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Chapter 4
Adsorption of Chromium from aqueous solutions using Polyaniline

4.1 Introduction

The use of conductive polymers for the removal of Cr6+ has gained more interest due to

their reversibility and high efficiency. Polyaniline (PANI) is one of the most extensively

investigated conducting polymers because of its good stability, low cost, environment

friendliness and can be synthesized at large scale at low cost (Bhadra, Khastgir, Singha, & Lee,

2009). It is well-known that polyaniline exists in three different oxidation states, polyemeraldine

(EB), leucoemeraldine (LB) and pernigraniline (PB) of which only polyemeraldine (EB) is

electrically conductive (Ogoshi et al., 2011).

The use of PANI for the reduction of more toxic Cr6+ to less toxic Cr3+ has been reported

(Ruotolo & Gubulin, 2005. The Cr6+ can be effectively reduced to Cr3+ because of its good

reduction behaviors with the electron transfer from the LB or EB states to PB state.
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Figure 4.1 Different form of PANI

The spontaneous reduction of Cr6+ ions to Cr3+ ions is also possible by surface chemical

reaction with PANI (Krishnani et al., 2013;). Breslin and co-worker (Farrell & Breslin, 2004)

have studied the mechanism and kinetics of Cr6+ reduction by various oxidation states of

electrochemically synthesized polyaniline films. They have also reported the effect of

polyaniline film thickness on the efficiency of reduction process. Cr6+ removal has also been

tested by electro synthesized PANI films (Jianqiang Wang, Pan, He, & Cao, 2013). Olad et al

have used chemically and electrochemically synthesized polyaniline in powder and film forms
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for the reduction of Cr6+ to Cr3+ in aqueous solutions. They observed that the reductive

performance of the polymer for Cr6+ is increased with increasing thickness of the polyaniline

films prepared electrochemically in contrast to chemically synthesized polymer films,. Further,

they also observed that high concentrations of Cr6+ resulted in over oxidation and degradation of

all forms of polyaniline and in acidic conditions degradation of polyaniline occurs even in lower

concentrations of Cr6+.However, increasing the acidity of Cr6+ solutions increased the kinetics

and efficiency of reduction (Olad & Nabavi, 2007).. PANI powders with rough surface are

amenable for highly efficient Cr6+ removal due to their large specific surface area, low cost and

easy bulk production (Chiou & Epstein, 2005; Guo, Fei, Su, & Zhang, 2011; Huang & Kaner,

2006).

The efficiency and kinetics of Cr6+ removal by various forms of PANI film and powder,

have also been compared (Jianqiang Wang et al., 2013). By contrast with the powder form,

PANI films were found to be difficult to fabricate and the penetration of the Cr6+ into the film

interior was found to be limited. However, most of the previous studies have focussed on PANI

films, which always have specific surface areas, typically up to 80 m2/g (Germain, Fréchet, &

Svec, 2007), and limited functional groups on the edge areas (Feng et al., 2011; Guo et al.,

2011).

The commonly and widely used oxidant for PANI in the chemical polymerization

method is ammonium persulfate (APS) (Gu, Guo, et al., 2013; G. Li, Li, Li, Peng, & Chen,

2011). The oxidants such as ferric chloride (FeCl3) (Pan et al., 2006), Hydrogen peroxide (H2O2)

(Jin, Su, & Duan, 2001), Perchloric acid (HClO4) (K. Wang, Huang, & Wei, 2010), Vanadic acid

(G. Li, Jiang, & Peng, 2007), Manganese dioxide (MnO2) (Fei et al., 2009; Pan et al., 2007),

Tetrachloroaurate  AuCl4
- (X. Zhang, Chechik, Smith, Walton, & Duhme-Klair, 2008) and Cr6+

have also been reported to prepare PANI (Gu, Tadakamalla, et al., 2013). Gu et al observed that

Cr6+ dose as oxidant influenced the PANI nanostructures as well as the crystallization structure

(Gu, Wei, et al., 2013).

PANI showed significant changes in the electronic transport properties when doped with various

anions via chemical routes (MacDiarmid et al., 1991). Traditionally, PANI is prepared in strong

protonic acids like HCl and H2SO4, with aggregated granules as the main product. Recently,

PANI is also prepared in other protonic acids or neutral water to modulate its morphology,

processability and conductivity (Chakraborty, Mukherjee, & Mandal, 2000; Z. Zhang, Wei, &

Wan, 2002). For example, Cao et al. (Cao, Smith, & Heeger, 1992) reported for the first time

that functional protonic acids such as dodecylbenzenesulfonic acid increased the solubility of

PANI in common organic solvents. Zhang et al. (Z. Zhang et al., 2002) reported that morphology
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and electrical properties of PANI nanostructures depended on both dopant structures and

reaction conditions. Trchova et al. (Trchova, Sedenkova, Konyushenko, Stejskal, & Ciric-

Marjanovic, 2006) and Stejskal et al. (Jaroslav Stejskal, Sapurina, & Trchova, 2010) reported

that depending on the acidity of the reaction solution, different PANI structures including

granules, nanofibers and nanotubes could be obtained. PANI was prepared by a facile sono-

assisted method in various protonic acids by wang et al. (Jing Wang, Zhang, & Zhao, 2014).

Runhu Zhang et al have used polyaniline doped with sulfuric acid for removal of Cr6+

from aqueous solution. The maximum uptake of Cr6+ was 95.79 mg g-1(R. Zhang, Ma, & Wang,

2010). However they did not study whether Cr6+ was getting reduced to Cr3+.

There have been various reports on the use of modified PANI and PANI composites for

enhancing the removal of chromium(P. A. Kumar, Chakraborty, & Ray, 2008; Olad & Nabavi,

2007; Samani, Borghei, Olad, & Chaichi, 2010).

