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Study on the Treatment of Industrial Wastewater
Containing Pb>* Ton Using a Coupling Process of
Polymer Complexation-Ultrafiltration

Yong-Feng Zhang and Zhen-Liang Xu™

Chemical Engineering Research Center, East China University
of Science and Technology, Shanghai, P.R. China

ABSTRACT

A batch complexation-ultrafiltration coupling process was studied at the
laboratory level for pollutant removal and wastewater reuse from
industrial wastewater containing lead (Pb>") ion. This process was used
to concentrate and recover lead from acetate solution and to reuse the
wastewater. Pb>" ion was so small that it could not be retained by
ultrafiltration membrane, which was a polyvinyl chloride (PVC) hollow
fiber membrane with the molecular weight cut-off of 50,000. Therefore,
Pb>" ion was first complexed with a water-soluble macroligand
(polyacrylic acid) and then it was removed. Effects of loading ratio (L),
pH value, operating pressure (AP), volume concentration factor (VCF),
and tangential linear velocity (V) across the membranes on the rejection
(R) and permeate flux (J) were investigated. At better operating
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conditions (pH=7.15,L=1, AP=200Kpa and V;, = 0.6m-s™"),
the rejection of Pb>" jon was more than 99.98%, whereas the smallest
permeate flux was 38 L/m’hr. Besides, the permeate water could be
reused under better operating conditions.

Key Words: Ultrafiltration membrane; Polyacrylic acid; Lead ion;
Pollutant removal; Wastewater reuse.

INTRODUCTION

Lead is recognized as one of the serious environment contaminants
because of its high toxicity, accumulation, and retention in the human body. It
is a cumulative toxicant causing chronic poisoning. The pollution sources of
lead are industrial activities such as battery industry, pigments, and
metallurgical industries. For these reasons, the environmental regulation is
becoming increasingly strict. For instance, the maximum permissible level in
treated wastewater is 1.0 mg/L in China. In addition to stricter standards, there
is an increasing emphasis by industry to stop storing its waste in certified
discharges. There are currently numerous effective processes for the
purification of small volumes of solution without forming metallic hydroxide
sludge. The primary objective of these processes is to obtain a waste product
with a content that will be lower than the maximum limit imposed by the
current standard. Among these processes, they are electrolysis, ion exchange
resins, cementation, and others. Each of these techniques can used only be
within a given concentration range, and thus far none can treat large volumes
of effluents containing low concentrations of metal ions to recover and
upgrade the metal. The coupling process described in this article should allow
this objective to be reached. Ultrafiltration (UF), which is a membrane
technology used to separate and concentrate species of high molecular weight
present in the solution, is not able to removal ionic species such as metallic
ions. In this coupling process, a fixation of these ions on macromolecular
species is performed to increase their molecular weight. These compounds,
which then become bigger than the pore sizes of the selected membrane, can
be retained and flow out in the retentate, whereas water of permeate is then
purified from heavy metals. Consequently, the process is consisted of two
steps: (1) complexation of a metal ion by a macroligand and (2) ultrafiltration
of the complex.

Some attempts at these processes had already been undertaken.
Ruey-Shin and Chwei-Huamm demonstrated that it was possible to fix Cu*"

[1-3]
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and Zn>" using ultrafiltration by complexing them with weakly basic water-
soluble polymers.'* Sanli and Asman tried also to remove Fe’" by using
polymer alginic acid.””! It had also been demonstrated by Juang and Liang that
copper and zinc solution could be concentrated using polyacrylic acid
(PAA).' But all membranes used in these processes were flat modules.

The goal of this case was to treat the wastewater containing Pb>" to reuse
the wastewater and recovery the heavy metal. Using phase inversion, hollow
fiber membranes were spun from polyvinyl chloride (PVC)."”! The
physicochemical and operation conditions, such as the concentration of the
macroligand, pH value of the aqueous solution, operating pressure, volume
concentration factor, and tangential linear velocity across the membranes,
were determined. Simulated wastewater containing Pb>" was prepared by
placing a predetermined amount of its metal salts in the solution. Their
concentrations were 100 mg/L, which set a typical effluent concentration for
the production of lead-acid secondary battery wastewater.

THEORY AND DEFINITION

In this process, the first step was to find the best physicochemical
conditions of complexation by macroligand of species to be captured by
membrane.'®! The formation of a metallic complex, ML,, is as follows:

M + xL < ML, (D
Where M is metal ion and L is a macroligand. The stability constant (K,) is:

_ [ML,]

= ] 2
[M][L}* @

Eq. (2) is dependent on pH, because M acts as a weak acid, macroligand L
acts as a weak base, and ML, is sometimes amphoteric. The efficiency of UF
process to retain a specific component is mainly characterized by the rejection
(R), defined as:

G

R=1-2L
Cy

3)
Where C, is the concentration of the components in the permeate and Cy is
the concentration of the components in the retentate. The rejection (R)
depends on the macroligand-membrane pair (i.e., molecular weight of
macroligand and molecular weight cut-off of PVC hollow fiber membrane)
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and physicochemical conditions. With fixed conditions, rejection is bound to
permeate and retentate concentrations.

