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Abstract

One of the problems associated with biomass conadouss the amount of fly ashes
generated and its subsequent management. The deanshys of valorizing these ashes
has been a challenge for the academic and industmamunity. On the other hand, used
cooking oils are wastes which management is quiiieut, by they have a very important
energetic potential. The goal of this work was piraize the Fatty Acid Methyl Esters
(FAME) process, recovering two residual materialsaqte cooking oils (WCO), and
biomass fly flash (BFA)). The optimization of theopess was achieved using the response
surface methodology and a Box-Benhken experimela@sign applied to mixtures of WCO
and refined palm oil (RPO), using BFA as cataly$te influence on FAME yield of four

variables (catalyst loading, methanol/oil molaricatRPO/WCO ratio and reaction

" Corresponding author. Tel.: +351 234 370 349
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temperature) was studied. The higher FAME yieldieasdd was 73.8 % for the following
operating conditions: 13.57 wt% of catalyst loadigy of methanol/oil molar ratio, 28.04
wt% of RPO in the oil mixture with WCO and %5 for the reaction temperature. The
reusability of the BFA catalyst in the process vaéso studied through three successive

usage cycles finding no loss of catalytic activity.

Keywords: Biomass fly ash; FAME; optimization; refined palail; response surface
methodology; waste cooking oil.

1 Introduction

The production of biodiesel has become a very itgporarea of research due to the rapid
depletion of energy reserves and the increase lirpra@ges along with environmental

concerns [1]. In the current situation, the foretra®ount of energy is supplied by the
conventional fossil fuel resources, such as gaspliquefied petroleum gas, diesel fuel,
coal and natural gas. It is imperative to find mi&ive fuels to the petroleum based ones in
order to, along with environmental issues, proltimg petroleum supply. One of the most
promising biofuel is biodiesel, a “green fuel” aftative to diesel fuel, derivate from

renewable sources with high quality [2]. The intggm of wastes as a catalyst or as an
(vegetable) oil feedstock into the biodiesel prdaurcprocess can be a promising way to
reduce environmental burdens and the productionscaghile also aligning with the

principles of circular economy.

Globally, the cost of production has been the nairier in commercializing biodiesel. In

the literature, it is consensual that the oily fedk is the major contributor, about 80 %

2
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[3], for the total production costs. The waste danghoils (WCO) are edible vegetable oils

that have been previously used for frying or coglkand can constitute an additional source
of raw material for biodiesel production. This fetmtk can be two to three times cheaper
that virgin vegetable oils [4,5]. Furthermore,dtgenerally accepted that reusing WCO for

human consumption is harmful to health and thistevesdifficult to manage [6].

It is important to mention that the catalyst comigarsed in the biodiesel production is the
sodium or potassium hydroxide, which have been @oically unfeasible to recover from
the process. Aiming to tackle this hotspot of thecpss, some research [7—9] have been
focused on the exploitation of waste materials. (ehglls, ashes, peels and bones), due to
their abundance and low cost, for solid catalyseparation. On the other hand, biomass
fly ashes (BFA) are a residual materials whose adiah and management represent a
significant challenge [10], given its increasingguction over the last two decades [11].
The development of alternative solutions for BFAopmr utilization/valorization with
emphasis on finding new applications is currentlyeay important issue [12]. The use of
BFA, as a (heterogeneous) catalyst, on the biodieseduction process has been proving to
be a promising alternative to valorize this wastehas been found that BFA have a
potential for catalyzing the reactions for FAME itiyaAcid Methyl Esters) production and
have bifunctional characteristics (acid and bathe} allow catalyzing transesterification

and esterification reactions simultaneously [13].

The main objective of this work was to optimize thRAME production process using
mixtures of WCO and refined palm oil, and BFA atabsst. The effect on FAME yield of
four operating variables was tested, namely: cstdlyading, methanol/oil molar ratio,
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RPO/WCO mass ratio and reaction temperature. Axditly, it was carried out a study of
reusability of the catalyst aiming to assess itégomance over several cycles of utilization

in the FAME synthesis process.

2 Material and Methods

The Box-Benhken experimental design and RespongacguMethodology (RSM) were
used to design the experiments to optimize the FAMEtluction process and for the data

treatment.

Previously, the solid catalyst (BFA) was prepared eharacterized in terms of some of its
chemical, physical and structural properties. Tlev-material for FAME synthesis
consisted of a blends of WCO and RPO in differettos. The adopted procedures are

described in the next sections as well as the toalynethods used.

2.1 Materials

Waste cooking oil for FAME production was providegt a local collecting company

(Bioils) in Bogota, Colombia. The WCO was pre-teghby filtration to remove suspended
particles and heating (at 110 °C for 1 h) to elaéntraces of water. The RPO was
purchased at a local store in Bogota. The BFA chiora a dedusting system (electrostatic
precipitator) of a thermal power-plant using residiorest biomass (mainly derived from

eucalyptus) sited in the Centre Region of Portugal.
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All the chemicals used were analytical grade excepexane (GC grade) and methyl

heptadecanoate (analytical standard) from Sigmaigkicand Merck.