Ansari reported adsorption of Cr6+ from aqueous solutions using sawdust coated by

PANI, PANI composites with nylon 66 and polyurethane (Ansari, 2006). Karthik et al. reported

removal of hexavalent chromium ions using PANI/silica gel composite (Karthik & Meenakshi,

2014b). Polyacrylonitrile/PANI core/shell nanofiber mat was synthesized for removal of

hexavalent chromium from aqueous solution (Jianqiang Wang et al., 2013).

PANI functionalized graphene sheets were used for effective removal of Cr6+ from water

(Harijan & Chandra, 2016). The adsorption efficiency, acidic resistance, selectivity toward Cr6+

and mechanical strength of chitosan were improved by including amine-containing PANI type

polymer chains, PAA and MWNTs, respectively, as well through the formation of IPN structure

between them by Kim et al (Kim, Shanmuga Sundaram, Anantha Iyengar, & Lee, 2015). PANI

coated magnetic Fe3O4, carbon fiber fabric and cellulose has  been studied by Qiu et al. (Qiu et

al., 2015) for Cr6+ removal.

PANI grafted magnetic mesoporous silica composite was successfully prepared by Tang

et al. for Cr6+ removal from aqueous solution (Tang et al., 2014).Karthik et al. studied the

removal of Cr6+ ions from aqueous solution using PANI/SiO2 composite (Karthik & Meenakshi,

2014b).

Polypyrrole-polyaniline (PPy-PANI) nanofibers as adsorbent of Cr6+ was investigated by

Bhaumik et al. (Bhaumik, Maity, Srinivasu, & Onyango, 2012). The adsorption of chromium

compounds from solutions by a composite of polyaniline/poly ethylene glycol (PANI/PEG) was

investigated by Samani et al. (Samani et al., 2010). PANI/humic acid composites have also been

studied for the removal of chromium ( Q. Li, Sun, Zhang, Qian, & Zhai, 2011).
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PANI was synthesized on the surface of jute fiber and was used as an adsorbent to

remove hexavalent chromium from wastewater by Kumar et al. (P. A. Kumar et al., 2008).

Sodium alginate-polyaniline (SAP) nanofibers were evaluated as adsorbents for the removal of

Cr6+ by Karthik et al. (Karthik & Meenakshi, 2015a). Chávez-Guajardo et al. investigated the use

of PPY/c-Fe2O3 and PANI/c-Fe2O3 MNCs for removing Cr6+ and Cu2+ (Chávez-Guajardo et al.,

2015). Kumar and Chakraborty developed a polyaniline/jute fiber composite adsorbent for Cr6+

removal (P. A. Kumar & Chakraborty, 2009). Kapok fiber (KF) was combined with PANI by

Zheng et al. to obtain an adsorbent for removal of Cr6+ (Zheng, Wang, Huang, & Wang, 2012).

Yavuz et al. synthesized alkyl-substituted polyaniline/chitosan (sPANIs/Ch-HCl) composites and

applied it for the removal of Cr6+ from aqueous solutions (Yavuz, Dincturk-Atalay, Uygun,

Gode, & Aslan, 2011).

Researchers have shown considerable attention towards synthesis of bio/conducting

polymeric composites as adsorbents for the removal of Cr6+ ions from aqueous solution (Hena,

2010; Karthik & Meenakshi, 2014a, 2014b; Lei, Qian, Shen, & An, 2012; Liu, Zhou, Qian, Shen,

& An, 2013; Yavuz et al., 2011). The adsorption performance of the DBSA doped Polyaniline/

MWCNTs hybrid for the removal of Cr6+ from aqueous solution was evaluated by kumar et al.

(R. Kumar, Ansari, & Barakat, 2013). Karthik et al. coated chitin with polyaniline by in-situ

polymerization method and employed as an adsorbent for the removal of Cr6+ ions (Karthik &

Meenakshi, 2015b). The removal of Cr6+ ions from aqueous solution using cross linked chitosan-

grafted-polyaniline composite (CCGP) was compared with that of chitosan-grafted-polyaniline

(CGP) composite  by Karthik et al. (Karthik & Meenakshi, 2014a). Conductive composite

membrane-phytic acid (PA) doped polyaniline (PANI)/cellulose acetate (CA) (PANI-PA/CA)

was used as adsorbent for chromium removal by Renjie et al. (R. Li, Liu, & Yang, 2014). PANI

nanocomposites were prepared by in situ oxidative polymerization of aniline in acidic medium

using ammonium persulphate as initiator in the presence of natural silica (PANIS), acid treated

natural silica (PANISA), fiber glass (PANIFG), and poly(ethylene terephthalate) powder from

waste bottles (PANIPET) for removal of Chromium (Najim & Salim, 2014).

The Ethyl celluloses (ECs) modified with PANI (PANI/ECs) prepared by

homogeneously mixing the EC and PANI formic acid solutions showed superior Cr+6 removal

performance to that of pure EC (Qiu, Xu, Sun, Yi, et al., 2014). The organic-inorganic hybrid

material of PANI/Mg/Al layered double hydroxides (PANI/LDHs) was fabricated through in situ

oxidative polymerization by Kairuo Zhu et al. (Zhu, Gao, Tan, & Chen, 2016). Magnetic

mesoporous carbon incorporated with polyaniline (PANI-Fe/OMC) was developed for enhanced

adsorption and reduction of Cr6+ to Cr3+ by Yang et al. (Yang et al., 2014).
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Nano sized polyaniline and its composites have recently been investigated for its

potential for removal of chromium. One-dimensional polyaniline (1D PANI) nanowire/tubes

with rough surface were prepared by a simple chemical oxidation method by Guo et al. to

remove Cr6+ rapidly and effectively in one step from aqueous solution by reducing Cr6+ to

Cr3+ (Guo et al., 2011). Three nanostructured PANIs with different morphologies, including

nanofibers, nanotubes and nanosheets, have been successfully synthesized using MnO2 with

tunable morphologies as the reactive templates by Tian et al. for removal of chromium (Tian et

al., 2016). Polypyrrole-sepiolite nanofibers were prepared by in situ chemical oxidation

polymerization in the presence of sepiolite for removal of chromium by Chen et al. (Chen, Hong,

Xie, Li, & Zhang, 2014). Polyacrylonitrile/polyaniline core/shell nanofibers were prepared by

Wang et al. for removal of Cr6+ (Jianqiang Wang et al., 2013). Wen et al. synthesized a core-

shell structure of polyaniline/hydrogen-titanate nanobelt for removal of Cr6+ (Wen et al.,

2016). The behavior, mechanism and kinetics of toxic hexavalent chromium Cr6+ removal by

magnetic polyaniline nanocomposites from different pH solutions were reported by Hongbo Gu

et al. (Gu et al., 2012). Cr6+ can be removed fast by PANI/CF with the reduction of Cr6+ to Cr3+

by PANI was observed by Bin Qiu et al. (Qiu, Xu, Sun, Wei, et al., 2014).

