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Abstract Poly(acrylic acid) (PAA) was synthesized and
chemically modified with hydroquinone (HQ) applying the
reaction conditions of Minisci. A degree of modification of
as high as 32 % was obtained under optimal conditions:
temperature of 70-80 °C, time of 5 h, and [p-benzo-
quinone]/[acrylic acid)] ratio of 1.25. The synthesized PAA
and its modified form HQ-PAA were characterized by
UV-visible, FT-IR, XRD, SEM, "*C NMR spectroscopy,
TGA, DSC, and size exclusion chromatography. The study
of copper (II) adsorption by the cross-linked PAA and HQ-
PAA resins was undertaken, varying the following
parameters: pH, time, temperature, ionic strength, sorbent
mass, and initial copper (II) concentration. Optimal copper
sorption extents of 5.5 and 20 mg g~ ' for PAA and HQ-
PAA resins, respectively, were found under the following
conditions: a pH of 5.4, a time of 3 h, a temperature of
45 °C, and an ionic strength of 0. Sorbent resins were
achieved by cross-linking poly(acrylic acid) and its modi-
fied one through an oxidative decarboxylation process.
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Introduction

Polyacrylics are a special class of polymers as far as their
uses, and applications are of interest. Their nowadays
ubiquity stems from the large spectrum of their properties
which are on a par with the chemical reactivity of their
functional groups, i.e., carboxylic, ester, amide, and nitrile.
A wide range of their chemical modifications are, but the
result of the proneness of these groups to chemical reac-
tions, affording valuable materials with targeted properties.
Poly(acrylic acid) (PAA), coined the name “carbopol” in
pharmaceuticals, is known to be a super absorbent polymer
that can absorb and retains a great extent of water, a
property that is exploited in hydrogels making for various
controlled drug delivery systems [1, 2]; a related fact is that
the swelling behavior of PAA hydrogels was found to be
highly medium pH dependent due to the presence of car-
boxylic groups [3]. Low molecular weight PAA has been
valorized as an efficient salt-scaling inhibitor, chiefly in
oilfield operations, via the ability of the carboxylic groups
in sequestering metal ions [4]. A five-fold enhancement in
the removal heavy metals was observed with PAA-bound
tetrahydroxybenzene (THB-PAA) with respect to the vir-
gin PAA [5]. Pyridylazo-2-naphthol-functionalized PAA
was employed as a fluorescent nanofiber probe for the
determination of Ni** [6]. Besides of being water soluble,
PAA has a capacity to form polyelectrolyte complex
nanoparticles with other polymers, such as poly(-
ethyleneimine) [7]. Ultrathin films for electrochromic
devices were made via a layer-by-layer (LBL) strategy by
reacting PAA with polyaniline in acid—base (COOH/NH,)
mechanism [8]. By the virtue of its carboxylic groups, PAA
served as template for making helical polyaniline-PAA
microwires or rods [9]. The plausible decarboxylation of
PAA via a homolytic pathway promoted its use as a redox
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unit carrier [10]. Apart from its hydrophilic character, PAA
via its carboxylic groups was of a critical value in coating
bleomycin-loaded magnetite nanoparticles (Fe;O4) to
generate an antitumoral drug delivery system [11]. As for
polycarboxylic acids [12], the other facet of PAA is its
propensity towards potentiometric titration. The latter
property is of a great merit, because the pH plays a pivotal
role in several investigations, indicating the actual form of
the involved molecule (ionized and neutral species).
Moreover, the polymer effect emerges in various chemical
studies as the results using polymers may be different from
those using their molecular counterparts; for example, the
potentiometric titration of PAA exhibits a profile different
from those of acrylic acid and acetic acid.

In a continuation of a previous work [5, 13, 14], it is
herein intended in the present paper to apply the chemistry
of Minisci [15] at the macromolecular level, and hence-
forth to the chemical modification of poly(acrylic acid)
(PAA) with hydroquinone (HQ); the latter one, being a
polyhydroxylated benzene, is conceived as ligating species
in the removal of heavy metallic ions via adsorption pro-
cess. A synergism of COOH and HQ functionalities within
the polymeric material in the removal of heavy metals is
herein demonstrated; introducing HQ moieties onto PAA
matrix would enhance the metal adsorption capacity of this
polymer. Recently, we reported the results of adsorption of
cadmium and led by COOH-functionalized mesoporous
silica [16, 17]. Resins containing catechol and resorcinol
were evaluated as sorbents for heavy metal ions [18, 19].
The present study includes the preparation of the HQ-PAA
resin and an observation of the effects of reaction time and
benzoquinone/monomer unit molar ratio on the degree of
substitution, and of the effects of several experimental
parameters, such as contact time, initial pH, electrolyte
concentration, temperature, and initial resin mass, and
copper concentration on the capacity exchange in the metal
adsorption. The adsorption kinetics and isotherm models
were used to describe the copper adsorption data. The
thermodynamic factors of adsorption were determined.

