
Magnetic polyaniline nanocomposites toward toxic hexavalent chromium
removal{

Hongbo Gu,ab Sowjanya B. Rapole,ac Jaishri Sharma,c Yudong Huang,b Dongmei Cao,d Henry A. Colorado,e

Zhiping Luo,f Neel Haldolaarachchige,g David P. Young,g Bryan Walters,h Suying Wei*c and Zhanhu Guo*a

Received 30th August 2012, Accepted 14th September 2012

DOI: 10.1039/c2ra21991c

The removal of toxic hexavalent chromium (Cr(VI)) from polluted water by magnetic polyaniline

(PANI) polymer nanocomposites (PNCs) was investigated. The PNCs were synthesized using a facile

surface initiated polymerization (SIP) method and demonstrated unique capability to remove Cr(VI)

from polluted solutions with a wide pH range. Complete Cr(VI) removal from a 20.0 mL neutral

solution with an initial Cr(VI) concentration of 1.0–3.0 mg L21 was observed after a 5 min treatment

period with a PNC load of 10 mg. The PNC dose of 0.6 g L21 was found to be sufficient for complete

Cr(VI) removal from 20.0 mL of 9.0 mg L21 Cr(VI) solution. The saturation magnetization was

observed to have no obvious decrease after treatment with Cr(VI) solution, and these PNCs could be

easily recovered using a permanent magnet and recycled. The Cr(VI) removal kinetics were

determined to follow pseudo-first-order behavior with calculated room temperature pseudo-first-

order rate constants of 0.185, 0.095 and 0.156 min21 for the solutions with pH values of 1.0, 7.0 and

11.0, respectively. The Cr(VI) removal mechanism was investigated by Fourier transform infrared

spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS) and energy-filter transmission

electron microscopy (EFTEM). The results showed that PANI was partially oxidized after treatment

with Cr(VI) solution, with Cr(VI) being reduced to Cr(III). The EFTEM observation indicated that the

adsorbed Cr(III) had penetrated into the interior of the PNCs instead of simply adsorbing on the PNC

surface. This synthesized material was found to be easily regenerated by 1.0 mol L21 p-toluene

sulfonic acid (PTSA) or 1.0 mol L21 hydrochloric acid (HCl) and efficiently reused for further Cr(VI)

removal.

1. Introduction

Chromium, one of the heavy metals, is generated from a wide

range of anthropogenic sources in effluent streams including the

chrome plating, stainless steel, textile dying, pigment, wood

preservation, tanning and anti-corrosion fields.1–5 Chromium

with an electron configuration of 4s13d5 is a highly reactive and

labile element owing to its low energy of high spin configuration.

Though Cr(VI) and Cr(III) are the most commonly observed

among the chromium compounds, they have a great difference in

toxicity and bioactivity. Cr(III), an energetically stable and inert

species in the environment, is required for mammals in trace

amounts for sugar and lipid metabolism. Being much more labile

owing to its high redox potential (Eo = 1.33 V),6 extremely

poisonous and notoriously mobile, Cr(VI) has been widely

detected in groundwater with a wide range of pH at abandoned

industrial sites, causing carcinogenicity, skin lesions and lung

cancers upon excessive exposure.7 The US Environmental

Protection Agency (EPA) has recommended a maximum limit

of 0.1 mg L21 for total chromium in drinking water to reduce

human exposure to toxic chromium.8,9

A variety of methods and materials have been developed for

environmental cleanup and remediation of chromium from

wastewater, such as adsorption,10 electrochemical precipita-

tion,11 ion exchange, reverse osmosis, membrane filtration,9

and biomaterials.12 Although these methods are efficient for

chromium removal, the cost is relatively high.13 Reduction of

Cr(VI) to Cr(III) is reported to be an effective means to counter

the harmful effects of Cr(VI) on the environment14,15 and could
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be achieved with the oxidation of numerous reductants including

zero-valent iron,15,16 divalent iron,17 organic compounds,18

biomaterial,19 hydrogen sulfide20 and hydrogen peroxide.21 The

reduction is strongly dependent on the pH value and initial

Cr(VI) concentration of the solution.20

As multifunctional materials, conducting polymers have

become attractive owing to their wide potential applications

including rechargeable batteries,22,23 sensors,24,25 electrochromic

devices,26,27 corrosion inhibitors,28 selective ion-transport

switchable membranes29,30 and smart structural materials.31–34

Cr(VI) removal with conducting polymers has gained more

interest due to its reversibility and high efficiency. For example,

complete Cr(VI) removal by electrosynthesized polypyrrole

films35 and Cr(VI) removal by polyaniline (PANI) have been

reported.36–38 The conjugated PANI has three different struc-

tures,39 i.e., ‘‘leucoemeraldine’’ (LEB), ‘‘emeraldine’’ (EB) and

‘‘pernigraniline’’ (PB).40 Olad et al.36 have studied the efficiency

and kinetics of Cr(VI) removal by various forms of PANI,

including film and powder at different oxidation states.

Compared with powder form, the film form is difficult to

prepare in a large amount in a short time. Meanwhile, films with

a smaller specific surface area might have a relatively lower

activity with only the external film surface accessible for Cr(VI)

removal, which limits the penetration of Cr(VI) into the film

interior.35 PANI powders with rough surface may be a good

candidate for highly efficient Cr(VI) removal due to their large

specific surface area, low cost and easy bulk production.41–43

However, to recycle the PANI powders after Cr(VI) treatment is

still a challenge and the reaction mechanisms between PANI and

Cr(VI) are still unclear.

