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USE OF NANOFILTRATION MEMBRANES
TO CONCENTRATE AND RECOVER LEACHED ALUMINUM
FROM ACIDIFIED WATER TREATMENT SLUDGE

The recovery of aluminum from water purification sludge is usually performed by making the
solution acidic or basic. However, for economic reasons and reasons of safety, excessive doses of acid
or base should not be utilized. Accordingly, the aluminum concentration in the leached solution is
typically limited, thus the recovered aluminum cannot be directly reused as a coagulant. A nanofiltra-
tion (NF) membrane can be used in the acidic solution to concentrate high-valence metal ions. There-
fore, in this work, H2SO4 was utilized to leach AI®* ions from water purification sludge. Then, the AI¥*
ion solution was concentrated using a low-price NF membrane. The effect of natural organic matter on
the AI®* ion concentrating efficiency in the filtration process has been elucidated. Experimental results
reveal that AI** ions were effectively prevented from passing through the NF membrane, enabling
a highly concentrated aluminum solution to be obtained. However, the presence of organic compounds
may reduce the efficiency of the concentration of AI3* ions in the solution.

1. INTRODUCTION

In the water treatment process, aluminum sulfate or polyaluminum chloride (PACI)
is generally used as a coagulant to react with particles to form precipitated sludge. The
coagulation process causes a large amount of aluminum hydroxide (Al(OH)s) which is
present in the sludge along with organic matter, silicon salts, metal ions and other metal
hydroxides. Therefore, many scholars have studied the recovery of aluminum from wa-
ter treatment sludge. The main methods of recovery fall into four categories such as
acidification, basification, membrane separation, and ion exchange [1].

Aluminum can be recovered from Al(OH); sludge because aluminum hydroxide can
dissolve in both acidic and basic solutions. In the method of acidic pH adjustment, inorganic
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acid is added to the alum sludge to leach AI** ions [2]. Panswad and Camnan [3] found that
when sulfuric acid was used in the recovery of aluminum at pH 1-3, the aluminum
recovery rate reached 70-90%. A lower pH enables more aluminum to be dissolved and
recovered from the sludge, but at increased cost and hazard. Additionally, acidified
sludge is hazardous. In the basic pH adjustment method of aluminum recovery, sodium
hydroxide or calcium hydroxide is typically utilized to leach AI(OH)4 ions. When pH
is adjusted to 11.2-11.8, a relatively high aluminum recovery rate is obtained [4]. How-
ever, in the basification process, the organic matter in the alum sludge easily dissolves
in a strongly alkaline solution, inhibiting the recovery of the aluminum. Therefore, most
related recent research involves acidic pH adjustment. Recovery of highly concentrated
aluminum ions depends on a large amount of both sludge and inorganic acid. Separating
solid from liquid in such mixed sludge is very costly [5]. Therefore, for economic rea-
sons, only aluminum ions at concentrations of several hundreds or thousands of mg/dm?
can be dissolved using the acidification method. This approach is still far from being
commercially viable.

The ion exchange method does not recover a high concentration of aluminum ions
[6]. Therefore, some membrane filtration methods have recently been used to recover
aluminum. Li and Sengupta [7] used composite ion exchange membranes to recover
Al** ions. First, a composite membrane is placed in contact with the acidified sludge for
selectively attracted aluminum ions from the acidified sludge. Second, the chelating ex-
changer of the composite membrane is regenerated by the desorption of the metal ions
in a stirred regeneration tank that contains acid. However, this method is somewhat
limited in the degree to which it can concentrate AI** ions. Additionally, the composite
ion exchange membrane has not yet been commercialized and is not extensively used.
Prakash and Sengupta [8] used an ion exchange membrane method based on the Donnan
effect to recover aluminum from water treatment sludge. Although they achieved ex-
tremely high recovery rates, in their experiment, a high concentration of acid solution
was used as the feed solution to increase the aluminum ion recovery rate. Moreover, the
membrane they used was extremely expensive.

A high flux of a solution can pass through a nanofiltration (NF) membrane at a rel-
atively low pressure; it can concentrate the target substance in a short period keeping
down operating costs [9, 10]. Donnan exclusion causes the NF membrane effectively to
catch high-valence metal ions [11]. Based on previous research, a NF membrane can be
used under extremely acidic conditions [12]. Therefore, NF membranes have recently
been used to treat wastewater that contains either organic or inorganic matter, including
for example, acidified wastewater from the metal industry [13-15]. NF membranes have
also been utilized to concentrate or recover metal ions from wastewater [16] and to re-
cover phosphorus from sewage sludge [17]. However, only a few researchers applied
NF membranes to recover the alum-sludge in the field [18]. Therefore, in this work,
a commercialized, low-priced NF membrane was used to concentrate aluminum ions
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from an acidified sludge solution. Filtration was used to concentrate the aluminum for
reuse.

