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Pyrolysis (fast and slow, catalytic and thermal) is explored for the conversion of spent coffee grounds into higher value
chemicals.
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two heating rates and three different pyrolysis temperatures. ZSM-5 catalyst was explored as

the means to increase selectivity to deoxygenated olefins and aromatic products. The liquid
products from the pyrolysis of SCG were predominantly fatty acids, linear hydrocarbons,
furans, phenols, ketones, and aromatic hydrocarbons. The ZSM-5 catalyst was seen to decrease
selectivity to linear hydrocarbons and furans, and enhance selectivity to aromatic hydrocarbons
and CO. Increasing the pyrolysis temperature was seen to decrease selectivity to fatty acids,
and increase selectivity to aromatic and linear hydrocarbons.

Introduction

The production of chemicals from spent coffee grounds
(SCQ) is a promising sustainable strategy for the valorization of
this vast waste product. SCG fall into the general category of
waste biomass, which is a renewable resource that has the
potential to assist with energy generation and chemicals
production.'? The advantages of using SCG compared to more
conventional biomass (e.g. woody biomass) include their
established transportation, pleasant smell, stability, and low
cost.® As with all waste biomass, production of chemical
commodities from SCG can be accomplished without
competing with the food and agriculture sectors. In addition,
waste coffee is a good candidate for fuels and chemicals
production due to its expansive and continuous supply. Coffee
is the world’s second largest traded commodity, second only to
petroleum products, and its utilization generates vast amounts
of waste because the beans are not entirely consumed during
the coffee brewing. The International Coffee Organization®
reported that over 4.2 million metric tons of coffee waste are
generated annually (2013-2014 estimate) by countries who
import coffee, which illustrates the scale of availability of this
feedstock. After brewing, SCG typically end up in landfills.
The main problem with disposing of SCG in landfills is that
they take up large amounts of space, their fixed carbon content
is wasted, and they are a source of methane emissions as a
result of anaerobic decomposition.’

This journal is © The Royal Society of Chemistry 2014

A variety of commercial and industrial applications for SCG
have been explored in the literature, attempting to provide
alternative uses for SCG. The use of SCG as an additive in
animal feed was studied by Adams et al.,° who concluded that
the anti-nutritional tannin and caffeine content limits the
maximum coffee in ruminant feed to 10 wt%. The use of SCG
in the spirits industry was explored by Sampaio et al.,” who
developed a novel distilled beverage from SCG fermentation
which contained 40 vol% ethanol and had a mild coffee flavor.
The use of SCG in industrial purposes was explored by Silva et
al.,® who reported that SCG are an excellent fuel source for on-
site boilers in the soluble coffee industry. However, the
particulate matter formed by combustion of SCG was reported
as a drawback.® Gasification of SCG in a dual fluidized bed was
explored by Xu et al.’ A pilot plant operating at 5.0 kg/hr was
able to convert up to 70 wt% of the carbon in the SCG feed into
product gas with a higher heating value of 14500 kJ/m®. The
significant tar yield (up to 50 gr/m’ of gas) from the gasification
process was reported as a major drawback.’

Several recent studies have explored the use of SCG as a
feedstock for biodiesel production, aiming to utilize its high
lipid content (up to 27 wt%).'" A study performed by
Kondamudi et al.® synthesized biodiesel from lipids extracted
from SCG. It was estimated that up to 340 million gallons of
coffee-derived biodiesel could be added to the global fuel
supply annually. Another exploration of SCG as a feedstock for
biodiesel production was performed by Vardon et al.,'' who
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extracted lipids from SCG, which were subsequently used to
synthesize biodiesel with an energy density of 39.6 MJ/kg. Due
to its prohibitively high acidity, viscosity, and sulfur content,
the SCG biodiesel did not meet the American Society for
Testing and Materials (ASTM) fuel specifications.'' Another
disadvantage of using SCG for biodiesel production is that
utilizing only the lipid content of SCG does not eliminate the
solid waste problem.

As an alternative processing option, pyrolysis of SCG was
performed by Bok et al.'? in a fluidized-bed reactor that
operated between 673-873 K with a rapid heating rate of 1000-
10000 K/sec. The pyrolysis liquid yield was highest at 54.85
wt%, which was achieved at 823 K. The liquid product from
SCG pyrolysis had a water content ranging from 23.96-32.93
wt%.'? Other liquid products included ketones, phenols, furans,
and caffeine. Slow pyrolysis of SCG was performed by Vardon
et al.'' who compared the pyrolysis of SCG and the defatted
SCG at 723 K with a heating rate of 50 K/min. The pyrolysis of
SCG with the fats was seen to produce a liquid product with
higher energy density and aliphatic content compared with
defatted SCG pyrolysis.!" The liquid products were described
as straight and branched hydrocarbons, oxygenates, and
nitrogenates. Vardon et al. concluded that the quality of liquid
products from SCG pyrolysis was superior to that of the
defatted SCG. Another investigation of the pyrolysis of SCG
was performed by Kan et al.,'* who studied in situ upgrading
with a NiCu/y-Al,O; catalyst. It was concluded that the
catalytic activity enhanced the production of CO, CO,, and
CH, and altered the pyrolysis liquid product distribution."?
Long carboxylic acids including palmitic acid, linoleic acid,
and stearic acid, were found in the liquid product.'

