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Abstract

Phenol can be efficiently removed from polluted wastewaters by using a strong-base anion exchanger. It was observed that its removal cap.
was higher than that of other known adsorbents. This high capacity of anion exchangers for the removal of phenolic compounds has been previc
observed but the reason for so high capacity has not been suitably explained yet. For that reason, isotherms of phenol removal on Amberlite |
420 were reproduced by both empirical and theoretical treatments. A simple empirical model was able to reproduce the measured total uptal
phenol. The pH dependent equilibrium isotherms can be explained assuming that the uptake of phenol in the resin is accomplished by two w
ion exchange and molecular adsorption. The theoretical treatment allowed us to verify that the adsorption capacity does not depend on pH
to obtain the parameter values required for both adsorption and ion exchange isotherms. The importance of each phenomenon in the proc
analyzed. Adsorption of phenol onto IRA-420 is predominant at acidic pH, whereas both adsorption and ion exchange are important at alkal
pH. The theoretical model developed herein enables the relation between phenol removal, pH and amount of resin to be determined.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the phenol removal from agueous solutions by using the resin
Purolite A-510 in the chloride form and found that the phenol
Phenolic compounds exist in wastewaters from olive mill,removal increased sharply with increasing pH. They described
oil refineries, plastics, leather, paint, pharmaceutical and ste¢he isotherms by either Langmuir or Freundlich models. Nev-
industries, and must be removed to satisfy the actual envirorertheless, they consider that the uptake of phenol compounds
mental regulations. Different techniques have been applied toccurs only on the active sites of the resin by either adsorp-
remove or eliminate phenolic compounds from polluted waterstion or ion exchange. Thus, the same resin sites are considered
including chemical oxidatiofil—4], chemical coagulatiof®b, 6], to be accessible for both modes of uptake and so the ratio
solvent extractioffi7], membrane techniqué®] and adsorption of the uptake of the solute via molecular adsorption and ion
[9-13] exchange depends on the solution pH. Nevertheless, they did
Adsorption by uncharged polymeric resins has been widelyot distinguish between molecular adsorption or ion exchange
studied as an effective technique for removing hydrocarbondepending on the pH studied. Besides, the form of the func-
from wastewater. The use of this technique depends on vartional groups of these resins depends on the prevailing solution
ous factors such as temperature, pH and sorbent characteristad [19]. According to this, the presence of OHons in solu-
such as microporosity and chemical propertlieb-16] Never-  tion would involve multicomponent exchange namely between
theless, these materials have shown a lower capacity of phenbydroxyl, phenolate and the anion initially in the resin. Sig-
removal than that of the activated carbon F400 at alkaline pHhificant dissociation of phenol occurs at a pH higher than its
[17]. The use of anionic resins could enable the uptake of phenqlK, (9.83), allowing its uptake by ion exchange, which is an
to occur by ion exchange in addition to adsorption and improveeconomic, effective and useful technique to remove pollutant
its overall removal from alkaline solutions. Ku et[dlg], studied ions from wastewaters and replace them by non-contaminant
ions released from the ion exchan{@0]. Anasthas and Gaikar
[21] have also used the ion exchange technique for the sepa-
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alized water was used with a conductivity value lower than
Nomenclature 5uScntl. A commercial Amberlite IRA-420 ion exchange

) _ resin supplied by Rohm and Hass was used.
ao, ai, ap parameters of* expression as a function of

