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Water Transport in Polymer Electrolyte Membrane
Electrolyzers Used to Recycle Anhydrous HCI

I. Characterization of Diffusion and Electro-osmotic Drag
Sathya Motupally,®°*** Aaron J. Becker®* and John W. Weidner**

&Center for Electrochemical Engineering, Department of Chemical Engineering,
University of South Carolina, Columbia, South Carolina 29208, USA

PE. I. DuPont de Nemours and Company, Central Research and Development,
Wilmington, Delaware 19880-0323, USA

In this paper, diffusion and electro-osmotic drag of water across Nafion® membranes in the presence of HCI are characterized. For
all the measurements, one side of the Nafion membrane was in contact with liquid water and the other side with gaseous anhydrous
HCI. To characterize diffusion of water, the open-circuit flux of water across a catalyst-coated Nafion 115 membrane was
measured as a function of HCI flow rate and temperature at a constant cell pressure of 1 atm. Due to the nature of varying driving
force for diffusion as a function of HCI flow rate, the experimental data was analyzed in conjunction with a mathematical model.
The mathematical model accounts for condensation of water and is used to calculate the concentration of liquid hydrochloric acid
in contact with the membrane. The mathematical model presented here is general and can be applied to the characterization of
water transport across Nafion membranes in the presence of any gas that is soluble in water. In the case of HCI, at low inlet flow
rates(<1500 cni/min, STP, the diffusion of water across the membrane is primarily governed by the diffusional limitations of

HCI in the condensed phase. At high flow rates3000 cni/min, STP, the flux of water is a constant and depends on the
saturation solubility of HCI in the condensed liquid phase. To measure the electro-osmotic drag parameter, the net flux of water
across the membrane was measured as a function of the applied current density at high HCI flGve rategorm water fluy.

At 80°C, it was found that 3.8 mol of water per mole of protons are transported from the anode to the cathode.

© 2002 The Electrochemical SocietyDOI: 10.1149/1.1464135All rights reserved.

Manuscript submitted August 24, 2001; revised manuscript received November 6, 2001. Available electronically March 29, 2002.

In the chemical industry, chlorine is one of the most widely used 2H"(ag) + 2e” = H,(Q) [2]
feedstocks. More than 50% of the chlorine used in the chemical
industry ends up as hydrogen chloride, a waste byprcdEot. ex-
ample, in the polgvinylchloride) (PVC) and polyurethane indus-
tries, millions of tons of HCI gas are produced as a waste by-
product. Complete reclamation of the material value of chlorine  Nafion is a copolymer of a vinyl ester and tetrafluoroethylene
used in such industries is only possible via recycling chlorine. Re-and also contains conducting sulfonic acid side ch&ingNafion
cycling chlorine can be accomplished by conventional thermo-acts as the separator and the cation conducting electrolyte. Nafion is
chemical or by electrochemical processfiig. Due to a negative  effective as a cation conductor only when sufficient water is associ-
reaction entropy changeAS), at all practical temperatures, only ated with the sulfonic acid group&® Therefore in an attempt to
electrochemical processing affords direct conversion of HCI to chlo-keep the membrane sufficiently hydrated, water is circulated through
rine and rg/drogen. Electrochemical oxidation can either be liquid orthe cathode of the electrolyzer.
gas phaséf10 On open circuit, due to a gradient in the activity, water diffuses

The gas-phase electrochemical conversion of HCl to chlorine androm the water to the HCI gas sidsee Fig. 1. When HCl is oxi-
hydrogen was invented by DuPont in 1998he electrolysis is car-  dized in the electrolyzer, water is transported with the protons con-
ried out in an electrolyzer similar to a,HD, polymer electrolyte  ducted from the anode to the cathode due to electro-osmotic drag.
membrangPEM) fuel cell. The DuPont electrolyzer contains flow During the operation of the electrolyzer, the net flux of water trans-
channels and gas diffusion backings on the anode and the cathodported into the anode gas stream is equal to the flux due to diffusion
The flow channels, the gas diffusion backings, and the membraneninus the flux due to the electro-osmotic drag.
processes involved in the HCI electrolyzer are depicted in Fig. 1. In
the figure, flow channels 1 and 2 represent the anode and the cath-
ode, respectively. The anode and the cathode are separated by a
catalyst-coated polymer electrolyte membrane like Nafion. The flow nei)
channels and the gas diffusion backings facilitate the distribution of =l Cl(g) +HCl (g) +H,0 (g) . e
the process fluids and also carry the electronic current out of the G piffusiont

2HCI(g) = Hy(g) + Clx(9) (3]

] elec ! . Hoe L@ 2L, ‘Aq. ACI SOl v=5,
cell. The process fluid on the anode side is anhydrous HCI, which  Backing*| M
reacts at the surface of the anode catalyst layer to yield chlorine vie E:;fry“‘ X=By,y=0
the reaction H,0 Drag HEO), |
2
2HC|( ) cl ( ) 4 2H +( q) 4 og [l] Catalyst Coated Nafion®Membrane Diffusion
g) = Ch(g a € =0
Hyg) l/ Diffusion Backing H,0

The protons produced at the reaction site are transported to the catt
ode catalyst layer through the anode catalyst layer and the Nafior ) HO0+H, 2 ==
membrane. Here the protons are reduced to hydrogen. The cathod
and overall reactions can be written as

Current Collector with Flow Channel

Figure 1. Schematic of the side view of the experimental cell. Dry HCI and
water are fed to flow channels 1 and 2, respectively. Water diffuses across the

* Electrochemical Society Active Member. Nafion membrane from the liquid to the gas side due to a gradient in the
¢ Present address: Duracell Global Science Center, Bethel, CT 06801. activity of water. After the condensation of water, the diffusion across the
Z E-mail: sathyamotupally@gillette.com membrane is governed by the concentration of HCI in the condensed phase.
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The crossover of water across the membrane affects the quality . T . . . t i T T T
of chlorine produced and also the electrochemical performance of 390 [ .
the electrolyzerdue to the strong dependence of the Nafion prop-
erties on the water contenfThe water flux across the Nafion mem-
brane in a HCI electrolyzer depends on the applied current density.
temperature, and pressure of operation. From a process economicy
standpoint it is most desirable to operate the electrolyzer at the high- & 3% ¢
est possible current density at the lowest possible voltage with a2

. . . I3
negligible net flux of water across the membrane. These conditions® 33 -
ensure the smallest footprint of the electrolyzer and the production g*
of a dry chlorine stream. Therefore, process optimization requireslg a0 F
the understanding of the diffusion and the electro-osmotic drag pro-
cess across Nafion membranes.