Table 1: Characterization of the supported ZSM-5 catalyst
(Poui: bulk density; d,: particle diameter; S total surface
area; Spicro: Micropore surface area; V.. pore volume; B.s.:
Broensted acidity; L.s.: Lewis acidity).

Physical Poulk (kg/ m3) dp (um)

Property 800 75~175

Porosity Sotal (m’/gr) Smicro (M/8)  Viiero (cm’/gr)
Analysis 1243 98.98 0.0461
Acidity B.s. (umol/gr) L.s. (umol/gr) B.s./L.s.
Analysis 2143 25.2 8.5

In summary, pyrolysis of SCG was shown to be effective in
generating straight hydrocarbons, phenols, furans, carboxylic
acids, and ketones,''™"* but the resulting bio-oil required further
upgrading and processing. In this study, a commercial ZSM-5
catalyst is used to facilitate the pyrolysis process conversion of
oxygenates to olefins and aromatic hydrocarbons
dehydration and decarbonylation reactions. ZSM-5 has been
shown most effective in upgrading liquid pyrolysis products of
biomass to aromatic hydrocarbons through
deoxygenation 114 The aforementioned studies
indicate that the bio-oil product from SCG pyrolysis consists of

via

woody
reactions.
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heteroatomic oxygenated structures that can be upgraded to
aromatic hydrocarbons with the use of a ZSM-5 catalyst,
deeming it a promising candidate for chemicals production
through catalytic pyrolysis. In this study, SCG valorization was
achieved through pyrolysis at two heating rates: a moderate and
a fast heating rate, both at short gas residence times. The focus
of this work is to shed light to the reaction pathways that
produce straight and aromatic hydrocarbons in the thermal and
catalytic pyrolysis of SCG, and explore the potential benefits of
catalytic upgrading and the temperature and heating rate effects
on product selectivity to linear and aromatic hydrocarbons.

Materials and Methods

Materials

Wet spent coffee grounds (SCG) of mixed roasts were
in Mansfield,
Connecticut. The wet SCG contained 60 wt% moisture content,

collected from a Starbucks coffee house

and were dried for 24 hours at 378 K in a dry oven to remove
the excess moisture. The particle size of the SCG was 180-355
pm. A commercial ZSM-5 catalyst from W. R. Grace & Co.
was used in the catalytic experiments with properties as shown
in Table 1. The acidity of the ZSM-5 catalyst was determined
using Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS) and the surface area and pore size

distribution were determined using N, physisorption.

Table 2: Elemental analysis by wt% of SCG compared with
Miscanthus Giganteus from Du et al.'* The fatty acids profile is
shown as the relative composition by wt% of the total fat
content in SCG. The total fat content was 10.89 wt% of the dry
SCG feed. The C ##:# notation specifies the number of carbon
atoms and the number of vinyl groups.

Elemental Analysis SCG Miscanthus Giganteus
Carbon 55.6 453
Hydrogen 7 5.8
Nitrogen 1.8 0.2
Oxygen (balance) 35.5 48.7
H/C.4 (mol% basis) 0.6 0

Fatty Acid Profile Relative composition (wt%)
Arachidic Acid (C 20:0) 2.74

Linolenic Acid (C 18:3) 1.21

Linoleic Acid (C 18:2) 42.05

Oleic Acid (C 18:1) 9.32

Stearic Acid (C 18:0) 7.59

Palmitic Acid (C 16:0) 34.79

Elemental analysis of the SCG was conducted in a Perkin-
Elmer CHN2400 elemental analyzer. To provide some context,
the elemental analysis of miscanthus giganteus from Du et al.'?
is compared with that of SCG in Table 2. Analysis of the total
fat content and the fatty acid profile are also provided in Table
2. The dried SCG has greater carbon and hydrogen content and

This journal is © The Royal Society of Chemistry 2014
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lower oxygen content compared to miscanthus. The SCG
contains 1.8 wt% nitrogen compared with 0.2 wt% nitrogen in
miscanthus. One indicator of higher aromatic and olefin carbon
selectivity from pyrolysis is the effective hydrogen to carbon
ratio, H/C,;, which was explored by Zhang et al.'® and Noshadi
et al.'” Zhang et al. showed that the selectivity to aromatic
hydrocarbons and olefins from ZSM-5-enhanced catalytic
pyrolysis increased steeply as the H/C,increases from 0 to 1.2.
In addition, the deactivation of the catalyst was seen to decrease
with an increasing H/C,j ratio. The H/C,; of SCG is 0.6, which
is greater than that of miscanthus, suggesting that the pyrolysis
of SCG should be more selective to deoxygenated liquid
products.

