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Abstract

The purpose of this study has been to determine the effect of substitu@fdor T°AS’ in the Gibbs free energy equation
(AG® = AH® — T°AS°, Eq. (1)) so thanG, , = AH® — AQ° (Eq. (2)). The result is that values af:G, , averaged
1.044+ 0.01 (r = 5) times more negative than those®fG° for the bomb calorimetric oxidations of five liquid catabolic
substrates, with a range 1.02-1.06. VaIueAgIGZQ averaged 1.0%0.01 (n = 17) times more negative than thosexQiG°
for 17 theoretical bomb calorimetric oxidations of solid catabolic substrates, with a range 1.02-1.05 . While significant, these
differences are not large because in bomb calorimetric oxidations the valdléagh and A:.Q° are small compared to
those of AcH°. On the other hand, for six fermentations valueSohA,S* and A,Q° are much larger compared to values
of ApH® than those for oxidations. Here, values®§G° showed wide variations frompG?, ,, ranging from 4.88 times
greater to 0.88 times less. Clearly, the whole approach to making these calculationSqgi2gs fundamentally different
and significant to the extent given above. The difference between the Bss.afl) and (2js not trivial. Eq. (2)represents a
different interpretation of the method of calculating the change in the quantity of absorbed thermal energy exchanged by an
irreversible system such as a growth process as it passes from an initial to a final state. It is certainly more simple. It may be
more correct. BecauseGy, , is not the same adG”, it is suggested that the G, , term inEq. (2)be changed t& X", this
letter not being previously used in biological thermochemistry, soAl#t = AH® — AQ°.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction growth cannot be measured directly, but can be cal-

culated using the Gibbs free energy equation. Con-

The free energy changes accompanying irreversible ventionally, this equation is related to the standard
chemical reactions or processes such as microbial temperature at 298.15K, so that

a—— - . _AG°=AH®°—T°AS° 1)
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directly, but can be calculated using the absolute en-
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T°S°, or thatAQ° = T°AS°, is basically incorrect.

tropies of the reactants and products of a reaction or This resulted in a subsequent pagp2} in which it

process. To determine a value f8t, the heat capac-
ities at constant pressur€,,, of a reactant or prod-

was demonstrated that for a model heat capacity curve
represented by’, = aT, wherea is a constant, the

uct are measured in small increments as a function of ratio T°S/Q° is 2:1. Since there cannot be two differ-
temperature between the temperature limits of O and ent quantities of thermal energy required for a given

298.15K. The integration of a plot &, against IrT,

plus the values for heat absorption during phase tran-
sitions divided by the temperature of these transitions,

givesS’. Entropy has the dimensions JméK 1 or
Jg1K~1 and is not energy, although it is related to
it. To convert entropy into thermal energy at the stan-
dard temperature it must be multiplied By to equal
T°S, which has the dimensions kJmdlor kJgt.
Conventionally, this then becomes the quantity of ther-

substance to exist physically at a given temperature, it
was proposed tha®® represents a more correct value
for the absorbed thermal energy.

Real heat capacity curves are never totally straight
over the temperature range 0-298.15K, therefore
is not constant. In addition, the existence of phase
and other transitions over this temperature range can
markedly affect thel°S’/Q° ratio. Thus, these ratios
would be expected to vary from 2:1, depending on

mal energy that is necessary for a substance to havethe substance and its state. The question then arises as

absorbed for it to exist physically at 298.15K, i.8,

is determined for 298.15K. The sanip, data used
to determine theés’ value that is multiplied by to
equal T°S’ can be used in another way to calculate
what in the older literature is called the “heat content”,
represented by the symbol; — H{) and having
the dimensions kJmot or kJgt. At 298.15K, this
quantity becomesH 545— Hp). It can be evaluated by
integrating theC, data as a function of temperature
between the limits of 0 and 298.15K and adding to

it the values for heat absorption during phase transi-

tions. The symboQY° is used here in place of the term
(H59g— H{) because of its traditional association with

to what effect the use oAQ° (asnot being equal to
T°AS’) would have if it is substituted foT°AS’ in
the Gibbs free energy equation, so that

AGRy = AH® — AQ° )

Both S andQ® for a given substance are derived from
the same data. They are different ways of evaluating
the changes in heat capacity as a function of tempera-
ture, and they result in the calculation of numerically
different quantities having different dimensions. It is
the purpose of this paper to investigate AfQ°
T°AS° with respect to the oxidation or fermentation
of selected catabolic substrates. If it is not, then the

the absorption of heat. Each of these represents thefree energy change as calculated udtug (1)will not

same quantity of heat and bo@r and (H5qg — Hy)
can be defined as the quantity of thermal energy that
is required for a given substance to exist at 298.15K.
It might be thought initially that because the same
data are used for the same purpogé,= 7°S°, and
this was the basis for Refl]. Here, an attempt was
made to remove the idea of entropy from the Gibbs
free energy equation and to replace it with that of ab-

have the same value as that calculated u&ng(2),
and consideration should be given as to which equa-
tion is the more correct.

2. Methods and calculations

Microorganisms are convenient cells with which to

sorbed thermal energy (also termed “entropic thermal study the process of growth in that many of them can

energy”), so thatAQ° = T°AS°. This was consid-  grow using only one organic substance as a source of
ered to involve a more simple concept, in place of the material and energy, called the substrate. A part of this,
ideas of “randomness”, probability, “organization”, or the anabolic substrate, is used in the process of an-
“information”, so commonly associated with the idea abolism as a carbon source for cellular structure. The
of “entropy.” In retrospect, although there may have other part, the catabolic substrate, is used aerobically
been some merit to the comments on entropy in Ref. by oxidation, or anaerobically by fermentation, to

[1] and to the idea of replacing entropy with something generate energy to bring about anabolism. Anabolism
more simple, further reflection on the naturefand plus catabolism together comprise metabolism which,
S made it apparent that the assumption tiggt = because of its complexity with respect to growing
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cells, is better called a “growth process”. In biological thermal energy necessary for a given mass to exist
growth processes, the free energy change accom-at the standard temperature of 298.15K. The same
panying catabolism is always far greater than that definition applies tars.

accompanying anabolism and is simpler to represent.