The goal of this paper is to characterize the diffusion and the
electro-osmotic drag across Nafion membranes in the presence c
HCI. Previous water transport characterization across Nafion has m
been in the presence of fuel cell gases likg |, , and N, 13151718 L
There exist no reports in the literature regarding the transport of 00 01 02 03 04 05 06 07 08 05 10
water across Nafion membranes when the more benign gases lik Gas or Liquid Phase Water Mole Fraction
hydrogen, oxygen, or nitrogen are substituted with an acidic gas like
HCI. The main difference between the fuel cell gases and HCI isFigure 2. TheT-x-y diagram(dew-point curvepfor the nitrogen/water and
their solubility in water. In the case of HCI, water condensation HCI/water binary systems. In the presence of HCI, due to thermodynamic
readily results in the formation of hydrochloric acid and the solubil- nondealities, water condenses at at lower water vapor mole fractions than in
. B . T - the nitrogen case.
ity of the fuel cell gases in water is negligible. This feature leads to
the main difference between the characterization of water diffusion
in the presence of fuel cell gases and HCI. In the former case, the
driving force for water diffusion is dictated by the activity of water ode side. Water preheated to the cell temperature was circulated
in the vapor phase. In contrast, in the presence of HCI, the diffusiorthrough one side of the electrolyzer and HCI passed through the
flux is governed by the vapor-phase water activity prior to conden-other side. Water was delivered with the aid of a piston pump, and
sation and the concentration of the hydrochloric acid in contact withthe pumping rate was always fixed so as to deliver 158 erim of
the membrane after condensati@ee Fig. L water. HCI gas was fed to the cell without preheating. The flow rate

In this work, we characterize water transport across catalyst-of water and the temperature of the HCI gas at the inlet had negli-
coated Nafion 115 membranes using a mathematical model in congible effect on the flux of water diffusing across the Nafion
junction with experimental water flux data as a function of HCI flow membrané® The flow rate of HCI gas was controlled with the aid of
rate, temperature, and applied current density. We apply the Fickiam Brooks mass flow controller. The flow range of the controller was
diffusion coefficient extracted from the water self-diffusion data re- 30-4600 cri/min at STP. The pressure of each side of the cell was
ported in the literatur€ and the thermodynamic vapor-liquid equi- controlled with the aid of back pressure regulators, and the pressure
librium data to accurately predict the water flux as a function of the was recorded with the aid of pressure gauges on the outlet and the
flow rate of HCI. Usng the temperature correction for the Fickian inlet of either side of the membrane. All experiments were con-
diffusion coefficient reported by Yeo and Eisenb&gve also show  ducted under conditions where the pressure on both sides of the
that the temperature dependence of the water flux can be accurateiembrane was approximately the same.
predicted. Finally, using the net water flux data as a function of the  The stream exiting the anode contained hydrochloric acid solu-
applied current density at high HCI flow rat@se., uniform water  tjon, water vapor, and HCI gas. This stream was passed through a
flux), we measured the electro-osmotic drag coefficient. The mathvertical PVC knock-out vessel maintained at 20°C and at the cell
ematical model presented in this work is general and can be used ipressure. Liquid hydrochloric acid and the water vapor in the exit
conjunction with the appropriate input parameters and experimentagtream condensed in the knock-out vessel. The vessel was equipped
data to characterize water transport across Nafion in the presence gjith a piezoelectric level sensor. The condensing liquid decreases
any nonfuel cell gases. the resonant frequency of the alternating signal emanating from the

) sensor, which was then correlated to a mass incréase.

Experimental The mass of the condensate was monitored continuously at 5 s
cell setup. The fuel cell itself is comprised of Kynar®/graphite com- cell was calculated from the slope of the masstime curves. As
posite plates, stainless steel end plates, and copper current colle8hown in our previous papét the massss. time data was linearly
tors. Water was fed to one side of the cell and the other side was fefiegressed to obtain the mass flow rate of hydrochloric acid condens-
with HCI gas. Both sides of the cell contained carbon cloth diffusion ing in the knock-out vessel. The resulting slope obtained from the
backings and flow channels machined into carbon paper. The flowinear regression of the mass. time data was multiplied by the
channel was a single serpentine channel with a depth and width ogquilibrium mole fraction of waterx) at 20°C(see Fig. 2 The
0.076 and 0.16 cm, respectively. The thickness of the diffusion backdata was collected at 60, 80, and 90°C and at a cell pressure of 1.0
ing was 600um with a porosity of approximately 65%. A Nafion atm. The resulting values correspond to the mass flow rate of pure
115 membrane with catalyst layers coated on both sides was sanavater condensing in the knock-out vessel. Water is also associated
wiched between the gas diffusion backings, and the cell was aswith the vapor stream in equilibrium with the condensate in the
sembled by the application of a uniform torque of 35 in. Ibs. be- knock-out vessel. The knock-out vessel is maintained at 20°C, and
tween the copper plates on either side. The active area of the Nafioat this temperature the value of the vapor-phase mole fraction of
membrane was 50 nThe catalyst layers contained 50/50 wt % of water (/<) is equal to 0.0028see Fig. 2 This means that at all the
Nafion 1100 ionomer and catalyst. The thickness of the catalysflow rates of HCI used in this work0-4600 STP criYmin), more
layer on each side was approximately @@, and the active area of than 99% of the water leaving the electrolyzer is condensed in the
the membrane was 50 ém knock-out vessel. Due to the negligible water vapor content, a cor-

The temperature of the electrolyzer was controlled with the aidrection was not applied and the mass flow rate of water exiting the
of heating cartridges and thermocouples on the anode and the catlelectrolyzer was approximated to the water condensing in the

370

Dashed = H,O/N,

0 - Solid = H,O/HCI
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knock-out vessel. The total flux of water across the Nafion mem-
brane is obtained when the mass flow rate of water is divided by the
molecular weight of watef18 g/mo) and the area of the Nafion
membrane (50 cA).

