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Biogas could be produced by the co-digestion of coffee-pulp and cow-dung mixture under solar radiation.
Gas chromatography and FTIR spectroscopy were used to analyze the chemical compositions of the gen-
erated biogas and its postcombustion emissions. From the first month of co-digestion at mesophylic con-
ditions, methane content in the biogas attains 50% of the yield. This content increased up to 60% and
remained almost constant for at least 8 months of further digestion. The FTIR gas spectroscopy analysis
revealed the presence of over 70 chemical compounds in the biogas generated after 4 months of co-diges-
tion along with several compounds hazardous to environment and animal health like isocyanic acid, and
bromomethane. Combustion emission of the biogas contained several components like CH,4, CsHg, CO,
SO,, HI, and probably Br, which are strongly harmful to human and animal health. Results presented
in this work indicate that if the biogas is to be considered as a fuel, the conventional combustion tech-

nology has to be upgraded to prevent these hazardous emissions to the atmosphere.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Global depletion of fossil fuels has led to the search for alterna-
tive sources of energy. Biomass has the largest potential and can
only be considered as the best option for meeting the demand
and insurance of future energy (biofuel) supply in a sustainable
manner.

The biofuel production from renewable resources refers partic-
ularly to the lignocellulosic biomass/materials, as this makes up
the majority of the cheap and abundant non-food materials avail-
able from the plants. Therefore, lignocellulosic feedstock can offer
the potential to provide novel biofuels of the second generation [1].

The production of hydrogen, natural gas, bio-oils, biogas, alco-
hols and biodiesel from renewable biomass have been a major re-
search topic around the world with a prospect to supplement
petroleum fuels and reduce environmental pollution.

Methane production from a variety of biological wastes through
anaerobic digestion technology is growing worldwide and is con-
sidered ideal in many ways due to its economic and environmental
benefits [2-8]. Methane fermentation is the most efficient technol-
ogy for energy generation from biomass in terms of energy output/
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input ratio (28.8 MJ/M]) among all the technologies used for en-
ergy production through biological and thermochemical routes [9].

Use of agricultural biomass for biogas production has been in-
creased in recent years. Agricultural biomass includes food based
portion (oil and simple carbohydrates) of crops such as corn, sug-
arcane, and the non-food based portion of crops such as the leaves,
stalks and coffee pulp and husk. Use of specific microorganisms for
pretreatment of wastes further promises to increase the yield and
stability of the biogas end products. In addition, the use of agro-
industrial residues in bioprocesses helps to reduce environmental
pollution [10,11].

Coffee is the second largest traded commodity in the world and
generates large amounts of by-products and residues during pro-
cessing. Industrial processing of coffee cherries is performed to
separate coffee beans by removing shell and mucilaginous part.
In wet industrial processes a large amount (about 29% dry-weight
of the whole coffee berry) of coffee-pulp is produced as the first by-
product. The organic components present in coffee-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%), chloro-
genic 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 environmental
problems in coffee producing countries. Therefore, disposal of cof-
fee pulp is becoming an emerging environmental problem world-
wide due to its putrefaction. Due to anaerobic conditions of open
pulp-storage or composting areas, an uncontrolled emission of
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methane (CH,4) 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
due not only 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].

Previous studies have confirmed that the content of toxic mate-
rials in coffee pulp can be minimized by microbial degradation
[19,20]. To that effect, generation of bioproducts such as biogas
has been established at small scale. On the other hand, anaerobic
digestion of animal manure has been investigated extensively
[21-23]. The use of cow-dung for biogas generation is well estab-
lished [24]. However, the costs of cow-dung digesters are not
favorable due to their relatively low biogas yield in comparison
with several other types of organic wastes such as food wastes
[22,23].

One of the approaches for improving cost-benefit of cow-dung
digesters is to increase their biogas production rate by co-digestion
with more biodegradable wastes as long as such wastes are avail-
able in the vicinity of dairy farms and the farm land can use the
nutrients and salts of the wastes. Co-digestion of different materi-
als may enhance the anaerobic digestion process due to better car-
bon and nutrient balance [25,26]. According to Mata-Alvarez et al.
[27], digestion of more than one substrate in the same digester can
generate positive synergism and added nutrients can support
microbial growth. During mesophilic anaerobic co-digestion of
cow-dung and fruit or vegetable wastes in a continuous stirred
tank reactor (CSTR) in mesophylic conditions (35 °C), Callaghan
et al. [28] have found that increasing the percentage of fruits and
vegetable wastes from 20% to 50%, the methane yield raised from
230 L to 450 L per kilogram of added volatile-solids. Misi and For-
ster [29] have found that batch co-digestion of cow dung with
molasses (50% on dry weight basis) at 35 °C increases the biogas
yield from 60 L to 230 L per kilogram of added volatile-solids.

Cow-dung contains a considerable amount of bacteria but low
amounts of cellulose, lignocellulose, lignin and other organic com-
ponents which are essential for bacterial growth and for biogas
production. On the other hand, though coffee pulp contains bacte-
ria nutrients (cellulose, hemicellulose, proteins) in large amount, it
needs high concentration of bacteria to first degrade the toxic com-
ponents (such as tanins and phenols), and then to produce biogas.
These facts suggest that the mixture of coffee-pulp/cow-dung
would result in a synergetic effect leading to a high biogas
production.

