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Introduction

Abstract

Production of biogas utilizing agricultural wastes is one of the most demanding
technologies for generating energy in sustainable manner considering environ-
mental concerns. However, though the agricultural wastes are available in abun-
dance, the technologies used for the production of biogas such as biological and
thermochemical processes are not very efficient. In the present article, we describe
a process for the production of biogas from coffee pulp utilizing Cu/TiO, as an
efficient photocatalyst in its solar photocatalytic pretreatment, producing biogas
of high caloric value at enhanced rate. The pretreatment process enhances the cof-
fee pulp—cattle manure codigestion, producing increased amounts of methane,
propane, and other combustible components of biogas. The photocatalytic pre-
treatment was performed using 10%Cu/TiO, as photocatalyst, bubbling air as
oxidizing agent, and solar radiation as light source. The process enhances the deg-
radation rate of lignocellulosic components of coffee pulp, consequently increas-
ing the biogas production through anaerobic codigestion. The mechanism of
photocatalytic degradation of lignocelluloses has been discussed. The results pre-
sented in this work indicate the photocatalytic pretreatment is a useful process to
increase biogas generation from lignocelluloses-rich natural wastes.

removing shell and mucilaginous part. In wet industrial
processes, a large amount (about 29% dry-weight of the

Methane production from a variety of biological wastes
through anaerobic digestion technology is growing world-
wide and is considered ideal in many ways due to its eco-
nomic and environmental benefits [1-10]. Methane
fermentation is the most efficient technology for energy
generation from biomass in terms of energy output/input
ratio (28.8 MJ/MJ) among all the technologies used for
energy production through biological and thermochemi-
cal routes [11].

Coffee is the second largest traded commodity in the
world which generates large amounts of by-products and
residues during processing. Industrial processing of
coffee cherries is performed to separate coffee beans by

whole coffee berry) of coffee pulp is produced as the
first by-product. The organic components present in cof-
fee pulp include cellulose (63%), lignin (17%), proteins
(11.5%), hemicelluloses (2.3%), tannins (1.80-8.56%),
pectic substances (6.5%), reducing sugars (12.4%), non-
reducing sugars (2.0%), caffeine (1.3%), chlorogenic acid
(2.6%), and caffeic acid (1.6%) [12-14]. Coffee wastes
and by-products produced during coffee berry processing
constitute a source of severe contamination and pose
serious coffee-producing
countries. Therefore, disposal of coffee pulp is becoming
an emerging environmental problem worldwide due to
its putrefaction. Due to anaerobic conditions of open

environmental problems in
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pulp-storage or composting areas, an uncontrolled emis-
sion of methane (CH,) and nitrous oxide (N,O) from
these places cannot be excluded [15-17]. Hence, the
utilization and management of coffee wastes in large
scale still remains a challenge worldwide not only due to
the generation of earlier gases but also for their high
contents of caffeine, free phenols, and tannins, which
are known toxic agents for many biological processes
[18].

Use of anaerobic digestion process for the treatment of
organic fraction of municipal solid wastes has been popu-
lar worldwide during the past decades. Indeed, the biolog-
ical degradation process of organic materials under
anoxic conditions lead to the production of methane,
which can be used as an efficient renewable energy source
in comparison with aerobic stabilization processes that
require higher energy consumption [19].

Codigestion can be defined as the simultaneous diges-
tion of two or more biomass wastes which contribute to
different organic matter. The benefits of codigestion
include dilution of potential toxic compounds, improved
balance of nutrients, synergistic effect of microorganisms,
higher loading of biodegradable organic matter, and
higher biogas yield [20].

Generation of methane from solid organic waste
through anaerobic digestion is significantly affected by the
mass transfer in each of the involved biological steps, as
well as by the availability of biodegradable organic matter
[21]. The most important step in this regard is the hydro-
lysis of complex organic molecules to soluble compounds.
Several physical [22, 23], chemical [24, 25], and biological
processes [26, 27], or their combinations have been utilized
to improve the efficiency of anaerobic treatments [28, 29].

