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of carbon atoms which are closely packed into honey-
comb two-dimensional lattice [1, 2]. The interest in gra-
phene originated from its unique physicochemical proper-
ties, notably the exceptionally high surface area, electron 
and thermal mobility, and mechanical strength. The large 
surface area with a theoretical value of 2630  m2/g, oxy-
gen-containing surface functionalities such as hydroxyl, 
carboxylic, carbonyl, and epoxide groups, and high water 
dispersibility makes GO a material of great interest in 
adsorption-based technologies as well as in the other fields 
[3–6]. GO is produced at low cost by chemical oxidation 
of graphite to graphite oxide and subsequent exfoliation by 
ultra-sonication [7]. The most common approaches to pro-
duce GO from graphite was first developed by Hummer’s 
method which involves using  KMnO4 as an oxidizing agent 
in concentrated sulfuric acid [8]. The electrostatic inter-
actions of the graphene and GO with an adsorbate make 
them the materials of choice for adsorption of charged 
species [5]. Moreover, the presence of oxygen functionali-
ties makes GO as hydrophilic material that can form sta-
ble suspensions in aqueous media. This hydrophilic nature 
when combined with its highest surface area and func-
tional groups density, allowed for a wide variety of chemi-
cal functionalization to be performed on GO sheets [6]. 
In the environmental field, graphene and graphene-based 
materials have been used to develop novel sorbent or pho-
tocatalytic materials for environmental decontamination as 
building blocks for the next generation of water treatment 
membranes and as electrode materials for contaminant 
monitoring or removal [5, 9–11].

Among all conducting polymers, polyaniline (PANI) 
has attracted much scientific interest owing to its low cost, 
good electrochemical activity, high thermal stability, and 
environmentally friendly properties [12, 13]. Typically, 
PANI has been synthesized by oxidative polymerization 
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Introduction

Graphene oxide (GO) is one of the most important gra-
phene-based materials. Graphene is made of a single layer 
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of aniline in acidic medium using various oxidants such 
as;  S2O8

2−,  Fe3+,  MnO4
−,  IO3

−, and  Cr2O7
2− salts, as well 

as benzoyl peroxide and metal/enzyme, catalyzed  H2O2 
[14, 15]. It is well known that the preparation of r-GO/
PANI GO/PANI nanocomposites included: (i) mixing of 
preformed PANI with r-GO or GO and (ii) in situ chemi-
cal polymerization of the aniline monomer solution in the 
presence of r-GO or GO sheets [16, 17]. Since GO has 
long been recognized as having strong oxidizing proper-
ties, it has been served as an oxidizing agent for oxidative 
polymerization of aniline [18]. Both of GO and PANI 
have conjugated π-electrons system, thus, it is interest-
ing to prepare GO/PANI composites from both the funda-
mental and application points of view.

Manganese oxide is well known as a solid oxidizing 
agent for a variety of electron donating substances in 
acidic media due to the presence of manganese ions with 
different oxidation states. Therefore, it has been reported 
that  MnO2 could be initiated the polymerization of ani-
line [19–21]. The reaction involves an electron transfer 
between the tetravalent  Mn4+ ion of  MnO2 and the lone 
pair of electrons of anilinium cation which leads to the 
formation of aniline radical cation. Thus, this radical 
cation was considered as the rate-determining step during 
the polymerization process. The propagation of the poly-
aniline chain resulted from the radical cation of the oli-
gomer couples with an aniline radical. Besides this, the 
specifically adsorbed anions on the oxide surface in the 
acidic polymerization bath could be worked as the charge 
compensator for the positively charged PANI chain and 
the formation of PANI/MnO2 composites [19, 22].

Polyaniline itself has extensive use in the removal of 
toxic water pollutants such as heavy metals and organic 
dyes [23–25]. The hybrid materials based on the combi-
nation of GO and PANI provided a synergistic effect of 
improving the PANI conductivity and also mitigating 
the GO aggregation [26]. These hybrid composites have 
widely been used for various applications [17–21]. In 
particular, GO nanosheets when compounded with con-
ducting polymers has enhanced not only the electrical 
conductivity but also the mechanical strength, adsorptive 
capacity, catalytic activity, and energy storage of result-
ing composites [27]. These exciting characteristics enable 
graphene-based conducting polymer composites to be 
prime candidates for various applications. To date, exten-
sive efforts and many approaches have been developed 
to prepare graphene-based composites, especially, GO-
PANI or graphene-PANI composite powders, which have 
exhibited various functional properties [22–24]. Most of 
the prepared composite products have both pros and cons. 
Therefore, the effort for new methodologies to prepare 
hybrids with the aim of further enhancing those proper-
ties needs to be developed.

Indigo carmine (IC) is one of the oldest dye used 
mostly for cotton clothes dyeing (blue jeans) [28]. It 
is considered as a highly toxic dye that can cause skin 
and eye irritations [29]. It is also known to cause mild 
to severe hypertension cardiovascular and respiratory 
effects in patients [30]. Therefore, the residue of indigo 
dye-containing wastewater, especially textile effluent, 
must be treated before being discharged into the environ-
ment [9, 31, 32]. Several processes have been suggested 
for removal of Indigo Carmine. The decolorization of the 
indigo carmine dye was investigated by various advanced 
oxidation technologies, such as Fenton reagent [33], elec-
trochemical oxidation [34] and photoassisted oxidation 
[35].

The present work deals with a one-pot process for 
the facile synthesis of GO/PANI/Mn2O3 composites by 
in  situ polymerization of aniline monomer using  MnO2 
as an initiator in acidic medium. The synergistic effects 
of polyaniline,  MnO2, and the high specific surface area 
of GO are expected to achieve a high performance as a 
new adsorbent for organic dyes pollutants such as indigo 
carmine.

