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Effect of chemical and biological 
additives on production of biogas 
from coffee pulp silage
Mengizam Tsegaye Getachew 1*, Andualem Mekonnen Hiruy 1, 
Majid Mohiuddin Mazharuddin 1, Tadios Tesfaye Mamo 2,3,4,5, Temesgen Aragaw Feseha 1 & 
Yedilfana Setarge Mekonnen 1

Energy is the foundation of the global economy and is essential to human survival. Nevertheless, more 
than 60% of it comes from fossil fuels. That is not a replenished and scarce source. However, a sizable 
amount of organic waste is generated every minute throughout the world and can be used as a raw 
material to produce renewable energy. Among them, Coffee processing generates a huge amount of 
solid and liquid waste that is organic and can serve as raw material for biofuel production. Since coffee 
beans and powder are Ethiopia’s main exports, coffee pulp is easily accessible. Therefore, the main 
goal of this project is to convert this waste, which largely consists of organic materials, into a valuable 
product called Methane. The purity and yield of methane productivity are significantly influenced 
by the type of additives we use. This work systematically investigates the effect of chemical and 
biological additives on the productivity and purity of the Biogas from the coffee pulp silage in batch 
systems under mesophilic temperature (38 °C) for different ensiling periods and additive proportions. 
The chemical additives recorded the maximum biogas production (2980 ml) at an ensiling period 
of 40 days with high purity of about 70% biogas. The minimum Biogas was recorded at the ensiling 
period of 10 days by the control (T1) treatments, which was 634 ml. This work proves that biological 
additives produced the highest quality and quantity of Biogas from coffee silage.

Abbreviations
GHG  Greenhouse gas emission
CH4  Methane
CO2  Carbon dioxide
% DM  Percentage of dry matter
OC  Organic carbon
VS  Volatile solid
TS  Total solid
AAS  Atomic absorption spectrophotometer
COD  Chemical oxygen demand
T1  Control at 10 days ensiling
T2  Biological additives with 10 days ensiling
T3  Additive of calcium carbonate/chemical additives at 10 days ensiling
T4  Both chemical and biological additives at 10 days ensiling
T5  Control at 20 days ensiling
T6  Biological additive at 20 days ensiling
T7  Chemical additives at 20 days ensiling
T8  Both additives at 20 days ensiling
T9  Control at 40 days ensiling
T10  Biological additive at 40 days ensiling
T11  Calcium carbonate additive at 40 days ensiling
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T12  Both chemical and biological additives at 40 days ensiling
T13  Raw pulp
T14  Inoculum

Coffee (Coffea Arabica L.) is the most marketable crop plant. It is the most prized commodity and a hot drink that 
is enjoyed all around the world. In the majority of tropical nations, coffee is crucial to the  economy1–4. Among 
them, Ethiopia is one of the leading exporters. Coffee fruits can be processed using either wet or dry  methods5–7. 
To get at the seeds (beans), the dried cherry coffee’s exocarp, mesocarp, and endocarp must be removed by hull-
ing, which results in a husk. During the wet processing, the coffee fruits are pulped, fermented, washed, and dried 
to yield husk and  pulp2,8–10. Coffee pulp is the main solid residue from the wet processing of coffee barriers, and 
its constituents are approximately 41% of the wet weight of the coffee berry. In 1996, the world production of 
coffee wastes was estimated at around 22 million metric tons of coffee pulp, 2.4 million metric tons of mucilage, 
and 8.6 million metric tons of  hulls4,9,11,12.

The production of energy from a waste source like coffee pulp silage is the main strategic tool for the sustain-
able development of societies. It ensures a clean energy supply and prevents the Environment from Greenhouse 
Gas emissions (GHG)13–16. Biogas production is one of the great economic important processes that control 
the emission of Methane  (CH4) into the atmosphere. Methane influences the Greenhouse Effect 23 times more 
than  CO2 and remains in the atmosphere for 12 years. Therefore, capturing Methane is the best way to pre-
vent Global Warming because the Methane produced in biogas production is neutral and does not affect the 
 environment4,17–20.

The main objective of this study was to evaluate the effect of biological and chemical additives on the quality 
of coffee pulp silage for biogas production at different silage preparation periods. We characterized the chemical 
and physical properties of coffee pulp and its Silage in biogas production parameters. We determined the coffee 
pulp composition in terms of its mineral contents. Moreover, we compared the quality and quantity of the Silage 
for biogas production at different ensiling periods.

Materials and methods
Chemicals. Analytical-grade chemicals and solvents were used in the study. The chemicals used were sul-
furic acid, potassium hydroxide, boric acid, calcium carbonate, copper sulfate, hydrochloric acid, nitric acid, 
perchloric acid, sodium hydroxide, petroleum ether, 1.25%  H2SO4, 1.25% NaOH, homo fermentative lactic acid 
bacteria, lithium meta borate, lithium tetra borate.

Materials and instruments. The apparatus and materials used in the study were glass bottle with lids, 
beaker, volumetric flask, Erlenmeyer flask, iron wire, plastic bags, funnel, deep freezer, pH meter, analytical bal-
ance, stirrer, desiccators, crucible, hot plate, gas kit maker, magnetic stirrer, incubator, oven, furnace, and instru-
ments such as flame atomic absorption spectrophotometer, gas analyzer, water bath, and chopping. In the pre-
sent study, different additives were used for silage preparation; such additives were biological and  chemical5,21,22. 
The biological additives were the combined powder form of homo fermentative with heterofermentative lac-
tic acid bacteria of lactobacillus plantarum, lactobacillus buchneri, and lactobacillus rhamnosus. Lactobacillus 
buchneri was added to enhance aerobic stability after opening the silos. The chemical additive was calcium 
 carbonate1,2,17,18.

