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ABSTRACT

Synthesis of branched aminated waste polyacrylonitrile (PAN) fibers, realized in a three addition/
amidation successive steps, was performed in order to obtain AS3-PAN adsorbent. Influence of various
operating parameters such as pH, contact time, adsorbent mass and initial concentration of pollutants,
on adsorption capacity has been studied. Design of the experimental plan of adsorption experiments,
defined by response surface methodology (RSM), rationalized the number of necessary experiments.
The calculated adsorption capacities for AS3-PAN, obtained by Langmuir model, were 58.94, 41.07,
34.51, 24.54 and 29.61 mg g for Pb*, Cd*, Ni*, Cr(VI) and As(V) ion, respectively. The results of
pseudo-second-order reaction rate and Weber-Morris kinetic model indicated significant resistance
due to intra-particle (pore) diffusion. The experimental results were compared with the theoretically
calculated ones, obtained by RSM prediction model, and validation of applied methodology was
performed by testing the quality of the regression analysis with analysis of variance test.

Keywords: PAN adsorbent; Amino terminated PAN; RSM method; Adsorption models; Heavy metals

1. Introduction

Environmental pollution, caused by releasing of toxic
compounds from industries, such as heavy metal ions (lead,
cadmium, nickel) and oxyions (chromium and arsenic), has
attracted much concern in recent years [1]. These heavy metal
ionic forms are classified amongst the omnipresent toxic and
carcinogen metal elements linked to numerous forms of
skin, lung, liver, bladder, and kidney cancers [2]. Moreover,
their toxic effect is caused by replacing divalent metal ions
contained naturally in biological systems (calcium, zinc,

* Corresponding author.

magnesium etc.) followed with modification of active bio-
logical molecule conformations and blocking of essential
functional groups [3]. Heavy metals mainly originate from
industrial activities and geochemical processes, and due to
their high stability, they represent great pollution problem.
According to the World Health Organization recommen-
dations, maximum allowable content of heavy metal ions/
oxyanions in drinking water was defined to be lower than
0.005 mg L[3].

Therefore, it is important to develop a highly efficient,
reliable and economically cost-effective technique for heavy
metal ion/oxyanion removal from natural and wastewa-
ters. Various treatment methods such as ultrafiltration, ion
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exchange, coagulation/precipitation, membrane filtration,
reverse osmosis, and adsorption have been used for waste-
water purification [4-6]. Among the above technologies,
adsorption is classified as promising technology due to its
simplicity in design, ease of handling and ability to overcome
secondary pollutants [7].

Many adsorbents have been reported in the literature
for the removal of heavy metal ions/oxyanions such as
amino-modified nanocellulose impregnated with iron oxide
[8], amino modified and oxidized multi-walled carbon
nanotubes [9], hydrolyzed polyacrylonitrile (PAN) fibers
[10], hyperbranched polyethylenimine functionalized
PAN fibers [11], thiosemicarbazide modified PAN fibers
[12], phosphinic acid functionalized PAN fibers [13] and
iron-oxide-coated eggshell and porous wollastonite as
natural based adsorbents [14]. Among them, PAN fibers
are one of the most promising fibers because of its low-
cost, large surface areas suitable for functionalization and
improved mechanical properties and easily application
in flow processes conditioned by woven into various
shapes [15]. From the practical application point, the PAN
based absorbents possess much desirable superiority
in solvent resistance, thermal and mechanical stability
[12]. To activate a tight binding of PAN fibers with metal
ions/oxyions, the grafting of various functional moieties
containing nitrogen is important [11]. The introduction of
amino group by surface functionalization is well known
method used to improve adsorption capability/affinity of
numerous fibers like materials towards metal ions. In that
way, the amino modified PAN based adsorbent is especially
convenient because it considerably improves the adsorbent
susceptibility for heavy metal ions from aqueous solutions.

Besides the design of adsorbent surface, related to the
adsorbent/pollutant interaction, it is also important to per-
form the actual study of the adsorbent characteristics. Never
the less, the information on its applicability in real systems
includes hundreds of adsorption experiments combining
different variable factors (adsorbent mass, initial solution
concentration, pH value of the solution, adsorption tempera-
ture and time). In some recent studies, different methods of
modelling and optimization, in order to predict the results
and reduce the adsorption experiment number, were used.
Response surface methodology (RSM), adaptive neural net-
works (neuro-fuzzy networks), modelling using a system
of nonlinear algebraic and partial differential equations and
discrete empirical interpolation method were used more
frequently than the others [16]. These statistical optimiza-
tion tools analyze system performance in order to assess the
impact of the variation of selected variables.

RSM methodology has already been used in the optimi-
zation of the synthesis of adsorbents [8,17], the optimization
of adsorption experiments [18,19] but the comparison of the
results obtained by the RSM prediction model to the exper-
imentally obtained results has not been done up till now.
The commercial software Design Expert 9.0 with its statistical
and graphical tools has been used in this study. Applied soft-
ware provides complete comfort in the design of appropriate
experiments, that is, the prediction of the results depending
on the variables and validating the results obtained by exam-
ining the regression using analysis of variance (ANOVA)
test. The use of RSM method makes possible to decrease the

number of necessary experimental data associated with new
processes, that is, optimization of adsorbent synthesis, and
prediction of adsorption results. The strength of the method
lies in possibility of obtaining accurate predictions of experi-
mental results on the basis of accurate data that are collected
from numerical or practical experiments at discrete data
points in the design space. RSM design based on the multi-
variate approach enables substantial improvement/efficiency
in the method development using lower number of necessary
experiments. Moreover, it also causes using of small materi-
als and solvents quantity and decreasing the time necessary
to obtain satisfactory results.

In this study, waste PAN based adsorbent was synthe-
sized by three-step surface modification: amination with
diethylenetriamine (DETA) (AS1-PAN), structure branch-
ing by reacting with ethylenediamine tetraacetic ethyl ester
(EDTA ester) (AS2-PAN) and amidation with DETA to pro-
vide large number of amino groups on AS3-PAN surface.
Adsorption properties of AS3-PAN in a process of Cd*, Pb*
and Ni* cation and Cr(VI)and As(V) oxyanion removal from
water was examined. Specific objectives of this study were
focused on: (i) preparation of hipper branched amino termi-
nated waste PAN based adsorbent, (ii) adsorbent structural
and morphological characterization, (iii) application of five
level Central Composite experimental design combining
with RSM to optimize the various parameters in order to
obtain maximum adsorptive response, (iv) validation of the
model and operational conditions optimization, (v) mod-
eling of adsorption process using different isotherm and
kinetic models, and (vi) comparison of modeling data and
experimental ones in order to evaluate the applied method-
ology. The use of RSM to design of adsorption experiments
was aimed to reduce the expensive and time-consuming
experimental work and analysis, as well as to test possibil-
ity to predict adsorption data based on limited number of
experimentally obtained ones.

2. Experimental part
2.1. Materials and chemicals

Material used for modification was waste PAN fibers
(acrylonitrile monomer 91.7% and methyl acrylate comono-
mer 8.3%, according to the manufacturer specifications)
was obtained from the carpet factory “Sintelon” Serbia.
All chemicals and reagents were used as received: DETA,
(Ducksan chemicals, BanWol Industrial Complex 608B-2L,
635-1 Seonggok-dong, Ansan-si, Gyeonggi-do, South Korea);
Ethylenediamine tetraacetic acid anhydrous (EDTA), (Sigma-
Aldrich Chemie GmbH Eschenstrasse 5 D-82024 Taufkirchen,
Deutschland, p.a.); N,N'-Dicyclohexylcarbodiimide (DCC),
(Sigma-Aldrich, p.a.); Trichloromethane (THM), CHCIL,
(Sigma-Aldrich, p.a.); Dichloromethane (DCM), (Sigma-
Aldrich, p.a.); N,N-dimethylformamide (DMF); Concentrated
hydrochloric acid (HCI); Sodium hydroxide (NaOH); Sodium
hydrogen carbonate (NaHCO,) Concentrated nitric acid,
HNO,, (Honeywell Fluka, (Seelze, Germany), ultra pure);
Acetone (Sigma-Aldrich, p.a.); Absolute ethanol (Sigma-
Aldrich, p.a.); Methanol (Sigma-Aldrich, p.a.); Deionized
water (DW), that is. Milli-Q (Integral Water Purification
System for Ultrapure Water, Merck KGaA, Darmstadt,
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Germany) water (DW) with 18 MQ resistivity was used.
The lead, nickel, cadmium, arsenic and chromium standard
solutions (Sigma-Aldrich), 1,000 mg L™, were further diluted
with DW to the required concentration.

2.2. Adsorbent synthesis

Three successive synthesis steps were used in a produc-
tion of PAN adsorbents:

2.2.1. Synthesis of DETA modified PAN fibers (AS1-PAN)

Waste PAN fibers (10 g) were rinsed with 100 mL
of dichloromethane, treated with 100 mL N,N-
dimethylformamide (DMF) at 40°C for 10 min, and washed
with 50 mL of DW. Then, hydrolysis carried out in a 200 mL
of ethanol/water solution (50/50 vol.) containing 2% (w/w)
NaOH, was applied to attain appropriate extent of nitrile/
ester groups hydrolysis; the solution was stirred at 45°C for
20 min; rinsed with 500 mL of DW, and dried for 6 h in the
vacuum oven at 60°C. Dried hydrolyzed PAN fibers (10 g)
were put in the Erlenmeyer flask filled with solution of
200 mL DETA and 400 mL DW. Fiber suspension was heated
in the bath with reflux at 80°C for 10 h. After cooling to room
temperature, obtained DETA functionalized PAN fibers
(AS1-PAN) were filtered and washed with 200 mL of acetone/
methanol, and then with 500 mL DW. Adsorbent AS1-PAN
was dried in vacuum oven at 40°C for 6 h (Step I).

2.2.2. Modification of AS1-PAN with tetraethyl ester of
EDTA (AS2-PAN)

In the dispersion of 10.28 g of the AS1-PAN in 100 mL of
absolute ethanol, ethanol solution of tetraethyl2,2’,2”,2"”’-(eth-
ane-1,2-diylbis(azanediyl))tetraacetate (tetraethyl ester of
EDTA) (27 g/100 mL) was added slowly. Tetraethyl ester of
EDTA was prepared according to literature procedure [20].
Reaction took place at room temperature under ultrasonic
treatment for 10 min, and followed with magnetic stirring for
6 h at 50°C. Product from Step II, denoted as AS2-PAN, was

| STEP

DETA, H,0, T=80°C
t=10h, refluxed

Il STEP

THF, T=50°C,t=6h

DETA/EDTA/DETA moiet

[Hydrolized PAN moiety |

Tetraethyl ester of EDTA

Il STEP
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washed with ethanol, dried in a vacuum at 50°C for 6 h, and
used in a subsequent step of modification, that is, Step IIL

2.2.3. Modification of AS2-PAN with DETA (AS3-PAN)

AS2-PAN (11.32 g) was subjected to ultrasound treatment
in 100 mL of dimethylformamide (DMF) for 5 min, drop-
wise addition of DETA (10 mL) for 10 min was followed by
heating/mixing at magnetic stirrer for 5 h at 50°C. Obtained
product was washed by using abundant quantity of DMF
(200 mL), ethanol (300 mL) and DW (300 mL), dried at
60°C/12 h under vacuum (1,000 Pa), and denoted as AS3-PAN
(mass 11.6 g). Schematic presentation of the procedure of PAN
modification and the most probable structure/surface func-
tionalities of synthesized adsorbents is presented in Fig. 1.