Zhang et al. synthesized PANI@GO nanocomposite with adsorption capacity of 1149.4

mg/g for Cr6+, which is one of the highest capability of today’s nanomaterial (S. Zhang et al.,

2013).

In general during the investigation of the adsorption process of various forms of PANI

for chromium, researchers have reported conventional Langmuir isotherm and pseudo second

order as better fits for polyaniline based adsorbents and monolayer adsorption. Tang et al in

their study on the use of polyaniline–magnetic mesoporous silica composite probably suggested

that the adsorption was mainly driven by the molecular interaction between Cr6+ ions and the

protonated PANI on the adsorbent, which was in consistence with their result from adsorption

kinetic study (Tang et al., 2014).

M.K. Kim et al. (Kim et al., 2015) discussed that removal of chromium follows both

pseudo second and first order kinetics onto chitosan functional gel included with multiwall

carbon nanotube and substituted polyaniline, They also reported deviation from Langmuir

monolayer adsorption and fitting of Freundlich isotherm.

Rajeev Kumar et al in their study on the use of DBSA doped polyaniline/multi-walled

carbon nanotubes composite for removal of Cr6+ from aqueous solution (R. Kumar et al., 2013)

suggested that the adsorption was heterogeneous, multilayer and controlled through a boundary

layer affect the equilibrium isotherm and kinetic results. The functional groups present on the
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surface of adsorbent mainly, amine or imine groups of polyaniline and exposed surface and

internal porous structure sites were mainly responsible for the adsorption of Cr6+. However they

did not study any multilayer isotherm model except for Freundlich model which assumes a

heterogeneous adsorption surface.

Our objective was thus to synthesize nanopolyaniline and reinvestigate the adsorption potential

and adsorption mechanism for chromium removal by spectoscopic techniques and kinetic as well

as isotherm models.

4.2 Materials and Methods.

4.2.1 Materials

All the reagents used were of AR grade. Aniline [Renkem, India], Ammonium

persulphate and Hydorchloric acid (Lab India, INDIA) were used as such without further

purification.

4.2.2 Synthesis of Adsorbent Polyaniline-(PANI)

Polyaniline was prepared adopting the method of Stejskal and Gilbert (J. Stejskal &

Gilbert, 2002) with slight modifications. 100 mL of 0.25M of aqueous solution of Ammonium

persulfate (NH4)2S2O8 and 0.20M solution of aniline was dissolved in 100mL of 1M HCl at 5°C.

Polymerization was allowed to proceed overnight in a refrigerator. The green precipitate that was

formed was separated by filtration, washed with 1M HCl followed by acetone until clear filtrate

was obtained. The precipitate was dried in a vacuum oven at room temperature (30°C) for 6

hours. Green colored PANI was obtained which was investigated for its adsorption potential

towards Cr6+. The synthesized PANI was then characterized by various techniques such as XPS,

ESR, FT-IR, Raman as well as Absorption and Emission Spectroscopy as described in sections

3.2.8.1 to 3.2.8.11.

4.2.3 Preparation of metal solution

Stock solutions of Cr6+ and working solutions were prepared as described in section 2.2.3

of Chapter 2

4.2.4 Batch sorption Experiments

Batch sorption experiments were performed as described in section 2.2.4 of Chapter 2

using PANI as adsorbent wherein the remaining concentration of Cr6+ was determined by

Inductive Couple Plasma Instrument. Isotherm, kinetics and thermodynamic studies were done

as described in chapter 2 using PANI as adsorbent.
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4.2.5 Desorption

For desorption studies, 0.05g of PANI preloaded with known amount of Cr6+ was

equilibrated with 25 ml solutions of 0.1 M of NaOH, H2SO4, HCl and HNO3 for 120 min. The

contents of the flasks were filtered and the chromium content in the filtrate was determined by

ICP. Three consecutive adsorption-desorption cycles were carried out to test the reusability of

PANI.

4.3 Results and discussion

4.3.1 Zeta Potential Analysis
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Figure 4.2 Zeta Potential of PANI

The values of zeta potential for PANI were positive at all pH conditions from 1 to 10

(Figure 4.2), with a pZc value of 10.3 indicating that PANI backbone acquired positive charge

and was a polycation.  This was a consequence of doping in the presence of adequate H+ ions

where in protonation of the nitrogen atoms of the polymer matrix occurred. The fact that the

positive charges are not neutralised even at pH 10 indicates the very high doping level of PANI

sample (Ležaić, Bajuk-Bogdanović, Radoičić, Mirsky, & Ciric-Marjanovic, 2016).

4.3.2. Elemental Analysis and Surface Properties (CHNS)

Elemental analyses of PANI were conducted by CHN microanalysis and SEM EDX

techniques and are presented in Table 1 and SEM images in Figure 4.3.

