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This work presents facile preparation processes of multiphosphonic acid functionalised multi-walled carbon nanotubes (HEDP-MWCNTs and
ATMP-MWCNTs), which have been characterised by FT-IR, XPS, X-ray diffraction, TGA, and SEM, and have employed for heavy metal
ions adsorption. The adsorption properties of MWCNTs, HEDP-MWCNTs, and ATMP-MWCNTs for gold ions, cadmium ions, copper ions,
lead ions, nickel ions, cobalt ions, zinc ions, and chromium ions have been investigated, the experimental results reveal that the functionalised
samples HEDP-MWCNTs and ATMP-MWCNTSs have excellent adsorption properties for Pb(Il) and Au(Ill), respectively. The investigation
results on their adsorption selectivity represent that in the binary heavy metal ion systems, HEDP-MWCNTs/ATMP-MWCNTSs has displayed
a strong affinity for Pb(II)/Au(IIl) and even could exhibit 100% selectivity while coexisting with copper ions, nickel ions, cobalt ions, zinc
ions, chromium ions, or cadmium ions. Furthermore, the adsorption kinetics of HEDP-MWCNTs for Pb(Il) and ATMP-MWCNTs for Au(III)
have also been studied at different solution temperatures. All these research work results show that two novel functionalised adsorbents
HEDP-MWCNTs and ATMP-MWCNTs have shown excellent adsorption properties for heavy metal ions and they can be used in

wastewater treatment, especially for lead/gold ions removal.

1. Introduction: Nowadays, there are many diseases in the world
caused by water pollution, among which the heavy metal pollution
is one of the most serious environmental impacts. Release of heavy
metal to the environment as a result of industrial activities may pose
a serious threat to the ecosystems [1-3]. Polluted water containing
heavy metal ions is introduced into farmlands accidentally in the
process of irrigation and/or fertilisation, which not only makes
the soil be contaminated, but also infiltrates into rivers or ground-
water. Excessive presence of heavy metal ions in the biological
chain ultimately endangers human life through the circulation of
natural water. Heavy metal ions cannot easily be discharged in
the case they enter human bodies along with the food chains
[4-6], and they pose a very severe threat to human health due to
their non-biodegradability and high toxicity. Thus, it is very
urgent to remove the heavy metal ions from the polluted water
sources.

There are several ways to remove heavy metal ions from aquatic
systems, such as adsorption, oxidation, precipitation, electrochem-
ical method and so on. Among these methods, adsorption is one
of the most used techniques to treat heavy metal ions contaminated
wastewaters, it is superior to other conventional methods because of
its high-level effectiveness in removing heavy metal ions from
wastewaters, the ready availability of absorbents, the simple and
amenable process, and the excellent recyclability [7-10]. For the
above-mentioned reason, there is a strong research interest in
developing the adsorbents that have high efficiency and selectivity
for heavy metal ions removal, efficient adsorbents have become the
decisive factor in the removal process of heavy metal ions, and
many different types of adsorbents have been developed and used
for the removal of heavy metal ions to obtain good removal
performances, including manganese oxides [11-13], functionalised
silica gel [14-17], activated carbon [18, 19], zeolite [20-22],
chitosan [23-25], granular biomass [26] etc. Among them, carbon
nanotubes (CNTs) have emerged to be excellent heavy metal ions
adsorbents because of their unique chemical and physical
properties, such as high surface area, tunable surface chemistry,
and non-corrosive property [27-31]. Especially while some types
of functional groups are added to their surface, the chemical
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functionalisation could remarkably improve their adsorption
capacity, adsorption selectivity to heavy metal ions because the
removal of metal ions by CNTs adsorption is usually dominated
by the surface complexation [32]. For example, diphenylcarbazide
has been grafted onto the surface of CNTs, it is found that this type
of modified CNTs could selectively adsorb and remove Cd(Il) ions,
and the removal efficiency for cadmium ions could reach 97% [33].

