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=6 Abstract:
28 The aim of this work is to model the two-compartment bipolar mangelectrodialysis for
30 organic salts acidification. The salt studied is sodium &enwhich splits into formic acid
31 and sodium hydroxide thanks to water splitting by bipolar membrane. drttangination of
£33 sodium hydroxide by formate ion is due to diffusion of molecular foraeid through the
o35 bipolar membrane and to leakage of formate ion through the saméramemunder the
S applied current. The cation-exchange membrane does not partitgpatsntamination of
8 sodium hydroxide. But the leakage of hydroxide ion through the cation-exchamgbkrane
40 is the major factor that influences the current efficientyelectrodialysis. The average
42 current efficiency decreases with time principally becaubke sodium hydroxide
concentration increases. The development of a membrane witedifmydroxide leakage is
45 desirable.

49 Keywords: Bipolar membrane electrodialysis, two-compartmexttreldialysis, salt splitting,

50 formic acid, modelling.

54 1. Introduction

Bipolar membrane electrodialysis (BMED) is used to regenenaanic acids and sodium
57 hydroxide from sodium organic salts [1-4]. It is based on thetyabiiia bipolar membrane to
59 split water into H and OH at membrane bilayer interface. The two-compartment

61 configuration with a cation-exchange membrane is the most widsdyl configuration
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because it is simpler and more favourable in terms of enbéagy the three-compartment
configuration. In the two-compartment configuration representedginlfThis Fig refers to
regeneration of formic acid and sodium hydroxide from sodium forrtproduced by the
bipolar membrane forms formic acid with formate (almost quatntély due to the weak acid

character of formic acid pK = 3.75) while Oproduced by the other face of the bipolar

membrane and Nawhich crosses the cation-exchange membrane forms sodium hydroxide.

The acid is obtained in a mixture with its salt.

The three-compartment electrodialysis was studied and modelléthgsnass balance of the
three-compartment electrodialysis may be predicted knowing volamations with current
quantity for acid, base and salt solutions. Diffusion rates otentdr formic acid through
bipolar and anion-exchange membrane and the leakage rate okidgdion through the
cation-exchange membrane are the model parameters. Thet @ifi@ancy of formic acid
production is a function of diffusion of molecular acid through the aei@mange membrane
and the bipolar membrane. Among carboxylic acids, formic adielss studied than others
like acetic or lactic acids [6,7].

Wilhem et al. [8] studied the salt ion fluxes across bipolambranes and estimated the
proportion of contaminant to 1% molar when the concentrations reaadl drrif. To our
knowledge, no predictive model has been developed giving curreneeffjcfor the two-
compartment configuration.

Ideally, sodium hydroxide solutions obtained by two-compartment bipolar brae
electrodialysis with cation-exchange membrane is recoveredipwolution and no formate
is present. However, this is not the case. Some formategmtheg sodium hydroxide solution
and this may be undesired.

Carboxylic acids diffusion was mentioned as one factor redulegurrent efficiency. Koter
S. [9] studied the weak acids production. The modelling givemig complex. Except [5,
10], literature is poor concerning the conversion of sodium formatefamtnic acid and

sodium hydroxide by bipolar membrane electrodialysis.

The performance of an electromembrane process is given in teunrent efficiency which

represents the ratio of the mole number produced or transferreétieandmber of faradays
passed through the system. The integral or average curremrefy (ICE) between time 0
and time t is defined by the relation:

AN

= 1
ot At/ F @)
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whereAN is the variation of mole number of the componertiveen time 0 and time t , i the
current density constant during time t, A is thewbeane area, F is the faraday constant
(96485 A s mot = 26.8 Ah mot)

The differential current efficiency (DCE) is defthas:

.
" iAdt/F
The aim of this study is to model the functionirfglee two-compartment bipolar membrane

(2)

electrodialysis configuration. It is also to idéyptihe contamination of sodium hydroxide by

formate ion and the factors limiting the curreritocgé#ncy of formic acid production.

2. Experimental details

2.1. Experimental set-up

CMB cation exchange membrane and BP-1 bipolar mangbwere used. These membranes
were supplied by Eurodia Industries. Electrodiaysias performed with a cell stack EUR
2B-BIP supplied by the same company. It was congpadges cells with two-compartments
(Fig. 1). The active area of each cell was Z.dfiwo nickel electrodes with NaOH 2 mol d&m
rinsing solution terminated the stack. They did moterfere with the electrodialysis.
Temperature was measured but not controlled (agetamperature has been taken). A
constant current was applied. The circulation dfitsans in the cell was started 5 to 10 min
before the current was switched on.

