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ABSTRACT

Porous anion exchange membranes based on P84 co-polyimide are prepared by phase inversion process
and applied to recover acids through diffusion dialysis (DD) for the first time. Recovery efficiency of
sulfuric acid (H,SO,) from simulated titanium white waste liquor (H,SO,/FeSO, mixture), as well as the
volume of water osmosis from diffusate (low concentration solution) to dialysate (high concentration
solution), is determined by membrane morphologies and operation temperature. In addition, the
optimized membrane is also tried to operate DD process of pure acetic acid (HAc). The optimized
membrane, which is prepared by phase inversion in isopropanol, amination and then quaternization
at 46°C, shows both high permeability and selectivity for H,SO,/FeSO, mixture. The dialysis coefficient
of H,SO, (U,,) is 0.0069 m/h and the separation factor (S) is as high as 53.8, while the volume of water
osmosis is 27 mL. The dialysis coefficient of HAc (U}, ) is in the range 0.00239-0.0133 m/h under
operation temperature of 15°C—45°C, and the volume of water osmosis is maintained ~3 mL. The
membranes are promising for acids recovery due to their high permeability and selectivity.

Keywords: P84 co-polyimide; Porous; Anion exchange membrane; Diffusion dialysis; Acid recovery;

Water osmosis

1. Introduction

A large amount of acidic wastewater is produced
from industrial processes such as metallurgy electrolysis,
electroplating and acid pickling [1-3]. Direct discharge of
the waste liquor not only wastes recyclable resources, but
also constitutes a threat to the environment. For instance,
titanium dioxide (TiO,) which is widely used in plastics [4],
paint [5], white pigment [6], sunscreen and cosmetics [7,8],
is currently produced mainly through chloride process or
sulfate process [9]. Moreover, sulfate process is more widely
used due to the abundant, cheap and easily available raw
materials (ilmenite and sulfuric acid), the mature technology,

* Corresponding author.

simple equipment and easy operation. However, a large
amount of waste solution containing dilute sulfuric acid, fer-
rous sulfate and other sulfates is generated during the process
[10]. Another example is the production of organic acids such
as acetic acid (HAc), which has been widely used in foods,
beverages, pharmaceuticals and cosmetics [11]. Generally,
organic acids are produced by two commercially available
methods: chemical synthesis from petroleum and fermen-
tation, both of which include precipitation or extraction
stages generating chemical wastewater with high salt content
[12-14]. Many methods are adopted to reduce the impact of
acidic wastewater on environment, such as distillation [15],
cooling [16], ion exchange [17], solvent extraction [18] and
membrane separation [19,20].

Diffusion dialysis (DD) is one of membrane sepa-
ration processes, which is characterized by low energy
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consumption and environmentally friendly. Using anion
exchange membrane (AEM) as an example, solute which
is driven by concentration gradient, spontaneously passes
through AEM from higher concentrate side to lower
concentrate one [21]. As the core part of diffusion, AEM
determines the ions transport rate and the separation per-
formance. AEMs based on poly(2,6-dimethyl-1,4-phenylene
oxide) (PPO; commercial name of DF-120), polysulfoxide
(commercial name of S203) or polystyrene (commercial
name of Neosepta-AFN) have been successfully applied
in industry or laboratory for recovery of HCI from
HCl/FeCl, [22-24]. Nevertheless, other acids such as H,SO,
and HAc are more difficult for recovery, due to the lower
diffusivity and higher size of SO,> and Ac". For instance,
the proton dialysis coefficient (U,) for HCl is 0.009 m/h at
25°C for DF-120 membrane [25], while the value for H,SO,
is about 0.0018 m/h for S203 membrane [23] and about
0.00234 m/h for DF-120 membrane (at 25°C) [26]. What's
more, HAc is corrosive and can partially dissolve DF-120
membrane [27], and thus DD process of HAc is still rare in
practical application.

