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ABSTRACT

Nowadays, the world is facing tremendous challenges due to increase in greenhouse

gas emissions (mainly carbon dioxide), which causes a major global warming problem.

CO; release into the atmosphere is mainly due to burning of fossil fuels such as coal,

petroleum and natural gas. Various methods are developed to reduce CO2 emissions. Of

all the ways, porous carbon is attractive because of its low energy consumption and

higher adsorption capacity. Discarded cigarette filters, in the form of cigarette butts, are

currently a major waste disposal and environmental pollution hazard because cellulose

acetate is not biodegradable. Given that they are mainly composed of cellulose acetate,

which contain a high degree of carbon atoms and can potentially be the precursor for

porous carbon. The incorporation of nitrogen-containing groups into carbon has been

proposed as an effective way to enhance the interaction between CO2 molecules and

surfaces of sorbents, which may further improve CO; adsorption capacity and CO2/N»

selectivity.

In this work, to understand the relationship between nitrogen content in porous carbon/

carbonization temperature for samples and their CO; capacities, a series of nitrogen

viil



doped porous carbons were synthesized, from cigarette filters as carbon precursor and

urea as nitrogen source, by varying the urea concentration and carbonization

temperature investigating their CO> adsorption capacities. Through TGA test, the

sorbent 12M700C was found to have the largest CO; capacity.
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CHAPTER 1
INTRODUCTION

1.1 Climate Change

Climate change is a change in the statistical distribution of weather patterns when that
change lasts for extended period of time.™!! The current warming trend is of particular
significance because most of it is extremely likely to be the result of human activity
and proceeding at a rate that is unprecedented over decades to millennia.[?!

Most climate scientists agree that the main cause of the current global warming trend
is human expansion of the “greenhouse effect”.[’! Gases that contribute to the
greenhouse effect include: water vapor, carbon dioxide, methane, nitrous oxide and
chlorofluorocarbons.

Human activities since the beginning of the Industrial Revolution (around 1750) have
produced a 40% increase in the atmosphere concentration of carbon dioxide (CO>),
from 280 ppm in 1750 to 407 ppm at the beginning of 2018.5%! The vast majority of

anthropogenic carbon dioxide emissions come from combustion of fossil fuels,

particularly coal, oil and natural gas, with comparatively modest additional



contributions coming from deforestation, changes in land use, soil erosion and

agriculture.l*! The increase in greenhouse gas (mainly carbon dioxide) causes a major

warming problem. It is expected that its concentration will get doubled by 2050 if no

actions are taken.[®

1.2 Methods for CO; Capture

1.2.1 Introduction

There are growing concerns for climate change and global warming in recent years,

which is mainly attributed to the emissions of CO.[®! The lag in the development of

clean and renewable sources of energy, such as wind, solar, and hydrogen, has enable

fossil fuels to still remain as the main source of energy.[’) Hence, there is a need to

develop technologies that allow the fossil fuel usage while reducing anthropogenic CO»

emissions. Carbon dioxide capture appears to be a promising strategy to mitigate

increasing CO: levels. In addition, it will buy time for cost reduction of renewable

[8~9]

energy sources while facilitating cleaner use of fossil fuels.

1.2.2 Overview

Nowadays, various approaches have been exploited for capturing CO., including



(10-121 Among these approaches,

chemisorption, physisorption and membrane sorption.
the chemisorption by using alkali solution has been widely adopted for capturing CO-
in industry."®] However, the saturated chemical absorbents require enormous energy

s.[1 Membrane

during the regeneration process and have certain intrinsic corrosivenes
separation has the advantages of low energy consumption and low cost during CO>
capture process, while it inadequacy for high feed flow rates, easy to get clogged up

15~

with dust, lack of economic benefit and inferior CO2/N; selectivity.[*>®] Physisorption

via porous solids is identified as an efficient technology for CO; capture due to the
merit of easy maintenance, low energy consumption, and excellent renewability.[*"~28]
1.2.3 Porous Solid Adsorbents

Porous materials such as zeolites, metal-organic frameworks (MOFs), amine supported
silica and carbons have been evaluated as potential candidates for CO2 separation from
flue gas.[t%

1.2.3.1 Zeolites

Zeolites with low Si/Al ratios are probably the most promising materials for CO>

capture from flue gas. They have highly favorable CO> adsorption isotherms,



corresponding to high CO» uptake (~2.5mmol g™ at 25 °C and 0.1 bar) as well as high

COs selectivity at low pressures. This property is attributed to the presence of a large

number of extra-framework alkali cations that promote CO> adsorption via strong

dipole-quadrupole (electrostatic) interactions. The main drawback of zeolites is their

low tolerance to moisture. They exhibit drastically decreased CO; adsorption capacities

if the gas stream is not extensively dried.

