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I. INTRODUCTION

In recent  yea r s  in te res t  in n i t rosamine s has been hei gh tened by the

observat ion that they are usual l y carci nogenic to animals.  1 , 2 N-dime th y l-

n i t rosamine , NDMA , is of special i n t e re s t  because it has been found in
f oods , in soil , and in some industr ial  waste solutions. Con-
tamina tion by ni trosamines may p resen t  f a r-r each ing  bio logical and environ-

me ntal h a z a r d s .  In the storage or disposal of waste  solutions containing

NDMA , it is n e c e s s a r y  to know the partial  p re s su re  of NDMA in orde r to
dete rmine the level of contamination to the environment.  There are  no data

on the partial  p r e s s u r e  of NDMA . In this invest igation , the part ial  p r e s s u r e s

of NDMA ove r an alkaline solution containing va rious a~~iounts of NDMA were

dete rmined from 0 to 40°C .  The composition of the alkaline solution was
chosen to approximate that of an existing industr ial  waste solution. The

removal of NDMA from solutions by gas-bubbling was also investi gated .

~J. H. Weisburger  and E. K. Weisburger , “Chemicals as Causes of
Cancer , ” Chem. Eng. News, 44 , 124 (Feb. 1966).

N. Magee and 3. M. Barnes , “The Production of Mali gnant P rima ry
Heptic Tumors in the Rat  by Feeding Dimethylnitrosarnine , ” Br. 3. Cancer ,
10 , 114 ( 1956).

3N . P. Sen , D. C. Smith , L. Schwinghamer , and B. Howsman , “Formation
of Nitrosamines in Ni t r i te-Trea ted  Fish , ” Can. Inst. Food Technol. 3., 3,
66 (1970) .  —

4A .  Ayanaba , W. Ver s tnaete , and M . Alexande r , “Formation of
Dimethylnitrosamine, a Carcinogen and Mutagen , in Soils Treate d with
Nitrogen Compounds , “ Soil Science Soc. Ame r. Proc. ,  37 , 565 (1 9 73) .

5R.  L. Tate and M. Alexander , “Stabili ty of N i t rosamine  in Samples of
Lak e Wate r , Soil , and Sewage , ” .1. Nat .  Cancer  Inst.,  54 , 327 (1975) .
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II . EXPERIMENTAL PR OCEDURE

The equi l ibr ium par t ia l  p r es s u r e  of NDMA over  the alkaline waste

s o l u t i on is dete rmined by us ing  the static me thod and the gas-bubbl ing

met hod. The s tat ic  total vapo r p r e s s u r e , 
~~Total’ of the alkaline waste

solu t i on is n~easu red by the conventional s ta t ic  method descr ibed  in an

ear l ie r  repor t .  The total p r e s su re  is the sum of the par t ia l  p ressu res

of NDMA , 
~NDMA ’ and of H 20, R H O ’  the re fo re ,

~~Total ~ NDMA ~ Total + 
~ H2O ~ To ta l (1)

wh e r e  
~ NDMA and 

~~H O  are  the mole f rac t ions  of NDMA and H20 in the

vapo r res pectivel y. Contribution to the total p ressure  by NaOH , NaNO 3,
and NaNO 2 is neg ligibl y small , below 100° C.

In the gas-bubbling method , a measured  volume of i ne r t  gas is passed

very  slowly throug h the solution at a fixed temperature . The iner t  gas

conta ins  the equi l ibr ium concentrat ion of vapo r afte r passing th roug h the

so l u t ion . The amount  of liquid vaporized is obtained by condensing the

vapo r f r o m  the gas s t ream in a weig hed trap. Since more than one com-

ponent of the solut ion is volatile , the condensed vapo r is anal yzed befo re

the par t ia l  p r e s s u r e  of each component can be de te rmined .  The part ia l

p r e s s u r e  of a component i , p~, is calculated f rom

g~ RT (2)

T. Chang , Vapo r Pr e s s u r e  of N -N it rosodimeth y lamine, Repor t
SAMSO-TR-75-306 , The Aerospace Corporation , El Segundo , Calif . ,
15 January 1976 .
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. .*i e re R is the gas constant ;  T , the tempe ra ture;  V , the total volume of
.-~~tu rated gas ;  M . , molecular  wei ght of component i; and ~~ grams of
condensed vapo r of component i.

