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Liquid-Liquid Equilibria for Aqueous Systems Containing N,N-Diethylmethylamine and

Sodium Chloride or Sodium Sulfate

Andrew Ting, Scott Lynn and John Prausnitz®
Chemical Engineering Department and Chemical Sciences Division, Lawrence Berkeley Laboratory,

Berkeley, CA 94720

Abstract
Liquid-liquid equilibria were measured to study the feasibility of using N,N-diethylmethylamine
(DEMA) for extractive crystallization of sodium chloride or sodium sulfate. The experimental results
show that DEMA can selectively extract water from saturated sodium chloride .solution at low
temperatures (5° to 10°C), causing sodium chloride crystals to precipitate. DEMA can selectively extract
water from saturated sodium sulfate solution at moderate temperatures (21° to 25°C), causing sodium

sulfate decahydrate crystals to precipitate.

"to whom correspondence should be addressed



Introduction

In numerous chemical processes, inorganic salts are produced either as primary products or as
secondary by-products. In general, they are produced from aqueous solutions. If the salt is to be
recovered in solid form, the last step of the process requires crystallization. If the solubility of the salt
is sensitive to temperature, crystallizapion can be achieved by a change in temperature but if solubility -
is relatively insensitive to temperature, crystallization is commonly achieved by evaporation of wéter.
Although evaporation can be achieved easily by boiling, the high héat of vaporization of water makes
evaporation energy-intensive. To reduce the energy cost, multi-effect evaporators are widely employed
in industry. Although multi-effect evaporators reduce energy consumption by a factor of 2 to 3,
installation and capital costs of such evaporators are appreciable. To reduce energy costs drastically, it
is desirable to precipitate salt without vaporization of water. |

It is well known that electrolytes can be used to remove organic compounds from water by
“salting out”, which can be explained by noting that water molecules that surround ions are unavailable
for the solvation of organic-solute molecules. Similarly, polar organic molecules in aqueous salt solutions
"capture” some of the water molecules thereby reducing the solubility of the salt (1). If such an organic
solvent is brought into contact with a saturated salt solution, water is extracted and salt precipitates. This
process is known as extractive crystallization. Weingaertner et al. (2) showed that sodium chloride can
be produced economically by extractive crystallization with di-isopropylamiqe (DIPA) at a sub-ambient
temperature (e.g. -5°C). DIPA has a lower critical solution temperature with water of 27°C, and exhibits
a lower critical solution temperature of -7.5°C with saturated sodium chloride solution. To reduce the
energy cost of refrigeration, an alternative solvent is desired that exhibits hydrophilic and hydrophobic
characteristics similar to DIPA but has a critical solution temperature with water higher than DIPA.
N,N-diethylmethylamine (DEMA), a tertiary amine that has a lower critical solutidn temperature with

water of 51°C, was chosen.
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The goal of this study was to determinle experimentally whether DEMA is a suitable organic
solvent for the extractive crystallization of sodium chloride or sodium sulfate. Therefore, measurements
were made to determine liquid-liquid equilibria for the systems DEMA/water/sodium chloride and

DEMA /water/sodium sulfate as a function of temperature.

Experimental Section |

. DEMA/Water/Sodium Chioride

- Figure 1 shows a sketch of the experimental apparatus. A three-gallon insulated glass tank
contained the water bath. A 32-cm long by 3.8-cm diametér flat-bottomed test tube immerséd in the
water bath was used as the equilibriufn vessel. A magnetic stirrer and stir bar provided agitation in the -
test tube. To ensure that the experiment was conducted at atmospheric pressure, a three-way glass valve
was installed at the stopper, which was open to the atmosphere. The temperature inside the test tube was
monitored by an OMEGA 2176A digital thermometer.

. The temperature of the water bath was governed by a Hart Scientific 3002 PID temperature
contréller with a 500-watt immersion heater. Below 25°C, a cooling coil submerged in the water bath
provided cooling. It was connected to a Forma Scientific 2160 refrigerated bath and circulator. The
temperature of the water bath was monitored by a Hewlett-Packard 2804A Quartz thermometer.

The test tube was initially charged.with approximately 130 g of saturated sodiﬁm chloride solution
and 28 g of DEMA. The DEMA was from Aldrich Chemical Company. The sodium chloride was from
Fisher Scientific Company; distilled water was used. Excess sodium chloride was added to ensure
saturation. The weight ratio of water to DEMA was maintained at approximately 7 to 3 because this is
the composition at the lower critical solutionv témperature for salt-free DEMA and water. After thermal
equilibrinm was reached, agitation was continued for_3 hours to ensure. chemical equilibrium. ‘Then,

agitation was halted and sodium chloride crystals settled to the bottom. Two 0.16-cm outer diameter
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glass tubes, one immersed in the organic phase and the other in the aqueous phase, were ‘used to collect
samples. The three-way valve was closed to the atmosphere and opened to a nitrogen tank. Nitrogeri
was introduced into the test tube at 1.3 atm. By covering the opening of the organic-phase sampling tube
with a stopper, sample from the aqueous-phase was forced out by the nitrogen into a sample container.
Organic-phase sample was obtained in a similar fashion. In both cases, the first 4 ml of sample were
discarded.