Therefore, the first objective of this investigation was to evalu-
ate the feasibility of using coffee-pulp from Mexican coffee harvest
for biomethanation and the possibility of improving biogas yield
by co-digestion of coffee-pulp with cow-dung in mesophylic condi-
tions (35-40 °C).

The content and purity of methane (CH,) in produced biogas are
of great importance. Purity is highly affected by the presence of
contaminants in trace or higher quantities, whose nature depends
on the source of production. The most common contaminants are
hydrogen sulfide (H,S) and other malodorous sulfur containing
compounds (i.e., mercaptans, such as CH3SH) coming from the
anaerobic fermentation of proteins and other sulfur bearing organ-
ic molecules. Depending on the composition of fermented organic
material, the content of H,S in biogas can vary from 10 to 10%-
ppmV. H,S, besides its bad smell, is non-desirable in energy recov-
ery process as it gets converted to highly corrosive and
environmentally hazardous sulfur dioxide (SO;) and sulfuric acid
(H,S04). Therefore, H,S must be removed for any eventual utiliza-
tion of biogas.

Ammonia (NH3) is another common contaminant coming from
the anaerobic digestion of nitrogen-bearing organic molecules,
which is not only corrosive but also presents a health risk.

However, its combustion only slightly increases the emission of
nitrogen oxides (NO,). On the other hand, siloxanes are a group
of silicon (Si) bearing molecules found in landfill biogases. These
compounds are considered to be the third most important contam-
inant. During combustion, siloxanes form glassy microcrystalline
silica. The other reported components in biogas (0,, N, CO,,
H,O0, Ar) are considered to be harmless.

The information on the complete biogas chemical composition
is indispensable for determining the quality and quantities of com-
bustible and hazardous components before using it as a fuel. How-
ever, to the best of our knowledge, a complete analysis of biogas
composition using FTIR spectroscopy has not been reported in
the literature. Thus, the second objective of this research was to
perform a complete FTIR analysis of the biogas composition gener-
ated from coffee-pulp and cow-dung co-digestion in order to
determine the presence of volatile compounds, which might have
a potential corrosive or harmful effect on human or animal health.

On the other hand, combustion and emissions characteristics of
produced biogases are scantly reported in the literature. In this
article we report the results of a preliminary study on the compo-
sition of emissions from the combustion of biogas obtained from
coffee-pulp/cow-dung co-digestion. This study was performed
using a laboratory combustor combined with a FTIR gas
spectrometer.

2. Material and methods
2.1. Collection and preparation of substrates

Cow-dung was collected from a dairy farm. The samples were
scraped off the feed lanes and collected in a bucket. The samples
were transported immediately to our laboratory and placed in
the digesters. Coffee-pulp (comprising the skin and mesocarp of
the coffee berry) was obtained directly from the pulping machine
during the processing of coffee berries by wet process from Huitz-
ilan de Serdan, a volcanic, semi-tropical region of Puebla, Mexico
and transported to our laboratory in cotton sacks same day. The
coffee pulp was dried for about 5 h (from 11:00 to 16:00) under so-
lar radiation of about 1000 + 50 W/m? for 5 days to reduce its
moisture content before the digestion. A coffee-pulp weight loss
of 50% (+1%) was measured after this direct solar drying.

2.2. Anaerobic digestion tests

2.2.1. Preliminary experimental performances

To optimize the coffee-pulp/cow-dung ratio in the digesters, we
performed some simple tests in small vessels with different weight
ratios of coffee-pulp and cow-dung. The volume of the test vessels
was 1L, with a working volume of about 0.5 L. 400 g of biomass
with cow-dung/coffee-pulp ratios 1/0, 1/0.5, 1/1, 1/2 and 0/1 incor-
porated into the test vessels along with 0.1 L of water. The test
digesters were equipped with a tap connected to an external pipe
which enabled the sampling of the exhausted biogas. These digest-
ers were placed in an oven operating at ~35 °C and were shaken
manually twice a day.

The produced biogas was characterized for its CH; content
(vol.%) through gas chromatography every day for one month
(see Supporting Information, Fig. 1S). The results of such analysis
revealed that the methanation capacity is best in the mixture con-
taining 40 wt% coffee-pulp, 40 wt% cow-dung and 20 wt% water.

2.2.2. Experimental design and reaction system

The three batch digesters (Fig. 1) were therefore designed and
built as follows. Stainless steel cylindrical vessels were equipped
for the digestion process with an air-tight lid. The vessels had a
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Fig. 1. Schematic layout of the equipment. (1): Digester; (2): mixing crank handle; (3): thermometer; (4): liquid column; (5) biogas flow; (6): activated carbon; (7): FTIR

spectrometer; (8): gas chromatograph; (9): sampling valve.

volume of 35 L, with 30 cm inner diameter and a height of 50 cm.
The working volume of the digesters was 15 L. Two holes were
drilled on the lid of the digesters; one was used to insert thermom-
eter, and the second one was used to place a release tap. Produced
biogas could be sampled for chromatographic and infrared analysis
purposes through the release tap, and also allowed to determine its
volume by the water displacement method, which led the measure
of the corresponding cumulative biogas for 8 months, as shown in
Fig. 1(4).

The digesters were provided with a side sampling faucet which
enabled the determination of the total solids (TS), volatile solids
(VS) and pH variations. The feedstock was mixed manually (twice
a day for 2 min) using a crank handle.

In order to determine the effect of coffee-pulp/cow-dung co-
digestion, two reference digesters were loaded with only cow-
dung and only coffee-pulp respectively as indicated below:

e Digester 1: 80 wt% cow-dung and 20 wt% water.
e Digester 2: 80% wt coffee-pulp and 20 wt% water.

