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a b s t r a c t 

Differential scanning calorimetry has been used to measure the enthalpy of formation for manganese, iron, cobalt, 

nickel, copper and zinc oxalate. By adding a flameless combustion catalyst (CuO) and using scans of 2 K min − 1 

in static air, the values determined for each compound agreed to within 1% of the critically reviewed values 

reported previously. Confident in the approach’s validity, values for metal oxalates that did not have accepted 

values in the compilation are also presented. This approach has the potential to measure reliable Δf H values for 

any compound where the products can be fully oxidized during the decomposition. 
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ntroduction 

The thermal decompositions of metal oxalates produces finely di-

ided metals or metal oxides depending on the oxidation-reduction

roperties of the carrier gas [1–9] . Although Dollimore [4] proposed

sing thermodynamic calculations to select the appropriate atmosphere

o needed to produce the desired product the lack of reliable thermody-

amic data has limited this approach. [5] Most tables of the enthalpies

f formation for the metal oxalates have missing entries and the values

eported in different tables can differ by tens of kilojoules mol − 1 . For

xample, Maciejewski et al. [5] found literature values ranging from -

20 kJ mol − 1 to –886 kJ mol − 1 for the enthalpy of formation of cobalt

xalate. They presented strong evidence that these different values re-

ulted from the failure to account for secondary chemical reactions that

ccurred during the decomposition of cobalt oxalate. 

Evidence for secondary reactions has been reported for the ther-

al decomposition of several metal oxalates. Majumdar et al. [6] de-

ermined that Pt, NiO, or Fe 3 O 4 catalytically oxidized CO to CO 2 during

heir investigation of the thermal decomposition of zinc, nickel, and iron

II) oxalate in air using Pt, Al, Al 2 O 3 and Ni crucibles. Zakharov et al.

7] determined that cobalt catalytically oxidized CO in environments

ontaining as little as 1 Pa of oxygen. Maciejewski et al. [5] found that

any metal oxides were reduced to the metal by CO or H 2 under typ-

cal thermal decomposition conditions. They also established that CO

isproportionation, the water gas shift reaction, and Fischer-Tropsch

ydrogenation can occur in either steady-state or transient conditions.
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he finely divided metal produced was an effective catalyst for many of

hese reactions further complicating the analysis. 

While it may be nearly impossible to sort out these processes to es-

ablish all of the dynamics occurring during the thermal decomposition

f metal oxalates, it may still be possible to use Hess’ Law to measure

he enthalpy changes for these reactions. Since Hess’ Law states that the

nthalpy change only depends on the initial and final products and is

ndependent of the reaction pathway, the easiest (only?) way to mini-

ize the effect of these secondary oxidations is to use other reactions to

ully oxidize the products to H 2 O, CO 2 , and a well-characterized metal

xide by oxidizing all reduced products (CO, C(s), H 2 , the metal, etc.)

roduced during the decomposition process. Since slow heating rates in

xidizing atmospheres is a logical way to achieve this, the enthalpies of

ormation for MC 2 O 4 
. x H 2 O where M = Mn, Fe, Co, Ni, Cu, and Zn

ere measured using differential scanning calorimetry (DSC) under a

tatic air atmosphere with a scan rate of 2 K min − 1 . The values obtained

ere compared to the National Bureau of Standards (NBS) values rec-

mmended by Wagman et al. [10] to determine the apparent success

or failure) of this method for each system. During the course of this in-

estigation, it was discovered that this method did not give satisfactory

esults for some of the systems investigated. Since it was hypothesized

hat this resulted from the failure to fully oxidize the CO produced, a

ameless combustion catalyst (CuO) was added to help oxidize the CO.

his produced agreement between the measured and available critically

eviewed enthalpies of formation to within approximately one per cent

or the systems investigated. 
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3  
xperimental 

With the exception of CuC 2 O 4 that was purchased from Avocado Re-

earch Chemicals Ltd., all compounds were synthesized following proce-

ures reported previously [ 1–9 , 11–24 ]. Adding 50.0 ml of a 1 M solution

f the metal salt (chloride or nitrate) to 50 ml of 1 M Na 2 C 2 O 4 usually

ormed a precipitate of the metal oxalate shortly after the solutions were

ixed at room temperature. The MnC 2 O 4 
. 3 H 2 O produced by mixing so-

utions of MnCl 2 and Na 2 C 2 O 4 at room temperature was converted to

-MnC 2 O 4 
. 2 H 2 O by boiling a suspension of MnC 2 O 4 

. 3 H 2 O in 50 ml

f deionized water for 30 min as reported previously [11–13] . All pre-

ipitates were vacuum-filtered, washed with deionized water, and air

ried for at least 24 h prior to use. FTIR and thermogravimetry (TG)

ere used to confirm the identity of the metal oxalate. The CuO added

s a flameless combustion catalyst was prepared by placing CuC 2 O 4 in

n alumina container and heating it to 750 K in air for 60 min. Powder

-ray diffraction (pXRD) confirmed that this formed CuO. 

Thermal gravimetric data were collected using a Mettler-Toledo

GA/stg 851 e . All experiments were done using sample sizes between

 and 10 mg in uncapped 70 𝜇l alumina crucibles in atmospheres of

0 cm 

3 min − 1 flowing nitrogen or air at heating rates of 2 or 10 K

in − 1 . Mass loss measurements were corrected for buoyancy effects by

ubtracting the mass changes observed for an empty alumina crucible

ollected using the same experimental conditions. Although the sDTA

ere calibrated with high purity In and Zn, these measurements were

nly used to indicate changes in the heat flow as the carrier gas was

hanged. No quantitative measurements were made from sDTA and this

nformation was not used to determine enthalpies of reaction. 

Differential Scanning Calorimeter (DSC) measurements were ob-

ained in static air at a heating rate of 2 K min − 1 using a Mettler Toledo

SC822 e . Carefully weighed samples (5 to 10 mg) were placed in alu-

inum pans, an Al top was pressure sealed to the pan, and a small

ole was punched in the top to allow interaction with the atmosphere.

amples were collected with and without three (3) to four (4) mg of a

ameless combustion catalyst (CuO) to determine if the gaseous decom-

osition products were completely oxidized during the decomposition

n static air. While no change in the heat released was observed for the

anganese, iron, or cobalt oxalates, increased heat release was observed

or the nickel, copper and zinc oxalates. Three to five samples with dif-

erent masses were heated from 298 K to 775 K using a heating rate

f 2 K min − 1 with an empty aluminum pan serving as the reference to

stablish the reproducibility of the measurements. The enthalpy of re-

ction was determined in Joules per gram (J g − 1 ) using the software

n the system. A linear baseline correction was first made to correct

or any drift in the system and the area under the corrected curve was

etermined using the software in the system. An average of several inde-

endent measurements was used to determine the values reported. The

SC was calibrated by measuring the melting points and enthalpies of

usion for high purity In, Sn, Pb, and Zn. 

