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Abstract: Removal of Co(II) from aqueous solutions by complexation−ultrafiltration was investigated using polyacrylic acid sodium 
(PAAS) as complexing agent with the help of rotating disk membrane, and the shear ability of PAA−Co complex was studied. The 
effects of the mass ratio of PAAS to Co(II) (P/M) and pH on the rejection of Co(II) were studied, and the optimum conditions were 
P/M=8 and pH=7. The rejection of Co(II) was over 97% when the rotating speed of the disk (n) was less than 710 r/min at the 
optimum P/M and pH. The distribution of the forms of cobalt on the membrane surface was established by the membrane partition 
model, and the critical shear rate, the smallest shear rate at which the PAA−Co complex begins to dissociate, was calculated to be 
1.4×104 s−1, and the corresponding rotating speed was 710 r/min. The PAA−Co complex dissociated when the shear rate was greater 
than the critical one. The regeneration of PAAS and recovery of Co(II) were achieved by shear-induced dissociation and 
ultrafiltration. 
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1 Introduction 
 

Cobalt is widely used in the lithium batteries, alloys, 
industrial catalysts, dyes and other fields [1]. Cobalt- 
containing wastewater treatment is of great significance 
to environmental protection and metal reuse. Treatment 
methods of cobalt-containing wastewater include 
chemical precipitation−flotation [2], adsorption [3], ion 
exchange [4] and complexation−ultrafiltration [5]. 
Among them, complexation−ultrafiltration has the 
advantages of high separation efficiency, low energy 
consumption and easy operation [5]. Complexation− 
ultrafiltration, also called polymer enhanced 
ultrafiltration (PEUF), has been extensively used in the 
separation and concentration of metal-loaded water 
effluents [6]. In this process, the metals are bound to 
complexing agent to form macromolecular complex and 
rejected by the membrane, whereas unbound metals pass 
through the membrane. 

Polyacrylate (PAA) is usually used as complexing 
agent to bond with the heavy metal elements [7−10] and 
rare elements [11]. The stability of polymer−metal 

complex is one of the important factors of 
complexation−ultrafiltration. In our previous research, 
the critical shear rates of PAA−Ni complex and PAA−Cu 
complex have been obtained [7,8]. In this study, removal 
of Co(II) from aqueous solutions by complexation− 
ultrafiltration was investigated using polyacrylic acid 
sodium (PAAS) as complexing agent with the help of 
rotating disk membrane, and the shear ability of 
PAA−Co complex was also studied. Furthermore,    
the recovery of Co(II) and the regeneration of PAAS 
were achieved by shear-induced dissociation and 
ultrafiltration. 
 
2 Experimental 
 
2.1 Materials 

Sodium polyacrylate (PAAS) with the relative 
molecular mass of 5×105 was used as complexing agent 
(Tianjin Guangfu Fine Chemical Research Institute, 
China), and the small molecular substance was 
eliminated by hollow fiber ultrafiltration membrane with 
the relative molecular mass cut-off (MWCO) of 2×104 
(Tianjin Aisheng Membrane Filtration Technology Co., 
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Ltd., China) [10]. A PES flat ultrafiltration membrane 
with the relative molecular mass cut-off of 3×104 
(SEPRO, USA) was used for complexation− 
ultrafiltration. Co(NO3)2·6H2O, HCl and NaOH 
(analytical grade, Sinopharm Chemical Reagent Co., Ltd., 
China) was used. 

A series of solutions containing different 
concentrations of PAAS and 10 mg/L Co(II) were 
prepared which were magnetically stirred for 2 h at 
35 °C before the experiments. pH was adjusted by 
adding hydrochloric acid or sodium hydroxide. All the 
solutions in the experiment were prepared with deionized 
water. 
 
2.2 Ultrafiltration process and rotating disk 

membrane module 
The diagram of ultrafiltration process is shown in 

Fig. 1. In Fig. 1(a), a flat membrane, with an effective 
area of 0.0253 m2 (inner radius (rin) is 0.005 m, and outer 
radius (rout) is 0.088 m), was fixed on the cover of the 
cylindrical housing. A rotating disk with four radial vans 
(shown in Fig. 1(b)) is faced to the membrane, which can 
rotate at adjustable speed ranging from 0 to 3000 r/min 
to generate shear on the membrane. It avoids increasing 
the shear rate by providing large flow or high pressure, 
and can significantly reduce the energy consumption 
while strengthening the effect of shearing [12]. 

The feed was pumped from a thermostatic and 
stirred tank to the rotating disk membrane module, and 
the feed flow was 12 L/h. The permeate was collected for 
analyses when the permeate flux became stable after 
changing hydraulic conditions. 

The cobalt concentration in the feed and permeate 
was determined by ICP-OES. The Co(II) rejection (R) 
was calculated as follows:  

p

f
1

c
R

c
= −                                   (1) 

 
where cp and cf are the cobalt concentrations in the 
permeate and feed, respectively. 
 