To improve the acid permeability, porous membranes
have been prepared by phase inversion of brominated PPO,
followed by partial hydrolysis and quaternization steps [28].
The permeability for acid is markedly increased and the
U,, value for HCI can be enhanced to 0.042 m/h. Unfortunately,
the membranes are swelling seriously in water, as revealed
by the high water content of 449.0%. Though the values can
be decreased to 126.0%-169.5% through membrane modifi-
cation by multisilicon copolymer [28], the preparation and
preservation of the multisilicon copolymer are relatively
complex, which increases the difficulty of their application in
industrial process. Besides, the DD application using porous
membranes for recovery of acids other than HCI has been
rarely explored. [29-31].

Membrane material of polyimide (PI) has drawn our
attention due to its excellent solvent resistance, high tem-
perature resistance, outstanding mechanical properties and
dielectric properties [32,33]. What’s more, dense membranes
based on PI have been widely used in gas separation [34] and
penetration gasification [35,36], while the porous membranes
are utilized for ultrafiltration [37], nanofiltration [38] and
free-flow isoelectric focusing application [39]. Nevertheless,
the PI membranes are seldom reported in DD application.
Besides, the water osmosis, which is a common phenomenon
in the process of DD and electrodialysis [40], is seldom inves-
tigated for porous membranes.

Hence, in this manuscript, porous P84 co-polyimide
AEMs are prepared by phase inversion, and then used in
DD to investigate HAc permeability and recover sulfuric
acid from simulated titanium white waste acid. Porous
structure can enhance the proton permeability, while water
penetration from the low concentration to high concentra-
tion side can also be increased. Therefore, the water osmosis
phenomenon may be more serious for porous membranes
than traditional dense membranes. The water osmosis
phenomenon of porous membranes is investigated in DD
process under different operating temperatures. Also,
the DD performances and water osmosis phenomenon
are correlated with the membrane morphology and
physicochemical properties.

2. Experimental
2.1. Materials

P84 co-polyimide with a molecular weight of 153 kDa
was obtained from HP Polymer GmbH (Austria).
Isopropanol (IPA), methanol, N-methylpyrrolidone (NMP),
ferrous sulfate (FeSO,-7H,O) and 98 wt% of concentrated
sulfuric acid (H,SO,) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China) and used without fur-
ther purification. Anhydrous sodium carbonate (Na,CO,)
from Sinopharm Chemical Reagent Co., Ltd. (China) was
heated at 230°C-300°C for 3 h before use. Deionized water
was used throughout the experiment.

2.2. Preparation of porous P84 co-polyimide membranes

Porous P84 co-polyimide membranes were prepared
according to the previous method [41], and the procedures
are shown in Fig. 1. The process mainly included three parts.
(1) Phase inversion: P84 powder was stirred to dissolve in
NMP with the concentration of 23 wt%. Then, the solution
was cast onto a clean glass plate and then immediately
immersed in non-solvent bath (IPA or water) at around 20°C.
For IPA as the non-solvent, the membrane was taken out after
20 min, but for water, the membrane was taken out after 4 h.
All the prepared membrane was then immersed in methanol
for 2 h. (2) Amination: the P84 base membrane obtained by
step (1) was soaked in a 5/5/90 (v/v) ethylene diamine/butyl
diamine/methanol solution for 30 min. In this process, part of
the diamine reacted for the cross-linkage, while the free -NH,
group was retained for further ethylation to form quaternary
amine groups. (3) Quaternization by ethylation: the mem-
brane was immersed into a 30 wt% ethyl bromide/methanol
solution for quaternization at 56°C or 46°C. The obtained
membranes were named Mem-I-56 (IPA as non-solvent, qua-
ternization at 56°C), Mem-I1-46 (IPA, 46°C), Mem-W-56 (water
as non-solvent, quaternization at 56°C) and Mem-W-46
(water, 46°C). In contrast, dense membrane was prepared
by casting P84 co-polyimide solution and then drying under
vacuum at 40°C for 12 h and heating at 60°C for 12 h, followed
by amination and quaternization steps as mentioned above.
The dense membrane was designated as Mem-D.