Experiment
Materials and measurements

The chemicals were purchased from one of the following
chemical companies: Aldrich (France), Fluka AG, Prolabo,
and Merck. Acrylic acid was purified by vacuum distilla-
tion. Azobisisobutyronitrile (AIBN) was recrystallized
from methanol. 1,4-Benzoquinone (BQ) was used as pur-
chased. UV-vis spectra were recorded using a JASCO UV-
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Vis spectrophotometer using bidistilled water as a solvent.
Infrared spectra were taken with a JASCO 4200 FT-IR.
The polymer samples for the infrared analysis were in the
form of cast films. The diagrams of X-ray diffraction
(XRD) were recorded on a Bruker D8 diffractometer (K
radiation, A = 0.154 nm, 40 kV, 100 mA). The experi-
ments were performed directly on the polymer samples
which were finely cut in the range of 260 equal to 5°-90° at
the scanning speed of 0.02°/s. The morphology of poly-
meric samples was observed using a scanning electron
microscope (SEM) JEOL 6700 operating at an acceleration
voltage of 200 kV. '*C NMR spectra were recorded using a
spectrometer Bruker 400 MHz using CD3;0D as the sol-
vent. Molecular weights were measured by size exclusion
chromatography (SEC) [gel permeation chromatography
(GPC)] on a set DIONEX, series Ultimate 3000 (degasser,
pump, autosampler), 4 Shodex OH-pack 30 cm in series
(803HQ, 804HQ, 806HQ, and 807HQ), a differential
refractometer OPTILABrEX (Wyatt Tech), and a light-
scattering detector DAWN multiangle HELEOSII (Wyatt
Tech). The eluent was an aqueous solution consisting of
water and 0.1 M NaNOs at a rate of 0.5 mL min~'. The
injected volume was 0.1 mL from a concentration of
2-3 g mL~" of each polymer solution. Differential scan-
ning calorimetry (DSC) thermograms were recorded on
Netzsch DSC 204 F1 at a heating rate of 5 °C min~" under
nitrogen atmosphere. Thermogravimetric analysis (TGA)
was conducted on NETZSCH TG 209 F3 apparatus in the
temperature interval of 20-600 °C, at a heating rate of
10 °C min~" under nitrogen atmosphere (2 mL min™ ).
The used weights of polymer samples for the measurement
were in the range of 5.5-5.7 mg. Metallic adsorption by
resins was estimated by flame atomic absorption spec-
trometer (FAAS) of type Buck Scientifics 210VGP fitted
with a deuterium lamp, a corresponding hollow cathode
lamp, and a 10-cm long burner; the flame was provided by
air-acetylene gas.

Modification reactions of poly(acrylic acid) PAA
(Eq. 1)

In a 500 mL, one-neck round bottom flask equipped with a
condenser 0.5 g (6.94 x 107> mol) of PAA was dissolved
in 50 mL of distilled water, followed by the addition of
50 mL of an ethanolic solution containing 0.93 g
(8.6 x 1073 mol) of BQ. To this homogeneous mixture,
0.039 g (2.3 x 1074 mol) of silver nitrate was added,
followed by the addition of 150 mL of distilled water. The
system was heated to reach 75-80 °C under magnetic
stirring. Once this temperature was reached, a saturated
solution of potassium persulfate (1.88 g, 6.95 x 107> mol)
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was added dropwise. The reaction was stopped, and the
content was cooled to room temperature. The modified
PAA was isolated by the following sequential steps: (1) the
evaporation of ethanol followed by the addition of 50 mL
of distilled water; (2) the mixture was allowed to stand for
1 day to assure the precipitation of the unreacted BQ (the
precipitate was eliminated by filtration); and (3) the mod-
ified PAA was obtained by casting from the solution within
4 days. The cast film was then dried to constant weight in
vacuo at 45 °C for 4 days.
The modified PAA is herein abbreviated as HQ-PAA.

K, s,os AgNO;

70 80 °C

PAA BQ

provided by Eq. (3); m is the sample weight of the HQ-
PAA used in the UV measurements; M, and M, are the
molecular weights of acrylic acid and vinyl hydroquinone,
respectively.

Metallic ion adsorption
Preparation of the resins (Egs. 4 and 5)

Into a 100 mL round-bottomed flask fitted with a reflux
condenser, 5 g of polymer were charged and dissolved in

HijMW\LC_EA}W (1)

OH

HO

HQ-PAA

The degree of substitution S (%) was provided by the
following equations (Egs. 2, 3) [10, 20]:

§% = ()
ny + ny
m — 112M2
—- L= 3
" M, ®)

where n, is the number of moles of HQ (in the form of
vinyl hydroquinone) present in the modified PAA, esti-
mated from the UV calibration curve of HQ; n; is the
number of moles of acrylic acid present in the HQ-PAA,

100 mL  of distilled water. An amount of 0.39 g
(2.3 % 1073 mol) of AgNO; was added, and the mixture
was heated while stirring at a temperature of 70-75 °C,
then a 100 mL aqueous solution of 1.88¢g
(6.96 x 1072 mol) of K,S,0g was added dropwise to the
mixture. The latter was allowed to stir at this temperature
domain for almost 1 h, the time after which a precipitate
was observed. The precipitate was isolated and washed
with a plenty of water and dried to a constant weight in
vacuo for 4 days at a temperature of 45 °C.
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Metal ion adsorption/desorption

In a thermostated cell, 0.1 g of cross-linked resin was
added to 50 mL of 50 mg L' Cu(NOs), aqueous solution,
which was previously adjusted to a desired pH (with 0.1 N
HCI and 0.1 N NaOH). The system was stirred with a
magnetic bar at a temperature of 30 °C. Sampling of the
supernatant liquid was realized at specified time intervals.
The adsorption capacity Q, (in mg of copper per gram of
resin) [21] was computed from Eq. 6:

(CO _WCe>'V (6)

where Cy, C, V, and W are the initial copper concentration
in the aqueous solution (mg L"), the copper concentration
at equilibrium (mg L™"), the volume of aqueous solution
(L), and the weight of the resin (g), respectively. A tripli-
cate adsorption analysis was undertaken, and the mean
values were considered.

