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a b s t r a c t
Brown grease is a common waste product responsible for many sewer overﬂows and illnesses, and it contains useful free fatty acids and other hydrocarbon-like molecules. This work demonstrates the potential
to transform nearly 100% of the brown grease into biodiesel, synthesis gas and bio-oil for use as biofuel or
for power generation. A solid acid catalyst was synthesized with excellent activity for esteriﬁcation of the
free fatty acids and relatively high activity for transesteriﬁcation of triglycerides, which make up the oil
phase of the brown grease. The catalyst is synthesized using a tri-block copolymer template that leads to
mesopores with diameters narrowly centered at 11.1 nm. Residual solids, which make up roughly 10% of
the brown grease, were found by elemental analysis to be a hydrogen rich feedstock, with H/Ceff ratio
greater than wood or sugar. Preliminary gasiﬁcation and pyrolysis experiments illustrate nearly 100%
conversion of the residual solids. Fast pyrolysis in a drop tube furnace at 600 °C produced oil consisting
predominantly of long chain hydrocarbons.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
The issues of environmental degradation and energy security
are fundamental challenges of the 21st century. Dependence on
conventional fossil fuels is leading to global warming and possible
major disruptions in social structures [1]. Therefore, diversiﬁcation
of the energy portfolio with an emphasis on renewable fuels is an
imperative policy tool. Of the various forms of renewable energies,
biomass based fuels provide several advantages: known production methods, excellent renewability, environmental friendliness
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and usefulness for both electricity generation and transportation.
Biofuels may therefore be the most important feedstock for replacing fossil fuels [2–10].
A typical biomass based fuel is biodiesel, which is typically produced via transesteriﬁcation of triglycerides or esteriﬁcation of free
fatty acids (FFAs) with short-chain alcohols in the presence of acid
or base catalysts [10,11]. These acid or base catalyzed processes are
capable of producing biodiesel from low-quality and low cost feedstock with relatively high FFA content, such as waste cooking oil or
renewable plant oils [8,10,12,13]. The production of biodiesel from
low cost feedstock rather than from virgin plant or animal oil is
important to avoid using food resources to produce fuels. However,
large-scale production of biodiesel from low quality feedstock
remains a challenge.
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Low quality feedstock is often available as waste products, for
which industries typically carry high disposal costs. Fuel production and power cogeneration from waste recovery is a sustainable
and potentially proﬁtable option that addresses the challenges of
economy, energy independence and waste management. Waste
brown grease is one such low-grade and very low-cost potential
candidate as a feedstock for the production of biodiesel and other
chemicals in such an integrated process. Grease build-up in sewer
lines is caused by fats, oils, and greases, which are disposed and
accumulate in the sewer system over time. Brown grease is
collected in wastewater treatment plants and requires further
treatment before disposal and is a mixture of high-value hydrocarbons, such as waste vegetable oil, animal fats and grease. The high
level of contamination in brown grease makes it unsuitable for use
as animal feed or fertilizer. Brown grease is a signiﬁcant environmental and health hazard being responsible for about 40% of all
sewer overﬂows, causing back-ups and damage to pipe lines and
roughly 20,000,000 illnesses each year in the USA [14]. Its disposal
requires special attention and an associated cost.
This work illustrates nearly 100% transformation of brown
grease into biodiesel, synthesis gas and bio-oil which can be used
for power generation and biofuel production. The experimental
study for the conversion of brown grease to energy and energy carriers entails the synthesis and the application of a high activity
solid acid catalyst for the esteriﬁcation of brown grease to biodiesel
and the conversion of remnant bio-solids to fuels was investigated
by fast pyrolysis.
The difﬁculties associated with the efﬁcient production of biodiesel from the bio-oil layer of brown grease were mitigated by
the use of a solid acid catalyst. The high FFA content of the
bio-oil, between 50% and 100%, in addition to non-oil residual components, makes its conversion to biodiesel more difﬁcult and
energy intensive, relying primarily on acid catalysis [15–18]. While
acid catalysts can simultaneously catalyze esteriﬁcation of FFA’s
and transesteriﬁcation of triglycerides without soap formation
[8,10,12,13], the usage of homogenous acids such as H2SO4 and
HCl suffer from the disadvantages of non-recyclability and difﬁcult
puriﬁcation. Thus, in order to alleviate such difﬁculties, we demonstrate the synthesis and application of an efﬁcient super acid
catalyst for simultaneous esteriﬁcation and transesteriﬁcation of
brown grease to biodiesel. An ordered mesoporous resol polymer
is synthesized on a template based on the self-assembly of an
amphiphilic block copolymer and functionalized by strongly
acidic ionic liquids. The solid acid exhibited superior catalytic
activity for production of biodiesel than commercial Amberlyst
15 solid acid, and was also superior in catalytic activity to hydrochloric acid.
The brown grease also contains remnant solids that separate
from the bio-oil layer. The potential use of the remnant solids
was investigated in gasiﬁcation and pyrolysis experiments. The
higher H/C ratio of the brown grease bio-solid, compared to pine
and glucose, implies its potential for producing higher aromatic
and oleﬁn yields via pyrolysis. Experiments established that almost
99% of the bio-solids are combustible implying the feasibility of
producing synthesis gas from the bio-solid through gasiﬁcation.

