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A physicochemical model of the thermodynamic properties of formaldehyde-contain-
ing mixtures was re®ised and extended using new experimental data for ®apor � liquid
and chemical equilibria. The new ®apor � liquid equilibrium data of the formalde-

(hyde � water system were taken for ®ery diluted formaldehyde concentrations as low as
) ( )0.07 mass % and ®ery concentrated up to 71 mass % formaldehyde solutions at

temperatures between 363 and 423 K and pressures up to about 650 kPa. The new
chemical equilibrium data were obtained applying 13C-NMR spectroscopy to the same
system at temperatures between 338 and 383 K at formaldehyde concentrations of up to
about 62 mass %. Results from both in®estigations were used simultaneously �
together with data from the literature� to impro®e a physicochemical model of the
thermodynamic properties of aqueous solutions of formaldehyde.

Introduction
Ž .Formaldehyde FA is a very important chemical interme-

diate with many uses in the chemical industry. For example,
formaldehyde is needed for the production of 1,4-butanediol,

Ž .urotropine hexamethylenetetramine , and polyacetal plastics
w Ž .xc.f. Walker 1964 . Formaldehyde is highly reactive and
therefore commonly handled in aqueous andror methanolic
solutions, where it forms different adducts with the solvents.
Such mixtures are often processed by distillation and absorp-
tionrdesorption. The basic design of such processes requires
models of the phase equilibrium of aqueous and methanolic
formaldehyde mixtures. Such models have to consider not
only differences in intermolecular forces but also a variety of
chemical reactions.

In aqueous solutions, the most important chemical-reac-
Žtion products are methylene glycol HOCH OH; here, also,2

. Ž . Ž Ž .MG and poly oxymethylene glycols HO CH O H, i�1;2 i
.here, also, MG :i
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These chemical reactions have an essential influence on the
properties of formaldehyde-containing solutions and they
have to be taken into account in any thermodynamic model
of these systems. A physicochemical model, originally devel-

Ž .oped by Maurer 1986 , that combines these chemical reac-
tions with physical interactions, has been proved to be very
successful in describing vapor�liquid equilibria and en-
thalpies in formaldehyde-containing mixtures. This model has

wbeen continuously updated see, for example, Hahnenstein et
Ž . xal. 1994b for a survey up to 1992 , and its application range

was extended as new, reliable data became available.
The equilibrium distribution of formaldehyde to its reac-

Ž .tion products with water W has an essential influence not
only on equilibrium properties, but also on chemical-reaction
kinetics and transport properties. Information on that equi-
librium distribution is accessible from spectroscopic investi-
gations. Such investigations reveal that in aqueous solutions
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formaldehyde is predominantly present as methylene glycol
Ž .and poly oxymethylene glycols, but rarely as free, molecular

formaldehyde. Using a high-resonance-frequency nuclear-
Ž .magnetic-resonance NMR spectrometer, it is possible to

Žseparate signals from �CH � groups in different poly oxy-2
. w Ž .xmethylene glycols c.f. Le Botlan et al. 1983 . That

technique is suitable for investigating the polymerization
Ž .reactions II . Such studies were carried out for the deter-

mination of both equilibrium properties and chemical-reac-
w Ž .tion kinetic properties for a survey of literature data on a

equilibrium properties, see, for example, Hahnenstein et al.
Ž . Ž . Ž .1994a and Balashov et al. 1996 ; b on reaction kinetics

Ž .xsee Hahnenstein et al. 1995 . However, spectroscopic inves-
tigations give only information on species concentrations,
whereas in thermodynamic calculations the activities or activ-
ity coefficients have to be known. In a recently published up-

Ž . Ž .date of the model of Maurer 1986 by Albert et al. 1996 it
was assumed that activity coefficients have only to be taken
into account for the description of the phase equilibrium
whereas their influence on the chemical-reaction equilibria
can be neglected, that is, true thermodynamic chemical reac-
tion constants K were approximated by K :a x

x � x � �� x � xMG W MG W MG Wi i iK s � fa, M G i x � x � �� x � xMG MG MG MG MG MGiy1 iy1 iy1

sK for all i�1. 1Ž .x , M G i

That model was successfully applied to describe the
vapor�liquid equilibrium in aqueous solutions of formalde-
hyde. It also enabled a straightforward extension to describe
chemical reaction and transport kinetics in such solutions.

However, the description of the chemical-reaction equili-
brium conditions with equilibrium constants K rather thanx
with thermodynamic equilibrium constants K introduced ana

Žinconsistency in the model. In recent applications Ross, pri-
.vate communication, 1997 , that deficiency caused problems,

especially when the model was applied to concentrated solu-
tions where differences between compositions and activities
become larger. For example, the description of the azeotrope
with that model presents problems because the maximum

Ž .value for the pressure for constant temperature was not
reached in the azeotropic point.

