......
L

[ T
-------
.....
-----

"ISSN 1451 - 9372 (Print) ISSN
72217 - 7434 (Online) JULY-
"SEPTEMBER 2026

:-Vol. 32, Number 3, 175-267

...... L A B S ® 009 0 0 0 0 » «
...... e o008 OO0 00060 0 o « .
ooooo (I M N N N B e &0 00 0 0 & » » » -
..... s 600008 9 9 8 0 8 0 0 s
----- o o 00 860
s v e > 0 008N
Yoo 8@

-------
() L]

......
.......
.......

-------

.......

- e 00008

o 0006 W NX)
"oy LALLM A A N & @ 8\ 4 00 ¢ 8 &+ « -
..... e o 00 08 B ) ® 0 0 8 s s+ -
----- M M B © 0 ¢ @ 06 0 0 0 v «+ -
ooooo LA AN 80000000 0 ¢ v -
----- LRI N 8000000 0 s s « -
..... o0 6 608 B OO0 0 0 0 s & « -
------- o008 @0 000 0 0 & & -

..... L A N R 8O 000 00 0 s s ¢«

ooooo (N 8 0008680 06 0 s + -
¢+ e o0 00000 0 & B N A RSN EE I
Yo 'v'o.o.......l '.... .........
- o 'a e

a0 o o o 0 _u ) ® o 8 08 s +

-------

.......
------
llllll
llllll
-------
......
.......

ORI N e, poos o o - -

LI N A A N e 28 Jo oo e o +
. s B o oo 0008 = ) ® 8 0 8 & & - -
------ (MM E @0 6 000000 s + -
....... LA E B ® @ ©® 09 00 0 8 « «
------ LI N B 0 0000 0 0 0 ¢ »
..... LI N A N 80 & 00 8 0 0 s ¢+ + -
R L N M N B 00 00600 0 0 0o = -
..... LA N A NN 8 & 00 0 00 6 0 ¢ «+
----- ~ 9 0@ @ 0 0 00 0 o » -
= 0 - . 0 an 9 8 0 0 0 & o -

.......
OOOOO
.......
.......

oooooo
.......
------
oooooo
OOOOOO
......

eeserci The AChE Journal for Chemical Engineering,
feseiei Biochemical Engineering, Chemical Technology,
Lowen. New Materials, Renewable Energy and Chemistry



www.ache.org.rs/ciceq

The activities of the Association of Chemical Engineers of Serbia are

—

inr

Faculty of Technology and
Metallurgy, University of Belgrade

Faculty of Technology,
University of Novi Sad

Faculty of Technology,
University of Nis, Leskovac

£
b e
AN

DCPHEMIGAL

Leskovac

supported by:

MINISTRY OF SCIENCE,
TECHNOLOGICAL DEVELOPMENT
AND INNOVATION

OF REPUBLIC OF SERBIA

EMAT,
\75 1194',

7
2
[ of
1
e
196')»‘.\‘
"oy (AN

Faculty of Science, University of Novi Sad

-

4

AP (Lf(llo

N

~

Institute of Chemistry, Technology and Metallurgy,
University of Belgrade

i
e

Faculty of Technical Sciences,
University of Pristina, Kosovska Mitrovica

Institute for Technology of Nuclear
and Other Mineral Raw Materials,
Bekgrade

Faculty of Technical Sciences
University of Novi Sad

UMC IMS

IMS Institute, Belgrade

Elixir Prahovo



Chemical [Industry &
Chemical Sngineering
TJuarterly

Journal of the
Association of Chemical Engineers of
Serbia, Belgrade, Serbia

Belgrade

EDITOR-In-Chief

Vlada B. Veljkovi¢

Faculty of Technology, University of Nis, Leskovac, Serbia
E-mail: veljkovicvb@yahoo.com

ASSOCIATE EDITORS
Srdan Pejanovi¢ Dunja Sokolovié Ivona Radovié
Department of Chemical Faculty of Technical Sceinces Faculty of Technology and
Engineering, Faculty of Technology University of Novi Sad, Serb, ,-é Metallurgy, University of Belgrade,
and Metallurgy, University of ’ Serbia
Belgrade, Belgrade, Serbia
EDITORIAL BOARD (Serbia)

Porde Janackovi¢, Ivanka Popovi¢, Viktor Nedovi¢, Goran Nikoli¢, Sanja Podunavac-Kuzmanovi¢, SiniSa Dodic,
Zoran Todorovi¢, Olivera Stamenkovi¢, Jelena Avramovi¢, Jasna Canadanovic-Brunet, lvana Karabegovi¢,
Ana Velickovi¢

ADVISORY BOARD (International)

Ljubisa Radovic

Dragomir Bukur
Texas A&M University, Pen State University,
PA, USA

College Station, TX,
USA

Peter Raspor
Milorad Dudukovic University of Ljubljana,
Washington University, Ljubljana, Slovenia
St. Luis, MO, USA Constantinos Vayenas
Jiri Hanika University of Patras,
Institute of Chemical Process Fundamentals, Academy of Sciences Patras, Greece
ofthe Czech Republic, Prague, Czech Republic Xenophon Verykios
Maria Jose Cocero University of Patras,
University of Valladolig, Patras, Greece
Valladolid, Spain Ronnie Willaert
Tajalli Keshavarz Vrrije Universiteit,
University of Westminster, Brussel, Belgium
London, UK Gordana Vunjak Novakovic
Zeljko Knez Columbia University,
University of Maribor, New York, USA
Maribor, Slovenia Dimitrios P. Tassios
Igor Lacik National Technical University of Athens,
Polymer Institute of the Slovak Academy of Sciences, Athens, Greece
Bratislava, Slovakia Hui Liu
Denis Poncelet China University of Geosciences, Wuhan, China

ENITIAA, Nantes, France

FORMER EDITOR (2005-2007)
Professor Dejan Skala
University of Belgrade, Faculty of Technology and Metallurgy, Belgrade, Serbia

FORMER ASSOCIATE EDITORS
Milan Jaksi¢, /CEHT/FORTH, University of Patras, Patras, Greece
Jonjaua Ranogajec, Faculty of Technology, University of Novi Sad, Novi Sad, Serbia



Journal of the

Association of Chemical Engineers of
Serbia, Belgrade, Serbia

Chemical [Industry &
Chemical 3ngineering
"Nuarterly

Vol. 32

Belgrade, July-September 2026

No. 3

Chemical Industry & Chemical Engineering
Quarterly (ISSN 1451-9372) is published
quarterly by the Association of Chemical
Engineers of Serbia, Kneza Milosa 9/1,
11000 Belgrade, Serbia

Editor.
Vlada B. Veljkovi¢
veljkovic@yahoo.com

Editorial Office:

Kneza MiloSa 9/1, 11000 Belgrade, Serbia
Phone/Fax: +381 (0)11 3240 018

E-mail: shi@ache.org.rs
www.ache.org.rs

For publisher.
Ivana T. Drvenica

Secretary of the Editorial Office:
Ksenija Kosti¢

Marketing and advertising:

AChE Marketing Office

Kneza MiloSa 9/1, 11000 Belgrade, Serbia
Phone/Fax: +381 (0)11 3240 018

Publication of this Journal is supported by the
Ministry of Education, Science and
Technological Development of the Republic of
Serbia

Subscription and advertisements make payable
to the account of the Association of Chemical
Engineers of Serbia, Belgrade, No. 205-2172-

71, Komercijalna banka a.d., Beograd

Technical Editor:
Ana V. Velickovié¢

Journal Manager
Aleksandar B. Dekanski

Printed by:

Faculty of Technology and Metallurgy,
Research and Development Centre of Printing
Technology, Karnegijeva 4, P.O. Box 3503,
11120 Belgrade, Serbia

Abstracting/Indexing:

Articles published in this Journal are indexed in
Thompson Reuters products: Science Citation
Index - Expanded™ - access via Web of
Science®, part of ISI Web of Knowledge™

CONTENTS

Marija Menkinoska, Tatjana Pavlova, Zhivka Goranova, Angelina
Sredovska Bozhinov, Zlatin Zlatev, Hyrije Koragi, Anka
Trajkoska Petkoska, Gluten and gluten-free biscuits with
functional components: physicochemical, nutritional and
antioxidant properties............ccccceeeeviiiiiiiieie e 175

Pream Anand Siva Shankaran, Manamalli Deivasikamani,
Vasanthi Damodaran, Mythily Mani, Design of industry-
centric controller for mimo csth process with enhanced
disturbance rejection. 187

Mohanrajhu Nathamuni, Premkumar Duraisamy, Rajakumar
Muthusamy Palani, Padmavathi Kuppusamy
Ramamoorthy, Study of combustion and performance in a
diesel engine fueled by biodiesel-nanoparticle
blends 199

Amirah Nasuha Mohd Razib, Nik Muhammad Azhar Nik Daud,
Mohd Al Hafiz Mohd Nawi, Banu Ramasamy, Mohd
Sharizan Md Sarip, Amirul Ridzuan Abu Bakar, Mohd Asraf
Mohd Zainudin, Ahmad Hazim Abdul Aziz, Potential of
ultrasonic irradiation in polyurethane degradation in deep
eutectic solvents ............cccoo i 213

Nethaji Subash Chandra Bose Ayyavoo, Saravanan Kandasamy
Ganesan, Niranjan Thiruchinapalli, Performance
optimization of ecm parameters for palladium coated tool
electrode using multi-criteria decision analysis
MEthOd.........oooiie e, 225

Jasmina Vitas Aleksandar Joki¢, Natasa Luki¢, Selena Dmitrovic,
Danica Piper, Radomir MalbaSa, Cross-flow microfiltration of
traditional kombucha beverage using ceramic tubular
MEMDBIANEM...... it 235

Mehmet Soydan, Ibrahim Doymaz, Infrared drying of carrot slices:
effect of power levels on kinetics and energy efficiency...245

KreSimir Osman, Mato Peri¢, Dragi Stamenkovi¢, Mihailo

Lazarevi¢, Advisory-based product configurator used in
chiller configuration and evaluation.....................c.cc.ccee.. 257




Chemical Industry & Chemical Engineering Quarterly

MARIJA MENKINOSKA!
TATJANA PAVLOVA?
ZHIVKA GORANOVA3
ANGELINA SREDOVSKA
BOZHINOV#

ZLATIN ZLATEV®
HYRIJE KORAQI®

ANKA TRAJKOSKA
PETKOSKA?”#

"Faculty of Technology, Goce
Delcev University, Stip, North
Macedonia

2Zan Mitrev Clinic, Skopje,

North Macedonia

3Agricultural Academy,
Department of Food Technology,
Institute of Food Preservation and
Quality, Plovdiv, Bulgaria
“International Balkan

University, Faculty of Dental
Medicine, Skopje, North
Macedonia

5Trakia University, Faculty of
Technics and Technologies,
Yambol, Bulgaria

8Faculty of Food Science and
Biotechnology, UBT-Higher
Education Institution, Pristina,
Kosovo

"University St Kliment Ohridski
Bitola, Faculty of Technology and
Technical Sciences - Veles, Veles,
North Macedonia

8Department of Materials Science
and Engineering, Korea University,
Seoul, South Korea

SCIENTIFIC PAPER

2 Available online at
§ Association of the Chemical Engineers of Serbia AChE

www.ache.org.rs/CICEQ
Chem. Ind. Chem. Eng. Q.32(3)175-186(2026)

CI&CEQ

GLUTEN AND GLUTEN-FREE BISCUITS WITH
FUNCTIONAL COMPONENTS: PHYSICOCHEMICAL,
NUTRITIONAL AND ANTIOXIDANT PROPERTIES

Highlights

« Functional additives for gluten and gluten-free biscuits with enhanced nutritive
status

« Utilization of byproducts for the preparation of fine bakery products and better
sustainability and circular economy concepts.

« Gluten-free biscuits rich in fiber

Abstract

This study aims to determine the effect of different compounds on the nutritional,
antioxidant, microstructural, and color characteristics of biscuits classified as
gluten and gluten-free. Namely, biscuits are enriched with dietary fibers, acacia
fibers, spent coffee grounds, and anthocyanins. The addition of these functional
components to biscuit matrix affected the physical properties of the biscuits;
namely, the spread factor value of all biscuits ranged from 2.98 to 7.88, the
content of total polyphenols increased, the highest polyphenol content was
obtained in the gluten-free biscuits with added coffee grounds (77.98 mg), while
in the biscuits with wheat flour has in the range of 44.62-128.63 mg. All gluten-
free biscuits can be labeled as products with "rich in fiber” (6.32-7.68 g/100 g)
and with a higher antioxidant content compared to biscuits without added
ingredients. The total number of microorganisms in the tested cookies is below
acceptable limits. The findings of this study show that the inclusion of raw
nutritional components in the recipe of traditional gluten and gluten-free biscuits
leads to an improvement in the nutritional value and other quality characteristics
of the fortified food products.

Keywords. Antioxidant activity, polyphenol content, biscuits,

gluten-free biscuits.

UDC 664.681:66:547.56
INTRODUCTION

Consumer demand for health-enhanced products is
constantly increasing due to socio-economic trends and
environmental concerns, such as longer life expectancy,
rising health care costs, pursuit of a better quality of life, as
well as better planetary health [1-4]. To develop value-
added and functional food products, the addition of nutritive
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components could be a potential solution. The benefits are
even greater when the added functional compounds are
originally coming from biowaste or byproducts, e.g., from
the food sector with functional properties. Most of them are
already reported in the literature and are a valuable source
of dietary fibers, vitamins, minerals, etc. [5-9].

The bakery products are an important part of the
human diet. At a global level, bakery products constitute an
essential part of human nutrition. The development of
innovative products using value-added ingredients has
become an important trend in the bakery sector to meet the
demand of a new generation of consumers seeking
healthier lifestyles [9]. Thanks to their ready-to-eat, long
shelf life, and affordable price, biscuits are one of the most
popular bakery products consumed worldwide [10-13].
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In most cases, biscuits are high in sugar and fat but low in
vitamin content, minerals, fiber, and phenolic compounds
[14]. Based on the literature, there are a lot of studies on
the enrichment of biscuits, e.g., with a collagen peptide [10],
olive stone powder [15], and green tea [16], that are mainly
used as sources of dietary fiber, proteins, and phenolic
compounds to fortify the biscuits.

On the other hand, gluten-free biscuits tend to be low
in protein and high in starch compared to traditional gluten
biscuits, according to many scientific findings, for example,
by Cervini et al. [17]. Other authors have also reported that
gluten-free biscuits have a different protein and starch
content compared to traditional biscuits, etc. [18-20] On the
other hand, Hopkin et al. [21] suggests that alternative
flours, such as coconut and almond, that can improve the
functionality of gluten free products; namely, they can be
used in gluten-free biscuit recipes to achieve a similar
texture and taste to traditional biscuits. Moreover, the use
of plantain and amaranth flours could serve as a rich source
of polyphenols and dietary fibers in gluten-free bread
formulation [22].

The author's position is that incorporating functional
additives such as acacia fiber, citrus fiber, spent coffee
grounds, and anthocyanins into traditional and gluten-free
biscuits can improve their nutritional value and sensory
properties. Namely, Robinia pseudoacacia L. (acacia)
belongs to the Fabaceae family; it is a honey tree. Acacia
flowers are white and form inflorescences that are 10-15 cm
long; it is edible and nutritious, rich in proteins and trace
nutrients, flavonoids, robinin, polysaccharides, zinc,
magnesium, iron, calcium, B-carene, linalool, anthranylated
aldehyde, and (Z2)-B-farnesene provide a pleasant aroma.
Acacia flower contains bioactive components - phenols and
ascorbic acid. Therefore, it is used in the food industry for
the preparation of a variety of sweets as well as in functi-
onal products as a source of antioxidants [23]. In addition,
acacia flower flour [24] is rich in dietary fiber, and it has a
beneficial effect on blood sugar and cholesterol levels.

On the other hand, the use of biowaste and byproducts
from the food industry as ingredients in the development of
new products represents an important approach for a better
economic and environmental qualification of these
materials [25-27]. Therefore use of extracted nutritive
components from them and their utilization in bakery
products becomes very attractive nowadays. There are a
lot of studies on this topic. For example, dietary fibers from
different fruit waste, like citrus ones, anthocyanins from
certain fruit peels, or spent coffee grounds, are only a few
examples that are considered in this study. Namely, citrus
fibers have a low glycemic index and can reduce the
glycemic content of foods. Citrus fibers possess high water
and fat-binding capacities due to their physicochemical
properties, which are similar to those of the original citrus
fruits [28]. Furthermore, coffee is a rich source of
antioxidants and has been shown to have anti-
inflammatory effects [29]. Coffee by-products have
significant potential to be used as additives in food
products. Coffee by-products have relatively high
antioxidant properties, and they are rich in fiber and
nutrients, making them potential functional components in
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many products [30]. Despite their high antioxidant activity,
fiber source, and polyphenol content, the use of coffee by-
products is relatively scarce [31,32].

In addition, Acacia fiber in the form of flour is often used
as a thickener or emulsifier in food processing. It is also a
good source of fiber and has been shown to have prebiotic
properties that help maintain gut health [33]. On the other
hand, anthocyanins are water-soluble pigments found in
various fruits and vegetables, such as berries, red
cabbage, and black rice, responsible for their red, purple,
and blue colors. These compounds have been shown to
have antioxidant and anti-inflammatory effects [34].

The color of the biscuits can be an indicator of their
nutritional value, taste, as well as customer acceptance,
like the orange color is often seen in food with high vitamin
C and carotenoid content, while green foods are often rich
in chlorophyll and antioxidants [34].

Coffee has a brown color due to changes during heat
treatment, while anthocyanins are responsible for the red,
blue, or purple color, depending on their origin,
fruit/vegetable types. These pigments are powerful
antioxidants that have been linked to numerous health
benefits, including reduced inflammation and improved
heart health [31,32]; the addition of acacia to the biscuits
will provide a high fiber content, which has the function of
improving the health of the intestines while the coffee
grounds addition will give a rich flavor and aroma (and
possibly some caffeine) to the biscuits. In other words, the
newly developed biscuits will not only be tasty but also will
have high nutritional potential for the consumer; they could
be classified as functional products. In this context, the
addition of functional components can be associated with
distinctive biscuit colors that may serve as visual indicators
of their health benefits. For example, biscuits with
anthocyanins may appear violet/purple and could appeal to
children while indicating antioxidant content. In this context,
gluten and gluten-free biscuits could be color-coded based
on the addition of functional components, making them
easily recognizable-especially for children. This color
coding could also serve as an indicator of health benefits;
for instance, one color could signify improved brain
function, while another could indicate benefits for eye
health, helping consumers easily identify the specific
advantages of each product. In other words, the newly
developed biscuits will not only be tasty but also will have
high nutritional potential for the consumer; they could be
classified as functional products.

The aim of this study is to compare traditional gluten-
containing and gluten-free biscuits enriched with citrus
fibers, acacia fiber, spent coffee grounds, and
anthocyanins in terms of their physicochemical, nutritional,
and antioxidant properties.

MATERIALS AND METHODS
Materials

The compounds used in this study are: flour type 400
(Zito Luks, North Macedonia), rice flour-gluten free (Vitalia,
North Macedonia). Functional additives to the traditional
recipes of gluten and gluten-free biscuits are:
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Citri-Fi®100FG (Fiberstar Inc., River Falls, Wisconsin,
United States), is finely ground citrus fiber, with more than
95% (+4%) of the particles passing through a 100-mesh
sieve, and spent coffee grounds (KaffeBueno, Denmark)
were used in the formulation; acacia powder (Nexira,
France); anthocyanins (Currantcraft® 11%, Iprona AG
S.p.A., ltaly); and stevia, a commercially available blend
purchased from the company Vitalia (Skopje, North
Macedonia), was also included due to its role as a natural,
low-calorie sweetener contributing to the functional profile
of the biscuits.

Biscuit preparation method

Two types of biscuits have been prepared: gluten and
gluten-free. The process involves multiple stages, each
specifying time duration, temperature, and designation.
The designation refers to specific labels assigned to each
processing stage in order to clearly identify and differentiate
steps such as mixing, baking, and cooling. This system
allows for precise control, consistent replication, and easy
tracking of the production process.

The initial steps (Stages 1 and 2) focus on the
preliminary preparation and dosage of raw materials at a
temperature of 20-22 °C. Subsequently, Stage 3 includes
the mixing of ingredients for 5 to 10 minutes at 18-20 °C to
prepare a crumbly butter pastry base, which is then used to
form the shaped pastry biscuit dough. Stage 4 includes the
resting and cooling of the prepared dough for 30-40
minutes at 3-4 °C to stabilize the structure and improve the
handling properties before further shaping, and Stages 5 to
7 include cooling, rolling out, and formation, all at 18-20 °C.
The biscuits are then arranged in baking trays in Stage 8,
with a baking time of 10-12 minutes at 200 °C (Stage 9).
Afterward, the biscuits cool again (Stage 10) before
proceeding to the final stage of packaging at 20-22 °C
(Stage 11). Different amounts of functional components are
added to gluten and gluten-free biscuits: citrus fibers,
acacia powder, coffee grounds, and anthocyanins;
compositions are presented in Table 1.

The developed formulations are based on the partial
replacement of wheat flour with various functional
additives, while the amounts of the remaining raw materials
are constant. The amount of wheat flour for gluten-free
biscuits is replaced with rice flour, while the amounts of the
functional components are preserved. The biscuits were
evaluated for their antioxidant activity, physicochemical
characteristics, and sensory qualities.

Methods
Physical characteristics of biscuits.

The thickness of the biscuits was determined using an
electronic digital calliper, and the diameter was measured
by the method of Chopra et al. [35]. Three biscuits are
placed next to each other, and their diameter were
measured. Then, the biscuits were rotated 90°, and their
diameter (cm) was measured again. An average value was
taken from the measurements. The ratio between the
diameter and thickness of the biscuits (biscuit expansion
factor) was also determined [36].

Color characteristics of biscuits

An instrumental measurement of the color of the crust
biscuits was made, with a digital colorimeter for quality
control, model PCE-CSM 5 (PCE Deutschland GmbH,
Meschede, Germany). The indicators were reported
according to the CIE L*a*b* system. The colorimeter was
calibrated with a black-and-white color standard [37]. The
color parameters L*, g%, and 4" from Lab, as well as C* and
h* from the LCh color models, were determined.

The color difference A£ was determined by Eq. (1):

AE = \/(Lc - La)z + (ac - aa)z + (bc - ba)z (])

where L, a; and b: are color components of the control
sample, and L., @, and bs are color components of the
enriched samples. AE varies in the range of 0-100, with the
closer to 0, the closer the colors of the enriched biscuits
were to those of the control sample, and the closer it was to
100, the more strongly they differed.

Water activity of biscuits

The water activity (aw) of the biscuits was determined
with a water activity meter with a sensor device, model
HP23-AW-A (ROTRONIC AG, Bassersdorf, Switzerland).

The moisture content of biscuits

Moisture content of the biscuits was determined by the
methods of AOAC (2000) [35]. Moisture was analyzed
using a moisture analyzer based on the principle of infrared
dry heating (via a halogen lamp).

Microbiological analysis of biscuits

The total number of microorganisms and the number
of molds and yeasts in the biscuits were determined
according to the AACC method [38]. Microbiological assay
results were expressed as log(CFU/g).

Antioxidant activity (DPPH) of biscuits

The determination of the antioxidant activity of the
biscuits using the DPPH free radical was done according to
the methodology described earlier [39]. Biologically active
substances were extracted with methanol solution (metha-
nol:water 80:20 v/v). 1 g of sample extract was mixed with
10 mL of methanol solution. The mixture was placed on an
electromagnetic stirrer at room temperature for 2 h, then
centrifuged at 4300 rpm for 10 min. The antioxidant activity
of the extracts was expressed as milligrams of Trolox
equivalents (TE) per 100 grams of dry weight (mg TE/g dw).

Total polyphenols of biscuits

The content of total polyphenols was determined by the
method with a modification [40]. In a test tube, 0.1 mL of
sample extract was successively mixed with 0.5 mL of Folin
reagent (diluted 1:4 with distilled water) and 1.5 mL of
aqueous sodium carbonate solution (7.5% w/v), with the
volume made up to 10 mL with distilled water.

The reaction mixture was allowed to stand for 2 h in the
dark at room temperature before the absorbance at 750 nm
was measured. The results obtained are presented as
gallic acid equivalents (GAE) in mg per 100 g of sample.
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Determination of the nutritional value of biscuits

Crude protein content was determined by the micro-
Kjeldahl method by taking 1.0 g of the sample as described
in the AOAC (2000) method 920.87 [35]. The crude fat
content was determined by taking 1.5 g of the sample by
the Soxhlet extraction method using petroleum ether as
solvent (the AOAC (2000) method 920.39) [35]. Crude fiber
content was determined by the AOAC (2000) method
962.09 [35] after mixing with 1.25% H>S04 and 28% KOH,
sieving through 75 um, drying, and firing in a muffle furnace
to remove the ash from the raw fibers. The difference
determined the total carbohydrate content [41]. The amount
of carbohydrate fractions was calculated by subtracting the
sum of the amounts of fat, protein, and ash from 100%.
Carbohydrate content was expressed as % dry matter.

Statistical analysis

Principal component analysis (PCA) [42] is a statistical
technique that is used to find patterns in data. PCA is more
commonly used to reduce the dimensionality of data, which
can make it easier to analyze and interpret. In this study,
PCA was used to investigate the relationships between the
contents of acacia, citrus fibers, coffee grounds, and
anthocyanins in biscuits and their main characteristics.
Before the implementation of PCA, the data were
normalized in the interval [0,1]. One-way ANOVA was used
to evaluate differences among group means for the
relevant variables. Where ANOVA indicated statistically
significant differences (p < 0.05), a post hoc LSD (Least
Significant Difference) was performed.

Additionally, for datasets that did not meet the
assumption of normality, the Kruskal-Wallis test, a non-
parametric alternative to ANOVA, was applied to ensure
the validity of the statistical inferences.

The MATLAB software system (The Mathworks Inc.,
Natick, MA, USA) was used in the processing of the
obtained data. All data were processed at an accepted level
of statistical significance, a < 0.05.

RESULTS AND DISCUSSION
Physical and color characteristics

Two types of biscuits, gluten and gluten-free, with four
functional components, were observed. In Figure 1, the
gluten and gluten-free biscuits are presented in a general,
stylized form. Usually, the gluten biscuits had a brownish
color, which was consistent with their production.

However, there were some notable variations between
samples, to which finely ground citrus fibers, spent coffee
grounds, anthocyanins, and acacia were added. They
appeared noticeably darker in color than the control
sample. This observation suggested that these additives
might have affected the baking process in a way that
resulted in a more intense coloration of the biscuits. In
contrast, the acacia biscuits appeared closer in color to the
control sample, suggesting that this additive had less effect
on the baking process, fewer pigments, and a color close
to that of wheat flour.
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Also, the gluten-free biscuits were presented in a
general, stylized form. Noticeable color variation was
observed between the different samples, which included a
control sample as well as those supplemented with citrus
fibers, acacia, coffee grounds, and anthocyanins. The
control sample and those with citrus fibers and acacia were
fairly similar in color, suggesting that these additives had
relatively little effect on the overall appearance of the
biscuits. In contrast, samples with coffee grounds and
anthocyanins were significantly darker in color, indicating
that these additives had a more pronounced effect on the
biscuit's pigmentation. The visual presentation of color
differences between samples of gluten-free biscuits might
reflect differences in their composition, processing
methods, or interactions between these factors. These
results may be of interest to food producers seeking to
optimize the visual appeal of their gluten-free products.

The change in color characteristics of the gluten-free
biscuits corresponds to their visible presentation above.
The addition of acacia did not result in a color change
compared to the control, while samples with citrus fibers,
coffee grounds, and anthocyanins appeared darker.

Table 2 shows data on gluten and gluten-free biscuits
with various additives. The main effect of the addition of
citrus fibers, acacia, coffee, and anthocyanins in gluten
biscuits appeared to be related to their effect on the coloring
of the final product. Specifically, the samples with citrus
fibers, coffee grounds, and anthocyanins appeared darker
in color than the control biscuits, while the acacia sample
was similar in color to the control. However, it was important
to note that these natural additives might have other effects
on the physicochemical characteristics of biscuits. For
example, Citri-Fi®100FG is a natural citrus fiber that has
been shown to improve moisture retention and texture in
biscuits. Acacia, also known as gum arabic, is a common
food additive that improves the viscosity and stability of
biscuits. Coffee and anthocyanins are sources of
antioxidants that have potential health benefits.

From Table 2, it is evident that the mean values for the
thickness of gluten biscuits decrease in the presence of the
additive. A significant difference in thickness was observed
for the sample with citrus fiber, while greater thickness was
reported for the gluten-free samples, except for the coffee
biscuits. All functional cookies were increased in diameter
compared to the control. A significant difference in spread
ratio was observed for all biscuits. The increase in the
spread ratio in the gluten-free cookies with coffee addition
might be due to a significant decrease in cookie thickness.

The value of the spread factor of all cookies ranged
from 2.98 to 7.88. Clear differences in the spread factor
were observed across all biscuit samples. In terms of
physico-chemical characteristics, the moisture content of
gluten-free biscuits varied depending on the type of additive
used. Acacia biscuits had similar levels of moisture content
to the control, while those with citrus fibers, coffee grounds,
and anthocyanins showed increased moisture content. In
addition, adding these additives to gluten-free biscuits
increased their antioxidant activity, which might provide
potential health benefits.
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flour and supplement, it was in the range of 44.62-
128.63 mg. The lowest content of these compounds was
found in the control biscuits. It is worth noting that all the
various types of polyphenols, the most abundant in
phenolic acids, flavonoids, and anthocyanins, are acacia

Polyphenol content

The content of total polyphenols for the gluten-free samples
was in the range of 29.74-37.95 mg GAE/100 g. The
content of total polyphenols was highest in gluten-free

biscuits with coffee (77.98 mg), while in biscuits with wheat

Table 1. Raw materials used for gluten and gluten-free biscuits.

biscuits and coffee biscuits.

Gluten biscuits

Functional Additive Control Citrus fibers, 2% Acacia, 3% groﬁgg§e4% Anthocyanin, 1%
Flour type 400, g 100 98 97 96 99
Sugar, g 20 20 20 20 20
Additive, g - 2 3 4 1

Water, ml 40 40 40 40 40
Sunflower oil, ml 30 30 30 30 30
Vanilla, g 2 2 2 - 2

Gluten-free biscuits

Functional Additive Control Citrus fibers, 2% Acacia, 3% grogg(fjfse4% Anthocyanin, 1%
Rice flour, g 100 98 97 96 99
Stevia, g 10 10 10 10 10
Additive, g - 2 3 4 1

Water, ml 50 50 50 50 50
Sunflower oil, ml 30 30 30 30 30
Vanilla, g 2 2 2 - 2

Table 2. Characteristics of gluten and gluten-free flour biscuits with various additives.

Parametar Control Acacia Citrus fibers Coffee grounds Anthocyanins
Color characteristics
L 56.70+0.40° 43.00+4.16" 25.68+3.13 23.55+0.61° 25.02+3.97°
a 3.41+0.28" 2.09+0.95 0.99+0.45" 5.55+0.61 4.74+0.93
b 16.33+0.98 11.78+2.25 7.64+2.51" 9.88+1.14" 4.79+0.65
c 16.42+0.58 11.97+2.38 7.70+2.54" 11.34+1.28" 6.30+1.68"
h 78.11+0.54" 80.26+2.44" 82.80+1.03" 60.66+1.09° 40.09+5.40°
Physico-chemical characteristics
WA 0.82+0.00™ 0.83+0.01" 0.84+0.00™ 0.86+0.06 0.85+0.00™
MC, % 14.51+0.08™ 15.25+0.07" 12.89+0.04" 12.08+0.04" 15.36+0.12°
D, cm 4.67+0.157 5.03+0.15" 4.93+0.12" 4.77+0.25" 5.07+0.06
7,cm 1.57+0.06" 1.53+0.06" 1.27+0.06" 1.40£0.10° 1.48+0.03"
SR 2.98+0.04 3.28+0.04 3.90+0.24" 3.41x0.07° 3.42+0.03"
Antioxidant activity
TP, GAE/100g 44.62+0.02" 66.29+0.30° 50.93+0.23" 128.63+0.11 58.46+0.57
DPPH, TE/100g 250.85+0.54™ 174.90+0.43" 265.98+0.07 887.11+0.82" 490.25+0.06™

Gluten-free biscuits

Parametar Control Acacia Citrus fibers Coffee grounds Anthocyanins
Color characteristics
L 31.82+2.65 29.20+1.22 38.08+1.22 18.21+0.84" 16.45+4.55
a 1.13+0.06" 0.95+0.12 0.59+0.10 -0.21+0.18" -0.06+1.67"
b 6.77+0.33" 6.22+0.69° 7.44+1.10° 1.36+0.26~ -1.96+0.27°
c 6.86+0.33" 6.28+0.73" 7.49+1.16" 1.39+0.26" 2.38+0.38"
h 80.54+0.45 83.02+2.38" 83.11+2.87 90.41+14.56" 238.36+8.88"
Physico-chemical characteristics
WA 0.84+0.01" 0.86+0.06™ 0.85+0.00™ 0.89+0.00™ 0.90+0.00™
MC, % 8.99+0.05 8.94+0.11 9.71+0.09 9.15+0.03" 9.50+0.06
D, cm 4.97+0.06 5.07+0.12° 5.00+0.00™ 4.97+0.06 5.10+0.10°
7,cm 0.77+0.06 0.81+0.01 0.81+0.01° 0.63+0.06 0.90+0.10"
SR 6.51+0.56 6.28+0.20" 6.17+0.08" 7.88+0.64" 5.71+0.53
Antioxidant activity
TP, mg GAE/100 g 29.74£0.08 46.91+0.02" 31.96+0.19 77.98+0.61" 37.95+0.57
DPPH, mg TE/100 g 104.86+0.5" 174.80+0.2" 170.84+0.53™ 348.25+0.08 422.09+1.25

WA-Water activity;, MC-Moisture content, D-Diameter,; T-Thickness, SR-Spread ratio, TP-Total polyphenols;, DPPH - DPPH assay. Values are
represented as mean * standard deviation of triplicate samples. Mean values bearing different columns with superscript in the same column
differ significantly (p<0,05). All data have statistically significant differences at p<0,05
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Figure 1. General view of biscuits with additives: g) gluten biscuits and b) gluten-free biscuits.

The baking process at high temperatures (>180-
200 °C) can have a significant impact on polyphenolic
molecules, leading to some changes in their content and
structure [43]. For example, as a result of heat treatment,
anthocyanins can be converted to chalcone glycosides and
then hydrolyzed to chalcones, which are sequentially
cleaved to form various end products such as aldehydes
and acids [44]. In addition, metal ions present in food (iron,
copper, and manganese) can be involved in the conversion
of anthocyanins into quinones, which can react with
proteins and other polyphenols to form condensation
products that contribute to the browning of food [45]. In
wheat grain, mostly insoluble fractions (77%) are found,
followed by bound soluble acids (22%), including free and
soluble fractions (0.5-1%) [46]. Baking increases the level
of free phenolic acids in bread, cakes, and buns, but
decreases the amount of bound phenolic acids [47],
suggesting that baking may promote the release of
phenolic acids from bound to free.

