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ABSTRACT Ultrahigh porosity activated carbon (AC) was made from H3;PO,-impregnated waste cotton precur-
sor by carbonization in Ar and physical activation in variable CO, flow rate with ultrahigh heating rate. The
presence of CO, in the activation plays an important role in the formation of the porous structure of AC. The
obtained AC had outstanding physical and electrochemical properties. The specific surface area and microp-
ore volume of AC reached 4800.7 m?/g and 2.499 cm?/g, respectively. The pore size distribution was mainly in
the microporous region. The electrochemical double-layer capacitors (EDLCs) with AC-based active electrode
and an electrolyte solution of 1 M 1,1-dimethylpyrrolidinium tetrafluoroborate in acetonitrile were fabricated.
The specific capacitance of electrode material degraded less than 10 % with the highest value of 105.7 F/g at
0.05 A/g as the specific current varied from 0.05 A/g — 15 A/g. After 8000 charge-discharge cycles at 1 A/g,
the specific capacitance of the AC-base electrode material fabricated at CO, flow rate greater than 200 ml/min
degraded less than 15 % with the highest value of 101.2 F/g. The optimal CO, flow rate for fabricating waste
cotton-based AC is 200 ml/min.
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1. Introduction

Energy has been the crucial issue for the global economy. Currently, the main energy resources for human are fossil
resources such as coal, crude oil, and natural gas, etc. The excessive use and depletion of these resources have been
causing serious environmental pollution. Therefore, people have been looking for renewable energy sources that are
environmentally friendly and can gradually replace fossil fuels such as solar energy, wind energy, tidal energy [1-3], etc.
However, these energy sources are intermittent and vary with time of a day, seasons, and years. So, they have been required
a highly efficient energy storage and conversion system to maintain continuous operation. Batteries and supercapacitors
are main electrical energy storage and conversion devices today.

Batteries store energy in the form of chemical energy based on redox reactions occurring on the electrodes. The
stored energy of the battery is large and can meet most of the energy demands of electrical and electronic devices in daily
life [4]. The drawbacks of the batteries are low power density, short life-cycle and containing some toxic substances that
are harmful to the environment at the end of their life. Meanwhile, EDLCs store energy in the form of static electricity that
is formed on the interface of the electrochemical double layer between the electrolyte solution and the electrode material
surface [5]. Comparing to batteries, EDLCs have a much lower energy density but have higher power density, energy
conversion efficiency, long life-cycle (over 100000 charge-discharge cycles) and can operate in extreme environments
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with temperatures ranging from —40 — +75 °C [1,5]. Therefore, depending on the real life applications, batteries and
supercapacitors have been used as stand-alone systems or integrated both into real devices such as lights, maintain and
protect the memory of electronic devices, cars, trains, and space devices [6, 7], etc. to take benefit of their advantages and
limit their drawbacks.

Recently, high porosity AC (with specific surface area greater than 1000 m?/g) has been widely used as electrode
materials for both batteries and supercapacitors. Among the materials used to produce porous AC, biomass materials
are receiving much attention from researchers because they are available, abundant, renewable, and environmentally
friendly. They are often waste products of the agricultural and forest products processing industry such as rice husks [8],
corncob [9], olive stones [10], sugarcane bagasse [11], cotton [12—-14], and cotton stalk [15], etc. To convert biomass
materials into porous AC, two main processes are used: carbonization and activation.

The carbonization process is usually carried out in an inert gas (N or Ar) at temperatures between 400 and 900 °C.
The precursors have been impregnated with substances such as ZnCls [16], KOH, H3POy4 [11, 17], etc. with different
ratios to increase the carbon yield of the obtained products and create favorable conditions for the growth of pore structures
during the activation process. There are two processes of carbon activation: physical activation and chemical activation.
The physical activation is carried out in a redox gaseous environment such as COs, HyO [18], etc at a temperature of
700 — 1200 °C. These redox gases diffuse deep into the structure of carbon and react with carbon to form and expand
pore structures. As a result, the obtained porous AC has large surface area and good pore size distribution. Meanwhile,
chemical activation is carried out at a temperature of 500 — 800 °C in the presence of activating agents. The raw material
is impregnated with a given activating agent and there are many selective chemical reactions occurring during activation.
The result is AC with an amorphous material and the existence of intercalate ions in the structure.

