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1. Introduction

Bomb combustion calorimetry is the main method for determining enthalpies
of formation of organic compounds. Measurements for CHON-containing com-
pounds can be conducted with a static bomb. Using a rotating bomb extends
the method to organosulfur and other organoelement compounds. However, ad-
dition of elements beyond sulfur requires special techniques to analyze the com-
bustion products and/or changes of the experimental procedure. The present
study is focused on CHONS compounds.

A combustion-calorimetry experiment is normally conducted in a constant-
volume bomb at an initial oxygen pressure of ~3 MPa and a temperature close
to 25°C (298 K). The temperature change of (0.5 to 2) K is observed. The
liquid products are titrated with an alkaline solution to determine the amount
of acids (HNOgs, HoSOy4, and, rarely, HNO3). The gaseous products are often
analyzed for CO,, and rarely for CO and NO.

The standard molar enthalpy of formation, AfHy,, is derived from the stan-
dard molar enthalpy of combustion, A.H? , which, in turn, is found from the
experimental energy of combustion at the bomb conditions, Agu. Accordingly,
the associated real process is replaced with a sequence of reversible steps shown

in Figure |1} The idealized combustion reaction considered here is

CoHpO NS, + (@ +b/4 + 3e/2 — ¢/2)Os(ideal gas) = aCOq(ideal gas)

+(b/2 — e)H20(1) + (d/2)Na(ideal gas) + eHaSO4(-2H30) (1)

In this work, x = 115 is assumed.

An enthalpy of formation is useful when the associated uncertainty does not
exceed a few kJ-mol~!. While expanded uncertainties (0.95 level of confidence)
of < 1 kJ-mol~! have been reported for several compounds, uncertainties of (2
to 3) kJ-mol~! are often observed for competent measurements with moderate-
size molecules. For comparable energies of combustion and quality of the mea-
surements, the uncertainty of AfH? increases with molar mass because of the

larger molar mass itself and uncertainties of the ArH, values for the increased
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Figure 1: Formal sequence of equilibrium processes used to reduce the experimental energy
of combustion to the standard value. Components in green boxes are in the condensed phase
and those in the blue boxes are in the gas phase. Phases specified in parentheses are those at
the bomb conditions. The following abbreviations are used: vap., vaporized; liq, liquid; sub.,

substance; diss., dissolved; soln., solution; i, initial; f, final
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amounts of combustion products (COq, H2O, etc.).

The standard energy of combustion of benzoic acid is -3225.8 kJ-mol =1, []
and 2 kJ-mol~! is 0.062 % of this value. In the example on calibration with
benzoic acid [2], a sum of all contributions to the standard-state correction
corresponds to 3.2 kJ-mol~!'. Thus, this correction should be as accurate as
possible.

In-house software has been used in many laboratories for conversion of the
experimental results to the standard-state enthalpies of combustion. Inconsis-
tencies between the software used in different laboratories are a challenge to
reproducible values, especially if the results are not properly reported. [3] For
example, such an inconsistency for 4-fluorobenzoic acid could be found only
because the same sample had been burnt in several laboratories. [4] Bench-
mark values for testing such software have been limited to 3-methylthiophene
[5], perfluoropiperidine [6], 4-chloro- [7] and 4-bromobenzoic acids [§], and hex-
amethylcyclotrisiloxane. [9] Widely studied CHON-containing compounds are
not covered. These benchmarks are based on the reference values recommended
in 1956, and the best estimates for some of the reference values, particularly,
enthalpies of solution and Henry’s law constants for gases, have significantly
changed since that time. The changes have been noted in the literature [10]
but the obsolete values are still used in many publications. As a result, useful
data is often lost. This problem is exacerbated by availability of commercial
calorimeters. Some of them can be used to derive meaningful enthalpies of for-
mation. However, the supplied software generally does not have the discussed
procedures implemented; the corrections to standard state are either ignored or
roughly estimated by inexperienced researchers.

A publicly available service that standardizes these calculations and provides
proper output of results would improve the quality of thermochemical publica-
tions. Furthermore, this resource would be useful for teaching chemical and
chemical engineering students. The present study reviews the auxiliary quanti-
ties used to calculate the standard-state corrections in combustion calorimetry

and compares the current results with previous recommendations. A standard-
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ized format to share information on combustion-calorimetry experiments is pro-
posed to enable accurate scientific reporting and interlaboratory cooperation.
We describe a freely available web application that implements the correction

procedures and provides the formatted report.

2. Review of experimental data

In the current literature, results are reported at the reference temperature
Ty, = 298.15 K and standard pressure P° = 0.1 MPa. In the equations below,
abbreviations follow Ref. [5] whenever practical. The numbering of computa-
tional steps proposed in that source are denoted in the section headers. The
provided description does not repeat the procedures available in the literature.

Only updated steps are considered in detail.

