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Resumen

Considerando la importancia ambiental y econdmica de la recuperacion y retso de las
emisiones de gasolina, esta tesis explor6 la adsorcion de compuestos orgénicos volatiles
(COVs) de un nuevo compdésito de biochar/nanoestructuras de carbono con la intencién de
mejorar la cinética de adsorcion y regeneracion de un carbén activado comercial (CA)
principalmente microporoso. El biochar fue desarrollado por pir6lisis a 600 °C a partir de
bagazo de agave. El area especifica del biochar incremento de 120 a 243 m? g* después
de 1 min de deposicion quimica de vapor (DQV) a 700 °C por el crecimiento de nanotubos
de carbono tipo bambu, nanocebollas y carbén black. Este nuevo compoésito adsorbié 1.5
veces mas benceno y 1.8 veces mas rapido que el carbén activado. El uso de la estrategia
de inyeccidén pulsada permiti6 mejorar el uso de la fuente de carbono durante la DQV a
600°C, con una dispersibn mas homogénea de nanotubos de carbono, nanofibras de
carbono, nanocebolla y nanolistones de carbono con area especifica alta (240 m? g'). Esta
sintesis permiti6 mejorar entre 1.3 y 1.8 veces la capacidad de adsorcion del biochar para
pentano, hexano, benceno y tolueno, y aumento la adsorcion de benceno y tolueno hasta
un 260 % y un 98 % en comparacion con el CA. Ademas, las nanoestructuras de carbono
aumentan el pHpzc del biochar de 8.5 a 10 y, por lo tanto, su hidrofobicidad. También se
propuso que la adsorcion por fuerzas dispersivas y el complejo donador-aceptor de
electrones ocurren simultdneamente. El escalamiento de la sintesis por DQV en un horno
rotatorio aumento el area especifica del biochar en polvo de 1 a 300 m? g, desarrollando
nanofibras de carbono y nanocebollas. La adsorcién dindmica en lechos empacados
demostr6 que las curvas de ruptura y de desorcion del compdsito mostraron un
comportamiento similar después de cuatro ciclos de adsorcion/desorcion de benceno, con
solo una disminucién del tiempo de ruptura de 16 min, mientras que la del CA disminuyd
hasta 20 min en el segundo ciclo. Después del proceso regenerativo a 150 °C, el compdésito
mostrd una acidificacion superficial insignificante. Finalmente, la adsorcién simultanea de
varios COVs de gasolina mostré que los tiempos de ruptura de los sistemas binarios y
multicomponentes se comportaron de manera similar a los sistemas individuales.
La caracteristica mas importante fue observada por el cambio en la pendiente de las curvas
de ruptura del CA, asociado con el desplazamiento de los COVs por la adsorcion
competitiva por los sitios activos, mientras que las curvas en forma Sigmoidal del compésito
sugirieron un proceso de adsorcion y de transferencia de masa mas homogéneo. Los
resultados presentados en esta tesis doctoral representan un gran paso adelante en el

desarrollo de adsorbentes macroporosos con menor tortuosidad y alta area de especifica

XV



reactiva para eliminar mas rdpidamente los COVs de forma individual y multicomponente
de las emisiones de gasolina, asi como para mejorar su capacidad regenerativa del carbén

activado comercial usado en canister automotriz.

Palabra claves: deposiciébn quimica de vapor, compuestos organicos volatiles, biochar,

nanoestructures de carbono.
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Abstract

Considering the environmental and economic importance of recovery and reuse of gasoline
emissions, this thesis explored the adsorption of volatile organic compounds (VOCs) from
gasoline on a macroporous biochar/carbon nanostructures composite to improve the kinetic
and regenerative performance of a commercial microporous activated carbon (AC). First,
biochar was developed by pyrolysis at 600 °C from waste agave bagasse. The biochar
surface area increased from 120 to 243 m? g after 1 min of chemical vapor deposition
(CVD) at 700 °C by the growth of carbon nanostructures such as bamboo-like carbon
nanotubes, onion-like carbon, and carbon black. Accordingly, this novel composite adsorbed
1.5 times more benzene and 1.8 times faster than AC. The use of pulsed-injection strategy
allowed to improve the use of carbon source during CVD at 600°C, with a most
homogeneous dispersion of carbon nanotubes, carbon nanofibers, onion-like carbon, and
carbon nanoribbons with high surface area (240 m? g1). This synthesis allowed to improve
1.3-1.8 times the biochar adsorption capacity for pentane, hexane, benzene, and toluene,
and increased up to 260% and 98% the uptake of benzene and toluene compared to AC. In
addition, carbon nanostructures increase the biochar pHpzc from 8.5 to 10 and thus its
hydrophobicity. It was also proposed that dispersive forces and electron donor-acceptor
complex mechanisms can be carried out simultaneously. Then, scaled-up CVD synthesis in
a rotary furnace increased the powder biochar surface area from 1 to 300 m? g%, developing
carbon nanofibers and onion-like carbons. Dynamic adsorption in packed-bed demonstrated
that the breakthrough and desorption curves of this composite behaved similar after four
cycles of adsorption/desorption of benzene, with only a decrease of breakthrough time of 16
min, while that of AC decrease up to 20 min in the second cycle. After the regeneration
process at 150°C, biochar/carbon nanostructures composite showed negligible surface
acidification. Finally, simultaneously adsorption of several VOCs from gasoline emissions
showed that the breakthrough time of binary and multicomponent systems behaved similarly
to those of single systems. The most important feature was observed by the change in the
slope on the breakthrough curves of AC, associated with the displacement of VOCs by
competitive adsorption for active sites, while the S-shape curves of biochar/carbon
nanostructures composite suggested a more homogeneous adsorption and mass transfer
process. The results presented in this doctoral thesis represent a major step forward in the
development of macroporous adsorbents with less tortuosity and high reactive surface area

to faster remove single and multicomponent VOCs from evaporative emissions, as well as

XX



improve their regenerative capacity of a commercial activated carbon used in automotive

canisters.

Key words: Chemical vapor deposition, volatile organic compounds, biochar, carbon

nanostructures.
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CHAPTER 1

Introduction

Waste agave bagasse
v

Desorption i,é o

Evaporative
emissions

.

The evaporative emissions from gasoline are becoming a significant environmental
problem of growing concern, especially for densely populated areas, and also results in a
significant economic loss. In this sense, adsorption technologies with activated carbon have
been used for evaporative emission for over 30 years and have proven to be very effective.
However, activated carbon reusability in automotive canisters could be affected by narrow
micropores. Thus, the development of novel adsorbent materials to improve the adsorption-
desorption rate of evaporative emissions remains a challenge today. In the present thesis,
it was studied the adsorption of volatile organic compounds (VOCs), representatives of
evaporative emissions, and real gasoline vapors by biochar improved with carbon
nanostructures at 25 °C, and compared with a commercial activated carbon (F-400). This

chapter provides a brief description of the pollution issue by these components, as well as

Joel de Jests Gutiérrez Martinez | 1



CHAPTER 1

the most important aspects of gas adsorption behavior in carbon-based materials and all the

scientific background.

1.1. Overview about air pollution caused by volatile organic compounds

People’s lifestyle has changed dramatically over the past 50 years, particularly in the
industrialized nations where increased urbanization, technological development and
specialized industrial activities have led to the damage of several systems, especially in air
[1]. To date, the increasing amount of polluting emissions has caused the deterioration of
air quality. Air pollutants can be classified by the sources, chemicals, composition, size, and
mode of release into indoor or outdoor environments [2]. In this sense, gaseous pollutants
may be divided into volatile organic compounds, volatile inorganic compounds, and

greenhouse gases as COz, CHs, N2O, HFC and others [3].

Between several gaseous pollutants that currently affect air quality, volatile organic
compounds (VOCSs) have attracted world-wide attention regarding their serious hazards on
ecological environment and human health [4]. VOCs refers to a group of organic substances
characterized by their low boiling point [5] . The various definitions of VOCs are conducted
by main international organizations. This can be defined as any compound of carbon,
excluding CO, CO,, H.COs; (NH4):CO; and metallic carbides which participate in
atmospheric photochemical reactions, according to the US Environmental Protection
Agency (US EPA) [6]. The World Health Organization (WHO) describes VOCs as organic
compounds with saturated vapor pressure over 133.3 Pa and boiling point ranging from 50
to 260 °C at atmospheric pressure. For volatile organic compounds, such low boiling points
mean that they are easily evaporated from liquid or solid surfaces into indoor or ambient air.
Probably several thousand chemicals, both synthetic and natural, can be called VOCs [7].
The common VOCs can be classified into several groups based on their different properties

as shown in Fig 1.1.
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— <50°C Very VOCs

50~260°C VOCs

260~400 °C Semi-VOCs

L_ >400 Particulate Organic Matter

Alkanes (e.g. ethene, propane, butane, pentane)
— Alkenes (e.g. ethylene, propylene, butene, butadiene)

— Molecular polarity

L Nonpolar (e.g. benz
Fig. 1.1 - The classification of different VOCs [7].

1.1.1. Emission inventory of VOCs

VOCs are a family of more than 300 carbon-based chemicals. VOCs come from
anthropogenic and natural emissions. About 90% of atmospheric VOCs originate from
biogenic sources, including wetlands, forest, oceans, and volcanoes with an estimated
global emission rate of 1150 Tg C yr! [2]. With the accelerated urbanization and
industrialization, anthropogenic emissions are projected to increase annually (from 19.4 Tg
Cin 2005to 61. 2 Tg C in 2030) [7]. The portion of anthropogenic sources is getting larger,
and their influence is getting worse because almost every human daily activity such as
cooking, painting, smoking, building, would result in the emissions of VOCs to the
atmosphere. Some examples of specific sources and processes that commonly emit high
levels of VOCs include vent gas, water separation techniques, industrial wastewater, batch
processes, petroleum refining, natural gas processing, petrochemical processes, and paints

[3]. Fig. 1.2 lists the main sources of anthropogenic VOCs.
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Agriculture (14%)

Fertilization
Biomass combustion
Daily life (15%)

Feces
Smoking
Cooking
Decoration
Dry cleaning
Office supplies

Industrial processes (43%)

Pharmaceutical engineering
Cosmetic manufacturing
Electronics manufacturing
Petroleum refinement
Coal combustion

Use of fossil fuels
Material synthesis

Paper making

Textile dyeing

Solvent use

Printing

Vehicular emissions (28%)

Evaporative emissions
Exhaustive emissions

Fig. 1.2 - VOCs emissions from different anthropogenic sources in 2015 [2], [7].

1.1.2. Effect of VOC on human health and environment

VOCs play a critical role in tropospheric chemistry and are associated with ozone
production and secondary organic aerosols formation that pose serious harm to both the
ecological environment and human health. Most VOCs are photo-chemically sensitive and
when exposed to nitrogen and sunlight, would form ozone and other products as

represented in Eq. 1.1:

NOx + VOCs + Sunlight —> O3 + NOs3 + Other products (Eg. 1.1)

This last reaction involves VOCs oxidation by NO.. As the wide range of VOCs implies a
broad range of reaction rates, VOCs are capable of being widely distributed and of
accumulating in components of the environment [4]. VOCs are responsible for the
greenhouse effect, especially methane, which is more than 20 times more potent than CO..
Most VOCs, in particular aromatic compounds and polycyclic aromatic hydrocarbons, are
malodorous, toxic, and carcinogenic even at low concentration (above 0.2 mg m=). The main

health affectations are related to respiratory deficiencies and damage to skin, and nervous
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systems. Benzene is a well-known example, which is a carcinogen with a high potential to
damage humans both specifically (e.g., the liver, kidneys, spleen, and stomach) and
systematically (e.g., the nervous, circulatory, reproductive, immune, cardiovascular, and
respiratory systems) [8]. For these reasons, the World Health Organization (WHO) recently
reported that air pollution caused nearly seven million premature deaths in 2016, of which

millions were related to VOCs [9].

1.1.3. Processes for VOCs removal

Regarding the potential hazards of VOCs, several major environmental safety agencies,
such as the National Institute of Occupational Safety and Health (NIOSH), Environmental
Protection Agency (EPA) and European Agency for Safety and Health at Work (EU-OSHA),
have established guidelines to limit the exposure of humans to VOCs in indoor and
workplace air. Stringent regulations have been proposed to control VOCs by developed
countries [10]. For instance, USA legislation calls for a 90% reduction in emissions of 189
pollutants over the next few years where VOCs occupy about 70% of those pollutants. In
addition, the emissions revaluation of the Goteborg protocol had stipulated that the reduction
of VOCs emissions by 2020 should be half of the total amount released in 2002 [11].
Therefore, the development of effective VOCs removal techniques is urgent and of great
significance. Many post-processing technologies have been developed for VOCs
abatement, which can be categorized into destruction technology and recovery technology.
The recovery methods mainly include adsorption, condensation, absorption, and membrane
separation, while the destruction techniques include incineration, photocatalysis oxidation,
ozone catalytic oxidation and biological degradation [12]. The destruction methods mainly
convert VOCs into CO; and H»0O, which consume large amounts of energy to generate high
temperatures for the reaction, and they inevitably produce some toxic byproducts,

secondary organic aerosols, etc. Recovery methods are more economic and
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environmentally-friendly due to the mild reaction conditions and recovery of VOCs. The

characteristics of VOCs removal techniques are summarized in Table 1.1.

Table 1.1 - Technological characteristics of VOCs removal methods.

Methods Efficiency Reuse Wastg Energy' voc . Ref.
generation consumption concentration
Incineration >99% (40 No CO, Cox Moderate 20% [4]
min)
Condensation Moderate Yes High >5000 ppm [11]
Biological 100% (7 No Acetaldehyde Low [12]
degradation months) , propanol,
etc. <5000 ppm
Adsorption >90% Yes Spent Moderate 700 -10000 [13]
adsorbent ppm
Photochemical 100% (5 min) No Strong Moderate [4],
oxidation oxidant OH [14]
radicals.
Membrane 90% Yes Clogged High <25% [15]
separation membranes

The adsorption technology is regarded as one of the most promising methods for
enriching and separating VOCs in exhaust gases, and also because it is of low cost and
high efficiency. It is necessary to point out that activated carbon, zeolites and organic
polymers are considered as the most popular adsorbents for VOCs, according to the US
EPA [7], [16]. In addition, the physical and chemical modification of the surface of a series
of materials such as carbon-based materials, oxygen-containing materials, organic
polymers, composites, and so on, have been investigated to improve the adsorption of

VOCs.
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1.2. Vehicular emissions

Fossil fuel-powered road transport represents the most important source of transport-
related air pollution. Each vehicle releases pollutants from a number of sources. Vehicular
emissions are one of the most important anthropogenic sources of VOCs in urban and
suburban areas [8]. In this sense, it is reported that vehicular emissions contributed to more
than 50% to the ambient VOCs at urban areas. Driving condition, class, age and mileage of
engine, fossil fuel composition, and catalyst equipped in a pollutant removal system can
significantly vary the chemical composition of vehicular emissions. Generally, air pollutants
are emitted by vehicles in three ways: as tailpipe emission, related to engine combustion
(NOy, CO2 and CO) and unburned fuel vapors (VOCs); as evaporative emissions, which
result from the escape of fuel vapors (VOCs) from vehicle while they are running or not
running; and as the release of VOCs and particulate matter from vehicle equipment,
including plastic panels, leather seats, and so on (Fig. 1.3) [17]. The amounts of VOCs
emitted from vehicles were significant only for new cars and decreased with time. Tailpipe
emissions have been well-controlled across the globe, while evaporative emissions have
been largely neglected despite they constitute an increasing share of the VOC emissions
inventory and impacts both air quality and energy [18]. Thus, evaporative emissions have

been of increasing concern for the automotive industry and scientific community.

EVAPORATIVE EMISSIONS
(HC, VOC)

ABRASION OF TYRES,
BRAKES AND CLUTCH
(PM)

RE-SUSPENSION OF ROAD DUST (PM) ROAD SURFACE WEAR (PM)

Fig. 1.3 - The different types of emissions from vehicles. Image from www.eea.europa.eu/es.
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1.2.1. Evaporative emissions

Evaporative emissions result from fuel-based VOCs evaporation in gasoline vehicles
because the vapor pressure of gasoline is relatively high [19]. Automotive gasoline fuel is a
mixture of over 100 VOCs with chains containing 4-12 carbons, and their vapors
(evaporative emissions) mostly consist of light hydrocarbons (C4’s-C7’s). Nowadays,
commercial gasoline contains mostly saturated hydrocarbons (55-77%), aromatics (9-36%)
and some unsaturated hydrocarbons [20]. Information regarding VOCs composition of
gasoline is scarce, only a few works have reported or analyzed the target composition and,
even most important, the headspace composition as it is displayed in Table 1.2. Gasoline
vapors contain VOCs that were not measured such as butane, isobutene, pentane, and
hexane, but they are present in high concentration [21].

Table 1.2 - Composition of target VOCs in neat gasoline and gasoline vapor headspace at three

diurnal temperatures [20].