An index called volumetric concentration factor (VCF) is used to
determine how many times the feed concentration has been concentrated. VCF
is defined as

Vo

F=22 4
vC v 4)

Where V, and V, are the volume of initial and retentate, respectively.

EXPERIMENTAL
Materials

Polyacrylic acid, with an average molecular weight of 100 000 Da, and
lead acetate (Pb(CH5COO),) were chemical reagents used in the experiments.
Besides, the polyacrylic acid must be prefiltered before use to eliminate from
the solution the smaller molecular weight macromolecules, which can go
through the membrane. This pretreatment of polymer solution was carried out
by the cycle of operations comprising a filtration step followed by a dilution of
the retentate obtain a polymer rejection level stabilized at approximately 98%.
The UF membrane was a PVC hollow fiber membrane type having an
effective area of 0.0042 m* and molecular weight cut-off of 50 000 Da.!”’

Apparatus

A laboratory-scale membrane apparatus shown in Fig. 1 was employed.'!
Flow rates of the feed-solution and UF operating pressure were controlled by
the means of back-pressure valve and other valves on the bypass line around a
centrifugal pump. To determine the circulation rate of the feed solution, a flow
meter was mounted on the feed line. The system was also equipped with a pH-
meter for pH control.

UF Experiments
Feed solution at 100mg/L Pb*" jon concentration and desired PAA

concentrations were prepared and stirred at about 200 rpm for 1 hour before
the UF experiments. Experiments with longer mixing time demonstrated that
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Figure 1. Schematic diagram of a batch complexation-ultrafiltration coupling
process.

1 hour was sufficient to reach the complexation equilibrium. Deionlized water
was circulated to wash the system before and after each run. Both retentate and
permeate solutions were returned to the feed vessel to keep the concentration
of the feed solution constant throughout the UF experiments. At certain time
intervals, permeate flow rate was measured and samples from the permeate
and feed were determined for their Pb>* ion concentrations. And the pH was
adjusted with HNO; and NaOH solutions and was continuously monitored
during each run.

Analysis

Pb>" ion concentration of the feed and permeate solution were
determined by atomic absorption spectroscopy (Philips PU9200X).

RESULTS AND DISCUSSION

Effects of pH Values and Loading Rations on the
Physicochemical Conditions

Generally, the formation of a metallic complex with a ligand is pH
dependent. Therefore, the rejection coefficient of Pb>* ions in the absence
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and presence of PAA as a function of pH is shown in Fig. 2. It is evident
that the free Pb>" ions can completely pass through the membrane at a pH
below 5.0 but are almost completely retained at pH higher than 9.0
because of the precipitation of the metal hydroxide. In addition, a small
rejection is observed between pH = 3 and 9, which may be the formation
of soluble metal hydroxyl complexes in the aqueous phase.!'”’ Although
the sizes of soluble metal hydroxy complexes are much smaller than those
of the pore sizes of the PVC hollow fiber membranes, the non-zero
rejection can presumably partly be attributed to the presence of some
small-size pores in the PVC hollow fiber membranes. As seen in Fig. 2,
the rejection coefficient is higher in the presence of PAA than in the
absence of PAA. This may imply that the metal ions can be complexed
with the negatively charged PAA in the presence of PAA.

To determine the binding capacity of PAA for lead and to increase our
understanding of complexation and resultant separation, effect of metal
loading L on rejection ratio was studied in detail. The R values obtained at
different L values are plotted in Fig. 3. It is seen that R stays almost constant at
a value very close to 100 until L becomes 1 kg of lead per kg of PAA. In other
words, a flat plateau is observed between very low values and the critical value
of Lis 1. Hence, a capacity of 1 kg of PAA can be accepted as 1 kg of lead ion
for practical purposes.

It is generally accepted that chemical binding between divalent metal ions
and some well-defined groups on macromolecular chains, such as
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Figure 2. Effect of pH on the rejection rate in the absence and presence of PAA.
AP =200KPa; V, =0.6m/s; L = 1.
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Figure 3. Effects of loading ratio on retention. AP = 200 KPa; V; = 0.6 m/s; pH =
7.15.

the carboxylate groups on PAA, does take place.'! ~'*! The number of PAA
ligands participating in the complex formation has been suggested to be either
two carboxylate groups,!'*~'®! or more than two, depending on the conditions.
Constant R value, even at very low loading ratio (L) values obtained in this
study, indicated that there was the equilibrium between free lead ions and
PAA molecules and complexes formed. The addition of excess polymer did
not increase the amount of lead complexed. Hence, it can be concluded that at
low lead concentrations, lead ions almost completely bind to the PAA
molecules. As the lead concentration is increased, a critical ratio is reached at
which all the available sites of PAA are filled. Because the R value stays
constant until the critical L, there is an opportunity of obtaining very high
retention at polymer concentrations over a wide range of loading values.
When L > 1,excess lead ions cannot be complexed with PAA and they
pass through the membrane. This brings a linear decrease in retention. At very
high L values, R does not become zero but approaches a limiting value. This
may be due to the membrane itself that also retains parts of the free lead ions.

