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Abstract 

A new technical route of organic matter capture and carbon fixation is proposed in response of the increasingly strict 
emission standards of volatile organic compounds (VOCs) in petrochemical industry and the Chinese national strate-
gic development goals of carbon peak and carbon neutralization. A closed loop from raw materials to adsorbents for 
gas treatment can be achieved by two key technical characteristics: (1) construct a new mesoporous adsorbent with 
complete desorption and regeneration function by carbon nanotubes (CNTs); (2) convert gaseous organic matter 
which cannot be recycled in liquid/gas state to CNTs. It realizes the resource integration of "turning waste into treas-
ure" and maximizes the carbon emission reduction effect of waste gas treatment process without consuming extra 
precious fossil fuel, compared with the traditional technologies of VOCs treatments, including combustion or catalytic 
oxidation. What’s more, the increase in supply of various green electricity is expected to change the current situation 
of large investment and heavy cost burden of environmental protection technology, and make a great contribution to 
the national carbon peak and carbon neutrality policy.
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1 Introduction
Carbon neutral is an important issue recognized glob-
ally for the sustainable development of human society [1, 
2]. The current focus is mainly on the controlled reduc-
tion of  CO2 in huge amount in many industries from fos-
sil fuels by adopting various new technologies and the 
compensation from biomass (plants) or the trade with 
carbon tax [3]. Among many processes producing  CO2, 
the treatment of volatile organic compounds (VOCs) is a 
special one, which involves low concentration of organics 
in the gas but huge gross amount of the released, as well 
as arises the undesirable secondary pollution of photo-
chemical smog [4, 5]. For instance, the amount of the 
released VOCs per year across China is estimated to be 
around 20 million tons, similar to those amounts of SOx 
or NOx . In detail, the emission of  CO2 in the treatment 

of VOCs includes the direct emission in several techni-
cal routes (i.e., direct combustion or catalytic degrada-
tion [6–8]) and the indirect emission (by using fossil 
fuel or grey electricity as the energy supply) in all tech-
nical routes (such as combustion, catalytic degradation, 
adsorption-desorption, cooling etc.). Big challenges lie in 
that when trying to suppress the concentration of directly 
released VOCs, in order to reduce direct emission of  CO2 
and curb secondary pollution, the indirect  CO2 emission 
from energy consumption would increase drastically due 
to increasing technical difficulties. From this perspec-
tive, the fabrication of a near-zero carbon cycle for the 
treatment of VOCs remains a great challenge, but of high 
imperative importance.

Storage of  CO2 is a key step of carbon capture, utiliza-
tion and storage (CCUS) for carbon neutral, but full of 
technique and economical challenge [9, 10] and limi-
tation of available storing space [11, 12]. In this work, 
we proposed the carbon fixation of organics (from the 
adsorption-desorption unit) to production of carbon 
nanotubes (CNTs) by chemical vapor deposition (CVD) 

Open Access

Carbon Neutrality

*Correspondence:  cuicj06@tsinghua.edu.cn; qianwz@tsinghua.edu.cn

1 Department of Chemical Engineering, Tsinghua University, Beijing 100084, 
China
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s43979-022-00028-2&domain=pdf


Page 2 of 8Yin et al. Carbon Neutrality            (2022) 1:27 

method, in which the organic matters decomposed 
mainly by transition metal-based catalysts under high 
temperature to CNTs and  H2 [2–8]. In addition, we per-
formed many studies on the CNT-based adsorbents for 
the treatment of VOCs and organic-containing water 
previously [13–18]. These allowed us to build a cycle of 
adsorption-desorption-carbon fixation technology route, 
in which CNT-based adsorbent was used for efficient 
adsorption and desorption of organic matter, and the des-
orbed organic matter was then transformed into CNTs 
by high-temperature catalyst. By this means, the direct 
carbon emissions were reduced largely and the carbon 
element was changed from pollution source to new mate-
rial resource. In addition, the era of carbon neutral called 
for the use of green electricity (from hydro, solar, wind 
and photovoltaics power etc.) as an energy supply for the 
emission reduction, aiming to reduce the indirect car-
bon emissions mentioned above [19, 20]. In this case, it 
allowed us to develop an industrial closed loop based on 
the exhaust gas. For the quantitative comparison, we pre-
sented the comprehensive analysis of different technolo-
gies (including direct combustion, catalytic oxidization, 
adsorption-desorption-combustion, and adsorption-
desorption-carbon fixation) for the treatment of VOCs 
from aromatics storage tank from 3000–65,000 mg/m3 to 
12 mg/m3. Their energy consumption and carbon emis-
sions varied significantly. The use of green electricity as 
energy supply would make a great contribution to reduce 
carbon emissions because the green electricity generating 
process would not burn coal or other energy sources and 

