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A B S T R A C T   

A nanocomposite of 2-napthalenesulfonic acid doped-polyaniline decorated with zero valent nickel nanoparticles 
(PANI-NSA@Ni0), was considered for the removal of hexavalent chromium from synthetic effluent. Adsorption 
conditions (pH, dose) were optimised, and parameters necessary for the design of PANI-NSA@Ni0-based 
adsorption equipment (adsorbent capacity, kinetic constants, etc.) were estimated from batch adsorption ex
periments. PANI-NSA@Ni0 successfully achieves total hexavalent chromium removal at a dose of 0.6 g/L, cor
responding to a Cr(VI) loading of 333.3 mg/g, and when 2 < pH < 3. The combined monolayer capacity of the 
adsorbent was found to be 820.5 mg/g, with equilibrium adsorption behaviour adequately described by a 
modified dual-site Langmuir isotherm model. The adsorption of Cr(VI) by PANI-NSA@Ni0 was found to be 
largely unaffected by the presence of competing ions. Following adsorption, successful recovery of 95.5 % of 
adsorbed chromium was achieved by employing HNO3 followed by NaOH as desorption agents, however this 
resulted in ≈ 88% loss in adsorption capacity for the subsequent cycle. After redeposition of Ni0 on the desorbed 
material, the adsorbent’s capacity was restored to 92% of the original capacity. An adsorption-coupled reduction 
mechanism, followed by the precipitation of Cr(OH)3, is believed to be the major mechanistic process respon
sible for Cr(VI) removal. Based on the proposed mechanism, a modified Langmuir-Hinshelwood adsorption- 
coupled reduction kinetic model was used to successfully describe the adsorption kinetics. The modified 
Langmuir-Hinshelwood adsorption-coupled reduction kinetic model produces rate constants which are inde
pendent of operating conditions such as initial pollutant concentration and adsorbent dose, and adequately 
describes the system’s equilibrium using the same rate constants. Thermodynamic parameters calculated using 
the best fitting isotherm model and novel kinetic model were both in agreement, and revealed that the adsorption 
process proceeds spontaneously and endothermically, with an increase in randomness at the solid–liquid 
interface and potential changes in the structure of the adsorbent/adsorbate.   

1. Introduction 

The persistent nature of heavy metals, coupled with their tendency to 
bioaccumulate in organisms and cause chronic health problems, makes 
their removal from water systems a top engineering priority [1,2]. 
Chromium in its hexavalent form, i.e. Cr(VI), is a common constituent of 
tannery, electroplating, and dyeing effluent [3]. In an aquatic environ
ment, Cr(VI) exhibits the highest mobility of all Cr species due to its 
superior water solubility [4]. Cr(VI) is estimated to be 500 times more 
toxic than its trivalent counterpart, with prolonged exposure leading to 
an increase in the incidence of cancer [1,5,6]. Furthermore, Cr(VI) is 

recognised as a potent neurotoxicant, and may cause toxicity by 
reducing the activity and efficiency of the immune system, supressing 
certain enzymes, and altering cell structures [4]. Current Cr(VI) removal 
techniques include methods such as reduction, precipitation, adsorp
tion, membrane systems, ion-exchange, extraction, and electrolysis 
[3,7,8]. Of these techniques, adsorption has proven to be the most 
feasible [3]. The use of zero-valent metal nanoparticles (NPs) as adsor
bents is of particular interest, since these particles are known to be 
highly effective adsorbents for heavy metal removal [9]. The adsorption 
properties of zero-valent metal NPs are believed to stem from the surface 
effect, small size effect, and quantum effect, which contribute to 
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increased specific surface area and reactivity, as well as their high 
reducing capacity [9]. Nanoparticle-based systems are however sus
ceptible to aggregation and large pressure drops, which complicates 
their implementation in continuous flow systems such as fixed bed and 
mixed vessels [10]. To overcome the drawbacks of nanoparticles, they 
may be immobilised on polymer backbones to form a nanocomposite 
(NC) [9]. 

Of the various nanoparticle support matrices that exist, the organic 
polymer polyaniline (PANI) is an appealing choice due to its high spe
cific surface area, low bulk-synthesis costs, and stability [11–13]. 
Furthermore, the conductivity of PANI allows for easier regeneration 
following adsorption [14]. These characteristics of PANI allow for the 
synthesis of high capacity, versatile adsorbents, such as the nano
composite: 2-napthalenesulfonic acid doped PANI, decorated with zero- 
valent nickel nanoparticles (PANI-NSA@Ni0), whose structure is rep
resented in Fig. 1. The use of such complex, hybrid adsorbents is 
twofold, firstly PANI’s high number of amine and imine functional 
groups allow for higher interaction with organic pollutants [15,16]. In 
addition, the process of doping PANI results in charge transfer which 
enables it to interact electrostatically with ionic species such as heavy 
metals [17]. In this regard, PANI-NSA@Ni0 has demonstrated its supe
rior performance as an adsorbent for the heavy metal lead(II), exhibiting 
a high removal capacity of 414.6 mg/g at 25 ◦C, rapid sorption dy
namics, and good selectivity [17]. However, despite numerous studies 
on PANI-based nanocomposites for the removal of Cr(VI), their capac
ities were found to be inadequate [18]. A PANI-based nanocomposite 
with superior Cr(VI) removal capacity is thus highly desirable, and 
PANI-NSA@Ni0′s performance with lead(II) makes it a potential high- 
capacity adsorbent for Cr(VI) remediation. 

Hence, the capacity of PANI-NSA@Ni0 to remove Cr(VI) ions from 
synthetic effluent was investigated. PANI-NSA@Ni0 was synthesised via 
a two-step, ex-situ synthesis procedure. Batch adsorption experiments 
were then conducted to evaluate the Cr(VI) adsorption performance of 
PANI-NSA@Ni0. Optimal adsorption conditions (initial adsorbate con
centration, pH, and adsorbent dose) were established, and thermody
namic parameters were estimated for the adsorption process. The 
influence of competing ions on chromium adsorption was investigated 
for binary and multi-component solutions. Recovery of chromium from 
the adsorbent was also investigated during desorption experiments. A 
mechanism for the adsorption process was then proposed by considering 
post-adsorption X-ray diffraction patterns and X-ray photoelectron 
spectroscopy spectra. Finally, a novel kinetic model based on the 
Langmuir kinetic model was derived and used to describe the adsorption 
kinetics and to determine the optimal adsorption time. 

