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Simulating the vapour–liquid equilibria of 1,4-dioxane

A. O. YAZAYDIN and R. W. THOMPSON*

Department of Chemical Engineering, Worcester Polytechnic Institute, 100 Institute Road, Worcester, MA 01609, USA

(Received March 2006; in final form June 2006)

1,4-dioxane, a cyclic ether, is an emerging contaminant which is difficult to remove from water with conventional water
treatment methods and resistant to biodegradation. Once a reliable force field is developed for 1,4-dioxane, molecular
simulation techniques can be useful to study alternative adsorbents for its removal. For this purpose, we carried out Monte
Carlo simulations in a constant volume Gibbs Ensemble to generate a force field which is capable of predicting the vapour–
liquid coexistence curve and critical data of 1,4-dioxane. Results are given in comparison with experimental data and results
from simulations with other force fields. Liquid densities and critical temperature are predicted in excellent agreement with
experimental data using the new force field. At high temperatures, predicted vapour densities are in good agreement with
experimental data, however, at lower temperatures the predicted vapour densities deviate about an order of magnitude from
the experimental values. The critical density is slightly underestimated with our new force field. However, overall, the results
of simulations with the new parameters give much better agreement with experimental data compared to the results obtained
using other force fields.
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1. Introduction

1,4-dioxane is a cyclic ether and listed as one of the

emerging contaminants by US Environmental Protection

Agency (EPA). By emerging, it is meant that it has not

until recently been seen as a chemical of concern for the

EPA’s remedial action programs [1]. Even short exposure

to high levels of 1,4-dioxane has caused vertigo and

irritation of the eyes, nose, throat, lungs and skin in

humans [2,3]. Rats and mice exposed to 1,4-dioxane in

their drinking water developed liver carcinomas and

adenomas and nasal cavity squamous cell carcinomas [4].

As a result the, EPA has classified 1,4-dioxane as a Group

B2, probable human carcinogen [5].

1,4-dioxane is a large production chemical, used as a

stabilizer for chlorinated solvents, and during the

manufacture of polyester and various polyethoxylated

compounds it is formed as a by-product. Improper

disposal of industrial wastes and accidental solvent spills

have resulted in the contamination of groundwater with

1,4-dioxane [6]. Carbon adsorption and air stripping do

not remove 1,4-dioxane efficiently from water due to the

fact that 1,4-dioxane is infinitely soluble in water and has a

low vapour pressure. The boiling point of 1,4-dioxane

(bp ¼ 1018C) makes distillation extremely costly [7].

Due to its high resistance to biotransformation conven-

tional biological processes fail as effective means of

treatment [8,9]. Advanced oxidation technologies, utiliz-

ing hydrogen peroxide, ozone, and/or UV photo oxidation,

are the only processes proven to reduce 1,4-dioxane in

substantial amounts, however, they are not cost effective

[10,11].

We are interested in simulating the adsorption of 1,4-

dioxane in nanoporous materials, since other remediation

technologies appear to be ineffective. However, in order to

do that, reliable parameters are required. To our knowl-

edge a force field has not been developed specifically for

1,4-dioxane or cyclic ethers although 1,4-dioxane and

tetrahydrofuran are industrially important solvents. There

are a few molecular simulation studies in the literature

about 1,4-dioxane, but they are all liquid 1,4-dioxane

simulations [12–15]. When simulating fluids in nanopor-

ous materials it is important to have a force field which is

capable of predicting the phase equilibria and critical data

of the fluid of interest, since fluids may undergo a phase

transition when they are confined in nanoporous materials

[16]. In this study, we present our work on developing a

force field for 1,4-dioxane, which is capable of estimating
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its phase equilibria and critical point data. We also present

the results of Configurational Bias Monte Carlo (CBMC)

simulations using this new force field in comparison with

available experimental data and the results of simulations

performed with other force fields.

2. Model and simulation details

We used a pairwise-additive potential in the form of 12-6

Lennard-Jones (LJ) plus columbic potential to compute

the site–site non-bonded interactions:

Vij ¼ 41ij
sij

rij

� �12

2
sij

rij

� �6
" #

þ
qiqj

410rij
:

where i and j are methylene and oxygen sites of 1,4-

dioxane, and rij is the distance between sites i and j. 1ij and

sij are LJ well depth and diameter, respectively. qi and qj
are the partial charges of the interacting sites. To maintain

the bonds and bending angles flexible a simple harmonic

potential was used for both terms

Vbond ¼ krðr 2 r0Þ:

Vbend ¼ kuðu2 u0Þ:

where r, r0, kr are the measured bond length, the

equilibrium bond length, and the bond force constant,

respectively; and u, u0, ku are the measured bending angle,

the equilibrium bending angle, and the bending force

constant, respectively. A cosine series was employed for

torsional interactions of sites separated by three bonds

V tors ¼ c0 þ c1½1þ cosðfÞ� þ c2½12 cosð2fÞ�

þ c3½1þ cosð3fÞ�

where f and ci are the dihedral angle and the ith
coefficient, respectively. 1–4 non-bonded interactions

within the same molecule were scaled by a factor of 0.5 in

addition to the torsional potential.

