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Abstract

This paper presents the basic equations of thermokinetics and the thermoanalytical curve equation

for bacterial growth in conduction calorimeter on the basis of the basic theory of thermokinetics. The

bacterial growths in the log phase for Vibro metschnikovii and Bacillus subtilis at different tempera-

tures were calorimetrically investigated. The rate constant of bacterial growth, the cooling constant

of the thermokinetic system, the generation time and the pre-exponential factor at different tempera-

ture were obtained, which allowed to evaluate the activation energy of bacterial growth (Ea). Ac-

cording to the transition-state theory of chemical kinetics, the activation enthalpy (∆S ≠), the activa-

tion Gibbs free energy (∆G ≠) and equilibrium constant (K ≠) of the activated state at different

temperatures were also obtained. The above results showed that the research method suggested in

this paper was reasonable.

Keywords: bacteria, microcalorimeter, thermoanalytical curve equation, thermokinetic properties,
thermokinetics

Introduction

Microcalorimetry has been widely used to study the metabolic processes of living

cells [1–6], whose basic principles are dependent on the theoretical model of the calo-

rimeter [7–8]. For a conduction calorimeter, according to Calvet and Prat [9], the

thermal power of bacterial growth and the amplitude of the calorimetric signal satisfy

the Tian’s equation, that is to say, the amplitudes of the calorimetric signal at a given

time are expected to be proportional to the thermal power generated in bacterial

growth [1–4]. In the literature [5], the Tian’s equation was used to study the biologi-

cal oxygen demand of aqueous by means of the calorimeter. In this paper, the basic

equations of thermokinetics for bacterial growth in conduction calorimeter and the

thermoanalytical curve equation have been derived according to the basic theory of
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thermokinetics. Using this thermoanalytical curve equation, we studied two kinds of

bacteria, Vibrio metchnikovii (abbr. V. Metchnikovii) and Bacilius subtilis (abbr. B.
subtilis), growing at 289.15, 292.15, 295.15, 298.15, 301.15, 304.15, 307.15 and

310.15 K. The growth rate constant, the cooling constant of the thermokinetic system,

the generation time and the pre-exponential factor of bacterial growth in the log phase

were calculated. According to the Arrhenius equation and the transition-state theory

of chemical kinetics, the activation energy and all activation thermodynamic parame-

ters were calculated.

Fundamental theory

The basic equation of bacterial growth

According to the basic theory of thermokinetics, when bacteria grow in conduction

microcalorimeter, the thermal power W can be calculated using the Tian’s equation

[10]

W K
t

= +∆ Λ ∆d

d
(1)

where ∆ is the amplitude of the calorimetric signal at time t; K and Λ are the heat con-

stant and the heat capacity constant of a thermokinetic system, respectively.

Integrating Eq. (1) with respect to time t, we obtain

Q Ka= +Λ∆ (2)

Q KA∞ = (3)

where Q and Q∞ are the heat effects of bacterial growth up to t and total heat effect,

respectively; a and A are the area up to t and total area under the thermoanalytical

curve, respectively.

Let

k
K=
Λ

(4)

where k is the cooling constant of a thermokinetic system.

Inserting Eq. (4) into Eq. (1), we have
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When bacteria grow in conduction microcalorimeter, enthalpy is a function with

respect to temperature T, pressure P and the bacterial number N. Therefore, we have
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It can be proved that [10]
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where N0 and N ∞ are bacterial numbers at the initial time and at the final time of bac-

terial growth , respectively.

