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Non-equilibriumNon-equilibrium thermodynamics 

Modelingg fluxes across a gas/liquid interface 
withh inclusion of coupling 

(Applicationn to Hexachlorobenzene tor Lake Superior) 

Rüdoo B. Krop and Harrie A.J. Govers 
(inn preparation) 

Abstract: : 

AA linear non-equilibirum thermodynamics (LNET) model was used for the calculation of fluxes 

acrossacross a gas-liquid interface and their coupling coefficients. The highest coefficient is found for 

HexachlorobenzeneHexachlorobenzene (HCB) to water vapour, but its maximum value of around 1% is found 

underunder unrealistic high pressure of HCB. The primary flux of HCB was found to depend mainly 

onon the difference in chemical potential between the gas and water phase (A P) and the mass 

accomodation,accomodation, coefficient (a). It was shown that the latter can be obtained from the solvation free 

energyenergy for contaminants with a very low aqueous solubility. The LNET-model also estimated flux 

constantsconstants of condensation to be around 40 times higher than literature ones for C02 and N2. 

ValuesValues were found for the HCB mass flux at Take Superior similar to those of the model of 

LissLiss and Slater. Both models predicted also the correct change influx on change in temperature. 

TheThe molecular explanation of the LNET model defines a Knudsen number, which could replace 

thethe "stagnant" layers in the model'of'Liss and Slater. Introduction of the resistance of the interface 

inin the total resistance indicated that for HCB all resistance is found at the interface. It was shown 

thatthat the nature of the interface, modeled by the critical si^e theory, is incorrect and that surface 

tensiontension is an important factor. 

Introductio n n 

Environmentall  systems are open systems, where matter and energy can be freely 

exchanged.. In lab studies, a part of the system is often enclosed, limidng the 

Dossibilitvv of exchange. In order to translate the lab conclusions to the field, fate 

modelss have been introduced. They are primarily based on equilibrium 

thermodynamicss (Mackay et a^- 1992), but at a higher level time aspects are 

introduced,, pardy based on steady state assumptions and the fundamental equation 

off  the law of mass conservation in a purely kinetic model (Meent and de Bruijn 

1994). . 
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Non-equilibriumm thermodynamics (Prigogine 1961, De Groot and Mazur 1962, 

Zubarevv et al. 1996)) is different from equilibrium thermodynamics and purely 

kineticc models by the introduction of internal entropy production, <7 = dSJdt > 0, 

ass a consequence of force fields, like temperature or chemical potential gradients. 

Entropyy production, 67, or the related dissipation function, TcT, where T is the 

absolutee temperature, quantifies the amount of dissipated energy, inevitably lost 

duringg the process. The basic procedure is to set up the balanced equation for the 

entropyy from the law of conservation of mass, energy, momentum and the second 

laww of thermodynamics. 

Iff  for the second law of thermodynamics the Gibbs' equation is used equilibrium 

thermodynamicss will develop into non-equilibrium thermodynamics and the 

dissipationn function will lead to a sum of a set of generalized fluxes,/,, times forces, 

X,X, (Eq. 5.1) 

T-o-EAX,, (5.1) 
i i 

Thee non-ideality of any system creates a coupling of all the processes that take 

placee within this system. However, many processes take place within the 

characteristicc time of the experiment (often the instrumental resolution time). If all 

thee microscopic correlations decay over a time interval that is much smaller than 

thee time scale of the applied macroscopic forces, each generalized flux of the 

systemm can be written as a set of simple linear forces or vice versa, the 

phenomenologicall  equations (Eq. 5.3) (Zubarev et al. 1996) 

Heree L, are called the phenomenological coefficients or coupling coefficients, 

linkingg ] t to X-. Because of the assumed linearity', the model is called by linear non-

equilibriumm thermodynamics (LNET). Onsager showed that near steady state two 

constraintss apply: 1) the coupling coefficients are symmetric, L- — L , and because 

G>0,, 2) L,>0 and L^Lf. 

Thee dissipation function for heat and matter fluxes across the gas-liquid interface is 

quitee complex (Bedeaux 1986), because of the possible presence of e.g. extra 

viscouss forces, three dimensional heat and mass flows and chemical reactions. To 

simplifyy the model of the dissipation function only normal (to the interface) fluxes 

wil ll  be considered, no extra viscous terms are present and chemical reactions are 

omitted.. For such a model, Figure 5.1, the dissipation function has been derived 
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(Haasee 1969) and discussed recently by Doney (1994) for gas exchange at sea level 

(Doneyy 1995). In this model only temperature and pressure gradients are 

considered. . 

Thee dissipation function itself does not lead to values of the coupling coefficients, 

L,,L,, They must be found from experiments or from theoretical models. Cippola has 

derivedd coupling coefficients for the gas-liquid interface of a single substance based 

onn a kinetic model (Cippola eta/. 1974). This model has been extended by Bedeaux 

forr the presence of trace gases (Bedeaux et al. 1992) and by Young (1993) by 

includingg a non-Maxwellian molecular distribution. In these models the mass 

accommodationn coefficient, of, play a crucial role. This parameter is defined as the 

ratioo of the molecules that enter the liquid and the number of collisions with the 

surface.. Experimental values of the mass accommodation coefficient are difficult to 

obtain,, but are mainly confined to experiments using a liquid droplet in a gas 

streamm or a gas bubble in a liquid stream (Nathanson et al. 1996, Boniface et al. 

