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bstract

Three materials were prepared from paper sludge (PS) using different treatment processes and their sorption abilities for phosphate and methylene
lue (MB) were determined. The samples were a powder sample prepared by heating PS in air (sample C), a pellet prepared by grinding, forming and
eating PS in air (sample G) and a powder prepared by physical activation of PS in flowing wet nitrogen (sample A). The three samples were heated
t 600–900 ◦C for 6 h. On heating at 700–800 ◦C, the organic fibers, limestone (CaCO3), kaolinite (Al2Si2O5(OH)4) and talc (Mg3Si4O10(OH)2)
n the original PS were converted to amorphous CaO–Al2O3–SiO2 (CAS) and talc in sample C, while CAS was formed in sample G and activated
arbon, CAS and talc was formed in sample A. On heating at 900 ◦C the CAS converted to gehlenite (Ca2Al2SiO7) and anorthite (CaAl2Si2O8).
he specific surface areas (SBET) of the three samples achieved maximum values of 23, 37 and 70 m2/g upon heating at 700, 600 and 600 ◦C,

espectively. The SBET value of the activated sample A was distinctly lower than usually reported for activated carbon. The samples C, G and A
chieved maximum phosphate sorption capacities of 2.04, 1.38 and 1.70 mmol/g, calculated from the Langmuir model, upon heating at 700, 700

nd 800 ◦C, respectively. The maximum sorption capacity for phosphate in sample C is attributed to the sorption by CAS, namely, adsorption on the
lumina component and precipitation as Ca-phosphates. The MB multifunctional sorption capacity of sample A was 0.11 mmol/g. The phosphate
nd MB sorption rates show better correlation with a pseudo-second order model than with other models.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Rapidly increasing environmental contamination by solid
astes arising from progressive industrialization is an important

nvironmental problem. The paper industry is of great environ-
ental importance due to the quantity of paper sludge generated,

nd its disposal. Paper sludge generated by the paper industry
s generally composed of organic fibers (cellulose, hemicel-
ulose and/or lignin), inorganic fillers and coating materials
uch as kaolinite (Al2Si2O5(OH)4), limestone (CaCO3) and talc
Mg3Si4O10(OH)2). Paper sludge is usually disposed of in open

umps or in landfills, recycled as compost or incinerated for
nergy recovery in the manufacturing process. However, reduc-
ion of available landfill space increasing costs of land disposal of
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aste in industrial countries necessitates other means for the dis-
osal of waste paper sludge. An economically valuable solution
o this problem should include utilization of the waste materials
s new products for other applications rather than disposal in a
andfill.

Paper sludge can be used to improve soil properties because
t has a high carbon content, providing beneficial effects on soils
hat are deficient in organic matter. Paper sludge has been used
n agriculture, as a soil improver and fertilizer [1,2]. Tay and
how [3] have examined the use of incinerated paper sludge
sh as a building material. A maximum of 5% of waste paper
ludge can be used as an additive in concrete [4]. Furthermore,
aper sludge can be economically and efficiently converted into
arious materials such as highly reactive metakaolin which can
e used as starting materials for porous ceramics [5], zeolites
ith high cation exchange properties [6], coating pigment and
apermaking fillers [7], polymer composites [8], glass-ceramics

9], activated carbons [10], etc. Another possible effective use
or paper sludge ash is in the preparation of low cost sor-
ents for water purification, using steam and/or calcination treat-
ents.

mailto:kokada@ceram.titech.ac.jp
dx.doi.org/10.1016/j.jhazmat.2007.06.058
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Amorphous CaO–Al2O3–SiO2 prepared from solid-state
eaction of kaolinite and CaCO3 by calcining paper sludge
t 500–1000 ◦C showed excellent sorption properties for var-
ous heavy metals, and eutrophication related phosphate and
mmonium ions [11]. Al-containing CaO–SiO2–H2O phases
ave been synthesized by hydrothermal treatment of mixtures of
aper sludge ash with various silica and calcium sources for the
imultaneous uptake of eutrophication related ammonium and
hosphate ions [12]. Zeolite Na-P1 has been synthesized from
aper sludge ash by low-temperature hydrothermal treatment
at 90 ◦C). The resulting Na-P1 exhibits a high cation exchange
apacity for NH4

+ and considerable ability to sorb phosphate by
recipitation of calcium phosphate without the addition of extra
alcium; this is preferable for water purification applications [6].
ccording to Khalili et al. [10], paper sludge can successfully
e converted into activated carbon with SBET > 1000 m2/g by
hemical activation using ZnCl2.