The experiments of diffusion of formic acid frommaxture of formic acid sodium formate

were done as described in a previous paper [5].

2.2. Reagents and solutions:

Sodium formate 98% and sodium hydroxide 37% wepplsed by VWR.

Initial concentration of sodium formate solution svabout 2 mol dim and initial
concentration of sodium hydroxide was about 0.5 teol dm®. The volume of both solutions
was 1 to 2 drhfor 6 cells

These solutions were titrated for acid and base¢ectsr Formate (as formic acid or sodium
formate) and sodium ion in low concentration weedednined using ionic chromatography

(Dionex).
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3. Results and discussion

The model proposed describes the functioning ofva-dcompartment bipolar membrane
electrodialysis with a cation-exchange membranalternation with bipolar membrane. The
model is able to describe the contamination of wodhydroxide solution by formate and to

give the mass-balance of the electrodialyser.

3.1. Modelling

The subscripts a and b refer to acid/salt and sodhydroxide solutions respectively.
According to Fig. 1, formic acid may diffuse thréudipolar membrane into sodium
hydroxide solutions. Also, leakage of formiate thnough the bipolar membrane participates
to contamination of sodium hydroxide solution. Tinansfer of formate ion through the
cation-exchange membrane is unlikely due to migratFig. 1 summarises the exchange of
species in the electrodialysis device. Some flatesdesired (sodium from salt compartment
to base compartment, "Hand OH from the bipolar membrane to acid/salt and base

compartment respectively). The others are undesired

3.1.1. Modd assumptions

To model the two-compartment bipolar membrane eddalysis the following assumptions
are made:

Assumption 1. Hydroxide ion migration (leakage) through thei@matexchange membrane is
observed. It is the same than for the three-comyant configuration. It depends only on
sodium hydroxide solution concentration, on tempgea and on the membrane. The
hydroxide leakage flux rate is noted h. The nundfemnoles of hydroxide ion §; crossing
the unit area of cation-exchange membrane duringnérof time is Ny = hi[lNaOH}, where
[NaOHyJy is the concentration of sodium hydroxide in baz@mgartment.

Assumption 2: diffusion of formate ion through the cation-exnga membrane is negligible
because migration is the major effect. Without eatrdiffusion of formate ion through the
cation-exchange membrane occurs. The diffusion ofeaular acid through the cation-
exchange membrane is counteracted by sodium hytroan leakage. Due to the passage of
hydroxide ion through this membrane, reaction ofic acid with sodium hydroxide occurs
in the membrane or in the boundary layers. Thidddga formate ion which migrates towards
the anode making an U-turn. So, diffusion of foren&n through the cation exchange

membrane does not occur during electrodialysis.
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Assumption 3: The formic acid diffusion through the bipolar meawute is proportional to

acid concentration. This will be checked.

3.1.2. Diffusion and migration
For diffusion of neutral species through surfacefAolution-membrane the number of moles

crossing A during a time dt, is written:

dN = —DmAM dt 3)
dx

X is the direction perpendicular to the membrang Bg is the diffusion coefficient of X in
the solution or in the membrane.

The concentration of X in solution and the boundaggers is constant since an increase of
mixing had no effect. The concentration in the ndng solution is very low and could be
taken equal to zero. Thus the concentration diffezein the membrane is nearly [X]. The
diffusion number of moles may be written:

dN =—%A[X]dt 4)

Where D is the diffusion coefficient in the memleand e is the thickness of the membrane.
For diffusion and migration the number of molesssing A during a time dt is given by
Nernst-Planck equation:

d[X]
dx

where % is the charge of X anglis the electrical potential. If the migration tak@lace alone

dN = -DA(=—= +[X]z,, %)dt (5)

the flux is proportional to the concentration [Xjdaproportional to the current.
Diffusion or migration of a species X is proportrio X concentration in the solution from
which it diffuses or migrates, to surface area @mbrane and duration of diffusion or
migration considered. The mole number dN of speXigdiffusion: dNyr, migration: dNg,)
is written:

dNgit = kairA[X]dt (6)

dNmig = KmigiA[X]dt (7)
Kair and kyig are the flux rates withgk = knig = .D/e
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3.1.3. Mass balance of the cell stack
The mass-balance is written taking into account:
- The migration of formate ion through the bipataembrane (leakage)
- The migration of sodium ion through the bipolaambrane (leakage)
Thus the number of moles of Hhnd OH produced by the bipolar membrane (surface A)
during time dt is given by:
iA

dnH* = anH— = Edt - dnforrrate - ana+

(8)
This is because the current is transported bya# {the total current density being i)
If f andg are the flux rates for leakage of formate ion sodium ion respectively, then:
dtormete = IA[HCOOT] ot )
and
dnna+ = gIA] Na'] pdt (10)

