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Abstract— Fatty acids containing more than one double bond (polyunsaturated fatty acids) indicated by high iodine value (more than
120 g L/100 g oil) are prone either to oxidative degradation or thermal degradation leading to the appearance of undesirable
compounds or to thermal oligo-/polymerization causing gum formation. Therefore, polyunsaturated bonds in the fatty acid chains
should be hydrogenated into monounsaturated ones. The conventional method using hydrogen (direct hydrogenation) at relatively
high temperature and pressure with the aid of nickel as a catalyst, which prone to explosion due to the presence of free gaseous
hydrogen at high temperature and pressure. Catalytic transfer-hydrogenation (CTH) therefore is proposed as a promising alternative
method, enabling CTH at room condition without the presence of free hydrogen. This research is focused on exploring effects of
temperature and reaction time to iodine value reduction on CTH of candlenut oil, including the kinetics of its methyl ester. The
hydrogenation utilizes Ag-Ni/silica 150 A as catalyst and potassium formate (6M) as hydrogen donor. Three reaction temperatures
were selected (4%, 60°C, and 78C), where each reaction was performed for 4, 8, 12 and 16 hours. Hydrogenation was performed in

a batch reactor using isopropyl alcohol as a solvent. Results showed that iodine values decreased with the increase of temperature and
longer reaction time. The iodine value was still decreasing at 16 hours reaction time, indicating the possibility of longer reaction time.
However, at 16 hours time, the iodine value yield has been within standard biodiesel range (Indonesian National Standard). The
hydrogenation was first order reaction towards methyl ester double bonds concentration. kand E for candlenut methyl ester were
163.15/hour and 25.26 kJ/mol.
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Besides that, exposure of mild steel in biodiesel can increase
I. INTRODUCTION its oxidation instability. This is further increased due to
increasing of immersion temperature [3]. For the sake of
utilization of fatty oils in liquid fuel production, the
polyunsaturated bonds in the fatty acid chains should be
converted into monounsaturated ones.

Biodieselis a renewable, clean-burning diesel replacement
that would reduce Indonesia’s dependence on imported
diesel. This fuel also has a contribution to creating green
jobs and improving our environmer@andlenut oil is one of

a potential alternative raw material for biodiesel production The . conventional . methqd of doing this is _by dir?Ct
in Indonesia. Candlenut tree can produce 30-80 kg of nutscat‘leIytIC hydrogenation using hydrogen at relatively high

yielding 60 to 66% oil (% weight). Candlenut oil (CNO) ’temperature _and pressure with t_he aid of _nick_el as catalyst.
contains palmitic acid (4-9%), stearic acid (4-7%), oleic acid This conventional process has high explo_S|on risk due to the
(10-35%), linoleic acid (33-485) and linolenic acid (23-35%) presence of free gaseous hydrogen at high temperature and

[1], with iodine value about 136-167 ¢/100-g oil. Fig. 1 pressure. Ar_10ther disadvantage of direct hydrogeqation
sh(;ws candlenut fruits and nuts using nickel is that the catalyst would generate undesirable

However, problems associated with the use 6f 1 Lrags unsat_urated cha}ln fro:jn the us—unsaturatedhphr?ln |fhthe
generation biodiesel remain its oxidative susceptibility to NYdrogenation is performed at a temperature higher than

ambient air oxygen, its low-temperature performance and its%pﬁc ][4]' Unsaturated trans (;atty r?Cid s knowrclj fqr fits
higher NQ emissions [2]. Linoleic and linolenic acids that N9Ner freezing point compared to the unsaturated cis-fatty

contain more than one double bonds (polyunsaturated fattyaCid_[S]' mlaking ict not SUitat_’I? fc_|>_r fuel compont(;nt thakt
acid) make them susceptible either to oxidative degradationrequl're_ a ov%/erh rdeezmg poin CTI—? _overcomed € nsk,
leading to the appearance of undesirable compounds or rgatalytic transter hy rogenation ( ) is proposed.

thermal oligo-/polymerization causing gum formation.
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[16], Ru/MgO [16] and rhodium [rhodium triphenilphosphite
sulphonat [17].