2. Materials and experimental methods 

2.1. Materials 

Aniline (99 %), ammonium persulfate, nickel (II) chloride hexahy
drate (NiCl2⋅6H2O), naphthalene-2-sulfonic acid, hydrazine hydrate 
(50 % – 60 %), ethylene glycol, and potassium dichromate (K2Cr2O7) 
were obtained from Sigma-Aldrich, USA. All other reagents were also 
obtained from Sigma-Aldrich, USA. Deionised water was used in all 
experiments. 

2.2. Methods 

2.2.1. PANI-NSA@Ni0 synthesis 
PANI-NSA@Ni0 nanocomposite was synthesised by means of a two- 

step, ex-situ polymerization technique [12]. Firstly, 2-naphthalenesul
fonic acid-doped polyaniline (PANI-NSA) was synthesised by means of 
rapid mixing chemical oxidative polymerisation, at 0–5 ◦C. Polymeri
sation of aniline in the presence of 2-napthalenesulfonic acid was ach
ieved by employing ammonium persulfate as an oxidising agent. 
Reductive deposition of Ni0 NPs onto the PANI-NSA support matrix was 
then performed at 60 ◦C in an ethylene glycol medium, using 
NiCl2·6H2O as the Ni source, and hydrazine hydrate as the reducing 
agent. 

2.2.2. Cr(VI) adsorption experiments 
Batch adsorption experiments were performed in triplicate on syn

thetically formulated Cr(VI) effluent. A 1000 mg/L Cr(VI) stock solution 
was prepared by dissolving K2Cr2O7 crystals in deionised water. The 
stock solution was subsequently diluted to the required concentration 
for each experiment. Where necessary, the initial solution pH was 
adjusted using 0.1 M NaOH and 0.1 M HNO3, prior to nanocomposite 
addition. In all experiments, analysis of residual Cr(VI) concentrations 
was performed using a VWR UV-1600PC spectrophotometer, and the 
1,5-Diphenylcarbazide method. Where applicable, total Cr concentra
tions were measured using an Atomic Absorptions Spectrometer 
(AAnalyst-400 AA, PerkinElmer). 

The effect of the PANI-NSA@Ni0 nanocomposite dose on the removal 
of Cr(VI) was investigated by treating 25 mL aliquots of a 200 mg/L Cr 
(VI) solution with variable doses of nanocomposite at the unadjusted 
solution pH (pH ≈ 4.53). For comparative purposes, identical experi
ments were conducted with bare Ni0 NPs and PANI-NSA nanotubes 
(NTs). The experimental solutions were placed into a Labotec EcoBath 
207 thermostatic shaker at 200 rpm and 25 ◦C for 24 h. 

The effect of initial pH on Cr(VI) removal was also tested. Using 0.1 
M NaOH and 0.1 M HNO3, the pH of 25 mL aliquots of a 200 mg/L Cr(VI) 
solution were adjusted, such that each possessed a different pH (in the 
range of 2 – 11). To each aliquot, the optimal dose of PANI-NSA@Ni0 

(15 mg) was added, and the samples were placed into the thermostatic 
shaker at 200 rpm and 25 ◦C for 24 h. 

Equilibrium adsorption isotherms were generated at 25 ◦C, 35 ◦C, 
and 45 ◦C using a thermostatic water bath shaker set at 200 rpm. The 
initial Cr(VI) concentration, C0 (mg/L), was varied from 100 mg/L to 
800 mg/L, and the solution pH was adjusted to an optimal pH of 3. To 
the 25 mL experimental solutions, 15 mg nanocomposite was added, and 
the equilibrium Cr(VI) concentration, Ce (mg/L), was recorded after 24 
h. The amount of Cr(VI) adsorbed onto the adsorbent at equilibrium, qe 
(mg/g), was calculated using Eq. (1): 

qe = (C0 − Ce) ×
V
m

(1) 

with V the experimental solution volume, and m the adsorbent mass 
[12]. 

Initially, adsorption kinetics were studied at 25 ◦C, by contacting 
500 mL of 10 mg/L, 25 mg/L, and 50 mg/L Cr(VI) solutions with 0.3 g 
nanocomposite in order to maintain the optimal dose. The solution pH 

Fig. 1. High-resolution scanning electron micrograph of PANI-NSA@Ni0 

nanocomposite [12]. 
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was again set at 3 prior to addition of the nanocomposite. Samples were 
analysed at predetermined time intervals to track the residual Cr(VI) 
concentration, Ct. The corresponding Cr(VI) loading onto the adsorbent 
as function of time, qt, was calculated by employing Eq. (2) [12]: 

qt = (C0 − Ct) ×
V
m

(2) 

The kinetic study was then extended to 35 ◦C and 45 ◦C, with all 
other parameters the same as in the 25 ◦C study. 

The effect of competing ions on Cr(VI) adsorption was studied at 
25 ◦C. Both anionic and cationic competing ions were considered, viz., 
cobalt(II), zinc(II), copper(II), nitrate, and sulphate. Solutions of 25 mL, 
containing 200 mg/L Cr(VI) and 200 mg/L of the competing ion, were 
prepared. The solution pH was set at 3, and 15 mg of nanocomposite was 
added. The residual Cr(VI) concentration was then measured after 24 h. 

The reusability of the nanocomposite was investigated by means of 
two subsequent adsorption–desorption cycles. For the adsorption stage, 
100 mL of a 200 mg/L Cr(VI) solution was contacted with 60 mg of 
PANI-NSA@Ni0 nanocomposite, maintaining the optimal dose. The re
sidual total Cr concentrations were measured after 24 h. The spent 
nanocomposite was then desorbed using 50 mL of HNO3, followed by 50 
mL of NaOH. Varying desorbent concentrations (1 M, 0.5 M, and 0.1 M) 
were also considered in the experiment. For the regeneration of the 
desorbed material, the same Ni deposition method as described in sec
tion 2.2.1. 