Experimental

Materials

Powdered flake graphite (12,500, 500 mesh) was purchased 
from LOBA Chemie (India).  H2O2 (30% w/v, Merck, 
Germany), HCl (36.5%),  H2SO4 (98%),  KMnO4, and ani-
line were supplied from El-Nasr Chemicals Co. (ADWIC, 
Egypt). Aniline was distilled under reduced pressure 
and stored in the dark below 4 °C. β-MnO2 (99%, Riedel 
de Haen) of specific surface area of 20 m2/g was used as 
received. Indigo carmine (IC) (disodium salt of 3,3-diox-
obi-indolin-2,2-ylidine-5,5-disulfonate), C. I. 73,015, 
Molecular weight equals 466.35, was obtained from 
Sigma-Aldrich. The standard solutions and dilution were 
made using doubly distilled water following the standard 
procedures.
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Synthesis of Graphene Oxide

Graphene oxide was synthesized via the modified Hum-
mer’s method [36, 37]. Typically, graphite flakes (3 g) and 
 NaNO3 (3 g) were added in 150 mL of concentrated  H2SO4 
in 250 mL flask and stirred in ice bath for 30 min. After that 
 KMnO4 (9.0 g) was added slowly in small portions to keep 
the reaction temperature below 20 °C in order to prevent 
the overheating and explosion. The reaction was warmed 
to 35 °C and stirred for 3 h until it became thickened [38]. 
The resulting mixture was poured into 400 mL of ice under 
vigorous stirring. Thirty milliliters of  H2O2 solution (30% 
v/v) were added slowly to the reaction mixture until gas 
evolution was stopped. The resulting mixture was centri-
fuged at 4000 rpm, and the supernatant was decanted away. 
The yellow–brown GO residue was then washed repeat-
edly with 5% HCl solution until the washing solvent gave a 
negative test for the sulfate and chloride ions. The residue 
obtained after repeated washing was further washed with 
small amount of distilled water and dried under vacuum for 
24 h to get the yellow–brown powder of GO.

Preparation of GO/PANI/Mn2O3 Composites

GO/PANI/Mn2O3 composites were prepared via in  situ 
polymerization of aniline monomer in a suspension 
containing GO and  MnO2 in  H2SO4 solution of 1  M 

(Scheme  1). In brief, aniline 3  mL was injected into the 
polymerization vessel containing 100  mL of an aqueous 
acid solution containing 1.5  g of suspended  MnO2 and 
0.5 g of GO at room temperature. The weight ratio of GO 
to aniline was 3:7 and the molar ratio of [ANI]:[MnO2] was 
equal to 0.8:1. The polymerization reaction was initiated 
immediately after injection of aniline and the mixture was 
stirred for 1 h at room temperature. The dark-green precipi-
tate was collected by filtration, washed with the acid solu-
tion until the filtrate solution becomes clear. Then it was 
washed repeatedly with acetone and distilled water several 
times and finally was dried at 50 °C for 12 h. The same pro-
cedure was followed for preparation of PANI/MnO2 and 
PANI using  (NH4)2S2O8 as an initiator instead of  MnO2 in 
absence of GO.

Instrumentation

The surface morphology of samples was examined using 
transmission electron microscope (TEM), JEOL-TEM 
“100-SX” and scanning electron microscope (SEM), JeoL-
JSM- 6510 TV. The FTIR spectra were recorded on an 
FTIR-8400S instrument (Shimadzu) using the KBr pellets 
of the samples. X-ray diffraction (XRD) patterns of the 
samples were measured on GNRAPD-2000 PRO diffrac-
tometer with monochromatic  CuKα radiation (λ = 1.54 Å), 
a generator voltage 40  kV and current 30  mA at a step 
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Scheme 1   In situ polymerization of aniline in a suspension containing GO and  MnO2 in  H2SO4 solution
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scan mode. Thermogravimetric analysis (TGA) was done 
with Perkin Elmer, STA 6000, in the temperature range 
25–1000 °C with a heating rate of 10  °C/min under  N2 
environment. The samples were ultrasonicated using Cole-
Parmer 8851 ultrasonic. The kinetic measurements were 
monitored spectrophotometrically using a T80+ UV/Vis 
double beam spectrophotometer (PG Instruments, UK).

Adsorption Measurements

The adsorption experiments of IC were performed in a 
batch process and conducted in duplicate at 30 ± 0.2 °C in 
a temperature-controlled shaker. Typical, 5 mg of the com-
posite was firstly dispersed in 10  mL of doubly distilled 
water and ultrasonicated for 15  min, then 10  mL of the 
desired initial concentration of IC (37–55 mg/L) was added 
under agitation at 120  rpm. At predetermined time inter-
vals, the ternary composite was removed from the solu-
tion by centrifugation and the residual IC was determined 
by using UV/Vis spectrophotometer at λmax = 610 nm. The 
amount of IC adsorbed per unit mass of adsorbent (mg/g) 
at time t,  (qt) and the removal percent (R %) was calculated 
from the mass balance equations (1 and 2);

where  Co and  Ct are the initial and equilibrium concentra-
tions of dye solution (mg/L) at time t, respectively. V is the 
volume of solution (L), and m is the mass per gram of ter-
nary composites.

(1)qt = (C0 − Ct) V/m

(2)R (%) =
(

Co− Ct

)

∕ Co × 100

Results and Discussion

Characterization of Composites

To verify the coexistence of GO,  MnO2, and PANI in the 
as-prepared composites, several techniques including TEM, 
SEM, XRD, FT-IR, and TGA have been utilized to iden-
tify the hybridized nature of the GO/PANI/Mn2O3 ternary 
composites.