Therefore, it is initially catabolic processes that are 2.1. Values of Q° for substances in a condensed

being studied here. The use of non-aqueous standardphase at 298.15 K

states in calculations here may be questioned. In fact,

all biological processes take place in an aqueous en-  The quantity of thermal energy that has to be ab-
vironment, and in most cases biological oxidations of sorbed for a given mass to exist at the standard temper-

nitrogenous substrates produce ammonia, not nitrogenature is calculated according to the following equation
gas. However, using the aqueous standard states more3 p. 2—10].

appropriate to biological catabolic oxidations would
introduce a greater initial complexity to the calcula- Q° = Hgg15— Hpg

tions. This study can be more simply addressed at the 298.15K
/ CpdT + ) AysH® (3)
K

outset by using non-aqueous standard states for these =
processes, since the overall conclusions will not be
different whether or not they take place in aqueous Where the rightmost term represents heat changes ac-
solution. This is because the energies of formation companying transitions and phase changes. Values of
of substances in the aqueous standard state are forQ°[= (H3gg 15— Hp)] for various substances in a
the most part not greaﬂy different from those in the condensed phase at 298.15K are found in the original
non-aqueous standard state. A subsequent study carditerature and are given ifiable 2.
then investigate these same oxidations in aqueous en-
vironments appropriate to those encountered by living 2.2. Values of Q° for substances in the
cells. On the other hand, there is at present no evi- gas phase at 298.15 K
dence suggesting that the energy exchanges involved
in the solution of either the reactants or the products  For whatever reason, values oF [= (H5gg 15—
of a growth process have anything to do with the ther- H)] listed in the literature for substances in the gas
modynamics of the growth process itself. Water as a phase are for the gas phase only down to 0K, and do
solvent serves also as a fluid matrix for the hydration notinclude data for the condensed phd8e§]. In this
and physical support of internal cellular structure and respect these values differ from those ®ywhich are
as a vehicle for the processes of convection (where comprised of a summation of data both for condensed
this can occur in small cells) and diffusion neces- and gas phases in accord with. (4). Except for those
sary for cellular metabolism. The use of non-aqueous that sublime at a pressure of 1bar and for helium,
standard states for the biological systems studied hereall gases pass from a solid through a liquid state as
will definitely determine if free energy changes cal- their temperatures are raised from 0 to 298.15K, and
culated usingegs. (1) and (2have different values.  the heat contents of these condensed phases should be
Having made this conclusion, it is then appropriate to included in the total heat content. For this purpose,
continue the study using the aqueous standard stateghe heat content of the condensed phases of the gases
encountered by cells in their natural environment. used in this study has been calculated from the heat
To compare the results of usiriggs. (1) or (2), capacity data in the original literature. To these values
theoretical bomb calorimetric oxidations have been have then been added the heat content data of the ideal
carried out on a number of catabolic substrates for the gas phase from the temperature of sublimation, or of
purpose of calculating the free energy changes accom-the boiling point of the liquid phase, to 298.15K, and
panying these oxidations. The same is done with re- the data comprising both the condensed and gas phases
spect to several fermentations, which represent limited have been included in accord witg. (3). These latter
oxidations. To make the appropriate calculations, it is data have not been obtained calorimetrically, but have
necessary to compile values @f for use inEq. (2), been calculated using statistical mechanics. They are
where Q° is defined as the quantity of absorbed found in several references in the literature such as
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Fig. 1. (A) Determination of the standard heat conteft)(of nitrogen usingeq. (3)in the text. The graph is of, plotted against (K)

for nitrogen. The small numbers at the bottom of the graph refer to valuds thiose at various points along the graph refer to values

of C,. Data for the condensed phases were taken from [BgfData for the gas phase were taken from RBf. Table 20, p. 92]. (B)
Determination of the standard entrop§) of nitrogen usingEq. (4)in the text. The graph is of, plotted against I for nitrogen. The

small numbers at the bottom of the graph refer to values, afot InT; those at various points along the graph refer to valueS ofData

for the condensed phases were taken from [Bf.Data for the gas phase were taken from R&f.Table 20, p. 92]. For botkig. 1A and

B extrapolation of theC, vs T data was not done using the Debye equation, but as follows. Two data points were introduced Gjoshe

T data set, one having the coordinate€ 0 T, and the secon@,(,/10:T)/2, where the subscript “(I)" represents the value of the lowest

point on the data set. For the six gases studied here the lowest temperatures of the experimental data sets were between 10 and 15K. Th
method is simple to use, and the difference between it and the Debye extrapolation is insignificant at very low temperatures. Note that the
Y-axis has the same values in both graphs. The quaffithas the dimensions of energy (Jmb)l. The quantityS® has the dimensions

JK I mol~1. To transform this into energy, the entropy has to be multiplied bwhich here has the value of 298.15 (i.e., the upper limit

of the entropy determination). FroRig. 1A, Q° has the value of 15.512kJ mdl, and this is the quantity of thermal energy (as determined
experimentally for the condensed phases and using statistical mechanics for the gas phase) that is required to raise the temperature of or
mol of nitrogen from 0 to 298.15K Frorfig. 1B, S has the value of 191.61 J& mol~1. When this is multiplied byl (K) = 298.15,

which is the upper limit of the determination, the quantity of energy that is obtained becomes 57.128kJFhil is conventionally the

quantity of thermal energy that is required to raise the temperature of 1 mol of nitrogen from 0 to 298.15K. However, this quantity is
3.683 times greater than that determined frBig. 1A. Since there cannot be two different quantities of thermal energy required to raise

