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ABSTRACT

A micro heavy water concentration unit using
the G.S. process was constructed to study possible
process improvements. The deuterium isotope exchange
was performed successfully in this unit. It was found
that the use of monoethanolamine (MEA) in conjunction
with the G.S. process had little or no effect on the
recovery fraction of heavy water from the feed.
However, the experiments indicated that the gas rate
could be increased to attain a higher production rate,
or equivalently, for the same production rate the
size of the towers could be slightly reduced.

The improvement was found only marginally
attractive particularly because one more stageicould
be needed to recover the MEA which was introduced in

the feed water.
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NOMENCIAT URE

second virial coefficients of pure component

1 and pure component 2

second virial coeficient of a gas mixture
cross coefficient defined by equation (15)
gas mixture density

feed rate, 1b mole/day

gas rate, 1b mole/day

humidity, mole water/mole HZS gas
equilibrium constant for the reaction

H,O + D

2 2
equilibrium constant for the reaction

0 — 2 HDO

H20Q+ HDS, — HDOQ+ HZSQ

liguid rate, 1b mole/day

pressure, psia ( atm in equation 12 )

vapor pressure, mm Hg

production rate, 1b mole/day

solubility of H,S, mole dissolved HZS/mole
temperature, °K ( °C in equation 24 )
hydraté temperature, °c

D atom fraction in the liquid phase

D to H ratio in the liquid phase

D atom fraction in the gas phase

D to H ratio in the gas phase

liquid
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Xy mole fraction of é&omponent 1 in the liquid phase

N mole fraction of component 1 in the gas phase

Zm compressibility of the gas mixture

0y relative volatility of HDO to HZO in the liquid phase
Q overall separation factor

Subscript

1,2 refer to components 1 and 2

c,C refer to the cold tower

g,y refer to the gas phase
h,H refer to the hot tower
L,x refer to the liquid phase
m refers to the mixture

Constants

Equation (2):
T = %K
A= 3.7621
B= 1.5057 x 102
C= 4.0 x 107°

Equation (7):

y = mole HZO vapor/ mole gas mixture
(@]
T = "K
P = psia ‘
A = 9.6689 E = 0.056442 J = 7.6273 x 10~
B = 9.1243 F=6.8678 x 107° K = 9.5097 x 100
C = 0.85231 G = 1.8741 x 10-8
D = 0.02829 H=0.023154
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Equation (8):

= 2.0071 x 1072 @ = 8.027 x 108

X = mole dissolved HZS/mole solution

T = %

P = psia

A = 5,0375 E = 0.044033

B = 0.01128 F=5.7530 x 10—6
C

D

= 1.5586 x lO—8

Equation (9):
0.066875 E = 4.5473 x 107

A:

B =1.4866 x 107Y F = 2.6802 x 107
C=6.119 x 10°8 G = 3.3587 x 10713
D = 3.4556 x 10“4

Equation (12): ~1.937060 x 108

[we)
1]

P = atm Bj = 1.089689

T = % Biy = -1.230729 x 107
B, = 0.5250302 By, = 4.594888 x 107
B, = 665.3158 By, = ~5.671054 x 107
B, = -3.461192 x 105 Bys = -3.537612 x 1072
By = 7.928513 x 107 By, = 39.1737k

B), = -6.75079 x 107 By = -1.423831 x 10%
B, = 4.016812 Big = 1.692439 x 106

Bg = ~4.233719 x 107
6

s¢)
]

1.335203 x 10
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INTRODUCTION

Heavy water (DZO) is used as the moderator in the
CANDU reactors. A forecast of Canadian heavy water
production rate shows an increase to about 4000 tons/yr
in 1980 (1) from 1000 tons/yr in 1975. CANDU reactors
require an inventory of approximately 0.8 Mg of heavy
water per MW(e) capacity. Subsquent make-up requirements
are negligible, much less than one percent ber year.
The concentration of heavy water in natural water is
approximately one part in 7000. Fresh water generally
has a lower deuterium content compared to ocean Water.
There is considerable variation in deuterium content in
natural water due to isotopic fractionation in natural
processes.

Because of its low concentration, heavy water

occurs mainly in the monosubstituted form, i.e. HDO.
H,O0 + D,O —_ 2 HDO

The equilibrium constant KO is defined as follow:

[HDO) 2

i [#,0] [D,0] )

0

E”f“_i
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It was found that K, varies with temperature (2)
according to the following equation in which A, B, and
C are numerical constants whose values are listed in the

Nomenclature section:

K, = A+ BT - Cr? ce. (2)
Figure 1 shows Ko as a function of temperature.
Because of its low concentration the separation of

heavy water from natural water by distillation cannot

be performed readily. Most physical properties of light

water and heavy water are very similar (Table 1).