Fixed bed apparatus

SCG pyrolysis at a moderate heating rate was conducted in a
fixed bed quartz reactor chamber (Figure 1). The bed volume
the
downstream quartz wool) was 8 cm® and the bed volume for

for thermal experiments (including biomass and
catalytic experiments (including biomass, catalyst, and quartz
wool) was 11 cm®. The residence time in the thermal bed was
approximately 1.5 sec and residence time in the catalytic bed
was approximately 2.5 sec. The process temperature was
measured with a thermocouple placed inside the reaction bed.
The average heating rate was measured to be 120 + 20 K/min
and was consistent across all pyrolysis temperatures. 1.0 gr of
SCG and 1.0 gr of ZSM-5 (in catalytic experiments) were
loaded into the reactor between the quartz wool layers. Prior to
pyrolysis, the

environment with a 100 mL/min purge. An impinger was filled

reactor was maintained in an inert Ar
with acetone and submerged in a dry ice bath, then placed at the
reactor outlet to cool and condense the liquid products. The
impinger outlet was connected to a 1 L gas bag for gas
collection. The pyrolysis gas was analyzed off-line with a
thermal conductivity detector gas chromatograph (GC-TCD),
discussed in detail in the Analytical methods Section. During
the heating stage, the reactor was elevated above the furnace
which preheated the bed to 433 + 20 K. To initiate pyrolysis,
the bed was rapidly shifted into the center of the hot furnace.
All of the visible vapors were observed to condense within 90
sec. The total time for the pyrolysis experiments was set to 5
min to ensure complete pyrolysis and stripping of the SCG. The
reactor, impinger, and outlet nozzle were then weighed to
determine the liquid yield. The reaction bed was also weighed
to determine the char yield. The change in mass due to the
evaporation of acetone was negligible. The liquid product was
analyzed via gas chromatography mass spectrometry (GC-MS).
The liquid product was collected by washing the reactor,
impinger, and outlet nozzle with acetone. Therefore, only
acetone soluble chemicals were measured in the liquid analysis.
The gas yield was estimated by the difference between the mass
of feed and the measured solid and liquid products. The
accuracy of the product distribution was determined in
repeatability tests in the fixed bed reactor, on the basis of which
the experimental standard deviation was determined. The fixed

This journal is © The Royal Society of Chemistry 2014

bed experiments were repeated up to 3 times and the average
standard deviation was 2.5 wt% for the liquid products, 1.4
wt% for the gas products, and 2.0 wt% for the solid yield.

Reactor

Furnace

SCG
Catalyst
Gas Vapor
Collection Collection
Bag Impinger

Vent

Figure 1: Schematic of the fixed bed reactor used for thermal
and catalytic pyrolysis.

Pyroprobe apparatus

Fast pyrolysis was carried out in a CDS 5000 series
Pyroprobe with a 0.013 cm® reactor volume and 0.07 sec of
residence time. 10 mgr of SCG was packed into a 2.5 cm long
quartz reactor vessel fixed between two quartz wool layers. In
the catalytic experiments, ZSM-5 and SCG were mixed at a 1 to
1 mass ratio and 20 mg of mixture was loaded into the quartz
reactor vessel. Pyrolysis was performed at 763 K, 813 K, and
863 K with a heating rate of 2000 K/sec, Ar flow rate of 10.5
mL/min, and 10 second dwell time. The condensable vapors
were separated and analyzed online via GC-MS and the
noncondensing gasses were analyzed online via mass
spectrometry (MS). Post-pyrolysis, the reaction vessel was
weighed to determine char yield. The SCG pyrolysis total liquid
yield (including water) was estimated by taking the difference
between the amount of SCG loaded and the gas and char yields.
The pyroprobe experiments were repeated 3 times and the
average standard deviation was 4.1 wt% for the liquid products,

1.6 wt% for the gas products, and 2.5 wt% for the solid yield.

Analytical methods

The SCG liquid pyrolysis products were analyzed in an
Agilent 6890N Gas Chromatograph (GC) equipped with a
5973N mass selective detector (MS) and an Agilent DB-5
column. The GC oven started at 313 K, was held for 2 minutes,
and then ramped to 543 K at 5 K/min. A 5 K/min heating rate
was used for better compound separation in the chromatograph.
Chemical species were identified by spectral comparison with
the NIST mass spectral library. For the fixed bed experiments,
mass quantification was achieved for palmitic acid, linoleic
acid, and stearic acid. For the pyroprobe experiments, mass
quantification was achieved for benzene, toluene, xylene,
phenol, benzofuran, naphthalene, palmitic acid, linoleic acid,
and stearic acid. Semi-quantification was implemented for the
remaining aromatic species. All other species are reported by
the percentages of the total peak area, and only their trends with
respect to temperature and catalytic activity are of significance.