2. 2. Experimental section
2.1. Preparation of solid acid
Hydrothermal synthesis of ordered mesoporous resin (OMRs)
was carried out at 180 °C from the self-assembly of resol precursors, hexamethylenetetramine (HMTA) cross-linker, and a tri-block
copolymer template of PluronicÒ F127 (Sigma–Aldrich) (Scheme 1)
[19]. PluronicÒ F-127 has molecular weight approximately
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12,500 Da, and consists of two 96-unit hydrophilic Poly(ethylene
oxide) chains surrounding one 69-unit hydrophobic Poly(propylene oxide) chain [20]. Approximately 2.0 g of phenol and 7 mL of
a 37 wt% formaldehyde solution were dissolved in 10 mL of a
0.5 M NaOH solution, followed by stirring at 80 °C for a half hour.
This was followed by the addition of a solution containing 2.5 g
of F127 and 20 mL of deionized water. As an additional cross-linker, 0.5 g of HMTA was introduced into the mixture.
After an additional 3 h period of stirring at 80 °C, the mixture
was further cured in an autoclave for 24 h at 180 °C. Following this,
a brown solid was observed at the bottom of the autoclave. This
solid was ﬁltered and washed with copious amounts of water
and dried at 80 °C, which ﬁnally yielded the OMR-[HMTA] as illustrated in Scheme 1.
OMR-[HMTA] with opened mesopores was obtained by calcination of the as-made OMR-[HMTA] at 360 °C for 5 h in nitrogen gas
containing a small amount (2.5%, v/v) of oxygen. An alternative
method is by washing with ethanol for 48 h under reﬂux.
The treatment of OMR-[HMTA] with 1,4-butanesultone yielded
Ordered Mesoporous Ionic Liquid (OMR-ILs), which results in the
quaternary ammonium of nitrogen in the network of OMR[HMTA], followed by ion exchanging with H2SO4. As a typical
synthesis of OMR-[C4HMTA][SO4H], 0.5 g of OMR-[HMTA] was dispersed into 10 mL of toluene, followed by the addition of 0.5 g of
1,4-butanesultone. After that, the temperature was rapidly
increased to 100 °C and the reaction lasted for 24 h. The sample
was then cooled to room temperature, washed with toluene and
a large amount of CH2Cl2, followed by drying at 80 °C for 6 h to
yield OMR-[C4HMTA]. The ﬁnal sample was then dispersed into
10 mL of toluene followed by the addition of 4.5 mL of H2SO4. This
was further stirred at room temperature for 24 h, following which
it was washed with toluene and large amount of CH2Cl2 in order to
remove the surface adsorbed acids.
2.2. Characterization of solid catalyst
Nitrogen adsorption isotherms were measured using a Micromeritics ASAP Tristar system at the liquid nitrogen temperature. The
samples were outgassed for 10 h at 150 °C before the measurements. The pore-size distribution was calculated using the Barrett–Joyner–Halenda (BJH) model. CHNS elemental analysis was
performed on a Perkin–Elmer series II CHNS analyser 2400. FTIR
spectra were recorded by using a Bruker 66 V FTIR spectrometer.
Thermogravimetric analyses (TGA) were performed on a PerkinElmer TGA7 in ﬂowing nitrogen gas with a heating rate of 20 °C min 1.
SEM images were performed on JEOL 6335F ﬁeld emission scanning
electron microscope (FESEM) attached with a Thermo Noran EDX
detector and Tecnai T12 transmission electron microscopy.
2.3. Separation of oil from brown grease
The dewatered brown grease from a local wastewater treatment plant was slowly stirred overnight at 35 °C to effect separation of the residual solids and water from the oil. The
supernatant oil was collected and the remaining water and solid
stirred again at 35 °C for two more times to separate the maximum
possible amount of oil. The remaining material was ﬁltered to
remove most of the water, and the solid cake was dried at 60 °C
for two days to remove remaining water. The residual solids,
referred to as bio-solids below, were used for pyrolysis and gasiﬁcation experiments.
2.4. Two step esteriﬁcation-transesteriﬁcation of brown grease oil
20 g of brown grease oil was heated and centrifuged to remove
any solid impurities. In order to avoid any saponiﬁcation of the free
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Scheme 1. Synthesis of OMR-[C4HMTA][SO4H].

fatty acid (FFA) content, the FFA was esteriﬁed with methanol by
OMR-[C4HMTA][SO4H]. When the FFA content decreased to lower
than 1.0%, the sample was centrifuged to separate solid acid (bottom layer) from the esteriﬁed oil (middle layer) and methanol (top
layer). The esteriﬁed brown grease oil was removed by pipette and
then washed with water and dried with bubbling air. The treated
oil and an appropriate volume of methanol with 5% (w/w) base catalyst (KOH) were placed into a dry reaction ﬂask equipped with
reﬂux condenser and magnetic stirrer. The reaction mixture was
blended for 60 min at a temperature of 65 °C. The crude ester layer
was separated from the glycerol layer by centrifugation for 2 min.
To separate methanol, the crude ester phase was washed with distilled water until the wash water was at neutral pH, which usually
required three washings. Residual water in the ester product was
removed with anhydrous magnesium sulfate.
2.5. One step esteriﬁcation–transesteriﬁcation of brown grease oil
One step conversion of brown grease oil with methanol was
performed as follows: 10 g of brown grease oil was added into a
three-necked round ﬂask equipped with a reﬂux condenser and a
magnetic stirrer, and then the temperature was increased to
65 °C. After the brown grease oil melted, 42 g of methanol and
0.5 g of catalyst were quickly added under strong stirring. The
reaction proceeded at 65 °C for 5 h. The molar ratio of brown
grease oil/methanol was approximately 1:40 and the mass ratio
of catalyst/brown grease oil was 0.05.
2.6. Analysis of brown grease oil and biodiesel
A basic analysis was conducted to determine the composition
and quality of fatty acid methyl ester and brown grease oil. The

