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1. INTRODUCTION 
 

Porous materials have very important applications in many 
fields [1]. Activated carbon, zeolite molecular sieve and 
active alumina are common porous materials [2, 3]. In 
addition, some materials are developed for the selective 
adsorption of certain components [4]. Porous materials are 
divided into three kinds according to the size of their pore 
size: the pore size less than 2 nm are microporous materials, 
the pore size of nm 2~50 are mesoporous materials, and the 
pore diameter greater than 50 nm are large porous materials 
[5].  

Compared with other porous materials, activated carbon 
has more developed pore structure and abundant surface 
active groups. It has larger adsorption capacity and faster 
adsorption rate, so it has been widely studied and applied. 
There are many reports on the preparation of activated carbon 
materials from biomass. With coconut shell as raw material, 
the activated carbon with a certain proportion of micro-and 
mesoporosity was prepared by using sodium hydroxide 
aqueous solution [6].  

With gelatin and starch as raw materials, activated carbon 
with good CO2 adsorption capacity was prepared by dry 
chemical modification [7]. Using rice husk, peanut shell, 
soybean straw and so on, biomass carbon was prepared with 
strong adsorption performance of methylene blue [8]. Ithas 
been rarely reported that the plant extract residue prepares 
porous carbon materials. Therefore, in this study, with the 
extract residue of tobacco stems as raw materials, after 
carbonizing, the biomass carbon porous materials were 
prepared by vacuum heat treatment with KOH as modifier. 
The effects of different mixing ratios of KOH and tobacco 
stalk residue after carbonizing on the surface structure and 
properties of activated carbon porous materials were studied. 
The adsorption effect of the modified materials on the 
harmful components of the cigarette smoke was also studied.  
 
 

2. MATERIALS AND METHODS 

 
Tobacco stemsresidue (TSR) was dried by microwave. The 

dried TSR was pulverized andfiltered with an 850 μm screen. 
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The TSR was then placed in a tube furnace (GSL-1600X, 
Ningbo Opple Instrument Co., Ltd., China) and heated at a 
rate of 5~20℃ /minuntil 350°C for 30 minunder nitrogen 
atmosphere. The TSR was cleaned by deionized water until 
the pH of the washing fluid became neutral. Then the TSR 
was conducted vacuum heat treatment at 90°Cfor 4h. KOH 
and TSR were put in tube furnace according to the quality of 
1:1, 2:1 and 4:1 respectively, which were heated for15 min at 
600°Cunder nitrogen atmosphere, filtered and washed with 
HClsolution (mass fraction, 10%). And then it was cleaned by 
deionized water until the pH of the washing fluid became 
neutral. Finally, the resultingMTSR was dried at 110°C to a 
constant mass, filteredwith a 850 μmscreen, placed in 
polyethylene bags andstored in a dryer.  

The surface morphologies of the samples were examined 
by field emission scanning electron microscopy (QUANTA-
TA200, FEI, USA). The pore properties of the samples were 
estimated by nitrogen adsorption-desorption isotherms at 77 
K using the specific surface areas and pore-size analyzer 
(NOVA2200e, Quanta chrome, USA). TheMultipoint 
Brunauer–Emmett–Teller(BET) equation was used to 
calculate specific surface area of the samples. The total pore 
volume was acquired from the adsorptive amount of 
nitrogenat P/P0= 0. 98. Organic functional groups were 
characterized by Fourier transform infrared analysis (Bruker 
TENSOR27, BRUKER, Germany).  

To assess the filtration properties of these carbons when 
incorporated in cigarette filters, thecigarette filters were 
prepared as follows: 60 ± 1 mg of the carbon granules were 
weighed into thecavity of a cigarette filter of a 24. 6-mm 
circumference cigarette, made up of a 56-mm long 

cigarette rod containing a Virginia-style tobacco blend 
(tobacco rod density of 255 mg cm–3 at a 

moisture content of 13%) and a 27-mm length three-part 
cavity filter (10 mm cellulose acetate at 

the rod end, 4-mm cavity and 13 mm cellulose acetate at 
the mouth end). Triacetin is used as a 

plasticizer on cellulose acetate filter sections and loadings 
of 10% and 6% by weight for the mouthend and rod end 
segments, respectively, were used. Cigarette filters were all 
unventilated (i. e. noair vent holes are made to allow influx of 
air during puffing). A standard 50 CU permeabilitycigarette 
paper was used throughout [where 1 CU is the flow of air 
(cm3/minute) passing through1 cm2 surface of the test piece 
at a measuring pressure of 1. 00 KPa]. As a control, cigarettes 
of thesame dimensions and composition were also prepared 
with an empty 4-mm filter cavity section. To mimic 
manufacturing conditions, the cigarettes were conditioned at 
22 °C and 60% relativehumidity for 3 weeks following the 
inclusion of carbon in the cigarette filter and then 
smokedunder ISO smoking conditions (one 35-ml volume 
puff of 2-second duration taken every minute) (International 
Organisation for Standardization 1991; Thomsen 1992). 
According to GB5606. 4-2005 [9], sensory evaluationwas 
evaluated by professional assessment staffs.  