Based on the results obtained, using the test digesters for deter-
mining the coffee-pulp/cow-dung composition for the optimum
methane production, digester 3 was loaded as follows:

e Digester 3: 40 wt% coffee-pulp, 40 wt% cow-dung and 20 wt%
water.

In order to obtain necessary heat for the mesophylic digestion
conditions, the digesters were left outdoor under direct solar radi-
ation. The digesters were not pretreated with any methanogenic
inoculums. Maximum temperatures in between 35 and 45 °C were
recorded inside the digesters under a 1000 W m~2 average solar
radiation.

2.3. Analytical methods

The pH of the biomass mixture in the digesters was measured
every fortnight drawing the samples from the side faucet, using a
Sartorious pH Analyzer (accuracy 0.05). The following analyses
were performed for coffee-pulp and cow-dung before using them
in the digestion process:

e Total carbon (TC) was determined by the Shimadzu TOC-L ana-
lyzer (accuracy 0.5).

e Total Kjeldahl nitrogen (TKN) was measured after Kjeldahl
nitrogen digestion using a digestion mixture of H,SO, and
CuSOg.

¢ Ammonia content of the sample was subsequently detected by
an electric conductivity cell, as proposed by R. M. Carlson [30].
Ammonium-nitrogen (NH;-N) was measured by flow injection
analysis after steam distillation into dilute H,SO4 [31].

e Total solids (TS) and volatile solids (VS) were determined
according to the Mexican Satandard Method [32].

The evolution of the percentage of total solids (%TS) and the
percentage of volatile solids (%VS) in the digesters were deter-
mined twice a month. %TS conversion as a function of digestion
time was calculated according to Eq. (1).

% TSinitial — %71 Stime
%TSinitial

where %TSinitiai 1S the initial percentage of the total solids and
%TStime is the percentage of the total solids after a given digestion
time in the digesters. A similar relation (Eq. (2)) was used to deter-
mine the %VS conversion with digestion time:

%V Sinitial — %0V Stime
%V Sinitial

The produced biogas was analyzed by gas chromatography (Shi-
madzu GC-14B) provided with a thermo-conductivitty detector
(TCD). The chromatograph used a Chromosorb 2000 column which
allowed determining the volume percentages of carbon monoxide
(CO), carbon dioxide (CO,), methane (CH4), and water (H,O) in the
mixture as a function of digestion time. The temperature of the
TCD, the oven and the injector port were 200 °C, 120 °C and
120 °C respectively. N, was used as carrier gas at a flow rate of
19 mL min~!. The CH4% and CO,% gas volumes were calculated
by interpolating the values from the calibration curve obtained
with a standard gas consisting of 50 vol.% CH4, 30 vol.% CO, and
20 vol.% He. Biogas samples were analyzed by releasing the gas
through the chromatograph automatic injection valve (0.5 mL), as
shown in Fig. 1(8). The measurements were performed in duplicate
twice a month.

After 4 months of co-digestion, the continuously produced bio-
gas was conducted directly to a 136 mL gas cell (A-136/2-R suit-
able for qualitative and quantitative infrared absorption
measurements of gaseous compounds) attached to a Bruker (Ver-
tex 70) FTIR gas spectrometer. The analysis of biogas composition
was performed using the QAsoft-quantitative analysis software
(provided by Infrared Analysis Inc.) which allowed determining
the quality and quantity of the emitted gases from the digesters.
This software contains a spectral library of 270 standard com-
pounds with 1 cm™! spectral resolution. The spectra permit the
computation of concentrations from a sample spectrum without

%TS conversion = x 100, (1)

%VS conversion = x 100. (2)
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the need for any calibration. The calibration is inherent in these
reference spectra. The program allowed us to detect the presence
or the absence of the 270 compounds in the biogas sample one
by one.

As required by the QAsoft quantitative analysis method, all the
measurements were performed in triplicate and the average values
were considered. The volume of each compound given by the anal-
ysis software was used to calculate the relative volume of corre-
sponding compound contained in the gas cell (136 mL) using Eq.

(3):

Volume of compound
136 mL

Combustion emissions of the biogas produced from coffee-pulp/
cow-dung co-digestion in digester 3 were studied by burning it in a
laboratory glass fuel burner (Fig. 2) provided with an external con-
trolled gas flow recirculation system. This process was performed
in following steps:

% vol of compound =

% 100. (3)

e Biogas flow generated in digester 3 was conducted to the labo-
ratory glass fuel burner (5) at a flow rate of 50 (+1) mL min~?,
controlled by valve (3).

e At the same time, a gas feed flow provided by a compression
pump (6), consisting of 450 mL min~! of O, and 50 mL min~!
of N, was conducted to the fuel burner (5) at the flow rate of
500 (+1) mL min~!, controlled by valve (4).

e The combustion air-to-fuel ratio (AFR) was calculated consider-
ing the mass of the major biogas constituents identified through
FTIR analysis (CO,, CH4, and C3Hg), following the relation (Eq.
(4)) [33]:

air mass mass O, + mass N,

AFR = biogas mass ~ mass CO, + mass CH; 4+ mass C3Hs *

(4)

The mass of each gas in Eq. (4) was calculated according to Eq.
(5) (e.g. for 0y):

(O, flow rate)(0, molecular mass)

mass O, = -
22,400 mL min

: ()

The mixture of the biogas and feeding gas was supplied to the
fuel burner through an ignition tube and burned. After 10 min of
combustion of the gas mixture, the emissions were collected from
the fuel burner exhaust and analyzed in a gas cell using Bruker FTIR
(Vertex 70) gas spectrometer. The QAsoft-quantitative analysis

software provided with the spectrometer allowed us to detect
the presence or the absence of 270 compounds in the biogas sam-
ple one by one.

