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removal from drinking waterf
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Amidoxime and carboxylate-containing polymer adsorbents derived from acrylic yarn exhibit high
adsorption capacity for lead(i) (Pb?*) ions in water. The adsorption process follows pseudo-second-
order kinetics and fits the extended Langmuir isotherm model with the maximum adsorption capacity of
Pb?* with 238 mg lead per gram of the fiber at room temperature. Endothermic (AH° = 20.3 kJ per
mole), spontaneous, and with the increase in the entropy of Pb?* adsorption was observed from the
thermodynamic studies. Dynamic column adsorption experiments showed that the fiber can process
4.3 L of water spiked with 1 ppm of lead(n) solution at a flow rate of 4.4 mL per min under the specified
conditions. The selectivity of Pb?* with the competitive metal ions showed varying results with highly
selective for Pb?* in a binary solution with sodium and calcium and varying degrees of competitiveness
with transition metal ions. This efficient and easily prepared fiber adsorbent appears to be a promising
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1. Introduction

There is a growing worldwide concern about heavy metal
contamination of drinking water resulting from anthropogenic
activities. Toxic elements, such as lead, present an environ-
mental danger that is aggravated by their persistence and
cumulative characteristics."” Lead is known to interfere with
hemoglobin production and cellular metabolism of vital organs
such as the brain and kidneys.>* For this reason, the maximum
permissible level of lead in drinking water is set at 15 ppb and
10 ppb by the USEPA® and the WHO, respectively.® Several
technologies exist to remove heavy metals from drinking water
and industrial wastewater. They include precipitation and
electrochemical treatment, which are, however, only effective
when the metal ion concentrations are high.” For lower
concentrations, membrane filtration and adsorption method-
ologies yield better results. Of these, membrane filtration tends
to be expensive because of its high power requirements.*
Adsorption techniques are cheaper and therefore hold more
promise for the practical remediation of low-level lead pollu-
tion.™ The recent advancements in the field of nanoscience and
nanotechnology offer new opportunities to explore nano-
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new material for the remediation of lead-contaminated aquatic environments and potable waters.

adsorbents, including self-assembled monolayers on meso-
porous silica (SAMMS), metal-organic frameworks (MOFs), and
magnetic nanocomposites.”*™*® Those nano-adsorbents have
a large surface area, porosity, and abundant surface functional
groups exhibiting remarkable adsorption capacity. However,
those adsorbents are in powder forms, which are not suitable
for large-scale water treatment applications. Functionalized
polymeric fiber adsorbents can be easily handled and directly
deployed in waste streams, rivers, lakes, and oceans, which
cannot be achieved by the powder adsorbents.

Metal ions can be separated from an aqueous solution by the
adsorption of functional groups attached to macromolecular
frameworks. By tailoring these functionalities - e.g., amidox-
ime, amino, carboxylate, imidazoline, phosphate, or thioamido
groups — metal ion selectivity can be imparted to the adsorption
sites.””*® In the past, polyethylene polymers containing ami-
doxime and carboxylate functionalities have been widely
studied to extract uranium from seawater.’**> They were tradi-
tionally prepared by a radiation-induced grafting process,
which involves the attachment of acrylonitrile and methacrylic
acid entities to polyethylene fibers.* Amidoxime functional
groups were also introduced on other substrates such as cellu-
lose,'*° resins,** a polymer of poly(5-cyanoindole),”* and wool
fiber.? Nitrile groups on these substrates were introduced/
grafted by cyanoethylation with acetonitrile on the substrate,
followed by the oxidative addition of oxalic acid on wool. The
conversion of the grafted nitrile group to an amidoxime group
was achieved by a reaction with hydroxylamine. The newly
formed amidoxime group adsorbed heavy metal cations from
aqueous solutions. In addition, the adsorption capacity of the
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adsorbent is related to the amount of amidoxime on the
substrate. The conversion of the grafted nitrile groups into
amidoxime groups was accomplished by a reaction with
hydroxylamine.*** It is generally accepted that the amidoxime
groups provide binding sites for metal ions, whereas the
carboxylate groups make the fiber adsorbent hydrophilic.

The scopes of this work involved (a) preparing and charac-
terizing an amidoxime and carboxylate-containing polymer
adsorbent from commercial acrylic yarn for the adsorption of
heavy metal ions from aqueous solutions, (b) evaluating the
sorption and selectivity, and potential mechanisms of Pb** by
the adsorbent using batch experiments, and (c) studying its
practical approach using dynamic column experiments.

