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Abstract: Three different preparation methods including steam
physical activation, catalytic carbonation and KOH chemical
activation methods were used to prepare municipal solid waste-
based carbon materials. The methylene blue (MB) adsorption
value was applied to evaluate the adsorption capabilities of the
prepared carbon materials. The effects of preparation methods
on adsorption capability and yield of products
investigated. The yield of carbon materials with the catalytic
carbonation method is the highest, and the KOH activation

were

method is the second level. Considering the adsorption

performance, the KOH activation method is much more
favorable. Among the different components of municipal solid
waste-based carbon materials, the adsorption properties of the
single component of paperboard, the double components of
tire and paperboard, the triple components of tire, paperboard
and polyvinyl chloride ( PVC), and the multi-component
mixtures are better than those of other single-, double-, triple-
and multi-component mixtures, respectively.
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waste;

ctivated carbon is the most widely employed adsor-

bent for its excellent adsorption properties. Howev-
er, the high cost restricts its application. At the same
time, the municipal solid waste ( MSW) has increased
greatly recently''™. Now MSW has been used as low-
cost alternative for producing activated carbon, which is a
versatile adsorbent for pollutants removal. The utilization
of wastes as a precursor for the preparation of carbon ma-
terials has been increasing comprehensively. The MSW
has been investigated extensively by pyrolysis materials to

evaluate the influences of the operating parameters” ' .
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The commonly used methods for the preparation of ac-
tivated carbons are physical activation and chemical acti-
vation'”. For the physical activation method, the pre-
pared activated carbon has great adsorptive performance
and wide distribution of pore size'”. While for the chem-
ical activation method, the impregnation with reagents is
in favor of developing sufficient pore structures'™™ .

Most research investigates the influence of preparation
methods and reaction conditions on single component
based carbon. But few reports focus on the mixed compo-
nents and their relationship with the adsorption capability.
So the influence of preparation methods on the adsorption
capability of mixed waste component-based carbon prod-
ucts is investigated in this study. Different wastes are
used as precursors for the preparation of activated carbons
by three different methods. The effects of preparation
methods on adsorption performance and the yield of dif-
ferent component-based carbons are compared. In addi-
tion, their adsorption kinetic characterizations are analyzed.

1 Method
1.1 Materials

Paperboard, waste tire, toilet tissue, polyvinyl chloride
(PVC) and acrylic textile are used as a precursor. Tab. 1
lists their proximate and ultimate analyses. The iron ore
provided by the Shanghai Baosteel Co., Ltd. is selected
as the catalyst. The iron ores are crushed and sieved to
120 mesh, dried at 120 C for 2 h and then calcined in
furnace in air for 4 h at 550 C.

1.2 Preparation methods

The preparation procedures for different methods are
listed in Fig. 1. The detailed processes are described as
follows'" """

1) Catalytic carbonation method: 10 g pretreated raw
material mixed with the ironore catalyst at different mixed
mass ratios is heated to a carbonation temperature of
10 C/min and keeps at 600 C for 60 min under a nitro-
gen atmosphere of 0.5 L/min.

2) Steam activation method: 10 g raw material in a
quartz pipe is heated, the same as process 1). Then the
reactor goes on heating, and the steam is pumped into the
reactor under the N, flow of 15 g/h as the temperature
reaches 800 C, and kept for 90 min under a nitrogen at-
mosphere of 0.5 L/min.
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Tab.1 The proximate and ultimate analysis of different precursors %
c . Proximate analysis Ultimate analysis
omponents
P W( Vde\f) W( FCad) W( Ad) W( Mad) W( Cud) W( Hud) W( Nud) W( Oud)
Tire 54.54 18.59 24.73 2.14 51.21 4.88 0.48 43.43
Paperboard 71.37 13.47 7.28 7.52 40.82 5.7 0.12 53.37
Toilet tissue 75.14 9.76 8.65 6.45 41.52 5.95 0.09 52.44
PVC 94.06 5.63 0 0.31 51.50 6.37 0 42.13
Acrylic textile 88.34 8.68 1.74 1.24 61.76 4.37 0.18 33.69
Notes: ad—air dry; daf—dry ash free; d—dry basis.
Raw Dry and Add Mechanical Carbon
material [ |comminute[ | catalyst [ | mixing Carbonization material
()
Raw Dry and o | S Carbon
material | | comminute _’I Carbonization Activation '_' material
(b)
Raw Dry and . Carbonization Wash and Carbon
material [ | comminute and activation | | dry [ | material

