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Abstract: A new styrene-divinylbenzene copolymer (PC15) tgchfwith carboxylic acid groups was prepared. The
content of divinylbenzene in the copolymer was 15Te copolymer was characterized by Fourier t@nsfinfrared
(FTIR) spectroscopy, thermal analysis (DSC-TG)nsaag electron microscopy (SEM), specific surfaceaaand particle
size measurements. The PC15 copolymer was investiges adsorbent for the removal of phenol, 3-aptiraol (3-AP)
and p-nitrophenol (p-NP) from agqueous solution.nfrithe three investigated pollutants, the PC15 gopei has shown
the highest removal efficiency for p-nitrophenoheTkinetic of p-NP adsorption onto PC15 copolymeaswlescribed by
the pseudo-second-order model and the equilibridsomption data were well fitted to the Redlich-Pste isotherm. The
good adsorption capacity, recommend the PC15 copilyas promising candidate for the removal of peptienol from
wastewater.
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1. Introduction In this study we introduce a new styrene-15%
divinylbenzene copolymer functionalized with carplix

Industrial progress and continuous evolutioracid groups (PC15). The copolymer was characte et
generated a variety of pollutants, among which phen tested as adsorbent for the removal of phenol, 3-
compounds are the most common and dangerous wadeninophenol (3-AP) and p-nitrophenol (p-NP) from
pollutants due to their high toxicity even at lowaqueous solutions.The kinetic and adsorption isothe
concentration [1, 2]. Phenolic compounds are camsidl were also evaluated.
the most harmful organic pollutants that alter thete and
smell of water for consumption. The negative impatt 2. Experimental
phenolic compounds on human life [3, 4] and envinent
has been very intense studied [5].

Phenol and its derivatives appear into wastewater o
various industrial processes such as: petrocherfi¢cal],
refining [8, 9], pharmaceutical synthesis [10, ldjter
chlorination [12], pesticides production [13], atektile
manufacture [14]. In order to respect the enviromtale
legislation concerning wastewater, the removal ludse

2.1. Materials

Chloromethylated  styrene-15%  divinylbenzene
copolymer (Synthesized in our laboratory [36]),
tetraethylammonium iodide (Merck, 98%), 2-hydroxy-
5methoxybenzoic acid (Sigma—Aldrich, 98%),

: : : dimethylformamide (Sigma—Aldrich, 99%), potassium
llutants fi dustrial effluents has to b ed
pollutants from industrial effluents has to be ¢desed as carbonate (Sigma-—Aldrich, 99%), methanol, aceton¢ a

a matter of urgency and high importance. ; . :
During the time different methods were developad fod'ethyI ether (Chimopar, 99%) were used as starting

reduce or even eliminate if possible the content Jpaterials for the polymeric adsorbent preparation.

pollutants; among these can be mentioned: solvent Phenol, 3-am|nophenc_)l and p-nitrophenol used as
extraction [15], biodegradation [16], catalytic dation adsorbates_ were of analytlcal grade and were paecha
[17], photochemical treatment [18, 19], reverse asis oM Reactivul (Romania).

[20] and adsorption [21]. Adsorption proved to he most
effective and attractive method, due to its simplidn
operation and the cost [22]. Various adsorbent$ {&3e

. ; Chloromethylated  styrene—-15%  divinylbenzene
used for wastewater treatment such as: activateldoca .
[24, 25], silica gel sludge [26], alumina [27], rewid [28], copolymer (S-15%DVB) was used for the synthesithef

hydroxyapatite [29], bentonite [30], magnetic iromide M€V functionalized_ copolymgr (PC15) according te th
[3?/1, 3235’ %olymgrs][%], resins [[21]] andgcopolym({am, method presented in our previous paper [34] ( SehEm
35].

2.2. Copolymer synthesis
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Scheme 1. Preparation of the functionalized PCpolgmer
2.3. Polymeric adsorbent characterisation where C, and C, are the initial and the equilibrium

concentration of pollutant [mg 1.

The PC15 copolymer was characterized by means of
FTIR spectroscopy. The FTIR spectrum was carriedl ou
using a Shimadzu Prestige-21 spectrometer in thgera 3. Results and Discussion
400-4000 crf, using KBr pellets and resolution of 4 ¢m
Thermal analysis (TG/DSC) was performed using a
NETZSCH-STA 449C instrument, in the range of 25— 3.1. Cop0|ymer characterisation
1000 °C with a heating rate of 10 K rifinusing platinum
crucibles. The experiments were carried out irfieidi air The FTIR spectrum of PC15 copolymer (Fig. 1)
at a flow rate of 20 mL mihN, adsorption-desorption confirms its polystyrene-type structure. The presenf
isotherms of copolymer were performed on Micronmesit grafted COOH groups is confirmed by the broad band
ASAP 2020 instrument. The specific surface area waguated at 3410.15 chattributed to the OH stretching
calculated using theBrunauer—Emmett-Teller &) vibration and by the band at 1678.07 tassigned to the

method. The surface area of pores, volume and pare-O stretching vibration in aryl-COOH group [37].
diameter were calculated using the Barret-Joyndiehida

(BJH) method from the desorption curves. The molqno

of the PC15 copolymer was investigated by scanning
electron microscopy (SEM), using a FEI Quanta FEEB 2
microscope.