Furthermore, there is a great deal of interest from industry
in extending the model to higher temperatures, a higher

Žformaldehyde concentration close to the concentrations
.where solid paraformaldehyde precipitates , as well as to

check the model performance at very small formaldehyde
concentrations. Therefore, the present work was to extend

Ž .the model into those regions as well as to again incorporate
‘‘true’’ thermodynamic chemical equilibria. That extension
was achieved by including new experimental data for the
species distribution at higher formaldehyde concentrations
and new experimental data for the vapor�liquid equilibrium
Žparticularly at higher temperatures and at very small as well

.as at very high formaldehyde concentrations while updating
the model.

While in previous work model parameters were fitted to
phase-equilibrium data and experimental results for
‘‘pseudo’’-chemical-reaction equilibrium constants K deter-x

mined from NMR spectroscopy, a somewhat different ap-
proach was applied here, as model parameters were fitted to
experimental data for the phase equilibrium and the distribu-

Ž .tion of formaldehyde to poly oxymethylene glycols. Thus, the
intermediate step of introducing pseudoconstants K wasx
avoided.

The updated model gives a good representation of
vapor�liquid equilibrium data in binary systems of formalde-
hyde and water over the entire composition and temperature
ranges where reliable experimental data are available. Devia-
tions between measured and calculated values are typically
below 5% for the partition coefficient of formaldehyde and
2% for the pressure, in other words, the results are at least as
accurate as those obtained with the previous version of that

Ž .model Albert et al., 1996 . On the other hand, the model
covers a wider range of temperature and formaldehyde con-
centrations. The updated model also gives a reliable descrip-
tion of the NMR data for the concentrations of the

Ž .poly oxymethylene glycols. The relative deviations between
the experimental and calculated concentrations are typically
below about 6%. Furthermore, the model also reliably pre-

Ž .dicts the experimental results of Liu et al. 1992 for the en-
thalpy change encountered in the partial evaporation of
aqueous formaldehyde solutions.

Experimental Section
Vapor � liquid equilibrium

Experimental work on the vapor�liquid equilibrium of the
formaldehyde�water system was performed at temperatures

Ž .between 363 and 423 K at very low G0.07 mass % as well
Ž .as at rather high F71 mass % formaldehyde concentra-

tions in the liquid, that is, under conditions where no or only
very little information on the vapor�liquid equilibrium is

wavailable for a survey on reliable experimental data available
Ž .xin the literature, see Albert et al. 1996 . The phase-equi-

librium apparatus used in the present work was described in
w Ž .xdetail before cf. Albert et al. 1996 , therefore only a short

description is given here. The central part of the apparatus
consists of a thin-film evaporator. There, a rotating coil
spreads the thermostated, equilibrated liquid feed on the in-
ner surface of a tube, which is surrounded by a heating jacket.
The temperature of that heating jacket is kept at a constant
temperature only a few kelvins above that of the feed. The
liquid partially evaporates at nearly constant pressure. That
pressure is supplied by a backpressure regulator. Experi-
ments are carried out at small evaporation ratios and suffi-
cient residence time, so that the coexisting phases leaving the
thin-film evaporator are in chemical as well as in phase equi-
librium. The coexisting phases are separated at the thin-film
evaporator outlet. The liquid phase is subcooled, and the va-
por phase is completely condensed. Both phases are col-
lected in small vials, and the collected samples are analyzed

Žfor formaldehyde using the sodium sulfite method Walker,
.1964 . Formaldehyde concentrations are determined with a

relative error of less than 2%. The temperature and the pres-
sure are measured with an accuracy of �0.1 K and �0.5
kPa, respectively.

Feed solutions were prepared by dissolving paraformalde-
Ž .hyde Merck, purity higher than 95% in bidistilled water at a

high temperature, and any solid residue was removed by fil-
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Table 1. Experimental Results for the Vapor–Liquid
Equilibrium of Formaldehyde�Water at 363 K at Low

and High Formaldehyde Concentrations

x y x y˜ ˜ ˜ ˜FA FA FA FAp p
y1 y1kPa mol �mol kPa mol �mol

68.9 0.0006 0.0008 71.4 0.1992 0.1682
68.9 0.0029 0.0040 71.0 0.1999 0.1661
68.9 0.0029 0.0038 70.7 0.2074 0.1650
67.6 0.0054 0.0069 71.0 0.2996 0.2197
70.1 0.0054 0.0073 70.7 0.3067 0.2219
70.1 0.0055 0.0068 70.4 0.3367 0.2416
69.3 0.0057 0.0084 69.9 0.3478 0.2434
68.6 0.0109 0.0142 68.7 0.3957 0.2634
70.0 0.0114 0.0158 68.7 0.3983 0.2621
70.3 0.0279 0.0347 67.1 0.4497 0.2977
70.7 0.0280 0.0359 67.3 0.4674 0.2999
69.4 0.0289 0.0355 66.1 0.4882 0.3178

66.1 0.4883 0.3107
64.7 0.5897 0.3558
64.4 0.6040 0.3211

Ž .tration Hasse, 1990 . This procedure is suitable for produc-
ing solutions of up to about 0.22 mol �moly1 formaldehyde,
whereas for higher formaldehyde concentrations, such solu-
tions were concentrated by reflux distillation.