Thus, low cost sorbents can be produced from many raw
aterials such as industrial and agriculture wastes. Recycling

nd re-using of wastes have energy efficient, environmentally
riendly and cost-effective advantages. This study investigates
he preparation of low cost, harmless and high efficiency porous

aterials from paper sludge by calcination, grinding and/or
hysical activation processes. The aim is to improve the simulta-
eous removal of harmful inorganic and organic ions from water
nd to find original ways of utilizing of waste paper sludge. In
his paper, phosphate ion was chosen as a model adsorbate for
armful inorganic ion because it is one of the important target
ons for eutrophication and also shows analogy with highly toxic
rsenate ion. On the other hand, methylene blue was chosen as a
odel adsorbate for harmful organic dye because it is generally

sed for evaluation of sorption ability of organic ions.

. Experimental

.1. Sample preparation

Paper sludge (PS) from the Fuji Paper Making Union, Fuji,
apan was used as the starting material. The PS was dried at
10 ◦C for 24 h and treated by the following methods to prepare
he samples:

.1.1. Sample C (calcination)
The PS was calcined in an alumina crucible at 600–900 ◦C

or 6 h in air.

.1.2. Sample G (mechanochemical grinding)
The PS was crushed using an alumina mortar and pestle, then,

ry-ground in a planetary ball mill (LAPO-1, Ito Seisakusho
td., Japan) using an alumina pot (80 mL) with 300 alumina
alls (5 mm Ø) at 300 rpm for 12 h with a ball/sample mass ratio
f 15:1. The ground powder was uniaxially pressed into a pellet
t 100 MPa and heated at 600–900 ◦C for 6 h. The heating rate

as set to 1 ◦C/min up to 300 ◦C to avoid breaking the pellet due

o abrupt ignition of the organic fibers. After fiber burnout, the
eating rate was increased to 10 ◦C/min up to the prescribed tem-
erature. The bulk density, water adsorption, apparent porosity

T
c
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nd total shrinkage of pellet samples were measured according
o the ASTM Standard Test Method [13,14].

.1.3. Sample A (physical activation)
The samples were prepared by physical activation of PS using

et N2. The PS was heated at 600–900 ◦C in a Ni crucible at
heating rate of 10 ◦C/min in flowing dry N2 (0.5 L/min) then
aintained at the holding temperature in flowing wet N2 con-

aining 20 mol% steam. The sample was then cooled in flowing
ry N2 at 10 ◦C/min.

.2. Sorption experiment

Sorption experiments were performed on the three types of
ample under the following conditions: sample/solution ratio:
.1 g/50 mL, reaction time: 24 h, reaction temperature: room
emperature, initial concentration of phosphate (NH4H2PO4):
–10 mmol/L, initial concentration of methylene blue (MB,
16H18N3SCl·3H2O): 0.001–0.25 mmol/L. The pH values were
easured before putting samples into solution (initial pH) and

fter the reaction (final pH) using a pH meter (HM-20J, TOA
KK, Japan). After the sorption experiments, the solid sam-
les were separated from the solution by filtration, washed with
istilled water and dried at 110 ◦C overnight. The concentra-
ion of phosphate ion was measured by an ion chromatograph
IA-200, DKK TAO, Japan). The concentration of MB was deter-
ined using a UV–vis spectrophotometer (V-630 IRM, JASCO
ngineering Co., Japan) at a wavelength of 665 nm.

