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a b s t r a c t
Modification of the active layer is an effective method to improve the separation performance of 
the thin-film composite forward osmosis (FO) membranes. In this paper, the dendrimer polyam-
idoamine (PAMAM) was in-situ integrated into the polyamide (PA) active layer via the interfa-
cial polymerization. The separation performance results showed that the addition of PAMAM 
significantly improved the separation water flux of the modified FO membrane by 1.7 times, and 
the reverse salt flux was almost unchanged. In addition, the removal efficiency of the modified 
FO membrane for heavy metal ions was enhanced, with the rejection rates of various heavy metal 
ions all higher than 99.6%, and the corresponding water flux was also significantly enhanced. 
The PAMAM integrated with the active layer contained a large number of hydrophilic segments 
and terminal amine groups, which in situ enhanced the hydrophilicity and permeability of the 
active layer, and further improved the removal of heavy metal ions based on the coordination and 
electrostatic repulsion effects. The purpose of this paper is to provide a feasible way to improve the 
practical application performance of the FO membranes.
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1. Introduction

Heavy metals in the ecological environment as non- 
degradable pollutants can access the human body via the 
food chain and damage the central nervous system and 
organs. The pollution of water by heavy metal ions has been a 
serious threat to human health and ecological security [1–3]. 
Therefore, heavy metal ions in water need to be removed 
by various effective techniques, such as chemical precipita-
tion, adsorption, membrane separation technology, etc [4–7]. 
It is noteworthy that the forward osmosis (FO) separation tech-
nology is suitable for heavy metal wastewater treatment based 
on the unique advantages, such as low membrane pollution 
and low energy consumption [8–11]. However, based on the 

current development of the FO technology, it is imperative 
to prepare FO membranes with high separation efficiency.

The separation performance of the FO membrane is 
directly determined by the characteristics of the active layer 
in actual separation processes. It is known that the active 
layer of the FO membrane is the area where the solute 
and solvent are separated due to the effect of the osmotic 
pressure. Current research work aims to improve the per-
meability and rejection ability of the active layer simulta-
neously. The purpose of the modification for the active 
layer such as blending and surface grafting is to change 
the physical and chemical properties of the active layer 
matrix. The surface grafting methods generally include the 
surface-initiated graft polymerization or the reaction with 
terminal functional groups to fix the functional polymers 
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on the active layer for the enhancement of the functional-
ities such as hydrophilicity, retention, fouling resistance 
and antibacterial properties [12–17]. However, the means 
of surface grafting may not be suitable for large-scale 
implementation due to the rigorous experimental oper-
ation processes. In contrast, the blending method is sim-
ple and easy to operate, and the functional nanoparticles 
or polymers can be added in the water phase or organic 
phase to change the physicochemical properties of the 
PA layer, thus improving the desalination, salt-resistance 
and antifouling properties. Most of the blending meth-
ods show the advantages of hybrid modification to intro-
duce the functionalities to the active layer and improve 
the separation efficiency of the FO membranes [18–20].

The modification of the active layer needs to take both 
the permeability and the rejection into consideration. In 
the case of the aquaporin-modified active layer, the aqua-
porin not only provides penetration channels for water 
molecules but also precisely rejects ions through the charge 
characteristics of its internal channels. Due to the dual func-
tions, aquaporins have both high water permeability and 
excellent ion rejection ability. Therefore, the modifier for 
the active layer needs to have unique multiple functions 
[21–25]. As we all know, dendrimers are a kind of practical 
and functional polymers with a large number of functional 
groups and molecular chains, which are beneficial to giving 
full play to its special functions. Polyamidoamine (PAMAM) 
is a commonly-used functional dendrimer with a hyper-
branch structure, abundant terminal amine groups, and a 
nearly spherical molecular structure [26–28]. If PAMAM is 
used to modify the PA active layer, the branched structure, 
intramolecular cavity, and the nearly spherical nanostructure 
of PAMAM are able to increase the free volume, enhance 
the hydrophilicity and reduce the mass transfer resistance 
of the densely-crosslinked PA active layer. In addition, the 
PAMAM molecules have a large number of hydrophilic 
amine groups which can enhance the hydrophilicity and 
the ability to adsorb heavy metal ions of the active layer.