2.2 Oil mixtures characterization

According to the experimental design presentedecti®n 2.5, three oily feedstock were
prepared using different mass ratios of RPO/WCO:(MI0 % RPO), M2 (50 % RPO, 50
% WCO) and M3 (0 % RPO). These mixtures were charaed in terms of: acid value
(NTC 218) [14], density (NTC 336) [15], saponificat number (NTC 335) [16], viscosity
(ASTM D445 and ASTM D446) [17,18], and moisture tmnt (Karl Fisher, Coulometer

831-Metrohm).

The saponification numbeS{l) was used to calculate the molecular madgV( g/mol)

according to Eqg. 1 [3].

_ 561x1000% 3
N

MW 1)

The FFA content was calculated from the acid vy mg KOH/g) using Eq. 2 [3].

FFA = AV
2

)

2.3 Catalyst preparation and characterization

Usually the solid catalysts are characterized fffemdint instrumental techniques in order to
measure their morphology, physical properties an#l properties. The catalytic behavior

depends on the morphological characteristics ofstiiel material, because the catalytic
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process takes place at its surface (outer and )infiére most utilized techniques to
characterize materials’ morphology are BET and SEMerms of physical properties, the
surface area is the place of catalytic activityt boly a part is utilized in the catalytic
reaction (active center). In basic and acid catg)ythe active sites not only occupy a little
fraction of the surface, but also differ in basiaacid strength and sometimes in nature.
Hammett indicators are often used to determineati@ and basic strengths of a material.
FTIR is useful to identify the main chemical fumctal groups present on the surface of
solid materials. For bulk properties X-ray diffriact (XRD) is used to find: (i) the
crystalline phases, (ii) crystalline degree and @rystallite size [19], with which the

catalytic activity can be interpreted.

In this work, the catalyst was prepared by drying fly ash (BFA) for 2 hours at 12C.
Then, the resulting material was characterize@iims of: (i) crystallographic structures, by
powder X-ray (XRD, PAN analytical Empyrean X-rayfiictometer equipped with CueK
radiation sourcé= 1.54178A at 45 kV/ 40 mA); (ii) surface area (SBEvas estimated by
the BET (Brunauer-Emmett-Teller) method, pore sizd pore volume were determined by
the BJH (Barrett-Joyner-Halenda) model. The spedfirface area and pore structure
characterization were determined by nitrogen admwrpat 77 K using a surface area
analyzer Micromeritics Gemini V-2380. The samplesravdegassed overnight at 373 K
before measurement; (iii) surface morphology an@ngjtative analysis of elemental
composition, by surface scanning electron microgd®@EM) and energy dispersive X-ray
spectroscopy (EDX), using a HR-FESEM Hitashi SUep@rated at 15 kV, equipped with

a Bruker Quantax 400 EDS system; (iv) surface foneal species by Fourier transform
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infrared (FTIR, Agilent CARY 630 with wave numbemge from 400 to 4000 ¢r; (v)
basic and acid strength by using Hammett indicgforsbasic strength: neutral red, pKa =
6.8; bromothymol blue, pKa = 7.2; phenolphthalggika = 9.3; indigo carmine, pKa =
12.2; and 2,4-dinitroaniline, pKa = 15.0; indicatdor acid strength: bromothymol blue,
pKa = 7.2; neutral red, pKa = 6.8; bromocresol prpKa = 6.1; bromocresol green, pKa
= 4.7; and bromophenol blue, pKa = 3.8). The lattethod was carried out by dispersing
about 25 mg of the sample (catalyst) in 5.0 mL ebltion of Hammett indicators (0.5 mg
of indicator in 10 mL of methanol for basic streémgt 10 mL of benzene for acid strength),
and left for 2 h to reach the chemical equilibriurhen, the color of the resulting solution

was identified.

2.4 FAME synthesis and quantification

The experiments for FAME production were carried iata batch reactor (in glass, 0.25 L
of capacity, equipped with temperature control amegnetic agitator), using 2 hours of

reaction time at 600 rpm stirring speed.