3. Results and discussion
3.1. Estimation of digestion temperature

Table 1 reports the maximum average temperatures measured
each month inside the three digesters and the average solar radia-
tion received. Results presented in this table indicate that during
the whole digestion period, on average, the reactors received a
fixed amount of solar radiation and hence similar amounts of heat.
This observation is supported by the maximum temperature values
measured inside the digesters which remained rather constant.

Average solar radiation and the temperature attained in the di-
gester 3 in between 8 am and 5 pm during the 4th month of diges-
tion are shown in Fig. 3. The average solar radiance varied in
between 0.0 and ~1.3 kW/m? every day, and the maximum tem-
perature attained inside the digester was about 48 °C (at around
mid-noon). Fluctuations in average solar radiance and average
temperature (Fig. 3) are due to cloudy weathers at the time of mea-
surements. The daily maximum temperature measured inside di-
gester 3 during the 4th month of digestion is shown in Fig. S2.

3.2. Coffee pulp and cow-dung characteristics

The % C, % N and C/N ratio values estimated for the coffee-pulp
and cow-dung are list in Table 2. In this table, it can be observed
that the C/N ratio of cow-dung is 5.3, which is too low to meet
the nutrients balance requirement of anaerobic microorganisms,
however, coffee-pulp showed a higher C/N ratio. Now, it has been
shown that the optimum C/N range ratio for anaerobic digestion is
in between 25 and 35 [34]. These results suggest that the mixture
of coffee-pulp/cow-dung could provide a more appropriate C/N ra-
tio and more balanced nutrients for microorganisms’ growth dur-
ing co-digestion process, thus the mixture coffee-pulp/cow-dung
co-digestion might increase the biogas production.

3.3. Estimation of pH, total solids (TS), volatile solids (VS), and CH, in
biogas

It is well known that biogas generation is a complex biological
process, which can be divided in four phases of biomass degradation

4

3 o
.

r_r

Fig. 2. Schematic layout of the biogas combustion equipment. (1) Digester; (2) thermometer; (3) biogas flow valve; (4) air flow valve; (5) biogas combustor; (6) gas

compressor; (7) FTIR spectrometer.
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Average solar radiation and maximum average temperature measured inside the

three digesters.
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Digestion time

Average radiation

Maximum temperature of the

(months) (kW/m?) digesters (°C)
Coffee- Cow- Mixture
pulp dung
0 1.022 31 30 35
1 1.026 39 41 40
2 1.031 37 39 37
3 1.033 46 45 44
4 1.022 35 35 33
5 1.005 29 29 28
6 1.000 30 30 29
7 0.996 27 29 29
8 1.020 31 31 35
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Fig. 3. Variation of average solar radiance and digester (digester 3) temperature in
between 8 am and 5 pm during the 4th month of digestion.

Table 2
Characteristics of coffee-pulp and cow-dung used for digestion and codigestion.
Characteristic Coffee-pulp Cow-dung
TS (g/kg) 555.6 89.4
VS (g/kg) 910.9 603.6
wt% C dry basis 45.2 28
wt% N, % dry basis 0.8 5.2
CIN 57.2 53
NH; -N (g/kg TS) 1.6 12.7

and conversion, namely hydrolysis, acidogenesis, acetogenesis and
methanation. The individual phases are carried out by different
groups of micro-organisms (bacteria), which partly stand in
syntrophic interrelation and place different requirements of the
environment [35]. In biogas generation process, polymers in the

biomass are first hydrolyzed and converted into acetic acid and
hydrogen. Chanakya et al. [36] have reported that sugars, pectin
and hemicelluloses are rapidly hydrolyzed and converted to meth-
anogenic intermediates mainly as volatile fatty acids. Intermediates
from acidogenesis are converted to biogas by methanogens through
methanogenesis [37].

In Table 3, the initial and final values of pH, %TS, and, %VS esti-
mated in the three digesters are reported. Fig. 4 presents the evo-
lution of pH measured in the mixtures of the three digesters as a
function of digestion time. It is interesting to note that despite of
different initial pH values, all the three reaction mixtures attained
a final pH ~7, suggesting neutral digestion conditions achievement
in all the digesters.

The evolution of TS and VS as a function of digestion time deter-
mined in the three digesters are presented in Figs. 5 and 6, respec-
tively while the temporal evolution of vol.% methane (CHj)
generated in the biogas of the digesters has been presented in
Fig. 7. A chromatogram used for the determination of % methane
is shown in Fig. S3.

From Figs. 5-7, the following facts can be observed:

e In digester 1 (containing only cow-dung and water), we can
observe high TS and VS conversion rates during the first month
of digestion. Consequently, higher vol.% of generated CH, was
detected in the biogas during this month (Fig. 5). However, dur-
ing the subsequent months of digestion, the %TS and %VS con-
version rates were very slow. These results suggest that cow-
dung digestion rate for biogas production is limited by the
low bacterial nutrients, which might have been rapidly con-
sumed and finished by an initial high concentration of bacteria
during the first month of digestion. As a result of bacterial nutri-
ents depletion, during the subsequent digestion months, the
amount of generated methane decreased drastically.