The desorption of metal ion from the dried loaded resin
(0.2 g) was conducted using 0.1 N HNOj3 (50 mL) at 30 °C
for 3 h. The regenerated resin was subjected to two other
adsorption—desorption cycles. The desorption percentage
DP [22] was calculated according to Eq. 7:

Qt:

DP — Amount of metallic ion desorbed in the medium

Amount of metallic ion present in the resin
x 100.

(7)

Results and discussion
Chemical modification of PAA

Poly(acrylic acid) was synthesized as previously reported
[5] and subjected to chemical reaction with p-benzo-
quinone by the virtue of the oxidative decarboxylation
conditions of Minisci [13], as traced in Eq. 1. The mech-
anism proposed for such a chemical modification is
depicted in Scheme 1 [23]. The system K,S,0g/AgNO;5
induced the formation of a polymeric radical PAA'. Being
an electron-rich site and behaving as a nucleophilic alkyl,
the latter radical readily reacted with a benzoquinone
compound, acting as an electron-deficient species. Minisci
advanced such a mechanistic explanation for the homolytic
alkylation of pyridine and its derivatives [24, 25]. Nucle-
ophilic alkyl radicals were reported to attack preferentially
the carbon atom of the benzoquinone compound [24].

Scheme 1 Mechanism of the N ., *
grafting of hydroquinone (HQ) Agm = 5,07 g A gz’ = 80; =80 43'
on poly(acrylic acid)

Ag - 80 — == A" -+ S0

Agh + @—C—OH —- @—!:'—o’ +Ag + H”
PAA
CO,
", ©)
PAA
]
HO
. i o O
PAA

0 OH
BQ HQ-PAA
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Fig. 1 UV-visible spectra: a PAA; b HQ-PAA ([BQJ/[AA] = 1.25).
Solvent: bidistilled water

Modified PAA displayed similar traits to the pristine
polymer in terms of solubility, that is, HQ-PAA was sol-
uble in polar solvents, such as water, methanol, dioxane,
THF, and DMF and defied solubility in non-polar organic
solvents.

Analyses by UV-visible, FT-IR, XRD, SEM, and "°C
NMR (Figs. 1, 2, 3, 4, 5) certified the success of chemical
modifications of PAA with HQ. UV-visible spectrum of
HQ-PAA (Fig. 1) reveals a new absorption band at
Amax = 288 nm, a featuring band of a hydroquinone unit.
In addition, the infrared analysis (Fig. 2) came up with new
absorption bands for HQ-PAA compared with those of
virgin PAA. As can be clearly seen, it seems that the
incorporation of HQ units onto PAA matrix has helped
resolving its FT-IR spectrum, hinting at a high and regular
substitution. The characteristic bands of the HQ entity
appeared clearly as: (1) bands at around 1500-1550 cm ™!,

1=

Abs

0.8+

assigned to the aromatic C=C stretching; (2) two sharper
bands at 860-870 and 1200-1250 cm ™", attributable to the
angular deformation of C=C and the stretching of C-O,
respectively; (3) a band at 1400-1425 cm™', assigned to
planar C—H band of the benzene ring; and (4) a wide band
at around 3400 cm_l, ascribed to O—H band.

The analysis by '*C NMR spectroscopy further sup-
ported the success of the chemical modification of poly(-
acrylic acid) (Fig. 3). Indeed, besides the chemical shifts of
different carbons of PAA appearing at around of 36-42,
44-54, and 178-180 ppm, those of the HQ units are
112-116, 130, and 150 ppm.

Figure 4 illustrates the XRD patterns of PAA and HQ-
PAA, indicating amorphous structures for both polymers as
reported by other workers [26]. In the diffractogram of HQ-
PAA, new peaks at 20 equal to 27, 32, and 45° appeared,
suggesting that a degree of crystallinity was ensued. Our
results are consistent with the reported ones [27], con-
firming the grafting of HQ in the structure of the modified
PAA.

SEM images of PAA and HQ-PAA are depicted in
Fig. 5. The texture of PAA (Fig. 5a) is relatively flat and
smooth, compared to that of HQ-PAA (Fig. 5b, ¢) which
shows roughened surfaces filled with needles. This change
proved the grafting of HQ within the PAA chains.

Surprisingly, the average molecular weight (Fig. 6;
Table 1) of HQ-PAA was nearly unchanged or slightly
lower than that of the starting PAA. Indeed, M,, of the
modified HQ,-PAA (x, a degree of substitution equal to
32 %) was estimated as 2.38 x 10° g mole™' against
2.54 x 10° g mole™! for PAA; that is, the mass of the
modified polymer was about 1.06 times lower than the
initial molecular weight of PAA, suggesting a degradation

v T v T v T v T v T v T v | v T v T
4000 3800 3600 3400 3200 3000 2800 2600 2400

LI DAL DAL B DL LA SR I WL AL IS SR B SRR B SR
2200 2000 1800 1600 1400 1200 1000 800 600 400

Wave number [cm-1]

Fig. 2 FT-IR spectra: a PAA; b HQ-PAA ([BQJ/[AA] = 1.25)
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Fig. 3 'C NMR spectra of PAA and HQ-PAA. CD;OD as a solvent

occurrence in the course of the modification reaction. This
phenomenon was also observed earlier upon the reaction of
PAA and PAAm (polyacrylamide) with 2,5-dihydroxy-
benzoquinone (DHBQ) under identical conditions [5, 13].
Neira et al. [28] reported the degradation of PAA when
grafted onto cellulose using Fenton’s reagent (Fe(Il)/
H,0,), a redox system.