acid number of the product was obtained using a 0.07 M potassium
hydroxide titration using ASTM Method D6751. This acid number
was then used to calculate total FFA content and subsequently,
conversion. Gas chromatography as per ASTM 6584 method was
used to analyze the free and total glycerin content in biodiesel.
The derivatized solution was injected (1 ll) into a Hewlett-Packard
5890 Series II Gas Chromatograph equipped with Quadrex
Aluminum Clad column with a 1 m retention gap and employing
a ﬂame ionization detector to determine fatty acid methyl-ester
(FAME), glycerol and glyceride (tri-, di-,mono-) concentrations.
Computer-assisted analysis of resulting chromatograms was
performed using Chem-Station software (Hewlett-Packard, now
Agilent Technologies).
Sample analysis was conducted on a Waters Quattro Micro
GC tandem mass spectrometer in EI+ mode at 70 eV, equipped
with a Restek Rxi-5Sil MS (30 m  0.25 mm ID of 0.25 lm ﬁlm
thickness) fused silica capillary column. The carrier gas was
helium at 1.2 ml/min; transfer line at 250 °C; injector split
(20:1 split ratio) at 280 °C; 1.0 lL injection volume. The following temperature program was utilized: started at 50 °C (held for
3 min), then ramped to 280 °C at a rate of 12 °C/min and held for
10 min.

2.7. Gasiﬁcation and pyrolysis
Preliminary gasiﬁcation (combustion) and pyrolysis experiments were performed with the bio-solids separated from the
brown grease to explore the yields of products that could be
expected. The bio-solids were washed 3 times with hexane and
dried at 80 °C for 6 h to remove any remaining oil prior to conducting these experiments to avoid skewing the results with residual
brown grease oil. Simulated gasiﬁcation and pyrolysis experiments
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Fig. 1. N2 isotherm and pore size distribution of OMR [C4HMTA][SO4H].

with the brown grease bio-solids were performed in air and nitrogen, respectively, by thermo gravimetric analysis (TGA) at 10 °C/
min to 900 °C. Each experiment was held at 120 °C for 30 min to
remove moisture in the sample.
Production of bio-oil from the bio-solids was subsequently conducted via fast pyrolysis in a quartz reactor heated by a drop tube
furnace at 600 °C. The fast heating rate was accomplished by sliding the pyrolysis reactor into the hot zone of the furnace. The liquid
products were collected on two impingers in a dry-ice bath. The
liquid product selectivity was investigated with Gas Chromatography–Mass Spectroscopy (GC–MS). The GC–MS method used for the
analysis involves holding the sample at 40 °C for 10 min, and then
increasing the oven temperature to 280 °C at a rate of 5 °C/min.
Before the GC–MS analysis, the sample was washed and diluted
with methanol.

Fig. 2. FT-IR spectra of (a) OMR-[HMTA], (b) OMR-[HMTA] after calcination, and (c)
OMR-[C4HMTA][SO4H]. The peaks marked at 613, 1066, 1178 and 1315 cm 1 are
the signals for CAS and S@O bonds. The peak at 1270 cm 1 is the signal for the CAN
bonds.

3. Results and discussion
3.1. Characterization of solid catalyst
Fig. 1 shows the pore size distribution and the N2 BET isotherm
of the OMR-[C4HMTA][SO4H] prepared in this work, which shows
Type-IV curves with a sharp capillary condensation step at p/
p0 = 0.6–0.9 with a typical H2-type hysteresis loop. These characteristics are indicative of the presence of mesoscale pore structure
[21–25]. The pore size of OMR-[C4HMTA][SO4H] was centered near
11.1 nm. Additionally, OMR-[C4HMTA][SO4H] has a BET surface
area of 406 m2/g and pore volume of 0.50 cm3/g. In contrast,
Amberlyst 15 has a BET surface area of 45 m2/g and pore volume
of 0.31 cm3/g [24]. The large surface area and pore volume, with
narrowly distributed pore diameters, are favorable for good catalytic activity [21–25]. Previously prepared samples of this catalyst
had 1.91 mmol/g acid sites [24].

Fig. 3. TGA in N2 of OMR-[C4HMTA][SO4H] illustrating that thermal degradation
begins at temperatures above 250 °C, with minor peaks at 349 °C and 557 °C.
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Fig. 4. FESEM image of an OMR-[C4HMTA][SO4H] solid particle on carbon tape at a
magniﬁcation of 180X. Inset: same particle magniﬁed to 3300X showing the highly
porous nature of the catalyst.

Fig. 2 shows the FT-IR spectra of OMR-[HMTA] before calcination (curve a) and after calcination (curve b), and the ﬁnished
OMR-[C4HMTA][SO4H] catalyst (curve c). The band at 1270 cm 1
is the signal for CAN bonds indicating reaction of the ordered mesoporous resin with the HMTA [26]. The sharp peaks at 613 and
1066 cm 1, the broad band at 1178 cm 1 and the weak peak at
1315 cm 1 are the signals for CAS and S@O bonds indicating the
successful functionalization of the OMR-[HMTA] by both the 1,4butanesultone and the SO3H group [27,28].
A representative TGA curve of OMR-[C4HMTA][SO4H] is shown
in Fig. 3. The decomposition of the acidic groups leading to degradation of the polymeric network accounts for the weight loss
exhibited by the sample at temperatures near 349 °C and 557 °C.
This indicates thermal stability of OMR-[C4HMTA][SO4H] quite sufﬁcient for the temperature regimes used in typical esteriﬁcation
and transesteriﬁcation reactions. The good stability of OMR-[C4HMTA][SO4H] can be attributed primarily to its high cross link density and presence of strong electron withdrawing groups [26–31].
Fig. 4 shows the FESEM images of OMR-[C4HMTA][SO4H], which
exhibited monolithic morphology with rough surface and abundant macroporosity. The unique rough and porous surface was
favorable for the enhancement of fast diffusion of bulky substrates
during catalytic processes. Fig. 5 shows a TEM image of the OMR[C4HMTA][SO4H] sample. The microtome sectioning reveals highly
ordered mesopores with highly ordered areas corresponding to the
cubic symmetry (Im3-m) [27].
3.2. Oil content of brown grease

Fig. 5. TEM image of ultra-michrotomed section of OMR-[C4HMTA][SO4H].

