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Abstract

Biohydrogen is widely generated by dark fermentation and two-stage anaerobic digestion. Anaerobic digestion can be
chemically represented by the Buswell’s equation, which is based on elemental composition of organic matter. When
compared to Buswell’s equation for biomethane, its equation for biohydrogen has been given less attention. In this article,
the nature of Buswell’s equation for biohydrogen is introduced by using the H-atom method. The mean oxidation number
of organic carbons is employed as a metric for counting theoretical quantity of biohydrogen and parameters of Buswell’s
equation for biohydrogen. Based on an empirical formula and mean oxidation number of organic carbons, the general
Buswell’s equation for biohydrogen is developed. The mathematical relationships among mean oxidation number of
organic carbons, empirical formula, quantity of biohydrogen, theoretical biohydrogen potential, and biohydrogen percent
yield are also established. Biowastes and bio-substrates are chosen to demonstrate this notion.

Keywords: Buswell’s equation for biohydrogen, H-atom method, mean oxidation number of organic carbons, theoretical
biochemical hydrogen potential, biohydrogen percent yield

1. Introduction

Anaerobic digestion is a microbial-mediated process used in waste treatment (Fang, 2010), biofuel production (Kusch-
Brandt et al., 2023), and biorefinery chemicals production (Bolzonella et al., 2023; Allaart et al., 2023). As a biofuel,
biohydrogen is generated either by microbial-driven biochemical reactions or thermochemical treatment of biomass
(Pandey et al., 2013). Dark fermentation (Dzulkarnain et al., 2022; Sarangi & Nanda, 2020) and two-stage anaerobic
digestion (Algapani et al., 2019; O-Thong et al, 2018) are widely used for generation of biohydrogen. Anaerobic digestion
can be represented by Buswell’s equation (BEq), which is based on elemental composition of organic matter (Buswell &
Boruff, 1932; Buswell & Mueller, 1952; Boyle, 1977). Although the stoichiometric Buswell’s equation is a significant
model for counting quantity of biomethane, Buswell’s equation for biohydrogen (BEqH) has been relatively less studied
(Pererva et al., 2020).

In this article, the H-atom method (Yuen & Lau, 2021) is used to introduce the nature of BEqH through balancing,
quantifying, deducting, and defining its stoichiometric equation. The mean oxidation number of organic carbons (ONCc)
acts as a metric for developing the ONc-BEgH model, in which the mathematical relationships among ONc, empirical
formula, quantity of biohydrogen (nH,), theoretical biohydrogen potential (TBHP), and theoretical biohydrogen yield
(TBHY) can be established. The nH,, nCO, ratio of nH,to nCO,, TBHP, and TBHY can also be determined. Biowastes
and bio-substrates are chosen to demonstrate the counting of BEqH’s parameters, biodegradability index (BDI) and
biohydrogen percent yield (BHPY).

2. H-atom Method for Understanding BEqH

The H-atom method can be used to study Buswell’s equations (Yuen & Lau, 2023a; 2023b) and to analyze the nature of
BEgH.

2.1 Balancing BEgH of Organic Matters
Example 1. Balancing the BEqH for an empirical formula, C3H70.NS
Unbalanced BEqH: C3H;0,:NS+H;0—H,+CO2+NH3+H,S
Step 1. Divide overall equation into two half reactions
C3H70:NS—CO2+NH3+H,S
H—H,
Step 2. Balance two half reactions (balance C—N—S—0O—H atoms)
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C3H70:NS—CO2+NH3+H,S
C3H702NS—3CO2+NH3z+H:S
C3H7,0:NS+40—3CO2+NH3+H,S
C3H7,0:NS+40—3CO2+NH3+H,S+2H
C3H7,0,NS+40+8H—3CO,+NH3+H,S+2H+8H
CsH70:NS+4H,0—3CO,+NH3+H,S+10H
H—H,

2H—H;

Step 3. Combine two half reactions with equivalence of H-atom (LCM = 10)
(CsH70:NS+4H,0—3CO2+NH3+H,S+10H) <1
(2H—Hy) %5
C3H70:NS+4H,0—5H,+3C0O,+NH3+H,S

2.2 Quantifying BEqH’s Parameters: nHy, nCO», %, and TBHP
2

Based on the balanced BEqH of C3H;0,NS+4H,0—5H,+3C0O,+NH3+H,S, the stoichiometric coefficients (SC) and
parameters of BEqH can be quantified accordingly.