2. Experimental
2.1 Materials and methods

All chemicals used were of analytical grade except the acrylic
yarn. This yarn was labeled “100%” and was purchased from
a local merchant for the preparation of the adsorbent. Sodium
hydroxide (NaOH, 99% purity) and hydroxylamine hydrochlo-
ride (NH,OH-HCl, 99% purity) were supplied by Fisher Scien-
tific and Alfa Aesar, respectively. Lead nitrate (Pb(NO3),), nickel
nitrate (Ni(NO;),), copper nitrate (Cu(NO3),), cadmium nitrate
(Cd(NO3),) and chromium nitrate (Cr(NO;);) were Analyzed
Reagent purchased from Baker. Deionized water, filtered
through a Millipore system, was used for all aqueous solutions.
The corresponding salts were used for the preparation of
1000 ppm, respective, stock solutions, from which all lower
concentrations of the respective salt solutions were prepared.

2.2 Adsorbent fiber preparation

The adsorbent fiber was prepared from acrylic yarn purchased
from a local vendor. It was boiled in hot water, followed by
thorough washing with DI water to remove the soluble and
greasy layer if present on the surface of the yarn. It was dried
and cut into pieces 1 to 2 mm long. The small pieces of the yarn
were amidoximated, wherein a part of the nitrile groups was
converted to amidoxime (hereafter AO) followed by the base
hydrolysis where a part of the nitrile groups was converted to
carboxylate (hereafter CO). A small amount of the nitrile group
was left unconverted. The involved reactions for the preparation
of the adsorbent fiber comprise the following two steps:
Amidoximation: a 100 mg dried acrylic fiber was added to
a neutralized 3% hydroxylamine solution (prepared by dissolv-
ing 6.317 g of NH,OH'HCI in 100 mL of 1 : 1 water : methanol
and then the solution was neutralized by adding NaOH). The
mixture was heated in the 67-70 °C range in an ultrasonication
bath for 10, 20, 30, 40, 60, and 120 min. The fibers were then
washed with DI water under vacuum filtration. They were dried
to constant weight in an oven at 90 °C. All the adsorbents were
labeled according to their AO with their corresponding reaction
times in minutes: AO10, AO20, AO30, AO40, AO60, and AO120.
Base hydrolysis: the hydrolysis of the remaining nitrile and
ester groups on the acrylic fiber to carboxylates was carried out
in a 1 M NaOH solution. The treatment proceeded for about
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18 h on amidoximated yarn at room temperature with constant
shaking. The fiber was then thoroughly rinsed with deionized
water until excess NaOH was washed off, and the washed water
was neutral to litmus. It was dried to a constant weight at 90 °C
and stored in a desiccator. All adsorbents were again labeled as
AO and CO with AO reaction time (min) as AOCO10, AOCO20,
AOCO030, AOCO40, AOCO60, and AOCO120.

2.3 Physiochemical characterization of the adsorbents

A scanning electron microscope (SEM, Zeiss Supra 35) with an
X-ray energy dispersive spectrometer (X-EDS) was used to
examine the surface morphology and provide the qualitative
microanalysis of the adsorbent before and after Pb>" adsorp-
tion. Each sample was coated with thin layers of carbon using
a carbon-sputtering device before SEM observation. IR spectra
of the adsorbent fiber were recorded in the spectral range
between 4000 and 600 cm ™" with the resolution of 2 em ™" and
32 scans, before and after the experiment using a Fourier
transform-infrared (FT-IR) spectrometer (Thermo-Nicolet 6700)
equipped with a SplitPea Attenuated Total Reflection (ATR)
microsampler (Harrick Scientific Corporation). The spectra
were compared to assess the changes in the surface functional
groups on the fiber. The conversion of nitrile groups to AO and
CO on the fiber was verified by determining the change in the
nitrile absorption intensity before and after the reaction. The
change in the peak intensity of the nitrile was used to estimate
the AO and CO contents on the surface of the fiber. The decrease
in the nitrile content was expressed using eqn (1), and AO% and
CO% were estimated using eqn (2) and (3).

nitrile intensity after the reaction
nitrile intensity before the reaction

% Nitrile = x 100% (1)

AO% = 100% — (% nitrile) )

CO% = 100% — AO% — (% nitrile after base treatment)  (3)

2.4 Adsorption experiments

2.4.1 Influence of solution pH. The influence of pH on the
adsorption was studied in a solution having 25 ppm Pb*" as the
initial concentration and 25 mg of AOCO30. The pH of the
solution was adjusted without any additional control during the
adsorption process. The final pH and the residual Pb>" after
adsorption were measured. A pH meter (Thermo Scientific,
Orlon Star Series) was used to measure the pH.