1.2.3.2 MOFs

MOFs have large specific surface areas and pore volumes, which give rise to

remarkable CO» uptakes at high pressures (>10bar). However, the majority of MOFs

with only a few exceptions exhibit unfavorable adsorption isotherms for CO-, leading

to low CO selectivity and uptake in the low pressure range (<1.0mmol g™ at 25 °C and

0.1 bar). Hence, most MOFs seem to be more suitable for CO. storage than for

separation. The weak stability of most MOFs is another critical issue that limits their

use in practical applications. New MOF materials with open metal sites or polar

functional groups have been synthesized to enhance their affinity to CO2 and thus the

adsorption performance at low pressures and MOFs with exceptional stabilities were



also reported recently.

1.2.3.3 Amine Supported Silica

Amine supported silica showed both specific selectivity toward CO> over other gases
and high CO; uptake at low pressure (~1.9mmol g™ at 25 °C and 0.1 bar). However, the
strong chemical adsorption effect, as evidenced by the high CO; adsorption heat (>90
KJ mol™), results in difficult regeneration of the sorbent and limits its use for pressure
swing adsorption (PSA).[2Y

1.2.3.4 Carbons

Among various types of solid adsorbents have been developed for CO; capture, porous
carbons is regarded as one kind promising adsorbents for COz capture due to their
extraordinary advantages such as high surface area, tunable porosity, superior thermal
and chemical stability, easy regeneration and low cost.!?!! Furthermore, porous carbons
can be derived from several biomass and waste, which meets the need of
sustainability.[??!

1.2.4 Modification of Porous Carbon Materials

Incorporating alkaline nitrogen-functional groups (N-doping) into the carbon structure



can increase the adsorbent interaction with COs. It is generally assumed that the

incorporation of basic nitrogen groups into the carbon framework ensures an improved

adsorption/absorption for acidic gases.! 21 However, the one-to-one basic-acid

interaction cannot explain the fact that in some cases a small amount of doped nitrogen

leads to greatly increased CO, adsorption capacity.*” Xing’s group found that the

excellent COz capture capacity of the nitrogen-doped carbons is attributed to hydrogen-

bonding interactions between hydrogen atoms (from CH and NH) on the carbon surface

and CO; molecules, which is strongly facilitated by the presence of N atoms in the

carbon.!?! From the study of Lee’s group, they carbonized used cigarette filters under

an atmosphere of NH3 to dope nitrogen on carbon structure in one-step process and got

improved supercapacitive performance.!?°!

In this study, we inclined to use another nitrogen source and cigarette filters were firstly

modified by urea to dope the nitrogen into the carbon framework. Urea can be

considered as a waste product and has high nitrogen content. For use in industry, urea

is produced from ammonia and carbon dioxide. Sources of ammonia are by-products

from coke ovens and nitrogen fixation plants using either the cyanamide or Haber



process. Carbon dioxide is a waste product of many industries.2%!

1.3 Cigarette Filters

1.3.1 Overview

There are 5.6 trillions of cigarette filter butts which have been produced by tobacco

industries worldwide, and it is now the biggest challenge for global environmental

protection every year. Cigarette filter butts are made of nearly 95% non-biodegradable

cellulose acetate (plastic) which looks like cotton. Cigarette filter is disposal, toxic, and

hazardous material waste thrown to the environment after usage despite its extremely

slow degradation process. It has a microscopic-sized fibrous matter characterized with

Y shape made of cellulose acetate. A plasticizer, glycerol triacetate, is applied to bond

the fibers. Cellulose acetate is a type of of polymer made of paper and similar to cotton

[27]

of fiber composites in thousands of fibers.

Recycling of this kind of waste material, a pending issue particularly in developed

countries, can eliminate a substantial portion of purchase and disposal costs for new

materials or applications. Focusing on efforts to obtain more environmentally respectful

new products should be the starting point for environmental sustainability.!?®!