2000).. In these experiments bulk liquid and gas diffusion effects are accounted for 

andd only unilateral mass and heat fluxes are assumed. Recently mass fluxes of very 

slightlyy soluble and pure gases were also measured under different stirring speeds 

andd ver}' low values of or, and thus a high interfacial resistance, were observed 

(Noyess et al. 1992, 1996). In these experiments a constancy of the flux rate 

constantt was observed in a specific range of stirring speeds that was attributed to 

thee existence of a surface layer of saturated solution. However, values of the mass 

accomodationn coefficients of carbon dioxide between this method and a bubble 

trainn one differed by a factor of ~T00 (Boniface et al. 2000, Noyes et al. 1996). 

Inn this paper we will use the LNET-model as derived by Bedeaux (1992) and 

describedd by Doney (1994) for the contaminant HCB in a lake water body. We 

choosee for HCB because average water and air concentration, and its T-dependent 

Henry'ss Law constant in some lakes have been reported (Hoff et al. 1996). We will : 

1)) derive a quantitative structure-activity relationship (QSAR) to estimate the mass 

accommodationn coefficient of HCB to water and 2) discuss its importance in 

explainingg the different experimental outcomes. With the derived mass 

accommodationn coefficients, 3) the mass to mass and mass to heat coupling 

coefficientss for the interface will be calculated for a/o HCB in order to gain insight 

inn the importance of these coupling effects. Finally, 4) the main differences with 

thee frequendy used transport model of Liss and Slater (1974) and 5) the nature of 

thee gas-liquid interface will be discussed briefly. 
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Theory y 

Gass compartment 
Tj,Pi.2 2 

AJq-2 2 

f—tt  T— 
Jii  Jq(tOt) 

11 1 fJ^' 
Liquidd compartment 
T,,P,, , 

Fig.. 5.1 Heat and mass exchange in a simple gas/liquid system. The two compartments exchange 

masss and heat. The total heat flux, Jq(tot), contains components of enthalpy transport and 

conduction.. The conductive heat flux into the liquid and gas are given by j , and J ,. Mass, J„  and 
n e at>> JH, fluxes are positive if the transport results in a decrease in the liquid phase and an increase 

inn the gas phase 

Forr gas-liquid interface and assuming fluxes perpendicular to the interface only 

(Figuree 5.1), the dissipation function of the gas/liquid interface leads to driving 

forcess across the interface of the fractional temperature, X - -AT/T, where heat 

indicess are given by q and T is the mean temperature across the interface, and 

pressure,, X- = -IniTjP,,), where P is the pressure in atmosphere and different 

substancee indices are given by i andy'in respectively the liquid phase, 1, and the gas 

phase,, 2. Since the partial pressure difference across the gas/liquid interface can 

varyy largely for contaminants, no simplification for the pressure force has been 

appliedd yet. For (multicomponent) systems close to equilibrium the 

phenomenologicall  equations (5.3 a,b) can be established (Doney 1994): 
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-zz ^ AT AT 

JJ  , 2 = ~ L 
AT AT 

- -- Z LtJRT In 

~~ Z L«RT In 

.'.'  J 

Pu Pu 

(5.3a) ) 

(5.3b) ) 

Iff  only a single force is involved like a pressure difference die flux of a substance, /', 

e.g.e.g. is given by (Eq. 5.4) 

-L-L  ... RT In 
ii  ) 

(5.4) ) 

Nearr equilibrium die flux Ji can be experimentally determined by, e.g., a pressure 

differencee of the pertinent substance in the gas phase (air,2) and in the liquid phase 

(water,/),, according to Eq. 5.5 (Doney 1994). 

^=-^f-(P,2~Pu) ^=-^f-(P,2~Pu) (5.5) ) 

Heree k, is the flux constant, in analogy to the (chemical) rate constant, sometimes 

calledd piston velocity or exchange rate constant and Hpc the Henry's Law constant. 

Thesee flux constants or velocides depend also on the specific configuration of the 

system.. The phenomenological coefficient L,;y of the interface can then be 

determinedd near equilibrium via Eqs 5.4 and 5.5, since near equilibrium ln(Pl2/P,j) 

inn Eq. 5.4 may be approximated by APJP,,. 

Inn case more forces are present, e.g. a temperature and a concentration gradient, 

steadyy state condidons may be applied. Then, the internal entropy production, <T, of 

thee system is constant and minimal (Doney 1994) and the results can be used to 

obtainn experimentally the phenomenological constants of the coupling between the 

twoo forces. In order to estimate the coupling coefficients in Eqs. 5.4 and 5.5 a 

theoreticall  model is required. Kinetic theory of evaporation and condensation is 

oftenn used and has been applied for the gas/liquid interface. Cippola et ai. (1974) 

havee calculated the dimensionless jump coefficients, f3y for a single gas-liquid 

mixturee based on these kinetic arguments, which have been extended by Bedeaux et 

aiai (1992) to a multiple component system, with contaminants that are present in 

tracee amounts in both phases. The resulting equations for the jump coefficients, /?, 

aree (Eqs. 5.6 a-c), 
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11 / / J , o- (, 4 4(1-a j)  ̂ x ( M. Y ' * 
pp = re  1] + 8d '\ 1 + — + A ~ 

n n 

wheree S is the Kronecker delta. The ratio of At and A. the thermal conducti\ity of 

componentt /' and the total thermal conductivity A has been set equal to the mole 

fraction,, xt  ̂ of the substances present in the gas phase by Bedeaux et a/..(l992). Mt 

iss the molar mass and the symbol and CCt is the mass accommodation coefficient 

(thee ratio of the molecules that enter the liquid and the number of collisions with 

thee surface) of substance /. The factor ocf (1 - OC) is related to the free energy of the 

unknownn accommodation process (Nathanson et at. 1996). In previous calculations 

(Cippolaa et al 1974, Bedeaux et ai 1992), the mass accommodation coefficient has 

beenn taken as unity for a single component system assuming that all molecules 

enterr the liquid and thus that no interfacial energy barrier exists. The developed 

LNETT model refers to a planar surface, with absence of viscous terms, constant 

surfacee tension, slow evaporation/condensation rates and Maxwellian molecules. 

