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ABSTRACT 

A biofilm containing both hydrolytic fermentative bacteria and acidogenic bacteria (including 

acetogenic and acetoclastic bacteria) was developed for the treatment of plastic wastes in a two-

phase, batch digester. The biotransformation and further degradation were electrochemically 

observed. It was found that the organic wastes were initially fermented in a single-phase (i.e. 

liquid phase) digester, where it entirely obeyed microbial growth kinetics in accumulating 

acetate. As the carbonates produced were vaporised, the single-phase became a two-phase 

fermentation (gas and liquid) accumulating volatile fatty acids (VFAs), where it obeyed a proton 

driving force based on Le Chatelier’s principle. Interestingly, as the digester was depressurised 

to the saturated vapour pressure of water, the accumulated VFAs were rapidly transformed into 

acetone via butanol, so that the VFAs forms were not observable. It was found that in extreme 

conditions, the organic feeds were converted and stored into acetone, via butanol. 

 

KEYWORDS  

Maltose and Starches Fermentation; Anaerobic Digestion; Pressure Dependence; 
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1. INTRODUCTION 

Plastics has become a substantial part of our life, and is used in all industries: packaging (39.9 % 

of all applications), home-ware applications (22.4 %), building & construction (19.7 %), 

automotive (8.9 %), electrical and electronic devices and tools (5.8 %), and agriculture (3.3 %) 

[1]. In 2015, the plastics industry produced about 322 million tonnes annually (Bie, 2017), and 

the EU, US and China mainly shared the world market with 15.8, 15.8, and 27.8 % respectively 

[1]. It is not surprising that for the last three years, approximately 85 % of the annual production 

[2] was returned as wastes, but the proportion of recycling of the wastes was significantly 

reduced. In the UK, about 5 million tonnes of plastic wastes [3] was produced annually, and 

about 71 % of the wastes was disposed of in landfill sites. In the severe case of the US in 2014, 
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33.6 million tonnes of the plastic wastes was produced, and approximately 85.5 % of the 

production [4] was disposed of in landfill sites.  

While the plastics industry is expected to face continuous growth, landfill sites in the UK will 

run out within the next few years [5]. Waste-to-energy (WTE) incineration promises the best 

option for landfill management reducing landfill tariffs [6], and it also earns revenue from 

generating electric/heat power regardless of the accompanying air pollution (i.e. dioxin or 

mercury). However, it requires a strict dried condition in a range of less than 65 % of water 

content, which pays for tremendous thermal energy in the pre-treatment processes, and or 

selective collection programmes of the wastes. Besides, the financial viability has become 

strongly dependent on the Feed-in Tariffs schemes, since the price of oil has fallen to the point of 

70 % below the 2014 price [7]. However, there is no doubt that recycling is still the best option 

for dealing with plastic wastes. 

Much attention has been paid to anaerobic digestion (AD) [8] in the recycling of biodegradable 

wastes, and it has been shown to be more cost-effective than WTE in the range of (85–95) % 

water content. The technology can also transform plastic wastes to renewable energy, such as 

biogas. However, AD in nature is a slow and complicated process with three major microbial 

stages: (i) hydrolytic fermentative stage, (ii) acidogenic stage, and (iii) methanogenic stage. 

Membrane baffled reactors have been applied in lab-based experiment, for separation of the 

microbial stages from the single AD process [9, 10]. However, the microbial AD stages are 

entirely integrated by themselves, and they are dissociated and associated with the other stages to 

produce and utilise ATP energy as the wastes decompose. In the first stage of hydrolysis, 

fermentative bacteria attach to a complex plastic particle [11], where they produce extracellular 

enzymes to hydrolyse the solid matter, and then convert the soluble products (i.e. glucose, long 

chain fatty acids, amino acids and other organic acids) into fermentation products (i.e. ethanol, 

lactic acid, short chain fatty acids, benzoate, formate, and/or carbon dioxide) for maintenance of 

their cells [12]. As the products, such as ethanol (>11 % w/w), accumulate in the broth, cell lysis 

is induced in most bacterial species including Escherichia coli. This significantly impacts the cell 

membranes of hydrolytic fermentative bacteria, and inhibits the production of extracellular 

hydrolytic enzymes [13]. This effect, which is readily observed in alcoholic fermentation, is 

thermodynamically favourable (∆G<0 and ∆H<0). However, it predominantly relies on bacterial 

attachment (i.e. acclimatisation) on the plastic particles, and often requires donors of electron and 
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proton [14]. Some fermentative products are further biodegraded to a variety of organic acids, 

which are simultaneously decomposed to acetate by acidogenic bacteria. They are relatively 

passive donors of electron and proton to fermentative bacteria, and they are also activated by 

thermal energy with regard to ATP energy. This second stage is theoretically reversible, but it 

always observes a thermodynamic limitation (∆G>0 and ∆H>0). In this case, both these first and 

second stages are readily able to bond spontaneously by themselves and build a two-layer 

structured (fermentative-acidogenic) biofilm [15], which can readily be observed in acid-

fermentation on organic particles.  

The microbial biofilm in AD has massive potential to transform plastic wastes to platform 

chemicals. Many researchers [16-18] have extensively studied the transformation of 

thermoplastic starch wastes to polyhydroxyalkanoates (PHA). Russo et al. [19] also observed the 

biodegradability of thermoplastic starch wastes blending polymeric substance (Polyvinyl 

Alcohol). Biodegradability of 60 % (by weight) was achieved for a 90:10 (Starch:PVA) blend, 

40 % for 75:25, 30 % for 50:50, and 15 % for PVA only, respectively. In the case of Clostridium 

acetobutylicum, the biofilm [20-22] was used to transform the thermoplastic starch wastes to 

PHA, where over 95 % in degradability with 68.7 % conversion of the cell dry weight was 

achieved within 700 hours. Clostridium diolis biofilm [23] was also observed to transform a 

plastic monomer (i.e. dicarboxylic acids) to ethanol, butanol, and or 1,3-propanediol. The 

product ratio through metabolic pathway was initially in various ranges [24], but rapidly shifted 

to produce 1,3-propanediol only. Butanol transformation of the plastic wastes [25-27] in the AD 

process has also been studied in a hetero-fermentation (i.e. AD without a methanogenic stage) 

but is not satisfied at the productivity (< approximately 10 g/l) for the industrial viability. The 

former which mentioned operation parameters leaded industrial biofilm technologies in the 

biotechnology. As an example of the work, Li et al. [28] studied a biofilm containing 

Clostridium beijerinckii and Clostridium tyrobutyricum in a fibrous-bed bioreactor (FBB) for the 

enhancement of a production of butanol from glucose. Other researchers [29, 30] investigated a 

membrane-pervaporation with a batch digester converting cassava waste into butanol. 

In this manuscript, a biofilm containing the (i) hydrolytic fermentative stage, and (ii) acidogenic 

stage, including acetogenic and acetoclastic processes, was electrochemically investigated for the 

biotransformation of thermoplastic starch wastes. Maltose was a model compound in the 

thermoplastic starch wastes, and it was transformed to volatile fatty acids (VFAs) in a single-
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phase batch AD without methanogenic bacteria. As the carbonates produced increased, the 

single-phase was converted into two-phase AD. In this manuscript, the microbial 

association/dissociation between the first and second stages is clearly explained, and the 

thermodynamic behaviour in the phase transition is also explicitly described with empirical 

observations, of which the data are further discussed, together with empirical observations of 

fermentations in palmitic oil waste, cassava waste, and lactose waste, respectively. The 

observations show qualitative and qualitative agreement with the model data. Interestingly, it 

was observed that the microbial association in depressurized biofilm in two-phase AD is 

suddenly self-transformed into the pathway converting existing VFAs to acetone via butanol 

around the saturated vapour pressure of water. This study identified that a microbial metabolic 

pathway of VFAs can be bypassed into acetone via butanol, rather than the conventional 

pathway of converting acetate to carbonates. This study was applied for the overcome of 

thermodynamic and kinetic limitations, leading to practical operation in the biotransformation of 

thermoplastic starch wastes. However, the model can be applied to different forms, bioflocs in 

anaerobic digestion or fermentation, and even cell arrays of eukaryotic cells (i.e. human 

metabolism including metabolic flux analysis). In industrial cases, the set of model equations can 

be applied to a study of energetics in ‘syntrophic bacteria community’ in terms of microbial 

community analysis, which has currently been researched in the food sciences and or the extreme 

conditions including Arctic, Antarctica, deep sea or volcanic environments. 