P84 co-polyimide N-methylpyrrolidone
Stirring to dissolve
lution

casting

Amination Amination Amination

Quaternization Quaternization

Quaternization

I Mem-1-46 | | Mem-I-56 || Mem-W-56 || Mem-W-46 | | Mem-D |

Fig. 1. The preparation procedures for P84 co-polyimide
membranes.
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2.3. Membrane characterization

Thermal stability was investigated by the thermogravi-
metric analysis (TGA), which was conducted by a Shimadzu
TGA-50H analyzer under air flow with a heating rate of
10°C/min.

Chemical stability was investigated under the acidic
condition to research the acid resistance of the obtained P84
membranes. The wet membrane samples were immersed in
H,SO, (1.0 mol/L) solution for 2 d at 25°C, and then the weight
change (AW) was measured to observe the acid resistance.

aw =Y 4009, 1)
W,

0

where W, is the sample mass after immersed in H,SO, (1.0 mol/L)
solution for 2 d at 25°C, and W, is initial wet sample mass.

Mechanical stabilities including tensile strength (TS) and
the elongation at break (E,) were measured using Instron
Universal Tester (Model 2519-104) under an operating head
load of 500 N. As the membranes were stored in aqueous
solution, their surface water was removed with filter paper
before testing. The width of the tested membranes was
10 mm and the test speed was 10 mm/min.

2.4. Diffusion dialysis
2.4.1. Apparatus

The self-configured dialyzer is schematically shown in
Fig. 2, whose parameters are given in Table 1. The dialyzer
has six channels, three of which are diffusate sides and
filled with water, and the other three are dialysate sides and
filled with the solution of H,S0,/FeSO, (0.9/0.3 mol/L) or
HAc (0.9 mol/L). Five membrane sheets in the stack were sep-
arated by silicon rubber and plexiglas spacer with a thickness
of around 10 mm. Two peristaltic pumps (BT600, Baoding
Chuangrui Precision Pump Co., Ltd., China) circulated the
feed (250 mL) and water (250 mL) to the corresponding com-
partments at 100 mL/min.

Running time of DD was fixed at 5 h. Experimental tem-
perature was increased from 15°C, 25°C, 35°C to 45°C. After
the running, the volume of dialysate compartment increased

Depleted | solution

* solution | [ ‘

Pumpl

| Feed solution 8 :
Pump? G

Feed Tank

Recovery Tank

Fig. 2. Self-configured DD dialyzer for acid recovery, with
H,SO,/FeSO, system as an example.

while the volume of diffusate compartment decreased, indi-
cating the water osmosis from the diffusate to the dialysate.
The volume changes of both dialysate and diffusate compart-
ments were recorded and the average value was taken as the
volume of water osmosis.

2.4.2. Methods and data calculations

H*ions concentration in the H,SO,/FeSO, mixture was
determined by titration using 0.02 mol/L standard Na,CO,
solution with methyl orange as an indicator, while the Fe*
ions concentration was determined by 1,10-Phenanthroline
Spectrophotometry using UV-2401PC (Shimadzu Ltd., Japan)
[42]. The concentration of HAc was directly determined by
titration with NaOH solution. The dialysis coefficient (U),
separation factor (S) and water osmosis volume (V;; o) were
calculated as follows.

U can be calculated by the following formula [43]:

M
AAC @)

where M is the amount of the component transported in
moles, A is the total effective area of the membrane (100 cm?),
t is the operation time of the experiment (5 h) and AC is the
logarithmic average concentration between the dialysate
compartment and diffusate compartment in moles per cubic
meters defined as:

. Ci-(C,-C))
In[CY/(C,-C))] ®)

where ¢} and C; are the dialysate concentrations at time 0 and
t, respectively, and C} is the diffusate concentration at time t.

