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Abstract. This study aimed to remove phenolic and lignin compounds from paper mill industry (4500 m3/h)
wastewaters, which is discharged to sea from a plant located in the western Turkey. As adsorbent, fly ash, raw
sepiolite and heat-activated sepiolite were used. The effect of factors such as, particle size, temperature and pH on
adsorption process was investigated. From kinetic studies, equilibrium time was found as 1 h for both. The kinetic data
supports pseudo-second order model but shows very poor fit for pseudo-first order model. Intraparticle model also
shows that there are two separate stages in sorption process, namely, external diffusion and pore diffusion. Adsorption
isotherms for fly ash and activated sepiolite were obtained at two different temperatures. From experiments carried
out at different pHs, it was observed that pH plays an important role in the adsorption process in removing of
both lignin and phenolic compounds, providing both ionizating the compounds and modifying sorbent surfaces.
It was also observed that heat-activated sepiolite is more effective than raw sepiolite and fly ash to remove these
compounds. Adsorption of lignin and phenolic compounds increases with decreasing particle size. In addition, the
efficiency of adsorption decreases with increasing adsorption temperature for both fly ash and untreated sepiolite.
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1. Introduction

Effluents from pulp and paper mills are highly toxic
and are a major source of aquatic pollution. Bleached
Kraft Mills Effluent (BKME) is discharged large vol-
ume of brown-colored effluent because of the different
operations used in the processing of wood and pulp.
The brown colour of the effluents results from the pres-
ence of lignin or polymerized tannins in the wastewater.

∗To whom correspondence should be addressed.

The chromospheres groups on lignin are responsible for
colour. BKME contains a complex mixture of organic
constituents of various compound classes and in pulp
mill effluents, more than 300 compounds have been
identified to date. This wastewater causes three kinds
of environmental impacts: biological oxygen demand
(BOD), toxicity and color (Carlberg and Stuthridge,
1996; Diez et al., 1999; Ali and Sreekrishnan, 2001).

Lignin, which is a principal plant constituent and
heterogeneous aromatic polymer interdispersed with
hemicelluloses and occur surrounding microfibrils.
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About 21 to 29% of wood is composed of lignin that
ends up as waste during pulping processes. The ef-
fluent colour is primarily due to lignin and its de-
graded products, which are chemically stable, resistant
to biological degradation (very high COD/BOD ratio),
and are intractable to separation by conventional treat-
ment methods (APHA, 1995; Mohan and Karthikeyan,
1997). Phenolic compounds, which are generated by
petroleum industries, coal conversion, and phenolic
compounds producing industries, are common con-
taminants in wastewaters including BKME. Phenols
are considered as main pollutants since they are even
harmful to organisms and human health at low con-
centrations (Bruce et al., 2001). Because of their toxi-
city, the U.S. Environmental Protection Agency (EPA)
proposed limitations on the release from certain cate-
gories of pulp bleaching of twelve chlorinated phenolic
compounds (USEPA, 1987; Bajpai and Bajpai, 1994;
Rodriguez et al., 2000).

Physical and chemical processes to remove colour
and toxicity from wastewaters are extensively studied.
Some of these processes are adsorption, coagulation,
flotation, biosorption, UV photodecomposition and ul-
trafiltration. Most of these processes are expensive and
none of them is considered by pulp and paper industries
to be commercially viable because of unfavorable econ-
omy. Adsorption has been found to be an efficient and
economic method to remove dyes, pigments and other
colorants and to control the bio-chemical oxygen de-
mand. Activated carbons, inorganic oxides, natural ad-
sorbents (such as clays and clay minerals, cellulose ma-
terials, chitin, and chitosan) have been extensively used
as adsorbents to treat wastewaters (Al-Asheh et al.,
2003; Naseem and Tahir, 2001). Despite its prolific use
in water and wastewater industries, commercial acti-
vated carbon remains an expensive material. This has
led to search for low-cost materials as alternative ad-
sorbents in order to remove phenolic and lignin com-
pounds (Montgomery, 1985; Bailey et al., 1999).