Transmission Electron Microscope (TEM)

To obtain insight into the nanosheet morphology of GO 
and the hybrid, as well as the layer structures, including the 
layer exfoliation pattern, transmission electron microscopy 
(TEM), was used. Exfoliated GO sheets feature transparent 
wrinkled paper—like the structure of GO implying that a 
single or few layers of GO have been successfully prepared 
as depicts in the TEM image (Fig. 1a), while PANI formed 
a compact layer on top of GO sheets, Fig. 1b. This can be 
attributed to the disruption of the planar  sp2 carbon sheets 
by the introduction of  sp3-hybridized carbon upon oxida-
tion, which is consistent with several previous reports [36]. 
For the GO/PANI nanocomposite, the coating of PANI is 
clearly visible and distinguishes from the highly crystalline 
graphitic support, which is attributed to the surrounding of 
PANI on the GO host. In addition, it could be seen that each 
flaky layer of the GO is uniformly piled up while layers of 
the composite have individual directions due to the influ-
ence of PANI, indicating that the in  situ polymerization 
affects the structure of GO in an ordered way. A close look 

Fig. 1  TEM images of a GO, 
b GO/PANI, and c GO/PANI/
Mn2O3 nanocomposites; SEM 
images of d GO, e GO/PANI, 
and f GO/PANI/Mn2O3
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at the TEM images of (Fig. 1c), one would clearly observe 
the existence of  MnO2 particles, presenting a length less 
than 100 nm and a diameter of 20 nm.

Scanning Electron Microscope (SEM)

Figure 1d–f shows the SEM images of GO, GO/PANI, and 
GO/PANI/Mn2O3 composites which exhibit different mor-
phology. As shown in Fig. 1d, the GO sheets composed of 
a few layers stacked slackly and are creased like silk veil, 
which may be attributed to strong π–π stacking between 
GO layers [39]. Moreover, we could notice that the PANI 
protuberances coat the whole surface of the GO, and those 
have been much formed at the periphery than the center 
of the GO. Also, the morphology of the in-situ prepared 
PANI self-assembled on GO sheets like a broccoli com-
posed numerous of small flower buds, Fig.  1e. While for 
GO/PANI/Mn2O3, Fig.  1f, it is noticed that there are no 
visible big granular particles of PANI on the GO sheets 
indicative of tiny PANI species growing along GO in GO/
PANI/Mn2O3 nanocomposite. Moreover, it is clearly seen 
that the surface of GO/PANI/Mn2O3 is much rougher than 
pristine GO. Also, it is difficult to distinguish the individ-
ual phases, i.e. GO and PANI in GO/PANI nanocompos-
ite from the SEM micrograph, which is in good consistent 
with the obtained TEM images and indicated that most of 
GO sheets are decorated with polyaniline layer. These can 
be explained by the adsorption and intercalation of PANI 
on the surface and between GO sheets [18]. The possible 
combining mode of graphene oxide/PANI composite is 
proposed including (a) π–π stacking (b) electrostatic inter-
actions, and (c) hydrogen bonding [15], as presented in 
Scheme 1, while the presence of  MnO2 particles and their 
surface adsorbed ions could be functioned as dopant ions 
for PANI chains as has been reported in our previous work 
[19].

FT‑IR Spectra

FTIR spectra measurements are used to qualitatively deter-
mine the characteristic functional groups, which could 
be making the adsorption process possible. The FTIR 
spectra of GO, PANI, GO/PANI, PANI/MnO2, and GO/
PANI/Mn2O3 are shown in Fig. 2, the peaks at 3420 cm−1 
for all samples are assigned to the -OH group stretching. 
As can be seen, the spectrum of GO showed the peaks at 
1400 and 1100 cm−1 are assigned to asymmetric –COOH 
stretching vibration, and stretching of C–O bond situated 
at the edges of the GO sheets, respectively [40]. Also, GO 
displays distinct vibrational modes of epoxide C–O–C 
(877  cm−1), ethers (C–O) (900–1100  cm−1), epoxide 
C–O–C (1136  cm−1), epoxide and hydroxyl (C–O–C and 
C–OH) (1247  cm−1), ketone C=O (1280–1500  cm−1), 

 sp2-hybridized C=C (1500–1600 cm−1), and ketone (C=O) 
(1620, 1735, and 1750–1850 cm−1) [41]. The characteristic 
peak of GO associated with the stretching at 1727 cm−1 was 
also observed at 1630 cm−1 is attributed to aromatic C=C 
bonds. These characteristics indicate the successful graft-
ing of functional groups (i.e. epoxide, hydroxyl, and car-
boxyl) on the graphite powers to form GO through the oxi-
dation reaction. The existence of PANI can be confirmed 
by the stretching vibration bands at 1561 cm−1 (C=C, qui-
noid rings), 1492 cm−1 (C=C, benzenoid rings), 1287 cm−1 
(C–N), and 1083  cm−1 (C–H) (Fig.  2) [42]. The C=O 
stretching vibration in GO (1721  cm−1) is disappeared in 
GO/PANI composite, while the characteristic –NH bending 
vibration at 1500–1600 cm−1 is observed [31]. In the com-
posites, all the characteristic peaks of PANI are observed 
and it confirms the formation of doped PANI in the com-
posites. These results confirmed that the GO sheets were 
wrapped with PAN.

Moreover, the spectrum of PANI synthesized by  MnO2 
as an oxidant in PANI/MnO2 and GO/MnO2/PANI nano-
composites are different from the spectra of PANI pre-
pared by  (NH4)2S2O8 in some features as shown in Fig. 2. 
The peak at 528 cm−1 can be attributed to Mn–O stretch-
ing vibration which confirms the presence of  MnO2 and in 
good agreement with that reported elsewhere [43]. Further-
more, the FT-IR spectra of the GO/MnO2/PANI composites 
prepared using at different amounts of  MnO2 are recorded 
and their characteristics vibration bands are red-shifted 
as the amount of  MnO2 increased in the polymerization 
bath, Table 1. This can be attributed to that; (i) the acidity 
of composite was increased with increasing of  MnO2 due 
to the adsorption of  SO4

−2 anions onto  MnO2 surface and 
worked as charge compensation for PANI chains, (ii) the 
formation of hydrogen bonding between surface hydroxyl 
groups of  MnO2 and the amines, charged amines or imine 

Fig. 2  FTIR spectra of GO, PANI, GO/PANI, PANI/Mn2O3, and 
GO/PANI/Mn2O3 nanocomposites
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sites of PANI chains, which has been reported in our pre-
vious work [44]. Therefore, the FT-IR spectra verify the 
coexistence of GO, PANI, and  MnO2 in the as-prepared 
nanocomposites.

