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TOM TAT

San xuét biodiesel da thu hut dwgc sy chi y dang ké nhu mot phuong an thay thé cho céc loai nhién liéu hoa
thach truyén théng. Mot linh vire nghién ctru trién vong lién quan dén viée sir dung céc chét xuc tac tai tao. Trong
nghién ciru nay, chung t6i da tdng hop chét xuc tac bazo di thé dwoc lay tir vo trimg bing cach nung vo trimg thd &
nhiét d6 khoang 800°C trong 6 gio. Cac déc trung cta vat liéu duoc xac dinh dya trén phé XRD, anh SEM va phé
EDX. Phwong phép bé mat phan timg (RSM) duogc sir dung dé thiét ké thuc nghiém va téi wu két qua thyc nghiém
dya trén phin mém Minitab (phién ban 18). Dya trén phuong phap bé mit phan ng, phwong trinh hdi quy duoc
thiét lap dé mo ta mbi quan h¢ gitra diéu kién thuc nghiém va ham lugng ester trong biodiesel, vai hé sb tuwong
quan cao (R? = 0.956). Két qua nghién ctru nay chimg t6 rang chit xtc tac tir vo trimg 1a mot loai xuc tc tai tao,
than thién véi méi truong va hoan toan thay thé dwoc cho cac chit xtic tic truyén thong. Phuong phap RSM dwa
trén phan mém Minitab co thé gitip ting cuong trong viée thiét ké thyc nghiém va t8i wu két qua thyc nghiém.
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ABSTRACT

The production of biodiesel has attracted significant attention as an alternative to traditional fossil fuels. One
promising research area is related to the use of renewable catalysts. In this study, we synthesized eggshell-based
heterogeneous base catalysts by calcining raw eggshells at approximately 800°C for 6 hours. The characteristics
of the material were determined based on XRD spectra, SEM images, and EDX spectra. The response surface
methodology (RSM) was used to design experiments and optimize experimental results using Minitab software
(version 18). Based on the response surface methodology, a regression equation was established to describe the
relationship between experimental conditions and the amount of ester in biodiesel, with a high correlation coefficient
(R? = 0.956). The results of this study demonstrate that eggshell-based catalysts are renewable, environmentally
friendly catalysts that can fully replace traditional catalysts. The RSM method based on Minitab software can

enhance experimental design and optimize experimental results.
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1. INTRODUCTION

Biodiesel is generally defined as fatty acid
alkyl esters produced from alternative resources
through esterification, transesterification, or two-
step reactions. It can be used directly or blended
with petroleum diesel due to its acceptable
properties. Traditionally, cooking oils have been
the main resources for biodiesel production due
to their low FFA content. However, relying on
edible vegetable oils is a major disadvantage
for commercial purposes due to their high price
and potential impact on food security. As a
result, non-edible oils such as waste cooking oil,
Jatropha oil, and used cooking oils (UCO) have
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become increasingly attractive as renewable
resources for biodiesel production at a lower

cost.!?

In this study, methyl ester was produced
through the transesterification of UCO using
calcined eggshell as a heterogeneous base
catalyst. The objectives of this study were to:
(a) investigate the production of a renewable
catalyst through eggshell calcination; (b) assess
the effect of MeOH/UCO molar ratio, catalyst/
UCO catalyst content, and reaction temperature
on the ester content in biodiesel; and (c) use
response surface methodology (RSM) to design,
analyze, and optimize experimental conditions.
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2. MATERIALS AND METHODS
2.1. Materials

The study collected used cooking oil (UCO) and
chicken/duck eggshells from various restaurants
located in Quy Nhon City, Vietnam. The
necessary chemicals, such as methanol (MeOH,
purity > 99 wt.%), ethanol (EtOH, purity > 96
wt.%), and sulfuric acid (H,SO,, purity > 98
wt.%) provided by Binh Dinh Chemical and
Scientific Equipment Co. Ltd. in Vietnam, are
commonly used in this work.

2.2. Catalyst preparation

To prepare the eggshells for use, they were
carefully separated from their membranes and
thoroughly cleaned by rinsing with tap water
three times. The cleaned eggshells were then
dried in a hot air oven at 60 °C for 12 hours.?

Once dry, they were ground into a fine
powder using a blender and then sieved to
ensure a consistent size of 0.045 mm using a
burger sieve. The resulting eggshell powder was
then calcined in a muffle furnace at 800 °C for 6
hours to create the desired catalyst. The calcined
eggshells were then stored in a desiccator to
prevent any reaction with moisture or CO, in
the air, which could be harmful to the catalyst's
active site.>* This careful storage was necessary
to ensure the calcined eggshells remained free of
unwanted particles and ready for use.

