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Abstract:

In this study, the sorption behaviour and conductivity of two anion exchange membranes
(AR103 and AR204) equilibrated with sodium acetate and sodium lactate solutions are studied
across a range of concentrations and pH values. The results indicate that the dissociation
equilibria of the organic acids differ between the membrane phase and the external solution.
There are significant concentrations of the neutral organic acid in the membranes at pH 6.5
even though the dissociation is virtually complete in the external solution. The concentration
of this neutral acid increases as the pH is lowered, leading to a reduction in membrane
conductivity. The diffusion coefficients of acetate and lactate ions in these membranes are
determined from conductivity data. The results show that these diffusion coefficients are
relatively constant but decrease slightly with an increase of external solution concentration due
to osmotic deswelling. The diffusion coefficient of the acetate anion decreases as the pH falls,
possibly due to dimer formation. Models extended from Manning’s condensation theory have
been utilized in the prediction of the co-ion concentrations within the membrane and the
diffusion coefficients of the lactate and acetate anions. There is an excellent agreement between
the experimental values of these parameters and the model predictions for the sodium lactate

system but the model is unable to accurately fit the sodium acetate data.

Keywords: Anion exchange membranes, Acetate ions, Lactate ions, Diffusion coefficients



33

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

51
52
53
54
55
56

57
58

59

60
61
62

63
64
65
66

1. Introduction:

Organic acids such as acetic acid and lactic acid are used broadly within the food and pharmaceutical
industries as preservatives [1], chemical intermediates [2] and buffer media. In addition, due to their
biodegradable properties, there is a growing demand for these compounds in the production of
polymeric materials [3]. Generally, organic acids are produced commercially either by fermentation or
chemical synthesis. The former approach is preferred in the food industry as many food regulations
stipulate that acids used in foods must be of biological origin [4]. The development of effective
separation steps for organic acid recovery plays an important role in many biochemical industries since
the conventional fermentation processes produce a mixture of organic acids as well as calcium,
ammonium, or sodium salts [5]. Membrane processes, especially diffusion dialysis (DD), conventional
electrodialysis (ED) and electrodialysis with bipolar membranes (EDBM), are widely used in the
production and recovery of these organic acids [4-8] as they operate continuously and virtually
eliminate the waste produced by other processes. However, commercial applications of these processes
are often affected by the ion selectivity, electrical resistance and manufacturing costs of the ion
exchange membranes (IEMs). Thus, to obtain a process with high efficiency and low energy
consumption, a fundamental understanding of ion sorption and transport in IEMs is necessary. A better
knowledge of the influence of polymer structure on transport properties could further facilitate rational

development of ion exchange membranes with improved properties.

lon transport in ion-exchange dense polymer membranes is normally quantified by ion diffusion
coefficients. A variety of experimental techniques based on the Nernst-Planck equation have been
employed to measure the diffusion coefficients of inorganic ions in these membranes, including a
Donnan dialysis method [9-12], radiotracer method [13, 14] and conductivity method [15-18]. The
conductivity method is the most often used as diffusion coefficients measured in the presence of an

external driving force are closer to the real operation of the membrane process.

For one-dimensional ion transport in a membrane, the molar flux of ion i through a membrane, J™, can
be described by the Nernst-Plank equation as Eq. 1:

ac" n ziFC™ dy

Ji* = =DM+ T o )

where D/™ and C/™ are the ion diffusion coefficient and concentration in the membrane, respectively; z;
is the valence of the ion; T is absolute temperature, R and F are the ideal gas constant and Faraday's

constant, respectively. v is the electric potential and x is the thickness of the membrane.

In typical electric field driven ion transport, the Fickian component of the driving force in Eq. 1 is
minimal and the electric potential difference becomes the dominant driving force for ion transportation.
Under this electric potential difference, cations migrate toward the cathode and anions move toward

anode. The electric current density (l) is related to the ionic fluxes in the membrane via Eq. 2.



67

68

69

70

71

72

73

74
75
76
77
78
79

80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

95
96
97

I=F%zJ" 2)

Combining Eq 1 and Eq 2 yields Eq. 3.
2 d
I=-L3z2cmpmst ®3)
The membrane ion conductivity (k) is defined by Eq. 4:
rk="1 fav @
dx
Combining Eq 3 and Eq 4 then yields
=y 22cmpm = (z2cmpm 4 z2cmpm) ©)
T rr&ititi Yo TR b+ Yt LU

Eq 5 gives the relationship between the individual ion diffusion coefficients (DI* and D) and the ionic
conductivity of the membrane but this expression cannot be solved to yield the individual diffusion
coefficients. Some researchers assume that the co-ion concentration (C*) approaches zero [9, 18-20],
as the Donnan potential repels these ions from the ion exchange membrane and this prevents the internal
co-ion concentration from rising beyond an equilibrium value [21]. This allows the diffusion

coefficients of the counter-ions (C™™) to be determined by Eq 5.