the temperature of a given mass of substance from 0 to 298.15K, consideration must be given as to which determination is more correct.
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Table 1
Calculation ofQ° values for Q(g), COx(g), N2(g9), Hz(g), NH3(g) and CH(g)
Calculation of Q° for 0x(g)? Q(kImolt) Calculation of Q° for CO»(g)4 Q(kJ mol1)
0-12.97 K, numerical extrapolation 0.018 0-15K, numerical extrapolation 0.010
[ CpdT, 1297-23.66K 0.127 J CpdT, 15-19467 K 6.652
Heat of transition | at 23.66 K 0.094 Heat of sublimation at 194.67 K 26.10
[ CpdT, 23.66-43.76 K 0.664 Heat content of gas at sublimation point (194.67 K) 32.762
Heat of transition Il at 43.76 K 0.743 Heat content of gas from 194.67 to 298.15K 3.479
[ CpdT, 43.76-5439K 0.488 > 0=0°=36.241
Heat of fusion at 54.39K 0.445
J C,dT,54.39-9013K 1.913 Calculation of Q° for Ha(g)® Q(kJmol 1)
Heat of vaporization at 90.13K 6.815 0-10.00 K, numerical extrapolation 0.007
Heat content of gas at boiling point (90.13K) 11.307 [ C,dT, 10.00-13.96K 0.016
Heat content of gas from 90.13 to 298.15K 6.083 Heat of fusion at 13.96 K 0.117
> Q= Q°=17.390 J CpdT, 13.96-2035K 0.103
Heat of vaporization at 20.35K 0.903
Calculation of Q° for Na(g)® Q(kJmol1) Heat content of gas at boiling point (20.35K) 1.146
0-15.82 K, numerical extrapolation 0.062 Heat content of gas from 20.35-298.15K 7.842
J CpdT, 10.42-35.61K 0.559 >0 =0°=8.988
Heat of transition at 35.61K 0.228
J C,dT,35.61-63.14K 1.138 Calculation of Q° for CH4(g)f Q(kJmol?)
Heat of fusion at 63.14K 0.721 0-10.33K, numerical extrapolation 0.014
JC,dT,63.14-77.32K 0.800 J C,dT,10.33-2044K 0.109
Heat of vaporization at 77.32K 5.576 Heat of transition at 20.44K 0.076
Heat content of gas at boiling point (77.32K) 9.084 J C,dT, 20.44-906 K 2.336
Heat content of gas from 77.32—298.15K 6.428 Heat of fusion at 90.6 K 0.939
> 0 =0°=15512 J C,dT,90.6-111.7K 0.993
Heat of vaporization at 111.7 K 8.473
Calculation of Q° for NH3(g)© Q/(kJmol1) Heat content of gas at boiling point 111.7 K 12.940
0-15.00K, numerical extrapolation 0.003 Heat content of gas from 111.7-298.15K 6.333
J C,dT, 15.00-195.36 K 4.786 > 0=0°=19.273
Heat of fusion at 195.36 K 5.655
J CpdT, 195.36-239.68K 3.334
Heat of vaporization at 239.68 K 23.351
Heat content of gas at boiling point 239.68 K 37.129
Heat content of gas from, 239.68-298.15K 2.048
> Q=0°=39.177

Values of Q° as given in Ref[3] in kimol! are: G(g) = 8.680; Hh(g) = 8.468; Nx(g) = 8.669; CQ(g) = 9.360; NHs(g) = 9.991;

CHa(g) = 9.991.

aCondensed phase data taken from Réf. Gas phase data taken from R{8, Table 23, p. 95].
b Condensed phase data taken from ReJ. Gas phase data taken from Rg, Table 20, p. 92].
¢Condensed phase data taken from Ref. Gas phase data taken from R{S, Table 94, p. 174].
dCondensed phase data taken from H&f]. Gas phase data taken from RE5, Table 14, p. 85]. The method of making this

calculation differs from that in Ref13].

€Condensed phase data taken from Re&t]. Gas phase data taken from REf, Table 23, p. 95].
f Condensed phase data taken from R&2]. Gas phase data taken from RE, Table 180, p. 254].
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Refs.[3-6] but have here been taken from R&f. The in the absorbed heat accompanying fermentations are
assumption is made here that at temperatures belowcalculated in the same manner as Table 4, and are
298.15 K the thermodynamic properties of ideal gases shown inTable 5. The small number of examples of
are nearly identical with those of real gases. As an fermentations is due to a lack of good, low temper-
example, the calculation d° and S* for N2(g) is ature heat capacity data on the products of many of
illustrated inFig. 1. This has been chosen because of these processes, especially for one of the most com-
the presence of a clear transition in the solid state, asmon products, which is lactic acid.

well as transitions through the liquid and gas phases. Changes in free energy accompanying the bomb
Values ofQ° for the gases used here (including the calorimetric oxidations of selected substrates of bio-
condensed phases) are givermable 1. These should logical importance in their standard states are given

be compared with the values oF [= H5gg 15— Ho] in Table 6, using data frorable 4. They were calcu-
listed in Refs[3—6] and also inTable 1. lated using the following equations.
2.3. Values of S for all substances at 298.15 K AcG™ = AcH” =T AcS ©)
i AcGOAQ - AcHO - AcQO (10)
Values for the entropy are calculated according to

the following equatiori3, p. 2-9], Changes in free energy accompanying fermentations

208.15K were calculated in the same manner as Table 6,

’ AgsH® i i
5 fcp dinT+Y" ) and are given immable 7.
0K trs

where the rightmost term represents transitions and
phase changes. These have all been taken from the3- Results

literature, and are listed ifiable 2. .
Table 1shows that the values @ for the six gases

2.4. Valuesof A;S and A, Q° for all substances studied are significantly higher than those for the same
gases given in compilations such as R§3s:6]. This

Values ofA;S and A Q° for the selected catabolic is because the heat capacities of the solid and liquid

substrates were calculated using the following equa- phases have been included in the calculations. The

tions and data frorfable 2, and are listed ifiable 3. ratios of (data given ifmable 1/data taken from Ref.
[3]) are, in kImot?, Ox(g) 17.390/8.680; Q)
ArS® =5 =" Satoms (5) 15.512/8.669; NK(g) 39.177/9.991; C&lg) 36.241/
9.360; Hb(g) 8.988/8.468; Ch{g) 19.273/9.991.
At Q% = Q° — Z Qatoms (6) In Table 2, it is shown that the value 3PS’ for
a given substance is always greater tk@&nthe ratio
2.5. Thermodynamic changes of T°S/Q° being highly variable. For the diatomic

gases studied this ratio averages 3.845, with a range

Changes in the absorbed heat accompanying the3-517-4.335. For the five organic liquids studied, this
bomb calorimetric oxidations of selected substrates of ratio averages 1.718, with arange 1.508-1.980. For the
biological importance in their standard states are given 17 Solid organic substances studied it averaged 1.955,
in Table 4, using data frorfiable 3. They were calcu- with a range 1.877-2.025. For non-organic substances

lated using the following equations. in different states, this ratio ranges from 1.467 for
ammonia, to 4.335 for hydrogen. An average of these
T°AS° =T° [Z AfSprod — Z AfSSeact] (7) data would not be meaningful.
The data inTable 2illustrate that carrying out a
AcQ° = Z At Qrod — Z INTo [ (8) numerical integration of th€, curves gives a more