Standard Test Method for determination of nicotine, tar 
and CO content in cigarette smoke:determination of total 
particulate matter and tar in GB/T19609-2004 cigarette by 
routine analysis with cigarette smoking machine [10]. 
Standard method for the determination of mainstream 
cigarette smoke:cigarette mainstream smoke in GB5606. 5-
2005 [11]. Determination of phenol in mainstream cigarette 
smoke in 255-2008 YC/T cigarettes- high performance liquid 
chromatographic method [12].  

 

 

3. RESULTS AND DISCUSSIONS 

 

3. 1 Experimental results and analysis of response surface 

 
3.1.1 Experimental results of response surface 

In view of the specific surface area of the porous material, 
the optimization scheme and the results of Box - Behnken test 
with three factors of processing temperature, ratio of raw 
materials to KOH and processing time are shown in Table 1, 
The design of a total of 17 test points, including 12 analysis 
points, 5 center points. The central point of repeated the 
purpose is to estimatepure experimental error of the whole 
experiment. Specific surface area of Y is the response value 
of the response surface analysis.  

 

Table 1. Box–Behnken design test results of granulation of 
porous materials 

 

Number Encoding factors 
Specific 

surface 
 area Y/m²/g 

 
Temperature 

X1 /℃(℃) 

Ratio 
X2 

Time 
X3/min 

 

1 0(700) 0(1:3) 0(20) 1456. 2 

2 –1(600) 0(1:3) –1(10) 1145. 8 

3 0(700) 0(1:3) 0(20) 1466. 7 

4 0(700) 1(1:4) –1(10) 1256. 4 

5 0(700) 0(1:3) 0(20) 1423. 9 

6 1(800) 1(1:4) 0(20) 1140. 7 

7 0(700) 0(1:3) 0(20) 1439. 2 

8 –1(600) –1(1:2) 0(20) 996. 3 

9 1(800) 0(1:3) 1(30) 1149. 2 

10 0(700) 1(1:4) 1(30) 1228. 5 

11 0(700) –1(1:2) 1(30) 973. 3 

12 1(800) 0(1:3) –1(10) 1183. 8 

13 –1(600) 1(1:4) 0(20) 1250. 3 

14 –1(600) 0(1:3) 1(30) 952. 7 

15 0(700) –1(1:2) –1(10) 1395. 5 

16 1(800) –1(1:2) 0(20) 1238. 6 

17 0(700) 0(1:3) 0(20) 1423. 6 

 
3.1.2 Experimental results of response surface 

The test data in table 1 was carried out of multiple 
regression fitting by MATLAB software. The temperature 
X1, the ratio of X2 and the time X3 was the independent 
variables, the specific surface area (Y) was the response 
value, the fitting was obtained by the two multinomial 
regression model: 
 

Y=1451.32+45.90X1+34.03X2－84.73X3－

87.98X1X2+39.63X1X3+98.58X2X3－200.20X12－94.65X22

－143.25X32 

 
The results of variance analysis of the regression model are 

shown in table 2. The response factor interaction on pelleting 
efficiency surface analysis and contour analysis results shown 
in Figure 1 to figure 4. From table 2 and figure 1 to figure 4 
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can be seen that the overall model has statistical significance, 
and the fitting effect comparison. The interaction between the 

factors of the table area is significant intuitively from the 
figure 1 to figure 4.  

 

Table 2. Variance analysis of regression coefficient 
 

 

Model 
Unstandardized coefficients Standardized coefficients t P  

Sig.  B Std. error Beta   

 Constant 1451. 320 19. 465  74. 562 . 000 ** 

X1 45. 900 15. 388 . 184 2. 983 . 020 * 

X2 34. 025 15. 388 . 137 2. 211 . 033 * 

X3 –84. 725 15. 388 –. 340 –5. 506 . 001 ** 

X1X2 –87. 975 21. 762 –. 250 –4. 043 . 005 ** 

X1 X3 39. 625 21. 762 . 112 1. 821 . 061  

X2 X3 98. 575 21. 762 . 280 4. 530 . 003 ** 

X12 –200. 198 21. 211 –. 585 –9. 438 . 000 ** 

X22 –94. 648 21. 211 –. 276 –4. 462 . 003 ** 

X32 –143. 247 21. 211 –. 418 –6. 753 . 000 ** 

Note：*significant, **extremely significant.  