At the end of each batch essay, the catalyst aridamel were separated from the reaction
mixture by centrifugation and evaporation, respetyi. Then, the supernatant was placed
into a separating funnel over 12 h for phase sépatalhe water contained in the upper
layer of the liquid mixture was removed with anlyals sodium sulfate and weighed. The
resulting mixture, hereafter is so-called purifiidal mixture, was analyzed by gas

chromatography for FAME determination and was temawith a KOH solution for final

acid value quantification [14].
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The Shimadzu G-C 2014 chromatograph used for FARtErchination was equipped with
a flame ionization detector and a capillary coluB®GEBP-20 60 m x 0.25 mm i.d. x 0.25
pm film thickness with a stationary phase of pdiy&ne glycol; the carrier gas was
helium with a flow rate of 16.7 mL/min and a prassaf 36.1 psi; the injector (AOC-20i)
was operated at 200 °C and an injection volume .6f (2L in Split mode. Methyl
heptadecanoate was used as internal standard aadehihe solvent. The content of methyl
esters was calculated based on the standard méum&-EN ISO 14103) [20] and
expressed as concentration of FAME using the Eq. 3:

C= ZA_ Ae o« We
Ay W 3)

Where Cis the concentration of FAME in the purified finaiixture (w/w), > A is the

total peak areas of the methyl ester from @il Co4.1, A, is the peak area corresponding
to methyl heptadecanoat¥/, is the mass (mg) of methyl heptadecanoate usednaisl

the mass (mg) of the sample used in the analysis.

The catalyst performance was assessed by the FARKE and FFA conversion, calculated

by Eqg. 4 and Eq. 5, respectively [21,22].

C x Total massof purified final mixture 100

FAME vyield (%) =
4 o) Mass of oil usedin the experiment 4)

, AV,
FFA conversion(%) =|1- Y x100

®)
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WhereAV, and AV, correspond to the acid value of the initial oil tibe and of the

purified final mixture, respectively.

2.5 Experimental design and optimization of FAME produdion process

Response Surface Methodology (RSM) based on a Betxrlgen experimental design are a
set of mathematical and statistical techniques eyapl for designing experiments, creating
correlations, evaluating the effects of severaltdis; and their interaction effects for
desirable responses. This method uses the mininequired data that give the best
reaction condition for a desired response [1,23] aas applied to optimize and to
investigate the relationship between operating ttmms$ and the FAME yield. The effect

of four independent variables - catalyst loadinggtimanol/oil, RPO/WCO and reaction

temperature on the FAME vyield was studied. The erpntal range for each independent

variable éka factor) tested in this work is shown in Table 1.

Table 1: Ranges and factor levels of operating variablesd ugs the Box — Behnken
experimental design.

Real variables Coded variables Lével : i

Low (-1) Medium (0 High (+1
Catalystloading (wt%) A 5 1C 15
Methanol/oil (molar ratic B 3 6 9
Temperature®C) C 45 5C 55
RPC/WCQ (wt%) D 0 (M3) 50 (M2 100 (M1

Twenty nine experimental runs were required, inicigdive replicates of the central point.

The correlation in the form of a quadratic polynamequation was developed for
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predicting the response (i.e., FAME vyield) as acfion of independent variables and their

interactions according to Eq. 6:
Y =B+ 3K, Bixi + K, Bixi® + YK, TR Bixix; + 6
=Bo i=1 BiXi i=1 BiiXi i=1 Zij=i+1 Bijxix; + € (6)

Where Y is the predicted response for the prodess,the dependent variablgo is the
intercept coefficient (offsetfi are the linear termgii are the quadratic term§jj are the

interaction terms;pand xare the independent variables; arnd the error [24].

Simplified regression models of Eq. 6 (e.g., withoeraction terms) were also fitted to
the experimental results. The best fit achieveth Wit simplest model was the one selected

and presented in this work.

The inference on the regression model was perforthealgh an analysis of variance
(ANOVA), for a 95% confidence level, where the statally significant factors in the
response variable were identified, and an anabfdise coefficients of determination of the
model, R and adjusted R(“Adj R?), was used to evaluate the adequacy of the régress
model to the experimental data. In this step orezl ke sum of the squares of residuals,

instead of the pure error.

Validation of the regression model assumptions, (iree assessment of the adequacy of the
model) was performed through a residual analyssngality and residual plots). This

analysis was based on normalized/studentized rasidu

Once the best regression model was selected aridates, the optimal operating
conditions were identified through the responsefaser Then, for statistical validity
purposes, three runs were performed using thosenalptonditions, thus allowing to

10
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determine the deviations of the data predictedngyrhodel and the real values obtained

experimentally.

The software Design — Expert 7.0.0 was used on gshasistical data processing and

analysis.

2.6 Catalyst reusability

Recovery, stability and reuse are important aspetta heterogeneous catalyst to be
applied in biodiesel production. The reusability BFA catalyst in esterification and

transesterification reactions was investigatedubho2 successive catalytic cycles (i.e., in
total 3 cycles) using the optimal reaction condisidound in the optimization step. After
each cycle, the solid catalyst was recovered atidbdéed by simple centrifugation, washing
with isopropyl alcohol for removing organic compaosneventually retained in the solid
surface, calcined at 70C for 3 hours and reused in the next catalyticeyak the end of

each cycle, the catalyst was characterized by XRRtural properties and Hammett

indicator.

3 Results and discussion

3.1 Oil mixtures characterization

The properties of the oil mixtures prepared fos #tudy are shown in Table 2.