In digester 2 (containing only coffee-pulp and water) the TS and
VS conversion rates were seen to be low during eight months of
digestion, suggesting that despite the high initial concentration
of nutrients in coffee-pulp, the conditions for bacterial growth
in the digester were not adequate. This result suggests that cof-
fee-pulp digestion rate for biogas production is limited by bac-
terial growth. This assumption is supported by the fact that
coffee-pulp contains caffeine, free phenols and tannins, which
might be toxic to bacteria [18]. However, it is interesting to note
that despite the presence of toxic compounds in coffee-pulp,
conversion of TS and VS continue, though with slower rate. Thus
a small fraction of the TS and VS might have been degraded by
the low quantity of microorganisms probably due to their resis-
tance to these aggressive digestion conditions. As a conse-
quence, the CH4 evolution with digestion time measured in
the biogas emitted from digester 2 (containing coffee-pulp
and water) shows a very slow CH, production during eight
months of digestion. Only 20 vol.% of CH4 was detected in bio-
gas generated from this digester. After four months of digestion,
only a slight increase in CH4 production was observed, probably
due to a slight increase of bacterial growth.

Table 3
Initial and final values (after 8 months of digestion) of pH, TS, and VS determined for coffee-pulp, cow-dung, and the mixture of coffee-pulp/cow-dung digesters.
Contents of the digester pH Total solids (TS) (wt%) Volatile solids (VS) (wt%)
Initial Final TSinitial TSfinal VSinitial VStinal
1. Coffee-pulp-water 4.5 7.2 55.56 45.52 91.09 85.26
2. Cow-dung-water 6.5 7.0 4.55 60.36 42.31
3. Mixture-water 5.4 7.2 35.27 5.45 78.91 8.31
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Fig. 4. pH evolution in the three digesters as a function of digestion time.
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Fig. 5. Evolution of CH,4 (vol.%) in the biogas yield from cattle manure, coffee-pulp-
waste and coffee-pulp-waste/cattle manure mixtures as a function of digestion
time.
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Fig. 6. Evolution of volatile solids conversion (vol.%) as a function of the digestion
time for the three digesters.
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Fig. 7. Evolution of CH,4 (vol.%) in the biogas yield from cattle manure, coffee-pulp-
waste and coffee-pulp-waste/cattle manure mixtures as a function of digestion
time.

o In digester 3 (containing the coffee-pulp/cow-dung mixture and
water), TS and VS conversion rates were low during the first
month of digestion, suggesting a delay in bacterial growth in
which bacteria present in cow-dung might have adapted to
the stressful new conditions originated by the toxic caffeine,
free phenols and tannins present in coffee-pulp. Under these
stressful conditions, bacterial genetic adaptation might have
taken place, resulting probably in a stationary mutation phase
which might have led to a strong increase in bacterial popula-
tion. Accordingly, during this first digestion month, no CH,
was detected in the biogas emitted from the digester 3.
However, after this time, the conversion rates of TS and VS
increased substantially, probably due to a rapid bacterial
growth, resulting in a rapid degradation of the nutrients, and
therefore, CH; was generated at increased rate. After eight
months of digestion, a slight slowdown in the TS and VS conver-
sion rates was observed, suggesting a limiting bacterial growth
due to nutrients depletion, resulting in the generation of CH4 at
constant rate.

The results presented above indicate that the co-digestion pro-
cess was faster than the digestion of coffee-pulp-waste or cow-
dung alone. The results are supported further from the results pre-
sented in Fig. 8, which shows that the biogas yield from digester 3
is higher in comparison to the same from the digesters 1 or 2. Pre-
vious investigations revealed a higher and more sustained biogas
production from cow-dung and wastes co-digestion than the bio-
gas produced from cow-dung or wastes alone [38,39]. However,
these investigations report a decrease in biogas production after
5 months of co-digestion. It is worth noting that the results pre-
sented in this study, showed that coffee-pulp/cow-dung co-diges-
tion generates high amounts of biogas, even after 8 months of co-
digestion.

3.4. Biogas composition

The results obtained from the quantitative and qualitative anal-
ysis performed by FTIR spectroscopy of the biogas produced after
4 months of digestion in digesters 1-3, are summarized in Tables
4-9. A raw FTIR spectrum used for qualitative and quantitative
analysis of the biogas is shown in Fig. S4.

The vol.% of the major components in the biogas yield has been
reported in Figs. 9-14 the %volume of major components in the gas
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Fig. 8. Cumulative biogas yield from the three digesters during 8 months of
digestion.

Table 4

Hydrocarbons contents in biogases generated in Digester 1 (cow dung and water),
digester 2 (coffee pulp and water), digester 3 (coffee-pulp/cow-dung and water), and
the emissions of biogas combustion from the digester 3.