1.3.2 Utilization of the Cigarette Filters

The cellulose-containing waste has been reported as a precursor for porous carbons and

could be directly utilized to produce microporous or mesoporous carbon via simple

carbonization at high temperature. This is of particular interest, because cellulose

acetate is the principle component of the cigarette filters.[?"’

Normally, the properties of porous carbons vary with the treatment temperature,

soaking time, activating agents and depend on the type of precursors. To have a good

understanding of the relationship between nitrogen content in porous carbon and their

CO; capacities, a series of nitrogen doped porous carbons were synthesized, from

cigarette filters as carbon precursor and urea as nitrogen source, by varying the urea

concentration and carbonization temperature investigating their CO» adsorption

capacities.



CHAPTER 2

EXPERIMENTAL SECTION

2.1 Materials

The Cigarette filters are from Marlboro (Philip Morris Int.), and the urea was purchased

from SIGMA-ALDRICH, Co.. Carbon dioxide and nitrogen gases were obtained from

Air Gas.

2.2 Preparation of Porous Carbon

The coatings of unused cigarette filters were removed and the filters were soaked in

urea solution of different concentrations (0M, 0.5M, 6M, 10M, 12M) for one day. Then

the soaked filters were oven-dried during the night at 90 °C. After that, the filters were

transferred to a tube furnace and heated up to 550 °C/700 °C with a heating rate of

10°C/min for 2 hour under continuous nitrogen (N2) flow. The as-prepared samples

were labeled as XMYC, where X is the concentration of the urea solution and Y stands

for the carbonization temperature. For example, the above described sample can be

designated 12M700C.



2.3 Materials Characterization

N> adsorption-desorption isotherms were measured with a Micromeritics ASAP 2020

instrument. The Brunauer-Emmett-Teller (BET) method was utilized to calculate the

specific surface area. All the samples were degassed at 110 °C under vacuum for at least

4 hours until the pressure was lower than 5 pmHg and continued for 1 hour prior to

analysis. The adsorption isotherm of N for BET specific surface area measurements

were performed at -196 °C. The micropore volume analysis was obtained using “t-plot”

statistical thickness method.

COy capture/regeneration experiments were conducted using a thermogravimetric

analyzer (TA Instrument Q50). For a typical procedure, a suitable amount of sorbent

(5-15 mg) was placed on a platinum sample pan and transferred to the TGA instrument.

At the initial stage of the test, the sorbent was heated to 100 °C under a dry nitrogen

flow of 65 mL/min for 5 min in order to eliminate any moisture and extraneous

adsorbed gases. The temperature was then reduced to the desired temperature

(45 °C/65 °C) under nitrogen flow for 5 min. After thermal equilibrium was established,

the gas was switched to CO; at the same flow rate 65 mL/min. A rapid increase in

10



sample mass was observed and recorded in a 15 min period which proved sufficient for

each sample to reach CO> adsorption-desorption equilibrium. The regeneration of

sorbent (CO> release) was implemented by reverting the flowing gas back to N2 (65

mL/min) and the mass decline was recorded over time while maintaining the

temperature at 45 °C/65 °C.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 BET Characterization

Table 1 BET surface area and micropore volume for each sample.

Sample | BET Surface Area (m?/g) | Micropore Volume (mm?/g)
12M550C 258.11 +£3.7 60.0
12M700C 329.15+3.5 92.1
10M550C 518.86 +4.8 113.2
10M700C 432.58+4.9 115.3
6M550C 416.48 +3.7 90.5
6M700C 34341 +3.8 97.5
0.5M700C 527.41+5.6 151.6

(BET analysis on data between P/P¢=0.05-0.25)

To investigate the relation between pore structure and adsorption capability, the

adsorption-desorption isotherms were analyzed. According to the [UPAC classification,

all isotherms were of Type IV or V, which could be classified as microporous materials

hybrid with mesopores.