Study design. Study design for silage preparation. The coffee pulp collected from the Gomma-2 coffee 
farm located 397 km South West of Addis Ababa and about 50 km West of Jimma town was stored in a deep 
freezer until required. Coffee pulp silage was prepared in 1-L laboratory-scale glass jars. Four treatments with 
three ensiling periods, each run in triplicate. Hence, a total of 36 bottles were used for the silage preparation. 
Biological silage additives were dissolved in sterilized tap water and 6.7 ml  kg–1 fresh pulp was applied with a 
syringe. 13.8 gm/kg Carbonated lime was filled directly into the jar and manually mixed with the Silage. Subse-
quently, the whole pulps and additives were compacted with a compacting device to ensure a constant density. 
After sealing, the jars were stored in a tempered and dark room at a constant temperature of 20 °C. To preserve 
the sample at this temperature incubator was used. As shown in Table 1, the storage duration of 10, 20, and 
40 days for all treatments was defined to determine the ingredient contents over time. The jars were weighed at 
the beginning and end of the storage periods to determine the quality of the Silage against parameters mainly on 
the lactic acid content of the silage materials. All treatments and storage durations were performed in triplicate.

Table 1.  Different additives at different ensiling period (storage days).

Treatments

Storage days

10 20 40

HO 0.001 gm/kg 0.001 gm/kg 0.001 gm/kg

CaCO3 13.8 gm/kg 13.8 gm/kg 13.8 gm/kg

HO +  CaCO3 Combination Combination Combination

Control Without additives Without additives Without additives
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Study design for biogas production from coffee pulp and pulp silage. The substrates (pulp and pulp silage) were 
analyzed in batch anaerobic digestion tests. The substrates were chopped with the help of a chopping machine. 
Before starting the process, 14 digesters starting from T1 − T14 were prepared. T14 was the inoculum that was 
taken from digestates of the previous batch of anaerobic tests. Tests were performed in 500 ml glass vessels using 
375 ml inoculums and 16.67 gm substrate. The vessels were shaken once a day to resolve sediments and scum 
layers. Tests were conducted at 38 °C in a water bath. The Biogas produced was collected using glucose bags over 
a defined period of 60 days and measured weakly using a biogas analyzer. Methane, carbon dioxide, oxygen, 
and hydrogen sulfide content were determined at least eight times during the batch test. The inoculums without 
substrate were run as a control set in each case. The methane yields from the inoculums were subtracted from 
the total methane yields of digestion of a substrate mixture to inoculums to determine the actual methane yields 
of the substrate (i.e. pulp and pulp silage with different additives).

Methane yields were calculated as the sum of methane volume produced over 60 days with reference to the 
dry organic matter to the batch test (oDM added) or with reference to the original organic dry matter (oDM 
org), i.e. the amount of oDM before ensiling with respect to organic mass losses during storage.

Physio‑chemical property determination of coffee pulp and coffee pulp silage. Dry matter/total 
solid. The dry matter content of the coffee pulp and coffee pulp silage with different additives was determined 
by putting samples with known amounts of crucible weight and weighing samples by using an analytical balance. 
A triplicate of five grams of each sample for the precision of data was taken and weighed carefully. The weighed 
samples were placed inside the oven, and the temperature was maintained at 105 °C for 24  h2,5,6. After 24 h, the 
samples were taken out of the oven and put into desiccators to cool at room temperature without absorbing 
moisture. Finally, the cooled sample was weighed. The procedures are described below:

The empty porcelain crucible was dried in an oven overnight at 105 °C, and then, the crucible was cooled in 
desiccators to room temperature, weighed by high sensitive electronic balance, and recorded. After that, the 5 
gm sample was weighed and put into the crucible, and the sample was put into the oven and dried overnight. 
After removal from the oven, the sample and crucible was cooled in desiccators to room temperature, then the 
oven-dry crucible plus sample was weighed and recorded the weight (W)2,5,11.

The percentage of dry matter in the sample was calculated as follows:

where Wo = weight of sample plus crucible before drying, W = weight of dried sample + crucible, Wc = weight of 
the crucible, % D.M. = percentage of dry matter.

Moisture content. Five grams of Pulp and pulp silage with different additives were taken into a pre-dried cru-
cible. After 24 h, the crucible with 5 gm sample was removed from the oven and put in desiccators until room 
temperature and weighed till constant weight was observed and the loss in weight of the pulp and pulp silage 
gave a percentage of the moisture  content1,5,6,18.

Crude ash. Five gm of the pulp and pulp silage was placed in a porcelain crucible and transferred into a muffle 
furnace at a temperature of 550 °C for 5 h. The crucible was cooled in desiccators and weighed  again1,5 then the 
weight loss was recorded as the ash content of the sample. The percent ash content (dry basis) was calculated.

Organic dry matter/volatile solid. The determination of volatile solids for the pulp and pulp silage was done 
using 105 °C dried samples. The procedure and working conditions were done like crude ash. Then, the volatile 
solid was calculated as follows:

Total nitrogen and crude protein. Nitrogen was estimated using the Kjeldhal  method3,5,6,8,11,1618,23 and the per-
centage of nitrogen was calculated using Eq. (3) and the value was converted to the percentage of protein by 
multiplying it with 6.25.

where WS = weight of sample in g, N. HCl = normality of hydrochloric acid.