Hydrocarbons  Contents (vol.%)
C1 through Cs Digester 1 Digester 2 Digester 3  Digester 3
(cow-dung) (coffee- (mixture)  (biogas
pulp) combustion)
Butane 0.71 0] 0.09 0
1-Butene 0.31 0.29 0.02 0
Cis-2-Butene 1.01 1.03 0.09 0
Cyclopropane 1.49 0 0.17 0
Ethane 0.13 0.9 0 0
Isobutane 0.54 0 0.05 0
Methane 11.27 22.16 52.48 1.8
Propane 4.51 8.86 19.54 1.7
Propylene 0 0 0 0
3-Methyl-1- 2.33 03 0.19 0.1
Butene
n-Pentane 0.16 0.14 0 0
2-Pentene 0.92 0 0.15 0
Cyclohexane 0.06 0.01 0 0
Cyclohexene 0.01 0.03 0 0
Dodecane 0.27 0.05 0.02 0
n-Hexane 0.18 0 0.02 0
1-Hexene 1.91 0.25 0.16 0
2-Methyl 0.19 0.1 0 0
pentane
3-Methyl 0.91 0.15 0.07 0
pentane
n-Octane 0.23 0.05 0.01 0
Ethyl benzene 0 0 0 0

yield has been represented. The results presented in these tables
indicate that the rate of production of some of the compounds pro-
duced during the digestion of either coffee-pulp or cow-dung vary
drastically (increase, decrease or does not emit at all) during the
co-digestion of coffee-pulp/cow-dung mixture. In Table 4, the qual-
ity of hydrocarbons C;-Cg in the biogas generated in the three
digesters along with the combustion products of the biogas gener-
ated in the digester 3 are presented. From the table, and from Fig. 9,
it is clear that besides methane, a high amount of propane is gen-
erated in the coffee-pulp/cow-dung digester (digester 3). It is
worth noting that lower amounts of these same gases are also gen-
erated in digester 1 (containing cow-dung and water) and digester
2 (containing coffee-pulp and water). Presence of propane in the

Table 5

Contents of hydrides, oxides, and peroxides in the biogases generated in Digester 1
(cow-dung and water), Digester 2 (coffee-pulp and water), Digester 3 (coffee-pulp/
cow-dung and water) and emissions of biogas combustion from Digester 3.

Hydrides, Contents (vol.%)
ox1de§, Digester 1 Digester 2 Digester 3  Digester 3
peroxides (cow- (coffee- (mixture)  (biogas
dung) pulp) combustion)
Arsine 0 0 0 0
Hydrazine 0.01 0.01 0.01 0
Hydrogen 0.02 0.01 0.02 0
chloride
Hydrogen 4.45 1.89 6.16 4.23
iodide
Pentaborane 0.11 0.09 0 0
Phosphine 0 0 0.01 0
Carbon dioxide 53.28 51.26 7.00 74.56
Carbon 1.50 1.54 1.04 7.77
Monoxide
Chlorine dioxide 0 0 0 0
Ethylene oxide 0.18 0 0.15 0
Tetrahydrofuran 0 0 0 0
Table 6

Contents of Ketones, alcohols, aldehydes, and esters in the biogases generated in
digester 1 (cow-dung and water), digester 2 (coffee-pulp and water), digester 3
(coffee-pulp/cow-dung and water) and emissions of biogas combustion from the
digester 3.

Ketones, alcohols,
aldehydes and

Contents (vol.%)

Digester 1  Digester 2  Digester Digester 3
esters :

(cow- (coffee- 3 (biogas

dung) pulp) (mixture) combustion)
Acetophenone 0.08 0 0.08 0
2-Butanone 0.02 0.02 0 0
Cyclohexanone 0.58 0.5 0.13 0
Methyl vinyl 0.17 0.15 0.04 0

ketone
Allyl alcohol 0.34 0.34 0 0
Diacetone alcohol  0.87 0.74 0.13 0
Isobutanol 0.11 0.11 0 0
Isopropanol 0.08 0.07 0 0
Acrolein 0.035 0.03 0 0
Benzaldehyde 0 0.08 0 0
Crotonaldehyde 0.06 0.06 0 0
n-Butyl acetate 0.02 0 0.04 0
2-Ethoxy ethyl 0.01 0 0.03 0
acetate

Ethyl acrylate 0.01 0 0.18 0
Ethyl butyrate 0.11 0.09 0.02 0
Ethyl propionate 0 0 0.01 0
Hexyl Acetate 0.01 0 0.02 0
Isobutyl acetate 0.08 0 0.08 0
Methyl acetate 0.02 0.02 0 0
Vinyl acetate 0.58 0.5 0.13 0

generated biogas should contribute greatly to the total combustion
heat due to its individual high combustion heat value [40].

The contents of hydrides, oxides and peroxides detected in the
biogas are reported in Table 5, and Fig. 10. The high amounts of
hydrogen iodide present in the three digesters can be attributed
to the high amounts of this compound present naturally in the soil
of the fields [41]. As the coffee-pulp and cow-dung studied in this
investigation were collected from a region located at about 100 km
from the Gulf of Mexico, iodine might have been transferred from
the ocean to the atmosphere and adsorbed by the soils where cof-
fee plants and forage crops (used for cattle feeding) are cultivated
[42]. These plants might have integrated iodide ions into their cells
naturally as it has been proposed by Shininaga et al. [43] to explain
the transfer of iodine from soil to cereal grains.
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Table 7

Nitrogen compounds contents in the biogases generated in digester 1 (cow-dung and
water), digester 2 (coffee-pulp and water), digester 3 (coffee-pulp/cow-dung and
water) and emissions of biogas combustion from the digester 3.