After the samples were obtained, the three-way valve was cloéed to the nitrogen tank and opened
to the atmosphere. DEMA and saturated sodium chloride solution were added to replenish the
equilibrium vessel. They were added to the vessel by Pasteur Pipets through the three-way valve.

For the system subsaturated with sodium chloride, the equilibrium vessel was charged with pure
DEMA and with aqueous solution of known concentration of sodium chloride. The experimental
procedures were the same as those for the saturated case. After each run, the entire contents in the
equilibrium vessel were discharged. For the next run, the vessel was charged with pure DEMA and with

aqueous solution of sodium chloride at a known but different concentration of sodium chloride.

II. DEMA/Water/Sodium Sulfate

The experiments were divided into three parts. The first part was to determine liquid-liquid
equilibria when the system is saturated with sodium sulfate (two liquid phases and a solid phase). The
second part was to determine whether the anhydrous form of sodium sulfate can be precipitated from
aqueous solution when the crystallization is induced by a large amount of organic solvent below 32.4°C,
which is the transition temperature of anhydrous sodium sulfate crystals to the decahydrate form. The
third part was for the systems that ére subsaturated with sodium sulfate (two liquid phaseg and no solid

phase).



<11, DEMA/Water/Sodium Sulfare System Saturated with Sodim Sulfate‘
- The experimental apparatus and procedures were the same as those for the bEMA/water/sbdium
chloride system discussed in Seetion L, |

1.2 DEMA/Water/Sodium Sulfaté System with Large Concentration of DEMA‘

Figure 2 shows a diagram of the.:experimental apparatus for the system where ‘cry'stal.lization was -
induced by .a‘ large amnunt‘ of. organlc solvent below the transition temperature of sc;dium sulfate. A
100 x SO-mm crystallization dish contnining a mixture of crushecl ice and water served as the
temperature—controlled bath. A 25-ml Erlenmeyer flask was used as the equllrbrlum vessel. A magnetic
stirrer and stir bar prov1ded agltatlon in the Erlenmeyer flask. A 14/20 tapered Teflon thermometer
adapter, with a septum sealing the thermometer port, was used as the stopper. It minimized the
evaporation of DEMA and provided a sampling port for gas-chromatographic analysis. The stopper was
lifted periodically to ensure that the experiment was conclucted at atmospheric pressure.
| The 25-ml Erlenmeyer flask was initially charged with approximately 13 g of DEMA. The
Erlenmeyer flask was then immersed in an ice bath to lower the DEMA temperatureto (°C. Once the
DEMA reached 0°C, 1 ml of 28.87weight percent sodium sulfate solution was slnwly added to the
Erlenmeyer flask. The sample was agitated for 2 honrs_. A 1-ul syringe was then used to obtain a
0.08-ul sample for ‘éas-ehromatographic analysis.' Five samples were ainaly;ed to 'ensure that the_results |

were representative. Aftér the analysis, another 1 ml of sodium sulfate solution was added, and the above

- procedures were repeated.

11.3 DEMA/Water/Sodium Sulfate System Subsaturated with Sodium Sulfate
For the system subsamrated with sodium sulfate, Figure 3 shows a dlégram of the experimental i
apparatus. An insulated 250-ml jacketed reaction beaker contained the water bath.. Water from the '

temperature-controlled water bath described in Section I was circulated in the jacket to maintain constant
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temperature within the beaker. A 25-ml Erlenmeyer flask placed within the jacketed reaction beaker was
used as the equilibrium vessel.

A magnetic stirrer and stir bar provided agitation within the Erlenmeyer flask. The temperature
in the jacketed reaction beaker was monitored by an OMEGA 2176A digital thermometer. It was
- determined experimentally that the temperature of the contents within the Erlenmeyer flask was within
0.2°C of the temperature of the water bath inside the jacketed reaction beaker within 1 hour. The
Erlenmeyer flask was capped loosely to ensure atmospheric pressure-within the Erlenmeyer flask.

The Erlenmeyer flask was initially charged with 13 ml of sodium sulfate solution of known
concentration and with 8 ml of DEMA. Once thermal equilibrium was reached, agitation was continued
for an additional hour. The temperature of the contents within the Erlenmeyer flask was measured with
an OMEGA 2176A digital thermometer. Disposable Pasteur Pipets were used to extract samples from
the organic phase. Sealed disposable Pasteur Pipets shown in Figure 3 were used to obtain samples from
the aqueous phase. To avoid contamination from the organic phase, ﬂ;e Pipets were sealed by flame.
After the sealed Pipet passed through the organic phase and reached the aqueous phase, it was tapped
against the bottom of the Erlenmeyer flask to break off the tip. An etch mark was previously made near
the tip to help the breakage. An aqueous-phase sample was drawn into the Pipet. The Pipet was
removed from the Erlenmeyer flask, and the exterior of the Pipet was wiped with Kimwip. The bottom
half of the Pipet was then removed by breaking the pipet at a second etch mark near the center. The
sample in the top half of the Pipet was charged into a sample vial. Since the second etch mark was
higher than the liquid level within the Erlenmeyer flask, the outside wall of the top half of the Pipet did
not touch the organic phase. This procedure eliminated contamination of the aqueous-phase sample by

the organic sample adhering to the Pipet’s wall while it was being discharged from the Pipet.