Model Development

In a previous papéef we characterized water transport in Nafion \XC/\
115 membranes as a function of water activity gradient across the
membrane. In our work, one side was in contact with liquid water
and the water activity gradient across the membrane was varied b
varying the volumetric flow rate and pressure of nitrogen on the
other side'® In this case, the driving force for water diffusion is a
function of the position in the flow channel in the direction of flow.
Therefore, the experimental water flux data was analyzed in con-
junction with a mathematical model.

In the presence of HCI, the mathematical model we developed
previously for the nitrogen case needs to be refined due to four
unique reasons. First, the mole fraction of water at which conden-+igure 3. Schematic of a three-dimensional view of the single parallel chan-
sation occurs is lower at all temperatursee Fig. 2 The second  nel representation. The width, depth, and length of the channel are denoted
unique feature of water crossover in the presence of HCl is related tav,, d, andL, respectively. The width of the catalyst-coated membranes is
water condensation. When water condenses, it forms concentrategenotedw, .
hydrochloric acid in the gas-diffusion backing due to the high solu-
bility of HCI in water. This results in a nonzero driving force for
water diffusion across the membrane following condensation. Thed, and L,

b mentioned two featur re represented in Fid. 2. which cord respectively. The width and thickness of the catalyst-
above-mentioned two features are represented in Fg. <, whic coated Nafion membrane are denotedandd,,, respectively. The
tains the dew-point curves for the water/HCI and waterffihary

. assumptions used in the development of the model are
systems. The dashed lines represent the wajesfidtem and the 1. Prior to condensation, the Nafion membrane is the dominant

solid lines represent the water/HCl system. The gas-phase dotteflisance to the transport of water. Therefore, the concentration of
line in Fig. 2 is the mole fraction of water at which condensation \yater is uniform across the gas diffusion cloth and the flow channel.
occurs at different temperatures and 1.0 atm in the presence of ni- 5 The HCl/water vapor mixture in the flow channel obeys the
trogens. This line was generated by dividing the vapor pressure ofyqo) gas law.

water® by the total pressure of 1.0 atm. Since the solubility of "3 After condensation, a solution of hydrochloric acid is formed

nitrogen in liquid water is negligible, the resulting liquid phase is ot the membranel/gas diffusion-backing interface. The concentration

pure wate(liquid phase is the dotted line in Fig).2rhe HCl datain ot 4 at the condensate/gas interface is governed by equilibrium.
Fig. 2 were generated by fitting an empirical expression to vapor/" 4 piffusion of HCl across the membrane is negligible.

liquid equilibrium data obtained from OLI Systems Software at a g5 The thickness of the hydrated and the dry catalyst coated

H,0 Diffusion

pressure of 1.0 atrt?. The resulting equilibrium relationships af€ Nafion membranes are equal.
is in kelvin) 6. The entire fuel-cell system is maintained at a uniform and
e _ 4209% 10712 0.068T 4 constant temperature throughout. _ .
Y X ) (4] 7. The permeability of water across the Nafion membrane is neg-
x8 = —3.159+ 0.0392d — 1.22X 10*T? + 1.31x 10 T3 ligible.

Assumption 1 is valid because the diffusion coefficient of water
[5] vapor in HCl is at least four orders of magnitude greater than the
diffusion coefficient of water in Nafion, while the diffusion lengths
As seen from Fig. 2, the lower equilibrium gas-phase water mole-are comparable. The ideal gas law is valid at the pressures and
fraction in the HCI case means less water crossover is requiredemperatures employed hefiee., assumption 2 Assumption 3 is
before condensation occurs. Also, as mentioned earlier, upon convalid since the water enters the anode at the membrane/gas
densation the activity of water unlike the nitrogen case is not unity diffusion-backing interface. Upon condensation, HCI dissolves into
and the diffusion flux is governed by the activity of water in the the condensate and the hydrochloric acid solution is always in con-
hydrochloric acid phase. tact with the gas in the flow channel. Due to the fast kinetics of HCI
The third unique feature is a consequence of the condensation afissolution, it is assumed that the condensate/gas mixtures are at
hydrochloric acid. Continued diffusion of water in the presence of aequilibrium. Assumption 4 is based on experimental evidence. Pure
condensed acid phase results in dilution. Only the liquid interface inwater was fed to the cathode and its pH checked periodically. The
contact with the HCI vapor is at the equilibrium concentration given flux of HCI across the membrane was measured by measuring the
by Eq. 5. The liquid interface in contact with the membrane is morepH of the catholyte periodically. It was found that at all flow rates of
dilute. The extent of dilution depends on the thickness of the con-HCI gas used in this work, less than 0.1% of HCI diffuses across the
densed phase and the diffusion coefficient of HCI in water. Knowing membrane into the catholyte. It has been shown that on equilibration
the nonequilibrium concentration of water at the liquid/membranewith water, Nafion membranes swell. The thickness of hydrated
interface is critical because it is this value that dictates the drivingNafion membranes increases linearly with an increase in the
force for water diffusion across the membrane. Finally, HCI can bewater content® For measurements on freely suspended Nafion
oxidized electrochemically according to Reaction 1. In the presencanembranes? it is necessary to consider the variation in the thick-
of an applied current, electro-osmotic drag decreases the rate afess with the level of hydration. However, in our case, where the
water transport across the membrane. membrane is held tightly under pressure between graphite plates, it
We build on the model developed in our previous pdfevhich is assumed that the thickness of the membrane is invariant with the
for this work is valid only until condensation occurs. As in our level of hydration(i.e., assumption 6 The water flux data is taken
previous paper, we represent the serpentine flow configuration ot steady state, allowing the membrane surfaces to equilitirate
the anode with a single parallel flow chanh®A three-dimensional assumption B A uniform and constant temperatuiiee., assumption
end view of the anode flow channel is shown in Fig. 3. As seen in6) was assured by placing a heating jacket around the carbon current
Fig. 3, the width, depth, and length of the channel are densted  collectors. The water flowing through one side of the cell was also
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maintained at the same temperature as that of the cell. Although theither by using a water or HCI balance in the flow channel. For this
HCI did not enter at this temperature, the data reported here wasvork, we use the HCI mass balance in the vapor and liquid phases in
independent of the inlet temperature of the gas. Also, due to steadythe flow channel.