Dewatered brown grease obtained from the wastewater treatment plant was heated overnight at a temperature of 35 °C. This
separated the water and residual solids from the oil layer, as shown
in Fig. 6(a) and (b). Fig. 6(a) shows the brown grease prior to the
separation procedure and Fig. 6(b) shows the clearly separated layers of the dewatered brown grease after being heat treated at 35 °C
for 16 h. A clear phase separation between the water and solid
layer, and the oil layer is evident. The yield of oil was estimated
for brown grease samples collected from the same wastewater
treatment facility but at different times of the year and this data
is listed in Table 1. The average yield of oil from brown grease
was 45%. The oil layer was analyzed for FFA and triglyceride
content and the FFA varied between 88.3% and 89.2% while the
triglyceride content was between 10% and 11%.

Fig. 6. Oil separation from dewatered brown grease: (a) brown grease prior to separation; (b): separated layers of brown grease oil (top) and aqueous layer (bottom) after
being heat treated at 35 °C for 16 h.
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3.3. Esteriﬁcation of FFA in brown grease oil with methanol
OMR-[C4HMTA][SO4H] was used as a solid acid catalyst for FFA
esteriﬁcation, at a loading of 5 wt% with respect to the weight of
oil. A typical run consisted of 20 g oil at a methanol/FFA molar ratio
of 9:1 and was carried out at 65 °C. The ion-exchange resin Amberlyst 15 and HCl were also examined as reference catalysts for the
same reaction. Fig. 7 shows the FFA conversion curves of OMR-[C4HMTA][SO4H], Amberlyst 15, and HCl in the esteriﬁcation reaction.
OMR-[C4HMTA][SO4H] exhibited higher catalytic activity than
either Amberlyst 15 or HCl. When the reaction catalyzed by
OMR-[C4HMTA][SO4H] was carried out for 1.5 h, the conversion
of FFA to biodiesel was roughly 99.5% and the resultant product
passed the ASTM acid number standard for FFA (<0.5%). The slight
decline in FFA conversion after 100 min is most likely due to the
gradual loss of methanol through the reﬂux condenser on top of
the reaction ﬂask. Conversely, with the other two catalysts an
FFA conversion of less than 98% was achieved even after 8 h of
reaction and a second esteriﬁcation step was required to pass the
ASTM acid number standard. Previous work with Amberlyst 15
indicates that even under much more aggressive reaction conditions of higher temperature and larger catalyst loading 99% conversion of FFA was not achieved [32]. It may be reasonably suggested
that the excellent catalytic activities of OMR-[C4HMTA][SO4H]
were attributed to its novel properties of a large BET surface area,
strong acid strength, and a stable and adjustable hydrophobic
polymeric network.
Additional experiments were carried out with all three catalysts
at 1 wt% of the brown grease to assess the effects of catalyst
loading. Fig. S1 in the Supporting information shows the data.
The HCl was insensitive to catalyst loading as the reaction with
1% HCl proceeded identically to the reaction with 5% HCl. The
OMR catalyst exhibited sensitivity to catalyst loading where

99.5% FFA conversion was achieved in 90 min at 5 wt% OMR
catalyst but only about 86% FFA conversion was achieved in
90 min with 1% OMR catalyst. Thus, the OMR catalyst performed
better than the HCl at 5 wt% loading but not as good as the HCl
at 1% loading. The Amberlyst 15 exhibited very high sensitivity
to catalyst loading, achieving 64% FFA conversion in 90 min at
5 wt% loading, but only 39% FFA conversion in 90 min at 1 wt%
loading.
3.4. Transesteriﬁcation of pre-treated brown grease oil with methanol
by using homogenous base catalyst
After the FFA content in oil was reduced to less than 0.5 wt%
with OMR-[C4HMTA][SO4H], the remaining triglycerides in the
pre-treated oil were converted to biodiesel using KOH catalyzed
transesteriﬁcation. 0.025 g of KOH was added into pre-treated oil
(1.5 g) and methanol (0.4 mL). The reaction mixture was stirred
at 65 °C for 1 h, converting nearly all the triglycerides to biodiesel.
Table 2 shows the biodiesel speciﬁcation for two step esteriﬁcation/transesteriﬁcation. As shown in Table 2, the biodiesel obtained
using the two step process passed ASTM speciﬁcations pertaining
to acid number, total and free glycerin.

Table 2
Biodiesel speciﬁcation.

Two-step process
Simultaneous
esteriﬁcation–
Transesteriﬁcation

Acid Number
(ASTM
limit:<0.5)

Free glycerin
(ASTM limit:
<0.02)

Total glycerin
(ASTM limit:
<0.24)

0.46
0.23

0.02
0.01

0.18
0.36

Table 1
Yield and composition of oil layer from dewatered brown grease.
Sample No.