Thee inverse matrix of the jump coefficients, ft, leads to the dimensionless 

phenomenologicall  coefficients / (Doney 1994, Cippola et al. 1974, Bedeaux et al. 

1992)).. Multiplication of the dimensionless coefficient of the mass flux with Pv/RT 

andd the dimensionless heat flux coefficient with Pv, leads to the proper 

phenomenologicall  value. In this multiplication, v, is the mean speed, v - Ext£>n 

vvtt—(2RT/MJ''.—(2RT/MJ''. Cippola and Bedeaux have set the corresponding jump forces equal 

too the difference in temperature and pressure between the bulk phases. The mass 

too mass and the mass to heat coupling coefficient related flux ratio's, resp. 

öJ]j)x(^j).x(r}=oöJ]j)x(^j).x(r}=o  a n^ OJJq.2)xoj=o> c an n o vv t>e characterized in terms of the 

dimensionlesss coefficients, Eqs 5.7a and b. 

(5.6a) ) 

(5.6b) ) 

(5.6c) ) 
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00 n ) - I 

Ü./JÜ./J 2) = —^ 

Thee jump coefficients, Eqs 5.6a-c, are therefore the fundamental equations used in 

ourr model. Values of the mass accommodation coefficients are deduced from 

literaturee data. The average annual HCB concentration in air and water for Lake 

Superiorr has been measured (Hoff et al. 1996) and the water vapor pressure will be 

variedd around its maximum saturadon value. The total pressure is kept at 1 atm. 

Thuss the concentradon fractions, x&l>  of air(nitrogen), water vapour and HCB(g) 

cann be calculated. All elements of the matrix of j3 are subsequendy calculated and 

afterr inversion, the matrix of / i s obtained. The coupling effects of the fluxes are 

foundd by using Eqs. 5.7a and b. 

Results s 

DeterminationDetermination of the LNET modelparameters. 

Inn the experimental determinadon of the mass accommodation coefficient, the 

resistancee of the gas and liquid phase needs to be accounted for. Results of water 

solublee gases (alcohols, acids) lead to mass accommodation coefficients in the 

rangee of 0.23 - 0.03 (Nathanson et al. 1996), with the higher values for strong acids, 

andd for water at around 0.17 (Li et al. 2001). Values of a also decreased on an 

increasee of temperature. A simple model has lead to a value of 0.14 (Vitol and 

Orlovaa 1993) for water. For simplicity a value of 0.10 for water is used in the 

calculations. . 

Valuess of the mass acomodation coefficients of carbon dioxide by two different 

methodss differ b^ a factor of ~100. However the experimental conditions are quite 

different.. In the bubble train experiment a complex method of calculations based 

onn the penetration model and at least four apparatus constants need to determined 

beforee the value of the mass accomodation coefficient could be found. The 

reportedd value of carbon dioxide is also the lowest one in a sequence of 

measurements.. In the stirring experiment a flat surface and pure carbon dioxide 

wass used, reducing the resistance to the water and interface only. By varying the 

(5.7a) ) 

(5.7b) ) 
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stirringg rate a plateau was found that was attributed the absence of any resistance in 

thee liquid phase. Such a plateau cannot be found if diffusional boundary layers are 

stilll  existent. A simple two step kinetic model was proposed that lead in the ideal 

stirringg range to a one step model that was attributed to a surface layer. The very 

complexx method of calculation of the mass accomodation coefficient in the bubble 

trainn experiment and the rather simple picture in the stirring experiment favors the 

usee of the value found by the stirring experiment above the one of the bubble train. 

Thee same strirring behaviour is also observed in the experimental set-up of Smith et 

al.al. (1980J and corresponds also more to our LNET-model calculations. However, 

conclusionss may alter substantially if the higher value of the mass accomodation is 

usedd and only emphasises its importance and the need of proper values for the 

masss accomodation coefficient. 

Thee determination of the mass accomodation coefficient of carbon dioxide is 

interestingg because Smith et al. (1980) measured relative flux constants of 

volatizarionn (the reverse of condensation) to oxygen, for a number of volatile 

substancess including carbon dioxide. These relative flux constants did not deviate 

significantlyy from each other in the full stirring range. In the Appendix it is shown 

thatt under these experimental conditions the resistance of the volatization is 

controlledd by the interface and not by diffusion in the gas phase. Thus the relative 

condensationn flux constant can be found, because in equilibrium the ratio of the 

condensation,, kcl and volatization, kvl, flux constant is given by the Henry's Law 

constant,, kj kvt — RT/Hpc The mass accomodation coefficients can be calculated 

subsequentlyy from the condensation flux constant by Eq. 5.8 (Noyes et al. 1996) 

«,, =kj2jrM  t/RTf2 (5.8) 

Sincee CCC02 is known (Noyes et al.. 1996), all other values of (Xt of the dataset of 