A generalised summary of the experimental procedure used for each 
experiment is provided in Fig. 2. 

2.2.3. Characterization techniques 
The crystallinity of the PANI-NSA@Ni0 nanocomposite after 

adsorption was investigated using a PANalytical X’Pert Pro powder 
diffractometer with an X’Celerator detector. Using a Thermo ESCAlab 
250Xi photoelectron spectrometer, the spent nanocomposite was also 
subjected to X-ray photoelectron spectroscopy (XPS) to identify the 
oxidation state of the Ni0 NPs and adsorbed chromium species. 

3. Results and discussion 

3.1. Effect of adsorbent dose 

The effect of the nanocomposite dose on the removal of Cr(VI) was 

investigated. The performance of PANI-NSA@Ni0 nanocomposite was 
also compared to its constituents, PANI-NSA and bare Ni0 NPs. Fig. 3 
depicts the Cr(VI) removal efficiencies of PANI-NSA@Ni0, PANI-NSA, 
and Ni0 NPs. In general, the increase in removal efficiency observed 
when the dose is increased may be explained by considering the number 
of active adsorption sites [19,20]. As the dose is increased, more unspent 
adsorbent material with unoccupied adsorption sites is introduced into 
solution [12]. A greater amount of Cr(VI) may thus be adsorbed. 
Furthermore, PANI-NSA@Ni0 displays an enhanced Cr(VI) removal ef
ficiency in comparison to its constituents. At a PANI-NSA@Ni0 dose of 
25 mg no residual Cr(VI) was detected in solution after 24 h. In com
parison, at the same dose of 25 mg, PANI-NSA and Ni0 NPs achieved 
32.2 % (64.4 mg/g Cr(VI) loading) and 19.2 % (38.4 mg/g Cr(VI) 
loading) removal efficiencies, respectively. The higher removal effi
ciency of PANI-NSA@Ni0 is attributed to its substantially higher specific 
surface area when compared to PANI-NSA and Ni0 NPs [12]. The higher 
specific surface area of the nanocomposite arises from the inclusion of 
Ni0 NPs, which possess a high specific surface area [21]. Furthermore, 
incorporation of the Ni0 NPs in a nanocomposite stabilises, disperses, 

Fig. 2. Generalised experimental procedure for batch adsorption of Cr(VI) by PANI-NSA@Ni0 nanocomposite.  
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and prevents their aggregation, which increases both their specific 
surface area and their reactivity [22]. 

3.2. Effect of initial pH 

The initial solution pH, prior to the addition of the PANI-NSA@Ni0 

nanocomposite, was adjusted from pH = 2 to pH = 11. A nanocomposite 
dose of 15 mg/L was added to each aliquot, and the solution tempera
ture was maintained at 25 ◦C. The residual Cr(VI) concentrations were 
then recorded after 24 h, with the results presented in Fig. 4. The final 
solution pH after adsorption was also recorded. 

Higher Cr(VI) removal efficiencies were observed at lower pHs, with 
100 % removal at pH = 2 and 98.6 % at pH = 3. At pHs lower than the 
nanocomposite’s point-of-zero-charge (pHPZC = 4.4 [12]), the nano
composite’s surface becomes more positively charged. Electrostatic 
attraction forces between the nanocomposite and the Cr(VI) anions in
crease as the nanocomposite becomes more positively charged, thereby 
promoting adsorption [23]. The electrostatic interaction between Cr(VI) 
and PANI-NSA@Ni0 at a pH of 3 is represented schematically in Fig. 5. 

Furthermore, lower pHs favour the reduction of Cr(VI) to Cr(III) 
[24], which is described by Eqs. 3 and 4 under acidic conditions [25]. 
Conversely, at pHs above the pHPZC, the nanocomposite assumes a 
negative surface charge. At high pHs, a decrease in adsorption efficiency 
may be attributed to electrostatic repulsive forces which counteract the 
van der Waals attraction forces, and an increase in competing OH– ions 
[11]. Under neutral and basic conditions, reduction of Cr(VI) to Cr(III) is 
given by Eq. 5, which exhibits a negative standard reduction potential (i. 
e. non-spontaneous reaction) [25]. Reduction of Cr(VI) under basic 
conditions is thus less favourable than under acidic conditions, which 
may also contribute to the decrease in Cr(VI) removal at higher pHs.  

Cr2O7
- + 14H+ + 6e- → 2Cr3+ + 7H2O Eo = 1.232(3)                                 

HCrO4
- + 7H+ + 3e- → Cr3+ + 4H2O Eo = 1.350(4)                                   

CrO4
2- + 4H2O + 3e- → Cr(OH)3 + 5OH- Eo = -0.1300(5)                          

For initial pHs < 9, an increase in the solution pH was observed 
following adsorption of Cr(VI), likely due to the consumption of protons 
during the reduction of Cr(VI) to Cr(III). At high pHs, adsorption of 
competing OH– ions may lead to the observed decrease in pH following 
adsorption. 

3.3. Adsorption isotherms 

Cr(VI) solutions of varying concentration (100 mg/L – 800 mg/L) 
were contacted with 0.6 g/L PANI-NSA@Ni0 nanocomposite, with the 

solution temperature maintained at 25 ◦C, 35 ◦C, and 45 ◦C respectively. 
Fig. 6. represents the amount of Cr(VI) adsorbed at equilibrium, qe (mg/ 
g), as a function of the equilibrium concentration, Ce (mg/L). To analyse 
the equilibrium data, the two most commonly used equilibrium 
isotherm models were employed, viz., the Freundlich and single-site 
Langmuir isotherm models. In their non-linear forms, the single-site 
Langmuir and Freundlich isotherms are given by Eqs. (6) and (7), 
respectively [26]. Additionally, a modification of the dual-site Langmuir 
isotherm model [27], given by Eq. (8), was also investigated: 

qe =
qm1KL1Ce

1 + KL1Ce
(6)  

qe = KFC1/n
e (7)  

qe =
qm1KL1Ce

1 + KL1Ce
+

qm2KL2Ce

1 + KL2Ce
(8) 

with qm1 and qm2 the monolayer adsorption capacities of adsorption 
site 1 and 2 (mg/g), KL1 and KL2 the Langmuir isotherm/affinity con
stants for the respective sites (L/mg), and KF ((mg/g)(L/mg)1/n) and n 
the adsorption potential and strength constants of the Freundlich 
isotherm model. The high removal capacity observed at low equilibrium 
concentrations allude to an irreversible step in the adsorption process. 
Assuming adsorption site 2 in Eq. (8) adsorbs irreversibly, a very large 
value for KL2 is anticipated. Thus, KL2Ce ≫ 1, and Eq. (8) simplifies to Eq. 
(9) as follows: 

qe =
qm1KL1Ce

1 + KL1Ce
+ qm2 (9) 

The isotherm model parameters for Eqs. (6), (7), and (9) were ob
tained by means of non-linear regression, with a summary of the fitting 
parameters provided in Table 1, and the full fitting parameters in 
Table S1. 