2.4.2 Adsorption experiments and kinetics. Batch adsorp-
tion experiments were performed to evaluate the potential of
the fibers to adsorb Pb species from the solution. The adsorbent
was soaked in DI water overnight and then added to Pb(NO3),
solutions, ranging in concentrations from 5 to 45 ppm with the
sorbent dosage of 0.1 g L™'. Pb>* solutions were stirred at
120 rpm, and samples were collected at preselected intervals
from the pool and analyzed for Pb*>* concentration using an
atomic absorption spectrometer (AAS, Thermo Electron

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Corporation S-Series). The Pb** adsorption capacity of the
adsorbent fiber (mg Pb per g fiber) at equilibrium (g.) was
calculated as:

- ot 2

The amount of Pb adsorbed (mg Pb per g fiber) at a pre-
selected time (g;) was calculated as:

(co—c)V

qr = M (5)

where c,, ¢, and c. are the initial, preselected time ¢, and equi-
librium concentrations of Pb**, respectively, in the solution (mg
L™"); Vis the solution volume (L); M is the amount of dry fiber
used (g). For further elucidation of the sorption mechanism, the
pseudo-first-order and the pseudo-second-order models were
fitted to the kinetic data using the linear eqn (6) and (7),
respectively.

In(ge — ¢) =In g — kyt (6)
t t 1

— = — 4 7
9 g kg’ @

where g. and ¢, have the same definitions as in eqn (4) and (5)
and are expressed in mg g~ . k; (min~") and k, (g mg~" min™")
are the rate constants of the pseudo-first-order reaction and
pseudo-second-order adsorption, respectively

2.5 Adsorption isotherm studies

Adsorption experiments were carried out with varying concen-
trations from 5 ppm to 45 ppm of Pb>" and adsorbent dosage of
0.1 g L™". The loss in the volume during sampling was main-
tained under 5%. Throughout the experiments, the initial pH of
the solution was kept constant at 5.4 and the solutions were
stirred at 120 rpm for 24 h at 295 K. The Pb*>" concentration at
equilibrium was analyzed. The relationship between the
amount of Pb>" adsorbed and its concentration at equilibrium
was evaluated using Langmuir, extended Langmuir,*® and
Freundlich isotherms. The monolayer adsorption onto
homogeneously-distributed adsorption sites with no adsorbate—
adsorbate interaction was used in the Langmuir isotherm
model. The concept of the extended Langmuir isotherm model
is that two different adsorbates compete for the active sites with
the monolayer coverage and with no interaction between them.
Multilayer adsorption on heterogeneous surfaces is considered
in the Freundlich isotherm model. The equations of these
isotherms and their parameters are summarized in Table 1.

Table 1 Adsorption equilibrium isotherm equations

Isotherm Equation Parameters
Langmuir ~ gmaxKrce () Gmax and Ky,
e = 1+ Kice
Extended Langmuir GmaxKimce” ©) Gmax, b and Ky,
e = T4 Kimed

Freundlich Ky and n

1
ge = Krcen (10)
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Here, g. and c. have the usual meaning as described before;
gmax 1 the maximum adsorption capacity at monolayer adsorp-
tion (mg g~ '), n is the heterogeneity factor, and b (dimensionless)
is a measure of the spread of the distribution of adsorption
energies. It tends to unity as the surfaces become homoge-
neous.” Ky, Kim, and K are the equilibrium constant for Lang-
muir, modified Langmuir, and Freundlich models, respectively.

2.6 Thermodynamic studies

Adsorption thermodynamics and the nature of the adsorption
process of Pb** were evaluated using three parameters: (i)
change in free energy (AG®), (ii) enthalpy (AH°), and (iii) entropy
(AS°). The parameters are essential in determining the feasi-
bility and the nature of the adsorption process. They were
determined using eqn (11) and (12).

AG°® = —RT In(ky) (11)
AG°

In(ka) = ——4= (12)

AG®° = —AH® — TAS® (13)

By substituting eqn (13) in eqn (12), the apparent enthalpy
and entropy for the adsorption of Pb>" were determined from
the van't Hoff eqn (14).