2.3. Methods used for the material characterization

Specific surface area (SSA), pore volume (PV), and pore
size distribution were obtained from the nitrogen adsorp-
tion—desorption isotherm measured at 774 K using a
Micrometrics Instrument Corporation (4356 Communications
Drive, Norcross, GA 30093, USA) ASAP 2020 V1.05H sur-
face area analyzer. The FTIR measurements were performed
at room temperature in the transmission mode between 400
and 4,000 cm™, at resolution of 4 cm™ using a Bomem Inc./
Hartmann & Braun, (450 Saint-Jean-Baptiste Ave. Quebec,
Canada) spectrometer. Scanning electron microscopy (SEM)
was performed with a field emission scanning electron
microscopy and electronic microscope SUPRA 35 VP (Carl
Zeiss, Germany).

The pH values at the point of zero charge (pH,,.), that
is, the pH above which the total surface of the samples is
negatively charged, of the samples were measured using
the pH drift method [21]. A laboratory pH meter, Mettler
Toledo FE20/FG2 (Switzerland), with the accuracy of +0.01,
was used for pH measurements. Ester value determination
was performed according to standard ASTM D1617-07 [22].
Amino groups have essential influence on adsorption prop-
erties of amino modified PAN based adsorbent; therefore,

Fig. 1. Schematic presentation of chemical modification of waste PAN fibers.
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it is very important to determine the conversion degree of
nitrile groups into amino groups (Aw). Aw is gravimetrically
determined according to Egs. (S1) and (S2).

Amino group content (AN) is determined via “back”
(indirect) titration. 10 mg of PAN based adsorbent is placed
in 20 mL 0.01 mol L HCI and ultrasonicated for 30 min.
Fibers are then filtered, and 10 mL of supernatant is titrated
with standard solution of 0.01 mol L™ NaOH in the presence
of phenolphthalein. Aforementioned technique is based on
the reaction of reactant with unknown concentration (amino
group) and reactant in surplus with known concentration
(HCI, 0.01 mol L). The amount of excess HCl is determined
with NaOH titration. The amount of amino group that reacted
with HCl is determined based on difference of total amount
of HCl used to treat AS3-PAN (20 mL) and the amount of
HCI determined with NaOH titration. The acid value (AV)
was determined using a standard method ASTM D3644 [23].

The content of ions before and after adsorption was
determined by mass spectrometry with inductively coupled
plasma (ICP-MS) using Agilent Technologies 7500ce ICP-MS
system (Agilent Technologies, Inc., 5301 Stevens Creek Blvd.
Santa Clara, CA 95051, United States).

All solutions were diluted and filtered through Millex-
GV membrane filters of 0.22 um pore diameter and analyzed
on Dionex DX-300 ion chromatograph at 25°C. The device is
equipped with Dionex IonPac AS 14 and Dionex IonPac AS
12 columns for analysis of anion and cation, respectively.

2.4. Batch adsorption experiment

Solutions of Cd*, Pb*, Ni*, As(V) and Cr(VI) ions with
initial concentrations of CJ[.>]: 0.096; 0.192; 0.481; 0.963;
1.923; 4.82 and 9.63 mg L™, C[,,*]: 0.102; 0.205; 0.512; 0.963;
2.56;5.12 and 10.24 mg L-"and C[, *]: 0.101; 0.201; 0.505; 1.01;
2.52; 5.04 and 10.08 mg L, C,,,0.102; 0.204; 0.510; 1.020;
2.040; 5.10 and 10.20 mg L and Ci[Cr(VI)]: 0.100; 0.200; 0.502;
1.004; 2.510; 5.029 and 10.04 mg L™ were used in the batch
experiments. In order to investigate the influence of pH val-
ues on the adsorption efficiency, initial pH (pH,) was varied
between 3.0 and 10.0. Thermodynamic and kinetic experi-
ments were performed at 25°C, 35°C and 45°C. The influence
of reaction time on the Cd*, Pb*, Ni*, Cr(VI)and As(V) ions
adsorption was monitored in the interval at initial to 24 h.
The amount of the adsorbed ions was calculated from the
difference between the initial and equilibrium concentration.
Furthermore, the influence of the ultrasound on the adsorp-
tion process during the stirring of the adsorbent-adsorbate
solution was investigated in the preliminary trials in order
to compare it to classic stirring methods. The results were
analyzed using normalized standard deviation, Ag (%), cal-
culated using Eq. (S3). The adsorption experiments were
performed in triplicate and only mean values were reported.
Maximum deviation is <4% (experimental error).

2.5. Design of adsorption experiments using RSM methodology

Prediction of adsorption results of Cd* ions in a batch
system RSM was performed according to the presented
research plan (Tables S1 and S2). Before starting an optimiza-
tion procedure, it was of utmost importance to make selection
of the crucial factors which affect the quality of the obtained
modeling results. The levels for the variables were chosen on

the basis of their minimum and maximum effect on capac-
ity, and also each level has been tested at lower and higher
end. RSM model was based on five-level-three-factor central
rotatable composite design. Each experiment (except the cen-
tral point) was performed in duplicate. The output variable
was the adsorption capacity. The development of response
surface models is an iterative process, and goodness-of-fit
of any approximate model defines if the equation is satis-
factory. Data obtained in these experiments were fitted with
a second-order polynomial equation and the coefficients of
the response function and their statistical significance were
evaluated by the least squares method using commercial
software Design-Expert, Software Version 9 (Stat-Ease, Inc.
2021 E. Hennepin. Suite 480 Minneapolis, USA). The Fisher
test was used to determine the adequacy of the model and
the Student’s distribution to evaluate the significance of the
coefficients. Analogous methodology was applied for Pb*,
Ni%, Cr(VI) and As(V) ions.

3. Results and discussion
3.1. Adsorbent characterization
3.1.1. FTIR analysis

Characteristic absorption peaks of the AS3-PAN adsor-
bent, before and after pollutant adsorption, are presented
in Table 1, while corresponding FTIR spectra are shown in
Fig. S1. High intensity peak at 3,351 cm™ corresponds to the
stretching vibrations of NH,/NH groups that is overlapped
with OH group stretching vibrations, observed at 3,528 cm™,
can be seen in the FTIR spectra of AS3-PAN adsorbent
(Table 1, Fig. S1). Moderate peak at 2,938 cm™ relates to the
stretching vibrations of CH, and CH, groups (Table 1), while
peak at 1,637 cm™ is assigned to the stretching vibration of
C=0 group (amide band I, Table 1). Presence of unreacted
nitrile groups, observed as the strong band positioned at
2,242 cm™, are found. Intense peak at 1,456 cm™ corresponds
to the deformation vibrations of methylene groups [24,25].

FTIR spectral data of coordination/complexes, AS3-PAN/
Pb* AS3-PAN/Cd* AS3-PAN/Ni*, AS3-PAN/Cr(VI) and
AS3-PAN/As(V), given in Fig. S1 and Table 1, are compared
with FTIR spectra of AS3-PAN before the adsorption. It has
been shown that adsorption bands shift and peak intensi-
ties increase/decrease corresponding to the newly created
amino/metallic complexes that include C=O, NH, CN and
NH, groups (Fig. S1 and Table 1). Observable difference in
the region of N-H stretching vibrations of hydroxyl, and
primary and secondary amino groups (3,000-3,650 cm™)
was noticed. Significant overlapping in this region is a result
of hydrogen bonding interactions and cation/amine bond-
ing types interactions causing change of bond force, that is,
change of absorption band position. Low shifts can be noticed
for C=0 stretching vibration (ester and amide I), N-H defor-
mation vibration coupled with n(C-N) vibration (amide II,
~1,580 cm™), C-N and C-H groups due to vibrations of dif-
ferent bonds from functionalized fibers in polymer-metal
complex, as it is shown in Table 1. Overlapped bands at
~1,640 and ~1,585 cm™ are assigned to a carbonyl amide
stretching vibration (amide I) and N-H in-plane vibration,
respectively, and after cation adsorption they shifted to
higher wavelength. Also, bands at ~1,190 and ~820 cm,
which correspond to C-N stretching and out-of-plane NH,
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Table 1
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FTIR analysis results of the AS3-PAN adsorbent before and after Cd*, Pb*, Ni*, Cr(VI) and As(V) ions adsorption

Bond Wave number (cm™) of the group vibration in AS3-PAN/ion
AS3-PAN Pb* Cd* Ni* Cr(VI) As(V)

N-H 3,528; 3,351 3,350 3,350 3,367 3,343 3,347
C-H 2,938 2,934 2,934 2,935 2,935 2,937
C=0 (ester) 1,732 1,730 1,730 1,735 1,731 1,730
C=0 (amide I)* 1,637 1,635 1,635 1,642 1,642 1,641
C-N 1,292 1,297 1,295 1,295 1,295 1,294; 798
c-O 1,051; 1,190 1,048; 1,187 1,045; 1,185 1,045; 1,185 1,049; 1,184 1,047; 1,185
M-O* - - - - 783 619
M=0’ - - - - 905 523

“Amide band II are observed at ~1,580 cm™.

'Pb, Cd¥, Ni%, Cr(VI) and As(V).

Table 2

Textural properties, amino group content (AN), acid value (AV) and ester value (EV) of studied adsorbents
Adsorbent SSA* (m? g™) PV (cm®g™) APD (nm) PH,,c AN mmol g EV!/AVemmol g
AS1-PAN 5.1 0.018 1.2 6.2 0.029 -
AS2-PAN 6.9 0.022 1.3 6.5 0.008 0.075°
AS3-PAN 8.4 0.029 1.3 6.9 0.138 0.011°

"SSA of PANis 1.2 m? g™,
YEV - ester value.
‘AV - acid value.

bending mode (twisting), respectively, almost completely
disappear due to complexation/interactions of ion/amino
groups. This indicates that positive charge of Cd*, Pb*" and
Ni* cations affect electronic density change at amide and
amino group. Therefore, specific donor/acceptor interactions
of cations with amino groups, both primary and secondary,
restrict/modify their vibration modes (stretching, bending
in- and out-of-plane) as it is registered by appropriate band
shift [24,26].

After Cr(VI) sorption, two new bands appear at 783 and
906 cm™ was attributed to the Cr—O and Cr=O bonds from the
adsorbed Cr(VI) species. It suggests that Cr(VI) adsorption
involve the amino functionalities on the AS3-PAN surface
[24,27]. The presence of peaks at 618 and 523 cm™ is due to
the As—O and As=O bonding vibration which was observed
after adsorption of As(V) [28].

FTIR of AS3-PAN could not indicate on degree of
cross-linking, which is evidenced by low insolubility of
AS3-PAN in DMF (negligible fraction; <5%) at reflux for 1 h.
The samples obtained by reaction of PAN and DETA for the
shorter time, less than 4 h, are completely soluble in DMF,
which confirms relationship between modification efficiency
versus reaction time and temperature [29]. This fact is of low
importance to AS3-PAN adsorption performances, while it
is interesting for consideration of future modification with
long chain polyamine to achieve higher cross-linking degree
useful in a production of a membrane type of adsorptive
material.

3.1.2. Textural properties, pH

opcand extent of functionalization

The results of textural properties determination: the SSA,
PV and average pore diameter (APD) of AS3-PAN are deter-
mined from nitrogen adsorption/desorption isotherms and
presented in Table 2.

