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a b s t r a c t
The treating effects of four hollow fiber membranes on heavy metals complexed by palygorskite 
in wastewater by complexation–ultrafiltration were investigated. The membranes contained three 
asymmetric polysulfone membranes and a polyethersulfone membrane with nominal molecular 
weight cut-off (MWCO) between 6,000 and 100,000  Da. The results through the comprehensive 
analysis of the rejection rate and the flux of normalized membranes showed that 6,000; 10,000 
and 6,000  Da ultrafiltration membranes were suitable for the ultrafiltration of Cu2+, Zn2+, Cd2+, 
respectively. The pseudo-first-order reaction rate equation can better represent the reaction behav-
ior of the complexes of favorite-ultraviolet at four membrane pore sizes. Four kinds of ultrafil-
tration membranes with molecular weight cut-offs of 6, 10, 50, and 100  kDa were fouled with 
wastewater containing Cu2+, Zn2+, Cd2+ complexed by palygorskite in complexation–ultrafiltration 
process at a transmembrane pressure of 1 bar and 20°C. The influence of molecular weight cut-
off was investigated. The permeation flux decreased with time. Permeate flux declined with time 
gradually and finally stabilized after about 140  min of operation for all the membranes tested. 
50,000 Da membrane showed the highest flux decline. The concentration of heavy metals and types 
of materials affect the distribution of resistance. The highest proportion of resistance for 6,000 and 
10,000 Da membranes is the resistance of the membrane. For 50,000 and 100,000 Da membranes, 
the highest proportion of its resistance is the filter cake layer resistance. The results provide a 
kind of inorganic clay complexing agent in large reserves for the complexation–ultrafiltration of 
heavy metal wastewater.
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1. Introduction

Polymer enhanced ultrafiltration (PEUF) was an effec-
tive method to remove metal ions from sewage by com-
plexation with water-soluble polymers and ultrafiltration, 
where the formation of the metal ion-polymer compound 

was a vital step [1,2]. It meant that only uncombined metal 
ions could pass through the membrane [3]. The generation 
of metal ion-polymer compounds were mainly contrib-
uted to electrostatic attraction and/or electron coordination 
which interacted between electron donors and acceptors 
[4,5]. In addition to treating industrial effluents from bat-
tery manufacturing, mining operations, and chlor-alkali 
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processes, PEUF had also been proven to be useful in treat-
ing effluents from nuclear facilities, which could be applied 
to separate and recover toxic radioactive compounds 
such as cesium, strontium, technetium, and actinides [6,7].

Currently, the application of PEUF in removing metal 
ions from sewage has great potential to be explored fur-
ther by researchers. Ultrafiltration (UF) membranes have 
been widely used in the wastewater treatment field such 
as heavy metal wastewaters [8–10]. However, membrane 
fouling which caused by a large amount of suspended mat-
ter made of metal ion-polymer compounds is one of the 
major issues in the UF process [11,12], which can be clas-
sified as hydraulically reversible and irreversible [13,14]. 
The most important consequence of membrane fouling is 
the gradual permeate flux decline during filtration time 
[15–17]. The causes of membrane pollution can be divided 
into internal and external causes. The internal cause refers 
to the interaction between pollutants and membrane sur-
face or membrane characteristics (hydrophilicity, pore 
size and porosity), while the external cause refers to the 
change of cross-flow velocity, cross-membrane pressure, feed 
concentration and temperature during the UF operation.

In the past, organic and inorganic particles had been 
investigated to assess their abilities to binding heavy metal 
ions [18]. Standard polymeric complexing agents such as 
low molecular weight polyethyleneimine, polyacrylic acid, 
and alginic acid were known for their significant binding 
capacity, while relatively new dendritic polymers provided 
new opportunities to develop high-capacity nanoscale 
chelating agents for environmental applications [19,20]. 
Many living biomaterials (e.g., algae, fungus, and bacte-
ria) were also found to adsorb heavy metal ions [21,22]. 
Palygorskite was known for its outstanding ion-exchange 
property in inorganic materials [23]. It was successfully 
made into nanoscale crystals to increase its potential 
effectiveness in chemical, biomedical, and environmental 
applications [24,25].

