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ABSTRACT Nernst equation has been directly used to formulate the oxidation reduction potential (ORP) of reversible thermo-
dynamic conditions but applied to irreversible conditions after several assumptions and/or modifications. However, the assump-
tions are sometimes inappropriate in the quantification of ORP in nonequilibrium system. We propose a linear nonequilibrium
thermodynamic model, called microbial related reduction and oxidation reaction (MIRROR Model No. 1) for the interpretation
of ORP in biological process. The ORP was related to the affinities of catabolism and anabolism. The energy expenditure of
catabolism and anabolism was directly proportional to overpotential (h), straight coefficient of electrode (LEE), and degree of
coupling between catabolism andORP electrode, respectively. Finally, the limitations of MIRRORModel No. 1 were discussed for
expanding the applicability of the model.

INTRODUCTION

The pollution removal mechanisms in environmental bioen-

gineering involves a number of oxidation reduction reactions,

which are mediated by several kinds of microorganisms,

including aerobic heterotrophs and autotrophs, facultative

heterotrophs, and anaerobic heterotrophs (1). In such pro-

cesses, the transfer of electrons between the oxidants and

reductants convert the pollutants into harmless materials like

carbon dioxide (CO2) and water (H2O). The electromotive

force between the oxidants and reductants, defined as oxi-

dation reduction potential (ORP) is used for the online

quantification of the affinity of microbial reaction. The ORP

measurement is sensitive and representative, therefore widely

used to monitor (2,3) and control (4,5) the biological pro-

cesses. Li and Bishop (5) correlated the measured ORP value

to several other process parameters such as dissolved oxygen

(DO), chemical oxygen demand (COD), and temperature

during the nutrient removal process under different operating

conditions of a wastewater treatment plant.

A typical reversible redox reaction is shown in Eq. 1 and

the subsequent ORP in the solution can be represented by a

generic Nernst equation as shown in Eq. 2.

c1Ared1 1 c2Aoxi2 � c3Aoxi1 1 c4Ared2 (1)

Ee ¼ E
0 � RT

nF
ln
½aoxi1�c3 ½ared2�c4
½ared1�c1 ½aoxi2�c2 ; (2)

where Ee is the equilibrium potential of the ORP electrode

(V), E0 is standard potential of ORP electrode for a given

oxidation reduction process (V), R is gas constant (8.314 J

K�1 mol�1), T is absolute temperature (K), n is number of

electrons transferred in the reaction, F is Faraday’s constant

(96,500 Coulomb mol�1) and [a] is activity of agent A.

Under equilibrium condition, the ORP is correlated with

oxidants and reductants using Nernst equation. The modified

forms of Nernst equation used to control or interpret ORP

value in biological processes (6–11) are listed in Table 1.

The qualitative description of the relationship between ORP

and ferric [Fe21]/ferrous [Fe31] ions in the bacterial leaching

process of chalcopyrite (6) is shown in Eq. 3. Janssen et al.

(7) applied the linear relationship between ORP and sulfite to

control the sulfate formation in the sulfite oxidizing process.

The regression curves of ORP-sulfite diagrams were obtained

by ion-selective electrode (ISE) (Eq. 4) and ORP platinum

electrode combined with an Ag/AgCl reference electrode

(Eq. 5). The slope of sulfate-ORP diagram obtained by ORP

platinum electrode was in good agreement with the theoret-

ically expected value (30.2 mV p�1 (HS�) by Janssen et al.

(7)), whereas, the value obtained by ISE was not closely

matched with the theoretical value. This can only be described

kinetically rather than thermodynamically (7) due to the

limitation in the measurement of redox potential or electrode

potential. Generally, redox potential measurement is limited

by many factors, including electrode activeness of oxidants

and reductants (12), and the surface properties of electrode

(13). However, when ISE is used for the measurement, the

effects of other ions can be diminished in the system (7). In

addition, Pohland and Mancy (8) described the ORP mea-

surement of methane synthesis process (Eq. 6) conducted with

electrochemical indicator or mediator. Subsequently, Jones

and Ingle (9) used immobilized redox indicator for the deter-

mination of sulfide reducing condition in synthetic solution.

