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CHAPTER 1 

INTRODUCTION 

In 1975 Small, Stevens and Bauman published a scientific paper 

entitled "Novel Ion Exchange Chromatographic Method Using 

Conductimetric Detection."^ The use of ion exchange resins to 

separate a variety of ions, both positive and negative, had been in 

use for years on a preparative scale in the separation of metals, 

particularly the transition metals, lanthanides and actinides, some 

of which were considered extremely important for "strategic" reasons 

related to national defense and on an analytical scale for the 

determination of trace metals in geological samples. 

What was new in this seminal work and what sparked the emergence 

of ion chromatography (IC) as a viable analytical technique was the 

realization of sensitive and virtually universal conductometric 

detection. The existing problem with conductometric detection at 

that time was that the conductivity of the eluting species of 

interest was "swamped out" by that of the much more abundant eluent 

electrolyte. This situation was likened to looking for a needle in a 

haystack. The problem was solved by using a combination of resins 

which stripped out or neutralized the ions of the eluent electrolyte 

leaving only the species of interest as the major conducting species 

in the eluent. 

In this work the separation of cations was effected with an 

eluent of 0.01-0.02 M HCl while anions were separated with an eluent 



of 0.005-0.015 M sodium phenate (sodium phenolate, NaOPh). The reason 

for using the phenolate anion as the eluting species for anions was 

its much greater eluting power as compared to hydroxide which meant 

that a much lower concentration of sodium phenolate eluent could be 

used. An examination of both systems without the stripper column 

(later called a suppressor) will reveal some of the difficulties 

encountered in attempting to detect analytes conductometrically 

without "suppres s ion." 

The specific conductance, KE, of the acid eluent above can be 

calculated as 

KE = (A„^ + ^C:I-)CE X 1000, (1.1) 

where AH+ = limiting equivalent ionic conductance for H 
= 350 S•cm^•equiv"^ 

Xcx- = limiting equivalent ionic conductance for CI 
=76.4 S•cm^•equiv"^ 

CE = eluent concentration, 0.015 equivL"^ 

KE = specific conductance of eluent, piS*cm~̂ . 

Solving this equation with the listed values yields iCp. = 6400 piS/cm. 

For the purposes of the present work specific conductance in |iS/cm is 

convenient and these units will be used throughout. Now let an 

analyte cation, e.g., Na"̂ , elute from the column at a maximum 

concentration of 30 îM. Because the eluent maintains a constant 

ionic strength, this 30 piM of Na"̂  must displace 30 piM of H"̂  so that 



the specific conductance of the eluent is now the original value less 

the change incurred by the substitution of 30 pM Na"̂  for 30 nM H"̂ . 

The concentration of the anion, Cl~, remains unchanged. This can be 

written as 

KE = [(A„^ + XCI)CB: - (X„^ - A„,)CM,] X 1000, (1.2) 

where C„_H = concentration of Na^ in effluent 
= 30x10"^ equivL"^ 

AM^ = limiting equivalent ionic conductance of Na^ 
= 50 S•cm^•equiv~^. 

Solving eq. 1.2 yields K^ = 6391 nS/cm. The difference in the 

specific conductance of the eluent caused by elution of 30 ^M Na* is 

9 |iS/cm and the peak is negative-going since the substituent Na"*̂  has 

a lower specific conductance than H^. While this is not impossible 

for a conductivity detector to see, it is but a small percentage 

change in the background signal. The problem is that as the specific 

conductivity of an electrolyte solution increases, the absolute noise 

in the measurement increases. This stems from considerations such as 

temperature inhomogeneities and flow irregularities in the 

chromatographic effluent. 

While the specific conductance of a solution may be expected 

to be independent of the rate at which it flows past detecting 

electrodes, the opposite is observed in the case of d.c. electrical 

conductivity measurements.^ Regarding the case of the dependence of 



the specific conductance of aqueous solutions of electrolyte on 

temperature, a correction is usually applied (in the range ~5-50°C) 

of the form 

KT2 = K:TI(1 +CAT), (1.3) 

where K^Z = Specific conductance of solution at temperature 2 

KTI = specific conductance of solution at initial temperature 

T2 = final temperature, °C 

Ti = initial temperature, °C 

C = correction factor, 0.017 °C~^ 

AT = T2 - Ti, °C. 

It can be seen that a solution of higher specific conductance 

will exhibit a greater absolute change in specific conductance with a 

given temperature change than will a solution of lower specific 

conductance. For the solution of 0.015 M HCl considered above with a 

specific conductance of 6400 piS/cm, rearranging Eq. 1.3 and solving 

for the AT necessary to produce a change in specific conductance of 

10 nS/cm yields AT = 0.08 °C. With this rather small temperature 

fluctuation the analytical signal from 30 nM Na"̂  cannot be 

differentiated from noise. Consider now the case of anion 

chromatography with an eluent of 0.01 M NaOPh. Eq. 1.2 transposed to 

this system gives 



<E = [(AN«^ + AOP>,-)CE - (Aoph- - A^_)C^_] X 1000, (1.4) 

where A^. is the limiting equivalent ionic conductance of analyte A". 

The first term of Eq. 1.4 corresponds to the background specific 

conductance of the eluent and is 831 piS/cm. The second term 

represents the change in signal due to the elution of analyte A~ and 

it is calculated that 30 pm of eluting Cl" (Aci_ =76.4 

S•cm^•equiv"^) causes a change of 1.3 nS/cm in the signal. 

Different from the case of cation chromatography where (A„̂ . -AMH.) 

will always be positive (there is no known cation with a greater 

limiting equivalent ionic conductance in water than H^), the fairly 

low value of Aopt,- = 33 S•cm^•equiv"^ is exceeded by many anions such 

that (Aoi,h- ~ AA-) is negative and the peak is positive-going. Both 

positive and negative peaks are possible in the system. 

To alleviate the above problem of noise-limited detection and 

quantitation, which is very severe at low analyte levels. Small et 

al.^ devised a system to effectively neutralize the highly conductive 

eluents typically used in ion chromatography. A second ion exchange 

column, the "stripper column," was added between the analytical 

column and detector as shown in Figure 1.1. For cation 

chromatography, this suppressor column was an anion exchanger in the 

hydroxide form. The stripping, or suppression, reactions are 

HCl + ResinOH" -• ResinCl" + H2O (1.5) 

M"C1" + ResinOH" ̂  ResinCl" + M"OH". (1.6) 



The hydrochloric acid is converted to water while the metal chloride 

analytes are converted to their hydroxides leaving the conductance of 

the metal hydroxides superin^XDsed on the very low background 

conductance of water. 

For anion analysis, the suppressor column is a cation exchanger 

in the H"̂  form and the reactions are 

NaOPh + ResinH^ ̂  ResinNa" + PhOH (1-7) 

Na"̂ A" + ResinH* ̂  ResinNa"^ + H"̂ A". (1.8) 

Sodium phenolate is converted to the weakly conductive phenol while 

sodium salts of anions are converted to their corresponding acids. 

For a 0.01 M NaOPh eluent suppressed to 0.01 M phenol, the 

concentration of the conductive species H"̂  and OPh" can be calculated 

from pKa =9.99 for phenol to be 10"^ M, giving a background 

conductance of 0.38 )iS/cm. Because this conductance is so low, 

temperature fluctuations are of much less absolute effect than in the 

previous case for cationic detection with a high background 

conductivity. 

Resin-packed column suppressors as have been discussed above have 

three undesirable features: 

1. The suppressor column must be periodically regenerated 

off-line. 



2. The strong acid cation-exchange (catex) resin causes ion 

exclusion of weak acid analytes,^ causing their retention 

times to vary according to the degree of exhaustion of the 

suppressor column. 

3. Large band broadening occurs for early eluting analytes 

because of the size and dead volume of a suppressor column of 

sufficient capacity to operate with eluents of typical ionic 

strength. 

The introduction of hollow catex fibers as suppressors by 

Stevens, Davis and Small'* in 1981 allowed operation of the suppressor 

in a continuously regenerated mode. The hollow-fiber suppressor was 

made with polyethylene tubing which had been sulfonated with 

chlorosulfonic acid in dichloromethane. The wall of the fiber and 

the processes at work during suppression of a sodium carbonate eluent 

are depicted in Figure 1.2. The sodium carbonate eluent flows top to 

bottom through the lumen of the fiber while a solution of H2SO4 

regenerant flows countercurrent to the eluent along the outside of 

the fiber. The cation exchange sites in the wall of the fiber allow 

the acid-base neutralization reaction to proceed through the exchange 

of Na^ of the eluent for H"̂  provided by the acid regenerant. As the 

sodium of the eluent is replaced by protons from the regenerant the 

NazCOa eluent is transformed into H2CO3, a poorly ionized and hence 

weakly conductive species, while a part of the regenerant (which is 



present in excess) is transformed into Na^SO^ and passes out of the 

suppressor with the flow of regenerant. 

This hollow-fiber suppressor solved the problem of periodic 

regeneration as it allowed continuous regeneration and also 

ameliorated the problem of changing retention times of weak acid 

analytes because of ion exclusion of the analyte by the resin since, 

at steady state, the weak acid analyte was not experiencing varying 

lengths of exhausted resin. 

The hollow-fiber suppressor did suffer from a lower than 

desirable "dynamic suppression capacity," which is defined as the 

number of equivalents of eluent neutralized per unit time. This 

limited both the strength of eluent that could be used under 

isocratic conditions and the upper range of a gradient elution. This 

limited dynamic suppression capacity resulted primarily from poor 

mass transport of eluent electrolyte to the wall of the fiber from 

the lumen. 

One approach to improving mass transport to the walls of a tube 

is that of Poppe et al.^ wherein the lumen of a tube is filled with 

spherical beads of a diameter somewhat larger than the radius of the 

tube so that the beads form a zig-zag string inside the tube. This 

configuration, known as the single bead-string reactor, reduces the 

holdup volume of the tube and creates turbulence in the flow path 

which directs the flow to the inner walls of the tube. This 

approach, applied to the hollow-fiber suppressor, significantly 

decreased dispersion resulting from laminar flow in the lumen of the 
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hollow-fiber.^ Another approach is the filament-filled helical 

membrane suppressor pioneered by Dasgupta et al.^'® In this design 

a catex membrane tube is filled with a nylon monofilament and coiled 

onto a form to produce a helix which retains its shape after 

thermosetting by boiling in water. The helical form adds centrifugal 

mixing to the flow within the helix and the nylon monofilament, which 

is responsible for the maintenance of the helical shape, keeps the 

flow through the tubing confined to the proximity of the walls. This 

filament also greatly reduces the holdup volume of the tube so that 

dispersion of the analyte zone is minimized. 

A further in^jrovement has been realized by this group of 

researchers^ which consists of a tube-within-a-tube design as 

depicted in Figure 1.3. When one catex membrane tube is inserted 

within another, there are three flow channels: the lumen of the 

central tube, the annulus between the two membrane tubes and the flow 

along the outer face of the outer membrane. If the eluent to be 

suppressed is made to flow in the annulus and regenerant passed 

through the adjacent two channels, the effective membrane area 

available for ion exchange is doubled. This dual membrane 

configuration may be coiled into a helix to derive further benefit 

from centrifugal mixing. 

Work at Dionex Corporation to iirprove suppressor design over the 

hollow-fiber model centered about the use of planar catex membranes. 

The result, which has found widespread use in the field, is shown in 

Figure 1.4. This suppressor could be considered a variant of the 



dual membrane tubular design in that the eluent flows in a central 

channel between two planar catex membranes on the other sides of 

which flow regenerant. To improve mass transport of eluent ions to 

the membrane surfaces, the central channel is filled with a fine mesh 

catex screen. The regenerant channels are also filled with coarser 

catex screens for the same purpose and which also provide a reservoir 

of regenerant hydrogen ions at a concentration much greater than the 

typically 12.5 mM H^SO^ regenerant. It is claimed that the void 

volume of the eluent channel is <50 ^LL.^° This suppressor has come 

to be known as the micromembrane suppressor or MMS. For cation 

chromatography the suppressor contains anion exchange membranes to 

effect reactions 1.5 and 1.6 and is known as a CMMS. For anion 

chromatography the suppressor contains cation exchange membranes to 

effect reactions 1.7 and 1.8 and is known as an AMMS. 

The MMS is the workhorse of suppressed ion chrc«natography. There 

are, however, improvements yet to be made. With regard to anion 

chromatography, suppressing a 20 mM NaOH eluent flowing at 1 mL/min 

with 12.5 mM H2SO4 regenerant flowing at 6 mL/min in this suppressor 

produces a background conductance of 3.6 |j.S/cm. If the background 

conductance is due to a strong acid, this represents a pH of 5. For 

anions which form weak acids with pKa greater than -4.5-5 as a result 

of protonation in the suppressor, the dissociation equilibrium of the 

weak acid is shifted markedly toward the undissociated form which 

increases the limit of detection and decreases the sensitivity in 

terms of response/equiv of analyte. 
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The low pH of the AMMS effluent derives from two sources. One 

source is the penetration of SO.̂ "̂ from the regenerant through the 

catex membrane into the product channel owing to the membrane's less 

than 100% rejection of anions (no ion exchange membrane shows perfect 

rejection of forbidden ions). The rate of penetration is dependent 

on the concentration of H2SO4 in the regenerant. The second source 

of the suppressed eluent acidity is anionic iirpurities in the sodium 

hydroxide used as eluent. Generally, dilutions of 50% NaOH stock are 

made to provide eluents of 10-100 mM NaOH, depending on the 

analytical column used and the analytes of chief interest. This 50% 

stock contains sodium sulfate, sodium chloride, sodium carbonate and 

other impurities which are passed along to the diluted product and, 

when protonated in the suppressor, produce the corresponding acids 

which lower the pH of the eluent substantially. These matters are 

treated quantitively in the ensuing chapters, but it can be seen at 

this early point that a serious effort to rectify the general problem 

of low suppressed eluent pH must direct energy both to the suppressor 

itself and the purity of the aqueous NaOH which constitutes the 

eluent. 

The work reported in this dissertation has solved the two general 

problems mentioned above as well as achieving several ancillary 

improvements in the practice of ion chromatography. These 

improvements, covered in detail in the following chapters, apply to 

anion chromatography specifically and include the elimination of acid 

regenerants and the simplification of producing a gradient NaOH 
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elution profile. Many of the principles discussed throughout this 

work also have application to cation chromatography. 

The work is presented in chronological order of accomplishment 

and reflects the efforts of the author over a four-year period at 

Texas Tech University. Electrodialytic suppressors are covered in 

chapter 2 followed by electrodialytic sodium hydroxide generators in 

chapters 3 and 4. Chapter 5 relates the performance and some 

operating considerations of the combined electrodialytic 

generator(EDG)/electrodialytic suppressor (EDS) system for anion 

chromatography while chapter 6 discusses some interesting, if less 

than cornpletely successful, experiments in removing 

electrodialytically generated hydrogen gas from flowing aqueous 

streams. 
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Figure 1.1. Original system for cation analysis with suppressed 
conductometric detection. 
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Figure 1.2. Principle of operation of the hollow-fiber suppressor 
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Figure 1.3. A complete dual membrane annular helical suppressor. Q, 
PTFE inlet/outlet tube for inner channel regenerant; E, 
PTFE tube for column effluent outlet/inlet; M, PVC 
inlet/outlet tube for outer channel regnerant; K, wire 
crimp; J, Tygon jacket tube; PT, polypropylene tee. 
Inset shows cross section of filament-filled dual 
membrane assembly. 
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Figure 1.4. Orientation of screens and membranes in micromembrane 
suppressors. The gasket material applied to the screens 
defines the boundaries of the fluid chambers (from 
reference 10). 
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CHAPTER 2 

ELECTRODIALYTIC MEMBRANE SUPPRESSORS FOR 

ION CHROMATOGRAPHY 

Introduction 

Ion Chromatography (IC) on an analytical scale and with 

suppressed conductometric detection was pioneered by Small, Stevens 

and Bauman^ in 1975. Today conductimetric IC flourishes both in the 

chemically suppressed form as originally introduced and in an 

unsuppressed mode which is known as single-column chromatography 

since a second (suppressor) column is not used.^ The relevant 

mathematical descriptions of unsuppressed and suppressed eluents are 

given in chapter 1 of this dissertation. 

Suppressors designed and built in this laboratory have centered 

on the use of membranes of both ionomeric and non-ionomeric 

nature.^~^° In suppressed IC, the introduction of membrane-based 

suppressors to replace packed-column devices was a major event,^^ 

permitting continuous and temporally invariant performance. For 

hydrodynamically well-designed membrane suppressors, mass transport 

of eluent ions to membrane wall is not a limiting factor and the 

attainable exchange capacity (the number of equivalents of eluent 

which can be suppressed per unit time) depends on the rate of ion 

transport through the membrane.^'^^'^^ Quantitatively exchanging 

high eluent concentrations requires proportionately high regenerant 

concentrations. 

18 



The transmembrane passage of an ion similarly charged to the 

matrix of the ion exchange membrane (the "forbidden" ion) is 

prevented by Donnan exclusion and the difference between standard 

chemical potentials of the ion in the membrane and solution. This 

may be written aŝ '* 

a„ = a„exp -(Ay°+ z^^r.)/^T^, (2.1) 

where a„ = activity of ion n in the membrane 

a„ = activity of ion n in solution 

z = valency of ion n 

i[>o = Donnan potential $ - i|> 

Ay° = difference between standard potentials of ion n 
in the membrane and in solution. 

F = Faraday constant. 

This barrier is not absolute and with the thin membranes (quicker 

diffusive transit time of ions) used in present suppressors an 

undesirable penetration of the forbidden regenerant counterion (e.g., 

sulfate from a dilute H2SO4 regenerant) occurs significantly at 

practical regenerant concentrations (10-15 mM H2S04).^^ To minimize 

regenerant penetration lower regenerant concentrations may be used at 

higher flow rates. Such a practice consumes an inconveniently large 

amount of liquid while producing a proportionate amount of waste. 
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Regeneration of the spent regenerant by a large packed-bed suppressor 

in the H"̂  form has been recommended for many situations. ̂ ^ 

Electrodialysis with ion exchange membranes provides a solution 

to the above problem. The best known application of electrodialysis 

with ion exchange membranes is in the chlor-alkali industry where 

relatively salt-free NaOH and chlorine gas are produced from the 

electrolysis of brine.^^ In the simplest embodiment of the 

electrodialytic membrane suppressor (EDS), shown in Figure 2.1, an 

alkaline eluent such as NaOH flows on one side of a catex membrane 

while pure water flows on the other side of the membrane. Suitably 

inert electrodes are placed in each flow channel and an electrical 

potential sufficient to electrolyze water is applied with the eluent 

(NaOH containing) side held positive. The applied potential causes 

eluent cations (Na"*̂ ) to migrate across the membrane to combine with 

OH" generated in the cathode channel, forming sodium hydroxide. These 

sodium ions are replaced by hydrogen ions to form water in the anode 

channel, effecting suppression. Hydrogen gas is formed at the 

cathode and oxygen at the anode. 

The concept of an EDS for IC is not new. There are two U.S. 

patents^®'^^ and a recent paper by Chinese workers^" which describe 

such a device. None of these devices are strictly electrochemically 

regenerated as all require acids to function. These acids can effect 

suppression in the conventional chemical sense as already discussed. 

The remainder of this chapter describes a low dispersion water-
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operated EDS and demonstrates its chromatographic performance over a 

range of conditions. 

Experimental 

Reagents and materials. Eluents were prepared by dilution of 

stock "carbonate-free" 50% NaOH solutions (J. T. Baker). Water was 

distilled and deionized and bore a specific resistance of >14 Mfl-cm. 

Dodecylbenzenesulfonic acid (DBSA) was commercial detergent grade 

(Bio-soft S-100 or Stepantan H-lOO, Stepan Chemical Co., Northfield, 

IL). Platinum and platinum-coated tungsten/ molybdenum wires were 

obtained from Aesar/Johnson-Matthey (Seabrook, NH). 

Perfluorosulfonate cation exchanger Nafion* membrane tubing was 

obtained in three sizes: 020X (-400 pm i.d., -50 pm wall), 811X (-625 

nm i.d., -125 nm wall) and 815X (-1000 pm i.d., -125 \m\ wall) from 

Perma-Pure Products (Toms River, NJ). Conductive carbon granules 

were prepared by grinding spectroscopic grade carbon rods and 

manually sieving through screens of the desired mesh size. All other 

reagents used were of analytical reagent grade. 

Equipment. Single-piston reciprocating pumps (models E-120-S and 

B-94, Eldex Inc., Menlo Park, CA) with packed columns serving as 

pulse dampeners, or peristaltic pumps (model Minipuls 2, Gilson 

Medical Electronics, Middleton, WI) were used for regenerant pumping. 

Chromatography was conducted on a Model 40001 ion chromatograph 

(Dionex Corporation, Sunnyvale, CA) with a 50 piL loop and an AS4A or 

AS5A column. The conductivity detector (CDM-I) was calibrated with a 
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standard KCl solution. DC potentials (0-lOV) were provided by 

filtered and regulated power supplies operable in either constant 

current or constant voltage mode. 

Procedure. Suppression related experiments were performed by 

puirping the desired eluent and "regenerants" through the designated 

channels of the EDS. Bubble-induced noise in the suppressed eluent 

due to any residual gas was minimized by placing a backpressure 

regulator set to 45 psi (Optimize Technologies, Mulino, OR) at the 

detector exit or by placing a gas permeable membrane device before 

the detector. Of the many types of membranes tried the gas permeable 

membrane which performed best consisted of a 30 cm length of 400 pm 

i.d. Accurel* microporous polypropylene tubing (0.2 nm pores, 70% 

surface porosity, Enka AG, Wuppertal, FRG) filled with a 

sandpaper-roughened 260 îm dia. nylon monofilament (6 lb. strength 

fishing line). The membrane was placed inside a PTFE tubular jacket 

provided with entrance/exit T-connections through which COa-free air 

was drawn through the PTFE jacket by a suction pump. Flow rates were 

measured frequently by timed volumetric collection. Band dispersion 

was measured by injecting a 20 nL sample of NaNOa and measuring the 

peak width at half-height (W^) with (a) the injector connected 

directly to the detector and (b) the injector connected to the 

detector via the EDS. Band dispersion was calculated as the square 

root of the difference of the W^^ values.'' 