(©)

Fig.1 Preparation procedure of different methods. (a) Catalytic carbonization process; (b) KOH activation process; (c) Stream activation process

3) KOH activation method: 10 g different components
are added to a KOH aqueous solution with 1:3 mass rati-
o0, stirred 6 h at 40 ‘C, and then dried at 105 C for 24 h.
Subsequently, the impregnated samples are put in a
quartz pipe to be activated at 800 C for 60 min under the
nitrogen atmosphere. The prepared products are cooled,
washed with water, and then dried.

1.3 The methylene blue (MB) adsorption

The adsorption capabilities of the prepared carbon ma-
terials are evaluated by China National Standards ( GB/
T12496. 8—1999) to determine methylene blue ( MB)
adsorption values.

1.4 Adsorption isotherms procedure

0.1 g carbon samples are added into 50 mL MB solu-
tion with different concentrations, then stirred at 70 C
with different adsorption times. The equilibrium concentra-
tions are determined by the UV-3200 spectrophotometer.

2 Results and Discussion
2.1 Effect of different preparation methods

2.1.1 Preparation conditions
The carbon adsorbents are manufactured by catalytic

carbonation, KOH activation and steam activation meth-
ods, respectively, with five representative MSW compo-
nents. A series of carbon adsorbents were prepared under
different reaction conditions.

For the catalytic carbonation method, the catalyst ratio
is a key factor, so the single component tire is selected as
a sample to conduct a pre-experiment test and optimize
the influence condition. The effects of the iron ore ratio
on the methylene blue value and the yield of tire-based
carbon material are investigated. Considering the adsorp-
tion capability, the optimum ratio of 15% is selected.

For steam activation and KOH activation methods, the

10-11
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preparation conditions take the previous study
erence. The optimum conditions for different preparation
methods are shown in Tab. 2, which will be used in the
following study.
2.1.2 Comparison of different preparation methods
The single-, double- and triple-component MSW were
further used for the preparation of carbon materials by
three methods under the optimum conditions. Different
numbers representing different samples are shown in Tab.
3. The adsorption values of methylene blue and the yield
are taken as the index to illustrate their adsorption capabili-
ty and production efficiency, respectively.

Tab.2 The optimum conditions of different preparation methods

. Carbonation Carbonation Activation Activation Catalyst mass Alkali/ carbon
Preparation methods . . . . . .
temperature/ C time/min temperature/ C time/min ratio/ % ratio
Steam activation method 600 60 800 90
Catalytic carbonation method 600 60 15
KOH activation method 800 60 3:1
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Tab.3 The representative sample of different numbers

Component Sample number Sample name

1-1 Tire
12 Paperboard

Single component 1-3 Toilet paper
14 Polyvinyl chloride (PVC)
1-5 Acrylic textile
2-1 Paperboard + tire
2-2 Toilet paper + tire
23 PVC + tire
24 Acrylic textile + tire

Double components 2-5 Toilet paper + paperboard
2-6 PVC + paperboard
2-7 Acrylic textile + paperboard
2-8 PVC + toilet paper
29 Acrylic textile + toilet paper
2-10 Acrylic textile + PVC
3-1 Tire + paperboard + PVC

Triple components 32 Tire + toilet paper + PVC
33 Tire + acrylic textile + PVC
34 Paperboard + toilet paper + PVC