The degree of reduction of the indicator in contact with a

given level of sulfide was modeled qualitatively by Eq. 7.

The ORP measurement for biological process is difficult

to interpret by theoretical reasoning without the mediator ad-

dition or electrode modification with indicators (10). Nagpal

et al. (10) investigated the ORP variation in sulfide reduction

process theoretically as well as experimentally. However, the

Submitted December 21, 2006, and accepted for publication April 11, 2007.

Address reprint requests to Jih-Gaw Lin, Tel.: 886-3-5722681; Fax: 886-3-

5725958; E-mail: jglin@mail.nctu.edu.tw.

Editor: Raimond L. Winslow.

� 2007 by the Biophysical Society

0006-3495/07/08/787/08 $2.00 doi: 10.1529/biophysj.106.103507

Biophysical Journal Volume 93 August 2007 787–794 787



theoretical value estimated by Nernst equation (Eq. 8) was

high compared to experimental value. In biological pollution

removal mechanism, microorganism utilizes negative en-

tropy to resist the tendency of equilibrium and thus, entropy

gradient results between the microorganisms and the external

environment. Moreover, proton translocation exists between

inner and outer parts of the cytoplasmic membrane, mediated

by oxidation and reduction of substrate to induce ADP phos-

phorylation (14,15). Therefore, the microbial system undergoes

irreversible equilibrium condition. Hence, the quantitative de-

scription of equilibrium by Nernst equation is inadequate to in-

terpret the complex environmental biological process. However,

TABLE 1 Modified Nernst equations and ORP models used for ORP data interpretation

Process ORP Model Reference

Bacterial

leaching

Eh ¼ Emid � RT

F
ln
½Fe31 �
½Fe21 � (3)

Third et al. (6)
Eh, the suspension redox potential.

Emid, standard redox potential under experimental conditions (i.e., at equimolar

concentrations of Fe21 and Fe31 ion (0.695 V))

[Fe31] and [Fe21]: molar concentration of Fe21 and Fe31 ion (M)

Sulfide

oxidation

Et ¼ �42 � log½HS�� � 158 (4)

Janssen et al. (7)
Et, measured redox potential at time t (mV)

[HS�], molar concentration of hydrogen sulfide (mg/L)

Et ¼ �35 � log½HS�� � 158 (5)

Methane

biosythesis

EM ¼ b� RT

F
ln½S� (6)

Pohland and Mancy (8)

EM, the equilibrium potential measured by indicator electrode.

[S], molar concentration organic substrate

b, constant

Sulfate

reducing

E
S=S

2� ¼ �0:475� 0:0295log½S2�ðaqÞ� (7)

Jones and Ingle (9)

ES=S2� ; redox potential of S0(rhmb)/S2� half-reaction at 25�C (mV)

½S2�ðaqÞ�; molar concentration of S2� (aq) (mM)

Sulfate

reducing

E½t� ¼ 0:2521 0:0075log
C

SO
2�
4

CHS
�
� 0:0657ð�logCH

1 Þ (8)

Nagpal et al. (10)

E[t], ORP at time t (mV)

CSO2�
4
; CHS� ; and CH1 ; concentration of SO2�

4 ; HS�; and H1 (mg/L)

Ferrous

oxidation

r ¼ K1 3 exp nF
2RT

ðEm � Eh0Þ� �
3 1� exp �nF

RT
ðEm � EhÞ� �� �

11 K2

½Fe21 �1K3 3 exp nF
RT
ðEh� Eh0Þ� � (9)

Meruane et al. (11)r, The rate of electron transfer in reaction between Fe21 and Fe31 bound to the enzyme

Em, electrode potential measured

Eh, the solution potential versus standard hydrogen electrode (V).

Eh0, the solution potential versus standard hydrogen electrode (V) of standard state.

