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Effect of Temperature on Equilibrium Adsorption of
Phenols onto Nonionic Polymeric Resins

RUEY-SHIN JUANG,* JIA-YUN SHIAU, and HUEY-JEN SHAO
DEPARTMENT OF CHEMICAL ENGINEERING

YUAN ZE UNIVERSITY

CHUNG-LI, TAIWAN 320, REPUBLIC OF CHINA

ABSTRACT

The amounts of equilibrium adsorption of phenol and 4-chlorophenol from aque-
ous solutions on nonionic polymeric resins were measured in the 288-318 K temper-
ature range. In general, these polymeric resins have a higher capacity for 4-chlorophe-
nol at low solute concentrations but for phenol at higher solute concentrations. The
adsorption data for both phenols were presented in terms of the number of adsorbed
monolayers and the fraction of pore volume filled due to poor fit by the widely used
Langmuir, Freundlich, and BET equations over the entire concentration range
(100-3000 g/rf). Finally, the isosteric enthalpies of adsorption were determined.
They decreased with increasing surface coverage.

Key Words. Equilibrium adsorption; Phenol; 4-Chlorophenol; Non-
ionic polymeric resins; Temperature effect

INTRODUCTION

Phenol and its derivatives are versatile raw materials and/or organic sol-
vents used in petroleum and other chemical industries. However, most phe-
nols are extremely toxic at the concentrations discharged into the receiving ef-
fluents. Increasing concern for public health and environmental quality has led
to the establishment of limits on the acceptable environmental levels of spe-
cific pollutants. Thus, the removal or destruction of phenols from such streams
has become a major environmental problem (1).
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1820 JUANG, SHIAU, AND SHAO

Liquid-phase adsorption is effective for the collection of suspended solids,
odors, organic matter, and oils from aqueous streams. Activated carbon is the
most widely used adsorbent for this purpose. In recent years, nonionic poly-
meric resins have been increasingly viewed as an alternative to activated car-
bon for the removal of organic pollutants from waste streams. Earlier studies
demonstrated that, on a mass basis, polymeric resins have a lower adsorption
capacity for most organic species than does activated carbon (2); however,
they are able to selectively remove low molecular weight organic species (3).
The wide variations in functionality, surface area, and porosity available for
polymeric resins present the possibility of customizing resins for the selective
removal of specific organic species (4, 5). Furthermore, regeneration of poly-
meric resins can easily be accomplished with a solvent (6), while a high tem-
perature and/or stream is needed for the regeneration of activated carbon (7).

A large number of equilibrium studies have been made for the adsorption
of phenols on commercial or synthetic nonionic polymeric resins (8-20). In
this study we focused on the influence of temperature on liquid-phase adsorp-
tion of phenol and 4-chlorophenol on three Amberlite XAD resins. The isos-
teric enthalpies of adsorption were evaluated in order to compare them with
those found in the literature.

EXPERIMENTAL

Resins, Reagents, and Solutions

Three nonionic polymeric resins (Amberlite XAD-4, XAD-7, and XAD-
16) were purchased from Rohm and Haas Co. Their physical properties, which
were mostly supplied by the manufacturer, are compiled in Table 1. Prior to

TABLE 1
Physical Properties of the Polymeric Resins Obtained from the Manufacturer
Property XAD-4 XAD-7 XAD-16
Structure Aromatic, styrene- Aliphatic, methyl Aromatic,
divinylbenzene methacrylate divinylbenzene

Hydrophobicity Hydrophobic Moderately polar Hydrophobic
BET surface area (ffg) 750 450 860
Mean pore diameter (nm) 5 9 9
Pore volume (criig) 0.974 1.140 1.404
Porosity (cni/cm®) 0.547 0.532 0.550
Particle size (wet mesh) 20-50 20-50 20-50
Swelling ratio®

In water 1.02 1.14 1.02

In phenol (88 wt%) 1.18 1.20 1.22

2 Taken from reference 13.
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use as adsorbents, they were washed with deionized water (Millipore Milli-Q)
several times to remove inorganic impurities, such a€®8aand NaCl, un-

til the rinse solutions became clear. These resins were then washed with ace-
tone andh-hexane several times, and rinsed for 12 hours to remove organic
impurities such as alkylbenzenes, styrene, and biphenyls. Finally, they were
dried at 323 K in a vacuum for 2 hours.

The aqueous solutions were prepared by dissolving analytical-grade phenol
or 4-chlorophenol (Merck) in deionized water without pH adjustment. The so-
lution pH did not change significantly during adsorption. It was 6.77—-6.80 for
phenol and 6.68-6.77 for 4-chlorophenol in the whole concentration range
studied £3000 g/n{). Because the solution pH was much less thankhe p
(Table 2), both phenols are assumed to exist predominantly in their undisso-
ciated forms.