pH S .
Cg liquid phase equilibrium concentration of phenal 2.2. Equilibrium experiments
(moldm_3) I 1 The experimental apparatus consisted of nine hermetically
K Langmqweqwhbrlu_m constant (dﬁ"f(fl ) sealed 0.1-L Pyrex containers submerged in a temperature-
Rad gdsorptlon separanon_factor (dmol )_1 controlled bath. The temperature was kept constant within
Kie lon exchgnge _se_parat|on factor (@imol™) +0.1 K. Differentknown masses ofresin, in the Otform, were
Kgon  phenol .dISSO.CI{:.I'[IOH constant put in contact with phenol solution at a specific pH depending
KO"CV) water d'SSOC'?nOn consFant : on phenol concentration (natural pH) or by means of sodium
" total_ adsorption Capa_lmty as a function of pi hydroxide addition. The suspension formed by the resin and the
obt_amed by Langmuir equation (molkg dry solution was vigorously agitated by means of a multipoint mag-
solid) . netic stirrer, until equilibrium was achieved (48 h). The accuracy
p:' pH.of the squtlo_n : , of weighing wast0.0001 g. At the end of this period, the mix-
s .‘Q’O“d phase eqw_llfmum concentration of phenol ;o5 were filtered to remove the solid phase and the phenol
o in Eq. (1) (molkg™") : | content was determined from the liquid phase.
ad maX|muT adsorption - capacity of the resi The phenol concentration was analyzed by a UV detec-
. (mol kg‘ dry solid) . . tor in combination with high pressure liquid chromatography
4 total ion exchange capacity of the resin

(Nucleosil C18 column: 40% water/60% acetonitrile mobile
phase, 0.5 mImin! flow rate), while the OH concentration
was obtained with a GLP 21 Crison pH meter. The standard

phenol in the solid phase (mol kg) uncertainty and reproducibility of measurements was found to
q* equilibrium concentration of the dissociated phe- be+40.1%.

(mol kg™t dry solid)
qj;OH equilibrium concentration of the undissociated

nol in the solid phase (mol kg)
1% volume of the solution (dR) 3. Results and discussion

w weight of dry resin (kg)
3.1. Empirical procedure

Greek letters
[#°H] concentration of undissociated phenol form Experimental data were fitted to the Langmuir equaf8j:
(mol dm3) o s
[¢°] concentration of dissociated phenol form g — n=KCy (1)
(mol dni3) 1+ KCq
P easureq total an_wé)unt of phenol experimentally measured \pare, s the total capacity of the resin and is pH dependent;
(moldm™) ¢ andC, respectively, the phenol concentration at equilibrium
in the resin and liquid phase; a&ds the Langmuir equilibrium
constant.
between phenolic OHgroups and the basic groups of the resin  Different authors found that the variation of the maximum
structure. adsorption capacity @f-nitropheno[10] and chlorophendPR4]

In this work, a strong-base anion exchanger (Amberlite IRA-onto an activated carbon with pH could be reproduced by Eq.
420) was used to eliminate phenol from aqueous solutions. Th@). This was successfully used by Valverde et[28], for an
solid medium was considered to provide sites with fixed charge®n exchange process using the resin Lewatit TP-207:
for ion exchange, as well as a high porosity on which molecu- _ 5
lar adsorption by hydrophobic interaction can take pkagd. " = @0 +ai1pH+azpH (@)
According to this, phenol uptake by both adsorption ofthe undis-  gxperimental equilibrium isotherms, together with theoret-
sociated form and ion exchange of the corresponding phenolajgy| gnes obtained with this model are plottedFiiy. 1 Fit-
were studied. Thus, equilibrium data for phenol onto Amberlite;jn g narameters evaluated by non-linear least-squares regression
IRA-420in the OH -form at different pH values were obtained. 5n3ysis and the average deviation between the experimental and

theoretical data are shownTable 1 Good agreement between

2. Experimental experimental data and model predictions are obtained.
As can be observed iRig. 1, the higher the pH value, the
2.1. Chemicals higher is the phenol removal by the solid phase. This behavior

