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Direct biodiesel production from wet spent coffee
groundsf
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Utilization of waste spent coffee grounds (SCG) remains limited and requires pre-treatment before being
discarded to avoid pollution to the environment. Lipids contained in SCG could be converted to
biodiesel through an in situ transesterification method. Current in situ transesterification of wet SCG
biomass, conducted at high reaction temperature to reduce the water effect and reduce reaction time, is
energy intensive. A new approach, which combines simultaneous extraction-transesterification in
a single step using soxhlet apparatus, was developed to produce biodiesel directly from wet SCG
biomass. A homogeneous base catalyst at a concentration of 0.75 M showed better catalytic activity than
acid, with hexane as a co-solvent on fatty acid (FA) extraction efficiency and FA to fatty acid methyl ester
(FAME) conversion efficiency. Studying the factorial effect of ratio of methanol to hexane and reaction
time led to the highest FA to FAME conversion efficiency of 97% at a ratio of 1: 2 and 30 min reaction
time. In addition, the catalyst could be used five times without losing its activity. In term of energy
consumption, the reactive extraction soxhlet (RES) method could save 38—-99% of energy compared to

rsc.li/rsc-advances existing methods.

1. Introduction

Demand on renewable energy has increased rapidly as a conse-
quence of the decreasing non-renewable fossil fuel reserve and
rising environmental concerns." Among liquid renewable
energy, biodiesel has been identified as able to be used directly
in a diesel engine without requiring any modification.” Unlike
vegetable oils, which have high viscosity, low cetane number
and low flash point, biodiesel offers the opposite properties
which are more suitable for modern diesel engines.* However,
current multiple-step biodiesel production requires preparation
of oil/lipid as raw material, which is very costly. Economic
model analysis by Haas et al.* predicted that 88% of total bio-
diesel production cost accounted for oil feedstocks. Therefore
eliminating extraction and purification of oil through in situ
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transesterification of oilseed to biodiesel could reduce total
biodiesel production cost.>*

Some researchers have confirmed that a high biodiesel yield
could be produced from in situ transesterification of crop seed/
biomass.”™* Furthermore, Dasari et al.*> confirmed that bio-
diesel from the in situ transesterification method meets the
ASTM standard and can be used to power the diesel engine.
Currently biodiesel production relies on vegetable oil as
a source, which further exacerbates the food vs. fuel debate.*
The utilization of feedstocks which require a lot of water for
cultivation (drink vs. fuel) has also been critiqued.* Conse-
quently finding low-cost feedstocks which contain high lipids is
necessary to increase biodiesel competitiveness. Despite waste
cooking oil price is 2 to 3 times lower than vegetable oil,"* the
supplies are limited and contain high impurities.*®

Waste biomass, for example spent coffee grounds (SCG),
has been identified as containing lipids in the range of 10—
28%.'7'8 Utilization of SCG remains limited, such as for
embankment fill material," composting, and mushroom
cultivation media.”® Nescafe, the largest instant coffee
producer, has used SCG as a fuel for their boilers in some
factories. Furthermore, SCG require waste treatment before it
can be discarded, as it contains acid which could contaminate
the environment.**** The amount of SCG has increased every
year as coffee is the favourite beverage in the world with 9.5
million ton consumed in 2016, of which half was instant
coffee.’ Each gram of coffee could produce 0.65-0.91 gram of
SCG depending on the brewing method and coffee species.>**
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Hence, a proper waste management system is required to
avoid environmental impact.