The antioxidant activity of biscuits

The antioxidant activity of wheat flour biscuits was
between 250 and 490 mg TE/100 g, while gluten-free
samples ranged from 105 to 422 mg TE/100 g (DPPH
method). Nevertheless, using the measurement method,
the antioxidant activity of all cookies enriched with healthy
additives was greater than that of the control biscuits,
except for the wheat flour and acacia samples. The
observed differences in the antioxidant activity of the
studied biscuits were the result not only of the differences
between the plant sources of the additives but also of the
antioxidant activity of the individual phenols. The structure
of polyphenolic compounds also plays a significant role; the
greater the number of hydroxyl groups, the better the
antioxidant properties [48].
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Color characteristics of gluten biscuits

Color parameters are important indicators of quality
and influence consumers' willingness to buy a food product.
As a result of the instrumental color analysis, it was found
that the control was the lightest, with a high value for color
brightness, L*=56.27 (Table 3); higher L* values do not
necessarily mean a deterioration in product quality, rather
it may be the dilution effect of the wall materials refers to
the presence of light-colored components (such as dietary
fibers or polysaccharides) derived from encapsulating
agents, which reduce the visual intensity of natural
pigments in the dough, resulting in higher L* values (i.e., a
lighter appearance).

With the darkest coloring were the samples with coffee.
From Table 2 and normalized values in Table 3, it can be
seen that the biscuits containing coffee have the highest
values for parameter & (5.55). The values for the
parameter g* of the other types of biscuits are in the range
from 0.99 to 4.74. This shows that all types of biscuits are
in the brown-red range. From the research, we found that
the lowest values for parameter 5* have the biscuits
containing anthocyanins (4.79), which proves the blue-
purple color characteristic of anthocyanins. The highest
values for 5" were recorded for the control biscuits (16.33),
which characterized them with a yellow color.

The hue angle (") reflects the characteristic color of
the samples. Hue angles of 0 °, 90 °, 180 °, and 270 °
represent red, yellow, green, and blue colors, respectively
[50]. All samples showed values from the yellow coordinate
(40.90-82.80).

Color saturation (C¥) of biscuits is a measure of color
purity. The most saturated and uniform color was the
control because the additives were of different particle
sizes and had different color saturation in the cookies.
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Figure 2 shows the color difference between a control
sample and those with additives. In gluten flour biscuits, the
addition of citrus fiber resulted in smaller color differences
with the control sample. The samples with added coffee
spent grounds and anthocyanins showed the biggest
differences.

In the case of gluten-free biscuits, due to the specificity
of the flour used, the control sample had a darker color. For
this reason, samples with coffee spent grounds and
anthocyanins had a small color difference from it. The
biggest difference was seen in the acacia sample, as it was
lighter in color.

Color characteristics of gluten-free biscuits

The biscuits containing citrus fibers have the highest
value for the L* parameter (38.08). The biscuits produced
with the addition of anthocyanins (16.45) had the lowest
values for this parameter due to the dark color of the
addition. The values for the parameter &* in biscuits made
with coffee and anthocyanins were the lowest, which
characterized their dark brown and blue color, as well as
the absence of gluten. The highest values for the same
parameter were reported for the control biscuits.

The parameter 5" indicates whether a studied object
has a yellow or blue color. The lowest values for this
parameter have been obtained for the biscuits produced
with anthocyanins, while the highest values for the b5
parameter were reported for the biscuits with citrus fibers.

The most saturated color (C*) is the citrus sample. The
hue angle (/) in the gluten-free samples was quite
variegated; the control and the acacia citrus biscuits were
in yellow shades, the coffee sample was in brown shades,
and the anthocyanin biscuits were in purple-blue shades.

Measured data for biscuits made from gluten and
gluten-free flour with different additives was processed with
the PCA method. Table 3 shows the quality characteristic
values of gluten and gluten-free biscuits with different
additives. Values were normalized in the interval [0,1].
These values were most affected by the various additives
in the biscuits. The number of components required was
determined under the condition that the sum of the principal
components should describe more than 95% of the
variance in the data. Up to 11 principal components could
be calculated in rows, and up to 4 in columns.

Figure 3 shows principal component analysis (PCA)
results for biscuits with gluten and gluten-free and various
additives. Collectively, the three principal components
describe over 95% of the variance in the experimental data.
The control sample differed from the other samples with
additives in the content of polyphenols and the L* (CIE Lab)
color component. Regardless of the additive, they affect the
color component. A significant difference in the /4 (CIE Lch)
color component appeared with anthocyanin and coffee
supplements. Additions of citrus fibers and acacia had a
significant impact on the main characteristics of the
biscuits.

The specific characteristics of the composition of citrus
fibers, coffee grounds, anthocyanins, and acacia, which
lead to changes in the colors, physicochemical characte-
ristics, and antioxidant activity of the biscuits, may vary for
each additive. Citri-Fi®100FG is a natural citrus fiber that
can function as a water-binding agent, increasing the
moisture content and viscosity of biscuits. This can also
potentially affect the color and texture of the biscuits. Citrus

Table 3. Normalized mean values of quality characteristics of gluten and gluten-free biscuits with various additives.

Gluten biscuits

Parametar Control Acacia Citrus fibers Coffee grounds Anthocyanins
L 0.22 0.24 0.09 0.03 0.05
a 0.01 0.01 0.00 0.01 0.01
b 0.06 0.06 0.03 0.01 0.01
c 0.06 0.06 0.03 0.01 0.01
h 0.31 0.45 0.31 0.07 0.08
WA 0.00 0.00 0.00 0.00 0.00
MC 0.05 0.08 0.05 0.01 0.03
D 0.02 0.02 0.02 0.00 0.01
T 0.00 0.00 0.00 0.00 0.00
SR 0.01 0.01 0.01 0.00 0.01
TP 0.17 0.37 0.19 0.14 0.12
DPPH 1.00 1.00 1.00 1.00 1.00
Gluten-free biscuits
Parametar Control Acacia Citrus fibers Coffee grounds Anthocyanins
L 0.30 0.16 0.22 0.05 0.04
a 0.00 0.00 0.00 0.00 0.00
b 0.06 0.03 0.04 0.00 0.00
c 0.06 0.03 0.04 0.00 0.01
h 0.76 0.47 0.48 0.26 0.57
WA 0.00 0.00 0.00 0.00 0.01
MC 0.08 0.05 0.05 0.03 0.03
D 0.04 0.02 0.03 0.01 0.02
T 0.00 0.00 0.00 0.00 0.01
SR 0.05 0.03 0.03 0.02 0.02
TP 0.28 0.26 0.18 0.22 0.09
DPPH 0.99 1.00 1.00 1.00 1.00

WA - Water activity; MC - Moisture content; D - Diameter; T - Thickness, SR - Spread ratio, TP - Total polyphenols; and DPPH - DPPH assay.
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fibers also have antioxidant properties that may contribute
to the increased antioxidant activity of the biscuits.

The results of the analysis (PCA) for gluten-free

biscuits also showed a significant difference in the 4 (Lch)
color component for all additives because the control
sample differed from the supplemented ones precisely on
this component. The sample with anthocyanins significantly
changed the polyphenol content of the biscuits. The citrus
fibers, coffee grounds, and acacia samples had an equally
significant effect on the other biscuit characteristics.
The findings of this study complement the work of Cervini
et al. [17], who investigated how specific formulations
influence the composition and characteristics of gluten-free
biscuits compared to their gluten-containing counterparts.
They identified significant differences in moisture content
and color attributes between the two types, highlighting the
impact of gluten on sensory properties and overall product
quality. These insights provide valuable guidance for
biscuit manufacturers, enhancing the understanding of how
formulation choices affect key product characteristics.
Furthermore, this study reinforces and expands the existing
body of research on gluten-free biscuit development.

Specifically, studies by Kohli et a/. [18] and Sharoba et
al. [19] were included in the present analysis, which found
moisture content to be a crucial characteristic in the
formulation of gluten-free biscuit recipes. They suggested
using alternative flours rich in bioactive compounds to
improve the characteristics of gluten-free biscuits.

To improve the characteristics of gluten-free biscuits, it
is suggested to use alternative flours, such as coconut and
almond, as recommended by Hopkin et al/ [21]. By
incorporating alternative flours, biscuit manufacturers can
potentially improve the sensory characteristics and overall
quality of gluten-free products.

The presence of citrus fibers and acacia indicates that
the biscuits are high in fiber and may be beneficial in
promoting gut health. Similarly, coffee grounds impart a rich
flavor to biscuits and, together with anthocyanins, improve
the antioxidant activity of the final product. In other words,
the resulting biscuits are not only tasty but also useful for
the consumer, thus complementing the research of
Elhassaneen et a/. [24] and Azuan et al. [29].

The present study provides valuable information for the
characterization of gluten and gluten-free biscuits with
different functional additives. Its results can serve as
preliminary baseline data to be used for future evaluations
and studies related to the express automated analysis of
biscuits. Based on them, researchers and the food sector
in general can have a better understanding of the properties
of these types of biscuits and develop more efficient and
effective methods for their production. Also, the results can
significantly contribute to the development of high-quality
biscuits with added value - improved nutritional value and
sensory characteristics.

The results from the nutritional profile and energy value
of biscuits with gluten and gluten-free biscuits are present-
ed in Table 4. It can be seen that the control samples have

the highest amount of carbohydrates (49.20 g/100 g), and
the biscuits containing acacia have the least amount
(47.98 g/100 g). There is a tendency that with the addition
of a functional component in the recipe composition of
biscuits, the amount of carbohydrates decreases. The
protein and fat content show no statistically significant
differences among the biscuit samples containing wheat
flour. In addition, adding fiber-rich ingredients increases the
content of dietary fiber in biscuits. Products with the additive
have a reduced energy value compared to the control
sample.

The nutritional composition of gluten-free biscuits is
also presented in Table 4, including the content of fat, pro-
tein, dietary fiber, and carbohydrates, as well as the energy
value. Biscuits mainly contain carbohydrates (45.60-
47.06 g/100 g), followed by fat (~18 g/100 g). Dietary fiber
contains a variety of carbohydrates that are not hydrolyzed
or absorbed by the human small intestine and whose daily
intake is associated with health benefits, particularly for
gastrointestinal function [51]. According to European
regulations [52], food can use the nutrition claim 'source of
fibre' if it contains at least 3 g/100 g, and can claim rich in
fiber' if it contains 6 g/100 g or more. In this sense, all
samples of gluten-free biscuits could be labeled as rich in
fiber" (6.32-7.68 g/100 g). The protein content was found
to range from 3.39 to 3.46 g /100 g. The energy value of
the gluten-free and supplemented biscuits was lower
compared to the control sample. Microbiological analysis of
biscuits with and without gluten

Table 5 shows the microbiological determination of
biscuits with and without gluten, in which the total number
of microorganisms and the presence of molds and yeasts
were analyzed. Regarding the group of filamentous molds
and yeasts, no presence was detected; therefore, good
manufacturing practices were used during the production
process of the biscuits.

The percentage of additives did not significantly affect
the total number of yeasts, molds, and microorganisms.
The established values of aw correspond to the obtained
results of the microbiological analysis. The microbial load
of the biscuit samples was compared to microbiological
standards for fortified mixed products, and the total number
of microorganisms was found to be less than 1:10° CFU/g.
This value falls within acceptable limits.

CONCLUSION

In this study, a comparative analysis was conducted
between traditional gluten and gluten-free biscuits enriched
with citrus fibers and functional additives including citrus
fibers, acacia, coffee grounds, and anthocyanins. The
results revealed notable differences in the composition and
properties of gluten and gluten-free biscuits:

Citrus fibers: Most effective in increasing dietary fiber
content. At a 5% addition level, gluten-free biscuits meet
the criteria for the nutritional claim ’high in fiber,” making this
the simplest and fastest option for implementation in the
biscuit industry.
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Table 4. Nutritional profile and energy value of biscuits with gluten and gluten-free (per 100 g of product).

Gluten biscuits

Indicators Control Acacia Citrus fibers Coffee grounds Anthocyanins
Carbohydrates, g/100 g 47.81 45.24 46.16 46.48 47.40
Dietary fiber, g/100 g 1.39 2.74 2.22 2.05 1.38
Proteins,
g/100 g 6.44 6.28 6.37 6.42 6.37
Fats,g/100 g 18.26 18.21 18.23 18.20 18.24
Energy value, kcal/100 g 378.56 364.49 369.75 371.30 376.48
Gluten-free biscuits
Indicators Control Acacia Citrus fibers Coffee grounds Anthocyanins
Carbohydrates, g/100 g 46.24 43.85 44.49 44.48 45.75
Dietary fiber, g/100 g 0.82 1.75 1.60 1.47 0.81
Proteins, g/100 g 3.46 3.39 3.45 3.44 3.42
Fats, g/100 g 16.86 16.82 16.83 16.85 16.84
Energy value, kcal/100 g 352.18 343.84 346.43 346.27 349.86
Table 5. Microbiological indicators of biscuits.
Microorganisms Control Acacia Citrus fibers Coffee grounds  Anthocyanins
Total number of microorganisms
Total Plate Count CFU/g <10 <10 <10 <10 <10
Molds and yeasts CFU/g Absence  Absence Absence Absence Absence

Acacia: Contributes to increased antioxidant activity
and fiber content. A 3% addition of gluten-free biscuits
yielded good results without negatively affecting texture or
processing.

Coffee grounds: Enhances both antioxidant activity
and dietary fiber content. A 2% addition was found to be
effective without complicating the production process.

Anthocyanins: Improve the visual color characteristics
of the biscuits, especially in gluten-free formulations, with
limited effect on antioxidant activity.

Based on the balance between nutritional benefit and
ease of application, citrus fibers at 5% in gluten-free
biscuits are recommended as the most effective option for
industrial use. Further research is needed to investigate the
effect of these additives on product shelf life.
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BISKVITI SA GLUTENOM | BEZ GLUTENA SA
FUNKCIONALNIM KOMPONENTAMA: FIZICKOHEMIJSKA,
NUTRITIVNA | ANTIOKSIDATIVNA SVOJSTVA

Cilj ovog rada je bio da se utvrdi uticaj razlicitih jedinjenja na nutritivne,
antioksidativne, mikrostrukturne i karakteristike boje biskvita klasifikovanih
kao biskviti sa glutenom i bez glutena. Naime, biskviti su obogaceni djjetetskim
viaknima, viaknima akacije, talogom kafe i anfocijaninima. Dodavanje ovih
funkcionalnih komponenti u matricu biskvita uticalo je na fizicka svojstva
biskvita, naime, vrednost faktora Sirenja svih biskvita kretala se od 2,98 do
7,88, sadrzaj ukupnih polifenola se povecao, najveci sadrZaj polifenola
dobijen je kod biskvita bez glutena sa dodatkom taloga kafe (77,98 mg), dok
Je kod keksa sa psenicnim brasnom bio u rasponu od 44,62 do 128,63 mg. Svi
bezglutenski biskviti mogu se oznaciti kao proizvodi ,bogati viaknima“
(6,32-7,68 g/100 g) i sa vecim sadrZajem antioksidanasa u poredenju sa
biskvitima bez dodatih sastojaka. Ukupan broj mikroorganizama u testiranim
biskvitima fe [spod prihvatjivih granica. Rezultati ove studife pokazuju da
ukljucivanje sirovih nutritivnih  komponenti u recepturu tradicionalnih
glutenskih i bezglutenskih biskvita dovodi do poboljsanja nutritivne vrednosti i
drugih karakteristika kvaliteta obogacenih prehrambenih proizvoda.

Kljucne reci: Antioksidativna aktivnost, sadrzaj polifenola, biskvit,
biskviti bez glutena.
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DESIGN OF INDUSTRY-CENTRIC CONTROLLER FOR
MIMO CSTH PROCESS WITH ENHANCED DISTURBANCE
REJECTION

Highlights

o A first principle and transfer function model for the CSTH process was
developed and validated.

« Conventional PID, MPC, and RTD-A controllers have been designed for the
developed model.

« Responses were evaluated via performance indices, focusing on disturbance
rejection.

Abstract

This paper focuses on designing an advanced control scheme tailored for large-
scale industrial processes, where controllers must maintain effective
performance despite significant disturbances and selpoint changes. The primary
focus of the proposed RTD-A controller is on robust disturbance rejection. RTD-
A possesses the benefits of both conventional PID and MPC control schemes.
As model-based methods face challenges in addressing increasingly complex
processes, data-driven techniques have gained popularity in industrial system
monitoring due to their ability to handle unknown physical models. In this work,
both the first-principle and transfer function models of the CSTH system are
developed using real-time data and represented as a multi-input, multi-output
(MIMO) system. PID, MPC, and RTD-A controllers are then applied to regulate
the temperatures of the two tanks. The performance of these controllers is
carefully examined using integral performance criteria and the time domain
analysis to accurately assess their dynamic behavior and control precision. The
results demonstrate that the RTD-A controller exhibits superior performance in
mitigating disturbances. The RTD-A control strategy exhibits outstanding
performance with near-zero overshoot (0% in servo and about 0.05% in
regulatory responses) and stable settling times close to 430 - 440 seconds in
both tanks. Although MPC and PID controllers offer quicker responses, their
greater overshoot and longer settling times establish RTD-A as the preferred
method for achieving reliable, precise, and safe control in industrial processes.

Keywords: CSTH, MIMO, PID, MPC, RTD-A, Disturbance Rejection.

Many industrial processes are inherently multi-variable
and can be effectively modeled as multi-input, multi-output
(MIMO) systems. The design and implementation of
controllers for such MIMO systems present substantial
challenges, primarily due to the complex interactions and
couplings between the system’s feedback loops, which
result in dynamic behaviors that require sophisticated
control strategies. A quintessential example of such a
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system is the laboratory-scale continuous stirred tank
heater (CSTH) process, which consists of two interlinked
tanks and a recirculation valve. This configuration creates
a highly interactive system, making it an ideal experimental
platform for evaluating and testing the performance and
robustness of various control strategies specifically
designed for MIMO systems.

The CSTH process, characterized by its non-linear
dynamics, demonstrates intricate coupling between the
temperature and flow rate within the two tanks. The system
provides a versatile environment to examine issues like
system stability, transient behavior, setpoint tracking,
disturbance rejection, and optimal regulation. As such, it
serves as an excellent testbed for developing and valida-
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ting advanced control methodologies that can enhance
performance, robustness, and efficiency in industrial
process control.

A linearized state-space and transfer function model
was developed, and a linear multivariable controller was
designed. The structure and fundamental governing equati-
ons of the modified CSTH model, utilized in this work, were
proposed by Thornhill et a/ [1]. The just-in-time learning-
based data-driven (JITL-DD) method was employed in the
continuous stirred tank heater (CSTH) pilot system to
derive the mathematical model, as outlined by Zheng et a/.
[2]. In Albagul et al. [3], both conventional proportional
integral (P1) controllers and Pl fuzzy logic controllers were
proposed for regulating the concentration in the linear
continuous stirred tank reactor (CSTR). It was shown that
the fuzzy-based PI controller outperformed the conventio-
nal one in terms of controller performance criteria such as
integral absolute error (IAE), integral square error (ISE),
and settling time [4-6]. Cascade control strategies for
temperature regulation in the CSTH process were explored
by Mahmood and Nawaf [7]. A deadbeat controller was
designed to stabilize the system and achieve optimal
adaptive realization for the CSTH process, as discussed by
Zhang et al. [8], with a focus on meeting specific perfor-
mance specifications. A dual adaptive model predictive
controller (DAMPC) for controlling the temperature in a
cascaded CSTH process was designed and validated on a
real-time setup by Kumar et a/. [9]. Mathematical modelling,
conventional control, and cascade control of the simulated
CSTH process were thoroughly explained by Li and Jiang
[10].

In addition, the limitations of traditional PID controllers
in industrial applications were analyzed, leading to the
introduction of the robustness, setpoint tracking,
disturbance rejection - aggressiveness (RTD-A) controller
by Ogunnaike and Mukati [11]. This controller combines the
simplicity of PID with the features of model predictive
controller (MPC), simplifying tuning by normalizing
parameters. Simulations on a nonlinear process confirmed
its effectiveness, with future research directed towards
enhancing stability and optimizing parameter selection.
Further advancements in the RTD-A controller were made
by Mukati ef a/. [12] by developing tuning rules using M-
constrained integral gain optimization to balance
performance and robustness. Stability was ensured using
an FOPDT model, and the controller was validated
experimentally on liquid level and temperature control
systems, introducing stability contour plots for optimal
parameter selection. The RTDA controller was applied to
nonlinear stochastic processes by Febina and Angeline
[13], specifically in a conical tank system, demonstrating its
advantages over traditional PID controllers and MPC in
handling nonlinear dynamics. Moreover, the RTDA was
shown to be highly effective in managing both minimum
and non-minimum zeros in second-order plus dead time
(SOPDT) processes, offering a simpler, more effective, and
robust solution compared to IMC and MPC by Anbarasan
and Srinivasan [14]. Applications of the RTDA include
systems like CSTR and distributed control systems (DCS).
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In conclusion, while much of the existing research has
focused on the modelling and control of single-stage CSTH
systems, advanced control strategies like fuzzy-based PI
controllers, cascade control, and adaptive MPC have
demonstrated considerable performance improvements.
Furthermore, the RTDA controller's combination of PID
simplicity and MPC features, along with its ability to handle
nonlinear dynamics and optimize stability, presents signifi-
cant potential for research and optimization in multi-stage
CSTH systems and other industrial applications.

This paper is organized as follows: Section Il describes
the CSTH process setup available in the laboratory.
Section Ill discusses the mathematical modeling of the
CSTH process using both the first principle model and the
transfer function model, followed by validation with the real-
time CSTH process. Section IV covers the implementation
of both conventional and proposed controllers. Section V
presents the results, while Section VI concludes the paper
and outlines future research directions.

PROCESS DESCRIPTION

The CSTH is a sophisticated multivariable system wi-
dely used in industries like chemicals and pharmaceuticals.
This system serves as a module for regulating and analy-
zing the temperature of liquids. Temperature measurement
and control in industrial settings cover a broad range of
applications and requirements. To address these diverse
needs, the process control industry has developed
numerous sensors and cutting-edge control strategies to
regulate temperature, both in industrial and domestic
settings.

The process flow diagram of the CSTH process
available in the Department of Instrumentation Engineer-
ing, MIT campus, is shown in Figure 1.

The CSTH process involves two separate water
storage tanks. The cold water entering Tank 1 is heated by
an electrical heater. The overflow from Tank 1 is transferred
to Tank 2, where it is heated by a separate electrical heater.
Before the heating process begins, both Tank 1 and Tank
2 are maintained at steady-state levels. A portion of the
outflow from Tank 2 is recirculated back into Tank 1, which
introduces the additional multivariable interaction and
additional complexity to the system, while the remaining
water is drained. The outflow rate is adjusted to ensure that
the steady-state levels in both tanks are maintained during
the recirculation process. The first-principle and transfer
function models were developed based on steady-state
parameter values from the real-time setup, and their
responses were validated by comparing them with actual
process data.

This system is a 5-input and 3-output system. The
inputs include the flow rates for Tank 1 (F~7), Tank 2 (F2),
and the recirculating flow rate from Tank 2 to Tank 1 (Fr),
each controlled by separate valves. Q7 and Q- represent
the heat inputs to the heaters in Tank 1 and Tank 2,
respectively. The outputs are the temperatures (77 and 72)
of Tank 1 and Tank 2, and the water level (42) in Tank 2.
The steady-state values for the real-time CSTH process are
provided in Table 1.
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MODELLING AND VALIDATION OF CSTH PROCESS

The first principle model is modified to suit the CSTH
process in the laboratory and is validated using the process
parameters of the real-time system [1].

Using Stephanopoulos [15] as the benchmark, the first
principle model for the CSTH process has been further
refined and modified as follows [1]:

dr. Q
1d_t1 = ﬁ +F (T, —T) +Fr(T, —T)) @
dT. 0
zd_t2 = i + Fp(Ty = T,) — Fr(T, = Ty) —
Ul2rryhy (T, — T,) 2)
dh
Azd_tZ:Fz_[Fout+FR] 3)

The steady-state values are computed by performing an
open-loop response analysis of the real-time CSTH
process by Balakotaiah and Luss [16]. Initially, the flow
rates of the tanks are regulated to maintain stable levels in
both tanks. Once the steady-state level is established in
Tank 2, the heater is activated to achieve the initial steady-
state temperatures of Tank 1 (77s) and Tank 2 (7zs). Upon
reaching the initial steady state, a step change is
introduced to Heater-1 to establish the first steady-state
temperatures for Tank 1 (77) and Tank 2 ( 7z).

Subsequently, a second step change is applied to
Heater-2 to attain the second steady-state temperatures for
Tank 1 (77ss) and Tank 2 (7zss). The specific heat capacity
and heat transfer coefficient are derived by analyzing the
steady-state thermal response curve of either Tank 1 or
Tank 2, and then approximated using the following
relations:

_ a0

P AT )
_ Q+wCp(Ti—Tss)

U - A(Tss_Ta) (5)

A = 2nrh (6)

where are G, is the specific heat capacity, U is the heat
transfer coefficient, w is the inlet flow rate, Q is the
electrical heat energy given to the tank, mis mass of liquid
in the tank, 47 is the temperature change, 7;is the initial
temperature of liquid, 7ssis the steady state temperature of
liquid, 7 is the atmospheric temperature of liquid, A is the
area of the liquid in the tank, ris the radius of the tank, and
his the steady state height of the tank.

For the sake of simplicity, the proposed work considers
Q7 and Q- as the manipulated variables for controlling the
temperatures of Tank 1 and Tank 2, respectively. Figure
2(a) illustrates the real-time steady-state response of the
system.

PROCESS
TANK 1

ROTAMETER1

(FROM PC)
PROCESS

PUMP1 RESERVOIR TANK

N

VARIABLE
» SPEED PUMP

Figure 1. Schematic Diagram of CSTH Process.
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Table 1. Nominal model parameters.

Parameter Description Value
A Volume of Tank 1 0.23565 m3
V, Volume of Tank 2 0.20737 m®
A, Area of Tank 2 0.9426 m?
T Radius of Tank 2 0.15m
T; Steady state temperature of Tank 1 40 °C
T, Steady state temperature of Tank 2 41.6°C
h, Steady state level of Tank 2 0.22m
T; Inlet water temperature of Tank 1 36 °C
T, Atmospheric temperature 40 °C
F, Input flow rate of Tank 1 2.8 105 m¥/s
F, Input flow rate of Tank 2 5.85 10°°m3/s
Fout Output flow rate of Tank 2 2.310°m’s
Fr Recirculating flow rate from Tank 2 to Tank 1 3.55 10 m3/s
Q4 Heat input to Tank 1 375 J/s
Q, Heat input to Tank 2 375 J/s
Cp Specific heat capacity 4546 JKg 'K
U Heat transfer coefficient 274.2 W/m?K

The first-principle model is implemented using the
nominal values obtained from the real-time data, and the
corresponding responses are generated using MATLAB
Simulink, as depicted in Figure 2(b). The real-time data is
used to derive the transfer function model for the proposed
CSTH process. As outlined by Bequette [17], the system
can be modeled using three different methods: the 63.5%
method, the two-point method, and the slope method.
Additionally, another general approach, the system
identification method with MATLAB, is also applied. All four
methods are employed to determine the transfer function
model, with the most suitable one selected for validation.
For the proposed CSTH process, the transfer function
model derived using the 63.5% method provides the most
accurate steady-state responses compared to the other
methods. The transfer function elements for the CSTH
process, modeled as a MIMO system, are as follows:

G 0.2 e—7.25$
= 7
1 $+0.02 )
0.32 7258
G, =— 8
12 $+0.0159 ®
0.18 e~10s
G,y = — 9
21 ™ 540.0088 )
G, = 22 e~825 10
22 7 540.0053 10)

The steady-state response of the transfer function
model for the proposed CSTH process is obtained using
MATLAB Simulink and is presented in Figure 2(c).

Table 2 illustrates the steady-state values of the
proposed CSTH process in real time, including those for
both the first-principle and transfer function models.
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By comparing the responses and steady-state values
of the first principle model and the transfer function model,
it is determined that the transfer function model better
matches the real-time steady-state values. Therefore, the
transfer function model is utilized for the controller design
of the proposed CSTH process.

IMPLEMENTATION OF CONTROLLERS
PID Controller

The PID controller, a traditional feedback control
method, adjusts the manipulated variable (such as heater
input) by responding to the difference between the desired
setpoint and the actual temperature. Its simplicity and
reliability make it a widely used approach.

The parameters of the PID controller are calculated
using the Z-N method for the control action [18]. The PID
control parameters are configured as follows: Tank 1's
controller is setto P=1.540, /=0.019, and D= 3.68, while
Tank 2's controller is set to = 0.337, /=0.004, and D=
0.592.

Model Predictive Controller

Model predictive control (MPC) is an advanced control
technique that utilizes a model to forecast the future
behavior of a dynamic system and optimize control inputs
based on these predictions.

The prediction horizon (2) determines how many future
time steps the MPC considers when predicting system
behavior. This enables the controller to anticipate
disturbances or reference changes. The optimal choice of
P depends on the system's dynamics; for slower systems,
a longer prediction horizon is typically more useful, as it
provides a broader view of future behavior. However,
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extending the horizon too much can increase computatio-
nal demands and potentially delay the system’s response.
The control horizon (M) refers to the number of future
control actions the MPC optimizes. A smaller M reduces
computational complexity but limits the controller’s ability to
adjust future actions. On the other hand, a larger M offers
greater flexibility but requires more computational power.
For example, with a prediction horizon of 10, the controller
predicts the system’s behavior for the next 10 intervals,
while a control horizon of 2 optimizes the control actions for
the next two intervals, with subsequent inputs remaining
constant. Thus, the optimized values for the controller are
the prediction horizon of 10 and the control horizon of 2.

Steady State Temperature of CSTH Procesz 3)

46

Temperature
in degree celcius

et v et ot e e e . - -
O NSO OOVANSD IO N O g 0 V0
NN ANOMNM N OO M OO i O O
v ot " AN NN m m -t
ime in 0.25ms
—TEmperature of Tank 1 ——TEMperature of Tank 2
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”
e
v
Ou b)
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2 Temperatare of Task 2
v 4
4 < [ ) v
Time » Soconds
¢
L)
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4 .
24
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W 1 L oy
T 2 Scoveds

Figure 2. Steadly state responses of different models: (g) response of
real-time CSTH process, (b) response of first principle model, and (c)
response of transfer function model.

RTD-A Controller

The RTD-A controller is an innovative solution
designed to tackle the challenges of controlling nonlinear
systems. A standout feature is its ability to independently
adjust parameters for setpoint tracking, disturbance
rejection, robustness, and aggressiveness. This flexibility

simplifies control design and ensures optimal performance
for each objective, without the need for the complex
interdependent adjustments required by traditional
controllers. By combining the simplicity of a PID controller
with the advanced predictive capabilities of MPC, the RTD-
A controller offers a powerful and user-friendly approach for
controlling nonlinear systems. This hybrid method
capitalizes on the strengths of both PID and MPC,
overcoming common tuning issues and providing superior
system performance.

One of the major advantages of the RTD-A controller
is its robustness in handling uncertainties. It remains
reliable even when there are discrepancies between the
system model and the actual plant, making it particularly
suitable for dynamic environments where precise models
are hard to obtain. Additionally, studies have demonstrated
that the RTD-A controller outperforms alternatives like PI-
IMC and MPC in areas such as disturbance rejection and
setpoint tracking, confirming its effectiveness in managing
nonlinear system behavior.

The block diagram of the RTD-A controller is shown
below in Figure 3, which illustrates the structure of a robust
predictive control system designed to track a desired
setpoint, handle disturbances, and ensure overall system
robustness. The process begins with the reference trajecto-
ry, which generates a target path (yi(k)) based on the
setpoint (sp). The control input calculation block determines
the control signal u(k) by minimizing the error between the
reference trajectory and the predicted output (y(k)), taking
into account parameters like setpoint tracking (o) and
control aggressiveness (g,).

The plant represents the actual physical system, which
generates the output y(k)in response to the control signal.
A model of the plant predicts the system’s output, and this
prediction is compared to the actual output to calculate the
error e(k). The current disturbance estimation block
processes this error to identify any disturbances affecting
the system, while the future disturbance prediction block
forecasts their impact.

By integrating all these components, the controller
adapts dynamically to disturbances, ensuring robust and
accurate tracking of the desired trajectory. The control
action u(k)is designed to minimize the difference between
the predicted output of the model and the reference
trajectory over the prediction horizon ~.

1\ [ Zies nip; (k)
u(k)=(3)<—zl}i,=1n2 )

Y, =y (k+1)—a'9k) —éq(k + i) (12)

where P is the prediction horizon determined by control
aggressiveness o, 7; is the process parameter, ¥itk) is
the stipulated error, y,(k + i) is the desired output trajectory
and y(k) is the predicted output.

The aggressiveness parameter o, depends on the
prediction horizon Pand is given by:

P=1- (tl) In(1 - a,)

In this robust predictive control system, several key

(11

(13)
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components are crucial in determining the control action:

Table 2. Steady state values of the proposed CSTH process.

Inputs Outputs
Heater-1 Heater-2 Tank 1 temperature (°C) Tank 2 temperature (°C)
(J/s) (J/s) RT FPM TFM RT FPM TFM
Initial Steady State 375 375 40 41.5 40 41.6 41.6 41.6
First Steady State 450 375 411 41.8 411 43.2 41.9 43.2
Second Steady
450 450 42 41.9 41.9 443 421 44 4
State
RT - Real time,; FPM - First principle model; TFM - Transfer function model
T , (Overall aggressiveness
o, (SPtracking) ! &% )
v, (k)
W : + controL  |u(k) y(k)
REFERENCE - .
TRAJECTORY INPUT PLANT
; CALCULATION
—PI MODEL I
e,(k+j|k)
FUTURE €4 (l‘) CURRENT
DISTURBANCE DISTURBANCE
PREDICTION ESTIMATION

o, (Disturbance
Reiection)

Oy (Robustness)

Figure 3. Block diagram of RTD-A coniroller.

in this robust predictive control system, several key
components are crucial in determining the control action:

Projected effect of past control actions: This
component evaluates the influence of previously applied
control signals on the system's current and future behavior.
It ensures that the control action accounts for the system's
dynamics and the delayed effects of earlier inputs.

Reference trajectory (o;)- The reference trajectory
defines the desired output path the system should follow
over time. By comparing the predicted output to this
trajectory, the controller calculates the error and adjusts the
control action to maintain setpoint tracking.