2.2.1 Identify BEqH’s SC
nH, =5 and nCO- = 3 can be identified.
2.2.2 Count the BEqH Ratio (ratio of nHzto nCO,)

The BEQH ratio of nH, to nCO, (::02 ) = g can be determined.
2
2.2.3 Calculate Theoretical Biohydrogen Potential (TBHP)

22400(nHy)

TBHP (at STP, mL/g) = 2220
3t7Y2

22400(nH,) _ 22400(5)
uCzH;0,NS 121.159

2.3 Deducting General BEqH of CxHyO,XwN,SuPt
Example 2. Deducting BEqH of CxHyOXwNySyPt
Unbalanced BEqH: CxHyO,XwNyS,Pi+H20—H,+CO,+HX+NH3+H,S+H3PO,4
Step 1. Divide overall equation into two half reactions
CxHyO, XNy S Pi—CO+HX+NH3+H;S+H3PO4
2H—H;
Step 2. Balance two half reactions
CxHyO, XNy S Pi—CO+HX+NH3+H;S+H3PO4
CxHyOXwNyS Pi—xCO+WHX+VNHz+uH,S+tH3PO4
CxHyO, XN\ S Pi+(2x—2+4t)0—xCO+WHX+VNH3+uH,S+tH3PO4+( y—w—3v—2u-3t)H
CxHyO, XNy S Pi+(2x—2z+4t)O+2(2x—2z+4t) H—->xCO+WHX+VNH3+UH,S+tH3PO 4 +(y—w—3v—2u—3t)H+2(2x—z+4t)H
CxHyO XwNySPi+(2x—2z+4t)H,0—xCO+WHX+VNH3+UHS+tH3PO 4 +H(4x+y—2z—w—3v—2u+5t)H
2H—H;
Step 3. Combine two half reactions with equivalence of H-atom {LCM = 2(4x+y—2z—w—3v—2u+5t)}
[CxHyO  XuwNySyP+(2x—2z+4t)H,0—xCO+WHX+VNH3+UHS+HH3PO4H(4x+y—2z—w—3v—2u+5t)H] %2
[2H—H2] * (4x+y—2z—w—3v—2u+5t)
2CxHyO XwNySyP+2(2x—z+4t)Ho.O0— (4x+y—2z—w—3v—2u+5t)Hy+2XCO2+2WHX+2VNH3+2uH,S+2tH3P 04

TBHP =

= 924.405 (mL/g)
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Balanced BEQH: CxHyO,XwN,SuP+(2x—z+4t)H,0 (“X*y‘zz‘wz‘3v‘2“+5° Ha+XCO-+WHX+VNHs+uH,S+tHsPO,

2.4 Defining Redox Terms of BEqH
By using the H-atom model (IUPAC, 2019), the redox terms of Example 2 are demonstrated in Figure 1.

gain of H-atom

reduction ¢
reducing agent oxidizing agent oxidizing agent reduction oxidation other non-redox
C:HyOXoNSuPt | CxHyO:XuwNiSuPt +H:0 product | product products
(from C atoms) (from H atoms) (from H atoms) - Hy +CO2 + HX + NH;3
+ HaS + HsPO4
| reduction T

gain of H-atom

oxidation

loss of H-atom

Figure 1. The H-atom method for BEqH

The redox terms of Example 2 are summarized in Table 1. CxHyO,XwN,SyP: molecules not only gain H-atom (from H
atoms) to form hydrogen gas, but also lose H-atom (from C atoms) to produce carbon dioxide. In addition, the H-atom of
H,0 gains one H-atom from CxH,O,XwNySuP: to form hydrogen gas. There are three sets of redox couples in BEqH.