In situ transesterification of SCG is the most economical
method to valorize waste SCG biomass through direct extraction
and conversion of valuable oil to biodiesel. Tuntiwiwattanapun
et al.” demonstrated the direct biodiesel production from dry
SCG using NaOH as catalyst, which generated 77% biodiesel yield
in 3 h reaction time at 50 °C. Scale up of the process was con-
ducted to produce biodiesel which meets the ASTM standard.” In
order to make the process more efficient, isopropanol as a co-
solvent was used and could improve biodiesel yield to 89% in
2 h reaction time.*® However, those studies used dry SCG biomass
which requires a drying stage. The dewatering process is an
energy penalty. For example, 89% of total energy input was
accounted for by the dewatering microalgae biomass.>” Alterna-
tively, in situ transesterification of wet SCG has been conducted
with and without catalyst supported by co-solvent. Even though
satisfactory biodiesel yields occurred from those experiments, the
in situ transesterification process involved high reaction
temperature (95-270 °C) in a prolonged reaction time (20 min to
3 h), which increased the total biodiesel production cost.>?*>

Several studies have shown that simultaneous extraction and
transesterification in different chambers in one system could
produce biodiesel directly from biomass with a high yield.**-**
Continuous contact of fresh solvent with biomass facilitates the
lipid transfer which is further converted to biodiesel with
a catalyst. In addition, Liu et al.*® successfully impregnated the
dry SCG biomass with H,SO, and the simultaneous extraction-
transesterification reaction was processed in the extraction
chamber with methanol. However, a total 39 h reaction time
was required for the impregnation and in situ transesterification
process, which is cost and energy intensive. Therefore, this
present study aimed to produce biodiesel directly from wet SCG
biomass using the reactive extraction soxhlet (RES) method and
hexane as co-solvent. The single effect of different types of
homogeneous catalysts and it catalytic efficiency, co-solvents
and catalyst concentration was determined while interaction
between reaction time and ratio of biomass to co-solvent was
established in factorial design. In addition the reusability of the
catalyst was also determined. Finally, the energy consumption
of RES method was determined and compared with other in situ
transesterification and two-step using either dry or wet SCG.

2. Experimental

2.1. Materials

SCG biomass was collected from the local coffee shop in Medan,
Sumatera Utara - Indonesia and stored in a cold room before
use. All chemicals used in this study were purchased from
a local chemicals dealer and were used without any treatment.

2.2. Conventional in situ transesterification of wet SCG

biomass

In situ transesterification of wet SCG biomass using the
conventional reflux method was used as a control experiment.
Homogeneous sulphuric acid or sodium hydroxide with
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a concentration of 0.75 M was used as catalysts. Briefly, 10 gram
of wet SCG was mixed with 75 mL of methanol containing the
catalyst and 75 mL hexane as co-solvent in a 250 mL round
bottom flask equipped with condenser. The reaction was con-
ducted for 30 min and the hexane containing product was
separated and washed 3 times with 25 mL aquadest. Next, the
hexane phase was dried under a nitrogen stream and recon-
stituted with chloroform-D for "H-NMR analysis.

2.3. In situ transesterification of wet SCG biomass using the
RES

Direct biodiesel production from wet SCG biomass was con-
ducted in a soxhlet apparatus that has two separate chambers. 10
gram of wet SCG biomass in a thimble was placed in the
extraction chamber of the soxhlet connected to the condenser
and 150 mL mixture of methanol containing the catalyst and
hexane with investigated ratio (v/v) was poured into reaction
chamber. Reaction time started when the co-solvent in the
extraction chamber dropped down into the reaction chamber
and continued based on investigated time. Different catalyst
types (homogeneous acid and base), catalyst concentrations, co-
solvents, and ratios of methanol to co-solvent were explored to
determine the optimum condition for an in situ trans-
esterification process. The biodiesel dissolved in hexane was
separated and washed 3 times with 25 mL aquadest to remove
impurities. After evaporating the hexane phase, the biodiesel was
reconstituted with chloroform-D for "H-NMR analysis. Standard
errors were calculated based on triplicate experiments.

2.4. Lipid determination

Lipid content in SCG was determined using the Folch method
with slight modification.* Firstly, 50 mg of dry SCG was vor-
texed with 1.4 mL saline water and 2 mL methanol. Next, 4 mL
chloroform was added and vortexed again for 5 min. The
chloroform phase was collected and stored. The addition of
4 mL chloroform was repeated 2 times more to make sure all
lipids have been extracted from SCG. The chloroform layer was
then evaporated under a nitrogen stream and the total lipids
were determined gravimetrically.

