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Abstract

The amounts of equilibrium adsorption of phenol and 4-chlorophenol from water on non-ionic
macroreticular resins were measured in the temperature range 288-318 K. It was shown that the
isotherm data could not be fit by any conventional two- or three-parameter equation including the
Langmuir, Freundlich, BET, and Redlich—Peterson equations over the entire range of concentra
tion (1-32 mol m~3). They were well fit by combined BET equation or its modified form with
the Freundlich or Langmuir equation, depending on the types of solutes and the resins. Such
different fitting results could be related to the solute—resin interactions owing to the relatively
wide pore size distribution of the resins. The effect of temperature on adsorption equilibrium was
also discussed. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phenolic compounds including substituted phenols are versatile raw materials and/or
solvents in the petroleum and other chemical processes. Almost all phenolic compounds
are highly toxic at the concentration discharged into the receiving effluents. Increasing

Abbreviations: C,, Aqueous-phase solute concentration at equilibrium (mol m~3); C,, Saturated solute
concentration in the agueous phase (mol m~2); C,, Initia solute concentration in the agueous phase (mol
m~3); D,, Pore size of the adsorbent (m); D, Diameter of solute molecule (m); AH, Apparent enthalpy of
adsorption (kJ mol~1); K, Equilibrium constants defined in Eqgs. (2)—(6); m, Parameter in the Freundlich
equation; n, Number of layers defined in Eqg. (3); R, Universal gas constant (J mol~* K~1); g,, Amount of
phenols adsorbed at equilibrium (mol kg™!); V, Volume of the solution (m?®); V,, Pore volume of the
adsorbent (m?3); W, Weight of the dry resins (kg)
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concern for public health and environmental quality has led to the establishment of rigid
limits on the acceptable environmental levels of specific pollutants. Thus, the removal or
destruction of phenols from process or waste streams becomes a major environmental
problem [1].

Liquid-phase adsorption is shown to be effective for collection of suspended solids,
odors, organic matter, and oils. Powdered or granular activated carbon is the most
widely used adsorbent for this purpose. In recent years, non-ionic macroreticular
polymeric resins have been increasingly viewed as an alternative to activated carbon for
the removal of organic pollutants from waste streams. Previous studies indicated that the
macroreticular resins have a lower adsorption capacity for most organics than the
activated carbon on a mass basis [2]; however, they can selectively remove low-molecu-
lar-weight organics [3]. The wide variations in functionality, surface area, and porosity
available for the resins present the possibility for selective removal of specific organics
[4,5]. Furthermore, the regeneration of the resins can easily be accomplished with a
solvent [6], while a high temperature and/or steam is needed for regeneration of the
activated carbon [7].

A large amount of batch equilibrium studies have been made for the adsorption of
phenols on commercial or synthetic non-ionic polymeric resins [8—17]. In this work, we
focused on analysis of adsorption isotherms of phenol and 4-chlorophenol on Amberlite
XAD macroreticular resins at different temperatures over a relatively wider range of
concentration (< 32 mol m~2) using either theoretical or empirical equations. This
would be important because the isotherm describes how solutes interact with adsorbents
and so is critical in optimizing the use of adsorbents.

2. Experimental
2.1. Resins, reagents and solutions

Two non-ionic macroreticular resins Amberlite XAD-4 and XAD-7 were offered
from Rohm and Haas. Their physical properties are listed in Table 1. Prior to use, they
were washed with deionized water (Millipore Milli-Q) several times to remove inorganic

Table 1
Properties of non-ionic macroreticular resins provided from the manufacturer
Property Amberlite XAD-4 Amberlite XAD-7
Structure aromatic, styrene—divinylbenzene aliphatic, methyl methacrylate
Hydrophobicity hydrophobic moderately polar
BET surface area(m? g 1)2 730 310
Mean pore diameter (nm)? 4.6 5.8
Pore volume (cm® g~ 1)2 0.841 0.448
Porosity (g cm™~3)2 0.590 0.584
Particle size (wet mesh) 20-50 20-50
Swelling ratio®
in water 1.02 114
in phenol (88 wt.%) 1.18 1.20

#Measured by sorptiometer in this work.
PTaken from Ref. [12].
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Table 2