 

2. MODEL DEVELOPMENT 

A biotransformation of thermoplastic starch wastes was investigated in an anaerobic batch 

digester, where a biofilm containing both (i) a hydrolytic fermentative stage, and (ii) an 

acidogenic stage was modelled and simulated in an isothermal and isobaric condition (298.15 K 

and 1 atm). A two-phase digester was also assumed: gas and solution. The model compound of 

thermoplastic starch was a maltose. One mmole of aqueous carbon dioxide (CO
2
) and 36 mmole 

of acetate (C
2
H

4
O

2
) were injected into the digester, and 130 mmole of aqueous ammonia (NH

3
) 

was also assumed in the approximate range of (10–250) mmole l
–1

 as mixed sewage sludge [31].  

The biofilm was assumed to contain a fully acclimatised bacterial consortium without 

methanogenic bacteria: fermentative bacteria, acidogenic bacteria, acetogenic bacteria and 
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acetoclastic bacteria. The microbial growth was assumed to be at a quasi-steady state; 

meanwhile, the entire transport phenomena of metabolites were assumed to be at the 

thermodynamic equilibrium state. The assumption was based on the fundamental knowledge of 

chemical transport phenomena, which are much faster than the conventional microbial growth 

kinetics, including cellular differentiation [14, 31]. The microorganisms having anaerobic 

respiration were also assumed to exchange a couple of intra/extracellular mediators 

(NAD
+
/NADH) [12, 14, 15, 31-33], so as to share their metabolites. One mmole of NADH was 

added as the mediator, which was further assumed to be used in a citric acid cycle (CAC) and 

oxidative phosphorylation.  

Strict mass conservation (one kg) was applied in the two-phase, batch digester. The absolute 

pressure was increased from one atm up to the pressure (100 atm) at which a micro-bioreactor 

[34] usually operated, and it was decreased from one atm down to the pressure (3x10
–4

 atm) at 

which the liquid phase vanished. Here, the direction and magnitude of thermodynamic driving 

forces (∆G, ∆H and ∆S) were observed in the whole equilibria state (∆G=zero). The model 

comprised three parts of the equilibrium state (phase transition, dissociation, and redox reaction 

of metabolites). The first included equilibrium expressions that relate to the relative aqueous 

activities and gas fugacities of all metabolite species, and the second consisted of the 

dissociation/association that quantified the relationships between cation and anion activities in 

the liquid phase. The third consisted of the reduction and oxidation state that is based on the 

electrochemical potential (V) through the NAD
+
/NADH ratio.  

The completed model consisted of a set of highly non-linear simultaneous equations, and it was 

resolved by Newton-Raphson Algorithm [12, 33], based on the Jacobian matrix. The algorithm 

was coded in C++ in Microsoft visual studio version 2010, and a convergence criterion was set 

to 1×e
–14

 (pico-%: relative error/tolerance). The average operating time was 2 min per single set, 

and the maximum operating time was also set to 5 min per single set with Intel Core 2 Duo 

T6670 processor × 64-bite, 8 GB memory and 500 GB storage. The operation parameters 

(Pressure or Initial mole of maltose feedstock) on each set were increased by 1×10
–4

. 

2.1 Stoichiometric relationship  

The stoichiometric expressions were established in common, to quantify the feasible 

relationships between the initial substrate and the products. Table 1 shows the stoichiometric 
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relationship for the biotransformation of maltose in thermoplastic starch wastes. The 

stoichiometric relationships were categorised by three equilibrium relationships, which were the 

two-phase transition, dissociation, and redox of the metabolites.  

<TABLE 1> Stoichiometric model of the biotransformation of maltose. 

2.2 Equilibrium relationship 

This model from the stoichiometric foundations was developed using the fundamental definition 

of thermodynamic chemical equilibrium: 

0=∑ iiv µ        (1) 

where, iv  is the stoichiometric coefficient of component i, and the chemical potential iµ  is 

expressed as the standard chemical potential o

iµ  and activity ia  of component i. 

iii aRT ln+= oµµ       (2) 

where, R is the universal gas constant, and T  is the absolute temperature.  

2.2.1 Phase (Gas and Liquid) equilibrium 

The gas and liquid equilibrium relevant to the biotransformation of thermoplastic starch wastes 

was developed in a conventional fermentation [15, 33]. Isomers of butanol, isomers of propanol, 

acetone, acetaldehyde, ethanol, methanol, ammonia, nitrogen, hydrogen, carbon dioxide, and 

water were considered as volatiles, due to the relatively high Henry’s coefficients (>1×10
–3

). 

Most metabolites, including volatile fatty acids, were assumed as non-volatiles. Henry’s law 

coefficients relevant to the biotransformation of thermoplastic starch wastes were developed 

from Oh and Martin [15, 33]. Table 2 shows the stoichiometric foundations, their chemical 

equilibrium constants, and the mathematical relationships governed by Eq. (1).  

<TABLE 2> Phase equilibria of the biotransformation of maltose [35-40]. 

2.2.2 Dissociation equilibrium  

The carbonates and ammonia, which were highly dissociated and structured with other ionic 

chemical species in the liquid phase, were strongly dependent on the equilibrium concentration 
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of protons [H
+
]; pH value. The ionic structure of carbonates (CO3

–2
 and HCO3

–
) was linked to 

the structure of ammonium ion through the ammonium carbonates: (NH4)HCO3 and (NH4)2CO3. 

The ionic structures of nitrite (NO2
–
) and nitrate (NO3

–
) were also linked to the ionic structure of 

ammonium ion through ammonium nitrate (NH4NO3). The structure of volatile fatty acids was 

also linked in the same manner analogous to ammonium formate and ammonium acetate. Thus, 

an overall ionic cage was established in the liquid phase of the two-phase, batch digester.  

−+ +=
kkjjii

vvv µµµ      (3) 

( ) ( )
i

kj

v

i

v

k

v

jkkjjii

a
a

aa

RT

vvv
K

−+−+

=










 −−

=

ooo µµµ
exp    (4) 

Substituting Eq. (2) into Eq. (3) yielded the ionisation relationship, where equilibrium constants 

corresponded to dissociation constants ( aK ) in the biotransformation of maltose. Table 3 shows 

the stoichiometric foundations, the chemical equilibrium constants, and the mathematic 

relationships based on Eq. (4).  

<TABLE 3> Dissociation equilibria of the biotransformation of maltose [35, 37, 38] . 

2.2.3 Redox equilibrium 

Redox equilibrium is described as a form of coupled half reactions, which never occur by 

themselves, but that can occur once the electron released by one reactant is accepted by another. 

Here, the reduction and oxidation potentials were assumed to reach rapidly to a state of 

equilibrium in the biotransformation of maltose. The half reactions and equilibrium relationships 

relevant to acetoclastic bacteria and syntrophic acetogenic bacteria had been developed in the 

work of Oh and Martin [12, 32, 33]. The half reactions and equilibrium relationships relevant to 

fermentative bacteria, and anaerobic ammonium oxidising bacteria had also been developed in 

the work of Oh and Martin [14], and they were used here without modification. In particular, half 

reactions and equilibrium relationships relevant to fermentative bacteria and acidogenic bacteria 

were developed in this work. An example of acidogenic bacteria is given by: 

Oxidation C4H10O (aq) + H2O   �  C4H8O2 (aq) +   4H+ + 4e
–
   0=+

−∑ nev
k

kk µ  

Reduction NAD+ + 2H+ + 2e
–   
� NADH + H+      0

j j

j

v neµ −− =∑   

Leading to the overall redox reaction,  
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C4H10O (aq) + 2NAD
+
 + H2O   � C4H8O2 (aq) + 2NADH + 2H

+  
     0=+∑∑

j

jj

k

kk vv µµ  

 

Oxidation C3H8O (aq) + H2O = C3H6O2 (aq) +  4H+ + 4e
–
    0=+

−∑ nev
k

kk µ  

Reduction NAD+ + 2H+ + 2e
–   
� NADH + H+      0

j j

j

v neµ −− =∑   

Leading to the overall redox reaction,  

C3H8O (aq) + 2NAD
+
 + H2O   � C3H6O2 (aq) + 2NADH + 2H

+  
     0=+∑∑

j

jj

k

kk vv µµ  

 

Oxidation C2H6O (aq) + H2O  = C2H4O2 (aq) +  4H+ + 4e
–
   0=+

−∑ nev
k

kk µ  

Reduction NAD+ + 2H+ + 2e
–   
� NADH + H+      0

j j

j

v neµ −− =∑   

Leading to the overall redox reaction,  

C2H6O (aq) + 2NAD
+
 + H2O   � C2H4O2 (aq) + 2NADH + 2H

+  
     0=+∑∑

j

jj

k

kk vv µµ  

where the pair of half reactions should be in a state of equilibrium, the equilibrium relation being 

defined by the equality of the pairs of the electrochemical potentials )(VE .  