X‑ray Diffraction

Typical X-ray diffraction (XRD) patterns of as-synthesized 
GO, PANI, GO/PANI, PANI/MnO2, and GO/PANI/Mn2O3 
composites are shown in Fig.  3. The intensive XRD pat-
tern of GO around 2θ = 10.72° corresponds to the (001) 
reflection, and the interlayer spacing (0.87 nm) was much 
larger than that of pristine graphite (0.34 nm). This can be 
attributed to the insertion of oxygen-containing functional 
groups on the graphite sheets. As can see the characteris-
tic peak of GO disappears in all other composites, which 
demonstrates that GO might be reduced to r-GO during 
the polymerization process as has been reported elsewhere 
[18]. Also, as shown in Fig. 3, pristine PANI (synthesized 
using  (NH4)2S2O8 as an oxidant) revealed a typical crystal-
line pattern, which is similar to that of the GO/PANI com-
posite. The diffraction peaks at 2θ equals; 21.17°, 23.70°, 
25.43°, and 29.71° represents the emeraldine PANI salt [15, 
45]. Moreover, these results showed that PANI has a highly 
ordered crystal structure, which improves the crystallinity 
of the composite considerably. The decreases of the peak 
height of the GO planes in the composite might be caused 
by the PAN polymer coating of the GO sheets. This can be 
ascribed to the following reasons; (i) the intercalation of 
PANI chains between GO sheets, (ii) the grafting of various 
functional groups (i.e. epoxide, hydroxyl, and carboxyl) 
and the larger interspacing distance between GO sheets. 
The comparison of the XRD patterns peaks of GO/PANI/
Mn2O3 and GO/PANI composites are shown in Fig.  3. It 
is revealed that GO/PANI is a more pronounced crystalline 
phase. This increase in the crystallinity may be attributed 
to the increase in the PANI % in the resulting composite. 
The effect of changing the amount of  MnO2 on the degree 
of crystallinity of the prepared composites has been con-
sidered. The interlayer spacing (d) and the free interlayer 
spacing (Δd) compared with pure PANI/MnO2 are included 
in Table 2. It is notable that increasing the amount of  MnO2 
as an oxidant in the polymerization bath led to an increase 

Table 1  Characteristic FT-IR bands  (cm−1) of GO/PANI/Mn2O3 composites prepared using: different amount of  MnO2; (A) 1.5 g, (B) 2 g and 
(C) 2.8 g suspended in polymerization bath as an oxidizing agent, 0.64 M of ANI, in the presence of 1.15 M of  H2SO4, at 25 °C after 1 h

Composite (–NH2+)st γ(–CH2)st Quinoide ring C–Cst (C―N+.)st Benzene ring 
deformation

SO4
−2

A 3429 2923 1568 1487 1247 806 1136
B 3422 2964 1577 1494 1253 819 1150
C 3431 2970 1570 1497 1255 821 1116

Fig. 3  XRD spectra of GO, PANI, GO/PANI, PANI/Mn2O3, and 
GO/PANI/Mn2O3 nanocomposites

Table 2  Interlayer spacing of 
GO/PANI/Mn2O3 composites 
prepared using; 1.5  g (A), 2  g 
(B), and 2.8 g (C) of  MnO2 sus-
pended in polymerization bath 
as an oxidizing agent, 0.64 M of 
ANI, in the presence of 1.0  M 
of  H2SO4, at 25 °C after 1 h

Composite d Å Δd Å

PANI/MnO2 3.0958 –
A 3.3802 0.2844
B 4.4979 1.4021
C 5.1589 2.0631



661J Polym Environ (2018) 26:655–669 

1 3

in the % PANI as well as to the increase of the molecular 
weight of PANI which associated with an increase in the 
crystallinity. This result is in a good agreement with that 
reported elsewhere [46, 47].

Thermogravimetric Analysis

Figure  4 depicts the TGA curves of GO, GO/PANI, and 
GO/PANI/Mn2O3 composite. For GO curve, it is clear that 
there are three obvious weight loss stages. The first step is 
from room temperature to about 120 °C which can be attrib-
uted to the dehydration and evaporation of  H2O molecules 
from the interlayer of GO. The second one is from 120 to 
220 °C, which is due to the burning decomposition of oxy-
gen functional groups on the GO sheets [18, 48]. These 
oxygen-containing functional groups not only enhance the 
dispersibility of GO but can also enhance the anchoring of 
PANI onto GO sheets. The weight loss starting from 208 to 
500 °C for GO can be assigned to the combustion of its car-
bon skeleton as well as the burning of more stable oxygen 
functionalities [49]. It’s been reported that carboxyl groups 
could probably be removed at this region due to the higher 
temperature that breaking the double bond between carbon 
and oxygen of the carboxyl groups. The GO/PANI and GO/
PANI/Mn2O3 nanocomposites showed similar decomposi-
tion curves although the GO/PANI/Mn2O3 showed better 
thermal stability with less weight loss compared with GO/
PANI composite. This can be attributed to the presence of 
 Mn2O3, which is highly thermal stable [50]. Figure 4 shows 
that the moisture and dopant anions  SO4