The SSA and PV increase from 5.1 to 8.4 m? g! and from
0.018 t0 0.029 cm® g~ from AS1-PAN to AS3-PAN, respectively.

Stepwise modification of PAN by DETA, in the course
of AS1-PAN synthesis, introduced 0.029 mmol g™ of amino
group (AN value). Higher amount of amino groups on AS1-
PAN show basic properties, and thus pH,,,. (6.16) is increased
in a comparison to unmodified PAN (3.5). Washing of PAN
with basic solution provides ester and partial nitrile group
hydrolysis producing hydroxyl/carboxyl groups as poten-
tial binding sites for cations [10]. Moderate extent of ASI1-
PAN modification with EDTA ethyl ester was verified by
0.075 mmol g™ of introduced ester groups (~86% conversion)
in AS2-PAN. The theoretical number of ester groups in AS2-
PAN should be 0.087 mmol g7, indicating lower efficiency of
transformation due to steric interference of the voluminous
tetraethyl ester of EDTA. This is evident by low intensity
peak at ~1,730 cm™ originating from carbonyl stretch vibra-
tion of ester bond AS3-PAN (Fig. S1). The increased number
of total basic sites, 0.138 mmol g for AS3-PAN contributes
to higher adsorption efficiency. This has been also evidenced
by mass increase of AS3-PAN fibers for approximately 12%
after modification. Adsorbent surface property, defined by
pH ., reflects the neutral net charge at adsorbent surface.
Increased number of amino groups contributes to increase of



228 K. Pantié¢ et al. / Desalination and Water Treatment 171 (2019) 223-249

pH,,., and thus highest value of pH,, . of 6.9 was found for
AS3-PAN (Table 2). Positive surface potential at pH < pH,,.
is a consequence of the nitrogen basicity, that is, protonation
of both -NH,, primary, and -NH-, secondary, amino groups.
Presented results indicate significance of pH selection to con-
trol and adjust adsorbent performances.

3.2. SEM analysis

The morphology and structure of PAN and AS3-PAN
samples, studied using SEM microscopy, are analyzed from
representative images shown in Fig. 2. These figures show
that the smooth structure of PAN is altered due to the mod-
ification process, as it can be observed from Fig. 2b. Outer
diameter of 10-12 um can be noticed which is specified in
the manufacturers’ technical data. Modified AS3-PAN fibers
are filled with occasional lumps with curvy trench like struc-
ture, mutually interrelated through defect spots (nanometer
size irregularity). Similar morphology of AS3-PAN fibers was
found after pollutant adsorption.

3.3. Influence of solution pH on adsorption efficiency

Effect of solution pH on the AS3-PAN adsorption
efficiency is studied in the range from 3 to 10, and the
obtained results are shown in Fig. 3. Adsorption capability
of AS3-PAN relates to both pH dependent pollutant specia-
tion and generated adsorbent surface charges. In order to
eliminate influence of the precipitation of metal hydroxide at
higher pH, theoretical calculation (obtained using MINTEQ
3.0 software given in Figs. 52 and S3, and Fig. 3) and experi-
mental study were performed without addition of adsorbent
[9]. Theoretical and experimental results showed that the

\

BEM HV: 4.5 kY
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SEM BAG: 200 kx
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precipitation of Pb(OH), at pH > 8, Ni(OH), at pH > 9.5 and
Cd(OH), at pH > 9 takes place (Fig. 3a), which contributes to
the extent of adsorption in this pH region. Adsorption curves
at pH > 7 (Fig. 3a), represent the difference between the total
amount of initial metal and ones found in a precipitated
metal hydroxide.

Noticeable extent of cations adsorption in the pH region
from 6.5-9 can be observed from Fig. 3a. The cations specia-
tion is shown in Fig. S2. The metal ions removal at pH lower
than 5 is low due to protonation of amino group (electro-
static repulsion of ammonium group with Cd*, Pb* and Ni*
ions) and competition of H*/cation for the same adsorption
sites [9]. The increase of pH causes deprotonation of ammo-
nium group, and at pH 6.92 equal amounts of acidic and
basic groups exist on AS3-PAN surface. Cations are strongly
bonded to amino groups by creating complexes/chelate sys-
tem and attractive electrostatic interaction. Higher nucleop-
hilicity/basicity of amino groups, at pH higher than pH,,,
serve as coordination sites for metal binding. The decrease
of adsorption capacity at higher pH (Fig. 3), relates to the
hydrolysis of metal cation and generation of ionic species
with lower affinity with respect to amino groups, e.g. M(OH)"
at pH > 7. To ensure maximum adsorption of Cd*, Pb* and
Ni* ions, pH 8, 6 and 7 were selected, respectively. At optimal
pH value, the 82%-87 %, 92%-97% and 66%-71% of Cd*, Pb*
and Ni* ions removal were obtained, respectively.

On the other side, at pH < pH,,. positively charged
AS3-PAN surface causes attraction with negatively charged
oxyanion (Fig. S3). In that way, applicability of the AS3-PAN
is dictated by initial pH solution: the adjustment of pH of
inlet water influences adsorption efficiency of the AS3-PAN
with respect to either oxyanions or cations. The degree
of As(V) and Cr(VI) removal vs. initial pH in presence of

WD 9.28 mm

View fiekd: 21.7 pm Det: SE 5 pm

SEM MAG: 20.0 kx  Date{midiy): 12M8I14

Fig. 2. SEM images of PAN fiber before (a) and after the three-step amino modification, that is, AS3-PAN adsorbent (b).
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studied adsorbent is presented in Fig. 3b. It could be noted
that As(V) adsorption on AS3-PAN is almost independent
in the pH range 5-7 with >65% removal, and subsequently
gradual decrease is observed at pH > 7. The pH-dependent
successive ionization of triprotic arsenic acid (H,AsO,) could
be presented by following equilibria:

H,AsO, « 22022 pye L HASO, « BB opyr 4

HAsO? « PO 35y 4 AsO

Presence of molecular form at pH < 2 and equilibrium of
arsenate ionic forms at higher pH [26] plays crucial role in
adsorption processes. Weak arsenic acid effectively interacts
with AS3-PAN at pH in the vicinity of pKa. Similar consider-
ation stands for chromic acid. At this condition the negatively
charged As(V) species, that is, H,AsO; and HAsO?- (Fig. S3),
and Cr(VI) species, that’s is, HCrO, and CrOZ (Fig. S3), par-
ticipate in an electrostatic attraction with positively charged
adsorbent surface at pH < pH,, .. Oppositely, at pH > pH,,,
electrostatic repulsion is the main operative force, causing
low adsorption efficiency. Accordingly, selection of pH 6 as
initial pH value was dictated by three factors: adsorption
capacity, adsorbent stability and accordance with pH of
natural water used as inlet water in adsorption experiment
(avoidance of pH adjustment on inlet water). Higher hydro-
lytic stability of surface functionalities, that is, long term
adsorbent usability, in the pH range from 6.5 to 8 is a very
important category from the techno-economical aspect.

3.4. Time-dependent adsorption study

The influence of the contact time is analyzed from the
aspect of the most appropriate description/modeling of
time-dependent adsorption data. The kinetic of pollutants
removal from water is shown in Fig. 4. It can be noticed from
Fig. 4 that the ultrasound treatment (Bandelin electronic,
Berlin, Germany, power 120 W, frequency 35 kHz) contributes
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to fast achievement of adsorption equilibrium, almost 6-7
times faster (120 min) than the classical mixing with labora-
tory shaker (mixing speed of 120 rpm for 150 min).

The application of ultrasound field increases the adsorp-
tion rate as a consequence of mass transfer resistance
decrease. Ultrasound waves and side effect of the bubble
cavitation, near to adsorbent substance cause micro distur-
bances reducing boundary layer which, in the other hand,
cause improvement of mass transfer. Ultrasound could mod-
ify mechanism of adsorption process but increase adsorption
rate causing faster system equilibration [14]. It is also noticed
that after 90 and 105 min of adsorption under ultrasound and
classical mixing, efficiencies were almost constant (at >98%
removal; Fig. 4). Due to low benefit ultrasound treatment was
not considered in further experiments, and adsorption time
was fixed to 120 min.

3.5. Adsorption kinetics

The obtained results, based on most commonly used
kinetic adsorption models: Pseudo-first-order, Pseudo-
second-order (PSO) and Second order [30], given by the
Egs. (54)-(56), adsorption capacity (g,), rate constant (k) and
linear regression coefficient (R?), are shown in Table 3.

The best fitting was obtained using PSO equation which
means that both the concentrations of adsorbate and adsor-
bent (AS3-PAN) are involved in the rate limiting step of the
overall adsorption process [9,21]. The constants k (Table 3)
refer fastest rate for Cd*, Pb** and lowest one of equilibrium
attainment for As(V). The effect of ionic radii of the metal ions
could not help in explaining the trend of kinetic results, but it
should not be neglected that the charge of ion and the num-
ber of water molecules, their distribution/-coordination in
solvation shell influence the diameter of the hydration layer,
which, in turn plays particular role in ion mobility. Taking
this aspect into account, both a lower radius of the hydra-
tion shell and a more labile bonding contribute to increased
removal efficiency.

b) —m— AS3-PAN /Cr(VI)—®— AS3-PAN /As(V)
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Fig. 3. Influence of pH on the adsorption of (a) Cd*, Pb* and Ni*, and (b) Cr(VI)and As(V)ions on AS3-PAN (in %) [C[. *]=4.82mg L™,

Cl,*1=512mg L7, C[*]=5.002 mg L, C

{[Cr(VD)]

=5.02mgL7,C,

[As(V)]

=51mgL", m/V=200mg L™ and T =25°C].
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Fig. 4. Results of adsorption of Cd*, Pb*, Ni*, Cr(VI), and As(V) ions on AS3-PAN versus adsorption methods: (a) magnetic mixing

and (b) ultrasound treatment [C[.*] = 4.82 mg L™, pH =8; C[,,*] =5.12 mg L7, pH =6, C[;*] = 5.002 mg L™, C,

pH=7,C,

i[As(V)]

=5.1mgL", pH=6, m/V=200 mg L"and T =25°C].

Table 3

Kinetic parameters for AS3-PAN [C[.,>1=4.82mg L™, pH=8; C[,*]=5.12mg L, pH=6;C[,;*] =5.02 mg L™, C

pH=7,C,

i[As(V)]

=5.1mgL", pH=6, m/V=200 mgL"and T =25°C]

,=5.02mg L7,

[Cr(VT

=5.02mg L7,

i[Cr(VD)]

Sorbat/Order of kinetic law

Pseudo-first-order

Pseudo-second-order Second-order

Ca q, 6.258
k (k, k) 0.0131
R? 0.748
Pb** q, 4.859
k (k, k,) 0.0372
R? 0.929
Ni2* q, 12.096
k (k, k) 0.0053
R 0.902
Cr(VI) q, 13.744
k (k, k) 0.0081
R? 0.666
As(V) q, 6.552
k (k, k) 0.0124
R? 0.746

21.586 20.224
0.0223 0.0126
0.998 0.784
25.287 24.332
0.0219 0.0653
0.999 0.956
16.957 15.835
0.0160 0.0024
0.999 0.935
16.251 15.242
0.0167 0.0029
0.998 0.702
18.045 17.122
0.0062 0.0034
0.997 0.956

Moreover, owing to the limitation of PSO modeling in a
description of the contribution of appropriate step in overall
adsorbate transport (through the solution, surface film/intra-
particular diffusion and adsorption/desorption equilibrium
at adsorbent surface), diffusion kinetic model was used. The
kinetic data, fitted using Elovich, intra-particle Weber—Morris
(W-M), Dunwald-Wagner (D-W), homogenous solid diffusion
(HSDM) model, were useful in evaluation of rate limiting step
of overall process [17]. The obtained results are given in Table 4.