In a membrane process, liquid is passed under elevated pressure through a NF mem-
brane [19]. In membrane filtration, the relationships among membrane flux, rejection
rate and osmotic pressure are expressed as the following equations [20]:

1dv
J=——o 1
A dt @

where Jv represents the membrane flux (dm3/(m?-h)), A is the area of the membrane that
is used for filtration (m?), V is the permeated liquid volume (dm®), and t is the filtration
time (h).

R, =100 (1—&] @)

B

where R;is the rejection rate, Cpis the concentration of the permeate, and Cg is the bulk
concentration.

7 =CuRT (3)

where 7 is the osmotic pressure (kPa), Cw is the sum of the aluminum concentration
(mole/dmd, which is calculated as aluminum concentration (mg/dm?)/27 000 (mg/mole))
and the total organic carbon concentration (mole/dm?, which is calculated as the total
organic carbon concentration (mg/dm?)/12 000 (mg/mole)), R is the ideal gas constant,
and T is the absolute temperature (K).

In this work, aluminum sludge was added to sulfuric acid solutions of various con-
centrations to dissolve the aluminum ions. After the sludge solid had settled, the super-
natants were extracted to be concentrated using the NF membrane. The parameters of
membrane flux, recovery concentration and osmotic pressure during filtration using the
NF membrane at various pressures were discussed. In the acidification process, the or-
ganic matter inside the sludge was also dissolved. Therefore, the effect of the organic
matter on the recovery of aluminum has been discussed.

2. EXPERIMENTAL

Preparation of water treatment sludge. The sludge sample was taken from the
sludge-drying bed of the water treatment plant of Ming-Der Dam, Miao-Li County, Tai-
wan. The sludge sample was dried at 105 °C, ground, and well mixed.



22 W.P. CHENG et al.

Membrane material and experimental equipment. All filtration experiments were
carried out in a tangential cross-flow mode with recirculation and continuous removal
of the permeate stream. The retained liquid (bulk) in the filtration process was continu-
ously circulated into the feed tank and the permeate liquid was collected in a 5 dm?® (PE)
bottle.

The NF membrane was an HL1812T (GE, USA). The membrane surface constituted
a three-dimensional cross-linked aromatic polyamide. The filtration area was 0.5 m2.
The tolerable pressure for membrane filtration was in the range 0.39-1.57 MPa. The
molecular weight cut-offs were 150 and 300 Da. The ultrafiltration (UF) membrane was
an FCS-DF50-2012 (Rum-Tech. Taiwan). The material of the UF membrane was poly-
vinylidenefluoride (PVDF). The filtration area was 0.5 m2. The allowed pressures for
membrane filtration were in the range 0.30-0.68 MPa. The molecular weight cutoff was
50 000 Da. Before a new membrane could be used, it was soaked in clean water for
24 h, before being flushed for 2 h with pressured water.

Experimental procedures. The first series of experiments were performed to deter-
mine the aluminum rejection rates of UF and NF membranes. An aluminum sulfate so-
lution of the concentration of 1000 mg AI**/dm®was prepared. In aluminum rejection
tests, this solution was filtered using filtration systems with UF and NF membranes. The
filtration pressure was set to 0.67 MPa. Then, the rejection rates in the UF and NF mem-
brane tests were compared.

The other series of experiments elucidated the relationships between the aluminum
concentration in the feed and that in the concentrated solution. To prepare the feed so-
lutions, aluminum sulfate solutions that contained 250, 1000 and 2000 mg Al®**/dm?
were prepared and their volumes were 20, 5 and 2.6 dm?, respectively. When the NF
membrane was used, the filtration pressure was set to 0.67 MPa. The aluminum con-
centrations of the feed were compared with those after filtration.