Device type 1. This design, shown in Figure 2.1, utilizes a 

single 50 cm length of Nafion 020X (B) containing a 254 pirn dia. 
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Pt-coated tungsten wire (A) inserted into a length of 18 ga. type 304 

stainless steel hypodermic needle tubing (C, 840 |im i.d.. Small Parts 

Inc., Miami, FL). Inlet/outlet liquid connections were made with 

subminiature polypropylene tees (Ark-Plas, Inc., Flippin, AR). 

Eluent flows in the inner channel while regenerant flows 

countercurrent in the outer channel. The steel tubing (shell) is 

held negative with respect to the central conductor. 

Device type 2. This dual membrane device, shown in Figure 2.2 

with the tubular membranes and stainless steel case coirpletely 

flattened, involves a Pt-wire (D) filled 50 cm length of Nafion 020X 

(E) inserted inside a length of Nafion 81IX tubing (F) and the whole 

inserted inside stainless steel tubing (G). The internal diameter of 

the stainless steel tubing ranged from 6.3 mm (referred to as device 

type 2a) to 1.8 mm (13 ga. needle tubing, device type 2b). Efforts 

were then made to reduce the outer shell diameter to the minimum 

possible (840 pm i.d.) by utilizing a prestretched 811X tubular 

membrane for B (device type 2c). Electrode connections were made as 

for device 1. Eluent flows in the annular channel between B and C 

while regenerant flows in the innermost and outermost channel. Fluid 

connections are similar to those for device type 3 which is described 

in detail. 

Device type 3. This design, shown in Figure 2.3 in exaggerated 

detail, is similar to that for type 2 except that the dual membrane 

wire-filled assembly is coiled into a helix to promote better mass 

transfer to the membrane.^ Specifically, a 40 cm length of Nafion 
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81IX is soaked in methanol and stretched to 250% of its original 

length and allowed to ccanpletely dry while under tension. A 368 pim 

dia. Pt-wire or a 381 pm dia. Pt-coated molybdenum wire (H) is then 

inserted in an -50 cm length of the stretched membrane (I) and this 

is inserted into an -50 cm length of unstretched 81IX membrane tubing 

(J). The assembly is coiled onto a 1.25 mm dia. support (18 ga. 

needle tubing), the support removed and the coil slightly stretched 

to prevent successive turns from touching each other. 

A platinum-coated tungsten or Pt-coated molybdenum wire (K) is 

then deployed through the center of the coil. The electrodes (H, K) 

are accessible only through one end of the EDS. The entire assembly 

is then inserted into a PTFE tubular jacket (L, 23 cm x 4 mm i.d.). 

With a glass wool plug (M) serving as a retainer, 20-28 mesh 

conductive carbon (N) is packed in the jacket space using a vibrating 

tool. The other end is then also secured with a glass wool plug. The 

jacket (L) terminates in a 1/8 in. and a 1/16 in. polypropylene tee 

(0, P) with the help of a PTFE tubular bushing (Q). The outer 

membrane (J) is sealed to the tee (P) by an inserted stainless steel 

tube segment (R). The inner membrane (I) is sealed to the tee (P) by 

inserted stainless steel (S) and PTFE tube (T) segments. All seals 

are reinforced by a pair of nichrome wire crimps (U). The fluid flow 

channels are indicated. 

A variation this basic design with the next larger sizes of catex 

tubular membranes was also built and investigated. It consisted of a 

helix containing Nafion 815X as the outer membrane and 81IX as the 
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inner membrane (device type 3b) with the remainder of the 

construction as above. 

Results and Discussion 

Device designs, current efficiency and gas evolution. With NaOH 

flowing through the eluent channel and water flowing through the 

"regenerant" channel(s), Na^ migrates through the membrane to the 

cathode under the influence of the applied potential. Electro-

neutrality of the catholyte is maintained by the electrolytic 

production of OH": 

2H2O + 2e -> 20H" + H2. (2.1) 

Similarly at the anode, a corresponding amount of H"̂  is generated: 

H2O ̂  2H"' + IO2 + 2e. (2.2) 

For a single membrane device (type 1), the anodic H^ directly 

neutralizes the eluent OH", while for a dual membrane device the 

generated H"̂  migrates across the anode membrane to the eluent 

solution. Since H"̂  migrates through the membrane faster than Na"̂ , 

the rate limiting process for the suppression of the eluent remains 

the transport of Na"̂  through the membrane for both single and dual 

membrane devices. The minimum amount of current necessary to achieve 

quantitative suppression is dependent on the total quantity of Na^ 
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transported. For a C molar solution of NaOH flowing through the EDS 

at a volumetric flow rate of V mL/min, the total flux of Na"̂  in 

meq/min, Q, is given by: 

Q = CM meq/min. (2.3) 

Multiplying Q by the Faraday constant F (coulc«nbs/eq) and 

appropriately changing the time unit yields the minimum necessary 

current, i„i„: 

'•xnin FCV/60 mA. (2.4) 

Putting in numerical values, it is readily computed, for example, 

that imjLn is 80 mA for a 0.05 M NaOH solution flowing at 1 mL/min. 

In practice, some electrolytic breakdown of water as represented 

by equations 2.1 and 2.2 occurs without the desired Na"̂  transport 

through the membrane. The degree to which this occurs depends on the 

electrical resistance of the EDS, specifically the spatial resistance 

profile along the length of the EDS. Unlike other more familicir 

examples of electrodialysis, suppression in IC requires quantitative 

removal of the eluent cation so that a high electrical resistance at 

some point in the eluent channel of the EDS device, corresponding to 

the quantitative depletion of Na"*̂  in the eluent channel, is 

unavoidable. 
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The EDS device can be visualized as a number of smaller devices 

physically connected in series, each attempting to exchange 

successively smaller amounts of influent Na"̂  while electrically 

connected in parallel. It is possible in principle to have a 

succession of physically separate EDS devices such that individually 

optimized voltages can be applied to each unit. With a single EDS 

device required by practical considerations, a current in significant 

excess of i„in is necessary to achieve quantitative suppression, 

i.e., the device is less than 100% current efficient. 

Device type 1, with only a single membrane interposed between two 

electrodes, produces the best current efficiency. Quantitative 

suppression of 0.05 M NaOH flowing at 1 mL/min was achieved at a 

current of 1.07i„i„. At î irî  the EDS effluent was 99.6+% exchanged. 

Another benefit of this simple design is the low hydraulic resistance 

in all fluid channels. Unfortunately, the electrolytic production of 

oxygen in the eluent channel is so abundant (ca. 0.36 mL/min for the 

suppression example given above) that it is impractical to apply 

sufficient backpressure or devise a gas permeable membrane device of 

sufficiently small dispersion to produce an acceptably stable 

baseline. 

Therefore, the dual membrane design was explored. In such a 

device, the anode is separated from the eluent channel by a second 

catex membrane. The occurrence of gas in the suppressed effluent is 

nearly, though not totally, eliminated. The continued presence of 

small amounts of gas in the eluent channel in the dual membrane EDS 
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appears to derive from the electrolysis of water at the membrane 

surfaces in the eluent channel. This conclusion is based on the 

following observations. Operating the EDS under normal fluid 

pressures but without applied voltage and deliberately introducing 

pressurized gas (H2/O2) into the electrode channels does not result 

in the presence of gas bubbles in the eluent channel. 

This implies that the Nafion membranes are practically 

impermeable to H2 and O2 and that the connections are leak-tight. 

Analysis of the gas formed in the eluent channel of the dual membrane 

EDS during routine operation shows it to be a mixture of H2 and O2 in 

a 2:1 volumetric ratio. Furthermore, the amount of gas in the eluent 

channel increases with increasing applied voltage. All of these 

observations suggest that if the applied voltage is sufficiently 

high, the potential difference between the membrane surfaces and the 

solution constituting the eluent can be high enough to cause 

electrolytic breakdown of water. 

In practice, applying backpressure to the detector exit or using 

a gas permeable membrane are both effective in dealing with residual 

gas in the eluent channel of the dual membrane EDS. The former is 

much preferred because no additional sources of dispersion are 

introduced. The gas permeable membrane also tends to leak after 

operation for extended periods of time. Tubular Nafion membrane-

based EDS devices are sufficiently robust to tolerate detector 

backpressures of 120 psi without problems. Applying backpressure 

reduces the size of any gas bubbles in solution and diminishes the 
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magnitude of the related detector noise. In a related manner, at 

least part of the effectiveness of the gas permeable membrane 

following the EDS may be due to the backpressure it presents to the 

EDS. 

Operating characteristics. For all designs the extent of 

suppression attained was relatively insensitive to the 

anolyte/catholyte flow rate within the range of 0.3-1.0 mL/min. At 

higher currents (>300 mA), warming of the EDS device was perceptible 

and the anolyte/catholyte flow rates were maintained at >0.5 mL/min 

to aid in cooling the EDS. Band dispersion of device 3a was measured 

to be 106 ± 5 [iL for a 20 pL injected sample. 

The relationship between current and conductance of the 

suppressed effluent is shown in Figure 2.4a for four dual membrane 

EDS devices with 0.05 M NaOH as eluent flowing at 0.5 mL/min. The 

devices are operated in a constant current mode. Coirplete 

suppression is never achieved with the cathode at a large distance 

from the outer membrane (device 2a), even with a current of 7.5i„i„. 

Device 2c is designed with minimum possible distance between the 

cathode and the outer membrane and exhibits much better current 

efficiency than device 2a, achieving quantitative suppression at -5 

imira- The hydraullc resistance to catholyte flow in this device is 

quite large and catholyte effluent leaves the EDS as a uniformly gas 

bubble interspersed stream. Device 2b (not shown) utilizes a 

cathode-outer membrane separation intermediate between device types 

2a and 2c and exhibits an intermediate performance. 
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As these experiments clearly suggested the iir5>ortance of the 

proximity of the cathode to the outer membrane, the helical devices 

were designed with granular conductive carbon in intimate contact 

with the outer membrane (device type 3). Such a design exhibits 

little hydraulic resistance in the outer channel. As Figure 2a 

shows, device 3a performs significantly better than device type 2. 

The replacement of the steel shell with a carbon cathode also led 

to the possibility of reversing the polarity of the applied voltage 

without introducing iron into the system from oxidation of the iron 

anode. In this system conductive carbon is the functioning anode. 

When Pt-coated Mo wire is used as the central electrode/helix support 

in device type 3, the Pt-coating tends to peel off as a result of 

coiling and the bare Mo is rapidly oxidized if held anodic. This 

electrode functions satisfactorily when the polarity is reversed. 

Interestingly, this performance under conditions of reversed 

polarity, shown as device 3ar, is somewhat better than with normal 

electrode polarity. Detailed experiments showed that the carbon 

electrode was being slowly oxidized under these conditions, resulting 

in the production of acidic material. With pure water flowing 

through all three flow channels, the outer jacket effluent pH dropped 

from near-neutral to -4.5 as current was switched on and returned to 

neutral slowly over 1.5 h following cessation of current flow. For a 

glassy carbon electrode anodically activated by cycling for three 

weeks to a potential of 1.8 V (versus a Ag quasi-reference electrode 

in 0.1 M H2SO4), Kepley and Bard^^ found that the activated surface 
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material incorporated -26% 0 by weight. In our system with an 

applied potential difference as high as 8 V, oxidation doubtless 

proceeds to organic acids, potentially even to CO2. 

Although the EDS device cannot be operated indefinitely with such 

a reverse polarity owing to the loss of anode material, the 

improvement in this operating mode led to experiments involving 

deliberate doping of the catholyte/anolyte solutions with small 

amounts of electrolyte. Solutions of 1 mM DBSA, 1 mM DBSA-Na salt, 

0.5 mM H2SO4 and NaaSO^ were used as (a) catholyte only, (b) anolyte 

only and (c) both catholyte and anolyte. Improvements in terms of 

current efficiency or attainable background suppressed conductances 

over the use of pure water for the same test conditions as in Figure 

2.4a were discernible only with DBSA and DBSA-Na salt and if used as 

the catholyte only. The improvements were quite marginal and this 

avenue was not further explored. 

In terms of current efficiency, even the performance of device 

3ar falls far short of what can be achieved with a single membrane 

device. The current necessary to achieve quantitative suppression 

was nearly 2.5i„i„. Device 3b, with a larger surface area and 

greater membrane thickness than 3a, exhibited a current-conductance 

relationship (and also current-voltage behavior, vide infra) nearly 

identical to device 3a. The surface area and wall thickness factors 

appear to essentially nullify each other. However, total gas 

production in the suppressed eluate channel was perceptibly lower. 

The hydraulic radii of the electrode channels are significantly 
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larger for this device and thus much larger flow rates are possible 

through these channels at modest pressures. This is useful for 

suppressing high concentration eluents (>200 mM NaOH) as the 

attendant requirements for current and thus for heat dissipation 

increase. 

The current-voltage relationships (in a constant voltage mode) 

for devices 2a, 2c, 3a and 3ar are shown in Figure 2.4b under the 

same test conditions as in Figure 2.4a. The i-E behavior, except for 

the finite intercept on the E-axis, is nearly ohmic for all devices. 

The intercept is approximately the voltage at which significant 

electrolysis begins. This is also a measure of the static electrical 

resistance of the EDS device prior to suppression because the iR drop 

in the solution controls the actual potential at the electrodes and 

thus the onset of significant electrolysis. Device type 3ar, with a 

slightly acidic anolyte resulting from oxidation of the carbon has 

the lowest extrapolated intercept. All others contain water as the 

anolyte and a larger V-intercept. 

Similarly, among the type 2 devices, the effect of the cathode-

outer membrane separation is clearly evident in the differences in 

the V-intercepts. The incremental increase in current with voltage 

is a function of the efficiency of mass transport within the membrane 

device. The slope of the lines in Figure 2.4b is approximately the 

same for each device type and the superior mass transport efficiency 

of the helical configuration is reflected in a -60% greater slope of 

device type 3 over device type 2. The low resistance of the 
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outermost channel obtained with conductive carbon packing is also 

likely an important contributing factor towards the superior 

performance exhibited by type 3 devices. 

Current efficiency, suppression capacity and background 

conductance. The current necessary to achieve quantitative 

suppression and current efficiency relative to i„i„ are shown in 

Figure 2.4c. Quantitative suppression is indicated by a background 

conductance less than or equal to that obtained with a packed 

suppressor column and, in practice, it is generally indicated by a 

major reduction in baseline noise. Although there is an increasing 

current requirement with increasing demand on the suppression 

capacity, it is interesting to note that the current efficiency 

actually increases with increasing eluent concentration. 

This behavior is partly traceable to the increased conductance of 

the suppressed eluent with increasing eluent concentration. The 

conductance of an NaOH eluent after suppression should be, in 

principle, independent of the eluent concentration because it is 

suppressed to water. However, as mentioned in chapter 1, the 50% 

sodium hydroxide stock commonly used in preparing dilutions suitable 

for use as eluents in anion chromatography contains anionic 

impurities which produce acids upon suppression in amounts 

proportional to the extent of the impurities. Chapters 3 and 4 

address this problem in detail. Since this work preceded the 

availablility of the devices discussed in the next two chapters the 

suppressed conductivities measured for these suppressors include a 
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contribution from the anionic impurities in the starting NaOH stock. 

These impurities lower the resistance and operating voltage of the 

EDS which lowers energy loss due to Joule heating. 

EDS device type 3 was found capable of quantitatively 

transporting over 500 pieq Na^/min (0.4 M @ 1.3 mL/min), given enough 

current. This is likely not the upper limit of device capability. 

However, past this point heat dissipation becomes a major problem and 

baseline noise becomes unacceptably high. The background conductance 

of the suppressed eluent increases monotonically with the eluent 

concentration. With 400 mM NaOH, for exairple, the suppressed 

conductance is 20 p.S/cm. It can be calculated from this specific 

conductance, the limiting euivalent ionic conductances of H"*", HCOa" 

and Cl" and the first pK^ of carbonic acid that -1.5 mole% carbonate 

(relative to NaOH) or -0.01 mole% chloride in the eluent is 

sufficient to account for this background conductance. This increase 

in background conductance is not due to the inability of the EDS to 

quantitatively exchange the Na"*̂  contained in the eluent. 

Simultaneous electrodialysis and chemical regeneration. A 

continuing problem in IC analysis is the determination of trace 

components in very high ionic strength samples, e.g., brine or 50% 

NaOH. Presently such samples can only be analyzed after some form of 

pretreatment. One potential solution to this problem is separation 

columns of high exchange capacity operated in conjunction with 

correspondingly high ionic strength eluents which necessitates low 

dispersion membrane suppressors of very high dynamic exchange 
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capacity. The possibility of increasing the maximum exchange 

capacity of a chemically regenerated membrane suppressor by using 

electrodialysis as a supplement has occurred to at least one other 

research group. It has been suggested^^ that application of a 

potential allows the desired suppression process "to proceed with 

enhanced efficiency," thereby increasing exchange capacities ccanpared 

with those obtained by chemical suppression alone. 

Experiments described below contradict this suggestion. Device 

3a operated in the completely chemical mode,^ with 0.25 M DBSA 

flowing at 1 mL/min through each regenerant channel, was able to 

exchange 94% of 200 l̂eq/min influent Na"*̂  (0.2 M NaOH @ 1 mL/min). 

Application of electrical potential produced only minor changes. Up 

to a current of 100 mA, the background conductance actually 

increased. Upon further increase in the current, a modest increase 

in the extent of suppression, to 97%, was observed while no further 

change occurred upon increasing the current to 400 mA. The behaviour 

of device type 3 is shown in Figure 2.5 for four eluent 

concentrations from 0.1 to 0.2 M NaOH, all chemically suppressed, 

with and without electrical current. This behavior is understandable 

since, with chemical suppression, exchange of Na"*̂  for H"̂  occurs 

through both the inner and the outer membranes. With application of 

electrical potential, the anode membrane essentially becomes 

unavailable for Na^-transport while the Na"^-transport through the 

cathode membrane increases because of accelerated migration rates in 

the direction of the electrical field. The overall result of these 
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opposing factors is little net change. Certainly an additive increase 

in exchange capacity is not obtained in this manner. 

Performance. All following data presented are for device type 3. 

The baseline stability is shown in Figure 2.6 with 0.05-0.2 M NaOH 

flowing at 1 mL/min and quantitatively suppressed. Although baseline 

noise is somewhat greater than that obtained with a packed column 

suppressor, the baseline noise decreases rapidly with decreasing 

eluent concentration. Operation at typical eluent concentrations of 

20-30 mM NaOH exhibits respectable performance with typical detection 

limits in the low-ppb range. Figure 2.7. The lower chromatogram in 

Figure 2.7 was obtained with a 0.05 Hz frequency cutoff digital 

filter which improved the signal to noise (S/N) by a factor of -2. 

The utility of the EDS with a carbonate eluent is shown in Figure 

2.8. 

Ideally, gradient anion chromatography with an EDS should be 

conducted with a highly pure NaOH eluent and also involve current 

programming the EDS. The potential of the EDS for gradient IC is 

evident in Figure 2.9a, even with constant current operation and 

eluents made from 50% NaOH. Chapters 3 and 5 will demonstrate this 

utility more thoroughly. Although the ultimate in detectability is 

not possible under the conditions described in this chapter, the 

ease with which very strongly retained anions are rapidly eluted with 

symmetric peaks at a very high eluent concentration is illustrated in 

Figure 2.9b. 
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Extent of ion exchange and detectability. The issues of baseline 

noise and limits of detection are more complex with a water-operated 

EDS than with an acid-regenerated membrane suppressor. With the 

latter device, limits of detection are not predicted by the extent of 

ion exchange of Na"*̂  for H"*̂. Since some penetration of the regenerant 

acid is unavoidable,^^ CCTirplete acid-base neutralization of the 

suppressor effluent occurs without the need for stoichiometric ion 

exchange. The typical situation of a 30 mM NaOH eluent flowing at 1 

mL/min being suppressed by 12.5 mM H2SO4 flowing at -5 mL/min may 

result in a penetration of -5 nmole H2S04/min. If 99.99% of the 

influent Na"̂  is exchanged, the suppressor effluent will consist of 

1.5 pM Na2S04 and 3.5 piM H2SO4. Neutralization of all the alkaline 

equivalents represented by the eluent by ion exchange or regenerant 

penetration is necessary for the limit of detection to be solely 

dictated by baseline noise in the case of a strong acid anion. In 

the above example, there is no theoretical or practical barrier to 

the detection of a low concentration analyte. A strong acid anion 

X", with a concentration of 1 pM at the peak apex, represents a net 

addition of 1 pM HX over the background composition of 1.5 pM NaaSO^ 

and 3.5 piM H2SO4. This should be easily detectable. 

On the other hand, if ion exchange took place without the 

possibility of regenerant penetration, as in the case of the 

water-operated EDS, the same 99.99% ion exchange will leave a 

concentration of 3 pM NaOH in the suppressed effluent. A positive 

peak cannot result until the effluent analyte concentration is larger 
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than this. Consideration of equivalent conductance values indicates 

that the analyte concentration has to be substantially larger to 

produce an observable positive response. The effects of remnant 

alkaline eluent concentrations on analyte response have been recently 

calculated.^° The authors intended the calculations to represent the 

case of a chemically regenerated membrane suppressor but, because 

regenerant penetration was ignored, the calculations do not apply to 

the intended case. They are much more appropriate for the present 

water-operated EDS. Presence of other anionic impurities in a real 

eluent do not significantly ccm5>licate the situation and the 

requirement that all alkaline equivalents be neutralized before a 

positive peak results is still valid. Consider the detection of the 

sulfate peak in the lower chromatogram of Figure 2.7. With 10 peg 

sulfate injected and appearing in a peak volume of an estimated 250 

piL, the concentration at the peak apex is 40 neq/L. For this to be 

detected as a positive peak, >99.9999% of the 28 mM alkaline eluent 

must be exchanged by the EDS. 

