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bstract

The adsorption of phenol, 2-chlorophenol, 4-chlorophenol and 2,4-dichlorophenol by aged-refuse has been studied. Adsorption isotherms
ave been determined for phenol, 2-chlorophenol, 4-chlorophenol and 2,4-dichlorophenol and the data fits well to the Freundlich equation. The
hlorinated phenols are absorbed more strongly than the phenol and the adsorption capacity has an oblivious relationship with the numbers
nd the position of chlorine subsistent. The experiment data suggests that both the partition function and the chemical adsorption involve in
he adsorption process. Pseudo-first-order and pseudo-second-order model were applied to investigate the kinetics of the adsorption and the

esults show that it fit the pseudo-second-order model. More than one step involves in the adsorption process and the overall rate of the adsorp-
ion process appears to be controlled by the chemical reaction. The thermodynamic analysis indicates that the adsorption is spontaneous and
ndothermic.

2006 Elsevier B.V. All rights reserved.
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. Introduction

A biofilter with aged-refuse as the filling used to treat landfill
eachate, phenolic compounds wastewater, coking wastewater
nd livestock wastewater has been studied in our previous work
1–6]. A satisfactory result was obtained in terms of recalci-
rant pollutants removal and cost reduction in comparison with
raditional methods.

Adsorption and biodegradation are the mechanism leading
o the removal of recalcitrant pollutants from effluent wastew-
ter. The adsorption–biosorption of organic pollutants has been
hown to play a key role in the final fate of organic pollutants.
dsorption of organic pollutants on the biologically inactive
aterials such as activated carbon used as a pretreatment method

n integrated biological-chemical treatment process have been
ddressed in some studies [7]. The adsorption and accumulation
f various organic pollutants by live and dead biomass in con-

entional biological treatment process when insufficient contact
ime is available have also been studied in detail by the authors
8,9].

∗ Corresponding author. Tel.: +86 21 65980609; fax: +86 21 65980041.
E-mail address: xlchai@mail.tongji.edu.cn (C. Xiaoli).
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In biofilter with aged-refuse as the filling, the high adsorp-
ion capacity, biomass inventory and long contact time make
dsorption–biodegradation of the organic pollutants in bal-
nce and so that the effective removal become possible. While
ery little is known about the fate of organic pollutants after
ischarged into the biofilter. The adsorption process, as well
s its role in the whole process of removal pollutants from
astewater by biofilter has not been addressed in our pre-
ious study. With a aim to develop cost-effective treatment
echnology for organic pollutants by biofilter, a better under-
tanding of the adsorption process and mechanism that affect
he fate of the organic pollutants in the biofilter are required.
his work investigated the adsorption process of organic pollu-

ants by the aged-refuse in the biofilter and developed a model
o predict the adsorption of organic pollutants with phenol, 2-
hlorophenol, 4-chlorophenol and 2,4-dichlorophenol as model
ompounds. The results of the adsorption tests can be used
o estimate the concentration of organic pollutants adsorbed
o the aged-refuse in biofilter. The data obtained from this

tudy can improve our understanding on the fate of organic
ollutants in biofilter and which is a key step to develop-
ng an effective method to remove the organic pollutants by
iofilter.

mailto:xlchai@mail.tongji.edu.cn
dx.doi.org/10.1016/j.jhazmat.2006.02.015
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Table 1
Characterization of aged-refuse

Disposed time (year) Water content (%) Organic content (%) pH TN (%) TP (%) CEC (meq/100 g) Specific surface area (m2 g−1)

1990 34.0 9.69 7.65
1994 27.5 10.47 7.42

Table 2
The total number of bacteria in aged-refuse and in comparison with other soil

Samples The total number of bacteria
(per gram of dried sample)

Aged-refuse 8.63 × 106

Aged-refuse 9.02 × 106

Red earth 11.03 × 106
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solution of hydrochloric acid and sodium hydroxide solutions,
respectively. The flasks were agitated on a controlled tempera-
ture shaker at a 150 rpm of constant shaking rate. Background
samples containing aged-refuse and no samples and controls