The operating pH for the NF membrane is suggested to be between 2 and 12, not
lower than 1.5 and not higher than 13. To prevent damage to the membrane due to ex-
tremely low pH, the effect of the concentration of sulfuric acid on the AI** leaching was
examined using a set of samples that had been prepared by adding 1000 cm?® of 0.05,
0.15, 0.25, 0.35 and 0.5 M sulfuric acid to 60 g sludge samples. After 3 h of mixing, the
samples were collected for analysis to determine pH and the amount of soluble AI®*. In
these experiments, a suitable condition was applied to conduct the NF membrane test.

The last series of experiments was performed to determine the effects of sludge
acidification, organic matter and filtration pressure on aluminum recovery in the NF
filtration tests. To examine the effect of acidification, the sludge that was used in the
tests was obtained from the water treatment plant of the Min-der reservoir. Three 300 g
samples of sludge were separately added into 5 dm? of 0.035, 0.05 and 0.15 M sulfuric
acid solutions, which were then stirred for 3 h. After settling, 4 dm? of the supernatant
of each sludge solution was separately filtered through the NF membrane under the
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pressure of 0.67 MPa. To study the effect of organic matter on aluminum recovery, the
above procedure was repeated to obtain 4 dm? of supernatant from a 0.05 M sulfuric
acid solution. Theoretically, this supernatant contained organic matter in solution. After
the aluminum concentration of the supernatant was determined, a solution with the same
aluminum concentration was prepared by adding aluminum sulfate to 4 dm? acid solu-
tion (0.05 M sulfuric acid). The supernatants and aluminum sulfate solution were sepa-
rately filtered through the NF membrane under the pressure of 0.67 MPa. To examine
the effect of pressure, another series of experiments were performed under the filtration
pressure of 1.47 MPa. 6 dm?® of supernatant solutions were prepared by adding 420 g
sludge to 0.15 and 0.25 M sulfuric acid solutions, whose final total volumes were 7 dm?®,

In the above experiments, a series of solution samples were collected at regular in-
tervals, filtered and analyzed by the atomic absorption spectrometry method (Z-5000
Hitachi Co., Japan) to determine the aluminum concentrations. A total organic carbon
analyzer (Model: Tekmar Phoenix 8000) was used to determine the concentration of
organic matter in each sample.

3. RESULTS AND DISCUSSION
3.1. ALUMINUM REJECTION RATES OF UF AND NF MEMBRANES

Both UF and NF membrane tests were performed to determine the preferred alumi-
num recovery method. The experimental results indicated that the flux through the
UF membrane was higher than that through the NF membrane because the pores of the
UF membrane were larger. The permeate aluminum concentration obtained using the
NF membrane was 36.4 mg/dm?® whereas that obtained using the UF membrane was
939.3 mg/dm?3. According to Eq. (2), the rejection rate in the NF membrane test was
96% and that in the UF membrane test was 14%. This result reveals that the NF mem-
brane effectively intercepts and concentrates multi-valence aluminum ions.

3.2. RELATIONSHIP BETWEEN THE CONCENTRATION OF FEED
AND CONCENTRATION OF CONCENTRATE

In sludge acidification, the concentration of the dissolved aluminum varies with the
acidity of the solution used. The permeate flux, cumulative volume of the permeate so-
lution and osmotic pressure (calculated using Eq. (3)) depend on time (Figs. 1, 2). When
the permeate flux was close to 1 dm*/m?h, the osmotic pressure of the solution exceeded
the operating pressure of the pump. In this stage, the change in the cumulative volume
of the solution that passed through the membrane is very limited (Fig. 1, and the con-
centrating process is terminated. The data in Fig. 3 reveal that the final concentrations
of aluminum from the three feeding solutions reached approximately 8000 mg/dm?.
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Therefore, independently of the initial feeding concentration, a pressure of 0.67 MPa
recovered aluminum at a concentration of close to 8000 mg/dm?3. These results reveal
that when the concentrating process is performed in pure aluminum solution, increasing
the initial feed concentration does not alter the final concentration of aluminum in the
concentrate.
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Fig. 2. Osmotic pressure in the aluminum concentration process
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ON THE CONCENTRATION OF ALUMINUM IN SOLUTION OF THE CONCENTRATE

3.3. EFFECT OF ORGANIC MATTER

Two solutions were prepared from acidified sludge and pure aluminum sulfate. The
sludge-acidified solution contained 1017 mg/dm? aluminum, thus the aluminum con-
centration of the pure aluminum sulfate solution was also adjusted to 1017 mg/dm?.