2.3. Characterization results of the catalysts

The calcined catalysts were characterized using
XRD, SEM and EDX. XRD characterization was
used for the phase identification; it was operated
using Copper K-alpha (Cu Ka) radiation with 20
in the range between 20° and 80° at a scan rate of
2° /min.* SEM characterization was carried out at
10,000 times magnification under 5 kV electrical
potential; it was utilized for the morphological
studies.” EDX analysis is used in conjunction
with  SEM to characterize the elemental
composition of the analyzed volume. SEM

and EDX analyses were conducted at Institute
of Materials Science, Vietnamese Academy of
Science and Technology, Vietnam, while XRD
analysis was performed at University of Science
and Technology, The University of Danang,
Vietnam.

2.4. Transesterification reaction procedure
and phase separation

In order to produce biodiesel from used cooking
oil (UCO), a transesterification reaction was
conducted using methanol and a heterogeneous
catalyst made from calcined eggshells. The
reaction took place in a 0.5 L three-necked flask
with magnetic stirring at a speed of 600 rpm,
under atmospheric pressure and with water
reflux at 20 °C to condense the methanol vapor.®

Prior to carrying out the transesterification
reaction, UCO was decanted to remove impurities
and dried at 110 °C within 2 hours. And then,
the feedstock oil was preheated to the desired
temperature and then the methanol-catalyst
mixture was added. The start time for the reaction
was recorded once all the methanol and catalyst
had entered the reactor. After the reaction was
complete, the product was transferred to a
separatory funnel and allowed to settle for 60
minutes to separate into two phases: methyl ester
and glycerol. The glycerol phase was removed,
and the methyl ester phase was washed three
times with hot water at 70 °C without stirring
and three times with stirring. The washed methyl
esters were then dried for 90 minutes at 110 °C.
Finally, the resulting biodiesel was weighed to
determine the methyl ester content.®’

All experimental runs were conducted
three times to minimize errors. The reaction
time was set up at 40 min for all runs.® Some
different reaction conditions were tested, such
as methanol/WCO molar ratio (4.0 — 8.0),
catalyst content (0.5 - 1.5 wt.%), and reaction
temperature (45 - 65 °C).
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Table 1. Experimental parameters used in transesterification of UCO.

Factors Range and coded level
Name of factor Symbol Dimension -1 0 +1
MeOH/UCO molar ratio X, mol/mol 4 6 8
Catalyst content X, wt.% 0.5 1.0 1.5
Reaction temperature X, °C 45 55 65

2.5. Approximate analysis of ester content

To determine the ester content of biodiesel, the
Thailand Patty Patent No. 5060 was used. This
method involves using microwave radiation to
determine total glycerides content in biodiesel
through transesterification. Residue glycerides
react with methanol and potassium methoxide to
produce methyl esters and glycerol. The glycerol
amount can be determined using a correlation
curve, and the total glycerides content can be
converted into ester content by subtracting it
from 100 wt.%.8

2.6. Experiment designs
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levels (-1, 0, +1) for each parameter, as shown
in Table 1. Fisher's test (F-value), probability
(P-value),
coefficient of determination (R?) were used to

correlation coefficient (R), and
predict the response of the transesterification
process. Diagnostic plots, such as standardized
residual and run number plots, expected normal
value and residual plots, studentized residuals
and predicted values plots, and predicted values
and real values plots were also used to evaluate
the model.

The second order polynomial regression
model equation is typically expressed as Eq. (3).
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Table 2. The coded independent factors, experimental results and predicted values from RSM.
Table 2. The coded independent factors experimental results and predicted values from RSM.
Independent Estercontent (° Independent Estercontent (¢
R\lln IHaspengent t °) Run Indefénetans . /)
ore Exater ppent (Resi- Fact \, EBETPED) Res
X, Fggors x, | TP ™ X, Factogs) X,
Run rmment arct duat Run riment dic
] ax | x| & | 89F | dU%s | K2l o | 8| x 15 x 35796136 256510.
y 8§ ' |05 | 55 | 9nsy | oo | duah | 10 | 4 5 gsrimege podicigel 1 3ual. g
31 24 Cb1 g§ WO | 99.69 | 124 ?é 83 1.511S 55 <§96.192 ?66.2% Zgo.ojll
A4 ]
2 8 . . : -1. I 4 057 55 77.86.2 6.1 0.09°
Pafis BB | RS gl | 1] eq) oo o foveagierghoy
6 3 6% ok | 45 | 804k | 9131 | b | Wa | Be| 1o 65 459295 082%47500h )
7 4 166 |09 | 65 | 9231 | 938 | 043 | U5 | 46| 151 55 §594.582/983.484,751.111 §
8§ 5 |64 |1D 45 98.39 | 9688 | 10K | 1B 66| 1 1 55 5584.886,184.784.75.101 .4
Table%. ANOVIA edults for the atfjuited rédrddsionthbde]. 14 | 6 | 1 | 55 | 85.04 | 8475 | 0.29
7 6 15.5 65 97.31 | 97.18 | 0.1 15 6 1 55 82.95 | 84.75 -1.80
eég ee of um o Mean
Sourdt/Terth | fr elorrAl5 C3Rfticient® O%squards | '8quar& Fvarme | 3pNanie®* 7 [Rehittks
(DF) (SS) (MS)
Model 9 314.83 34,98 15.45 0.0017 Significant

