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Abstract

Hydrochloric acid recovery from pickling solutions was studied by employing a batch diffusion dialysis
(DD) laboratory test-rig equipped with Fumasep membranes. The effect of main operating parameters
such as HCI concentration (0.1-3 M) and the presence of Fe?* (up to 150 g/I) was investigated to simulate
the system operation with real industrial streams. The variation of HCI, Fe?* and water flux was
identified. When only HCI is present, a recovery efficiency of 100% was reached. In the presence of
FeCly, higher acid recovery efficiencies, up to 150%, were observed due to the so-called “salt effect”,
which promotes the passage of acid even against its concentration gradient. A 7% leakage of FeCl, was
detected in the most severe conditions. An original analysis on water flux in DD operation has indicated
that osmotic flux prevails at low HCI concentrations, while a dominant “drag flux” in the opposite

direction is observed for higher HCI concentrations.
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A comprehensive mathematical model was developed and validated with experimental data. The model
has a time and space distributed-parameters structure allowing to effectively simulate steady-state and

transient batch operations, thus providing an operative tool for the design and optimization of DD units.

Keywords: Pickling process; Diffusion dialysis; Modeling; Industrial waste recovery; AEM.

1. Introduction

The pickling process is an essential step in steel manufacturing industry. During the pickling treatment,
ferrous ions are released in solution, after being complexed in FeCls, reaching concentrations up to 200
g/l, while the acid concentration decreases by 75-85%. A pickling bath in this condition is considered
spent (Regel-Rosocka, 2010) and provides low pickling rate, thus requiring to be replaced. Disposal of
the industrial pickling waste strongly affects the hot-dip galvanizing industries economics and
environmental footprint. Thus, the recovery of acid is one of the most beneficial steps to enhance the
process sustainability.

Several techniques have been proposed to reuse spent pickling liquor by recovering the free acid (e.g.
by membrane technologies), or by regenerating the acid (e.g. by pyrohydrolysis, where also the reacted
acid is recovered) (Balakrishnan et al., 2018). Several authors investigated the regeneration of pickling
waste acid solutions by spray roasting (Bascone et al., 2016; Regel-Rosocka, 2010).

Membrane techniques are considered simple, effective and sustainable (Regel-Rosocka, 2010). These
characteristics make them very attractive in acid recovery field, though their actual applicability strongly
depends on high-performing membranes availability and cost. In this respect, diffusion dialysis (DD) is
becoming popular thanks to the recent important advances in ion exchange membranes (IEMs) (Mondal
etal., 2017). The main advantages of DD are: clean nature of the process, low installation and operating
cost, operational simplicity and compatibility, low energy (Jung Oh et al., 2000; Luo et al., 2010; Xu et

al., 2009)



In diffusion dialysis an anionic exchange membrane is used to achieve the separation of acid and salts.
Due to the positive fixed charges present in the membrane, the transport of counter-ions (chlorides) is
facilitated, whereas co-ions (iron cations, for instance) are rejected because of the electrostatic repulsion.
However, also H* ions can diffuse through the anionic membrane, despite their positive charge, thanks
to their little size and through the tunneling mechanism (Luo et al., 2011b; Strathmann, 2004; Xu et al.,
2009). Therefore, the acid recovery and separation from salts occur.

Up to now, many authors have reported promising results for the recovery of HCI with DD. Among
them, very few researchers studied the performances of Fumasep membranes (Palaty and Bendova,
2018). Research efforts have been devoted also to analyse how the acid concentration and the presence
of metal salts (e.g. FeCl,) can affect HCI recovery in DD. In particular, their effect on the diffusive
permeability and the acid recovery have been quantitatively analysed (Jung Oh et al., 2000; Luo et al.,
2013; Palaty and Bendova, 2009; Xu et al., 2009). Interestingly, only few researchers used very high
concentrations of iron ions as in an industrial pickling waste (up to 150 g/I), when the leakage of cations
through the anionic exchange membrane can be considerable (Xu et al., 2009).