Table 4.1 CHN microanalysis

PANI PANI-Cr6+

Element Weight% Atomic% CHN Weight% Atomic% CHN
Carbon 70.59 73.68 52.1734 43.93 55.84 39.4373

Nitrogen 9.42 16.53 9.337 1.83 1.99 6.5525
Hydrogen 4.5927 4.1437

Sulfur 0.2856 0
Oxygen 4.63 3.92 39.73 37.91
Chloride 15.36 5.87

Chromium 14.51 4.26



__________________________________________________________Chapter 4 - Polyaniline

4-8

The comparable percentages of nitrogen in both EDX and CHN analyses in PANI

indicated the presence of the nitrogen backbone in the polymer chain (Zhao, Zhang, Yu, & Tang,

2016). It is not so in the case of PANI-Cr due to presence of chromium. In general, the C/N ratio

is ~6 for aniline units in PANI.

Surface area, pore volume, and pore diameter of the composite biosorbent were

determined with a BET instrument by means of adsorption of ultra-purity nitrogen at -196 °C.

The surface area of the Polyaniline adsorbent material obtained from N2

adsorption−desorption study was found to be 37.6716 m²/g. A pore size of 149.6430 Å

corresponding to a maximum pore volume of 0.08255 cm³/g was obtained from the Barrett-

Joyner-Halenda (BJH) pore size distribution curve.

Figure 4.3 SEM / EDAX of PANI and PANICr6+

4.3.3 TEM Analysis

It is seen from PANI TEM image that polyaniline spheres of size 25-45 nm as well as

nanofibers seem to have formed.
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PANI

PANI-Cr

Figure 4.4 TEM images of PANI and PANI-Cr6+

A Polymeric network is formed after chromium adsorption in which nano chromium as

hydroxy species with irregular morphology resulted from adsorption of chromium and there was

loss of crystallinity.

4.3.4 UV–Vis Analysis

Figure 4.5 UV–Vis spectra of PANI and PANICr6+

The absorption peak observed at 330 nm in PANI ( Figure 4.5) is probably due to the π–

π* transition in the benzenoid ring (Farhadi, Zebhi, Moghadam, Es’haghi & Ashassi-Sorkhabi,

2014), while the absorption  peak at 399 nm can be assigned to aniline oligomeric intermediates

containing phenazine-like structures (Ding et al., 2010; Fernandez & Pizarro, 1997; Galasso,

2008) viz. the π- π* transition of the benzenoid rings and polaron bands in emeraldine salt state

(Hong, Hwang, Yoon, & Yang, 2015). The broad  shoulder at around 471 nm is due to polaron-
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π* transition (Colomban, Folch, & Gruger, 1999; Epstein et al., 1987; Folch, Gruger, Régis, &

Colomban, 1996; Watanabe, Mori, Iwasaki, Nakamura, & Niizuma, 1987). The pi-bipolaron

transition of emeraldine salt is associated with absorption at 770 nm., The plateau at about 800–

1000 nm indicates emeraldine salt state of PANI (Hong et al., 2015). The broadening extended

towards the near infra-red region is characteristic to that of highly conductive polymers

indicating increased concentration of polarons leading to the easier delocalization of π-electrons

(Dhand, Singh, Arya, Datta, & Malhotra, 2007).

In PANI-Cr the broad absorption band at ~600 nm is due to the donor–acceptor

interaction of quinonoid ring (Farhadi et al., 2014) and is again indicative of conductive

emeraldine salt.

4.3.5 Photoluminescence Analysis

Figure 4.6 Photoluminescence spectra of PANI

Figure 4.7 Photoluminescence spectra of PANI-Cr6+using excitation wavelength 225nm

The emission peak at 348 nm in PANI and PANICr6+ (Figure 4.7) can be attributed to

ᴨ→ᴨ* transition of benzenoid unit while the peak at 401 nm can be attributed to fully reduced

form of benzenoid species in leucoemeraldine form of PANI (Collins & Goldsmith, 1981;

Shimano & MacDiarmid, 2001).The emission at 471 nm can be attributed to S0→S1 transition
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and various vibronic side bands at lower energy are also observed in PANI (Ram, Mascetti,

Paddeu, Maccioni, & Nicolini, 1997) due to presence of  reduced qinonoid unit in emeraldine

salt form if present adjacent to benzenoid units when excited at 225 nm. A shoulder at 500 nm is

indicative of quinoid unit in PANI and PANICr6+. The emission peaks in ∼500-600 nm range

confirms the benzenoid and quinoid units in PANI and PANICr6+ specifically arranged in a

proper order amenable for the formation of excitons and increase in the delocalization length of a

singlet exciton (Shimano & MacDiarmid, 2001).

4.3.6 FTIR Analysis

Figure 4.8 shows the FTIR spectra of PANI and PANICr6+.The characteristic peaks

observed in the FT-IR spectra and their assignments are given in Table2. The Characteristic Cr-

O stretching is observed in PANI-Cr.

Figure 4.8 FTIR Spectra of PANI and PANICr6+

Table 4.2 FTIR analysis of PANI and PANI-Cr6+

PANI PANICr6+ Inference
3854, 3747, 3675 3859, 3747, 3389 N-H Stretching vibration
2929,2857, 2358,

2330
2935, 2851, 2364,

2330
-CH stretching vibration in –CH and –CH2

1681, 1650 1644 -NH2 bending vibration
1493, 1457 1499 stretching vibrations of the benzenoid ring

1558, 1583 stretching vibrations of the quininoid ring (Q)
1395 1379 C- N deformation mode
1241 C=N stretching band of an aromatic amine
1297 1314 C–N stretching of secondary aromatic amine
1048 1051, 1009 N=Q=N stretching band Q refers to the quinonic type rings
1113 aromatic C–H in-plane bending

1152 vibrational mode of benzenoid–NH+ = quinoid structure

872 ND
ring symmetric stretching vibration  characteristic of para-
disubstituted benzene

822 830 C–H out-of-plane bending deformation of benzene ring
668, 525 Cr–O stretching vibration
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(Dhand et al., 2007; Kousalya, Rajiv Gandhi, & Meenakshi, 2010; J. S. Wang, Peng, Yang, Liu,

& Hu, 2011; Zuo & Balasubramanian, 2013)