2.1. Quantification of loaded compounds (steps 1 to 31 and 34)

Initially, the bomb contains a main compound, up to three auxiliary com-
pounds, water, oxygen, and a platinum crucible. The “masses” m*, determined
with laboratory balances for the main and auxiliary compounds, must be cor-
rected for buoyancy to get the real mass (m) since the target uncertainty is

small. The rigorous correction is

e (1 5e) ) >

where p,;; is the density of air; P.oom and Tieom are the atmospheric pressure

and room temperature; R = 8.3144626 J-K~!'-mol~! is the molar gas constant;
ps is the density of a sample; and pyer is the density of a calibration weight,

3

which may be assumed pof = 8 grem ™ in many cases. [11] Eq. can be

approximated by a more convenient form:

m%m*-(l—f—pair—pair) (3)
Ps Pref

The density of air is calculated using the CIPM-2007 formulation [I2] assuming

the relative humidity to be 50 %. This assumption is necessary because the
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air humidity is generally not determined in a laboratory. The relative error
introduced by this assumption will not exceed 3-1073|m - m*| for the relative
humidity in a range of (30 to 70) %. Molar masses are calculated based on the
conventional atomic masses recommended in 2013. [I3] For organic compounds,
the difference between m and m* may be as large as 10~3m, which significantly
exceeds the expected uncertainty of the measurements of a few hundredth of a
percent.

To determine an initial mass of water in the bomb, the added volume of
water is assumed to be measured at room temperature Tioom. The density of

water is found with the interpolating equation

po/(grem™®) = —0.1608834 + 10.732334 x 10~3(T/K)

—32.056381 x 10~%(T/K)? + 30.472999 x 10~2(T/K)? (4)

fitted to the value from the IAPWS formulation [I4] [I5] and valid in the tem-
perature range of (288 to 308) K.

After the initial and auxiliary compounds have been loaded, the bomb is
charged with oxygen to a pressure of ~3 MPa (determined by pressure gauge).
The initial temperature of the charged bomb is assumed to be room temperature,
Troom- P(O2) and Tyoom are used as input parameters to determine the initial

pressure in the bomb Pgi at Ty, from the equation:

as

i
Pgas

P(0y) | R R (5)

Oxygen potentially contains a small amount of nitrogen, and the gas phase is

-7 ( Troom 302702 (Troom) Boz,oz (Th) )_1
=T - — .

saturated with water. Because these two impurities weakly affect the properties
of the gas phase, the amount of oxygen can be assumed equal to the initial
amount of the gas. The latter is calculated with a pressure-based virial equation

truncated to the second virial coefficients:

. . . -1
. PV Bunix Pl
Pl g, = 52582 <1+ e ) (6)

gas RT;, RTy,

in this case, Bmix = Bo,,0, and VgiaS is the bomb volume available to the gas.

Unlike in the original formulation [5], the volume of the platinum crucible is
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considered in the calculation of V. .. The crucibles of a mass of up to 30 g have

gas*
been used in the literature, which makes the platinum volume comparable to
that of the main compound. The pressure-based virial equation is consistently
used throughout this paper.

The amount of gas calculated with eq. @ should be consistent with that
found from the buoyancy-corrected difference of masses of the bomb before and

after charging with oxygen. This check is useful to verify the temperature and

pressure of the charging procedure.

2.2. Characterization of the gas and liquid phases in the initial state (steps 32,
33, 35, and 36)

The mole fraction of water in the gas phase is found as

y(H1:0) = 3 e (P - R ) )

where P; is the saturated pressure over pure water; g is the activity of water in
the liquid phase that assumed to equal one in the initial state; V; is the molar
volume of water in the liquid phase assumed to be independent of pressure and
calculated using eq. [@} ¢ is the fugacity coefficient of water at Ps; and ¢ is the
fugacity coeflicient of water in the gas mixture at pressure P. P is calculated
using an interpolating equation fitted to the values from the IAPWS formulation
[14, [15):

In(P;/MPa) = Ay + A1 (K/T) + Ay In(T/ K) (8)
where Ay = 46.827376, A; = —6.849115 - 103, and Ay = —5.196802. Eq. is
valid in the temperature range (288 to 308) K.

The mixtures in the bomb can contain up to four components in the gas

phase: oxygen, carbon dioxide, nitrogen, and water. The fugacity coefficient of

component j in a four-component mixture can be found as

P
¢;j = exp < RT) (9)

where y; is the mole fraction of the ith gas in the mixture. Eq. [J]is also used

4
—Bmix + 2 Z YiBij
i=1

to calculate ¢y in Eq. [7] Since water does not significantly affect properties
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of the gas-phase mixture, the second virial coefficient for the mixture By is

calculated with the equation

3 2 3
Buix =Y yiBi+2> Y ww;Bi (10)
i=1

i=1 j=i+1
where the summation excludes water. The virial coefficients B;; are found with
the interpolating equations

103% (em® - J71) = a+b(10° K/T) + ¢(10° K/T)? (11)

Values of the coefficients in Eq. are derived using original or recommended
data from the sources listed in Table [I} For (CO2 + Ns), (O2 + H0), and
(N2 + H20), the semiclassical cross virial coefficients found from the high-level
ab initio calculations are more accurate than the existing experimental results.