Sepiolite is a hydrous magnesium silicate char-
acterized by its fibrous morphology and intracrys-
talline channels, having the ideal structural formula
Si12Mg8O30(OH)4(OH)4(OH2)48H2O for the half-unit
cell (Brauner and Preisenger, 1956). Sepiolite has a
common industrial application due to its molecular
sized channels and large specific surface (more than
200 m2g). It is an effective sorbent in the removal of
compounds, such as aromatic amines, diquat, paraquat
and methyl green from aqueous solutions (Sabah et al.,
2002; Rytwo et al., 2002). Fly ash was extensively used

as an adsorbent material for removing various heavy
metals and colours of organic compounds (Mott and
Weber, 1992; Viraghavan and Alfaro, 1998). It was re-
ported that the carbon content of fly ash plays a signifi-
cant role during the sorption of organic compounds. In
addition, fly ash and volcanic ash were used to remove
phenolic compounds from polluted surface waters and
wastewaters (Banerjee et al., 1997; Kao et al., 2000).

In the present study, it was aimed to study the
removal of lignin and phenolic compounds from
Bleached Kraft Mill Effluent by various sorbents,
namely, fly ash, raw sepiolite and activated sepiolite,
which are low-cost and abundantly available materials.
In addition, the adsorption mechanism through various
adsorption kinetics models was investigated. There is
no study reported in the literature related to the use of
fly ash and sepiolite as an adsorbent to remove lignin
and phenolic compounds from Bleached Kraft Mill Ef-
fluents (BKME) discharged from the plant, which pro-
duce wastewater of 4500 m3 per hour.

1.1. Adsorption Modeling

1.1.1. Pseudo-First-Order Model. In order to inves-
tigate the mechanism of adsorption, the pseudo-first-
order adsorption, the pseudo-second order adsorption
and the intraparticle diffusion model were used to test
dynamical experimental data. The pseudo-first order
rate expression of Lagergren (1898) is generally de-
scribed by the following equation (Ho and McKay,
1998a, 1999; Chiou and Li, 2003; Jain and Sharma,
2002; Tseng et al., 2003)

dqt

dt
= k1(qe − qt ) (1)

Where qe and qt are the amounts of phenolic and lignin
compounds, (mg/g) adsorbed on sorbents at equilib-
rium, and at time t, respectively and k1 is the rate con-
stant (min−1), respectively. Integrating and applying
the boundary condition, t = 0 and qt = 0 to t = t and
qe = qt Eq. (1) takes the form:

log(qe − qt ) = log qe − k1

2.303
t (2)

The rate k1 was obtained form slope of the linear plots
of (qe − qt ) against t.

1.1.2. Pseudo-Second-Order Model. The pseudo-
second order model is based on the assumption that
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the rate-limiting step may be chemical sorption or
chemisorption involving valence forces through shar-
ing or exchange of electrons between sorbent and sor-
bate.

The surface site-sorbate reaction may be represented
as follows:

Active surface site + sorbate

−→ surface site-sorbate surface complex

It is assumed that the sorption capacity is proportional
to the number of active sites occupied on the sorbent,
then the kinetic rate law can be written as follows: (Ho
and McKay, 1998b, 1998c, 2000; Ho, 2003; Ho and
Chiang, 2001; Tseng et al., 2003)

dqt

dt
= k2(qe − qt )

2 (3)

where k2 the rate constant of pseudo-second order
sorption (g/mgmin). Integrating and applying bound-
ary conditions t = 0 and qt = 0 to t = t and qe = qt

Eq. (3) becomes

qt = t
1

k2q2
e

+ t
qe

(4)

which has linear form of

t

qt
= 1

k2q2
e

+ 1

qe
t (5)

If initial adsorption rate (Gündoğan et al., 2004) is

h = k2q2
e (6)

then Eqs. (5) and (6) become

qt = t
1
h + t

qe

(7)

and

t

qt
= 1

h
+ 1

qe
t (8)

If second-order kinetics is applicable, the plot of t
qt

against t of Eq. (8) should give a linear relationship
from which the constants qe h and k2 can be determined.

1.1.3. Intraparticle Diffusion Model. It has also been
demonstrated that sepiolite has a highly porous struc-
ture. This type of adsorbent structure often results in
intraparticle diffusion being the rate-limiting step. In-
traparticle diffusion can be described by three consec-
utive steps.

(i) The transport of sorbate from bulk solution to
outer surface of the sorbent by molecular diffu-
sion, known as external (or) film diffusion.

(ii) Internal diffusion, the transport of sorbate from
the particles surface into interior sites.