state conditions, heating effects due to evaporation or condensation After condensation, the total flow rate of HCl is still a constant,
has no net effect on the cell's temperature. Finally, considering thebut now it is distributed between the two phases according to the
fact that all experiments during this work were performed with ap- following relationship

proximately the same pressure on the water and gas sides, combined
with the low permeability values of Nafid,the permeability of
water across the membrane is negligile., assumption ) In the
following sections, the equations used to solve for the diffusion flux
of water across the Nafion membrane are given. Equation states that the HCI in the vapor phase is given by the
. difference between the total amount of HCI fed to the anode and the
Mass balances in the flow chanreiAt the entrance of the an- HCI that is dissolved in the liquid phase forming hydrochloric acid.

ode flow channeli.e.,, z = 0, see Fig. 1 or 8 only gaseous HCl is v L )
present. However, due to the diffusion of water across the Nafion” Ed- 10:Nic andNy, are the HCI molar fluxes in the vapor and

membrane, the mole fraction of water vapor in the flow channelliquid phases, respectively. Als@, is the thickness of the con-
increases in the direction. Since it was determined experimentally densed phase and is denoted in Fig. 1. The calculation isfbased

that a negligible amount of HCI diffuses across the membrane, then the total volumetric flow rate of the condensed phase and the
molar flow rate of HCI does not vary in thedirection. This situa- superficial velocity of the condensed phase through the gas diffusion

tion is identical to the case when nitrogen is the carrier'§ase gacking. ﬁ‘t the exitl of éhe ﬂI:)W ctlwannel., tple thicknefsshof thedcon- g
differential mole balance for water vapor in the flow channel can bed€nsed phase is related to the volumetric flow rate of the condense

represented mathematically as phase through the equation

ho dv(@ (&
[1-yw(2]* dz w,d

WZSZ

wid Nfci(2) [10]

fo = Nic(2) + (

80 = [11]

Qiz = L))

w,Vt

)NW,X(Z) =0 [6]

o ] In Eq. 11,Q" is the volumetric flow rate of the condensed hydro-
In the above equatiomy,, is the inlet molar flow rate of HCland  cporic acid andV* is the superficial velocity of the condensed
is related to its inlet volumetric flow rat®,, by the following  phase. The volumetric flow rate of the condensed phase increases in
relationship the z direction and the superficial velocity remains a constant. Under
o the assumption that the thickness of the condensed phase increases
o _ QrciP [7] linearly in the direction of flow, the volumetric flow rate can be
HCI RTA related to the thickness of the condensed phase at the exit of the
electrolyzer according to the equation

z— L.
L - L,

For a complete listing of all the variables and symbols used in this

work, the reader is referred to the List of Symbols section. In Eq. 6, 5, = 30(
yw(2) is the mole fraction of water in the vapor phase &g, (z) is

the flux of water across the Nafion membrane. The driving force for o

N,, «(2) is given by the activity of water on the cathode side., In Eq. 10, the liquid-phase molar flux of HCI can be related to
unity) and the activity of water in the vapor phaghlote: the cal-  the velocity and the average concentration of H@,c), in the
culation of N,, ,(2) is given in more detail separately in this sec- condensed phase through the following equation

[12]

tion.] Assuming the ideal gas law, the activity of water in the vapor L UL
phase is given by Nhci(2) = VH{Chei(2)) [13]
VP In Eq. 11-13, information regarding the superficial velocity of the
a, = [8] condensed phase is required. The condensed phase flows through the

*
P*(T) porous gas-diffusion backing on the anode due to a pressure drop

o o across the flow channésee Fig. 1 Therefore, the superficial ve-
In the above equatioa,, is the activity of water on the anod®,the  |ocity of the liquid phase in this porous region can be calculated
total pressure of the system, aRd (T), the saturated vapor pres- using Darcy’s lav#* According to Darcy’s law, the superficial ve-
sure of water at the temperature of operation of the electrolyzerlocity of a fluid in porous media is proportional to the pressure and
Assuming that HCI/HO form an ideal gas mixture, the vapor pres- gravitational forces acting on the fluid as follows
sure of water is described by the same expression that is used in the

resence of gases like nitrogén AP K
P g g& vt = (T + pHCIg) o [14]
logl P*(T)] = —2.18+ 0.029T — 273.2 — 9.18
X 10°%T — 273.2%2 + 1.44 Equation 13 also needs the calculatior( G%c)).
. 5 At z = L., the water content of the condensate is given by Eq.
X 107YT — 273.2 (9] 5. However, due to diffusional limitations for HCI in the condensed

phase, water crossing the membrane dilutes the acid at the solution/
During the integration of Eq. 6, when the relative humidity of the membrane interface. Therefore, to calculé®,c), a differential
HCI stream equalg?, (as given by Eq. % hydrochloric acid con- ~ mole balance in the condensed phase is solved

denses. The value afat which condensation starts is denotedn sC 92C
Fig. 1. For allz greater tharl., Eq. 6 does not apply. The water yL =R _ HC|—';C| [15d]
diffusing across the membrane is now distributed between the liquid 9z ay

and the vapor phases. In accordance with assumption 4, phase rule

dictates that vapor-liquid equilibrium governs the concentration ofwhereV' is the superficial velocity of the condensed liquid phase in
HCI in the vapor phase and the surface of the condensate. Upothe gas-diffusion backing anB, is the diffusion coefficient of
condensation, the water flux across the membrane can be calculatédCl in water. The boundary conditions for Eg. 15a can be written as
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at z=L - L, Cye =0 [15h] tact with the membrane. Balket al?* measured the water content
of Nafion 117 membranes as a function of the concentration of hy-
at y =39;, Cya = Cig [15¢]  drochloric acid at 25°C. Theik vs. G, data is linear. Assuming
aC that the slope of this linear relationship is independent of tempera-
at y =0, a;C' =0 [15d] ture, the following expression is obtained