The amount of water in the gas phase is found by multiplication of Egs. @

and .
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Table 2: Coefficients for Eq. to calculate Henry’s law constants

gas a b c T range / K Reference
O, -5.733806 5.742622 -1.070683 274 to 328 Rettich et al. [29]
COy 4.800 —4In10 3.93440 -0.9412902 273 to 353 Crovetto [30]

Ny -6.44664662 6.38666545 -1.1397892 278 to 323 Rettich et al. [28§]

Solubilities of gases in the liquid phase are calculated with the equation

ri= P00 oy ((P P) RT) (12)

V; is the partial molar volume of a gas at infinite dilution in aqueous solution;
ky is the Henry’s law constants for the solubility in water, determined with

interpolating equation
In(ky/GPa) = a + b(10° K/T) + ¢(10* K/T)? (13)

whose coefficients are listed in Table 2l More recent recommendations are not
used because they do not improve accuracy compared to the data of Rettich et
al. [28] 29] and recommendations of Crovetto [30].

The V; values obtained by 1977 were reviewed by Kell. [3I] We combined
Kell’s recommendations with more recent publications. The selected values are
given in Table 3] The expanded uncertainties (0.95 confidence interval) are ~1
cm?-mol~!.

The results for Oy agree within £1.1 cm® mol~! of the average value from
most of the considered works (with one exception, see Table . All values
for CO9 are in a good agreement as well. The partial molar volumes of Ng
from Refs. [32, B33, 34] are consistent within £0.3 cm®mol™!. The values
by Moore et al. [35] and Bignell [36] are larger by 2.6 and 1.2 ¢cm®mol ™!,
respectively. Krichevsky and Iliinskaya [37] reported partial molar volumes for
all three gases. While their results for Os and CO5 are consistent with more
precise measurements, the value for Ny is obviously in error. These authors also

calculated V; for the gases from the experimental data published prior to 1945.

10



Table 3: Partial molar volumes at infinite dilution in aqueous solution at 7j,.2

gas 105V / m3-mol~!

References

30.4
31
31.1

0O, 321
32.1
33.2
32.1
32.8
33

CO, 33.9
34.8
33.8
32.8
33.1
33.3

No 343
35.7
40
33.8

Tiepel and Gubbins [38]
Krichevsky and Iliinskaya [37]
Bignell [36]

Zhou and Battino [32]

Enns et al. [33]

Moore et al. [35]

Barbero et al. [39]
Krichevsky and Iliinskaya [37]
Moore et al. [35]

Enns et al. [33]

Krichevsky and Kasarnovsky [34]
Zhou and Battino [32]

Enns et al. [33]

Bignell [36]

Moore et al. [35]

Krichevsky and Tliinskaya [34]

a. Recommended values are shown in bold; the values not used in evaluation

are given in italics

11
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2.8. Characterization of the gas and liquid phases in the final state (steps 37 to
67)

The content of HNO in the final mixture is generally considered negligible.
Thus, the corresponding contributions are neglected in the present work. All
below calculations of quantities related to acidic solutions are performed with
molalities b to avoid transformations between concentration scales.

The densities of aqueous nitric and sulfuric acids are used to calculate the
liquid-phase density in the final state and to estimate (g—g)T for the solution .
The latter calculation requires a relatively low uncertainty (standard uncertainty
of u(p) ~ 0.1 kg-m~2). The initial recommendations [5] were based on densities
of the aqueous acids recommended in 1928 [40], which are still up-to-date and
used in this work. Using densities of the HoSO4 + HNO3 4+ HoO mixture would
reduce uncertainty. However, such publications are scarce, and the required
accuracy is difficult to achieve.

Here, the densities are calculated with the following model,

p=po+ Ap(bH2SO4) + Ap(bHNOS) (14)

where the density of pure water is taken from Eq. ; the second and third
terms are found by fitting the tabulated values [40] in the temperature range
(288 to 313) K and molality ranges of (0 to 2.55) mol-kg™! and (0 to 6.80)

! respectively. The interpolating functions are obtained by the least-

mol-kg™
squares fit of (p — po) using the Chebyshev polynomial basis sets T, (b) T, (T),
where n and m are the polynomial degrees. The maximum degrees are 8, 6,
and 2 for bm,so,, buno,, and temperature, respectively. Relatively large basis
sets for the molalities are necessary to compute the required first derivatives,
see below. Further extension of the basis set does not improve quality of the fit.
The tabulated values are reproduced within 0.1 kg-m~2 for sulfuric acid and 0.2
kg-m~3 for nitric acid.