Nanoparticles complexed with metal ions are required 
to have high affinity for target metal, low affinity for 
non-target metal, high possibility of regeneration, good 
chemical and mechanical stability, low toxicity and low cost 
to improve metal removal efficiency. The critical step is the 
nanoparticle separation, which could be achieved through 
low-pressure membrane processes in a manner resembling 
polymer enhanced ultrafiltration (PEUF) [26,27]. Membrane 
characteristics like molecular weight cut-off (MWCO), phys-
ical-chemical properties (e.g., pore size, charge, material 
type, and hydrophobicity), fouling resistance, and energy 
consumption plays an important role in nanoparticle-
enhanced ultrafiltration (NEUF) [28,29].

Complexation–ultrafiltration production often accom-
panies complicated physical and chemical reactions, where 
physical reactions contain rejection which means contam-
inants with a bigger size than the pore of the membrane 
can be rejected [30] and chemical reactions like adsorp-
tion with some organic matters [31]. There are two typical 
blocking laws that cause membrane fouling [32]. Firstly, 
larger particles accumulate on the membrane surface and 
smaller fill inside the pores; secondly, filter cake formation 
with more and more particle precipitation on the membrane 
will create high resistance and reduce membrane flux [33].

Today, UF, as a fast and efficient technology, has signif-
icant applications in drinking water production and con-
taminated water treatment. As membrane fouling remains a 
key issue limiting its wider use, fouling reduction has been 
the focus of its practical application in recent years [34,35]. 
Membrane fouling is inevitable, although pretreatment of 
feed, membrane material/surface modification, and con-
trol of operating parameters can reduce membrane fouling 
to some extent [36,37]. The researchers work hard to find a 
moderate pretreatment method that would integrate higher 
pollutant removal rates, lower permeability loss rates and 
lower overall process costs [38].

Current research is focused on elucidating the ability 
of nanoscale materials to bind heavy metal ions and then 
remove them from water by ultrafiltration. Kinetics, bind-
ing capacity, and regeneration of synthesized palygorskite 
dendrimers nanoparticles had been tested under various 
experimental conditions. The separation of nanoparticle 
metal complexes had been investigated by using ultrafiltra-
tion membranes with molecular weight cut-off ranging from 
6 to 100 kDa [39,40]. This work aims to evaluate membrane 
fouling after ultrafiltration treatment of wastewater contain-
ing heavy metals complexed by palygorskite under different 
molecular weights cut off of 6, 10, 50, and 100 kDa. The influ-
ence of membrane fouling was investigated, which can guide 
optimizing running parameters and membrane cleaning. 
The study revealed the basic physical-chemical mechanisms 
of PEUF and its potential for practical application.

2. Material and methods

2.1. Materials

The palygorskite was provided by Gansu Hanxin 
Environmental Protection Co., Ltd., and collected from 
Banqiao Town, Linze County of Gansu Province, China. 
It was broken, crushed and ground, and then sieved at 
200 mesh sieves. The main mineral compositions were pal-
ygorskite 29.7% (2θ of 8.49°, 22.9°, 26.7°, 30.97°, and 43.44°), 
quartz 21.8% (2θ of 3.34°), sepiolite 4.9% (2θ of 12.10°), feld-
spar 14.6% (2θ of 12.37°), dolomite 6.3% (2θ of 2.85°), chlorite 
4.8% (2θ of 14.15°), gypsum 5.1% (2θ of 6.04°), montmoril-
lonite 5.3% (2θ of 17.60°), calcite 3.2% (2θ of 3.02°), mica 4.2% 
(2θ of 9.35°). The main composition was SiO2 63.47%, Al2O3 
18.01%, MgO4 20%, Fe2O3 5.16% and K2O 3.64% (Fig. 1).

Three kinds of 30  L simulated heavy metal wastewater 
were prepared by adding CdCl2, CuCl2 and ZnCl2, and the 
concentration of Cd2+, Cu2+, Zn2+ was 10, 40 and 30  mg/L, 
respectively.