Table 2: Properties of the oil mixtures used in this work.

M1 M2 M3

11
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228

229

230

231

%WCO 0 50 100

%RPC 10C 50 0
Moisture (Wt% 0.06A-0.010 0.178-0.003 0.19#0.012
Density (g/mL) 0.908t0.008 0.9130.010 0.906:0.003
AV (mg KOH/q) 0.30A-0.004 3.958-0.082 4.9340.252
FFA (wt%) 0.172+0.005 1.9730.041 2.4530.056
MW (g/mol) 843.152+9.522 886.3381.208 857.8254.014
Viscosity (mrﬁ/s) 14.902+0.193 17.1220.123 19.18%0.392

The properties of M1 (i.e., 100% RPO) are simitathiose reported by Kansedo et al. [25]
and by Metawea et al. [26]. Concerning the wastkiog oils properties, they are quite
dependent of the vegetable oil feedstocks and fhgitg practices and conditions. The
WCO (M3) used in this work has properties simitattose reported by Wan et al. [27] and

Lam and Lee [28], and it can be categorized a®wefirease (FFA <15%)[29].

As the percentage of WCO increases in the blerel Table 2) higher are the moisture and
the FFA contents, the acid value and the viscosityile the remaining properties values

(density and molecular weight) are similar amorgttiree blends.

3.2 Catalyst characterization

The solid catalyst prepared was characterizeddorestextural properties such as specific
surface area, crystalline structure, surface foneti groups, but also their basic and acid

strength, etc. The results are shown and discusdbé next sections.

3.2.1 BET surface area and Hammett indicators analyses

BFA used in this work has an intermediate basiengih (10.¥ pKb <12.2), due to the

high basicity of the metal-oxygen groups (Lewisds9resent in the calcium compounds

12
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245
246

on its surface (see Sections 3.2.2 and 3.2.3) dod &cid strength (6:8pKa<7.2) [30].
With regard to its textural properties, BFA hasow I(BET) surface area (9.028%ty),
characteristic of this type of material, a porewoé of 0.01055 cffg, and an average pore
diameter (77.188 A), which shows some potentiath® adsorption and desorption of

molecules such as triglycerides, glycerin and FANRIB1].

The average pore size distribution could be es@thdtom the nitrogen adsorption-
desorption isotherms. Figure 1 shows those isothéomBFA catalyst, which behaves like
a type IV(a) according to the classification of theernational Union of Pure and Applied
Chemistry. The initial part of this graph exhib#sehavior such as the type Il isotherm,
typical of monolayer adsorption. Subsequently, aténesis cycle associated with the
characteristic capillary condensation of mesopomnigls is observed, which is observed

for pore size ranges between 20-500 A [32].

0.35 /-
\a .
° -
2 o030
£ 4
/
.g 0.25
=3 - e
S >
B 0.20 -’.//
o -
[ — -
S 0.15 -
=3 - -
2 e
g 0104 o
o~ &
= rd
0.05
v T o T v T v T v 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure

Figure 1: Adsorption and desorption isotherms for the BFAalyest.
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3.2.2 SEM and EDX analysis

The SEM images for characterizing the morphologichbaracteristics and EDX for
elemental analysis and chemical characterizatioth@fcatalysts were obtained. Figure 2
shows the morphological and the elemental compositif BFA catalyst. Ash particles
have uniform distribution of agglomerates with guéar shapes and rough structure. The
same characteristics were observed by Rajamma. §83l In addition, the average
particle size for the BFA catalyst was 4.358 (+ 1.07) as determined using the ImageJ
software. The results of EDX show as predominastnehts: Ca, Mg, Si, Al, O, K, S, Na,

Cl and P (Figure 2c).

SU-70 15.0kV 8.0mm 5 U-7 0 5.00um

(@) (b)

14
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Figure 2: BFA catalyst characterization by: SEM (a and b) BBX (c).

3.2.3 XRD analysis

The XRD diffractogram of the BFA catalyst is depittin Figure 3. The XRD pattern
shows clear diffraction peaks corresponding toigaicoxide (CaO) phase detected at
206=32.2, 37.4, 53.8, 65.2, and 67.8 calcium carbonate (CaG&najor component)
phase detected af223.3, 29.6, 36.2, 39.7, 43.4, 47.8, 48.8, 56.9, 61.0 and 65.0,
potassium chloride (KCIl) phase detected &2B.5, 40.5, and silicon dioxide (Si¢)
phase detected ab220.9, 26.7, 36.38, 39.46, 40.28, 50.2, 60.2 and 68.8, among
other components such as calcium hydroxide detetl&=17.91°, 28.51°, 33.95°, 47.41°,

50.68°, 64.60°.