Gasoline Headspace gasoline vapor
vOoC composition (mg m3)

(mg LY 5°C 20 °C 45 °C
Benzene 6140 3170 6940 13000
Toluene 15400 4280 9910 15900
Cyclohexane 9830 3120 6010 11800
n-heptane 12800 3020 6840 12800

n-octane 2800 106 275 491

Ethylbenzene 3080 58 148 283

m-Xylene 9120 182. 466 624

Evaporative emissions from gasoline-fueled vehicles depend on four major factors: (a)
gasoline volatility; (b) vehicle and fuel system design; (c) temperature variation; and (d)

driving conditions [22]. In addition, evaporative emissions can be divided into three types:
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running losses, hot-soak losses, and diurnal breathing losses [18]. Running losses refers to
evaporative emissions from the fuel tank and fuel-related parts that are caused by heat from
the engine during vehicle operation. Hot soak losses are the emissions starting from when
the car is stopped after being driven, with a warm engine and fuel system, and ending when
they have cooled down to ambient temperature. Diurnal breathing losses is the daily
emission while the car is parked, with increasing temperature in daytime and decreasing
temperature at nighttime. Of these emissions, diurnal breathing losses are dominant [23].
The National Emission inventory reports that the quantity of VOCs produced by USA on-
road vehicles in 2014 was equal to 2.38 million tons, that is 7.3 % of the total amount of
pollutants from vehicles, after carbon monoxide (75%) and nitrogen oxide (15%) [24].
Currently, many countries have legislated to reduce pollutant emissions and developed
corresponding reduction targets. Therefore, the recovery and reuse of evaporated gasoline
from loading, unloading, and other handling process are of significant importance from both

economic and environmental point of view.

1.2.2. Evaporative emission control system (EVAP)

Evaporative emissions occur from the vehicle fuel tank owing to the expansion of
evaporative gas caused by daily temperature differences. Accordingly, evaporated VOCs
leak from the fuel system by permeating through the plastic material of the hoses, as well
as flowing out of any opening in the fuel tank [25]. To control evaporative emissions from
vehicles, international governments have agreed to various environmental treaties. For
example, the US EPA restricts evaporative emissions to 1.2 g (two-day diurnal breathing
loss test) and 0.95 g (three-day diurnal breathing loss test) for an hour of hot soak loss [19].
To deal with these regulations, almost all the gasoline-fueled vehicles are equipped with an
evaporative emissions control system (EVAP). A standard EVAP system consists in a

carbon canister filter filled with activated carbon that can adsorb and store gasoline vapors
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coming from the fuel tank (Fig. 1.4). The gasoline vapors enter the canister through a top
inlet and diffuse downwardly under its own pressure and gravity into the bed of carbon
granules where these are adsorbed in temporary storage [26]. The adsorbed gasoline
vapors are then periodically purged by opening a valve that allows for air flow through the

canister into the engine for combustion.

Canister

- o \.. ) K\ \-2.
Evaporated ———> *@ \w \w
| - =S ==

gasoline =

| &
1

v

Fuel tank Canister

Fig. 1.4 - Schematic drawing of EVAP working system.

Once the canister loses the ability to store evaporative emissions because of a long
parking duration and becomes fully saturated, the emissions are discharged directly to the
atmosphere; this phenomenon is called canister breakthrough. Canister breakthrough is
thought to be caused by fuel components that are not completely desorbed during the
regeneration process [27]. Furthermore, serious diffusion restrictions imposed by
micropores in activated carbon tend to encounter problems as pore blocking, hygroscopicity,
and a lack of regenerative ability [28]. Adsorption performance decreases mainly due to
micropores filling with high boiling VOCs, which can remain trapped even after the purging

phase, and consequently reduce the effective volume of storage available in the pores.
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Since this is a serious problem due to environmental pollution, through the years studies
have been conducted to find better ecological and economical alternatives of adsorbents to

improve the canisters performance [7], [29], [30].

1.3. Porous adsorbents for VOCs adsorption

Among the recovery methods, adsorption technology has been considered one of the
most favorable methods to treat VOCs, mainly because it is low cost and high efficiency.
Characteristics of a suitable adsorbent material should include mainly a large surface area.
Other features must consist of high mechanical strength, chemical and thermal stability, high
porosity, and small pore diameter resulting into more exposed surface area and hence
suitable surface chemistry giving rise to high adsorption capacity [31]. Adsorbents can be in
the form of pellets, rods, moldings, or monoliths to fin the required application [32]. Some
commonly used adsorbents include agricultural and industrial wastes, activated carbon,
biopolymers, and nanomaterials [33]. Finding the optimal adsorbent is crucial for the

commercial application.

1.3.1. Activated carbon

Activated carbon (AC) is the most widely applied adsorption material because of its good
physical and chemical properties such as large specific surface area (600-1400 m? g%), well-
developed pore structure (0.5-1.4 cm?® g1), high VOCs adsorption capability (10-600 mg g
1), abundant functional groups, chemical and thermo-stability, high mechanical strength and
acid and alkali resistance [34] . AC also has some disadvantages. During the adsorption of
VOCs at high temperature, the activated carbon will spontaneously ignite or its porous

structure collapses [7].

Industrial AC is commonly produced from carbon rich materials such as coal, wood,

coconut shell, peat, and lignite, by the process of carbonization and activation. This can be
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manufactured in form of pellets, granules, powder, or sphere [28]. Environmental
applications of AC have been widely studied, for instance in wastewater treatment, solids
remediation, and in air purification, especially for VOCs uptake. The adsorption mechanisms

of pollutants onto AC have also been reviewed in previous studies [35]

AC has been widely used in adsorption to recovery most types of VOCs including alkane,
alcohol, ethers, aldehydes, ketones, esters, aromatics, etc., [36]. The adsorption
performance of AC on VOCs is influenced by adsorption conditions, physicochemical
properties of the adsorbent, and the properties of VOCs such as molecular size and polarity.
It seems that the large surface area and rich pore structure of AC shows a positive effect on
the adsorption capacity for VOCs, while the presence of chemical functional groups is also

a key factor for the removal of polar VOCs through chemical adsorption mechanisms [13].

There are challenges for further large-scale applications of AC at the industrial level that
still exist. First, the characteristic micropore structure of AC would hinder the transport of
VOCs molecules, especially those with lager molecular size, into the pores. Furthermore,
the disordered pores of AC would prolong the adsorption equilibrium because of the
increased resistance to diffusion in the irregular pore structures. It also implies that the
incomplete desorption process affects the lifetime and regeneration cost of AC. This could
be attributed to the irreversible adsorption including chemisorption, adsorbate coupling or
decomposition. Moreover, the high transmission resistance, pore blocking and

hygroscopicity of AC also restrict its widespread application in VOCs abatement [32].

1.3.2. Biochar

Biochar is a representative member of the carbon family, of low cost, which is regarded
as a potential alternative to commercial AC. Compared to AC, biochar is produced in a milder

pyrolysis condition under an internet atmosphere [37]. The production temperature of
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biochar is usually less than 700 °C, which is lower than that of AC. In addition, during the
biochar production, the process of activation is unnecessary while it is crucial for AC
production. Abundant carbon rich materials, such as wood materials, agricultural and
forestry residues, fruits, byproducts, etc., can be used for biochar production. Its production
cost of $20 USD per ton is much cheaper that of AC ($1000 to $1500 USD per ton) [38].
The features of biochar highly depend on the raw materials and production conditions.
Generally, the raw material with high lignin and mineral content tend to produce high yield
of biochar and the mineral content may decrease as the increasing pyrolysis temperature
and time. The biochar produced by carbonization is a disordered graphitic structure with a

rudimentary pore structure [39].

Biochar has been widely used in various fields, as soil fertility improvement, CO, uptake,
catalytic conversion syngas into biodiesel, and pollution remediation. In fact, it has been
indicated that the biochar applications are involved in almost every aspect of the pollution
abatement, such as the treatment of liquids wastes, removal of toxic gases, as well as the
treatment of solid wastes and soil remediation, however, limited reach has been done on

VOC vapor adsorption onto biochar [40].

The Feedstock type of biochar determines its physicochemical properties that would
further influence its adsorption performance. It has been reported that by using the same
pyrolysis temperature of 600 °C, the surface area of woody plant biochar derived from pine
wood, and hickory are 312 and 256 m? g, respectively, which are larger than that of
herbaceous plant biochar. The biochar surface area from the herbaceous plants alfalfa,
cotton, switchgrass corn straw, rice huck, and wheat straw at 600 °C are 0.2, 2.2, 15, 61,
168 and 182 m? g1, respectively [41]. However, it is well known that most raw materials to
produce biochar come from value-added agricultural sources, being a controversial

discussion. Based on the latest, the use of raw lignocellulosic waste materials (agave
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bagasse, rice straw, sugarcane bagasse, etc.) for the preparation of adsorbent materials
(Fig. 1.5), has caught increased attention due to the large amount of raw material available

and the potential reduction of the environmental pollution that cause their confinement [42].

Waste agave bagasse

Pyrolysis

Macroporous channels of Biochar

Fig. 1.5 - Production of biochar from lignocellulosic waste material scheme

Pyrolysis conditions also affect the morphological structure and surface chemical
functional groups of biochar and, hence, the performance of biochar on VOCs adsorption.
In this sense, the surface area of biochar increases while its pore size would decrease with
the pyrolysis temperature. Additionally, pyrolysis temperature influences the chemical
functional groups of biochar. Is has been widely reported that a high pyrolysis temperature
facility the removal of oxygen containing groups and increase the aromaticity of biochar,
which would subsequently promote the adsorption of hydrophobic VOCs. For instance, the
adsorption of trichloroethylene onto biochar produced at 700 °C has exhibited higher efficacy
than biochar produced at 300 °C. A similar finding has been reported on the adsorption of
naphthalene, nitrobenzene, and m-dinitrobenzene onto biochar produced at 100-700 °C.

Moreover, the adsorption on acetone, cyclohexane, and toluene has been evaluated in 15

14
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biochar from 5 common feedstocks. The surface area of these biochar ranged from 0.1 —

388 m? g1, and the adsorption capacities were all of less than 90 mg g* [11] .

1.3.3. Carbon nanostructures

Among different adsorbent materials, microporous carbon materials such as activated
carbon are one of the most used in the processes of capturing polluting gases, since require
a simple synthesis process, are chemically and hydrothermally robust and have high surface
areas. Nonetheless, some meso and macroporous carbon materials such as biochar have
shown faster VOCs adsorption kinetics than microporous activated carbons [42]. The
thermodynamic measurements indicate that VOCs are captured by a physisorption
mechanism which involves direct access (through mesopores) to the micropores within the
material. On the other hand, activated carbons generally have disordered and undefined
pore structure, and as a result, both gas adsorption and regeneration processes are more
complex [43]. This opens a new approach to design efficient adsorbents with a more
exposed surface area which could compete with activated carbon adsorption capacities.
One option that has attracted considerable attention is the synthesis of carbon
nanostructures. Carbon nanostructures are new allotropes forms of carbon mostly sp?
bonded with nanoscale dimensions (e.g., fullerenes, nanotubes, and graphene. See Fig.
1.6), exhibiting novel physicochemical properties, and having widespread potential
applications [44]. For potential environmental applications, as superior adsorbents, carbon
nanostructures have been studies for the removal of several organic pollutants due to their
adequate organic affinity and high surface area [16]. The most important characteristic of

some carbon nanostructures used to remove organic molecules are described below.
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Fig. 1.6 - Molecular models showing different carbon nanostructures categorized by their

dimensionality. Image from Zhang et al. [42].

1.3.3.1. Carbon nanotubes

Carbon nanotubes (CNTs) are engineered carbon nanomaterials in form of rolling up
graphene sheets in cylinders. CNTs are usually synthesized by arc discharge, laser ablation,
and chemical vapor deposition [45]. According to the number of graphene sheets, CNTs can
be divide into single-walled CNT, and multiwalled CNT (Fig. 1.7). Since the discovery of
CNTs by lijima [45] in 1991, they are widely used in many fields. CNTs have unigue
characteristics like electrical conductivity, optical activity, and mechanical strength. In
addition, their large surface area, natural hydrophobicity, as well as strong thermal stability
make CNTs superiors to remove trace pollutants from liquid and gas phase [46]. The
adsorption of CO2, NOx, H2, NH3, CH4 and VOCs gas molecules on CNTs has been widely
explored. In addition, CNTs have strong adsorption affiliation to organic compounds such as

anthracene and its derivatives, n-nonane and CCls4, dioxin, thiophane and polyaromatic
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hydrocarbons [47]. The adsorption capacities of organic compounds onto CNTs are usually

higher than that onto AC and other carbon adsorbents.

s (nn) armchair armchair

Fig. 1.7 - (a) Schematic illustration of structures of armchair, zigzag, and chiral single-walled CNTs.
(b) Scanning electron microcopy image of CNTs, and (c, d) transmission electron microscopy images
of multiwalled CNTs [48], [49].

The VOCs adsorption onto CNTs is primary conducted by physical adsorption together
with slight chemical reaction between surface functional groups of CNTs and VOC
molecules. Because CNTs are composed of graphene sheets, they are highly hydrophobic,
which facilitates the adsorption of VOCs by their aromatic rings. Generally, the adsorption
of nonpolar VOCs onto CNTs is primary controlled by physical processes, while the
adsorption of polar VOCs onto CNTs has the participation of chemical interaction, which

have proven by the enthalpy changes and desorption activation energy. For example, the
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enthalpy changes of nonpolar VOCs adsorbed onto CNTSs are relatively low, which is related
to an exothermic processes and thus physical interaction. Otherwise, acetone has higher
enthalpy changes and needs higher activation energy to desorb, indicating that the polar

VOC acetone is adsorbed onto CNTs mainly through chemical interactions [50], [51].

Although CNTs are promising VOCs adsorbents, their aggregation is one of the most
crucial drawbacks that limits their commercial applications. To overcome the CNTs
aggregation, surface oxidation and coating with surfactants are effective solutions to
disperse CNTs in liquid phase. On the other hand, supporting methods are more effective
than oxidation and coating methods when CNTs are intended to be used in gas adsorption.
This was previously demonstrated by the growth of multiwalled CNTs onto SiO; particles: it
was found that the supported adsorbent has an excellent performance to adsorb gaseous

chlorinated phenolic compounds [52].

1.3.3.2. Carbon nanofibers

Carbon nanofibers (CNFs) can be defined as 1D carbon allotropes, which could include
carbon nanotubes [53]. Their general morphology is characterized by a large aspect ratio
between the diameter and the length of the fibers, the nano-classification is attributed to the
nanoscale diameter of the fibers and the clearly defined structure at the nanoscale, with
easily identifiable independent graphene planes [54]. Nevertheless, within this class,
important differences are found between the most typical morphologies. CNTs are
conceptualized as rolled-up graphene sheet, forming an empty shell cylindrical structure,
and are usually classified regarding the number of graphene layers on their walls. CNFs are
characterized by the absence of tubular nanostructure, consisting typically of a fishbone or
platelet type arrangement, where graphene planes are stanched forming the 1D fibrous
morphology (Fig. 1.8). Certain synthesis methodologies can also produce carbon nanofibers

with an amorphous crystalline structure, marked by the absence of graphitic sp? carbon [55].
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Fig. 1.8 - Details of the nanostructure of different types of carbon nanofibers: (a) single-walled CNTs,
(b) multiwalled CNTs, (c) bamboo-like CNTs, (d) platelet, (e) fishbone, ribbon, (g) stacked cup, (h)
amorphous. (i) TEM images of CNTs showing graphitic sheets and nhonhomogeneous morphology
along the CNFs length [53].

The 1D CNFs in their various morphologies share several properties that are relevant for
their applications as adsorbent, namely those linked with the presence of the sp? hybridized
graphitic carbon planes in their structure. These are characterized by the presence of a high-
density of delocalized m-electrons orbitals, which are responsible for the adsorptive

properties of graphene and other allotropes of the same electronic configuration [16].

Gas adsorption, especially hydrogen adsorption capacities of CNFs, has been studied

recently via theoretical calculations, experimental measurements, and molecular
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simulations. Several works deal with the adsorption of CO and CO», Ar, O,, and CH4 onto
these kind of materials [56]. However, only a limited number or works have focused on
adsorption of organic molecules onto CNFs. A few experimental studies have described
adsorption isotherms for benzene, methanol, and methane, affinity for dioxins, adsorption
kinetics for ethanol, isopropanol, cyclohexane, benzene, and hexane [56]. Additionally, there

are also some other works that compare hydrogen adsorption by CNFs [57].

1.3.3.3. Carbon nanospheres

Carbon nanospheres (CNSs) are circular concentric graphic layers which are formed by
pairing of pentagonal and heptagonal carbon rings. Their size ranges from about 50 nm to
1 um, and their structure could have open dangling bonds, which make them promise for
many applications [58]. They have been synthetized by using various methods such as
chemical vapor deposition, hydrothermal synthesis, and solution combustion. Various
carbon sources, such as hydrocarbons, glucose, sucrose, and biomass, have been utilized
as well [59]. Generally, metal catalysts also play an important role in the formation of CNSs,
although there are some syntheses of CNSs without the presence of catalyst. CNSs have
been used in some applications such as adsorbent, anode in lithium-ion secondary batteries
and sodium ion batteries, supercapacitors, and catalysts support [58]. Based on different
synthesis conditions such as temperature, carbon source or precursors and presence of
metal catalyst, it is possible to obtain different nanosphere-like structures as it is shown in
Table 1.3. Despite all these nanostructures have circular concentric graphic layers and
display similar surface morphology, their internal structure is different, implying a variety in

their chemical and physical properties [60].
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Table 1.3 - TEM images of different morphologies of carbon nanospheres synthetized by different

methods.

Images Name Description Ref.