The present cost of heavy water in Canada is $70/kg

and is predicted togo up as high as $100/kg by 1980.

At this level, the cost of heavy water will contribute

an equivalent of nearly 15% of the total cost for a

CANDU nuclear power plant. Therefore it is desirable to

develop new processes or to improve present processes

to produqe heavy water at a lower cost.

Some potential chemical exchange processes for the
production of heavj water will be briefly described.

1) The monothermal low-pressure water-hydrogen

exchange process involves the chemical exchange reaction:

H,O0 + HD _. HDO + H

2 2
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Table 1.

Some significant physical properties

of light water and heavy water.

Property

Molecular weight

Melting point

Normal boiling point

Density at 25 °c

Triple point

Critical
Critical
Critical
Hvap at
Cp (liq.
C, (liqg.

vap at

Refractive index, np

temperature
pressure
volume

25 °c

at 25 °C)

at 25 °C)

25 °c

20

Viscosity at 25 °c

Surface tension at 25 °c

Unit

120 scale

atm
cm3/mole
kcal/mole
cal/deg mole
cal/deg mole

eu

cP

dyne/cm

W

.52
.99
.80
.39
.3330
.890
71.

97

20.028
3.81
101.42
1.1044
3.82
371.1
215.9
55.0
10.85°
20.16
20.0
29.22
1.3283
1.107
71.93




The water-hydrogen ekchange brocess was used in
conjunction with electrolysis in the Trail plant, B.C. (3)
Deuterium was exchanged between water and hydrogen gas
by means of a steam-hydrogen exchange in catalyst beds
consisting of platinum on active charcoal suspension
which alternated with bubble-cap trays where steam and
water were equilibrated. Enriched water was converted to
hydrogen by electrolysis and the depleted hydrogen was
used for ammonia synthesis. This process 1is no longer
attractive because of the large amount of catalyst
required and the low operating pressure. The production
is limited to a few locations where ammonia is manufactured
from electrolytic hydrogen.

2) The ammonia-hydrogen exchange process involves

the following exchange reaction:
NH + HD = NH,D + H

Despite the technical problems, the ammonia-hydrogen
exchange process has the potential advantage of having a
high separation facfor (Figure. 2)(4). There are two ways
in which the NHB/H2 exchange reaction may be utiligzed for
heavy water production, namely, by a monothermal process
or a bithermal process. Both brocesses require a liquid

phase catalyst (potassamide). It is significant that the



Murphree point efficiency of a bubble slot at -40 °¢,
the operating temperature of the cold tower, is only
0.5 percent (5). A very low cold tower temperature is
necessary to avoid excessive plant volume. Even though
the energy requirement of the bithermal process is
substantially lower than for the monothermal one (6),
the choice between the two depends mainly on the cost
assoclated with contactors operating at the low temperature.
3) The HZS/HZO dual temperature exchange process is
the Girdler-Spevack or G.S. process. This process will
be described in detail in the following section.
There are many more possible heavy water prdcesses

(7), but most of these have not been studied in any detail.
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THE GIRDLER-SPEVACK PROCESS

A. Principle of the G.S. process:

The G.S. process has been utilized in North America
to produce heavy water. In Canada the first G.S. heavy
water production plant was constructed in the early
1960's at Glace Bay, N.S. by Deuterium of Canada Itd.
The Bruce heavy water plant, which is owned by Ontario
Hydro, is presently the world's largest heavy water
production facility. A $1.5 billion program is underway
to build more units.

The G.S. process is based on the following reaction:

HZO£ + HDS/e . HDQZ + ste
The above reaction occurs in the liquid phase
between water and dissolved hydrogen sulfide. The
equilibrium constant for the deuterated species in the

liquid phase is given by:

[#po) [u.s]
<" (73 s A

KX varies considerably with temperature as shown in

figure 4 (8), and it is this variation that provides the
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1
0o 50 100 IS0 200
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Figure 4. EFFECT OF TEMPERATURE ON EQUILIBRIUM
CONSTANT FOR THE IIQUID PHASE EXCHANGE OF
DEUTERIUM BETWEEN DISSOLVED HZS AND WATER.
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the basis for the separation achieved in the process.

The basic process flow diagram for the HZS/HZO
exchange is shown in figure 5. Feed water is passed
downward through the cold tower, countercurrent to st
gas at a pressure of about 275 psig. Water is progressively
enriched in DZO as 1t flows through the hot tower.