Projected effect of unmeasured disturbances: This
component estimates disturbances that cannot be directly
measured by using the error signal e(k) and predictive
techniques. By forecasting their future impact, the controller
can proactively address these disturbances and minimize
their effect on system performance.

Together, these components ensure precise setpoint
tracking, effective disturbance rejection, and robust control.

The tuning parameters for each performance aspect of
the controller are as follows:
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*  Robustness: 0 < gz < 1, depends on the current
disturbance effect éx(k)

*  Selpoint Tracking: 0 < o; < 1, depends on the desired
output trajectory yitk+i)

*  Disturbance Rejection: 0 < g, < 1, depends on the
predicted future disturbance effect és(k+i)

*  Overall Aggressiveness: 0 < g, < 1, depends on the
prediction horizon P
The tuned values are presented in Table 3.

RESULTS AND DISCUSSION
Simulation Results

The servo and regulatory performance of the proposed
controller is validated on the CSTH process. The Tank 1
and Tank 2 temperature set points are perturbed by
120 % for validating the servo performance. For validating
the regulatory response, a perturbation of about +5 °C
change in temperature is given (by changing the
recirculation water flow rate) at the 1800" time instant.
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Figure 4. Analysis of the temperature responses of Tank 1 and Tank 2 with different controllers (temperature in °C vs time in seconds).
(a) Comparative response of the Tank 1 temperature for different controllers and (b) comparative response of the Tank 2 temperature for
different controller.

Table 3. Parameter values for RTD-A controller.
Gain value for Gain value for

Controller parameter Tank 1 Tank 2
Robustness (ag) 0.3 0.3
Setpoint Tracking (o7) 0.2 0.2
Disturbance Rejection 01 01
(0p)
Overall 03 03

Aggressiveness (d4)

The servo and regulatory responses of PI, MPC, and
RTD-A controllers for the temperature of Tank 1 and Tank
2 are depicted in Figure 4(a) and Figure 4(b), respectively.

The performance criteria for the obtained responses of

the PI, MPC, and RTD-A controllers for both Tank 1 and
Tank 2 temperatures are listed in Table 4.

Inference

1. PID controller: The PID controller consistently
performs poorly for both Tank 1 and Tank 2, exhibiting
high error values, slow response times, and long-term
instability.

2. MPC controller: The MPC controller shows a
significant improvement over the PID, with better error
reduction, faster stabilization, and enhanced overall
system stability.

RTD-A controller: The RTD-A controller outperforms both

the MPC and PID controllers in terms of peak process
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variable values. However, compared to the RTD-A, the
MPC reaches the setpoint more quickly.

In conclusion, the PID controller consistently under-
performs for both Tank 1 and Tank 2, showing high error
values, slow response times, and long-term instability,
making it unsuitable for this application. The MPC controller
provides a significant improvement over the PID, with better
error reduction, faster stabilization, and enhanced system
stability. However, it still slightly falls short of the RTD-A
controller in terms of long-term error minimization. The
RTD-A controller outperforms both the MPC and PID
controllers in peak process variable values, offering the
best balance of error reduction, stability, and response time
for regulating the temperatures of Tank 1 and Tank 2. While
the MPC reaches the setpoint more quickly, the RTD-A
excels in long-term performance, making it the most
effective choice for this application.

Additionally, the RTD-A controller excels in
disturbance rejection, outperforming both the PID and MPC
controllers. Figure 5(a) and Figure 5(b) offer a detailed
comparison of disturbance rejection for Tank 1 and Tank 2
temperatures across the different controllers. The RTD-A
controller can reject disturbances more quickly and with
less overshoot than the PID and MPC controllers.

The disturbance rejection characteristics of these
controllers are summarized below:

RTD-A Controller

o Response characteristics: The RTDA controller quickly
rejects disturbances, rapidly bringing the system to the
desired setpoint with minimal overshoot and no
noticeable oscillations.

e Settling time: The settling time is longer than that of the
MPC controller, due to the predictive action for
disturbance handling.

e Disturbance rejection performance: This controller
excels in rejecting disturbances, providing a fast,
stable, and precise response.

MPC Controller

¢ Response characteristics: The MPC controller initially
shows considerable oscillations and overshoot before
stabilizing near the setpoint.

e Settling time: It demonstrates the fastest settling time
compared to other controllers.

e Disturbance rejection performance: While the MPC
controller eventually rejects the disturbance, its
performance is moderate, owing to the overshoot and
oscillations observed during the transient phase.

PID Controller

e Response characteristics: The PID controller exhibits
a slow and steady approach to the setpoint without
oscillations. However, it takes considerably longer to
stabilize.

e Settling time: It has the longest settling time, reflecting
its sluggish response to disturbances.

e Disturbance rejection performance: The PID controller
has the least effective disturbance rejection, due to its
delayed response and extended settling time.

194

In terms of performance metrics such as ISE, IAE,
ITSE, and ITAE, the MPC controller outperforms both the
RTD-A and PID controllers. While the RTD-A controller
excels in disturbance rejection, it falls short in these
performance metrics because it doesn’'t exactly track the
setpoint before the disturbance is introduced, due to the
predictive action for disturbance handling. However, it
converges closely to the setpoint, with deviations typically
below 0.08, as illustrated in Figure 6. The RTD-A’s
response includes the entire time response when
calculating integral errors, which contributes to its lower
performance compared to the MPC. However, this
drawback can be disregarded due to the RTD-A controller's
exceptional overall performance, particularly in disturbance
rejection.

The RTD-A controller offers the best disturbance
rejection, providing a fast and stable response with minimal
overshoot. The step response characteristics for both servo
and regulatory responses in Tank 1 and Tank 2 reveal that
the RTD-A method delivers the most stable and controlled
performance among the three control strategies. In the
servo response, RTDA achieves zero overshoot (0% in
both tanks), with peak values of 43 and 45, and settling
times of 437 s (Tank 1) and 428 s (Tank 2), ensuring
smooth and steady control despite having slower rise times
(191 s and 195 s). In contrast, although MPC offers faster
rise times (17.75 s and 21.30 s) and shorter settling times
(33.18 s and 68.58 s), it shows higher overshoot (2.10%
and 13.09%), which is not recommended for industrial
applications. For regulatory response, RTDA again
outperforms by maintaining minimal overshoot (0.05% and
0.06%) and significantly faster settling times (437 s and
428 s) compared to PID (1928 s and 1921 s) and MPC
(1809 s and 1833 s), which exhibit large overshoot values
(~11-13%) and long stabilization periods. Even though MPC
and PID provide quicker initial actions, RTD-A is the most
reliable and robust control strategy, particularly suited for
applications demanding long-term stability, safety, and
precision.

CONCLUSION

This paper presents the development of the first
principle model for the CSTH process, derived from steady-
state real-time data, and the transfer function model, which
is obtained from real-time measurements. Both models are
validated using data obtained from the real-time
experimental setup. Conventional PID, MPC, and RTD-A
controllers are designed for the 2x2 transfer function model,
and their performance is systematically evaluated. For
regulatory response, RTD-A outperforms by maintaining
minimal overshoot (0.05% and 0.06%) and significantly
faster settling times (437 s and 428 s) compared to PID
(1928 s and 1921 s) and MPC (1809 s and 1832 s), which
exhibit large overshoot values (-11-13%) and long
stabilization periods. Even though MPC and PID provide
quicker initial actions, RTD-A is the most reliable and robust
control strategy, particularly suited for applications
demanding long-term stability, safety, and precision. Based
on the result analysis, the RTD-A controller is identified as
the optimal choice for disturbance rejection in regulating the
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temperatures of Tank 1 and Tank 2 in the CSTH process, applications.

making it highly suitable for industrial process control

Table 4. Performance metrics of Tank 1 and Tank 2.

Tank 1 Tank 2
Controller
ISE IAE ITSE ITAE ISE IAE ITSE ITAE
PID 11880 1834 -536300 1028000 14470 1939 -520900 997900
MPC 4031 399.1 93050 123600 5384 516.4 -47410 159300

RTD-A 16700 2272 330800 367400 20960 2480

337500 384100

CSTH Process Tark - 1

i
T
t
i
N S —
- Time (seconds)
a)
CSTH Process Tank - 2
i“
8
;
2.«
¢
T N— \
Tiere (saconds)
b)

Figure 5. Emphasizing the disturbance rejection efficacy in the temperature profiles of Tank 1 and Tank 2 across different controller

configurations (temperature in °C vs time in seconds): (a) highlighting the disturbance rejection of Tank 1 temperature for different controllers,

and (b) highlighting the disturbance rejection of Tank 2 temperature for different controllers.
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Tomgeraire (Gogwe Cotsan )

Tomperstre (Gogwe cotsan)

CSTH Process Tark - 1

CSTH Process Tark - 1
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a)

Figure 6. Emphasizing the disturbance rejection efficacy in the temperature profiles of Tank 1 and Tank 2 for RTD-A controller (Temperature /in
°C Vs Time in seconds): (a) highlighting the disturbance rejection of the Tank 1 temperature for RTD-A controller, and (b) highlighting the

disturbance rejection of the Tank 2 temperature for RTD-A controller,.

ABBREVIATIONS

CSTH - continuous stirred tank heater

CSTR - continuous stirred tank reactor

DAMPC - dual adaptive model predictive controller
DCS - distributed control systems

IAE - integral absolute error

ISE - integral square error

ITAE - integral time absolute error

ITSE - integral time square error

JITL-DD - just-in-time learning based data-driven
MIMO - multiple input multiple output

MPC - model predictive controller

Pl - proportional integral

PID - proportional integral derivative

PI-IMC - proportional integral-internal model controller
RTD-A - robustness, setpoint tracking, disturbance

rejection - aggressiveness

SOPDT - second-order plus dead time

NOMENCLATURE
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V; - volume of tank 1 (m?)

V, - volume of tank 2 (m?)

A, - area of tank 1 (m?)

A, - area of tank 2 (m?)

7y - radius of tank 1 (m)

1, - radius of tank 2 (m)

T, - steady state temperature of tank 1 (°C)
T, - steady state temperature of tank 2 (°C)
h, - steady state level of tank 1 (m)

h, - steady state level of tank 2 (m)

T; - inlet water temperature of tank 1 (°C)
T, - atmospheric temperature (°C)

F, - input flow rate of tank 1 (m3/s)

F, - input flow rate of tank 2 (m3/s)

F,,¢ - output flow rate of tank 2 (m3/s)

Fy - recirculating flow rate from Tank 2 to Tank 1 (m%/s)
Q4 - heat input to tank 1 (J/s)
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Q, - heat input to tank 2 (J/s)

C, - specific heat capacity (JKg'K™")

U - heat transfer coefficient (W/m?2K)

Q - electrical heat energy given to the tank (J/s)

m - mass of liquid in the tank (kg)

AT - change in temperature (°C)

Tss - steady state temperature of liquid (°C)

A - area of the liquid in the tank (m?)

r- radius of the tank (m)

h - steady state height of the tank (m)

P - proportional parameter of PID controller

| - integral parameter of PID controller

D - derivative parameter of PID controller

JAK) -target path of RTD-A controller

Sp - setpoint of process where the RTD-A controller is
implemented

u(k) - control signal of RTD-A controller

Jk) - predicted output of RTD-A controller

or - setpoint tracking parameter of RTD-A controller

o, - control aggressiveness parameter of RTD-A
controller

or - disturbance rejection parameter of RTD-A
controller

oy - robustness parameter of RTD-A controller

MK) - generated output in response to the control
signal of RTD-A controller

ek) - error signal of predicted system’s output and
actual output of RTD-A controller

P - prediction horizon for both MPC and RTD-A
controller

M - control horizon for MPC controller

n; - process parameter

Yik) - stipulated error of RTD-A controller

y.(k +i) - desired output trajectory of RTD-A
controller
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PROJEKTOVANJE INDUSTRIJSKOG CENTRICNOG
KONTROLERA ZA PROCES SA KONTINUALNIM
REAKTOROM SA MESANJEM SA VISE ULAZA | VISE
IZLAZA SA POBOLJSANIM ODBACIVANJEM
POMREMECAJA

Ovaj rad se bavi projektovanjem napredne Seme upravijanja prilagodene
velikim industrijskim procesima, gde kontroleri moraju da odrZzavaju efikasne
performanse uprkos znacajnim poremecafima i promenama zadatih vrednost.
Primarni fokus predloZenog RTD-A kontrolera je na robusnom odbacivanju
poremecaja. RTD-A poseduje prednosti i konvencionalnih PID i MPC sema
upravijanja. Kako se metode zasnovane na modelima suocavaju sa izazovima
u resavanju sve sloZenifih procesa, tehnike vodene podacima su Stekle
popularnost u pracenju industriiskih sistema zbog svoje sposobnosti da
obraduju nepoznate fizicke modele. U ovom radu, i modeli prvog principa i
modeli prenosne funkcije sistema sa kontinualnim reaktorom sa mesanjem su
razvijeni koriscenjem podataka u realnom vremenu i predstavijeni kao sistem
sa vise ulaza i vise izlaza. PID, MPC i RTD-A kontroleri se zatim primenjuju
za regulisanje temperatura dva rezervoara. Performanse ovih kontrolera su
paZziljivo ispitane koriscenjem integrainih Kriterijjuma performansi i analize
vremenskog domena kako bi se precizno procenilo njihovo dinamicko
ponasanje | preciznost upravijanja. Rezultati pokazuju da RTD-A kontroler
pokazuje superiorne performanse u ublaZavanju poremecaja. RTD-A
strategija upravijanja pokazuje izvanredne performanse sa skoro nultim
prekoracenjem (0% u servo i oko 0,05% u regulatornim odzivima) i stabilnim
vremenima smirivanja blizu 430-440 sekundi u oba rezervoara. lako MPC i
PID kontroleri nude brze odzive, njihovo vece prekoracenje i duZe vreme
smirivanja c¢ine RTD-A preferiranom metodom za postizanje pouzdane,
precizne | bezbedne kontrole u industrijskim procesima.

Kljucne reci: Kontinualni reakfor sa mesanjem, vise ulaza i vise
izlazaO, PID, MPC, RTD-A, odbacivanje poremecaja.
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STUDY OF COMBUSTION AND PERFORMANCE IN A
DIESEL ENGINE FUELED BY BIODIESEL-NANOPARTICLE
BLENDS

Highlights

« Energy utilization from Avocado waste peel is extensively studied.

« GONPs nanoparticles were used as an ignition enhancer.

o« AWPB+GONPs 50 ppm improved BTE by 5.98% and BSEC reduced by
30.12% compared to diesel.

« AWPB+GONPs blends, with their stable and reliable performance, are
promising alternatives to diesel.

Abstract

This study examines the combustion and performance of avocado waste peel
biodiesel (AWPB) combined with graphene oxide nanoplates (GONPs) as a
substitute fuel for diesel engines. It also aims to assess the impact of engine
combustion and performance while considering the feasibility of employing waste
materials in fuel generation. The test fuels diesel, AWPB, AWPB+GONPs
50 ppm, and AWPB+GONRPs 100 ppm were evaluated. The results showed that
in-cylinder pressure in AWPB decreased by approximately 3.6% compared to
diesel, while the heat release rate (HRR) increased notably in the
AWPB+GONPs 100 ppm blend. Additionally, diesel exhibited higher ignition
delay (ID) and combustion duration (CD) than all biodiesel blends. The addition
of GONPs in AWPRB led to a 5.98% increase in brake thermal efficiency (BTE)
and a 30. 12% reduction in brake-specific energy consumption (BSEC) compared
to diesel. However, diesel still demonstrated higher engine torque, indicated
mean effective pressure (IMEP), and air-fuel ratio (A/F ratio) relative to biodiese/
fuels, whereas AWPB showed a higher exhaust gas temperature (EGT). These
findings suggest that avocado peel biodiesel, when enhanced with GONPs, is a
viable and cleaner alternative to conventional diesel, offering improved
combustion efficiency and reduced energy consumption.

Keywords. waste to energy; avocado waste peel biodiesel; graphene
oxide nanoplates; performance.

has detrimental effects on human well-being [2].
Automobile research has brought attention to this highly

The global fuel demand has increased due to the
exhaustion of fossil fuel sources. Fossil fuels are
paramount in facilitating the operation of the entire
transportation system. Diesel engines substantially
improved the country's energy efficiency because of their
efficient fuel consumption and decreased engine exhaust
emissions [1]. The presence of temporary urban
differentiation and pollutants emitted at the road level

presents a significant peril to the natural surroundings and
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significant issue. Consequently, a considerable amount of
research is being conducted on alternative fuels, which
have the potential to be derived not just from renewable
sources but also yield substantial reductions in emissions.
This fuel possesses the potential to not only mitigate the
challenges associated with fossil fuels but also to facilitate
further exploration of alternative energy resources, thereby
decreasing our reliance on fossil fuels. Biodiesel, a fuel
obtained from diverse sources such as vegetable olil,
animal fat, and waste cooking oil, is the only feasible
alternative in this context [3]. Environmental degradation
and significant expansion in the usage appropriate to fossil
fuels emphasize the potential usage of biodiesel as a diesel
replacement [4].
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Biofuels, an environmentally friendly fuel, are increasingly
recognized as a viable and promising alternative for diesel
engines in current and future contexts. Biodiesel is derived
from sustainable and enduring feedstocks through
transesterification, characterized by the absence of
aromatics or sulfur compounds [5]. In recent years, a
significant study has been undertaken to employ algal oil,
pine oil, lemon, and orange peel oil with enhanced diesel
engine outcomes [6]. On the other hand, the oil obtained
from the new peel of lemon fruits and the orange peel has
received virtually little research [7]. The studied orange peel
biodiesel blends in a diesel engine showed a significant
15% decrease in nitrogen oxide (NOx) emissions relative
to pure diesel. This is attributed to the oxygen content in
biodiesel, which improves combustion efficiency and
diminishes NOx production [8]. Evaluated lemon peel
biodiesel and observed a 12% decrease in carbon
monoxide (CO) emissions at higher biodiesel blend ratios.
The lower CO emissions indicate more complete
combustion, as the oxygenated nature of biodiesel
facilitates better oxidation of carbon compounds [9].
Investigated mosambi peel biodiesel blends and found a
10% reduction in NOx emissions, alongside a 20%
reduction in smoke opacity. The reduced smoke levels
were attributed to the biodiesel's cleaner combustion
properties, which resulted in fewer soot particles [10].
Mosambi peel biodiesel increased brake-specific fuel
consumption (BSFC) by 5%, reducing carbon monoxide
emissions by 18% and contributing to a cleaner exhaust
profile [11].

Recent advances in biodiesel research have focused
on using nanoparticles to enhance performance and
reduce emissions in diesel engines. Iron oxide
nanoparticles in neem oil biodiesel resulted in a 25%
reduction in CO emissions and improved overall engine
performance by 8% [12]. Evaluated by using silicon dioxide
nanoparticles with Pongamia biodiesel in a diesel engine,
the results observed a 19% decrease in hydrocarbon (HC)
emissions [13]. Evaluated magnesium oxide nanoparticles
in rice bran biodiesel blends, which reduced NOx emissions
by 12% and improved thermal efficiency by 5% [14].
Cerium oxide nanoparticles in rubber seed oil biodiesel
increased thermal efficiency by 9% and reduced particulate
emissions by 20% [15]. The results achieved a 10%
improvement in BSFC and a 15% reduction in smoke
emissions using titanium dioxide (TiO2) nanoparticles in
biodiesel derived from fish oil [16]. The diesel engine’s
brake thermal efficiency (BTE) was enhanced using
different percentages of TiO2 nanofluid synthesized with
orange peel oil. This composition was blended with diesel
fuel and found to increase BTE [17]. Bauhinia parviflora
biodiesel (BPB), with the addition of water and di-tert-butyl
peroxide (DTBP) emulsion, is utilized in diesel engines.
They discovered that using a BPB and water/DTBP
combination efficiently improves engine performance.
Waste pork fat is effectively extracted as biofuel, mixed with
GONPs, and tested by an engine. The best oxygen
concentration increases engine efficiency with reduced
NOx smoke. It acts as the best additive and is activated by
good solubility [18].
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Avocado peel is a significant agro-industrial waste
byproduct generated from food processing industries, with
global avocado production exceeding 8 million metric tons
annually. The peel accounts for roughly 12-15% of the total
fruit weight and is often discarded without valorization.
Studies have shown that avocado peels contain a
considerable amount of extractable oil (up to 15-18% by dry
weight), making them a promising non-edible,
lignocellulosic feedstock for biodiesel production. Its
availability, high oil yield, and low economic value make it
a sustainable candidate for second-generation biodiesel,
aligning with waste-to-energy goals.

Novelty and motivation of the research

This study presents a novel and sustainable approach
to biofuel production by utilizing avocado peel waste, an
underutilized byproduct of the fruit processing industry, as
a feedstock for biodiesel synthesis. This agro-waste
valorization not only addresses waste management
challenges but also contributes to circular bioeconomy
practices. Additionally, the research examines the role of
GONPs, a material with exceptional thermal and oxidative
properties, as a performance-enhancing additive in
biodiesel blends. The application of GONPs in avocado
biodiesel combustion has been sparsely explored in prior
literature, making this study a significant contribution to the
field.

The primary objective is to evaluate the combustion
and performance characteristics of AWPB and its blends
with varying concentrations of GONPs in a diesel engine.
Rather than aiming to surpass diesel in every metric, the
study seeks to optimize thermal efficiency, reduce energy
consumption, and assess the combustion behaviour of a
renewable, waste-derived fuel enhanced by
nanotechnology. This research ultimately aims to advance
sustainable fuel alternatives that align with global efforts
toward carbon neutrality, energy diversification, and the
development of a circular economy.

MATERIALS AND METHODS
Avocado peel oil extraction

This work used the steam distillation method for
avocado peel oil extraction, as shown in Figure 1. This plant
consists of four sections. In the first section, the water is
heated and converted into steam, and then the steam
passes into the second section over the avocado peel.
Then, steam is cooled in the third section and collected in
the fourth section as a combination of water and avocado
peel oil. Due to density discrepancies, the oil of avocado
peel was separated from the combination. A 580 mL
avocado peel oil was produced from 1 kg of avocado peel.
The direct utilization of avocado peel oil in diesel operations
is unsuitable due to its viscosity.

Avocado peel biodiesel production

The transesterification process, a crucial step in
biodiesel production, is intricately dependent on the oil's
free fatty acid (FFA) level. Since the FFA content of the
extracted avocado peel oil was measured at 1.11%, which
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is below the 2% limit that necessitates acid esterification, a
single-step base-catalyzed transesterification process was
sufficient and appropriate. This approach ensured efficient
conversion while maintaining biodiesel quality as per ASTM
standards. The experimental process was meticulously
executed: 100 mL of avocado peel oil was added to a
500 mL flask and heated using an oil bath. A catalyst was
introduced under a 1:6 methanol-to-oil molar ratio, followed
by sonication for 30 minutes to enhance reaction kinetics.
The transesterification reaction used potassium hydroxide
(KOH) as a catalyst at a concentration of 1 wt% of oil.
Methanol (purity 2 99%) and KOH were produced by
Chennai Chemicals, Chennai. Moreover, the reaction was
carried out wunder continuous stirring to ensure
homogeneity. A reflux condenser was used to minimize

Steam and fume
of mosambi peel

aliin |-

Steam

Cooling Tank

methanol loss, and the reaction was maintained at 80 °C
for 90 minutes. The resulting mixture, containing methyl
esters, glycerol, and catalyst residues, was centrifuged at
1,500 rpm for 10 minutes to achieve phase separation. The
upper methyl ester layer was collected and further purified
using a rotary evaporator to remove excess methanol.
Finally, the biodiesel and glycerol layers were separated
using a separating funnel. To ensure fuel quality and
reproducibility, key physicochemical properties, including
kinematic viscosity, density, calorific value, cetane index,
and flash point, were measured and are presented in
Table 1. These properties not only confirm the quality of our
biodiesel but also its compliance with ASTM standards,
thereby bolstering the scientific validity and repeatability of
our experimental process.

Cold water

Avocado waste peel oil

Hot water

Water and
mosambi peel
oil

Liquid Water

Figure 1. Schematic layout of the steam distillation method.

Nanoparticles

In this research, GONPs are selected for their role as
an antioxidant that enhances the stability of Avocado peel
biodiesel blends. To further improve biodiesel
performance, nanoparticles are incorporated as additives.
This innovative approach optimizes fuel properties such as
combustion efficiency, oxidative stability, and emissions
reduction. Nanoparticles are chosen based on their small
size (typically 10-100 nm), which increases surface area
and catalytic activity [19]. Nanoparticles offer excellent
thermal stability and improve combustion by promoting
more complete fuel burning, thus reducing harmful
emissions [20]. Their ability to enhance oxidative stability is
crucial for prolonging the storage life of biodiesel, especially
in combination with GONPs, which scavenges free radicals
to prevent fuel degradation. The nanoparticles are carefully
dispersed using ultrasonication and mechanical stirring to
ensure uniform distribution in the biodiesel blend, prevent-
ing agglomeration [21]. Nanoparticles were dispersed
using an ultrasonicator operating at 40 kHz and 300 W for
30 minutes, combined with mechanical stirring at 500 rpm.
The dispersion was conducted at room temperature to
avoid thermal degradation of the biodiesel blend. By
integrating GONPs with these nanoparticles, the research

aims to significantly enhance the biodiesel's stability and
overall performance, making it a sustainable and efficient
alternative to conventional diesel.

GONPs are two-dimensional carbon-based nanomate-
rials with a high surface area and excellent thermal and
oxidative properties. It appears as a white crystalline
powder and is highly stable, with a melting point of
70-71 °C. GONPs work by donating hydrogen atoms to
neutralize free radicals, thus halting the oxidation process
in food, pharmaceuticals, and fuels. GONPs play a crucial
role in preventing oxidative degradation in the context of
biodiesel, a common issue due to the unsaturated fatty
acids in biodiesel. GONPs improve biodiesel's shelf life and
overall quality by stabilizing the fuel and reducing the
formation of gums and peroxides. Typically added at
concentrations between 0.01% and 0.1% by weight,
GONPs ensure the biodiesel remains stable during storage
and under various environmental conditions. Its effective-
ness in fuel applications makes it a vital additive for
improving biodiesel blends' long-term performance and
stability [22].

Characterization of GONPs

GONPs used in this study were procured from Chennai
Chemicals, Chennai, Tamil Nadu, India, with a reported
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purity of 99.9%. To verify the structural and morphological
characteristics of the GONPs, two complementary analyti-
cal techniques, X-ray diffraction (XRD) and scanning
electron microscopy (SEM), were employed. The XRD
analysis was performed to identify the crystalline structure
and phase composition of the GONPs. The XRD pattern
displayed three significant peaks at 26 angles of 31.596°,
27.038°, and 45.399°, indicating the presence of an
amorphous carbon-rich phase. The broad and low-intensity
nature of these peaks confirms the semi-crystalline, layered
structure typical of graphene oxide, with partial disorder
and oxidation. SEM was used to evaluate the surface
morphology and microstructure of the GONPs. GONPs
exhibited wrinkled and layered sheet-like morphology with
randomly distributed ultrathin flake structures. These
features confirm the large surface area and high aspect
ratio, which are advantageous for improving fuel atomiza-
tion and combustion when blended with biodiesel. These
characterization results support the functional role of
GONPs as combustion enhancers, owing to their high
surface reactivity, oxidative stability, and morphological
suitability for uniform dispersion in fuel. Figure 2 shows the
XRD and SEM analysis of GONPs.
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Figure 2. (a) The XRD and (b) SEM analysis of GONPSs.

Preparation of test fuels

Two different biodiesel blends were prepared, incorpo-
rating GONPs nanoparticles in different ratios, such as 50
and 100 ppm. These GONPs nanoparticles play a crucial
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role in the blending process, as they act as stabilizers,
preventing phase separation and sediment formation in the
blends. The blending process is a meticulous operation
initiated by a mechanical agitator to ensure thorough mixing
of the components. This sets the stage for the
ultrasonicator, a vital tool in the process, to further enhance
the homogeneity of the mixture. The high-frequency sound
waves generated by the ultrasonicator create microscopic
bubbles and pressure fluctuations, which break down any
immiscible components and ensure complete mixing. This
method accelerates the blending process, eliminating the
need to wait long periods (such as an hour) to ensure
complete miscibility. The fuels are diesel, AWPB, and
AWPB-GONPs blends (AWPB+GONPs 50 ppm and
AWPB+GONPs 100 ppm), respectively. After blending, the
fuel mixtures are left to stabilize and subjected to a 30-day
long-term stability test. This comprehensive testing period
ensures that all properties of the blends, such as phase
separation, sediment formation, oxidative degradation, and
overall compatibility, are thoroughly monitored. The results
from this testing show that the biodiesel-diesel blends,
including those with GONPs, exhibit no significant
differences or instability, confirming that the mixtures
remain stable over time and are suitable for further
application and research. Table 1 shows the properties of
the test fuels.

Experimental facilities and setup

In this study, the electronic fuel injection (EFI) system
of a Kirloskar TV1 diesel engine was upgraded and
modified with electronic sensors and transducers, all
integrated via an open-type electronic control unit (ECU)
using Nira i7r specifications. The system architecture was
designed to optimize the control of fuel injection parameters
such as pressure, timing, and delivery rate, which are
crucial for improving engine performance and emission
characteristics. Figure 3 (a) shows the experimental layout,
and Figure 3 (b) shows the photograph of the test rig, which
involved retrofitting the engine with advanced EFI
components to replace the traditional mechanical system.
Various tortious sensors were employed to monitor and
regulate the engine's Rail pressure sensors along the fuel
delivery path to measure and control the pressure in the
common rail. This data was continuously fed to the ECU
and processed in real-time to maintain the required fuel
pressure for precise delivery. The Nira i7r ECU played a
central role in managing these parameters, as it is designed
to handle complex multi-variable inputs and control multiple
aspects of the engine's fuel injection system with high
precision. This ECU is compatible with various sensor
inputs, including temperature, pressure, and flow sensors,
making it ideal for high-performance diesel engine
management. The fuel injection system was also modified
to incorporate a high-pressure fuel pump attached to the
fuel filter. This setup ensured that the injection pressure
remained consistent throughout the engine's operation,
which is critical for efficient fuel atomization and
combustion. The common rail in this system was
responsible for distributing fuel at high pressure to each
injector. Under the precise control of a six-pole solenoidal
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valve, the injectors played a crucial role in the system. This
valve provided precise control over the fuel injection timing
and duration, allowing the system to sustain higher injection
pressures, leading to more efficient combustion.

The fuel line modifications and the addition of the high-
pressure pump and sensors were crucial in ensuring that
the fuel was delivered with the appropriate pressure and
timing, which the Nira i7r ECU regulated. This sophisticated

Table 1. Physical properties of the fuel.

control system allowed for enhanced engine performance,
including improved fuel efficiency, lower emissions, and
better overall combustion characteristics. The upgrade
involved integrating advanced sensors, transducers, and a
highly capable ECU to control fuel injection parameters
accurately. This system allowed the Kirloskar TV1 engine
to operate more efficiently, with better emission control and
improved performance metrics.

AWPB + GONPs ~ AWPB + GONPs

Characteristics Standard Diesel AWPB 50 ppm 100 ppm
Kinematic

viscosity, CST at A 3.1 26 2595 24
40°C

Density (kg/m?) DSTer 840 790 840.8 866.6
Lower heating

value (LHV) Ao 4251 3926 38.29 35.78
(MJ/kg)

cel Al 47 51 47.7 46.4
Flashpoint (°C) S 75 165 122 124

The setup demonstrated the potential for significant
enhancements in diesel engine technology by adopting
electronic fuel injection systems and modern control units.
Test engine specifications are mentioned in Table 2. The
test engine was coupled with an eddy current dynamometer
to apply a controlled load. A piezoelectric pressure
transducer was mounted on the cylinder head for in-
cylinder pressure measurements, while a K-type thermo-
couple was used for exhaust gas temperature monitoring.
Fuel consumption was measured using a burette and
stopwatch method, and all signals were recorded via a
high-speed NI data acquisition system.

Table 2. Specification of the engine.

Kirloskar, TV1

Make and model

Cylinder & Stroke 1&4

Bore X Stroke 87.5x 110 mm
Swept volume 661cc

Speed 1500 rpm

Rated output 3.5 kW at 1500 rpm

CR 1:17.5
Cooling method Water-cooled
IT, CAbTDC 23°

Injection Pressure 600 bar

EXPERIMENTAL PROCEDURE

The impact of biodiesel and biodiesel mixing with
GONPs nanoparticles was tested in the diesel engine. To
acquire early data, initially, the engine operated with diesel

fuel and ensured stable conditions; the engine was run five
minutes before each examination. The engine was tested
under the brake power of 1.1, 2.2, 3.3, 4.4, and 5.5 kW at
standard working conditions. The temperature range at
which the lubricating oil is kept is typically between 85 and
90 °C. The test engine undergoes continuous operation for
15 minutes, during which its performance is systematically
observed. After three test iterations, the accuracy numbers
were merged.

To ensure the reliability and repeatability of the
experimental data, each test was conducted three times
under identical conditions, and the average values were
used for all performance and combustion parameters.
Standard deviations were calculated to assess variability.
Furthermore, a one-way ANOVA test was performed to
statistically validate the differences in BTE across the four
test fuels. The results confirmed statistically significant
differences (F = 1245.0, p < 0.05), indicating that the
variations in BTE among Diesel, AWPB, AWPB+GONPs
50 ppm, and AWPB+GONPs 100 ppm are meaningful and
not due to random error.

RESULTS AND DISCUSSIONS

The investigators observed and studied various engine
attributes, encompassing combustion and performance.
These specific attributes will be elaborated upon further in
the following sections. By generating a graphical repre-
sentation, the researchers also compare the AWPB,
AWPB+GONPs 50 ppm, and AWPB+GONPs 100 ppm with
the baseline diesel.

Combustion analysis

Measurement of combustion in diesel engines is
significant in studying the impact of biodiesel/nanoparticle
blends on standard working conditions. Combustion
analysis comprises measuring the cylinder pressure and
HRR concerning the crank angle (CA).
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In-cylinder pressure

Fuel usage measured during the premixed ignition
phase of a diesel engine is an effective indicator for
evaluating combustion efficiency. The presence of CA
during combustion significantly affects pressure [23].
Moreover, the assessment of the inner cylinder pressure of
an engine holds significant importance as it indicates the
efficiency of the air-fuel mixture during the combustion
process. It significantly impacts engine brake power and
exhaust emissions [24]. Figure 4(a) illustrates the cylinder
pressure variances from various crank angles among test
fuels. The peak in-cylinder pressure was observed to be
74.2 bar for diesel, 71.5 bar for AWPB, 72.4 bar for
AWPB+GONPs 50 ppm, and 72.8 bar for AWPB+GONPs
100 ppm. The diesel fuel demonstrated a higher peak in-
cylinder pressure than other test fuels. This phenomenon
primarily arises due to the extended duration of the ignition
delay (ID) time. This occurrence leads to enhanced air/fuel
mixture homogeneity, resulting in a robust premixed
combustion stage and increasing maximum cylinder
pressure [25]. AWPB-GONPs blends decreased in-cylinder
pressure compared to diesel fuel, which is attributable to
many aspects, including combustion characteristics and
fuel qualities. Biodiesel generally exhibits greater viscosity
and reduced energy density than diesel, resulting in less
effective atomization and air-fuel mixing. This may lead to
incomplete combustion and diminished peak combustion
temperatures, decreasing the total pressure produced in
the combustion chamber [26].