The modified dual-site Langmuir isotherm model provided the best 
fit of the data, and generated the highest R2 values compared to the 
single-site Langmuir and Freundlich isotherm models. The suitability of 
the modified dual-site Langmuir model alludes to the presence of two 
distinct adsorption sites, with adsorption at site 1 proceeding reversibly 
via formation of a monolayer, and adsorption at site 2 proceeding irre
versibly. The capacity of the adsorbent was found to be insensitive to 
temperature, yet adsorption is marginally favoured at higher tempera
tures. The combined capacity of the adsorbent was estimated using the 
modified dual-site Langmuir isotherm model to be 820.5 mg/g. Table 2 
compares the Cr(VI) adsorption capacity of PANI-NSA@Ni0 with other 
PANI based adsorbents. 

Evidently, PANI-NSA@Ni0 nanocomposite exhibits a significantly 
higher affinity towards Cr(VI) in comparison to previously studied 
PANI-based adsorbents. The high capacity coupled with relatively rapid 
kinetics makes PANI-NSA@Ni0 an extremely attractive choice for use in 
wastewater treatment processes. 
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Fig. 5. Electrostatic interaction between PANI-NSA@Ni0 nanocomposite and 
Cr(VI) molecules under acidic conditions (pH = 3). 
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3.4. Adsorption thermodynamics 

The three commonly investigated thermodynamic parameters for an 
adsorption system are the standard Gibbs free energy change (ΔG0), 
entropy change (ΔS0) and change in enthalpy (ΔH0). Eqs. (10) and (11) 
were employed to obtain these thermodynamic parameters for the 
adsorption of Cr(VI) onto PANI-NSA@Ni0 nanocomposite: 

ΔG0 = − RTln(Keq) (10)  

ln(Keq) =
ΔS0

R
−

ΔH0

RT
(11) 

where R is the universal gas constant in (J/mol/K), T (K) is the ab
solute temperature, and Keq is a non-dimensional equilibrium constant 
derived from an isotherm model [34]. The modified dual-site Langmuir 
isotherm equilibrium constants were non-dimensionalised by employing 
Eq. (12) as follows: 

Keq = KL1 × Mw × 103 ×
Co

s

γo
s

(12) 

where Mw is the molecular mass of the adsorbate, Cs
o is the standard 

adsorbate concentration, and γs
o is the standard adsorbate activity [34]. 

Both Cs
o and γs

o are frequently assumed to be unity [34]. The non- 
dimensionalised equilibrium constants are provided in Table 3. 

The Van’t Hoff plot used to obtain the above-mentioned thermody
namic parameters is presented in Fig. S1. Table 4 summarises the ther
modynamic parameters for the adsorption system. 

The positive value of ΔH o indicates that the reversible pathway of 

the adsorption process is endothermic by nature, and that adsorption is 
favoured at higher temperatures. The positive value of ΔS o alludes to an 
increase in randomness at the solid–liquid interface, and may also sug
gest structural changes in the adsorbate and the adsorbent [35]. Nega
tive values for ΔG o are indicative that the adsorption process proceeds 
spontaneously. 

3.5. Effect of co-existing ions 

Cr(VI) presents itself in numerous industrial effluents arising from 
processes such as electroplating, tanning, dyeing, printing, etc. [36]. In 
addition to Cr(VI), these industrial effluents frequently contain other 
metallic and non-metallic ions, which may affect the adsorption of 
chromium due to the competing ion effect [37]. Table 5 summarises the 
competing ions which are found in common effluents in addition to Cr 
(VI). 

The effect of competing ions on the adsorption of Cr(VI) was thus 
studied in binary mode [42], as well as in a multicomponent mixture, 
with the results of the experiment represented in Fig. 7. In all experi
ments, the initial competing ion concentration and Cr(VI) concentration 
was set at 200 mg/L. 

In the presence of Zn(II), Co(II), and Cu(II) cations the adsorption of 
Cr(VI) is unaffected, likely due to electrostatic repulsion between the 
positively charged nanocomposite and cations [43]. In contrast, the 
presence of nitrate and sulphate anions result in a decrease in the 
amount of Cr(VI) removed from solution, from 100 % to ~ 95 %. Elec
trostatic attraction between the positively charged PANI-NSA@Ni0 and 
the negatively charged anions may be responsible for the reduction in Cr 
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(VI) removal [43]. In a multicomponent mixture, adsorption of Cr(VI) 
was found to be unaffected by the presence of the competing ions. 

3.6. Investigation of Cr(VI) removal mechanism 

The mechanism for Cr(VI) removal from water using PANI-NSA@Ni0 

nanocomposite was investigated by considering the results of the XPS 
survey on the nanocomposite before and after adsorption, presented in 
Fig. 8. The nanocomposite XRD patterns represented in Fig. S2. were 
also used to supplement the XPS survey results. 