Lignocellulosic biomass is the major structural compo-
nent of wood and plant fibers, which is also the most
abundant polymer synthesized by nature. However, its
use as a feedstock for fuels and chemicals has been lim-
ited due to its highly crystalline structure, inaccessible
morphology, and limited solubility. Moreover, it is diffi-
cult to degrade biologically. Pretreatment of the agricul-
tural residues by mechanical size reduction, heat
treatment, and/or chemical treatment usually improves its
digestibility. Explored chemical pretreatment methods
include bicarbonate treatment [30], alkaline peroxide
treatment [31], ammonia treatment [32]. Electron-beam
radiation has also been used as pretreatment of biomass
to improve its digestibility [33-36]. However, these pre-
treatment methods are complicate, need special equip-
ment, and hence not cost-effective.

On the other hand, application of the photocatalytic
method for the destructive removal of natural organic sub-
stances has been extensively studied [37, 38]. As example,
several researchers have utilized TiO, under UV
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illumination to decompose refractory lignin [38, 39].
Tanaka et al. have applied TiO, and UV irradiation to
degrade wastewater lignin [40]. The time for complete del-
ignification could be shortened by increasing the amount
of TiO,. On the other hand, incorporation of noble metal
into TiO, has also seen to enhance its photocatalytic
efficiency for the degradation of refractory compounds
[41-45].

In general, photocatalytic oxidation can be considered as
an example of innovative technologies collectively known
as advanced oxidation processes (AOP) that rely on the
generation of highly reactive radicals. Those reactive spe-
cies are subsequently used to degrade organic pollutants.
The principles of photocatalytic oxidation and its environ-
mental applications have been reviewed extensively [36—43,
46]. Basically, the heterogeneous photocatalytic processes
depend on the utilization of UV or near-UV radiation to
photo-excite the semiconductor catalysts in presence of
oxygen. Under these circumstances, oxidizing species such
as surface-bound hydroxyl radical (-OH), superoxide
(-O;7), hydroperoxy radical (HO,-), and free holes are
generated. The active species could initiate a series of redox
reactions to degrade adsorbed molecules [47]. Of the sev-
eral semiconducting oxides utilized as photocatalysts, TiO,
in anatase phase has seen to be the most efficient due to its
high stability, high photocatalytic efficiency, low toxicity,
and low cost. High optical absorbance in the near-UV
region remains the major advantage of TiO, for this pur-
pose. However, due to the technical problem arising from
the dissolution/dispersion of TiO,, it is difficult to separate
from the solvent or reaction mixture. While this is a practi-
cal problem for the reuse of the catalyst, the presence of
fine TiO, particles in the supernatant complicates the esti-
mation of catalytic products.

In this investigation, we have prepared a Cu/TiO, cata-
lyst, which is of semiconducting nature, having strong
absorbance in between 235 and 400 nm, and an intense
absorption band in the visible region (400-800 nm), sug-
gesting its utilization for photocatalytic degradation of the
complex organic substances present in waste coffee pulp.
The photocatalytic degradation of lignin may generate
simple organic molecules, which may be suitable for fur-
ther anaerobic digestion. The photocatalytic activity of
the calcined Cu/TiO, catalyst under direct solar radiation
for enhanced solubility of refractory compounds of ligno-
cellulosic biomass present in coffee pulp has been studied.
The use of solar energy as UV-vis irradiation source
brought down the biogas production cost in comparison
with the other biomass pretreatment methods developed
to date [30-36]. To the best of our knowledge, there is
no report in the literature so far on the photocatalytic
degradation of lignocellulosic biomass contained in coffee

pulp.
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Materials and Methods

Collection and preparation of substrates

Our experiments were performed with coffee pulp col-
lected during the coffee bean processing in a semitropical
region of Puebla, Mexico. The cattle manure was collected
from a dairy farm.

