan, X.; Zeng, Q.; Yang, C.-H. Bacterial Disease
Management: Challenges, Experience, Innovation and Future Prospects. Mol. Plant Pathol.
2016, /7, 1506-1518.

2. An, S.-Q.; Potnis, N.; Dow, M.; Vorholter, F.-J.; He, Y.-Q.; Becker, A.; Teper, D.; Li, Y.;
Wang, N.; Bleris, L.; Tang, J.-L. Mechanistic Insights into Host Adaptation, Virulence and
Epidemiology of the Phytopathogen Xanthomonas. FEMS Microbiol. Rev. 2020, 44, 1-32.

187




APTEFF, 51, 1-206 (2020) UDC: 579.64:632.4:615.279

DOIL: : https://doi.org/10.2298/APT2051181P BIBLID: 1450-7188 (2020) 51, 181-189
Original scientific paper
3. Marin, V.R.; Ferrarezi, J.H.; Vieira, G.; Sass, D.C. Recent Advances in the Biocontrol of

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Xanthomonas spp. World J. Microbiol. Biotechnol. 2019, 35, 72.

Weller, D.M. Pseudomonas Biocontrol Agents of Soilborne Pathogens: Looking Back Over 30
Years. Phytopathology 2007, 97 (2), 250-256.

Mercado-Blanco, J. Pseudomonas Strains that Exert Biocontrol of Plant Pathogens. In
Pseudomonas; Ramos, J.L., Goldberg, J.B., Filloux, A., Eds.; Springer Science+Business
Media Dordrecht: Berlin, Germany, 2015; pp 121-172.

Reis, J.A.; Paula, A.T.; Casarotti, S.N.; Penna, A.L.B. Lactic Acid Bacteria Antimicrobial
Compounds: Characteristics and Applications. Food Eng. Rev. 2012, 4, 124-140.

Daranas, N.; Roselld, G.; Cabrefiga, J.; Donati, I.; Francés, J.; Badosa, E.; Spinelli, F.;
Montesinos, E.; Bonaterra, A. Biological Control of Bacterial Plant Diseases with Lactobacillus
plantarum Strains Selected for Their Broad-Spectrum Activity. Ann. Appl. Biol. 2019, /74, 92-
105.

Freimoser, F.M.; Rueda-Meija, M.P.; Tilocca, B.; Migheli, Q. Biocontrol Yeasts: Mechanisms
and Applications. World J. Microbiol. Biotechnol. 2019, 35, 154.

Benitez, T.; Rincon, A.M.; Limoén, M.C.; Codén, A.C. Biocontrol Mechanisms of Trichoderma
Strains. Int. Microbiol. 2004, 7 (4), 249-260.

Harman, G.E.; Howell, C.R.; Viterbo, A.; Chet, I.; Lorito, M. Trichoderma Species -
Opportunistic, Avirulent Plant Symbionts. Nat. Rev. Microbiol. 2004, 2 (1), 43-56.

Grahovac, J.; Paj¢in, L.; Vlajkov, V.; Roncevi¢, Z.; Dodi¢, J.; Cvetkovi¢, D.; Joki¢, A.
Xanthomonas campestris Biocontrol Agent: Selection, Medium Formulation and Bioprocess
Kinetic Analysis. Papper accepted for publication in Chem. Ind. Chem. Eng. Q. 2020.

Paj¢in, 1.; Roncevi¢, Z.; Dodi¢, J.; Dodié, S.; Joki¢, A.; Grahovac, J. Production of biocontrol
agents using Bacillus sp. in a laboratory scale bioreactor. Journal on Processing and Energy in
Agriculture 2018, 22, 138-142.

Bauer, A.W.; Kirby, W.M.M; Sherris, J.C.; Turck, M. Antibiotic Susceptibility Testing by a
Standardized Single Disk Method. Am. J. Clin. Pathol. 1966, 36, 493-496.

Shrestha, A.; Kim, B.S.; Park, D.H. Biological Control of Bacterial Spot Disease and Plant
Growth-Promoting Effects of Lactic Acid Bacteria on Pepper. Biocontrol Sci. Technol. 2014,
24 (7), 763-779.

Fontenelle, A.D.B.; Guzzo, S.D.; Lucon, C.M.M.; Harakava, R. Growth Promotion and
Induction of Resistance in Tomato Plant Against Xanthomonas euvesicatoria and Alternaria
solani by Trichoderma spp. Crop Prot. 2011, 30 (11), 1492-1500.