Vapor�liquid equilibrium data in the formaldehyde�water
system were measured in the temperature range from 363 K
to 423 K at pressures up to 650 kPa. The liquid-phase
formaldehyde concentration ranged from 0.04 to 10 mol %
Ž . Ž0.07 to 15 mass % of formaldehyde low concentration

. Žrange and from about 12 to about 60 mol % 18 to 71 mass
. Ž .% of formaldehyde high concentration range . The new ex-

perimental results are given in Tables 1 to 4.

Chemical equilibrium
The results of NMR�spectroscopic investigations of chemi-

cal equilibria in the formaldehyde�water system were re-
Ž .cently reported by Hahnenstein et al. 1994a �for formalde-

hyde concentrations between 10 and 17 mol % at tempera-
Ž .tures between 281 and 358 K�and by Balashov et al. 1996

�for formaldehyde concentrations between 20 and 46 mol %
at temperatures between 323 and 368 K. In the present work
NMR�spectroscopic investigations were carried out for

Table 2. Experimental Results for the Vapor–Liquid
Equilibrium of Formaldehyde�Water at 383 K at Low

and High Formaldehyde Concentrations

x y x y˜ ˜ ˜ ˜F A F A F A F Ap p
y1 y1kPa mol �mol kPa mol �mol

144.3 0.0005 0.0010 156.4 0.2052 0.2287
144.5 0.0005 0.0010 154.3 0.2872 0.2785
143.5 0.0028 0.0051 154.6 0.2899 0.2768
144.4 0.0029 0.0053 155.9 0.3067 0.2716
145.5 0.0052 0.0097 152.7 0.3766 0.3309
144.8 0.0052 0.0098 152.8 0.3785 0.3304
144.9 0.0101 0.0183 151.1 0.5003 0.4031
146.1 0.0107 0.0196 149.9 0.5008 0.4035
146.8 0.0273 0.0450 145.3 0.6035 0.4798
146.8 0.0281 0.0463 145.3 0.6050 0.4829
151.2 0.0934 0.1245
153.2 0.1003 0.1287

Table 3. Experimental Results for the Vapor–Liquid
Equilibrium for Formaldehyde�Water at 413 K at

Low and High Formaldehyde Concentrations

x y x y˜ ˜ ˜ ˜F A F A F A F Ap p
y1 y1kPa mol �mol kPa mol �mol

363.8 0.0004 0.0011 442.5 0.2751 0.3536
364.1 0.0005 0.0014 442.5 0.2792 0.3498
367.2 0.0026 0.0070 451.7 0.3730 0.4256
368.0 0.0048 0.0127 452.0 0.3743 0.4224
368.0 0.0049 0.0125 457.0 0.4823 0.5040
368.9 0.0049 0.0137 456.1 0.4862 0.4994
370.3 0.0051 0.0141 450.9 0.6049 0.5934
371.3 0.0096 0.0260
374.1 0.0103 0.0281
379.7 0.0212 0.0544
383.7 0.0251 0.0609
404.9 0.0720 0.1478
406.8 0.0730 0.1474

formaldehyde concentrations in the 6 to 45 mol % range at
temperatures between 338 to 383 K. That new experimental
material therefore complements recently published data in
the literature.

The NMR�spectroscopic experiments were carried out with
Ž .a Brucker AMX 400 NMR spectrometer 400.13 MHz . The

spectrometer is equipped with an internal temperature-con-
trol device with an external temperature display. This device
was calibrated by investigating the chemical shift of ethylene
glycol at different temperatures, while all other variables�
for example, flow rate of air used for thermostating the spec-
trometer, and the speed of rotation of the sample�were kept
constant. For this calibration the influence of temperature on
the chemical shift of 1,2-ethanediol was taken from Gunther¨
Ž .1994 . The uncertainty in the measured temperatures is esti-
mated to be about one kelvin.

Formaldehyde solutions were prepared and analyzed as
described earlier. The samples were sealed in glass capillar-
ies. Prior to the spectroscopic investigations, the capillaries
were kept at the spectrometer temperature in a thermostated
bath for several hours to ensure chemical equilibrium. 13C-
NMR spectra were taken using benzene-d in sealed capillar-6
ies as magnetic field lock and reference substance for the
chemical shift. Some spectra were also taken for solutions of
formaldehyde in H OrD O mixtures. As in previous work2 2

Table 4. Experimental Results for the Vapor–Liquid
Equilibrium of Formaldehyde�Water at 423 K at Low

and High Formaldehyde Concentrations

x y x y˜ ˜ ˜ ˜F A F A F A F Ap p
y1 y1kPa mol �mol kPa mol �mol

479.9 0.0004 0.0013 560.2 0.1211 0.2314
484.0 0.0025 0.0074 560.2 0.1225 0.2297
485.1 0.0027 0.0077 588.3 0.1969 0.3066
485.6 0.0043 0.0133 588.6 0.1980 0.3082
486.9 0.0045 0.0143 608.5 0.2728 0.3679
494.1 0.0099 0.0296 608.6 0.2750 0.3713
493.8 0.0101 0.0302 625.1 0.3605 0.4405
508.0 0.0243 0.0666 623.7 0.3703 0.4444
508.3 0.0244 0.0678 639.8 0.4717 0.5226

