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Biodegradability and kinetic studies on
biomethane production from okra (Abelmoschus
esculentus) waste

Emerging from the energy crisis of 2008 in South Africa, climate change concerns and the global
desire to reduce high ozone-depleting emissions, renewable energy sources like biogas are gaining
wide acceptance in most localities for heating and electricity. The paucity of feedstock varieties is a
major challenge plaguing the sustainability of this sector. Biomethane potential, biodegradability and
degradation kinetics of organic substrates are essential for assessing the suitability of feedstocks for
methane generation and the overall performance of the anaerobic digestion process in biogas plants.
Waste from the vegetable okra (Abelmoschus esculentus) is a novel substrate; its biodegradability and
degradation dynamics in biomethane production are largely unstudied, and were therefore the aims of
this research. The substrate was digested for 25 days at the mesophilic condition and the biomethane
potential data were recorded. Measured data of methane yield and the elemental composition of the
substrate were used to fit five models (modified Gompertz, Stannard, transference function, logistic and
first-order models) to predict degradation parameters and determine biodegradability of the substrate,
respectively. Low lag phase (0.143 d), positive kinetic constant (0.2994/d) and the model fitness indicator
(<10) showed that transference and first-order kinetic models predicted the methane yield better than
did other growth functions. The experimental methane yield was 270.98 mL/gVS, theoretical methane
yields were 444.48 mL/gVS and 342.06 mL/gVS and model simulation ranged from 267.5 mL/gVS to
270.89 mL/gVS. With a prediction difference of 0.03-1.28%, all growth functions acceptably predicted
the kinetics of A. esculentus waste. The findings of this study offer information on this novel substrate
important for its use in large-scale biogas production.

Significance:

e Growing interest in biogas technology as an alternative energy source for both South African rural
dwellers and industries, has mounted enormous pressure on known feedstocks, and instigated the
search for novel substrates.

e Qur study shows that okra waste is a viable feedstock for biogas production.

e The suitability of the first-order kinetic model over other models in predicting okra waste degradation
was highlighted.

Introduction

Global concerns regarding the depletion rate of fossil fuel sources, their adverse impacts on the environment and
the need to reduce the emission of greenhouse gases, have necessitated overwhelming interest in unconventional
energy sources from biomasses and wastes.' Biogas technology is a renewable energy type, which combines
sustainable waste management and efficient biofuel production.* This waste-to-energy (biogas) process is an
established technology, but it has been underexploited in most developing climes like South Africa. According to
the South African Biogas Industry Association> and Damm and Triebel®, more than 2.328 million households (about
25% of all families in South Africa) use local fossil fuel sources like charcoal and firewood to meet their energy
demands. The high cost and unavailability of electricity in most informal and rural settlements has increased both
the demand for and development of biogas technologies.”

Anaerobic digestion is a clean energy recovery process of biogas production through the biological degradation of
organic wastes in the absence of oxygen for the generation of methane.® This biomass degradation by microbes reduces
the volume of waste and involves four phases: hydrolysis, acidogenesis, acetogenesis and methanogenesis.2°

According to Bharathiraja et al.*, the low cost, availability and novelty of feedstocks are the incentives needed for more
investment in biogas production. This has necessitated the aggressive search for future energy crops with potential
for ensuring feedstock security, optimisation of existing biomass feedstocks as well as the technological enhancement
of feedstock digestion processes.® Various efforts towards discovering novel biomass for biogas have been made.
Adiga et al.™°, Patil et al."", Bai-Hang et al."? and Visva Bharati et al." studied the enhancement of water hyacinth for
biogas production. Anongnart et al.", Rodriguez et al."® and Kroger and Muller-Langer® noted that both micro- and
macro-algae is a viable substrate for biogas production. Housagul et al.'” and Aguilar-Aguilar et al."® investigated the
use of glycerol from biodiesel industries, singly and in combination, for biogas production, while Li et al."® attempted to
co-digest 33-53% spent cooking oil with food waste. Other novel substrates investigated include meadow grasses?
and vegetables?'.

In countries such as China, over 200 million tons of about 700 million tons of vegetables produced annually ends
up as residues and waste.” Okra (Abelmoschus esculentus) waste is a vegetable waste-type, which is largely
novel and has thus far been unexploited for biogas production. Okra is mainly grown in Africa and India (96% of
worldwide production ). Okra waste — like that of other vegetables and fruits — accounts for 40-50% of the 48.4%
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total food waste globally, a significant volume across its processing
value chain.?® Duman et al.>* stated that Turkey produces over 36 000
tons of okra per year and that the utilisation of okra waste has been
studied as part of Turkey’s development plan and vision. Okra and its
stems are high in crude fibre, protein and fat; dired okra has about 25%
crude fibre and 18% protein.?> According to Alam and Khan?, the entire
crop waste contains 67.5% a-cellulose, 15.4% hemicellulose, 7.1%
lignin, 3.4% pectin and 3.9% fat and waxes. Based on this composition,
okra has high biomethane potential.

