
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



Journal Name RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Sustainable Synthesis of Hollow Cu-loaded Poly(m-

phenylenediamine) particles and Their Application 

for Arsenic Removal  

Shuo Dai, a Bing Peng a, b Liyuan Zhang, a Liyuan Chai, a, b Ting Wang, a Yun 
Meng, a Xiaorui Li, a Haiying Wang,* a, b Jian Luoc  

A new Cu-catalyzed air oxidation method was successfully developed to prepare Cu-loaded 
poly(m-phenylenediamine) (PmPD) with the monomers conversion rates close to 100%. The 
polymerization process was examined by the in-situ tracking of open-circuit potential (OCP) 
and pH. The product was characterized with Scanning electron microscopy (SEM), 
Transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), X-
ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD). The result shows Cu catalytic 
effect in the air oxidation was highly responsible for the great enhancement of monomers 
conversion rates. As increasing Cu addition, PmPD particles tended to form hollow 
microstructures, which may be resulted from dehydration effect. Furthermore, the as-obtained 
samples have superior arsenic(V) removal performance in aqueous solution. The adsorption 
equilibrium can be rapidly reached within 10 min. Higher Cu-loaded particles exhibited an 
improved arsenic(V) removal capability of 27.4 mg g-1, much higher than other reports. The 
adsorption behavior can be well described by Freundlich and pseudo-second-order model. The 
related possible mechanisms have been explored carefully. 

Introduction 1 

As a diamine derivative of polyaniline, 2 
poly(phenylenediamine) have many important applications in 3 
sensors, catalysis, electrodes and actuators, etc..1-8 In 4 
particular, widespread attention has been attracted on the 5 
adsorption performance of Poly(phenylenediamine) over the 6 
recent decade due to its superior redox reversibility and 7 
chelation ability,9-12 which can be used for removing various 8 
metals ions from water, such as Cr(VI),13 Hg(II) 14 and Ag(I)15 9 
. Among the three isomers of poly(phenylenediamine)s, 10 
poly(m-phenylenediamine) (PmPD) as an adsorbent possesses 11 
some important virtues: i) insoluble in common solvent, ii) 12 
high water permeability, iii) high production yield, vi) 13 
synthesis without high temperature or acid solvents. Many 14 
developments of poly(m-phenylenediamine) have been made 15 
by Li and our groups, in terms of molecular structures,16 16 
monomer conversion efficiency17 and morphology.15 The 17 
improved nanoscaled particles exhibits superior adsorption 18 
capability of Ag(I) (2359.3 mg g-1)15 and Orange G (387.6mg 19 
g-1).17 20 
Generally, the conventional chemically oxidative 21 
polymerization is the most accepted method for synthesizing 22 
polyaniline and its derivatives, due to its mass production and 23 
simple processes. However, introducing a large amounts of 24 
costly oxidants (e.g. persulfate) is the prerequisite to initiate 25 
the polymerization, which definitely give rise to concentrated 26 

salt water (e.g., Na2SO4)
18 with plenty of unreacted monomers 27 

or even toxic oligomers dissolved in bulk solution after 28 
polymerization.19, 20 To prevent the mass production of 29 
sulfates, adopting green oxidants is another effective strategy, 30 
such as H2O2 or O2. Nevertheless, the synthesis yields in 31 
previous reports remained quite low (generally not exceeding 32 
40%), which meant more abundant toxic organic chemicals 33 
left in the bulk system.21-23 To date, it is still a challenge 34 
problem to improve polymerization efficiency of mPD.  35 
In this context, it is reasonable to conclude that a sustainable 36 
synthesis of conjugated polymers, including the poly(m-37 
phenylenediamine), must involve two indispensable elements: 38 
i) side-products from oxidant decomposition should be totally 39 
harmless and ii) ultrahigh conversion rate that leaves nearly no 40 
toxic organic chemicals in polymerization solution. 41 
Unfortunately, seldom synthesis has fulfilled these two 42 
requirements.  43 
In present research, we developed a sustainable synthesis of 44 
poly(m-phenylenediamine) microparticles with hollow 45 
structures via Cu-catalyzed air oxidation. The conversion 46 
efficiency of monomer in this research can reach close to 47 
100%, which is higher than the highest yield reported 48 
(93.1%)24. More profoundly, the nanoscaled Cu-loaded PmPD 49 
particle is a hopeful material in arsenic removal in aqueous 50 
solution. This study is the first to present detailed 51 
investigations of As(V) removal performance and mechanisms 52 
by Cu-loaded PmPD particles. 53 
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Experimental 1 