15
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8000
= CaCo3
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20

Figure 3: XRD patterns of BFA catalyst

Regarding the semi-quantitative mass compositiohigh content of calcium carbonate
(71.0 %) was found, followed by calcium hydroxid®.0 %), potassium chloride (7.1 %),
calcium oxide (3.8 %), silicon dioxide (2.3 %) amither components in smaller proportion
were identified (3.0 %); similar compounds wereortgd by Sharma et al. [34] for wood
ash and by Ho et al. [35] for palm oil mill fly ashhe presence of calcium hydroxide may
be due to the ambient humidity that reacts (after combustion process) with calcium
oxides presents on the surface of the solid; tlienpmenon was also observed by
Maneerung et al. [30]. The high calcium carbonatetent results from the carbonation of
calcium oxides and hydroxides since solid matevis in contact with atmospheric carbon

dioxide, after the combustion process.

3.2.4 FTIR analysis

The FTIR spectrum of BFA used in this work is shownFigure 4. It shows the major

absorption broad band at 1408.1tmnd minor absorption bands at 872 and 712,cm
16
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284
285

286

287

288

289
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201

292

which correspond to the asymmetric stretching andut-of-plane band and in-plane band
vibration modes of carbonat€@3~) group, respectively. The small bands at 2510 and
2320 cm also correspond to the characteristic spectrurthisf functional group. This

result confirms the presence of Cad@BFA, detected by XRD.

1054
1004
95 4
90 4
85

804

Transmitance (%)

754

704

65

60 T T T T T T T T v T T T T
4000 3500 3000 26500 2000 1500 1000 500

Wavenumber (cm”)

Figure 4: FTIR spectrum of BFA catalyst.

PO,® and Si-O components (silica phosphates) show bbaeuds in the region between
1138 and 942 cih the same was observed by Maneerung et al. [30Bharma et al. [34]
in bottom ash waste from woody biomass gasificatiod wood ash from the combustion
of Acacia nilotica (babul), respectively. Moreover, the absorptioarptband at 3642 ci
which is attributed to -OH band, was observed & BlifrA catalyst, this band is agreement
with the presence of Ca(Os determined by XRD, and an evidence of the plessiater

absorption on the CaO surface producing Ca¢J8g].

17



293 3.3 Optimization of FAME production process: regressionmodel and

294 statistical analysis

295 The experimental results obtained in the set ciyssaiming at optimizing the FAME yield

296 are shown in Table 3.

297 Table 3: Experimental design and predicted results of RSM.

Real variables FAME yield (wt%)
Catalyst loading Methanol/oil T RPO/WCO Experimental Predicted*
Run (Wt%) (mol/mol) (°C) (Wt%)
1 15 6 50 100 11.40 21.35
2 10 6 55 0 60.94 63.48
3 10 3 50 0 41.44 41.84
4 10 6 50 50 62.86 55.95
5 10 9 55 50 64.64 62.18
6 15 6 45 50 25.82 31.83
7 10 3 45 50 12.25 17.16
8 10 3 50 100 0.00 6.68
9 5 9 50 50 38.33 35.43
10 10 6 45 0 25.24 26.45
11 5 6 50 100 8.96 1.57
12 15 6 55 50 65.35 68.86
13 10 6 50 50 70.34 55.95
14 5 6 55 50 47.94 49.07
15 10 6 55 100 27.57 28.32
16 10 6 45 100 7.39 -8.70
17 15 3 50 50 52.83 47.22
18 10 9 45 50 33.25 25.16
19 10 9 50 100 8.57 14.68
20 5 3 50 50 28.34 27.43
21 5 6 45 50 0.00 12.05
22 10 9 50 0 40.32 49.83
23 15 6 50 0 68.20 56.51
24 10 6 50 50 38.63 55.95
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298
299

300

301

302

303

304

305

306
307
308

309

310

311

312

25 10 3 55 50 59.65 54.18
26 10 6 50 50 45.84 55.95
27 15 9 50 50 57.38 55.21
28 5 6 50 0 38.70 36.73
29 10 6 50 50 62.08 55.95

*Predicted by Eq. 7

The regression model of Eq. 6 fitted to the expental results revealed that the interaction
between the factor3{x;x;) was not significant (p-value > 0.05). Thus, theaified

model (i.e., quadratic model without interactiomgs used and the goodness-of-fit was

evaluated by the several parameters determindiAINOVA. The results are shown in

Table4, where it can be seen that model has a good f%a8.8702 and Adj R0.8182.

The Rvalue indicates that 87.02 % of the variabilitythie data is predicted by the model.

Table 4: ANOVA results of the response surface quadratidehwithout interactions.

Source of  Sum of Degrees of Mean
variations  squares freedom square F - value p—value
Model 12028.36 8 1503.55 16.75 <0.0001
Residual 1794.79 20 89.74
Lack of fit 1100.2 16 68.76 0.936 0.9183
Pure error 694.59 4 173.65
Total 13823.15 28

R°=0.8702  Adj Pred CNV=2488% S.0=9.47

R?=0.8182 RB=0.7424

aC.V.= coefficient of variation.