The strength of the Donnan potential depends on the counter-ion/co-ion concentration difference
between the membrane and the external salt solution. For conventional membrane processes, the
counter-ion concentration difference between the membrane and solution decreases with the increase
of external solution concentration as the counter-ion concentrations in the membrane itself are relatively
constant [22]. This results in a weaker Donnan potential and greater co-ion sorption in the membrane.
Thus, for ion exchange membranes equilibrated with concentrated solutions, the co-ions in the
membrane must also be considered. To solve this problem, Kamcev et al. (2018) developed a new
procedure in which the individual ion diffusion coefficients are obtained from experimental ion sorption
and membrane ionic conductivity results [16]. They also modified Manning’s counter-ion condensation
theory[23, 24], originally developed as a “‘limiting law’’ for polyelectrolyte solutions, by relaxing the
assumption of immobile condensed counter-ions, then used this as a model for the prediction of counter-
ion diffusion coefficients in the membrane [16]. The central parameter in the modified Manning model
is the dimensionless linear charge density of a polyelectrolyte, &, which depends on the average distance
between fixed charge groups on the polymer chain. For monovalent ions, condensation occurs if & is

greater unity (see Supporting Information).

With only one additional adjustable parameter, the modified Manning condensation theory offers
excellent agreement with counter-ion/co-ion diffusion coefficients calculated from experimental results

in NaCl systems. It is also predicted that this model will be suitable for similar 1:1 inorganic salt systems.
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However, it is less clear whether it would suitable for organic acid systems as the dissociation equilibria

of the organic acid and its ions may affect their transport behaviour.

As there is a growing demand for organic acid production by electro-membrane processes, a
fundamental understanding of organic ion transport in IEMs is necessary, especially the influence of
polymer structure on the transport properties. To date, most research on ion transport in ion exchange
membranes relates to inorganic ions, with very little information about organic acids. These are
generally weak acids that at neutral and low pH are only partly dissociated, which makes their sorption
equilibria more complex. In this study, the sorption behaviour of acetic acid (pKa 4.76) and lactic acid
(pKa 3.86) in anion exchange membranes are experimentally studied and compared with the sodium
chloride system. The individual diffusion coefficients for the acetate and lactate ions in the same anion
exchange membranes are then measured by a conductivity method and fitted to the modified Manning

model proposed by Kamcev et al [16] to verify whether it is applicable to organic acid systems.

2. Experimental

2.1 Materials

Commercially available strongly basic anion exchange membranes (AEMs) (AR103-QDP and AR204-
SZRA, GE Power and Water) were used in this study. These membranes were chosen as their behaviour
with inorganic ions has already been well studied and because their chemical structure is known[22, 25,
26]. As shown in Kamcev et al., [25, 26], both membranes have quaternary ammonium fixed charge
groups, but these are attached to styrenic groups in AR 103 and acrylic groups in AR204. Other relevant
membrane properties are recorded in Table 1. All experimental results are reported on the basis of litres
of ion exchange polymer. As reported by Kamcev et al [16, 26], these materials have a composite
structure, which incorporates a hydrophobic, highly porous fabric support to enhance membrane
mechanical properties. In this article, we refer to the combination of the anion-exchange polymer and
the fabric backing as a composite membrane. The information on these backing materials and the
method used for subtracting the effects of backing materials, using the method reported by Galizia et
al.[27], are presented in the Supporting Information. All composite membrane samples were pre-soaked
ina 1 M NaCl solution for 48 hours to ensure uniform counter-ion composition (CI) and to remove any
residual solvent. Membranes were then soaked in deionized water to remove the mobile ions. The
external deionized water was replaced every 24 hours until the conductivity of the external deionized

water was less than 5 us/m (around ten times).

It should be noted that the water used here for desorption may have contained some bicarbonate anions
and hydrogen cations due to atmospheric equilibration with CO. However, Kamcev et al. [28] indicate
that this will affect desorption results only when the external solution concentration is less than 0.1M,