)(VnFEv iii =∑ µ       (5) 

where, F  is Faraday’s constant, and n  is the numbers of electrons transferred. The relationship 

between the chemical activity ( ia ) and electrochemical potential E(V) for the i th half reaction is 

shown in Eq. (6): 

∑∑ += iiiii avRTvnFE ln
oµ     (6) 

Thus, the redox equilibrium is established by the equality of electrochemical potentials:  

L====
lkji

EEEE      (7) 

This electrochemical equilibrium relationship (Eq. 7) allows the exchange of energy between 

functional microorganisms. This represents a (i) fermentative stage producing an amount of 
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energy, transferring it into an (ii) acidogenic stage consuming it. Table 4 shows the half reactions 

representing microbial reactions of the biotransformation of maltose. 

<TABLE 4> Redox equilibria of the biotransformation of maltose [35]. 

2.3 Relationship of activity and fugacity with concentration and partial pressure 

2.3.1 Liquid phase 

Activity ia  and observable concentration im
 
are related by an activity coefficient iγ  [41]. In a 

non-diluted solution of maltose (ionic activity >5×10
–4

), there are three types of model for the 

description of the activity coefficients, which can be considered to be the Ideal model, Debye-

Hückel model, and Pitzer model. These models are equivalent to the conventional equations of 

state used to quantify the analogous relationships in the gas phase, and have limited ranges of 

applicability related to the ionic strength of the liquid phase. These limitations together with their 

respective models for activity coefficients have been discussed in the work of Oh and Martin [14, 

33]. This work reuses their parameter values. 

iii ma γ=       (8) 

2.3.2 Gas phase 

Fugacity ( if ) was related to observable partial pressure ( Pyi ) in an analogous manner to 

activity and concentration in the liquid phase through a fugacity coefficient ( iΦ ): 

Pyf iii Φ=       (9) 

where, iΦ  can be derived from a suitable equation of state (EoS). Oh and Martin [33] used 

Nakamura et al.’s EoS  to describe the mixture of non-polar and polar gases found in the AD 

process [39]. This work used the same EoS, thus ensuring consistency between the results.  

2.4 Overall phase and mass balances 

The equilibrium model requires a strict mass balance condition. The components of overall 

balances are constituted for the i) gas phase, ii) solute, and iii) pure water from the stoichiometric 

model. 
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2

Re( )
18.02Re( ) 1000 ( )

55.494
i W i i W i

i i H O

W
N y M m M W g

≠

+ + =∑ ∑   (10) 

where, N  is the total mole of the gas phase, 
iWM  is the molecular weight of chemical species i, 

and )Re(W  is the mole numbers of water in solution, in which the total mass of system is 

conserved to one kg. Strict element material balances: carbon, hydrogen, oxygen, and nitrogen, 

are also considered. The gas, liquid, and charge balances are considered,  

1=∑
i

iy

,

,  1=∑
i

ix

 

, and  zeromz
i

ii =∑  (11) 

where, ix  and iy  are the mole-fractions of the i
th

 component in the liquid ( x ) and gas phase ( y ), 

respectively, and iz  is the charge number of the i
th

 component in the liquid phase. 

 

3. RESULTS AND DISCUSSION 

The model compound of thermoplastic starch wastes was a maltose. The maltose fed was almost 

completely hydrolysed and fermented into intermediates, which were further decomposed to 

carboxylic acids (i.e. VFAs) and carbonates. The residual intermediates: primary alcohols 

(methanol, ethanol, propanols, glycerol, and butanol), acetaldehyde, acetone, VFAs, and carbon 

dioxide, remained in the liquid phase. They obeyed Henry’s law, and were vaporised into the gas 

phase. Here, a biotransformation of maltose was electrochemically studied, as the initial mole of 

maltose was increased in the feedstock at 1 atm and 298.15 K. 

3.1 Maltose feedstock in isobaric and isothermal condition 

The initial mole of maltose was increased in the feedstock from 0.05 mole kg
–1

, where the 

digester became a two-phase (gas/liquid), up to 2.85 mole kg
–1

, where the water content became 

almost zero in the initial feedstock. Figure 1 (a) shows two plots of the total number of moles in 

the gas phase and the liquid phase at 1 atm and 298.15 K. In the same range of initial moles in 

the maltose feedstock, the gas phase almost linearly expanded as the liquid phase linearly 

reduced. The result implies that no inhibition was observed in 1 kg of the maltose feedstock, and 

the initial mole of maltose could be maximised in the feedstock within the operating constraints, 

such as pumpability. However, Weusthuis et al. [42] observed that a biomass yield (grams of 
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cells/grams of sugar) decreased linearly with increasing amount of the initial mole of maltose in 

the feedstock. This was attributed to the water activity in the maintenance of living cell. 

< FIGURE 1>  

As the maltose fed was almost completely hydrolysed and fermented into intermediates in the 

liquid phase, the hydrolytic fermentative stage produced a maximum amount of thermal energy, 

whilst the acidogenic stage (including acetogenic and acetoclastic processes) consumed a 

proportional amount of the thermal energy. Figure 1 (b) shows the residual thermal energy (∆H) 

linearly decreased from approximately (–30 to –762) kJ kg
–1

 as the initial mole of maltose was 

increased in the feedstock. The residual thermal energy shows a symmetrical relationship to the 

total number of moles in the gas phase shown in figure 1 (a). These results indicate that the 

microbial activity of the hydrolytic fermentative stage linearly increased together with the 

increased microbial activity of the acidogenic stage, but the microbial activity of the hydrolytic 

fermentative stage was always much greater than the subsequent microbial activities. Thus, it 

was found that the microbial activity of the hydrolytic fermentative stage showed a constant 

relationship to the initial mole of maltose fed. The enthalpy analysis was consistent with the 

overall water balance between the initial water in the maltose feedstock, and the residual water in 

the equilibrium state. The hydrolytic fermentative stage produced almost a maximum amount of 

water balance, while as in the manner of the enthalpy analysis, the acidogenic stage (including 

the acetogenic and acetoclastic processes) consumed a proportional amount of the water. Thus, 

the residual water was able to represent a relationship between the two microbial stages. Figure 1 

(b) shows that as the initial mole of maltose increased in the feedstock, the water balance linearly 

increased from almost (zero to +4.93) mole kg
– 1

. The results indicate that the microbial activity 

of the hydrolytic fermentative stage ensured that the overall exothermic process was driven to 

release as much amount of thermal energy to proceed in a forward direction as the gas phase was 

linearly expanded. In entropy analysis, ∆S showed the same tendency as the change in ∆H at the 

state of equilibrium (∆G =zero). Figure 1 (b) also shows that the biotransformation of maltose 

constantly exhibited negative, small values of ∆S, which linearly decreased as the initial mole of 

maltose was increased in the feedstock. This confirms that the microbial activity of the 

hydrolytic fermentative stage requires a robust microbial activity of acidogenic stage with regard 

to the bio-catalysts. 
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Figure 1 (a) shows that as the total number of moles in the gas phase was steadily increased, the 

mole-fraction of carbon dioxide (CO2) was not only constant between approximately (0.96 and 

0.98) mole mole
–1

, but the mole-fraction of water was also constant between approximately (0.03 

and 0.04) mole mole
–1

 in the whole range of the initial mole of maltose in the feedstock. This 

represents that as the initial mole of maltose increased in the feedstock, the microbial activity of 

acetoclastic process was strongly increased ad hoc, and the carbonates produced were increased. 

Once the carbonates in the liquid phase approached a state of equilibrium, they were mostly in 

the form of carbonic acid (H2CO3), and inhibited the acetoclastic process (c.f. product inhibition), 

and accumulated acetate. As the carbonic acid was transformed into water and carbon dioxide, 

and vaporised into the gas phase, the equilibrium concentration of acetate was steadily decreased, 

and further degraded to carbonates. Figure 2 shows the production of mole of acetate in the 

initial mole of maltose fed. The range 10
–2

 < x < 1 shows that as the initial mole fraction of 

maltose was increased, the equilibrium acetic acid fraction steadily decreased, as already 

explained. The low range, 10
–3

 < x < 10
–2

 shows that the equilibrium acetic acid fraction was 

strongly dependent on low initial concentrations of maltose, and that as this concentration was 

increased, the dependence became stronger. The ‘rapid transition’ in the range 10
–4

 < x < 10
–3

, 

was attributable to the rapid phase transition that occurred as carbonates were vaporised into the 

gas phase. The empirical observations made by Yu et al. [43] in the up-flow batch digestion of 

lactose with initial 40 g l
–1

 COD of lactose show reasonable agreement with the thermodynamic 

equilibrium, suggesting that the process achieved a good approach to equilibrium throughout the 

digestion period. As the initial lactose concentration was increased, the phase of digester was 

changed from single-phase in the range 10
–4

 < x < 10
–3

, to two-phase, but ammonium ions were 

prevented by the vaporisation of carbonates. Despite this, the underlying trend agreed with that 

predicted by the equilibrium model. The empirical observations made by Lu et al. [44] in a batch 

digestion of Cassava digestion show qualitative agreement with the equilibrium model. 