93.D.= standard deviation.

The low p-value (< 0.0001) of the model means thé& statistically significant. On the
other hand, the lack of fit F-value of 0.936 implidat is not significant relative to the pure
error, i.e. the lack of fit of the model is statiatly non-significant; there is a 91.83 %

chance that this value could occur due to noise. “Fired R’ of 0.7424 is in reasonable
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329
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332

agreement with the “Adj ® value of 0.8182. In short, the selected regressimdel
satisfactorily predicts the effect of the four fast on FAME vyield. Eq. 7 represents the

model developed:

Y =55.95+9.89 x, + 4.00 x5 + 18.51 x; — 17.58 xp — 6.92 x7 — 7.70 x3 — 8.57x2 — 19.98x3 @)

Where Y is the response variable (FAME yield, wt%), (catalyst loading, wt%)x;
(methanol/oil, molar ratio)x. (reaction temperaturéC) andx, (RPO/WCO, wt%) are the
studied factors. The positive sign of a coefficieaim means synergistic effect while the
negative sign reveals the opposite effect, of tiiliencing variables on FAME vyield [1].
The FAME vyield predicted by this regression modeshown in Table 3, for comparison

with experimental results.

The statistical significance of each regressionffmoent of the model on the response
variable was evaluated using ANOVA testing andréeailts are shown in Table.She p-
values indicate the significance of each regressamificient. In general, smaller p-value
(< 0.05) indicates higher significance of the cepanding coefficient [37]. According to
obtained results, three of the four linear factoese statistically significantxf , x., and
xp) and only onexz) was not significant (for confidence level of 95%sides that, the
influence of square value of RPO/WC®3) with a negative effect of -19.98 (p-value <
0.0001) was found to be the most significant teffecing the FAME yield; the quadratic

term of the temperature was also significant (ueat 0.0320).

Table 5: ANOVA results for the coefficients of the variablen the quadratic regression

model without interactions.

20



333

334

335

336

337

338

339

340

341

342

343

344

345

346

Model Estimate

parameters coefficient F - value p - value
Intercept 55.95

Xa 9.89 13.09 0.0017
Xp 4.00 2.14 0.1592
X¢ 18.51 45.82 <0.0001
Xp -17.58 0.158 <0.0001
x2 -6.92 3.46 0.0775
x5 -7.70 4.29 0.0515
x2 -8.57 5.31 0.0320
x3 -19.98 28.88 <0.0001

In order to validate the assumptions of the sirmgaifregression model (i.e., quadratic
model without interactions), statistical graphioathods were used. A normal probability
plot of residuals is shown in Figure 5a, which esponds to the difference between the
experimental and the predicted response. The aatéspare located approximately along a
straight line, thus one can intuitively concludeatththe residuals follow a normal

distribution. Plot of residuals versus fitted respe values (predicted) is depicted in Figure
5b, which shows that the residuals are randomlyridiged. Residuals are located in a
horizontal line and the number of points that exighe above and below of horizontal line
is equal. Moreover, residual values are in the eah@.00; typically, a threshold of three

standard deviations is employed as a definitioarobutlier [38]. The actual FAME yield

versus the predicted values is plotted in FigurewBdch corroborates the goodness-of-fit
of the regression model developed. In brief, thmalgsis confirms the accuracy and

reliability of the proposed regression model.
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Figure 5: (a) Residual normal probability plot, (b) Residuarsus predicted response

plot, (c) Predicted versus actual values plot.

As stated before, in the ranges tested (Tablehg)factors studied in this work, except
methanol/oil molar ratio, had a statistically sigrant influence on FAME yield; although
some were more significant than others. This isvshas response surface plots in Figure

6.
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369

370
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377

methanol/oil at 50 °C and catalyst loading = 1®wt(c) RPO/WCO ratio and temperature
for catalyst loading = 10 wt% and methanol/oil =n®l/mol; (d) temperature and
methanol/oil ratio for catalyst loading = 10 wt%daRPO/WCO = 50 wt%; (e) temperature
(°C) and catalyst loading (wt%) for methanol/oil m6l/mol and RPO/WCO = 50 wt%; (f)

methanol/oil ratio and catalyst loading (wt%) at®®and RPO/WCO = 50 wt%.

From Figure 6a, higher yields of FAME (64 %) wenhiaved with high catalyst loading
(13.2 wt%) and moderate (28.0 wt%) RPO/WCO mags.r&br any fixed RPO/WCO
mass ratio, as catalyst loading increased high@fiEAields were observed, which may be
due to the higher number of active sites (of thlgsat) available in the reaction medium.
On the other hand, RPO/WCO mass ratio higher tBad %t% affected negatively the
FAME vyield for any catalyst loading tested. Thuse tow acid strength and intermediate
basic strength of BFA seems to be suitable to yz¢abily mixtures with higher FFA
contents, which, according to some authors [21¢2Rild be due to the balance of acid and
basic catalyst sites. This is a promising result fiee economic and environmental
sustainability of the process. Concerning methaioholar ratio, Figure 6b shows the
weak influence of this factor on the response ‘weiatherefore, the methanol/oil molar
ratio of 6.6 can be used to achieve the highestlyito FAME (64 %). Similar behavior
was mentioned by Volli et al. [40] for the same haetol/oil molar ratio but using bone
impregnated fly ash as a catalyst. Figure 6¢ shtbesnfluence on FAME yield of the two
most significant factors studied in this work: temgture and RPO/WCO mass ratio.