.3. Characterization

The chemical compositions of the samples were analyzed
y X-ray fluorescence (RIX2000, Rigaku, Japan). The crys-
alline phases in the samples were identified by powder
-ray diffraction with monochromated Cu K� radiation (LabX
RD-6100, Shimadzu, Japan). Differential thermal analysis

DTA)/thermogravimetry (TG) (TG-8120, Rigaku, Japan) was
arried out in the temperature range 20–1000 ◦C at a heating
ate of 10 ◦C/min in flowing air. The microstructure of these sam-
les was observed by scanning electron microscopy (JSM-5310,
EOL, Japan) at an accelerating voltage of 20 kV after Pt coat-
ng. The specific surface area (SBET), pore size distribution and
otal pore volume were obtained from N2 adsorption-desorption
sotherms at 77 K (Autosorb-1, Quanta Chrome, USA), on sam-
les preheated at 120 ◦C for 20 h in vacuo. The SBET values were
alculated by the Brauner, Emmett and Teller (BET) method and
he pore size distribution was determined by the Barrett, Joyner
nd Halenda (BJH) method using the desorption isotherms.

. Results and discussion

.1. Characterization of the starting material
The chemical composition of the PS is listed in Table 1.
he PS contains C in the form of organic fibers, and inorganic
omponents, predominantly SiO2, CaO and Al2O3. The XRD
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Table 1
Chemical compositions (mass%) of materials from paper sludge

Sample C SiO2 Al2O3 CaO MgO Fe2O3 TiO2 K2O P2O5 SO3 Cl

Paper sludge 52.2 16.1 13.6 14.2 2.8 0.4 0.6 0.1 0.4 0.3 0.2
C700 5.5 31.1 27.2 26.2 6.2
G700 5.3 32.7 27.0 25.5 5.9
A800 21.8 26.4 23.4 20.7 4.9
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ig. 1. XRD pattern of the paper sludge. Key: �= cellulose, © = calcite,
= kaolinite and �= talc.

attern of the PS (Fig. 1) shows that the main crystalline con-
tituents are cellulose (with relatively broad peaks due to the
ow crystallinity of the fibers) and calcite, kaolinite and talc (the
ller and/or coating components of the paper). The amount of
alc is, however, not high considered from the content of MgO
2.8 mass%) in the PS in Table 1. The DTA and TG curves of
he PS are shown in Fig. 2. The DTA curve shows an endother-

ic peak at 707 ◦C and three exothermic peaks at 246◦ (weak),

Fig. 2. DTA and TG curves of the paper sludge.
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0.7 1.3 0.1 0.8 0.5 0.1
0.5 1.1 0.1 0.7 0.2 0.1

40◦ (strong) and 410 ◦C (strong). Corresponding to these peaks,
he TG curve shows three step weight losses of 4.3 mass% by
50 ◦C, 43.0 mass% between 250 and 600 ◦C and 7.0 mass%
etween 600 and 710 ◦C. The distinct exothermic peaks at 340
nd 410 ◦C with large associated weight losses correspond to the
urning of the organic fibers. By contrast, the endothermic peak
nd weight loss at about 700 ◦C is attributed to the decarbona-
ion of CaCO3. The endothermic peak at 500–600 ◦C associated
ith the dehydroxylation of kaolinite did not appear in the DTA

urve, probably because the dehydroxylation temperature was
epressed by the burning of the organic fibers.

The SEM microphotograph of PS (Fig. 3) shows an agglom-
rated texture of organic fibers together with fine particles of
aolinite, talc and calcite [15]. Since the organic fibers in the PS
ad been recycled several times, some were broken to resemble
owder, with very small numbers maintaining the original fiber
hape.

.2. Characterization of the samples

The XRD patterns of samples C, G and A heated at various
emperatures are shown in Fig. 4a–c, respectively. The XRD pat-
erns of the samples C and A show similar changes on heating,
ut the effect on sample G of heating is different. The peaks
orresponding to kaolinite and talc disappeared in the ground
S sample, resulting in the highly amorphized XRD patterns in

he heated G-series samples. None of the XRD patterns of the
eated samples show peaks of kaolinite because of its conver-
ion to amorphous metakaolinite. By contrast, a new peak at
θ = 6.3◦ appeared in samples C and A heated at 600 and 700 ◦C
16]. The d spacing of this peak (1.4 nm) suggests that it may be
ue to chlorite, but since the formation of this phase would not
e expected on heating in an open atmosphere, the origin of this
eflection requires further examination. The peak at 2θ = 25.3◦,
ssigned to anatase, occurs in PS as an accessory phase, and
ecomes clearer upon heating. The peaks assigned to calcite
isappear upon thermal decarbonation at 700 ◦C in sample C
nd at 800 ◦C in sample A, but at a much lower temperature
<600 ◦C) in sample G. Thus, the decarbonation temperature
f the PS strongly depends on the sample treatment, i.e. it is
owered by mechanochemical grinding but increased by heat-
ng in a wet N2 atmosphere. Enhancement of various reactions
y mechanochemical grinding is generally known owing to the
ncrease of surfaces and introduction of stress [17]. By con-