639.7 0.4786 0.5169
645.6 0.5948 0.6251
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Figure 1. 13C-NMR spectrum of a formaldehyde–water
solution at 338 K and x =0.446 mol �mol-1.F̃A

Ž .cf. Hahnenstein et al., 1994a; Balashov et al., 1996 , substi-
tuting heavy water for water did not result in any detectable
shift in the composition of the formaldehyde solution. The
assignment of the peaks to the different �CH � groups in2

Ž .methylene glycol and poly oxymethylene glycols was adopted
Žfrom earlier work Hahnenstein et al., 1994a; Balashov et al.,

. 131996 , and is given in Figure 1, which shows a C-NMR spec-
trum of an aqueous solution containing about 45 mol % of
formaldehyde at 338 K. The base line was very stable in all
experiments and, at high formaldehyde concentrations, the
peak areas could be reproduced within about 1%. For di-
luted formaldehyde solutions, however, the peak areas were
rather small and the reproducibility decreased, especially for

Ž .peaks due to �CH � groups in higher poly oxymethylene2
glycols. The peak areas were converted into concentrations,
assuming that the peak areas are proportional to the number
of the corresponding groups and that the constant of propor-
tionality is the same for all NMR-active �CH � groups.2
However, because there is neither a peak due to monomeric
formaldehyde nor is it possible to distinguish between the

Ž .peaks caused by poly oxymethylene glycols containing more
than four formaldehyde monomers, some additional assump-
tions are required for qualitatively assessing the peak areas
of the formaldehyde oligomer concentrations. The pseudo-
chemical-equilibrium constant for the formation of meth-

w Ž .xylene glycol cf. reaction I given by Siling and Akselrod
Ž . Ž .1968 was used to calculate the very small concentration of
monomeric formaldehyde from the NMR results for the con-
centration of methylene glycol. Because the amount of
monomeric formaldehyde in the liquid phase is always very
small, the uncertainty in the mass balance of formaldehyde
caused by that approximation was neglected. The concentra-

Ž .tions of all poly oxymethylene glycols containing more than
four formaldehyde molecules were estimated, assuming that,
at a constant temperature and constant overall mole fraction
of formaldehyde, the pseudo-chemical-equilibrium constant

x � xMG WiK s 2Ž .x , M G i x � xMG MGiy1

is constant for i�3.

Table 5. NMR–Spectroscopic Data for the Species
Distribution of Liquid Mixtures of

Formaldehyde�Water

x x x x xx W M G M G M G M G˜ 2 3 4FAT
y1 y1K mol �mol mol �mol

0.0605 0.9482 0.0409 0.0091 0.0014 0.0002
0.1295 0.8987 0.0657 0.0261 0.0068 0.0017
0.2049 0.8525 0.0783 0.0429 0.0161 0.0061338.15 0.2779 0.8027 0.0911 0.0595 0.0260 0.0113
0.3851 0.7310 0.1009 0.0785 0.0417 0.0221
0.4460 0.6922 0.0992 0.0870 0.0506 0.0294

0.0605 0.9474 0.0422 0.0086 0.0013 0.0002
0.1295 0.8961 0.0695 0.0254 0.0063 0.0016
0.1888 0.8575 0.0811 0.0409 0.0134 0.0044
0.2049 0.8496 0.0824 0.0423 0.0157 0.0058
0.2132 0.8437 0.0840 0.0447 0.0168 0.0063

353.15 0.2779 0.8022 0.0930 0.0578 0.0257 0.0114
0.2910 0.7944 0.0930 0.0612 0.0277 0.0126
0.3475 0.7544 0.1009 0.0721 0.0359 0.0179
0.3851 0.7315 0.1001 0.0785 0.0417 0.0222
0.4460 0.6902 0.1010 0.0873 0.0506 0.0294

0.0605 0.9466 0.0432 0.0087 0.0010 0.0001
0.1295 0.8962 0.0695 0.0250 0.0064 0.0016
0.1888 0.8557 0.0847 0.0390 0.0131 0.0044
0.2049 0.8452 0.0871 0.0434 0.0152 0.0053
0.2132 0.8406 0.0888 0.0435 0.0163 0.0061368.15 0.2779 0.8011 0.0947 0.0573 0.0255 0.0113
0.2910 0.7917 0.0972 0.0600 0.0273 0.0124
0.3475 0.7555 0.1011 0.0703 0.0355 0.0180
0.3851 0.7298 0.1019 0.0786 0.0416 0.0220
0.4460 0.6878 0.1035 0.0874 0.0506 0.0292

