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Wood barrels have been used for centuries in the
process of aging brandies, which contribute to
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CHEMICAL CHARACTERIZATION OF
DIFFERENT WOOD FRAGMENTS AND THEIR
VOLATILE COMPOSITION IN MODEL SPIRIT
SOLUTIONS

Article Highlights

« Volatile profiles of wood staves used to hasten brandies’ aging were obtained

« Among wood samples, the lowest lignin content is detected in the wild cherry wood
(23.58%)

o Volatile profiles of alternative woods and oaks significantly differ

e Sakuranin is a potential marker for wild cherry wood identification

¢ GC-MS is a suitable tool for distinguishing brandies aged with the alternatives

Abstract

This study characterizes oak (sessile and pedunculate oak) and alternative
wood (black locust, Myrobalan plum, wild cherry, and mulberry) species as
important sources of volatile compounds of aged spirits. Nowadays, their
fragments are used to hasten the brandies’ aging process. The ATR-FTIR
spectra of analyzed wood samples are similar, only the mulberry FTIR
spectrum contains unique peaks primarily due to its highest lignin content
(40.93%). Using the untargeted GC-MS approach, a total of forty-one
volatile compounds were identified in the wood extracts in a model spirit
solution. The volatile profiles of alternative wood extracts in a model spirit
solution were significantly different, both quantitatively and qualitatively,
compared to those of oak. Coniferyl (23.14 ug/g—26.6 ug/g) and sinapy/
(23.56 ng/g—-25.82 ug/g) alcohols were the most abundant volatile
compounds in investigated oak extracts. Resorcinol and coniferyl alcohol
were the most abundant volatile compounds in black locust, sakuranin in
wild cherry, while resorcinol and B-resorcinaldehyde in mulberry wood. To
the best of our knowledge, sakuranin has not been detected in wild cherry
wood until now. Besides wood chemical characteristics, the technology
used during the aging process strongly influences on volatile profiles of aged
brandies, thus, these compounds are potential chemical markers for
discrimination between wood species as well as aging technologies.

Keywords: oak, alternative wood, volatile compounds, model spirit
solutions.

significantly better sensorial features (such as
appearance and aroma), as well as the quality of
brandy [1-4]. Among wood species, oak wood is
distinguished as the most convenient and reputable
material due to its unique mechanical, physical, and
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chemical properties [5]. Despite disadvantages, such
as expense and length, aging has been established as
a notable and irreplaceable process in the production
of high-quality brandies [6].

During the process of aging, the contact between
brandy and wood surface provokes a wide variety of
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physical and chemical interactions, resulting in a
release of extractable compounds as well as hydrolysis
of the wood’s constituents (e.g. hemicelluloses and
lignin) [3,4,7]. Namely, the hardwoods, exclusively
utiized for barrel production, have a highly
heterogeneous chemical composition, including three
main components: cellulose (40—44%), hemicelluloses
(15-35%), and lignin (18—25%), as well as extractives
(up to 2%) [8]. In addition, the porosity and density of
different wood species affect the composition of the
final extract [9]. While wild cherry is highly porous, black
locust and mulberry wood possess low and medium
porosities, respectively [2]. During the process of aging,
the linkages between the main lignin constituents
(guaiacyl (Q), syringyl (S), and p-hydroxyphenyl (H)
units [10] are broken and the compounds are released
from the wooden cask by alcoholysis in the initial
alcohol-water mixture [11].

Since the importance of aging is unquestioned
and even more fundamental for the quality of a large
number of wines and spirits, the investigation of this
process has been subjected to current studies to
accelerate the traditional process without any quality
impairment [5,8]. The International Organization of
Vine and Wine (OIV) approved the use of wood
fragments (wood staves or sticks) to accelerate the
aging process of wines and spirits, which usage is
regulated by the Oenological Codex (resolution OENO
3/2005, Oeno 430/2010) [12]. In addition, oak chips are
approved for the aging of spirits according to ECFR
regulation [13]. According to EEC regulation No.
1507/2006, 11 October 2006, it is possible to use oak
and chestnut pieces for hastening the process of aging
wine [12].

Additionally, the utilization of alternative wood
fragments species from local regions to hasten aging,
such as Eastern Europe or Mediterranean countries,
has the potential to be another novel trend introduced
into global cooperage [2,14]. Furthermore, the wood
fragment made of local oaks and wood alternatives is
commonly used for aging brandies in Balkan countries,
mostly in homemade production, with expansion in the
local industry. To our knowledge, the influence of
utilized local wood fragments on the volatile profile of
aged brandies has not been investigated, although a
report on Slavonija oak chips can be found in the
literature [15].

The present study aimed to study the volatile
composition of heartwood of different wood species
using model spirit solutions as well as to determine the
wood samples’ surface and the total lignin content.
Volatile profiles of experimentally aged brandy samples
were examined to collect data for differencing brandies
aged by wood fragment addition used to hasten the
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brandies’ aging process.

MATERIALS AND METHODS
Wood samples

In this study, eight different wood stave samples
utilized in Balkan cooperage were investigated. They
were produced by local wood cask producer VBX-SRL.
D.0.0O. from Kraljevo, Central Serbia. Considered
staves were made of the heartwood from several
botanical species, including mulberry (M) (Morus alba
L.), Myrobalan plum (MP) (Prunus cerasifera Ehrh.),
black locust (BL) (Robinia pseudoacacial..), wild cherry
(C) (Prunus avium (L.) L.), and oak (Quercus petraea
(Matt.) Liebl. (SRO), and Q. robur L. (PSO, PGO,
POQ)). Besides wood samples originating from the
territory of the Republic of Serbia, two samples:
Slavonija oak (PSO) and Olovo (POO) oak were
obtained from Croatia and Bosnia and Herzegovina,
respectively. Before analysis, the wood staves were
grounded in a wood mill, to enhance the extraction of
volatiles from wood samples. The granulation of the
obtained sawdust was in the range of 0.5—1.5 mm [16].

Wood analysis
ATR-FTIR spectroscopy

The wood samples’ surface chemistry was
characterized using an ATR-FTIR spectrometer IR-
Affinity (Shimadzu, Japan). The spectra were obtained
in the wavenumber range of 4000-600 cm™ at a
resolution of 4 cm™.

Determination of the lignin in wood samples

The lignin content in wood samples was
determined according to the procedure reported by
Soutar and Bryden [17]. In brief, sample (2 g) was
added to 25 ml 72% H2SOs, steeped for 75 min at room
temperature, diluted with 600 ml water, reflux for 2 h,
filtered through a weighted Gooch crucible, washed
acid-free with water, dried at 105 °C, cooled and
weighed. The lignin content was calculated from the
ratio between the mass of lignin and the mass of the
wood sample (determined before the treatment with
H2SO0s4).

Determination of moisture sorption in wood samples

The moisture sorption (M, %) was determined by
the thermogravimetric method using the Infrared
Moisture Analyzer (Sartorius MA35). Before moisture
sorption measurement, milled wood samples were
exposed to 65% relative air humidity for 24 h. The
average of three measurements for each sample was
considered.
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Preparation of wood extracts in a model/ spirit solution

The extraction was carried out by a widely
extended procedure using wood pieces after double
distillation to simulate the aging of spirits in the cask.
Hydroalcoholic wood extracts were obtained according
to the methodology reported by Smailagi¢ et a/. [16]. In
short, wood sawdust (100 g), with a granulation
between 0.5 and 1.5 mm, was extracted with 1000 mL
of ethanol (60%, v/v), with constant stirring in a
laboratory shaker at a speed of 100 rpm for 7 days in
dark at room temperature (20 + 2 °C). Extracts were
filtered through filter paper (80 g/m?) and kept in the
refrigerator (4 °C) for further analysis. All extracts were
prepared in triplicate.

GC-FID and GC-MS analysis of the wood extracts

Qualitative and quantitative analyses of the wood
extracts in a model spirit solution were conducted using
GC-MS and GC-FID, respectively. All wood extracts
were prepared using liquid-liquid extraction, according
to the procedure described by Veljovi¢c et al [18].
Briefly, a 50 mL aliquot of each extract was diluted with
100 mL of distilled water and then mixed with 20 mL of
internal standard solution (methyl-10-undecanoate
diluted in dichloromethane (0.01 mg/mL)) and 10 g of
NaCl. Each resultant mixture was stirred on a magnet
stirrer in iodometric closed flasks (Erlenmeyer
Polishing) for one hour. After mixing, the organic layer
was separated from the water layer. The upper organic
layer was dried with Na2SOs and then filtered and
evaporated on a vacuum-evaporator (45 °C, 10 kPa)
(Heidolph  Hei-VAP  Value rotary evaporator,
Schwabach, Germany) to a volume of 2 mL. After
preparation, the samples were stored in a refrigerator
(4 °C) until analysis.

GC-MS was used for the identification of wood
compounds. The injections of prepared extracts (1 pl)
were carried out in splittess mode. For GC-MS
analyses, an Agilent 7890N gas chromatograph with an
HP5-MS capillary column (30 m x 0.25 mm x 0.25 pm)
was used. The following temperature program was
employed: 60 °C for 0 min; then 3 °C/min to 280 °C and
then held for 20 min. Helium was used as a carrier gas
with a flow rate of 1 mL/min. The GC was coupled to a
Hewlett-Packard 5972 MSD operated at 70 eV and
scanning masses in the 40-550 range. The obtained
peaks were identified by comparison of their retention
times (calculated relative to n-alkanes) with the
literature data as well as by comparison of the mass
spectra fragmentation pattern with the mass spectra in
the databases (NIST/EPA/NIH mass spectral library
NIST2000, Wiley/NBS registry of mass spectral data,
7th ed., electronic versions) [19,20].

GC-FID was used for semi-quantitative analyses

of wood compounds. For GC-FID analyses, an Agilent
4890A gas chromatograph with an HP5-MS capillary
column (30 m x 0.25 mm x 0.25 pm) was used. The
employed temperature program was the same as that
used for GC-MS analyses. Hydrogen was used as
carrier gas (1 mL/min). The GC was coupled to a FID
detector operating at 300 °C. The results of GC-MS
analyses were expressed as milligrams of methyl-10-
undecanoate equivalents per liter of analyzed wood
extracts [18]. The limit of detection was established
using the US EPA 30 approach.

Statistical analyses

Tukey’s test was used to compare the mean
values of lignin content, done in triplicate, with the level
of statistical significance set at 0.05 (Statistica v. 12).
Principal Component Analysis (PCA) of ATR-FTIR
spectra was realized using PAST software [21]. For all
PCA analyses, the spectra (1800-800 cm™) were
preprocessed Spectragryph software [22] as follows:
the spectra were smoothed using Savitzky-Golay filters
with 5 points and a second-order polynomial function,
baseline corrected, while the intensities were
normalized (Standard Normal Variate-SNV).

RESULTS AND DISCUSSION
Characterization of the wood samples

The wood samples were characterized in terms of
their surface chemistry (ATR-FTIR) and lignin content.
The FTIR analysis, a rapid and non-destructive
method, was performed to distinguish differences in the
chemical composition of the wood samples. Fig. 1
shows the spectra of analyzed samples separated into
two groups: the FTIR spectra of samples that originated
from various tree species (Fig. 1a) and the FTIR
spectra of wood samples from various oak varieties
(Fig. 1b).

a) o
M

— MR

1593

Absorbance/a.u.

b) g

Absorbance/a.u.

1800 1700 1600 1500 1400

1300 1200
Wavenumbers/cm-!

Figure 1. FTIR spectra of tested wood samples. a) Different
wood samples from various tree species; b) Oak wood samples.
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The FTIR spectra of all samples have major
bands that are related to their primarily chemical
compounds such as cellulose, hemicellulose, and lignin
as well as other less abundant compounds in the wood
(e.g. aromatic compounds). The main wood compound
is cellulose and its bands are identified in all analyzed
spectra: ~1157 cm™ (symmetric C-O-C stretching
vibrations) [23]; ~1030 cm™ (C-C and C-O vibrations),
~1115 cm™' (C-O), (C-C) [24]; 896 cm" (C-H vibrations,
cellulose and hemicellulose) indicates presence of the
Bglycosidic linkages between the cellulose glycosidic
units [23, 25—26]. Also, spectra exhibit several common
bands that could be related to various wood
compounds: ~1733 cm” (C=0O groups); ~1460 cm™’
(CH2 scissoring vibrations, most probably from
cellulose);  ~1423 cm”  (asymmetric  C-H
deformation) [23]. Also, the bands near
1423-1460 cm™ can be associated with the C-H bend
(aromatic skeletal vibration and asymmetric C-H
deformations) [27] and C=C-C aromatic ring stretch
modes of lignin [28].

Lignin as well as other aromatic compounds can
be identified by bands at around 1596—1593 cm™' and
~1505 cm™' due to skeletal vibrations of the aromatic
ring (C=C vibrations), while some of these bands could
not be clearly visible in the case of the mulberry; this
sample exhibits more intense band at 1515 cm™' (most
probably  from lignin and other aromatic
compounds) [23]. Also, the presence of lignin in the
samples was detected by the bands at around
1370 cm™' (symmetric C-H deformation). However, this
band in the case of mulberry is broader and shows low
intensity compared to other samples. The bands with a
maximum of around 1237 cm™' are visible in all samples
(sample mulberry shows a low-intensity band around
this position) that, according to Gupta et al [23],
originates from ring breathing of guaiacyl ‘G’. According
to the same authors, the band at 1315 cm™ is due to
ring breathing of syringyl ‘S’ and could be clearly visible
in the case of sample mulberry, while the oak samples
cluster doesn’t show any strong vibrations at this
position. Also, the FTIR spectrum of mulberry shows a
strong band at 825 cm™ most probably due to C-H
vibration of aromatic compounds [23] (C-H out-of-plane
bends [29]).

The results of lignin content are presented in
Fig. 2. Tukey’s test showed a significant difference in
lignin content among wood staves. Furthermore, the
investigated samples possess large variability between
their lignin content; it ranges from 23.58% to 40.93%,
which can be explained by the parallel influence of
multiple factors including botanical species, age, the
sampling position, etc. [3,11]. Among all wood samples,
the lowest lignin content is detected in the wild cherry
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wood (23.58%). Furthermore, the oaks have lignin
content in the range between 29.91% (Bosna Olovo)
and 34.37% (Slavonija). According to Peterson and
Perumalla [30], the lignin content of a very diverse
group of oaks, which differed in species, geographical
location, and application, varied from 20.1 to 30.1%.
Additionally, Puech [31] analyzed the lignin content of
French and foreign oak, particularly intended for barrel
production, and reported its content in the range from
25.3 to 28.5%. The lignin content in black locust
(35.09%, Figure 2) is significantly higher than in
hardwood of mature wood (20.9-25.8%) since the
wood sample investigated in this research paper is
much older than in Latorraca et a/. [32].

The results of moisture content are presented in
Fig. 3. Tukey’s test showed no significant difference in
moisture content among wood staves. Myrobalan plum
(MP) is characterized by the highest porosity as well as
the highest moisture content (8.45%) compared to the
pedunculate oak (Gornji Radan) (PGO) and sessile oak
(SRO) (7.10 and 6.38%, respectively). Although
samples PGO and SRO belong to the same group of
woods (i.e. oaks), the sample PGO (pedunculate oak)
has smaller vessels and higher moisture content
compared to the sample SRO (sessile oak).
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Figure 2. Lignin content of the analyzed wood fragment. The
samples with the same letter are not statistically different
(a=0.05).
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Figure 3. Moisture content of the analyzed wood fragment.
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The PCA analysis (Figure 4a) confirmed that
mulberry (M) showed the most distinctive spectrum
among tested wood samples. As we pointed out, these
differences in the mulberry spectrum primarily
originated from the difference related to the lignin
chemical compositions, i.e. its aromatic compounds.
This is supported by loadings of PC 1, where the peaks
that can be associated with the chemical composition
of mulberry, such as those at 825, 972, 1157, 1311,
1519, and 1591 cm™ are identified. The second group

of samples separated by PC 2 is black locust (BL),
Myrobalan plum (MP), and wild cherry (C), while the
third group represents all studied oaks (PSO, PGO,
POO, and SRO). The differences in the chemical
structure between these two groups can be associated
with the presence of less prominent chemical
compounds, such as extractives, that in small
concentrations may be crucial for the formation of
specific brandy aromatic profiles.
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Figure 4. (a) Score plot of PCA for tested wood samples; (b) Loading plots of PC 7 and PC 2.

GC-MS analysis

A total of forty-one compounds were quantified
using gas chromatography (GC-MS), Table 1.
According to volatile profiles, oaks’ aged spirits
significantly differ from aged spirits with alternative
wood species (i.e. black locust, Myrobalan plum, wild
cherry, and mulberry). Although the volatile profiles of
analyzed oak-aged spirits are similar, they are opposite
from existing published data. Namely, the coniferyl
(23.14-26.60 pg/g) and sinapyl (23.56-25.82 pg/g)
alcohols are the most abundant volatile compounds in
oaks’ aged spirits (Table 1). Opposite to this study, De
Rosso et al. [33] and Flamini et al. [34] reported that
coniferyl alcohol was found in a low amount within 50%
hydroalcoholic oaks’ extracts (model spirit), while there
was no data about the content of sinapyl alcohol.

All identified compounds in oaks’ aged spirits
appear due to the lignin degradation and then their
oxidation during aging. As it is well known, coniferyl and
sinapyl alcohols are the main lignin compounds, whose
presence in the wood fragments was confirmed by the
ATR-FTIR (Figure 1). During aging, these alcohols are
released and converted to aromatic aldehydes
(coniferyl aldehyde, and sinapyl aldehyde) relatively
quickly by oxidation and to respective acids by further
oxidation [7]. In general, the differences between the
present and previously published results occur

because the decreasing of the coniferyl and sinapyl
alcohols’ content, and simultaneously increasing the
amount of aromatic aldehydes and acids, is necessary
to prolong the aging period. Thereby, the amount of
vanillin ~ (0.30-0.78 pug/g) and syringaldehyde
(1.71-2.17 pg/g), as aromatic aldehydes whose
formation depends on the oaks aging time, is lower.
Moreover, the amount of syringaldehyde is lower
(1.71 pg/g) in sessile oak (SRO) than in pedunculate
oaks (PSO, PGO, and POO) (1.85-2.17 ug/g). On the
other hand, the highest amount of vanillin has PGO
(0.78 pg/g), while the lowest Slavonija pedunculate oak
(PSO, 0.3 pg/g). The amount of coniferyl aldehyde
(3.51 pg/g) and sinapyl aldehyde (7.95 pg/g) is higher
in sessile oak (SRO) than in pedunculate oaks
(2.19-2.47 pg/g and 4.49-5.40 pug/g, respectively).
Besides vanillin and syringaldehyde, De Rosso et
al. [33] found that oaks contain eugenol (aromatic
terpene characteristic for oak-aged beverages) [3],
methoxyeugenol, and a-terpineol. In our case,
a-terpineol was not detected. Furthermore, Chira and
Teissedre [15] reported the presence of cis- and trans-
B-methyl-y-octalactone (known as oak lactones) in
oaks. The odor intensity of fmethyl-y~octalactone cis
isomer (woody, coconut odor) is about 2—12 times
stronger in comparison with its frans isomer [37,38].
Herein, [methyl-y-octalactone ¢/s isomer is more
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Table 1. Quantitative data on wood extracts volatile compounds.

Odor
detection
Compound (ug/g of Odor = jhreshold PSO  PGO  POO  SRO BL MP c M
wood) quality
(ppm,
mg dm™3)
Orange
peel-like
((R)-
Limonene Limonene)  p20%®  nad. n.d. n.d. n.d. nd. 049 072 n.d.
Citrusy,
orange
peel-like3®
Acetophenone Floral 0.256* n.d. n.d. n.d. n.d. n.d. n.d. 0.01 n.d.
Benzoic acid Balsamic3 n.d. n.d. n.d. n.d. n.d. 0.30 n.d. n.d.
Coumaran n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.48
Vinylguaiacol Smoky* 0.209% 0.08 0.19 0.17 0.26 n.d. n.d. n.d. n.d.
o-Acetyl-p-cresol n.d. n.d. n.d. n.d. 0.26 n.d. n.d. n.d.
Clove3%%7
spicy,
Eugenol sweet3’ 0.0070% 0.08 0.54 0.48 0.03 n.d. n.d. n.d. n.d.
Flowery,
clove®
Spicy,
phenolic®’
Syringol SBr#;Ete 0.58% 0.16 0.34 0.34 0.27 1.48 n.d. n.d. 1.59
burned
wood3®
Methylresorcinol n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.33
Resorcinol n.d. n.d. n.d. n.d. 10.07 n.d. n.d. 62.00
B-Resorcinaldehyde n.d. n.d. n.d. n.d. 3.46 n.d. n.d. 13.76
Resacetophenone n.d. n.d. n.d. n.d. 2.08 n.d. n.d. n.d.
trans--methyl-y- Coconut=?? 38
octalactone Sweet, 0.79 0.17 0.25 0.24 0.72 n.d. n.d. n.d. n.d.
flowery3®
cis--methyl-y- Coconut??
Coconut, 0.067°8 0.34 1.65 1.59 0.05 n.d. n.d. n.d. n.d.
octalactone sweet®
Vanillin Vanilla3%  0.022% 0.30 0.78 0.76 0.64 n.d. n.d. n.d. n.d.
Isoeugenol (cis- or trans-) n.d. 0.16 n.d. n.d. n.d. n.d. n.d. n.d.
Homovanillyl alcohol 0.28 0.38 0.35 0.43 0.20 n.d. n.d. n.d.
Vanillyl propan-2-one 0.69 1.00 0.72 0.12 0.95 n.d. n.d. n.d.
Vanillic acid n.d. 0.05 0.19 0.88 n.d. n.d. 0.09 n.d.
Propiovanillone 0.32 0.36 0.32 0.09 n.d. n.d. n.d. n.d.
3,4,5-Trimethoxy-phenol n.d. n.d. n.d. n.d. n.d. 0.09 7.64 n.d.
Methoxyeugenol 0.32 0.56 0.26 0.79 0.67 n.d. n.d. n.d.
Homovanillic acid 0.50 0.50 0.38 0.44 n.d. n.d. n.d. n.d.
Methyl homovanillate 0.33 0.32 0.27 0.44 n.d. n.d. n.d. n.d.
green,
woody?®?
Syringaldehyde green, 1.85 217 2.04 1.71 0.94 0.20 n.d. n.d.
woody,
sweet3
Syringic acid 0.25 0.92 0.32 1.02 n.d. n.d. 0.12 n.d.
Syringyl propan-2-one 0.73 0.73 0.50 0.86 n.d. n.d. n.d. n.d.
Butyrosyringone 0.52 0.57 0.47 0.54 n.d. n.d. n.d. n.d.
Coniferyl alcohol 26.6 25.73 24.47 23.14 9.75 n.d. n.d. 0.36
Coniferyl aldehyde 2.47 2.21 2.19 3.51 2.14 n.d. n.d. 1.55
4-hydroxy-3,5- n.d. n.d. n.d. n.d. nd. 018 n.d. n.d.
dimethoxybenzoic acid
Scopoletin n.d. n.d. n.d. n.d. n.d. 0.03 n.d. n.d.
Sinapyl aldehyde 5.40 4.89 4.49 7.95 4.88 n.d. 0.1 n.d.
Sinapyl alcohol 23.56 24.84 24.71 25.82 1.53 0.03 n.d. n.d.
Dihydrosinapy! alcohol 0.09 0.53 0.58 0.51 n.d. n.d. n.d. n.d.
Pinocembrin n.d. n.d. n.d. n.d. n.d. n.d. 0.80 n.d.
Tectochrysin n.d. n.d. n.d. n.d. n.d. n.d. 220.15 n.d.
2,6- . n.d. n.d. n.d. n.d. nd.  nd. 0.30 n.d.
Dimethoxybenzoquinone
Chrysin n.d. n.d. n.d. n.d. n.d. n.d. 467.22 n.d.
Sakuranin n.d. n.d. n.d. n.d. n.d. n.d. 896.65 n.d.
Naringenin n.d. n.d. n.d. n.d. n.d. n.d. 75.91 n.d.
Total volatile compounds 65.04 69.67 65.84 70.22 38.41 1.32 1669.71 81.07

n.d. - not detected. Results are expressed as milligrams of methyl -10-undecanoate equivalents per liter of analyzed wood extracts

280



SMAILAGIC et al: CHEMICAL CHARACTERIZATION OF DIFFERENT...

Chem. Ind. Chem. Eng. Q. 30 (4) 275-284 (2024)

abundant in pedunculate oak samples (0.34-1.65 pg/g),
while frans isomer is more abundant in sessile oak
(0.72 pg/g). These two isomers, along with vanillin are
major oak wood aroma compounds that have a great
influence on wine aroma [30].

The main characteristic of wild cherry volatile
profile, in comparison with other analyzed wood
samples, was the high content of flavonoids, whose
presence was also previously confirmed by HPLC-
MS [16]. Five flavonoids including three flavanones
(pinocembrin, naringenin, and sakuranin) and two
flavones (467.22 pg/g chrysin and 220.15 pug/g
tectochrysin) are exclusively detected in wild
cherry (C). It is good to mention that the amount of
sakuranin (896.65 pg/g) found in wild cherry is
significantly higher than the two other flavanones. In
another study, besides the aforementioned flavonoids,
Vinciguerra et al. [42] identified three more flavanones
(sakuranetin, pinostrobin, dihydrowogonin) and one
dihydroflavonol (aromadendrin-7-methylether) in the
heartwood of Prunus avium. Moreover, several
flavonoids such as eriodictyol, sakuranetin,
pinocembrin, and chrysin are suggested as markers of
cherry hardwood and wine aged in cherry wood [16,43].
To our knowledge, sakuranin has not previously been
detected in wild cherry wood, consequently.
Additionally, it can be concluded that the hardwood of
Prunus avium L. (wild cherry) species contains a
significant amount of flavonoids compared with oak
wood species, which is in agreement with the
literature [2]. Wild cherry wood aged spirit (C) contains
a high amount (7.64 pg/g) of 3,4,5-trimethoxy-phenol
and a low amount of volatile compounds, which is in
agreement with the previously published research
[33,34].

Myrobalan plum has a significantly lower amount
of volatiles (1.32 pg/g, Table 1) compared to the oaks
(65.04—70.22 pg/g). Quantitatively, the most abundant
volatile compounds in Myrobalan plum are terpene
limonene (0.49 pg/g) and benzoic acid (0.30 pg/g).
According to Bandeira Reidel et a/. [44], imonene was
detected as the most abundant compound in a stem of
P. cerasifera ‘Pissardii’, while this compound was not
detected in a stem of P. cerasifera. The presence of
limonene was also confirmed in apple brandies aged
with mulberry and sessile oak [5], which is opposite
from our research, whereas limonene is detected in
Myrobalan plum and wild cherry. The limonene, with
citrus and herbal aroma notes, is the only detected
terpene in all analyzed samples. Moreover, scopoletin
was detected exclusively in Myrobalan plum-aged
spirit. This is the opposite of literature data, where
scopoletin was first considered as a marker for oak
wood, but later it was detected also in chestnut and wild
cherry wood [6].

Besides in black locust, the resorcinol is dominant
compound in mulberry (M) with an amount of
62.00 pug/g, followed by a significant amount of
Bresorcinaldehyde (13.76 pg/g), syringol (1.59 pg/g).
De Rosso et al [33] found a large amount of
Fresorcinaldehyde in mulberry wood extract in a model
spirit solution. Interestingly, the volatile profile of black
locust (BL) differs from the results reported in the
literature. In our case, the most abundant compound in
black locust is resorcinol (10.07 pg/g), followed by
coniferyl alcohol (9.75 pg/g), while the contents of
coniferyl aldehyde and syringaldehyde were slightly
lower (2.14 pg/g and 0.94 pg/g, respectively).
Fernandez de Simon et al. [46] also detected
resorcinol, but not as the most abundant compound in
black locust. De Rosso et a/. [33] and Flamini et al. [34]
found syringaldehyde as the dominant black locust
compound as well as a large amount of vanillin, which
is not found in the investigated black locust. On the
other hand, Fernandez de Simén et a/. [45] observed
coniferyl alcohol and sinapyl aldehyde as dominant
compounds in seasoned black locust wood aged spirit.
A high amount of Bresorcinaldehyde (3.46 ug/g) and
no eugenol were found in the investigated black locust
wood-aged spirit, which was in accordance with the
findings of De Rosso et al/. [33], and Flamini et a/. [34].
In addition, the presence of methoxyeugenol, as in our
case, was also confirmed by De Rosso et al [33].
Generally, the composition of black locust wood extract
in the model spirit solution is in accordance with the
previous studies.

Herein, some volatile compounds were unique
components of the volatile profile of certain alternative
and oak species, which can contribute to the
identification of specific wood species. Therefore,
2,6-dimethoxybenzoquinone and volatile flavonoids
(pinocembrin, naringenin, sakuranin, chrysin, and
tectochrysin) were quantified only in wild cherry wood.
The coumaran and methylresorcinol are present only in
mulberry (M), while o-acetyl-p-cresol and
resacetophenone are present only in the black locust
(BL). Benzoic acid, scopoletin, and 4-hydroxy-3,5-
dimethoxybenzoic acid were found only in Myrobalan
plum. Many compounds, such as oak lactones,
vinylguaiacol, eugenol, vanillin, propiovanillone,
homovanillic acid, methyl homovanillate, syringyl
propan-2-one, butyrosyringone, and dihydrosynapic
alcohol were found only in oak samples. Interestingly,
isoeugenol was found only in oak from Gornji Radan
(PGO).

CONCLUSION

The main idea of the current research was about
the chemical degradation of lignin-based matrices in
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the presence of hydroalcoholic solution, as well as
surface chemistry and lignin content of local wood
fragments traditionally used in Balkan countries for
hastening brandies’ aging. The ATR-FTIR spectra of
the samples are similar, only the mulberry FTIR
spectrum contains unique peaks due to its highest
lignin content (40.93%). Wild cherry stood up from other
wood species by the lowest lignin content, as well as
the richness in flavonoids in its volatile profile. The
profiling of volatile compounds released from local
wood fragments can provide valuable data on local
wood and aged spirits to improve the products’ quality.
In addition to GC-MS analyses, FTIR spectral analysis
in combination with PCA can be promising as a
potentially effective tool used to distinguish oak and
alternative wood samples.

To conclude, with the presented results we are
closing the loop. The outcomes from the current
research, together with our previously published results
on characteristic phenolic profiles of the same wood
pieces, may be considered as a good starting point to
consider the utilization of wood pieces of alternative
wood species from local regions for hastening brandy
aging to decrease the cost of aging technology. To the
best of our knowledge, the wood patrticles (smaller than
2mm) used in this research could be used for aging, but
the aging time must be optimized. Concerning the type
of wood used in the aging process, mulberry wood
stood out with the highest lignin content, and its aging
potential can be further investigated. Collected data
can pave the way to establish geographical indicators
of famous aged fruit brandies to protect authenticity and
locally sourced products, as well as reduce fraudulent
production. Furthermore, this study could be the initial
step for establishing regulation in the aging process of
alcoholic brandy at the local and regional levels.
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HEMIJSKA KARAKTERIZACIJA RAZLICITIH
FRAGMENATA DRVETA | SASTAV ISPARLJIVIH
JEDINJENJA U MODEL RASTVORU ALKOHOLNIH
PICA

Uovgy studiji okarakterisane su razlicite vrste hrasta (hrast kitnjak i luZnjak) i alternativne
vrste drveta (bagrem, dZanarika, tresnja i dud) kao vaZan izvor isparijivih jedinjenja u
alkoholnim picima koja su odleZavala u kontaktu sa drvetom. Danas se fragmenti
navedenih vrsta drveta koriste za ubrzavanje procesa odleZavanja rakija. ATR-FTIR
spektri analiziranih uzoraka drveta su slicni, jedino FTIR spektar duda sadrZi jedinstvene
pikove uglavnom zbog najveceg sadrZaja lignina u ovom uzorku (40,93%). Koristeci
neselektivnu metodu gasne hromatografije (GC-MS), identifikovano je ukupno Cetrdeset
i jedno isparijivo jedinjenje u model rastvoru alkoholnih pica. Profil isparijivih jedinjenja u
ekslraktima alternativnih vrsta drveta u model rastvoru su se kvalitativno i kvantitativno
znacajno razlikovali u poredenju sa profilom hrasta. Najzastuplfenifa isparijiva jedinjenja
u analiziranim ekstraktima hrasta bili su koniferil (23, 14 ug/g—26,6 ug/g) i sinapil (23,56
Hg/g-25,82 ug/g) alkohol. Rezorcinol i koniferil alkohol su bili najzastupljenija isparijiva
jedinfenja u bagremu, sakuranin u divijoj tresnji, dok su rezorcinol i S-rezorcinaldehid bili
najzastupljenifi u drvetu duda. Koliko nam je poznato, sakuranin do sada nije otkriven u
drvetu divije tresnje. Pored hemijskih karakteristika drveta, tehnologifa koriscena tokom
procesa odleZavanja znacajno utice na profil isparlfivih jedinjenja u rakijjama koje su
odleZavale u kontaktu sa drvetom, tako da su navedena jedinjenja potencijalni hemijski
markeri za razdvajanje izmedu koriscenih vrsta drveta kao i tehnologija odleZavanya.

Kljucne reci: hrast, alternativne vrste drveta, isparifiva jedinjenja, model rastvor
alkoholnih pica.
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INFLUENCE OF MAIN PRODUCTION
VARIABLES ON NUTRITIONAL
CHARACTERISTICS OF WINERY EFFLUENT
KOMBUCHA

o Total sugars, nitrogen, and phosphorus consumption rates were determined
e The influence of temperature on sugar, nitrogen, and phosphorus content was observed
e Sugar was the most influential nutrient for kombucha winery effluent fermentation

Determination of sugar, nitrogen, and phosphorus consumption by
kombucha culture is necessary to gain additional insight into the kombucha
metabolic pathways and nutritional value of the produced beverages and to
set a basis for optimizing the conditions for large-scale production.