According to the results of W-M plot from Table 4,
two linear relations with significant intercepts, higher for
cation and lower for anions, were observed. High value
of W-M constant C indicates that intra-particle diffusion
is not the only rate-limiting step; influences of the other

factors determine effectiveness of overall pollutant trans-
port. At the initial stage of the process, the diffusion from
bulk phase to the exterior surface takes place at high rate,
while second and third linear part relate to the diffusion
inside mesopores/micropores and adsorption/desorp-
tion processes. W-M plots of the kinetic data at different
C, gave similar pattern which means that higher ion flux
does not affect multi-linearity, that is, change of adsorption
mechanism and rate-limiting step (results not presented).
Elovich equation showed good applicability in modeling
dominantly chemisorption on heterogeneous adsorbents
[31]. Even though the lower statistical validity of correla-
tion using Elovich model (Table 4), the obtained results
indicate that chemisorption could be a contributing factor
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Table 4

Fitted kinetic data for the adsorption of Cd*, Pb*, Ni*, Cr(VI) and As(V) on AS3-PAN [C[.;*1=4.82mg L, pH=8; C[,*]=5.12mgL",

pH=6,C[*]1=5.002mgL", Ci[Cr(vm =5.02mgL", pH=7, C,,[AS(V)]

=5.1mgL", pH=6, m/V=200 mg L"and T =25°C]

Kinetic model Constants Cd* Pb* Ni* Cr(VI) As(V)
Elovich o (mg g min™) 13.054 5.394 21.729 20.613 5.564
B(mgg™ 0.517 0.161 0.393 0.382 0.291
R? 0.942 0.952 0.981 0.894 0.997
W-M (Step 1) kp1 (mg g™ min™%) 1.365 1.325 1.418 2.512 1.713
C(mggM 12.939 16.736 8.400 3.245 3.872
R? 0.997 0.913 0.985 0.994 0.971
W-Ms (Step 2) k,(mg g™ min™) 0.0352 0.113 0.544 0.141 0.605
C(mggh 20.668 23.704 11.492 14.078 11.005
R? 0.979 0.978 0.955 0.999 0.999
D-W K 0.0271 0.027 0.026 0.030 0.0213
R? 0.813 0.896 0.981 0.810 0.991
HSDM D_-10" 2.89 293 2.84 3.36 2.56
R? 0.810 0.890 0.981 0.792 0.979

originating from high complexation ability of amino group
toward cation. Apart from this, similar values of diffusion
coefficients for cations, obtained by HSDM model, indi-
cate their similar mobility, while higher diffusivity (D)
for Cr(VI) is in a good accordance with somewhat higher
value of rate constant in comparison to As(V) (Table 3).
In the other hand, higher values of rate constants for cat-
ions reflect higher intensity interactions/affinity of amino
group, comparing to dominant electrostatic interaction
with oxyanion (Fig. 5).

3.6. Activation energy parameters

In order to determine kinetic activation parameters,
determination of PSO rate constant was performed at 25°C,
35°C and 45°C. Values of g, adsorption rate constant k, nor-
malized standard deviation (Ag) and linear regression coeffi-
cient R? are presented in Table 5.

Obtained kinetic data at three different temperatures
(Table 5), were used for calculation of activation parameters
using linearized form of Arrhenius equation, given by Eq. (1):

E
Ink, =——%+1InA 1
2= r M)

where k, is reaction rate constant, E denotes activation
energy, R is universal gas constant (8.314), T is temperature in
Kelvin, A is Arrhenius factor (frequency factor). Calculated
E, are as follows: 4.16, 4.89, 6.38, 5.53, 6.03 k] mol™ for Cd*,
Pb*, Ni*, Cr(VI)and As(V) ions, respectively. The small dif-
ference between activation energies obtained points out to
similar energetic requirement to overcome energetic barrier
of the slowest adsorption step. Magnitudes of the activation
energy can help in understanding the adsorption mecha-
nism. Low values of E_ are in a close relation to low porosity
of AS3-PAN (Table 2), or vice versa, diffusional processes do
not control dominantly overall adsorption. Change of the
rate controlling effect both diffusional processes and surface

adsorption processes over time are also low, which is con-
firmed by change of mixing rate. According to literature
data concerning relationship between activation energy and
adsorption type, analyzed system indicates ton dominance
of physisorption with participation of diffusion-controlled
processes [32].

3.7. Competitive kinetic study

The evaluation of the rate of selective pollutant uptake is
acquired from the competitive kinetic study. Obtained results
offer valuable information for design of adsorbent with capa-
bility of selective pollutant removal from natural/polluted
water. Results of competitive adsorption of Cd*, Pb* and
Ni*" in the presence of single interfering ion: Ca*, Al** and
Fe’* and multicomponent system (Ca*/Al’**/Fe*), obtained by
PSO fitting, are given in Table 6.

Single competitive Cd* removal (Table 6) shows the high-
est influence of the system of three cations (Ca®/Al*/Fe®)
(66% lower k), followed by AI** (50%), Fe* (46%) and Ca*
(18%). Similar trend of 72%, 44%, 43% and 15% of k, decrease,
respectively, is obtained for Pb*. In addition, preliminary
competitive kinetic study of As(V) and Cr(VI) uptake shows
somewhat lower decreasing of rate constants in the presence
of single interfering ion: SiO;~ or PO}~ The highest decrease
is obtained in presence of both anions and the decrease of k,
is as follows: 32% for As(V) and 27% for Cr(VI) removal in
presence of phosphate. Obtained results indicate low selec-
tivity with respect to both cations and anions, which means
that AS3-PAN could be effectively used as a general purpose
adsorbent for preferential cations with simultaneous anion
removal from multicomponent system.

3.8. Adsorption study

The state of interaction/bonding at solutes/sorbent sur-
face at equilibrium is described by fitting experimental data
with various adsorption isotherms [17,33]. Equilibrium
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9_

‘ Pb2*/Cd?*/Ni?* DETA/EDTA/DETA moiet ‘ Cr(VI)/As(V)

[Hydrolized PAN moiety |

Fig. 5. Schematic presentation of bonding mechanism of cations (general mechanism) and oxyanions (example given for
HZASO;/HAsOf‘) with functionalities present on AS3-PAN surface.

Table 5
PSO model parameters for the adsorption of pollutants on AS3-PAN at 25°C, 35°C and 45°C temperature [C[. *]=4.82 mg L™, pH =8;
Clp1=512mg L, pH=6;C[*]1=5.02mg L,pH=7, C =5.02mgL?", pH=7, C, =51mgL", pH=6, m/V=200 mg L]

i[Cr(VI)] i[As(V)]

T k,(g mg™ min™! q,(mg g") Aq (%) R
Cd» 25°C 0.02228 21.586 2.65 0.999
35°C 0.02349 21.680 2.85 0.999
45°C 0.02476 21.771 2.70 0.998
Pb* 25°C 0.02191 25.287 3.37 0.998
35°C 0.02362 25.299 3.27 0.999
45°C 0.02480 25.307 3.29 0.999
Ni* 25°C 0.01604 16.657 3.35 0.998
35°C 0.01745 17.490 3.67 0.998
45°C 0.01886 17.993 3.92 0.995
Cr(VI) 25°C 0.016764 16.252 3.15 0.994
35°C 0.018277 16.905 3.28 0.991
45°C 0.019791 17.659 3.10 0.999
As(V) 25°C 0.00617 18.044 3.70 0.999
35°C 0.00668 18.428 3.54 0.999
45°C 0.00719 18.619 3.85 0.989
adsorption data are best correlated using Langmuir Langmuir and Freundlich parameters (Figs. S4a and b),

(Eq. (S14)) or Freundlich (Eq. (S15)) isotherm model. Details  obtained by fitting the equilibrium adsorption data using
on the main presumption incorporated in used isotherm isotherm models, are shown in Table 7. Higher values of
models are given in Supplementary material. R? for the Freundlich model indicate valid description of
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Table 6
Results of the competitive Cd* and Pb* removal in the presence of interfering ions
Adsorbent Parameters Non-competitive Competitive conditions
condition Cazt A3+ Fedta Ca%/Al¥/Fe3+?
Cd* g,(mgg™) 21.586 19.265 11.256 13.879 9.875
k, 0.0222 0.0182 0.0111 0.0120 0.0097
R? 0.999 0.996 0.996 0.997 0.995
Pb* g, (mgg™) 25.287 23.459 14.854 15.966 9.568
k, 0.0219 0.0218 0.0143 0.0146 0.0071
R? 0.999 0.989 0.982 0.975 0.984

*Single competitive condition.

’System of three anion competition [C[.*]=4.82 mg L™, pH=8; C[,,*]1=5.12mg L™, pH = 6;m/V =200 mg L, T =25°C]

Table 7

Langmuir and Freundlich isotherm parameters for pollutants removal using AS3-PAN

Langmuir isotherm

Freundlich isotherm

T (°C) G (Mg g7 b (dm® mol™?) b (Lmg™) Rr? kf (mol'™ L" g™) 1/n R?
Ca>» 25 38.98 412,754 3.672 0.948 22.84 0.493 0.993
35 40.03 426,372 3.793 0.943 23.98 0.495 0.993
45 41.07 442,549 3.937 0.937 25.03 0.496 0.992
Pb* 25 57.8 1,363,181 6.585 0.873 63.13 0.611 0.992
35 58.51 1,430,546 6.911 0.869 66.56 0.614 0.991
45 58.94 1,517,722 7.332 0.873 70.13 0.617 0.989
Ni? 25 32.15 38,886 0.663 0.983 9.95 0.724 0.990
35 33.48 41,600 0.709 0.981 10.81 0.721 0.990
45 34.51 45,007 0.767 0.980 11.66 0.715 0.991
Cr(VI) 25 22.56 76,470 1.471 0.967 9.501 0.538 0.994
35 23.54 77,760 1.496 0.962 9.867 0.542 0.995
45 24.55 78.948 1.518 0.959 10.24 0.548 0.996
As(V) 25 26.50 93.350 1.246 0.980 10.74 0.612 0.980
35 28.05 94.136 1.256 0.977 11.35 0.618 0.982
45 29.61 95.542 1.275 0.973 12.01 0.624 0.983

adsorption process of studied pollutants on AS3-PAN. For
the sample AS3-PAN, the values of q___and b are increased
with the increase of temperature, which means that the
adsorption capacity of Cd* and Pb* is higher at higher tem-
peratures, while the standard error for these parameters
remained almost identical. Adsorption isotherms of Cd?*,
Pb* and Ni? ions on AS3-PAN, at 25°C, 35°C and 45°C, are
shown in Fig. 54.