Physical properties of the solutes at 298 K

Solute Surface area Cross-sectional Density Saturated concentration  p K§
(m?/molecule)®  distance (nm)®  (gecm~3)  inwater, C, (mol m~ %)

Phenol 3.05x1071° 0.43 1.034 925 9.89

4-Chlorophenol  3.26x1071° 0.50 1.265 202 9.41

3Taken from Ref. [12].
PTaken from Ref. [21].

impurities like Na,CO, and NaCl, followed by acetone and n-hexane to remove organic
impurities, and then dried at 323 K in avacuum for 2 h. The pore size distributions were
determined from N, adsorption isotherms at 77 K with a sorptiometer (Porous Materials,
Model BET-202A). Prior to use in the adsorption experiments, the resins were wet with
methanol and then the methanol was thoroughly replaced with deionized water. They
were stored in a desiccator containing deionized water in order to maintain constant
moisture content.

The agqueous phase was prepared by dissolving analytical-reagent grade phenol or
4-chlorophenol (Merck) in deionized water without pH adjustment. During adsorption
the pH varied dlightly within 6.77—6.80 for phenol and 6.68—6.77 for 4-chlorophenol
under the concentration range studied. Because they were much less than each pK,
(Table 2), the dissociated forms of phenols were assumed to be absent in the agqueous
phase.

2.2. Adsorption equilibrium experiments

A fixed amount of the resins (0.1 g) and 0.1 dm® of an aqueous phase were placed in
a0.25-dm?® glass-stoppered flask and shaken at 130 rpm for 5 days using a thermostatted
shaker bath (Firstek Model B603, Taiwan). Preliminary runs showed that the adsorption
studied was nearly complete after 4 days. After adsorption equilibrium, the agueous pH
was measured (Horiba pH meter, Model F-23) and the concentrations of phenols were
analyzed using a Jasco UV /visible spectrophotometer (Model U-551) at each appropri-
ate wavelengths. Each experiments was duplicated at least under identical conditions.
The resin-phase concentration of phenols, g, (mol kg™'), was calculated according to

Ge=V(Co—Ce) /W (1)
where C, and C, are the initial and equilibrium liquid-phase concentrations (mol m~2),

respectively, V is the volume of solution (m?), and W is the weight of dry resins (kg).
3. Results and discussion
3.1. Equilibrium adsorption

Figs. 1-4 show the amount of equilibrium adsorption of phenol and 4-chlorophenol
on Amberlite XAD-4 and XAD-7 resins at different temperatures. For al systems
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Fig. 1. Measured and modeled isotherms of phenol adsorption on XAD-4 at different temperatures. The solid
lines are calculated from Eq. (4).

studied the adsorption ability decreases with raising temperature, indicating exothermic
nature of adsorption process. For a given resin, 4-chlorophenol has a higher affinity at
low C,, but phenol has a higher affinity at high C, (Figs. 1 and 2). As expected, the
affinity for the more hydrophobic solute 4-chlorophenol is stronger with hydrophobic
resins, although XAD-7 is moderately polar. Satisfactory explanation for the reverse of
g, a high C, cannot be given at this stage, but similar phenomena were observed earlier
[12].

It is evident that XAD-4 and XAD-7 give comparable g, for both phenols. In fact,
the adsorption capacity per unit area of XAD-7 is comparatively high because the
specific surface area of XAD-7 (310 m? g~ 1) is much smaller than XAD-4 (730 m?
g 1) (Table 1). Such results agree with those reported earlier [15]. Gusler et al. [12]
indicated that the uptake of organic solutes on specific polymeric resins may be not only
due to surface adsorption but also solute absorption (i.e. penetration into the resin
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Fig. 2. Measured and modeled isotherms of phenol adsorption on XAD-7 at different temperatures. The solid
lines are calculated from Eq. (4).

matrix). To check the possibility of solute absorption, the fraction of the pore volume
filled is calculated in this work [12]. Under the conditions studied, the amount of
adsorption does not exceed the total pore volume, indicating that the contribution of
absorption to solute uptake is small. However, the ester linkages of XAD-7 for
hydrogen-bonding may aso explain the higher affinity of phenol relative to XAD-4
[16,17].