Determination of pH. The pH of the raw pulp and the ensiled was determined by preparing a 1:10 ratio of sam-
ple to distilled water. For this 10 gm. of the sample was measured into the beaker, 100 ml of distilled water was 
added, homogenized, and mixed with the help of a magnetic stirrer for 15 min. The mixed sample was subjected 
to settle down, and pH was measured by a pH  meter1,5,16.

Crude fat. The Soxhlet extraction techniques were used for the determination of fat content. 2 gm of the sample 
was taken and separately covered with a porous filter paper and put in a thimble. The thimble was then placed 
in a Soxhlet reflux flask and mounted into a weighed extraction flask containing 200 ml of petroleum ether. The 
upper end of the reflex flask was covered by a condenser. The process was continued for 4  h9,16. The solvent was 

(1)%DM =

W −Wc

Wo−Wc
× 100,

(2)%VS = 100−%ash.

(3)%N =

volume of HCl in litre×N.HCl(0.1N)× 14(mass of nitrogen)

WS
× 100,
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recovered, and the flask was dried in the oven at 60 °C for 30 min, then cooled in desiccators and re-weighed to 
obtain the final weight of the oil extract (fat), which was then expressed as % of the fat of the sample. The percent-
age (%) of fat content was calculated using the following formula:

where W1 = Mass of flask, W2 = mass of flask plus fat.

Determination of organic carbon content. The carbon content of the coffee pulp and pulp silage was estimated 
from the volatile solid or organic matter content of the samples. The following formula was applied to calculate 
the percentage composition of the carbon  content5.

C/N ratio determination. Once the percentage of carbon and nitrogen in the pulp and pulp silage was deter-
mined. The carbon-to-nitrogen ratio (C/N) is simply calculated by dividing the percentage of carbon by the 
percentage of  nitrogen3,11.

Determination of coffee pulp in terms of minerals and some heavy metal contents. Minerals content determina-
tion. The coffee pulp was oven dried at 65 °C in the oven, ground, and passemd 1 mm mesh size. After homog-
enization of the sample, 1 gm. lithium Meta borate and 0.5 gm. lithium tetra borate were weighed in a platinum 
crucible, 0.2 gm of the finely ground sample was added to the crucible that contained the borate mixture, and it 
was mixed with stirring rod that is also made up with platinum crucible. The sample was fused in a muffle fur-
nace for 45 min at 950 °C. The crucible and the melt were taken out from the muffle furnace using the crucible 
protective glove. The crucible and the content were put into a 400 ml beaker containing (1 + 19)  HNO3 of 100 ml 
solution, then covered with a watch glass, heated the content, and tilted the crucible to help digestion. It was kept 
overnight, and on the next day, a Teflon coating stirring magnet was added to the crucible and put on a magnetic 
stirrer. It was stirred until complete dissolution. The solution was transferred into a 500 ml volumetric flask by 
means of a funnel. It was washed several times and diluted till the mark of the volumetric flask. After that, the 
content of calcium oxide, magnesium oxide, sodium oxide, potassium oxide, ferrous oxide, and manganese 
oxide was determined with the help of an Atomic Absorption Spectrophotometer (A.A.S.)5,10.

Heavy metal determination. 0.25 gm of the sample (1 mm mesh size) was taken into a 100 ml beaker, and the 
content was digested with perchloric acid, hydrochloric acid, and nitric acid. The final solution was transferred 
to 50 ml volumetric flask; the flask was filled till the mark. Finally, the content of heavy metals was determined 
by  AAS3,11,24.

Biogas digester composition. Feedstock. The feedstock for the study was coffee pulp and coffee pulp 
silage. Similar amounts of inoculums were used in order to determine the Biogas of each feedstock. The effect of 
additives on biogas production in this study was evaluated.

Experimental setup. Batch anaerobic digester. A 500 ml holding capacity bottle was used as a digester. To 
create the anaerobic condition, the bottles were covered by a rubber stopper with an inlet and outlet and sealed 
with a gas kit maker. The gas pipe with an 8 ml internal diameter of 0.5 and 1 m length was immersed into the 
digester, as it is shown in Fig. 1. The 0.5 m long hose was stretched up to the bottom of the solution to measure 
the pH of the slurry, while the 1 m long hose did not touch the solution and was used to collect the gases. The 
gases were collected by glucose bags to know the quality and quantity of the gas produced. Both houses were 
controlled by a valve. The pH of the slurries was measured in 14 days intervals. The temperature of the digester 
was fixed to 38 °C (mesophilic condition)7,17,24.

Biogas and its quality determination. The amounts (quantity) of Biogas from the digesters were collected by 
glucose bags and it was taken to a volumetrically calibrated vessel. The total Biogas produced for each treatment 
was done by deducting the value of the inoculums to know the value of each digester. For that matter, the total 
amount of Biogas produced from each digester was presented. The quality of Biogas (that is percentage of Meth-
ane) was measured by biogas analyzer within 8 days intervals until the gas production was ceased. The glucose 
bags that collect the Biogas was fitted to the gas analyzer and another glucose bag was used to collect the gases 
from the gas analyzer. After reading the quality of gases the bags which collect the gas was properly removed 
from the gas analyzer and closed by glucose bag cups, after that the total amount of gas was measured by gradu-
ated measuring syringes to know the total amount of gases  collected17,24.