In this study, H3PO4-impregnated waste cotton was used to fabricate porous AC because cotton is a naturally highly
porous, high content of cellulose (between 80-97% by weight [15,19,20]) and less impurities. The porous AC production
was conducted in two processes: carbonization at 600 °C in Ar atmosphere and activation at 900 °C in the absence or
presence of CO5 with variable gas flow rate.

2. Materials and methods
2.1. Fabricating porous AC

2.1.1.  Preparing H3PO4-impregnated waste cotton. Waste cotton was supplied by Yartsevo Cotton Mill, LLC (Russia).
85 % H3POy solution according to standard GOST 6552-80 (Russia) was diluted with deionized water to form 5 %
H3POy, solution.
20 g of cotton was immersed in 600 g of 5% H3PO, solution. The mixture was heated to a temperature above 80 °C
and maintained for 30 minutes. The cotton was then squeezed out and dried at room temperature for 48 h.

2.1.2. Carbonization process. Based on our previous research results on optimizing the temperature of the carboniza-
tion process to the properties of activated carbon used as electrode materials for supercapacitors [21], we choose the
temperature of 600 °C to conduct the carbonization process of H3PO,4-impregnated cotton.

To increase the uniformity of the torn cotton compared to our previous experiments, 5 g of H3PO-impregnated cotton
was teared up by the tearing machine and then loaded into a horizontal reaction chamber with a length of 60 cm and a
diameter of 10 cm. Then, Ar gas was supplied at a flow rate of 800 ml/min for 10 minutes to remove air.

Initially, the furnace was heated to 600 °C with a heating rate of 10 °C/min. After reaching the temperature of 600 °C,
the reaction chamber was loaded into furnace and maintained with a flow rate of Ar gas of 800 ml/min. By this method,
the heating rate of 585 °C/min + 10 % was achieved. The carbonization time was 1 h. After carbonization, the reaction
chamber was taken out and cooled to room temperature with an Ar flow rate of 800 ml/min and a cooling system. The
product was called black carbon fiber (BCF). The obtained products were weighed and stored in nylon bags to avoid dust.

2.1.3.  Activation process. 1.5 g BCF was added into the reaction chamber. The Ar gas was supplied at a flow rate of
800 ml/min for 10 minutes to remove air.

Initially, the furnace was heated to 900°C with a heating rate of 10°C/min. When the furnace reached 900°C, the reac-
tor chamber was loaded inside, and an Ar flow rate of 800 ml/min was maintained. The heating rate of 751°C/min + 10 %
was achieved. When the system was reached 900 °C again, the Ar supply was cut off and CO5 was supplied with a flow
rate varying from 100 — 800 ml/min. The activation time was 1 h. When the activation process was complete, the CO5 flow
was cut off and the reaction chamber was taken out and cooled to room temperature with an Ar flow rate of 800 ml/min
and a cooling system. The obtained AC products were labeled as CTO to sample without CO5, and CT1, CT2, CT4, CTS8
corresponding to samples with CO4 flow rate of 100, 200, 400 and 800 ml/min. With the CTO sample, the Ar flow rate of
100 ml/min was maintained to remove volatile derivatives during activation.



The role and effect of CO4 flow rate on the structure formation of ultrahigh porous... 491

2.2. Fabricating supercapacitor

2.2.1. Fabricating carbon electrode. The AC was crushed by mortar and mixed with polytetrafluoroethylene F4D sus-
pension (Russia) used as the binder and carbon black (CABOTOVULCAN ©XC72) as the conducting agent according to
the ratio percentage by mass was 80:10:10. The mixture was then added in a glass flask containing 100 ml of deionized
water and stirred at 50 °C for 30 minutes. The slurry was filtered, and the obtained material was rolled on a mechanical
roller to form a thin film with a thickness of 150 pm. The films were then cut into square electrodes with dimensions of
2.5%2.5 cm and dried at 120 °C in drying oven for 24 h and weighed to an accuracy of 0.001 g.