2.5. Fatty acid methyl ester profile

The fatty acid profile of SCG was determined using gas chro-
matography using a mass spectrophotometer (GC-MS). A 1 pL of
fatty acid methyl ester (FAME) derived from SCG was injected to
GC-MS (Agilent technology 5975C) equipped with a capillary
column (length 15 m ID 0.25 mm) and a flame ionization
detector. Helium gas was employed as the carrier gas with
constant delivered flow of 1 mL min~". The split ratio of 1 : 20
was used and the injection port temperature was set at 240 °C
while detector temperature was maintained at 250 °C.

2.6. Biodiesel confirmation and yield

Confirmation and determination of biodiesel yield were per-
formed using FT-IR (PerkinElmer, FT-IR 100) and "H-NMR (600
MHz Bruker spectrophotometer) as this is a rapid and reliable

This journal is © The Royal Society of Chemistry 2019
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method used in the biodiesel industry.*® The FA to FAME
conversion efficiency was calculated based on the integration
value of specific chemical shift of methylene and methoxy
proton generated by spectroscopy "H-NMR. The 'H-NMR anal-
ysis was set up on 64 scans and 1 s D1 delay. The FA extraction
efficiencies were calculated based on the equations developed
by previous researchers.*®

3. Results and discussion

The oil extracted from SCG biomass was 12% of its dry matter,
which is in the range of oil content in SCG."** The water
content in SCG was 61%, which is similar to other researchers
findings.”"*® The saponifiable compounds of SCG composed of
free fatty acid (0.7%), monoglycerides (0.14%), diglycerides
(6.68%) and triglycerides (92.48%), while no unsaponifiable
compound was detected. The fatty acid profile of SCG biomass,
as shown in Table 1, was determined using GC/MS dominated
by palmitic acid (32.9%) and linoleic acid (44.1%). The total
saturated fatty acid was 39.6%, monounsaturated fatty acid was
9.4% and polyunsaturated fatty acid was 44%.

The common lipid extraction method using a soxhlet appa-
ratus was adopted to produce biodiesel directly from wet SCG
biomass. The soxhlet apparatus consists of two separate
chambers with one chamber an extraction zone and the other
the reaction zone. In this apparatus water contained in wet SCG
biomass cannot inhibit the transesterification reaction as the
non-polar solvent carries only the lipids to the reaction zone.
Choosing the starting extraction-transesterification processing
time is crucial, as it has to ensure that all the lipids have been
extracted and converted to biodiesel. Al-Hamamre et al.*®
demonstrated that the highest coffee oil yield occurred after
30 min extraction of SCG biomass using hexane as a solvent.
Furthermore, Uzun et al.’*” confirmed that 30 min reaction time
was enough to convert lipid to biodiesel. Therefore the
minimum reaction time used in this study was set to 30 min.

The published equations based on "H-NMR spectra® were
used to calculate the FA extraction efficiencies derived from in

Table 1 Fatty acid profile of SCG biomass

Fatty Acid Percentage
Ci2:0 Lauric 0.5
Cis:0 Myristic 0.3
Ci6:0 Palmitic 32.9
Ci7:0 Margaric 0.1
Cig:0 Stearic 7.5
Cso:0 Arachidic 2.8
Caz:0 Behenic 0.6
Coa0 Lignoceric 0.2
Cigq trans Oleic 0.04
Cig:1 CIS Oleic 9.02
Cig. trans Linoleic 0.08
Cig:o CIS Linoleic 44.1
Cig.3 trans Linolenic 0.02
Cig:3 CIS Linolenic 1.4
Ca01 Gondoic 0.3
Caz:1 Erucic 0.05
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situ transesterification of wet SCG using RES method and were
compared with FA profiles determined by GC-MS analysis using
the Folch method. The FA extraction efficiencies occurred on
average of 58.1 mol% ranging from 48.6-78.1 mol%. Linolenic
acid was not quantifiable due to low concentration in SCG
(1.3%) while palmitic and stearic acids were not extracted
sufficiently.

