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bstract

As the most important parameters affecting the biosorption, pH and temperature were studied in this paper in order to more completely understand
heir effects on chlorophenols’ biosorption onto anaerobic granular sludge. Sorption isotherms of 4-chlorophenol (4-CP) and 2,4-dichlorophenol
2,4-DCP) at various temperatures were determined; the data of 4-CP could be simulated by Langmuir model, while the data of 2,4-DCP could
nly be reproduced by Freudlich equation. The uptake capacity of 4-CP and 2,4-DCP could reach 1.5 mg g−1 and 5.04 mg g−1 when 2,4-DCP

oncentration was 90 mg L−1 and 4-CP concentration was 107 mg L−1, respectively. 2,4-DCP was more strongly adsorbed onto the anaerobic
ranular sludge than 4-CP, which might be correlated with the numbers of chlorine substitute. The Experiments studying pH effects showed that
he adsorption capacity of 4-CP and 2,4-DCP was quite pH dependent and increased with decrease in pH.

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

Chlorophenols (CPs) are the most common organic pollu-
ants that used widely in agriculture, industry and public health.
he most important pollution sources containing chlorophenols
re the wastewaters from pesticide, paint, solvent, pharmaceu-
ics, wood preserving chemicals, paper and pulp industries and
ater disinfecting process. Because, CPs are toxic, resistant to
icrobial degradation, and can accumulate in the food chain,
any countries have restricted or banned the production or use

f CPs and designated them as priority pollutants in their own
ist of hazardous wastes [1,5].

The traditional methods used in the treatment of CPs include
hysical treatment like activated carbon adsorption, hyper-
ltration, solvent extraction, reverse osmosis, etc.; chemical

reatment like chemical oxidization, incineration, chemical
egradation, wet oxidation, hypercritical oxidation, UV/H2O2

ethod, TiO2 photochemical oxidation, high-pressure impul-

ive discharge, low temperature plasma, high frequent ultrasonic
ethod, etc.; biological treatment like activated sludge, mem-

∗ Corresponding author. Tel.: +86 10 6278 4843.
E-mail address: wangjl@tsinghua.edu.cn (J. Wang).
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rane separation technique, aerobic/anaerobic method, etc. The
evelopment of traditional physical and chemical methods are
imited because of their high cost, in addition, the efficiency
f traditional biological methods is not satisfying because of
Ps’ structural stabilization and toxicity [2–5]. So some new
nd alternate methods should be developed.

Biosorption is a kind of promising technique that can accumu-
ate CPs from wastewater because of its great adsorption result,
igh selectivity, low cost and satisfied removal efficient. Some
inds of biomass like algae, waste bacteria from fermentation
ndustry and activated sludge over grown in wastewater systems
an be separated and utilized for removal of CPs as an abun-
ant and cheaper biosorbent, which reduce the treatment cost to
reat extent and make the wastes reused [6]. Meanwhile, there
s no need to add nutrients to the chlorophenol treatment sys-
ems because many researchers found dead biomass can also
emove CPs dramatically and their adsorption capacities are
o more than the live during the short adsorption time [6–10].
hese advantages have led many workers to do some research on

t. The present studies focus on searching for more economic,

ractical and efficient adsorbent, and studying their biosorp-
ion capacity, investigating the parameters affecting biosorption
fficiency and figuring out their biosorption mechanisms
6–16].

mailto:wangjl@tsinghua.edu.cn
dx.doi.org/10.1016/j.jhazmat.2006.11.036
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Fig. 1. Granular ana

Biosorption of CPs by anaerobic sludge and some other
iomass has received increasing attention in recent years
9,10,14,16,18,19]. Anaerobic granular sludge is a biomass
ontained greatly in anaerobic wastewater treatment reactors
UASB, ABR, etc.), which mainly consists of bacteria and
rotozoa. They can adsorb components through their outer
embranes which are mainly archaebacteria (methanogens) and

onsists of squalene and ether linked polar lipids [9].
As hydrophobic organic pollutants like CPs show a high

endency to accumulate into microbial cells and sludge, the
iosorption or accumulation of these hazardous pollutants may
ear a significant consequence as it might serve as the first step
n introducing such toxic chemicals into the food chain [2]. So an
ssessment of this biosorption process would help to understand
he environmental fate, transport and bioavailability behavior of
Ps in water body.

