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This paper attempts to prepare a granular CMS for air separation of buckwheat hulls, and analyse the effect of
different factors on the air separation effect. With coal tar as the binder, the CMS was created via mixing,
extrusion moulding, carbonization and pore regulation. The pore morphology was controlled by the immersion
method. The results indicate that the optimal carbonization conditions are the heat treatment at 700°C for
35mins at the heating rate of 4°C/mins. Under these conditions, CMS reached the best performance (the N2
can be enriched to 88.5%). The addition of pore-forming agents and medium-temperature coal tar could
further improve the air separation performance. With the optimal dosage of these additives, the N2 can be
enriched to 90.5%.

1. Introduction

The carbon molecular sieve (CMS) is a slit-like micro-pore structure of carbon-based adsorbents (pore size:
0.4 nm~0.9nm), capable of separating molecules with different molecular sizes (Ruthven, 1984). Nowadays,
commercially available CMSs are mainly produced by Takeda (Japan), BF (Germany) and MAST (UK) (Hu
and Vansant, 1995). With a broad range of raw materials, the CMS enjoys many advantages, including but not
limited to a large specific surface area, an adjustable pore structure, high thermal and chemical stability, and
an excellent adsorption performance (Carrott et al., 2006; Zhao et al., 2015). Over the years, the CMS has
been extensively applied in air separation and purification, wastewater treatment and energy storage,
particularly in the enrichment of nitrogen from the air (Sevilla et al., 2011; Zhang et al., 2011; Harmas et al.,
2016; Thomberg et al., 2011; Zhai et al., 2012). For air separation, the micro-pores of the CMS must be
controlled strictly in the range of 0.3nm~0.4nm. Recent years has seen the emergence of a CMS made of
renewable cheap carbon containing organic compounds (Titiric and Antonietti, 2010). The samples prepared
with the CMS boast well-developed pore structure and stable chemical properties.

This paper attempts to prepare a granular CMS for air separation of buckwheat hulls, a by-product of
buckwheat processing. With coal tar as the binder, the CMS was created via mixing, extrusion moulding,
carbonization and pore regulation (Liu et al., 2013; Sun et al., 2013; Zhao et al., 2014; Zhang et al., 2010).
The pore morphology was controlled by the immersion method. During the research, the author investigated
how carbonization temperature, heating rate, soaking time, pore addition agent, dipping solution concentration
and the dipping time influenced the air separation performance of the CMS (Sun et al., 2014; Zhang et al.,
2010; Wang et al., 2015; Xu et al., 1999).

2. Experiment
2.1 Raw materials, reagents and equipment

The raw materials mainly involve buckwheat hulls, medium-temperature coal tar, high-temperature coal tar,
and coal liquefaction residues. The reagents were provided by Zhanyi Coking, including benzene, coal pitch
and high-temperature coal tar. The main equipment was a tube-type electric heating furnace, a temperature
controller, a pulveriser, a press machine, and a molding machine.
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2.2 Preparation

(1) Preparation of buckwheat CMS precursor

The buckwheat hulls were dried at 110 °C for 8 hours, and then ground into powders. The pore forming agent
was added by a certain proportion and mixed evenly with the hull powders. The mixture was squeezed into
2.5mm-diameter and 4mm-height particles in the moulding machine.

(2) Carbonization and carbon deposition

The precursor of the granular CMS was placed into the tube-type electric heating furnace, and heated up to a
certain temperature under the protection of nitrogen. The temperature was maintained constant for a certain
period of carbonization. After that, the buckwheat hulls were dipped in different dipping solutions for a certain
period of time, and dried again in the furnace. Under high-temperature pyrolysis, the carbon molecules on the
organic surface of buckwheat hulls moved freely through the CMS pores.

2.3 Air separation performance test

The single-column breakthrough curve method was adopted to test the air separation performance of the CMS.
The adsorption column length was 600mm, the inner diameter ® was 12mm, and the filling height was 500mm.
The bottom of the packed column was covered with a 100mm-tall silica gel. The test pressure, desorption
pressure and desorption time were set to 0.3MPa, 0.6MPa and 60s, respectively. The outlet oxygen content of
an air separation unit was measured by an oxygen analyser, and the content of non-oxygen gas, i.e., the
volume concentration of N2, was regarded as the detection index of CMS air separation capacity (Mi, 2013; Fu
and Guo, 2008).

3. Experimental Results and Discussion
3.1 Effect of carbonization on air separation performance

The carbonization has a major impact on the air separation performance of the CMS for it directly affects the
pore structure the sieve. In the carbonization process, the volatile components of CMS precursor particles
deposit in various ways, depending on the carbonization temperature, heating rate and soaking time.