rast, the decarbonation is suppressed due to the lowering of
xygen partial pressure in the N2 atmosphere. Talc is retained in
amples C and A up to 800 ◦C, indicating its greater thermal sta-
ility than kaolinite and calcite [18]. The amount of amorphous
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Fig. 3. SEM photographs of the paper s

aO–Al2O3–SiO2 (CAS), appearing as a halo at 2θ = 25–30◦,
ncreases in the order sample A <sample C < sample G. Above
00 ◦C, the XRD patterns of the three samples show the forma-
ion of new phases such as gehlenite (Ca2Al2SiO7) and anorthite
CaAl2Si2O8) by crystallization of CAS [18].

Changes in the SBET values of the three samples, shown in
ig. 5 as a function of heating temperature, indicate a decrease

n the SBET values with increasing temperature. The tempera-
ures giving the highest SBET values were relatively low (700,
00 and 600 ◦C for samples C, G and A, respectively). The max-
mum SBET values were the highest in sample A (70 m2/g) and
he lowest in sample C (22 m2/g). This difference in SBET values
etween sample G and sample C is attributed to the formation
f finer particles by dry milling, which also enhances the for-
ation of amorphous CAS (Fig. 4). A significant increase of

BET by mechanical activation has been reported by Temuujin
t al. [19]. The SBET values of sample A prepared by physical
ctivation of PS are clearly lower than those reported for other
ctivated carbons prepared from paper sludge and waste paper
sing different activation methods [9,15,20]. This may reflect a
ower carbon content in the present PS. Presence of activated
arbon is indicated from the pore size distribution of the sample

but the amount of adsorption corresponded to the activated
arbon seems to be low compared with those synthesized from
ld newspaper, having much higher SBET (about 1700 m2/g) by
igher carbon content [15]. The main pore sizes formed in the
hree samples were very similar each other and about 50–60 nm
n pore size. They are, therefore, considered to correspond to the

paces formed by agglomeration of small particles.

The SEM images of the heated samples C700, G700 (pow-
ered the pellet) and A800 are shown in Fig. 3. All three samples
re similar, consisting of agglomerated fine particles. Sample

t
u
8
i

(PS), C700, G700 and A800 samples.

800 contains particles with smooth surfaces, which indicate
he presence of activated carbon.

One of the purposes of this study is to evaluate the differ-
nce in the sorption properties of powder and pellet samples,
ith a view to their applications as low-cost shaped sorbents.
lthough shaping can be achieved by uniaxial pressing of both
nground (as-received) and ground PS without the addition of a
inder, the pellets pressed from unground PS broke during heat-
ng due to the burning of the organic fibers, even when heated at
slow heating rate (1 ◦C/min). By contrast, the pellets from the
round PS retained their shape upon heating at 1 ◦C/min. The
hysical properties of the pellet samples heated at various tem-
eratures were determined by the ASTM Standard Test Methods
13,14]. Changes in the bulk density and water absorption are
hown in Fig. 6 as a function of heating temperature. The very
teep increase in bulk density and decrease of water absorption
etween 700 and 900 ◦C indicates that densification occurs in
his temperature range. Viscous flow is thought to be the dom-
nant mechanism for this densification because crystallization
ccurs at 900 ◦C.