produced no  CO2. Furthermore, the combination of our 
technology and green electricity showed the potential to 
produce a near carbon-zero carbon emissions cycle, as 
well as large quantities of valuable carbon products. This 
evaluation would provide a new insight into the carbon 
emissions of VOCs treatment and offer a new choice for 
any chemical processes toward carbon zero.

2  A new closed‑loop technology route constructed 
by CNTs and its outstanding carbon reduction 
effect

2.1  A new technical route of organic matter capture 
and carbon fixation

In previous work, we developed a CNT-based adsor-
bent for revisable adsorption-desorption of organics 
from VOCs or waste water [13–18]. There are also many 
reports on the conversion of organics into CNTs [21–27]. 
At 2020, we, for the first time, integrated these appara-
tuses together in a skid-mounted equipment for VOCs 
treatment with the capacity of 900  Nm3/h (Fig. 1a). The 
equipment mainly included the adsorption tower (packed 
with CNT-based adsorbent, operating at 5–10  °C), the 
carbon fixation column (packed with nanosized iron 
catalyst, operating at 700–800  °C) and the necessary 
heat exchanger, pump and compressor. The equipment 
is capable of continuous operation of adsorption-desorp-
tion and carbon fixation. According to estimates (S2), at 
least 6.3  kg of toluene, 1.1  kg of CNT products (about 
659 dollars), as well as 0.1  Nm3  CH4 and 2.4  Nm3  H2/900 

Fig. 1 Photo of the skid-mounted equipment of adsorption-desorption-carbon fixation process based on CNT-based adsorbent (a). Schematic 
diagram of industrial closed-loop (b)
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 Nm3 VOCs gas were obtained in the carbon fixation pro-
cess at low concentration.

Thus, we are able to fabricate a closed loop in which 
the organic matter was completely captured by a new 
type of CNT-based adsorbent and converted to CNTs 
by a new catalytic technology (Fig.  1b). The investment 
of VOCs treatment would be greatly reduced since the 
produced CNTs could be used as raw materials to fabri-
cate adsorbent. Most of the carbon in the organic matter 
in VOCs gas was recycled in liquid form or immobilized 
in CNT products, reducing the  CO2 emission greatly. 
However, the processes of adsorption-desorption and 
conversion of gaseous organic matter to CNTs required 
energy. The carbon fixation process produces methane 
and hydrogen at the same time as CNTs. Using methane 
and hydrogen as heating sources can reduce additional 
energy consumption and further reduce emission of  CO2 
(Figure S10).

2.2  The performance of adsorption–desorption of VOCs 
by CNT‑based adsorbents

CNTs exhibited the convex pore structure, large 
mesoporous capacity and high chemical stability  (sp2 
hybrid carbon), enabling rapid adsorption and desorp-
tion for VOCs [13, 15–17]. Through the exploration and 
optimization of the formula and mold methods, we pre-
pared CNT-based adsorbents with high strength, high 
mesoporous ratio, large specific surface area and high 
conductivity [14], which behaved rapid desorption rate, 
high desorption ratio and good recycling performance 
compared with activated carbon (AC) [13, 15]. In addi-
tion, the high thermal and electrical conductivities of 
CNTs provide an effective heat conduction advantage 
for cooling and heating operations in the process of 

adsorption and desorption when used in industrial instal-
lations [18, 28, 29].