2.2.2. Fabricating supercapacitor. Two carbon electrodes were selected as active electrodes of a capacitor with a mass
difference of less than 0.002 g. These carbon electrodes were pasted on the aluminum foils (OKURA-801, Japan) by
RIKON adhesive (Russia). Two complete electrodes were placed opposite and separated by separator TF-40-30 (Japan).
The electrode system was placed in an adhesive enclosure and kept under vacuum at 120 °C for 48 h. Next, the enclosure
was filled with 1 ml electrolyte solution of 1M 1,1-dimethylpyrrolidinium tetrafluoroborate (DMP-BF,) in acetonitrile
(ACN) solvent and packed to form a complete capacitor.

2.3. Instruments and methods for investigating physical and electrochemical properties of porous AC

The surface morphology of AC was investigated by the scanning electron microscope (SEM) TESCAN MIRA
(Czech).

The texture characteristics of AC were investigated by the No adsorption-desorption method at 77 K on the Quan-
tachrome LX? machine (Quantachrome, Austria).

X-ray diffraction (XRD) spectra were investigated on XPERT-PRO (Latvia) with the emission spectrum of copper
with wavelength Ko = 1.541 A. The X-ray scanning angle from 5 to 80 ° with a scan step of 0.03 ° and a dwelling time
of 0.5s.

The P20-X potentiostat (Elins, Russia) was used to measure the cyclic voltammetry (CV) characteristics of the su-
percapacitors.

The galvanostatic charge-discharge (GCD) method was used to test the performance of the supercapacitors by using
ASK2.5.10.8 HIT analyzer (Russia).

3. Results and discussion
3.1. ACyield

According to K. Raveendran et al. [22], the thermal decomposition of cellulose and its derivatives takes place in-
tensely in the temperature range of 350 — 450 °C. By the above carbonization method, the lowest furnace average temper-
ature was reached 555 °C which was much greater than the thermal decomposition temperature range of cellulose. At this
temperature, the thermal decomposition of cellulose takes place intensely. The decomposition products are water, COq,
volatile compounds that exist in the gaseous state. These substances partially penetrate the cotton fiber to dissolve and
break the structure of the cellulose crystals creating micro-swelling and the rest evaporate intensely. As a result, there is
the formation of open or sealed porous structures that exist manifold within the structure of the obtained material. The
carbon yield in our study was achieved average value of 32.3 %.

According to Peng Fu et al. [23], there are some heavy chemical compounds which exist in the solid carbon structure
after carbonization and continue thermal decomposition at temperatures range 500 — 800°C. Therefore, there were some
derivatives of the cellulose decomposition existing in the obtained BCF after carbonization. Furthermore, there were
a certain amount of water vapor and gases which were adsorbed into BCF structure during the storage. Our carbon
activation method described above was achieved the lowest furnace average temperature of 786 °C. At this temperature,
the derivatives and gases adsorbed on the surface of BCF were evaporated and ejected by the Ar flow. This created
favorable conditions for the contact of CO5 with BCF surface during the activation and facilitated the formation of porous
structures. The main reaction took place in the activation according to the equation COy + C = 2CO. The AC yield was
shown in Fig. 1.

As shown in Fig. 1, the AC yield decreased as increasing CO5 flow rate. With sample CTO, the mass of the obtained
AC was decreased when compared with the initial mass of BCF although no CO» was used in the activation process.
This meant that some cellulose derivatives still existed in the original BCF after carbonization. For the other samples, the
presence of COs reacted with the carbon and significantly reduced the mass of the AC. The AC yield decreased as the
CO; flow rate increased. This indicated that CO2 burned most of the carbon and drastically reduced the AC yield at a
high CO, flow rate.

When comparing the CT8 sample with the SP600 sample of the previous study [21] with the same flow rates of
Ar and CO,, for both carbonization and carbon activation processes, we found that the carbon yield after carbonization
increase insignificantly (from 31.4% to 32.3%), while the activated carbon yield decreased significantly (from 3.3% to
2.2%). This shows that increasing the uniformity of the cotton before loading into the reaction chamber has increased the
contact between the gas environment (Ar, CO5) and the surface of the bulk cotton. As a result, in the carbonization, the
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pyrolysis products of cotton will come out easily, the BCF fibers are not sticky. This increases the diffusion ability of CO,
during activation into the BCF bulk, increasing the reaction between CO5 and carbon leading to the decreasing activated

carbon yield.