accurate estimate of the ratio 5fS°/Q° than does the
where the subscripts ‘prod’ and ‘react’ represent the mathematical model used in RgR]. Nevertheless,
products and the reactants of the oxidations. Changesthe averaged data show a ratio of 1.955 with respect
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Table 2
A comparison of values of°S” and Q°2
Substance Formula S (IK1mol1) TS (kJmol?) Q° (kJmol?) SIQ°
Elements
Carbon(c) C 5.74 1.711 1.050 1.629
Hydrogen(g) H 130.68 38.962 8.98¢ 4.335
Nitrogen(g) N 191.61 57.128 15.512 3.683
Oxygen(g) Q 205.15 61.165 17.390 3.517
Average for diatomic
gases: 3.845
Inorganic
Ammonia(g) NH 192.77 57.474 39.177 1.467
Carbon dioxide(g) co 213.79 63.741 36.24F 1.759
Methane(g) CH 186.26 55.533 19.27% 2.881
Water(l) HO 69.95 20.855 13.273 1.569
Organic
Liquids
Acetic acid GH402 158.0[14] 47.108 28.15014] 1.673
n-Butyric acid CGHgO2 225.3[14] 67.173 39.32(14] 1.708
Ethanol GHgO 161.21[15] 48.065 24.275[15] 1.980
Glycerol GHgO3 206.3[16] 61.508 40.77416] 1.508
n-Propionic acid GHeO> 191.0[14] 56.946 33.09(14] 1.721
Average: 1.718: 0.169,n =5
Solids
L-Alanine C3H702N 29.20[17] 38.521 20.03417] 1.923
L-Aspartic acid GH7O4sN 170.12[18] 50.721 25.81(18] 1.965
Glucose GH1206 209.16[19] 62.361 32.55419] 1.915
Glycine GHs0,N 103.51[17] 30.861 16.17917] 1.907
L-Glutamic acid GHoO4N 188.20[18] 56.111 28.76€18] 1.951
L-Glutamine GH1003N>2 195.06[18] 58.157 30.05718] 1.935
Glycylglycine CG4HoO3N; 180.29[20] 53.753 27.39420] 1.962
L-Leucine CsH1302N 211.79[21] 63.145 31.62321] 1.997
Palmitic acid GeH3202 452.37[22] 134.874 68.62122] 1.965
L-Phenylalanine gH110oN 213.63[23] 63.694 31.44723] 2.025
L-Proline CsHgO2N 164.05[23] 48.911 24.43723] 2.018
L-Serine C3H703N 149.16[24] 44.472 22.653[24] 1.963
Succinic acid GHgO4 167.32[25] 49.886 25.23325] 1.977
Sucrose GoH22011 392.4[26] 116.994 62.34026] 1.877
L-Tryptophan G1H1202N2 251.04[23] 74.847 37.21723] 2.011
L-Tyrosine CoH1103N 214.01[23] 63.807 33.369[23] 1.912
L-Valine CsH1102N 178.87[21] 53.330 27.58121] 1.933

Average:1.955+- 0.042 n = 17

aThe numbers in brackets represent references. Entropy values for elements and for inorganic substances were takeri4from Ref.
bSeeTable 1.

to solid substances, as opposed to 1.993 obtained withstudied, presumably due to differences in the quantity

this model. of heat absorbed during the phase change from the
Table 3 provides data forTable 4. Table 3also solid to the liquid state.

shows that for the 17 solid substances studied, the ratio Table 4provides data fofable 6.Table 4also shows

T°A:S/A:Q° is remarkably constant at72 4 0.27. that the quantities of absorbed heat exchanged with

Itis less so at 8.62 1.03 for the five liquid substances the environment during bomb calorimetric oxidations



320

E.H. Battley/ Thermochimica Acta 394 (2002) 313-327

Table 3
Comparative values of°A;S and A;Q°
Substance Formula AtS2 (K Imol ) T°ArS (kI 1mol )  AQP (kI 1moll) ToAS/AQ°
Elements[2]
Carbon(c) C 0 0 0
Hydrogen(g) H 0 0 0
Nitrogen(g) N 0 0 0
Oxygen(g) Q 0 0 0
Inorganic[2]¢
Ammonia(g) NH —99.055 —29.533 17.939 —1.69
Carbon dioxide(g) Co 2.900 0.865 17.801 0.05
Methane(g) CH —80.836 —24.101 0.247 —97.57
Water(l) H20 —163.305 —48.689 —4.410 11.04
Organic
Liquids
n-Acetic acid GH402 —320.00 —95.408 —9.316 10.24
n-Butyric acid GHsgO2 —525.53 —156.686 —18.222 8.60
Ethanol C2HgO —344.89 —102.829 —13.484 7.63
Glycerol GHgO3 —641.36 —191.221 —24.411 7.83
n-Propionic acid  @GHgO2 —423.41 —126.240 —14.414 8.76
Average: 8.62- 1.03,n=15
Solids
L-Alanine GH702N —646.35 —192.709 —39.720 4.85
L-Aspartic acid ~ GH704N —816.32 —243.386 —52.384 4.65
Glucosé CeH1206 —1224.81 —365.177 —79.842 4.57
Glycine GHs0:N —535.62 —159.696 —33.537 4.76
L-Glutamic acid  GHoO4N —934.66 —278.669 —59.466 4.69
L-Glutamine GH1003N2 —968.37 —288.719 —61.736 4.68
Glycylglycine CHoO3N32 —930.06 —277.297 —584.355 471
L-Leucine GH1302N —973.02 —290.106 —58.215 4.98
Palmitic acid GeH3202 —1935.50 —577.069 —109.377 5.27
L-Phenylalanine  gH1102N —857.72 —225.729 —52.583 4.29
L-Proline GHoO2N —753.66 —224.704 —46.405 4.05
L-Serine GH7O3N —728.97 —217.342 —45.796 4.74
Succinic acid GHgO4 —657.98 —196.176 —40.711 4.82
Sucrose @H22011 —2242.28 —668.535 —144.773 4.62
L-Tryptophan G1H1202N3 —992.94 —296.045 —61.169 4.84
L-Tyrosine GH1103N —959.92 —286.200 —59.356 4.84
L-Valine GH1102N —869.52 —259.247 —52.249 4.96
Average: 472+ 0.27,n= 17
BA1S° = Sg,,— 2 Ssoms The subscript ‘sub’ refers to the given substance. Data for calculations takeriTéiole 2.
PATQ° = 02— 2 O%oms The subscript ‘sub’ refers to the given substance. Data for calculations takeriTéiole 2.