Compared with other magnetic nanoparticles (NPs),44 mag-

netite (Fe3O4) has become more attractive due to its low toxicity,

relatively high saturation magnetization (Ms, 92–100 emu g21 at

room temperature)45 and biocompatibility,45 and its admirable

applications for sensors,46 catalysts,47 and adsorbents for the

removal of hazardous heavy metals.48,49 However, Fe3O4 with a

spinel structure composed of a cubic close packed oxygen array50

is easily susceptible to dissolution in acids.9 A protective

polymer,51 carbon9,52 or noble metal shell is used to coat

magnetic NPs for long-term applications.53 Meanwhile, mag-

netic NPs enable the recycling of these materials9,54 and the

introduced shell, for example carbon, could enhance the Cr(VI)

removal.9 Though Bhaumik et al.2 have reported Cr(VI) removal

by magnetic polypyrrole (PPy)/Fe3O4 nanocomposites, the

removal mechanism was not disclosed.

A great deal of research has focused on the fabrication of

PANI/Fe3O4 PNCs using template–free methods55 and in situ

polymerization56 in the application of microwave adsorption.57

There is no report of PANI/Fe3O4 PNCs applied to chromium

removal so far. In this paper, PANI polymer nanocomposites

(PNCs) filled with Fe3O4 NPs were synthesized by using a

surface-initiated-polymerization (SIP) method and their func-

tion to remove Cr(VI) from wastewater was explored. The

effects of initial Cr(VI) concentration, solution pH value and

PNC dose on Cr(VI) removal have been studied. The Cr(VI)

removal mechanism was interpreted by analysis from FT-IR,

XPS, EFTEM and temperature dependent resistivity. The room

temperature kinetics were explored by studying the Cr(VI)

concentration change with the treatment period. The recycling

capability, regeneration and reuse of the PNCs were also

investigated.

2. Experimental section

2.1 Materials

Aniline (C6H7N), ammonium persulfate (APS, (NH4)2S2O8),

p-toluene sulfonic acid (PTSA, C7H8O3S) were purchased from

Sigma Aldrich. Potassium dichromate (K2Cr2O7) and 1,5-

diphenylcarbazide (DPC) were purchased from Alfa Aesar

Company. Phosphoric acid (H3PO4, 85 wt%) was obtained from

Fisher Scientific. Fe3O4 NPs with an average size of 12 nm were

obtained from Nanjing Emperor Nano Material Co., Ltd. All

the chemicals were used as received without any further

treatment.

2.2 Preparation of PANI/Fe3O4 PNCs

PANI/Fe3O4 PNCs with a nanoparticle loading of 30 wt% were

fabricated by a SIP method.58 Briefly, Fe3O4 NPs (1.44 g), PTSA

(30.0 mmol) and APS (18.0 mmol) were added into 200.0 mL

deionized water in an ice-water bath for one hour of sonication.

Then the aniline aqueous solution (36.0 mmol in 50.0 mL

deionized water) was mixed with the above Fe3O4 nanoparticle

suspension and sonicated continuously for an additional hour in

an ice-water bath for further polymerization. The product was

vacuum filtered and washed with deionized water until the pH

was about 7 and was further washed with methanol to remove

any possible oligomers. The final PNC powders were dried at

50 uC overnight.

2.3 Cr(VI) removal by PANI/Fe3O4 PNCs

The final concentration of Cr(VI) was determined by colorimetric

method (ESI{)59 using the obtained standard fitting equation: A

= 9.7232 6 1024C;54 where C is the concentration of Cr(VI) and

A is the absorbance obtained from the UV-vis test.

The pH value effect on Cr(VI) removal by the synthesized

PNCs was investigated by selecting solutions with a pH value of

1.0, 2.0, 3.0, 5.0, 7.0, 9.0, and 11.0. The initial pH value of Cr(VI)

solutions was adjusted by NaOH (1.0 mol L21) and HCl (1.0 mol

L21) with a pH meter (Vernier LabQuest with pH-BTA sensor).

The PNCs (10.0 mg) were ultrasonically (Branson 8510)

dispersed in 20.0 mL Cr(VI) solutions (4.0 mg L21) for 5 min.

Then this solution was taken out and centrifuged (Fisher

Scientific, Centrific 228) for Cr(VI) concentration determination.

The effect of initial Cr(VI) concentration on the Cr(VI) removal

was investigated by using PNCs (10.0 mg) to treat Cr(VI)

solutions (20.0 mL, pH = 7.0) with Cr(VI) concentration varying

from 1.0 to 10.0 mg L21 for 5 min. The effect of the synthesized

PNC dose on Cr(VI) removal was studied by using PNCs with

loading from 0.25 to 0.75 g L21 to treat 20.0 mL Cr(VI) neutral

solutions with a Cr(VI) concentration of 9.0 mg L21 for 5 min.

For comparison, pure Fe3O4 NPs (10.0 mg) were used to treat

20.0 mL Cr(VI) neutral solution with an initial Cr(VI) concentra-

tion of 1.0 mg L21 for 5 min. For kinetic study, the synthesized

PNCs (10.0 mg) were used to treat 20.0 mL Cr(VI) solutions with

an initial Cr(VI) concentration of 12.0, 9.0 and 5.0 mg L21 at pH

= 1.0, 7.0 and 11.0 for different treatment periods. The Cr(VI)

removal tests were all conducted at room temperature.