Interestingly, the agreement is best at higher initial maltose concentration. The empirical 

observations made by Puranjan et al. [45] in a batch digestion of palm oil waste, also show good 

agreement with the equilibrium model. Together, these empirical observations of 

biotransformation suggest that in the digestion of maltose, the observed inhibition of the 

acetogenic and acetoclastic processes is attributable in part to the overall thermodynamic origins, 

rather than exclusively to bio-kinetic sources.  

< FIGURE 2> [43-45]. 
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In the liquid phase, the intermediates show very small values in magnitude throughout the whole 

range of the initial mole of maltose in the feedstock, but the VFAs (caproic, valeric, butyric, 

propionic, acetic, and formic acids) show in the highest concentrations at 1 atm and 298.15 K. 

Figure 1 (c) shows that as the water activity decreases, the total mole-fraction of VFAs 

symmetrically increases. At 2.85 mole kg
–1

 of maltose feedstock, the total mole-fraction of VFAs 

finally corresponded to the water activity (approximately 0.5:0.5). It was found that the mole-

fractions of valerate, butyrate, and propionate logarithmically increased, while the mole-fraction 

of acetate showed almost flat, describing a parabola in the whole range of the initial mole of 

maltose as shown in figure 1 (d), where the maximum concentrations of acetate, propionate, and 

butyrate were observed to be (9.12, 0.71, and 22.8) g l
–1

 respectively. The model supported the 

empirical observation of Zheng and Yu [46] that overall bioactivity was acutely reduced by 50 % 

in a dark fermentation when the concentration of butyrate reached 20.78 g l
–1

. The equilibrium of 

acetate describing a parabola has already been explained in the previous section. As the gas 

phase was increased, the degradation of acetate steadily increased, but produced a large amount 

of protons. Figure 3 (a) shows that as the initial mole fraction of maltose was increased, the pH 

value was steadily decreased, and then became almost constant (≈ pH 3.0). This readily reached 

a state of equilibrium in protons, and inhibited the acetogenic process of converting VFAs to 

acetate. The result shows good agreement with the empirical work of Ezeji, Qureshi et al. [47] 

that had shown a product-inhibition at 8.5 g l
–1

 of acetate in ABE fermentation. 

< FIGURE 3> [43-45]. 

Figure 3 (b) shows that the proportional value (NAD
+
/NADH) steadily increased from 

approximately 10
–4

 to 0.01. This simply means that NADH was converted (oxidised) into NAD
+
, 

releasing electrons and protons to support the microbial activity of the first hydrolytic 

fermentative stage, although the oxidised NAD
+
 showed very small values (<10

–5
). From a 

microbial point of view, it indicates that the second acidogenic stage, including the acetogenic 

and acetoclastic processes, was much stronger than the first hydrolytic fermentative stage. It also 

provides evidence supporting the thesis that the CAC produced a little ATP energy in the whole 

range of the initial mole of maltose. Interestingly, the evidence was consistent with the 

acetoclastic process being steadily increased as the gas phase increased. The proportions of 

NAD
+
/NADH also allowed calculation of the equilibrium of electrochemical potentials ψ, and 

the potential values indicated a stage of electron-transference amongst the individual microbial 
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stages. Figure 3 (b) shows that the overall process was simply oxidised on increasing the initial 

mole of maltose in the feedstock, and the required electron donors, such as acetate. 

Consequently, there was no thermodynamic inhibition observable in the first hydrolytic 

fermentative stage, while there were strong thermodynamic inhibitions in the second acidogenic 

stage. In particular, the acetoclastic process followed by the acetate accumulation was observed, 

and almost no ATP generation was observable in the state of equilibrium of single-phase 

fermentation. The strong inhibition was steadily decreased by the vaporisation of carbonic acid, 

while the secondary inhibition was also observed in the two-phase digester. In the presence of 

the acidogenic stage, the acetogenic process, which was particularly inhibited, accumulated the 

VFAs. These results provided a clue of how to overcome the thermodynamic inhibitions in the 

biotransformation of maltose. A vaporisation of carbonates, such as a depressurised digester, is 

able to overcome the inhibition of accumulated acetate, and fixation of the proton concentration 

by a buffer solution is also able to prevent an inhibition of acetogenic process in the 

biotransformation of maltose. However, the fixation of pH value may significantly reduce the 

natural performance of the microbial kinetics with the microbial association sharing their 

metabolites. In the next section, the authors focus on an operation parameter, pressure, in the 

biotransformation of maltose. 

3.2 Depressurised digester in isothermal condition 

The digester was depressurised from one to 3×10
–4

 atm where the residual water vanished in the 

liquid phase (approximately residual H2O ≈ 1×10
–6

 mole kg
–1

). Figure 4 (a) shows that as the 

digester was depressurised, the decrease in the total number of moles in the liquid phase was 

compensated by the total number of moles in the gas phase. When the pressure reached around 

the saturated vapour pressure of water (about 2×10
–2

 atm), water molecules were mostly 

vaporised into the gas phase, and became in a quasi-state of azeotrope condition (at about 4×10
–2

 

atm), where the total number of moles in the liquid phase was equivalent to the total number of 

moles in the gas phase. As the pressure hypothetically decreased, the total number of moles in 

the liquid phase continued to decline, and then almost vanished, but the total number of moles in 

the gas phase steeply increased. This simply means that when the pressure was slightly reduced, 

it did not influence the fermentation, while as the pressure was severely decreased in the mid-

range of pressure (2×10
–2

 < P, atm < 0.1), the residual water only vaporised, and then volatile 



  

 

16

compounds were vaporised in the hypothetic range of pressure (P, atm < 2×10
–2

). The details of 

mole-fractions in the gas phase were further investigated.  

< FIGURE 4>  

Figure 4 (b) shows that as the digester was depressurised from one atm, the mole-fraction of 

water (yH2O) in the gas phase exponentially increased, and reached 0.71 at about 2×10
–2

 atm, 

whilst the mole-fraction of carbon dioxide (yCO2) symmetrically decreased from 0.98 at 1 atm to 

0.22 at approximately 2×10
–2

 atm. As a result of the model showing good agreement with 

Raoult’s law in the same region of the depressurised digester (2×10
–2

 < P, atm< 1.0), the constant 

water activity (xH2O=0.83) in the liquid phase dramatically decreased down to 0.5 at 2×10
–2

 atm, 

as shown in figure 4 (c). Figure 4 (b) shows that as the pressure was further decreased, the yH2O 

inversely reduced from 0.71 (at 2×10
–2

 atm) to 0.55 (at 5×10
–3

 atm), and then steadily dropped to 

0.3. This means that the water vaporisation was almost completed in the mass conservation of 1 

kg, and the depressurised digester suddenly produced C2H6O (acetone) and H2 in the hypothetic 

range of pressure (3×10
–4

 < P, atm < 2×10
–2

). As hydrogen (H2) and acetone appeared from 

5×10
–2

 atm, the mole-fractions increased up to 0.33 and 0.13 at 5×10
–3

 atm respectively. The 

results show good agreement with the empirical observation of Kisielewska et al. [48] that a 

depressurised fermentation was more effective in enhancing bio-hydrogen production than dark 

fermentative hydrogen production at atmospheric pressure. This tells us that the whole 

depressureised digester relies on the extent of water contents in the system. As the pressure 

approaches the saturated vapor pressure of water, the overall system degrades the accumulated 

VFAs and produces hydrogen. The hydrogen reacts with the existing shorter chain alcohols 

(methanol, ethanol and propanols) and is converted to acetone. 

< FIGURE 5>  

In the liquid phase, the intermediates had very low concentrations in the whole range of 

depressurised fermentation, while the volatile fatty acids observed had the largest concentrations 

in the liquid phase. Figure 4 (c) shows that the total mole-fraction of VFAs was in steady state, 

and was almost constant (≈0.16) in the mid-range of pressure (0.1 < P, atm< 1.0), while as the 

pressure reached the approximate saturated vapour pressure of water, the total mole-fraction 

symmetrically increased from 0.16 (at 5×10
–2

 atm) to 0.5 (at 2×10
–2

 atm). This resulted from the 

massive vaporisation of water based on Raoult’s law, which has already been explained in the 
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previous section. In the same region of pressure, figure 4 (d) shows that individual mole-

fractions of VFAs (butyrate, propionate and acetate) decreased. This resulted from the decrease 

in the mole-fraction of carbonate. This effect will be explained in the next section. Interestingly, 

it can be seen that the humps in the mole-fractions of valerate and butyrate are attributable to the 

massive water vaporisation in the low range of pressure (2×10
–2

 < P, atm< 0.1), so the result 

shows that the acetogenic process was inhibited, and accumulated valerate and butyrate as the 

pressure decreased. The results were similar to the empirical observation of Ezeji et al. [47] that 

gas stripping with CO2 and H2 in low range pressure incurred an unusually high concentration of 

VFAs in the fermentation.    