Biochemical methane potential (BMP), according to Raposo et al.” and
Jingura and Kamusoko?®, is a simple but reliable procedure for determining
maximum methane volume produced per gram of the substrate’s volatile
solid and indicates rate and extent of conversion of biodegradable organics
to methane in an anaerobic digestion set-up. There are both experimental
and theoretical BMP methods. Although the BMP of okra has not been
studied, other vegetables and food wastes have been studied using
Buswell’s and modified Dulong’s equations?>3° with the elemental (carbon,
hydrogen, nitrogen, sulphur and oxygen) compositions of substrates?>33',

Kinetic modelling is an accepted method®2 to show the specific parameters
of system performance. Experimental data are used in kinetic studies and
results from these studies are often applied under the same conditions
to estimate operational -efficiencies of scaled-up reactors. Various
kinetic model types, particularly first-order kinetic models, have been
successfully used to simulate anaerobic digestion processes. Akin to the
phase of bacterial growth, the rate of biomethane production showed a
rising limb and a decreasing limb, which were indicated by exponential
and linear equations.'® In the past, numerous researchers have predicted
biomethane production potential using modified Gompertz, logistic and
first-order kinetic models®%34% as well as sigmoidal models and other
statistical models'®333,

The variation in the characteristics of okra waste from place to place,
based on agronomical differences and storage conditions before diges-
tion, necessitates the evaluation of its kinetic properties. Fitting kinetic
functions to the cumulative methane production curves obtained from the
BMP process enables information on anaerobic process performance to
be gathered. This information includes: whether the maximum methane
yield (Bo) was attained, the maximum rate of methane production (R__),
the degradation rate constant (K) and the lag phase (A) duration.® The ac-
curacy of biogas yield prediction in the model is dependent on the sub-
strate that is used as the feedstock.

This study was motivated by the huge amount of okra waste and its
perceived high biomethane potential. We assessed the biodegradability
and degradation kinetics of okra waste using both Buswell’s and Dulong’s
theoretical BMP equations, and investigated the elemental composition of
the substrate to the BMP assay and used the measured BMP data in five
identified growth functions (modified Gompertz, Stannard, transference,
logistic and first-order models). We also determined the suitability of these
models for anaerobic digestion of okra waste.

Materials and method

Substrate and inoculum characterisation

Pods (fruits) of okra (A. esculentus) waste were collected from Organic
Farm in Centurion (Gauteng Province, South Africa) and mechanically
pretreated. Inoculum from an active digester at the University of
Johannesburg was degassed and acclimatised at 37 °C before use.®' The
total solids (TS), volatile solids (VS), ash content and moisture content
were measured using the standard gravimetric method (Method 1684
of the US EPA for Total, Fixed and Volatile Solids in Water, Solids, and
Biosolids). The carbon (C), hydrogen (H), oxygen (0), sulfur (S) and
nitrogen (N) contents were determined using a CHNS elemental analyser.
Elemental composition (C, H, N, S) of the samples was determined
using a LECO CHNS-932 combustion analyser (TruMac, Argon, LECO
Corporation, St. Joseph, MI, USA) at 1050 °C, with sulfamethazine as a
standard substrate in accordance with Raposo et al.?”. Oxygen content
was calculated by assuming C + H + 0 + N + ash = 99.5% (on a VS
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basis).3 pH was measured using a pH meter (HI 9828 Multi-parameter,
Hanna Instruments). All characterisation results are shown in Table 1.

Table 1:  Proximate and ultimate analyses of samples
Properties Inoculum Abelmoschus esculentus

Initial pH 8.08+0.02 8.13+0.01
Final pH 7.68+0.01 8.15+0.02
Moisture content % 98.50+0.01 92.36+4.402
Ash content % 0.03+0.00 15.87+0.006
Total solids (TS) % 1.50+0.01 7.82+0.005
Volatile solids (VS) % 1.02+0.04 6.90+0.001
VS of TS % 68+0.01 88.36+4.402
Removed VS of TS % 89.5+0.00 76.06+0.12
Carbon% TS NT 39.30+0.012
Hydrogen% TS NT 5.39+0.003
Oxygen% TS NT 35.74+0.003
Nitrogen% TS NT 3.21+0.003
G/N ratio NT 12.24+0.003

NT, not tested

Biomethane potential

The biomethane potential of okra waste process was performed in
triplicate using the BMP assay (AMPTS II, Bioprocess Control, Sweden)
with 500-mL reaction bottles at Bioprocess Laboratory, Mechanical
and Industrial Engineering, University of South Africa, Florida Campus
(Johannesburg, South Africa) as shown in Figure 1. Each reactor was filled
to 400 mL of the total volume with the addition of 27.55 g okra based on
6.90% VS, 370.94 mL of inoculum (inoculum to substrate ratio was 2:1)
and 1.51 mL of distilled water. Nitrogen gas (Afrox Gas, South Africa) was
used to flush out oxygen from the reactors. The reactors were operated
at mesophilic temperature (371 °C) for 25 days. The entire test was
performed as stipulated by the AMPTS Il standard operation manual.
Results were retrieved from the data logging platform of the reactors and
used for the calculation of daily biogas production, production rate and
cumulative methane production, as shown in Table 2 and Figure 2.