RSC Advances, 2014, 00, 1-9 | 3
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The fixed bed gas products were analyzed in an Agilent
6890N Gas Chromatograph (GC) equipped with a thermal
conductivity detector (TCD) and a Restek ShinCarbon 19091J-
413 column. 1 mL of gas was injected over 0.5 min with 373 K
initial temperature and 1.9 mL/min flow. The temperature was
held at 313 K for 2 min, increased to 393 K with a 2 K/min
ramp, increased to 433 K with a 5 K/min ramp, and held at 433
K for 6 min. The CO, CO,, H,, and CH, outlet gas products
from the pyroprobe experiments were quantified with a Mass
Spectrometer calibrated with a synthesis gas standard.

Acid site densities of the original and used ZSM-5 catalysts
were measured using DRIFTS. Used ZSM-5 catalyst was
collected after the pyrolysis of SCG in the fixed bed reactor and
was regenerated by burning off the coke at 1073 K. DRIFTS
was performed at 393 K with KBr as background. Fresh and
used ZSM-5 were calcined in N, at 823 K for 1 hr in the
DRIFTS cell. The cell was then cooled down to 393 K.
Pyridine was introduced into the sample cell under the N, flow.
The FTIR spectrum was monitored until full saturation of
pyridine on the sample occurred. Physisorbed pyridine was
removed by heating the samples to 503 K for 1 hour. After that,
the cell was cooled down again to 393 K. The FTIR spectrum
was collected and used for the measurement of Brensted (1550
cm™) and Lewis (1450 cm™) acid sites. Extinction coefficients
of 1.67 cm/pumol and 2.22 cm/pumol were used for concentration
calculation of Brensted and Lewis acid sites, respectively.'*

The pore size distribution and surface area of the original and
regenerated catalyst samples were measured using the Barrett-
Joyner-Halenda (BJH) method in a Micrometitics ASAP 2020
Accelerated Surface Area and Porosimetry System. Prior to
analysis, the catalyst was degassed at 523 K for 12 hr under
vacuum. N, physisorption isotherms were then measured at
77K to determine the physical properties of the catalyst.

Reaction Pathways

This section draws parallels between the pyrolysis of spent
coffee grounds (SCG) and the pyrolysis of other biomass in
order to illustrate the anticipated reaction pathways and justify
the use of a ZSM-5 catalyst for in situ catalytic upgrading.
These reaction pathways, mostly derived from the literature,
will be used later to explain the product distribution of
pyrolysis liquid products. The chemical composition of SCG
can be categorized as protein, lignin, hemicellulose, cellulose,
and lipids.'™'® In contrast, lignocellulosic biomass (woody or
agricultural>'%) is composed of hemicellulose, cellulose, and
lignin. Pyrolysis depolymerizes and fragments these
lignocellulosic structures into water, phenols,
ketones, and other heteroatomic structures.!* 2!

Many products similar to those of lignocellulosic biomass
pyrolysis were generated in the pyrolysis of SCG studied by
Vardon et al.,'! Bok et al.,'? and Kan et al.'* A ZSM-5 catalyst
is often included in the biomass pyrolysis process to enhance
dehydration, decarboxylation, and decarbo-
nylation, thus increasing the selectivity to aromatic hydro-
carbons and olefins.*? This same approach is followed here in

furans, cyclic

isomerization,
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the pyrolysis of SCG to explore their selectivity to deoxy-
genated products and high-value chemicals. This section
focuses only on the pyrolysis of lipids and proteins since the
reaction pathways for the catalytic pyrolysis of lignocellulosic
biomass is relatively well understood in the literature.'**?*

“\K

;

\b/]JL +Hy0
1 2B
N

13
WCH +CO+H0

O

Scheme 1: Reaction pathway for triglycerides thermal and catalytic

pyrolysis. The following reactions illustrated:  (1A)
decarboxylation, (1B) decarbonylation, (1C) ammonia substitution,
(2A) thermal cracking, (2B) amine pyrolysis, (3) catalytic cracking,

(4) oligomerization, cyclization, and aromatization.