EDS Current Requirements. Noise and Detectability. At or near 

stoichiometric ion exchange levels, the observed noise levels with an 

EDS appear to be related to the presence of gases in the suppressed 

effluent. Although there are no visible bubbles which flow to the 

detector cell (bubble noise is indicated typically by sharp spikes), 

microbubbles adhering to the cell electrodes or variations in degree 

of supersaturation of electrolytic gases in the eluate is possible. 

No data are available on the dependence of the conductance of pure 
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water upon the content of dissolved oxygen or hydrogen. A separate 

e3q>eriment did not find a significant change in the conductance of 

water upon continued electrolysis with platinum electrodes. Current 

and temperature monitoring equipment with sufficient resolution was 

unavailable to measure the current through the EDS and the 

teinperature of the suppressor effluent and it was not possible to 

overrule the possibility that the noise seen with the EDS is 

associated with small variations in these factors. An experiment 

performed with pure water flowing through all channels indicated that 

noise significantly increased upon passing current through the EDS 

with no significant change in the mean background conductance of the 

effluent. 

After most of the influent Na"*̂  is removed, increasingly more 

energy has to be expended to remove a unit amount of the remnant 

Na"*̂ . The current-conductance relationship in Figure 2a illustrates 

this. Detectability improves as the remnant Na"̂  is continually 

removed by application of a greater voltage (causing more current to 

flow) because the neutralization of the suppressor effluent, as 

discussed in the previous section, more nearly reaches stoichiometry. 

The greater applied voltage increases the likelihood of gas evolution 

in the suppressed channel with its attendant effect on the baseline 

noise. 

JVnalyte Loss. The potential loss of analyte anions through the 

membrane to the anode compartment was investigated by repeatedly 

injecting tap water and lOx diluted tap water through an EDS device 
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and comparing the resulting peak areas with those obtained with a 

packed column suppressor. Within the precision of the measurements 

there was no significant difference between the area values. 

Additionally, although the local tap water contains several mM Ca and 

smaller concentrations of Mg, no evidence of membrane poisoning by 

alkaline earth metals was observed. 

A planar design EDS. A series of EDS devices was made utilizing 

the Dionex MMS body, the internal construction of which is shown in 

Figure 2.10. The anode and cathode catex membranes were Nafion 117 

planar membranes (Ml and M2) and the three flow channels were 

separated by these membranes as shown. The cathode (U) is a 

200 mesh stainless steel screen (Small Parts, Inc., Miami, FL) which 

has parafilm pressed onto its perimeter with a hydraulic press to 

create a seal, the form of which matches that of the originally 

supplied catex screens. Holes were then cut in the mesh in the same 

locations as the holes in regenerant screen 1 (Figure 1.4) with a 

cork borer. The entire assembly was then pressed again in a 

hydraulic press to force the parafilm over the loose strands of 

stainless steel wire left by the cuts. This cathode is insulated 

from membrane M2 with a 250 pm polypropylene mesh (T, Small Parts, 

Inc.), which has been similarly treated with parafilm. 

The eluent screen (R) is the same as in the original MMS. A 

coarse catex screen (Q) serves to insulate the anode assembly from 

the anode membrane (Ml). The anode consists of an identical coarse 

catex screen onto which has been woven 50 cm of 100 pm dia. platinum 

40 



wire. A hole was drilled through each half of the MMS body through 

which was pressed a stainless steel wire stud which protruded 

sufficiently into each regenerant channel to contact the electrode 

contained in that channel. The two regenerant channel flows which 

are normally connected in parallel in the MMS were separated by 

plugging the passages which join the two flows. Holes were drilled 

in the side of the body half which contains the regenerant 1 channel 

to access the ports in that body half, securing independent flow of 

that channel. 

The surface area of the cathode in this design of EDS exceeded 

that of the tubular designs and the thickness of the Nafion 117 

membranes and their support by the two halves of the MMS produced a 

more rugged EDS which was less prone to membrane rupture. This 

design also accomplished complete suppression at a much lower 

current, typically 1.2i„i„. It was discovered that gas formation in 

the eluent channel was not a problem with this design and the use of 

a gas permeable membrane or high backpressure on the detector cell 

was unnecessary. Experience with a number of design variations 

indicated that gas formation in the eluent channel can be prevented 

if there is no direct electrical contact between membranes and 

electrodes. This design of EDS, containing insulating screens 

between electrodes and membranes, was used for the remainder of this 

work. While the mechanics of its construction differ from the 

tubular EDS the principle of its operation is identical. 
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Conclusions 

The work described in this chapter demonstrates the viability of 

a purely electrically regenerated membrane suppressor for IC. In a 

variety of situations, frequent regenerant replacement is 

inconvenient while a source of pressurized deionized water can be 

provided. The water-operated EDS is ideal for such cases. The 

electrodialytic suppressor operated with pure water as the catholyte 

does more than replace a chemical regenerant with electricity. Its 

use in a reverse mode, to generate different concentrations of pure 

NaOH for use as the IC eluent in a current-programmed manner, is also 

possible and is the subject of the following two chapters. 
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Figure 2.1. The single membrane electrodialytic suppressor. (a) 
principle of operation (b) cross section: A, platinum 
wire anode; B, Nafion tubular catex membrane; C, 
Stainless steel tubular cathode. 
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Figure 2.2. The dual membrane electrodialytic suppressor. (a) 
principle of operation (b) cross-section: D, platinum 
wire anode; E,F, Nafion tubular catex membrane; G, 
stainless steel tubular cathode. 
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Figure 2.7 Typical chromatogram with an hydroxide eluent. The 
eluent is 28 mM NaOH at 0.7 mL/min and the column is an 
HPIC AS5A. In order of elution: (upper) F" (1), 
Cl" (1), NOi," (3), SO^^" (3), concentrations in ppm in 
parentheses, i = 100 mA; (lower) Cl~ (3), NÔ ," (3), 
NO3" (10), SO^^" (10), concentrations in ppb, i = 120 
mA. 
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Figure 2.8. Typical chromatogram with a carbonate eluent. 
Conditions are: eluent, 2 mM Na^COa + 0.15 mM NaHC03. 
1.5 mL/min; column HPIC AS4A; i = 40 mA. Upper: F" 
(1), Cl- (1), NO^- (3), NO3- (3), SO^^- (3), 
concentrations in ppm in parentheses. Lower: F", Cl" 
(20 ppb ea., both hidden in water dip), NO3-, SO^^" (30 
ppb ea). 
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Figure 2.9. Chromatography at high NaOH eluent strengths, (a) 
Gradient hydroxide elution; time (min), % E: 0, 20% 
El+80% E2; 3, 100% E2; 3.1, 90% E2+10% E3; 10, 100% E3 
(El = H:,0, E2 = 14 mM NaOH, E3 = 150 mM NaOH. Column 
HPIC AS4A, current 300 mA. In order of elution (ppm): 
F- (10), Cl" (10), NO3- (30), CrÔ '̂- (40), BF^" (30), 
I-(30), SCN" (30). (b) Isocratic elution with 400 mM 
NaOH eluent, 1.3 mL/min; HPIC AS4A column, i = 780 mA. 
In order of elution: I", SCN", CI04-. 
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CHAPTER 3 

ELECTRODIALYTIC ELUENT PRODUCTION AND 

GRADIENT GENERATION IN 

ION CHROMATOGRAPHY 

Introduction 

The most successful eluent used for anion analysis in the 

pioneering work on ion chromatography (IC) with conductometric 

detection was a solution of sodium carbonate.^ During the intervening 

15 years, HCOa^'/COa^" eluents have come to be the accepted norm and 

major improvements have been made in columns, suppressors and other 

related hardware.^'^ IC has become the method of choice for anion 

analysis and a significant commercial success. 

Despite several literature articles'*"^ as well as manufacturer's 

notes®''^ indicating the superior performance that can be obtained 

with an alkali hydroxide (typically NaOH) eluent, the popular 

carbonate/bicarbonate still remains the most commonly used eluent in 

suppressed anion chromatography. Briefly, the following points can 

be made concerning hydroxide versus carbonate eluents: (a) at eluent 

concentrations typically reguired for the analysis of common anions 

the suppressed conductance is an order of magnitude lower with 

hydroxide, resulting in better detection limits; (b) unlike 

carbonate, hydroxide does not produce a weak acid upon neutralization 

and analyte response nonlinearity due to the change in the extent of 
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the background carbonic acid dissociation''" cannot be a problem; and 

(c) hydroxide is unquestionably superior for gradient elution because 

of the relatively stable and flat baseline which results because of 

its complete suppression to water. 

There are several inconveniences in the preparation and use of 

hydroxide eluents. Hydroxide eluents are more difficult to prepare 

in exactly known concentrations because commercially available 

standard solutions are certified only with respect to total 

alkalinity, which is unaffected by dissolved CO^. Different batches 

contain varying extents of dissolved CO^ and these variations in the 

amount of carbonate can have a major influence on retention behavior 

since COa^" is a strong eluting anion. While relatively pure NaOH 

solutions can be made by diluting the supernatant from a centrifuged, 

Ba(0H)2-treated 50% NaOH solution, the necessary operations must be 

performed in the absence of CO^, e.g., under He,^ and it is still 

necessary to perform an alkalimetric titration to determine the exact 

alkalinity. Few practicing analysts can afford to spend this amount 

of effort for the routine preparation of an eluent. Additionally, 

after an eluent is purified with great care it requires considerable 

further care to keep CO2 from reentering the eluent through the 

plastics often used in the storage and transmission of the eluent. 

While there is no question that hydroxide is superior to 

carbonate for a gradient elution, the expectation that the suppressed 

background will be pure water and that the background conductance 

will not change during a gradient run is not ordinarily realized in 
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practice. Even with prepurified NaOH eluents inipurities remain and 

are trapped on the column during the initial, low strength, portion 

of the run to be eluted later as artifact peaks as the eluent 

strength increases throughout the gradient. To some degree this can 

be ameliorated by placing an impurity trapping column between the 

pump and the injection valve or by storage of a blank background and 

subtracting it from the sample run. Both methods have their 

limitations and it is clear that it is desirable to have as pure an 

eluent as possible from the start. 

In this chapter is shown a convenient means of generating 

ultrapure NaOH solutions in-line. The electrodialytic generators 

(EDG's) described in this chapter produce NaOH solution of a purity 

superior to that obtained by prepurification methods thus far 

described owing chiefly to the fact that the NaOH is generated 

in-line and is consumed before contamination can reenter. Further, 

the concentration of the generated NaOH can be easily programmed 

electrically, permitting gradient runs with isocratic pumping 

equipment. 

Principles 

Consider a system in which two flow channels are separated by a 

catex membrane and an electrode is placed in each channel, the anode 

being composed of a noble metal to prevent corrosion. A donor 

solution of NaOH of ordinary purity is made to flow through the anode 

channel while high purity water is made to flow countercurrent 
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through the cathode channel. With a sufficiently high voltage 

iirpressed across the electrodes (above the electrolytic breakdown 

threshold of water), Na^ from the anode compartment migrates across 

the membrane and forms NaOH in the cathode compartment along with 

hydrogen gas: 

Na" + H2O + e -• Na" + OH" + iH^. (3.1) 

In the anode compartment, oxygen is evolved and hydroxide is 

electrolytically neutralized : 

20H" ^ H2O + iO^ + 2e. (3.2) 

The NaOH generated in the cathode compartment is of high purity 

because both the catex membrane and the direction of the electrical 

field prevents the anionic constituents in the feed solution from 

migrating into the cathode compartment. Further, as long as the 

amount of Na"̂  in the feed is not a limiting factor and the side 

reaction involving breakdown of water without a concomitant 

transmembrane transport of Na"̂  does not occur to a large extent, the 

amount of cathodically produced NaOH is directly controlled by the 

current flowing through the system. A programmable current generator 

can directly govern the concentration of NaOH produced. 

Donnan rejection of anions in the feed, especially of the 

principal anion hydroxide, is not perfect. Therefore, a small but 
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finite concentration of NaOH will find its way to the product channel 

even at zero current. The zero-current penetration of NaOH in the 

product channel increases with increasing surface area of the 

membrane, decreasing membrane thickness and increasing concentration 

of the feed NaOH solution.^^ It also depends on the nature of the 

membrane and much research has been done in recent years on 

formulating catex membrane compositions to improve anion rejection in 

the large scale electrodialytic production of NaOH from brine.^^ 

The NaOH generated by the above system cannot be directly fed 

into most chromatographic pumping systems due to the presence of 

large amounts of electrolytically produced hydrogen gas. The system 

becomes practical only if means are provided to remove the gas en 

route to the pump, e.g., by flowing the mildly pressurized gas-liquid 

mixture through a degasser consisting of a channel bounded by a 

hydrophobic porous membrane, the other side of which is open to the 

atmosphere. Gas bubbles rapidly escape through the membrane and 

degassing is thus accomplished.^^' 

Generators producing an insignificant amount of gas in the 

product channel are also possible. Consider three flow channels 

formed by two parallel membranes as shown in Figure 3.1. Water is 

fed to both the bottom cathode channel and a central channel which is 

isolated from the electrolytic gases produced in the cathode and 

anode channels and from which the product NaOH (PN„OH) is output. For 

useful PNBOH concentrations to accumulate, Na"*̂  transported to the 

central channel through the donor cation exchange membrane must be 
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significantly retained there while current conduction through the 

barrier membrane must be dominantly via cathodically generated OH". 

An anion exchange (anex) membrane which allows passage of OH" and not 

Na"*̂  is an indicated choice as barrier membrcine. 

A catex membrane may also be used if the NaOH concentration on 

its cathode side becomes high enough to overcome the Donnan barrier, 

allowing significant OH" transport from the cathode channel into 

the product channel.^^ Accumulation of NaOH on the cathode side of 

the membrane may be achieved by a diffusion barrier. In such a case 

the catex membrane basically acts as a bulk flow restrictor while 

permitting ion transport. 

Other nonionomeric bulk flow barrier membranes can be used as 

well. Since the ratio of ionic mobilities of OH" to Na"*̂  is 4:1, up 

to 80% of the EDG NaOH can theoretically remain in the product 

channel. Actual PN«OH may be less due to bulk flow across the barrier 

membrane and the lack of sufficient cathodic OH" available for 

transport. These multiple membrane devices which produce a gas-free 

product are hereinafter designated type 2 generators. 

An iirportant performance characteristic of such devices is the 

current-voltage relationship. A device for which a higher voltage is 

required to establish a given level of current is more susceptible to 

the undesired side reaction of breakdown of water without Na"̂  

transport than a device which requires a lower voltage. Type 1 

devices, offering only one barrier to ion transport, should be 

superior in this respect. In comparing the performance of various 
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devices, it is useful to define a quantity i.^^, the current 

efficiency for the overall production of electrodialytic NaOH: 

-̂ •ff ~ TNaonK/i, (3.3) 

where TN^OH is the total Na"̂  concentration electrodialyzed across the 

donor catex membrane normalized to 1 mL/min, i is the current and K 

is the faradaic conversion factor (1.6 mA/mM NaOH at 1 mL/min). This 

is essentially a measure of the efficiency with which Na^ is 

transported through the donor membrane. Also convenient for the 

discussion of type 2 devices is the retention efficiency, R, given by 

R ~ -^NaOH/ iNaOH • (3.4) 

Experimental Section 

Material and reagents. Sodium hydroxide used as the feed 

solution was diluted 50% NaOH solution (J. T. Baker) used as 

received. The following ion exchange membranes were used in this 

work and all were obtained as gifts from the manufacturers. In the 

following descriptions of membranes, an abbreviation as the first 

entry inside parentheses indicates the abbreviation for the 

membrane that will be used throughout this chapter. Sheet catex 

membranes included Nafion 117 (N117, perfluorosulfonate, Du Pont, 

Wilmington, DE), Selemion CMV (arylsulfonate) and Flemion 

(perfluorocarboxylate), both from Asahi Glass, Tokyo, Japan. The 
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sheet anex membrane was a radiation-grafted membrane (Dionex Corp., 

Sunnyvale, CA). Tubular catex membranes were Nafion 810 (N810, -2.75 

mm i.d., -200 ̂ im wall), 815 (N815, -1000 pun i.d., -125 pun wall), 811 

(N811, -675 ̂ m i.d., -100 pm wall) and 014 (N014, -350 nm i.d., -40 

urn wall, all from Perma-Pure Products, Toms River, NJ. A Dow 

perfluorosulfonate ioncmier of same dimensions as Nafion 811 was also 

graciously supplied by the manufacturer. The tubular anex 

membranes were of the radiation-grafted polytetrafluoroethylene 

(PTFE) type (-500 \m i.d., -200 nm wall, RAI, Hauppage, NY) and a 

perfluorocarbon ionomer (Toyo Soda, Tokyo, Japan). 

Sheet barrier membranes included the cellulose acetate type with 

molecular weight cut offs (mwco) of 100 and 10,000, Spectrapor, 

Spectrum Medical Industries, Los Angeles, CA) and tubular barrier 

membranes were either polyacrylonitrile (mwco 13,000, 800 \m i.d., 

300 Mm wall, Asahi Kasei, Tokyo, Japan) or polysulfone (MWCO 5000, 

900 Mm i.d., 50 M™ wall, A/G Technologies, Needham, MA). 

Microporous barrier membranes included polypropylene of 0.2 M^ 

mean pore size and 70% surface porosity: Accurel R5/2 (1.2 mm i.d., 

300 Mm wall; Accurel S6/2 (1.8 mm i.d., 400 M^ wall, both from Enka 

AG, Wuppertal, FRG) and a planar polypropylene membrane Celgard 3401 

(0.02 Mm mean pore size, 38% surface porosity, 25 Mm thickness, 

coated with a proprietary agent to render the membrane hydrophilic, 

Hoechst-Celanese, Charlotte, NC). Hydrophobic porous membranes used 

for degassing included 100 Mm thick polypropylene mesh-backed sheet 

porous 25 Mm polypropylene (Celgard 4400) and a porous sheet membrane 
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of proprietary composition designed especially for gas/liguid phase 

separations (Genie, A+ Corp., Prairieville, LA). Tubular membranes 

included porous PTFE (Gore-Tex TA 001, 2 Mm mean pore size, 50% 

surface porosity, 1000 Mm i.d., 400 Mm wall, W. L. Gore and 

Associates, Elkton, MD) and porous polypropylene (Accurel R5/2). 

Equipment. The generator devices were used with the constant 

current source (0-500 mA) shown in Figure 3.2. A programmable 

voltage source (0-5 V) was linearly converted into a constant current 

using an operational amplifier B and two driver transistors Ql and 

Q2. The control voltage input to the current source was provided by a 

12-bit resolution interface board (DAS-16, Metrabyte Corp., 

Stoughton, MA) installed in an AT-class computer programmed in Pascal 

(Turbo-Pascal Version 5.0, Borland International, Scotts Valley, CA). 

The homebrewed software graphically displayed the temporally 

programmed current profile and its present status of execution, 

allowed temporally programmed external event control for switching 

the chromatographic sample injection valve and permitted a preset 

number of repeats of any gradient program on file. The size of the 

uncompiled Pascal text was 52 Kb while the executable program 

occupied 41 Kb. A calibration step prior to execution of the 

software involved shorting the generator cell using SW2 and adjusting 

the current source to the software selected full-scale current value 

using SWl, Rl and ammeter A. 

In the experimental setup, high purity water generated by a 

continuously recirculating water polisher (fed from a 4-L bottle 
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containing house-deionized water under 12 psi nitrogen pressure) fed 

the eluent generator from a tap off the recirculating loop. The 

input NaOH solution (150 mM @ 1 mL/min, unless otherwise specified) 

was fed into the generator under N2 pressure. Beyond supplying an 

adequate amount of feed NaOH, the flow rate was not critical and was 

controlled by a screw clamp or N^ pressure. The effluent from the 

generator anode compartment was directed to waste while the 

(degassed) catholyte output was directly connected to the pump input 

of a model 40001 pump bypassing all its low-pressure gradient 

generation valving which was not used with the electrical generator. 

To determine the concentration of NaOH generated, a conductivity 

detector cell connected to CDM-I or CDM-II electronics was placed 

either before the injector or between the chromatographic column 

(AS5A) and the suppressor. It was necessary to design a cell with an 

appropriate cell constant to keep the detector electronics from being 

overloaded by the very high conductivity of the NaOH eluent. For the 

low-pressure location after the column, the CDM cell was easily 

modified to measure the high specific conductance by tying the two 

original cell electrodes in common and using a stainless steel 

grounding block which screws into one of the detector ports as the 

other electrode. 

A high-pressure cell was fashioned from a polyetheretherketone 

(PEEK) female compression coupling fitted with stainless steel tubing 

(0.75 mm i.d., 1.6 mm o.d.) on either end. The stainless steel 

nipples served as the cell electrodes. This cell lacked temperature 
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compensation but a commercial CDM cell on the low-pressure side 

allowed temperature compensation through the use of its integral 

thermistor. Since the void volume of the column is quite low, there 

was little dependence of the gradient profiles on the cell location 

as observed from the detector outputs. 

The results presented here largely reflect data from the low 

pressure cell. The detector output was converted to mM NaOH with the 

help of a polynomial fit to a 23-point calibration plot spanning 

0-250 mM NaOH. Acidimetrically standardized commercially available 

NaOH solutions were used for this purpose. Any error due to the 

presence of other anionic impurities was assumed to be negligible 

because of the high ionic mobility of OH". A chemically regenerated 

(12.5 mM H2SO4) suppressor (AMMS) was used for eluent suppression 

unless otherwise stated. The chromatographic conductivity detector 

was a CDM-II. All the above components were from Dionex Corporation. 

A dual channel strip-chart recorder (TY-2, Knauer, FRG) and a 

disk-based recording integrator (C-R3A, Shimadzu Scientific, 

Columbia, MD) were used for data acquisition. 