Analytical Techniques

L. DEMA/Water/Sodium Chioride System

One lv-gram and two 3-gram samples of each phase were collected in 4-ml pre-weighed screw-top
vials and then Wéighed again. To each 1-gram sample, approximately 1 gram of anhydrous ethylene
. glycol (Aldrich Chemical Company) was added, and the vial was weighed again to determine the amount
of ethylene glycol added. The ethylene glycol prevented the sample, which was obtained below ambient
temperature; from splitting into two phases as the sample reached rooin_ temperature. It also served as
the internal standard for gas-chromatographic analysis.

Chromatographic Measurements

A Hewlett-Packard S890A gas chromatograph equipped with a thermal conductivity detector
(TCD) and a 10-meter HP-5 capillary column was used to determine the Water concentration in each
sample. When the DEMA concentration was above 5 weight percent of the entire sample, its
concentration could also be determined accurately by gas chromatography. The chromatograph’s signﬁl
was integrated by a Hewlett—i’aqkard 3392A integrator. Five consecutive injections were made from each
sample to ensﬁre thaf the results were rebresentative. The results for each sample were then averagéd.
The injection size was approximately 0.08 pl.

The concentrations of water and DEMA in each sample were éalculated by using calibration
factors. The calibration factor (CF) between ethylene glycol (EG) and wéter is defined in equatién 1),

and the calibration factor between water and DEMA is defined similarly.

"CF-= Weighi of Water . Area of EG | 'df)’
Weight of EG ) \ Area of Water

The calibration factor correlates the relative area percents of two components from
gas-chromatographic analysis to their weight ratio. The values of the calibration factors are determined

from gas-chromatographic analysis of standard solutions with known water, DEMA, and ethylene glycol
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concentrations. If the absolute weight of one component (i.e. the internal standard) and the. corresponding
calibration factor are known, the weight of the second component can be calculated. The relative
concentrations of two components can be determined if the calibration factor is known.

Experiments had shown that the calibration factor between water and ethylene glycol was a
function of the area percent of the water peak. Since the area percent of the water peak changes with the
water concentration within a sample, the calibration factor is a function of water concentration. The
calibration factor between ethylene glycol and water varied linearly frém 0.651 to 0.840 when the relative
area percent of water to ethylene glycol increased from 14.4 to 54.7%. The calibration factor between
water and DEMA varied linearly from 1.286 to 1.048 when the relative area percent of water to DEMA
increased from 12.7 to 93.2%. This change of calibration factor is the result of a non-linear response
from the (TCD) detector and the loss of sample on the column or in the injection port; both are common
in gas-chromatographic analysis.

Ultraviolet Spectroscopic Measurements

When the DEMA concentration was below 5 weight percent of the entire sample, especially in
the aqueous phase, a Hewlett-Packard 8452 Diode Array ultraviolet (UV) spectrophotometer was used
to determine the DEMA concentration. UV spectroscopy utilizes Beer’s Law, which states that, at low
concentrations, the absorbance of a substance is proportional to its concentration. The absorbance of a
substance, which is a dimensionless quantity, is defined as

A =-logF 2

where A is absorbance and F is the fraction of original incident light passed through the sample.

Expg;iments had shown that DEMA absorbs UV light between 190 té 240 nm while sodium
chloride solution absorbs between 190 to 220 nm. To minimize the effect of sodium chloride on the
analysis, an analytical wavelength of 222 nm was chosen. Absorbance is proportional to concentration

over the range of 0 to 0.5 gram of DEMA per liter of solution.
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For calibration, the presence of sodium chloride in the éamples was taken into ac?:ount. Each
100-ml standard solution of DEMA used to calibrate the UV spectrophotometer contained three grams
 of saturated sodium chloride solution. In general, the presence of sodium chloride lowers the absorbance
reading of DEMA by 9 percent at 222 nm. All aquéous-phase samples withvlow DEMA concentrations
.were diluted with distilled water so that they fell within the linear range for analysis.

Atomic-Absorption Spectroscopic Measurements .

Sodium chloride concentrations in the organic-phase and aqueoﬁs-phase samples were determined ’
by a Perkin—Elme_r 2280 atomic absorption (AA) spectrophotometer equipped with a Perkin-Elmer
Intensitron™ Sodium Lﬁmp. The linear concentration range for analysis was 0 to 0.007 gram of sodium
chloride per liter 'of solution, and the samples were diluted with distilled water to this range. Experiments
had shown that the presence of DEMA in the diluted sample did not affect the AA analysis, provided that

the DEMA was less than 10 weight percent of the diluted sample.