Figure 1:

Biomethane potential assay with the data acquisition system.
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Figure 2:  Cumulative biogas production based on experimental and kinetic modelling results.
Table2:  Summary of key energy production parameters Kinetic models for biogas production
Non-linear regression analysis was performed using the curve-fitting tool
Parameter Result in Matlab R2015b to evaluate the growth functions (modified Gompertz,
BMP (mL/gVS) 970.98 Stannard, transference, logistic and first-order kinetic models) shown
TBMP (mLCH /gVS) 444.48 in Equqtions 6 to 10. The average measured cumulative methane
TBMP_. (mLCH,/gVS) 342.06 production was used to evaluate the models; the model parameters and
5 /9 : the goodness of fit are shown in Table 2 and Figure 2.
E* (MJ/kg) on %TS 14.63 .
. ) . B =B Ex [—EX[M)\—t]+1J ,
£ NS BT 2D A 12252 Modified Gompertz S R Equation 8
BD (%) 60.97 y
BD.. (% 79.22 = [_ﬂ;krm .
e (%) Stannard B B”B + b P Equation 9
Substrate formula G453 Hy4 0gg N,
BMR biomethane potential: TBMP theoretical biomethane potential: E, energy; B= Bob — Exp [R’"J t- Aﬂ} .
8D, biodegradability Transference . B, Equation 10
. . . . - Logisti Bzﬁmpmﬂx“’”*a} Equation 11
Theoretical biomethane potential and biodegradability ogistic g quation
Methane production potential and biodegradability of okra were
estimated using two theoretical biomethane potential (TBMP) First-order B =B, (1 — Exp(—kt)) Equation 12

approaches — Buswell and modified Dulong formulae — based on okra’s
elemental composition.?® The energy value of feedstock E* (okra) and
its theoretical biomethane potential (TBMP,.) were estimated using the
modified Dulong equation. Boyles (modified Buswell) equation was
used to determine the TBMP® and biodegradability was calculated as
shown in Equations 1 to 5. TBMP was predicated based on the following
assumptions®: ideal microbial condition and total substrate digestion;
complete mixing and constant temperature; substrate composition
limited to only C, H, O, N, S and output in the form of CH,, CO,, NH,.

E* = 337(C) + 1419 (H —10)+ 93(S) + 23.26(V) Equation 1

E* (b %VS,
TBMP,, = E-lbaseonss

Equation 2

CHON (o= =25 A0 (e 4525 ) O (=34 )00, + o

47274
Equation 3
b_ac
_ oo §+3-4-%)
TBMP = 120+a+16b+14c Equation 4
_ BMP
o = TRIP < 100 Equation 5

where E” is the energy value of the substrate (MJ/Kg); methane energy
content = 37.78 MJ/m?at STP; CHONS = carbon, hydrogen, oxygen,
nitrogen, sulfur (% TS); TBMP is the theoretical biomethane potential at
STP ; and BD,,, is the anaerobic biodegradability (%).

CH4
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where B is cumulative specific methane production (mL/gVS); B,
is maximum specific methane production potential (mL/gVS); R,
is the maximum specific methane production rate (mL/gVS- d);
e is Exp(1)=2.718282; A is the lag phase in days; k is the methane
production rate constant (day-'); t is digestion time (days); and p is slope
of growth.

The kinetics of biogas production were evaluated using the five growth
functions to determine the following parameters: B, B, k, A, p, R?,
Adjusted R?, R, and root mean square error (RMSE). The entire
experiment was performed in triplicate and the average of the three
values was used. Minitab 15 was used for all statistical analyses and all
inferences are at a 95% confidence.

Results and discussion

The ultimate and proximate properties of okra waste are shown in
Table 1. A mass of 27.55 g was determined based on 7.8157 %TS and
6.8945 %VS. Although a high substrate VS/TS ratio of 88.36% was
recorded, 76.06% of the substrate was removed during the anaerobic
digestion process. This finding is in agreement with Li et al.*" who
reported a high VS/TS to be desirable for biogas yield. The waste showed
a G/N ratio of 12.24, which was outside the ideal range of 15-30, thus
necessitating co-digestion or nutrient enrichment.®'