Since the identity of the metal oxide is needed to determine the en-

halpies of formation, pXRD was done to identify the metal oxides pro-

uced during the reactions in static air. Approximately 1 gram of the

etal oxalate was placed in an alumina boat and slowly heated to 775 K

nd then cooled in air in a tube furnace. These samples were ground in

n agate mortar and pestle and mounted on a low background silicon

ell plate sample stage for pXRD analysis. PXRD were collected using

u K 𝛼 radiation on a PANalytical X’Pert PRO MPD 𝜃- 𝜃 Diffractometer

quipped with an X’Celerator detector. Data were collected between 10

nd 70° 2 𝜃 with a step size of 0.03° and a soak time of 25 s. The crys-

alline phases detected in these diffraction patterns have been identified

sing the ICDD PDF-2 database [25] . 

esults and discussion 

The attenuated total reflectance - FTIR (ATR-FTIR) spectra observed

or the precipitates obtained by mixing the solutions of the metal salt
2 
ith a solution of sodium oxalate for each compound are presented in

ig. 1 . The strong IR bands between 1700 cm 

− 1 and 1200 cm 

− 1 are char-

cteristic IR bands for the oxalate ion [ 11 , 26 , 27 ]. As shown in the Fig. 1 ,

he IR spectra for all of the compounds with n = 2 are nearly identical

n this region indicating that the interactions between the metal and the

xalate are similar for these compounds. The TG for each compound

resented below matched those reported previously using similar con-

itions and helped confirm the identity of the compound [ 1–9 , 12–24 ].

he observed mass losses in the dehydration region were used to estab-

ish the numbers of waters of hydration using the methods presented in

ppendix 1 . The total mass loss for each compound was consistent with

he decomposition of one oxalate per formula unit and was used to de-

ermine the composition of the metal containing residues. These results

re presented in more detail below and the procedure used to determine

his is shown in Appendix 2 . 

anganese oxalate 

Three manganese (II) oxalate hydrates, 𝛼-MnC 2 O 4 
. 2 H 2 O, 𝛾-

nC 2 O 4 
. 2 H 2 O, and MnC 2 O 4 

. 3 H 2 O, have been identified previously

11–13] . Donkova and Mehandjiev [13] used TG, DTA, and DSC to in-

estigate the decomposition of 𝛼-MnC 2 O 4 
. 2 H 2 O and MnC 2 O 4 

. 3 H 2 O.

hey reported that 𝛼-MnC 2 O 4 
. 2 H 2 O lost the water of hydration in one

tep with Δhyd H = 86 kJ mol − 1 in agreement with the value of ∼ 89 kJ

ol − 1 reported by Shan et al. [14] They found that MnC 2 O 4 
. 3 H 2 O lost

he waters of hydration in three steps with a total Δhyd H = 132 kJ mol -1 .

13] Δrxn H was not determined for the decomposition of the oxalate.

ohamed et al. [8] investigated the decomposition of anhydrous man-

anese oxalate in several atmospheres. In nitrogen, the decomposition

roduced MnO and perhaps a small amount of Mn 2 O 3 with Δdec H = 88

J mol − 1 while the decomposition in air produced a mixture of Mn 3 O 4 

nd Mn 2 O 3 with Δdec H = -111 kJ mol − 1 . [8] Wagman et al. [10] rec-

mmended values of -1028.8, -1628.4, and -1920.9 kJ mol − 1 for Δf H

f crystalline MnC 2 O 4 , 𝛼-MnC 2 O 4 
. 2 H 2 O, and MnC 2 O 4 

. 3 H 2 O, respec-

ively. These values gave calculated values for Δhyd H of 116 kJ mol − 1 

nd 166 kJ mole − 1 for the complete loss of water from MnC 2 O 4 
. 2 H 2 O,

nd MnC 2 O 4 
. 3 H 2 O. The value calculated for Δdec H in air using this

ata assuming complete combustion to form Mn 2 O 3 was -238 kJ mol − 1 .

The TG/ SDTA for MnC 2 O 4 
. 3 H 2 O and for 𝛼-MnC 2 O 4 

. 2 H 2 O col-

ected at 10 K min − 1 in flowing nitrogen and in flowing air are presented

n Figs. 2 and 3 , respectively. The mass loss for the removal of the wa-

ers of hydration observed between 340 K and 440 K showed no obvious

ependence on the carrier gas for either compound. The observed mass

oss for the dehydration of MnC 2 O 4 
. 3 H 2 O (25.6%) was less that the

heoretical value (27.4%) and corresponded to the loss of ∼ 2.8 water

olecules per formula unit. While this could indicate that some water

as retained in the lattice at 440 K, it is more likely that the missing

ater was lost in handling since the TG indicated that water can be

ost at room temperature. The mass loss observed for 𝛼-MnC 2 O 4 
. 2 H 2 O

19.8%) was also slightly less than the theoretical value of 20.1%. This

orresponded to the loss of ∼1.98 moles of water/ formula unit. The

rocedure used to determine the chemical formulas from this data is

resented in Appendix 1 . 

As shown in Figs. 2 and 3 , the decomposition occurred at lower tem-

eratures and the total mass loss was less for the thermal decomposi-

ion of either compound in air. The onset and peak temperatures ob-

erved in flowing nitrogen from this data and the values observed in

tatic air from the DSC are given in Table 1 . The decreased decomposi-

ion temperature indicated that the oxygen in the carrier gas was taking

n active part in the decomposition. While the decomposition was en-

othermic in nitrogen, it changed to exothermic in air indicating that

he oxygen was oxidizing the products during the decomposition. If the

esidue only contained manganese and oxygen, the average composition

an be determined from the observed TG as shown in the Appendix 1 .

he residue in nitrogen was 36.85% of the initial mass for MnC 2 O 4 
. 