4.3.7 Raman Analysis

Figure 4.9 Raman Spectra of PANI and PANICr6+

Figure 4.9 shows the Raman spectra of PANI and PANI- Cr. The characteristic bands of

emeraldine salt were observed in the Raman spectra of PANI samples In pristine PANI sample,

the Raman peaks appear at ∼1163 cm−1, ∼1293 cm−1, ∼1464 and 1592 cm−1, corresponding to

the vibrations of C-H benzenoid or quinoid stretching, C-N benzenoid stretching, C=N quinoid

stretching and C=C quinoid stretching, respectively (Pei et al., 2014; Xia et al., 2012). The band

at 1592 cm-1 and 1562 cm-1 in pristine PANI and PANI-Cr can be attributed to the C=C

deformation of semiquinoid rings and C=C stretching in quinoid; the band at 1415 cm-1 can be

assigned to the C=N stretching of semiquinoid rings; the peak at 1399 cm-1 in PANI-Cr6+ is

characteristic of the N-H bending deformation band of the protonated amine; the band at 833

cm-1 is attributed to the in PANI ring deformation in Q-ring; the peak at 650 cm-1 is associated

with amine deformation in B; the band at 409 cm-1 can be assigned the out-of-plane C-H

wagging in the bipolaronic and CNC torsion of polaronic structures in Q-ring (Baibarac et al.,

1999; Izumi, Andrade, & Temperini, 2008; Jain & Annapoorni, 2010; Luo et al., 2011; Pereira

Da Silva, De Faria, Cordoba De Torresi, & Temperini, 2000). The intensity of the bands is

reduced in Cr-PANI. Characteristic peaks of Cr are observed at 305.53, 348.38,548 cm–1. The

band at 548 cm-1 is of A1g symmetry while the other two are Eg vibrations.

(other references used for asssignments-Ciric -Marjanovic, Gordana Trchova & Stejskal,
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4.3.8 TGA and DSC

Figure 4.10 TGA and DSC analysis of PANI

The first mass loss between 25°C to 100°C is attributed to loss of water contained in the

polymer. The weight loss at 100-200°C could be attributed to further loss of moisture and dopant

anion. This is followed by continuous weight loss due to decomposition of PANI.

DSC analysis of  PANI is characterized through a broad endothermic transition, starting

at approximately 52°C and centered at approximately 92°C corresponding to its glass transition

temperature (Figure 4.10) (Srinivas, Srinivasu, Kavitha, Narsimlu, & Siva Kumar 5, 2012).

Exothermic peaks at 188°C and 337°C are due to oxidative degradation of PANI.

4.3.9 XRD Analysis

Figure 4.11 XRD spectra of PANI and PANICr6+

The pristine PANI exhibits four peaks located at ~9.5°, ~ 15.1°, ~20.1° and ~25.3° (N. Li

et al., 2016) corresponding to the diffractions of (001), (010), (100) and (110) crystallographic

Planes of PANI in its emeraldine salt form. A peak at around 9.5°ͦ appears in long chain

polyanilines in highly ordered pernigraniline form of PANI. The peak at 2θ 15.1° is attributed to

the periodicity parallel to the polymeric chain in emeraldine salt (Sonmez, Sonmez, Shen, &

Wudl, 2004). The peak centered at a 2θ value of 20.1° is due to emeraldine base. The reflections
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at 25.3° are the most intense which arise from the periodicity perpendicular to the polymer chain

and from the crystallinity of polymer. (Du, Zhang, Han, Liu, & Wan, 2005) The d-spacing of

3.45 Å associated with the diffraction peak at 25.3° corresponded to the face-to-face inter chain

stacking distance between phenyl rings. With increased protonation, the intensity of diffraction

peak at 2θ value of 20.1° is less while the peak at 25.3° is of increased intensity. The diffraction

peaks indicate that PANI polymer is partially crystalline but predominantly amorphous.

The XRD pattern of PANI after adsorption of Cr6+ exhibits only one broad hump

indicating that PANI has become completely amorphous. The spectra suggested the formation of

nanoparticles (Ayad & Zaghlol, 2012).

4.3.10 ESR Analysis

Figure 4.12 ESR Spectra of PANI and PANICr6+

Pristine PANI shows an ESR signal with a g value of 2.00272 (Figure 4.12) indicating

the presence of polaron in PANI. Poly [semi-quinone radical cations] or polarons are present as

charge carriers.(Karim, Lee, Park, & Lee, 2005). This value is characteristic of emeraldine salt.

However a slight shift from, ge = 2.00273 suggests that  the spins in PANI are delocalized over

some repeating units.(Krinichnyi, Roth, Schrodner, & Wessling, 2006).The g value of Cr is

related to exchange interactions between the bound chromium species (Tsukerblat, Kuyavskaya,

Fainzilberg, & Belinskii, 1984).

4.3.11 XPS Analysis

The pristine PANI and PANI after equilibration with chromium were characterized by

XPS and the observed main peaks are tabulated in Table 4.3
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Figure 4.13 XPS spectra of PANI and PANI-Cr6+

Table 4.3 XPS analysis of PANI and PANI-Cr6+

Sample name Binding Energy (eV) FWHM eV Area Percentage

PANI

C 1s 284.604 2.229 27701.2 76.0

C 1s 286.283 2.241 8765.8 24.0

O 1s 532.776 2.853 19529.8 100.0

N 1s 399.253 2.622 5106.6 74.4

N 1s 401.147 3.141 1757.3 25.6

Cl 2p 197.329 2.391 1771.6 36.5

Cl 2p 200.216 2.371 1273.1 26.2

Cl 2p 199.156 2.317 1163.6 24

Cl 2p 201.862 1.94 644.2 13.3

PANICr6+

C 1s 284.604 2.019 14035.9 71.3

C 1s 285.785 2.378 5650 28.7

O 1s 531.474 2.805 13392.5 73.9

O 1s 533.13 2.732 4728.1 26.1

N 1s 398.658 1.285 273.7 31.7

N 1s 399.677 1.204 346.8 40.2

N 1s 400.724 1.014 241.6 28

Cr 2p3/2 577.226 3.055 5487.1 44

Cr 2p1/2 586.469 2.993 2985 23.9

Cr 2p3/2 579.785 3.384 2483.5 19.9

Cr 2p1/2 589.04 2.948 1513.5 12.1
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C 1s : The peak at binding energy 284.6 eV is attributed to the neutral C-C or C-H bonds

the backbone of the polymer. The 286.2 eVpeak can be attributed to the carbon atoms bonded to

polaronic-type and bipolaronic-type nitrogen atoms. The peak at 285.7 eV  in PANI-Cr is

attributed to C-N/ C=N (Lekha, Subramanian, Yi, Dhanuskodi, & Padiyan, 2010).