Table 4
Heavy metal concentration of leaching test in aged-refuse (mg/kg)

Refuse (1990)

As 0.22
Pb 0.25
Cr 0.11
Cd 0.02

T
H

R
S

abook 5.07 × 106

ice soil 32.30 × 106

. Materials and methods

.1. Aged-refuse

.1.1. Aged-refuse resource
All the aged-refuse used in this study was sampled from

hanghai Laogang landfill disposed in 1990 and 1994, respec-
ively. The aged-refuse was taken to the laboratory and then
aturally air-dried at laboratory. The larger inorganic substances,
uch as stones, glass, bottles, etc., were separated and removed.
fter screened by a conventional mechanical screener and the

ize less than 15 mm diameter was used as the filling in biofilter.
ged-refuse used as adsorption experiment was collected from
iofilter for consecutive treating phenolic compounds, the biofil-
er set-up and the operation mode have been described elsewhere
1,2].

.1.2. Characterization of the aged-refuse
For further basic characteristics analysis, the age-refuse was

roken into small pieces by hammer or ball miller. At least 10 kg
ged-refuse was sampled and the characteristics of the aged-
efuse, such as water content, organic content, CEC, pH, TP, TN,
pecific surface area and total number of bacteria were measured
n triplicate. The result is shown in Tables 1 and 2.

.1.3. Leaching test
In order to evaluate that if the aged-refuse brings second pol-

ution to the environmental, the content of the heavy metal and
he leaching test of the aged-refuse have been conducted in this

tudy. The leaching tests method as follows:

1) Fifty grams aged-refuse less than 15 mm was put in to the
poly propylene container and add the water until to get the

N
C
Z
H

able 3
eavy metal concentration of in aged-refuse (mg/kg)

As Pb Cr

efuse (1990) 138.60 285.14 152.56
oil stand (GB 5618-1995) 400 500 300
0.41 1.02 68.7 5.46
0.76 1.18 71.4 3.78

liquid/solid ratio of 10 before adjust the pH value to 5.8–6.3
with sodium hydroxide or nitric acid.

2) The container was agitated on a controlled temperature
shaker at a 110 rpm of constant shaking rate for 8 h and
then stabilized for 16 h.

3) Filtered by mediate speed-quantitative filter paper.
4) The filtrate was measured by ICP. The leaching test was

conducted in duplicate and the concentration of heavy
metal was measured in triplicate. All the data is shown in
Tables 3 and 4.

.2. Adsorption experiment

.2.1. Chemical reagents
All the experiment solutions were prepared by diluting

.0 g/dm−3 of stock solution of all the phenolic compounds to
he desired concentration. A stock solution was obtained by dis-
olving 1.0 g of all the tested compounds of analytical reagent
rade in 1 dm−3 distilled water. The concentration of all the
ested compounds ranges from 100 to 500 mg/l.

.2.2. Batch adsorption test
Adsorption experiments were conducted in a routine manner

y the batch technique. Five grams aged-refuse shakes up with
100 ml phenol solution of different concentrations in a flask.
efore mixing the refuse with the tested solution, the initial pH
alue of each test was adjusted to the desire value by dilute
i 0.95
u 0.82
n 0.94
g 0.02

Cd Ni Cu Zn Hg

0.58 50.10 178.53 652.88 1.18
1.0 200 400 500 1.5
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adsorption process was also measured and found that the dif-
ference between the two measured values of pH was less than
0.2. The variation of equilibrium adsorption capacity of all the
tested pollutants with different initial pH is shown in Figs. 2–5.
12 C. Xiaoli, Z. Youcai / Journal of Ha

ontaining sample but no aged-refuse also run at the same
ondition. The control experiments were used to evaluate the
tripping of the aged-refuse and the possibility of volatilization
nd biodegradability of phenolic compounds. All the experi-
ents were carried out in duplicates and average values were

sed for further conclusions.