 H 2 O. Assuming this compound was actually MnC 2 O 4 
. 2.8 H 2 O as in-
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Fig. 1. The ATR-FTIR of the MC 2 O 4 
. n H 2 O used in this investigation. All spectra were obtained using 32 scans at 4 cm 

− 1 resolution. The M and n values for each 

compound are given in the figure. 

Table 1 

The onset temperatures (T Onset ) and the peak temperatures (T Peak ) in Kelvin determined for the thermal dehydra- 

tion and the thermal decomposition of the metal oxalate hydrates in static air and in flowing nitrogen. 

Dehydration Decomposition 

Compound Atmosphere T Onset T Peak T Onset T Peak 

MnC 2 O 4 
. 3 H 2 O Air 340 365 495 545 

MnC 2 O 4 
. 3 H 2 O N 2 340 365 640 690 

MnC 2 O 4 
. 2 H 2 O Air 380 405 510 550 

MnC 2 O 4 
. 2 H 2 O N 2 385 415 640 670 

FeC 2 O 4 
. 2 H 2 O Air 420 465 450 500 

FeC 2 O 4 
. 2 H 2 O N 2 415 450 630 660 

CoC 2 O 4 
. 2 H 2 O Air 420 455 515 545 

CoC 2 O 4 
. 2 H 2 O N 2 420 450 630 650 

NiC 2 O 4 
. 2 H 2 O Air 460 515 575 615 

NiC 2 O 4 
. 2 H 2 O N 2 460 495 590 640 

CuC 2 O 4 Air — — 500 555 

CuC 2 O 4 N 2 — — 540 560 

ZnC 2 O 4 
. 2 H 2 O Air 390 435 610 655 

ZnC 2 O 4 
. 2 H 2 O N 2 385 415 630 665 
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F  
icate by the measurements for the water loss, the solid produced was

nO 1.02 in agreement with the conclusion reported by Mohamed et al.

8] . A formula of MnO 1.71 was obtained from the observed mass loss of

2.56% in air. This value is slightly more oxygen rich than the compo-

ition of MnO 1.6 proposed by Ziki et al. [15] . The observed mass of the

esidue (39.74%) from the decomposition of 𝛼-MnC 2 O 4 
. 2 H 2 O in oxy-

en indicated a formula of MnO 1.67 assuming the residue only contained

anganese and oxygen . The pXRD obtained by heating MnC 2 O 4 
. 3 H 2 O

o 775 K in static air is shown in Fig. 4 . All of the strong diffractions

atched the pattern for Bixbyite (Mn 2 O 3 ) (PDF-2 00-041-1442). There

ere a few minor diffractions that did not correspond to any feature in
3 
his pattern. While a complete pattern of this phase was not obtained,

hese features matched the stronger features of pyroluside (MnO 2 ) (PDF-

 00-012-0716). Our hypothesis is that while Mn 2 O 3 was produced dur-

ng the thermal decomposition in air, this product can be slowly oxidized

o form MnO 2 with the final composition determined from TG reflecting

he extent of this oxidation. This model provided an explanation for the

ifferent final compositions reported from TG data since the final com-

ound ratios is variable and determined by the experimental conditions

n the reaction zone. 

The DSC’s observed for both compounds in static air are shown in

ig. 5 . There were no obvious differences for samples done with or
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Fig. 2. The TGA and SDTA for 5 mg samples of MnC 2 O 4 . 3 H 2 O heated in 

flowing nitrogen and in flowing air at 10 K min − 1 . 

w  
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H  
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w  
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M  

M

Fig. 3. The TGA and sDTA for 5 mg samples of MnC 2 O 4 
. 2 H 2 O heated in flow- 

ing nitrogen and in flowing air at 10 K min − 1 . 
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ithout added CuO indicating that the gaseous products were oxidized

y the oxygen in the carrier gas during the decomposition of these

ompounds. The values determined for the enthalpy of dehydration,

11 kJ mol − 1 for 𝛼-MnC 2 O 4 
. 2 H 2 O and 155 kJ mol − 1 for MnC 2 O 4 

. 3

 2 O were consistent with the values calculated using the data tabulated

y Wagman et al. [10] but were ∼ 25 kJ mol − 1 larger than the values

eported by Shan et al. [14] . The value determined for Δdec H of MnC 2 O 4 

as ∼ -235 kJ mol − 1 . Assuming that the thermal decomposition initially

ormed Mn 2 O 3 , the enthalpy of reactions measured based on reactions

1) and (2) 

n C 2 O 4 n H 2 O ⇔ Mn C 2 O 4 + n H 2 O (1)

n C 2 O 4 +3∕4 O 2 ⇔ 1 ∕ 2 M n 2 O 3 +2C O 2 (2) 
ig. 4. The PXRD pattern observed for the decomposition products obtained by hea

dentified as Bixbyite (Mn 2 O 3 ) (PDF-2 00-041-1442). Pyroluside (MnO 2 ) (PDF-2 00-0

4 
ave values average values for Δf H of -1032, - 1625, and -1912 kJ

ol − 1 for MnC 2 O 4 , 𝛼-MnC 2 O 4 
. 2 H 2 O, and MnC 2 O 4 

. 3 H 2 O, respec-

ively using the enthalpy values for the products given in Table 2 . The

ethod used to do these calculations is illustrated in Appendix 2 . All

f the values determined were within 1% of the values recommended

y Wagman et al. [10] . Since any contribution from MnO 2 was not

ncluded in this calculation, the calculated enthalpies of formation

ay be slightly low depending on the amount of MnO 2 formed during

he decomposition since the enthalpy of formation of MnO 2 per Mn is

lightly larger than the value for Mn 2 O 3 used. However, the agreement

ith the previous results showed that the method had the potential to

ive exact values once the products were accurately determined. 
ting MnC 2 O 4 . 3 H 2 O to 775 K in air. The principle decomposition product was 

12-0716) could be present as a minor phase. 
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Table 2 

Literature values from Reference 10 of the enthalpies of formation used in the calculations. 