For cases where an electrodialytic membrane suppressor (EDS) is 

indicated, this was a planar design water-regenerant suppressor built 

as detailed in the previous chapter. One safety measure was 

found useful, particularly for long-term unattended applications. If 

liquid flow through the generation device stops, e.g., due to 

exhaustion of the liquid reservoirs, the liquid in the generator will 

be consumed through electrolysis and damage to the membrane-based 
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generator will result with the continued application of power. In 

the event of cessation of liquid flow, the pump stops because gas 

enters the puraphead and the low-pressure shutoff mechanism of the 

pumps trips. With the particular p\mp used, the stopped or running 

status of the pump is indicated by individual indicator light-

emitting diodes (LED's). Silicon photocells were mounted on each of 

these, the outputs fed to an operational amplifier-based voltage 

comparator and the rectified output of the latter (the LED's are 

pulse-driven) used to operate a relay that disconnected power to the 

generator (and suppressor) in the event of pump stoppage. The 

schematic is shown in Figure 3.3. 

Generator Devices. Over 50 generators representing over a dozen 

designs were investigated and the choice of a tubular versus planar 

design was often dictated by the availability of a membrane in a 

specific form. Only one exair̂ l̂e each of the simplest tubular and 

planar devices are detailed here. Sealing of membranes in low-volume 

configurations is somewhat of an art and details appear in previous 

publications.^^"^° The device designations include type (1 or 2), 

tubular or planar (T or P), membrane type (proceeding from the anode 

to the cathode for type 2 devices) and for tubular devices, length 

(cm) and diameter (mm). For exaiiple, the designation 

2-T-N811-Accurel R5/2-N810-13.5-4 indicates a type 2 tubular device 

with Nafion 811 as the anode membrane followed by Accurel R5/2 and a 

Nafion 810 membrane, the length and i.d. of the outermost stainless 
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steel (stainless steel) jacket serving as the cathode being 13.5 cm 

and 4 mm, respectively. 

Type 1 generators. Figure 3.4 shows one end of device 

1-T-N811-18-1.1. Apertures A, 1.5 cm from each end, were made with a 

cutting wheel into the walls of an 18 cm length of thin-walled 17 ga. 

(1.1 mm i.d.) stainless steel needle tubing B (Small Parts, Miami, 

FL). The tube was then thoroughly cleaned and deburred. Two 

polypropylene tees C (0406TEEP, Ark-Plas, Flippin, AR) were drilled 

out and B was push-fitted therein with the tee-arm aligned with 

aperture A providing catholyte access. A length of prestretched^° 

Nafion 811 tubular membrane D was inserted through B. The protruding 

ends of membrane D were swollen in hot ethanol and folded back over B 

for -3 mm. One barbed end on each of two tees F (identical to C) was 

cut and the bore widened by drilling and a heated tapered tool until 

it could be pushed over the tube end and sealed by wire crimps (G). 

Platinum wire (0.254 mm dia.) H, centered in the device was sealed in 

F termini with PVC bushing I and wire crimps E. Anolyte flow was 

through F, countercurrent to catholyte flow. 

Planar device 1-P-N was fabricated using components of the Dionex 

micromembrane suppressor (MMS)^^ and is shown in Figure 3.5. The 

shell holds a membrane of -15L x 1.7W cm. Pt-wire (50 cm, 0.254 mm 

dia.) woven on a cation exchange (catex) screen constituted the 

anode. Electrode connections were through 1 mm dia. stainless steel 

rods push-fitted though undersized holes at the top and bottom of the 

shell. A second catex screen isolated Nafion 117 membrane Ml from 
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direct contact with the anode. A 250 Mm mesh polypropylene screen 

and a 75 Mm mesh stainless steel screen cathode (Small Parts) 

completed the device with seals provided by Parafilm gaskets pressed 

along the peripheries of each screen with a hydraulic press as 

described in chapter 1. The MMS operates with a central eluent 

channel and two flanking regenerant channels and minor modifications 

to the shell were made to render one of these channels ineffective 

for the present design. 

An exception to the above construction was 1-P-N117-27 which was 

a 2.54 X 27.2cm (W x L) Nafion 117 membrane accommodated in a 

machined Kel-F polymer body. The construction was much the same as 

the MMS except that only two flow channels were provided in the Kel-F 

body. 

Degassing devices. These were also made in both tubular and 

planar forms. The tubular design involved putting an -30 cm length 

of hydrophobic porous membrane tube (filled with a space-filling 

nylon monofilament to reduce the void volume) in-line between the 

electrodialytic product effluent and the puirp inlet. The membrane 

tube was provided with a jacket through which air freed from CO2 by a 

soda-lime filled cartridge was pumped by an inejqsensive low power 

aquarium-type air pump. Without air flow through the jacket, moisture 

condensate eventually bridged the membrane pores and liquid leakage 

through the membrane occurred. 

The planar degasser design is shown in Figure 3.6. A flow 

channel L, 1.9 cm W x 15.2 cm L, is cut into a nylon block K and 
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snugly accommodates a porous sheet J (fine porosity polyvinylidene 

fluoride, Porex Technologies, Atlanta, GA). The Celgard or Genie 

porous membrane sheet I is placed atop J and the top half H, with an 

engraved flow channel identical to L except for a depth of 125 Mm and 

aligned with L, is affixed to the bottom half by 16 screws through 

holes N in both blocks. The device is positioned vertically. The 

gas-liquid mixture enters at the bottom and the degassed effluent 

exits through threaded ports M while the hydrogen gas leaves through 

port O vented to the atmosphere via a soda lime guard tube (not 

shown). 

Type 2 generators. Figure 3.7 shows the general tubular design. 

Membrane Ml is the anode catex membrane and M2 may be an individual 

membrane or a combination thereof. The outer stainless steel jacket 

and the inner Pt-wire serves as the cathode and anode, respectively. 

When a hydrophobic permeable membrane is used as part of M2, it must 

first be wetted with a water soluble organic solvent, e.g., with 

methanol, then rinsed thoroughly with water. 

Planar devices with the configuration shown in Figure 3.8 were 

built inside MMS shells. Ml was the anode catex membrane and M2 was 

one or more membranes except in device 2-P-N117-N117-PTFE which 

contained a perforated PTFE plate (0.5 mm thick, four rows of 1.0 mm 

dia. holes, 72/row) placed on the electrode side of the cathode 

Nafion 117 membrane. 
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Results and Discussion 

Planar devices. Table 3.1 presents data for planar generators 

with perfluorosulfonate (Nafion), perfluorocarboxylate (Flemion) and 

arylsulfonate (Selemion CMV) membranes along with EDS suppressed 

product conductances. In interpreting the data in the last columin it 

is worthwhile to recall that the theoretical specific conductance of 

pure water is 56 nS/cm. All three membranes can be used to fabricate 

an electrodialytic generator (EDG) to produce high purity NaOH 

solutions but product purity is discernibly worse with Selemion at 

higher product concentrations. For the other two membranes, 

essentially invariant suppressed conductances as a function of NaOH 

concentrations indicate a higher relative product purity at higher 

concentrations. The electric field-induced anion rejection should 

increase at higher applied voltages and the above observation can be 

rationalized. 

The i-V plots for all three membranes (zero-voltage data not 

considered) are linear and the extrapolated onset of electrolytic 

current begins at V^^^ = 2.50, 2.63 and 2.77 V, respectively, for 

Nafion, Flemion and Selemion. The slope is also distinctly lower for 

Selemion at 208 mA/V versus 232-243 mA/V for the other two. In terms 

of i.ff/ all three membranes perform very well, ranging from 0.619 mM 

NaOH /mA for Nafion to 0.646 mM/mA for the other two (after 

subtracting the zero-current penetration NaOH concentration) coirpared 

to the theoretical value of 0.625 mM/mA for unity faradaic efficiency 

at a flow rate of 1 mL/min. The differences are essentially within 
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the combined experimental uncertainties of flow, current and 

concentration measurements. 

For practical gradient chromatography, it is also desirable to 

reduce the zero-current penetration NaOH concentration to below 1 mM 

as scane analytes, especially organic acids, elute very quickly even 

at this low concentration. In this respect, Selemion gives superior 

results. However, our experience indicates that the trace impurities 

which are more apparent in the Selemion-based EDG are likely leached 

from the membrane itself or it degrades from anodic oxidation because 

the levels do not substantially decrease even after prolonged 

operation. A Nafion or Flemion membrane-based device is therefore 

preferable. The zero-current penetration NaOH concentration can be 

lowered by using a lower donor concentration and higher donor flow 

rate to provide sufficient NaOH in the donor compartment. 

Tubular devices. The total available membrane area is also an 

important factor regarding zero-current penetration NaOH 

concentration. In going from device P-N to T-N, there is an -8-fold 

decrease in membrane area though the decrease in zero-current 

penetration brought on by this factor is somewhat offset by the 

thinner membrane wall of the tubular membranes. The zero-current 

penetration NaOH concentration reduces to <1 mM with 150 mM feed and 

to -0.2 mM with 75 mM feed. Zero-current penetration as a function 

of donor NaOH concentration is shown in Figure 3.9 for several 

device types. 
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The EDG gives a marginally lower zero-current penetration NaOH 

concentration with its electrodes short-circuited than under open 

circuit conditions. Also note that the penetration increases 

non-linearly with the feed concentration.^^ The available membrane 

area is sufficient to generate -200 mM NaOH @ 1 mL/min if the system 

does not become feed Na"̂  limited. Excellent i.^^ values and 

suppressed product specific conductances are maintained throughout. 

This is consistent with the fact that perfluorocarbon cation exchange 

membranes are routinely used in chlor-alkali cell applications at 

current densities of several kA/m^ without being membrane transport 

limited.^^ Even when device T-N is generating 200 mM NaOH, the 

necessary current density does not reach half this value. In keeping 

with the behavior of single membrane planar generators, these tubular 

devices display a current efficiency in terms of NaOH produced at a 

given current of 90-95%. 

Degassing devices. Tubular design degassers based on 70% 

porosity PTFE membrane leaked easily with pressure differentials of 

only 8-10 psi due to the relatively large pore size and were found 

unsuitable. The Accurel membrane performed satisfactorily as long as 

the tube was flushed with pure water for several minutes before 

shutdown. Otherwise, gas removal efficiency slowly decreased, 

presumably due to the blockage of pores by Na2C03 which results when 

atmospheric CO2 contacts the NaOH solution within the membrane. If a 

tubular jacket is not provided and the membrane is exposed to the 

atmosphere, no external air flow is necessary. The lifetime of the 

72 



membrane is greatly reduced, however, by the above condition and the 

eluent is contaminated with CO2 which permeates through the membrane 

and is collected in the alkaline solution as quickly as it diffuses 

through. The deterioration in product quality in the absence of 

protection from ambient CO2 was easily discernible. With -30 mM 

NaOH, the electrically suppressed conductance increased to -2.5 MS/cm 

from 0.3 MS/cm. It is worthwhile to note that if a chemically 

regenerated suppressor such as the AMMS is used with an H2SO4 

regenerant at typical concentrations, the minimum background 

conductance that can be attained may be governed by regenerant 

penetration rather than eluent purity and is rarely less than 1 

MS/cm. Experience indicates that at these low conductivities, the 

contributions to the background conductance from regenerant 

penetration and impurities in the stock NaOH used to prepare eluents 

are approximately additive. 

The planar degassers utilize membranes of even smaller pore size, 

thus minimizing the potential of liquid leakage. They performed 

reliably for months at a time with little or no maintenance and were 

used in most of this study. Celgard 2500 membrane is recommended. 

Catex/anex devices. The catex/anex combination of membranes is 

the most attractive of all in concept. Na"*̂  freed in the anode 

compartment traverses the donor membrane to meet, in the product 

channel, OH" generated in the cathode compartment and which has 

traversed the anex membrane as shown in Figure 3.1, where BM is an 

anex membrane. In principle, these devices should produce a gas-free 
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eluent with near unity i.^^ and R values. A tubular construction 

(2-T-N815-RAI-30-2) with N815x as M2 and RAI anex tube as Ml in 

Figure 3.7 with the stainless steel case held positive produced a 

near-perfect linear ramp of PN„OH as a function of current, 

generating 105 mM NaOH at 100 mA with 0.5 mL/min product flow rate. 

After flowing pure water in all channels overnight the suppressed 

conductivity of the product was 93 uS/cm at 75 mA (81 mM NaOH at 0.5 

mL/min). When the generator was cycled through a current program to 

effect a gradient product, the suppressed conductivity gave an 

objectionable surge in value at the beginning of the run and would 

not drop to acceptable levels within a few minutes. 

With water flowing through all channels, the generator was 

operated at 12 mA and 3.7 V to cause the donor membrane to unload its 

sodium, then the current was increased incrementally from 1 to 150 mA 

while the product effluent conductivity before and after suppression 

was monitored. At 150 mA, the generator was producing a product 

conductivity that would correspond to an approximately. 16 mM strong 

electrolyte while the suppressed conductivity was 118 uS/cm. This 

would seem to indicate an impurity containing, largely, a cation 

exchangeable in the chemical suppressor for H"̂  accompanied by, 

perhaps, OH" such that the suppressor eliminates the bulk of the 

conductivity. This impurity might correspond to an alkonium 

hydroxide. 

It is interesting to note that when the polarity of applied 

voltage is reversed with water for all flows, 12 mA flows at 12.7 V 
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and the product channel effluent has a conductivity of 0.05 uS/cm. In 

this fashion the device functions as a water purifier and this 

configuration has been used to produce ultrapure water for 

semiconductor fabrication.^a 

This problem of contamination was common to all anex membranes 

tested (RAI, Toyo Soda, Dionex) although its ultimate source was not 

investigated in the others. After nonstop operation at 70 mA for 5 

days the suppressed conductance of the product was 5 uS/cm. The 

membrane probably undergoes electrochemically induced reductive 

deamination: 

Membrane-NRa"*" + 2e" + H2O = Membrane-H + R3N + OH". (3.5) 

Lamentably, the success of the catex/anex combination as an ultrapure 

NaOH generator awaits the debut of an electrochemically inert anex 

membrane. 

Catex/catex devices. Perfluorocarbon ionomer membranes like 

Nafion and Flemion display excellent electrical and chemical 

stability. However, a device with two identical cation exchange 

membranes results in negligible PN^OH- The Na"̂  ions transported to 

the central coirpartment are virtually all transported through the 

second catex membrane into the catholyte rendering the second catex 

membrane and the central channel superfluous. Increasing the 

thickness of the product channel by additional screens does not 
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significantly increase PN^OH- Doping the cathode channel with an 

electron acceptor such as ferricyanide also proved ineffective. 

Next tested was an anode membrane more permeable to cations (of 

lower equivalent weight) than the cathode membrane. The 

results were not encouraging: 2-T-Dow experimental-N815-8.6-2.2 

produced a PNOOH of only 2.6 mM at 7.1 V/175 mA and essentially the 

same results were obtained upon reversing the identity of the 

membranes by changing the polarity. Other means to restrict the Na^ 

flow through the cathode membrane were therefore sought. 

With a water-wetted Accurel restrictor membrane in contact with 

the product side of the cathode catex membrane, no current flow 

occurred without prior doping of the catholyte with NaOH. With 

2-T-N811-Accurel R5/2-N810-13.5-4 (250 mM NaOH influent catholyte), 

38 V/100 mA gave PN«OH = 14 mM. Placing the Accurel on the cathode 

side (2-T-N811-N815-Accurel S6/2-15.5-3) was significantly better: 

PNBOH was 22 mM at 9.3 V/100 mA (100 mM NaOH catholyte). Cellulose 

acetate restrictor membranes gave similar results but overall 

performance in the sense of PN«oH/mA was better. With 

2-P-N117-cellulose acetate,lOk-N, PN«OH was 16 mM at 12.9 V/150 mA 

(i^^^ =0.81 and R = 0.2). Putting the dialysis membrane on the 

cathode side (2-P-N117-N117-cellulose acetate,10k) was distinctly 

better: P^^OH was 35 mM at 7.1 V/150 mA (i.^^ = 0.88 and R = 0.43). 

There are two ways PwaoH can accumulate in the product channel. 

Either H"*" is transported from the product to the cathode channel and 

replaced by Na^ from the anode channel or OH" is transported from the 
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cathode channel into the central channel to charge balance influent 

Na* from the anode channel. The first is not a favorable process as 

the product channel is alkaline. However, some PN=OH accumulation 

can occur when transport of Na^ to the surface of the cathode catex 

membrane is severely iinpeded by the restrictor allowing the 

possibility of the splitting of water in the restrictor channels to 

provide H*. Because of its much greater electrophoretic velocity H+ 

can more ably carry electrical current while residual OH" then 

diffuses out of the restrictor channel into the product channel as 

NaOH. 

The limitation of this configuration is the very high device 

resistance which leads to joule heating great enough to cause a large 

variation in operating temperature throughout a gradient run and 

necessitates operating voltages great enough to force undesirable 

electrolytic breakdown of water at the membrane surface. In 

contrast, placing the restrictor membrane on the cathode side causes 

NaOH accumulation on the cathode side of the catex membrane allowing 

Donnan breakdown and significant transport of OH".^^ 

Catex/ non-ionomeric barrier membrane devices. The transbarrier 

flow at 10 psi feed pressure was very high (-1 mL/min per cm length) 

with Accurel as the barrier membrane (2-T-N815-Accurel R6/2-12-4). 

This was reduced to a practical value by restricting the catholyte 

exit and there was no need for an externally provided catholyte flow. 

The performance parameters were excellent: 32 mM PNOOH at 4.5 V/100 

mA (i.rf = 0.94, R = 0.54) with excellent suppressed product specific 
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conductance. The susceptibility of the transbarrier flow to 

potential changes in feed pressure and pump suction, however, led to 

2-T-N811-Accurel R5/2-A2-6.5-3, where a second Accurel membrane of 

larger diameter was slipped over the first to provide increased 

resistance to liquid flow between the product and cathode channels. 

This reduced cross-channel flow to 0.08 mL/min per cm length (10 

psid) with no other significant change in device performance. The 

only shortcoming of this otherwise practical device was that the 

hydrophobic permeable membrane used as the barrier membrane had to be 

rewetted after being stored for several days. 

For this reason naturally water-wettable membranes which permit 

little transmembrane liquid flow were sought. Unfortunately, both 

2-T-N811-polyacrylonitrile-10-1.4 and 2-T-N811-polysulfone-9-1.8 

revealed substantial transbarrier flow upon fabrication, even though 

this flow was determined to be negligible with the virgin membranes. 

Repeated attempts led us to conclude that the fragile membranes are 

damaged during assembly. The general performance characteristics of 

both devices were otherwise very good with the polysulfone device in 

particular showing excellent suppressed product specific conductance. 

Conceivably, were this membrane available in planar form, high-

performance NaOH generators could be made without the membrane damage 

which occurs when constructing a tubular design. 

The use of cellulose acetate in general as a barrier membrane 

(2-P-N117-cellulose acetate,10k) was a good choice from the point of 

view of essentially zero transmembrane liquid flow at the pressure 
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differentials involved. Over the range 0-200 mA (250 mM NaOH donor, 

4.8 V/200 mA), i.^^ was -1.0 and R averaged 0.50±0.04. PN«OH was 75 

mM at 200 mA and gas appeared in the product channel at higher 

currents. The suppressed product specific conductance measured 

0.85-1.6 MS/cm for 10-75 mM P^^OH which indicates a small but 

discernible iirpurity in the generated NaOH. 

The source of the impurity may be acetate from the hydrolysis of 

cellulose acetate or residual acetic acid from the original 

esterification process. A recent study of the acetic acid content of 

cellulose acetate by headspace GC^^ showed 874 M9/g acetic acid 

although the source of the cellulose acetate was not revealed. With 

the cellulose acetate membranes used in this work three one-hour 

boilings in water reduced the suppressed specific conductance too 

little to be of use in an ultrapure NaOH generator. 

A similar device made from 100 mwco cellulose acetate containing 

more unhydrolyzed acetate groups performed essentially the same 

except for a higher suppressed product specific conductance. 

Covering the product side of the 10k mwco cellulose acetate membrane 

with a wettable polypropylene membrane (2-P-N117-Celgard-cellulose 

acetate,10k) reduced R and i.̂ f and degraded the suppressed product 

specific conductance to 2.5 MS/cm at 40 mM PN«OH presumably due to 

leaching of the wetting agent from the Celgard membrane. As in 

catex/catex devices, putting the Celgard membrane on the electrode 

side of the cellulose acetate membrane (2-P-N117-cellulose 

acetate,lOk-Celgard) was beneficial: R increased to 0.67 with no 
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decrease in i.^^, increasing PN«OH at a given current. The 

suppressed product specific conductance was the same as that from 

2-P-N117-cellulose acetate,10k. 

While these devices do not produce the ultimate in eluent purity, 

the purity compares favorably to that from any off-line procedure and 

meaningful concentrations for gradient IC can be generated. This 

design may become the one of choice with the advent of 

electrochemically stable dialysis membranes. 

Purity of the EDG NaOH. The levels of suppressed conductivity 

reported in Table 3.1 make it clear that an accurate determination of 

the nature and concentrations of the residual impurities in the EDG 

NaOH is extraordinarily difficult owing to the very low levels of 

impurities present. Standard approaches involving preconcentration 

on a concentrator column and IC analysis are likely to produce values 

that are more indicative of the manipulations involved in the 

analysis than the original content. Detailed considerations of the 

suppressed conductance data in Table 3.1 are, however, instructive. 

Consider the fact that high purity water (<63 nS/cm) pumped through 

the entire system (including the EDS) picked up enough contamination, 

whether from the wetted parts or intrusion of CO2, to produce a 

detector background of -100 nS/cm. As a first approximation, this 

should be subtracted from all the tabulated data before critical 

evaluation. 

It is possible that neutralization of the eluent NaOH by the 

suppressor is less than perfect. The data indicate, however, that 
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the residual unsuppressed NaOH is not a function of the influent NaOH 

concentration. The datum for the lowest observed EDS suppressed 

product specific conductance at maximum concentration can account for 

no more than 240 nS/cm due to residual NaOH. For an influent NaOH 

concentration of 176 mM, this indicates the suppressor is able to 

complete the exchange to 99.999%. 

