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Solubility of Organics in Triethylene Glycol: Phase
Equilibrium Modelling Using the Dortmund and
LYNGBY Modified UNIFAC Models

Edison Muzenda, Mohamed Belaid, and Corina Mateescu

Abstract—This work is an attempt to predict the solubility of
60 volatile organic compounds (VOCs) in triethylene glycol
aimed at thermodynamically testing the suitability of this
solvent as an absorbent for the selected organics. The VOC main
groups studied were alkanes, alkenes, alkynes, aldehydes,
carboxylic acids and alcohols. The Modified UNIFAC
Dortmund and Lyngby models were to study the required phase
equilibrium as a function of temperature and composition.
Triethylene glycol was found to be suitable for the absorption of
low molecular weight aldehydes, alcohols and carboxylic acids.
Generally, the infinite dilution activity coefficients computed in
this study were low (below 100) indicating that the polymeric
solvent studied in this work gave favourable phase equilibrium
compared to water, the common industrial solvent. The
solubility of VOCs was also found to decrease with increase in
solute molecular weight. Compared with literature findings, the
Dortmund performed better than the Lyngby procedure.
However both models failed to accurately predict phase
equilibrium behaviour. The authors therefore agree with
literature findings that a specialised group interaction needs to
be created for this solvent in the UNIFAC models in order to
satisfactorily predict activity coefficients for the studied binary
interactions.

Index Terms—Absorbent, phase equilibria, solubility, volatile
organic compounds.

. INTRODUCTION

VOCs are the common air pollutants emitted mainly by the
chemical and petrochemical industries [1]. Emissions of
VOCs originate from breathing and loading losses from
storage tanks, venting of process vessels, and heat exchange
systems [1]. VOCs have adverse effects on humans and the
environment. VOCs can affect the health of humans and
animals, climate change as well as the growth and decay of
plants. Exposure to aromatic hydrocarbons found in soot and
tar have been reported to cause cancers [1]. Photochemical
smog, which is hazardous to the environment, occurs due to
photochemical oxidation involving hydrocarbons and
nitrogen oxides in the presence of sunlight. Industries have to
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find ways to reduce the emission of volatile organic
compounds to meet international regulations. VOCs
abatement can be achieved through process and equipment
modifications and add-on-control techniques. Add-on control
techniques are further classified into destruction and recovery.
This study focused on the thermodynamics of absorption, in
particular the phase equilibrium or thermodynamic
interactions of selected volatile organic compounds and
triethylene glycol. Accurate phase equilibrium measurements
are quite expensive and tedious. Group contribution methods
such as the UNIFAC are useful for preliminary design of
separation processes such as absorption and distillation. Ten
VOCs in each of the six functional groups, namely alkanes,
alkenes, alkynes, aldehydes, alcohols and carboxylic acids
were selected for this study. The modified UNIFAC
(Dortmund) and (Lyngby) procedures were used to compute
the required phase equilibrium. Water the most common
industrial solvent has limitations on the absorption of volatile
organic compounds as it quickly saturates particularly for
high molecular weight organics. For example the infinite
dilution activity coefficient of n-decane in water is the order
of 108 [2].

The solvent thermodynamically studied in this work for the
abatement of volatile organic compounds through physical
absorption triethylene glycol is an alcohol. It is a protic
solvent with a hydrogen atom attached to a strongly
electronegative atom. Hydrogen bonds are strong dipole —
dipole attractions between hydrogen atoms that are bonded to
highly electronegative atoms. It is a transparent, colourless,
low volatility, moderately-viscous, water-soluble liquid. It
has no detectable odour under normal conditions with a
slightly sweet odour at high vapour concentrations.

The phase equilibrium fundamentals, the modified
UNIFAC Dortmund group contribution method, relevant
previous studies of interest and computational procedure have
been previously discussed [3]-[10]. Recent phase equilibrium
measurements using gas — liquid chromatographic techniques
for polymeric systems have been discussed [3], [4], [11].

Il. COMPUTATIONAL PROCEDURE

A. Assumptions

Both the Modified UNIFAC Dortmund and Lyngby are
based on assumptions some of which are:

1) The logarithm of the activity coefficient is the sum of the
combinatorial part which takes into account the shape
and size of the molecule (entropic) plus the residual part
accounting for energetic (enthalpic) interactions.



2)

3)

4)

5)
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Solutions are composed of functional groups rather than
molecules as number of functional or structural groups
that make up compounds is much smaller.

