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ABSTRACT

Polyaniline/polycarbonates (PANI/PC) nanofibers composite were synthesized chemically for
the removal of Cr(VI) from an aqueous solution. The nanofibers were characterized using X-ray
diffraction (XRD) and scanning electron microscopy (SEM). Central composite design with response
surface methodology (CCD-RSM) was used for optimized some factors such as pH, the weight of
PANI/PC, temperature, and contact time. The best removal (98.8%) occurred under pH 2, the weight
of PANI/PC 0.05, temperature 25°C, and contact time 60 min. The high value of R? and minimized
value of error functions (X? x>, and G?) indicated that the Freundlich isotherm model was found
to be the better model rather than Langmuir and Temkin models. According to the results of XRD
and SEM, affected factors using CCD-RSM, isotherm model, and error functions were involved
in the adsorption process. All the results indicated that PANI/PC nanofibers composite could be
used as a promising surface for the removal of Cr(VI).
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1. Introduction

Heavy metals pollution is a worldwide issue. The
industrial process such as mining of metal ores, electro-
plating, leather tanning, and textile dyeing give rise to
increased pollution by heavy metals [1], these pollutants
are present in many products such as personal care prod-
ucts, whitening toothpaste, pesticides, food, and many
consumer products [2,3]. Cr(VI) is about 1,000 times more
poisonous than other Cr forms. Cr(VI) is a stable form that
leads to liver damage and skin ulceration identified by
the Environmental Protection Agency of the USA [4,5].

Many classical methods have been used to remove
Cr(VI) like ion exchange [6], membrane separation [7],
reverse osmosis [8], microbial remediation [9], coagula-
tion and filtration [10], chemical precipitation [11]. Most of
these methods are high cost, limited, and poor stable. On
the other hand, some of them give rise to increased water
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hardness and toxic metal ions as secondary pollutants [12].
Adsorption is a famous method used for removing pol-
lutants from the environment; this method is easy to use,
a low-cost, and non-toxic method [13].

Waste plastic bottles are one of the famous polymers
used in the world, the major plastic and widely used in the
manufacture is polycarbonates (PC) [14]. Polyaniline (PANI)
and its composites are widely used because of their low
cost, high environmental stability, and ease of preparation
[15]. Many papers have been published on the synthesis
of the PANI nanocomposites with different materials like
poly(sulfonated styrene) [16], ZnO nanorods [17], MnO,
[18], gold [19], graphene oxide/polyvinyl alcohol [20], car-
bon nanotube [21], and coated bacterial cellulose (BC)
[22]. In this paper, synthesis and characterization of PANI
and its nanocomposites with PC by X-ray diffraction (XRD)
and scanning electron microscopy (SEM), then the new
PANI/PC nanofibers composite is used for the removal of
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Cr(VI) from an aqueous solution. On the other hand, cen-
tral composite design (CCD) and response surface meth-
odologies (RSM) are used for the optimization of factors
(pH, the weight of PANI/PC nanofibers, temperature, and
contact time). Adsorption isotherms and error analysis are
discussed.

2. Materials and methods
2.1. Apparatus

UV-visible spectrophotometer (Cary 100, VARIAN), SEM
(Philips XL series 30), a shaking water bath (BS-11), XRD
(6000, SHIMADZU), and pH meter (Hanna) were used in
this study.

2.2. Treatment of polycarbonate waste bottle

Polycarbonate (PC) waste bottles were grounded by a
laboratory-scale grinder to 200 mm particle size, the ground
PC washed several times with distilled water and then with
acetone to get rid of impurities, the PC particles then dried
in a vacuum oven at the 50°C for overnight and keep in
tightly wrapped containers.

2.3. Preparation of polyaniline/polycarbonate nanofibers composite

4.5 mL of aniline solution was added to 100 mL of 1 M
HCI, then added 20 g of ground polycarbonate (PC) waste
bottles, the mixture was mixed well by using a magnetic
stirrer for 1 h.

11.5 g ammonium peroxide disulfate (APS) was used
as an oxidizing agent and 100 mL of 1 M HCI as a dopant
agent. After 3 h, the product was filtered and washed with
D.W, ethanol, and acetone to remove unreacted aniline
and impurities, then dried in an oven at 50°C for 6 h and
stored in a sealed container.