which is not the case in this work.
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133 Table 1. Properties of the Anion-exchange Polymer Used for This Study
Sample Reported C,"P[mol fixed €, [mol fixed Pure water Water volume  £[22]
IEC [(meq/g charge charge uptake, w, [g  fraction, ¢* [L
(dry groups/L groups/L (water  (water)/g (dry (water)/L
polymer) J* (swollen sorbed)]® polymer)]° (swollen
polymer)]° polymern)]°
AR103 2.2 (min) 1.36 £ 0.02 3.40+0.08 0.62 £0.02 0.40+0.01 2.21
AR204 2.4 (min) 1.39 £ 0.02 2.46+ 0.04 0.95+0.06 0.57+ 0.02 2.52
134  a. Values are reported by manufacturer. b. Data reported for membranes transferred to CI" form by 1
135 M NacCl then equilibrated with deionized water until the conductivity of the external deionized water
136 was less than 5 us/m).
137
138  Sodium chloride (NaCl, 99.7%) and sodium hydroxide (NaOH, 99.5%) were procured from Chem-
139  supply Australia. Lactic acid (assay>85%), acetic acid (assay>97%), sodium iodide (99.0%) and
140  sulphuric acid (95%~98%) were purchased from Ajax Fine Chem. Analytical standard of lactic acid
141 (99.0%) and Acetic acid solution (0.5 M) for HPLC purchased from Sigma-Aldrich was used to confirm
142  the concentration of the aforementioned lactic acid (assay>85%) and acetic acid (assay>97%) solutions.
143 Purified water (13.2 MQ cm, Millipore) was used for preparing all solutions used in this work.
144 2.2 Analysis
145  The concentration of organic acid was determined using high-performance liquid chromatography
146 (HPLC) with a UV-Vis detector at a wavelength of 220 nm and 285 nm wavelengths, in which an
147  Aminex HPX-87H ion exclusion column (BIO-RAD) was used with a mobile phase of 0.009 N H,SO4
148  at 0.6 ml/min and 60 °C [29]. The lactic acid and acetic acid concentration as supplied was confirmed
149  using analytical standards with the measured concentrations shown in Table 2.
150
151 Table 2. The measured concentrations of lactic acid and acetic acid used in making up solutions
Mol/kg Wit%
Lactic Acid 10.34£0.10 931
Acetic Acid 16.7+£05 99.9
152
153  The concentration of co-ions (sodium ions) were determined using Inductively Coupled Plasma Atomic
154  Emission Spectroscopy (ICP-OES 720ES, Varian).
155 2.3 Water uptake and water volume fraction
156  Circular composite membrane samples (@ = 32 mm) were equilibrated in salt solutions (NaCl or
157  HLa/HAc + NaOH solutions) of desired concentration and pH, with the external solution again replaced

5
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5 times after equilibration for 24 hours. These membranes were then wiped gently (Kimtech wipes) to
obtain their wet mass (my), thickness and diameter. The membranes were then dried in a vacuum oven

at 50 °C until their weight stabilised (3 days) and the dry mass (mg) then recorded. Water uptake (g

water/g dry polymer) can be calculated as:

= (6)

u mg—mp

where my, is the mass of the backing material. For circular composite membrane samples with a

diameter of 32 mm, the volume (V,,) and mass (m;,) of backing material is given in Table 3.

Table 3. Volume (V,,) and mass (m;) of backing for circular ion exchange membrane samples
(diameter = 32 mm)

Membrane Mass (g) Volume (x10*L)
AR103 0.125 1.32
AR204 0.144 1.26

The water volume fraction (L water/ L swollen polymer) can be calculated as:

Vw

" = (7)

T V=V

where V,, is the volume of water which is estimated by the weight of water (m,, — m,), given a density
of 1 g/lcm®. V, is the volume of the backing material (Table 3) and ¥, is the volume of the swollen
composite membrane. Thus, the relationship between the molar concentration of ions in the swollen

polymer (Cim"’) and per unit of liquid sorbed in the composite membrane (C;™") is shown as follows:

m,p

=L ®)

2.5 Anion/cation sorption measurement

Following the pre-soaking and water washing steps described above, the size (diameter, thickness and

weight) of swollen composite AEMs were recorded to estimate the number of fixed charges (Nf) in

each sample base on Equation 9:
Ny = (Vip1—Vp) X Czn’p (mol/L polymer) 9)

where V,,,; is the volume of the swollen composite membrane sample (CI- form) and V, is the volume

of backing material. The Cj”‘p is the fixed charge concentration of swollen polymer shown in Table 1.

The composite membranes were then immersed in 80 ml of the desired salt solution for 24 hours. The

solution was then replaced and soaked in a fresh solution for a further 24 hours. In total, the external
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solutions were replaced 5 times to ensure that equilibrium had been reached. These membranes were
then wiped gently (Kimtech wipes) and the thickness and diameter measured to calculate the volume of
the swollen composite membrane after equilibrium ( V,,, Ac/La form). The fixed charge concentration

(C}?f, mol/ L swollen polymer) after equilibration in the desired salt solution can be estimated as

cmr = (10)

fix = v,V

For co-ion concentration measurement, the equilibrated membranes were transferred to 20 mL of water
for 24 hours. Again, the solution was then replaced and soaked again for 24 hours, until a total of 2
soaking periods had occurred. The concentration of co-ions (C;, sodium ions) in the desorption solution
(volume V;) were determined using ICP-OES. The co-ion concentration in the swollen polymer
(c?, mol/L swollen polymer) can then be calculated as

. crxv
cyr = (11)

As lactic acid and acetic acid are weak acids, the total acid released from the membranes includes
neutral molecules which cannot be recognized as counter-ions. Thus, the concentration of counter-ion

(C™P acetate/lactate ions) in the polymer here is calculated as the concentration of fixed charges (Cf’?f)

plus the concentration of co-ions (C;P).