Compound Δf H (kJ mol − 1 ) Compound Δf H (kJ mol − 1 ) 

CO 2 (g) -393.509 H 2 O (g) -241.818 

Mn 2 O 3 (s) -959.0 Fe 2 O 3 (s) -817.8 

Co 3 O 4 (s) -891 NiO (s) -239.7 

CuO (s) -157.3 ZnO (s) -348.28 

Fig. 5. DSC observed for 10 mg samples of MnC 2 O 4 
. 2 H 2 O and MnC 2 O 4 . 3 H 2 O 

heated in static air at 2 K min − 1 . The lines represent the background that was 

subtracted during the data analysis. The I# indicate the limits that were used to 

find the area of the transitions given in the figure in J g − 1 . 
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a  
ron oxalate 

Two polymorphs of FeC 2 O 4 
. 2 H 2 O have been identified [16] . While

any of the previous investigations did not specify the polymorph in-

estigated, it is reasonable to assume it was the yellow orthorhombic 𝛽

orm that readily precipitates from solution at room temperature. The

olid product formed was very sensitive to the amount of oxygen in the

arrier gas and evidence for oxidation of the residue was observed even

n “pure nitrogen. ” [16–18] . Fe 2 O 3 is the final product formed in oxy-

en rich environments [17–20] . Wagman et al. [10] reported a value of

1482.4 kJ mol − 1 for FeC 2 O 4 
. 2 H 2 O. They do not recommend a value

or the enthalpy of formation for FeC 2 O 4 . Coetzee et al. [ 21 , 22 ] de-

ermined a value of -950 kJ mol − 1 based on DSC measurements while

ajumdar et al. [6] found a value of -921 kJ mol − 1 based on solution

easurements. 

The TG/ sDTA observed for 𝛽-FeC 2 O 4 
. 2 H 2 O in flowing N 2 and in

owing air are given in Fig. 6 . The onset and peak temperatures ob-

erved in flowing nitrogen from this data and the values observed in

tatic air from the DSC are given in Table 1 . Two well separated en-

othermic transitions occurred in N 2 . The mass loss for the first tran-

ition (19.9%) was slightly less than the mass loss expected from the

oss of the 2 waters of hydration from FeC 2 O 4 
. 2 H 2 O (20.01%) and

orresponded to the loss of 1.98 moles of water per formula unit. The

otal mass loss (59.05%) indicated a final composition of FeO 1.1 . Since

here was a clear increase in mass following the second transition, the

ecomposition probably produced FeO with the extra oxygen resulting

rom oxidation of the residue by traces of oxygen in the carrier gas. The

DTA indicated both transitions were endothermic in nitrogen. 

While the dehydration did not change significantly in flowing air, the

hermal decomposition moved to lower temperatures. The main effects

f changing the carrier gas were that the two transitions were no longer

ompletely separated and that the second transition was now exother-

ic. The total mass loss observed in air (55.1%) produced an apparent

omposition of the residue as FeO 1.54 indicating that Fe 2 O 3 was pro-
5 
uced under these conditions . As shown in Fig. 7 , the pXRD of the com-

ound formed in air was identified as Hematite (Fe 2 O 3 ) in agreement

ith the TG results. The small exotherm at ∼650 K was previously as-

igned as the transition from amorphous to crystalline hematite further

upporting these conclusions [19] . 

As shown in Fig. 8 , the two transitions for FeC 2 O 4 
. 2 H 2 O were not

esolved in the DSC collected in static air. In order to get measurements

or both peaks, a sample of FeC 2 O 4 
. 2 H 2 O was heated to 475 K in flow-

ng nitrogen, cooled to room temperature, and used to measure the DSC

or the decomposition step. The difference between the two measure-

ents was then used to determine Δhyd H. The values obtained were

282 kJ mol − 1 for Δdec H and 100 kJ mol − 1 for Δhyd H. The measured

ombined enthalpy change of -182 kJ mol − 1 did not change when CuO

as added. 

Assuming that the only reactions occurring were 

e C 2 O 4 2 H 2 O ⇔ Fe C 2 O 4 +2 H 2 O (3)

e C 2 O 4 + 3∕4 O 2 ⇔ 1 ∕ 2 F e 2 O 3 + 2C O 2 (4) 

he values determined for Δf H are -921 kJ mol − 1 and -1500 kJ mol − 1 

or FeC 2 O 4 and for FeC 2 O 4 
. 2 H 2 O, respectively using the data in

able 2 and the procedure given in Appendix 2 . While the value deter-

ined for FeC 2 O 4 were consistent with the value reported by Majumdar

t al., [6] the value determined for FeC 2 O 4 
. 2 H 2 O is 1.2% larger than

he value recommended by Wagman et al. [10] Measurements on pure

olymorphs will be needed to establish if this difference resulted from

ifferent mixtures of polymorphs in the samples or indicates an error in

he measurements. 

obalt oxalate 

Values ranging from -820 kJ mol − 1 to – 886 kJ mol − 1 have been re-

orted for the enthalpy of formation of CoC 2 O 4 [5] . Ingier-Stocka and

ycerz [23] reported four values for Δhyd H and Δdec H based on DSC

easurements using several different sets of experimental conditions.

he values reported for Δf H from 2 K min − 1 scans in air were -823 kJ

ol − 1 and – 1424 kJ mol − 1 for CoC 2 O 4 and CoC 2 O 4 
. 2 H 2 O, respec-

ively. Wagman et al. [10] recommended a value -851 kJ mol − 1 for the

nthalpy of formation for crystalline CoC 2 O 4 . They do not give a value

or the hydrate. Coetzee et al. [22] reported a value of -1460 kJ mol − 1 

or Δf H for CoC 2 O 4 
. 2 H 2 O. Maciejewski et al. [5] have shown that

everal secondary reactions occur during the thermal decomposition of

oC 2 O 4 
. 2 H 2 O. Since the contribution of these secondary reactions will

epend upon the experimental conditions, this would provide an expla-

ation for these divergent results. 

The TGA/ sDTA observed for CoC 2 O 4 
. 2 H 2 O is shown in Fig. 9 .

hile the dehydration showed little dependence on the composition of

he carrier gas, the decomposition moved to lower temperatures in air

ike found for the manganese and iron oxalates. The onset and peak tem-

eratures observed in flowing nitrogen from this data and the values

bserved in static air from the DSC are given in Table 1 . The mass loss

bserved for the dehydration (19.2%) indicates that ∼ 1.95 moles of wa-

er were lost using the procedure given in Appendix 1 . The residue con-

ained 33.4% of the initial sample mass giving a formula of CoO 0.23 in

itrogen. Since cobalt oxalate showed a similar carrier gas dependence

s the manganese and the iron oxalates, it is reasonable to assume that
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Fig. 6. The TGA and sDTA observed for 5 mg samples of FeC 2 O 4 
. 2 H 2 O heated in flowing nitrogen and in flowing air at 10 K min − 1 . 
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O, CO and CO 2 were produced initially in nitrogen atmospheres. While

nO and FeO were observed as products supporting this, the product of

he cobalt system was a mixture of Co and a cobalt oxide. A secondary

eaction between CoO and CO to form Co and CO 2 could explain the for-

ation of the Co metal. The enthalpy of reaction calculated using the

ata from Wagman et al. [10] for this reaction is -44 kJ mol − 1 suggest-

ng it is favorable in this temperature range. In contrast, the reaction

etween MnO and CO is calculated to be + 102 kJ mol − 1 suggesting it

ould not occur significantly. This would explain why different products

ere observed for these systems. The 44.2% of the initial mass for the

obalt containing residue in air gave an apparent formula of CoO 1.34 .