are

Lipid pyrolysis of SCG

The fat content in the SCG feedstock was measured to be
10.89 wt% of dry SCG feed (Table 2). The fatty acid groups in
the SCG were linoleic acid (42.05 wt%), oleic acid (9.32 wt%),
stearic acid (7.59 wt%), and palmitic acid (34.79 wt%). The
main source of fatty acids in SCG are triglycerides® which
pyrolyze to free fatty acids. These fatty acids are liberated from
triglycerides through hydrolysis®***” or B-elimination.”’>° The
two primary pathways for fatty acid pyrolysis
decarboxylation and decarbonylation, as shown in the saturated
fatty acid and vegetable oil pyrolysis studies of Gosselink et
al.,>” Mabher et al.,>*® and Kubatové et al.*! For the purpose of
illustration, the palmitic acid pathway is presented in Scheme 1,
since it is among the dominant primary products from SCG
pyrolysis. The decarboxylation of palmitic acid produces
pentadecane (Scheme 1, reaction 1A). Alternatively, the
decarbonylation of palmitic acid produces 1-pentadecene
(Scheme 1, reaction 1B). These reactions can also occur with
stearic acid to produce heptadecane and 1-heptadecene. These

include

This journal is © The Royal Society of Chemistry 2014
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hydrocarbons thermally crack to shorter alkanes and alkenes
(Scheme 1, reaction 2A). With the inclusion of a ZSM-5
catalyst, alkenes and alkanes can be branched to produce short
olefins, and thereafter xylene and toluene via oligomerization,
cyclization, and aromatization (Scheme 1, reaction 4). This
mechanism has been proposed in the literature for the pyrolysis
of fatty acids as well as alkanes.*’>* In summary, the lipids
found in SCG should pyrolyze to form long 1-alkenes and
and ZSM-5 pyrolysis
aromatization of straight hydrocarbons into cyclic structures.

alkanes, catalytic will facilitate

Protein Pyrolysis of SCG

Catalytic pyrolysis of proteinaceous biomass has been

explored in the literature. Mullen et al.>* studied the pyrolysis
of microalgae and egg whites with ZSM-5 and produced
phenols, benzene, toluene, xylene, and other aromatics.
Ammonia and other amines have been reported as products
3537 These

nitrogen containing compounds can react with carboxylic acids

from the pyrolysis of proteinaceous biomass.

to form amines,*® (Scheme 1, reaction 1C) which can pyrolyze
further to form nitriles.*® (Scheme 1, reaction 2B)

Results and Discussion

Total liquid yield and product identification

The pyrolysis of SCG in the fixed bed reactor produced a

liquid product consisting of furans, phenols, aromatic
fatty acids,

nitriles, amides, among other compounds, with a total liquid

hydrocarbons, linear hydrocarbons, caffeine,
yield of 51-58 wt% (Figure 2a). For illustration purposes, the
liquid products were categorized in functional groups as
ketones, oxygenated and nitrogenated aromatics, aromatic
hydrocarbons, alkenes and alkanes, and fatty acids (Figure 3a).
A detailed liquid product distribution can be found in the
Supporting Information (Tables S1 and S2). The relative
abundance of aromatic hydrocarbons, alkenes, and alkanes
increased with temperature in both thermal and catalytic
experiments (Figure 3a), while the selectivity to fatty acids
(Figure 3b) was found to decrease with increasing temperature.

The pyroprobe
composition to that of the fixed bed containing furans, phenols,

liquid product was comparable in
aromatic hydrocarbons, linear hydrocarbons, caffeine, fatty
acids, nitriles, and amides with a total liquid yield of 35-42
wt% (Figure 2b). Moreover, the faster heating rate of the
pyroprobe and its better separation of liquid products during
GC-MS analysis showed other products such as pyridines,
benzylnitrile, butynylbenzene, cyclododecane, cyclododecyne,
hexadecanoic methyl ester, and 10,12-hexadecadienal (Table
S2). These products were also categorized in their functional

groups (Figure 4a).

Liquid selectivity

Fate of fatty acids: Palmitic acid, stearic acid, and linoleic acid
were measured in the liquid product from the pyrolysis of spent

This journal is © The Royal Society of Chemistry 2014

coffee grounds at both heating rates. From the fixed bed, the
selectivity to these fatty acids was seen to decrease with an
increase in pyrolysis temperature (Figures 3b). Conversely, the
selectivity to alkenes and alkanes increased with temperature
(Figures 3a). Presumably, alkanes and 1-alkenes were formed
via decarboxylation and decarbonylation of the saturated fatty
acids, palmitic and stearic acid (Scheme 1, reactions 1A and
1B). The decarboxylation of linoleic acid and oleic acid can
produce n-alkenes, yet these were mostly absent in the SCG
pyrolysis Alkanes
predominant linear hydrocarbons found in the liquid product at

experiments. and 1l-alkenes were the
both heating rates. In addition, the selectivity to stearic acid
from the fixed bed pyrolysis was particularly high (Figure 3b),
which indicates that the saturation of linoleic acid and oleic
acid to stearic acid via hydrogenation occurred as the first step
in pyrolysis and that the chemistry of saturated fatty acids was
dominant in SCG pyrolysis. The same saturation behavior was
observed in the pyrolysis of linoleic acid conducted by
Asomaning et al.,*” who reported that there was a greater
than 8-

heptadecene and other n-heptadecenes with double bonds

selectivity to 1-heptadecene and heptadecane
corresponding to the position of the double bonds in the
reactant fatty acid. This saturation behavior appeared to be
in the fixed bed, yet 8-

liquid product from the

dominant in the pyrolysis of SCG
heptadecene was identified in the
pyroprobe pyrolysis
decarboxylation of linoleic acid without complete saturation.