0.0605 0.9478 0.0419 0.0077 0.0016 0.0003
0.0605 0.9468 0.0432 0.0080 0.0012 0.0002
0.1295 0.8954 0.0707 0.0246 0.0062 0.0016
0.1295 0.8930 0.0733 0.0256 0.0055 0.0012383.15 0.2049 0.8473 0.0854 0.0418 0.0154 0.0057
0.2779 0.7969 0.0981 0.0591 0.0254 0.0109
0.3851 0.7253 0.1041 0.0814 0.0422 0.0218
0.4460 0.6862 0.1051 0.0873 0.0505 0.0292

Thus the experimental results for the peak areas were used
Žto determine at constant temperature and constant concen-

.tration of formaldehyde two pseudo-chemical-equilibrium
Ž .constants K and K . A maximum-likelihood pro-x, M G x, M G2 3

cedure was applied to take the uncertainty of the peak areas
into account in the determination of those pseudoconstants.
From the pseudoconstants the concentrations of water, meth-
ylene glycol, and the oligomers containing up to four
formaldehyde monomers were calculated. They are given in
Table 5. The concentrations of all higher formaldehyde
oligomers can be calculated by applying Eq. 2 using numbers
for K , as determined from the concentrations of water,x, M G i

Ž .methylene glycol, and the poly oxymethylene glycols contain-
ing 3 and 4 formaldehyde monomers, as given in Table 5.

The previously unpublished results of the NMR�spectro-
Ž .scopic investigations by Hahnenstein et al. 1994a were

treated in the same way as the new experimental data. The
results are given in Table 6.

Model
Different models have been proposed to describe the va-

por�liquid equilibrium in the formaldehyde�water system
Ž .c.f., Albert et al., 1996, for a short overview . The model
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Table 6. NMR–Spectroscopic Data for the Species
Distributions of Liquid Mixtures of

(Formaldehyde�Water Evaluation of Spectroscopic
( ))Data of Hahnenstein et al. 1994a

x x x x xx W M G M G M G M G˜ 2 3 4F AT
y1 y1K mol �mol mol �mol

281.65 0.0940 0.9267 0.0493 0.0186 0.0044 0.0011
280.60 0.1270 0.9050 0.0578 0.0265 0.0081 0.0026
283.80 0.1670 0.8802 0.0639 0.0366 0.0136 0.0056

298.15 0.0940 0.9256 0.0509 0.0185 0.0040 0.0009
297.85 0.1270 0.9026 0.0610 0.0269 0.0074 0.0021
299.75 0.1670 0.8786 0.0663 0.0365 0.0133 0.0053

317.15 0.0940 0.9236 0.0544 0.0175 0.0037 0.0008
317.01 0.1270 0.9008 0.0638 0.0264 0.0070 0.0020
317.68 0.1670 0.8767 0.0690 0.0363 0.0129 0.0050

337.15 0.0590 0.9494 0.0397 0.0097 0.0012 �
337.15 0.0940 0.9213 0.0575 0.0175 0.0038 �
337.20 0.1270 0.8981 0.0682 0.0256 0.0064 0.0017
336.80 0.1670 0.8736 0.0735 0.0363 0.0119 0.0046

357.15 0.0590 0.9481 0.0423 0.0084 0.0012 �
357.15 0.0940 0.9213 0.0580 0.0166 0.0036 0.0004
357.15 0.1180 0.9064 0.0627 0.0231 0.0060 0.0017
357.15 0.1180 0.9060 0.0635 0.0229 0.0059 0.0017
358.15 0.1600 0.8747 0.0771 0.0345 0.0105 0.0032
357.53 0.1670 0.8700 0.0786 0.0364 0.0109 0.0041

Žused here follows the outline shown in Figure 2 Maurer,
.1986 . It is assumed that the vapor above an aqueous solution

of formaldehyde consists of three species: water, formalde-
hyde monomers, and methylene glycol. These species are also
present in the liquid phase. But the liquid also contains higher

Ž .poly oxymethylene glycols. The vapor phase is assumed to
behave like a mixture of ideal gases, but the chemical-reac-
tion equilibrium for the formation of methylene glycol from
formaldehyde and water is taken into account through the
chemical-reaction equilibrium constant

y p�
M GVK T s � . 3Ž . Ž .MG y � y pFA W

Figure 2. Vapor–liquid equilibrium model for the form-
aldehyde–water system.