Enriched water is withdrawn from the bottom of the cold
tower. The operating conditions chosen represent
approximately the economic optimum for the system. The
optimum conditions depend mainly on the physical properties
of agueous hydrogen sulfide solutions. Since KX varies
with temperature it is desirable to achieve the lérgest
possible difference between the temperature of cold and

hot towers. A high pressure in the towers permits high

mass flow rates of gas without excessively 1arge tower
diameters. The upper limit of pressure is that at which

H2S liquefies or its solid hydrate forms at the cold

tower temperature. The optimum temperature for the hot tower
is not as well defined, but above the 140-150 °c range

the potential gains from an increase in temperature are
more than offset by the rapid increase in the concentration
of water in the gas phase. The calculations for
fractionation and absorption efficiency and recovery

are similar to those for distillation and the more usual



- 13 -

gas absorption processes..At the operating conditions ;
of the G.S. process, the humidity of the gas and the
solubility of HZS in the liquid cannot be ignored. An
overall separation factor can be calculated based on %
the isotopic content of both gas and liqﬁid phases. The
separation factor expresses the overall relation between
the concentration of deuterium in the gas phase both as
HDS and as HDO vapor, to that in the liquid phase, as
HDO and dissolved HDS.

By definition:

o x(1-y) )

y(1-x) equilibrium

It follows that for low deutérium content solutions:
X
2 PO +oe (ha)
equilibrium

Based on the assumption that an infinite number of
plates are available in each of the towers, it may be
considered.that equilibrium is attained at the extremities.
The circulating HZS‘leaving the top of the cold tower
would then have a deuterium concentration of xF/F}C ’
where Xp would represent the deuterium concentration in

the feed stream and PC the overall separation factor in
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the cold tower. The water.leaving the bottom of the hot
tower, considered to be at equilibrium with the entering
gas, would therefore have a concentrationrﬁhxFqﬁc, where
ph would be the overall separation factor in the hot
tower. The mass isotope removed from the water would

then be:
Pxp = TFxp - (F‘P')PhXF/Fc cee (5)

Since P, in an actual operating isotope separation
plant, is very small when compared with F, the above

expression approximates to:

1}

XpF (1—-E£ ' . (6)

i

Hence the maximum fraction of isotope in the feed

Px

that 1s recoverable by enrichment is: (l—.EE) cen (7)
c

A typical heavy water production plant has 4 or 5
stages eacﬂ of which consists of two to four pairs of
hot and cold towers in parallel, with each tower having
a dlameter of up to 15 ft. As an example, the G.S. unit
at the Dana plant, U.S.A. has five stages. In the cold
tower circuit cold water Passes over a total of 350

bubble-cap trays in series to eventually produce water
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containing 15-20% deuterium. There are a similar

number of trays in the hot towers. Because of the

increased isotope concentration the second stage towers

have smaller cross section areas. |
Based on the Savannah River plant, U.S.A., for ‘

every pound of DZO produced 1t takes 40000 1b of feed

water for which the isotope recovery fraction is

approximately 18%, 6000 1b of steam at 250 psig, and

1500 gal of cooling water at 835 °F. The heavy water

product from the G.S. units is upgraded to 99.75 wt%

DZO by vacuum distillation. A series of two or three

distillation towers operating at a temperature range

of 130-150 °F and a pbressure range of 120-180 mm Hg is

usually furnished for this purpose.

B. Physical and thermodvnamic properties of

aqueous-heavy water—HZS solutions

Only those properties needed in the Presentation
of the process concerned in this work will be discussed.
Additional properties (both bhysical and thermodynamic)
can be obtained from reports by Galley et. al.(2) and
Elliott J.N.(9).

1. Vapor-liquid equilibrium compositions for the

HZO—HZS system.
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Selleck et. al.(10) ﬁeasured equilibrium compositions
of both phases over a wide range of temperatures and
pressures. Burgess and Germann(ll) derived equations to
fit these data.

a) The mole fraction of water vapor in the water
vapor—HZS gas mixture was expressed by the following

equation:

Iny = -A - B(ln P) + C(1n P)?- D(1n P)>
+ E(T) + G(T)2- F(T)2+ H(T)(1n P)
- 3(T)%(1n P)%+ x(T)2(1n P)° e ()

This equation fit most of Selleck's data to Within 1%.

b) Solubility of HyS in water:

Burgess used two equations for two different
temperature ranges:

(i) PFor temperatures from the hydrate point to 100 °C:

In x = A+ BP - CP%+ DP2- ET + FT%+ a1 ... (8)

(ii) For the temperature range from 100 °C +to 171 °c:
x = - A+ BP - CP°+ DT - ET?- FPT + GP?T2 ... (9)

The solubility of HZS in water has also been reported

by Clarke and Glew (12) in the temperature range 0-50 OC,
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and by Wright (13) in the Vicinity of the hydrate point.
These latter data are less important for the G.S. process
which employs high operating pressures and a wide
temperature range.