3.1. Effect of catalyst type

Homogeneous catalysts have been identified as having better
catalytic activity in the transesterification reaction than
heterogeneous catalysts and enzymes.*® Homogeneous acid and
base catalysts, such as sulphuric acid and sodium hydroxide,
were used to determine the effect of catalyst type in this study.
The concentration of both catalysts was set to 0.75 M in meth-
anol while the ratio of methanol to hexane was 1 : 1. The FA to
FAME conversion efficiencies were determined based on
different reaction times, from 30 min to 90 min with 15 min
increments. As predicted, the homogeneous base catalyst
showed superior catalytic activity against the homogenous acid
catalyst (Fig. 1A). The FA to FAME conversion efficiencies ob-
tained from sodium hydroxide as catalyst routinely occurred
more than 90% in all reaction times, while sulphuric acid
showed low conversion efficiencies, with the highest occurring
after 90 min reaction time (4.6%). This result supports the
previously published result that a homogeneous base catalyst
could catalyze biodiesel formation faster.*** It worth noting that
water contained in wet SCG biomass did not deter trans-
esterification reaction even though some of the water dropped
down into the reaction chamber together with the methanol
and evaporated to the extraction chamber. This is because the
lipids extracted from wet SCG biomass were dissolved in hexane
which has different polarity with water.

Both acid and base catalysts did not have a significant effect
on the extraction efficiencies of Cy., and Cyg.1 (Fig. 2A). The base
catalyst could extract FA better than the acid catalyst with average
of 67.2 and 50.26 mol%, respectively. However, the acid catalyst
showed a more stable extraction efficiency of Cig, at =+
21.2 mol% with increasing reaction time than the base catalyst,
with results of FA extraction efficiency ranging from 10 + 3.5 to
17.5 £+ 0.7 mol%. This result is in contrast with previous pub-
lished extraction efficiencies obtained using vortex fluidic device
intensified direct transesterification of wet microalgae Chlor-
oparva pannonica biomass which concluded that the acid catalyst
has higher FA extraction efficiencies on Cy4.,9 and C;g.; at 85 and
91 mol% than 54 and 49 mol% using the base catalyst.°®

3.2. Effect of co-solvent

Some studies of the in situ transesterification process have
demonstrated that the co-solvent can enhance oil extraction
and reduce methanol usage, in particular non-polar solvents
which can dissolve triglycerides.>* In this study, as the in situ
transesterification was conducted in a soxhlet apparatus, the
effect of different co-solvents was examined using chloroform,
hexane, and acetone. The experiments were set to operate using
the ratio of methanol to co-solvent of 1 : 1, with 0.75 M sodium

RSC Aadv., 2019, 9, 35109-35116 | 35111
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Fig. 1 The effect of (A) catalyst type; (B) type of solvent; and (C) catalyst concentration (NaOH) on biodiesel conversion efficiency.

hydroxide in methanol as the catalyst (Fig. 1B). A control
experiment using methanol without the addition of the co-
solvent resulted in no FA to FAME detection after 30 min reac-
tion time. The explanation for this result could be that the
solubility of triglycerides in methanol is very low” and therefore
no lipids transferred to reaction chamber. In contrast, acetone,
which dissolves in methanol forming a homogeneous mixture,
showed an FA to FAME conversion efficiency of 86%. This result
was lower than with the use hexane (94%) because some water
from the wet biomass was extracted by the acetone generating
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saponification. The white semi-solid soap appeared at the end
of the processing time. The lowest FA to FAME conversion
efficiency of 60% was noticed using chloroform as co-solvent.
Again, soap formation lowered the concentration of the cata-
lyst in reactants, as the chloroform caused water to drop down
into the reaction chamber. As shown in Fig. 2B, hexane had
higher FA extraction efficiencies for both Cy., and Cig.; than
chloroform and acetone. Hexane is a non-polar solvent which
dissolved the lipids from the wet SCG and caused them to react
with methanol with the addition of the catalyst.
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3.3. Effect of catalyst concentration