After the successful adsorption and desorption, mac-
romolecular aromatic substances are the representative 
refractory substances of microporous AC. The most obvi-
ous advantages of the CNT-based adsorbent are excellent 
cyclic performance and large adsorption capacity. Taking 
toluene as an example, the adsorption-desorption cycle 
test of the prepared CNT-based adsorbents was con-
ducted for the gas system of toluene (56,000 mg/m3) and 
 N2. As shown in the cycles in the adsorption isotherm 
(Fig.  2a), the adsorption has good cyclic performance 
with an outgas concentration kept below 12 mg/m3. The 
adsorption rates were all above 99.99%, the desorption 
rates were near 100%, and the uptake on the adsorbent 
increased linearly and was far from saturation (Fig.  2b). 
The outstanding cycle performance provides great pos-
sibility of infinite recycling. The far-from-saturation 
uptake indicate a potential of the adsorbents to work in 
a primary adsorption process for the treatment of some 
extremely high concentration gas, providing its usage in 
another way.

2.3  Conversion of gaseous organics into CNTs
In the process of VOCs treatment, there are two outlets 
for the concentrated organic matter after desorption. 
For the macromolecules that are easy to liquefy, they are 
often recycled in liquid form. Smaller fractions of light 
hydrocarbons cannot be recycled, which is why many 
scenarios have to use combustion to convert these light 
hydrocarbons into  CO2 and meet VOCs emission stand-
ards. This is not only high in energy consumption, but 
also very bad for  CO2 reduction.

Fig. 2 Original and outgas concentration (a), adsorption rate and uptake (b) of toluene on prepared CNTs-based adsorbent
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In general, the preparation of CNTs from various car-
bon sources was very mature [30–33]. Based on our 
nano-metal catalysts, CNTs were successfully prepared 
from the transformation of butane, pentane and other 
hydrocarbons (such as gasoline, ethanol and acetone, 
showed in S2) to CNTs efficiently. The technology 
ensured the total amount of NMHC in tail gas well below 
the national emission standards. The flameless process-
ing technology was realized.

The conversion of pentane was presented here as an exam-
ple (Fig. 3a). The convention rate of pentane was 100% during 
the 6 h reaction. The outlet gas was mainly  CH4 and  H2 after 
1 h reaction. High selectivity for hydrogen and methane was 
sustained during the entire reaction period (Fig. 3b). Appar-
ently, the amount of NMHC were very few considering the 
highly efficient conversion with the nanosized metal catalyst 
in the present work. SEM image of carbon product had char-
acteristic morphology of CNTs (Fig. 3c). TEM image (Fig. 3c 
inserted) suggested that the as-produced CNTs had an outer 
diameter of 8–15 nm. The purity (> 90%) (Fig. 3d) was suit-
able for the fabrication of CNT-based adsorbents, following 
the method proposed in reference [34].

3  Energy consumption and  CO2 emissions 
of closed‑loop technology route compared 
to traditional VOCs treatment methods

The VOCs in the typical aromatics storage area men-
tioned above was taken as the object, taking pentane 
and toluene in nitrogen as the main components, and 

their concentrations were 1500  mg/m3 and 6500  mg/
m3, respectively. Based on the flow and the experimen-
tal data, we were able to compare the new adsorption-
desorption-carbon fixation process based on CNTs with 
many conventional VOCs treatment methods (direct 
combustion process, catalytic oxidation process, and 
adsorption-desorption-combustion process). The car-
bon emission,  CH4 consumption  (CH4 as ancillary fuel 
for energy supply), air consumption (air as an assisted 
medium for burning) and electricity consumption (elec-
tricity as energy supply in cooling or heating) were calcu-
lated based on the mass balance and energy balance (the 
calculation details of was showed in SI).