The effects of different preparation methods on adsorp-
tion values of methylene blue and the yield of the single
component-based carbon materials are shown in Fig. 2.
Different preparation methods exhibit different adsorption
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Fig.2 Effect of three preparation methods on different single

component-based carbon materials. (a) Methylene blue adsorption
value; (b) Yield

performances for the same carbon adsorbent. As for the
tire, the adsorption performance can be listed as follows:
steam activation, catalytic carbonation and KOH activa-
tion. While for other four raw materials, the sequence is
different: KOH activation, steam activation and catalytic
carbonation. Therefore, the steam activation is the opti-
mum preparation method for the tire. The methylene blue
adsorption value is 51.3 mg/g for the tire-based carbon
materials. However, the KOH activation method exhibits
the better adsorption performance for the other four raw
materials. The methylene blue adsorption values of paper-
board, toilet tissue, PVC and acrylic textile are 83. 8§,
52, 41.3, 66.6 mg/g, respectively.

However, the catalytic carbonation method produces a
much higher yield than the other two methods for all five
single components. The sequence of the yield is: the cat-
alytic carbonation method, the KOH activation method
and the steam activation method. The yield is related to
the reaction temperature, retention time, and methods,
etc. In general, the yield decreases with the increase in
the reaction temperature. Much more carbon element will
react with the activating gas with the increase of tempera-
ture, leading to the decrease of yield. In our study, due
to the presence of the catalyst, the reaction temperature of
the catalytic carbonation method decreases to 600 TC.
While the activation temperature for other two methods is
800 C. Therefore, the yield of the catalytic carbonation
method is higher than those of the other two methods. In
addition, the yield will decrease with the increase of the
retention time. With the prolonging of the reaction time,
the residue substance will decompose and volatilize,
resulting in the removal of the little random carbon at-
om. The activating gas will pass through the carbon ma-
terials to accelerate the overflow of the volatile substance
with the prolonging of the reaction time, contributing to
the decrease of the yield.

In addition, the two-component mixture-based carbons
were prepared by three methods. The effects of the mix-
ing ratio investigated to achieve the optimum ratio are
shown in Tab. 4. Fig. 3 shows the effects of different
preparation methods on the adsorption properties and yield
of two-component mixture-based carbon materials under
the optimum conditions. The KOH activation method
demonstrates a unique advantage, particularly for the
mixture of paperboard and tire, paperboard and PVC.
However, the sequence of yield is the same as the results
of single component-based carbon materials.

Furthermore, the triple-component MSWs are mixed
according to the optimum mixing ratio of double compo-
nents. The mixing ratio are 1:1:2, 2:1:2, 1:2:1, and
1:1:2 for sample 3-1, 3-2, 3-3 and 3-4, respectively.
The mixtures are prepared by three different methods,
which have the same as above experimental conditions.
Fig. 4 shows the MB adsorption properties and the yield
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Tab.4 The effect of mixing ratio of double components on
methylene blue adsorption value and yield of carbon materials

Mixing  Methylene blue Optimum mixing

Samples . 1\ Yield/% .
ratio  value/(mg - g~ ') ratio
1:2 27.6 43.4
2-1 1:1 35.2 41.1 1:1
2:1 21.3 39.3
1:2 34.1 41.8
22 1:1 25.7 36.1 1:2
2:1 32.8 32.2
1:2 31.6 35.5
2-3 1:1 34.8 30.2 2:1
2:1 38.7 23.9
1:2 28.3 39.0
24 1:1 19.5 33.8 1:2
2:1 21.3 25.6
1:2 31.5 25.4
2-5 1:1 23.8 23.9 1:2
2:1 23.0 21.7
1:2 19.8 28.7
2-6 1:1 16.6 24.1 2:1
2:1 31.0 19.3
1:2 25.4 31.1
2-7 1:1 12.6 26.3 1:2
2:1 15.8 22.6
1:2 27.8 20.9
2-8 1:1 31.2 18.1 1:1
2:1 19.2 16.2
1:2 21.8 17.9
29 1:1 11.0 18.1 1:2
2:1 19.0 15.6
1:2 35.7 11.6
2-10 1:1 29.4 13.5 1:2
2:1 30.9 16.3
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Fig.3 Effect of three preparation methods on different double
component-based activated carbon. (a) Methylene blue adsorption
value; (b) Yield

of triplecomponent-based carbon, illustrating the effect of
the preparation method.