11008 | RSC Adv., 2012, 2, 11007–11018 This journal is � The Royal Society of Chemistry 2012
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The Cr(VI) removal percentage (R%) is calculated using eqn

(1):

R%~
C0{Ce

C0

|100% (1)

where C0 (mg L21) is the initial Cr(VI) concentration, and Ce

(mg L21) is the final Cr(VI) concentration in solution after treatment.

The removal capacity (Q, mg g21) is quantified by eqn (2):

Q~
C0{Ceð ÞV

m
(2)

where V (L) represents the volume of chromium solution, m (mg)

stands for the mass of the used PNCs.

2.4 Characterization

The chemical structure of the products was obtained by Fourier

transform infrared spectroscopy (FT-IR, a Bruker Inc. Vector 22

coupled with an ATR accessory) in the range of 500 to

4000 cm21 at a resolution of 4 cm21. The morphologies of the

NPs and PNCs were observed on a JSM-6700F system with a

JEOL field emission scanning electron microscope (SEM) and

were further characterized by a transmission electron microscopy

(TEM, FEI Tecnai G2 F20) with a field emission gun, operated

at an accelerating voltage of 200 kV. The TEM samples were

prepared by drying a drop of ethanol suspension on carbon-

coated copper TEM grids.

The thermal stability of the PNCs and the nanoparticle weight

percentage in the PNCs were determined by thermo-gravimetric

analysis (TGA, TA instruments, Q-500) with a heating rate of

10 uC min21 under an air flow rate of 60 mL min21 from 25 to

700 uC.

The X-ray photoelectron spectroscopy (XPS) measurements

were performed in a Kratos AXIS 165 XPS/AES instrument

using monochromatic Al K radiation to see the elemental

compositions. The N1s, C1s and Cr2p peaks were deconvoluted

into the components consisting of a Gaussian line shape

Lorentzian function (Gaussian = 80%, Lorentzian = 20%) on

Shirley background.

Brunauer–Emmett–Teller (BET) was used to measure the

specific surface area of the PNCs before and after the treatment

with Cr(VI). BET adsorption and desorption isotherms were

obtained using a surface area analyzer (NOVA 1000 Series,

Quantachrome). The as-synthesized PNCs and the PNCs treated

with 20.0 mL Cr(VI) solution (4.0 mg L21) were weighed and

placed inside the sample holder cell with a known volume. The

refrigerant used was liquid nitrogen placed in a vacuum Dewar

at about 77 K and the carrier gas was N2 (ultrahigh purity grade,

Airgas).

Inductively coupled plasma optical emission spectrometry

(ICP-OES, SPECTRO GENESIS ICP spectrometer) was used to

determine the Cr concentration in the solution. The calibration

curve of Cr was established using 5 points of calibration (blank,

0.003, 0.03, 3 and 12 ppm). After the calibration, various quality

control (QC) samples were used to analyze and determine the

accuracy of the calibration. Then the supernatant liquids of the

PNCs samples after treatment with Cr(VI) were analyzed to

determine the concentration of total Cr in the solution.

The resistivity (r) was measured by a standard four-probe

method from 50 to 290 K. The PNC powders were pressed in a

form of disc pellet with a diameter of 25 mm by applying a

pressure of 50 MPa in a hydraulic presser and the average

thickness was about 1.0 mm. (The temperature dependent

resistivity has been mentioned in the ESI.{) The magnetic

properties were investigated in a 9 Tesla Physical Properties

Measurement System (PPMS) by Quantum Design at room

temperature.

3. Results and discussion

3.1 Structure determination of the PANI/Fe3O4 PNCs

Fig. 1 shows the SEM and TEM microstructures of the as-

received Fe3O4 NPs and the synthesized PNCs. Compared with

pure Fe3O4 NPs, Fig. 1(a), the surface of the Fe3O4 NPs in the

PNCs became rougher, Fig. 1(c), and a thin PANI layer was

observed surrounding the nanoparticle, Fig. 1(d), indicating that

polymerization occurred on the surface of the Fe3O4 NPs.60 The

TEM microstructures, Fig. 1(b), show that the average diameter

of the as-received Fe3O4 NPs is about 12 nm, which is consistent

with the information obtained from the company. The clear

lattice fringes observed in Fig. 1(b) and (d) indicate the high

crystallization of the Fe3O4 NPs. The selected area electron

diffraction (SAED) is introduced to identify the crystal structure

of the synthesized PNCs, inset of Fig. 1d. The calculated

d-spacing values of 1.92, 2.40, 2.87, 3.73 and 4.04 Å correspond

to the (220), (311), (400), (422) and (511) crystallographic planes

of the spinel phase Fe3O4.61,62 These indicate that Fe3O4 NPs

have been successfully embedded in the PANI without dissolu-

tion in acid via the SIP method combining with the ultrasonica-

tion.