Serbia Kombucha beverage was made using effluent obtained from grape must
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clarification phase of white wine production. The fermentation medium was
prepared by diluting the sterilized initial medium with approximately 16% of
fotal reducing sugars to 3, 5, and 7% of total reducing sugars. The duration

Serbia of the fermentation was nine days at 20, 25, and 30 °C. Sugars, nitrogen,
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Kombucha is a fermented beverage produced by
a symbiotic culture of yeasts and bacteria (SCOBY)
using a medium rich in nutrients [1]. Traditional
kombucha is made using black or green tea (1.5 g/L)
decocts sweetened by sucrose (7% w/v) with a typical
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and phosphorus content were measured using DNS, Kjeldahl, and
molybdenum blue methods, respectively. The highest sugar content was in
the initial medium (16.34%) and the lowest was after nine days of
fermentation at 30 °C with 3% initial sugar content (0.17%). Residual levels
of sugars, nitrogen, and phosphorus after three days were modeled using
response surface methodology. The proposed mathematical models for
sugars and nitrogen content showed an exceptional correlation with the
experimentally obtained values. With this study insight info kombucha's
consumption of basic nutrients, nutritional value of the obtained products,
and optimization of product composition was provided.

Keywords: kombucha, nutrient utilisation, sugars, nitrogen, phosphorus.

fermentation period of 7 days at 25 °C [2,3]. Tea is used
as a nitrogen source [4], while sucrose is a source of
carbon, being hydrolyzed to glucose and fructose [5].
Symbiotic metabolic interactions between species in
SCOBY influence kombucha’s physical, chemical,
biological, and sensory properties [6]. Two phases can
be observed during kombucha fermentation, sour liquid
beverage and floating cellulose pellicle [7].

Health benefits associated with kombucha
consumption have been attributed to the polyphenolic
compounds, organic acids, vitamins, amino acids,
antibiotics, and micronutrients synthesized during
kombucha fermentation [8]. Kombucha beverage is
nowadays available in many forms and flavors, which

285


http://www.ache.org.rs/CICEQ
mailto:vitasj@uns.ac.rs

VUKMANOVIC et al: INFLUENCE OF MAIN PRODUCTION VARIABLES...

Chem. Ind. Chem. Eng. Q. 30 (4) 285-294 (2024)

together with confirmation of its beneficial properties by
many researchers contributed to its popularity and
increased widespread availability [9]. Particularly in the
United States, kombucha has been popularized by
social media, highlighting its health benefits [10]. The
recommended daily consumption of kombucha
beverages is around 120 mL for healthy adults,
according to the USA Centers for Disease Control and
Prevention.

It is very well known that nutrients represent the
substances present in food that determine biological
activity and are vital for the human body. They are
categorized as carbohydrates, proteins, minerals, fats,
and vitamins. They are involved in building all parts
(proteins), producing energy (carbohydrates), and
keeping the good working order (minerals) of the
human organism.

The carbon availability is an essential growth
factor for any microbial culture. Previous studies
demonstrated that kombucha products can be
successfully obtained by using winery effluent as an
alternative substrate for the fermentation process [32].
For kombucha cultivated on winery effluent, the main
carbon sources are simple sugars, i.e. glucose and
fructose.

Although at the very early stadium of the grape
berry development, there is a certain amount of
sucrose, at later stadiums sucrose is almost completely
hydrolyzed to glucose and fructose, but that ratio is
never 1:1. At the beginning, the glucose content is
higher, and it drops during the harvest, whilst the
fructose content is constant, so at the end, the grape
contains negligible more fructose than glucose [11].
Scientific research established that the carbon source
influences different metabolic pathways activation in
kombucha culture microorganisms. For example,
fructose and sucrose stimulate ethanol synthesis, while
glucose has the opposite effect. Sucrose also enables
the biosynthesis of lactic acid [12].

Nitrogen is an essential element for all forms of
life and is the structural component of amino acids [13].
Only six members of Acetobacteriacaeae can fix
nitrogen, among which Gluconobacter kombuchae sp.
nov. was isolated from kombucha tea [14]. Several
strains of Komagataeibacter spp. express nitrogen
fixation with K. hanseii RG3 displaying the ability to
synthesize cellulose besides the fixation of
nitrogen [15]. The Recommended Dietary Allowance of
nitrogen for adults both men and women is 800 mg/day
of body weight [16].

Phosphorus is an essential mineral element found
in rocks, soil, plants, and animal tissues, while in
aquatic systems phosphorus plays a critical role in the
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process of eutrophication, as the nutrient that limits the
growth of phytoplankton. Phosphorus homeostasis in
the body is controlled by hormonal and renal control
systems [17,18]. It makes up from 0.65 to 1.1% of an
adult body, 85% of which is in bones and the
Recommended Dietary Allowance for both men and
women older than 19 years is 700 mg/day [19]. The
presence of carbon, phosphorus, and nitrogen in
kombucha beverages on winery effluent was also
related to its very well-known presence in wastewater
used for fermentation.

This article aimed to determine the basic nutrients
consumed by kombucha winery effluent-based culture
to gain an additional understanding of the kombucha
metabolic pathways and nutritional composition of the
beverage and to set the basis for the optimal conditions
for the kombucha on winery effluent production on a
larger scale.

MATERIALS AND METHODS
Kombucha starter culture

Traditional kombucha culture, which represented
the basis for this investigation, consisted of two
bacterial strains of the Acetobacter genera and five
yeast strains (Saccharomycodes ludwigi,
Saccharomyces cerevisiae, Saccharomyces bisporus,
Torulopsis sp., and Zygosaccharomyces sp.) [20,21].

The kombucha starter culture used in this
investigation for obtaining novel kombucha products
was produced by three passages of the traditional
kombucha culture, on the winery effluent with 7% of
total reducing sugars at 25 °C, during 6 days. Only the
liquid part of the obtained kombucha starter culture was
added in the amount of 10% (v/v) to the appropriate
fermentation medium. Winery effluent was cultivated in
the incubator in sterilized glass beakers covered with
sterile cheesecloth.

Initial medium, fermentation medium, and process
parameters

The initial medium (IM) was filtrated and sterilized
winery effluent generated after must flotation using
gelatine, in the white wine production. The plate filter
press and the filter paper were used for filtration.
Sterilization was performed in an autoclave (121 °C,
20 min).

The initial medium contained 16.34% of total
reducing sugars. The fermentation medium was
prepared by the dilution of the initial medium with boiled
tap water to three different sugar levels (3, 5, and 7%
of total reducing sugars). These sugar levels referred
to the initial total reducing sugar content.
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The fermentation process was performed at three
different temperatures (20, 25, and 30 °C) and the
samples were collected at the start of the fermentation
(day 0), after 3, 6, and 9 days.

The initial medium and fermentation mediums
were analyzed as well.

Determination of total reducing sugar content

Total reducing sugar content was determined by
the Miller method [22]. The reaction mixture consisted
of 0.5 mL of the sample and 0.75 mL of the DNS
reagent. After heating to the boiling point for 5 min, the
mixture was cooled to room temperature, and 3.75 mL
of the distilled water was added. The sample reaction
mixture was homogenized and the absorbance was
measured at 540 nm (LLG-uniSPECZ2
Spectrophotometer, Meckenheim, Germany). The
blank sample used distilled water instead of the
sample. The ripe grape contains almost equal amounts
of glucose and fructose. Since both of these sugars
react in the same way with the DNS reagent, glucose
was selected for the preparation of the calibration curve
[23,24]. Results were expressed as grams of glucose
per liter of the sample.

Determination of total nitrogen content

Total nitrogen content was determined by the
Kjeldahl method [25,26]. The appropriate volume of the
sample (1 or 2 mL, depending on the sample) was
transferred to the Kjeldahl flask, and 2 mL of
concentrated sulphuric acid and 1 g of catalyst mixture
were added. The obtained reaction mixture was heated
until the solution changed color to slightly green. The
prepared sample was transferred to the distillation flask
by using a small amount of distilled water. To the
Erlenmeyer flask, 10 mL of 0.01 mol/L HCI and 3 drops
of the mixed indicator were added. To the distillation
flask, gradually, 33% sodium hydroxide was added
until the alkaline reaction (the flask content is dark blue
and all of the nitrogen is extruded in the form of
ammonia). The distillation process was conducted for
6 minutes, in total. After that, the unreacted excess of
HCI is retitrated with 0.01 mol/L of sodium hydroxide,
in the presence of the mixed indicator, until the color
changes to green. Results were expressed as
milligrams of nitrogen per liter of the sample.

Determination of total phosphorus content

Phosphorus was analyzed by spectrophotometry
using the molybdenum blue method [25]. Five mL of the
samples were dried until dryness at 115 °C and allowed
to cool to room temperature. The dry residue of each
sample was digested using 5 mL of concentrated
sulphuric acid and 15 drops of nitric acid. The obtained

mixture was set on a hot plate until a clear or slightly
green color was obtained (after around 1 h). After
cooling, digested samples were transferred to the
volumetric flask and neutralized by adding several
drops of 30% NaOH (1% solution of phenolphthalein
was used for the indication), and finally diluted with
doubly distilled water to 100 mL. Furthermore, a certain
volume of diluted sample (5, 10, 15, or 20 mL
depending on the sample) was transferred to the 100
mL volumetric flask, and 5 mL 5% ammonium
heptamolybdate, 1 mL 11% sodium sulfite and 1 mL
0.5% hydroquinone were added. After 45 min the
absorbance was measured at 750 nm (UV-2100
Spectrophotometer, Cole Parmer, Vernor Hills, IL,
USA) and the results were expressed as mg/L. The
calibration curve was defined with KH2PO4 from 0.05 to
0.4 mg P.

Statistical analysis

Statistical analysis and graphical representation
of the data were performed using Statistica 13.5
software  (StatSoft, USA). The coefficient of
determination (A?), model p-value (p = 0.05), and F-
value were used to evaluate the adequacy of the
model. Response Y was fitted by RSM using second-
degree polyoma:
Y =by+ Y. bX, +>. bIX+Y b X, X (1)

/A aY

where b is the intercept, b, bi, and b; are the linear,
quadratic, and interaction effects of the factors,
respectively. The factor variables were the
fermentation temperature, X1: 20, 25, and 30 °C, and
the initial total reducing sugar content, X2: 3, 5, and
7%). As determined previously by sensory analysis,
the kombucha beverage after three days was suitable
for consumption, therefore RSM modeling was
performed only on those samples.

All analyses were performed in triplicate, and the
data reported represent the average values of three
determinations * standard deviation (meantStDev).

RESULTS AND DISCUSSION

Total reducing sugar content in kombucha products on
winery effluent

The total reducing sugar content of kombucha
products on winery effluent and the fermentation
mediums are given in Table 1. It is very well known that
the bacterial strains of Acetobacter genera, yeasts
Saccharomycodes luawigii, Saccharomyces
cerevisiae, and Zygosaccharomyces use sugars as the
main nutrients [37,38]. Fermentation medium, only for
fermentations with 7% of initial total reducing sugar
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content, showed a slightly higher value than expected
(7.57%), potentially because the homogenization was
not good enough after the dilution of the sterilized
effluent with the boiling tap water. Second
homogenization was performed after the inoculation,
when the value dropped by around 10%, in regards to
the 7% of the initial content, which agreed with the
expectation. During the entire course of the
fermentation, sugar content decreased continually, but
in different dynamics, depending on the initial content.

The most pronounced decrease was established
after three days of fermentation, at 30 °C, when the
initial sugar content was the lowest; from 2.9% on day
0 to just 0.4%. For the samples with 5% of initial total
reducing sugar content, the decrease was over 40%
during the first three days of the process. On the
contrary, when the initial total reducing sugar content
was the highest, the decrease was merely from 6.3 to

6.1%. This fact indicated the possibility of substrate
inhibition. Therefore, it is more reasonable to use
fermentation mediums with a slightly lower reducing
sugar content, because it stimulates the bioprocess
dynamics, lowers the initial costs, and provides the
beverage with lower sugar content, although some
authors successfully produced kombucha beverage
with 10% of the initial sugar [27]. The differences in
sugar metabolism can be also explained by the fact that
winery effluent contains glucose and fructose as carbon
sources. Therefore, there is no need for the invertase
activity by the kombucha culture to break sucrose into
glucose and fructose, which are further metabolized by
kombucha.

At the fermentation temperature of 25 °C, when
the reducing sugar content was taken into account, the
bioprocess dynamics were the most pronounced. After
just three days of fermentation, the initial total sugar

Table 1. Total reducing sugar content of kombucha products on winery effluent and the fermentation mediums.

Total reducing sugar content (g/L)?

Initial total reducing sugar content (%)

t(°C) T (day) 7 5 3
fermentation medium 75.73+0.31 50.23+0.56 29.89+0.41
day 0 63.08+0.62 46.93+0.56 29.17+0.06
30 3 61.09+0.37 28.43+0.50 4.19+0.08
6 33.47+0.12 11.73+0.04 2.07+0.05
9 12.39+0.05 9.37+0.02 1.68+0.01
25 3 22.29+0.34 21.17+0.41 10.8210.34
6 14.28+0.06 8.1010.01 3.8210.02
9 10.35+0.10 4.05+0.07 3.24+0.03
20 3 54.07+0.65 30.11£0.62 16.80+0.16
6 45.12+0.12 28.71+0.34 13.1410.23
9 36.31+£0.78 15.29+0.55 5.99+0.14

ameanztStDev, n=3.

content of 6.3% was reduced to almost one-third. The
same pattern was established when the initial content
was 2.9%. For the products with 4.7% of the initial
content, the total residual reducing sugar content was
decreased by over 50%. At the fermentation
temperature of 20 °C, the kombucha culture showed
similar activity: in the products with 3% of the initial
sugar content, the residual sugar content decreased by
almost 50%, for products with 5% of the initial sugar
content, the residual sugar content was lowered for
40%. Products with 7% of the initial sugar content had
the least pronounced decrease, which amounted to
around one-quarter.

After nine days of fermentation, at 25 and 30 °C,
for products with 5 and 3% of the initial total reducing
sugar content, the residual total reducing sugar content
was below 1%.
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The consume day kombucha products contained
0.84 to 12.22 g/200 mL (i.e. a glass of the beverage),
which was significantly lower than commercially
available non-alcoholic beverages, which commonly
contain over 20 g/200 mL of sugar [39].

Experiments by other authors, that obtained
kombucha products with different herbal teas, indicated
a significantly less pronounced lowering in total sugar
content. From 10% at the start of the fermentation
process, only the kombucha product with yerba mate,
after 30 days, showed 50% lower content. The rest of
the kombucha samples had sugar content that
amounted to almost 75% of the initial value [28].
Kombucha beverage with seaweed (Porphyra dentata)
produced at 25 °C, had a mild increase in sugar content
in comparison with the beginning of the process, until
the 16™ day, when the sugars started to decrease, but
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after 22 days it was still higher than at the fermentation
start. At the fermentation temperature of 30 °C, with
minor oscillations, the decrease was constant and after
20 days it amounted, to approximately, a fifth of the
initial content [29]. Leonarski ef al. [30] demonstrated
that kombucha microorganisms showed a preference
for glucose as a carbon source, when acerola by-
product, which contains the same amounts of glucose
and fructose, was used as the fermentation medium.
The sugar consumption was directly proportional to
acerola by-product content and different studies
confirmed that yeasts species metabolize glucose over
fructose. Products with high sugar content can be
applied in bacterial cellulose production [31], which is
also generated as a result of kombucha metabolic
activity [2].

Modelling of residual total reducing sugar content in
kombucha beverages on winery effluent after three
days of fermentation

Results measured for the residual total reducing
sugar content after three days of kombucha
fermentation were modeled by response surface
methodology (Figure 1a). Results of the ANOVA
analysis of variance, regression equation coefficients,
and their p-values were presented in Table 2.

The model was significant, at the confidence
interval of 95%, with a F-value of 5890.123. The
coefficient of determination was 0.999, which indicated
the excellent reliability of the model (Table 2).
Statistically significant influence on the model showed

Table 2. Analysis of variance (ANOVA), regression equation coefficients, and their p-values of the modeled response of the residual total
reducing sugars, residual total nitrogen, and residual total phosphorus content in kombucha beverages on winery effluent after three

aays of fermentation.
Response Residual Model
F-value pvalue R?
DF SS MS DF SS MS
Residual total sugar content 18  3.230 0.181 8 8534 1067 5890.123  0.000 0.999
Residual total nitrogen content 8 162.424 9.024 8 107111 13388 1483.773 0.000 0.998
Residual total phosphorus content 24 26405.910 1100.246 5 48891 9778 8.890 0.000 0.649
Effects Intercept Linear Quadratic Interaction
bo b1 b2 b1 b22 b12
Residual total sugar content estimate 409.510 -31.405 0.574 -0.757 0.004 0.049
p-value 0.0002 0.0002 0.000*  0.467 0.626 0.0492
Residual total nitrogen content estimate -381.140 5.987 0.063 17.243 -0.135 -0.086
p-value 0.523 0.894 0.943 0.0182 0.0222 0.584
Residual total phosphorus content estimate 56.372 -7.531 0.121 3.488 -0.083° 0.2072
p-value 0.875 0.778 0.817 0.397 0.0172 0.035°

DF - degree of freedom, SS - sum of squares, MS - mean squares. 2Effects are statistically significant, p < 0.05; 1 - temperature; 2 - initial sugar content.

linear effects of the initial total reducing sugar content
and fermentation temperature, as well as their
interaction. Both were expected, since the residual total
reducing sugar content had to be correlated with the
initial, and the bioprocess temperature significantly
influences the velocity of all metabolic functions.
Higherinitial total reducing sugar content, as expected,
provided higher residual total reducing sugar content.
The influence of temperature was not that clear
(Table 2).

The lowest value of the residual total reducing
sugar content had samples produced at 25 °C and the
measured content was as follows: 1.1% for products
with 3% of the initial sugars and almost equal values
were established for samples with 7 and 5% of the initial
total reducing sugars - 2.2 and 2.1%. The highest
content showed products obtained at 30 °C (the highest
value was 6.1% for samples with 7% of the initial
sugars). This fact suggested that 7% of initial sugars

and fermentation temperature of 30 °C were above the
optimal conditions for the kombucha culture metabolic
activity. Since the sugar amount in the beverage is
highly important for the consumer, it can be concluded
that a fermentation temperature of 25 °C is the most
suitable. It is reasonable that the majority of the
population wants to lower indiscriminate calorie
consumption, as well as the simple sugar calories that
possess a high glycaemic index.

Total nitrogen content in kombucha products on winery
effluent

After the carbon, nitrogen is the most important
macroelement, necessary for protein synthesis in all
cells. The source of nitrogen greatly affects the
production of bacterial cellulose by kombucha.
Research has demonstrated that yeast extract powder
(freeze-dried) was the most suitable, both in shaking
and static conditions while yeast extract, beef extract,
tryptone, or peptone caused low levels of bacterial
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cellulose production [15]. It is very well known that
yeasts, such as Saccharomyces cerevisiae, need
nitrogen and phosphorus for their metabolic activity,
besides carbon [38]. The total nitrogen content is given
in Table 3. The initial medium contained 370.2 mg/L of
total nitrogen.

Contrary to expectations, the total nitrogen
content in fermentation mediums was inversely
proportional to the total reducing sugar content,
meaning that the dilution process caused the increase

in the values. The addition of kombucha inoculum to
fermentation mediums (day 0) showed no clear
influence on nitrogen content, which remained the
same for samples with 7% of initial sugars. For products
with 5 and 3% initial sugar, the nitrogen values were
lower than the ones measured in fermentation
mediums and higher for samples with 5% initial sugar.
Values for day O products were in the range
106.68—144.33 mg/L. In consume day samples, the
highest total nitrogen content showed samples with 7%

Table 3. Total nitrogen content of kombucha products on winery effluent and the fermentation mediums.

Total nitrogen content (mg/L)?

initial total reducing sugar content (%)

t (°C) T (day) 7 5 3
fermentation medium 106.68+3.14 166.29+1.57 261.98+1.57
day 0 106.68+0.00 144.33+3.14 109.81+3.14
30 3 269.83+3.14 203.94+3.14 166.29+0.00
6 294.93+3.14 156.88+0.00 40.79+1.57
9 288.65+0.00 200.80+0.00 47.06+1.57
25 3 109.81+3.14 288.65+0.00 164.72+4.71
6 149.03+1.57 181.98+1.57 100.40+6.28
9 194.53+1.57 480.04+3.14 323.16+1.57
20 3 225.90+3.14 181.98+3.14 87.85+3.14
6 247.86+3.14 214.92+3.14 47.06+3.14
9 228.25+0.78 181.98+1.57 144.33+3.14

ameanStDev, n=3.

of the initial total reducing sugar content, when the
fermentation was performed at 30 and 20 °C, and it
amounted to 269.8 mg/L and 225.9 mg/L, respectively.
At 25 °C, the highest nitrogen content was measured
for samples with 5% of initial total reducing sugars
(288.7 mgl/L).

During the fermentation, the total nitrogen content
changed improperly, without a clear pattern concerning
the fermentation temperature or the initial total sugar
content. Despite that, samples with 7% of initial total
reducing sugars produced at 25 °C showed a linear
increase in content during the fermentation. This trend
and decrease in values, respectively, were established
for products with 5% and 3% of initial total reducing
sugars after six and three days of the process, with the
decrease in fermentation temperature. The highest
value was established for the kombucha product
obtained at 25 °C that contained 5% of the initial total
sugar content, after nine days of the process (480
mg/L), which was the only sample with higher nitrogen
content than the initial medium. The lowest value was
measured after six days of fermentation at 30 °C with
3% of the initial total reducing sugar content
(40.8 mg/L). Mendes-Ferreira et al. [40] suggested that
nitrogen content control was crucial for the metabolism
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of nitrogen by yeasts.

The increase in nitrogen content during
fermentation compared to the initial fermentation
medium is a consequence of the growth of
microorganisms, bacteria, and yeasts during
cultivation, which is very intensive. This is confirmed by
the previously published results, which indicate a much
higher biomass growth of winery effluent kombucha
compared to the traditional, black tea kombucha [32].
The above facts indicate that kombucha cultivated on
winery effluent uses relatively small amounts of
nitrogen for its growth and metabolism. Food waste can
be a source of significant amounts of nitrogen (2—-15
g/L) and phosphorus (0.5—1 g/L) and therefore be used
in value-added products production [33], such as
kombucha. Also, microorganisms use nitrogen to
produce different types of biofuels [33].

Modelling of residual total nitrogen content in
kombucha beverages on winery effluent after three
days of fermentation

Results of the ANOVA analysis of variance,
regression equation coefficients, and their p-values
were presented in Table 2. Results measured for the
residual total nitrogen content after three days of
kombucha fermentation were modeled by response
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Figure 1. Response surface that describes the influence of
fermentation temperature and initial total reducing sugar
content on the (a) residual total reducing sugar content in
kombucha beverages on winery effluent after three days of
fermentation, (b) residual total nitrogen content in kombucha
beverages on winery effluent after three days of fermentation,
(c) residual total phosphorus content in kombucha beverages
on winery effluent after three days of fermentation.

surface methodology (Figure 1b). The model showed
excellent reliability and it can be regarded that it had
completely described the system, at a confidence
interval of 95% and a very high F-value (1483.773)
(Table 2). Statistically significant parameters of the
model were just the quadratic effects of both process
parameters. The fermentation temperature had more
influence (Table 2). From the graphical representation
of the model, it can be observed that the highest total
nitrogen content was predicted at the fermentation
temperature of 25 °C. This can be explained by the fact
that the biomass production, determined in a previous

study, was lower at that temperature and the amount of
nitrogen that is in cellulosic pellicle was lower [32].
Therefore, the higher nitrogen content is in the
kombucha beverage.

Total phosphorus content in kombucha products on
winery effluent

Phosphorus is naturally occurring in many
different foods; mostly in the form of phosphates and
phosphate esters [34]. The total phosphorus content
(Table 4) of 250.0 mg/L was determined in the initial
medium. The dilution of the initial medium correlated
with the phosphorus values measured for the
fermentation mediums. The addition of kombucha
inoculum to fermentation mediums caused an increase
in phosphorus values, and with the lowering of the initial
sugars, the phosphorus values were higher. This fact is
an indication of phosphorus presence in the added
kombucha inoculum, which could be related to the
degradation of ATP and/or the increase in the number
of microorganisms. The range of all other samples was
between 80.33 mg/L after 9 days at 30 °C with 3% initial
total reducing sugar content to 262.41 mg/L also after
9 days at 30 °C, but with 7% initial total reducing sugar
content. Samples with 5 and 7% total initial sugar
content had higher phosphorus content than in the
fermentation medium, after nine days, when
fermentation temperature was 25 and 30 °C, while for
3% of initial total reducing sugars phosphorus content
was higher only at 25 °C. All kombucha products with
7% of initial sugars obtained at 30 °C had higher
phosphorus content than samples from the
fermentation start (day 0). This fact was established for
samples produced at 25 °C after 6 and 9 days, as well.
The products obtained at 20 °C had lower content than
fermentation start products. Samples with 5 and 3% of
initial sugars after 6 days of the process at 20 °C, as
well as the product with 3% of the initial sugars after 9
days at 25 °C showed also higher phosphorus content
than the products from the beginning of the process.

Other authors measured 6.637 mg/L of
phosphorus at the beginning of the fermentation (day 0)
of kombucha using black tea and cane sugar, which
reduced slightly, to 6.448 mg/L after 14 days. Green tea
kombucha contained less phosphorus, 4.201 mg/L at
the beginning and 5.332 mg/L after 14 days of
fermentation. The highest content was determined in
the white tea kombucha, 8.865 mg/L at the beginning
(day 0) and 10.31 mg/L after 14 days of
fermentation [35].

During the fermentation, the total phosphorus
content, as nitrogen, changed improperly, without a
clear pattern in relation to the fermentation temperature
or the initial total sugar content. Samples produced at
25 °C with 5% of initial sugars showed linear decrease
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Table 4. Total phosphorus content of kombucha products on winery effluent and the fermentation mediums.

Total phosphorus content (mg/L)?

Initial total reducing sugar content (%)

t(°C) T (day) 7 5 3
Fermentation medium 159.28+13.61 148.50+12.32 145.39+0.35
Day 0 176.56+14.17 202.48+18.07 218.84+16.88
30 3 242.29+25.56 199.70+21.54 144.80+17.12
6 230.87+£13.47 202.17+13.84 149.89+8.18
9 262.41+7.12 158.23+9.13 80.33+1.44
25 3 85.58+1.99 195.24+11.12 152.67+9.85
6 222.57412.75 183.22+13.84 205.91+9.89
9 213.86+9.93 172.11+4.98 232.76+23.43
20 3 108.52+2.81 121.19+16.92 90.31+3.45
6 166.10+11.54 247.57412.10 253.12+6.60
9 156.84+17.92 118.88+12.45 128.14+12.52
mean+StDev, n=3

in values during the fermentation time, whilst products
with 3% of initial sugars had an increase in values
during the process. After three days of fermentation, the
increase in fermentation temperature caused an
increase in phosphorus content for beverages with 5%
of initial sugars. This trend was also established for
products with 7% of initial sugars after six and nine days
of fermentation. For products with 3% of initial sugars,
after six days of the process, the increase in
temperature caused the lowering of phosphorus
content. Relatively high phosphorus contents during
fermentation indicate similarity with nitrogen as a
nutrient, where it can also generally be considered that
the phosphorus content required for kombucha activity
is relatively low. Phosphorus was determined in green
crop fractions and it was established that juice,
deproteinized juice, and leaf protein concentrate
contain phosphorus in low amounts. The pressed crop
showed the highest values. The distribution of
phosphorus was not uniform [36].

Modelling of residual total phosphorus content in
kombucha beverages on winery effluent after three
days of fermentation

Results of ANOVA analysis of variance,
regression equation coefficients, and their p-values
were presented in Table 2. Results measured for the
residual total phosphorus content after three days of
kombucha fermentation were modeled by response
surface methodology (Figure 1c). The model did not
show reliability, explaining only around two-thirds of
modeled values with an F-value of 8.89 (Table 2).

Statistically significant parameters were the
quadratic effect of the initial total reducing sugar
content and the interaction between it and fermentation
temperature (Table 2). From the graphical display of the
model (Figure 1c), it can be concluded that samples

292

with 7 and 3% initial total sugars had lower phosphorus
content which indicates that at those conditions
phosphorus consumption rate was higher. Contrary to
that, higher temperature meant lower phosphorus
intake with higher values measured at higher
temperatures, for all three sugar contents.

CONCLUSION

Sugar content changed through the fermentation
according to the expectation, i.e. to the pattern
established for the traditional kombucha fermentation.
After three days of the process, the temperature did not
show a significant effect, although samples fermented
at 25 °C had the lowest residual total reducing sugar
content regardless of initial total reducing sugar
content, compared to those fermented at 20 and 30 °C.

To our knowledge, this is the first extensive
measurement of nitrogen and phosphorus contents in
kombucha products on an alternative medium, through
fermentation. Changes were inconsistent. Based on the
obtained results, this study suggested that the most
significant nutrient for kombucha culture activity on
winery effluent was carbon, i.e. sugar consumption.
The comprehensive nitrogen and phosphorus analysis
indicated that these elements play a minor role in the
kombucha metabolism of winery effluent. Further
studies are necessary to elucidate which
microorganisms utilize examined nutrients and in what
amount. By the determined contents of carbon,
nitrogen, and phosphorus in winery effluent-based
kombucha beverages, it can be concluded that these
products could represent a part of the daily well-
balanced nutrition of healthy adults.
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UTICAJ GLAVNIH PROIZVODNIH PROMENLJIVIH
NA NUTRITIVNE KARAKTERISTIKE KOMBUHE
NA OTPADNOM TOKU IZ PROIZVODNJE VINA

Odredivanje potrosnje Secera, azota i fosfora od strane kulture kombuhe je potrebno da
bi se dobio dodatni uvid u metabolicke puteve kombuhe i nutritivnu vrednost proizvedenih
napitaka kao i da bi se postavila osnova za optimizaciju uslova proizvodnje na
industrijskom nivou. Kombuha napitak je dobijen koriscenjem otpadnog toka koji nastaje
u fazi bistrenja Sire groZda u proizvodnji belog vina. Fermentacioni medijjum je
pripremljen razblaZivanjem sterilizovanog pocetnog medjjuma, koji je imao oko 16%
ukupnih redukujucih secera, na sadrzaj ukupnih redukujucih secera koji je iznosio 3, 5 i
7%. Vreme trajanja fermentacije je bilo devet dana na temperaturi od 20, 25 i 30 °C.
SadrZaj secera, azota i fosfora je odreden primenom DNS, Kjeldal i molibden plavo
metode, redom. Najveci sadrZaj Secera je izmeren u pocetnom medjjumu (16.34%), a
najmanyji je odreden u uzorku nakon devet dana fermentacije na 30 °C sa 3% pocetnog
sadrZaja secera (0.17%). Preostali nivoi secera, azota i fosfora u uzorcima nakon tri dana
fermentacije su modelovani primenom metode odzivne povrsine. PredloZeni modeli za
sadrZaj secera i azota su pokazali izuzetnu korelaciju sa eksperimentalno dobijenim
vrednostima. Ovim radom je obezbedeno dobijanje uvida u potrosnju osnovnih
nutrijenata od strane kulture kombuhe, nutritivnu vrednost | optimizaciju sastava
kombuha proizvoda.

Kljucne reci: kombuha, iskoriscenje hranljivih materija, Seceri, azot, fosfor.


https://doi.org/10.3390/FOODS11101523
https://www.ijbio.com/articles/distribution-of-ash-calcium-and-phosphorus-in-the-byproducts-of-green-crop-fractionation.pdf
https://www.ijbio.com/articles/distribution-of-ash-calcium-and-phosphorus-in-the-byproducts-of-green-crop-fractionation.pdf
https://www.ijbio.com/articles/distribution-of-ash-calcium-and-phosphorus-in-the-byproducts-of-green-crop-fractionation.pdf
https://doi.org/10.1111/j.1365-2672.1956.tb00040.x
https://doi.org/10.1111/j.1365-2672.1956.tb00040.x
https://doi.org/%2010.1534/genetics.111.135731
https://doi.org/%2010.1534/genetics.111.135731
https://www.tsijournals.com/articles/assessment-of-sugar-levels-in-different-soft-drinks.pdf
https://www.tsijournals.com/articles/assessment-of-sugar-levels-in-different-soft-drinks.pdf
https://doi.org/10.1111/j.1365-2672.2004.02331.x

Chemical Industry & Chemical Engineering Quarterly

KUMUTHA RAMALINGAM!
ILAIYAVEL SIVAKUMARAN?
MATHANBABU MARIAPPAN?
BARATHIRAJA RAJENDRAN*

Department of Mechanical
Engineering, Loyola Institute of
Technology, Palanchur,
Chennai, India

2Department of Mechanical
Engineering, Sri Venkateswara
College of Engineering,
Pennalur, Sriperumbudur,
Chennai, India

3Department of Mechanical
Engineering, Government
College of Engineering, Bargur,
Krishnagiri, Tamilnadu, India

“Department of Mechanical
Engineering, Einstein College of
Engineering, Tirunelveli,
Tamilnadu, India

SCIENTIFIC PAPER

UDC 669.14-155.3:621:620:061.23

£ Available online at
' L Association of the Chemical Engineers of Serbia AChE
j @ www.ache.org.rs/CICEQ

Chem. Ind. Chem. Eng. Q. 30 (4) 295-307 (2024)

CI&CEQ

EFFECT OF SALT BATH NITRIDING ON
TRIBOLOGICAL PROPERTIES OF AISI52100
STEEL COATINGS USING RESPONSE
SURFACE METHODOLOGY

Article Highlights

e This investigation employs the salt bath nitriding to extend the service life

o Improve the surface characteristics of AISI 52100

o Surface hardness, friction coefficient, wear coefficient, loss in wear is measured
L[]

The response surface methodology (RSM) design approach was performed to find the
best outcomes

e Processing maps to be developed can be effectively used to identify the feasible
working range

Abstract

This investigation employs the salt bath nitriding to extend the service life
and improve the surface characteristics of AISI 52100, commonly employed
in bearing applications. A wear test was conducted using a pin-on-disc
device according to the ASTM G-99 standard, and the findings show a 30%
reduction in wear loss. Sliding wear experiments were conducted at 1.5 m/s
with a 5 N force at room temperature on uncoated and nitrided pins which
was obtained as optimum value from RSM. The three variables and five
levels of central composite design (CCD) were utilized to reduce the number
of trials and the model relations were examined through ANOVA. Surface
hardness, friction coefficient, wear coefficient, and loss in wear are
measured over pins without coating and nitride pins. Investigations were
done into how 5W30 oil affected passive and drip lubrication. Nitride
substrates had a hardness of 590 HV. Also, nitriding has a favorable effect
on the friction coefficient, lowering it by up to 23%. The 5W30 lubricant will
further decrease the friction coefficient. The lowest friction coefficient was
seen with the addition of 14 % drip oil lubrication. Significantly less wear loss
in the pin was caused by a combination of high hardness and low friction
coefficient.