Effects of Operating Pressures, PAA Concentrations, V;, Time, and
VCF on the Rejection and Permeate Flux

Variation of permeate fluxes are given in Fig. 4 as a function of operating
pressure for pure water and for different concentrations of PAA. In all cases,
an increase of operating pressure leads to an almost linear increase of
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Figure 4. Effects of operating pressure on the permeate flux. V, = 0.6m/s; pH =
7.15.

the permeate flux. The comparison of the different curves shows that the
permeate flux is strongly lowered from pure water to water with macroligand
for a given pressure. But when water contains larger PAA concentration, the
decrease of the permeate flux for a given pressure is not so important. It
indicates that concentration polarization effects are not dominant for the
polymer range studied.

The effect of the tangential linear velocity across the membrane on the
permeate flux and rejection rate at a constant loading ratio (L = 1) is shown in
Fig. 5. It is evident that the permeate flux and rejection rate is almost constant
at different flow rates. It can be concluded that the Pb®" complexed with the
PAA is stable, so the rejection rate don’t change with the tangential linear
velocity across the membrane. On the other hand, it is illustrated that there is a
linear relationship between the permeate flux and the operating pressure in
Fig. 4. Based on the linear relationship between the permeate flux and the
operating pressure, the permeate flux can be expressed as a product of the
permeability constant and the operating pressure giving a permeability
constant of 7.8 X 10~ *m?*/m*h-kPa, which demonstrate the superiority of the
PVC hollow fiber membranes in the use of this coupling process.

Another factor influencing the permeate flux is time, especially as a
consequence of membrane fouling. In the experimental conditions, the
variation of permeate flux is measured during 6 hours (Fig. 6). It appears that
after an important decrease at the beginning of the experiment, the permeate
flux seems to be constant from 4 to 6 hours. It is concluded that there is no
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Figure 5. Effect of the tangential linear velocity on permeate flux and retention.
AP =200KPa; L = 1; pH = 7.15.

increase of membrane fouling under the given experimental conditions after 4
hours.

To upgrade and concentrate the metal for recovery, the Pb>* ion solution
should be concentrated to a suitable degree. In this step, the permeate solution
was extracted out. Experimental results are presented in Fig. 7, which shows

250
200 T
u [ ] L ] u n
o [}
E 150 ~ .
= \.
= 100 ® ®
50 —m— pure water
—o—L=1
0 T T T T T
0 1 2 3 4 5 6
Time (hours)

Figure 6. Effect of time on the permeate flux. AP = 200KPa; V, = 0.6 m/s; pH =
7.15.
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Figure 7. Effect of VCF on the permeate flux and R. AP = 200KPa; V, = 0.6 m/s;
L=1;pH="17.15.

a decrease in the flow rate of the permeate solution throughout the filtration,
but the rejection rate is almost constant. During the filtration of the Pb®" ion
solution in the presence of PAA, the macromolecular species become more
concentrated and the viscosity of the solution increases, which leads to the
reducing of the flow rate of the permeate. Knowing the rejection of the Pb**-
polymer complex by the membrane, the solute concentrates (C, in the initial
solution, C, in the retentate, and C, in the permeate), the rejection R and
the volume concentration factor are related by:

Co

C =TT RAVCF = 1) ®)

Under the given experimental conditions, Cy is 100 mg/L. At the end of
the concentration, the lead content of the retentate is 1000 mg/L, which
corresponds to a volume concentration factor close to 10. Lead can be
reclaimed using other method (for example, electrolysis) because it had also
been concentrated. Corresponding, lead concentration in the permeate is only
0.2 mg/L, which is lower than the discharge content of the standard in China.
And it can be reused in the process of the lead-acid battery production as the
washing water. It also can be seen in Fig. 7 that the flow rate of the permeate
become very low at the volume concentration factor of 10. Furthermore, the
concentration in the permeate is then close to the maximum value fixed by the
acceptable waste level standard. From a practical point of view, the volume
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concentration factor should not exceed 10. Under these condition, R and the
permeate flux are 99.98% and 38 L/m*h, respectively.

CONCLUSION

The complexation-UF coupling process was a promising technique
applied to the treatment of effluents containing heavy metals such as lead.
After fixing the better physicochemical conditions (pH = 7.15, L = 1) and
the best hydrodynamic conditions (AP = 200 KPa, V; = 0.6 ms™!) a constant
R of 99.98% was obtained until the VCF was up to 10. Rejection of lead was
dependent on the lead-to-PAA ratio and pH value rather than other factors,
such as VCF, V;, and time. Under certain lead-to-PAA ratio, the pH value is
the decisive phys-chemical condition on the rejection, whereas the pH > 6,
the rejection is almost 100%, but pH < 6, the rejection is decreased strongly.
The permeate flux increased linearly with UF operating pressure. Before
developing a practical process, the heavy metal concentration in the retentate
must be taken into account (i.e., first to separate heavy metal ions from the
waste water; second to reuse the macroligand and to recovery the metals).
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