The results presented in Table 7 indicate that different
factors such: ion size, affinity and hydration shell structure
of the cation cause changes in capacity values. On the other
hand, binding capabilities of AS3-PAN depend on: (i) the
functionalities present on adsorbent surface, (ii) affinity/
binding ability of these groups, and (iii) the present adsor-
bate species (Figs. S2 and S3), first and the last being pH
dependent parameters. The speciation diagram showed pres-
ence of M* (Fig. 52), and appropriate equilibria of HCrO,/
CrO} and H,AsO,/HAsO? ions (Fig. S3) at operative pH. The
adsorption of metal ions onto amino modified adsorbents
was attributed to the primary and secondary amine groups.

Hydrolysis of PAN causes different transformation in sur-
face/interior functionalities, that is, hydrolysis of ester/cyano
groups and condensation with formation of imino sequences
(Fig. 1.), which also participate in adsorption processes influ-
encing adsorption efficiency [34,35].

The simple indicators which quantitatively describe suc-
cess of adsorption are coefficient b and separation factor R,.
High value of coefficient b indicates that AS3-PAN can be
used for the removal of Cd* and Pb*ions from natural water
to obtained moderate to high purity water. Also, separation
factor R, calculated according to Eq. (2), is used for evalua-
tion of the feasibility of adsorption:

1
R == @
(1+06C))
where C, (mol dm™) is initial adsorbate concentration and
b (dm® mol™) is Langmuir constant. Value of R, points out to
the isotherm type: irreversible (R, = 0), favorable (0 <R, <1),
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Table 8

Thermodynamic parameters for the adsorption of selected ions on AS3-PAN

AG® (k] mol™) AH® (k] mol) AS° (J mol™ K R
298 K 308 K 318K
cd> ~41.30 —42.79 ~44.30 2.66 149.95 0.996
Pb> -44.22 -45.85 4751 4.09 164.77 0.994
Ni2* -35.55 -36.93 -38.35 557 140.24 0.996
Cr(VI) -37.19 -38.51 -39.82 1.22 131.03 0.998
As(V) -38.32 -39.63 ~40.96 091 131.59 0.968

linear (R, = 1), unfavorable (R, > 1). R, for the adsorption of
Cd*, Pb*, Ni*, Cr(VI) and As(V) on AS3-PAN is in range
from 0.026 to 0.739, from 0.013 to 0.598, from 0.115 to 0.937,
from 0.061 to 0.871, and from 0.071 to 0.887, respectively,
indicating that the adsorption of studied pollutants on AS3-
PAN are favorable processes. These results are in accordance
with the values of Freundlich adsorption intensity parameter
1/n. Obtained adsorption results clearly indicate the differ-
ences in binding capability of AS3-PAN with respect of ionic
species of studied ions.

The adsorption and kinetic results indicate a complex
adsorption processes/binding mechanism which relates to
the co-existence of mainly physisorption, that is, mainly elec-
trostatic attraction and ion exchange, and chemisorption, that
is, chelation/complexation to overall adsorption processes.
Schematic presentation of the possible bonding mechanism
is given in Fig. 5.

Binding capacity/energy of amino groups was estimated
from theoretically calculated potential curves for cyclic
Cd-ethylene diamine (Cd/cis-EDA) and non-cyclic (Cd/trans-
EDA) complexes. Binding and total energy is larger for cyclic,
both the triplet and singlet state over the distances consid-
ered. The more stabilized Cd(cis-EDA) exciplex, caused by
the coordination of two N atoms to the delocalized p electron
of Cd atom, was also accompanied by appropriate structural
arrangement/adaptation from the non-cyclic to cyclic struc-
ture [36].

Cadmium(Il) EDA (N-donor ligands) complexes,
analyzed using Cd NMR spectra showed that, except
[Cd(H,O)*, and hydrated mono, bis and tris Cd/EDA com-
plexes, that is, [CA(EDA)J*, [Cd(EDA),]** and [Cd(EDA),]*,
respectively, was beneficially formed at basic pH. Higher
coordination ability of EDA appeared due to ionization con-
stants pK | and pK ,of 7.19 and 9.92, respectively. Higher sta-
bility of [Cd(EDA)]* (log K, = 5.47) with respect to 4.55 and
2.07 for bis and tris complexes indicated that analogous com-
plexes of adsorbed ions are present at adsorbent surface [37].

Adsorption mechanism of As(V) on aminated material,
prepared by surface-initiated atom transfer radical polymer-
ization, was studied according to the results obtained from
X-ray photoelectron spectroscopy (XPS) spectra. As(V) and
Cr(VI) removal was achieved through electrostatic interac-
tion between the protonated amine groups and anionic spe-
cies. Also, it has been presented that the adsorption mecha-
nism of Cu(Il) and Pb(II), that is, interaction with the amine
groups (-NH- and -NH,), by forming chelate structure was
undoubtedly evidenced by XPS results [38]. Presented results

suggest that main binding mechanism of the metal cations on
AS3-PAN is coordination/complexation (high significance),
electrostatic interactions (lower), and specific interactions
(minor). Oppositely, the oxyanions create dominantly elec-
trostatic interactions.

Thermodynamic aspect of adsorption process is analyzed
from Gibbs free energy (AG°), enthalpy (AH®) and entropy
(AS°) calculation using Van’t Hoff Egs. (3) and (4):

AG® = —RT1In(b) 3)
AS°®  AH®
In(b) ="~ ey @

where T is absolute temperature in K, and R is universal gas
constant (8.314 ] mol™ K™). Langmuir adsorption constant b
is calculated from isothermal experiments (Table 7). AH® and
AS° are calculated from slopes and interceptions in diagram
In(b) — T, assuming that the system attained stationary con-
ditions. The quality of data fitting is confirmed with high R
values and low values of standard errors (Table 8).

Negative AG° values (Table 8), point out that the adsorp-
tion of all ions on AS3-PAN is a spontaneous process, with
higher spontaneity obtained at higher temperature. It is
known that cation/oxyanion species in water can be pres-
ent in the forms of multilayered hydrated ions, charged or
neutral. Moreover, the change of solution pH is followed by
ionic species change affecting structure/extent of interaction
in hydration shell. Regardless on coordination properties,
solvated cations are more easily desolvated at higher tem-
peratures, the diffusion through boundary layer and inside
the pores takes place at higher diffusional rate. Generally,
the change of free energy for physisorption lies between —20
and 0 k] mol™, both physisorption and chemisorption in the
range from —20 to —80 k] mol™, while values between —80 and
—200 kJ mol™ correspond to chemisorption. Thus, the interac-
tion between selected ions with AS3-PAN could be described
by contribution of both physisorption and chemisorption
processes.

The AH° does not vary much between analysed ions,
with slight tendency to be low for oxyanions. Contribution
to possible explanation of a low endothermic nature of the
process could be that solvated ion, that is, [M(H,0),]**, and
amino groups at AS3-PAN surface need energy to be desol-
vated in order to readily interact. The formation of an M*/
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EDA complexes takes place by breaking of an M*--O bond
and the formation of an M*--N bond strikingly influenc-
ing overall enthalpy change since the process is exothermic
[39]. Oppositely, endothermic nature of desolvation process
exceeds this energy, and together with contribution of ener-
getic effect of other elementary processes, either exothermic
or endothermic; in summary low positive values of AH® was
obtained [9].

Positive values of entropy change (AS°) indicate the
increase in disorder (randomness) on boundary solid-liquid
surface. Water molecules in surrounding solvation shell of
metal ion are polarized/oriented to the ion forming mutual
hydrogen-bonded water molecules contributing to sys-
tem orderliness. Amino/hydrophilic groups strongly inter-
act with water molecules by creating hydrogen bonds. The
formation of M?*/amino group complexes was followed by
liberation of water molecules from adsorbent surface and
from cation hydration shell. Both processes contribute to
AS° increases. On the other hand, decrease in translational,
rotational and vibrational motion due to formation of the
chelate ring is reflected in entropy decrease. This process is
significant in initial period, and this factor diminishes in the
course of progress of adsorption. According to this, higher
entropy of complex formation means their higher stability,
and this result indicates better interaction/higher stability of
M?*/amino group complexes.

3.9. Isosteric heat of adsorption

The design of adsorption processes needs measurable
data such as temperature, equilibrium constant, and ones
calculated based on experimental data: activation energy and
activation parameters (sections 3.3.1 and 3.3.2), and Gibb’s
free energy change, enthalpy, entropy (section 3.5), and
isosteric heat of adsorption is also required. These param-
eters are input design parameters in evaluating/calculating
the performance, analysis of the mechanism of an adsorp-
tion/separation processes and optimization of an adsorption
process. Isosteric heat of sorption (A_H) is defined as the

2 4 A L | A As(V), C=0.1 mgL"
4 o B O As(V), C=1mgl”
44da A A O AS(V),C=10 mglL”
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® Cr(v),C=1mgL"
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Fig. 6. Linearized plots of In C, versus 1/T for adsorption of Pb*,
Cd*, Ni*, Cr(VI) and As(V) ions onto AS3-PAN.
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heat determined at constant amount of adsorbed adsorbate.
It represents one of the basic requirements for the character-
ization and optimization of any sorption process. A, H was
calculated using the Clausius-Clapeyron Eq. (5):

d(lncé’) AisoI—I
AT RT® ®)

For this purpose, the equilibrium concentration (C) at
constant amount of Pb*, Cd*, Ni*, Cr(VI) and As(V) ions
sorbed is obtained from the isotherm data at different tem-
peratures (Fig. 6), while A,_H values were obtained from the
slope of InC, versus 1/T plot for different amounts of sorbate
onto the AS3-PAN (Fig. 6).

The plots of In C, vs. 1/T were found to be linear with
high R? values of presented isosteres (Fig. 7). The heat of
physical adsorption, which involves only relatively weak
intermolecular forces such as van der Waals and electro-
static interactions, is low compared with that of chemisorp-
tion, which involves essentially the formation of a chemical
bond between the adsorbate and active sites at surface of the
adsorbent. The upper limit for physical adsorption may be
higher than 80 k] mol™ for adsorption on adsorbents. The
heat of chemisorption ranges from over 400 k] mol™ to less
than 80 k] mol™ [40]. The values of A, H ranged from 3.91
to 4.62, 4.79 to 6.11, 3.51 to 9.76 and 3.63 k] mol™ indicate
that the adsorption of of Pb*, Cd*, Ni*, Cr(VI) and As(V)
ions respectively onto AS3-PAN is a physical process, that is,
mostly electrostatic interactions.