2.2. Apparatus

In this study, a laboratory bench-scale system of cross-
flow filters was employed (Fig. 2). The functional ultra-
filtration process consisted of a feed tank, retentate and 
permeate, which were connected with tubing and back 
pressure valves, a peristaltic pump, manual pressure con-
trol clips and a flow meter with a digital panel meter/
display, a stirrer for mixing and a power supply. The feed 
tank was a 55  L Plexiglass tank containing palygorskite 
colloid solution or the cleaning solution. The temperature 
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was kept constant during the experiments by the tempera-
ture regulating system. Crossflow velocity was controlled 
with a variable speed peristaltic pump. The maximum 
operating pressure was 1  bar. Pressure drop across the 
membrane module was measured with two manometers.  
A scale (0.001 g accuracy) was used to gravimetrically deter-
mine the permeate flux. The residue and permeate were 
recirculated back to the feed tank to keep the concentration 
of the feed solution constant in addition to the rinsing step.

2.3. Complexation–ultrafiltration procedure

The amount of complexing agent was 5  g/L of paly-
gorskite at the pH of 7. All experiments were conducted at 
0.1 Mpa and 25 L/h of flow rate at 20°C. pH, temperature, 
feed flow rate and differential pressure were monitored to 
be constant and observed continuously during the UF pro-
cess. The complexing agent was added into 30 L 10  mg/L 
Cd2+ wastewater, 30  L 40  mg/L Cu2+ wastewater, and 30  L 
30 mg/L Zn2+ wastewater. The three mixtures were kept stir-
ring and circulating continuously through the peristaltic 

pump and then passed through the 6,000; 10,000; 50,000 
and 100,000  Da hollow fiber membrane respectively for 
140  min all over the experiments. The four hollow fiber 
membranes included three different molecular weight 
cut-offs of polysulfone (PS) membranes (named PS6, 
PS10, and PS50) and polyvinylidene fluoride membrane 
(100,000  Da, named PVDF). The evaporation due to sam-
pling from permeate and/or retentate may cause deviations 
although the feed concentration was adjusted. Thus, feed 
concentrations were regularly measured.

2.4. Membrane fouling experiments

Fouling tests were carried out with palygorskite colloid 
solution and heavy metal wastewater at a transmembrane 
pressure of 1  bar. The temperature of the fouling solu-
tion was set to 20°C. The duration of the fouling tests was 
2.5  h. During the experiments, the permeate flux and the 
hydraulic resistance were monitored to check the fouling 
process and to ensure that reproducible values of flux and 
resistance were obtained in all runs.

2.5. Resistance measurement

At the end of the tests, the hydraulic resistance after 
the fouling step (Rf) was evaluated by means of Darcy’s law.
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where J is the permeate flux, ΔP is the transmembrane pres-
sure, u is the feed solution viscosity and Rt is the total hydrau-
lic resistance, Rm is the resistance of the membrane itself, 
Resistance of the membrane itself, Rc is the filter cake layer 
resistance, Rp is the blockage resistance of membrane holes, 
Rcp is the concentration polarization resistance.

Normalized membrane-specific flux is defined as the 
ratio of the flux of the fouled membranes (Js) to that of 
the virgin membrane (J0).

Fig. 1. Scanning electron microscopy and X-ray diffraction pattern of palygorskite.

Fig. 2. The device used for ultrafiltration treatment of wastewater 
contained heavy metals complexed by palygorskite.
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2.6. Statistical analysis

Membrane flux is the seepage volume of unit mem-
brane area per unit time under a certain temperature and 
pressure. Membrane flux is a parameter that represents the 
permeability of ultrafiltration membrane and is related to 
the factors such as pore size, internal structure, and viscos-
ity of slurry [41,42]. The membrane flux was measured by 
measuring the quality of osmotic fluid per unit of time. The 
quality of osmotic fluid was measured by electronic balance, 
and the sampling time was determined by a stopwatch. 
The calculation formula was as follows:

J V
s tV � �

	 (3)

where JV is ultrafiltration membrane permeation flux, L/m2·h; 
V is the volume of permeation fluid, L; S is ultrafiltration 
membrane area, m2; and t is running time, h.

The rejection rate R, which is measured the membrane’s 
separating capabilities is defined as:
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where c0 is the concentration of solute upstream of the mem-
brane and cp is the concentration of solute downstream 
from the membrane.

The membrane permeates flux (defined as the ratio of 
the pure water flux of the cleaned membranes (Jc) to that of 
the virgin membrane (J0)).

r
J
J
c=
0

	 (5)

Statistical analysis was performed based on STATISTICA. 
The data were analyzed through one-way analysis of vari-
ance (ANOVA) to determine the effect of membrane molec-
ular weight cut-off and rejection coefficients, and Duncan’s 
multiple comparison tests were performed to determine 
the statistical significance of the differences among means 
of different membrane molecular weight cut-off and 
permeate flux [6,43].