Table 1. The redox terms of the Buswell’s equation for biohydrogen

Redox term Chemical language Chemical
meaning
Oxidation | CxHyOzXwNySuPt+(2x—z+4t)H20—xCO2+WHX+VNH3+uH2S+tH3PO4+(4x+y—2z—w—3v—2u+5t)H loss of H-
atom
Reduction CxHyOzXwNySuP¢ (H-atom)+H—H> gain of H-
atom
Reduction H20 (H-atom)+H—H> gain of H-
atom
Reducing CxHyOzXwNySyP; (C-atom) loss of H-
agent atom
Oxidizing CxHyOzXwNySuPt (H-atom) gain of H-
agent atom
Oxidizing H20 (H-atom) gain of H-
agent atom
Redox (4xby—22-w—3v—2u+5t) oxidation +
reaction CxHyOzXwNySuPr+(2x—2z+4t)H20 s 5 H2+XCO2+WHX+VNH3z+uH2S+tH3PO4 reduction +
reduction

2.5 Nature of BEqH

BEqH is an overall microbial-mediated biochemical redox reaction. It is represented in the form of a stoichiometric
molecular chemical equation. BEqH is composed of three sets of redox couples. All non-carbon and non-hydrogen atoms
are non-redox atoms. Water is involved in the reaction. In the absence of O, carbon atoms lose H atoms to form CO; and
hydrogen atoms gain H atoms to form H,. H>O molecules also gain H atoms from organic matter to form H, molecules.
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CxHyOXuNySuPH(2x—7+4t) HyO— XY 2222 WE3VE2UH80 Ly 4y CO+WHX+VNHg+UH,S+H3PO,
2

Assumptions of the model:
e BEQH is a redox reaction for pure or mixed organic matters in the form of an empirical formula.
e Organic carbons are fully converted to CO..

e All halogen, nitrogen, sulfur, and phosphorous (X, N, S and P) atoms are converted to HX, NHs;, H,S and
H3PO,, respectively.

3. ONc-BEgH Model

The ONc-BEqg model for biomethane was established by integrating the concept of ONc and BEq model (Yuen & Lau,
2024a; 2024b). The same method is applied to construct the analogous ONc-BEgH model. The mathematical equations
for the parameters of BEqH are shown below.

3.1 ONc of Empirical Formula, CxH,O.XwN,SyP:

The ONCc can be determined by using the non-carbon atom method (Yuen & Lau, 2023b). Regarding empirical formulas
CxHyO XwNySyP: of organic matters, individual oxidation number of hydrogen, oxygen, halogen, nitrogen, sulfur, and
phosphorous (H, O, X, N, S, and P) atoms are assumed to be +1, -2, —1, =3, =2 and +5 respectively.

-+ ONc = and nc = x

—2ONjnc
nc

—(y—2z—w-3u-2u+5t)

ONc =

X

3.2 BEgH and ONc-BEgH Models: Stoichiometric Chemical Equations
In the conversion of BEqH to ONc-BEqH, their stoichiometric chemical equations are shown as follows:

CxHy O XN SPcH(2x 2+ 4t)Hp0— P2 22Ut 4 X COp+WHX +VNHa+UH,S+HaP O,

CxHy O XN SiPH(2x -2+ 41)Ho0—" =X +xCO+WHX+VNHs+UH, S +tH5PO,

nH,
TlCOZ

3.3 Parameters of ONc-BE(Q: nH,, nCO,, and
nCO; =nc =X

4x+y—2z-w-3v-2u+5t _ x(4—ONc)

nH; = 2 3

nH, _ (4-ONc)
nCoO, 2

3.4 Theoretical Biohydrogen Potential (TBHP)

The theoretical biohydrogen potential (TBHP) for nH, in BEqH is analogous to theoretical biochemical methane potential
(TBMP) for nCH4 in BEqQ (Angelidaki & Sanders, 2004).

22400(nHy)
HCxHy 07 XwNySyPe

TBHP (at STP, mL/g) =

TBHP (at STP, mL/g) = 22400x(4—ONc)  _ 11200 X(4—ONc)

2UCxHy 0z XwNySyPy  BCxHyOzXwNySyPe
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nHy

, and TBHP
nCOz

4. From Counting ONCc to Determining nHz,

In Figure 2, the working scheme shows how empirical formula is converted to nHy, % and TBHP. Example 3

'
2

demonstrates the calculation.