12



3.2 CO2 Adsorption-Desorption Tests

3.2.1 CO; Capture and Desorption Process

The CO; capture and desorption process with porous carbon as sorbents was illustrated
in Figure 1. CO; molecules in the N2/CO; gas mixture (used to simulate flue gas) were
captured by the nitrogen doped porous carbon sorbents and pure N> was discharged.
After the CO; capture process, sorbents were regenerated by increasing temperature or
decrease pressure so that CO, was released and sent to storage for other use. For
sorbents with good regeneration ability and long life-cycle, this process could be

repeated many times, thus reducing the cost related with materials for CO> capture.

% Increase temperature
! or
Decrease pressure

Figure 1 Illustration of CO> capture and desorption process with porous carbon.
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The CO- adsorption behaviour by our sorbents is expected to involve 3 steps. First of

all, as CO. flows through the chamber, its molecules diffuse from the bulk stream to

the outer surface of our samples holding by a platinum pan. When the flow rate of CO-

stream is high enough, it could be assumed that its concentration near the sorbent

surface (Csurface) 18 exactly identical to the concentration in the bulk stream (Cpui).

Hence, this step is not the rate limiting step of the overall process. The molecular

diffusion of CO» from the outer surface of sorbents to the inner parts of them through

the porous channels is usually relatively slow step and depends on the viscosity and

concentration. Finally, CO> molecules will either be captured by micropores or form

carbamate with the nitrogen-containing groups in the porous structures. Desorption is

the reverse process of adsorption where interaction between CO; molecules and

micropores or nitrogen-containing groups are first weakened as a results of increase in

temperature or decrease in pressure, etc. Hence, CO> molecules are released and diffuse

from the inner structure of sorbents back to the outer surface and further back to the

bulk gas. In most cases, the rate of desorption is limited by the step weakening chemical

bonds or physical interaction between CO2 molecules and micropores or nitrogen-

14



containing groups and the mass diffusion in the porous structure.

3.2.2 CO; Loading

Figure 2 and 3 illustrated the time dependent CO; adsorption behavior of samples under

45 °C with carbonized temperatures of 700 °C and 550 °C. Figure 4 shows the behavior

of samples under 65 °C. 5 minutes was used as the upper limit of the time profile since

the adsorption-desorption equilibrium was almost well-established for each sample.

50

CO2 Loading (mg/g)

Time (min)

Figure 2 CO; adsorption over time profile for samples carbonized at 700 °C and tested

at 45 °C.
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From Figure 2, 3 and 4, it was clear that the 12M700C urea doped porous carbon had

the best performance under 45 °C and 65 °C in terms of CO; capacity and kinetics.

From Figure 2, it can be seen that the capacity of non-doped carbon OM was lower than

0.5M, 6M, 10M and 12M. Hence, it was effective to increase the capacity of porous

carbon sorbent by soaking the carbon precursor (cigarette filters in our experiments) in

solutions containing nitrogen sources (urea solution in our experiments). Moreover, the

higher was the concentration of urea concentration (under 12M for urea solution in our

experiments), the better sorbents performed. Compared with Figure 3, the samples

carbonized under 700 °C adsorbed more CO> in 5 minutes than the ones burned under

550 °C, which could be explained as the higher temperature was able to give samples

higher degree of carbonization on the basis of that the higher carbonization temperature

resulted in larger micropore volume seen from the BET characterizaiton section.

3.2.3 Regeneration

In addition to high adsorption capacity, regeneration of sorbents is another key issue

that must be taken into consideration in real industry. Sorbents with better regeneration

ability require lower energy input during the regeneration process, thus reducing the

17



overall cost for CO; capture and are more favorable from the economics side. As we

did in our precious report, the regeneration process was carried out under N, gas at a

flow rate of 65 mL/min and at the same temperature for CO> adsorption process to

investigate the regeneration ability of our sorbents without energy input. The weight

loss was tracked by TGA and the desorption over time profiles for samples burned at

700 °C/ 550 °C and tested at 45 °C/ 65 °C were shown in Figure 5, 6 and 7.

100
80
=
c
2 60 F
o
[}
c
(1]
o 40 F
[
— oM
—— 0.5M
6M
20 +
10M
— 12M
0 1 1 1 1
0 2 4 6 8 10

Time (min)

Figure 5 Desorption over time profile for samples carbonized at 700 °C and tested at

45 °C.
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From Figure 5 and 6, it was clear that the 6M700C and 6M550C possessed the best

regeneration ability and reached almost 100% regeneration after 10 min under N> flow

at 45 °C. 10M700C, 12M700C, 10M550C and 12M550C also showed good

regeneration. As discussed in the previous part, the 12M samples had the best

adsorption performance. Under 45 °C, the regeneration time is 10 min and 7.3 min for

12M700C and 12M550C. Under 65 °C, their regeneration time is 8.5 min and 6.2 min.