3. Results and analysis

3.1. Rejection coefficients

The rejection coefficient of Cu2+ increased strongly 
with the decrease of the molecular weight cut-off of the 
ultrafiltration membrane, and it changed little after about 
120  min. The rejection coefficient increased significantly 
in 20  min. The rejection coefficients of the four molecular 
weight cut-off membranes at 120  min were increased by 
11.13%, 13.82%, 16.30% and 18.64%, respectively, compared 
with those at 20 min. The retention coefficients were stable 
at 99.05%, 98.85%, 97.60% and 96.54%, respectively (Fig. 3).

The rejection coefficient of Zn2+ decreased strongly with 
the increase of the molecular weight cut-off of the ultra-
filtration membrane, and it steadied after about 100  min. 
The rejection coefficient increased significantly in 20  min. 
The rejection coefficients of the four molecular weight-re-
moving ultrafiltration membranes were 92.34%, 89.20%, 
86.60% and 84.13%, respectively. The rejection coefficients 
of the four molecular weight cut-off membranes increased 
by 6.41%, 8.83%, 10.96% and 12.52%, respectively, at 100 min 
and then stable at 98.75%, 98.03%, 97.56% and 97.05%, 
respectively (Fig. 4).

The rejection coefficient of Cd2+ decreased strongly with 
the increase of the molecular weight cut-offs of the mem-
brane. The rejection of Cd2+ tended to be stable with differ-
ent molecular weight cut-off of membrane. The removal of 
Cd2+ by the combination of the complex-ultrafiltration by 
palygorskite was the most intense in 20  min. The rejection 
coefficients of the four molecular weight cut-off membranes 
at 120  min were increased by 10.25%, 11.83%, 11.03%, and 
8.58%, respectively, compared with those at 20  min. The 
rejections of Cd2+ were stable at 99.12%, 98.39%, 96.43%, and 
93.45%, respectively (Fig. 5).

Variance analysis and multiple comparisons of the heavy 
metal concentrations of Cu2+, Zn2+ and Cd2+ in four differ-
ent membranes molecular weight cut-off permeates were 
performed at the operating time of 120, 100 and 120  min, 
respectively (Fig. 6). One-way analysis of variance (ANOVA) 
and multiple comparisons showed that the concentrations 
of Cu2+, Zn2+, Cd2+ were significantly different in the four 
pore membranes (F3,8 = 25.48, p < 0.001 for Cu2+; F3,8 = 38.65, 
p  <  0.001 for Zn2+; F3,8  =  18.36, p  <  0.001 for Cd2+) when the 
operating time was 120, 100, and 120 min.

There was no significant difference in the concentration 
of Cu2+ in the permeation between PS6 and PS10 at 120 min. 
The amount of concentration of Cu2+ showed the follow-
ing tendency: PVDF  >  PS50  >  PS10  >  PS6. The Cu2+ con-
centration in ultrafiltration membrane permeation liquids 
with molecular weight cut-offs of PS6 and PS10 was 0.38 
and 0.46 mg/L, respectively, which reached the first-grade 
emission standard of GB 8978-1996 (<0.5  mg/L). PS6 and 
PS10 were selected as the post-study factors that affect the 
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Fig. 3. The rejection coefficients of ultrafiltration treatment by 
four pore membranes for wastewater contained Cu2+ complexed 
by palygorskite.
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preselected membrane. There was no significant difference 
in the concentration of Zn2+ in the permeation between PS6 
and PS10 at 100 min. The amount of concentration of Zn2+ 
showed the following tendency: PVDF > PS50 > PS10 > PS6. 
PS6 and PS10 were selected as preselected membranes for 
the influencing factors of the later research considering the 
deviation of practical application. The Cd2+ concentration 
after ultrafiltration with different pore size membranes 
was significantly different at 120 min (Fig. 6). The amount 
of concentration of Cd2+ showed the following tendency: 
PVDF  >  PS50  >  PS10  >  PS6. The concentration of Cd2+ in 
the ultrafiltration membrane permeation liquid with 
PS6 reached the first level emission standard of GB 8978-
1996 (<0.1 mg/L), and PS6 was selected as the preselected 
membrane for the influencing factors in the later research.