®Values for inorganic substances taken from Rél. except for methane, which was taken from REg. All values for organic

substances taken from RgR7].
d C, dT data integrated numerically by the author.

can vary widely and may even have a different sign,  Table 5provides data fofTable 7. It also shows
when calculated a&°A.S’ or asAcQ°. The most ex- differences similar to those ifable 4with respect to
treme example of this is that of palmitic acid, whichis T°A:S and A:Q°.

—188.13kImot?! for T°A:S and 323.634 kJ mof In Table 6, the data indicate that for the bomb calori-
for AcQ°. metric oxidation of five organic liquids, values for
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Table 4
A comparison of the values foF°A:S* and A:Q° accompanying the oxidation in their standard states of organic substances of catabolic
importance

Substance Reaction T°AS? (kI Tmol™l)  AQ°P (kI 1mol1)

Liquids
Acetic acid CHCOOH(I) + 20»(g) — 2C0Ox(g) + 2H20(l) -0.24 36.10
n-Butyric acid CHgO2(l) + 502(g) — 4C0O,(g) + 4H20(1) —34.61 71.79
Ethanol CoHgO(l) + 302(g) — 2COx(g) + 3H0(1) —41.51 35.86
Glycerol GHgO3(l) + 3.50;(g) — 3CO,(g) + 4H20(I) —-0.94 60.17
n-Propionic acid GHgO2(l) 4+ 3.50:(g) — 3CO,(g) + 3H20(I) 17.23 54.59

Solids
L-Alanine GH702N(c) + 3.50:(g) — 3CO(g) + 3.5H0(l) + 0.5N2(g) 24.89 77.69
L-Aspartic acid GH704N(c) + 3.750%:(g) — 4COx(g) + 3.5H,0(l) + 0.5N2(g) 76.43 108.15
Glucose GH1206(c) + 602(g) — 6COx(g) + 6H0(1) 78.23 160.19
Glycine GHs02N(c) + 2.250;(g) — 2C0Ox(g) + 2.5H,0(l) + 0.5N2(g) 39.70 58.11
L-Glutamic acid  GHgO4N(c) + 5.25%:(g) — 5COx(g) + 4.5H20(l) + 0.5N2(g) 63.89 128.63
L-Glutamine GH1003N2(¢) + 602(g) — 5CO,(g) + 5H20(I) + N2(9) 49.59 128.69
Glycylglycine GHoO3N2(C) + 4.750,(g) — 4COx(9) + 4.5H,0(1) + N2(9) 61.65 110.21
L-Leucine GH1302N(c) 4+ 8.25%:(g) — 6COx(g) + 6.5H,O(I) + 0.5N2(g) —21.19 136.36
Palmitic acid GeH3202(c) + 230x(g) — 16COx(g) + 16HO(1) —188.13 323.63
L-Phenylalanine  gH310,N(c) + 10.750,(g) — 9COx(g) + 5.5H,O(l) + 0.5N2(g) —4.28 188.54
L-Proline GHgO2N(c) + 6.250:(g) — 5COx(g) + 4.5H0(l) + 0.5N2(g) 9.92 124.55
L-Serine GH703N(c) + 3.750:(g) — 3CO,(g) + 4.5H,0(l) + 0.5N; 0.83 79.35
Succinic acid GHgO4(c) + 3.50:(g) — 4C0O(g) + 3H20(1) 53.57 98.68
Sucrose @H22011(C) + 120;(g) — 12CO(g) + 11H,0O()) 143.33 309.87
L-Tryptophan G1H1202N(C) + 13G:(g) — 11CO(g) + 6H20(l) + 0.5N2(9) 13.42 230.52
L-Tyrosine GH1103N(c) 4+ 10.250,(g) — 9COx(g) + 5.5H,0O(l) + 0.5N2(g) 26.19 195.31
L-Valine GsH1102N(c) + 6.750:(g) — 5COy(g) + 5.5HO(l) + 0.5N2(g) —4.22 117.00

@ AcS was calculated using the equatidgS® = 3 At S5, — 2- Af Steact
b AcQ° was calculated using the equatianQ° = Y Ay Oprod — 2 Af Qreact

Table 5
Values for T°ApS® and Ap,Q° accompanying the theoretical fermentation in their standard states of organic substances of catabolic
importancé

Fermentation T°ApS™® (kImolt) ApQ°¢ (kImol?)
Ethanoli@ CeH1206(C)glucose— 2C02(9) + 2CHeO (1) ethanol 161.25 88.48
Methanogeni® CoHaO2(1) acetic acid — CHa(Q)methane+ CO2(9) 72.17 27.36
Homoacetafe CsH1206(C)giucose— 3C2H402(Daceticacid 78.95 51.89
Stickland C3H702N(C)ajanine + 2C2H502N(C)glycine = 3NH3(9) + 3C2H402(1) + CO2(g)  138.14 150.46
Propionat  CsH1206(C)giucose— C2H402() acetic acia+ C3Hs02(Dpropionic acia+ CO2(Q) 144.39 73.91
Butyraté C2HsO (D ethanol+ C2HaO02(D acetic acia = CaHgO2(Dutyric acia + H20() —7.14 0.17

2The subscript ‘p’, for ‘process’ is used here because the subscript ‘f’, which might have been used to represent fermentation, is
already used to represent ‘formation’.

b ApS” was calculated using the equatiags® = 3" At Sorod — 2= At Steact

€ ApQ° was calculated using the equatidpQ° = 3~ A1 Qpoq — 2 Af Qfeact

d Saccharomyces cerevisiae.

€ Methanosarcina barkeri.

f Clostridium thermoaceticum.

9 Clostridium sp.

h\&illonella sp.

i Many gram-negative, anaerobic bacteria.