PC15
100

95

2.4. Adsorption experiments 90+

1031.92

Transmitance [%]

The adsorption experiments were performed at 25 °C,
using 2 g [* adsorbent mass and 100 mg" lnitial ]
concentration of phenol, 3-aminophenol (3-AP) and p 80
nitrophenol (p-NP), respectively. All experimentsere 1
performed at a 200 rpm shaking speed for 8 h tarens 754
reaching the equilibrium of adsorption process. o e T e e s

The concentration of phenol, 3-aminophenol and p- Wavenumber [cm”]
nitrophenol was monitored by spectrophotometriclyais ,
using a Schimadzu UV-VIS Spectrophotometer. The Figure 1. FTIR spectrum of the PC15 copolymer
absorbance values were measured at the wavelerfigth o
270 nm for phenol, 280 nm for 3-aminophenol and B8it6
for p-nitrophenol.

The amount of adsorbed pollutanffmg ¢'], was

85 o

1595.15_
700.16

3022.45
1489.05

2922.16
1452.40

3410.15

The thermal behavior of the copolymer was
investigated by thermal analysis. The TG and DS@exu
of the copolymer are shown in Fig.2.
; . Until 160 °C a slightly mass loss (around 6%) can b
calculated according to Eq. (1): observed on the TG -curve, attributed to the water
o =w 1) evaporation. Between 300 and 600 °C, a succesdion o
m large and strong exothermic effects can be notaedhe
whereC, andC; are the concentration of pollutant, initially DSC curve, attributed to the oxidative degradatirihe
and at any timet, [ mg L], respectivelyy is the volume copolymer. These effects are accompanied with gt

of solution [L] andmis the mass of adsorbent [g]. mass loss on TG curve.
The removal efficiency R (%) was calculated by Eq.  Over 600 °C, the P15 copolymer degradation is
(2): practically complete.
rR=S0"Ce g
0 (2)
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Figure 4. SEM image of the PC15 copolymer

Figure 2. TG/DSC curves of the PC15 copolymer )
3.2. Adsorption test

The N, adsorption-desorption isotherms of PC15

copolymer are presented in figure 3. AccordingU®AC Effect of pollutant nature
classification, these isotherms are of type Il w3
hysteresis loop. The influence of pollutant nature on the adsorption
capacity of PC15 adsorbent is presented in Table 1.
— The results presented in Table 1 were correlaté¢l wi
. the solubility and pKa values of pollutants, fastdhat

have a significant influence on the adsorption pssc As
can be observed, the removal efficiency of PC 15
copolymer increases with the decrease of the dajubind
pK, value of the pollutant. The PC 15 copolymer shtives
highest removal efficiency for p-nitrophenol.

Due to the fact that the best removal efficiencyP@f
15 copolymer was 75.3 %, the following adsorptitrd&®s
were performed for p-nitrophenol removal from aqueo

120
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60

Quantity adsorbed [cm® g STP]

40 -

20+

solutions.
0 T T T T T
- . Rettve presure o5 - Influence of adsorbent dose
Figure 3. N adsorption-desorption isotherms of the PC15 capety The effect of PC15 copolymer dose, ranging from 2 t

5 g L on p-NP adsorption is shown in Figure 5. It can be

Other characteristics of PC15 copolymer are: BEfpserved the continuously increase of the removal
surface area: 37.45 “mg™; BJH desorption cumulative efficiency from 75.3 % to 91.9 % with the increase

surface area of pores: 38-942 ng"; BJH desorption adsorbent dose from 2 to 5 g-LThis behaviour can be
cumulative volume: 0.223 cm*g BJH desorption average explained by the increase of the available aciites ®n the

pore diameter: 23.45 nm. o _ copolymer surface as a result of the adsorbent dose
The SEM image shown in Figure 4 evidences thgcrease.

spherical shape of the copolymer particles withnditers
between 280-450m.

TABLE 1. Effect of pollutant nature on the adsorption capacity of PC15 adsorbent

Adsorbent Adsorbed Solubility at 25 °C [d]L pKa R%
Phenol 83 9.95 325
PC15 3-aminophenol 35 4.30 40.4
p-nitrophenol 16 7.15 75.3
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Figure 5. Influence of adsorbent dose on p-NP atigor onto the
PC15 copolymer

Kinetic study

Adsorption isotherms

In this study, the experimental equilibrium datareve
fitted with the Freundlich, Langmuir, Sips and Rela
Peterson isotherms.