In the FT-IR spectrum, Fig. 2(a), the strong absorption peaks

at 1560 and 1482 cm21 correspond to the CLC stretching

vibration of NLQLN (Q = quinoid ring) and N–B–N (B =

benzenoid ring), respectively.63 The peak at 1292 cm21 is related

to the C–N stretching vibration of the benzenoid unit. The peaks

at 1238 and 674cm21 are assigned to the C–H stretching

vibration of the quinoid rings and the out-of-plane C–H

vibration.60,64,65 The peak at around 792 cm21 is due to the

out-of-plane bending of C–H in the substituted benzenoid ring.

These characteristic peaks (1560, 1482, 1292, and 1238 cm21)

prove that PANI in the synthesized PNCs appears as the EB

form.41 The TGA curve, Fig. 2(b), shows a significant weight loss

before 120 uC, which is attributed to the loss of moisture in the

synthesized PNCs. There are two-stage weight losses for the

samples at 250 and 600 uC, which are due to the elimination of

dopant anions and thermal degradation of the PANI chains,

respectively.66,67 The calculated initial nanoparticle loading

based on the total mass of aniline and NPs is 30 wt%.

However, the calculated nanoparticle loading from TGA is

33.1 wt%, Fig. 2(b), which is due to the incomplete polymeriza-

tion of aniline and is also observed in WO3/PANI PNCs.63

Fig. 2(c) shows the deconvolution of the high-resolution C1s

XPS spectra of the synthesized PNCs. The C1s peak from the

PNCs is deconvoluted into two major components with peaks at

284.1 and 285.9 eV, which are attributed to C–C or C–H and C–

N or CLN, respectively.68 Fig. 2(d) shows the deconvolution of

the corresponding high-resolution N1s XPS spectra. From the

This journal is � The Royal Society of Chemistry 2012 RSC Adv., 2012, 2, 11007–11018 | 11009
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properly curve-fitted N1s core-level spectrum, the specific

intrinsic redox states of PANI and positive nitrogen spectra

could be quantified.69 The N1s XPS spectrum could be

deconvoluted into four distinct curves with the peaks locating

at 398.1, 399.0, 400.1 and 401.8 eV, respectively. The character-

istic binding peaks at about 398.1 and 399.0 eV are attributed to

the undoped imine (–NL) and undoped amine (–NH–) groups,

respectively.70 The peaks at around 400.1 and 401.8 eV are

related to the doped imine and amine groups (N+), respectively.

Generally, equal proportions of imine and amine N1s compo-

nents are expected to exist in the undoped EB base form PANI.61

However, the percentages of the area intensity of the undoped

imine groups at around 398.1 eV and the undoped amine groups

at 399.0 eV are decreased in the EB salt form of PANI doped

with acid due to the transformation of the undoped imine and

amine groups to the doped imine and amine groups.71,72 Their

percentages of the total N1s intensity are 28.4, 38.8, 23.5 and

13.3% for the peaks 398.1, 399.0, 400.1 and 401.8 eV,

respectively. Usually, the protonated nitrogen is favorably

originated from the imine groups in the PANI chains because

the pKa of the imine group is 5.5 compared to 2.5 for the amine

group.73 The observed decreased proportion (38.8%) of the

undoped amine groups is due to additional protonation (doping)

occurring at the amine nitrogen (13.3%).74 The lower binding

energy peak at 400.1 eV, Fig. 2(d), is attributed to electron

localization through the strong electrostatic interaction between

the SO3
2 functional groups of the doped PTSA and cationic

radical nitrogen through space to form five or six-membered

rings with energetically favorable configurations.75 These results

confirm further that PANI in the synthesized PNCs appears as

the EB salt form,68–70 which is consistent with the FT-IR analysis

and with the H2SO4 doped PANI synthesized via oxidative

polymerization.76

3.2 Cr(VI) removal by PANI/Fe3O4 PNCs

Fig. 3(A) shows the Cr(VI) removal percentage for Cr(VI)

solutions with different pH values after treatment with the

PNCs for 5 min at room temperature. The Cr(VI) removal

percentage by the magnetic PNCs is observed to depend on the

pH values. The obvious decrease of the Cr(VI) removal

percentage is observed in the neutral solution, whereas an

almost complete removal is found in other pH solutions, except a

slight decrease in the solution with pH = 11.0. Typically, in acidic

solutions, Cr2O7
22 turns to HCrO4

2, which exhibits a very high

redox potential (1.33 V) and thus can be easily reduced to Cr(III),

eqn (3):37

Cr2O7
22 + H+ A 2HCrO4

2 + H2O

HCrO4
2 + 7H+ + 3e2 A Cr(III)Q + 4H2O Eo = 1.33 V (3)

For the PNCs, Cr(VI) removal in acidic solutions arises from

the Cr(VI) reduction. However, in alkaline solution, CrO4
22 is

the dominating ion in solution.77 The oxidation ability of this ion

is weaker than that of the Cr2O7
22 ion due to the low redox

potential (20.13 V) and Cr(III) hydroxide is precipitated:20

CrO4
22 +4H2O + 3e2A Cr(OH)3 +5OH2 Eo = 20.13 V (4)

Fig. 1 (a) SEM and (b) TEM images of the as-received Fe3O4 NPs; (c) SEM image and (d) HRTEM image and selected area electron diffraction

(SAED) pattern (inset picture) of the synthesized PNCs.