K1, K2, and K3, kinetics constants

[Fe31] and [Fe21], molar concentration of Fe21 and Fe31 ion (mg/L)
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Nernst equation is used to predict ORP variation in nonequilib-

rium biological system with high approximation (16). To over-

come the drawback, Meruane et al. (11) used electrode kinetics

to describe the influence of solution potential (Eh) on the rate of

Fe31 ion oxidation by a nonequilibrium model (Eq. 9). How-

ever, the effects of electrochemical, heat, and ionic gradients on

Fe31 ion oxidation were not considered. From the above

literatures, it is evident that more attention has to be made to

overcome the drawbacks in the interpretation of ORP in non-

equilibrium system. In this study, we focused on the develop-

ment of an ORP model to describe the complex environmental

microbial systems based on the principle of nonequilibrium

thermodynamics.

Model development

The microbial ORP measurement system (Fig. 1 a) including
bulk solution and thermal reservoir, is interconnected with

the reactions and transport processes between the microbial

energetic subsystem and ORP electrode subsystem. The

overall system was developed based on the principle of

electrochemistry and a constant volume of the system was

assumed. The energy and material fluxes penetrating through

the subsystems and their coupling are integrated for the

development of new ORP model (Fig. 1 b). The microbial

energy productive reaction proceeds far from equilibrium

and therefore it is appropriate to describe the state of the

system by thermodynamic variables. Galimov (17) examined

the thermodynamic state of phosphorylation reaction by 13C

isotope and the interpretation revealed that biochemical sys-

tems are not necessarily far from equilibrium. Therefore, lin-

ear nonequilibrium thermodynamics (NET) could be applied

to biological process (14,18,19). Hence, linear NET was used

to describe the ORP measurement in the present microbial

energetic subsystem.

Linear NET-based microbial energetic subsystem

The microbial energetic subsystem (SM) includes cytoplasm
(SCY), bulk solution (SBS), and thermal reservoir (STR) and the
entropy variation in the subsystem is represented as in Eq. 10.

dSM ¼ dSBS 1 dSCY 1 dSTR: (10)

The rate of entropy production is changed by the synthetic

activity of bacteria, however, it is zero under a steady state

(20). As per second law of thermodynamics, entropy in-

creases when a spontaneous or irreversible process, i.e., mi-

crobial process, approach equilibrium. Tominimize the entropy

increase in the system, microorganism requires minimum

energy and it is generated due to the coupling of catabolism

and phosphorylation in cytoplasmic membrane of prokary-

otic cell (21–23). The energy released from adenosine tri-

phosphate (ATP) is used to drive anabolism.

Anabolism is thermodynamically not spontaneous, be-

cause the reaction synthesizes new biomass and therefore

decreases the entropy of the system. The catabolism and

anabolism are combined macroscopically as an energetic

coupling. Although several possible coupling modes of

oxidation phosphorylation have been addressed (24), chemi-

osmotic hypothesis is more popular and hence it is used in

this study. The variation of entropy in bulk solution is

expressed as Eq. 11.

dSBS ¼ 1

T
dUBS 1

PBS

T
dVBS � ~m

A

BS

T
dN

A

BS �
~m
C

BS

T
dN

C

BS

� ~m
P

BS

T
dN

P

BS �
~m
H

BS

T
dN

H

BS; (11)

where UBS (J), PBS (N m�2), and VBS (m3) are the internal

energy, pressure, and volume of the bulk solution, respec-

tively. ~mA
BS; ~m

C
BS; ~m

P
BS; and ~mH

BS(J mol�1) are electrochemical

potentials of anabolism, catabolism, oxidative phosphory-

lation, and proton translocation in bulk solution, respectively.