Initial volume of brown grease (L)

Oil layer (L)

Yield (%)

FFA (%)

Glycerides (%)

1 (Mid Jan)
2 (Early Feb)
3 (Late Feb)

2
1.8
2

1
0.8
0.8

50
44.4
40

88.32
88.76
89.23

11
11
10

Fig. 7. FFA conversion during esteriﬁcation of brown grease with homogenous and heterogeneous catalysts. Oil/methanol molar ratio, 1:9; Temperature, 65 °C; catalyst,
5 wt% of the brown grease. Inset – detailed view of conversion above 80%. Error bars on the curves represent 1 standard deviation of the repeated experimental runs. The error
bars for the OMR catalyst were generated from 4 experimental runs using 3 different batches of catalyst synthesized over the course of 18 months. The error bars on the HCl
and the Amberlyst were generated from 3 experimental runs.
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3.5. Simultaneous esteriﬁcation and transesteriﬁcation

Fig. 8. Acid Number and triglyceride (TG) conversion vs. time for the simultaneous
esteriﬁcation and transesteriﬁcation of brown grease oil containing 90 wt% FFA
with OMR- [CH4MTA][SO4H] and Amberlyst 15. Reaction conditions: Temperature,
65 °C; molar ratio of oil/alcohol, 1:40; catalyst, 5 wt% (Catalyst/oil).

In addition to the successful application of this solid acid for
esteriﬁcation of FFA to biodiesel, the catalyst also demonstrated
effectiveness for simultaneous transesteriﬁcation of triglycerides
to biodiesel. There was a rapid conversion of TG to ME observed
during the ﬁrst 60 min of reaction using solid acid-catalyzed reaction with methanol, 65% of the TG converted to FAME. After 5 h,
equilibrium was achieved at roughly 75% TG conversion. Commercial Amberlyst 15 achieved a TG conversion of less than 65% after
5 h. The progress of esteriﬁcation of FFA to FAME was monitored
through the decrease in the acid number. An acid number of
0.23 mg of KOH/g oil was achieved in less than 3 h of reaction time,
as shown in Fig. 8. Both reactions, esteriﬁcation and transesteriﬁcation, took place simultaneously by converting the FFA and reducing
the glyceride content, as shown in Fig. 8. These results are signiﬁcant as the quality of the biodiesel product obtained was very close
to passing ASTM D 6751 speciﬁcations, which limit the triglyceride
content to a maximum value of 0.24 mass% and an acid number of
0.5 mg of KOH/g.
Table 2 shows the speciﬁcation of biodiesel obtained from both
one and two step processes. The biodiesel obtained using the
two-step process passed ASTM speciﬁcations pertaining to acid

Fig. 9. GC chromatograms of (a) brown grease oil (b) biodiesel from brown grease oil.
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number, total and free glycerin. The solid acid plays an important
part in the conversion of FFA while the two-step process employs
KOH as the catalyst for the transesteriﬁcation of the triglycerides to
FAME and glycerol. The simultaneous esteriﬁcation–transesteriﬁcation process employs only the solid acid for both the reactions.
These results in effective conversion of FFA to FAME but the
solid acid is not as effective as the KOH to convert the TG to FAME.
Thus, although the free glycerin passes the requirements, some
unreacted di, tri and mono glyceride esters remain contributing
to the total glycerin content being a little above the allowed ASTM
speciﬁcations.
Typical gas chromatograms obtained for samples of brown
grease oil and brown grease biodiesel are shown in Fig. 9(a and
b), respectively. The gas chromatography was performed as per
ASTM D6584. In Fig. 9b, the biodiesel, the several large peaks that
go far off-scale observed in the chromatogram from 9 to 16 min are
due to the FAMEs of various chain lengths, and containing 1, 2, or 3
double bonds. Partially transesteriﬁed triglycerides are observed as
monoglycerides in the 17–19 min time period and di- and triglycerides between 19 and 25 min. If the scale was adjusted to ﬁt the
FAME peaks, these glyceride peaks would appear quite small as
the biodiesel sample illustrated passed the free and total glycerin
test. Also, three speciﬁc peaks are identiﬁed, glycerin (4.2 min),
1,2,4-butanetriol (6.4 min, internal standard 1) and tricaprin
(19.8 min, internal standard 2). Peak identiﬁcation for each compound or compound class is made using the relative retention
times in the ASTM D6584 method. In Fig. 9a, the brown grease
oil, the FAME region is almost exactly replaced by the FFA region
from 9 to 17 min. Thus, differentiating FFA from FAME in samples
of intermediate conversion is very difﬁcult. Conversion was therefore computed in Fig. 7 in terms of FFA by considering the acid
number and in Fig. 8 for the triglycerides by considering peaks
from 20 to 25 min in the GC. Although interpretation of oil and biodiesel GC data is complicated signiﬁcant literature exists to permit
reliable data analysis [4,29].
A more detailed compositional analysis of the biodiesel is
shown in Fig. 10 where GC–MS was used. A GC column optimized
for methyl esters was used in conjunction with MS to indicate the
ﬁve most abundant methyl esters in the brown grease biodiesel.
Methyl Oleate was the most abundant methyl ester closely

Fig. 11. OMR-[CH4MTA][SO4H] catalyst recyclability for esteriﬁcation of brown
grease with methanol (T = 65 °C, time = 2 h).