As mentioned above, the homogeneous base catalyst has bigger
catalytic activity than acid on conversion efficiency, which we
therefore used in the present study to determine the effect of
catalyst concentration. This parameter was investigated using
various concentrations from 0.1 M to 2.25 M and a 1 : 1 of ratio
of methanol to hexane for 45 min reaction time. As recorded,
the conversion efficiency of =90% occurred for all catalyst
concentrations used, with the highest (97%) obtained using
0.25 M sodium hydroxide in methanol (Fig. 1C). This result is
similar to other published results of ix situ transesterification of
microalgae and fungal biomass, which showed that >1% cata-
lyst concentration achieving =90% conversion efficiency.'>"*
Catalyst concentration had no significant effect on Cis.,
extractions with average extraction efficiency of 20.4 mol%, as
shown in Fig. 2C. Similarly, no significant effect was achieved
on extraction efficiency of Cyg.4 with efficiencies ranging from
29.4 £ 0.5-53.1 + 11.1.

3.4. Effect of the ratio of methanol to co-solvent

Based on the effect of the co-solvent study, hexane was used to
extract lipids and bring them to the reaction chamber for the
transesterification process. The ratio of methanol to hexane was
critical, as it affects the amount of triglyceride extracted, which
governs the biodiesel yield. Therefore the effect of the ratio of
methanol to hexane was investigated at five different ratios
using 0.75 M sodium hydroxide in methanol as catalyst at five
different reaction time-examined from 30 min to 90 min. As
shown in Fig. 3, the methanol to hexane ratiosof 1: 0.5to01: 3
had no significant effect on FA to FAME conversion efficiencies,
irrespective of reaction time. Those FA to FAME conversion
efficiencies occurred routinely at =90% ranging from 92.0 £ 2.1
to 97.0 + 0.2. However, the FA to FAME conversion efficiencies

View Article Online
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seemed somewhat lower at a ratio of methanol to hexane of
1: 4. This is presumably due to the lesser collision of meth-
anolic solution with triglyceride as the concentration of meth-
anol in reactant was low.**? This result is similar to previously
reported research that concluded an excess of co-solvent could
decrease biodiesel yield.*>** The highest FA to FAME conversion
efficiency occurred after 30 min in the simultaneous extraction-
transesterification process using a ratio of methanol to hexane
of 1:2.

The ratio of hexane to methanol had a significant effect on
the extraction of C,4., and Cyg.4 as shown in Fig. 4. The extrac-
tion of Cy5., was slightly lower at the ratio of hexane to methanol
of 1: 4 of the reaction time, achieving FA extraction efficiency
range of 13.3 £ 4.8 to 23.3 £+ 18 mol%. In contrast, at the same
ratio of hexane to methanol the extraction efficiency of Cy4.1 was
the highest of all the ratios. The average FA extraction efficiency
in this study was 56.7 mol%, ranging from 52.7 to 78.1 mol%.

3.5. Effect of catalyst reusability

In order to reduce the total biodiesel cost, it is necessary to
recycle the catalyst used.*® Heterogeneous catalysts, which have
different phases with triglycerides and methanol, could catalyze
transesterification reactions over several times without losing
their catalytic activity. Liu et al.*® demonstrated that heteroge-
neous CaO produced a high biodiesel yield after 20 times in the
reaction cycle. The different phases between the catalyst and
reactant allow simple separation for recycling the catalyst.
However, this is almost impossible with a homogeneous cata-
lyst which dissolves well in the reactant (methanol). Evapora-
tion of the methanol phase containing sodium hydroxide,
followed by addition of an appropriate volume of methanol (to
ensure the amount of methanol used was constant) was con-
ducted by Britton and Raston” to study recyclability of
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Fig. 3 The effect of ratio hexane to methanol on FA to FAME conversion efficiency with different reaction times.
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homogeneous base catalyst in vortex fluidic devices in mediated
biodiesel production from sunflower oil. The biodiesel yield
slightly decreased after the catalyst was used 3 times and
declined to <40% in further repeats.” In contrast, in this study
the biodiesel conversion efficiencies remained high (=90%)
after 5 cycles. The parameters were set to 30 min of reaction
time, catalyst concentration of 0.75 M and ratio methanol to
hexane of 1:1 to determine the effect of catalyst reusability
while both the wet SCG biomass and hexane were replaced in
every cycle. The methanolic solution was used directly without
any additional treatment. After 5 repeats the biodiesel conver-
sion efficiency only decreased by 5.8% from the 96.3% =+ 0.4
observed in the first cycle. The constant catalytic activity is due
to the concentration of sodium hydroxide in methanol
remaining sufficiently high to catalyse transesterification reac-
tion. The biodiesel conversion efficiency slightly decreased as
the amount of glycerol increased which reduced the catalyst
concentration.