Smithh et al. (1980) can be found relative to carbon dioxide. The values of the 

parameterss necessary to calculate the mass accomodation coeffients from the set of 

Smithh et al (1980) are indicated in Table 5.1. No experimental value of the Henry 

Law'ss Constant (H ) for dicyclopentadiene could be found in the literature and this 

onee is omitted from the literature data set. The values of the mass accomodation 

coefficientt can be represented as a free energy- function of the unknown 

accomodationn process, exp (-AGohJRT) (Nathanson et al. 1996) and a QSAR 

betweenn the logarithm of the resistance factor and another free energy related 
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parameterr can be looked for. An excellent one can be established between the 

logarithmm of the QT-values and the corresponding equilibrium factor (In H.) ovrr the 

fulll  range (Figure 5.2) including the previously determined value of nitrogen (Noyes 

etet ai 1992) for the data set of Smith et al. (1980J. Both logarithmic factors are free 

energyy terms and the relationship is thus nothing else than a LFER. 

Tablee 5.1 Henry's Law constants, Hp,., relative volauzaüon rate constants, kyJkvo (Smith et 

aiai 1980) and calculated mass accomodation coefficients, CX (see text). 

Compound d 

Benzene e 

Carbonn dioxide 

Carbon n 
tetrachloride e 
Chloroform m 

1,11 -dichloroethane 

Krypton n 

Propane e 

Radon n 
Tee trachloroethylen 

Trichloroediylene e 

Oxygen n 

Ethene e 

Nitrogen0 0 

(Paa m3/mol) 
557 7 

1630 0 

2990 0 

430 0 

630 0 

22163 3 

71600 0 

5984 4 

1730 0 

1030 0 

43611 1 

21700 0 

87147 7 

KJKo KJKo 
0.56 6 

0.89 9 

0.63 3 

0.57 7 

0.71 1 

0.82 2 

0.72 2 

0.70 0 

0.52 2 

0.57 7 

1.00 0 

0.87 7 

(M 0/M c)
V l l 

0.64 4 

0.85 5 

0.47 7 

0.52 2 

0.57 7 

0.62 2 

0.85 5 

0.38 8 

0.44 4 

0.49 9 

1.00 0 

1.06 6 

agl
c/a

glo o 

6.85E+01 1 

2.80E+01 1 

1.96E+01 1 

1.11E+02 2 

8.62E+01 1 

2.60E+00 0 

5.16E-01 1 

1.34E+01 1 

2.98E+01 1 

4.93E+01 1 

1.00E+00 0 

1.65E+00 0 

<*c c 

1.3E-07 7 

5.5E-08b b 

3.8E-08 8 

2.2E-07 7 

1.7E-07 7 

5.1E-09 9 

1.0E-09 9 

2.6E-08 8 

5.8E-08 8 

9.7E-08 8 

2.0E-09 9 

3.2E-09 9 

1.0E-09 9 

Inn Ctc 

-15.82 2 

-16.72 2 

-17.08 8 

-15.34 4 

-15.59 9 

-19.09 9 

-20.71 1 

-18.19 9 

-16.65 5 

-16.15 5 

-20.05 5 

-19.55 5 

-20.72 2 

Lnn H 

6.32 2 

7.40 0 

8.00 0 

6.06 6 

6.45 5 

10.01 1 

11.18 8 

8.70 0 

7.46 6 

6.94 4 

10.68 8 

9.99 9 

11.38 8 

'' Weast 1998. For gaseous compounds the solubility at P0 has been used to calculate the value of 

bb Noyes et ai 1996 
cc Noyes et ai 1992 

Thee correlation is much better than the one between the logarithm of the diffusion 

coeffientt given in the pertinent reference (Smith et ai 1980) and which is related to 

thee surface renewal model (R2 = 0.80)(data not shown). The QSAR is used to 

estimatee the mass accomodation coefficient of HCB (5.7E-06) based on the H 

valuee of 18.7 Pa m3 mol"1 (Hottetat. 1996) at T=282 K. The QSAR value for 

nitrogenn is also used in the model instead of the experimental one. Table 5.2 

summarisess all values used in the LNET model. 
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QSARR between the uptake coefficient (In a) and the 

Henry' ss Law constant (Ln Hpc/Pa m3/mol) 

LnH„ „ 
-15 5 

-166 6 

-17 7 

-IS S 

•19 9 

-20 0 

-2! ! 

Lnn a = -1.02 (+0.07) Ln H - 9.11 (+0.66)

N22 (Noyes 1992) 

Fig.. 5.2 QSAR on the mass accomodation coefficient and Henry's Law coefficient based on 

dataa from Smith et al. (1980). In brackets the 95% CI of the value. 

Tablee 5.2 Parameters kept constant in the LNET calculations 

Areaa (m ) Heightt of gas 
layerr (m) 

depthh of liquid 
layerr (m) 

Temp,, liquid 
phasee (K) 

100 0 10 0 282b b 

SUBSTANCES S 

Property y 

Molecularr mass (kg/mole) 
Totall mass in 

waterr (kg) 
Masss accommodation 

coefficients,, CC 

Air/nitrogen n 

0.029 9 

4.791 1 

9.7E-10 0 

waterr vapor 

0.018 8 

1.0E-01 1 

HCB B 

0.285 5 

2.00E-09b b 

5.4E-06 6 

Temperaturee dependent Henry Law's Constants, Hpc. 