.2.3. Analysis
At the end of the equilibrium time, liquid phase was separated

rom the aged-refuse by centrifuged at 3000 × g for 30 min. The
olid phase was washed with distilled water and the washing
ater was added to the liquid phase. Phenolic compounds con-

entration in the liquid phase determined by the methods of
pectrophotometer. The concentration of phenolic compounds
dsorbed to the aged-refuse was calculated as the difference
etween initial and phenolic compounds concentration in the
iquid phase. The leaching test was conducted in duplicate and
he concentration of phenolic compounds was measured in trip-
icate.

. Result and discussion

The effects of contact time, initial pH and initial concentration
n the adsorption equilibrium of the tested compounds on the
ged-refuse have been investigated. The results are given as the
nit of adsorption quantity per gram adsorbent in given time and
quilibrium.

.1. Characterization of the aged-refuse

As shown in Tables 1 and 2, the characteristics of the aged-
efuse do not varied greatly with the disposed time. It is agree-
ent with our previous work reported that the refuse will become

hemical and biological stabilized after it had been disposed for
years. The organic content of aged-refuse disposed in 1990

nd 1994 was measured as 9.69 and 10.47%, respectively, and it
lmost equals to that of fertile soil and higher than that of gen-
ral sand soil. The CEC of the aged-refuse disposed in 1990 and
994 is more than ten times that of general soil and two or three
imes that of fertile soil. The total number of biomass in aged-
efuse of 1990 and 1994 almost equals to that of fertile soil. The
igh organic content, CEC and the wide and larger quantity of
iomass contribute the high adsorption capacity of aged-refuse.

.2. Leaching test

The content of As, Pb, Cd, Hg, Zn, Cu, Ni, Cr in aged-refuse
s shown in Table 3, all the heavy metal can get the soil stand
GB 5618-1995) permissible limit except that the content of Zn
s a little higher. As shown in Table 4 that the leaching solution
ontain a very negligible amount of heavy metal and are not so
ufficiently high to bring second pollution to the environment.
.3. Effect of contact time

The adsorption rate of organic pollutants by biomass or other
dsorbents is very rapid and the adsorption equilibrium can reach
Fig. 1. Equilibrium time for adsorption of phenolic compound by refuse.

n less than 24 h [8,10,11]. The adsorbent in this study is quite
ifferent from those used by the above investigators because it
ncludes not only the aged-refuse but also the biomass. The data
or the adsorption of phenolic compounds versus contact time is
hown in Fig. 1. The results show that the adsorption of phenolic
ollutants in aqueous solutions by aged-refuse was very rapid
ecause the largest amount of phenol was removed with in the
rst 2 h. The remaining concentration of the phenolic pollutants

n the liquid phase become asymptotic to the time axis after 4 h of
haking and the adsorption equilibrium was reached in less than
h. The rapid adsorption of phenolic compounds to aged-refuse
nsures that sufficient time is available for adsorption equili-
ration to get at the usual operator condition of the biofilter.
owever, for subsequent experiment, the samples were left for
2 h to ensure the adsorption equilibrium. The equilibrium time
f different initial concentration of all the phenilic compounds
as also conducted and the result shows that initial concentra-

ions of phenolic pollutants have little effect on the adsorption
quilibrium time.

.4. Effects of pH

The pH value of the adsorption medium is the most critical
arameter that affects the adsorption capacity of aged-refuse.
he adsorption of phenolic compound by aged-refuse was stud-

ed at different initial pH values of 3–9. The pH before and after
Fig. 2. The influence of pH value on the sorption capacity of phenol.
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Fig. 3. The influence of pH value on the sorption capacity of 2-chlorophenol.

Fig. 4. The influence of pH value on the sorption capacity of 4-dichlorophenol.
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ig. 5. The influence of pH value on the sorption capacity of 2,4-dichlorophenol.