2.3 Calculation of critical radius and critical shear 
rate of PAA−Co complex 
The shear is generated on the membrane surface by 

the rotating disk. BOUZERAR et al [13] has obtained the 
formulas of shear rate by solving the axisymmetric 
Navier−Stokes equations:  
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where υ is kinematic viscosity of the fluid; ω is the 
rotating speed of the disk; r is the radius; γml and γmt 
represent the shear rates generated by the rotating disk at 
laminar and turbulent state, respectively; k is the velocity 
factor, which is defined as the rotating speed ratio of the 
fluid to the rotating disk at the same radius and its value 
is only related to the geometry of the device, which is 
less than 1 and always independent of radius [14]. Here, 
k is 0.54, calculated from pressure measurements inside 
the housing at different locations and speeds [7]. 

According to Eq. (2), the shear rate distribution map 
on the membrane surface at the corresponding rotating 
speeds can be calculated as Fig. 2. 

From Fig. 2, the shear rate increases with the radius 
as well as the rotating speed, and the shear rate on the 
membrane surface can arrive at the level of 105 s−1. A 
large shear rate is very likely to break the bond of 
PAA−Co complex, and leads to the dissociation of 
PAA−Co complex. 

We define the smallest shear rate at which PAA−Co 
complex begins to dissociate as the critical shear rate (γc). 
A partition model is proposed to calculate the critical 
shear rate (γc). The membrane is divided into 
innumerable small rings, as shown in Fig. 3. 

According to Darcy’s law, the permeate flux can be 
expressed as the following formula:  

t m p f( )
i i
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where Ji is the permeate flux through the ith ring 

 

 
Fig. 1 Schematic diagram of ultrafiltration process (a) and rotating disk with four radial vans (b) 
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Fig. 2 Shear rate distribution on membrane surface 
 

 

Fig. 3 Membrane surface segmentation diagram 
 
(m3·m−2·s−1), μ is the dynamic viscosity of the solution 
(Pa·s), Rt is the total resistance (m−1), Rm is the 
membrane resistance (m−1), Rf is the membrane fouling 
resistance (m−1), Rp is the concentration polarization 
resistance (m−1) and Pi is pressure (kPa) on the ith ring. 

In order to determine the membrane resistance, we 
studied the effects of the mass ratio of PAAS to Co(II) 
(P/M) on the relative viscosity (μr) and membrane 
intrinsic resistance (Rc), where μr is the ratio of the 
viscosity of the solution to the pure water, and Rc is the 
ratio of total resistance to the membrane resistance. The 
result is shown in Fig. 4. 

The result indicated that the polarization layer 
resistance and fouling resistance can be ignored in this 
operation condition. 

Pi in Eq. (3) can be calculated as [14] 
 
Pi=P0+1/2ρ(kωri)2                              (4) 
 
where P0 is the peripheral pressure at rest (n=0 r/min) 
(kPa); ρ is the density of the solution (kg/m3); ω is the 
angular velocity of the disk (rad/s). k here is the same as 
Eq. (1).  
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where Vi is the permeate volume through the ith ring of 
the membrane. 

The radial location of the critical shear rate is 
defined as the critical radius (rc). The critical radius 
divides the membrane into complexation region and 
dissociation region, as shown in Fig. 5. 
 

 
Fig. 4 Effect of P/M on relative viscosity and membrane 
intrinsic resistance 
 

 
Fig. 5 Cobalt morphology distribution on membrane surface in 
shear field 
 

When the radius is greater than rc, PAA−Co 
complex begins to dissociate and free Co(II) can pass 
though the membrane. While the radius is less than rc, 
PAA−Co complex is stable, and can be rejected by the 
membrane. Thus, permeate volume of complexation 
region and dissociation region can be expressed as 

Complexation region:  
c

in

 2
com 0 

t

2π 1[ ( ) ] d ,
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r
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ρ ω
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= +  r in≤r<rc     (6) 
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Dissociation region: 
out

c

 2
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t
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Thus, the total volume of permeate can be expressed 

as  
out
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where rin and rout are the inner radius and outer radius of 
the membrane, respectively; Vp, Vcom and Vdis are the 
permeate volumes through the whole membrane, 
complexation region and dissociation region, 
respectively. 

According to the mass balance,  
cpVp=ccomVcom+cdisVdis                             (9)  
where cp, ccom and cdis are the permeate concentrations 
through the whole membrane, complexation region and 
dissociation region, respectively. 