The experimental BMP assay gave a digestion period of 25 days, as shown
in Figure 2. Okra waste resulted in a methane yield of 270.98 mL/gVs,
which concurs with other reports of low yields from lignocellulosic
vegetable wastes.??3" Theoretical biomethane potential (TBMP) and
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Table 3: Kinetic parameters of average cumulative methane production curves
Parameter Modified Gompertz Stannard Transference Logistic First-order
Measured biogas yield, B, (mL/gVs) 270.98 270.98 270.98 270.98 270.98
Predicted biogas yield, B, (mL/gVs) 268.38 267.99 270.89 267.50 270.15
Difference between B, and B, (%) 0.95 11 0.03 1.28 0.31
B, (mL/gVs) 268.4 268.0 2711 267.5 270.3
R, (ML/gVS) 39.93 - 77.2 34.38 -
Lag phase, A (days) 0.872 - 0.143 1.24 -
Degradation rate, K (per day) - 1.449 - - 0.2994
P - 3.269 - - -
R? 0.963 0.957 0.983 0.946 0.982
Adjusted R? 0.96 0.953 0.982 0.941 0.981
RMSE 13.67 14.7 9.209 16.54 9.378

biodegradability (BD,,,) calculated using Equations 1 to 5 using elemental
and energy content of the substrate are shown in Table 2. TBMP based on
elemental composition (444.48 mL/gVS) was higher than that obtained
based on energy content (342.06 mL/gVS). BD,,, based on elemental
composition (60.97%) was lower than that based on energy content
(79.22%). Raposo et al.?" reported that BD,,<70% is considered an
outlier or invalid. In view of this finding, TBMP based on energy content
better satisfied the criterion. The low BD,,, seen in elemental TBMP is

consistent with the biodegradability of lignocellulosic vegetables.??3!

The measured and predicted methane production results, as well as the
determined parameters, are shown in Figure 2 and Table 2. The cumulative
measured biogas was 270.8 mL/gVS; the models predicted cumulative
biogas to be 267.38, 267.99, 270.89, 267.50 and 270.15 mL/gVs,
respectively, for modified Gompertz, Stannard, transference, logistic
and first-order models. These values are consistent with the assertion of
Raposo et al.#’, who recommended that the difference between B and B,
should not be more than 10%, above which this kinetic model is deemed
invalid for predicting anaerobic digestion processes.

The lag phase (A) of the growth functions, which is the time required
for bacteria to adapt and start biogas production, is given in Table 3 and
Figure 2. The values are 0.872, 0.143 and 1.24 for modified Gompertz,
transference and logistic models, respectively. The low A values found
in this study are in line with the report of Talha et al.*, who stated that
lower lag phase is dependent on the activeness of the adapted inoculum
and biodegradability of the organic part of the okra waste.

Most lignocellulosic substrates have cellulose as their main polymer
component (about 68% in the case of okra). The hydrolysis rate of cellulose
is normally the rate-limiting step, and the biomethane production rate is
denoted by .“%4' The k-value of substrates can be determined via product
formation (biomethane production or VFAs) and substrate depletion (VS,
COD or DOC) methods.* In this study, biomethane production (the product
formed) was used to compute the k-values of both Stannard and first-
order models of 1.449/day and 0.2994/day, respectively. The k-values
obtained were both high and positive, which, according to Dudek et al.*!,
could be because of the higher bioavailability of cellulose, which results
in a faster rate of biogas production.®** This observation is in agreement
with that of Veeken and Hamelers*®, namely that biomethane production
represents the hydrolysis rate of bioavailable substrate which decreases
with decreasing VS and can be best described with first-order kinetics.

Transference and first-order models best predicted okra waste digestion,
with a prediction difference of 0.03% and 0.31%, respectively. This finding
is consistent with the report of Kafle and Chen3, who showed that the
first-order kinetic model was found to be the best model for predicting
BMP Li et al." reported that the transference model performed better
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than the modified Gompertz model. The statistical indicators of model
fitness (as shown in Table 3), ranged from 0.946 to 0.983, 0.941 to
0.982 and 9.209 to 16.54 for R?, Adj. R? and RMSE, respectively. In line
with the report of Budiyono and Sumardiono®, an RMSE value of <10
shows good model prediction. Based on this criterion, only transference
and first-order kinetic models were within the accepted limit.

Conclusions

Experimental biomethane potential, biodegradability and degradation
kinetics of okra waste were evaluated in this study using five growth
functions. It was also shown that both energy content and elemental
composition evaluation methods could be reasonably used to calculate
TBMP and BD,,, of okra waste. The goodness of fit, good predicted
methane yield and lowest percentage prediction difference as observed
showed that both transference and first-order models performed better
than the other models evaluated. The positive kinetic constant and lower
lag phase confirmed the high rate of degradation. Based on the goodness
of fit, the logistic model performed the worst. Based on the substantial
cumulative BMP vyield of this novel substrate, further studies aimed at
improving its biodegradability will be desirable.