Adsorption Equilibrium Experiments

A fixed amount of dry resin (0.1 g) and 0.1 tof an aqueous phase were
placed in a 0.25-dfglass-stoppered flask and shaken at 130 rpm for 3 days
using a thermostated shaker bath (Firstek Model B603, Taiwan). Preliminary
experiments had shown that the adsorption studied was complete after 1 day.
After equilibrium, the aqueous pH was measured by a Horiba pH meter
(Model F-23) and the concentrations of phenol and 4-chlorophenol were ana-
lyzed using an UV/visible spectrophotomer (Jasco Model U-551) at a wave-
length of 270 and 280 nm, respectively. Each experiment was duplicated un-
der identical conditions. The resin-phase concentration of sqli(tapl/kg),
was calculated according to

ge = V(Co — Co)/W (1)

whereCy and C, are the initial and equilibrium liquid-phase concentrations
(mol/m3), respectivelyV is the volume of solution (f andW is the weight
of dry resins (kg).

TABLE 2
Physical Properties of the Solutes
Surface area Density Aqueous solubility K
Solute (n¥/molecule¥ (g/cnt) (mg/dnT) (298 Ky
Phenol 3.05< 10°*° 1.057 (314 K) 87,000 (298 K) 9.86
4-Chlorophenol 3.26< 10°%° 1.265 (298 K) 26,000 (298 K) 9.41

2Taken from reference 13.
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RESULTS AND DISCUSSION

Equilibrium Adsorption

In this study, solute adsorption is expressed in terms of the number of equiv-
alent surface monolayer)( which is defined as (13)

0 = geNao/As (2)

whereo is the surface area of an adsorbed molecufénfoiecule),N, is
Avogadro’s number, anfl is the specific surface area of the resif/gh The
values ofAs ando are given in Tables 1 and 2. The relationships between
and the liquid-phase equilibrium concentrati@q) (at different temperatures

and polymeric resins are shown in Figs. 1-3. Basically, they are equivalent to
conventional isotherm plots, that ¢g,vs C..

The adsorption data are frequently quantified via a theoretical or empirical
isotherm equation because it describes how the solutes interact with adsor-
bents and so is critical in optimizing the use of adsorbents. It is evident from
Figs. 1 and 2 that the Langmuir and Freundlich equations are inapplicable to

the present cases over the whole concentration range, as reported previously

(19). The two-parameter BET equation was also tested. The fit is not good, es-
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FIG. 1 Adsorption monolayers of phenols on XAD-4 at different temperatures.
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FIG. 2 Adsorption monolayers of phenols on XAD-7 at different temperatures.
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FIG. 3 Adsorption monolayers of phenols on XAD-16 at different temperatures.
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pecially for 4-chlorophenol; for example, the correlation coefficients of the
linearized plots at different temperatures locate within 0.91-0.98
(phenol/XAD-4), 0.89-0.95 (phenol/XAD-7), 0.60-0.83 (4-chloro-
phenol/XAD-4), and 0.63-0.86 (4-chlorophenol/XAD-7). Gusler et al. (13)
also demonstrated the inapplicability of conventional two-parameter isother-
mal equations to similar adsorption systems. The reason given was that con-
ventional equations are applicable only for monolayer (or close to) adsorption,
and they observed multilayer adsorption (greater than 10), indicative of a sig-
nificant amount of bsorption contribution to the solute uptake. As we will see
in the following section, the contribution of thiesarption process is negligi-
ble here. Such discrepancies may result from different methods of resin prepa-
ration. In the work of Gusler et al. (13), after wetting the resins with acetone
they were rinsed with water until the UV spectrum of rinse water showed no
absorbance greater than 0.001 unit for the 190-500 nm wavelength range.
Although it was reported that the three-parameter Redlich—Peterson equa-
tion (21) gives a good fit for phenol adsorption from dilute solutions on XAD-
4 and XAD-7 (15) as well as on XAD-8 (11), this is not likely to be the case

because of the broader concentration range used. Hence, a search for the best

fit of isotherm data was not made.