NA
BS; N

C
BS; N

P
BS; and NH

BS are molecular numbers. The oxida-

tion phosphorylation combined with electron transport sys-

tem is coupled with the flux of catabolism, anabolism, and

proton translocation in the cytoplasmic membrane as shown

in Fig. 1 b. Usually, cytoplasm is relatively homogeneousmix

of soluble proteins and other compounds.Hence, it is assumed

that cytoplasm is in equilibrium and its entropy variation can

be represented as Eq. 12.

dSCY ¼ 1

T
dUCY 1

PCY

T
dVCY � ~m

A

CY

T
dN

A

CY � ~m
C

CY

T
dN

C

CY

� ~m
P

CY

T
dN

P

CY � ~m
H

CY

T
dN

H

CY; (12)

where UCY, PCY, and VCY are the internal energy, pressure,

and volume of the cytoplasm, respectively. ~mA
CY; ~m

C
CY; ~m

P
CY;

and ~mH
CY are electrochemical potentials and NA

CY; NC
CY;

NP
CY; and N

H
CY are molecular numbers in cytoplasm. To elim-

inate the effect of temperature fluctuation, many researchers

kept their bioreactors at a fixed temperature (i.e., steady

state) by immersed in a thermal reservoir, for example, water

bath. The variation of entropy in the thermal reservoir is

represented as Eq. 13:

dSTR ¼ �1

T
dUBS � 1

T
dUCY: (13)

Total entropy of the microbial energetic system can be

obtained by substituting Eqs. 11–13 into Eq. 10 and as-

suming the variation of the total system volume of compo-

nents to be zero. Equation 10 can be rearranged as Eq. 14.

dSM ¼� ~m
A

BS

T
dN

A

BS1
~m
A

CY

T
dN

A

CY

� �
� ~m

C

BS

T
dN

C

BS1
~m
C

CY

T
dN

C

CY

� �

� ~mH

BS

T
dN

H

BS1
~mH

CY

T
dN

H

CY

� �
� ~mP

BS

T
dN

P

BS1
~mP

CY

T
dN

P

CY

� �
:

(14)

The rate of entropy production can be obtained as Eq. 15
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T
dSM

dt
¼� ~m

A

BS
_N
A

BS1 ~m
A

CY
_N
A

CY

� 	� ~m
C

BS
_N
C

BS1 ~m
C

CY
_N
C

CY

� 	
� ~m

H

BS
_N
H

BS1 ~m
H

CY
_N
H

CY

� 	� ~m
P

BS
_N
P

BS1 ~m
P

CY
_N
P

CY

� 	
;

(15)

where _N is rate of change of molecular number. Assuming

D~mj ¼ ~mj
CY � ~mj

BS (j equals to A, C, P, and H), Eq. 15 can be

rewritten as Eq. 16.

T
dSM

dt
¼� D~m

A _N
A

CY1 _N
A

CY1 _N
A

BS

� 	
~m
A

BS

� �� D~m
C _N

C

CY

�
1 _NC

CY1 _NC

BS

� 	
~mC

BS�� D~mP _NP

CY1 _NP

CY1 _NP

BS

� 	
~mP

BS

� �
� D~m

H _N
H

CY1 _N
H

CY1 _N
H

BS

� 	
~m
H

BS

� �
: (16)

Assuming the term _Nj
CY1 _Nj

BS


 �
equals to njJj (14), where,

Jj is reaction rates of catabolism, anabolism, and oxida-

tive phosphorylation with corresponding stoichiometric

FIGURE 1 The framework of (a) energy and material fluxes transfer and (b) fluxes and their coupling in microbial ORP measurement system.
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coefficients,nj: The rate of change in molecular number of

proton with respect to time between cytoplasm and bulk

solution is zero. Hence, assuming _NH
CY1 _NH

BS

� 	
is zero and the

term nj~m
j
BS as an affinity (A

j
BS in J mol�1) (14), Eq. 17 can be

obtained as follows.

T
dSM

dt
¼� D~m

A _N
A

CY1JAA
A

BS

� �� D~m
C _N

C

CY1JCA
C

BS

� �
� D~mP _NP

CY1JPA
P

BS

� �� D~mH _NH

CY

� �
: (17)

Under the condition of steady state, _Nj
CY are zero for all

j 6¼ H and both D~mH and � _NH
CY are nonzero. This assumes

JH ¼ � _NH
CY and Eq. 17 can be simplified according to the

internal flux (14). Finally, Eq. 17 can be converged to Eq. 18.