II.1 DEMA/Water/Saturated Sodium Sulfate And DEMA/Water/Subsaturated Sodium Sulfate

The analytical techniques for analyzing the organic-phase samples are the same as those for the
DEMA /water/sodium chloride System. However, anhydrous ethylene glycol was not needed to
homogenize the samples for GC analysis because the samples were obtained above room temperature -
(21.4 to0 59.4°C) and did not split into two phases as they reached roo;n temperature.

. For the aqueous-phase samples, UV spectroscopy was used to determine DEMA concentrations.

AA spectroscopy was used to determine sodium sulfate conceﬁtrations. By knowing the weights of the
aqueous-phase samples, water conceﬁtrations were determined by mass balances. The water
concentrations were not determined by gas chromatography because the samples were obtained above
room temperature (21.4 to 59.4°C), and sodium sul;fate decahydrate crystals precipitated within the

samples as they reached room temperature.



I1.2 DEMA/Water/Sodium Sulfate with Large Concentration of DEMA

For this set of experiments, there was only one liquid phase and a solid phase. The goal of this
study is to determine the relative amounts of anhydrous sodium sulfate and decahydrate crystals present
in the solid phase. It is assumed that complete precipitation occurred. This is a reasonable assumption
because the DEMA /water/saturated sodium sulfate data (presented later) show that sodium sulfate is -
virtually insoluble in DEMA when the water concentration is small (< 20 weight percent). It is also
assumed that solid sodium sulfate has no affinity for DEMA; therefére all the DEMA must be present
in the liquid phase. By knowing the total amounts of DEMA, water, and sodium sulfate present in the
Erlenmeyer flask, and the ratio of DEMA to water in the liquid phase, the amount of water that stays in
the liquid phase can be determined (gas-chromatographic analysis gives the ratio of DEMA to ‘water in
the liquid phase). All the water that is not in the liquid phase must be associated with sodium sulfate

crystals in the form of sodium sulfate decahydrate.

Experimental Results

The results are divided into two sections. The first section reports data for the
DEMA /water/sodium chloride system. The second section reports data for the DEMA/water/sodium
sulfate system.

1. DEMA/Water/Sodium Chloride

The experimental data for the DEMA/water/sodium chloride system are divided into two parts.
The first bart is for the temperature range where two liquid phases and a solid phase exist. The two
liquid phases are an aqueous phase and an organic phase. The solid phase is sodium chloride. Both
liquid phases are saturated with sodium chloride.

Table 1 shows how the equilibrium compositions of the two liquid phases change with

temperature. Above 15°C, sodium chloride is virtually insoluble in the organic phase, and the solubility
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of DEMA in the aqueous phase is small. As temperature decreases, the mutual solubilities of DEMA
and water incréase and the vsolubili»ty of ‘sodium chloride in the 0rganic phase also rises. The
concentrations of water, DEMA, and sodium chloride in the organic bhase are plotted as a function of

" temperature in Figure 4 for the téﬁperature range -0.5 to 10.0°C. The lower critical solution temperatﬁre
is estimated at -0.6°C. Below -0.6°C, only one liquid phase was observed.

The data show that from 10.0 to -0.5°C, thé weight percent water in the organic phase ihcreases '
from 16 to more than 55%. Such an increase indicates that water cém be extracted from a saturated
sodium chlofide solution by contactivng the solution with DEMA at a low temperature. However, thé
weight percent sodium chloride in the organic phase also increases from 0.39 to 13.9% in this
temperature range;' Table 2 shows the sodiumAchloride concentration (amine-free basis) in the organic
phase as a function of temperature. The data show that the sodium chloride concentration (amine-free
basis) in the organic phase approaches the saturation composition of sodium chloride in water
(approximately 26 weight percent) as the temperature decreases from 10.0 to -0.5°C. A high sodium
chloride concentration (amine-free basis) in the orgaﬁic phase is undesirable for extractive crystallization
of sodium chloride because it indicates that salt is simply being circulated in the extractive c;ystallization
process rather than precipitated from the aqueous solution. Therefore, the optimal temperature range for
extractive crystallization of sodium chloride is about 5°C. Near this temperature, water can be extracted

from a saturated sodium chloride solution while the sodium chloride concentration in the organic phase
remains small (less than 3 weight percent). .

In Figure 5; the solubil"ity of sodium chloride in the organic phase is plotted as a function of water
concentration (amine-free basis) in the organic phase for all data points containing at least 0.5 weight
percent sodium chloride. Since the data are obtained vat. different ‘temperatures (8.2 to -0.5°C), the

smoothness of the curve indicates that when the sodium chloride concentration is above 0.5 weight

5
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percent, its solubility in the organic phase is a strong function of water-to-DEMA ratio aﬁd is relatively
insensitive to temperature.