Equation (10) can be obtained by simplifying   
Eqs. (6)−(9):  

2 2 2 4
0 c c dis com(4 )( )P r k r c cρ ω+ − =  

2 2 2 4
0 out out dis p(4 )( )P r k r c cρ ω+ −              (10) 

 
In Eq. (10), cp can be directly measured. cdis is 

identical to the cobalt concentration of feed. ccom is equal 
to the cobalt concentration in the permeate of static 
filtration under the same condition. By testing the cobalt 
concentration in permeate at a certain speed, the critical 
radius (rc) at the corresponding rotating speeds can be 
calculated. Then, the critical shear rate (γc) of PAA−Co 
complex can be obtained by Eq. (1). 

It is worth noting that Eq. (10) only applies at 
cp>ccom. When cp=ccom, it indicates that PAA−Co 
complex has not yet been dissociated in this shear field, 
and the whole membrane surface is in complexation 
region. That is to say, the shear rate at the membrane 
surface is smaller than the critical shear rate, and the 
critical radius (rc) is greater than the outer radius of 
membrane (rout). 
 
3 Results and discussion 
 
3.1 Effect of P/M on permeate flux and Co(II) 

rejection 
On the surface of the membrane, the greater the 

radius, the greater the pressure. Thus, it is necessary to 
introduce the permeation coefficient F, which is defined 
as the permeate flux per unit pressure. The variations of 
Co(II) rejection and F with P/M are shown in Fig. 6. 

From Fig. 6, F is hardly affected by P/M at P/M<35. 
Co(II) rejection increases at 0<P/M<6, and Co(II) 
rejection is 97.6% at P/M=6. The Co(II) rejection tends 

to be stable at P/M>6. In the industry, in order to obtain 
the good rejection, a slightly excess P/M 7−8 is chosen. 
 
3.2 Effect of pH on Co(II) rejection 

pH is the important parameter governing the metal 
rejection because of its influences on the solution 
chemistry and charge of membrane surface [15,16]. 
Almost all sites of polymer-carboxylic groups are 
protonated (—COOH) at pH<3, and metal−polymer 
complex can be hardly formed [17]. Co(II) starts to form 
precipitate and causes a decrease of permeate flux at 
pH>9 [18]. In this study, Co(II) rejection at pH 3−8 is 
discussed in Fig. 7. 
 

 
Fig. 6 Variations of permeation coefficient and Co(II) rejection 
with P/M (Experimental conditions: 35 °C, pH=7, Q=12 L/h, 
n= 0 r/min) 
 

 
Fig. 7 Variations of Co(II) rejection with pH under different 
P/M (Experimental conditions: 35 °C, Q=12 L/h, n=0 r/min) 
 

It can be seen from Fig. 7 that the Co(II) rejections 
increase with increasing pH. —COO− increases with 
increasing pH, which promotes the formation of 
PAA−Co complex [19]. Co(II) rejection is above 97% at 
pH 6−8. Considering the simple operation and friendly 
environment, pH=7 is chosen. 
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3.3 Effect of rotating speed on Co(II) rejection 
The variations of Co(II) rejection with rotating 

speed of disk are shown in Fig. 8 and Fig. 9. 
 

 
Fig. 8 Variations of Co(II) rejection with rotating rate under 
different P/M (Experimental conditions: 35 °C, pH=7, Q=   
12 L/h) 
 

 
Fig. 9 Variations of Co(II) rejection with rotating rate under 
different pH (Experimental conditions: 35 °C, P/M=8, Q=   
12 L/h) 
 

It can be seen from Fig. 8 and Fig. 9 that PAA−Co 
complex can be dissociated when the rotating speed of 
disk is high enough. Co(II) rejections are more than 97% 
at 0<n<710 r/min in Fig. 8. Co(II) rejection remarkably 
decreases at n>710 r/min. The reason may be that the 
polymer chain is broken and the small fraction complex 
permeates through the membrane, or the PAA−Co 
complex dissociates and the free metal ions pass through 
the membrane. 

To further study the reason for the decline of Co(II) 

rejection, experiments of the stability of PAAS in a shear 
field were performed. PAAS rejections keep constant at 
0<n<3000 r/min. The results indicate that PAAS is stable 
in the shear field [7]. Thus, the declination of Co(II) 
rejection is caused by the dissociation of PAA−Co 
complex. 

Co(II) rejections are remarkably decreased at n> 
710 r/min no matter whatever P/M is. As the rotating 
speed continues to increase, the dissociation degree of 
PAA−Co complex increases. Therefore, by adjusting the 
rotating speed of disk, the removal of cobalt can be 
achieved. 

In Fig. 9, at the same rotating speed, the lower the 
pH is, the higher the dissociation degree of PAA−Co 
complex is. The Co(II) rejection remains constant at  
pH 7 and n<710 r/min. There is no constant value at pH 
6 and 5 even at low speed. Therefore, high rotating speed 
and low pH are beneficial to the dissociation of PAA−Co 
complex. PAA−Cu complex is stable at pH 7, 6 and 5 at 
low rotating speed [8]. Unlike PAA−Cu complex or 
PAA−Ni complex [7], PAA−Co complex is stable at pH 
7 only at very low rotating speed. This shows that 
PAA−Cu complex is more stable than PAA−Ni complex 
or PAA−Co complex. The result is consistent with 
CHEN et al [20]. 
 
