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Abstract - The selective separation of Mn(II) and Cd(II) as well as regeneration of the complexing agent were
conducted by shear induced dissociation coupling with ultrafiltration (SID-UF), and the copolymer of maleic
acid and acrylic acid (PMA) was used as complexing agent. At the optimal complexation conditions, pH 6 and
P/M (mass ratio of polymer to metal ions) 9, both the rejections of Mn(II) and Cd(II) arrived at more than 99%.
The shear stabilities of two PMA-metal complexes at different pHs were particularly investigated using rotating
disk membrane and the results indicated that critical shear rates y of PMA-Mn complex were lower than that of
PMA-Cd at the same pH. According to the difference of the shear stabilities between PMA-Mn and PMA-Cd
complexes, the selective separation of Mn(I) and Cd(II) were achieved by SID-UF at 1450 rpm and 1600 rpm,

and PMA was regenerated.

Keywords: Ultrafiltration; Shear stability; Critical shear rate; Selective separation coefficient; Regeneration.

INTRODUCTION

Wastewater containing Mn(11) and Cd(II) originated
from manganese mining exploration generally has a
low pH (1~3) and involves multiple ingredients such
as various organic or inorganic agents, a large amount
of suspended substances and other metal ions, which
produce a marked impact on the surrounding ecological
environment and agricultural production. Excessive
intake of this polluted water can cause metal poisoning
or even irreversibly harm the human nervous system
as well (Sharma, et al., 2007). Before the disposal of
manganese mining wastewater, the metal contents
should be eliminated (Shafaei, et al., 2010).

The processes available for the treatment of heavy
metal wastes such as chemical flocculation, ion
exchange, adsorption by porous materials, electrolysis
and microbiological degradation are either physico-
chemically or biologically based. (Pacini, et al., 2005;
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Sahabi, et al., 2009; Taffarel and Rubio, 2009; Ye, et al.,
2011). Nevertheless, these methods usually produce
secondary pollution and are not easy to reuse the metals.
Furthermore, they are not suitable for the treatment
of effluent with low metal concentration and can not
effectively separate different metals. Comparatively,
there are several reports about the removal of Cu(Il),
Cr(1I), Ni(1l), Mn(II), Pb(Il), Cd(Il) and other heavy
metal ions by polymer-assisted ultrafiltration (PAUF)
(Demey, et al., 2017; Molinari, et al., 2004; Molinari,
et al., 2006; Zeng, et al., 2012). In PAUF process, the
heavy metal ions and polymers can interact to generate
complexes with high molecular weight, the unbound
metal ions can pass through the membrane, whereas
the polymers and complexes are retained (Juang and
Shiau, 2000). Owing to the high separation selectivity,
high removal efficiency and low energy requirements
(Juang and Chiou, 2000; Qiu and Mao, 2013), PAUF
has applicability in many areas involving the removal/
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recovery of metal ions from a variety of aqueous
streams as well as metal-ion-contaminated solids
(Jarvinen, et al., 1999). Nonetheless, after PAUF, the
complexing agent and metal resources are generally
recovered by acidification-dissociation, which may
consume a large amount of water and acid. The
inevitable membrane fouling in consecutive PAUF
process hinders its industrial application as well.
In addition, the rejection rate of target metal ions in
PAUF is always lower than 50% in pilot trials, much
less than the laboratory result. As previous study
reported, macromolecules with longer chains always
have a higher risk to be broken due to pump shearing
(Geckeler and Volchek, 1996). There is a distinct
possibility that the differences of feed pumps cause
this result: the high shear rate provided by the blades
of the centrifugal pump in pilot trials may break the
polymer-metal bonds in complexes, which causes a
remarkable decline of the rejection rate (Tang and Qiu,
2018).