Chien, Y.-C.; Huang, C.-H. Biocontrol of Bacterial Spot on Tomato by Foliar Spray and
Growth Medium Application of Bacillus amyloliquefaciens and Trichoderma asperellum. Eur.
J. Plant Pathol. 2020, 156, 995-1003.

Botelho, G.R; Mendonga-Hagler, L.C. Fluorescent Pseudomonads Associated with the
Rhizosphere of Crops - an Overview. Braz. J. Microbiol. 2006, 37 (4), 401-416.

Spago, F.R.; Ishii Mauro, C.R.; Oliveira, A.G.; Beranger, J.P.O.; Cely, M.V.T.; Stanganelli,
M.M.; Simionato, A.S.; San Martin, J.A.B.; Andrade, C.G.T.J.; Mello, J.C.P.; Andrade, G.
Pseudomonas aeruginosa Produces Secondary Metabolites That Have Biological Activity
Against Plant Pathogenic Xanthomonas Species. Crop Prot. 2014, 62, 46-54.

Oliveira, A.G.; Murate, L.S.; Spago, F.R.; Lopes, L.P.; Beranger, J.P.O.; San Martin, J.A.B.;
Nogueira, M.A.; Mello, J.C.P.; Andrade. C.G.T.J.; Andrade, G. Evaluation of the Antibiotic
Activity of Extracellular Compounds Produced by the Pseudomonas Strain Against the
Xanthomonas citri pv. citri 306 Strain. Biol. Control 2011, 56 (2), 125-131.

Ji, P.; Campbell, H.L.; Kloepper, J.W.; Jones, J.B.; Suslow, T.V.; Wilson, M. Integrated
Biological Control of Bacterial Speck and Spot of Tomato Under Field Conditions Using Foliar
Biological Control Agents and Plant Growth-Promoting Rhizobacteria. Biol. Control 2006, 36
(3), 358-367.

188



APTEFF, 51, 1-206 (2020) UDC: 579.64:632.4:615.279
DOL: : https://doi.org/10.2298/APT2051181P BIBLID: 1450-7188 (2020) 51, 181-189
[©)ovrcno |

Original scientific paper
21. Principe, A.; Fernandez, M.; Torasso, M.; Godino, A.; Fischer, S. Effectiveness of Tailocins

Produced by Pseudomonas fluorescens SF4c in Controlling the Bacterial-Spot Disease in
Tomatoes Caused by Xanthomonas vesicatoria. Microbiol. Res. 2018, 212-213, 94-102.

Received: 30 August 2020
Accepted: 05 October 2020

189






APTEFF, 51, 1-206 (2020) UDC: 633.88:66.061:547.56(65)

DOL: https://doi.org/10.2298/APT2051191B BIBLID: 1450-7188 (2020) 51, 191-206
Original scientific paper

SUBCRITICAL WATER EXTRACTION OF POLYPHENOLS FROM ENDEMIC
ALGERIAN PLANTS WITH MEDICINAL PROPERTIES
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Ephedra alata, Ononis angustissima, and Genista saharae are endemic Algerian plants
with pharmacological potential, used for centuries in traditional medicine. Herein the effi-
ciency of subcritical water extraction (SWE) of phenols and flavonoids from these plants
was evaluated by spectrophotometric assays. The most important operational parameters of
the technique (temperature, pressure, time) were optimized for each plant based on phenols
yield. At defined optimal extraction conditions (140 °C for E. alata, 155 °C for O. angustis-
sima and G. saharae, 50 bars, 15min), maximum contents of phenols in the extracts were
16.13, 18.33, and 21.12 mg GAE/g dry weight, for E. alata, O. angustissima, and G. saha-
rae, respectively. Considering the safety of the used solvent, excellent yields of phenols and
short extraction time, subcritical water extraction can efficiently be used in exploitation of
pharmacological potentials of the studied plants.

Keywords: Ephedra alata, Ononis angustissima, Genista saharae, subcritical water ex-
traction, phenols, flavonoids.