In this study, the paper mainly explores the facile preparation
of HEDP-MWCNTs and ATMP-MWCNTS and their applications
in the adsorption and removal of heavy metal ions. The multi-
phosphonic acid functional groups are introduced on the surface
of HEDP-MWCNTs and ATMP-MWCNTSs, which could chelate
effectively with heavy metal ions and thereby efficiently promote
their adsorption properties for those ions. The adsorption
performance of HEDP-MWCNTs and ATMP-MWCNTs is
evaluated using batch experiment and their physiochemical
properties are studied by characterisation techniques. The adsorp-
tion properties of HEDP-MWCNTs and ATMP-MWCNTs for
heavy metal ions in the single/binary metal ion systems have
been investigated, and the experimental research results reveal
that they have excellent adsorption capacity and selectivity for Pb
(II) and Au(Ill), respectively. Moreover, the adsorption kinetics
of HEDP-MWCNTs for Pb(Il) and ATMP-MWCNTSs for Au(IIl)
have also been studied at different solution temperatures.

2. Experimental procedure

2.1. Preparation of the adsorbents HEDP-MWCNTs and
ATMP-MWCNTs: In this experiment, 2.5 g of the hydroxylated
MWCNTs are firstly washed with distilled water and sonicated
for 10 min, then treated with sulfuric acid and nitric acid. After
the refluxing process for 4 h, the mixture is filtered and washed
until the filtrate pH is close to 6, and then dried at 60°C. 20 ml
of 50% HEDP (hydroxyethylidenediphosphonic acid)/ATMP
(aminotrimethylenephosphonic acid) has been mixed with 5.0 g
of treated MWCNTs, and they react at a temperature of 120°C
for 4 h, then the samples are washed with distilled water until
pH=~6 and dried at 60°C. The prepared products are labelled
as HEDP-MWCNTs and ATMP-MWCNTSs, respectively.
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The hydroxylated MWCNTSs are chemically pure grade which has
been provided by the Chinese Academy of Sciences Chengdu
Organic Chemistry Co., Ltd. Other reagents are purchased from
Sinopharm Chemical Reagent Co., Ltd. and of analytical grade.

2.2. Characterisations: Fourier transform infrared (FT-IR) spectro-
scopy has been utilised for functional group analysis on a
Nicolet MAGNA-IR 550 spectrophotometer. The X-ray photo-
electron spectroscopy (XPS) measurement has been made on a
Perkin-Elmer PHI 550-ESCA/SAM photoelectron spectrometer
operated at 10kV and 30 mA. High-resolution XPS spectra are
generated with the analyser pass energy set at 10 and 50 eV,
respectively. The X-ray diffraction (XRD) patterns from 5.0° to
70.0° have been recorded with a Rigaku Max-2500VPC diffracto-
meter using Cu-Ko,; radiation. Thermogravimetric analysis (TGA)
has been carried out on a Netzsch STA 409, the functionalised
MWCNTSs have been heated in an N, atmosphere with a flow rate
of 30 ml/min. The concentrations of the studied heavy metal ions
are detected on a flame atomic absorption GBC-932A spectro-
photometer. The SEM and The EDXAS of the samples are per-
formed on a HITACH SU8010 analytical instrument.

2.3. Heavy metal ion adsorption measurements: Static adsorption
experiment has been used to get the adsorption capacities of the
pristine and derivatised MWCTNSs for different heavy metal ions.
The static adsorption experiments are conducted by mixing the
prepared adsorbents (20.0 mg) with the solutions that contain
heavy metal ions (20.0 ml). The mixture is equilibrated at 25°C
for 24 h with the shaking method. Then the solutions are separated
from the adsorbents and the concentration of metal ions is
quantified by atomic absorption spectrometer.

The following formula has been used to compute the correspond-
ing adsorption amount of these adsorbents O (mg/g):

(G- GOV

0 W

(M

where C, and C, are the concentrations in the initial solution and the
equilibrium solution of the respective heavy metal ions(mg/ml); V'
and W represent the volume of the solution (ml) and the weight
of the adsorbents used in the adsorption studies (g), respectively.
During the experimental procedure, these studied systems are
mixed at the speed of 150 r/min through a rotary shaker. Each
adsorption experiment has been conducted in triplicates and the
average value is adopted.