In this paper, the shear enhanced PAUF process
was applied for the treatment of simulated mining
wastewater containing Mn(Il) and Cd(Il), and a
rotating disk membrane (RDM) module was employed
and the copolymer of maleic acid and acrylic acid
(PMA) with high content of carboxylic groups as
well as great water-solubility was used as complexing
agent. Shear enhanced filtration is also called dynamic
filtration, it consists a rotating disk over the fixed
membrane, or a rotating or vibrating membrane
(Jaffrin, 2008). In a high shear ultrafiltration system,
the rotation of the membrane or the disk induces
hydraulic turbulence, which minimizes the deleterious
effects of concentration polarization as well as
decreases the potential for membrane fouling as the
feed solutions are concentrated (Viadero, et al., 2000).
Previous studies reported a novel dynamic filtration
system equipped with a RDM module (Frappart, et
al., 2006; Luo, et al., 2010), and it was found that this
system obtained significantly increased permeate flux
and effectively improved retention of ions and small
solutes. Accordingly, our study tries to simulate the
high shear centrifugal pump by rotation of the disk
and verify the inner relation between the shear rate and
stability of the polymer-metal complex in the shear
field. Besides, shear induced dissociation coupled
with ultrafiltration (SID-UF) is applied to selectively
separate Mn(II) and Cd(II) according to the difference
of shear stability between PMA-Mn and PMA-Cd
complexes.

In this work, the distribution of shear rate along
the membrane radius was investigated. The effects
of solution pH, mass ratio of polymer to metal ions
(P/M) and rotating speed of disk on the rejections of
Mn(II) and Cd(II) were studied. The critical shear
rates, at which PMA-Mn and PMA-Cd complexes

begin to dissociate, were calculated. The relationship
between the critical radius and disk rotating speed
was obtained. What is more, the selective separation
coefficient of Mn(Il) and Cd(II) varied with disk
rotating speed at different pHs was explored. The
shear induced dissociation coupling with ultrafiltration
was finally conducted to selectively separate Mn(II)
and Cd(II) as well as regenerate PMA. This work can
give a guidance to the application of PAUF and may
provide a novel idea for the separation of different
heavy metals.

MATERIALS AND METHODS

Experimental set-up

The diagram of experimental device is shown in
Fig. 1. In this filtration system, a detachable RDM
module is installed inside a 0.088 m inner radius
cylindrical housing. A circular disk with six radial
vanes is fixed in the end of the driving shaft. The other
end of shaft outside the housing is connected with
an electromotor that can drive the disk to rotate. A
PES (polyethersulfone) flat ultrafiltration membrane
(Shanghai Yuling Filtration Equipment Co., Ltd)
with an effective area of 0.0253 m? (outer radius is
0.088m, inner radius is 0.005 m) and molecular weight
cut-off (MWCO) of 30 kDa is fixed on the bottom
of the housing cavity. The axial distance between
the membrane and disk is 14 mm while the radius
and thickness of the circular disk are 83 mm and 4
mm, respectively. The feed is supplied from a 4 L
thermostatic bath by a peristaltic pump running at a
flow-rate of 150 mL/min (YZ1515, China). A cooling
water circulation system is installed in the bearing for
cooling the driving shaft and maintaining a constant
fluid temperature (25 £ 1 °C) in the housing cavity.
Pressure gauges are installed at three points on the
back plate of the housing to monitor the pressure,
which are 0.029 m, 0.059 m and 0.088 m (the housing

Electromotor

Cooling water ﬂ]:l ; P
| Ve
. T

7]

SRR
=

3
A
i

Driving shaft

Vent valve <L
Housing cavi

®/@ 1 i Membrane ]
T-ea) @RS Microporous supporter |
Pressure gauge . i N
—_— Bottom of the housing o
_____________________________________ 3
=
Base __ 1 Rectentate

I Permeate
Y

|

Flectronic scale Thermostatic bath
Figure 1. The diagram of the shear-induced PAUF
experimental device.
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periphery) from center, respectively. The permeate
outlet is located at 0.059 m from the center opposite
the pressure gauges and retentate flows from the center
of the back plate.