The glass transition temperature for the modified PAA
(Ty = 135.8 °C) was lower than that for the pristine PAA
(151.26 °C), as noticed in Fig. 7 (Table 1). The lower T,
measured for HQ-PAA can be due to the relatively low

molecular weight obtained. The DSC thermogram of HQ-
PAA revealed another thermal transition at 212.8 °C which
could be taken as the melting point T, of the modified
PAA. The small area at this endothermal peak would hint
at the degree of crystallinity ensued during such function-
alization as discussed above.

Thermogravimetric analyses of PAA and HQ-PAA are
presented in Fig. 8. A two-step degradation for PAA can be
noticed; an intense degradation of PAA (about 71 %
weight loss) occurred between 250 and 300 °C, followed
by a weaker one between 360 and 460 °C (about 25 %

* @ Springer
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Fig. 4 XRD spectra of PAA
and HQ-PAA ([BQJ/
[AA] = 1.25)

Intensity

Wy WO m

2 theta

1'},}! WCEmm

Fig. 5 SEM images: a PAA, x230; b HQ-PAA, x230; ¢ HQ-PAA, x1500

weight loss). However, a three-stage degradation of HQ-
PAA was detected; the first stage (10 %) started at 100 °C
and continued up to 160 °C, the second (35 % weight loss)
between 200 and 280 °C, and the third (31 % weight loss)
began at 360 °C and continued to 440 °C. Three maximum
loss rates manifested at 230, 403, and 131 °C; the first loss
rate may be attributed to the decarboxylation or anhydride
formation, and the second and the third loss rates may be
assigned to the degradation of HQ moieties. The results
obtained by TGA for HQ-PAA and PAA were consistent
with those revealed by DSC measurements.

* @ Springer

Effect of [BQ]/[monomer unit] ratio

The effect of [modifier]/[monomer unit] molar ratio, [BQ]/
[AA], on substitution extent of the modification of PAA
was assessed at 70-80 °C and for two reaction times, 3 and
6 h. Such an effect is illustrated in Fig. 9. The degree of
modification was estimated by UV absorbance of the HQ-
PAA using a calibration curve that was established by
measuring the absorbance of dilute hydroquinone solutions
at Anax = 288 nm; as can be noticed in the figure, the
variations of modification degree increased with increasing
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Fig. 6 GPC elution profiles for ——PAA
PAA and HQ-PAA ([BQJ/ —— HQ-PAA

[AA]) = 1.25)

Refractive index

Time (min)

Table 1 Molecular weights of

—6 -1 —6 —1 o,
PAA, HQ-PAA, and their 7, My x 107 (gmol™) My x 1077 (g mol ™) M. /My T, (°C)
PAA 2.54 1.45 1.75 151.26 (142)°
HQ-PAA*® 2.38 1.51 1.58 135.8
% Modified PAA using [BQJ/[AA] = 1.25
b Reference [10]
Fig. 7 DSC thermograms of
PAA and HQ-PAA ([BQJ/ .
[AA]) = 1.25. Scanning rate: _ 3
5 °C/min; N, atmosphere HQ-PAA T —135.8°C T=212.8°C
_ . . j
4pAA Tg:151.26°C

Flow (mW/mg)

=
=
°
—_—
L |

—_

50

[BQJ/[AA] and high substitution extents (29-32 %) were
gained with a ratio higher than 1. In addition, prolonging
the reaction time from 3 to 6 h in both the cases did not
improve significantly the substitution extent.

T T T T T T T
100 150 200 250

Temperature (°C)

Effect of reaction time

The impact of reaction time on the modification extent of
PAA for a [BQJ/[AA] ratio of 1.25 is presented in Fig. 10.
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Fig. 8 TGA thermograms of PAA and HQ-PAA ([BQJ/

[AA]) = 1.25. Heating rate: 10 °C/min; N, atmosphere

The substitution extent increased with increasing reaction
time, and optimal substitutions were reached at a time of
5 h and leveled off at 32 % beyond this time.

Metallic adsorption—desorption study

PAA and HQ-PAA adsorbents were set by cross-linking
their corresponding soluble polymers applying the oxida-
tive decarboxylation conditions of Minisci as traced in
Egs. 4 and 5. The HQ-PAA used in the adsorption of the
metallic ions was the one modified with a molar ratio [BQ]/
[AA] of 1.25 that corresponds to 32 % degree of substi-
tution. The effects of pH, time, ionic strength, temperature,

Cu(Il) adsorption capacities of the PAA and HQ-PAA
resins, were assessed, and the results are illustrated in
Figs. 11, 12, 13, 14, and 15, 16 and compiled in Tables 2,
3,4, and 5. A tentative structure of the HQ-PAA adsorbent/
Cu" complex at pH of 5.4 is pictured in Fig. 11.