Indeed, increasing the reaction temperature roseFAME vyield independently of the
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396
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399

RPO/WCO mass ratio used. The higher yield was wbdeat 55°C with 28.0 wt% of
RPO/WCO mass ratio (loading = 10 wt% and methaniat/6 mol/mol); Uprety et al. [22]
also found a very significant effect between 50 &0fC (reaction temperature) on the
yield, using a catalyst of CaO and RPO as raw nadtdtrigure 6d shows once more the
different relevance of the temperature and methaihoolar ratio on the response
variable. Catalyst loading and reaction temperatad similar positive effects on the
FAME yield (Figure 6e), being the higher yields iasled (c.a. 74 %) at 5% and catalyst
loading 13.2 wt% (for methanol/oil molar ratio oh6d RPO/WCO mass ratio of 50 wt%).
This high FAME yield achieved may be due to thestalfine phases (calcium hydroxide
and calcium oxide), the functional groups (carbengitoup) and pore diameter (average

77.188 A) found in the solid catalyst.

Regarding the percentage of conversion of freg &atids, similar results were obtained for
the different experiments with values close to 8% 6.0 %; which may be due to the
slightly acid character of the solid catalyst (6f@Ka<7.2). These conversion values point
out to a bifunctional character of the BFA catalyse., simultaneous catalysis of

transesterification and esterification reactiom®aaly found by Vargas et al. [13].

Optimal operating condition

An important objective of this study was to findtiopal operating conditions to achieve
maximum FAME vyield, combining the several indepenideariables studied. The RMS
suggested that the highest FAME vyield was 73.8 ##chvcan be achieved by using 13.57
wt% of catalyst loading, 6.7 methanol/oil molareaf8.04 wt% of RPO/WCO mass ratio

and 55°C for the reaction temperature. To validate theppsed operating conditions, three
26
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419

replicate experiments were conducted under themr, 2vhours at 600 rpm stirring speed.
The average experimental FAME vyield was 78.8 £201(7 %), which is close to the
predicted value (i.e., 73.8 %). So, the validitytbé proposed correlation is confirmed
again with an error of 6.8 %¢0.05%). The FAME yield and the respective relagveor
between model predictions and experimental value wi®se to the obtained by Badday et
al. [41], using activated carbon-supported tungstephoric as catalyst on the Jatropha oil

and a Central Composite Design (CCD) as experirhdatagn method.

3.4 Catalyst reusability: catalytic performance assessent

The reusability of a catalyst is very important ft&r commercial feasibility. In order to
investigate the reusability of the BFA catalysg Subsequent reaction cycles were carried
out under the optimized reaction condition: 13.5%wof catalyst loading, 6.7 methanol/oil
molar ratio, 28.04 wt% of RPO in the oil mixturedab °C for the reaction temperature, 2
h reaction time and 600 rpm stirring speed. Betweech cycle the catalyst was
regenerated, according to the procedure statecatidd 2.6. The FAME yields obtained
from the reused catalyst in each cycle is showkigure 7, where a slight increase on
FAME vyield with the repeated usage of the catalysbbserved. However, a statistical
analysis of the data (ANOVA for a confidence lewdl95%) showed that differences
observed among the three essays were not stdtissognificant with p-value = 0.1258;
therefore, the activity of the BFA catalyst coulel ¢tonsidered roughly constant over three

cycles of use. Similar catalytic stability were oged by Chakraborty et al. [9] and
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420 Maneerung et al. [30] using fly ash from a therrpawer plant with a combustion

421 technology and bottom ash waste arising from wdmdgnass gasification, respectively.

o 83.6%

80% - 73.5% 76.2% I
g I ]
:z’ 60% -
o
o 40% A
>
<

20% A

0%
Fresh Cycle 1 Cycle 2

422

423 Figure 7: Reusability studies of the BFA catalyst underdp&mal operating conditions.

424 The XRD patterns of the reused catalyst after eagkneration cycle are shown in Figure
425 8. It can be observed in the superimposed diffggetms that the majority phase was
426 calcium carbonate (CaGp phase detected af223.3, 29.6, 36.2, 39.7, 43.4, 47.8,
427 48.8 and 56.9, followed by calcium hydroxide (Ca(Opj)deteded at @=17.91°, 33.95°
428 and 50.68°, indicating that CaO was partially tfamsed into Ca(OHp) probably through
429 the reaction of CaO @32.2°, 37.4° and 53.8°) with,B in small amount in the reactants
430 and/or moisture during the repeated usage of tf89]. This may explain the observed
431 slight increase of FAME yield over the reuse cyadéshe BFA, as Ca(OH)has catalytic
432 properties. A peak is also observed B=26.7 due to the presence of the phase silicon
433 dioxide (SiQ) that gives the catalyst a low acid strength (g a bifunctional). The KCI