For the measurement of total Ac/La (neutral HAc/HLa plus Ac/La" adsorbed in the membrane), the

equilibrated composite membranes were transferred to 50 mL 0.03 M H,SO4 solution for 24 hours

(twice). The total Ac/La adsorption (€1 #“/“) released to the external solution was then determined

using high-performance liquid chromatography (HPLC). Then the total acid concentration

m'p
(Crotat ac/La» MOI/L swollen polymer) can be calculated as
Cm,p _ C;‘otalAc/Lade 12
Total Ac/La — V=V ( )
- m’p m’p m,p - -
Those concentrations (Cr;, . €, and Cropq; ac/14) With unit mol/L swollen polymer can be transferred

to concentrations (C77", Ci*" and Crgpa; 4c/1q) With unit mol/L water sorbed by Eq 8.

2.6 Conductivity measurement

The membrane resistance was measured for membranes submerged in solutions of acetic acid/lactic
acid with various pH values (adjusted by NaOH). The electrical resistance of the composite membranes
was measured by direct current measurements using a four-compartment cell with a four-electrode
configuration (see Fig. S1 in Supplementary material) at constant temperature (251 °C). Two Pt
electrodes were used as reference electrodes, while the working and counter electrodes were expanded

metal. Two Luggin capillaries were used to minimize the distance (6 mm) between the reference
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electrodes and the membrane surface. The outer diameter of the capillary tip was 4 mm, which was
small enough compared to the distance between the reference electrode and membrane surface to
minimize artifacts caused by shielding of the current [30]. The capillaries were open to, and filled with,
the same solution as the test cell. The resistance was found by determining the relationship between
applied current density and voltage drop. To subtract the resistance of the solution between the tips of
the voltage measuring capillaries, two runs were performed, one with the membrane (R, ,) between
two capillaries and one without (blank run, R). The composite membrane resistance, R, was obtained
by subtracting the solution resistance, R, from the Rg, ,,. The electrical conductivity is then obtained

using the following formula:

k=—= (13)
Ry XS
where R,,, is the composite membrane resistance; S is the cross-section area and x is the thickness of
the membrane.
All experimental results are reported on the basis of ion exchange polymer, the method for subtracting
the effect of the backing materials on membrane conductivity is presented in the Supplementary

Information.

2.7 Data analysis

Unless otherwise stated, all experiments were repeated in triplicate to determine the percentage error,

as two standard deviations either side of the mean.

The external NaLa/NaAc solutions were prepared by adding the required amount of neutral organic
acid and then adjusting the pH using NaOH. In a NaLa/NaAc solution with a pH value of 6.5, less than
2% of the acid is undissociated (0.2% of the lactic acid and 1.8% of the acetic acid). This means that
the measured molar Ac/La concentration and the measured Na molar concentration should be close to
identical. However, an error of 10% was observed due to the error between different instruments (HPLC
vs ICP). At lower pH values, it is not possible to use HPLC analysis for the quantification of
NaLa/NaAc in these external solutions due to the formation of the neutral acid. Hence to maintain a
consistency in the data, all the external NaL.a/NaAc concentrations in this paper are based on the sodium
concentration regardless of pH. For data focused on the total Ac/La concentration inclusive of the

neutral acid species, an error bar of 10% is included due to the error between HPLC and ICP.

Activity coefficients in the external solution were determined from the Pitzer model (See

Supplementary Information).
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3. Results and discussion

3.1 lon sorption

Membrane water uptake is a key membrane property that influences ion transport in water swollen
membranes. The water uptake of a membrane can be affected by its polymer properties and the
composition of the external solutions. AR204 uptakes more water than AR103, but as noted by Kamcev
et al. [25], it is difficult to relate this to the chemical structure as the degree of crosslinking is unknown.
When submerged in NaAc/NaLa solutions of increasing concentration, the water uptake of both AR103
and AR204 slightly decreased due to osmotic deswelling [31] (Figure 1), which is similar to the trend
when using NaCl as external solutions [25]. At the same concentration, membranes submerged in NaAc
had a higher water uptake than those equilibrated with NaLA indicating that the lactate anion is more
hydrophobic. Kamcev et al. [25] record similar water uptakes for the same membranes equilibrated in
NacCl.