T
dSM

dt
¼ JAA

A

BS1JCA
C

BS1JPA
P

BS1JHD~mH
: (18)

Combining microbial energetic and ORP
electrode subsystems

The ORP variation is affected by catabolism as well as by

anabolism in the biological system. In an ORP electrode

subsystem, the fluxes of catabolism (JC) and anabolism (JA)
transfer across the membrane of indicator electrode to the

reference electrode (Ag/AgCl). The cell diagram of ORP

electrode system can be represented as below (25).

Ag=AgCl=ðcÞKCl==sample=indicator electrode;

where [Ag/AgCl] is the internal reference element, [(c) KCl]

is a reference solution compartment, and [//] is liquid junc-

tion. The composition of electrolyte in the indicator electrode

is affected by JC and JA, and the potential difference mainly

occurs at the interface (13). When the subsystem is viewed as

an electrochemical cell, the ORP electrode subsystem shares

the electrolyte with the microbial energetic subsystem, which

results in the transfer of electrons from bulk solution to the

electrode or vice versa. It was assumed in this study that

oxidation reduction electrode can only transfer electrons

and will not react with the sample in the bulk solution. In

addition, the proton flux was ignored and the variation of

proton concentration in bulk solution was mainly considered

due to catabolism and anabolism. Also, the possibility of

phosphorylation outside the microbial cell was excluded.

Therefore, the total entropy variation of electrochemical

cell of ORP electrode subsystem (SEL) in Fig. 1 a can be

represented as Eq. 19 (26,27).

TEL

dSEL

dt
¼ J TEL�TSUð Þ1 ~m

A

ELd
_N
A

EL1 ~m
A

SUd
_N
A

SU

� 	
1 ~m

C

ELd
_N
C

EL1 ~m
C

SUd
_N
C

SU

� 	
1 ih1 IEj; (19)

where TEL and TSU are the temperatures inside and surface of

the ORP electrode system, respectively, i is the net current

flow through the electrode, and h is overpotential (V). I is
electric current passing across the liquid junction andEj (V) is

liquid junction potential. The temperature gradient between

ORP electrode system and bulk solution was ignored because

of the presence of thermal reservoir. Considering, the as-

sumptions made to rewrite Eq. 16, the second and third terms

of Eq. 19 can be rewritten as �½D~mj _Nj
EL1ð _Nj

EL1 _Nj
SUÞ~mj

SU�
(when j ¼ A and C). The composition of reference solution

(i.e., KCl) is stable with respect to the characteristic time of

internal processes of the ORP electrode (25). Hence, a steady

state was assumed for the ORP electrode and therefore, the

rate of change of molecular number in the ORP electrode

( _Nj
EL; j ¼ A and C) was zero. In addition, complete mixing

of the bulk solution was hypothesized. Therefore, the rate of

change of molecular number ( _Nj
SU) and electrochemical

potential (~mj
SU) (when j ¼ A and C) on the surface of ORP

electrode system are close to the rate of change of molecular

number ( _Nj
BS) and electrochemical potential (~mj

BS) of bulk

solution, respectively. Consequently, Eq. 19 can be simplified

to Eq. 20.

TEL

dSEL

dt
¼�JAA

A

BS� JCA
C

BS1 ih1 IEj: (20)

Because liquid junction potential is stabilized by an

outflow of the internal reference solution, the effect of liquid

junction potential can be ignored. Therefore, Eq. 20 can be

further simplified as Eq. 21.