As shown in Fig. 2 that the adsorption capacity of all the phe-
olic compounds decreases with increasing the pH value. This
an be attributed to the pH value affecting the degree ionization
f the phenolic compounds. The ionic fraction of phenolic com-
ounds can be calculated from I = [A−]/[HA] = Ka/[H+] =
0(pH–pKa). When pH = pKa, the anions form and neutral form
ill be 50%, respectively, with the increase of the pH, the anion

orm increases while neutral form decreases. The neutral form

an be neglected when pH > pKa more than 2 units. Compared
ith the pKa value of the phenolic compounds in Table 5, it can
e found that the pKa value decrease with the increase num-
er of the chlorine atoms substituted and also with the closing

o
p

m

able 5
issolvability, partition efficient and dissociation constant of phenolic compounds

Dissolvability (mg/l)

henol 93000
-Chlorophenol 28500
-Chlorophenol 27000
,4-Dichlrophenol 4500
us Materials B137 (2006) 410–417 413

f the chlorine atom position to the OH group in chlorophe-
ols having the same number of chlorine atoms substituted.
henol, 2-chlorophenol, 4-chlorophenlp and 2,4-dichlorophenol
ave quite different ratio of anions form at the same pH value
wning to their different pKa value. The adsorption capacity of
henol decrease rapidly with the pH > 8, it is because the neutral
orm of phenol will decrease greatly and limit the adsorption of
henol in the organic matter of aged-refuse by partition func-
ion. Another reason is that with the increase the pH, more and

ore humic substances, especially humic acids, will get into
he water from aged-refuse and hence decreases the phenolic
dsorption capacity by the aged-refuse. As the same reason, for
,4-dichlorophenol, the adsorption capacity decreases rapidly
hen pH > 6.
In addition, pH also affects the surface property of the

iomass and hence influences the equilibrium adsorption pro-
ess. At lower pH, the overall surface charge of the biomass
ecome positive and this leads to donor–acceptor interactions
etween the aromatic ring of the phenolic compound, especially
hlorinated phenol activated by the –Cl, and the surface of the
iomass [12]. At very lower pH values, the surface of the biomass
ill be surrounded by the hydrogen ion and which enhance the

hlorinated phenols interaction with the biomass with attractive
orce. As the pH increases, however, the overall surface charge
f aged-refuse becomes negative and the repulsive forces pre-
ailing, hence the adsorption capacity decreases.

.5. Adsorption isotherms

Several models have been reported in the literature to describe
xperimental data of adsorption isotherms. The Freundlich
odel has been widely adopted to characterize the adsorption

f organic pollutants from water and it was also used to fit the
dsorption data in this study.

The linear form of the Freundlich isotherm model is given by
he following equation.

n qe =
(

1

n

)
ln Ce + ln K (1)

here qe is the adsorbed phenolic compound quantity per gram
f aged-refuse at equilibrium, Ce is unadsorbed phenolic com-
ounds concentration in solution at equilibrium. K and 1/n
re Freundlich constants related to the adsorption capacity and
dsorption intensity, respectively. The values of K and 1/n can be

btained from the intercept and slope, respectively, of the linear
lot of experimental data of ln qe versus ln Ce.

Adsorption equilibrium of all the phenolic compounds was
odeled using Freundlich isotherms. The initial concentration

Kow pKa

1.46 10.02
2.17 8.52
2.35 9.41
2.75 7.85
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Fig. 6. Freundlich adsorption isotherm.

ange from 100 to 500 mg/l. Equilibrium concentration of the
ested compounds was plotted to test their fit to the Freundlich
quation (Fig. 6). R2 values, which are a measure of goodness-
f-fit, were also calculated from the Freundlich equation. The
dsorption isotherms of the test compounds, the Freundlich
onstants evaluated from the isotherms and the correlation coef-
cients are given in Table 6.

