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Abstract

Porous materials consisting of activated carbon and amorphous CaO-Al,03;-SiO, (CAS) compound were prepared from refuse paper and
plastic fuel (RPF), (a mixture of old paper and plastic) by carbonizing and/or activating treatments. Samples formed by chemical activation using
K,CO; showed a high specific surface area (Sggr) of 1330 m?/g but a lower ash content due to being washed after activation. By contrast, samples
prepared by physical activation using steam showed rather lower Sger (510 m?/g) due to higher ash contents. The physically activated samples
showed much higher uptake properties for Ni?* (a representative heavy metal) and phosphate ions (a representative of a harmful oxyanion) than
the chemically activated samples because of the higher content of amorphous CAS in the former samples. By contrast, the chemically activated
samples showed higher uptake for methylene blue (MB, a representative organic material) than the physically activated samples because of the
higher activated carbon content of higher surface area. Although differences in the sorption properties for Ni2*, phosphate ion and MB were found
between the physically and chemically activated samples, both samples show excellent multiple sorption properties for cation—anion combinations

and inorganic—organic sorbents.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Increasing industrial production and expansion of human
activity has produced increasing amounts of waste matter and
the spread of environmental pollution in the world. Although a
high percentage of paper is being recycled, large amounts of old
paper and paper sludge are still available due to the limitation
in the amount already being recycled. Only a part of the waste
is reused as raw material for cement but most is burned to paper
sludge ash and landfilled.

One of the new approaches for reuse of paper waste is to form
refuse paper and plastic fuel (RPF) [1], which is a mixture of
old paper and plastic. The mixing ratio of paper and plastic in
RPF ranges from 3:7 to 7:3 and the resulting RPF has the fol-
lowing properties; bulk density 0.36-0.45 g/cm?, carbon content
65-56 mass%, ash content 4.2—6.3 mass% and heat of combus-
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tion 30-20 kJ/g. To avoid generation of dioxins by burning the
RPF, the plastics used in RPF are restricted to those which do
not contain chlorine.

Since paper contains cellulose fibers as its main constituent,
activated carbon can be prepared from it [2—4]. Shimada et al.
[2] prepared raw material for activated carbon by mixing and
hot forming old newspaper with phenol resin, and produced
activated carbon by physical activation using steam. These acti-
vated carbons had specific surface areas of about 1000 m?/g and
adsorption properties for /> (1300 mg/g) and methylene blue
(330 mg/g) similar to those of commercial activated carbons.
By contrast, we have prepared activated carbon by chemical
and physical activation using old paper only [3,4]. The acti-
vated carbons prepared by chemical activation using K;CO3
had high specific surface areas of about 1700 m?/g and adsorp-
tion properties for water vapor (1000 ml/g) and methylene blue
(390 mg/g), rather higher than those of commercial activated
carbons. The activated carbons prepared by physical activa-
tion using steam maintained the original paper shape though
the porous and adsorption properties were lower than those
prepared by chemical activation. One of the reasons for the
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lower porous properties of the physically activated carbons com-
pared with the chemically activated carbons is a higher ash
content, originating from inorganic fillers and coating materi-
als, i.e. kaolinite (Al»Si»O5(OH),), limestone (CaCO3) and talc
(Mg3Si4010(OH)»).

Although paper contains only a small amount of inorganic
matter, its content is more concentrated in the paper sludge.
Thus, we have prepared an amorphous CaO-Al,03-Si0; com-
pound by calcining paper sludge at 500-1000 °C [5] because
such compounds (e.g. CaAl,SipOg) prepared from solid-state
reaction of kaolinite and CaCO3 show good uptake properties for
various heavy metal ions [6]. The amorphous CaO-Al,03-Si0,
compound was found to have good uptake properties for not only
heavy metal cations but also for eutrophication related ions, i.e.
phosphate and ammonium ions [5].

In this paper, porous materials consisting of composites of
activated carbon and amorphous CaO-Al,03-SiO, were pre-
pared by chemical and physical activation using single-step and
two-step methods. The multiple sorption properties of the result-
ing porous materials for Ni>* (a representative heavy metal ion),
phosphate ion (a representative harmful oxyanion) and MB (a
representative organic material) were investigated.