2. Density of water saturated with HZS gas:

It is assumed that the density of water is not
significantly affected by the presence of HZS' The
maximum amount of HZS present in an HZS—saturated water
solution is about 0.032 mole fraction or 6% by weight
at 87 °F and 36 psia. The ideal solution density could
be calculated based on water and liquid HZS densities
at the maximum solubility to be 61.3 lb/ft3 which is 1.4%
iess than the water density at that temperature. It
appears that any error caused by aésigning the density
of water to all aqueous—HZS solutions was not serious.

3. Densities of HZS—water vapor gas mixtures:

The molecular weight and density of the gas mixtures

were estimated using the following equations:

MWm = 18.02 yHZO + 34,08 yHZS ... (10)
P Mw
_ m

dg = Z_RT ol (11)

L. Specific volume of dry HZS gas:

The volumetric behaviour of dry HZS was reported
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by West (15). The experiméntal data extend from -76 °F

to 1300 °F and up to a maximum pressure of 1030 psi. The
specific volume of HZS was calculated by Burgess (11)

using the Beattie Bridgeman equation in the virial form.
The calculation involved trial and error methods. Other
P-V-T data were also reported by Reamer et. al. (16).
Galley et. al. (2) fitted these data to an equation of
state in the virial form explicit in %, the compressibility

factor. The errors were less than 0.25%.

B B B B
Z = B_+ L g + 3 t
o T T m3 i
B.P B,P B.P B.P
P S S Al 84
T 72 73 T
2 2 . .2 2
L BT, BioP°, ByyP? B,P
T m2 73 o
3 3 3 3
» 21357, BuyPT BygPT BigP .. (12)
2 3 L
T T i T

5. Volumetric ﬁroperties of water-saturated HZS gas:

No accurate methods are available for estimating
the specific volumes of mixtures containing polar
components although two approaches have been recommended:

a) According to Reid and Sherwood (17) the compressibility
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factor of a polar mixture can be determined by using

an equation of state in the virial form:

2
B P p
z = 1+-8 4 (¢ .- B)2—
m RT (RT)%
P3
+ (D - 3BC + 2B)3 — ce. (13)
(RT)

At low pressure, only the second virial coefficient

is significant, so that as a good approximation:

z_ = 1+ -2 v (18)

For binary mixtures the second virial coefficient
may be estimated from those of the pure components:

B = y2 BZ + 2y.V, B + y BZ v.o. (15)
1 -1 192 712 2 72 :

m
The virial coefficients for the pure components
and the cross coefficient can be determined from the

Stockmayer potential.
b) Dalton's law adapted for gas compressibilities:

Zz = Z g + Z V. .o (16)
m H,0 “H,0 HyS TH,S
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Galley et. al. (2) found good agreement between
compressibilities estimated by the two methods. Listed in

table 2 are compressibilities calculated using both methods.

Table 2. Compressibility fators for HZS—water vapor

mixtures
Temperature Pressure Zm Zm
°c psia Stockmayer method Dalton's law
37.7 300 0.830 0.845
60.0 300 0.883 0.882
93.3 300 0.903 0.916
148.8 300 0.940 0.948

6. Hydrate temperature:
The hydrate temperature is the one at which HZS
hydrate will form at a specified pressure. Burgess (11)

derived the following equation to fit Selleck's data (10):
Th"= 9.3987 In P - 24.85 e (17)
7. The overall separation Ffactor:

As mentioned earlier, at low deuterium concentrations

the overall separation factor may defined as follows:
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F=i | ... (18)
¥