Acknowledgements

This research was conducted with the financial assistance of the
National Research Foundation (South Africa) and The World Academy
of Sciences (TWAS) (grant NRF-TWAS-SFH160606168084). We thank
Dr Masebinu for giving us the inoculum and Organic Farmers (Centurion,
South Africa) for the okra waste.

Authors’ contributions

S.N.U. was responsible for conceptualisation; methodology; data collection;
data analysis; validation; initial draft. E.C.C. was responsible for project
leadership and management; writing revisions and student supervision.

References

1. Shafifiee S, Topal E. When will fossil fuel reserves be diminished. Energy
Policy. 2009;37:181-189. https://doi.org/10.1016/j.enpol.2008.08.016

2. Deepanraj B, Sivasubramanian V, Jayaraj S. Experimental and kinetic study
on anaerobic digestion of food waste: The effect of total solids and pH. J
Renew Sustain Energy. 2015;7(6), Art. #063104, 12 pages. https://doi.
0rg/10.1063/1.4935559

3. Achinas S, Euverink GJW. Theoretical analysis of biogas potential prediction
from agricultural waste. Resour Efficient Technol. 2016;2(3):143-147.
https://doi.org/10.1016/j.reffit.2016.08.001

4 Volume 115| Number 7/8

July/August 2019


https://doi.org/10.17159/sajs.2019/5595
www.sajs.co.za
https://doi.org/10.1016/j.enpol.2008.08.016
https://doi.org/10.1063/1.4935559
https://doi.org/10.1063/1.4935559
https://doi.org/10.1016/j.reffit.2016.08.001

