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Abstract

Oil extracted from spent coffee ground (SCG) has been well known as a potential feedstock for high quality biodiesel
production. This work was to investigate extraction, physical and chemical characterizations of Robusta coffee oil (CO)
and its application for biodiesel production. Analysis of seven coffee ground (CG) samples showed that oil content in CGs
depended on technique of the manufacturer. Morphological changes of CGs surface were recorded by FESEM technique
which showed the particle size significantly increased with the oil loss. Infrared spectroscopies revealed absence of SCG oil
in the de-oiled SCG, confirmed that soxhlet method in hexane was used efficiently for the oil extraction. Thermal proper-
ties of SCG oil, fresh coffee ground (FCG), SCG and de-oiled SCG samples were investigated by simultaneous TG-DTA
measurement. The obtained data showed the oil content relating to thermal changes of SCG samples. Comparison between
chemical components of Robusta coffee bean (RCB) and SCG reflected a fact that most of oil content in the SCG could be
originated in manufacturing process of FCG. Quality biodiesel product has prepared from SCG oils via a two-step process.
After pre-treatment process, transesterification of SCG oils was carried out with methanol (v/v, 30%) and NaOH (w/v, 1%)
in yield 89.2%.
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Introduction

With increasing global energy demand, alternative renew-
able energy sources have attracted significantly attention
due to the finite nature and emissions greenhouse gases
of fossil fuel reserves. The geopolitical instability and
security caused the volatility of oil prices [1, 2]. In order
to cope with the oil prices rapidly rising, new renewable
approaches of energy supply as a cost-competitive and sta-
ble solution are urgently required.

Coffee beans are produced in over 46 countries, pro-
vided about 8.60 million tons worldwide. There are ten
producers of coffee beans worldwide, with Brazil and Viet-
nam accounted for nearly half of total production and RCB
are produced globally with more 40% of the total bean
types in 2015 as seen in Fig. 1 [3]. As the second largest
producer, Vietnam exported 1.65 million tons in 2015, in
which Robusta coffee accounts for 97% of total output due
to the geographical condition of the country appropriate
for Robusta’s growth [4, 5].

Biodiesel, a mixture of long chain fatty acids alkyl ester
derived from vegetable oils or animal fats by transesteri-
fication with methanol or ethanol in presence of alkaline
catalyst [6], has been particularly considered as an efficient
alternative for fossil fuel due to very low greenhouse gas
emissions [7, 8]. Unlike fossil diesel fuel, biodiesel as a
non-toxic, biodegradable and environment-friendly fuel
contains no aromatics and almost no sulfur which has been
attributed to reducing negative impact to the life environ-
ment [9]. Despite this favourable impact, high price of bio-
diesel is the major obstacle toward its marketability. The
critical reason for the failure of the biodiesel programme
was inappropriate pricing policy of the feedstock [10].
In fact, prices of traditional biofuel feedstocks have been

rapidly increased over recent years due to competition
of food and feed production. For instant, price of virgin
vegetable oils has increased nearly twice in several years
(from early 2000s to 2007) [11]. As a result, investigating
ways to minimum the cost of feedstock available for bio-
diesel manufacturing has being strongly interested during
recent years. Among them, use of biomass residues such as
waste cooking oils [12], animal fats [13] and by-products
of industrial product [14] has been excellent solutions for
commercially low-cost biodiesel production. A potential
source of waste residues is well known as SCG. Assuming
10 wt% oil content in SCG, this can add approximately
0.8 million tons of biodiesel to the world’s fuel supply.
Moreover, because SCG oil contained naturally very high
content of antioxidant which was attributed to stabilization
of the oil as well as its biodiesel, it has been considered
as a high quality and cost-effective feedstock for biodiesel
production in comparison with other waste sources [15,
16].

Although many techniques have been used to manufac-
ture biofuel from waste oils such as pyrolytic distillation
[17], catalytic cracking [18], and bio-hydrotreating diesel
[19], the transesterification process to obtain high quality
biodiesel has revealed as an efficiently low-cost method for
biofuel production [12, 20]. The lipid oil amount in CGs
varies 10-20 wt% depending upon types of beans and its
origin. On average, its lipid composition contains 90% of
glycerides which can be transesterified with methanol to
produce biodiesel [11]. There are many transesterification
techniques reported for biodiesel production from different
lipid oils such as heterogeneous catalyzed transesterification
[21], lipase catalyzed transesterification [22] or supercritical
transesterification [23]. Each transesterification technique
requires different oil feedstock characters. Therefore, under-
standing of SCG oil properties is particularly important to
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Fig. 1 Total production of coffee by countries (a) and types of bean (b) in 2015 [3]
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utilize effectively this waste sources for biofuel manufactur-
ing. However, physicochemical data of SCG oil extracted
from Vietnamese Robusta CGs have not been provided fully
so far. In this work, we focus to investigate the oil extrac-
tion, physical properties and chemical compositions of Viet-
namese Robusta coffee oil and its application in biodiesel
manufacturing.