Materials 2 
The chemicals were of analytical grade. CuCl2·2H2O and 3 
Na3AsO4·12H2O were purchased from Sinopharm Chemical 4 
(Shanghai, China), while the m-phenylenediamine (mPD) was 5 
from Acros (Belgium). Organic solvents, such as ethanol 6 
(EtOH), dimethylformamide (DMF), N-methyl-2-pyrrolidone 7 
(NMP) and Dimethyl sulfoxide (DMSO) were from Hui-Hong 8 
Chemical (Hunan, China).  9 
 10 
Preparation of Poly(m-phenylenediamine) particles 11 
Typical synthetic processes of poly(m-phenylenediamine) 12 
(PmPD) hollow sub-microparticles were as follows: 3.0 g 13 
mPD (monomer) was dissolved into 100 mL aqueous solution 14 
to form the monomer solution in 250 mL single-neck flat 15 
bottom flask. The monomer solution was pre-warmed to 30 oC 16 
and kept stirring by an IKA RCT basic magnetic stirrer at a 17 
speed of 1000 r s-1. Then 10 mL of solution with a specific 18 
concentration of Cu2+ (its temperature was also 30 oC) was 19 
added to the monomer solution in one pot. And air was 20 
introduced into the mixture as soon as the addition of Cu2+ 21 
solution. And air velocity was 40 L min-1 by air pump and 22 
rubber hose was used to connect reaction system with air 23 
pump (ESI-1). Then, the reaction system was kept on stirring 24 
with air for 24 hours. The equipment and synthesis sketch map 25 
is illustrated in ESI-2. The resulting mixture was separated by 26 
filtration and rinsed with to remove the impurity by using sand 27 
cored funnel (G5) which pore size was about 1.5~2.5µm. 28 
During filtration, used 50 mL distilled water to wash the 29 
reaction vessel and 50 mL to rinse PmPD particles, and then 30 
took this 100 mL filtrate and the initial filtrate of 100 mL, a 31 
total of 200 ml, to measure total organic carbon (TOC) and Cu 32 
mass. The product was dried at 60 oC in air for more than 12 h. 33 
The PmPD particles was named as PmPD-Cux (x: 1:1, 1:0.5, 34 
1:0.25, 1:0.125 and 1:0.1), where x corresponds to the mPD: 35 
Cu2+ molar ratio and y corresponds to the reaction time (h), 36 
respectively. And then, the conversion rate Y (%) of 37 
monomers in polymerization can be calculated according to 38 
the following equation: 39 

0

(1 ) 100%
6

mPD

c

c V M
Y

M m

× ×
= − ×

×

                           (1) 40 

where c (g L-1) and V (L) are the concentration of TOC and 41 
the volume of the filtrate, MmPD (g mol-1) and Mc (g mol-1) are 42 
the molar mass of mPD (108 g mol-1) and carbon (12 g mol-1), 43 
and m0 (g) is the dosage of the initial mPD.  44 
 45 
Characterization 46 
Fourier transform infrared spectroscopy (FTIR) of products 47 
was collected via Nicolet IS10 infrared spectrometer in the 48 
range of 4000-1000 cm-1 with resolution of 4 cm-1. Raman 49 
(LABRAM-HR 800, 514 nm He-Ne laser excitation) were 50 
applied to study the molecular structure of PmPD. The Atomic 51 
Absorption spectrometry (WFX-200 AAS) was applied to test 52 
the Cu content in the filtrate. Before detection, the PmPD 53 
particles or solution was digested by a mixed solution of HCl 54 
and HNO3.

25 JSM-6360 scanning electron microscopy (SEM) 55 
and TECNAI G2 transmission electron microscopy (TEM) 56 
were used to get the morphologies of the PmPD particles, with 57 
accelerating voltages of 20 kV and 120 kV, respectively. The 58 
X-ray diffraction (XRD) pattern was collected on a D/Max 59 
2500 VB+X X-ray diffractometer using Cu (40 kV, 300 mA) 60 
radiation. X-ray photoelectron spectroscopy (XPS) 61 
measurements were carried out on a Thermo Fisher Scientific 62 

K-Alpha 1063 using Al Kα X-ray as the excitation source. The 63 
Inductively Coupled Plasma Atomic Emission Spectrometry 64 
(ICP-AES, Intrepid II XSP Radial) was used to detect the 65 
arsenic in the solution after adsorption. TOC was measured by 66 
TOC-VCPH. 67 
The solubility of products was investigated semiquantitatively as 68 
follows: 10 mg of PmPD particles was added into 10 mL of the 69 
solvent and the solution was shaken for 24 h at room temperature. 70 
After filtration, the filtrate was collected for calculation.26 71 
 72 
Adsorption experiment 73 
In the batch experiments, 20 mg of PmPD particles was added 74 
into 40 mL of As(V) aqueous solution with pH 5 ± 0.2 at 35 75 
ºC and shaken for a specific time (0-12 h). The solution pH 76 
was adjusted with HCl and NaOH solution. After filtration, 77 
the arsenic concentration in the filtrate was measured by ICP-78 
AES. 79 
The adsorption isotherm was obtained by varying the initial 80 
arsenic concentrations and stirring for 12 h (concentration 81 
range: 0-80 mg L-1 for As(V)). The equilibrium adsorption 82 
capacity (qe) (mg g-1) for arsenic was calculated according to 83 
the following equation (2). The Langmuir (3) and Freundlich 84 
(4) models were used to study the isotherm adsorption 85 
behavior of the PmPD particles. 86 