AH AS

ln(kd) = _ﬁ + R

(14)
For the adsorption experiment, the value of kq is mL g *,
which can be made dimensionless using eqn (15).

kge = koD (15)
where J is the phase fraction parameter (the density of water) at
the given temperature. For the temperatures, 0 °C, 23.2 °C, and
32.2 °C, the values of J were 999.87, 997.49, and 995.10 g L,
respectively. R is the universal gas constant (8.314 X
107 k] mol™* K™'), and T is the temperature (K).

2.7 Influence of competitive ions

The adsorption of Pb*" in the presence of competing cations was
studied by preparing binary solutions with Pb*" and one other
metal ion from the s- and d-blocks of the periodic table, either
monovalent, bivalent, or trivalent. The selectivity of Pb>* was
studied at equal concentrations (ppm) of both metal ions in
a fixed volume of the solution. A control, lacking competing ions,
was also run. The binary solutions were treated with a fixed
amount of the adsorbent. The adsorbent dose of 0.1 g L™" was
added to the binary solution and stirred for 24 h. The concen-
trations at the equilibrium and the preselected time were
measured and calculated using eqn (4) and (5), respectively.

2.8 Column adsorption experiments

The study was carried out in a 7.8 cm long plastic column with
an inner diameter of 1.5 cm, containing a layer of fiber

RSC Adv, 2022, 12, 27473-27482 | 27475
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Fig. 1 Schematic diagram of the column adsorption experiment.

adsorbent with a glass wool support on the top and bottom of
the fiber layer. The apparatus was assembled as shown in Fig. 1.
The influent solution was pumped through the column using
a peristaltic pump in the downward direction from the solution
reservoir, and the effluent was collected using a fraction
collector in 10 mL glass tubes. The influent and effluent
concentrations were both analyzed for Pb®>" using an Inductive
Couple Plasma Mass Spectrometer (ICP-MS, Agilent 7700).

3. Results and discussion

3.1 Preparation and characterization of modified acrylic
yarn

Screening of different AOCO adsorbents prepared from batch
adsorption experiments indicated that AOCO30 had the highest
adsorption capacity for Pb*>" per gram of the adsorbent (see
Fig. S17). As such, the rest of the studies were conducted using
AOCO030. The surface modification of the substrate of the acrylic
yarn was performed in a 2-step process described in the exper-
imental section. In the first step, a part of the nitrile groups on
the acrylic substrate underwent nucleophilic addition in the
presence of at 67-70 °C for 30 min. The AO reaction mechanism
has been reported in the literature.”® AO on the fiber surface
resulted in the formation of a hydrogel layer due to bonding
between the AO group and water molecules.”” At 70 °C, the AO
reaction proceeded efficiently in methanol/water. The density of
the AO groups formed on the fiber depended on the reaction
time, as the nitrile to AO conversion is time-dependent.
Temperature and hydroxylamine concentration were other
determining factors.”® The second step was the room-
temperature alkaline hydrolysis of the nitrile groups on the
substrate. The pendant nitrile group on the acrylic yarn was
stable in the basic solution at room temperature. Without AO,
the conversion of nitrile to CO is not possible in ordinary
conditions. The possible alkaline hydrolysis mechanism is
presented in ESI Scheme S1.}

The physical properties of the fiber adsorbent also depended
on the relative amounts of AO and CO present in the final
product. With an increase of AO on the fiber, it became first
sticky and then hard and brittle. The base treatment of the
adsorbent with different AO contents produced different
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Fig. 2 IR spectra of (a) acrylic yarn, (b) AO30 and (c) AOCO30.

products. The adsorbents were fibrous for AOCO10 and
AOCO20 and jelly-like for AOCO30, AOCO40, and AOCO60. In
the case of AOCO120, the fiber dissolved.

The acrylic yarn, intermediate and final products of the
adsorbent synthesis with an AO reaction time of 30 min were
characterized using IR spectra, as shown in Fig. 2 (see the ESI in
Fig. S2 and S3t for adsorbent synthesis with different AO and
CO reaction times). The C=N stretching frequency at
2243 cm ! and the ester C=0 frequency at 1736 cm ' were
used to follow the reaction. The intensities of these peaks
decreased after the amidoximation and carboxylation reactions,
and new frequencies appeared at 1651 cm ', 1564 cm™*, and
909 cm ™', These were assigned to C=N, COO ", and N-O groups
on the fiber, respectively. The absorption peak for the amine
N-H bending at 1592 cm™ " was buried under the broad signals
for the CO groups after hydrolysis. The intensities of the broad
absorption bands of OH were also observed around 3000 cm ™'
in all the products. The absorption peak of the acrylate ester
shrank as it was converted to CO during hydrolysis.