As the pressure was hypothetically decreased, figure 4 (c) also shows the water activity 

dramatically decreased from 0.5 (at 2×10
–2

 atm) to almost zero (at 3×10
–4

 atm). However, the 

mole-fraction of VFAs inversely decreased, and then become nearly zero (at 3×10
–4

 atm). This 

means that the microbial activity of the acidogenic stage was entirely inhibited, and the VFAs 

completely vanished. Here, the overall mass balance shown in figure 5 (a) means that as the 

acidogenic stage, including acetogenic and acetoclastic processes, was entirely inhibited, a 

production of mixture (acetone, butanol and CO2) was thermodynamically observed in the low 

range of pressure, and then the acetone and butanol were further degraded into carbonates, 

together with water reduction, in the hypothetic range of pressure. 

Figure 4 (e) shows that although the pressure was decreased to the vapour pressure of water 

(2×10
–2

 atm), the pH values had almost constant values (≈ between pH (3.2 and 3.1)) in the mid 

and low range of pressure (2×10
–2

 < P, atm < 1). This contrasts with the mole-fraction of VFAs 

shown in figure 4 (c), which resulted from the presence and accumulation of ammonium ions. As 

the pressure hypothetically continued to decrease from 2×10
–2

 atm, the pH values suddenly 

stepped up to 4.3 (at 5×10
–3

 atm), and then steadily increased to pH 5 (at 3×10
–4

 atm). The result 

was consistent with the mole fraction of VFAs that was vanished and converted into butanol and 

acetone, as shown in figure 5 (a).  

Figure 4 (f) shows that as the digester was depressurised from one to 2×10
–2

 atm, the ∆H slightly 

increased from about –548 kJ kg
–1

 (at 1 atm) to –440 kJ kg
–1

 (at 5×10
–2

 atm), and then steeply 

increased up to +500 kJ kg
–1

 at 2×10
–2

 atm (the saturated vapour pressure of water). The 

enthalpy change (+940 kJ kg
–1

) between (5×10
–2

 and 2×10
–2

) atm corresponds to around 20.0 
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moles of water vaporised, and this is approximately equivalent to the total number of moles that 

transferred from the liquid phase into the gas phase (figure 4 (a)). The ∆H was again rapidly 

increased to +930 kJ kg
–1

 at 5×10
–3

 atm, and then it became steadily increased to +1,190 kJ kg
–1

 

(at 3×10
–4

 atm). The results imply that the biotransformation of maltose requires an amount of 

thermal energy in terms of ATP energy, and the entirely carbonaceous feedstock was converted 

into acetone through butanol. An inhibition of the acidogenic stage, including the acetogenic and 

acetoclastic processes, was observed around the saturated vapour pressure of water, while the 

microbial activity dramatically produced butanol and acetone. However, the water balance was 

steadily increased from +3.3 mole kg
–1

 (1 atm) to +3.45 mole kg
–1

 (at 4×10
–2

 atm) and then 

steeply dropped to –4.6 mole kg
–1

 (at 3×10
–4

 atm). This means that the overall acidogenic stage 

was not inhibited, but VFAs were completely converted into acetone through butanol. Figure 4 

(f) also shows that the entropy change (∆S) corresponded to the number of moles in the gas 

phase shown in figure 4 (a). Interestingly, the ∆S became zero (at P = 4×10
–2

 atm), before the 

pressure reached the saturated vapour pressure of water (approximately 2×10
–2

 atm). This means 

that the hydrolytic fermentation and the sequent degradation of the fermented products were 

thermodynamically spontaneous, as long as an amount of thermal energy (> +1,190 kJ kg
–1

) was 

provided, but the subsequent vaporisation of water only influenced the change of entropy and 

enthalpy.  

Consequently, the depressurised digester is entirely dependent on water contents in the two-

phase system. As the pressure approaches the saturated vapour pressure of water, the overall 

system directly converts the accumulated short chain VFAs to acetone and then produces 

hydrogen and carbon dioxide. The produced hydrogen increases the partial pressure, while also 

reacts with the existing shorter chain alcohols (methanol, ethanol and propanols) and converts 

them to acetone at a starvation of mono and or di-saccharides. The reaction is successively 

iterated (in clock-wise) and the product (acetone) is highly vaporised and stored into the gas 

phase, when carbonates have very small quantities in the liquid phase or when the 'citric acid 

cycle' decreases. Secondly existing longer chain fatty acids are constantly degraded to the shorter 

chain fatty acids but the butyrate is directly converted to butanols, which are again converted into 

the shorter chain alcohols (methanol, ethanol, and propanols) and following the former pathway 

(in anti-clock-wise). Figure 6 shows the reaction coordinates with the relative enthalpy change. 

The new metabolic pathway that was thermodynamically proved can be applied in the starvation 
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of mono and or di-saccharides at extreme conditions, and it is significantly different from the 

conventional pathway through ‘acetoacetate’. In particular, it is peculiar that a minimisation of 

the ATP production in the iteration of CAC and that the long chain VFAs are utilized and 

converted to acetone through butanol for the purpose of constant maintenance of cells. 

< FIGURE 6>  

3.3 Pressurised digester in isothermal condition 

Pressure dependence was investigated in isothermal condition (298.15 K). Two moles of maltose 

were injected into 17.2 moles of H2O, and a total 1 kg of strict mass was then conserved in a 

two-phase digester. The absolute pressure was increased from (one up to 100) atm in which 

range micro-bioreactors [34] usually operate. Figures 4 (a) and (b) show that as the digester was 

pressurised, a few moles of carbon dioxide in the gas phase were transferred into the liquid phase 

and the solubility of carbonates increased. Figure 4 (c) show that as the solubility of carbonates 

(xCO2) steadily increased, the water activity (xH2O) symmetrically decreased from 0.83 (at 1 

atm) to 0.73 (at 100 atm), whereas figure 4 (b) further shows that water (yH2O) and carbon 

dioxide (yCO2) were almost constant values in the gas phase in the same region of pressures. The 

results tell that as the pressure increased, the gas phase decreased and then the digester reached at 

the phase equilibrium, in which acetate accumulation occurred. This work agreed with the work 

of Oh and Martin [12, 14, 15, 32, 33], in that the acetoclastic process that obeyed Le Chatelier’s 

principle was inhibited in high carbon dioxide solubility. The acetoclastic inhibition has already 

been explained in the previous section. 

As the digester was pressurised from one to 100 atm, figure 4 (f) shows that the change of 

enthalpy (∆H) was steadily decreased from approximately –548 kJ kg
–1

 (at 1 atm) to –644 kJ kg
–

1
 (at 100 atm). This showed the same feature of the total number of moles in the gas phase, as 

shown in figure 4 (a), which means that the carbon dioxide in the gas phase was condensed. 

Figure 4 (f) also shows that the water balance was steadily decreased from +3.3 mole kg
–1

 (at 1 

atm) to +1.5 mole kg
–1

 (at 100 atm), while figure 4 (e) shows that the pH value steadily 

decreased from approximately pH 3.2 (at 1 atm) to almost constant value (≈ pH 3.0 at 100 atm). 

Thus, these results confirm that the acetogenic process continued to decompose the VFAs into 

acetate in the high-pressure condition. Figure 4 (d) also shows that the individual mole-fractions 

of VFAs in the liquid phase were increased together with the mole-fraction of carbonates 
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throughout the whole region of pressure. However, the mole-fraction of valerate was only 

steadily decreased. Figure 5 (a) also shows that the total weight of carbonates was constant 

throughout the whole range of pressurised digester. These results imply that in the presence of 

strong acetoclastic inhibition, valerate only degraded into acetate, which accumulated in the high 

range of pressure. The result also showed qualitative agreement with the work of Chen et al. [49] 

that reported an accumulation of acetic acid with short chain fatty acids in batch pectic-

oligosaccharides fermentation at 155 MPa. 