11010 | RSC Adv., 2012, 2, 11007–11018 This journal is � The Royal Society of Chemistry 2012
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In this study, the color change after treatment with Cr(VI)

solution with different pH values is observed. For acidic

solution, the solution is red and turns to green in the neutral

solution, which indicates that different oxidation degree

occurred from pH = 1.0 to 7.0, whereas in alkaline solution,

the solution is blue, Fig. 3(A). The color change of the solution

(pH = 11.0) after treatment with Cr(VI) and doping with

phosphoric acid is observed, Fig. S2,{ which is due to the

dedoping and doping processes. The undoped EB base form of

PANI is known to be blue, whereas the doped EB form of

PANI is green.40 Specifically, the EB salt form of PANI

becomes the EB base form in alkaline solution and after

adding acid, the EB base form turns to the EB salt form

again.40,43,78 Hence in alkaline solution, the doped acid comes

out upon dedoping and reacts with hydroxyl groups. This

observed phenomenon in alkaline conditions is different from

the prior reported results.37,38,42 For example, decreasing

Cr(VI) removal percentage with increasing pH was reported

for Cr(VI) removal from solutions with pH . 7 by using PANI

nanowires/tubes,42 short chain PANI on jute fibers37 and

PANI/polyethylene glycol (PEG) composites.38 However, in

neutral solution, the oxidation ability of Cr(VI) is weaker than

that in the acidic solution, thus a decreased Cr(VI) removal

percentage is observed. Interestingly, it’s worth noting that

even for the neutral solution, these magnetic PNCs still

perform a very high removal percentage of 87.4%, indicating

that the synthesized PNCs are suitable for Cr(VI) removal over

a wide pH range.

Fig. 3(B) shows the Cr(VI) removal percentage and removal

capacity from neutral solutions with different initial Cr(VI)

concentrations after treatment with PNCs for 5 min. The

synthesized PNCs with a weight of 10.0 mg are observed to be

able to treat 20.0 mL Cr(VI) solution in the concentration range

1.0–3.0 mg L21 with a 100% removal. Although for solutions

with Cr(VI) concentration higher than 3.0 mg L21, the removal

percentage is observed to decrease with increasing the initial

Cr(VI) concentration due to the overoxidation and degradation

of PANI arising from the high oxidative environment of the

concentrated Cr(VI),79 the removal percentage is still very high

(about 84% for 10.0 mg L21 initial Cr(VI) concentration). The

removal percentage decreases sharply with increasing initial

Cr(VI) concentration from 3.0 to 4.0 mg L21 and then decreases

slightly with higher initial Cr(VI) concentration. However, the

removal capacity increases from 2.0 to 16.73 mg g21 for

solutions with an initial Cr(VI) concentration from 1.0 to

10.0 mg L21, which is due to the different oxidizing ability of

solutions of different initial Cr(VI) concentration. Therefore, the

synthesized PNCs are capable of complete Cr(VI) removal in

neutral solutions with an initial Cr(VI) concentration ranging

from 1.0–3.0 mg L21.

Fig. 2 (a) FT-IR spectrum, (b) TGA curve, (c) C1s and (d) N1s XPS spectra of the synthesized PNCs.
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Fig. 3(C) shows the Cr(VI) removal percentage and removal

capacity with different PNC doses. Both removal percentage and

capacity are observed to increase with increasing the PNC dose

due to the increased surface area of the available magnetic

PNCs.80 At low PNC dose (,0.6 g L21), the Cr(VI) removal

percentage increases, reaches an almost constant value with PNC

doses higher than 0.6 g L21, and does not increase further even

when more PNCs are added. Thus, the PNC dose of 0.6 g L21 is

enough for Cr(VI) removal from 20.0 mL solution contaminated

with 9.0 mg L21 initial Cr(VI) concentration, indicating that the

synthesized PNCs have a good removal performance even for a

high Cr(VI) concentration.

Fig. 3(D) shows the UV-vis absorption of the Cr(VI) solution

after treatment with pure Fe3O4 NPs (10.0 mg) for comparison.

As expected, pure Fe3O4 NPs also exhibit Cr(VI) removal by

adsorption81 and can remove toxic Cr(VI) from the aqueous

solution with a low removal percentage of only 14.95%, which is

even lower than that previously reported (22%).81 1 mol L21 HCl

is also used to evaluate the stability of pure Fe3O4 NPs and the

synthesized PNCs in acidic solution, inset of Fig. 3(D). The pure

Fe3O4 NPs dissolved in acid, which turned to red-yellow.

However, the PNCs were not dissolved and the green color of

the solution was from the doped PANI. These results confirm

that Fe3O4 NPs coated with PANI have an improved stability

against acid etching.

3.3 Cr(VI) removal mechanisms

The Cr(VI) removal mechanism by magnetic PNCs was explored

by FT-IR, XPS, EFTEM and temperature dependent resistivity.