In the DD process, the acid and iron salt diffusive permeability of the membrane is highly related to the
mobility of all ionic species. Several researchers developed theoretical models to characterize transport
phenomena in DD. Some important parameters, especially the permeability (P), have been defined and
determined, both for the acid and the iron chloride transport, by carrying out experiments in batch (Davis,
2000; Kang et al., 2001; Luo et al., 2011a; Palaty and Bendova, 2009) and in continuous (Bendova et
al., 2009; Davis, 2000; Kang et al., 2001) systems. Another important parameter, the water flux through
the membrane, was also observed and poorly discussed only in a few cases (Davis, 2000; Jung Oh et al.,
2000; Xu et al., 2009).

In the present work, a single-cell diffusion dialysis module was employed in order to study the effect of

process parameters on the efficiency of HCI recovery, even in the presence of FeCl; at very high
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concentrations, to simulate real industrial pickling waste conditions. In addition, a mathematical model
able to simulate the process was developed and validated, providing an effective tool for the prediction
of all the main process phenomena, from acid and salt flux to the water flux, and the simulation of real

scale continuous or transitory operation.

2. Experimental

2.1 Materials

The solutions for diffusion dialysis experiments were prepared in laboratory from 37% HCI solution,
FeCl, tetrahydrate (Carlo Erba reagents, purity > 99%) and deionized water generated by a two-stage
reverse osmosis (conductivity below 5 uS/cm). Na2COs (Carlo Erba reagents, purity > 99.5%) was used
for HCI titration. In all tests, the feed retentate solutions consist of HCI solutions from 0.1 to 3 M, or
FeCl. solutions with Fe ions concentration from 50 to 150 g/l and 2 M HCI. The inlet diffusate stream is
deionized water in tests performed to investigate the permeability of acid or the combined effect of acid
and salt. Differently, for the investigation of iron diffusion through the membrane, a 0.1 M HCI
concentration is used in the retentate and diffusate, in order to keep a low pH (thus avoiding iron
precipitation phenomena in the retentate channel) and minimize acid flux between the two
compartments.

The membrane adopted is a Fumasep type FAD from Fumatech GmbH and the main characteristics are

reported in Table 1.

Table 1. Properties of Fumasep FAD type anion exchange membrane.

Item Specifications
thickness (dry) pm 70-80
electric resistance Q cm? <1



selectivity ® % >90

stability pH <9
ion exchange capacity meq/g >15
specific conductance © mS/cm > 13
weight per unit area mg/cm? 9-12
proton (H*) transfer rate 9 pmol min™ cm? > 1500
Young’s modulus MPa > 1000
tensile strength © MPa > 40
elongation at break © % > 15
bubble point test in water at T = 25 °C bar >3

9 jn CI- form in 0.5 M NaCl at T = 25°C, measured in standard measuring cell (through-plane)

b determined from membrane potential measurement in a concentration cell 0.1/0.5 M KCl at T = 25°C
% determined in CI- form in 0.5 NaCl at T =30°C

9 determined from pH potential measurement in a concentration cell 0.5 M HCI/0.5 M KCl at T = 25°C
¢ determined by stress-strain measurement at T = 25°C and 50 % r.h., according to DIN EN 527-1

2.2 Diffusion dialysis set-up and experimental procedures

The diffusion dialysis module has a plate and frame configuration, consisting of two Plexiglas plates
(20x20x2 cm®) equipped with inlet-outlet manifolds, two spacers (thickness 270 um) and an anion-
exchange membrane (active area 10x10 cm?) interposed between the two spacers. Retentate and diffusate
solutions are circulated from/to in the same tanks and they are circulated through the DD module by two
peristaltic pumps, thus realizing a batch operation mode. Figure 1 schematically illustrates the
experimental set-up.

After the module assembly, a leakage test was performed by recirculating deionized water for 60 minutes
and observing any internal or external leakage. Before each experiment, the apparatus was fully fed with
an acidic solution (with an acid concentration equal to the average of the two feed solutions) in order to

condition the membrane for 120 minutes. During experiments, pH and conductivity in the recirculation
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tanks were measured by digital multi parameter pH/conductivity-meter (Hanna Instruments) and several

samples were withdrawn to measure acid and iron concentration, the first one after 1 h, the others every
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Fig. 1. Experimental set-up: (a) scales, (b) pumps, (c) DD module, (P) pressure gauges, (r) retentate
tank, (d) diffusate tank. Osmotic (Jos), drag (Jar) and i-component (J;) fluxes through the membrane are
indicated with arrows.