N 1s : In PANI the 399.2eV peak is  assigned to benzenoid amine, the 401.1eV peak

assigned to protonated nitrogen atoms with iminium ion. (Yue & Epstein, 1991). The N1s XPS

data of PANI-Cr could be deconvoluted into 3 peaks, located at 398.6eV, 399.7 eV and 400.7

eV. The first peak is assigned to quinoid imine, the second one to benzenoid amine, the third one

to protonated nitrogen atoms with iminium ion(Yue & Epstein, 1991). The shift to higher

binding energy as compared to PANI is indicative of interaction of polyaniline with chromium.

The Cr6+ is reduced to Cr3+ by the oxidation of benzenoid amine to quinoid imine

Cr 2p : The binding energy peaks at 577.2 and 579.7eV correspond to Cr-OH/Cr-Cl of

trivalent hydroxy species of chromium or chloride (Ithurbide, Frateur, Galtayries, & Marcus,

2007; Murphy, Tofail, Hughes, & McLoughlin, 2009; Park, Yun, & Park, 2008).

Cl 2p : The Cl 2p peaks are fitted with spin-orbit doublets (Cl 2p1/2 and Cl 2p3/2, with area

ratio ∼1:2 and BE separation of ∼1.6 to 1.8  eV). The Cl 2p3/2 component at ∼197.3 eV

represents anionic Cl while the peak around 200.2 eV can be attributed to covalently bonded

chlorine (Qaiser, Hyland, & Patterson, 2012).

O1s spectra: The presence of oxygen is due to superficial oxidation or presence of water

(Golczak, Kanciurzewska, Fahlman, Langer, & Langer, 2008).

4.4. Adsorption-Desorption Studies

4.4.1 Effect of pH

The effect of pH on the adsorption process is presented in Figure 4.14 wherein the

adsorption was determined over the pH range 1-11 using 0.05 g PANI and 50 ppm chromium

solution. Chromium can exist in various ionic forms at different pH values. Hence, the initial

solution pH strongly influences its adsorption It was observed that maximum adsorption of Cr6+

occurred at pH 2–6 where zeta potential was highly positive and decreased at higher pH values.
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Figure 4.14 Effect of pH:

Volume = 25 ml, Amount adsorbent = 0.05 g, (Cr6+)= 50 ppm: pH = 1 to 11, contact time =4 h, Temperature = 30°C.

. Cr6+ predominantly exists in its anionic HCrO4
- form at pH 5. The state of amine/ imine

groups of PANI is also pH dependent and are protonated resulting in electrostatic interactions

between the protonated amine/imine groups of PANI and negatively charged Cr6+.

4.4.2 Effect of Adsorbent Dose

The effect of sorbent dose was also investigated (Figure 4.15). Different amounts (0.01–

0.1 g) of sorbent were suspended in 25 mL Cr6+ solution (50 ppm) under optimized conditions. It

was observed that the adsorption percentage of Cr6+ onto the PANI increased with increasing

adsorbent concentration and reached saturation limit at 0.05 g. This could be due to greater

surface area with increased adsorbent dose.

Figure 4.15 Effect of Dose: Volume = 25 ml, Dose = 0.05 g to 0.1g, (Cr6+) = 50ppm

pH = 5, contact time =4 h, Temperature = 30°C
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4.4.3 Effect of Concentration Variation

The effect of metal ion cocentration on the uptake behavior of PANI was studied in the

concentration range 10-1000 ppm of the metal ion (Figure 4.16). The percent uptake content was

found to decrease with increase in concentration of Cr6+. However qe would increase with

increase in the initial concentration of Cr6+ solution.

Figure 4.16 Effect of Concentration:

Volume = 25 ml, Amount adsorbent = 0.05g, (Cr6+) = 50ppm to 1000ppm pH = 5, contact time = 4 h, Temp. = 30°C

The data was fitted with isotherm models (mentioned in section 2.2.5 of chapter 2) and

isotherm constants for the adsorption of Cr6+ by PANI are presented in Table 4.4. The adsorption

data for PANI gave reasonably high correlation coefficient values for all the models studied.

From the correlation coefficients (Table 4.4), the Freundlich model simulates the experimental

data better than the Langmuir model suggesting that monolayer adsorption was not taking place

on PANI. The Freundlich constant, n was more than unity implying that the adsorption intensity

was favorable over the entire range of concentrations studied and also suggests a interactive

nature for the Cr6+ adsorption process (Kim et al., 2015). The maximum removal capacity of Cr6+

by PANI calculated from Langmuir isotherm model was 91.32 mg/g.

The fitting of Temkin model indicated favorable adsorption of Cr6+ onto adsorbent under

study. The high regression values for Halsey model suggest multilayer adsorption. The low

fitting of the Langmuir adsorption isotherm of Cr6+ on PANI could be due to the low saturation

of the adsorbent surface of PANI. This has been reported to occur on the surface of non-porous

or macropore adsorbents. Upon completion of the monolayer adsorption process, the second

layer may begin to form with the increase in the relative pressure of the adsorbate (the increase

in the concentration of Cr6+ relative to the saturation vapor pressure). More and more layers can

form (Gao, Chen, Tan, Xu, & Zhu, 2016).
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The negative values of nFH and low values of KFH (Table 4.4) of FH isotherm implied

that the Flory-Huggins model cannot be used to describe the adsorption data. The high

correlation coefficient of Elovich isotherm further suggested multilayer adsorption.