Hydrodynamic model consideration
The shear rate on the local membrane, also called
fluid velocity gradient (s'), has been analogized by
previous study with Navier-Stokes equations (Bouzerar,
et al., 2000) and can be converted as follows:
Turbulence:

y=0.0290"* (k)" ' (1)
Laminar:
y=0.770" (ko)1 2)

were v is the fluid kinematic viscosity (m?%s). kw is
the angular velocity of the main region, where @
the disk angular velocity (rad/s) and k the velocity
factor. » represents the distance from disk center (m).
o can be calculated by w=30N/z, in which N is the
disk rotating speed (rpm, revolutions per minute).
The dimensionless parameter k, always less than 1,
illustrates the tracking ability of solution with rotating
disk and only relates to the device geometry. Generally,
a k value closer to 1 engenders stronger turbulent
motion near the membrane surface. In addition, the
flow transition of laminar-turbulence can be defined
by the local Reynolds number Re (=kor*/v) attained
to be about 2x10° (Bouzerar, et al., 2000). And the
further investigation of shear stability as well as metal
separation was carried out mainly in the turbulent state.

The formula of local pressure distribution on the
membrane assuming that permeate is atmospheric has
been derived below (Torras, et al., 2009):

P = 0.5p(kor)* +P, (3)

where P is the initial pressure (kPa) measured at the
membrane rim when the disk is not rotating. p is the
fluid density (kg/m?). And & value can be obtained
by putting peripheral pressure P (monitored by the
pressure gauge in the membrane” rim; r=r , r,is the
membrane external radius, also equal to 1/2 of the
housing inner diameter, 0.088 m) at different disk
angular velocity @ into above equation. According to
our previous study, k value of a circular disk with six
radial vanes was calculated to be 0.79.

The permeation coefficient 7' (L-m?-s!'-Pa!), which
reflects the membrane permeability and can indirectly
reveal the membrane fouling degree, denotes the
permeate flux per unit pressure and can be obtained by
Darcy’s law:

- - )

J
F="
PuR. p(R;+R,+R,)

where J is the permeate flux (L-m?2-s'), u is the
dynamic viscosity (Pa-s), and P is the pressure of
the membrane surface (gage pressure). R is the total
process resistance (m™'). The R, and R represent the
resistance of membrane fouhng and concentration
polarization, respectively, R, and R, can be neglected
at high enough shear rate (Tang and Qiu, 2018). R is
the membrane resistance.

In operation, the membrane surface will be divided
into a complexation region (v <r<r,) and a dissociation
region (7, <r<r, ) when the disk rotation speed is large
enough. Here 7 is the inner radius of the membrane,
0.005 m. r_ is defined as the critical radius, at which the
dissociation of the PMA-metal complex exactly occurs.
In the complexation region, the complex is stable and
the entire filtration process can be considered as a
general PAUF process; in the dissociation region, the
PMA-metal complexes are dissociated by high shear.
r_ can be simplified as below (Gao, et al., 2017; Tang
and Qiu, 2018):

4P Cgis —C 4P 12 c,—¢ 4P r?
Bl = LN Y o Rl BN (5)
pk @ Cais — €. pk @ Cais — € pk @

com com

where € Coom and ¢, represent the concentration
of metal in the permeate, complexation region
and dissociation region, respectively. ¢, can be
considered equal to the feed concentration cfbecause
all the PMA-metal complexes in the dissociation
region are decomplexed by high shear, releasing
only free PMA anions and metal cations. When r =r
the decomplexation exactly starts, we can obtain
the critical shear rate y_ by inserting », and the o,
under this condition into the former Eq. (1) and Eq.
(2). Particularly, y in practice should be as large as
possible to restrain the polarized membrane fouling
and enhance the permeate flux, but must not exceed
7. since an exorbitant shear rate will enlarge the
dissociation area and cause a remarkable decline of
rejection of metal ions. y can give a guidance for
the election of a transportation pump and the process
design of dynamic filtration system.