3.10. Desorption study

Synthesized adsorbents were subjected to reusability
study by variation of process parameters: concentration and
regenerator type in order to decrease/minimize effluent pol-
luted water generation. Desorption percentage of Cd*, Pb*
and Ni*'ions steady increases with the increasing of pH value
when sodium hydroxide is used as desorption agent, and
reaches maximum >92% at pH >9. Somewhat lower efficiency
is obtained using sodium hydrogen carbonate. Thus, two
goals are achieved using the base as desorption agent: regen-
eration and deprotonation of ammonium group. Results of
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Fig. 7. Experimental and optimized data for the adsorption of
Cd* on AS3-PAN.
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Table 9
Results of five adsorption-desorption cycles for the AS3-PAN/pollutant system [C[..*] = C[,*] = 0.963 mg L™, C[,,*]=1.01 mg L,
Ci[AS(V)] = Ci[Cr(Vm =1.05 mg L, m/V=200 mg L7, T=25°C]
Adsorbent/Recycle step 1 2 3 4 5
Cd» Adsorption (%) 91.2 88.1 86.6 82.5 79.2
Desorption (%) 89.8 89.7 87.9 85.8 82.1
Pb* Adsorption (%) 90.5 89.7 86.3 81.7 79.5
Desorption (%) 89.1 86.4 85.6 82.7 80.4
Ni* Adsorption (%) 83.3 79.4 75.5 74.1 70.2
Desorption (%) 88.5 85.4 82.7 81.4 78.5
As(V) Adsorption (%) 82.7 80.3 79.1 76.4 71.8
Desorption (%) 90.1 88.7 86.4 84.3 81.7
Cr(VI) Adsorption (%) 81.7 79.4 77.8 73.1 69.8
Desorption (%) 89.9 88.7 85.4 82.4 80.1

Desorption solution: 4% NaHCO, and 2% NaCl

desorption study, performed in acidic condition at pH < 5,
show also high desorption efficiency. As example, AS3-PAN
loaded with Cd*" shows 96% leaching capacity with EDTA,
94% with oxalic acid, and 96 % with citric in the first regen-
eration step. The hexadentate complexing leachates EDTA
and citric acid show best chelating capabilities. Significant
disadvantage of the desorption based on acidic regenerator
arise from necessary deprotonation of ammonium terminal
group to restore its adsorption potential. Thus, the results of
desorption study, using 4% NaHCO, and 2% Nadl, is pre-
sented in Table 9.

Obtained results indicate that AS3-PAN can be consecu-
tively used in a successive adsorption/desorption processes
of the removal of heavy metal ions/oxyanions from water.
Adsorption capability of AS3-PAN shows gradual removal
efficiency decrease as a consequence of organic structure, that
is, amide bond, hydrolysis. These processes bring to decrease
of amino value (AN): after fifth cycle 0.96 mmol g (Cd*)
and 0.102 mmol g (As(V)) were found. After the regenera-
tion processes, regarding As(V)and Cr(VI)ions, the collected
spent effluent solution contained relatively low amount of
arsenic/chromium indicates necessitate design of appropri-
ate technology for the treatment of collected effluent into a
non-hazardous material suitable for landfilling. Pollutant
removal could be achieved using (a) affinity adsorption,
(b) reaction with iron (precipitation of Fe(H,AsO,), in pH
range 2-7), and (c) reaction with calcium (precipitation of
Ca(H,As0,),nH,O in pH range 2-7) [41,42]. The effective
technology for safe disposal of desorption solution and
washing medium could be treated by iron(III) chloride or cal-
cium(II) chloride solution (5%) with pH adjustment to neu-
tral pH using 5% hydrochloric acid. The addition of iron ion
helps precipitation of heavily soluble As(V) and Cr(VI) salts.
After 12 h, a heavy dark brown precipitate is formed, which
could be easily filtered using a combination of sand filters
mixed with filtration aid - diatomaceous earth.

3.11. Effect of interfering ions

Model water, spiked with 100 ug L of the selected pol-
lutants and competitive ions at concentration found in natu-
ral water (Table S5), is used in competitive study. Obtained

results are given in Tables 10 and 11. Tolerable limit was
defined as the highest amount of foreign ions that produced
an error not exceeding +5% in the determination of analyte
ions.

Interfering ions in different interference-to-analyte ratios
were added individually to 50 mL of solutions containing
100 pg L™ of lead and cadmium ions, followed by applying
the method discussed above. Significant interference was
noticed from the results of competitive study in the system
spiked with studied cation or oxyanions. Phosphate showed
significant influence as a results of amino/phosphate com-
plexes formation. Silica shows significant detrimental effect
to adsorption efficiency, while other cations exhibit moderate
to low effect. Competitive study of the anions/cations removal
from real water sample showed low selectivity of AS3-PAN
with respect to cations. Removal efficiency strongly depends
on valence state of cations, as well as actual concentration.
Higher affinity of trivalent ions, that si, AI*" and Fe*, with
respect to AS3-PAN is defined in competitive adsorption
study at equal concentration of ions: two to three-fold higher
cations uptake is found with respect to Ni** while somewhat
lower, up to two times, is found with respect to Pb*".

The separation factor (sf) was used to quantitatively eval-
uate the degree of selectivity for ion of interest in presence of
coexisting ions [43], according to Eq. (6) exemplified for Cd*":

C

SfiCd — qf,Cd e,i (6)
q.,Ceca

where C,, and C,, as well as q,,, and g,, are the equilib-
rium concentration and capacities of Cd* and coexisting ion
i, respectively, (mmol g™). For sf = 1 selectivity for Cd* and
ion i is equal, while for sf > 1 beneficial Cd* adsorption in
relation to ion i by AS3-PAN could be obtained. Calculated
sfod and sf$? values of 0.54 and 2.21 showed somewhat
higher affinity of Pb*" and lower of Ni*" in relation to Cd*,
respectively. The sf’® of 3.4 indicated higher affinity of Pb*"
with respect to Ni*". The low selectivity of AS3-PAN with
respect to cations originates form acid/base properties of
competitive ions (the hardness and atomic radius) and lone
electron pair of hetero atom present in surface functionalities
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Table 10
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Efficiency of pollutant removal by AS3-PAN in a presence of interfering anion

System pH, Ion"/% Content of interfering anions (mg L)
removal cror  Cr sor  F NO, PO}
27 4 3 4
Model water” 5.6 - 0.4 7.9 18.2 0.10 3.2 16.1
AS3-PAN/model water 8.0 Cd*/94 0.1 7.7 18.0 0.10 3.0 15.2
6.1 Pb*/95 BDL¢ 7.7 18.0 0.10 3.1 15.4
7.0 Ni*/91 BDL 7.7 18.1 0.10 3.2 15.1
6.0 As(V)/90 BDL 7.7 18.1 0.09 3.0 15.5
6.0 Cr(VI)/92 BDL 7.6 18.2 0.10 3.0 15.5
“Percent of pollutant removal (mean value from three determination).
"Anijon content in water spiked with 100 pg L™ of pollutant without adsorbent.
‘BDL - below detection limit.
Table 11
Efficiency of pollutant removal by AS3-PAN in a presence of interfering cation
System pH, Ton*/% removal Content of the cations (pug L)*
Cu Ni Zn Cd Pb Si
Model water” 5.5 - 45 20 522 28 55.4 2,089
8.0 Cd*/9%4 37 13 488 7.7¢ 18.9 1,926
6.1 Pb*/95 36 12 468 BDL 7.8° 1,912
AS3-PAN/modelwater 7.0 Ni?*/91 34 11¢ 492 BDL 15.7 1,889
6.0 As(V)/90 32 8 444 7 11.7 1,893
6.0 Cr(VI)/92 31 10 432 8 12.8 1,922

“Percent of pollutant removal (mean value from three determination).

"Cation content in water spiked with 100 pg L™ of the pollutant of interest.

‘Spiked with 100 pg L.

of AS3-PAN. They contain soft bases, N and O atoms, which
are able to create tight interaction with soft heavy metal ions
such as Pb*, Cd* and Ni*. Multiple effect of these factors
with contribution of both valence state and ion radius dic-
tate complexation ability, and all of these factors influence
obtained selectivity. Additionally, effect of interfering ions in
real water sample on AS3-PAN adsorption performances is
given in Supplementary material. Obtained results indicate
possible use of AS3-PAN in an adsorption processes without
control of selective pollutant removal.

3.12. Comparison of AS3-PAN adsorbent performance with
literature data

Comparison of the literature data of PAN based adsor-
bents with AS3-PAN give valuable information on the
adsorption advantageous/deficiency and their possible appli-
cation. The g values of the adsorbents of interest are given
in Table 12. Comparison of the adsorption capacities could
not be the only mandatory parameters used for evaluation of
adsorbent performances. Affinity is, also, an important crite-
rion necessary to be considered in the course of definition of
operational conditions. Parameters of economical adsorption

technology, with requirements for moderate water purity,
should be design to operate to near of the saturation point.
It implicates adsorption capacity as major decisive parameter.
In the case of requirement for high water purity, the facility
should operate “at the left side of the adsorption isotherm”,
and the adsorption affinity is the most important criterion.
Comparison of g values shows that thio-functionalized
PAN fiber (368.8 mg g) [44], hydrolyzed oxidized PAN nano-
fibers (85.7 mg g [45], and PAN/organo bentonite composite
(52.6 mg g) [46] reach higher g, for Cd” removal at very
high initial Cd* ions concentration (20.0-500.0 mg L) com-
pared with the synthesized amino-terminated waste PAN
adsorbent (41.07 mg g™). The macroporous PAN/hydroxyap-
atite composite showed low adsorption capacity (6.12 mg g™')
at high initial Cd* ion concentration (50.0 mg L™) [47]. Also,
hydrolyzed oxidized PAN nanofibers show high adsorption
capacity for Pb* removal (116.2 mg g™') at high initial Pb*
ion concentration (100.0 mg L) [45]. On the other hand,
removal of Ni** on hydrolyzed oxidized PAN nanofibers was
lower (21.0 mg g™) [45] compared with the AS3-PAN fiber.
For the As(V) ion removal, the highest q__ value is reached
for nano-iron oxide nanoparticle loaded PAN nanofibers
(851.7 mg g) at As(V) ion initial concentration of 5.0 mg L
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[48]. Molybdenum disulfide modified acid-doped poly-
aniline/porous PAN nanofibers reach g of 6.57 mmol g™
for Cr(VI) removal at low initial Cr(VI) ions concentration
(2.0 mg L) [49]. Comparing maximum adsorption capaci-
ties for heavy metal ions/oxyanions removal of similar PAN
based adsorbents reported in literature with the heavy metal
ions/oxyanions adsorption capacities obtained for AS3-PAN
indicate good adsorption performances at applied opera-
tional/experimental conditions. Thus, in three-step proce-
dure that was applied on waste PAN, a material of choice
for removal of cations in Pb*, Cd*? and Ni*, and oxyanions,
As(V)and Cr(VI) has been obtained.

3.13. Prediction of the removal of Cd**, Pb* and Ni** ions using
AS3-PAN

A four-variable design was used for optimization of
adsorption capacity, g, using the selected independent
parameters. The coded and real values of the independent
values are summarized in Table S1. The coefficients of the
response function and their statistical significance are eval-
uated by the least squares method using Design-Expert v.9.0
software, Stat-Ease, Inc. The accurate selection of the equa-
tions used for description of the system behavior has a strong
influence on the success of the approximation. Obtained
functions/equations should provide the whole response sur-
face as accurately as possible, and the most important should
be valid in the area of the design space called “region of inter-
est”. Thus, among numerous data necessary to be performed
to obtain adequate response the experimental design con-
sisted of only 25 runs.

The optimal point for adsorption capacity is predicted
using a linear function with the natural logarithm transfor-
mation. Used function is fitted to correlate the relationship
between the predicted output and the independent vari-
ables X. Adequacy of the linear regression model is proved
by ANOVA test, significance of model coefficients is tested
using Student test. The experimental data are analyzed by
the response surface regression procedure to fit the follow-
ing linear model. The full model used in the response (Y) is
described in the following equation:

In(Y)=B0+Y (i=1)"= [Fix.i] )

where 3 and {3, are the regression coefficients for intercept
and linear terms, respectively; and x, are the independent
variables. ANOVA results indicate that the linear model is
significant (F-value = 60.01) with standard deviation of 0.45
and with p-value < 0.0001. The R? value of 0.9231 shows that
design data were in good agreement with the experimental

Table 12
RSM fitting ANOVA test for the adsorption of Pb* on AS3-PAN

q Sumof Degreeof Mean Mean C.V.%%
squares freedom  square

Model 32.30 4 8.08 1.77 44.90

Residual  12.66 20 0.63 - -

Total 44.96 24 - - -

°C.V. — coefficient of variation.

data. The predicted R? value of 0.8769 is in reasonable agree-
ment with the adjusted R? value of 0.9077, with a signal to
noise ratio of 25.8. All the variables showed significant effect
on the output.