Biomethane production from okra

®oe Page 5 of 5
4. Ding HH, Chang S, Liu Y. Biological hydrolysis pretreatment on secondary 23. FAOSTAT. Okra, production quantity (tons) — for all countries. Rome: Food and
sludge: Enhancement of anaerobic digestion and mechanism study. Bioresour Agriculture Organization of the United Nations; 2016. Available from: www.
Technol. 2017;244:989-995. https://doi.org/10.1016/j.biortech.2017.08.064 fao.org/faostat/en/#data/QC
5. South African Biogas Industry Association (SABIA). Paper presented at: 24. Duman N, Kocak ED, Merdan N, Mistik I. Nonwoven production from
National Biogas Conference, Standards and Regulations; 2015 March 05; agricultural okra wastes and |nyest|gat|on of thelrth.ermelll conductivities. IOP
South Africa. Available from: www.energy.gov.za/files/biogas/2015-Biogas- Conf Ser Mater Sci Eng. 2017;254, 192007. https://doi.org/10.1088/1757-
Conference/Day-1/SABIA-Standards-and-Regulations-25March2015.pdf 899x/254/19/192007
6. Damm 0, Trigbel R. A synthesis report on biomass energy consumption 25. Olaniyan AM, Omolgyomi BD. Qharacteri§tics of okra under different p_ro_cess
and availability in South Africa. A report prepared for ProBEC [document E&etrg/e}tdmgntsﬂn(;j‘(‘j;f;%r/ezr;tgy;q%(601ng(|)t602n3s7.J Food Proc Tech. 2013;4:237.
on the Internet]. c2008 [cited 2008 Feb 10]. Available from: http://dev. ps://do.org/10. KA
ecoguineafoundation.com/uploads/5/4/1/5/5415260/biomass_energy_ 26. Alam MS, Khan GM. Chemical analysis of okra bast fiber (Abelmoschus
consumption_availability_sa.pdf esculentus) and its physico-chemical properties. J Text Apparel Tech Manag.
- . . ) 2007;5(4), 9 pages. Available from: hitps://textiles.ncsu.edu/tatm/wp-
7. Muvhiiwa R, Hildebrandt D, Chimwani N, Ngubevana L, Matambo T. The C0ntenéu)ploadsj)si?es/‘l/zo«] 7/11/Alam Khanpr” 299 07pdf p
impact and challenges of sustainable biogas implementation: Moving towards - - -
a bio-based economy. Energy Sustain Soc. 2017;7(20):1-11. https://doi. 27. Raposo F, Fernandez-Cegri V, De la Rubia MA, Borja R, Beline F, Cavinato
org/10.1186/s13705-017-0122-3 C, et al. Biochemical methane potential (BMP) of solid organic substrates:
) ) ) ) o ) Evaluation of anaerobic biodegradability using data from an international
8. Lim JS, Manan ZA, Alwi SRW, Hashim H. A review on utilization of biomass interlaboratory study. J Chem Tech Biotech. 2011;86(8):1088—1098. https://
Rov. 2012:16(5) 30843004 nipsGol 01g/10.10161 50£2012.02.051 do1cr9/10.1002100 2622
ev. ;16(5): - . https://doi.org/10. j.rser. .02.05
©) P g : 28. Jingura RM, Kamusoko R. Methods for determination of biomethane potential
9. Bharathiraja B, Sudharsana T, Jayamuthunagai J, Praveenkumar R, of feedstocks: A review. Biofuel Res J. 2017;14:573-586. https://doi.
Chozhavendhan S, lyyappan J. Biogas production — A review of composition, org/10.18331/brj2017.4.2.3
fuel properties, feedstock and principles of anaerobic digestion. Renew Sustain . .
Energy Rev. 2018:9(C):570-582. httpsz//doi.org/10.1016/j.rser.2018.08.010 29. gﬁzmﬂ'95‘2\!‘221_2"“";1*’!;260HF- Mechanism of - fermentation. Ind  Eng
10. Adiga S, Ramya R, Shankar BB, Patil JH, Geetha CR. Kinetics of anaerobic . .
P : : : 30. Browne JD, Murphy JD. Assessment of the resource associated with
digestion of water hyacinth, poultry litter, cow manure and primary sludge: bionv¥ethane fronli ?oc)),d waste. Appl Energy 2013.1049170_177 rlll'[pS'//V(glOi
A comparative study. In: Proceedings of the 2nd International Conference on org/10.1016/j.apenergy. 2012'11 017 ’ e ’ ’ ’
Biotechnology and Environment Management. Int Proc Chem Biol Environ ' ' ' o
Eng. 2012;43:73-78. 31. LiY, Zang R, Liu G, Chen C, He Y, Liu X. Comparison of methane production
. . . ) . o . potential, biodegradability, and kinetics of different organic substrates. Bioresour
1. Patil JH, Raj MA, Muralidhara PL, Desai SM, Raju GKM. Kinetics of anaerobic Technol. 2013;149:565-569. https://doi.org/10.1016/.biortech.2013.09.063
digestion of water hyacinth using poultry litter as inoculum. Int J Environ Sci
Dev. 2012;3(2):94-98. https://doi.org/10.7763/ijesd.2012.v3.195 32. Kafle GK, Kim SH. Kinetic study of the anaerobic digestion of swine manure
) _ ) o at mesophilic temperature: A lab scale batch operation. J Biosyst Eng.
12. Bai-Hang Z, Jie G, Han-Qing Y, Zhen-Hu H, Zheng-Bo Y, Jun L. Optimization 2012;37:233-244. https://doi.org/10.5307/jbe.2012.37.4.233
of microwave pretreatment of lignocellulosic waste for enhancing methane _ o
production: Hyacinth as an example. Front Environ Sci Eng. 2017;11(6):17. 33. V\Ilare Iﬁ EOWET N. N{ode"ng met_hane_gr?ductwtrrl] kfme“tc's of cF?mpIex EOU“W
https://doi.org/10.1007/s11783-017-0965- slaugnternouse wastes using sigmoidal gro unctions. Renew cnergy.