Other catalysts that used in catalytic hydrogenation and/or
catalytic transfer-hydrogenation were copper (Il) dichromate
[18],copper (II) carbonate [19], Ni/silica 0.012 — 0.039%
[20], Ni comercial [21], [22]. Copper and nickel based
catalyst required high temperature(120 - Z5)0to be fully
functional.

Nickel (Ni) as a catalyst has some advantages, ssch
high activity, selective to linolenic acid, and relatively
affordable. Nickel could be easily separated using filtration
too. Unfortunately, nickel needs high temperature and
pressure to activate so it would lead to higher isomerization
rate of cis-fatty acid towards trans-fatty acid. Hence, it needs
) ) - further research to minimize the formation of trans fatty acid

CTH reaction, referring to the addition of hydrogen to a yet enhancing the activity of nickel as a catalyst at lower or
moIecu!e from a non-§H hydrogen gas source, is ‘@ slightly above ambient temperature.
convenient and powerful method to access various Bimetallic catalysts using Ni and noble metals have been
hydrogenated compounds. It is an attractive alternative toresearched, such as Ni-Ag [24], [25], [26], Ni-Pd [26], Ni-
direct hydrogenation, and it has recently become the centrecy [27], Ra-Ni [14], Ni-Mg [13], [28]. Noble metals that
of research in hydrogenation science. The reasons for thahave potential to develop are silver because the price is more
are (i) the CTH method does not require eventually affordable than palladium and platinum based catalysts. The
hazardous pressurized, Hjas nor elaborate experimental pimetallic catalyst in the form of Ag-Ni/silica made by
setups, (i) the hydrogen donors are readily available, precipitation method proved to be effectively reducing
inexpensive, and easy to handle, (iii) the major side producthenzene up to 100% conversion at ADO[25], [26].
can be recycled, and (iv) the catalysts that are involvedBjmetallic catalyst Ag-Ni/ZrGhas been used on catalytic-
usually are readily accessible and not sensitive [6]. transfer hydrogenation of levulinate acid with hydrogen

Catalyst selection for hydrogenation depends on the typedonor from formic acid and showed good synergy of Ag and
of metal, support, solvent, temperature, the presence of\j to eliminate the need of external hydrogen requirement
poison, and the promoter. Catalyst would be selected if it has[26]_ Bimetallic and polymetallic catalysts have a bright

Fig. 1 Candlenut fruits and nuts

following characteristics [7]: o future in catalysis because of their enhanced activities,
- the catalyst must be separable from the oil without stapilities, selectivity, synergistic ffects, and other
particular difficulty; properties as compared to their monometallic counterparts.

- it must offer abundant, easily accessible surface t0 Several bimetallic and polymetallic complexes and
triglyceride molecules for contact with hydrogen nanocatalysts recently appeared in CTH processes [6]. These
adsorbed there and easy departure afterward from theyrevious research corroborate hypotheses that the bimetallic
surface into the main bulk of the oil; . Ag-Ni can be employed as a catalytic transfer-hydrogenation

- the catalyst is neither too sensitive to chemical attack catalyst of vegetable oils in appropriate operating conditions.
(poisoning) nor mechanical degradation; this will be  Hydrogen donor source could be inferred from water
advantageous since this twofold durability permits (H4,0), organic solvents, or a combination of both sources
repeated use, and hence, greater economy. [29]. Limonene was considered as one of promising