The equilibrium curves of all the tested compounds are
ell represented by the Freundlich isotherm model. R2 val-
es, very close to 1, show that Freundlich isotherm model can
dequately describe the adsorption data. As shown in Table 6,
he order of the K indicate that the adsorption capacity is 4-
hlorophenol, 2,4-dichlorophenol, 2-chlorophenol and phenol.
he trend seems to have relation with the polarity of the tested
ompounds. The electron-withdrawing property of the chlori-
ated phenol favors the formation of electron donor–acceptor
omplexes between the aromatic and the active function group
n the biomass or the humic substances in the aged-refuse. In
ddition, the position of the –Cl in the aromatic ring also exerts
greater influence in the adsorption capacity of the aged-refuse.
he reason that the adsorption capacity of 4-chlorophenol was
reater than 2-chlorophenol, may be result of a steric hindrance
f 2-chlorophenol between the –Cl group and the –OH group
13]. For 2-chlorophenol, an intramolecular hydrogen bond-
ng will be formatted between the chlorine atom substituted at
he ortho-position and the –OH group and decrease the chance

f intermolecular hydrogen bonding ability [14]. So compared
ith 4-chlorophenol, the adsorption capacity will decrease. It

an hypothesis that the formation of intermolecular hydrogen

3

t

able 6
reundlich isotherm equation and the parameters

Freundlich equation

henol q = 0.0192c0.837
e

-Chlorophenol q = 0.042c0.814
e

-Chlorophenol q = 0.195c0.626
e

,4-Dichlorophenol q = 0.180c0.662
e

us Materials B137 (2006) 410–417

onds plays an important role in the transfer of phenolic com-
ounds from water to the aged-refuse during the adsorption
rocess owning to the chemical adsorption. In addition, with
he increase of polarity of the chlorinated phenol, Kow increase
nd hence enhance the partition function of chlorinated phenol
n the organic substances of aged-refuse is another reason that
he adsorption capacity of chlorinated phenol is higher than that
f phenol.

Adsorption capacity usually has a relationship with the
hysicochemical properties of the organic compounds, such as
ow (octanol–water partition efficient). Serious studies have cor-

elated with the adsorption of organic pollutants on biomass to
he Kow and found a positive relation of Kow to qe. In this study,
n order to investigate the possible mathematical relationship,
e of all the tested compounds, calculated from the Freundlich
quation, was plotted with Kow. The correlation between Kow
nd the qe (initial concentration is 500 mg/l) was described by
quation:

e = 2.3583Kow − 0.7684 (2)

The qe increases with the Kow increase, i.e. more hydrophobic
rganic substances tend to results in a higher equilibrium adsorp-
ion capacity. While the correlation coefficient (R2 = 0.76) was
ather high indicating that partition function mainly describes
dsorption of phenolic compounds to the aged-refuse and the
dsorption process is more complex than partition function. If
artition function is the only adsorption mechanism, adsorp-
ion capacity will have a close relation with the organic content
f the aged-refuse and the adsorption isotherm will be linear.
ut all the value of n is not close to 1 indicating that linear
dsorption isotherm dose not exists and the partition function
s not the only adsorption mechanism. Based on the trend of
he phenolic compound’s Kow, if the partition function is the
nly adsorption mechanism, the trend of the adsorption capacity
hould be 2,4-dichlorophenol, 4-chlorophenol, 2-chlorophenol
nd phenol, while the result from the adsorption experiment
how that the adsorption capacity of 4-chlorophenol is higher
han that of 2,4-dichlorophenol. The values of n, bigger than one,
ndicate that the interaction between the phenolic compounds
nd the aged-refuse is strong and the tested compounds can be
dsorbed greatly at the low concentration. Based on the data, we
an hypothesize that the adsorption process involves in partition
unction as well as the chemical adsorption.