The composite membrane balanced with sodium lactate (AR204, Ac” form ~0.65 mm) is thicker than
that balanced with sodium acetate (AR204 ~0.63 mm) which is thicker again than that balanced with
chloride (~0.60 mm, AR204, CI- form), even though the water uptake does not follow this trend. This
may be due to the difference in counter-ion size, as the Stokes radius of CI"(0.121 nm) [32, 33] < Ac
(0.194 nm) [34] <La (0.231 nm) [32].

1.20 0.75
_ a. b
2 I <
= 0.96- = ik 1 £ 0.60
g :D% = T T
5 2
= £ I %
- - L 8
50 0.72 T 2 045 -
E m gl T é T 7
: a5 1, c
Z 0.48- £ 0304 —0— ARI03 (NaLa, pH 6.5)
ot s U = y o)
% —O— AR103 (NaLa, pH 6.5) f — AR103 (NaAc, pH 6.5)
E’ —/—AR103 (NaAc, pH 6.5) E —<}— AR103 (NaCl)
£ 024 T ARIO3(NaCl 2 15 —O—AR204 (NaLa, pH 6.5)
g™ —— AR204 (NaLa, pH 6.5) £ 7 —2—AR204 (NaAc, pH 6.5)
z —A— AR204 (NaAc, pH 6.5) —O— AR204 (NaCl)
—C— AR204 (NaCl)
0.00 T T T T T 0.00 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
External NaLa/NaA¢/NaCl Concentration (mol/L) External NaLa/NaAc¢/NaCl Concentration (mol/L)

Figure 1. (a) Water uptake and (b) volume fraction of water sorbed in the polymer as a function of

external sodium lactate (NaLa), sodium acetate (NaAc) and sodium chloride (NaCl) concentration.

The water uptake [25] and water volume fraction [26] of the membranes in NaCl solutions are from
the literature.

Due to the different water contents, the fixed charge concentration (based on water sorbed or based on
the swollen polymer) after equilibration in different solutions also changes (Table 4). However, it is

noteworthy that the values based on the swollen polymer are identical within error for both polymers
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AR103 and AR204. The counter-ion concentration is calculated as the fixed charge plus co-ion

concentration, so varies with each sample.

Table 4. Estimated fixed charge concentration in the membrane when equilibrated with
NaAc/NaLa/NaCl solutions (averaged over the concentration range 0.1-0.9 mol/L)

AR103 AR204

E fane mol/L water mol/L swollen mol/L water mol/L swollen

xternal solu
sorbed polymer sorbed polymer

Sodium Acetate 3.13+0.12 1.31+0.01 2.28 +0.01 1.31+0.01
(NaAc)

Sodium Lactate 3.41+0.10 1.29 +0.03 2.40 +£0.04 1.29 +0.03
(NaLa)

Sodium Chloride 3.40 £ 0.08 1.36 +0.02 2.46 +0.04 1.39 +0.02
(NaCl)

As shown in Figure 2, the membrane co-ion concentration increases with an increase of external
NaAc/NaLa solution concentration, due to weaker Donnan exclusion. Similar results are also observed
in the NaCl system [22, 35].

0.5+ = 0.5+ b
- 1 O Na'concentration o O  Na' concentration
T 044 = 044
@ <
£ .1 -
S 0.3 S 034 m]
g 1 0 g :
s 024 E 0.2+ b
3 1 2 3 =
0.1 B & 0.1+
E z g O
::]

_g 0-0 —J T o T ¥ T T X T 1 _E. 0'0 T T ¥ T T T 2 1
= 0.5 =~ 051
g + E +
2 0 Na concentration 2 O Na concentration
g 044 = 0.4+ el
= = ] 0
g 03+ g 03+
g g =

o B <
.5 0.2 5 0.2 -
S o 8 S 014

m]
+ =
0—& - -  ————————e— e
0.0 0.2 0.4 0.6 0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 1.2
External NaAc concentration (mol/L) External NaLa concentration (mol/L)

Figure 2. Co-ion (Na*) concentration in different membranes when equilibrated with (a) NaAc and
(b) NaLa at pH 6.5.