The change in concentration through a G.S. tower
can be determined by a McCabe-Thiele-type diagram
similar to that used for absorption. For low concentrations
the equilibrium line can be considered straight with
slope equal to 145. The operating line has a slope equal
to the ratio of liquid to gas flow rates (Figure. 6).
The optimum situation is that in which the pair of
operating lines is mathematically centered between the
equilibrium lines. The significance is that the ratio of
the slope of the equilibrium line to that of the
operating line for the hot tower is equal to the
reciprocal of that ratio for the éold tower. The
difference between the slopes of the hot and cold tower
operating lines is due primarily to the water vapor
content of the hot gas. It is interesting to note that
if the flow rates are at the optimum the concentration
of DZO at.jhe middle tray of the cold tower will equal
that at the middle tray of the hot tower. Hence control
of the G.S. processAis based on sampling and analysis
at these points. Changes of gas or liquid flow rate of
0.5% can be detected and corrected for on the basis of

the mid-column analyses (8). Burgess (18) developed a
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mathematical model which may be used to establish
process set points for achieving production goals, to
study the effect of important Process variables on these
goals, and to evaluate broposed changes in the design
and operating conditions for the brocess equipment. The
model was based on equations already developed by
Bebbington and Thayer (8) but the appropriate equations
were solved numerically by means of a digital computer.
The results were found to agree generally with plant
experience and some calculations using the McCabe-Thiele
method.

The overall separation factor , the relative
volatility of HDO to H20¢xx, and the liquid phase
equilibrium constant KX were calculated by means of

equations given by Bebbington and Thayer (8) as follows: -

(1 +H) (5 +K)

F = (19)
ocx(l + S)(1 + HKX)
. [HDO]g[HZO}l .. (20)
* [my0] [HDo],
o] [r] cee (21)
x [H,0] [HDS] 1‘

The parameters dk and KX were determined experimentally
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at various temperatures and fitted by the exponential

equations as follows:

« = 1.1596 e 05-43/T o (22)
K, = 1.01 e233/1T .. (23)

It may be observed that @ varies slightly with the
concentration of DZO' The variation of P with deuterium
concentration was reported by Galley et. al. (2) and is
shown in table 3.

8. The effects of some Process variables on fhe
production rate:

The effects of temperature, gas rate, L/G on
production rate as reported by Burgess (18) are

graphically shown in figures 7 and 8.
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Table 3. Variation of the overall separation factor

with deuterium concentration.

Pressure, psig 280 300

Temperature, °F 90 265
D/D+H B fn
0.000158 2.2387 1.6991
0.000398 2.2388 1.6991
0.000631 2.2388 1.6991
0.001585 2.2389 1.6991
0.002512 2.2390 1.6991
0.003981 2.2392 1.6991
0.006310 2.2395 1.6991
0.010000 2.2400 1.6991
0.039811 2.2438 1.6991
O.lOOQOO 2.2515 1.6990
0.251189 2.2590 1.6980
0.398107 2.2892 1.6955
0.630957 2.3176 1.6880
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MONOETHANOLAMINE AND THE G.S. PROCESS

Aqueous monoethanolamine solution has long been
used in the chemical industries to strip acid gases
such as hydrogen sulfide. Its capacity for acid gas is
much greater than that of diethanolamine and triethanol-
amine (figure 9) (19). The capacities shown in figure 9
were based on 90% saturation at 95 O and 25 psig, with
a 25% safety factor.

1. Solubility of HZS in aqueous MEA solutions:

The solubility of HZS in 2.5 N and 5 N agueous MEA
solutions has been measured by Otto et.al.(20) ovér a
wide range of temperature and pressure. Other workers
(21)(22) also reported the solubility of H,S in MEA
solutions of various concentrations but most of the
data were restricted to low Dressures and temperatures.
Figures 10, 11 and 12 show the solubility of HZS at
different MEA concentrations and temperatures.

Monoethanolamine solutions can combine with much
more HZS gas than water alone could, therefore, by

introducing MEA into the G.S. towers the capacity of the

liguid for the HZS and HDS constituents would be increased.

MEA could be recovered readily by distillation.

2. Vapor-liquid composition of MEA solution:
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Fr3 H,S / GAL.SOLN.
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Fig. ure 9. ACID GAS CAPACITY WITH VARYING
CONCENTRATIONS OF AMINE SOLUTIONS.
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Figure 13 showslthe Vapor—liquid composition and
boiling point curve for agueous MEA solutions (19).
Table 4 compares the experimental vapor pressures of
MEA with those values calculated from the Antoine
equation (23):

B
log 2° = & - cel (24)

3. Effects of MEA on the overall separation factor:

The vapor pressure of MEA is small at the G.S.
temperatures and pressure. It was assumed that the water
vapor content in the gas phase of first-stage G.S. towers
did not change at low MEA concentrations (less than 30 wt%
in the liquid). Then the overall separation Ffactor was
evaluated using equations (19), (22), and (23), utilizing
the fact that only the solubility, S, was significantly
changed.

Figure'lh shows the effect of a variation in MEA
concentration on the overall separation factor. It may
be observed that the presence of MEA slightly reduces
the value of p (up to 6% for 30 wt% MEA at 31 °C and
304 psia) but it has little effect on the maximum
theoretical fractional recovery. Consider a pair of

towers operating at 304 psia, with the hot and cold towers

~maintained at 130 °C and 31 % respectively. For water as
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Table 4. Vapor pressure of monoethanolamine.