)\a = )\0 - 120mch| [22]
Equation 15b states that the concentration of HCI at the condensa-

tion point is zero and Eq. 15d states that the flux of HCI across the  The Fickian diffusion coefficient of watel,,, also depends on
Naﬁon membrane iS zZero. Equation 15¢c iS the equilibl‘ium relation'the water content of the membra}?el_SAs diséussed previousi‘ﬁ,

ship (see Eq.  An analytical solution to Eq. 15a-d is feasible, and the Fickian diffusion coefficient is related to the self-diffusion coef-

the solution which is a function of andz, can be represented as

ficient through the equation

4Ciciw (-1 (2n+ Dmy :
Cuci = Chiar — on T 10555 D\ = D 9 In(ay,)
™ #=h2n+ 2 W I () [23]
2n+11T2 arken factor
x exp(— % DHC.sz) [16] Daken fact
z

Using the diffusion-coefficient data measured by Zawodzinski

. . etal’? and the enthalpy of diffusion measured by Yeo and
To get the average concentration of HC in the condensed phase folEisenberé,2 the foIIowingm;xpression for the self-diﬁus)ilon coeffi-

substitution into Eq. 13, Eq. 16 is integrated frgnequal zero td®, cient of water in Nafion 117 was obtain&d
to give
. — 2436
. 8CHcd, (-1" Dy = 1.9 103\ — 0.0209\% — O.SOJ)eX[{ }
(Chc)) = Cicdz — ) r;) (2n + 1)2 T
[24]
(2n + 1w )
X |cos———— -1 . . . .
28, To evaluate the Darken factor in Eq. 12, information regarding the
2n + 1)mm]? activity of water as a function of HCI concentration in liquid solu-
1% exp{ == DHCIVLZ) [17] tions is needed. Using OLI Thermodynamics Softwireie gener-
23, ated the following expression for the activity of water as a function

. . ) of HCI concentration
An expression for the surface concentration can be obtained from

Eqg. 16 by substitutingg = 0 (i.e, x = 3);). The resulting expres-
sion for the surface concentration can be written as

ay = 1 — 60Cyc [25]

According to Eq. 25, the activity of water decreases from unity to

Ccs = Cceu, — 4CR (=" 0.4 as the concentration of HCI in the acid solution increases from
HCl HCI T Ah2n+1 zero to 102 mol/cn?. Equation 22 and 25 are combined, and the
resulting equation is differentiated to get the Darken factor. Substi-
(2n + D)ml? L tution of the Darken factor and Eq. 25 into Eq. 24 yields the follow-
X exp{ - —282 DyaVz (18] ing expression for the Fickian diffusion coefficient of water
Material balance for liquid water across the membranéit 25X 1073\ (A — 0.0209.2 — 0.501) —2436
steady state, the flux of water across the membrane, iz theec- Duwr = N — 2 ex T
tion, is a constant and given by
. [26]
Nyx(2) = — J'MD N [19] : : , - -
w,x M udm A wF E Solution procedure—Prior to condensation, using Eqg. 7-9 in

conjunction with Eq. 6, the differential equation is solved for the

The first term on the right side is the diffusional flux, which was §|ngle unknownyw(i). During the |ntegrat|0n, atevegy they,(z)
derived previously® The second term is the flux due to electro- 1S compared to thg,, calculated by using Eq. 4. ,(2) does not
osmotic drag?® In Eq. 19, the lower and upper limits of integration equalyg, then the total water flux of water leaving the flow channel
are the water content of the membrane at the cathode and anodi the exit is calculated using the equation

interfaces, respectively. Zawodzinskt all> measured the water
content of Nafion membranes in contact with pure watér,to be

22 and 18 at 30 and 80°C, respectively. We assume here\that
varies linearly between these two temperatures to give the following
relationship After the condensation of water, the total water crossing the mem-
brane is distributed in the vapor and the liquid phases. Assuming a
value forQ"- atz = L, Eq. 10 is solved for in conjunction with Eq.
11-27. The solution procedure is iterative, and when the flux of
water across the membrane equals the sum of the fluxes of water in
the vapor and liquid phases, the iteration is stopped. That is, the
solution is reached when at the exit of the flow channel the follow-

Yw(z = L)

T
N = Nhel T=y z= 1)

[27]

°=53.3- 0.107 [20]
Since the cathode is in contact with pure waler= \°.

Prior to condensation, the following equation for the water con-
tent of the membrane on the anode sidlg, is valid*

\ = 0.043+ 17.8%a, — 39.8%2 + 36.0a [21]  ng equation is satisfied
v L
In Eq. 21,a,, is given by Eqg. 8. After condensation, the water con- WldNLC'e + WzszthlX\?\/ — sz Ny, dz=0 [28]
tent of the membrane depends on the concentration of HCI in con- 1-yy o
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30 ' ' ' Table |. Parameters used in the simulations.