As shown in Figs. 1-3, adsorption ability drops with rising temperature for
all the systems studied, indicating the exothermic nature of the adsorption pro-
cess. For a given XAD-4 or XAD-7 resin, a higher adsorption capacity is ob-
tained for 4-chlorophenol at 0@ but for phenol a€. beyond 15-20 mol/f
(Figs. 1 and 2). This will be the case for XAD-16 (Fig. 3) if the solute con-
centration range is extended. As expected, the affinity for the more hydropho-
bic solute 4-chlorophenol on hydrophobic resins is stronger (19), although
XAD-7 is moderately polar. Actually, the adsorption data at @wW<15
mol/m®) are fit by the Langmuir equation in this work. The adsorption equi-
librium constantK,) for 4-chlorophenol is about 2—4 times greater than that
for phenol under similar conditions, which may provide a quantitative basis
for comparison of affinity becaus$g is known as a binding constant. A sat-
isfactory explanation for the reversal of adsorption capacity atGygannot
be given, although this phenomenon was also reported earlier (13).

Compared to XAD-4, XAD-7 gives a slightly larger amount of adsorption
(ge) for both phenols. Because the specific surface area of XAD-7 is much
smaller than that of XAD-4 (Table 1), the adsorption of phenols on XAD-7 is
more efficient and the adsorption pattern should be significantly different.
Such findings are identical to those reported earlier (19). This reflects the fact
that phenol adsorption on XAD-7 exceeds a monolay&,at 20 mol/n?

(Fig. 2). The ester linkages of XAD-7 provide sites for hydrogen bonding,
which explains the higher affinity of phenol relative to XAD-4 (18, 20).
On the other hand, hydrophilic resins such as XAD-12 (nitrosopolystyrene

MAaRrcEeL DEkkER, INc.
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crosslinked with divinylbenzene), Reillex-425 (polyvinylpyridine), and
XAD-8 (similar to XAD-7) indicate phenol adsorption exceeding a monolayer
atCe = 0.6, 2, and 8 mol/f respectively. Moreover, phenol adsorption on
XAD-12 and Reillex-425 reaches 75 and 50 monolaye@s at 850 and 615
mol/m?, respectively (13). Owing to their relatively small surface areas, i.e.,
22 (XAD-12), 90 (Reillex-425), and 140°g (XAD-8), it is deduced that the
number of available active sites plays an important role in adsorption phe-
nomena. In addition to this, the chemical nature of the resins or the presence
of some functional groups also plays an important role; for example, hydro-
gen bonding at tertiary nitrogen sites of poly(vinylpyridine) is the dominant
mechanism of adsorption of phenols (13). Finally, XAD-16, which is made of
divinylbenzene, is primarily hydrophobic, but the adsorption data (Fig. 3) lies
between those of the hydrophobic (XAD-4) and the hydrophilic resins (XAD-
7). For example, phenol adsorption on XAD-16 exceeds a monola@grat

160 mol/n¥ (13).

Contribution of Solute A bsorption

As stated above, the formation of multiple layers on the resin surface
reaches 50 or more layers. This is unrealistic because solute—surface interac-
tions are unlikely to extend beyond a few monolayers. Gusler et al. (13) indi-
cated that the uptake of organic solutes on specific polymeric resins may not
be due only to surface adsorption but also to sokderation (i.e., penetra-
tion into the resin matrix). The existence bkarption is justified by one of
the following facts: 1) amount of adsorption in excess of the total pore volume,
2) solute-dependent limiting adsorption volume in the Polanyi potential the-
ory, and 3) relatively high degree of resin swelling in water or concentrated
aqueous solute solutions. To check the possibility of sohgergtion in the
present cases, the fraction of the pore volume filklg§lié calculated (13) by

~[CoV = Ce (V — WW)]
- pVp ®)

whereV, is the specific pore volume of the resins/kg) andp is the density
of the solute (kg/r).

Figures 4—6 show these results. Under the conditions examined (concentra-
tion range, type of the resins and solutes, and temperature), it is seen that the
amount of adsorption does not exceed the total pore volume. In addition, the
swelling ratios of the three resins used, defined as the ratio of the volume of
the resins immersed in a solvent to that in the dry state, are low (Table 1) com-
pared to the more hydrophilic resins such as XAD-12 and Reillex-425 (13). It
is thus considered that the contribution @ ption to solute uptake is neg-
ligibly small.

Fp
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FIG. 4 Fraction of pore volume filled with phenols on XAD-4 at different temperatures.
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FIG. 5 Fraction of pore volume filled with phenols on XAD-7 at different temperatures.

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



Downl oaded At: 11:09 25 January 2011

ORDER | _=*_[Il REPRINTS

EQUILIBRIUM ADSORPTION OF PHENOLS 1827

0.12 . i ]

Filled: phenol
- Open: 4-chlorophenol -

Fraction of pore filled

o
o
S

Ce (mol/m?)

FIG. 6 Fraction of pore volume filled with phenols on XAD-16 at different temperatures.