could be explained taking into account the phenol dissociation
Phenol with purity higher than 99% and 96% pure sodiumin the liquid phase (Eq(3)). In this way, an increase of the
hydroxide (PRS grade) were supplied by Panreac. Deminephenolate ion concentration favors the phenol removal from the
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5 If reactions(3) and (4) are combined to eliminate *{ one
~ obtains:
L4y ez ¢°" + OH™ & ¢° + H20 (5)
° m pH=8.5
E A Natural pH 6.5 From Eq.(5);
_5 3 e NaturalpH 5.5 B
:é; K yon _ [d)o ] ©)
5 - Kw — [¢°H]-[OH]
§ . R = where ppCH] is the phenol concentrationy§” ] the ionic pheno-
@ o A late concentratio yon andKyy are the equilibrium constants for
5 e phenol and water dissociation in the liquid phase, respectively.
2 When the phenol content is analyzed, the measurement
@ 0 detects both forms of phenal, i.e.:

0 5 10 15 20 OH OH o
= + 7
Liquid phase concentration (mol m?) [9measurel = [¢771 + 97 ] )

where pOH. o} is the total amount of phenol that is experi-

mentally measured.
Introducing the last equation in E(), one gets:

Fig. 1. Adsorption isotherms of phenol onto Amberlite IRA-420 at different pH
values, experimental treatment.

liquid phase: Kgon [¢°]

Kw hﬁggasured_ ¢O_] -[OH7]
The hydroxide concentration can be obtained, if the pH is

whereg®H and¢® correspond to the undissociated and dissoknown, by the well known equation:

ciated phenol forms, respectively.

These results indicate that phenol removal occurs primarQOH =14—pH ©)
ily by molecular adsorption at low pH; however, this empirical ~ Then,
model does not allow us to distinguish between the mecha- 5
nisms by which phenol is removed at alkaline pH, i.e. whether {OH"] = 10
occurs by the cqmblned effect of molecular adsorption and 'OrEq. (8) becomes:
exchange or by ion exchange alone.

Thus, although the empirical model satisfactorily describes - (Kyon/Kw) - [¢ormgureh - 107 247PH)
the_ experimental data, it cannot differentiate between the mec = 1+ (K gor/Ku) - 10~ (14-pH)
anisms of phenol removal at alkaline pH. In order to determine
the contribution of each phenomenon to phenol, removal, anew Eg.(11)allows the concentration of phenolate in solution to
model based on both molecular adsorption and ion exchandge determined as a function of the total concentration of phenol
mechanisms is developed in the following section. and the pH of the liquid solution. The change with pH of the
relative concentrations of both species, phenol and phenolate,
with respect to the total concentration of phenol in solution can
be observed ifrig. 2

(8)

¢OH N ¢07 + H+ (3)

(14-pH) (10)

(11)

3.2. Theoretical procedure

3.2.1. Liquid phase 1.00 i}
Additional to phenol dissociation, water dissociation takes . “‘\\
place: g \
S 075 \
H20 & HT +OH™ (4) 59 \
2 2 — - -—Phenal
o o
Table 1 £ 2 0.50 1 — Phenolate
Equilibrium parameters in Eqél) and(2) of phenol on Amberlite IRA-420 2 g
s Y
Parameters Values g 0.25 \
K (dmPmol1) 23.665 B \
ao -14.977 & "
@ 4.920 0.00 T T —=
as -0.218 6 8 10 12 14
" ABS((¢™P—¢"e0)/4P)x 100
Average deviation (%= Zf:l « mq’ V) 10.0 pH

Empirical treatments:: total number of experimental data. Fig. 2. Effect of the pH on phenol dissolution.
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3.2.2. Solid phase

In this model, it has been assumed that two mechanisms for —~
the uptake of phenol into the resin beads take place, one by ion '@
exchange and another by adsorption. The ion exchange uptake o G 5.
phenol by the resin can be described by the following equation:

ROH+ ¢° © R¢® + OH~

Since, phenol dissociation producesdhd the ion exchange
releases OH, the later neutralization will decrease the initial
ionic strength of the solution. Langmuir equation can be used
to reproduce this phenomenon, avoiding possible uncertainties,
if mass action law is used due to lower Oldoncentrations at
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12)