When the system is subsaturated with sodium chloride at a specified temperature, the equilibrium
compositions of the two liquid phases change with sodium chloride concentration in the aqueous phase.
The second set of data shows how the DEMA/water equilibrium compositions change with sodium
chloride concentration. Experiments were performed at 30°C; the data are presented in Table 3.

As the sodium chloride concentration in the aqueous phase d.ecreases from saturation, the water
concentration in the aqueous phase must rise. An increase of water concentration must be accompanied
by a corresponding increase of water activity. At equilibrium, the water activity in the organic phase
must equal the water activity in the aqueous phase. Therefore, an increase of water activity in the
aqueous phase increases water solubility in the organic phase. Since the sodium chloride concentration
in the organic phase is a function of water concentration, the sodium chloride concentration in the organic
phase aiso increases as the sodium chloride concentration in the aqueous phase falls. Figure 6 shows
equilibrium compositions of DEMA and water as a function of sodium chloride concentration in the
aqueous phase.

When the sodium chloride concentration in the aqueous phase is below 30 % of saturation at
30°C, only one liquid phase is observed.

To demonstrate the effect of sodium chloride on the equilibrium behavior of the DEMA /water
system, Figure 7 shows the liquid-liquid equilibrium data for the DEMA/water/sodium chloride system
- (salt-free basis) together with the liquid-liquid equilibrium data for the DEMA/water system. The data
show that the presence of sodium chloride widens the two-phase envelope, and decreases the lower critical
temperature from 51 to -0.6°C. This widening follows because the attractive interaction between water
and sodium chloride is stronger than that between DEMA and water. Therefore, the concentration of

DEMA in the aqueous phase is reduced by salt. The activity of water in the aqueous phase is also



12

reduced by sodium chloride. Since the activity of water must be the same in both phases, the decrease

of water activity reduces its solubility in the organic phase.

II. DEMA/Water/Sodium Sub‘ate

The results are divided into three parts. The first part is for the temperature range where a solid
‘phase and two liquid phases exist. The two liquid phases are an aqueous phose and an organic phase.
The solid phase is sodium sulfate decahydrate. Both liquid phases are -saturated with sodium sulfate.

Table 4 shows how the equilibrium compositions of -the two liquid phases change with
temperature. Above 29.8°C, sodium sulfate is virtually insolobie in the organic phase, and the solubility
of DEMA in the aqueous phasé is small. As the temperature decreases, the mutual solubilities of DEMA
and water increase and the solubility of sodium sulfate in the organic phase also rises. The solubilities
of all three components in the organic phase and in the aqueous phase are plotted as a function of
temperature in Figures 7 and 9, respectively. The lower critical solution temperature is estimated at
20°C. Below 20°C, ooly one.liqui(‘i phase was obsérved. |

‘The data show that from 29.8 to 21 .4;’C, the W_eight percent water in the ofganic phase increéseo
from 22.5 t055.5%, indicating that wéter cari.be extracted from a saturated sodium sulfate solution by
contacting the solution with DEMA within this temperature rangé. The weight percent sodium sulfate
in the organic phase only increases from 0.0012% to 0.89% within this temperature range. This is
desirable because it indicatés that water (but not sodium sulfate) is selectively extracted from the saturated
sodium sulfate solution. Moreover, the weight percent DEMA in the aqueous phase remains sroall (from
0.22 10 2.85%) within.this temperature rango. The small solubility of DEMA in the saturated solution
minimizes the effort of removing organic solvent from aqueous streams in an extractive-crystallization

process. Therefore, 21° to 25°C is the optimal temperature range for extractive crystallization of sodium
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sulfate: Figure 10 shows liquid/liquid equilibrium data for the DEMA /water/sodium s/_ulfa.te system (salt-
free basis) within the optimal temperature range.

In Figure 11, the solubility of sodium sulfate in the organic phase is plotted as a function of water
concentration (salt-free basis) in the organic phase. Since the data are obtained at different temperatures,
over the range 21.4 to 54.6°C, the smoothness of the curve indicates that the solubility of sodium sulfate -
in the organic phase is a strong function of the water-to-DEMA ratio and is relatively insensitive to
temperature within this range. |

The experiments above showed that DEMA can extract water from a saturated sodium sulfate
solution, causing sodium sulfate decahydrate crystals to precipitate. To determine whether a high
concentration of DEMA would cause anhydrous sodium sulfate crystals (rather than decahydrate) to
precipitate, water was extracted from a saturated sodium sulfate solution below 20°C (the lower critical
solution temperature for the system DEMA /water/saturated sodium sulfate). If, at low temperatures, the
attractive interaction between DEMA and water is stronger than that bétween water and sodium sulfate
in the sodium sulfate decahydrate crystals, water would be extracted from the decahydrate crystals and
anhydrous sodium sulfate crystals (rather than decahydrate) could be obtained below the transition
temperature of sodium sulfate. The data for crystallization induced by a large amount of organic solvent
are presented in Table 5. The experiment was conducted at 0°C for convenient temperature control.
Since the temperature is below the lower critical solution temperature for the system DEMA /water/sodium
sulfate, only one liquid phase and a solid phase exist.