In this study, the sorption behavior of 4-CP and 2,4-DCP on
naerobic granular sludge was studied. Particular attention was
aid to the effects of two parameters like pH and temperature.
he sorption capacities were compared at different temperatures,

he suitability of Freudlich and Langmuir equilibrium equation
ere investigated, the relationship between the sorption capacity
f CPs and pH value was also given.

. Materials and methods

.1. Sorbent, reagents and solutions

Anaerobic granular sludge used in this study was collected
rom the ABR (anaerobic baffle reactor) of the lab of Tsinghua
niversity. The cells were centrifuged at 5000 rpm for 5 min,
ashed with sterile distilled water three times, homogenized in
homogenizer at 8000 rpm for 20 min, and then stored in the

efrigerator. The cell density was determined as 19–20 g L−1.
ig. 1 shows the typical appearance of granular sludge used in

his study.

Two chlorinated phenols, including 4-chlorophenol and 2,4-

ichlorophenol (analytical grade) were used in this study.
PLC-grade compounds were prepared as 1 g L−1 stock solu-

ions in 0.01 mmol L−1 NaOH, which were further diluted to

t
w
a

sludge appearance.

tandard solutions. The experimental aqueous solutions of CPs
ere prepared by diluting the solutes, or other solutions, in
eionized water to the required concentrations.

.2. Sorption experiments

Adsorption equilibrium experiments were conducted by
dding 5 ml stock solution of anaerobic granular sludge to
0 ml Erlenmeyer flasks containing 10 ml of aqueous solution
f different CPs with pH values ranging from 2.15 to 11.18,
hen the aqueous solutions were sealed and shaken at 150 rpm
or 6 h to ensure equilibrium was reached [2,9] at designated
emperature. Samples were taken after equilibrium had been
eached. Before analysis, samples were centrifuged at 8000 rpm
or 10 min, the supernatant fluid filtered immediately through
.45 �m membranes. The second 2 ml of the filtrate was col-
ected into a sample bottle and stored at 4 ◦C until analysis. The
oncentration range of 4-CP varied between 10 and 107 mg L−1,
nd the concentration range of 2,4-DCP varied between 9 and
0 mg L−1.

Experiments conducted to study pH effects were performed
t a constant temperature of 25 ◦C to represent environmental
ondition with 90 mg L−1 initial concentration of 4-CP and 2,4-
CP.
Uptake capacity at equilibrium, qe (expressed as mg g−1

naerobic granular sludge), was calculated by Eq. (1):

e = (C0 − Ce)V

W
(1)

here Ce (mg L−1) is the aqueous-phase adsorbate concen-
rations at equilibrium, C0 the initial aqueous-phase adsorbate
oncentration, V the volume of the solution (L), and W is the
ass of anaerobic granular sludge (g).

.3. Analysis of chlorophenols
The concentration of residual 4-CP and 2,4-DCP in the sorp-
ion medium was determined with an HPLC system. Separations
ere achieved on a waters reverse-phase C18 analytical column

t 270 nm for 4-CP and 284 nm for 2,4-DCP. Each sample was
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fungal mycelia biomass.

Fig. 4 shows 4-CP and 2,4-DCP adsorption capacities of this
study and the results of previous work reported by Kennedy [14]
under 35 ◦C. From Fig. 4, it was easy to tell this study got the
ig. 2. Effect of temperature on 4-CP biosorption (T = 25, 30, and 35 ◦C; Initial
H 6.5; v, 150 rpm; equilibrium time, 6 h).

ested two times and the average values were used for further
nalysis.

. Sorption isotherms models [5,6]

Adsorption is a well-known equilibrium separation process.
here are many isotherm equations used for modeling the
dsorption equilibrium, such as Langmuir, Freundlich, linear
nd Redlich-Peterson equation, etc. [6]. Among all of these,
angmuir and Freundlich are the most widely used equations.

n this study, equilibriums were described by these two classical
odels of monolayer sorption.
The Freundlich model is an empirical equation based on

orption on a heterogeneous surface and expressed by Eq. (2):

e = KFCe
1/n (2)

here KF and n are the Freundlich coefficients. KF and n
re indicators of adsorption capacity and adsorption intensity,
espectively.