From Eqs (7), (8) and (9), we have
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According to Eqs (1), (2), (3), (10) and (11), we have
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From [10], we have

∆= ∫K W kt– ( )1

0

e e d–kt kt

t

(14)

From Eqs (13) and (14), we obtain
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Equations (12), (13) and (15) are the basic equations of thermokinetics for bacte-

rial growth, and Eq. (15) is the thermoanalytical curve equation of bacterial growth in

conduction calorimeter. There are many kinds of relationship of bacterial growth

about dN/dt with respect to time t. Thus, the thermoanalytical curve equation can be

obtained by inserting the relationship of bacterial growth about dN/dt with respect to

time t into Eq. (15).
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Thermoanalytical curve equation of bacterial growth in the log phase

Bacterial number and culture time are in accordance with exponential law in the log

phase [1, 4]

N N= 0e
k t1 (16)

d

d
e

k t1
N

t
N k= 0 1 (17)

where k1 is bacterial growth rate constant. Inserting Eq. (17) into Eq. (15), we obtain

∆= ′ −A ( )e e
k t –kt1 (18)
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Equation (18) is a thermoanalytical curve equation of bacterial growth in the log

phase. It is a perfect non-linear equation. A′ is called pre-exponential factor, the di-

mension of which is the same as that of amplitude of the calorimetric signal.

Self-function recursion equation

For a perfect non-linear equation [11]:

f t A B C( )= + +e e
–k t –k t1 2 (20)

The following recursion equation can be derived:

f

f
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b f
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= + 2 (21)

where fi=A+Be
–k t1 i +Ce

–k t2 i , fi+1=A+Be
–k (t + t)1 i ∆

+Ce
–k (t + t)2 i ∆

, fi+2=A+Be
–k (t +2 t)1 i ∆

+

Ce
–k (t +2 t)2 i ∆

, b1 and b2 are all constants.

The following recursion equation can be derived for Eq. (18)

∆
∆

∆
∆

i

i+1

1 2 i+2

i+1

= +b b
(22)

b1= +e e
–k t k t1∆ ∆ (23)

b2 =− ×e e
–k t k t1∆ ∆ (24)

where ∆i, ∆i+1, ∆i+2 are three amplitudes of the same thermoanalytical curve at fixed

time intervals, ∆t=ti+2–ti+1=ti+1–ti. From some sets of data, ∆i, ∆i+1, ∆i+2 (i=1, 2, 3…), b1

and b2 can be calculated by using linear regression analysis for Eq. (22). From

Eqs (23) and (24), k1 and k can be written as
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Generation time and pre-exponential factor

Generation time G is calculated by [1]

G
k

= ln2

1

(26)

The pre-exponential factor A′ can be obtained by using Eq. (18), N ∞ can be cal-

culated by using Eq. (19).

Thermodynamic activation parameters

Activation energy can be calculated with Arrhenius equation

lnk
E

RT
B1 = − +a (27)

where k1 is the bacterial growth rate constant at temperature T, Ea is activation energy,

B is constant, R is gas constant. lnk1 and 1/T have a linear relation. Ea can be obtained

by using linear regression analysis.

The biochemistry involved bacterial growth is massively complicated. In order

to apply the transition-state theory of chemical kinetics, it was supposed that bacterial

growth was divided into three steps [12]:

X S XS X P
k

k

k+  → +f

b

1 2 (28)

where X is bacterium, S is substrate, XS is bacterium-substrate complex, P is the prod-

uct. According to the transition-state theory of chemical kinetics [13],

k
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exp exp
∆ ∆

(29)

∆H E RT≠ = −a (30)

where k′ is Boltzman constant, h is Planck constant; ∆S ≠ is activation entropy of bac-

terial growth, ∆H ≠ is the activation enthalpy.

Activation Gibbs free energy ∆G ≠ and equilibrium constant K ≠ of the activated

state can be calculated with Eqs (31) and (32), respectively.

∆ ∆ ∆G H T S≠ ≠ ≠= − (31)

J. Therm. Anal. Cal., 63, 2001

NAN et al.: BACTERIAL GROWTH IN CONDUCTION CALORIMETER 427



K
G

RT

≠
≠

= −







exp

∆
(32)

Materials and experimental method

Bacteria and medium

The bacteria employed were V. metchnikovii and B. subtilis.

A soluble medium (pH=7.2–7.4) was used, which contained NaCl (1 g), pepton

(2 g) and beef extract (1 g) per 200 mL water. The soluble medium was sterilized in

high pressure steam at 120°C for 30 min.