Fig. 4 shows the FT-IR spectra of the PNCs before and after

treatment with Cr(VI) solutions with different initial Cr(VI)

concentration. The major changes in the spectra between treated

and untreated PNCs are observed in the region 1000 and

1600 cm21.82 The strong absorption peak at 1565 cm21 corres-

ponds to the CLC stretching vibration of the NLQLN, and the

peak at 1485 cm21 is related to the ring stretching of N–B–N.63

Fig. 3 (A) Effect of pH on the removal percentage for 4.0 mg L21 Cr(VI) solution (20.0 mL) with 10.0 mg PNCs after 5 min treatment period at room

temperature; (B) (a) removal percentage and (b) removal capacity of 10.0 mg PNCs for 20.0 mL Cr(VI) neutral solutions with different initial Cr(VI)

concentrations after 5 min treatment period at room temperature; (C) (a) removal percentage and (b) removal capacity of different PNC doses for

20.0 mL Cr(VI) neutral solution with an initial concentration of 9.0 mg L21 after 5 min treatment period at room temperature; (D) (a) blank; (b) 10.0 mg

pure Fe3O4 NPs treated with 20.0 mL Cr(VI) neutral solution with initial Cr(VI) concentration of 1.0 mg L21 after 5 min treatment period and (c) the

initial Cr(VI) solution (1.0 mg L21) blank at room temperature; inset photo is Fe3O4 NPs and PNCs after immersion in 1.0 mol L21 HCl acid for one

hour.
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Moreover, these two bands in the treated PNCs have slightly

shifted (about 6–10 cm21) to lower frequency compared with

those of the untreated PNCs. The peak centered at 1238 cm21 is

due to the C–H single stretching vibration bonds of the quinoid

ring and it becomes stronger after treatment with Cr(VI).

Furthermore, the peak at around 791 cm21 is attributed to the

out-of-plane bending of C–H in the substituted benzenoid ring60

and has shifted to 794 and 796 cm21 after Cr(VI) treatment. A

strong peak at 1178 cm21 appears in the treated PNCs,

exhibiting a similar change upon full oxidation, which has also

been observed in prior reports82,83 and is related to the carbon-

nitrogen vibration.83 However, only one shoulder at the same

peak position is observed in the untreated PNCs. Similar results

are also noticed in the PNCs treated with Cr(VI) solutions having

different pH values, Fig. S5.{ The FT-IR spectra are consistent

with the change of oxidation from the EB form78 to the PB

structure82 after Cr(VI) treatment.

High resolution XPS spectrum can be used to confirm the Cr

element chemical state. Generally, for the Cr2p XPS spectrum,

the characteristic bindings at 577.0–578.0 eV and 586.0–588.0 eV

correspond to Cr(III) and the characteristic binding energy peaks

for the Cr(VI) are at 580.0–580.5 and 589.0–590.0 eV.84 Fig. 5(a)

shows the Cr2p spectra of the PNCs after treatment with

20.0 mL neutral solution with an initial Cr(VI) concentration of

5.0 mg L21 for 5 min at room temperature. The binding energy

peaks of Cr2p are observed to be located at around 575.2 and

584.9 eV, which confirms that the adsorbed Cr is in the form of

Cr(III) and the peaks have shifted slightly compared with the

literature reports.84 The former arises from the Cr2p3/2 orbital

and the latter from the Cr2p1/2 orbital.85 The presence of Cr(III)

implies that the synthesized PNCs have reduced the Cr(VI) ions

to Cr(III) ions. The Cr(III) composition obtained from XPS

spectra increases with increasing initial Cr(VI) concentration, for

example, from 0.27% for the solution with an initial Cr(VI)

concentration of 3.0 mg L21 to 0.75% for the solution with an

initial Cr(VI) concentration of 5.0 mg L21. Fig. 5(b) shows the

N1s XPS spectra of the PNCs after treatment with Cr(VI). The

N1s peak has been deconvoluted into three major components at

397.3, 398.2 and 400.6 eV, which are attributed to the imine

group (–NL), amine group (–NH–) and protonated nitrogen

(N+), respectively.70 These peaks have shifted to a lower binding

energy compared with those of the as-synthesized PNCs,

Fig. 2(d), indicating the interaction between Cr(III) and PANI,

which is also observed in the PPy–TiO2 PNCs.86 Their

percentages of the total N1s intensity are 64.9, 27.5 and 7.6%

for the peaks at 397.3, 398.2 and 400.6 eV, respectively. The

observed decreased proportion (27.5%) of amine groups

indicates that most EB form PANI has been oxidized after

treatment with Cr(VI) solution (initial Cr(VI) concentration:

5.0 mg L21).76

EFTEM was conducted on the samples to further investigate

the 2-d elemental distribution in the PNCs after treatment with

Cr(VI) solution. The brighter area in the elemental EFTEM

mapping images represents a higher concentration of the

corresponding element.54 Fig. 6 shows the zero-loss image, and

elemental maps of Fe, O, C, N, S, and Cr in different colors to

verify the element position within the whole PNCs. Fig. 6(b) and

Fig. 4 FT-IR spectra of the PNCs (a) before and after treatment with

Cr(VI) solution with an initial Cr(VI) concentration of (b) 1.0, (c) 2.0, (d)

3.0, (e) 4.0 and (f) 5.0 mg L21.