−2 contents of the 
two GO/PANI and GO/PANI/Mn2O3 composites were 
around 9.18%, 12.70% (ΔY1) and 11.96%, 15.28% (ΔY2), 
for GO/PANI/Mn2O3 and GO/PANI, respectively. To esti-
mate how many aniline repeating units doped with 1  SO4

−2 
anion in PANI, Eq. (3) is used [51]:

where ΔY1 and ΔY2 are the weight losses of moisture 
and dopant  SO4

−2 anions, respectively;  M1 and  M2 are 
the molecular weights of aniline and dopant  SO4

−2 anion, 
respectively; and X is the number of anilines repeating 
units. Therefore, according to Eq. (3), ΔY1, ΔY2,  M1, and 
 M2 are substituted with 9.18, 11.96, 92, and 96, respec-
tively. The value of X at around 6.94 for GO/PANI/Mn2O3, 
while for GO/PANI the X value at around 5.00. This 
implied that there were roughly six aniline repeat units, on 
average, doped with  SO4

−2 anions. The major weight loss 
(∼30%) appears before 600 °C was related to the degrada-
tion and decomposition of PANI with different degrees of 
polymerization. Therefore, TGA suggested that the ther-
mal stability of the composites followed the order: GO/
PANI/Mn2O3 > GO/PANI > GO. This might be due to the 
strong interactions between GO and PANI, which impose 
a restriction on the decomposition of the oxygen groups 
remaining on the GO surface. These interactions can result 
in homogeneous heating and the avoidance of heat concen-
trations [52].

The Interaction Between PANI and GO Sheets

The growth mechanism of GO/PANI nanocomposites can 
be summarized as follows: (i) Firstly the formation of ani-
linium cation, (ii) then,  ANI+ would adsorb well on the 
GO surfaces and the subsequent in-situ growth of poly-
aniline chains which would block the re-stacking of the 
GO sheets [15, 42]. (iii) The possible combining mode of 
graphene oxide/PANI composite is proposed including (a) 
π–π stacking (b) electrostatic interactions, and (c) hydro-
gen bonding, as presented in Scheme 2. The presence of the 
hydrogen bonds is due to the oxygen and nitrogenous func-
tional groups in the composite. In addition,  MnO2 could be 
converted into  Mn2O3 due to its redox reaction during the 
polymerization of aniline. Moreover, the adsorbed  SO4

−2 
anions onto  Mn2O3 surface could be working as dopant ani-
ons for PANI chains, as had been reported in our previous 
work [19].

Adsorption Efficiency

As soon as the IC was charged to the GO/PANI or GO/
PANI/Mn2O3 nanocomposites, a fast drop in the absorb-
ance of the IC was observed within the first minute of con-
tact. The absorbance then continued to decrease gradually 
with the lapse of time (Fig.  5). Such decrease in absorb-
ance was accompanied with color removal along the time 
of contact which sometimes extended to 2  h. During this 
period, the absorbance of IC was declined to ca. 80–85% 

(3)
100 − ΔY1 − ΔY2

Δy2
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composites
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of its original value, depending on the reaction conditions 
applied. The rate of dye removal was a function of several 
factors. In order to investigate these factors, the kinetics of 
GO/PANI composites/IC interaction was performed. The 
UV/Vis absorption spectra of IC solution were recorded in 
the range 200–800 nm. The concentration of residual IC in 
solution was calculated using the molar extinction coeffi-
cient (ε = 16,365 L·mol−1cm−1) determined experimentally 

from Beer–Lambert plot at λmax = 610  nm. The adsorbed 
amount (mg/g) of IC at time t,  qt, was calculated from the 
mass balance Eq. (4).

where  Co and  Ct are the initial and liquid-phase concentra-
tions of IC (mol/L) at zero and time t, respectively, V is 
the volume of solution (L), and m is the mass per gram of 
GO/PANI composites. Adsorption isotherms were estab-
lished using 0.005  g of GO/PANI composites and the IC 
dye concentration within the range of 36–55  mg/L. The 
experiments were carried out at 25, 30, 35, and 40 °C in a 
temperature-controlled shaking water bath to evaluate the 
equilibrium constant  (Kc) and the corresponding thermody-
namic parameters.

A comparison of the  qe values of the tested adsorbents 
is depicted in Fig. 6, and reveals the following order; GO/
PANI > GO/PANI/Mn2O3 > PANI > PANI/Mn2O3 with 
the values of; 70.2, 65.7, 60.59, and 19.96  mg/g, respec-
tively. These results indicate that the presence of GO sheets 
on GO/PANI or GO/PANI/Mn2O3 nanocomposites can 
be the main factor for enhancement the adsorption of IC, 
suggesting that GO has higher adsorpativity for IC than 
PANI alone or PANI/Mn2O3 nanocomposites. It has been 
reported that the coexistence of ionic groups and aromatic 
 sp2 domains allow GO sheets to participate in wide range of 
bonding and interactions [38, 53]. Moreover, the formation 

(4)qt = (C0 − Ct) V/m

Scheme 2  Illustration of the 
suggested adsorption mecha-
nism of IC onto GO/PANI 
composite
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of π–π stacking between IC and aromatic regions of the 
GO in the PANI/GO composite, the physical adsorption 
of IC molecules can be promoted. As shown in Fig. 6, the 
removal of IC in the presence of all adsorbents was found 
to proceed via two steps. The first is mainly related to the 
gradual and rapid increase in  qt values with increase in the 
time of adsorption due to the availability of adsorbent sur-
face active sites as well as the existence of surface pores for 
IC adsorption. This initial step required about 60 min for 
attending pre-equilibrium conditions. The second step is 
characterized by reaching the equilibrium due to the satura-
tion of the surface and pores structure with IC molecules. 
The adsorption curves of contact time indicate possible 
monolayer coverage of IC on the nanocomposites surface. 
In addition, it has been mentioned that GO could be photo-
catalytically degraded the IC more easily than the AgNPs/
GO nanocomposites [38]. The incorporation of AgNPs was 
proposed to inhibit the adsorption of IC and the degrada-
tion was reduced. The oxidation properties of GO and r-GO 
have also been reported elsewhere [54]. Therefore, it can be 
noted that the presence of  Mn2O3 in both of PANI/Mn2O3 
and GO/PANI/Mn2O3 led to decreases their adsorption 
capacity comparing with PANI and GO/PANI, respectively. 
It is well known that metal oxides are comparatively heavy 
and possess lower surface area to weight ratio as compared 
to PANI or GO, so an excessive increase in the amount of 
metal oxide in the composites, results in a reduction of the 
adsorption capacity [55], the determined specific surface 
area of the different composites confirmed the above aspect 
as shown in Table 3. Moreover, the  MnO3 surface can be 
coverage with adsorbed  SO4