CNOs Hollow spheres growth by [61]
graphitization of nanodiamonds at
high temperatures (>1700 °C).

CNOs Encapsulated metal catalyst and [62]
growth by CVD process.

Carbon black  Direct pyrolysis of a wide range of [63]
hydrocarbons in absence of

catalyst.

Based on the above, CNSs produced with polyaromatic hydrocarbons and catalyst free
could stimulate the growth of carbon black, where aromatic molecules condense like
turbostratic carbon with a high density of sp® hybridizations. On the other hand, the presence
of catalyst promotes the growth of carbon nano-onions (CNOs) which are concentric
graphitic shells resembling onion layers that were discovered from electron beam irradiation

of carbon soot. Previously, CNOs were expensive to produce on a large scale, so their utility
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was not considered [64]. However, different synthesis methods allowed to grow successfully
high quality CNOs, which impulse to produce large quantities of CNOs. Therefore, CNOs
may soon be able to replace other available carbon-based nanomaterials. Recent studies
have shown major application of CNOs in electric storage, medicine, and most importantly,
pollutants removal [65]. In some technological applications, such as in gas sensors, it is
possible to use hollow carbon nanoparticles instead of carbon layer encapsuling
nanoparticles. In other cases, these carbon nanoparticles are quasi-spheres and consist

only of concentric graphene layers.

The CNSs have been referenced with potential features for adsorption applications, as
well as being cost-effective for liquid and gas purification. o date, the use of CNSs in
adsorption applications have mainly focused on removal of some pollutant form water, such
as chromates, hexavalent chromium, and fluorescent dyes [66]. However, there is still a lack

of information on VOCs removal using CNSs.

1.3.3.4. Graphene and its derivates

Graphene with a two-dimensional structure consists of a sheet with hexagonally array
carbon atoms that share sp2 hybridized orbitals of one carbon with three neighbors.
Graphene oxide is one of the typical derivatives of graphene. Additionally, it is functionalized
with oxygen-containing groups as carboxylic, hydroxyl, and epoxy groups. Regarding to its
environmental application, graphene and its derivates have demonstrated excellent
performance on the treatments of wastewater containing heavy metals, dyes, and organic
pollutants, and toxic gases such as NHs, H,S, and VOCs [14], [67]. Graphene and its
derivatives seem to be an attractive alternative for toxic gases adsorption; however, their

aggregation restricts their commercial application as gas adsorbents.
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Increasing the performance of benzene and toluene adsorption by graphene oxide has
been reached by eliminating surface functional groups by chemical treatment or thermal
annealing under N. atmosphere. Accordingly, graphene oxide reduction increased the
surface area from 237 to 293 m? g1, as well as the adsorption capacities of benzene and
toluene from 216 and 240 mg g to 276 and 304 mg g, respectively. It might be due to a
more hydrophobic nature, lower oxygen content and more defect sites of the reduced
graphene oxide [7]. It can be concluded that reduced graphene oxide exhibits strong
hydrophobicity due to removal of plentiful oxygen groups, which favor adsorbing nonpolar
of weak polar VOCs. However, the relative complicate synthesis and severe aggregation of

graphene on composites remain a great challenge for its industrial application.

1.4. Surface modification for enhancing VOC adsorption

Carbon-based materials have been proven to be an effective adsorbent for the removal
of a wide variety of organic and inorganic pollutant in liquid and gas phase. Nevertheless,
the application of some carbon-based materials may be limited due to their sensibility to high
temperature, lack of adsorption selectivity and hydrophilic nature [33]. To overcome these
drawbacks, recent research has emphasized on modifying the physical and chemical
attributes of carbon-based materials to enhance their affinities toward different organic

molecules present in gas environment.

1.4.1. Conventional modification techniques

Surface modification implies tailoring the surface of a material to alter a wide range of
material surface features such as surface energy, surface charge, roughness, surface area,
hydrophobicity, reactivity, and functional groups [68]. This improvement of the material
surface occurs by incorporation, elimination, or freezing some selected elements or

functional groups to produce the desired changes or developments in the properties of the

Joel de Jestls Gutiérrez Martinez

23




CHAPTER 1

interface [69]. Consequently, the adsorbent surface can be modified through several
methods. The most implemented modification techniques can be classified as physical and
chemical modification. Physical modification is commonly caried out under oxidizing gases
such as COg, steam, air, etc., at high temperature (700 -1000 °C). Chemical modification on
the other hand involves carbonization and activation in a single step, where the raw material
impregnated with a chemical agent is heated up under an inherit atmosphere at lower
temperature (<700 °C). Physical activation without using corrosive or harmful chemical
agents is more environmentally friendly than chemical modification. Chemical modification

requires a shorter production cycle, lower energy consumption and is flexible [70].

Regarding the improvement of carbon-based materials for the removal of evaporative
emissions, physical and chemical activations exhibit some disadvantages. First, physical
activation has a positive effect on the textural properties and surface chemistry of
adsorbents. The well-developed pore structure and low content of oxygen groups caused
by physical activation are beneficial for nonpolar VOCs adsorption. However, excessive
activation would lead to the overexpansion of micropores and reduce the number of
available pores, which is detrimental to VOCs adsorption [71]. Similarly, chemical activation
with acid or alkali reagents develops a highly microporous structure which could imply
diffusional restriction of VOCs, in addition to the plentiful introduction of oxygen-containing
groups, which restring the interaction between the acid adsorbent and polar VOCs [72].
Furthermore, the adsorbents modification by incorporating molecules or metals clusters onto
the carbon surface is suitable for the selective uptake of specific VOCs with low
concentration due to the limited reaction sites, while the deposition of metal nanopatrticles

leads to the reduction of available surface area due to pore blockage [7].

Taking into account that activated carbon is the most widely used adsorbent for VOCs

removal in automotive canister, these last modification techniques could develop more

Joel de Jestls Gutiérrez Martinez

24




CHAPTER 1

porosity and a more polar surface. Previous works are mainly focused on activated carbon
modifications to increase de adsorption capacity of VOCs, while VOCs kinetics performance
are inadequate for evaporative emissions adsorption. The latter is because during VOCs
adsorption, these experience diffusion limitations in the narrow microporous structure of the
activated carbon, and particularly during the regeneration for the saturated material [73].
Non-polar carbon materials with exposed surface area are a promising alternative to
overcome the VOCs diffusion restriction during the canister operation [42]. In this sense, an
adsorbent such as biochar with undeveloped porosity has been used as a potential
adsorbent for evaporative emissions. However, the low surface area of biochar that could
result in a low adsorption capacity, limits its use as adsorbent. Therefore, an alternative to
implement biochar in the removal of VOCs from automotive gasoline, is to increase the
exposed surface area without enlarging and open the incipient porous structure, as well as

to increase the nonpolar active surface for VOCs adsorption.

A recent alternative to improve VOCs adsorption, is the nitrogen doping by ammonia
treatment and coating with an organic polymer [7]. Both modification strategies allow to
improve the performance of carbon-base materials because of the removal of polar
functional groups, generating a mostly hydrophobic surface. However, to further improve the
adsorption capacity of VOCs, it is necessary to increase the exposed surface area of
nonporous carbon-based materials. Considering the high affinity of carbon nanostructures
for organic molecules, this thesis proposes to growth carbon nanostructures by chemical
vapor deposition onto biochar in order to generate a composite material with competitive

VOCs kinetics and adsorption capacity.

1.4.2. Chemical vapor deposition
There are various methods to synthesize carbon nanostructures such as arc discharge,

chemical vapor deposition (CVD), laser ablation, flame synthesis, high pressure carbon
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monoxide, electrolysis, pyrolysis, etc. [74]. The common characteristic of these techniques
is to provide energy to a carbon source which will facilitate the carbon atoms to generate
carbon nanostructures [75]. Currently, the common method widely accepted in the synthesis
of carbon nanostructures is the CVD method due to its simplicity and low cost. This method
was originally developed in the 1960s and 1970s and has been successfully used in the
production of carbon nanofibers, graphene, and carbon nano-onions [63]. Nowadays, CVD
has emerged as a potential method for large scale production and synthesis mainly of CNTs

[76].

CVD synthesis is essentially a thermal dehydration reaction whereby a transition metal
catalyst e.qg., iron, nickel, or cobalt is used to lower the temperature required in order to crack
a gaseous hydrocarbon feed into carbon and hydrogen [77]. This method is also known as
thermal or catalyst CVD. Compared with arc-discharge and laser methods, CVD is a simple
and economic technique for synthesizing CNTs at low temperature and ambient pressure.
The CVD is a versatile process suitable for the manufacturing of coating, powders, fibers,
and monolithic components, or even as a desired architecture of nanostructures at

predefined sites on a patterned substrate [45].

CVD process involves passing a hydrocarbon vapor (typically for 15-60 min) through a
tube furnace in which a catalyst material is present at sufficiently high temperature (600-
1200 °C) to decompose the hydrocarbon [78]. CNTs grow over the catalyst and are collected
upon cooling the systems to room temperature. In the case of a liquid hydrocarbon
(benzene, alcohol, etc.), the liquid is heated in a flask and an inert gas is purged through it
to carry the vapor into the reaction furnace [45]. The catalyst material may be also solid,
liquid, or gas and can be placed inside the furnace. The catalytically decomposed carbon
species of the hydrocarbon are assumed to dissolve in the metal nanoparticles and, after

reaching supersaturation, precipitate out in the form of a fullerene dome extending in a
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carbon cylinder with no dangling bonds and, hence, minimum energy [75]. When the
substrate-catalyst interaction is strong, CNTs grows up with the catalyst particle rooted at
its base (known as the “base growth model”). When the substrate-catalyst interaction is
weak, the catalyst particle is lifted up by the growing CNTs and continues to promote CNT

growth at its tip (the “tip growth model”) [79] (Fig. 1.9).

Furnance 500 - 1000 "C

99999999665

a)

Hydrocarbon gas
CH,

Inert gas

Gas outlet

/
Catalyst Substrate

Fig 1.9 - a) Schematic representation of CVD process in a rotatory furnace reactor. Growth

mechanism of CNTs by b) base growth model and c) tip-growth model. Image from [80].

The three main parameters to control CVD synthesis are the hydrocarbon, catalyst, and
growth temperature. It is known that low CVD temperature (600-900 °C) yields multiwalled
CNTs. Whereas at higher CVD temperature (900 -1200 °C) reaction favors single-walled
CNTs growth, indicating that this last one has a higher energy of formation [80]. On the other
hand, transitional metals (Fe, Co, Ni) are the most commonly used catalyst since the phase
diagram of carbon and these metals suggest finite solubility of carbon in these transition
metals at high temperatures [81]. The essential role of these metal particles was thought to

be their ability to provide a platform on which carbon atoms can form hemispherical cap,
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and then a carbon nanotube can grow in self-assembled. In addition, catalyst particles size
has been found to dictate the tube diameter. In addition, the material, morphology, and
textural properties of the substrate greatly affect the yield and quality of the resulting CNTSs.
Carbon nanostructures has been synthetized on various substrates, such as metals, quartz,
and silicon, or by template growth inside porous alumina. Conversely, CVD synthesis has
been applied onto others carbon-based materials such as graphene oxide, biochar, and
carbon fibers [82]. It has been mainly undertaken to improve their surface area in order to
be applied as high-performance capacitors and field emitting electron sources [83]. Thus,
carbon nanostructures-based composites have triggered a great interest in the materials
science community, although the information related to their adsorption performance is very

limited.

1.5. Adsorption of VOCs on carbon-based materials

Adsorption is a surface occurrence that involves the accumulation of atoms, molecules
or ions at the surface of a solid phase. It is mass transfer that leads to the sorption of gases
or solutes by solid or liquid surfaces. The substance adsorbed is an adsorbate, and the solid
on which the material accumulates is the adsorbent. Adsorption occurs due to surface
energy created by an unbalanced force of attraction of the adsorbent. The process of
adsorption can be physical or chemical [32]. Overalls, physical adsorption occurs when van
der Waals and electrostatic forces are the causes of attraction between adsorbent and
adsorbate molecules. Physical adsorption is exothermic in nature and reversible. On the
other hand, chemical adsorption results from chemical bonding between the adsorbent
surface and adsorbate molecules. It is endothermic and irreversible [31]. Adsorption, being
a simple, no toxic and economical technique has continued to maintain its polarity among
the researchers towards environmental sustainability [33]. Over the last years, adsorption

process has been very successful in treating air contaminated by organic pollutants.
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1.5.1. Mechanisms of adsorbate-adsorbent interaction

From the macroscopic point of view, the physical adsorption process of porous materials is
determined by specific surface area, pore structure, surface properties, and adsorbate
properties. From the microscopic view, it is mainly determined by dispersive forces
micropore filling and capillary condensation. The large surface area and well-developed pore
structure, especially in micropores, have positive effect on physical adsorption. However,
physical adsorption is a complicated process, which is controlled by multi-factors instead of
just one single factor [7]. Hence, it is important to consider both absorbent and adsorbate

characteristics while attempting to improve physical adsorption capacity.

Chemical adsorptions present more selectivity than physical adsorption because the
chemical reaction only occurs between special groups and certain VOCs. Indeed, the
adsorption capacity of polar VOCs compounds is affected by the amount of oxygen
containing groups. It has been demonstrated that carboxyl and hydroxyl provide reactive
sites for substitution reactions or acid-base neutralizations. Quinones are expected to join
in the redox behavior to oxidize or reduce organic compounds, and then generate reactive

oxygen species for further oxidation [84].

In general, the adsorption of organic compound onto carbonaceous adsorbent are mainly
controlled by five potential interactions, i.e. hydrophobic effect, n-nt bonds, hydrogen bonds,
Van der Waals interactions, and covalent and electrostatic interactions. The governing
mechanism of VOCs adsorption onto biochar are mainly electrostatic attraction, interaction
between polar VOCs and hydrophilic sites, interaction between nonpolar VOCs and
hydrophobic sites, and partition in non-carbonized portion [41]. Furthermore, the adsorption
of benzene and toluene on carbon adsorbents is mainly based on the formation of electronic

complexes between acid functional groups (such as carboxyl) and benzene ring [16].
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1.5.2. Gas adsorption set up

The removal of pollutants from gas phase depends experimentally on different
parameters, of which the particle size of the carbon adsorbent is a key factor. Based on the
high mobility of gas molecules at the reactor where adsorption process occurs, the smaller
the particle, the greater the probability of adsorbent-adsorbate contact. In fact, the use of
powder carbon adsorbent is preferred for gas pollutants, due to the convenience of its
application, being completely opposite to water treatment. The study of adsorption of VOCs
is performed under two configurations, static and dynamic adsorption. Static adsorption is
carried out based on the mass change of the adsorbent before and after the adsorption
procedure. Regarding the static adsorption of VOCs, the mass transfer is restricted by the
natural diffusion of VOCs from the solution bulk to the adsorbent surface, where mainly the

vapor pressure of each VOC controls its concentration and mobility.

The dynamic adsorption of hazardous compounds from gas phase by carbon-base
materials is normally carried out in packed beds. In comparison to static adsorption, the
dynamic adsorption in a packed bed is more complex. The VOCs are normally passed
through the packed bed against gravity at some pressure, as the pressure of the system
increases more molecules adsorb over the surface of the adsorbent [86]. Normally a release
of the system pressure leads to the desorption of the adsorbed molecules, if only physical
forces are involved during the process. The extent to which the contaminants are removed
strongly depends on the gas vapor pressure, the concentration of the contaminant and the
moisture content of the gas phase that might promote chemisorption reactions on the
surface of the carbons [85]. Adsorption in a packed bed adsorber is a time and distance
dependent process. During dynamic operation a zone is identified where the adsorption take
place, known as mass transference zone (MTZ). The MTZ travels through the adsorber with

a velocity and should be slower than the gas velocity. The stronger the adsorption of the

Joel de Jestls Gutiérrez Martinez

30




CHAPTER 1

adsorbate, the greater the difference between the MTZ velocity and the gas velocity [88].
When the MTZ reaches the end of the column some pollutants are detected in the column
outlet, this stage is identified as the breakthrough time. The dynamic adsorption
performance is represented on a breakthrough curve (BTC) by the loss of concentration
versus time. When the MTZ leaves the column, the outlet and inlet concentration of the
objective pollutant is the same, indicating that the material is exhausted and needs to be

replaced or regenerated (Fig. 1.10).
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Fig. 1.10 - Traveling of the mass transfer zone (MTZ) through the packed bed and development of

the breakthrough curve. Image from [88].
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1.5.3. VOCs adsorption performance

As an alternative to commercial AC, a great range of carbon-based materials have been
studied for the adsorption of different single VOCs, as well as mixtures of various polar and

nonpolar VOCs, most of them have been summarized in several reviews [7], [11], [36].

There has been arecent increase in the studies related to the VOCs uptake by alternative
carbon-based materials instead of activated carbon. On the other hand, it is difficult to make
a direct comparison between the reported VOCs adsorption capacities, since most of the
studies have different adsorption conditions of temperature, concentration, pressure, etc.
However, selected works that are similar to the reported in this thesis are provided in Table

1.4.
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Table 1.4 - Summary of physiochemical properties and performance of different porous materials for VOCs adsorption.