In this paper, the dendrimer PAMAM as a functional 
modifier was added into the PA active layer to prepare 
thin-film composite (TFC)-type FO membranes through the 
interfacial polymerization reaction. The physicochemical 
properties of this TFC-type FO membrane before and after 
the PAMAM modification were characterized, and the sep-
aration performance of the FO membrane for heavy metal 
ions in wastewater was studied. The aim of this paper is 
to reveal the effect of the functional modifier PAMAM 
on the removal mechanism of heavy metal ions in the 
FO process.

2. Experimental

2.1. Materials

Polyvinylidene fluoride (PVDF, 0.22 µm) flat mem-
branes were purchased from Taoyuan Chemical Co. Ltd., 
(Haining, China). Polyamidoamine (PAMAM, Generation 
2, Mw = 3,256 g mol–1) dendrimer was purchased from CY 
Dendrimer Technology Co. Ltd., (Weihai, China). Copper 
sulfate (CuSO4), zinc nitrate (Zn(NO3)2), nickel nitrate 
(Ni(NO3)2), lead nitrate (Pb(NO3)2), cadmium nitrate 

(Cd(NO3)2), m-Phenylenediamine (MPD, 99%) and trimes-
oyl chloride (TMC, 97%) were all purchased from Aladdin, 
China. Magnesium chloride hexahydrate (MgCl2·6H2O, AR, 
98%), acrylic acid (AA, AR, >99%) were purchased from 
Macklin Reagent Co. Ltd., China. The deionized (DI) water 
was prepared from the ultrapure water system (ULUPURE, 
China).

2.2. Preparation of the TFC-type FO membranes

The active layer of the TFC-type FO membrane was 
prepared via the interfacial polymerization method on 
PVDF membrane substrates. During the whole process, 
the PVDF membrane substrate was fixed in the lab-made 
experimental device with only the upper surface allowed 
for the interfacial polymerization. The interfacial polym-
erization reaction with MPD and TMC was carried out to 
produce the active layer of the conventional FO membrane. 
The upper surface of the PVDF membrane was first com-
pletely immersed in 2 wt.% MPD/water solution for 2 min. 
After that, the residue solution was removed with a filter 
paper. Then, the as-prepared upper surface of the PVDF 
membrane substrate was further immersed in 0.2 wt.% 
TMC/n-hexane solution for 1 min before the solution was 
removed. The freshly prepared TFC-type FO membrane 
was dried in an oven at 80°C for 5 min, stored in DI water 
for further use, and named as M-0. The PAMAM-modified 
TFC-type FO membrane was prepared via the interfacial 
polymerization reaction with the PAMAM/MPD mixture in 
the water phase and TMC in the n-hexane phase. The inter-
facial polymerization reaction mechanism with PAMAM, 
MPD, and TMC is shown in Fig. 1. The PAMAM/MPD 
mixture with four different PAMAM concentrations (0.1, 
0.2, 0.3, and 0.4 wt./v%) was prepared by mixing different 
amounts of PAMAM with 2 wt.% MPD water solutions, and 
the prepared membrane was marked as M-1, M-2, M-3, and 
M-4, respectively. M-5 membrane was also prepared via the 
same interfacial polymerization with 1.0 wt.% PAMAM/
water solution and 0.2 wt.% TMC/n-hexane solution as the 
reactants, without the addition of MPD.