3.2. Permeate flux

The initial membrane fluxes of PS6, PS10, PS50, and 
PVDF were 12.59, 15.80, 36.25 and 42.50 L/m2·h, respectively. 
The permeate flux of Cu2+ was significantly affected by 

membrane pore diameter (Table 1). The permeate fluxes of 
four kinds of the membrane at different times (30 min inter-
vals) were significantly different. There was a very signifi-
cant difference in permeate flux between the four membrane 
pore sizes at 30 min, where the membrane fluxes of the four 
membrane pore sizes were 11.67, 14.73, 28.07, and 38.56 L/
m2·h, respectively, and PS50 had the smallest permeate flux. 
Membrane pore diameter was not significantly different 
among PS6, PS10, and PVDF, and was significantly higher 
than it in PS50. The membrane fluxes of the four membrane 
pore sizes were 10.60, 13.50, 22.23, 28.58 L/m2·h, respectively 
when the time was 60 min. There was no significant differ-
ence in the permeate flux between PS6 and PS10. The fluxes 
of the four membrane pores were 9.07, 10.93, 16.44 and 
15.60  L/m2·h, respectively, and the permeate flux of PVDF 
was the smallest when the time was 90 min. The membrane 
pore diameter was not significantly different between PS6 
and PS10, and was significantly higher than others. The 
membrane fluxes of the four membrane pore sizes were 7.37, 
8.44, 12.64 and 10.10 L/m2·h, respectively when the time were 
120 min. There was no significant difference in the permeate 
flux between PS6 and PS10. The membrane fluxes of the four 
membrane pore sizes were 6.96, 7.72, 10.53 and 8.38 L/m2·h, 
respectively, and the permeate flux of PS6 was significantly 
larger than PS10 when the time was 150  min. The flux of 
PS10 was always greater than PS6 and there was no signifi-
cant difference between the PS6 and PS10 during the whole 
operating period of heavy metal Cu2+. PS10 was chosen as 
the influential factors for the heavy metal Cu2+ in the latter 
study (Table 1).

The permeate fluxes of Zn2+ were affected by the four 
membrane pore sizes. The permeate fluxes of four kinds of 
the membrane at different times (30 min intervals) were sig-
nificantly different. The membrane fluxes of the four mem-
brane pore sizes were 12.38, 14.13, 31.95 and 37.48  L/m2·h, 
respectively, and the permeate flux of PS6 was the largest 
when the running time was 30 min. Membrane pore diam-
eter was not significantly different among PS10, PS50, and 
PVDF. The membrane fluxes of the four membrane pore sizes 
were 11.00, 11.90, 20.86 and 26.00  L/m2·h, respectively, and 
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Fig. 4. The rejection coefficients of ultrafiltration treatment by 
four pore membranes for wastewater contained Zn2+ complexed 
by palygorskite.
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Fig. 5. The rejection coefficients of ultrafiltration treatment by 
four pore membranes for wastewater contained Cd2+ complexed 
by palygorskite.
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there was a significant difference in the permeate flux among 
the four membranes when the running time was 60 min. The 
fluxes of the four membrane pores were 9.80, 9.54, 13.16 and 
17.00 L/m2·h, respectively, and there was a significant differ-
ence in the permeate flux among the four membranes when 
the running time was 90  min. The membrane fluxes of the 
four membrane pore sizes were 7.87, 7.91, 10.05 and 9.10 L/
m2·h, respectively, and there was a significant difference in 
the permeate flux among the four membranes at 120  min. 
The membrane fluxes of the four membrane pore sizes were 
6.61, 7.37, 8.73 and 7.29 L/m2·h, respectively, and there was 
a significant difference in the permeate flux among the four 
membranes at 150 min. The normalized membrane specific 
fluxes were listed in order from high to low as PS6, PS10, 
PS50, and PVDF. The normalized membrane specific flux of 
PS6 was significantly greater than PS10 during the entire pro-
cess. However, the permeate flux of PS10 was greater than 
PS6. It was concluded that PS10 was suitable for the treat-
ment of Zn2+ (Table 1).