Adsorbent SeeT Viotal Adsorbate Adsorption Operational conditions Adsorption Ref.
capacity (mg g-%)
(m2g7) (cm3g?) set up
AC coconut shell-base 868 0.500 Benzene Dynamic N2, 30°C, 400 mL min-! 336 [87]
Biochar cotton stark 1256 0.880 Toluene Dynamic Nz, 25 °C, 300 ppm, 30 ml min~" 319 [85]
Graphite powder 293 - Toluene Dynamic N2, 10 °C, 50 ppm, 40 ml min-1 304 [88]
Zeolite/GO composite 1112 - Toluene Dynamic Air, 30°C, 15 ml min! 116 [89]
Nitrogen doping 2940 2.126 Acetone Static 18kpa, 25°c 686 [90]
porous carbon
Porous hollow carbon 1082 1.110 Benzene Dynamic N2,20 °C, 500 ppm, 50 ml min-" 766 [91]
Urea-assisted biochar 3053 1.670 Toluene Dynamic N2, 25 °C, 600 ppm, 100 ml 724 [92]
min-"
Carbon-silica aerogel 758 0.530 Benzene Dynamic N2, 25 °C, 700 ppm, 100 ml 124 [93]
min-"
CNTs 609 0.952 Hexane Static N2, 25°c, 40-4000 ppm, 1x10* 456 [94]
<p/p0 <0.95
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1.5.4. Adsorbent regeneration.

Adsorbent recyclability is also an important indicator because it determines the cost of
the adsorption process. The desorption of VOCs requires elimination of the interaction
between the VOCs molecule and the active site of the adsorbent. In addition, the adsorbent
must maintain effective physical and chemical properties for effective reuse. Most of the
VOC adsorbed onto the carbon materials can be recycled through desorption processes
under various conditions (Table 1.5). The methods for regeneration of adsorbents commonly
used are pressure swing, temperature swing, purge gas stripping, and microwave heating.
Due to the simple equipment needed, low energy consumption and high desorption
efficiency, temperature desorption is the most commonly used method for VOCs desorption

in research and on an industrial scale.

During the VOCs desorption by temperature, the physical and chemical structure of the
adsorbent inevitably change, which affect the sorption performance in the following cycles.
The effect of the regeneration cycles on the adsorption capacity of different adsorption
materials has been previously studied [36]. Overall, the VOCs adsorption capacity of several
materials decrease with the number of regenerative cycles. The reusability of adsorbents
vary since the heat resistance is different for each material. Carbon-based materials
produced by carbonization and activation, or pretreated at high temperature have
demonstrated good heat resistance. Despite commercial adsorbents such as activated
carbon and zeolites have good reusability, their adsorption capacity decreases to 83 and
80%, respectively [95]. Thus, novel adsorbents with high reusability (>90%) are needed to

be applied in automotive canister for VOCs removal from gasoline.
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Table 1.5 - Desorption of VOCs from various carbon-based materials.

Adsorbent Adsorbate Desorption strategies  Desorption conditions Desorption Cycles Ref.
efficiency
Biochar Hexane Thermal regeneration Temperature (100 °C) 90% 4 [96]
Biochar Toluene Thermal regeneration Temperature (350 °C) 95% 1 [98]
AC Acetone Thermal regeneration Temperature (80°C) 95 % 8 [99]
AC Toluene Thermal regeneration Temperature (180°C) 98.1% 5 [100]
AC fiber cloth Toluene Electrothermal 1500 W kg! 75% 5 [101]
desorption
Beaded AC Mixture of various Electrothermal 400 °C Not fully VOC - [102]
VOCs desorption desorbed in
micropores
MOF/graphene oxide  Acetone Vacuum desorption 25 °C, 0.04 mbar 91.3% 6 [103]
composite
Microporous AC Mixture of toluene, Temperature 150 °C 85 % 5 [104]
butyl acetate, and programmed desorption
butanol
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1.6. Key factors controlling VOCs adsorption

There are many factors controlling the adsorption of VOCs. The properties of adsorbents
materials such as the content of surface functional groups, surface area, and pore structure
are three crucial factor that directly affect the adsorption of VOCs. The properties of VOCs
such as molecular weight, molecular diameter, boiling point, polarity, saturated vapor
pressure, etc., also affect the adsorption process. The adsorption process is also affected
by adsorption conditions such as temperature, humidity, and VOCs concentration.
Therefore, for a comprehensive analysis of the adsorption behavior of VOC, it is necessary

to consider the effect of various factor on adsorption rate and capacity.

1.6.1. Adsorbent properties

1.6.1.1. Textural properties

It has been reported that for any adsorbent, a large surface area means superior
adsorption performance because the surface area provides the sites for the adsorption
process, which increases the probability of interaction between the adsorbent and VOCs
[57]. Although, this is not always like this. The relationship between textural properties and
adsorption capacity of different adsorbents has been studied. For instance, it has been
reported that the adsorption capacity of toluene has good linear relationship with the surface
area and pore volume of the adsorbent, indicating that the adsorption capacity of VOCs

increases with the increase of the textural properties of the adsorbent [36].

The effect of surface area on toluene adsorption has been reported. It was found that
toluene breakthrough time in AC of large surface area (1700m? g*) was four times of that of
smaller surface area (1000 m? g') [104]. Similarly, the adsorption of acetone, benzene,
trichloroethylene, and n-hexane has been compared between two kinds of CNTs, and higher

VOCs adsorption capacities were observed on the CNTs with larger surface area [56].
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However, AC with the highest surface area does not always mean the best adsorption
capacity for organic compounds. An example is toluene adsorption onto AC, the tested AC
with surface area of 789 m? g can adsorb 656 mg g of toluene, much higher than that (346
mg g?) of another AC with higher surface area (2719 m? g*) [105]. Similar phenomenon has
been previously reported, indicating that adsorption is a complicated process controlled by

many other factors in addition to surface area.

Because carbonaceous materials are porous adsorbents, the morphological structure,
especially the distribution of pore size is responsible for their VOCs adsorption ability [106].
Their pores can be divided into micropores (pore diameter <2nm), mesopores (2 nm < pore
diameter <50 nm), and macropores (pore diameters >50 nm) [105]. VOCs adsorption onto
carbon-based materials thus is affected by pore size in various ways. It has been pointed
out that micropores dominate VOCs adsorption onto carbon materials. For instance, it was
found that the adsorption capacity of chloromethanes and CHsl on AC are close to the
micropores volume. Similar observations have been reported on toluene and acetone
adsorption by AC and biochar [107]. Theoretically, pores with pore diameter larger that the
molecular diameter of VOCs can be effective adsorption sites. However, when the pore size
is larger than the molecular diameter of VOCs, the adsorption force between the adsorbent
and the VOCs molecules is too weak, and the pore can only play the role of channel. In
general, micropores provide the main adsorption sites, while mesopores enhance the

intraparticle diffusion and shorten the adsorption time.

Although the micropore volume is beneficial for VOCs adsorption onto carbon, the
diffusion resistance may increase in the narrow pores, leading to low adsorption rates. The
adsorption rates of VOCs in mesopore are faster than that in micropore due to the higher
intraparticle diffusion rate. In this sense, it has been found that the diffusion rate constants

of VOCs in ordered mesoporous carbon are almost twice of that in microporous AC [108].
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Thus, the smaller the adsorbent pore size the smaller diffusion coefficient. Additionally, pore
size of the adsorbent material determines the VOCs molecules than can be adsorbed.
According to the size exclusion theory, only when the pore diameter is larger than the
molecular diameter of the VOCs, the VOCs molecules can enter the pores of the adsorbent
material [36]. This is in good agreement with the fact that micropores facilitate the adsorption
of small size VOCs while large molecule of VOCs prefer mesopores. It should be noted that
even when the VOC molecule is smaller than pore size, it not always guarantees that VOCs
can enter the pores. Moreover, even though little VOCs would be adsorbed into the
macropores or mesopores, these large pores would benefit for the VOCs adsorption
because they would provide the necessary transport channels for VOCs especially for the

ones with larger molecular sizes [73].

1.6.1.2. Chemical functional groups

The adsorption of VOCs onto carbonaceous adsorbents may be controlled by physical
and chemical processes. Besides the morphology structure, surface chemical functional
groups of carbon materials are directly responsible for VOCs adsorption performance [109].
The surface functional groups are associated with both the nature of the raw material and
activation process, or with the modification methods previously discussed. The heteroatoms
surface functional groups govern the adsorbents surface chemistry. The heteroatoms mainly
include oxygen, nitrogen, halogens, hydrogen, etc., [71], among which the oxygen and
nitrogen groups on the carbon-based material are recognized as the most important species

for the adsorption of VOCs. In addition, the oxygen groups can be acidic, basic, or neutral.

Carbon surface acidity is mainly given because of oxygen functionalities, which contribute
to the affinity of hydrophilic VOCs onto the carbon surface. The presence of oxygen
functionalities could inhibit the specific interactions between hydrophobic VOCs and -

electron rich regions on carbonaceous adsorbents [37]. Therefore, hydrophobic VOCs prefer
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to be adsorbed onto AC that does not have oxygen-containing groups. VOCs, such as o-
xylene and benzene, have been poorly adsorbed by acidic modified ACs and acid-activated

biochar compared with pristine ones, respectively [29].

To enhance the adsorption of hydrophobic VOCs onto carbonaceous adsorbents,
suitable modifications should be done to eliminate the surface oxygen groups. It has been
reported that surface functional groups would decompose at high temperature: carboxylic
groups at 150-300 °C, acid anhydride and lactone at 300-500 °C, ethers, phenolic, hydroxyl,
and carbonyl at 500-800 °C [110]. Thermal treatment of over 500 ‘C makes the surface of
biochar be less polar and more hydrophobic due to the decomposition of O- and H-

containing functional groups, which directly affect the VOC adsorption [41].

Some studies, however, have suggested that the chemical functional groups on the
surface of adsorbents are not an important factor in VOCs adsorption [88]. Sometimes,
correlation analyses fail to demonstrate the direct relationship between specific surface
area, pore size, functional groups of carbon adsorbents and their VOC adsorption
capacities. This is because the above-mentioned features never play the part on their own.

Therefore, a balance between all the textural and chemical properties should be considered.

1.6.2. Adsorbate properties

The properties of adsorbates, such as molecular structure, polarity, and boiling point, play
an important role in VOC adsorption onto carbon materials. First, the molecular structure of
VOCs determines their adsorption sites, while the larger VOCs cannot enter into the smaller
pores. Moreover, large size VOC molecules such as naphthalene (kinetic diameter = 0.62
nm) are adsorbed in a small amount because these block the entrance of narrow micropores
of AC. The adsorbate shape also influences VOCs adsorption. For instance, o-xylene, m-

xylene, and p-xylene possess almost equal cross-sectional area of 0.375, 0.379 and 0.380
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nm?, respectively, however, the adsorption of p-xylene on carbon materials is significantly

higher than that of the others [108], [111].

The molecular polarity of VOCs is another property that directly impacts their adsorption
onto carbonaceous adsorbents. Generally, polar VOCs prefer to be adsorbent onto
adsorbents with polar groups, while nonpolar VOCs would like to be adsorbed onto the
adsorbent without polar groups [112]. For example, nonpolar VOCs such as C¢Hs and CCly
exhibit higher adsorption capacity on biochar and non-oxidized AC than other polar VOCs,
where the basic character of basal planes on these adsorbents displays a high affinity for

VOCs with zero dipole moments.

Regarding the boiling point, it can be said that the physical adsorption process of
adsorbate on porous adsorbents is similar to vapor-liquid phase transitions, where the
adsorbate with higher boiling point would be preferentially adsorbed than those with lower
boiling points because for the stronger intermolecular forces. Additionally, liquid-like
condensation plays an important role in VOCs adsorption on AC, thus the boiling point of
VOCs is a crucial factor to influence the adsorbent. It has been found that the adsorption
capacity of low boiling molecules as dichloromethane (313.2 °C) and ethanethiol (308.2 °C)
were 0.21 and 0.18 mol kg™, respectively, which were less than the 1.23 mol kg ** of siloxane
D4 (448.9 °C) [11]. Because of the strong affinity between the high boiling point of VOCs
and adsorbents, the VOCs with lower boiling point will be easily replaced during the
competitive adsorption process, whereas the desorption of VOCs with high boiling point from

the adsorbent is more difficult due to their strong affinity with the adsorbent [28].
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1.7. Motivation of this research

Considering the hazardous effect of VOCs on the environment and human health, in
recent years the control of these emissions has attracted much attention. Currently, many
countries have focused their efforts to reduce polluting emissions and have developed
legislation to meet their objective of minimum emissions to the environment. Therefore, the
recovery and reuse of evaporated gasoline from loading, unloading, and other handling
processes are of significant importance from both economic and environmental point of

view.

Adsorption with activated carbon has been recognized as the preferred strategy for
controlling VOCs emissions. However, serious diffusion restrictions by its narrow
microporosity tend to cause problems as pore blocking, hygroscopicity, and difficulty to be
regenerated. It was thought that by employing macroporous adsorbents, the problems
associated with activated carbon could be overcome. Unfortunately, these materials
possess a low surface area, resulting in a relatively reduced adsorption capacity. Therefore,
the main motivation of this research was to growth carbon nanostructures on macroporous
biochar, taking advantage of its high exposed surface area and high affinity for different
VOCs of gasoline, to avoid diffusion restrictions of VOCs and obtain a high desorption

performance.

1.8. Hypothesis

The growth of carbon nanostructures by chemical vapor deposition on biochar from waste
bagasse agave will increase its exposed surface area, and hence, the adsorption and
desorption kinetics of different VOCs contained in commercial gasoline will be faster than

those reported for commercial activated carbons used in automotive canisters.
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1.9. General objective

The purpose of this research is to study the growth of carbon nanostructures onto
macroporous biochar from waste agave bagasse by chemical vapor deposition to explore
the adsorption and desorption performance of representative VOCs of gasoline in static and

dynamic configurations.

1.9.1. Specific objectives

= To determine the synthesis conditions of CVD process in a thermogravimetric analyzer
by growing carbon nanostructures through short synthesis times (< 5 min) and low
temperatures (< 700).

= To characterize the novel composites by techniques such as N physisorption, FTIR,
SEM, TEM, XRD, Raman spectroscopy, potentiometric titrations, and contact angle,
and further understand the structure of these materials.

= To determine the static adsorption kinetics of different VOCs representative of
evaporative emissions such as benzene, toluene, hexane, and pentane.

= To implement the TGA conditions used for carbon nanostructures by CVD in a furnace
oven for larger-scale adsorbent production.

= To determine the dynamic adsorption of different VOCs from gasoline in packed bed
columns, and the reusability of the biochar/carbon nanostructures composite.

= To determine the dynamic adsorption breakthrough of a commercial gasoline in a
packed bed column.

= To compare static and dynamic performance of modified and non-modified biochar with
a commercial porous carbon material often used for VOCs adsorption in automotive
canisters.

= To propose the adsorption mechanisms involved in the VOC uptake, based on the

VOCs and carbon-base materials properties.
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Fast benzene vapor capture by natural
macroporous biochar improved with
carbon nanostructures
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This chapter was adapted from: Fast benzene vapor capture by natural macroporous
carbonized fibers improved with carbon nanostructures, Separation and Purification

Technology 257 (2021) 117956.
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CHAPTER 2

Abstract
We investigated the adsorption of benzene, as a model volatile organic compound from
gasoline, in a novel macroporous carbon material, with the intention of improving the kinetics
performance of porous materials in automotive canisters. In this research, we proposed
agave bagasse fibers, that when pyrolyzed develop wide pores all along the fiber, that are
helpful in vapor diffusion. To enhance the surface area of this biochar, we grew diverse
carbon nanostructures onto biochar surface by chemical vapor deposition. The as-produced
materials were characterized by N: physisorption, FTIR, SEM, TEM, XRD and Raman
spectroscopy. The carbon nanostructures formed, such as bamboo-like carbon nanotubes,
onion-like carbon, and carbon black, increased the surface area of biochar from 120 to 185
m? g1, while their thermal post-treatment at 800 °C doubled the surface area, up to 243 m?
g%, of the pristine biochar. The adsorption of benzene vapor showed that biochar containing
carbon nanostructures have 1.8 times faster adsorption kinetics (0.0064 mmol min't) and
1.5 times higher adsorption capacity (55.53 mg g*) after 26 h of static adsorption than a
commercial granular activated carbon, which is used nowadays in automotive canisters. The

pseudo-second order model provided the best fit to the kinetic rates.

2.1. Introduction

The release of volatile organic compounds (VOCS) into the atmosphere has become a
worldwide risk of growing concern [1], this because VOCs emissions are hazardous to
human health, and contribute to serious environmental problems such as the destruction of
the ozone layer, the formation of photochemical smog and global warming [3]. The
emissions from gasoline in automotive fuel tanks are an important anthropogenic source of
VOC:s since these are leaked to the atmosphere for an average time of 24 h, even when the
vehicle is not running. To avoid VOCs emissions, modern vehicles are equipped with

evaporative loss control devices, also known as canisters, that adsorb the VOCs from
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gasoline [107]. From the great variety of adsorbent materials, activated carbon is the most
widely used for VOCs removal in automotive canisters, mainly because of its excellent
adsorption capacity due to both, its non-polar surface chemistry, and its well-developed
porosity [113], [114]. Nevertheless, the adsorption of VOCs in porous materials such as
activated carbon has some limitations. During VOCs capture, they experience diffusion
limitations in the narrow microporous structure of the activated carbon, and particularly
during the regeneration of the saturated material [93], [115]. In this sense, the development
of non-polar carbon materials with a considerable exposed surface area in wide-open pores

is a promising alternative to overcome the VOCs diffusion restriction during their capture.