Keywords: salt bath nitriding, wear, hardness, friction coefficient,
lubrication.

AISI 52100 steel is used as a bearing element
predominantly in a number of applications like bearings
for antifriction, cams, crankshafts, etc. [1]. The major
element present in AISI 52100 steel is chromium, along
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with carbon, manganese, and silicon. Although the
presence of chromium makes this steel more corrosive-
resistant and wear-resistant, since these bearings are
working relentlessly, they may undergo wear and
corrode. One of the most versatile methods to protect
against wear and corrosion is surface treatment [2].
Several coating methods are available to maintain the
performance of the bearing during operation [3]. The
most commonly used coating process for improving the
wear resistance of steel is salt bath nitriding [4]. In
comparison to other surface treatment processes like
carburizing and carbo nitriding, this salt nitriding
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process is found to be best at improving surface
hardness and corrosion resistance [5].

In the salt bath nitriding process, the nitrides are
deposited in the layer of steel. This nitride then reacts
with chromium to form a passive layer of CrN, which is
white or pale yellow. This layer is extremely hard and
will not corrode or wear easily. The over-hardness of
the surface may lead to brittleness, so it is machined in
some cases [6,7]. The passive layer formed is in. It is
thin and extremely hard. The use of lubricants is an
avoidable factor in the case of bearings, so it is
important to analyze the performance of surface-
treated bearings with the application of lubricants [8].
One of the simplest and most reliable methods of
lubrication that is commonly used is drip oil lubrication,
which involves dripping oil periodically onto the bearing
surfaces, creating a thin film that reduces friction and
wear [9]. Passive oil lubrication is another promising
method of lubrication in which the flow of lubrication is
achieved without the aid of external forces [10]. Since
many parameters are involved, optimization of the
process is important, which can be done by the RSM
method due to its efficacy in producing results [11].

Nitriding is an old-age technique that is followed
still to improve the performance of various types of
steel, so a lot of work has been done in nitriding on
various types of steel. Low-temperature salt nitriding
was done on austenitic stainless steel by Charan et.
al. [12]. The results of the wear test conducted using a
pin-on-disc apparatus revealed that the wear rate was
decreased for nitrided specimens in comparison to
uncoated specimens. AISI 421 martensite steel was
salt bath nitrided by Deshini etal [13]. Initially,
tempering treatments were carried out followed by salt
bath nitriding. SEM image results showed uniform
coating and a reduced wear rate was observed in the
pin and disc experiment. Srikanth et.a/. [14], subjected
three specimens of austenitic stainless steel to salt
nitriding at 570 °C for different timings of 60 minutes,
120 minutes, and 180 minutes. It was found that wear
volume was reduced to a great extent after nitriding.
Jun Wang et al. [15] performed salt bath nitriding on
304 austenitic stainless steel. The outcomes of the
experimentation revealed that the thickness of the
coating improved with an increase in nitriding time. The
specimens that were subjected to nitriding for 16 hours
were found to have the best corrosive resistance.

Colombini et al [16] used response surface
methodology to optimize the parameters involved in the
nitriding process. Using RSM it was able to obtain the
number of surface hardness values and different wear
rates for various parameters. The minimum wear rate
was observed for the sample which was laser
quenched at 1150 °C. Hamad et a/. [17] incorporated
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the design of an experimental statistical method to
optimize the laser nitriding process. The optimized
parameters were 2.84 kW of laser power, 5 mm/s
scanning speed, and a 2076 L/h nitrogen flow rate.
Based on the prediction, the maximum microhardness
was 1920 HVO0.15, but the maximum microhardness
was 1382 HVO0.15. In this investigation, three variable-
five levels central composite design (CCD) were
utilized to reduce the number of trials, and the model
relations were examined through ANOVA.

Although a lot of work has been carried out in the
field of salt bath nitriding for various types of steel, no
literature records were found for nitriding on AISI 52100
steel along with drip and passive lubrication. This
makes this research a novel contribution to the field of
nitriding. The foremost aim of salt bath nitriding is to
increase the AlISI 52100 steel's service life and further
reduce wear loss and friction coefficient (COF) through
passive and drip lubrication. This study attempts to
scientifically observe the surface characteristics, such
as wear and hardness, of salt-nitrided AISI steel for
coated and uncoated specimens. Response surface
methodology is used for optimizing the number of
parameters involved to find the best outcome.

MATERIALS AND METHODS
Sample preparation

The material used is AISI 52100 steel purchased
in the form of substrates and rods. The specimens used
are shown in Figure 1. The chemical composition of the
steel is listed in Table 1a.

Using the CNC machine, from the steel rod
purchased, the pins for the wear test were prepared for
8 mm diameter and 32 mm length. The specimens
were initially ground, and to achieve a good surface
finish, polishing was done using emery paper of
different granule sizes, from 240 to 2000 mesh. The
ASME Y 14.5 standard was used to verify the flatness,
roughness, and perpendicularity of the material.

Nitriding

Three processes make up the nitriding process:
pre-oxidation, salt bath nitriding, and cooling. Before
being nitrided, the samples were pre-oxidized at

350 °C in a salt bath pre-oxidation medium or an air
furnace.

The nitriding process done is salt bath nitriding. It
consists of three steps: pre-oxidation, salt bath
nitriding, and cooling. In the pre-oxidation process, the
steel is heated in air at a temperature of 350 °C in an
air furnace. A thin oxide layer is formed during
preoxidation, which improves adhesion, enhances the
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Table 1a. Material composition in weight percentage.

C Cr Si Mn S P Fe
1.1 1.4 0.26 0.39 0.019 0.011 Bal

Table 1b. Salt proportion in weight percentage

Chem. Ind. Chem. Eng. Q. 30 (4) 295-307 (2024)

Salt Proportion in weight %

Purpose

Potassium nitrate (KNOs3)
Sodium carbonate (Na2COs)
Carbamide (CO(NH2)2
Borides (Na2B407)
Aluminium oxide (Al203)

Diffusion of nitrogen
Fluxing agent
Adjust melting point
Enhance wear resistance
Nitride layer adhesion

o

| Compound layer  §*%
BT ALY i

Diffusion zone

Figure 1. (a) Specimens used for experimentation and (b) different layers observed in SEM-EDS
(compound layer, diffusion zone, and white layer,).

diffusivity of nitrogen atoms and reduces white layer
formation. Then the substrate is dipped in a molten salt
bath. The proportion of each salt in the salt bath is
tabulated in Table 1b.

The samples are immersed in a salt bath for three
hours at 565 + 8 °C. The range of temperature for
nitriding is from 500 °C to 700 °C for low-temperature
nitriding [18], which represents the ferritic that occur at
570 °C and 700 °C, respectively. The austenitic phase
occurs above 900 °C. This is high-temperature
nitriding. Two types of nitridings are commonly carried
out: ferritic nitrocarburizing (FNC) and higher

temperature  nitriding known as  austenitic
nitrocarburizing (ANC). In this work, FNC is carried out.
Finally, the specimens were cooled in water at room
temperature [19].

Lubricant

5W30 oil was employed as the lubricant in this
experiment. The oil has a kinematic viscosity of
63.2 m%s at 40 °C and 10.5 at 100 °C. It has a density
of 0.859 x 10° kg/m®. Before conducting wear testing,
nitriding was applied over passive, and drip oil
lubrication was done for about 10 minutes at room
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temperature. Oil lubrication reduces the heat produced surface roughness was assessed using a profilometer.
by friction. The roughness value was first determined after the
Surface characterization pin's perpendicularity and flatness were verified. The

micro-Vickers hardness tester was used to measure
Surface roughness (Ra) and Hardness surface hardness. The hardness with respect to the

According to the ASTM E950 standard, the depth is shown in Figure 2a.

a) 640 - - Micro Hardness of Nitride Coated substrate
620 -
600 -

580 A

560 A

Micro Hardness (HV)

540

520 +

500 T T T T T T
50 100 150 200 250 300 350 400
Depth (microns)

Figure 2. (a) Microhardness with respect to depth (b) EDS image for uncoated; and (c) EDS pattern for coated AISI 52100 Pins.
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Wear

The wear performance of materials is frequently
determined through testing on pin-on-disc machinery
using the ASTM G99 standard approach. It provides a
standard procedure for conducting sliding wear testing
in laboratories. The experiments were carried out using
a force of 5 N as well as a uniform sliding radius of
10 mm at a speed of 1.5 m/s which is selected as the
optimum combination from the RSM optimization. The
disc is rotated at 300 rpm, and the sliding distance is
3000 m. Load cell series were used to measure the
tangential force during testing, and a computerized
data-collecting system kept track of it. In each case, the
average value of the pins was utilized to estimate the
friction coefficient, wear loss, and wear coefficient of
the pin.

Morphology and structural composition

By observing the coated specimen at various
magnifications (10 um, 20 ym, 50 pm, 100 pm, and
200 pm) in the VEGA3 TESCAN SEM equipment it was
able to make the microstructural examination visible.
Double-sided conductive carbon adhesive tapes were
used to position and secure the specimen to the SEM
holder and prevent charge buildup while it was
exposed to the electron beam.

This test is also useful in determining the
component's chemical composition along with the
corresponding weight proportion, which is known as
EDX analysis. This research will assist in improving the
structural composition of the material concerning the
appropriate chemical elements that are present.

The fundamental requirement in any process is
the selection of appropriate input parameters for
generating the best outcome. For the present study,
three important parameters were considered: type of
coating, sliding velocity, and applied load. The output
performances considered were wear and COF. The
RSM approach was utilized to achieve the salt bath
nitriding process on AISI52100 Steel. The levels, the
machining variables, and the DoE are listed in Table 2.
Optimal DOE was implemented to reduce the required
experimental trials [20,21].

RESULTS AND DISCUSSION

The variation in microhardness of nitriding-coated
substrates for different layers can be seen in Figure 2.
Surface hardness values show evidence of nitriding,
which is represented graphically in Figure 3. The
values obtained are in line with those obtained by
researchers in the literature for other steels that were
nitride. The microstructure of the salt bath layer is
depicted in Figure 1b.

Optical microscope observations revealed that
321.9 HVO0.1 is the core hardness, and the yellow
highlighted area (Figure 2) represents the cutoff
hardness at a depth of 315 micrometers. There was a
compound layer between 11 and 13 microns. The
diffuse zone is also seen in Figure 2, beneath the white
layer. [22]. The diffusion layer and two compound
layers make up the nitriding layer [23].

The EDX analysis of the substrate shows the
phases of the steel matrix as well as a group of phases
that are linked to chromium and are spread out in the
structures of the material. The peaks in the matrix
belong to Fe, whereas the remaining phases are
carbides produced by alloying elements. The EDS
image and spectrum are displayed in Figure 2b.

According to the outcome of the energy-
dispersive X-ray investigation, as shown in Figure 2b,
the uncoated sample contained the key components
(C, Fe, Ni, and Cr). The greatest amounts of the
unnormalized percentage of weight concentration, the
normalized percentage of weight concentration, the
proportion of atomic weight, and the weight percentage
concentration inaccuracy at the sigma level one are all
present in the carbon element. The results also showed
that the phosphorus components have the lowest
atomic weight percentage, unnormalized weight
concentration  percentage, normalized  weight
concentration proportion, and concentration of weight
percentage error at the one sigma level.

Influence of process parameters on wear

As seen in Figure 3, the material was noticeably
peeled off, along with the fissures that had developed
on the uncoated specimen surface. The properties of
the diffusion zone were examined in this work. A clear
and distinct compound layer is visible in every SEM
image, and the compound layer will have incredibly
small micro-etches pits.

Figures 3b and Figures 3c depict the thick free
compound layers found in the etch pits 3 (b). When
small amounts of nitrogen dissolve just below the
compound region, the substrate's wear resistance is
affected by the forms of nitrides that are rarely made.
On the other hand, when there are higher nitrogen
diffusion zones, more nitrides are made, which
strengthens the wear resistance.

The nitride pin's wear track is shown in Figure 3d.
The interior of the wear track is visible with wear debris
and delamination. For steady-state wear, Archard [24]
proposed Eq. (1) for volumetric material loss as:

K P-L
3H

4

(1)
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Table 2. Variables, levels, and RSM optimal design with experimental results.

Factors/Level Type of coating Sliding velocity (B) in m/s Applied load (A) in N
-1 Coating 1 (Nitriding) 1(0.3 m/s) 5
0 Coating 2 (Nitriding+ Dripoil Lubrication) 2(1 m/s) 25
Coating 3 (Nitriding+ passive oil Lubrication) 3(1.5 m/s) 50
Process Parameters Responses
Exp. No. Type of coating Sliding Applied load (A) in Wear (um) Coefficient of
velocity (B) in N Friction
m/s
1 1 1(0.3 m/s) 5 0.0647563 0.54945
2 1 1 25 0.0475563 0.446506
3 1 1 50 0.0462875 0.282919
4 1 2 (1 mis) 5 0.0709812 0.3627
5 1 2 25 0.0545875 0.370225
6 1 2 50 0.0548187 0.341662
7 1 3(1.5m/s) 5 0.02895 0.155006
8 1 3 25 0.0124937 0.242981
9 1 3 50 0.013475 0.31705
10 2 1 5 0.0433562 0.315606
11 2 1 25 0.0293625 0.357637
12 2 1 50 0.0328 0.372287
13 2 2 5 0.0531063 0.0856937
14 2 2 25 0.0397187 0.239725
15 2 2 50 0.0434875 0.3857
16 2 3 5 0.0134562 -0.213031
17 2 3 25 0.00074375 0.0742437
18 2 3 50 0.0049625 0.33905
19 3 1 5 0.00909375 0.302638
20 3 1 25 0.0245625 0.242119
21 3 1 50 0.0650312 0.131944
22 3 2 5 0.0324813 0.191238
23 3 2 25 0.0492125 0.241363
24 3 2 50 0.1029 0.2703
25 3 3 5 0.003725 0.0530938
26 3 3 25 0.0214625 0.174613
27 3 3 50 0.059175 0.325694

where Vs the volumetric material loss, L is the slide
over a length L Pis the perpendicular force toward the
worn layer, His the pin's Brinell hardness value, and
Ks is the standard wear coefficient.

Considering specific parameters of V, P, L, and H,
the normal coefficient of wear can be determined using
Eq. (2):

3HV
Ko==21 )

Volumetric wear loss can be calculated using the
weight loss Wand density.

The larger preliminary running-in rate of wear,
according to Yang [24], will initially have a greater value
inside the transitional wear phase and may gradually
300

acquire a constant level whenever the wear loss
approaches a uniform level. The wear coefficient varies
as there is a change in the distance of sliding, as seen
in Figure 4a. It has been found that greater sliding
distance causes a decrease in the wear coefficient.
Nitriding with drip oil lubrication pins, however, exhibits
the lowest wear coefficient under identical
circumstances. The lowest volumetric loss ever
observed is the main factor. According to the literature
[25], the dehydrated, as well as the changed fresh
surface coating, is more reactive to lubrication than the
original Huralite.

Figure 4a depicts the sliding distance and wear. It
reveals the wear COF of uncoated, coated, nitriding
with passive oil lubrication, and nitriding with drip oil
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Figure 3. SEM image for nitride specimen.
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Figure 4. (a) Sliding distance vs wear and (b) wear loss with respect to coating.
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lubrication. The starting and ultimate weights of the pin
are used to compute the wear loss. When nitriding, drip
oil-lubricated pins show lower wear loss than uncoated
pins. Table 3 shows the ANOVA for wear. From that, it
is observed that the sliding velocity is the most
predominant parameter that affects the surface quality.
The A? value for wear is 0.9920. The model is
significant.

From Figure 4b, it is evident that the uncoated
sample will have a more significant wear loss
compared to the coated specimen. Nitriding with drip
oil lubrication, Nitriding with passive oil lubrication, and
Nitriding coating methods were wused in this
experimentation. Among all the three coating
methodologies, the Nitriding with drip oil lubrication
methodology was observed to produce less wear loss.
When compared to the surface of the AISI steel
substrate, there was a significant drop. The wear
markings on AISI steel are much wider than the wear

marks on the other samples, which are at different
widths. This is so that the AISI 52100 steel's wear
resistance may be greatly increased by the nitriding
surface. The correlation graphs between the predicted
and actual values for wear and COF are displayed in
Figure 5 (a,b).

Figure 5 (c—e) presents the 3D surface images for
the wear of nitriding, nitriding with drip oil lubrication,
and nitriding with passive oil lubrication. It is clearly
observed that the applied load is directly proportional
to the wear. Figure 5c illustrates the increased wear
that the nitriding pin produces. During the nitriding
process, the amount of nitrogen diffused into the
sample surface determines the wear resistance of the
specimen. From the detailed experimental procedure,
it can be inferred that when the nitriding process is
aided by proper lubrication, a higher concentration of
nitrogen will diffuse into the steel periphery. In
relevance to the characteristics, the Nitriding process

Table 3. ANOVA of Wear and COF.

ANOVA of Wear
Source 32 Dof Mean Squares F-statistics  p-value Remarks
Model 0.0152 11 0.0014 168.52 < 0.0001 significant
A-Sliding Velocity 0.0017 1 0.0017 211.55 <0.0001
B-Applied Load 0.0007 1 0.0007 81.29 <0.0001
C-Type of coating 0.0011 2 0.0006 67.07 < 0.0001
AB 3.156E-06 1 3.156E-06 0.3844 0.5446
AC 0.0008 2 0.0004 47.53 <0.0001
BC 0.0055 2 0.0028 335.54 < 0.0001
A2 0.0049 1 0.0049 593.73 < 0.0001
B2 0.0005 1 0.0005 66.46 <0.0001
Residual 0.0001 15 8.209E-06 R? 0.9920
Cor Total 0.0153 26 Adjusted R? 0.9861
Predicted R? 0.9728
Adeq Precision 49.5553
ANOVA of COF
Source 3?2 Dof Mean Squares F-statistics  p-value Remarks
Model 0.5751 11 0.0523 353.05 <0.0001 significant
A-Sliding Velocity 0.1246 1 0.1246 841.00 < 0.0001
B-Applied Load 0.0506 1 0.0506 341.75 < 0.0001
C-Type of coating  0.0935 2 0.0468 315.80 < 0.0001
AB 0.1562 1 0.1562 1054.73 < 0.0001
AC 0.0438 2 0.0219 147.71 < 0.0001
BC 0.0940 2 0.0470 317.20 < 0.0001
A2 0.0107 1 0.0107 72.09 < 0.0001
B2 0.0019 1 0.0019 12.51 0.0030
Residual 0.0022 15 0.0001 R? 0.9962
Cor Total 0.5774 26 Adjusted R? 0.9933
Predicted R? 0.9853
Adeq Precision 91.1079
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without lubrication will eventually diffuse less nitrogen
than the Nitriding aided by drip and passive lubrication
systems.

It can in turn result in insignificant wear resistance
improvement compared to the nitriding methods with
lubrication. The sliding velocity and applied load can
influence the wear values of the nitrided steel.
However, the range of wear will be high in the plain
nitride process when compared with the other
methods. Out of all the three methods of nitriding
investigated in this research, the drip lubrication
nitriding procedure proved to be capable of depositing
a greater quantity of nitrogen on the surface. This
makes the specimen treated with drip lubrication
nitriding have good wear properties when compared
with the other two methods. The outcome can be

c) B d)

e)

clearly understood from Figure 5d.

From Figure 5 (c—e), the amount of nitrogen
deposition determines the wear properties of any
metal. It is understood from the inference that nitriding
methodologies with lubrication can ultimately deposit a
significant quantity of nitrogen on the steel surface. The
amount of nitrogen sediment on the sample surface in
the case of nitriding with passive lubrication will be
higher than in the plain nitrogen-adding process. It can
make the specimen that undergoes passive lubrication
nitriding have better wear characteristics than those of
the normal nitriding procedure.

Influence of process parameters on COF

The necessary test protocols were used to
conduct pin-on-disc testing at around 1.5 meters per

Figure 5. (a—b) Correlation graphs for wear and COF; (c-e) 3D surface graphs of nitriding nitriding with drip oil lubrication nitriding with
passive oil lubrication wear; (f-h) COF (i) friction coefficient vs sliding distance.

second as obtained from RSM as an optimized
value [26]. The wear, frictional force, and time were
measured under a load of 10 N at every 15 minutes of
sliding. Figure 5i depicts the relationship between
friction coefficient and sliding distance for uncoated,
nitrided, nitrided with passive oil, and nitrided with drip
oil lubrication.

The difference in the COF with respect to the
sliding velocity of the specimens’ nitrides with different
methods is detailed in Figure 5 (f~h). From the
investigation, it is evident that the drip lubrication
nitriding method can produce significantly less COF
friction than the other two methods. The specimens
that are being nitrided with drip lubrication exhibit less
wear loss due to their low COF.

It demonstrates the pattern with which the COF
reduces with sliding distance, which is a distinctive
aspect of the diagrams. The load does not affect the
friction coefficient of pure metals; nevertheless, on the
surface of a nitrided metal, the breakdown in the nitride
layer can change the COF. By nitriding with drip oil
lubrication, the friction coefficient can be reduced
by 0.1. Table 3 represents the ANOVA for COF. From
the table, it can be inferred that the sliding velocity is
the most influential parameter that affects the quality.
R? for COF is 0.9962, and the adequate precision is
91.1079.

Comparing the nitriding, drip lubrication nitriding, and
passive lubrication methodologies, the nitriding
treatment sample exhibits more COF. The nitriding
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process without lubrication can result in a more
significant variation of COF concerning the sliding
velocity and applied load. The plain nitrided samples
will have a COF value of 0.5, and the value drastically
changes with sliding velocity and load, as shown in
Figure 5f. The drip lubrication process, including the
nitriding process, can stabilize the variation of COF
with respect to sliding velocity and applied load, as
shown in Figure 5i. By treating the AISI 52100 steel
with a drip lubrication nitriding process, the COF can
eventually be reduced, which in turn enhances the
wear characteristics of the material. Comparing all
three nitriding techniques, the drip lubrication nitriding
procedure can restrict wear significantly with its lower
COF values. During the passive lubrication nitriding
process, a moderate quantity of nitrogen will be
deposited over the surface of the specimen. This can
restrict the wear to a maximum value of 0.3. While
contrasting all three nitriding processes, nitriding with
passive lubrication can eventually result in drastic
variation in COF with respect to the variation of sliding
velocity and applied load. The variation pattern of COF
is detailed in Figure 5i.

Validation of optimizing procedures

The quadratic models are developed for all of the
responses (wear and COF) to find the optimal

optimization is to decrease the wear rate. Table 4a
displays the outcome of the optimization parameters.
The highest limits of wear and COF are 0.1029 and
0.54945, respectively. The final set of process
variables is sliding velocity (1.5 m/s) and applied load
(5N).

Figure 6 shows the various solution models
created for validating the models. Five models are
constructed for predicting the response, and the
outcome reveals that the desirability of the produced
model is greater than 0.895, which can be inferred from
Table 4b. A validation test was also carried out to
validate the optimized findings, as shown in Table 4c,
which shows the error percentages attained after
running confirmation tests. The obtained error
percentage is negligible and is 2.41% for sliding
velocity and 3.33% for applied load. Since the
validation test is carried out using the variables
specified from the previous findings and various
combination sets are allocated, the results
demonstrate that the features seem closely related
[27-40].

CONCLUSION

Salt bath nitrided pins of surface roughness 0.3
were successfully tested for their friction, wear, and

combinations of input variables. The goal of
Table 4a. Condiitions of oulput responses.
Parameter Goal Lower Limit Upper Limit Lower Weight Upper Weight Importance
Sliding Velocity Is in range 6 10 1 1 3
Applied Load Is in range 10 30 1 1 3
Types of Is in range Coating 1 Coating 3 1 1 3
Coating
Wear Minimize 0.000743 0.1029 1 1
COF Minimize 0.1620 0.54945 1 1
Table 4b. Optimum combination solutions of multi-responses for higher desirability.

No Sliding Velocity Applied Load Types of Coatings Wear COF  Desirability

1 1.5 5 3 0.01311 0.183 0.9192 Selected

2 1.48 5 3 0.01315 0.187 0.9160

3 1.5 4.8 3 0.01320 0.192 0.9140

4 1.5 45 3 0.01364 0.195 0.905

5 14 4.5 3 0.01370 0.198 0.895

Table 4c. Confirmation experiments for optimization.
Variable Settings Responses Prediction Value Experimental Value % Error
Sliding Velocity 1.5 Wear 0.01311 0.0145 2.41
Applied Load 5 COF 0.1836 0.192 3.33
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B:Applied Load = §

1 2 3 000074375 01029

Treatments

CType of coating = N+T+$ Wear = 00131183

Desirability = 0919
Solution 1 out of 53
0.54945

Coefficient of Friction = 0183676

Coefficient of Friction

Desirability

A:Sliding Velocity

B:Applied Load

C:Type of coating

1961501
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1 | | 1
0.000 0.250 0.500 0.750 1.000
Solution 1 out of 53

Figure 6. Desirability graph of variables for RSM.

wear loss under a 5 N load and a sliding velocity of
1.5 meters per second. The pins were tested for four
conditions: uncoated, nitrided, nitrided with passive oil
lubrication, and nitrided with drip oil lubrication. The
important results of these tests are as follows.

When nitriding using drip oil-lubricated pins, the
friction coefficient is significantly less when the pins are
uncoated. In comparison to uncoated pins, nitride pins
with drip oil lubrication experienced a significant
reduction in friction coefficient. Response surface
methodology optimization was useful in optimizing the
parameters involved in the experimentation with a low-
level error between actual and predicted values. The
optimum combination solution obtained of multi-
response for higher desirability is 1.5 m/s sliding
velocity, 5 N applied load, and the coating of nitride with
drip oil lubrication which has a low wear rate of 0.0131.
The combined effect of nitriding and drip oil lubrication
leads to a low friction coefficient of 0.101 is observed
under 1.5 m/s and 5 N, which is attributed to the
enhanced tribological properties. Drip oil lubrication of
nitrided substrates reduced the wear coefficient to
0.00218 under a 5 N load and sliding speed of 1.5 m/s
which signifies exceptional wear resistance. Nitriding
with drip oil lubrication reduces wear loss due to
minimized material degradation. Scanning electron
microscopy (SEM) provides visual evidence of the
superior bonding achieved through nitriding with drip oil
lubrication. This enhanced bonding plays a key role in
the observed reduction in COF and wear exhibited by
these pins.
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NAUCNI RAD

ISTRAZIVANJE UTICAJA NITRIRANJA SLANOM
KUPATILU NA TRIBOLOSKA SVOJSTVA
PREMAZA CELIKA AISI52100 KORISCENJEM
METODOLOGIJE POVRSINE ODZIVA

Ovo istraZivanje koristi nitriranje u slanom kupatilu da bi se produZio vek trajanja i
poboljsale karakteristike povrsine celika AISI 52100, koji se obicno koristi za izradu
leZajeva. Test habanja je sproveden koriscenjem pin-on-disc uredaja prema ASTM G-99
standardu, a nalazi pokazuju smanjenje gubitka od habanja za 30%. Eksperimenti
kliznog habanja su sprovedeni pri brzini od 1,5 m/s sa silom od 5 N na sobnoj temperaturi
na neobloZenim i nitriranim Civilama. Ovi uslovu su odredeni kao optimalni koriscenjem
metodologije povrsine odziva i centralnog kompozitnog dizajna sa tri faktora na pet nivoa.
Razvijeni model je evalurina analizom varijanse (ANOVA). PovrSinska tvrdoca,
koeficijent trenja, koeficijjent habanja i gubitak habanjem mereni su za nepremazane |
nitrirane Civife. IstraZivanja su sprovedena o ftome kako ulje 5V30 utice na pasivno
podmazivanje i podmazivanje kap po kap. Nitriranne podloge su imale tvrdocu od
590 HV. Takode, nitriranfe povoljno utice na koeficijent trenja, sniZzavajuci ga i do 23%.
Mazivo 5V30 dodatno smanjuje koeficijent trenja. Najmanji koeficijent trenja je postignut
sa dodatkom 14 % ulja kap po kap. Kombinacija visoke tvrdoce i niskog koeficlfenta trenja
znacajno smanjuje gubitke habanjem civija.

Kljucne reci: slano kupatilo, nitriranje, habanje, tvrdoca, koeficjjent trenja,

podmazivaryje.
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CONCEPTUALIZATION AND PROCESS
SIMULATION OF A CO2.BASED METHANOL
PRODUCTION PLANT

Article Highlights
e A process plant based on CO2 hydrogenation to methanol is conceptualized and
simulated

e A step-by-step hierarchical procedure is adopted to develop the most profitable
flowsheet

e Reactor cooling by boiler-feed water with steam generation is found a more favorable
solution

o The price of hydrogen has emerged as a major factor in determining the feasibility of
the process

Abstract

The present study conceptualizes and simulates a methanol production
process through the direct hydrogenation of captured COz. CuO/Zn0O/ZrO:-
was employed as the catalyst and Aspen HYSYS was used for the process
simulation. Configurational optimization of the process flowsheet was
carried out using a step-by-step hierarchical approach. Many alternate
flowsheets have resulted, and their capital investment, product cost, and
profitability measures were calculated. The discrimination among the
competing flowsheets was carried out based on net profit and percent return
on investment. The retained flowsheet was further analyzed for optimizing
the recycle ratio and evaluating the effect of the price of captured CO:, green
Hz, natural gas (fuel), and catalyst on the economic performance of the
plant. The optimum value of the recycle ratio was computed to be 4.23.
Additionally, it was found that the price of Hz is the most important parameter
in defining the feasibility and profitability of the process. Mathematical
correlations were also developed that relate the profitability and price of the
above-mentioned feed materials.

Keywords: CO: capture, CO: utilization, methanol economy, CO:
hydrogenation, CuO/Zn0O/ZrO:- catalyst.

Crude oil, natural gas, and coal supply nearly 82%
of the world’s energy demand [1]. These fossil fuels are
a source of a large quantity of human-derived CO: that
amounted to 34.9 giga tonne, alone in the year
2021 [2]. COzis a greenhouse gas, the second most
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important after water vapors, that is responsible for
increasing the Earth’s temperature. Scientists believe
that the average temperature rise of the Earth’s
atmosphere from the preindustrial era must be limited
to 2°C [3] to avoid the unparalleled catastrophic effects
of global warming. To decrease the CO2 emissions
linked with the burning of fossil fuels, the produced CO2
must be captured and sequestrated or utilized in the
production of useful chemicals. Utilizing CO:2 in the
production of useful chemicals, not only helps in the
management of CO2 emissions but also exploits the
potential chemical resource of CO2. One way to utilize
CO:z is to convert it into methanol in the contest of the
so-called “Methanol Economy”, an idea initiated by
Olah [4]. Methanol is a valuable product that is not only
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an alternative fuel, but it is also a precursor to many
important chemicals. Methanol is a feedstock for
gasoline (MTG), olefins (MTO), formaldehyde, tert-
amyl methyl ether (TAME), dimethyl ether, acetic acid,
methyl tertiary butyl ether (MTBE), methyl esters, etc.
When CO:2 for methanol is obtained from an energy
source such as biomass or captured from a power plant
and hydrogen is produced from the electrolysis of
water, realized by a renewable source of energy, the
whole process is believed to be green and sustainable.