 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 1. response surface analysis of(a) temperature 
and ratio(b) ratio and time to surface area 

 
From table 2, we can see that the difference of X1, X2 is 

significant (P<0. 05), the difference of X3 is very significant 
(P<0. 01), and the quadratic X12, X22 and X32 arrived to a 
very significant level (P<0. 01). The results showed that 
temperature, proportion and time has significant effect on the 
specific surface areas. The difference of the interaction X1X2 
and X2X3 is very significant (P<0. 01), which indicated that 
the interaction of temperature and proportion, proportion and 
time has a significant effect on the surface areas. The 
influence of the three factors on the the surface areas is: 
X1>X2>X3(temperature > ratio > time). The excellent 
produced conditions for the adsorption materials are as  
 
 

 
follows:the temperature is 707. 40 ℃ , the ratio is 1:3 and the 
time is 17. 20 min.  

 

 
 

 
 

 

Figure 2. The contour of (a) temperature and ratio (b) ratio 

and time to surface area 
 

2. 2 Microscopic morphology 

The SEM images analysis results of EG and EGK are 
given in Figure 3. Figure 3(a) shows the surface morphology 
of EG. The results show that the surface is rough, and the 
shape of the strip shape is irregular. Figure 3(b) shows the 
surface morphology of EGK. It can be seen that the surface 
exhibits a large number of holes and pores after modifying 
treatment. The pore distribution is disordered and irregular, 
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and the holes connected to each other to form a network. The 
reason for the results is that chemical reactions occur between 
the materials and KOH during the thermal treatment. From 
Figure 1, the surface morphology of the material changes 
significantly and obtains a lot of cavities and pores by 
modifying treatment, which obviously increases the specific 
surface area. Greater specific surface areas are generally 
correlated with better adsorption performance. Therefore, the 
structure of the sample is better for adsorption.  
 

 

 
 

Figure 3. SEM images of EG(a) and EGK(b) 

 
3. 3Microscopic structure 
 

The Brunauer-Emmett-Teller test was carried out on the 
samples and the results are shown in Table 3. The results 
show that the specific surface areas and pores volumes (Vtotal) 
of EGK significantly increasedto 1513. 27m²/g and 0. 
67cm3/g respectively. This dramatic increase in surface areas 
and pore volumes are as a result of the chemical reactions 
occurring between KOH and EG. The reactions are given 
below.  

 
6KOH+2C       2K+3H2+2K2CO3 

2C+K2CO3           2K+3CO 
 

Table 3. Structural characteristic of the materials before and 
after modification 

 
 EG EGK 

SBET(m²/g) 17. 32 1613. 27 
Vtotal(cm3/g) 

0. 01 0. 67 

 
Figure 4. Pore size distribution of EGK 

 
The adsorption properties of porous materials are greatly 

affected by the pore-size distribution. Thus, the pore-size 
distribution was investigated and the results are shown in 
Figure 4. It can be seen that the pore size is mainly 

concentrated in the range of 6～15 nm, which indicates that 

the pore structure is mainly based on the larger mesoporous 
structure and has certain smaller microporous structure [11-
15]. In addition, some studies have shown that the pore size 
of aporous material determines the specific surface areas and 
pore volumes of the material, which affects its adsorption 
capacity [16]. The smaller pore size is better for adsorption, 
but very small pore sizes can be blocked by the adsorbate. 
Therefore, the pore size of EGK is suitable for adsorbate 
channels, with capillary condensation under certain pressures, 
which is better for the adsorption of large molecules.  

 

3. 4 Surface characteristics 
 

Some studies have shown that functional groups and 
dangling bonds have a greater impact on the adsorption [17]. 
The FTIR spectrograms of EG and EGK are shown in Figure 
5. Special functional groups corresponding to the absorption 
position were analyzed according to the literatures [18, 19]. 
In the FTIR analysis, the strong peak near3418. 13cm−1 is 
attributed to the hybrid stretching vibration of O-H and N-H, 
and the peak near 2923. 08cm−1 is probably the peak of CH2 

and CH3. The strong peak near 1637. 03 cm−1 is the N-H 
stretching vibration of the primary amine, the strong peak 
near 1032. 58cm−1 is the absorption band of the C-O-C 
symmetric and asymmetric stretching vibrations and the O-H 
unbalanced surface rocking vibration of the carboxyl group 
molecular aggregates, and the peak near 606. 05 cm−1 is the 
absorption band of SO4

2−. According to the above analysis, 
the material has many functional groups, such as hydroxyl, 
amine, and carboxyl groups and non-carbon elements. These 
kinds of functional groups could result in improving polar, 
hydrophilic, catalytic performance and changing the surface 
charge, which can enhance the interaction between the 
adsorbent andadsorbate. Thus, the porous material will have a 
better adsorption capacity [20].  
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Figure 5. IR spectra of porous materialsbefore and after 

modification 

 
Comparison of the FTIR spectrograms of EG and EGK are 

roughly similar regardless of treatment condition, but the 
intensity of each stretching vibration peak significantly 
changed after modification, which indicates that modification 
can increase the functional groups of–OH and–CH. It shows 
that the material has a certain pro organic.  