As the concentration of urea solution increases, sorbents required more time to reach

equilibrium. Compared with the regeneration of 700 °C carbonized sorbents tested

under 45 °C in Figure 5, the 550°C carbonized ones approached equilibrium faster and

had higher % desorption. In addition, at elevated test temperature shown in Figure 7,

the % desorption for the samples increased and the time required to get equilibrium

decreased.

3.2.4 CO; Capacity

The CO; sorption capacities for each sorbent studied were summarized in Figure 8 and

9. At 45 °C, the capacities for 0OM700C, 0.5M700C, 6M700C, 6M550C, 10M700C,

10M550C, 12M700C and 12M550C were found to be 36.33, 39.68,42.77,37.16, 43.64,

20



36.04, 48.22, 35.5 mg CO, / g sorbent respectively. When temperature was increased

to 65 °C, the capacities of 10M700C, 10M550C, 12M700C and 12M550C were 29.19,

27.48,33.53 and 27.67 mg CO» / g sorbent. Among all the samples, 12M700C had the

highest CO; sorption capacity. Both the two figures indicated that the CO» capture

capacity rises with the increase of urea solution concentration. At the same time, we

can see that the 700 °C carbonized samples have larger values of capacities than the

550 °C carbonized ones have. Compared with the corresponding capacities at 45 °C,

the % decrease in capacities at 65 °C for 10M700C, 10M550C, 12M700C and

12M550C were calculated as 33.1%, 23.77%, 30.48% and 22.06%.

An interesting result was found for the sample 12M700C, which had the highest CO2

sorption capacity, however, its specific surface area and micropore volume were both

smallest among all the samples according to the BET characterization section.

Meanwhile, the sample 0.5M700C had the largest specific surface area and micropore

volume. Furthermore, there is no good correlation between adsorption capacity of

samples and their specific surface area or micropore volume in this research, like the

larger specific suurface area or micropore volume samples possess, the more CO> they

21



adsorb. So we conjectured that the high concenteation of urea solution may bring the

pore blocked and the dominating factor in the CO, capture process for the samples was

its nitrogen-containing groups in the porous structures.
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Figure 8 CO: sorption capacities of each sorbent studied in series tests under 45 °C.
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CHAPTER 4

CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

To summarize, nitrogen-doped porous carbon sorbents were synthesized by urea

modification and high temperature carbonization of pure cigarette filters. The resulting

products possessed high CO» adsorption capacity and excellent regeneration ability. In

this research, by varying the concentration of urea solution and carbonization

temperature, further information was obtained. The conclusions show that nitrogen

doping did favor the increase of CO: uptake. And with the rise of urea concentration or

elevation of carbonization temperature, the sorbents exhibited better performance for

COz capture, but the changes could not benefit the renewability of the adsorbents.

4.2 Future Work

In this research, we used urea as nitrogen source and obtained products with high

capacity of COa. According to the published work, many other nitrogen sources were

employed, like HNO3% diaminel®!! and so on. Besides, almost all the porous carbons

with high CO» capacity were prepared by KOH activation.?!! However, due to time
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limitation, the samples in this study were only modified by urea to achieve nitrogen

doping.

For scale up this technology, the heating methods for carbonization are supposed to be

taken into considerations. Carbonization is defined as the process by which high carbon

content solid residues are formed from organic material by pyrolysis in an inert

atmosphere. It is generally accepted that the process parameters which most influence

the product distribution are pyrolysis temperature, heating rate, residence time and

reactor pressure. Slow pyrolysis is a preferred process for carbonization since it

maximizes carbon yield and is characterized by slow heating rates (typically 5-

8 °C/min). The energy required to derive the process can be supplied either: (i) directly

from heat produced from exothermic reactions, (i) directly from combustion of

pyrolysis fuel gases from by-products and/or feedstock, (iii) indirectly from flue gas

through a heat transfer surface, or (iv) indirectly from heat carriers other than flue

gases.[®? Further investigations are essential for future applications in the industry field.
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