B 251 R AR IS e Reference
. -

3 o« TowIirR Channel width ;) 0.15 cm a
% 207 //_f_/ ________________________ E Channel depthd) 0.076 cm a
= ST T e Diffusion coefficient of Eq. 27
§ Zd Liquid MFR water (DW,F)
o 15T / 1 Density of membranepl,) 2.0 gm/cnd 15
5 /’ Density of hydrochloric 1.1 gm/cnd 22
g 10T J E acid (pucy) a
= / veporMFR | Length of channel () 136 cm .
é Total MFRRrN,[18] e ] Leng_th of gas diffusion 6.0 cm

0.5 P — backing L gpg)

ST T Membrane width {,) 0.36 cm ac
00 A e ; . X Molecular weight of 1100 g/mol 15
) 0 1000 2000 3000 4000 5000 membrane )
Volumetric Flow Rate of Hel, cc/min (STP) Permeability of gas diffusion 3.6 x 107° cm? a
backing K)

Figure 4. Experimental and model simulated mass flow (MER) of water Thickness of membraned(,) 0.155 cm 2
across the membrane from the cathode to the anode. The symbols represent Total pressureR) 1.0 atm a
experimental data and the solid curve represents model simulations using Eq. Pressure dropXP) 417X 10°° atm/STPc 2
6-28. The dashed lines represent the vapor and liquid phase contributions to  vapor pressure of wateP¢) Eqg. 9 15
the overall mass flow rate. The dotted line represents the predicted water \water content)) Eq. 22 21
mass flow rate assuming negligible HCI diffusional limitations in the con- Equilibrium vapor and liquid
densed phasg. The nitrogen data and the model simulations are reproduced pjole fractions ge, xS Eq. 4 and 5 19
from our previous papéf Viscosity of HCI 0.05 cp 19, 28

solution ()

2Indicates measured.
b vValue correspondt5 M HCI solution.
Experimental and model-simulated mass flow rate of water exit- °Area of membrane used w, X L = 50 cn?.
ing the electrolyzer at 80°C and 1.0 atm cell pressure as a function w;, is calculated by dividing the membrane area with the effective
of HCI volumetric flow rate are shown in Fig. 4. In Fig. 4, the curves  length of the serpentine flow channel.
represent model simulations and the symbols represent experimental
data. The HCI model simulations were generated by considering
diffusion limitations in the condensed phagee., by using Eq. Darken factor given by Eq. 23. The Darken factor in the case of HCI
6-28. The list of parameters used in the simulations is given inincludes the solution nonidealities and in the case of nitrogen, due to
Table I. The thermodynamic data required for the mathematicalthe negligible solubility of the gas in the solution, the Darken factor
model were generated using the OLI Thermodynamic Systemss derived assuming only vapor-phase equilibrium with the mem-
Software®® brane. The Fickian diffusion coefficient for the nitrogen case is pre-
As seen in Fig. 4, the water flux across the membrane increasesented in Ref. 18.
with an increase in HCI flow rate and gradually transitions to an  The second difference between the nitrogen and the HCI data is
asymptote at higher flow rates. For example, the mass flow rate ofelated to the qualitative trends in the increase of water flux across
water increases from 0.6 to 1.9 g/min as the inlet volumetric flow the membrane in the presence of HCI and nitrogen are different. For
rate of HCl increases from 75 to 1500 &imin. With the increase in ~ example, the flux of water increases linearly with the volumetric
the flow rate beyond 1500 c#tmin, the mass flow rate increases flow rate of nitrogen and plateaus to a constant value at higher
gradually and asymptotes at 2.5 g/min. For all HCI inlet flow rates values of the volumetric flow rate. In the case of HCI, the flux of
greater than 3000 cimin, the mass flow rate of water measured Water also increases with an increase in the volumetric flow rate of
experimentally is a constant and equal to 2.5 g/min. As seen fronHCl. However, the increase is not linear. The flux of water in the
Fig. 4, there is excellent agreement between the model simulations!Cl case also plateaus to a constant value. This difference in the
and the experimental data. trends is due to the nature of the driving force for diffusion. In the
In Fig. 4, the water flux data across Nafion when nitrogen insteadcase of nitrogen, the linear region is a result of water condensation.
of HCl is used as a carrier gas are also shown. The nitrogen data i¥/Pon condensation, the driving force for water diffusion is zero, and
the same as presented in our previous paper and is used here e water vapor mole fraction in the nitrogen stream is a constant
highlight the differences in the flux of water across the Nafion mem-and equal toyy,. The molar flow rate of water exiting the cell is
brane with gas typ& As seen from the figure, there are two main therefore equal to the inlet molar flow rate of nitrogen multiplied by
differences between the HCI and nitrogen data presented. First, ghe constant value ofy{/1 — y;) thereby leading to a linear behav-
the same volumetric flow rate of gas, the mass flow rate of water inior. In the case of HCI, due to the solubility of HCI in the liquid
the HCI case is approximately a factor of five greater than thephase and continued diffusion upon condensation results in variable
corresponding nitrogen value. For example, at a flow rate ofliquid and the vapor mole fractions of water and HCI as a function
4600 cni/min, the value of the mass flow rates with nitrogen and of the volumetric flow rate of HCI. Therefore, unlike the nitrogen
HCI cases are 0.5 and 2.5 g/min, respectively. This difference is thease, a linear relationship between the flow rate and flux is not
water crossover rates is due to the higher rate of diffusion when HClobtained. At high flow rates, the behavior in the case of nitrogen and
is the carrier gass. nitrogen. The higher diffusion rate is due to the HCI are identical and the water crossover rate is invariable with
value of the Fickian diffusion coefficient of water in the membrane increasing volumetric flow rate of gas. The only difference between
being approximately greater by a factor of five when equilibratedthe two cases is the value of the maximum flux of water.
with hydrochloric acid solutions. pure water. Note that the intrinsic In Fig. 4, the vapor and liquid-phase water mass flow rates are
diffusion coefficients of water in both the cases are assumed to balso presented as a function of the volumetric flow rate of ($€k
identical and given by Eq. 2% However, the Fickian diffusion dashed lines At the exit of the electrolyzer, the sum of the mass
coefficients in the two cases are different due to the difference in thelow rate of water in the liquid and the vapor phases is equal the

Results and Discussion
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Figure 5. Normalized condensation length /L) and the thickness of the 00 01 02 03 04 05 06 07 08 08 10
condensed phase as a function of HCI flow rate. The condensation lengtt Dimensionless Channel Length, (zL V(L)

increases with an increase in the flow rate of HCI. This is due to the increase

in the HCI mole fraction and therefore a relatively longer distance prior to Figure 6. Simulated hydrochloric acid profiles at the surface of the Nafion

the water vapor mole fraction equaling, . The thickness of the condensate membrane. With an increase in the volumetric flow rate of HCI, the resis-

decreases with an increase in the HCI flow rate due to a concomitant increaseance to the diffusion of HCI in the condensed phase decreases, and the

in the pressure drop across the cell. concentration equals the equilibrium value through out the the thickness of
the condensed phase. For flow rates greater than 3090nim the average
concentration is approximately equal to 10.5 M, the equilibrium value.