INTRODUCTION

Medicinal plants have been used in Algeria for centuries for their valuable bioactive
compounds to treat different ailments (1). Besides its desertic and semi-desertic areas,
Algeria is characterized by large pool of plants with high pharmacological potential (1,
2). Many of plant sources still haven't been sufficiently explored. Ephedra alata, Ononis
angustissima and Genista saharae are promising Saharan endemic medicinal plants used
to treat many diseases by the local population.

Ephedra is a genus of non-flowering seed plants belonging to the Ephedraceae family
(3), which includes approximately 67 species, growing mainly in the desert areas of Asia,
America, Europe and North Africa (4). Among these species, Ephedra alata Decne
(Alanda, Arabic) is particularly interesting for its ephedrine alkaloids (5), which acts on
the sympathetic nervous system as a sympathomimetics (6). Ephedrine, the major E.alata
alkaloid is widely used pharmaceutical for prevention of arterial hypotension during spi-
nal anesthesia. It is commonly used as nasal decongestant and appetite-suppressant (7).

Besides alkaloids, the plant represents good source of polyphenolic compounds (8).
The decoction of E. alata stems have been used in folk medicine as a stimulant, deob-

* Corresponding author: Jaroslava Svarc-Gaji¢, University of Novi Sad, Faculty of Technology Novi Sad,
Bulevar cara Lazara 1, 21000 Novi Sad, Serbia, e-mail: jaroslava@tf.uns.ac.rs
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struent, to treat different disorders (kidney, bronchi, circular system, digestive system), to
relieve asthma attack and as antifungal agent (9). Traditionally, the plant stems are che-
wed to treat bacterial and fungal infections (10). Previous in vitro studies have shown that
its aqueous extracts exhibit anticancer activities, inducing apoptosis, inhibiting prolifera-
tion, inducing cell cycle arrest, and supressing tumorangiogenesis (11, 12). Furthermore,
extracts show strong antimicrobial effects (13, 14).

The genus Ononis, belongs to the Fabaceae family and comprises 75 species that
grow in Europe, Asia and the Mediterranean region (15). In Algeria more than 34 species
have been identified (16). Members of the genus have been shown to exhibit antipyretic,
antibiotic, analgesic, anti-inflammatory, cytotoxic, and antidiabetic activities (17, 18, 19).
In traditional Turkish medicine, Ononis species were used for many centuries for their
antiseptic, antimicrobial and diuretic properties (17, 18, 19). Ononis decoctions are repor-
ted to be useful in the treatment of rheumatic and skin diseases (18). Ononis angustissima
Lam. is endemic plant of the North of Algerian Sahara (Guardaia, Bechar, Biskra, Bous-
saada and Beni Abbas) (20). The decoction of its aerial parts is used in traditional medi-
cine for its hemostatic properties (21). Literature search indicate that O. angustissima
hasn’t been sufficiently studied and data on its chemical profile are scarce. However, it
has been reported that its aerial parts are a good source of antioxidant polyphenols and
flavonoids (22, 24, 20).

The Genista genus, from the family of Fabaceae, consists of 87 species, mainly repre-
sented in the Mediterranean area. Among them, 11 species are endemic in Algeria (25).
Genista species have various uses throughout Mediterranean area. Different plant parts
are used as dietary sources, animal feed, or in medicinal applications. Antioxidant proper-
ties of crude extracts of G. tenera, G. sessifolia and G. tinctoria, G. cadasonenesis, G.
Sandrasica and G. vuralii have been reported in the literature (26, 27, 28, 29). Genista
saharae Coss. & Dur. Section Spartidium Spach. (formerly Spartidium saharae Coss. &
Dur) is a Saharian endemic shrub that grows in North Africa (Algeria, Libya, Morocco,
Tunisia, and Egypt) (25, 30). According to ethnobotanical reports, aerial parts of G. Sa-
harae were traditionally used for treating respiratory diseases and for its diuretic proper-
ties. Published studies also indicate that G. sahara aerial parts have strong antibacterial
(31, 32) and antioxidant (23) properties. Some previous studies have focused on the che-
mical composition of this species revealing that the plant is a good source of antioxidant
phenolic compounds such as O- and C-glycosylflavonoids and isoflavonoids (33, 34, 35).