0 1
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                                  (2) 87 
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                                   (3) 88 
1
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                        (4) 89 
where c0 and c1 (mg L-1) are the arsenic concentration of the 90 
solution before and after adsorption, m (mg) is the dosage of 91 
the PmPD particles and V1 (mL) is the volume of arsenic 92 
solution. qm (mg g-1) is the maximum adsorption capacity, ce 93 
(mg L-1) is the equilibrium concentration of arsenic in the 94 
filtrate, Ka (L mg-1) is the adsorption coefficient, Kf and n are 95 
the equilibrium and constants, respectively. 96 
The adsorption kinetics was investigated with the initial As(V) 97 
concentration of 3.7 mg L-1 at pH of 5.0 and adsorbents dose 98 
of 0.5 g L-1. The solution was allowed to shake with the 99 
adsorbent at 35 oC for a special time (10 ~ 720 min).  100 
The pseudo-first (5) and -second (6) order rate equations were 101 
used to test the kinetic process of adsorption: 102 

log( ) log
2.303e t e

k
q q q t− = −

                  (5) 103 
1

t e

t t

q h q
= +

                                   (6) 104 
where qe (mg g-1) is the equilibrium arsenic adsorbance of the 105 
PmPD particles, qt (mg g-1) is the arsenic adsorbance of the 106 
PmPD particles at specific time (t, h), k and h are the rate 107 
constants of first and second order equations, respectively. 108 
The initial pH of the solution was controlled by HCl or NaOH 109 
from 3 to 9 for research the effect of pH on adsorption. And 110 
Cl-, SO4

2-, NO3
-, PO4

3- were investigated as the competing 111 
anions and the molar proportion of competing anions to 112 
AsO4

3- was controlled from 1:1 to 4:1. 113 
 114 

Results and discussion 115 

Efficiency of Cu-catalyzed air oxidation 116 
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The polymerization of mPDs in Cu-catalyzed air oxidation 1 system was investigated. As shown in Figure 1, Cu addition 2 

 3 
Figure 1 Conversion rate of PmPD-Cu1:1, PmPD-Cu1:0.5, PmPD-Cu1:0.25, Cu1:0.125, Cu1:0.1 and No-Cu.4 

has a significant effect on the polymerization efficiency. 5 
Without Cu addition, no obvious solid particles could be 6 
filtered out after the 24 h polymerization finished, except that 7 
the bulk solution became brown. This is quite consistent with 8 
the previous reports21, 22, indicating that the oxidation ability 9 
of pure air oxidation system cannot effectively afford the 10 
polymerization of mPD. However, when Cu amount increased 11 
to nmPD:nCu=1:0.1, the monomers conversion rates rapidly rise 12 
to 49%. Especially, when Cu amount further increased to 13 
nmPD:nCu=1:0.25 and more, the conversion rates continued to 14 
grow rapidly and reached close to 100%, this is far more than 15 
previous reports stated up to our knowledge (e.g. 93%)24. 16 
Especially, the obtained filtrates (before distilled water rinsed) 17 
appeared to be transparent, clean without any obvious 18 
suspended solids. The TOC remaining in the filtrates were 19 
below <10 mg L-1 (in ESI-3), which is compliant with the 20 

discharge standard of the United States Environmental 21 
Protection Agency.27  22 
Of course, large amounts of Cu (65~878 mg) were still 23 
remained in the filtrates after polymerization (ESI-3). To test 24 
the recyclability of these filtrates including residual Cu (TOC 25 
<10 mg L-1, which is within the EPA limits), a comparable 26 
experiment was designed by directly adding certain amount of 27 
Cu and mPD into the said filtrates to make up 28 
nmPD:nCu=1:0.5. The other procedures were the same as the 29 
above-mentioned method. Actually, the monomers conversion 30 
rate can also reach to 98.97%. That strongly demonstrated that 31 
the filtrates can certainly be re-used for the PmPD 32 
polymerization (ESI-2) without any other treatments. 33 
Effective utilization of the obtained filtrates can greatly 34 
improve process cost and substantially prevent secondary 35 
pollutions to the maximum during the PmPD synthesis.36 

 
Figure 2 (a) Open-circuit potential and (b) pH of the polymerization. 