Table 5 shows how the weight percent of sodium sulfate decahydrate crystals in the solid phase
changes with the water concentration in the liquid phase. The data show that pure anhydrous sodium
sulfate crystals cannot be obtained at low temperatures, even when the DEMA concentration is about 94
weight percent. The formation of sodium sulfate decahydrate increases rapidly with water concentration

in the liquid phase. When the water concentration exceeds 10 weight percent, virtually all the
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' precipitafed sodium sulfate is in the decahydrate form. Therefore, the precipitation of anhydrous sodium .
su]fate at low temperatures is not economically feasible. | iy
. When the‘ system is subs:iturated with sodium sﬁlfage ata spé;:iﬁed térﬂbé;ature, the equilibriurh
compositions of the two liquid phases change with the sodium sulfate coflcentration in the aqueous phase. .
_The third set of data showvs how Ithese compositions change with sodium sulfate'concent‘ration. The. a
experimentsb were performed at 54.6 @d 59.4°C.. The data are given in Tgbles 6 and 7, and shown in
Figures 12 and 13. | |
As in the system DEMA/water/sodium chloride, the increase of water concentration in the
aqueous phase increases the water activity. At equilibrium, the increase of water activity in the aqueous
phase must be accompanied by an increase of water activity in the'orga_nic phase, thereby increasing the
water solubility in the organic phase. Because of the favorable interaction between sodium sulfate and
water, the DEMA concentration in the aqueous phase decreases rapidly (from 8.3 to 3.8%) with an

increase in sodium sulfate concentration (from 0 to 4.28%).

Conclusions

DEMA can extract water from saturated sodium chloride solution at low temperatures (10 to
-0.5°C), causing sodium chloride crystals to precipitate;.but the weight percent sodium chloride in the
organic phase alsoxincreases from 0.39 to 13.9% in this temperature range. The optirﬁal témperature for
extractive crystallization of sodium chloride with DEMA is 5° to 10°C. In this temperature range, water
can be éxtracted from the brine solution while the sodium chloride concentration in the organic phase
remain small (less than 3 weight percent). When the sodium chloride concentration in the organic phase
is above 0.5 weight percent, sodium chloride solubility in wet DEMA is a strong function of the

. water-to-DEMA ratio and is relatively insensitive to temperature. The lower critical solution temperature

 for the salt-saturated DEMA /water/sodium chloride system is -0.6°C.



15

DEMA can extract water from saturated sodium sulfate solution at moderate terﬁperatures @21
to 25°C). In this temperature range, water (but not sodium sulfate) can be selectively extracted from.
saturated sodium sulfate solution, causing sodium sulfate decahydrate crystals to precipitate. Moreover,
in this temperature range, the solubility of sodium sulfate in the organic phase is a strong function of the
water-to-DEMA ratio and is relatively insensitive to temperature. The lower critical solution temperature

for the salt-saturated DEMA /water/sodium sulfate system is 20°C.
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_ Table 1 _
Equilibrium Data for the System N,N-Diethylmethylamine/Water/Sodium Chloride
(Saturated with Sodium Chloride)

Aqueous-Phase Composition Organic-Phase Composition
O (Weight %) - (Weight %)
Temp(°C) NaCl DEMA Water NaCl DEMA Water
0.5 21.8 7.8 70.4 13.9 30.5 556
0.1 21 5.6 7”3 . 121 38.0 49.9
1.0 22.3 3.9 73.8 9.4~ 48.5 42.1
2.0 22.8 3.2 74.0 13 58.1 34.6
3.4 23.6 - 24 74.0 4.7 68.0 27.3
6.3 24.2 21 7137 1.6 78.2 20.2
8.2 24.4 19 73.7 0.59 80.8 18.6
100 245 1.7 73.8 039 83.2 16.4
15.1 24.6 1.3 74.1 012 87.6 12.3
20.2 24.8 1.1 74.1 0.055 89.8 10.1
25.1 252 1.0 73.8 0.019 91.8 8.2
30.1 252 0.90 73.9 0.008 93.4 6.6
40.0 25.8 0.69 73.5 0.005 95.0 5.0
50.0 26.0 0.57 T34 0.005 959 4.1

60.0 26.7 0.46 - 728 0.005 96.2 3.8




Table 2
Sodium Chloride Concentration (Amine-Free Basis) in the Organic Phase
of the System N,N-Diethylmethylamine/Water/Saturated Sodium Chloride

as a Function of Temperature

Temp(°C) NaCl (wt. %) Temp(°C) NaCl (wt. %)

-0.5 20.0 15.1 1.0
-0.1 19.5 20.2 0.5
1.0 18.3 25.1 0.2
2.0 17.4 30.1 ' 0.1
34 14.7 40.0 0.1
6.3 7.3 50.0 0.1
8.2 3.1 60.0 0.1
10.0 2.3
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Table 3
Equilibrium Data for the System N,N-Diethylmethylamine/Water/Sodium Chloride
 Subsaturated with Sodium Chloride at 30°C