GO X NiS:Pr — ONc= ‘3’*2“”";3"”“‘“ |, 1nH: _ (4-ONog
nCo, 2

11200 X(4—0Nc)

- TBHP= 20X ON9
UCxHy 02Xy NySy Pr

Figure 2. Working scheme: empirical formula — ONc — BEqH’s parameters

Example 3. Determine nHy, %, and TBHP of a given empirical formula, CsH70,NS
2

Solve: (i) by using equation: ONc (CyHyOXyN S Py) = E2ZwHsvizu-st

X

FOI’ CxHyOszsu = C3H7OZNS

Atom C H o N S
ON - +1 -2 -3 -2
AC 3 7 2 1 1
ONc (CsH;0,NS) = —y+2z+3v+2u _ —[(7)—2(2);3(1)—2(1)] :_%
x(4—0NCc)

(ii) by using equation: nH, = >

ONc=+2,x =3
2
3)(4—(+3
i (moy = 2D _ g
. .. nH, _ (4-ONc)
(iii) by using equation: . - 5
ONc = +2
3
nH, _ 4=(3) s
nCo, 2 3

11200 x(4—ONc)
n

uCsH7O2NS (g/mol) = 121.159 and x = 3

(iv) by using equation: TBHP =

11200 (3)(4-(+2))

TBHP (mL/g at STP) = 21159

=924.405
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5. Applications of ONc-BEqH
5.1 Operating Scheme

When the mass% of elements are identified, organic matter’s empirical formula and ONc can be determined.
Consequently, the empirical formula mass (i), nH2 and theoretical biohydrogen potential (TBHP) can be counted. Figure
3 shows the operating scheme. The biodegradability index for nH, in BEgH is analogous to biodegradability index for
nCH, in BEq (Nielfa et al., 2015). The biodegradability index for biohydrogen (BDI) and biohydrogen percent yield
(BHPY) can then be calculated.

BDI = 220 % 100% BHPY = 222 % 100%

TBHP TBHY
EBHP = experimental biohydrogen potential EBHY = experimental biohydrogen yield = experimental nH,
TBHP = theoretical biohydrogen potential TBHY = theoretical biohydrogen yield = theoretical nH,

Figure 3. Relationships among mass%, empirical formula, empirical formula mass (1), ONc, nHy, TBHP, BDI, and BHYP

.

ONCc

\

mass% —» empirical formula —_— TBHP =

EBHY

TBHY x 100%

nH, = *¢2%9 — BHPY =

—ON EBHP
11200 X(4-ONc) BDI =

0,
r e 100%

empirical mass (L)

5.2 Data Collection

The C/H/O/X/N/S/P contents of most organic matters are attained by elemental analysis. The selected ultimate analysis
of dried biowastes which include the six elements of C/H/O/CI/N/S (Achinas & Euverink, 2016) and C/H/O/N/S/P (Zaher
et al., 2010) are retrieved. The empirical formulas (CxHyO,ClwN\S,Py) of selected biowastes are calculated from mass%
of elements (Yuen & Lau, 2023b; 2024a). The data are listed in Table 2.

Table 2. Selected biowastes: ultimate analysis and their calculated empirical formula

Mass% Empirical formula
Biowaste
Total% | Ash% C% H% O%(*) Cl% | N% S% P% CxHyOzCIWNvSupt
Chicken litter 100 15.49 | 45.32 | 5.85 27.38 0.35 | 5.16 | 0.45 - C3,773H5,80401,711C|0A010N0A35330A014
Feedlot manure 100 15.87 | 45.39 | 5.35 30.98 1.16 | 0.96 | 0.29 - C3.779H5.30801.936Cl0.033N0.066S0.009
Milk Cow C3.722H5.85302.373N0.160S0.000P0.015
100 8.42 | 44.70 | 5.90 | 37.96 - 2.24 1 0.30 | 0.48
Manure
Horse Manure 100 17.78 | 46.90 | 4.20 28.20 - 1.20 | 1.50 | 0.22 | Cz.905H4.16701.763N0.086S0.047P0.007
Beef Cow Cs3.780H5.35701.936N0.18350.000P0.015
100 1490 | 45.40 | 5.40 | 30.97 - 2.56 | 0.29 | 0.48
Manure
Poultry Manure 100 13.02 | 39.57 | 5.11 35.20 - 293 | 0.77 | 3.40 | C3.294H5.06902.200N0.209S0.024P0.110

Remark: * O% are recalculated by the mathematical equation, 0% = 100% — ash% — (C%tH%+Cl1%+N%+S%+P%)
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5.3 Calculation of ONc and BEqH Parameters