he pXRD for a sample obtained by heating CoC 2 O 4 . 2 H 2 O in air is

hown in Fig. 10 . The observed diffraction pattern matched the library

attern for Co 3 O 4 (PDF-2 01-073-1701) confirming that this compound

as formed from the thermal decomposition in air. The SDTA indicated

hat the dehydration was endothermic in both atmospheres. The slightly

ndothermic decomposition in nitrogen changed to exothermic in air as

he products were oxidized. 

The DSC in static air is shown in Fig. 11 . Adding CuO to the pan did

ot change the observed values for either decomposition. The values

btained ( Δhyd H = 104 kJ mol − 1 and Δdec H = -225 kJ mol − 1 ) produced

alues of Δf H = -858 kJ mol − 1 and – 1440 kJ mol − 1 for CoC 2 O 4 and

oC 2 O 4 
. 2 H 2 O, respectively based on reactions (5) and (6) and using

he data in Table 2 and the approach given in Appendix 2 . 

o C 2 O 4 2 H 2 O ⇔ Co C 2 O 4 +2 H 2 O (5)

o C 2 O 4 +2∕3 O 2 ⇔ 1∕3C o 3 O 4 +2C O 2 (6) 
f  

6 
The value obtained for CoC 2 O 4 differed by less than 1% from the

ecommend values given by Wagman et al. [10] 

ickel oxalate 

Several values have been reported for the enthalpy of formation of

iC 2 O 4. Majumdar et al. [6] proposed a value of -879 kJ mol − 1 based

n solution measurements while Zhan et al. [24] suggested a value of

885 kJ mol − 1 based on DSC measurements. While in reasonable agree-

ent, both values are larger than Δf H of -856.9 kJ mol − 1 for crystalline

iC 2 O 4 recommended by Wagman et al. [10] Zhan et al. [24] deter-

ined a value of -1465 kJ mol − 1 for NiC 2 O 4 
. 2 H 2 O based on DSC mea-

urements. 

The TG and sDTA for NiC 2 O 4 
. 2 H 2 O are presented in Fig. 12 . The

nset and peak temperatures observed in flowing nitrogen from this data

nd the values observed in static air from the DSC are given in Table 1 .

ince ∼2% of the mass was slowly lost after the rapid initial mass loss for

everal different independently prepared samples, there was more error

n establishing the amount of water lost during the dehydration. The

ain transition showed an approximate 19.5% mass loss corresponding

o the loss of 1.98 moles of water. In contrast to the manganese, iron, and

obalt oxalates, the temperature range for the decomposition step did

ot change significantly when air was used as the carrier gas indicating

hat the decomposition mechanism for NiC 2 O 4 
. 2 H 2 O was not affected

y oxygen and suggesting this decomposition followed a different mech-

nism. In nitrogen, the residue, 32.38% of the initial sample mass, corre-

ponded to a composition of NiO 0.025 . This metal rich phase at least par-

ially resulted from the reaction between CO and NiO as discussed above

or the cobalt system since adding CuO to the DSC produced more energy
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Fig. 7. A PXRD pattern observed for the decomposition product produced by heating FeC 2 O 4 
. 2 H 2 O to 775 K in static air. The product was identified as Hematite 

(Fe 2 O 3 ) (PDF-2 01-076-4579). 

Fig. 8. DSC observed for 10 mg samples of FeC 2 O 4 and FeC 2 O 4 . 2 H 2 O in static 

air using a heating rate of 2 K min − 1 . The lines represent the background that 

was subtracted during the data analysis. The I# indicate the limits that were 

used to find the area of the transitions given in the figure in J g − 1 . 
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Fig. 9. The TGA and SDTA observed for 5 mg samples of CoC 2 O 4 
. 2 H 2 O heated 

in flowing nitrogen and in flowing air at 10 K min − 1 . 
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m  

t  
ndicating that CO was produced during the initial decomposition. Since

he product was almost pure nickel, the reductive decomposition mech-

nism proposed by Boldyrev [28] for Ag 2 C 2 O 4 could also occur for this

ystem. Decomposition in air produced a residue that contained 40.79%

f the initial mass from the oxidation of the nickel by the oxygen in the

arrier gas. This corresponds to a composition of NiO 0.99 . The pXRD of
7 
he residue prepared in air shown in Fig. 13 confirmed that Burnesite

NiO) (PDF-2 01-071-1179) was produced. The sDTA indicated that the

ehydration was endothermic in both atmospheres while the decompo-

ition was slightly endothermic in nitrogen and exothermic in air from

he oxidation of the products. 

The DSC observed in static air is shown in Fig. 14 . The value deter-

ined for Δhyd H (approximately 120 kJ mol − 1 ) was significantly larger

han the value of 97 kJ mol − 1 determined by Zhan et al. [24] or the
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Fig. 10. The PXRD pattern observed for the decomposition product obtained by heating CoC 2 O 4 
. 2 H 2 O to 775 K in air. The product was identified as Co 3 O 4 (PDF-2 

01-073-1701). 