Phenolic compounds are synthesyzed by plants as secondary metabolites necessary
for their growth and physiology (36). These chemicals are continuously in the focus of
scientific research because of their potent effects and because they represent the most
abundant phytochemicals in human diets. These phytochemicals exhibit array of biolo-
gical effects important for health protection, disease prevention and overall wellbeing
(37). Phenolic compounds have protective role in diseases caused by oxidative damage
(coronary and heart disease, stroke and cancers) (38, 39, 40). These molecules act against
free radicals through antioxidant, redox and metal chelation capacity, acting as reducing
agents, hydrogen donors or singlet oxygen quenchers (38).

Phenolic compounds have been extracted from plants sources by using various con-
ventional extraction techniques such as maceration or Soxhlet extraction (41, 42, 43).
However, these methods have a number of obvious disadvantages, such as long duration,
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consumption of organic solvents and limited efficiency towards different classes of phe-
nolics (44). A variety of innovative extraction techniques have been developed for the
extraction of bioactive compounds from natural sources, including subcritical water ex-
traction (SWE) (45, 46, 47, 48, 49), supercritical fluid extraction (SFE) (50), ultrasound-
assisted extraction (UAE) (51), microwave-assisted extraction (MAE) (52), ultrahigh
pressure-assisted extraction (UPE) (43) and pulsed electric field extraction (PEF) (53). In
the recovery of bioactive compounds from plant sources SWE captures more and more
attention due to its safety, superior efficiency, selectivity and environment-friendly na-
ture. As a solvent, subcritical water has the advantages of high diffusivity, low viscosity,
and low surface tension, making the extraction process more efficient due to more inti-
mate contact with sample matrix, improved solubility, and enhanced desorption kinetics
(47, 61). Literature search reports subcritical water extraction of different bioactive ingre-
dients such as polysaccharides, proteins, antioxidants, and polyphenols from plant sour-
ces (54, 55, 56). As an environmentally-friendly and efficient extraction technique, SWE
shows great potential for application in different fields considering the safety of obtained
extracts, superior chemical composition and compatibility of the extracts with food, phar-
maceutical and cosmetic products (44).

According to available literature, there are no reports on the use of subcritical water
for the recovery of polyphenols from Ephedra alata, Ononis angustissima, and Genista
saharae. Thus, the aim of this study was to evaluate the efficiency of SWE for obtaining
E. alata, O. angustissima, and G. saharae extracts with high content of polyphenols. The
influence of the extraction temperature, pressure and time on the extraction yield has
been investigated. Total content of phenolic compounds (TPC) was determined by Folin-
Ciocalteau method. For every plant species, the most important operational parameters
were optimized for the highest content of polyphenols.

MATERIALS AND METHODS
Chemicals and reagents

Folin Ciocalteau’s phenol reagent and rutin were purchased from Sigma-Aldrich (St.
Louis, Missouri, USA). Aluminium chloride hexahydrate and sodium carbonate were
purchased from Merck (Darmstadt, Germany). Gallic acid monohydrate (GA; purum),
was acquired from Sigma-Aldrich (Steinheim, Germany). Nitrogen was of 99.999% pu-
rity (Messer, Germany). All other chemical and reagents were of analytical reagent grade.

Plant material

Genista saharae was harvested in Maiter Oued in the region of Bou Saada, South of
M'sila, and Ononis angustissima was harvested in the region of Hadjeb, west of Biskra.

Both of plant samples were collected during flowering stage in April of 2019. How-
ever Ephedra alata was harvested in the region of El Hadjira, North of Ouargla. The
identification of collected plant samples was carried out by the Laboratory of develop-
ment of natural biological resources (LVRBN) at the University of Setif. The aerial parts
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of each plant sample were dried, grounded in a blender, and stored in dark at ambient
temperature until use.

Subcritical water extraction

SWE was performed in a house-made subcritical water extractor. Extraction procedu-
re and apparatus were described previously (48). Total capacity of high-pressure stain-
less-steel vessel was 1.7 L. Pressurization of the extraction vessel was performed with
99.999% nitrogen (Messer, Germany). In all experimental runs, sample to distilled water
ratio was 1:20 w/w. Extraction temperature (110-185 °C), extraction pressure (10-90
bar), and extraction time (15-60 min) were investigated as independent variables, while
agitation rate (3 Hz) was held constant. After the extraction, the process vessel was
immediately cooled in flow-through water-bath at 20 °C. Depressurization was done by
valve opening and purging nitrogen through a valve. Obtained extracts were filtrated and
stored in the refrigerator at 4 °C until analysis.