 
 
 
 

3.5 Effect of EGK dosage on the harmful components of 

smoke 

 
Table 4 is the results of main components of smoke. 

Compared with control cigarettes, the smoke of cigarettes 
added 20mg, 30mg and 40mg of EGK were obviously 
decreased. When EGKwas added 30mg, tar, CO and 
phenolare decreased 20.5%, 19.2% and 49.66%respectively, 
At this time the adsorption of harmful components reached 
the highest. Nicotine in smoke decreased 7.34%. Continue to 
increase the amount, the adsorption remained unchanged. 
Accordingtotheanalysis, the abundant pores and net structures 
of EGK could result inincreasing a large number of specific 
surface areas and pore volumes which increases the 
probability of retention of aerosols.  

And the EGK prolong the residence time in the filter 
through interfering the movement of aerosol particles. Thus, 
the EGK has higher filtration efficiency [21-23]. EGK has a 
large number of hydroxyl functional groups, which can be 
used in the hydrogen bonding interaction with hydroxyl 
groups in phenol. At the same time, -CH and other organic 
functional groups could result inchanging the surface polarity, 
increasing the active site of the nonpolar phenol molecules. 
Therefore, the phenol of smoke can be effectively reduced. 
While, the existence form of nicotine is the same as the 
particle phase, but its good volatile make it easy to be washed 
by fresh flue gas. Thus, the filter effect of EGK on nicotine is 
not very obvious.  

 

Table 4. General indexes of cigarette 
 

sample Tar /mg/ branch Nicotine /mg/ branch CO/mg/ branch Phenol /µg / branch 

Control sample 11. 65 1. 09 12. 75 4. 35 

EGK—20 10. 53 1. 05 10. 16 2. 92 

EGK—30 9. 26 1. 01 9. 95 2. 17 

EGK—40 9. 28 1. 01 9. 94 2. 18 

Note: The values of the content are the average values from three duplicate tests.  

 

3.6 Adsorption time on the adsorption of phenol 

In order to analyze the influence of different adsorption 

time of EGK on the adsorption of phenol, added EGK to the 

filter according to the amount of 30mg/ branch. The relation 

curve is shown in figure 6. With increasing time, the 

adsorption amount of EGK on phenol increases, which 

indicates that the flow rate of aerosol in the unit time is 

quantitative. The adsorption capacity of EGK on phenol 

directly affected by the velocity through the filters.  
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Figure 6. adsorption capacity of phenol with different contact 

times of EGK 

3.7 Morphology of the materials before and after 

adsorption 
 
Figure 7 is the surface morphology of the material before 

and after adsorption. The holes of the surface were almost 
fully occupied after the adsorption. Because the phenol is 
exist in the form of aerosol, and the size of aerosol particles is 
not uniform, which results in smaller particles gettinginto the 
void, the larger particles adsorbing in the external. Finally, 
the holes will be filled up.  

 

 
 

11



 

 

Figure 7. SEM diagram of the material before and after 
adsorption 

 
 

4. CONCLUSIONS 

 
In order to obtain biomass based porous materials of higher 

porosity and specific surface areas, extractedthe tobacco 
stem, then the residue was modified by KOH. The effect of 
modification treatment on the morphology, structure and 
surface properties of the materials was analyzed. According 
to the experimental results, we can draw the following 
conclusions: 

(1) By response surface method, temperature, proportion 
and time of the porous materials with specific surface area of 
the porous materials were obtained by two multinomial 
regression equation model. The excellent produced 
conditions for the porous materials are as follows: the 

temperature is 707.40 ℃, the ratio is 1:3 and the time is 17.20 
min. The analysis of variance shows that the equation can 
well analyze and predict the specific surface area of porous 
materials.  

(2) The surface structure of EG was obviously affected by 
the KOH modification treatment. The EGK through 
modifying has a large number of holes and pores, 
andtheholesconnectedtoeachotherformedanetwork. Because 
of the chemical reaction between KOH and EG, the specific 
surface area and pore volumes of EGK increased 
significantly, which reached to1513.27m2/g and 0.67cm3/g, 
respectively. Thus, the materials have better adsorption 
effect.  

(3) Due to the rich holes and reticular structure of EGK, 
Retention probability of EGK on aerosolswas significantly 
increased. Thus, tar and CO in the aerosolswas better 
adsorbed. EGK has a large number of –OH and –CH 
functional groups, which can be used in the hydrogen 
bonding interaction with hydroxyl groups of phenol or 
changedthe surface polarity, increasing the active 
sitesofthenonpolarphenol molecules. Therefore, the phenol of 
smoke can be effectively reduced.  
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