To explore the polymerization process, open-circuit potential 1 
(OCP) and pH of the reaction system were monitored in-situ, 2 
as shown in Figure 2. As soon as the Cu2+ solution added into 3 
monomer solution, the polymerization OCP suddenly rose to 4 

more than 150 mV which was ascribed to the oxidizability and 5 
coordination of Cu2+28-30. The Cu2+ could readily react with 6 
the monomers to form the complexes and the Cu2+ was 7 
reduced to the corresponding Cu+, which has been proven by 8 
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our previous study 17, 24. It can explain the OCP dropped 1 
sharply after finish adding the Cu2+ solution. As reflected by 2 
the color, the polymerization system rapidly changed from 3 
clean transparent to dark brown with lots of solids suspended. 4 
From Figure 2 a, the higher solution potentials apparently can 5 
be obtained with the increased Cu:mPD ratios after air 6 
introducing. Moreover, the increased Cu amounts also 7 
decreased the final solution pH (Figure 2 b) which was 8 
resulted from H+ release from mPD during the oxidation. It 9 
clearly demonstrates that the air oxidation was activated 10 
significantly through employing Cu2+. Especially, the solution 11 
potential with air introducing gradually declined to a relatively 12 
constant value. That is to say, the oxidation reaction remains 13 
steady in the solution. However, the exact mechanism is still 14 
unclear, yet it is apparently a consequence of catalytic air 15 
oxidation via Cu coordination with monomers. During the 16 
polymerization, the reduction of Cu2+ to Cu+ triggered the 17 
oxidation of monomer and polymerization, while the O2 in air 18 
could easily oxidize the Cu+ to Cu2+ again.22 This reversible 19 
process promised a dynamic balance for the oxidation. 20 
Taken together, the presented Cu-catalyzed air oxidation 21 
provides a significant strategy for the sustainable and high 22 
efficient synthesis of PmPD particles. 23 
 24 
Morphology of PmPD particles 25 
The morphology of PmPD particles was measured by the 26 
SEM and TEM (Figure 3 and ESI-4). Obviously, amount of 27 
Cu addition have a significant influence on the micro-28 
morphology of PmPD particles. As shown in Figure 3 (g, h), 29 
the product synthesized in nmPD:nCu=1:0.125 just consisted of 30 
abundant irregular solid particles. However, great variation 31 
emerged by increasing Cu content. When mPD/Cu ratio 32 
became 1:0.5, a lot of distinguishable solid microspheres 33 
appeared actually in the product, though their surfaces are 34 
very rough (Figure 3 c, d). It is noted that some hollow 35 
nanostructures could be identified apparently in Fig 3 (d). 36 
Especially, in a further experiment, the obtained PmPD-Cu1:1 37 
particles were mainly composed of nanosized smooth spheres 38 
with the diameters of 300~500 nm (Figure 3 a, b). More 39 
importantly, the microspheres are hollow with a wall thickness 40 
of about 60-80 nm, as confirmed by the TEM image. Up to 41 
our knowledge, that is a new sustainable alternate to constitute 42 
hollow structure of PmPD particles.  43 
To give insight to these morphologies variations, some 44 
samples were separated from the reaction solution with 45 
mPD/Cu ratio of 1:1 before air introduction and after reaction 46 
for 6h, and then characterized using TEM. On account of the 47 
reaction of the Cu and monomer was very strong and fast. 48 
When Cu2+ solution was added, the color of solution suddenly 49 
turns to black from transparent and particulate matter could be 50 
found immediately. ESI-4a was obtained by separate the 51 
solution in this time; primarily consisted of hollow nanorods 52 
with the length of 400~500 nm, the diameters of ~100 nm and 53 
wall thickness of 20~30 nm. When the reaction time reached 6 54 
h, the aggregates greatly changed into nanosized spheres with 55 
the increased diameters of 200~400 nm and wall thickness of 56 
60~80 nm (in ESI-4b), just similar to the final product (Figure 57 
3 a, b). More importantly, a fission phenomenon among these 58 
aggregates was evidently observed (in ESI-4b), which showed 59 
a tendency to split the nanorods into the nanospheres. It 60 
strongly demonstrated that the initial micromorphology of the 61 
synthesized particles definitely possessed the hollow rod-like 62 
nanomorphology, which finally was changed into the hollow 63 
nanospheres.  64 

The self-formation mechanism of the hollow structures can be 65 
described as follows. When in contact with Cu2+, mPD 66 
instantly reacted to generate the positively charged complex, 67 
which would increase the molecules amphiphilicity to 68 
constitute micelles in water. As higher amount of Cu(II) salt 69 
was added into the system, the counter ion concentration also70 