3.2. Physical properties of porous AC

The XRD spectrum of the AC samples were shown in Fig. 2. A broad (002) graphite plane peak at 26 ~ 23.8°
of sample CTO was clearer than that of the other samples. This indicated that the CTO sample was began to graphitize
at 900 °C while the rest samples were not. This evidence also demonstrated that CO5 reacted with C on the pore wall,
destroying the carbon crystal structure and increasing the amorphousness of the obtained porous AC. No obvious (001)
graphite plane peak was observed at 26 ~ 44°. As a result, the AC was amorphous carbon.
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F1G. 2. XRD spectrum of the AC samples fabricated by activation with variable CO- flow rate

The SEM image of the CT2 sample was shown in Fig. 3. As shown in Fig. 3a,b, the obtained AC fiber retained the
typical twisted, flattened shape of the original cotton fiber, without impurities adhering to the fiber surface and the fiber
size was less than 10 um. Fig. 3c showed that there was uniform pore formation, well development of pore structure and
pore distribution in the microporous and mesoporous regions.

F1G. 3. SEM image of sample CT2
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TABLE 1. The surface characteristics of the AC samples

Sample | Sppr (M?/2) | Spmic (M?/2) | Simes (M%/g) | Vinie (cm®/g) | d (nm)
CTO 651.2 - - 0.343 0.52
CTI 1904.4 1220.3 684.1 0.869 1.32
CT2 4800.7 3138.8 1661.9 2.499 1.65
CT4 3557.8 2156.8 1401.0 1.963 1.98
CT8 3863.5 2460.2 1403.3 2.127 1.87

The No adsorption-desorption method at the temperature of 77 K was used to investigate the surface characteristics
of the porous AC. The degas process was conducted at 250 °C within 4 h in vacuum. The Ny adsorption isotherms was
conducted with the relative pressure (p/p0) from 0.05 to 0.99 and obtained results as shown in Fig. 4. The Ny isotherms
of all samples had the form corresponding to Type I(b) according to the [UPAC classification [24,25]. This meant that the
pore size was mainly in the microporous region and partly in the mesoporous region with the size less than 2.5 nm. The
N, adsorption capacity increased rapidly in the presence of CO, during the activation process and achieved the highest
value at the CO5 flow rate of 200 ml/min.
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FI1G. 4. Ny adsorption-desorption isotherms of AC prepared in the absence or presence of CO5 at
different CO4 flow rates

The Brunauer, Emmet, and Teller (BET) method was used to assess the specific surface area of the AC. The specific
surface area (Sppr) was determined in the relative pressure range from 0.05 to 0.3 for the CTO sample and 0.05 to 0.15
for the rest samples according to IUPAC recommendations for specific surface area assessment of microporous materials.
The micropore volume (V,,,;.) and pore size (d) were determined by the Dubinin—Radushkevich (DR) method. The surface
area of the micropore (S,,;.) and pore size distribution were determined by the Density functional theory (DFT) method.
The surface area of the mesopore (S;,,¢s) is the result of the subtraction between Sgpr and S;,;.. The results were shown
in Tables 1 and Fig. 5.

As shown in Table 1, specific surface area (Sggr), micropore surface area and micropore volume (V,,,;.) increased
rapidly when the CO, flow rate increased from O to 200 ml/min and then decreased unevenly when the CO5 flow rate
increased from 200 to 800 ml/min. The highest values of Sppr, Smic, and Vi,;. achieved at the CO5 flow rate of
200 ml/min were 4800.7 m?/g, 3138.8 m?/g, and 2.499 cm?®/g, respectively. This proved that the porous structures
developed very well inside the initial BCF and facilitated the development of micropores during activation in the presence
of CO,. At low CO4 flow rates, CO2 molecules have enough time to diffuse deep into the structure of BCF and react
with the carbon on the micropore wall to open and enlarge the pores, and thus increase specific surface area, micropore
surface area and micropore volume. Meanwhile at high CO4 flow rates, the amount of COs is larger, the CO5 molecules
move faster and directly participates in the reaction with carbon on the micropore wall on the outer side of BCF more.
Consequently, the Sggr, Smic and V,,,;. decrease, and pore size is larger.