At the output of each pump, a pressure gauge is connected to the circuit, in order to monitor the pressure
drops inside the stack. All the experiments were performed with a constant flow rate (48 ml/min) and at
room temperature (20-25 °C). Preliminary test at lower flow rates were carried out and results were not
significantly different, thus operating at the higher flow rate was preferred to reduce air bubbles trapping
issues. Each experiment was repeated from 2 to 4 times in order to have a statistical relevance and to
calculate the error bars reported in the graphs. Water flux was determined by weight measurements in
the two tanks.

Parameters such as flux of i-species in solution, acid recovery and iron leakage are calculated from
experimental results as a function of the test duration, by the closure of mass balances in the retentate

or diffusate tanks:
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where RRy¢; and Leakager.c;,represent the recovery ratio and leakage percentage of acid and FeCl
respectively.

In addition, the acid recovery efficiency (ny¢;) is defined as the ratio between the actual recovery of acid
and the theoretical maximum recovery achievable when the two solutions reach the equilibrium (in the

present case of equal feed tank volumes, corresponding to 50%).

RRuc
100
RRE @

Nuci1 (%) =

2.3 Analysis

The concentration of HCI was measured through conductivity measurements and verified by titration
with a standard Na>COs solution. The concentration of Fe ions in solution was measured by
spectrophotometric technique (Beckham DU 800 spectrophotometer) adding 1,10-phenanthroline and

characterizing the samples at a A of 510 nm.

3. Results and discussion

3.1 Effect of HCI concentration on acid permeability
The flux of acid at different initial concentrations was studied in order to determine the diffusive acid
permeability. Several experiments were carried out with HCI at 0.1, 0.5, 1, 2 and 3 M at room
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temperature using deionized water as draw solution. In Figure 2 (a), time variation of HCI concentration
is reported in the retentate and diffusate tanks. Such variation can be ascribed to the presence of a
diffusive acid flux through the membrane from the retentate to the permeate channel. This is reported in
Figure 2 (b). In fact, according to the Fick's law, which relates the diffusive flux to the concentration
gradient across the membrane, this flux decreases significantly along time due to the reduction in the
concentration driving force, as also observed by Jung Oh et al. (2000). Moreover, also the permeability
value is influenced by acid concentration (see section 5). In all these cases a recovery efficiency of
almost 100% is reached after 24 hours of operation.

Finally, Figure 2 (c) reports the variation of volumes in the diffusate tank along time. VVolume variation
is related to the water flux through the membrane, which can be described with two terms (see Fig.1):
an osmotic flux from the diffusate solution to the retentate one and a drag flux, which is the flux of water
molecules associated with acid molecules passing from the retentate to the diffusate solution. The two
counter acting effects lead to a diffusate volume decrease for the case of very low acid concentration
(0.1 M), while it increases at higher concentrations (0.5-3 M). In fact, the drag flux prevails when acid
concentrations are above a threshold limit of about 0.5 M, where the significant flux of acid leads to an
important drag flux of water molecules, as already reported by some authors for the case at higher acid

concentrations (Davis, 2000; Jung Oh et al., 2000).
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Fig. 2. (@) HCI concentration, (b) HCI flux and (c) Diffusate volume vs. time in the retentate (empty
symbols) and in the diffusate (solid symbols). Initial HCI concentrations in the retentate: 0.1M (),
0.5M (&), 1M (X), 2M (0) and 3M (©). Flow rate: 48 ml min~!. Retentate: HCI solution. Diffusate:
deionized water.



3.2 Fe passage and its effect on HCI recovery

To evaluate the iron passage through the membrane, two solutions at the same HCI content (0.1 M) were
used in the two channels in order to always keep an acidic pH. FeCl, was added in the retentate at
different concentrations (namely 50, 100 and 150 g/l of Fe?* ions). The experiments were performed
with a flowrate of 48 ml/min in both the channels, at room temperature. As reported in Figure 3, a

leakage from 2 to 12 g/l was detected after 7 hours increasing as the iron concentration increases.
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Fig. 3. Fe concentration vs. time in the diffusate. Initial Fe concentrations: 50 (¢), 100 (A ) and 150 (%)
g/l. Initial acid concentration: 2M. Flow rate: 48 ml min~t. Retentate: HCI and FeCl. solution. Diffusate:
deionized water.