In the 70s copper-based heterogeneous catalyst,
CuO/Zn0O/Al203, was developed [5] for the methanol
synthesis realized by the hydrogenation of CO and
CO2. The said hydrogenation process occurs at a
modest temperature (200—300°C) [6,7] and at a fairly
high pressure (5—10 MPa) [6,7] where a high heat of
reaction is involved. The direct conversion of CO2 to
methanol occurs under the same operating conditions
but with a lower heat of reaction and the formation of
reduced amounts of byproducts [8]. The production of
water along with methanol may cause expensive
downstream methanol purification and may affect the
life of the catalyst [9]. CO2 to methanol synthesis
involves the following three reactions; CO:2
hydrogenation to methanol, reverse water gas shift
reaction (RWGS), and CO hydrogenation to methanol:

CO:z2 hydrogenation:

CO: + 3Hz = CH3OH + Hz0 Ah® =-495 kdimol (1)

RWGS:

CO2 +Hz = CO + Hz0 AR =+412KJimol  (2)

CO hydrogenation:

CO + 2Hz= CHsOH AR° =-90.8 kdimol  (3)

Numerous literature studies discuss the process
simulation and economic feasibility of the direct
synthesis of methanol from CO2 and Hz. Van-Dal and
Bouallou [10] proposed a flow scheme where they
integrated COz into a methanol plant with a CO: capture
facility. The design and simulation of the process were
carried out using Aspen Plus. They found that the cost
of the capture is considerably reduced as the methanol
plant supplies 36% of the thermal energy needed for
CO2 capture. Also, they showed that abatement of
1.2 tonne of CO:2 per tonne of methanol produced is
possible. A different source of CO2 was employed by
Matzen et al. [11] as the CO2 was supplied from an
ethanol production facility. Wind-based electrolytic H2
was used and Aspen Plus software was utilized to
develop the methanol synthesis plant. The economic
evaluation of the process revealed that the cost of the
electrolytic hydrogen is the major factor in defining the
feasibility of methanol synthesis. Pérez-Fortes et

al. [12] adopted the synthesis scheme of Van-Dal and
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Bouallou [10] and modified its configuration by applying
a pinch analysis. Unlike Van-Dal and Bouallou [10],
they developed their flowsheet in CHEMCAD software
and performed a rather detailed economic analysis.
Comparing their analysis with conventional methanol
plants, they estimated a decreased capital cost than the
traditional plants, however, the price of raw material,
i.e., those of green Hz and captured COz, financially
discouraged their proposed scheme. Another study that
was targeted to mitigate CO: emissions from a
bioethanol plant was carried out by Wiesberg et al. [13].
They compared direct CO2 conversion to methanol
(Route A) with CO2 to methanol by the bi-reforming
process (Route B) and used Aspen HYSYS for their
work. In bi-reforming, natural gas, steam, and CO2 were
used as reactants to produce syn gas which was
converted to methanol. In each case, the methanol
synthesis followed a novel scheme where CO2 was
compressed to a restricted pressure in the first reactor
and only partially converted to methanol. After
separating the methanol, the remaining CO2 was
compressed to a higher pressure and converted in the
second reactor. This novel scheme was adopted to
save the cost of compression. The authors claimed 5
times more CO2 consumption in Route A and reasoned
that Route A is more profitable than Route B. However,
they found neither of the two processes is feasible
economically. The flow scheme of Route A was further
studied by Borisut and Nuchitprasittichai [14] to
minimize the methanol production cost. They applied
response surface methodology (RSM) and non-linear
programming for the optimization and successfully
optimized the process. As a variety of hydrogen
sources and production methods can be used for CO2
hydrogenation, Kiss et al. [15] employed by-product wet
H2 from the chloralkali industry. They applied a stripper
column where the wet hydrogen was contacted with the
methanol-water mixture obtained in the product
separator. They reasoned that this way CO and CO:
are virtually removed from the product and wet
hydrogen is dried. The process simulation was carried
out in Aspen Plus and the results claimed a significant
reduction in utility requirements. Roh et al [16]
reviewed the CO2 conversion processes and discussed
the issues and future possibilities in such processes.
They suggested finding new and innovative routes that
offer reduced CO2 impacts, are economically viable,
and address improved sustainability aspects. The use
of biomass for methanol synthesis was studied by
Martin and Grossmann [17]. They described an
integrated facility for methanol production from switch
grass. The concept was to produce syn gas from the
biomass and capture some of the CO: present in the
syn gas. Both the syn gas and the recovered CO2 were
then used to produce methanol in separate synthesis
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trains. The authors concluded that massive energy
needs and large capital investment are the principal
drawbacks of their strategy. The idea of a photocatalytic
hydrogen source was employed by AlSayegh et a/. [18].
The risk of H2 and O2 explosion was prevented by
adding captured CO: to the system to escape the
explosive limits. A membrane separator was then
employed to recover an Hz and CO2 mixture of a 3:1
molar ratio. The flow diagram of Van-Dal and
Bouallou [10] was employed and simulated in Aspen
Plus. The authors reported a high production cost of
methanol in comparison to conventional methanol from
natural gas. To reduce the energy requirements, Szima
and Cormos [19] came up with the idea of utilizing the
purge stream in a gas turbine and low-temperature off-
streams in organic Rankine cycles. The plant
simulation was carried out in CHEMCAD and an
economic analysis was carried out. With the above
modification, they presented an energy-sufficient plant
with decreased operational costs. Realizing the fact
that cement production is the biggest source of CO:
emissions, Meunier et a/. [20] routed captured CO2 from
a cement plant to produce methanol. They also
performed the life cycle assessment to identify the
areas of main environmental concern. Aspen Plus was
employed for the simulation and the flow scheme was
based on the work of Van-Dal and Bouallou [10]. The
process was not found economically practicable owing
to the high hydrogen production cost. Also, the
environmental analysis found hydrogen supply to be
the main environmental concern. In the same year,
Nguyen and Zondervan [21] investigated three routes,
namely bi-reforming, tri-reforming, and direct
hydrogenation of CO2 to methanol. The analysis was
carried out with the help of Aspen Plus. The results
demonstrated that reforming processes are more
economically practicable though less environmentally
friendly and can be employed for an interim period till
the CO2hydrogenation with Hz from a renewable source
becomes economically competitive. An algorithmic
approach was used by Lee ef al. [22] to optimize the
methanol synthesis flowsheet. Similar to the work of
Wiesberg et a/l [13] and Borisut and
Nuchitprasittichai [14], they used adiabatic reactors in
series with interstage condensation of methanol. They
successfully solved the superstructure and obtained an
economically optimized design. Campos et a/. [23] also
used a multibed reactor with interstage condensation of
methanol. They too found a substantial increase in
single-pass COz2 conversion, which helped in reducing
the overall cost of the process, especially that
associated with the recycle structure. The approach of
using interstage methanol separation where enhanced
single pass conversion has resulted, sounds promising
and is expected to significantly improve the plant

performance. The simulation of CO2 hydrogenation to
methanol over a non-conventional In-Co catalyst was
carried out by Cordero-Lanzac et al. [24]. The authors
developed the kinetics of the catalyst and used Aspen
Plus for their simulation. Additionally, they carried out
the life cycle assessment of the CO2 hydrogenation
plant linked with a cement plant. Their findings suggest
that the methanol plant can not completely overcome
the emissions of a cement plant. To reduce the cost of
the produced methanol, Yousaf et al. [25] combined the
solid oxide electrolyzer (SOE) employed for hydrogen
generation with a CO2 hydrogenation plant. A slightly
modified flowsheet of Van-Dal and Bouallou [10] was
employed and Aspen Plus was used for the simulation.
In the modified flowsheet, the waste gases were also
sent back to the reactor. The authors found a
substantial decrease in the cost of methanol production
compared to the literature works with proton exchange
membranes (PEM) and alkaline electrolyzers. In a
more recent work, Haghighatjoo et al. [26] compared
the direct and indirect conversion of CO2 to methanol.
The simulation of the two processes was carried out in
Aspen Plus and the operating conditions were
optimized. They found that the direct method requires
lower fixed capital investment as well as poses
decreased environmental threats, whereas the indirect
method offers higher net profit. Chiou et a/. [27] studied
six reactor schemes constituting adiabatic and non-
adiabatic reactors and compared the schemes for their
economic feasibility. The authors came up with the
result that a two-reactor system where a non-adiabatic
reactor stage followed by an adiabatic stage is the most
economical case. They also developed a suitable
control system to handle the changes in flow rates and
compositions in their process scheme.

In the literature studies discussed above, some
researchers discussed flowsheet development,
however, a systematic approach to developing a
conceptual flowsheet is found to be missing. The
discrimination of various rival flowsheets based on
profitability analysis is also not done in the literature.
For example, Lee et al [22] used an algorithmic
approach to reach their final flowsheet. It is not clear
what schemes were compared, but the major focus was
on the development of the reactor system (with
interstage condensation and separation) and
parametric optimization. Borisut and
Nuchitprasittichai [14] optimized the parameters for a
selected flowsheet that used adiabatic reactors in
series with condensation in between the equilibrium
reactors. Roh ef al. [16] have only partially studied the
CO2 to methanol process and mostly discussed the
issues of process systems engineering for carbon
dioxide conversion processes and their integration with
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other systems. Martin and Grossmann [17] integrated
the methanol synthesis from syn gas produced out of
switch grass and the methanol synthesis from CO:2
hydrogenation, where CO. was obtained during syn
gas purification. Their study focused on the integration
of the above two schemes and not flowsheet
development for CO2 hydrogenation to methanol. Chiou
et al. [27] selected a single flowsheet and compared
different configurations of reactor systems only. They
used a single adiabatic reactor, a single non-adiabatic
reactor, and a two-stage adiabatic reactor. No effort
was made towards the development of a process flow
scheme.

In the present study, inspired by the original work
of Douglas [28], a step-by-step hierarchical procedure
is developed to discriminate among the alternate
flowsheets and to reach the most profitable flowsheet.
Knowledge of process design including heuristics and
cost estimation is employed to carry out the techno-
economic analysis of the process with a main focus on
the configurational optimization conducted through the
methodology developed in the present study.
Additionally, CuO-Zn0O-ZrOz, a non-traditional catalyst
has been applied for the analysis.

MATERIALS AND METHODS
Process and simulation basis

COz2 captured from a 100 MW natural gas power
plant and hydrogen from a green source, i.e., by
electrolysis of water using solar or wind energy, was
used as the starting point for the simulation. The
amount of CO2 captured was computed for a 60%
thermally efficient power plant [29] and a natural gas of
the following composition: 90.45% methane, 3.56%
ethane, 3.32% N2, 0.05% O2/Ar, 0.8% propane, 0.17%
n-butane, 0.16% isobutane, 0.05% r-pentane, 0.07%
/sopentane, 0.04% Cs+, and 1.34% CO2 [30] with
112 kg/E6m*® H20/MMSCF gas [31]. 10% excess air
was employed, and 40% relative humidity of air was
assumed. With 0.4% impurity (N2) in CO: feed [32],
796.7564 kmol/h of CO2 was calculated that entered at
1 bar and 25°C to the methanol plant. Pure hydrogen
gas [33] at 25°C and a pressure of 30 bar [34] was used
in the simulation. Other conditions employed for the
simulation are listed below:

- Aspen HYSYS was employed for the steady-
state simulation.

- The non-random two-liquid (NRTL) model was
applied as the fluid package in association with the
vapor phase Soave-Redlich-Kwong (SRK) property
model. The NRTL was selected as polar compounds in
the liquid phase were expected to be present and it has
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been employed by other researchers [11,15,35,36] as
well. For a better estimation of liquid density, the
Costald method was selected for the estimation of
liquid density [37].

- For CO2 compression, a three-stage compressor
was used where the pressure ratio in each stage was
kept the same.

- Cooling water inlet was at 90 °F (32.22 °C) and
the outlet was at 120°F (48.89 °C). The minimum
temperature difference of 10 °F (5.56 °C) was
maintained [28]. The hot stream outlet temperature
was therefore kept at 100 °F (37.78 °C).

- Aspen HYSYS “Conversion Reactor” unit was
used to simulate the water-cooled isothermal reactor
that operated at 50 bar and 250 °C. An isothermal
reactor was selected as methanol synthesis from direct
CO2 hydrogenation is moderately exothermic in
contrast to methanol from CO (nearly half the heat of
reaction for CO2 hydrogenation compared to that of CO
hydrogenation). Therefore, only a moderate rise in
temperature in an adiabatic reactor is expected which
can be made virtually isothermal in a multitubular
reactor. High rates of reaction can be maintained in an
isothermal reactor along with an improved yield of
methanol compared to an adiabatic reactor. Also, the
excess heat evolved from the reaction can be more
conveniently utilized for, say, generating steam
compared to a multibed reactor with interstage cooling.

- All three reactions outlined above in Egs. (1-3)
were incorporated into the simulation.

- Owing to the superior performance of the CuO-
ZnO-ZrO: catalyst over CuO-ZnO-Al203 [38], the
former was used in the present study. Arena et al. [38]
compared the performance of both these catalysts and
found that under identical conditions of 50 bar pressure
and 513 K temperature, CuO-ZnO-ZrO2 gives 22.4%
CO:z2 conversion and 14.3% methanol yield compared
to 19.5% CO:2 conversion and 11.9% methanol yield
over the CuO-Zn0O-Al2Os3 catalyst.

Over a particle bed of the zirconia-based catalyst,
according to the experimental data of Yang et a/. [39]
at 50 bar and 250 °C, 15% conversion was regarded
for the CO2 hydrogenation reaction (Eq. 1), 10% in the
case of the RWGS reaction (Eq. 2), and 50% for the
CO hydrogenation to methanol reaction (Eq. 3).

- In each simulation run, the molar ratio of H2 to
CO:z at the reactor inlet was always kept at a constant
value of 3:1. The ratio was fixed by varying the molar
flow rate of the inlet (makeup) H2 flow stream.

- Pumps and centrifugal compressors were
considered 75% efficient, while adiabatic compressors
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were taken as 90% efficient.

- The pressure drop in each heat exchanger was
taken as 10 psi (68.95 kPa) which is commonly
considered as the maximum allowable pressure drop
across a heat exchanger. The pressure drop across the
reactor was used as 100 kPa as expected due to the
presence of a particle bed.

- Aspen HYSYS “Distillation Column” unit was
used for simulating the methanol product column. The
column was fitted with a partial condenser, to remove
the lighter ends, and it contained 15 theoretical trays.
The top pressure was maintained at 110 kPa for which
the dew point remained always higher than 100 °F
(37.78 °C) and cooling water was therefore used in the
condenser. Methanol product purity was set at
98.5 mol% (99.3 wt%) while water purity at the bottom
was fixed at 99.9 mol%. 99.0 mol% of methanol in the
distillation column feed was recovered in the distillate
product. The number of theoretical trays was optimized
in initial trials, and in all cases, it fulfiled the above
requirements.

Flowsheet development

Initially, a trivial flowsheet without recycle, heat
integration, and more effective downstream separation
was conceived and simulated in Aspen HYSYS. The
requisite equipment design was carried out and both
the capital and product costs were estimated. Based on
these costs, the profitability of the process was
computed. Later, a step-by-step hierarchical
modification of the flowsheet was realized in light of
heuristics and process design understanding. After
each change in the flowsheet, the costs and profitability
of the process were figured out. A suitable profitability
measure was used, which is to be discussed in the next
section, to discriminate among the various alternate
solutions (flowsheets). By a step-by-step hierarchical
approach we mean that for the trivial flowsheet
mentioned above, firstly, a recycle structure was
introduced and tested to determine whether recycling
was important or not. This was followed by product
separation where various separation schemes were
compared. Knowing the best scheme, the heat
integration was carried out and a couple of heat
integration strategies were tried. In the last step, the
parametric optimization of the final configured
flowsheet was carried out. However, only the effect of
recycle ratio was studied which was visualized as the
most important parameter.

In total, seven flowsheet configurations or cases
were constructed as outlined in Table 1. In the initial
flowsheet (Case-l), as mentioned earlier, only essential
processes and equipment were introduced and no
recycling, heat integration, and efficient product

separation were employed. While recycling is often
necessary for low-conversion systems, however, in
some cases adding recycling negatively affects the
profitability of the plant. For example, with gas
recycling, the recycling compressor and its associated
compression cost have to be considered. Also, the
recycling increases the size of the equipment (heat
exchangers, heaters, reactor vessels, coolers, and
phase separator vessels) and the amount of the utilities
required together with the additional piping in the
recycle loop, which escalates the associated costs. A
recycle and a purge stream were introduced in Case Il.
Many recycling ratios were studied and a suitable value
of recycle ratio was selected and applied in the
subsequent cases. A second, but low-pressure vapor-
liquid equilibrium (LP VLE) phase separator was used
in the next case (Case Ill). An absorption column was
tried in Case IV and a stabilizer column was introduced
in Case V. After finalizing the purification step, heat
integration was carried out with cooling water and
boiler feed water, respectively, in Case VI and Case
VIl. Lastly, the recycle ratio was optimized and the
effect of the price of the raw materials, energy, and
catalyst on the plant's economics was studied for the
optimum case (Case VII-11).

Table 1. List of cases simulated in the present studly.

Case Description Figure
| Only the essential equipment is employed Fig. 1a
and no recycling is used
1] A gas recycle stream with a purge is Fig. 1b
included in Case |
1l A low-pressure VLE separator is integrated Fig. 2a
with Case Il
v A gas absorber is incorporated in Case Il Fig. 2b
\Y A stabilizer column is employed in Case Il Fig. 2c
\ Heat integration is carried out with Case ll, Fig. 3a
and cooling water is used for reactor cooling
VIl Heat integration of Case lll is performed, Fig. 3b

and boiler feed water is used for reactor
cooling with subsequent steam generation

Economic evaluation

For the capital cost estimation, the factorial
method based on delivered equipment cost [40] was
applied. The purchased cost of equipment was
calculated by the cost correlations of Seider et a/. [41]
as validated by Feng and Rangaiah [42]. A 10%
delivery cost was added to the total purchased
equipment cost to obtain the delivered equipment cost.
2% and 15% of total capital investment were set as
land cost and working capital, respectively. The
required information for calculating the purchased cost
of equipment was obtained from the simulation results
and when needed additional information was obtained
through the design methods discussed below:

Heat exchanger: The surface area (A) was
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calculated from the UA value obtained from Aspen
HYSYS and dividing UA by the typical overall heat
transfer coefficient (U) for the given situation [43]. An
average value of the overall heat transfer coefficient is
used from the range provided by Sinnot and
Towler [43].

Reactor: The weight of the catalyst was calculated
from the space velocity, conversion, and selectivity
data of Yang et al. [39]. Using the calculated weight,
the total number of tubes was figured out while
considering 1300 kg/m® as the bulk density of the
catalyst. Each tube was 42.42/50.8 mm ID/OD with a
7.62 m length. The surface area was calculated for the
total number of tubes and the cost was calculated for a
fixed-head heat exchanger.

Vapor-liquid separator: The diameter and length
of the vessel were calculated by the method given by
Branan [44] and Watkins [45].

Distillation and absorption columns: The diameter
of the column was calculated based on the widely used
Fair correlation [46]. Operating velocity was taken as
80% of the flooding velocity. Sieve trays were
employed, and a 10% downcomer area was used.
Overall column efficiency was taken as 60% for a
distillation column and 55% for a gas absorber.
0.457 m tray spacing was used and 1.524 m additional
height was added to obtain the total column height.

The details about the elements of the capital cost
estimation method used in the present study are
provided in Table S1 (Supplementary material).

For the product cost, again the method of Peters
et al. [40] was employed. Labor cost was taken as 15%
of total product cost while utility costs were based on
process module costs and calculated from the
recommendations of Ulrich and Vasudevan [47]. The
non-condensables from the distillation column and the
purge stream were taken as energy credits and
therefore, the equivalent cost of energy of these
streams was subtracted from the total cost of utilities.
The land price was considered paid, so rent on land
was taken as zero. 8400 hours were taken as working
hours in a year. A fixed value of depreciation for each
year, taken as 10% of the fixed capital investment, was
used. The unit price of captured CO2 was considered
to be $0.0471 [48], $1.5 for green H2 [49], $60/kg for
the catalyst (expecting a little higher price than an
alumina-contained copper-based catalyst), and
$7.3/MMBtu ($6.9188/GJ) for the natural gas [50]. The
price of $1.5 for green H: is the best-case wind
scenario coupled with a low-cost electrolyzer. The
detailed breakdown of the product cost calculation is
shown in the electronic supplementary material in
Table S2. Additionally, chemical (CO2) conversion
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efficiency was also calculated by Eq. (4):

moles of methanol produced (4)
moles of CO, fed

%CCE =

Net profit (NP), return on investment (ROI), and
payback period (PBP, based on fixed -capital
investment) were calculated for the methanol selling
price of $1.5/kg. Income tax was taken as 35% of the
gross profit. For comparison purposes, the selling price
of methanol (SPM) for 0% ROI (zero net profit) was
also calculated. The formulas employed for the above
quantities are given in Egs. S1 S5.

Process description

Case I: Fig. 1a shows the flow scheme for Case |,
the simplest among all the flow schemes. CO2 received
from a COz-captured plant is compressed from 1 bar to
50.69 bar in a three-stage compressor (K-101) with
interstage cooling. Hz obtained from an electrolyzer at
a pressure of 30 bar and 25 °C is compressed in a
single-stage H2 compressor (K-102), again, to
50.69 bar. Both compressors are selected as the
centrifugal type. The two gases are heated in a fixed-
head shell-and-tube heat exchanger (HE-102) by high-
pressure steam. The temperature of the outlet stream
(Stream 6) reaches 250 °C. The reaction takes place in
an isothermal multitubular fixed bed reactor (R-101) at
50 bar and 250 °C. As the methanol synthesis process
is exothermic, cooling water is used to maintain the
isothermal reactor conditions. The product gases are
cooled in a floating head shell-and-tube heat
exchanger (HE-104) again by cooling water. The
cooled product is a vapor-liquid mixture and enters V-
101, a vertical high-pressure vapor-liquid equilibrium
(HP VLE) separator. The gases mainly H2, CO, and
COz2 vent out at the top while liquid containing primarily
methanol and water leaves at the bottom. The pressure
of the liquid stream is decreased to 1.5 bar with the help
of an expansion valve (VLV-101) and the liquid is
directed to a distillation column (T-101) fitted with a
partial condenser (fixed head, HE-105) at the top. Non-
condensables leave at the top and methanol is
recovered as a distillate product. The wastewater is
collected at the bottom of the distillation column where
low-pressure steam is employed in a kettle-type
reboiler (HE-106).

Case II: The process flowsheet for Case Il is
shown in Fig. 1b. Unlike Case I, the top product of the
HP VLE separator (V-101) is recycled back to the
reactor inlet. A recycle compressor (K-103) of
centrifugal type is employed for this purpose. As the
separator is operated at 48.31 bar, only a small
increase in pressure is required for the recycle stream
(Stream 9R). Additionally, a small stream (Stream 9P)
is also purged to avoid the buildup of the inert present
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Figure 1. Simulation flowsheet for: (a) Case I-Basecase, (b) Case l/-Introduction of recycle stream with purge.

in the feed COa..

Case lll: As shown in Fig. 2a, the liquid leaving the
high-pressure separator (V-101) is expanded in an
expansion valve (VLV-101) to release the gases
soluble in the methanol-water mixture. The pressure is
decreased from 48.31 bar to 2.19 bar and a second
VLE separator (V-102) is operated at this lower
pressure. Owing to a large liquid-to-vapor ratio, the
second separator is horizontally oriented. The gases
leaving at the top of the separator are also pressurized
and recycled back to the reactor. A reciprocating
compressor (K-104) is called for this duty. The liquid
departing at the bottom of the LP VLE is subjected to a
further decrease in pressure to reach the distillation
column (T-101) inlet at a pressure of 1.5 bar.

Case IV: The case is shown in Fig. 2b. The vapors
leaving the high and low-pressure VLE separators and
the vent vapors from the top of the methanol distillation
column are pressurized to 51.88 bar, cooled, and sent
to the gas absorber (19 sieve plates, T-102). The water
leaving the distillation bottom is cooled and used as a
solvent in the gas absorber, i.e., a part of the distillation
bottom is cooled to 37.78 °C and pressurized to
absorber conditions and used as a solvent for methanol
recovery. The solvent leaving at the bottom of the

distillation column is mixed with the LP VLE separator
bottom and sent back to the distillation column. This
scheme does not require a separate stripper for solvent
recovery.

Case V: Fig. 2c depicts the flowsheet of Case-V.
The LP VLE separator of Case-lll is replaced by a
stabilizer column (35 sieve plates, T-102) that operates
at 5 bar. Better separation of non-condensable gases
from methanol-water guarantees the absence of non-
condensable gases in the methanol distillation column
(T-101). The stabilizer top product (Stream 10R) is also
pressurized and recycled.

Case VI: Heat integration of Case Ill was carried
out as shown in Fig. 3a. The reactor outlet gases
(Stream 7) are used to preheat the reactants (Stream
5A). An additional heat exchanger (HE-102P) was
therefore installed for this purpose. Moreover, the
distillation bottom product (Stream 14) was used to
heat the feed stream (Stream 11) to the distillation
column to reduce the heat load on the distillation
column. The product stream was cooled thereafter.

Case-VIl: The flow scheme for Case VIl is shown
in Fig. 3b. Boiler feed water (Stream bfw) at 200 kPa
and 32. 2 °C was used for cooling in the reactor (R-101)
and heated up to the saturated conditions (saturated
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Figure 2. Simulation flowsheet for: (a) Case IlI-Addition of a low-pressure VLE separator; (b) Case IV-Addition of a gas absorption unit;
(c) Case V-Addition of a stabilizer unit.

water at 120.2 °C). The saturated water was further
heated to saturated steam (Stream s2). Part of the
saturated steam was used in the reboiler of the
methanol distillation column.

RESULTS AND DISCUSSION
Flowsheet configuration

The results of simulation and cost analysis for
316

different cases of flowsheets are shown in Table 2. For
Case |, the simplest formulation, the net profit is
$-6.97x107 (%R0l as -158.0), and the selling price of
a kg of methanol for zero net profit is $4.95. Both a
negative net profit and a staggeringly high methanol
price are quite undesirable. Upon the addition of a
recycling structure (Case Il), however, a huge
economic benefit resulted. For example, for a split ratio
(defined as the molar ratio of the flowrate of stream 9P
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Figure 3. Simulation flowsheet for: (a) Case VI-Heat integration to Case /Il with reactor cooled by cooling water; (b) Case VII— Heat
Integration to Case Ill with reactor cooled by boiler feed water leading to steam generation.

to the flowrate of stream 9R) of 0.02, %ROI is
increased from -158.0% to +23.96% and the price of a
kg-methanol obtained for zero net profit is reduced from
$4.95 to a much lower value of $1.37. At this stage,
various split ratios (recycle ratios) were tried and a
moderate split ratio of 0.02 was selected and fixed to

be used in the analysis of the subsequent cases. The
above value of split ratio corresponds to the recycle
ratio (RCR) of 3.92 calculated by taking the ratio of the
molar flowrate of the recycled stream (9R2) to the molar
flowrate of the makeup hydrogen stream (2).

Table 2. Results of simulation in terms of cost and profitability measures.

TCI TPC NP* ROI* PBP* Methanol price for CCE,

Case %) ©®) %) (%) (v YoRO1- 0 ka4
($/kg methanol) (%)

| 44120602.04 153890631.15 -69708730.43 -157.996 - 4.9486 14.65

1] 70250734.29 270123796.24 16828805.84 23.9553 2.6190 1.3688 93.00

] 70333475.16 271777961.70 17460563.31 24.8254 2.5506 1.3653 93.87

v 74903672.84 276465625.74 16646098.24 22.2233 2.7666 1.3728 94.90

\ 70669945.94 276029877.3 16752064.48 23.7047 2.6394 1.3719 94.82

\| 82651188.15 265819566.18 21306871.09 25.7793 2.4796 1.3353 93.82

Vil 96475299.74 260212347.28 24975190.36 25.8877 2.4718 1.3070 93.82

VII-11 100537614.7 268107909.19 29269639.83 29.1131 2.2598 1.2843 97.45

*For price equivalent to $1.5/kg methanol.

As mentioned earlier, in the purification step, the
load on the distillation column was decreased by using
an LP VLE separator, a gas absorption column, or a
stabilizer column, respectively as shown in Fig. 2(a—c).

Comparing the three cases, the results show that the
LP VLE separator is the most economical method of
separation in the present situation. Table 2 shows that
the %ROI is 24.83, 22.22, and 23.70, respectively, for
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using the LP VLE separator alone, gas absorber, and
stabilizer. Out of the three, the case with gas absorption
is not only complicated, but it also provides the highest
TCI and the lowest net profit. When compared with
Case Il over which Case lll, Case IV, and Case V were
developed, itis revealed that the addition of either a gas
absorber (Case IV) or a stabilizer (Case V) is proved an
economically poor design with adverse economic
benefits. In both cases, TCI increased while the net
profit decreased. The use of an LP VLE separator is not
only a simplified deal, but it has also incremented about
4% net profit for virtually the same TCI. At this point, the
integration of the LP VLE separator was approved, and
the flowsheet developed hitherto was subjected to heat
integration.

For heat integration, as mentioned earlier, two
approaches were adopted. In the first scheme, cooling
water was used to remove the exothermic heat of the
reaction from the methanol synthesis reactor. Whereas
in the second approach, boiler feed water (bfw) was
used that was heated to the saturated liquid state by the
excess heat of the reactor. Additionally, a boiler was
installed to convert the saturated liquid water to the
corresponding saturated steam. As the heat of the
reaction for CO2 hydrogenation to methanol is nearly
half the heat of the reaction for CO hydrogenation, an
opportunity was available to use cooling water for
cooling the reactor. Boiler feed water owing to the
requirements of additional treatment, is much more
expensive than simple cooling water. The cost
comparison between using cooling water and boiling
feed water was therefore considered imperative. Fig. 2
and Fig. 3 show, respectively, the use of cooling water
alone in the reactor and the use of bfw in the reactor
with steam generation. For both the heat integration
cases (Case VI and Case VIl), a massive improvement
is observed over the previous best case, Case lll.
Although capital investment has increased, the net
profit has also increased and increased quite
appreciably. The net profit increased nearly 22% for
Case VI, while it increased about 43% for Case VII.
Comparing Case VI and Case VII, a significantly higher
net profit is obtained in Case VII though at the cost of a
little more TCI which resulted in virtually the same
%ROI for the two cases. Based on the highest revenue
and slightly better %ROI than Case-VI, with the lowest
methanol price for 0%ROI, Case VIl was received as
the best flowsheet configuration.

Effect of recycle ratio

The final flowsheet was additionally analyzed for
various recycle ratios. As mentioned earlier, the
recycle ratio was varied by varying the split ratio (moles
9P/moles 9R). This was done because it was found
much more convenient to set a split ratio in Aspen
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HYSYS than to fix a recycle ratio. Fig. 4 shows the
effect of the split ratio (recycle ratio) on the ROI of the
plant. It is clearly revealed that the recycling ratio has a
great effect on the economic performance of the plant.
Initially, with a decrease in the recycling ratio, the ROI
is linearly increased, it then reached the maximum and
then decreased steadily. A mathematical equation was
developed using TableCurve 2D between the split ratio
(SR) and ROI as shown in Eqg. (5). An excellent fit of
the data with the sum of squares of the errors (SSE) of
only 7.01x10-% was obtained. Taking the derivative of
the function with respect to SR, the maximum ROI was
obtained at the split ratio of 0.00575.

0.0001046
“ew o ©
where SR is the split ratio defined as moles of the 9P
stream divided by moles of the 9R stream.

0.35

RO/ =0.3266-3.1910SR +2.3189SR” -

0.3

0.25 ! Ay
" N

O 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12
Split ratio

Figure 4. RO/ values with a change in the split ratio (recycling
ratio). The split ratio s the moles of stream 9P divided by the
moles of stream 9R.

Case VIl was rerun using the new split ratio and
the sub-case was called Case VII-11. The material
balance for Case VII-11 is shown in Table 3 whereas
Tables S1 to S3 provide the detailed cost estimation
and profitability analysis for Case VII-11. It can be found
from the results that the final flow scheme produced
0.71 kg methanol per kg of CO2 and that 35 tonnes of
CO: is ready to mitigate every hour.

It is important to mention here that at the steady
state, the feed flow rate of nitrogen and the purge flow
rate (plus nitrogen leaving any other stream) should be
the same. However, Table 3 shows a slight difference
in the two flow rates caused by the tolerance selected
for the simulation. It was observed that as the split ratio
decreased, the convergence became more and more
difficult. A smaller value of tolerance was avoided as it
could create more problems in convergence thus giving
no result.

Effect of the price of feed materials

Case VII-11 was further studied to observe the
effect of the price of CO2, Ha, fuel (NG), and catalyst
(together called feed material) on the economic
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Table 3. Material balance results for major streams of Case-VII-11, i.e., Case-VII with a split ratio of 0.00575 (RCR of 4.2972).

Stream Stream T p Phase’ Molar flowrate (kmol/h)
# Name (°C) (bar) CO2 Cco Methanol H20 N2 Total
1 Feed CO2 25.00 1.000 g 793.5694 - - - 3.1870 796.7564
2 Feed Hz 25.00 30.00 g - 2373.0400 - - - - 2373.0400
3 Compressed 169.9 51.38 g 793.5694 - - - 3.1870 796.7564
CO2
4 Compressed 9291 51.38 g - 2373.0400 - - - - 2373.0400
Hz
5B Preheater 62.66 51.38 g 3115.3699  9343.7753 307.9612 56.2431 11.3332 532.4433 13367.1261
Inlet
5 Heater Inlet 150.0 50.69 g 3115.3699  9343.7753 307.9612 56.2431 11.3332 532.4433 13367.1261
6 Reactor Inlet 250.0 50.00 g 3115.3699  9343.7753 307.9612 56.2431 11.3332 532.4433 13367.1261
7 Reactor 250.0 49.00 g 2336.5274 7010.8237 309.7491 833.2977  790.1757  532.4433 11813.0169
Outlet
7A Product 159.3  48.31 g 2336.5274 7010.8237 309.7491 833.2977  790.1757  532.4433 11813.0169
Cooler Inlet
8 HP 37.78  47.62 Z 2336.5274 7010.8237 309.7491 833.2977  790.1757  532.4433 11813.0169
Separator
Inlet
9 HP 37.78  47.62 g 2328.4598  7007.7248 309.5453 55.5922 11.1873 532.4263 10244.9357
Separator
Vapor Outlet
9P Purge 37.78 47.62 g 13.3886 1.7799 0.3197 0.06433 3.0615 58.9084
9R HP 37.78 47.62 g 2315.0711 6967.4304 307.7654 55.2725 11.1229 529.3649 10186.0273
Separator
Recycle
9R2 Recycle 46.81 51.38 g 2321.8005  6970.7353 307.9612 56.2431 11.3332 529.2563 10197.3297
10 HP 37.78 47.62 / 8.0676 0.2038 777.7055  778.9884 0.01701 1568.0813
Separator
Liquid Outlet
10A LP Separator ~ 37.37  2.189 Iz 8.0676 0.2038 777.7055  778.9884 0.01701 1568.0813
Inlet
10B LP Separator  37.37  2.189 / 1.2592 0.006298 0.05885 776.7348  778.7781 - 1556.8372
Liquid Outlet
10R LP Separator  37.37  2.189 g 6.8085 0.1975 0.9707 0.2104 0.01699 11.2441
Gas Recycle
1 Distillation 63.53  1.500 ez 1.2592 0.006298 0.05885 776.7348  778.7781 - 1556.8372
Column Feed
12 Vent 62.59  1.100 g 1.1780 0.006060 6.9995 0.04676 8.2880
13 Methanol 62.59  1.100 / 0.08120 0.001132 0.0002374  768.9674 11.6276 - 780.6776
Product
14 Distillation 111.2  1.500 / - - 0.7679 767.1038 - 767.8716
Bottoms
14B Wastewater 42.71 1.810 / - - 0.7679 767.1038 - 767.8716
* £ liquid; g gas.

outcome of the plant. The effect on %ROI and the
selling price of methanol (SPM) for 0%ROI is shown in
Fig. 5 and Fig. 6, respectively. Figs. S1 and S2 in the
electronic supplement, on the other hand, show the
effect on NP and PBP, respectively. In each case, as
expected, with a decrease in the price of feed material,
profitability is increased, and the payback period and
SPM for 0%ROI are decreased. Additionally, it can be
noticed that within the ranges of study, the effect is
more pronounced for changes in CO2 and H: prices
than for changes in the prices of fuel and catalyst.
Clearly, the price of Hz is the biggest factor in defining
the profitabilty of the process. Mathematical
relationships were also developed for the graphical
curves of Figs. 5, 6, S1, and S2 and reported along with
the data in the figures.