Slurry analysis. Total solid and volatile solid determination. After the biogas production ceased, the total 
content and volatile content of the slurries for each treatment were measured to determine the solid reduction, 

(4)% crude fat =
W2−W1

Sample mass in gm
× 100,

(5)%C =

%VS

1.724
.

(6)
C

N
=

%C

%N
.



5

Vol.:(0123456789)

Scientific Reports |        (2023) 13:12199  | https://doi.org/10.1038/s41598-023-39163-w

www.nature.com/scientificreports/

that is, total solid (T.S.) and volatile solid (VS). The same methods used for the determination of feedstock were 
used for the determination of % T.S. and %VS of slurry.

Determination of the total nitrogen and Total phosphorus content of the slurry. The total nitrogen content of the 
slurry of each treatment was done by the persulfate digestion method (Method 10,071). To perform this work, 
first, the C.O.D. reactor was turned and heated until it reached 105 °C. Nitrogen persulfate reagent powder was 
added to each of the total hydroxide reagent vials, then 2 ml of sample was added to the vial, capped both vials, 
and shaken vigorously for at least 30 s. Then the vials were placed in the reactor and heated for 30 min. After 
30 min, the vials were removed from the reactor and waited until cooled. Then the content of one total nitrogen 
reagent A powder was added to each vial. It was shaken for 15 s, 3 min reaction period was allowed, then Nitro-
gen reagent B powder was added, capped the vials, and shaken for 15 s. Then 2 ml of the digested sample was 
transferred to a total acid reagent vial, mixed, read the content of total nitrogen at the wavelength of 395 nm.

Total phosphorus (PhosVer 3 with Acid Persulfate Digestion Method): A pretreated diluted slurry sample with 
acid and persulfate was digested for 30 min in a HACH COD digester at 150 °C. A blank prepared from distilled 
water was treated and measured in a similar manner to the samples. Upon being treated with a PhosVer3 reagent 
powder pillow, the orthophosphate reacted with molybdate in an acid medium to produce a mixed phosphate/
molybdate complex with an intense molybdenum blue color and measured at 880 nm.

Data analysis. For the comparison and physicochemical analysis of the feedstocks, yield, and quality of 
Biogas, average values of the triplicate data were used. The Anova was performed using Microsoft Excel 2013, 
and the data was drawn using the Origin 8 software.

Results and discussion
Characteristics of coffee pulp and pulp silage. Minerals and some heavy metal contents of coffee 
pulp. Coffee pulp was characterized by the mineral contents like calcium oxide, potassium oxide, sodium ox-
ide, magnesium oxide, iron oxide, and manganese oxide, and the heavy metals lead, chromium, and cadmium 
were analyzed. The results were indicated as follows:

Mineral and Heavy metal content of Coffee pulp.
CaO < 0.01%,  Na2O = 1.02%,  K2O = 3.60%, MgO = 0.22%,  Fe2O3 = 0.52%, MnO < 0.01%, Pb, Cd and 

Cr < 0.005 ppm.
Minerals calcium and manganese and all the heavy metals were below the instrumental detection limit of 

0.01% and 0.005 ppm, respectively. In contrast, the coffee pulp had a value of 1.02%  Na2O, 3.60%  K2O, 0.22% MgO 
and 0.52%  Fe2O3. The results of the present study were lower than the study conducted by Solomon  Demeke1, 
which showed the content of calcium, magnesium, and potassium at 0.5%, 0.13%, and 5.3%, respectively.

Protein and fat content analysis of the treatments. The feedstock’s protein and crude fat content were evaluated 
in Table 2 below. The crude fat content was in the range of 0.50 under control for all ensiling periods to 3.50 
under biological additives (homo fermentative lactic acid bacteria) for ensiling periods 10, whereas; the protein 
content was in the range between 11.75 in the chemical and biological additives environment for the ensiling 
period of 40 days to 14.56 Silage with chemical additives at 10 day ensiling period.

Characteristics of coffee pulp and pulp silage. The Moisture content (%MC), dry matter (D.M.) or total solid 
(T.S.), organic dry matter (ODM) or Volatile solid (VS), ash (fixed solidly), and Organic carbon (O.C. %), total 
nitrogen (T.K.N. %) content of the feedstock were shown in Table 3. Standing from the results, it is possible to 
conclude that the feedstocks had a moisture content above 80%, which is the best input for biogas production. 
The ash content was below 20%, which indicates the organic content is higher than the inorganic content. As a 
result, the coffee pulp, as well as the ensiled one, is the best candidate for biogas production.

Figure 1.  Batch anaerobic digester set up.
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Silage pH. The pH value of the feedstock used in the treatment is shown below. The Silage produced without 
additives and biological additives was shown to lower pH in the range of 3.96 − 4.17. Similarly, the raw coffee 
pulp has also shown acidic pH = 4.80. On the contrary, the Silage with chemical and both chemical and biological 
additives has shown a neutral pH. The lower pH observed in the control and biological additives may attribute 
to the acid product. Whereas the neutral pH may attribute to the neutralization of the acid by the chemical addi-
tives (calcium carbonate additives). The pH of the raw pulp was evaluated by different researchers. Its pH value 
was 4.1. On the contrary, the present study was in agreement with the study conducted by. The pulp had a pH of 
4.75. As a result, the pulp is acidic by nature.