.3. Sorption properties

The phosphate sorption capacities of the three samples
etermined qualitatively using a constant initial phosphate con-
entration of 5 mmol/L are shown in Fig. 7 as a function of the
ample heating temperature. The phosphate sorption of sam-
les C and G increases up to 700 ◦C but decreases above this

emperature. In the case of sample A, phosphate sorption grad-
ally increases with increasing activating temperatures up to
00 ◦C but decreases after this. Thus, the maximum sorption
s achieved by heating at 700, 700 and 800 ◦C in samples C,
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ig. 4. XRD patterns of sample C (a), G (b) and A (c) heated at various tempe
= gehlenite and a = anorthite.

and A, respectively. It is thought that amorphous CAS was
ormed by decarbonation of calcite up to 700 ◦C in the sam-
les C and G, but this occurred in sample A only above 800 ◦C.
he gradual decreases above these temperatures correspond to

he decrease in SBET (Fig. 5). Maximum sorption was obtained
n samples C700 (1.67 mmol/g), A800 (1.38 mmol/g) and G700
0.87 mmol/g). The mechanism of phosphate sorption onto these

amples can be explained in terms of the precipitation of calcium
hosphates and adsorption on aluminol groups [11]. Calcined
aper sludge (sample C) sorbed more phosphate than the other
wo samples. Higher sorption in sample correlates with the pH

f
M
(
S

s. Key: k = kaolinite, t = talc, c = calcite, f = cellulose, cl = chlorite, a = anatase,

nd Ca2+ concentration in the reacted solution, indicating the
issolution of a large amount of calcium from the sample and
he precipitation of calcium phosphate. It is known that the pres-
nce of Ca2+ facilitates phosphate retention by precipitation of
alcium phosphates on the solid surfaces [11].

Some Mg-containing materials are reported to show good
orption ability for phosphate from wastewater. For example, the

ollowing phosphate sorption capacities have been reported: Mg-

n-layered double hydroxides (0.721 mmol/g) [21], serpentine
0.09 mmol/g) [22] and blast furnace slag (1.87 mmol/g) [23].
ome authors suggest that superficial hydrolysis of MgO and
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ig. 5. Change of specific surface areas of the three samples as a function of
eating temperature.

artial solubilization of the resulting hydroxide results in an
xchange of OH− and Mg2+ ions, leading to phosphate fixation
t the liquid–solid interface [24]. Thus, an additional opportunity
or phosphate sorption might occur in the present samples by
irtue of their Mg contents of 4.9–6.2 mass%. Therefore, both
a2+ and Mg2+ are thought to contribute to phosphate sorption
y the present samples.

The removal of phosphate from solution can be also explained
y the Al2O3 component in the samples (23–27 mass%). Xie et
l. [25] investigated alumina as an adsorbent for removing phos-
hate from wastewater. A high capacity for phosphate sorption
as achieved by acid-treating the alumina. At lower initial phos-
hate concentrations, phosphate was removed by an adsorption

echanism rather than by precipitation in a coagulation process

26]. At higher initial phosphate concentrations, phosphate is
xpected to precipitate as AlPO4. Excess alumina was required
or complete removal of phosphate (0.03 mmol/g) by alumina

ig. 6. Change of water absorption and bulk density of sample G as a function
f heating temperature.
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ig. 7. Change of phosphate sorption by the three samples at an initial concen-
ration of 5 mmol/L as a function of heating temperature.

lone, especially at lower phosphate concentrations. �-Al2O3
repared by selective leaching of calcined kaolinite exhibits a
igher adsorption capacity (0.33 mmol/g) for phosphate removal
rom water than other alumina samples [27].

.4. Sorption isotherms

The sorption isotherms for phosphate and MB, shown in
ig. 8, indicate a steep increase in the region of low equilib-
ium concentration but become stable at higher concentrations.
hus, these isotherm data were fitted by the Langmuir (Eq. (1))

28] and Freundlich (Eq. (2)) [29] equations:

Ce

Qe
=

(
1

Q0

)
Ce +

(
1

Q0b

)
(1)

e = KFCe
1/n (2)

here Ce is the equilibrium concentration (mmol/L), Qe the
mount sorbed at equilibrium (mmol/g), Q0 the sorption capacity
orresponding to monolayer coverage (mmol/g), b the Lang-
uir constant (L/mmol), and KF (mmol(1−1/n)/(g L1/n)) and n

re the Freundlich constants. The Langmuir model assumes that
orption occurs on a homogeneous surface by monolayer cover-
ge and the Freundlich model assumes that monolayer sorption
ccurs on a heterogeneous surface.