The apparatu s used for  the gas-bubbling method of vapor p re s su re
measurement, shown in Figure 1, consisted of a cylinder of N2 gas , A; a
low re gulato r , B ; a sa tu rator , C; a thermostated bath , D; a he a ting tape , E;

a small removable trap,  F; a wet  tes t  meter , G; and three stopcock s , H , I ,
arid J. The saturato r , C , contained a bubbler for  the incoming iner t  gas
stream and a side arm exit for the saturated gas.  The satu rator contained
130 cm

3 of solution. The small t rap,  F, had a capacity of about 1 cm 3 and
ii was cooled wi th liquid N2 .

The general  procedure for  collecting a condensed vapor sample was as
follows: The flow of N2 gas was adjusted to 35 cm 3/min; 120 cm 3 of solution
was charged into the saturator;  the thermostated bath was controlled at a
des ired temperature and the solution was allowed to reach the rmal equilibrium
with the bath temperature; then trap F was cooled with liquid N 2, the heating
tape E was turned on , and stopcock s H , I , and J were opened to start  the N2
gas flow . When about 0. 1 cm of vapor was condensed in trap F , stopcocks
H , I , and J were closed. The volume of N 2 gas passed through the solution
was obtained from the wet- tes t  mete r reading and the amount of vapor con-
densed was dete rmined by weighing .

The condensed vapor was analyzed by ~3C-mass spectrometry to dete r-
mine the concentration of NDMA. The partial p ressure  of NDMA was cal-
cu lated by Eq. ( 1 ) .

_ _ _ _ _ _ _  - — V . - — — - ~~~- ~~~~~~~~~~
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III . R E S U L T S

The e 1u i l ib r iu m  vapo r p r e s s u r e  of an alkaline solution containing

1~ wt~ NaOH , 7 wt~ NaNO 3, 6 wt ~ NaNO 2, 72 wt% H 20 , and 317 ppm NDMA ,
d e t e r m i n e d by the s ta t ic  method at 0 , 10 , 25 , and 40° C , ar ~ lis ted in Table 1.

Table 1 . Equi l ib r ium Vapor P r e s s u r e  of an Alkaline Solution
Con taining 3 17 ppn~i NDMA , Stati c Method

P , rnm Hg
t , C Total

0 3. l8~~~0 . 01

10 6 .24 : 0 . 0 5

25 16 .65 : 0. 03

40 39.60 ± 0.05

The equ i l ib r ium vapors f rom the same alkaline solution conta ining

v a r i o u s  amounts  of NDMA were collected by the gas-bubbling me thod at 0 ,

10 , 25 , and 40 ° C. Resu l t s  of the gas-bubbl ing exper imen t s  at va rious
t em p e r a t u r e s  are listed in Table 2.

Table 2. Resul ts  of Gas-Bubbling Exper iments

Li ters  of N 2 Gas and Grams of Condensed Vapor~
NDMA in 10°C 25 ° C 40 ° CSolution

ppm liters g rams  l i te rs  g rams  l i te rs  g r a m s  l i t e r s  g rams

7 16.99 0.100 6. 23 0 . 100 3.40 0 . 108

4 78 14 .75  0 .051  8. 24 0. 103 2 . 70 0 . 106

194 28.88 0.091 12. 18 O .0~4 5.95 0.099 2.83 0.117

300 56.63 0.163 22.65 0. 11 1 13 .41 0.205 3. 11 0.120

W i t h i n  ± 0 . 03 lite r and ~ 0.00 1 g r a m

11 PRECF.tJII’G PAGE ELArflC..NOT ?ILM1~D
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~h~- c on d en s e d  vapo r s  w e r e  anal yzed  by C C — m a s s  s p e e tr o m e t r y  and t h e

:e- I t s  a re  p r e sen t e d  in Table 3.