Two generalized correlations that combine the
effects of the price of each of CO2, Hz2, NG, and catalyst
on %ROI and methanol selling price for 0%ROI were
also developed as shown in Egs. (6) and (7),
respectively. For each relationship, 40 data points of
Figs. 5, 6, S1, and S2 were employed, and SSE was

used as the objective function to be minimized. The
value of SSE for developing Eq. 6 was 8.78x10-5 while
it was 3.61x10-8for Eq. (7).

%ROI|,,,, o, =150.9111-417.9215C,,, - 57.1016C,, )
~1.0137C,, ~0.1510C,,
SPM|,, ., =0.3819+3.0964C,,, +0.4231C,,, + )

0.007506C,; +0.001119C,,

at

where, C; is the cost or price of the th feed material.

Eq. 6 and Eq. 7 can be utilized for calculating
%ROI and SPM for 0%ROI for any combination of costs
of feed materials discussed above. For example, by
halving the Hz price ($0.75) which is expected in the
near future [51], and keeping all the other costs as such,
%ROI is increased from 29.11 to 71.94 and SPM for
0%ROI decreased from $1.28 to $0.97. If in addition,
the energy cost is used as $3.0/MMBtu, %R0l rises to
76.30 and SPM for 0%ROI declines to $0.93/kg.
Furthermore, if the price of COz2 is reduced to zero as if
part of the CO2 meant for sequestration is routed for
methanol synthesis, then %ROI and SPM for 0%ROl,
respectively, are calculated as 95.98 and $0.79/kg.
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Figure 5. Effect of variation in costs of CO,, Ha, energy (NG), and catalyst on %ROI. When not varying in the above relationships, the
costs were fixed at $0.0471/kg CO., $1.5/kg Hz, $7.3/MMBtu energy (NG), and $60/kg catalyst.
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Figure 6. Effect of variation in costs of CO,, Hs, energy (NG), and catalyst on the selling price of methanol for 0% ROI. When not varying
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320



KHAWAJA et al.: CONCEPTUALIZATION AND PROCESS SIMULATION OF...

Chem. Ind. Chem. Eng. Q. 30 (4) 309-323 (2024)

Comparing the market value of methanol taken as
$0.53/kg [52], the process studied in the present work
is found economically unfavorable unless the price of
both CO2 and H: is decreased to a very low value. As
an example, if the cost of CO: is kept at $0.01/kg and
the cost of H2 at $0.06/kg for an energy cost of
$3/MMBtu, the selling price of methanol becomes less
than $0.53/kg. However, in line with the aims of CO:
mitigation, while exploiting the valuable chemical
content of CO., the proposed process has the potential
to be used for further research that may lead it to
commercial realization.

CONCLUSION

The process flow scheme for the direct CO:2
hydrogenation to methanol was conceptualized and
simulated. The incorporation of gas recycling greatly
benefited the process and a 760% increase in ROl was
observed when a recycle stream with a recycle ratio of
3.92 was introduced in the simplified base case. For
improving the separation of light gases, a simple low-
pressure VLE separator yielded a more cost-effective
solution than using a gas absorption system or a
stabilizer. The reactor cooling with boiler feed water
leading to steam generation was proved to be an
economically better approach than cooling with cooling
water. The recycling ratio had a huge impact on the
economic performance of the plant. The net profit first
increased and then decreased with an increase in the
recycling ratio. An optimum recycle ratio was worked
out and calculated as 4.30. Comparing the effect of the
prices of CO2, Hz2, NG, and catalyst, the price of green
hydrogen has exhibited the biggest effect on the
profitability of the process. The study indicates that
each year 294 kilotonnes of CO2 would be successfully
abated and in addition, 209 kilotonnes of methanol
would be produced that could be traded to generate a
large sum of capital.

ABBREVIATIONS

bfw Boiler feed water

cw Cooling water

hps High-pressure steam
Ips Low-pressure steam
HP High pressure

ID Internal diameter

LP Low pressure

MTG  Methanol to gasoline
MTO  Methanol to olefins
NG Natural gas

NP Net profit

NRTL  Non-random two-liquid
oD Outer diameter

PBP Payback period

RCR Recycle ratio

ROI Return on investment

SPM Selling price of methanol

SR Split ratio

SRK Soave-Redlich-Kwong

SSE Sum of squares of the errors

TCI Total capital investment

TPC Total product cost

VLE Vapor-liquid equilibrium
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NAUCNI RAD

KONCEPTUALIZACIJA | SIMULACIJA PROCESA
POSTROJENJA ZA PROIZVODNJU METANOLA
NA BAZ| CO2

Ova studjja konceptualizuje i simulira proces proizvodnje metanola kroz direkinu
hidrogenaciju uhvacenog CO, Cu0/ZnO/ZrO, je koriscen kao katalizator, a Aspen
HYSYS je koriscen za simulaciju procesa. Konfiguraciona optimizacija toka procesa je
sprovedena koriScenjem hijerarhijskog pristupa korak po korak. Dobijeni su mnogi
alternativni tokovi i izracunate su njihove kapitalne investicije, cena proizvoda |
profitabilnost. Diskriminacija medu konkurentnim tokovima je izvrSena na osnovu neto
dobiti i procenta povracaja investicjje. ZadrZzana sema toka je dalje analizirana radi
optimizacije odnosa reciklaZe i procene uticaja cene uhvacenog CO, zelenog Ho,
prirodnog gasa (goriva) i katalizatora na ekonomske performanse postrojenja. lzracunata
optimalna vrednost odnosa reciklaZe je 4,23. Pored toga, utvrdeno je da je cena H:
najvaznifi parametar u definisanju izvodjjivosti i isplativosti procesa. Razvijene su i
matematicke korelacije koje povezuju isplativost i cenu gore navedenih sirovina.

Kljucne reci: hvatanje COs, iskoriscenje CO, ekonomija metanola, CO,
hidrogenacija, CuO/ZnO/ZrO; katalizator.
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THE MAGNETOHYDRODYNAMIC
WILLIAMSON FLUID FLOW ON AN
EXTENDING SHEET WITH THERMOPHORESIS
AND CHEMICAL REACTION

Article Highlights

¢ Non-linear system of Partial differential equations

o MATLAB bvp4c solver is used

* Examines velocity, temperature, and concentration distribution of Williamson fluid
e Chemical reaction, thermophores, and magnetic field parameters are analyzed

Abstract

This research investigates the steady, two-dimensional, incompressible flow
of a pseudoplastic Williamson fluid subjected to a linearly stretched sheet.
The study incorporates the effects of magnetic fields, chemical reactions,
and thermophoresis on fluid behavior. By applying boundary layer
techniques and similarity transformations, the governing equations are
simplified for numerical analysis. The MATLAB bvp4c solver is employed to
solve the reduced equations. The obtained results are visually represented
and thoroughly discussed to comprehend the model's physical
characteristics. The investigation highlights the magnetic field's influence,
chemical reaction, and impact of thermophoresis particle deposition on the
flow behavior of Williamson fluid over the extended sheet. Moreover,
significant roles are found for chemical reactions and thermophoresis
parameters in determining the fluid concentration near the boundary layer.
It is observed that an increase in the chemical reactions and thermophoresis
parameters results in a reduced thickness of the fluid concentration near the
boundary layer. Notably, an increase in Schmidt value also diminished the
thickness of the fluid concentration close to the boundary layer. The
magnetohydrodynamic parameter significantly influences the fluid's velocity
and temperature near the surface. It has been noted that an increase in the
magnetohydrodynamic parameter decreases the fluid’s velocity and
increases the temperature near the surface. The impact of skin friction
coefficient and Nusselt number and the impact of mass transfer coefficient
on Williamson fluid will be discussed. The findings acquired are examined
In relation to existing research and the correlation is provided as a table.

Keywords. Williamson fluid, magnetohydrodynamics, chemical reaction,
thermophoresis.

in various applications and industries, making their
boundary layer flow an area of significant research
interest. Numerous models have been proposed to
characterize the behaviour of pseudoplastic fluids;
however, the Williamson fluid model has received
relatively limited attention. In 1929, Williamson [1]
conducted pioneering research on the flow of
pseudoplastic materials. He suggested a model
equation to explain pseudoplastic fluid flow and
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validated the conclusions through empirical data
analysis. Despite its potential significance, the
Williamson fluid model remains an underexplored
aspect of pseudoplastic fluid dynamics.

In the realm of boundary layer flow, pioneering
research was conducted by Sakiadis [2] on a
continuously stretched surface, where he created the
fundamental equations for boundary layers in two
dimensions. Subsequently, Tou et al. [3] examined how
transfer processes affect boundary layer flow on a
stretching surface in depth. Erickson et a/. [4] expanded
the study to include the impacts of mass transfer, taking
into account both injection and suction.

Nadeem et al [5] explored the intriguing
Williamson fluid behavior on a stretched sheet,
revealing that as the Williamson parameter increased,
velocity profiles and skin friction coefficient
deteriorated. Continuing this investigation, Hayat et
al. [6] delved into the complexities of Williamson fluid
flow across a stretched surface with a magnetic field,
heat radiation, and an electric field. Their findings
indicated that greater values of the Williamson
parameter resulted in a reduction in the wall shear
stress.

Shawky et al. [7] brought a new perspective by
analyzing the movement of a non-Newtonian fluid
under the influence of a magnetic field over an
extended porous sheet. They observed that when the
Williamson and porosity parameters increased, the rate
of heat transfer to the expanded surface significantly
increased. These studies collectively shed light on the
intricate  dynamics of pseudoplastic fluids like
Williamson fluid in various boundary layer flow
scenarios, offering valuable insights for practical
applications in industry and engineering. In the realm of
Williamson fluid dynamics, Hussain [8] conducted a
comprehensive study on the influence of nanoparticles
on Williamson fluid flow over a stretching sheet. The
findings revealed that various physical parameters
significantly impacted heat transfer near the wall, while
their effects were nearly negligible farther away from
the wall.

Further exploring the characteristics of
Williamson nanofluids, Nadeem and Hussain [9]
investigated Williamson nanofluid magnetohydrodyna-
mic (MHD) flow over a heated surface. Notably, they
discovered that the Williamson fluid's conductivity was
lower than that of Williamson nanofluid., emphasizing
the importance of considering nanoparticle additives for
enhanced thermal performance. Delving into the
complexities of Williamson nanofluids' boundary layer
stream, Kebede ef a/. [10] analyzed its stability and
revealed that the velocity profile decreased as a

function of various parameters, including Williamson,
326

porosity, unsteadiness, and magnetic field parameters.
These studies collectively provide valuable insights into
the behavior of Williamson nanofluids, paving the way
for potential applications in heat transfer and fluid
dynamics research.

Numerous researchers have contributed to the
understanding of the progress of boundary layers on
surfaces that are linearly stretched [11-13]. Kumaran
and Ramanaiah [14] investigated viscous fluid flow over
a stretching surface with quadratic stretching, obtaining
closed-form solutions. Ali [15] examined the thermal
boundary layer's response to temperature changes and
power law stretching. Elbashbeshy[16] talked about
how viscous fluid flows and transfers heat under
exponential stretching conditions.

By including viscous dissipation and elastic
deformation, Sanjayanand and Khan [17] expanded the
study to consider heat and mass transmission of
viscoelastic fluid. A numerical solution for the heat and
mass transfer of a viscous fluid over an exponentially
extending surface was created by Magyari and
Keller [18]. In their examination of the thermal radiation
impacts of Jeffery fluid over an exponentially extending
surface, Nadeem et al. [19] compared the numerical
and homotopy analysis method (HAM) results. More
recently, Nadeem and Lee [20] investigated the impact
of nanoparticles on the exponentially stretched
boundary layer flow of viscous fluid.

Numerous processes also depend on the analysis
of integrated heat and mass transfer associated with
chemical reactions including radioactive waste geo-
repositories, packed bed chemical reactors, and heat
exchangers used to cool electronic circuits. Chemical
concentration is examined by numerous scholars
[21-23].

The MHD flow over a stretching sheet has
abundant industrial and manufacturing applications,
which include polymer extrusion, continuous casting of
metals, petroleum industries, and electrical power
generators. Due to its large-scale applications, many
researchers attempted to study and analyze the
solutions of differential equations describing boundary
layer and MHD fluid flow problems along a stretching
sheet. Mohammed Ismail ef a/[24] addressed the effect
of thermal radiation on MHD hybrid nanofluid flow over
a stretching cylinderimmersed in a porous medium and
discussed the various physical properties. They further
extended the work in the investigation of numerically
solving the heat transfer enhancement due to the
radiative magnetohydrodynamics flow of a hybrid
nanofluid past a porous stretching cylinder under the
influence of variable viscosity as well as suction [25].
Subsequently, SM Ismail ef al. [26] have analyzed the
MHD flow of an aqueous ethylene glycol nanofluid past
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a two-way exponentially extending lamina where
appropriate transformation is used, thereby the
temperature and velocity sketches of copper alumina in
aqueous glycol nanofluid for current physical stratum
are obtained.

The thermophoresis phenomenon is essential in
many practical applications including the removal of
small particles from gas streams, aerosol technology,
deposition of silicon thin films, and radioactive particle
deposition in nuclear reactor safety simulations.
Several studies discussed the impact of
thermophoresis particle deposition in the literature [27—
28].

Williamson fluid over a continuously moving
surface is often encountered in engineering such as
polymer processing industries, paint and coatings
manufacturing, food processing, inkjet printing,
wastewater treatment, etc. Understanding the
rheological properties of Williamson fluid is crucial in
these engineering applications to optimize processes,
ensure proper functionality, and achieve desired
product characteristics.

In the current work, we focus on the mass and
heat transfer analysis of Williamson fluid over a linearly
stretching sheet, leveraging the Williamson fluid model,
while considering the influence of a magnetic field,
chemical reaction, and thermophoresis. By employing
suitable similarity transformations, we simplify the
governing boundary layer equations. The resulting
equations are solved using numerical methods, and the
outcomes are presented through graphs, offering
valuable insights into the behavior of the Williamson
fluid under linearly stretching conditions.

PROBLEM FORMULATION

Consider the Williamson fluid model, which is
incompressible, steady, and capable of mass transfer
while flowing over a linearly stretched sheet in two
dimensions in the presence of the following physical
properties: chemical reaction, thermophoresis, MHD,
viscous dissipation.

The equations represent a comprehensive
system that describes the conservation of mass,
momentum, energy, and concentration for the
Williamson fluid flow over the linearly stretched sheet,
considering the effects of chemical reaction,
thermophoresis, and magneto-hydrodynamics are
[6,29].

ou 6u=0

—+— 1
ox oy M

U,- constant velocity

Figure 1. Schematic diagram.

2 2 2
you ., ou_ du ou &u [UB (X)]U @)

—+V—=V—+JUWT———
ox oy oy? V2 oy oy? pc,

2 2 B2
U£+V£:L 6772- +L 8711 _ 67()() U2 (3)
ox oy pc,\ oy c,\ oy PC,

oc oC . o°C 0
= wZ==p"=-R.(C-C)-—(V,(C-C 4
Yox +V@y oy? o ) ay( a 2) @)
BO
o
Because of the magnetic conduction, Egs. (2) and
(3) becomes:

2 2 2
u&/+V&/:VM+J§Vr&/M_[ o5, ]u (5)

where the magnetic conduction is B(x)=

ox oy  oy? oy oy® | p2xc,

oT oT k(T v (ouY ( oB2 ),
U—+V—=— | — [+—| —| - u (6)
ox oy  pc,\ oy c,\oy p2xc,
Subject to the boundary conditions:

u=U,T=T,,C=C, at y=0
u=0T=7,C=C,aty—>x

()

where the velocities along the x and y axes are denoted
by vand vrespectively. vis the kinematic velocity.

By using the following similarity transformations
[6,27]:

n=y Lo ,w =\2yUyxf(n), w — stream function
2yx
S o
oy ox

112Uy, 1U,y
—Uf'(n) v = /70 Feido g
u=Uf(n).v 2\ x T2 x ®)

T=(7,-T,)0(n)+T,
C=(C,-C,)p(n)+C,
Substituting Eq. (8) in Eq. (1), which is satisfied
identically. After applying the above similarity
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transformations, Equations (2—4) becomes:

£ AF"F = MF' =0 9)
0"+ PO'f+PEf'+MP E f?=0 (10)
0"+ Sc(fp'+Rp—T, 0") =0 (11)

corresponding boundary conditions are:

£'(0)=1,60(0)=1,¢'(0)=1
f'(oo) =0, 9(00) =0, ¢'(oo) =0

where,
2
Magnetic Parameter =M = o5 ,
Y,
C C
Prandl Number =/~ i A d 3
k k
U2
Eckert Number =£, =——0% |
Cp (Tw _7;)

Schmidt Number =S, =—,

3
Williamson Dimensionless Parameter =1 = 51 /2U—°
4 X

Chemical reaction parameter R :—Rc(fjx
0

—

|

)

. k- (T, —
Thermophoretic parameter 7, = —T(';V_i

The interesting physical parameters are the local
skin-friction coefficient, the local Nusselt number, and
the local Sherwood number which can be defined as
follows [30]:

C = NU = 2D s X
PU; k(TW 7;) D(CW C)

0

» Gy (x)= {—kar}ﬁo .

where 7, = u 6—U+L 6—u2
Yooy 2lay oy

Using the similarity variable, we get:

y=0

Jzc, Re% - [f--(o) + %(f"(o))z} NU, Rex% - %go)

% _—¢'(0)
Sh,Re; 7

METHOD OF SOLUTION

The collection of non-linear partial differential
equations Egs. (2—4) were transformed into the
ordinarily differentiable Egs. (8—10) by using similarity
transformation for the proposed parameter Pr, M, Sc,
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Ec, A, R, Tv. Further, the equations Egs. (8—10) are
converted to first-order equations as follows:

f()=FfF(2)=rf",f(3)=F",f(4)=6,f(5)=0"
f(6):(p, f(7)=(p',
and Egs. (8—10), have been written as:

f=1(2)
I =(1/(1+/1*f(3)))*[

0 =1(5)

0"=~(Prf(1)*£(5))- Ec*Pr(3)*£(3) -
M*Pr*Ec*f(Z)*f(z)

p"=-Sc*f(1)*f(7)-Sc*R*f(6)+

~(Pr7(1)*7(5))
Tv*Sc*| —Ec*Prf(3)-
M*PreEc*f(2)*£(2)

The bvp4c solver in MATLAB is employed to
obtain numerical solutions for the above system. By
analyzing graphical representations of fluctuations, we
can investigate the influence of different parameters in
the governing differential equations on the flow
behavior. The problem involves essential
dimensionless parameters like Prandtl number,
Schmidt number, Eckert number, magnetic parameter,
thermophoretic parameter, and chemical reaction
parameter. A comprehensive examination of how
various physical factors impact the velocity,
concentration, and temperature of the fluid in close
vicinity to the surface is obtained from these numerical
solutions. The heat transfer parameter -6 (0) and mass
transfer parameter -¢’(0) are also compared with [31]
to evaluate the accuracy of our technique, and they
agree very well with it. The association is provided in
Table 1.

Table 1. Comparison value of -©10) and - ¢ (0) for diifferent Pr
& ScatA=0, R=0.0 M= 0, Ec = 0.

[31] Present Value

f0)  ProrsSc -6'0) or-§'(0) -010) or -¢'(0)

0 1 0.4439 0.4473

10 1.680 1.6819

100 5.545 5.5432
RESULTS AND DISCUSSION

The solution to the aforementioned problem is
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illustrated by several graphs, each of which shows the
outcomes for various parameter value sets. These
values of the parameters set are taken from the earlier
literature [4,5,32-35]. These graphs provide an
extensive overview of the outcomes of computations.
The relevant parameters including the Prandtl number,
Schmidt number, Eckert number, magnetic parameter,
thermophoretic parameter, and chemical reaction
parameter are considered for the analysis.
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Figure 2. Concentration profile for different values of Tv.

Figure 2 highlights the effect of thermophoresis on
the concentration profile. It has been noted that as the
thermophoretic parameter increases, the thickness of
the concentration at the boundary decreases. As the
thermophoretic parameter increases, the
thermophoretic force becomes stronger. Consequently,
the fluid particles with higher concentration move
towards regions of lower temperature, and those with
lower concentration move towards regions of higher
temperature. This migration of species leads to a
reduction in the overall concentration profile. This
behavior is clearly explained in Figure 2.

Figure 3 shows that the concentration profile is
decreasing for an increasing value of the Schmidt
number. When the Schmidt number increases, it
implies that molecular diffusivity becomes less effective
compared to momentum diffusivity. In other words,
momentum transfer dominates over mass transfer. This
has a significant impact on the concentration profile
within the fluid. Consequently, the concentration
gradients in the fluid become less pronounced, leading
to a decreasing concentration profile.

Figure 4 shows that the concentration profile is
decreasing for an increasing value of the chemical
reaction parameter. As the chemical reaction rate
increases, it leads to a faster conversion of the
reactants into products. In a flow or medium, this results
in a depletion of the species concentration as they are
consumed more rapidly due to the increased chemical

reaction rate. As a consequence, the overall
concentration profile decreases along the flow
direction.
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Figure 3. Concentration profile for different values of SC.
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n

Figure 4. Concentration profile for different values of R.

From Figure 5, it is evident that the temperature
profile increases as the Eckert number (Ec) increases.
The increase of Eckert number indicates a greater
kinetic energy relative to the enthalpy change, which
can lead to enhanced convective heat transfer. This
behavior is observed in Figure 5.

Figure 6 depicts the variations in temperature
profiles for different parameter values Pr. When Pr is
relatively low, thermal transmission becomes the
dominant mode of heat transfer in the system.
Consequently, heat can diffuse more quickly in such
cases compared to scenarios where Pr has higher
values. As a result, the temperature profile exhibits a
steeper decline for smaller Pr values, indicating that
heat dissipates more rapidly away from the heating
surface. On the other hand, for higher Pr values, the
dominance of thermal conduction diminishes, leading
to slower heat diffusion and a less steep temperature
decline. This behavior is clearly explained in Figure 6.
Based on the findings presented in Figure 7, a
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Figure 6. Temperature profile for different values of Pr.
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Figure 7. Temperature profile for different values of M.

noteworthy observation is that the temperature of the
fluid rises with increasing values of the magnetic
parameter (M). When M increases, it imposes a
magnetic force on the fluid, which interacts with the
fluid's motion and hinders its movement in turn it
increases the temperature of the fluid. From Figure 8, it

330

is observed that the velocity profile decreases for
increasing Williamson dimensionless parameter.

From Figure 9, it is evident that as the magnetic
parameter (M) increases, the fluid velocity
progressively decreases. When M increases, it
imposes a magnetic force on the fluid, which interacts
with the fluid's motion and hinders its movement, thus
impacting the velocity profile.

Figure 10 shows the variation in skin friction
coefficient for various values of magnetic parameter
(M). It is exhibited that the local skin friction coefficient
has increased for a higher value of M. Heat transfer
tendency of the fluid for different values of magnetic
parameters (M) is shown in Figure 11. Itis revealed that
heat transfer is high for increasing magnetic
parameters (M).
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Figure 8. Velocity profile for different values of A.
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Figure 9. Velocity profile for different values of M.

The mass transfer tendency of the fluid for
different values of the chemical reaction parameter (R)
is shown in Figure 12. It is revealed that mass transfer
is high for increasing chemical reaction parameter (R).

Future direction

In the literature survey, so far limited research has
been made to analyze the problem of hybrid
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nanoparticles  with ~ Williamson  fluid  model.
Incorporating nanoparticles into Williamson fluid will
enhance the traditional heat transfer properties
because of their strong thermal conductivity. The idea
of using Williamson nanofluid can be researched
further in the future to enhance the heat transfer
characteristics of the base fluid.
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Figure 10. Skin friction coefficient for different value of M.
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Figure 11. Heat transfer parameter for different values of of M.
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Figure 12 Mass transfer parameter for different values of of R.

CONCLUSION

The study focused on investigating the influences
of various dimensionless factors on the temperature,

velocity, and fluid concentration near the surface. The
findings revealed significant trends in Williamson fluid,
which are summarized as:

As the thermophoretic parameter increases, the
strength of the thermal diffusion increases, which leads
to the migration of species, and in turn, the
concentration of the fluid decreases.

As Scincreases, the fluid’s concentration near the
surface diminishes.

As the chemical reaction factor rises, the fluid’s
concentration near the surface diminishes.

The fluid temperature rises with rising Eckert
numbers suggesting higher Eckert numbers enhance
heat transfer near the surface.

A rise in the Prandtl number causes the fluid
temperature to rise suggesting that with lower values of
Pr, thermal conduction is greater and that heat can
diffuse and move away from the heat surface more
quickly than at higher values of Pr.

The increase in the magnetic parameter (M) leads
to an increase in the fluid temperature distribution and
causes a decrease in the velocity profile.

The velocity profile diminishes as the Williamson
dimensionless parameter increases.

Nusselt number and skin friction coefficient
increase with increasing magnetic parameters, and Sc
increases  with increasing chemical reaction
parameters.

NOMENCLATURE

Uy  stretching parameter

Ec Eckert number

Sc  Schmidt number

Cp specific heat at constant pressure
C fluid concentration

T fluid temperature

Pr  Prandtl number

B Magnetic field

M magnetic parameter

Greek symbols

n
¢
A
T
v
P
o
Wy
0
k

similarity variable
dimensionless concentration
Williamson fluid parameter
dynamic viscosity

kinematic viscosity

density of the fluid

electrical conductivity
stream function
dimensionless temperature
thermal conductivity

Subscripts

w

=

conditions at the surface
conditions far away from the surface
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NAUCNI RAD

MAGNETOHIDRODINAMICKJ VILIJAMSONOV
TOK TECNOSTI NA PRODUZENOJ PLOCI SA
TERMOFOREZOM | HEMIJSKOM REAKCIJOM

U ovom radu je istraZivan stabilan, dvodimenzionalni, nestisjiv tok pseudoplastiche
Vilijamsonove tecnosti podvrgnute linearno rastegnutom sloju. Studija ukljucuje efekte
magnetnih polja, hemijskih reakcija i termoforeze na ponasanje fluida. Primenom metoda
granicnog sloja i slicnosti, glavne jednacine su pojednostavijene za numericku analizu.
Za reSavanje redukovanih jednacina koristi se MATLAB bvp4c resavac. Dobifeni rezultati
su vizuelno predstavijeni i detalfno razmotreni kako bi se sagledale fizicke karakteristike
modela. IstraZivanje naglasava uticaj magnetnog polja, hemijske reakcije i uticaj
taloZenja Cestica termoforezom na strujno ponasanje Viljamsonove tecnosti preko
produZene ploCe. Znacajne uloge u odredivanju koncentracije tecnosti u blizini granicnog
sloja imaju hemijske reakcije i parametri termoforeze. Primeceno je da povecanje
parametara hemijskih reakcija i termoforeze dovodi do smanjenja debljine koncentracije
tecnosti u blizini granicnog sloja. Primetno je da je povecanje Smitove vrednosti takode
smanjilo debljinu koncentracije tecnosti blizu granicnog sloja. Magnetohidrodinamicki
parametar znacajno utice na brzinu tecnosti i temperaturu blizu povrsine. Primeceno je
da povecanje magnetohidrodinamickog parametra smanjuje brzinu fluida i povecava
temperaturu blizu povrsine. Razmatrace se uticaji koeficijenta trenja, Nuselfovog broja i
koeficijenta prenosa mase na Viljamsonovu tecnost. Dobijeni nalazi se porede sa
postojecim istraZivanjima, a korelacija je data tabelarno.

Kljucne reci: Viljamsonov fluid, magnetohidrodinamika, hemijska reakcia,
termoforeza.

333



334



Chemical Industry & Chemical Engineering Quarterly

CHITRA DEVI
VENKATACHALAM!

PREMKUMAR
BHUVANESHWARAN!

MOTHIL SENGOTTIAN?

SATHISH RAAM
RAVICHANDRAN?

1Department of Food
Technology, Kongu Engineering
College, Perundurai, Tamil
Nadu, India.

2Dgpartment of Chemical
Engineering, Kongu Engineering
College, Perundurai, Tamil
Nadu, India

SCIENTIFIC PAPER

UDC 5/6:620

As stated by the Energy Information Administrati-

£ Available online at
' L Association of the Chemical Engineers of Serbia AChE
1 @ www.ache.org.rs/CICEQ

Chem. Ind. Chem. Eng. Q. 30 (4) 335-348 (2024)

CI&CEQ

RELIABILITY-BASED DESIGN OPTIMIZATION
OF SCREW SHAFT FOR CONTINUOUS HIGH-
PRESSURE HYDROTHERMAL CO-
LIQUEFACTION PROCESS

Article Highlights
e Structural analysis was performed on the screw-shaft to withstand high pressure in
HTCL reactor

* The uniformly varying pressure was applied to the screw shaft to calculate its structural
strength

¢ Helix angle, depth, pitch, and flight length were the dimensional parameters optimized

e Stress, deformation, shear, and bending stress were crucial responses used for
structural analysis

o GFRG, SN ratio, and ANOVA methods were used for optimization and recommended
for structural simulations

Abstract
Hydrothermal co-liquefaction (HTCL) is the prominent process for producing
bio-products with a higher conversion rate. It is performed at high
temperatures and pressure in the presence of water. Earlier, it was mostly
conducted in batch reactors, but it has major limitations including operating
volume, back mixing, and tedious process for high productivity. With that,
the present investigation is performed on designing the screw shaft for the
high-pressure HTCL process. The dimensional factors including flight
length, pitch, helix angle, and depth were considered to design the optimal
screw shaft. Likewise, principal stresses, shear stress, bending stress,
bending moment, and total deformation were regarded as inevitable
response variables to analyze the internal strength of the shaft. In this
regard, the Taguchi approach provides the Lo (3*) orthogonal array as an
experimental design. Then, the numerical results from the transient
structural analysis were analyzed with the assistance of statistical methods
such as Grey Relational Grade (GRG), Grey Fuzzy Reasoning Grade,
Analysis of Variance (ANOVA), and Taguchi method to find the most
Influential dimensions for minimizing the response variable. Consequently,
the results from both GRG and Taguchi optimization were compared, and
selected the most optimum parameters.

Keywords: hydrothermal co-liquefaction, screw shaft, finite element

method, stress analysis, Goodman failure criteria, multi and single
response optimization technique.

on (EIA), the utilization of liquid fuels was 102.22
million barrels per day at the end of 2022 and also it is
expected to increase by 2.4 % in forthcoming years.
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These gradual increments in the utilization of
conventional fuel and its future demand indirectly
suggest the need for alternate fuels like biomass
energy, which can be produced via thermochemical
conversion processes [1]. The commercialization of
these biomass conversion technologies would
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decrease the emission of greenhouse gases and
pollutant particulates, thereby reducing global
warming [2]. Among different thermochemical
conversion processes, hydrothermal co-liquefaction
(HTCL) is the most promising process for the quick
conversion of biomass into bio-liquid under both sub-
critical and supercritical conditions because of using
water as solvent and catalyst. HTCL process focuses
on the biological degradation of feedstock at higher
temperatures (250 °C to 350 °C) and pressure (20 MPa
to 25 MPa) to produce a high amount of bio-crude
rather than biosolid and biogas [3,4].

In the last few decades, the HTCL process was
performed in single and sequence-type hydrothermal
batch reactors for various types of biomass conversion.
The capacity of these reactors was in the range of 5 mL
to 800 mL, and it also consisted of agitators and
electrical band heaters to improve the heat transfer and
enhance mixing during the hydrothermal conversion.
Some of the major limitations of batch reactors
including back mixing and inconsistency of the
bioproducts are eliminated in the current HTCL reactor
[5-7]. Additionally, a wide range of particle sizes can be
used in this reactor compared to batch reactors. In the
batch reactor, biomass heating, cooling, discharging,
and refilling were time-consuming processes that led to
lower energy efficiency. Some researchers have also
carried out the same process in a semi-continuous
reactor using a high-pressure piston feeder with a heat
exchanger in the closed chamber. The major drawback
of this process is the use of higher input energy for the
high-pressure piston pump of 30 MPa as it also
increases the operating cost. [8,9].

To overcome these limitations, Efika et a/. (2012)
and Shengbo et a/. (2021) performed thermochemical
reactions on screw-type reactors for quick
transportation and biomass conversion. A two-stage
screw kiln reactor (screw diameter = 6 cm and
length = 54 cm) was used for the production of syngas
from the waste biomass through pyrolysis which is
operated at temperatures between 500 °C and 760 °C
and it resulted in better biomass mixing and better heat
transfer rate than batch reactors [10,11]. Likewise,
Hoekman et al. (2017) developed a twin-screw extruder
(having a 25 mm diameter) operating at high pressure
of 25 MPa and temperature of 350 °C. It exhibited a
shorter residence time (21-28 sec) compared to the
conventional reactor [12]. In addition, an auger-type
screw reactor was used for recycling the plastic waste
through pyrolysis, it is performed at temperatures
between 380 °C and 600 °C with better axial dispersion
and uniform flow in thermal conditions over the length
with respect to time [13].