2.4. Investigations on the emulative adsorption for Pb(II)/Au(III):
The prepared HEDP-MWCTNs/ATMP-MWCTNSs (20.0 mg) has
been mixed with the binary ions solutions (20.0 ml) containing
equal initial concentrations (2.0 mmol/l) of Pb(II)/Au(Ill) and
other simultaneously existing metal ions, and then these systems
oscillate 16 h. After that, these solutions are separated from the
adsorbents and the concentrations of metal ions have been detected
by atomic absorption spectrometer.

2.5. Adsorption kinetics investigations: The adsorption kinetics of
Pb(II)/Au(Ill) ion by the prepared adsorbents have been studied
by mixing the prepared adsorbents (20.0 mg) with the solutions
that contain heavy metal ions (20.0 ml) in a series of flasks at 15,
25, or 35°C with the initial concentration of Pb(II)/Au(Ill) being
1.5 mmol/l. At a certain time interval, the adsorbents are filtrated
and the concentrations of Pb(II)/Au(Ill) have been measured.

3. Results and discussion: MWCNTs consist of a group of
graphene sheets wrapped around themselves to form cylinders
nested together [7]. The surface of the hydroxylated MWCNTs
contains a large number of hydroxyl functional groups that
can react with multiphosphonic acid HEDP/ATMP under the
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above-mentioned experimental conditions. The introduction of the
organophosphonic acid functional groups onto MWCNTs has
very strong coordinating properties and they can chelate with
heavy metal ions, and thereby enhance greatly adsorption properties
of the adsorbents. FT-IR spectra of MWCNTs, HEDP-MWCNTs
and ATMP-MWCNTs are shown in Fig. 1, which could be used
to identify the chemical grafting of multiphosphonic acids on
MWCNTS [34-35]. In Fig. 1, three broad and intense peaks
around 3430 cm™' can be attributed to the O—H stretching vibration
of hydroxyl groups. Comparing with the FT-IR spectrum of
MWCNTs, the stretching vibration peaks of PO—(C) located
at 910 and 1064 cm™' and the adsorption peak of P=O at
1165 cm™" are detected in the spectrum of HEDP-MWCNTs.
Similarly, the stretching vibration peaks of PO—(C) at 931 and
1079 cm™" and the adsorption peak of P=0 at 1184 cm™' are
also observed in the spectrum of ATMP-MWCNTSs. These results
indicate that the organophosphonic acid groups have been success-
fully grafted onto MWCNTs.

Further efforts are required to confirm the chemical modification
of organophosphnic acids on the surface of MWCNTs; therefore,
the X-ray photoelectron spectroscopy (XPS) has been performed
on the two adsorbent samples. XPS spectra of HEDP-MWCNTs
and ATMP-MWCNTs are displayed in Fig. 2. An overview inves-
tigation of the peaks in the XPS spectrum of HEDP-MWCNTs
(Fig. 2a) indicates the presence of carbon, oxygen, and phosphorus.
The main carbon peak at 283.24 eV can be attributed to the C—C
bond from the CNT skeleton [34]. Further analysis of the individual
phosphorus peaks by high-resolution XPS (Fig. 2a (inset)) shows
that the P 2p peak at 132.22 eV [34, 36] constitutes 3.08% of
atomic concentration, which can be assigned to phosphorus from
P—(C, O) of the phosphonate groups on the HEDP-MWCNTs.
XPS of ATMP-MWCNTs (Fig. 2b) is similar to that of
HEDP-MWCNTs, but the amount of aminotrimethylenephospho-
nic acid functional groups are small, and phosphorus spectrum is
weak and not labelled in its full survey scan spectrum. And its
binding energies of P 2p at is 132.17 eV (Fig. 2b (inset)), and the
atomic concentration of phosphorus is 0.44%, indicating amino-
trimethylenephosphonic acid functional groups have been grated
successfully onto the surface of MWCNTs, which is in good
agreement with the result of FT-IR analysis. Therefore, both
FT-IR and XPS characterisation results have confirmed the
presence  of  phosphonic acid functional groups in
HEDP-MWCNTs and ATMP-MWCNTs, and the successful in-
corporation of the organophosphonate functional groups onto the
MWCNTs.