Catalyst preparation

The Cu/TiO, catalyst was prepared by the impregnation
method using titanium dioxide (Baker 99.99%) and
appropriate amounts of aqueous solution of Cu(NOj),
(Aldrich 99.99%) to obtain a 10 wt% Cu on the TiO,.
The suspension was stirred at room temperature for 4 h.
After drying at 120°C overnight, the sample was calcined
in air at 800°C for 4 h, after which it is called as 10%
Cu/TiO, catalyst. After calcination, the catalyst presented
a very high indentation hardness and resistance to pul-
verization. A reference TiO, support was prepared in the
same way using only distilled water (without Cu
(NO3)»).

Catalyst characterization

Adsorption/desorption isotherm of the samples were
measured using a Quantachrome Nova-1000 sorptometer
(Quantachrome Instruments, Florida, USA). Specific
surface area (Sg) of the samples was estimated from
their N, physisorption at 77 K, using BET analysis
methods.

The diffuse reflectance spectra (DRS) of the composite
catalyst and the reference sample were obtained for their
dry-pressed disks (~15 mm diameter) using a Varian Cary
500 UV-Vis spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA) with DRA-CA-301I diffuse reflec-
tance accessory using BaSO, as standard reflectance sam-
ple. The crystallinity and structural phase of the samples
were verified through powder X-ray diffraction (XRD)
technique using the Cu Ko source (4 = 1.5406 A) of a
Bruker D8 Discover diffractometer (Bruker Corporation,
Bruker, Mexico).

Photocatalytic pretreatment of coffee pulp

The photocatalytic pretreatment of coffee pulp was car-
ried out in a quartz photoreactor, newly designed and
built in our laboratory. The detailed schematic drawing of
the experimental setup is shown in Figure 1.

The sunlight was utilized as UV radiation source to expose
the catalytic reaction mixture. Ambient air from a compres-

sor was fed into the reactor at the rate of 0.5 L min™ .
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Figure 1. Schematic layout of the photoreactor used for the
photocatalytic pretreatment of coffee pulp. 1: air compressor; 2: mass
flow controller; 3: coffee pulp, water, and catalyst mixture; 4:
thermometer; 5: air outlet; 6: solar radiation exposure.

The quartz reactor (called reactor A) of 10 cm inner
diameter was filled with a mixture of 10%Cu/TiO,
(100 g), coffee pulp (100 g) and water (500 mL). Small
transparent fabric sachets were used as catalyst containers,
which permitted a total and immediate separation of
catalyst from the reaction mixture after the photocatalytic
pretreatment process.

A second reactor (called reactor B) containing a similar
reaction mixture without the catalyst was also studied
under the same solar irradiation and air-flow conditions.
The temperature of the reactor was maintained at 30°C.
The reactors were exposed to solar radiation from 9:00 h
to 16:00 h during 30 days (April). On average, the inten-
sity of the exposed solar radiation was about
1000 W m 2. After these 30 days of exposure, the catalyst
was separated from the reaction mixture, which was
transferred to the digester used for anaerobic codigestion
tests.

The catalyst was easily separated from the mixture due
to its high crystallinity and indentation hardness. However,
the possibility of catalyst leaking or diluting in the reaction
mixture cannot be discarded. In order to probe that no
residual photocatalyst remained in the reaction mixture,
after the photocatalytic pretreatment, we analyzed this
mixture by atomic absorption spectrometry, using an AA-
7000 spectrophotometer provided by Shimadzu (Shimadzu
Corporations, Tokyo, Japan). Results revealed a Cu con-
centration lower than 2 ppm in the sample. This low-level
indicates a very low leaching of 10%Cu/TiO, catalyst dur-
ing photocatalytic pretreatment.