(iii) The sorption of the solute particles from the active
sites into the interior surface of the pores.

The overall rate of the sorption process will be con-
trolled by the slowest, rate limiting step. The nature of
the rate-limiting step in a batch system can be deter-
mined from the properties of the solute and sorbent.
In adsorption systems where there is the possibility
of intraparticle diffusion being the rate-limiting step,
the intraparticle diffusion approach described by We-
ber and Morris (1963) is used. The rate constants, for
intraparticle diffusion (ki ) are determined using equa-
tion given by Weber and Morris (1963). This equation
can be described as Ho and McKay (1998d), Sivaraj
et al. (2001), Jain and Sharma (2002), and Basibuyuk
and Forster (2003)

qt = ki t
0.5 + c (9)

where ki and c is intraparticle diffusion rate constant
(mg/gmin0.5) and a constant, respectively. The ki is
the slope of straight-line portions of plot of qt vs. t0.5.
These plots generally have a dual nature, i.e., an initial
curved portion and a final linear portion. This is ex-
plained by the fact that the initial curved portion repre-
sents boundary layer diffusion effects. The final linear
portions are a result of intraparticle diffusion effects.
Extrapolating the linear portion of the plot to the ordi-
nate yields the intercept (c) which is proportional to the
extent of boundary layer thickness (Jain and Sharma,
2002).

2. Material and Methods

2.1. Wastewater

The paper mill effluents were provided from a mod-
ern bleached Kraft mill located in the western Turkey.
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Table 1. Characteristics of Bleach Kraft Mill
Effluent.

Parameter Average value

Colour Brown

Natural pH (average) 7.50

Compounds (mg/L)

PO3−
4 0.176

NO−
2 0.213

NO−
3 0.183

NH+
4 9.88

Phenol 0.535

Lignin 13514.0

BOD (Biological Oxygen Demand) 25.5

COD (Chemical Oxygen Demand) 426.0

Wastewater (4500 m3/h) is discharged into Gökova
Gulf (Mugla-Turkey) by deep discharging. Wastewa-
ter samples from an aerated lagoon were taken before
the discharging to the sea . The average effluent char-
acteristics are given in Table 1.

2.2. Sorbents

The fly ash was obtained from the Yatağan Power
Plant in Muğla, Turkey. The sepiolite sample, which
is Türktaciri sepiolite deposit-sedimentary type, was
collected from the west of Eskişehir, Turkey. Chemical

Table 2. Chemical composition and specific surface areas of raw sepiolite, activated
sepiolite and fly ash.

Sepiolite (raw) Sepiolite (activated) Fly ash
Chemical composition (% wt) (% wt) (% wt)

SiO2 56.91 61.03 33.30

MgO 27.52 27.74 1.23

CaO 1.39 6.49 31.09

Al2O3 0.08 1.21 14.31

Fe2O3 0.04 0.50 4.11

Na2O 0.02 0.02 0.34

K2O 0.01 0.20 1.43

MnO2 0.002 0.007 –

TiO2 0.008 0.062 0.30

SO3 0.00 0.03 6.28

Moisture (%) 14.00 – –

Specific surface area (m2/g) 200.0 276.0 2.1

compositions of the fly ash, sepiolite and activated se-
piolite were determined by X-Ray diffraction and the
results are given in Table 2.

The brown-coloured raw sepiolite samples were
used for the all experiments except for the experi-
ments in which activated sepiolite samples (at 120◦C
for 1 hour) were used. SEM (Scanning Electron Mi-
croscopy) analyses of the sepiolite were carried out be-
fore and after heat activation in order to see the change
in the surface morphology (see Figs. 4 and 5).