From the above studies, it was observed that
these continuous-type screw reactors had quick
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processing rates, higher productivity, and less energy
intake. Moreover, the efficiency and chemical
properties of the biofuel were also found to be improved
in the screw-type continuous reactor with shorter
residence time regardless of the thermochemical
process [2,10,11,14,15]. Especially, the auger screw
was preferred for pyrolysis due to the transition of dry
grains and in the case of wet feedstock, the Archimedes
screw was preferred for the better transition of particles
in the form of slurry [16,17].

Finite Element Method (FEM) is a widely used
technique to model and theoretically evaluate the
structural integrity of any mechanical component.
Likewise, Goodman criteria are preferred while
performing the failure analysis under dynamic
conditions and it has been used in various designs of
components such as the main shaft in gas turbine
engines, drive shaft, turbine shaft, and propeller shaft
[18,19]. Further, the Grey Relational Grade (GRG) is
the most employed optimization technique for multiple
responses where the direct responses were converted
single response called Grey Relational Grade (GRG),
and it is verified with the guidance of Grey Fuzzy
Reasoning Grade (GFRG). Recently, it has been
performed to achieve machining effectiveness [20],
improving the tensile strength of the aluminum alloy
pipe [21,22], enhancing the bending and torsional
stiffness of the external structure of automobile [23],
improving the static and dynamic performance of the
drive shaft [18] and beam structure [24].

In the present study, the reactor under
consideration consists of an Archimedes screw shaft
rotated inside a cylindrical chamber employed with
external band heaters, inside which the transition and
chemical reaction of the feedstock takes place within
the chamber. The shaft was designed to experience
both torsional loads (due to shaft rotation) and bending
loads (due to reaction pressure) during the continuous
HTCL process. The screw shaft is the important
component that pushes forward the feedstock towards
the length of the reactor and it has to withstand high
temperatures of 400 °C and pressure varying from 1 to
25 MPa. To analyze the structural stability of the screw
shaft and to study its resistance to stress and
deformation at high-pressure FEM is used. In this
study, flight length, pitch, depth, and helix angle were
considered the vital dimensions to be optimized with
respect to principal stresses, bending stress, shear
stress, and total deformation. Here, the dimensions for
the optimization study were considered by following the
standard shaft design procedure. The optimum
dimensions of the screw shaft were selected by using
the multi-response optimization technique (grey
relational grade method), single-response optimization
technique (Taguchi’s method), and its contribution as
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an effective factor is predicted using ANOVA. The
method followed for dimensional optimization is given
in the flowchart as shown in Fig. 1.

[ Response variable selection ]

L 2
Principal stresses, total deformation,
shear and bending stress

Multiple response is
converted into
single response and

assign the rank

I Grade Relational Grade (GRG) \

S | Snasalca Predict the significance

y GFRG values are selected

Analysis using
of cach dimensions

Signal-to-noise ratio l ANOVA

(Taguchi's method)

Dimensions are

Selected based on

‘Larger-the-better’

conditions Confirmation test for two

sets of dimensions

Based on simulation
results

Y
[ Final dimensions selection ]

Figure 1. (a) Pressure contour plot; (b) pressure profile for
screw shaft enclosed reaction chamber during high-pressure
fluid flow.

MATERIALS AND METODS
Materials

During the HTCL process, the water which is used
as the solvent becomes more acidic, and thus the
screw shaft is more susceptible to corrosion. So, the
screw shaft should be made of a material with easy
machinability and high resistance to corrosion, wear,
and chloride formation. Because of good acidic,
corrosion, and chloride resistance, H13, SS304, and
SS316 were initially considered to develop the screw
shaft. However, SS304 and SS316 were not selected
due to their inadequate mechanical properties such as
yield and ultimate strength to sustain high stress,
whereas H13 is selected for designing the screw shaft.
The presence of high Chromium and molybdenum in
H13 enhances the resistance to corrosion and chloride
formation [25]. Table S1 (Supporting material)
compares the mechanical properties like Young's
modulus, bulk modulus, shear modulus, and tensile
and compressive strength of H13 with SS304 and
SS316, and these values were taken for Finite element
analysis [26,27].

The screw shaft was modeled by using the Catia
V5R21 for which the dimensions were obtained from
the Design Expert Software version 8.0 as given in
Table S2. The pressure distribution over the length of
the screw shaft in each section of the reactor filled with
biomass slurry was determined by fluent analysis.

Furthermore, the Finite Element Method (FEM) was
carried out for the discretization of the screw shaft
where the structural analysis is performed to know the
stress distribution, deformation, bending stress, and
FOS through a transient structural module in Ansys R1.

Metodology
Specification of the screw shaft

Flight length, diameter, pitch, helix angle, and
thread depth were considered the important
dimensions to be optimized for designing an optimal
shaft model. The size of depth is essential to find the
cross-sectional area and is responsible for the shear
and principal stress of the shaft. Likewise, flight length
is the major factor responsible for the bendability of the
shaft. At last, helix angle and pitch length were crucial
parameters for the flowability of fluid in the shaft.
Whence, the shaft diameter (58 mm) was fixed by
applying the continuity equation (conservation of mass)
given in Eqg. (1) for the constant mass flow rate of
biomass (1 kg/hr). In general, the L/D ratio ranging from
20 to 30 had chosen for the perfect extrusion of the feed
material in the screw shaft and also the pitch was
another salient parameter for transporting the biomass
which ranges from 0.25 to 0.5 % of the screw diameter.
In addition, the helix angle of the square thread
provides better flow over the transportation which was
calculated by using Eq. (2). The depth used for the
square thread is always half of the screw pitch.
Moreover, it was quite difficult to select the best value
from each dimension to develop the optimized design
of the screw shaft. Hence, the Design of Experiments
(Lo - Taguchi’s model) was used to select the better
combination of the dimensions to model the HTCL
screw shaft as given in Table S2. The diameter of the
reaction chamber was calculated through the
Continuity equation given by:

The mass flow rate through the inlet /}71 - mass

flow rate through the outlet n}z :

my=pAV (1)

The equation for computing the helix angle of the
screw shaft:

—tan- [
¢ =tan (”D] (2)

where P - screw pitch, and D - screw diameter.

Finite Element Method (FEM) for the screw shaft

Fig. S1(a,b) illustrates the two-dimensional
schematic diagram and 3-D model of the screw shaft
used for the finite element analysis. The feed mixture
enters zone “A” called as suction zone, and here the
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feed material is freely moved along the screw shaft and
it reaches the compression zones “B” and “C”. The
feedstock gets compressed and becomes finer
particles during HTCL in this zone. A high-pressure
water nozzle is provided to improve the chemical
conversion and operating pressure in zone “D”.
Likewise, zones “E” and “G” represent the second and
third compression zones, while “F” and “H” represent
the expansion zones respectively. The high-pressure
zones (C, D, E) are marked using a red box in
Fig. S1 (a). Further, the discretization was made by
converting the screw shaft into triangular elements
using FEM during structural analysis. The governing
Egs. (3,4) were used for meshing the uniformly rotating
shaft considering the gyroscopic effect and resisting
moment. Further discretization of the screw shaft was
done using the adaptive meshing technique for the size
of 2 mm and is given in Fig. S1(c,d). Also, the high
smoothing mesh was adapted to get better
convergence results, especially on transient conditions
[28-30]. For pure torsion acting on the screw shaft, it
was assumed that the shaft material is homogeneous
and perfectly elastic. It was also assumed that the
torsional moment is uniform over the shaft length, the
stress does not exceed the limit of proportionality and
the deformation is negligible.

The global force equation for screw shaft using
FEM is given by Eq. (3):

(K Jiwj={F] 3

where [K]- stiffness matrix, {u} - displacement matrix,
and {F} - force matrix.

The derived FEM equation applied for meshing
the screw shaft is given by Eq. (4):

M1 1 =1 =1 1]y
Mx2| GL|-1 1 -1 —1||4x2
Myt 7|1 =1 1 1]y

My 11 -1 1| gyea

Loadling and boundary condiitions

The uniformly varying pressure (from 1 MPa to
23 MPa) developed in different zones through the
length of the HTCL reactor is given in Fig. S2(a). This
pressure variation happens due to the alternate thread
portion (left and right thread) in the screw shaft. It was
observed that the screw shaft experienced a maximum
torque of 125000 Nm while running at 60 rpm and a
maximum pressure of 23 MPa. Fig. S2(a) shows the
different pressure zones that were found by applying
the HTCL operating conditions onto the screw shaft
enclosed with the reaction chamber. The pressure
analysis was performed using a fluent module pressure
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profile developed for similar HTCL conditions as shown
in Fig. S2(b). It shows a gradual increment in pressure
from 1 to 23 MPa till the length of 0.8 m, after which it
starts to decrease significantly. High pressure was
developed at the mid-section of the screw shaft due to
the water injection. Likewise, a slight pressure
decrease was observed at the end zones (F, G, H) of
the screw shaft due to the choking of feedstock.

During the FEM analysis, the shaft was divided
into seven zones based on the different pressure acting
on each section of the screw shaft given in Fig. S1(a).
In addition, the shaft is free to rotate and pressure
(uniformly varying load) is acting in all directions. The
analysis was carried out for 7 secs (number of steps)
with a time step of 0.5 sec and solved using the work-
energy method with governing equation as given in
Eq. (4). It was considered that the pressure is acting
gradually concerning time in each zone of the screw
shaft under ftransient conditions and the time-
dependent pressure was calculated by using the SN
curve in FEM analysis shown in Table S3.

Response variable studies to optimize the design

Principal stresses, shear stress, bending moment,
bending stress, total deformation, and Factor of Safety
(FOS) were the crucial response variables considered
for structural analysis. These variables were
numerically estimated using the structural analysis in
simulation software. Principal stresses were calculated
to realize the internal strength of the screw shaft for the
given dimensions. It should be less than the ultimate
tensile strength (UTS) for any material and its cross-
section to resist the external force. Maximum and
minimum principal stresses were estimated by using
Eqg. (5) and it is acting on the corresponding planes,
which the angle ranges from 0° to 180° in the finite
element method [31,32]. Similarly, bending moment
and deformation were considered to evaluate the
amount of deflection and change of cross section
during the action of external force. The bending
moment might be varied along the overall length of the
shaft, depending on the distribution of applied load [33].
It is necessary to ensure that the moment developed in
the shaft should be within acceptable limits to avoid
excessive deflection [34]. The bending moment was
calculated by considering the shaft with a simply
supported beam with a uniformly varying load which is
given in Eq. (6). The Permanent deformation occurs
when the stress value exceeds the yield stress and
further increment of load leads to fracture due to shear
and bending stress [35]. Bending and shear stress were
the two maijor stresses responsible for estimating the
fatigue failure or lifetime of the screw shaft. The
maximum shear stress acting on the fractured surface
of the screw shaft was estimated using Eq. (7).
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The Goodman failure criteria given in Fig. 3 show the
good relationship between bending and shear stress for
calculating the endurance cycle and safe limits of the
screw shaft [36].

Maximum and minimum principal stresses were
calculated using o1and o2 given by Eq. (5):

01 + O 01— O~
Omaxmin = 12 2{ 12 Z}Xcos(%?) (5)

The bending moment of the shaft with a simply
supported beam with a uniformly varying load was
calculated by using Eq. (6):

2
Bending moment,M = [%j - [%J (6)

The shear stress of any shaft was calculated by
using Eq. (7):

D

= 7
Tmax 2 (7)

Goodman’s safety factor for the given dimensions
of the screw shaft was estimated using Eq. (8) [36]:

o o 1
Zta  Ctm _ (8)
Se S, n

where n - Goodman safe limit.

Total deformation of the screw shaft was
calculated by using Eq. (9):

Crora) =\NX2+Y2 + 22 9)

Procedure for dimensional optimization

The well-established procedure was followed to
perform the dimensional optimization based on the flow
chart given in Fig. 1. Firstly, the multiple responses
were converted into a single response termed GFRG
using the fuzzy method. Then, the GFRG result was
applied to the signal-to-noise ratio method in Taguchi’s
technique to carry out single response optimization
based on estimated variance. ANOVA was performed
to realize the contribution of individual dimensions with
respect to the response variable. The two sets of
dimensions were predicted from Fuzzy and Taguchi’s
method. The screw shaft was designed depending on
the predicted two sets of dimensions and the best
simulation result was taken to the design and
fabrication process.

Grade relational grade optimization method

The robustness of the dimensional factors for
designing the screw shaft can be improved using a
multi-response optimization method termed Grey

Relational Grade (GRG). Initially, the normalized value
is estimated from the primary results using Egs. (10,11)
based on the requirements of “Larger-the-better” or
“Smaller-the-better” conditions. Then, the Grey
Relational Coefficient (GRC) was calculated through
Eq. (12) and it is an essential term to obtain the GRG
values. The final results were verified with the Grey
Fuzzy Reasoning Grade (GFRG) and evaluated by
following the fuzzy logic. Fuzzification, Rule base,
Decision making, and Defuzzification were the four
maijor steps to be followed to bring the value of GFRG.
In fuzzification, the Mamdani interface system was
applied to relate the input and output parameters.
Furthermore, the membership function was prepared
using linguistic variables based on the sequential
values of both input factors and output response (GRG
value), which helps to generate the fuzzy rules. The
rank was provided to both GRG and GFRG values
depending on the highest value was graded as one and
so on [20,37,38]. The normalized values of the original
response sequence were obtained by:

«  Yn(g)-miny,(q)

= 10
Yn max y,, (g)-miny,(q) (19)

if Larger-the-better.

«  maxy,(q)-vn(q)

- 11
Y max v (q)-miny, (q) an

if Smaller-the-better. Where, y," - normalized value of
respective runs, ya(q) - primary response value of
respective run from simulation results, max ys(q) -
maximum value of individual response variable, min
Ya(q) - minimum value of individual response variable,
¥4 - deviation of individual response from normalized
value.

The grey relational coefficient (GRC) can be
evaluated as follows:

_ Amin+ pAmax (12)

Ayy + pAmax

where, p(g) - Grey relational coefficient, ya'=7- y, -
deviation from the normalized value, p - weightage for
coefficient. Generally, p =0.5 was taken.

Taguchi's optimization technique

Taguchi’'s method plays a vital role in optimizing
the dimensional parameters with respect to a single
response at a minimal number of trials. It also uses the
orthogonal array technique to build the design of
experiments, which mainly depends on degrees of
freedom. Taguchi produces the results based on
calculating the mean and deviation of the response
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variable. When the deviation is less or equal mean
obtained, the response variable will not change
concerning dimensional factors. In addition, the signal-
to-noise analysis was also considered for building a
sustainable model with minimum deviation [21,39,40].
In this regard, three levels with four factors (3*) models
were chosen for designing the efficient screw shaft. For
3* models, there were four orthogonal arrays (Ls, L1z,
L1, and L) available for constructing the design of
experiments.

The GFRG attained from the Fuzzy Interface
System (FIS) was implemented in Taguchi’s method to
find out the optimal values of dimensional factors. Here,
the rank was provided to each parameter based on the
deviation of the response variable. It was also
expressed from the SN ratio graph by measuring the
deviation from the target value relative to the noise
present in the system. SN ratio is commonly classified
into three types namely smaller-the-better, larger-the-
better, and nominal-the-better based on the specific
objective of the response variable which is given in Egs.
(13—15). Most of the stress values prefer the smaller-
the-better type SN ratios to find the optimal dimensional
factor [41,42].

When the response variable is recommended to
be smaller then:

1T<m 2
0‘:_10|°9;Za=12/ (13)

When the response variable is recommended to
be nominal then:

2
_ T5m u
a_—10|og;za:1? (14)

When the response variable is recommended to
be larger then:

1<om 1
a:—10|OgEza:1? (15)

/

Analysis of Variance (ANOVA)

The statistical method (ANOVA) is applied to
know the impact of the different factors with respect to
the response variable. ANOVA uses the results that
were obtained from the GRG optimization. It also
defines the null and the alternative hypothesis to find
the significance of the different factors by evaluating the
means of the response variable. The P and F values
are more important in choosing the suitable hypothesis
based on significant values. In case, the P-value is less
than or equal to 0.05, then the null hypothesis is not
applicable for the particular response or else the
specific factor is acceptable for the null hypothesis and
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also it shows a similar mean value at each level. Finally,
R-squared and adjusted R-squared are the salient
parameters for explaining the proportion of the variation
of the response variable, which ranges from 0 to 1. Null
hypothesis (Ho) means a similar response at each level
of dimensional factors and alternative hypothesis (H1)
has a different response at each level of dimensional
factors [21,40].

RESULTS AND DISCUSSION

Maximum and minimum principal stress affecting the
screw shaft

Fig. 2a illustrates the maximum principal stress of
the screw shaft, in which run-8 experience the low-
stress value of 8.5176 x 10”7 Pa and run-2 exhibits the
high stress of 5.9686 x 10% Pa was calculated using
Eq. (5). Likewise, run-1, 4, 5 and 9 possess the stress
values from 3 x 108 Pa to 3.7623 x 108 Pa and run-3, 6
and 7 resist the external force ranges from 1.05 x 108 Pa
to 1.51 x 108 Pa. These stress values of the screw shaft
are under the limit of bulk modulus (160 x 10° Pa) of
H13. In the case of minimum principal stress given in
Fig. 2b, the highest (1.7854 x 108 Pa) and lowest
(2.2018 x 107 Pa) stress value was possessed by run-2
and run-8 respectively. The stress value ranges from
2.7148 x 107 Pa to 1.0834 x 108 Pa for the remaining
sets of Taguchi’s runs. By considering the above-
mentioned principal stress value, the dimensions used
for run-8 were suggested for designing the screw shaft
due to their high resistance to external pressure.

Apart from principal stress, the stress ratio is also
important for describing the fatigue life of the screw
shaft. It is the ratio of the difference between minimum
and maximum principal stress to the sum of these two
stresses. Fatigue life mainly depends on the
temperature, loading, and stress developed in the
testing material. In addition, the stress ratio shows an
indirect proportionality with the fatigue life [36,43]. In
this regard, run-6 and run-2 have the lowest and
highest stress ratios of 0.28 and 0.56 respectively. The
stress ratio from 0.43 to 0.54 was possessed by the
residual runs of the FEM analysis. From the
aforementioned data, the dimensions suggested for
run-6 and run-8 have higher fatigue life compared to
other runs for the given loading conditions shown in
Table S3. So, it withstands a large number of cycles
under dynamic conditions of the screw shaft. It is also
noted that the small L/D ratio delivers the higher fatigue
life of the shaft and resists the maximum principal
stress.

Total shear force and maximum bending moment
acting on the screw shaft

The different dimensions of the screw shaft in
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Figure 2. Contour plot for (a) maximum principal stress in Pa, (b) minimum principal stress in Pa under external pressure for Taguchi's design of screw

each run given in Table S2 were converted into the
beam with a corresponding circular cross-section for
beam analysis under the finite element method. The
cross-section of each beam provides the different area
moment of inertia in the Y and Z axes calculated using
Eq. (6). Area moment of inertia always shows the
indirect proportionality with the bending moment, which
implies that the shaft will bend very less for a larger area
moment of inertia. Moreover, it depends on the
geometrical property of the shaft. The boundary
conditions used for the beam analysis are similar to the
stress analysis. The beam was segmented into seven
sections based on the pressure acting on the shaft
given in Fig. S1 (Supplementary material) and Fig.1a.

Shear force at the given section is the rate of
change of bending moment with respect to the axial
distance given in Eq. (7). It is also the first derivative
and shows direct proportionality with the bending
moment. In this regard, the bending moment should be
minimal for any cross section to withstand the
deflection. Additionally, the bending moment mainly
depends on the nature and magnitude of the load, type
of support, and also dimensional parameters like flight
length, diameter, and depth of the shaft [34,44]. Now,

the type of load and support are similar for each model
of the screw shaft. In this respect, Fig. S3b shows the
lowest (9537.2 Nm) and highest (14884 Nm) bending
moments of the screw shaft exhibited by run-2 and run-
4 respectively. The bending moment lies between
9646.8 Nm and 14771 Nm for the rest of Taguchi’s
runs. There was a slight difference in bending moment
(110 Nm) between run-2 and run-8. As recommended
in the principal stress, the dimensions applied for run-2
and run-8 are suitable for designing the screw shaft with
minimum bending effects due to having less area
moment of inertia compared to the remaining models.
Also, these runs have a smaller L/D ratio to resist the
bending against the external load.

Influence of maximum bending and shear stress on the
screw shaft

Figs. S4a and S4b illustrate the contour plot for
bending and shear stress, which were derived by
solving the FEM equation under transient conditions.
These stresses mainly depend on the geometrical
dimensions like radius (distance from the neutral axis),
length, and helix angle of the shaft and it should be
minimum for any material to withstand the fatigue
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failure. In the present study, the minimum values of
bending (9.1276 x 10® Pa) and shear stress
(3.7969 x 107 Pa) were experienced in run-8, which also
exhibits the maximum fatigue safety factor of n=1.2
estimated using Eq. (8). Moreover, run-8 withstands the
stress of 1.2 times higher than the allowable stress of
H13. Table S4 shows the maximum endurance limit of
10’ was observed for run-8, as a result of the
intersection of bending and shear stress acting below
the modified Goodman line shown in Fig. 3. Meanwhile,
run-9 shows the maximum bending stress value of

4.9549 x 10° Pa and its corresponding shear stress of
1.2643 x 108 Pa but it possesses the minimum safety
factor of 0.21 and endurance limit of 103, which was
inappropriate dimensions for designing the screw shaft.
It was noticed that the wide range of bending and shear
stress was perceived for the remaining runs from
1.2169 x 10°Pato 4.0939 x 10°Paand 4.6412 x 107 Pa
to 2.2281 x 10® Pa respectively. It also provides an
intermediate safety factor from 0.26 to 0.87 and an
endurance limit from 103to 10° for residual runs, which
is also not suitable to design the screw shaft [32,36].
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Figure 3. Goodman life diagram for calculating the endurance cycle of the screw shaft.

From the above details, it is noted that the
bending and shear stress is gradually increased with
decreasing the diameter and increasing the length of
the shaft. The safety factor calculated in Table S4
shows a noticeable increase when decreasing the helix
angle of the screw. Also, the bendability of the screw is
decreased by increasing the helix angle. It is observed
that the bending stress decreased as a result of
increasing pitch length at the constant diameter of the
shaft, which shows that the pitch can indirectly
influence the bending and shear stress of the screw
shaft. The thread occurs very close for a shorter pitch
that can evenly distribute the higher stress over the
length of the shaft at a given torque. Hence, run-8
shows a shorter length, larger pitch, diameter, and helix
angle which is accepted for designing the safe screw
shaft.

Total deformation and its factor of safety experienced
by the screw shaft

Fig. S5a,b represents the total deformation and
FOS, which was determined for each run of Taguchi’s
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design. In this regard, the maximum deformation of
5.5917 mm was acting on the mid-section of run-2
shown in Fig S5a. Likewise, run-8 shows the minimum
deformation of 0.457 mm acting on the mid-section of
the screw shaft. In addition, the second and third
minimum deformation were experienced by run-6 and 7
which shows the larger diameter and shorter flight
length. Run-4, 6, 8, and run-1, 3, and 7 also show that
the deformation gives direct proportionality with flight
length at a constant diameter. Hence, it is observed that
the shaft with a shorter length provides less
deformation than the larger flight length.

In Goodman’s calculation, the safety factor was
calculated using mean bending and shear stress
experienced by the shaft. It can endure stress 1.2 times
higher than the allowable stress of the material. Now,
the principal and shear stress were used for
determining the safety factor of the screw shaft. From
Fig. S5b, it is observed that the FOS range from 3.94 to
15 was considered a safe design under static and
dynamic conditions of the shaft. It shows that the
structure can resist the maximum stress of 3.5 to 15
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times more than the allowable stress. In specific, the
safety factor is comparatively less for runs-1, 2, and 8
due to the minimum helix angle of the screw but these
values are not considered inappropriate dimensions for
designing the screw shaft. The design with an optimal
safety factor suggests the economic structure of the
screw shaft for the given hydrothermal process. In the
case of FOS, all nine runs are applicable for designing
the screw shaft with more reliability and cost-efficient.

Conversion of multiple responses to single response
using GRG optimization

The numerical results of each response variable
obtained from transient structural simulation are given
in Table S5. The multiple responses like principal
stress, shear stress, bending stress, bending moment,
and total deformation were converted to a single
response, called GRG. Initially, the response
parameters were converted into normalized values.
Then, the computed deviation can be applied to find the
GRC values using Eq. (12) for individual runs. Further,
Table S6 provides the values of grey relational grade
determined by taking the mean of GRC values of
respective runs [20]. Finally, the rank was allocated to
each run depending on the highest to lowest GRG
values given in Table S6. From the GRG analysis, it is

observed that run-8 is positioned as rank-1 due to the
higher GRG value of 0.992 and run-9 acquired the GRG
value of 0.434, positioned as rank-9. It suggested that
the dimensions of run-8 are preferred to design the
screw shaft.

The Grey Fuzzy Reasoning Grade (GFRG) was
predicted to verify the formulated GRG values. In this
regard, the Mamdani interface system was applied to
relate the input factors like flight length, pitch, helix
angle, and depth and also consider the GRG value as
output. The linguistic variable was assigned to each
level of input parameters as low, medium, and high
shown in Fig. S6a. Likewise, it was specified to output
parameters as extremely low, very low, low, low
medium, medium, high, very high, and extremely high
as expressed in Fig. S6b of a certain range from 0.434
to 0.992 as given in Table S7. Then, these linguistic
variables were assisted in formulating the nine fuzzy
rules based on certain conditions as given in Table S8.
Moreover, Fig. S7. illustrates the fuzzy interface system
that provides the values of GFRG depending on
customized fuzzy rules. It shows the GFRG value of
run-8, which is the higher value among other runs. It
also provides the intermediate responses to their
corresponding inputs, which helps to understand the
variation of GFRG value.

109 cre= oy

Grades
o
\‘
1

. I x I

0 2 -

T T T T T

Runs

Figure 4. Comparison of grades conceming simulation trials.
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The behavior of the response parameters in terms
of GRG and GFRG values are given in Table S9 and
the graphical representation is shown in Fig. 4.
Whence, it is observed that the GFRG is improved up
to 6.1 % as compared to GRG, which implies the
reduction of fuzziness in the simulation system.
Aforementioned in the previous section, run-8 shows
the higher GFRG value of 0.998 and is positioned as
rank-1 as given in Table S9 and Fig. 4, and is preferred
to design the screw shaft.

Signal-to-Noise analysis using GFRG

Signal-to-Noise analysis given in Table S10
provides the ranking method to select the prominent
control factors based on the delta value, which is the
deviation between the actual and target value of the
response variable, GFRG. Higher and lower delta
values suggested the extreme and moderate deviation

a) Means of GFRG

Length Pitch Helix Angle Depth

0.754

0.70+

Means of GFRG
2

£

[«2]

o
]

0.55+

SN ratios of GFRG

of the response with respect to the control factors. In
this regard, the depth of the screw shaft possesses a
higher delta value of 3.272 and is positioned as rank-1.
Likewise, flight length and pitch show intermediate
deviations of 2.52 and 1.25 ranked as 2 and 3
respectively. The Helix angle shows the minimum delta
value of 0.76 and is positioned as rank-4, which shows
the less significant factor for a corresponding response.
These values were compared with the SN ratio graph
shown in Fig. 5b, which also suggests the similar
behavior of the control factors concerning GFRG. From
Fig. 5b, it is observed that flight length and depth
showed a higher deviation from the mean than other
factors as mentioned in Table S11. Moreover, Fig. 5
also preferred the shorter flight length and depth of
1160 mm and 7.25 mm, nominal pitch, and helix angle
of 21.75 mm and 6.8° respectively for reducing the
direct responses acting on the screw shaft.

b) SN ratios of GFRG

Length Pitch Helix Angle Depth

-2.5

-3.01

-3.5

-5.0

-5.51

-6.0

T T T T T T T T T T T T

NI NI RPN S S G < B - SR N JX St WS Y
> & Q o 3 >

R R q:\’.\ 2 L L N \Q‘b. \ga.

Signal-to-noise: Larger is better

Figure 5. Means and SN ratios of grey fuzzy relational grade.

Single response optimization using GFRG

ANOVA was employed to calculate the
contribution of each dimensional factor with respect to
a single response referred to as GFRG. It suggests that
flight length is the most significant factor with a
contribution of 31.52%. Likewise, pitch, helix angle, and
depth also convey the noticeable contributions of
27.96%, 22.5%, and 18.02%. The P-values calculated
in Table S11 were less than 0.05 which rejects the null
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hypothesis with the acceptance of the alternative
hypothesis. It shows potential intent toward the
deviation of the GFRG from the mean value. Moreover,
Table S11 provides the estimated A-squared and
adjusted AR-squared values as 99.34% and 97.36%
which also shows the vital deviation in the GFRG with
respect to different levels of dimensional factors.
Nevertheless, flight length, pitch, helix angle, and depth
were crucial factors for controlling direct responses like
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principal stress, shear stress, bending stress, bending
moment, and total deformation. Eq. (16) proposed the
regression equation to find the intermediate GFRG with
respect to input factors.

The regression equation for calculating the
intermediate GFRG value is given by:
GFRG =0.6700 +0.1537 w¢-0.0510w5 -0.1027 w3
+0.0637 x1+0.0547 xo9 —0.1183 x3 + 0.8231y4
+ 0.0463 y5 - 0.01083 y3+0.1093 z4
+0.0310 2o -0.1403 z3
(16)

where, w - flight length, x - pitch, y - helix angle and
Z- depth.

Confirmation test for the screw shaft

When analyzing the various results obtained from
both numerical and statistical methods for the given
response variable, it is capable of determining the
optimum dimensions for designing the efficient screw
shaft. Initially, the two sets of dimensions were selected

a) Confirmation test based on GFRG value

1. Maximum Principal Stress

ﬁ wares
BOALEAIMI

3. Maximum Bending Stress

9.1276e8 Max
8.1142¢8
7.100828
6.087428
5.073%8
4.0605e8
3.0471e8
2.0336e8
1.0202¢8
6.7821e5 Min

4. Maximum Bending Moment

as 1160 mm, 14.5 mm, 4.5°, 7.25 mm, and 1160 mm,
14.5 mm, 9°, and 7.25 mm based on the results of
GFRG and SN analysis. The final transient structural
analysis was performed to get the perfect set of values
from the above-mentioned dimensions. Fig. 6a,b
reveals that similar values of bending stress and
bending moment were obtained for both analyses. The
values of principal and shear stress possess 9.8% and
37.5% higher internal resistance in SN analysis when
compared to GFRG analysis. In the case of total
deformation, the value acquired from SN analysis
shows 87.5% less deformation compared to GFRG
analysis. Even though slight increment in principal and
shear stress, this highest value is limited within the
ultimate stress of H13. In addition, the total deformation
is the most considerable response to design the screw
shaft among other responses. Hence, the optimized
dimensions obtained from the SN analysis were
preferred to design the screw shaft. The optimum
values of flight length, pitch, helix angle, and depth
were selected as 1160 mm, 21.75 mm, 6.8°, and 7.25
mm respectively.

b) Confirmation test based on SN ratios

. Maximum Principal Stress

9.3583e7 Max
B8.0445e7
6.7307e7
541697
41037

2789207
147547
1.6157¢6
-1.1523¢7
-2.4661e7 Min

N

Maximum Shear Stress

5.2241e7 Max
46837e7
4063267
348287
200237
23218e7
1.7414e7
116097
5.8046e6
5.0351 Min

3. Maximum Bending Stress
9.1276e8 Max
Bi1dZes
7.1008e8
6.0874e8
507398

102028
6.7821e5 Min

4. Maximum Bending Moment

5. Total Deformation

0000151041

t

[

5. Total Deformation
5.6686e-5 Max
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44089 -5
3.7791e-5
3.1492¢-5
2.51Me-5
1.8895¢-5
1.2597-5
6.208de-6
0 Min

Figure 6. Confirmation structural analysis depends on GFRG and SN analysis.