2−anions, thus, working as a 
dopant for PANI chains. Although, this negative influence 
of the presence of  MnO2 on adsorption capacity for IC, but 
their uses as a solid oxidant for the synthesis of this ternary 

nanocomposite may be an advantage from the environmen-
tal point of view.

Effect of Initial Dye Concentration

The effect of initial IC concentration on the adsorption 
efficiency of the adsorbents under investigation was stud-
ied and evaluated using various concentrations of IC and 
the results are shown in Fig.  7. It is clear that increasing 
the initial IC concentration led to decrease the removal per-
centage of IC at a constant amount of GO/PANI (5  mg). 
This result revealed that sorption efficiency and adsorption 
capacity showed opposite trends against an increase in ini-
tial IC concentration Fig.  8. When the dye concentration 
was increased from 36.50 to 54.73  mg/L, the percentage 
removal of IC decreased from 87.5 to 64.06%. In general, 
there are many parameters that could influence the adsorp-
tion of dyes such as; surface charge, the chemical composi-
tion of the dye, adsorbent surface properties, hydrophobic 
and hydrophilic nature, hydrogen bonding, electrostatic 
interaction, steric effect, a van der Waals forces, and so 
forth [56]. As expected, when the concentration of IC was 
increased, the limited capacity of the adsorption checks any 

0 20 40 60 80 100 120 140
0

10

20

30

40

50

60

70

 GO / PANI
 GO /PANI/MnO2
 PANI
 PANI/ MnO2

q t m
g/

 g

Time (min)
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Table 3  The specific surface areas determined by IC adsorption 
 (SIC), for the four PANI composites

Composite SIC x  10−3  km2/kg

GO/PANI  (S2O8
−2 as an oxidant) 149.56

GO/PANI/Mn2O3 142.14
PANI  (S2O8

−2 as an oxidant) 131.01
PANI/MnO2 48.84
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Fig. 7  Effect of initial concentration on the adsorption of IC onto 
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further adsorption of dye and hence the overall removal 
percentage decreases.

Effect of Adsorbent Dosage

The adsorbent dose is an important parameter in the deter-
mination of adsorption capacity. The effect of the adsorbent 
dose was investigated by the addition of various amounts 
of GO/PANI adsorbent from 5 to 12 mg in 10 mL aqueous 
solutions of IC (45.61 mg/L) at room temperature for equi-
librium time. It was observed that the removal efficiency of 
IC increased from 79.31 to 90.42% with increasing adsor-
bent dosage. This can be attributed to the greater surface 
area and availability of more adsorption sites.

Effect of pH

The effect of solution pH is one of the most important fac-
tors for adsorption efficiency since there are various charg-
ing characteristics of ionic-type adsorbents under different 
pH conditions resulting in variant affinity to contaminants. 
Generally, adsorption process is dependent on the zero 
point of charge (zpc) of adsorbent as well as the  pKa value 
of the dye. i.e. more specifically on the electrostatic interac-
tion between the adsorbent and the pollutant. The  pKa value 
of IC has determined from the pH dependence of electronic 
absorption spectra of dilute IC solution was equal to 12.3. 
The effect of pH on the reaction rate was studied at con-
stant concentrations of the dye as well as fixed amount of 
the GO/PANI composite at 30 °C. The pH was changed in 
the (5.5–11) range using the phosphate buffer of 0.067 M 
and few drops of NaOH were added to obtain the higher 
pH values. The results indicated that change of the initial 
pH  (pHo) of the dye solution has a negligible effect on the 

λmax of IC. This observation provides evidence that at this 
range of pH, there is no any change in the chemical struc-
tural of the dye molecules. Figure 9 demonstrates the rela-
tion between the pH and the removal percentage of IC. It is 
clear the adsorption of IC was highest at lower pH, while 
it shows a sharp decreasing in the strong alkaline medium. 
The  pHZpC of GO/PANI composite was determined and 
equals 9.5. This means that at pH < pHZpC, the adsorbent 
surfaces were net positively charged, while at pH > zpc the 
surface of the adsorbent were negatively charged. Thus, 
the observed dependence of IC removal on the solution 
pH can be attributed to the variation of the adsorbent sur-
face charges. At lower pH, the surface of GO/PANI or GO/
PANI/Mn2O3 is positively charged due to the dissociation 
and released of the dopant  SO4

−2 ions, with simultaneous 
protonation of imines nitrogen atoms of PANI matrix and 
the adsorption of  H+ ions on the  Mn2O3 surface. There-
fore, the anionic IC molecules could be attracted via elec-
trostatic force by the positively charged active sites of the 
surface of the composite. To ensure the release of  SO4