Moreover, utilizing nanoparticle blends is frequently
lower than conventional diesel fuel, attributable to nano-
particles' distinct combustion properties and behaviour [27].
Although nanoparticles are incorporated to enhance com-
bustion efficiency and diminish emissions, they may also
affect ignition characteristics and combustion dynamics in
a manner that could hinder the formation of more significant
pressure [28]. The nanoparticles might prolong ID, leading
to a diminished combustion rate, which may decrease the
peak combustion temperature and lower the in-cylinder
pressure [29]. Moreover, nanoparticles may modify the
fuel's viscosity and surface tension, influencing the atomi-
zation and amalgamation of the fuel-air combination. This
suboptimal atomization may result in incomplete combus-
tion, hence contributing to reduced pressure levels within
the combustion chamber. Consequently, whereas nano-
particle mixes may improve specific facets of engine
performance, their influence on combustion dynamics
might lead to a reduction in in-cylinder pressures relative to
traditional diesel [30].

Heat release rate

The HRR serves as a numerical measurement for
assessing the efficacy of combustion processes. The
analysis of HRR has the potential to provide a significant
number of valuable insights into many aspects of cylinder
head design, strategies of fuel injection, fuel properties,
working conditions, and their respective influences on
combustion behaviour and overall engine performance
[31]. The diesel engine consists of two primary combustion
stages: premixed and diffusion. The initial HRR curve
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segment exhibited a negative magnitude because of the
evaporation of fuel commencement occurring within the ID
period [32]. The HRR variations for the test fuels are shown
in Figure 4(b). The maximum HRR record was 72.7 J/°CA
for diesel, 74.1 J/°CA for AWPB, 76.3 J/°CA for AWPB+
GONPs 50 ppm, and 80.6 J/°CA for AWPB+GONPs
100 ppm. The 20 um GONPs blend exhibited a greater
HRR than other test fuels. This can be attributed to the
positive effects of the large size of the GONPs, such as
facilitating a uniform mixture, enhancing fuel spray,
improving atomization of fuel, promoting efficient fuel
vaporization during combustion, and ultimately resulting in
a superior HRR [19].

Furthermore, GONPs are a crucial factor as an
additive in biodiesel combustion. It enhances the fuel's
oxidation stability, promoting a more complete combustion
process. This improved combustion efficiency can lead to
rapid energy release, increasing the heat release rate
despite the reduced cylinder pressure. The reduced
pressure can be attributed to a more volatile combustion
environment, where the rapid flame propagation and com-
bustion dynamics prevent sufficient pressure accumulation
time before expansion [33]. However, the use of nano-
particles is also significant. They can modify combustion
properties by facilitating heterogeneous nucleation, increa-
sing combustion rates, and accelerating heat release rates,
even under conditions of reduced cylinder pressure [34].
These nanoparticles can influence the thermal characte-
ristics of the fuel, potentially enhancing heat transmission
and accelerating ignition timings, further increasing HRR.
Therefore, while seemingly counterintuitive, the observed
phenomenon is crucial in understanding the complex
interplay among fuel content, combustion dynamics, and
the thermodynamic properties of biodiesel blends in engine
contexts [35].

Ignition delay

ID refers to the interval between fuel injection and the
initiation of combustion within an engine. It is pivotal to
engine performance, affecting the smoothness and effici-
ency of combustion. An extended ID in diesel engines can
result in quick, uncontrolled combustion, causing knocking
and increased engine stress. In contrast, a reduced delay
facilitates more controlled combustion, enhancing power
and efficiency. Variables such as engine temperature,
pressure, and fuels influence ID, rendering its management
essential for enhanced performance and reduced emi-
ssions [36]. Figure 4 (c) illustrates the variances of ID for
the test fuels. The ignition delay was measured as 9.2°CA
for diesel, 11.3°CA for AWPB, 10.5°CA for AWPB+GONPs
50 ppm, and 10.0°CA for AWPB+GONPs 100 ppm. The
diesel has the shortest ID owing to its elevated cetane
number, which enhances fuel combustion relative to
biodiesel and blends with GONPs. This marginal increase
in ID with the addition of GONPs is attributed to their
antioxidant nature, which inhibits free radical formation
during low-temperature oxidation. Additionally, the high
thermal conductivity and surface activity of GONPs can
alter local spray and vaporization behaviour, slightly delay-
ing ignition initiation, especially at higher concentrations
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(100 ppm), where agglomeration or uneven dispersion may
occur [21]. Biodiesel has an extended ID because of its
diminished cetane number, elevated viscosity, and
augmented oxygen concentration, all of which impede
combustion kinetics. Incorporating GONPs (an antioxidant)
at 10 ppm and 20 ppm significantly prolongs the ID, as
antioxidants impede oxidation reactions and diminish the
fuel's reactivity. This trend corresponds with studies
demonstrating that antioxidants such as GONPs inhibit
ignition by averting early combustion reactions [19].

GONPs possess high thermal conductivity and
excellent oxidative stability, which contribute to improved
heat transfer and promote more uniform and complete
combustion. Their large surface area facilitates enhanced
interaction with fuel molecules, aiding in better atomization
and vaporization. Upon dispersion via ultrasonication, the
GONPs remain uniformly distributed within the biodiesel
matrix, thereby minimizing agglomeration and ensuring
consistent combustion behaviour. During combustion,
GONPs act as micro-reactive sites, accelerating local
oxidation reactions and reducing ignition delay through
faster pre-flame reactions. This effect is particularly evident
in the increased HRR observed for AWPB+GONPs
100 ppm. However, the comparatively lower BTE of the
100 ppm blend, despite the higher HRR, indicates that
excessive nanoparticle content may alter combustion
phasing or reduce volumetric efficiency due to slower
evaporation and denser spray. This emphasizes the need
for optimal GONPs concentration, aligning with prior
findings that show beyond-threshold nanoparticle additions
lead to reduced performance due to altered spray dynamics
and inconsistent fuel-air ratios [35].
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Combustion duration

The CD in an engine denotes the period required for
the air-fuel mixture to fully ignite and combust within the
combustion chamber, spanning from ignition to the
conclusion of combustion. It directly influences engine
performance, efficiency, and emissions. A reduced
combustion period facilitates faster and more efficient
energy conversion, enhancing power output and fuel
efficiency [37]. Nonetheless, if combustion transpires too
rapidly, it may result in knocking and increased engine
strain. Conversely, an extended combustion period may
diminish efficiency and result in more emissions.
Enhancing CD is crucial for achieving power, efficiency,
and engine durability equilibrium [38]. Figure 4(d) illustrates
the variances of CD for the test fuels. The combustion
duration increased from 23.8°CA in diesel to 25.4°CA in
AWPB, 26.2°CA in AWPB+GONPs 50 ppm, and 27.0°CA
in AWPB+GONPs 100 ppm. Diesel has the briefest CD
owing to its elevated energy density and accelerated
combustion kinetics. Biodiesel has an extended CD due to
its elevated oxygen concentration and diminished calorific
value, which impedes combustion [39]. The biodiesel
blends containing GONPs at concentrations of 10 ppm and
20 ppm demonstrate increasingly extended CDs. GONPs,
as antioxidants, suppress oxidation, decreasing the
combustion rate and extending the burning duration [40].
Elevated amounts of GONPs (20 ppm) further impede the
process, as antioxidants often obstruct the oxidation
reactions that facilitate fuel burning. This observation is
consistent with recent studies regarding the impact of
antioxidants on biodiesel combustion, indicating that
antioxidants can prolong CD by diminishing the fuel's
reactivity [41].
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Figure 3. (g) Experimental layout and (b) photographic view of the test rig.

Performance analysis

The experimental investigation involves testing a
research diesel engine powered by a blend of AWPB-
GONPs under standard operating conditions. This section
examines engine performance precisely regarding two key
parameters: the brake-specific energy consumption
(BSEC) and BTE.

Brake thermal efficiency

BTE quantifies the effectiveness of an engine in
transforming the chemical energy of fuel into productive
mechanical work, represented as a percentage by
contrasting the brake power output with the fuel energy
input. An elevated BTE signifies enhanced fuel economy,
as a more significant portion of the fuel's energy is
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transformed into work [42]. Diesel engines generally attain
superior BTE compared to gasoline engines owing to their
elevated compression ratios and more effective com-
bustion mechanisms. Elements like fuel characteristics,
combustion efficiency, engine load, and technology such
as turbocharging and efficient fuel injection systems
substantially affect BTE. Enhancing BTE is essential for
diminishing fuel consumption, augmenting engine perfor-
mance, and decreasing emissions [43]. Figure 5 (a) shows
the variations of BTE.

Diesel exhibits the highest BTE across all brake power
levels owing to its exceptional combustion properties and
energy density, enabling a more effective fuel energy
transformation into work. AWPB has inferior BTE relative to
diesel, principally due to biodiesel's diminished energy
content and elevated viscosity, which result in heightened
fuel consumption and decreased combustion efficiency
[44]. The AWPB+GONPs mixtures demonstrate enhanced
brake thermal efficiency compared to AWPB, with 50 and
100 ppm GONPs outperforming pure biodiesel. The
antioxidant capabilities of GONPs improve fuel stability and
combustion characteristics, hence alleviating certain
efficiency limitations of biodiesel. The trend indicates that
when BP rises, BTE is enhanced for all fuels, aligning with
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the anticipation that engines function more effectively under
elevated loads, whereby a larger fraction of the fuel's
energy is transformed into productive work [45]. The blend
AWPB+GONPs 50 ppm produced 5.98% and 2.96% higher
BTE than the AWPB and AWPB+GONPs 100 ppm blend at
maximum brake power due to their increased fuel
consumption during the premixed ignition area, and rapid
combustion led to a high oxygen concentration of the
GONPs [19]. GONPs exhibit exceptional thermal
conductivity and surface reactivity due to their high aspect
ratio and large surface area, which promote uniform heat
distribution and enhance local combustion zones. Their
ability to scavenge free radicals stabilizes the oxidative
environment within the combustion chamber, reducing the
formation of incomplete combustion byproducts [21].
Furthermore, the nanoscale size of GONPs facilitates
improved atomization of the fuel blend, promoting micro-
explosions that enhance droplet breakup and increase the
surface area for combustion, thereby accelerating the
combustion rate [26]. These effects collectively reduce
ignition delay and enhance the premixed combustion
phase, resulting in more efficient energy conversion. As a
result, less fuel is required to produce the same output
power, resulting in improved BTE [31].
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Figure 4. (a) In-cylinder pressure, (b) HRR, (c) ID, and (d) CD for the test fuels.

Brake-specific energy consumption

BSEC has combined the calorific fuel value and brake-
specific fuel. There is an inverse relationship between BTE
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and BSFC: as one increases, the other decreases,
indicating the trade-off between fuel efficiency and energy
conversion efficiency in engines [46]. The outcome result
and the details for the variations in BTE between biodiesel,
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biodiesel-GONPs blends, and diesel also apply to BSFC
[47]. Figure 5 (b) shows BSEC decreasing while increasing
brake power. This is owing to the mixture's LHV compared
to neat diesel fuel, which needs more fuel to achieve a
given plunger movement for the injection system. BSEC
increased all fuel variants relative to neat diesel. Diesel
demonstrates the lowest BSEC values, indicating its supe-
rior energy density and enhanced combustion efficiency,
particularly at elevated loads, where engines function
nearer to ideal conditions [48]. Conversely, biodiesel
exhibits consistently elevated BSEC owing to its diminished
energy content and augmented oxygen content, resulting
in heightened fuel consumption for equivalent power
output. Biodiesel increased BSEC by 30.12% compared to
diesel. The blended AWPB+GONPs 50 ppm was made
with the least BSEC rather than other blends due to the
addition of GONPs. GONPs' high oxygen content could
hasten combustion, using less fuel to generate a similar
power [19].

Engine torque

Engine torque denotes the rotational force generated
by an engine's crankshaft, essential for assessing a
vehicle's towing capacity and acceleration. Torque is
produced when the engine's pistons move, resulting in the
rotation of the crankshaft. The torque magnitude depends
on engine displacement, combustion pressure, and
crankshaft configuration variables. Peak torque is generally
attained at reduced speed, where torque is most essential
for practical driving conditions [6]. Figure 5 (c) illustrates the
variances of engine torque for the test fuels. In contrast to
biodiesel alone, the enhancement of engine torque noted
in diesel and biodiesel-GONPs nanoparticle mixes can be
ascribed to many causes elucidated in recent studies. The
main reason is the improved combustion properties
provided by incorporating GONPs and nanoparticles, which
boost the fuel mixture's ignition quality and combustion
efficiency. GONPs boost the oxidative stability of biodiesel
and improve combustion characteristics by diminishing ID
and increasing fuel volatility, resulting in a more complete
combustion process. Integrating nanoparticles into the fuel
mixture reduces the viscosity of biodiesel, enhancing
atomization and spray characteristics during fuel injection.
Enhanced atomization improves air-fuel mixing in the
combustion chamber, leading to greater combustion
efficiency and better torque output [49]. The appropriate
amalgamation of biodiesel with additives such as GONPs
and nanoparticles can improve performance metrics,
including torque, by optimizing energy release during
combustion. The synergistic effects of GONPs and
nanoparticles enhance torque performance in diesel and
biodiesel-GONPs nanoparticle blends relative to biodiesel
alone [50].

Exhaust gas temperature

EGT denotes the temperature of the gases leaving an
engine's combustion chamber via the exhaust system. It
serves as a crucial metric for engine performance and
combustion efficiency. Elevated EGT may indicate that the
engine is under significant strain due to excessive fuel

consumption or suboptimal combustion. In contrast,
diminished EGT could signify incomplete combustion or
reduced engine load. Monitoring EGT is essential for
optimizing engine performance, as elevated temperatures
can result in engine overheating and possible damage,
particularly to exhaust valves, turbochargers, or catalytic
converters. Conversely, sustaining appropriate EGT
enhances fuel efficiency, lowers emissions, and promotes
engine longevity [24]. Figure 5 (d) illustrates the variances
of EGT for the test fuels. The engine EGT in diesel and
biodiesel-GONPs nanoparticle blends is often lower than
that of biodiesel, attributed to superior combustion
efficiency and increased thermal characteristics of the fuel
mixture. Incorporating GONPs in biodiesel enhances
oxidation stability and combustion properties, leading to
more complete fuel combustion and reduced production of
unburned HC [27]. This complete combustion reduces
energy loss as heat, directly contributing to decreased
EGT. Integrating nanoparticles promotes superior fuel
atomization, improving air-fuel mixing and combustion
efficiency. Enhanced combustion dynamics facilitate a
more efficient use of the fuel's energy content, resulting in
reduced exhaust temperatures. The thermal features of the
biodiesel-GONPs nanoparticle blend can affect EGT since
the enhanced heat transfer capabilities of the blend may
facilitate superior heat absorption during combustion,
leading to lower EGT than biodiesel alone. The synergistic
actions of GONPs and nanoparticles enhance the
combustion process, reducing EGT [3]. The reduction in
EGT observed with AWPB+GONPs blends is primarily due
to the high thermal conductivity and oxidative stability of
GONPs. These nanoparticles improve heat transfer and
promote complete combustion by accelerating oxidation
reactions and stabilizing the fuel against degradation. This
leads to more efficient energy conversion and reduces heat
loss. However, while lower EGT typically indicates better
combustion, excessively low values, especially at light
loads, may also suggest incomplete combustion [22].

GONPs possess high thermal conductivity, which
facilitates rapid heat transfer within the combustion
chamber, promoting a uniform temperature distribution and
minimising localised hot spots. This enhances the
combustion of fuel-air mixtures by accelerating oxidation
reactions, resulting in more complete combustion [16].
Moreover, GONPs improve the oxidative stability of
biodiesel blends by scavenging free radicals and reducing
the likelihood of fuel degradation during storage and
combustion. As a result, the fuel maintains its reactivity and
ignition quality, enabling more efficient energy conversion.
This improvement in combustion completeness reduces
the formation of unburned hydrocarbons and decreases the
amount of residual heat released into the exhaust stream,
thereby lowering the EGT [31].

Indicated mean effective pressure

The IMEP is a critical metric that denotes the average
pressure applied to the pistons during the combustion
cycle. This metric assesses the engine's capacity to
transform combustion energy into productive work derived
from the pressure within the combustion chamber across a
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whole engine cycle. IMEP is intrinsically linked to engine
torque and power output, rendering it a crucial parameter
for assessing engine efficiency and performance. Figure 6
(a) illustrates the variances of IMEP for the test fuels. The
observed rise in IMEP in diesel and biodiesel-GONPs
nanoparticle mixes, relative to biodiesel, can be ascribed to
the improved combustion efficiency and power production
stemming from the distinctive characteristics of the blend.
Incorporating GONPs as an antioxidant in biodiesel
enhances the fuel's oxidation stability and volatility,
resulting in lessened IDs and more thorough combustion.

33 -

This enhancement enables elevated combustion pressures
throughout the power stroke, augmenting IMEP [39].
Integrating nanoparticles into the biodiesel-GONPs mixture
improves fuel atomization and spray properties by
decreasing viscosity and facilitating superior air mixing. An
enhanced air-fuel mixture yields more efficient combustion,
resulting in elevated peak pressures within the cylinder and
increased IMEP. The combined effects of GONPs and
nanoparticles in biodiesel substantially enhance engine
performance, as evidenced by the elevated IMEP relative
to biodiesel alone [5].
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An engine's A/F ratio is the air-to-fuel (A/F) ratio
combined and ignited in its cylinders. Assessing engine
efficiency, performance, and emissions requires it. The
ideal A/F ratio for gasoline engines is 14.7:1, or 14.7 parts
air to 1 part fuel. The combustion process produces power,
fuel economy, and low pollutants most efficiently at this
ratio. A "rich" mixture has more fuel than air, increasing
engine output, fuel consumption, and pollutants. A "lean"
mixture has more air than gasoline, improving fuel

208

efficiency and lowering pollutants, but it may also raise
engine temperatures and cause engine knock. Proper A/F
ratios improve engine durability, efficiency, and
environmental compliance [23]. Figure 6 (b) illustrates the
variances of the A/F ratio for the test fuels. The A/F ratio in
diesel and biodiesel-GONPs nanoparticle blends is more
optimal than in biodiesel alone, owing to the enhanced
combustion characteristics provided by the additives.
GONPs improve biodiesel's oxidative stability and volatility,
facilitating superior atomization and a more consistent fuel
distribution  throughout the combustion chamber.
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This enhanced atomization results in more efficient air
mixing, improving the A/F ratio and facilitating complete
combustion [51]. Furthermore, including nanoparticles in
the biodiesel-GONPs blend further diminishes the fuel's
viscosity, promoting finer spray patterns during injection
and improving the overall quality of the air-fuel mixture. A
more uniform air-fuel mixture facilitates more efficient
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combustion processes, yielding an optimal A/F ratio that
enhances engine performance and reduces emissions.
Thus, the combined actions of GONPs and nanoparticles
in biodiesel yield a more advantageous A/F ratio than
biodiesel alone, improving engine efficiency and
performance [12].
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Figure 6. (a) IMEP, and (b) A/F ratio for the test fuels.

AWPB+GONPs blends exhibited an improvement in
BTE and a reduction in BSEC. These enhancements were
observed alongside relatively lower engine torque,
indicating a mean adequate pressure and volumetric
efficiency compared to diesel. This performance
divergence is attributed to the inherently lower energy
density and slightly higher viscosity of biodiesel, which
adversely affect air-fuel mixing and combustion pressure
development. Despite the oxidative and catalytic benefits
provided by GONPs, these blends experience reduced
torque output due to incomplete utilization of the lower
heating value. Additionally, volumetric efficiency tends to
decrease because biodiesel combustion increases the
residual gas content and intake temperature, thereby
affecting the fresh charge density.

CONCLUSION

This investigation describes the utilization of biodiesel
produced from avocado fruit peel waste using the
transesterification method to fuel diesel engines by adding
GONPs as an ignition enhancer.

. The in-cylinder pressure increased in AWPB, and
HRR increased in AWPB+GONPs 100 ppm blend
compared to diesel, but the diesel fuel has a higher ID and
CD than other test fuels.

. Biodiesel increased BSEC by 30.12% compared
to diesel. The blended AWPB+GONPs 50 ppm was made
with the least BSEC rather than other blends.

o The BTE increased in AWPB+GONPs 50 ppm
blends by 5.98% and 2.96% compared to AWPB and
AWPB+GONPs 100 ppm blends, but lowered by 4.92%
compared to neat diesel at maximum brake power.

1.1 2.2 33 4.4 55
Brake power (kW)
(b)
. Furthermore, diesel fuel has a higher engine

torque, IMEP, A/F ratio, and volumetric efficiency than
other test fuels, but AWPB has higher EGT than diesel.
This work concludes that adding GONPs to a biodiesel
blend enhances performance, and this combination of
blends is suitable for diesel engine operations.

Practical and economic considerations. Avocado
waste peel offers a promising, low-cost, abundant
feedstock, particularly in fruit-processing regions. Its

collection, drying, and oil extraction processes must be
optimized for industrial-scale implementation. Furthermore,
although GONPs offer substantial benefits in improving
combustion and oxidative stability, their current production
cost remains a constraint for widespread commercial use.
However, recent advances in green synthesis methods and
waste-derived graphene oxide production pathways
suggest the potential for cost reduction. We acknowledge
that a detailed techno-economic assessment is hecessary
to validate the long-term viability of this biodiesel-
nanoparticle system. Hence, we have stated this as a key
direction for future work. This addition reinforces the need
to balance performance advantages with economic
practicality, supporting a more holistic evaluation of the fuel
blend’s sustainability.

Future research direction. Integrating hydrogen and
bioethanol fuel injection as a dual fuel system in diesel
engines can enhance performance and diminish
greenhouse gas emissions, particularly with AWPB-diesel
mixtures. The impact of various fuel injection techniques
can be assessed to analyze a diesel engine's performance
efficiency and environmental emissions, utilizing test fuels
such as AWPB and diesel fuel.
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NOMENCLATURE

GONPs Graphene oxide nanoplates
AWPB Avocado waste peel biodiesel
HRR  Heat release rate

NOx  Nitrogen oxide

CoO Carbon monoxide

BSFC Brake-specific fuel consumption
BTE  Brake thermal efficiency

HC Hydrocarbon

OB20L5 Orange peel oil biodiesel 20+L-ascorbic acid 5
% by volume

OB20L10  Orange peel oil biodiesel 20+L-ascorbic acid
10 % by volume

BPB  Bauhinia parviflora biodiesel

DTBP Di-tert-butyl peroxide
FFA  Free fatty acid

ppm  part per million

LHV  Lower heating value

CCI Calculated cetane index

EFI Electronic fuel injection

ECU  Electronic control unit

BSEC Brake-specific energy consumption
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ISTRAZIVANJE SAGOREVANJA | PERFORMANSI DIZEL
MOTORA NAPAJANOG MESAVINAMA BIODIZELA |
NANOCESTICA

Ovaj rad istraZuje sagorevanje i performanse biodizela od otpadne kore
avokada (AWPB) pomesanog sa nanoplocama grafen-oksida (GONP) kao
potencijalnog alternativnog goriva za dizel motore. Takode, rad ima za cilf da
proceni uticaf sagorevanya i performansi motora, uz razmatranje izvod|jivosti
koriscenja otpadnih materijjala u proizvodnji goriva. Procenjena su sledeca
goriva: dizel, AWPB, AWPB+GONP 50 ppm i AWPB+GONP 100 ppm.
Rezultati su pokazali da je pritisak u cilindru u AWPB smanjen za pribliZno
3,6% u poredenju sa dizelom, dok je brzina oslobadanja toplote znacajno
porasla u mesavini AWPB+GONP 100 ppm. Pored toga, dizel je pokazao vece
kasnjenje paljenja I trajanje sagorevanja od svih mesavina biodizela.
Dodavanje GONP-ova u AWPB dovelo je do povecanja termicke efikasnosti
kocnice za 5,98% i smanjenja potrosnje energije specificne za kocenje za
30,12% u poredenju sa dizelom. Medutim, dizel je i dalfe pokazao veci obrini
moment motora, indicirani srednji efektivni pritisak i odnos vazduh-gorivo (A/F
odnos) u odnosu na biodizel goriva, dok je AWPB pokazao visu temperaturu
izduvnih gasova. Ovi nalazi ukazuju na to da je biodizel od kore avokada, kada
Jje pobolisan GONP-ovima, odrZiva i Cistjja alternativa konvencionalnom
dizelu, nudeci poboljsanu efikasnost sagorevanja i smanjenu potrosnju
energife.

Kljucne reci: otpad u energiju, biodizel, kora avokada, nanoploce
grafen-oksida, performanse.
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POTENTIAL OF ULTRASONIC IRRADIATION IN
POLYURETHANE DEGRADATION IN DEEP EUTECTIC
SOLVENTS

Highlights

Enhanced polyurethane degradation using DES and ultrasonication.
Green solvent for polyurethane recycling

Green recycling pathway for polyurethane waste

Depolymerization of polyurethane to o-toluidine.

Abstract

This study explores the degradation of polyurethane (PU) using deep eutectic
solvents (DES) combined with ultrasonic irradiation, aiming to develop
sustainable recycling techniques for PU waste. DES, formed from choline
chloride and urea, possesses environmentally friendly properties such as low
toxicity and high solubility, making it suitable for chemical recycling. Degradation
experiments were conducted at elevated temperatures (130-150 °C), both with
and without ultrasonic assistance. The technique of GPC is applied to determine
the molecular weight of raw PU and the degradation product. The structures of
DES, PU, and its degradation products were analysed using FTIR and NVIR. The
results indicate that the application of ultrasonics significantly enhances the
degradation rate at approximately 5.20% from 58.51 + 0.04% to 63.71 + 0.03%
at a constant temperature of 150 °C. This improvement is attributed fo cavitation-
induced effects, which Tfacilitate polymer chain breakdown. Molecular
transformations were confirmed through the presence of NHs groups resulting
from the break of the PU structure to form o-toluidine, as identified by NMR.
Reaction pathways were established through structural analysis of both raw PU
and its degradation products. These findings demonstrate the potential of
ultrasonic-assisted DES in advancing chemical recycling strategies for PU,
addressing environmental concerns related fo persistent PU waste, and
promoting sustainable waste management practices.

Keywords: Ultrasonic, Polymer recycling, o-toluidine.

have established it as a preferred material across multiple
sectors, including construction, automotive, and consumer

Polyurethane (PU) represents a multifaceted polymer
extensively employed in diverse industrial applications,
attributed to its remarkable characteristics such as
durability, flexibility, and abrasion resistance [1]. PU is
frequently utilized in a variety of applications, including
foams, adhesives, coatings, elastomers, and membranes
[2-5]. PU has also proven to be applied as a sheath for
elastic electromagnetic fibers [6]. Its versatile properties
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goods. The persistent nature of PU presents serious
environmental problems, notwithstanding its benefits.
Conventional disposal methods for non-biodegradable
materials, including landfiling and incineration, are
unsustainable [7]. These practices result in the
accumulation of PU waste, which significantly contributes
to environmental pollution.

Recent advancements have highlighted a growing
focus on the formulation of sustainable recycling
methodologies aimed at mitigating the environmental
challenges posed by PU waste. Various techniques have
been established for the degradation of PU, encompassing
thermal, chemical, biological, and mechanical recycling
methods. Chemical degradation is extensively researched
due to its potential for recovering valuable raw materials
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such as polyols and amines. Common methods of chemical
degradation encompass glycolysis, hydrolysis, aminolysis,
and alcoholysis [8-10]. However, these techniques
sometimes involve the use of hazardous solvents, high
temperatures, or lengthy reaction times, which lessens their
viability from an economic and environmental standpoint
[9,11]. The innovations are not only focused on the PU
recycling process but also on other sustainable strategies.
They include innovations in sustainable plastics, such as a
new biocompatible and biodegradable polyurethane
elastomer with self-healing properties [12], recyclable and
degradable gelatin glycerohydrogel [13]. Despite the vari-
ous technically feasible methods of polyurethane recycling
and sustainable products, the current recycling rate is
below 10%, with the majority ending up in landfills [14].

The emergence of deep eutectic solvents (DES) as
environmentally friendly solvents offers a novel approach
to addressing the issues associated with polyurethane
degradation. DES are synthesized through the interaction
of a hydrogen bond donor (HBD) and a hydrogen bond
acceptor (HBA) at defined molar ratios, resulting in
distinctive characteristics including low toxicity, elevated
solubility, and diminished volatility [15-17]. The aforementi-
oned characteristics significantly augment their applicabili-
ty in chemical recycling processes.

Ultrasonic irradiation represents an advanced
methodology that has garnered significant interest due to
its capacity to accelerate degradation processes.
Ultrasonic waves facilitate the generation of cavitation
bubbles, which induce localized high temperatures and
pressures, thereby markedly improving the degradation of
polymer chains in the presence of DES [18]. A combination
of DES and this method facilitates the recovery of valuable
monomers while promoting a more environmentally
sustainable approach to addressing polyurethane waste.
Thermoplastic PU, which consists of o-toluidine and
polycarbonate diol (PCDL), was utilized in this study.

Recent advancements in plastic waste management
highlight the significance of integrating green chemistry
principles into recycling technologies. Many studies have
highlighted the necessity of sustainable degradation
solutions that reduce environmental impact while
facilitating the effective recovery of valuable monomers
[19]. Current research conducted by Zhang et a/. explores
novel solvent systems, including DES and their role in
enhancing the depolymerization of PU under milder
reaction conditions [14]. The recent advancements
highlight the importance of investigating environmentally
sustainable and scalable methods, such as DES-assisted
degradation, especially when integrated with physical
enhancements like ultrasound to enhance degradation
rates and optimize material recovery.

This study investigated the effect of ultrasonic
irradiation at different temperatures on the PU degradation
in the DES. Degradation of PU was investigated through
the o-toluidine structure identification using 1H NMR
spectra. The research aims to enhance sustainable waste
management strategies for polyurethane materials, thereby
advancing polymer recycling and addressing critical
environmental issues.
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EXPERIMENTAL
Materials

The high flow thermoplastic polyurethane (TPU) was
obtained from Revlogi Materials Solutions Sdn Bhd
(Malaysia). Urea and choline chloride (ChCl) were obtained
from Sigma-Aldrich, Germany. Acetone was obtained from
HMBG Chemical, Germany. The solvent used for NMR was
deuterated dimethyl sulfoxide (DMSO-ds) obtained from
Sigma Aldrich, Germany.

Preparation of DES

ChCl and urea were mixed with a ratio of 1:2 at 70 °C
for 2 h until a clear, transparent, and homogeneous mixing
liquid was obtained.

Physical Properties of DES
Densily

The pycnometer was used to determine the density of

the DES components (o), which was calculated by Eq. (1)
[20].

m,

PL= "Pr20 &)
Mo
where m. is the mass of liquid, 720 is the mass of water,
and pu20 is the density of water. The measurement was
conducted in duplicate.
The average absolute deviation (AAD) was calculated

for each set of measurements by Eq. (2):

arp=Ly b @

N =" x,
where n is the number of runs for one experimental
condition, NVis the total number of runs, x; is the data for
one experimental condition and X is the average for one
experimental condition.

Viscosity

The viscosity of the DES was assessed by a regular
viscosity (RV) spindle viscometer (Brookfield, United
Kingdom) through the rotation of a spindle that was
submerged in the liquid medium. The viscosity values were
computed directly through the application of conversion
factors derived from the scale readings corresponding to
the specific rotational speeds [21]. The measurement was
conducted in duplicate.

Degradation of PU in DES with and without a sonication-
aided system

In this experiment, 25 g of the DES solution and 2.5 g
of the PU were mixed in a 100 ml beaker. Then, the
degradation took place at 130, 140, and 150 °C for 2 hours.
The sample was subjected to the post-treatment process.

An ultrasonic bath (Scientz, SB-5200DTD, Ningbo,
China) was used to perform sonication at a frequency of
40 kHz and an ultrasonic input power of 250 W. The
degrading process was conducted at 130, 140, and 150 °C
for 2 hours. Then, the sample was prepared for the post-
treatment process.
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Post-treatment process after degradation of PU with and
without a sonication-aided system

The degradation product was processed to separate
the unreacted PU, DES, and the degradation product,
namely o-toluidine. The mixture was cooled down to room
temperature before being filtered with a 125 mm Whatman
filter. The remaining unreacted PU made up the filter cake
(1), while the DES and o-toluidine made up the majority of
the filtrate (1).

Initially, an excess of distilled water was introduced into
the filtrate (1) to separate o-toluidine (insoluble in water)
and recover the DES (soluble in water) from the filtrate
solution. This process was repeated once again to get filter
cake (2) and filtrate (2). The filter cake (2) was then dried at
70 °C and measured as W7. The filtrate (2) was recycled
using a vacuum rotary evaporator at 60 °C and 100 Pa to
recover the DES.

The filter cake (1) was washed with distilled water to
dissolve the remaining DES. This part of the DES was also

recovered using the vacuum rotational evaporator at 60 °C.
The clean filter cake (1) was completely dissolved in
acetone to recover the unreacted PU. The filter cake (3)
and filtrate (3) were obtained after the third filtering. The
filtrate (3) mostly contained acetone and other possible
degradation products, while the filter cake (3) contained the
unreacted PU. A vacuum rotary evaporator was used to
eliminate acetone from the filtrate (3) at 35 °C, and the
unreacted PU was dried and measured as W2 The filter
cake (3), which contained the unreacted PU, was then dried
and weighed as W3. Figure 1 shows the overall process for
the post-treatment process for the degradation of PU.
Based on this posttreatment process, W7 and W3 were
identified as o-toluidine and unreacted PU, respectively.
The degradation rate was calculated by Eq. (3):
Degradation rate :M -100% 3)
where WO is the initial weight of PU and W3is the weight
of PU that was not degraded.

Post-treatment Process

Filter Cake (1)

PCDL + Residual PU

Distilled Water not degraded

Liquid Filter

Vacuum Rotary
Evaporation (60°C)

Clean Filter
Cake

A4

Recycle DES

Freeze-dried

Dissolved in Acetone

Filter Cake (3)

PU not degraded PCDL + Acetone

Dried (70°C)

¥

[ w

|

Filtrate (3)

Vacuum Rotary Evaporation

]

Filtrate (1)

Filter DES + o-toluidine

Filter Cake (2) Filtrate (2)

Vacuum Rotary
Evaporation (60°C)

W1 Recycle DES

Dried (70°C)

Characterization of DES
and the degradation process

Figure 1. The overall post-treatment process for the degradation of PU.