hydrogen donors because it provided acid conversion up to

Usually, hydrogenation utilizes palladium (Pd), platinum 1009% on hydrogenation of castor oil [8]. Meanwhile, 1:3
(Pt), ruthenium (Ru), rhodium (Rh), iridium (Ir), copper (Cu) optimum ratio of oillimonene was reported on
and nickel (Ni) as catalysts. Although nickel is the least hydrogenation of sunflower oil [12]. Unfortunately,
expensive, palladium has been preferred for CTH, becaus@imonene price is rather high and not widely available. Other
of its higher efficiency and its selectivity with respect to hydrogen donors that have been studied are indoline, ethyl
reaction products [8]. The order of catalyst activity is alcohol and isopropyl alcohol [30], but those reagents could
Pd>Rh>Pt>Ru>Ni>Cu. High catalyst activity (15-100 times only provide high partial hydrogenation selectivity on high-
compared to nickel) and does not need high temperature angressure condition (>165 psig). The commonly used
pressure are the other reasons why palladium is preferred afydrogen donors are cyclohexane, cyclohexadiene,
a hydrogenation catalyst. Various palladium based catalystyhosphoric acid, hydrazine, formic acid, sodium formate,
have been used, such as Pd/C 10% [9],,[P@fC 1% [11] ammonium formate, and sodium hypophosphate [31].
Pd/C 0.2 - 0.4% [11], Pd/C 0.5 — 2% [12] ,PdrPd-T}O Hence, it is needed to provide a feasible hydrogen donor
and Pd-AJO; [13].However, palladium could increase trans that could overcome those limitations with the following
fatty acids formation. The order of trans-fatty acid formation physical and chemical characteristics:
is Pd>Rh>Ru>Pt). Hence, platinum also preferred as « Liquid for easier handling,

hydrogenation catalyst, such asPiZr Pt-TbO and Pt- + Readily available and affordable
Al,03 [12] and Pt/C 5 % [14], [15]. The other noble metals « Could be regenerated (by reduction) either by direct
used as hydrogenation catalyst were ruthenium (Ru/C [15], hydrogenation or electrochemical hydrogenation.
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One of the promising hydrogen donors that met above This transesterification was performed in 1 hour and
characteristics is formate salt. Some research on this materialleactivated by addition of phosphoric acid 85% (0.5 ml).
related to the CTH of fatty acids is on salts of natrium, Methyl ester then separated from glycerol, washed with
potassium, or ammonium formate [10], [11], [32], [33]. distilled water, and dried in desiccators.

Various formic acid salts were used as hydrogen donors in . :
organic and aqueous media at CTH of soybean oil [10]. In D. Hydrogenation anor (KCOOH) Preparat.|on

organic media, the linoleic acid content only decreased to Based on potassium formate production method [39]
13.1%, and there’s no increasing of stearic acid after 24 h of°otassium carbonate (248.5 grams) was dissolved in 1 liter
reaction time, whereas in an aqueous medium the linoleicdistilled water and stirred gently. Formic acid (136.5 ml)
acid content decreased to 1.4% and stearic acid increase@as added slowly. After the G@volution was complete,
from 5.4 to 10.8% after 33 h of reaction time. the solution was evaporated to dryness and the solid

H|gh concentration of potassium formate (10 M) can obtained was then dried in an oven atoﬂ:—)fbr 48 hours.
increas_e the rate of vegetabl_e oil_s hydrogenation [10], SO cTH Procedure
potassium formate was used in this research as a hydrogen - A
donor for CTH because of its high solubility in water CTH of candlenut methyl ester utilized Ag-Ni/silica 150 A

: 4%-w as catalyst and 6 M potassium formate (KOOCH)
(330g/100g HO). Potassium formate (KCOOH) would . :
disproportionate into hydrogen and potassium bicarbonate inSOIUtlons as hydrogen donor. The CTH was performed in a
the present of the catalyst.