The residual part resulting from group interactions is
assumed to be the difference between the sum of the
individual contributions of each solute group in the
solution and the sum of the individual contribution in the
pure component environment.

The individual group contributions in a given
environment are a function of group concentrations and
temperatures only.

The interaction parameters are not symmetrical (¥nm #
¥mn).

B. Modified UNIFAC Dortmund Model

Summary of all equations
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The activity coefficient is computed using (13)
Iny, =InyS +Iny" (13)
C. Modified UNIFAC Lyngby Model
The summary of equations and steps is as follows:
Temperature dependence parameter ¥nm
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The group interaction parameters anm, bm, Cam and amn, b,

Cmn are obtained from the Dortmund Data Bank.
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The residual activity contribution of group k in the mixture,

(19)

I, is calculated using (20).

InT, =Q, 1—In(2®m‘l’mkj ZZ@‘P (20)

The residual contribution to the activity coefficient is

calculated as:
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Iny®=>vP(InT, —InT{) (1)

The van der Waals volume is determined using the group
volumes, Ry in (22)

=2 V'R, (22)
k
The segment fraction w; is calculated using (23)
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The combinatorial contribution to the activity coefficients
is computed using (24)

(24)

I11. RESULTS AND DISCUSSION

A. Alkanes
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Fig. 1. Variation of Infinite dilution activity coefficients with mole fraction
(Modified UNIFAC Dortmund).
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Fig. 2. Variation of Infinite dilution activity coefficients with mole fraction

(Modified UNIFAC Lyngby).
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For alkanes, Fig. 1 and Fig. 2, the solubility decreases with
increasing VOC molecular weight. In interactions involving
alkanes, the only Van der Waals forces present are London
forces. As the alkane solute molecular surface area increases,
London forces between the solute molecules increase in
strength due to enhanced contact points making it more
difficult to break the solute-solute interactions for
solute-solvent interactions to occur. The branching of alkanes
makes molecules compact and this reduces the effective
contact surface area, thereby reducing the effect of London
forces, making solute-solvent interactions easier Because
triethylene glycol contains two primary alcohol groups,
hydrogen bonding (very strong dipole-dipole Van der Waals
forces) will dominate between solvent-solvent interactions.
These attractive forces are much stronger than London forces
and thus the solvent molecules will prefer to interact amongst
themselves rather than with the alkane solutes, hence the high
infinite dilution activity coefficients obtained. Reference [12]
reported infinite dilution activity coefficients of volatile
organic compounds in triethylene glycol. The infinite dilution
activity coefficient for nonane was 182.6 at 50°C [12]
compared to 63.3 found in this work at 30°C. Similarly the
experimentally obtained infinite dilution activity coefficients
reported in the literature [12] of heptane (93.2555) and octane
(129.3399) were much higher than the UNIFAC obtained
values reported in this work. Sun et al. [12] found that in order
for the Modified UNIFAC Dortmund results to correlate with
experimental findings, the triethylene glycol solvent molecule
would have to be treated as a special group with its own group
interaction parameter values. It is therefore acknowledged
that the results obtained in this work are only useful for the
purposes of establishing general trends and thus only serve as
a general indication of whether the solvent will be suitable as
a scrubbing solvent. It is evident that Modified UNIFAC
Lyngby dramatically under-predicts infinite dilution activity
coefficients for alkane/ triethylene glycol interactions in
comparison to Modified UNIFAC Dortmund.

B. Alkenes
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Fig. 3. Variation of Infinite dilution activity coefficients with mole fraction
(Modified UNIFAC Dortmund).

Alkenes are more compact compared to alkanes of similar
length or size and therefore require less energy to overcome
the London forces of solute-solute interactions for
solute-solvent bonding to occur. This could be the reason for
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the slightly increased solubility of the family in triethylene
glycol when compared to their alkane counterparts. As for
alkanes, the only Van der Waals forces that dominate are
London forces. Thus there is effectively no dipole-induced
dipole interaction between the triethylene glycol/ alkene
solute interactions and hence the solvent molecules will prefer
to interact with themselves rather than bonding to the alkenes.
This is the reason for the high activity coefficients
experienced with these interactions, Fig. 3 and Fig. 4.
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Fig. 4. Variation of Infinite dilution activity coefficients with mole fraction
(Modified UNIFAC Lyngby).

C. Alkynes
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Fig. 5. Variation of Infinite dilution activity coefficients with mole fraction
(Modified UNIFAC Dortmund).

