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This paper presents the possibility of the use of Donnan and Steric Partitioning Pore Model (DSPM) based on the extended Nernst-Planck equation
for interpretation of the separation of chromium(III) and chloride ions from concentrated salt solution in nanofiltration process. Results of predictions
obtained with the analyzed model showed the significant effect of the pore dielectric constant on separation of chromium(III) and chloride ions from
concentrated salt solution on nanofiltration membranes. It was found that the increase of pore dielectric constant caused the decrease of chromium(I1II)
and chloride ions separation. Additionally, the satisfactory agreement between experimental and predicted data was stated. The Donnan and Steric
Partitioning Pore Model may be helpful for the monitoring of nanofiltration process applied for different industrial wastewater treatment.
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Introduction

Nanofiltration is a membrane pressure technique, which
allows for both high efficiency and high selectivity of
a process [1]. That is why it can be successfully applied for
softening of both surface and ground water [2-5] and sep-
aration of metal ions from industrial wastewaters [6-11].
According to the literature data [9-11] and our own inves-
tigations [12-14], one of the most important and interesting
research area of nanofiltration is separation of chromium
(ITI) ions from concentrated salt solutions characterized by
low pH. The nanofiltration membrane in such condition
becomes non-permeable for multi-charged ions and per-
meable for one-charged anions and cations [14-16]. That
is why nanofiltration seems to be a promising process al-
lowing for effective and efficient separation of chromium
(III) ions from concentrated salts solutions at low pH.
However, for prediction of the productivity and the effec-
tiveness of the ions separation from the examined salt so-
lutions it is necessary to elaborate the mathematical model
describing this process.

Based on the results of previous investigations [13,14],
it was found that the chromium (III) ions separation from
concentrated salt solutions at low pH depends on the type
of the used nanofiltration membrane. The functional
groups present at membrane surface, granting the respec-
tive charge of the surface [15-17], are the most important
for the selectivity of nanofiltration membrane. The mem-
brane surface charge depends on pH and solution compo-
sition (concentration and kind of a salt) [15-20]. The
streaming potential method is the most often applied for

the measurement of the value of the surface charge of mem-
branes [15-22]. This method allows for appointing the
streaming potential, which can be further recalculated on
zeta potential by the use of Helmholz-Smoluchowski equa-
tion [23,24].

Our previous investigations [14,25] showed also that
one of the most important factor which limits an affectivity
of chromium(III) ions separation from concentrated salt
solutions at low pH is concentration polarization caused
by the gathering of solution components near membrane
surface. In the case of nanofiltration membranes this phe-
nomenon causes additionally change of both kind and den-
sity of the surface membrane charge. In consequence the
membrane selectivity is also changed [14].

In spite of many applications of the nanofiltration [1-
12], the separation mechanism of the ionic salt was not still
entirely clarified. Many different theories attempt to ex-
plain the ions separation mechanism on nanofiltration
membranes [11,25-28]. After analysing of the literatures
data [29-33] one can state that both theoretical and exper-
imental works explaining the ions separation mechanism
on nanofiltration membranes are not yet satisfactory and
require further actions.

Recently the modelling of nanofiltration process of salt
solution has been widely investigated [26-30]. The mass
transfer through the membrane was described by different
models such as Kedem-Katchalsky [28] or Spiegler-Kedem
[29]. However none of the models used took into consid-
eration a density of membrane surface charge, which, as it
was mentioned, is one of the main factors in the case of
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nanofiltration of concentrated salts solutions [11,26,27].
Therefore, the Donnan and Steric Partitioning Model
(DSPM) based on the extended Nernst-Planck equation
has been proposed for interpretation of the separation of
chromium(III) and chloride ions from concentrated salt
solution at low pH on nanofiltration membranes. In this
model, membrane was considered as a porous medium
composed of cylindrical single nanometer-size pores uni-
formly dispersed [11]. One of the main parameters govern-
ing retention of ions by the membrane is pore dielectric
constant (€,,) [11,26,27]. According to Deon et al. [26,27]
the value ofp pore dielectric constant is lower for membrane
characterized by smaller pore size. The confinement effect
inside the pores is probably higher leading to a lower di-
electric constant In the present work, the effect of pore di-
electric constant on chromium (III) and chloride ions
retention was analyzed.