(1) Orthogonal test

The effect of carbonization on air separation performance was examined by orthogonal test when the CMS
precursor was effectively moulded. The experimental results are shown in Table 1.

Table 1: Results of orthogonal test

No. Heating rate Final carbonization Temperature Air separation nitrogen
(°C/min) temperature (°C) constant time (min)  content-82 (%)

1 3 650 30 2.13

2 3 700 35 0.89

3 3 750 40 -0.62

4 4 650 35 4.59

5 4 700 40 1.23

6 4 750 30 -0.13

7 5 650 40 0.38

8 5 700 30 0.97

9 5 750 35 -0.28

K1 2.29 7.08 3.11

K2 5.62 2.78 5.36

K3 1.23 -0.87 0.77

k1 0.75 2.45 1.23

k2 1.97 0.95 1.69

k3 0.45 -0.92 0.28

R 1.37 3.28 15

variance 1.42 9.96 341 Qe=1.568

Degree of freedom 2 2 2

F 2.28 20.39 6.51

From Table 1, it can be seen that the range RB > RC > RA, that is, factor B, the final carbonization
temperature, has the greatest influence on the air separation performance. The variance FB (2, 6)=19.58>
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F0.975(2,6)=6.86 also makes the final carbonization temperature as the leading influencing factor and puts
the test accuracy at 97%.

Hence, the variance analysis is consistent with the range analysis. The optimal carbonization conditions were
derived as follows. The final carbonization temperature should be 700°C, the soaking time should be 35mins,
and the heating rate should be 4°C/min. Under these conditions, the CMS can achieve the best performance,
and the nitrogen concentration is up to 88.5%.

(2) Effect of final carbonization temperature of on air separation performance

During the carbonization of buckwheat husks, a large amount of micropores are formed, and the final
temperature of carbonization determines the degree of devolatilization and has a significant influence on the
pore structure of CMS. The thermal gravimetric analysis of buckwheat husk is shown in Figure 2.1. The

heating rate is 4°C/min.
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Figure 2: Effect of carbonization temperature on
air separation performance

The thermal gravimetric analysis of buckwheat hulls was conducted at the heating rate of 4°C/min (Figure 1),
and the effect of carbonization temperature on air separation performance was investigated at the same rate
and the soaking time of 35mins (Figure 2).

According to Figures 2.1 and 2.2, the CMS air separation performance was obviously improved as the
carbonization temperature increased from 600°C up to 700°C; meanwhile, the nitrogen concentration increased
from 83.5% to 86.5%. The weight loss was close to 22% at 700°C. Further temperature increase led to a
substantial decline in air separation performance. The nitrogen concentration was only 83.5% at 900°C.

The trends indicate that 700°C is the ideal temperature. Any further growth in temperature only induced de-
volatilization of buckwheat hulls, and narrowed down the effective pore space for air separation.

(3) Effect of heating rate on air separation performance

The effect of different heating rate on the air separation performance was studied at the final carbonization
temperature of 700°C and the soaking time of 35 mins. The results were illustrated in Figure 3.
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Figure 3: Effect of heating rate on air separation performance

As shown in the figure above, the nitrogen concentration shifted from 83.5% to 86.5% as the heating rate
increased from 2°C/min to 4°C/min. As the heating rate continued to rise, the air separation performance
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entered a downturn. When the heating rate climbed up to 8°C/min, the nitrogen concentration was as low as
83%.

If the heating rate is too slow, the CMS precursor will be poorly heated and the volatility will be rather limited;
this condition constrains the development of micro-pores, and, in turn, dampens the air separation effect. If the
heating rate is too fast, there will be too many large pores on the CMS, leading to poor selective gas
adsorption and subpar air separation performance. Therefore, the optimal heating rate is 4°C/min.

(4) Effect of soaking time on air separation performance

The effect of soaking time on the air separation performance was explored at the final carbonization
temperature of 700°C and the heating rate of 4°C/min. The results are shown in Figure 4.
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Figure 4: Effect of soaking time on air separation performance

According to Figure 4, the air separation performance increased slightly with the increase of the soaking time
before the latter reached 35min. At 35min, the nitrogen concentration reached 86.5%. When the soaking time
exceeded 35min, the air separation performance plunged dramatically, as evidenced by the nitrogen
concentration (82.3%) at 55min. It is clear that the optimal soaking time is 35min.