The sharp increase in g, a high C, can be explained by the pore-blockage
mechanism [18]. The distribution of solute adsorbed in the resin may be determined by
intraparticle diffusion rate of the solute into the matrix, which is in turn by the
concentration gradient of solute and the resin porosity. At low C,, the initial solute flux
through the matrix is low and so the solutes adsorb on the sites near the outer surface of
the resin. Eventually, the adsorbed solute clusters clog the pores near the outer surface
so the solute no longer diffuses to active sites deep within the interior surface. In this
case the solute is mostly loaded in a shell near the outer surface of the resin. In contrast,
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Fig. 3. Measured and modeled isotherms of 4-chlorophenol adsorption on XAD-4 at different temperatures.
The solid lines are calculated from Eq. (5).

a high C, the initial flux is high and so the solute shoots deep into the interior matrix
until the pores are clogged. The solute more uniformly loads into the resin and thus g, is
unusualy higher.

Lin and Ma[19] studied the mass transfer in liquid chromatographic columns packed
with microporous (silicalite crystal, pore size 0.6 nm) and macroporous (activated
alumina, pore size 8 nm) adsorbents. They found that the pore diffusion model is
appropriate for microporous adsorbents, and the pore diffusion and adsorption model is
suited for macroporous adsorbents. Furthermore, if the pore size of the adsorbent ( Dp) is
similar to that of the solute molecule (D;), eg., D,/Ds=1-2, no solute molecules
accumulate in the pores of the adsorbent, and at the same time, the solute molecules
diffuse through the pores. On the other hand, if D,/D;= 10-20 the solute molecules
may either diffuse in the pore center or be adsorbed on the pore surface. In the present
work, the value of D, /D, is about 10 for XAD-4 and 20 for XAD-7 (Tables 1 and 2).
However, it remains uncertain whether the more apparent effect of pore blockage for
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Fig. 4. Measured and modeled isotherms of 4-chlorophenol adsorption on XAD-7 at different temperatures.
The solid lines are calculated from Eq. (6).

phenol adsorption (Figs. 1-4) is due to its larger D,/ D;s or not, compared to 4-chloro-
phenol. Another possible explanation for this behavior is a change in the adsorbed
configuration of the phenol molecules as surface coverage increases [12].

3.2. Isotherm analysis

Basically, the isotherm data are often quantified via theoretical or empirical equa-
tions, because they describe how solutes interact with adsorbents and so is critical in
optimizing the use of adsorbents. It is evident that the sharp rise of g, at high C, in al
cases studied is a result of multilayer adsorption. Hence, the widely-used two-parameter
Langmuir and Freundlich equations are inapplicable for the present cases (not shown),
as also indicated previously for similar solute—adsorbent systems [12,15].

It was reported that the three-parameter Redlich—Peterson equation gives a good fit
for phenol adsorption from agueous solutions on XAD-8 [11] and on XAD-4 and
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Fig. 5. Pore size distributions of the XAD-4 and XAD-7 resins.

XAD-7 [14]. This is not the case here because this equation is a type of the Langmuir
equation in nature. Thus, the conventional BET equation with multilayer adsorption is
tried [20].
Om Kger X
T (1=X)[1+ (Kger — 1) X (2)
( )[ + ( BET ) ]
where g, is the amount of adsorption which takes place in a complete monolayer, Kger
is the equilibrium constant and X = C,/C, (C, is the saturated solubility of solutes in

Qe

Table 3

The fitting parameters of Eq. (4) for phenol adsorption on XAD-4

T (K) Gy (Mol kg™1) Kger 1/m Kg (mol kg™ H)(m® mol ~H™
288 0.71 1.01 0.12 155x10" 1

298 0.75 1.01 0.11 9.76x 10713

308 0.92 1.01 0.10 1.15x10°14

318 1.22 1.01 0.11 5.87x 10714
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Table 4

The fitting parameters of Eq. (4) for phenol adsorption on XAD-7

T (K) Gy (Mol kg™1) Kger 1/m Kg (mol kg™ H(m® mol ~H™
288 0.60 1.01 0.17 6.67x10°8

298 0.62 1.01 0.15 2.82x107°

308 0.64 1.01 0.19 9.38x 1078

318 0.84 1.01 0.17 2.55x107°

water, which is temperature dependent [21]). If the fit is well, Kger and g, can be
obtained from the linearized plot of 1/9(1— X) vs. (1 — X)/X. This attempt fails
again (not shown).