2.3. Characterization of the prepared TFC-type FO membranes

The attenuated total reflectance Fourier transform 
infrared spectroscopy (ATR-FTIR, Bruker V70, Germany) 
was used to test the surface functional groups of the pre-
pared membranes, with the scanning wavenumber range 
of 600–4,000 cm–1 and a resolution of 4 cm–1. The X-ray 
photoelectron spectrometer (XPS, Thermo Fisher Scientific 
ESCALAB 250Xi, USA) was used to analyze the surface 
element information of the prepared membranes. The field 
emission scanning electron microscope (Shimadzu JSM-
7800F, Japan) was used to characterize the surface mor-
phology of the prepared FO membranes. The water con-
tact angle (WCA) measuring system (SDC-70, Shengding, 
China) was used to investigate the surface hydrophilicity 
of the prepared membranes. The WCA measurement was  
carried out at 3 randomly-chosen places of the membrane 
surface and an average value was used for the hydro philicity 
analysis.



157C. Cai et al. / Desalination and Water Treatment 192 (2020) 155–165

2.4. FO performance evaluation of the prepared TFC-type 
FO membranes

The water permeability coefficient (A, L m–2 h–1 bar–1, 
abbreviated as LMH bar–1) and the salt permeability coef-
ficient (B, L m–2 h–1, abbreviated as LMH) of the prepared 
FO membranes were determined in a reverse osmosis unit 
with the dead-end filtration, which was pre-compacted for 
0.5 h under the pressure of 1 bar using DI water and 10 mM 
MgCl2 as feed solutions. A and B values were calculated 
from Eqs. (1)–(3).
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where Am (m2) is the active area of the membrane (9 cm2), 
ΔQ (L/h) denotes the penetrated volume flow of the pure 
water within the penetrating time (t), ΔP (bar) denotes the 
applied pressure difference, ∆π (bar) denotes the osmotic 
pressure difference across the membrane, and Rs (%) is 
the salt rejection which is determined by the conductivity 
of the penetrating fluid (Λp) and the feed solution (10 mM 
MgCl2) (Λf) using a conductivity meter (Rex Electric 
Chemical DDS-307A).

The pure water flux (Jw, L m−2 h−1, abbreviated as LMH) 
and the reverse salt flux (Js, g m−2 h−1, abbreviated as gMH) 
of the prepared FO membranes were determined using the 
lab-made FO testing device. DI water and MgCl2 solution 
were used as feed solution and draw solution, respectively. 

The increase of the draw solution volume was monitored, 
and the salt concentration changes in the feed solution were 
tested using the conductivity meter. The calculation of Jw 
and Js are shown in Eqs. (4) and (5).
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where ΔV (L) is the draw solution volume increase at the 
permeation time Δt (h), Am (m2) is the area of the membrane 
(9 cm2), Vf,i and Vf,t (L) are the feed solution volume before 
and after the FO test, respectively, and Cf,i and Cf,t (mol L–1) 
are the salt (MgCl2) concentrations in the feed solution 
before and after the FO test, respectively.

For the investigation of the heavy metal ion removal 
performances, five kinds of heavy metal ions (Cu2+, Ni2+, 
Pb2+, Zn2+, and Cd2+ ions) were separately prepared as feed 
solutions with concentrations of 1, 2, and 5 g/L, respectively. 
The pH values were adjusted in the range of 1–4 for the 
study of the pH effect on the FO performance. The heavy 
metal ion rejection Rh (%) was defined as the percentage of 
the rejected heavy metal ions in the feed solution during the 
FO process, as determined in Eq. (6).
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where Cd (g/L) and Vd (L) are the heavy metal ion concen-
tration in the draw solution and the draw solution volume, 
respectively, after the FO process. Vp (L) is the total volume 
of the permeated water, and Cf (g/L) is the heavy metal ion 
concentration in the feed solution. Cd (g/L) and Cf (g/L) were 
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Fig. 1. Possible molecular structures formed from the interfacial polymerization reaction of PAMAM, MPD, and TMC.
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determined by inductively coupled plasma optical emission 
spectrometry (ICP-OES, OPTIMA2100DV).

The actual concentration of the heavy metal ions (Cs(t)) 
in the draw solution can be calculated according to Eq. (7).

C
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where Cds(t) and Cds(t–1) are the concentration of heavy metal 
ions in the draw solution (mol L–1) at the pre-determined time 
(t) and the previous predetermined time (t–1), respectively. 
Vds(t) and Vds(t–1) are the volume of the draw solution (L) at 
a time (t) and time (t–1), respectively. Vw(t) is the penetrated 
pure water volume (L) at a time (t).