The S value with respect to one species over another is given
as the ratio of dialysis coefficients (U) of the two species present

in the solution, and can be calculated as specified below.

u
S=—*H
u, @)
Table 1
Parameters of the self-configured DD dialyzer
Item Specifications
Membrane type AEM based on P84 co-polyimide
Total effective 100

membrane area (cm?)
Number of membrane 5
sheet

Distance between 0.9
membranes (cm)
Dimension of 9.6 cm (L) x 5.3 cm (W) x
(0.05-0.15 mm) (T)

10.0 cm (L) x 8.0 cm (W) x
13.3 cm (H)

membranes sheet
Dimension of
dialyzer stack
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The water osmosis volume (V,
following equation:

) is calculated by the

o e)env)

H,0 — 5

®)

where V¢ and V} are the volume of dialysate compartment at
time 0 and £, and V; and V; are the volume of diffusate com-
partment at time 0 and ¢, respectively.

3. Results and discussion
3.1. Membrane morphology and properties

The membranes were prepared according to previously
reported method [41]. Some of the basic physicochemical
properties are cited and shown in Table 2, and the mem-
brane thickness and chemical stability are measured in this
research.

The SEM graphs have been shown previously [41] and the
morphology difference can be briefly summarized as follow-
ing: Mem-I-56 and Mem-I-46 which were prepared through
phase inversion in IPA exhibit sponge-like structure over the
whole cross-section, including a denser skin layer and a more
porous supporting layer. The micronsized pores are sepa-
rated by ultrathin walls, so that they are disconnected from
each other. As comparison, Mem-W-56 and Mem-W-46 have
macroporous structure with irregular big tear-like pores in
the supporting layer and Mem-D has a dense structure with
no observable pores. The quaternization temperature can also
affect the membrane morphology. Mem-I-56 which under-
went quaternization at 56°C has higher ion-exchange capacity
(IEC) and smaller pores at top surface than Mem-I-46 which
underwent quaternization at 46°C. Similarly, Mem-W-56 top
surface has smaller pores than Mem-W-46.

The membranes are intended for DD application in this
study, and hence some other related properties, including
thermal and chemical stability, mechanical strength need to
be explored and the results are discussed in the following
sections.

3.2. Thermal stability

The TGA graphs, as shown in Fig. 3, are used to evalu-
ate short-term thermal stability and provide information on
the degradation patterns of the membranes. The membranes

show similar mass loss trends, but the weight loss is differ-
ent. In general, the whole degradation mode is divided into
three stages. The initial stage before 100°C presenting a sub-
stantial decline is due to the evaporation of absorbed water.
Mem-W-46 shows the most obvious weight loss in this stage
due to its highest water uptake. Besides, Mem-D shows mod-
erately lower weight loss in comparison with other mem-
branes because of its non-porous structure and thus lower
water content. Then, the second stage of weight loss, which
can be attributed to the degradation of quaternary ammo-
nium groups [31], appears in the range of 200°C-290°C with
peak at ~230°C or ~260°C. Previous research reports that the
commercial DF-120 membrane shows initial decomposition
temperature of 202°C during this stage [27]. Hence, the ther-
mal stability of the P84 co-polyimide membranes is similar
to or higher than DF-120 membrane. When the temperature
is close to 530°C, the third stage of rapid degradation of
the polymer main chain occurs. As comparison, PPO-based
membranes show degradation in this stage at the tempera-
ture of 380°C [44], which also confirms the higher thermal
stability of the P84 co-polyimide membranes.

3.3. Chemical stability

Acid resistance plays an important role in the application
of membranes in acidic solution. Accordingly, the weight
changes of the P84 co-polyimide membranes are recorded

100
80 1
60
=47
&
~ 20
8 4
- 0
) 3
2 g
= a —— Mem-I-46
b ' - —= Mem-W-46
v —-—-Mem-D
o 200 400 600 800
T T T T T T T T
0 200 400 600 800

Temperature (°C)

Fig. 3. Thermogravimetric analysis (TGA) thermograms and
the first derivative of the TGA curve (DrTGA) of Mem-I-46,
Mem-W-46 and Mem-D.