Table 6
A comparison of the free energy changes accompanying the oxidation in their standard states of organic substances of catabolic importance as calculated using 7°A.S° or A.Q°?
Reaction AH°Y A G AGY Qd AcGY o/ AG®
(kJmol™) (kI mol™1) (kI mol~") (kI mol~1)
Liquids
Acetic acid CH3;COOH(1) 4+ 202(g) — 2CO2(g) + 2H20(1) —874.54 —874.30 —910.64 1.04
n-Butyric acid C4HgOx (1) + 502(g) — 4CO1(g) + 4H20(1) —2183.50 —2148.89 —2255.29 1.05
Ethanol C,HgO(1) + 302(g) — 2C0O2(g) + 3H,0(1) —1366.83 —1325.32 —1402.70 1.06
Glycerol C3HgO3(1) + 3.502(g) — 3CO2(g) + 4H,0(1) —1655.40 —1654.46 —1715.57 1.04
n-Propionic acid C3HgO2(1) + 3.502(g) — 3CO2(g) + 3H,0(1) —1527.28 —1544.51 —1581.87 1.02
Average: 1.04£0.01,n =5
Solids
L-Alanine C3HgO2N(c) + 402(g) — 3CO;(g) + 4H,0(1) 4+ 0.5N2(g) —1620.46 —1645.35 —1698.15 1.03
L-Aspartic acid C4H704N(c) + 3.750,(g) — 4CO2(g) + 3.5H20(1) + 0.5N2(g) —1601.80 —1678.23 —1709.95 1.02
Glucose CeH1206(c) 4+ 602(g) — 6CO2(g) + 6H20(1) —2803.03 —2881.26 —2963.22 1.03
Glycine C,H50,N(c) + 2.250,(g) — 2C02(g) + 2.5H,0(1) + 0.5N>(g) —973.49 —1013.19 —1031.60 1.02
L-Glutamic acid CsHoO4N(c) + 5.2502(g) — 5CO2(g) + 4.5H,0(1) + 0.5N2(g) —2243.46 —2307.35 —2372.09 1.03
L-Glutamine CsHi1003N2(c) + 602(g) — 5C02(g) + 5H20(1) + Na(g) —2571.07 —2620.66 —2699.76 1.03
Glycylglycine C4HoO3N2(c) 4+ 4.7502(g) — 4CO2(g) + 4.5H20(1) + Na(g) —1970.45 —2032.10 —2080.66 1.02
L-Leucine CsHi1302N(c) + 8.2502(g) — 6CO2(g) + 6.5H>0(1) + 0.5N2(g) —3583.13 —3561.94 —3719.49 1.04
Palmitic acid Ci16H3202(c) 4+ 2302(g) — 16CO2(g) + 16H,0(1) —9977.83 —9789.70 —10301.46 1.05
L-Phenylalanine CyH1102N(c) + 10.750,(g) — 9CO,(g) + 5.5H,0(1) + 0.5N»(g) —4645.49 —4641.21 —4834.03 1.04
L-Proline CsHoO2N(c) + 6.2502(g) — 5CO2(g) + 4.5H,0(1) + 0.5N2(g) —2727.97 —2737.89 —2852.52 1.04
L-Serine C3H703N(c) + 3.7502(g) — 3CO2(g) + 4.5H20(1) + 0.5N2(g) —1454.78 —1455.61 —1534.13 1.05
Succinic acid C4HgO4(c) + 3.50,(g) — 4CO2(g) + 3H20(1) —1491.01 —1544.58 —1589.69 1.03
Sucrose C12H2,011(c) 4 1202(g) — 12CO2(g) + 11H>0() —5640.87 —5784.20 —5950.74 1.03
L-Tryptophan C11H1202N(c) + 1302 (g) — 11C0O2(g) + 6H0(1) + 0.5N2(g) —5551.67 —5639.23 —5856.33 1.04
L-Tyrosine CoH1103N(c) + 10.2502(g) — 9CO2(g) + 5.5H>0(1) + 0.5N2(g) —4430.02 —4456.21 —4625.33 1.04
L-Valine CsHi1102N(c) + 6.7502(g) — 5C02(g) + 5.5H20(1) + 0.5N2(g) —2919.59 —2915.37 —3036.59 1.04

Average: 1.03£0.01,n =17

2 Values for T°A.S° or A.Q° have been taken from Table 4.

® Values for AcH® have all been taken from Ref. [27].

¢ Values for A.G° were calculated using the equation A;G° = AcH® — T°AS°.
dValues for AGY o were calculated using the equation ACGZQ = AH® — A.Q°.

(44
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Table 7
A comparison of the free energy changes accompanying the theoretical fermentation in their standard states of organic substances of
catabolic importance as calculated usiffgApS® or ApQ°

Fermentation ApH? ApG°P ApGQp© ApG®/ApGig
(kImorY)  (kImorY)  (kImoFl)  (kImofr?)
Ethanolid CH1206(C)gucose— 2C02(Q) + 2CHeODehane ~ —69.38  —230.63  —157.86 1.46
Methanogeni®  CoHaOz(Daceticacid = CHa(@yethane+ CO2(0) 15.81 ~56.36 ~1155 488
Homoacetafe ~ CgH1206(C)giucose— 3C2Ha02(1)acetic acid —179.37 —258.32 —231.26 111
Stickland CaH702N (©)panine + 2C2H5 02N (C)giyeine — _367.03  —505.17 —517.49 0.98
3NH3(g) + 3C2H402(1) acetic acid + CO2(9)
Propionaté CeH1206(C)glucose > C2H402() acetic acia + —115.36 —259.75 —189.27 1.37
) C3HeO2(1)propionic aciat C02(9)
Butyraté Cszo(l)Ethanm-‘r C2H402(|)Acetic acid — —57.85 —-50.71 —57.68 0.88

C4HgO2(1)utyric acid + H20(1)
BApH® =3 AtHpoq— 3 AtHiga The AfH° data were taken from Ref27].
P ApGS A5 = ApH® — T°ApS°. The data for the last term were taken frafable 5.
€ ApGY) = ApH® — ApQ°. The data for the last term were taken fraiable 5.
d Saccharomyces cerevisiae.
€ Methanosarcina barkeri.
f Clostridium thermoaceticum.
9 Clostridium sp.
h\&illonella sp.
i Many gram-negative, anaerobic bacteria.