The permeate fluxes of Cd2+ were affected by the four 
membrane pore sizes. For the five times from four mem-
brane pore sizes a significant difference was found. The 
membrane fluxes of the four membrane pore sizes were 
11.75, 15.29, 31.56 and 39.48  L/m2·h, respectively, and the 
permeate flux of PS10 was the largest when the time was 
30 min. There were significant differences in the permeate 
fluxes among PS6, PS10, and PS50. The membrane fluxes of 
the four membrane pore sizes were 10.80, 14.26, 29.28 and 
30.64  L/m2·h, respectively, and there was a significant dif-
ference in the permeate flux among the four membranes at 
60 min. The fluxes of the four membrane pores were 10.29, 
12.66, 26.97 and 25.11  L/m2·h, respectively when the run-
ning time was 90 min. There was no significant difference 
in permeate flux between PS6 and PS10. The fluxes of the 
four membrane pores were 8.97, 10.98, 22.84, and19.63  L/

m2·h, respectively when the running time was 120  min. 
There was no significant difference in permeate flux 
between PS6 and PS10. The fluxes of the four membrane 
pores were 8.27, 10.07, 15.48, and 15.66 L/m2·h, respectively, 
and there was a significant difference in the permeate flux 
among the four membranes at 150  min. The order of the 
normalized membrane specific fluxes for the four mem-
branes was PS6 > PS10 > PS50 > PVDF. The permeate flux 
of PS6 was significantly larger than PS10 in the experiment. 
PS6 was selected as the pore size of the influential factors 
for the later research of heavy metal Cd2+ (Table 1).

3.3. Effect of time on membrane fouling

The evolution of permeate flux with time for all the 
membranes was tested at a transmembrane pressure of 
1  bar, and a temperature of 20°C. The permeate fluxes of 
PS50 and PVDF showed a sharp decrease in 0 to 100 min 
(Fig. 7). But it was not observed for the membranes of PS6 
and PS10, which showed a much lower flux decline rate. This 
can be attributed to the fact that the PS50 and PVDF showed 
an MWCO much closer to the size of raw water particles 
than PS6 and PS10. Permeate flux achieved steady-state val-
ues after about 140 min of operation for all the membranes 
tested. Among all the membranes tested, the PS6 showed 
the lowest flux decline (44.72%) during the fouling step in 
comparison with the PS10 (51.14%), the PVDF (80.28%), and 
the PS50 (70.96%).

The evolution of permeate flux with time for all the 
membranes tested at a transmembrane pressure of 1  bar, 
a temperature of 20°C. When ultrafiltration membrane is 
used to remove Zn2+ (Fig. 8). Permeate flux achieved steady-
state values after about 130  min of operation for all the 
membranes tested. The experimental data that corresponds 
to the membrane of PS50 and PVDF show a sharp flux in 

Table 1
Influence of membrane pore size on normalization membrane specific flux in the process of complexation–ultrafiltration of heavy 
metals by palygorskite

Metal MWCO 30 min 60 min 90 min 120 min 150 min

Cu2+

PS6 0.93 ± 0.02a 0.84 ± 0.02a 0.72 ± 0.014a 0.58 ± 0.01a 0.55 ± 0.01a
PS10 0.93 ± 0.06a 0.85 ± 0.05a 0.69 ± 0.041a 0.53 ± 0.03a 0.49 ± 0.03b
PS50 0.77 ± 0.01b 0.61 ± 0.01b 0.45 ± 0.005b 0.35 ± 0.01b 0.29 ± 0.01c
PVDF 0.91 ± 0.04a 0.67 ± 0.03b 0.37 ± 0.018c 0.24 ± 0.01c 0.20 ± 0.01d
F-value 12.02** 43.14*** 160.19*** 238.23*** 305.62***

Zn2+

PS6 0.96 ± 0.02a 0.86 ± 0.02a 0.76 ± 0.01a 0.61 ± 0.01a 0.52 ± 0.01a
PS10 0.91 ± 0.02b 0.76 ± 0.01b 0.61 ± 0.01b 0.51 ± 0.01b 0.47 ± 0.01b
PS50 0.87 ± 0.02b 0.57 ± 0.01d 0.36 ± 0.01d 0.28 ± 0.01c 0.24 ± 0.01c
PVDF 0.88 ± 0.02b 0.61 ± 0.01c 0.40 ± 0.01c 0.21 ± 0.01d 0.17 ± 0.01d
F-value 15.44** 325.89*** 13,743.24*** 1,419.81*** 1,241.91***