experiments, likely as a result of
The decarboxylation of fatty acids to form alkanes (Scheme
1, reaction 1A) and the decarbonylation of fatty acids to form 1-
alkenes (Scheme 1, reaction 1B) competed during the pyrolysis
of SCG. The selectivity to 1-heptadecene and 1-pentadecene
was lower than the selectivity to heptadecane and pentadecane
at both heating rates, which suggests that decarboxylation was
the primary pathway for fatty acid decomposition. From Figure
3a it can be seen that in the fixed bed the selectivities to alkanes
and alkenes increased with increasing temperature in both
thermal and catalytic experiments. No clear trend with
temperature was observed in the pyroprobe. The effect of the
ZSM-5 catalyst was seen to decrease the selectivity to alkenes
and alkanes at both heating rates (Figure 3a and 4a). These
products were oligomerized to aromatic hydrocarbons (Figure
4b) due to the positive effect of ZSM-5 on aromatic
hydrocarbons selectivity. The selectivity to fatty acids in the
pyroprobe liquid products was at highest at 17.2 wt%,
comparable to the selectivity to fatty acids in the fixed bed.
Formation of aromatics: The ZSM-5 catalyst had a clear
effect on the selectivity to O,N aromatics (furans, pyridines,
phenols, indoles, etc.) and aromatic hydrocarbons (benzene,
toluene, xylene, etc.). The selectivity to O,N aromatics was
substantially higher in thermal experiments when compared
with the catalytic experiments at both heating rates. In contrast,
the selectivity to aromatic hydrocarbons is substantially greater
thermal

in catalytic experiments when compared with

experiments at both heating rates. This trend is clearly
illustrated in Figures 3a and 4a when comparing thermal and

catalytic experiments at each temperature. Figure 4b shows the

RSC Advances, 2014, 00, 1-9 | 5
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liquid selectivity to aromatic hydrocarbons, furans, and phenols
from the pyroprobe pyrolysis experiments. Aromatic
hydrocarbon production increased tenfold with the inclusion of
the ZSM-5 catalyst from 0.1-0.2 wt% in thermal pyrolysis to
2.3-2.9 wt% in catalytic pyrolysis. On the other hand, the
selectivity to furans was seen to decrease from 0.3-0.4 wt% in
thermal pyrolysis to ~0.1 wt% in catalytic experiments. Thus,
the ZSM-5 catalyst was seen to significantly enhance selectivity
to aromatic hydrocarbons and decrease selectivity to furans.
This finding is consistent with the work by Cheng et al.,”> who
observed that catalytic pyrolysis with a ZSM-5 catalyst can
convert furans to aromatic hydrocarbons.

Increasing the pyrolysis temperature was seen to have a
positive effect on the selectivity to aromatic hydrocarbons in

I Char (Coke) B Liquid

100*(3) -’ oo e Lz v o by e ! —
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E I
=
.2 L
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Thermal Catalytic
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the fixed bed. The selectivity to aromatic hydrocarbons from
catalytic pyrolysis in the fixed bed was seen to increase
threefold, when the temperature was increased from 763-863 K
(Figure 3a). The selectivity to aromatic hydrocarbons was seen
to decrease with increasing temperature in the pyroprobe. This
is attributed to the lipids present in SCG. For instance, in the
pyrolysis of canola oil, which contains similar fatty acids to
SCG, performed by Du et al®* and Katikaneni et al.*' a
decreasing selectivity to aromatic hydrocarbons was observed
with increasing temperature, in favor of coke formation.
Overall, the selectivity to aromatic hydrocarbons was seen to
increase with increasing temperature (in the fixed bed) and with
the ZSM-5 catalyst.

Gas
L2 7 % 7 7]
80 T
S ool 1
E I ]
=
2 .
~ 40b .
20+ N
0 763 813 863 763 813 863
Thermal Catalytic

Figure 2: Total product yields by wt% for the fixed bed (a) and pyroprobe (b). The gas yield from fixed bed and liquid yield from pyroprobe
pyrolysis experiments were calculated by difference.