Materials and Methods
Materials and Measurement

Seven Robusta Fresh coffee ground (FCG) samples named
from S1 to S7, which were collected from Vietnam market
with 100% Robusta beans, were brewed with freshly boiled
water throughout a coffee phin for 10 min. Then the coffee
residue was dried to obtain the SCG samples. In order to
study composition and origin of CO, the green RCB har-
vested from Lam Dong Province in Vietnam, was roasted
without any additives and then grinded up powder. The
moisture contents in FCG, SCG and RCB were recorded
between 7.1 and 9.0%. All of the CG samples were dried
in an oven at 70 °C for 24 h to reduce the moisture before
using.

The morphology of CGs and de-oiled SCG was measured
by field emission scanning electron microscopy (FESEM)
using JSM7401F (Japan). FTIR spectra were recorded on a
BRUKER EQUINOX 55 IR spectrophotometer. A LabSys
evo S60/58988 Thermoanalyzer (Setaram, France) was used
for simultaneous thermal analysis combining thermogravi-
metric (TG) analysis and differential thermal analysis (DTA)
with a heating rate of 10 °C/min in the air atmosphere.

Oil Extraction

Coffee oil was extracted by using Soxhlet method within
hexane (250 mL). Samples (RCB, SCGs and FCGs) were
weighted accurately 15 g and placed in a thimble. The hex-
ane was refluxed at boiling point for 4 h. After extraction
had been accomplished, the solvent was evaporated under
vacuum at 40 °C. The oil extraction yield for each case is
calculated as follows:

Oil weight

——— %100
Sample weight

Extration yield (%) =

Oil Properties

The oils collected from RCB and SCG were character-
ized by determining the viscosity, density, acid value,
saponification, unsaponifiable matter and iodine value.
The acid value, which reflects the total acidity or the

amount of free fatty acid (FFA) not attached to a glycerol
backbone, was defined as the weight (mg) of potassium
hydroxide required to neutralize the free acid groups in
oil [24]. Herein, the acid value was determined by indirect
method of titration as described elsewhere [11]. Saponifi-
cated value was defined as the amount of required alkali to
saponify a defined weight of sample and specified the free
acid and bound acid, e.g. esters of glycerol. It is expressed
in mg of KOH per gram sample [24]. The amount of the
fatty acid (FA) and the number of ester bonds per g sample
can be derived from the saponified value.

The FA composition in oils was determined through
fatty acid methyl ester (FAME) contents of biodiesel
products prepared by transesterification as described in
the following section. The FAME content was estimated
by GC-MS method [25]. In the instrument, the quadrupole
mass analyzer was directly connected to capillary column
and an electron multiplier detector. Helium was used as a
carrier gas for GC system.
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Fig.2 Extraction yield of various coffee samples

Fig.3 RCB oil (1), and SCG (2) and FCG (3) oils extracted from
sample S1
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Transesterification

In order to reduce FFA value, the extracted oils (100 mL)
was stirred with concentrated H,SO, (0.1 mL), hexane
(100 mL) and methanol (20 mL) for 2 h. The mixture
was washed with water to pH 7.0 and dried by anhydrous
Na,SO,. The solvent was evaporated in vacuum at 40 °C.
The percent of FFA in oil was determined < 1%. The pre-
treated oil was transferred into the reaction flask and esteri-
fied with methanol and KOH as the catalyst. The mixture
was remained at 63 +2 °C within 2 h. The effect of catalyst
and methanol on FAME yield was investigated by varying
sodium hydroxide concentration and methanol volume to oil
ratio. After completion of the esterification, the biodiesel
layer was separated after 12 h and washed with water, brine