Fig. 3 represents the XRD patterns of MWCNTs, HEDP-
MWCNTs and ATMP-MWCNTs, the diffraction peaks observed
for all these three samples at 26=26.0° are corresponded to
carbon structure [37], and there is no new diffraction peak appeared
after the facile preparation reaction processes. This indicates that the
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Fig. 1 FT-IR spectra of MWCNTs, HEDP-MWCNTs, and ATMP-MWCNTs
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Fig. 2 XPS spectra of

a HEDP-MWCNTs and
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Fig. 3 XRD patterns of MWCNTs, HEDP-MWCNTs, and ATMP-MWCNTs

crystal structure of MWCNTs has not been affected by the addition
of organophosphonic acid functional groups, and there are not any
essential structure changes occurred after the chemical modification
reaction of MWCNTs with HEDP/ATMP. Moreover, this figure
implies that MWCNTs are stable enough to go through the chem-
ical modification reactions, the organophosphonic acid chemical
treatment does not change the structure of MWCNTs, and the orga-
nophosphonic acid functional groups might be present in amorph-
ous forms in the prepared adsorbents. The TGA has been
conducted on the functionalised MWCNTSs samples in order to
detect their thermal stability, and Fig. 4 displays the corresponding
experimental results. It is clear that the thermogravimetric curves of
both functionalised MWCNTSs adsorbents represent a few decom-
position stages between 25 and 800°C. The weight loss percentage
data of 12.24 and 9.67% between 25 and 100°C are attributable
to water absorbed physically in HEDP-MWCNTs and ATMP-
MWCNTs, respectively. Further weight loss percentage above
100°C can be assigned to the organic component decomposition.
It is obvious that there is just a little weight loss for both
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HEDP-MWCNTs and ATMP-MWCNTSs between 25 and 50°C. It
is well known that the operating temperature of the adsorbents is
usually <50°C. Hence, the prepared HEDP-MWCNTs and
ATMP-MWCNTs can display their nice thermal stability in the
application process. Moreover, Fig. 5 has been provided to show
the SEM of HEDP-MWCNTs (a) and ATMP-MWCNTs (b), and
it can be seen that after modification, both HEDP-MWCNTSs and
ATMP-MWCNTs have still kept the structures of nanotubes,
and these nanotubes are aligned randomly, which would benefit
to the heavy metal adsorption. It is expected that HEDP-
MWCNTs and ATMP-MWCNTs can present excellent chemical
and physical characteristics to adsorb metal ions due to the intro-
duction of organophosphonic acid chelating functional groups.
Saturated adsorption capacities for heavy metal ions are essential
parameters for evaluating the adsorption ability of the adsorbents.
Fig. 6 shows the static adsorption capacities of MWCNTs,
HEDP-MWCNTs, and ATMP-MWCNTs for gold ions, cadmium
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Fig. 6 Static adsorption capacities of MWCNTs, HEDP-MWCNTs, and
ATMP-MWCNTs for heavy metal ions at 25°C

ions, copper ions, lead ions, nickel ions, cobalt ions, zinc ions, and
chromium ions. It is noted that HEDP-MWCNTs/ATMP-
MWCNTs display the outstanding adsorbability for lead ions/
gold ions, respectively, compared to the unmodified MWCNTs
(Fig. 6). They have shown a high affinity towards Pb(Il) and Au
(IIT), and their corresponding adsorption capacities are 764.42 and
791.22 mg/g, respectively. It indicates that the organomulti-
phosphonic acid functional groups existing on the surface of
MWCNTs have obvious influences on their adsorption properties
and can strongly affect and improve their heavy metal ions adsorp-
tion capacities in the aqueous solutions. The surface modification
can further provide binding sites and greatly promote the adsorption
properties for some particular metal ions, especially for Pb(II)/
Au (III). It is worth mentioning that the adsorption capacities
of ATMP-MWCNTs for gold ions are much more than the
ones in our previous work [38]. The lead/gold ions adsorption
capacities of HEDP-MWCNTs/ATMP-MWCNTs are greatly
enhanced after the functionalisation of organophosphonic acid,
HEDP-MWCNTs/ATMP-MWCNTs has the highest adsorption
capacities for Pb(II)/Au(Ill), respectively, and the multiorganopho-
sphonic acid functional groups on the surface of MWCNTSs might
possess high affinity for lead/gold ions.