3.4 Critical shear rate and critical radius of PAA−Co 

complex 
According to Eq. (10) and the experimental results 

of Section 3.3, rc at the certain rotating speed was 
calculated at pH 7, as shown in Fig. 10. 
 

 
Fig. 10 Critical radius at corresponding rotating speed of disk 
(Experimental conditions: 35 °C, P/M=8, pH=7, Q=12 L/h) 
 

It can be seen from Fig. 10 that the critical radius 
decreases with the increase of rotating speed of disk, 
meaning the extension of dissociation region from the 
periphery to the center of the membrane. 

The critical shear rates (γc) of PAA−Co complex at 
different rotating speeds of disk are calculated by Eq. (1). 
Interestingly, the critical shear rates (γc) of PAA−Co 
complex at different rotating speeds of disk remain 
constant, which is 1.4×104 s−1. 

By controlling the rotating speed of disk, when the 
shear rate is less than the critical shear rate, the cobalt 
can be removed from aqueous solution. In addition, the 
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regeneration of PAAS can be obtained. 
 

3.5 Regeneration of PAAS 
Shear-induced dissociation and ultrafiltration can 

achieve the separation of cobalt and recovery of PAAS. 
The rotating speed of 2300 r/min was chosen to make 
PAA−Co complex dissociate. Free Co(II) passed through 
the membrane, while the complexing agent was rejected 
by membrane and collected into the bank. When the feed 
was almost exhausted, ultrapure water was added to 
continue ultrafiltration until Co(II) was not detected in 
the permeate. Then, the collected polymer was 
concentrated, and the regenerated PAAS was got. The 
variation of cobalt concentration in permeate with 
ultrafiltration time is shown in Fig. 11. 
 

 
Fig. 11 Variations of Co(II) concentration in permeate with 
ultrafiltration time (Experimental conditions: 35 °C, P/M=8, 
pH=7, Q=12 L/h, n=2300 r/min) 
 

In Fig. 11, during the first 10 min, the feed was 
treated by ultrafiltration, and the cobalt dissociation rate 
was about 90%. After 30 min, the cobalt concentration in 
permeate was reduced to below 0.1 mg/L. 

The regenerated PAAS was used to treat the 
solution containing cobalt under the optimal condition, 
and Co(II) rejection is 97%. This means that the 
performance of regenerated PAAS is good. 
 
4 Conclusions 
 

(1) The shear ability of PAA−Co complex was 
studied, and the critical shear rate of PAA−Co complex is 
1.4×104 s−1 at pH 7. 

(2) The mechanism of shear instability of PAA−Co 
complex is revealed by complexation−dissociation 
segmentation model, and the critical radius of membrane 
at the certain rotating speed of disk is calculated. The 
higher the rotating speed of disk is, the smaller the 
critical radius of membrane is. That is to say, the higher 
the rotating speed of disk is, the smaller the stability 

region area of PAA−Co complex is on the membrane 
surface. It can give guidance for separating metal by 
complexation−ultrafiltration. 

(3) A new efficient, green and recycle process for 
the recovery of cobalt and polymer under neutral 
conditions was established. The Co(II) can be removed 
more than 97% at n<710 r/min, pH=7 and P/M=8. When 
n≥710 r/min, pH=7 and P/M=8, PAAS can be 
successfully regenerated by shear induced dissociation. 
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络合−超滤处理含钴稀溶液及 
PAA−Co 络合物的剪切稳定性 
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摘  要：采用聚丙烯酸钠(PAAS)作络合剂，研究旋转盘膜络合−超滤处理含钴稀溶液及 PAA−Co 络合物的剪切稳

定性。研究聚合物/金属离子质量比(P/M)及 pH 对钴截留率的影响，并得到较佳的 P/M 及 pH 条件为 P/M=8 和 
pH=7。在此条件下，当旋转盘转速小于 710 r/min 时，PAA−Co 络合物的截留率达 97%以上。采用络合−解离分区

模型研究钴在膜面的存在形态，并得到 PAA−Co 络合物解络的临界剪切速率(PAA−Co 络合物解络的最小剪切速

率)。在 pH=7 条件下，PAA−Co 络合物的临界剪切速率为 1.4×104 s−1，对应的旋转盘临界转速为 710 r/min。当剪

切速率大于 1.4×104 s−1时，PAA−Co 络合物解络，可通过剪切诱导解络−超滤实现络合剂和 Co(II)的分别回收。 
关键词：剪切稳定性；临界剪切速率；PAA−Co 络合物；剪切诱导解络；络合−超滤 
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