In order to obtain RSM results, polynomial regression
modeling is operated between the responses of the corre-
sponding coded values of the four different process variables,
and finally, the best model equation for Cd* and Pb* ion
removal, that is, Eqs. (8) and (516), respectively, are obtained:

In(q) =—4.2436 +0.0068367T +0.64195pH +

0.21371C_i+0.011432¢ ®)

RSM fitting ANOVA of the adsorption capacity for the
adsorption of Cd*" an Pb* on AS3-PAN are given in Tables 13
and S7, respectively.

The data analysis is realized using hybrid fractional error
function (HYBRID); Marquardt’s percent standard devia-
tion (MPSD); average relative standard error (ARS); average
relative error (ARE); standard error and chemical oxygen
demand (COD). The Data Analysis Tools Add-in included in
the Microsoft’s Excel is used to calculate error functions for
available data. The error values for the adsorption of Cd* and
Pb* on AS3-PAN are given in Tables 14 and S8, respectively.

It was shown that the design of the set of experiments
(Table S2) has an important influence on the goodness of the
fitting (Tables 12 and S7). The correlation between experi-
mental and designed data adsorption for the Cd* removal on
AS3-PAN is given in Figs. 7 and 8, and also the ones obtained
for the adsorption of Pb* and Ni* on AS3-PAN given in
Figs. S5-S8.

By comparing the figures showing experimental and
predicted results, good correlation (Fig. 9) is obtained for
the medium values of adsorption variables. The larger

Table 13
RSM fitting ANOVA of the adsorption capacity for the
adsorption of Cd* on AS3-PAN

q Sumof Degreeof Mean Mean C.V %
squares  freedom square

Model 47.71 4 11.93 143 31.10

Residual ~ 3.97 20 0.20 - -

Total 51.68 24 - - -

°C.V. — coefficient of variation.

Table 14
Values from the error data analysis for the adsorption of Cd* on
AS3-PAN

Errors Cd>
HYBRID 68.88
MPSD 50.24
ARS 0.470
ARE 28.27
Standard Error 2.647
COD 0.9311
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ues and temperature for: surface model of experimental data (a)
and surface model of predicted data (b) for Cd* adsorption.

deviation of predicted adsorption capacities values can be
noticed at the end of selected range of independent vari-
ables (coded values) due to their small participation in the
design plan.

The presented results and related discussion indicate
that the prediction of adsorption results can be applied in
medium range of variable values, whereas at end points
larger errors are generated. Hence, one alternative is related
to solving this inconsistency by desirable use of reduced
variable value ranges for the multi-criterial analysis of
adsorption process. On the other hand, good certainty of
predicted results could be obtained by including more data
in experimental plan in the region of interest. Moreover,
obtained results (Fig. 9) provide good prediction in the
region of the variable change of highest interest which
matches the condition usually/generally found for natural
water, that is, pH, and operational temperature. Therefore,
first benefit is related to reduction of the large number
of necessary experiments, as usual approach in design of
adsorption experiments, and on the other side, such meth-
odology provides reliable adsorption data in that way con-
tributing to the environmental protection. This method is
reliable in scenarios where fast screening of new adsorbent
is required to obtain adsorption results.
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4. Conclusion

Modification of waste PAN led to the production of new
applicable material in the environmental science for the
adsorption of heavy metals from water. In this study, ami-
nated polyacrylonitrile fibers (AS3-PAN) were successfully
prepared in three addition/amidation successive steps of PAN
waste fibers. Results from adsorption and kinetic study prove
high applicability of synthesized adsorbent. Adsorption of
cations on AS3-PAN is an intricate process and consists of
mainly physisorption with contribution of chemisorption
mechanisms. Adsorption capacity of metal ions/oxyanions
and the affinity of AS3-PAN are more dependent on sur-
face groups, pH values and temperature than from specific
surface, volume and pore diameter. Endothermic nature of
adsorption processes indicates that the adsorption capacity
concomitantly increase with the temperature raise.

Applicationof software Designexpert9, with proper design
of experimental plan showed that the RSM can be successfully
used to predict the adsorption results. This method allows
obtaining satisfactory results with a minimization of the
number of experiments, that is, 25 instead of 210 experiments,
which leads to financial benefit, considering the economic
aspect, and minimizing the residuals/waste materials, as the
important fact related to the environmental protection. The
large overlap of the experimental data and calculated results
prove that this method can be successfully used to predict
the adsorption results. Certainty of predicted results could
be improved by including more data in experimental plan
in the region of interest, as it is the condition usually found
in natural water, that is, pH, and operational temperature.
Thus, main results of this study relates to the use of waste
PAN for production of high performance adsorbent used in
a limited number of statistically valid experiments providing
comprehensive approach in an area of environmental
protection. Transformation of waste, using it as raw material
for high performance adsorbent synthesis with special care
on minimization of additional waste generation, satisfies
needs to preserve and improve environmental quality.
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where: w, and w, weights of raw and modified PAN

fibres; M

o, — molecule mass of acrylonitrile monomer; and

M, - DETA molecule mass.

51.2. Batch adsorption experiment

(S3)

where g, and q_, are experimental and calculated amounts
of Cd*, Pb*, Ni*, Cr(VI) and As(V) ions adsorbed on
AS3-PAN, and N is the number of data used in the analysis.
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51.3. Design of adsorption experiments using response surface
methodology

Table S1
Coded and real values of independent variables for the
optimization design of Cd* adsorption on AS3-PAN

Independent variable Coded and real values

-2 -1 0 1 2
Temperature, X, (°C) 25 30 35 40 45
pH value, X, 2 4 6 8 10
Initial concentration, 0.1 2.5 5 7.5 10
X, (mg L7y
Time, X, (min) 5 25 45 65 90

“Constant ratio of adsorbent dosage vs. adsorbate solution was used.

Table 52
Experimental plan for Cd* adsorption on AS3-PAN adsorbent

No. X,T(°C) X,pH X,C (mgL’) X, t(min)
1 30 4 25 25
2 40 4 25 25
3 30 8 25 25
4 40 8 25 25
5 30 4 7.5 25
6 40 4 7.5 25
7 30 8 7.5 25
8 40 8 7.5 25
9 30 4 25 65
10 40 4 25 65
11 30 8 25 65
12 40 8 25 65
13 30 4 7.5 65
14 40 4 7.5 65
15 30 8 7.5 65
16 40 8 7.5 65
17 25 6 5 45
18 45 6 5 45
19 35 2 5 45
20 35 10 5 45
21 35 6 0.1 45
2 3 6 10 45
23 35 6 5 5
24 35 6 5 90
25 35 6 5 45

51.3.1. FTIR analysis
51.4. Influence of solution pH on adsorption efficiency

Speciation diagram of Ni*, Cd* and Pb* are given on
Fig. S2, while speciation diagrams of oxyanions, that is, As(V)
and Cr(VI), are given on Fig. S3.

As example lead species in water solution could be pres-
ent in the forms of Pb*, Pb(OH)*, Pb(OH), and Pb(OH)," at

AS3-PAN

3287 N 3351V~
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3350
IAS3-PAN/PH>"

v
3525

35?T M50
AS3-PAN/Ni**

934

Transmittance (%)
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Fig. S1. FTIR spectra of AS3-PAN before and after the adsorp-
tion of Cd* (a), Pb* (b) and Ni* (c) [C[.*] = 5.12 mg L7,
Cl,>1 =482 mg L7, C[*] =5.00 mg L, m/V = 100 mg L7,
pH=6+0.2and T =25°C].

different pH values. Equilibrium concentrations of Pb* ionic
species, at different pH, could be calculated from appropri-
ate constants (log K) for hydrolysis reactions [S6] at 25°C and
the precipitation constant of Pb(OH),(s) (1.2 x 10™) (given
on Fig. S2). Precipitated Pb(OH), at pH higher than 8 was
determined theoretically and experimentally and subtracted
from the overall available amount of Pb* ions, and thus reli-
able values of adsorbed Pb* were obtained (Fig. S2). Similar
methodology was applied for Cd* and Ni*ion.

S1.5. Time-dependent adsorption study
51.5.1. Adsorption kinetic

Complex adsorption process, due to contribution of
mass transfer and chemical reaction to overall mechanism,
was usually described by using different kinetic models or
adsorption diffusion models:

The pseudo-first-order, that is, Lagergren rate equation,
is based on solid capacity. Its linear form is given by the fol-
lowing Eq. (54) [S7]:
In(q, —q,)=Ing, -kt (S4)
where k, (min™) is the pseudo-first rate constant, g, (mg g™') is
the adsorption capacity at time ¢ (min), and g, (mg g™') is the
value of adsorption capacity at equilibrium.

The linear form of pseudo-second-order equation [S8] is
expressed by Eq. (S5):

L1,

q ka4,

(S5)

where k, (g mg” min™) is the second-order rate constant,
g, (mg g™) and g, (mg g') are the adsorption capacities at any
time t and at equilibrium, respectively.
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The initial sorption rate i, (mg g min™) at t — 0 is
calculated as:
h, = kzqez (S6)
In order to elucidate the possible chemisorption process

for systems with heterogeneous adsorbing surface, the fol-
lowing simplified form of Elovich equation [S9] was used:

q, = %ln(ub) +%lnt (S7)

where g, (mg g™') represents the adsorption capacity at any
time ¢, a is initial copper adsorption rate (mg g™ min™), while
b is related to the extent of surface coverage and activation
energy for chemisorption (g mg™). An approaching equilib-
rium factor R, obtained from dimensionless Elovich equation
[S10] is defined as:

1

R =—
el

(S8)

E

where g, is the solid phase concentration at time ¢ _, which is
the longest time in adsorption process. According to classifi-
cation of characteristic curves based on R, derived from the
Elovich equation [S10], there are four type of characteristic
curves, depending on R, value: if R, > 0.3, then the curve rises
slowly; if R, is between 0.1 and 0.3, the curve rises mildly
(mild adsorption); the value of R, between 0.02 and 0.1 indi-
cate rapid adsorption and when R, <0.02, the curve instantly
approaches equilibrium.

Multi step nature of adsorption processes could be con-
trolled by bulk diffusion, boundary layer diffusion, intra-par-
ticle diffusion and surface adsorption. The first steep linear
part demonstrates external mass transfer from bulk solution
to the most available adsorptive sites at outer adsorbent
surface. The second and the third parts of the adsorption
process significantly depend on adsorbent porosity, that is,
pore structure and geometry and network density. Due to
the concentration gradient, the ions diffuse through bulk
solution and treelike system of macro-, meso- and microp-
ores, extending into adsorbent interior to reach all available
surface active sites. The intra-particle resistance slows down
adsorbate transport, that is, net transport in a direction of
variable time-dependent concentration gradient. At the final
stage of process, the adsorption takes place at low rate until
the saturation of all available surface sites is achieved.