The selective separation coefficient of Mn(II) and
Cd(II) is universally defined as follow:

. (6)

BMn/Cd =

where R is the rejection of metal components.
The higher f value ensures the greater separation
performance of different metals.
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Materials and analytical methods

All chemicals are reagent grade products. PMA
aqueous solution was prepared to 1 g/L with ultrapure
water, purchased from Xinqi Chemical Industries, Ltd
(China). The average molecular weight of PMA is 70
kDa, and the molecular structure of PMA is given in
Fig. 2. Aqueous solution containing Mn(II) and Cd(II)
was prepared with MnSO, and CdSO,, purchased
from Xilong Chemical Co., Ltd (China). The initial
concentrations of Mn(II) and Cd(II) were both 10
mg/L.

Metal concentration in the feed and permeate
was measured by an ICP-OES (Optima 8000, Perkin
Elmer, USA) or an ICP-MS (series 2, Thermo Fisher,
USA). The pH was gauged with a digital display pH
meter (PHS-25, China). The viscosity of test fluid
was measured with an ubbelohde viscometer (MC-77,
China).

COOH
on—crp- Lo
+ | 11 | 11
COOH COOH

Figure 2. The structure of maleic acid-acrylic acid
copolymer (PMA).

Procedure of complexation and ultrafiltration tests

In the complexation test, PMA solution and metal
aqueous solution were successively poured into a 4 L
bucket and the mixed solution was made up to 3 L with
ultrapure water. After adjusting the solution pH to a
desired value via 0.1 M hydrochloric acid or sodium
hydroxide, the mixed solution was stirred for 2 h at
25 °C. In the ultrafiltration test, an original membrane
was used for the entire test. The PMA-metal complex
solution was put into a thermostatic bath. The Feed
was delivered by a peristaltic pump running at constant
flow rate to fill the housing cavity. It was supplied for
the system after shutting the vent valve. Retentate
was delivered to the feed tank and the permeate was
collected in a beaker. The rotating disk was driven by
an electromotor at a series of rotating speeds ranging
from 0 to 3000 rpm. A series of P/Ms (1, 5,9, 13), pHs
(2, 3,4,5, 6,7, 8) and disk rotating speeds (ranging
from 0 to 3000 rpm) were independently increased to
study the effects on metal rejection. Each sample was
recorded when the permeate flux became stable after
varying the operating conditions.

RESULTS AND DISCUSSIONS

The permeation coefficient and transmembrane
pressure at various rotating speeds

The variation of the transmembrane pressure P
and the permeation coefficient F' calculated by Eq.

(4) with various disk rotating speeds N using 150
mg/L PMA solution was plotted in Fig. 3. In order to
obtain a stabilized flux, each sampling interval was
selected as 5-10 min at a certain rotating speed. Based
on the solution viscosity and sampling position, the
characteristic rotating speed that defines the laminar-
turbulence transition was obtained by Re = kwr*/v =
2x107 to be about 570 rpm.

Evidently, the P in Fig. 3 showed a parabolic
uptrend with the increasing of rotating speed M.
Across the whole test, almost no pressure drop was
observed, suggesting that the dynamic PAUF with the
RDM module could provide high enough driving force
to improve the total process efficiency. Additionally,
F showed a slow increase as N continued to rise and
eventually maintained stable at a high level, though it
was relatively low at 0 rpm owing to the accumulation
of a polarization layer. Moreover, the total resistance
R, of PMA solution was calculated by inserting the
F data into Eq. (4) and it was compared with that
of ultrapure water in Fig. 4. Owing to no resistance
of polarization Rp and fouling R, R, independent of
disk rotation and maintained stable at R for ultrapure
water, was 2.018x10'> m™'. As shown in Fig. 4, when
using PMA solution as test fluid, R, decreased and
gradually approached to R as N continued to increase,
implying the final absence of any polarization layer or
membrane fouling on the surface of the membrane.
Compared with the laminar flow (N<570 rpm), the
flow in turbulence (N>570 rpm) generated much less R,
and R , which indicated that the RDM module working
at higlfl enough disk rotation can practically depress or
even eliminate the R, and R to ensure a substantially
stable permeation coefficient (Tu, et al., 2009).
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Figure 3. The variation of pressure P (gage pressure)

and permeation coefficient /" using PMA solution with

disk rotary speed (initial PMA concentration, 150

mg/L; 25 °C; initial pressure, 20 kPa).