total mass flow rate of water. As seen from the figure, at low flow

rates, the majority of the water diffusing across the membrane is

contained in the liquid phase. For example at 508/enin flow rate, However, in reality at all flow rates, the concentration only at the
the liquid-phase mass flow rate is 1.6 g/min and accounts for moreedge of the condensate layee., aty = 3, in Fig. 1) is dictated by
than 99% of the total water flux. With an increase in the HCI volu- the phase rule and is proportional to-1x{,. The concentration at
metric flow rate, the amount of water contained in the vapor phasehe surface of the membrariiee., y = 0) depends on the HCI dif-
increases. This increase is due to a relative reduction in the conderfusional limitations. The HCI diffusional limitations in the conden-
sation effects. At all the flow rates, the mole fraction of water in the sate layer are directly proportional to the thickness of the condensate

vapor phase is equal tgf,. At approximately 8000 cfiis of HCI layer. After the onset of condensation, water diffusing into the anode
flow rate (not seen in Fig. B the vapor- and liquid-phase fluxes are is distributed in the liquid and vapor phases to maintain equilibrium
equal. and the HCI in the vapor phase does the same. As more water enters

Water condensation effects are severe at lower flow rates. At althe anode, the thickness of the water condensate increases and the
flow rates used in this work, water does condense due to the relamole fraction of HCI throughout the thickness of the condensate is
tively lower value ofyS, compared to the nitrogen cagsee Fig. 2 no longer equal to & x{,. A gradient in HCI concentration is en-
The length of the flow channel that HCI gas traverses prior to con-countered and the mole fraction of HCI in the condensed phase at
densation], as a function of gas flow rate is shown in Fig. 5. As the surface of the membraree.,, aty = 0) is less than 1- xg,.
seen in the figurel,. ., increases with an increase in the flow rate of ~ For any flow channel in a fuel cell or an electrolyzer, a pressure
HCI. This is due to a decrease in the mole fraction of water vapor indrop is required to enable flow. For the HCI electrolyzer, at 80°C
the flow channel resulting from increased gas mole fraction. At HCland 1.0 atm operating pressure, the pressure drop between the en-
flow rates less than 3000 éhmin, water condenses within 10% of trance and the exit of the gas channel increases linearly from 0.01 to
the length of the channel. Even at the highest flow rate of HCI0.2 atm with an increase in the flow rate from 50 to 4608/enin
shown in Fig. 4 (6000 cfifmin), water condenses to form hydro- (STP. Darcy's law(Eq. 14 dictates that an increase in the pressure
chloric acid within 25% of the channel length. As a means of com-drop results in an increase in the superficial velocity of the conden-
parison, when nitrogen is the carrier gas at 1.0 atm and 80°C, watesate through the diffusion backing. This in turn results in the reduc-
does not condense at flow rates greater than 8G0rom.8 tion of the thickness of the condensed phase. The thickness of the

As discussed above, due to the severe condensation problems g@ndensed layer at the exit of the electrolyzer as a function of HCI
all flow rates used in this work, the majority of the diffusion flux is flow rate is shown in Fig. 5. As seen in the figure, with an increase
governed by the activity of water in the liquid phase. The activity of in the volumetric flow rate from 250 to 3000 éfmin, the thickness
water is a function of the HCI concentration and therefore the natureof the condensed phase decreases from 800 tqu200The reduc-
of increase in the mass flow rate of water with HCI flow rate is tion in the thickness of the condensed layer results in a decrease in
controlled by the concentration of hydrochloric acid in the conden-HCI diffusional limitations.
sate. Once water condenses in the gas diffusion backing on the an- A reduction in the diffusional limitations results in an increase in
ode, it forms hydrochloric acid whose concentration is governed bythe average concentration of HCI at a8. This is illustrated in Fig.
vapor-liquid equilibrium and equal to the corresponding value of 1 6. In this figure, the concentration of HCI at the surface of the anode
— X;, at the operating temperature and pressure of the electrolyzemembrane interface is plotted as a function of normalizéaf five
For example, in the case of the 1.0 atm and 80°C operation, thiglifferent inlet HCI flow rates. At all flow rates, the concentration of
concentration would translate to 10.5 M. In the absence of diffu-HCI in the condensed phase at= L. is equal to the equilibrium
sional limitations(e.g, very thin condensate layer in the backing value(10.5 M). This is a result of a zero thickness of the condensed
the concentration of the condensate layer would be equal to 10.5 Mhase afz — L./L — L] = 0. As the condensed phase travels
throughout the thickness. Under such conditions, the model predictshrough the gas-diffusion backing, its thickness increases due to
that the water crossover across the membrane would be a constantore water diffusing across the membrane. This results in an in-
with volumetric flow rate of HCI and equal to 2.5 g/min. This is crease in the diffusional resistance for HCI. Therefore, the concen-
illustrated by the dotted line in Fig. 4. tration of HCI at the surface of the membrane decreases with an
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] ) ) ) Figure 8. Resultant water flux due to diffusion and electro-osmotic drag as
Figure 7. Experimental and model simulated water flux data as a function of g function of current density. The experiment was performed at a flow rate of

volumetric flow rate of HCI and temperature. With an increase in tempera-5000 cni/min where the diffusion flux was found to be invariant with the
ture, the diffusion coefficient of water through Nafion increases and thefiow rate of HCI. The slope of the straight lines are proportional to the

equilibrium solubility of HCI decreases. However, the resultant is an increaseg|ectro-osmotic drag coefficient and equal to 3.8 mol gOHnole of H'.
in the flux of water.