psijdol.org/ / : 2017;104:50-59. https://doi.org/10.1016/j.renene.2016.11.045
13. Visva Bharati B, Vaibhav VG, Ajay SK. Microbial pretreatment of water ) ) T )
hyacinth for enhanced hydrolysis followed by biogas production. Renew 34. g?flgh?rrésslrgaggég%h”\]/vfssté Ajﬂ?cegoﬂﬁ ddlgs?/vsitr;:n ;[Tr]ea?]tS::nt JforBitggy;"'xéﬁge
Energy. 2018;126:21-29. https://doi.org/10.1016/j.renene.2018.03.028 2012:37(1)58-64. https://doi.org/10.5307/jbe.2012.37.1.658 :
14. ﬁfngir(])%zzrtp\r/(\)/bEgt?;?]sfr;g:ﬁt}glll:hlfsgl??ez\\l/’e\smxli;!egoudizgﬁinoialoifnr]r?ircor\ézrlgggt 35. Budiyono IS, Sumardiono S. Kinetic model of biogas yield production from
. ’ : S . ; vinasse at various initial pH: Comparison between modified Gompertz model and
3 Biotech. 2018;8(123):1-18. https://doi.org/10.1007/s13205-018-1084-7 first Order. kinetic model. ReS J Appl Sci Eng Technol. 2014;7(13):2798-2805.
15. Rodriguez C, Alaswad A, El-Hassan Z, Olabi AG. Waste paper and macroalgae https://doi.org/10.19026/rjaset.7.602
co-digestion effect on methane production. J Energy. 2018;154(44):119-125. 36 Kafle GK, Chen L. Comparison of batch anaerobic digestion of five different
https://doi.org/10.1016/j.energy.2018.04.115 livestock manures and prediction of biochemical methane potential (BMP)
16. Kroger M, Muller-Langer F. Review on possible algal-biofuel production gzlingr ?T{?ﬁeﬁétaxztsl?lmmgo(%eési(;N;;}e Manag. 2016;48:492-502. https://
processes. Biofuels. 2012;3(3):333-349. https://doi.org/10.4155/bfs.12.14 0rg1e. . ’ o
- . . . . 37. Rincon B, Heaven S, Banks CJ, Zhang Y. Anaerobic digestion of whole
7. g&ﬁ%n%gﬁu&%ﬂﬁogb fi‘;ﬂgﬁaa“éggm dS\AY/aztIZng;tI[;/?:I:l:JlI :\:1 F’Brlc())cne]gfjr}ﬁgg crop winter wheat silage for renewable energy production. Energy Fuels.
i - 2012;26(4):2357-2364. https://doi.org/10.1021/ef201985x
of the International Conference on Applied Energy —ICAE2014. Energy Procedia. @ psil v f
2014;61:2219-2223. https://doi.org/10.1016/j.egypro.2014.12.113 38. Boyle WC. Energy recovery from sanitary landfills — a review. In: Microbial
) . ) ) energy conversion: The proceedings of a seminar. Oxford: Pergamon Press;
18. Aguilar-Aguilar FA, Nelson DL, Pantoja LA, Santos AS. Study of anagrobic 1976. p. 119-138. https://doi.org/10.1016/b978-0-08-021791-8.50019-6
co-digestion of crude glycerol and swine manure for the production of biogas. ) )
Rev Virtual Quim. 2017;9(6):2383-2403. https://doi.org/10.21577/1984- 39. Talha Z, Hamid A, Guo D, Hassan M, Mehryar E, Okinda G, et al. Ultrasound
6835.20170142 assisted alkaline pre-treatment of sugarcane filter mud for performance
enhancement in biogas production. Int J Agric Biol Eng. 2018;11(1):226-231.
19. LiY, Jin'Y, Borrion A, Li J. Influence of feed/inoculum ratios and waste cooking L .
oi content on the mesophilic anaerobic digestion of food waste. Waste Manage. 40. el\ll:;%r%bivcv ?jri]ge)s({i(fﬁnf%cYL'lsl?rrlgcgflss[\;\zggrnT:rrlﬁri 1%(:],[‘22?“'%_02?&:%%2 g;
2018,73:156-164. https//dol.org/10.1016/} wasman 2017.12.027 the 2nd International Conference on Sustainable Development (ICSD 2016).
20. Tsapekos P Kougias PG, Egelund H, Larsen U, Pedersen J, Angelidaki I. Advances in Engingering Researph Series. Paris: Atlantis Press; 2016.
Mechanical pretreatment at harvesting increases the bio-energy output from p. 81-84. https://doi.org/10.2991/icsd-16.2017.16
mar%lilogagq grassezs(.) 1F;egzv561Energy. 2017,111(C):914-921. https://doi. 41. Dudek M, Swiechowski K, Manczarski P, Koziel JA, Biatowiec A. The effect
0rg/10.1016/j.renene.2017.04. of biochar addition on the biogas production kinetics from the anaerobic
21. Gaibor-Chavez J, Nifio-Ruiz Z, Veldzquez-Marti B, Lucio-Quintana A. The viability digestion of brewers' spent grain. Energies. 2019;12, Art. #1518, 22 pages.
of biogas production and determination of bacterial kinetics in anaerobic https://doi.org/10.3390/en12081518
co-digestion of cabbage waste and livestock manure. Waste Biomass Valor 42. Angelidaki |, Sanders W. Assessment of the anaerobic biodegradability of
2019;10(8):2129-2213. hitps://doi.org/10.1007/512649-018-0228-7 macropollutants. Rev Environ Sci Bio Technol. 2004;3:117-129. https://doi.
22. Yan H, Zhao C, Zhang J, Zhang R, Xue C, Liu G, et al. Study on biomethane 0rg/10.1007/s11157-004-2502-3
production and biodegradability of different leafy vegetables in anaerobic 43. Veeken A, Hamelers B. Effect of temperature on hydrolysis rates of selected
digestion. AMB Express. 2017;7(1):27. https://doi.org/10.1186/s13568- biowaste components. Bioresour Technol. 1999;69(3):249-254. https://doi.
017-0325-1 org/10.1016/s0960-8524(98)00188-6
Research Article Volume 115| Number 7/8