Temperature gxp Pgal

°¢ mm Hg mm Hg
65.5 7.1 7.1
71.0 9.8 10.0
75.4 13.2 13.0
85.0 21.7 22.4
90.0 28.6 29.2
101.7 53.6 52.6
112.1 84.8 ~ 85.1
121.0 122.9 125.1
132.0 193.3 195.1
141.5 280.0 279 .4
150.8 406.5 389.0
161.4 554.0 554.7
167.0 652.0 663.1
170.9 751.0 748.3
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Figure 14.

EFFECT OF MEA CONCENTRATION ON THE
OVERALL SEPARATION FACTOR.
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At 15 wt% MEA the fractional recovery is:

Fl5 = 27.7 %

The actual fractional recovery based on data taken

at the Savannah River plant (U.S.A.) is about 18 %.
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APPARATUS AND PROCEDURE

The schematic diagrams of the experimental
equipment for the heavy water concentration studies
are shown in figures 15 and 16. The equipment consisted
of two 316 SS columns of 1 in. I.D. and 36 in. in length.
Each column was packed with % in. glass raschig rings to
a depth of about 31 in.. The HZS gas was circulated upward
through each column by means of a gas metering pump.
Agueous HZS—saturated solution (stored at the bottom of
each column) was circulated in a direction countercurrent
to the gas flow by means of a duplex metering pumb.

The hot column temperature was maintained at
approximately 130 °c by means of a temperature controller
using electrical heating tapes wound around +the column.

A small condenser was placed inside the top section of
the hot column to condense the water vapor and hence kept
it from escaping to the cold column with the gas stream.
All parts.qf the hot column subjected to heat loss were
insulated with asbestos cloth or asbestos cement.

The cold column temperature was maintained at 25 ¢

by means of a flow of temperature controlled water circulated

through the column jacket. A hand SCrew-pump was provided

for each column to feed the liquid into the absorption
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system while it was under‘pressure. All gas and liquid
lines were of 1/8 in. stainless steel tubing. The whole
equipment was mounted on a support rack and placed inside
an enclosed fume hood for safety reasons.

Before each run, the columns were flushed many times
with fresh D20 solution having a concentration identical
to the concentration of the solution to be charged into
the system. Fresh HZS was also charged into the system for
every run. Each column was initially charged with 100 ml
of DZO solution of the same concentration. Both columns
were heated up to the desired temperatures and charged
with H,8 (99.6%) simultaneously to the desired pressure.
Then the pumps were started. Each run was of six hours
duration. Finally liquid samples wére withdrawn at the
bottom of each column for analysis. Any gas escaping from
the system or solution while samples were taken was
passed through a lead acetate solution for removal. The
samples were degassed before analysis for DZO content
since the presence of HZS would have caused bubble formation
in the I.R;.cells and hence erroneous analyses. In the case
of samples containing MEA, it was necessary to distill
the aqueous portion of the solution because of the effect
of MEA on the DZO absorption band. The distillation d4id not
cause any detectable change in DZO concentration. Flgures

17 and 18 show the distillation and degassing apparatus.
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runs:

0.11

The following were the operating conditions for all

Pressure = 75 psia

Hot column temperature = 130 °¢

Cold column temperature = 25 °c

Initial liquid charge to each column = 100 ml

Gas rate = 50 ml/min. at 25 °C and 75 psia

Ligquid circulation rate for each column = 25 ml/min.
Initial concentrations of DZO for aqueous solutions:

wt% and 0.22 wt%

Concentration of DZO in aqueous-MEA solutions : 0.11 wt%

for MEA concentrations of 0.1, 0.5, 1.0, 2.5, and‘5 N.



i
13% R

COOLING WATER

1/2 IN. I.D.—/—
A

1/4 IN. // (

GLASS-
HELICES | -

NSNS NSNS

1\

 50ml. FLASK

\\ HEATING
MANTLE

Figure 17. DISTILLATION APPARATUS




- Ll -

TO STACK

GLASS HELICES

COOLING WATER

HEATING MANTLE

Figure 18. DEGASSING APPARATUS




3 FUEFRTEIT L

PROPERTIES OF, AND SAFETY PRECAUTTONS IN

HANDLING st AND AQUEOUS SOLUTIONS

Hydrogen sulfide is often reconized by its very
offensive odour of rotten eggs. Because the sense of
smell is dulled with concentration above 100 ppm.
exposure to such concentrations can be harmful. Hydrogen
sulfide is a colourless flammable gas with a specific
gravity of 1.18 in relation to air, therefore it may
accumulate in depressions, or spread over floors to gz
source of ignition and flash back. It is highly flammable
with an ignition temperature of 500 °F. The HZS eiplosive
range in air is from 4.3 to 46 volume percent.

