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Abstract: Copolymer of maleic acid and acrylic acid (PMA-100), combining with polyvinyl butyral (PVB) ultrafiltration membrane
was used for the removal of Mn(Il) from waste water by complexation—ultrafiltration. The carboxylic group content of PMA-100 and
the rate of complexation reaction were measured. Effects of the mass ratio of PMA-100 to Mn(II) (n), pH, background electrolyte, etc
on the rejection rate (R) and permeate flux (J) were investigated. The results show that carboxylic group content of PMA-100 is 9.5
mmol/g. The complexation of Mn(Il) with PMA-100 is rapid and completed within 5 min at pH 6.0. Both R and J increase with pH
increasing in the range of 2.5-7.0, and R increases with the increase of n at pH 6.0 while J is little affected. The background
electrolyte leads to the decrease of R, and CaCl, has much greater effect on R than NaCl at the same ionic strength.
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1 Introduction

Manganese is a common contaminant of mine water
and other waste waters, and it can gradually be oxidized
to insoluble manganic dioxide causing several problems
such as water discoloration, metallic taste, odor, turbidity,
biofouling and corrosion, staining of laundry. Most
common methods to remove Mn(II) are oxidation and
precipitation [1,2]. Complexation—ultrafiltration, also
described as polymer enhanced ultrafiltration (PEUF) or
polymer assisted ultrafiltration (PAUF), is one of the
most promising methods in treatment of the wastewater
containing heavy metals with significant advantages, like
low-energy requirements, high removal efficiency and
high selectivity of separation if selective bonding agents
are applied [3,4]. In that process, the metals are firstly
bound to polymers to form macromolecular complex and
rejected by membrane, whereas unbound metals pass
through the membrane [5].

Complexation—ultrafiltration process has been
successfully used for the treatment of wastewater
containing kinds of metal ions such as Co®" [3,4], Pb*"

[4], Cu*'[3,5,6], Cd*" [7], Zn**, Ni*' [8,9] and Hg”" [10].
The selection of water soluble polymer is of significance
in complexation—ultrafiltration process, and the natural
character directly decides the efficiency of combination
with target metal ions and the operation conditions
required. In the previous studies, polyethyleneimine
(PEI) [5,9—11] and polyacrylic acid (in its sodium PAAS
or hydrogen form PAA) [8,9, 12] were most widely used.
Copolymer of maleic acid and acrylic acid (PMA-100), a
copolymer made of maleic acid and acrylic acid with
abundant carboxyl functional groups, as shown in Fig. 1,
can be used as complexing agent in complexation—
ultrafiltration process [13], but has not been deeply
studied as water-soluble polymer in complexation—
ultrafiltration process. The high content of the carboxyl
group is a significant feature and possibly corresponding
to a high capacity of binding metal ions [6,14].
Complexation—ultrafiltration was firstly used for the
removal of manganese from simulated waste water by
using copolymer of maleic acid and acrylic acid
(PMA-100) and polyvinyl butyral (PVB) hollow fiber
ultrafiltration membrane. Acid—base property of the
polymer was analyzed by potentiometric and
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Fig. 1 Structure of PMA-100

conductimetric titrations, and the effects of polymer/
metal ratio and pH etc on both rejection rate and
permeate flux were studied. In addition, a comparative
study of sodium chloride and calcium chloride on the
effect of removal rate of manganese was also carried out.

2 Experimental

2.1 Chemicals and membrane

Copolymer of maleic acid and acrylic acid
(PMA-100), with the relative molecular mass 50 kDa,
supplied by Shenyang Xingqi Daily Chemicals Plant
(China), was previously pretreated to eliminate the small
molecular mass fractions. MnSO4H,O was used as
sources of Mn?". The pH of solution was adjusted by
adding hydrochloric acid (0.1 mol/L) or sodium
hydroxide (0.1 mol/L). All the solutions in the
experiment were prepared with deionized water.

Polyvinyl butyral (PVB) hollow fiber membrane
was produced via thermally induced phase separation
method [15] and its main parameters are listed in
Table 1.

Table 1 Main parameters of PVB hollow fiber ultrafiltration

membrane
MWCO/kDa  Area/m?> Opt51de/1ns1de Length/
diameter/mm mm
20 0.31 1.10/0.64 258

2.2 Ultrafiltration experiment

The UF experiment in laboratory-scale was carried
out with the apparatus shown in Fig. 2. An initial feed of
2.5 L was introduced to the feed tank and was circulated
through the apparatus. Flow rate of 40 L/h and operative
pressure of 40 kPa were controlled. The temperature was
kept at 27 °C with the help of thermostatic water batch.
In the total recirculation process, both the permeate and
retentate stream were returned to the feed tank so that the
concentration of feed was constant. The sample of
permeate was taken for analysis.