3. Results and discussion

3.1. Characterization of the prepared FO membranes

The FO membranes were prepared by means of inter-
facial polymerization on top of the PVDF supporting layer 
to fix the functional skin layer. Fig. 2 shows the ATR-FTIR 
spectra for the top surface of the PVDF and the prepared 
FO membranes. It could be seen that new peaks appeared 
at 1,654, 1,610 and 1,544 cm–1 for M-0 as compared with the 
PVDF membrane, which belonged to the carbonyl stretching 
vibration (amide I), aromatic amine and amide N–H bend-
ing vibration (amide II) [29–31]. The characteristic peaks at 
1,654 and 1,544 cm–1 slightly increased with the increase of 
the PAMAM addition in the PA layer. These results indi-
cated that PAMAM containing a large amount of amine and 
amide groups was anchored in the active layer of the FO 
membrane though the interfacial crosslinking.

Fig. 3 shows the XPS spectra of the PVDF and the pre-
pared FO membranes. The surface of the prepared mem-
branes consisted of carbon (C), oxygen (O), nitrogen (N), 
and fluorine (F) elements, and the atomic percentage of each 
element is shown in Table 1. The F content shows a sharp 

decrease while the O and N atomic percentage increased for 
the prepared FO membranes (M-n, n = 0–5) as compared with 
the PVDF membrane, indicating the successful coverage of 
the PA layer via the interfacial polymerization on the PVDF 
membrane surface. Compared with M-0, the N atomic per-
centage of M-n (n = 1–5) increased as the addition of PAMAM 
increased, which was attributed to the high N contents in 
PAMAM molecules. The result showed that the PAMAM 
was anchored in the PA layer which changed the surface 
chemical properties of the prepared FO membranes.

Fig. 4 shows the top surface morphologies of the PVDF 
and the prepared FO membranes. The PVDF membrane 
showed conventional porous structures, and M-0 membrane 
exhibited the typical “peak-valley” structures on the mem-
brane surface, which was the characteristic morphology of 
the PA active layer [32,33]. However, the PAMAM-modified 
FO membranes (M-1, M-2, M-3, and M-4) showed less 
“peak-valley” structures with reduced roughness, which 
was probably due to the addition of PAMAM which changed 
the original cross-linking mode of MPD and TMC. It was 
especially noted for M-5 that the particle-like morphology 

Table 1
Detailed surface element compositions (atomic %) of the pre-
pared membrane surfaces derived from the XPS characterization 
results

Membranes Element content (at %)

C (%) F (%) O (%) N (%)

PVDF 80.15 18.87 0.99 0
M-0 78.13 0.81 8.41 12.65
M-1 75.59 0.76 9.96 13.70
M-2 74.56 0.14 10.86 14.44
M-3 72.79 0.80 11.02 15.40
M-4 73.22 0.79 9.94 16.05
M-5 75.43 3.56 10.05 10.97

 

Fig. 2. ATR-FTIR spectra of PVDF and M-n membranes.

 

Fig. 3. XPS spectra of PVDF and M-n membranes.
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instead of the “peak-valley” structures prevailed on the 
top surface, which could be attributed to the geometric size 
of the PAMAM. These FESEM observations showed the 
obvious changes for the top surface morphologies of the 
PAMAM-modified FO membranes.

The water contact angle (WCA) of the PVDF and the 
prepared FO membranes is shown in Fig. 5. The PVDF 
membrane was hydrophobic with the surface WCA value of 
124°. For M-0, the WCA decreased to 76.5° due to the cover-
age of the PA active layer. The WCA showed a further steady 
decrease for M-1 to M-5 membranes due to the increas-
ing amount of the PAMAM molecules containing a large 
number of hydrophilic amine groups which improved the 
wettability of the PA layer.