Because of the latest, biochar from agave bagasse is proposed as a potential adsorbent
of VOCs. The open parallel channels, that go from tip to tip, formed after the carbonization
of agave bagasse fibers can allow a fast adsorption-desorption rate during the canister
operation process, while their surface chemistry, mostly non-polar, favors hydrophobic
interactions with organic adsorbates [116]. The use of raw lignocellulosic waste materials as
a renewable carbon source with high availability for the preparation of biochar as adsorbent
materials, has caught increased attention due to the potential reduce of the environmental
pollution that causes its confinement [117]. The carbonized agave bagasse fibers have
relatively low surface area that could result in a low adsorption capacity, limiting its use as
adsorbent [116]. Therefore, an alternative to implement this biochar in the removal of VOCs
from automotive gasoline is the increase in their exposed surface area by the growth of

carbon nanostructures within their channels.

Among all carbon-based materials, carbon nanostructures such as graphene, fullerenes,
carbon nanotubes (CNTs), and carbon nanospheres (CNSs) have been considered
promising adsorbents for the removal of organic molecules due to their adequate organic

affinity and high surface area [118]-[120]. Researchers have reported a wide range of
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surface area for CNTs (150 — 3000 m? g1) and for a variety of CNSs like carbon black and
carbon nano-onions (300 — 600 m? g?), which is comparable to that of carbon-based
adsorbents that are applied commercially [61], [121]. Unlike the porous carbon materials,
these carbon nanostructures have a readily available surface area, making easy the
pollutants diffusion during their adsorption [65]. CNTs adsorption isotherms have been
evaluated in batch configuration for benzene, methanol, and methane [122], while CNTs
adsorption kinetics have been tested for ethanol, isopropanol, cyclohexane, benzene, and
hexane [118]. The use of CNSs in adsorption applications have mainly focused on the
removal of some pollutants from water, such as fluorescent dyes [123], chromate [66], and
hexavalent chromium [65]. On the other hand, nitrogen doped hollow carbon spheres have

reported a remarkable dynamic benzene vapor adsorption capacity of 766 mg g [91].

Carbon nanostructure materials are fine powders, and in order to implement them in a
packed canister for the adsorption of gasoline emissions, they need to be immobilized or
anchored on a solid matrix. Thus, carbon nanostructures-based composites have triggered
a great interest in the materials science community, although the information related to their
adsorption performance is very limited. For instance, the study of aligned growth of CNTs
on other carbon substrates was mainly undertaken to improve their surface area in order to
be applied as high-performance capacitors and field emitting electron sources [124], [125].
The exfoliation of graphene oxide sheets by the growth of CNSs embedded as pillars
between layers increased the surface area of graphene oxide from 219 to 476 m? g*, making
a so-called sandwich composite [82]. As far as we know, there are no reports yet concerning
the growth of carbon nanostructures directly on macroporous biochar obtained from the
carbonization of agave bagasse, to create a novel material for VOCs adsorption. In addition,

it is believed that carbon nanostructures could also further improve the mechanical, physical,
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and chemical properties of biochar, providing an opportunity to apply this novel material as

adsorbent of VOCs.

Hence, the purpose of this study is to develop a novel composite that combines the wide-
open pores of biochar from agave bagasse with the highly non-polar surface area of non-
oxidized carbon nanostructures. Characterization techniques such as N» physisorption,
FTIR, SEM, TEM, XRD and Raman spectroscopy are used to further understand the
structure of this novel composite. The adsorption kinetics of benzene, as model VOC, is
evaluated in static adsorption experiments, which resembles the operational conditions of
automotive canisters, where no external gas flow carries the evaporated gasoline.
Additionally, benzene adsorption kinetics and capacity of modified and non-modified biochar
are compared to a commercial porous carbon material often used for VOCs adsorption in

automotive canisters.

2.2. Materials and methods

2.2.1. Reagents and precursor

All the chemicals used in this research were reagent grade. FeSOa-7H,0 was purchased
from Fermont Company. NaBH,, sodium carboxymethylcellulose (CMC, M.W: 25,000) and
benzene were obtained from Sigma Aldrich. Deionized water was used for the preparation
of all solutions. The precursor (agave bagasse from Agave salmiana plant) was provided by
a distillery located in San Luis Potosi, Mexico. Before the carbonization step, the bagasse
fibers were washed with deionized water then dried at 90 °C for 24 h, and finally cut to the

length of 0.5 cm.
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2.2.2. Biochar production and catalyst impregnation

Biochar was obtained through carbonization of bagasse fibers in a tubular furnace under
the following conditions: i) heating rate of 5 °C min™ until reaching 200 °C; after that
automatically, ii) the heating rate was changed to 10 °C min?t until 600 °C; and iii)
temperature was held at 600 °C for 80 min. All the process was carried out under a N>

atmosphere with a flow rate of 1 L min.

To promote the growth of CNTs on the biochar, zero-valent iron particles were used as
catalyst. Herein zero-valent iron catalyst was prepared by using CMC to avoid particle
agglomeration [126]. In brief, 250 mL of CMC 4.96x10° mol L solution was purged with N2
for 15 min to remove dissolved oxygen. In a typical preparation, 50 mL of FeSO.-7H,0 stock
solution was added to CMC solution to yield a desired Fe?*/CMC molar ratio. Keeping the
CMC concentration constant, three iron concentrations (0.1, 1 and 10 g L) were explored
to evaluate their effect on the CNTs growth. The zero-valent iron catalyst was prepared by
the reduction of Fe?* ions with 10 mL of NaBH, solution as reducing agent, added drop by
drop, at a BHs/Fe?" molar ratio of 2:1. The solution was stirred at 230 min under N
atmosphere until H, gas (formed by the reduction of Fe?*to Fe®) evolution ceased after 15
min. Finally, the impregnation of the zero-valent iron catalyst onto the biochar surface was
carried out by immersing 0.2 g of biochar in 20 mL of this iron nanoparticle suspension. The
samples were stirred for 48 h at 25 °C under orbital stirring at 125 min?. After the
impregnation procedure, the samples were rinsed with deionized water to eliminate residual

chemicals and dried at 90°C for 24 h.
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2.2.3. Chemical vapor deposition setup

Carbon nanostructures were synthesized by means of chemical vapor deposition (CVD)
at ambient pressure. The CVD system consisted of a thermogravimetric analyzer (Versa
Therm) with a vertical quartz furnace as reactor. First, the impregnated biochar was placed
in a mesh capsule while the tubular reactor was purged with N2 gas. Then, the samples were
heated up at a rate of 25 °C min* until the temperature of CVD (700 °C) was reached. Then,
the carbon source (CzH:) was injected for 60 or 300 s. These conditions were tested for the
three iron concentrations described above. Once the CVD process ended, the samples were
cooled down to room temperature. After that, the sample was thermally post-treated at 800

°C for 10 min under N, atmosphere to remove condensed soot and amorphous carbon.

2.2.4. Characterization techniques

Surface area and pore size distribution were estimated from the nitrogen physisorption
isotherm, obtained in a Micromeritics ASAP 2020 instrument at 77 K. The surface area was
calculated using the BET equation [127], and the pore size distribution was determined using
the density functional theory (DFT), protocols established in the equipment. Functional
groups were determined by attenuated total reflection Fourier transform infrared analysis
(ATR-FTIR, Thermo-Nicolet, Nexus 470 FT-IR E.S.P). The spectra were obtained from 550
to 4000 cm™ with a resolution of 6 cm™. X-ray diffraction (XRD) analysis of pristine and

modified carbonized fibers was obtained in a SmartLab Rigaku diffractometer using a CuKq

radiation. The XRD patterns were obtained with a step size of 0.01° with a step time of 10
sec. The peak positions of the crystal structures were identified from the ICDD-PDF-4 +
2015 database. Raman spectroscopy was performed by means of a confocal Raman
spectrometer (inVia MICRORAMAN: RENISHAW) using a 514 nm laser and a 100x

objective lens (spot size of 0.3 ym). Selected samples were observed by scanning electron
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microscopy (ESEM FEI QUANTA 250 FEG); obtaining detailed information about the
dispersion of catalysts on the biochar surface and synthesized carbon nanostructures under
different CVD experimental conditions. The transmission electron microscope (TEM, Tecni
FEI 300 operated at 300 kV) was used to observe with more detail the carbon nanostructures
morphology. The sample was suspended in isopropanol and then sonicated for 5 min; finally,

the sample was mounted onto copper TEM grid.

2.2.5. Adsorption experiments

The batch adsorption experiments were evaluated to explore the benzene adsorption
kinetics of carbon materials. The experimental setup was as follows: we introduced 0.1 g of
adsorbent material in a 1 mL glass syringe that has a metallic needle. The syringe packed
with adsorbent was dried at 100 °C for 24 h to remove the physisorbed moisture and cooled
down in a desiccator at room temperature. Besides, 5 mL of benzene were placed in a 50
mL serum bottle and sealed with black Teflon stoppers. The headspace of the bottle was
replaced with N, atmosphere to avoid moisture effects. To stimulate the benzene
gasification, the bottles were stirred in an orbital shaker for two days at 90 min* at 25 °C.
The syringe loaded with dry adsorbent material was weighed in a digital microbalance with
a sensitivity of 0.01 mg. After that, the syringe needle was inserted in the serum bottle by
crossing the septa to allow the benzene gas to diffuse through the needle cavity to the
adsorbent material. The syringe was taken out from the bottle to monitoring its weight within
the interval of 1- 26 h. The adsorption rate parameters were determined for selected models,
including the pseudo-first and pseudo-second equations [128]. The pseudo-first-order

kinetic equation is given by:

In(qe — q¢) = In(qe — kot (Eq. 2.1)
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where, g: and ge (Mg g?) are the adsorption capacities at time t (h) and equilibrium,

respectively, and ki (h?) it the pseudo-first order rate constant.
The pseudo-second order kinetic equation can be represented by:

t 1 1
— = >+ —t (Eq. 2.2)
qt k2qe de

where k. (mg (geh)?) is the pseudo-second order rate constant of sorption, ge (mg g*) is the

amount of pollutant absorbed equilibrium, and q:(mg g?) is the amount of pollutant adsorbed

at any time t (h).

2.3. Results and discussion

2.3.2. Substrate characterization and catalyst dispersion

It is accepted that the final properties of a carbon porous material depend essentially on
the composition and morphology of the precursor. As stated above, agave bagasse is a
lignocellulosic waste material from the tequila and mescal industry, and this does not have
any commercial use [129]. The chemical composition of raw bagasse fibers and biochar is
shown in the ATR-FTIR spectra (Fig. 2.1a). The characteristic absorption bands in the
bagasse fiber sample indicated the presence of protonated carboxyl groups or ester groups
around 1725 cm?, alkyl chains (-CHz and —CHs) between 2940 - 2840 cm, and —OH groups
at 3360 cm™. Bands at 1410 and 1020 cm correspond to vibrations of C-O and O-H, from
acidic groups of aliphatic and phenolic structures, respectively, and also band at 1590 cm*
correspond to vibration of C-C. These bands are related to the cyclic structures of cellulose
or lignin molecules [117]. After carbonizing bagasse fibers, the absorption bands spectra
show a loss in the signal intensity of most functional groups. The main difference is the
removal of the wide absorption band at the range of 3200-3600 cm™, corresponding to the
O-H stretching mode because of the removal of hydroxyl groups from cellulose and
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hemicellulose structures. This result suggests the development of basal planes of graphitic-

like layers by the graphitization of carbon condensed during the carbonization process.
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Fig. 2.1 - (a) FTIR spectra of raw bagasse fibers and biochar, (b) Distribution of incremental pore

volume of biochar. SEM secondary electrons images of (c) cross and (d) longitudinal section of

biochar.

The raw bagasse fibers do not exhibit any particular porous structure. However, pyrolysis

under inert atmosphere causes the thermal decomposition of the raw material by removing

cellulose and hemicellulose structures that are thermally unstable above 600 °C [116],

leading to a carbon skeleton with a wide pore structure inside the material (Fig. 2.1b). In

contrast, other non-lignocellulosic raw precursors such as activated carbons and polymeric

carbon fibers need a second thermal treatment to further develop porosity [34]. The pores
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generated after the carbonization process form an arrangement of parallel channels along
the fiber with diameters between 2 to 15 um (Fig. 2.1c). This porous structure is ideal for
adsorption applications since the pore channels could enhance the mass transport of
organic molecules in a gas stream [30]. Moreover, the periphery of the carbonized fibers
was constituted of large rods with an average length of 250 um (Fig. 2.1d). EDS analysis
shows that these rods are composed of calcium (Fig. 2.2). It is important to point out that
these calcium rods come from calcium oxalates minerals, present in lignocellulosic materials

that provide rigidity and hardness to the plant [130].
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Fig. 2.2 - EDS analysis on longitudinal surface of biochar.

In order to observe the distribution of catalyst particles by the effect of CMC, at different
iron concentrations, the catalyst impregnated biochar was analyzed by scanning electron
microscopy. SEM images show the samples after been thermally treated at 700 °C to
simulate the arrangement of the catalyst just before the CVD process. Here, it is important
to highlight that previous to the thermal treatment, the catalyst is covered by CMC (Fig. 2.3),

although the catalyst particles were exposed during the thermal treatment.

Joel de Jestls Gutiérrez Martinez

53




CHAPTER 2 ﬁ““‘\ 5y

fad?
Secondary electrons | Backscattered electrons |

Fig. 2.3 - SEM a) secondary electrons and b) backscattered electrons images of catalyst impregnated
biochar covered with CMC.

The catalyst arrangement is important because its homogeneous distribution can control
the dispersibility of carbon nanostructures, while at a smaller particle size of the catalyst its
catalytic activity increases [79]. It was found that the iron concentrations of 1 g Fe L* allowed
to obtain the most homogeneous catalyst dispersion on biochar, without agglomerates
formation. The backscattered electrons images showed this homogeneous distribution of
catalyst on biochar like white spots (Fig. 2.4). Furthermore, the catalyst presented strong
affinity for the calcium rods, because of the interaction between hydroxyl groups of both
calcium mineral and iron oxide that can form hydroxide ligand bridges. On the other hand,
backscattered electron images showed brighter quasi-spheres shapes with higher atomic

number, suggesting that these particles are principally composed of iron, while less bright
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shapes with a lowest atomic number could be composed of carbon from biochar or CMC as

can be observed in the inset of Fig. 2.4c.

Fig. 2.4 - (a-c) SEM backscattered electrons images of biochar impregnated with three iron
concentrations treated at 700 °C: (a) 0.1, (b) 1 and (c) 10 g L1, simulating the catalyst performance
before CVD process. The insert in (a) and (b) shows the interaction of iron with calcium rods, and (c)

shows the iron particles covered with condensed carbon.
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2.3.3. Carbon nanostructures morphology over carbonized fibers

Morphological changes of biochar were analyzed by scanning electron microscopy (SEM)
to corroborate the effect of CVD and thermal post-treatment on the structure and distribution
of carbon nanostructures. The SEM observations after the CVD process during 300 s
displays a high fraction of carbon nanostructures that cover the surface and inside channels
of biochar (Fig. 2.5a, d, g). It is important to highlight that CVD induced the formation of
CNSs, mainly, and CNTs onto biochar. These labels were assigned based on morphological
similarity with other carbon nanostructures previously reported [61], [83], [119]. The CNSs
reported herein, have a predominant arrangement of a bunch of grapes-like structures. This
particular morphology has been previously reported as well in the study on hydrothermal
decomposition of eucalyptus sawdust [131]. Indeed, it has been reported that during the
production of the so-called hydrochar from lignocellulosic raw material, the growth of
microspheres as a consequence of saccharides decomposition was preferentially promoted
[132]. Additionally, it was found that carbon spheres with a diameter of 300 - 500 nm covered
the surface of activated carbon during the thermal decomposing of a high concentration of
glucose [133]. It was also described that saccharides macromolecules could decompose
into various free radicals, including CHO, at elevated temperatures, which promote the
formation of spherical amorphous carbon. All mentioned above founds are in a good
concordance with the experimental results of the present work, where prior to C2H; supply,
the CMC could be the precursor of the CNSs formation due to the
decomposition/dehydration of the oligosaccharides or monosaccharides, as reported by

Sevilla and Fuertes [132].

The thermal post-treatment at 800 °C certainly clear channel entrances of the CVD
treated biochar. Two main features were distinguished herein. The most important is that

the channels of biochar were apparently clean up to some extend by the removal of CNSs
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(Fig 2.5b, e, h). The other feature is that the surface of the biochar was found to be more
homogeneously covered with CNTs, whit the higher covering density of CNTs in comparison
to the samples processed by CVD-only (Fig 3c. f, i). Regardless of the iron concentration,

the samples exhibit similar morphologies.

CVD: 700 °C

Fig. 2.5 - SEM secondary electrons images of carbon nanostructures grown on biochar by CVD
during 300 s, using three iron concentration: (a,b,c) 0.1, (d,e,f) 1, (g, h, i) 10 g L-1. A comparison
between samples obtained after CVD process at 700 °C and after thermal post-treatment at 800 °C

is made.