 71 
Figure 3 SEM and TEM images: (a, b) PmPD-Cu1:1; (c, d) 72 
PmPD-Cu1:0.5; (e, f) PmPD-Cu1:0.25 and (g, h) PmPD-Cu1:0.125. 73 
(Reaction time was 24 hours). 74 

increased, which can compress the electrical double layer and 75 
reduce charge repulsion, allowing the micelles to come closer 76 
to each other31-33. At the same time, the increased ionic 77 
strength can cause the molecules’ polar groups undergo more 78 
‘‘dehydration’’ to enhance their hydrophobic character, which 79 
will greatly reduce monomers exchange between the micelles 80 
and the bulk phase.34 Hence, the effects worked together to 81 
drive micellar molecules to be rearranged to form enlarged 82 
stable micellar cluster or bilayer aggregates, just like the 83 
obtained nanorods as ESI-4.34 When air was introduced into 84 
the bulk solution, the oxidation chain-propagation will 85 
principally takes place around the surface of the aggregates to 86 
make them growing up.32 However, when the reaction reached 87 
to a certain extent, the dynamic equilibrium cannot be 88 
maintained between the grown aggregates and polymer 89 

Page 4 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

molecules. The nanorods will spontaneously split into 1 
nanosized spheres by fission. Particularly, if the total Cu 2 
addition is not enough, low ionic strength will go against 3 
keeping hollow aggregates stable and finally formed irregular 4 
solid particles. 5 
Structural characterization 6 

 7 
Figure 4 FTIR spectra of PmPD-Cu1:1, PmPD-Cu1:0.5, PmPD-8 
Cu1:0.25 and PmPD-Cu1:0.125. 9 

The molecular structures of PmPD-Cux (x: 1:1, 1:0.5, 1:0.25, 10 
1:0.125, 1:0.1) were investigated by FTIR (Figure 4). As seen 11 
in Figure 4, the FTIR spectra of these four polymers were 12 
similar. The broad absorption centered between 3500 and 13 
3000 cm-1 should be due to the stretching mode of -NH-.35-37 14 
The peak at ~1620 cm-1 was associated with phenazine and 15 
quinoid imine. And the peak at ~1500 cm-1 was attributed to 16 
benzenoid amine structures.38-40 Meanwhile, the peak at ~1250 17 
cm-1 corresponded to the C-N stretching mode in the PmPD.41 18 
Moreover, it was found that the relative content of the two 19 
peaks changed obviously with the variation of the 20 
Cu/monomer molar ratio. With the increase of Cu2+, the peak 21 
at ~1620 cm-1 turned to stronger which indicated that content 22 
of phenazine and quinoid structure were increased. Generally 23 
speaking, Cu/monomer molar ratio was an effective factor on 24 
the variations of oxidation state.  25 
Except for FTIR, Raman spectra were also used to analyses 26 
the structures of obtained PmPD particles in ESI-5. The peak 27 
at ~1573 cm-1 was attributed to quinoid. While the two peaks 28 
at ~1330 and ~1410 cm-1 were attributed to C~N+ and 29 
phenazine structure, respectively.42 It was found that the 30 
relative intensity of phenazine increased with the enhancement 31 
of Cu2+ amount. The increase of phenazine structure should be 32 
resulted from the oxidation of linear benzenoid structure.40 33 
This indirectly verifies the increased oxidation state of PmPD 34 
with promoting the Cu:mPD ratio, which was in line with the 35 
analysis of FTIR. On the other hand, the C~N+ was caused by 36 
the chelation of imine groups by Cu2+. 37 
Instead of FTIR and Raman, the empirical composition, 38 
functional groups on the surfaces, chemical state and 39 
electronic state of the elements within the PmPD particles 40 
were quantitatively determined by XPS technique. Figure 5 41 

was the typical survey spectra from 0 to 1400 eV of the 42 
samples. It clearly indicates that the PmPD particles with Cu 43 
loaded are basically made up of carbon, oxygen, nitrogen, 44 
copper and a small amount of chlorine. With the decrease of 45 
the initial dosage of Cu2+, the peak of Cu became weaker. 46 

 47 
Figure 5 Wide energy range surface spectra of PmPD-Cu1:1; 48 
PmPD-Cu1:0.5 PmPD-Cu1:0.25 and PmPD-Cu1:0.125. 49 

 50 
Figure 6 Deconvolution results of N 1s (a-d) and Cu 2p (e-h) XPS 51 
spectra of PmPD-Cu1:1 (a, e), PmPD-Cu1:0.5 (b, f), PmPD-52 
Cu1:0.25 (c, g) and PmPD-Cu1:0.125. 53 