In the case where internal diffusion is the rate-limiting
step, then the kinetic data can be well correlated using fol-
lowing Weber and Morris equation [S11]:

g, =kt 4 C (59)
where k, (mg g™ min™?) is intraparticle diffusion rate constant
and C is constant related to the thickness or boundary layer.
If the intraparticle diffusion is the sole rate-limiting step, then
the plot of g, vs. t* would result in a linear relationship and
would pass through the origin. The values of intraparticle
diffusion rate k, and C can be obtained from the slope of g,

versus ' plot. Other kind of kinetic models was proposed by
Dunwald-Wagner (DW) model given by Egs. (510) and (S11):

qi =1 —%g%exp[—nzlﬁf}

(S10)

a

where K (min”) is the rate constant of adsorption.
Simplification of the Eq. (510) gave:

2
log| 1- 1 =—Lt
q, 2.303

A plot of log(1-(q/g,)*) ~ t should give linear plot and the
rate constant can be calculated from the slope of correlation
line. DW was reasonably used to describe different kinds of
adsorption systems and estimation of adsorption kinetics.

A typical intra-particle diffusion model is the homoge-
neous solid diffusion model (HSDM), which can describe
mass transfer in an amorphous and homogeneous sphere
[S12], and can be presented by following differential equation:

(S11)

S12
ot r*or\ or (512)

o _D, a(rzaq]
where D_ is intraparticle diffusion coefficient,  radial posi-
tion, and g the time-dependent adsorption capacity. Exact
solution to Eq. (512) for the defined adsorption condition
(neglected external film resistance) was given by Crank [S13]
as follows:

i:1+§ 3 (_1)”
q, e n

(S13)

sinﬂex ;Dsmznz
R P R?

S1.6. Adsorption study

Langmuir and Freundlich isotherms are the most com-
monly used model for fitting of adsorption data. Langmuir
isotherm means the formation of monolayer on the homo-
geneous adsorption surface and the adsorption of each mol-
ecule have equal adsorption activation energy. Freundlich
isotherm signifies heterogeneous surface with uneven
adsorption heat distribution with the possibility of the exis-
tence of multi-layered adsorption [S1].

_bg,,C c_1., ¢

, or linear form —= (514)
C Dax  Gona

1+0b q

q=k,C", or linear form logg =logk, +nlogC (S15)

where C is equilibrium metal ion concentration left in
the solution (mol L™); g is adsorbed amount of metal ions
(mol g); g, and b are Langmuir constants related on the
adsorption capacity and adsorption energy. Maximum
adsorption capacity, g, , denotes the amount of adsorbate,
so the complete adsorption surface is covered with adsorbate
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monolayer (mol g7), and b (L mol™) is the constant related
with the adsorption heat.

In Freundlich model (Eq. (S15)) k, (mol'™ L" g) is an
approximate indicator of the adsorption capacity for the equi-
librium concentration, and 1/n is the Freundlich adsorption
intensity parameter, that is, it defines strength of adsorption.
For n =1 the partition between the two phases are indepen-
dent of the concentration, 1/n < 1 indicates a normal adsorp-
tion, while for 1/n > 1 indicates cooperative adsorption.
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Fig. S4. Isotherms model fitting of the adsorption data of pollut-
ants/AS3-PAN system at 25°C, 35°C and 45°C, m/V =200 mg L,
[Cl,,>]: 0.102; 0.205; 0.512; 0.963; 2.56; 5.12 and 10.24 mg L7,
pH=6+0.2] (a) C[,*]:0.096; 0.192; 0.481; 0.963; 1.923; 4.82 and
9.63 mg L™, pH=8+0.2 and (b) C[*]: 0.101; 0.201; 0.505; 1.01;
2.52;5.04 and 10.08 mg L™, pH=7+0.2.

The adsorption parameters calculated using Eq. (514), the
adsorption capacity, q,__ , and affinity, b, are the most import-
ant ones used for analysis of adsorption process and selection
of operational conditions. Design of efficient adsorption tech-
nology to achieve moderate water purity, will be design to
operate to near of the saturation point. It implicates adsorp-
tion capacity as major decisive parameter. In the other case,
if the requirement is aimed at obtaining of high water purity,
the adsorption technology should be design to operate “at
the left side of the adsorption isotherm”, and the adsorption
affinity is decisive factor for technology definition.

Table S3
Dubinin-Radushkevich isotherm parameters for pollutants
removal using AS3-PAN

Dubinin-Radushkevich isotherm

Teo g, K E, R
(mgg™) (mol”KJ?)  (KJmol™)
Cda> 25 14.14 8.98 7.462 0.838
35 14.40 8.96 7.469 0.839
45 14.67 8.94 7.477 0.840
Pb* 25 23.69 9.08 7.422 0.898
35 24.12 9.06 7.429 0.898
45 24.59 9.04 7.438 0.899
Ni* 25 11.43 8.54 7.650 0.865
35 11.86 8.51 7.666 0.863
45 12.31 8.47 7.683 0.864
Cr(V) 25 10.55 8.50 7.668 0.882
35 10.79 10.79 7.678 0.880
45 11.07 11.07 7.690 0.880
As(V) 25 12.65 8.69 7.587 0.916
35 13.08 8.65 7.601 0.915
45 13.52 8.62 7.616 0.914

Table 54
Efficiency of pollutant removal by AS3-PAN from real water
sample (pH ~ 6.6)

Wastewater before treatment ~ Wastewater after treatment

Ions mg L* mg L™ Removal %
Pb* 3.7 1.92 48.11
Fe3* 2.5 1.2 52.00
Al 0.1 0 100.00
Ca* 50 38.4 23.20
Mg? 18 6.8 62.22
Cd* 0.02 0 100.00
Ni? 0.9 0.58 35.56
Zn* 1.16 0.9 22.55
Cr(VI) 0.07 0 100.00
As(V) 42 22 524
SO 58 53.4 7.93
Cl- 33 30 9.10
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Table S5

Comparison of PAN based adsorbents and amino modified adsorbent for Cd*, Pb*, Ni*, Cr(VI) and As(V) adsorption
Adsorbent Ion C, mgL" g, mgg’ Reference
Macroporous PAN/hydroxyapatite composite Cd*» 50.0 6.12 [S14]
DR-EDTA! modified PAN membranes Cu* 20.0 47.6"° [S15]
Thio-functionalized PAN fiber Cd* 20.0-500.0 368.87 [S16]
PAN/magnetite nanofibers Pb* 50.0 156.25° [$17]
Hydrolyzed oxidized PAN nanofibers Pb* 100.0 116.2 [S18]
Hydrolyzed oxidized PAN nanofibers Cd*» 100.0 85.7 [S18]
Hydrolyzed oxidized PAN nanofibers Ni* 100.0 21.0 [S18]
Aminated PAN nanofibers Pb* 40.0-1,000.0 60.6" [S19]
PAN/organobentonite Composite Cd* 10.0-75.0 52.6 [S20]
Iron oxide nanoparticle loaded PAN nanofibers As(V) 5.0 851.7 [S21]
Amino functionalized PAN fibers As(V) 50.0-100.0 327.26° [S22]
MoS,@PANI/PAN nanocomposite Cr(VI) 2.0 6.57° [S23]
Aminated waste PAN fibers Pb* 0.1-10.0 58.94¢ This work
Aminated waste PAN fibers Cd* 0.1-10.0 41.07
Aminated waste PAN fibers Ni* 0.1-10.0 32.15
Aminated waste PAN fibers As(V) 0.1-10.0 26.50"
Aminated waste PAN fibers Cr(VI) 0.1-10.0 24.54°

“Determined from Langmuir model.
"DR-EDTA - diazoresinethylenediaminetetraacetic acid.

‘Molybdenum disulfide at hybrid acid-doped polyaniline immobilized on porous polyacrylonitrile nanofiber and g, is given in mmol g

Table S6
Response surface methodology fitting ANOVA test for the
adsorption of Pb* on AS3-PAN

q Sumof  Degreeof Mean Mean C.V.%%
squares freedom  square

Model 32.30 4 8.08 177 4490

Residual  12.66 20 0.63 - -

Total 44.96 24 - - -

°C.V. — coefficient of variation

Table 57
Values from the error data analysis for the adsorption of Pb* on
AS3-PAN

Errors

HYBRID 183.94
MPSD 148.62
ARS 1.390
ARE 71.26
Std. Error 8.487
COD 0.4968

51.7. Desorption study

One of main goal of the design of highly applica-
ble adsorbent is related to minimization of material cost,
achievement of high adsorption capacities and long-term
adsorbent use. The number of the cycles of adsorbent reuse
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Fig. S5. Experimental and optimized data for the adsorption of
Pb* on AS3-PAN.

largely influences techno-economical aspect of an adsorp-
tion process. Due to this, newly synthesized adsorbents
were subjected to reusability study by variation of process
parameters: concentration and regenerator type. Also, the
development of efficient desorption technology would help
in decreasing of generation of spent adsorbent. This fact will
be unavoidably considered in a techno-economic analysis
before possible practical applications of developed adsor-
bents, that is, scale-up of adsorbent synthesis and technol-
ogy development.
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Fig. S7. Experimental and optimized data for the adsorption of
Ni*" on AS3-PAN.

51.8. Effect of interfering ions

Evaluation of AS3-PAN adsorbent for cations/anions
removal from real water samples was performed using nat-
ural water from the area of the city of Zrenjanin (located in
Vojvodina, Serbia). Prior to adsorption oxidation process by
air bubbling was performed to provide As(III) and Cr(III) oxi-
dation. Effect of interfering anions showed significant influ-
ence on decrease of the efficiency of all studied ions removal
(Table S4). Tolerable limit was defined as the highest amount
of foreign ions that produced an error not exceeding +5% in
the determination of analyte ions.

51.9. Comparison of AS3-PAN adsorbent performance with
literature data

Collected data from actual literature data on adsorption
results related to PAN based adsorbents and amino modified
adsorbent for Cd?*, Pb*, Ni*, Cr(VI) and As(V) removal are
given in Table S5.

51.10. Prediction of the removal of Cd**, Pb*" and Ni** ions using
AS3-PAN

ANOVA results indicate that the linear model is signif-
icant (F-value = 12.76) with standard deviation of 0.80 and
with p-value < 0.0001. The R? value of 0.7185 shows that
design data were in good agreement with the experimental
data. The predicted R? value of 0.5681 is in reasonable agree-
ment with the adjusted R? value of 0.6622, with a signal to
noise ratio of 10.8. All the variables showed significant effect
on the output.

Obtained fitting function is presented in the Eq. (S16).

In(q) =-3.19736 +0.0068687T +0.42811pH +

(S16)
0.28363C, +0.016389¢

The data analysis was realized using Hybrid fractional
error function (HYBRID); Marquardt’s percent standard
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Fig. S8. Correlation between experimental data and design
depending on the variable factors, pH value (a), the initial con-
centration of (b) and the time (c) vs. temperature for the adsorp-
tion of Ni** on AS3-PAN.

deviation (MPSD); Average relative standard error (ARS);
Average relative error (ARE); standard error and COD. The
Data Analysis Tools Add-in included in the Microsoft’s Excel
was used to calculate error functions for available data. The
error values were given in Table S7.

The correlation between experimental and designed (the-
oretical) data is shown in Figs. S5 and S6 for Pb* on AS3-
PAN, while Figs S7 and S8 for Ni** on AS3-PAN.
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