In order to obtain a better dispersion of carbon nanomaterials and avoid their
agglomeration over the entire surface of biochar, the CVD time was reduced to 60 s. The
surface morphologies did not show a significant change after thermal post-treatment in
comparison with those of CVD-only. SEM secondary electrons analysis of these samples

showed the growth of CNSs with analogous morphologies to those obtained by CVD for 300
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s, although their length and diameter are shorter due to a lower carbon supply concentration,
as seen in Fig. 2.6. SEM secondary electrons images of modified biochar taken crosswise
(Fig. 2.6a, c, e) and longitudinally (Fig. 2.6b, d, f) revealed consistent and uniform growth of
carbon nanostructures, being observable even at low magnification. At an iron concentration
of 0.1 g L1, CNSs and a few carbon morphologies with irregular shapes are the predominant
structures, with the presence of curved CNTs. The micrographs of this sample clarify that
the carbon formed by CMC decomposition, condensed on biochar to promote the growth of
CNSs due to low surface concentration of catalysts. Unlike, at higher iron concentrations (1
and 10 g L) CNTs covered a major surface of biochar, stimulated by the well-dispersed
catalyst onto the biochar surfaces (see Fig. 2.4). In addition, the growth of these CNTs on
carbonized fibers is mainly curved. This behavior could be a consequence of diverse
aromatic molecules such as 1,2,4-benzenetriol, and furfural-like compounds from the CMC
decomposition [131]. The oxygen atoms presented in such aromatic compound during the
CVD synthesis could bended the structure of CNTs [80]. Considering that the temperatures
at which the biochar was treated overlap their thermal stability reported by TGA data [134],
it was expected a substantial degradation and/or degasification of biochar. However, herein
the porous structure and physical integrity of the biochar was preserved at 800 °C, likely due
to a carbon coating that could reinforce the biochar and improve their thermal stability (see

inset in Fig. 2.6¢).
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Fig. 2.6 - SEM secondary electrons images of carbon nanostructures grown on biochar by CVD

process during 60 s, using thermal post-treatment at 800 °C with three iron concentrations: (a, b) 0.1,

(c,d) 1, (e, f,i) 10 g LL. The insets are the corresponding SEM images under high magnification.

More detailed information about the morphology of the carbon nanostructures on biochar
by CVD process, at 60 s, was obtained from transmission electron microscopy (TEM). After
examining TEM images, it was found that the majority of CNSs was composed of carbon

black (Fig. 2.7d), although a small proportion of these CNSs have a similar morphology to
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the so-called onion-like carbons (Fig. 2.7c¢). In addition, the majority of CNTs displayed a
bamboo-like morphology. The bamboo-like structure of CNTs exhibits thin compartment
layers (Fig. 2.7b) [135]. The found outer diameter of CNTs is in a range of 30-100 nm, while

the inner diameter and wall thickness are of about 12 nm and 10 nm, respectively.

Fig. 2.7 - Representative TEM images of different carbon nanostructures: (a, b) CNTs, (c) onion-like
carbon, and (d) carbon black, grown on biochar using an iron concentration of 1 g L-* by CVD during
60 s at 700 °C, and post-thermal treatment at 800 °C.

To understand the effect of the heteroatoms such as nitrogen and oxygen on the
morphologies of CNTs and CNSs obtained in this work, we analyzed the elemental

composition of biochar with and without catalyst (Table 2.1). First, biochar analysis showed
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the presence of nitrogen that is attributed to the precursor, bagasse agave, which contains
nitrogen originated from inorganic (nitrate and/or ammonium ions) and organic (proteins).
As it is well known, nitrogen atoms are incorporated into CNTs mainly in pyridine-like and
graphite-like nitrogen ways in all cases [136]. Moreover, nitrogen doping in the pyridine-like
nitrogen sites plays a key role in the interlinked compartments generated during the growth
of bamboo-like CNTs [137], which agrees with the TEM images reported herein. In addition,
the presence of oxygen in carbonized fibers come from the functionalities mainly presented
in the periphery of basal planes, while the thermally treated impregnated biochar show the
increased in the oxygen content since the thermal decomposition of CMC could induce the
formation of turbostratic carbon with reactive oxygen functionalities. Based on the previous
images shown in the inset of Fig. 2.4, it is proposed that once the oxygen associated with a
carbon source from CMC condensed on catalyst during the heating process (previous to
CVD), the formation of onion-like carbon takes place because temperatures below 700 °C
are not enough to drive the growth of CNTs. These onion-like carbons have a closed quasi-
spheres shape with a mean size of 30 nm and consist of several graphene-like shells
enclosed one into another (Fig 2.7c). Nevertheless, the carbon condensed on biochar
surface, catalyst free, stimulates the growth of carbon black (Fig. 2.7d), where the
decomposition of CMC also produces oxidized aromatic molecules that condense like

turbostratic carbon [132].

Table 2.1 - Elemental analysis of the carbon substrate with and without catalyst.

ID Sample %C %N %H %0* %Fe %Ca
Biochar 54.9 9 7.9 23.2 0.03 0.5
BC-zZVI/CMC* 55.9 4 2.3 32.1 0.65 04

*Biochar modified with zero-valent iron/CMC, and treated at 700 °C in N, atmosphere.
*value obtained by difference.
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2.3.4. Structural characterization

The samples analyzed in the subsequent sections are labeled as follows: BC, biochar;
BFZVI700-1, biochar with 1 g Fe L**thermally treated to 700°C; BCVD700-60-1, biochar with
1 g Fe Ltinduced to CVD at 700°C during 60 s; and BCVD-60-1, biochar with 1 g Fe L*

induced to CVD at 700°C during 60 s and thermally post-treated at 800 °C.

The X-ray diffraction (XRD) patterns of the synthesized materials are displayed in Fig.
2.8. The diffraction peaks of the sample BC are manly assigned to calcium carbonate (ICDD-
PDF Card 00-005-0586), matching with the calcium rods previously observed (see Fig. 2.1).
The diffraction pattern of the sample BCZVI700-1 exhibits a characteristic wide band located
at 20 interval of 22-30°. The broadening of this peak suggests the low graphitization degree
and the presence of amorphous carbon [63]. This last one behavior was also observed in
both diffractograms BCVD700-60-1 and BCVD-60-1, in addition to the appearance of
diffraction peaks at 26 values of 26° and 43° (ICDD-PDF Card 00-056-0159), attributed to
the (002) and (100) planes in crystalline graphitic structure, respectively. After CVD process,
the sharp and highly intense peak at 26° indicates the formation of crystalline carbon from
nanostructures on biochar. Additional diffraction peaks were observed for all the modified
biochar at 26 values of 43, 50 and 74° for iron (ICDD-PDF Card 01-081-8770); 37, 44, 45
and 46° for iron carbide (ICDD-PDF Card 01-074-3854); and 30, 35, 56 and 62° for
magnetite (ICDD-PDF Card 01-072-2303). The iron species on biochar such as iron and
magnetite reacted with the carbon atoms originated from the decomposition of C,H, and/or
CMC, to form metastable iron carbides [80], which mainly allow the growth of CNTs and

CNOs.
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Fig. 2.8 - X-ray diffraction patterns (from up to bottom) of the samples BC, BCZVI700-1, BCVD700-
60-1 and BCVD-60-1 with a step size of 0.01° 20 at 10 sec per step. All four diffraction patterns were

collected on the same day.
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CHAPTER 2

Further structural details were obtained by Raman spectroscopy. For the studied
samples, the characteristic D, G and 2D bands in the region between 1000 and 3000 cm*
provide the most valuable information on the structural change of carbon materials (Fig. 2.9).
The first two bands correspond to one-phonon process (the first-order Raman spectra): the
G band at about 1580 cm™* come from the carbon atoms vibration in sp?-hybridized carbon
network resulting from defect-free graphitic domains (in-plane E>; mode); and D band at
about 1340 cm™ is associated to the breathing mode A4 of the hexagonal carbon ring with
defects such as vacancies, oxygenated groups, sp3-hybridized carbons, foreign atoms and
finite-size effects [138]. In curved carbon structures, like CNTs and CNSs, the D band is
always present [139]. In the second-order Raman spectra, the 2D band at about 2700 cm?,
attributed to the overtone of the D band, is active for graphite crystals through the double
resonance process involving phonons with opposite wave vectors, but unlike to D band, it is

not activated by the proximate to defects [140].

In addition to SEM analysis, Raman spectroscopy allows analyzing the structural carbon
transformation through the entire process to obtain a variety of carbon nanostructures. To
clearly reveal the differences among the Raman spectra of the samples, the spectra were
scaled up to have a similar intensity of the G peak. The spectra of the biochar (BC) showed
broad peaks at the first-order spectra, indicating a rather low degree of ordering of the
graphitic structures; similar features are reported for activated carbon and graphene oxide
[141]. Several differences are clearly observed in the Raman spectra of the processed
samples shown herein (BCZVI700-1, BCVD700-60-1, and BCVD-60-1). First, an evident
increase in intensity of the D band for the sample BCZVI700-1 is observed. This band
correspond to the presence of defects or disordered carbon formed by the decomposition of
CMC into domains formed by sp? hybridized carbon, and confined by sp? hybridized bonds,

with the dimensions comparable to polycyclic aromatic hydrocarbons [120]. The increase in
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the G band after CVD (sample BCVYD700-60-1) is well explained by the growth of carbon
nanostructures mainly constituted of sp? hybridized carbon atoms, although with the
contribution of sp*-hybridized carbon. The broad band presented between D and G bands
could be a consequence of hidden additional peaks at 1180, 1500, and 1620 cm™, which
are related to impurities, amorphous carbon, and disordered carbon, respectively [142]. The
presence of the five- and seven-membered carbon rings is expected in the region of high
local curvature of carbon nanostructures, and also can explain the existence of these hidden

peaks [138].
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Fig. 2.9 - Raman spectra (from up to bottom) of biochar (BC), catalyst impregnate biochar thermally
treated-only at 700 °C (BCZVI700-1), biochar processed to CVD (BCVD700-60-1), and biochar
processed to CVD and thermally post-treated at 800 °C (BCVD-60-1). The modified samples were
evaluated at the same iron concentration (1 g L1).
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Furthermore, when the thermal post-treatment at 800 °C was applied to the carbon
nanostructures (sample BCVD-60-1) an evident increase in the D band was observed. The
relatively high intensity of the D band is the clear consequences of the curly morphology of
formed CNTs. The obtained Raman spectra is similar to those reported for multi-walled
CNTs with bamboo-like structure, caused by the defects and disorder induced by nitrogen
doping [136]. The multi-walled CNTs also show a Raman pattern similar to char and carbon
black [143]. In addition, it is observed a growth in the sharpness of the D and G bands, and
a decrease of the hidden signals of amorphous carbon mentioned above. This last one is
the most significant feature of the temperature-induced changes in the Raman spectra of
CNSs, showing a strong reduction of the amorphous carbon [138], being consistent with our
results of microscopy. The latter becomes more evident when the transitions of the 2D band
are compared between samples. As seen on Fig. 2.9, the presence of broad D and G bands,
in combination with the absence of 2D band for biochar, reveals their amorphous
characteristics. The fact that the 2D band emerged from the processed samples spectra,
can be taken as a clear indicator of a presence of a high content of graphitic structure due
to the creation of few-layers graphene [120]. The 2D band in multilayer graphene has a
strong dependence on the number of layers, where a sharper single 2D band is related to a
lower number of layers [143]. In this sense, the presence of the single peak close to 2700
cmt, shown for the biochar modified by CVD (sample BCVD700-60-1), is consistent with the
morphologies of CNTs and onions-like carbon observed in TEM images. Moreover, after
thermal post-treatment (sample BCVD-60-1), a new peak emerged at 2900 cm™ suggesting
a phase transformation that could cause a volume expansion mainly of onion-like carbon.
The increase in temperature removes oxygen surface functionalities, leading to the
emergence of CO and CO- gases. Pyrolysis of functional groups causes the formation of
dangling bonds on carbon atoms, which can be reconstructed and combined to form =-
bonds, followed by the continuous graphitization from the outside to the inside of the
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particles [61]. In addition, the carbon nanostructures expansion attributed to the higher
lattice spacing of sp? graphite-like carbon (0.35 nm), compared to sp® defective shells (0.34
nm), leads to a decrease in particles density and a therefore an increase in surface area as

is seen in the next section.

2.3.5. Surface area analysis

As stated above, biochar exhibits an arrangement of parallel channels developed after
agave bagasse carbonization. This structure appears to be ideal for adsorption processes.
The surface area of the carbonized fibers before and after the CVD process, as well as after
the thermal post-treatment at 800°C, is reported in Fig. 2.10. Even though the surface area
of the biochar is 120 m? g%, it is necessary to increase the exposed surface area in order to
obtain an adsorbent material that can be competitive with the adsorption capacity of
commercial granular activated carbons that have a high surface area (250 — 900 m? g?)
[144]. Considering the importance of increasing the exposed surface area of biochar, it is
relevant to establish the procedure conditions that will help to develop a higher surface area.
In this sense, a thermal post-treatment was implemented to improve the surface area of
modified biochar, since the CVD process compromises its surface area. It was found that
the surface area of biochar was reduced when the CVD time was higher than 60 s. For
instance, at a CVD time of 300 s the surface area of the biochar decreased from 120 to
around 5 m? g1. Nevertheless, the thermal post-treatment allows increasing the surface
area, even doubling the initial value of biochar, as it is the case for the samples that undergo
a CVD process under the following conditions: 300 s/10 g Fe L and 60 s/1 g Fe L%. Due to
the high temperatures of the thermal post-treatment (800 °C), the increase in surface area
can be an effect of both the amorphous carbon removal and a carbon nanostructures

rearrangement [145]. In addition, the surface area is not drastically modified by decreasing

Joel de Jestls Gutiérrez Martinez

67




CHAPTER 2

the CVD time to 60 s at an iron concentration of 1 and 10 g L, and the post-treatment further

improved the surface area values to 243 and 133 m? g, respectively.
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Fig. 2.10 - Surface area evolution of the synthesized materials after a) CVD and b) thermal post-
treatment at 800 °C. The modified samples are identified by their CVD temperature / iron
concentration (g Fe/ L), i.e. 300/0.1.

The surface area readily available in these modified materials could be advantageous for
VOCs removal in comparison with the higher surface area of a commercial activated carbon
because the nanostructures provide an exposed reactive area in the channels of carbonized
fibers in comparison to the poorly accessible micropores in the activated carbon. For this
reason, the pore volume and surface area of modified biochar (BCVD-60-1 sample) were
analyzed to understand the influence of nanostructures growth on the macroporous
structure of biochar (Table 2.2). In addition, commercial activated carbon (bituminous F-400)
was also analyzed by nitrogen physisorption to evaluate the effect of microporosity on
benzene adsorption kinetic performance. Overall, biochar has a reduced pore volume,
mainly in the mesopores range, and on the other hand, nanostructures improve the modified
biochar surface area, presumably by the exposed surface area mainly granted by CNTs. In
addition to these findings, CNTs also contribute to an increase in macropore volume, which

Joel de Jestls Gutiérrez Martinez

68




CHAPTER 2

results in both higher benzene adsorption capacity and fast kinetics. In contrast, the high
microporosity of activated carbon involves a restricted surface area, which makes it difficult
for gas to diffusion in adsorption applications at atmospheric pressure. The corresponding
N2 adsorption-desorption isotherms and incremental pore volume of these samples are

displayed in Fig. 2.11.

Table 2.2 - Textural properties of adsorbent materials tested in adsorption experiments.