Solvents were utilized in CTH to boost hydrogenation

batch reactor (Fig. 2 show reactor configuration) and
atmospheric pressure. Isopropyl alcohol was used as solvent

process, because it might ease hydrogen and oil contactin _ith ratio 5:1 to fatty oil. At the end of the 16 hrs reaction

e , hydrogenated fatty oil was separated from the
catalyst surface as the effect of more freely diffusion [34], "M€
thus increasing hydrogen and oil adsorption capability [35]. 'SCPropyl alcohol and KCOOH/KHCOIt was then washed

Solvents would also make the polyunsaturated converted”ith distilled water to remove traces of KCOOH/KHEO

into monounsaturated without advancing into saturated oneéjhmilfthe p'f: of wash water \évas .neubrva_ll. The LOddineF\é?lZ%;f
and only producing few trans-fatty acids [36]. Solvents € fatty oils was measured using Wijs method (FBI-A04-

could be utilized to lower the viscosity of reaction mixture, 03).
hence easier to perform the mass transfer, increasing
hydrogen solubility in fluid phase as well as the
hydrogenation products’ solvent [34]. So far, the best
solvents for hydrogenations are water, alcohol, ether [34],
[35], [36], acetone, ethyl ether [34], [37], hexane [34],
denatured absolute ethanol (95%-v ethanol - 5%-v
methanol), methanol, isopropyl alcohol, cyclohexanol [37].

|
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Il. MATERIAL AND METHOD Circulation

A. Material

Candlenut oil (CNO) with an acid value about 10mg
KOH/g (pressed in our own laboratory) and iodine
valuel60.98 g,I100 g oil was used, mixed with isopropyl
alcohol, potassium carbonate technical grade (Bratachem),
and formic acid (Merck).

S Temperature
e controler
Candlenut oil, 600C
Isoprphyl alcohol, <>
Power

supply

Ay =

3

waterbath

B. Catalyst Preparation

Silica gel Davisil grade (average pore diameter 150 A)
was wetted with potassium formate that dissolved in distilled
water. Catalyst candidate was dried at room temperature for Magnetic
12 hours. Meanwhile, Ni(Ng,.6H,O and AgNQ@ were shirer
dissolved in distilled water. Catalyst candidate and nitrate
solution were stored in the freezer for 12 hours. The catalyst
candidate was then wetted with nitrate solution and dried at
room temperature. Catalyst candidate then filtered on cold
Buchner funnel and washed 5 times with cold distilled water.
The catalyst was dried first at room temperature and then in
a vacuum oven at 76 until it turned black. A. Catalyst Characterigtic

C. Transesterification of Candlenut Oil The catalyst was made by previously impregnating
Candlenut oils were deacidified first according to potassium formate, into silica 150 A Davisil grade in order

deacidification method proposed by [38]. Transesterification [© Make better adsorption since silica was acid based while

was performed using 100 grams of candlenut oil (acid valuepOtaSSium formate is naturally base. Silica was selected
< 1 mg KOH/g) mixed with 25-gram acetone, 20 ml of because it has some advantage, such as affordable, easy to

methanol, and 5 milliliters of potassium methoxide (30-32%). use, and easy to separate, has high thermal and mechanical