2.3. Sorption Studies

Adsorption experiments were carried out in a 100-
mL, flasks immersed in a thermostatic shaker bath at
293 and 313 K for 24 h. Fly ash and sepiolite sam-
ples of 2.0 g were mixed with wastewaters of 100 mL.
At the end of each adsorption period, the suspension
was centrifuged. The concentrations of phenolic and
lignin compounds in the supernatant solution after and
before adsorption were determined spectrophotometri-
cally, as explained in the following section. The effect
of pH on the removal of phenolic and lignin compounds
was studied by conducting equilibrium sorption tests
at different suspension pH values (3.0, 5.0, 7.0, 9.0 and
11.0). The suspension pH was adjusted by using NaOH
and HCl solutions. To determine the effect of temper-
ature, the isothermal experiments were carried out at
two different temperatures (293 and 313 K) for 24 h.
The effect of particle size was investigated by using
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Figure 1. The effect of contact time on the removal of phenolic
compound and lignin compound by fly ash and sepiolite at fixed
solid-liquid ratio 1 g/50 mL, pH 7.5, particle size 150 µm and 293
K (� Fly ash-phenolic compound, � Sepiolite-phenolic compound

Fly ash-lignin compound, Sepiolite-lignin compound).

three different particle-sized samples, ranging from 35
to 150 µm size, of fly ash and sepiolite.

2.4. Determination of Phenolic and Lignin
Compounds in Wastewater

The concentration of phenolic and lignin compounds
was spectrophotometrically (Dr. Lange spectropho-
tometer) determined by analysis of the developed
colour resulting from the reaction of phenol with 4-
aminoantipyrine and from the reaction of lignin with
folin phenol reagent (tungstophosphoric and molyb-
dophosphoric acid) at λmax 500 and 700 nm, respec-
tively (APHA, 1995).

2.5. Kinetic Studies

Sorption kinetics was investigated at different exper-
imental conditions such as fixed solid-liquid ratio,
1 g/50 mL, pH 7.5, particle size, 150 µm and tem-

Table 3. Pseudo second-order kinetics model parameters for the adsorption systems in the study.

Sorbent Compounds qe,exp (mg/g) qe,calc (mg/g) k2 (g/mgmin) h (mg/gmin) r2

Sepiolite Phenolic 0.0171 0.0172 24.7 7.3.1−3 0.9996
Lignin 360.5 361.0 2.2.10−3 282.5 0.9998

Fly ash Phenolic 7.1.10−3 7.2.10−3 22.8 1.2.10−3 0.9980
Lignin 355.6 356 5.6.10−4 70.4 0.9970

perature, 293 K. The results are given in Fig. 1. As
see from this figure, the adsorptive behaviour of lignin
compounds on fly ash and sepiolite are similar. How-
ever, Fig. 1 indicates that the adsorption of phenolic
compounds on sepiolite is three times more than that
on fly ash. This difference could be explained by the
significantly larger surface area of sepiolite compared
to fly ash. The observed large differences between the
amounts of adsorbed lignin and phenolic compounds
on sepiolite could be attributed to the extraordinary dif-
ferences between their initial concentrations in natural
effluents (see Table 1). It could be said that both adsor-
bents did not show a special selectivity towards lignin
and phenolic compounds.

3. Results and Discussion

It was observed that the first-order kinetic model did
not adequately fit the experimental values. Therefore,
its parameters are not given in Table 3. In contrast,
the pseudo-second order rate equation for sorption of
phenolic and lignin compounds onto sepiolite and fly
ash agreed well with the data. Consequently, the cor-
relation coefficients calculated by using the pseudo-
second order model, i.e., r22, and the pseudo-second
order parameters, k2, h, qe,exp and qe,calc, are shown in
Table 3.

As seen from Table 3, the calculated equilibrium
sorption capacity for the second-order model, qe,calc,
0.0172 mg/g, for the sepiolite-phenol system. That is
close to the experimental value, qe,exp, 0.0171 mg/g,
and the linear regression analysis of the second order
rate equation gave a high r2 value (0.9996). For the
fly ash-phenol system, the calculated value of qe was
7.2×10−3 mg/g, compared with an experimental value
of 7.1 × 10−3 mg/g, and r2 = 0.9980. In addition, for
the sepiolite-lignin and fly ash-lignin systems, the cal-
culated and experimental equilibrium sorption capac-
ities were found to be 360.5 mg/g versus 361.0 mg/g,
and 355.6 mg/g versus 356.0 mg/g, respectively. These
systems also exhibited high correlation coefficients,
r2 = 0.9998 and 0.9970, respectively.
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These results suggest that the sorption of both pheno-
lic and lignin compounds onto sepiolite and fly ash fol-
lows the pseudo-second-order model. Therefore, it can
be said that more than one-step may be involved in the
sorption processes (Ho and McKay, 1998d; Ho, 2003).
The sorption kinetic data was further processed to de-
termine whether intraparticle diffusion is rate limiting.
It was observed that the correlation coefficient, r2, for
the intraparticle model was much lower (<0.900) than
for the pseudo second-order model for sorption of phe-
nolic and lignin compounds onto sepiolite and fly ash.
That suggests an activated sorption mechanism, which
could occur because of chemical character of clay. On
account of the relatively poor agreement with the data,
the parameters and correlation coefficients related to
the pseudo-first order model and the intraparticle dif-
fusion model are not given in Table 3. The sorption of
phenolic and lignin compounds by sepiolite and fly ash
may occur chemically.