Isosteric Enthalpy of Adsorption

If all adsorption sites are equivalent, the enthalpy of adsorption will be in-
dependent of surface coverage. This is the assumption of the Langmuir equa-
tion and, as stated above, this is not true for the present cases. Hence, in the
absence of solutebsorption, the isosteric enthalpy of adsorption (i.e., con-
stantd), AH,qs IS alternatively evaluated by

d(InCo) ] _ AHags
[d(l/T) ]e R “)

Figures 7-9 show the results, where the valu€x. aft constan® are ob-
tained from Figs. 1-3. These plots give good linear relationships, and the val-
ues ofAH qgsare listed in Table 3. As expected, they decrease with increasing
8, meaning that the active sites on the resin surface are not energetically equiv-
alent and those with greater binding energy are occupied first.

As clearly shown in Table 3, the enthalpies evolved during adsorption are
less than about 40 kJ/mol, which agree with those observed for phenol ad-
sorption on polymeric resins as determined by conventional methods (11, 16,
19). However, these values are lower than those obtained for the adsorption of
organic solutes on activated carbon materials (22). It is noticed that solute ad-
sorption on activated carbon barely exceeds a monolayer (13), although it has

MaRcEL DEKKER, INC. ﬂ
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FIG. 7 Determination of isosteric enthalpy of adsorption of phenol on XAD-4 and XAD-7.
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FIG. 8 Determination of isosteric enthalpy of adsorption of 4-chlorophenol on XAD-4 and

XAD-7.
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FIG. 9 Determination of isosteric enthalpy of adsorption of phenols on XAD-16

a strong adsorption bond relative to nonionic polymeric resins. In contrast to
XAD-4, the slightly higher enthalpy change for XAD-7 confirms its stronger
affinity with both solutes, as was discussed above. Moreover, the higher en-
thalpy of 4-chlorophenol adsorption on XAD-4 and XAD-7 indicates a
stronger binding tendency compared to phenol. In summary, the present rigid
results on temperature dependence show the uptake of both phenols on non-
ionic polymeric resins to be a type of physical adsorption.

TABLE 3
Isosteric Enthalpy of AdsorptiafiH 4s(kJ/mol) Evaluated at Different Surface Coverages in
the Temperature Range 288-318 K

Monolayer ) 2

Solute Resin 0.08 0.1 0.2 0.4 0.8 <
Phenol XAD-4 -11.3 —4.98 —2.53 —-1.41 :
XAD-7 -16.4  —125 —3.65 —1.68 5

XAD-16 —40.1 —36.0

4-Chlorophenol ~ XAD-4 -295  —21.3 —8.02 :
XAD-7 -328  -215 -17.8 .

XAD-16 -21.2 —-17.9 2

@)
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CONCLUSIONS

The use of Amberlite XAD-4, XAD-7, and XAD-16 for the adsorption of
phenol and 4-chlorophenol from water has been investigated. The following
results were obtained.

1. The isotherm data cannot be satisfactorily fitted by conventional Lang-
muir, Freundlich, BET, and Redlich—Peterson equations over the whole
concentration range<(3000 g/n).

2. The adsorption capacity for the more hydrophobic 4-chlorophenol is
higher. In contrast to XAD-4, the high specific amount of phenol adsorp-
tion on XAD-7 is attributed to the presence of sites for hydrogen bonding
provided by the ester linkages of XAD-7. This indicates that phenol ad-
sorption on XAD-7 exceeds a monolayer at relatively@20 mol/n?).

In addition to the hydrophobicity and chemical nature of the resins, the
number of available active sites plays an important role in the adsorption
mechanism of organic materials.

3. The contribution of lasorption to solute uptake is negligible under the
ranges studied because the uptake does not exceed the total pore volume
and the swelling ratios of the three resins in water are low.

4. The isosteric enthalpy of adsorption provides a quantitative basis to de-
termine binding affinity between phenols and the resins. Based on the en-
thalpy changes<(40 kJ/mol), the uptake of phenols on nonionic poly-
meric resins is a type of physical adsorption.

NOMENCLATURE
As specific BET surface area of polymeric resing/¢m
Ce liquid-phase solute concentration at equilibrium (mé)/m
Co initial solute concentration in the ageous phase (nfpl/m
Fo fraction of pore volume filled
AHags isosteric enthalpy of adsorption (kJ/mol)
Na Avogadro’s number A
R universal gas constant (J/r) :
Oe amount of phenols adsorbed at equilibrium (mol/kg)
\Y} volume of the solution (f) B
Vo specific pore volume of the resinsig) <
W weight of the dry resins (kg) :
Greek Letters e
p density of the solute (g/chh 5
0 number of monolayers 2
o surface area of an adsorbed molecul&rralecule) S

MAaRrcEeL DEkkER, INc. ﬂ
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