CONCLUSION

The optimal screw shaft has been designed for
the high-pressure HTCL reactor with the help of FEM

followed by statistical optimization using GRG, GFRG,
ANOVA, and Taguchi’s method. Maximum principal
stress, maximum shear stress, maximum bending
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stress, total bending moment, and deformation were
taken as the crucial response variables for dimensional
optimization of depth, helix angle, flight, and pitch
length. It is observed that the dimensional parameters
present in run-8 show the minimum stress and total
deformation. In addition, the Goodman method also
conveys that run-8 has ensured a higher safety limit
and endurance limit of 1.20 and 107 cycles respectively.
The above-mentioned five response variables were
successfully converted into a single response termed
GRG during multi-response optimization. The result
possesses that run-8 dimensions have the highest
GRG and GFRG value of 0.992 and 0.998 respectively,
and it is suitable for designing the screw shaft.
Conversely, the SN ratio from Taguchi analysis
suggests a slightly modified dimension in helix angle
compared to run-8. The two sets of dimensions were
taken for confirmation test as set-1 consists of flight
length=1160 mm, depth=7.25 mm, helix angle=4.5°,
pitch length=14.5 mm, and set-2 comprise of flight
length=1160 mm, depth=7.25 mm, helix angle=6.8°,
and pitch length=21.75 mm depending on the results
from GFRG and SN analysis respectively. From the
confirmation results, it is recommended that the
dimensions obtained from the SN analysis provide very
little deformation of 0.0566 mm, which is 87.5 % lower
than the deformation formed in the dimensions of the
GFRG analysis. From the above details, the optimal
dimensions were selected from SN analysis (set-2) as
1160 mm, 14.5 mm, 9°, and 7.25 mm for respective
flight length, pitch, helix angle, and depth of the screw
shaft.
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PROJEKTOVANJE ZASNOVANA NA
POUZDANOSTI OPTIMIZACIJA PUZNE OSOVINE
ZA KONTINUALNI PROCES HIDROTERMALNE
KO-LIKVEFAKCIJE VISOKOG PRITISKA

Hidrotermalna ko-likvefakcija (HTKL) je istaknuti proces za proizvodnju bioproizvoda sa
vecom brzinom konverzije. Izvodi se na visokim temperaturama i pritisku u prisustvu
vode. Ranije se uglavnom sprovodio u Sarznim reaktorima, koji imaju velika ogranicenja
ukljucujuci radnu zapreminu, povratno mesSanje i tegoban proces za Vvisoku
produktivnost. S tim u vezi, ovo istraZivanje je sprovedeno s ciljem projektovanja puzne
osovine za HTKL proces visokog pritiska. Dimenzionalni faktori ukljucujuci duZinu
kretanja, korak, ugao spirale i dubinu, uzeti su u obzir da bi se dizajnirala optimalna puzna
osovina. Isto tako, glavni naponi, napon smicanja, napon savifanja, moment savijanja i
ukupna deformacija smatrani su neizbeZnim odzivnim promenijivima za analizu
unutrasnje cvrstoce osovine. U tom smislu, Taguci L9 (34) orfogonalni niz je koriscen kao
eksperimentalni plan. Zatim su numericki rezultati analize prelazne strukture analizirani
uz pomoc statistickih metoda kako bi se pronasle najuticajnije dimenzije za minimiziranje
odzivnih promenljivih. Shodno tome, uporedeni su rezultati razlicitih metoda i izabrani su
najoptimalniji parametri.

Kljucne reci: hidrotermalna ko-likvefakcija, puZna osovina, metoda konacnih

elemenata, analiza napona, Gudmanovi kriterjjumi otkaza, tehnika optimizacije
visestrukog i jednog odziva.
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BLAST FURNACE SLAG FOR SO; CAPTURE:
OPTIMIZATION AND PREDICTION USING
RESPONSE SURFACE METHODOLOGY AND
ARTIFICIAL NEURAL NETWORK

Article Highlights

e Blast furnace slag preparation and characterization for SOz capture

e BFS optimization through Central Composite Design

¢ Levenberg-Marquardt algorithm in ANN for predicting the performance of the sorbent
e The combined optimization and prediction approach for optimum performance

Abstract

The main reaction parameters examined were the amount of blast furnace
slag, the hydration duration, ammonium acetate concentration, and
temperature. The Response surface methodology was employed to quantify
their impact on the sorbent's surface area. Using a central composite
design, the surface area of the resulting sorbent corresponding to Brunauer-
Emmett-Teller (BET) was investigated. The sorbents produced range in
surface area from 49.89 to 155.33 n/g. Additionally, the effectiveness and
response prediction capacities of the Response Surface Methodology
(RSM) and Artificial Neural Network (ANN) modeling methodologies were
Investigated. The models were assessed using various statistical metrics,
including (MSE) mean squared error, (ARE) average relative errors, the
(SSE) sum of squared errors, (HYBRID) Hybrid fractional error function,
(SAE) Sum of the absolute errors, (R?)coefficient of determination, and Root
means square. According o statistical evidence, the ANN approach
surpassed the RSM-CCD model approach. The surface area of the sorbent
was shown to be significantly influenced by interactions between variables
in addition to all the individual variables examined. The sorbent was made
from a material with substantial structural porosity based on SEM. The
functional groups were identified using FTIR. The XRF determined the
elemental composition of BFS-based sorbents.

Keywords: blast furnace slag, optimization, central composite design,
artificial neural network, response surface methodology.

The control of atmospheric pollution brought on by
combustion processes like coal has recently been
subject to stricter environmental restrictions worldwide.
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The most plentiful and cost-effective energy source is
coal, essential for supplying the world's rising need for
electricity [1]. Burning coal provides various difficulties
even if it is a significant energy source. The discharge
of pollutants, particularly sulphur dioxide, into the
environment is one of the most critical problems facing
enterprises that burn coal. Sulphur in coal combines
with air during combustion to create sulphur dioxide
(SO2). Sulphur dioxide is one of the many contaminants
in our atmosphere (SO2) [2]. Burning things containing
sulfur releases a harmful gas into the atmosphere. All
types of coal and oil include sulphur. Industrial facilities
that use fossil fuels to produce energy or extract metal
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from ore are the primary sources of SO2 emissions
(smelter). Other anthropogenic sources include
locomotives, ships, and other large vehicles or
equipment that burn sulphur-rich fuel. Volcanoes are
the sole crucial natural source of SO2. Only roughly
one-third of all SOz emissions into the atmosphere
come from volcanoes. Volcanic SOz has little effect in
South Africa because no active volcanoes exist [3].

Both direct SO2 exposure and secondary
pollutants created when SO2 combines with other
airborne molecules negatively affect health. A
significant secondary contaminant associated with SO-
is delicate particulate matter. Exposure to SOz results
in immediate symptoms such as breathing difficulties,
respiratory system injury, and a burning sensation in
the nose, throat, and lungs. Severe and long-term
health effects include early death, heart and lung
disease, dementia, and problems with conception [4].
They also have diminished cognitive function. Aside
from the harmful effects on human health, every
combustion process that releases SOz releases large
volumes of greenhouse gases into the environment.
SO2 sources thus have a disadvantageous immediate
consequence on the region’s health and a negative
long-term impact on human well-being globally due to
greenhouse gas emissions, which drive global
warming.

Several SOz emission control techniques based
on emission prevention or flue gas capture turned out
to be investigated, and some came to be implemented
in sulphur dioxide-discharging industries. Since sulphur
dioxide emissions are proportional to the amount of
sulphur in fuel and the total used in combustion,
reducing sulphur content can result in significant
reductions. Using ultra-low sulphur flue is the most
environmentally friendly way to reduce sulphur dioxide
emissions; however, obtaining cleaner flue comes at a
high refining cost [4]. Installing a sulphur restoration
unit that generates profit-making sulphur in the form of
sulphuric acid is an option if the gas flow consists of a
high concentration of sulphur and the restoration unit
can withstand the corrosive environment associated
with acid sulphur [5]. In industries that use coal as a fuel
source, sulphur in pyrite (Fe2S) can be easily removed
by physically washing coal with water. However,
increased practical costs and fuel-efficient design
property changes could offset this. Even though many
treatment methods, including WFGD (FGD), biological
processes, and technological innovations based on
electron beam irradiation, can achieve high sulphur
removal efficiency, several problems still need to be
solved, including high space requirements and high
safety protection requirements [6]. Coronal pulse
discharge, on the other hand, is a relatively new and
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unproven SOz removal method, even though it does not
require a particle accelerator and offers the highest
level of protection. Because of its simplicity and high
desulphurization capacity, flue gas desulphurization
(FGD) is the most frequently used method to reduce
SOz emissions [7].

A variety of sorbents that are various chemical
compounds and naturally occurring materials can be
quickly produced, or waste generated by a variety of
processes can be used in the method. Several flue gas
desulphurization (FGD) techniques are water- self-
sufficient, resulting in lower operating costs and no
wastewater production. It is necessary to utilize the
proper Flue Gas Desulphurization (FGD) technology to
reduce SO2 emissions into the environment [8]. Coal
combustion produces coal fly ash, another type of
combustion waste, and pollutants like sulphur dioxide
(SO2). Researchers have looked into flue gas
desulphurization using absorbent synthesis from a
combination of calcium hydroxide, calcium oxide, and
calcium sulphate to address these difficulties [9].
Numerous studies have shown that, for instance, when
coupled with Ca (OH)2 or CaO during the hydration
process, coal ash can create an absorbent with a higher
SO2 capture capacity than hydrate lime [2,8,10].

Blast Furnace Slag (BFS), a byproduct of the iron
and steel industry, has promise as a practical and
affordable  substitute sorbent for flue gas
desulphurization technology. The two main ingredients
for removing SO: are abundant in BFS: CaO and silica.
They produce Calcium Silicate Hydrate Aggregates,
which are essential for increasing the surface area of
the Sorbent. According to some studies, sorbent made
of iron blast furnace slag and hydrated lime (BFS/HL)
exhibits higher SO2 reactivity than hydrated lime alone
under the dry or semi-dry FGD method [4]. It is clear
from earlier sources that the production of high surface
area calcium silicate hydrates during the sorbent
preparation or slurring process is caused by an
enhancement in the sorbent's reactivity patterns, using
calcium, or the capacity to capture SO:[4].

When a dependent output variable is impacted by
several independent input factors rather than one factor
at a time, the response surface methodology is a
statistical method for optimizing the process [11]. The
output variable's name is the response. RSM assesses
all process factors concurrently while predicting an
outcome as an improved systematic approach to
experimentation. The central composite design is one
of the critical components of RSM. The experiments
used a three-level experimental design called the
central composite design, which combined the axial
and factorial design points. Its key benefit is that it
demands multiple experimental runs to determine the
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proper conditions for experimentation [12].

A model of computation called an artificial neural
network can be used to predict how biological neurons
process input. Most neural network models feature
hidden layers in addition to input and output layers; the
number depends on the inquiry type of investigation [8].
The primary property of a neural network is its ability to
carry out internal calculations to derive the desired
output from a set of input data. Given enough data, the
ANN can evaluate multifactorial, non-linear, linear, and
complex procedures by training the multiple input-
output networks technique [13,14]. Because it reliably
and effectively depicts the non-linear interactions
between the variables and responses of various
processes, ANN may be used in intricate systems [15].

In the current study, the surface area was
assessed by BET analysis by investigating the effect of
BFS amount, the ammonium acetate amount, hydration
time, and hydration temperature. With the fewest
experiments, the RSM approach enables the study of
the individual variables and their combined impacts in
the experimental range. This study's main objective is
to evaluate the surface area of BFS for SO2 capture
using RSM and ANNs, estimate their effectiveness, and
compare ANN and RSM techniques. The experimental
data was then compared to the outcomes of the two
models.

MATERIALS AND METODS
Raw materials

The Blast furnace slag was collected from a local
company around Vanderbijlpark, South Africa. The
ammonium acetate (>98%) and the calcium oxide
(>97%) were all purchased from Merck, and the brine
sludge was collected from a local chloral alkali industry.

Sorbent preparation of the sorbent

A known quantity (250 g) of brine sludge was
heated for 4 hours, and 900 °C was set as the
temperature in a furnace with muffles for maximal
calcination. 200 mL of distilled water was heated to
65 °C, and 10 g of CaO was added while vigorously
agitated. A certain amount (0—1 g) of ammonium
acetate as the hydration agent and blast furnace slag
(0-5 g) were added to the slurry at the same time. The
hydration process was then accelerated by heating the
blast furnace slag slurry for a set amount of time
(1-10 hours) at a certain hydration temperature
(30—90 °C). The resulting slurry underwent filtration for
2 hours at 210 °C during drying. The powdered
sorbents were pelletized, smashed, and crushed to less
than 75 pum to produce the required nanoparticle size.

Characterization of the sorbent

The functional compounds contained in the
sorbent were examined using Fourier transform
infrared spectroscopy (PerkinElmer UATR). Scanning
electron microscopy (Philips XL30FEG) was employed
to assess the shape of the surface. X-ray fluorescence
(Philips expert 0993) was used for qualitative as well as
quantitative techniques. The materials' BET surface
area and pore volume were measured using an N2
sorption-desorption apparatus and ASAP 2020
Micromeritics.

Analysis using artificial neural networks and the
response surface approach

Centrale composite design in Response surface
methodology

Recent years have seen a rise in interest in
response surface methodology (RSM), a set of
mathematical and statistical methods for assessing the
effects of numerous independent variables. RSM
assesses the relationships between the response(s)
and the independent variables, in addition to the effects
of individual variables on the processes, whether
operating alone or in conjunction [11]. This approach
provides many benefits, including being less costly,
requiring fewer experiments, exploring how different
factors interact to affect response, predicting a
response, assessing method suitability, and consuming
less time [16]. This strategy employs low-order
polynomial equations in a predefined area of the
independent variables to attempt to find the optimal
values for the independent variables for the most
positive results. The sorbents' BET surface area was
investigated using the CCD. This design helps assess
how the sorbent preparation variables affect the
sorbent's particular surface area. The variables for
sorbent preparation explored are hydration time, BFS
amount, hydrating agent (ammonium acetate) amount,
and hydration temperature. The RSM analysis consists
of 21 experimental data sets, with six central points.

According to Eq. (1), the response was calculated
using an empirical second-order polynomial equation.

Zz = X0+ XaA+ XbB + XcC + XdD + XaaA? + XbbB? +

XccC? + XddD? + XabAB + XacAC + XadAD +
XbcBC + XbdBD + XcdCD
(1)

where Z is the predicted outcome; Xy denotes the
model constant; Xa, Xb, Xc, and d denote linear
coefficients; Xab, Xac, Xad, Xbd, and Xcd denote
cross-product coefficients, and Xaa, Xbb, Xcc, and Xdd
denote quadratic coefficients. A, B, C, and D denote
independent variables.
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The experimental design, analysis of variance,
regression analysis, and optimization of process
parameters in the desulphurization process were
carried out using Design-Expert 13. ANOVA p-value
and the regression coefficient (R?) were used to assess
the model's acceptability.

The steps in the optimization process are as
follows: choosing the process variables and responses;
choosing the experimental design; conducting
experiments to gather data; fitting the model equation
to the experimental data; performing an analysis of
variance (ANOVA); and finally, determining the optimal
conditions [17].

Artificial neural network (Levenberg-Marquardt)

Three-layer system: one neuron on the output
layer, one hidden layer with six different modes, four
neurons on the input layer, and measurements of
hydration temperature, BFS, and ammonium acetate
(4-6-1). The most common network, known as a back-
propagation (BP-ANN) network, trains an approach for
modeling data from experiments using a first-order
gradient descent technique. It works well to cut down
on errors with each repeat. Out of various back-
propagation (BP) methods, we chose the Marquardt-
Levenberg learning strategy. In the simulation and
prediction of the sorbent production using ANN, the log-
sigmoid function of transfer (log sig) in the layer that
was hidden with four neurons in the first layer and a
linear transfer function in the output node were both
used. Modular artificial neural networks were
developed using the Neural Networks (NN) toolbox and
the mathematical application MATLAB 2022a. The
ANN model's configuration processes involve the
following steps: collecting data, training and test set
selection, conversion of data into ANN inputs,
identifying, training, and testing network structures, if
necessary, repeating the processes several times to
get the best model, and implementation of the best
ANN model [13].

Error analysis functions

The Root mean square error (RMSE), Mean
square errors (MSE), Average relative errors (ARE),
Hybrid fractional error function (HYBRID), Sum of
squares of errors (SSE), and Sum of absolute errors
(SAE) Statistical evaluation tests were used to prove
that the models were satisfactory [16]. The non-linear
methods presented in Egs. (2—7) were used to compare
data from experiments with model-predicted data.

. (20)-25) @

S =37 20001 @

SAE=3" [(z(e) -7 p))} @)

Zi\-Z
HYBRID =1 S ( (&)
N — M ~i=1

100

ARE = =24 Ze) (6)

MSE=S" (7~ ? 7
‘NZH( (€)™ (p)) )

where Nis the total number of measurements, Mis the
maximum amount of model parameters, and Z(p) and
Z(e)are the expected and measured values, expressed
as m?/g, respectively.

RESULTS AND DISCUSSION
The morphological analysis

Figure 1a depicts the morphological appearance
of the blast furnace using SEM. An irregularly shaped
structure of various sizes with a smooth surface was
readily seen in the sample. The increased
magnification shows the high structural porosity of the
particle. Figure 1b shows SEM micrographs of sorbents
after treatment. Before sulphation, the sorbent's overall
pore structure and irregularly shaped particle
arrangement are seen in the image. The sorbent has
open spaces, implying that sulphation reactions can
occur [8].

Figure 1. SEM of (a) the blast furnace and (b) after treatment.

Fourier-transform infrared spectroscopy Analysis

Figure 2 shows the antisymmetric vibration of the
Ca-O and Si-O-Si bonds due to the strong, intense
peak between 570 and 1100 cm™ in the raw blast
furnace slag. Because of the presence of calcium
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hydroxide, the hydroxyl group is thought to be
stretching vibrational bonds around 3500 cm™', which is
related to the weak absorption band. In all the figures,
the absorption peak associated with the C-O vibrations
in the carbonate structure can be seen at 1600 cm-1
and roughly 700 cm™. The Ca-O vibration bond is
attributed to the significant absorption band at
587 cm™. Silica and calcium oxide, which are essential
in expanding the surface area of the sorbents, are
among the components that make up the functional
group present [4].
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Figure 2. FTIR of the blast furmace slag.

X-Ray Fluorescence analysis

Table 1 below provides the chemical breakdown
of BFS before and after treatment as determined by
XRF analysis. The total element found in blast furnace
slag makes up most of the complex heterogeneous
substance known as BFS. After treatment, some
elements are absent in the sorbent due to the
sulphation and calcination process reaction.

Table 1. The elemental composition of the sorbent.

Before treatment After treatment

Element Line Mass% Atom% Mass% Atom %

Cc K 7.78 24.63 23.32 39.59
o K 5.09 11.99 33.23 42.19
Mg K 0.52 0.8 1.1 0.92
Si K 1.72 2.32
S K 14.36 16.91
Ca K 4.11 3.88 34.13 17.3
Mn K 47.42 32.58
Fe K 8.85 5.95
Au M 11.69 2.24 9.5 0.98

Response surface plots

A CCD was used to assess the impact of four
experimental factors on the area region of an absorbing
material made from blast furnace slag. The resulting
sorbent's surface area corresponding to Brunauer-
Emmett-Teller (BET) was investigated. The sorbents
produced range in surface area from 49.89 to

155.33 m?g. The surface area of the sorbent is a
function of hydration temperature and ammonium
acetate content. Figure 3a illustrates the variations in
absorbing material surface dimensions as a function of
the ammonium acetate concentration (B) and hydration
temperature (D). The sorbent surface area significantly
increases when large volumes of ammonium acetate
are employed. The production of Very significant
hydroxyl complexes having a wide area of contact is
facilitated by hydrating agents, which may be the cause
for this. Although high temperatures raise the sorbent's
surface area, when the reaction time is lengthened, the
sorbent's surface area also grows over time [18]. The
pozzolanic reaction has been reported to create
calcium silicate-hydrated compounds at higher
temperatures and longer hydration times [19].
Figure 3b shows how the sorbent surface area
changes; it expands when the ammonium acetate level
is significant. This demonstrates unequivocally that the
moisturizing agent ammonium acetate enhances the
hydration level of a hydroxide aggregate with a large
surface area. The surface area of the sorbent also
increases with the addition of more blast furnace slag.
The phenomenon is explained by the fact that when
more bagasse is used, calcium oxide and more silica
are combined, producing more calcium silicate [20].

Figure 3. The interaction between (a) temperature and ammonium
acetate and (b) blast furnace slag and ammonium acetate on the
surface area.

Eq. (8) is produced by the final model displayed
below after Fisher's Test is used to exclude the
irrelevant terms.

Surface area =+110.42+27.69A+44.898B -7.98C +
4513D +40.48AB -3.43AC +28.96 AD +0.49008C +

28.91BD -10.29CD +12.214% —20.5782 +15.11C2 -

11.31D2
(8)

By contrasting the factor coefficients, the coded
equation can be used to determine the relative
importance of the elements. A positive sign in front of
the phrases indicates a synergistic influence, whereas
an antagonistic influence is shown by a negative sign
[11]. The results of these statistical tests indicate that
the regression model equations properly show the link
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between the important experimental parameters and
the surface area of the sorbent. It is evident through
regression analysis that the coefficient for hydration
temperature (D) is the largest of all the variables.
Therefore, we can conclude that this variable
significantly impacts the surface area of sorbents made
from blast furnace slag.

The analysis of variance (ANOVA) was used to
confirm that the model was adequate by testing for
variance-based variations in means between two or
more category groups; an ANOVA test is a sort of
statistical test used to assess if there is a statistically
significant difference variable. Table 3 displays this at a
95% confidence level. The third-order algebraic
equation was put to the test. A regularly distributed
continuous dependent variable and two or more
categorical independent variables (factors) make up a
two-way ANOVA (analysis of variance). The model is
suggested to be significant by the model's F-value of
13.56. An F-value this big might happen owing to noise
only 0.21% of the time [21].

When the P-value is less than 0.0500, model
terms are regarded to be significant. A, B, C, D, AB, AD,
BD, CD, and B2 are crucial model terms. If the value
exceeds 0.1000, model terms are not significant. If your
model includes many unnecessary terms (apart from
those required to maintain hierarchy), removing them

may improve the performance. The lack of fit F~value of
45.31 suggests that the lack of fit is considerable. Noise
can result in a substantial Lack of Fit F-value only
0.18% of the time. A significant lack of fit in the model
is undesirable since we want it to fit. Temperature (D)
possessed a major impact on surface area (C) relative
to ammonium acetate content (A). In contrast to
variables A and B, the quadratic terms D greatly
impacted the surface of the absorbent area. The C
variable has very minimal influence on the surface
region of the sorbent. The absorbing material surface
region is unaffected by the cubic expression. The
interaction between components B and C does not
significantly affect the surface area.

While the other stayed constant, the impact of one
factor was assessed and plotted versus surface area.
Compared to the other three criteria, hydration
substantially affected surface area more. Ammonium
acetate concentration came next, and then the impact
of time and hydration on blast furnace slag. The surface
area rises with temperature and ammonium acetate
concentrations. Raising hydration length and hydration
time has little effect on surface area [8]. Table 2 also
exhibits the impact. A high F-value for the hydration
temperature indicates that it likely significantly impacts
the surface area.

Table 2. ANOVA.

Source Sum of Squares  df Mean Square F-value  pvalue

Model 15353.31 14 1096.67 13.56 0.0021 significant
A-Blast furnace slag 1532.92 1 1532.92 18.95 0.0048
B-Ammonium acetate =~ 4029.33 1 4029.33 49.81 0.0004

C-Time 636.36 1 636.36 7.87 0.0310
D-Temperature 4073.79 1 4073.79 50.36 0.0004

AB 2621.42 1 2621.42 32.41 0.0013

AC 94.12 1 94.12 1.16 0.3222

AD 1341.89 1 1341.89 16.59 0.0066

BC 1.92 1 1.92 0.0237  0.8826

BD 1337.26 1 1337.26 16.53 0.0066

CD 847.07 1 847.07 10.47 0.0178

A2 380.84 1 380.84 4.71 0.0731

B2 1079.75 1 1079.75 13.35 0.0107

Cc? 582.46 1 582.46 7.20 0.0364

D2 326.49 1 326.49 4.04 0.0913

Residual 485.35 6 80.89

Lack of Fit 464.83 2 232.41 45.31 0.0018 significant

R? = 0.952; R? Predicted = 0.925; R? Adjusted = 0. 954.

Artificial Neural network

The backpropagation method of Levenberg-
Marquardt was used to train the MLP network (4:6:1).
However, it generally takes more Space, so this
approach is quicker. This happens when the validation
samples' mean square error increases, indicating that
generalization is no longer improving. The best number
of neurons in the hidden layer, the best number of
validation and training data, and the best number of
testing samples were all determined using this

technique [13]. Of the 21 samples employed in the ANN
354

modeling, 70% (15 samples), 15% (3 samples), and
15% (3 samples) were used for training, testing, and
training validation, respectively. The network's
interactions with training, testing, and validation data
are depicted in Figure 4. Correlation coefficients for
training, testing, validation, and total data were
determined to be 0.999, 0.994, 0.964, and 0.992,
respectively. The straight line also demonstrates a
linear relationship. The experimental (goal) and
forecasted (output) results are related. The results
suggest high agreement between the actual data and
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the data predicted by the model. Therefore, the
coefficient of total correlation reveals the excellent
prediction capacity of the developed ANN model,
making it suitable for correctly predicting data [22].
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500 - : . :

Output~=0.99*Target+1.2
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Figure 4. Neural network regression analysis.

Predicted and actual data RSM and ANN

The actual (experimental) and anticipated values
for the surface area are compared and statistically
analyzed in Table 3. According to the results, both
models can adequately predict the surface area. The
RMSE, MSE, ARE, HYBRID, SSE, SAE, and R? values
for the RSM model were all found to be 0.065, 0.049,
0.024, 0.314, 0.018, 0.198 and 0.952, respectively,
whereas the ANN model was found to be 0.009, 0.020,
0.012, 0.188, 0.06, 0.110 and 0.992. Both models
provide relevant statistical data, according to statistics,
indicating that they may be used in this procedure [15].
The accuracy of the RSM and ANN techniques in
displaying actual and expected results is seen in
Table 3. The linear fit also shows both models'
remarkable capabilities. Although both models can
predict the surface, the ANN model displayed better
RMSE, MSE, ARE, HYBRID, SSE, SAE, and R?values.

Both models could accurately predict the
sorbent's surface area, the Response surface method,
and the Artificial neural network. The artificial neural

network (ANN) was implemented in Table 4 to
maximize the sorbent's surface area [15].

Table 3. Comparison of artificial neural networks (ANN) and Response surface method (RSM).

Run Blast furnace slag (g) Ammonium acetate (g) Hydration period (hrs) Hydration temperature (°C)

Surface area(m?/g)

RSM ANN
1 5 1 8 30 112.71  113.22
2 5 1 2 30 116.62 116.98
3 5 0 8 90 68.6  70.25
4 0 1 2 90 142.18 145.24
5 5 0 2 90 115.64 115.96
6 0 0 8 30 89.18  90.01
7 0 1 8 90 110.74 112.25
8 0 0 2 30 81.34  80.97
9 0 0.5 5 60 99.96 100.00
10 5 0.5 5 60 155.33 156.32
11 25 0 5 60 49.96 50.98
12 2.5 1 5 60 139.75 140.21
13 2.5 0.5 2 60 133.18 135.29
14 2.5 0.5 8 60 127.69 130.39
15 25 0.5 5 30 58.99 60.28
16 2.5 0.5 5 90 149.25 150.22
17 2.5 0.5 5 60 104,46 105.85
18 25 0.5 5 60 101.48 100.40
19 2.5 0.5 5 60 105.17 105.98
20 2.5 0.5 5 60 107.60 108.95
21 25 0.5 5 60 103.34 105.37
RMSE 0.065  0.009
MSE 0.049 0.020
ARE 0.024 0.012
HYBRID 0.314 0.188
SSE 0.018 0.006
SAE 0.198 0.110
R2 0.952 0.992
Table 4. The optimum predicted conditions.
Variables Values
Reaction time 5h
Reaction temperature 60°C
Ammoniumacetate 0.5¢g
BFS 5g
Surface area 150.00 m?/g
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CONCLUSION

This study demonstrated that it is possible to
prepare sorbent for DFGD. SEM micrographs indicated
high porosity and open spaces, which show that there
is room for sulphation reaction. Silica and calcium oxide
were identified in the functional group that was
observed on the FTIR. The results show that when blast
furnace slag is employed as a pozzolan substance, a
pozzolanic reaction occurs that results in aggregation
of hydrated calcium silicates, expanding the area of the
sorbent's surface. RSM analysis revealed that the
sorbent preparation variables significantly affect the
final sorbent surface area. Higher blast furnace slag
and ammonium acetate content increased surface
area; a moderate rise was seen at high temperatures
and during lengthy hydration time. A quadratic model
was developed to link the independent variables and
the surface area. The RMSE, MSE, ARE, HYBRID,
SSE, SAE, and R? values for the RSM model were all
found to be 0.065, 0.049, 0.024, 0.314, 0.018, 0.198
and 0.952, respectively, whereas the ANN model
generated 0.009, 0.020, 0.012, 0.188, 0.06, 0.110 and
0.992. This can be due to the small nhumber of datasets
available for application. Working with a lot of different
data sets may be more effective for the ANN model.
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ABBREVIATION
ANN Artificial neural network
BFS Blast furnace slag
RMSE Root means square errors
ARE Average relative errors
MSE Mean square errors
CCD Central composite design
BP Back-propagation
FGD Flue gas desulphurization
DFGD Dry flue gas desulphurization
WFGD  Wet flue gas desulphurization
LM Levenberg-Marquardt model
ML Multilayer perceptron
HL Hydrated lime
MPSD Derivative of Marquardt’s percent standard deviation
RMSE Root means square errors
BP Back-propagation
LM Levenberg-Marquardt model
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NAUCNI RAD

SLJAKA VISOKE PECI ZA HVATANJE SO2:
OPTIMIZACIJA | PREDVIDANJE POMOCU
METODOLOGIJE POVRSINE ODZIVA |
VESTACKE NEURONSKE MREZE

Glavni istraZivani reakcioni parametri bili su kolicina Sljake visoke peci trajanje
hidratacije, koncentracija amonjjum-acetata i temperatura. Metodologija povrsine odziva
(MPQO) u kombinaciji sa centralnim kompozitnim planom je koriscena za kvantifikovanje
njihovog uticaj na povrsinu sorbenta po Brunauer-Emet-Teleru (BET). Povrsina dobijenhi
sorbenata se krecu od 49,89 do 155,33 né/g. Pored toga, istraZena su efikasnost i
kapaciteti predvidanja odgovora metodologija MPO i vestacke neuronske mreZe (VINM).
Modeli su procenjeni koriScenjem razlicitih statistickih metrika, ukljucujuci srednju
kvadratnu gresku, prosecnu relativnu gresku, (SSE) zbir kvadratnih gresaka, hibridnu
funkciju frakcione greske, zbir apsolutnih gresaka, koeficijent determinacije, a koren
srednje kvadratne vrednosti. Prema statistickim dokazima, VNM model je nadmasio
pristup MPO modela. Pokazalo se da na povrsinu sorbenta znacajno uticu interakcije
izmedu faktora pored svih pojedinacnih faktora. Prema SEM-u, sorbent je napravijen od
materijala sa znacajnom strukturnom poroznoscu. Funkcionalne grupe su identifikovane
koriscenjem FTIR. Rentgenskm analizom je odreden elementarni sastav sorbenata.
Kljucne reci: Sljaka visoke peci, optimizacija, centralni kompozitni plan, vestacka
neuronska mreZa, metodologija povrsine odziva.
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THE EFFECT OF GLYCEROL AND SAGO
STARCH ADDITION ON THE
CHARACTERISTICS OF BIOPLASTICS BASED
ON ORANGE PEEL PECTIN

Article Highlights

e The high pectin content in orange peel boasts 42.5% pectin, suitable for bioplastics
synthesis

« Examining orange peel pectin with glycerol and sago starch for improved bioplastics

e Tensile strength (4.22 MPa) and elongation (24%) in pectin:starch (75:25%) and
glycerol (40%)

Abstract

Sustainable food packaging materials have significant interest in addressing
environmental issues by making renewable substitutes such as bioplastics
based on pectin. Orange peel has a relatively high pectin content of 42.5%,
which can be synthesized into bioplastics. Pectin-based bioplastics tend to
have limitations in terms of mechanical and physical strength due to the
hygroscopic nature of pectin. This study aims to determine the effect of
adding glycerol and sago starch on the characteristics of orange peel pectin-
based bioplastics. The casting method was used in the bioplastic
formulation using the variation of the pectin:starch ratio (75:25, 65:35, 55:45;
and 50:50%) and glycerol composition (10, 20, 30, and 40%,). Based on the
results, the pectin obtained was caltegorized as low methoxyl pectin and
ester pectin. The characterizations of bioplastics achieved the maximum
value of the tensile strength of bioplastics was 4.22 MPa, obtained by adding
pectin:starch (50:50%) and 10% glycerol. The maximum value of the
elongation properties at the break of bioplastics is 24%, obtained by adding
the composition of pectin.starch (75:25%) and 40% glycerol. The more
additions of the pectin:starch and glycerol composition result in a higher
water vapor evaporation rate. Hence, utilizing orange peel pectin-based
bioplastics offers a sustainable solution by exploring repurposing waste to
create bioplastics for food packaging, thereby contributing to environmental
preservation.

Keywords: bioplastics, pectin, starch, orange peel.

Bioplastics are a renewable source of great interest to
researchers because provide a solution to the
limitations of petroleum-based polymer resources and
can reduce environmental pollution [1,2]. In 2021, the
global production capacity of bioplastics reached
approximately 2.42 million tons, with nearly 48 percent
(1.15 million tons) of the volume destined for the
packaging market - the largest market segment within
the bioplastics industry [3]. Bioplastics can be defined
as plastics that are bio-based and biodegradable so
that microorganisms can naturally decompose them [4].
Bioplastics are usually derived from natural materials
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such as polysaccharides
polypeptides, and lipids [5].

(carbohydrates),

Pectin is a natural biopolymer compound with a
high molecular weight (ranging from 50 to
150 thousand), primarily found in plants. Galacturonic
acid molecules linked with a-(1-4)-glycoside bonds to
form polygalacturonic acid are the constituent
components of pectin [6,7]. One source of pectin can
be reused as raw material for producing edible films
that can be used as food packaging with biodegradable
and environmentally friendly capabilities, namely waste
derived from fruit peels. Pectin is one of the
carbohydrates that can be isolated from orange peel,
considering that the productivity of orange plants,
especially in Sumatera Utara, Indonesia, is relatively
high, around 448,476 tons in 2022 [8]. The pectin
content in orange peels is also quite large at around
42.5%, so orange peels have the potential to be reused
as a source of pectin in the manufacture of
bioplastics [9,10]. Pectin and essential oil are the main
contents of citrus peel, especially the albedo part.
Pectin in orange peel can be isolated using a solid-
liquid extraction process. Pectin can make bioplastics
more robust, better, and stable because it has a high
gel-forming ability. However, too many hydrocolloids
and pectin have hydrophilic properties, so the resulting
bioplastics will tear easily [11].