Nitrogeneous  Contents (vol.%)

compounds Digester 1 Digester 2 Digester 3  Digester 3
(cow-dung) (coffee- (mixture) (biogas
pulp) combustion)

Ammonia 1.45 0.98 1.20 0

Dinitrogen 0.02 0 0.01 0
Pentoxide

Isocyanic acid 1.26 0.44 0.84 0.50

Nitric acid 0 0 0.01 0

Nitrogen 0 0 0 2.03
dioxide

Nitrous acid 0.01 0 0.01 0

Diethyl amine 0 0.06 0.06 0.03

N,N-Dimethyl  0.01 0.15 0.16 0
acetamide

Dimethyl 0 0.56 0.55 0
amine

N,N-Dimethyl 0 0 0 0
formamide

Methyl 0.09 0 0.06 0
isocyanate

Nitroethane 0.025 0.13 0.15 0

Table 6 and Fig. 11 show the contents of ketones, alcohols, alde-
hydes, and esters generated in different digesters. Presence of
some ketones, very low amounts of alcohols and volatile esters
in the digesters 1 and 2 could be observed.

The contents of nitrogen containing compounds in the biogases
generated in the three digesters are presented in Table 7 and
Fig. 12. We can see that isocyanic acid and methyl isocyanate are
present in the biogas generated in all three digesters. Other nitro-
gen compounds such as nitrous acid and dinitrogen pentoxide
were also found in very low amounts. It is well known that in ani-
mals, isocyanic acid is the part of a chemical pathway associated

Table 8

with cataracts and inflammation that can lead to cardiovascular
disease and rheumatoid arthritis [44].

Sulfur containing compounds detected in the biogas yields from
the three digesters are reported in Table 8 and Fig. 13. From these
results, it can be observed that 3 vol.% of hydrogen sulfide (H,S) is
present in the biogas yields of the Digester 1 (cow-dung and water)
and Digester 3 (coffee-pulp/cow-dung and water). Other sulfur
containing compounds such as sulfur monochloride were also de-
tected. The presence of H,S in the atmosphere may cause serious
eye effects [45]. In a study of the effects of repeated H,S exposure
on learning and memory in the adult rat by Partlo et al. [46]
showed that H,S may impair learning by increasing the animals’
susceptibility to interference from irrelevant stimuli. Moreover,
these authors established that the prefrontal cortex could be a po-
tential target site of H,S.

It is worth noting that sulfur dioxide (SO,) was not detected in
the biogas yields probably due to the anaerobic digestion condi-
tions (absence of oxygen in the digester). The H,S produced during
digestion could not produce SO, as would be expected in aerobic
condition following the equation:

2H,S + 30, — 250, + 2H,0 (6)

The halogenated compounds detected in the biogas yields of the
three digesters are reported in Table 9 and in Fig. 14. As can be
seen, high amounts of bromomethane are present in the biogases
generated in all three digesters. Presence of such compound in
the generated biogases is not surprising considering that fumigants
used during the growth of coffee beans and forage crops contain
high amounts of this compound and other halogenated compounds
[47-51]. The dangerous nature of bromomethane has been demon-
strated in numerous literature reports, highlighting its fatal poi-
soning effects [50]. Reuzel et al. [51] have reported that the
exposure to 90 ppm bromomethane induces lesions in heart
(thrombi, myocardial degeneration), hyperkeratosis in the oesoph-
agus, and fore stomach. Moreover, it has been shown that the
emission of methyl bromide is environmentally detrimental be-
cause of its reaction with stratospheric ozone [52].

Estimation of sulfur containing compounds in the biogases generated in the digester 1 (cow-dung and water), digester 2 (coffee-pulp and water), digester 3 (coffee-pulp/cow-

dung and water) and emissions of biogas combustion from the digester 3.

Sulfur-containing compounds Contents (vol.%)

Digester 1 (cow-dung)

Digester 2 (coffee-pulp)

Digester 3 (mixture) Digester 3 (biogas combustion)

Diethyl sulfate 0 0.03 0.03 0

Hydrogen sulfide 3.01 0 2.12 0.1

Sulfur monochloride 0.24 0 0.23 0

Tetrahydrothiophene 0.06 0.02 0.09 0

Thionyl chloride 0.02 0 0.028 0

Sulfur dioxide 0 0 0 3.05
Table 9

Contents of halogenated compounds in the biogases generated in digester 1 (cow-dung and water), digester 2 (coffee-pulp and water), digester 3 (coffee-pulp/cow-dung and

water) and emissions of biogas combustion from the digester 3.

Halogenated compounds Contents (vol.%)

Digester 1 (cow dung)

Digester 2 (Coffee pulp)

Digester 3 (mixture) Digester 3 (biogas combustion)

Bromochloromethane 0.02 0.01
Bromomethane 4.27 5.2
Dibromomethane 0.01 0
Bromoethane 0.1 0
Chloroethane 0.06 0.05
1,1 Dichloroethane 0 0
1,2-Dichlorotetrafluoroethane 0 0.05
Trans-1,2 Dichloroethylene 0.02 0.02
Perfluorobutane 0 0
Perfluoropentane 0 0

Vinyl bromide 0.01 0

0.01 0
55 3.0
0 0
0.13 0
0 0
0.01 0
0.01 0
0 0
0 0
0 0
0 3.0
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Fig. 9. Contents of methane and propane detected in the biogas yield by FTIR
spectroscopy after 4 months of digestion in the three digesters and in the
combustion emissions of biogas generated from the digester 3.
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Fig. 10. Contents of hydrides, oxides and peroxides detected in the biogas yield by
FTIR spectroscopy, after 4 months of digestion in the three digesters and in the
combustion emissions of biogas generated from the digester 3.

