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Neem seed the use of modified natural catalysts in sustainable biodiesel production and presents the
Zeolite ZSM-5 advantages and limitations of both types of catalysts under similar conditions.

Mordenite

Experimental Study

In this study, the performance of two catalysts, ZSM-5 zeolite and sulfated mordenite, for the production of
biodiesel from neem oil using an electrochemical method has been investigated. The structure and performance of
the catalysts have been characterized by various methods such as FT-IR, XRD, EDX, BET and NH3-TPD, and the
quality of the final product has been evaluated based on ASTM standards. The aim of this research is to develop
an economical and efficient process for biodiesel production that benefits from the advantages of electrochemical
method and heterogeneous catalysts and moves towards renewable energies.

Most of the materials used in the experiment, including oleic acid, palmitic acid, stearic acid, methanol (99%),
tetrahydrofuran (THF), sodium chloride, sulfuric acid (98%), potassium hydroxide, normal hexane and solid
phenolphthalein were purchased from Merck, Germany. Zeolite ZSM-5 was purchased from Sigma-Aldrich, USA.
Mordenite was purchased from Zeolite International Company in Semnan and neem seeds were purchased from
Bandar Abbas.

All experiments were performed in a glass jacketed reactor. The electrodes used for this study were two
graphite electrodes of the same type and size (1 cm X cm2) and with an internal distance of 1 cm.

In this study, chromatographic analysis (GC) was used to qualitatively and quantitatively measure biodiesel
production. The model of the device used was 7890A and the capillary columns used in the Rtx-5 MS and HP-5
device. Also, quantitative FT-IR analysis was used to identify the biodiesel produced, with the FT/IR-
Bruker/tensor 27 device model.

Also, in this study, analyses were used to identify the properties of the catalyst. To identify the crystalline phase
of the catalyst, functional groups, specific surface area, acidity, morphology and elemental analysis, XRD (with
Philips Xpert X-ray diffractometer device model), FT-IR (with FT-IR/ Bruker/tensor 27 device model), BET (with
Microtrac BEL Corp device model), NH3-TPD (with Chemisorption Analyzer, NanoSORD (made by Sensiran
Co., Iran)), EDX-Mapping (with FESEM device model, ZEISS, Germany, Sigma VP), were used, respectively.

To investigate the extracted fatty acids, GC analysis with mass detector was used. Through GC-MS analysis,
it was determined that the most abundant fatty acids in the extracted oil are oleic acid, palmitic acid, and stearic
acid. Their respective amounts are reported in Table 1. Eicosanoic acid is another fatty acid present in the extracted
oil, which was less than 0.1%.
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In this study, the production of biodiesel from FFAs present in synthetic neem oil was investigated and
compared by electrochemical method in the presence of two types of zeolite catalysts including Nano-zeolite ZSM-
5 and Nano-sulfated mordenite.

The reaction mixture consisted of synthetic neem oil (initial feed), methanol, THF (as co-solvent), sodium
chloride (as electrolyte), distilled water and catalyst. All reactions were carried out at ambient temperature. Each
of the parameters including molar ratio of methanol to oil at three levels of 10, 20 and 30, voltage applied to the
system at levels of 10, 25 and 40 V, reaction time in the range of 1, 2 and 3 hours and catalyst amount of 2, 4 and
6 wt% were tested and finally their optimal amount was obtained and reported. Also, the molar ratio of THF/Oil
(cosolvent to oil) was 10:1, the amount of NaCl to oil was 1% by weight, and the amount of distilled water based
on the total weight of the solution was 2% by weight. The water in the electrochemical system is hydrolyzed
around the anode and cathode electrodes, producing hydrogen ions (reaction 2) and hydroxide ions, respectively.
The hydrogen ion produced can act as an acid catalyst for the reaction, the mechanism of which will be examined
in the catalysts section. The hydroxide ion produced by the reaction with methanol produces methoxide ion, which
is a very strong nucleophile and can act as a base catalyst. Therefore, by hydrolyzing water and simultaneously
producing hydroxide and hydrogen ions in the system, both esterification and transesterification processes are
carried out simultaneously, so if the feed contains a high amount of acid, it does not cause a problem in the reaction
path. Another advantage of electrochemical reactions is that they can be carried out at ambient temperature, saving
high energy consumption and being relatively inexpensive [19]. The mechanism of action of both catalysts
included the role of Lewis and Brensted acidic sites in activating the carbonyl group of FFAs and facilitating
nucleophilic attack. However, the sulfated mordenite catalyst, due to the presence of sulfate groups with high
electronegativity, stronger acidity, and increased surface hydrophobicity, led to more effective adsorption of FFAs
and faster removal of produced water molecules, and showed higher efficiency than ZSM-5 zeolite in converting
free fatty acids to fatty acid methyl ester (biodiesel). The results of this study show that the choice of zeolite type
and its surface modification have a significant impact on the efficiency and speed of the biodiesel production
process in electrochemical systems.