HH Ninog™ _ 7 6 8 8 / T . 1 8 2 9 (Weast 1998) (R:
ldl =0.992, N=9) 

HpcT
HCB== 41*exp[-5900(l/293-l/T)] (Hoff etal. 1996) 

**  Maximum solubility of nitrogen under the given conditions (Weast 1998) 
bb Average winter temperature and an average water concentration of 1.00E-11 ng/1 as 

measuredd in Lake Superior (Hoff et al. 1996). 
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ModelModel calculations 

Onlyy the temperature of the gas phase, the mass accomodation coefficient of HCB, 

thee vapor pressure of the water and of hexachlorobenzene were varied to 

investigatee the change of the HCB flux, JHCB, and the possible change of the water 

too HCB coupling constant, lwM/lbcbM using Eqs. 5.4-7. To quantify the effect of a 

certainn generalized force, the pressure difference of HCB, on all fluxes and 

couplingg coefficients in the model aD other generalized forces were set to zero. 

Tablee 5.3 shows the results. 

Tablee 5.3 Calculated fluxes and coupling coefficients for HCB when all forces between the 

liquidd and gas phase are equal for T=283 K and Pg
eq (HCB) = 7.00E-15 atm except for the 

pressuree force of HCB (Pg=8.1E-15 atm). Remark that all fluxes have still a small non-zero value 

creatingg new thermodynamic forces. 

Flux x 

Jq.2 2 

U U 
JJ water  vapor 

Jhcb b 

U U 
Iq.HCB B 

iNitrogen.HCB B 

*waicrr  vapor.HCB 

^HCB.HC B B 

Value e 

1.08E-13 3 

-1.15E-25 5 

-6.48E-21 1 

-2.91E-17 7 

2.19 9 

-2.59E-13 3 

2.78E-25 5 

1.57E-20 0 

7.04E-17 7 

Dimensions s 

mol/rrf/s s 

J/m2/s s 

mol/m2/s s 

mol/m2/s s 

Despitee that all other forces were set to zero and did not contribute to a 

corresnondinp-- flux, the counlincr coefficients / rreare new small fliivps snd fnrres 

off  water vapour, heat and nitrogen. Table 5.3 shows that under the described 

experimentall  conditions the largest coupling coefficient of the HCB flux is with the 

waterr vapor. Results are in agreement with previous literature (Doney 1994). The 

neww fluxes were small because of the low concentration, mass accomodation and 

couplingg coefficients of HCB. 
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Thee corresponding equilibrium pressure of HCB at an average measured water 

concentrationn of 1.00E-11 ng/1 at 282 K(Hoff eta/. 1996) was found to be 7.0E-15 

atmm (PHCB - H * Oq
HCa in proper units) and the logarithm of its flux, although -°°, 

hass been arbitrarly set to -20. The variation of the mass flux with the vapor 

pressuree of HCB around its equilibrium value is shown in Figure 5.3. The 

assumptionn that the partial pressure difference across the gas/liquid interface is 

smalll  relative to the mean partial pressure is most likely not the case for many 

contaminants.. However, only in this range the LNET-model is valid. 

masss flux of HCB vs vapor  pressure of HCB 

aterr to air 

rr to water 

. . o - °D ° " " 
r P ' ' ' 

-177 -16 -15 -14 -13 -12 

logg PHCB (atm) 

Fig.. 5.3 Variation of the flux of HCB with its pressure across the gas/liquid interface. Al l other 

forcess are set equal to zero. The equilibrium pressure (zero flux) at T=282 is 7.0E-15 atm. The 

logarithmm of the zero flux has been arbitrarily set at -20. 

Figuree 5.3 shows that only in a small pressure range of 5E-15 - 9E-15 atm HCB 

fulfil ll  the LNET conditions. The measured average HCB concentrations at 282 K 

inn air indicates a pressure of 8.2E-15 atm., which is fortunately within the pressure 

rangee for the model. The same was found for the winter conditions (data not 

shown).. Such a coincidence is propably exceptional. In other cases, where the 

vaporr pressure is outside the linear range, linear irreversible thermodynamics may 

nott be valid anymore and as such the use of Eq. 5.3 is problematic. The linear form 

wil ll  develop into the nonlinear form, which is much more difficult to establish. 

—— flux of HCB from w 

aa - f lux of HCB from ai 
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However,, rather large pressure gradients across the system may exist, which might 

nott be valid for the interface. In that case the coupling coefficients may also be 

validd outside the calculated range (Rosjorde et al. 2000). On the contrary, the 

temperaturee differences are in general much smaller compared to the average 

temperaturee and as such the heat force can still be written as AT/T. 

Underr the same starting conditions the mass accomodation coefficient was varied 

betweenn 1 and 1E-12 to investigate the change of the HCB flux and water to HCB 

couplingg factor. Figure 5.4 shows the large dependance of the HCB flux to the 

HCBB mass flux and water-HCB coupling factor 
vs s 

HCBB mass accomodation coefficient. 
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-20.0 0 

-25.0 0 

4 4 

logg aHCB 

-*r r -fcr r * * 
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~ * ^ f ll -4.00 

-- - - HCB mass flux vs HCB mass accomodation coefficient 

-A—— water-HCB coupling factor vs HCB mass accomodation 
coefficient t 

6.00 0 

ff  -8.00 

10.00 0 

ett  £ 

Fig.. 5.4 Plot of the variation of the HCB flux, JHCB, with the mass accomodation factor a and the 

waterr to HCB dimensionless coupling factor, L,hcb/lhcbj,cb  The total pressure has been kept 

constantt at 1 atm. 

chosenn value of the mass accomodation coefficient and as such its importance in 

establishingg correct values. The water to HCB coupling coefficient did not change 

withh a variation of the mass accomodation coefficient. 