Table 2
Physicochemical properties of the P84 co-polyimide based membranes®
Membrane type  Thickness Water uptake ~ Area resistance ~ IEC PWP at 3 bar Chemical stability®
(mm) (%) (Q cm?) (mmol/g) (x10°m?/(m? s)) (%)
Mem-I-56 0.10 100 17 0.9 1.33 4.87
Mem-I1-46 0.10 120 22 0.7 4.72 6.46
Mem-W-56 0.15 150 0.7 0.9 11.1 5.60
Mem-W-46 0.15 160 0.9 0.6 20 3.83
Mem-D 0.05 25 >80 0.3 - 5.07

“The data were cited from Zhang et al. [41] except the membrane thickness and chemical stability.
"The chemical stability was evaluated as the weight change (AW) after immersion in H,SO, solution (1.0 mol/L) for 2 d at 25°C.
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after immersion in H,SO, solution (1.0 mol/L) for 2 d at 25°C,
as shown in Table 2. The five membranes remain intact and
flexible, and their weights show a slight increase, which is
due to the swelling. The weight change of the membranes is
similar, illustrating that the porous structure does not reduce
the acid resistance.

3.4. Mechanical stability

The TS and elongation at break (E,) values are shown
in Fig. 4. TS values of porous membranes are in the range
of 1.57-5.01 MPa, while E, values are in the range of
3.11%-6.82%. The values are relatively low as compared with
some reported values of dense membranes (7-16 MPa and
18%-123% [45]; 20-27 MPa and 4%—47% [46]), which should
be mainly due to the porous structure. Mem-I-56 shows
lower E, value than Mem-I-46, and Mem-W-56 shows lower
value than Mem-W-46. Mem-I-56 and Mem-W-56 are quater-
nized under higher temperature, and thus the grafted ethyl
groups are enhanced [41]. Previous research has shown that
the massive groups can make polymer chain segments stiffer
and the relaxation of chain segments more difficult [47], and
hence the membrane flexibility is decreased. Mem-D shows
lower E, value than most of the porous membranes, which is
attributed to higher compactness and stiffness of the dense
membrane [48].

3.5. Membrane cost estimation

In this experiment, the effective area of a single membrane
was 20 cm? which was used as abase to estimate the membrane
price. Considering the cost of P84 co-polyimide raw material
($176/kg) and reagent consumption but excluding electric-
ity, waste disposal fee and labor cost, the rough cost for the
final membrane was $0.383/20 cm? (IPA as the non-solvent)
or $0.304/20 cm? (water as the non-solvent) if produced by
the laboratory. It should be noted that the membrane cost of
actual industrial production will be significantly reduced, for
two reasons: (1) the price of raw material unit quality will
decrease significantly; (2) the non-solvent bath (IPA or water)
may be continuously utilized. However, additional costs will
be added, including equipment investment, labor costs and
disposal of waste liquids.

10
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Fig. 4. Tensile strength (TS) and elongation at break (E,) of the
P84 co-polyimide based membranes.

3.6. Diffusion dialysis for H,5O,/FeSO, solution

3.6.1. Proton dialysis coefficient (LI,,) with respect to
the temperature

The DD performance is evaluated by U, and sepa-
ration factor (S). A simulated titanium white waste acid
(H,SO,/FeS0O,) is used as the feed solution to evaluate the
potential applications of porous P84 co-polyimide membranes
in inorganic acids recovery. The DD is running at different
temperatures (15°C-45°C) to optimize the operating condi-
tions, as shown in Fig. 5. The U}, values increase significantly
with the temperature. The increasing temperature accelerates
the ions transport rate, and the diffusivity of ions is enhanced
accordingly. As has been reported previously, in the case of
strong acids, the ultimate hydrogen ion transmission rate is
controlled by diffusion rate, rather than adsorption solubil-
ity [49]. Therefore, the U, values increase at higher running
temperature.