Carbon steel vessels or lines containing HZS will
normally develop an interior coating of pyrophoric iron

sulfide according to the following reaction:

Fe + H.S — FeS + H,

Carbop.steel is corroded by H28 in water but the
FeS coating acts as a protective layer. Carbon steel is
used in the G.S. process, only for equipment not subject
to highly turbulent liquid flow, which prevents the formation
of the FeS coating. In practice, carbon steel is satisfactory
for tower shells, heat exchanger shells, tanks and most .
brocess piping. Stainless steel type 316 is most resistant,

whereas type 304 is acceptable in most parts where high
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liquid velocities are unavoidable ( as in control valves,
through bubble-cap trays and heat exchanger tubes).
Hydrogen sulfide is a highly toxic gas which even at
low concentrations (less than 10 ppm.) causes irritation
of mucous membranes. At concentrations above 20 ppm. it
attacks the central nervous system, causing headache,
dizziness, and eventual respiratory paralysis. Death can
occur at concentrations of about 400 ppm. or greater. i
The sense of smell should not be relied upon to warn
of the presence of hydrogen sulfide. A strip of white
absorbent paper soaked with lead acetate solution was used
as an HZS detector. It initially turned brown then black
when exposed to HZS concentrations as low as 1 ppm. Lead
acetate solution was also used to.react with escaping HZS
gas. A 10% solution (10 g lead acetate added to 95 ml of
water and 5 ml of acetic acid) was found to have a high |
capacity for HZS' Figure 19 shows a typical HZS indicator,
which can be hung on the laboratory wall at a convenient
location. The design was obtained from the Atomic Energy

Laboratories at Chalk River, Ontario.
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ANALYSIS OF AQUEOUS.HEAVY WATER SOLUTIONS

The heavy water content of agueous solutions can be
determined by infra-red spectrometric methods. The double |
beam absorption methods were found suitable for analysis

of samples with D20 concentrations greater than 99.5% or

less than 1% (24).

A Perkin-Elmer model 267 spectrophotometer equipped

with a matching pair of cells with CaF2 windows and |
0.2 mm thick spacers was calibrated for the range 0.11 to
0.33 wt% DZO' Standard solutions were prepared using 99.75
wt% DZO' Distilled water was used in the reference cell.

It was found that the I.R. absorption of the samples was
extremely temperature sensitive (25). Therefore the
instrument was allowed to warm up to its ultimate operating
temperature and all the measurements were made at a cell
temperature.of 121 °F. To prevent bubbles from forming in |
the cells, the samples were purged with helium and then 5
preheated to about 121 °F. The concentrations were ;
determinea.from the peak heights of the absorption bands

at the wave number 2500 cm_l. Figures 20 and 21 show

typical results.



|
2o
:

e

2000

o~
!

0.11.-.0.55 WI'%.D

DISTILLED WATER

T_DISTILLED WATER-—. . ..

T
.y
1

T2

R
b
R A

L e

apargpagiuig
TN,
L
N

(
i
i
i
i
'

INFRA-RED SCAN

:
I
i
- [
iz LS
- P
r :

v
RSN 4!

90 AT

{
Figure 20.

CELL TEMPERATURE = 122 °F

i
=
O
o
(@]
PR R (@2
5 =
\\, 0 -
| o
y i e B
o SE= R
g | =z 5
L : _ t (ORI
i . s N : H ! I V ‘
Bl e i ; ] ! Mo
LITHSNVY L % © =

St -1 s s - skt R S A B P T A R e N P TR eSS mﬂ.wﬁﬁgﬂﬁﬁmg&%ﬁu@ AL P T S (R T N 28




e 4

0.30

0.20

D,0 CONCENTRATION, WT %

0.10

- 50 -

1 1 1 J 1 1

40 -

Figure 21.