Table 3. Concen t r a t i on  of NDMA in Condens ed  Vapo r

ppm NDMA in Condensed Vapor

~~~)l1l  N D M A
in  Sol u tion at 0°C at 10°C at 25°C at 4O °C

7 84 ± 4 - 153 ± 18 85 ± 9

78 1200 ± 200 - 1075 ± 75 2 3 2 5  1 7 5

194 46 50 ± 100 3900 ± 350 5400 ± 600 4500 ± 150

300 8400 ± 400 8100 : 400 6800 ± 200 6000 ± 600 -

The to tal p r e s s u r e s  ove r each solution at var ious  tempe res , as dete  rm in e d

by the composition and the amount  of condensed vapors  and calculated by
Eq. ( 2) are  p resen ted  in Table 4 . These values are in f a i r  ag reemen t  with
those dete rmined by the static method and listed in Table 1 .

Table 4 . Equilibrium Vapor P r e s s u r e s  of Alkaline Solut ions Containing
Various Amount s  of NDMA , Gas-Bubbl ing  Method

P , mmHTotal g 
________________

300 ppm 194 ppm 78 ppm 7 ppm
t , °C NDMA Solution NDMA Solut ion NDMA Solut ion NDMA Solution

0 2 .95  3. 24 3 .56 6 .00
10 4. 9 8 4.50 - -

25 15. 16 16. 77 12.67 16 . 14
40 37 .47 40 .12  36 . 10 ~ 1 . 33

~~Avera ge d iscrepancy with stati c method is 11%.

12 
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The partial pressure of NDMA , 
~ NDMA ’ ove r the alkaline solution i s

calcula ted f rom 
~NDMA = 

~ NDMA ~~Total ’ w her e  
~ NDMA is the mole f r act i o n  V

of NDMA in the va po r , and 
~~Total’ the total vapor p r e s s u re  of the a lkal ine

solution dete rmined by the static method . The mole f rac t ions  of NDMA in

the liquid and vapo r phases , and the equ i l ib r ium par t i a l  p r e s s u re s of NDMA

at various temperatures  are presented in Table 5.

Table 5 . Partial P ressure  of NDMA Ove r Solutions of Var ious
Compositions at Va rious Temperatu re s

Mole Fraction Mole Fraction
of NDMA of NDMA Partial  P r e s s u re

Temp . ppm NDMA in Solution in Vapo r of NDMA
in Solution ~~~~ ~NDMA

“NDMA ~NDMA 310 mmHg

0 7 .4 0 . 2 2  2 .04 0.07

78 2 .32  29. 2 0 .93
192 5. 69 113 3 .61
312 9. 27 205 6 . 5 3

10 190 5.63  95. 1 5 •94
304 9 .03  198 12 . 4

V 
25 7 . 5  0. 22 3. 72 0 .62

79 2 . 34 26. 1 4 . 35

V 198 5.89 132 21 . 9

296 8.79 166 27.7 H
40 7.4 0.22 2.07 0.82

77 2.30 56.6 22 .4

195 5.79 110 43.5

288 8.56 147 58.0

13 
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IV . CORRELATIO N OF D A T A

The fo rego ing  da ta can be corre la te d by s im ple thermod ynamic

re la t ionsh ips .  The vapor iza t ion  of NDMA can be wr i t t en  as a s imp le

reacti on; i. e .

NDM A (in solution ) — NDMA ( i n  vapor )  ( 3)

The equil ibrium constant K ND MA fo r  this reaction is

- ~NI )MA 4KNDMA XNDM~~

wh e r e  
~ NDMA 

is the pa r tial p r e s s u re  of NDMA in atm in the vapor and

XND1~4A 
is the mole fraction of NDMA in th .. solut ion.  Al low concen t ra t ions

of NDMA , i. e . XN DMA 
-. 0, the solution obeys Henry ’s law so that

XN DMA is a cons tant. The equil ibr ium constants , K NDMA obta ined by the

average of the values of PNDMA /X NDMA~ 
a re  0. 0762 , 0. 1593 , 0 .3829 , and

1. 0545 for 0, 10, 25 , and 40 ° C , res pe c t ively.  A plot of log 10 K N D M A  v e r s u s

10 /T in K for  NDMA is shown in Fi gure  2 . The l inear  equation repre-

sen ting the data , obtained by the method of least  squa res  to within ± 10~~, is

pNDMA (at T
~~

) 2413log 10K NDMA log 10 X NDMA 

- 

T + 7.71 (5)

‘Only value s f o r  the 78 ppm , 194 ppm , and 300 ppm N l)MA solutions arc
averaged  to obtain the constants .  Values  for  the 7 ppm NDMA are omitted
due to large uncer ta in t ies .

1k f PBECEDI~D PAGE ELAl~c~N0T ?IXi4~D

_ _ _ _ _ _ _ _ _



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.VV -V-.. .- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ,-~~--——- -V-r_,’- ~~~~~~~~~~~~~~~~~ — —V.- 
~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~

0 —

-

-1.0 —

3.0 3.2 3.4 3.6