3.1. The Effect of Particle Size on Sorption Process

Experiments were conducted with samples having
three different average particle sizes for fly ash and
sepiolite, ranging from 35 to 150 µm in order to deter-
mine the effect of particle size on sorption. The results
are given in Fig. 2. As seen from Fig. 2, the adsorption
of lignin compounds decreases rapidly with increasing

Figure 2. The effect of particle size on the removal of lignin com-
pound and phenolic compound by fly ash and sepiolite (time: 24 h.
temperature: 293 K, pH ∼= 7.5 and solid/liquid: 1/50g/mL) (� Fly
ash-phenolic compound, � Sepiolite- phenolic compound, Fly
ash-lignin compound, Sepiolite-lignin compound).

particle size of both fly ash and sepiolite. However, the
sorption of lignin compounds is affected much more
by the particle size of fly ash compared to sepiolite.
This result could be attributed to the increasing acces-
sibility of active sites with decreasing particle sizes of
the adsorbents. In contrast to the removal of lignin, it
is observed that the amount of phenolic compounds re-
moved by the sepiolite is higher than that of fly ash for
all particle sizes. From this figure, it is clear that the
removal of phenolic compounds is not significantly af-
fected by particle size for both adsorbents, considering
the removal of lignin compounds.

3.2. Effect of pH on Sorption Process

The effect of pH on removal of phenolic and lignin
compounds for various sorbents is given in Fig. 3. In
addition, to compare the adsorptive behaviours of ac-
tivated and raw sepiolite and, adsorption experiments
were conducted for both samples under similar condi-
tions. It is well known that adsorption processes depend
highly on pH because of the high sensitivity of func-
tional groups on the adsorbent surfaces to hydrogen
and hydroxyl ions.

A decrease in removal of phenolic compounds for
all adsorbents with increasing suspension pH was

Figure 3. The effect of pH on the removal of phenolic compound
and lignin compound by fly ash, raw and activated sepiolite (time:
24 h, temperature: 293 K, particle size: 150 µm and solid/liquid:
1/50 g/mL) (� Fly ash-phenolic compound, � Treated sepiolite-
phenolic compound, � Untreated sepiolite-phenolic compound,
Fly ash-lignin compound, Treated sepiolite-lignin compound,
Untreated sepiolite-lignin compound).
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observed (see Fig. 3). However, it is seen that the
amount of adsorbed phenolic compounds by activated
sepiolite was much higher than that of fly ash and raw
sepiolite. This can be explained by the higher specific
surface area of activated sepiolite. In addition, the ob-
served higher sorption capacities for all adsorbents at
the low pHs can be attributed to decreasing of the ad-
sorption ability to active sites of chlorinated phenolic
compounds at high pHs.

Aluminium and silicon oxides in sepiolite and fly ash
can ionize as follows in acidic and alkaline conditions:

SiOH2
+

H+→← SiO2

OH−→← Si(OH)−2
→← SiO− + H2O

Positive charged surface Negative charged surface
in acidic medium in alkaline medium

As known, the phenolic functional group can ionize in
basic aqueous medium as follows:

Ø-OH →← Ø-O− + H+ (Ø ≡ Phenyl group)

Thus, phenolic compounds can acquire a negative
charge in aqueous medium. Lignin, a principal plant
constituent, is a heterogeneous aromatic polymer in-
terdispersed with hemicelluloses occurs surrounding
with microfibrils. Thus, it includes many phenolic func-
tional groups. Lignin and derivatives charge negatively
at high pHs due to the functional groups. Therefore, it
is expected that the adsorption with increasing pH will
decrease, since the pH increases, the negative charge
on both phenolic/lignin compounds and the sepiolite
surface increases, which results in an electrostatic re-
pulsion. The isoelectric point of sepiolite is nearly at
pH 6. The slow change in removal rate of phenolic
compounds at low pH is attributed to predominance of
electrostatic interaction in sorption processes.