https://doi.org/10.17159/sajs.2019/5595

July/August 2019


https://doi.org/10.17159/sajs.2019/5595
www.sajs.co.za
https://doi.org/10.1016/j.biortech.2017.08.064
http://www.energy.gov.za/files/biogas/2015-Biogas-Conference/Day-1/SABIA-Standards-and-Regulations-25March2015.pdf
http://www.energy.gov.za/files/biogas/2015-Biogas-Conference/Day-1/SABIA-Standards-and-Regulations-25March2015.pdf
http://dev.ecoguineafoundation.com/uploads/5/4/1/5/5415260/biomass_energy_consumption_availability_sa.pdf
http://dev.ecoguineafoundation.com/uploads/5/4/1/5/5415260/biomass_energy_consumption_availability_sa.pdf
http://dev.ecoguineafoundation.com/uploads/5/4/1/5/5415260/biomass_energy_consumption_availability_sa.pdf
https://doi.org/10.1186/s13705-017-0122-3
https://doi.org/10.1186/s13705-017-0122-3
https://doi.org/10.1016/j.rser.2012.02.051
https://doi.org/10.1016/j.rser.2018.08.010
https://doi.org/10.7763/ijesd.2012.v3.195
https://doi.org/10.1007/s11783-017-0965-z
https://doi.org/10.1016/j.renene.2018.03.028
https://doi.org/10.1007/s13205-018-1084-7
https://doi.org/10.1016/j.energy.2018.04.115
https://doi.org/10.4155/bfs.12.14
https://doi.org/10.1016/j.egypro.2014.12.113
https://doi.org/10.21577/1984-6835.20170142
https://doi.org/10.21577/1984-6835.20170142
https://doi.org/10.1016/j.wasman.2017.12.027
https://doi.org/10.1016/j.renene.2017.04.061
https://doi.org/10.1016/j.renene.2017.04.061
https://doi.org/10.1007/s12649-018-0228-7
https://doi.org/10.1186/s13568-017-0325-1
https://doi.org/10.1186/s13568-017-0325-1
file://C:\Users\enwercc\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\NBL8DIX5\Duman%20N,%20Kocak%20ED,%20Merdan%20N,%20Mistik%20I.%20Nonwoven%20production%20from%20agricultural%20okra%20wastes%20and%20investigation%20of%20their%20thermal%20conductivities.%20IOP%20Conf%20Ser%20Mater%20Sci%20Eng.%202017;254,%20192007.%20https:\doi.org\10.1088\1757-899x\254\19\192007
file://C:\Users\enwercc\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\NBL8DIX5\Duman%20N,%20Kocak%20ED,%20Merdan%20N,%20Mistik%20I.%20Nonwoven%20production%20from%20agricultural%20okra%20wastes%20and%20investigation%20of%20their%20thermal%20conductivities.%20IOP%20Conf%20Ser%20Mater%20Sci%20Eng.%202017;254,%20192007.%20https:\doi.org\10.1088\1757-899x\254\19\192007
file://C:\Users\enwercc\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\NBL8DIX5\Duman%20N,%20Kocak%20ED,%20Merdan%20N,%20Mistik%20I.%20Nonwoven%20production%20from%20agricultural%20okra%20wastes%20and%20investigation%20of%20their%20thermal%20conductivities.%20IOP%20Conf%20Ser%20Mater%20Sci%20Eng.%202017;254,%20192007.%20https:\doi.org\10.1088\1757-899x\254\19\192007
file://C:\Users\enwercc\AppData\Local\Microsoft\Windows\INetCache\Content.Outlook\NBL8DIX5\Duman%20N,%20Kocak%20ED,%20Merdan%20N,%20Mistik%20I.%20Nonwoven%20production%20from%20agricultural%20okra%20wastes%20and%20investigation%20of%20their%20thermal%20conductivities.%20IOP%20Conf%20Ser%20Mater%20Sci%20Eng.%202017;254,%20192007.%20https:\doi.org\10.1088\1757-899x\254\19\192007
https://doi.org/10.4172/2157-7110.1000237
https://textiles.ncsu.edu/tatm/wp-content/uploads/sites/4/2017/11/Alam_Khan_full_229_07.pdf
https://textiles.ncsu.edu/tatm/wp-content/uploads/sites/4/2017/11/Alam_Khan_full_229_07.pdf
https://doi.org/10.1002/jctb.2622
https://doi.org/10.1002/jctb.2622
https://doi.org/10.18331/brj2017.4.2.3
https://doi.org/10.18331/brj2017.4.2.3
https://doi.org/10.1016/j.apenergy.2012.11.017
https://doi.org/10.1016/j.apenergy.2012.11.017
https://doi.org/10.1016/j.biortech.2013.09.063
https://doi.org/10.5307/jbe.2012.37.4.233
https://doi.org/10.1016/j.renene.2016.11.045
https://doi.org/10.5307/jbe.2012.37.1.058
https://doi.org/10.19026/rjaset.7.602
https://doi.org/10.1016/j.wasman.2015.10.021
https://doi.org/10.1016/j.wasman.2015.10.021
https://doi.org/10.1021/ef201985x
https://doi.org/10.1016/b978-0-08-021791-8.50019-6
https://doi.org/10.2991/icsd-16.2017.16
https://doi.org/10.3390/en12081518
https://doi.org/10.1007/s11157-004-2502-3
https://doi.org/10.1007/s11157-004-2502-3
https://doi.org/10.1016/s0960-8524(98)00188-6
https://doi.org/10.1016/s0960-8524(98)00188-6

	_Hlk11152902
	_GoBack
	_Hlk13745027
	_Hlk523152392
	_Hlk522033311