IR spectral analysis was used to quantify the AO and CO
densities on the fiber surface. The intensities of the nitrile peaks
were normalized to the intensity of the methylene peaks in the
spectra in the calculation for comparison (Fig. S4t). The AO and
CO densities obtained were used to measure the adsorbent in
further studies. For AOCO30, the calculated AO% and conver-
sion of the nitriles into CO and CS were 41% and 42%,
respectively.

The C=N stretching frequency at 2243 cm™ ' and the ester
C=0 frequency at 1736 cm ™' were used to follow the reaction.
The intensities of these peaks decreased after amidoximation
and carboxylation reactions, and new frequencies at 1651 cm ™',
1564 cm ™', and 909 cm™ ' appeared, which are ascribed to C=
N, COO~, and N-O groups in the fiber, respectively. The
absorption peak for the amine N-H bending at 1592 cm ™" was
buried under the broad signals for the CO groups after hydro-
lysis. The intensities of the broad absorption bands of OH were
also observed at around 3000 cm ™" in all the products. The
absorption peak of the acrylate ester shrank as it got converted
to CO during hydrolysis.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a) AOCO30 before Pb2* adsorption, (c)
AOCO30 after Pb%* adsorption; XEDS of AOCO30 (b) before and (d)
after Pb®* adsorption.

The SEM image of the adsorbent AOCO30 before adsorption
indicates a fused mass-like structure with porous surfaces
(Fig. 3a). The elemental composition of the adsorbent before
the Pb>" treatment was accessed by surface mapping and XEDS
spectra. In the XEDS spectra, the prominent peaks related to C,
O, N, and Na were noticed (Fig. 3b). A fibrous morphology was
observed after the sorption of Pb*>" on the adsorbent (Fig. 3c).
After treatment with Pb** solution, new peaks related to Pb>*
were observed (Fig. 3d).

The pH of the solution played an essential role in the
adsorption of Pb** onto the fiber since it affected both the
surface charge on the adsorbent and the existence of the lead
species in the solution. Lead can exist as Pb>*, Pb(OH)", Pb(OH)
20, and Pb(OH); , depending on the pH of the solution.” pH
influence on the adsorption was studied with the solution pH
initially adjusted and without control throughout the experi-
ment. The amount adsorbed vs. initial pH is presented in Fig. 4.
It was observed that the adsorption of Pb>" failed when the pH
of the solution was less than 4.3 since the competitive proton

250
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& /
=, 150 /
& [
2z
Q
& 1004
<
@]
=}
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I
g 504
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0 - ] o
T T T T T T T T T T T T 1
35 4.0 4.5 5.0 5.5 6.0 6.5

Initial pH

Fig. 4 Effect of initial pH of the solution on the adsorption capacity of
Pb2* by AOCO30. (Dosage = 0.1 g L™, cq = 25 ppm, T = 295 K, and
contact time = 24 h).
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adsorption blocked the Pb** binding sites.*® At a pH higher than
7, Pb was hydrolyzed and precipitated as Pb(OH),. The precip-
itated form did not play a role in the removal of Pb>* under the
solution conditions used. The pH values beyond the point at
which precipitation of lead was formed were not studied.

3.2 Kinetics and thermodynamics of Pb>" adsorption on
modified yarn

The adsorption kinetics of the adsorbents AO30 and AOCO30
were studied. Fig. 5 shows the adsorption of Pb>" on AO30 and
AOCO30 as a function of contact time. In the case of AOCO30,
the adsorption equilibrium was achieved within two hours. The
adsorption curve slope was very steep in the first hour and
flattened out as the active sites on the adsorbent were occu-
pied.** With AO30, no significant adsorption was observed.
Further elucidation of the kinetic mechanism was performed by
fitting the kinetic data to the pseudo-first-order and pseudo-
second-order kinetic models. The graphs of In(q. — ¢,) against
t and — against ¢ yielded a linearized form of a pseudo-first-
order féaction and pseudo-second-order reaction, respectively,
and the data are presented in (Fig. S5 and S67). The calculated
adsorption kinetic parameters are tabulated in Table 2. The
pseudo-second-order kinetic model fits better than the pseudo-
first-order model, as shown by the respective correlation coef-
ficients closer to unity. Also, the calculated g. was much closer
to the experimental data (geexp). This suggests that the rate-
limiting step was not pseudo-first order, but pseudo-second-
order, and involved chemisorption, i.e., chemical interactions
between adsorbate and adsorbent.**