Table 3
Elemental analysis of bio-solid, pine and glucose (mol%, dry basis).

a

Feedstock

N

C

H

Oa

H/C

O/C

H/Ceff

Bio-solid
Pine
Glucose

1.19
0.20
0.00

33.80
34.52
25.00

54.64
46.33
50.00

10.37
18.95
25.00

1.62
1.34
2.00

0.31
0.55
1.00

1.00
0.25
0.00

Oxygen content was calculated by difference.

followed by Methyl Palmitate and Methyl Stearate, with smaller
amounts of Methyl Palmytoleate and Methyl Myristate also present. Therefore, Oleic acid, Palmitic acid, and Stearic acid were most
likely the most abundant FFA’s in the original brown grease oil.
The recyclability of OMR-[C4HMTA][SO4H] in esteriﬁcation of
brown grease oil with methanol is shown in Fig. 11. There is a loss
of roughly 3% in activity after ﬁve cycles, which indicates that there
is little leaching or deactivation of the functional groups. After each
cycle, the catalyst was washed with CH2Cl2 to prepare for the next
cycle, but no attempt to regenerate the catalyst was made. Additional experiments using a larger number of cycles and in a continuous reactor conﬁguration are required to establish operational
limits with this catalyst.

Fig. 10. Biodiesel composition via GC/MS, showing the 5 major components.
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3.6. Gasiﬁcation and pyrolysis results

Fig. 12. Thermogravimetric analysis (TGA) of biosolid in (a) air and (b) nitrogen.

The concept of using brown grease bio-solids in gasiﬁcation
originated from an elemental analysis of the material. A comparison of the hydrogen-to-carbon and oxygen-to-carbon ratios
(Table 3) to those of lignocellulosic biomass (pine sawdust) and
glucose appeared quite favorable. The elemental analysis (H/C, O/
C and H/Ceff in Table 3) shows that the brown grease bio-solids
compose a hydrogen rich feedstock, which implies its potential
for gasiﬁcation. The feasibility of pyrolyzing feedstocks with high
H/Ceff ratios, such as brown grease bio-solids, was articulated by
Zhang et al. [30], where the aromatic and oleﬁn yield (desired
pyrolysis products) was studied. They found that increasing H/Ceff
ratio from 0 (glucose) to 2 (methanol) results in increasing the aromatic and oleﬁn yields from 27% to 80%, respectively. Moreover,
they found an inﬂection point at H/Ceff ratio of 1.2, after which
the aromatic and oleﬁn yield did not increase rapidly.
As shown in Table 3, all the materials analyzed in this study
have 0 < H/Ceff < 1.2, which means the aromatic and oleﬁn yield
is expected to change signiﬁcantly among these feedstocks. The
brown grease bio-solid has a much greater H/Ceff than pine and
glucose, which implies its potential for producing higher aromatic
and oleﬁn yields via pyrolysis.
As shown in Fig. 12, simulated gasiﬁcation and pyrolysis of the
brown grease bio-solids were performed in (a) air and (b) nitrogen,
respectively, in TGA at 10 °C/min to 900 °C. In Fig. 12(a), multiple
peaks appear in the DTG analysis of the combustion of bio-solids,
with the ﬁrst peak in the 200–400 °C range and the second in the
400–500 °C range. By comparing the combustion (Fig. 12(a)) and
pyrolysis (Fig. 12(b)) experiments, the ﬁrst DTG peak is attributed
to thermal decomposition of the bio-solids and the second DTG
peak represents the oxidation of bio-solid chars [33].
As shown in the pyrolysis TGA experiment, about 10% char residue is left after the pyrolysis. In the combustion experiment less
than 1% residue remained in the TGA crucible. This result indicates
that about 9% of the total residue after (slow) pyrolysis is char,
which cannot be further pyrolyzed in inert gas atmosphere, but
it is combustible. The 1% residue after combustion should include
mostly inorganic compounds (ash). Fig. 12a indicates that almost
the entirety (99%) of the bio-solids is combustible, which also

Table 4
Liquid product selectivity from fast pyrolysis of glucose and bio-solid.
Glucose

Bio-solids

Bio-Solids (continued)

R.T. (min)

Compound

R.T. (min)

Compound

R.T. (min)

Compound

2.75
3.31
5.56
13.12
14.59
17.63
18.48
18.75
21.75
22.79

Benzene
Toluene
Furfural
2-Furancarboxaldehyde, 5-methyl
Phenol
Phenol, 2-methyl
Phenol, 4-methyl
Bicyclo [2.2.1]hept-5-ene, 2-acetyl
Naphthalene
1,4:3,6-Dianhydro-alpha-d-glucopyranose

2.75
14.41
17.58
18.41
18.55
20.94
21.58
22.31
22.37
22.57
25.29
25.52
28.00
28.21
30.52
30.72
32.89
33.07
34.63
34.79
34.93
35.18

Benzene
Phenol
Phenol, 2-methyl
Phenol, 4-methyl
Octanenitrile
Phenol, 2,3-dimethyl
Phenol, 4-ethyl
Cyclododecane
2-Decanone
Dodecane
1-Tridecene
Tridecane
1-Tetradecene
Tetradecane
1-Pentadecene
Pentadecane
Z-8-Hexadecene
Hexadecane
7-Pentadecyne
1-Hexadecene
8-Heptadecene
Tetradecanenitrile

35.30
35.85
39.00
39.45
39.97
40.75
41.27
42.72
43.06
43.24
43.32
43.71
44.42
44.62
46.54
46.86
47.66
48.09
50.41
50.80
55.37
57.99