Gel Permeation Chromatography

The molecular weight distribution of the raw
polyurethane and the degradation products with and
without sonication was analyzed using Gel Permeation
Chromatography (GPC) (Agilent 1260 Infinity 1l LC, CA,
USA). Tetrahydrofuran (THF) was used as the eluent at a
concentration of 1.0 g/L and a constant flow rate of
0.6mL/min. The sample solution was prepared at a
concentration of 1.0 g/L, and an injection volume of 50.0 pL
was used for each run with a flow rate of 0.6 mL/min.

Detection was carried out using a refractive index detector
(RID1A, Refractive Index Signal). The delay volume was
set to 0.0 mL, and data acquisition was performed at an
interval of 0.21 seconds.

Characterization of DES and the degradation product

FT-IR spectra of the DES solvent and its degradation
products were obtained using a Perkin-Elmer (USA) spe-
ctrometer within the wave-number range of 4000-400 cm™
with a resolution of 4 cm™.
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To study the structure of degradation products, 1H
NMR spectra were recorded using an AVANCE 3TM
spectrometer (Bruker, Switzerland) operating at a
frequency of 400 MHz. The solvent employed for NMR
analysis was deuterated dimethyl sulfoxide (DMSO-ds).

RESULTS AND DISCUSSION
Physical Properties of DES

Key physical properties of the DES as an efficient
solvent are viscosity and density. Table 1 shows the
physical properties of ChCl and urea in comparison with the
previous study.

The measured density of the synthesized DES was
determined to be 1.19 £ 0.01 g/cm?, which was comparable
with the literature value of 1.24 g/mL [18]. ChCl acts as a
hydrogen bond acceptor, whereas urea acts as a hydrogen
bond donor. The high density of this DES arises from the
strong hydrogen-bonding interactions between ChCl and
urea, leading to a tight molecular structure [22,23]. These
interactions decrease intermolecular distances, resulting in
a compact and cohesive solvent structure. The strong
hydrogen-bonding environment of the ChCl-urea DES
boosts its efficacy in polymer solubilization [14]. The
density of the DES aligns closely with literature values for
comparable DES formulations, thereby confirming the reli-
ability of this property in promoting degradation reactions.

The synthesized DES had a viscosity of 755 + 0.14 cP,
comparable with the literature value of 750 cP [17].
Viscosity is another key physical parameter that impacts
polymer degradation in solvent systems. The solvent's
viscosity affects its flow and interaction rate with
polyurethanes. The viscosity found is noticeably altered by
a strong hydrogen-bonding network between ChCl, an ionic
chemical, and urea, a polar molecule [24]. These
component interactions raise viscosity by increasing
internal friction [25]. ChCl ionic properties improve viscosity
by slowing solvent molecules and generating a structured
fluid network. ChCl and urea mixed at this ratio provide a
viscosity greater than expected from their separate
components, indicating strong intermolecular interactions.
Lower viscosity usually allows for greater mixing and
quicker solute diffusion, which may greatly speed up
chemical processes in the solvent.

Table 1. Properties of the DES.

Properties This work Literature Ref.
Review

Density, o (g cm) 1.19 +£0.01 1.24 [15]

Viscosity, u (cP) 755 + 0.14 750 [41]

Characterization of the DES and degradation products

The Fourier Transform Infrared (FTIR) spectra were
recorded to identify significant functional groups present in
the DES obtained from ChCl and urea are shown in Figure
2(a). The vibrational bands observed at 3329 cm’
correspond to the symmetric stretching mode of the amide
functional group (-NH) present in urea [26]. The vibrational
band observed at 3203 cm™ is attributed to the O-H
stretching modes associated with hydroxyl groups present
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in ChCI. This observation suggests the presence of a robust
hydrogen bonding interaction between the constituent
components. The peaks rarely visible at 3000 cm™' were
attributed to the CH stretching vibrations of alkyl groups
present in ChCl, indicating its role in the structural integrity
of the solvent [27]. Additionally, the peak at 958 cm™ is
associated with C-N stretching vibrations linked to the
quaternary ammonium group of ChCl, reflecting the ionic
characteristics of the deep eutectic solvent. The observed
peaks at 1670 cm™ and 1618 cm are attributed to the urea
functional group [27]. The spectral bands observed at 1670
cm™ are indicative of C=0 stretching associated with amide
functional groups, while the band at 1618 cm™ corresponds
to N-H scissoring vibrations. The observed peaks validate
the presence of carbonyl and amine groups in urea, which
engage with ChCl to enhance the stability of the deep
eutectic solvent structure.

PU is a high polymer characterized by a repetitive
urethane bond (-NHCOO-), which is synthesized through
the polymerization process involving isocyanates and
polyols. Figure 2(b) shows the FTIR spectrum of PU. A
prominent peak observed at 3350 cm™ corresponds to N-H
stretching. The observed peak at 1732 cm™ was attributed
to the ester C=0. The additional peak observed at
1602 cm™ corresponds to C=C vibrations within benzene
rings. Soft segment polyether polyols exhibit the C-H
stretching vibration at 2967 cm™ [28,29].

Degradation product

The influence of temperature on the degradation rates
of PU was examined under two different conditions: without
sonication and with sonocatalytic assistance. Four distinct
temperatures, 130, 140, 150, and 160 °C, were utilized, and
the experiments were conducted for two hours. Figure 3
shows the effect of the temperature on the degradation of
PU.

Without sonication, the degradation rate of PU was
measured at 27.41 = 0.02% at 130 °C. When the
temperature increased to 140 °C, the degradation rate
more than doubled, reaching 52.12 * 0.07%. Further
elevation to 150°C resulted in a degradation rate of
58.51 + 0.04%. This shows that longer reaction time and
higher temperature are important to achieve complete
breakdown of the polymer. These findings suggest that
thermal conditions significantly influence the polymer
breakdown, as higher temperatures enhance molecular
kinetic energy, increasing the probability of chemical bond
disruption [30]. The urethane linkages, which are the
characteristic backbone of PU, become more susceptible
to cleavage as the provided energy surpasses the
activation threshold necessary for bond rupture [31].
Moreover, increased temperatures improve the interaction
between the DES and the PU matrix, enhancing solvent
solubility and diffusion. This process facilitates deeper
penetration, which promotes chemical structure
breakdown, primarily targeting urethane and urea bonds
crucial for polymer stability [10].

Under sonication-assisted degradation, the
degradation rates were significantly higher. At 130 °C, the
degradation rate reached a 19.79 £ 1.75% decrease in
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7.62% compared with the process without sonication
assistance. When the temperature increased to 140 °C, the
degradation rate rose to 54.79 £ 0.02% and at 150 °C, it
further escalated to 63.71 + 0.03%. A clear improvement in
plastic degradation was also observed in the study by
Attallah et a/ [32]. In this research, the biodepolymerization
of PET showed an increase of around 16% (w/w) in
monomer conversion when sonication was applied
together with enzymatic treatment, compared to the
process without using sonication [32]. This method can be
useful for improving the biodegradation process of plastics
in more eco-friendly conditions.

(a)

-CH: 3000 em™*
)

v
-CN: 958 cm™*

v

-1
v -OH; 3203 cm

Intensity, a.u

-NH; 3329 em™*

-C=0; 1670 cm™* ¢

v
-N-H; 1618 cm™

3650 3150 2650 2150 1650 1150 6%

Wavelength, cm-1

(b)

-C=C; 1602 em™

v -C-H:2967 em™*
-NH: 3350

Intensity, a.u

v
-C=0; 1732 em™

365 nso 2650 21% 1650 115 650

Wavelength, cm-1

Figure 2. The FTIR spectra: ) DES and b) PU.

The higher efficiency observed in sonication-aided
degradation can be attributed to the combined effects of
ultrasonic irradiation and elevated thermal conditions. The
key mechanism contributing to this enhancement is
cavitation, where rapid formation and implosion of
microbubbles generate localized hot spots with extreme
temperature and pressure [18,33,34]. These localized
conditions intensify the degradation process by
accelerating polymer bond rupture beyond what is
achievable with thermal degradation alone.

Additionally, ultrasonic waves decrease solvent
viscosity, which further optimizes mass transfer
characteristics [31]. A solvent with lower viscosity allows for
better penetration and interaction between DES and the PU
matrix, improving solvation and degradation. This
enhanced mass transfer ensures a uniform distribution of
reactants, leading to more efficient degradation.

Furthermore, ultrasonic waves intensify molecular
motion, promoting more successful collisions between
reactant molecules. These amplified interactions facilitate
essential chemical reactions, accelerating the cleavage of
weaker bonds and leading to the generation of smaller
molecular fragments that are more prone to further
degradation [35].

Overall, the results demonstrate that both thermal
conditions and ultrasonic assistance play crucial roles in
polyurethane degradation. The increase in kinetic energy
at elevated temperatures enhances polymer bond
disruption and solvent interactions, leading to higher
degradation rates. In conclusion, the presence of ultrasonic
irradiation significantly amplifies these effects through
cavitation, enhanced mass transfer, and increased reaction
rates. The synergistic combination of temperature and
ultrasonic assistance presents a promising approach to
optimizing PU degradation, offering insights into improved
recycling methodologies for PU waste.
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Figure 3. Effect of temperature on the degradation of PU in the DES.

Characterization of the Degradation product

Figure 4 shows the functional groups identified in the
W3, consisting of the unreacted PU facilitated with and
without a sonication effect.

The analysis reveals multiple peaks, with significant
peaks identified at 3424 cm™ and 3327 cm™ were attributed
to the amine (-NH) groups. The peaks observed at
1676 cm™, 1699 and 1732 cm™ correspond to the presence
of C=0 functional groups, while the peaks at 1089 cm™ and
1084 cm™ are associated with the C-O group [36].
Furthermore, the observed peaks at 769 cm™ indicate the
presence of C-H functional groups. The results indicate that
the functional groups present in the original PU have
transformed into new groups within the residual material,
thereby demonstrating the effective degradation of
urethane bonds throughout the degradation process. The
transformation resulted in the generation of smaller
molecular entities, such as alcohols, ethers, and carboxylic
acids, while retaining certain aromatic compounds [37].
The sonication-assisted degradation process effectively
modifies the molecular structure of PU by the existence of
a new group at 1236 cm™.
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Figure 4. FTIR analysis of the unreacted PU (W3) (a) without and (b) with sonication.

Gel Permeation Chromatography

Gel Permeation Chromatography (GPC) was used to
determine the molecular weight distribution of the raw PU
before the degradation process. The chromatogram
presented in Figure 5 displays a clear monomodal
distribution, suggesting a consistent molecular weight
distribution throughout the sample. The primary elution
peak is observed at an elution volume ranging from 6.5 to
7.5 mL, which is indicative of high molecular weight
polymer fractions. The number average molecular weight
(Mn) was determined to be 5.985x10% g/mol, while the
weight average molecular weight (Mw) was found to be
9.080%10* g/mol, resulting in a polydispersity index of
approximately 15.17. The observed high PDI indicates a
wide molecular weight distribution, which is characteristic
of PU produced through step-growth polymerization
processes, where the regulation of chain length is not as
precise as in living polymerization methods [38]. The tailing
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observed at elevated elution volumes 9 to 11 mL suggests
the presence of lower molecular weight species or
oligomers, which may include residual monomers or
partially polymerized chains [38,39].

Figure 5 displays the GPC chromatogram of the
degradation product, W7, which was derived from the
degradation of PU in DES without the aid of sonication. The
chromatographic profile indicates a narrower distribution of
lower molecular weight species when compared to the raw
polyurethane and the sonication-assisted degradation. The
main peak is observed at an elution volume ranging from
8.5 to 9.5 mL, indicating the presence of smaller polymer
fragments or monomeric degradation products. The Mn
was determined to be 2.74x102 g/mol, while the Mw was
measured at 6.47x10? g/mol, leading to a PDI of 2.36. This
suggests a moderate degree of polymer chain scission and
a more uniform distribution of molecular weight in
comparison to the original polyurethane, with a value of
15.17. The chromatogram displays a distinct single peak,
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accompanied by minimal signals at low elution volumes,
indicating a restricted degradation into very low molecular
weight compounds or oligomers [40]. The transition from
the original high molecular weight region validates the

occurrence of degradation. The tailing observed at elevated
elution volumes 9 to 11 mL suggests the presence of lower
molecular weight species or oligomers, which may include
residual monomers or partially polymerized chains.

45000

40000 Raw PU

35000

30000

25000

20000

15000

Detector response

10000

5000

0

----- W1 with sonication-aided system
= = = W1 without sonication-aided system

Elution Volume [ml]

Figure 5. GPC traces recorded with the RID1A: a) raw PU, b) W1 without the sonication-aided system, and c) W1 with the sonication-aided
system.

Table 2. GPC data for the molecular determination.

wi wi
Sample Raw PU without the sonication-aided with the sonication-aided
system system
Number average molecular 5.99 x 10° 274 x 102 6.29 x 102
weight, Mn (g/mol)
Welght. average molecular 9.08 x 10 6.47 x 102 3.37 x 10°
weight, Mw (g/mol)
Z-average molecular 5 3 4
weight, Mz (g/mol) 2.13x10 2.83x10 1.03 x 10
Polydispersity index, PDI 15.17 2.36 5.36

W1 is identified as o-toluidine calcuted using posttreatment method described in Figure 1.

The chromatogram of W7 with a sonication-aided
system exhibits a notable shift toward elevated elution
volumes in comparison to raw polyurethane, signifying a
considerable decrease in molecular weight. The Mn of the
W1 product was determined to be 6.29%10? g/mol, while the
Mwwas found to be 3.37x102 g/mol, leading to a calculated
PDI of 5.36. This indicates a significant reduction from the
initial Mn and Mw values of 5.98x10® g/mol and
9.08x%10* g/mol, respectively. The observed lower molecu-
lar weights and narrower peak profiles indicate significant
depolymerization of the polyurethane backbone, thereby
demonstrating the effectiveness of sonication-assisted
DES treatment in the breakdown of polymer chains. The
chromatographic profile displays multiple distinct peaks
within the range of 7.8 to 9.5 mL, which are associated with
lower molecular weight degradation products. The lack of a
notable peak in the lower elution volume range 6 to 7 mL,
where the high molecular weight polymer was previously
identified, reinforces the successful degradation of the
original polymer structure. The detection of o-toluidine, an
aromatic amine that arises from the degradation of

urethane linkages, aligns with earlier findings regarding the
depolymerization of polyurethane. The reduction in
molecular weight due to sonication demonstrates the
combined effects of cavitation and localized high-energy
zones in improving DES-based depolymerization [41].

Chemical structure analysis using TH NMR

The structure of the degradation product was analyzed
using NMR analysis to provide valuable insights into the
chemical composition and structure during the process.
Figure 6 shows the 1TH NMR spectra.

The peaks at 5.5 ppm were assigned to the NH2 group,
while the peaks at 2.0-2.1 ppm were assigned to the CHjs
group. PU found that the chemical shifts of the groups are
8.3 ppm (NH), 5.9-6.7 ppm (aromatic), 2.2-2.6 ppm (CH),
1.1 ppm (CHs) [29]. The degradation of PU using a DES
formulated from ChCl and urea was examined to assess its
efficacy in breaking the polymer structure. Figure 7 illustra-
tes the breakage of urethane (-NH-COO-) connections,
resulting in the generation of lower molecular weight
fragments known as o-toluidine and PCDL.
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Figure 6. The TH NMR spectrum of the W1: a) raw PU, b) W1 in the sonication-aided system, and c) W1 without the sonication-aided system.
The solvent used for NVIR was DMSO-db.
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Figure 7. The degradation route of the PU elastomer.

In this study, the W7 or o-toluidine structure was used
for the structure identification after the degradation
process, as shown in Figure 7. The DES medium promotes
polyurethane breakdown via nucleophilic assault and
hydrogen bonding interactions. The chloride anion in ChCl,
in conjunction with urea, establishes strong hydrogen
bonds with the carbonyl groups of urethane links,
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enhancing their vulnerability to nucleophilic cleavage [42].
The existence of protonated amines (-NHs*) in the
degradation products indicates that the process occurs via
a partial hydrolysis mechanism, whereby urea facilitates
the breaking of urethane bonds. The release of an aromatic
diamine fragment signifies the degradation of the hard
segment of polyurethane. This indicates that the
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degradation process efficiently severs the bonds linking the
diisocyanate-derived segments of the polymer. The
existence of polyol degradation products with hydroxyl
(-OH) and carbonate (-COO-) functionalities indicates that
the soft section of PU also experiences cleavage. The
identified structures suggest hydrolysis or aminolysis of
ester and carbonate moieties within the polymer backbone.

DESs provide an environmentally friendly option for the
solubilization and depolymerization of polyurethane, owing
to their capacity to dissolve and engage with polymeric
structures. ChCI and urea create a eutectic combination
characterized by robust hydrogen bond donor-acceptor
interactions that enhance the degradation process [43]. In
contrast to traditional aggressive chemical treatments,
DES-based degradation provides a more eco-friendly
method with less toxicity. The capacity of DES to
decompose PU into its precursor constituents indicates
prospective uses in polyurethane recycling and waste
management. The extraction of diamines and polyols from
polyurethane degradation facilitates their reutilization in
polymer synthesis, hence reducing the need for fresh raw
materials. Moreover, the moderate reaction conditions of
DES-based degradation reduce the generation of toxic by-
products, making it a sustainable choice for plastic waste
processing.

CONCLUSION

This research effectively illustrates the potential
benefits of deep eutectic solvents (DES) combined with
ultrasonic irradiation in enhancing polyurethane (PU)
degradation. The results indicate a remarkable increase in
degradation efficiency, with rates rising from 19.79 £ 1.75%
at 130 °C to 63.71 = 0.03% at 150 °C under ultrasonic
assistance. In contrast, degradation rates without
sonication only reached a maximum of 27.41 + 0.02% to
58.51 + 0.04% under similar temperature conditions. The
breakdown of PU polymer chains is greatly accelerated by
the application of ultrasonic vibrations, which promote the
formation of cavitation bubbles and localized areas of high
temperature and pressure. This process marks a
substantial improvement in chemical recycling techniques,
especially when combined with the beneficial properties of
DES, such as their high solubility for PU and low toxicity.
PU degradation but also provided insight into ways to
recycle polyurethane waste into valuable products. Overall,
this research highlights the synergistic benefits of
employing DES and ultrasonic irradiation, presenting a
promising strategy for addressing the environmental issues
caused by persistent PU waste while paving the way for
more sustainable waste management practices. Future
studies may explore the higher temperature and longer
reaction time to achieve the maximum degradation rate.
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NAUCNI RAD

POTENCIJAL ULTRAZVUCNOG ZRACENJvA U
RAZGRADNJI POLIURETANA U EUTEKTICKIM
RASTVARACIMA

Ovaj rad istraZuje razgradnju poliuretana (PU) koriscenjem eutektickih
rastvaraca (DES) u kombinaciji sa ultrazvucnim zracenjem, sa cilfjem razvoja
odrzivih metoda reciklaZe PU olpada. DES, dobijjen od holin hlorida i uree,
poseduje ekoloski prihvatljiva svojstva, kao Sto su niska toksicnost i visoka
rastvorijivost, sto ga cini pogodnim za hemijsku reciklaZu. Eksperimenti
razgradnje su sprovedeni na povisenim temperaturama (130-150 °C), sa i bez
efekta ultrazvuka. Molekulske mase sirovog PU i proizvoda razgradnje
odredene su gel permeacionom hromatagorafijom. Strukture DES, PU i
proizvoda razgradnje su analizirane koriscenjem FTIR i NMR. Rezultati
pokazuju da primena ulffrazvuka znacajno povecava stopu razgradnfe za
priblizno 5,20% (od 58,5% do 63,7%) na konstantnoj temperaturi od 150 °C.
Ovo poboljsanje se pripisuje efektima izazvanim kavitacijom, kofi olaksavaju
raskid polimernog lanca. Molekularne transformacije su potvrdene prisustvom
NH: grupa koje nastaju usled raskida strukture PU da bi se formirao o-tfoluidin,
sto je identifikovano NMR spektroskopijom. Reakcioni putevi su utvrdeni
strukturnom analizom i sirovog PU i proizvoda njegove razgradnje. Ovi nalazi
pokazuju potencijal DES uz dejstvo ultrazvuka u unapredenju strategija
hemijske reciklaZe PU, resavanju ekoloskih problema vezanih za postojani PU
olpad i promocifi odrZivih praksi upravijanja otpadom.

Kiljucne reci: Sonohemija, ReciklaZa polimera, o-toluidin.
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PERFORMANCE OPTIMIZATION OF ECM PARAMETERS
FOR PALLADIUM COATED TOOL ELECTRODE USING
MULTI-CRITERIA DECISION ANALYSIS METHOD

Highlights

« A palladium-coated electrode with an ascorbic acid mixed electrolyte is used
for the ECM experiments.

« The optimal factors are 29 g L™ electrolyte concentration, 12 V, 70% duty cycle,
and 80 Hz frequency.

« Significant factors for higher MR and overcut are machining voltage and
electrolyte concentration.

Abstract

Electrochemical machining is an important process for fabricating difficult-to-cut
materials. It is a much more advantageous process for creating excellent surface
quality on a wide range of conductive materials. In this research, the electrode
(cathode) is coated with less resistive palladium material through a sputtering
process, and sodium electrolyte is added with 10 gl’ ascorbic acid fo improve
Local electrolysis and reduce the sludge generation. The process paramelers,
specifically electrolyte concentration, machining voltage, duty cycle, and
frequency, were varied on machining rate and overcut using the Lz7 orthogonal
array experimental plan. ELimination Et Choix Traduisant la REalité (ELECTRE)
/s employed to find a suitable solution. Based on the ELECTRE method, the best
factor combination is 29 g L' electrolyte concentration, 12V, 70% duty cycle, and
80 Hz frequency. The analysis of variance shows that machining voltage and
electrolyte concentration are the considerable factors, with contribution
percentages of 43.93% and 23.34%, respectively. As per the mean effect plot,
the optimal combination is 29 g L7 electrolyte concentration, 12 V, 90% duty
cycle, and 80 Hz frequency.

Keywords: Machining rate, overcut, orthogonal array, ANOVA, ascorbic
acid, sputtering.

the factors and optimized levels of factors play the major
role in performance measures such as material removal

Electrochemical machining (ECM) is a metal finishing
process that works on Faraday's law of electrolysis, in
which the tool electrode is the cathode and the workpiece
is the anode, separated by a small gap and immersed in an
electrolyte bath. By way of application of a potential
difference between the electrodes, the dissolution of the
workpiece takes place. Apart from the finishing process, the
ECM is now considered for the development of holes/dim-
ples and intricate shapes, which finds application in aero-
space, biomedical, and automobile components. In ECM,
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rate (MRR)/machining speed/machining rate (MR), overcut
(OC), delamination factor, surface corrosion factor, circula-
rity, cylindricity, and surface roughness (SR). Srividya et a/.
[1] have optimized the ECM parameters on aluminum com-
posite using the Taguchi-ANN method. For the experiment
dataset, the Artificial Neural Network (ANN) predictions
produce an R?value of 0.98003 and a mean squared error
in the range of 0.02413. The regression study's findings
clearly show that the ANN model is capable of accurately
and consistently predicting both MRR and SR [1].

Saranya ef al. [2] have utilized a ceramic-coated tool
and optimized the ECM performance for machining
aluminum composite. They used ethylene glycol mixed with
sodium nitrate electrolyte, and the ideal combination,
according to the Grey Relational Analysis (GRA), is 30%
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ethylene glycol, 9 V of voltage, 70% duty cycle, and
35 g L' of electrolyte. The most encouraging factor,
according to the analysis of variance (ANOVA), is
electrolyte concentration, which displays 46.36%. The
predicted values of the ANN model are 0.17 and 1.14,
respectively, which are quite near to the GRA-optimized
values of surface corrosion factors and MR, or 0.17 and
1.14, respectively [2]. Venugopal et al [3] have used a
polytetrafluoroethylene (PTFE)-coated electrode in ECM
for machining Hastelloy C22. The ideal levels of variables
for better MR, lower OC, and conicity were found by using
inter-criteria correlation and basic additive weighting
techniques. The investigation indicated that a PTFE-coated
electrode with 20 g L' mixed electrolyte, 8 V, 85% duty
cycle, and 90 Hz frequency was the ideal parameter
combination. As per the results of an ANOVA, the electrode
type affects MR and OC by 21.15% and 41.26%,
respectively. With a 64.32% contribution, the electrolyte
content is the most important element for conicity [3].
Thangamani et al. [4] have used a heat-treated copper
electrode on aluminum 8011 alloy. The best parameters
were found using the artificial bee colony (ABC) algorithm,
and the error difference on the machining process was then
assessed using the confirmation test. For the ECM
process, the voltage (14 V), electrolyte concentration
(30 g L"), frequency (60 Hz), and duty cycle (33%) for the
annealed tool electrode and the voltage (14 V), electrolyte
concentration (20 g L), frequency (70 Hz), and duty cycle
(33%) for the quenched tool electrode are the ideal
combinations of input process parameters that were
discovered using TOPSIS and the ABC algorithm. It was
verified that the ideal parameter combination produced
95% of the demonstrated accurate response values [4].
Arul et al. [5] examined how square-shaped stainless steel
(SS) and aluminum metal matrix composite tools affect the
creation of square holes. The electrochemical micromachi-
ning process's performance is assessed in terms of OC and
MR. At parameter combinations of 8 V, 85%, and 23 g L™,
the AMC tool displays 43.22% less OC than the SS tool [5].
An ECM experiment with a persistent magnetic field effect
has been planned by Palaniswamy and Rajasekaran [6].
According to the study, the MR grew quickly for voltage
levels between 9 V and 10V, although the pace of change
in OC was less noticeable for voltage levels between 6 V
and 10 V. A duty cycle range of 70 to 90% exhibits greater
MR and a high rate of OC change in conjunction with the
magnetic field effect. Higher MR is produced by an electro-
lyte concentration of 30 to 35 g L', whilst an increased rate
of change in OC is noted in the range of 15 to 30 g L™ [6].
Palaniswamy et a/. [7] studied the impact on the copper
plate of the graphite electrode with a magnetic force. For
these studies, four different tools are used: the graphite
tool, the permanent magnet graphite tool (PMGT), the
electromagnetic graphite tool (EMGT), and the SS tool. The
primary determining parameters on MR and OC are
electrolyte content in g L, duty cycle in %, and machining
voltage in volts. At a parameter level of 23 gL', 15V, and
85%, respectively, the results showed that EMGT, PMGT,
and graphite electrodes yield MR of 106.4%, 74.6%, and
44.5% over the SS tool. Furthermore, at parameter levels
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of 8 V, 95%, and 28 g L, graphite and EMGT electrodes
produced, respectively, 11.9% and 3.41% lower OC than
the SS tool [7]. Maniraj and Thanigaivelan [8] have used a
heated electrode in ECM for improving the MRR, reducing
the OC, and reducing the conicity factor. The results of the
performed studies show that at 8 V, 90% duty cycle,
35 g L™ electrolyte concentration, and 60 °C electrode
temperature, the heated electrode increases the MR by
88.37%, lowers the radial OC by 37.03%, and lowers the
conicity factor by 33.33% [8]. Cercal et al [9] have
experimented with ECM for the reduction of sludge during
electrolysis. To accomplish this, complexing and reducing
(ascorbic acid) agents were added to the electrolyte
composition, resulting in parallel processes that prevented
metallic ions from precipitating. They suggest that ascorbic
acid is suitable to be added to the electrolyte for the ECM
process [9].

It is apparent from the above literature that the
research on ECM mainly focuses on the enhancement of
output performances such as MRR, accuracy, and surface
quality with additional energy and tool design improvement.
Literature in the recent past focuses on coating the tool
electrode with insulating material towards the deceleration
of stray current, and it is the first attempt at coating the ECM
electrode with the lowest electrical resistance material,
namely palladium. The use of a high electrical conductivity
tool electrode induces the enhancement of electrochemical
performance. A further L27 orthogonal array (OA)
experiment was conducted, and the multi-criteria decision
analysis method, namely ELimination Et Choix Traduisant
la REalité (ELECTRE), was employed to find the suitable
solution.

METHODOLOGY

The ECM setup shown in Figure 1 is used for
machining, and it consists of a machine structure, an
electrode feeding system, an electrolyte supply system,
and a power supply. The electrolyte is prepared by using
sodium nitrate salt along with distilled water. The varying
concentration of electrolyte was considered for the study.
Along with the sodium nitrate electrolyte, a concentration of
10 g L' of ascorbic acid is used as a reducing agent to
minimize the sludge formation during the electrolysis
process. The stitching needle is used as a 500 pm diameter
tool electrode, and a 304 SS workpiece of 0.5 mm thickness
was used for the study. The needle is coated with palladium
using a sputtering process. The electrode is first
submerged in isopropyl alcohol, double-distilled water, and
ultrasonicated acetone to remove any minute particles that
may have accumulated on the electrode's surface. The
ultra-high vacuum chamber was loaded with this cleaned
electrode. The argon gas flow was kept at 0.12 m?®/s while
the UHV DC magnetron sputtering power was fixed at
30 W, 4x10-° Nm was the base pressure, while 0.53 Nm
was the deposition pressure. The electrode was rotated at
10 rpm and pre-sputtered for 10 minutes, with a gap of
10 cm between it and the target [10,11]. An electrode was
covered in palladium. The prepared coated electrode is
stored in a base vacuum (high vacuum) for one day. The
profile of the palladium-coated tool electrode is shown by
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field emission scanning electron microscope. Figure 2
depicts the SEM picture of palladium-coated electrodes
before and after machining. Table 1 presents the Loz OA
experiments with factors, levels, and output performances.
The MR is measured by noting the time taken to machine
the complete hole. The thickness of the workpiece divided
by the time noted provides the MR. The OC is the difference
between the hole diameter and the tool diameter after
coating [12].

Figurel. The ECM setup.

S A AR
Mg JSAX

Wow dtow  Hage m0 =
Figure 2. The SEM image of the palladium-coated tool (a) before
and (b) after machining.

RESULTS AND DISCUSSION
ELECTRE Method

Decision-making techniques help in investigating
multiple process attributes and optimizing the process
quality [13,14]. The ELECTRE method is linked to a variety
of fields to address multi-measure difficulties. In this proce-
dure, decisions are made by comparing options pairwise
depending on each appropriate criterion. The alternatives
that do not meet the requirements are then discarded,
allowing viable alternatives to be developed [15-18].

The goal is to rank the alternatives based on the two
criteria, namely MR and OC. The steps in the multi-criteria
decision analysis method are as follows:

1. Define the alternatives.

2. Construct the decision matrix for the criteria.

3. Normalize the decision matrix.

4. Assign weights to MR and OC.

5. Construct the Concordance and Discordance matrices.
6. Apply thresholds for concordance and discordance
indices.

7. Determine outranking relations based on the concor-
dance and discordance dominance.

8. Rank the alternatives.

Step 1: Define the alternatives.

Each data point is an alternative, so 27 alternatives
corresponding to the pairs of MR and OC were defined.

Step 2: Construct the decision matrix.

A matrix with each row representing an alternative and
each column representing a criterion (MR and OC) is
formed.

[0 208 184]
|0 278 166
Decision Matrix = |0 333 154
0 490

8‘8
0 556 J

84

Criterion 1: MR—to be maximized.

Criterion 2: OC—to be minimized.

Step 3: Normalize the decision matrix

To normalize the decision matrix, each element is
divided by the square root of the sum of squares of the
corresponding criterion (for benefit criteria, such as MR) or
divided by the maximum value (for cost criteria, such as
overcut).

For MR (beneéfit criterion), vector normalization is done
using the following relation:

' xij

X, =—F:

TAx)
where x is the normalized value of the /" criterion for the
M alternatlve, x;; is the actual value of the /" criterion for
the / alternative, /is the index for alternatives (/= 1, 2, ...,

n), jis the index for criteria, and n is the total number of
alternatives.
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Table 1. L7 OA.

Expt.No con Eelﬁg,targgﬁe( g vgllltaa(;rgn((\e/) Duty cycle (%)  Frequency (Hz) MR (um/s) OC (um)
1 23 8 50 60 0.208 184
2 23 8 70 70 0.278 166
3 23 8 90 80 0.333 154
4 23 10 50 70 0.379 150
5 23 10 70 80 0.417 112
6 23 10 90 60 0.417 115
7 23 12 50 80 0.439 106
8 23 12 70 60 0.417 100
9 23 12 90 70 0.463 95
10 26 8 50 70 0.225 175
11 26 8 70 80 0.231 146
12 26 8 90 60 0.238 142
13 26 10 50 80 0.253 152
14 26 10 70 60 0.269 160
15 26 10 90 70 0.287 162
16 26 12 50 60 0.333 150
17 26 12 70 70 0.362 140
18 26 12 90 80 0.463 100
19 29 8 50 80 0.347 143

20 29 8 70 60 0.379 123
21 29 8 90 70 0.397 110
22 29 10 50 60 0.362 118
23 29 10 70 70 0.379 150
24 29 10 90 80 0.417 105
25 29 12 50 70 0.463 110
26 29 12 70 80 0.556 84
27 29 12 90 60 0.490 88

For OC (cost criterion), the normalization is divided by

the maximum value:
, Min(xl.j)
x!/‘ =

Xy

Step 4: Weigh the criteria.

The weights for MR and OC were assigned as 0.5
based on the importance.

Step 5: Construct the concordance and discordance
matrices.

Concordance matrix:

For each pair of alternatives, A; and A, the concor-
dance index was calculated. The concordance index is the
sum of the weights of the criteria where A/ performs better
than or equal to A;

Al A2 A3 L A27
Al 00 05 05 L 05
A2 00 00 05 L 1.0
A3 0.0 00 00 L 1.0
M M M M O M
427 00 0.0 00 L 0.0

Discordance matrix:
For each pair A; and A; the discordance index was
computed, which reflects the maximum relative difference
for the criteria where Ai performs worse than A;

Al A2 A3 A27
Al 0.0 0.00735 0.01359 0.04202
A2 0.02162 0.0 0.00624 0.04298
A3 0.04143 0.02162 0.0 0.05763
A27 0.05027 0.03946 0.03321 0.0
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Step 6: Apply thresholds.

The concordance threshold c¢* and discordance
threshold d* were applied to filter the pairs for which A,
outranks A;. The threshold values are set based on the
average concordance and discordance values.

c*0.514

d*%0.176

Based on these thresholds, the dominance matrix is
constructed, and the dominance scores are calculated for
each alternative. The alternatives were ranked according to
their dominance scores (higher dominance scores indicate
better performance).