Freundlich isotherm is expressed as follows [39]:

— 1

qe - KFCe " (4)
0e is the amount of solute adsorbed per unit mass of
adsorbent at equilibrium [mg'y
K is the Freundlich constant [Mg™ L*"g Y,
C. is the equilibrium concentration of the solutehe bulk
solution [mg L,
nis a constant related to the intensity of adsorpti

Langmuir isotherm is represented by the equation
[39]:

q - quLCe
¢ 1+ K.C,
0e is the amount of solute adsorbed per unit mass of

(5)

The adsorption kinetic of p-nitrophenol on the PC18dsorbent at equilibrium [mg'y

copolymer was investigated by fitting the experitaén
data with the pseudo-second-order model. The lifean
of the Ho and McKay pseudo-second-order equation
[38]:

o1 .t

qt kzqe qe
Qe is the amount of solute adsorbed at equilibriurg B,
q:is the amount of solute adsorbed at tirfrag '],
k is the adsorption rate constatnt [g hgin™].

0.20

0.15 +

t/q [h g mg™]
2
1

0.05 +

0.00 [ ]

T v T v T v T v T
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t [h]
Figure 6. Plot of t/q=f(t) for p-NP adsorption dretPC15 copolymer

From the slope and intercept of the plot prese
figure 6, were calculated, = 39.20 mg § andk = 0.166
g mg* h™. The correlation coefficient close to unity? R
0.99801, confirms that the adsorption kinetic dfip-onto

PC15 copolymer was described by the pseudo-seco

order model.

9m is the maximum monolayer adsorption capacity [mg g
{z is the equilibrium concentration of the solutehe bulk
solution [mg Y],
K_ is the Langmuir sorption constant [L Hg

Sips isotherm is an empirical equation with three
parameters expressed as [40]:

q = anKsCe
1+ KCq
Ksis the Sips constant [(L ryT],
n is the Sips model exponent.
Redlich-Peterson isotherm is also an empirical with
three parameters equation. This isotherm is a awatibin

of Langmuir and Freundlich isotherms and is exméss
as[40]:

(6)

q — KRPCe
® 1+a,C’

Kge is the Redlich—Peterson constant [t],g

are is a constant [(L mY”],

S is an exponent varying between 0 and 1.

The optimum isotherm was determined by non-linear
regression analysis, using ORIGIN 8 software. The
correlation coefficient ( and the Chi-squarex) test
were employed to find the best fitted isotherm nhidde
the experimental equilibrium data.

The experimental equilibrium data for the adsorptio

(7)

ied of p-NP onto PC15 copolymer were fitted with theurfo
0 above mentioned isotherms by plottipgversusC, (Fig.7).

The parameters of the four investigated isotherritls the
corresponding correlation coefficient3jRand Chi-square

Ylue §°) are listed in Table 2.
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TABLE 2. Isotherms parameters for the adsorption of p-NP onto

PC15 copolymer
Isotherm model Parameter Pollutant
p-NP
O [Mg g 86.95
K. [L mg7] 0.03227
Langmuir R? 0.99408
2 4.04009
Ke [mgt ™ g™ 8.81486
n 2.30852
Freundlich R2 0.97075
X 19.96659
Kre [L mg’] 3.31182
ar[(L mgh)F] 0.06308
Redlich-Peterson B 0.90203
R 0.9944
x> 3.81922
Ks[L mg?] 0.0381
am [Mmg g'] 93.68
. n 0.9015
Sips R 0.99387
X 4.18205
80
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Figure 7. Isotherm plots for p-NP adsorption onRI@15 copolymer

Comparing the Randy? values shown in Table 2 for
each model, it can be noticed that the equilibrdata of p-
NP adsorption onto PC15 copolymer were best fittethe

40 60 80

T T T T
100 120 140 160

C,[mg L]

Redlich-Peterson isotherm.
The maximum adsorption capacity calculated fromy(1),20091-12.
the Langmuir isotherm is 86.95 mg'.gCompared with 14. Ghaly A.E., Ananthashankar R., Alhattab M., Barishnan V.V.J.

other g, values reported in the literature, the adsorptio
capacity of p-NP onto the PC15 copolymer is higinan
those reported by J. M. Li [41] using functionalitokan
chemically modified by: salicylaldehyde (44.92 my,g-
cyclodextrin (20.56 mg 9, and a crosslinkedp-
cyclodextrin polymer(41.11 mg™y.

4. Conclusions

aqueous solutions. The PC15 copolymer has shown the
highest removal efficiency for p-nitrophenol whichthe

less soluble and the most acidic from the threelistl
pollutants. The kinetic studies indicated that dksorption

of p-NP onto PC15 copolymer followed the pseudo-
second-order model and the equilibrium adsorptiata d
were correlated with the Redlich-Peterson isothefime
good adsorption capacity of PC15 copolymer suggésts
potential application for the removal of p-NP from
wastewater.
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