In ion exchange membranes, the number of counter-ions is equal to the number of co-ions plus the
number of fixed charge groups because of the electroneutrality requirement [25]. As shown in Figure
3, there is a slight increase in the Ac” or La concentrations with increasing external solution

concentration, due to an increasing number of co-ions. In both AR103 and AR204, the concentration of

10
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total Ac or La released from the membranes is greater than the ion (Ac™ or La’) concentration in the
membrane (co-ion concentration plus fixed charge concentration). This is due to the presence of neutral
HAc/HLa within the membrane. Within experimental error, the concentration of neutral acetic acid may
be consistent with that expected in the external solution (i.e 1.8% based on the pKa). However, it is
clear that the dissociation equilibria for the lactate system is different within the membrane than in the

bulk solution (Figure S4), where only 0.2% is expected to be in the neutral form.

: b. 2
--[k- Ac'(Na +Fixed charge) --r- La(Na +Fixed charge)
--O- Total Ac released (HAc+AC) %

-
1 L
T :-
:u

=
1
HOH
HEEH
-
i
O

[¥)

a
|

--CF- Ac'(Na'+Fixed charge)
--O- Total Ac released (HAc+Ac)

--[F- La(Na'+Fixed charge)
--O- Total La released (HLa+La)

Ac or total Ac concentration in membrane
(mol/L water sorbed)

La’ or total La concentration in membrane
(mol/L water sorbed)

F Y
1
""—J'H-(‘}*
-
O

e movms sdmee 3 0 SO S Bsmsen)
z T T T T T 1 2 T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
External NaAc concentration (mol/L) External NaLa concentration (mol/L)

Figure 3. Molar concentration of counter-ions obtained from a charge balance (circles) and total Ac
or Lareleased (squares) for (a) for NaAc and (b) NaLa in AR103 and AR204. The counter-ion
concentration, C™, is equal to the sum of the measured fixed charge group concentration, C;* (shown
in Table 4), plus the measured co-ion concentration, C* (shown in Figure 2), in the membrane. The
error (10%) between different instruments (HPLC/ICP/IC) is taken into account in the error bars
shown.

Weak acids dissociate more readily at high pH, so for solutions with the same concentration, a lower
pH corresponds to a lower ionic concentration (Figure 4). This explains the increasing proportion of
the neutral species in the membrane as the pH falls, as indicated by the widening gap between the curves
in Figure 4. When the pH value is less than 4 for HAc (pKa 4.76), some of the ClI- in the membrane
cannot be replaced due to the limited number of organic anions in the external solution. Conversely, for
the HLa system (Figure 4 (b)), there is no CI- remaining within the polymer after equilibrium because

HLa has a lower pKa (3.86) value.

11
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Figure 4. Molar concentration of the counter-ions and total Ac/LA in AR103 and AR204 (a) for 0.40
M HAc and (b) for 0.55 M HLa solutions across a range of pH values (adjusted by NaOH). The
triangle is the CI- concentration present in the membrane after equilibration. The dissociated
acetate/lactate concentration in the membrane is estimated as C}?;CW + MY — €7, The error (10%)

between different instruments (HPLC/ICP/IC) is taken into account in the error bars shown.

3.2 lon conductivity of the anion-exchange polymers

With an increase in the external solution concentration of either NaLa or NaAc, the conductivity of the
polymers remains relatively constant (Figure 5). The conductivity is a function of the co-ion and
counter-ion concentrations and their diffusion coefficients in the polymer. The co-ion concentrations in
the polymer increase slightly with the increase of external solution concentration (Figure 2). To
counterbalance this, the diffusion coefficients of the ions in the polymer depends on the water content
[36] and will decrease with ionic concentration due to osmotic deswelling [16] (Figure 1). It also
should be mentioned that when the external concentrations increase, the concentration of neutral
HAc/HLa in the polymer also increases (Figure 3), and this may also contribute to a decrease in polymer

conductivity as the presence of the neutral HAc and HLa may block pathways through the polymer.
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Figure 5. lon conductivity of anion-exchange polymers in AR103 (a) and AR204 (b) as a function of
external of sodium acetate/sodium lactate (pH 6.5) concentration, the solid line is drawn to guide the
eye.

Membranes equilibrated at reduced pH were also tested. The conductivity of the polymers decreases

with the decrease of pH (Figure 6). This reflects the increasing concentrations of neutral acid in the

polymer as the pH falls, as with a lower pH, there is less HLa/HAc dissociated in the external solution

which reduces ionic concentrations.
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o
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w
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7.0

Figure 6. lon conductivity of anion-exchange polymers in AR103 (a) and AR204 (b) as a function of
the pH value of external sodium acetate/sodium solution, the solid line is drawn to guide the eye (La
concentration: 0.48 mol/L, Ac concentration: 0.4 mol/L)
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3.3 Experimental diffusion coefficients of La  and Ac’