Appearance of characteristic Cr 2p peaks in the XPS scan confirm the 
presence of chromium on the adsorbent surface. High resolution spec
trum of Cr 2p (Fig. 8a.) reveal peaks at 578.4 eV and 588.2 eV, which 
correspond to the 6 + oxidation state of chromium. In addition, Cr 2p 
peaks at 577 eV and 586.8 eV indicate attachment of trivalent chro
mium, Cr(III), on the adsorbent surface. Specifically, the observed Cr(III) 
peaks correspond to those of Cr(OH)3. The simultaneous presence of 
both Cr(VI) and Cr(III) on the PANI-NSA@Ni0 nanocomposite surface 
suggests that Cr(VI) removal is achieved by means of an adsorption- 
coupled reduction mechanism, whereby a partial reduction of Cr(VI) 
to Cr(III) occurs during adsorption [44]. Comparison of the Ni 2p spectra 
before adsorption (Fig. 8b.) and after adsorption (Fig. 8c.) reveals 
disappearance of the Ni0 peak following adsorption, which may suggest 
that Ni0 functions as an electron donor, facilitating reduction of Cr(VI) to 
Cr(III). Disappearance of elemental Ni0 is also confirmed by the XRD 
patterns. For the unspent nanocomposite (Fig. S2), sharp diffraction 
peaks at 2θ = 44.7◦, 52.1◦, and 76.7◦ are the signature peaks of (111), 
(200) and (220) crystal planes of metallic Ni0 (JCPDS cards No. 
65–0380). In addition, the XRD profile indicates peaks at 2θ = 23.5◦ and 
27.0◦ corresponding to the (003) and (006) peaks for β-Ni(OH)2 [45]. 
No such Ni-peaks presented in the XRD pattern for the spent adsorbent. 
The XRD pattern for the spent adsorbent reveals no evidence of crys
talline structures, which may allude to morphological changes and a 
decrease in crystallinity of the nanocomposite following Cr(VI) 
adsorption. Participation of Ni0 in the reduction of Cr(VI) is further 

Table 1 
Summary of the single-site Langmuir, modified dual-site Langmuir, and 
Freundlich isotherm model parameters for adsorption of Cr(VI) onto PANI- 
NSA@Ni0 nanocomposite.  

Isotherm model  Temperature     

25 ◦C 35 ◦C 45 ◦C 

Single-site Langmuir        

Best-fit values    
qm1  661.2  660.7  700.0 
KL1  0.04830  0.05918  0.04222 
Goodness of fit    
R2  0.8437  0.8277  0.8722     

Modified dual-site Langmuir        

Best-fit values    
qm1  556.6 a 

KL1  0.007324  0.008196  0.008851 
qm2  263.9 a 

Goodness of fit    
R2  0.9796  0.9920  0.9918 
Global R2  0.9881     

Freundlich        

Best-fit values    
KF  179.0  189.7  171.3 
n  4.479  4.611  4.162 
Goodness of fit    
R2  0.9647  0.9820  0.9850  

a Shared parameter for all data sets Units: qm1, qm2: mg/g, KL1: L/mg, KF: ((mg/ 
g)(mg/L)-1/n). 

Table 2 
Comparison of the Cr(VI) adsorption capacity of PANI-NSA@Ni0 with other 
PANI based adsorbents.  

Adsorbent qm (mg/g) Optimum pH Reference 

PANI-HCL  182.0  4.0 [28] 
PANI/PVA composite  111.2  4.0 [29] 
Chitosan–grafted-polyaniline  165.5  4.2 [30] 
PANI/γ-Fe2O3  196.0  2.0 [31] 
SA-PANI  73.34  4.2 [32] 
PPy-PANI nanofibers  227.0  2.0 [33] 
PANI-NSA@Ni0 nanocomposite  820.5  3.0 Present study  

Table 3 
Corrected equilibrium constants used in the calculation of the thermodynamic 
parameters for the removal of Cr(VI) by PANI-NSA@Ni0 nanocomposite.  

Temperature (oC) KL1 Keq 

25  0.007324 856.9 
35  0.008196 958.9 
45  0.008851 1036 

Units: KL1: L/mg. 

Table 4 
Thermodynamic parameters for the removal of Cr(VI) by PANI-NSA@Ni0 

nanocomposite.  

Temperature ΔG o ΔH o ΔS o R2 

25 ◦C  − 16.74 7.480 81.28 0.9920 
35 ◦C  − 17.59 
45 ◦C  − 18.37 

Units: ΔH o: (kJ/mol), ΔS o: (J/mol/K), ΔG o: (kJ/mol).  

Table 5 
Composition of common industrial effluents.  

Effluent Anions Cations References 

Tannery SO4
2-, Cl-, 

S2- 
Cr(III), Cr(VI), Cd, Al, Zr [38] 

Electroplating SO4
2- Cu, Ni, Cr(III), Cr(VI), Sn, Pb, Ag, Au, 

Al, Zn 
[39,40] 

Dyeing Cl-, NO3
– Co, Cu, Cr [41]  

Fig. 7. The effect of competing ions on the adsorption of Cr(VI) onto PANI- 
NSA@NI0 nanocomposite (Initial Cr(VI) conc.: 200 mg/L, competing ion conc.: 
200 mg/L, pH: 3, NC dose: 0.6 g/L, Temp.: 25 ◦C). 
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corroborated by the standard reduction potential of Ni2+/Ni0 (-0.2800 
V), which is significantly lower than that of HCrO4

- /Cr3+ (1.350 V) 
[9,25]. Hence, the superior suitability of the modified dual-site Lang
muir isotherm model. The irreversible nature of the second Langmuir 
adsorption site is thus believed to represent the irreversible reduction of 
Cr(VI) to Cr(III) by Ni0 nanoparticles. 

Based on the results of the XPS survey, XRD patterns, as well as other 
observations from the study, the removal of Cr(VI) from water using 
PANI-NSA@Ni0 nanocomposite is believed to occur via two major, 
parallel processes. In the first process, Cr(VI) in the form of HCrO4

- is 
adsorbed onto the surface of PANI-NSA@Ni0 nanocomposite adsorbent, 
as follows: 

PANI-NSA@Ni0 +HCrO−
4 (aq)↔ PANI-NSA@Ni0 − HCrO−

4 (ads) (13) 

In the second process, irreversible reduction of some of the adsorbed 
Cr(VI) to Cr(III) then occurs as follows: 

PANI-NSA@Ni0 − HCrO−
4 (ads)→PANI-NSA@Ni2+ − Cr3+

(ads) (14) 

As a final step, the Cr(III) present on the adsorbent surface pre
cipitates and forms Cr(OH)3, according to the following reaction: 

PANI-NSA@Ni2+ − Cr3+
(ads) + 3OH− →PANI-NSA@Ni2+ − Cr(OH)3 (15) 

Fig. 9. provides a graphical summary of the proposed mechanism for 
Cr(VI) removal from water using PANI-NSA@Ni0 nanocomposite 
adsorbent. 