In the final state, the main constituents of the gas phase are Oy, CO4, and

Ny if the main compound contains nitrogen. The gas phase is in equilibrium

with the liquid phase. Therefore, the gas is saturated with HoO and the gases

12
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are to some extent dissolved in the liquid. To calculate the compositions of both
phases, the final amount of gas and pressure are first estimated. The amount of
gases decreases by

ng  no nn . 3ng  Tnf(HNO3)
Ap— (Im_T0 _ "IN ons | M ERYs) 1
" (4 2 2t T (15)

where n; is the total amount of an element in the main and auxiliary compounds
and n!(HNO3) is the amount of HNO3 in the final mixture. The last term
describes decrease of the gas amount due to formation of HNOg. Out of this
amount, 5/4 is the Og decrease and 2/4 is the decrease of Ny. If the Ny impurity
in oxygen is the only source of nitrogen in the system, the last term is completely

assigned to Os. The amount of gases and pressure are now estimated as follows:

n;as = nigas —An (16)
- An
f _ pi
Pgas - Pgas <1 - nigas) (17)

Solubilities of the gases in water are calculated with these estimated values
using Eq. [I2 and then corrected with the Sechenov equation,
logyg = = k(H;804)b(H2S04) + k(HNOg)b(HNO3) (18)
where k is the Sechenov salt effect parameter; xg is the mole-fraction solubility
of a gas in pure water; = is the gas solubility in the acid solution of molality
b(acid). In the mole-fraction calculations, it is assumed that each ion is a sepa-
rate chemical species and both acids form two ions. The literature data on gas
solubility in acids is analyzed below. Only those papers reporting solubilities
near T}, in the range relevant to the calorimetric measurements are considered
here. Many works report acidic solutions using molarity without including the
temperature at which the solutions were prepared. In these cases, we assume
that they were prepared at T = 298.15 K. The NIST-IUPAC Solubility Data
Series Vol. 62 [I], 7 [42], and 103 [43] were used for primary identification of

relevant works. Furthermore, since the data on Ny solubility in the acids are

13
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very limited, we assume that the k coefficients for nitrogen in Eq. are the
same as for Os.

If the authors reported gas solubilities in pure water, the log; 2 values are
calculated using their xy values. Otherwise, the solubilities in pure water are
found using eq. (|12]). This approach allows one to partially cancel systematic
errors present in the experimental data.

HNOj; + Os. Following the analysis of Ref. [42], the results by Pogrebnaya
et al. [44] (Figure [2]) are used to derive the equation based on the data in the
ranges of temperature and molality of (283 to 313) K and (0 to 7.6) mol-kg™!,

respectively:

k(HNO3) = 0.02736 + 91.54 (T%K _ Wlm)

+ bino, (—1.214 % 1073 — 3.385 (T/LK - ﬁ)) (19)

Deviation of the experimental points from Eq does not exceed +£5%. The
values by Geflcken [45] are in a reasonable agreement with these results.

H>SO,4 + O>. For this system, the experimental data cover the tem-
peratures (288 to 328) K and acid molalities up to 3.0 mol-kg=! (Figure [3)
[46, [47, 48, [49] 50}, [45] and can be described by the equation

1 1
H = 0. —6. 1073 2. L —— 2
k(H2804) = 0.0897 — 6.65 x 10 3by,s0, + 82.90 (T/K 298.15> (20)

HNOg3 + CO3. The results by Geffcken [45] in the molality range (0 to
2.54) mol-kg~! and temperatures (288.15 and 298.15) K (Figure [4) were used

to derive the equation:

1 1
HNO3) = -9.332x 1072 +52.46 [ —— — ——— 21
k(HNO3) 0.332x 1073 +5 6<T/K 298.15> (21)

The value by Onda et al. [51] at T}, is consistent with Eq.

H,SO,4 + CO;. The experimental data [45], 52, 53] are available in the
temperature range of (288 to 350) K and at any acid content. Out of these
results, the values in the temperature range (288 to 311) K and the molality
range (0 to 3) mol-kkg™! are of interest for this work (Figure [5)). Both Geffcken
[45] and Shchennikova et al. [53] report that the Sechenov salt effect parameter

14
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Figure 2: Effect of nitric acid on aqueous solubility of oxygen. Experimental data by Pogreb-
naya et al. [44] (circles) and Geffcken [45] (triangles): blue, 283 K; black, 288 K; red, 293 K;
gray, 298 K; yellow, 303 K; green, 313 K. Lines are calculated with Eq. at corresponding

temperatures.
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Figure 3: Effect of sulfuric acid on aqueous solubility of oxygen. Experimental data from
Geffcken [45] (circles), Narita and Lawson [46] (triangles), Kaskiala [47] (squares), Lang and
Zander [48] (diamonds), Kolny and Zembura [49] (stars), and Bruhn et al. [50] (triangles
down): gray, 288 K; blue, 298 K; green, 310 K; yellow, 313 K; red, 323 K; purple, 328 K. Lines

are calculated using eq. at corresponding temperatures.
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Figure 4: Effect of nitric acid on aqueous solubility of carbon dioxide. Experimental data
from Geflcken [45] (circles) and Onda et al. [51] (triangles): blue, 288 K; yellow, 298 K. Lines

are calculated with Eq. at corresponding temperatures.
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Figure 5: Effect of sulfuric acid on aqueous solubility of carbon dioxide. Experimental data
from Geffcken [45] (circles), Markham and Kobe [52] (squares), and Shchennikova et al. [53]
(triangles): blue, 288 K; yellow, 298 K; red, 313 K. For Ref. [53], the data are interpolated
from the experimental results at different temperatures. Lines are calculated with Eq. @ at

corresponding temperatures

decreases when the temperature increases. The results by Shchennikova et al.
[53] have a relatively large scatter, sometimes have the same magnitude as the
salting-out effect itself. Therefore, the resulting equation

1 1
- _0. o 10-3 . T == — =] (22
k(H3S80,) = 0.06357 — 9.606 x 102 - by, s0, + 77.7 (T/K 298,15) (22)

was obtained using the data of Geffcken [45] and Markham and Kobe [52].