DSPM model description

Basic equations used in the DSPM model are summarized
in Table 1 and the all symbols are explained at the end of
the paper.

The extended Nernst-Planck equation (1) described the
transport of ion inside the membrane. This equation con-
tains three terms due to contributions from diffusion, elec-
tromigration and convection, respectively. Solving this
equation requires knowing the boundary conditions at the
pore inlet and oudet (2). The hindered nature of diffusion
and convection of the ions inside the membrane accounted
for the terms Ki,d (3) and Ki,c (4). Ki,d and Ki,c
pressed as a function of the ion radius r; related to the pore
radius r) ratio A; (5) and (6). The solvent velocity within
the pore (V) related to the pressure gradient through the
pore is calculated using the Hagen-Poiseuille expression (7),
where the osmotic pressure difference (Ar) is calculated by
Van't Hoft equation (8). The solvation energy barrier AW;
(9) represented by a decrease of the effective dielectric con-
stant of the solution in the pores is described by the Born
model. The electroneutrality conditions in the bulk solu-
tion and inside the membrane are given as equations (10)
and (11), respectively.

Conducting the model calculations apart from accept-
ing process conditions such as: operating pressure (AP) and
concentration of the ion in feed (¢ ;) it was necessary to
assume the following parameters: the membrane hydraulic
permeability coefficient (L), the mean pore radius (r
the membrane charge density of the membrane (Xy), CF f-
fusion coefficient of ions (D;) and finally the pore dielectric
constant (Sp). The used equations (Fig. 1) allow for evalu-
ation of ions transport through the membrane taking into
account the membranes selectivity determined by the re-
tention (Ri), as well as productivity expressed by the per-
meate flux (Jp).

The influence of the pore dielectric constant (¢,) on
chromium(III) and chloride retention during nanofiltra-

are €x-

Table. 1. Basic equations of the DSPM model
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tion of concentrated salt solution characterized by low pH
was analyzed in this work. The properties of the ionic
species analyzed in this model are listed in Table 2.

Experimental

The experiments were carried out at laboratory scale in
cross flow cell made of stainless steel operated in batch
mode with circulation (Fig. 2). The nanofiltration of con-
centrated salt solutions containing 2 g dm™ Cr*, 10/14 g
dm? CI, 10 g dm” SO4* and characterized by pH~4 was
conducted for AP = 14 bar.
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Figure 2. Schema of the laboratory plant: 1 — feed/re-
tentate tank, 2 — thermostat, 3 — measurement of tempe-
rature, 4 — measurement of pH, 5 — high pressure pump,
6 — manometer, 7 — NF membrane module, 8 — permeate
tank, 9 — flowmeter, P — permeate, F — feed, and C - re-
tentate (concentrate)

Table. 3. Characteristic of nanofiltration membrane used
in the experiments

Ri= [l _ c‘ip] 100% Jp=L,(4P-47) Surface material Poly(piperazine-amide)
Civw
. . . Support material Polysulfone
Figure 1. Numerical procedure diagram PP Y
. L . T f b Thin fil
Table. 2. Properties of ionic species ype of membrane e
Cut-off
Parametr Cr** Cl (g mol™) 150-300
] ili i 6
M: [g mol] 52.00 35.45 Permeab;ht;;ce(fﬂiaﬁnt 10 2.4 [13]
(m® m?.s'-bar?)
ri [nm] 0.400 0.121
pH range 2-11
Di- 10”7 [m? 5] 0.062 2.031
Max. temperature 90
zi [-] 3 1 (°C)
Max. pressure
(bar) 40
The commercial nanofiltration flat sheet membranes Isoclectric point 3.0 [25]
(under symbol DL) with effective area of 0.0155 m? pro- (PH)
vided by GE Osmonics were used in the experiments. The Zeta potential -14.0 [25]
(mV) (pH=4, t=25°C)

characteristic of tested nanofiltration membrane is pre-

sented in Table 3.

After the end of the experiment, samples of permeate
and retentate have been collected for determination of the
chromium(III) and chloride concentration. The samples of
permeate, feed and retentate have been analyzed using the
following methods:

e chromium(IIl) — spectrophotometer NANOCOLOR
UV/VIS using 1,5-difenylokarbazyde method with
wave length =540 nm,

¢ chloride - the Mohr titration method.