Heater n stirer

Fig. 2 Reactor configuration

I1l. RESULT AND DISCUSSION
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stability, and has high surface area and porous volumelt has been shown that silver ions added to the reactant
Nitrate salts were impregnated at a temperature bel6@, 15 mixture accelerate the reduction of transition metal ions [23].
so silver will not reduce nickel nitrate first before nickel Therefore, side by side location of Ni and Ag would make
nitrate reacts with formate ion. Impregnated nitrate saltsthe decomposition of formate ion (nickel reduction) easier.
(nickel nitrate and silver nitrate) then reacted to potassiumMonometallic nickel, on the other hand, is not reduced by
formate forming nickel formate, silver formate, and the hydrazine but forms a ¥iblue complex [23]. The
potassium nitrate. Nickel formate and silver formate are addition of Ag ions into reactant is proven to accelerate the
easier to settle on catalysts surface because their solubility imeduction of some transition metals [39]. This phenomenon
water is lower than potassium nitrate. The solubility of was also visible during nickel oxide reduction, by hydrogen,
potassium nitrate in water is 33 g/100 g, nickel formate is in the presence of A® [41], [42].
3,25 g/100g, while silver formate is not soluble in water. Previous research about silver formate showed that as
This condition is advantageous especially on catalystspalladium formate, AgOOCH is unstable at room
washing because only potassium nitrates that soluble intotemperature and decompose autocatalytically (catalyzed by
washing water. the silver from decomposition). Even, the catalyst could
The BET surface area of Ag-Ni/SiOcatalyst was  explode when heated in a closed room untilCop!3]. Silver
283.47ng, and the average pore size was 137.36 A. Thus,was also the catalyst for formic acid decomposition [44].
very large average pore size increasing the adsorption rate of
the unsaturated fatty acid, which has molecule size aroundB. Effect of Temperature and Reaction Time
25 A. According to XRF (X-Ray Fluorescence analysis), the  Effect of temperature and reaction time towards iodine
Ag-NI/SIO, catalyst consists 3.022%-w Ni and 4.027%-W yajye is shown in Fig. 4. It showed that increasing
Ag. The composition of catalyst was analyzed qualitatively temperature and reaction time would yield lower iodine
using X-Ray diffractor (XRD) as shown in Fig. 3, indicating yajye. The expected iodine value 110 g b/g methyl ester)
that silver and nickel were not in oxide form, but as elementsgn|y achieved at 7& and 16 hours. However, the iodine
This finding suggests successful catalytic as elements.a|ye trend showed that it still decreasing if the temperature

This finding suggests successful catalytic forming using gng the reaction time extended. Thus, the expected iodine

deposition and decomposition of silver formate and nickel temperature is higher than 8 or in longer time if the
formate yielding A§and NP on the surface of silica support. temperature is lower than %@ The maximum temperature
This achievement is considered as a new finding, sincefo this system is 7& because the mixture of isopropyl
previously, [23], [24] were using hydrazine, not potassium gicohol, candlenut oil, and KCOOH has azeotrope at this

formate. _ temperature.
Nickel ions are easily reduced because thé Amtal

particles formed to act as active centers for nickel reduction.

i kat T.raw
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Fig. 3 Ag-Ni/silica X-Ray diffractogram
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D. Catalytic-Transfer Hydrogenation

The mechanism of the rate of reaction can be explained by
Potassium formate was decomposed into hydrogen andhe following hypothetical reactions:
potassium bicarbonate in the silver side, then hydrogen

adsorbed in nickel side. After that, adsorbed hydrogenHCOO + H,O + Catalyst > H-Catalyst-H + HC@

reacted with a double bond in nickel site. It could be
- -H + +
concluded that silver acted as decomposition catalyst, WhileH Catalyst-H_+ double bond (&) AH, catalyst

nickel acted as a hydrogenation catalyst. During HCOO + HO +A > AH; + HCQ

hydrogenation, hydrogen was detected in gas output. This i ) i _
indicated that not all of the hydrogen was absorbed and During hydrogena_tlon, the surface of nickel as the active
reacted with a double bond. Higher nickel composition in the catalyst would be filled by adsorbed hydrogen. Hydrogen
catalyst £4%-w) could possibly increase adsorption and from the HCOO decomposition was abundant, and some

reaction rate. were unabsorbed because the output gases from reactor
contain hydrogen. Therefore, the reaction that defines the
C. Hydrogenation Rate hydrogenation was the only reaction betwees.dsjwith

double bound in unsaturated fatty acid. Effect of water in
solution could be neglected because the amount was also
abundant. So, the reaction mechanism could be rewritten as

Hydrogenation rate was calculated according to equation
1 [43] and presented on Fig. 5.

v Wreer) follow:
Hydrogenation rate = Wx 100% (1)
before Unsaturated (A)>saturated (Ab=B) )