Combining the sorption data and polymer conductivity, the diffusion coefficients of ions in anion -
exchange polymer can be calculated by Eq 5. As neutral HAc/HLa are not charged, they are not included
in this calculation. The diffusion coefficient of Na* and CI" in these polymers has been reported by
Kamcev et al. [16] (Table 5) and these values are used directly in the calculations (Na* as co-ion and
Cl" as a contributing counter-ion for the HAc + NaOH system at pH 3.86, see Figure 4). In the
concentration range of this study (0.05 M ~0.9 M), these diffusion coefficients vary little (for example,
the diffusion coefficient of Na* in AR103 (polymer) changes from 7.9 to 8.8 x10 cm?/s), so the values
used are the average values across the range of 0.03 M to 1 M. The diffusion coefficients of acetate and
lactate ions in anion-exchange polymers were then calculated by combining the sorption data (Figures
2, 3, 4), polymer conductivity (Figures 5, 6) and D+ and D¢}~ (Table 5). It should be noted that the
diffusion coefficient calculated is based on the volume of swollen polymer, so the ion concentrations

must be translated from mol/L water sorbed to mol/L swollen polymer via eq 8.

Table 5 Average values of Dy’ + and D¢}~ reproduced from literature (x10° cm?/s)

Membrane AR103 AR204
lons
Na* 0.83 1.27
Cl 1.88 3.50

Note: external NaCl concentrations from 0.03 M to 1 M, reproduced from literature [16]

As shown in Figure 7, for the same membrane and at the same concentration, the diffusion coefficient
of Ac is higher than the value of La and both are smaller than CI- (Table 5). This can be explained by
their Stokes radius, as CI'(0.121 nm) [32] <Ac" (0.194 nm) [34] <La (0.231 nm) [32].The counter-ion
(Ac and La’) diffusion coefficient is relatively constant over the range of external solution
concentrations studied here. The slightly decrease at higher external concentrations is consistent with

the decrease in polymer water content caused by osmotic deswelling (Figure 1).
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Figure 7. Diffusion coefficient of Ac/LA" in polymers of AR103 (a) and AR204 (b) as a function of

the concentration of external NaAc/NaLa solution, the lines are drawn to guide the eye (pH 6.5).

As shown Figure 8, when decreasing the pH value of the external solutions, the diffusion coefficient of

La remains constant while the diffusion coefficient of Ac” decreases. This decline is difficult to explain,

as it is the lactate system that has a much stronger increase in the neutral acid concentration within the

membrane. One potential cause of the decline may be the formation of acetic acid dimers within the

polymer structure at lower pH, as these are known to form in organic solvents [37, 38]. The larger

molecular weight of these dimers would reduce the observed diffusion coefficient.

4.0

E -0O- La

S 324 -o-aAc

X .

2

5

g 244

£

3

=]

]

=

£ 164

2

b=

E I

£ 084 e dEn oS

-] -

a -

23 -

E % ——————————— Og--=--=-=-=-=-- o

ED =

(Y N — e . .

s 4.0 45 5.0 55 6.0 6.5
pH

7.0

Organic anion diffusion coefficients (x 10° cmz.i's)

4.0
b.
-0O-La
324 -O-Ac
2.4 -
_-0
1.6 - -
- ‘D, -7
e - =)
0.8 %,‘: ------- =
0'0 T T T T T T
35 4.0 45 5.0 55 6.0 6.5

pH

7.0

Figure 8. Diffusion coefficient of Ac” and La in polymers of AR103 (a) and AR204 (b) as a function
of the pH value of the external sodium acetate or sodium solution. The solid line is drawn to guide the
eye (La concentration: 0.48 mol/L, Ac concentration: 0.40 mol/L)
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3.4 Manning’s counter-ion condensation theory

The data of membrane co-ion concentration can be fitted well to Eq S5 for the NaLa system using the
same Manning parameters as determined by Kamcev et al. [22] for the NaCl system (AR204: &= 2.52,
AR103: £=2.21). As shown in Figure 9, a slightly better fit can be obtained if these values are reduced
slightly (AR204: £ = 1.88 + 0.05, AR103: £ = 1.88 + 0.07). These changes might be explained by the
extension of the polymer chains due to the larger size of the lactate ions and the corresponding decrease
in fixed charge concentration (mol/L swollen polymer) shown in Table 2. The & value is inversely
proportional to the distance between fixed charges on the polyelectrolyte chain (b, Eq. S1), so it would

be expected to reduce as the polymer expands to accommodate these ions.