Heptadecane
Methyl tetradecanoate
2-Dodecen-1-yl(-)succinic anhydrid
Pentadecanenitrile
Hexadecanoic acid, methyl ester
n-Hexadecanoic acid
Hexadecanoic acid, ethyl ester
Z,E-2,13-Octadecadien-1-ol
Hexadecanoic acid, propyl ester
11-Octadecenoic acid, methyl ester
Heptadecanenitrile
Octadecanoic acid, methyl ester
Ethyl Oleate
Hexadecanamide
Octadecanoic acid, propyl ester
Heptadecanenitrile
9-Octadecenamide, (Z)Octadecanamide
Oleic acid, 3-hydroxypropyl ester
9-Octadecenoic acid, (E)Cholesta-3,5-diene
Stigmastan-3,5-dien
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Fig. 13. GC chromatograms of glucose and biosolid pyrolysis. MS analysis of peaks
shown in Table 4.

implies the feasibility of producing synthesis gas from the bio-solid
through gasiﬁcation.
Fast pyrolysis experiments with the biosolids and glucose were
conducted at 600 °C. As shown in Table 4 and ﬁg. 13, the liquid
products of the fast pyrolysis of bio-solids are mostly long-chain
hydrocarbons. As a comparison, the liquid products from the fast
pyrolysis of glucose (a lignocellulosic biomass model compound)
at 600 °C are also listed in Table 4, and contain many small oxygenates, such as furan compounds. Production of oxygenates from
pyrolysis of lignocellulosic biomass is often reported in the literature [33–38]. These preliminary pyrolysis experiments of biosolids indicate they may be advantageous as compared to other
commonly studied biomass sources. Future studies will focus on
reactor conditions that optimize the production of high quality
bio-fuel from the brown grease bio-solids.

4. Conclusions
The possibility of 100% utilization of the brown grease waste for
producing biofuels was explored. The brown grease oil layer was
transformed into biodiesel with a mesporous solid acid catalyst.
The catalyst was synthesized from a polymeric base using a templating method that led to an ordered pore structure with narrow
pore size distribution and high surface area. Acid functionalization
was controlled to yield a hydrophobic material with superior catalyst properties compared to homogenous catalysts and commercial
heterogeneous catalysts. Esteriﬁcation of the FFA in the brown
grease oil with the solid acid catalyst, followed by conventional
transesteriﬁcation of the triglycerides produced biodiesel that
passed the critical ASTM quality tests of acid number and free
and total glycerin.
The bio-solids separated from the aqueous layer of the brown
grease were analyzed and found to have a H/Ceff ratio greater than
wood, implying excellent potential for producing higher aromatic
and oleﬁn yields via pyrolysis. When pyrolyzed at 600 °C, the
bio-solids yielded liquid products that were mostly long-chain
hydrocarbons according to GC/MS analysis. Almost 99% of the
bio-solids were combustible implying the feasibility of producing
synthesis gas from the bio-solids through gasiﬁcation. These
results establish the feasibility of converting 100% of the raw
brown grease to valuable energy products.
Acknowledgements
The authors gratefully acknowledge the support of DOE Grant
DE-EE0003116 and RPM Sustainable Technologies, Inc. RSP is