Fig. 11. The DSC observed from heating 10 mg samples of CoC 2 O 4 . 2 H 2 O at 2 

K min − 1 in static air with and without CuO added to the cell. The lines represent 

the background that was subtracted during the data analysis. The I# indicate 

the limits that were used to find the area of the transitions given in the figure 

in J g − 1 . Only the results from the sample with CuO are shown since it was the 

only one used to determine the enthalpy of formation. 
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d  

Fig. 12. The TGA and sDTA observed for 5 mg samples of NiC 2 O 4 
. 2 H 2 O 

heated in flowing nitrogen and in flowing air at 10 K min − 1 . 

i

N  

N

 

k  

a  
alue of 73.1 kJ mol − 1 reported by Mohamed et al. [6] . The value of

dec H changed from -157 kJ mol − 1 with no CuO to -175 kJ mol − 1 when

uO was added. The likely cause for this increase was the catalytic ox-

dation of the CO to CO 2 over the CuO indicating that CO was formed

uring the initial decomposition. The value with CuO added was used to

etermine Δ H using the data in Table 2 following the procedure given
f 

8 
n Appendix 2 assuming the net reactions were 

i C 2 O 4 2 H 2 O ⇔ Ni C 2 O 4 +2 H 2 O (7)

i C 2 O 4 + 

1 ∕ 2 O 2 ⇔ NiO + 2C O 2 (8) 

The values determined for Δf H were -855 kJ mol − 1 and – 1463

J mol − 1 for NiC 2 O 4 and NiC 2 O 4 
. 2 H 2 O, respectively. These values

gree well with the value of -856 kJ mol − 1 recommended for crystalline
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Fig. 13. The PXRD pattern observed for the decomposition product obtained by heating NiC 2 O 4 
. 2 H 2 O to 775 K in static air. The product was identified as Burnesite 

(NiO) (PDF-2 01-071-1179). 

Fig. 14. The DSC observed for 10 mg samples of NiC 2 O 4 
. 2 H 2 O heated in static 

air at 2 K min − 1 with and without CuO added to the cell. The lines represent 

the background that was subtracted during the data analysis. The I# indicate 

the limits that were used to find the area of the transitions given in the figure 

in J g − 1 . Only the sample with CuO is shown since that was the only one used 

to determine the enthalpy of formation. 
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Fig. 15. The TGA and sDTA observed by heating 5 mg samples of CuC 2 O 4 in 

flowing nitrogen and in flowing air at 10 K min − 1 . 
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iC 2 O 4 by Wagman et al. [10] and the value of -1465 kJ mol − 1 deter-

ined for NiC 2 O 4 
. 2 H 2 O by Zhan et al. [24] . 

opper oxalate 

The complexities observed for the thermal decomposition of copper

xalate have been discussed in detail by Lamprecht et al. [9] . Depending

n the experimental conditions used, from secondary reactions with the

arrier gas can produce Cu, Cu 2 O and/ or CuO as the products of this

ecomposition. They determined Δ H was -751.3 kJ mol − 1 by measuring
f 

9 
rxn H in oxygen. [9] . Wagman et al. [10] do not recommend a value for

rystalline CuC 2 O 4 . 

As shown in Fig. 15 , changing the carrier gas from nitrogen to air did

ot change the decomposition temperature range significantly indicat-

ng the decomposition was not affected by oxygen. The onset and peak

emperatures observed in flowing nitrogen from this data and the values

bserved in static air from the DSC are given in Table 1 . The 56.27%

otal mass loss observed for the thermal decomposition of CuC 2 O 4 in N 2 

orresponded to a residue composition of CuO 0.17 in agreement with the

onclusions reached by Lamprecht et al. [9] . The similar results found

or the nickel and copper oxalates indicate they have similar decompo-

ition processes. The 43.54% mass loss observed in air corresponded to

 composition of CuO . The pXRD shown in Fig. 16 indicated the residue

roduced in air was Tenorite (CuO) (PDF-2 00-048-1548) in agreement



R. Snell-Feikema, B.A. Reisner and T.C. DeVore Chemical Thermodynamics and Thermal Analysis 7 (2022) 100070 

Fig. 16. The PXRD pattern observed for the decomposition product observed after heating CuC 2 O 4 to 775 K in static air. The product was identified as Tenorite 

(CuO) (PDF-2 00-048-1548). 

Fig. 17. The DSC obtained by heating 10 mg samples of CuC 2 O 4 in static air 

at 2 K min − 1 with and without CuO added to the cell. The lines represent the 

background that was subtracted during the data analysis. The I# indicate the 

limits that were used to find the area of the transitions given in the figure in J 

g − 1 . Only the result from the sample with CuO is shown since it was the only 

one used to determine the enthalpy of formation. 
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Fig. 18. The TGA and sDTA observed for 5 mg samples of ZnC 2 O 4 
. 2 H 2 O heated 

in flowing nitrogen and in flowing air at 10 K min − 1 . 
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C

ith the TG results. While the sDTA indicated this decomposition was

xothermic in both atmospheres as reported previously [9] , it was much

ore exothermic in air as the products are oxidized. 

As shown in Fig. 17 , the DSC indicated that the decomposition in

tatic air was a multi-step process. The SDTA in nitrogen suggested there

ould be at least two steps involved in the thermal decomposition of

uC 2 O 4 since it indicated there was a small weak endothermic process

ollowed by a slightly stronger exothermic process. The initial reaction
10 
ould be from a slightly endothermic reaction such as 

u C 2 O 4 ⇔ CuO + CO + C O 2 (9) 

Since the enthalpy of formation for CO 2 is approximately 35 kJ

ol − 1 more exothermic than the sum of the enthalpies of formation

f CuO and CO, the exothermic reaction in nitrogen could be from 

u C 2 O 4 ⇔ Cu + 2C O 2 (10) 

r 

uO + CO ⇔ Cu + C O 2 (11) 
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Fig. 19. The PXRD pattern observed for the decomposition product formed by heating ZnC 2 O 4 
. 2 H 2 O to 775 K in static air. The product was identified as Zincite 

(ZnO) (PDF-2 01-071-3830). 
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Fig. 20. DSC obtained by heating 10 mg samples of ZnC 2 O 4 
. 2 H 2 O in static air 

at 2 K min − 1 with and without CuO added to the cell. The lines represent the 

background that was subtracted during the data analysis. The I# indicate the 

limits that were used to find the area of the transitions given in the figure in J 

g − 1 . Only the results from the sample with CuO is shown since it was the only 

one used to determine the enthalpy of formation. 
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Adding oxygen to the carrier gas could produce secondary reaction

etween Cu and O 2 to form CuO giving an additional step to the decom-

osition and/or increase the amount of Reaction 11 occurring producing

he extra decomposition steps indicated in the DSC. 