The variation of initial concentrations of Pb>* ranging from 5
to 45 ppm solutions on the adsorption capacity was evaluated at
295 K. The observed results are presented in Fig. 6. It showed
that the adsorption capacity increased with a steep rise with the
increase in the initial concentration from 5 ppm to 25 ppm and
a plateau was reached beyond the high concentrations. The
availability of the vacant sites at low concentrations indicates

200 —

= b) AOCO30
o ) A030

Hill Fit; R=0.997
- - - Hill Fit; R’=-2

100 —

Adsorption Capacity at Preselected Time q, (mg/g)

T — T T T T T
600 800

T T T T T 1
-200 0 200 400 1000 1200 1400 1600

Time (min)

Fig. 5 Adsorption of Pb?* on (a) AO30 and (b) AOCO30 as a function
of contact time (initial concentration = 25 ppm; temperature = 22 +
3 °C; adsorbent dose = 0.1 g L; pH = 5.4; stirring rate = 120 rpm).
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Table 2 Parameters of pseudo-first order and pseudo-second order kinetics for Pb2* adsorption on AOCO30 (initial concentration = 25 ppm;
temperature = 22 + 3 °C; adsorbent dose = 0.1 g L; pH = 5.4; duration 24 h)

Order Geoxp (Mg ) Gecal (Mg g™ ") &y (min ™) k, (g mg ' min™") R
Pseudo-first order model 200.23 105.56 0.011 0.839
Pseudo-second order model 198.81 3.24 x 107* 0.997
300 Pb>". This indicates that adsorption takes place on the surface
- of the adsorbent as a monolayer homogeneous adsorption
250 o \ process with adsorbate-adsorbate competing for the active sites

7 2 - J4sppm . . . . . .

N P °® with no interactions, i.e., selective adsorption for Pb*>* than Na*.
- -~" 35ppm The kinetic study showed that the adsorption of Pb*" is

200 —

150 4

100

Extended Langmuir Isotherm; R’ =0.997
- - = Langmuir Isotherm; R =0.986
—-—- Freundlich Isotherm; R =0.941

Adsorption Capacity at Equilibrium g, (mg/g)
3
1

T T T T T T T T T T 1
0 5 10 15 20 25

¢, (mg/L)

Fig. 6 Effect of the initial concentration on the adsorption capacity
and adsorption equilibrium isotherms of Pb2* on the adsorbent in 24 h.
Adsorbent dose = 0.1gL; pH =545, T=22°C.

the steady rise in the adsorption capacity but at higher
concentrations, these sites are saturated and hence form
a plateau.

To explain the Pb** sorption mechanism, the experimental
data were analyzed using Langmuir, the extended Langmuir,
and Freundlich isotherm models. The non-linear fitting of the
isotherm models for the obtained experimental data is also
shown in Fig. 6 as a plot of g. and c.. The parameters for all
adsorption isotherms with their correlation coefficients for
nonlinear fittings are summarized in Table 3. The equilibrium
data show that the extended Langmuir isotherm has a correla-
tion coefficient closer to unity. Hence, it may be a better fitting
to the adsorption behavior of the adsorbent in the sorption of

Table 3 Parameters of adsorption isotherm of Pb?* (nonlinear fitting)

Isotherms Parameters Units Values
Langmuir Gmax mgg ! 261.39
Ky, Lmg ' 0.713
R? 0.986
Extended Langmuir Gmax mgg " 237.74
Kim Lmg™" 1.598
b 1.579
R? 0.997
Freundlich K mg' " LM gt 76.69
ng 2.381
R? 0.941

27478 | RSC Adv, 2022, 12, 27473-27482

pseudo-second-order kinetics, suggesting that it is a chemi-
sorption-driven process. The thermodynamic studies showed
that the adsorption is feasible and endothermic in nature. The
sorption mechanism can be explained by the FTIR study. The
presence of the NaOH trapped within the gel results in the
existence of carboxylate and negatively charged amidoxime
structure on the surface of the adsorbent. The negatively
charged surface was favorable for the adsorption of Pb*>* by
electrostatic attraction.*® In addition, some chelation may also
occur during the adsorption process, but because of its complex
chemistry, it is not clearly understood. However, the participa-
tion of AO and CO is involved in the adsorption of Pb>* from the
aqueous solution. FTIR spectra of the adsorbent before and
after the adsorption of Pb®>" showed a red-shift in the carbox-
ylate peak of about 15 cm™ " in Fig. 7. Hence, the synergistic
effect of both AO and CO can be predicted in the sorption
mechanism.