Distribution of shear rate on the membrane surface
In order to understand the shear effect of the
RDM module on the flow in the housing cavity, the
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distribution of shear rate along the membrane radius
at different disk rotating speeds (1000~3000 rpm)
when using 150 mg/L PMA solution was investigated
by CFD calculation in the turbulent state. As shown
in Fig. 5, higher rotating speed induced greater shear
rate y. As well, y increased following along the radial
direction from the membrane center to the membrane
periphery. This implied that the position further from
the center of the membrane generated a larger radial
velocity gradient, which enhanced the turbulent
motion and contributed to the axial filtration process.
In addition, since the flow on the stationary wall of the
housing cavity (+=0.088 m) was decelerated, which
was less stable, the y close to the membrane periphery
(»=0.088 m) had a slight deviation from the original
uptrend and decreased a little.
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Figure 4. Comparison of the total resistance R, of
PMA solution and ultrapure water at various disk
rotary speeds (initial PMA concentration, 150 mg/L;
25 °C; initial pressure, 20 kPa).
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Figure 5. Radial distribution of shear rate on the

membrane surface at various disk rotary speeds (initial

PMA concentration, 150 mg/L; 25 °C; initial pressure,

20 kPa).

Variations of Mn(II) and Cd(II) rejection with pH
and P/M

It is believed that the solution pH has a great effect
on the size and shape of polymer chains, as well as
the formation of polymer-metal complexes (Juang and
Chen, 1996). Moreover, P/M also affects the rejection
of metal ions. Low P/M lets certain free uncomplexed
metal ions exist in solution, whereas high P/M leads
to the increase of solution viscosity and may attenuate
the membrane flux. Fig. 6 displayed the variation of
single Mn(Il) and Cd(II) rejection with pH and P/M
at 300 rpm. In the figure, the rejection had a sharp
increase at fixed P/M when pH varied from 2 to 6
and was almost stable at pH>6, which agreed well
with a previous study (Cadizares, et al., 2008). This
can be explained by a greater amount of deprotonated
carboxylic groups on PMA chains at higher pH,
causing a higher bonding capacity between PMA and
metals. The basically unchanged rejection when pH
exceeded 6 might be due to complete complexation,
leaving less free Mn(Il) or Cd(II) in solution, which
would be mostly precipitated as retentate. In addition,
the Cd(II) rejection was higher than for Mn(Il) at
the same pH and P/M, intimating the greater relative
affinity of carboxyl for Cd(II) than for Mn(II). To take
the main factors of complexing formation and solution
viscosity into consideration, the optimal complexation
condition was set at pH 6 and P/M 9, under which the
Mn(II) and Cd(II) rejections were up to 99.1% and
99.7%, respectively.
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Figure 6. Variation of Mn(II) and Cd(II) rejection with
pH at different P/Ms (initial metal concentration, 10
mg/L; constant disk rotary speed, 300 rpm; 25 °C;
initial pressure, 20 kPa).