Materials SeeT Viotal Vmicro Vmeso Vmacro
(m?g™) (cm*g™) (cm*g™) (cm*g™) (cm*g™)
Activated
776 0.416 0.270 0.131 0.015
carbon F-400
Biochar 120 0.056 0.041 0.015 N.D.
BCVD-60-1 243 0.088 0.059 0.016 0.013

N.D.: not detected
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Fig. 2.11 - N2 adsorption isotherms and incremental pore volume of adsorbent materials tested in

benzene adsorption experiments.
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2.3.6. Benzene adsorption analysis

In order to implement these promising materials in automotive canisters, where more
efficient and cost-effective adsorbent materials are needed, adsorption kinetics of a model
VOC from gasoline emission was investigated. As is well known, fast adsorption rates are
needed in regenerative adsorption/desorption processes that occurs in the evaporative
emission control system of automotive canisters devices. A central point to evaluate in the
adsorption kinetics studies was the time in which evaporative emissions from gasoline are
emitted, about 24 h, known as diurnal losses. Additionally, the adsorption study of a model
VOCs from gasoline emission was based on the static adsorption kinetics of benzene vapor
at 25 °C and ~1 atm of barometric pressure. In the present work, the adsorption kinetics of
a commercial bituminous activated carbon was compared with those of raw biochar and
biochar containing carbon nanostructures (sample BCVD-60-1). The main reason to
compare adsorption kinetics between activated carbon and these new adsorbents in diurnal
conditions is to demonstrate that materials with a high exposed surface area and low
tortuosity, such as biochar and sample BCVD-60-1, have a faster rate of adsorption than
activated carbon, which is demanded in automotive canister. The adsorption study was
based on the adsorbent mass change. In addition, it is important to highlight that adsorption
experiment was carried out in triplicated, while standard deviations were not higher than 1.3.
As shown in Fig. 2.12, sample BCVD-60-1 exhibits the fastest adsorption kinetics within the
evaluated time interval of 0-26 h evaluated. At the lower times, 3-6 h, the result obtained is
similar, which is relevant since in these time-lapse the so-called hot soak emissions also
take place in automotive systems, which is the gasoline evaporated after turning off the
vehicle. It was found that the benzene adsorption capacity of sample BCVD-60-1 during the
first 3 h was 18.5 mg g, while the capacity of activated carbon and biochar was 4.5 and

11.4 mg g?, respectively. As expected, the adsorption capacity of CVD treated biochar
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increased after carbon nanostructures growth. For instance, the benzene uptake increased
up to 90 % compared to biochar, and it is 1.5 times higher than that of activated carbon. In
the first 6 h, the fastest adsorption rates of 0.0064, 0.0035 and 0.0013 mmol h! were
obtained for FCVD-60-1 sample, carbonized fibers, and granular activated carbon,
respectively. As expected, these trends remained in the following 20 h, but the adsorption
rates decreased. These values are consistent with the fact that the diffusion of benzene is
only driven by its vapor pressure and its adsorption is carried out mainly on the most
exposed area of the material during this short period of time. Therefore, although the surface
area of activated carbon is higher (776 m? g?), its adsorption kinetics at the time evaluated
was lowest because its high microporosity limits the benzene diffusion. Besides, the
abundant mesopores and macropores of the biochar and sample BCVD-60-1 have
enhanced the benzene mass transport in short periods of time. In other words, benzene
vapor can diffuse into pores easier, and the adsorption process is accomplished more
quickly than in granular activated carbon, since the adsorbent tortuosity and pores size
determine adsorption kinetics. Furthermore, it is considered that the sp? basal plane of
carbon-based materials promotes a major affinity for benzene aromatic rings since these
are mainly attached face-to-face by n-m interactions [47, 119]. In addition, the higher
adsorption capacity of the carbonized fibers containing carbon nanostructures could be
attributed in part to the CNTs and onion-like carbon structures curvatures, which makes

delocalized electrons of sp? hybridizations more reactive favoring benzene adsorption [47].
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Fig. 2.12 - Benzene adsorption kinetics in static mode at 25 °C and 0.06 atm of vapor pressure, using
activated carbon, biochar, and BCVD-60-1 samples.

The experimental data of adsorption capacity of benzene as a function of time (Fig. 2.12)
were fitted to the pseudo-first and pseudo-second order kinetic equations (Table 2.3).
According to the calculated correlation coefficients (R? > 0.97), the adsorption kinetics of
biochar and BCVD-60-1 sample were better fitted by pseudo-second order reaction. Their
rate constant of sorption (k2) was 0.001 and 0.002 mg-(g-min)?, respectively. While the
pseudo-first and pseudo-second order reactions describe similarly the adsorption kinetics of
activated carbon, with a R? value close to 9.4 and a rate constant of sorption (kz) of 0.001
mg-(g-min)™®. These results suggest that benzene vapor can diffuse and transport faster in
BCVD-60-1 sample, and as a consequence the adsorption process is reached in a shorted
period of time. This is because modified biochar exhibits high meso and macroporosity that

enhance the mass transfers efficiency of benzene vapor [107].
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Table 2.3 - Kinetic constants for adsorption of benzene onto adsorbent materials.

Equation parameter Activated carbon Biochar BCVD-60-1

Pseudo first-order

ki (min) 0.057 0.082 0.138
ge (Mg g't) 28.87 42.71 54.91
R? 0.948 0.976 0.989
SSE 15.28 18.30 16.98

Pseudo second-order

k2 (g-(mg-min)1) 0.001 0.001 0.002
e (Mg g?) 44.96 59.11 70.80
R2 0.946 0.984 0.994
SSE 15.86 11.93 8.725

ki = pseudo-first order rate constant.

k. = pseudo-second order rate constant.
ge = adsorption capacities at equilibrium.
R? = Determination coefficient.

SSE = Sum square errors.

Based on these results, short time adsorption kinetics showed the potential application
of the modified biochar in automotive canisters, since these have higher adsorption capacity
and kinetics than the commercial granular activated carbon. It is worth to note that many
studies of static gas adsorption have evaluated only the maximum adsorption capacity,
regardless of adsorption rates, because benzene adsorption kinetics in static method is
considered slow for activated carbons; while the studies of adsorption kinetics have only
been developed in dynamic mode, by passing a gas stream through a packed bed [108]. It
is important to highlight that in a real operation the gasoline emissions are not driven by an
external gas and time periods longer than 26 h are not needed because the adsorbent

regeneration happens when the engine is started in this period of time.
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2.4. Conclusions

This work shows the growth of carbon nanostructures onto biochar, from waste agave
bagasse, to be used as a potential porous adsorbent of VOCs. The CVD process in a
thermogravimetric analyzer, as a furnace, successfully grows carbon nanomaterials,
specifically CNTs, onions-like carbon and carbon black onto biochar. The nitrogen in biochar
induces the formation of bamboo-like CNTs. In addition, the presence of CMC facilitates the
effective control in size and dispersibility of catalysts on biochar, while its thermal
decomposition yields turbostratic carbon with oxygen functionalities that promote the
formation of onions-like carbon and carbon black. By using CVD during 60 s, 1 g L of iron
and 700 °C, as optimum conditions, it is possible to obtain a high yield of homogeneously
distributed carbon nanostructures onto biochar, which have the highest surface area (243
m? g?1) of the synthesized samples. However, when using CVD for more than 60 s the
surface area of the biochar decreases to 5 m? g2, but after thermal post-treatment at 800 °C
this increases to 241 m? g*. The latter is mainly led by the removal of amorphous carbon.
As indicated by adsorption kinetic, sample BCVD-60-1 shows the fastest benzene vapor
removal with an adsorption rate of 0.0064 mmol h' in the first 6 h, overcoming 1.8 times that
of a commercial activated carbon and removing 1.5 times more benzene with a maximum
adsorption capacity of 55.53 mg g at 25 °C after 26 h, in a static adsorption system. Finally,
this work shows the potential application of biochar containing carbon nanostructures for the
removal of VOCs from gasoline emissions, which could replace commercial granular

activated carbons used today in automotive canisters.
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Abstract

The effectiveness of carbon canisters in removing volatile organic compounds from
automotive gasoline emissions is highly dependent on the adsorbent available surface area
as well as on its fast rate of adsorption. In this sense, aiming the production of a carbon
adsorbent with faster VOCs adsorption kinetics than a commercial activated carbon, the
exposed surface area on a macroporous biochar was enhanced by growing carbon
nanostructures on its surface. The growth of carbon nanostructures was conducted by
chemical vapor deposition, using a pulsed-injection system to improve the utility of carbon
source throughout the overall process. All prepared adsorbents were characterized by TEM,
SEM, XRD, Raman, contact angle, potentiometric titrations and N, physisorption. Electron
microscopy analysis displayed the growth of carbon nanotubes, carbon nanofibers, onion-
like carbon, and carbon nanoribbons, with better dispersibility by using the CVD pulsed-
injection mode. In addition, the growth of these carbon nanostructures improved textural
properties by increasing the biochar surface area from 184 to 240 m? g%, without developing
micropores. Also, the increase in biochar basicity promoted the adsorption of nonpolar
VOCs. The static adsorption behavior of pentane, hexane, benzene, and toluene was
studied. The carbon composite (biochar/carbon nanostructures) exhibited higher adsorption
capacity for all selected VOCs, 1.3-1.81 times more than biochar. Furthermore, this novel
composite possessed a much higher benzene and toluene uptake (169 and 63 mg g?,
respectively), which increased up to 260% and 98%, respectively, compared with activated
carbon, and also both adsorbents showed a similar removal capacity of aliphatic molecules.
The positive linear correlation between surface area and adsorption capacities suggested a
physical interaction as the most predominant adsorption mechanism. Considering these
findings, the novel biochar/carbon nanostructures composite would be a potential alternative

to activated carbon adsorbent for the recovery of gasoline vapors.
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3.1. Introduction

Gasoline vapors emitted from a vehicle’s fuel tank has long been recognized to be a
serious source of atmospheric pollution, specifically in densely populated areas, and also
results in significant economic losses [30]. This gasoline emissions, also known as
evaporative emissions, mostly consists of volatile organic compounds (VOCs) [146].
Evaporative emissions occur as a consequence of the leakage of VOCs evaporated from
gasoline by diurnal temperature differences [25]. Accordingly, US EPA demands that
vehicles must be equipped with the evaporative emissions control system designed to store

and dispose fuel vapors preventing them from escaping into the atmosphere [24].

Adsorption with activated carbon has been recognized as the preferred strategies for
controlling evaporative emissions because it is highly effective and economical, especially
for separating and recovering VOCs pollutants [107], [147]. However, serious diffusion
restrictions by activated carbon micropores cause problems as pore blocking,
hygroscopicity, and a low regeneration [13]. Therefore, non-microporous biochar adsorbents
have been produced, especially from industrial wastes, to overcome VOCs mass transfer
restrictions, in addition to reduce adsorbents production cost and to control the accumulation
of waste materials in environment [7], [29]. Numerous research studies have shown that the
adsorption performance of biochar can be significantly improved after physical or chemical
modifications [39]. Recently, we synthetized a novel macroporous biochar from waste agave
bagasse to improve the kinetics adsorption of benzene, a VOC representative of evaporative
emissions [42]. Despite the moderate surface area of this biochar (120 m? g1), the benzene
uptake was 90% more than that of a bituminous activated carbon. In addition, the growth of
carbon nanostructures onto the biochar surface allowed to improve 1.5 times the benzene
uptake. This novel adsorbent has emerged as a potential alternative to commercial activated

carbon due to its exposed adsorptive surface, and fast adsorption performance.

Joel de Jestls Gutiérrez Martinez

77




CHAPTER 3

By using the chemical vapor deposition (CVD) process, it was possible to growth
different carbon nanostructures such as carbon nanotubes (CNTs) and onion-like carbon
(ONC) onto biochar, doubling the biochar surface area (243 m? g1) [42]. Despite using short
synthesis time (<5 min), one of the potential problems associated with CVD on
heterogeneous substrates is the condensation of amorphous carbon, which is not beneficial
for organic compounds removal. Indeed, amorphous carbon condensation is commonly
observed in homogeneous catalyst-substrate surfaces by using high time CVD synthesis
(>30 min) [83]. Thus, preventing the growth of amorphous carbon to a greater extent on
biochar is of main concern when this adsorbent composite is intended to be used for
evaporative emissions adsorption. In this sense, it is of significant advantage to control the
carbon precursor condensation in such a way that provides mostly uniform deposition over
large areas, good coverage, and selective deposition on catalyst [148]. Meanwhile, some
works have tried to control the surface reaction of the carbon precursor with the substrate-
catalyst surface by slowing down the flow rate of carbon source or by diluting it with an inert
gas [83], other interesting attempts have also been made to explore the possibility of using
pulsed-injection of the carbon source [149]. The CVD pulsed-injection technique has the
possibility to produce and control the nanostructures composition, microstructures, and
morphology, through a suitable choice of the substrate, precursor, and reactant, as well as
deposition conditions. Purging of the reaction chamber between the pulses removes all
excess byproducts and enhance catalyst-carbon source reaction [150]. To the best of our
knowledge, there is currently few information available in the literature concerning to the
CVD pulsed-injection synthesis by using heterogeneous carbon substrates. Therefore, an
effort has been made to take advantage of the greatest amount of carbon sources during
the CVD process by using this strategy, in addition to taking advantage of its physical and

chemical properties for the removal of evaporative emissions.
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Motivated by the above discussion, the present study reported the preparation of
biochar/carbon nanostructures composite by evaluating the CVD pulsed-injection strategy,
aiming, and creating carbon adsorbents with a larger exposed surface area for the
adsorption of VOCs representatives of evaporative emissions. The adsorption performances
of pentane, hexane, benzene, and toluene by unmodified and modified biochar were
compared with a commercial activated carbon (F-400), including adsorption kinetics and
adsorption mechanisms. The experimental kinetics data were correlated with pseudo-first
and -second order models. Moreover, various analytical techniques were employed to study
the morphology and surface properties of adsorbents, while the correlation between

adsorbent properties and VOCs performance was evaluated.

3.2. Experimental procedure

3.2.1. Reagents

All the chemicals used in this research (HCI, NaBH., FeS04.7H20, C;Ha, CsHiz, CeHia,
CeHs, C/Ho and sodium carboxymethylcellulose (CMC)) were reagent grade. Deionized
water (R ~ 18 MQ-cm) was used for the preparation of solution. Biochar was previously
obtained by the pyrolysis of agave bagasse fibers (from Agave salmiana plant) at 600 °C
under N2 atmosphere as it was reported by Gutiérrez-Martinez et al., [42]. The commercial
bituminous based granular activated carbon Filtrasorb 400 from Calgon was selected as

adsorbent for this study.

3.2.2. Biochar pre-treatments

Biochar was contacted with HCI 4M and stirred during 72 h at 25 °C at 125 rpm to remove
the inorganics content. After acid washing, the samples were rinsed with deionized water
until the pH approached neutrality, to eliminate residual chemicals, and then dried at 90 °C

for 24 h.
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Catalyst impregnation on Biochar was carried out as follows: 50 mL of FeS04.7H.0 0.11
M was added to 250 mL of CMC 4.96x10° M solution, purged with N> to remove dissolve
oxygen. Subsequently, 10 mL of NaBH4 0.22 M was added drop by drop to the stirred
solution of Fe?*/CMC under N, atmosphere [126]. Finally, 20 mL of Fe°/CMC suspension
was contacted with 0.2 mg of acid-washed biochar. The container was sealed and stirred
for 48 h at 25 °C at 125 rpm to introduce zero-valent iron nanoparticles on the biochar
surface. After impregnation, this was rinsed with double deionized water to eliminate residual

chemical and dried at 90 °C for 24 h.

3.2.3. Growth of carbon nanostructures on biochar

The Chemical vapor deposition system was conducted in a thermogravimetric analyzer
(Versa Therm) that has a vertical furnace as reactor. First, the impregnated biochar with iron
catalyst was placed in a mesh capsule while the tubular reactor was purged with a N stream.
Then, the sample was heated at rate of 25 °C min up to 600 °C. Once the CVD temperature
was reached, the carbon source (CzH.) was injected at 10 mL-min* (5 mm of TGA
flowmeter) as follows: i) continuous CVD during 2 min, followed by 7 min without CzH>
supply, and ii) CVD pulsed-injection during 1 min, followed by 5 min without C>H, supply,
then C;H,was injected for 1 min again, followed by another 7 min without C2H supply. After
the CVD process, the samples were cooled down to room temperature. To increase the
surface area and reduce the oxygen functionalities of these composites, the samples were
thermally treated at 650 °C at a heating rate of 15°C min? during 10 min under N
atmosphere. It is important to highlight that the materials tested herein were label as follows:
GAC, granular activated carbon; BC, biochar; BCA, acid-washed biochar; BCVD600-2, acid-
washed biochar processed by continuous CVD; BCVD600-1p, acid-washed biochar
processed by CVD pulsed-injection; BCVD600-2TT and BCVD600-1pTT,

Biochar/nanostructures composites thermally treated.
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3.2.4. Analytical methods

3.2.4.1. Physical characterization

Nitrogen adsorption-desorption isotherms were measured by using a Micromeritics
ASAP-2020 at 77 K. The surface area was calculated using the BET equation [127], and the
pore size distribution was determined using the density functional theory (DFT), protocols
established in the equipment. Morphological structures were examined by scanning electron
microscopy (FElI - FIB Dual Beam Helios Nanolab 600). The transmission electron
microscope (TEM, Tecni FEI 300 operated at 300 kV) was used to observe with more detalil

the carbon nanostructures morphology.

3.2.4.2. Chemical characterization

The points of zero charge (pHpzc) and surface charge distribution were calculated from a
potentiometric titration curve obtained with an automatic titrator (Metler Toledo, PL 70),
following the methodology previously reported by [151]). The titration curve (pH vs titran
volume) was transformed to proton binding isotherm (Q, proton release vs pH) by using the
proton balance equation as previously reported [152] . The pH at which the proton binding
curve crosses the X-axis was considered as the pHepzc. Finally, the pKa distribution was
obtained from the proton release curve by using the SAEIUS-pK-dist program © 1994,
software [152], [153]. The surface hydrophobicity properties of the adsorbent materials were
measured by the static contact angle of a demineralized water drop (approximately 20 uL)
by using a goniometer Theta Lite (Theta Litoptical Tensiometer, Attension Theta Lite, Biolin
Scientific, Phoenix, AZ, USA). The materials were fixed with double-sided tape and flattened
on a glass slide before testing. X-ray diffraction (XRD) analysis of pristine and modified

carbonized fibers was conducted in a SmartLab Rigaku diffractometer using a CuKg

radiation. The XRD patterns were obtained with a step size of 0.01° with a step time of 10
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sec. The peak positions of the crystal structures were identified from the ICDD-PDF-4 +
2015 database. Raman spectroscopy was performed by means of a confocal Raman
spectrometer (inVia MICRORAMAN: RENISHAW) using a 514 nm laser and a 100x

objective lens (spot size of 0.3 ym).