The extraction efficiencies of C;s., and Cys.,4 remained quite
similar after 5 times reuse of the catalyst. The extraction effi-
ciency of C,g., was in the range of 22.8 to 23 mol% while Cyg.¢

was 29.5 to 34.9 mol%. These results were predicted as extrac-
tion and transesterification reaction proceeded in different
chambers with no contact between catalyst and the lipids con-
tained in wet SCG causing the catalyst to have no effect on FA
extraction efficiency.

3.6. Electricity and time consumption

Electricity consumption of in situ transesterification of wet SCG
using the RES method based on lab-scale was calculated
roughly and compared with other two-step and one-step
methods using either dry or wet SCG biomass (Table 2). The
device used to conduct RES method was a regular hotplate
magnetic stirrer which operates at a temperature of 65 °C for 0.5
hours. The energy requirement to process 10 gram of wet SCG
was 30 kW h kg™, which is equivalent to 108 MJ kg~" of wet
biomass. The energy consumption for in situ transesterification
of wet SCG using RES method was lower than in other published
reports.””**¢ In comparison to other in situ transesterifications
of wet SCG, the RES method showed an energy saving of more
than 99%, as the other methods used a heating bath which

Table 2 Comparison energy consumption (kW h kg™ of biodiesel production from SCG based on this study, ref. 17, 21 and 36°

Dry SCG Wet SCG
One step reactive

Process Two-step One step One step reflux extraction
Drying 7.5 7.5

Lipid extraction 34.72 —

Transesterification 6.4 60 3333.33 30

Total 48.62 67.5 3333.33 30

Cost of electricity (US$ 9.24¢ per kW h) 4.5 6.2 308 2.8

“ Average electricity cost in Indonesia is AUSS$ 9.24c per kW h.*

35114 | RSC Adv., 2019, 9, 35109-35116
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required 1 kW h operating for 2 hours to process 0.6 gram
biomass.”* Furthermore, comparison with other in situ trans-
esterification methods which used dry biomass showed that the
RES method is not only more energy-wise, saving 56% of energy,
but also time-wise, as it eliminated the drying process which
requires three days of sun drying and overnight drying at 105 °C
using a hot air oven.”” The processing time and energy
requirement of in situ transesterification of wet SCG using RES
method was also lower compared to the two-step method which
requires a separate extraction and transesterification process.
The extraction process consumed 34.75 kW h kg~ ' when using
regular extractor apparatus.*® The RES method saved energy and
time at 38% and 96.3%, respectively.>®

4. Conclusion

This study developed a new approach to the RES method of
simultaneously extracting and converting lipid from wet SCG
biomass to biodiesel in a single-step process at a mild reaction
temperature and short reaction time. The FA to FAME conver-
sion efficiency routinely produced more than 90% using
sodium hydroxide in methanol as catalyst at a concentration of
0.75 M and hexane as co-solvent. Interestingly, water contained
in the wet SCG biomass did not affect biodiesel production.
There was no significant effect of all the parameters studied
except for the ratio of hexane to methanol. The FA extraction
efficiencies occurred on average of 58.1 mol% ranging from
48.6-78.1 mol%. The electricity consumption assessment
showed that the RES method could save 38-99% of energy
compared to other dry and wet two- and one-step biodiesel
production processes. Together our studies provide important
insights into a new strategy to utilize wet SCG biomass for
biodiesel production before being discarded into the
environment.
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