3.2. FO performance

The FO performance of the modified FO membranes 
including the pure water flux and the reverse salt flux is 
shown in Fig. 6. M-2 shows the highest water flux in both 
AL-FS and AL-DS modes. The water flux of M-2 was 1.7 
and 1.6 times that of the M-0 in AL-DS and AL-FS mode, 
respectively. The reverse salt flux showed a slightly 
increasing trend based on the increased amount of PAMAM 
in the active layer. The separation selectivity (Jw/Js) of the M-2 
membrane also significantly improved based on the signi-
ficantly increased water flux and the stable reverse salt 
flux. As the PAMAM molecules owned the nearly spheri-
cal nanostructure and the amine groups, the proper amount 
of PAMAM polymerized in the PA layer would relatively 
increase the free volume and the hydrophilicity of the PA 
layer, hence reducing the permeation resistance of the water 
molecules across the membranes [34]. However, the larger 
amount of PAMAM polymerized in the PA layer would 
introduce more spherical nanostructures and free space, 
which was also beneficial for the reverse osmosis of salt ions.

In order to distinguish the impact of the added PAMAM 
quantity on the membrane permeability, A, B, and B/A 

 

Fig. 4. FESEM images of PVDF and the prepared FO membranes 
surface.

 

Fig. 5. Water contact angles of PVDF and the prepared FO 
membranes.
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values of the TFC-type FO membranes were investigated. 
The B/A value was a critical parameter in assessing the 
membrane selectivity. The smaller the B/A value, the better 
the FO membrane selectivity. As shown in Table 2, the A, B, 
and B/A values of the TFC-type FO membranes gradually 
increased as the increase of the added PAMAM amount. 
The B/A value of M-2 was relatively similar to M-0, while 
the B/A value of M-5 was the highest, indicating that M-2 
showed much better membrane selectivity than M-5 and 
that the appropriate amount of PAMAM in the active layer 
was conducive to improving the separation performance of 
the TFC-type FO membranes. Therefore, the results indi-
cated that the proper amount of PAMAM addition in the 
PA layer was helpful to improve the pure water flux and 
selectivity of the TFC-type FO membranes, and the M-2 
membrane was selected for further investigations.

Test conditions: testing pressure of 1.0 bar, DI water, 
and 10 mM MgCl2 as feed solutions, at the room tempera-
ture of 25°C. Error estimation was based on the standard 
deviation of 3 independent sample measurements.

3.3. Study on the performance of the TFC-type FO membrane in 
removing heavy metal ions

The separation performance of M-2 and M-0 membrane 
in removing heavy metal ions are shown in Fig. 7. For the 

feed solutions of several metal ions, the pure water flux of 
M-2 membrane was about 35 and 18.5 LMH in AL-DS and 
AL-FS modes, respectively. These values were significantly 
higher than those of M-0. Figs. 7b and d show that M-2 and 
M-0 membrane had similar rejection of the five heavy metal 
ions, with the rejection of Ni2+, Cu2+, Pb2+, Zn2+, and Cd2+ ions 
to be 99.6%, 99.9%, 99.7%, 99.8%, and 99.8%, respectively. 
The results demonstrated that PAMAM could significantly 
improve the pure water flux and ensure the selectivity of 
the FO membranes. PAMAM molecules owned the nano-
size morphology and plenty of terminal amine groups that 
could increase the free volume and hydrophilicity of the PA 
layer which in turn reduced the permeation resistance of the 
water molecules [35,36]. In addition, the complexing effect 
between the terminal amine groups in PAMAM in the PA 
layer and the heavy metal ions were significantly enhanced 
which resulted in the high rejection ability of the heavy 
metal ions in solution by the adsorbed heavy metal ions 
via the electrostatic repulsive force.

Fig. 8 shows the effect of operating time on the pure 
water flux and heavy metal ion rejection of M-0 and M-2 
membranes during the FO process. The pure water flux of 
M-2 membrane slightly decreased from 19.0 to 17.1 LMH 
after 360 min, dropping by 10.0%. As compared, the pure 
water flux of M-0 membrane decreased from 12.0 LMH to 
8.2 LMH after 360 min, with a decreasing ratio of 31.7%. 