Coffee pulp and pulp silage characteristics before anaerobic digestion.
T1 (pH = 4.12), T2 (pH = 3.96), T3 (pH = 7.46), T4 (pH = 7.33), T5 (pH = 4.17), T6(pH = 4.05), T7 (pH = 7.26), 

T8 (pH = 7.03), T9 (pH = 4.16), T10 (pH = 4.05), T11 (pH = 6.47), T12 (pH = 7.52) and T13 (pH = 4.80).

The working conditions of the anaerobic digestion process. The biogas production and its quality 
were affected by the variables and conditions like temperature, pH, and C/N ratio. The results of this study are 
given below:

pH profile of the digester. The initial values of the digesters were T1 (6.88), T2 (6.63), T3 (7.21), T4 (7.19), T5 
(6.92), T6 (7.02), T7 (7.15), T8 (7.03), T9 (7.02), T10 (6.88), T11 (6.80), T12 (6.89) and T13 (7.18). This pH is in 
agreement with the range of 6.25–7.5which is conducive for methanogenic bacteria to function in a proper way.

From Fig. 2, the pH values of the thirteen treatments were determined, and their values were evaluated 
between two weeks intervals from the initial feeding time till the gas production ceased. In all cases, the pH 
increased from the feed time till the end of the digestion period, and the maximum pH was recorded by treat-
ments T9 (8.58) and T13 (8.54) in the 8th week. From the Figure, it is possible to conclude the fermentation phase 
is already taking place in the ensiling period, and the microorganisms were performing their biogas production in 

Table 2.  Percentage of crude fat and crude protein of the feed stock.

Descriptive of feed stocks Treatments Fat (%) Protein (%)

Silage without additives at 10 day ensiling period (control) T1 0.50 12.50

Silage with biological additives at10 day ensiling period T2 3.50 12.69

Silage with chemical additives at10 day ensiling period T3 1.00 14.56

Silage with both additives at 10 day ensiling period T4 2.50 11.81

Silage without additives at 20 day ensiling period (control) T5 0.50 14.44

Silage with biological additives at20 day ensiling period T6 2.50 13.81

Silage with chemical additives at20 day ensiling period T7 1.50 12.81

Silage with both additives at 20 day ensiling period T8 1.00 13.00

Silage without additives at 10 day ensiling period (control) T9 0.50 13.38

Silage with biological additives at10 day ensiling period T10 3.00 14.13

Silage with chemical additives at10 day ensiling period T11 1.00 13.63

Silage with both additives at 10 day ensiling period T12 2.00 11.75

Raw coffee pulp T13 3.00 12.69

Table 3.  Characteristics of the feed stock and inoculum.

Treatments MC % TS % VS % Ash % OC % TKN %

T1(C10) 83.88 ± 1.35 16.12 ± 1.35 91.91 ± 1.35 8.09 ± 0.50 53.31 ± 0.79 2.00 ± 0.04

T2(BA10) 82.53 ± 0.58 17.47 ± 0.58 91.82 ± 0.58 8.18 ± 1.05 53.26 ± 0.34 2.03 ± 0.02

T3(CA10) 82.75 ± 0.65 17.25 ± 0.65 87.29 ± 0.65 12.71 ± 2.15 50.63 ± 0.38 2.33 ± 0.04

T4(BA + CA)10 84.45 ± 0.66 15.55 ± 0.66 83.68 ± 0.66 16.09 ± 2.66 48.67 ± 0.38 1.89 ± 0.04

T5(C20) 83.44 ± 2.16 16.89 ± 2.16 91.61 ± 2.16 8.39 ± 0.19 53.14 ± 1.25 2.31 ± 0.03

T6(BA20) 81.55 ± 0.45 18.52 ± 0.45 92.55 ± 0.45 7.45 ± 1.10 53.68 ± 0.26 2.21 ± 0.03

T7(CA20) 80.38 ± 0.88 19.62 ± 0.88 85.05 ± 0.88 14.95 ± 0.47 49.33 ± 0.51 2.05 ± 0.04

T8(BA + CA)20 86.33 ± 0.44 13.67 ± 0.44 83.64 ± 0.44 16.36 ± 2.58 48.52 ± 0.26 2.08 ± 0.04

T9(C40) 87.70 ± 0.00 17.30 ± 0.00 90.61 ± 0.00 9.39 ± 0.00 52.56 ± 0.00 2.14 ± 0.04

T10(BA40) 83.33 ± 0.08 16.67 ± 0.08 90.77 ± 0.08 9.23 ± 0.99 52.65 ± 0.05 2.26 ± 0.03

T11(CA40) 81.27 ± 0.38 18.73 ± 0.38 85.27 ± 0.38 14.73 ± 0.70 49.46 ± 0.22 2.18 ± 0.03

T12(BA + CA)40 82.31 ± 0.05 17.69 ± 0.05 80.69 ± 0.05 19.31 ± 1.79 46.80 ± 0.03 1.88 ± 0.03

T13(Cp) 83.94 ± 0.67 10.42 ± 1.50 89.58 ± 1.50 15.62 ± 0.67 51.96 ± 0.87 2.03 ± 0.02

T14(In) 98.92 ± 0.04 48.14 ± 1.17 51.87 ± 1.17 1.08 ± 0.04 28.58 ± 0.68 1.40 ± 0.00
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a faster retention time. The result of ANOVA has shown that the pH of the digesters was not significant (p > 0.05). 
It showed that there is no relation between the pH of digesters.