2. Experimental
2.1. Sample preparation and characterization

The RPF sample was obtained from the Nippon Daishowa
Paperboard Co., Tokyo, Japan. The mixing ratio of paper/plastic
in the as-received sample was about 5/5 and its physical form
was a cylindrical rod several centimeters in size. This was ther-
mally treated by four different methods as shown in Fig. 1: (1)
single-step chemical activation (Chem 1), (2) single-step physi-
cal activation (Phys 1), (3) two-step chemical activation (Chem
2), and (4) two-step physical activation (Phys 2). The sample was
directly activated in the single-step method but in the two-step
method it was first carbonized and then activated. The carboniza-
tion treatments were performed by heating the RPF at 500 °C for
2h in flowing dried N,. Physical activation was performed by

RPF (old paper/plastics=1/1)

Carbonization | 500°C
(in dry N2) 2h

(l:\-le?E;)Fsl Impregnation | RPF/K2C03
—1/1 (K2C03) =1/0.627

Chemical activation
(in dry Nz)

| 500-900°C 2 h

Physical activation
(Steam/N2=20/80)

500-900°C |
2h

Washing
(Remove K)

v

| Phys1 | Phys2 | Chem2|| Chem1|

Fig. 1. Experimental flow chart for the preparation of the porous materials.

heating RPF at 500-900 °C in flowing dried N>, holding it at tem-
perature for 2 h with the introduction of wet N, (20 mol% steam)
and cooling in flowing dried N». Chemical activation was per-
formed by heating the RPF sample impregnated with K,COj3 at
500-900 °C for 2 h in flowing dried N;. The RPF/K>COj3 ratio in
the Chem 1 sample was 1/0.627 and the carbonized RPF/K,CO3
ratio in the Chem 2 sample was 1/1. In all the experiments, the
heating and cooling rates were 10 °C/min and the N flow rate
was 500 ml/min. The RPF ash sample was obtained by heating
RPF at 1000 °C in air.

The chemical composition of the sample was analyzed by
X-ray fluorescence (RIX2000, Rigaku, Japan). The crystalline
phases in the sample were identified by powder X-ray diffrac-
tion (XRD-6100, Shimadzu, Japan) with monochromated Cu
Ka radiation. The N; adsorption—desorption isotherms of the
sample were measured using an automatic gas adsorption instru-
ment (Autosorb-1, Quanta Chrome, USA). The specific surface
area (Sper) and pore size distribution were calculated by the
BET and BJH methods, respectively.

2.2. Sorption experiments

Sorption of Ni?*, phosphate and MB was determined for
the Phys 1 sample prepared at 700°C (Phys 1 (700)) and
Chem 2 sample at 900°C (Chem 2 (900)) because these
showed the maximum Sggr values after activation. The exper-
iments were performed under the following conditions; tem-
perature: 25 °C, sample/solution ratio: 0.1 g/50 ml, initial con-
centration of NiZ* (from NiCl,-6H,0 solution), PO43~ (from
NH4H, POy, solution) and MB (from C¢HgN3SCI1-3H, O solu-
tion): 0.1-20 mmol/l, reaction time: 24 h. The pH values were
measured using a pH meter (HM-20J, TOA DKK, Japan) imme-
diately prior to placing the sample into the solution (initial pH)
and after the reaction (final pH). After the sorption experiments,
the samples were centrifuged at 8000 rpm for 20 min, washed
three times with deionized water and dried at 110 °C overnight.
The separated solutions were chemically analyzed for Ni%*,
Ca”*, AI** and silicate ions by ICP-OES (Leeman Labs Inc.,
USA). The phosphate ion concentration was measured by ion
chromatograph (IA-200, DKK TOA, Japan). The MB concentra-
tion was measured by absorptiometer (S-2400, Soma Chemical,
Japan).

3. Results and discussion
3.1. Characterization of the samples

The average chemical compositions of RPF ash, carbonized
and activated (Phys 2 (900) and Chem 2 (900)) samples are listed
in Table 1. The main constituents of the RPF ash are SiO;, CaO
and Al O3, related to the major raw materials kaolinite and lime-
stone. The average ash content in the RPF was 4.7 mass%. After
carbonization, the ash content increased to about 23 mass%, the
accompanying weight losses being mainly due to the decompo-
sition of cellulose ([C¢H19Os],,) to carbon and to the dehydrox-
ylation of kaolinite. Physical activation caused the ash content to
increase with increasing activation temperature. Thus, the ash
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Table 1