Conclusion

Biodiesel has the potential to replace fossil fuels. In this study, the esterification process of synthetic neem seed
oil was investigated using electrochemical method in the presence of zeolite catalysts. Zeolites have high potential
for activity in this type of processes due to the presence of Lewis and Brensted acidic sites inside and on the surface
of their structure.

The findings of this study showed that the sulfuric acid-modified mordenite catalyst (0.5 M sulfated mordenite)
performed much better than the ZSM-5 zeolite catalyst in the esterification process of neem seed oil. Analysis of
the catalyst characterization results, especially the EDX-Mapping test, revealed the reason for this superiority. The
silicon to aluminum (Si/Al) ratio is known as a key indicator in improving the efficiency of zeolite catalysts;
increasing this ratio increases the hydrophobicity of the catalyst surface and reduces the possibility of reaction
reversal or side reactions. The results showed that the Si/Al ratio for ZSM-5 is 2.22 and for 0.5 M sulfated
mordenite is 25.07. In addition, the sulfation process causes the attachment of sulfate functional groups to the
catalyst surface. Due to their strong electron-withdrawing properties, these groups significantly strengthen Lewis
and Broensted acids, thereby improving the reaction mechanism.

The effect of operating parameters was investigated using the “one-factor-at-time” method, which showed that
the optimal conditions were a voltage of 10 V, a reaction time of 1 h, a molar ratio of methanol to oil of 10:1, and
a catalyst amount of 6 wt%. Under these conditions, the biodiesel production efficiency was 85% in the presence
of sulfated mordenite and 80% in the presence of ZSM-5. These results indicate that the modification of natural
mordenite catalyst by sulfation can be an effective solution for improving the efficiency and performance of
biodiesel production processes.
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Table 1- Fatty acids composition of Neem seeds-derived oil.

Fatty acids Formula m.w (g/mol) Percentage (%)
Palmitic acid Ci6H3,0, 256.43 23.14
Oleic acid Ci5H340, 282.47 58.62
Stearic acid Ci3H360, 284.48 18.16
Other fatty acids C0H400, 312.53 0.08

! Gas Chromatography

2 Fourier-transform infrared spectroscopy
3 X-Ray Diffraction

4 Brunauer—Emmett—Teller

3 NH;- Temperature Program Desorption
6 Energy Dispersive X ray -Mapping
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Figure 1- GC-MS chromatogram for presenting the fatty acid profile of Neem seed oil
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Figure 2- Experimental Setup of electrochemical process



Yf (VFF) Y o lols VA 0590 Aélpljﬁ,\:”m ‘sm)f ‘sam (G daxo

helejl sl g STy byl oo

S CaBlS g9 93 582 )3 5 (aloang 2SIl by, 4 iz S5 (89, 40 9790 FFAS I Jnose odsi (gl cnl 5o