To compare our force field with others we performed

simulations using the non-bonded parameters developed

for ethers in OPLS-UA [17], and Trappe-UA [18–21]

force fields, and using the non-bonded parameters from

the works of Geerlings et al. [14] and Krienke et al. [15]

where they simulated 1,4-dioxane in its liquid state (table

1). All force fields mentioned here model the methylene

group as a united atom. In the new force field partial

charges for oxygen and methylene sites were taken from

OPLS-UA force field. These partial charges are also used

by the Trappe-UA force field and very close to the values

derived from the quantum mechanical calculations [15].

Lorentz–Berthelot (LB) mixing rules, given by

1ij ¼
ffiffiffiffiffiffiffiffiffiffi
1ii1jj

p
and sij ¼

sii þ sjj

2

were used to calculate the non-bonded pair interactions in

our new force field, as is the case in the work of Krienke

et al. [15] and in the Trappe-UA force field. OPLS-UA

force field, on the other hand, uses geometric mixing rules.

1ij ¼
ffiffiffiffiffiffiffiffiffiffi
1ii1jj

p
and sij ¼

ffiffiffiffiffiffiffiffiffiffiffi
siisjj

p
:

The mixing rule used by Geerlings et al. [14] is a

complex one which is a function of the polarizability of

the interacting sites. They mentioned setting the

polarizabilities of oxygen and methylene to the

polarizabilities of water and methane, repectively;

however, they neither reported the resulting values nor

cited any reference for the polarizabilities. The only

thing they reported was that they used the LJ parameters

of OPLS-UA force field and after the mixing rule

was applied the resulting values between unlike sites

were slightly different from those obtained from

geometric mixing rules. Therefore, we decided to use

geometric mixing rules for the LJ parameters of

Geerlings et al. [14].

We used a single set of intramolecular potential in all

our simulations regardless of the source of non-bonded

terms, since each of these force fields we found in

literature treat intramolecular terms differently (table 2).

The bonding parameters used for ether oxygen and carbon

Table 1. Non-bonded force field parameters used in this study.

New force field Trappe-UA* OPLS-UA† Geerlings‡ Krienke{

O CH2 O CH2 O CH2 O CH2 O CH2

s(Å) 2.80 3.85 2.80 3.95 3.07 3.905 3.07 3.905 3.0 3.80
1/kB(K) 98.0 51.3 55.0 46.0 85.55 59.38 85.55 59.38 85.5 59.4
q(e) 20.5 0.25 20.5 0.25 20.5 0.25 20.35 0.175 20.46 0.23

* Refs. [18–21]. † Ref. [17]. ‡ Ref. [14]. {Ref. [15].

Table 2. Parameters for intramolecular terms.

Bonding
CH2–CH2 O–CH2

kbond/kB (K) 155997.15 161029.32
r0 (Å) 1.54 1.41

Angle bending
CH2–CH2–O CH2–O–CH2

kbend/kB (K) 25150 30200
u0 (8) 112.0 112.0

Torsion
O–CH2–CH2–O CH2–CH2–O–CH2

c0/kB (K) 503.24 0.0
c1/kB (K) 0.0 725.35
c2/kB (K) 2251.62 2163.75
c3/kB (K) 1006.47 558.20
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atoms in the Amber [22] force field were used to maintain

flexible bonds in our simulations. Angle bending and

CH2–CH2–O–CH2 torsion parameters were taken from

the OPLS-UA force field. O–CH2–CH2–O torsion

parameters were taken from the Amber force field.

All simulations were performed using the Towhee

[23] Monte Carlo code and in the constant volume

version of the Gibbs ensemble [24–26]. A total number

of 180 molecules were used in two boxes in which two

phases were formed eventually. Periodic boundary

conditions were applied in all directions. The Ewald

sum method was employed to calculate the electrostatic

interactions. A cut-off distance of 10 Å was used.

Simulations were performed within a range of

temperatures from 298.15 to 525K. Simulations were

run for 20,000 cycles to equilibrate the system,

followed by a 20,000-cycle production run. A cycle is

equal to N Monte Carlo moves, where N is the number

of molecules in the system. Statistical uncertainties

were calculated by dividing the production run into 20

blocks.