As shown in Fig. 4, only the direct combustion used the 
fuel of  CH4 and air in large amount. The preheating of the 
whole exhaust gas to the burning temperature (800 °C or 
above) consumed energy in large amount. In comparison, 
the catalytic oxidation worked at around 300 °C. Only air 
was needed to oxidize carbon in organic matter. Electric-
ity was considered here for the heating of the system to 
the oxidation temperature. For the integrated process of 
adsorption-desorption-combustion, where organics were 
condensed, the amount of air and electricity (aiming to 
energy consumption) were both significantly reduced, 
compared to the direct combustion. Air was needed for 
the oxidization of organic matter and  CH4 which acted 
as igniter. Electric energy can be used for cooling the 
adsorption section at -5 °C and for heating at desorption 
section at 200 °C. And the burning exhausted gases was 

Fig. 3 The convention rate of pentane (a) and selectivity for hydrogen and methane during the 6 h reaction. Scanning electron microscopy (SEM) 
image and transmission electron microscope (TEM) image (the inserted) (c), and thermogravimetric analysis (TGA) (d) of CNTs after carbon fixation 
reaction
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not used for the heat exchange in desorption section. For 
the adsorption-desorption-carbon fixation process, elec-
tricity was further used in heating for the CNTs growth 
at 700  °C and the high temperature gas  (H2,  CH4) was 
not used as part of energy source for desorption section 
or carbon fixation section. In this case, the electricity 
consumption amount was high among these processes. 
However, if the produced gases  (H2,  CH4) were burned as 
energy supply, the amount of electricity would drop dras-
tically from 56.4 kW to 44.1 kW/900  Nm3 VOCs gas, and 
the air consumption was only 6.5  Nm3/900  Nm3 VOCs 
gas, far lower than 78.4  Nm3/900  Nm3 VOCs gas in cata-
lytic oxidation, since most of carbon from organics was 
fixed as CNTs. From the comparison, we would state that 
the direction combustion processes needed fossil fuel 
in the most amount, while the adsorption-desorption-
carbon fixation process represented the process need-
ing electricity in the most amount. There were plenty of 

choices to balance the fossil fuel consumption and elec-
tricity consumption between these two processes.

As follows, we calculated the  CO2 emission of different 
processes (Fig.  5). The direct combustion and catalytic 
oxidation featured the direct emission of  CO2 (released 
by the oxidation of organics). While the adsorption-
desorption-combustion process and processes with car-
bon fixation mainly featured the indirect emission from 
the energy supply. Conventional treatment methods 
of VOCs gave high direct  CO2 emission which cannot 
be reduced. Seemingly, the indirect emission in carbon 
fixation exceeds the direct emission in traditional ways. 
However, the amount of the indirect emission of  CO2 can 
be decline tremendously if green electricity is applied. 
In other words, the green potential in carbon fixation 
process is great, advantage over the other processes. In 
addition, only the processes with carbon fixation con-
tributed to the valuable solid product (CNTs) with the 

Fig. 4 The amount of  CH4, air, and electricity consumption of different VOCs treatment methods. The process codes were:1#: direct combustion; 
2#: catalytic oxidation; 3#: adsorption-desorption-combustion; 4#: adsorption-desorption-carbon fixation; 5#: adsorption-desorption-carbon 
fixation-supply heat. The same codes were used for all figures

Fig. 5 The direct and indirect  CO2 emissions of different VOCs treatment methods
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yield of 1.1 kg/900  Nm3 VOCs gas and valuable gaseous 
products  (H2,  CH4), whose value goes far beyond the cost 
of electricity. Even valuable gaseous products  (H2,  CH4) 
are combusted for energy supply, it reduces the indirect 
emission of  CO2 by saving electricity. Direct emission 
of the adsorption-desorption-carbon fixation process is 
insignificant. In this case, the present carbon fixation as 
solid product is better than the CCUS where carbon ele-
ments are captured and stored in the form of  CO2.