3.7. Chromium recovery 

Recovery of chromium from the nanocomposite is an important 
aspect to consider, as it enables reuse of these compounds in other in
dustrial processes. Recovery of chromium from the adsorbent is also 
necessary, as metal-loaded adsorbents are toxic to humans and the 

592 590 588 586 584 582 580 578 576 574 572
In

te
ns

ity
 (a

.u
.)

Binding energy (eV)

2p3/2 Cr3+
2p3/2 Cr6+2p1/2 Cr3+

2p1/2 Cr6+

880 875 870 865 860 855 850 845

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

sat 2p1/2Ni2+

sat 2p1/2Ni2+

sat 2p3/2Ni2+

2p3/2Ni2+

2p3/2Ni0

880 875 870 865 860 855 850 845

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

sat 2p1/2Ni2+

sat 2p1/2Ni2+ sat 2p3/2Ni2+

2p3/2Ni2+

(a)

(b) (c)

Fig. 8. (a) High resolution XPS spectra of Cr 2p after adsorption, (b) Ni 2p before adsorption of Cr(VI) by PANI-NSA@Ni0 nanocomposite, and (c) Ni 2p after 
adsorption of Cr(VI). 

Fig. 9. Proposed mechanism for removal of Cr(VI) from water by PANI-NSA@Ni0 nanocomposite adsorbent.  
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environment [46]. The recovery of Cr from spent PANI-NSA@Ni0 

nanocomposite is represented in Fig. 10. 
No statistically significant difference in chromium recovery was 

observed between 1 M and 0.5 M desorption fluid, with 95.5 % of 
adsorbed chromium successfully recovered in the first cycle. The deficit 
is believed to arise from adsorbent losses during adsorption–desorption 
steps. In contrast, a decreased Cr recovery of 81.7 % was observed when 
0.1 M desorption fluid was used, which may be due to the effect of pH on 
Cr(III) solubility [47]. Optimal desorption conditions therefore present 
when 0.5 M – 0.1 M is used. 

Further studies are required to determine the exact optimum 
regenerant concentration. A significant decrease in adsorption capacity 
(~88 %) was observed in the subsequent adsorption cycle, which may 
be attributed to Ni0 nanoparticles leaching into solution during nitric 
acid regeneration. Energy dispersive X-ray analysis (SEM-EDX) results 
contained in Table S2, confirm a reduction in nickel loading following 
desorption. The presence of nickel in the HNO3 regenerant was also 
confirmed via Atomic Absorptions Spectrometer measurements. Addi
tional regeneration steps are thus required if the original capacity is to 
be restored. 

To improve the reusability of PANI-NSA@Ni0 nanocomposite, the 
adsorbent was re-loaded with Ni0 following the desorption process, with 
the Ni0 loading also provided in Table S2. At p < 0.05, the regenerated 
nanocomposite showed no statistical difference in Ni0 loading compared 
to the unspent nanocomposite, t(15) = 0.4297, p = 0.6735. It should 
however be noted that significant uncertainty exists with respect to the 
exact Ni loading, likely due to sensitivities in the synthesis process. To 
improve the nanocomposite’s industrial feasibility, it would be neces
sary to identify and quantify such sensitivities. 

Fig. 10(d) represents the performance of regenerated PANI- 
NSA@Ni0 nanocomposite. A drastic improvement in adsorption 

capacity was observed following Ni0 re-deposition,with the adsorbent’s 
capacity restored to 92 % of the original capacity. 

3.8. Adsorption kinetics 

The adsorption of Cr(VI) as a function of time is depicted in Fig. 11. 
The pseudo first-order (PFO), pseudo second-order (PSO) [48], and 
single-site Langmuir [49] kinetic equations given by Eqs. (16), (17), and 
(18) were employed to describe the adsorption kinetics: 

qt = qe
(
1 − e− k1 t) (16)  

qt =
k2q2

e t
1 + k2qet

(17)  

dqt

dt
= kadsCt

(

1 −
qt

qm

)

− kdes
qt

qm
(18) 

where k1 (L/min) is the PFO rate constant, k2 (g/mg/min) is the PSO 
rate constant, kads (L/g/min) and kdes (mg/L/min) are the Langmuir 
adsorption and desorption rate constants. Application of the PFO and 
PSO models has become standard in adsorption studies [50], despite 
numerous drawbacks with respect to their engineering applications. 
Specifically, these models lack predictive capabilities as their parame
ters are complex functions of the experimental conditions such as initial 
adsorbate concentration [51]. Additionally, since these models are 
empirical, they lack physical meaning and thus cannot be used to 
investigate mass transfer mechanisms[52]. In contrast, the Langmuir 
kinetic model is able to produce concentration-independent kinetic pa
rameters, whilst simultaneously predicting the equilibrium adsorption 
isotherms for some systems [53–55]. The parameters for PFO, PSO, and 
Langmuir kinetic models were obtained by means of non-linear 

Fig. 10. Recovery of chromium from, and resusability of PANI-NSA@Ni0 nanocomposite using (a) 1 M HNO3 and 1 M NaOH, (b) 0.5 M HNO3 and (c) 0.5 M NaOH, 
and 0.1 M HNO3 and 0.1 M NaOH. (d) The reusability comparison of PANI-NSA@Ni0 for non-regenerated and regenerated adsorbent after desorption. 
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regression fitting, and are presented in Table 6. 
The PFO kinetic model was found to adequately describe the kinetics 

at lower concentrations, but becomes less suitable at higher concentra
tions. In contrast, the PSO model is capable of describing the adsorption 
kinetics across all concentration ranges. However, the dependence of the 
PFO and PSO model parameters on the experimental conditions is 
apparent and unpredictable. The Langmuir kinetic model successfully 
describes the adsorption at low concentrations, but similar to the PFO 
model, is unable to capture the system dynamics at higher concentra
tions. The Langmuir kinetic model’s inability to fully describe the 
adsorption kinetics is likely due to the influence of Cr(VI) reduction on 
the observed kinetics. For such adsorption-reaction systems Langmuir- 
Hinshelwood kinetics are frequently employed [56]. However, the 
assumption of pseudo-equilibrium in these systems is necessary during 
formulation of rate expressions, which make the traditional Langmuir- 
Hinshelwood kinetic model unsuitable for many adsorption systems 
[56]. 