It can be seen that the adsorption capacities of the
PAA and HQ-PAA resins with respect to copper (II)
increased with increasing pH and time, as shown in
Figs. 12 and 13. They remained constant beyond a time
of about 3 h. At pH values lower than 3, the sorption
rate increased by raising the pH, but at higher values, the
rate was independent on pH. The impact of this
parameter on the removal of metallic ions from solutions
is clear, because it affects the surface charge of sorbent.
A higher pH would favor the tendency of negative
charge formation on the sorbent, leading to an increase
in the electrostatic attraction between the positively
charged metallic ions and the negatively charged sorbent,
thus a greater metallic sorption. The capacity exchanges
were found to be 3.58 and 17.17 mg g~ ', respectively, at
an optimal pH of 5.4 and a time of 3 h. Hence, HQ-
PAA resin was nearly five times more effective than
PAA resin in terms of copper (II) adsorption. This
finding can be attributed to the grafted HQ moieties on
the PAA matrix. The experiment was limited to the
indicated pH values, because copper hydroxide would
precipitate at pH values higher than 5.4, and would
interfere with the actual results. On the other hand, the
removal efficiency of metallic ion was found unexpect-
edly unaffected by increasing the ion strength of the
solution, as shown in Fig. 14 and Table 2. In fact, the

adsorbent mass, and initial concentration of copper, on the addition of NaNOjz, as an electrolyte, at varying
Fig. 9 Plot of the variation of m 3h
substitution degree of PAA, ® 6h
S (%), as a function of [BQ]/
[AA] molar ratio. 31,5 - °
Temperature = 70-80 °C
31,0 1
305 = °
u
30,0
2
»n u
29,5 - °
29,0
28,5
28,0 T T T T T T T T T T
1,0 1,1 1,2 1,3 1,4 1,5
[BQ]J/[PAA]
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Fig. 10 Variation of the
substitution degree of PAA,

| = [BQJ[AA]=1,25|

S (%), as a function of time.
T = 70-80 °C 32 4
[ ] [ ]
[ |
[ ]
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[ ]
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Fig. 11 Proposed structure of H2
the copper (II)/HQ-PAA
complex at pH 5.4 H2 H C\CH

concentrations neither improved nor declined the sorption
property. The present results are in good agreement with
those reported [29, 30].

The effect of temperature on the adsorption capacities of
the resins is shown in Fig. 15 and Table 3, demonstrating
that the higher the temperature, the greater the adsorption
capacity; at optimal pH (5.4) and time (3 h), the exchange
capacities were 5.5 and 20.25 mg g~ ' at a temperature of
45 °C for PAA and HQ-PAA resins, respectively. In these

C *

c y
HE== " OH
-

Q O
|
7(:\0 OH
EM H2 CH
C/
% y

conditions, the COOH groups in the adsorbing resins are in
the form of carboxylate ions, because the working pH (5.4)
is higher than pK, of PAA (4.7), and the phenolic OH
groups in the HQ-PAA resin are not ionized due to their
higher pK, (~9.4); the carboxylate ions would complex
metallic ions more favorably than the catechol hydroxyl
groups.

Figures 16 and 17 picture the effects of the adsorbing
resin mass and the initial copper concentration on the

W @ Springer
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Fig. 12. Variatio'ns of ¢ =2 @ pHs3
adsorption capacity Q, of PAA o gi=4 @ pH=S
resin for copper (II) as a =54
function of time and pH. -
V =50 mL, Coy = 50 mg/L, 49
W = 0.1 g, [NaNO;] = 0, and
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time and pH. V = 50 mL, J i i i i
Co=50mg/L, W=0.1g, 18
[NaNO;] = 0, and T = 30 °C ]
A A A & A
14 4
= J A
> S A 4 A
12
£ A A
~— A Y & A
8 A A A
~ 1D A
f &
S 1 a
QB+ A
©
o
([
4
—T T — —r—r—r—T—r—T
D 5D 10D 150 200 250 300 350 400
Time (min)

sorption of copper ion Cu(Il), and the results are compiled =~ HQ-PAA resin was found. Raising the initial concentration
in Tables 4 and 5. As can be noticed in Table 4, about  of copper nitrate improved the metal ion uptakes of the
94 % enhancement of the exchange capacity of PAA resin  resins (Table 5) with nearly the same extents as with the
was observed at optimal conditions by increasing the mass  variation of sorbent mass. These results are in tune with the
of the sorbent by twofold, but only 22 % enhancement for  published reports [31, 32].
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Fig. 14 Variations of ® Piro A HQPAAI®
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PAA resin ([BQJ/[AA]) = 1.25 @ PAAR001 A HQPAAI=O)
for copper (II) as a function of
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The adsorption of lead (II) and cadmium (II) by the resins
was conducted and compared with that of copper (II) under
the same optimal conditions. The adsorption capacities of
the resins towards these metal ions are depicted in Fig. 18
and gathered in Table 6. Maximum adsorptions of Pb(I)
and Cd(II) by PAA resin were 7.04 and 2.88 mg g ', and
were 20.84 and 12.69 mg g~ ' by HQ-PAA resin. Under the
actual experimental conditions, the exchange capacity is in
this order: Pb(Il) > Cu(Il) > Cd(Il). The adsorption

capacity of the adsorbent is more for lead when compared to
other metals, because the stability constants of complexes
of lead with carboxylates and phenols are greater than those
for other metals [33, 34]. The cross-linked poly(acrylic
acid-co-Kryptofix-22-DM) [36], the tetrahydroxybenzene-
functionalized PAA [5], and the tetrahydroxybenzene-
functionalized PAAm [14] showed the same order of
sorption capacity. Overall, our results are within with those
reported in the literature (Table 7).
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Fig. 16 Variations of
adsorption capacity Q, of HQ-
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Table 2 Sorption of copper ion at different [NaNOs]

