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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 con-
tains 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.

� 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 produc-
tion methods, excellent renewability, environmental friendliness
and usefulness for both electricity generation and transportation.
Biofuels may therefore be the most important feedstock for replac-
ing fossil fuels [2–10].

A typical biomass based fuel is biodiesel, which is typically pro-
duced 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 feed-
stock 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 produc-
tion 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 hydrocar-
bons, 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 environ-
mental 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 car-
riers 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 bio-
diesel 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 com-
ponents, 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 demon-
strate 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 hydro-
chloric 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 precur-
sors, hexamethylenetetramine (HMTA) cross-linker, and a tri-block
copolymer template of Pluronic� F127 (Sigma–Aldrich) (Scheme 1)
[19]. Pluronic� F-127 has molecular weight approximately
12,500 Da, and consists of two 96-unit hydrophilic Poly(ethylene
oxide) chains surrounding one 69-unit hydrophobic Poly(propyl-
ene 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-lin-
ker, 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 illus-
trated in Scheme 1.

OMR-[HMTA] with opened mesopores was obtained by calcina-
tion 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 dis-
persed 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 Microm-
eritics ASAP Tristar system at the liquid nitrogen temperature. The
samples were outgassed for 10 h at 150 �C before the measure-
ments. The pore-size distribution was calculated using the Bar-
rett–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 PerkinEl-
mer 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 treat-
ment plant was slowly stirred overnight at 35 �C to effect separa-
tion 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 gasifi-
cation 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



Scheme 1. Synthesis of OMR-[C4HMTA][SO4H].
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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 (bot-
tom 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 cat-
alyst (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 dis-
tilled 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 follow-
ing 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 experi-
ments 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 conduct-
ing 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].
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with the brown grease bio-solids were performed in air and nitro-
gen, 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 con-
ducted via fast pyrolysis in a quartz reactor heated by a drop tube
furnace at 600 �C. The fast heating rate was accomplished by slid-
ing 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 Chromatogra-
phy–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 charac-
teristics 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 cata-
lytic 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.



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. 6. Oil separation from dewatered brown grease: (a) brown grease prior to separatio
being heat treated at 35 �C for 16 h.

Fig. 5. TEM image of ultra-michrotomed section of OMR-[C4HMTA][SO4H].
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Fig. 2 shows the FT-IR spectra of OMR-[HMTA] before calcina-
tion (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 mes-
oporous 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 1,4-
butanesultone 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 degra-
dation 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 suf-
ficient for the temperature regimes used in typical esterification
and transesterification reactions. The good stability of OMR-[C4-

HMTA][SO4H] can be attributed primarily to its high cross link den-
sity 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 abun-
dant 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

Dewatered brown grease obtained from the wastewater treat-
ment 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 lay-
ers 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%.
n; (b): separated layers of brown grease oil (top) and aqueous layer (bottom) after



Table 2
Biodiesel specification.

Acid Number
(ASTM
limit:<0.5)

Free glycerin
(ASTM limit:
<0.02)

Total glycerin
(ASTM limit:
<0.24)

Two-step process 0.46 0.02 0.18
Simultaneous

esterification–
Transesterification

0.23 0.01 0.36
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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 Amber-
lyst 15 and HCl were also examined as reference catalysts for the
same reaction. Fig. 7 shows the FFA conversion curves of OMR-[C4-

HMTA][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 condi-
tions of higher temperature and larger catalyst loading 99% conver-
sion 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
Fig. 7. FFA conversion during esterification of brown grease with homogenous and het
5 wt% of the brown grease. Inset – detailed view of conversion above 80%. Error bars on th
bars for the OMR catalyst were generated from 4 experimental runs using 3 different bat
and the Amberlyst were generated from 3 experimental runs.

Table 1
Yield and composition of oil layer from dewatered brown grease.

Sample No. Initial volume of brown grease (L) Oil lay

1 (Mid Jan) 2 1
2 (Early Feb) 1.8 0.8
3 (Late Feb) 2 0.8
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 esterifica-
tion/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.
erogeneous catalysts. Oil/methanol molar ratio, 1:9; Temperature, 65 �C; catalyst,
e curves represent 1 standard deviation of the repeated experimental runs. The error
ches of catalyst synthesized over the course of 18 months. The error bars on the HCl

er (L) Yield (%) FFA (%) Glycerides (%)

50 88.32 11
44.4 88.76 11
40 89.23 10



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).