When sepiolite, which contains water in three kinds
of habits, is heated, the channels enlarge by the ze-
olitic water removal. Crystal folding and micropore
plugging occur at the same time. There is also wa-
ter molecules associated with magnesium ions in the
structure of sepiolite, and some of the hydroxyl ions
undergo ion exchange with the H+ ions under acidic
conditions. It was reported that acid activation causes
an approximate surface area increase of 2.5-times com-
pared with raw sepiolite (Balci and Dinçel, 2002). The
adsorption of phenolic compound by activated sepio-
lite is higher than that of fly ash and raw sepiolite. This
is attributed to the large surface area of activated sepi-

olite. As seen from Fig. 3, thermal activation increases
considerably adsorption capacity of sepiolite, leading
to nearly 2 times in the adsorption.

In outer blocks, some of the corners of sepiolite min-
eral are Si atoms bound to hydroxyls (SiOH). These
silanol groups at the “external surface” of the sili-
cate are usually accessible to organic species, acting
as neutral adsorption sites. In addition, some isomor-
phic substitutions in the tetrahedral sheet of the lattice
of the mineral, such as Al3+ instead of Si4+, form nega-
tively charged adsorption sites. Such sites are occupied
by exchangeable cations that compensate for the elec-
trical charge. These characteristics of sepiolite make
it a powerful sorbent for neutral organic molecules
and organic cations. At low pHs (<6), high adsorp-
tion of neutral phenolic compounds is attributed to the
process.

As seen from Fig. 3, as pH increases, the adsorption
of lignin onto fly ash and treated sepiolite increased,
relative to lignin onto raw sepiolite. When raw sepi-
olite was used for removal of lignin, a rapid decrease
was observed with increasing pH. A decrease in the
amount of lignin adsorbed onto treated sepiolite was
also observed with increasing pH, but this decrease has
continued till pH 5. The efficiency of adsorptions of
lignin onto treated sepiolite and fly ash are much higher
than that of untreated sepiolite. This could be attributed
to both variation of surface morphology and increase
of the surface area of treated sepiolite due to heating
(see Table 2). Because of the heat treatment, a clear
difference in the surface morphology was identified by
Scanning Electron Microscope (SEM) analysis. SEM
photographs for two temperatures are given in Figs. 4
and 5.

Figure 4. SEM Micrographs of raw brown sepiolite.
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Figure 5. SEM Micrographs of brown sepiolite activated at 120◦C.

3.3. Equilibrium Studies

To obtain adsorption isotherms of phenolic and lignin
compounds on sepiolite and fly ash additional exper-
iments were performed at 293 and 313 K for 24 h.
(see Figs. 6–9). A plateau in the phenol isotherm on
sepiolite and fly ash appeared at both 293 and 313 K
at equilibrium concentrations of nearly 0.20 mg/L and
0.02 mg/L (see Figs. 6 and 7), respectively. In addition,
similar plateaus exist for lignin adsorption on sepiolite
and fly ash (see Figs. 8 and 9) at both temperatures, at
equilibrium concentrations of 6 and 3 g/L, respectively.

The isotherm experimental data were fit to the Lang-
muir model by using equation below:

C

y
= 1

ym K
+ C

ym
(10)

Figure 6. Adsorption isotherms and Langmuir adsorption isotherm
for phenol-sepiolite system at different temperatures (time: 24 h,
Particle size: 150 µm and solid/liquid ratio: 1/50 g/mL).

Figure 7. Adsorption isotherms and Langmuir adsorption isotherm
for phenolic/fly ash system at different temperatures (time: 24 h,
Particle size: 150 µm and solid/liquid ratio: 1/50 g/mL).