Table 4 Sorption of copper ion at different sorbent masses

[NaNOs] Sorption of Cu*™ (mg gfl) Sorbent mass (g), W Sorption of Cu*™ (mg gfl)
PAA HQ-PAA*® PAA HQ-PAA*®

0 3.58 17.17 0.05 332 15.06

0.001 3.46 16.81 0.10 3.58 17.17

0.01 3.11 16.01 0.20 6.94 21.03

pHS54;t=3h; Co=50mg/L; T=30°C; W=0.1g
* Modified PAA using [BQJ/[AA] = 1.25

Table 3 Sorption of copper ion at different temperatures

Temperature (°C) Sorption of Cu** (mg g’l)

PAA HQ-PAA®
20 3.17 15.76
30 3.58 17.17
45 5.54 20.25

pH 54; t=3h; W=0.1g; [NaNO3] =0 g/L;. Cyp = 50 mg/L;
T =130°C
? Modified PAA using [BQJ/[AA] = 1.25

Adsorption kinetics

Pseudo-first-order model (Lagergren equation) The
pseudo-first-order kinetic is expressed, as shown in Eq. 8
[37]:

kit

2.303 ®)

log(Qe — Q) =log Qe —

where

* @ Springer

pH 5.4; t =3 h; Cy = 50 mg/L; [NaNO3] = 0 g/L
* Modified PAA using [BQJ/[AA] = 1.25

ky is the pseudo-first-order rate constant (min™ 1Y),

Q. is the adsorption capacity of the adsorbent (mg g™ ),

Q, is the amount of Cu ion adsorbed at time  (mg g™ ).

where k; is computed from the slope of the plot of
In(Q. — Q,) versus ¢ (Fig. 19).

Pseudo-second-order model (Ho-McKay equation) The
pseudo-second-order kinetic is expressed as shown in Eq. 9
[38].

Yo, = 0. + V2 (9)

where k, is the pseudo-second-order rate constant
(g mg~" min~") and computed from the slope of the plot of
t/Q, versus t (Fig. 20).

The results of the applied models to the copper (II)
adsorption by PAA and HQ-PAA are illustrated in Figs. 19
and 20 and compiled in Table 8. As can be noticed in
Table 8, the experimental Q. values are so distant from the
calculated ones and the correlation coefficients are low,
suggesting that this adsorption does not obey a pseudo-first
kinetic model; the graphs in Fig. 19 are not straight lines,
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Table 5 Sorption of copper ion
at different Cu>" concentrations

Fig. 17 Variations of
adsorption capacity Q, of HQ-
PAA resin ([BQJ/[AA]) = 1.25
for copper (II) as a function of
Cu(II) concentration.

V =50 mL, pH 54,
T=30°C,and W=0.1¢g

Fig. 18 Variations of
adsorption capacities Q, of HQ-
PAA ([BQJ/[AA]) = 1.25 and
PAA resins for copper (II), lead
(IT), and cadmium (II) as a
function of time. V = 50 mL,
Co=50mg/L, W=0.1g,
[NaNO;] = 0, T = 30 °C, and
pH 5.4
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precluding the validity of Lagergren equation. However,
the straight lines of the plot #/Q, versus time (Fig. 20) are
indicative of the validity of Ho-McKay equation; indeed,
the experimental Q. values and the calculated ones are so
close and the correlation coefficients are high as shown in
Table 8, suggesting that the adsorption fits well a pseudo-
second kinetic model.

Adsorption isotherms

Three adsorption isotherms models were examined for our
data on the copper adsorption by PAA and HQ-PAA:
Freundlich, Langumir, and Temkin.

Freundlich isotherm The linear form of the Freundlich
equation is given in Eq. 10 [39]. For Freundlich isotherm,
the ratio of sorbate adsorbed onto a given mass of adsor-
bent to the sorbate concentration in solution is not constant:

log Q. = log Kr + (1/n)log Ce (10)

where

Q. is the amount of solute adsorbed per-unit weight of
adsorbent (mg g~ "),

K is the Freundlich constant (mg gfl),

C. is the equilibrium concentration of the solute in the
bulk solution (mg LY,

1/n is the heterogeneity factor indicating the adsorption
intensity.

Table 6 Sorption of Pb>*, Cu®*, and Cd**

Metallic ions Sorption of ions (mg g~ ")

PAA HQ-PAA?
Pb*+ 7.04 20.84
Cu** 3.58 17.17
cd*t 2.88 12.69

pH 5.4; t = 3 h; mass of resin W = 0.1 g; [NaNO;] = 0 g/L
* Modified PAA using [BQJ/[AA] = 1.25

Langumir isotherm The linear form of Langmuir iso-
therm equation is given in Eq. 11 [40]. For the Langmuir
isotherm, a monomolecular layer is supposedly formed, as
the sorbate molecules are adsorbed without any interac-
tions between them:

0. = (Yomaks) + (“gme) (1)

where

Omax 18 the maximum adsorption capacity of the
adsorbent (mg g~ "),

Ky is the Langmuir adsorption constant (L mg™").