Cyclic molecules are quite difficult to grow using

standard CBMC methods, because the probability of

closing a ring structure during the growth process is

almost zero. Additional biasing is required during the

growth procedure in order to encourage the growth to form

reasonable ring closures. Therefore, in addition to the

standard Coupled–Decoupled CBMC [19] method that

Towhee employs, a Fixed Endpoint CBMC [27,28]

method also was used.

Some analytical biasing functions are used in this

method. These functions transform the distance between

growth atoms and target ring atoms consistently, into a

bias function which depends loosely on dihedral, bending

and vibrational energies.

We optimized the LJ parameters of oxygen and

methylene for our new force field by systematically

modifying them to predict the vapour–liquid coex-

istence curve (VLCC) and the critical data of 1,4-

dioxane satisfactorily. We started this optimization

procedure by taking oxygen LJ parameters of Trappe-

UA and methylene LJ parameters of Fox et al. [38]. The

critical temperatures (Tc) and densities (rc) were

calculated using the saturated density scaling law

[29,30] and the law of rectilinear diameters with a

scaling exponent of b ¼ 0.3047 [31]. After the LJ

parameters were optimized we investigated the finite

size effects by carrying out the simulations with 300

molecules.

The Monte Carlo moves consisted of volume changes of

boxes between each other, swap moves between two

boxes, regrowths of the molecules, intramolecular single

atom translation, translation of the centre-of-mass, and

rotation about the centre-of-mass with corresponding

probabilities of 3, 25, 5, 7, 30, 30%, respectively. All

simulations were performed on 64-bit AMD Opteron,

2.4 GhZ cpus. A typical simulation involving 180

molecules took 5 h per 10,000 cycles.

3. Results and discussion

The VLCC, critical temperature, and density of 1,4-

dioxane are given in figure 1, along with the results of our

simulations using our new force field, as well as the

predictions using the parameters from Trappe-UA and

OPLS-UA force fields, and from the works of Geerlings

et al. [14], and Kerienke et al. [15]. Our new force field

gives excellent agreement with experimental liquid

densities while the liquid densities calculated using the

parameters from other force fields showed different

degrees of deviation. Liquid densities predicted by using

the OPLS-UA force field underestimate the experimental

data in the low temperature region, but then overestimate

as the temperature increases. The parameters of Geerlings

et al. [14] yielded similar behaviour at lower temperatures

by underestimating the liquid densities; however, at higher

temperatures predictions were more successful. Results

obtained using the parameters of Krienke et al. [15]

overestimate the experimental liquid densities. In the case

of the Trappe-UA force field, results deviated significantly

from the experimental data by underestimating them. The

Trappe-UA force field is specifically parameterized for

estimating phase equilibria and the results of ordinary

ether molecules simulated by Trappe-UA reproduces

experimental data quite successfully [21]. However, it is
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Figure 1. VLCC for 1,4-dioxane. New force field (W), Trappe-UA (A),
OPLS-UA (D),Geerlings (S) [14], Krienke (þ ) [15], Experimental
critical data (*). Solid lines represent the experimental liquid densities
[31] and vapour densities calculated from the experimental vapour
pressure [33] using Pitzer’s [34] method.

Table 3. Comparison of the critical density and temperature obtained
from experiments and simulations with the new force field. The subscripts
denote the statistical uncertainties in the last digit(s) where available.

Tc (K) rc (g/ml)

Simulation Experimental Simulation Experimental

58723 585.15*, 588†,
588.15‡, 587.3{, 587§

0.35424 0.360329*,
0.37018 §

* Ref. [32]. † Ref. [35]. ‡ Ref. [36]. {Ref. [37]. § Ref. [31].
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interesting to see that when a cyclic ether is modelled with

the same parameters the differences can be rather large.

The critical temperature estimated with our new force

field is also in excellent agreement with the experimental

critical temperature data (table 3). On the other hand, the

critical temperature estimated using the parameters of

OPLS-UA, Geerlings et al. [14], and Krienke et al. [15]

overestimate, and Trappe-UA force field underestimate

the critical temperature. The critical density is slightly

underestimated with our force field, but still gives good

agreement with experimental data, particularly with the

value given in [32] (table 2). When compared to the

critical density estimated using parameters from other

sources our force field gives better agreement with the

experimental critical density.

To our knowledge experimental vapour densities of 1,4-

dioxane are not available in the literature, so we estimated

them using experimental vapour pressures [33] and the

method of Pitzer et al. [34]. A magnified view of the

vapour densities section of figure 1 is given in figure 2.

The predicted vapour densities using the Trappe-UA force

field underestimate the vapour densities computed from

experimental vapour pressure. When the parameters of

OPLS-UA force field and Krineke et al. [15] were used,

the experimental values were underestimated at lower

temperatures, and as the temperature increases the true

values are overestimated. Vapour densities predicted using

the new force field, and the parameters of Geerlings et al.