In addition, membrane swelling also governs the ion
transportation [50]. The membrane swelling increases
with the temperature, which promotes the ions migration
inside the membrane, so the ions are more readily to pass
through the membranes [46]. The U, values for porous
membranes are in the range of 0.00584-0.00781 m/h at 25°C,
higher than that of 5203 membrane (0.0018 m/h at 25°C) [23]
and DF-120 membrane (0.00234 m/h at 25°C) [26]. The U, val-
ues for porous membranes are 0.0036-0.0126 m/h for the tem-
perature range of 15°C—45°C. Nevertheless, Mem-D gets the
lowest U, of 0.00001-0.00012 m/h and hence is not suitable
for H,SO, recovery. The dense structure and lower IEC value
of Mem-D will incur a higher resistance for the passage of
ions than that of porous structure. What’s more, Fe*" ion with
larger size is more hindered and so the selectivity is very high
(S =28.3-419.9).

Among the different porous membranes, Mem-W-56
and Mem-W-46 show higher U, values (0.00617-0.0126 m/h)
than Mem-I-56 and Mem-I-46 (0.0036-0.0125 m/h), implying
that the pore size is also a dominant factor influencing the
DD performances. Unlike Mem-W-56 or Mem-W-46 with
irregular big tear-like pores, Mem-I-56 and Mem-I-46 have
sponge-like structure and the morphology is less loose.
Therefore, the resistance of ions through the membranes
increases, leading to lower U, values.

Besides, Mem-W-46 shows higher U, value than
Mem-W-56 at 15°C, 25°C and 45°C, and Mem-I-46 shows
U,, value higher than Mem-I-56. These changing trends can
be ascribed to both membrane morphology and IEC val-
ues. On one hand, Mem-I-56 has smaller pores at top sur-
face than Mem-I-46, and Mem-W-56 top surface also has
smaller pores than Mem-W-46 [41], which will incur a higher
resistance for the ions passage. On the other hand, the IECs of
Mem-I-56 and Mem-W-56 are higher than that of Mem-I-46
and Mem-W-46. It seems that the membrane pore size is
more critical for acid transport and hence the U,, values of
Mem-I-46 and Mem-W-46 can be higher.

3.6.2. Separation factor (S) with respect to the temperature

The S values of Mem-W-56 and Mem-W-46 are basi-
cally below 5 within 15°C-45°C. The S values of Mem-I-56
and Mem-I-46, however, are much higher and are obviously
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influenced by the temperature. The S values are largely
related to the membrane pore morphology. As discussed
earlier, Mem-I-56 and Mem-I-46 exhibit sponge-like struc-
ture, while Mem-W-56 and Mem-W-46 contain irregular big
tear-like pores. The physical model put forward in previous
research [44] can be utilized here to demonstrate how acid
permeates through the sponge-like and tear-like structures.
There exist a large number of tear-like macrochannels in
Mem-W-56 and Mem-W-46, which lead to a sharp rise in
free volume and accelerate the ion transport rate in the sup-
porting layer. This is also why the increase in temperature
has little effect on the separation factor of Mem-W-56 and
Mem-W-46 (Fig. 5). In contrast, Mem-I-56 and Mem-I-46 are
full of micronsized pores which are disconnected from each
other and separated by ultrathin walls with positive charges.
The membrane selectivity is significantly improved because
the sequential pore walls are equivalent to a multi-layered
barrier, and can hinder the transport of multivalent ions
(Fe*) more effectively [51,52]. Accordingly, the S values of
Mem-I-56 and Mem-I-46 are always higher than those of
Mem-W-56 and Mem-W-46.