The thermodynamic parameters were evaluated using the
adsorption isotherm of Pb>". The values of AH® and AS° were
determined from the van't Hoff linear plot of In(kq4.) against 1/7.
Using the slope and the intercept from Fig. 8, AH® and AS® were
obtained, whereas AG® was obtained using eqn (11). The results
are summarized in Table 4. The values of AG® obtained for all
temperatures in the study were negative, signifying that the
adsorption process was thermodynamically favored and

- 1549
—— AOCO30 + Pb -COO +Pb
—— AOCO030

-C00

Absorbance

T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm’l)

Fig. 7 Comparison of FTIR spectra of the adsorbent before and after
the adsorption of Pb?*.
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Fig. 8 The van't Hoff plot for the adsorption of Pb?*.

Table 4 Thermodynamic parameters for the adsorption of Pp2*
(adsorbent dose = 0.1 g L™ initial concentration = 25 ppm; contact
time = 24 h)

AH® AS° AG® at
T (K) kae (k mol™") (K mol™)  296.35 K (k] mol™?)
273.25  14890.13  20.33 0.15 —24.12
296.35 26 885.70
305.42  38241.83

spontaneous. The positive values of AH° indicate an endo-
thermic adsorption process and is supported by the increase in
the adsorption capacity with the rise in temperature. Similarly,
AS° is also a positive value, which indicates an increase in
randomness during the adsorption of Pb>". This is more likely
due to the release of Na* during the selective adsorption of Pb>".

3.3 Application of modified yarn for the sorption of Pb>*
from drinking water

The adsorption of Pb*>* in the presence of competing cations
was carried out. For this purpose, binary solutions were
prepared with Pb** and one other metal ion from the s- and d-
blocks of the periodic table, either monovalent, bivalent, or

View Article Online

RSC Advances

trivalent. The selectivity of Pb®>" was studied at equal concen-
trations (ppm) of both metal ions in a fixed volume of solution.
A control, lacking competing ions, was also run. The binary
solutions were treated with a fixed amount of adsorbent. Table 5
shows the adsorption capacities (g.) at equilibrium, the distri-
bution coefficient (kq), and selectivity coefficient (k). The data
show that Pb>" is exclusively selected from binary mixtures with
K", Ca*", cd*", and Ni*" after 2 h of treatment. There was
competitive adsorption of Pb**/Cu®>" and Pb*'/Cr’* after the
solution was brought to pH 5.6. Fig. S7a, b, S8a, b, and S9a,
bt show that the competing ions altered the adsorption capacity
of Pb>* and competing adsorbates in mixtures. The least effect
was observed in the presence of K' and ions. Competitive
adsorption was observed for Cu”" and Cr*" after increasing the
pH to 5.6. In the case of Cd** and Ni**, there was initial
adsorption of the competing elements, but later in the run, they
were displaced by Pb**. The pH of the solution played a vital role
in the adsorption capacity of the adsorbent and determined the
species of metal ions that were adsorbed.

The AO/CO-containing fiber adsorbent derived from acrylic
yarn is highly effective for the adsorption of lead from water.

" ¢/
t 0
. 2_
0154 BiDoseResp R"=0.991
0.10
&
o
0.05
0.00

T T T 1
4000 6000 8000 10000

Volume (mL)

Fig. 9 Adsorption of lead in water passing through a column packed
with AOCO fiber adsorbent. Influent 1 ppm Pb, flow rate 4.4 mL min~1,
0.5 g fiber, fiber bed height 2 cm, column diameter 1.5 cm, room
temperature 22 °C.