Alkene and alkane intermediates: C,;; to C,; linear
hydrocarbons were produced by fatty acid pyrolysis. The
selectivity to linear hydrocarbons in the fixed bed increased
with temperature by twofold in thermal experiments and by
threefold in catalytic experiments (Figure 3a). The experiments
with ZSM-5 were less selective to straight hydrocarbons due to
catalytic cracking and branching. The pyroprobe results verified
the cracking behavior, as shown in Figure 4a. The ZSM-5
catalyst was seen to increase selectivity to xylene, toluene,
naphthalene, benzene, and styrene at the expense of linear
hydrocarbons. The ZSM-5 catalyst promoted oligomerization,
cyclization, and aromatization reactions of straight paraffins
and olefins (Scheme 1, reaction 4).

Nitrogen containing liquid products: Nitrogen was found in
SCG pyrolysis liquid products in the form of caffeine,
hexadecanitrile, hexadecaneamide, benzylnitrile, pyridine, and

indole derivatives. SCG has a sizable protein content'® which is

6 | RSC Advances, 2015, 00, 1-9

a source of nitrogen in addition to caffeine. Hexadecanamide
was observed in the pyrolysis of SCG in the fixed bed, which
suggests that palmitic acid underwent an amidization reaction
with ammonia (Scheme 1, reaction 1C). In addition, the
existence of hexadecanitrile is evidence of the amide pyrolysis
reaction (Scheme 1, reaction 2B). Previous studies involving
proteinaceous biomass performed by Mullen et al.*’ reported
ammonia and amide products. The co-existence of amides,
nitriles, alkanes, indicates that ammonia
substitution, decarbonylation, and decarboxylation are all
possible pathways for fatty acid pyrolysis. In addition,
hexadecanamide was measured in the liquid products from
fixed bed experiments but not from the pyroprobe experiments.
This suggests that due to the faster heating rate, the pyrolysis of
hexadecanamide went to completion in the pyroprobe to
produce hexadecanenitrile.

and 1-alkenes

This journal is © The Royal Society of Chemistry 2014
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Gas Product Distribution

The gas yields from the pyrolysis of SCG in the fixed bed and
pyroprobe are shown in Figure 5. The yield to CO from the
thermal pyrolysis of SCG in the fixed bed was 10.5-12 wt%.
The yield to CO from the catalytic pyrolysis of SCG in the
fixed bed was 11.5-13 wt%, increased by 1 wt% from thermal
pyrolysis. The gas product from the pyroprobe showed a similar
increase in CO production. The CO yield from thermal
pyrolysis experiments was 6.1-6.5 wt%, while the yield from

This journal is © The Royal Society of Chemistry 2014

catalytic pyrolysis experiments was 7.8-8 wt%. The increase in
CO vyield between thermal and catalytic experiments can be
explained with the ZSM-5 promoted decarbonylation reactions.
The yield to CO, from thermal pyrolysis in the fixed bed was
12.0-14.0 wt% while the CO, yield from catalytic pyrolysis in
the fixed bed was 12.5-14.5 wt%. The CO, yield from thermal
pyrolysis in the pyroprobe was 20.9-23.7 wt% and the CO,
yield from the catalytic pyrolysis was 19.3-21.1 wt%. There is
no clear effect of the ZSM-5 catalyst on the CO, yield. At both
heating rates, the high CO, yield is partially due to thermal
decarboxylation reactions of palmitic, linoleic, and stearic

RSC Advances, 2014, 00, 1-9 | 7
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acids. The yield to CH, from thermal fixed bed pyrolysis was
2.5-4 wt% and the yield of CH, from catalytic pyrolysis was
1.5-2.5 wt%. The CH, yield was 1.1-1.4 wt% in the pyroprobe
for both thermal and catalytic pyrolysis. The substantial CH,
yield is evidence of thermal cracking mechanisms that produce
small fragmented alkanes during pyrolysis. ZSM-5 was seen to
lower the CH, yield, which suggests that ZSM-5 catalyzed
oligomerization reactions of the CH, precursors to form
aromatic hydrocarbons. The hydrogen yield from thermal
pyrolysis in the fixed bed was 0.5-1 wt% and the hydrogen
yield from catalytic pyrolysis in the fixed bed was 0.2-0.5 wt%,
yet was negligible in the pyroprobe experiments. The lack of
hydrogen from the pyroprobe experiments helps to explain the
8-heptadecane found in the liquid product as a result of
incomplete saturation of the linoleic acid. The CO to CO, ratio
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is much higher in the fixed bed than the pyroprobe. This is a
result of the decarbonylation of fatty acids being favored in the
fixed bed as indicated by a greater selectivity to 1-alkenes in
the fixed bed than in the pyroprobe (Table S1 and S2). In
addition, the pyrolysis of SCG in the pyroprobe had a greater
selectivity to phenols than in the fixed bed (Table S1 and S2),
which indicates that phenols were more reactive in the fixed
bed to produce CO via decarbonylation reactions. Responses
for NH3, NO, and HCN were also detected, but not quantified.
The overall effects of using a ZSM-5 catalyst on the gas yields
in SCG pyrolysis can be seen by an increase in CO yield under
catalytic conditions due to decarbonylation reactions at both
heating rates and a decrease in CH, yield in the fixed bed due to
enhancement of catalytic oligomerization reactions.
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Figure S: H,, CH,, CO, and CO, gas yield (wt%) from fixed bed thermal and catalytic experiments (a) and pyroprobe thermal and catalytic
experiments (b).