 

Fig. 6. Water flux and reverse salt flux of the M-n membranes. Draw solution: 2 M MgCl2; feed solution: DI water; at room temperature.

Table 2
Characteristics of the TFC-type FO membranes

Membranes Water permeability, 
A (LMH bar–1)

Salt rejection,  
Rs (%)

Salt permeability,  
B (LMH)

B/A (kPa)

M-0 2.34 ± 0.21 97.4 ± 1.1 0.06 ± 0.02 2.7 ± 1.2
M-1 2.52 ± 0.30 97.0 ± 1.5 0.08 ± 0.04 3.1 ± 1.6
M-2 2.63 ± 0.15 96.8 ± 1.0 0.09 ± 0.03 3.3 ± 1.1
M-3 2.70 ± 0.42 96.2 ± 1.4 0.11 ± 0.03 4.0 ± 1.5
M-4 2.85 ± 0.20 95.6 ± 0.8 0.13 ± 0.02 4.6 ± 0.9
M-5 3.21 ± 0.35 83.5 ± 1.8 0.63 ± 0.02 19.8 ± 2.6
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Fig. 7. Water flux (a–c) and solute rejection (b–d) of the M-0 and M-2 membranes. Draw solution: 2 M MgCl2; feed solution: 2 g/L; 
pH = 4; at room temperature.

 

Fig. 8. (a) Water flux and (b) solute rejection of the M-0 and M-2 membranes as the function of the time draw solution: 2 M MgCl2; feed 
solution: 2 g/L Cu2+; pH = 4; at room temperature.
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The rejection of heavy metal ions of the two membranes was 
basically identical as the rejections were still above 99.2% at 
360 min. It shows that the modified FO membranes were 
stable in the removal performance for heavy metal ions 
during the FO process.

Fig. 9 shows the effect of temperature and pH on the 
pure water flux and the heavy metal ion rejection of the 
M-2 membrane. When the temperature increased from 
25°C to 65°C, the pure water flux increased from 18.6 LMH 
to 24.0 LMH (Fig. 9a), increasing by 29.0%. As the osmotic 
pressure of the solution was directly proportional to the 
temperature, the increase of the driving force at both sides 
of the membrane led to the increase of the pure water flux. 
It is from Fig. 9b that the rejection of heavy metal ions 
slightly decreased as the temperature increased, possibly 
due to the acceleration of the diffusion speed as a result of the 
increase of the temperature and the pure water flux, thereby 
decreasing the rejection of heavy metal ions. However, the 
rejection of heavy metal ions was still higher than 99.3% 
at 65°C. Figs. 9c and d show the impact of pH on the pure 

water flux of M-0 and M-2 membranes, which was relatively 
insignificant as the pure water flux basically remained the 
same. The rejection of heavy metal ions slightly decreased 
with the decrease of the pH of the feed solution. Therefore, 
the separation performance of M-0 and M-2 membranes 
was stable in the acidic separation environment.

It is from Fig.10a that the feed solution concentration 
increased from 1 to 5 g/L and the pure water flux of M-2 
decreased from 20.2 to 16.4 LMH. The pure water flux 
reduced due to the decrease of the osmotic pressure differ-
ence with the increase of the feed solution concentrations. 
When the feed solution concentration was 1 g/L, the rejection 
of heavy metal ions was about 99.7%. When the feed solu-
tion concentration increased to 2 g/L, or even to 5 g/L, the 
rejections of heavy metal ions were still higher than 99.4% 
(Fig. 10b). When the draw solution concentration increased 
from 0.5 to 2 M, the pure water flux under AL-FS mode 
increased from 9.0 to 18.5 LMH, and the increasing rate of 
the pure water flux was only 105.6% (Fig. 10c). The increas-
ing rate of the pure water flux was not directly proportional 

 

Fig. 9. Effect of temperature and pH on the separation performance of M-2 membrane (draw solution: 2 M MgCl2; feed solution: 2 g/L).
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Fig. 10. (a) Water flux, (b) solute rejection of the M-2 membrane as the function of the feed solution concentration. Draw solution: 2 M 
MgCl2, (c) Water flux, and (d) solute rejection of the M-2 membrane as a function of the draw solution concentration. Feed solution: 
2 g/L; pH = 4; at room temperature.