Determination of extraction yield

In order to determine extraction yield (EY), 2 ml of the total extracts volume obtained
after the extraction was dried at 60 °C until a constant mass, weigted and used to calcu-
late the total extraction yield. Further calculation was done according to the procedure
described in Pharmacopoeia (57).

Determination of total phenolic content

Total phenolic content was measured by the Folin— Ciocalteu method (58). The reac-
tion mixture consisted of 400 pl of the sample or standard solution and 2 ml of 1:10 v/v
diluted Folin—Ciocalteu reagent. After 4 minutes, 1.6 ml of Na,COs 7.5% (w/v) was
added. After 90 min of incubation at room temperature, the absorbance was measured at
765 nm. The blank was prepared by replacing the extract with distilled water. Gallic acid
(0-200 mg/l) was used for the standard calibration curve. The results were expressed as
mg of gallic acid equivalent per g of dry plant material (mg GAE/g), and calculated as
mean value + SD (n = 3).

Determination of total flavonoid content

Flavonoids content in the extracts was determined by colorimetric assay with AlICl;
according to the method described by Bahorun et al. (59). Briefly, 2 ml of 2 % AICl3, was
added to 2 ml of the extract or standard solution. After 10 minutes, the absorbance was
measured at 430 nm. Rutin (0-125 mg/l) dissolved in distilled water, was used as a stan-
dard. Results were expressed as mg of rutin equivalent per g of dry weight of plant (mg
RE/g), and calculated as mean value = SD (n = 3).
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Optimisation of the extraction parameters
The influence of the extraction temperature

The aim of the present study was to define optimal conditions for SWE of phenolic
compounds from E. alata, O. angustissima and G. saharae. According to available lite-
rature, subcritical water extraction hasn't been previously applied in the extraction of
these plant matrices.

Temperature is the most important factor in the SWE process, influencing extraction
efficiency and selectivity (47, 49, 48, 60). As a solvent, subcritical water has the advan-
tages of high diffusivity, low viscosity and low surface tension, making the extraction
process more efficient due to more intimate contact with sample matrix, improved solu-
bility and enhanced desorption kinetics (47, 61).

The influence of the extraction temperature on the extraction efficiency was investi-
gated at six different temperatures (110-185 °C), applying the extraction time of 30 min,
agitation frequency of 3 Hz, and pressure of 20 bar. The temperature influence was obser-
ved by measuring yields of total phenols (expressed as mg of gallic acid equivalent per g
of dry plant material (mg GAE/g)) and flavonoids (expressed as mg of rutin equivalent
per g of dry weight of plant (mg RE/g)) (Tablel).

Table 1. The influence of the extraction temperature on the yields of total phenols and

flavonoids
E. alata O. angustissima G. saharae
Temperature

°C) TPC* TFC® TPC TFC TPC TFC

(mg GAE/g) (mg RE/g) (mg GAE/g) (mg RE/g) (mg GAE/g) (mg RE/g)
110 11.75 £0.12¢ 5.62 £0.19 11.30 £0.34 9.13 £0.14 18.03 £0.24 8.68 £0.18
125 15.12 +0.18 5.28 £0.06 11.55+0.3 7.81+0.2 19.93 +£0.19 7.59 £0.09
140 15.58 +£0.17 422 +0.12 11.67 £0.32 8.29+0.2 20.90 +£0.29 7.73 £0.15
155 14.53 £0.09 3.74 £0.06 16.19 +£0.12 6.99 £0.13 24.80 +0.43 7.04 £0.15
170 13.90 +£0.99 3.33£0.05 15.34 +£0.36 6.19 £0.13 21.82+0.19 6.33 +0.07
185 14.94 +£0.19 2.76 +0.05 13.88 +0.4 5.1140.16 18.58 +0.31 4.79+0.11

* mean total phenols content (GAE: gallic acid equivalents).
® mean total flavonoids content (RE: rutin equivalents).
¢ mean+ SD

Total phenols content increased with the extraction temperature from 110 to 155 °C
for O. angustissima and G. saharae, and from 110 to 140 °C for E. alata, With further
temperature increase, a drop in phenolic content was observed probably due to their
degradation. The highest concentration of total phenols for O. angustissima (16.19 mg
GAE/g) and G. saharae (24.80 mg GAE/g) was achieved at the temperature of 155 °C
whereas the temperature of 140 °C was the optimal for E. alata (15.58 mg GAE/g )
(Table 1).
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The highest concentration of total flavonoids was observed at the lowest tested tempe-
rature (110 °C) for all three plants, O. angustissima (9.13 mg RE/g), G. saharae (8.68 mg
RE/g) and E. alata (5.62 mg RE/g). With further temperature increase there was a slight
decrease in flavonoids content for all three plant sampels (Table 1).