Carbon to nitrogen ratio of the feedstock. From Table 4, the carbon-to-nitrogen ratios of the feedstock were 
between 20 and 27.This agrees with the value of 20:1 to 30:1 as recorded by as well as. This indicates that the raw 
coffee pulp, as well as the ensiled one by different additives, could serve as a feedstock for biogas production.

Amount and quality of Biogas produced by each digester at different additives with different 
ensiling periods. The biogas production potential of the feedstock was presented in terms of biogas yield 
and biogas quality (% methane). The average weekly biogas production, the cumulative Biogas, and the quality 
of Biogas produced by each digester are shown below.

Total biogas production. The total Biogas produced during the reaction period for all treatment digesters is 
presented in Fig. 3. It is clearly observed that T10 has higher productivity and T1 gives the lower one in terms 
of amount.

As it is shown in Fig. 4, the quality of Biogas produced by each digester in the first, second, and third week of 
the digestion period was below 50%. This shows that the biogas quality below 50% is not combustible, and the 
other gases, like carbon dioxide, compared with other weeks, are higher than in these weeks. Therefore, the gas 
produced during this period needs to be discharged if it is not upgraded by cleaning the other gases like carbon 
dioxide by scrubbing it with lime, sodium hydroxide, or potassium hydroxide.

Treatments T3, T4, T5, and T6 continued to produce Biogas with a quality of less than 50% until the end of the 
reaction period. Such treatments produce a biogas quality of 34.3%, 33.4%, 44.6%, and 47.5% maximum value, 

Figure 2.  Average pH values of the digesters throughout the retention time.

Table 4.  C/N ratio of all the feed stocks.

Descriptive of the feed stocks Treatments C/N

Silage without additives at 10 days ensiling period (control) T1 26.66

Silage with biological additives at10 days ensiling period T2 26.24

Silage with chemical additives at10 days ensiling period T3 21.73

Silage with both additives at 10 days ensiling period T4 25.75

Silage without additives at 20 days ensiling period (control) T5 23.00

Silage with biological additives at20 days ensiling period T6 24.29

Silage with chemical additives at 20 days ensiling period T7 24.06

Silage with both additives at 20 days ensiling period T8 23.33

Silage without additives at 10 days ensiling period (control) T9 24.56

Silage with biological additives at10 day ensiling period T10 23.30

Silage with chemical additives at10 day ensiling period T11 22.69

Silage with both additives at 10 days ensiling period T12 24.89

Raw coffee pulp T13 25.60

Inoculum T14 20.42
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respectively. After the fourth week, most of the treatments except the above four (T3, T4, T5, and T6) produced 
a total biogas quality of more than 50%. Which indicates the gases produced during this reaction period were 
combustible. In addition, depending on the system design and the type of feedstock, the biogas quality between 
50 and 75% is pure Methane. After week six, the biogas quality was lowered, and finally, the production is all 
most ceased.

As shown in Fig. 5, the highest and lowest quality was produced by T10 (biological additives at 40 days ensil-
ing period) and T5 (control at 20 days ensiling period), respectively. From the Figure, it was concluded that the 
T1, T5, and T9 are the controls ensiled at 10, 20, and 40 days; the biogas production was highest in the 10 days 
than the others. Biological additives with higher ensiling period positively affected the production of Biogas 
recorded. One-way ANOVA test results of treatments (digesters) between and within groups show that the 
p-value is less than 0.05, which indicates that there is a statistically significant difference between the volume of 
Biogas, percentage of Methane, and volume of Methane of all the treatments.

Characteristics of the digester after digestion. Solid reduction after anaerobic digestion. Total solids 
and volatile solids of the feedstock for all of the digesters after digestion to determine the amount of solid re-
duced were analyzed. The total solid and the volatile solid of each digester before and after the digestion period 
were indicated in the Table 5 below.

Anaerobic treatment converts the organic pollutant into a small amount of sludge and a large amount of 
Biogas (methane and carbon dioxide). So, there must be a reduction of T.S. and VS in the conversion process. 
The high and low removal efficiency of T.S. (%) were seen for T2 (treatments with biological additives at 10 days 

Figure 3.  Comparison of total biogas production of digesters.

Figure 4.  Weekly biogas quality of each digester throughout retention time.
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ensiling period) and T3 (treatments with chemical additives at day 10 days ensiling period) and the low removal 
efficiency of VS was seen for T11 (treatment with chemical additives at 40 days ensiling period). The high values 
were observed at T2, T4, T6, T8, T10, T12, and T14 with the same value of 100% removal of VS.

The relatively higher removal efficiency of VS (%) than T.S. (%) was a very good indication of the high uptake 
rate of the organic fraction of total solid and the effectiveness of the anaerobic reactor in digesting the coffee pulp 
wastes the ensiling wastes of coffee waste at different ensiling periods with different additives under anaerobic 
digestion during the proper operating condition.