The Langmuir model is another popular used equation,
ecause its coefficients have some real meanings. Langmuir
quation is valid for monolayer sorption on to a surface with
finite number of identical sites and its expression is given by
q. (3):

e = qm
bCe

1 + bCe
(3)

here qm and b are the Langmuir coefficients. qm the maximum
mount of the pollutant per unit weight of adsorbent to form a
omplete monolayer on the surface bound at high Ce (mg g−1),
nd b is a constant related to the affinity of the binding sites
L mg−1). qm and b can be determined from the linear plot of
/qe vd 1/Ce.

. Results and discussion

.1. Effect of temperature

Figs. 2 and 3 describe the effects of temperature on the 4-
P and 2,4-DCP uptake capacities at 25, 30 and 35 ◦C. The
esults in both figures showed that the adsorption capacities of
-CP and 2,4-DCP increased with the increasing of Ce, while the
endency of increasing became slow. These phenomena could be
xplained as the adsorption sites on the mass unoccupied were

F
(

ig. 3. Effect of temperature on 2,4-DCP biosorption (T = 25, 30, and 35 ◦C;
nitial pH 6.5; v, 150 rpm; equilibrium time, 6 h).

radually taken till saturation by CPs with increasing of the CPs’
oncentration under the same amount of biomass.

Meanwhile, to understand effects of temperature on the maxi-
um adsorption capacities of CPs by anaerobic granular sludge,

he calculated lines using Freundlich model were also drawn in
igs. 2 and 3. The tendency of lines under different temperatures
howed that the maximum uptake capacities increased with tem-
erature decreasing from 35 ◦C to 25 ◦C for 4-CP and 2,4-DCP,
hich indicated the adsorption processes of 4-CP and 2,4-DCP
y anaerobic granular sludge were exothermic. This study drew
he same conclusion with Kennedy [9]. The uptake capacity of 4-
P and 2,4-DCP could reach 1.5 mg g−1 and 5.04 mg g−1 under

he concentration range studied, respectively.
Comparison between Figs. 2 and 3 indicated that 2,4-DCP

as more strongly adsorbed than 4-CP under the same condition,
hich might be correlated with the numbers of chlorine substi-

ute. This drew the same conclusion with many researchers who
ound the fact that the increasing number of chlorine substituents
eads to increase in the acidity and hydrophobicity (Kow) and
ecrease in the solubility, and that the binding capacity is directly
roportional to the hydrophobicity and inversely to the solubil-
ty [17,19]. Wu et al. [17] found that the sorption capacities of
-CP and 2,4-DCP on mycelial pellets was in the order of: 4-
P < 2,4-DCP which increased with decreasing water solubility
nd increasing octanol–water partitioning coefficient, hydropho-
icity might govern the biosorption of phenolic compounds by
ig. 4. Comparison of the results in this study with that reported by Kennedy
T = 35 ◦C; v, 150 rpm; equilibrium time, 6 h).
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Fig. 5. Freundlich isotherm equations of 4-CP at various temperatures.
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Fig. 7. Freundlich isotherm equations of 2,4-DCP at various temperatures.
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Fig. 6. Langmuir isotherm equations of 4-CP at various temperatures.

imilar results with Kennedy’s and there did not exist differences
n the order of magnitude.

.2. Freundlich and Langmuir adsorption isotherms at
arious temperatures

Adsorption isotherms are plots between the sorption uptake
nd the final equilibrium concentration of the residual sorbate
emaining in the solution. To simulate the results, many adsorp-
ion isotherm equations have been developed [6]. Among these
quations, Freundlich and Langmuir are the most popular ones.
o investigate the suitability of these two equations, they were
pplied in the results of this study. Figs. 5–8 show Freundlich
nd Langmuir adsorption isotherms of 4-CP and 2,4-DCP at
hree temperatures (T = 25, 30, and 35 ◦C), and the simulated

quations were given in Table 1.