Instrument

A type of heat-flow microcalorimeter, the 2277 thermal acitivity monitor manufac-

tured by ThermoMetric AB, Sweden, was used in this experiment. The experiment

was performed in a stopped-flow manner.

Experimental method

In the calorimetric experiment, the flow vessel was completely cleaned and sterilized

firstly. The procedure was: sterilized distilled water. 0.1 mol L–1 HCl, 75% alcohol

solution and sterilized distilled water was pumped by a LKB-2132 microperpex peri-

staltic pump respectively through the vessel, each for 30 min, at a flow rate of

30 mL h–1.

Once the system was cleaned and sterilized, and the baseline had been stabi-

lized, the bacterial sample, initially containing 1.0·107 bacteria mL–1, was pumped

into the flow vessel system and a thermoanalytical curve of bacterial growth was re-

corded.

Results and discussion

The experimental results show highly reproducible under the same conditions. Ac-

cording to Eq. (22), the linear equations of the two kinds of bacteria at 304.12 K have

been obtained as follows:

For V. metchnikovii
∆
∆

∆
∆

i

i+1

i+2

i+1

= −195 0927. . (33)

For B. subtilis
∆
∆

∆
∆

i

i+1

i+2

i+1

= −212 1030. . (34)

From Eqs (25), (26), (18) and (19), bacterial growth rate constants k1, the cool-

ing constants of the thermokinetic systems k, the generation time G, the pre-expo-

nential factors A′ and N ∞ can be calculated, which are listed in Table 1.
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Table 1 The experimental, calculating and fitting results of bacterial growth at 304.15 K

V. metchnikovii B. subtilis

∆ι/µW 10.8 15.0 19.8 25.8 33.2 6.5 9.5 13.2 18.0 24.2

∆i+1/µW 15.0 19.8 25.8 33.2 42.0 9.5 13.2 18.0 24.2 32.8

∆i+2/µW 19.8 25.8 33.2 42.0 52.0 13.2 18.0 24.2 32.8 42.8

∆t/min 10 10

r –0.964 –0.988

k1·102/min–1 2.07 2.82

k·102/min–1 1.21 3.12

G/min 33.5 24.6

A′*/µW 0.715 0.330

A/µW min 9270 2005

N0/cells mL–1 1.0·107 1.0·107

N ∞ /cells mL–1 100·107 91.0·107

*: average value

From these data, the thermoanalytical curve equations of bacterial growth in the

log phase at 304.15 K have been obtained as follows:

For V. metchnikovii ∆= −0 715. ( )e e0.0207t –0.121t (35)

For B. subtilis ∆= −0330. ( )e e0.0282t –0.312t (36)

The thermoanalytical curve equations of bacterial growth in the log phase at differ-

ent temperatures have been obtained with the same method. They are listed in Table 2.

Table 2 The thermoanalytical curve equations of bacterial growth at different temperatures

T/K V. metchnikovii B. subtilis

289.15 ∆=0.603(e0.00201t–e–0..00142t) ∆=0.489(e0.01121t–e–0..00996t)

292.15 ∆=0.412(e0.00352t–e–0..00208t) ∆=0.745(e0.0136t–e–0..0124t)

295.15 ∆=0.678(e0.00522t–e–0..00346t) ∆=0.542(e0.0192t–e–0..0165t)

298.15 ∆=0.487(e0.00932t–e–0..00602t) ∆=0.721(e0.0218t–e–0..0208t)

301.15 ∆=0.864(e0.0190t–e–0..0102t) ∆=0.605(e0.0248t–e–0..0265t)

304.15 ∆=0.715(e0.0207t–e–0..0121t) ∆=0.330(e0.0282t–e–0..0312t)

307.15 ∆=0.508(e0.0328t–e–0..0932t) ∆=1.85(e0.0321t–e–0..0720t)

310.15 ∆=1.25(e0.0468t–e–0..0124t) ∆=1.34(e0.0365t–e–0..0985t)