With reference to Example 3, the ONc, nH,, TBHP, and 2:; of selected biowastes can be calculated and are shown in
2
Table 3.
Table 3. Selected biowastes: calculated ONc, nH,, TBHP, and :glé
2
Biowaste NC=x |  HCHOCWNSP: ONc nH, TBHP e
Chicken litter 3.773 84.500 -0.329 8.166 2164.709 2.164
Feedlot manure 3.779 84.139 -0.312 8.147 2168.941 2.156
Milk Cow Manure 3.722 91.565 -0.184 7.786 1904.734 2.092
Horse Manure 3.905 82.238 —0.083 7.972 2171.415 2.041
Beef Cow Manure 3.780 85.092 -0.263 8.057 2120.830 2.131
Poultry Manure 3.294 86.976 —0.165 6.860 1766.745 2.083

6. Biodegradability Index for Biohydrogen (BDI) and Biohydrogen Percent Yield (BHPY)

6.1 Data Collection

The experimental biohydrogen potential (EBHP) and experimental biohydrogen yield (EBHY) of bio-substrates are
retrieved from literature (Sarangi & Nanda, 2020).

6.2 Calculation of Biodegradability Index for Biohydrogen (BDI)

EBHP (Experimental biohydrogen potential)
TBHP (Theoretical biohydogen potential)

BDI= x100%

When the experimental biohydrogen potential (EBHP) of bio-substrate is identified, the BDI can be counted. Three sets
of calculated pCH,0O,, ONc, nHy, theoretical biohydrogen potential (TBHP), and BDI are summarized in Table 4.

Table 4. Selected bio-substrates for molecular formula CxHyO;: calculated uC<H,O,, ONc, nH,, TBHP, and BDI

Bio-substrate Molecular TBHP = *EBHP = BDI = % x
i i 0,
formula 1CHy O ONc nHo Theoretical Experimental 100%
biohydrogen biohydrogen
potential (mL/g) | potential (mL/g)
glycerol C3HsO3 92.094 —0.667 7.000 1702.608 172.9 10.16%
glucose CeH1206 180.156 0.000 12.000 1492.040 124.5 8.344%
xylose CsH100s 150.130 0.000 10.000 1492.040 117.9 7.902%
6.3 Calculation of Biohydrogen Percent Yield (BHPY)
BHPY = EBHY (Experimrntal biohydrogen yield) %100% = EBHY (Experimetal nH;) % 100%

TBHY (Theoretical biohydrogen yield) TBHY (Theoretical nHy)

When the experimental biohydrogen yield (EBHY) of bio-substrate is identified, the BHBY can be counted. The value of
EBHY is equal to nH,. Two sets of calculated pCH,O,, ONc, theoretical biohydrogen yield (TBHY), and BHPY are
summarized in Table 5.
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Table 5. Selected bio-substrates for molecular formula CxHyO: calculated uCxH,O,, ONc, TBHY, and BHPY (%)

Bio-substrate Molecular nH2=TBHY = * EBHY = BHPY = % x100%
formula Theoretical Experimental
HCHO: ONe biohydrogen yield, | biohydrogen yield,
(mol/mol) (mol/mol)
lactose C12H22011 342.297 0.000 24.000 1.50 6.25%
cellulose CeH100s 162.141 0.000 12.000 1.36 11.3%

7. Conclusion

The nature of Buswell’s equation for biohydrogen (BEqH) is explored by using the H-atom method. The general ONc-
BEqH is established as CXHyOZXWNVSuPt+(2x—z+4t)HgO—>@H2+XC02+WHX+VNH3+uHZS+tH3PO4. For any given

empirical formula of an organic matter, its BEqH parameters can be calculated by the following mathematical equations:

22400(nH 11200 x(4—ONc
. and TBHP = (oH) _ — @-ON9_ 1
HCxHy 0, XwNySyPy HCxHyO0,XwNySyPy

(4x+y-2z—-w-3v-2u+5t) _ x(4-ONc) nH;
2 2

_ (4-ONo¢)

nH, = =
2 > nCo,

Experimetal biohydrogen yield

addition, the biohydrogen percent yield is defined as BHPY = % 100% and the

Theoretical biohydrogen yield

Experimental biohydrogen potential

biodegradability index as BDI = %<100% .

Theoretical biohydogen potential
Acknowledgments

We would like to thank Kuok In Gabriel Yuen for drawing the figures.
Authors contributions

Dr. Pong Kau Yuen was responsible for designing the study, drafting, and revising the manuscript. Dr. Cheng Man Diana
Lau was responsible for revising the manuscript. All authors read and approved the final manuscript.

Funding
Not applicable.
Competing interests

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Informed consent

Obtained.