The shear stability of PMA-Mn and PMA-Cd
complexes

For exploring the shear stability of PMA-metal
complexes, the effect of disk rotating speed N on
single Mn(II) and Cd(II) rejection at pH 4, 5, 6 and the
same P/M 9 was investigated. As shown in Fig. 7, the
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Figure 7. Effect of rotary speed on Mn(II) and

Cd(I) rejection at pH 4, 5, 6 (P/M, 9; initial metal

concentration, 10 mg/L; 25 °C; initial pressure, 20

kPa).

rejection was stable on a high level at the beginning,
then it reached a critical value and sharply decreased,
indicating that the PMA-Mn or PMA-Cd complex
started to dissociate and the dissociation region got
larger from the membrane periphery to membrane
center with the sustained increase of N beyond the
critical rotating speed N. From Fig. 7, the N  of
Mn(II) were attained at 800 1200 and 1400 rpm at
pH 4, 5, 6, respectively; while those of Cd(Il) at the
same pHs were attained at 1000, 1250 and 1500 rpm,
respectively. The higher N_at higher pH indicated that
higher pH can ensure greater shear stabilities of PMA-
metal complexes, and this fact could be explained
as follows: A higher pH induces more deprotonated
carboxylic groups of PMA, providing sufficient
ligands to drive the complexation reaction of PMA
with free metal cations (Tang and Qiu, 2018). This
augments the complexity of the coordination mode
between polymer and metals (Bazzicalupi, etal., 2010),
which can make the formed PMA-metal complexes
more stable. Furthermore, Fig. 8 demonstrated the
variation of single Mn(Il) and Cd(II) rejection at P/M
5,9, 13 and at various rotating speeds under pH 6. As
expected, the N_of Mn(II) or Cd(II) at three P/Ms were
almost the same and the decreasing trends of N, were
very close to each other. It could be inferred that the
shear stability of PMA-metal complex was essentially
affected by pH rather than P/M.

Fig. 9 illustrated the fitting curve of the associated
critical radius r, calculated by Eq. (5) to reveal the
expansion mechanism of the dissociation region. As
shown in the figure, r, at the corresponding N, dropped
from  and gradually decreased with NV i 1ncreasmg The
fact is that r. of PMA-Mn at the same pH was always
lower than PMA-Cd qualified the better stablhty of
PMA-Cd compared with PMA-Mn. What is more,
the related critical shear rates y of two PMA-metal
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Figure 8. Effect of rotary speed on Mn(Il) and Cd(II)
rejection at P/M 5, 9, 13 (pH value, 6; initial metal
concentration, 10 mg/L; 25 °C; initial pressure=20
kPa).
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Figure 9. Variation of critical radius », (Mn) and
r. (Cd) with disk rotary speed (P/M, 9; initial metal
concentratlon 10 mg/L; 25 °C; initial pressure, 20
kPa).

complexes at pH 4, 5, 6 were calculated according to Eq.
(1) in the turbulent state, and the relationship between 7,
and N was obtained to understand the shear instability
mechanism, which was displayed in Table 1. It can be
concluded from Table 1 that a fixed pH assures a constant
7., a shear rate beyond y, decreases 7, and enlarges the
zone of dissociation region. Moreover, Mn(II) and Cd(II)
may be selectively separated via the difference of shear
stability between PMA-Mn and PMA-Cd complexes. To
sum up, this section could provide a certain theoretical
guidance for the choice of a delivery pump in the
industrial operation of dynamic PAUF.

Determination of the selective separation coefficient
of Mn(II) and Cd(II)

For determining the optimal separation condition,
the variation of the selective separation coefficients of

Brazilian Journal of Chemical Engineering
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Table 1. y_ of PMA-Mn and PMA-Cd as well as the correlations of », and N at different pHs.

Complexes pH (rg:n) (z_ﬁ) Fitting equation COI:;;;ZZS:(EEZ)
4 800 5.32x10* re=162.27N 112 0.9975
PMA-Mn 5 1200 1.10x10° re=254.28N 113 0.9891
6 1400 1.47x10° re=302.2]N112 0.9959
4 1000 7.95x10¢ re=208.40N 1% 0.9961
PMA-Cd 5 1250 1.19x10° 7e=268.2IN"1% 0.9982
6 1500 1.65x10° re=329.14N 113 0.9997