These two solutions were separately used in NF membrane filtration experiments.
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Although the final cumulative volumes of permeate solution were equal, the perme-
ate flux (membrane flux) of the aluminum sulfate solution exceeded that of the acidified
sludge solution (Fig. 4). This means that organic matter in aluminum solutions may
reduce the membrane flux and increase the filtration time.
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Fig. 5. Aluminum and TOC concentrations in the aluminum recovery process

The final aluminum concentration in the aluminum sulfate solution was 8037 mg/dm?.
while its concentration in the acidified sludge solution was 6523 mg/dm? (Fig. 5). The-
oretically, the concentrations of aluminum in both solutions should be equal because
these two solutions had the same residual volumes after filtration. However, organic
matter was dissolved as the sludge was acidified.

The concentration of organic matter increased from 150.8 mg/dm? to 876.8 mg/dm?
during filtration through the NF membrane. In the filtration process, the complexation
of metal ion species with humic substances caused some of the aluminum to combine
with organic matter and then be deposited on the membrane surface or in the pores of
the membrane [21-23]. For this reason, the concentration of aluminum recovered from
the acidified sludge solution was lower than that in the aluminum sulfate solution. In
the acidification process, the dissolved organic matter may influence the efficiency of
the concentration of aluminum concentrate. Therefore, the difference between the alu-
minum concentrations in those two solutions exceeds the difference between membrane
fluxes (Figs. 4, 5). Additionally, as the filtration time increased, the higher concentration
of organic matter corresponded to a larger difference between the aluminum concentra-
tions in these two solutions.
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3.4. EFFECT OF SLUDGE ACIDIFICATION
ON THE CONCENTRATION OF ALUMINUM IN CONCENTRATE SOLUTION

High recovery of aluminum can be obtained by adding a large amount of sludge in
acidic solution, but so doing causes difficulty in separating solids from the solution.
Therefore, for economic reasons and convenience, the dose of sludge added to the acidic
solution is not overly high. In contrast, in the sludge acidification process, adding more
sulfuric acid dissolves more aluminum ions. To study the relationship between the dis-
solved aluminum concentration and the sulfuric acid dosage, five 60 g samples of sludge
were separately added to 1 dm? sulfuric acid solutions of different concentration.
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Fig. 6. Aluminum concentration and pH vs. sulfuric acid concentration

For the 0.05 M sulfuric acid, the aluminum concentration was 982.1 mg/dm?, for
0.15 M sulfuric acid, it was 2.66 times higher, equaling 2612 mg/dm? (Fig. 6). Increas-
ing the concentration of sulfuric acid above 0.15 mol/dm? only slightly increased the
aluminum concentration. This result indicates that when the solution pH was adjusted
to a low value, the outer layer of the sludge particles, which was solid Al(OH)s, reacted
with H* ions, dissolving the aluminum ions. The core of the Al(OH)s-containing sludge
gradually decreased, causing the inert diffusion layer (formed from SiO; and Al,O3 in
the sludge) to dominate the reaction. Even increasing the concentration of H* ions did
not enable the inner solid layer of AI(OH)s to dissolve easily [24]. Therefore, for eco-
nomic reasons and to provide the best pH for use of the NF membrane which is sug-
gested to be between 2 and 12, the minimum pH should not be lower than 1.5. Hence,
in this work, the concentration of the sulfuric acid used in sludge acidification was
0.15 mol/dm?®. When the aluminum-dissolving reaction of 60 g/dm? sludge solution was
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stabilized, pH was 2.2 (Fig. 6). This acidified sludge solution was used in the following
experiments so that the results could be compared with each other.
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Based on the experimental results, three samples of sludge were added to 5 dm? of
sulfuric acid solution of the concentrations of 0.035, 0.050 and 0.150 mol/dm?®. After
3 h of mixing, the measured pH values were 2.9, 2.6 and 2.2, respectively. After solid
~liquid separation, 4 dm? of the supernatant solution was used to examine the effect of
pH on the filtration process under the pressure of 0.67 MPa. In 0.035 M sulfuric acid
solution, the concentrations of both organic matter and aluminum were relatively low
in the initial filtration stage (Fig. 7).