© 2014 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 179
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Anaerobic codigestion tests

Preliminary tests for the optimization of catalyst/
cattle manure ratio

To optimize the photocatalytically pretreated coffee pulp/
cattle manure ratio in the digesters, we performed some
simple tests in small stainless steel vessels with different
weight ratios of photocatalytically pretreated coffee pulp
and cattle manure. The volume of the test vessels was
0.1 L, with a working volume of about 0.05 L. About 1 g
of the photocatalytically pretreated coffee pulp and cattle
manure mixture with different (0:1, 0.5:1, 1:1, 2:1, and
1:0) weight ratios were incorporated into the test vessels
along with 0.025 L of water. The test digesters were
equipped with a tap connected to an external tube, which
enabled the sampling of the exhausted biogas. These
digesters were placed outdoor under direct solar radiation
for 15 days, after which the produced biogas was charac-
terized by its CH,4 content (vol %) through gas chroma-
tography. The results are reported in Table 1. In this
table, it can be seen that the methanation capacity is best
in the mixture containing 40 wt% catalytically pretreated
coffee pulp, 40 wt% cattle manure, and 20 wt% water.
The preliminary experiments described above permitted
to determine the optimum coffee pulp/cattle manure
ratio, assuring the biological processes during anaerobic
codigestion take place while utilizing photocatalytically
pretreated coffee pulp as nutrient matter.

Batch digestion tests were performed using 2 L capacity
stainless steel tanks as digestion reactors. Two digesters,
one containing the mixture of cattle manure and photo-
catalytically pretreated coffee pulp (called digester A) and
another (called digester B) containing the mixture of cat-
tle manure and coffee pulp pretreated without the photo-
catalyst were prepared for the codigestion tests. The
digesters were not pretreated with any methanogenic
inoculum. A typical setup of the codigestion experiment
using such digester is presented schematically in Figure 2.
The mixtures contained 40 wt% pretreated or untreated
coffee pulp, 40 wt% cattle manure, and 20 wt% water.
After pouring the mixtures, the digesters were tightly
closed with rubber septum, and left outdoor under direct

Table 1. Methane concentration in the biogas produced in the mix-
ture of photocatalytically pretreated coffee pulp/cattle manure (20 wt
% water) mixture after 15 days of digestion.

Pretreated coffee pulp/cattle manure Methane concentration (%)

0/1.0 3
0.5/1.0 7
1.0/1.0 15
2.0/1.0 6
1.0/0 2.5
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solar radiation (for heating) for 30 days. It is important
to note that the stainless steel tanks do not permit the
solar radiation to pass through the reaction mixture.
Therefore, no photocatalytic process takes place inside the
tank, even if the photocatalyst in traces remains in the
reaction mixture. Under these circumstances, there would
be no generation of oxidizing species such as surface-
bound hydroxyl radical (-OH), superoxide (-O, ), hydro-
peroxy radical (HO,-), and free holes, and thus the
growth of anaerobic bacteria remains unaffected.

As in the case of photocatalytic pretreatment, the aver-
age illumination intensity was about 1000 W m ™2, and
the maximum temperature of the reaction mixture varied
in between 35 and 45°C. To provide mixing of the reac-
tants in the containers, the reactors were agitated manu-
ally with a crank handle for about 1 min twice a day.

Analytical methods

The contents of cellulose, hemicellulose, and lignin of the
coffee pulp were analyzed every 5 days for 30 days of
photocatalytic pretreatment, following the method pro-
posed by Van Soest et al. [48]. The values of the pH,
total solids (TS), and the volatile solids (VS) in the reac-
tors were determined before (initial values) and after
30 days of codigestion (final values), according to the
Mexican standard method [49]. The initial and final
parameters are reported in Table 2.

After 30 days of codigestion, the generated biogas
(100 mL min~") was passed through an activated carbon
column and collected into an analysis gas cell coupled to
a Bruker (Vertex 70) FTIR gas spectrometer for composi-
tion analysis. The analysis of the biogas composition was
performed using the QAsoft-quantitative analysis software
to determine the presence and quantity of the volatile
compounds in the flow. All the measurements were per-
formed in triplicate at room temperature.