Step 7: Determine outranking relations.

As per the concordance and discordance indices,
dominating alternatives were determined. An alternative A/
will outrank Ayif:

c(AiA)) = c*(sufficient concordance)

d(AJj,A)) < d(acceptable discordance)

Step 8: Rank the alternatives

Aggregate the dominance matrix by combining the
concordance and discordance dominance matrices to
identify the final dominance for each pair. Using the
outranking relations, the ranking of the alternatives is done.
The alternative that dominates the most others will be
ranked highest. Hence, based on the multi-criteria decision
analysis method, the best combination for obtaining optimal
output performance is 29 g L electrolyte concentration,
12 V, 70% duty cycle, and 80 Hz frequency, and the next
best combination is 29 g L™ electrolyte concentration, 12 V,
90% duty cycle, and 60 Hz frequency (Table 2). It can be
concluded that 29 g L™ of electrolyte concentration, 12V, a
70-90% duty cycle range, and a 60-80 Hz frequency are the
best parameter combinations for achieving better MR and
OC.
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Table 2. Ranking of attributes.

Alternative Dominance score Rank
A26 26 1
A27 25 2
A25 24 3
A18 24 3

A9 24 3

A8 23 6

A7 22 7

A24 22 7

A5 20 9

A6 20 9

A21 19 11
A20 15 12
A22 15 12
A23 13 14
A17 13 14
A4 13 14
A12 12 17
A19 12 17
A16 11 19
A1l 10 20
A3 9 21
A13 8 22
Al4 6 23
A15 5 24
A2 4 25
A10 1 26
Al 0 27

Analysis of Variables on the ECM Performance

Figure 3 depicts the mean effect plot, and an increase
in electrolyte concentration first reduces the MR. A further
increase in the concentration enhances the ECM perfor-
mance because the ionic strength raises the electrolyte
conductivity, which leads to higher current density, more
heat generation, rapid gas evolution, and passive film

Table 3. ANOVA table for MR.

generation, which blocks the machining performance.
Further increase in electrolyte concentration improves the
electrolyte's buffer capacity, leading to a slight increase in
the electrolyte’s viscosity. This phenomenon stabilizes the
gas layer and prevents localized overheating. At a higher
voltage, the sludge generation will be affected, which
invariably affects the ECM dissolution process. To avoid
this effect, the addition of ascorbic acid causes a parallel
reduction reaction for metal ions dissolved in the
electrolyte. The major goal is to lower the cation valence of
metal ions by oxidizing ascorbic acid into dehydroascorbic
acid [9].

The ANOVA helps in analyzing the effects of process
characteristics on the performance of the process [22-24].
Based on the F-value, the ANOVA table (Table 3) shows
that electrolyte concentration is the second-best parameter
that affects the MR next to voltage. Table 4 shows the
ANOVA for the OC, and it is evident that voltage is the most
significant factor with an F-value of 12.90.

The increase in voltage levels increases the MR. As
per Faraday's law of electrolysis, the rise in voltage
augments the current density required for machining. The
rise in voltage level accelerates the ions during the
electrolysis, and the palladium-coated electrode and the
addition of ascorbic acid complement the higher MR and
lower OC. Moreover, based on the ANOVA table, voltage
is the most significant factor that influences the machining
performance, with a contributing percentage of 33.83.
Figure 2(b) shows the SEM of the coated electrode after the
ECM process, and the coatings are delaminated during the
electrolysis process. Hence, it is evident that although the
coated surface was delaminated, it was not detached from
the electrode surface, leading to increased local conducti
vity, which accounts for higher output performance. Figure
4 depicts the mean effect plot of OC. An increase in the
electrolyte concentration decreases the OC.

- Degrees of Sum of Mean sum of F- %
Symbol Machining parameters I
freedom squares squares value  contribution
A Electrolyte concentration (gl'") 2 0.072 0.036 23.73 0.000
B Machining Voltage (V) 2 0.103 0.051 33.80 0.000
C Duty Cycle (%) 2 0.004 0.002 1.46 0.258
D Frequency (Hz) 2 0.007 0.004 2.84 0.084
E Error 18 0.027 0.001
Total 26 0.215
Table 4. ANOVA table for OC.
- Degrees of Sum of Mean sum of F- _—
Symbol Machining parameters freedom squares squares value % contribution
A Electrolyte concentration (gl") 2 4868 24341 7.92 0.003
B Machining Voltage (V) 2 7928 3964.1 12.90 0.000
C Duty Cycle (%) 2 1308 654.1 213 0.15
D Frequency (Hz) 2 1069 534.3 1.74 0.20
E Error 18 5531 307.3
Total 26 20705
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Main Effects Plot for SN ratios
Data Means
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Figure3. The mean effect plot for MR.

Main Effects Plot for SN ratios
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Figure 4. The mean effect plot for OC.

In ECM, to ensure stable machining, a uniform inter-
electrode gap (IEG) is maintained in the range of 200pm to
300pum. Hence, during machining at a lower electrolyte
concentration, the proximity of the electrodes helps to
develop the required current density in the machining zone.
This phenomenon contributes tostable machining without
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stray cuts. While an increase in electrolyte concentration
beyond 26 g L, the presence of more ions develops an
intense current density between the IEG. This phenomenon
develops more dissolute products in the machining zone.
This debris builds up in time, resulting in micro-sparking
and a stray cut effect. The OC tends to increase with
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electrolyte concentration; at higher concentrations, the
debris produced increases the frequency of micro-
sparking. An increase in voltage level shows a significant
effect on OC, which is because at a higher voltage, the
current density available between IEG is more, leading to
higher material removal. A huge volume of debris from the
machining attributes for increased OC. The OC tends to
increase with duty cycle, and the optimum range of duty
cycle is 70-90%. An increase in the frequency of the pulse
increases the OC. With respect to Figure 4, the points for
the frequency are closer to each other, hence the optimum
range of frequency is 60-80 Hz.

It is also evident from the SEM micrograph shown in
Figure 5(a) that the hole generated during the ECM process
at a parameter combination of 29 g L™ electrolyte concen-
tration, 12 V, 70% duty cycle, and 70 Hz. As per the mean
effect plot, the former factor combination is the best
combination for obtaining high MR [19]. The influence of
ascorbic acid is withessed on the whole profile and the hole
surface. The perfect circular hole profile with fewer stray
current-affected regions and white layers. Localized heat-
ing can still happen at the electrode-workpiece interface
even though ECM mostly removes material by an electro-
chemical reaction. This results in a tiny area of changed
microstructure close to the surface, known as the white
layer. This white layer might cause residual stresses and
perhaps weaken the machined component's fatigue
strength; it is usually preferable to minimize its thickness.
The palladium-coated electrode accounted for the reducti-
on of stray current-affected regions on the hole due to its
high electrical conductivity [20,21]. Figure 5(b) shows the
hole machined at the best combination of 29 g L' electro-
lyte concentration, 12 V, 70% duty cycle, and 80 Hz frequ-
ency. The increase in duty cycle increases the MR, as
shown in Figure 3, and a further increase in duty cycle
percentage reduces the material removal performance.
The proper balance of pulse-on-time and pulse-off-time
attributes for higher machining performance. It is evident
from the optimal parameter setting that 70% duty is the best
level for achieving the best performance. Out of the total
duty cycle, 1/3rd of the percentage is used for debris
settlement and de-electrification of the high-conductive
electrode. This phenomenon helps to improve the electro-
lysis in the ECM process. Although frequency is the least
significant factor as per the ANOVA, the higher frequency
of the pulse is good to achieve the best performance.

The developed regression equations for MR and OC
are shown in Egs.(1) and (2), respectively:

MR =0.36304 + 0.0093 EC_23 - 0.0674 EC_26 +

0.0581 EC_29-0.0701V_8 - 0.0097 V_10 + 0.0799V_12 -
0.0147 Duty Cycle%_50 + 0.0165 Duty Cycle %_70 -
0.0018 Duty Cycle %_90 - 0.0145 Frequency_60 +
0.0252 Frequency_70 - 0.0107 Frequency_80 D)

and

0C=131.11+0.22EC_23 + 16.33 EC_26 - 16.56 EC_29
+18.11V_8+4.89V_10-23.00V_12 +

9.67 Duty Cycle_50 - 6.44 Duty Cycle_70 -

3.22 Duty Cycle_90 + 8.89 Frequecny_70 -

4.78 Frequency_80 )

- bl B e 0
| b s Ml e- Magt WO a)
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Figure 5. (a) Hole machined at the 29 g L' electrolyte
concentration, 12 V, 90% duty cycle, and 80 Hz frequency,
and (b) hole machined at the 29 g L' electrolyte concentration, 12V,
70% duty cycle, and 80 Hz frequency.

CONCLUSIONS

The tool electrode is successfully coated using palla-
dium through the DC magnetron sputtering process.

The L2z OA experiment was conducted successfully
with sodium nitrate electrolyte mixed with 10 g L-'ascorbic
acid, and the multi-criteria decision analysis, namely
ELECTRE, is employed to find the suitable solution.

Based on the multi-criteria decision analysis method,
the best combination for obtaining the optimal output
performance is 29 g L 'electrolyte concentration, 12V, 70%
duty cycle, and 80 Hz frequency, whereas the next best
combination is the 29 g L "electrolyte concentration, 12 V,
90% duty cycle, and 60 Hz frequency. It can be concluded
that the 29 g L "of electrolyte concentration, 12V, a 70-90%
duty cycle range, and a 60-80 Hz frequency are the best
parameter combinations for achieving better MR and OC.

As per the mean effect plot, the 29 g L™ electrolyte
concentration, 12 V, 70% duty cycle, and 70 Hz frequency
factor combination is the best combination for obtaining a
higher MR, while the 29 g L-electrolyte concentration, 12
V, 70% duty cycle, and 80 Hz frequency factor combination
is the best combination for obtaining a lower OC.
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The most important factor is the machining voltage,
with Fvalues of 33.80 and 12.90 for MR and OC, respecti-
vely, while the next best factor is the electrolyte concentra-
tion, with F~values of 23.73 and 7.92, respectively.

Future work may include industry-scale validations
with varying concentrations of ascorbic acid to further
establish scalability.
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NAUCNI RAD

OPTIMIZACIJA PARAMETARA ELEKTROHEMIJSKE
OBRADE ZA ALATNU ELEKTRODU OBLOZENU
PALADIJUMOM KORISCENJEM METODE
VISEKRITERIJUMSKE ANALIZE ODLUCIVANJA

Elektrohemijska obrada je vaZan proces izrade tesko obradivih materijala. To
Je mnogo povoljniji proces za dobifanje odlicnog kvaliteta povrsine na sirokom
spekiru provodljivih materijala. U ovom istraZivanju, elektroda (katoda) je oblo-
Zena manje otpornim paladijumskim materijalom kroz proces rasprsivanja, a
natrijumov elektrolit je dodat sa 10 g/l askorbinske kiseline kako bi se poboljsa-
la lokalna elektroliza i smanjilo stvaranfe ulja. Parametri procesa, posebno
koncentracija elektrolita, napon obrade, radni ciklus i frekvencija, varirani su u
zavisnosti od brzine obrade i prerez koriscenjem eksperimentalnog plana sa
ortogonainim nizom L27. Metoda ELimination Et Choix Traduisant la Realité
(ELECTRE) je koriscena za pronalaZenje odgovarajuceg resenja. Na osnovu
ELECTRE metode, najbolja kombinacija faktora je koncentracija elektrolita od
29 g/L, napon obrade od 12 V, radni ciklus od 70% i frekvencija od 80 Hz.
Analiza varijjanse pokazuje da su napon obrade i koncentracija elektrolita
znacajni faktori, sa procentima doprinosa od 43,9% i 23,3%, redom. Prema
grafikonu srednjeg efekta, optimalna kombinacija je koncentracija elektrolita
od 29 g/L, napon obrade od 12 V, radni ciklus od 90% i frekvencija od 80 Hz.

Kljucne reci: Brzina obrade, prerezivanje, ortogonaini niz, ANOVA,
askorbinska kiselina, rasprsivanje.
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CROSS-FLOW MICROFILTRATION OF TRADITIONAL
KOMBUCHA BEVERAGE USING CERAMIC TUBULAR
MEMBRANE

Highlights

« The impact of microfiltration on the quality of traditional kombucha was
examined.

« A ceramic tubular membrane was used for cross-flow microfiltration.

 Microfiltration effectively enhanced its visual quality.

Abstract

The traditional kombucha beverage is produced through the metabolic activity of
the microorganisms present in the kombucha culture on sweetened black tea at
room temperature. The aim of this study was to investigate the influence of cross-
flow microfiltration on the quality of the produced beverage. The produced
beverage was microfiltered to assess the effect of cross-flow microfiltration on its
quality. The quality characteristics examined included pH, total acidity, total
soluble solids, turbidity, organic acids, in vitro antioxidant potential, and vitamin
C as an antioxidant compound. The operational parameters of the process were
transmembrane pressure (0.2, 0.6, and 1 bar) and feed flow rate (30, 90, and
150 LK'). The maximum permeate flux was achieved at the highest feed flow
rates and transmembrane pressures. Microfiltration maintained (pH, total acidity,
total soluble solids, lactic, formic, and oxalic acid), improved (turbidity and acetic
acid), but also declined (malonic acid, vitamin C, and antioxidant potential), the
quality of the traditional beverage. After the microfiltration, turbidity was reduced
by 7-9 times, and the content of acetic acid amounted to around 1.20 g/L. The
lowering of acetic acid content indicated the inhibition of acid buildup. Values of
the coefficient of retention for all of the examined quality parameters, except
turbidity, suggested that the overall influence of microfiltration was moderate.

Keywords.: SCOBY, membrane filtration, physicochemical properties,
biological potential.

kombucha beverage production, yeasts metabolize sugars

Health drinks are one of the fastest-growing beverage
categories amid growing public health concerns. These
drinks include ready-to-drink teas, 100% superfruit juices
such as pomegranate juice, cherry juice, and cloudy pear
juice, mineral waters, herbal teas, kombucha, and other
products [1]. Traditional kombucha beverage is produced
as a result of the fermentation process conducted on black
tea sweetened with sucrose, by the microorganisms pre-
sent in kombucha. Fermentation usually lasts 7-10 days at
a temperature that can be in the range 18-30 °C. Kombu-
cha culture applied in the fermentation is mainly composed
of acetic acid bacteria and several yeast species. Sucrose
is usually added in the amount of 5 to 10%, and the content
of black tea leaves is in the 1.5 to 12 g/L range. In the
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to ethanol, and acetic acid bacteria utilize the obtained
ethanol and produce acetic acid. During the fermentation,
two phases are formed. One is a nutritionally and pharma-
cologically active beverage. The other is the floating
cellulosic pellicle layer. In order to conduct the production
process of kombucha beverages, the liquid part of the
kombucha is added to the sweetened black tea extract in
the amount of 10-20% (v/v). The pellicle from previously
obtained kombucha product is transferred as well [2-6].
Black tea kombucha beverage has a slightly sweet and
sour taste, a characteristic odour that resembles vinegar,
slight carbonation, and a blurry appearance [2,5]. It can be
produced as a non-alcoholic and alcoholic beverage [2]. In
our country, there is no legislation on kombucha, and
kombucha is regarded as a refreshing soft drink. The
alcohol content of these types of food products is defined
by the Rules on the quality of refreshing non-alcoholic
drinks. According to this regulation, kombucha is consider-
ed non-alcoholic when it contains no more than 0.5% (v/v)
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of ethanol [7]. The turbidity of the beverage is attributed to
the presence of microorganisms, remains of cellulosic
pellicle, and other suspended particles [2,8]. It is very well
known that, from the consumer's point of view, blurriness is
undesirable, since it can indicate poor quality or contamina-
tion. Although kombucha has been produced industrially,
additional research at the laboratory scale is ongoing [9].

Techniques used in beverage production have some
deficiencies and disadvantages, such as high cost and long
retention time. Downstream processing (purification, deal-
coholization, etc.) is the most expensive production cost in
the beverage industry. The use of membranes can reduce
expenses and retention time while also improving beverage
quality, so membrane techniques are used at different
stages of the beverage manufacturing process [10].

A membrane separation system is a process that uses
a permeable membrane to separate different components
of a mixture based on properties such as size, charge,
and/or solubility. It functions by allowing certain molecules
or particles to pass through the membrane but preventing
others. A driving force could be pressure, differences in
concentration, and/or electrical potential. Membrane
processes are energy efficient because they do not require
additional heat or chemicals for separation, resulting in less
energy and costs for chemicals [10]. The selective,
accurate separation results in much higher purity and fewer
contaminants in the final products that would be associated
with crossover during filtration [11].

In order to make the kombucha beverages clear,
microfiltration (MF) can be used [8,11]. MF is a membrane
separation technique with pore sizes from 0.1 to 10 pm. It
retains microorganisms and particles in suspensions and
colloidal solutions. The MF is widely used in the production
of various beverages, for clarification, cold sterilization, as
well as removing bacteria, with minimal effect on
temperature during the process. In this way, the obtained
kombucha products are stabilized and clarified, since
microorganisms are retained [8,11]. On an industrial scale,
it can be applied instead of pasteurization, as well. In this
way, the increase in ethanol and acidity of kombucha
beverages is prevented [2]. A study demonstrated that MF
had almost the same influence as pasteurization on the
microbiological quality of raw pomegranate juice [12].

MF membranes can remove particles larger than the
pore size and avoid undesirable physical or chemical
changes. At the same time, the retention of filtration media
components reduces the permeate flow, so the efficiency
of the filtration process is affected by membrane fouling.
Membranes are typically classified as polymeric and
ceramic depending on the material used in their
manufacture. Ceramic membranes have been reported to
be less susceptible to membrane fouling compared to
polymeric membranes because their inorganic substance
is more chemically stable, resistant to harsh environments,
and has a smoother surface, which minimizes particles'
adhesion [13]. With high separation accuracy and excellent
resistance to acids, bases, solvents, temperature, and
microbial contamination, ceramic membranes are
considered an ideal choice for clarification of fermentation
broths, hydrolysis, and extraction solutions [14].
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The biological potential of black tea kombucha is well
established. This beverage is known to possess
antioxidant, antimicrobial, anti-inflammatory, antidiabetic,
anticancer, and hepatoprotective activity; it improves the
immune system and treats gastric ulcers [2,3,5]. However,
to the authors' knowledge, there is no literature data on the
effect of MF with tubular ceramic membranes on the quality
of traditional kombucha beverages. Quality of the
kombucha beverages is defined through pH and total
acidity, as the main indicators of the fermentation. Turbidity
and total soluble solids suggest the sensory receptiveness
of the kombucha beverages. Determination of the organic
acids profile gives a comprehensive insight into the acidity
of these products, and sensory quality as well. Reducing
power is a measurement of the electron transfer ability.
Antioxidant activity to hydroxyl radical indicates the
capacity of kombucha beverages to neutralize these highly
reactive radicals that can be generated in the human
organism. Reducing power and antioxidant activity to
hydroxyl radical are indicators of the antioxidant potential,
a type of biological potential of kombucha products.
Ascorbic acid is a very well-known antioxidant compound.
Biological potential suggests the quality of a food product
from a health point of view. The aim of this article was to
evaluate the effect of MF on the aforementioned
physicochemical properties and biological potential of black
tea kombucha after MF using a tubular ceramic membrane.

MATERIAL AND METHODS
Kombucha beverage

Traditional kombucha beverage with black tea was
produced using local kombucha culture with the
microbiological composition described in MalbaSa et al. [6].
Fermentation medium was produced by adding 70 g of
sucrose and 1.5 g of black tea leaves to 1 L of boiling tap
water. Boiling of the prepared mixture was performed for 5
min, and after 20 min, black tea leaves were removed by
filtration. When the prepared sweetened black tea
decoction was cooled to room temperature (25 °C), 100 mL
of kombucha starter liquid (kombucha beverage obtained
in the previous fermentation) was added. Fermentation
lasted for 7 days at 25 °C. After the production, the
beverage was subjected to MF. The cellulosic pellicle layer
was removed before the MF. All analyses were performed
on the beverage before the MF and samples after MF.

MF experiments

Experiments were performed with black tea kombucha,
and membrane cleaning was an acid-base sequence.
Membrane cleaning efficiency was evaluated by testing the
water flow recovery. All experiments were performed at
room temperature (25 °C), repeated three times, and the
results were averaged. Experiments were performed in a
cross-flow MF unit shown in Figure 1. Details can be found
in the literature [15]. A single-channel ceramic tubular
membrane with a nominal pore size of 200 nm (Pall
Membrane Co., USA) with a length of 250 mm and an
inner/outer diameter of 7710 mm was used. The effective
surface area of the membrane was 4.62 x 103 m?. In each
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run, 500 mL of black tea kombucha was added to the feed
tank. Changing the operational parameters according to the
experimental design, permeate flux was calculated from
the time required to collect 10 mL of permeate. Permeate
was returned to the feed tank to achieve a continuous mode
of operation. At the steady state, samples of permeate were
collected for the determination of analytical parameters.
Response surface methodology (RSM) was used to
evaluate the impact of feed flow and transmembrane
pressure. The second-degree polynomial model used to fit

the responses was assessed for adequacy using the
coefficient of determination (/%) and model p-value. A
second-degree polynomial model is represented by Eq. (1):

Y=b,+ > bX,+D bX;+> b XX @)

where Xi represents design variables, 60 is the intercept
(constant), biis the linear, biiis the quadratic, and bjjis the
interaction effect of the factors; Y'represents the response

1. feed tank
2. peristaltic pump

3. manometers

4, membrane module
5.valve

6. permeate tank

Fig. 1. Schematic diagram of MF apparatus, feed flow from tank (1) to membrane module (4), from (4) to (6) permeate flow, and from (4) to (1)

retentate flow.
Physicochemical properties and biological potential Turbidity
Influence of cross-flow MF on retention rate of the The absorbance value of the sample was measured
determined solute by the membrane during filtration was using a spectrophotometer (LLG-uni SPEC 2

measured by the coefficient of retention (%), using Eq. (2):

RleOx(l—C—PJ 2)

F

where CPand CF are the values of the solute in permeate
and feed, respectively.

pH

pH values were measured using a pH-meter (ADWA
AD 1000 pH/mV & Temperature Meter).

Total acidity

The total acidity was determined by a volumetric
method [13]. The sample was titrated with a 0.1 mol/L
standard solution of sodium hydroxide using
phenolphthalein as an indicator. Results were expressed
as grams of acetic acid per liter of the sample.

Total soluble solids

The total soluble solids (TSS) content was determined
using a hand-held refractometer (ATC, Jiangsu Victor
Instrument Meter Co., Ltd.), and the results were expressed
as %Brix [17].

Spectrophotometer, LLG LABWARE) at 660 nm, and the
turbidity was calculated by the Egs. (3) and (4) [18]:

Transmittance = 100 X 10 — absorbance (3)

Turbidity = 100 — transmittance 4)

Organic acids (acetic, lactic, malonic, formic, oxalic)

Reversed-phase chromatography on Agilent 1100
Series HPLC, USA, was applied for the determination of
organic acids content [19]. The HPLC system consisted of
a degasser, binary pump, and ZORBAX® SB-C18 column
(4.6 x 150 mm, 5-um) as the stationary phase, and a UV-
DAD detector. Samples were filtered through a 0.45 pm
regenerated cellulose membrane filter and, afterwards,
20 pL were directly injected into the HPLC system. Liquid
chromatography in isocratic mode was performed with
6 mmol/L phosphoric acid (pH 2.1) as mobile phase and
following chromatograph parameters: flow rate 1.0 mL/min,
detection wavelength 220 nm, and column temperature
28 °C. External standard method calibration was done.
Results were expressed in grams of organic acid per liter of
the sample.
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Vitamin C

Vitamin C content was analyzed by the reversed-
phase HPLC method [20]. The HPLC system consisted of
a degasser, binary pump, and ZORBAX® SB-C18 column
(4.6 x 150 mm, 5-um) as the stationary phase, and a UV-
DAD detector. Samples were filtered through a 0.45 pm
cellulosic membrane filter and, afterwards, 20 pL was
injected directly into the system. The mobile phase was
0.1 mol/L ammonium-acetate (pH 5.1) in isocratic mode,
with the flow rate of 0.4 mL/min, column temperature set at
40 °C, and detection wavelength of 254 nm. An external
method of calibration using a vitamin C standard was
performed. Vitamin C content was given in milligrams per
liter of the sample.

Reducing power

Reducing power (RP) was determined by the
spectrophotometric method [21] with certain modifications.
To the 300 pL of the sample, 2.5 mL of 0.2 mol/L phosphate
buffer (pH 6.60), and 2.5 mL of 1% potassium ferricyanide
were added. The obtained solution was incubated at 50 °C
for 30 min. Following, 2.5 mL of 10% trichloroacetic acid
was added to the sample tubes. The 2.5 mL of the obtained
solution was mixed with 2.5 mL of distilled water and
500 pL of 0.1% FeCls x 6H20. Absorbance was measured
at 700 nm. The higher absorbance indicated higher
reducing power.

Antioxidant activity against hydroxyl radical

Antioxidant activity to hydroxyl radical was determined
by the spectrophotometric method [22] with slight
modifications. To the 100 pL of the sample the 450 pL of
0.2 mol/L of sodium phosphate buffer (pH 7.00), 150 pL of
10 mmol/L of 2-deoxyribose, 150 pL of 10 mmol/L of EDTA
disodium salt dihydrate, 150 pL of 10 mmol/L of
FeSO4 x 7H20, 150 pL of 10 mmol/L of H202, and 525 pL of
distilled water were added. The test tube was incubated at
37 °C for 2 h. After that, 750 pL of 2.8% trichloroacetic acid
and 750 pL of 0.1% thiobarbituric acid were added, and the
sample tubes were incubated at 100 °C for 10 min. Blank
sample used 100 pL of distilled water instead of the sample.
Absorbance was measured at 520 nm. Antioxidant activity
to hydroxyl radical (AA.OH (%)) was given in percentages
of inhibition and calculated using Eq. (5):

AA.OH (%) = ((Ablank sample — Asample) +
Ablank sample) x 100 ©)

where Ablank sample is the absorbance of the blank
sample and Asample is the absorbance of the sample.
All analyses were done in triplicate.

RESULTS AND DISCUSSION
Permeation flux

The permeation flux rapidly decreased with time and
reached a steady state after about 1 h. The design
variables and their ranges were X7: transmembrane
pressure, TMP, (0.2, 0.6, and 1 bar) and X2. feed flow rate
(30, 90, and 150 Lh™"). The experimental plan consisted of
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nine variable combinations with one replication at the
center point, as summarized in Table 1.
Table 1. Experimental design and steady-state permeate

flux.

Exp. Factors Flux
number TMP (bar) Q (Lh™) J (Lm2hT)
1 0.20 150.00 52.65
2 0.60 150.00 72.38
3 1.00 150.00 88.13
4 0.20 30.00 25.17
5 0.60 30.00 21.41
6 1.00 30.00 17.44
7 0.20 90.00 30.57
8 0.60 90.00 29.41
9 1.00 90.00 40.06
10 0.60 90.00 30.00

Note: TMP, transmembrane pressure; Q, feed flow rate

The summary ANOVA results for steady state
permeate flux are shown in Table 2. Quadratic polynomial
equation provided more than excellent results, according to
high values of the determination coefficients, suggesting
that less than 1% of the variations could not be explained
by the model. Lack of fit (p-value = 0.0923) is not significant.

Table 2. Analysis of variance (ANOVA) for steady-state
permeate flux.

Source dar SS MS F-value p-value
Model 5 4862.22 97244 117.53 0.0002
Residual 4 33.09 8.27
Lack-of-fit 3 32.92 10.97  63.05 0.092
Pure error 1 0.17 0.17
Total 9 4895.32
R Adj. R? Adeq. Prec.
0.993 0.985 32.0

Adequate accuracy is an indication of a signal-to-noise
ratio, and its desirable value is at least 4. In this case, the
flocculation efficiency ratio of 10.5085 shows that this
model may be used to explore the design space and
provides a suitable signal. Parity plot, Figure 2, shows
reasonable agreement between the observed and the
predicted permeate flux values.

Table 3 provides the coefficients of regression
equations for steady state permeate flux in terms of the
coded and actual variable values, together with their
associated p-values. The significance of each coefficient
was determined by pvalues. The significance was
determined at a probability level of 0.05. Linear and
quadratic coefficients of feed flow rate are both statistically
significant, whereas in the case of transmembrane
pressure, only the linear effect is. The interaction effect is
also significant.

The effects of feed flow rate and transmembrane
pressure on permeate flux are given in Figure 3.
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Fig. 2. Parity plot of the predicted and the observed steadly state permeate flux.
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Fig. 3. The influence of transmembrane pressure and feed flow rate on the steady-state flux during kombucha MF.

Table 3. Coefficients of regression equations for
steady permeate flux.

Coefficient
Effects Actual Coded p-value
Intercept
bo 43.50 31.61 0.0017
Linear
br -38.54 6.21 0.0061
b2 -0.53 24.86 <0.0001
Quadratic
b1 11.29 1.81 0.3919
b2z 3.72x103 13.39 0.0021
Interaction
bz 0.45 10.80 0.0017

As can be seen, the change in steady-state flow rate
becomes more pronounced with changing feed flow rate.
An increase in flow rate is observed at all transmembrane
pressures. An increase in feed flow rate generates shear
forces on the membrane surface, removing components
deposited on the membrane surface, which reduces the

formation of the polarization layer, and the generated
turbulence increases the mass transfer, resulting in a
higher permeate flow [23]. Higher tangential velocities tend
to prevent fouling and facilitate the subsequent cleaning
process of the membrane. Up to 70 Lh increase of TMP
resulted in slightly higher steady state permeate flux
values. For a fixed feed flow rate in the region above
70 Lh", the permeate flux significantly increased with the
rise of TMP. Cheryan [24] explained that permeate flow is
pressure dependent but at some point, becomes
independent due to concentration polarization and gel

formation, which are more prominent at lower feed flow
rates.

pH and total acidity of black tea kombucha before and after
MF

In our country, there is no legislation regarding
kombucha, so all of the obtained results were discussed in
regard to the published scientific literature.

Before the filtration, pH and total acidity values
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amounted to 3.65 and 2.32 g/L, respectively. MF did not
influence pH and total acidity values. After the filtration, pH
values were in the range from 3.56 to 3.62, and total acidity
amounted from 2.21 to 2.25 g/L. Coefficient of retention for
pH values was around 4% and for total acidity was on
stable 3%. Lower values of total acidity after MF indicated
that the acidification of the beverage can be prevented by
this technique [2]. The values determined for pH were in
accordance with results for black tea kombucha published
by Malba$a et a/. [6]. On the other hand, total acidity was
approximately two times lower in comparison to values
determined by MalbaSa et a/. [6]. This difference can be
attributed to the fact that kombucha fermentation was
performed at different temperatures. MalbaSa et al. [6]
applied a temperature that was 3 °C higher, and it stimula-
ted the activity of acetic acid bacteria. Daneluz et a/. [11]
also established that the MF had no influence on the pH
values of kombucha feed and kombucha permeate. The
kinetic diameter of the acetic acid molecule is 0.44 nm, so
it passes through the applied membrane. Volatile acidity of
kombucha beverages was also not influenced by the MF
[11].

Total soluble solids and turbidity of black tea kombucha
before and after MF

Total soluble solids are a measure of carbohydrates,
proteins, fats, minerals, and organic acids. The value of
TSS was not influenced by MF in a statistically significant
manner. It amounted to 7.1 before and 6.9% Brix after the
process. Coefficient of retention for total soluble solids was
between 1 and 2%. MF reduced the TSS, regardless of the
applied parameters. Daneluz et a/. [11] established that the
MF did not influence the dissolved solids (cations, anions,
minerals, metals, salts) content of the filtrated kombucha
beverage.

The most pronounced and statistically significant
influence MF showed on the turbidity values. They were
reduced by 7-9 times, and after the MF, turbidity was in the
range 4.28-5.59 cm™. The coefficient of retention for
turbidity was around 86% to 89%. According to the
dimensions of constituents of kombucha, the membrane
applied in this study retained, for example, yeasts and
acetic acid bacteria, since they are about 10 times larger
than the pore size. This retention resulted in visibly clearer
kombucha beverages. These results are in accordance
with the ones published by Daneluz et a/ [11], who also
observed a significant reduction in turbidity of kombucha
products after MF. These results are presented in Figure
4a.

Organic acids and vitamin C content of black tea
kombucha before and after MF

The examined organic acids (acetic, lactic, malonic,
formic, oxalic) and vitamin C were detected and quantified
in all samples. The content of lactic, formic, and oxalic acid
was not influenced by the MF. The content range for lactic
acid was 0.13-0.14 g/L, for formic acid, it was 0.07-0.09 g/L,
and for oxalic acid, from 0.11-0.12 g/L. The acetic acid
content was decreased after the MF and was in the range
1.19-1.22 g/L. Before the process, it amounted to 1.25 g/L.
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The highest malonic acid value was determined before the
MF (0.21 g/L), and after the process, the determined values
were in the range 0.15-0.17 g/L. The content pattern of
vitamin C was the one established for acetic and malonic
acid. Before the MF, it amounted to 2.55 mg/L, and after the
process, it was decreased in the range of 2.17-2.33 mg/L.

The coefficient of retention was the highest for malonic
acid, and it was around 20% to 30%. From the product
quality point of view, higher values of feed flow rate, under
all transmembrane pressure values, showed to be more
suitable. For vitamin C, the coefficient of retention was
around 10%. For all other organic acids, it was lower than
10% and the value was stable for oxalic acid.

This manuscript gives the first insight into the influence
of MF on vitamin C and organic acids content, as well as
the antioxidant potential of traditional kombucha
beverages. All of the examined molecules pass through the
membrane, which is in accordance with the size of their
molecules. The largest one is the ascorbic acid molecule
(59.8 nm), the size of malonic acid is around 0.8 nm, the
kinetic diameter of formic acid is 0.4 nm, while the
dimensions of others are below 0.2 nm.

Colantuono et al. [12] determined that the MF process
mainly caused the lowering of quinic, malic, tartaric, and
citric acid content in raw pomegranate juice. During the MF
of mulberry wine, a small decrease in malic and succinic
acid content was established, whilst contents of acetic,
lactic, tartaric, and citric acid were not influenced by the
filtration process [25].

Vitamin C content was not influenced by MF of acerola
juice, when a membrane with 0.3 um was applied [26]. The
results of this study, regarding vitamin C content, follow the
same trend as Matta et a/. [26]. Vieira et al. [27] established
that vitamin C content was not influenced by the MF with a
200 nm pore size membrane, when performed at 20, 30,
and 40 °C. The temperature of 50 °C caused a decrease in
ascorbic acid content [27]. These results are presented in
Figure 4b.