A conductance contribution of 240 nS/cm is computed to be (using 

pertinent ionic mobilities and acid dissociation constants) 

equivalent to -0.56 MM of a strong acid like HCl or -1.5 MM of a weak 

acid like H2CO3. Relative to these values, the measured EDS 

suppressed conductance of NaOH solutions made from 50% NaOH stock 

were 1580 nS/cm and 3000 nS/cm for 25 mM and 85 mM NaOH, 

respectively. Typical noncarbonate anionic impurity contents of 50% 

NaOH solutions from the same manufacturer have been reported^ ̂ and 

amount to a total of 13.2 \ieq/mole NaOH. It can be calculated that 

even if these anions are present as fully ionized acids in the EDS 

effluent, they will account for no more than 10% of the observed EDS 

conductance of the 25 mM NaOH solution. Although carbonate produces 

a very weak detector response in conventional suppressed IC, it 

appears as the major peak in the chromatograms for such analyses. 

If the EDS conductance is attributed entirely to H2CO3, this 

would correspond to 42 and 144 MM carbonate in the 25 and 85 mM 

eluent respectively. These values are concordant in that they both 

indicate a 0.17 mole% carbonate contamination of the NaOH solution. 

Assuming that the primary impurity in the EDG NaOH is due to 
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carbonate, this impurity has been reduced by -30-fold in the 25 mM 

NaOH product and this number increases at higher eluent 

concentrations because the absolute in?>urity level of the EDG NaOH, 

based on the EDS conductance data, is independent of the generated 

concentration. 

This last feature leads to the belief that the agent responsible 

for the residual EDS conductance may not originate in the NaOH feed 

to the EDG. The presence of anodically produced E^Oz"^"^ (which is a 

very weak acid and will transfer across the membrane) in the 

suppressed EDG eluent was investigated using a fluorescence assay 

sensitive to nM levels^^ but concentrations sufficient to account for 

the observed conductance were not found. Anion rejection by the EDG 

membrane is very good as determined in an experiment wherein the 

donor solution of the EDG was doped with 5 mM Na2S04 and the 

suppressed product specific conductance showed essentially no change. 

With the above in view, it seems likely that CO2 is primarily 

responsible for the observed residual conductance and likely gets 

into the eluent at some point between generation and the final 

measurement of suppressed conductance. The rate of permeation of CO2 

through the Tefzel tubing used in these experiments was determined 

and is presented in chapter 5. 

Isocratic elution. Reproducibility, linearity and detection 

limits. The chromatographic data reported below were obtained with 

the combination of a tubular generator and a planar degasser. The 

chromatographic performance of EDG NaOH and a conventional eluent 
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prepared from 50% NaOH was compared at a typical isocratic eluent 

concentration of 30 mM using 50 MIJ NO3" at <10 ppm concentration. 

Nitrate was chosen as a sample for two reasons: in preparing samples 

of very low concentrations, contamination from handling is much less 

of a problem with nitrate than other common anions such as chloride 

and sulfate and; the retention time (t^) of nitrate exhibits a minor 

but discernible dependence on the injected concentration with the 

particular column and eluent used, making it a particularly 

challenging test. 

The relative standard deviation (rsd) of t^ (mean 4.3 min) at 

concentrations from 0.03-10 ppm (n = 4-5 at each level) ranged from 

0.65-1.4% for the EDG eluent and 0.56-2.5% for the conventional 

eluent with the weighted mean rsd suggesting marginally better 

performance for the EDG eluent (0.31 versus 0.41%). The area 

reproducibilities at 3 and 10 ppm concentrations were better for the 

EDG eluent (0.88 and 0.11%, respectively) than for the conventional 

eluent (2.7% and 1.4%, respectively) but at [xg/L levels 

reproducibilities became worse for both eluents. This is a normal 

situation as the noise of the baseline approaches the height of the 

peaks and the integrator has difficulty discerning peaks. 

The exact linearity of response in suppressed IC with carbonate 

eluents at low san^le concentrations has been a matter of some 

concern.^'"^^ This is not a problem with NaOH eluents according to 

the findings of the present experiments. The area linearity of the 

conventional eluent over the 0.03-10 ppm range was quite respectable 
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(coefficient of correlation r = 0.9970, rsd of the slope 1.87%, n = 

19) but the performance of the EDG eluent was discernibly better (r = 

0.9999, rsd of slope 0.42%, n = 17), undoubtedly due to the much 

lower CO2 content of the eluent. The limit of detection (LOD, S/N = 

3) was essentially indistinguishable between the two eluents (-3 ppb) 

but this is to be expected since the background conductance in these 

experiments were also basically the same (-1.5 MS/cm), controlled by 

regenerant penetration through the acid-regenerated suppressor. 

Gradient Elution Performance. Figure 3.10 shows sequential 

gradient run duplicates for a relatively steep linear gradient (9-85 

mM NaOH in 7 min, -11 mM NaOH/min) for both conventional and EDG 

NaOH. Both the actual gradient profile as observed by the 

presuppressor conductivity detector and the suppressed detector 

outputs are shown The EDS suppressed output is also shown for the EDG 

eluent. While the full benefit of the purity of the EDG eluent can 

be obtained only with EDS suppression as is evident from the absolute 

level of the suppressed conductance, the difference in the background 

conductance profiles between the conventional and EDG eluents are 

marked in whatever manner they are compared. 

Figure 3.11 shows a chemically suppressed gradient chromatogram 

of a dozen anions with considerably different affinities for the 

stationary phase. The gradient profile here is more typical, being 

multistep and of a generally less steep slope than that used in 

Figure 3.10. As a result, there is no significant artifact peak 

since the carbonate peak is eluted off slowly and broadens out into 
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the baseline producing essentially no baseline rise. Baseline noise 

levels remained comparable to equivalent isocratic conditions and it 

is expected that the LOD for most ions will not deteriorate under 

gradient elution relative to isocratic elution giving the same t^. 

Reproducibility of retention times (n = 6) for all twelve test 

ions were exceptionally impressive. The mean tH(±sd) values were 

7.110(0.016), 8.267(.021), 9.449(.017), 11.472(.005), 11.827(.006), 

12.646(.007), 16.045(.021), 16.984(.042), 18.637(.025), 19.223(.028), 

19.978 (.018) and 25.751(.043) min. The rsd values ranged from 0.05 

to 0.25%. 

One unexpected aspect of the electrodialytic gradient generation 

is the brief surge of excess eluent concentration when the current is 

suddenly turned down or turned off. It has been observed by others^® 

that ion exchange membranes apparently have capacities that increase 

with the applied electric field. When the field is abruptly turned 

down/off, the excess electrolyte is dumped on both the donor and 

product sides. In Figure 3.10, this appears as an extra surge (ca. 2 

mM) on top of the plateau towards the end of each gradient run as the 

EDG current is abruptly decreased. 

Conclusions 

This chapter gives the first account of electrochemically 

governed eluent production in ion chromatography. It is also evident 

that high purity acids can be produced with an anion exchange 

membrane as a cathode donor membrane. Equally iir̂ ortant, the 
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generated concentrations can be directly controlled by controlling 

the electrical current flowing through the generator. This obviates 

the need for several reservoirs of eluent at various strengths and 

proportioning valves to blend them in different amounts. This 

electrical control of gradient generation lends itself well to 

miniaturization and it should be possible to build an eluent 

generator suitable for ML/min flows. The NaOH generation example was 

chosen in this work for its practical importance to IC. Several of 

the devices described in this chapter lead to practical NaOH 

generators that produce on-line ultrapure NaOH solutions on demand 

with the benefits of convenience, eluent reproducibility, gradient 

elution and response linearity. 
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Table 3.1. 

Membrane 

Nafion 

Flemion 

Selemion 

Type 

E(V) 

0 
2.7 
3.2 
3.6 

0 
2.8 
3.3 
3.7 

0 
3.0 
3.5 
4.1 

1 planar generator performance characteristics. 

i (mA) 

50 
156 
260 

^ ^ 

49 
142 
270 

— 

52 
140 
280 

PMBOH/ mM 

4.9 
33.8 
99.5 
176.0 

2.1 
32.9 
95.3 
176.0 

0.1 
33.6 
91.2 
181.0 

Electrically Suppressed 
Conductance (MS/cm) 

0.37 
0.36 
0.40 
0.34 

0.16 
0.30 
0.31 
0.34 

0.16 
0.36 
0.47 
0.80 
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Figure 3 . 1 . Two-membrane genera tor schematic . 
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Figure 3.4. Terminal end of a tubular type device. A: wire crimp; 
B: PVC tube; C: stainless steel jacket tube; D: membrane 
tube; E: central electrode; F:polypropylene tee; G: 
space-filling PVC tube. 
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Figure 3.5. A single membrane planar electrodialytic generator 
shown schematically. Ml is a cation exchange membrane 
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Figure 3.6. Planar membrane degassing device. H,K: top and bottom 
halves of the shell; I: membrane; J: porous PVDF sheet; 
L: machined cavity to accommodate J; M: EDG effluent 
entrance/exit ports; N: screw holes; 0: gas exit port 
(connected to soda-lime guard tube, not shown). 
Dimensions in cm are indicated. 
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Figure 3.7. Type 2-T generator, shown schematically. Ml: anode 
membrane; M2: cathode membrane; stainless steel; J: 
stainless steel jacket; W and L are the i.d. and lengths 
of stainless steel. 
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Figure 3.8. A dual membrane NaOH generator. Ml is Nafion 117 catex 
membrane and M2 is one of a variety of ionomeric and 
non-ionomeric membranes. 
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Figure 3.9. Zero-current penetration versus donor concentration for 
several generator types. (a) T-811S-25-1.6 (b) 
l-P-N-27 (c) 1-P-N (d) 1-P-NS. The letter S after 
the membrane type denotes a membrane which has been 
stretched to roughly twice its original length. 
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Figure 3.11. A gradient chromatogram with EDG eluent. Analytes 
are (1) fluoride, (2) iodate, (3) formate, (4) bromate, 
(5) chloride, (6) nitrite, (7) nitrate, (8) sulfate, (9) 
phosphate, (10) arsenate, (11) chromate, (12). 
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CHAPTER 4 

ELECTRODIALYTIC PRODUCTION OF GAS-FREE 

SODIUM HYDROXIDE 

BASED ON DONNAN BREAKDOWN 

Introduction 

The series of dual-membrane ultrapure NaOH generators described 

in this chapter grew out of the same intuitive approach that led to 

the restricted access (barrier membrane) type of generator discussed 

in chapter 3. The approach was to provide some manner of restriction 

in the path of migrating Na"*̂  ions that would cause the more mobil H^ 

ion to become a principle charge carrier across the cathode membrane. 

This would leave Na^ ions to charge balance 0H~ in the central 

channel and this product would be swept out with the central channel 

flow as sodium hydroxide. 

The principal problem with the implementation of this approach in 

chapter 3 was the use of hydrophobic porous membranes, typically 

porous polypropylene, which had to be water-wetted by treatment with 

methanol followed by a water wash to establish water-bridged pores 

throughout the membrane. Once established, these water bridges 

persist as long as the generator is in operation but, upon prolonged 

disuse or storage, the water-wetted state is sometimes lost, 

requiring a repetition of the initial wetting procedure. This is 

inconvenient as well as producing unreliable performance. 
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In the designs of NaOH generators discussed in this chapter, 

the parous polypropylene membranes of mean pore size 0.2-2 pm were 

replaced with Teflon of various thicknesses perforated with a syringe 

needle or drilled through with small bits to obtain diameters of 

200-1600 nm. These generators functioned well over a limited range 

of concentration of generated NaOH, generally 0-30 mM NaOH at 1 

mL/min. 

Experimental 

Perfluorosulfonate catex membrane sheets were obtained as Nafion 

117 (Dupont, Wilmington DE). Fluorinated ethylene propylene (FEP) 

copolymer sheet were obtained in various thicknesses (American Film, 

Natick, MA) and, for the smallest thicknesses studied, poly-(tetra-

fluoroethylene) (PTFE) tape was used. Feed NaOH solutions were made 

by diluting 50% stock solution (J. T. Baker). 

The electrodialytic NaOH generator is shown in Figure 4.1. 

Platinum wire (500 x 0.254 ram) is woven onto a cation exchange screen 

P (this is a polymer filament mesh of proprietary composition which 

has been sulfonated to produce cation exchange sites, Dionex Corp., 

Sunnyvale, CA) and functions as the anode. A second cation exchange 

screen Q isolates the anode from direct contact with the membrane Ml. 

Ml is the donor catex membrane and the feed NaOH solution flows above 

it P and Q constituting the anode compartment. Below Ml is placed 

another cation exchange screen R which constitutes the product 

channel which is bounded on the other side by catex membrane M2. 
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Immediately below M2 is placed the perforated FEP/PTFE plate S, a 250 

pm mesh polypropylene screen T and a 75 nm mesh stainless steel 

screen cathode U (both from Small Parts Inc., Miami, FL). The 

perforated restrictor plate S contain 4 rows of evenly spaced holes, 

72/row. Hole diameters ranging frc«n 0.5 to 1.6 mm were investigated. 

Unless otherwise stated, the data represent a plate thickness of 0.5 

mm. The assembly of Figure 4.1 is located inside the shell of a 

commercial "micro membrane suppressor" (MMS).^ The cavity measures 

-15 X 1.7 cm (this is the size of the planar components) and ~3 mm 

deep. The general construction of similar units of this type are 

given at the end of chapter 2. 

Feed NaOH is delivered to the generator from a Nz-pressurized 

bottle (150 mM @ 1 mL/min) with the feed rate controlled by a 

screw-clamp or by adjusting the N^ pressure on the reservoir. Beyond 

supplying an adequate amount of Na*, the donor flow rate is not 

critical. Water is supplied to both the product and the cathode 

channel from the recirculating loop of a water-polisher (Dionex 

Corp., Sunnyvale, CA) at -10 psi feed pressure. The exit flow from 

the product channel is fed into a chromatographic pump (Dionex 40001) 

that maintains the product channel flow rate at 1 mL/min. The 

catholyte flow rate is controlled by an exit screw clamp and was 

typically 1.2 mL/min. 

In ejqjeriments where the catholyte flow rate was deliberately 

varied, a peristaltic pump (Gilson Minipuls 2, Middleton, WI) was 

used for this purpose. All data for reported catholyte NaOH 
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concentrations are normalized to a flow rate of 1 mL/min to 

facilitate comparisons of NaOH concentrations in the various flows. 

The concentration of the product NaOH (PN^OH) was measured by on-line 

conductance detection using a Dionex CDM-I detector. The cell 

connections were modified as discussed in chapter 3 to avoid 

saturating the detector electronics with the very high specific 

conductance levels involved. The catholyte effluent NaOH levels 

(CNSOH) were similarly measured after passing the solution through a 

hydrophobic (polypropylene) microporous membrane tube (Accurrel 

polypropylene R5/2, Enka AG, Wuppertal, FRG) to remove gas bxibbles. 

The conductance data was interpreted by a 23-point response curve 

spanning 1-250 mM NaOH. 

All experiments were carried out in a constant current mode, 

using home-built constant current sources. To ascertain the purity 

of the product NaOH, it was ion exchanged for H^ with a 

water-operated electrodialytic membrane suppressor (EDS) of a planar 

design as discussed in chapter 2. Relative to commercially available 

chemically regenerated suppressors, the EDS generates protons 

electrolytically thereby obviating the undesirable penetration into 

the suppressed eluent channel of anions present in the acidic 

chemical regenerant, allowing minimum effluent conductance. 
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Results and Discussion 

Before discussing the successful and repeatable models of this 

design, the progenitor of the designs will be considered briefly. 

This was a tubular generator with a multiply punctured Teflon tube of 

0.4 mm wall thickness and 1.9 mm o.d., 12.5 cm long, which had been 

covered with a methanol swollen length of Nafion 815x tubular catex 

membrane. As the membrane contracted to near its original 

dimensions, it formed a very tight sheath over the Teflon tube. The 

latter had been laterally pierced through every 2 ram with a 25 ga. 

needle, producing holes of approximate diameter 0.6 mm. A length of 

100 ̂ im dia. platinum wire anode was threaded through a length of 

Nafion 811x tubing and this assembly inserted inside the Teflon tube. 

The whole was encased in a stainless steel tube of 3.07 mm o.d. which 

served as cathode. 

When a solution of 150 mM NaOH was passed through the inner catex 

tube as donor at 2 mL/min, the product channel showed 28.2 mM NaOH at 

1 mL/min flowing 100 mA at 17 V. This product concentration was 

greater by 8 mM than any previous restricted access type (chapter 3) 

under the same conditions. After several other designs were built 

and tested, this design was tested again but the original results 

were not obtained. Upon disassembly, it was found that the cathode 

membrane had burned through at one of the Teflon tube perforations. 

Calculations reveal that with the dimensions and number of 

perforations cited above and at a current of 150 mA (PN^OH = 35mM) 

the current density was 38,200 A/m^, which exceeds the recommended 
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current density of -2000 A/m^ by a considerable margin and likely led 

to the generator's untimely demise. 

The important difference between this generator and those 

discussed in the remainder of this chapter is that this early version 

contained the restriction in the product channel. Repeated attempts 

to duplicate this design both exactly and with an increased 

perforated area (by increasing hole number and/or diameter) failed. 

These recreations would not flow sufficient current at voltages below 

100 V to produce a product of usable concentration. It is possible 

(as discovered in later experimentation) that the perforations in the 

Teflon were not filled with water and the necessary electrical 

connection was not made across the Teflon. At any rate, planar 

generators were then constructed that had perforated Teflon plates in 

the cathode channel in intimate contact with the cathode membrane 

that performed very satisfactorily and this initial tubular design 

was discontinued. 

For a PNOOH demand not exceeding 30 mM at 1 mL/min, the most 

successful catex/catex design in terms of durability and inertness of 

construction materials was a perforated Teflon plate restrictor 

placed on the cathode side of the cathode membrane. The most 

systematically studied of this series consisted of a 0.5 mm thick 

Teflon plate with four rows of 72 holes each. The hole diameters 

began at 0.59 mm and were enlarged after each series of tests to 

0.79 1-0 and 1.5 ram, successively, yielding total perforated areas 

of 0.87, 1.4, 2.3 and 5.4 cm^, respectively. Each device is named 
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according to its perforated area, e.g., EDGP 1.4 for electrodialytic 

generator, perforated plate model, 1.4 cm^ perforated area. Above 

150 mA (about 30 mM PN«OH) these constructions will typically produce 

observable amounts of gas in the product. 

P>j«g>H as a function of current: Effect of hole diameter. Detailed 

characterization data for devices of 0.5 mm plate thickness are 

presented in Table 4.1. The PN^OH data reported in Table 4.1 have 

been corrected for the small amount of Donnan-forbidden leakage (ca. 

1.5 mM NaOH) that occurs through the donor catex merabrane with no 

external voltage applied. This occurs because of the significant 

difference in ionic strength between the two sides of the donor catex 

membrane and is typical for this type of catex membrane.^ At hole 

diameters below -0.5 mm, the voltage required to produce significant 

concentrations of PN«OH was excessively high and led to gas 

production in the product channel. Figure 4.2 shows the PN^OH 

concentration versus current for four different hole diameters of the 

perforated plate. The generated concentrations are essentially 

linear with current (coefficient of correlation, R, ranges from 0.998 

to 1.000), which makes it convenient to generate a linear current 

ramp. The intercepts for the three smaller hole sizes are not 

significantly different from zero (-0.2 ± 0.2 mM). For the largest 

hole size, the intercept is nonzero (-2.7 mM) and the reason for this 

behavior is not presently understood. 

nirrent-voltage behavior and PN«OH. The slopes of the lines in 

Figure 4.2 are measures of the efficiency of the generation of PN«OH. 
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The value is essentially independent of the hole diameter and is 

0.194 ± 7 mM NaOH/mA. Note that the maximum current at which the 

product channel remains gas-free increases with the hole diameter 

and, from this point of view, a current of 200 mA is practical only 

with the largest hole size (PN^OH = 38.5 mM). 

This appearance of gas in the product channel seems to be largely 

a function of the operating voltage. At high enough applied 

voltages, a potential drop occurs between the merabrane surface and 

solution sufficient to cause electrolytic breakdown of water, 

producing electrolytic gases. It is interesting to note that, if the 

cation exchange screen in the product channel is replaced by a 

non-ionoraeric polypropylene screen, the voltage required to achieve a 

given current level increases substantially, typically by -4 V. 

The observed i-V behavior is approximately linear in all cases (R 

= 0.95-1.00) at i = 40 mA and leads to extrapolated threshold 

voltages for the onset of electrolysis at 8.74, 7.64, 5.84 and 4.92 

V, in order of increasing hole diameter. The devices are operated in 

a constant current mode but, due to the gas formation at the 

electrodes, only an average voltage or current reading can be made. 

The voltages reported represent the minimum readings over which the 

applied voltage swings in an effort to keep the current constant (the 

typical range is of the order of 1 V). 

The dynamic resistance value (dV/di) also decreases in the order 

42 37.9/ 27.4 and 23 mV/mA frcan the smallest to the largest hole 

size. The threshold voltages for the onset of electrolysis show a 
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linear correlation (R = 0.98) with the reciprocal of the total area 

represented by the apertures. If we extrapolate this to an area 

representing that of the entire membrane (i.e., no restriction 

plate), the threshold voltage for the onset of electrolysis is 

confuted to be 4.4 V, which is in good agreement with what has been 

experimentally observed during much previous work done with plateless 

dual-membrane devices. It should be recalled that there is no PNBOH 

accumulation in a catex/catex device with no physical restriction in 

the migration path. 

Transport number of sodium: A model for Donnan breakdown. Donnan 

rejection of forbidden ions by an ion exchange membrane arises frora 

the fact that ions of similar charge to the charge of the covalently 

bound (fixed) ionic groups in the merabrane are excluded from the 

membrane by force of electrical repulsion. This rejection is not 

absolute and varies for membranes of different polymeric 

construction. This rejection of forbidden ions by an ion exchange 

membrane can be overcome by chemical and electrical forces, such as 

large concentration gradients and electric fields, that oppose the 

Donnan potential and tend to force forbidden ions into and through an 

ion exchange membrane. 