S1heP) Gz S () Jold STy boliee £3)5 )18 asliie g (o) 2 990 00 Sy Suds o 93l 9 ZSM-5 2 g3 6L Jolt
bumo glos o b 2Ty olad 09 950U 5 Jhaite O (s 2SN plsie 4) 9l o (Pl sz &) THF (Jsilie (asl
o 50 dilolu 4y ool Jlosl 5Lg Jlade (¥e g Ve Ve s an )0 895 4 Joilie Joo Cond Jolis o sl 51 plaS y0 .asals sl
bales 5 03,5 18 (o9aT 3)90 e 3ig w00 £ 5 ¥ oY g3 JUIS Jladie 5 el ¥ 5 ¥ o) oogasma ;3 28Ty ooy cdy ¥+ 5 YO O -
1Y Hfsy 4 Comd NaCl jlade o) o2) (484, 4 M) THF/OIl Jgo Cod cyizran 0 (5,155 4 Aol Cawd & Lm‘_ﬂ g lade
5elgy902 55wl 09 2SIl Jgor oy Sl ailabs o 35290 Ol ind (o) 2 (335 1Y Jslome S (0339 (olasly saie OF Jlade 5 5
BT 5 W18 0 00l 0 g5 (459,008 (9 S o0 A58 (T L5ST9) 0eS g j0um 9 (V (23ST9) ()59 )02 sl ygn ol 5 4 9 09 0
L GaaSTy 5150 o adgs denSg 008 (ygn 1o W8lg3 ) L JBIS Ceond )5 () 03l oS wily ansls STy (6l 1) ol
bl a5 o (55k Ul g 4 Wl oo 9 ol (593 Jlo Je392lS5 S o5 (FL2STg) oS o0 98 S i (2 el
5 02 b OsealSads sl il 5 5 (sl il w138 50 50 wailels 0 (355,008 5 35000 slagss Olojes asi 5 O Suls e b
algd 500 5l a8 i ol STy el ae jo (JShe Bl sl (VL Jlade el (STheS ST G Wigdioe plnil lojen
Sl 551 s 5 008 92480 (5551 Vb B a5l Laume (sled 55 s ploxil L a5 93l ol lgi oo e oy 2SI (sl 25T
aas g s FFAS Jig2, 05,5 (53laJlad 53 Wiy 5 (med) (sl (slacolis (255 Jols canedlB1ST 90 12 3 Shoe puacilSe [14]
sl ool VU (55555 2SI 03 by lidgs (glnog S g s ) obtilidgms Cepis yo CencdBS ool b 08 LubgtlS s
4 S 5L 2L 5 0ad udy Ol slasSse g @do s FRAS 55 iz 4 e gl 532,500 Gl 5 st
a5 2 oo lis adlas ol gl ols lis 093 51 (J5em) @z slaapwl yiwl e 4 o3l oy saswl oS ;8 ZSM-5 culgs;

o)1 looy 58U Slaailebis ;5 Jpp39 ddss anl it ps 5 003k (il 3B ()T el Dol 5 g g5 Sl

2CI" > Cl, +2e” el STy (V) ST
2H,0 > O, +4H" +4e” (V) STy
2H,O+4e” - H, +20H"~ x5 s (*) 25l
CH,OH +OH < CH,0O" +H,0 o559y JEsl j2aSTy (%) 2STs

Saddye g ZSM-5 Culgy iy p il g eyl apienl 0 Slee conz 1) JRogm adg el s 5 F S8 5 Y IS8

31 sl 0ys 2SI e lo 1) ) sl (185 85 gl 5 ol (S slaJlinsl F (IS0 ) azgi i oo LS | onds aililss
Ol 03 s gt oo Jig)S 09,8 AlSge Wsm (ol Sk carge 5 WS (o0 32 1) 0z Slaonul J8g)S 095 4 bgpe ()5S
S 50) Jpilie JsSge (hre 232 Lamgs el (g Sl alox datae 5 03,5 T S )b (Fi2 D90 4 45 Jign)S 09,5 oS Lail o0
5L 5l ez el 2l o 05,8 o et Lawly 0o ol 5l T JsSIse oy o515 s 0,85 co 8 dles 3,50 (CHIO"
1S 53 0 ,Shae p5ilSe 02 so 4slsl o)lig0 |y 45 2l g 00,5 sy 055 Ayl > 4y Eadgh; 1S g 05 o iz ol
ooy i 4 Elidgas slbog Syt 4L by 45 gl ol by 51 ealid S0aS 4 o o Glidgus i o 5 ZSM-5 g
59005 )18 98Ul dhor datns iy | poradins 5 poaiosl] loog S (I gla Sl sl 58 ouitS 198Ul glieg S lsie
JeeS 95008 (slmog )5 50 09290 ()59 ,008 Slaesl 4 098 oo oualie 5 ¥ JSB )5 (raizmes )l0 (g5 BB R (2STy S0 5
Joig S 09,5 (ienST il Qi g Wigdh ool gl LSl Sl oy sl lgie 4 sEdgh; JlSle mhaw 4 Jate lagigynea b g
JoSdge 09800 09 Sl ahox dais 5 WS (o0 Ty St 1L (05 il 5 00l 5L Juig)S 09,5 Al Wgm Il Gl 5o Nad o
ot 31l JsSge oo ol 51y e oo Lanlgam S JoSa5 5 iS00 abox gy 09,5 25 & 095 Rk 5k e Sl il



