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This paper reports the density and viscosity of aqueous N-formyl morpholine (NFM) solutions at five
temperatures in the range of 25 °C to 70 °C over the whole concentration range. The results are compared
with data published in the literature. Excess molar volumes, partial molar volumes at infinite dilution,
and viscosity deviations were derived.

Introduction

If acid gas impurities make up a large proportion of a
gas stream, then removing them by heat-regenerable sol-
vents may be out of proportion with the value of the treated
gas. In this case, nonreactive organic polar solvents can
provide a more economical solution. N-Formyl morpholine
(NFM) is one of these solvents. NFM was initially se-
lected as one of two promising solvents by Zawacki et al.1
from a group of more than 100 physical solvents. Recently,
Krupp Uhde GmbH commercialized NFM under the name
of Morphysorb. The gas sweetening process claims to
provide for significant operating cost savings compared to
existing physical solvent technologies. Aqueous solutions
of N-formylmorpholine are widely used for the extraction
of aromatic hydrocarbons from petroleum feedstocks.

Our laboratory has been active in measuring the physical
and transport properties of chemical and physical solvents
of interest to the gas processing industry. In this study,
we have measured the density and viscosity of aqueous
NFM solutions at various temperatures (25, 30, 40, 50, 60,
and 70) °C in order to cover a wide range of temperatures
found in industrial applications. The excess volumes, the
partial molar volume, the partial molar volumes at infinite
dilution, and the deviation of the viscosity were derived.

Experimental Section

NFM (>98% pure) was purchased from Fluka and was
used without further purification. The solutions were
prepared by mass on an analytical balance (model Ap 205
D, Ohaus, Florham Park, NJ) with (0.01 mg accuracy. The
uncertainty in the mole fractions is estimated to be less
than 2 × 10-4. NFM was kept over molecular sieves in a
glass container. Densities of the binary mixtures were
measured with an Anton Paar DMA-4500 density meter.
Calibration was done using air and water at ambient
temperature. The densities of water were measured in the
temperature range of (15 °C to 80 °C) and were compared
with the values measured by Bettin et al.2 and provided
by Anton Paar in the instruction manual. The calibration
was accepted if the measurements were within (5 × 10-5

g‚cm-3 of the published values. Uncertainties of our densi-

ties are about (5 × 10-5 g‚cm-3 when compared with the
densities of pure MDEA published in the literature3 in the
temperature range of 25 °C to 80 °C. The densities of water
were measured using deionized water.4 Density measure-
ments were reproducible to (2 × 10-5 g‚cm-3.

In the viscosity measurements, the temperature was con-
trolled by means of a digital controller ((0.004 °C) in a
well-stirred water bath to better than (0.01 °C as mea-
sured by a Cole-Parmer resistance thermometer (model
H-01158-65, Anjou, Québec, Canada). Viscosities were de-
termined with three different viscometers to cover, with
precision, the range of temperature from 25 °C to 70° C. A
series of Cannon-Ubbelohde viscometers (Cole-Parmer)
were used. The efflux time was measured with a hand-
held digital stopwatch capable of measuring time to
within (0.01 s. Experiments were repeated a minimum of
four times at each temperature for all compositions. The
equation for kinematic viscosity, according to Poiseuille’s
law, is

where t is the efflux time and k1 and k2 are the viscometer
constants. The second term representing the correction due
to the kinetic energy was found to be negligible.5 The value
of the dynamic viscosity (η) was obtained by multiplying
the measured kinematic viscosity (ν) by the measured
density. Calibration constants for the two viscometers were
checked using high-purity ethylene glycol (EG), diethylene
glycol (DEG), and water. A review of published values of
the kinematic and dynamic viscosities of EG and DEG, with
new experimental data, was published by Lee and Teja.6
Values of the viscosity of water were taken from Stokes
and Mills.7 From the overall average percent deviation of
the means of the average efflux time and the uncertainty
of the density measurement, we estimate the uncertainty
of the dynamic viscosity to be (1.0%.