Ethics approval

The Publication Ethics Committee of the Canadian Center of Science and Education.

The journal’s policies adhere to the Core Practices established by the Committee on Publication Ethics (COPE).
Provenance and peer review

Not commissioned; externally double-blind peer reviewed.

Data availability statement

The data that support the findings of this study are available on request from the corresponding author. The data are not
publicly available due to privacy or ethical restrictions.

Data sharing statement
No additional data are available.
Open access

This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

Copyrights
Copyright for this article is retained by the author(s), with first publication rights granted to the journal.

85



http://ijc.ccsenet.org International Journal of Chemistry Vol. 16, No. 1; 2024

References

Achinas, S., & Euverink, G. J. W. (2016). Theoretical analysis of biogas potential prediction from agricultural waste.
Resource-efficient Technologies, 2(3), 143-147. https://doi.org/10.1016/j.reffit.2016.08.001

Algapani, D. E., Qiao, W., Ricci, M., Bianchi, D., Wandera, S. M., Adani, F., & Dong, R. (2019). Bio-hydrogen and bio-
methane production from food waste in a two-stage anaerobic digestion process with digestate recirculation.
Renewable Energy, 130, 1108-1115. https://doi.org/10.1016/j.renene.2018.08.079

Allaart, M. T., Fox, B. B., Nettersheim, I. H. M. S., Pabst, M., Sousa, D. Z., & Kleerebezem, R. (2023). Physiological and
stoichiometric characterization of ethanol-based chain elongation in the absence of short-chain carboxylic acids.
Scientific Reports, 13(1), 17370. https://doi.org/10.1038/s41598-023-43682-x

Angelidaki, 1., & Sanders, W. (2004). Assessment of the anaerobic biodegradability of macropollutants. Reviews in
Environmental Science and Biotechnology, 3(2), 117-129. https://doi.org/10.1007/s11157-004-2502-3

Bolzonella, D., Bertasini, D., Coco, R. L., Menini, M., Rizzioli, F., Zuliani, A., ... & Pesante, G. (2023). Toward the
transition of agricultural anaerobic digesters into multiproduct biorefineries. Processes, 11(2), 415.
https://doi.org/10.3390/pr11020415

Boyle, W. C. (1977). Energy recovery from sanitary landfills. In: Microbial Energy Conversion. Edited by H. G. Schlegel
& J. Barnea, 119-138. https://doi.org/10.1016/B978-0-08-021791-8.50019-6

Buswell, A. M., & Mueller, H. F. (1952). The mechanism of methane fermentation. Ind. Eng. Chem., 44(3), 550-552.
https://doi.org/10.1021/ja01185a034

Buswell, A. M., Boruff, C. S. (1932). The relation between the chemical composition of organic matter and the quality
and quantity of gas produced during sludge digestion. Sewage Works Journal, 4(3), 454-460.
https:/Amww.jstor.org/stable/25028162

Dzulkarnain, E. L. N, Audu, J. O., Dagang, W. R. Z. W., & Abdul-Wahab, M. F. (2022). Microbiomers of biohydrogen
production from dark fermentation of industrial wastes: current trends, advanced tools and future outlook.
Bioresources and Bioprocessing, 9(1), 16. https://doi.org/10.1186/s40643-022-00504-8

Fang, H. H. P. (2010). Environmental Anaerobic Technology: Applications and New Developments. London: Imperial
College Press; Singapore; Hackensack, NJ: Distributed by World Scientific Pub. ISBN: 978-1-84816-542-7

IUPAC (2019). Compendium of Chemical Terminology, 2nd ed. (the "Gold Book™). Compiled by A. D. McNaught and
A. Wilkinson. Blackwell Scientific Publications, Oxford (1997). Online version (2019-) created by S. J. Chalk. ISBN
0-9678550-9-8. https://doi.org/10.1351/goldbook.