The increase in phenolic content with the temperature could be explained by enhance-
ment of the diffusion coefficients, and solubility of the target compounds with tempera-
ture increase. Decreased viscosity and surface tension of the solvent are allowing better
contact with porous solid samples (62, 47, 63). The most pronounced temperature in-
fluence however, is on the polarity, by varying the extraction temperature, the dielectric
constant of water can be modulated affecting it's selectivity. Consequently, the polarity
of water at elevated temperatures becomes equivalent to that of common organic sol-
vents, targeting specific chemical class. This implies that more polar solutes soluble in
ambient water are extracted efficiently at lower temperatures, whereas moderately polar
and non-polar compounds require less polar solvent and higher temperatures (64, 48). It
was therefore shown that major phenolics classes in analyzed plant samples are such that
they are the best solubilized with water at 155 °C (O. angustissima and G. saharae) and
140 °C (E. alata).

The temperature affects physicochemical properties of water, but also causes degra-
dation of the thermally labile analytes (65). Thus at higher temperatures, it can be assu-
med that a part of phenols and flavonoids was degraded due to high water reactivity and
strong hydrolytic potential of superheated water (49), causing the drop in the extraction
yields of phenols above 155 °C for O. angustissima and G. saharae, and 140 °C for E.
alata, and also the steadily decreasing the flavonoids content above 110 °C.

Several previous studies of SWE conducted with other plant samples (66, 67, 49, 63,
68) have reported similar fashion of the decrease in phenols content with the temperature
increase. The reported optimal temperatures for total phenols in SWE of Teucrium mon-
tanum, Chamomilla matricaria, Matricaria recutita, (Prunus avium, Prunus cerasus),
and Allium ursinum L. were 160 °C, 130 °C, 160 °C, 150 °C, and 179 °C respectivelly.

The influence of the extraction pressure

The principal operational parameter in SWE is the temperature owing to effects de-
scribed earlier. In SWE applied pressure mostly serves to maintain water in its liquid
state, even though slight efects on water polarity with pressure increase have been repor-
ted. Namely, water polarity negligibly increases with pressure, not favoring the process
of the extraction of less polar solutes, and making the process operationally less conve-
nient (47). Elevated pressures, however, allow better solvent penetration into the pores of
extracted medium making the solvent/solute contact more intimate and accelerating the
process. Unlike temperature, the pressure has no significant effect on the extraction effi-
ciency by subcritical water (67, 68). Previous studies have also shown that elevated pre-
ssures didn't improve the recovery of compounds from natural sources by SWE (71, 72,
73). However high pressures applied during the extraction help to control problems rela-
ted to the formation of air bubbles within the matrix, which hinder solvent contact with
the matrix (47, 62). In order to determine the influence of pressure on the recovery of
phenols from studied plant materials, investigation was carried out at previously defined
optimal temperatures of 155 °C for O. angustissima and G. saharae, and 140 °C for
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E. alata, applying agitation rate of 3 Hz, and extraction time of 30 min. The influence of
this operational parameter was observed at four different pressures (10, 30, 50, and 70
bar). Table 2 shows extraction yields of phenols and flavonoids obtained by SWE at dif-
ferent pressures.

Table 2. The influence of the extraction pressure on the yields of phenols and flavonoids.

Prossure E. alata O. angustissima G. saharae
(bar) TPC TFC TPC TFC TPC TFC

(mg GAE/g) | (mgRE/g) | (mg GAE/g) | (mgRE/g) | (mg GAE/g) | (mgRE/g)
10 14.13+0.6* | 4.05+0.09 | 17.21+0.1 7.63+£0.06 | 19.47+0.07 | 6.61 +0.12
30 14.78 £0.82 | 4.06£0.05 | 17.70+0.06 | 6.98+0.12 | 21.24+0.1 8.15+0.18
50 17.15+0.52 | 4.36+0.04 | 18.61+0.11 | 6.15+0.05 | 23.59+0.25 | 8.30=+0.04
70 14.99+0.05 | 4.63+0.02 | 18.29+0.14 | 5.48=+0.05 | 23.44+0.13 | 7.37+0.11

*+SD

Investigation of the pressure influence revealed complex and diverse effects for diffe-
rent plant matrices and different chemical classes. In all cases studied here, the pressure
did slightly affect flavonoid content. The calculated differences between minimal and
maximal calculated contents for total phenols and flavonoids at different investigated
pressures is shown in Tables 3 and 4.