The concentration of the permeate was analyzed by
atomic absorption spectroscopy (Shi-Madzu AA-670)
and the permeate flux was measured by weighing the
permeate volume produced in a certain quantity of time.
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Fig. 2 Scheme of experimental apparatus: 1—Feed tank with a
thermostatic bath; 2—Stirrer; 3—Pump; 4—Flow meter;
5,6—Mercury pressure meter; 7—Hollow fiber ultrafiltration

membrane

2.3 Measurement of concentration of carboxylic

group

15.0 mg of PMA-100 was precisely weighed and
dispersed in 250 mL of deionized water (final
concentration was 60 mg/L), and 0.1 mol/L HCI was
added in the beginning of the experiment to lower the pH
to approximately 3. Titrations were carried out by
stepwise addition of 0.25 mL of 0.1 mol/L NaOH
(standardized by potassium acid phthalate) to the flask
placed in thermostated cell (27 °C) while the suspension
was stirred under a nitrogen atmosphere. The
conductivity was measured using a conductivity meter
(DDS-11A, Lei-Ci) and pH of solution was recorded
with a pH meter (PHS—3C, from Shanghai Precision &
Scientific Instrument Co. Ltd, China). Conductivity and
pH values were recorded after stabilization. The
concentration of the carboxylic group can be calculated
by

Gy, coon =cV /my ey

where C,coon is the content of carboxylic group
(mmol/g); ¢ is the molar concentration of NaOH added
into the titration system (mol/L); V is the titrant volume
up to equivalence point (mL); m, is the mass of the

polymer (g).
3 Results and discussion

3.1 Potentiometric and conductimetric titrations of

polymer

The titration curves are shown in Fig. 3(a).
Conductivity initially decreases sharply due to the
neutralization of free protons coming from hydrochloric
acid while solution pH slowly increases because of
consumption of hydrochloric acid. When all of
hydrochloric acid is neutralized, the weak acidic
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group-carboxyl group begins to dissociate and the
plateau is observed. During the transitional stage, pH
increases sharply with the addition of sodium hydrate,
even though weak acid group exists which can hardly
change the trend. After the neutralization of weak acids,
conductivity begins to increase sharply while the
increase of pH becomes rather softly as a result of the
excess of sodium hydroxide.
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Fig. 3 Titrations of PMA-100 (a) and degree of deprotonation
of PMA-100 vs pH (b)

Titration curves provide ways to estimate the
concentration of the carboxylic group which is 9.5
mmol/g. The degree of deprotonation of carboxylic
group, defined as the number of neutralized acrylic acid
functional groups over the total number of functional
groups, as a function of solution pH was plotted in
Fig. 3(b). It is shown that the degree of deprotonation at
a given polymer concentration (60 mg/L) increases with
increasing the pH of solution. When the pH is higher
than 3.8, the carboxyl groups begin to ionize and
negatively charged. At pH 9.2, all carboxyl groups are
ionized.

3.2 Total recirculation process
3.2.1 Rate of Mn(II) complexation

The complexation rate was investigated at pH=6.0
and the mass ratio of PMA-100 to Mn(Il) of 6, where

Punan 18 the mass concentration in the permeate, mg/L.
From Fig. 4, it is found that the mass fraction of Mn(II)
in the permeate rapidly decreases, and keeps constant
after 5 min with a residual mass fraction below 0.1 mg/L.
However, 30 min was proposed for each experiment,
because the steady-state of permeate flux was also
considered, which was attained in 30 min proved in the
following experiments.
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Fig. 4 Change of mass concentration of Mn(Il) in permeate
with time

The complexation reaction between the Mn®" and
PMA-100 can be explained as follows: PMA-100 will
dissociate in aqueous solution, and the solution is acidic,
as shown in reaction (1). This can also be seen in
Fig. 3(a). As pH increases, the degree of deprotonation of
carboxylic group increases, as shown in Fig. 3(b), and
more ionized carboxylic groups are available to bind
Mn?*, as shown in reaction (2).

—CH,—COOH==[—CH,—COO] +H" (1)
2[—CH,—COO] +Mn*'==[—CH,—COO],Mn  (2)

3.2.2 Effect of pH

The effects of pH on rejection rate (R) of Mn(II) and
permeate flux (J) at different mass ratios are shown in
Figs. 5 and 6. It is observed that pH significantly affects
R. When pH varies from 2.5 to 7.0, R increases from
10% to almost 100% for mass ratio 8 and 2% to 80% for
mass ratio 2. In the pH range of 2.5 to 3.0, R is low and
increases very slightly. This result could be explained by
Fig. 3(b), when pH is lower than 3.8, all sites of
polymer-carboxylic groups are protonated (—COOH),
and metal—polymer complexes could be hardly formed.
At pH 3.8, the carboxylic groups start to ionize (—COO ")
and are able to form complexes in the presence of metal
ions. As pH continues to increase, the degree of
deprotonation of carboxylic group increases and more
ionized carboxylic groups are available to bind metal
ions.