The free energy of sorption, �G (kJ/mol) can be calculated
rom the parameter b using the following equation:

G = −RT ln(b) (3)

here R is the gas constant (8.314 kJ/mol K) and T is the temper-
ture (K). The sign of �G indicates spontaneity of the reaction,
spontaneous reaction requiring a negative value.
The calculated Langmuir and Freundlich parameters of phos-
hate and MB sorption are listed in Table 2. In all cases, the
esulting correlation coefficients (R2) show that the Langmuir
quation gives a better fit than the Freundlich equation. The
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Fig. 8. Phosphate sorption isotherms of the three s

0 values for phosphate sorption increase in the order G700
1.38 mmol/g) <A800 (1.70 mmol/g) <C700 (2.04 mmol/g). The
ain difference between samples C and G is their sample shape,

.e., powder or pellet, which results in a large difference in the
0 values. On the other hand, the difference in the Q0 values
etween samples C and A is attributed to their respective con-
ents of activated carbon and CAS. Since the CAS content of
ample C is higher than that in sample A, sorption of phos-
hate by CAS is higher than by activated carbon. By contrast,
he higher activated carbon content of sample A gives it the
dvantage of high MB sorption, as shown in Fig. 8b. Thus, sam-
le A will simultaneously adsorb both phosphate and organic
ompounds such as MB.

The �G values for phosphate sorption range from −15.5 to
21.5 kJ/mol and for MB sorption −29.0 kJ/mol. These data

re in good agreement with the reported data [11,12,18,30]. The
egative values indicate that all the sorption reactions in the
resent samples occur spontaneously.

The saturated phosphate sorption capacities (Q0) of the
resent three samples were compared with other reported data,
ncluding paper sludge (1.28 mmol/g) [11], refuse paper and
lastic fuel (0.95 mmol/g) [30], electric arc furnace steel slag
0.22 mmol/g), serpentine (0.092 mmol/g) [24], aspen wood
ber (0.43 mmol/g) [31], fly ash (0.009 mmol/g) [24], paly-
orskite (0.88 mmol/g) [32] and Al-containing CaO–SiO2–H2O

5.15 mmol/L) [12]. The performance of the present samples is
een to be considerably better than these other sorbents.

The saturated MB sorption capacity (Q0) of the present
ample A800 (0.11 mmol/g) was compared with the fol-

t

s
t

able 2
orption properties of three samples for phosphate and methylene blue (MB)

ample Sorbate Langmuir parameter

Q0 (mmol/g) b (L/mmol) R2

700
Phosphate

2.04 5.92 0.9943
700 1.38 0.53 0.9868
800 1.70 2.90 0.9935
800 MB 0.11 122.3 0.9950
s and the MB sorption isotherm of sample A800.

owing reported data: date pits (0.046 mmol/g) [33], straw
0.052 mmol/g) and rice husk (0.053 mmol/g) [34], lignite
oal (0.085 mmol/g) [35], clay (0.016 mmol/g) [36], silica
0.030 mmol/g) [37], pinewood (2.99 mmol/L) [38], paper
efuse and plastic fuel (2.07 mmol/g) [30] and waste newspa-
er (1.04 mmol/g) [39]. Okada et al. [39] have noted that the
B sorption capacity of the aforementioned sorbents depends
ainly on the pore size and surface properties of their activated

arbon constituents.

.5. Sorption kinetics

The mechanisms for the removal of phosphate and MB may
nvolve the following four steps [34]: (1) migration of the sorbate
rom the bulk of the solution to the surface of the sample; (2)
iffusion of the sorbate through the boundary layer to the surface
f the sorbent; (3) adsorption of the sorbate at an active site
n the surface of the sample; (4) intraparticle diffusion of the
orbate into interior pores of the sorbent particles. The boundary
ayer resistance will be affected by the rate of adsorption and
n increase in the contact time, which will reduce the resistance
nd increase the mobility of the sorbate during adsorption. Since
he uptake of sorbates at the active sites of samples is a rapid
rocess, the rate of adsorption is governed mainly by either the
ate of liquid phase mass transfer or the rate of intraparticle mass

ransfer.