Aqueo'us-Phase‘ Composition : - Organic-Phase Composition -

C (Weight %) o  (Weight %) |
NaCl  DEMA Water NaCl DEMA Water
93 80 82.7 1.4 66.8 31.8
149 3.6 81.5 0.24 82.7 17.1
19.0 2.1 78.9 006 = 889 11.0

234 ' 1.4 75.2 0.023 - 92.8 7.2
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Table 4

Equilibrium Data for the System N,N-Diethylmethylamine/Water/Sodium Sulfate

(Saturated with Sodium Sulfate)

Aqueous-Phase Composition Organic-Phase Composition
7 - (Weight %) (Weight %) ,
Temp(°C) Na,SO, DEMA Water Na,SO, DEMA Water
21.4 11.7 2.85 85.4 0.89 43.6 55.5
23.0 17.7 1.67 80.7 0.37 51.7 47.9
25.1 19.3 0.80 79.9 0.12 61.4 38.5
27.2 23.1 0.41 76.5 0.029 69.9 30.1
29.8 26.8 0.22 73.0 0.012 71.5 22.5
37.7 329 0.10 67.0 0.006 85.0 15.0
4.1 30.9 0.10 69.0 0.004 87.4 12.6
54.6 30.0 0.10 69.9 0.002 90.4 9.6
Table 5

Equilibrium Data for the System N,N-Diethylmethylamine/Water/Sodium Sulfate

(Saturated with Sodium Sulfate with One Liquid Phase at 0°C)

Liquid Phase Solid Phase
(Weight %) Weight %

DEMA Water Na,SO, Na, SO, 10H,0
94.0 6.0 80.1 19.9
91.4 8.6 35.0 65.0
89.9 10.1 3.2 96.8
87.5 12.5 _ 0.0 100.0




Table 6
. Equilibrium Data for the System N,N-Diethylmethylamine/Water/Sodium Sulfate
' Subsaturated with Sodium Sulfate at 54.6°C

Aqueous-Phase Composition Organic-Phase Composition

(Weight %) . (Weight %)

Na,SO, _ DEMA Water Na,SO, 7 - DEMA Water

1.08 62 927 0.004 772 22.8
442 4.3 913 0.003 82.2 17.8
102 18 880 0003 849 15.1
14.9 1.0 84.1 0.003 87.0 13.0
203 0.45 - 79.3 0.003 88.6 11.4
24.2 025 756 £ 0.003 90.2 9.8
30.0 0.10 69.9 0.002 90.4 5.6

Table 7

Equilibrium Data for the System N,N-Diethylmethylamine/Water/Sodium Sulfate
" Subsaturated with Sodium Sulfate at 59.4°C

Aqueous-Phase Composition ' Organic-Phase Composition
(Weight %) _ ) » .‘ . (Weight %)

‘Na,SO, DEMA Water Na,SO, DEMA Water
0.00 - 83 917 000 79.3 20.7
1.38 5.6 93.0 0.001 825 17.5
428 38 919 0.001 844 156
9.82 18 884 0001 875 125
14.8 0.93 84.3 - 0.001 - 89.0 11.0

20.2 0.45 -79.3 0.001 . - 90.3 9.7
242 - 0.27 - 755 0.001 90.8 9.2

284 0.18 71.4 0.001 91.6 84
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Figure Captions

Sketch of Experimental Apparatus for Measuring Liquid-Liquid Equilibria for the System
DEMA/Water/Sodium Chloride

Sketch of Experimental Apparatus for the System DEMA/Water/Sodium Sulfate with Large

" Concentration of DEMA

Sketch of Experimental Apparatus for Measuring Liquid-Liquid Equilibria for the
System DEMA/Water/Sodium Sulfate Subsaturated with Sodium Sulfate

Organic-Phase Equilibrium Composition for the System DEMA/Water/Saturated Sodium Chloride
at Low Temperatures

Solubility of Sodium Chloride in the Organic Phase of the System
DEMA/Water/Saturated Sodium Chloride

Equilibrium Data for the System DEMA/Water/Sodium Chloride Subsaturated with
Sodium Chloride at 30°C

Liquid-Liquid Equilibrium Data for the System DEMA/Water/Saturated Sodium Chloride .
Organic-Phase Equilibrium Composition for the System DEMA/Water/Saturated S(_ﬁdium Sulfate
Aqueous-Phase Equilibrium Composition for the System DEMA/Water/Saturated Sodium Sulfate
Liquid-Liquid Equilibrium Data for the System DEMA/Water/Saturated Sodium Sulfate

Solubility of Sodium Sulfate in the Organic Phase of the System
DEMA/Water/Saturated Sodium Sulfate

Equilibrium Data for the System DEMA/Water/Sodium Sulfate Subsaturated with
Sodium Sulfate at 54.6°C