Kusch-Brandt, S., Heaven, S., & Banks, C. J. (2023). Unlocking the full potential: New frontiers in anaerobic digestion
(AD) processes. Processes, 11(6), 1669. https://doi.org/10.3390/pr11061669

Nielfa, A., Cano, R., & Fdz-Polanco, M. (2015). Theoretical methane production generated by the co-digestion of organic
fraction  municipal solid waste and biological sludge. Biotechnol. Rep., 5(1), 14-21.
https://doi.org/10.1016/j.btre.2014.10.005

O-Thong, S., Mamimin, C., & Prasertsan, P. (2018). Biohythane production from organic wastes by two-stage anaerobic
fermentation technology. In book: Advances in Biofuels and Bioenergy. https://doi.org/10.5772/intechopen.74392

Pandey, A., Chang, J. S., Hallenbeck, P. C., & Larroche, C. (2013). Biohydrogen. 1st ed. Amsterdam: Elsevier Science
& Technology. ISBN: 978-0-444-59555-3

Pererva, Y, Miler, C. D., & Sims, R. C. (2020). Sulfur, phosphorous and metals in the stoichiometric estimation of
biomethane and biohydrogen yields. Processes, 8, 714. https://doi.org/10.3390/pr8060714

Sarangi, P. K., & Nanda, S. (2020). Biohydrogen production through dark fermentation. Chemical Engineering
Technology, 43(4), 601-612. https://doi.org/10.1002/ceat.201900452

Yuen, P. K., & Lau, C. M. D. (2021). Application of stoichiometric hydrogen atoms for balancing organic combustion
reactions. Chemistry Teacher International, 3(3), 313-323. https://doi.org/10.1515/cti-2020-0034

Yuen, P. K., & Lau, C. M. D. (2023a). Study of Buswell’s equation by using the H-atom method. Journal of College
Science Teaching, accepted.

Yuen, P. K., & Lau, C. M. D. (2023b). Using Buswell’s equation to count quantity of biomethane in organochlorine
compounds. International Journal of Chemistry, 15(2), 34-49. https://doi.org/10.5539/ijc.v15n2p34

Yuen, P. K., & Lau, C. M. D. (2024a). Mean oxidation number of organic carbons for quantifying biomethane in

86



http://ijc.ccsenet.org International Journal of Chemistry Vol. 16, No. 1; 2024

organophosphorous compounds. International Journal of Chemistry, 16(1), 11-21.
https://doi.org/10.5539/ijc.v16nlpll

Yuen, P. K., & Lau, C. M. D. (2024b). Using mean oxidation number of organic carbons to quantify Buswell’s equation.
International Journal of Chemistry, 16(1), 41-56. https://doi.org/10.5539/ijc.v16n1p41

Zaher, U., Khachatryan, H., Ewing, T, Johnson, R., Chen, S., & Stockle, C. O. (2010). Biomass assessment for potential
bio-fuels production: simple methodology and case study. The Journal of Solid Waste Technology and Management,
36(3), 182-192. https://doi.org/10.5276/JSWTM.2010.182

87


https://www.researchgate.net/scientific-contributions/Hayk-Khachatryan-2053920859?_sg%5B0%5D=ieF-ZIiMuVF7MZCgdL0tV1cMvYiU-GbzUTSLjxAHxp-1osItDaz05k3oPdD_bO6lRF128vg.PGQMotoEYYoZcoFLPmsgGzSMBX-0bP-SVmPy-n0RaydqEdNFbhx7L9sE6JKaKcMTvZi6qmYydNmSlTlZpBsCtA&_sg%5B1%5D=HO4mtWHkTYN2l5sYg6bwHc6iAi-1vu2h3bN_adcmZLLMc7c9klJq6F90sl50JXfprLpk0D0.XeMQRs9eNNryNtLm6G6CeI8GLpKpJk-tZdQlI_bHGI2BLyBZR7Y_T9QI-2q3kTGMe85PkCk07v4ZZ2EVZWAltA
https://www.researchgate.net/scientific-contributions/Tim-Ewing-2056696762?_sg%5B0%5D=ieF-ZIiMuVF7MZCgdL0tV1cMvYiU-GbzUTSLjxAHxp-1osItDaz05k3oPdD_bO6lRF128vg.PGQMotoEYYoZcoFLPmsgGzSMBX-0bP-SVmPy-n0RaydqEdNFbhx7L9sE6JKaKcMTvZi6qmYydNmSlTlZpBsCtA&_sg%5B1%5D=HO4mtWHkTYN2l5sYg6bwHc6iAi-1vu2h3bN_adcmZLLMc7c9klJq6F90sl50JXfprLpk0D0.XeMQRs9eNNryNtLm6G6CeI8GLpKpJk-tZdQlI_bHGI2BLyBZR7Y_T9QI-2q3kTGMe85PkCk07v4ZZ2EVZWAltA&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoiX2RpcmVjdCJ9fQ