[14] are in good agreement above 430K, but below this

temperature deviation from the experimental values is

around an order of magnitude. This deviation at lower

temperatures results in slight underestimation of the

critical density. However, compared to other force fields,

the new force field gives the best agreement for vapour

densities. A similar phenomenon was also observed in

several cyclic alkanes, especially in cyclohexane,

cyclopentane, [40] and linear alkanes [18].

To study the low temperature vapour phase configuration

indetail andbring anexplanation to thehighpredictedvapour

densities we computed the radial distribution functions

[39] of O–O, CH2–O, CH2–CH2 pairs of 1,4-dioxane in the

vapour phase at 298.15K (figure 3). In all three cases there is

a peak around 5 Å, which indicates the possibility of dimers

in the vapour phase. When we visually examined the vapour

phase configuration snapshots from the simulation we also

observed that some1,4-dioxanemoleculeswere close to each

other, although most molecules were far away from each

other. These dimers present may be a factor in the resulting

high vapour densities at lower temperatures. The deviation of

predicted vapour densities from the experimental data can be

due to other reasons, including the inadequate representation

of cyclic molecules with the united-atom approach and the

use of LJ function [41].
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Figure 2. A magnified view of the vapour densities. New force field (W),
Trappe-UA (A), OPLS-UA (D),Geerlings (S) [14], Krienke (þ ) [15].
Solid line represent the vapour densities calculated from the experimental
vapour pressures [33] using Pitzer’s [34] method.
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Figure 3. Radial distribution functions of OZO (- - - -), CH2ZO (– – –), CH2ZCH2 (—) pairs of 1,4-dioxane molecule in the vapour phase at
298.15K.
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We calculated the compressibility factors of 1,4-

dioxane at nine different temperatures with the new

force field (table 4). Up to about 400K 1,4-dioxane

behaves very much like an ideal gas, but then gradually

deviates from this behaviour. After this point, the

compressibility factors we computed were in good

agreement with the values derived from experimental

vapour pressures.

To investigate the finite size effects we computed liquid

and vapour densities by carrying out the simulations with

300 molecules. The agreement between the densities

computed with 180 and 300 molecules is quite convincing

(figures 4 and 5), especially the liquid densities give a

perfect match. These results provide strong evidence that

liquid and vapour densities of 1,4-dioxane computed using

our force field parameters are not sensitive to the number

of molecules, at least beyond 180.

Finally, we computed the heat of vaporization of 1,4-

dioxane at room temperature and at its boiling

temperature by using the vapour pressure approach

which is fully described elsewhere [42]. The heat of

vaporization of 1,4-dioxane at room temperature and at

its boiling point was computed to be 37.1973 and

32.6593 kJ/mol, respectively. These values are close to the

reported experimental values, which are 38.4 and

34.2 kJ/mol [43] at the room temperature and at 1,4-

dioxane’s boiling point, respectively.

4. Conclusions

We have developed a new force field for 1,4-dioxane, an

important industrial solvent which has emerged as a

potentially significant threat to human health. Predictions

of experimental critical point data and phase behaviour

with our new force field outperformed predictions from

simulations with other force field parameters available in

literature. Liquid densities and the critical temperature

were estimated in almost perfect agreement with

corresponding experimental data. The critical density

was only slightly underestimated with our new force field.

At high temperatures, vapour densities also were predicted

satisfactorily, however, at lower temperatures where 1,4-

dioxane behaves like an ideal gas, deviations up to an

order of magnitude were observed. Computed heats of

vaporization at room temperature and at its boiling point

are close to the experimental values.

The primary objective of this study was to develop

reliable atom-atom interaction parameters to use in the

simulation of the adsorption of 1,4-dioxane in different

adsorbent materials. We validated our new parameters by

predicting the experimental phase behaviour, critical

temperature, and the critical density. The successful

results give us confidence to use the new parameters in our

further studies.
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Figure 4. Liquid densities of 1,4-dioxane. New force field 180
molecules (W), New force field 300 molecules (A). Solid line represent
the experimental liquid densities [31].

Table 4. Compressibility factors calculated from experimental vapour
pressure data and those computed from simulations with new force field.
The subscripts denote the statistical uncertainties in the last digit(s) where

available.

Temperature (K) Experimental Simulation

298.15 0.994 0.94422
326.51 0.986 0.91729
354.86 0.974 0.92951
383.22 0.950 0.92466
411.58 0.928 0.88295
439.93 0.894 0.89778
468.29 0.854 0.86356
496.64 0.785 0.79869
525.0 0.703 0.71657
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Figure 5. Vapour densities of 1,4-dioxane. New force field 180
molecules (W), New force field 300 molecules (A). Solid lines represent
the vapour densities calculated from the experimental vapour pressures
[33] using Pitzer’s [34] method.
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