Chemical compositions of RPF ash, carbonized and activated samples

Sample C SiOy AL O3 CaO MgO Fe,03 TiO, K,O Na,O Cl SO3 P,05
RPF ash - 37.2 16.4 239 5.7 0.7 6.3 0.3 6.9 0.1 1.9 0.5
Carbonized 71.5 5.9 3.8 6.7 1.3 0.3 2.4 0.1 1.2 0.2 0.3 0.1
Phys 2 (900) 55.2 12.7 8.4 134 2.8 0.6 4.1 0.2 1.8 0.1 0.4 0.3
Chem 2 (900) 71.9 8.5 53 6.7 23 0.6 35 0.8 0 0 0.2 0.1

content of the 900 °C sample reached 45 mass%. By contrast,
the ash content in the chemically activated samples showed only
a slight change with temperature, being about 28 mass% after
treatment at 900 °C. The lower ash contents in the chemically
activated carbons are due to the presence of highly water-soluble
potassium aluminosilicate thought to be formed by reaction of
the inorganic matter with K,CO3 during activation, then partly
leached away during the washing treatment.

The XRD patterns of the physically (a) and chemically (b)
activated samples are shown in Fig. 2. The carbonized sam-
ple shows many peaks corresponding to calcite, talc, anatase
and rutile as well as a halo corresponding to amorphous car-
bon. The peaks of kaolinite are not observed in the carbonized
sample because it is converted to X-ray amorphous metakaolin-
ite by the carbonization treatment. In the physically activated
samples (Phys 2) prepared at 500-900°C, the peak intensi-
ties of calcite weaken then disappear at 700 °C, the decom-
position of this phase being accelerated by the humid atmo-
sphere. At 700°C, the peaks corresponding to talc also dis-
appear and the sample becomes mostly amorphous apart from
small amounts of crystalline TiO, (anatase and rutile). Above
700 °C, a new phase, gehlenite (CayAl,SiO7) is formed by par-
tial crystallization of amorphous CaO-Al,03-Si0; [7]. The
XRD patterns of the chemically activated samples (Chem 2)
prepared at 700-900°C are similar, showing a clear peak
corresponding to calcite and a halo corresponding to amor-
phous carbon and amorphous CaO-Al,03-Si0;. In these sam-
ples, the higher content of carbonate arising from impregna-
tion by KoCO3 may increase the decomposition temperature
of calcite above the temperature of 900 °C used for physical
activation.

Changes in the specific surface areas (Sggr) of the resulting
porous materials are shown in Fig. 3 as a function of the acti-
vating temperature. The Phys 1 and 2 samples show maximum
values of Sper at 700°C (510m?/g) and 850°C (450 m?/g),
respectively. The Sggr values of the Chem 1 sample show some-
what strange behavior with activating temperature, i.e. activation
at 700 °C produces a very low Sggt value. Apart from this sam-
ple, Sper increases with increasing activation temperature to
a maximum value of about 520 m?/g at 1000°C. By contrast
with these results, the Sggr values of the Chem 2 sample are
higher than 600 m?/g, the maximum Sggt becoming as high as
1300 m2/g at 900 °C. This Sggt value is higher than that of acti-
vated carbon prepared from refuse-derived fuel (RDF) prepared
from municipal waste [8]. The pore size distribution curves of the
Phys 1 (700) and Chem 2 (900) samples are shown in Fig. 4. The
pores formed in both samples are mainly micropores (<2 nm) but
of different sizes; the pores in sample Chem 2 (900) are about

2 nm while those in sample Phys 1 (700) are <1.2 nm. Thus, the
higher SggT value of sample Chem 2 is attributed to its lower ash
content and pore size. These results are similar to those found
for physically and chemically activated carbons prepared from
old paper [3] but the pore size obtained for sample Chem 2 (900)
is larger than that from old paper. This may be due to differences
in the raw materials with and without plastic.
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Fig. 2. XRD patterns of the carbonized sample and Phys 2 samples activated at
various temperatures. The labels on the XRD patterns are: a, anatase (TiOy); c,
calcite (CaCO3); g, gehlenite (CapAl>SiO7); t, talc (Mg3SisO19(OH),).
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Fig. 3. Change of specific surface areas of the four different activated samples
as a function of activating temperature.