When composition of the liquid phase is available, the gas-phase composition
and pressure are refined using Egs. [7}I1] and the virial equation. The activity
of water g is found using the model of Carslaw et al. [54], which is adequate
for computation of component activities for the HNO3 + HoSO4 + HoO mixture
and its binary endpoints at 7' = 298.15 K.

18
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2.4. Ewvaluation of thermal properties (steps 68 to 100)

To find the standard specific energy of combustion, the energy of an isother-

mal bomb process is first calculated:

Amppu = &t — tr + Atcorr) + Ehons (ti — th)

+ b o (tn — te+ Ateors) + Ajgnte (23)

Here, € is the energy equivalent of the calorimeter; ¢; and ¢¢ are the tempera-
tures in the middle of the initial and final periods; Afcor is the temperature
correction; and Ajgyu is the ignition energy. All these quantities are determined
experimentally and not discussed in this work. It is important to define the sign
of Atcopr exactly as proposed in Ref. [5].

Heat capacities of the calorimeter contents, €cont, at T}, in the initial (su-

perscript i) and final (superscript f) periods are estimated with the following

equations:
EiCODt Cv(OQ)ni(OQ, tOt)
+ ¢p(Hy0)m!(H50, tot) + Bn'(H,0, vap)
+ cp(Pt)m(Pt) 4 cp(glass)m(glass)
—+ Z CpiMm; (24)
compounds
efont = Cv(Oz2+ CO2)(nf(0a, tot) + n(Na, tot) + n'(CO,, tot))

+ ACyn!(Ny, tot) + cp(soln)
M (H20)cp(soln)

+ < mf(soln)

+ cp(Pt)m(Pt) + cp(glass)m(glass) (25)

+ B> nf(Hy0, vap)

Here, the partial heat capacities of dissolved gases are assumed to be equal to
those in the gas phase; the contributions due to the temperature dependence
of gas solubilities are neglected. The heat capacities for the initial and final

states refer to the initial and final pressures, respectively. The temperature
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220

225

230

235

dependence can also be considered. Typically, the information required to do
these calculations is only partially available and reasonable approximations are
introduced.

To obtain equations for the gas-phase heat capacity, the equation of state for
(O3 + CO2) [55] and the pure-compound equations of state as implemented in
REFPROP were used. In the temperature and pressure ranges of (288 to 308)
K and (2 to 4) MPa, respectively, the isochoric heat capacity of O is described
by the equation

Cy(02)/(J- K™t mol™) = 21.30 +0.077((P/MPa) — 3)

+2.8-1073(T — 298.15) (26)

The following equation describes the heat capacity of (O2 + COs) in the same
temperature and pressure ranges with the deviations from the values derived

with the equation of state below +0.08 J- K~ - mol ™'

Cv(02+002) = CV(OQ)(1+a1x(1+a2((T/K)—298.15))

+ azx?(1 + a4 ((P/MPa) — 3)?)) (27)

where a; = 0.382, ay = 2.54 - 1073, a3 = 0.0982, a4 = 0.462, and z is the
mole fraction of COy. ACy = —0.28 J- K !'-mol™! is the average difference
between the isochoric heat capacities of N5 and Os in the considered temperature
and pressure ranges. Deviation from the average value do not exceed £0.05
J-K~t-mol ™!

The specific isobaric heat capacity of water at P = 3.0 MPa and T' = 298.15
K is cp(H20) = 4.1731 J-K~1.g=! [I4]. In the temperature and pressure ranges
of interest, the cp values deviate from this value by < #0.17%. This deviation
can be ignored because, for other condensed-phase compounds present in the
bomb, the values of the isobaric heat capacity are generally available only at
P = 0.1 MPa and T = 298.15 K. The heat capacities of platinum cp(Pt) =
0.1325 J-K~1.g=1 and glass cp(glass) = 0.71 J-K~1-g=! were taken from Refs.
[56] and [5], respectively. Summation over compounds includes the main and

auxiliary compounds used in an experiment.

20



The B coefficient in Egs. and [25] describes the heat capacity contribution
due to vaporization of water. Using Hoge's approach [57], the vaporization

correction can be found with the equation:

(28)

Avpe =T (d(Vdde)>

dr

Assuming the gas volume V, weakly depends on temperature, the vapor behaves

as an ideal gas, and eq. holds, the following transformations are conducted:
~ dbs (A1 | A 241 A
AvapC ~ TVg |:dT <_T,2+T) -i-P5 (TB— ﬁ
A A\ (24, A
i e I (et e}
T2 T T3 T2

Ay 2 24,
(‘T+A2> *(T‘A2>

= n'(Hy0,vap)B (29)

= TV,P,

~ nf(Hy0,vap)R

Here, A; are the coefficients of eq.