The effect of FeCl. concentration on the HCI recovery was also studied. As shown in Figure 4, for an
initial iron concentration of 100 g/l, the acid recovery in the presence of iron in solution is higher
compared to the one revealed in the absence of Fe. In fact, the acid concentration in the diffusate is
higher than the one in the retentate (a cross can be observed in the figure), differently from the case
without iron salt, when the maximum value of acid recovery is 50%. This is imputed to the so-called
“salt effect”, i.e. the addition of salt with the same anion of the acid causes an additional driving force
for the diffusion of chlorides (Davis, 2000; Luo et al., 2011b; Xu et al., 2009), which leads to additional

diffusion of protons in order to respect the electroneutrality of the system. Such phenomena are reflected
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in acid recovery efficiency values above 100%, thus indicating the importance of salt effect in the HCI

recovery process.
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Fig. 4. Time variation of HCI concentration in the diffusate (solid symbols) and retentate (empty
symbols). Initial Fe concentrations in retentate: 0 g/l (©) and 100 g/l (2 ). Initial acid concentration: 2M.
Flow rate: 48 ml min~!. Retentate: HCI and FeCl, solution. Diffusate: deionized water.

Moreover, it was observed that the HCI recovery increases by increasing FeCl, concentration, keeping
the initial HCI concentration at a constant value (2 M). Of course, even though the acid permeation
increases, also the Fe leakage through the membrane increases, causing a loss of membrane efficiency
in co-ions rejection. The two performance parameters, acid recovery and iron leakage, increase from 50
to 75% and 7%, respectively, by increasing initial Fe ions concentration from 50 to 150 g/, as shown in
Figure 5, which results in an acid recovery efficiency of 150%. Concerning the water flux, diffusate
volume profiles are reported in Figure 6.

As shown, the drag flux initially prevails, then a net water flux from the diffusate to the retentate is
observed, thus indicating an overall prevalent osmotic flux. A critical time, t*, can be identified when
drag and osmotic fluxes are equivalent. As expected, t* decreases when increasing FeCl. concentration,

due to the stronger effect of salts in determining the osmotic pressure increase in the retentate.
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Fig. 5. (a) HCI Recovery Ratio and (b) FeCl, leakage percentage vs. initial Fe concentration in the
retentate: O (®) 50 (), 100 (A ) and 150 g/I (™). Initial acid concentration: 2M. Flow rate: 48 ml min™2.
Retentate: HCI and FeClz solution. Diffusate: deionized water.
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Fig. 6. Retentate volume vs. time. Initial Fe concentrations: 50 (¢), 100 (4 ) and 150 (-) g/l. Initial acid

concentration: 2M. Flow rate: 48 ml min~t. Retentate: HCI and FeCl, solution. Diffusate: deionized
water.

4. Model for Diffusion Dialysis
A model was developed in order to simulate the Diffusion Dialysis process in steady-state and batch
operation. For that purpose, the model includes steady-state spatial differential mass balance equations

(section 4.1) with a 1-dimensional spatial discretization of the DD unit along channels and time
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differential equations describing the variation of concentration and of volume in the two feed tanks

during batch operations (section 4.2).

4.1 Spatial differential model equations

Figure 7 shows the sketch of a countercurrent module of length zch and membrane area Am.

Since the concentration of the i-component in I is higher than in 11, a mass transport from I to 11 occurs.
Thus, the concentration of the i-component in the retentate side decreases and, conversely, in the

diffusate side it increases along the flow direction.
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Fig. 7. Schematic representation of the discretized domain of the DD unit, indicating the main variables.

Assuming steady-state conditions and considering diffusion and convection mass transport, the variation
of concentration along z in the two channels can be derived from the mass balance on the differential

volume between z and z+dz (only the equations for the retentate are reported for the sake of brevity):

Eeyl =Fel,,  +JidAn (5)
dA,, = dzw,, (6)
dF.c;.

dz - JWen (7)
dF, O dFc, PM,
dz dz p, ®)

where c;_is the bulk concentration of the i-component in the retentate side; F,. is the volumetric flow

rate in the retentate channel; J; is the molar flux of the i-component through the membrane; dA4,, is the
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differential membrane area; w,;, is the channel width; PM; and p,. are molecular weight and density of
the retentate solution, respectively.