Results and Discussion

Catalyst characterization

Figure 3 shows the XRD patterns of TiO,, and 10%Cu/
TiO, samples calcined at 800°C for 4 h. While the pure
TiO, sample revealed its crystallinity in anatase phase, the
annealed 10%Cu/TiO, sample reveled its rutile phase
without considerable change in crystallinity. The sample
also revealed a weak diffraction peak associated with CuO
in monoclinic phase. Appearance of CuO peak in the
10%Cu/TiO, composite indicates the presence of Cu dis-
persed in TiO, powder. It must be noted that all the
peaks associated with rutile phase of TiO, in 10%Cu/
TiO, sample suffered a small shift toward lower angle,

180 © 2014 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.
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Figure 2. Schematic illustration of the used codigestion setup (1): thermocouple; (2): mixing crank handle; (3): activated carbon; (4): digestion

reactor; (5): sampling valve for pH measurement; (6): FTIR spectrometer.

Table 2. Composition of coffee pulp after photocatalytic pretreatment.

In fresh

coffee In the product of In the product of

pulp (%)  reactor A (%) reactor B (%)
Lignin 6.88 4.05 6.88
Cellulose 43.98 29.45 43.56
Hemicellulose  27.80 11.86 27.74

demonstrating a lattice expansion due to Cu incorpora-
tion.

In Figure 4, the UV—Vis absorption spectra of the TiO,
and 10%Cu/TiO, samples are presented. Absorption spec-
trum of the 10%Cu/TiO, sample revealed three clearly
distinguishable absorption regions. In the first region in
between 220 and 310 nm, there appeared a broad absorp-
tion signal peaked at about 235 nm, which can be
assigned to the charge-transfer transition of the ligand
0”7, to isolated metal center Cu®" and the d—d transition
of CuO particles [50-52].

The broad absorption signal in the 350-400 nm spec-
tral range, peaked around 370 nm indicates the presence
of Cu,O layers on the particle surface [51]. The absorp-
tion in the visible region (400-800 nm) can be attributed
to the absorption of Cu,O and CuO on the TiO, surface.
On the other hand, the absorption spectrum of the pure
TiO, sample is featureless, except a strong absorption

edge near about 385 nm. The band gap calculated by
extrapolating the absorbance near the absorption edge to
zero revealed the band gap energy values of about 3.04
and 2.77 eV for the pure TiO, and 10%Cu/TiO, samples,
respectively. The estimated band gap energy values clearly
indicate a red shift (toward visible region) of band gap
energy of TiO, on Cu incorporation. The BET estimated
specific surface area and optical band gap energy values
of the pure and Cu incorporated calcined TiO, samples
are presented in Table 3.

Photocatalytic pretreatment of coffee pulp

Figure 5 shows the evolution of lignin, cellulose, and
hemicellulose contents present in the fresh coffee pulp,
as a function of the reaction time in reactor A
(with 10%Cu/TiO, photocatalyst), and in reactor B
(without the photocatalyst). Table 2 shows the estimated
values of lignin, cellulose, and, hemicellulose present in
the fresh coffee pulp after 30 days of photocatalytic pre-
treatment in reactor A, and in reactor B. From the data
presented in Figure 5 and Table 2, we can conclude
that:

* The contents of lignin, cellulose, and hemicellulose
remain almost same on irradiating the pulp in reactor
B (in absence of the photocatalyst).

© 2014 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 181
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Figure 3. XRD patterns of powder TiO, and 10%Cu/TiO, samples
after calcination in air at 800°C for 4 h. For clarity, the XRD pattern of
the 10%Cu/TiO, samples was vertically shifted. XRD, X-ray diffraction.
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Figure 4. UV-Vis absorbance spectra of TiO, and 10%Cu/TiO,
samples after calcination at 800°C for 4 h in air.

Table 3. Catalysts characterization data.

Specific surface Band gap energy,

Sample area (m? g ') Eq (eV)
TiO» 10.02 3.04
10%Cu/TiO, 12.10 2.77

» After the photocatalytic pretreatment, the contents of
lignin, cellulose, and hemicellulose in the coffee pulp
decreased considerably.