Yo (Cudd 30) (s2b g5y 9 (ZSM-5) (g 5w Cadd g8 (gL w15 dun Lo 9 0 )15

)w ‘U"‘ » og)LC 9 “'\"SLSQ ‘o.b.l u,.u\)sl gMJlJU )L».’>L~u e‘a.w LSL‘%)}‘?)-' Slaws wao L)'))S 4;1.0.]5.‘» l; »)5.»4‘5;0 6)1») < M‘
G698 Mgy ol 4 | s o rlans (sl 49595 055 (688 (gloariS g xSl cllas o 4y cod oS Jlisle (g9, Dladgus (loog 5
Ive ovelas o Jas

HO H R 00 HO o
: ’ ~, H 5 [+]
Ry ©—OCH; a5 o oo s
©-OH . Py R N
i Lo BTN 5950
1 ° 090 L Prioe e g > N
~, e S ST AL HO I
SiTSiT Al JrorTo
P ~ HO H
2_ HOH ) i
HC, 5 5 . o FLox
JOH* RO ( ) =
R/, CH:OH Qo 0o Hlom '
C-OH & a5 % 2 o d i
y’ H o0 4 \ . .03 00, CHs
3 / 5.9 BULNY S0 S AL
5.0 o/ . 0V [ 09682 sy oSl
P se et HC plise o'l Si7 g S AL 1O
S SO REH HO o0 G &
o [ oo RLoH
1 —~
2 ; L o \_/
: 3
k’ ~ 020 [ J 4 Hedgad T
3 S-S AL P e
HO H i
<l skl @© ksl ale= (M) 7 el iz ()
2838 Lk ) by am 5o s op JUl (F) LigS 098 g5Ldlad (V)

Coum) J&&) W) &'w’w Cadd o g (G.,O [ JS-&)ZSM-S G-hJ’S) G.MJL’U 99 4o d"’j?‘ M..\.».w‘ O)SJ.O.G ,a).u&n -y JS.&
(C.v.wb

Figure 3- Proposed mechanism of Lewis acid site activity in the two zeolite ZSM-5 catalyst (left) and sulfated mordenite catalyst

(right).
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Figure 4- Proposed mechanism of Bronsted acid site activity in the two zeolite ZSM-5 catalyst (left) and sulfated mordenite catalyst
(right).
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Figure 5- FT-IR Spectra of raw oil and biodiesel.
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Figure 6- GC-FID analysis for produced biodiesel.
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Table 2- composition and value of products.

Common name Formula Retention time (min) Approximately value
(%)

Methyl palmitate C7H340, 8.481 15.61
Palmitic acid C16H3,0, 9.133 3.29

Methyl oleate CioH360, 10.432 54.19
Methyl stearate C19H330, 10.599 16.23

Oleic acid Ci5H340, 10.950 7.37

Stearic acid C1sH360, 11.289 331
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Table 3- The physicochemical characteristics of the biodiesel produced in the process

Analysis Method Limits Measured value (biodiesel |Measured value (biodiesel produced

produced in the presence of | in the presence of Mordenite-0.5 M
zeolite ZSM-5 catalyst) Sulfated catalyst)

Kinematic viscosity at 40 | ASTM D445 —11a | 1.9-6.0 4.186 4.153

°C (mm?/s)