In such a low-concentration solution, the osmotic pressure is low so that the mem-
brane fluxes are relatively high. When the solution was filtered for 25 min, the cumula-
tive volume of the obtained permeate solution exceeded 3.6 dm®. The volume of the
remaining feed solution became too small to be filtered. In contrast, when the osmotic
pressure exceeded the operational pressure of 0.67 MPa, the membrane fluxes of the
0.05 and 0.15 M sulfuric acid solutions decreased below 1 dm?/(m?-h) so the cumulative
volume of the permeate solution almost stopped increasing (Figs. 7, 8).
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Fig. 9. Time dependence of the concentration of organic matter
in the filtration process (operational pressure of 0.67 MPa)

The data in Figs. 9 and 10 reveal that the initial concentrations of the dissolved
organic matter and the aluminum increased upon increasing the concentration of sulfuric
acid. Therefore, according to Fig. 7, the membrane flux of the 0.05 M solutions was
much higher than that of the 0.15 MN solution. The data in Figure 7 also reveal that the
filtrating velocity of the 0.15 M solution exceeded that of the 0.15 M solution and the
change in the membrane flux of the 0.05 M solution was rapid.



30 W.P. CHENG et al.

The change in the permeate volume of the 0.05 M solution was rapid, thus the
changes in concentrations of both organic matter and aluminum ions were also rapid
(Figs. 9, 10). Therefore, after 30 min of filtration, about 0.5 dm?® and 2.0 dm? of the
0.05 M and 0.15 M solutions remained. Further filtration of the 0.05 M solution only
slightly increased the permeate volume but a large increase in the concentrations of alu-
minum and organic matter in the solution thus obtained. Consequently, the data in
Figs. 9 and 10 indicate that the concentrations of both organic matter and aluminum ions
in the 0.05 M solutions exceeded those in the 0.15 M solutions after 30 min of filtration.
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Fig. 10. Time dependence of the aluminum ion concentration
in the filtration process (operational pressures 0.67 or 1.47 MPa)

The initial aluminum concentration in the 0.05 M solution is clearly lower than that
in the 0.15 M solution (Fig. 10). However, after 40 min of filtration, the aluminum con-
centration in the 0.05 M solutions was 6523 mg/dm?, whereas concentrating the alumi-
num ions in the 0.15 M solution to over 6000 mg/dm? takes 60 min (0.67 MPa). The
initial concentrations of organic matter and aluminum in the 0.15 M solution exceed
that in the 0.05 M solution. Therefore, the membrane flux of 0.05 M solution exceeds
that of 0.15 M solutions, and the filtration time of the 0.05 M solution is shorter than
that of the 0.15 M solution. In spite of this fact, the final aluminum concentration in the
0.15 M solution is close to that in the 0.05 M solution but in the 0.15 M solution the
cumulative volume of the permeate solution was lower and the volume of the remaining
concentrated solution — higher (Figs. 7, 10). This means that the 0.15 M sulfuric acid
solution not only has the optimal pH but also may yield the highest amount of aluminum
in the concentrate when an NF membrane is used in the filtration process.
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3.5. EFFECTS OF SLUDGE ACIDIFICATION ON THE CONCENTRATION OF ALUMINUM IN
CONCENTRATE UNDER ELEVATED PRESSURE

In the examination of the effect of sludge acidification on the concentration of alumi-
num, 0.15 and 0.25 M solutions were used under the operational pressure of 1.47 MPa. The
final concentration of aluminum ions obtained under the pressure of 1.47 MPa was
higher than that under 0.67 MPa. Increasing the operation pressure was found to in-
crease the efficiency of concentration of aluminum. However, the data in Fig. 10 also
show that the final concentration of aluminum in the 0.25 M solution was lower than
that in the 0.15 M solution. Increasing the concentration of the sulfuric acid above
0.15 M only slightly increased the initial concentration of dissolved aluminum but ob-
viously increased the initial concentration of organic matter. Therefore, when an NF
membrane was used to concentrate the aluminum solution, adding an excess of acid to
the sludge solution did not necessarily increase the concentration of the aluminum in
the concentrate solution.

4. CONCLUSIONS

o The NF membrane effectively concentrated aluminum. However, the organic mat-
ter from the sludge may have reduced the concentration of the recovered aluminum.

¢ Increasing the concentration of sulfuric acid above a certain value only gradually
increased the concentration of the dissolved aluminum. However, when the NF mem-
brane was used to concentrate the aluminum, the required dosage of the sulfuric acid
could be reduced and the aluminum concentration increased.

o In the NF membrane filtration experiment, increasing the operating pressure in-
creased the aluminum recovery rate.

o Organic matter that was dissolved during the acidification process might reduce
the final concentration of aluminum in the NF membrane filtration test. Adding too
much acid reduced the final concentration of aluminum.
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