AcGrp averaged 1.040.01 times more negative than linear and the exponential relation and yielding the
those forAcG°, with a range 1.02-1.06. For the 17 above ratio. This is close to the theoretical value of
solids studied, values faxcGZQ averaged 1.030.01 2.000 obtained for this ratio i€, vs T is a straight

times more negative than those fgG°, with a range line. However, it was noted in RgR] that the value of
1.02-1.05. 1.993 was only in good approximate agreement with
In Table 7, for fermentative processes these differ- the experimental values. Ti®, vs T curves for the
ences can be vastly greater. Here the symbgQ° substances studied here are not linear, although for
is used rather than;Q° (‘f’ for “fermentations”) be- solid substances this may be closely approximated. In

cause this latter has already a different meaning. The Table 2, the values fof° and S’ were obtained by

data show that for the six fermentations studied, the numerical integration, not by mathematical modeling.

values forA,G° average 1.6% 1.62 times more neg-  The resultis that the values fot S*/Q° in column 6 of

ative than those foApG7, ,, with a range 4.87-0.88.  Table 2are not 1.993 for the solid organic substances

These differences are large compared to those obtainedstudied, as in Ref[1], but can vary from 1.877 to

with bomb calorimetric oxidations. 2.025 (ave = 1.955). For organic liquids this ratio
varies from 1.508 to 1.980, and for gases from 1.467
to 4.335. Thus, although there is clearly an inequality

4. Discussion betweenT°S andQ°, as emphasized in RgR], this
inequality is highly variable with respect to different

In Ref.[2], the function Nintegrate in the computer substances and will have an effect on the calculation

program Mathematica (v. 2.2 Wolfrom Research, Inc., of A;Q° values as compared 0 A;S.

Champaign, IL, USA) was used for integrating the

curves ofC, vs T andC,, vs InT for the substances ~ 4.1. Absorbed thermal energy exchange

cited, with the result that the ratit’S°/Q° was in all

but one case equal to 1.993. Nintegrate applied to a During a spontaneous reaction or process, there

function f(x) provides a numerical approximation of is an exchange of absorbed thermal energy with the

the integral off(x), resulting in best fit curves of the  environment because the physical qualities of the
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products of a reaction are different from those of the Because I is dimensionlessAS’ has the dimensions

reactants. Each reactant or product requires a certainof C,,, which are J K1mol~torJg ! mol~! and does

guantity of thermal energy to be absorbed for it to ex- not represent energy. It becomes a quantity of energy

ist at a given temperature. As reactants disappear fromwhen multiplied by the upper limit of for which the

the reaction system, their absorbed thermal energy entropy value was calculated. For standard conditions

becomes released into the environment. As products 7 = T°. Thus, using entropy

are formed within the reaction system, they must ab-

sorb thermal energy from the environment in order to AHgzy=T" (Z Sprod— S?eact) =T°AS° (13)

exist at the temperature of the system. At a constant . ) )

T and p with regard to the initial and final states of From an inspection dEgs. (11) and (13}t might ap-

a reaction, the difference between the quantity of PearthanQ® =T°AS, sincethey bothrepresentthe

thermal energy released into the environment by the exchange of absorbed heat with the environment (i.e.,

reactants and that absorbed by the products is the total® Hap) @nd both make use of the saiBig. However,

quantity of absorbed thermal energy exchanged with @S Shown infables 4 and 5, the quantity of absorbed

the environment. One way of expressing this is the heat that is exchanged is g.reatly different depending

following, which relatesC, to T (K) with the upper ~ On WhetherEgs. (11) or (13)s used for the calcula-

bound beingl'® = 298.15 K. tion and can even be different in sign. Obviously, there
cannot be two different quantities of absorbed heat ex-

298.15K changed during the same reaction at the s@raedp.

AHY =) /c,, d7 + ) AysH®
0K prod

4.2. Generated thermal energy exchange

298.15K
- Z (/ C,dT + Z AtrsHO) For combustion processes, the absorbed thermal
oK react energy exchange accounts for only a small part of
= Z(H398.15K_ H{prod the total thermal energy exchange comprisitgl®,
although this is not true for many fermentation
—Z(Hggg,lg,K— H g react processes. Most of the thermal energy comprising
o o o AH° is the result of the conversion of chemical,
=2 Oproa = 2 Creact= A0 (11) non-thermal energy into thermal energy as a result of

. a spontaneous reaction or process, and can be called
where AH;,, represents the change in the absorbed generated’ thermal energy. The quantity of heat ex-
thermal energy, which is equivalent 0Q°. This last  changed with the environment is thus the sum of the
is the most simple way of representing the absorbed 4psorhed thermal energy exchange and the generated
heat exchange. All values are in kJ mbl thermal energy exchange. The non-thermal energy

Another way of calculating\ Hyy, is first to calcu- - gquivalent of the generated thermal energy is called
late the change in entropy of a system as the result of aihe free energy, or free enthalpy.

reaction or process, and to then multiply it by the tem-  |1is perhaps unfortunate that the symbol “H” is used

perature for which the entropy change has been calcu-jn o different ways. With respect to absorbed heat,
lated. This method relates heat capacity as a function the symbol appears in the tertt 5og 15« — Ho )

of InT (K) rather thanT (K) as is done above. representing the heat content. This term does not

involve any heat exchange resulting from the degra-
N 298.15K . dation of chemical energy to heat. With respect to the
AS” = Z (/OEP dinT + Z AusS > heat of reactionAH° equals eitheAG°® + T°AS°,
prod usingEq. (1), or AG,, + AQ°, usingEq. (2). The
298.15K . heat exchange measured during a combustion or fer-
_Z /ngdlnT +ZA”55 mentation is then the sum of two thermal energy
react exchanges. Conventionally, in chemical thermody-
= Z Sprod — Z Sreact (12) namicsAG® represents non-thermal chemical energy
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that becomes converted to thermal energy during a and 5 of Tables 6 and 7. Obviously, there cannot be
spontaneous process as this passes from an initialtwo different values fornG° accompanying the same
to a final state. AQ° represents the change in heat process. The question then arises as to which is more
content of the system, i.e., the change in the quantity correct. CertainlyEq. (2) represents the most direct
of thermal energy that is necessary for the system to approach to calculating G°. Both AH® for a process
exist physically aff°, during the same process. This and the values of)° for the reactants and products of
can be represented by the combustion of glucose.  the process can be determined by direct thermal anal-
yses. WithEqg. (1), whereag\H° can be determined
CeH1206(C) + 602(9) — 6COx(9) + 6H20(1)  (14) directly, even though the san®, data are used, val-
es of S must be calculated and then multiplied by

As glucose and oxygen are consumed as reactants, th = i . .
g yg °. This is less direct. Also, as emphasized in Refs.

thermal energy required for them to exist at the initial . . ) -
ayreq [1,2], 8 is a mathematical function. The multiplica-

temperature of 298.15K} Q.. IS released from ) o , o
their masses as heat. As carbon dioxide and water aretlon of S by T gives a thermal quantity that is differ-

formed as products, the quantity of thermal energy gr# frorr:Q ?melytpe(;,ause t?_e callfglatlotntﬁﬁ‘ t'S ih
required for them to exist at the final temperature of ¢ crent mamnematical operation. 1t 1S not that either

298.15K,)_ Qproq is absorbed as heat. The differ- calculation is wrong, per se.

ence,> 07— Qfaac €QUAISAQ°. The thermal
prod react 4 ° °
exchange accompanying the reaction represented by4'4' AG® or AGG4?