Table 1 shows that the equilibrium data of 4-CP can be sim-
lated by Langmuir isotherm quite well, but as for 2,4-DCP,
angmuir was not a suitable model because the intercept of

o
a
o

able 1
angmuir and Freundlich equations of 4-CP and 2,4-DCP at various temperatures

(◦C) Freundlich equation

-CP
25 ln q = 0.817, 8 ln Ce − 3.0482 (R2 = 0.969
30 ln q = 0.9655 ln Ce − 3.8893 (R2 = 0.816 4
35 ln q = 0.3753 ln Ce − 1.4608 (R2 = 0.941 5

,4-DCP
25 ln q = 0.8178 ln Ce − 1.3405 (R2 = 0.9804
30 ln q = 0.6148 ln Ce − 0.5443 (R2 = 0.9407
35 ln q = 0.4686 ln Ce − 0.0338 (R2 = 0.9772
ig. 8. Langmuir isotherm equations of 2,4-DCP at various temperatures.

quations was negative from which qm values could not be cal-
ulated. Freundlich equation could simulate experiment data of
,4-DCP quite well. The calculated line using Freundlich model
rawn in Fig. 1 also proved this point.

To investigate the relationship between temperature and
arameters of Freundlich and Langmuir equation, parameters
alculated according to Freundlich and Langmuir expression
ere given in Table 2. Langmuir equation parameters of 4-CP

howed that the maximum uptake capacities decreased from
.2171 mg g−1 to 1.2610 mg g−1 with increase in temperature,
hile as for 2,4-DCP, KF and n values of Freundlich equation

ncreased positively with temperature.

.3. Effect of pH
Among the factors affecting the biosorption of CPs on anaer-
bic granular sludge, pH is the most critical one because it can
ffect the degree of ionization of CPs and the surface properties
f the biosorbent. Many researchers studied its effects [5,11–13].

Langmuir equation

5) 1/q = 32.872/Ce + 0.1583 (R2 = 0.9952)
) 1/q = 50.678/Ce + 0.1734 (R2 = 0.9505)
) 1/q = 10.12/Ce + 0.793 (R2 = 0.9261)

) 1/q = 2.5329/Ce − 0.5144 (R2 = 0.9837)
) 1/q = 1.2179/Ce − 0.1276 (R2 = 0.8953)
) 1/q = 1.0469/Ce − 0.098 (R2 = 0.9896)
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Fig. 9. The Freundlich isotherms of 4-CP at various pH.
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Fig. 11. The relationship between pH and biosorption capacities of 4-CP and
2,4-DCP (T = 25 ◦C).

Table 3
The parameters of Langmuir, Freudlich equations of 4-CP at various pH
(T = 25 ◦C)

pH Freudlich equation Langmuir equation

KF 1/n R2 qm (mg g−1) b (L mg−1) R2

3.6 0.9866 0.4614 0.8675 7.7760 0.0640 0.9452
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Fig. 10. The Langmuir isotherms of 4-CP at various pH.

o verify the results drawn by the former workers and under-
tand its effects extensively, similar studies were conducted in
his paper.

Figs. 9 and 10 and Table 3 show the Freundlich, Langmuir
sotherm equations of 4-CP at three pH values (pH = 3.6, 6.5,
nd 11.7) and relationship between pH and parameters of Lang-
uir, Freundlich equation of 4-CP at 25 ◦C. The results showed

hat Langmuir, Freundlich equations both fitted the data quite
ell, and the former fitted better (RL

2 > RF
2). Figs. 8 and 9 also

ndicated that the uptake capacity of 4-CP to anaerobic granular
ludge increased with decrease in pH. The data in Table 3 show
he values of parameters of Freudlich isotherm equation (KF
nd n) increased with decrease in pH. In Freundlich equation,
F is an indicator of sorption capacity and n indicates sorp-

ion intensity. KF and n values increased with decrease in pH
eant that 4-CP had greater sorption capacity and bind onto

naerobic granular sludge to a greater extent at lower pH. qm
alues of Langmuir equation that decreased from 7.776 mg g−1
o 1.0340 mg g−1 with increase in pH also drew this
onclusion.