The S values of Mem-I-56 decrease all along from 22.2 to
6.2, indicating that Fe?" migration is more obviously acceler-
ated at higher temperature as compared with H*. As compar-
ison, the values of Mem-I-46 increase first and then decrease
at 45°C. Similar trend has been observed in previous reports
[46] and can be explained as follows: as the temperature
increases from 15°C to 35°C, the increased membrane free
volume accelerates H* migration while Fe?' can still be effec-
tively blocked, leading to the increase of S values. However,
when temperature reaches 45°C, the membranes structure
is further loosened and weakened [46], the hindrance of the
membranes to H" or Fe?" ions is reduced, leading to more
Fe? ions diffusion and the decrease of S value. Mem-D, as
comparison, has the lowest IEC value and dense structure,
which cause large resistance to either H' or Fe*" ions through
the membrane. At higher temperatures, H" ions migration is
accelerated while Fe* ions transport are still effectively sup-
pressed, leading to gradual increase of the S value (Fig. 5).

In summary, although a higher permeability can be
achieved for macroporous structure (Mem-W-56 and Mem-
W-46), membrane selectivity will be reduced. Meanwhile,
the sponge-like structure (Mem-I-56 and Mem-I-46) remains
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Fig. 5. Acid dialysis coefficients (U,,) and separation factor (S)
at different temperatures for H,SO 4/FeSO4 mixture.

advantageous for improving ion selectivity, hence they are
more desirable for practical usage. The acid transport mech-
anism can be specified to explain this phenomenon. Counter
ions (HSO,” or SO,*) are facilitated to transport through
the membrane by the presence of anion exchange groups
(-N*(CH,CH,),). For the preservation of electrical neutral-
ity, cations (H"or Fe?") should transport to the diffusate side.
The H' ions have higher competition in diffusion through
the sponge-like micropores than Fe?" ions because of their
smaller size, lower valence state and higher mobility. Hence,
they can preferentially be transported through Mem-I-56 and
Mem-1-46 [44].

3.7. Water osmosis

Water osmosis is a natural phenomenon that water mol-
ecules move from a low concentration solution into a high
concentration solution through a semipermeable membrane
[53]. In this study, the diffusate compartment is filled with
water and the dialysate compartment contains 0.9 mol/L
H,SO,/0.3 mol/L FeSO, at the beginning of DD running.
Hence, osmotic pressure is present to cause water osmosis.
Previous study [40] about DD of HCl/glyphosate liquor has
shown that water permeation is mainly caused by the dif-
ferent concentration of organic component across the mem-
brane, rather than HCl. Similarly, we can also assume that
the water osmosis in this work is mainly due to the presence
of high concentration metal salts in the dialysate compart-
ment, which can be further confirmed in subsequent section
3.8. Besides, the membranes contain hydrophilic quaternary
ammonium groups and have porous structure, which may
also accelerate the water permeation.

The water osmosis volume (Vy; o) with respect to tempera-
ture is illustrated in Fig. 6. Mem-D has the lowest IEC value
and dense structure and thus is more difficult to penetrate
ions than the porous membranes. Hence, the water osmosis
is difficult to occur, and V,, , is lower than 3 mL. The V,, , of
Mem-I-56 and Mem-I-46 is generally similar and increases
rapidly with the temperature. This may be related to the
membrane structure: Mem-I-56 has a higher IEC while Mem-
I-46 contains larger pore size at the top surface, both of which
are advantageous for water permeability. Hence, the water
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Fig. 6. Water osmosis volume (V,, ,) during DD of H,SO,/FeSO,
mixture with respect to the temperature.
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permeability is similar. Meanwhile, the hydrophilic polymer
chains can be swelled in water and their structure is loosened
and water adsorption is facilitated at higher temperature
[46]. Therefore, more water molecules are penetrated due to
the enhancement of ions penetration.

However, Mem-W-56 and Mem-W-46 with tear-like
pores have different change of water osmosis. The V,, , values
are less affected by temperature and even decrease at 45°C.
This can be attributed to the fact that Fe*" ions migration is
highly accelerated and the concentration difference of Fe?*
ions across the membranes is significantly reduced at higher
temperature, causing the osmotic pressure to weaken. For
example, at the end of experiment at 45°C, the concentration
difference across Mem-W-56 is as follows: the dialysate com-
partment contains 0.169 mol/L Fe*, while the diffusate com-
partment contains 0.141 mol/L Fe* at the end of DD running.
Obviously, the concentration difference of Fe*"ions between
the two compartments is decreased significantly, leading to
significantly decreased V,, , value at high temperature.