Page 5 of 10 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

Here, as shown in Figure 6(a-d), the XPS spectra of N element 1 
of various PmPD particles were investigated to study the 2 
relative molar contents of N-containing segments. The peak at 3 
399.2 eV was associated with the neutral –N= in both quinoid 4 
imine and phenazine while the one at 400.2 eV was due to the 5 
–NH– in the benzenoid amine units. Beside these, there was a 6 
weak peak at 401.2 eV assigned to –N+=.43-45 With the 7 
increase of Cu2+, the area of –N= and –N+= increased, 8 
indicating the enhancement of oxidation state. This was in 9 
agreement with the analysis of FTIR and Raman. The 10 
presence of –N+= prove that Cu2+ was chelated on the PmPD, 11 
which was in agreement with literatures.9, 44 Based on XPS 12 
analysis, it was interesting to see that the oxidation state of 13 
PmPD increased with the increase of Cu/monomer molar ratio.  14 
The XPS spectra of Cu element of PmPD particles were also 15 
shown in Figure 6(e-h). Obviously, copper existed in two 16 
oxidation states on the PmPD particles, Cu2+ and Cu+.46-49 Cu+ 17 
contents tended to rise with the increase of Cu/mPD ratio. The 18 
variation of Cu+ contents proved that Cu2+ was involved in the 19 
mPD oxidation polymerization. It was the reduction of Cu2+ to 20 
Cu+ achieving the oxidation and the increased amount of Cu+ 21 
was possibly a direct reason for the increased oxidation state 22 
of PmPD. Therefore, it could be further correlated to the 23 
increase of conversion rate. 24 
The supermolecular structure of PmPD particles was 25 
characterized by XRD (Figure 7). As shown in Figure 7, there 26 
was one broad peak in these five patterns located at ~25  to 27 
28°, which was a typical characteristic for amorphous 28 
structure.50 Generally speaking, an amorphous structure was 29 
conducive to the penetration and then adsorption of ions onto 30 

 31 
Figure 7 XRD patterns of PmPD-Cu1:1, PmPD-Cu1:0.5, PmPD-32 
Cu1:0.25 and PmPD-Cu1:0.125. 33 

the macromolecules due to the loose and disordered piles of 34 
the polymeric chains in the amorphous structure.9, 26, 50 No 35 
peak observed in the range of 14-68°, suggesting that Cu, 36 
Cu2O and CuO did not exist51, 52 which indicating that Cu2+ 37 
was chelated to PmPD consistent with XPS analysis.  38 
In addition, the solubility of PmPD particles in H2O, DMF, 39 
EtOH, NMP and DMSO is listed in Table 1. As seen, the 40 

solubility of the five PmPD particles in H2O, DMF, EtOH, 41 
NMP and DMSO is very poor. The insoluble or slightly 42 
soluble property is suitable as adsorbent. 43 
Table 1 The Solubility of PmPD particles. 44 

Arsenic adsorption ability of PmPD particles 45 
Effect of initial arsenic concentration. Figure 8 shows the 46 
As(V) adsorption performance of various PmPD particles 47 
under different initial arsenic concentrations (0-80 mg L-1). It 48 
should be note that PmPD particles without Cu (PmPD-Cu0) 49 
was synthesized with persulfate as oxidant based on the 50 
previous report35, which was used to treat the arsenic solution, 51 
since no PmPD products can be effectively collected by air 52 
oxidation without Cu addition. 53 

 54 
Figure 8 Effects of initial concentration of PmPD particles. (T=35 55 
oC; adsorbent doses=0.5 g L-1; pH=5 ± 0.2) 56 

As shown in Figure 8, when initial As(V) concentration is 70 57 
mg L-1, PmPD-Cu0 exhibited a certain arsenic adsorbance as 58 
low as about 8 mg g-1. As the Cu/mPD ratios rose, the 59 
adsorbance of PmPD particles loaded with Cu significantly 60 
increased. The maximal adsorbance (about 27.4 mg g-1) 61 
occurred at Cu/mPD ratios 0.25:1, 4 times as much as that of 62 
PmPD-Cu0. Subsequently, further enhancing Cu/mPD ratio 63 
had no great impacts upon the As(V) adsorption of PmPD 64 
particles with just a slight decrease to about 23-24 mg g-1.  65 
It is indicative that Cu played a crucial role in the arsenic 66 
removal of PmPD particles. Consequently, PmPD-Cu1:0.25 is 67 
more preferable adsorbent for As(V) removal. 68 
To give a deeper analysis on the isotherm adsorption, math 69 
models, e.g., Langmuir and Freundlich were used to fit the 70 
data above. Results are given in ESI-6. It summarizes the 71 
correlation coefficients (R2) of Langmuir and Freundlich 72 
isotherms of PmPD-Cu particles. The Freundlich can better 73 
describe the adsorption since the correlation efficiency of 74 

PmPD-name 
Solubilitya 

H2O DMF EtOH NMP DMSO 

Cu1 IS SS IS IS SS 

Cu0.5 IS SS IS IS SS 

Cu0.25 IS SS IS IS SS 

Cu0.125 IS SS IS SS SS 

Cu0.1 IS SS IS SS SS 
a IS and SS represent the sample is insoluble or slightly soluble in a 
specific solvent. 