The feed solution has been prepared using the following
chemicals: CrCl3.6H,O (Sigma-Aldrich), pure NaCl
(Chempur®), pure Nay SO (Chempur®) and the deionized

water. The feed solution was characterized by pH = 4. For
initial pH correction the pure HCI (Lachner) was used.
The pH was measured by pH-meter (Mettler Toledo Sev-
enEasy).

Result and discussion

The influence of pore dielectric constant (€,,) on chromium

(II) and chlorides ions retention was illustrated in Fig. 3.
The decrease of chromium(III) and chloride ions reten-

tion with the increase of pore dielectric constant (sp) was
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Figure 3: Retention (Ri) of chromium(lll) and chloride ions
vs. pore dielectric constant (g,)
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Figure 4. Comparison of model and experimental chro-
mium (Ill) and chloride retention (Ri) for feed composition:
(a) 2 g dm= Cré*, 10 g dm= ClI-, 10 g dm= SO+
(b) 2 g dm= Cré*, 14 g dm= ClI-, 10 g dm= SO+

observed. According to Gomes et al. [11] this phenomenon
can be explained by Born solvation energy effect (Table 1
- equation 9). The difference in dielectric constant between
external and internal (i.e. inside pores) solutions caused ex-
clusion of both co-ions and counter-ions from membrane
pores. Thus, if the pore dielectric constant increases, the
Born effect becomes weaker and the salt retention decreases
(Fig. 3).

Comparison of the results of model calculation with the
experimental results for the selected dielectric constant in
membrane pore (¢, = 53) have been performed. The ob-
tained results of retention for chromium(III) and chloride
ions were shown in Fig. 4.

The selected value of ¢, allowed for the satisfactory
agreement between model and experimental values of the
chromium(III) and chloride ions retention The difference
between experimental and modelling retention of chro-
mium (IIT) and chloride ions was less than 1%. Addition-
ally it was found that the chloride ion concentration has
not influence the pore dielectric constant, because the same

values was received for 10 and 14 g dm™. Deon et al.

3
oﬁtained similar results for single as well as mixing salt so-
lution [26,27].

Conclusion

The main objective of this work was the experimental and
modelling analysis of the nanofiltration process used for
separation of the chromium (III) and chloride ions from
concentrated salts solution at low pH. The tested mathe-
matical model was based on extended Nernst-Planck equa-
tion. The effect of pore dielectric constant on chromium
(III) and chloride ions retention was analyzed. Based on
the model it was observed the reduction of the retention
of chromium(III) and chloride ions with the increase of di-
electric constant in pore of the membrane. Selected appro-
priate pore dielectric constant gave the very good agreement
between experimental and model results.
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Nomenclature

J;  — molar flux of species i [m’ m™ 5],

Ki,d — ionic hindrance factor for diffusion [-],
Ki, ¢ — ionic hindrance factor for convection [-],
D; - diffusion coefficient of ion [m*s'],

¢; — concentration of ion inside pores of the membrane
[mol m™?],

Sip ~ concentration of ion in permeate [mol m?],

¢j w — concentration of ion in feed [mol m?],
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C; - concentration of ion within the polarization layer
[mol m~],

z; —valence of ion [-],

F - Faraday constant [C mol],

R — universal gas constant [J mol”! K],

T - temperature [K],

Y — electrical potential of ion inside pores [V],

Jp — permeate flux in membrane [m’ m=s],

V - solvent velocity [m s'],

k  — mass transfer coefficient [m s],

Ax — membrane thickness [m],

AP — applied pressure [bar],

An - osmotic pressure difference [bar],

€, — permittivity of free space [-],

€, — pore dielectric constant [-],

g, — bulk dielectric constant [-],

e —electron charge [-],

ky, - Boltzmann constant [J K],

N - dynamic viscosity [bar s],

X4 — membrane charge density [mol m~],

AW — Born solvation energy barrier [J],

AY — Donnan potential [V],

Vi sol — activity coefficient of ion in the solution side of the
interface [-],

Vi,pore ~ activity coefficient of ion in the pore side of the
interface [-],

L — permeability coefficient of membrane [m? m? s bar

P,
rp — pore radius [m],
r; — ionic radius [m],
Ri — retention [%].
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