Theoretical solid phase concentration (m
o

.y *
acidic pH values. aEd %, "
- g KiE[¢° ] (13) 5
1+ Kig[¢O'] o
wheregg is the maximum ion exchange capacity of the resin 0.0 0.5 1.0 15 2.0 2.5

(3.8meqg? dry resin, value reported in Sigma—Aldrich cat- Experimental solid phase concentration (mol kg™')

alog), K|e the ion exchange separation factor a;;f)g, is the

equilibrium concentration of phenolate in the solid phase.
For the adsorption process:

Fig. 3. Reproducibility of the experimental data by the theoretical model.

Table 2
Equilibrium parameters in E¢17) of phenol on Amberlite IRA-420

OH * OH
S S 14
o+ < 59 ( ) Parameters Values
V\{hereS* and S_¢>OH represent active and occupied adsorption, (dn? mol-2) 69.6.L56
sites of the resin, respectively. Kad (dm® mol=1) 63.5+10.0
If the adsorption in the resin is assumed to be restricted to &, (Molkg™) 3.351+0.7

ingl I he L i i b d D ABS((G P~ /45" x 100

single monolayer, the Langmuir equation can be used to repregerage deviation (963 2zt %/ 11.8

m

sent the adsorption equilibrium:

1608 = 1 Kng - [¢°1]

Theoretical treatment;: total number of experimental data
(15) According to these results, it is possible to conclude that

) _ _ ) . both phenomena operate at alkaline pH. As can be observed

wheregp is th(_e maximum adsorption ca_paC|ty of_t_he_ resin,in Taple 2 the ion exchange capacity (3.8 medtgry resin)
Kad the adsorption separation factor affd,, is the equilibrium g gjighily higher than the adsorption capacity. This result indi-
concentration of the undissociated phenol in the solid phasggates that an alkaline pH favors the phenol removal by this type
Because the ion exchange occurs between univalentions, molgf resin, since phenol is highly dissociated at alkaline pH. On
units can be used to quantify the process. This way, the followinghe other hand, it is also possible to conclude that adsorption
mass balance can be drawn: capacity does not depend on pH.
OH 4 (16) As can be seen, both modes of uptake operate under these
W conditions. As shown iffrig. 4, the amount of phenol removed
by molecular adsorption is always less than that removed by ion
exchange regardless of the liquid phase concentration.

From these isotherms one can obtain, by solving Ef), the
total phenol removal at a fixed pH.

OH
fI:;,OH + ‘1;;0— = ([#initial] — [Pmeasure

where pOHL 1is the initial phenol concentratiof, the volume
of the solution andV is the weight of dry resin.

Introducing Eqs(7), (11), (13) and(15) in the Eq.(16), one
obtain the following one:

dad - [d)r?wsasure - Kad
1+ (K gon/ Kw) - 100TPH) kg [0

measure

('I|O|<ED : [¢3Sasurelj : (K(pOH/KW) ) 10—(14_pH) -Kig K
1+ (K¢OH/Kw) .10~ (4-PH).. [1+ K - [¢SH

measure 4

= [¢%mal - M’gsasure a7

This equation describes the removal of phenol by the resinin Fig. 5 shows the isotherms obtained at pH lower than 8. In
terms of three unknown parameter§e, Kad, gay) related to  these conditions, the phenol dissociation is low and therefore,
ion exchange and adsorption. Experimental data were fitted tihe molecular adsorption process is the predominant one. As
the Eq.(17) by a non-linear least-squares regression procedurexpected, all the isotherms shownrFig. 5are coincidental.
(Fig. 3. The values of the parameters obtained by fitting the Isotherms at alkaline pH are shownfiyg. 6. As can be seen,
experimental data to this model are showTable 2 there is a combination of both phenomena: molecular adsorption
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andion exchange. As can be seen, both molecular adsorption and
ion exchange contribute to phenol uptake. This can be deduced
from the isotherm shapes that tend to be linear over the studied
concentration range, whereas the ion exchange isotherm dis-
plays a concave shapEi¢. 4). Besides, phenol removal at high
pH is higher than the amount obtained by using only the ion
exchange isotherm. Finally, the ion exchange curve shape would
indicate that the resin prefers ionic phenolate to hydroxide ion.