Temkin isotherm The linear form of the Temkin model
equation is given in Eq. 12 [41]. For the Temkin model
theory, the effect of the interactions between sorbate
molecules on adsorption isotherms is taken into account,
suggesting that the heat of adsorption of all the molecules
in the layer would decrease linearly:

Q. = BInA + BInC, (12)

where

B = RT/b, bt is the Temkin constant related to heat of
sorption (J molfl), R the gas constant (8.314 J/mol K), and
T is the absolute temperature,

A is the Temkin isotherm constant (L gfl).

Data of the study of adsorption isotherms are illustrated
in Figs. 21, 22, and 23, and Table 9. Based on the corre-
lation coefficient Rz, none of the examined isotherm
models would fit the adsorption data in the case of PAA;
indeed, R? is poorly low and is in the range of 0.40-0.76.
However, in the case of HQ-PAA, the three models are
more favorable; yet, the Langmuir model (R2 = 0.993) fits
better than Temkin (R2 = 00918) and Freundlich
(R* = 0.816). The fact that the present data obey better to
Langmuir model can be assigned to the homogenous dis-
tribution of active sites on the HQ-PAA surface, as the
Langmuir equation assumes a homogenous surface, where
all the sites have equal adsorption energies. The Langmuir

Table 7 Adsorption capacity (mg g ') of some polyhydroxybenzene-functionalized resins towards Cu®*", Cd**, and Pb*"

Polymer Functionalizing group Cu**™ Ccd*t Pb>*+ References
(mgg™) (mgg™) (mggh)

Cellulose 1,2-Dihydroxybenzene (catechol) 11.83 13.00 21.5 [34]*

Amberlite XAD-4 1,2-Dihydroxybenzene (catechol) 5.69 2.89 / [33]*

Poly(vinylcatechol-co- 1,2-Dihydroxybenzene (catechol) 6.44 9.10 / [35]*
divinylbenzene

Poly(acrylic acid) 1,2,4,5-Tetrahydroxybenzene (benzene-1,2,4,5-tetrol) 19.54 14.90 22.16 [5]

Polyacrylamide 1,2,4,5-Tetrahydroxybenzene (benzene-1,2,4,5-tetrol) 18.87 17.58 20.74 [13]

Polyacrylamide 1,4-Dihydroxybenzene (hydroquinone) 5.01 4.36 5.91 [14]

Poly(acrylic acid) 1,4-Dihydroxybenzene (hydroquinone) 17.17 12.69 20.84 Present work

* The mentioned values were computed from the results given in the corresponding articles

w @ Springer
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Fig. 19 Pseudo-first-order a b
model fit for the adsorption of ( )2 y=-0.0077x +0.3413 (b) 4
Cu?t at pH 5.4: a PAA; b HQ- R2=0.7187 y=-0.0112x + 1.7856
PAA T ¢ 5?2 R2=0.7752
) o 0
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Fig. 20 Pseudo-second-order (a) (b)
model fit for the adsorption of y=0,260x+ 6,965 y=0,054x+ 1,133
Cu®" at pH 5.4: a PAA; b HQ- gn R*=0,996 _ R?=0,998
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Table 8 Results of pseudo-first- and second-order models of Cu®" adsorption
Sorbent Pseudo-first-order model Pseudo-second-order model
Qcopmgg™)  Qecalmgg™ k(min™h) R Qcopmgg™)  Qecu(mgg™) ky(gmg ' 'min™) R
PAA 3.58 1.41 0.017 0.718 3.58 3.84 0.01 0.996
HQ-PAA  17.17 5.96 0.025 0.775  17.17 18.34 0.002 0.998
Fig. 21 Plots of Freundlich 3.1 - y = 0.0587x + 2.7626
model for Cu>" adsorption: (a) y= 0‘02727)( +1.0692 (b) R?=0.9269
a PAA; b HQ-PAA 16 - R®=0.7805 3.05 - *
14 4 ‘/ 3 4
1.2 4 —
8 2.95 'S
3 1 £ 29 -
S 08 - =
£ 0.6 - 2.85
0.4 - 2.8
0.2 1 2.75 §
O T 1
0 2 4 6 2.7 T T 1
0 2 4 6

constant K is 0.181 L mgfl, a value lower than 1, indi-

cating favorable adsorption. The maximum adsorption
capacity of the HQ-PAA adsorbent, Q,,.x, Was measured to
be 22.37 mg g~ '. The Freundlich treatment of our data
afforded 1/n values greater than 1, suggesting that the Cu®"
adsorption onto HQ-PAA adsorbent was unfavorable under
the studied experimental conditions.