To understand effect of pH on the biosorption of 4-CP and
,4-DCP on anaerobic granular sludge in a wider range, sev-

p
i
p

able 2
he parameters of Freundlich and Langmuir equation at various temperature

(◦C) Freundlich equation

2,4-DCP

KF 1/n R2

5 0.2617 0.8178 0.9804
0 0.5802 0.6148 0.9407
5 0.9668 0.4686 0.9772
6.5 0.0474 0.8187 0.9695 6.3171 0.0048 0.9952
1.7 0.0033 1.2716 0.9049 1.0340 0.0060 0.9594

ral pH values in the range of 2–12 were applied in this study.
ig. 11 shows the relationship between pH and equilibrium
ptake capacities (qe) of 4-CP and 2,4-DCP. Figure showed
hat the uptake capacity of anaerobic granular sludge for 4-
P and 2,4-DCP were similar at pH 2.0 and 3.0, while the
ptake capacity for 2,4-DCP was greater than that for 4-CP
or the pH values greater than 3.0. This might be explained
y effect of pH on affinity forces between the sorbent and sor-
ate.

pH primarily affects the degree of ionization of the phenolic
orbate and the surface properties of the biosorbent, i.e., surface
harge of the cells. When pH is not more than one unit above
Ka values of CPs (4-CP: pKa = 9.18, 2,4-DCP: pKa = 7.89) [14],
he contribution of phenolate sorption is practically negligible as
eported by previous study [17]. Non-dissociated form activated
y the OH− and Cl− dominated the overall sorption of chlori-
ated phenols on organic sorbents. When pH is greater than pKa
alues of CPs, negatively charged ionized forms dominate in the
olution.
Surface properties of anaerobic sludge are also affected by
H. When pH is lower than isoelectric point of biomass (the
soelectric point of anaerobic sludge would be usually between
H 1 and 3) [18], the overall surface charge on the cells became

Langmuir equation

4-CP

qm (mg g−1) b (L mg−1) R2

6.3171 0.0048 0.9952
5.7372 0.0034 0.9505
1.2610 0.0784 0.9261
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ositive and this led to the interactions between the aromatic ring
f 4-CP and 2,4-DCP activated by the OH− and Cl−, and the
roups of the biosorbent surface. At very low pH values, the sur-
ace of sorbent would also be surrounded by the hydronium ions
hich enhance the chlorinated phenols interaction with binding

ites of the biosorbent by greater attraction forces [5]. These
ffinity forces was so powerful that the uptake capacity of 4-CP
nd 2,4-DCP was mainly related to their initial concentrations at
ery low pH values. As the pH was increased, the overall surface
harge on the cells became negative and the biosorption between
egatively charged CPs and binding sites of the biomass surface
ecreased.

There was an increase in the uptake capacity of 2,4-DCP at
H 8.0 (Fig. 11), while there was not for 4-CP. This phenomena
ould not be explained by the proposed biosorption mechanisms
ue to the initial pH, so there might be some other types of mech-
nisms such as ion exchange, complex formation or electron
hare, membrane transport and physico-chemical forces such as
an der Waals, H-binding, etc., like other researchers proposed
5,6,14,18].

. Conclusions

The effects of pH and temperature on the biosorption of
-CP and 2,4-DCP on anaerobic granular sludge were investi-
ated in this paper. The results showed that pH and temperature
ere the most critical factors affecting uptake capacity. Sorp-

ion isotherms of 4-chlorophenol (4-CP) at various temperatures
nd pH values showed that the data of 4-CP could be sim-
lated by Langmuir model, while the data of 2,4-DCP could
nly be reproduced by Freudlich equation. 2,4-DCP was more
trongly adsorbed onto the anaerobic granular sludge than 4-CP,
hich might be correlated with the numbers of chlorine sub-

titute or hydrophobicity of CPs. The experiments studying pH
ffects showed that the adsorption capacity of 4-CP and 2,4-
CP increased with decrease in pH, but there was an increase

n the uptake capacity of 2,4-DCP at pH 8.0.
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