Mn(II) and Cd(I) B,, ., under different disk rotating
speeds N at pH 4, 5, 6 and P/M 9 was shown in Fig. 10.
Ata given pH, the g, stayed at a low level close to 0
at the beginning, and then it sharply increased to a peak
value. This could be ascribed to PMA-Mn begining to
dissociate when N reached the critical state and Mn(II)
concentration in the permeate increasing, resulting in the
great disparity between Mn(II) and Cd(II) rejection. As
N continued to rise, the dissociation of PMA-Cd started,
and the Mn(Il) rejection was basically low at this time,
causing the sharp drop of g, ., from its peak value to
nearly 0. As well, the peak value at pH 6 was relatively
larger, which revealed that higher pH was more suitable
for the selective separation of Mn(Il) and Cd(II). From
Fig. 10, the peak values of g, . at pH 4, 5, 6 were
obtained at 950, 1300 and 1450 rpm, respectively.
And the corresponding shear rates at three pHs were
calculated to be 7.25x10% 1.28x10° and 1.55x10° s,
which could be helpful for the synthetic parameter
selection of a centrifugal pump in the practical separation
of Mn(Il) and Cd(Il) during a shear enhanced PAUF
process. Accordingly, P/M 9, pH 6 and 1450 rpm were
selected to be the optimal condition for further tests of

shear induced dissociation coupled with ultrafiltration.
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Figure 10. Effect of disk rotary speed on the selective
separation coefficient of Mn/Cd at different pHs (P/M,
9; initial metal concentration, 10 mg/L; 25 °C; initial
pressure, 20 kPa).

Shear induced dissociation coupled with ultrafiltration
The contents of Mn(Il) and Cd(Il) as well as pH
value in simulated wastewater, which was prepared

according to real water around the manganese mining
area, has been characterized in Table 2. Since P/M
affected little the stability of PMA-metal complexes,
enough PMA was added to fix the P’M,, .y, at 9.
At the beginning, the ultrafiltration test of simulated
wastewater was conducted at 1450 rpm to dissociate
PMA-Mn and release Mn(II). Later, the disk rotating
speed N was risen up to 1600 rpm to dissociate PMA-
Cd and displace the remaining Cd(II). During the
consecutive process, permeate was continuously
discharged and retentate flowed back to the feed bath
to concentrate the dissociated PMA. Feed fluid in the
bath was made up by putting in moderate ultrapure
water to maintain the constant volume. All the results
were displayed in Fig. 11. Herein, c/c_ represented the
ratio of timely concentration to initial concentration,
and V, denoted the volume ratio of make-up water to
the initial feed. Obviously when V, varied from 0 to
21, the ¢/c, of Mn(II) and Cd(II) at two shear fields
were separately diminished from 1 to practically 0,
suggesting the excellent removal rate of two metals and
exceptional separation effect. Furthermore, the c/c of
PMA produced from the decomplextion of PMA-Mn
and PMA-Cd complexes were constant at 1 throughout
whole test, which signified the great stability of PMA
structure regardless of high shear. For responding the
goal of organic reutilization in cyclic economy, the
PMA was finally regenerated by concentration.

The comparison of Mn(Il) rejection using
regenerated PMA and original PMA at the same
experimental conditions was shown in Fig. 12. It was
observed from Fig. 12 that the Mn(Il) rejection of
regenerated PMA diminished very little and was even
up to 98.4% compared to 99.1% of original PMA at
pH 6 and P/M 9. The rather low Mn(Il) rejection of
regenerated PMA compared with that of original PMA
was explained as follows: Though the shear induced
separation test gave a good effect, there remained a
few free Cd(II) and undissociated PMA-Cd in the

Table 2. The heavy metal concentration of real
wastewater after pre-treatment.