On the other hand, a modified BET equation which describes adsorption with afinite
number of layers has been applied for adsorption of dyes on cross-linked chitosan fibers
[22,23] and of water vapor on hydrophilic polymers [24]. It is given by:

O Kger X[1— (n+ 1) X" + X"
(1_X)[l+(KMBET_ )X~ KMBETXnH]

%e (3)
where n is the number of layers. When n — o, Eq. (3) is reduced to Eg. (2). In addition,
Eqg. (3) becomes a type of the Langmuir equation when n= 1.

It was claimed that the parameters K,,;zr and ¢, in Eqg. (3) can be first obtained
from the conventiona linearized BET plot when X < 0.3 [22,23], however, it is
inapplicable to the present systems. The three parameters in Eq. (3), Kyggr: Gy, @d N,
are evaluated using a powerful computer program ‘‘ KaleidaGraph'* (Synergy Software,
USA), which can smoothly fit the data to an assigned non-linear equation without
entering any initial values of the parameters. This program also provides correlation
coefficient to judge vaidity of the regression. The fit of Eq. (3) to isotherm data
obtained in this work is good only at a restricted range of concentrations. Therefore, a
piecewise fitting is required if Eq. (3) is applied.

Basically, the structure of the adsorbents contains pores classified into three groups,
micropores (pore size < 2 nm), mesopores (2-50 nm), and macropores (> 50 nm) [25].
Fig. 5 shows the pore size distributions of the resins. It is found that both resins have
predominantly large contribution in the mesopore range. An attempt was made to fit the
isotherm data considering liquid-phase capillary condensation because it was indicated
that this factor may play an important role at a sufficiently high solute concentration
(eg., C,/C > 0.2) for such macroreticular adsorbents with mesopores [26]. However,
this is not the case here likely due to the relatively low solute concentration; i.e.
C,/C, < 0.03 for phenol and C,/C < 0.13 for 4-chlorophenol (Figs. 1-4 and Table 2).

To search for the best fit covering the whole range of concentration examined, the
combined forms of any two equations of the Langmuir, Freundlich, and Egs. (2) and (3)
are tried. For phenol adsorption on XAD-4 and XAD-7, the most preferred one is the
combined Freundlich and BET equation (Eq. (4)).

Om Kger CsCe

0. =K C¥/™+
¢ e (Cs_Ce)[Cs+(KBET_1)Ce]

(4)
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Table 5

The fitting parameters of Eq. (5) for 4-chlorophenol adsorption on XAD-4

T (K) qy, (mol kg™1) Kger K, (m®*mol~1)
288 112 0.481 0.84

298 122 0.262 0.46

308 124 0.092 0.30

318 147 0.034 0.15

In the case of 4-chlorophenol adsorption on XAD-4, it becomes the combined Langmuir
and BET equations (Eg. (5)).
Qm KL Ce qm KBET CsCe
Qe = + (5)
1+KLCe (Cs_ce)[cs+(KBET_1)Ce]
Finaly, it is the combined Langmuir and BET equation with a finite number of layers
(Eg. (6)) for 4-chlorophenol adsorption on XAD-7.
O K Ce O Kger X[1 = (n+ 1) X"+ nX"*!] 6
% 1+K,_Ce (1_X)[1+(KMBET_l)X_KMBETXn+l] ( )
The parametersin Eqgs. (4)—(6) are also determined using Ka eidaGraph program and are
listed in Tables 3-6. It is noted that Egs. (4—(6) are selected merely from the
correlation coefficients of non-linear fitting, which are al beyond 0.992 in this work.

In practice, Itaya et al. [14] found that the isotherm data of phenol adsorption from
water on XAD-4 and XAD-7 can be well represented by the Redlich—Peterson equation,
although it has no theoretical basis. However, this fitting is valid in a concentration
range of 0.01-10 mol m~2 at 273-323 K. Compared to the present results (Figs. 1 and
2), this conclusion appears to be convincible at C, < 10 mol m~3.