In Ce

Thermodynamic adsorption parameters

To acquire an insight into the adsorption process of the
Cu”" ions and its distribution between the adsorbent and
the aqueous medium, thermodynamic factors of the whole
process are eagerly sought for; the Gibbs free energy of
adsorption (AG®), the entropy of adsorption (AS®), and the

* @ Springer
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Fig. 22 Plots of Langmuir (a) 20 y=0236x+0721  (b) 3 y=0,044x+ 0,245
model for Cu®* adsorption: R = 0,986 R*=0,993
a PAA; b HQ-PAA - 2,5
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Fig. 23 Plots of Temkin model (@)5s - y=0,264x+ 2,850 (b) 25 y=2569x+ 9,957
for Cu®* adsorption: a PAA; b . R = 0,750 R'=0918
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Table 9 Parameters of adsorption isotherm models for Cu?*/PAA and Cu>**/HQ-PAA systems
Sorbent Freundlich Langmuir Temkin
1/n Ki(mgg™) R Omax mgg™) K. (Lmgh R ALghH  BUmo™Hh R
PAA 6.514 2512 0.480 6.157 0.067 0.762 19.995 0.690 0.407
HQ-PAA 17.301 15.559 0.816 22.37 0.181 0.993 48.233 1.037 0918
Fig. 24 Plots of InKy versus 1/ (@ o (b) 1
T. a PAA; b HQ-PAA
0.003 0.0032 0.0034 0.0036 08
05 ’ ¢
06 y = -3064.7x+ 10.254
1 . R? =0.9996
o
M4
c 04
15 y=-2280.9x+5.1118 =
52
0
25 0003 00032 0%  0.0036
0.2
3 B
1/T(°C -1

enthalpy of adsorption (AH®) can be computed from the
following equations (Egs. 13—15). AH” and AS® were taken
as slopes and intercepts of the plot of In Ky versus 1/T
(Fig. 24), respectively. The results are gathered in

* @ Springer

Table 10. The positive value of enthalpy AH? indicates that
the adsorption is an endothermic process, and the positive
value of entropy AS' is attributed to an occurrence of a less
ordered molecular arrangement of both carboxylate ion and
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Table 10 Thermodynamic parameters of the adsorption de Cu*"
Sorbent T (°C) T (K™Y In K4 AG® (kJ mol™1) AH® (kJ mol™!) AS® (J mol™' K7 R?
PAA 20 0.0034 —2.620 6.382 18.96 42.49 0.992
30 0.0033 —2.448 6.166
45 0.0031 —1.947 5.147
HQ-PAA 20 0.0034 —0.158 0.384 25.47 85.25 0.999
30 0.0033 0.130 —0.327
45 0.0031 0.757 —2.001
Table 141 Adsorption-— Metal ion Cycle Amount of ion adsorbed (mg) Amount of ion desorbed (mg) DP (%)
desorption results
PAA HQ-PAA*® PAA HQ-PAA*® PAA HQ-PAA*®
Pb>* 1 6.98 20.82 6.85 20.59 98.16 9891
2 6.89 20.62 6.76 20.32 98.14 98.54
3 6.86 20.52 6.73 20.19 98.07 98.41
Cu** 1 3.52 17.17 3.46 16.92 98.20 98.54
2 341 17.10 3.35 16.81 98.17 98.30
3 3.38 16.85 3.30 16.55 97.58 98.19
cd*t 1 2.89 12.65 2.86 12.54 99.08 99.12
2 2.86 12.60 2.83 12.47 98.94 99.02
3 2.84 12.57 2.81 12.44 98.72  98.97

? Modified PAA using [BQJ/[AA] = 1.25

hydroquinone unit [42]. Negative values of Gibbs free
energy (AG”) indicate a favorable and spontaneous
adsorption. Worthy of note is that, at 20 °C, no adsorption
took place as the value of AG is positive. At a working
temperature, that is 30 °C, adsorption occurred to a certain
extent as AG° is —0.327 kJ mol™!; however, a more
favorable and spontaneous adsorption could happen at
40 °C (AG® = —2.001 kJ mol ")

AG® = —RTInKy (13)
AS®  AHY
Ky =————— (14)
R RT
Co—C, V
Ky = — 15
d C, w ( )
where

R is the ideal gas constant (8.314 J mol ' K™Y,

T is the absolute temperature (K),

K4 is the equilibrium constant,

C. is the equilibrium metal ion concentration (mg L_l).

Desorption performance

In the sake of reusability of the resin in adsorption of
metals, the adsorption—desorption of metal ions was carried

out. The desorption of metal-adsorbed resins was accom-
plished by treatment with 0.1 N nitric acid at 30 °C. The
results of adsorption—desorption of ions by the resins are
gathered in Table 11. The results revealed that the capacity
exchanges of the resins were retained even after three
adsorption—desorption cycles for copper (II), lead (II), and
cadmium (II) ions, hinting at the feasibility of reuse of the
resins in the removal process. The desorption extents of
these ions from PAA and HQ-PAA resins were substan-
tially high and exceeding 98 %.

Conclusions

The application of oxidative decarboxylation of Minisci to
the chemical modification of poly(acrylic acid) was suc-
cessful. As expected, metallic adsorption of hydroquinone-
grafted poly(acrylic acid) was greater than that of the virgin
poly(acrylic acid). In addition, to achieve higher metal ion
uptakes by poly(acrylic acid) and its modified resin, one
needs to work under the following conditions: pH 5.4, time
180 min, and temperature 45 °C. Metallic adsorption by
hydroquinone-modified poly(acrylic acid) resin occurred at
temperatures of only higher than 30 °C. Finally, the
adsorption—desorption results suggest the utilization of the

w @ Springer
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hydroquinone-modified poly(acrylic acid) as a cation
exchange resin.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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