As shown in Fig. 5, the pore size distribution peaks of all samples located in the microporous region less than 2 nm
and there are no peaks in the mesoporous region. The samples CTO, CT1 had low peaks and small micropore volume.
Meanwhile, samples CT2, CT4, and CT8 had three outstandingly high main peaks and were in the microporous region
with size less than 1.5 nm. Fig. 5 also showed that there was a shift of the pore size distribution peaks to a larger pore size
region as the CO4 flow rate increased from 200 to 800 ml/min.

When comparing the physical properties of sample CT8 with SP600 of the previous study [21], the obtained activated
carbon has an amorphous structure in both cases. However, the specific surface area of the CT8 increased by about 40%



494 N. K. Thach, L. S. Krechetov, V. V. Berestov, O. I. Kan, I. A. Maslochenko, T. L. Lepkova, S. V. Stakhanova

——CT0 —-CTl1 —-CT2 CT4 —-CT8
3.5

3.0
2.5
2.0
=15
1.0
0.5
0.0

), em’/g

av(

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
FI1G. 5. Pore size distribution of AC materials was determined by the DFT method

compared with that of the SP600 while the pore size decreased from 2.62 nm to 1.87 nm. This again proves that increasing
the uniformity of the initial torn impregnated cotton has increased the contact area and increased the diffusivity of CO;
into the structure of BCF. Consequently, obtained activated carbon has outstanding physical properties.

3.3. Electrochemical properties of porous AC

There are many factors that affect the performance and capacitance of an EDLC such as electrolyte solution, carbon
electrodes, collectors, binder [26], etc. Among others, the carbon electrodes and electrolyte solution are the two main
factors affecting the performance and specific capacitance value of the EDLCs. The electrolyte adsorption capacity of
porous AC materials depends on the surface area and surface functional groups when the carbon electrodes expose to an
electrolyte solution. Besides, the matching of the pore size of AC and the electrolyte ion size plays an important role in
the diffusion of electrolyte ions deep into the porous structure of carbon electrodes. The electrolyte ions in solution exist
in a solvated state when combined with solvent molecules. In ACN solvent, the size of the [BF4]~ ion is about 1.40 nm
while the bare ion size is 0.48 nm [27], and the [DMP]" ion has a bare size of 0.44 nm [28]. For microporous AC,
when micropore size close to electrolyte ion size, electrolyte ions partly remove the solvent molecular shell and may be
deformed during diffusion into micropores [28]. In contrast, the pores will also be deformed during the diffusion of these
ions. Consequently, the specific capacitance of the electrode material will change during the continuous operation of the
EDLCs.

Figure 6 showed the CV curves of the EDLCs at the potential scan rate of 100 mV/s with the potential varying from
0 to 2.7 V. The CV curve of CTO was small and highly distorted, while the CV curves of CT1, CT2, CT4, CTS8 were a
like-rectangular shape. This demonstrated that the surface adsorption property of CTO’s carbon electrodes are poor for
[DMP]™ and [BF,]~ ions. Meanwhile, the CT1, CT2, CT4, CT8 samples had the characteristics of the ideal capacitors,
and their carbon electrodes had good reversible electrochemical properties.
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FI1G. 6. The CV curves of fabricated supercapacitors at potential scan rate 100 mV/s