TEL

dSEL

dt
¼�JAA

A

BS� JCA
C

BS1 ih: (21)

The affinity of catabolism and anabolism in bulk solution

induced the overpotential between the reference and indicator

electrodes in Eq. 21. The mathematical relationship between

overpotential and the variation of entropy is represented as

the third term of Eq. 21. Overpotential (h) is defined as the

electrode potential difference between equilibrium (Ee) and

nonequilibrium (Ene) conditions and it is related to current

density by the Butler-Volmer equation based on mesoscopic

nonequilibrium thermodynamics (28). The fluxes and forces

in Eq. 21 are related in terms of phenomenological equations

and hence, the fluxes can be written as a linear function of the

forces as shown in Eqs. 22–24.

i¼ LECA
C

BS1LEAA
A

BS1LEEh (22)

JC ¼ LCCA
C

BS1LCAA
A

BS1LCEh (23)

JA ¼ LACA
C

BS1LAAA
A

BS1LAEh: (24)

An electrochemical cell represents true electromotive

force (emf) when it produces no current, and operates in a

reversible condition. The null point potentiometric method

usually measures the emf of a cell as a multiple of standard

emf generated by a stable reference cell. The emf supplied by

potentiometer can be adjusted until it exactly equals the emf

of the test cell and the emf supplied by the potentiometer is

measured by an instrument using a standard cell of known

emf (29). Therefore, ORP electrode system is operated under

the condition of static head (19,30), the Eq. 22 can be re-

written as Eq. 25.
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h¼Ene�Ee ¼PECA
C

BS1PEAA
A

BS; (25)

where PEC ¼ ðLEC=LEEÞ and PEA ¼ ðLEA=LEEÞ:
Inserting Eq. 25 in Eqs. 23 and 24 gives Eqs. 26 and 27.

JC ¼PCCA
C

BS1PCAA
A

BS (26)

JA ¼PACA
C

BS1PAAA
A

BS; (27)

where

PCC ¼ LCC�LCELEC

LEE

� �
; PCA ¼ LCA�LCELEA

LEE

� �
;

PAC ¼ LAC�LAELEC

LEE

� �
; and PAA ¼ LAA�LAELEA

LEE

� �
:

The dissipation function (Eq. 21) can never be negative,

hence, all straight coefficients, Lii (i ¼ E, C, and A) are

positive. The relationship of PCA in Eq. 26, and PAC in Eq.

27 can be deduced according to Onsager reciprocal relations

(27) as shown in Eq. 28.

LCA�LCELEA

LEE

� �
¼ PCA ¼ LAC�LECLAE

LEE

� �
¼PAC: (28)

However, an inequality for phenomenological coefficients

LiiLjj $ L2ij


 �
is also valid for all process in Eqs. 25–27, and

Lij ¼ Lji (27). Hence, Eq. 29 is obtained as follows.

PCC ¼ LCC�LCELEC

LEE

$ 0 and PAA ¼ LAA�LAELEA

LEE

$ 0:

(29)

The ensemble of Eqs. 25–27 is named as Microbiological

Related Reduction and Oxidation Reaction (MIRROR)Model

No. 1. Using this model, the variation of oxidation reduction

potential and fluxes of catabolism and anabolism can be

quantified in nonequilibrium aswell as equilibrium conditions.

DISCUSSION

Straight coefficients used in the MIRRORModel No. 1 were

significant to relate the flux of its own force, however, the

cross-coefficients, Lij (i, j¼ E, C and Awhereas i 6¼ j) used in
themodel relates an indirect dependence of a flux on the direct

forces of some other flux. In MIRROR Model No. 1, the

energy conversion between the couples of input and output

flux-force pairs was described in terms of cross-coefficients.

The efficacy of energy conversion between different pro-

cesses is related to degree of coupling (31). Therefore, it is

important to quantitatively describe the degree of coupling by

phenomenological coefficients. The couplings of ORP elec-

trode process with catabolism and anabolism and their

corresponding energy conversion are discussed as follows.