httpsﬁ{)/doi.org/lO.52l 11/qnjs.202%17306
Li$at Quy Nhon Undversity Journal of Science, 2023, 17(3), 65-72

Xy
X,

Ave

1
1

1

-2.152
-30.73

A TN7T

0.00019

0.522
0.03394

N NN1

~"7

Significant

Insignificant
Significant

CinifFirnant



QUY NHON UNIVERSITY

I SCIENCE

Table 3. ANOVA results for the adjusted regression model.

Degree of Sum of Mean
Source/Term freedom | Coefficient squares squares | F-value P-value” Remarks
(DF) (SS) (MS)
Model 9 314.83 34.98 15.45 0.0017 Significant
B, 229.75 0.00019 Significant
Linear 3
X, 1 -2.152 0.522 Insignificant
X, 1 -30.73 0.03394 Significant
X, 1 -4.707 0.00167 Significant
Square 3
X7 1 0.621 0.01638 Significant
X7 1 19.57 0.000631 Significant
X? 1 0.04551 0.000924 Significant
Interaction 3
X X, 1 -0.952 0.252 Insignificant
X X, 1 -0.05788 0.175 Insignificant
XX, 1 0.05000 0.751 Insignificant
Residual 6 13.59 2.264
Lack of fit o
3 8.235 2.745 1.5391 0.366 Insignificant
(LOF)
Pure error 3 5.350 1.783
Total 15 328.42
R?:0.959; adjusted R%: 0.897; R? for prediction: 0.570

*P-value < 0.05: statistically significant at the confident level of 95%

3. RESULTS AND DISCUSSION both CaO and Ca(OH), are alkaline and have

3.1. Conversion of eggshell into potential the potential to be used as catalysts for biodiesel

catalyst synthesis.
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In order to identify the components and
crystallinity of calcined eggshell, XRD analysis
was conducted. As depicted in Figure 1, a peak
at 20 values around 34° for calcium oxide only |

appeared after the eggshells were calcined at : % @ = &
800 °C for 6 hours in a muffle furnace. This ‘

was likely due to the high thermal transition

Figure 1. XRD pattern of calcined eggshell in a

that occurred in the eggshells, causing complete
decomposition of the calcium carbonate into
calcium oxide at 800 °C. This result can be seen
in a work by MD. Putra et al.® Additionally, a
small peak for calcium hydroxide was observed,
which can be explained by the hygroscopic
nature of calcium oxide. It is noteworthy that

muffle furnace under 800 °C for 6 hours.
3.1.2. SEM characterization of calcined eggshell

The SEM image of the CaO catalyst obtained
from the calcination-hydration-dehydration
treatment of eggshells is presented in Figure 2.
The image reveals a honeycomb-like porous
surface and a regular micro morphology of
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mom e C4alClilallon-Nydrdation-acll ydiatlon
treatment of eggshells is presented in Figure 2.
The image reveals a honeycomb-like porous
surface and a regular micro morphology of rod-

rod-like particles with a size of about 50 - 100
um. This finding is consistent with a similar
study conducted by S. Niju et al.’

IMS-NKL 5.0kV 4.

m x30.0k SE(M)

Figure 2. SEM image of calcined eggshell in a muffle
furnace under 800 °C for 6 hours.

3.1.3. EDX characterization of calcined eggshell

The EDX pattern of the CaO catalyst obtained
from the calcination of eggshells is shown in
Figure 3. The results indicate that the EDX
analysis conformed the presence of Ca, Mg
and O in the sample of calcined eggshell. The
main atomic components of calcined eggshells
are Ca, and O, which are well-suited for serving
as a potential heterogeneous base catalyst in the

biodiesel synthesis process (Table 4).

0 1 2 3 4 5 10 1 12 13 18 15 18 17
Ul Scele 3865 ols Cursor. 13.828 keW (2 cts) ke

Figure 3. EDX pattern of calcined eggshell in a
muffle furnace under 800 °C for 6 hours.