Fig. 9 shows the kinetics of phosphate sorption on the present
amples C700, A800 and G700 at initial phosphate concen-
rations of 2 mmol/L, and of MB sorption by sample A800 at

Freundlich parameter

�G (kJ/mol) KF (mmol(1−1/n)/(g L1/n)) n R2

−21.50 1.70 11.71 0.8635
−15.50 0.44 1.90 0.9073
−19.80 1.22 6.30 0.9767
−29.00 0.28 2.55 0.9599
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Fig. 9. Change of amount of phosphate sorption by the three samp

n initial MB concentration of 0.05 mmol/L. The sorption rates
ere analyzed using a pseudo-first order model (Eq. (4)) [40],
pseudo-second order model (Eq. (5)) [41] and an intraparticle
iffusion kinetic model (Eq. (6)) [42].

og(Qe − Q(t)) = −
(

k1

2.303

)
t + log Qe (4)

t

Q(t)
= t

Qe
+ 1

k2Q2
e

(5)

(t) = k3t
1/2 + Q0 (6)

ere Qe, Q(t) and Q0 (mmol/g) are, respectively, the amounts
f sorption at equilibrium, the time t and the saturated state, and
1 (L/min), k2 (g/(mmol min)) and k3 (mmol/(min1/2 g)) are the
ate constants for pseudo first order, pseudo second order and

ntraparticle diffusion, respectively.

The resulting sorption rate constants are listed in Table 3.
t is seen from Fig. 9 that the sorption of phosphate by C700
nd MB by A800 occurred rapidly and approached saturation

o
k
l
t

able 3
inetic data for sorption of phosphate and methylene blue by three samples

inetic model Sample

C700 G700
Phosphatea (1.00)b Phospha

seudo-first order
QCal

e (mmol/g) 0.78 0.53
k1 (L/min) 0.156 0.003
R2 0.9687 0.9402

seudo-second order
QCal

e (mmol/g) 1.00 0.49
k2 (g/(mmol min)) 6.57 0.004
R2 1.0000 0.9943

ntraparticle diffusion
QCal

e (mmol/g) 0.99 0.41
k3 (mmol/(g min0.5)) 0.193 0.0012
R2 0.9361 0.9824

a Sorbate.
b QObs

e (mmol/g).
d the MB sorption by sample A800 as a function of reaction time.

ithin a very short time. Phosphate sorption by A800 and G700
s clearly slower, proceeding gradually up to 24 h and becoming
table after longer reaction times. The correlation coefficients of
able 3 indicate that in all cases the pseudo-second order model
ts the data better than the pseudo-first order model and the

ntraparticle diffusion model. The resulting phosphate sorption
ate constants (k2) for the various samples are clearly dif-
erent, following the order G700 (0.004 g/(mmol min)) <A800
0.053 g/(mmol min)) <C700 (6.6 g/(mmol min)). The forma-
ion of sample G by pelletizing powder sample C decreases the
orption rate by 103 orders. The Qe values calculated from the
seudo-second order model are also in excellent agreement with
he observed values, but those from the pseudo-first order model
how differences. The MB sorption rate by sample A also shows
etter correlation with the pseudo-second order model than with
he pseudo-first order model but an equally good correlation is

btained with the intraparticle diffusion model. Although the
2 value for MB adsorption by sample A800 is nearly 20 times
arger than that of phosphate adsorption, this may be related to
he difference in the initial concentrations.

A800 A800
tea (0.45)b Phosphatea (1.00)b MBa (0.025)b

0.57 0.072
0.008 0.072
0.8515 0.9409

1.00 0.025
0.053 107
0.9999 0.9999

0.87 0.025
0.105 0.0048
0.9014 0.9999
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.6. Comparison of sorption properties with RPF and CAS

We have previously reported the sorption abilities of CAS
11] and RPF [30], which differ from the present samples in their
ontents of CAS and activated carbon. Since RPF is consisted of
sed paper and plastics prepared for the purpose to get thermal
nergy by burning, it has higher carbon content than PS. It is
herefore interesting to compare their sorption performance for
i2+, phosphate and MB. Fig. 10 shows these sorption capacities

s a function of C content. In general, the sorption of Ni2+ and
hosphate decreases while that of MB increases with increasing
arbon content. A carbon content of 50–60 mass% appears to be
ptimum for simultaneous uptake of heavy metals (for example,
i2+), harmful oxyanions (for example, phosphate) and organic
yes (for example, MB).