2.4. Central composite design

Four factors (pH, the weight of PANI/PC nanofibers
composite, and temperature and time) were employed for
the removal of Cr(VI) by using PANI/PC nanofibers com-
posite as a new economic absorbent. Each factor was divided
into five levels (-a, -1, 0, +1, and +a) as shown in Table 1 [23].

Table 2 shows 30 experiments (N = 30), these experiments
were achieved by using CCD design by using the equa-
tion (N =2*+ (2 x 4) + 6 = 30), where 2* is the factorial point,
(2 x 4) is the axial point and 6 is the central point [24].

2.5. Adsorbent development

A stock solution of 1,000 mg/L of K,CrO, was prepared
by dissolving 2.8288 g of K,CrO, in 1,000 mL of D.W. pH
values were adjusted by using 0.01 M HCI and 0.01 M
NaOH. Adsorption of Cr(VI) using new surface PANI/
PC nanofibers composite was carried by studying var-
ious adsorption factors namely: pH, the weight of PANI/
PC nanofibers as a new absorbent, temperature, and time.
For this purpose, a weighed of PANI/PC nanofibers (0.05 g)
were mixed with a 25 mL of (30 mg/L) Cr(VI) solution in

Table 1
Variables and levels considered for removal Cr(VI) adsorption
onto PANI/PC nanofibers

Variables (unit) —a Low Center High +a
pH 2 8 4 2 10
Wt. of PANI/PC (mg) 0.25 0.5 0.2 0.05 0.65
Temperature (°C) 15 45 35 25 55
Time (min) 20 200 120 60 260

25 mL volumetric flask, then added a few drops of 0.01 M
HClI for obtained pH of solution 2. The mixture was agi-
tated at a constant time of 60 min by using a shaking water
bath at a constant temperature 25°C, which was more
than enough to achieve equilibrium. Isotherm experi-
ments were done by using six different of Cr(VI) initial
concentrations (10, 20, 30, 40, 50, and 60 mg/L) at different
temperatures (25°C, 35°C, and 45°C). The final concentra-
tion of Cr(VI) was determined by using a UV-visible spec-
trophotometer at 372 nm.

Removal percentage (R %) of Cr(VI) is defined as follows:

R%:@xloo 1)

0

where C, (mg/L) is the initial concentration of Cr(VI),
C, (mg/L) is the final concentration of Cr(VI).

Three isotherm models were used in this study,
namely: Langmuir, Freundlich, and Temkin (Table 3).

2.6. Error functions

Chi-square (x?), reduced chi-square (x*.), and log-
likelihood (G?) were used in this study as error functions
(Table 4).

3. Results and discussion
3.1. SEM and XRD analysis

SEM and XRD were applied for characterizing and
study the preparation of PANI/PC nanofibers. XRD pat-
terns (Fig. 1A) show one peak appears at 20 = 21° for amor-
phous PANI [31]. On the other hand, one peak appears at
20 = 26° with PANI peak was disappeared proving the
formation of PANI/PC nanofibers (Fig. 1B).

SEM image (Fig. 2) was applied for surface characteris-
tics and morphological prepared of PANI, PC, and PANI/
PC nanofibers. Fig. 2A shows pure PANI exhibits a cor-
al-like structure; Fig. 2B shows the smooth surface of a PC
and Fig. 2C and E show tubular surface PANI/PC nano-
fibers. This indicates that PC nanoparticles are uniformly
distributed in PANI [32].