Results and Discussion

Values of the density and viscosity for pure NFM are
compared with published literature values and are shown
in Table 1. The excess volumes of five aqueous concentra-
tions of NFM were reported in the form of a correlation by
Awwad et al.8 The viscosity of pure NFM (99% purity) was
also correlated as a function of temperature and not in data
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form. The viscosities of aqueous solutions of NFM at (25,
30, 35, 40, 50, and 70) °C were reported in the same
publication in graphical form. The viscosity of pure NFM
reported here at 25 °C is much higher than the value
measured by Awwad et al.8

Experimentally measured densities of the aqueous
NFM solutions at (25, 30, 40, 50, 60, and 70) °C throughout
the whole concentration range are listed in Table 2. The
curves show an increase in the density at high NFM mole
fractions. The maximum values of the density occur at
around pure NFM. The density values of the binary
mixtures were used to calculate the excess molar volume,
VE

m, as

where Vm is the molar volume of the mixture and V°1 and
V°2 are those of pure water and pure NFM, respectively;
x1 and x2 are the mole fractions of the components. Figure
1 displays the dependence of VE

m on the composition at
various temperatures. In all cases, VE

m is negative as is
common for other completely miscible (water + polar
organic) solvents with a minimum at around 35 mol %
NFM. These VE

m values become less negative with increas-
ing temperature, as is also common. Figure 1 shows a sharp
change in VE

m in the water-rich region.
A Redlich-Kister9 relation was used to correlate the

excess volume data:

The coefficients and the standard deviation (σ) are pre-
sented in Table 3. It is well known that the Redlich-Kister
relation does not correlate unsymmetrical curves of excess
volumes (and viscosity deviations) well.

The partial molar volume of NFM at infinite dilution
(V∞

2) in water was obtained using the method proposed
by Maham et al.10 The apparent molar volume of NFM in

water (Vφ,2) was first calculated as

where V°1 and V°2 are the molar volumes and x1 and x2

are the mole fractions of pure water and NFM, respectively.
Values of the obtained Vφ,1 that were regressed as a
function of x2 and extrapolated to x2 ) 1 led to V∞

1. A
similar procedure for the regression of Vφ,2 values and
extrapolation to x2 ) 0 led to V∞

2. Partial molar volumes
at infinite dilution are listed in Table 4. V∞

2 values varied
linearly with temperature. It is important to note that the
apparent volume values (Vφ,2) have a minima in the water-
rich region around 5 mol %. This minimum does not exist
for temperatures below 60 °C. The presence of a similar
trend at lower NFM mole fractions if it exists would affect
the values of V∞

2. Ultrasonic studies of NFM + water
solutions reported by Awwad et al.8 concluded that the
planarity of NFM is increased by the presence of water and
that NFM introduces hydrogen bonding and ordering of the
water molecules at low concentrations and disrupts the
water structures at higher concentrations.

Table 1. Review of the Literature Data for the Density
and Viscosity of Pure NFM

F/g‚cm-3 η/mPa‚s

t/°C this work literature this work literature

25 1.14662 1.14628a 7.87 6.74c

1.14637b

1.14621c

70 1.10739 1.10677c 2.68 2.44c

a Awwad et al.12 b Awwad and Al-Dubaili1.13 c Awwad et al.8

Table 2. Density, G, for Water (1) + NFM (2) from 25 °C to
70 °C

t/°C

x2 25 30 40 50 60 70

F/g‚cm-3

0.000 0.99704 0.99565 0.99221 0.98804 0.98312 0.97777
0.0499 1.03870 1.03624 1.03093 1.02515 1.01801 1.01138
0.1007 1.06703 1.06395 1.05744 1.05064 1.04355 1.03608
0.1976 1.09955 1.09578 1.08806 1.08016 1.07205 1.06372
0.3006 1.11788 1.11382 1.10552 1.09710 1.08855 1.07983
0.3917 1.12734 1.12311 1.11462 1.10598 1.09724 1.08836
0.5001 1.13434 1.13003 1.12135 1.11462 1.09724 1.08836
0.5834 1.13794 1.13360 1.12487 1.11608 1.10726 1.09833
0.6969 1.14128 1.13691 1.12816 1.11937 1.11055 1.10167
0.7942 1.14343 1.13905 1.13030 1.12152 1.11272 1.10388
0.9047 1.14519 1.14081 1.13207 1.12333 1.11457 1.10579
0.9493 1.14597 1.14160 1.13287 1.12414 1.11540 1.10666
1.0000 1.14662 1.14226 1.13353 1.12482 1.11611 1.10739

VE
m ) Vm - V°1x1 - V°2x2 (2)

Vm
E/cm3‚mol-1 ) x1x2∑

i)0

n

ai(x1 - x2)
i (3)

Figure 1. Excess molar volumes of the water (1) + NFM (2)
system at various temperatures: b, 25 °C; O, 30 °C; 1, 40 °C; 3,
50 °C; 9, 60 °C; 0, 70°C.