The liquid phase is treated as a real, chemical reactive mix-
ture of water formaldehyde monomers, methylene glycol, and

Ž .poly oxymethylene glycols. The chemical potential of a com-
ponent in the liquid phase is normalized according to Raoult’s
law. The nonideality of the liquid phase is taken into account
by applying the UNIFAC group contribution method
Ž .Fredenslund et al., 1977 . Chemicalreaction equilibria are
taken into account through true reaction equilibrium con-
stants, that is, those expressed using activities:

x � ps � ps
MG MG FA WVK s � sK T 4Ž . Ž .a, M G M G s �x � x � �� p � pFA W FA W MG

x � x � ��MG W MG Wi iK s � ; iG2. 5Ž .a, M G i x � x � ��MG MG MG MGiy1 iy1

The vapor�liquid equilibrium is described by extended
Raoult’s law:

ps� x �� s p � y . 6Ž .i i i i

The chemical reaction equilibria and the phase equilibrium
relations are combined with the mass balance for the liquid
and the vapor phases:

�

x s s � x q x q i � x 7Ž .˜ ÝFA FA MG MGiž /
is 2

�

x s s � x q x q x , 8Ž .˜ ÝW W MG MGiž /
is 2

where

y1�

ss 1q x q i � x . 8aŽ .ÝMG MGiž /
is 2

One of the most essential features of that model is the possi-
bility that it can be extended to include other chemical reac-
tive components, such as, methanol, as well as nonreactive,
that is, chemical inert components, such as, trioxane and
methylal.

For calculating the vapor� liquid equilibrium in the
formaldehyde�water system, the following information is
necessary:

� Vapor pressures of pure components, water, formalde-
hyde, and methylene glycol

� Chemical-reaction equilibrium constants for the forma-
Ž V .tion of methylene glycol in the vapor phase K and theMG

Ž .formation of poly oxymethylene glycols in the liquid phase
Ž .K and Ka, MG a, M G i

� ŽUNIFAC parameters for size and surface, as well as bi-
.nary parameters for interactions between all groups .

A complete set of parameters was published along with this
Ž .model Maurer, 1986 . This model has been continuously up-

wdated and extended using new experimental data cf. Hah-
Ž . xnenstein et al. 1994b for a survey . In the work of Albert et

Ž .al. 1996 , the model structure was changed in order to re-
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Table 7. Pure-Component Vapor Pressure�

Component A B C

Formaldehyde 14.4625 y2,204.13 y30.15
Water 16.2886 y3,816.44 y46.13
Methylene glycol 19.5527 y6,189.19 y9.15

pS B�ln s Aq
kPa TrKqC

duce the calculation time, as well as to include an easy exten-
Žsion to the nonequilibrium effects transport and reaction ki-

.netics .
The main feature of those changes consisted of assuming

that the chemical equilibria may be approximated using equi-
librium constants based on mole fractions instead of activi-
ties. That assumption resulted, for example, in a considerable
reduction in computing time for the sake of introducing some
thermodynamic inconsistencies. These inconsistencies are
particularly evident when the model is used to calculate
azeotropic points. Due to the lack of thermodynamic con-
sistency, the calculated maximum pressure on an isothermal
pressure vs. concentration diagram of the binary formalde-
hyde�water system does not agree with the pressure where
the boiling point line touches the dewpoint line. Therefore,
in the present work the ‘‘old’’ consistent thermodynamic
model is used. However, some model parameters are ad-
justed so that the model also reliably represents the new ex-
perimental data.

The equations for the vapor pressures of formaldehyde and
water were adopted from earlier versions of the model
Ž .Maurer, 1986; Albert et al., 1996 . They are given in Table 7.

Ž .The chemical equilibrium constant Table 8 for the forma-
tion of methylene glycol from water and monomeric

V Ž .formaldehyde in the vapor phase, K T , was taken fromMG
Ž .Kogan 1979b . The chemical equilibrium constant for that

chemical reaction in the liquid phase, K , follows froma, M G
V Ž .K cf. Eq. 4 . The division of components into UNIFACMG

Ž .groups Table 9 is the same as in the original model version
Ž .Maurer, 1986 . All size and surface parameters for those

Ž . Žgroups Table 10 were also taken from earlier work Maurer,

Table 8. Chemical-Reaction Equilibrium Constants�

Equilibrium Constant A B
1 3K y1.698�10 5.233�10M G
y3 2K 4.980�10 8.695�10M G 2
y2 2K , i�2 1.908�10 5.445�10M G i

� Ž .ln K s Aq Br TrK .

Table 9. UNIFAC-Groups of Components in
Formaldehyde Solutions

Component Groups

FA 1 CH O2
W 1 H O2

Ž .MG 1 HO CH O H2
Ž .MG iy1 CH O, 2 OH, 1 CH iG2i 2 2

Table 10. UNIFAC Size and Surface Parameters

Group No. R Q

CH O 1 0.9183 0.7802
H O 2 0.9200 1.4002

Ž .HO CH O H 3 2.6744 2.9402
OH 4 1.0000 1.200
CH 5 0.6744 0.5402

.1986 . Some UNIFAC interaction parameters were adopted
Ž . Ž .from the previous model Maurer, 1986 cf. Table 11 , while

others were refitted here. As was shown by Albert et al.
Ž .1996 , the limiting partition coefficient of formaldehyde in
an aqueous solution can be expressed as:

y ps p�˜ MG �lim s �� 1q . 9Ž .MG , Ws s Vž / ž /x p p � Kx ™ 0 ˜˜F A FA W W MG

That relation reveals that at small formaldehyde concentra-
Žtions that is, when formaldehyde is almost completely con-