3.2. Model development and factors effect on Cr(VI) removal

Table 1 shows a maximum Cr(VI) removal of 98.8
was achieved under the optimum pH of 2, the weight of
PANI/PC nanofibers 0.05 g, temperature 25°C, and contact
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Table 2
CCD matrix used in the present study

Run Coded factor Actual factor Experimental Predicted
pH Wt. Temperature Time pH Wt Temperature Time recovery% recovery%
xl XZ x3 x4 Xl XZ XS X4

1 0 0 0 0 4 0.2 35 120 49.7 48.6

2 +1 -1 -1 -1 8 0.05 25 60 31.3 29.1

3 0 0 -a 0 4 0.2 15 120 44.7 51.6

4 +1 +1 -1 -1 8 0.5 25 60 23.5 25.5

5 -1 +1 -1 -1 2 0.5 25 60 80.6 79.2

6 -1 +1 +1 +1 2 0.5 45 200 72.3 73.3

7 +1 +1 +1 -1 8 0.5 45 60 24.3 22.7

8 0 0 0 0 4 0.2 35 120 50.8 48.6

9 -a 0 0 0 2 0.2 35 120 74.6 78.2

10 0 0 0 0 4 0.2 35 120 49.5 48.6

11 0 0 0 0 4 0.2 35 120 50.2 48.6

12 -1 +1 -1 +1 2 0.5 25 200 77.4 76.1

13 +o 0 0 0 10 0.2 35 120 18.3 18.7

14 -1 -1 +1 -1 2 0.05 45 60 70.7 79.6

15 0 0 0 0 4 0.2 35 120 47.6 48.6

16 +1 +1 +1 +1 8 0.5 45 200 21.3 23.8

17 +1 -1 -1 +1 8 0.05 25 200 23.8 37.6

18 0 0 0 +ol 4 0.2 35 260 48.5 51.1

19 +1 +1 -1 +1 8 0.5 25 200 26.5 33.8

20 0 0 0 0 4 0.2 35 120 49.8 48.6

21 +1 -1 +1 +1 8 0.05 45 200 23.7 421

22 0 0 +a 0 4 0.2 55 120 412 31.4

23 0 +o 0 0 4 0.65 35 120 48.4 52.9

24 -1 +1 +1 -1 2 0.5 45 60 72.6 70.3

25 0 0 0 —o 4 0.2 35 200 45.4 51.1

26 0 - 0 0 4 0.25 35 120 48.3 47.1

27 -1 -1 -1 +1 2 0.05 25 200 90.6 90.1

28 -1 -1 -1 -1 2 0.05 25 60 98.8 92.8

29 +1 -1 +1 -1 8 0.05 45 60 22.4 23.6

30 -1 -1 +1 +1 2 0.05 45 200 86.6 82.9

Table 3
Isotherm equations used in this study
Isotherm Linear equation Plot Parameters Ref.
C, 1 C,

Langmuir qu = m +‘77,,£, (CJq)vs.C, q,, = 1/slope, K, = Slope/intercept [25]

Freundlich Ing,=1/nInC, + InK, Ing, vs. InC, K, = emerert, n = 1/slope [26]

Temkin q,=q,InK,+q, InC, InC, vs. q, q,, = slope, K, = linterceptisiope) [27]

K, is the Langmuir constant, K, and 7 are the Freundlich constants, K, is the Temkin constant, 1/n = 0 < (1/n) <1 and g, is the monolayer
adsorption capacity (mg/g).



346

Table 4
List of error functions

Error functions Equations Ref.

[28]

Z":(qml )

i=1 Tear

Chi-square Test (x?)

Reduced chi-square error (x*

( )2

1 z qcal - qexp

i =) [29]
n-p ; Jeal

i{qexp < M[ZPH [30]

q,., is the experiment Cr(VI) concentration, g, is the calculated
Cr(VI) concentration obtained from the isotherm model, n(6) is the
number of experimental data points in linear isotherm, and p(2)
is the number of parameters of linear isotherm model (Langmuir,
Freundlich, and Temkin).

red)

Log-likelihood (G?)

time 60 min. The removal percent of Cr(VI) onto new surface
PANI/PC nanofibers composite is expressed as the following
equation by using Minitab software:

Removal% =154.9 — 24.88x, —100.0x, —0.239x, —0.133x,
+1.289x] +92.2x2 —0.00995x7 + 0.000204x2
+3.77x,x, +0.0518x,x, —0.00219x,x, + 0.464x,x,
—0.0050x,x, +0.00240x,x, )

The double factors (except x3 (temp?), x,x, (pH x wt),
and x,x, (wt. x time)) increased Cr(VI) removal onto PANI/
PC nanofibers (positive coefficient values), while the rest
factors having negative coefficient values which decreased
Cr(VI) removal [33].
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ANOVA table of Cr(VI) removal onto PANI/PC nanofi-
bers are listed in Table 5. A p-value less than 0.05 indicates
that the CCD model is significant [34]. In this case, very
small values of the model, x,(pH), xx (pH)? x,(wt.)’, and
x,x,(pH x wt) as seen in Table 5 indicated that these fac-
tors are significant, while the other factors in Table 5 are
not significant (high p-value, p > 0.05).