3.2. Sorption properties

The sorption isotherms for Ni**, phosphate and methylene
blue (MB) of the Phys 1 (700) and Chem 2 (900) samples were
determined as examples of the sorption ability of these materi-
als for heavy metal ions, harmful oxyanions and organic dyes.
The Ni2*, phosphate and MB sorption isotherms are shown in
Fig. 5. All of them show steep increase in the region of low equi-
librium concentration but stable at higher concentrations. These
isotherm data were fitted by the Langmuir and Freundlich equa-
tions

Ce _ <1> C.+ (1) o
0. \ Qo) ¢ \Qob
Q. = KpCl/" )

where C is the equilibrium concentration (mmol/l), Q. the
amount sorbed at equilibrium (mmol/g), Qo the sorption capac-
ity (mmol/g), and b is the Langmuir constant (I/mol), and Kf
(mmol/g) and n are the Freundlich constants. The free energy of
sorption (AG; kJ/mol) can be calculated from the parameter b
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Fig. 4. Pore size distributions of the Phys 1 (700) and Chem 2 (900) samples.
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Fig. 5. Ni2* (a), phosphate (b), and methylene blue (c) sorption isotherms of the
Phys 1 (700) and Chem 2 (900) samples.

using the following equation:
AG = —RT In(b) 3)

where R is the gas constant (8.314 kJ/mol K) and T is the tem-
perature (K).
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Table 2

Sorption properties for Ni%*, phosphate and methylene blue (MB) by the Phys 1 (700) and Chem 2 (900)

Adsorbate Sample Langmuir parameter Freundlich parameter
Qo (mmol/g) b (I/mmol) R? AG (kJ/mol) Kp (mmol/g) n R?
NiZ* Phys 1 (700) 3.45 2900 0.9986 -36.9 2.93 10.9 0.6403
Chem 2 (900) 1.40 1.23 0.9943 -17.6 0.81 4.28 0.8789
Phosphate Phys 1 (700) 0.95 27.8 0.9591 —25.4 0.87 383 0.1469
Chem 2 (900) 0.24 2.00 0.9539 —18.8 0.13 2.53 0.961
MB Phys 1 (700) 0.30 11160 0.9976 —40.2 0.32 62.9 0.8839
Chem 2 (900) 0.96 5230 0.9970 —38.3 2.07 6.20 0.9964

The sorption capacities (Qp), Langmuir constants (b) and free
energies of sorption (AG) of Ni**, phosphate and MB for the
Phys 1 (700) and Chem 2 (900) samples are listed in Table 2.
Judged by the resulting correlation coefficients (R?), the Lang-
muir equation gives a better fit for all the samples than the
Freundlich equation. The Qp values of Ni** and phosphate are
2—4 times higher in sample Phys 1 (700) than in sample Chem 2
(900) though the Sggt value of sample Phys 1 (700) is less than
half that of sample Chem 2 (900). Thus, the sorption of N i%* and
phosphate is found to be associated more with the amorphous
Ca0-Al,03-Si0, phase and less with the activated carbon.
As reported elsewhere [5-7], sorption mechanisms of Ni** by
amorphous CaO-Al,03-SiO, phase are mainly attributed to ion
substitution for Ca®* while those of phosphate are attributed
to adsorption to aluminol groups and precipitation as calcium
phosphate phase. In the present samples, ion substitution mech-
anism for Ni** sorption is confirmed by almost coincidence in
the amounts of sorbed Ni** and released Ca®*. Formation of
calcium phosphate is indicated by the decrease of Ca’* con-
centration with higher initial phosphate concentration in the
phosphate sorption experiments. On the other hand, the Q¢ value
for MB is about three times higher in sample Chem 2 (900)
than in sample Phys 1 (700). This result is attributed to the
higher Sppr value and larger pore size of the activated carbon
in sample Chem 2 (900). Thus, sorption of MB by activated
carbon is attributed to adsorption mechanism [9]. The AG val-
ues for Ni**, phosphate and MB sorption by both samples are
negative (Table 2). All the sorption reactions are thus thought
to occur spontaneously. Although there are differences in the
sorption capacities for Ni2*, phosphate and MB by the two sam-
ples, they show good multifunctional sorption ability for cations
and anions because of the co-presence of activated carbon and
amorphous CaO-Al,03-Si0;, the latter phase showing multi-
functional sorption properties [5].