240 The heat capacity of the final solution ¢p(soln) is found as

cp(soln) = ¢p(Hy0)m!(H,0)
+ CP(HQSO4)nf(HQSO4)
+ Cp(HNO3)n'(HNO3) (30)

where mf(H20), nf(H2S0,), and nf(HNO3) are the mass of water and amounts
of acids in the liquid phase, respectively. The apparent heat capacity Cp(H2SOy4)
is calculated using interpolating equations for the molality ranges 0 to 0.02
mol-kg ™!,

—286.2 — 658.57x + 336422

Cp(H2804)/(J- K~ mol™!) = 14 3.7413z 4 4441822 '

(31)

0.02 to 1.8 mol-kg ™1,

8.9759  1.3310
Cp(Hz504)/(J- K" -mol ') = 27.85 + 20,570z + 10.2682% + == —

2 9

(32)

X
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255

and 1.8 to 6.0 mol-kg™?,

—71.76 — 87.255x + 31.08522
1—1.1815z + 0.39918z2 ’

CP(HQSO4)/(J~K_1'1’HOI_1) = (33)

where z = y/bn,s0,. These equations interpolate values given in Table 8 of Ref.
[58] within 0.6 J-K~!-mol~*.
The apparent heat capacity Cp(HNOj3) is found with interpolating equations

for the molality ranges 0 to 0.45 mol-kg™!,

Cp(HNO3)/(J- K~ mol 1) = —72.0 4 28.87052 4 5.5025622, (34)
and 0.45 to 6.9 mol-kg™?,

Cp(HNO3)/(J- K~ mol™!) = —61.81 + 27.975922 — 2.48030x* + 0.1125092°.
(35)
where z = \/m . Using Egs. and to interpolate values reported in
Table V of Ref. [59] provides fitted values within 0.4 J-K~!-mol~!.
The energy of combustion of a compound under bomb conditions is defined

as follows:

Apu = Appu+ AdecompUm (HNO3)n(HNO3)
+Acu(soot)m(soot) — Z Acudm; (36)
i>1

where Aquf and m, are the standard specific energies of combustion and masses
of the auxiliary compounds.

As presented in the NBS Tables [60], decomposition of 0.1 mol-kg~! aqueous
nitric acid into water and gaseous elements is accompanied by a thermal effect
of AdecompUsy, = 59.7 kJ -mol~!. This quantity is adjusted to the real molality
of the final solution using the dilution enthalpies described below and used in
eq. 36

Sometimes, a small amount of soot is found in the products. The energy
of combustion for soot is calculated as that for pure graphite (A.u® = —32.76
J-g71[61]). This may introduce an error of as large as 5% to this contribution.

However, since the mass of soot is normally well below 1 mg, this assumption is
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acceptable. The term associated with soot was absent in the original description
of the procedures. [5]
The standard specific energy of combustion of the main compound is a sum

of two terms divided by the mass of the main compound, m;:
Acu® = (Apu 4 Aucorr)/ma (37)

The second term in Eq. [37] describes the corrections to the standard state. It

is a combination of the following contributions:

AUgorr = AvapU(HQO)ni(HQO gas)

+ [P'(gas) — P°] (W)T n'(H,0 liq)

4+ [Pi(gas) Zml (au)

+  AuiU(02)n' (0, diss.)

—  AyiU(CO2)nf(CO, diss.)

— AwU(02)nf(0, diss.)

—  AyU(Ng)nf(Ny diss.)

+ [P°— P'(gas)] (Zﬂfés;ln))T m!(soln)
+  AginU(HNO3)n (HNO3)

4+ AqinU(H3S04)n! (H2S0,)

— Plans) (P55 (e
—  AupU(H0)nf(H20 gas) (38)

Numerical values of all terms in eq. [38|for the benzoic acid and 3-methylthiophene
examples can be found in Supplementary Material. For all instances, partial

derivatives of internal energy with respect to pressure are estimated as
ou oV
OP ) orT ) p
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where the derivative is assumed to be pressure-independent. For gases, Eqn.

(ar), = (%), ®

The use of Eq. introduces an error of < 1% relative to the rigorous calcula-

transforms into

tions. For the condensed phases, the error of Eq. is difficult to evaluate since

the input quantity (9% ), is often an estimate itself. However, this is typically

P
not a problem since the contributions associated with compressibility of gases
are two orders of magnitude larger than those of condensed phases.

Preliminary tests for the calculation of enthalpies of dilution for

HNO3(aq, buno,) — HNO3z(aq, 0.1mol-kg~1) (41)

HgSO4(aq, szSQ4) — HQSO4('115H20) (42)

demonstrated that the model by Carslaw et al. [54] for the (HNO3 + HaSO4 +
H50) mixture has unacceptable deviation from the experimental dilution en-
thalpies for both acids. Thus, the enthalpies of processes described by Egs.
and [2] have to be found independently.

The most precise experimental data for HoSO4 have been reported by Wu
and Young [62]. They recommended apparent enthalpies, L(H2SOy), based on
their experimental data as well as the results available in the literature at that
time. Below by,s0, = 0.001 mol-kg™!, no experimental data was available and
a semi-theoretical extrapolation was applied.