The boundary conditions for the two feeds are:

z=0 Cir =it 9)
Z=2Zy Cig = Cii,rclz (10)
The flux of the i-component is controlled by resistances in series i.e. from the bulk of retentate to the
membrane interface (Eq.11), across the membrane (Eq. 12) and from the membrane interface at the

diffusate side to the bulk of the diffusate (Eq. 13):

Ji = kir(cir — (11)
Ji = Pi(citt — ™ (12)
Ji = kia(c —cia) (13)

where kir and kiq are the mass transport coefficients for the i-component in retentate and diffusate
channels, respectively; cirand cigq are the bulk concentrations in the retentate and diffusate solutions; P;
is the permeability of the i-component through the membrane; ci,/™ and ciq™ are the solution
concentrations at the retentate and diffusate membrane interface, respectively.

To determine the mass transport coefficients, data from literature were used (Gurreri et al., 2014; Perry
and Green, 2008). In particular, a Sherwood number in a laminar regime, in forced convection and for

planar configuration was derived as:

Sh, = (—1.4811077Re,” + 3.73910 °Re,* — 0.003253Re,” + 0.1118Re,> + 0.1348Re,

Scp\%? (14)
+69536) (=+)

where Sh,., Re, and Sc, are dimensionless numbers:
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ki Deq prUrDeq }‘l‘r
r Re, = —— Sc, = 15
D r ™ " Dy (15)

Sh, =

where v, is the fluid linear velocity in the retentate channel, p,. is dynamic viscosity of the fluid in the
retentate channels, D; is the mass diffusivity of the i-component and D, is the hydraulic diameter

defined as:

4SchWen

Doy = ————
e 2(Sch + Wch)

(16)

where s, is channel thickness.

A single equation transport can be derived (Eq. 17), where an overall mass transfer coefficient of the i-

component (U;) can be used (Eq. 18) to express the flux as function of the bulk concentration.

Ji = Ui(cir — cia) (17)

J - 1 1 1\°!
i = k—+Fl+k— (18)

The permeability coefficient (P;) takes into account the absorption coefficient and the membrane
permeability itself.

Transport of water through the membrane also affects process performances. Water flux was considered
in the model as the sum of the osmotic and drag fluxes, where the osmotic flux depends on the osmotic
pressure driving force, while the drag flux is related to the total water molecules associated to ions

transport (Eq. 19-21).

Jw = Jos + Jar (19)
Jos = PosRTZ Ui(ci,r - Ci,d) (20)
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Jar = 2 BJ; (21)

where ], Jos and J4,- are the total, osmotic and drag water fluxes, respectively, Pos is the osmotic
permeability of the membrane and i is the hydration number of species i. Hydration numbers equal to
1 for protons, 6 for chlorides and 6 for the iron cations were considered (Lundberg et al., 2007).

The flux of HCI through the membrane is affected by the presence of FeCl> in solution. As reported by
some authors (Davis, 2000; Palaty and Bendova, 2009), the total acid flux (J;2%;) can be considered as
the sum of two terms, one dependent on the actual acid concentration difference and the other one related

to the presence of additional chlorides from the iron salt (Eg. 22):

Jit = UHCZ(CHCl,r - CHCl,d) + Ufzcz(CFeczz,r - CFeClz,d) (22)

where J57; is the hydrochloric acid molar flux through the membrane, U;, is the secondary overall mass

transfer coefficient related to the presence of iron salts, and crecy, » aNd Crecy, ¢ are the concentrations of

the salt in the retentate and diffusate solutions, respectively.

Considering Eqs 11-13, 19-21, it is possible to derive the flux of FeCl; as:

Jrect, = Urect, (Creci,r — Creciya) (23)

In order to estimate the efficiency of the process, two important parameters are evaluated: the acid
recovery ratio (RRyc;) and the iron leakage through the membrane (Leakagegec,).

The acid recovery ratio (RRy;) is calculated as:

out ,out in .in
0 _ Fi 7 cncia — Fa Cucia
RRyc (%) =

x100 (24)

in.in
E cyerr

where the superscripts in and out indicate the inlet and outlet from the DD channel, respectively.