Figure 4.17 Isotherm linear Plot for Cr6+ adsorption on PANI

Table 4.4 Isotherm constants for Cr6+ adsorption on PANI

Isotherms Constants

Freundlich
Kf (L.g-1) N r2 SD
29.4985 5.6983 0.9937 0.0151

Langmuir
KL (L.mmol-1) qm (mg.g-1) ∆G (kJ.mol-1) r2 SD

0.0728 91.3242 -6.8085 0.9943 0.2031

Temkin
BT -∆H (kJ.mol-1) KT (L.mmol-1) r2 SD

9.6083 0.0532 15.0093 0.9981 1.2683

Halsey
kH (L.g-1) nH r2 SD
29.4988 -5.7081 0.9937 0.0348

F-H isotherm
NFH r2 SD KFH

-0.6126 0.9923 0.0293 0.0017

Elovich
qm (mg.g-1) KE (L.mmol-1) r2 SD Lnqm

12.1080 16.8497 0.9917 0.2039 2.4939

Figure 4.18 Back-calculated isotherm models for Cr6+ adsorption on PANI
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4.4.4 Sorption Kinetics

The time dependent Cr6+ adsorption was studied on PANI (Figure 4.19). The

experimental results show increase in the Cr6+ removal with time.
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Figure 4.19 Effect of Time

Volume = 25 ml, Amount adsorbent = 0.05 g, (Cr6+) = 50 ppm: pH = 5, contact time=5 h, Temp. = 30°C

It is observed that the rate of uptake is very high initially with around 91% of Cr6+ being

removed in about 60 minutes and equilibrium is achieved in 240 minutes. The removal rate is

high initially due to the presence of free binding sites on PANI which gradually get blocked with

time and hence there is decrease in rate of adsorption. The order of adsorption of chromium was

investigated by fitting the kinetic data to different kinetic models (section 2.2.6 of Chapter 2).

The rate constants for different kinetic models are presented in Table 4.5. The correlation

coefficients for pseudo second order model were found to be high and the calculated qe values

were closer to those obtained experimentally. This indicated that  surface complexation may be

the rate limiting step which involves valence forces through sharing or exchanging of electron

between adsorbent and adsorbate.

For pseudo first order kinetics fitting, the value of r2 was better than pseudo second order

model but qe values were very much lesser than those observed from experiment. The liquid film

diffusion and Elovich equations were used to determine the mass transport and chemical

adsorption mechanism of Cr6+. The reasonably good correlation coefficients confirm the

existence and importance of diffusion-control in the transport/adsorption mechanism for Cr6+

adsorption by PANI.

The plot of qt versus t1/2 did not pass through origin suggesting that intraparticle diffusion

was not the only rate controlling step but some degree of the boundary layer diffusion also

controlled the adsorption process and that the overall rate of the metal adsorption process

appeared to be controlled by more than one-step. The reasonably good correlation coefficient for
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Bangham equation indicated that the diffusion of Cr6+ into the pores of the adsorbents under

study also controlled the adsorption process.

Figure 4.20 Kinetics Linear Plot of Kinetic models for adsorption of Cr6+ on PANI

Table 4.5 Kinetic constants for Cr6+ adsorption on PANI

Isotherm Constants
Experimental qt (mg/g) 24.51

Pseudo 2 order
qt (mg/g) K r2 SD

25.126 0.0056 0.9997 0.0623

Elovich
B Alpha r2 SD

0.8565 3.2E+15 0.9788 0.12643

Lagergren
qe (mg/g) K r2 SD

3.351 0.0109 0.9705 0.0701

Liquid film diffusion model
Kfd r2 SD

0.0109 0.9705 0.1614

Intraparticle
K I r2 SD

0.2125 0.9972 0.0459 0.041

Bangham
Km Alpha r2 SD

-53.168 0.4826 0.9847 0.0128
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Figure 4.21 Kinetics model fits for PANI

As the adsorption kinetics and isotherm follow less familiar relationships such as the

Lagergren, LFD as well as elovich kinetic models and Freundlich and Halsey isotherm models

the mechanism of uptake of chromium seems to be complex and multilayered.

4.4.5 Effect of Temperature

The metal uptake for PANI decreased with increase in temperature from 30°C to 70°C

(Figure 4.22) indicating that the metal uptake onto PANI was dependent on temperature and that

the adsorption process was exothermic. This decrease in the uptake capacity with increasing the

temperature might be due to decreasing the surface activity that leads to the decrease in the

thickness of the boundary layer which increases the tendency of the metal ion to escape to the

solution.
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Figure 4.22 Temperature Variation: Volume = 25 ml, Amount adsorbent = 0.05 g

(Cr6+) = 50 ppm effect of temperature: pH = 5, contact time =1-5 h, Temp. = 30-70°C.

The free energy change during the adsorption process was negative for the experimental

range of temperatures (Table 4.6) suggesting chemisorption to be the mechanism of adsorption.

The negative value of enthalpy change indicated that the adsorption was physical in nature not

__________________________________________________________Chapter 4 - Polyaniline

4-22

Figure 4.21 Kinetics model fits for PANI

As the adsorption kinetics and isotherm follow less familiar relationships such as the

Lagergren, LFD as well as elovich kinetic models and Freundlich and Halsey isotherm models

the mechanism of uptake of chromium seems to be complex and multilayered.

4.4.5 Effect of Temperature

The metal uptake for PANI decreased with increase in temperature from 30°C to 70°C

(Figure 4.22) indicating that the metal uptake onto PANI was dependent on temperature and that

the adsorption process was exothermic. This decrease in the uptake capacity with increasing the

temperature might be due to decreasing the surface activity that leads to the decrease in the

thickness of the boundary layer which increases the tendency of the metal ion to escape to the

solution.