−2 
ions, the adsorption batch filtrate was treated with  BaCl2 
solution, which gives a white precipitate of  BaSO4. On the 
other hand, the decrease of removal capacity at higher pH 
values could be attributed to the deprotonation of imines 
nitrogen atoms, carboxylate groups of GO and the competi-
tive interactions between  OH− ions of buffer solution and 
the anionic IC molecules present on adsorption solution. 
Moreover, at pH > 12, IC may be exhibited intra-molecu-
lar hydrogen bonding network between the carbon, oxygen 
atoms, and N–H within the molecule [56]. These hydrogen 
bonds cause a weakness of the N–H bond in the IC mol-
ecule results in the strong intermolecular interactions (e.g. 
H-bonding) of the N–H group to NH groups of the PANI 
chains.
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Thermodynamic Study of Adsorption

The thermodynamic parameters provide in-depth information 
about the internal energetic change that is associated with 
adsorption process. Thus, the adsorption of IC was studied 
at different temperatures of 30, 35, 40, and 45 °C (Table 4), 
and under the optimal conditions of initial IC concentration 
of 1 × 10−4 M. The equilibrium adsorption capacity of GO/
PANI increased from 34.20 to 76.67  mg/g with decreasing 
the temperature from 45 to 30 °C, indicating that the adsorp-
tion of IC is an exothermic process. Both of ΔH° and ΔS° 
values were determined from the linear plot of ln  (qe/Ce) and 
1/T according to Eyring Eq. (5). In addition, the value of ΔG° 
was determined from Eq. (6).

(5)(qe∕Ce) = ΔS◦∕R − ΔH◦∕RT

(6)ΔGo = ΔHo − TΔSo

where R is the universal gas constant 8.314  J/(mol K), T 
is the absolute temperature (K),  qe equilibrium adsorption 
capacities, and  Ce is the equilibrium concentration (mol/L). 
The negative standard free energy change (ΔG°) indicated 
that the adsorption was the spontaneous process and the 
value of ΔG° became more negative with the decrease of 
temperature, indicating that lower temperature facilitated 
the adsorption of IC on GO/PANI composite, Table  5. 
The negative ΔH° value suggested an exothermic and the 
chemisorption nature of the adsorption of IC. The negative 
standard entropy change (ΔS°) reflected decreased random-
ness at the solid–liquid interface during the adsorption of 
IC on GO/PANI composites. For comparison, the maxi-
mum adsorption capacities of IC using other adsorbents 
are presented in Table 4, [55–61]. Thus, it is clear that our 
composites have a high adsorption capacity for IC removal 
relative to the other carbon-based adsorbents.

Adsorption Kinetics

Kinetic models were used to study the controlling mecha-
nism of the adsorption process. The time-dependent 
adsorption of IC onto GO/PANI was studied at different 
initial concentrations, based on the linear concentrations 
range of IC. Three models were applied to test experi-
mental data and thus elucidate the kinetic of the adsorp-
tion process. The highest regression coefficient  R2 values 
were considered as the fitness of the model for the adsorp-
tion process. The linearized form of the pseudo-first-order, 
Eq. (7), is expressed as follows:

where  k1 is the first-order rate constant of adsorption.  k1 
and  qe were determined from the slope and intercept of the 
plot of log  (qe−qt) against t. The values of  k1 and the Pear-
son correlation coefficient are summarized in Table 6. It has 
been found that the experimental  qe values, did not agree 
with the calculated values obtained from the linear plots. 
It suggests that the kinetics of IC adsorption did not follow 
the pseudo-first-order kinetic model. Thus, pseudo-second 
order kinetic model given by Equ.(8) [62] was applied;

(7)log
(

qe − qt
)

= log
(

qe
)

− k1∕2.303 t

Table 4  Comparison of adsorption capacity of various adsorbents 
towards the removal of IC

Adsorbent qm (mg/g) Refs.

Rice husk ash 29.27 [58]
Carbonaceous materials 92.83 [59]
Sewage sludge 60.04 [55]
PVA/SiO2 nanofiber membranes 40.60 [62]
Pyrolyzed sewage sludge 30.82 [60]
GO/PANI 88.73 This work
GO/PANI/Mn2O3 76.40 This work

Table 5  Thermodynamic parameters for the adsorption of IC onto 
GO/PANI

Temp. (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (ksJ/mol K)

303 −38.22
305 −36.98
308 −35.74 −113.49 −0.248
313 −34.49

Table 6  Parameters of pseudo-first order, pseudo-second order, and intraparticle diffusion models for the adsorption of IC

[IC]o mg/L Pseudo first order model Pseudo-second order model Intraparticle diffusion model

qe (mg  g−1) k1  (min−1) R2 qe.cal (mg/g) qe.exp (mg/g) k2 x 
 10−3(g/mg 
min)

R2 Kp1/10−3 (mol 
 g−1  min−1/2)

R2 Kp1/10−3 
mol/
g−1min−1/2

R2

36.48 81.60 0.0618 0.988 64.35 63.84 0.836 0.994 7.670 0.0.964 5.96 0.931
45.61 80.58 0.0622 0.994 70.00 69.67 0.920 0.996 8.800 0.984 6.54 0.927
50.17 80.75 0.0598 0.996 76.11 75.12 1.050 0.998 11.14 0.996 3.04 0.983
54.73 73.62 0.0500 0.997 81.56 81.73 1.090 0.999 13.06 0.997 4.74 0.962
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where  k2 is the rate constant of pseudo-second-order (g/
mol/min). The parameters  k2,  qe, and  R2 values were deter-
mined and are listed in Table 6. It is clear that the  R2 values 
were significantly better fitted for the pseudo-second-order 
kinetic than a pseudo-first-order kinetic model for all IC 
concentrations, indicating the applicability of this kinetic 
model to describe the adsorption process, which suggested 
that the adsorption process is controlled by chemisorption. 
Moreover, the experimental data were also used for intra-
particle diffusion model, Eq. (9):