This phenomenon is of great interest in the chlor-alkali industry 

where the production of concentrated NaOH solutions from salt in a 

catex membrane-based electrochemical cell causes concentrations of 

NaOH on the cathode (product) side of the membrane large enough to 

affect the membrane's rejection of OH". As this concentration of 
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product NaOH rises, 0H~ on the cathode side shows increasing 

penetration, under the influence of the concentration gradient and 

electrical field, through the membrane to the NaCl donor side to form 

NaOH as the Cl~ is oxidized to chlorine gas, resulting in a 

substantial reduction in the current efficiency of the cell with a 

consequent rise in production cost. Additionally, the high 

concentration of salt used in the anode compartment of these cells 

causes Cl~ to cross the membrane into the product compartment, 

contaminating the resultant NaOH. 

In a perfect cell of this type, the transport number of sodium 

ion, tNB+/ will be 1 as current flow is by cations only (Na"̂  in 

particular) across the catex merabrane. As NaOH builds in the cathode 

corapartment of these cells tN̂ n. drops as 0H~ is increasingly 

transported through the merabrane in the opposite direction to carry 

electrical current. While the conditions, particularly concentration 

of electrolyte on the donor side of the raembrane and operating 

temperature, are not quite the same as in the generators discussed in 

this chapter, there is a valuable correlation. A considerable amount 

of work has been done with Nafion regarding OH" penetration of the 

membrane as a function of catholyte NaOH concentration (CN«OH) in 

relation to industrial membrane-based chlor-alkali production.^'* In 

a single-membrane cell, the transport number of sodium ion (t̂ a-̂ ) 

decreases with increasing CN«OH/ though not always linearly, 

depending on the equivalent weight (EW) of the merabrane used and any 

additional functionalization. For 1100 EW Nafion it has been found 
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lOH 
that t̂ ^̂ . will drop non-linear ly frora 0.8 to 0.5 with a rise in Ĉ , 

from 3M to 12M at 80 °C and with 5M NaCl anolyte.* 

Figure 4.3 shows a plot of t̂ .̂̂  versus catholyte NaOH 

concentration in a single-membrane cell with 5 M NaCl in the donor 

compartment. These t^^^ values range frora tn̂ -,. = 0.8 at 3.1 M NaOH 

to tN«-̂  = 0.52 at 9.7 M NaOH with little further change observed at 

higher NaOH concentrations. This relationship is nonlinear but 

within the above limits is well represented by the quadratic equation 

-N* = 1.1249 - 0.1248 C„ + 6.406 x 10"^ Cj^, (4.1) 

where C„ denotes the concentration of NaOH at the membrane surface on 

the cathode side in mol/L. This equation is valid for C„ values of 

4-10 M. 

The Donnan breakdown EDG can be likened to this cell if the 

membrane which separates the anode frora the product channel in the 

EDG is considered as only a barrier to achieve separation between the 

anode and product channel and if the action which is responsible 

for the observed behavior in the EDG occurs at the cathode membrane. 

From this point of view, of the total amount of electrodialytic 

NaOH produced by the system, (PNOOH + CN^QH)/- the fraction that 

remains in the product channel is of direct interest since this is 

the amount that is available in gas-free form to the user. This 

concentration, PN«OH/ is proportional to to„- while C^^OH is 

proportional to t̂ a-.. This can be written as 
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where 

t̂ -̂H + toH- = 1. (4.3) 

Donnan breakdown of the cathode catex membrane increases as the 

accumulated NaOH concentration on its cathode surface increases and 

the inhibition to OH" transport and tv,^+ decrease. The cc«nputed 

values for t̂ â . are listed in Table 3.1. Note that if the cathode 

catex membrane were replaced by a membrane that allows no bulk flow 

but does allow the passage of ions with no charge selectivity at 

velocities proportional to their mci>ilities in free solution, t^f^^ 

will be 0.2. 

The total flux of NaOH, J, passing through the restrictor plate 

must be 

J = F^-CN«OH/A, (4.4) 

where F^ is the catholyte flow rate in cm^/s, A is the total open 

area of the restrictor plate in cm^ and CN„OH is in mol/cra^. At 

steady state, the accumulation of C„ is balanced by the loss of NaOH 

from the membrane surface through the holes in the restrictor plate 

to the bulk catholyte. If Fick's first law adequately describes this 

transport, then 
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J = DN«OH"AC/AX, (4.5) 

where DN^OH is the diffusion coefficient of NaOH and Ax is the 

diffusion distance (the thickness of the restrictor plate, making 

the approximation that it is sufficiently thin for the differential 

form of Fick's first law to be directly applied) and AC is the 

concentration differential (mol/cm^) given by 

AC = C„ - CN«OH. (4.6) 

Equations 4.4-4.6 may be combined into 

C„ = C^«OH(1 + F^-d/(A-D^«oH))- (4.7) 

The values of tN̂ .̂ can be calculated from C„ values using equation 

4.1 and PN«OH by: 

NiaOH 
= (-1 + l/t^^.) C^^oH. (4.8) 

Subjecting the data in Table 4.1 to a nonlinear least squares 

fitting routine that utilizes a Marquardt type algorithm,^'^ a best 

fit value of DN«OH = 3.1 ± 0.2 x 10"^ cm^/s was obtained. This value 

falls between 2.6 x 10"^ cm^/s (extrapolated to 25° C) obtained i 

study of the diffusion controlled reaction of NaFeO^ pellets with 

in a 

113 



water'' and 21 x 10"^ cm^/s, the infinite dilution diffusion 

coefficient of NaOH that can be obtained from the Nernst-Hartley 

relationship^ using infinite dilution ionic mobilities of Na" and 

OH". This relationship is: 

RT (V:, + V2)(Xa X X^) 

D = , (4.9) 
F^ vJZ:,|(A:, + A^) 

where R = gas constant, 8.31 J/mol-K 

T = temperature, K 

F = Faraday constant, 96,500 coul/mol 

vl = number of cations yielded by dissociated molecule = 1 

v2 = number of anions yielded by dissociated molecule = 1 

Al = limiting equivalent conductance of cation 
=50.1 S•cm^•equiv"^ 

A2 - limiting equivalent conductance of anion 
= 198 S • cm"̂  • equiv""" 

Zi = valency of cation = 1. 

The experimental versus calculated PNCOH values are shown in Figure 

4.4. 

If we consider both diffusion of NaOH and electromigration of Na* 

to the catholyte bulk flow, this sarae flux J can be expressed by the 

approximate form of the Nernst-Planck eguation without the convection 

term:^ 
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J = yN«-C„-E-Qa + DN«OH-AC/AX, (4.10) 

where ^Na is the electrophoretic mobility of Na"̂ , E is the electric 

field gradient between the bulk catholyte flow channel and the 

electrode side of the cathode catex membrane, Q^ is a constant which 

includes the charge on the migrating Na"̂  ion, the Faraday constant, 

the absolute temperature and the universal gas constant and the 

second term is the previously considered diffusion term. E may be 

approximated from 

E = i-(dV/di)-Q2, (4.11) 

where i is the current, dV/di the dynamic resistance for each hole 

size and Q^ a proportionality constant. The dV/di values for a 

device without a restrictor are almost negligible relative to the 

values measured in the present devices. It seems a fair assumption 

that these values represent primarily the resistance offered by the 

restrictor plate, the remainder of the device being, in general, more 

highly conductive as observed in many, many experiments with similar 

constructions lacking the perforated plate. 

Applying the same nonlinear regression routine as before, but 

using equations 4.10 and 4.11 rather than equation 4.7 as the model, 

a slightly better fit compared to the diffusion model alone is 

observed (Figure 4.4). The improvement should not be regarded as 

merely due to the introduction of another adjustable parameter, since 
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the electric field gradient is also simultaneously introduced as a 

new independent variable. The interaction between the adjustable 

parameters D̂ .̂̂ , Q^ and DNOOH/ however, decreases the reliability of 

the individual best fit values. 

The treatment above involves approximations and assumptions and 

is not expected to be correct in every detail. It is consistent with 

the major features of the experimental observations. At any given 

current level, PN«OH increases with increasing restrictor plate 

thickness and is linearly related to 1/Ax as shown in Figure 4.5. 

Another striking feature is that, up to a point, PwaoH is essentially 

independent of the number of holes in the restrictor plate. As the 

number of holes decreases, the voltage necessary to maintain any 

given level of current increases. For a 250 nm thick plate bearing 

26, 52, 120 and 180 holes of 0.64 mm diameter, PNOOH generated was 

19.5, 20.1, 18.5 and 20.5 mM, respectively, at a constant current of 

100 mA. The amount of PN^OH forraed was found to be largely 

independent of the product channel flow rate, as it decreased 

linearly with the reciprocal of flow rate (Figure 4.6). In a sirailar 

vein, variation in catholyte flow rate frora 0.5 to 2 mL/min had no 

effect on either total amount of catholyte NaOH formed (equiv/min) or 

P H/ suggesting that flow induced convective mass transport from 

the holes is relatively unimportant. 

nirrent efficiency. The above treatment assumes that the system 

displays an overall electrodialytic current efficiency (i.^^) near 

unity, i.e., for each electron flowing through the circuit, one Na"̂  
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ion is transferred through the donor catex merabrane and eventually 

contributes to either P^^OH or C^^OH. In reality, a departure frora 

unity i.^f is observed. The value of i.^^ is computed from the total 

of PNaoH and C^aoH (both at 1 mL/min) and the current passing through 

the device. An i.^^ value of unity, representing the theoretical 

faradaic value, corresponds to 0.625 mM NaOH/mA. The measured value 

of i.ff (Table 3.1) ranges from 0.74 to 1.09. Despite some anomalous 

values at 100 mA, two trends are apparent: i«ff increases with 

increasing current and with increasing aperture size. 

Regarding superfaradaic i^^f values, it may be argued that, in 

the presence of an external electrical field of considerable 

magnitude, the Donnan-forbidden leakage of NaOH through the donor 

catex raembrane increases relative to that under no-field conditions. 

The fact that the i.^f values increase with i supports this 

hyp>othesis. However, the high purity of the product NaOH suggests 

that it is unlikely for a major amount of Donnan-forbidden leakage to 

have occurred. With single-membrane devices (chapter 3), it has been 

observed that the relative purity of the product NaOH increases at 

higher product concentrations (corresponding to higher operating 

currents). 

Subfaradaic i.^f values are more difficult to explain. The 

discrepancy between an i^^^ of 0.74 and unity well exceeds the 

estimated experimental inaccuracies of current, flow and 

concentration measurements. The formation of hydrogen peroxide in 

the anode compartment, which can lead to decreased i.^^ values, was 
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determined by a sensitive fluorometric assay^° and fell orders of 

magnitude short of concentrations necessary to account for the 

discrepancy. Subfaradaic i^^r values have two possible origins: (a) 

Na^ is locally depleted near some regions of the anode catex membrane 

to the point that anodically generated H* crosses the membrane (or, 

less likely, OH" transport occurs frora the central channel to the 

anode compartment, despite the Donnan barrier) and (b) some 

non-electrolytic splitting of water occurs on the anode side of the 

donor raembrane causing migrating Na"̂  to be replaced by H^, the Na"̂  

remaining in the donor channel as NaOH. Neither esqilanation is 

entirely satisfactory since both effects are expected to increase 

with increasing i whereas i^rr appears to increase with i. This 

puzzle is presently unsolved. Isotopic experiments involving DaO-and 

Hs^^O-doped solutions could determine the guantity of H"̂  crossing 

each of the two membranes and quantify the reverse transport of OH". 

Purity of product and chromatographic use. The conductivity of 

pure water is 56 nS/cra. Puraping high purity water (< 63 nS/cra) 

through all flow channels of the generator and taking the product 

effluent through an electrodialytic merabrane suppressor (EDS) 

resulted in miniraal contamination, amounting to -100 nS/cra with both 

generator and EDS at typical operating current. The H'^-exchanged 

(suppressed) product conductance of PNOOH in the 0-30 mM range 

remained uniformly below 400 nS/cm. 

In contrast, the suppressed conductances of corresponding 

concentrations of eluents made from ordinary NaOH solutions were 
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approximately an order of magnitude higher. The degree of 

purification achieved is substantially better than a direct 

comparison of the suppressed conductances suggests, however. Since 

carbonate is the primary impurity in NaOH, the suppressed conductance 

is principally due to H2CO3, a weak acid that is essentially 

completely ionized only at very low concentrations. The extent of 

ionization decreases with increasing concentration. Consequently, 

the conductance of H2CO3 solutions increases less than linearly with 

concentration. Under the conditions of the EDG/EDS esqperiment, the 

second dissociation step of H2CO3 can be neglected and, therefore, 

[H^] and [HCO3"] in solution are egual. This concentration (C) may 

be computed from the specific conductance (G) of the solution from 

the relationship 

C (̂ iM) = G (nS/cm) / (A„^ + A^ooa-)/ (4.12) 

where X„^ and A„co3- denote the limiting equivalent ionic 

conductances of H" and HCO3" (350 and 45 S • cm^ • equiv" "̂, 

respectively). This calculation yields C = 1.0 and 10 |iM, 

respectively, for suppressed conductances of 400 and 4000 nS/cm. The 

dissociation constant Ki of H2CO3 can now be used to corapute the 

total H2CO3 concentration from C: 

[H2C03]x = C(l + C/K:,). (4.13) 

119 



With Ki = 4.5 X 10"'', it is ccarputed that background conductances of 

400 and 4000 nS/cm, respectively, represent [H^COajT values of 3.2 

and 232 \M. The difference between these two values is the degree of 

purification achieved by the EDG assuming the typical suppressed 

specific conductance of 4000 nS/cm to be due entirely to carbonate 

contaraination in the conventional NaOH eluent. 

The present generator responds rapidly to changes in applied 

current to show corresponding changes in PN^OH concentrations. 

Repetitive cycling between 0 and 20 raM PN^OH is shown in Figure 4.7. 

Part of the noise in the conductance detector reading used for the 

measurement of PN^OH concentrations is due to the pulsating intake 

(where the detector was located) of the single piston puraping system. 

The 10-90% rise time and 90-10% fall tirae can be estimated frora the 

data and are 1.1 and 0.84 rain respectively. This is favorably 

competitive with presently available pumping systems utilizing 

proportional mixing valves on the low-pressure side of the pump. 

A sample chromatogram of the three most commonly measured anions 

at îg/L levels utilizing 25 mM NaOH generated directly by the present 

on-line generator is shown in Figure 4.8. The suppressed background 

conductance in this experiment was below 350 nS/cm which is 

considerably beyond the capabilities of a conventional NaOH eluent. 

120 



Table 4.1. Performance Characteristics of 500 pirn thick restrictor 
devices. 

lz_J!lA v,u^ ?^,.r,„, mM Ĉ ..r,M, mM t ^ i^rr 

A. Aperture Size 0.59 mm, open area 87 mm^ 

40 
75 
100 
150 

9.9 
12.6 
12.9 
14.8 

7.7 
14.0 
19.1 
28.4 

10.7 
22.1 
35.5 
53.3 

0.58 
0.61 
0.65 
0.65 

0.74 
0.77 
0.87 
0.87 

B. Aperture Size 0.79 mm, open area 140 mra' 

40 
75 
100 
150 

9.8 
11.0 
11.6 
14.0 

7.2 
13.9 
17.4 
28.0 

12.0 
26.8 
29.9 
57.6 

0.62 
0.66 
0.63 
0.67 

0.77 
0.87 
0.76 
0.91 

C. Aperture Size 1.00 mm, open area 226 mm' 

40 
75 
100 
150 

6.6 
8.0 
9.2 
9.6 

7.6 
14.6 
19.4 
29.4 

14.9 
30.8 
36.5 
65.2 

0.66 
0.68 
0.65 
0.69 

0.90 
0.97 
0.89 
1.01 

D. Aperture Size 1.55 mm, open area 455 mm' 

40 
75 
100 
150 
200 

5.6 
6.8 
7.4 
8.4 
9.4 

5.7 
12.5 
17.6 
27.1 
38.5 

17.3 
33.0 
45.8 
71.5 
97.8 

0.75 
0.72 
0.72 
0.72 
0.72 

0.92 
0.97 
1.01 
1.05 
1.09 
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Figure 4.1. The perforated plate electrodialytic generator. 
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Figure 4 .2 Product NaOH concentration as a function of current for 
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The total open area in each case is indicated. 
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Figure 4.7. Repetitive cycling of the generator between 0 and 20 mM 
product NaOH concentration. 
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Figure 4.8. An example chromatogram of 10 nM each chloride, nitrate 
and sulfate (355, 620 and 980 ng/L respectively) 
obtained with the present eluent system. 
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CHAPTER 5 

COMBINED ELECTRODIALYTIC ELUENT 

GENERATION AND SUPPRESSION 

Introduction 

In the realm of suppressed anion chroraatography, the two most 

commonly used eluents, carbonate and hydroxide, exhibit suppressed 

conductivities of 12-15 and 2-5 nS/cm, respectively, at typical 

eluent strengths. For carbonate eluents, it is well recognized that 

the residual conductivity after suppression is largely due to 

dissociation of the carbonic acid formed in the suppressor. The 

formation and dissociation of carbonic acid is also the principal 

contributor to the suppressed conductance of an hydroxide eluent 

because carbonate is by far the principal impurity typically present 

in the stock hydroxide solutions used for dilution, the carbonate 

content of commercial 50% NaOH solutions ranging from 0.06 to 0.17 

mole %. With both eluents, there are also contributions from 

impurity anions such as Cl" and SO^^", which form the corresponding 

strong acids in the suppressor. 

Presently, an acid-regenerated membrane device is most commonly 

used for the continuous ion exchange process referred to as 

suppression. With such devices, the penetration of the acid 

regenerant anion, usually sulfate, into the suppressor effluent also 

contributes to the background conductance. A suppressor column 

packed with ion exchange resin does not suffer from regenerant 
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penetration but has myriad other, unattractive, characteristics'" such 

that its resurrection unlikely. 

As in most detection systems, it is logical to seek the lowest 

detector background (which in the present case is the suppressed 

conductance of the eluent) because a low background is conducive to 

low noise and better limits of detection. In ion chromatography 

(IC), particularly strong incentives exist to produce an essentially 

pure solvent background to carry out ion replacement detection 

technigues,^"^ which can in principle be exguisitely sensitive. 

Further, coupling the column effluent to a mass spectrometer® is 

facilitated when the effluent is free of dissolved solids. For an 

acid-regenerated merabrane suppressor, regenerant penetration can be 

reduced by using an acid with a large and preferably multiply charged 

counterion. The bulk and the charge of this Donnan-forbidden ion 

deter transmembrane transport due to a smaller diffusion coefficient 

and greater electrostatic exclusion. The use of acids such as 

poly(styrenesulfonic), naphthalenetrisulfonic, dodecylbenzenesulfonic 

etc. has been advocated for this purpose.^""^^ 

It is possible to avoid regenerant penetration altogether by 

electrodialytically removing the eluent cation as discussed in 

chapter 2. The necessary H"̂  ions are generated by the electrolysis 

of water. With an electrodialytic membrane suppressor (EDS) that can 

function adequately without acid electrolyte, the only remaining 

obstacle to the attainment of a detector background approaching that 

of pure water with a suppressed hydroxide eluent is anionic 
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impurities in the eluent. The full advantage of the purity of an 

electrodialytically generated eluent can only be realized when it is 

used in conjuction with an EDS. The characteristics of such a system 

are reported here. 

Experimental 

Materials. Stock NaOH solution was 50% NaOH (J. T. Baker). 

House distilled water fed a Barnstead Nanopure unit and this product 

was used to feed a continuously recirculating water polisher 

(Dionex). The electrodialytic eluent generators were supplied off a 

tee in the recirculating loop. 

Electrodialytic generators. The two designs of electrodialytic 

eluent generators used in this work are described in chapters 3 and 

4 and are shown in Figure 5.1a and 5.1b. They are the single 

membrane tubular design (EDG) discussed in chapter 3 and the dual 

membrane perforated plate design (EDGP) discussed in the previous 

chapter. The EDGP device generates a gas-free product. 

The EDG output was fed to a degasser, as previously outlined. 

Because of the short duration of the intake stroke of a typical 

piston pump, movement of fluid through the generator product channel 

is intermittent while the electrical current is constant. A gradient 

mixer cartridge (an inert Teflon bead-packed column) is therefore 

placed after the degasser to ameliorate any temporal inhomogeneities 

in the NaOH concentration. The degassed output was fed via a tee into 

the dual inlets of a Dionex model 40001 pump. The EDG was under the 
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control of a constant current source, temporally programmable by an 

AT-class contputer. The overall experimental arrangement is depicted 

in Figure 5.2. 

The EDGP was controlled by a manually adjustable constant current 

source and its output fed to a Beckman llOA pump eguipped with a 

pulse dampener. Common to both systems were an injection volume of 

50 jil, an AS-5A column (Dionex anion separater), an EDS as described 

in chapter 2, p. 34, a CDM-II conductivity detector (Dionex) and a 

generator product flow of 1 mL/rain as controlled by the 

chromatographic pump. Chromatographic results were acquired on a 

disk-based C-R3A integrator system (Shimadzu Scientific). 

Measureraent of the permeation of CO^ through polymeric tubing. 

The intrusion of carbon dioxide through polymeric components is a 

major concern in maintaining the purity of an ultrapure NaOH eluent. 

The permeation rate of CO2 through Tefzel (a copolyraer of ethylene 

and tetrafluoroethylene) tubing was studied in the following raanner. 

The pure water output from the water polisher was first directly 

connected to the injection port of the chromatographic system with 

the minimum tubing necessary (4 cm) and a blank obtained by allowing 

the san^le loop to flush for 30 s before injection. A 2.1 m length 

of Tefzel tubing (0.5 mm wall, 0.5 mra i.d.) was then inserted between 

the water polisher and injection port. The valve was next put in the 

load mode and water flowed through the Tefzel tubing and the sample 

loop of the valve for >1 min. The residence time of the water in the 

Tefzel conduit was 0.42 min. The sample was then injected and, after 
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the 9.5 min. analysis cycle was completed, the valve placed in the 

load mode again for 20 s to analyze the water that remained 

stationary in the Tefzel conduit during the preceding analytical 

cycle. No particular note was made of the barometric pressure or 

humidity during the test although it seems this would be pertinent, 

though relatively small consideration. 