.6. Kinetics of the adsorption process
.6.1. Kinetic model of phenolic compounds adsorption
Kinetic models have been proposed to elucidate the adsorp-

ion mechanism. The mechanism of adsorption depends on the

K n R2

0.019 1.195 0.9345
0.042 1.228 0.9929
0.195 1.597 0.9517
0.180 1.509 0.9854
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Table 7
The parameter of the mimetic model

q(e,exp) (mg/g) First-order kinetic model Second-order kinetic model

k1 (min−1) q(e,cal) (mg/g) R2 k2 (g mg−1 min−1) q(e,cal) (mg/g) R2

Phenol 0.597 0.012 0.984 0.9898 0.0046 0.77 0.9983
2-Chlorophenol 1.266 0.008 0.977 0.9718 0.0671 1.37 0.9962
4-Chlorophenol 1.752 0.016 0.877 0.9928 0.3503 1.86 0.9984
2 0.9784 0.6301 1.55 0.9999
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Table 8
The parameter of the intraparticle diffusion model

Intraparticle diffusion model R2

Phenol qt = 0.0319t1/2 + 0.041 0.956
2-Chlorophenol qt = 0.0431t1/2 + 0.048 0.921
4
2

w
(
t
a
I
c

d
p
c
T
m
i
a

3

t
a
c
and 45 C.

The enthalpy change �H◦ and entropy change �S◦ for
adsorption are assumed to be temperature independent and the
Gibbs free energy �G◦ is related to the enthalpy and entropy by
,4-Dichlorophenol 1.531 0.014 0.596

hysical and chemical characteristics of the adsorbent as well as
n the mass transport process. In order to investigate the mecha-
ism of phenolic compounds adsorption on the aged-refuse and
xamine the potential rate-controlling step, i.e., mass transfer
r chemical reaction. The capability of pseudo-first-order and
seudo-second-order kinetic models was examined in this study.
arious kinetic models have been used by various workers, the
agergren’s rate equation is the one most widely used for the
olute from a liquid solution:

The pseudo-first-order equation [15–17] is:

og(qe − qt) = log(qe) − k1t

2.303
(3)

here the value of qe is the adsorption capacity at equilibrium,
t is the adsorption capacity at time t, k1 is the rate constants of
he pseudo-first-order equation.

On the other hand, a pseudo-second-order equation [15–17]
ased on the adsorption capacity is expressed in the form:

t

qt

= 1

k2q2
e

+ t

qe
(4)

A series of contact time experiments were carried out with
onstant initial phenol of 100 mg/l. The pseudo-first-order and
seudo-second-order equation, k1, k2, correlation coefficients,
heoretical and experimental qe values were compared in Table 7.

As shown in Table 7, the correlation coefficient of pseudo-
econd-order equation is higher than that of pseudo-first-order
nd the theoretical qe values calculated from pseudo-second-
rder were more close to the experimental qe values than
rom pseudo-first-order. It can be conclusion that the pseudo-
econd-order kinetic model is fit for the adsorption of phenolic
ompounds on the aged-refuse. It indicates that the chemical
dsorption exists in the adsorption process, which may be partly
ue to the hydrogen-binding between the hydroxyl groups of
henolic compounds and the active functional groups in the
ged-refuse, and it may be the rate-limiting step. Further, there
re some deviation between the calculated and the experiment
alues, it indicates that more than one step involve in the
dsorption process.

.6.2. Diffusion model
In order to investigate that if the diffusion is the control step
n adsorption process, the intraparticle diffusion model [15–17]
as used to study it.

t = kdt
1/2 + C (5)
-Chlorophenol qt = 0.035t1/2 + 1.1704 0.833
,4-Dichlrophenol qt = 0.0153t1/2 + 1.225 0.797

here kd and C are the rate constants of intraparticle diffusion
mg/g min1/2) and a constants, respectively. The applicability of
he model can be examined by plot of qt, the amount of adsorbate
dsorbed per unit weight of adsorbent, versus square root of time.
n order to quantify the applicability of the model, the correlation
oefficient was calculated from the plot as shown in Table 8.