The iron leakage (Leakager.c,) is calculated as:
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outout _ pin.in
Leakagereci, (%) = d_CFeClyd — "d CFeclyd

20 x100 (25)
E™ Chect,r
4.2 Time-dependent model equations

In order to simulate the time-dependent variations of concentrations and volumes of the two tanks in the
batch operation mode, the model also includes a dynamic part consisting of time-differential equations

for the volume and concentration of the feed tanks (see Fig. 8).

d:ZTtVr — ﬁnEAin,Dyn _ pgutFrout,Dyn (26)
k
dVTCit,gn _ Fin,Dyn in,Dyn Fout,Dyn out,Dyn (27)
dt - Ir ir - Ir ir
where F™PY™ and F°*“P¥™ represent the inlet/outlet volumetric flowrates in the retentate tank, equal to
the outlet/inlet retentate stream in the DD unit, respectively. In the same way, cii";'D Y"and clffft’D YT are

the inlet/outlet concentrations in the retentate tank, equal to the outlet/inlet concentrations retentate

stream in the DD unit, respectively, while cffr‘"k is the concentration of the i-component in the retentate

tank. In all cases, perfect mixing is assumed in the tanks, thus:

out,Dyn __ C-tank (28)

ir Lr

out,Dyn
E N

out,Dyn
T F v

d
out,Dyn

o’ V
ld

- —

out,Dyn
i

Fig. 8. Schematics of the control volumes in the DD set-up for the dynamic section of the model
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Volume and concentration variations in the diffusate tank are calculated from the closure of mass balance

equations.

The overall concentration and volume profiles were determined by numerically implementing the model

according to the algorithm shown in Fig.9.
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Fig. 9. Algorithm for the numerical implementation of the spatial-time dependent in diffusion dialysis
model
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Values of permeability were determined through a calibration procedure (presented in section 5) and are

related to the acid concentration in the retentate solution.

5. Model calibration and validation

5.1 Model calibration

Calibration permeability values of the membrane with respect to the acid, salt and water diffusion have
been related to the concentration of the acid and salt in the feed solution using experimental data. For
each experiment a good fitting between experimental and model data was obtained by using linear
correlations for the acid (Pnci) and for water (Pos) permeability as a function of the acid concentration in
the retentate. By way of example, the comparison between experimental data and model prediction is

reported in Figure 10 for the 2M HCI test.
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Fig. 10. Comparison between experimental data in the retentate (empty symbols) and in the diffusate
(solid symbols) and model predictions (continuous line) for 2M HCI test. Flow rate: 48 ml min™.
Retentate: HCI solution. Diffusate: deionized water.
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Therefore, all these linear trends were plot in a graph (Fig. 11) in order to obtain a unique correlation

relating acid permeability values to the acid concentration in the retentate tank, as reported below:
Puci = 3.21-1077¢3 oy — 1.93-1070c2 oy + 4.11-107%¢, o, + 6.61-1077 (29)

As previously mentioned in section 3, the diffusive permeability to the acid is strongly affected by the
acid concentration.

In fact, as reported in Figure 11 (a), it increases as HCI concentration increases in the whole range
investigated.

In a similar way, osmotic permeability coefficients were obtained experimentally as an increasing

function of the acid concentration (Figure 11 (b)) as:
Py = 1.7-107%¢, yo; + 6.3-107° (30)

Finally, the FeCl, leakage permeability coefficient was calibrated according to a similar procedure.
However, differently from the acid, a constant value for each test was considered.
As shown in Figure 11 (c), also FeCl> diffusive permeability increases as the salt concentration increases,

though, as expected, permeability of the salt is 10 times lower than for the acid:
Ppeci, = —1.87 - 10‘8c3,Fea2 +1.17 - 10‘7cr,pea2 +3-1078 (31)

As already described in Eq. 23, in order to consider the salt effect, acid permeation in the presence of
FeClz was modelled. In this case, the Ur.c;, coefficient was also experimentally obtained, showing a
linear dependence on the acid concentration:

UFe612 = 2.6 10_6CT,HCl + 995 . 10_8 (32)
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Fig. 11. Linear correlations (continuous line) and overall trend (dotted curve) of the acid diffusive
permeability (a) and osmotic permeability (b) obtained for the model calibration as a function of HCI
concentration in the retentate; values and overall trend (dotted curve) of the iron diffusive permeability
obtained for the model calibration as a function of FeCl, concentration in the retentate (c).
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In order to compare diffusive permeability ranges obtained in this work with the values reported in

literature for other membranes, a summary table was prepared (Table 2). A comparison between acid

permeabilities indicates that Fumasep membrane behaves better than most other AEMs tested, although

iron salt permeability is slightly higher.