The p-value of “lack of fit” is 0.01 indicated that the
“lack of fit” is significant. So, it can be observed that the
pH and weight of PANI/PC nanofibers play an important
role in Cr(VI) removal.

The aim of the model summary table is to check the
accuracy of the CCD model (Table 6). The high value of
the statistical metrics (R? R,, and R} ) indicating a highly
significant of the CCD model on the other hand, the
low value of CV shows the accuracy and precision of the
experiments [35].

A good linear regression fit between predicated removal
and experimental removal, as shown in Fig. 3, indicated
a good fit of the CCD model [36].

Fig. 4 shows 3D-RSM plots of removal Cr(VI) onto PANI/
PC nanofibers. Fig. 4A-C show the highest Cr(VI) removal
(over 80%) has been achieved based on the response surface
of the x,x,, x x,, and x x,, while Fig. 4D-F show lowest Cr(VI)
removal (less 35%), this indicated that pH factor is the most fac-
tor effected on the removal Cr(VI) onto PANI/PC nanofibers.

It seems that the mechanism of Cr(VI) ion adsorption
onto PANI/PC nanofibers occurred at highly acidic media
(pH 2). At this pH, the dichromate (Cr,02) is converted
to chromate (HCrO;), and then PANI/PC nanofibers can
remove (HCrO;) as follows [37]:

Cr,0} +2H" - 2HCrO, @)

PANI/ HCI(polymer) +HCrO,

600 B

400+ w

intensity/a.u)
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Fig. 1. XRD pattern of PANI/PC nanofibers and the inset shows XRD taken for pure PANI.
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Table 5
ANOVA for the removal of Cr(VI) adsorption onto PANI/PC
nanofibers by CCD model

Source DF Adj.SS Adj.MS F-value P-value
Model 14 15,1289 1,080.64  48.29 0.000
Linear 4 4,203.0 1,050.75  46.95 0.000
x, 1 4,151.2 4,151.17  185.50 0.000
X, 1 3.7 3.73 0.17 0.689
X, 1 7.8 7.77 0.35 0.565
X, 1 0.1 0.06 0.00 0.958
Square 4 1,669.0 417.25 18.65 0.000
XX 1 1,025.1 1,025.05 45.81 0.000
XX, 1 160.9 160.92 7.19 0.017
XX, 1 28.1 28.08 1.25 0.280
XX, 1 11.0 10.95 0.49 0.495
2-Way 6 216.9 36.16 1.62 0.211
interaction

XX, 1 106.2 106.17 4.74 0.046
XX, 1 40.1 40.05 1.79 0.201
XX, 1 34 341 0.15 0.702
XX, 1 18.1 18.09 0.81 0.383
x,X, 1 0.1 0.10 0.00 0.947
XX, 1 454 45.42 2.03 0.175
Error 15 335.7 22.38 - -
Lack-of-fit 10 329.8 32.98 28.14 0.001
Pure error 5 5.9 1.17 - -
Total 29 15,464.6 - - -

CI ion in PANI can be exchangeable in the acid medium
only (pH = 2). Thus, at lower pH, the positive charged
NH group could easily absorb chromate (HCrOyj) anion.
Notably, the reduction reactions consume H', which will
lead to the increase of solution pH as shown in Fig. 5 [38].

3.3. Isotherm study and error functions

The use of adsorption isotherm models to describe the
nature of the interaction between PANI/PC nanofibers and
Cr(VI). Linear Langmuir isotherm (Fig. 6A) is the mono-
layer adsorption Cr(VI) onto PANI/PC nanofibers [39],
while linear Freundlich isotherm (Fig. 6B) is the multilayer
formation of Cr(VI) onto heterogeneous PANI/PC nanofi-
bers [26], finally, linear Temkin isotherm (Fig. 6C) is used

Table 8

Table 6

Model summary
Cv R Ridj Rf)red
4.73059 97.83% 95.80% 83.70%

CV is the coefficient of variance, R? is the coefficient of determined,
R%, is the adjusted coefficient of determined, and R? , is the
predicated coefficient of determined.