Fig. 5 (a) Cr 2p XPS spectra and (b) N1s XPS spectra of the PNCs after treatment with 20.0 mL Cr(VI) neutral solution (4.0 mg L21) for 5 min at

room temperature.
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(c) depict the Fe and O element maps, which are shown in red

and blue, respectively, and come from Fe3O4 NPs. C and N

element maps, shown in green and yellow, Fig. 6(d) and (e), are

from PANI. The S element map in purple, Fig. 6(f), is from the

doped acid PTSA. These pictures clearly show that the Fe3O4

NPs are inside the PNCs and PANI exists surrounding the Fe3O4

NPs. Fig. 6(g) displays the distribution of Cr element, which is

inside the PNCs and is mainly distributed in the PANI and the

Fe3O4-PANI interface. The summation of Fe, C, O, N, S and Cr,

Fig. 6(i), gives all the elemental distributions, confirming that

after reduction of Cr(VI) to Cr(III), the Cr(III) penetrated into the

synthesized PNCs instead of adsorption on the PNC surface. The

BET results show an average specific surface area of 39.26 m2

g21 for the as-synthesized PNCs, whereas the specific surface

area of the PNCs after treated with Cr(VI) is decreased to

30.24 m2 g21, which is due to the Cr(III) penetration into the

treated PNCs and is consistent with EFTEM results. The

temperature dependent resistivity was measured and the results

show that some EB salt form exists in the treated samples and the

resistivity of the samples is increased dramatically after treat-

ment with Cr(VI), Fig. S6.{
All the aforementioned analysis confirms that the EB salt form

PANI in the synthesized PNCs is partially oxidized to the PB

structure after treatment with Cr(VI) and Cr(VI) is converted into

Cr(III). The ICP-OES test is used to confirm whether all the

Cr(III) has been adsorbed. The ICP-OES test can only provide

the concentration of the elements in the solution, but it can not

provide the chemical valence state of elements. The Cr

concentration in the solution is 0.4998 mg L21 after treated

with solution with an initial Cr(VI) concentration of

Fig. 6 EFTEM of the PNCs after 5 min treatment with 20.0 mL Cr(VI) solution (pH = 1.0; 4.0 mg L21): (a) zero-loss image, (b) Fe map, (c) O map, (d)

C map, (e) N map, (f) S map, (g) Cr map, (h) Fe + C + O + Cr map, and (i) Fe + C + O + N + S + Cr map.
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3.8922 mg L21. This concentration should be the concentration of

Cr(III) in the solution due to the complete removal of Cr(VI) from

the solution by the PNCs, which is confirmed by colorimetric

method. This result also confirms that most of Cr(III) has come

into the PNCs as mentioned above. The proposed mechanism of

Cr(VI) removal by PNCs is shown in Scheme 1.

3.4 Kinetics

The Cr(VI) concentration change in the solution with pH = 1.0

after treating for different time periods is shown in Fig. 7(a). The

Cr(VI) concentration in the solution decreases from 12.0 to

0.23 mg L21 for a treatment period of 12 min and after that it

reaches the equilibrium. As compared to the 12 min equilibrium

time for the PNCs, the PANI powder has been reported to require

10–12 min,36 activated carbon required 3 h,87 polypyrrole/Fe3O4

magnetic nanocomposites required 30 min,2 oxidized multiwalled

carbon nanotubes required 280 h,88 nanocrystalline akaganeite

(iron(III) oxide-hydroxide/chloride mineral) required 1 h.89 Thus,

the synthesized EB PANI/Fe3O4 nanocomposites show fairly

good performance in Cr(VI) removal.

The representative kinetics (reduction rate of Cr(VI) by the

PNCs) in the pH = 1.0 Cr(VI) solution are obtained, Fig. 7(b).

For the PNC system, this one-stage behavior is given by the

oxidation of PANI and reduction of Cr(VI), eqn (5):

2HCrO4
2 (aq) + 14H+(aq) + 3PANI2+ (s) A 2Cr3+ (aq) +

3PANI4+(s) + 8H2O (l) (5)

where PANI2+ refers to the ‘‘half-oxidized’’ EB form of PANI

doped with PTSA and PANI4+ represents PANI in the fully

oxidized PB structure. From eqn (5), the reaction rate is related

to HCrO4
2, H+ and PANI2+. Accordingly, the reaction rate is

expressed, eqn (6):90

u~
d½Cr(VI)�

dt
~{k½HCrO4

{�m½PANI2z�n½Hz�p (6)

where k is the rate constant of the reaction, the exponents (m, n

and p) are corresponding reaction orders, which depend on the

reaction mechanism; [HCrO4
2] (mg L21), [PANI2+] (g L21), and

[H+] (0.1 mol L21) are the concentration of HCrO4
2, PANI2+,

H+, respectively. However, H+ serves as catalyst in this

reaction91 and the concentration of PANI is much higher than

[Cr(VI)], which means that [Cr(VI)] is the lowest among the three

reactants and is the dominating species to control the rate, and

so eqn (6) can be rewritten as eqn (7):

u~
d½Cr(VI)�

dt
~{k0½HCrO4

{�1 (7)

where k9 stands for a pseudo-first-order rate constant. The

reduction of Cr(VI) with PANI obeys pseudo-first-order kinetics

with a fitting correlation coefficient R2 of 0.98917 and a

calculated rate constant of 0.185 min21 from the slope, Fig. 7(b).