Figure 8. Adsorption isotherms and Langmuir adsorption isotherm
for lignin-sepiolite system at different temperatures (time: 24 h. Par-
ticle size: 150µm and solid/liquid ratio: 1/50 g/mL)

The Langmuir parameters are given Table 4. As
seen from Figs. 6–8, the Langmuir fits for sepiolite-
phenol, sepiolite-lignin, and fly ash-phenol sorption
pairs agreed well with the experimental data. That was
not true for the fly ash-lignin system, and so the data
related to the system is not given in Table 4. In ad-
dition, from the adsorption isotherms at two temper-
atures free energy of adsorption �G0

ads can be calcu-
lated by means of the following equation (Gürses et al.,
2004):

�G0
ads = −RT (ln K + 4.02) (11)



Removal of Phenolic and Lignin Compounds from Bleached Kraft Mill Effluent 95

Table 4. Langmuir parameters and the values of the free energy of adsorption for three adsorption
systems fitted to Langmuir model.

Sorbent Compounds Temperature (K) ym (mg/g) K �G0
ads (kJ/mol) r2

Sepiolite Phenolic 293 0.0325 3.14 −12.6 0.963
313 0.0116 2.6 −18.6 0.993

Lignin 293 233.1 0.44 −7.8 0.993
– – – – –

Fly ash Phenolic – – – – –
313 6.4·10−3 38.3 −19.9 0.981

Lignin – – – – –

Figure 9. Adsorption isotherms for lignin compound removal by
fly ash at different temperatures (time: 24 h. Particle size: 150 µm
and solid/liquid ratio: 1/50 g/mL).

where �G0
ads, R, T and K represent the free energy of

adsorption, ideal gas constant, absolute temperature,
and the adsorption equilibrium constant, respectively.
The Langmuir parameters and the values of the free en-
ergy of adsorption calculated from Eqs. (10) and (11)
are given in Table 4. The negative sign of the free en-
ergy values indicates the spontaneous nature of sorption
processes.

4. Conclusions

In this work, the sorption of phenolic and lignin com-
pounds from Bleached Kraft Mill Effluents (BKME)
on sepiolite and fly ash was studied for a better under-
standing of the kinetics and the removal efficiency. The
results suggest that the removal of lignin and pheno-
lic compounds decreases with increasing suspension
pH. In addition, the amount of lignin and phenolic

compounds adsorbed increases with decreasing parti-
cle sizes of fly ash and sepiolite. The sorption tends to
attain equilibrium in nearly 1 h for these systems.

Because information from sorption kinetics studies
is practically important for the design of more efficient
wastewater treatment processes, the experimental data
was applied to various kinetics models. A compari-
son of the kinetic models of the overall adsorption rate
showed that the pseudo second-order rate model best
described these sorption systems. In contrast, the in-
traparticle diffusion model and the pseudo first order
model do not show a satisfactory fit to the experimen-
tal data. Therefore, it can be said that predominate ad-
sorption mechanism is chemical sorption, including the
interactions between the functional groups of phenolic
and lignin compounds and surface functional groups of
sorbents. It was also found that adsorption efficiency
decreases with increasing temperature. This means that
sorption has an exothermic character.

The results of this study suggest that sepiolite and
fly ash, with low-cost and abundant availability, have
a potential of being used as a sorbent for removing
contaminants, such as phenolic and lignin compounds
from BKME. In addition, it was shown that the sorption
efficiency might be enhanced by changing key process
parameters such as pH and particle size. Nevertheless,
it is necessary to study desorption mechanism in order
to design a suitable engineering process and to enhance
the sorptive efficiency of these sorbents.

Nomenclature

qt Adsorbed amount at t time (mg/g)
qe Adsorbed amount at equilibrium (mg/g)
qe,exp Experimental adsorbed amount at

equilibrium (mg/g)
qe,calc Calculated adsorbed amount at

equilibrium (mg/g)
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t Time (min)
k1 Rate constant for first order model

(min−1/2)
k2 Rate constant for second order model

(g/mg·min)
ki Rate constant for intraparticle model

(mg/gmin1/2)
t1/2 Half-time for adsorption (min)
r0 Mean size of sorbent (cm)
h initial adsorption rate (mg/g·min)
C0 Initial concentration (mg/L)
Ce C Equilibrium concentration (mg/L)
ym and y The adsorbed amount in monolayer

formation in Langmuir model
K equilibrium constant in Langmuir model
r2 Statistical correlation coefficient
SEM Scanning Electron Microscopy
BKME Bleached Kraft Mill Effluent
�G0

ads The free energy of adsorption (kJ/mol)
R Universal gas constant (8,314 J/molK)
T Absolute temperature (K)
K The adsorption equilibrium constant
c Intraparticle diffusion constant
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