Summarizing, the resin Amberlite IRA-420 could be used
to eliminate phenol from liquid phase, due to the high removal
capacity observed at high pH, which is higher than the capacity
shown by known adsorbenfs0,12,24]

4. Conclusions

Fig. 4. Isotherms (both adsorption and ion exchange) of phenol removal by
Amberlite IRA-420.

Solid phase concentration (mol kg )

2.5 4

Experimental data
e pH=55
A pH=6.5
Theoretical curves
pH=4
pH=6
—— —pH=8 .

T T T T T

5 10 15 20 25 30
Liquid phase concentration (mol m ™)

Phenol can be removed by using a strong-base anion
exchanger. It was observed that its removal capacity was higher
than that of known adsorbents. The phenol removal was repro-
duced by both empirical and theoretical treatments. Based on
the theoretical one, the adsorption capacity does not depend on
pH, although the empirical model was able to reproduce the mea-
sured total adsorption at different pH. A theoretical model based
on molecular adsorption and ion exchange was developed to fit
the experimental data and to obtain the parameters related to both
phenomena. Also, this analysis allowed the relative importance
of the two uptake modes to be determined, to obtain the parame-
ters that represent each isotherm (adsorption and ion exchange)
and, also, the importance of each phenomenon in the process.
Uptake onto Amberlite IRA-420 occurs by adsorption at acidic
pH and by both adsorption and ion exchange at alkaline pH.
The phenol removal increased at pH values from 9 to 14 and
remained constant below 8. The developed theoretical model
allowed the phenol removal to be determined depending on the
value of the pH and the amount of resin.

Fig. 5. Phenol removal from liquid phase by Amberlite IRA-420 for pH values References
lower or equal than 8.0 (phenol removal by adsorption).

Solid phase concentration (mol kg™)

Experimental data
m pH=85
¢ pH=12
Theoretical curves
—— —pH=9
pH=10 o
e pH=11 =
pH=14 7

Liquid phase concentration (mol m )

[1] V. Kavitha, K. Palanivelu, The role of ferrous ion in fenton and photo-
phenton process for degradation of phenol, Chemosphere 55 (2004)
1235-1243.

[2] L. Barros, G. Macedo, W. Netto, M. Becerra, Phenol removal by bio-
logical and photochemical-biological processes, Afinidad 60 (2003)
568-572.

[3] C. Fan, Y. Sun, Y. Min, X. Hao, X. Li, F. Li, Photocatalytic degradation
of phenol in aqueous solution using Bi thin film photocatalyst,
Trans. Nonferrous Met. Soc. China 13 (2003) 1008-1012.

[4] J. Wu, K. Rudy, J. Sapark, Oxidation of aqueous phenol by ozone and
peroxidase, Adv. Environ. Res. 4 (2000) 339-346.

[5] M. Tomaszewska, S. Mozia, W. Morawski, Removal of organic matter by
coagulation enhanced with adsorption on PAC, Desalination 162 (2004)
79-87.

[6] T. Ozbelge,O. Ozbelge, S. Baskaya, Removal of phenolic compounds
from rubber-textile wastewaters by physicochemical methods, Chem.
Eng. Process. 41 (2002) 719-730.

[7] Z. Lazarova, S. Boyadzhieva, Treatment of phenol-containing aqueous
solutions by membrane-based solvent extraction in coupled ultrafiltration
modules, Chem. Eng. J. 100 (2004) 129-138.