The adsorptive selectivity is also an indispensable factor for
evaluating the properties of an adsorbent, by which the adsorbent
can be used to adsorb some specific metal ions or to separate
some specific metal ions from mixed metal ions solutions [37].
In this study, the adsorption selectivity of HEDP-MWCNTSs/
ATMP-MWCNTs to the target ion Pb(II)/Au(Ill) has been
evaluated by the competitive adsorption with mercury ions/copper
ions/nickel ions/cobalt ions/chromium ions/cadmium ions as the
co-ions. The adsorption selectivity experiments by HEDP-
MWCNTs/ATMP-MWCNTs have been carried out in several
binary ions systems, and the obtained results for Pb(II)/Au(IIl)
adsorption at 25°C are presented in Table 1. The selective coeffi-
cient a is the result of the adsorption capacity of Pb(II)/Au(IIl)

ion divided by one of the other metal ions in the binary ion
systems. The experimental results display the prepared diphosphonic
acid functionalised-MWCNTs/triphosphonic acid functionalised-
MWCNTs show high selectivity towards Pb(II))Au(Ill) in the
binary ion systems, especially their selectivity efficiency of 100%
can be obtained with coexisting of copper ions, nickel ions,
cobalt ions, zinc ions, chromium ions, or cadmium ions, which
reveals that they can maintain excellent removal performance for
Pb(II)/Au(Ill) in these binary ion systems. These results
reveal that a higher adsorption efficiency of HEDP-MWCNTs/
ATMP-MWCNTs for Pb(II)/Au(IIl) over these other coexisting
metal ions, HEDP-MWCNTs/ATMP-MWCNTs has a preferential
affinity for lead/gold ions. HEDP-MWCNTs/ATMP-MWCNTs
can maintain their excellent removal performance for lead/gold
ions from binary ion systems, and they can be used in the extraction,
separation and recovery of lead/gold ions from multi-ionic aqueous
systems, respectively.

The study of adsorption kinetics includes careful monitoring of
the experimental conditions that influence the adsorption speed
in its race towards equilibrium. Fig. 7 shows the adsorption
kinetics curves of HEDP-MWCTNs for Pb(Il) (Fig. 7a) and
ATMP-MWCTNs for Au(Ill) (Fig. 7b) at different solution
temperatures, which are investigated at 15, 25, and 35°C to
determine the adsorption equilibrium time. As shown in Fig. 7,
the adsorption capacities of HEDP-MWCTNs for Pb(II) ATMP-
MWCTNs for Au(Ill) increased with the extension of contact
time; it is obvious that in the first 25/60 min of short contact time
for HEDP-MWCTNs/ATMP-MWCTN:s, the adsorption capacities
rise rapidly, and then slow down gradually when approaching
equilibrium. The kinetic curves are smooth and continuous,
leading to the adsorption saturation, suggesting that the possibility
of the formation of monolayer coverage of heavy metal ions onto
the surface of the adsorbents [39]. The adsorption rate is fast at
the initial stage of adsorption because the metal ions can easily
enter the accessible pore sites and bind with the chelating ligands
in initial fast adsorption step, and then it is slow for the metal
ions might be hampered to diffusion into the deeper pores. It is
also seen from Fig. 7 that the adsorption capacity increases with
the increase of temperature. The equilibrium adsorption capacity
of Pb(ll) ions on the HEDP/MWCNTs surface increases
significantly from 406.8 to 558.6 mg/g upon increasing the adsorp-
tion temperature from 15 to 35°C, and that is from 428.1 to
551.0 mg/g for Au(Ill) adsorption on ATMP/MWCNTs. The rise
of the temperature has provided a greater driving force for the
mass transfer and subsequent surface adsorption. Moreover,
the results show that to reach their own adsorption equilibrium,
the adsorption process of HEDP-MWCNTs for Pb(Il) needs at
least 6 h, and that of ATMP-MWCNTs for Au(lll) requires
at least 16 h to reach adsorption equilibrium. As significant
practical importance, the rapid kinetics will facilitate smaller
reactor volumes, ensuring efficiency and economy. It can be
observed that these modified carbon MWCNTs with organo-
phosphonic acid chelating ligands required 6/16 h to reach their
own adsorption equilibriums. Furthermore, the EDXAS of