The pressure of 50 bars showed to be the optimal for extracting phenols from all stu-
died plant samples, and flavonoids from G. saharae (Table 2). This was in slight collision
with other previously reported studies, in which, for most of plant samples optimal pres-
sure in SWE was 20 bar (68) and 30 bar (67, 49). Svarc-Gajié, J et al. (68) extracted phe-
nols from Prunus avium and Prunus cerasus stems reaching highest values at 20 bar,
whereas Cvetanovié, A et al. (67) and Svarc-Gaji¢ et al. (49) reported the optimal pressu-
re of 30 bar for phenols extraction from Chamomilla matricaria and Matricaria recutita.

Suprisingly, the highest flavonoids content for E. alata (4.63 mg RE/g) was achieved
at 70 bars, which was quite high pressure in comparisson to other studied plant matrices.
Previous studies reported that the optimal pressures for flavonoids extraction from Matri-
caria recutita (49) and Chamomilla matricaria (67) were 30 and 45 bar, respectively.

Table 3. Minimum and maximuma extraction efficiencies of phenols
at different pressures.

Pression (bar) | E.alata | O. angustissima | G. saharae
(rll\]/g% ?EC/;) 10 14.13 17.21 19.47
miGARg | 0| s | s 2

Min TPC®: Minimum TPC.
Max TPC®: Maximum TPC.
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Table 4. Minimum and maximuma extraction efficiencies of flavonoids
at different pressures

Min TFC? Max TFC® Relative TFC
(mg RE/g) (mg RE/g) change (%)
E. alata (14(‘)'%;) (7‘(‘)'%2“) 14.32
O. angustissima (7%'120 ( 1?)'%;) 39.23
G. saharae (lg.i;r) ( 5%?)(3)&) 25.57

Min TFC®*: Minimum TFC.
Max TFC® Maximum TFC.

For O. angustissima the lowest pressure of 10 bar provided the highest flavonoids
content (7,63 mg RE/g) making elucidation of the pressure influence complex. It is ob-
vious from our results that plant matrix has pronounced effect on the interaction of sub-
critical water at different pressure, stressing the necessity to carefully optimize this ope-
rational parameter for every plant matrix.

Defined optimal pressure for SWE of phenols from O. angustissima, G. saharae, E.
alata was 50 bars, and kept constant in the following experiments.

The influence of the extraction time

Defining the optimal extraction time is important since prolonged extraction can in-
duce degradation of the target compounds (68). In order to determine the influence of
time on the recovery of phenols from studied plant materials, investigation was carried
out at previously defined optimal temperatures of 155 °C for O. angustissima and G. Sa-
harae, and 140 °C for E. alata, and optimal pressure of 50 bars, applying agitation rate
of 3 Hz. Figures 1 and 2 summarize extraction yields of phenols and flavonoids obtained
by SWE at different times.

The highest concentration of total phenols and flavonoids was observed at the lowest
extraction time (15 min) for all three plants. Further prolongation of the extraction led to
a slight decrease in phenols and flavonoids contents (Figures 1, 2).

The decrease in phenolic and flavonoids content with time could be explained by ana-
lyte degradation with longer extraction times. In fact, many previous studies confirm that
longer extraction causes analyte degradation (63, 66, 67, 68). The reported optimal times
for phenols in SWE of Prunus avium, Prunus cerasus, Chamomilla matricaria, Teucrium
montanum, and Allium ursinum L were 30 min for Prunus avium, Prunus cerasus, Cha-
momilla matricaria, Teucrium montanum and 10 min for Allium ursinum L. According to
these results, extraction time of 15 min was sufficient for the recovery of phenols and
flavonoids by SWE and was adopted as optimal. Relatively short extraction times with
good yields of the target compounds represent one more advantage of subcritical water
extraction (68), making this technology efficient, time and energy saving.
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Figure 1. The influence of the extraction time on the yields of phenols
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Figure 2. The influence of the extraction time on the yields of flavonoids

This idea may be implemented in the exploitation of medicinal plants at semi- and
industrial level bringing the idea of flow-through technology since short extraction times
are required.