Conductance Measurement of NaOH Solutions. The specific 

conductances of standard NaOH solutions were measured as a function 

of concentration (0-100 mM) and teraperature (15-40 °C). A horaeraade 

flow-through thermostating device was used for temperature control of 

the NaOH solution. Sodium hydroxide solutions of known concentration 

were pumped at 1 mL/rain through -35 era of coiled stainless steel 

tubing embedded in silver epoxy atop two Peltier heat pumps (30x30x4 

mm, Melcor Inc., Trenton, NJ) stacked serially above each other. The 

bottom of the stack was mounted on a fan-cooled finned heat sink with 

silicone heat sink compound. The temperature of the assembly was 

measured by a reference current source that produced an output of 1 

HA/°C (AD-540, Analog Devices, Norwood, MA) which is used, in turn, 

by appropriate control electronics to maintain the temperature within 

0.1 °C of the set temperature. This flow-through constant temperature 

device was fabricated by a local company, Bern-Tech-Lite, Inc. After 

exiting the thermostating coil, the liguid passed sequentially 

through a Dionex CDM-II detector cell (Dl) and a home-raade detector 

cell (D2, see below). Miniraum lengths of polymeric connecting tubing 

were used to connect the cells to each other and to the thermostating 
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cell and the whole assembly above the bottom plate of the Peltier 

stack was insulated with styrofoam. 

Cell D2 was constructed to have a significantly larger cell 

constant than Dl. This was necessary to measure the conductivity of 

NaOH solutions >5 mM in concentration because the detector 

electronics is incapable of measuring conductance values above 1.3 

mS. The cell constant of Dl is 1.0 cm""". Cell D2 was constructed by 

securing two 3 cm long 1/16" o.d. thin wall stainless steel tubing 

segments into each end of a 10-32 poly(etheretherketone) (PEEK) 

female compression coupling. The steel tubes serve both as the flow 

conduit and the measuring electrodes. 

Both cells are connected to the Dionex CDM-II electronics module 

through a switchbox which allows either cell to be read. The cell 

constant of D2 was measured to be 14 cm~^ at 25 °C. During 

conductivity measurements of NaOH solutions, the temperature 

compensation feature of the detector electronics was disabled. During 

chromatographic use the conductance measured with D2, which possesses 

no temperature compensation mechanism of its own, is temperature 

compensated by the thermistor located in the serially connected Dl 

cell. It is possible to modify the electrode connections to cell Dl 

itself to greatly increase the effective cell constant. Using the 

two original electrodes in common as one electrode and a grounding 

block as the other electrode results in a cell with an effective cell 

constant of -320 cm""̂ . Cell D2, however, has a very low flow 

resistance and, when terminated with the proper fittings, can be used 
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on the high-pressure side of the system between the purap and column 

at eluent pressures commonly encountered in IC (800-2500 psi). 

Corrections to the CDM readouts are necessary at high conductance 

values. Made for use in suppressed IC, the detector is optimized for 

the 0-200 \xS range. The necessary correction is significant at 

conductances above 1 mS. This correction pertains to the conductance 

values and not to the specific conductance values. With two cells of 

different cell constants connected in series, it is possible to 

evaluate the necessary correction factors by noting the ratio of the 

conductance values read with Dl and D2 under the following 

conditions: (a) when both read <200 piS and (b) when the concentration 

is increased further to explore the full range of the detector 

readout with cell Dl, without exceeding a reading of 200 nS with cell 

D2. Assuming that the ratio of the cell constants is independent of 

the measured conductance, it is now possible to arrive at the 

correction factors necessary to correct the detector reading at high 

conductance readouts. Interpolations through a second degree 

polynomial fit were used in this work to arrive at the correction 

factors. It should be remembered that these measurements are 

indicative of a particular electrolytic conductivity cell 

manufactured commercially and one constructed in the author's 

laboratory and that the characteristics of other cells must be 

determined individually. 
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Results and Discussion 

Concentrations of NaOH by conductance measurements. Should the 

present method of electrochemical eluent generation eventually enjoy 

widespread use, it may not be necessary to specify eluent 

concentrations to describe a given chromatographic condition. For a 

faradaically efficient generator or for a generator of known faradaic 

efficiency, the product flow rate and current determine the generated 

concentration. To characterize generators with less than faradaic 

efficiency, the actual concentration generated at a given current 

must be known. An on-line measurement of the generated eluent 

concentrations is also a good diagnostic tool for overall system 

behavior and is most easily accomplished in the present case with 

conductance measurements. Measuring such high specific conductance 

values does not reguire sophisticated electronics and an inexpensive 

dedicated detector can be used. In general, it is not necessary to 

continuously monitor the eluent concentration during chroraatography. 

The detector cell of large cell constant to measure the eluent 

concentration can be periodically switched into and out of the 

chromatographic detector electronics. 

The response of D2 to various concentrations of NaOH as a 

function of temperature is shown in Figure 5.3a as a linear and in 

Figure 5.3b as a log-log plot. These data show that a significant 

deviation from linearity is observed at higher concentrations. 

As for the temperature dependence, a comparison of Figure 5.3a 

with 5.3b shows that, although on an absolute scale the 
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conductivities increasingly diverge frora each other at higher 

concentrations, on a relative scale the conductivities maintain 

essentially the same relationship as a function of temperature, 

regardless of concentration. The nonlinear dependence of the 

conductance on concentration at any given temperature is 

satisfactorily represented at each temperature by a guadratic 

equation and these are presented in Table 5.1. 

It should be noted that the specific conductance values as 

reported in this work and as represented by the equations in Table 

5.1 are significantly lower, especially at higher concentrations, 

than specific conductance values calculable from eguivalent 

conductance data reported for NaOH solutions at 18 °C in standard 

corrpilations.^'* This may be due to intrinsic differences between 

conductance measurements in static and flowing situations, the 

presence of impurities or failure of the present work to fully 

correct for the error in the readout at high conductance values. This 

serves to underscore the importance of ascertaining the response of a 

given conductance measurement system, particularly with a 

flow-through detector, against standard concentrations over the range 

of interest. 

The temperature dependence data represent a relative measurement 

and are expected to be valid, regardless of the absolute accuracy. 

Figure 5.4 shows the specific conductance of NaOH solutions of 

different concentrations as a function of temperature. The data 

indicate a linear dependence on temperature. Temperature dependence 
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is often expressed as a percentage change (per °C) of a reference 

specific conductance at a reference temperature. Referred to 25 °C, 

the data in Figure 5.4 represent a teraperature dependence of 

1.34 ± 0.12% / °C. This temperature dependence is often stated to 

be 1.6-1.7%/°C as a rule of thumb. 

Linearity of generation and stability of suppression. Figure 

5.5a and 5.5b show generated product concentrations and suppressed 

product specific conductances as a function of generator current. The 

data were obtained with a generator feed of 250 mM NaOH flowing at 2 

mL/min. The suppressor current was optimized for each generator 

current and typically required 110-120% of the faradaic (theoretical) 

value necessary to suppress a given concentration. For reasons not 

fully understood, excess suppressor current leads to greater baseline 

noise and increased background conductance. Otherwise, as Figure 5.5 

shows, the background conductance remains 300-400 nS/cm, regardless 

of the generated eluent concentration. 

When pure water is input to the EDS in place of NaOH, the 

specific conductance raeasured by the detector with 35 raA flowing 

through the EDS is 150-200 nS/cm. The source of this elevation over 

the theoretical specific conductance of water (-60 nS/cm) may be 

degradation of some wetted part or permeation of CO^ into the water 

(as described later in this chapter) as it is stored and transferred 

to the EDS through Tefzel tubing. With no current applied to the 

EDS the background conductance cannot be reduced below -100 nS/cm. 
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Current efficiency. The current efficiency of the EDG is 

excellent. The results in Figure 5.5a show a linear relationship 

between PNaOH and current (r = 0.999) with a slope of 0.657 ± 0.024 

mM/mA, which is greater than the faradaic value of 0.625 mM/mA (at 

the operative flow rate of 1 mL/min), because penetration of donor 

NaOH at zero current has not been subtracted frora frora all readings. 

With 250 mM NaOH donor at 2 mL/min this device will easily generate 

250 mM NaOH at 1 mL/min. 

In contrast, the maximum current efficiency of the EDGP, 0.419 

mM/mA, is reached around a current of 60 mA and decreases thereafter. 

At currents above 100 mA, the product concentration begins to level 

off. Currents above 130 mA are not practical as gas appears in the 

product. The 0-260 mA current range in the EDG is attained with an 

applied voltage 0.55 V, while it requires up to 11 V to pass 130 mA 

through the EDGP. 

The EDS will corapletely suppress 1-200 raM NaOH at 1.2i„^„ and 

it is best to operate it at the miniraum current necessary for 

complete suppression. 

EDG and EDS feed reguireraents. The raost critical reguireraent of 

the overall system is the purity of the water fed to the generator 

since after addition of NaOH in the generator and its removal in the 

suppressor, the conductivity of the original water (plus whatever 

adventitious impurity manages to find its way in) is registered by 

the detector. The purity of the water which flows as anolyte and 

catholyte through the EDS is not as critical. Water of original 
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resistivity 12 Mfi-cm, kept in a 4 L polyethylene bottle, is adeguate 

even after standing for 2-3 days. 

The specific recirculating water polisher used exhibits 

pronounced pump pulsations and when directly connected to the EDS, a 

baseline noise of related frequency is observed. The pulseless 

nature of flow frcan a pneumatically pressured water source is 

preferred. Regarding the feed NaOH, the donor concentration can be 

the same as the maximum concentration the generator is expected to 

deliver but delivered at twice the generated eluent flow rate. The 

feed reservoir used in this work was a heavy wall polyethylene 

container and it was necessary to replace the feed solution every 3-4 

days for optimum performance. Apparently, within such a period, 

sufficient CO2 is absorbed through the polyethylene walls to cause an 

observable rise in the suppressed conductance due to the less than 

perfect anion rejection by the generator anode membrane. In a sirailar 

vein, a donor concentration greater than that necessary coraproraises 

the suppressed conductance due to the higher concentration of 

impurity anions in the donor. 

Additionally, with greater donor concentration there is greater 

zero-current penetration of NaOH through the generator merabrane. This 

means a higher minimum eluent strength with no current applied to the 

Generator, which becomes important if a sample contains analytes such 

as organic acids which elute quickly at very low eluent strength. 

When the donor concentration is reduced to 75 mM, the zero-current 
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eluent concentration is -0.1 mM NaOH. All the above factors suggest 

that the minimum practical donor concentration be used. 

Noise levels. With current to the EDS is switched on, the flux 

of hydrogen ions through the suppressor maintains the catex membranes 

within in the hydrogen form to a large extent. Where the NaOH eluent 

enters the suppressor it is expected that the membranes in this 

region will contain a substantial amount of Na"̂  at any given time. It 

was found that, after the current was switched off, the EDS would 

continue to suppress for 30 seconds to 2 minutes, depending on how 

much the operating current had exceeded i,„j„ and the extent to which 

the merabranes were charged with H^. 

It was observed that, when the current was turned off, the 

baseline noise which characterizes the EDS, regardless of the 

particulars of construction, disappeared. It was also found that 

this behavior was independent of whether the eluent NaOH was 

generated electrodialytically or derived frora diluted J.T.B. 50% 

stock. A cc«nparison of baselines which result from conventional 

chemical suppression and electrodialytic suppression of EDG generated 

NaOH (Figure 5.6) indicates that the chemical suppression baseline is 

prone to wander in absolute magnitude but contains less 

high-frequency noise than does the EDS baseline, which is much 

flatter. These baselines were obtained by allowing the 

chromatographic system to run with no injections and at very high 

sensitivity. After the EDS baseline was obtained, the chemical 

suppressor was immediately switched in. 
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Under these conditions, the chromatographic system is cleaning 

itself up and the peak-like appearances in the EDS baseline are 

probably real peaks. Even though the chemical suppression baseline 

is 3x more sensitive, to the eye it contains less information. This 

is expected since the EDS output is almost pure water while the 

chemical suppressor output contains a substantial amount of strong 

acid (H2SO4) which will tend to mask weak acid analytes. 

Enhanced sensitivity to carbonate. The first striking feature of 

this system is its sensitivity for carbonate. Conventional 

suppressed IC displays relatively poor sensitivity for carbonate. 

Innovative postcolumn measures were taken by Tanaka and Fritz^^ to 

improve the determination of CO2 in a water eluent ion exclusion 

chromatography system. 

It can be calculated that pure water in equilibrium with 

atmospheric CO^ contains -13 MM total dissolved CO^. Due to the 

ubiquity of atmospheric NH3, the total dissolved CO^ in a water 

sample exposed to the atmosphere may be somewhat higher. In pure 

water, a solution of CO^ is -11 jiM C02(ag) and -2 MM each H" and 

HCOa". In suppressed IC, many other analytes are easily detected at 

these concentrations. Carbonate, however, is normally invisible. 

With a typical carbonate eluent, the suppressed product contains -5 

mM total CO2 and the addition of 13 îM more to this system has little 

effect on the equilibrium which is already shifted greatly toward the 

associated and non-conductive C02(ag). 
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With a 30 raM hydroxide eluent prepared frora 50% NaOH stock 

containing 0.17 mole% CO^ there is rainimally 50 îM carbonate, 

discounting the CO^, contribution of the diluent water. The 

dissociation of the carbonic acid produced from this source seriously 

masks the response to any CO2 present in the sample. In the present 

system, the CO2 content of the eluent is rainimally 30-fold lower than 

that of a typical hydroxide eluent system and small amounts of 

carbonate/dissolved CO2 in a sair̂ le are much more easily detected. 

The great sensitivity of the system to CO2 is a mixed blessing. 

In ultratrace analysis, CO2 will invariably show up as a major peak. 

At concentrations of analyte ions of interest below ~1 fiN, the large 

carbonate peak can significantly overlap the nitrate peak unless 

chromatographic conditions are carefully chosen. Figure 5.7 shows a 

chromatogram of four coraraon ions at 0.3 îN concentration ira water 

which has not fully eguilibrated with atmospheric CO2, wherein the 

potential interference of the COg^" peak can be seen. 

The real surprise is not that the present system is more 

sensitive to eluite CO2 according to the above expectations but that 

it is far more sensitive than the above expectations suggest. 

Consider the typical low level chrcanatogram shown in Figure 5.8. The 

diluted standard was prepared by customary protocols of serial 

dilution and the handling is expected to make the saraple approach a 

CO content nearly equal to that of water saturated with atmospheric 

CO . The peak at 3.35 min. in the chromatogram is due to CO2. Its 

magnitude is comparable to that of the CO2 peak observed in water 
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after standing in a polyethylene wash bottle for a week. If the 

magnitude of the area of this peak is now compared with those of the 

other peaks in the chromatogram, with a pK« of 6.36 there would have 

to be several hundred piM carbonic acid to account for the observed 

response! 

The answer to this dileraraa probably lies in the kinetics of the 

dehydration equilibria of H2CO3. True H2CO3 has a pK« of 3.8, the 

routinely used value of 6.36 for "carbonic acid" reflects that at 

equilibrium 99.7% is present as C02(aq) and 0.3% as H^CO^.^'^ The 

attainment of this equilibrium is not instantaneous. Consider that 

the CO2 in a water saraple passes through the chroraatographic column 

as NaaCOa. At some point through the EDS, it is fully converted to 

H"̂  and HCOa". Consider the progress of the reaction of H"̂  and HCO3" 

to H2CO3 and then the dehydration of the latter to C02(ag) between 

this point and the detector. The first reaction, involving only 

proton transfer is fast and we may directly consider the overall 

reaction 

H^ + HCO3" ^ C02(ag) + H2O. (5.1) 

The second-order forward rate constant k^ and the pseudo-first-

order backward rate constant k^ are given by Sturam and Morgan"^^ to be 

7 X lO"'* M~^ s'"^ and 3 x 10""̂  s""", respectively. A very short length 

of tubing connects the exit of the EDS to the detector and a transit 

time of 0.2 s is calculated. The rate equation 
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-d[H"]/dt= -d[HC03-]/dt = kf[H"][HC03-] - kfalC02(aq)] (5.2) 

was numerically integrated for various initial values of [H"̂ ] 

(assumed to be equal to [HC03~]) and the results are presented in 

Table 5.2. While the conversion to C02(aq) is substantially complete 

at typical millimolar carbonate eluent concentrations (even ignoring 

any H* contribution due to regenerant penetration that raay result 

with a typical chemically regenerated membrane suppressor), it is 

virtually unconverted at <10 nM effluent carbonic acid. 

Interestingly, the kinetics are such that with a typical 

conventional hydroxide eluent (containing ca. 50 nM carbonate) and a 

chemically regenerated membrane suppressor (where the neutralization 

for a typical eluent will be completed significantly prior to the end 

of the suppressor, thereby adding to the time available for the 

dehydration reaction), most (but not all) of the carbonate is 

expected to be converted to C02(ag). In the present system, 

especially considering that due to chromatographic dispersion the 

peak concentration is 5-10 fold lower than the injected sample 

concentration, injected sample concentrations up to as much as 50 ^M 

will be detected virtually all in the unconverted stronger acid form. 

Pf^rmeation of carbon dioxide through Tefzel tubing. The 

permeation of CO2 through Tefzel tubing into water was measured as a 

function of residence time of the water in the tubing as described in 

the experimental section. Some results are shown in Figure 5.9. The 
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total dissolved CO2 in the water resident in the tubing, all of which 

had permeated through the tubing while the water was residing 

therein, was found to be 2.8 and 7.6 piM for 9.5 and 60 min residence 

times, respectively. Assuming the equilibrium saturation value, C^, 

of C02(aq) to be 11 ̂ iM, the permeation rate of CO2 through the tubing 

can be modeled as: 

dC/dt= k(C«-C'), (5.3) 

where C , the undissociated C02(aq) in the tubing contents, is 

related to the total dissolved CO2/ C, by: 

C = C - (-K + (K̂  + 4KC)°-^)/2, (5.4) 

where K is the effective dissociation constant of "carbonic acid", 

4.4 X lO""". Eguations 5.3 and 5.4 were numerically evaluated to 

obtain the best-fit value of the rate constant k to be 4.3 x 10"* 

s""". Considering that this pertains to a tube of 0.5 mm wall 

thickness and 0.5 mm internal diameter, the rate of CO2 accumulation 

for short exposure times, -0.3 piM/min (or 3 x 10"'*mol-cm-^-s-^ for 

the first 9.5 min.) is impressively large and emphasizes the need for 

careful selection of container and conduit material and minimizing 

residence times wherever possible if freedom from CO2 contamination 

is to be maintained. It also demonstrates the need to be aware of 

the rapidity with which CO2 invades pure water through Tefzel in the 
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first few rainutes after drawing the pure water frora a deraineralizer 

system. 

Strong acid anion response linearity and retention 

reproducibility. Linearity of response in suppressed IC at low 

concentrations is of considerable interest. This was determined for 

Cl", NO3" and SO^^" in the 0.03 to 100 nN concentration range. The 

respective linear coefficients of determination, r, were 0.998, 0.999 

and 0.999. The slightly poorer result for chloride indicates the 

difficulty of preparing this standard at low concentrations without 

contamination rather than any intrinsic nonlinearity. The respective 

relative standard deviations of the slopes of the calibration lines 

were 1.4, 1.1 and 0.4%. The absolute retention times for the test 

ions are impressively reproducible and coit̂ jare more than favorably 

with the conventional system. Mean absolute retention times (± sd) 

were 2(0.01), 6.01(0.14) and 7.61(0.06), respectively. The retention 

of nitrate is known to be partially controlled by hydrophobic 

interactions and, as such, its retention is more susceptible to 

thermal effects, explaining the larger relative standard deviation in 

retention time. 

Miscellaneous chromatographic applications. The excellent 

overall sensitivity of the system and the facility with which a 

gradient elution can be generated led to the exploration of some 

unusual samples. Figure 5.10 shows a series of gradient 

chromatograms. From bottom up the progression is: a system blank 

(which identifies the CO2 still present in the system); an injection 
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of water (residual chloride in this water is just visible); a dilute 

carbonate standard and; human breath (one tidal volurae exhaled 

through -2 ml water). A comparison of these with a standard 

containing chloride and sulfate and a similar standard "spiked" with 

the exhaled air clearly shows that precursors to chloride and sulfate 

are present in the breath sample. The presence of metabolic HCl is 

logical but whether the agent responsible for the sulfate peak is 

aerosol sulfate or gaseous SO2 is uncertain. At the levels involved, 

sulfite, originally formed from dissolved SO2, is expected to be 

rapidly oxidized to sulfate before, or during, chroraatography. The 

quantity of individual ions observed in the chromatogram came as a 

surprise to subject who gave the breath sample. 

Because the residual acidity in the EDG(P)/EDS system is so low, 

it seems likely that a variety of weak acid anions will give better 

conductometric response because of their greater dissociation in 

solution while passing through the detector compared to that in a 

carbonate or conventional NaOH system with chemical suppression. This 

hypothesis was tested in a general way by exhaling one tidal volume 

of pipe tobacco smoke through water as above and the resultant 

solution analyzed by IC, both with gradient EDG/EDS and gradient 

carbonate/chemical suppression systems. The respective gradients were 

formulated to have very similar temporal elution strengths as judged 

by the retention times of the ions in a standard containing F", Cl", 

NO " and SO^^". Due to the considerable baseline rise involved in the 

carbonate gradient run, a blank baseline subtraction technique^^ was 
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performed with this eluent. The results are shown in Figure 5.11. 

Peaks eluting after -15 min. are difficult to demarcate in the 

carbonate run. These peaks are less numerous and of lower height even 

when the unsubtracted chromatogram is carefully examined, compared to 

the EDG/EDS run. The integrator identified 33% more peaks in the 

EDG/EDS run than the carbonate run. 