For different triple-component mixtures, the prepara-
tion methods have different effects on their adsorption
characteristics. For sample 3-1 and sample 3-2, the car-
bon materials prepared with the catalytic carbonation
method show the highest adsorption value. For sample
3-3, the steam activation method is better than the other
two methods. However, the KOH activation method is
the best method for sample 3-4. The preparation method
has little effect on the adsorption of the other three mix-
ture-based carbon materials. However, the yield of car-
bon materials prepared by the catalytic carbonation meth-
od is higher than that of the other two methods, which is
the same as the single and double component-based car-
bon materials.
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Fig.4 Effect of three preparation methods on different triple
component-based activated carbon. (a) Methylene blue adsorption
value; (b) Yield

According to the survey of the real proportion of mu-
nicipal solid waste, the multi-component raw materials
are mixed with the ratio of 1:8:8:12:3 for tire, paper-
board, toilet paper, PVC and acrylic textiles. The above
multi-component raw materials are further used to prepare
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carbon by three methods. Fig.5 shows the comparison of
methylene blue adsorption values and yield. It is found
that the carbon materials exhibit the highest adsorption
value by the KOH activation method. However, the se-
quence of yield is the catalytic carbonation method, the
KOH activation method and the steam activation method.
Based on the above three preparation methods, the KOH
activation method shows the best performance with 54.7
mg/ g and 21.4% for their methylene blue adsorption val-
ue and the yield, respectively.
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Fig.5 Effect of three preparation methods on the methylene
blue adsorption value and yield of multi-component-based
carbon

2.2 The methylene blue adsorption kinetic of differ-
ent component-based carbon materials

The methylene blue adsorption rate curves of different
components based carbon materials are presented in Fig.
6. The results indicate that the different components-
based carbon materials exhibit similar dynamic behavior.
The adsorption processes are composed of three stages:
rapid adsorption, slow adsorption and approaching an
equilibrium. As shown in Fig. 6, the methylene blue ad-
sorption capacity of carbon materials increases with the
increase of time. However, their adsorption equilibrium
times are different. The equilibrium time of AC2 is 3 h;
the others based carbon materials are all 2 h approximately.

50r
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Fig. 6 Methylene blue adsorption rate curves of different com-
ponent-based carbon materials

The methylene blue adsorption process is a dynamic
process that includes the adsorption and desorption
processes. The methylene blue molecules that crashed on
the activities’ sites on the surface of carbon materials are
entrapped in the adsorption process. Then, methylene
blue molecules are adsorbed on the surface divorce from
carbon materials in the desorption process. Generally, the
two processes continue during the whole adsorption. The
Langmuir adsorption isotherm is used as the adsorption
isotherm model to study the adsorption equilibrium. The
Langmuir equation is described as

c_1 ¢

e

g. " ab " (D
where ¢, is the adsorption amount in equilibrium, mg/g;
C, is the concentration in equilibrium, mg/L; b is the
Langmuir constant; ¢, is the single saturated adsorption
quantity, mg/g. Fig. 7 shows the Langmuir isotherms’
plots of different carbon materials. The results demonstrate
that the Langmuir adsorption isotherm model can accurate-
ly describe the adsorption phase equilibrium of methylene
blue on carbon materials. The adsorption is monolayer ad-
sorption and it is dominated by physical adsorption. The
maximum methylene blue adsorption capacity of ACI,
AC2, AC3, AC4is85.84,74.52,61.84, 57.67 mg/g re-
spectively. The Langmuir fitting parameters for methylene
blue adsorption data on different component-based carbon
materials are presented in Tab. 5. The ACI1 exhibits the
highest adsorption capacity than the other three kinds of
carbon. The reason may be ascribed to the decrease of the
surface area due to the block of micropores after mixing
with other components'?. In particular, the adsorption
values decrease significantly after the addition of PVC.