increase ire. Also, at anyz, the concentration of HCI at the surface pyre liquid water. The results of this work suggest that the enthalpy
of the membrane is greater at higher flow rates. For exampie at of diffusion is not affected by the introduction of HCI into the
— L¢/L — L, = 0.5, the corresponding surface concentrations atequilibrating solution.
HCI flow rates of 400, 900, 1200, 1700, and 500C°tmin are 4, Finally, to estimate the number of water molecules transported
7.8, 9.0, 10.5, and 10.5 M, respectively. This increase in the watemacross the membrane from the anode to cathode, water flux mea-
flux is related to the decrease in the diffusional resistance with flowsurements were made as a function of current density at 80 and
rate. As mentioned earlier, with an increase in the flow rate, the60°C. The flow rate of HCI was fixed at the 4500%min (STP
thickness of the condensed layer decreases due to an increase in thed the applied current density varied from 0 to 1.0 Alcm
superficial _velocity. This results in an increase in _the average HC_I(0.8 Alcnt for the 60°C data At such high flow rates of HCI, it is
concentration at the surface of the membrane. With an increase iRssumed that the current distribution and therefore the net flux of
the HCI surface concentration, the water content of the membrangyater is uniform across the membrane. A plot of the measured water
on the gas side decreasesee Eq. 2]l thereby resulting in an in-  flyx vs.the applied current density is shown in Fig. 8. As can be
creased diffusional driving force. The maximum water crossoverseen from the figure, the flux of water decreased linearly with an
corresponding to a mass flow rate of 2.5 g/min is obtained when thencrease in the applied current density. The number of moles of
surface concentration is 10.5 M at ai. This is applicable to all  \ater transported with a mole of protons can be calculated from the
HCI flow rates greater than 2500 &min. For all flow rates less  slope of the straight line. The straight-line fits describing the data in
than 2500 criymin, the water crossover depends on the averagethe figure were obtained and the electro-osmotic drag parameter
concentration of HCI at the surface of the membrane. calculated. At 80 and 60°C, the electro-osmotic drag parameter was
A plot of experimental water flux data and model simulations asequal to 3.84 and 3.50, respectively. Zawodziretkal > measured
a function of HCI flow rate and cell temperatures of 60, 80, and a value of 2.5 for the electro-osmotic drag parameter when Nafion
90°C are shown in Fig. 7. Note that the water flux across the mem-membranes were equilibrated with liquid water. Also, Bagital ?*
brane can be converted to a mass flow rate upon multiplication bymeasured a value of 2.5 for membranes equilibrated in 2.5 M hy-
18 g/mol X 60 s/minx 50 cn?. As seen in the figure, the flux of drochloric acid solutions. A lower value in the range of 1.0-1.5 was
water increases with an increase in the flow rate of HCI and tem-measured for Nafion membranes equilibrated with water vi&ddr.
perature. The model simulations match experimental data with lesghe value we measured in this work is closer to the liquid water
than 5% error at 80 and 90°C and 6% error at 60°C. Temperatureneasurements by other researchérs.
affects not only the diffusion coefficient of water in Nafion but also
the value of the equilibrium concentration of HCI. An increase in the Conclusions
cell temperature results in an increase in the diffusion coefficient of
water and a decrease in the equilibrium concentration of (8€é
Fig. 2 or Eqg. 6. An increase in the diffusion coefficient results in an
increase in the diffusion flux. A decrease in the concentration of HC
in the condensed phase decreases the gradient in the water cont - ; - )
across the membrane and therefore the driving force for diffusion.coefficient that is approximately a factor of five greater than the
Therefore increasing the cell temperature results in two counteractPU® Wwater case, water condenses even at high flow rates
ing effects on the diffusion of water across Nafion. The increasing( <8000 cn_'?/mln). At high flow rates, the concentration of the con-
water flux at any flow rate with temperature seen in Fig. 6 showsfjensed acid phase is uniform throughput and results in an asymptote
that the temperature effect on the increase in the diffusion coefficien{n the water flux. The electro-osmotic drag parameter was fairly
is more significant than the decrease in the water content gradient?Sensitive to temperature and was equal to 3.9 mol of water/mole of
The temperature correction to the diffusion coefficient is through theProtons, at 80°C.

enthalpy term in Eq. 15. The enthalpy of diffusion was measured by  university of South Carolina assisted in meeting the publication costs of
Yeo and Eisenbefg for Nafion membranes were equilibrated with this article.

In the presence of HCI, accurate predictions of the water flux
across Nafion membranes are possible only with the inclusion of a
jcondensed phase in the calculations. Due to the lowered equilibrium
dpple fraction of water vapor combined with a Fickian diffusion
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List of Symbols

activity of water

area of the flow channel, ém

concentration of HCI, mol/cfh

equilibrium concentration of HCI in condensed phase, maol/cm
surface concentration of HCI in condensed phase, mdl/cm
average concentration of HCI in the condensed phase, nfbl/cm
depth of the flow channel, cm

diffusion coefficient of HCI, criVs

Fickian diffusion coefficient of water, chhs

self diffusion coefficient of water, cfis

permeability of gas diffusion backing, ém

length of the flow channel, cm

condensation length, cm

length of gas diffusion backing, cm

molecular weight of membrane, cm

flux of water in the flow channel, mol/cta

flux of water across the membrane, molfsm

inlet molar flow rate of HCI gas, mol/s

pressure, atm

vapor pressure of water, atm

inlet volumetric flow rate of HCI gas, ctfs
volumetric flow rate of condensed phase,tsn
universal gas constant

temperature, K

velocity of condensed phase, cm/s

width of the flow channel, cm

width of the membrane, cm

distance perpendicular to membrane, cm
equilibrium mole fraction of water in liquid phase
distance perpendicular to the condensed phase, cm
mole fraction of water vapor in the flow channel
equilibrium mole fraction of water in vapor phase
distance along flow channel, cm

thickness of the catalyst-coated membrane, cm
thickness of the condensed phase, cm

thickness of the condensed phase at L, cm

pressure drop across the flow channel, dyfd/cm

water content of the membrane on the anode side

water content of the membrane on the cathode side

water content of the membrane when equilibrated with pure water

D71

her Viscosity of HCI solution, poise
puc density of HCI solution, g/crh
pv density of Nafion, g/crh
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