Cd2+

PS6 0.93 ± 0.02b 0.86 ± 0.02b 0.82 ± 0.01a 0.71 ± 0.01a 0.66 ± 0.01a
PS10 0.96 ± 0.01a 0.90 ± 0.01a 0.80 ± 0.02a 0.69 ± 0.04a 0.63 ± 0.01b
PS50 0.86 ± 0.01c 0.80 ± 0.01c 0.74 ± 0.02b 0.63 ± 0.04b 0.42 ± 0.01c
PVDF 0.93 ± 0.01b 0.72 ± 0.01d 0.59 ± 0.02c 0.46 ± 0.03c 0.37 ± 0.01d
F-value 33.21*** 208.30*** 89.59*** 37.48*** 514.21***

The same letter number indicates that there is no significant difference among four pore membranes;
***P < 0.001; **0.001 < P < 0.01; *0.01 < P < 0.05.
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0–130 min. This is not observed for the membranes of PS6 
and PS10, which show a sharp flux in 70–110 min decline 
rate. Among all the membranes tested, the PS50 showed the 
fastest flux decline (82.84%) during the fouling step in com-
parison with the PS10 (52.79%), the PS6 (48.52%), and the 
PS50 (76.13%).

The evolution of permeate flux with time for all the 
membranes tested at a transmembrane pressure of 1 bar, a 
temperature of 20°C, When ultrafiltration membrane is used 
to remove Cd2+ (Fig. 9). Permeate flux declined gradually 
and finally stabilized after about 140  min of operation for 
all the membranes tested. The experimental data that cor-
responds to the membrane of PVDF show a sharp flux. The 
permeate flux decreased gradually with the time, which 
significantly declined when the time is 30–70  min. This is 
not observed for the membranes of PS6, PS10 and PS50, 
which show a much lower flux decline rate.

When an ultrafiltration membrane was used to fil-
ter palygorskite, the evolution of permeate flux with time 
is shown in Fig. 10. Permeate flux with time declined 
accordingly for PS50 and PVDF. The membranes of PS6 
and PS10, showed a much lower flux decline rate. This 
can be attributed to the fact that the PS50 and PVDF show 

much closer to the size of raw water particles than PS6 and  
PS10.

3.4. Influence of heavy metals on membrane specific flux

The experimental data that corresponds to the mem-
brane of PS6, PS10, PS50, and PVDF show the evolution 
of the value of Js/J0 (Fig. 11). When PS6, PS10, PS50, and 
PVDF were used to remove Zn2+ and Cu2+, the value of Js/
J0 had a significant difference, but the normalized mem-
brane specific flux of PVDF was significantly lower than 
the normalized membrane specific flux of PS6, PS10, and 
PS50, and normalized membrane specific flux of PS6 was 
significantly higher than that of other treatments. When 
ultrafiltration membrane was used to remove Cd2+, normal-
ized membrane specific flux of PS6 and PS10 had no sig-
nificant difference, but normalized membrane specific flux 
of PS6 and PS10 was significantly higher than normalized 
membrane specific flux of PS50 and PVDF.

3.5. Evolution of resistance for four ultrafiltration membrane

Among all the membranes tested, when dealing with 
heavy metal Cd2+, the percentage of Rm are the highest in 
all the films during the fouling step in comparison with 
other heavy metal (Fig. 12). For PS6 and PS10, the ratio 
of the resistance of the membrane to the total resistance 
is the highest. This is not observed for the membranes of 
PS50 and PVDF, the highest proportion of its resistance 
distribution is the filter cake layer resistance. This can 
be attributed to the fact that the types of materials affect 
the distribution of resistance. When dealing with heavy 
metal Zn2+ and Cu2+, the concentration polarization resis-
tance of PVDF is the highest in all the membranes during 
the fouling step in comparison with membranes. For all 
heavy metals, the blockage resistance of the membrane is 
the lowest in all the membranes during the fouling step in 
comparison with Rm, Rcp, and Rc. For the filter cake layer 
resistance in PS6 and PS10 had a significant difference 
with the change of heavy metals. This can be attributed to 
the fact that the concentration of heavy metals affects the 
contamination of the filter cake layer.
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Fig. 7. Evolution of permeate flux with time for ultrafiltration 
treatment of wastewater contained Cu2+ complexed by palygor-
skite
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Fig. 8. Evolution of permeate flux with time for ultrafiltration 
treatment of wastewater contained Zn2+ complexed by palygor-
skite.
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treatment of wastewater contained Cd2+ complexed by palygor-
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4. Conclusions and discussions