 

4. CONCLUSION 

From the results of the biotransformation of thermoplastic starch wastes, it was found that the 

organic wastes were initially fermented in a single-phase (i.e. liquid phase), which was strongly 

governed by microbial kinetic behaviour. The fermentation excreted acetate, so as to utilise 

residual energy. As the carbonates produced were vaporised, it was found that the two-phase 

digestion generated an amount of energy from the decomposition of the accumulated acetate, 

while the acetoclastic process was regulated by the vaporisation of carbon dioxide. The result 

clearly tells us that the glycolysis did not coincide together with the citric acid cycle in the batch 

fermentation. Herein, the pressurized digester inhibited significantly the acetoclastic process and 

decomposed valerate successively while the glycolysis was able to coincide together with the 

citric acid cycle in the two-phase, pressurised fermentation. Interestingly, the depressurised 

digester completely converted the accumulated VFAs into acetone and alcohols (mainly 

butanols) around the saturated vapour pressure of water. The new catabolism rapidly transforms 

the short-chain fatty acids (acetate, propionate, and butyrate) to alcohols and then the residual 

alcohols are stored as acetone. The new metabolic pathway thermodynamically proved, is 

involved the conventional pathway through ‘acetoacetate’ and the study can be also applied to a 

cell metabolism and or microbial diversity in extreme conditions such as the starvation of 

saccharides. 
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FIGURE CAPTIONS  

 

FIGURE 1. Biotransformation of maltose versus the initial mole of maltose (at 1atm and 298.15 
K); where (A) phase transition, (B) enthalpy change and water production, (C) water activity and 
VFAs, and (D) individual mole-fractions of VFAs; pressure dependence was studied at the dot 
line 

 

FIGURE 2. Thermodynamic inhibition of acetate accumulated in biotransformation of maltose 
(at 1 atm and 298.15 K), where a single-phase was separated into a two-phase at the dot line; � 
empirical observation of palm oil waste fermentation [1], � empirical observation of lactose 
fermentation [2] and � empirical observation of Cassava fermentation [3] 

 

FIGURE 3. Biotransformation of maltose versus the initial mole-fraction of maltose (at 1 atm 
and 298.15 K), where the single-phase was separated into a two-phase at the dot line; (A) pH 
value and (B) electrochemical potentials and NAD

+
/NADH ratio; � empirical observation of 

palm oil waste fermentation [1], � empirical observation of lactose fermentation [2] and � 
empirical observation of Cassava fermentation [3] 

 

FIGURE 4. Pressure dependence in biotransformation of maltose with 2 mole kg
–1
 of maltose 

feedstock at 298.15 K, where a concentration dependence of maltose feedstock was studied at the 
dot line; (A) phase transition, (B) mole-fraction in the gas phase (C) mole-fraction in liquid 
phase, (D) individual mole-fractions of VFAs in the liquid phase, (E) pH value and 
NAD

+
/NADH ratio and (F) enthalpy change and water production 

 

FIGURE 5. Pressure dependence in biotransformation of maltose with 2 mole kg
–1
 of maltose 

feedstock at 298.15 K, where a concentration dependence of maltose feedstock was studied at the 
dot line; (A) mass balance and (B) electrochemical potential  

 

FIGURE 6. Reactions coordinate of beta-oxidation (catabolism) with energy storage 
(biosynthesis) ) at the starvation of carbohydrates 
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FIGURE 1. Biotransformation of maltose versus the initial mole of maltose (at 1atm and 298.15 
K); where (A) phase transition, (B) enthalpy change and water production, (C) water activity and 
VFAs, and (D) individual mole-fractions of VFAs; pressure dependence was studied at the dot 
line 
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FIGURE 2. Thermodynamic inhibition of acetate accumulated in biotransformation of maltose 
(at 1 atm and 298.15 K), where a single-phase was separated into a two-phase at the dot line; � 
empirical observation of palm oil waste fermentation [1], � empirical observation of lactose 
fermentation [2] and � empirical observation of Cassava fermentation [3] 
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and 298.15 K), where the single-phase was separated into a two-phase at the dot line; (A) pH 
value and (B) electrochemical potentials and NAD

+
/NADH ratio; � empirical observation of 

palm oil waste fermentation [1], � empirical observation of lactose fermentation [2] and � 
empirical observation of Cassava fermentation [3] 



  

 

30

 

 

 

0.00001

0.0001

0.001

0.01

0.1

1

0.0001 0.001 0.01 0.1 1 10 100

0

1

2

3

4

5

6

N
A

D
+

/
N

A
D

H

Pressure [atm]

p
H

pH

NAD+/NADH

(E)

0

10

20

30

40

50

60

0.0001 0.001 0.01 0.1 1 10 100

P
h

a
se

[m
o

le
/

K
g

]

Pressure [atm]

Gas Phase [moles]

Liquid Phase [moles]

(A)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.0001 0.001 0.01 0.1 1 10 100

m
o

le
 f

ra
ct

io
n

-g
a

s 
p

h
a

se

[m
o

le
/

m
o

le
]

Pressure [atm]

yH2O

yH2

yCO2

yAcetone

(B)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.0001 0.001 0.01 0.1 1 10 100

m
o

le
  

fr
a

ct
o

n
 -

li
q

u
id

 p
h

a
se

[m
o

le
/m

o
le

]

Pressure [atm]

aw

VFAs

Carbonates

NADH

NH4+

(C)

0.0001

0.001

0.01

0.1

1

0.0001 0.001 0.01 0.1 1 10 100

m
o

le
 f

ra
ct

o
n

 -
li

q
u

id
 p

h
a

se

[m
o

le
/

m
o

le
]

Pressure [atm]

Carbonate

Acetate

Propionate

Butyrate

Valerate

(D)

-6

-4

-2

0

2

4

6

-1500

-1000

-500

0

500

1000

1500

0.0001 0.001 0.01 0.1 1 10 100
H

2
O

 [
m

o
le

/K
g

]

E
n

th
a

lp
y

 

[k
J/

K
g

]

Pressure [atm]

Enthalpy Change

H2O Production

(F)



  

 

31

FIGURE 4. Pressure dependence in biotransformation of maltose with 2 mole kg
–1
 of maltose 

feedstock at 298.15 K, where a concentration dependence of maltose feedstock was studied at the 
dot line; (A) phase transition, (B) mole-fraction in the gas phase (C) mole-fraction in liquid 
phase, (D) individual mole-fractions of VFAs in the liquid phase, (E) pH value and 
NAD

+
/NADH ratio and (F) enthalpy change and water production 
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FIGURE 5. Pressure dependence in biotransformation of maltose with 2 mole kg
–1
 of maltose 

feedstock at 298.15 K, where a concentration dependence of maltose feedstock was studied at the 
dot line; (A) mass balance and (B) electrochemical potential  
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FIGURE 6. Reactions coordinate of beta-oxidation (catabolism) with energy storage 
(biosynthesis) at the starvation of carbohydrates 
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TABLE 1. Stoichiometric model of biotransformation of maltose 

 

Phase transitions 
 (gas | aq) 

Electrolyte relations  Electrochemical half reactions 

H2O (g) � H2O (l) H2O (l) � H+ + OH- NADH + H+ 
� NAD+ + 2H+ + 2e- 

H2 (g) � H2 (aq)  H2 (g) � 2H+ + 2e-  

NH3(g) �  NH3(aq) NH3(aq) +H2O�NH4
++OH-  

N2(g) � N2(aq) NH3(aq)+H2O�NH4OH 2NH3(g) �N2(g)+ 6H+ + 6e- 

 HNO2 � NO2
-+ H+  NH3(g)+2H2O�NO2

-+7H+ + 6e- 

 HNO3 � NO3
-+ H+ NO2

-+H2O�NO3
-+ 2H+ + 2e- 

 NH4NO3 � NH4
+ + NO3

-  

CO2 (g) � CO2 (aq) CO2 (aq) + H2O � H2CO3 
 

 CΟ2 (aq) + Η2Ο � ΗCΟ3
-  + Η+  

 CO2 (aq) + H2O � CO3
-2  + 2H+  

 (NH4)HCO3 � NH3(g) + CO2(g) + H2O   

 (NH4)2CO3 � 2NH3(g) + CO2(g) + H2O  

 NH3(aq)+HCO3
-
�NH2CO2

-+H2O  

 CH2O2 (aq) � CHO2
-  + H+ CH2O2 (aq)   �  CO2(g)+   2H+ +2e-  

 C2H4O2 (aq) � C2H3O2
- + H+ C2H4O2(aq)  + 2H2O � 2 CO2(g)+ 8H+ + 8e- 

 C3H6O2 (aq) � C3H5O2
- + H+ C3H6O2(aq) + 2H2O � C2H4O2 (aq) + CO2 (g) + 6H+ + 6e- 

 C4H8O2 (aq)  � C4H7O2
- + H+ C4H8O2(aq) + 2H2O � 2C2H4O2(aq) + 4H+ + 4e- 

 C5H10O2 (aq)  � C5H9O2
- + H+ C5H10O2(aq) + 2H2O �C2H4O2(aq) + C3H6O2(aq) + 4H+ + 4e- 

 C6H12O2 (aq) � C6H11O2
- + H+ C6H12O2(aq) + 2H2O � C2H4O2(aq) + C4H8O2(aq) + 4H+ + 4e- 