In the sorption experiments, final pH shows considerable
changes with chaining of initial concentrations of Ni>* and phos-
phate in both samples. In the Ni** sorption experiments, the final
pH values in Phys 1 (700) sample changed largely from about
11 to 4 with higher equilibrium concentration C, while those in
Chem 2 (900) sample changed only from about 9.5 to 7. Higher
the final pH values in lower C, conditions are attributed to the
excess dissolution of Ca2* from amorphous CaO-Al,03-Si0,
phase while lower the final pH values in higher C. conditions
are corresponded to the excess amount of adsorbate after the

sorption experiments. The changes of the final pH are appar-
ently larger in Phys 1 (700) than Chem 2 (900) samples. This
may be due to the residual surface alkali ions in the Chem 2
(900) sample. The concentrations of silicate anions are mostly
0.3-0.6 mmol/l and almost stable in all the sorption experiments.
This may suggest that the silicate anions are saturated state in
their solutions. By contrast, AIP* was not detected in most of the
samples but the concentrations increased largely when the final
pH of the samples become <5 and >10.5.

Since the molecular size of MB is much larger than Ni** and
the phosphate ion, its sorption rate in the Phys 1 (700) and Chem
2 (900) samples was investigated. Fig. 6 shows the amount of
MB sorption by the two samples as a function of reaction time.
The sorption is found to occur within a short time in the both
samples. Although many models have been proposed to simulate
the sorption kinetics [7,10-12], the present data were analyzed
using a pseudo first order Lagergren equation (Eq. (4)), second
order equation (Eq. (5)), and intraparticle diffusion equation (Eq.

(6))
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Fig. 6. Changes in the amount of MB sorption by the Phys 1 (700) and Chem 2
(900) samples as a function of reaction time.
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Table 3
Kinetic data on sorption of MB by the Phys 1 (700) and Chem 2 (900) samples
Model Parameter Sample
Phys 1 (700) Chem 2 (900)
- Q% (mmol/g) 0.33 0.83
First order model ky (/min) 3.04x 1073 291 %1073
Q% (mmol/g) 0.07 0.06
R? 0.9979 0.7333
Second order model k2 (g/mmol min) 0.15 0.13
Q% (mmol/g) 0.33 0.83
R? 0.9998 0.9999
Intraparticle diffusion k3 (mmol/min'’? g) 1.72 x 1073 1.72x 1073
Q(0) (mmol/g) 0.27 0.77
R? 0.9188 0.7965
t t n 1 ) tive of a harmful oxyanion) and MB (representative of an
ot) Q. k Q2 organic dye).
(4) The physically activated sample showed higher sorption
0@t) = kat'? + Q(0) (6) capacity for Ni?* and phosphate while the chemically acti-

where Q., Q(f) and Q(0) (mmol/g) are the amounts of sorption
at equilibrium, at time # and at time =0 (min), respectively, and
k1 (/min), k> (g/mmol min) and k3 (mmol/min” 2 g) are the first
order sorption, second order sorption and intraparticle diffusion
rates, respectively. The calculated data are listed in Table 3. The
sorption rates of the two samples calculated are very similar
for the three models (k1, k> and k3). Although the two samples
have apparently different sorption capacities for Ni>*, phosphate
and MB, their sorption rates are very similar. The MB sorption
rates of both samples show better correlation with the second
order model than with the other two models. Thus, the calculated
Q. values are very close to the observed values from the sec-
ond order model but are distinctly different from the first order
model. Itis therefore thought that the second order model is plau-
sible for the MB sorption kinetics. The resulting sorption rates
are rather lower than those reported for other sorbents [9,13—15].
This may be attributed to the small pore sizes of the present sam-
ples relative to the large and elongated MB molecules.

4. Conclusion

Porous materials consisting of activated carbon and amor-
phous CaO-Al,03-SiO;, were prepared by physical and chem-
ical activation of refuse paper and plastic fuel (RPF). The fol-
lowing results were obtained:

(1) The ash content in the samples was higher in the physically
activated sample (<45 mass%) than in the chemically acti-
vated sample (<28 mass%), in which it was decreased by
the washing treatment.

(2) The maximum specific surface area obtained was higher
in the sample chemically activated by a two-step process
(about 1300 m?/g) than in the physically activated samples
(about 500 m?/g).

(3) Both samples showed multisorption properties for Ni**
(representative of a heavy metal), phosphate (representa-

vated sample showed a higher sorption capacity for MB.

(5) The MB sorption rates of the two samples are almost iden-
tical and relatively low due to the small pore size compared
with the large MB molecule.
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