From the percentage reduction of total solids and volatile solids, it can be put forward that anaerobic digestion 
can reduce the amount and volume of the organic waste of coffee pulp which is disposed of in dumpsites. It can 
also reduce the cost of transport as well as the task of the municipality’s waste management system. Comparison 
of the volatile solid and total solid before and after anaerobic digestion gives an indication of the utilization of the 
organic content in the digester. Before digestion VS/TS ratio of the digesters was relatively higher before digestion 
than after digestion. This is an indication of the utilization of the organic components during anaerobic digestion.

pH and nutrient values of the slurry. One advantage of anaerobic digestion is the use of the slurry as 
organic fertilizer. As a result, the pH and the macro-nutrients for the slurry of treatments, T1, T2, T3, T4, T5, T6, 
T7, T8, T9, T10, T11, T12 and T13 were determined, and its pH value was found that 8.12, 7.89, 8.43, 8.18, 8.5, 
8.36, 8.14, 8.08, 8.58, 7.97, 8.28, 7.92 and 8.54, respectively. The values in the thirteen treatments were between 
the minimum and maximum accepted values of 6.0 and 8.5. The values of the macro-nutrients (total nitrogen 
and available phosphorus) are shown in Fig. 6 below:

Figure 5.  Total quality of biogas of each treatment (digester).

Table 5.  TS and VS reading of the treatments in the feeding time and after digestion.

Digesters % TS initial % VS initial % TS final % VS final % reduction of TS % reduction VS

T1 1.64 78.95 0.60 33.33 63.27 57.78

T2 14.22 96.97 0.80 0.00 94.40 100.00

T3 1.50 50.00 1.40 30.43 6.67 39.13

T4 1.98 50.85 0.60 0.00 69.85 100.00

T5 2.11 86.36 1.34 59.09 36.41 31.58

T6 3.84 97.78 0.84 0.00 78.03 100.00

T7 7.36 80.00 1.53 50.00 44.77 37.50

T8 14.81 57.50 1.11 0.00 92.50 100.00

T9 2.21 70.00 1.72 37.50 21.98 46.43

T10 12.50 85.00 5.56 0.00 55.53 100.00

T11 2.08 78.05 1.46 66.67 30.00 14.58

T12 5.16 86.00 0.68 0.00 86.80 100.00

T13 4.04 72.97 0.90 33.33 77.76 54.32

T14 2.87 50.00 0.75 0.00 73.83 100.00
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As it can be seen from the Figure, the total nitrogen and total phosphorus content were highest for T13and 
its value was recorded at 400 ppm and 98.5 ppm, respectively. The minimum value was recorded at treatment 
(digester) T10 for total nitrogen content of 0.56 ppm. The minimum value of phosphorus was recorded in treat-
ment (digester) T5, which was 2.5 ppm.

Conclusion
This study suggests that coffee pulp may be used as a substrate for the production of Biogas in mesophilic envi-
ronments. During the 40-day ensiling treatment period with the biological additives, more gas is produced in 
terms of quantity and quality. Additionally, more study is required to address various biological and chemical 
additives. Coffee producers will also benefit from using pulp waste to produce Biogas by treating it with biologi-
cal additives. Therefore, they can benefit economically, socially, and healthily by avoiding the direct disposal of 
waste into the environment. The slurries are also used as natural fertilizers.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 20 February 2023; Accepted: 20 July 2023

References
 1. Demeke, S. Feasibility of including coffee waste into livestock feeding system of Southwestern Ethiopia. Ethiop. J. Appl. Sie. Technol. 

120, 111–120 (2013).
 2. Kefale, A., Redi, M. & Asfaw, A. Potential of bioethanol production and optimization test from agricultural waste: The case of wet 

coffee processing waste (pulp). Int. J. Renew. Energy Res. 2, 446–450 (2012).
 3. Wang, X., Lu, X., Li, F. & Yang, G. Effects of temperature and carbon-nitrogen (C/N) ratio on the performance of anaerobic co-

digestion of dairy manure, chicken manure and rice straw: Focusing on ammonia inhibition. PLoS One 9, 1–7 (2014).
 4. Herrmann, C., Heiermann, M. & Idler, C. Effects of ensiling, silage additives and storage period on methane formation of biogas 

crops. Bioresour. Technol. 102, 5153–5161 (2011).
 5. Woldeyes, B., Gebremariam Woldesenbet, A. & Chandravanshi, B. S. Characteristics of wet coffee processing waste and its environ-

mental impact in Ethiopia development of Ethiopian sugarcane industry View project new analytical methods for the determination 
of coffee active ingridients view project characteristics of wet. Int. J. Res. Eng. Sci. ISSN 2, 1–05 (2014).

 6. Woldesenbet, A. G., Woldeyes, B. & Chandravanshi, B. S. Wet coffee processing waste management in Ethiopia. Asian J. Sci. Technol. 
6, 1467–1471 (2015).

 7. Mazzafera, P. Degradaç ão de cafeína por microrganismos e o emprego da palha e polpa de café descafeinados na alimentaç ão 
animal. Sci. Agric. 59, 815–821 (2002).

 8. Bouafou Kouamé, G. M., Konan Brou, A., Zannou-Tchoko, V. & Kati-Coulibally, S. Potential food waste and by-products of coffee 
in animal feed. Electron. J. Biol. 7, 74–80 (2011).

 9. Mes, T. De, Emirates, U. A. & Zeeman, G. Bio-hydrogen, Dutch Biological Hydrogen Foundation (2003).
 10. Manzi, P., Aguzzi, A. & Pizzoferrato, L. Nutritional value of mushrooms widely consumed in Italy. Food Chem. 73, 321–325 (2001).
 11. Corro, G., Pal, U., Bañuelos, F. & Rosas, M. Generation of biogas from coffee-pulp and cow-dung co-digestion: Infrared studies 

of postcombustion emissions. Energy Convers. Manag. 74, 471–481 (2013).
 12. Juliastuti, S. R., Widjaja, T., Altway, A. & Iswanto, T. Biogas production from pretreated coffee-pulp waste by mixture of cow dung 

and rumen fluid in co-digestion. AIP Conf. Proc. https:// doi. org/ 10. 1063/1. 49823 41 (2017).
 13. Erchamo, Y. S., Mamo, T. T., Workneh, G. A. & Mekonnen, Y. S. Improved biodiesel production from waste cooking oil with mixed 

methanol–ethanol using enhanced eggshell-derived CaO nano-catalyst. Sci. Rep. 11, 1–12 (2021).