Reducing power and antioxidant activity to the hydroxyl
radical of black tea kombucha before and after MF

Reducing power before the MF was higher in compari-
son to samples after the filtration. The highest reducing
power value was in sample 0 (0.510). Coefficient of reten-
tion for reducing power was between approximately O to
around 30%, depending on the applied process para-
meters. Lower values of feed flow rate and the lowest and
highest transmembrane pressure were found to be more
suitable for better product quality characteristics.

Antioxidant activity against hydroxyl radical was the
highest for sample 0 (40.31%). All other samples had lower
activity in comparison to the value measured before the
MF. The coefficient of retention for antioxidant activity to
hydroxyl radical was lower than that determined for the
reducing power. It was in the range from approximately 0 to
around 20%, depending on the process parameters. On
average, higher feed flow rate values under all transmem-
brane pressure values were more favorable for the product
characteristics.

The antioxidant potential of the majority of the
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examined samples was decreased after the MF, which was reduction in antioxidant potential was more pronounced for
in accordance with the results published by Lachowicz et  reducing power than for the antioxidant activity to hydroxyl
al. [28]. This trend was most pronounced for the 200 nm radical, on the basis of the coefficient of retention values.
membrane [28]. Obtained results presented in Figure 4c Since both parameters were decreased, this fact should be
indicated that compounds responsible for antioxidant taken as a compromise when applying MF in kombucha
potential were retained by the applied membrane. The beverage production.
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Fig. 4. Coefficient of retention for a) pH, total acidity, turbidity, and TSS, b) organic acids and vitamin C, and c) antioxidant potential.
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CONCLUSION

The examined type of MF can be successfully applied
in the traditional kombucha beverage production. Maximum
permeate flux, around 90 Lm>2h"', was obtained for the
highest feed flow rate and transmembrane pressure of 1
bar. MF showed the main influence on the turbidity of the
kombucha beverage, which was lowered, and therefore,
the quality in the means of sensory acceptance of the
beverage was improved. Low values of the coefficient of
retention suggested that MF had a mild influence on the
quality characteristics (pH, total acidity, total soluble solids,
organic acids, vitamin C, and biological potential) of the
examined kombucha beverage. Further investigation
related to MF of kombucha beverages should provide in-
depth research on the remaining microorganisms and
preservation.
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UNAKRSNA MIKROFILTRACIJA TRADICIONALNOG
KOMBUHA NAPITKA PRIMENOM KERAMICKE CEVNE
MEMBRANE

Tradlicionalni kombuha napitak se proizvodi metabolickom aktivnoscu
mikroorganizama prisutnih u kulturi kombuhe na zasladenom crnom caju i
sobnoj temperaturi. Cilj ovog rada je bilo ispitivanfe uticaja unakrsne
mikrofiltracije na kvalitet proizvedenog napitka. Za ispitivanje kvaliteta
kombuha napitka merene su i odredivane vrednost pH, ukupna kiselost,
ukupne rastvoriive materijje, mutnoca, organske kiseline, in Vvitro
antioksidativni potencijal, i vitamin C, kao antioksidativno jedinjenfe. Radni
parametri procesa su bili transmembranski pritisak (0,2, 0,6 i 1 bar) i protok
kombuha napitka (30, 90 i 150 Lh-1). Maksimalni fluks permeata je bio
postignut pri  najvecim vrednostima protoka kombuha napitka |
transmembranskog pritiska. Mikrofiltracija je odrZzala pH, ukupnu kiselost,
ukupne rastvorljive materife, mlecnu, mraviju i oksalnu kiselinu, pobolfsala
mutnocu i sadrZaj sircetne kiseline, te umanjila malonsku kiselinu, vitamin C i
antioksidativni potencijal. Nakon mikrofiltracije, mutnoca je bila smanjena 7 do
9 puta, a sadrzaj sircetne kiseline je iznosio oko 1,20 g/L, Sto je ukazalo na
Inhibiciju u nagomilavanju kiseline. Vrednosti koeficijenta retencije za sve
[spitane parametre kvaliteta, sem mutnoce, su ukazale da je sveukupni uticaf
mikrofiltracije bio umeren.

Kljucne reci: SCOBY, membranska filtracija, fizicko-hemijske
osobine, bioloski potencijal.
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INFRARED DRYING OF CARROT SLICES: EFFECT OF
POWER LEVELS ON KINETICS AND ENERGY EFFICIENCY

Highlights

« The drying process of carrot slices using an infrared dryer was conducted.

« Drying time decreased with increasing infrared power level.

« The Midilli & Kucuk model better fits all the applied drying conditions.

« The highest effective moisture diffusivity was obtained in samples dried at an
88 W IR power level.

Abstract

The aim of this study is to optimize the drying conditions for yellow carrots by
Investigating the effects of varying infrared (IR) power levels on drying kinetics.
Following drying tests at IR power levels of 38, 50, 62, 74, and 88 W, the initial
moisture content of carrot slices (6.95 kg water/kg dry matter) was decreased to
0.11 kg water/kg dry matter. Drying times ranged from 300 minutes at 38 W to
170 minutes at 88 W, demonstrating an inverse relationship between IR power
and drying duration. Higher IR power levels accelerated the drying rate by
enhancing energy transfer, which promoted moisture removal efficiency.
Effective diffusion coefficients, calculated as ranging from 7.73x107 to
2.21x10° m%s for the power levels of 38 W to 88 W, indicate an increase in
moisture migration with higher power. The process's energy requirements were
reflected in the activation energy for moisture diffusion (1.967 kWikg). The Midilli
and Kucuk model offered the best fit for characterizing the drying behaviour, and
statistical analysis validated the model's correctness. These findings provide
valuable insights for optimizing IR drying conditions to enhance the efficiency and
quality of yellow carrot drying processes.

SCIENTIFIC PAPER
UDC 633.43:66.047.3.085.1:519.87

INTRODUCTION

Carrots, cultivated worldwide for over two millennia,
represent a versatile root vegetable characterized by
variations in shape, size, and colour, with the orange type
being predominant. Carrots, which have only 171.5 kJ per
100 grams, have several health benefits, such as prevent-
ing diabetes, heart disease, night blindness, cataracts, and
some types of cancer [1]. Post-harvest decay remains a
major obstacle to extending the shelf life of vegetables, with
approximately 17% of total produce lost during post-harvest
handling. Various preservation techniques are employed to
mitigate this issue, including refrigeration and controlled
atmosphere storage. While exposure to elevated tempera-
tures can result in wilting and reduce the aesthetic quality
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of carrots, significant quantities are dried in many agricultu-
ral regions to improve durability, lower transportation
weight, and maintain both flavour and nutritional integrity
[2].

The primary method of heat transfer in drying opera-
tions is convection, which causes water to evaporate into
the air as heat is transferred from hot air to the product.
However, there are several drawbacks to convective drying
of agricultural goods, mostly related to the indirect heating
mechanism via air, such as long drying durations, variable
product quality, low efficiency, and high energy require-
ments. Alternative drying methods have been developed
because of these inefficiencies [3].

Infrared drying presents numerous advantages over
traditional methods, including faster drying times, greater
energy efficiency, uniform temperature distribution, super-
ior product quality, improved process control, high heat
transfer rates, spatial efficiency, and environmental sus-
tainability. Recent advancements in radiator technology
have enhanced its efficiency and compact design. The
absorption of IR energy by water is critical to drying kinetics,
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with moist, porous materials enabling deeper radiation
penetration, which diminishes as moisture content reduces
[4,5].

A precise method for describing drying kinetics,
especially in agricultural products, is mathematical
modelling. This approach relies on the application of
correlation and regression statistical methods to formulate
equations that accurately depict the dynamics of the drying
process. Various experimental models have been
extensively studied, particularly for the falling rate drying
phase. Frequently utilized models include linear, power,
exponential, Arrhenius, and logarithmic functions, with
polynomial models applied when these alternatives yield
low determination coefficients [6,7].

This research seeks to establish a predictive model for
moisture reduction in carrot drying, aligning quality
parameters with the product's thermal and moisture
behaviours to enhance process control precision. Mathe-
matical modeling provides a cost-effective alternative for
manufacturers, fostering innovation in product and process
development while circumventing the high costs associated
with experimental trials. The study is to simulate the
infrared drying process for carrot slices, evaluate the drying
process's energy efficiency at different IR power levels, and
ascertain the activation energy needed for efficient
moisture removal. The diffusion coefficient of sample
drying was calculated, and a correlation between the
mathematical models and moisture ratio, indicating water
loss, was established. Statistical analysis was conducted to
validate and verify the models. Additionally, the study
intends to assess the effectiveness of infrared drying as a
drying method with the dynamics of heat and mass transfer
during the process of drying samples.

This study aims to develop a predictive model for
moisture reduction during the infrared drying of carrot
slices, integrating key quality parameters with the
fundamental thermophysical and hydric behaviour of the
product to achieve superior process control. A critical
synthesis of the extant literature identified a pronounced
research gap: although investigations into drying kinetics,
quality degradation, and empirical modeling are plentiful,
there is a conspicuous absence of systematic analysis
concerning energy efficiency across a spectrum of infrared
power densities. This work directly addresses this omission
by conducting a concurrent investigation into the drying
characteristics and energy consumption metrics of carrot
slices under infrared radiation. The employment of
mathematical modeling presents an economically viable
strategy for industry, circumventing the prohibitive costs of
extensive experimental trials and thereby accelerating
innovation in both product and process development. Our
methodology entails the determination of the effective
moisture diffusivity and the activation energy requisite for
efficient desorption. Furthermore, we established a
rigorous correlation between theoretical models and the
experimental moisture ratio to quantitatively describe the
dehydration process. The validity of these models was
ascertained through robust statistical verification.
Ultimately, this research provided a holistic evaluation of
infrared drying by synergistically examining energy
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efficiency, kinetic parameters, and the underlying heat and
mass transfer phenomena. This integrated approach yields
novel insights for the optimization of energy utilization
without compromising drying efficacy, thereby contributing
advanced and actionable knowledge to the field of food
engineering and drying technology.

MATERIAL AND METHODS
Materials

Freshly harvested carrots (Daucus carota L. subsp.
sativus) were obtained from the local market in Beypazari
(Turkiye). The samples were cut into uniform discs
(6 £ 0.1 mm thickness, 40 £ 0.1 mm diameter). The initial
moisture content, determined by the AOAC method [8], was
87.42% (wet basis).

Experimental procedure

A laboratory-scale infrared dryer (Snijders Moisture
Balance, Snijders b.v., Tilburg, Holland) with a power range
of 38 W to 88 W was used for the drying tests. Carrot slices
were placed evenly and homogeneously across an
aluminium tray, ensuring a uniform thin-layer distribution. A
sample mass of 38+0.1 g, consisting of eight cylindrical
carrot slices, was loaded in a single layer for each drying
run. The drying process was carried out at varying infrared
power levels, set through the equipment's control unit.
Moisture loss was measured at 10-minute intervals with a
digital balance (Mettler-Toledo AG, Greifensee,
Switzerland, model BB3000), with an accuracy of 0.1 g.
The drying was continued until the samples reached a final
moisture content of 10% (wb). The carrot slices were
dehydrated to a final moisture content of approximately
13-14% (wet basis), which is generally regarded as the
optimal level for safe storage [9]. In the present study,
however, a target moisture level of around 10% was
selected to ensure the stability of the dried samples for
subsequent analyses. Drying beyond this point was
intentionally avoided for two primary reasons: energy
efficiency and product quality preservation. Excessive
drying below 10% would not only lead to unnecessary
energy consumption but also increase the risk of quality
degradation, as prolonged exposure to hot air can
adversely affect both the texture and the nutritional
properties of carrots. Moreover, as the moisture content
decreases, the driving force for mass transfer between the
carrot slices and the drying air diminishes, thereby
extending drying time. This prolonged process can further
exacerbate quality losses. In addition, the phenomenon of
case hardening [10] - a condition where a hardened surface
layer forms during drying - impedes effective moisture
removal, making it more difficult to reduce the moisture
content below 10%. For these reasons, maintaining the
final moisture level at approximately 10% was considered
both a practical and scientifically sound approach. After
drying, the samples were cooled and sealed in low-density
polyethylene (LDPE) bags for storage. To form the drying
curves, the average moisture content was determined after
each experiment was run in triplicate.
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Mathematical modeling

Moisture content was computed with the equation:

_ My
M= = e,
where My is the sample's wet weight (kg), M is its dry
weight (kg), and Mis the moisture content (kg water/kg dry
matter). The eleven thin-layer drying models displayed in
Table 1 were fitted to the data gathered from the drying of
carrot slices. Eq. (2) was used to determine the moisture

ratio (MR) values from the designated models.

_ M¢—Me
MR = R~ 2)
where M, Mo, and M. are the moisture content at any time,
the initial moisture content, and the equilibrium moisture
content (kg water/kg dry matter), respectively, and t is the
drying time (min). The values of M. are minute relative to M
and MW for a long drying period, so a simplified form of the
moisture ratio can be used as expressed in Eq. (3):

M
MR = M, 3)
The drying rate (DR) of carrot slices was calculated
using Eq. (4):
_ M—Myne
DR = v A

where M and M-at is moisture contents at fand #+A¢ (kg
water/kg dry matter), respectively, and tis time (min).

Statistical analysis

To analyze the data, Statistica 10.0 (StatSoft Inc.,
Tulsa, OK, USA) was utilized. The model parameters were
estimated using a non-linear regression technique, and the
fit was maximized using the Levenberg-Marquardt
technique. Three statistical criteria—the coefficient of
determination (/®?), reduced chi-square (%), and root mean
square error (RMSE)—were used to evaluate how well the
model fit the experimental data. These metrics were
calculated using specific equations, providing a
comprehensive evaluation of the models' predictive
performance by measuring the goodness-of-fit and
deviation of the predicted values from the observed data.
The aforementioned parameters were computed using the
mathematical expressions in Egs. (5), (6), and (7). These
formulas are designed to quantify the accuracy and
reliability of the model predictions. As a measure of the
model's explanatory capacity, the /2 shows the percentage
of variance in the observed data that can be explained by
the model. The ,? assesses the goodness-of-fit by
accounting for the degree of freedom, while the RMSE
quantifies the average deviation between predicted and
observed values, offering insight into the model’s predictive
precision [22].

Rz — 1 _ Zliv=1(MRexp,i_MRpre,i)2
Z?Ll(MRpre_MRexp,i)z

(3)

N
2 _ Zi=1(MRexp,i _MRpre,i)Z
N—-n

©

2.1

1
RMSE = [ T 1 (MRyrei = MRexpi) T2 7

The experimentally observed and model-predicted
moisture ratio values are denoted by MRex and MFpre,
respectively, in these equations. Nrefers to the number of
parameters, whereas 1 indicates the total number of
experimental data points. The model with the lowest values
of RMSE and j#?; the highest A2-value indicated the best fit
for explaining the drying behaviour of the samples [23].

Assessment of effective moisture diffusivity

Internal diffusion processes primarily regulate the
moisture transfer during the lowering rate stage, which is
when the drying process usually takes place. Fick's second
rule of unsteady-state diffusion is widely used to characteri-
ze the drying kinetics in this phase for a range of materials.
This equation provides a mathematical framework that links
the concentration gradient of moisture within the material to
the rate of diffusion, allowing a comprehensive understand-
ing of how moisture transfers from the interior to the surface
during drying. By utilizing Fick's second law, researchers
can effectively model and predict the dynamics of moisture
removal, facilitating the optimization of drying processes
and improving the quality of the final product [24]:

oM
o0 =V (DegsVM) ®)

When Crank [25] solved the diffusion equation (Eq. 8)
for the slab geometry, it was assumed that the initial
moisture distribution was uniform, with low external
resistance, constant diffusion, and minimal shrinkage:

8 oo 1 (2n+1)?m2D gyt
MR = ;anomexp(——ﬁ)(@
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where nis a positive integer, L is the slab's half-thickness
in samples (m), and D« is the effective moisture diffusivity
(m?/s).

Eq. (9) can be simplified to get an approximate but
reasonable prediction of drying kinetics during the early
phases of the decreasing rate period when carrot drying is
viewed as an infinite slab geometry. Only the series'
dominating term is considered in this simplification, which
is predicated on lengthy drying times. When characterizing
the behaviour of moisture diffusion during prolonged drying
periods, this reduction offers a compromise between
computing efficiency and allowable inaccuracy [26]. The
approximate analytical solution of Eq. (9) for slab shape is
provided in Eq. (10) below, assuming a uniform starting
moisture distribution, negligible external mass transfer
resistance, and minimum shrinkage.

_ 8 2D efft
MR = — exp( e ) (10)

Slope from Eq. (11) is used to determine effective
moisture diffusivity. A linear relationship with a slope
represented by K'is obtained when the natural logarithm of
the moisture ratio (MR) is plotted versus time. From this,
Eq. (11) is derived, allowing for a precise estimation of
effective moisture diffusivity. This approach provides a
robust method for analysing the drying kinetics, as the
linearity in the plot reflects the diffusion-controlled nature of
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the moisture removal process, further enabling the

accurate quantification of diffusivity [27]:

K = %D
412

(11)

Calculation of the activation energy

A modified form of the Arrhenius equation was applied
to describe the relationship between effective diffusivity and
the ratio of infrared power to sample weight. This approach
allows for the calculation of activation energy, which was
determined using Eq. (12). The adapted model provides
valuable insight into how varying infrared power levels
influence the moisture removal process, enabling more
precise control and optimization of drying conditions to
improve efficiency and product quality [28].

Degs = Doexp (_ E{;,m) (12)

In this equation, [ denotes the pre-exponential factor
(m?/s), Ea is the activation energy (W/kg), Pis the infrared
power (W), and m is the sample weight (kg), collectively
governing the dependence of effective moisture diffusivity
on power input.

Efficiency of drying process

Drying efficiency measures the effectiveness of energy
utilization in the moisture removal process during drying. It
serves as a key indicator of the performance of drying
systems, reflecting the equilibrium between energy
consumption and the rate of moisture evaporation. High
drying efficiency suggests that a substantial portion of the
input energy is efficiently used for moisture extraction,
minimizing energy wastage. Several factors, including
drying temperature, infrared power levels, air velocity, and
the intrinsic properties of the material, significantly impact
drying efficiency. Optimizing these variables is essential for
enhancing process sustainability, reducing energy con-
sumption, and lowering operational costs [29,30].

Infrared drying efficiency was calculated as the ratio of
the total heat energy provided by the drying system to the
thermal energy needed to remove the moisture from the
carrot slices. This metric provides insight into how
effectively the energy delivered by the dryer is harnessed
for the intended purpose of moisture removal, offering a
quantitative measure of energy utilization. A higher ratio
indicates greater efficiency, signifying that a larger portion
of the supplied heat is being effectively converted into latent
heat for water evaporation, rather than being lost through

other processes, such as heat dissipation to the
surroundings [31].
n = (™) x 100 (13)

In Eq. (13), n represents the infrared drying efficiency
(%), where P is the applied infrared power (W), m,, is the
mass of evaporated water (g), and t is the drying duration
(min). The latent heat of vaporization of water (4,,), taken
as 2257 J/g, specifies the energy required for phase
transition under isothermal conditions. This formulation
provides a concise yet rigorous means of quantifying the
proportion of infrared energy effectively utilized for moisture
removal, offering a robust basis for evaluating energy
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efficiency, optimizing process parameters, and advancing
sustainable drying technologies [28].

RESULTS AND DISCUSSION
Drying curves

Drying behavior of carrot slices under the infrared
method at varying power levels, as depicted in Fig. 1,
demonstrates that moisture removal rates increase with
rising infrared power. This is due to a greater moisture
concentration gradient within the carrot slices, accelerating
moisture diffusion. The higher power densities of the
halogen lamp of the infrared dryer, such as 88 W,
significantly reduce the drying time.

8

——38 W

=)
i

M (kg water/kg dry matter)
~N -

0 50 100 150 200 250 300 350
Time (min.)

Figure 1. Carrot slice drying curves at different levels of infrared
power.

Since larger energy rates are applied to the material,
which results in the enlargement of both intracellular and
intercellular pores in the carrot tissue, increased infrared
power levels enable a quick decrease in the moisture
content of the carrot. This structural change enhances
water vapour diffusion from the carrot slices to the
surrounding environment, thus lowering drying time. Such
observations align with prior studies, including carrot [32],
apple [33], and lemon slices [34]. In these studies, high
drying intensities promoted structural cracking and
shortened the overall processing time by improving water
diffusion.

Fig. 2 shows the drying rate curves for carrot slices,
where no drying period at a constant rate was observed for
all experimental conditions, indicating that the drying
process occurred after a short preheating period with a
completely falling-rate period. This behaviour highlights
diffusion as the main mechanism controlling moisture
transport in carrot slices by showing a consistent drop in
moisture content over the course of the drying period. This
is in agreement with previously published studies on root
vegetables, which emphasize that moisture removal during
IR drying is predominantly governed by internal moisture
diffusion rather than surface evaporation [2]. Furthermore,
an increase in infrared power led to an elevated drying rate,
signifying that higher infrared power enhances both heat
and mass transfer, thereby accelerating water loss from the
samples.
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Figure 2. Carrot slice drying rate curves with respect to drying time
for different IR power levels.

Initial drying rates were higher during the drying
process, but they gradually decreased as the moisture
content declined. This reduction in drying rate is likely due
to the decreased porosity of the samples, resulting from
shrinkage over time, which heightens resistance to water
migration and further slows the drying rate. This shrinkage
effect has been well documented in convective and infrared
drying studies, where tissue densification narrows capillary
pathways and lowers effective moisture diffusivity. These
findings align well with prior research on drying kinetics in
agricultural materials [35-37]. These studies similarly
identified a falling-rate period in the drying process,
attributed to structural transformations within the material
that reduce moisture diffusivity. Such structural changes
can hinder moisture migration pathways, thus decelerating
the drying rate. This phase underscores the importance of
internal structural shifts, which profoundly impact moisture
retention, drying efficiency, and overall product quality
throughout the drying cycle.

Modelling of thin-layer drying processes for carrot slices

The drying experiments' moisture content data were
transformed into moisture ratio (MR) values, as indicated in
Table 1, and these values were then applied to fit various
thin-layer drying models. Eleven distinct models were
evaluated to determine which one would be best for
forecasting sample drying times. To assess model
accuracy, statistical indices, including the A®, the x?, and
RMSE, were calculated to measure the goodness of fit, as
presented in Egs. (4), (5), and (6). The selection criterion
for the optimal model was based on the highest A® value
combined with the lowest ¥* and RMSE values. For the
range of experiments, the models yielded A® values
between 0.988 and 1.000, RMSE values from 0.0033 to
0.0507, and x* values ranging from 0.0014 to 0.3114.
These statistical outputs provided insight into the precision
and predictive accuracy of each model.

Table 2 presents the parameter estimates for eleven
mathematical models applied to carrot slices, reflecting
variations attributable to different infrared power levels.

Each parameter estimate achieved statistical significance,
meeting or exceeding a 1% significance level, thereby
demonstrating the models' robustness and precision in
characterizing drying kinetics under diverse experimental
conditions. Notably, the Midilli & Kucuk model exhibited
superior performance relative to the other models, as
evidenced by its highest A® and lowest values for x* and
RMSE, indicating its exceptional fit and reliability in
accurately modelling the drying behaviour.

Table 1. Semi-empirical models utilized in the analysis of
carrot slice drying.

Name of Model Model Reference
Lewis MR = exp(—kt) [11]
Henderson and Pabis MR = aexp(—kt) [12]
Logarithmic MR = aexp(—kt) + ¢ [13]
Midilli and Kucuk MR = aexp(—kt™) + b [14]
Wang and Singh MR =1+ at + bt? [15]
Aghbashlo et al. MR = exp (— %tbt) [16]
Page MR = exp(—kt™) [17
Logistic MR = #p(—kt) [18]
Jena and Das MR = aexp(—kt + bVt) + ¢ [19]
Vega-Galvez | MR = exp(n + kt) [20]
Vega and Lemus MR = (a + kt)? [21]

The validity of the selected model for carrot slices dried
at various infrared power levels is confirmed by comparing
experimental moisture ratios (MR) with those predicted by
the Midilli & Kucuk model in Fig. 3. Because the data points
are precisely aligned along a 45° line, the findings show a
significant agreement between the experimental and
projected MR values, confirming the model's appli-cability
for drying behavior of samples.

Effective moisture diffusivity

Plotting the logarithm of the moisture ratio (MR)
regarding drying time at various infrared power levels was
done using the experimental data. The effective moisture
diffusivity (Der) values for each infrared power level,
computed by Eq. (11), are shown in Fig. 4. A power level of
38 W produced the lowest D« and a power level of 88 W
produced the highest D.r. These findings indicate that
higher power levels promote more effective drying of carrot
slices within the studied parameters. This is attributed to
the relatively high Dex values obtained, which suggest
enhanced moisture mobility within the samples. When the
power level rose, the impact on the D«became significantly
more apparent compared to lower power levels, as
illustrated distinctly in Fig. 4. This effect can be attributed to
the rapid temperature increase in carrot slices under high
infrared power, which raises the vapour pressure and, in
turn, accelerates the drying rate.
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Table 2 Assessment of infrared-dried carrot slices at varying power levels using statistical metrics for thin-layer drying

models.

IR Model Constants
power Model 2 b c P o =2 7 RMSE
Lewis 0.0119 0.9928 0.2123 0.0363
Henderson & Pabis 1.0803 0.0128 0.9959 0.1156 0.0231
Logarithmic 1.1049 -0.0451 0.0113 0.9975 0.3114 0.0181
Midilli & Kucuk 0.9978 0.0002 0.0032 1.2819 0.9997 0.0095 0.0062
Wang & Singh -0.0084 0.0001 0.9968 0.0957 0.0240
38 Aghbashlo et a/. 0.0092 -0.0019 0.9988 0.0110 0.0146
Page 0.0036 1.2590 0.9996 0.0379 0.0069
Logistic 1.7968 0.7754 0.0183 0.9995 0.0328 0.0067
Jena & Das -0.0905 0.3226 1.1341 0.0103 0.9982 0.1377 0.0162
Vega-Galvez | -0.0128 0.0773 0.9959 0.1156 0.0231
Vega & Lemus 0.9941 -0.0041 0.9969 0.0844 0.0226
Lewis 0.0142 0.9957 0.1071 0.0274
Henderson & Pabis 1.0572 0.0150 0.9973 0.0601 0.0187
Logarithmic 1.0714 -0.0272 0.0139 0.9980 0.1681 0.0163
Midilli & Kucuk 0.9921 0.0004 0.0050 1.2353 0.9998 0.0059 0.0050
Wang & Singh -0.0098 0.0002 0.9933 0.4931 0.0326
50 Aghbashlo et a/. 0.0118 -0.0017 0.9990 0.0889 0.0118
Page 0.0060 1.1934 0.9997 0.0514 0.0070
Logistic 2.0568 1.0470 0.0202 0.9997 0.0527 0.0064
Jena & Das -0.1197 0.3082 1.1565 0.0105 0.9979 0.1624 0.0176
Vega-Galvez | -0.0150 0.0556 0.9973 0.0601 0.0187
Vega & Lemus 0.9775 -0.0046 0.9948 0.0734 0.0283
Lewis 0.0187 0.9904 0.1842 0.0434
Henderson & Pabis 1.0724 0.0200 0.9934 0.1271 0.0360
Logarithmic 1.1481 -0.1068 0.0156 0.9978 0.1292 0.0207
Midilli & Kucuk 0.9949 -0.0006 0.0053 1.2996 0.9999 0.0014 0.0031
Wang & Singh -0.0137 0.0004 0.9993 0.0303 0.0113
62 Aghbashlo et a/. 0.0137 -0.0037 0.9994 0.0590 0.0103
Page 0.0051 1.3114 0.9998 0.0034 0.0053
Logistic 1.5462 0.5451 0.0316 0.9998 0.0036 0.0039
Jena & Das -0.0512 0.5049 1.0684 0.0211 0.9992 0.0253 0.0119
Vega-Galvez | -0.0200 0.0699 0.9934 0.1271 0.0360
Vega & Lemus 1.0025 -0.0068 0.9987 0.0907 0.0137
Lewis 0.0204 0.9915 0.1447 0.0405
Henderson & Pabis 1.0567 0.0216 0.9937 0.1117 0.0350
Logarithmic 1.1788 -0.1578 0.0155 0.9993 0.0085 0.0111
Midilli & Kucuk 0.9976 -0.0003 0.0089 1.1837 0.9999 0.0029 0.0033
Wang & Singh -0.0151 0.0005 0.9997 0.0084 0.0064
74 Aghbashlo et al. 0.0153 -0.0038 0.9998 0.0010 0.0037
Page 0.0069 1.2692 0.9993 0.0221 0.0114
Logistic 1.6152 0.6245 0.0331 0.9995 0.0169 0.0089
Jena & Das -0.0555 0.5099 1.0655 0.0222 0.9996 0.0075 0.0086
Vega-Galvez | -0.0216  0.0551 0.9937 0.1117 0.0350
Vega & Lemus 0.9957 -0.0073 0.9992 0.1405 0.0118
Lewis 0.0234 0.9876 0.1690 0.0507
Henderson & Pabis 1.0668 0.0249 0.9905 0.1302 0.0442
Logarithmic 1.2354 -0.2073 0.0166 0.9984 0.0146 0.0174
Midilli & Kucuk 0.9961 -0.0003 0.0072 1.2816 0.9998 0.0037 0.0051
Wang & Singh -0.0172 0.0007 0.9995 0.0044 0.0093
88 Aghbashlo et al. 0.0163 -0.0054 0.9997 0.0052 0.0067
Page 0.0058 1.3560 0.9993 0.0167 0.0113
Logistic 14242 0.4316 0.0422 0.9996 0.0124 0.0082
Jena & Das -0.0375 0.6307 1.0448 0.0301 0.9997 0.0079 0.0076
Vega-Galvez | -0.0249 0.0647 0.9905 0.1302 0.0442
Vega & Lemus 1.0049 -0.0086 0.9995 0.0574 0.0095
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Figure 3. Carrot slice moisture ratios, both experimental and
anticipated, at different IR power levels using the Midilli & Kucuk
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Figure 4. Effect of infrared power levels on effective diffusion
coefficient.

The Dervalues in this study ranged from 7.73x107° to
2.21x10° m?/s, which aligns with those reported for other
drying methods and agricultural products. For instance, in
laboratory-scale convective drying of peach slices, Des
values were reported to range from 9.57x107° to
4.33x10° m?s across a temperature spectrum of 40-80°C
[38]. In a similar context, the drying of okra yielded D
values between 2.89x10° and 12.23x10° m?s at radiation
intensities of 0.167, 0.235, and 0.520 W/cm? [39]. These
comparable values reinforce the reliability of our
experimental data and confirm that the observed
diffusivities are within the expected range for plant-based
tissues under IR drying.

To provide a prediction model for comprehending Der
dynamics under various drying conditions, a multiple
regression analysis was also performed to explain the
relationship between moisture diffusivity and power level.
The correlation between the infrared power range utilized
in our experimental studies and effective moisture
diffusivity is articulated through the following equation:

Dosr = 2.86 x 10711P — 2.43 x 10710

R? = 0.988 (14)

where Prepresents the power level, measured in watts (W).
This equation can serve as a practical predictive tool for
estimating moisture transport rates in similar food matrices
under IR drying conditions, thereby assisting in the design
of energy-efficient drying protocols.

Activation energy

According to Eq. (12), the activation energy (Ea) was
determined by plotting In (De) against m/P (sample
weight/infrared power in kg/W), which is the slope of the
Arrhenius equation. Fig. 5 illustrates the relationship
between In (Des) and m/P. The slope of the line in Fig. 5
represents (-£z), while the intercept corresponds to In (Dy).
According to these findings, the Arrhenius dependence is
supported by a linear connection. The impact of the sample
weight-to-power ratio on Deris captured by Eq. (15), with
coefficients defining this relationship:

1967.5 m)

Dsr = 4.86 X 10™%exp (— b

R? = 0.999 (15)

The maximal diffusion coefficients (Dp) at infinite
temperature and the activation energy (£z) for carrot
samples were derived using a modified Arrhenius-type
exponential model, as indicated by Eq. (15). These
parameters provide insights into the diffusion behaviours
and thermal activation characteristics across the different
samples. Specifically, the highest diffusivity that any
sample may have under idealized thermal conditions is
indicated by the theoretical diffusion coefficient at infinite
temperature, or [». In contrast, £ quantifies the minimum
energy barrier required for diffusion to occur, reflecting the
sensitivity of each sample to temperature changes. By
comparing b and £Ea values, the model highlights the
unique diffusion potential and thermal resistance for each
sample, offering a detailed understanding of how each
material may respond to varying thermal environments
based on its molecular structure or composition [40].
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20,0 R*=0.9976
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-21.2 : : :
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Figure 5. A relationship of the Arrhenius type between infrared
power and effective moisture diffusivity.

When Eq. (15) is analysed, [» value is determined as
4.86x10° m?s, and the £ value is determined as
1.967 kW/kg. These results, with minor variations, align
with earlier studies on the drying processes of black carrots

251



SOYDAN AND DOYMAZ: INFRARED DRYING OF CARROT SLICES..

Chem. Ind. Chem. Eng. Q. 32(3)245-255 (2026)

[28] and orange carrots [41]. These findings underscore the
significant role of infrared power level and drying conditions
in determining the activation energy necessary for moisture
removal. The variability observed in activation energy
during food drying processes is likely influenced by several
factors, including the type of food, its moisture content, and
the specific drying methods employed.

The E: obtained in the present study (1.967 kW/kg)
aligns with previously reported power-based values for
carrots and carrot by-products. Doymaz [42] reported
Ea = 4.247 kW/kg for carrot slices dried at 62-125 W using
a modified Arrhenius approach, while £ = 5.73 kW/kg was
observed for carrot pomace (83-209 W) [43], and
Ea = 3.65 kW/kg for black carrot pomace (104-230 W) [28].
The comparatively lower Ea reported here is justified by the
use of lower IR power levels (38-88 W) and slightly thicker
slices, which reduce power absorption per unit mass and
shift drying toward a milder thermal regime.

Experimental factors such as slice thickness, sample
mass, emitter-sample distance, initial moisture content, and
the moisture range used for fitting Ot substantially affect £a
determination. Togrul [2] and Botelho ef a/. [32] emphasize
that £ should be interpreted within the context of these
parameters, as lower IR powers generally result in slower
drying rates and a smaller driving force, leading to reduced
apparent £ in power-based models.

This study contributes to the literature by providing new
data on £s behaviour under low-to-moderate IR power
conditions—a regime that remains underexplored. The
findings are particularly relevant for industrial applications
aiming to optimize energy efficiency and minimize thermal
damage while maintaining product quality.

Energy efficiency during the process of carrot drying

Energy efficiency values were calculated using Eq.
(13), and Fig. 6 illustrates how energy efficiency varied over
the drying period for infrared drying of yellow carrot slices.
Energy efficiency was initially very high, reflecting greater
infrared power absorption. As moisture content and energy
absorption in the samples decreased, infrared power
reflection increased instead. The highest energy efficiency
was observed at an infrared power level of 88 W.