Thee relative variation of the dimensionless HCB to water coupling constant, 

LMLM11'Ibcbjxt»'Ibcbjxt» ^ h r^ e saturation factor, P/P0, of the water vapour at the given 

temperaturee of 283K, is given in Figure 5.5. 
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-- 0.08 

00 4» 

Waterr  to HCB coupling factor  (lwj,ci/lhcbjicb (%)) 
vs s 

waterr  vapor  saturation factor  (Sw) 

Fig.. 5.5 Plot of the dimensionless variation of the mass to mass coupling factor of water and 

HCBB and the water vapor saturation factor. 

Thee HCB to water coupling constant increases to around 0.1% on a variation of 

thee saturation factor to 5. The constant might increase to around 1% if the 

concentrationn of the HCB increases to the unrealistic value of around 50% of the 

totall  vapor pressure. Coupling coeffients are therefore ver)' small for (slighdy) 

solublee contaminants in water and fall easily within the experimental errors. 

Thee LNET-model was also used to calculate the flux rate constants of C02, N2 and 

HCBB with reported experimental values at 293 K. Using the literature values of the 

masss accomodation coefficient of C 02 and N2 (Noyes et al. 1992, 1996) the flux 

ratee constant of condensation of the LNET-model was ~40 times larger for C02 

andd -30 times larger for N2 than the calculated ones (see Table 5.5). A somewhat 

lesser,, but similar, discrepancy (~20) was found for flux constants of water 

evaporationn experiments (Bedeaux 1999). 

Tablee 5.4 Comparison of experimental and theoretical values of gas-liquid exchange rates of 

HCBB under environmental conditions (Hoff et al. 1996) and using the LNET-model for HCB, 

COzz and N, under specific lab. conditions. 
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Description n 

Annuall  mean gis phase concentration (pg/m ) 

Averagee water concentration (ng/dnv) 

Water/airr temperature (K) 

Averagee HCB gas pressure (atm) 

Reponedd flux rate constant, k 0 (m/d), based on 

modell  of Liss and Slater (1974). 

Averagee flux of HCB, J (mol /m2/s ), from air to 

waterr according to eq 5b and k^ values based on 

modell  of Liss and Slater (1974) 

Averagee flux of HCB, J (mol /m2/s ), from air to 

waterr according using eq 4 and setting all other 

forcess on zero and the pressure gradient as 

AP/P. . 

Valu ee in summer Valu ee i n winter 

9ö ö 

0.01 1 

282/289 9 

8.3E-15 5 

0.703 3 

6.52E-17 7 

1.37E-17 7 

275/263 3 

7.8E-15 5 

0.530 0 

8.38E-17 7 

8.72E-17 7 

Fluxx constants of condensation (kcJ) 

Carbonn dioxide (Noyes et aL 1996) 

Nitrogenn (Noyes tt al. 1992) 

LNET-model l 

2.2E-44 m/s 

3.0E-44 m/s 

Experimental l 

0.051E^m/s s 

0.09E-44 m/s 

HCBB fluxes in summer and winter for lake Superior have been given in the 

literaturee using the model of Liss and Slater (1974). Results of the use of the same 

dataa into the LNET model are given in Table 5.4. Both models predict that the 

fluxess are larger in winter than in summer. The magnitude of both fluxes is nearly 

equall  in winter and differs by around 5 times in summer. However, such a close 

valuee should probably be regarded as accidental since the model of Liss and Slater 

includess the effects of the turbulence in the bulk layers, but the presented LNET-

modell  was derived for the interface onlv. 

Discussion n 

TheThe mass accomodation coefficient and its correlation with H llpf pf 
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Thee established QSAR for the mass accomodation coefficient, using H as a 

descriptor,, has certain appealing features from a theoretical point of view. It 

explainss why in the reported results on nitrogen and carbon dioxide a high 

correlationn was found between the equilibrium solubility and the mass 

accomodationn coefficient (Noyes et ai 1992, 1996). In these cases the Henry's Law 

constant,, being the ratio between the vapour pressure and the solubility, is given by 

thee maximum solubility of the gas at P0. A second aspect is that, if it is assumed 

thatt the correlation does not change drastically with temperature, the value of the 

Henry'ss Law constant increases and thus the mass accomodation coefficient should 

decreasee on an increase in temperature. This is experimentally observed for the 

alcoholss and (organic) acids (Nathanson et ai 1996). We have shown for the first 

timee that the mass accomodation coefficients for highly insoluble contaminants can 

bee derived from its Henry's Law Constant. 

ComparisonComparison of the LNET and Liss and Slater models. 

Thee model of Liss and Slater, like ours, assumes only a flux perpendicular to the 

surface.. It, however, defines five compartments, two turbulent bulk layers, two 

stagnantt layers and an interface where instantaneous equilibrium is established. 

Thee thickness of both stagnant layers is a constant point of research. In the LNET-

modell  of evaporation and condensation based on kinetic theory a collision free 

zone,, the Knudsen layer, is defined above the liquid interface (Young 1993). The 

liquidd bulk effects are often ignored and the model then applies for the surface and 

thee gas continuum. In order to distinguish between kinetic and diffusion control, 

thee LNET-model defines a Knudsen number, Kn -XI2  ̂ where X is the mean free 

pathh length, defined by kinetic theory, and £ is the thickness of the surface layer. 