Electrode-activeness of redox couples by
degree of coupling

Several sequential processes occur before the reactants are

detected by the ORP electrode. Initially, the redox couples of

reduction and oxidation are transported to electrode surface

and consequentially, the electron transfer occurs between

reactants and electrode due to coupled homogeneous reac-

tions. Generally, ORP is affected by several factors, includ-

ing the properties of electrode surface and redox couple

of the species. If the redox couple is electrode active (e.g.,

Fe21/Fe31), it will greatly contribute to the ORP, and vice

versa (12). Although the electrochemical potential can rep-

resent the electrical work performed by different species in

the electrochemical system, the electrode activeness of the

redox couples was not directly assessed in MIRROR Model

No. 1. The electrode activeness is related to the couplings of

electrode process with catabolism (qC) and anabolism (qA)
and it can be quantified by the concept of degree of coupling

(14), as shown in Eqs. 30 and 31.

qC ¼ LECffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LEELCC

p (30)

qA ¼ LEAffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LEELAA

p : (31)

Under the condition of static head, the energy expendi-

tures of catabolism and anabolism can be calculated by Eq.

32 (32).

JiA
i

BS

� 	¼ h
23LEE3

1

q
2

i

�1

� �
i¼C and A: (32)

From Eq. 32, it is clear that energy required is inversely

proportional to degree of coupling and directly proportional

to LEE. The relationship between overpotential and energy

requirement is shown in Fig. 2. Overpotential is directly

connected to current by LEE and when the absolute value of

overpotential is high, more energy is required for catabolism

and anabolism to expend.

Efficacy of ORP measurement for catabolism
and anabolism

In MIRROR Model No. 1, the efficacy of couplings (ei) of
catabolism and anabolism with ORP measurements are

evaluated by the definition of Caplan and Essig (19) as

shown in Eq. 33.

ei ¼ �h

JiA
i

BS

i¼C and A: (33)

After combining Eqs. 32 and 33, the efficacy of force can

be rewritten as Eq. 34.

ei ¼ �h

JiA
i

BS

¼ �h

h
23LEE3

1

q
2

i

�1

� �¼ �1

h3LEE3
1

q
2

i

�1

� �:

(34)

The relationship between overpotential, efficacy of catabo-

lism/anabolism, and LEE is shown in Fig. 3. It can be seen from
Fig. 3 that efficacy is increased rapidly when overpotential is
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close to zero and the corresponding results can be completely

fitted using classical thermodynamics. However, overpotential

will be zero only when all biochemical reactions are ignored

and the corresponding biological system is under equilibrium

condition.

At equilibrium condition both AC
BS and AA

BS are zero and

therefore Eq. 25 can be rewritten as Eq. 35.

Ene ¼ LEC

LEE

3ð0Þ1LEA

LEE

3ð0Þ1Ee: (35)

If Eqs. 2 and 35 are combined, which simplifies the

MIRROR Model No. 1 into Nernst equation, as shown in

Eq. 36.

Ene ¼Ee ¼ E
0�RT

nF
ln
½aoxi1�c3 ½ared2�c4
½ared1�c1 ½aoxi2�c2 : (36)

From Eq. 36, it is clear that MIRROR Model No. 1 can be

extended to validate the ORP interpretation in nonequilib-

rium as well as equilibrium conditions, which is a unique

feature compared to the other existing ORP models.

FIGURE 3 Variation of efficacies of catabolism and anab-

olism under different overpotential, degree of coupling, q,

and LEE at static head. ~m

FIGURE 2 Variation of energy expenditure in microbial

ORP measurement system under different overpotential,

degree of coupling, q, and LEE at static head.
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CONCLUSIONS

In MIRROR Model No. 1, electrochemical potential,

affinities, temperature, and overpotential gradients are com-

bined based on the hypothesis of linear irreversible thermo-

dynamics. The electrode activeness of redox couples was

evaluated by phenomenological parameters of the model and

the parameters that mainly affect the diagnosis of ORP data

in the real situations is considered in the model development.

Biomass was considered to produce from anabolism and

affects the affinity of the reaction as well as the model

structure. Therefore, to overcome this drawback, MIRROR

Model No. 1 has to be investigated further.
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