Fig.4 FESEM images and
calculated particle size: FCG
(a, b), SCG (c, d) and de-oiled
residue (e, f)
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and dried over anhydrous Na,SO,. The excess methanol in
the biodiesel was evaporated under vacuum at 40 °C. The
percent yield of biodiesel is calculated as follows [26]:

amount of biodiesel

Biodiesel yield (%) = x 100

amount of oil used

Biodiesel Analysis

Properties of coffee biodiesels were measured using the
standard methods as described previously. Standard test
methods included viscosity (mm?%/s), ASTM D445; density
(mg/mL), ASTM D1298; acid value (mg KOH/g), ASTM
D664; free glycerol (mass %), ASTM D6584; total glycerol
(mass %), ASTM D6584; methyl ester (mass %), EN 14103.
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Results and Discussion
Oil Extraction

All FCG samples were chosen from Vietnamese market
with 100% of Robusta beans. Yields of oil extraction are
presented in Fig. 2. Extraction yield of seven commercial
CGs (S1-S7) ranged from 6.5 to 18.7% (w/w) with an
average value of oil content at 12.0% (w/w) and a maxi-
mum value at 18.7% for FCG sample S1. In comparison
with natural RCB oil content, the average oil content of
CG samples was approximately double to the content
of natural RCB (6.2%, (w/w)), even triple calculated
for the sample S1 (Fig. 3). It facts that amount of CO
was depended on technology of the coffee manufacturer,
accounted variation of oil content in the previous reports
despite using the same extraction technique [27-30].

On the other hand, oil amount of SCGs is slightly lower
than that extracted from the FCGs, reflected that small
amount of FCG oil moved into the hot water within the
brewed process through the coffee phin. In the present work,
we selected the sample S1 which contained the highest oil
content for further studies.

FESEM Analysis

Solubilization compounds inducing changes of FCG sur-
face were recently investigated by Mateus et al. [31]. How-
ever, effect of oil loss on the surface of CGs which can be
observed by FESEM analysis has not reported. FESEM
observation of FCG, SCG and de-oiled SCG samples
(Fig. 4) exhibited coffee pores with diameter in arrange of
100-150 ym, in agreement with that of previous reports
[31, 32]. The analysis of FCG and SCG samples (Fig. 4a, c)
showed similar results of morphology and average particle
size (35 um), indicated that changes of CG surface in the
brewing process is not very much. Clear changes of mor-
phology however can be observed from FESEM images of
SCGs (Fig. 4c, e). The oil loss might induce subversion to
form great number of particles on de-oiled SCG surface.
Particle size of SCG and de-oil SCG was calculated in range
of 20-110 and 20-220 pm, respectively and the average size
of de-oiled SCG particle (45 um) was greater than that of
SCG (35 pum). Thus, the oil extraction showed evident effect
on the CGs surface.

FTIR Analysis

FTIR spectra were analyzed to characterize components of
SCG oil and to determine efficiency of the oil extraction.
The FTIR spectroscopies of SCG, SCG oil and de-oiled
SCG are presented in Fig. 5. The SCG oil sample showed

. SCG oil
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rrrrrrrr de-oiled SCG

T
1000
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Fig.5 FTIR spectroscopies of SCG oil, SCG and de-oiled SCG

the peaks at 2925 and 2855 cm™!, assigned to asymmetric
and symmetric stretching vibration of C—H bonds of ali-
phatic CH, group of the fatty acid backbone, respectively. A
shoulder at 3009 cm™!, characteristic to the C—H stretching
vibration of cis double bonds showed presence of unsatu-
rated fatty acids. Absorption band for ester bonds between
glycerol and FAs was observed at 1745 cm™, correspond-
ing to stretching vibration of ester carbonyl group. Also, the
wavenumber 1163 cm™! was assigned to stretching vibration
of C-0O ester group [33].

The presence of oil in the SCG sample can be unam-
biguously observed from the FTIR spectra that exhibited all
characteristic peaks of lipid compounds. The SCG sample
showed a broad peak at 3384 cm™! relating to stretching
vibration of OH groups. The sharp peak at 1659 cm™! was
identified for carbonyl groups of caffeine which has been
used as the determinant band in quantitative analysis of
caffeine in roasted coffee samples [34]. The wavenumber
range of 1400-900 cm™' was characterized by vibrations
of several types of bond, including C—H, C-O and C-N,
attributed to absorption band of carbohydrates and several
special compounds in the coffee beans (e.g. chlorogenic
acids) as reported previously [35, 36]. The fact that most of
the characteristic peaks for the lipid compounds were absent
in the spectroscopy of de-oiled sample, indicated that cof-
fee oil might be extracted completely in hexane solvent by
soxhlet method.