In Fig. 6, J gradually increases with pH increasing,
which agrees well with the previous study [16]. It can be
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Fig. 5 Effect of pH on rejection rate for different mass ratios of
PMA-100 to Mn(II) at 40 kPa
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Fig. 6 Effect of pH on permeate flux for different mass ratios of
PMA-100 to Mn(II) at 40 kPa

explained that as pH increases, the carboxyl groups in
PMA-100 molecules are deprotonated and polarized
carboxyl groups repulse each other, which stretches
polymer chains to the maximum extent and makes them
linear and rigid, so membrane fouling decreases [16].
When pH is higher than 6.0, J does not continue to
increase. Though no experiment was carried out, we can
imagine that J will further decrease as pH is higher than
7.0 considering the formation of hydroxide precipitation.
So pH 6.0 is chosen to be an optimal value.

3.2.3 Effect of mass ratio of polymer to Mn(II) (n)

The effect of mass ratio of polymer to Mn(Il) (n)
was studied under pH 6.0. The results in Fig. 7 show that
increasing n improves the removal efficiency of Mn(II),
and as n value is above 6, the highest rejection rate is
obtained with 99.6%. So the capacity of PMA-100 for
Mn?* is about 0.17 g/g at pH 6.0.

The steady state permeate flux is almost constant as
n increases from 2 to 12. This result is different from
some works [17,18], in which the flux declined as the

polymer concentration increased. It is explained by a fact
that polymer concentrations in these work were much
higher, 0.4% to 2% (w/w) [17] and 1% to 3% [18], while
the polymer concentration was just 20—120 mg/L
(equivalent to 0.002% to 0.012% (w/w)) in our research.
Such low concentration of polymer would not lead to the
fluctuation of solution viscosity and the reduction of
permeate flux.
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Fig. 7 Effect of for mass ratios of PMA-100 to Mn(II) on R and
J at 40 kPa

From the point of economy, the optimal for mass
ratios of PMA-100 to Mn(Il) is set at 6. Sometimes a
little higher for mass ratios of PMA-100 to Mn(II) value
is adopted to ensure adequate rejection and will not lead
to a decline of flux in practical industrial application.
3.2.4 Effect of operation time on permeate flux

Once the optimal conditions have been determined,
experiments were carried out to study the permeate flux
decline phenomenon in the total recirculation process
with time. The results are shown in Fig. 8. It can be seen
that the permeate flux decreases with time and becomes
stable after about 20 min. The declination of permeate
flux is 2.0%.
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Fig. 8 Declination of J at 40 kPa
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3.2.5 Effect of background electrolyte

In the real waste water treatment, there are always
some dissolved electrolytes, especially in the treatment
of hard water. To evaluate the effect of background
electrolyte, experiments were carried out with the
addition of NaCl or CaCl, with ionic strength (/) range of
1.5-6.0 mmol/L. The rejection rate is decreased in the
absence of the background electrolyte as shown in Fig. 9,
and CaCl, has a greater effect than NaCl. The rejection
rate is 80% with NaCl whereas it is 8% with CaCl, at
ionic strength of 6.0 mmol/L. It has been confirmed that
the effect of NaCl was due to the compressing electric
double layer rather than the competitive complexation
[16]. So it can be inferred that the effect of CaCl, on
Mn(Il) rejection is mainly due to the competing
complexation between Ca(Il) and Mn(II).

100

80 \.\"‘--——1
R 60
=
o=

40

A — CaCl, \
20k ¢ — NaCl \
Y

I/(mol-L™")
Fig. 9 Effect of background electrolyte on R

4 Conclusions

1) Manganese is removed from aqueous solution by
complexation—ultrafiltration process using copolymer of
maleic acid and acrylic acid as complexing agent. The
complexation process is rapid and completed in 5 min.
Under optimal conditions of pH 6.0 and mass ratio of
polymer to Mn(Il) of 6, the rejection rate of Mn(Il) is
99.6% and the declination of the permeate flux is only
2% in the total recirculation process.

2) Potentiometric and conductimetric titrations of
the copolymer of maleic acid and acrylic acid reveal that
carboxylic group content is 9.5 mmol/g and the degree of
deprotonation increases as pH increases.

3) The existence of background electrolyte leads to
a decrease of the rejection rate of Mn(II) and CaCl, leads
to a more significant decrease in rejection rate than NaCl,
mainly due to the competing complexation between
Ca(II) and Mn(II).
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