Char analysis and catalyst activity

Solid yields from the pyrolysis of SCG in the fixed bed were
measured at 15-20 wt%. The elemental analysis of the SCG
feedstock and thermal biochars of the fixed bed pyrolysis
experiments is reported in Table 3. Nitrogen, carbon, and sulfur
content were significantly greater in the char samples than in
SCG. In contrast, hydrogen and oxygen were dramatically
decreased, showing that hydrogen and oxygen sources are more
readily pyrolyzed than carbon, nitrogen, and sulfur. Increasing
the pyrolysis temperature was seen to increase the char carbon
content, while the hydrogen and oxygen content was seen to
decrease. The effect of temperature on the overall coke and char
yields was not clear. On the other hand, the solid yield was seen
to be lower in catalytic experiments (coke) than in thermal
experiments (char) at both heating rates (Figure 2). The
pyrolysis of SCG in the pyroprobe was seen to generate twice
the solid product by wt% than the fixed bed. This is a result of
the difference between the in situ catalyst loading in the

8 | RSC Advances, 2015, 00, 1-9

pyroprobe and ex situ catalyst loading in the fixed bed. The in
situ method results in lower rates of mass transfer, direct
mixing of coke precursors with the catalyst, and enhanced coke
formation.” Wang et al.? reports a similar discrepancy in total
solids yield when comparing in situ and ex situ pyrolysis. In
addition, one third of the nitrogen found in the SCG was
retained in the biochar. The increased nitrogen content suggests
that the char product from an industrial scale process with an ex
situ catalytic upgrading step downstream the SCG pyrolysis
process, may be used as a low quality fertilizer. From an
environmental point of view, the retention of nitrogen and
sulfur in the solid residue is a clear advantage of SCG pyrolysis
as compared to the combustion and gasification of these
elements.

The acidity of the ZSM-5 catalyst before and after one
catalytic experiment was explored in order to provide an
indication of the catalyst stability in SCG pyrolysis. The acidity
of the Bronsted acid sites was seen to decrease from 214.3
umol/gr in the original catalyst to 191.8 pmol/gr in the
recovered catalyst. Water is produced in many pyrolysis

This journal is © The Royal Society of Chemistry 2014
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reactions and contributes to the loss of Brensted acid sites as a
result of dealumination of the zeolite framework.’ The loss of
Bronsted sites is also likely attributed to potassium generally
found in SCG.® The acidity of the Lewis sites was seen to
decrease from 25.2 pmol/gr in the original catalyst to 19.0
pmol/gr in the recovered catalyst. The ratio of Brensted acid to
Lewis acid sites increased from 8.5 pmol/gr in the original
catalyst to 10.1 pmol/gr in the recovered catalyst. Overall, a
decrease in the acidity of the ZSM-5 catalyst was observed after
use in the pyrolysis of SCG.

Table 3: Elemental analysis of fixed bed thermal chars and SCG
feedstock (wt%).

SCG Thermal char

763K 813K 863K
Carbon 55.6 72.0 74.8 76.2
Hydrogen 7.0 3.7 3.0 2.5
Nitrogen 1.8 2.9 3.0 2.9
Oxygen 355 21.1 18.9 18.8
Sulfur 0.2 0.4 0.4 0.3
Conclusions

The pyrolysis of spent coffee grounds in fixed bed and
pyroprobe thermal and catalytic experiments produced a liquid
product containing phenols, pyridines, furans, fatty acids, linear
hydrocarbons, and aromatic hydrocarbons. The fatty acids
pyrolyzed mainly through decarboxylation and decarbonylation
reactions. Pyrolysis with a commercial ZSM-5 catalyst was
seen to enhance the selectivity of the liquid product to aromatic
hydrocarbons, including benzene, xylene, and toluene, despite
the ZSM-5
oligomerization, cyclization, and aromatization reactions of

low biomass to catalyst ratio. catalyzed
straight paraffins and olefins to benzene and xylene. The ZSM-
5 catalyst increased the CO yield, formed via decarbonylation
reactions. In addition, higher temperatures promoted the
conversion of SCG to hydrocarbon products. These temperature
and catalytic trends were consistent across both heating rates.
One third of the nitrogen in SCG feed was retained in the char,

indicating its potential use as a fertilizer.
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