Equilibrium Data for the System DEMA/Water/Sodium Sulfate Subsaturated with
Sodium Sulfate at 59.4°C
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Figure 1 Sketch of Experimental Apparatus for Measuring Liquid-Liquid Equilibria for the
System DEMA/Water/Sodium Chloride -
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Figure 3 Sketch of Experimental Apparatus for Measuring Liquid-Liquid Equilibria for the

System DEMA/Water/Sodium Sulfate Subsaturated with Sodium Sulfate
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Organic-Phase Equilibrium Composition for the System DEMA/Water/Saturated

Sodium Chloride at Low Temperatures

15 1 T T T

10

Weight 7 Sodium Chloride

0 2 | i Il i i i 1

10 20 30 40 50

Weight % Water
(Salt—Free Basis)

Solubility of Sodium Chloride in the Organic Phase of the System

DEMA/Water/Saturated Sodium Chloride

60

70



26

100 , T T t
90 | -
80 | .
70 | .
e 0T ' ] .
=
= 0r I
=
40 [
o % DEMA 20RG§
' = 7 DEMA (AQU
30 |- a % WATER (ORG) A
s+ % WATER (AQU
20 .
10F , .
5 10 15 20 25 30
Weight % NaCl in the Aqueous Phase
Figure 6 ~ Equilibrium Data for the System DEMA/Water/Sodium Chloride
Subsaturated with Sodium Chloride at 30°C
70 L T T T 1 T T T T
60 |- » v -
I /
Vv v v
50 b 4 Vv jl
8 40 \n -
3]
@ |
e
[} o of
5 o\
Q
£ 20l |
& \ v Salt-Free Case |
10 \‘ + Saturated with L
K Sodium Chloride 4
S~ N
\A\ a‘
oL .\‘_‘ ‘_‘AA .
-10 P P | M | IR | 2 1 N 1 P | N i 2 i N
0 10 20 30 40 50 60 70 80 90 100
Weight % Water
(Salt-Free Basis)
Figure 7 Liquid-Liquid Equilibrium Data for the System DEMA/Water/Saturated Sodium

Chloride



»

Figure 8

Figure 9

100 T T
o0 | | |
80 I 4
70 — ]
60 — : .
50 — s

o Water

40 - s Sodium | R
Sulfate

o DEMA
30 + =

Weight 7

20 + B

10 4

0 S I\ oL -l

20 25 30 35

Temperature (C)

Organic-Phase Equilibrium Composition for the System DEMA/W ater/Saturated
Sodium Sulfate

100 ‘ 1 .

oo \ |

70 B

60 E

Weight %
(4]
o
T
1

40 |- i
e Water
30 + a Sodium A
L Sulfate
20 b = DEMA
A
10 + -
0 ———.— a al .
20 25 30 35

Temperature (C)

Aqueous-Phase Equilibrium Composition for the System DEMA/Water/Saturated
Sodium Sulfate

27



35 T T T 1 H =T T T T
30 - .o o ! ' k)
~— o) q
[}]
] ]
2 \
< 29 : o d
S
g N |
=%
; AN [
(-}
) le] [o]
~_ _ /
20 - T —— e
15 i i 1 L 1 PR N S | SRS RS | PO n

0 10 20 30 40 50 60 70 80 90 100

Weight 7% Water
(Salt—-Free Basis)

Figure 10 Liquid-Liquid Equilibrium Data for the System DEMA/Water/Saturated Sodium
Sulfate

1.0

0.8 |

0.4

Weight % Sodium Sulfate

0.2 |-

0.0 -

Lo, \ T | S

0 10 20 30 40 50 60

Weight 7% Water
(Salt-Free Basis)

Figure 11 Solubility of Sodium Sulfate in the Organic Phase of the System
DEMA/Water/Saturated Sodium Sulfate



100

90
80 |-
70
b 60 |-
2 L
= 50T
3 L
3
40 - o DEMA (Org)
« DEMA (Aqu)
30 - _ a Water (Org)
r s Water (Aqu)
20 4—\\“\&ﬂ—\‘\
10 +
0 -:-m\._ n ) -

0 5 10 15 20 25 30 35
Weight 7% Nast4 in the Aqueous Phase

Figure 12 Equilibrium Data for the System DEMA/Water/Sodium Sulfate
Subsaturated with Sodium Sulfate at 54.6°C

100
+
90
80 ¢
70 -
pe 60
2 L
S 50
40 | o DEMA (Org)
F s DEMA (Aqu)
30 s Water (Org)
r a Water (Aqu)
20 4
10 l_\\\”\‘\&ﬁ\ﬂ
0 ‘\..\.1\.?\.1‘ - L r

0 5 .10 15 20 25 30 35
Weight % Na,SO, in the Aqueous Phase

Figure 13 Equilibrium Data for the System DEMA/Water/Sodium Sulfate
Subsaturated with Sodium Sulfate at 59.4°C



LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
INFORMATION RESOURCES DEPARTMENT
BERKELEY, CALIFORNIA 94720