Table 1 Adsorption selectivity of HEDP-MWCNTSs and ATMP-MWCNTs for lead ions/gold ions at 25°C, respectively

Binary ion systems Selective coefficient o (HEDP-MWCNTSs)

Binary ion systems Selective coefficient & (ATMP-MWCNTs)

lead-mercury 36
lead-gold 398
lead-copper ©

lead-nickel 00
lead-cobalt I
lead-zinc 00
lead-chromium 00
lead-cadmium 00

(3]
wn

gold-mercury
gold-lead
gold-copper
gold-nickel
gold-cobalt
gold-zinc
gold-chromium
gold-cadmium

N
Ne
2

8888838
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HEDP/ATMP-MWCNTs has been investigated after their adsorp-
tion for lead/gold ions, respectively, and the corresponding
weight percentage of metal ions is 72.04%/39.01%. The high ad-
sorption capacity of HEDP/ATMP-MWCNTs for lead/gold ions
might be attributed to the coordination interaction between lead/
gold ions and the functional phosphonic acid and hydroxyl
groups on the MWCNTs surfaces (Fig. 8). Compared with the pre-
viously reported kinds of literature, HEDP/ATMP-MWCNTs have
the advantages of simple preparation and high adsorption perform-
ance. For example, the adsorption capacity of HEDP-MWCNTs
for lead ions is higher those (44.44 mg/g, 83.20 mg/g) reported in
[40—-41], and the adsorption capacity of ATMP-MWCNTs for
gold ions is higher the data (298.5 mg/g) reported in [42]. The
above-mentioned research results show that HEDP-MWCNTSs/
ATMP-MWCNTs is very favourable for the removal of lead/gold
ions, and the excellent adsorption properties make them good
promising candidate materials for the removal of Pb(II)/Au(Ill).
In order to further promote the commercial viability of these
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adsorbents, the functionalisation of low-cost industrial grade
MWCNTs will be investigated in the future.

4. Conclusion: Heavy metal ions are of special environmental
concern because they are non-degradable and therefore persistent.
In this Letter, CNTs have modified by organomultiphopsphonic
acid group impregnation to enhance their affinity towards heavy
metal ions, two novel adsorbents multiphosphonic acid-
functionalised MWCNTs (HEDP-MWCNTs and ATMP-
MWCNTs) with high efficiency and selectivity for Au(III)/Pb(II)
removal have been synthesised and characterised, and the results
show that the phosphonic acid functional groups have been
grafted onto MWCNTs surface successfully. The adsorption batch
experimental results for heavy metal gold ions, cadmium ions,
copper ions, lead ions, nickel ions, cobalt ions, zinc ions, and
chromium ions in the simulated wastewater solutions show that
the prepared HEDP-MWCNTs/ATMP-MWCNTs display the out-
standing adsorbability for lead ions/gold ions, respectively, com-
pared to the unmodified MWCNTs. The adsorption selectivity
investigation results show that the synthesised HEDP-MWCNTSs/
ATMP-MWCNTs displays a strong affinity for Pb(II)/Au(IIl),
respectively, and their selectivity efficiency of 100% can be obtained
with coexisting of copper ions, nickel ions, cobalt ions, zinc ions,
chromium ions, or cadmium ions, which reveals that they can
maintain excellent removal performance for Pb(II)/Au(Ill) in
these binary ion systems. All of the fabulous features of HEDP-
MWCNTs and ATMP-MWCNTs will ensure their applicability
and feasibility on the industrial scale. In the field of practical
application, high adsorption capacity and good selective adsorption
ability can make these two adsorbents organophosphonic acid-
modified MWCNTs have significant potential in heavy metal ions
uptake in industrial wastewaters. Moreover, the functionalisation
of low-cost industrial grade MWCNTSs will be further carried out
to promote the commercial viability of these types of adsorbents.
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