Table 5 Selectivity parameters of Pb2" and competing metals in binary solutions at 22 °C. (Adsorbent dose = 0.1 g L™%; initial concentration =

25 ppm each and contact time = 2 h)

Metal Competing

ion ion ge (mg g~ 1) of Pb* ge (mg g~ ") of competing ion ka (L g7") of Pb** ka (L g7 ") of competing ion k
Pb** — 129.76 — 9.58 — —
Pb* K 136.06 4.82 9.93 0.19 51.77
Pb* Cca** 104.08 4.42 7.26 0.18 39.56
Pb* cu** 46.56 45.80 2.11 2.87 0.74
Pb**e crite 50.08 33.06 2.51 1.45 1.73
Pb* Ni%* 97.87 45.61 5.69 2.57 2.21
Pb** cd** 107.14 31.72 7.07 1.30 5.42

“ pH adjusted to 5.4.
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Table 6 Comparison of different adsorbents with AOCO30

View Article Online
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Adsorbent Functional group Substrate Preparation method

KC11 Iminodiacetate Polyethylene Radiation-induced grafting
technique

KC31 Polyamine Polyethylene Radiation-induced grafting
technique

AOCO30 Amidoxime, carboxylate, and nitrile Acrylic yarn 2-Step chemical processes: AO and
(o]6]

Grape stalk waste Unspecified

Oxidized multiwalled carbon
nanotubes

Hydroxyl, carboxyl and carbonyl

The fiber can be placed in lead-contaminated water in
a container to remove the toxic metal from the water. It can also
be packed in a column like a filter to remove lead from the
flowing water. A solution containing 1 ppm of lead was fed into
the column from the top using a peristaltic pump at a flow rate
of about 4.4 mL per minute. Lead concentration in the effluent
was found to be less than 10 ppb, the permissible level of lead in
drinking water, for at least the first four liters of the water
passing through the column (Fig. 9). The lead break-through
point, ie., effluent containing more than 10 ppb lead,
occurred at about 4.3 liters. This simple column adsorption
experiment demonstrates that the amidoxime/carboxylate-
containing fiber adsorbent derived from acrylic yarn may be
a potential new filter material for removing lead from contam-
inated potable water.

Some chelating fibers are commercially available for
removing toxic metals - lead - from water. A brief description of
the different adsorbents considered in this study is presented in
Table 6. Two types of commercial chelating fibers: KC11 and
KC31 were tested in this study for comparison. Under the same
experimental conditions, KC11 and KC31 showed about 50%
and 25% Pb>* adsorption capacity, respectively, relative to
AOCO030, as shown in Fig. 10 after 6 h of contact. AOCO also

200 —

150

Adsorption capacity, q,, mg/g
g
1

w
S
1

T T T T T
KC31 KC11 AOCO30 grape stalk waste MWCNT

Fiber type

Fig. 10 Comparison of the adsorption capacity of different
commercial adsorbent materials with AOCO30.
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Grape stalk Drying at 110 °C until constant
weight is reached

Oxidation of multiwalled carbon
nanotubes with nitric acid followed

by calcination process

Multiwalled carbon nanotubes

showed a high sorption capacity of Pb*" (200 mg g ' or
0.97 mmol g~ ') compared to other adsorbents such as grape
stalk waste (0.24 mmol g~')** and multiwalled carbon nano-
tubes (MWCNT, 9.92 x 10> mmol g~ ").**

4. Conclusion

This work established that acrylic yarn can be used as a starting
material for synthesizing amidoxime and carboxylate-
containing chelating fibers for removing Pb** from water. The
study showed that AOCO30 had the maximum adsorption of
Pb>". The synergistic effect of AO and CO can be predicted from
the IR study in the adsorption process and the adsorption
capacity increases with an increase in pH. The Pb*>" adsorption
process follows pseudo-second-order kinetics, suggesting the
process probably involves chemisorption. The adsorption
isotherm study on the system shows that the extended Lang-
muir isotherm fits well with the data with a gpax of 238 mg lead
per gram fiber. The Pb*" adsorption is endothermic (AH® = 20.3
k] per mole) and the adsorption capacity increases with
temperature. Gibb's free energy was about —24.12 kJ mol " at
296.35 K and the entropy was 0.15 k] mol ™ ". The selectivity for
Pb>" varied with the nature of the metal ions. It was highly
selective for Pb®" in a binary mixture with Na* and Ca**. Tran-
sition metal ions showed varying degrees of competitiveness in
the adsorption process. The adsorption process was observed to
be effective after fixing the pH of the binary solution for Cu®*
and Cr** to pH 5.6. The column adsorption test showed that the
fiber material can reduce water containing 1 ppm of lead to less
than 10 ppb of lead, as required by the drinking water standard
with good efficiency. When compared with other commercial
chelating adsorbents and from agricultural origin, it has
a higher removal capacity of Pb>" from the aqueous solution.
This new fiber adsorbent is easy to prepare, and the starting
material is readily available. It appears promising for the
remediation of lead-contaminated aquatic systems, including
lead-contaminated potable water.
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