The kinetics in the Cr(VI) solutions with pH = 7.0 and 11.0 was

also investigated, Fig. 7(c) and (d), and is observed to obey the

pseudo-first-order behavior with a correlation coefficient R2 of

0.98258 and 0.98816 for the pH = 7.0 and 11.0 solutions,

respectively. The typical values of the pseudo-first-order rate

constants obtained from the slope are 0.095 and 0.156 min21 for

solutions with pH = 7.0 and 11.0, respectively. The rate

constants of the three different pH solutions obey the following

decreasing relationship: pH1.0 . pH11.0 . pH7.0. This result is

consistent with the effect of pH values on Cr(VI) removal; the

Scheme 1 Proposed mechanism of Cr(VI) removal by magnetic PANI nanocomposites (X represents doped acid PTSA).
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oxidative ability of the Cr(VI) is stronger in acidic solutions and

weaker in neutral and basic solutions. The pseudo-first-order

behavior is also reported in the reduction of Cr(VI) by PPy,35

PPy-coated carbon substrate,92 hydrogen peroxide,21 iron93 and

PANI films.90

3.5 Magnetic properties of the recycled EB PANI/Fe3O4 PNCs

To investigate the recycling of the PNCs, the magnetic properties

were also measured before and after Cr(VI) treatment. Fig. 8

shows the room temperature magnetic hysteresis loops. For both

PNCs before and after treated with Cr(VI), Ms is not reached

Fig. 7 (a) Cr(VI) concentration change of 10.0 mg PNCs after treatment with 20.0 mL Cr(VI) solution (pH = 1.0; 12.0 mg L21) with different treatment

periods at room temperature; (b) corresponding kinetic plot in pH = 1.0 Cr(VI) solution; (c) kinetic plot after treatment with 20.0 mL Cr(VI) solution of

pH = 7.0, 9.0 mg L21 and (d) pH = 11.0, 5.0 mg L21 at room temperature.

Fig. 8 Room-temperature magnetic hysteresis loops of (a) the synthesized PNCs, and (b) the PNCs after 5 min treatment with 20.0 mL Cr(VI) solution

(pH = 1.0; 4.0 mg L21).
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even at a high magnetic field and is determined by the

extrapolated Ms obtained from the intercept of M–H21 at high

field.94,95 The calculated Ms of the PNCs is 24.24 emu g21, and

the calculated Ms for the treated PNCs is almost the same with a

value of 24.09 emu g21. The coercivity (coercive force, Hc) is

observed to be 0 Oe in both samples, indicating a super-

paramagnetic behavior. These observed similar magnetic proper-

ties have demonstrated that PANI has effectively protected the

Fe3O4 NPs from dissolution, consistent with the acid test, the

inset of Fig. 3(D). These PNC powders after treatment with

Cr(VI) could still be attracted by a permanent magnet, which is

essential for the recycling of the powders after treatment with

Cr(VI).

3.6 Regeneration and reusage of EB PANI/Fe3O4 PNCs

The recovery of Cr from PNCs, and the regeneration and

reusage of the PNCs were also investigated. A sample of the

PANI/Fe3O4 PNCs already treated with initial Cr(VI) concentra-

tion of 3.8922 mg L21 was used for the test. The sample was

mixed with 1.0 mol L21 PTSA solution (or 1.0 mol L21 HCl

solution) for 5 min under sonication, then the solution was taken

out for the ICP-OES test and the recycled powders were washed

with DI-water until the pH was about 7. Then the sample was

dried at 50 uC overnight. The regenerated sample was used to

treat a solution with initial Cr(VI) concentration of

3.8922 mg L21. The result showed that the Cr(VI) was completely

removed by the regenerated PNCs, indicating that this nano-

composite material is easily reproduced and can be efficiently

reused. The ICP-OES result shows that the Cr concentration in

the solution is 1.1835 mg L21, indicating that some Cr(III) (there

is no Cr(VI) in the acid solution as confirmed by the colorimetric

analysis) has been dedoped by PTSA.

4. Conclusion

The feasibility of Cr(VI) removal by SIP method synthesized

magnetic PANI/Fe3O4 nanocomposites is demonstrated. These

nanocomposites can rapidly and efficiently remove Cr(VI) in a

simple one stage process from aqueous solutions with a wide pH

range. The initial Cr(VI) concentration is found to have a

significant effect on Cr(VI) removal, which is 1.0–3.0 mg L21 for

the complete removal of 20.0 mL Cr(VI) neutral solution after

5 min treatment, and the PNC dose of 0.6 g L21 is enough for

Cr(VI) removal from 20.0 mL solution contaminated with

9.0 mg L21 initial Cr(VI) concentration. FT-IR, XPS and

temperature dependent resistivity results show that the Cr(VI)

removal by the synthesized PNCs follows one stage Cr(VI)

reduction by PANI and the reduced Cr(III) adsorbs in the PNCs

as verified by XPS analysis. The PANI is partially converted into

its oxidized state after treatment with Cr(VI). The resistivity of

the PNCs increases dramatically after treatment with Cr(VI). The

EFTEM results show that the adsorbed Cr(III) has penetrated

into the interior of the PNCs instead of simple adsorption on the

surface of the PNCs. The kinetics of the process obey pseudo-

first-order behavior with respect to Cr(VI). The typical values for

the pseudo-first-order rate constants are 0.185, 0.095 and

0.156 min21 for the solutions with pH values of 1.0, 7.0 and

11.0, respectively. The magnetic properties of the synthesized

PNCs have no obvious decrease after treatment with Cr(VI),

indicating that the presence of the magnetic Fe3O4 NPs favors

the recycling of the PNC powders and PANI has effectively

protected the Fe3O4 NPs from dissolution. These synthesized

PNCs are easily regenerated by 1.0 mol L21 PTSA or 1.0 mol

L21 HCl and the removal efficiency of Cr(VI) by the recycled

PNCs has no obvious decrease.
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