50 60 70
% TRANSMITTANCE

CALIBRATION OF THE INFRA-RED SPECTROPHOTOMETER
FOR DILUTE HEAVY WATER SOLUTIONS



Wois
1

SRS

i

- 51 -

RESULTS AND DISCUSSIONS

For initial concentrations of 0.110 and 0.220 wt%
DZO in each of the columns, after 6 hours of circulation,
a change in DZO concentration was observed, particularly
in the solutions in the hot column. The results are
summarized in tables 5 and 6. It is noted that whereas
a large (27%) decrease in concentration was observed in
the hot column, no comparable increase in D20 concentration
in the cold column was observed. It became evident that
some water had become transferred from the hot column
to the cold column during the circulation, thus reducing
the isotope concentration there. It was not possible to
make a complete material balance for HDO because the
volume and isotope content of the gas phase could not be
determined. Nonetheless a consistent reduction in |
concentration of DZO was observed for the solution in the
hot column. The dilution of the liquid in the cold
column was also verified by measuring the liquid volumes.

For ééch run, it was estimated that approximately
38% of the DZO content in ‘the hot column was removed.
About 10% of this amount was transferred to the cold
column, while the remainder stayed in the gas phase as

HDS. The absorption system failed to actually increase

-the DZO concentration in the cold column (although DZO
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was transferred to it) for two reasons. Firstly, an
average of 15% of the liguid from the hot column was
passed into the cold column along with the gas stream
during the 6 hour period. This diluted the DZO solution
in the cold column. If the steam was to be condensed
totally at the top of the hot_oolumn then the temperature
at that section would have to be kept at approximately
the same temperature as that of the cold column. This
"cold spot" would have caused the reverse exchange reaction
to occur at the top of the hot column and hence would have
prevented any significant concentration change from
occurring. In a continuous flow brocess, liguid from the
upper parts of the cold tower is heated and fed back to
the hot tower. Secondly, the large quantity of HZS in the
system, both gaseous as well as in solution, also reacted
with some of the deuterium isotope, which was initially '
in the liquid.

It may be concluded from the results that the Presence
of MEA had little or no effect on the fractional recovery
in these ékperiments. But, by introducing MEA into the
absorption towers the solvent capacity for HZS was increased
while the effective water partial pressure was decreased.
Hence the gas rate could be slightly increased which in
turn increased the production rate.

On a McCabe-Thiele diagram, figure 22, it is shown
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that the slopes of the equilibrium lines for the G.S.
Process using MEA are greater than those without MEA.
Hence the slopes of the operating lines are also increased.
The significant is that for the same liquid feed rate
the gas rate can be reduced, consequently slightly smaller
tower diameters could be used for the same absorption
rate, or both liquid and gas rates could be increased to
obtain a higher production rate without flooding the
towers. It is noted that the gas rate is the main factor
which determines the flooding character of the absorption
towers in the G.S. process. Figure 23 shows the estimation
of the effect of MEA on the Production rate based on data
of Burgess (figure 8). The improvement of the G.S. process
by using MEA is relatively small,'especially when it is
considered that one more stage must be added for the
recovery of MEA.

The ability of providing a laboratory apparatus for
the concentfation of HDO has been a rewarding one in terms
of experience. Future experiments may be more rewarding

in terms of processing improvements.
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APPENDIX

Table 7. Calibration of the infra-red spectrophotometer

DZO concentration % transmittance at

wt% wavenumber 2500 em™ T

0.1104 68.5  68.5  68.4
0.2209 54.0 53.9 54.0
0.3314 39.5  39.6  39.5

Gt B e e e A R R L e L S R R

R T T A




R R T
A 102l A bl 0 Ty e Al

LA I FEPRAE]

T R

Run No.

- 63 -

% transmittance

(hot column 1ligq.)

(cold column liq.)

Table 8. Tabulation of data

% transmittance

Volume of
water passed

to cold col., ml

\O 0 3 N FowWwoD H

|-
(@

72.
72.
71.
62.
62.
72.
72.
72.
72.
71.

M0 o il O W O W

73.
72.
71.
62.
62.
72.
72.
71.
72.
72.

S Lt i O O O W o

68.
68.
69.
54,
54
68.
68.
68.
69.
68.

il © Ut i i i © i W W

68.
69.
70.
54,
54,
68.
68.
69.
69.
68.

Bil. © O O W»i »\t it © O W

16
12
17
13
14
12
14
15
18
16
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E Table 10. Effect of MEA on the overall separation
§ factor,

X T, °Kk P, psia MEA concn. F
mole%

? k03 75 0

: 1.1994
éf Lo3 75 15.24 1.1862
gk ko3 75 30.48 1.1774
é 403 304 0 1.6329
; ko3 304 15.24 1.6053
; ko3 304 30.48 1.5823'
? 304 304 0 2.2798
f 304 304 15.24 2.2274
E 304 304 30.48 2.1484

298 75 0 2.3411

; 298 . 75 15.24 2.2817

298 75 30.48 2.2313
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