The acid balance is the following:

d(V,[HCOOH],) = (i'FA - fiAHCOO™], —giAINa"], —k,, AHCOOH], —hiAJOH 7], )dt

(11)
The flux rate of diffusion of formic acid throughe bipolar membrane has been determined
[5]: keip = 0.0045 to 0.005 dm’'hat 298 K with an activation energy of 18 kJ thol
The value of flux rate of leakage of hydroxide antbrough the cation exchange membrane
is h = 0.0032 drhAh™ at 298K. The activation energy is estimated t&28&or™.
This equation expresses that the acid accumulagi@yual to the number of moles of H
produced minus the acid lost by diffusion from camiment a to compartment b and the acid

which reacts with the leaked hydroxide ions.

The salt balance is given by the equation:

d(V,[HCOO™],) =—dn . - iAlHCOO ] dt + hiAJOH "], dt = (—i? +giAINa"], + hiAJlOH ], )dt
(12)

Leakage of formate ion through the bipolar membrdones not appear formally in this

equation because its transport takes part in ¢toraént passage iAdt/F.

The hydroxide ion balance gives:
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d(V,[OH],) =dn_._ —(hiA[OH ], +k,, AHCOOH], )dt =

bip

A - . e _—
(F fiAHCOO ], —giANa"], —hiAOH "], -k, AHCOOH], )dt (13)

Formate ion (contaminant) in sodium hydroxide soluts given by the following equation:

d(V,[HCOO-],) = (k;;, AHCOOH], + iIAAHCOO™],)dt (14)
The first member of equations 11 to 14 is the dé#iféiation of the product of a volume and a

concentration both function of time. Hence:

d(V[X]) = Vd[X] + [X]dV (15)
The volume variations are linear versus time amdusethe current [11].
dV, = aiAdt et d\4 = biAdt (16)

a and b are determined experimentally.

3.2. Application of the model

In order to test this model, the experimental détained during electrodialysis experiments
were fitted to equations 11 to 16. The calculatsodone as follows: the initial conditions are
stated. Then the calculation is undertaken foncltement: The elemental variations
d[HCOOH], d[HCOQ],, d[OH];, are calculated using equations 11 — 15 and ubkang t
previous values for the concentrations [HCOQHCOO], and [OH]y. Then the actual
values for [HCOOH] [HCOO], and [OH], are obtained. The concentration of formate ion in
sodium hydroxide [HCOQ, is computed also (equation 15)

3.2.1Volume variations

Fig. 2 reports variations of specific volumes @ ttvo solutions versus specific current
guantity (quantity of electricity per an unit okarsurface). Different experiments are
considered in Fig. 2 included different currentsiges. The variations are linear
Acid/salt solutionAV, = aiAt with a = - 3.1 18 dn® Ah™

Base solutionAV), = biAt with b = 2.1 16 dn? Ah™*

These volume variations are essentially due tomediasfer by electroosmosis.

3.2.2 Sodium transfer through the bipolar membrane
The sodium ion transfer from base solution to aeilti/solution through the bipolar membrane

can not be measured in the two compartment cormigur because of the presence of sodium
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ion in the receiving solution. This study was daevith the three-compartment configuration.
The leakage of sodium is quite the same in the ¢&wofigurations. Sodium ion was
determined in acid compartment. Fig. 3 shows t@trans of mole number of sodium in the
acid compartment versus time for an experiment tsdium hydroxide solution and
sodium formate solution are renewed. For sodiuntdyide concentration between 1 and 3

mol dm? (average value 2 mol dand a current density of 5 A dhnit is found that:

dN .,
— N = 210“*mol.dm2.h™ (17)
Adt
dN__. = giANaOH],dt (18)]

Where [NaOH], ] is the average concentration of sodium hydroxddkition.