3.8. DD performance for pure acetic acid

HAc is a type of weak acid and thus is difficult to trans-
port through the membranes. Besides, HAc is corrosive and
hence the DD process of HAc is still rare in practical applica-
tion. Nevertheless, the P84 co-polyimide membranes showed
good resistance for DD process of HAc and remained intact
and flexible after running 4 d, each day running continuously
for 5 h. Here porous membrane Mem-I-46, due to its high
permeability and high selectivity, is attempted to transport
pure HAc solution (0.9 mol/L). The dialysis coefficient of
HAc (U,,, ) increases from 0.00239 to 0.0133 m/h as the tem-
perature increases from 15°C to 45°C, as shown in Fig. 7. The
higher temperature accelerates the Ac™ ion passage through
the porous membrane, and so more H* ion needs to be trans-
ported to the dialysate side to preserve the electrical neutral-
ity. Meanwhile, the V,, , is only ~3 mL, which is much lower
than those of previous H,5O,/FeSO, mixture, and is not obvi-
ously affected by temperature. This confirms our previous
assumption that the water permeation should be mainly
associated with the concentration difference of metal salts
rather than acids.

0.016 6
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‘Water osmosis volume (mL —_
0.012 (ml) Z =)
g
{4 3
- g
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~ 2
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= g
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Fig. 7. DD performance of Mem-I-46 for pure HAc solution,
including the dialysis coefficient of HAc (U,,) and water
osmosis volume (V,, ).

HAc:

In addition, Mem-I-46 maintains excellent flexibility at
the end of the experiment, indicating its higher stability than
the commercial membrane DF-120 which can be partly dis-
solved in HAc solution [27]. The U,,, is 0.00511 m/h at 25°C,
similar to the values (0.0034-0.0091 m/h) of the previously
reported polyvinyl alcohol (PVA)/SiO, hybrid AEMs [25].
Nevertheless, the hybrid AEM has PVA as the membrane
matrix, which is prone to high swelling and thus not suit-
able to be used at elevated temperatures. Hence, the U, of
Mem-1-46 is acceptable considering the usage of P84 matrix
of much more hydrophobic nature.

4. Conclusions

P84 co-polyimide porous AEMs are prepared by phase
inversion using IPA or water as the non-solvent, followed
by amination and quaternization. The membranes prepared
from IPA show a sponge-like structure while the membranes
prepared from water contain irregular big tear-like pores.
The membranes are stable in H,SO, solution, and have short-
term thermal stability higher than 200°C.

Porous membranes are then used in DD to separate
a mixture of H,SO, and FeSO, solution. The acid dialysis
coefficients (U,;) increase with the temperature. Membranes
with tear-like porous structures show higher U, than the
membranes with sponge-like porous structures. However,
sponge-like structure membranes show higher separation
factors (S) because of its multi-layered barricade to distin-
guish protons from multivalent ions. The dense membrane
gets the lowest U, of 0.00001-0.00012 m/h and hence is not
suitable for H,SO, recovery. The Mem-I-46 shows excellent
Uy, (0.0069 m/h) and maximum S (53.8) for H,SO, at 35°C and
exhibits U, , in the range of 0.00239-0.0133 m/h for pure HAc
solution. Meanwhile, the water osmosis phenomenon is obvi-
ous during DD of H,SO,/FeSO, solution and increases with
the temperature because of the osmosis pressure induced
by the concentration difference of Fe?* ions across the mem-
brane. The water osmosis for pure HAc is much less and
remains nearly unchanged (~3 mL) with temperature. On the
whole, the porous structure can reduce the transport resis-
tance through the membrane and are favorable for the recov-
ery of acids.
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