* Lignin, cellulose, and hemicelluloses photodegradation
rate is high during the first 10 days of solar irradiation
pretreatment. After this time, only a small variation in

G. Corro et al.
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Figure 5. Evolution of the composition of coffee pulp as a function
of reaction time.

the contents of these components in reactor A was
detected. This result suggests that for application
convenience, coffee pulp’s photocatalytic pretreatment
time can be reduced.

The results obtained from the pretreatments in two
reactors (reactor A and reactor B) clearly indicate that the
pretreatment without the photocatalyst has negligible
effect on the degradation of lignocellulosic biomass in
comparison with the pretreatment in presence of 10%
Cu/TiO, photocatalyst. As the UV—Vis absorption spec-
trum of the 10% Cu/TiO, catalyst (Figure 4) revealed the
presence of Cu®" and Cu'" ions and an extended TiO,
absorption in the visible region, the photocatalytic degra-
dation of lignocellulosic biomass can be explained consid-
ering the following facts:

e The 10%Cu/TiO, sample acts as a very efficient photo-
catalyst under solar irradiation due to its characteristic
absorptions near UV region and extended absorption
in the visible spectral region.

* Electron trapping by the copper ions present in the
TiO, matrix probably inhibits the recombination pro-
cess of photogenerated electrons and holes [53-56].

e The 10%Cu/TiO, photocatalyst probably generated a
large amount of hydroxyl radicals (-OH), superoxides
(-0, "), hydroperoxy radicals (HO;-), or free holes on
its surface as proposed by Linsebigler et al. [45]. These
species should have enhanced the lignocellulose degra-
dation rate in a similar way as proposed by Machado
et al. [40]. These authors found that the hydroxylation
of aromatic structures in lignin occurs during photo-
chemical process in the presence of TiO,, which is
known to generate hydroxyl radicals under UV-Vis
irradiation. The incorporation of hydroxyl groups into
the benzene rings leads to the creation of radical sites
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allowing the action of superoxide radicals, and resulting
in a structural fragmentation of lignin. On the other
hand, Ma et al. have observed a rapid photocatalytic
lignin degradation using TiO, and Pt/TiO, [45].

Our results indicate that a photocatalytic pretreatment
might be an effective way for breaking the complex ligno-
cellulosic biomass matrix, changing chemical components
and physical structures of biomass like coffee pulp. As the
lignocellulosic biomasses are very difficult to be degraded
biologically, a photocatalytic pretreatment of biomass can
generate biodegradable components, which would be eas-
ier to digest for microorganisms.

Anaerobic codigestion process

In order to investigate the effect of photocatalytic pre-
treatment on the subsequent biogas production, the coffee
pulps pretreated in the reactors A and B were anaerobi-
cally codigested with cattle manure.

As can be seen from Table 4, the initial and final pH
values measured for the two digesters remained constant,
whether the coffee pulp was photocatalytically pretreated
or not. The percentage decrease in TS and VS in the mix-
tures of the two digesters after 30 days of solar irradiation
is considerably notable. The decrease is huge for the
digester A where we sued the photocatalytically pretreated
coffee pulp in comparison with the same in the digester B
fed with untreated coffee pulp for the codigestion by cat-
tle manure.

These results indicate that the effect of photocatalytic
pretreatment of coffee pulp results in an enhanced degra-
dation of TS and VS through the codigestion process.
The result of the codigestion process is seen to be closely
related with the results of photocatalytic pretreatment
(Table 2), suggesting a possible correlation between the
amount of degraded lignin, cellulose, and hemicelluloses
in the fed charge of the digester and the produced biogas.

Biogas production

In Table 5, the results of quantitative analysis of the
produced biogas in the digesters A and B are presented
in comparative manner. From the obtained results, we
can observe that after only 1 month of codigestion: (1)

Table 4. Initial and final compositions determined in the digesters.