Page 6 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7  

Freundlich is all much higher than that of Langmuir. This 1 
suggests that PmPD particles adsorption of arsenic is a 2 
multicomponent adsorption isotherm which is derived based 3 
on the assumption that an exponential distribution of 4 
adsorption energies exists for each component. 53 The 5 
maximal capacity reached 27.4 mg g-1 for PmPD-Cu1:0.25. 6 
To demonstrate the advantage of the PmPD with Cu loaded, a 7 
comparison between them and some similar kind of reported 8 
adsorbents is provided in Table 2. 54-57 It is obvious that the 9 
Cu loaded PmPD particles have a superior As removal 10 
performance in aqueous solution.  11 
 12 
Table 2 Comparison of the adsorption capacity of arsenic on 13 
PmPD-Cu particles with reported materials. 14 

Effect of adsorption time. Figure 9 shows plots of residual 15 
arsenic amount in the filtrate versus adsorption time for the 16 
PmPD-Cu1:0.25. The adsorption process can be roughly 17 
divided into fast and slow steps. The fast step lasted for about 18 
10 min; the residue percentage of arsenic in the filtrate was 19 
sharply decreased to 18.5% for. This rapid process was caused 20 
by the adsorption of arsenic to the functional groups on the 21 
surface of PmPD particles. As prolonging the time, the 22 
adsorption becomes slow apparently, owing to the gradual 23 
diffusion of arsenic molecules from the surface to the inner 24 
structures of the PmPD particles. This rapid attainment of 25 
adsorption equilibrium is a great important to the practical 26 
process of the obtained PmPD particles. 27 
For a further analysis, the pseudo-first-order and -second-28 
order adsorption models were used to fit the above data and 29 
results are listed in ESI-7. It summarizes the kinetic 30 
parameters and the R2. As can be seen, the pseudo-second-31 
order kinetic model (>0.99) is better for describing the 32 
adsorption process, because of its higher correlation efficiency 33 

than the pseudo-first-order kinetic model (<0.97). The initial 34 
adsorption rate of arsenic onto the PmPD particles is in the 35 
range from 0.74 to 2.38 mg g-1 min-1. Noticeably, the 36 
establishment of the pseudo-second-order model is based on 37 
the fact that the interaction force between adsorbent and 38 
adsorbate is chemisorption process.9 That is to say, arsenic 39 
removal of PmPD particles is probably a chemical adsorption 40 
process. 41 

 42 
Figure 9 Effects of time on the adsorption performance of PmPD-43 

Cu1:0.25 particles. (T=35 oC; adsorbent doses=0.5 g L-1; pH=5 ± 44 

0.2) 45 

Effect of initial pH. Arsenic removal property of PmPD-46 
Cu1:0.25 was measured with initial pH value from 3 to 11 47 
(Figure 11). The removal rate was calculated according to the 48 
equations described in the literature.10 When decreasing the 49 
pH from 5.0 to 3.0, the removal rate declines obviously from 50 
only 53.2% to 16.1%. This means that the acidic condition 51 
with pH lower than 5 is not beneficial for arsenic removal. 52 
While at pH 5.0~7.0, the removal rate varies little (<2%), 53 
implying that the weak acidic condition influences slightly on 54 
arsenic adsorption. As pH from 5 decrease to 3, negative 55 
charged H2AsO4

- began to turn to neutral molecular state 56 
H3AsO4, which is difficult to be adsorbed, thus leading to the 57 
decrease of removal rate. As pH increased to 11, the removal 58 
rate of arsenic rapidly dropped to 0%, which is mainly due to 59 
OH- competition in alkaline condition. As a consequence, the 60 
solution pH at 5.0~7.0 is suitable for arsenic adsorption of 61 
PmPD particles.  62 

 63 
Figure 10 Effect of pH on the adsorption performance of PmPD-64 
Cu1:0.25 particles. (T=35 oC; adsorbent doses=20 mg L-1) 65 

Competitive adsorption. The competitive adsorption ability 66 
of PmPD-Cu1:0.25 in the coexistence of interference anions 67 
was studied, such as Cl-, SO4

2-, NO3
- and PO4

3- (ESI-8). From 68 

Adsorbent 

sample 
pH 

Removal 

capacity for 

As (V) (mg 

g-1) 