Table 4. The main atomic components of calcined

eggshell.
Element Weight, wt% Atomic, %
(0] 53.93 74.48
Mg 0.35 0.32
Ca 45.71 25.20
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3.2. Regression model and statistical analysis
for the ester content in biodiesel
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for ghelester contentdin hiodiesel| ester content in
Talgod2esoreseninaloth ththe btexpedimeantah cand]
gﬁ?ﬁ‘?@”ﬁ?@f% A
factorﬁ% ap r%ac?h }”ﬁ% Véias 131]? Z§(§ fF%e
thebs%hgl& Wi LT Rgd 1) brnd et s

mod®l Bas(ddtermined to be described by Eq. (4):

Ester content (%) = 229.75 — 30.73X, —
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reaction temperature, respectlvely.

The results of the ANOVA for the adapted
regression model are presented in Table 3. The
adequacy of the designed model was assessed
based on the F-value, P-value, R?, and lack of fit
(LOF).The F-valueand P-valueat95%confidence
level were 15.45 and 0.0017, respectively. The
correlation coefficient (R?) indicated that 95.9%
of the variation in ester content was explained
by the independent variables listed in Table 1,
with only 4.1% attributed to random errors.
Furthermore, the LOF was not significant (0.366
> 0.05), suggesting that the model was adequate
for predicting the ester content in biodiesel.

Additionally, Table 4 shows that each
term in the regression model was evaluated to
determine its significance and its interrelation to
the ester content in biodiesel. A P-value less than
0.05 indicated that the term was significant. After
removing insignificant terms, the linear term of
catalyst content (X,) and reaction temperature
(X,), as well as the square terms of MeOH/
UCO molar ratio (X ?), catalyst content (X?),
and reaction temperature (X,?) were found to be

significant in Eq. (4).
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Figure 4. Interaction effects of the factors on ester
(b) molar ratio and reaction temperature; (c) catalyst
actual values plot.

3.3. Interaction effects of the factors on the
ester content in biodiesel

The influence of interaction factors on the ester
content in biodiesel was depicted in Figures
4a-4c. The contour slope indicated the degree
of interaction's effect on the ester content in
biodiesel, with a higher slope indicating a greater
effect. The contour slope for catalyst content
was higher than that for molar ratio (Figure 4a),
indicating the significant effect of catalyst content
in the range of 0.7 - 1.5 wt.%. The slopes of the
catalyst content were higher than those of the
molar ratio (Figure 4a) and reaction temperature
(Figure 4c). These findings demonstrate the
significance of calcined eggshell as a renewable
catalyst in the transesterification reaction. The
catalyst plays a crucial role in methyl ester
formation, as shown in the coefficients of Eq.
(4). Therefore, increasing the catalyst content
accelerates the conversion of UCO to methyl
esters (biodiesel). These results are consistent
with previous studies.®!°
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content in biodiesel: (a) molar ratio and catalyst content,
content and reaction temperature; (d) predicted values and

The predicted values were compared
against real benefits and shown in Figure 4d,
exhibiting linear behavior and being close to the
diagonal line. As a result, the obtained model
is suitable for predicting the ester content via
transesterification reaction.

3.4. Optimization of variables for the ester
content in biodiesel

The main objective of this study was to maximize
the production of methyl ester in biodiesel.
The experimental results showed that the ester
content in biodiesel varied between 82% and
97%. To achieve a target ester content of 97%,
the optimization was carried out using RSM.
The optimal parameters were determined to be a
MeOH/UCO molar ratio of 8 mol/mol, catalyst/
UCO catalyst content of 1.5 wt.%, and a reaction
temperature of 52 °C. This ester content of 97%
ensured that the reaction takes place completely
as per the standard EN 14214."2
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4. CONCLUSIONS

In this study, the synthesis of biodiesel using
calcined eggshell as a heterogeneous base
catalyst was investigated. The following
conclusions were drawn:

- The eggshell pyrolysis process was
successful in producing the synthesized catalysts,
which were characterized using XRD, SEM, and
EDX spectra.

- A model was proposed to predict the
influence of variables on the ester content in
biodiesel, which showed good agreement with a
high correlation coefficient (R? = 0.956).

- Ester content of 97% was obtained in the
experimental conditions including: MeOH/UCO
molar ratio of 8 mol/mol, catalyst/UCO catalyst
content of 1.5 wt.%, and a reaction temperature
of 52 °C.

- The effects of experimental variables on
acid-catalyzed esterification were explored and
optimized using RSM, including the MeOH/
UCO molar ratio, catalyst content, temperature,
and reaction time. The results showed that
catalyst content was the most significant factor
in the predicted model.
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