Volatile solids
pH Total solids (%) (%)
Digester Initial Final Initial Final Initial Final
A 7.1 7.1 14.26 5.45 92.25 10.86
B 7.2 7.0 14.02 10.15 91.09 89.03

Biogas Production from Coffee Pulp & Photocatalysis

valuable combustion gases like methane, propane, etc. are
generated from the coffee pulp—cattle manure mixture
through codigestion; (2) the amounts of generated com-
bustion gases are considerably higher for the digester con-
taining photocatalytically pretreated coffee pulp (digester
A) than the amounts generated from the digester B,
where untreated coffee pulp was used.

Table 6 shows the combustion enthalpies (AH,.) of the
combustion gases detected in 100 mL of the biogas gener-
ated in digesters A and B. These values were calculated
from the volume (V) of each component measured in
100 mL of biogas (Table 5) and on basis of the standard
combustion enthalpies (AH?) reported in the literature
using the following relation[57]:

V x AHP
AH, = ————¢
22,400

As can be seen from the Table 6, the total combustion
enthalpy (AH.) of the biogas generated in digester A is
almost three times to the total combustion enthalpy of
the biogas generated in the digester B ([—2.59]/
[—0.93] = 2.78), indicating the necessity of utilizing the
photocatalytic pretreatment of coffee pulp before its
digestion for obtaining higher amounts of biogas, that is,

Table 5. Amounts of different components in 100 mL of biogas gen-
erated from the digester A (containing photocatalytically pretreated
coffee pulp) and the digester B (containing photocatalytically
untreated coffee pulp).

Estimated volume (mL/100 mL of

biogas)

Compound Digester A Digester B
Butane 3.26 1.13
1-Butene 0.00 0.26
Cis-2-butene 0.00 1.15
Cyclopropane 6.41 2.17
Ethane 0.06 0.00
Isobutane 2.38 0.71
Methane 21.09 17.79
Propane 23.78 8.44
2-Methyl-1-butene 0.00 2.08
3-Methyl-1-butene 7.56 2.51
2-Pentene 10.61 1.97
Cyclohexane 0.48 0.07
Cyclohexene 0.05 0.01
Dodecane 1.03 0.26
n-Hexane 6.85 0.35
1-Hexene 6.83 2.07
3-Methyl pentane 2.62 0.92
n-Octane 0.05 0.22
Carbon dioxide 11.03 43.25
Hydrogen sulfide 2.06 0.92
Other gases 5.68 15.79
Total 100 100

© 2014 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd. 183
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Table 6. Standard combustion enthalpies (AHZ) and combustion
enthalpies (AH.) of the component gases in 100 mL of the biogas
generated in the digester A (containing photocatalytically pretreated
coffee pulp) and digester B (containing photocatalytically untreated
coffee pulp).

AH_ kcal/100 mL biogas

Compound AH? kcal mol™' Digester A Digester B
Butane —687.982 -0.10 —0.03
1-Butene —649.757 0 0
Cis-2-butene —648.115 0 —0.03
Cyclopropane —499.52 -0.14 —0.04
Ethane —372.820 0 0
Isobutane —686.342 —0.07 —0.02
Methane —212.798 -0.20 -0.17
Propane —530.605 —0.56 -0.19
2-Methyl-1-butene —803.17 0 —0.07
3-Methyl-1-butene —804.93 -0.27 —0.09
2-Pentene —805.34 —0.38 —0.07
Cyclohexane —944.79 —0.02 —0.003
Cyclohexene —907.38 —0.00 —0.001
Dodecane —1947.23 —0.09 —0.02
n-Hexane —1002.57 —0.30 —0.01
1-Hexene —973.42 -0.29 —0.08
3-Methyl pentane —1001.51 -0.11 —0.04
n-Octane —1317.45 —0.002 —0.01
Total —2.59 —0.93

for higher economic benefits. The equivalent heat of com-
bustion of the biogas generated in digester A is approxi-
mately 2427 kJ/mol, which is much higher than the heat
of combustion of methane (889 kJ/mol), the principal
component of usual biogas.