Δdec H increased from -143 kJ mol − 1 to -182 kJ mol − 1 when CuO

as added to the pan supporting the conclusion from Reaction 9 that

O was produced in the initial reaction. Assuming the net reaction

ccurring was 

u C 2 O 4 + 

1 ∕ 2 O ⇔ CuO + 2C O 2 (12) 

nd using the data in Table 2 and the procedure in Appendix 2 , Δf H of

uC 2 O 4 is calculated to be -762 kJ/ mol. This is ∼ 1.5% larger than the

alue determined by Lamprecht et al. [9] . This difference is attributed to

he more efficient oxidation of the CO formed during the decomposition

y adding CuO to the cell. 

inc oxalate 

Majumdar et al. [6] suggested a value of -989 kJ mol − 1 for Δf H

f ZnC 2 O 4 . While Wagman et al. [10] do not recommend a value

or ZnC 2 O 4 , they do recommend a value of -1564.8 kJ/mol − 1 for

nC 2 O 4 
. 2 H 2 O. 

The TGA collected in air was nearly identical to the one collected

n nitrogen as shown in Fig. 18 . The onset and peak temperatures ob-

erved in flowing nitrogen from this data and the values observed in

tatic air from the DSC are given in Table 1 . Both indicated a mass loss

f 18.97% for the dehydration corresponding to the loss of 2.0 waters

sing the procedure in Appendix 1 . The total mass loss (57.1%) indi-

ated the solid product was ZnO in both atmospheres and the sDTA

ndicated that both transitions were endothermic. The pXRD shown in

ig. 19 indicated the zinc containing product was Zincite (ZnO) (PDF-2

1-071-3830) in agreement with the TG results. Since Majumdar et al.

6] calculated that this transition would be exothermic if the CO were

ully oxidized, the observed endotherm indicated CO was released and

ot oxidized significantly in either atmosphere. The ZnO formed in ni-

rogen had a grey tinge suggesting that some CO disproportionation to

roduced CO 2 and C occurred as found by Maciejewski et al. [5] during

heir thorough investigation of cobalt oxalate. This grey tinge was not

bserved in air indicating the carbon was oxidized. 
11 
The DSC in static air shown in Fig. 20 confirmed that CuO oxidized

he CO produced since the decomposition was endothermic without CuO

nd exothermic with it added. Integration of the samples with CuO gave

alues for Δhyd H of 115 kJ mol − 1 and Δdec H of -150 kJ mol − 1 . Using

hese values with the data in Table 2 assuming the net reactions were 

n C 2 O 4 2 H 2 O ⇔ Zn C 2 O 4 +2 H 2 O (13)

n C 2 O 4 + 

1 ∕ 2 O 2 ⇔ ZnO + 2C O 2 (14) 

roduced Δf H values of -985 kJ mol − 1 and -1580 kJ mol − 1 , respectively.

he value determined for ZnC 2 O 4 was consistent with the value recom-

ended by Majumdar et al. [6] . The value determined for ZnC 2 O 4 
. 2

 2 O was ∼ 1% larger than the value recommended by Wagman et al.

10] . 
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Table 3 

Comparison of the measured Δf H values in kJ 

mol − 1 to those reported by Wagman et al. [10] . 

Compound This Work Wagman et al. 

MnC 2 O 4 
. 3 H 2 O -1926 -1920.9 

MnC 2 O 4 
. 2 H 2 O -1626 -1628.4 

MnC 2 O 4 -1032 -1028.8 

FeC 2 O 4 
. 2 H 2 O -1500 -1482.4 

FeC 2 O 4 - 921 ——–

CoC 2 O 4 
. 2 H 2 O -1440 ——–

CoC 2 O 4 - 858 - 851 

NiC 2 O 4 
. 2 H 2 O -1463 ——–

NiC 2 O 4 - 855 - 856.9 

CuC 2 O 4 - 762 ——- 

ZnC 2 O 4 
. 2 H 2 O -1580 -1564.8 

ZnC 2 O 4 - 985 ——- 
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onclusions 

The composition of the carrier gas did not affect the temperature

anges or the values determined for the enthalpy of dehydration for

ny of the oxalates investigated. While the values determined for the

nthalpy of dehydration were often larger than the values reported pre-

iously in flowing air or in flowing nitrogen, they generally agreed with

he values calculated using the values tabulated by Wagman et al. [10] .

ssuming these values are correct; these results indicated that measure-

ents in static air produced more accurate enthalpies of dehydration

han measurements taken in flowing gases. One possible explanation for

his difference is that the flowing gases transport water droplets from the

ystem producing a smaller measured heat change in the sample during

he dehydration since these droplets do not evaporate decreasing the

eat released during the dehydration. This would imply that liquid wa-

er is involved in the thermal dehydration of these compounds. 

In contrast to the dehydrations, the observed temperature ranges, the

nthalpies of decomposition and the products produced were very de-

endent on the composition of the carrier gas for the decomposition of

he oxalates investigated. Manganese, iron, and cobalt oxalates decom-

osed at significantly lower temperatures in air than they did in nitrogen

ndicating that the oxygen was facilitating these decompositions. Since

hese metals can be oxidized above the + 2 oxidation state, the first step

n the decomposition could be a reaction to form a metal oxy-oxalate in

xygen atmospheres that decomposed through the loss of two molecules

f CO 2 . Adding CuO to the cell did not change the values observed for

dec H for these compounds indicating there was little CO produced dur-

ng the decomposition in air. In contrast, Ni, Cu, and Zn oxalates showed

ittle temperature change when air was used as the carrier gas indicating

hat the carrier gas was not significantly involved in the initial decompo-

ition mechanism. Since these metals rarely form oxidation states above

 2, they were not oxidized and followed the same mechanism in both

arrier gases. The magnitude of Δdec H increased when CuO was added

o the cell for these compounds indicating that CO formed initially and

as oxidized via a secondary reaction with the CuO. Oxidizing the CO

nd forming the metal oxide from reaction with oxygen in the carrier

as reduced the complexity of the system. 

The enthalpies of formation determined are compared to the val-

es tabulated by Wagman et al. [10] . in Table 3 . The values generally

greed to within the uncertainty of the measurements ( ∼1%). The main

imitation of the method proposed is the assumption that the CO was

ompletely oxidized to CO 2 . If this is not true, the values calculated will

e too large establishing an upper limit for the enthalpy of formation. 

