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a  b  s  t  r  a  c  t

This  work  describes  a membrane  based  electrodialytic  ion  reflux  device  (IRD),  which  uses  water  as  the
pumped  phase  and  integrates  isocratic  and  gradient  eluent  generation  and  suppression.  The  current
design  incorporates  several  ion exchange  membranes  to  create  discrete  chambers  for  suppression  and
eluent generation,  while  isolating  the  electrodes  from  the analytical  stream.  A  small  volume  of  recycled
water  can  be  used  as  the  pumped  phase  while  continuously  refluxing  the  eluent  ions.  This  current  design
permits  electronically  controlled  eluent  generation  of at least  16.4  �eq KOH  min−1,  while  maintaining
low  suppressed  background  conductivity  (<0.5  �S/cm).  The device  was  operated  in gradient  or  isocratic
mode  continuously  for up to  6  weeks.  During  this  period,  over  500  gradient  and  isocratic  injections  were
performed,  showing  peak  retention  time  precision  below  1.5%  RSD.

Published by Elsevier  B.V.

1. Introduction

The introduction of electrodialytic ion exchange devices has
revolutionized ion chromatography (IC) [1–4]. The ability to elec-
trolytically control the generation and suppression of eluent in
ion chromatography, has eliminated the most common operator
variable, eluent preparation, and has led to more precise, reliable
and simplified analyses [5]. State-of-the-art IC systems have elec-
trodialytic capabilities for eluent generation and suppression, but
there is still a consumption of eluent stock that eventually must be
replenished [6,7]. In addition, water, which is the reagent of largest
volume used in IC, must be regularly replenished and the varia-
tion in water quality can have a significant impact on the purity
of the electrolytically generated eluent. The current practice of IC
requires an equilibration period, making continuous operation of
the system desirable. However, this results in the continuous con-
sumption of water and eluent stock, as well as the production
of chromatographic waste. Furthermore, replenishing the eluent
stock can come at a considerable cost to the user.

Ion reflux was the first technique to integrate electrolytic elu-
ent generation and suppression using water as the pumped phase
to preserve the source of the eluent co-ion [8–11]. By integrat-
ing two intimately linked processes, the consumed eluent could
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be passed back to the eluent generator portion of the device for
reuse, rather than being directed to waste. This created a “reservoir”
for the eluent counter-ions, which refluxed between the suppres-
sion and eluent generation regions. One limitation of IRD-1 and
IRD-2 [8] however, was  that the pumped phase was exposed to
the electrodes resulting in the introduction of electrolysis gases.
These gases had to be dealt with downstream by adding a flow
restrictor at the conductivity cell outlet for detection [8]. Commer-
cial eluent generators also expose the eluent (analytical) stream
to an electrode and the consequences of the formation of gas and
electrochemical by-products must be dealt with [10–15].

A means of reducing electrolysis gases and electrochemical by-
products from the eluent requires isolating the electrode chambers
from the eluent stream using ion exchange barriers or membranes
[5,16]. One example of this is an eluent reflux device (ERD) as seen
in Fig. 1. An ERD uses multiple membrane-separated chambers to
isolate the electrodes from the eluent stream and is able to reflux
isocratic eluents [17]. Using the ERD, a bottle of manually prepared
eluent is suppressed, recovered and returned back to the eluent
bottle, essentially free of electrolysis gases and electrochemical by-
products.

In this paper, we  describe a third kind of ion reflux device (IRD-
3), which operates in the same way  as an ERD [16], only using water,
not prepared eluent as the pumped phase (Fig. 1). Because the
pumped phase in ion reflux is water and not eluent, ion reflux also
allows the user to perform gradient analysis. The IRD-3 operates in
the same manner as the first IRDs, while isolating the electrodes
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Fig. 1. Schematic of an IRD-3 versus an eluent reflux device (ERD). The reservoir of potassium in the IRD-3 is located in the portion of the suppressor bed in the potassium
form,  whereas it is the eluent bottle in the ERD. The ERD is only capable of suppressing and regenerating the isocratic eluent, which can be returned to the eluent bottle while
the  IRD-3 can generate and suppress varying eluent concentrations. Blue tubing indicates KOH flow, whereas black tubing indicates water or suppressed eluent flow. (For
interpretation of the references to color in figure legend, the reader is referred to the web version of the article.)

from the eluent stream. While the same IRD-3 concept can be
applied for cation analysis (with acid eluents), this paper focuses
on the IRD-3 for anion analysis with potassium hydroxide as the
eluent.

2. Principles

2.1. Electrodialysis

Potassium hydroxide eluents can be generated using a reservoir
containing concentrated KOH and an anode with a cation exchange
membrane or barrier, which separates a liquid channel containing
the cathode, commonly referred to as an eluent generator [2,3]. As
seen in Fig. 2, when water is pumped through the eluent genera-
tion (EG) chamber and an electric field is applied, potassium ions
move from the KOH reservoir, across a K+ form cation exchange
membrane where the potassium ions combine with the reduc-
tive electrolysis product, hydroxide, to form potassium hydroxide
(KOH). This same principle applies in ion reflux. In IRD-3 how-
ever, a separate water source (orange tubing in Fig. 3) is directed
to the electrode chambers to serve as the source of hydronium
and hydroxide for suppression and eluent generation, respectively.
The cation exchange membrane, which is positioned near the sup-
pression chamber outlet, is adjacent to the anode (H+ form cation
exchange membrane in Fig. 2). At the anode, hydronium ions are
produced, and under the force of the electric field, migrate through
the cation exchange membrane toward the cathode. This is the
source of regenerant (hydronium ions), which contributes to the
Hydronium-Potassium, or H-K boundary created in the suppression
chamber, as seen in Fig. 2. Oxygen gas and oxidative electrochemi-
cal by-products generated at the anode are prevented from entering
the suppressed eluent by the cation exchange membrane. At the
cathode, hydroxide ions are produced, and under the force of the

electric field, migrate through the anion exchange membrane (OH−

form membrane in Fig. 2) toward the anode. This is the source
of eluting ions (hydroxide), which combine with migrating potas-
sium ions from the suppression chamber to form the KOH eluent.
Hydrogen gas and reductive electrochemical by-products produced
at the cathode are prevented from entering the newly generated
(refluxed) eluent by the anion exchange membrane. The influx of
ions into the resin beds causes a net movement of hydronium and
hydroxide toward the K+ form cation exchange membrane, as seen
in Fig. 2.

In the suppression chamber, incoming K+ exchanges with
hydronium ions (from the anode) migrating toward the cathode,
where suppression occurs. This effect of hydronium ion migration
opposite to KOH flow creates the H-K boundary in the suppressor
resin bed, as seen in Fig. 2. The portion of K+ form resin in the resin
bed serves as the K+ ion reservoir for the generation of KOH, shown
in Figs. 1 and 2. For each hydronium that enters the device, one
K+ ion is displaced toward the EG chamber eventually making its
way to the potassium hydroxide, or K-OH formation boundary in
the EG chamber. Because electrolysis is stoichiometric, each hydro-
nium ion that enters the resin bed from the anode is accompanied
by the entry of a hydroxide ion from the cathode. When an electric
potential is applied, hydroxide ions entering at the cathode end of
the EG chamber propagate through anion exchange resin bed. In
doing so, they displace other hydroxide ions until they reach the
K-OH boundary where KOH is formed. Under constant flow and a
stable applied current, a precise concentration of KOH  is produced.

2.2. Ideal faradaic behavior

In any device containing both anion and cation exchange mate-
rials deviations from ideal or unity faradaic behavior (ieff) are seen
as a result of water splitting at the interface between the anion
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