 C3H4O3  (aq) � C3H3O3
-  + H+ C3H6O2 (aq) + H2O � C3H4O3 (aq) +  4H+ + 4e- - 

 C3H6O3 (aq) � C3H5O3
-  + H+ C3H6O2 (aq) + H2O  �  C3H6O3 (aq)  +  2H+ +2e- - 

 C4H6O4 (aq)  � C4H5O4
-  + H+ C4H8O2 (aq) + 2H2O � C4H6O4 (aq) +   6H+ + 6e- - 

 C4H6O4 (aq) � C4H4O4
-  + 2H+  
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Continuing Table 1 

 

 

Phase transitions 
 (gas | aq) 

Electrolyte relations  Electrochemical half reactions 

 C3H8O3 (aq)  �  C3H6O2 (aq) + H2O  

 C4H6O5 (aq) � C4H5O5
-  + H+ C4H6O4 (aq) + H2O � C4H6O5 (aq) +   2H+ + 2e-  

 C4H6O5 (aq) � C4H4O5
-  + 2H+  

 C6H8O7 (aq) � C6H7O7
-  + H+ C6H8O7 (aq) + H2O � C4H6O4 (aq) + 2CO2 (g) +   4H+ + 4e-  

 C6H8O7 (aq) � C6H6O7
-  + 2H+  

 C6H8O7 (aq) � C6H5O7
-  + 3H+  

 CH2O2(NH4) � NH3(g)+ CH2O2 (aq)  

 C2H3O2(NH4) � NH3(g)+ C2H4O2 (aq)  

CH4O (g)  �  CH4O (aq)  CH4O (aq) + H2O  �   CO2 (g) + 6H+ + 6e- 

C2H4O (g)  �  C2H4O (aq)  C2H6O (aq)   � C2H4O (aq) + 2H+ + 2e-  

C2H6O (g)  �  C2H6O (aq)  C2H6O (aq) + H2O  � C2H4O2 (aq) +  4H+ + 4e-  

C3H6O (g)  �  C3H6O (aq)  C3H6O (aq) + H2O �C3H6O2 (aq)  +  2H+ +2e-  

n-C3H8O (g)  �  n- C3H8O (aq)  n-C3H8O (aq) + H2O� C3H6O2 (aq) +  4H+ + 4e-  

iso-C3H8O (g)  �  iso-C3H8O (aq)  iso-C3H8O (aq) + H2O � C3H6O2 (aq) +  4H+ + 4e-  

n-C4H10O (g)  �  n-C4H10O (aq)  n-C4H10O (aq) + H2O � C4H8O2 (aq) +   4H+ + 4e-  

iso-C4H10O (g)  �  iso-C4H10O (aq)  iso-C4H10O (aq) + H2O � C4H8O2 (aq) +   4H+ + 4e-  

sec -C4H10O (g)  �  sec -C4H10O (aq)  sec-C4H10O (aq) + H2O � C4H8O2 (aq) +   4H+ + 4e- 

Tert-C4H10O (g)  �  Tert-C4H10O (aq)  tetra-C4H10O (aq) + H2O � C4H8O2 (aq) +   4H+ + 4e-  

 C12H22O11 (maltose) + H2O � 2 C6H12O6 (aq) C4H8O2 (aq) +C2H4O2 (aq) +2H2O � C6H12O6 (aq)+ 4H+ + 4e- 
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TABLE 2. Phasic equilibria of biotransformation of maltose 

Vapour-liquid (Water) Equilibria 

Equilibrium Reaction Equation Common Name 

Equilibrium 
Constants 

 log(
H

WiK − ) 

H2O (g) = H2O (l) 













Φ=Φ ∫

P

P

Liquid

Wsat

W

sat

WWW

sat
W

dp
RT

PPy
υ

exp
 

Water 1.5 

H2 (g) = H2 (aq) 













=Φ ∫

∞

−

−

P

P

H

WHHHH
sat

W

WH

dp
RT

KmPy 2

2222
exp

υ  
Hydrogen –3.07 

CO2 (g) = CO2 (aq) 













=Φ ∫

∞

−

−

P

P

H

WCOCOCOCO
sat

W

WCO

dp
RT

KmPy 2

2222
exp

υ  
Carbon dioxide –1.34 

NH3(g) =  NH3(aq) 













=Φ ∫

∞

−

−

P

P

H

WNHNHNHNH
sat

W

WNH

dp
RT

KmPy 3

3333
exp

υ  
Ammonia 1.74 

N2(g) = N2(aq) 













=Φ ∫

∞

−

−

P

P

H

WNNNN
sat

W

WN

dp
RT

KmPy 2

2222
exp

υ  
Nitrogen –3.17 

CH4O(g)  =  CH4O(aq) 











=Φ ∫

∞

−

−

P

P

H

W
sat

W

W dp
RT

KmPy CH4O

CH4OCH4OCH4OCH4O

υ
exp

 
Methanol 2.22 

C2H4O(g)  =  C2H4O(aq) 











=Φ ∫

∞

−

−

P

P

H

W
sat

W

W dp
RT

KmPy C2H4O

C2H4OC2H4OC2H4OC2H4O

υ
exp

 
Acetaldehyde 1.14 

C2H6O(g)  =  C2H6O(aq) 











=Φ ∫

∞

−

−

P

P

H

W
sat

W

W dp
RT

KmPy Ethanol

EthanolEthanolEthanolEthanol

υ
exp

 
Ethanol 2.22 

C3H6O(g)  =  C3H6O(aq) 











=Φ ∫

∞

−

−

P

P

H

W
sat

W

W dp
RT

KmPy Acetone

AcetoneAcetoneAcetoneAcetone

υ
exp

 
Acetone 1.42 

n-C3H8O(g)   =  n- C3H8O(aq) 











=Φ ∫

∞

−

−

P

P

H

W
sat

W

W dp
RT

KmPy Pro-n

Pro-nPro-nPro-nPro-n

υ
exp

 
n-Propanol 2.18 

iso-C3H8O(g)  =  iso-C3H8O(aq) 











=Φ ∫

∞

−

−

P

P

H

W
sat

W

W dp
RT

KmPy Pro-Iso

Pro-IsoPro-IsoPro-IsoPro-Iso

υ
exp

 
iso-Propanol 2.05 

n-C4H10O(g)   =  n-C4H10O(aq) 











=Φ ∫

∞

−

−

P

P

H

W
sat

W

W dp
RT

KmPy But-n

But-nBut-nBut-nBut-n

υ
exp

 
n-Butanol 2.16 

iso-C4H10O(g)  =  iso-C4H10O(aq) 











=Φ ∫

∞

−

−

P

P

H

W
sat

W

W dp
RT

KmPy But-iso

But-isoBut-isoBut-isoBut-iso

υ
exp

 
iso-Butanol 1.96 

sec -C4H10O(g)   =  sec -C4H10O(aq) 













=Φ ∫

∞

−

−

P

P

H

W
sat

W

W dp
RT

KmPy But-sec

But-secBut-secBut-secBut-sec

υ
exp

 
sec-Butanol 1.99 

Tert-C4H10O(g)   =  Tert-C4H10O(aq)  













=Φ ∫

∞

−

−

P

P

H

W
sat

W

W dp
RT

KmPy But-Tert

But-TertBut-TertBut-TertBut-Tert

υ
exp

 
Tert-Butanol 1.87 

Note: m is molarity in liquid phase, log( H
WiK − ) at 298.15K is calculated by Pourbaix’s method [1] 

and evaluated by chemical properties handbook [2]. 
∞

−Wi
υ  is calculated by Nakamura’s method 

[3], y and 
i

Φ are mole fraction and fugacity activity in gas phase. 
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TABLE 3. Dissociation equilibria of biotransformation of maltose 

Equilibrium Reaction Equation 
equilibrium 
constants  
log(Ka) 