After the soaking time, the carbonization temperature reaches 700°C. In this stage, the CMS pores are mainly
formed by thermal condensation and cracking of high-temperature coal tar. If the soaking time is too short,
there will not be enough contraction of large pores, which hinders the pore adjustment and air separation. If
the soaking time is too long, the micro-pores will be over-contracted and evenly plugged by carbon deposition.
In this case, the air separation effect is neither desirable.

3.2 Effect of additives on the air separation performance

To improve the air separation performance, several kinds of additives were adopted for this research,
including pore forming agent, medium-temperature coal tar, high-temperature coal tar, coal liquefaction
residues, etc. Among them, the pore forming agent, consisting of many volatile components, is cheap and
convenient to obtain; the coal tars can release free carbon at high temperature and regulate the pores in the
CMS.

(1) Effect of pore forming agent on the air separation performance

The pore forming agent mainly encompasses branched hydrocarbons. Most of its components are volatile at
300°C. It can increase the number of micro-pores, thus improve the air separation performance. The effect of
pore forming agent was investigated at the final carbonization temperature of 700°C, the heating rate of
4°C/min and the soaking time of 35min (Figure 5).
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As can be seen from Figure 5, the air separation performance increased with the dosage of the pore forming
agent. The trend can be explained by the low volatile point of the agent, which is the mainly cause of pore
formation in the CMS. The addition of the agent can increase the number of effective holes and improve the
air separation effect. At the dosage of 15%, the CMS had the best air separation performance: the nitrogen
concertation was 86.5%, 3.3% higher than that without adding pore forming agent. The dosage should not be
further increased. Otherwise, it might affect the strength of the CMS.

(2) Effect of coal tars on air separation performance

The medium-temperature coal tar mainly consists of polycyclic and monocyclic aromatic hydrocarbons. With a
complex structure, the coal tar functioned as a bonding agent that enhanced the strength of the CMS in the
carbonization process. The high-temperature coal tar also had a strength enhancement effect, as its softening
point is as high as 110°C and its molecular weight is much greater than common coal tar. The coal liquefaction
residues, containing 2-3 ring aromatics and cycloalkanes, are an ideal pore-forming agents. The effect of coal
tars (and coal liquefaction residues) was tested at the final carbonization temperature of 700°C, the heating
rate of 4°C/min and the soaking time of 35min (Figure 6).
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Figure 6: Effect of coal tars on air separation performance

As shown in Figure 6, the air separation performance improved with the increase in the dosage of coal tars.
The optimal performance appeared at the dosage of 10%: the nitrogen concentration was 90.5%, 89.2%, and
88.4%, respectively, for medium-temperature coal tar, high-temperature coal tar and coal liquefaction residues,
which surpasses that of common coal tar by 3.9%, 2.6% and 1.8%, respectively.

Specifically, the nitrogen concentration in the medium-temperature coal tar case was 1.3% and 2.1% higher
than that of the high-temperature coal tar case and the coal liquefaction residues case, respectively. Moreover,
the concentration of CMS enriched air of the former case was two times of that of the latter two cases.

The difference is attributable to the high molecular weight and aromatic degree of high-temperature coal tar,
which leads to greater porosity after carbonization, and the metal oxide catalyst of coal liquefaction process,
which results in the high ash content in the residues. Considering the proportion of buckwheat hulls, the
dosage of medium-temperature coal tar should not be further increased. Otherwise, the extrusion will be too
difficult to complete.

Through the above analysis, the effect of different carbonization conditions on air separation performance was
investigated at the pore forming agent dosage of 15% and the medium-temperature coal tar dosage of 10%.
The results show that the optimal carbonization conditions are: carbonization temperature of 700°C, heating
rate of 4 °C/min, and soaking time of 35min.

4. Conclusion

This paper prepares a granular CMS for air separation of buckwheat hulls, and analyses the effect of different
factors on the air separation effect. With coal tar as the binder, the CMS was created via mixing, extrusion
moulding, carbonization and pore regulation. The pore morphology was controlled by the immersion method.
The main conclusions are as follows:

(1) The carbonization conditions have a major impact on the air separation performance. The optimal
carbonization conditions are: carbonization temperature of 700°C, heating rate of 4 °C/min, and soaking time of
35min. Under such conditions, the CMS reached the best performance: the nitrogen concentration was 88.5%;
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(2) With the addition of coal tars, the pore structure of the CMS became much more developed. The
experiment shows that the optimal dosage of pore forming agent is 15% and that of medium-temperature coal
tar is 10%. The corresponding nitrogen concentration is up to 90.5%.
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