60 90 120 150 180 210 240 270 300
75

80

85

90

95

100

 %
U

pt
ak

e

Time (min.)

30°C
40°C
50°C
60°C
70°C

Temperature Variation

Figure 4.22 Temperature Variation: Volume = 25 ml, Amount adsorbent = 0.05 g

(Cr6+) = 50 ppm effect of temperature: pH = 5, contact time =1-5 h, Temp. = 30-70°C.

The free energy change during the adsorption process was negative for the experimental

range of temperatures (Table 4.6) suggesting chemisorption to be the mechanism of adsorption.

The negative value of enthalpy change indicated that the adsorption was physical in nature not

__________________________________________________________Chapter 4 - Polyaniline

4-22

Figure 4.21 Kinetics model fits for PANI

As the adsorption kinetics and isotherm follow less familiar relationships such as the

Lagergren, LFD as well as elovich kinetic models and Freundlich and Halsey isotherm models

the mechanism of uptake of chromium seems to be complex and multilayered.

4.4.5 Effect of Temperature

The metal uptake for PANI decreased with increase in temperature from 30°C to 70°C

(Figure 4.22) indicating that the metal uptake onto PANI was dependent on temperature and that

the adsorption process was exothermic. This decrease in the uptake capacity with increasing the

temperature might be due to decreasing the surface activity that leads to the decrease in the

thickness of the boundary layer which increases the tendency of the metal ion to escape to the

solution.

60 90 120 150 180 210 240 270 300
75

80

85

90

95

100

 %
U

pt
ak

e

Time (min.)

30°C
40°C
50°C
60°C
70°C

Temperature Variation

Figure 4.22 Temperature Variation: Volume = 25 ml, Amount adsorbent = 0.05 g

(Cr6+) = 50 ppm effect of temperature: pH = 5, contact time =1-5 h, Temp. = 30-70°C.

The free energy change during the adsorption process was negative for the experimental

range of temperatures (Table 4.6) suggesting chemisorption to be the mechanism of adsorption.
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__________________________________________________________Chapter 4 - Polyaniline

4-23

involving strong forces of attraction and is exothermic. The negative entropy change

corresponded to decreasing system randomness at the solid-liquid interface during the adsorption

process.
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Figure 4.23 Thermodynamics plot for adsorption of Cr6+ on PANI

Table 4.6 Thermodynamics constants

T (K)
ΔG

(kJ/mole)
ΔH

(kJ/mole)
ΔS

(J/moleK)
303 -7.9351

-77.124 -143.293
313 -5.6516
323 -3.3682
333 -1.0847
343 1.1987
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4.5. Mechanism:

Scheme 1 Mechanism of chromium removal by PANI

The possible reaction between Cr6+ and synthesized PANI is shown in Scheme 1.

The proposed mechanism involved in the Cr6+ adsorption on the adsorbent can be

understood as follows. Firstly, the surface of the adsorbent gets protonated and forms positively

charged amine functional groups at lower pH. These protonated amine groups form surface

complexes with the negatively charged Cr6+ (HCrO4
-) through electrostatic attraction.

However Cr3+ was not getting leached into solution and it was observed that Cr6+ was

getting completely reduced to Cr3+ and was present in reducing environment on PANI. With

increasing contact time the percentage of Cr3+ in more reducing environment on polyaniline was

increasing.  No Cr6+ is detected on PANI by the XPS Cr2p spectra and diphenyl carbazide

spectrophotometric method. The result suggests that all Cr6+ adsorbed on the surface of PANI

has been totally reduced to Cr3+. The peak of N1s spectra of Cr6+-adsorbed PANI has been

deconvoluted to two major components attributed to imine group (–N ) and amine group (–NH–
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), respectively.The Cr6+ is reduced to Cr3+ by the oxidation of benzenoid amine to quinoid imine

indicated by FTIR , XPS and Raman signals corresponding to quinoid amine (Yu, Zhang, Wang,

& Chai, 2013). The oxidation is evidenced by the presence of imine nitrogen in PANI-Cr as well

as the reduction in amine nitrogen content in XPS spectra.

The protons are consumed during the reduction process of Cr6+. Ion-exchange with

protonated imine nitrogens in emeraldine salt facilitated the reduced Cr6+(Cr3+) to bind on PANI.

The Cr3+ can also be further bound on the surface of PANI by chelation with imino groups

(Harijan & Chandra, 2016; R. Zhang et al., 2010). An electron in sp3 orbit of nitrogen atom of

partially or fully oxidized forms of polyaniline makes a co-ordinate bond with positively charged

Cr3+. This is corroborated with total chromium ICP and XPS analysis

Comparing the observations of other researchers and our results it is felt that when

mesoporous or nanostructured adsorbents are used and internal porous structure sites also play a

role the mechanism of adsorption could be multilayered. The fitting of kinetic models and

thermodynamics also then changes. It thus becomes important to study other multilayer models

such as Halsey, Redlich Peterson a hybrid model before coming to a conclusion The PANI based

adsorbents reported in literature have been compared in Table 7.2 of section 6 . However it is

difficult to compare the adsorption efficiency of the adsorbents based on the arguments already

made that different kinetic and isotherm model fits were obtained by various researchers and

adsorption capacity was calculated at different pH.

4.6. Conclusion

Nano sized PANI was used for effective removal of Cr6+ from water. The removal of Cr6+

was governed by electrostatic interactions followed by reduction and was corroborated by

Raman, FT-IR, ESR and XPS techniques. The Cr6+ adsorption governed by pseudo second order

kinetics, was  diffusion controlled and also involved multilayered adsorption process which was

completed in 240 min. The adsorption data on PANI well fitted with Freundlich, Halsey and

Elovich isotherm models. However it was not possible to regenerate PANI due to strong binding

of Cr3+ with PANI. XRD studies indicated that PANI disintegrated  to further nano sized samples

after interacting with chromium.
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