To address the shortcomings of the existing kinetic models, a 
Langmuir-based kinetic model was formulated, which accounts for the 
surface-reduction of Cr(VI) to Cr(III). The proposed model was built on 
the premise of the Langmuir-Hinshelwood kinetic model, but does not 
impose the requirement of pseudo-equilibrium conditions. 

Consider the adsorption of a molecule of Cr(VI), predominantly in 
the form of HCrO4–, onto a single PANI-NSA@Ni0 adsorption site (S), 
which may be modelled as a reversible reaction, as follows: 

Cr(VI) + S ⇋ Cr(VI)* (19) 

where Cr(VI)* signifies the adsorbed form of the Cr(VI) molecule. 
Adopting the Langmuir kinetic model, the rate of change of Ct may be 
expressed as: 

dCt

dt
= − kadsCt(1 − θ)+ kdesθads (20) 

where θ is the total fraction of covered sites, and θads is the fraction of 
sites covered by adsorbed Cr(VI). Distinction is made between total sites 
and adsorbed sites, since sites may also be occupied by reduced chro
mium species, i.e Cr(III). A site balance therefore yields: 

θ = θads + θred (21) 

where θred is the fraction of sites occupied by Cr(III) species. The rate 
of change of θ can be expressed in terms of Eq. (20) and the monolayer 
adsorption capacity of PANI-NSA@Ni0 as follows: 

dθ
dt

= −
1

qm
×

V
m
×

dCt

dt
(22) 

An expression for θred was then derived by considering the combined 
redox reaction for the reduction of Cr(VI) to Cr(III) by Ni0: 

HCrO4− + 7H+ +
3
2
Ni0→Cr3+ + 4H2O+

3
2
Ni2+ (23) 

Assuming power-law kinetics, the rate of reduction of Cr(VI) was 
expressed as: 

d
[
Cr3+]

dt
= kredθads

[
Ni0] (24) 

Fig. 11. (a) The effect of contact time on the adsorption of Cr(VI) by PANI-NSA@Ni0 nanocomposite, described using the pseudo first-order kinetic model, (b) the 
pseudo second-order kinetic model and (c) the single-site Langmuir kinetic model. Dashed lines correspond to 95 % prediction intervals (NC dose: 0.6 g/L, Temp.: 
25 ◦C, pH: 3.0). 
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with [Cr3+] the adsorbent Cr(III) loading (mmol/g), [Ni0] the zero- 
valent nickel nanoparticle loading (mmol/g), and kred the rate constant 
for the reduction reaction (min− 1). Similarly, the rate of change of θred is 
given by: 

dθred

dt
=

MWHCrO−
4

qm
×

d
[
Cr3+]

dt
(25) 

where MWHCrO−
4 

is the molar mass of HCrO4
- . Lastly, stoichiometry 

may be used to obtain an expression for the rate of consumption of Ni0: 
[
dNi0]

dt
= − 1.5

d
[
Cr3+]

dt
(26) 

To increase the degrees of freedom, and the rate constants were 
expressed using the Arrhenius equation as follows: 

ki,T = ki,0e
Ea,i
RT (27) 

with ki,T the reaction rate constant of the ith reaction at a tempera
ture T, ki,o the frequency factor of the ith reaction, and Ea,i the activation 
energy of the ith reaction. 

The modified Langmuir-Hinshelwood adsorption-coupled reduction 
kinetic model is summarised in Table 7. 

Using Aquasim, the novel model was fit to kinetic data at 25 ◦C, 
additional kinetic data at 35 ◦C and 45 ◦C, and the equilibrium isotherm 
data. Fig. 12 represents the adsorption kinetics as well as the equilibrium 
isotherms described using the modified Langmuir-Hinshelwood 
adsorption-coupled reduction kinetic model. Corresponding kinetic 
model parameters are presented in Table 8. 

Using a bare minimum number of parameters, the modified 
Langmuir-Hinshelwood adsorption-coupled reduction kinetic model 
provided a good fit of the experimental data and achieved a global co
efficient of determination of R2 = 0.9777 for the kinetic data, and R2 =

0.9898 for the isotherm data. Following non-dimensionalisation, the 
adsorption frequency factors, and activation energies were used to 
calculate the thermodynamic parameters of the system yielding Δ Ho =

11.50 kJ/mol and Δ So = 90.76 J/mol/K. The thermodynamic param
eters are consistent with those predicted by the modified dual-site 
Langmuir isotherm model. Furthermore, the initial Ni0 loading of 
3.694 mmol/g, which translates to a ~ 22 wt% Ni0 loading, is consistent 
with values estimated during nanocomposite synthesis. 

The modified Langmuir-Hinshelwood model highlights the value in 
using Langmuir mechanistic models to describe adsorption kinetics and 
provides the compartment-independence needed to design batch and 
continuous adsorption equipment. Specifically, the model produces rate 
constants which are independent of operating conditions such as initial 
Cr(VI) concentration and nanocomposite dose. 

4. Conclusions 

PANI-NSA@Ni0 was found to be a highly efficient adsorbent for the 
removal of hexavalent chromium from synthetic effluent. PANI- 
NSA@Ni0′s enhanced efficiency allowed for total Cr(VI) removal, 
compared to its constituents, PANI-NSA and Ni0 NPs, which achieved 
maximum removal efficiencies of 32.2 % and 19.2 % respectively. Op
timum Cr(VI) removal was observed at a pH of 3, and a PANI-NSA@Ni0 

dose of 0.6 g/L. A modified dual-site Langmuir isotherm model was 
found to best describe the equilibrium adsorption behaviour and pre
dicted a combined adsorbent capacity of 820.5 mg/g, one of the highest 
Cr(VI) adsorbent capacities reported in literature. The modified dual- 

Table 6 
Kinetics parameters for removal of Cr(VI) using PANI-NSA@Ni0 nanocomposite.  