Table 2. Comparison of diffusive permeability among different membranes.

Membrane Concentration Operation PHCrln PFeCr'fl Ref
AEM Range Configuration (10°® <) (107 <)
0.1-3 M HCI . . .
Fumasep FAD 0.9-2.7 M FeCl, Batch recirculation 1-4 1-2 This work
Two compartment Palaty and
Fumasep FAD 0.2-2 M HCI stirred cells 3.7-13.4 - Bendové, 2018
4 M HCI . Jung Oh et al.,
Neosepta AFN 0.26 M FeCl, Dialyzer Stack 2.1 0.14 2000
1.28 M HCI Two compartment Luoetal.,
DF-120 0.22 M FeCl, stirred cells 3 14 2010
. 1.28 M HCI Two compartment Luo et al.,
PPO-SIO, 0.22 M FeCl, stirred cells 15-3 0.7 2010

5.2 Model validation

The model was validated by comparison with all experimental trends observed. As an example, Figure

12 reports a comparison between predicted and experimental trends for some of the investigated cases.

Instead, in Figure 13 a comparison of experimental data and model predictions is reported for all the

investigated cases.

In all cases a good agreement is shown between model and experiments.
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water. Theoretical curves (—) obtained by using the model.
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6. Conclusions

HCI recovery from pickling solutions by Diffusion Dialysis was investigated, highlighting the main
effects of operating conditions on process performance. Acid flux was significantly enhanced by higher
acid concentration in the retentate due to a larger driving force and a higher value of acid diffusive
permeability through the membrane. The effect of the iron (I1) chloride on the acid recovery was also
investigated, indicating how the acid flux is enhanced as the FeCl, concentration increases, due to the
“salt effect”, reaching an acid recovery efficiency over 100%, despite the batch configuration adopted.
Also the FeCl; diffusive permeability increases as the Fe concentration increases. However, the highest
leakage detected is only 7% in the most severe conditions. A detailed analysis of osmotic and drag water
flux in DD operation is presented. For pure HCI tests, at low HCI concentrations, the osmotic flux
prevails, whereas at higher concentrations a net water flux in the opposite direction is observed due to
the presence of a drag flux, related to the water molecules associated to ions transported through the
membrane. Conversely, in the presence of Fe ions, the osmotic flux always dominates water transport
phenomena.

The whole process was mathematically described within a time/space distributed-parameters model
implemented and adopted as a process simulator. The model was calibrated and fully validated using the
available experimental data in the wide range of acid and iron concentration investigated (0.1-3 M and
50— 150 g/l, respectively), providing a powerful tool for the simulation and optimisation of DD operation

in transient and steady-state operation.

Acknowledgements

25



This work was financially supported by EU within the ReWaCEM project (Resource recovery from
industrial Wastewater by Cutting Edge Membrane technologies) — Horizon 2020 program, Grant
Agreement no. 723729.

The authors are greeting to DEUKUM GmbH and Fumatech GmbH for supporting during the DD stack

assembly and supplying the AEM membranes.

Nomenclature and acronyms

AEM Anion Exchange Membrane
DD Diffusion Dialysis
IEMs lon Exchange Membranes
A [m?] area
mol .
C [T] molar concentration
D [m] hydraulic diameter
2
D Tl mass diffusivity
1 .
F —] volumetric flow rate
)
[ mol
Ji > ] molar flux
m- - S
1 .
Jwitos; Jar > ] volumetric flux
Im? - s
m -
k < mass transport coefficient
m e -
P; " diffusive permeability
g _
PM — molecular weight
lmol
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Re

RR

Sc

Sh

Subscripts and superscripts

calc
ch

d
Dyn

[bar -m? . S]

l-bar]
K - mol

[-]
[%]
[m]
[-]
[-]
[K]

5

[-]
[%]

[Pa - s]

7

calculated
channel
diffusate

dynamic

osmotic permeability

gas costant

Reynolds number
recovery ratio
thickness

Schmidt number
Sherwood number

temperature

overall mass transfer coefficient
volume

linear velocity

width

length

hydration number
recovery efficiency

dynamic viscosity

density
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