~~~~~~~~~~~~~ K ’

F i g u r e  2 . Equil ibrium Constants of NDMA over  an Alk aline
Solution at Various Tempe ratures

16 

- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . . . . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .. - - - _



- - V . ----- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - -~~~~

The s tandard Gibbs e n e r g y  change , ~~G° fo r  reac t ion  in Eq. (3) , is

~ G° -RT in KND MA (6)

Substitution of Eq. (5) in Eq. (6) yields

= 11 ,041 - 35.28 T (7)

Comparison with the definitional equation ~ G° AH° - TAS° gives ~~H°

11 ,041 cal/mole and ~ S° = 35.28 cal/mole K , where ~~H° and A S° are  the
standard enthalpy and entropy of vaporization, respec t ive ly .

17 
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V. R E M O V A L  OF NDMA BY GAS-BUBBLING

Removal of NDMA f rom the alkaline waste solution by bubbling a d ry
N 2 gas s t ream throug h the solution is now cons ide red.  The amounts of

wate r and NDMA that can be vapor ized f o r  a given reduct ion of NDMA in
solution can be calculated f rom the equil ibrium partial  p r e s su re s of NDMA
and H2O ove r the solu tion as follows:

~
dmNDMA

dt m gas ~ N DMA (8)

whe re _ dm
NDMA / dt  is the numbe r of moles of NDMA removed per  uni t of

t ime;  Tri gas~ 
moles of gas flow per  uni t  time; and 

~ NDMA ’ mole fract ion
of NDMA in the gas s t ream. From 

~ NDMA = 
~NDMA~~~Tota l’ for  1 atm of

total  p r e s s u r e , i t is evident  that 
~ NDMA = 

~NDMA Since K NDMA =

PNDMA /X NDMA~ 
th en 

~ NDMA = 
~NDMA K NDMA XNDMA . On the basis of

one mole of solut ion as the s ta r t ing  mate rial , mNDMA is equal to X NDMA .
Equation (8) now becomes

~
dX NDMA

dt = mgas K NDMA XNDMA

a nd r e a r r a n g em en t  give s

~
dX NDMA = m  K dt ( 1 0 )X NDMA gas NDMA

I n t e c  r a t ion  of Eq. ( 10 )  y ie lds

X NDMAln (n~ t)  K ( I I )gas NDMA
N D M A

—V . - - - 
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~‘.h er e  X
~~DMA and X