According to Eqs (27), (29), (30), (31) and (32), bacterial growth rate constants,

activation energies, activation enthalpies, activation entropies, activation Gibbs free

energies and equilibrium constants of the activated state have been calculated and

listed in Table 3.
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Table 3 Growth rate constants, activation energies, activation enthalpies, activation entropies,
activation Gibbs free energies and equilibrium constants of activated state of bacterial
growth*

Bacteria T/K k1/min–1 Ea/ ∆H≠ ∆S≠ ∆G≠ K≠·1017

kJ mol–1 kJ mol–1 K–1 kJ mol–1

V. metchnikovii

289.15 0.00201

113

111 53.6 95.5 0.559

292.15 0.00352 111 54.2 95.2 0.951

295.15 0.00522 111 53.5 95.2 1.42

298.15 0.00932 111 54.5 94.8 2.46

301.15 0.0190 110 53.3 93.9 5.16

304.15 0.0207 110 50.3 94.7 5.44

307.15 0.0328 110 50.5 94.5 8.48

310.15 0.0468 110 49.9 94.5 12.1

B. subtilis

289.15 0.0112

41.1

38.7 –182 91.3 3.21

292.15 0.0136 38.7 –182 91.9 3.70

295.15 0.0192 38.6 –181 92.0 5.22

298.15 0.0218 38.6 –181 92.6 5.97

301.15 0.0248 38.6 –182 93.4 6.30

304.15 0.0282 38.6 –182 94.0 7.18

307.15 0.0321 38.5 –182 94.4 8.82

310.15 0.0365 38.5 –183 95.3 8.90

*: for V. metchnikovii lnk1=40.8–1.36·104/T r = –0.993
*: for B. subtilis lnk1=12.7–4.94·103/T r = –0.986

From the thermoanalytical curve equations of bacterial growth in the log phase,

it can be seen that the amplitudes consist of two parts. Only in case d∆/dt=0, is W pro-

portional to ∆. In the literature, it is general for authors to use W proportional to ∆,

even when d∆/dt is significantly different from zero [14]. If it satisfies e
k t1 >>e–kt, the

equation of the thermoanalytical curve for bacterial growth in the log phase can be

expressed as the equation presented in literature [1, 4]. Thus, the scope of application

of the thermoanalytical curve equation obtained in this paper is wider than that in lit-

erature [1, 4]. In literature [5], the Tian equation was used, the cooling constants of

the thermokinetic system were obtained by using electric calibration, while the cool-

ing constant of the thermokinetic system can be obtained directly through the thermo-

analytical curve in this paper.

From Table 3, we can see that the activation parameters of these two kinds of

bacteria are obviously different. For V. metchnikovii, its growth activation energy is

113 kJ mol–1, so its growth is a slow process. The effect of temperature on its growth

rate constant is significant, k1 increases about twenty times, but temperature hardly

affects its activation enthalpy, activation entropy and activation Gibbs free energy.

The equilibrium constant of the activated state increases about twenty times in the ex-
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perimental temperature range. In contrast, the effect of temperature on B. subtilis
growth is not obvious, k1 only increases about three times in the experimental temper-

ature range. The activation entropies of the activated state forming intermediate at

different temperatures are negative. The decrease of entropy means that the formation

of bacterium-substrate complex makes the decrease of the chaotic degree of system.

The probability of forming bacterium-substrate complex relatively decreases, thus

decreasing formation rate of the product. K ≠ only increases about three times in the

experimental temperature range. The values of the activation Gibbs free energy of

these two kinds of bacteria are all between 92–96 kJ mol–1, indicating that the values

of the activation Gibbs free energy are approximately equal in the same medium. The

activation Gibbs free energy is positive, which shows that bacterial growth needs to

get energy in order to form bacterium-substrate complex. The orders of the magni-

tude of the equilibrium constants for the activated state of these two kinds of bacteria

are about 10–17, which indicates that the formation of activated bacterium-substrate

complex is not easy.
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