Bimetallic Ag-Ni performed actively as hydrogenation H-catalyst-H + A-> B + cayalyst (3)
catalyst seven at 40, where nickel usually inactive. At this ) : +
temperature, hydrogenation rate attained at 15.31%, while at H-catalyst-H >catalyst + H ()
78°C, the hydrogenation rate reached 35.63%.XRF analysis a4 _ —(k,. OH, . A) )
showed that Ni and Ag ratios in the catalyst were 3.022%-w dt L z:
and 4.027%-w respectively, equivalent to 43% Ni : 57% Ag. dH,
This result is comparable to [23], which resulted in 20% n —(k, . 0H,) (6)

conversion when hydrogenating benzene using 50% Ni : 50%
Ag and resulted in 80% conversion when Ag : Ni ratios were  A|| of the nickel surfaces were fully filled by Hso eH,
10% and 90% respectively. ~Meanwhile, hydrogenation (adsorbed hydrogen fraction) was equal to 1. Hence, the

performed in this research were performed at@J8lower  pydrogenation of the double bond (equation 5) is considered
than 200C that used on [23]. This difference is also affected as first order reaction towards the double bond (equation 7).

by the different hydrogen source as a donor. Pure hydrogenieanwhile, desorption reaction of hydrogen (equation 6) is
was used on [23], while KCOOH was utilized in this 3 zero order reaction.

research. Furthermore, hydrogenation on [23] was performed
on benzene which is considered more difficult to au _ —(k. A) 7)
hydrogenate than unsaturated fatty acids dat

Arrhenius equation is

-E,4
k =koe kT,
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then, equation 7 become

dA
dt

—Eg
_koe /RTA

= 8)
The double bond concentration which obtained using
iodine value (Fig. 3), were utilized to determined Arrhenius p
constant (¥ and activated energy (E) using equation 7. The
equation was solved by Runge-Kutta and fminsearch metho
using Matlab R2010a. It was found thay &nd E for e
candlenut methyl ester are 163.15/hour and 25.26 kJ/mol,,
Double bond concentration during reaction time (data and Ko
model) is presented in Fig. 6. ky/k

0,680 ko

0,280
0,180 ¢ 40degCdata A4  60degCdata
® 78 degCdata e /() deg C model
eeseee 60 degC model @= e= 78 deg C model [1]
0,080
0 4 8 12 16 20

reaction time (h)

(2

Fig. 6 Double bond concentration (data and model)

Activation energy rate produced on this research (25.47
kJ/mol) was not quite different from activation energies from [3]
catalytic transfer hydrogenation of soybean oil [34], [35],
which were between 5-102 kJ/mol.Activation energy values
which were lower than 40kJ/mol on candlenut oil
hydrogenation suggests that the process rate is controlled by
diffusion within the catalyst pore. But, the size of the particle
was only 140-200 mesh, so this assumption is not quitel®
reasonable. (6]

Arrhenius constant attained in this work (2.85/minute) was
positioned between the results from [43] (about) Bat [7]
approaching first-degree order reaction and [44] (abod} 10 g
that using second-degree order reaction approach. Catalystjs]
selections, a hydrogen donor, and operation condition would
affect the value of activation energy and the Arrhenius
constant. Kinetic parameters on [43], [44] were evaluated (o]
from catalytic transfer hydrogenation of soybean oil 4€50
65°C and 86C, which using hydrogen donor from sodium [10]
formate and palladium on carbon as catalyst.

IV. CONCLUSIONS [t

The hydrogenation result showed that decreasing iodine
values correspond to a higher temperature and Ionger[12]
reaction time. The iodine value was still decreasing at 16
hours reaction time, indicating the possibility of longer
reaction time. However, at 16 hours time, the iodine value (12!
yield has been within biodiesel standard range in Indonesia.

It is found that the hydrogenation is first order reaction
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towards methyl ester double bonds concentration. The value
of k, and E for catalytic transfer-hydrogentaion of candlenut
methyl ester are 163.15/hour and 25.26 kJ/mol.

NOMENCLATURE
Unsaturated fatty acid mol/liter
Saturated fatty acid mol/liter
Activation energy kJ/mol
Adsorbed hydrogen mol/liter
lodine value g4100 g all
Arrhenius constant hour®
Hydrogenation rate constant hour-1

Desorption rate constant

Greek letters
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