Figure 7 showed the dependence of the specific capacitance of electrode material of EDLCs depending on the specific
current density varying from 0.05 A/g to 15 A/g and the charge-discharge characteristic of EDLCs at current density of
1 A/g. The specific capacitance of electrode material of CTO sample was small and decreased quickly with increasing
current density up to a value of 10 A/g. Besides, the GCD curve of the CTO capacitor was asymmetrical and had large IR
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drop (Fig. 7b). Therefore, the electrode material of the CTO capacitor had poor reversibility electrochemical properties
and was not suitable as an electrode material for EDLCs. In contrast, the specific capacitance of electrode material of CT1,
CT2, CT4, CT8 capacitors were high and degrade less than 10 % as the current density increased up to a value of 15 A/g,
and the GCD curves were highly symmetric, and small IR drop. The highest specific capacitance of electrode material
reached 105.7 F/g for the CT, sample at 0.05 A/g. These proved that the obtained AC when using CO» in activation had
high stability during the performance of the capacitors, good reversible electrolyte ions adsorption characteristics. The
AC materials can be used as electrode materials for high-performance supercapacitors.
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FIG. 7. (a) The dependence of specific capacitance on the current density from 0.05 A/g to 15 A/g and
(b) the GCD curves at 1 A/g of the fabricated supercapacitors

When considering the surface area and pore size of AC (Table 1) affect the specific capacitance of electrode material,
we found that although Sppr, S varied greatly, the capacitance of the electrode material did not change much (ca.
5%) between samples CT1, CT2, CT4 and CT8. For the CT2 sample, Sggr, Smic were much larger than that of the CT1
sample, but the pore size was mainly distributed in the ultra microporous region, so the electrolyte ions cannot access the
inner surface of the pores. Thus, the specific capacitance value of CT2 and CT1 was the same value. The CT4 and CT8
samples had larger pore sizes and thus accessible electrolyte ions had a larger specific capacitance. This demonstrated
that the specific capacitance of electrode material depended mainly on the pore size distribution rather than the specific
surface area.

The GCD method was used to investigate the life-cycle of the supercapacitors with AC-based electrodes at current
density of 1 A/g with potential varied from 0 to 2.7 V and 8000 charge-discharge cycles. We did not conduct GCD testing
with the CTO sample because it was unstable at 1 A/g. The GCD curves of the CT1, CT2, CT4 and CT8 were shown in
Fig. 8.

As shown in Fig. 8, the relative capacitance of all capacitors changed rapidly (ca. 10%) during the first 1000 cy-
cles. The CT1 sample was disconnected from the power supply after 4200 cycles. Then it was resumed operation, its
relative capacitance recovered a significant value of ca. 90 % and degraded ca. 25% after 8000 cycles. Meanwhile, the
specific capacitance of CT2, CT4 and CT8 degraded insignificantly (ca. 5%) from 1000 to 8000 cycles. The capacitance
degradation of the CT2, CT4 and CT8 after 8000 cycles were 15%, 15 %, 12 %, respectively. The maximum capacitance
value was achieved 101.2 F/g for the CT4 sample. Thus, the obtained activated carbon from activation with CO5 flow rate
greater than 200 ml/min exhibited more stability during the continuous operation of the EDLCs.
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4. Conclusion

By carbonization method with extremely heating rate and the temperature of carbonization of H3PO4-impregnated
waste cotton much higher than that of cellulose, the BCF with abundance of sealed pores inside fiber structure was
fabricated. The presence of CO, during the activation with extremely heating rate plays an important role in opening the
sealed pores inside BCF structure and facilitating the growth of micropores. The obtained AC was the amorphous carbon
and had ultrahigh specific surface area, micropore surface area and micropore volume of 4800.8 m?/g, 3138.8 m?/g and
2.499 cm®/g, respectively and the pore size distribution was mainly in the microporous region.

The EDLCs with carbon electrodes fabricated from AC obtained by activation in the presence of CO2 have high
stability and good reversible electrochemical properties to current density up to a value of 15 A/g, and the specific capac-
itance degradation of less than 10 %. The specific capacitance degraded less than 15% with the samples that fabricated
at CO; flow rate higher than 200 ml/min. The specific capacitance of activated carbon depends strongly on the match-
ing of the average micropore size of AC material and the electrolyte ion size rather than the specific surface area of the
material. While the surface area varies greatly and the pore size varies slightly, the specific capacitance of the electrode
material changes insignificant. The obtained porous activated carbon material can be used as an electrode material for
high-performance supercapacitors. We recommend that the CO, flow rate in the production of activated carbon from
H;3PO,-impregnated waste cotton is 200 ml/min.
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