 

Fig. 11. XPS N 1s spectra of (a) M-2, (b) M-2-Cu membranes, and (c) Cu 4f spectra of M-2-Cu membranes.
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to the increase of the draw solution concentration, which 
was due to the inner concentration polarization impact in 
the supporting layer. Fig. 10d shows that the rejection of 
heavy metal ions basically remained the same as the draw 
solution concentration increased. Theoretically, the diffu-
sion coefficient of heavy metal ions increased as the heavy 
metal ion concentration increased, and the diffusion flux 
was in direct proportion to the ion concentrations. However, 
the increase of the feed solution concentration reduced the 
driving force on both sides of the membrane, leading to the 
reduction of the pure water flux. Furthermore, the branched 
amine groups of PAMAM in the PA layer were able to 
adsorb heavy metal ions through the metal-amine coordi-
nation, which would in turn enhance the positive charge of 
the membrane surface. Therefore, the positively-charged 
metal ions coordinated on the membrane surface would 
show the electrostatic repulsive force towards the incoming 
metal cations in the feed solution, and hence the rejection 
of metal ions would be enhanced [36–38]. As a result, the 
rejection of M-2 for heavy metal ions could be stable in a 
variety of separation environments.

3.4. Mechanism of removing heavy metal ions with M-2 
membrane

The XPS characterization in Fig. 11 shows that there 
were two deconvoluted peaks in the N 1s core-level spec-
trum of M-2 at the binding energy of 399.1 and 400.1 eV, 
which were attributable to neutral amine (–NH2 or >NH) 
and amide (O=C–N) groups, respectively. For the copper 
ion-adsorbed M-2 membrane during the FO process, two 
sub-peaks were also deconvoluted in the N 1s core-level 
spectrum (Fig. 11b). The peak at the binding energy of 

399.7 eV was attributed to the Cu2+ ion-coordinated amine 
groups, which showed an increase as compared to that of 
the neutral amine groups (399.1 eV) due to the lone pair 
of electrons which were shared in the Cu–N coordina-
tion hybrid orbital [10]. The adsorption of Cu ions is also 
demonstrated in Fig. 11c which is the Cu 4f core-level 
spectrum detected on the Cu ion-adsorbed FO membranes. 
In addition, the EDX mapping images of the FO mem-
branes with different metal ions adsorbed are shown in 
Fig. 12. It can be seen that Cu, Cd, Zn, Pb, and Ni ions could 
be adsorbed respectively on the skin layer of the prepared 
FO membranes due to the many-branched amine groups of 
PANAM present in the active layer. Therefore, the positive 
charge of the adsorbed metal ions on the membrane surface 
would show the charge repulsion effect towards the heavy 
metal ions in the feed solution [37–39]. As a result, the 
rejection of heavy metal ions was significantly improved.

4. Conclusions

The PAMAM-modified TFC-type FO membrane was 
prepared in this study, which could not only significantly 
increase the water flux of the membrane, but also effi-
ciently remove a variety of heavy metal ions. The addition 
of PAMAM could improve the hydrophilicity of the active 
layer and reduce the permeability resistance of the water 
molecules through the membrane. The branched amine 
groups could effectively adsorb heavy metal ions, which 
would in turn exhibit charge repulsion effect towards the 
heavy metal ions in the feed solution, thus enhancing the 
rejection ability to the heavy metal ions. Therefore, the func-
tional modification of the FO membrane with PAMAM in 
the active layer would effectively promote the application of 

 

Fig. 12. EDX mapping of copper, cadmium, zinc, lead, and nickel after the FO experiments.
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FO membranes in the treatment of the heavy metal waste-
water during the FO process.
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