3.5. Biogas combustion emissions

While the combustion of biogas, like natural gas, produces car-
bon dioxide (CO,), a greenhouse gas, the carbon in biogas comes
from plant that fixed this carbon from atmospheric CO,. Thus, bio-
gas production is carbon-neutral and does not add to greenhouse
gas emissions. Further, any consumption of fossil fuels replaced
by biogas will lower CO,, carbon monoxide (CO), hydrocarbons
(HC), nitrogen oxides (NOx) and particulate matter (PM) emissions
[53]. However, as far as our knowledge goes, the complete analysis
of biogas combustion emissions has not been reported.

The results presented in Tables 4-9 showed that co-digestion of
coffee-pulp/cow-dung mixture generate biogas containing valu-
able combustible gases (methane, propane). However, hazardous
compounds such as isocyanic acid, methyl bromide and H,S are
also generated. These gases are harmful to human and animal
health, thus their emission into the atmosphere must be
prevented.

It is obvious that if biogas is to be produced from programmed
digesters, it can be used as a fuel for feeding internal combustion
engines or combustors-superheaters/boilers. Thus, its direct emis-
sion into the atmosphere is improbable. Therefore, it is absolutely
compulsory to analyze the emissions from the biogas combustion,
which may be different from the initial biogas components.
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Fig. 11. Contents of ketones, alcohols, aldehydes and esters detected in the biogas
yield by FTIR spectroscopy after 4 months of digestion in the three digesters and in
the combustion emissions of biogas generated from the digester 3.

25
I Cow-dung
[ Coffee-pulp
I Mixture
20 V272 Combustion mixture

Volume in biogas / %

Ammonia Isocyanic Acid

Nitrogen dioxide

Fig. 12. Contents of nitrogen containing compounds detected in the biogas yield by
FTIR spectroscopy, after 4 months of digestion in the three digesters and in the
combustion emissions of biogas generated from the digester 3.

In order to determine the emissions generated from biogas
combustion, the biogas produced from digester 3 (coffee-pulp/
cow-dung and water) was burned in air in the gas combustor de-
scribed in Fig. 2. A value of 19.55 of the AFR of our air/biogas mix-
ture indicates that combustion took place in lean conditions [33].
This ratio was calculated according to Eq. (5) using the mass values
of the different gases reported in Table 10.

Combustion emissions were analyzed by FTIR spectroscopy, and
the results are presented in Tables 4-9 and in Figs. 9-14. From
these results, the following facts can be observed:

e A strong decrease in hydrocarbon contents was observed during
biogas combustion (Table 4 and Fig. 9). However, CH, was still
detected in the exhaust. According to the IPCC 2001, the global
warming potential of methane over the 100 years in compari-
son to carbon dioxide is 23 times higher [54].

e Hazardous hydrogen iodide and carbon monoxide were still
detected in the biogas combustion emissions (Table 5 and
Fig. 10).
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Fig. 13. Contents of sulfur containing compounds detected in the biogas yield by
FTIR spectroscopy, after 4 months of digestion in the three digesters and in the

combustion emissions of biogas generated from the digester 3.
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Fig. 14. Contents of halogenated compounds detected in the biogas yield by FTIR
spectroscopy, after 4 months of digestion in the three digesters and in the
combustion emissions of biogas generated from the digester 3.

Table 10
Mass of the different gases in 1L of air/biogas mixture
used for combustion and calculating air to fuel ratio

(AFR).
Gas Mass of the gas (g/L)
0, 1.167
N, 0.112
CH,4 0.020
C3Hg 0.034
CO, 0.010

e No traces of ketones, alcohols, aldehydes and esters were
detected after biogas combustion (Table 6 and Fig. 11).

e Methyl isocyanate was not detected (Table 7 and Fig. 12) due to
its complete oxidation biogas combustion. However, traces of
nitrogen dioxide and isocyanic acid were detected after biogas
combustion.

e H,S was eliminated almost completely by the biogas combus-
tion process. However, sulfur dioxide was produced due to
H,S oxidation during biogas lean combustion (Table 8 and
Fig. 13).

e Bromomethane was partially oxidized during biogas combus-
tion (Table 9 and Fig. 14), probably generating Br,.

Results presented revealed that biogas combustion emissions
contain: CHy4, C3Hg, CO, SO,, HI, and probably also Br, which are
strongly harmful to human and animal health, and to our natural
environment. According to the IPCC 2001, to avoid global warming,
if biogas is to be used as a fuel in engines, convenient catalytic con-
verters must be developed to put at their exhausts to prevent the
emission of these molecules to the atmosphere.

4. Conclusions

Co-digestion of coffee-pulp/cow-dung generates biogas with
high content of methane at least for 8 months. It has been demon-
strated that collected coffee-pulp mixed with cow-dung in appro-
priate proportion can act as a valuable biomass for the production
of biogas containing high amounts of valuable combustion gases
such as methane and propane.

The results of gas chromatography and FTIR analysis of the bio-
gas generated by the co-digestion of coffee-pulp/cow-dung mix-
ture under solar radiation revealed the presence of compounds
such as isocyanic acid and bromomethane which are hazardous
for the environment and animal health. However, some of these
hazardous components get dissociated during the combustion of
biogas. Presence of CH,4, C3Hg, CO, and SO, in the emission of biogas
combustion indicates that the combustion-postcombustion tech-
nology should be upgraded to prevent these emissions if the biogas
produced by coffee-pulp/cow-dung co-digestion is to be used as
fuel.
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