434 (26=28.5 and 40.8) found did not contribute to the catalytic actvibf the BFA. This
28
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conclusion arose from three experimental testsopmdd with pure KCI as a catalyst and

436 where no FAME vyield was registered (results notistjo
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Figure 8: XRD patterns of BFA catalyst for the different reusy/cles.

The BET surface area, pore volume, pore diameterbasic and acid strength of reused

catalyst (BFA) are shown in Table 6. The basic arid strength of this reused catalyst and

its textural properties did not change throughbetreuse cycles and regeneration steps.

Table 6: Textural properties and acid/basic strength of Bk catalyst used in three

FAME synthesis cycles.

Catalyst Specific Pore Average

sample SL;?Z:I;’:E volugme diapr?1§ er Basic strength Acid strength
(g 9 A)

Fresh 9.0280 0.01055 77.188 10.<pKa<12.2  6.8<pKa<7.2

Cycle 1 10.9496 0.01253 82.639 10.K pKa <12.2 6.8< pKa<7.2

Cycle 2 10.2876 0.01147 80.365 10.<pKa<12.2  6.8<pKa<7.2
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From these results, it is reasonable to concludedtter the cycles of reuse of the catalyst,
it did not lose its catalytic activity (FAME yield)ndeed, the catalytic activity seems to be
slightly increased, although not statistically di#nt between the tests done, which can be
explained due to relatively small changes of iigural properties, crystalline active phases
(CaCQ;, Ca(OH) and SiQ) and basic and acid strength (surface chemigtrgughout the
reuse cycles. Thus, BFA catalyst has shown googdepties of reuse in the process, and
that is an advantage, because it is a low costriagtproduced from an industrial waste

and thus can turn the process more sustainabéerrstof natural resources integration.

4 Conclusions

An efficient fly ash residual catalyst (BFA) wasaévated with mixtures of RPO and WCO
to produce FAME using the response surface metbggiand an experimental design Box
Behnken type for optimizing the response variaBlBME vyield). A regression quadratic
model without interactions was the one that bettdithe experimental results, predicting
the following optimal operating conditions: batagime over 2 h and 600 rpm of stirring
speed, catalyst loading of 13.57 wt%, methanoladlar ratio of 6.7, RPO in the oll
mixture of 28.04 wt%, temperature of 85. Under these operating conditions maximum
FAME vyield expected is 73.8 %. In the tested rangss most significant variables (95 %
confidence level) affecting the FAME vyield were tRPO/WCO mass ratio and the
reaction temperaturéQ@), both with p-value <0.0001, followed by the tgsailoading (p-

value = 0.0017). On the other hand, the methanatiolar ratio was not significant (p-
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value = 0.1592), indicating that the lowest ragstéd can be used to achieve the higher

FAME vyield registered.

The selected regression model accurately predittedexperimental results with & R
0.8702 and Adj R= 0.8182. Three essays were carried out undeppkienal operating
conditions, where the average of FAME vyield reaches 78.8% £ 1.7 %), near the
predicted by the regression model (73.8 %). Thues validity of the proposed regression

model was demonstrated.

This works showed that BFA catalyst can be usedufoto three cycles without loss of

catalytic activity. However, the catalyst should iegenerated between each cycle, by
washing with isopropyl alcohol and calcined at 7G0for 3 h. The characterization of the

surface, textural and crystalline properties ofdhtalyst, after use in each FAME synthesis
cycle, showed that those properties were not segmfly affected. The acid and basic

strength remained constants. In addition, one recemds to evaluate the reuse of BFA
above three cycles in order to find the maximum bemnof cycles that it could be used

keeping a high FAME yield and carry out a completagncharacterization of the acid and

basic catalyst sites with temperature-programmesrggion of NH and CQ techniques,

respectively.

Summing up, exploiting residual feedstocks, thigkvgives a sustainable and affordable
approach to lower the biodiesel production costd amnultaneously, minimizing the
environmental burdens traditionally inherent to thanagement of two wastes streams:

WCO and BFA.
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Therefore, an awareness should be created sortypataterial that is deemed a waste could

be exploited for usage in this or other applicatiahereby implementing the principles of

circular economy.
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» Waste cooking oil and biomass fly ash were used to produce FAME.
= RSM was used to optimize four operating reaction parameters.

» Catalytic activity of the biomass fly ash was kept over three cycles.

» Valorization of residual feedstocks with a sustainable and affordable

approach.
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