The currently accepted enthalpy and equilibrium constant for the HSO,
dissociation [58] at 7' = 298.15 K are A, H = 22.76 kJ-mol~! and K, = 0.0105
mol-kg~!, respectively. For the extrapolation, the activity coefficients of the
sulfate ion and apparent enthalpies of the ions are estimated with the Debye-
Hiickel limiting law. At bm,s0, = 0.0016 mol-kg~!, the value is 40 J-mol~!
higher than the one recommended by Wu and Young. We use this extrapolation
below 0.0016 mol-kg™! and the values from Table 5 of Ref. [62] shifted by 40

J-mol~1! above it.
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290

The interpolating equations are as follows:

2041.761 88.77421 2.051916 = 0.01959695
L(H3S04)/(J-mol 1) = 24251.7— . + - +

(43)

T 3 T

L(H2804)/(J-mol~1) = 15582.5415565.7x — 13918.14a% +5944.992> — 778.572%;
(44)
where z = \/m. Eqgs. and [44] are valid at the molality ranges of (0.0016
to 0.49) mol'kkg™! and (0.49 to 9.0) mol-kg™!, respectively. The maximum
deviation from the corrected values of Wu and Young is 36 J-mol~! and the
standard deviation is 11 J-mol~!. The enthalpies of dilution are calculated as a
difference of apparent enthalpies at corresponding molalities.
For Eq. the (HNOj3 + H30) model by Clegg and Brimblecombe [59] is
applied. The apparent enthalpies Lyno, at 7i tabulated in Table VII of the

original paper were approximated within 40.7 J-mol~! by the equations:

L(HNO3)/(J-mol~!) = 1939.002 — 2824.252% 4 1627.432° (45)

L(HNO3)/(J-mol™!) = 62.05 + 1484.362 — 1628.702% + 546.5412% — 1.737572°
(46)
where x = \/m . Egs. and [46| are valid at the HNO3 molality ranges of
0 to 0.22 mol-kg~! and 0.22 to 6.9 mol-kg™!, respectively.
The molar energies of gas dissolution in water are calculated from the Henry’s
law constants:

dlnk
AgU° = —Rr2—"H  pp
U R ra +R

= R<b+2Tc+T> (47)

The b and ¢ coefficients are listed in Table ] Eq. (7] is extended for gas
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300

305

310

315

dissolution in acidic solutions,

Asal® =R (b T2 m0 <b(Hgso4)dk(H2500
T dT
dk(HNO3) (48)
HNOy) ZHE0s)
+b(HNO;) — ))

where k is provided by Egs. The change of internal energy for vaporiza-
tion of water is Ay, U°(H20) = 41.53 J-mol~! at Tj,. [61]

The largest differences with the 1956 formulation include gas compression/
decompression (steps 85 and 93), oxygen solution/dissolution (steps 84 and 88),
and carbon dioxide dissolution (step 87). The changes are about -3 %, —40 %,
and +10 %, respectively. Steps 85 and 93 are by far the largest contributions.
The second pair of contributions is lower by more than an order of magnitude
than the first one. However, a large decrease of the enthalpies of dissolution
makes the change also significant. Within these pairs, the contributions are
partially cancelled. The difference with the 1956 results will increase with the
increasing pressure difference between the initial and final states. The changes
for step 87 are also comparable with those for the pairs. Typically, the standard

L relative to the 1956 formulation.

energies of combustion change by several J-g~

While the described procedures are mathematically not very complicated,
their implementation is time-consuming and prone to failure. A rigorously
tested standard web-based tool that implements these procedures for conve-

nient application is described next.

3. Web-based tool

A single-page web application that implements the procedures described
above is freely available at https://tre.nist.gov/cctool/. [2] All that is required
to use the web-based tool is a JavaScript enabled web browser and an internet
connection. Once served, all calculations run on the client using JavaScript.
The Vue web framework [63] is used to provide user interface reactivity that
enables continuous validation of parameters and seamless switching between

different modes (calibration and experiment) and options (e.g., using buoyancy
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corrected masses or balance readings) for calculations. Continuous validations
are used to constrain entered values to reasonable ranges. For example, the
pressure of Oz must be (2 to 4) MPa. The tool has three tabs: the Calorimeter
tab, the Compounds tab, and the Help tab.

The Calorimeter tab (Figure @ provides a form with 15 or 16 parameters
(depending on the buoyancy correction switch) associated with the experimental
setup and conditions. It also provides a selection menu for the calorimeter mode
(Experiment or Calibration) and buttons to save/load the state of the tool,
display the report (described below), and reset the tool. The Save button will
package the state of the tool and download a JSON file to the user file system.
The JSON file can then be used to reload the calorimeter state by dragging
and dropping the file on to the load button. The load button also supports file
system navigation.

The Compounds tab (Figure [7)) has 24 parameters for three auxiliary com-
pounds and 9 (experiment mode) or 10 parameters (calibration mode) for the
main compound. Auxiliary compounds may contain only C, H, and O atoms
while the main compound may contain those along with N and S. The molar
mass and molecular formula are read-only values that continuously update with
changes to the number of entered atoms.