However, the values of & must be reduced significantly to obtain a reasonable fit for the NaAc system
The new & values are below unity which means that there is no ion condensation occurring according
to Manning’s condensation theory [23, 25]. This is unrealistic. The discrepancy appears to relate to the
significantly higher activity coefficients for sodium acetate (Figure S4) in the external phase relative to
sodium lactate, as all other parameters are similar. It is unclear whether these higher activity coefficients

in the external phase also relate to the formation of dimers.
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Figure 9. Co-ion (Na*) concentration in different membranes when equilibrated with (a) NaAc or (b)
NaLA at pH 6.5. The symbols represent experimental data, the dashed lines represent the fit to Eq. S5
using & values from Kamcev et al.; while the solid lines represent the fit to Eq. S2 ( £&<1) or Eq. S5
(&>1) with & as an adjustable parameter.
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Egs S3 — S8 were then used for the prediction of the diffusion coefficient of both La  and Ac in the
polymer with the & value fitted to experimental results for the NaLa system and for the NaAc system
(Figure 9) and as reported in the literature. The variable a which accounts for the molecular architecture
of the polymer and the structure of water within this was also calculated by fitting the model to
experimental results. As shown in Figure 10, the diffusion coefficients of NaAc and NaLa are both
predicted well by the model (Eq. S3 for £ <1, Eq. S6 for £ >1). For the NaLa system, the fitted constant
values (o) are less than unity, as expected. Using the & value fitted by sorption experiments or as reported

in the literature gives almost the same value for the constant, a.
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Figure 10 Experimental and model results of the diffusion coefficients of (a) Ac and (b) La as a
function of the external concentration. The squares are the experimental data, the dashed line is the
results predicted by Eq. S6 with £ from the literature for an NaCl system [25], while the solid line is
the results predicted by Eq. S3 ( &<1) or Eq. S6 (£>1) with & predicted from Eq. S2 ( £<1) or Eq. S5

(D

The model predictions were then verified using the data at lower values of the pH of the external
solutions. As shown in Figure 11, the agreement between modelling and experimental diffusion
coefficients of NalLa system is reasonably good, indicating that the modified model proposed by
Kamcev et al [16] can be used in NaLa system. However, the model is unable to predict the diffusion
coefficient of the acetate ion in the polymers as the pH falls, regardless of the value of & used. As

discussed above, this may relate to the formation of acetate dimers.
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Figure 11 Experimental and model results of diffusion coefficients of (a) Ac” and (b) La asa
function of the pH value, black squares are the experimental values, dashed line is the results
predicted by Eq. S6 with & from the literature for a NaCl system [25], while the solid line is the results
predicted by model with & fitting by Eq. S2 ( £<1) or Eq. S5 (§>1), (La concentration: 0.48 mol/L, Ac
concentration: 0.4 mol/L)

4. Conclusion

Sorption experiments with organic acid salts (NaAc and Nala) has shown that the dissociation
behaviour of the organic acid can differ between the membrane phase and the bulk solution. Specifically,
neutral lactic acid persists in significant quantities within the membrane phase at pH 6.5, whereas it is
essentially absent from the bulk solution. The concentration of the neutral species increases as the pH
is reduced below this value for both systems. In turn, this increasing concentration results in a fall in
the polymer conductivity, possibly due to the neutral HAc and HLa blocking pathways through the

polymer.

By combining the sorption data and conductivity of the polymers, the diffusion coefficients of acetate
ions and lactate ions in two kinds of anion-exchange polymers (AR103 and AR204) are attained. In the
range of experiments (0.06~0.9 M of external solution), the diffusion coefficients of both acetate ions
or lactate ions are relatively constant (for AR103, Ac: ~0.9 x10® cm?s, La: ~0.4 x10° cm?/s; for
AR204, Ac: ~1.7 x105 cm?/s, La™: ~1.1 x10° cm?s) and slightly decrease with the increase of external
solution concentration due to osmotic deswelling. The diffusion coefficient of Ac™ is greater than the
value for La due to its smaller Stokes radius. When decreasing the pH value of the external solutions,
the diffusion coefficient of La  remains constant while the diffusion coefficient of Ac- decreases. This
decline may be caused by the formation of acetic acid dimers within the membrane structure at lower

pH. The larger molecular weight of these dimer species would reduce the observed diffusion coefficient.
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The sorption data of the NaLa system can fit well with the model using the Manning parameter (& )
reported previously for the NaCl system. A better fit can be obtained if the & value is reduced slightly,
which can be explained by the extension of the polymer chains due to the larger size of the lactate ions
and the corresponding decrease in fixed charge concentration. The model can also be readily applied to
determine the diffusion coefficient of the lactate anions, both at neutral pH and as this pH is reduced.
However, the values of & must be reduced significantly (lower than the critical & value for 1:1
electrolytes) to obtain a reasonable fit for the NaAc system. This is unrealistic as the polymer structure
will not change to this extent. Further, the Manning approach is unable to fit the diffusion coefficient
data for this system. Hence for this organic acid, the modified Manning’s condensation theory fails in
its present form. This appears to relate to the higher activity coefficients for this species in the external

solution.
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