[1] Aslani A, Wong KFV. Analysis of renewable energy development to power
generation in the United States. Renew Energy 2014;63:153–61.
[2] Noshadi I, Amin NAS, Parnas RS. Continuous production of biodiesel from
waste cooking oil in a reactive distillation column catalyzed by solid
heteropolyacid: optimization using response surface methodology (RSM).
Fuel 2012;94:156–64.
[3] Talebian-Kiakalaieh A, Amin NAS, Zarei A, Noshadi I. Transesteriﬁcation of
waste cooking oil by heteropoly acid (HPA) catalyst: optimization and kinetic
model. Appl Energy 2013;102:283–92.
[4] Knothe GH. A technical evaluation of biodiesel from vegetable oils vs. algae.
Will algae-derived biodiesel perform? Green Chem 2011;13:3048–65.
[5] Boucher MB, Weed C, Leadbeater NE, Wilhite BA, Stuart JD, Parnas RS. Pilot
scale two-phase continuous ﬂow biodiesel production via novel laminar ﬂow
reactor separator. Energy Fuels 2009;23:2750–6.
[6] Unker SA, Boucher MB, Hawley KR, Midgette AA, Stuart JD, Parnas RS.
Investigation into the relationship between the gravity vector and the ﬂow
vector to improve performance in two-phase continuous ﬂow biodiesel
reactor. Bioresour Technol 2010;101(19):7389–96.
[7] Talebian-Kiakalaieh A, Amin NAS, Mazaheri H. A review on novel processes of
biodiesel production from waste cooking oil. Appl Energy 2013;104:683–710.
[8] Liu F, Wang L, Sun Q, Zhu L, Meng X, Xiao FS. Transesteriﬁcation catalyzed by
ionic liquids on superhydrophobic mesoporous polymers: heterogeneous
catalysts that are faster than homogeneous catalysts. J Am Chem Soc
2012;134:16948–50.
[9] Corma A. From microporous to mesoporous molecular sieve materials and
their use in catalysis. Chem Rev 1997;97:2373–420.
[10] De Vos DE, Dams M, Sels BF, Jacobs PA. Ordered mesoporous and microporous
molecular sieves functionalized withtransition metal complexes as catalysts
for selective organic transformations. Chem Rev 2002;102:3615–40.
[11] Dioumaev VK, Bullock RM. Recyclable catalyst that precipitates at the end of
the reaction. Nature 2003;424:530–2.
[12] Melero JA, Grieken RV, Morales G. Advances in the synthesis and catalytic
applications of organosulfonic-functionalized mesostructured materials. Chem
Rev 2006;106:3790–812.
[13] Leung DYC, Wu X, Leung MKH. A review on biodiesel production using
catalyzed transesteriﬁcation. Appl Energy 2010;87(4):1083–95.
[14] Fats, oils and grease, environmental assistance ofﬁce newsletter, UNC
Charlotte, 2011.
[15] Davis ME. Ordered porous materials for emerging applications. Nature
2002;417:813–21.
[16] Chai F, Chai FH, Zhai FY, Chen Y, Wang XH, Su ZM. Transesteriﬁcation of
vegetable oil to biodiesel using a heteropolyacid solid catalyst. Adv Synth Catal
2007;349:1057–65.
[17] Wan Y, Zhao DY. On the controllable soft-templating approach to mesoporous
silicates. Chem Rev 2007;107:2821–60.
[18] Xing R, Liu N, Liu YM, Wu HH, Jiang YW, Chen L, et al. Novel solid acid
catalysts: sulfonic acid group-functionalized mesostructured polymers. Adv
Funct Mater 2007;17:2455.
[19] Liu FJ, Li CJ, Ren LM, Meng XJ, Zhang H, Xiao F-S. Hydrothermal synthesis of
ordered mesoporous silicas with extraordinarily ultra-low dielectric constants.
J Mater Chem 2009;19(42):7921–8.
[20] Schmolka IR, Lundsted IG. The synthesis and properties of block copolymer
polyol surfactants, block and graft copolymerization New York. Wiley; 1986.
[21] Liu F, Kamat RK, Noshadi I, Peck D, Parnas RS, Zheng A, et al. Depolymerization
of crystalline cellulose catalyzed by acidic ionic liquids grafted on sponge-like
nanoporous polymers. Chem Commun 2013;49:8456–8.
[22] Miao S, Shanks BH. Esteriﬁcation of biomass pyrolysis model acids over
sulfonic
acid-functionalized
mesoporous
silicas.
Appl
Catal
A
2009;359:113–20.
[23] Tucker MH, Crisci AJ, Wigington BN, Phadke N, Alamillo R, Zhang JP, et al. Acidfunctionalized SBA-15-type periodic mesoporous organosilicas and their use
in the continuous production of 5-hydroxymethylfurfural. ACS Catal
2012;2:1865–76.
[24] Liu F, Zuo S, Kong W, Qi C. High-temperature synthesis of strong acidic ionic
liquids functionalized, ordered and stable mesoporous polymers with
excellent catalytic activities. Green Chem 2012;14:1342–9.
[25] Noshadi I, Kumar RK, Kanjilal B, Parnas R, Liu H, Li J, et al. Transesteriﬁcation
catalyzed by superhydrophobic-oleophilic mesoporous polymeric solid acids:
an efﬁcient route for production of biodiesel. Catal Lett 2013;143:792–7.
[26] Iliev I, Yordanova H, Petrenko P, Novakov P. Reaction of phenol–formaldehyde
novolac resin and hexamethylenetetramine in OH–containing solvents as
medium. J Univ Chem Technol Metall 2006;41:29–34.

122

I. Noshadi et al. / Applied Energy 129 (2014) 112–122

[27] Zhang F, Meng Y, Gu D, Yan Y, Yu C, Tu B, et al. A facile aqueous route to
synthesize highly ordered mesoporous polymers and carbon frameworks with
ia3d bicontinuous cubic structure. J Am Chem Soc 2005;127:13508–9.
[28] Fukuhar K, Nakajima K, Kitano M, Hayashic S, Hara M. Synthesis and acid
catalysis of zeolite-templated microporous carbons with SO3H groups. Phys
Chem Chem Phys 2013;15:9343–50.
[29] Baig A, Flora T, Ng T. A single-step solid acid-catalyzed process for the
production of biodiesel from high free fatty acid feedstocks. Energy Fuels
2010;24(9):4712–20.
[30] Zhang H, Cheng YT, Vispute TP, Xiao R, Huber GW. Catalytic conversion of
biomass-derived feedstocks into oleﬁns and aromatics with ZSM-5: the
hydrogen to carbon effective ratio. Energy Environ Sci 2011;4:2297–307.
[31] Cheng G, He PW, Xiao B, Hu ZQ, Liu SM, Zhang LG, et al. Gasiﬁcation of biomass
micron fuel with oxygen-enriched air: thermogravimetric analysis and
gasiﬁcation in a cyclone furnace. Energy 2012;43:329–33.
[32] Park JY, Kim DK, Lee JS. Esteriﬁcation of free fatty acids using water-tolerable
Amberlyst as a heterogeneous catalyst. Bioresource Technol 2010;101:S62–5.

[33] Patwardhan PR, Satrio JA, Brown RC, Shanks BH. Product distribution from fast
pyrolysis of glucose-based carbohydrates. J Anal Appl Pyrol 2009;86:323–30.
[34] Mullen CA, Boateng AA. Chemical composition of bio-oils produced by fast
pyrolysis of two energy crops. Energy Fuels 2008;22:2104–9.
[35] Branca C, Giudicianni P, Di Blasi C. GC/MS characterization of liquids generated
from low-temperature pyrolysis of wood. Ind Eng Chem Res
2003;42(14):3190–202.
[36] Olazar M, Aguado R, Bilbao J, Barona A. Pyrolysis of sawdust in a conical
spouted-bed reactor with a HZSM-5 catalyst. AIChE J 2000;46:1025–33.
[37] Carlson TR, Tompsett GA, Conner WC, Huber GW. Aromatic production from
catalytic fast pyrolysis of biomass-derived feedstocks. Top Catal
2009;52:241–52.
[38] Du S, Valla JA, Bollas GM. Characteristics and origin of char and coke from fast
and slow, catalytic and thermal pyrolysis of biomass and relevant model
compounds. Green Chem 2013;15:3214–29.