Cloud point (°C) ASTM D5771-17 - -3 -2

Pour point (°C) ASTM D5950-14 - -10 -8

Density (g/cm®) ISO 5072 0.86-0.90 0.877 0.870

Flash point (°C) ASTM D93 - 13 130 min 168 165
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Figure 7 - The efficiency of biodiesel produced as a function of Acid solution concentration loaded on mordenite
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Figure 8-a- FT-IR spectroscopy of zeolite ZSM-5 catalyst.
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Figure 9-a- XRD analysis of zeolite ZSM-5 catalyst.
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Figure 9-b- XRD pattern of Mordenite and Mordenite-0.5 M Sulfated catalysts.
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Table 4- Surface characteristics of catalysts

Catalyst type BET Surface | Total pore volume (cm®/g) Micropore Average pore
area (m%/g) (P/Py =0.9900) volume (cm’/g) | radius (BJH) (nm)
Zeolite ZSM-5 362.7903 0.73366 0..000231 5.04389
Mordenite 44.382 0.1125 0.010197 13.010
Mordenite-0.5 M Sulfated 28.350 0.1061 0.006513 14.593
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Figure 10-a- N2 adsorption-desorption data for zeolite ZSM-5 catalyst.
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Figure 10-b- N2 adsorption—desorption isotherm for Mordenite catalyst.
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Figure 10-c- N2 adsorption—desorption isotherm for Mordenite-0.5 M Sulfated catalyst.
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Figure 11-b- The EDX spectra and the mapping analysis of Mordenite catalyst.
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Figure 11-c- The EDX spectra and the mapping analysis of Mordenite-0.5 M Sulfated catalyst.
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Figure 12-a- TPD profile of NH3 on zeolite ZSM-5 catalyst.
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Figure 12-b- TPD pattern of NH3 on Mordenite and Mordenite-0.5 M Sulfated catalysts.
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Figure 13- The efficiency of biodiesel produced as a function of catalyst amount of zeolite ZSM-5 and Mordenite-0.5 M Sulfated.
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Figure 14- The efficiency of biodiesel produced as a function of methanol to oil molar ratio.

w58 003b (59, 5Ly Hlade
olas el ¥ pley 9 Vo2) o) 4 Joile (Jge Comnd CandBS (359 17 (Slibos Ll o1, 5y el ST (g0 VO S5
o3L Ve B 55ty jlade (ioli8l b ogd so oaus JSKi ;0 S jebyles ol sy T g YO OV B mdaw B0 5L il aws oo
U 55 o b b 4y b 03l iy ke iy Ll L s 5 48l il ot 2ol Eaiyo ya5lbIS e o iyl B
5 STy Sty e 9 05 (o0 o Gl (JoSge Culan e 5 Ol W e (lBI L &S ool 2l g B
D83 g0 Ty &y sk GES Ty Loy 45 09 0 0l (g0 4y Gl yz g i GEalR3I L Lol w0gds o0 0as 0dgi Ja08m 005k L2l
i b e Viem o 5By b 058 o5 08 adgi JRose o33k 95 o0 Sacl 45 WS (o0 ST 4 29,0 395 STy Calple
@ S 65 0 ,Slos (5 loline jgb s oo Mol Cuss o e dBlS aS sl T ko s uizen ol aagy (1Y) 035b lyee

Sl Bld ZSM-5 cidgd ) CanndBLlS

o A- - A= Mordenite-0.5 M Sulfated
< ’ ‘.h"“"‘-—_A-,_ i ; -
< 75 I ——— g,qo}}teESIil 5
[} - - 4
=70 ~
= .
2 63 &
: I
< 60
£
£ 55 i U ..
% 50 _iL- ----- ﬁ T = -
g 3 -
E k:
m 45
3 10 13 20 25 30 35 40

Voltage (V)
g 53 033l (59 5y 5110 JSs

Figure 15- The efficiency of biodiesel produced as a function of voltage.
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Figure 16- The efficiency of biodiesel produced as a function of time.
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Figure 17- Investigation of the Reusability of Zeolite ZSM-5 and Mordenite-0.5 M Sulfated Catalysts
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