Figure 6.  Total nitrogen and total phosphorus content of the slurry.

https://doi.org/10.1063/1.4982341


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:12199  | https://doi.org/10.1038/s41598-023-39163-w

www.nature.com/scientificreports/

 14. Mamo, T. T. & Mekonnen, Y. S. Microwave-assisted biodiesel production from microalgae, scenedesmus species, using goat bone-
made nano-catalyst. Appl. Biochem. Biotechnol. 190, 1147–1162 (2020).

 15. Degfie, T. A., Mamo, T. T. & Mekonnen, Y. S. Optimized biodiesel production from waste cooking oil (WCO) using calcium oxide 
(CaO) nano-catalyst. Sci. Rep. 9, 1–8 (2019).

 16. Mousa, R. & Mousa, A. Formulation of reduced calorie and trans-free fat biscuits using palm oil and sucralose: Study of their 
hypoglycemic activity on albino rats. Am. J. Food Nutr. 3, 131–140 (2015).

 17. Demetriades, P. Termisk förbehandling av cellulosarika material för biogasproduktion. Sci. York Master, 1–55 (2008).
 18. Battista, F., Fino, D. & Mancini, G. Optimization of biogas production from coffee production waste. Bioresour. Technol. 200, 

884–890 (2016).
 19. Davis, A. P., Tosh, J., Ruch, N. & Fay, M. F. Growing coffee: Psilanthus (Rubiaceae) subsumed on the basis of molecular and 

morphological data; implications for the size, morphology, distribution and evolutionary history of Coffea. Bot. J. Linn. Soc. 167, 
357–377 (2011).

 20. Corro, G., Pal, U. & Cebada, S. Enhanced biogas production from coffee pulp through deligninocellulosic photocatalytic pretreat-
ment. Energy Sci. Eng. 2, 177–187 (2014).

 21. Bonilla-Hermosa, V. A., Duarte, W. F. & Schwan, R. F. Utilization of coffee by-products obtained from semi-washed process for 
production of value-added compounds. Bioresour. Technol. 166, 142–150 (2014).

 22. Ulloa Rojas, J. B., Verreth, J. A. J., Amato, S. & Huisman, E. A. Biological treatments affect the chemical composition of coffee pulp. 
Bioresour. Technol. 89, 267–274 (2003).

 23. P, M., UK, S., A, D. & P, K. Journal of Energy in Southern Africa. 112–117 (2004).
 24. Boopathy, R. & Daniels, L. Effect of pH on anaerobic mild steel corrosion by methanogenic bacteria. Appl. Environ. Microbiol. 57, 

2104–2108 (1991).

Acknowledgements
This work was financially supported by Addis Ababa University through a thematic research project (Grant 
number T.R./012/2016). The authors also would like to thank Dr. Araya Asfaw and Mr. Bilhat Leta for providing 
the samples.

Author contributions
M.T.G., T.T.M. Conceptualization, Methodology, Investigation, Writing—review & editing, Formal analysis. 
T.A.F.: Conceptualization, Methodology, Investigation, A.M.H., M.M.M.: Conceptualization, Methodology, 
Validation, Investigation, Formal analysis, Supervision. Y.S.M.: Investigation, Resources.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.T.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of chemical and biological additives on production of biogas from coffee pulp silage
	Materials and methods
	Chemicals. 
	Materials and instruments. 
	Study design. 
	Study design for silage preparation. 
	Study design for biogas production from coffee pulp and pulp silage. 

	Physio-chemical property determination of coffee pulp and coffee pulp silage. 
	Dry mattertotal solid. 
	Moisture content. 
	Crude ash. 
	Organic dry mattervolatile solid. 
	Total nitrogen and crude protein. 
	Determination of pH. 
	Crude fat. 
	Determination of organic carbon content. 
	CN ratio determination. 
	Determination of coffee pulp in terms of minerals and some heavy metal contents. 
	Minerals content determination. 
	Heavy metal determination. 


	Biogas digester composition. 
	Feedstock. 

	Experimental setup. 
	Batch anaerobic digester. 
	Biogas and its quality determination. 

	Slurry analysis. 
	Total solid and volatile solid determination. 
	Determination of the total nitrogen and Total phosphorus content of the slurry. 

	Data analysis. 

	Results and discussion
	Characteristics of coffee pulp and pulp silage. 
	Minerals and some heavy metal contents of coffee pulp. 
	Protein and fat content analysis of the treatments. 
	Characteristics of coffee pulp and pulp silage. 
	Silage pH. 

	The working conditions of the anaerobic digestion process. 
	pH profile of the digester. 
	Carbon to nitrogen ratio of the feedstock. 

	Amount and quality of Biogas produced by each digester at different additives with different ensiling periods. 
	Total biogas production. 

	Characteristics of the digester after digestion. 
	Solid reduction after anaerobic digestion. 

	pH and nutrient values of the slurry. 

	Conclusion
	References
	Acknowledgements