2.41
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Fig.7 Langmuir isotherms plots of different carbon materials

Tab.5 Langmuir fitting parameters of methylene blue adsorp-
tion isotherm for different carbon materials

Sample q,/(mg-g") b R?
ACl1 85.84 0.057 0.994 4
AC2 74.52 0.097 0.998 8
AC3 61.84 0.046 0.9950
AC4 57.67 0.057 0.991 9
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In order to explore the methylene blue adsorption kinet-
ics of different components-based carbon materials, the
pseudo-first order, pseudo-second order and intra particles

diffusion models are employed to fit methylene blue ad-
sorption of carbon materials. The related parameters ob-
tained by fitting are shown in Tab. 6.

Tab.6 The kinetic parameters of methylene blue adsorption of carbon materials

The pseudo-first order

The pseudo-second order Intra particles diffusion

/
Sample T Y %/ ) o/ b/ ) k,/ .
(mg-g™") -1 s 3 -1 -1 S R -1 .05 R
(mg-g~) min (mg-g~ ) (g-mg”~ -min"") (mg-g~ -min""")

AC1 37.5 12.31 2.16 0.81 38.12 0.540 0.999 6 3.02 0.92
AC2 38.9 18.07 1.07 0.94 41.96 0.088 0.997 6 8.93 0.99
AC3 31.9 20.94 1.77 0.94 34.52 0.130 0.998 4 7.22 0.91
AC4 32.0 13.76 2.21 0.81 32.71 0.470 0.999 8 3.21 0.91

The pseudo-first order kinetics model equation is de-
scribed as

(2)

The pseudo-second order kinetics model equation is de-
scribed as

In(g, —q,) =Ilng, -kt

0. (he) 4. (3)

The intra particles diffusion model is described as
(4)

where ¢ is the adsorption time, h; ¢q,, g, are the adsorp-
tion amount in time ¢ and equilibrium separately, mg/g;
k, is the adsorption rate constant, min'; k, is the sec-
ondary reaction kinetics rate constant, g/(mg + min) ;
k,ge’ is the initial adsorption rate, mg/(g - min) ; k, is

q, = kpto'5 +C

the particle diffusion rate constant, mg/( g - min®’);
and C is the constant.

By the comparison of experimental equilibrium adsorp-
tion values with the calculated adsorption values, the re-
sults illustrate that the adsorption amount at equilibrium of
the pseudo-first order model exhibits a large difference
with actual adsorption capacity. While the difference be-
tween the adsorption amount at equilibrium of the pseudo-
second order and the experimental values is small, it fits
well. So, the methylene blue adsorption of AC1, AC2,
AC3, and AC4 are more consistent with the pseudo-sec-
ond order model.

Furthermore, the pseudo-second order model has a
higher correlation coefficient R*. All the coefficients are
greater than 0. 997, which is higher than the correlation
coefficient of the intra particles diffusion model and the
pseudo-first order model. All the processes of adsorption
are included in the quasi two stage dynamic model, such
as external film diffusion, intra particle diffusion and sur-
face adsorption etc'"”’. Therefore, the methylene blue ad-
sorption mechanism of carbon materials can be demon-
strated truly.

3 Conclusion

The carbon materials were prepared by KOH chemical
activation, catalytic carbonation and steam physical acti-

vation methods with different components. In general,
the effects of the three preparation methods on methylene
blue adsorption values and yield of the single, double,
triple and multi-component-based carbon materials are
compared comprehensively, suggesting that the KOH ac-
tivation method is the relatively advantageous method
compared with the other two methods. Among different
components, the paperboard-based carbon ( ACl ), the
double components of tire and paperboard ( AC2), the
triple components of tire, paperboard and PVC ( AC3) ,
and the multi-component mixture of tire, paperboard, toi-
let paper, PVC, acrylic textile (AC4) are better than the
other components among the single-, double-, triple- and
multi-component mixture, respectively. Their methylene
blue adsorption capacities are 85. 84, 74. 52, 61. 84,
57.67 mg/g, respectively, which illustrates their poten-
tial application.
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