Thermal Analysis

Simultaneous TG-DTA and DTG curves of de-oiled SCG,
SCG and SCG oil in the air atmosphere are shown in Fig. 6

@ Springer
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and their thermal data are listed in Table 1. The results of =~ Percent of mass loss of SCG oil in initial stages between
the SCG oil showed that mass loss did not occur at tempera- 230 and 480 °C (85%) greater than that of SCG (69%),
ture below 230 °C, indicated that there is no solvent in the FCG (51%) and de-oiled SCG (54%). All the CGs showed
extracted oil. Thermal decomposition of the SCG oil occurs  loss of mass (3—4%) at the temperature range between
completely within three stages between 230 and 590 °C. 67 and 230 °C which corresponds to removal of volatile
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Table 1 P.ro.ﬁle of thermal Samples Variables® Stages or peaks
decomposition, percent of
mass loss and exothermic peak First Second Third Fourth
temperature for coffee oil,
de-oiled SCG and SCG samples SCG oil T, (°C)/my (%) 230-396/40 396-480/45 480-590/15 -
T,y (°C) 365 416 473 534
De-oiled SCG T, (°C)/my (%) 67-200/3 200-389/51 389-550/41 -
T\ (°C) 316 450 474 -
FCG T, (°C)/my (%) 67-207/3 207-373/48 373-569/41 -
T,y (°C) 351 500 561 -
SCG Ty (°C)/my (%) 67-230/4 230-390/50 390-490/15 490-580/29
T, (°C) 347 518 545 -
*Data of decomposition temperature (Ty)/mass loss (m,,) and exothermic temperature (T,,,) were col-

lected from TG-DTG and DTA curves in Fig. 6, respectively

Table 2 Properties of the oil extracted from Robusta coffee bean and
spent coffee ground

Property Units Results
RCB SCG

Viscosity (30 °C) mm?/s 74.15 62.80
Density (15 °C) g/mL 0.92 0.89
Saponified value mg KOH/g 175.25 185.13
Unsaponifiable matter % 2.60 2.01
Acid value mg KOH/g 2.81 6.13
% FFA % 1.41 3.07
Ester number mg KOH/g 172.44 179.00
Iodine value gl,/100 g 70.10 69.90

Table 3 Fatty acid composition of oil extracted from RCB and SCG

Fatty acid Content (%)

RCB SCG
Lauric (C12:0) Trace 3.08
Meristic (C14:0) 0.13 1.51
Palmitic (C16:0) 32.34 30.41
Stearic (C18:0) 7.58 8.01
Oleic (C18:1) 12.22 30.90
Linoleic (C18:2) 42.13 24.34
Linolenic (C18:2) 1.07 Trace
Arachidic (C20:0) 2.86 1.31
Total 98.33 99.56

compounds and water molecules [37]. Moreover, it is clear
that the thermal stability increases in the order of de-oiled
SCG (550 °C), FCG (569 °C) and SCG (580 °C) attributed
to effect of oil content in the SCG sample. The ash content
of FCG (8%) remained from oxidation process at 700 °C is
higher than that of SCG (2%) and de-oiled SCG (5%). It can
be due to inorganic compounds of FCG samples solubilized

in the brewing process. A similar trend from burning process
was also observed in the previous report [38, 39].

DTA curve of SCG oil showed that exothermic reactions
occur at maximum peak of 365 °C and T, values depend
on content of coffee oil. After the exothermic reaction, the
final oxidations of the matter were found at three T, values,
416, 473 and 534 °C. Also, the presence of oil was attributed
to increase of T, values of the SCG (347, 518 and 545 °C)

and FCG (351, 500 and 561 °C) samples in comparison with
that of de-oiled SCG (316, 450 and 474 °C).

Oil Properties

The properties of the extracted oil from RCB and SCG are
shown in Table 2. Both the kinematic viscosity (74.15 mm?/s
at 30 °C) and density (0.92 g/mL) of RCB were slightly
higher than the SCG oil viscosity (62.80 mm?/s at 30 °C)
and density (0.89 g/mL). Remarkably, the FFA value of SCG
oil is as high as 3.07%, over double to that of RCB (1.41%).
This value suggested that the transesterification of SCG and
RCB oils should be carried out according to a two-step pro-
cess which is presented thereafter.