Conclusion 

An ultrapure NaOH generation system coupled with electrodialytic 

suppression affords an exceptionally powerful ion chromatographic 

system. The unusual purity of an electrodialytically generated 

eluent that is free from contamination by carbonate and other ions is 

combined with the freedom from penetration of a cheraical regenerant 

into the suppressed eluent. Removing the carbonate results in much 

greater sensitivity for this ion, while the general rejection of 

anions in the generator and lack of acid regenerant bleed into the 

suppressed eluent (-1.5 nM H"̂  with 12.5 mM H2SO4) apparently allow 

for greater dissociation of and sensitivity for weak acids with pKa 

values in the range 5-7. 

The system was operated both in isocratic and gradient modes for 

several months. After stabilizing a new generator membrane by 

operating at various currents for -3 h, the generated eluent 

concentration and resulting analyte retention times are repeatable on 

a day-to-day basis to better than 3%. If the eluent concentration is 

conductometrically monitored, even better performance is obtained. 
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The system is much more convenient to operate than a conventional 

chromatographic system using proportioning valves to deliver a 

gradient eluent because only one reservoir of eluent is necessary 

and, additionally, only water and electricity are necessary to 

operate the suppressor. This obviates the need to make dilutions of 

very strong acids to operate the suppressor. 

It is true that a current-programmable generator is ideal for the 

electrodialytic generator and that some additional hardware and 

software will have to be added to a commonly available PC system but 

this is not a difficult matter for a coraputer prograraraer. The 

generator may be run in an isocratic mode with only a 

current-regulated electrical power supply. 
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Table 5.1. Coefficients of quadratic equation describing specific 
conductance of NaOH. 

Teraperature 
°C 

15 

20 

25 

30 

35 

40 

Zero Degree 
Coefficient 

99.4 

106.1 

106.9 

116.8 

118.5 

126.1 

First Degree 
Coefficient 

164.3 

181.6 

193.9 

207.5 

222.4 

236.3 

Second Degree 
Coefficient 

-0.3090 

-0.3936 

-0.4179 

-0.4679 

-0.5244 

-0.5533 

153 



Table 5.2. Extent of conversion of H"̂  and HCO. 
to C02(aq) in 0.2 second. 

Initial Concentration Percent Conversion 

([H""] or [HCO3"], mM) 

1 X 10"^ 1.4 

2 X 10"^ 2.7 

5 X 10"^ 6.6 

1 X 10"^ 12.3 

2 X 10"^ 22.3 

1 X 10"* 58.3 

1 X 10"^ 93.7 

5 X 10"^ 98.4 
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Figure 5.1 Principles of operation and general construction of the 
single- and dual-membrane electrodialytic generator, (a) 
a single-membrane tubular (EDG) and (b) a double 
membrane/ perforated plate planar electrodialytic NaOH 
generator (EDGP). 
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Figure 5.2. Complete experimental arrangement including the 
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Figure 5.6. Chemical suppression and EDS baselines at high 
sensitivity. The upper trace is chemical suppression 
and the lower trace is EDS suppression. Note different 
sensitivities for each. 
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Figure 
5,7. A low-level analysis showing the potential interference 

of COa^". The concentration of all analytes (except 
COa"^") is 0.3 piN. 
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Figure 
5.8. A chromatogram revealing the response of the EDG/EDS 

system to carbonate. The retention times in minutes are 
printed over the peaks and the peak at 4.348 min is 
COa^". The order of elution of the peaks (excepting 
COa^" is F", Cl", NO.-,"*", SÔ "*-, all at 100 jiN. 
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Figure 5.9. Chromatograms illustrating the permeation of CO^ through 
polymeric tubing. 
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CHAPTER 6 

REMOVAL OF ELECTROLYTIC HYDROGEN GAS 

FROM FLOWING AQUEOUS STREAMS 

Introduction 

Several unusual, if less than spectacularly successful, 

experiments were performed in the seemingly unending guest to remove 

nuisance hydrogen gas from the single-membrane electrodialytic 

generator (EDG) product stream. Since a single-membrane generator is 

much more current efficient than a double membrane generator, and 

capable of generating much greater product concentrations as 

discussed in the previous chapters, there was a substantial effort 

directed at solving the problem of degassing so the EDG output could 

be admitted directly to a chromatographic pump. 

While the best solution to this problem was eventually concluded 

to be a separate stand-alone degasser containing a planar strip of 

Celgard hydrophobic porous polypropylene membrane, several other 

schemes met with some success and are presented in this chapter. Data 

are presented and brief discussions follow for hydrogen permeation 

through Tefzel tubing, palladium foil and silicone tubing as well as 

an experiment which leaves the entrained hydrogen in the product 

stream of the generator to pass through the analytical column before 

reaching an EDS where the oxidation of H^ to H"̂  was attempted in 

situ, to essentially reverse the process of its formation in the 
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generator. A platinum on alumina reactor column was also placed 

in-line after the suppressor to attempt the catalytic conversion of 

H2 and O5 to water. 

Experiments 

Hydrogen permeation through Tefzel. Figure 6.1 shows the modest 

but effective experimental arrangement used to evaluate the rate of 

permeation of H^ through Tefzel tubing at high pressure. A planar 

EDG in a Dionex MMS body (chapter 3) was fed with 100 mM NaOH at 0.75 

mL/min. This generator was operated at the unusually high pressure 

of 600-650 psi, owing to the fact that the product channel is between 

the pump and analytical column which operated at 600-650 psi at the 1 

mL/min delivered by the chrcmatographic pump. The pump fed water to 

the EDG product (cathode) channel where it picked up the generated 

NaOH before passing through 11.28 m of 0.5 mm wall, 0.5 mm i.d. 

Tefzel tubing on its way to the analytical column. After the rate of 

gas collection from the analytical column effluent had become stable 

(the analytical column traps a substantial amount of produced gas) at 

a constant current of 40 mA, 4.25 mL of gas was collected in 43 min, 

a rate of 0.1 mL/min. 

Then the 11.28 m length of Tefzel was removed and the output of 

the generator connected directly to the analytical column and gas 

collected for 8 min yielding 3.05 mL H^ a rate of 0.38 mL/min. The 

difference between these rates is the rate of loss of H^ through the 

long length of Tefzel tubing and is 0.28 mL/min or 0.025 mL/min per 
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lineal meter of tubing. This last rate of collection should 

correspond very closely to the theoretical amount of H^ produced, 

which is calculated as follows at a room temperature of 298 K and 

barometric pressure of 680 mm Hg: 

Hydrogen production (mL/min) = 

0.04 coul 60 sec 15 min 22,400 mL 298 K 760 mm Hg 
, (6.1) 

sec min (2)96,500 coul 273 K 680 mm Hg 

which yields 0.34 mL/min of Ez- Scane error is evident here as the 

experimental value is 0.38 mL/min Ez-

There are two reasons this approach was not further investigated. 

This length and i.d. of tubing constitutes a volume of 2.21 mL which 

produces a 2.2 minute residence time (delay) of the generated NaOH at 

1 mL/min pump rate before it reaches the column, not to mention the 

change in the gradient profile which arises as the result of 

dispersion in the tubing. This alone would not defeat the 

application. The more serious problem is that too much H^ still 

remains in the stream and a length of tubing sufficient to degas the 

stream completely would lengthen the residence time of the NaOH even 

more and could result in a substantial loss of purity of the eluent 

due to the intrusion of atmospheric CO^ through the tubing as 

discussed in the previous chapter. 
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H:̂  permeation through silicone tubing. The above planar 

generator was used in this experiment and the experimental setup is 

shown in Figure 6.2. The generator was fed with 100 mM NaOH at 0.75 

mL/min. A Dionex 40001 chromatographic pun?) supplied influent water 

to the product channel of the generator at 1 mL/min and the operating 

current was 40 mA to yield a theoretical H2 production rate of 0.34 

mL/min as calculated in the above experiment. The barc«netric pressure 

was 678.9 mm Hg. The tubular silicon membrane was 14 cm long, 0.25 

mm i.d. and 0.46 mm o.d. (Patter Products, Inc., Beaverton, Mich). A 

back-pressure on the membrane of 120 psi was effected with a 

back-pressure regulator. This pressure inflated the silicone 

membrane like a balloon so it was jacketed with a length of 400 [un 

i.d. Accurel porous polypropylene membrane to prevent expansion. The 

rate of transmembrane transport of gases by the Accurel jacket vastly 

exceeds that of the silicone tubing so that jacketing the tubing with 

this membrane adds no significant further restriction to mass 

transport. 

Hydrogen gas was collected for -10 min with no silicone membrane 

in place at a rate of 0.23 mL/min. With the membrane in place the 

collection rate was 0.06 mL/min. The theoretical amount of H^ is not 

collected which indicates a possible leak in the system. However, if 

the leak is constant, the rate of loss of H^ through the silicone 

tubing can still be calculated to be (0.23 - 0.06) = 0.17 mL/min or 

1.2x10"^ mL/min per lineal cm of tubing. 

170 



This approach seemed promising from the standpoint of gas removal 

and also from the standpoint of the silicone membrane/jacket 

combination serving as an expandable buffer/hydraulic reservoir in 

the suction of a reciprocating piston positive displacement 

chromatographic pump. Since the intake stroke of these pumps is 

short and fast as opposed to the pump stroke, the degasser could be 

filled at a constant 1 mL/min from an EDG which would smoothe 

considerably the average NaOH concentration. The pump's sudden 

demand for guantity would be satisfied by deflation of the membrane. 

Unfortunately, when degassers of sufficient length were constructed 

to conpletely degas a typical eluent strength of 20 mM NaOH, the ends 

of the silicone tubing persisted in expanding out of the ends of the 

jacket and rupturing. With more work on the mechanics of 

construction, successful devices can probably be built from these 

membranes. 

Linked EDG/EDS gas removal. In this experiment, a reversal of 

the electrolytic production of E^ in the product channel of the EDG 

was attempted in the eluent channel of the EDS. This corresponds in 

some degree to a standard hydrogen electrode which can either produce 

or consume E^. Identical tubular devices of overall length 17 cm, as 

discussed in Chapters 2 and 3, were used as EDG and EDS. In 

' ciple an EDS is an EDG operated in the reverse configuration. 

Th H produced in the product channel of the EDG (the EDG would have 

be placed between the pump and analytical column) would be allowed 

pass through the analytical column, being greatly compressed at 
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the operating pressure of over 600 psi. A column was not used in 

this experiment, however, and the EDG output was connected directly 

to the EDS which was terminated with a 120 psi back-pressure 

regulator and gas trap. 

Both devices were operated at 40 mA and the guantity of trapped 

gas indicated that the H^ production of the EDG was being augmented 

by gas production in the EDS, which gas can only be 0^. It must be 

said in fairness that the rate of H^ gas input to the EDS was very 

erratic owing to the manner in which it emerged from the EDG, 

typically coming in surges. With refinement, this approach may yield 

positive results. 

Ha -^ 0^ in platinum/alumina reactor. Owing to the very limited 

success of the above approach, another avenue was examined utilizing 

a catalytic H^/O^ recombination theme. A 3 x 50 mm glass coliimn was 

packed with platinum on alumina (-325 mesh, Pt content 5%, surface 

area >250 m^/g) and the two tubular devices of the above experiment 

operated in tandem directly and the effluent of the second column 

passed through the catalytic column followed by a gas trap. There 

was no back pressure regulator. 

There was no change in the amount of gas trapped with and without 

the catalytic column indicating in no uncertain terms that the 

experiment was a resounding failure. It was not possible to heat the 

reactor from a practical viewpoint because any heat pumped into the 

eluent stream plus whatever resulted from the catalytic production of 

water would, in large part, have to be removed before detection. Had 
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the catalytic recombination occurred, it would have been hard to miss 

because of the extremely exothermic reaction H^ + iO^ -• H^O, AH^ = 

-68.3 kcal/mol at standard conditions. 

H^ permeation through palladium foil. This is an active area of 

research for electrochemists and concerns which manufacture ultrapure 

hydrogen gas generators. A search of the STN database using the 

keywords hydrogen transport, flux or permeation and palladium turned 

up 242 references dating from 1966 to 1989. 

In older commercial ultrapure hydrogen generators, H^ generated 

electrolytically on the outside of a tubular palladium cathode 

diffused through the palladium into the lumen of the cathode at a 

temperatures of ~90°C.^ Because hydrogen can cause expansion and 

cracking of pure palladium, the cathode used in the above study was 

constructed of a 75% palladium-25% silver alloy. Even though the 

cell is operated at atmospheric pressure, the pressure of H^ within 

the cathode tube (after permeation) can be well over 1000 psi with no 

significant reduction in flow rate of produced hydrogen. It was also 

noted in this study that the tubular cathodes gave improved 

absorption of H^ when the tube is activated by deposition of a layer 

of palladium black. For a cathode area of 26.9 cm"" (presumably 

discounting the palladium black deposit), over 85 cm^/min of H^ could 

b produced. Modern hydrogen generators now electrolyze water and 

d'ffuse the produced hydrogen through a 30% Ag-70%Pd alloy (or other 

"table alloy) membrane heated to 300-350 °C to effect an optimum of 
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transfer rate and temperature. The relationship between percentage 

composition of Pd and Ag and temperature have been well studied.^'^ 

In the series of experiments described hereafter, the vision was 

to use a palladium foil cathode in a single catex membrane generator 

with one side of the palladium e3q>osed to the atmosphere and the H^ 

generated in the electrolytic cell being trapped and transported by 

the Pd foil to the atmosphere. It was desired to place an EDG of 

this type after the chromatographic pump and before the analytical 

column which is the high-pressure circuit (800-2700 psi) of the 

chromatographic system. Because the flow is constant in this part of 

the system, a constant strength eluent should be generated without 

resorting to a mixing cartridge with its attendant dead volume and 

lag time of delivery. 

The initial ejqjeriments, however, were carried out in a 

cylindrical low-pressure cell of the kind shown in Figure 6.3. A 

sguare of 25 nm thick Pd foil (5 x 5 cm, 99.9 %, Aldrich, Milwaukee, 

WI), of which 7.1 cm^ was exposed electrolytically, was used as 

cathode. A Pt rod served as anode. Because the distance between 

anode and cathode was so great the product channel, which would 

ordinarily be fed with water, was fed with 106 mM NaOH to promote 

current flow. The donor was 250 mM NaOH at 1 mL/min. The product 

effluent hydrogen was trapped in a graduated pipette and compared to 

the theoretical production based on the operating current. The 

difference is the amount which permeated through the Pd cathode foil. 

The results are shown in Table 6.1. 
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The behavior of this cell was interesting. For the first 1.5 

hrs of operation, it flowed 75 mA at 60 V and no H^ appeared in the 

product channel. This indicates that the entire amount of produced 

H2 was permeated through (or more likely absorbed into) the Pd foil. 

During the second 1.5 hrs of operation the current fell to 60 mA at 

60 V and 0.042 mL/min of H^ was collected in the product as opposed 

to the theoretical production of 0.47 mL/min which gives a permeation 

rate of 0.43 mL/min. During the next 1.5 hrs, the current fell to 35 

mA at 60 V and H^ was collected at 0.11 mL/min giving a permeation 

(absorbtion) rate of 0.22 mL/min. 

Palladium is known to absorb H^ in a H/Pd atomic ratio of -0.7 at 

30 °C and -1 atm of eguilibrium H^ vapor pressure.* At an average 

current of 45 mA for the above 4.5 hrs, it can be calculated that 7.6 

mg of H2 (7.6 mmol of H) was produced and 0.61 mmol was collected as 

gas, leaving 7 mmol associated with the palladium. The total weight 

of the Pd foil is 760 mg corresponding to 7.1 mmol Pd giving a H/Pd 

ratio of 1.1 (assuming all hydrogen has been absorbed). A flame was 

put to the foil but there was no ignition. 

Since the intended goal of the Pd foil cell was a high-pressure 

application, a high-pressure cell was constructed as shown in Figure 

6.4. The Nafion donor membrane and the Pd foil were sealed with 

0-rings and backed up by fritted steel discs. The body of the cell 

was constructed from PEEK high-strength polymer. 

The cell, with a piece of Nafion substituted for the Pd cathode, 

was first pressure-tested by inserting it in the chromatographic 
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circuit between the pump and a Dionex AS5A-5^ column and pumping 

water through it at a steadily increasing rate. The pressure rose to 

2500 psi at 1.7 mL/min and was maintained for 92 min., during which 

the water loss through the Nafion membranes was measured at 3.5 

ML*min*cm^. The total area of the Nafion membranes was 14.1 cm^ to 

make the total water loss 4.6 mL out of 150 mL pumped in the 92 min. 

The Pd foil was then installed as the cathode. Because of the 

prototypical nature of the cell (large distances between electrodes), 

it was necessary to use 7M NaOH at 0.9 mL/min as donor with the 

amount of NaOH which diffused into the product channel with this 

donor concentation serving to dope the product channel and produce a 

current flow (and H^ gas) sufficient to determine the efficacy of the 

Pd foil. The result of the test at 1550 psi for 0.3 hrs is shown at 

the bottom of Table 6.1. 

Examining the data for the low-pressure cell in Table 6.1, it is 

interesting to note that, during the second 1.5 hrs of operation, H^ 

was first detected in the product stream and the current dropped from 

75 to 60 mA (the average current for this period is shown in Table 

1). It is possible that the H^ produced at the Pd cathode is 

accumulating in the cathode with great pressure and affecting the 

potential of the cathode half cell through the Nernst relationship as 

follows: 

2H2O + 2e -• H2 + 20H" (6.2) 
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E = E° - (RT/nF)ln pH^ + c, (6.3) 

where R, T and F are the gas constant, teitperature and Faraday 

constant, n = 2, and c is a constant which represents the influence 

on the half-cell of the constant concentration of hydroxide. 

Additionally, it is generally agreed that hydrogen is present as a 

monoatomic species in palladium so the following reaction must also 

be taken into consideration: 

Ez ->- 2H AGfO = 48.58 kcal/mol at 25 °C. (6.4) 

From the relationship 

-AG = nFe, (6-5) 

where n = number of electrons involved in the chemical reaction and e = 

the electromotive force of the cell, it can be calculated that an 

additional -2.1V would be necessary to accomplish the desired 

conversion of H^ to 2H. The increasing pressure of H^ would cause 

the cell to operate at a greater applied voltage or to flow less 

current at the same applied voltage. In this case, the amount the 

applied voltage would have to be increased to produce the original 

current flow would be the change in voltage produced by increasing H^ 

pressure. This change is calculated to be 15 volts and would entail 
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a partial pressure of H in the cathode of 10^ atm. Even higher 

pressures have been suggested by Pons et al.^ in their work which has 

met with much criticism. Such a high partial pressure of H^ seems 

unlikely since the surface of the Pd foil cathode where the reaction 

takes place is still at atmospheric pressure and the density of the 

hydrogen would be -10^ g/L. An alternative explanation was sought. 

Palladium changes its electrical resistance as a function of H^ 

content and at a H^/Pd atomic ratio of 0.75 the ratio of R/R^ is 1.8 

where R^, the specific resistance of unloaded palladium, is 9.93 x 

10"^ i2«cm at 0 °C.^ This is computed to be a specific resistance of 

17 X 10"^ n*cm which, (though it should increase somewhat at 25 °C) 

is insignificant in comparison with the product channel containing 

-12 mM NaOH with a specific resistance of -350 Ji»cm. 

Since the drop in current at constant voltage occurs 

simultaneously with the production of visible gas in the product 

channel, it seems the most likely explanation is that nascent gas 

bubbles forming for the first time on the the cathode surface occlude 

a portion of the surface. This occlusion increases as more H^ gas 

fails to be taken up by the cathode foil. This occlusion also 

diminishes the cathode surface. This contention is supported by the 

fact that the high-pressure cell had no difficulty maintaining a 

constant current (bubbles much compressed). 

A worthwhile experiment which was not investigated is the 

galvanostatic desorption of H2 from palladium."" This technique has 

been used to provide a source of completely anhydrous hydrogen ion 
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for the potentiometric determination of pK^ values of various organic 

bases® in anhydrous media and the coulometric titration of various 

bases^ and the salts of strong mineral acids,^° all in anhydrous 

media. In the last two references, a 1 X 2 X 0 . 5 cm palladium 

electrode was loaded with hydrogen before use by serving as cathode 

in the electrolysis of water doped with a few drops of H2SO4 added to 

promote conductivity. Although exact conditions of time and current 

are not given for the loading cycle, the authors state that the 

saturated electrode can be used to supply H^ for at least 100 hours 

at 10 mA before becoming depleted of H2. A calculation reveals that 

this corresponds to a H/Pd atomic ratio of 0.3, substantially lower 

than the 1.1 calculated above. 

To apply this method to the application at hand, the 

generator/degasser would be a three-compartment cell with an NaOH 

donor flow, a product flow and a catholyte flow on the side of the Pd 

foil previously exposed to the atmosphere. In the catholyte is a 

third electrode held negative to the Pd foil and the H2 charged into 

the foil from the product side is removed from the foil on its 

opposite side by oxidation to H"̂  and removal as water in the 

tholvte OH" being furnished by the third electrode. A solution of 

0 1 M Na SO4 may serve as electrolyte in the third coir^artment. 
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Table 6.1. Palladium cathode high-pressure cell data 

Hours of 
Operation 

1.5 

3.0 

4.5 

0.3t 

E(V) 

60 

60 

60 

3.3 

i(mA)'' 

75 

68 

48 

125 

H2 absorbed/H2 

1 

0.91 

0.67 

0.73 

generated 
H2 absorption 
rate (mL/min)* 

0.52 

0.43 

0.22 

0.69 

average 
t high-pressure device (1550 psi) 
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Figure 6.1 The experimental setup to determine the rate of 
permeation of H^ through Tefzel tubing. 
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Figure 6.2. The experimental setup to determine the rate of 
permeation of H2 through silicone tubing. 
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Figure 6.3. The cylindrical low-pressure palladium membrane device, 
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Figure 6.4. The high-pressure palladium membrane device, 
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