Table 3. Redlich-Kister Equation Fitting Coefficients of
the Excess Volumes for Water (1) + NFM (2) from 25 °C
to 70 °C

t/°C a0 a1 a2 a3 a4 σ/cm3‚mol-1

25 -2.2199 -1.3680 -0.4956 0.0777 0.3084 0.003
30 -2.1333 -1.2877 -0.2565 0.004
40 -1.9904 -1.1815 -0.1817 0.005
50 -1.8498 -1.1722 -0.1263 0.1947 0.004
60 -1.7010 -1.1385 -0.4239 0.3185 0.6468 0.007
70 -1.5592 -1.0802 -0.3896 0.3394 0.6475 0.007

Table 4. Partial Molar Volumes V∞
1 and V∞

2 at Infinite
Dilution from 25 °C to 70 °C

t V∞
1 V∞

2

°C cm3‚mol-1 cm3‚mol-1

25 16.5 96.8
30 16.6 97.5
40 16.7 98.6
50 16.9 99.7
60 17.1 101.8
70 17.2 102.9

Vφ,2 ) V°2 +
VE

m

x2
(4)

Vφ,1 ) V°1 +
VE

m

1 - x2
(5)
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Experimentally measured viscosities of the binary solu-
tions of aqueous NFM solutions at (25, 30, 40, 50, 60, and
70) °C are listed in Table 5. The largest viscosity values
were those of pure NFM at all temperatures.

Experimental viscosity values of the binary mixtures
were used to calculate the viscosity deviation, defined by

where η is the viscosity of the mixture and η1 and η2 are
those of pure water and pure NFM, respectively; x1 and x2

are the mole fractions of pure water and NFM, respectively.
The viscosity deviation represents deviations from an
additive dependence of viscosity on mole fraction. Figure
2 displays the dependence of ∆η on the composition and
temperature. Values of ∆η were positive with a maximum
around 40 mol % for all temperatures.

The calculated values of ∆η were correlated with a
Redlich-Kister9 relation

where x1 is the mole fraction of water and x2 is the mole
fraction of NFM. The coefficients and the standard devia-
tion (σ) are presented in Table 6. The Grunberg-Nissan11

parameters (d12) were calculated for all compositions and
temperatures. They were all positive and varied from a
maximum of 8.0 at low NFM concentrations to a minimum

of 1.71 at high NFM concentration. The positive values of
the coefficients suggest the predominance of interaction
forces through hydrogen bonding as supported by the
negative values of the excess volumes.

Conclusions

This paper reports experimental data for the densities
and viscosities of aqueous NFM solutions over a range of
temperature from 25 to 70 °C. The calculated VE

m values
for the aqueous NFM solutions were all negative at all
temperatures and compositions. The viscosity deviations
∆η for NFM + water were positive at all concentrations
and temperatures. The positive values of the Grunberg-
Nissan paramters and the excess volumes at all temper-
atures and compositions suggest the predominance of
interaction forces.
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Figure 2. Viscosity deviations for the water (1) + NFM (2) system
at various temperatures: b, 25 °C; O, 30 °C; 1, 40 °C; 3, 50 °C; 0,
60°C; 9, 70 °C.

Table 5. Viscosity, η, for Water (1) + NFM (2) from 25 °C
to 70 °C

t/°C

x2 25 30 40 50 60 70

η/mPa‚s
0.000 0.8903 0.7976 0.6531 0.5470 0.4660 0.4049
0.0499 1.45 1.29 1.038 0.854 0.7150 0.6070
0.1007 2.22 1.95 1.52 1.23 1.02 0.8570
0.1976 3.82 3.33 2.44 1.95 1.57 1.27
0.3006 5.06 4.31 3.23 2.50 2.10 1.80
0.3917 5.95 5.04 3.77 2.88 2.41 2.05
0.5001 6.53 5.54 4.19 3.21 2.65 2.26
0.5834 6.81 5.79 4.33 3.35 2.73 2.33
0.6969 7.25 6.02 4.55 3.53 2.84 2.37
0.7942 7.27 6.21 4.70 3.67 2.96 2.52
0.9047 7.53 6.46 4.90 3.86 3.20 2.67
0.9493 7.69 6.62 5.03 4.01 3.21 2.67
1.0000 7.87 6.75 5.13 4.03 3.25 2.68

∆η ) η - η1 x1 - η2 x2 (6)

∆η/mPa‚s ) x1x2∑
i)0

n

ai(x1 - x2)
i (7)

Table 6. Redlich-Kister Equation Fitting Coefficients of
the Viscosity Deviations for Water (1) + NFM (2) from 25
°C to 70 °C

t/°C a0 a1 a2 a3 σ/mPa‚s

25 8.871 5.144 -4.674 -4.956 0.07
30 7.169 5.036 -3.240 -5.053 0.04
40 5.136 3.467 -2.446 -3.454 0.01
50 3.635 2.697 -1.002 -2.732 0.02
60 3.101 2.748 -0.987 -3.570 0.02
70 2.798 2.235 -1.040 -3.504 0.03
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