where  kp is the intraparticle diffusion rate constant (mol/g 
 min0.5) and C is a constant (mol/g) that gives information 
about the thickness of the boundary layer. The larger of the 
C value, the greater is the boundary layer effect [63]. The 
intraparticle diffusion constant,  kp, and the correlation coef-
ficient,  R2 were calculated and listed in Table 6. The values 
of  kp give an idea about the thickness of boundary layer. 
Generally, it is well known that the adsorption takes place 
through two stages, a bulk diffusion step followed by intra-
particle diffusion [64]. In the first stage, the dye is trans-
ported from solution through the particle/solution interface 
and characterized by  kp1. In the second stage, the IC mol-
ecules diffuse onto the interlayers of GO/PANI compos-
ites and consequently get adsorbed by the interior surface 
of each sheet which is measured by  kp2. At this stage, the 
diffusion resistance increases and causes a decrease in the 
diffusion rate. The values of  kp1 and  kp2 calculated from 
the slopes of the two intersecting segments are given in 
Table  6, where  kp1 > kp2. With the continuous uptake of 
the IC from the solution, the adsorption was decreased with 
lower diffusion rate until the final equilibrium was reached.

Adsorption Isotherms

Adsorption isotherm indicates how adsorbate molecules 
distribute between the liquid phase and solid phase at equi-
librium. Several equations have been employed for ana-
lyzing the experimental adsorption equilibrium data. The 
Langmuir model assumes that the adsorption occurs on a 
homogenous surface by monolayer coverage with no sub-
sequent interaction between adsorbed species. The linear 
form of the Langmuir model is represented by Eq. (10);

where  Ce is the equilibrium concentration of the adsorb-
ate (mg/L),  qe is the amount of adsorbate adsorbed per unit 
mass of adsorbent (mg/L),  KL is the Langmuir adsorption 

(8)
(

t∕qt
)

=
(

1∕k2q
2
e

)

+
(

t∕qe
)

(9)qt = kpt
0.5 + C

(10)Ce∕qe =
(

1∕KLqmax

)

+
(

Ce∕qmax

)

constant (L/mg), and  qmax is the theoretical maximum 
adsorption capacity (mg/g). The values of  KL and  qmax 
were determined and are listed in Table  6. The essential 
characteristic of Langmuir equation can also be expressed 
in terms of a dimensionless separation factor  RL given in 
Eq. (11);

where  KL is the Langmuir isotherm constant (L/mg), and 
 Co is the initial IC concentration (mg/L). The  RL value 
indicates the type of the isotherm to be either favorable 
(0 < RL<1), unfavorable  (RL > 1), linear  (RL = 1) or irre-
versible  (RL = 0) [59]. The value of  RL in the present inves-
tigation was found to be 0.90 at 30 °C indicating that the 
adsorption of IC on GO/PANI is favorable.

The Freundlich isotherm described the adsorption 
where the adsorbent has a heterogeneous surface with 
adsorption sites that have different energies of adsorp-
tion. The energy of adsorption varies as a function of the 
surface coverage  (qe) and is represented by the Freundlich 
constant  KF (L/g) [56] as specified in Eq. (12);

where  KF and n are the Freundlich constants related to the 
adsorption capacity and adsorption intensity, respectively, 
 qe is the equilibrium amount of adsorbed IC per gram of 
GO/PANI composite and  Ce is the equilibrium concentra-
tion of IC in solution. The magnitude of n varies with the 
heterogeneity of the adsorbent and for the favorable adsorp-
tion process, the value of it should be less than 10 and 
higher than unity [64]. The values of  KF and 1/n together 
with the correlation coefficient,  R2 are listed in Table 7.

Temkin considered the effects of some indirect adsor-
bent/adsorbate interactions on adsorption isotherms and 
suggested that the heat of adsorption of all the molecules 
in the layer would decrease linearly with surface coverage 
[59]. The Temkin isotherm has been applied in the fol-
lowing form:

where B = RT/b, b is the Temkin constant related to the 
heat of sorption (J/mol);  Kt is the Temkin isotherm con-
stant (L/g), R is the gas constant (8.314 J/mol K) and T the 
absolute temperature (K). As seen in Table 7, the Langmuir 
isotherm fits quite well with the experimental data (corre-
lation coefficient  R2 > 0.99), whereas, the low correlation 
coefficients  (R2 = 0.94, 0.92) show the poor agreement of 
Freundlich and Temkin isotherms of the experimental data. 
The fact that the Langmuir isotherm fits the experimental 
data very well may be due to the homogeneous distribution 
of active sites onto GO/PANI composites surface.

(11)RL = 1∕
(

1 + KLCo

)

(12)ln qe = ln KF + (1∕n) ln Ce

(13)qe = Btln Kt + Btln Ce
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Conclusions

The idea to incorporate multi-solid components into 
a composite form in the one-pot method is attractive 
to evaluate their synergetic effect on the adsorption of 
organic dyes. Graphene oxide/polyaniline composites 
using  MnO2 as an oxidant have been synthesized and 
used as an effective adsorbent for the removal of IC from 
aqueous solution. The possible combining mode of GO/
PANI/Mn2O3 composite is proposed including (a) π–π 
stacking (b) electrostatic interactions, and (c) hydro-
gen bonding, while the presence of  Mn2O3 particles and 
their surface adsorbed ions could be functioned as dopant 
ions for PANI chains. The Langmuir isotherm model was 
found to more suitable to describe adsorption, suggest-
ing monolayer coverage of IC molecules on the adsorbent 
surface. The adsorption capacity of GO/PANI increased 
from 34.20 to 76.67  mg/g with decreasing the tempera-
ture from 45 to 30 °C, indicating that the adsorption of 
IC is an exothermic process. The dye adsorption followed 
the pseudo-second-order kinetics. Evaluation of thermo-
dynamic parameters revealed that the adsorption process 
is exothermic and spontaneous. The role of each compo-
nent of the composite was evaluated. It can be concluded 
the present method is promising and can be considered as 
one of those methods devoted to treating the wastewater 
streams with low cost.
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