The concentration of palygorskite was 5  g/L, and the 
concentration of copper, zinc, and cadmium was 40, 30, 
and 10 mg/L under the condition of pH = 7. Palygorskite 
complex heavy metal ion ultrafiltration membrane was 
retained by the hollow fiber ultrafiltration membrane of 
6,000; 10,000; 50,000 and 100,000 Da, respectively, and the 
heavy metal Cu2+, Zn2+, and Cd2+ were kept stable in 120, 
90, 120  min, respectively. The effect was to intercept the 
Cu2+ and Zn2+ concentration of the ultrafiltration membrane 
permeation water with a molecular weight of 6,000 and 
10,000 Da, and the Cd2+ concentration of the effluent from 
the ultrafiltration membrane-permeable liquid with the 
molecular weight of 6,000  Da could reach the first-grade 
discharge standard of the comprehensive sewage dis-
charge standard of GB 8978-1996. The heavy metal ions can 
be effectively intercepted by the ultrafiltration membrane 
after the adsorption. The removal rate of this experiment is 
much higher than that of palygorskite complex experiment 

or single membrane ultrafiltration experiment. It may be 
the effect of ultrafiltration membrane interception and the 
effect of palygorskite fully rod crystal dissociation.

The normalized difference of the 6,000 and 10,000  Da 
was smaller than that of the flux, the decrease of the nor-
malized membrane flux was smaller, the normalized flux 
of 50,000 and 100,000 Da was greatly reduced, and the flux 
of the normalized membrane decreased sharply during 
the ultrafiltration process of heavy metals Cu2+, Zn2+, and 
Cd2+. The 10,000 Da ultrafiltration membrane was selected 
as the suitable ultrafiltration membrane pore size for Cu2+ 
and Zn2+, and the 6,000  Da ultrafiltration membrane was 
suitable for the ultrafiltration membrane pore size of Cd2+. 
The adsorption of palygorskite on heavy metals in waste-
water made the surface of the membrane formed depo-
sition layer, the surface of the membrane was smaller 
than the cake resistance. The probability of the parti-
cles entering the small aperture was much smaller than 
that of the large aperture. The membrane flux reduced as 
the membrane pore plugging pollution increased.
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The rejection coefficient and permeate flux of palygor-
skite decreased due to the fact that the organic complex-
ing agent had almost no rejection coefficient for Cu2+, Zn2+, 
and Cd2+. However, considering the simple fabrication and 
easy handle of palygorskite, it is very promising to be used 
as a high-performance complexing agent for heavy metal 
removal.

Along with the increase of time, the permeation flux 
decreased. Permeate flux declined gradually and finally 
stabilized after about 140 min of operation for all the mem-
branes tested. The PVDF showed the highest flux decline, 
during the fouling step in comparison with the PS6, PS10, 
PS50, and PVDF. The flux decline for PVDF when dealing 
with heavy metals Zn2+, Cu2+, and Cd2+ are 82.84%, 80.28%, 
and 63.16%. When an ultrafiltration membrane is used to 
remove Zn2+ and Cu2+, Js/J0 of PS6, PS10, PS50, and PVDF 
had a significant difference. When ultrafiltration membrane 
is used to remove Cd, Js/J0 of PS6 and PS10 had no signifi-
cant difference, but Js/J0 of PS6 and PVDF was significantly 
higher than Js/J0 of PS50 and PVDF. The concentration of 
heavy metals and types of materials affect the distribution 
of resistance. For PS6 and PS10, the ratio of the resistance of 
the membrane to the total resistance is the highest. This is not 
observed for the membranes of PS50 and PVDF, the highest 
proportion of its resistance distribution is the filter cake layer 
resistance. The filter cake layer resistance in PS6 and PS10 
had a significant difference with the change of heavy metals.
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