The results presented in the Tables 2 and 4-6 suggest
that a photocatalytic pretreatment of the coffee pulp
before the codigestion process might have accelerated its
subsequent anaerobic biodegradation.

Anaerobic degradation of biomass is considered to fol-
low a sequence of four steps: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. During the hydrolysis
phase, the water-insoluble compounds like cellulose, pro-
teins, and fats get broken into monomers (water-soluble
fragments) by exoenzimes (hydrolase). The conversions of
carbohydrates into simple sugars, lipids into fatty acids,
and proteins into amino acids take place in the hydrolysis
phase [58]. However, the degradation of lignocellulose
and lignin present in biomass is slow and incomplete
[59].

As we can see from Table 2, after the photocatalytic
pretreatment, the contents of lignin, hemicelluloses, and
cellulose in the coffee pulp decrease, probably due to the
cleavage of chemical bonds of these components during
the photocatalytic pretreatment process. The presence of
lignin in lignocellulosic biomass leads to a protective
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barrier to the biomass and provides resistance to any
chemical and biological degradation, preventing the plant
cell destruction by fungi, bacteria, or enzymes. For the
generation of biogas from coffee pulp through codiges-
tion, the cellulose and hemicellulose must be broken to
their corresponding monomers, suitable for their diges-
tions through biological route (by microorganisms).
Therefore, the photocatalytic pretreatment of coffee pulp
with 10%Cu/TiO, under solar radiation in presence of
oxygen helps to cleavage the impermeable/resistant layer
of lignin, and breaks the containing long-chain cellulose
and hemicellulose into their corresponding monomers.
The enhanced codigestion of the photocatalytically pre-
treated coffee pulp and cattle manure mixture is due to
the presence of a reduced amount of lignin and increased
availability of lignocellulosic monomers in the pretreated
coffee pulp.

It is worth noting (Tables 5 and 6) that besides meth-
ane, high amounts of propane, butane, and other high
molecular weight combustible hydrocarbons are generated
during the codigestion of photocatalytically pretreated
coffee waste with cattle manure. The presence of these
high molecular weight products could be due to the
following factors:

e The variations in temperature inside the digester.

* An inhibition effect due to traces of 10%Cu/TiO,
(remaining from the photocatalytic pretreatment) in
the anaerobic digester.

* The presence of additional products generated from the
photocatalytic hydroxylation of the aromatic structures
of lignin, hemicelluloses, and cellulose.

As the temperature variation was similar inside both
the digesters (A and B), the contribution of the first fac-
tor can be discarded. However, the composition of the
biogas generated from digester A is different from the
digester B. The contribution of the second factor should
also be ruled out, as the used photocatalyst (10% Cu/
TiO,) is not active inside the stainless steel digester (as
discussed in the section Anaerobic codigestion tests).
Now, it is possible that during the photocatalytic pretreat-
ment of lignin, hemicelluloses, and cellulose, several
derivatives of their aromatic structures are produced in
high concentration through photocatalytic hydroxylation,
which might also act as bacterial nutrients. The excessive
increase in bacterial nutrients might also cause a reduc-
tion in consumption of higher carbon content organic
molecules by the anaerobic bacteria in the digestion pro-
cess.

The results presented in Table 6 indicate that the bio-
gas produced by our process can generate higher amount
of energy during its combustion than the conventional bi-
ogases rich in methane. However, we are still optimizing
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the catalysis process and expecting even a higher biogas
output. The optimized yield and the viability data of the
process will be communicated soon.

Conclusions

We have demonstrated that a photocatalytic pretreatment
of waste coffee pulp using 10%Cu/TiO, photocatalyst
under solar radiation and air as oxidizing agent can
enhance the solubility and biodegradability of its lignocel-
lulosic components. This improved biodegradability also
enhances the production of biogas from this waste bio-
mass through anaerobic digestion. The process described
in this study is technically viable, produces biogas of high
combustion energy, and thus promising for higher eco-
nomic benefits. Moreover, the process has potential for
larger-scale production of energy-rich biogas from natural
wastes like coffee pulp.
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