Fatty Acid Composition

Since Jenkins et al. [40] showed that the FA composition of
the both FCG and SCG oils including materials from Viet-
nam is almost similar, this work only focuses on compari-
son of FA composition between natural RCB and SCG oils.
The results are shown in Table 3. The palmitic acid (C16:0)
and steric acid (C18:0) contents are not much different in
the both types of oil while the RCB oil contains oleic acid
content (12.22%) much lower than linoleic acid (42.13%)
which was also observed by other research groups on RCB
samples from other countries [41, 42]. In contrast, the RCG
oil obtained by the same extraction exhibits oleic acid
content (30.90%) being greater than linoleic acid content
(24.34%). This result is in agreement with Jenkins’ study

@ Springer
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Table 4 Characterizations of spent coffee ground biodiesel

Property Unit Limit Test methods  Results

Viscosity mm?/s 1.9-6.0 ASTM D445 5.75
(40 °C)

Density (15 °C) g/mL 0.8-0.9 ASTM D1298  0.82

Acid value mg KOH/g Max.0.50 ASTM D664  0.49

Free glycerine Mass % Max. 0.020 ASTM D6584  0.01
Total glycerine ~ Mass % Max. 0.240 ASTM D6584  0.01
FAME Mass % Min. 96.5  EN 14103 97.6

on Vietnamese commercial CG samples [40]. The oleic acid
content, which was found popularly in animal and vegeta-
ble fats and oils, increasing highly in SCG oil compared
with natural RCB oil reflects that the lipid sources contain-
ing high oleic acid content could be added into the coffee
beans in production process. The addition could purpose to
improve taste of drinking Robusta coffee.

Transesterification

The oil extracted from SCG was found FFA value as high as
3.07% which is above the satisfactory limit of the transesteri-
fication reaction using alkaline catalyst. In order to avoid a
higher degree of oxidation and hydrolysis reactions during
the process [43], transesterification of the SCG oil to bio-
diesel was carried out using the two-step method [44]. FFA
should be initially converted into ester in a pre-treatment
process with a solvent mixture of hexane and methanol using
acid sulfuric as a catalyst. Presence of hexane can improve
the miscibility between oil and methanol during the esterifi-
cation process. After percent of FFA in oil determined < 1%
(w/w), the pre-treated oil is completely transesterified using

@ Springer

KOH as a catalyst. Because the transesterification is almost
complete within 2 h at boiling point of methanol 63 +2 °C,
two critical parameters, NaOH catalyst and methanol con-
centration, which strongly affect to biodiesel yield of coffee
oil, were focused to investigate in the present work. The
results presented in Fig. 7. When concentration of NaOH
was varied from 0.5 to 1.5% (w/v) at 35% (v/v) methanol
concentration (molar ratio of oil to methanol 1:3.5) the yield
of biodiesel increased up to 88.2% for 1.0% NaOH concen-
tration and then the yield dropped. A similar trend is also
observed in the case of methanol concentration as showed
in the Fig. 7b. When concentration of methanol varied from
20 to 50% (v/v) (molar ratio of oil to methanol ranged from
1:2 to 1:5) within 1% (w/v) NaOH concentration, the high-
est biodiesel yield was achieved at 89.2% for 30% methanol
(molar ratio of oil to methanol 1:3). Also, the yield dramati-
cally declines with increase of methanol amount. It can be
because the separation of biodiesel becomes difficult with
an excess of methanol [26].

Biodiesel Properties

The properties of biodiesel fuel prepared from SCGs are
analyzed by ASTM analysis. The data is showed in Table 4
where displays >97% of FAME content. It revealed that
biodiesel from Vietnamese Robusta SCGs is a strong can-
didate as an alternative to diesel.

Conclusion

We have demonstrated that oil of Robusta CG was origi-
nated from production process and SCGs can be used as a
potential feedstock to produce qualitative biodiesel. The
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SCG with average oil content approximately double to
oil content of RCB and the significant difference between
chemical components of RCB and SCG oils was evidence
that CGs oil could be originated within manufacturing
process. The thermal properties of CG samples signifi-
cantly depend on content of the oil in CGs. DTA curve
of coffee oil showed three exothermic peaks which were
attributed to the oxidation reactions of oil. Oil content
in SCG induced increase of both the decomposition and
exothermic temperatures. The SCG oil was converted into
high quality biodiesel via a two-step process with yield of
89.2%. We strongly believe that cost of biodiesel feedstock
from SCG reduces significantly when this material source
is utilized efficiently.
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