Mn(l) Cd(I) pH

Water streams (mg/L) (mg/L) value

Real wastewater 451.5 104.8 3
After chemically precipitating 14.9 99 6
methods ) )
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Figure 11. The variation curve of Mn(Il), Cd(II) and
PMA concentration at two shear fields (pH 6; P/M, 9;
initial Mn(II) concentration, 14.9 mg/L; initial Cd(II)
concentration, 9.2 mg/L; 25 °C; initial pressure, 20
kPa).
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Figure 12. The comparison of Mn(Il) rejection using
regenerated PMA and original PMA at pH 5, 6 and
P/M 1, 5, 9 (initial metal concentration, 10 mg/L; 25
°C; initial pressure, 20 kPa).

concentrate. The former could compete with Mn(II)
to bond with the carboxyl, and the latter made the
real content of functional PMA in the regenerated
solution slightly lower than that of the original PMA
under same P/M. From this section, the method of
shear induced dissociation coupled with ultrafiltration
could efficiently separate Mn(II) and Cd(II), as well as
enable the complexing agent to be recycled.

CONCLUSIONS

The present study mainly investigated the shear
stability of PMA-Mn and PMA-Cd complex as well
as selective separation of Mn(II) and Cd(II) in a shear
enhanced PAUF system equipped with a RDM module.

In this system, the high shear rate indeed lessened or
even eliminated the concentration polarization and
membrane fouling to ensure a substantially constant
and high permeation coefficient. The distribution of
shear rate on the membrane surface was explored,
demonstrating that the shear rate increased along the
radial direction. Additionally, the optimal complexation
condition was found to be solution pH 6 and P/M
9, at which both the rejection of Mn(Il) and Cd(II)
reached more than 99%. The shear stability of PMA-
Mn and PMA-Cd complexes as a function of solution
pH was mainly studied, indicating that the related
critical rotating speeds were larger at higher pHs. The
corresponding critical shear rates y, of PMA-Mn and
PMA-Cd complexes at three pHs were obtained and
results revealed that the structure of PMA-Cd complex
was relatively more stable than PMA-Mn complex. In
order to stabilize the permeation coefficient to improve
process efficiency but not break the stability of the
polymer-metal complex in the shear field, the shear
rate should be high enough but not exceed y_, which
confirms the feasibility of dynamic filtration with a
RDM module and can be theoretically helpful for the
selection of a feed pump as well as control of rotating
speed in practical operation of PAUF. Moreover, based
on the difference of shear stability between PMA-Mn
and PMA-Cd complexes, the selective separation of
Mn(Il) and Cd(Il) was finally conducted by shear
induced dissociation coupled with ultrafiltration.
The results indicated that SID-UF achieved a good
separation effect, and the PMA was regenerated.
Overall, this study provided a green and efficient
treatment for the removal of Mn(Il) and Cd(Il), as well
as confirming the novel idea to separate or concentrate
the materials from wastewater based on the difference
of shear stability between various polymer-material
complexes.

NOMENCLATURE

Roman letters

Initial concentration of component (mg/L)
Metal concentration in the feed (mg/L)
Metal concentration in permeate (mg/L)
Velocity factor

Distance from membrane center (m)
Membrane external radius (m)
Membrane inner radius (m)

Critical radius (m)

Pressure on membrane (kPa)

Initial pressure (kPa)

Peripheral pressure (kPa)

Permeate flux (L-m?-h!, L-m?-s")
Permeation coefficient (L-m2-h"'-kPa',
L-m?s!-Pal)

N Disk rotating speed (rpm)

N NUTT TSI LY Y A8 0
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Critical disk rotating speed (rpm)

Total resistance (m™)

Resistance of concentration polarization (m™)
Resistance of membrane fouling (m™)
Membrane intrinsic resistance (m™)
Rejection of component (%)

Volume ratio of make-up water to the initial
feed

I NN N o

S

o

Greek letters

v Kinematic viscosity (m?/s)

U Dynamic viscosity (Pa-s)

) Disk angular velocity (rad/s)

p Fluid density (kg/m?)

y Shear rate on the membrane surface (s)

Y. Critical shear rate (s™)

Selective separation coefficient of Mn (II) and
Cd (1)

a

ﬂ Mn/Cd
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