Eq. (14)is then From the results of calculations ifable 6, it is

(1) The heat formed during the degradation of non-thermal evident that usind=q. (2) gives free energy changes
chemical energy (AGor AG7, ) to thermal energy. Thisis  that average about 4% more negative than when us-
a manifestation of a chemical change ing Eq. (1)for the liquids studied, and about 3% more
AH® =+ (15) negative for the solids studied. Are these significant

(2) The exchange of absorbed hedt S’ or AQ®) resulting enough average differences that in calculating free
from the change in the absorbed heat of the reactants to that €N€rgy change&q. (2) should be used rather than
of the products during the course of the reaction. Eqg. (1)? Areasonable answer is, “possibly not”, based

on the data iffable 6alone. These differences might

be expected to be small because tid° for oxida-

tive reactions is very much larger than eitfiéAS

or AQ°. This is not true for fermentative processes.

The data inTable 7, while involving a small number

of examples, certainly show that there can be highly

ignificant differences between the usezof. (1) and

4.3. Calculating free energy changes

In the Gibbs free energy equation, the generated
thermal energy exchange accompanying combustion
under standard conditions is represented\& and

the absorbed thermal energy exchange is represente 2). In addition, with these fermentation examples, in

asT"AS’ (Eq. (13)). This results ieq. (1). four cases the free energy changes are calculated to be
AG° = AH®° —T°AS° Q) less negative when usirigg. (2) than they are when
usingEq. (1), in contrast to the oxidative examples in
The absorbed thermal energy can also be representedrgple 6. Clearly, the whole approach to making these
asAQ” (Eq. (11)), rather thai®AS’, so that two calculations is fundamentally different, and signif-
AGOAQ = AH® — AQ° @) icanfc to the extent that this is shownTables 6 and 7.
In this respect, different symbols should be used for the
For irreversible processes such as catabolic oxidationsfree energy changes calculated usigg. (1) and (2).
or fermentationsAH° has the same value with re-
spect to eitheiegs. (1) or (2). Thus, because of the 4.5, The choice of a symbol to replace AG%,
inequality of T°’AS’ and AQ°, the value forAG® as
calculated witheq. (1) will be different from AGL o The symboIAGOAQ does not represent Gibbs free
as calculated usingq. (2). This is shown incolumns 4  energy, which should continue to be represented
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conventionally byAG°. The symbolAGZQ repre- the National Academy of Sciences in January of 1881
sents a different thermodynamic quantity franG°, he wrote, “One of the principal objects of theoretical
is calculated in a different way, and if possible should research in any department of knowledge is to find the
be represented by a single letter symbol. The symbol point of view from which the subject appears in its
least used in the “Green Book28] is the symbol ‘X', greatest simplicity”[29].
representing only two entities, electrical reactance and The information presented above has been pre-
the ‘x-unit’. This symbol can hardly be confused with sented previously in a more brief form, and at an
anything in chemical or biological thermodynamics. earlier stage at in its evolutiof80]. The results of
Therefore, its adoption is suggested as a replacementthis study suggest strongly that a further study of the
for AGZQ. Eq. (2)then becomes thermodynamics of microbial growth usirigg. (16)

o _ o o is worth doing, using biological, agueous standard
AXT=AH —AQ (16) stateq31].
Here AX° represents the free energy change calcu-
lated usingAQ° rather thanT°AS’, and taken as the
guantity of non-thermal chemical energy that becomes 5. Conclusion
converted into thermal energy during the course of a

reaction or process. The dataTables 6 and indi- The use of the equatiohX° = AH°—A Q°, where
cate that, at least for the spontaneous reactions andax- represents the free energy change calculated us-
fermentations studiedAGj, (= AX°) is always  ing AQ° rather tharil®AS’, is an alternate method of
negative, just as IAG°. Thus, empirically itis possi-  ca|culating free energy changes. This is based on the
ble, although not proven, that a negatid&®, justas  jnterpretation that)® is a more accurate measure of

anegativeAG’, is an indicator of a spontaneous reac-  the quantity of heat absorbed in order that a mass can
tion. This might be predicted in that boThAS> and exist at the standard temperature thaiis°.

AQ® for a given reaction are derived from the same

data. It seems reasonable to suggest that for a sponta-

neous process as calculated either With S° or AQ°,
some chemical or physical non-thermal enengyst

be converted into heat, which then becomes a part of The author wishes to acknowledge with thanks the
the ther.mal energy (Oexcha'nged between.the system andsuggestion by Prof. Dr. Urs von Stockar that the ul-
the environmentAH® has its usual meaning of the to-

) timate test of the ideas presented above would be to
tal quantity of thermal energy exchanged between the . ; .
. . apply them to processes during which there is a large
system and its environment. For a spontaneous pro-

cess, the sign ohH° can be either positive, negative change in entropy. This has been done in the inves-
' gr . E » Neg ' tigation of the changes in free energy accompanying
or zero, but is usually negativeAQ° represents the

. . microbial fermentations (Tables 5 and 7).
change in the quantity of thermal energy absorbed by ( )
the system (heat content) because the quantity of heat
absorbed by the reactants at a given temperature is dif-
ferent from that absorbed by the products at the same
tAemoperatltJ)re. FO: a spontzta_neous processs, lt)h(le Sl?r? of [1] E.H. Battley, Thermochim. Acta 331 (1999) 1.

Q° can be positive, negative, or zero. Sym .0 SO ?r [2] E.H. Battley, J.R. Stone, Thermochim. Acta 360 (2000) 1.
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