While these measurements produced values for Δf H within one per-

ent of the most reliable values, the object of this investigation was not

o produce better values for the enthalpies of formation for these transi-

ion metal oxalates. The object of this investigation was to determine if

 method could be developed that minimized the effect of the secondary

eactions on the measured heat flow and had the potential to produce
12 
ccurate values for the enthalpy changes during these decomposition

rocesses. The results indicated that using static air to generate oxidiz-

ng conditions and including a flameless combustion catalyst had the

otential to reach this goal. Generating better values for the enthalpies

f formation of these oxalates will require better characterized samples

especially for the compounds that have more than one polymorph),

ore duplicate measurements to minimize random errors, and adjusting

he values measured at temperature to the enthalpy values at standard

onditions. The results obtained here indicate that DSC using highly ox-

dizing conditions has the potential to determine accurate values for the

nthalpies of formation if pure samples containing one polymorph can

e obtained Eqs. (1 )–(14) . 
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ppendix 1. Determination of the metal oxide formula from TG 

ate. 

I. Determination of the percent mass loss. 

A. The first step was to correct for buoyancy effects by subtracting the

TG observed for an empty cell from the TG observed for the sample.

B. The percent mass loss was determined from the base line before the

transition to the base line after the transition in the corrected TG

using the software in the instrument. The values determined for the

percent mass are given in the text. 

II. Determination of the chemical formula from the percent mass. 

This is illustrated by determining the chemical formula for the

residue produced from the thermal decomposition of MnC 2 O 4 
. 2.8

H 2 O in nitrogen where the mass of the residue was 36.85% . 

A. The molar mass of MnC 2 O 4 
. 2.8 H 2 O used was 193.3 g mol − 1 . 

B. The molar mass of the residue is = % mass of the residue ∗ molar

mass of compound = 0.3685 ∗ 193.3 g mol − 1 = 71.23 g mol − 1 . 

C. The residue contained 1 mole (54.938 g mol − 1 ) of manganese since

the percent mass loss was based on the decomposition of one mole

of MnC 2 O 4 
. 2.8 H 2 O. 

D. By difference, the residue contained a mass oxygen = mass residue

– mass manganese. 

Mass oxygen = 71.23 g – 54.938g = 16.3 g. 

A. Moles oxygen = mass oxygen / molar mass oxygen. 

Moles oxygen = 16.3 g / 16.0 g mol − 1 = 1.02 moles. 

A. Giving a formula of MnO 1.02 . 

ppendix 2. Determination of the Enthalpy of Formation for the 

etal oxalates 

I. Determination of the enthalpy of reaction. 

A. The DSC baseline was corrected by subtracting a line a connecting

a point prior to the transition to a point after the transition as illus-

trated in Figs. 5 , 8 , 11 , 14 , 17 and 20 . 

B. The area under the curve was determined from the point prior to

the transition to the point after the transition. The points used are

illustrated in Figs. 5 , 8 , 11 , 14 , 17 and 20 . 
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C. The software was used to determine the heat flow by integrating the

area under the curve and dividing by the sample mass. The values

determined in J g − 1 for the average of several measurements are

given in Figs. 5 , 8 , 11 , 14 , 17 and 20 . 

D. Multiplying the heat flow by the molar mass gave the enthalpy of

reaction for the process. 

Illustrating using the thermal decomposition of MnC 2 O 4 
. 2 H 2 O with

a molar mass of 178.9888 g mol − 1 . 

A. The heat flow was -1310 J / g (from Fig. 4 ). 

B. The enthalpy of Reaction = Heat flow 

∗ Molar Mass 

= -1310 J / g ∗ 178.9888 g mol − 1 = -234 kJ mol − 1 . 

(This vale is estimated to be good to ± 5 kJ mol − 1 ). 

II. Determination of the enthalpy of formation for the metal oxalate

A. This calculation requireed a balanced chemical reaction. All of the

balanced chemical reactions were based on the metal oxide compo-

sitions determined from the TG and the pXRD data. They assumed

that any CO formed was completely oxidized to CO 2 . If this was not

correct, the values calculated will be larger than the true value giv-

ing the maximum possible value. 

B. By Hess’ Law Δrxn H = Σ Δf H products - Σ Δf H reactants . 

C. Rearranging this equation and using the values in Table 2 gives the

enthalpy of formation for the metal oxalate. 

Illustrating using the thermal decomposition of MnC 2 O 4 using the

reaction 

Mn C 2 O 4 + 3∕4 O 2 ⇔ 1 ∕ 2 M n 2 O 3 + 2C O 2 

with Δrxn H = -234 kJ mol − 1 . 

△rxnH = 

∑
△𝑓 𝐻 prod ucts − 

∑
△𝑓 𝐻 reac tants 

. = 1∕2 △𝑓 𝐻 Mn 2 𝑂3 + 2 △𝑓 𝐻 CO 2 − △𝑓 𝐻 MnC 2 𝑂4 − 3∕4 △𝑓 𝐻 𝑂2 
Rearranging gave 

△𝑓 𝐻 MnC 2 𝑂4 = 1∕2 △𝑓 𝐻 Mn 2 𝑂3 + 2 △𝑓 𝐻 CO 2 − 3∕2 △𝑓 𝐻 𝑂2 − 

△rxn 𝐻. 

Plugging in the values from Table 2 , gave 

Δf H MnC2O4 = 

1 
2 

∗ -959 + 2 ∗ -393.509 – 3 
4 0.0 – (-234) kJ mol − 1 

= -1032 kJ mol − 1 . 

III. Determination of the enthalpy of formation of metal oxalate hy-

rate. 

A. This calculation required a balanced chemical reaction. All of the

balanced chemical reactions assumed that all of the water was re-

moved to form the dehydrated metal oxalate. 

B. By Hess’ Law Δrxn H = Σ Δf H products - Σ Δf H reactants . 

C. Rearranging this equation and using the values in Table 2 gave the

enthalpy of formation for the metal oxalate. 

Illustrating for the dehydration of MnC 2 O 4 
. 2 H 2 O with Δrxn H = 111

J mol − 1 and Δf H MnC2O4 = -1032 kJ mol − 1 in Eq. (A1 ) 

n C 2 O 4 
. 2 H 2 O ⇔ Mn C 2 O 4 + 2 H 2 O (A1)

rxn H = 

∑
△

f 
H products − 

∑
△f H reactants 

 △f H MnC 2O4 + 2 △f H H2O − △f H MnC 2O4−2H2O 

Rearranging gave 

△f H MnC 2O4−2H2O = △f H MnC 2O4 + 2 △f H H2O − △rxn H 
13 
Calculating with the values from Table 2 , gave 

Δf H MnC2O4- 2 H2O = -1 032 + 2 ∗ -241.818 – 111 kJ mol − 1 

= -1626 kJ mol − 1 . 
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