The energy efficiency of yellow carrot slices exhibited
a considerable range, varying from 0.02% to 33.1%,
corresponding to power levels between 38 W and 88 W,
indicating a significant dependence of efficiency on applied
power. These findings align with prior research conducted
on okra [44], which reported analogous trends in energy
efficiency under comparable power conditions, further
substantiating the influence of power intensity on the
energy conversion efficacy in vegetable processing. The
observed variability underscores the need for optimizing

power parameters to enhance efficiency in such
applications.
CONCLUSION

This study systematically examined the drying

behavior of carrot slices using an infrared dryer operated at
power levels ranging from 38 to 88 W. The findings
demonstrated that infrared radiation intensity exerted a
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significant influence on drying kinetics, particularly on
drying time and effective moisture diffusivity. An increase in
infrared power substantially reduced the overall drying
duration by enhancing the moisture diffusion coefficient,
which varied between 7.73x107"0 and 2.21x107° m?s
across the tested power range. All drying operations
occurred within the falling-rate period, confirming that the
moisture removal process was predominantly governed by
internal diffusion mechanisms rather than surface evapo-
ration. Among the mathematical models evaluated, the
Midilli & Kucuk model exhibited the highest predictive
accuracy, effectively characterizing the drying kinetics
under various infrared power conditions.
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Figure 6. The change of energy efficiency (%) with respect to the
Iinfrared power level.

The activation energy, calculated using an Arrhenius-
type relationship, was determined to be 1.967 kWi/kg,
representing the energy barrier for moisture diffusion.
Although higher infrared power promoted accelerated
moisture removal during the initial drying stages, prolonged
exposure resulted in diminished energy efficiency due to
the gradual reduction of the moisture gradient between the
sample and the surrounding air, thereby lowering the
driving force for mass transfer. These results emphasize
the significance of defining infrared drying parameters
through comprehensive kinetic modeling and energy
performance evaluation rather than relying solely on
process rate enhancement. The strong correlation between
experimental data and the Midilli & Kucuk model under-
scores its applicability as a reliable predictive framework for
process design and scale-up in infrared drying systems.
Future investigations should integrate kinetic modeling with
detailed energy analysis to further elucidate the relation-
ship between power input, mass transfer behavior, and
energy utilization efficiency, ultimately advancing the
development of optimized, sustainable infrared drying
technologies. Overall, the findings provide a valuable
contribution to the understanding of infrared drying
mechanisms, supporting the design of faster and more
energy-efficient dehydration processes while maintaining
desirable product characteristics.
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LIST OF SYMBOLS

Dv: Pre-exponential factor in Arrhenius equation (m?/s)
Des: Effective diffusivity (m?/s)

Ea: Activation energy (W/kg)

K Slope

L: Half the slice thickness of the sample

M: Moisture content (kg water/kg dry matter)

Mo: Initial moisture content (kg water/kg dry matter)
Mu: Dry weight (kg)

Me: Equilibrium moisture content (kg water/kg dry)
MRexp: Experimental moisture ratio

MRure: Predicted moisture ratio

M: Moisture content at any time (kg water/kg dry matter)
M+ar: Moisture content at t+At

mw: Mass of evaporated water (g)

Mw: Sample weight (kg)

. Number of experimental data points

M Number of parameters

P Infrared power (W)

R: Coefficient of determination

At Drying time (min.)

n: Drying efficiency

Aw: Latent heat of vaporization

X: Chi-square

ABBREVIATIONS

AOAC: Association of Official Agricultural Chemists
LDPE: Low-density polyethylene

MR: Moisture ratio

DR: Drying rate (kg water/kg dry matter * time)
RMSE: Estimated standard error

US: Ultrasound

HD: Hot air drying

MWD: Microwave drying

INFD: Infrared drying
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NAUCNI RAD

INFRACRVENO SUSENJE KRISKI SARGAREPE: UTICAJ
NIVOA SNAGE NA KINETIKU | ENERGETSKU
EFIKASNOST

Cilf ove studije je optimizacija uslova susenja Zute Sargarepe IstraZivanjem
efekata razlicitih nivoa snage infracrvenog (IC) zracenja na kinetiku susenya.
Nakon testova susenja na nivoima snage IC zracenja od 38, 50, 62, 7488 W,
pocetni sadrZaj viage u kriskama sargarepe (6,95 kg vode/kg suve materife)
smanjen je na 0,11 kg vode/kg suve materije. VVremena susenja kretala su se
od 300 minuta pri 38 W do 110 minuta pri 88 W, sto pokazuje obrnutu vezu
izmedu snage IC zracenja i trajanja susenfa. Visi nivoi snage IC zracenja
ubrzali su susenje poboljSanjem prenosa energife, Sto je podstaklo efikasnost
uklanjanja viage. Efektivni koeficijenti difuzife, izracunati u rasponu od
7,73x107 do 2,21x10° m%s za nivoe snage od 38 W do 88 W, ukazuju na
povecanje migracije vliage sa vecom snagom. Energetske potrebe procesa
odraZene su u energiji aktivacife za difuziju viage (1,967 kWikg). Model Midiljja
[ Kucuka ponudio je nafbolje resenje za karakterizaciju ponasanja susenja, a
statisticka analiza je potvrdila ispravnost modela. Ovi nalazi pruZaju vredne
uvide za optimizaciju uslova infracrvenog susenja kako bi se poboljsala
efikasnost i kvalitet procesa susenja Zute sargarepe..

Kiljucne reci: Infracrveno susenje, matematicko modelovanje, kinetika
susenyja, koeficijent difuzife, energija aktivacije
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ADVISORY-BASED PRODUCT CONFIGURATOR USED IN
CHILLER CONFIGURATION AND EVALUATION

Highlights

« The product configurator is designed on a combination of inference rules and
similar scenarios.

« The product configurator is designed to be a user-oriented system.

« Knowledge about the chillers is captured in a matrix form.

o The selection and evaluation of chillers is carried out using the so-called CCM
methodology.

Abstract

This article presents the architecture and functional principle of an advisory-
based product configurator. The program is used to create new and modify
similar product configurations and is intended for users without in-depth expertise
In technical fields. Due to its architecture, the configurator is designed to utilise
the knowledge stored in the knowledge database. The selection is based on a
combination of fuzzy inference rules and mapping techniques. Knowledge
regarding the product is captured by using component-based matrices. The
possibility of adding new knowledge and new rules is also provided. All this
enables the configurator to link customer requirements and offers the possibility
of selecting one or more products. In addition, it evaluates possible product
variants based on the parameters specified by the user. The graphical
representation of the results obtained includes the product technical
documentation as well as a matrix representation of all the selected components
and modules. The functional principle and evaluation of the product selection are
demonstrated using a case study of a chiller for installation in an industrial plant.
During the selection and evaluation of the chiller, better system performance is
achieved with a chiller that has a water-based condenser.

Keywords: product configurator architecture, fuzzy inference rule,
matrix representation, CCM methodology, product selection.

devices must be carried out flexibly. As new materials are

area, such as the development of chillers, there are many
competing companies on the market nowadays that offer
similar products in regarding of cooling power, electricity
consumption, energy efficiency class, and device
dimensions and mass [1]. The conditions for obtaining
cooling energy are becoming increasingly complex. In
addition, deviations in selecting the desired device should
be minimised. For this reason, many variants of similar
devices have been developed. In addition to quality, which
is undeniable, special attention is paid to the impact on the
environment [2]. Therefore, the construction of these
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developed every day, the aim is also to reduce the mass of
the device [3], both for transport and its subsequent
placement. Devices are ordered per piece and are
therefore of great importance to configure them according
to the wishes of individual users. Given the large
fluctuations in product families, caused by frequent
changes in standards related to the use of working fluids,
many products are withdrawn from production after just a
few years. The user expects the manufacturer to be able to
supply spare parts throughout the entire life cycle of these
products [4].

In this regard, companies try to offer their users the
possibility of choosing the desired device and configuring it
in a way that someone who does not possess a high level
of technical knowledge can do. Computer programs of
individual manufacturers have been developed, which offer
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users with non-technical knowledge the possibility of
offering and choosing several device variants, according to
some input parameters, with a description of the individual
product, as well as a display of parameters and their price
[5]. Additionally, its appearance is offered graphically and
interactively with a picture, as well as a diagram of the
device with a display of possible installations. It is also
possible to graphically represent potential changes in the
configuration, after harmonizing customer requirements
with possible engineering characteristics. These programs
are called product configurators and integrate the principle
of an expert system with a knowledge base and a built-in
set of rules for product selection. Furthermore, there is also
the possibility of checking consistency, supplementing the
knowledge base with new data, and maintaining
knowledge, etc. Another option offered is the knowledge to
recognize the problem based on similar previous cases and
offer the most favourable one when choosing. For this
reason, two co-approaches to expert systems, rule-based
and case-based, are combined [6]. According to studies
conducted, many engineering-oriented companies have
benefited greatly from this type of expert system in recent
years. This is primarily reflected in improved product offer
quality, faster offer preparation, and fewer errors in product
technical specifications [7].

This work aims to present a product configurator. The
configurator is designed as an advisory system, which is
adapted to users without much technical knowledge of
water coolers. In addition to the knowledge base, and by
selecting products using a base of built-in rules based on
fuzzy logic, a base of possible similar scenarios is
presented. All the knowledge bases in the program can be
updated with new data and rules. The significant advantage
of its program is the ability to display graphics in matrix
form, where you can see the connections of all
components, subsystems, and modules. Additionally, it is
possible to change customer requirements and evaluate
several possible product variants according to the selected
requirements. All this is shown in the case study of
choosing a chiller.

LITERATURE REVIEW

The available literature includes numerous works that
address the topics discussed in this article. Based on the
author's selection, only the most important ones are listed
below.

Blecker and coworkers [8,9] provide an overview of the
area by analysing product configurators. In addition,
suggestions are made for possible extensions that focus on
product configuration through counselling. A framework is
developed with the most important requirements for such a
system and the technical infrastructure required for its
implementation. Antonelli et al. [10] demonstrate the
application of concepts taken from object programming
paradigms in the creation of product configurators. Class
attribute inheritance is used, and a hierarchical approach to
product customization is implemented. Haug et al. [11]
present a study on the use of product configurators and
how their use reduces the time required to create
quotations with technical product data. For this purpose,
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the study was conducted in 14 engineering-oriented
companies. Haug ef al. [12] define and compare seven
different strategies in the context of product configurator
development. Each of the strategies was defined through a
search of existing literature, examples already presented in
the industry, and based on the author's experience. Haug
et al. [13] analyse cost estimation and the benefits of using
product configurators in different scenarios. A framework
has been developed with which this can be assessed. The
framework includes models for the relationship between
the costs and benefits of configurators. It is analysed by
using case studies from five projects. Shafiee et al. [14]
analyze product configurators in terms of understanding the
difference between the problem space and the solution
achieved with the Design Thinking method. As an example,
4 projects were analysed, 2 of which were developed using
the Design Thinking method and 2 of which were not. The
study was conducted in the form of workshops and
interviews. The environment was created with integrated
Design Thinking techniques, involving a structured manner
to support industrial companies. Poot [15] showed the
development of a framework with a design automation
model for mass customisation of lightweight structures.
This model uses high-level templates from CAD
programmes in combination with auxiliary techniques for
design optimisation and tools for production preparation.
Workalemahu et a/. [16] presented an investigation on the
application of product configurators in generating customer
technical specifications for complex body geometries
intended for production via additive manufacturing.
Nummela [17] presents configuration matrices, the
idea of which is to establish the connection between the
components in the modular structure of the product in
matrix notation. In this way, new knowledge sets can be
added during the subsequent development of new product
platforms or the analysis of existing ones. Johansson and
Krus [18] present an approach based on matrix
representation that utilizes configurable matrices in system
engineering. The approach is suitable for use in large and
complex systems. It is demonstrated using the example of
a model construction for a small business aeroplane. Helo
[19] explores the structure of the system for the
configuration of academic and non-academic works. For
this purpose, the DSM method was used for configuration
modelling. The DSM method enables the representation of
the structure of components and subsystems in the
observed system using graph theory. It provides a matrix
representation in which components with the fewest
interactions are positioned along the main diagonal of the
matrix. This arrangement allows the distribution of
individual subsystems, or modules, to be visually identified.
The idea is to obtain an easily configurable product model
that is flexible in terms of further customisation and
changes. Germani et a/. [20] implemented a multi-level
DSM method for formalising the product structure in the
product configurator. Their idea was to develop a method
that is simple and robust enough to represent the product
structure. The validity of the approach was tested using the
example of domestic boilers. Gopsil et al. [21] propose a
model for the automatic generation and updating of
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DSM matrices. The generation and updating are linked to
the development process by monitoring changes in the
available digital product models. In this way, the reduction
of time required for knowledge collection was aimed at, and
its updating in matrix DSM structures.

Osman et al. [22] present the beginning of their
research in the field of product configurators. The paper
introduces the principle of configuration matrices for storing
product data and proposes a product configurator
architecture based on this principle with a description of its
components. Osman et a/ [23] showed an iterative
approach for the configuration and evaluation of chillers,
which is referred to as Configuration and Change Manage-
ment (CCM). The above approach is methodological,
enabling product configuration through steps. This allows
the selection of individual product modules depending on
their purpose. In addition, it allows changes in the product
configuration. The idea of the approach is to obtain the so-
called optimal chiller system architecture according to
predefined criteria. Osman et a/. [24] represent a behaviour
framework and mapping data between the structural and
behavioural domains in studying the behaviour of the
system of air handling unit variants during different modes
of operation. In doing so, some of the fuzzy rules for the
behaviour of the system were created by combining the
automatic control method and stability check with the direct
Lyapunov method. Finally, Osman et al/. [25] show the con-
tinuation of research in the field of product configurators.
The performance of a customer-oriented product configura-
tor is presented. The dataset is based on configuration
matrices to represent the modules of a single product. A
case study on the configuration, evaluation, and selection
of chillers is presented.

The contributions of this work are as follows:

. The system is designed so that it can be used by
users without in-depth knowledge of a particular technical
field.

. Through simplified dialogue boxes, it guides the
user to the desired product configuration.

. The collection and modification of product data is
enab-led by the so-called matrix data set using the
component-based DSM method, i.e., configuration
matrices.

. The knowledge data set contains similar cooler

configuration scenarios for a specific application, which can
be supplemented and modified.

. The matrix set enables a graphical representation
of the connection of all components and subsystems in the
chillers.

. The system has a base of inference rules based
on fuzzy logic that can be added to.

. The inference rules can also be changed or new
ones added in the case of new chiller variants.

. The system can assist in generating technical
documentation using a database of CAD models, schemas,
and technical specifications for each product.

. The selection can be saved for possible later
changes and for future use when selecting products with
similar technical characteristics.

DESCRIPTION OF ADVISORY-BASED PRODUCT
CONFIGURATOR ARCHITECTURE AND REASONING
PROCESS

The configurator (Fig. 1) works in such a way that it is
customised to the user, i.e., it is a customer-oriented or
advice-based system. This means that product selection
can also be made by a person who does not have in-depth
technical knowledge in this area. The user is addressed
through questions in the so-called dialogue windows,
through the consultation process. Simple, easy-to-
understand questions are asked to guide the user to the
type of product and some basic parameters that are
important for product selection. It was created in an
interactive way that guides the user in a simplified way to
the selection of the desired and optimal product type. The
so-called modelling of customer interests to improve the
customer's wishes. Customer preferences are processed
using the so-called mapping technique, i.e., filtering
processes that are translated into technical requirements.
An adequate transformation is ensured to later validate the
product. The customer requirements must be recognised.
The reverse is also possible. In addition to searching for
existing data in the knowledge base, there is also the
possibility of web mining to discover existing and new
structures, patterns, and knowledge about similar products.
This technique is based on the principle of a web
application that helps the user search for data on the web.
The mapping technique is an automatic process that
selects product attributes based on implemented inference
rules or according to the principle of data grouping. It also
ensures that no inadvertent error has been made in the
interpretation of customer queries during the validation
process. It is possible to update the product by adding new
components or subsystems to enhance technical
specifications. During the entire interaction time, a web
metric runs in the background to measure the performance
of the web services used.

An in-built module automatically generates the web
graphical user interface (GUI) for system communication
with the user. A data repository (Fig. 1) is a knowledge base
that contains implemented data on the following topics:
product knowledge (including its characteristics and
properties), user data, and derivation rules for retrieving
product knowledge. Throughout the entire consultation
process and communication between the configurator and
user, the integrated CRM system (Fig. 1) is utilized to
support and manage the user's wishes and any technical
requirements.

It is also used to store the data obtained through the
web mining process. As already mentioned, the advisory
system communicates with the user via the so-called non-
technical language to translate their requirements into
technical features.

The system also includes a so-called decoupling
interface (Fig. 2), which can be interpreted as an abstract
layer that serves to separate the advisory system from the
actual computer configurator. It also allows direct access to
the configurator and offers the possibility of changing the
proposed variants by adding new components or sub-
systems to the configuration.
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Figure 2. Block diagram for the connection between the customer aavisory system and product model [9].

The user communicates with the advisory system via
the following steps (Fig. 2) [26]:

1. The attributes contained in the product model are
imported into the system's data repository.

2. The data collected during the consultation process
is used as input data for the initial selection of the product
configuration and the proposal of its possible variants, the
so-called product suggestion phase.

3. The results obtained during the product configura-
tion in the previous step are re-imported into the consulting
system to provide the user with a proposal for the product
variants created. Improvements can also be made to the
proposed variants, known as the product change phase.

The component matrix or configuration matrix [17,18]
based on the DSM method makes it possible to record
components, processes, and other activities related to
product development in the form of a diagram. The graph
is visualised in the form of a matrix, with clusters around the
main diagonal representing the components with the least
interaction in the observed system. The graph illustrates
very clearly: for some of the observed products, i.e., their
variant, it is possible to observe several variants of the
same product, which allows for new data sets or changes
to data sets. It is also possible to display an advert only for
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a specific customer or group of customers, and it is possible
to display the status of the desired product in stock and the
number of pieces available. It can be seen from the
illustration that changes in the matrix record are influenced
by changes in sales and marketing as well as changes in
the design and production process. Changes of this kind
are irreversible, i.e., a reverse effect is possible, and is
graphically visible in the matrix record. All changes during
the sales and marketing processes are visible in the
configuration matrix. In addition, changes in product design
and production are also visible. Changes in the product
structure, i.e., between its modules and individual
components, are particularly clear.

A reasoning system based on created inference rules
that contain fuzzy logic according to the Mamdani principle
was shown in Fig. 4. The knowledge base contains
inference rules that can be added to or changed at any
time, depending on the changes the manufacturer makes
to a particular product type. The reasoning steps are as
follows [27,28]:

1. Softening or Fuzzyfication,

2. Inference or fuzzy decision process,

3. Sharpening or defuzzification,

4. Local and global reasoning - possible step.
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All of the above processes interact and can exchange
information with each other. These parts of the reasoning
system are dynamically linked so that a change in one of
them is automatically registered in the others.

1. Softening or Fuzzyfication - the input variables and
the output variables are selected based on the defined
influencing variables. For each variable, the number of
linguistic values and the definition range of the above-
mentioned variables are determined. The definition range
is determined for each variable. In addition, the number and
form of the membership functions that cover the definition
range of the individual linguistic variables are determined.
A membership function (MF) is a curve that defines the
degree of membership of each point in the input space
(universe of discourse). It assigns an associated value
between 0 and 1 to a point in the input space. This is
essentially the only condition that a membership function
must fulfil in reality. The membership functions of fuzzy sets
L are always normalised, which means that the maximum
value of the membership function is equal to 1. The form
choice of the membership functions in individual fuzzy sets
is subjective and depends on the problem under
consideration. There are several softening functions in the
Mamdani logic, of which the centre of area or centre of

| Marketing/Sales |2

| Product
development

gravity method is the most commonly used. A linguistic
variable is a variable that takes words or sentences as
values.

2. Inference or fuzzy decision process - fuzzy inference
rules are created depending on certain input and output
variables. By creating behavioural rules, a rule base is
created in the form of fuzzy IF-THEN rules. For each fuzzy
rule, a logical operator and a weight of the fuzzy rule are
selected. Known logical operators are AND, OR, and NOT.
The output membership function fagg is obtained as an
aggregation (combination) of the above rules.

3. Sharpening or defuzzification - the fuzzy output sets
are converted into unique output values. There is no single
method of defuzzification, but there are many methods, the
most commonly used of which is the centre of area method.
The results of sharpening could be presented in tabular
form as rules or by graphically using the surfaces.

4. Local and global reasoning - possible step - the
possible graphical representation of all the defined fuzzy
rules, with the visualisation of their membership functions,
was local reasoning. The graphical three-dimensional (3D)
representation of two influential input variables and an
output variable is called global reasoning.

I Configurator [
malntenance Concurrent
engineering |
Figure 3. Influence on configuration matrix [17,22].
I Knowledge Base II
| [ | |
| | Membership Fuzzy ' |
| functions rules |
| [ I
Input data l — 4 g g s gl A

INFLUENTIAT, | | | Definition of Fuzzyfication Defuzzyfication _ [EEEEDRD |
| the decision- ftert . » OF FUZZY |
VARIABLES ) interface interface RULES |
: making type - determination of | Jr - transforming fuzzy Y_ I
| | Mamdami or input and output Efercasieaien _|-> e i i = T Y
| Sisdio (linguistic) variables |—| Ll rinit | output values | o
| decision: - determination of the d max t'“m o } N
ialngmede] domain of definition =determination of Lig | ! |

| S B base of fuzzy rules in | :
| RO S the form of IF - THEN } LOCAL REASONING| | |
i 3 i
: - determination of the n;l.e S . | GLOBAL E|
number and form of “eam _matlon } REASONING I I

I membership functions (aggregation) ofall | !
| fuzzy rules with the aim I
| of obtaining a fuzzy |
| membership function I

Figure 4. Reasoning system with inference fuzzy rules [24].
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The Configuration and Change Management (CCM)
approach (Fig. 5), which is implemented in the product
configurator and used here for the selection and evaluation
of cooler product variants, is described in more detail in
[23]. Only the most important phases of the approach are
briefly described below. The main phases are:

1. Configuration - an attempt is made to select and
propose the most acceptable variant according to customer
requirements. It is possible to propose several product vari-
ants in the first step, which differ in some characteristics.

2. Changes - by changing some parameters and
adding or removing elements or subsystems, changes can
be made. The result is systems with better values for some
parameters, e.g., EER, operating mass, or SPL. To
improve the desired parameters, it is sometimes necessary
to change the customer requirements.

3. Evaluation- comparisons and evaluations are made
based on the selected parameters. The chiller solution with
the highest sum of all ratings for a given observed para-
meter is selected as the acceptable and optimal solution.

CASE STUDY - CHILLER SELECTION

The validation of the previously described approach is
demonstrated on the case study of a chiller selection for an
industrial plant.

The following customer requirements were drawn up
with the help of the investor:

. The water cooler should operate at full thermal
capaci-ty for 16 hours a day without interruption; the rest of
the day, it should operate at reduced capacity (about 60%
of capacity). It must function independently of changing

exter-nal conditions in all operating modes (winter,
transitional, and summer operation).
. There is the option of external installation (on the

roof of the building) or internal installation of the chiller (in

the cooling station). In the case of external installation, it

must be protected from external influences.

. The noise level must be taken into account to

ensure quiet operation of the device.

. Try to select the highest possible energy class for

the device.

. The technical requirements were drawn up based

on customer requirements:

o Guaranteeing the operation of the device at low winter

temperatures (down to -21 °C) and at high summer
temperatures (up to 50 °C);

o An uninterrupted power supply must be ensured
during operation of the device (3x400 V, 50 Hz).

o When selecting the appliance, aim for the highest
possible energy class according to Eurovent.

o The appliance should not have a hydraulic modular
subsystem.

o The appliance must be insensitive to vibrations during
operation.

o During the selection of a chiller, make sure that you
choose the device with the lowest possible power
consumption.
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o Also, during selection, make sure that the dimensions
(and thus the mass) of the device are as small as
possible.

o Assume a value of 870 kW as the input requirement
for the heat output, with the option of increasing it by
up to 15%.

o Assume a value of 70 dB(A) as the input requirement
for the upper value of the permissible noise level.

The input parameters used during the first selection of
variants are: cooling capacity @, permissible noise level
SPL, and permissible dimensions of the space (L x W x
H), where the chiller would be installed.

During the first step of chiller selection, both installation
options were considered. Chillers for outdoor installation
(with an air-cooled condenser) and one for indoor
installation (with a water-cooled condenser) were selected.
Table 1 shows the parameters for both chiller variants that
were determined during the selection in the first step.

Table 1. Initial step during chiller selection.
Type of chiller

Parameters Air-cooled Water-
cooled
Q kW] 862.2 867.6
EER[KW/ kW] 3.3 5.07
ESEER 4.4 6.22
Ner[KW] 284.8 176
SPL [dB(A)] 66 66
Dimensions [Lx WxH [m] 8.3x2.2x2.5 3.6x1.6x1.9
m [kg] 7040 5650
Energy class B B

A three-dimensional view of a chiller with an air-cooled
condenser is shown in Fig. 6 (on the left side), while Fig. 6
on the right side shows a three-dimensional view of a chiller
with a water-based condenser.

Already during the first selection step, it became clear
that the water-based chiller has much smaller dimensions,
as well as the weight of the device, and lower electricity
consumption. As the customer wanted the chiller to be in
energy class A, some changes were made to the product
configuration, and a further validation step was carried out.

Two further validation steps were then carried out, in
which a slightly larger cooling capacity was required.
Variants were also obtained whose dimensions correspond
to the original installation requirements, and are all
designed in energy class A. Also, during the next steps of
device selection, the aim was to select the one with a higher
EER coefficient, as well as smaller device dimensions and
lower weight. However, selecting a device that would be in
energy class A entails an increase in the thermal capacity
of the device and its dimensions. All the chiller variants
selected in these 3 validation steps are listed in Table 2. As
can be seen in the table, the increase in dimensions of a
water-based chiller is insignificant compared to a chiller
with an air-cooled condenser.

Based on the many values of the observed parameters
obtained through several selection steps, it is not possible
to simply make a selection, but it is necessary to carry out
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2) Change phase
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Figure 5. CCM approach [23].

Option.al |

1) Configuration phase

Air-cooled chiller

Water- cooled chiller

Figure 6. 3D view of chillers: air-cooled chiller (left), water-cooled chiller (right).

Table 2. Several steps during the changes phase in the chiller selection process.

Type of chiller

Parameters Air-cooled Air-cooled Air-cooled Water-cooled Water-cooled ZZZ?ZZ
Number of iteration 2 3 4 5 3 4
steps
Q kW] 862.2 965.3 946.9 877.9 9255 925.5
EER KW/ kW] 3.03 3.1 3.14 5.36 6.02 5.85
ESEER 4.4 4.54 4.62 6.4 6.85 8.55
Nei [kW] 284.8 311.1 307.5 176 160 165
SPL [dB(A)] 63 64 61 66 66 66
Dimensions [ 8.3x22x 10.1x 2.2 % 10.1x 2.2 % 3.6x1.6x 4.1x1.6x 41x1.8
Lx Wx H)[m] 2.6 2.8 2.8 1.9 1.9 x 2.0
m[kg] 7200 7298 5650 5790 6550 6750
Energy class B A A A A A
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an evaluation step. The selection of the optimum type of
chiller is shown in the evaluation step (Table 3). This was
done by comparing the two most acceptable cooler variants
for both installation methods. Depending on the values for
the comparison parameters, scores of 1-10 were given. A
score of 10 is the best possible score for the observed
parameter. The scores in the columns were then totalled
and displayed in the SUM (2) row.

Table 3. Evaluation step during the chiller selection

process.
Type of chiller

Parameters Air-cooled Water-cooled
Q kW] 10 9 9 9
EER [KW/ kW] 9 10 10 9
ESEER 9 10 9 10
Ne [kW] 8 10 10 9
SPL [dB(A)] 8 10 7 7
Dimensions [

Lx Wx H[m] 5 S ° °
m[kg] 6 6 10 8
Energy class 10 10 10 10
SUM (%) 65 70 74 71

In the evaluation process, 2 variants of air-based chill-
ers and 2 variants of water-based chillers were considered.
Two chiller variants with a water-based condenser were
proposed as the final solution. Regardless of the price of
the device, a water-based chiller was chosen due to its
smaller dimensions, lower weight, and better EER

coefficient. In addition, maintenance of the device should
be taken into account, which is cheaper due to its internal
installation.

The product configurator can also be adapted and
extended for configuring other products (e.g., air condition-
ing units). This would require minor adjustments to dialog
boxes, due to different input data and descriptions. In
addition, it would be necessary to expand the knowledge
base and include information about new products, such as
CAD models and device schematics.

VALIDATION OF USER TESTING

To validate the configurator’s performance, a survey
was conducted by non-technical users. Fifteen users
participated, each completing a questionnaire with ten
questions about the use of the product configurator. The
survey used a Likert scale with ratings from 1 to 5: 1 - Not
Satisfied, 2 - Satisfied, 3 - Good, 4 - Very Good, and 5 -
Excellent. The results of the survey are presented in Table
4, showing, by question, the percentage of users who
selected each rating.

As shown in the attached Table 4, most non-technical
users answered Excellent or Very Good. There are no
unsatisfied responses in the survey. This confirms that the
configurator is suitable for users without technical
knowledge of the product. Additionally, only a relatively
short time is needed to complete the desired selection,
including any additions or corrections in configuration.

Table 4. The percentage of user responses in the survey conducted.

Percentage and number of user responses in survey [%]

Questions in the survey Excellent

Very good

Good Satisfied Not satisfied

Q7:How do you rate the dialogue
windows in the programme that
guide you to the final solution?

40 (6)

33.3(5) 13.3(2) 13.3(2) 0

Q2:How do you rate the
accompanying graphics that assist
you during product selection?

46.7 (7)

33.3(5) 20 (3) 0 0

Q3: How do you rate the clarity and
description of each step, enabling
you to proceed to the next step?

46.7 (7)

40 (6) 13.3(2) 0 0

Q4. How do you assess whether a
sufficient number of steps have been
provided to allow you to easily reach
the final solution?

53.3 (8)

33.3(5) 13.3(2) 0 0

Q5: How do you rate the ability to
select accessories during product
selection?

60 (9)

33.3(5) 6.7 (1) 0 0

Q6: How do you rate the quality of
the files generated after product
selection?

60 (9)

26.7 (4) 6.7 (1) 6.7 (1) 0

Q7:How do you rate the ability to
make configuration changes during
and after product selection?

53.3 (8)

33.3(5) 13.3(2) 0 0

Q8: How do you assess the duration
of the selection process to reach the
desired solution?

46.7 (7)

33.3(5) 13.3(2) 6.7 (1) 0

Q9: How do you rate the ability to
save the selections made and the
files created?

46.7 (7)

40 (6) 6.7 (1) 6.7 (1) 0

Q70: How do you rate the
performance of the entire computer
programme for configuring chillers?

60 (9)

33.3(5) 6.7 (1) 0 0
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CONCLUSION AND FUTURE RESEARCH

The article presents the architecture of the product
configurator, which is structured as an advisory system.
The functionality, data recording, and selection and evalua-
tion of the chiller using the integrated CCM methodology
were demonstrated. The research presented in the paper
brings the following:

. Data retrieval is performed by a combination of
mapping techniques and fuzzy rules.

e  The product configurator enables the addition of the
knowledge base.

. It also has the option of selecting based on a similar
scenario.

. The configurator is designed in such a way that it can
also be used by users who do not have in-depth
specialised knowledge.

. Dialogue windows guide the user step by step to the
final solution.

e  The knowledge about chillers is recorded in a matrix
record using the component-based DSM method.

e  The CCM methodology enables the configuration and
evaluation of the chiller and possible changes at the
same time.

. The preparation of technical documentation.

. Matrix display of all connected components, sub-
systems, and modules.

. Better system performance is achieved with a chiller
with a water-based condenser instead of a chiller with
an air-cooled condenser.

e The option to save the completed selection as a file,
to accommodate potential changes or additions to the
configuration, and for possible future selections of
similar products.

. Possible directions for future research are:

e A more detailed development of the knowledge base.

. Expansion of the configurator for use when selecting
other products in the field of equipment for HVAC
systems (e.g., air conditioning units).

NOMENCLATURE

Acronyms

CCM - Configuration and Change Management
CRM - Customer Relationship Management
DSM - Design Structure Matrix

GUI - Graphical User Interface
MF - Membership Function
VARIABLES

EER - Energy Efficiency Ratio [kW/kW]
ESEER - European seasonal energy efficiency ratio
Lx Wk« H - chiller dimensions (lengthxwidthxheight) [mm]

m - operating chiller mass [kg]

Ne - total electrical power input [kW]

SPL - sound pressure level at 10 m [dB(A)]
Q - cooling capacity of chiller [kW]

7y - membership function of fuzzy sets
Hagg - output membership function
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NAUCNI RAD

KONFIGURATOR PROIZVODA ZASNOVAN NA
SAVETOVANJU, KORISCEN U KONFIGURISANJU |
EVALUACIJI RASHLADNIH SISTEM

Ovaj clanak predstavija arhitekturu i funkcionalni princip konfiguratora
proizvoda zasnovanog na na savetovanju. Program se Kkoristi za kreiranje
novih i modifikovanje slicnih konfiguracija proizvoda i namenjen je korisnicima
bez veceg strucnog znanfa u tehnickim oblastima. Zbog svoje arhitekture,
konfigurator je dizajniran da koristi znanje uskladisteno u bazi znanyja. Izbor se
zasniva na kombinaciji fazizih pravila zakijucivanja i/ tehnika mapiranja. Znanje
o proizvodu se sakuplja koriscenjem matrica zasnovanih na komponentama.
Takode je obezbedena mogucnost dodavanja novog znanja i novih pravila.
Sve ovo omogucava konfiguratoru da poveZe zahteve kupaca i nudi
mogucnost izbora jednog ili vise proizvoda. Pored toga, procenjuje moguce
varijante proizvoda na osnovu paramelara koje fe korisnik naveo. Graficki
prikaz dobijenih rezultata ukljucuje tehnicku dokumentaciju proizvoda, kao i
matricni prikaz svih izabranih komponenti i modula. Funkcionalini princip i
evaluacija izbora proizvoda demonstrirani su koriscenjem studije slucaja
rashladnih sistema za industrijska postrojenja. Tokom izbora i evaluacife
rashladnog sistem, bolje performanse postrojenja se postizu rashladnim
sistemom koji ima kondenzator na bazi vode..

Kljucne reci: arhitektura konfiguratora proizvoda, pravilo fazi inferen-
clje, matricna reprezentacija, CCM metodologija, izbor
proizvoda.
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