Pectin-based bioplastics with starch can improve
pectin-based bioplastics' physical and mechanical
characteristics. Starch is a glucose polymer consisting
of amylopectin and amylose. Starch can be produced
by the extraction process of materials containing high
carbohydrates, such as corn, sweet potato, cassava,
sago, and taro [12]. Starch is a carbohydrate composed
of two components, amylose and amylopectin. Linear
polymers with a-(1—4) glucose units in starch are
called amylose. Plants with a reasonably high starch
content, namely sago (Metroxylon sp), are 82.94%.
Based on information from the Indonesian Ministry of
Agriculture in 2021, sago production is estimated to
reach 381,065 tons [13]. Using sago starch as a raw
material for bioplastics has several advantages, such
as an abundant supply of raw materials that can be
biodegradable. Bioplastics made from starch also still
have some disadvantages, such as being able to
absorb water excessively and being rigid [14].

Bioplastics from natural polymers like pectin and
starch are generally brittle and rigid. Glycerol is one
example of a plasticizer that can be added to produce
flexible and mechanical solid properties [15]. Glycerol
as a plasticizer is often chosen because it has a high
boiling point of 290 °C. This results in no glycerol
evaporating during processing, which is more
beneficial. In  addition, glycerol can reduce
360

intermolecular and intramolecular bonds found in
starch and pectin. Adding glycerol concentration will
increase the flexibility of starch, pectin, and gelatin-
based biocomposites [16]. Glycerol is widely used in
the manufacture of bioplastics, as done by Yuniarti et
al. [17] researched the manufacture and
characterization of bioplastics made from sago starch
(Metroxylon sp) with acetic acid and glycerol, which
concluded that the physical and mechanical properties
of bioplastics can increase with the addition of glycerol
and acetic acid. Darni et al. [18] also researched the
effect of plasticizers on the properties of pectin-based
edible films, showing better mechanical properties and
water vapor permeability in glycerol compared to
sorbitol.

Based on this explanation, this study aims to
make bioplastics on the effect of adding glycerol and
sago starch on the characteristics of orange peel
pectin-based bioplastics produced. In the growing field
of chemical engineering, exploring sustainable
alternatives to plastics is a must. This research also
contributes by utilizing growing eco-friendly materials,
addressing the issue of environmental problems, and
encouraging a more sustainable future.

MATERIALS AND METODS

The materials used such as orange peel for pectin
and sago starch, were obtained from supermarkets
around Medan, Sumatera Utara, Indonesia. Food-
grade glycerol was used. Hydrochloric acid (HCI),
ethanol (C2HsOH), and aquadest were used as pectin
isolation materials, as sodium chloride (NaCl), sodium
hydroxide (NaOH), and phenolphthalein indicators. The
equipment used in this study were analytical balance,
three-neck flask, beaker glass, filter paper, measuring
cup, bioplastics mold, hot plate, magnetic stirrer, and
100 mesh sieve.

Procedure for pectin isolation from orange peel

Weighed 6 g of orange peel powder and poured it
into a three-neck flask, then added 200 ml of 0.02 N HCI
solution at 70 °C for 60 minutes. Filtered and added
96% ethanol to the filtrate with a volume ratio of 1:1
while stirring to form a precipitate.Separated the
precipitate using filter paper. Filter the precipitate and
wash it using ethanol continuously. The precipitate was
dried to a constant weight and sieved using a 100-mesh
sieve.

Bioplastics preparation procedure

Weighed 3 g of pectin/starch in the ratio of 75:25;
65:35; 55:45; 50:50%, poured into a beaker glass, and
added 75 ml of distilled water. Then, heat the solution
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to 70 °C using a hot plate. Glycerol was added with 10,
20, 30, and 40% variations and then stirred until
homogeneous. After mixing evenly, the solution was
cooled before molding. The solution was poured into
the mold and then dried for 48 hours at room
temperature. Then, the bioplastics was removed from
the mold.

Pectin Analysis
Equivalent Weight

An amount of 0.5 g of pectin was moistened with
5 ml of ethanol and then dissolved in 100 ml of distilled
water supplemented with 1 g of NaCl. Titrated slowly
using 0.1 N NaOH with phenolphthalein indicator until it
turns pink color and the volume of NaOH used is
noted [19]. The equivalent weight of pectin can be
calculated by Eq. (1).

samle weight(mg)
ml NaOH xN NaOH

x100%

(1)

Equivalent weight(mg) =

Methoxyl content

A total of 25 ml of 0.25 N NaOH was added to the
neutral solution from the determination of equivalent
weight, then stirred and allowed to stand for 30 minutes
under closed conditions at room temperature. A total of
25 ml of 0.25 N HCI was added and titrated with 0.1 N
NaOH with phenolphthalein indicator until it turned pink
color, and the volume of NaOH used was noted [20].
Pectin methoxyl content can be calculated with Eq. (2).

ml NaOH x31xN NaOH x100
sample weight(mg )
(2)

The value 31 is the molecular weight of methoxyl
which is CH3O.

Methoxyl content (%)=

Galacturonate content

The volume of NaOH obtained from the
determination of equivalent weight and methoxyl
content is used to calculate galacturonic content with
the following Eq. (3) [20].

176x0.1zx100  176x0.1yx100
sample weight(mg) sample weight(mg)
)
where, zvolume of NaOH based on equivalent weight;

y~volume of NaOH based on methoxyl content; the
value 176 is the molecular weight of galacturonate.

Galacturonate levels =

Degree of esterification

The methoxyl content and galacturonic content
that have been obtained are used to calculate the

degree of esterification of pectin using Eq. (4) as
follows [20].

176 x Y%emethoxy!
31x%galacturonate

Degree of esterification = 4)

The value 31 represents the molecular weight of
methoxyl; the value 176 represents the molecular
weight of galacturonate.

Characteristics and physical properties of bioplastics

The physical strength of bioplastics can be
determined based on the tensile strength and
elongation at break values of the resulting
starch/pectin-based bioplastics. The ASTM 882
standard with the provisions of the Universal Testing
Machine (UTM) model was used to test the tensile
strength and elongation at break of pectin-based
bioplastics at the Laboratorium Polimer, Department of
Chemical Engineering, Universitas Sumatera Utara,
Medan, Indonesia. Egs. (5) and (6) calculate the tensile
strength and elongation at break, respectively:

:Fmax 5
o 4 ©)

where o is the tensile strength (N/m?), Fmax is the tensile
force applied to the cross-section of the specimen (N),
and A is the initial cross-sectional area of the specimen
before force load (m?).

elongation(%) = ?—/ x100% (6)
0

where A/is the change in length (cm) and 4 is the initial
length (cm).

Analysis Scanning Electron Microscope (SEM)

The morphological of biocomposite was observed
by SEM EVO MA 10 ZEISS at magnification ranging
from 1000x to 5000x in Laboratorium Penelitian dan
Pengujian Terpadu, Universitas Gadjah Mada,
Yogyakarta, Indonesia.

Water vapor transmission rate

The film was placed on the mouth of a porcelain
dish with a diameter of 7 cm and a depth of 2 cm filled
with 10 g of silica gel. The edges of the film and the
porcelain cup were glued with glue. Put the porcelain
cup into a container containing 40% NaCl (b/v).
Calculated the film changes every 1 hour until reaching
the 7th hour by Eq. (7) [21].

. A
Water —vapor transmission rate = 7)( (7)

where Ax - linear slope (g/h); A - film area (m?).
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RESULTS AND DISCUSSION
Orange peel pectin analysis

Pectin was characterized from orange peel to see
the equivalent weight, methoxyl content, galacturonic
content, and degree of esterification produced. These
values can be seen in Table 1. The yield value and
equivalent weight of pectin from orange peel were
25.38% and 510.52 mg, respectively. These results can
be compared with other raw materials such as Dragon
Fruit (Hylocereus polyrhizus) peel has a pectin content
of 12% and yields 11% [22] while Grapefruit (Citrus
Maxima) peel has a pectin content of 40% and yields

27.3% pectin [23]. Considering the use of this fruit peel
material as waste is still small so it needs to be
encouraged. The content of unesterified free
galacturonic acid in the pectin molecular chain is the
equivalent weight. Free galacturonic acid that is free of
methyl ester (unesterified) is called pectic acid. The
equivalent weight results obtained in this study did not
meet the standards of the International Pectin
Procedures Association (IPPA) (2003), which ranged
from 600—-800 mg [24]. This is influenced by pectin
content, plant type, and extraction method, which can
affect the equivalent weight of pectin [19].

Table 1. Characterization results of orange peel pectin.

Characterization Values IPPA Standard

Yield (%) 25.38 -

Equivalent Weight (mg) 510.52 600-800

Methoxyl (%) 5.20 >7.12 (pectin with high methoxyl)
<7.12 (pectin with low methoxyl)

Galacturonic acid (%) 64.06 60

Degree of esterification (%) 46.09 >50% (high ester pectin)

<50% (low-ester pectin)

Methoxyl content is the number of esterified
methyl groups in orange peel pectin that can affect gel
formation ability. Pectin with methoxyl content >7% is
called high methoxyl pectin, while pectin with methoxyl
content <7% is called low methoxyl pectin. In this study,
pectin was obtained with a methoxyl percentage of
5.20%, so the pectin produced was categorized as low
methoxyl pectin [25].

Galacturonic content is an important parameter
affecting the pectin gel's structure. Table 1 shows that
the galacturonic content obtained has met the IPPA
(2003) standard of 64.06% [24]. Galacturonic levels
that have met the standards of IPPA (2003) can be
concluded to have broken the chain of pectin
components against other components, such as
hemicellulose contained in orange peel [19]. The
degree of esterification is a parameter that states the
percentage of esterified carboxyl groups. Pectin with a
degree of esterification > 50% is called high methoxyl
pectin, while pectin with a degree of esterification
< 50% is called low methoxyl pectin. The study
obtained pectin with a degree of esterification of
46.09%, so the pectin obtained in this study is included
in the category of low-ester pectin [15,25].

Effect of glycerol and sago starch addition on tensile
strength value of orange peel pectin-based bioplastics

Fig. 1 shows the effect of glycerol and sago starch
addition on the tensile strength value of orange peel
pectin-based bioplastics.

362

u Glycerol 10% = Glycerol 20%

& Glycerol 30% = Glycerol 40%

4 ' el

Tensile Strength (MPa)
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Composition of Pectin : Starch (%)
Figure 1. Effect of glycerol and sago starch addition on tensile
strength value of orange peel pectin-based bioplastics.

Fig. 1 shows that the maximum tensile strength of
bioplastics is 4.22 MPa, which is obtained in addition to
pectin:starch composition (50:50%) and 10% glycerol.
The minimum value of bioplastics tensile strength is
1.01 MPa in addition to pectin:starch composition
(75:25) and 40% glycerol. According to Japanese
Industrial Standard 1707:1975, the minimum value for
tensile strength for bioplastics is 0.39 MPa [26]. The
maximum tensile strength value of bioplastics indicates
that the composition of starch has a significant role in
the tensile strength value of bioplastics compared to
pectin. This is because sago starch is known to have
main components in the form of amylose and
amylopectin, which will affect the mechanical
properties of bioplastics. The more the composition of
pectin increases, the tensile strength value of
bioplastics will decrease. This is because pectin
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comprises galacturonic acid molecules that bind to
a-(1-4)-glycoside bonds to form polygalacturonic acid.
Polygalacturonic acid is an amorphous region with
lower stiffness than crystalline regions, such as
amylopectin found in starch.

Fig. 1 also shows that the maximum tensile
strength value continues to decrease until the addition
of 40% glycerol. At the addition of 10% glycerol in the
composition of pectin:starch (50:50%), the highest
tensile strength value is due to glycerol reducing
intermolecular interactions between pectin and
starch [27]. This is also supported by the scanning
electron microscopy (SEM) analysis results, shown in
Fig. 2a, which shows that bioplastics have a more
stable surface.

J,
se oy /worim sgho’)
LpPT UG

Figure 2. SEM results of pectin:starch (50:50%) composition
bioplastics in the addition of (a) 10% glycerol and (b) 40% glycerol.

Fig. 2 shows the scanning electron microscopy
(SEM) analysis results of pectin:starch (50:50%)
composition bioplastics in the addition of 10% glycerol
and 40% glycerol. Bioplastics surfaces must be
produced homogeneous and gap-free to maintain the
characteristics [28]. However, adding 20%, 30%, and
40% glycerol decreased the tensile strength. This is
because the glycerol added is too high, so glycerol
disrupts not only intermolecular interactions between
pectin and starch molecules but also disrupts
intramolecular bonds in starch and pectin, thereby
reducing the tensile strength value of the resulting
bioplastics as can be seen in Fig. 2b where the resulting
surface is less stable and indicated to form a plasticsol
film caused by excess glycerol.

Effect of glycerol and sago starch addition on
elongation at break value of orange peel pectin-based
bioplastics

The effect of glycerol and sago starch addition on
the elongation at the break value of orange peel pectin-
based bioplastics can be seen in Fig. 3

Fig. 3 shows that the maximum value of
elongation properties at the break of bioplastics is 24%,
which is obtained by adding pectin:starch composition
(75:25%) and 40% glycerol. This is due to the high

composition of pectin, which will increase the
amorphous area, thereby increasing the bioplastics'
flexibility. The Japanese Industrial Standard 1707:1975
for elongation at break value is between 10%—50%[26].
The minimum elongation value at the break of
bioplastics is 6.39% in the addition of pectin:starch
composition (50:50%) and 10% glycerol. This is due to
the difference in polarity between starch, pectin, and
glycerol, resulting in a decrease in the elongation at the
break value of the bioplastics produced [29]. Hassani et
al. obtained similar results when observing the
decrease in elongation at the break of the
nanocomposite bioplastics film of potato starch and
gum arabic with the addition of boron oxide

nanoparticles and Anise hyssop (Agastache
foeniculum) essential oil [30].

5 = Glycerol 10% m Glycerol 20%

0 Glycerol 30% m Glycerol 40%

Elongation at Break (%)

78325 65:35 55:45 50:50

Composition of Pectin : Starch (%)

Figure 3. Effect of glycerol and sago starch addition on elongation at
break value of orange peel pectin based bioplastics.

Effect of glycerol and sago starch addition on water
vapor transmission rate of orange peel pectin-based
bioplastics

The effect of the addition of glycerol and sago
starch on the water vapor transmission rate of orange
peel pectin-based bioplastics is shown in Fig. 4.

u Glycerol 10%
18 Glycerol 30%

111

75:25 65:35 55:45 50:50

® Glycerol 20%

Glycerol 40%

(@mh)

‘Water Vapor Transmission Rate

Composition of Pectin : Starch (%)

Figure 4. Effect of glycerol and sago starch addition on water vapor
transmission rate of orange peel pectin-based bioplastics.

The maximum water vapor evaporation rate is
15.67 g/m?.h when adding pectin:starch (50:50%) and
40% glycerol. The use of pectin contributes to forming
a linked structure in bioplastics that can limit air
exchange [31]. Fig. 4 also shows that the more the
pectin: starch and glycerol composition is added, the
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higher the water vapor evaporation rate. This is due to
glycerol, which acts as a plasticizer with water-
absorbing properties, so the transfer of water vapor
from the environment to the surface of bioplastics
becomes faster. In addition, glycerol has a small
molecule, so it will more easily enter the amorphous
network in pectin and starch so that there are more
opportunities for water to be absorbed and water
transfer in the film [27,32]. Bioplastics protects the
product against ambiance risk variations according to
the packaging settings [33].

CONCLUSION

Bioplastics based on pectin from orange peel
formulated with sago starch and glycerol have been
created in this study. Based on the results, the pectin
obtained from orange peel were yielding of 25.38% or
equivalent weight of 510.52 mg, categorized as low
methoxyl pectin (5.20%) and low ester pectin (46.09%).
The addition of glycerol and sago starch in formulating
orange peel pectin-based bioplastics showed
significant changes in the mechanical and physical
properties of the bioplastics produced. The maximum
tensile strength of bioplastics is 4.22 MPa, obtained by
adding pectin:starch composition (50:50%) and 10%
glycerol. The maximum value of elongation at the break
of bioplastics is 24%, obtained by adding pectin:starch
composition (75:25%) and 40% glycerol. The
formulation given follows the Japanese Industrial
Standard 1707:1975. Scanning electron microscopy
confirms the supported analysis of the surface of the
bioplastics to the interaction between the variation
formulated. The more the addition of pectin:starch and
glycerol composition, the higher the water vapor
evaporation rate. The utilization of orange peel as
pectin also provides an excellent alternative to orange
peel waste solutions. The future research direction is to
apply food packaging to prevent oxidation by observing
changes in food color and texture.
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NAUCNI RAD

UTICAJ DODATKA GLICEROLA | SAGO SKROBA
NA KARAKTERISTIKE BIOPLASTIKE NA BAZI
PEKTINA OD KORE POMORANDZE

OdrZivi materijali za pakovanje hrane imaju znacajan interes u resavanju ekoloskih
problema stvaranjem obnovijivih zamena, kao sto je bioplastika na bazi pektina. Kora
pomorandZe ima relativno visok sadrZaj pektina od 42,5%, koji se moZe sintetizovati u
bioplastiku. Bioplastika na bazi pektina ima ogranicenja u pogledu mehanicke i fizicke
cvrstoce zbog higroskopne prirode pektina. Ova studijja ima za cilj da utvrdi efekat
dodavanja glicerola i skroba sagoa na karakteristike bioplastike na bazi pektina od kore
pomorandZe. Metoda livenja je koriscena u formulaciji bioplastike koriscenjem varijacije
odnosa pektin:skrob (75:25, 65:35, 55:451 50:50%) i sastava glicerola (10, 20, 30 40%).
Na osnovu rezultata, dobifeni pektin je kategorisan kao pektin sa niskim sadrZajem
metoksila | estara pektina. Karakterizacijama bioplastike postignuta je maksimalna
vrednost zatezne cvrstoce od 4,22 MPa za bioplastiku dobijenu koriscenjem odnosa
pektin:skrob od 50:50% i 10% glicerola. Maksimalna vrednost svojstava elongacije pri
lomljenju bioplastike od 24% dobijena je koriscenjem odnosa pektin.skrob 75:25% i 40%
glicerola. Vise dodataka sastava pektin: skrob i glicerol dovodi do vece brzine
[sparavanja vodene pare. Stoga, koriscenje bioplastike na bazi pektina od kore
pomorandZe nudi odrZivo reSenje istraZivanjem olpada za dobijanje bioplastike za
pakovanje hrane, ¢ime se doprinosi ocuvanju Zivotne sredine.

Kljucne reci: bioplastika, pektin, skrob, kora pomorandZe.

365


https://dx.doi.org/http:/op.niscpr.res.in/index.php/IJNPR/article/view/2182
https://dx.doi.org/http:/op.niscpr.res.in/index.php/IJNPR/article/view/2182
https://dx.doi.org/10.1088/1757-899X/309/1/012033
https://dx.doi.org/10.1088/1757-899X/309/1/012033
https://dx.doi.org/10.14710/jksa.23.6.203-208
https://dx.doi.org/10.14421/icse.v2.86
https://books.google.co.id/books/about/Manual_of_Analysis_of_Fruit_and_Vegetabl.html?id=i3ZGNQAACAAJ&redir_esc=y
https://books.google.co.id/books/about/Manual_of_Analysis_of_Fruit_and_Vegetabl.html?id=i3ZGNQAACAAJ&redir_esc=y
https://books.google.co.id/books/about/Manual_of_Analysis_of_Fruit_and_Vegetabl.html?id=i3ZGNQAACAAJ&redir_esc=y
https://pdfs.semanticscholar.org/7cd0/119895e87ddd250b2516445f0270b5771fb0.pdf
https://pdfs.semanticscholar.org/7cd0/119895e87ddd250b2516445f0270b5771fb0.pdf
https://dx.doi.org/10.1088/1755-1315/967/1/012012
https://dx.doi.org/10.1088/1755-1315/967/1/012012
https://dx.doi.org/10.1016/j.jmrt.2021.09.016
https://dx.doi.org/10.1016/j.fpsl.2022.100912
https://dx.doi.org/10.1002/masy.201800110
https://dx.doi.org/10.1007/s10924-023-03114-3
https://dx.doi.org/10.1007/s10924-023-03114-3
https://dx.doi.org/10.1007/s10924-023-03159-4
https://dx.doi.org/10.1007/s10924-023-03159-4
https://jpa.ub.ac.id/index.php/jpa/article/view/278
https://dx.doi.org/10.1080/10408398.2023.2280769

366



Journal of the

Belgrade

Serbia, Belgrade, Serbia

Association of Chemical Engineers of

Chemical Industry &
Chemical 3ngineering
(Ouarterly

CI&CEQ Vol. 30

Contents: Issues 14

YEAR 2024

No. 1

Sema Akyalcin, Levent Akyalcin, Morten Bjorgen, Catalytic
performance of desilicated HZSM-12 for benzylation
reaction of benzene with benzyl alcohol ............................... 1

Lalgudi Srinivas Bhadrinarayanan, Chinthalacheruvu Anand
Babu, A resins-neutralization coupled route for the
treatment of stainless-steel pickling effluent: A research
study 1

Puji Wahyuningsih, Muslimah Muslimah, Yusnawati Yusnawati,
Local salt purification in aceh timur regency using alkaline
(KOH and NAOH) activated bentonite...............ccccevnrrrnnne 25

Cemre Avsar, Suna Ertung, Fluoride removal from
phosphogypsum: A study on a pre-industrial scale and its
mathematical analysis ...........cccccooiiiiereeiienceeeee e 35

Bensaber Bensebia, Fatma-Zohra Chaouche, Ouahida
Bensebia, Soumia Kouadri Moustefai, Bed expansion in
turbulent bed contactor: experiments and prediction........ 47

Asli Donmez, Cetin Kadakal, Hot-air drying and degradation
kinetics of bioactive compounds of gilaburu ( Viburnum
OPUIUS L.) TrUIt....eeeee i 59

Rondang Tambun, Anggara Dwita Burmana, Bode Haryanto,
Vikram Alexander, The effect of vacuum process on
biodiesel production from palm kemel fatty acid distillate 73

Loganathan Gokulanathan, Jegan Annamalai, Experimental
investigation of micro-ECM on MONEL 400 alloy using
particles mixed electrolyte ...................c.ccccciiiiiinne. 81

No. 2

Vinila Mundakkal Lakshmanan, Aparna Kallingal, Sreepriya
Sreekumar, Internal model control of cumene process using
analytical rules and evolutionary computation ............... 89

Beatriz Menossi Ribeiro, Leandro Da Rin De Sandre Junior,
Giancarlo De Souza Dias, Michelle Da Cunha Abreu Xavier,
Alex Fernando De Almeida, Elda Sabino Da Silva, Alfredo
Eduardo Maiorano, Rafael Firmani Perna, Sergio Andres
Villalba Morales, Cross-linked whole cells for the sucrose
transfructosylation reaction in a continuous reactor........ 99

Vanessa Dal-B6 , Heitor Otacilio Nogueira Altino, José Teixeira
Freire, System development for monitoring the production
process of freeze-dried samples: a simple and low-cost
approach ... 111

Kadhum Audaa Jehhef, Musaab Kadem Rasheed, Mohamed
Abed Al Abas Siba, Numerical simulation of the oscillating
thin plate impact on nanofluids flow in channel.............. 123

DPordije Doder, Damir Bakovi¢, Borivoj Stepanov, Nikola
Milivojevi¢, Optimization of energy consumption during
immersion frying of peanuts..............cccccccviiiiieeeennnne 135

Aysu Kayalioglu, Eco-friendly coatings composed of
lignosulfonate-modified biopolymer and vegetable waxes for
nitrogenous fertilizers ...........ccccoov v 143

Jasim |. Humadi, Muayad A. Shihab, Ghazwan S. Ahmed,
Mustafa A. Ahmed, Zeyad A. Abdullah, Shankar Sehgal,
Process modeling and kinetic estimation for desulfurization
of diesel fuel using nano - ZnO/AL2Os........ceeveveiicrreeenn. 151

Ricardo Arbach Fernandes De Oliveira, Julio Henrique Zanata,
Gabriela Cantarelli Lopes, Numerical study of turbulence on
drag coefficient determination for particle agglomerates . 161

No. 3

Ananthakumar Sudalaimani, Barathiraja Rajendran, Thiyagaraj
Jothi, Ashokkumar Mohankumar, Effects of exhaust gas
recirculation on diesel engine using hybrid biodiesel...... 179

Heitor Otacilio Nogueira Altino, Giovani Aud Lourencgo, Carlos
Henrique Ataide, Claudio Roberto Duarte, The influence of
moisture content on drilled cuttings’ properties of bed
packing and flowability ............ccoooiiiiiiiiii 193

Ananthakumar Sudalaimani, Barathiraja Rajendran, Thiyagaraj
Jothi, Mathanbabu Mariappan, Combustion, emission, and
performance characteristics of hybrid biofuel at different
COMPreSSION ratios. ..., 207

Rengasamy Rajaraman, Rajamanickam Muthucumaraswamy,
Impact of chemical reaction, viscous dissipation, and
thermal radiation on MHD flow past an oscillating plate . 223

Thitiporn Suttikul, Sirimas Manthung, Sasikarn Nuchdang,
Dussadee Rattanaphra, Thongchai Photsathian, One-step
conversion of ethane to ethylene oxide in AC parallel plate
dielectric barrier discharge.................cccccc, 231

Radmila Milenkovska, Nikola Geskovski, Petre Makreski, Anita
Grozdanov, Emil Popovski, Gjorgji Petrushevski, Maja
Simonoska Crcarevska, Kristina Mladenovska,
Functionalized carbon nanostructures as temozolomide
carmriers: Physicochemical and biopharmaceutical
characterization ..............cccoovevii i 243

367



CI&CEQ Vol. 30

Contents: issues 14

YEAR 2024

Periasamy Manikandan Srinivasan, Pradeep Kumar
Chinnusamy, Raghul Thangamani, Suriya Palaniraj,
Pranesh Ravichandran, Surya Karuppasamy, Yokeshwaran
Sanmugam, Heat transfer performance of an Al2Os-water-
methanol nanofluid in a plate heat exchanger................ 257

Imene Ghezal, Ali Moussa, Imed Ben Marzoug, Ahmida EI-
Achari, Christine Campagne, Faouzi Sakli, Development of
a multi-layered, waterproof, breathable fabric for full-
weather apparel 265

No. 4

Anita Smailagi¢, Sonja Veljovi¢, Steva Levi¢, Tatjana Solevi¢
Knudsen, Viktor Nedovi¢, Vladimir Pavlovi¢, Maja Natic,
Chemical characterization of different wood fragments and
their volatile composition in model spirit solutions.......... 275

Stefan Vukmanovi¢, Jasmina Vitas, Snezana Kravi¢, Zorica
Stojanovi¢, Ana Burovi¢, Biljana Cvetkovi¢, Radomir
Malba&a, Influence of main production variables on
nutritional characteristics of winery effluent kombucha 285

Kumutha Ramalingam, llaiyavel Sivakumaran, Mathanbabu
Mariappan, Barathiraja Rajendran, Effect of salt bath
nitriding on tribological properties of AlSI52100 steel
coatings using response surface methodology .............. 295

368

Saman Khawaja, Muhammad Rashid Usman, Rabya Aslam,
Conceptualization and process simulation of a CO2 based
methanol production plant ..., 309

Golden Stepha Nallathambi, Bharathi Gowri Sasi Kumar, Guvva
Swathy, The magnetohydrodynamic Williamson fluid flow on
an extending sheet with thermophoresis and chemical
FEACHION .....ceiiiii e e 325

Chitra Devi Venkatachalam, Premkumar Bhuvaneshwaran,
Mothil Sengottian, Sathish Raam Ravichandran, Reliability-
based design optimization of screw shaft for continuous
high-pressure hydrothermal co-liquefaction process...... 335

ltumeleng Kohitlhetse, Suter Kiplagat Evans, Musamba Banza,
Robert Makomere, Blast furnace slag for SO capture:
Optimization and prediction using response surface
methodology and artificial neural network ..................... 349

Muhammad Thorig Al Fath, Ghendis Ekawati Ayu Gina Cynthia
Raphita Hasibuan, Nisaul Fadilah Dalimunthe, Vikram
Alexander, The effect of glycerol and sago starch addition
on the characteristics of bioplastics based on orange peel

...359




Chemical Industry &
Chemical 3ngineering

Journal of the

—g, Association of Chemical Engineers,

3 Belgrade, Serbia ' ‘ uarterly
CI&CEQ Vol. 30 Author Index YEAR 2024
A D

Ahmida El-Achari (3) 265

Alex Fernando De Almeida (2) 99
Alfredo Eduardo Maiorano (2) 99
Ali Moussa (3) 265

Ana Burovic (4) 285

Ananthakumar Sudalaimani (3) 179; (3) 207

Anggara Dwita Burmana (1) 73
Anita Grozdanov (3) 243

Anita Smailagi¢ (4) 275

Aparna Kallingal (2) 89
Ashokkumar Mohankumar (3) 179
Asli Dénmez (1) 59

Aysu Kayalioglu (2) 143

Barathiraja Rajendran (3) 179; (3) 207; (4)

295

Beatriz Menossi Ribeiro (2) 99
Bensaber Bensebia (1) 47
Bharathi Gowri Sasi Kumar (4) 325
Biljana Cvetkovi¢ (4) 285

Bode Haryanto (1) 73

Borivoj Stepanov (2) 135

Cc

Carlos Henrique Ataide (3) 193
Cemre Avsar (1) 35

Cetin Kadakal (1) 59
Chinthalacheruvu Anand Babu (1) 11
Chitra Devi Venkatachalam (4) 335
Christine Campagne (3) 265

Claudio Roberto Duarte (3) 193

Damir Bakovi¢ (2) 135
Dussadee Rattanaphra (3) 231

b

Pordije Doder (2) 135

Elda Sabino Da Silva (2) 99
Emil Popovski (3) 243

Faouzi Sakli (3) 265
Fatma-Zohra Chaouche (1) 47

G

Gabriela Cantarelli Lopes (2) 161
Ghazwan S. Ahmed (2) 151

Ghendis Ekawati Ayu (4) 359
Giancarlo De Souza Dias (2) 99

Gina Cynthia Raphita Hasibuan (4) 359
Giovani Aud Lourenco (3) 193

Gjorgji Petrushevski (3) 243

Golden Stepha Nallathambi (4) 325
Guvva Swathy (4) 325

Heitor Otacilio Nogueira Altino (2) 111; (3) 193

369



CI&CEQ Vol. 30

Author Index YEAR 2024

llaiyavel Sivakumaran (4) 295
Imed Ben Marzoug (3) 265
Imene Ghezal (3) 265
Itumeleng Kohitlhetse (4) 349

Jasim |. Humadi (2) 151
Jasmina Vitas (4) 285

Jegan Annamalai (1) 81

José Teixeira Freire (2) 111
Julio Henrique Zanata (2) 161

Kadhum Audaa Jehhef (2) 123
Kristina Mladenovska (3) 243
Kumutha Ramalingam (4) 295

Lalgudi Srinivas Bhadrinarayanan
(1) 11

Leandro Da Rin De Sandre Junior
(2) 99

Levent Akyalcin (1) 1

Loganathan Gokulanathan (1) 81

M

Maija Nati¢ (4) 275

Maja Simonoska Crcarevska (3) 243

Mathanbabu Mariappan (3) 207; (4)
295

Michelle Da Cunha Abreu Xavier (2)

99

Mohamed Abed Al Abas Siba (2)
123

Morten Bjargen (1) 1

Mothil Sengottian (4) 335

Muayad A. Shihab (2) 151
Muhammad Rashid Usman (4) 309
Muhammad Thorig Al Fath (4) 359

370

Musaab Kadem Rasheed (2) 123
Musamba Banza (4) 349
Muslimah Muslimah (1) 25
Mustafa A. Ahmed (2) 151

Nikola Geskovski (3) 243
Nikola Milivojevi¢ (2) 135
Nisaul Fadilah Dalimunthe (4) 359

o)

Ouahida Bensebia (1) 47

Periasamy Manikandan Srinivasan (3) 257
Petre Makreski (3) 243

Pradeep Kumar Chinnusamy (3) 257
Pranesh Ravichandran (3) 257
Premkumar Bhuvaneshwaran (4) 335

Puji Wahyuningsih (1) 25

Rabya Aslam (4) 309

Radmila Milenkovska (3) 243

Radomir Malbas$a (4) 285

Rafael Firmani Perna (2) 99

Raghul Thangamani (3) 257

Rajamanickam Muthucumaraswamy (3) 223
Rengasamy Rajaraman (3) 223

Ricardo Arbach Fernandes De Oliveira (2) 161
Robert Makomere (4) 349

Rondang Tambun (1) 73



CI&CEQ Vol. 30

Author Index YEAR 2024

S

Saman Khawaja (4) 309

Sasikarn Nuchdang (3) 231

Sathish Raam Ravichandran (4) 335
Sema Akyalcin (1) 1

Sergio Andres Villalba Morales (2) 99
Shankar Sehgal (2) 151

Sirimas Manthung (3) 231

Snezana Kravic (4) 285

Sonja Veljovi¢ (4) 275

Soumia Kouadri Moustefai (1) 47
Sreepriya Sreekumar (2) 89

Stefan Vukmanovi¢ (4) 285

Steva Levi¢ (4) 275

Suna Ertuncg (1) 35

Suriya Palaniraj (3) 257

Surya Karuppasamy (3) 257

Suter Kiplagat Evans (4) 349

T

Tatjana Solevi¢ Knudsen (4) 275
Thitiporn Suttikul (3) 231

Thiyagaraj Jothi (3) 179; (3) 207
Thongchai Photsathian (3) 231

\'

Vanessa Dal-B6 (2) 111

Vikram Alexander (1) 73; (4) 359
Viktor Nedovi¢ (4) 275

Vinila Mundakkal Lakshmanan (2) 89
Vladimir Pavlovi¢ (4) 275

Y

Yokeshwaran Sanmugam (3) 257
Yusnawati Yusnawati (1) 25

Zeyad A. Abdullah (2) 151
Zorica Stojanovi¢ (4) 285

371