4  The influence of green electricity ratio on  CO2 
emissions

Considering current electricity supply contain a mixed 
source of grey electricity from the fossil fuel and green 
electricity from renewable energy, it is essential to evalu-
ate the possibility of the reduction of indirect emission 
with the change of electricity ratio. When the green/grey 
electricity ratio changes,  CH4, electric energy, and air 
consumption by the different processes are stable (Fig. 4), 
while  CO2 emission changes (Fig. 6). The  CO2 emission 
of direct combustion is fixed since it needs no electric-
ity. However, if 100% green electricity is used, the carbon 
reduction effect of the catalytic oxidation process is obvi-
ous. Its  CO2 emission of grey electricity will be reduced 
by 49.9%, and its total  CO2 emission is only 27.0% of the 

direct combustion process. Also, the increase of green 
electricity ratio will lead to a significant reduction of  CO2 
emission in the adsorption and desorption processes 
(Figure  S13) in the adsorption-desorption-combustion 
method, and  CO2 emission exists only in the combustion 
process when green electricity ratio is 100%.

At the same time, the advantages of green electricity 
are also fully reflected in the process of adsorption-des-
orption-carbon fixation in which  CO2 is mostly emitted 
indirectly. The  CO2 emissions of adsorption, desorp-
tion and carbon fixation all tend to be zero when green 
electricity is used, and the  CH4 and  H2 produced by this 
process can be used as raw materials for other chemical 
process (Figure S14).

In addition, if further increasing the initial concentra-
tion of VOCs (for example15000 mg/m3 for pentane 
and 65,000  mg/m3 for toluene), which represents other 
tough-treated VOCs, it is able to obtain the associated 
 CO2 emission data (Fig. 7). The  CO2 emission trends in 
the processes of direct combustion and catalytic oxida-
tion are similar. The  CO2 emission ratio of high and low 
concentration is almost steady when direct  CO2 emission 
is dominate (Fig. 7a). In comparison, when indirect  CO2 
emission is dominate, their  CO2 output of high and low 

Fig. 6 Comparison of  CO2 emissions from different VOCs treatment processes under variable green/grey electricity ratio (initial concentration: 
1500 mg/m3 for pentane and 6500 mg/m.3 for toluene)
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concentration decline sharply with the increase of green 
electricity (Fig. 7b).

It is indicated that whether a process has green poten-
tial is the key to  CO2 emission reduction in the future. 
The technology route of adsorption-desorption-carbon 
fixation which resulted in zero total  CO2 emissions is 
extremely attractive.

From the discussion above, it is clear that a near car-
bon-zero loop of adsorption-desorption-carbon fixation 
depends directly on the supply of green electricity. The 
adsorption-desorption-carbon fixation-supply heat loop 
would have flexibility when green electricity is in short or 
unstable supply.

Note that CNTs based adsorbent exhibited long life 
time. The amount of as-produced CNTs in carbon fixa-
tion section for long time operation would far exceed the 
amount of CNTs used in adsorption section. The situa-
tion would result in the significant reduction of the CNTs 
cost, which, in turn, stimulate the expanded application 
of CNT-based adsorbent in treatment of VOCs, waste 
water, and other fields.

5  Conclusions and prospects
The adsorption-desorption-carbon fixation process has 
great greening potential to effectively reduce the total 
 CO2 emission as well as produce valuable by-products. 
The CNT products generated in the carbon fixation 
process can be used as adsorbent raw materials in the 
adsorption process, and the carbon element closed loop 
chain is formed with the CNTs based adsorbent as the 
bridge. By further using  CH4 and  H2 as the heat suppler, 

the  CO2 emission could be further reduced. As the pro-
portion of green electricity increases, the process of 
adsorption-desorption-carbon fixation process shows its 
advantage on carbon emission reduction and becomes a 
green cycle. Obviously, the concept of adsorption-des-
orption-carbon fixation process is also applicable to the 
green and low carbonization treatment of organic waste-
water. The trend is to develop some more efficient cata-
lysts which can convert all VOCs to CNTs and hydrogen 
without methane. This technology embodies the develop-
ment of the cleanest process and has a bright future. In 
the context of global carbon emission reduction and Chi-
na’s "dual carbon" era, this process will provide technical 
support for the reduction of carbon tax/carbon emission 
trading quota, and further delay the arrival of a negative 
carbon economy [35].
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