This permits the calculation of the sodium ion flte¢e of leakage through the bipolar

membrane. The magnitude of the value of the flt gamay be calculated=g2 10° dn® Ah®
1

3.2.3 Fitting of formate in sodium hydroxide

Before starting, a non-negligible concentratioiooimate is detected in sodium hydroxide
solution. This is probably due to diffusion of sami formate when no current is applied. It is
better to limit the contact between solutions wtiencurrent is switched off.

The mole number of formate crossing the membraaggden time 0 and time tNis

calculated from the concentrations and the voluatélsese moments.

VO coop - = %® %0
A A A

where [HCOO), and \4(0)are respectively the concentration of formateddium hydroxide

N, [HCOO], [HCOO],, (18)

solution and the volume of this solution at t = 0.

Fig. 4 reports the variations of the mole numbefioainate crossing the unit area of bipolar
membrane versus time. The experimental points rawrd(calculated by equation.18 with an
interval of error estimated to 10%). The averagepierature is near 300 K. Several
experiments were made. Not all are reported hdre.ekperiments show that the current
density has an effect on the passage of formatehitiher the current density the higher the
flux through membranes. The curve fitting is dogete method of least squares. It leads to
the following value of the flux rate= (2.2 0.2) 10* dn® Ah™. The value of the flux rate of
leakage of sodium ion through the bipolar membrgnis about 2 1®dm® Ah™ but this

small value has no effect on the passage of forthadegh the membrane. The low
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dispersion of values shows that the model describes well théacaination of sodium
hydroxide solution by formate ion. Thus, the asstiomg made are validated. The bipolar
membrane is the only responsible of contaminatfsodium hydroxide solution
The contribution of formate migration through thpdiar membrane is obtained by
comparing the flux of formate during time dt i@ HCOQT] ; to the total flux through the
membrane (i/F). The valu®of the transport number of formate ion is equal to

6 = fF[HCOO™], = 0.00§ HCOO ], (19)
The highest value corresponds to the beginningebperation generally at 2 mol @nmThus

the maximum value for transport number of formatethrough the bipolar membrane is near

1 %. This is in agreement with the known resulis [8

3.2.4 Diffusion of formic acid from acid/salt solutions through bipolar membrane
Diffusion through the bipolar membrane for mixtucégormic acid and sodium formate was
measured. The total concentration of formate (foratid or formate ion forms) was fixed to
2 mol dm®. The receiving phase was sodium hydroxide solutioml dm®. Fig. 5 reports the
variations of formate flux through the bipolar mewane vs. the concentration of formic acid.
At concentration of acid equal to 0 diffusion af®l dm® formate ion solution is observed.
The flux of diffusion increases as the acid conegitn increases. Deviation from linearity is
observed. Diffusion of formate ion is decreasimanfrits initial value to zero for the 2 mol
dm® formic acid solution. This means that the mixtdoes not behave ideally. But the
deviation is small and may be neglected in a $itsp.

The diffusion flux of formic acid is then nearlygmortional to the acid concentration. The

diffusion of formate ion does not occur when therent is switched on as seen before.

3.2.5. Fitting of variations of acid, base and salt

The experimental variations of concentrations afrfic acid, sodium formate and sodium
hydroxide are confronted to the curves determinethé model. Fig. 6 reports an example of
results. The agreement is remarkable. The curféaieacies for production of acid and base
and for consumption of sodium formate may be ptediby the model. The average current
efficiency between time 0 and time t (as defineacfyation 1) decreases with time. This is
due in part to diffusion of molecular acid througle bipolar membrane which increases
when the acid concentration increases. The maptorfaghat decreases the current efficiency

is the leakage of hydroxide ion. During the expemt) the base concentration increases and
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consequently the leakage. This explains the variatof current efficiency during the
experiment. Fig. 7 reports the variations of curedficiency during an experiment of
electrodialysis. The error on current efficiencesimated to 3%. Experimental points are in
accordance with calculated values. This is in faxafithe assumption of proportionality of
leakage flux of hydroxide ion to the concentratdrsodium hydroxide. The current density
has only a little effect on variations of currefftaiency. To obtain high current efficiency,
one has to limit the concentration of sodium hyédtexOnly a slight decrease should be
obtained if this concentration is maintained comistAn increase of the volume of sodium
hydroxide solution is favourable as could be seefable 1 which gives calculated current

efficiencies versus the specific initial volumesoidium hydroxide solution.

4. Conclusion

The two-compartment configuration with a cationteege membrane is widely used in the
acidification of organic salts. This is becausésisimpler and more favourable in term of
energy consumption than the three-compartment goraftion.