~~DMA are the in i t ia l  and f ina l  mole f r a c t i o n s  of NDMA

~n the solution.  Likewise  fo r  H
20 vapor ,

xi
H O

i n —  “ = ( m  t ) K  ( 1 2 )gas H20H2 0

The quantity (mgas t) for a g iven reduction in NDMA concentra t ion is dete r-
mined by Eq. ( 1 1 ) .  The mole s of dry N 2 gas is given by 

~ N 2 (m t) , whe r e

~ N2 is the mole fractio n of N2 in the gas s t ream leaving the solut ion.  Then
X~~~0, the final mole fraction of H2O in the solution is calculated by sub-
sti tuting the value for (m t) in Eq. (12 ) .  The amount of H2O evapo ratedgas . fwith the NDMA is the difference between X’ and X . The calculationH 20 H20
of evaporated wate r r e q u i r e s  the values of the equi l ibr ium constant K RZO for
H20 that are calculated f rom the vapor p ressure  measurements  in Table 1 .
These value s for  K are 4. 89 x 10~~ and 5 .92 ~< 10~~ at 0 and 40°C
respe c tively. The moles of dry  N 2 gas that are required to be bubbled
through the solution and the moles of H2O that  are  evapørated f rom a solution
for  a 50% and a 95% reduction in NDMA concentra t ion in the solution have
bee n calculated by Eqs. ( 1 1 )  and ( 12)  and liste d in Table 6. It was found that
for 50% and 95% :eduction in NDMA concentration , large amounts  of H2O
are re moved. Therefore , the fixed values used for  KH 0 and K NDMA for
a given temperature  may actually vary due to the large changes in the
composition of solution because the activitie s of NDMA and H20 arc  no
longer  constants. Extensive measurements  are the re fo re  n eces s a r y  to
determine the ef fec ts  of composition on K NDMA and K H Q .  However , the
foregoing calculations g ive reliable orders  of magnitude of the removal  of
NDMA and H20.

20 
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Table 6. Removal of NDMA and H20 From Alkal ine
Solution by Gas_Bubbling at 0 ~nd 40°C

Initial  Mole Moles F inal  Mole
Solution 

~ Frac t ion  of Dry F r a c t i o n
/0 ~~~~~~~~Temp . of H2O N Gas of H 20 2

° Removed . . 2t , C in Solution er in Solution Removed
Xho bole X~~~02 of Solution 2

0 50 0. 88 8.81 0. 64 26 .9

40 50 0.88 0. 63 0. 66 25 .4

0 95 0.88 38. 1 0.32 63.3

40 95 0.88 2 . 69 0. 35 6 1.0

Based on initial amounts of NDMA and H20 in solution.
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VI. CONCLUSION

The equil ibrium partial p r e s su re  of NDMA , ove r an alkaline solution

( 1 5  \vt °il NaOH , 7 wt% NaNO 3, 6 wt% NaNO 2, and 72 wt% H20) containing

various amoun ts of NDMA can be determined to within ~ 10% by Eq. ( 5) ove r

the tempe rature range from 0 to 40° C . Howeve r , the variation of the part ial

p r e s su re  of NDMA with the alkaline concentration in solu tion should be

investigated in o rder  to obtain a more realistic correlat ion.

The removal of NDMA from alkaline solu tions by gas-bubbling is not

practical  because the process also involves the evaporation of excessively

large amounts of H20 from the solutions. Bubbling moist N2 gas will simply

prevent  the evaporation of H 2O f rom the solution corresponding to the

mois ture  contents of N 2 without improving the removal of NDMA . Howeve r ,

the process of bubbling N2 can separate large amounts of NDMA f rom an

alkal ine solution into a neutral  solutior whe re t reatment  by other chemical

means  or photolysis is much mo re effective than in the alkaline solutions .
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