. Conclusion

Low cost, highly effective sorbents for removing harmful
norganic and organic cations and anions from water were pre-
ared from paper sludge, which consists of organic fibers and
norganic fillers (kaolinite (Al2Si2O5(OH)4), calcite (CaCO3)
nd talc (Mg3Si4O10(OH)2)), by grinding, calcining and/or
hysical activation of the paper sludge, with the following
esults:

1) Heating the PS up to 800 ◦C decomposes the original
inorganic phases and forms amorphous CaO–Al2O3–SiO2
(CAS), which crystallizes to gehlenite (Ca2Al2SiO7) and
anorthite (CaAl2Si2O8) at 900 ◦C. The organic fibers in the
PS burn out upon heating in air, as in the calcined sample
C and the ground pellet sample G, but is converted to acti-

vated carbon in the activated powder sample A which was
prepared by physical activation of PS in wet N2.

2) The physically activated sample A shows relatively higher
SBET values (70 m2/g at 600 ◦C) than the other samples. The

[

dous Materials 151 (2008) 710–719

SBET value of sample G (37 m2/g) is increased significantly
by the mechanical activation which forms fine particles,
but this parameter decreases steeply above 800 ◦C due to
sintering.

3) Qualitative sorption experiments indicate that maximum
sorption of phosphate occurs in samples C and G heated
at 700 ◦C, but in sample A heated at 800 ◦C.

4) The sorption isotherms for phosphate and MB are fitted bet-
ter by the Langmuir model than the Freundlich model. The
saturation sorption capacities (Q0) for phosphate were 2.04,
1.70 and 1.38 mmol/g in samples C700, A800 and G700,
respectively. The Q0 value for MB sorption by sample A800
was 0.11 mmol/g. The multi-sorption properties of sample
A are attributed to the presence of amorphous CAS and
activated carbon in the sample.

5) The sorption kinetics of phosphate and MB are fitted best by
the pseudo-second order model. The rate constants for phos-
phate sorption increase in the order G700 < A800 < C700.

6) The sample with a carbon content of 50–60 mass% are sug-
gested to be optimum for simultaneous uptake of heavy
metals (for example, Ni2+), harmful oxyanions (for exam-
ple, phosphate) and organic dyes (for example, MB).
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36] A. Gürses, S. Karaca, C. Dogar, R. Bayrak, M. Acikyildiz, M. Yalcin,
Determination of adsorptive properties of clay/water system: methylene
blue sorption, J. Colloid Interface Sci. 269 (2004) 310–314.

37] C.D. Woolard, J. Strong, C.R. Erasmus, Evaluation of the use of modified
coal ash as a potential sorbent for organic waste streams, Appl. Geochem.
17 (2002) 1159–1164.

38] R.L. Tseng, F.C. Wu, R.S. Juang, Liquid-phase adsorption of dyes and phe-
nols using pinewood-based activated carbons, Carbon 41 (2003) 487–495.

39] K. Okada, N. Yamamoto, Y. Kameshima, A. Yasumori, Adsorption prop-
erties of activated carbon from waste newspaper prepared by chemical and
physical activation, J. Colloid Interface Sci. 262 (2003) 194–199.

40] S. Lagergren, B.R. Svenska, Zur theorie der sogenannten adsorption
geloester stoffe, Veternkapsakad Handlinger 24 (1898) 1–39.
41] Y.S. Ho, D.A.J. Wase, C.F. Forster, Kinetic studies of competitive heavy
metal adsorption by sphagnum moss peat, Environ. Tech. 17 (1996) 71–77.

42] G. McKay, M.S. Otterburn, A.G. Sweeney, The removal of colour from
effluent using various adsorbents-III. Silica: rate processes, Water Res. 14
(1980) 15–20.


	Preparation and sorption properties of materials from paper sludge
	Introduction
	Experimental
	Sample preparation
	Sample C (calcination)
	Sample G (mechanochemical grinding)
	Sample A (physical activation)

	Sorption experiment
	Characterization

	Results and discussion
	Characterization of the starting material
	Characterization of the samples
	Sorption properties
	Sorption isotherms
	Sorption kinetics
	Comparison of sorption properties with RPF and CAS

	Conclusion
	Acknowledgements
	References