Unlike alkanes and alkenes, alkynes have a triple
unsaturated bond which is highly polarisable. It is therefore
possible for the highly polar triethylene glycol solvent
molecules to induce a dipole at the site of the triple bond,
resulting in the alkyne solute-solute interactions breaking
down to form solute-solvent bonds. The resultant attractive
Van der Waals force is known as a Debye induction force.
The above relationship is particularly true for the smaller
alkynes. However as the triple bonds become increasingly
shielded by the increase in size of the methylene tail, the
behaviour of the alkyne approaches that of the alkanes where
the London forces between the solute-solute interactions
require much energy to break for solute-solvent bonding to
occur, Fig. 5 and Fig. 6.
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Fig. 6. Variation of Infinite dilution activity coefficients with mole fraction
(Modified UNIFAC Lyngby).

D. Aldehydes

Aldehydes contain a carbonyl group with a powerful
electron-attractive inducting effect. The presence of the
carbonyl group makes the aldehydes polar in nature; therefore
dipole-dipole (Keesom) interaction is possible between the
aldehyde solutes and the polar solvent molecules. This makes
aldehydes much more soluble in triethylene glycol than the
alkanes, alkenes and alkynes. However aldehydes are only
hydrogen bond acceptors because they lack a hydrogen atom
bonded to their C=0O bond. Thus they are not as polar as
triethylene glycol molecules and hence the solvent molecules
would much prefer bonding with each other rather than with
the aldehyde solutes. Solubility of aldehydes in triethylene
glycol is reduced with an increase in the length of the
methylene tail due to the increased shielding effect of the
lengthening tail on the carbonyl group. Thus the solubility of
aldehydes increases with a decrease in the VOC carbon
number, Fig. 7. The Modified UNIFAC Lyngby could not
reliably predict the phase equilibrium involving aldehydes
and triethylene glycol, possibly because infinite dilution
activity coefficients were not used in the fitting of the
temperature dependent group interaction parameters (Ypm)
[13].
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Fig. 7. Variation of Infinite dilution activity coefficients with mole fraction
(Modified UNIFAC Dortmund).
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Alcohols
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Fig. 8. Variation of Infinite dilution activity coefficients with mole fraction

(Modified UNIFAC Dortmund).
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Fig. 9. Variation of Infinite dilution activity coefficients with mole fraction
(Modified UNIFAC Lyngby).

With the exception of high molecular weight alcohols Fig.
8 and Fig. 9, most alcohols exhibited excellent solubility in
triethylene glycol with infinite dilution activity coefficients
below 5. As for the solvent molecules, alcohols also contain a
hydroxyl (OH) group and hence also participate in hydrogen
bonding. Thus solute-solute bonds and solvent-solvent bonds
break readily to form solute-solvent bonds. With an increase
in the length of the alcohol solute hydrocarbon methylene tail
the effects of the hydrogen bonding site are shielded by the
non-polar tail, and London forces between solute-solute
interactions become stronger. This results in solute-solute
interactions becoming increasingly difficult to break and
hence solubility decreases with an increase in high molecular
weight alcohols.

F. Carboxylic Acids

Carboxylic acids have a carbonyl group and an OH group.
This makes carboxylic acids highly polar, since the hydroxyl
group act as hydrogen bond donors and acceptors whilst the
carboxyl group acts as hydrogen bond acceptors. Since
triethylene glycol has two hydrogen bonding sites, and
carboxylic acids also have two hydrogen bonding sites,
solute-solvent bonding occurs readily. As a rule of thumb
“Like dissolves like”, hence the high solubility of carboxylic
family of VOCs in triethylene glycol, Fig. 10 and Fig. 11.
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Fig. 10. Variation of Infinite dilution activity coefficients with mole fraction
(Modified UNIFAC Dortmund).
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IV. CONCLUSION

This work attempted to predict the solubility of 60 selected
VOCs in triethylene glycol using the Modified UNIFAC
Dortmund and Lyngby models. The modified UNIFAC
Lyngby gave unreliable results mainly due to the influence of
the temperature dependent interaction parameters as well as
the unavailability of the required parameters for most
functional groups. The Modified UNIFAC Dortmund was
more reliable in predicting the required phase equilibrium
data; however the accuracy of both models is questionable
without the development of a special group for the solvent
with its own group interaction parameters. Based on the
findings of this work triethylene glycol can be used for the
physical absorption of volatile organic compounds from
contaminated effluent air streams.
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