The different fitting results can be explained from the solute—resin interactions. Such
types of isotherms as Figs. 1-4 are often observed in adsorbents in which thereis awide
range of pore sizes [25], as exactly the case shown in Fig. 5. In such systems, there is a
continuous progression with increasing loading from monolayer to multilayer adsorp-
tion, and finaly to capillary condensation if the loading is high enough [27]. The
combined term of the Langmuir eguation, rather than the Freundlich equation, in Egs.
(5) and (6) for 4-chlorophenol adsorption indicates the chemical nature of the more
hydrophobic 4-chlorophenol compared to phenol [27]. This reflects a comparatively
large extent of the chemical factor for the adsorption of 4-chlorophenol on the resins, as
discussed from temperature dependence in Section 3.3.

Table 6

The fitting parameters of Eq. (6) for 4-chlorophenol adsorption on XAD-7

TK) qy, (mol kg™b) Kwveer n K. (m®mol ™)
288 112 0.091 4 1.03

298 1.19 0.059 4 0.58

308 121 0.043 4 0.40

318 131 0.031 5 0.25
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Fig. 6. Determination of the apparent enthalpy of adsorption.

As clearly shown in Tables 3—6, an increase in temperature leads to an increase in
g, For a given solute, a higher q,, is obtained on XAD-4 compared to XAD-7 as has
been stated above. Furthermore, the more hydrophobic solute 4-chlorophenol shows a
higher q,, than phenol. In the case of phenol adsorption (Tables 3 and 4), the extremely
low K and 1/m value indicates that the Freundlich equation mainly contributes g, at
sufficiently high C,. If q,, isdivided by the specific surface area of the resins, it appears
that the total surface area of the resins is not completely covered. Some particular
interaction between phenols and the polymeric matrix such as the ester linkages via
hydrogen-bonding within XAD-7 likely plays an important role.

3.3. Effect of temperature on adsorption

In the case of 4-chlorophenol adsorption (Tables 5 and 6), the two constants
decreases by increasing temperature. In a broad sense, the apparent enthalpy of
“*adsorption”” AH can be determined as follows:

d(logK ) /d(1/T) = AH/2.303R (7)
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Fig. 6 shows the results. These plots give well linear relations (correlation coefficient >
0.990). The values of AH derived from K, and Ky with XAD-4 are —42.2 and
—68.7 kdmol 1, respectively. Furthermore, they are —34.9 and —28.1 kJ mol ~! with
XAD-7 derived from K and Kyger, respectively.

Unlike the AH derived from Kgr with XAD-4, the other three enthalpies evolved
are less than 45 kJ mol %, which are comparable to those reported for adsorption of
phenols on other non-ionic polymeric resins [11,15]. However, they are lower than those
obtained for adsorption of organic solutes on activated carbons [28]. In a word, the
present results on temperature effect show the uptake of both phenols on non-ionic
polymeric resins to be a type of transition between physical and chemica adsorption
[20].

4. Conclusions

The isotherms for liquid-phase adsorption of phenol and 4-chlorophenol on Amberlite
XAD-4 and XAD-7 macroreticular polymeric resins have been analyzed. The following
results are obtained.

1. The adsorption capacity for more hydrophobic 4-chlorophenoal is higher. In contrast
to XAD-4, the amount of adsorption of phenols on per unit area of XAD-7 is high due to
the ester linkages of the sites for hydrogen-bonding provided by XAD-7. The sharp rise
in g, a high C, can be explained by the pore-blockage effect. In addition to the
hydrophobicity of the resins, the number of active sites plays an important role in the
mechanism of phenols adsorption.

2. The isotherm data cannot be fit by the conventional Langmuir, Freundlich, BET,
and Redlich—Peterson equations over the whole concentration range (< 32 mol m™3).
They are well fit by combined the BET equation or its modified form with the
Freundlich or Langmuir equation (Egs. (4)—(6)), depending on the types of solutes and
the resins. Owing to rather wide pore size distributions of the resins, the different fitting
results can be explained from the solute—resin interactions.

3. Based on the apparent enthalpy changes of *‘adsorption’” (< 45 kJ mol 1), the
uptake of phenols on non-ionic macroreticular resins is a type of transition between
physical and chemical adsorption.
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