Table 5 summerises maximal observed contents of total phenols and flavonoids for all
three plant samples, and operational parameters at which those were achieved.
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Table 5. The maximum total phenols and flavonoids contents of E. alata,
O. angustissima and G. saharae extracts.

E. alata O. angustissima G. saharae
(TnlngG ABlgdiy weighy | 1613%03 | 18332032 | 2112048
(TIE:; GAE/g extract) 9546+1.75 | 109.02+1.88 | 111.88+2.52
TFC (mg RE/g) 4.95 +0.06 7.54 £0.06 7.67 £0.15
Optimal temperature (°C) 140 155
Optimal pressure (bar) 50
Optimal time (min) 15

In ethanolic extract of Palestinian E.alata, determined total phenolic content was 9.18
mg GAE/g of extract whereas in methanolic extract the content was significantly higher
(47.62 mg GAE/g of extract) (10). The contents determined in this study applying SWE
were much higher, being more than two fold greater in comparison to methanolic extract.
Total phenols in infusions, decoctions, and EtOH/H,O extracts of Algerian E. alata har-
vested in the region of Tebessa determined by LC-DAD-ESI/MS were 294 mg/g extract,
380 mg/g, and 240 mg/g, respectively (27). Danciu et al. (74) determined total phenols
content (156.23 mg GAE/g extract) in hydroalcoholic extracts of Tunisian E. alata,
which was higher than the total phenols extracted by SCW in our study. The content of
plants secondary metabolites in addition to being dependent on the applied extraction
technique depends also on other factors, such as plant variety, geographical region, cli-
mate, soil composition, etc.

For O. angustissima, the total phenols obtained in our study for subcritical water
extracts (109.02 mg GAE/g extract) were comparable to those obtained in aqueous ex-
tracts (118.55 mg GAE/g extract) (22), but higher (18.33 mg GAE/g dry weight) in
comparison to methanolic extracts (12.03 mg GAE/g dry weight) (24) obtained after 48
hour of maceration in 80% methanol.

The content of total phenols in methanolic extracts of G. saharae growing in Oued
Souf region (Algerian desert) (1.33 GAE/g extract) was significantly lower in comparison
to contents determined in this study (111.88 mg GAE/g extract) (75). The authors applied
72 hour of maceration in methanol. The contents determined in this work were also
higher than that found by Meriane et al. (33) in the MeOH extract of different parts of G.
saharae from the region of Oued El-Maadher, Boussadda, Wilaya of M’Sila, Algeria. In
roots the authors determined 93.3 mg pyrogallol equivalent/g extract, whereas in flowers
they calculated the content of 90.67 pyrogallol equivalent/g extract. The contents of total
phenols determined by Guettaf et al. (23) in aqueous (130.44 mg GAE/g extract) and
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ethyl acetate (459.28 mg/g extract) extracts of the same plant, and that grown in Ghar-
daya-Algeria, respectively, were higher of those found in this study (31).

CONCLUSION

In this study, the efficiency of subcritical water extraction of phenols and flavonoids
from three endemic Algerian plants (E. alata, O. angustissima, and G. saharae) with me-
dicinal properties was evaluated. The most important extraction parameters of the tech-
nique (temperature, pressure, time) were optimized for each plant. Optimal temperature
for SWE of E. alata was 140 °C, whereas maximum yield of phenols and flavonoids in
extracts of O. angustissima and G. saharae were achieved applying extraction tempera-
ture of 155 °C. For all studied plant samples, maximum yields of phenols were achieved
at relatively short extraction time of 15 min at the pressing of 50 bars. At defined optimal
extraction parameters, maximum contents of phenols in the extracts of E. alata, O. an-
gustissima, and G. saharae were 16.13, 18.33, and 21.12 mg GAE/g dry weight, respec-
tively.

Owing to the safety of the used solvent and excellent yields of bioactive compounds
from medicinal plants, the extracts may have good potential to be used in pharmaceutical
industry. Presented study, thus, represents the first step to more throughout chemical and
biological study of these extracts.
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