Table 7
Linear isotherm parameters for Cr(VI) adsorption onto PANI/PC
nanofibers

Isotherm models Parameter value  x2 Xoa G
Langmuir K, 1675 14712 3.678 1.366
g, 14925
R* 0.805
Freundlich K, 14.182 9.088 0.192  0.409
n  0.5299
R  0.925
Temkin K, 1.990 12.381 0.327 0.562
q, 2456
R?> 0.842

to study the adsorption heat and interaction of Cr(VI) onto
PANI/PC nanofibers [27]. Error functions are used to find
the best fitting of isotherm models. The purpose of used
the error functions in this study to find the goodness of fit
of linear isotherm models [24]. x> and %, analysis are bet-
ter methods used for a measure of the best fitting of lin-
ear isotherm models [28,29], also log-likelihood (or called
G-square test (G?)) is a new error analysis used to calcu-
late goodness-fit of linear isotherm models [30]. It seems
from Table 7, Freundlich model appeared to be the best
one when the error functions have the minimum values.

On the other hand, the Freundlich model has the high-
est values of (R? = 0.925) compared to other models. So the
low values of error functions and the highest value of R?
for the linear Freundlich model proved that this model
is the preferred linear isotherm and this study is the
heterogeneous nature of adsorption.

3.4. Comparison with other studies

Table 8 shows the pH effect of PANI/PC nanofibers
toward Cr(VI) removal was similar to various kinds of

Comparison of isotherm, pH, and contact time of Cr(VI) using a new PANI/PC nanofibers with other nanofibers in the literature

Adsorbents Isotherm pH Contact time Ref.
Polyacrylonitrile/polypyrrole core/shell nanofibers Langmuir 2 90 39
PAN/ZnO-TiO2 nanofibers-Mat Langmuir 2 240 40
polypyrrole/Fe,O, magnetic Langmuir 2 30-180 41
Sodium alginate-polyaniline(SAP) nanofiberss Freundlich 2 60 42
PANI/PC nanofibers Freundlich 2 60 This study
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Fig. 4. 3D surface plots of Cr(VI) removal% onto PANI/PC nanofibers composite: (A) effect pH/weight (temperature 25°C and
time 60 min), (B) effect pH/temperature (weight 0.05 g and time 60 min), (C) effect pH/ time (weight 0.05 g and temperature 25°C),

(D) effect weight/time (pH 2 and temperature 25°C), (E) effect weight/temperature (pH 2 and time 60 min), and (F) effect temperature/
time (pH 2 and weight 0.05 g).
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Fig. 5. Chemical structure of synthesized polyaniline (PANT).
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Fig. 6. (A) Langmuir, (B) Freundlich, and (C) Temkin linear iso-
therm for adsorption of Cr(VI) on PANI/PC nanofibers at 25°C.

adsorbents in the literature, a contact time effect was
lower than in the literature and the isotherm model was
found to be similar to sodium alginate-polyaniline (SAP)
nanofibers adsorbent.

Riy

Clo

4. Conclusion

In this study, PANI/PC nanofibers were successfully
used for the removal of Cr(VI) from an aqueous solution.
A maximum Cr(VI) removal of 98.8 was achieved under
the optimum pH of 2, the weight of PANI/PC nanofi-
bers 0.05 g, temperature 25°C, and contact time 60 min
by using CCD-RSM design. The high value of R* (0.925)
and the minimized value of error functions (x> = 9.088),
(X%, =0.192), and (G* = 0.409) indicated that the Freundlich
isotherm model was found to be the best model rather
than other models. In addition, compared with various
kinds of adsorbents, the PANI/PC nanofibers had much
lower time Cr(VI) removal, which indicated the possi-
ble used of PANI/PC nanofibers as an efficient adsorbent
to remove Cr(VI) ion from aqueous solutions.
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