[8] W. Kujawski, A. Warszawski, W. Ratajczak, T. Porebski, W. Capala, I.
Ostrowska, Desalination 163 (2004) 287-296.

Fig. 6. Phenol removal from liquid phase by Amberlite IRA-420 for pH values [9] S. Al-Asheh, F. Banat, L. Abu-Aitah, Adsorption of phenol using differ-

higher than 8.0 (a combined elimination by both adsorption and ion exchange).

ent types of activated bentonites, Sep. Purif. Technol. 33 (2003) 1-10.



160 M. Carmona et al. / Chemical Engineering Journal 117 (2006) 155-160

[10] J. Chern, Y. Chi en, Adsorption of nitrophenol onto activated carbon:[18] Y. Ku, K. Lee, W. Wang, Removal of phenols form aqueous solutions
isotherms and breakthrough curves, Water Res. 36 (2002) 647—-655. by purolite A-510 resin, Sep. Sci. Technol. 39 (2004) 911-923.

[11] V. Vinod, T. Anirudhan, Effect of experimental variables on phenol [19] M.J. Slater, The Principles of lon Exchange Technology, Butterworth-
adsorption on activated carbon prepared from coconut husk by single-  Heinemann, Oxford, 1991.
steam pyrolysis: mass transfer process and equilibrium studies, J. SqR0] K. Frederick, Countercurrent regeneration: principles and applications,
Ind. Res. 61 (2002) 128-138. Ultrapure Water (1996) 53-56.

[12] R. Juang, F. Wu, R. Tseng, Adsorption isotherms of phenolic compoundf1] H. Anasthas, V. Gaikar, Adsorptive separations of alkylphenols
from aqueous solutions onto activated carbon fibers, J. Chem. Eng. Data using ion exchange resins, Reactive Funct. Polym. 39 (1999) 227-

41 (1996) 487-492. 237.
[13] C. Costa, A. Rodrigues, Part |. Phenol adsorption on polymeric adsorf22] S. loannidis, A. Anderko, Equilibrium modeling of combined ion-
bents, AIChE J. 31 (1985) 1645-1654. exchange and molecular adsorption phenomena, Ind. Eng. Chem. Res.
[14] K. Abburi, Adsorption of phenol ang-chlorophenol from their single 40 (2001) 714-720.
and bisolute aqueous solutions on Amberlite XAD-16 resin, J. Hazard[23] |. Langmuir, Chemical reactions at low pressure, J. Am. Chem. Soc. 37
Mater. 105 (2003) 143-156. (1915) 1139.
[15] Y. Ku, K.C. Lee, Removal of phenol from aqueous solutions by XAD-4 [24] J. Chern, C. Wu, Desorption of dye from activated carbon beds:
resin, J. Hazard. Mater. 80 (2000) 59-68. effects of temperature, pH, and alcohol, Water Res. 35 (2001) 4159-
[16] R.S. Juang, J. Shiau, Adsorption isotherms of phenols from water onto  4165.
macroreticular resins, J. Hazard. Mater. 70 (1999) 171-183. [25] J. Valverde, A. de Lucas, M. Carmona, M. Gafez, J. Rodguez,

[17] J. Lee, W. Shim, J. Ko, H. Moon, Adsorption equilibria, kinetics, and Equilibrium data of the exchange of &y C#* and Zr#* ions for H"
column dynamics of chlorophenols on a nonionic polymeric sorbent, on the cationic exchanger Lewatit TP-207, J. Chem. Technol. Biotechnol.
XAD-1600, Sep. Sci. Technol. 39 (2004) 2041-2065. 79 (2004) 1371-1375.



	Combined adsorption and ion exchange equilibrium of phenol on Amberlite IRA-420
	Introduction
	Experimental
	Chemicals
	Equilibrium experiments

	Results and discussion
	Empirical procedure
	Theoretical procedure
	Liquid phase
	Solid phase


	Conclusions
	References