Kinetic model Initial 
Concentration    

10 mg/L 25 mg/L 50 mg/L 

Pseudo first-order    
Best-fit values    
qe 14.85 37.52 73.42 
K1 0.2450 0.08385 0.08924 
Std. error    
qe 0.4043 1.199 3.636 
K2 0.04049 0.01153 0.02064 
95% Confidence 

intervals    
qe 13.98 to 15.72 34.93 to 40.12 65.50 to 81.34 
K2 0.1575 to 0.3324 0.05894 to 

0.1088 
0.04427 to 0.1342 

Goodness of fit    
Degrees of freedom 13 13 12 
R2 0.9354 0.9440 0.8657 
Absolute sum of 

squares 
20.64 128.0 1107 

Sy.x 1.260 3.138 9.605 
Number of points    
analyzed 15 15 14 
Pseudo second- 

order    
Best-fit values    
qe 11.25 37.77 72.45 
K2 0.01104 0.002554 0.001094 
Std. error    
qe 0.2340 0.9461 3.406 
K2 0.002473 0.0004408 0.0004646 
95% Confidence 

intervals    
qe 10.63 to 11.91 36.53 to 39.05 66.70 to 78.96 
K2 0.008005 to 

0.01533 
0.002126 to 
0.003079 

0.0006810 to 
0.001773 

Goodness of fit    
Degrees of freedom 13 13 12 
R2 0.9790 0.9932 0.9675 
Absolute sum of 

squares 
4.566 14.19 234.9 

Sy.x 0.5927 1.045 4.424 
Number of points    
analyzed 15 15 14 
Langmuir    
Best-fit values    
kads 0.09235 a   

kdes 4.840 a   

qm 820.5a,b   

95% Confidence 
intervals    

kads 0.07808 to 
0.1066   

kdes 2.542 to 7.139   
Goodness of fit    
R2 0.9339 0.9704 0.9324 
Absolute sum of 

squares 
14.39 62.17 488.9 

Number of points    
analyzed 15 15 14  

a Shared parameter for all data sets. 
b Obtained from isotherm data Units: qe: mg/g; qslow: mg/g; k1, kslow, kfast: 1/ 

min; k2: g/mg.min; α: mg/g/min, kads: (L/g/min), kdes: min− 1.  

Table 7 
Summary of the modified Langmuir-Hinshelwood adsorption-coupled reduction 
kinetic model for removal of Cr(VI) using PANI-NSA@Ni0 nanocomposite.  

Unknown Equation Initial condition 

Ct dCt

dt
= − kadsCt(1 − θ) + kdesθads 

Varies 

θ dθ
dt

= −
1

qm
×

V
m
×

dCt

dt 
θ0 = 0 

θred dθred

dt
=

MWHCrO−
4

qm
kredθads

[
Ni0

] θred = 0 

θads θads = θ − θred N/A 
[
Ni0

] [
dNi0

]

dt
= − 1.5kredθads

[
Ni0

]

[
Ni0

]

0 = f(qm2)
a 

a Dependent on PANI-NSA@Ni0 nickel loading. Initial estimate based on qm2. 
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site Langmuir isotherm model alludes to the presence of both an irre
versible and reversible process during the adsorption of Cr(VI), with the 
irreversible process being the reduction of Cr(VI) to Cr(III) by highly 
reactive Ni0 nanoparticles. PANI-NSA@Ni0 was also found to selectively 
adsorb Cr(VI) in the presence of both cationic and anionic competing 
ions, with NO3

– and SO4
2- anions only slightly reducing the Cr(VI) removal 

efficiency. Recovery of chromium from spent PANI-NSA@Ni0 was also 
successfully demonstrated, with 95.5 % of loaded chromium recovered 
from the nanocomposite after treatment with 0.5 M HNO3 followed by 
0.5 M NaOH, however this resulted in ≈ 88% loss in adsorption capacity 
for the subsequent cycle. The adsorbent’s capacity was then successfully 
restored to 92% of the original capacity by redepositing Ni0 on the 
desorbed material. Mechanistically, adsorption-coupled reduction and 
subsequent precipitation appear to be the major processes resulting in Cr 
(VI) removal using PANI-NSA@Ni0. The adsorption-coupled reduction 
mechanism was confirmed by kinetic studies, where a modified 
Langmuir-Hinshelwood adsorption-coupled reduction kinetic model 
was successfully used to describe both the adsorption kinetics, as well as 

the equilibrium isotherms using the same parameters. The modified 
Langmuir-Hinshelwood adsorption-coupled reduction kinetic model 
provides the compartment-independence required to design any batch 
or continuous adsorption system, and thus should be preferred over 
traditional empirical adsorption kinetic models. Thermodynamic anal
ysis during equilibrium and kinetic studies revealed that adsorption onto 
PANI-NSA@Ni0 surface sites proceeds spontaneously and is weakly 
endothermic, with an increase in randomness at the adsorption interface 
and potential changes in the structure of the adsorbent/adsorbate. 
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Fig. 12. The effect of contact time on the adsorption of Cr(VI) by PANI-NSA@Ni0 nanocomposite at (a) 25 ◦C, (b) 35 ◦C, (c) and 45 ◦C, and (d) equilibrium isotherms 
described using the modified Langmuir-Hinshelwood adsorption-coupled reduction kinetic model (NC dose: 0.6 g/L, pH: 3.0). 

Table 8 
Modified Langmuir-Hinshelwood adsorption-coupled reduction kinetic model 
parameters for removal of Cr(VI) using PANI-NSA@Ni0 nanocomposite.  

Parameter Value Units 

kdes,o 4.188× 1012 mg/(L⋅min) 
kads,o 1.969× 1012 min− 1 

kred,o 1.033× 1029 g/(mmol⋅min) 
Ea,des 63.94 kJ/mol 
Ea,ads 75.44 kJ/mol 
Ea,red 176.9 kJ/mol 
qm 871.4 mg/g 
[
Ni0

]

0 
3.694 mmol/g  
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