Fig. 9. GC chromatograms of (a) brown greas
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3.5. Simultaneous esterification and transesterification

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 reac-
tion with methanol, 65% of the TG converted to FAME. After 5 h,
equilibrium was achieved at roughly 75% TG conversion. Commer-
cial 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 transesterifica-
tion, took place simultaneously by converting the FFA and reducing
the glyceride content, as shown in Fig. 8. These results are signifi-
cant 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
e oil (b) biodiesel from brown grease oil.



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).

Feedstock N C H Oa H/C O/C H/Ceff

Bio-solid 1.19 33.80 54.64 10.37 1.62 0.31 1.00
Pine 0.20 34.52 46.33 18.95 1.34 0.55 0.25
Glucose 0.00 25.00 50.00 25.00 2.00 1.00 0.00

a Oxygen content was calculated by difference.
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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–transesterifi-
cation 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 triglyc-
erides 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 com-
pound 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 there-
fore 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 bio-
diesel 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. 10. Biodiesel composition via GC/MS
followed by Methyl Palmitate and Methyl Stearate, with smaller
amounts of Methyl Palmytoleate and Methyl Myristate also pres-
ent. 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. Addi-
tional experiments using a larger number of cycles and in a contin-
uous reactor configuration are required to establish operational
limits with this catalyst.
, showing the 5 major components.



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

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

Glucose Bio-solids

R.T. (min) Compound R.T. (min) C

2.75 Benzene 2.75 B
3.31 Toluene 14.41 P
5.56 Furfural 17.58 P
13.12 2-Furancarboxaldehyde, 5-methyl 18.41 P
14.59 Phenol 18.55 O
17.63 Phenol, 2-methyl 20.94 P
18.48 Phenol, 4-methyl 21.58 P
18.75 Bicyclo [2.2.1]hept-5-ene, 2-acetyl 22.31 C
21.75 Naphthalene 22.37 2
22.79 1,4:3,6-Dianhydro-alpha-d-glucopyranose 22.57 D

25.29 1
25.52 T
28.00 1
28.21 T
30.52 1
30.72 P
32.89 Z
33.07 H
34.63 7
34.79 1
34.93 8
35.18 T
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3.6. Gasification and pyrolysis results

The concept of using brown grease bio-solids in gasification
originated from an elemental analysis of the material. A compari-
son 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 aro-
matic 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 res-
idue 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
Bio-Solids (continued)

ompound R.T. (min) Compound

enzene 35.30 Heptadecane
henol 35.85 Methyl tetradecanoate
henol, 2-methyl 39.00 2-Dodecen-1-yl(-)succinic anhydrid
henol, 4-methyl 39.45 Pentadecanenitrile
ctanenitrile 39.97 Hexadecanoic acid, methyl ester
henol, 2,3-dimethyl 40.75 n-Hexadecanoic acid
henol, 4-ethyl 41.27 Hexadecanoic acid, ethyl ester
yclododecane 42.72 Z,E-2,13-Octadecadien-1-ol
-Decanone 43.06 Hexadecanoic acid, propyl ester
odecane 43.24 11-Octadecenoic acid, methyl ester
-Tridecene 43.32 Heptadecanenitrile
ridecane 43.71 Octadecanoic acid, methyl ester
-Tetradecene 44.42 Ethyl Oleate
etradecane 44.62 Hexadecanamide
-Pentadecene 46.54 Octadecanoic acid, propyl ester
entadecane 46.86 Heptadecanenitrile
-8-Hexadecene 47.66 9-Octadecenamide, (Z)-
exadecane 48.09 Octadecanamide
-Pentadecyne 50.41 Oleic acid, 3-hydroxypropyl ester
-Hexadecene 50.80 9-Octadecenoic acid, (E)-
-Heptadecene 55.37 Cholesta-3,5-diene
etradecanenitrile 57.99 Stigmastan-3,5-dien



Fig. 13. GC chromatograms of glucose and biosolid pyrolysis. MS analysis of peaks
shown in Table 4.
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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 oxygen-
ates, such as furan compounds. Production of oxygenates from
pyrolysis of lignocellulosic biomass is often reported in the litera-
ture [33–38]. These preliminary pyrolysis experiments of bio-
solids 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 tem-
plating 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 cata-
lyst 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.
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