The higher coefficient (>0.79) shows that the intraparticle
iffusion was involved in the adsorption process. The linear
ortion of the plot does not pass through the origin also indi-
ate that more than one step involve in the adsorption process.
he coefficient is lower than that of the pseudo-second-order
odel suggest that pseudo-second-order adsorption mechanism

s predominant and the overall rate of the adsorption process
ppears to be controlled by the chemical reaction.

.6.3. Thermodynamics
In order to investigate the thermodynamics characteris-

ics of the phenolic compounds adsorbed by the aged-refuse,
dsorption thermodynamics experiment of 2-chlorophenol, 4-
hlorophenol and 2,4-dichlorophenol were conducted at 25, 35

◦

Fig. 7. Plot ln KC vs. 1/T.
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Table 9
The parameter of the thermodynamic

�G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J mol−1)

25 ◦C 35 ◦C 45 ◦C

2
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[

-Chlorophenol −0.281 −1.993
-Chlorophenol −1.904 −4.346
,4-Dichlorophenol −2.924 −3.882

he following equation:

G◦ = �H◦ − T�S◦ (6)

The Gibbs free energy change of the adsorption process can
e related to the equilibrium constant by the following equation:

G◦ = −RT ln KC (7)

n KC = �S◦

R
− �H◦

RT
(8)

KC can be calculated according to the following equation:

C = CA

Ce
(9)

here KC is the equilibrium constant, CA is the equilibrium
mount adsorbed on the adsorbent per liter of the solution, and Ce
s the equilibrium concentration in the solution. T is the solution
emperature and R is the gas constant. �H◦ and �S◦ were cal-
ulated from the slope and intercept by plotting of ln KC versus
/T. The relationship between ln KC and T is given in Fig. 7 and
he estimated adsorption thermodynamic parameters are shown
n Table 9.

The positive value of �H◦ conforms that the adsorption pro-
ess is endothermic, which is an indication of the existence of an
nteraction between the phenolic compound and the aged-refuse
urface.

The positive value of �S◦ indicates a decrease in the order of
he system at the solid-solution interface during the adsorption
f phenolic compounds. The increases of randomness suggest
hat it is possibility that some structural changes in the phenolic
ompounds aged-refuse complex.

The positive values of �H◦ and �S◦ suggest that both
nthalpy and entropy are responsible for making the �G◦ nega-
ive, The negative value of �G◦ indicates that the adsorption of
henolic compounds on the aged-refuse is spontaneous for the
emperature range evaluated, which is usually the case for many
dsorption system in solution. As shown in Table 9, the �G◦
alue decrease with the increase of temperature, which indicates
hat the spontaneity of the adsorption process was ensured by
he increase of the temperature. Compared with 2-chlorophenol
nd 2,4-dichlorophenol, the increase of temperature influence
he �G◦ value of 4-chlorophenol more greatly owning to the
igh �S◦ value of it.
. Conclusions

Adsorption of phenolic compounds by aged-refuse in biofil-
er was characterized. It was observed that the sorption rate is so

[

[

−3.450 5.11 171.6
−6.763 8.70 297.9
−4.586 2.18 83.3

apid that it can get the equilibrium in less than 6 h. The adsorp-
ion capacity was strongly dependent on the pH value and has
elation with the initial concentration. The adsorption data fit
he Freundlich isotherm very well and was correlated with the
ctanol/water partition. Taking into account the results obtained
rom experiment sorption, two chemical parameters (Kow and
a) that seem to play an important role in the sorption process.
comparison of the kinetics models shows that the adsorption

rocess follows pseudo-second-order kinetics. The adsorption
rocess is so complex that more than one step involves in the
dsorption process and the overall rate of the adsorption process
ppears to be controlled by the chemical reaction. The negative
alues of the Gibbs free energy change of the adsorption indi-
ate that the adsorption is spontaneous. The positive values of
he enthalpy of the adsorption show that the adsorption is an
ndothermic process.
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