Thiss number indicates, therefore, the resistance to the transport of the (mass) flux 

too the vapor over a comparable distance, the surface thickness. In the LNET-

modell  the mean free length of the gas is often used and the resistance of this layer 

iss compared to the thickness of the surface. The advantage of such a picture is that 

thee lengths of the "stagnant" layers in the model of Liss and Slater axe now defined 

byy the Knudsen number. The five layer model of Liss and Slater is reduced to 

threee layers; two bulk phases and an interface which will be considered as a change 

fromm air to water without knowing its exact picture yet. Applying this model, in a 

steadyy state situation the ratio of the concentrations of the contaminant in gas and 

liquidd will not be equal to the Henry Law's constant anymore, but kvJkC! still is. If 
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thee vertical fluxes in the bulk layers are based on diffusion, the total resistance (gas, 

interfacee and water) in the LNET-model can be written as 1 fvlc, - H/vw + 1/v( + 

11'k11'kchch where 11vw is the resistance of the vertical flux in the water phase, 1/v£ the 

onee in the gas phase (air) and H is the dimensionless Henry's Law constant. We 

appliedd the same relation to HCB for vm (ym = (4EA + 4E-5 u,0
2*(D cJD0J and vg (vg 

(cmIs)(cmIs) = (0.2 ul0 (mis) + 0.3) * (DJDJ) (Schwarzenbach tt al. 1993)), where u,0 is 

thee wind speed at 10 m height, Dc>w and Dca are the binary diffusion coeffients of 

thee substance in air respectively in water, D0„  and D â are the binary 

Relativee contribution of each compartment to the 
totall resistance of HCB for evaporation 

H/Vww HCB 

-1/k k 

-2.0 0 -1.00 0.0 0.7 1.0 

logg of the windspeed at 10 m 

Fig.. 5.6 Relative resistance of HCB in a three compartment model ( air, interface and water) 
relatedd to wind speed. 

diffusionn coefficients of oxygen in water and water vapour in air and using the 

estimationn method of Fuller and Wilke-Chang (Reid et al. 1988) in repectively air 

andd water. The estimated value of the mass accomodation coefficient for HCB in 

Eq.. 5.8 is used to obtain the values of kc>1. Subsequently we can estimate the relative 

contributionn of each compartment in the total resistance of HCB and CO,. 

Fieuress 5.6 and 5.7 show the results and it can he seen that for for the reported 
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Relativee contribution (log) of each compartment to the 
totall resistance of C02 for evaporation 

-- log H/Vw 

g g 

-logg 1/k 

Windspeedd at 10 m height 

Fig.. 5.7 Relative resistance of CO, in a three compartment model ( air, interface and water) 

relatedd to wind speed. 

windspeedss iuw- 5 m/s) the resistance factor of the interface for HCB is more 

importantt than those of the gas and liquid phase, while for carbon dioxide the 

relativee constribution of the interface and the liquid phase remains similar uptil a 

windspeedd of around 10 m/s. Because the resistance of HCB is nearly fully caused 

byy the interface, the values of the fluxes based on the model of Liss and Slater and 

ourr LNET-model are in the same order of magnitude. 

MolecularMolecular models of the accomodation process. 

Statisticall  rate and cavity formation models, and a critical cluster size model based 

onn nucleation theory have appeared in the literature as to the nature of the interface 

barrier.. Statistical rate models (Ward and Fung 1999, Phillips 1997), however, are 

quitee complicated and introduce often new parameters, which are difficult to 

determine.. Therefore we will not discuss them further. 

Thee critical cluster size model (Nathanson et al. 1996) is derived from temperature 

dependentt measurements of mass accomodation coefficients. An excellent 

correlationn between the enthalpy and entropy of the process was observed. The 

criticall  size of a nucleus for uptake of the reported contaminants was found to vary 

fromm 1.5 to 3 molecules, which is extremely low. However, as shown in the 

literaturee (Krug et al. 1976), an isokinetic or extra thermodynamic relation can also 

bee caused by a propagation of experimental errors since both the enthalpy and 
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entropyy data are obtained from the same Arrhenius plot. If a chemical correlation 

exists,, it should also be shown by plotting the free enthalpy calculated at the 

harmonicc mean of the experimental temperature data set, Tbnn against the enthalpy. 

Unfortunately,, such a correlation cannot be found yet for the literature dataset 

(Nathansonn eta/. 1996) onT4 f f l = 273 K and the reported correladon between the 

enthalpyy and entropy should be regarded as caused by a propagation of 

experimentall  errors. Based on this argument we conclude that the interpretation of 

thee accomodation process by nucleation theory is not appropriate. 

AA cavity formation model (Vitol and Orlova 1993) considers the dependence of 

thee surface tension with the concentration of vacancies in the condensed phase and 

onn the surface of the liquid. By taking the vacancies as a surface-active impurity and 

consideringg the surface layer monomolecular, mass accomodation values of water 

(0.13)) and tetra (0.35) could be calculated. In this model the surface tension plays 

ann important role. At a first sight reported values of the accomodation coefficient 

off  nitrogen in different solvents (Noyes 1995) and carbon dioxide in different salt 

solutionss (Noyes et al. 1996) do not show any correlation with the equilibrium 

surfacee tension. However, the reported values of the surface tension used for the 

differentt liquids show large differences with literature values (Landolt-Bernstein 

1956).. Based on these values and the reported accomodation coefficients of 

nitrogenn and carbon dioxide the correlations were re-examined. Figure 8 gives the 

resultss and as may be seen, both for nitrogen in different solvents and for carbon 

dioxidee in different salt solutions high correlations with the surface tension are 

found.. The same figure reports also a high correlation between the maximum 

solubilityy of nitrogen, C w , vs the surface tension in agreement with our previous 

remarkk on the correlation with Hpc as descriptor. Recently calculations also support 

thee dependency of the surface tension on the mass accomodation coefficient 

(Rosjordee <?/*/. 2001). 