. Ž .verted to methylene glycol , the unknown vapor pressure of
Ž .methylene glycol and the equally unknown UNIFAC pa-

rameters for interactions between water and methylene gly-
col are the most important model parameters. Thus, in a first
step, these UNIFAC interaction parameters and the vapor
pressure of methylene glycol were fitted to experimental va-
por�liquid equilibrium data at low formaldehyde concentra-
tions. However, that procedure does not give a unique set of
parameters. Therefore, only those data sets were considered
further that fulfilled the requirement that the vapor pressure
and the enthalpy of vaporization of methylene glycol are con-

Ž .sistent with those data for other diols cf., Maurer, 1986 .
The remaining parameter sets were then tested in the second
step, where all experimental data for the vapor�liquid equi-

Žlibrium used by Albert et al., 1996, as well as the new data of
.this work and the composition of the liquid phase deter-

mined by NMR�spectroscopy, were used to fit the still un-
known parameters: two chemical equilibrium constants

wK and K for i�2, that is, it was assumed that fora, M G a, M G2 i

i�2 the chemical equilibrium constant does not depend on
the number i of formaldehyde monomers in an

Ž . xpoly oxymethylene glycol MG and the UNIFAC parame-i
ters for interactions between the �CH O� group and water2

Ž .as well as methylene glycol that is, a , a , a , and a ,12 21 13 31
Žand for interactions between water and methylene glycol that

. Žis, a and a . The final results are given in Table 7 vapor23 32
. Žpressure of methylene glycol , Table 8 chemical equilibrium

. Ž .constants , and Table 11 UNIFAC interaction parameters .

Table 11. UNIFAC Interaction Parameters a rrrrrKi j

i j 1 2 3 4 5
� �1 0.0 774.81 189.21 237.7 83.36

� �2 y142.35 0.0 189.52 y229.1 300.0
� �3 59.20 y191.82 0.0 y229.1 300.0

4 28.06 353.5 353.5 0.0 156.4
5 251.5 1,318.0 1,318.0 986.5 0.0

�Determined in the present work.
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Figure 3. Partition coefficient of formaldehyde at infi-
nite dilution in the formaldehyde–water sys-
tem.
�, exp. results; , corr.

Because the model structure is the same as in the original
version, the model can be extended easily to include other
components, such as, methanol and trioxane.

Comparison with Experimental Results
Vapor – liquid equilibrium

Some typical comparisons between experimental vapor�
liquid equilibrium data and calculations from the new model
are shown in Figures 3 to 5.

The partition coefficient of formaldehyde at infinite dilu-
tion in water is shown in Figure 3. This partition coefficient

Ž .is defined as the ratio of overall mole fractions of formalde-
Ž .hyde in the vapor and liquid phases cf. also Eq. 9 . The rela-

tive deviation between calculated and experimental results for
that partition coefficient is generally smaller than 5%; the
deviation increases to about 10% only for two data points.
Figure 4 shows the partition coefficient of formaldehyde as a

Ž .function of the overall liquid-phase formaldehyde mole
fraction at 363 and 413 K. The comparison includes not only
the new experimental data but also results from the literature
ŽCredali et al., 1965; Kogan et al., 1977; Maurer, 1986; Albert

.et al., 1996 . The calculated partition coefficients agree with
the experimental data within the uncertainty of the experi-
mental results of the present work. The partition coefficient
of formaldehyde at low formaldehyde concentrations is shown
in Figure 5 for 363 and 383 K. This figure proves two state-
ments: first, it confirms the very close agreement between

Žcalculated and experimental data deviations are mostly

Figure 4. Partition coefficient of formaldehyde in the
formaldehyde–water system at 363 K and 413
K.

Ž . Ž .Exp. Results: �, Credali et al. 1965 ; � , Kogan et al. 1977 ;
Ž . Ž .�, Maurer 1986 ; � Albert et al. 1996 ; `, this work;

Corr.� .

.smaller than 5% , and, second, it shows the relatively small
scattering of the experimental results, also at very small
formaldehyde concentrations. Similar results were obtained

Ž .for all other temperatures cf. Albert, 1999 . In general, the
new version of the model gives the partition coefficient of
formaldehyde in formaldehyde�water solutions within about
5% and the total pressure above those solutions within about
2%.

Chemical equilibrium
Figure 6 shows a comparison between calculated and mea-

Ž .sured true mole fractions of methylene glycol MG and the
Ž . Ž .poly oxymethylene glycols containing two MG and three2

Ž .MG formaldehyde molecules in an aqueous solution at 3383
and 368 K as a function of the overall mole fraction of
formaldehyde. That figure confirms that the experimental re-
sults reported here are in good agreement with data in the

Ž .literature Hahnenstein et al., 1994a; Balashov, 1996 . It also
shows that at high formaldehyde concentrations the calcu-
lated concentrations of MG and MG are systematically above2
the experimental results. But despite such deviations, the new
version of the model agrees much better with the experimen-
tal data for the concentration of the formaldehyde oligomers
than do the previous ones.