Reference 

PmPD-Cu1:1 5 24.51 this work 

PmPD-Cu1:0.5 5 24.60 this work 

PmPD-Cu1:0.25 5 28.13 this work 

PmPD-

Cu1:0.125 
5 16.63 this work 

PmPD-Cu1:0.1 5 13.12 this work 

PmPD-Cu0 5 11.24 this work 

Fe3O4 Particles 5 7.23 54
 

Ni/NixB 

nanoparticles 

coated resin 

6 17.8 56 

CTS-g-PA 7.2 6.56 55 

Acidithiobacillus 

ferrooxidans 

BY-3 

4.0 0.333 57 
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ESI-8, the PmPD particles follows the selectivity pattern Cl- > 1 
NO3

- > SO4
2-> PO4

3-. The influence of Cl- and NO3
- on AsO4

3- 2 
adsorption is weak and negligible while SO4

2- and PO4
3- have 3 

negative effect. It demonstrates the outstanding selectivity of 4 
PmPD particles toward AsO4

3- in Cl- and NO3
-. 5 

 6 
Adsorption Mechanism of As(V) onto PmPD particles. To 7 
clarify the adsorption mechanism, PmPD particles before and 8 
after arsenic adsorption were characterized by XPS. The As 3d 9 
and N 1s data (XPS) of PmPD particles and relevant 10 
calculation are given in Figure 11.9, 58  Based on the As 3d data, 11 
the adsorption of As on PmPD particles existed in two forms, 12 
58.14% mol As(V) and 41.86% mol As(III). That means an 13 
oxidation process took place to make As(V) reduced to As(III) 14 
during the adsorption. As compared the data of N1s before 15 
and after adsorption (in Figure 11), it can be found that the 16 
content of –NH– declined by 5.7% after treating As(V), in-17 
turn the content of =N– and =N+– increased correspondingly.  18 

Figure 11 Deconvolution results of N 1s and As 3d XPS spectra of 19 
PmPD-Cu1:1 after adsorption. 20 

As is known to all, –NH– of conjugated polymers can be 21 
oxidized readily and then hydrogen left, which was finally 22 
transformed to =N–.44 That is to say, 0.92% of –NH– was 23 
oxidized by As(V) form to =N–. On the other hand, the 24 
electron density of =N– is much higher than that of –NH– due 25 
to its different molecular configuration,59, 60 which allows it to 26 
interact with As(III) cations through coordination. The 27 
increased amount of =N+– after adsorption also strongly 28 
verifies this chelation between As(III) and =N–. It should be 29 
noted that part of the =N– in PmPD before adsorption has 30 
been already chelated by Cu ions to generate =N+– which can 31 
interact with negative ionic As(V) through static manner. 32 
Based on the discussion of XPS, the corresponding interaction 33 
was illustrated in Scheme 1.44, 61, 62  34 
As soon as the addition of PmPD-Cu nanoparticles into the 35 
As(V) solution, abundant As(V) was adsorbed by =N+– 36 
components via electrostatic attraction. Meanwhile, the redox 37 
reaction between part of As(V) and  nearby imine group (–38 
NH–) occurred which produced the =N– and As(III). Therein, 39 
As(III) can readily tend to interacts with =N– through 40 
coordination. 41 

Conclusions 42 

In this study, a sustainable synthesis approach of Cu-loaded 43 
PmPD particles with hollow morphologies was successfully 44 
proposed based on Cu-catalysed air oxidation. The maximal 45 
conversion rate is nearly 100%, much higher than other 46 
previous reports. The TOC in filtrate is less than 10 mg L-1 47 
and can be directly re-used for air oxidation to eliminate 48 
secondary pollution. This work clearly indicates the 49 
importance of Cu in the air oxidation to prepare PmPD 50 
particles by facilitating the electron transfer from ligand to O2. 51 
In addition, the increase of Cu/mPD ratio tends to definitely 52 
constitute hollow morphology of PmPD particles. The 53 
explanation can be attributed to dehydration effect, which is 54 
beneficial for forming more stable and enlarged amphiphilic 55 
aggregates and finally form the hollow nanosized particles. 56 
Moreover, the Cu loaded PmPD particles show ability toward 57 
As(V) removal in aqueous solution with a maximal 58 
adsorbance of 27.4 mg g-1. The adsorption behaviour can be 59 
well described by Freundlich and pseudo-second-order model. 60 
Altogether, by using air as a costless green oxidant, the 61 
presented idea provides a significant green strategy for high 62 
efficiency and mass production of PmPD particles. The 63 
obtained Cu-loaded PmPD particles is a promising adsorbent 64 
for As removal in environmental protection and is potentially 65 
capable of being used in many fields, as a new composite 66 
materials, such as biosensors, catalysis and anticorrosion, etc. 67 
 68 

 69 

 70 
Scheme 1 Possible mechanism for arsenic adsorption with PmPD 71 
particles. 72 
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