Wee conclude that the nature of the interface remains unclear but that the surface 

tensionn is an important correlation factor in recent uptake experiments and returns 

inn some form in the cavity formation model. 
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masss accomodation coefficient, a, and maximum solubility of N2 

Ceqq
 2 (Noyes et al. 1992) vs surface tension, rj s (Landolt-

O O 

c c 

M M 
C C 

10 0 

-100 i 

-12 2 

Bernsteinn 1956) 

gss (dyne/cm) 

70 0 

 mass accomodation coefficient vs surface tension 

DD solubility of Nitrogen gas vs surface tension 

AA mass accomodation coefficient vs surface tension (salt water) 

Fig.. 5 

under r 

1956) ) 

88 Correlation between the mass accomodation coefficient, a, and solubility of nitrogen 

11 atm., Ceq
 N2, (Noyes et al. 1996), surface tension of different liquids (Landolt-Bernstein 

andd salt solutions. 
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Appendixx 1. 
Thee behaviour of the Knudsen layer (Kn) vapour pressure jump, Pf - P„  compared 

withh the overall pressure difference, Ps - Pl/00) in the continuum limit and in the 

presencee of an inert gas with pressure P«, has been derived before, Eq. 5.A1 (Eqs. 

577 and 58 in Young 1993). In here Psrepresents the pressure at the surface, Pw the 

pressuree at the border of the Knudsen layer and the gas continuum and P^ is the 

pressuree in the gas continuum. 

PP -P 
SS VI 

P.P. - p.. 

X X 

11 + X 

xx = 
KnKn P 

ScSc P„ 

2z2z 2 ptot 

(5.A1) ) 

KnKn is the Knudsen number, X is the mean free path length as defined by kinetic 

theory,, 7] is the vicosity and p is the density of the vapour-gas mixture, Sc is the 

Schmidtt number, D is the binary diffussion coefficient, ^ i s a pressure average of 

thee specific heat ratio and R,, is the specific gas constante in the defined system and 

££ represents the resistance to the transport of the (mass) flux to the vapor over a 

comparablee distance, the surface thickness. In the model only a flux perpendicular 

too the normal was defined, no bulk liquid properties were taken into account and 

noo cross fluxes or extra viscous pressures were considered. Under these conditions 

thee only difference with a planar surface is the pressure, where the Laplace equation 

mustt be used. The limit of X —> 0 represents the diffusion controlled limit with 

negligiblee kinetic resistance across the Knudsen layer. 

Forr environmental purpose the presence of an inert gas is important and it is 

assumedd that air plays this role in the experiments of Smith et tz/..(1980). In such a 

s y s t e mp ^ - p^  ̂ ~ ~pM and thuspyOO<«p/0t and Y~Yér Although in this case R<R„ 

wee assume that they are still equal. For very low values of the mass accomodation 

coefficients,, QT, in the presence of air in Eq. A l , the right hand side of the term in 

bracketss becomes much larger than the left hand side and A l approximates to Eq. 

A2. . 

141 141 



ChapterChapter 5 

ScSc a 

Inn case R is much smaller than R,, X will still be larger as defined in Eq. 5.A2. The 

viscosityy of air (nitrogen) is 178 \xP at 300 K, p - p0, the diffusion coefficient of 

C 022 in air is 0.17 cm2/s at T=300 K ,p=p0 and the density of the air is 1.15 kg/m3 

(Reidd at al 1988), thus JY=0.91. The mean free path length at room temperature 

andd at atmospheric pressure is around 10"7 m (Phillips 1997). For the reported mass 

accomodationn coefficient of C02, 5.5E-8 and an average depth of the beaker in the 

experimentt of Smith et al.. of 2L (̂  = 0.20 m), the value of X =10, the ratio of X 

andd /+X i s still nearly one(l) and the kinetic argument is still highly valid under the 

experimentall  conditions of Smith et al..(\9SQ). The kinetic limit is still valid because 

off  the very low value of a. Previously, a value of 1 was normally taken. Using the 

experimentall  values of the bubble train experiment (Boniface et at. 2000) a value of 

XX ~ 0.35 is found indicating that the transfer process is not fully kinetically 

determined. . 
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Henry'ss Law constant, atm m3/mol 

molarr mass flux of/, mo l /n f /s 

conductivee heat flux, J /m /s 

onee dimensional flux constant of /', m/s 

phenomenologicall  coefficients, various dimensions, dimensionless 

molecularr mass, kg/mol 

(partial)) pressure of /', atm 

gass constant, J /mo l /K 

entropy,, J /K 

internall  entropy of /', J /K 

absolutee temperature, K 

meann absolute velocity (of/), m/s 

molee fraction (of/) 

irreversiblee thermodynamic driving force, various 

masss accomodation coefficient, dimensionless 

jumpp coefficient, dimensionless 

thermall  conductivity (of/), J / s / m /K 

dissipationn rate of entropy production rate, J /K /s 

equilibriumm surface tension 