The contamination of sodium hydroxide solution byniiate is due to:

- diffusion of molecular formic acid through theblar membrane

- leakage (migration) of formate ion through thedt&ar membrane

The cation-exchange membrane is not concerned as faontamination is considered.

The contribution of diffusion of formic acid andalkage of formate ion through the bipolar
membrane to current efficiency is small. The curedficiency is principally defined by the
leakage of hydroxide ion through cation-exchangenbrane. During the electrodialysis, the
current efficiency decreases as time increases ifdy be explained by the increase of
sodium hydroxide concentration, which means aremee of leakage of hydroxide ion.

The leakage of formate ion through the bipolar memé is proportional to current density
and to sodium hydroxide concentration. The valdeffug rate of leakage of formate ion are
given in Table 2, which recapitulates all the fliates of interest in modelling of a two-
compartment bipolar membrane electrodialysis ofilsndformate. Note that the flux of
leakage of formate is not to consider for the tlwempartment configuration because the
formate in the acid compartment is under acid farrd the formate ion concentration is very
small [12].

To maintain a high current efficiency, the sodiuyditoxide concentration should be low but
an optimal value must be used since too low conagain of sodium hydroxide will be

energetically unfavourable.

10
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Fig. 1: Two-compartment BMED principle and the #isxthrough the membranes (dashed

arrows: undesirable flux, continuous arrows: dédardlux)

Fig. 2: Volume variations for the acid circuit (ige values) and for the base circuit

(positive values) vs. current quantity for currdansities 2.5-5-7.5-10 A dfn

Fig. 3: Formic acid contamination by sodium iorthe three-compartment experiment, base
and salt solutions renewed (average concentrafibase 2 mol dif, i = 5.00 A dn¥, T =
303 K)

Fig. 4: Specific formate mol number crossing thembeane vs. time, T = 300 K

initial specific volume of salt (base) 0.14 dnO@dm), concentration of salt (base) 1.84
mol dm?® (0.90 mol dri?), i = 9.95 A dnif; ¢ initial volume of salt (base) 0.14 dm (0.09 dm);
concentration of salt (base) 1.87 mold(0.85 mol dn¥), i = 7.50 A dni; A initial volume
of salt (base) 0.16 dm (0.12 dm); concentratiosadif (base) 1.81 mol di(0.97 mol dri¥), i
= 5.00 A dn¥; m initial volume of salt (base) 0.16 dm (0.09 dnoncentration of salt (base)
1.84 mol dn? (0.86 mol dri¥), i = 2.50 A dn?

Fig. 5: Diffusion from acid/salt mixtures throug"B membrane ([HCOOH] + [NaHCOOQ] =
2 mol dm?®, T = 298 K)

Fig. 6: Mass balance of major products in BMEDtirse, m formic acid,¢ sodium formate,

A sodium hydroxide
Fig. 7: Average current efficiency vs. time, expental points and fitted curve. Initial

specific volume of salt (base) 0.14 dm (0.08 drajaentration of salt (base) 1.84 moldm
(0.90 mol dri), T = 300K, i = 9.95 A dif

13
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Lit of tables

Table 1: Current efficiency vs. specific initiallume of sodium hydroxide solution, specific
initial volume of salt 0.14 dm, concentration okt §pase) 1.84 mol dih(0.90 mol dri?), T =
300 K, i = 9.95 A drif

Table 2: Values of flux rates of different transfeccurring in the two-compartment

configuration during bipolar membrane electrodisys sodium formate.

14
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Table
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Table 1:

Specific volume of sodium

hydroxide solution (dm)

Current efficiency

0.1 0.79

0.2 0.84

0.5 0.87

Table 2:

Flux rates Values Study

Diffusion of molecular formic
acid through the bipolar

membrane

4.5t05.0 107 dm h™' at 298
K*

Three-compartment

electrodialysis [5]

Hydroxide ion leakage through

the cation-exchange membrane

3,2 10° dm® Ah™" at 298K **

Three-compartment

electrodialysis [5]

Formate ion leakage through the

bipolar membrane

2,210"% dm® Ah™ at 300 K

This study

Sodium ion leakage through the

bipolar membrane

2107 dm> Ah! at 298K

Three-compartment

electrodialysis [5] and this

study
Volume variations of acid/salt  |3.1 10~ dm® Ah™ This study
compartment
Volume variations of base 2.1107 dm’ Ah™ This study

compartment

*Activation energy: 18 kJ mol”'

**Activation energy: 23 kJ mol™