The results shown in Figure 6 are typical for all other tem-
peratures, where reliable NMR data for the species distribu-
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Figure 5. Partition coefficient of formaldehyde at low
formaldehyde concentrations in the formalde-
hyde–water system at 363 K and 383 K: `,
exp. results, this work; , corr.

Žtion in formaldehyde�water solutions is available cf. Albert,
.1999 . The influence of temperature on the chemical equilib-

Ž . Žrium constants, K and K n�3 and conse-a, M G a, M G2 n
.quently the enthalpies of reactions , is small. For example,

when the temperature is increased from 300 K to 310 K, the
Ž .relative decrease in K and K n�3 is only 10% andMG M G2 n

6%, respectively. The corresponding decrease in the chemi-
cal reaction constant, K V , for the formation of methyleneMG
glycol in the vapor phase is nearly 60%. Figure 7 shows the
comparison between pseudo equilibrium constants K for thex
formation of MG and MG at 353 K, as determined by 13C-2 3
NMR spectroscopy in the present work and as calculated from
the new version of the model. The figure shows that those
pseudoconstants depend on the overall concentration of
formaldehyde in the aqueous solution. Again the model reli-
ably describes that influence.

Comparison with calorimetric data
Ž .Liu et al. 1992 reported experimental results for the en-

thalpy change encountered in the partial vaporization of
formaldehyde�water solutions. The new version of the model
predicts those experimental results for the enthalpy change
within about 5%. Thus the new version of the model per-
forms just as well as the previous ones do. The deviations
between measured and calculated enthalpy differences en-
countered in the partial vaporization of formaldehyde�water

( )Figure 6. Concentration of methylene glycol MG and
( )poly oxymethylene glycols MG and MG in2 3

chemical equilibria at 338 and 368 K.
Ž .Exp. results: `, Hahnenstein et al. 1994a ; �, Balashov et

Ž .al. 1996 ; , corr. this work.

solutions can be reduced to about 2% by adjusting the chemi-
cal reaction enthalpy for the formation of methylene glycol

Ž .from formaldehyde and water in the vapor phase cf. Eq. I
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(Figure 7. Equilibrium constants K of poly oxymethyl-x
)ene glycols formations in the formaldehyde–

water system; `, this work.

to

43.374
V y1� h r kJ �mol s . 10Ž . Ž .R MG 237.954

1qž /TrK

Conclusion
Aqueous solutions of formaldehyde are processed by, for

example, distillation, absorption, and desorption, in many in-
dustrial applications. In order to make a basic design of such
processes, a reliable model of the thermodynamic properties
of formaldehyde-containing mixtures has to be available.
Since formaldehyde is a very reactive component, the model
has to account not only for differences in the intermolecular
forces but also for chemical reactions. The reliability of such
a model depends a great deal on the underlying experimental
data, for example, on data for the phase equilibrium as well
as on the chemical equilibrium. In the present work, the

Ž .model presented by Maurer 1986 is revised and extended
using not only data from the literature but also new experi-
mental data for the vapor�liquid and the chemical equilib-
rium of the binary system of formaldehyde and water. The
new vapor�liquid equilibrium data cover very dilute aqueous

Žsolutions formaldehyde concentrations as low as 0.07 mass
.% �for example, it is important in environmental processes

to clean aqueous effluents�as well as very concentrated
Ž .formaldehyde solutions up to 71 mass % �for example, it is

important in the production of polyacetal plastics. 13C-NMR
spectroscopy proved to be a very efficient method for provid-
ing new and reliable chemical equilibrium data. The revised
model provides a reliable description of the vapor�liquid
equilibrium of the binary formaldehydeqwater system from
about 290 K to about 420 K, from very dilute to very concen-
trated concentrations, that is, up to the region where
formaldehyde oligomers precipitate out of the aqueous solu-
tion. Because the model considers physical interactions and
chemical-reaction equilibria, it can be extended to describe
the thermodynamic properties of multicomponent formalde-
hyde�water mixture. Furthermore, as it correctly describes
the distribution of formaldehyde to oligomers, it can also be
incorporated in models to describe kinetic phenomena, such
as chemical reaction and transport kinetics, which are very
important in separation processes at around ambient temper-
ature.
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Notation
Asparameter
Bsparameter
Csparameter

� hV sreaction enthalpy for the formation of methylene glycol inR M G
the vapor phase

E sCH O�end group MGk 2 k
Mi sCH O�middle group MGk 2 k
MosCH O�group in methylene glycol2

pspressure
� Ž .p sstandard pressure 101.325 kPa

Ts temperature
xstrue mole fraction in liquid phase
xsoverall mole fraction in liquid phase˜
ys true mole fraction in vapor phase
ysoverall mole fraction in vapor phase˜
�schemical shift
�sactivity coefficient normalized according to Raoult’s law

Subscripts and superscripts
iscomponent i

Sssaturation
�s infinite dilution
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