H2O = H+ + OH- OHOHHW ammK
2

/−+=  
–14.00 

CO2 (aq) + H2O = H2CO3 2 2 3 2 2
/

CO H CO CO H O
K m m a=  

–4.38x10–2 

CO2 (aq) + H2O = HCO3
-  + H+ 

2 3 2 23

/H CO CO H OHCO H
K m m m a− +=  

–6.37 

CO2 (aq) + H2O = CO3
-2  + 2H+ 2

2 23 3

2
/ CO H OHCO CO H

K m m m a− − +=  
–16.70 

CH2O2 (aq) = CHO2
-  + H+ HC1HC1HC1 mmmK

H
/+−=  

–3.74 

C2H4O2 (aq) = C2H3O2
- + H+ HC2HC2HC2 / mmmK

H +−=  
–4.76 

C3H6O2 (aq) = C3H5O2
- + H+ HC3HC3HC3 / mmmK

H
+−=

 –4.87 

C4H8O2 (aq) = C4H7O2
- + H+ HC4HC4HC4 / mmmK

H +−=
 –4.82 

C5H10O2 (aq) = C5H9O2
- + H+ HC5HC5HC5

mmmK
H

/+−=  
–4.67 

C6H12O2 (aq) = C6H11O2
- + H+ HC6HC6HC6

mmmK
H

/+−=  
–4.85 

C3H4O3  (aq) =C3H3O3
-  + H+ 

 343333 343 OHC-OHCOHC mmmK
H

/+=  
–2.49 

C3H6O3 (aq) = C3H5O3
-  + H+ 

 363353 363 OHC-OHCOHC mmmK
H

/+=  
–3.86 

C4H6O4 (aq)  = C4H5O4
-  + H+ 

4 644544 64 OHC-OHCOHC mmmK
H

/+=  
–4.20 

C4H6O4 (aq) = C4H4O4
-  + 2H+  OHC-OHCOHC 464444464

mmmK
H

/2
+=  

–9.85 

C4H6O5 (aq) = C4H5O5
-  + H+ 

5 645545 64 OHCOHCOHC
mmmK

H
/+−=  

–3.44 

C4H6O5 (aq) = C4H4O5
-  + 2H+ 

5 645445 64 OHCOHCOHC
mmmK

H
/2

+−=  
–7.97 

C6H8O7 (aq) = C6H7O7
-  + H+ 

 786 776 786 OHCOHCOHC
mmmK

H
/+−=  

–3.07 

C6H8O7 (aq) = C6H6O7
-  + 2H+ 

 786 766 786 OHCOHCOHC
mmmK

H
/2

+−=  
–7.88 

C6H8O7 (aq) = C6H5O7
-  + 3H+ 

 786 756 786 OHCOHCOHC
mmmK

H
/3

+−=  
–14.28 

NH3(aq) + H2O = NH4
++ OH- 

3 3 24

/
NH NH H ONH OH

K m m m a+ −=  
–2.98 

NH3(aq) + H2O = NH4OH 
4 4 3 2

/NH OH NH OH NH H OK m m a=  
1.74 

NH3(g) + CO2(g)  = (NH2)CO2
- + H+ 

2

2323
/ PyymmK CONHCONHH

ΦΦ= +
 )CO(NH )CO(NH

-
22

-
22

 
–19.94 

HNO2 (aq) = NO2
-  + H+  

 222 HNO-NO HNO mmmK
H

/+=
 –3.35 

HNO3 (aq) = NO3
-  + H+  HNO-NO HNO 333

mmmK
H

/+=
 0 

NH4NO3 (s) = NH4
+ + NO3

- 
343434 NONHNONHNONH mmmK /=  

1.21 

(NH4)HCO3 = NH3(g) + CO2(g) + H2O   )HCONH )HCO(NH 3434 (

2 /
22323

maPyyK OHCONHCONH ⋅ΦΦ=  –3.13 

(NH4)2CO3 = 2NH3(g) + CO2(g) + H2O  CO)NH CO)(NH 324324 (

322 /
22323

maPyyK OHCONHCONH ⋅ΦΦ=  –3.78 

CHO2(NH4) = NH3(g)+ CH2O2 (aq) 1)(11)( 4334
/ HCNHHCNHNHHCNH mmPyK ⋅Φ=

 –10.11 

C2H3O2(NH4) = NH3(g)+ C2H4O2 (aq) 2)(22)( 4334
/ HCNHHCNHNHHCNH mmPyK ⋅Φ=  –4.88 

C3H8O3 (aq)  =  C3H6O2 (aq) + H2O 
383263383 OHCOHCOHC

mamK OH /
2

=  21.59 

C12H22O11 (maltose) + H2O = 2 C6H12O6 (aq) OHMaltoseGlucoseMaltose 2
ammK /2=  

3.86 
   

Note: log(K
a
) at 298.15K is calculated by Pourbaix’s method [1] and evaluated by chemical 

properties handbook [2, 4]. Subscript HC1, HC2 , HC3 , HC4 , HC5 and HC6 are represented as 
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metanoic, ethanoic, propanoic, butyric, pentanoic and hexanoic acids respectively. 
2H O

a  is the 

water activity. 
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TABLE 4. Electrochemical equilibria of biotransformation of maltose 

Microbial Reactions Half reactions  
Chemical 
Equilibrium 
constants  
log(K) 

Electrochemical 
Potential 
(V) 

Biochemical Mediator    

 NADH + H+ = NAD+ + 2H+ + 2e-  –3.12 0.0922 

 H2 (g) = 2H+ + 2e-   0 0 

Syntrophic Acetogenic and Acetoclastic Bacteria   

 CH2O2 (aq)   =  CO2(g)+   2H+ +2e- 

6.71 –0.1985 

 C2H4O2(aq)  + 2H2O =2 CO2(g)+ 8H+ + 8e- –15.72 0.1162 

 C3H6O2(aq) + 2H2O = C2H4O2 (aq) + CO2 (g) + 6H+ + 6e- –10.41 0.1026 

 C4H8O2(aq) + 2H2O = 2C2H4O2(aq) + 4H+ + 4e- –7.69 0.1137 

 C5H10O2(aq) + 2H2O = C2H4O2(aq) + C3H6O2(aq) + 4H+ + 4e- –10.13 0.1497 

 C6H12O2(aq) + 2H2O = C2H4O2(aq) + C4H8O2(aq) + 4H+ + 4e- –5.71 0.0844 

Acidogenic Bacteria   

 CH4O (aq) + H2O  =   CO2 (g) + 6H+ + 6e- –3.16 0.0312 

 C2H6O (aq) + H2O  = C2H4O2 (aq) +  4H+ + 4e- –2.46 0.0364 

 n-C3H8O (aq) + H2O = C3H6O2 (aq) +  4H+ + 4e- –2.82 0.0418 

 iso-C3H8O (aq) + H2O = C3H6O2 (aq) +  4H+ + 4e- –3.15 0.0466 

 n-C4H10O (aq) + H2O = C4H8O2 (aq) +   4H+ + 4e- –2.37 0.0350 

 iso-C4H10O (aq) + H2O = C4H8O2 (aq) +   4H+ + 4e- –2.79 0.0413 

 sec-C4H10O (aq) + H2O = C4H8O2 (aq) +   4H+ + 4e- –2.79 0.0413 

 tetra-C4H10O (aq) + H2O = C4H8O2 (aq) +   4H+ + 4e- –1.87 0.0276 

 C2H6O (aq)   = C2H4O (aq) + 2H+ + 2e- –7.34 0.2170 

 C3H6O (aq) + H2O  = C3H6O2 (aq)  +  2H+ +2e- –2.36 0.0693 

 C4H8O2 (aq) + 2H2O = C4H6O4 (aq) +   6H+ + 6e- –18.48 0.1822 

 C3H6O2 (aq) + H2O  =  C3H6O3 (aq)  +  2H+ +2e- –14.36 0.4245 

 C3H6O2 (aq) + H2O = C3H4O3 (aq) +  4H+ + 4e- –23.50 0.3474 

 C6H8O7 (aq) + H2O = C4H6O4 (aq) + 2CO2 (g) +   4H+ + 4e- 9.46 –0.1400 

 C4H6O4 (aq) + H2O = C4H6O5 (aq) +   2H+ + 2e- –16.16 0.4778 

Fermentative Bacteria   

 C4H8O2 (aq) +C2H4O2 (aq) +2H2O = C6H12O6 (aq)+ 4H+ + 4e- –59.44 0.8789 

Overall ammonia oxidising Bacteria   

 2NH3(g) =N2(g)+ 6H+ + 6e- –5.83 0.0575 

Ammonium oxidising bacteria (AOB)   

 NH3(g)+2H2O=NO2
-+ 7H+ + 6e- –80.00 0.7886 

Nitrite-oxidising bacteria (NOB)   

 NO2
-+H2O=NO3

-+ 2H+ + 2e- –28.10 0.8312 



  

 

42

Note: These constants were calculated by Pourbaix’s method [1] at 298.15K.   



  

 

43

 
Reference 

[1] M. Pourbaix, Atlas of electrochemical equilibria in aqueous solutions, NACE Cebelcon., 
New York, 1974. 
[2] C.L. Yaws, Yaws' Handbook of Thermodynamic and Physical Properties of Chemical 
Compounds, Knovel2003. 
[3] Nakamura R, B. GJF, Prausnitz JM, Thermodynamic Properties of gas mixtures containing 
common polar and nonpolar components, Ind Eng, Chem Process Design Division 15 (1976) pp 
557–564. 
[4] Carl. L. Yaws, Chemical Properties Handbook, 1 ed., McGraw Hill, New York, 1997. 

 

 



  

 

44

Highlights 
 

 

• Microbial glycolysis does not occur together with CAC in batch digesters.  

• Pressurised digester increased microbial CAC.  

• Depressurised digester accumulated ‘acetone’ through ‘butanol’ 

 

 