The Help tab contains brief description of the working procedures, download-
able examples of experiments and calibrations that can be used to get oriented
with the tool. The examples are JSON files that can be used as described above.

The report (Figure , accessed from the Calorimeter tab, contains the infor-
mation necessary to make the experiment and calculations traceable and verifi-
able. The report may be downloaded to the user’s computer in a csv format that
can be loaded in an Excel spreadsheet. Well-executed studies contain similar
tables for at least one experiment of a series. However, there are a considerable
number of papers where this information is lost. Without intermediate results,
possible errors and inconsistencies become hidden and the results become es-
sentially useless. The NIST combustion calorimetry tool provides a convenient

way to generate and save the expanded tables that include all essential informa-
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tion. Furthermore, these files (reports and the loadable state) could be easily
submitted as supporting information for publications. The use of this tool will
reduce a number of arithmetic errors in the computations and the final result

and facilitate interlaboratory communication.

4. Conclusions

Standard enthalpies of formation for organic compounds are generally deter-
mined from combustion calorimetry experiments conducted at a pressure close
to 3 MPa. Correcting the results to the standard state is critical to the determi-
nation of useful enthalpies of formation. The original procedure was proposed
in 1956 and is improved in this work.

The current work provides a correction procedure that avoids unnecessary
simplifications and is more suitable for computer implementation. The pressure-
based virial equation is explicitly used in all calculations for gas mixtures. Mul-
tiple tables are replaced with thermodynamic models and accurate interpolating
functions. The reference values are updated using primary sources published by
2020. Compared to the original correction procedure, some contributions, such
as gas compression/decompression, gas solubilities, and energies of solution of
gases in pure water), are changed by several joules per 1 g of the burnt mate-
rial (main and auxiliary compounds). Updated values of the standard energy
of combustion are typically within 1 kJ-mol~! of those determined with the
previous procedure.

Uncertainty of the correction term is hard to estimate. We believe the rela-
tive expanded uncertainty (0.95 level of confidence) to be a few per cent. State-
of-the-art values used in the current work include: the virial coefficients of
gases and their mixtures; gas solubilities and energies of solution of gases in
pure water; reference values for water and platinum. Further improvement of
these reference values is not required. The uncertainty for N- and S-containing
compounds can be decreased if new experimental data on Oy, COs, and N solu-

bilities in aqueous HNO3 and H3SO, are available. An accurate thermodynamic
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model for (HNO3 + HSO4 + HO) will benefit measurements of SN-containing
compounds.

The updated algorithm is presented in the form of a Web-based tool available
through the NIST TRC Web site. This tool can be used to check consistency
of the in-house software created in different laboratories. The files saved with
this tool can be used for data exchange between laboratories and submitted
as supporting information for publications. The generated report has essential
information that is recommended for inclusion in the data tables of combustion

calorimetry papers.
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6. Appendix. Supplementary Material

The Supplementary Material contains numerical values of the corrections to

the standard state for the benzoic acid and 3-methylthiophene examples.
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NIST TRC Calorimetry Tool

m(main) / g 0.85715
m'(ail) / g 0.05354
m"(cotton) / g 0.00410
m"'(polymer film) / g 0.00000
m(soot) / mg 0.00
p(Oz) / MPa 3.04
Ti/K 296.15239
Te/K 298.15842
AT /K 1.99972
g/IK! 57.16
g7kt 57.56
Ampao / (9) 0.00
Lignu /) 5.65
-m-hut /) 246049
-m"Aut /) 67.31
-m"-Aut /) 0.00
&(-0T) /) -32709.61
Econt (AT /) -114.31
Ngpur /) -32818.28
m(soot)-Atisgar /) 0.00
Au(HNOs) /) 41.19
Augorr /] 1272
Aw(1)/ )g! -35275.70

Download CSV

Copy Column

m is the mass of the sample of the investigated compound adjusted to vacuum conditions; m’, m", and
m'"" are the masses of the auxiliary substances adjusted to vacuum conditions; m{soot) is the mass of the
soot formed in the experiment; p(O2) is the initial pressure of oxygen in the bomb; T, and T; are the
initial and final temperatures in the main period; ATc is the corrected temperature rise; £ and <" are the
heat capacity of the contents of the bomb in the initial and final states, respectively; A.u', A", and
Au" are the specific combustion energies of the auxiliary compounds; Ag,u is the energy for igniting
the sample; £ is the energy equivalent of the calorimeter; £.gnt (-AT.or) = € (T; - 298.15) + £ (298.15 - T,
+ AT AUeger is the average combustion energy of the soot (-32.8 kJ g-1); Ajgpu is the change of
internal energy for the isothermal bomb pracess; Au(HNQ,) is the energy required for decomposition of
the HNQ; solution formed into Nj, Oy, and H,O(l); Au,,,, is the energy correction to the standard state.
For the sulfur compounds, the final result refers to the H,50,*115H20 solution. Am,;;q, set to 0 for
most cases, is for correcting the mass of water outside the bomb.

Figure 8: Report of the Combustion Calorimetry Tool - Experiment Mode
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