3.2.5. Adsorption experiments

Adsorption experiments were conducted to evaluate the static adsorption kinetics of four
VOCs on macroporous adsorbents. Here, benzene, toluene, hexane, and pentane were
tested as representatives of evaporative emissions. Each VOC adsorption experiment was
individually performed using the following procedure: 0.1 g of adsorbent sample, previously
dried at 100 °C and cooled down in a desiccator, was introduced in a 1 mL glass syringe.
Besides, 20 mL of individual VOC were placed in a 50 mL serum bottle and sealed with
black Teflon stoppers. The headspace of the bottle was replaced with N» atmosphere to
avoid moisture effects. The syringe loaded with dry adsorbent sample was weighed in a
digital microbalance with a sensitivity of 0.01 mg, recording the initial weight. Subsequently,
the syringe needle was inserted in the serum bottle by crossing the septa to allow the VOC
gas to diffuse through the needle cavity to the adsorbent sample. The adsorption experiment
was carried out in an incubator at 25 °C. Then, the syringe was taken out from the bottle to
monitor its weight within the interval of 1- 48 h. Additionally, the headspace concentration of
each VOC in serum bottles was analyzed by a gas chromatograph (Thermo Scientific Trace
1300) with flame ionization detector (GC-FID), and its manometric pressure was measured
by a manometric devise (EXTECH). Finally, the adsorption rate parameters were
determined by pseudo-first and pseudo-second order equations [128]. The pseudo-first-

order kinetic equation is given by:

In(qe — q¢) = In(qe — kot (Eq. 3.1)
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where, g: and ge (Mg g?) are the adsorption capacities at time t (h) and equilibrium,

respectively, and ki (h?) is the pseudo-first order rate constant.
The pseudo-second order kinetic equation can be represented by:

t 1 1
— = >+ —t (Eq. 3.2)
qt k2qe de

where k. (mg (geh)?) is the pseudo-second order rate constant of sorption, ge (mg g*) is the

amount of pollutant absorbed at equilibrium, and g: (mg g?) is the amount of pollutant

adsorbed at any time t (h).

3.3. Results and discussion

3.3.1. Pre-treated biochar performance

The basic characteristic of biochar mainly varies with the feedstock type. The effect of
the feedstock type on biochar properties have been attributed to the different composition
and proportions of cellulose, hemicellulose, and lignin, although inorganic species are
commonly present in lignocellulosic biomass [37]. Compared with cellulose and
hemicellulose, lignin is more stable and resistant to the thermal decomposition of liquid and
gaseous fractions, leading a skeleton with wide pore structure inside the material [129].
Moreover, the biochar periphery showed typical large calcium rods with an average of 250
um long (Fig. 3.1a). Regarding the applicability of biochar as substrate for the growth of
carbon nanostructures by CVD process for adsorption purposes, a homogeneous dispersion
of nanostructures on biochar is needed to increase the exposure of active sites to adsorb
VOCs. In fact, this nanostructures arrangement is consequent of the well-dispersed
impregnated catalyst prior to CVD process. However, the high accumulation of iron particles
on calcium rods observed in Chapter 2 suggested the need to remove calcium to improve

the catalyst dispersion onto biochar. Accordingly, biochar was contacted with non-oxidizing
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acid solution to remove the inorganic content. Backscattered electron images showed the

removal of rods particles on biochar after acid washing (Fig 3.1a, b), while the total inorganic

content was reduced from 8.6 to 4.5 % w/w. XRD pattern allowed to corroborate the rods

particles removal after acid watching since diffraction peaks assigned to calcium carbonate

(ICDD-PDF Card 00-005-0586) were not identified in BCA sample (Fig. 3.1c). In contrast,

Raman spectra did not show any structural carbon transformation, as it is corroborated by

the similarity between the intensities of the G- and D-bands (Fig. 3.1d).

Intensity (a. u.)

Fig

Ca d) D G
Ca ca C ca BC
E}
s
2 |[BC
7}
c
BCA| &
£ /)
T T T T T [ \,
Ca: CaCO, (Card 00-005-0586) A\ / \‘
L ] / \
/N
. . (1] BCA // \
! . T i owet et ~
T T T T T T T 1 I N
20 30 40 50 60 70 750 1000 1250 1500 1750

20 (degress)

Raman shift (cm™)

2000

. 3.1-(a,b) SEM backscattered electrons images of raw and acid-washed biochar. (c) XRD pattern

and (d) Raman spectra of BC and BCA spectra.

Based on the null polarity of the VOCs of evaporative emissions, the removal of

inorganics on biochar allowed to improve the adsorption capacity of pentene and benzene
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in 20 and 22 %, respectively (Fig. 3.2). Taking into consideration that BCA surface could
present more exposed sp? basal planes, this should have more affinity for nonpolar VOCs

since these are mainly attached by van der Waals interaction forces.
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Fig. 3.2 - Adsorption kinetics of (a) benzene and (b) pentane on raw and acid-watched biochar at 25
°C and ~1 atm of barometric pressure.

Note: For practical purposes, the acid-washed biochar sample (BCA) will be referred as

biochar in the following sections.

3.3.2. Materials characterization

3.3.2.1. Physical properties

The surface morphology of biochar treated by the CVD processed is reported in Fig. 3.3.
Scanning electron microscopy (SEM) images were taken at different point of the biochar
samples, where it is observed a consistent and uniform growth of carbon nanostructures,
even at low magnifications. Considering SEM images, it is difficult to distinguish if carbon
nanostructures are carbon nanotubes (CNTs) or carbon nanofibers (CNFs). The comparison
between SEM images (Fig 3.3a and b) showed a high agglomeration of carbon
nanostructures onto the biochar after continuous CVD, with particles sizes of less than 100

nm, whereas observations on different micrographs suggested that CVD pulsed-injection
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allowed the growth of thinner carbon nanostructures with diameters of less than 50 nm.
Despite the lengths of the nanostructures on both treatments are diverse, SEM observation
on the sample processed by CVD pulsed injection showed nanostructures larger than 1 pm.
The growth of some bigger carbon nanostructures could be a consequence of CMC
decomposition through the CVD process [132]. Additionally, it has been previously reported

that not every catalyst particle can nucleate carbon nanostructures [154].

When making a comparison with previous works [42], there are some advantages to
highlight herein. First, micrographs clarify that the inorganics removal enhances the
dispersion of carbon nanostructures that mostly covered the biochar surface, while calcium
rods on non-pretreated biochar promote carbon nanostructures agglomeration. On the other
hand, the effective growth of carbon nanostructures with morphological similarities to CNTs
was possible at 600 °C. Based on theoretical and empirical knowledge [80], It has been
reported that the growth of CNTs by CVD process is promoted at higher temperatures than
700 °C. In addition, it has been reported that the yield of carbon deposited on the catalyst is
less than 23% at temperatures lower than 600 °C. As the reaction temperature increases,
the yield of carbon deposited increases significantly [48]. In this work, the growth of carbon
nanostructures could be possible because acetylene decomposition was thermodynamically
favored at 600 °C, being possible the thermal decomposes of acetylene mainly in carbon
atoms [80]. Taking advantage of the ability of grow carbon nanostructures at low
temperatures (< 700 °C), the CVD process at 600 °C avoided unnecessarily subjecting the
biochar to high temperatures, which could mainly induce a structural collapse of biochar

macropores.

The formation of cap-like carbon structures was also observed on biochar after CVD
pulsed-injection. These structures have been commonly developed in the early stages of

CNT growth. This morphology was observed on biochar because during the well-known
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fullerene-like cap step, the cap does not detach from the nanopatrticle, encapsulating it and
stopping the CNT growth [80]. Furthermore, the supply of a second pulsed-injection of
acetylene could be able to increase the length of some CNT length, while more carbon
condensed on catalyst during the first pulsed-injection could avoid the continuous growth in
the following pulse. A further explanation will be provided by TEM analysis. Other important
feature was that the surface of some carbon nanostructures was irregular with cavities,
which could be a consequence of irregular carbon graphitic layers deposited during the

second pulsed-injection. In continuous CVD this behavior was not observed.

Continuus VD - Pulses CVD

Fig. 3.3 - SEM secondary electrons detector images of the biochar modified with continuous (a) and

pulsed CVD (b) processes.
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After SEM analysis, transmission electron microscopy (TEM) was carried out to observe
the intern morphology of carbon nanostructures and the effect of each CVD approach in its
inert structure (Fig 3.4). Due to substrate heterogeneity affects CVD process, it was possible
to induce the growth of a variety of morphologies such as hollow-like CNTs, bamboo-like
CNTs, and CNFs. TEM micrographs also showed carbon nanoribbons (Fig 3.4f) and quasi-
spheres shape with iron core and carbon shells (Fig 3.4c). This last one morphology had
diameters lower than 200 nm. These labels were assigned taking into account similarities to
other TEM analysis previously reported [26]-[30]. The typical apparency of CNTs can be
seen in Fig 3.4b and e, with smaller diameters than 80 nm. In addition, the majority of the
bamboo-like structures of CNTs exhibits thin compartment layers, being frequently
compared with the graphene structure arranged apparently as stacked cones of CNFs. Most
of the CNTs and CNFs analyzed by TEM have a curved structure caused by kinks or defects,
which is consistent with the SEM observations. It has been previously reported that these
morphologies are mainly caused by heteroatoms such as oxygen and nitrogen, mainly from
CMC and biochar [42], [131], [136].These morphologies described above were observed on

biochar processed with both CVD methodologies.

Considering the presence of graphitized carbon nanostructures observed in several
TEM images and the absence of carbon black, it is suggested that the catalytic activity of
iron never ceased during CVD pulsed-injection. In this sense, the catalyst allowed the growth
of carbon walls of CNTs and/or plates of CNFs during the first deposition pulse, while the
high surface diffusion of carbon on the active iron catalyst could allow the carbon deposition

during the second pulse to continue the growth of the carbon nanostructures at 600 °C.
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CVD injection-pulsed

Continuos CVD

Fig. 3.4 - Representative TEM images of different carbon nanostructures growth by pulsed-injected
(a, b, ¢), and CVD continuous methodology (d, e, f) at 600 °C.

By using high resolution transmission microscopy (HRTEM), it was possible to observe
a highly ordered crystalline structure of carbon nanostructures (Fig. 3.5). The HRTEM
micrographs show that the carbon layers of the so-called quasi-spheres are surrounding the
central iron nanoparticles, and it is observed a gap between catalyst core and the carbon
shells (Fig 3.5a). Furthermore, TEM images showed the distinctive arrangement of CNFs
where the layer of curved graphitic planes are in general not adjusted along the axis of the
nanofiber and arranged as cups. While CNTs are mainly formed by cylindrical carbon
structures with several graphene walls (Fig. 3.5c), CNFs consist of an arrangement of
graphene structures organized as stacked caps (marked with yellow arrows) [53] [156]. On
the other hand, TEM images display the well-graphitized carbon nanostructures and only a
little carbonaceous material attached to the outer nanostructures surface. These

carbonaceous materials could consist of few layers of turbostratic graphite. In this sense,
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turbostratic carbon allowed to distinguish morphological differences on carbon
nanostructures surfaces. Continuous CVD samples showed turbostratic graphitic layers on

continuous graphitic wall of CNTs, while the CNTs surface of CVD pulsed-injection samples

display interleaved patch of turbostratic graphitic and well-graphitized layers.

Q

Catalyst
particles

Fig. 3.5 - HRTEM micrographs of (a) onion-like carbon, (b) CNFs, and (c, d) CNTs. Ted arrows
highlights the presence of turbostratic graphitic carbon and yellow arrows indicated the curved staked
caps.
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The physical structural parameter of all the adsorbent determined from N, physisorption
isotherms were quantitatively presented in Table 3.1. The pore volume and surface area of
modified biochar were analyzed to understand the influence of biochar textural properties
after inorganic removal, CVD processes and thermal treatment. In addition, a reference
adsorbent such as bituminous activated carbon was also analyzed to evaluate the
performance of a commercial microporous adsorbent with high surface are (776 m? g*) on
VOCs adsorption kinetics. On the other hand, it was found that the inorganic removal from
biochar allow an increasement of 1.8 time the micropore volume, expanding the biochar
surface area from 120 to 189 m? g. Since mesopore volume of biochar contribute to only
17 % of total volume pore and its micropore volumes was 3.2 times lower than of activated
carbon, it is suggested that biochar microporosity is directly located on surface. After the
CVD process, the biochar surface areas decreased by more than 90% since carbon
deposition may block biochar pores, in addition to the carbon nanostructures having closed
cups at the tip. Conversely, thermal treatment increased the surface area of biochar CVD-
modified bichars from 19 to 96 m? g* for BCVD600-2TT, and from 8 to 240 m? g for
BCVD600-1pTT. An increment of 4.5 and 22 times in micropore volumes, respectively,
explain the surface area enlargement, indicating the unblocking of biochar micropores by
removal of possible amorphous carbon and the effect of carbon nanostructures interstices.
In this sense, the higher micropores volume in BCVD600-1pTT than BCVD600-2TT may be
relate to the best dispersion of carbon nanostructures observed by SEM analysis which

promote pore volume between structures.
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Table 3.1 - Surface area and pore volume of carbon adsorbents.

SBET Vtotal Vmicro Vmeso Vmacro
ID sample
(m?g™) (cm®g™) (cm®g™) (cm®g™) (cm®g™)

GAC 776 0.416 0.270 0.130 0.016
BC 120 0.056 0.041 0.015 N.D.
BCA 184 0.093 0.075 0.017 0.001
BCVD600-2 19 0.016 0.007 0.007 0.002
BCVD600-2TT 96 0.051 0.032 0.010 0.009
BCVD600-1p 8 0.012 0.004 0.003 0.005
BCVD600-1pTT 240 0.110 0.088 0.020 0.001

GAC, granular activated carbon; BC, biochar; BCA, acid-washed biochar; BCVD600-2, acid-washed biochar processed by continuous CVD;
BCVD600-1p, acid-washed biochar processed by CVD pulsed-injection; BCVD600-2TT and BCVD600-1pTT, Biochar/nanostructures
composites thermally treated.

3.3.2.2. Chemical properties

Considering that the CVD process was developed in a TGA equipment, it was possible
to evaluate the thermal stability of biochar throughout the process (Fig. 3.6). First, the
average weight reduction of 21% during the heating process could be attributed to the
decomposition of CMC since biochar showed a good thermal stability [40]. CVD temperature
(600 °C) did not result in a substantial degradation of the biochar because it did not overlap
its thermal stability, in comparison to the most reported CVD temperatures (~700 °C)
[80],[84],[120],[157]. Through the CVD processes, an average weight increases of 9% was
observed after continuous CVD process, while pulses CVD process displayed two weight
increases of 7.5 and 2.1%, respectively. Despite both methodologies have a similar mass
increase, the physical characterization points out that, by using CVD pulsed-injection,

carbon nanostructures dispersed out in a better way and have better textural properties.
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Fig. 3.6 - TGA performance of CVD process by injecting acetylene at 600° C (a) during 2 min or (b)

two pulses of 1 min each, respectively.

Identification of the crystalline phases was carried out with X-ray diffraction (XRD)
measurements (Fig. 3.7). The XRD pattern of biochar/carbon nanostructures composites
showed a characteristic behavior of low graphitic carbon at 26 interval of 22-30°, in which
the line broadening cannot be explained for the presence of graphitic microcrystallites.
However, crystalline graphitic structures with (0 0 2) and (1 0 0) planes were identified by
diffraction peaks at 26 values of 26° and 43° (ICDD-PDF Card 00-056-0159), respectively.
Other peaks at 26 43 and 51° match with the XRD pattern of iron (ICDD-PDF Card 01-081-
8770), and 30, 35, 56 and 62° for magnetite. The presence of these iron species has been
well-reported for the surface oxidation of iron catalyst that was previously synthetized by the
chemical reduction of FeSO, to zero-valent iron [126]. Catalyst particles could be composed
of zero-valent iron core with magnetite phases on particle surface. On the other hand, it is
observed that the XRD patterns of CVD pulsed-injection samples showed peaks with higher
intensity than with continues CVD, indicated a greater crystallinity of iron species and carbon

nanostructures particles are very small to diffract.
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Fig. 3.7 - X-ray diffraction patterns of biochar/carbon nanostructures composites with a step size of

0.01° 29 at 10 sec per step. All four patterns were collected on the same day.

Another technique used for the characterization of biochar/carbon nanostructures
composites was Raman spectroscopy (Fig. 3.8). Similar to the spectra of all sp2-carbons,
two noticeable peaks appeared at 1350 cm™ (D-band) and 1590 cm™ (G-band). In addition,
the D-band overtone in the second order region between 2600 — 2700 cm™ (2D-band) was
observed [143]. To characterize the quality and any change in the structural ordering of the
carbon network, the radio of maximum intensity of D-band to the maximum intensity of the
G-band is commonly used. However, the variation of the area ratios of the deconvoluted D-
and G-bands (Ao Ac?) is a useful alternative to better describe the carbon structural
information of the samples without very significant change in the band intensities [158].

Therefore, to obtain a good determination of the areas ratio, it is necessary to have an
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adequate deconvolution of the Raman spectra of these compounds [155]. For this reason,
the Raman spectra were fitted by using Lorentzian curves. As it is seen in Fig. 3.8a and b,
regardless the highly graphitic quality of CNTs and CNFs, the curly morphology of these
carbon nanostructures showed a very intense D-band [139]. Furthermore, by comparing the
Ap Ac! ratio of modified biochar by CVD pulsed-injected (ca. 2.37) with that of continuous
CVD sample (ca. 1.9), the higher value of the sample BCVD600-1p is giving by a systematic
broadening effect and higher valley lines between the D and G-bands after CVD pulsed-
injection. In absence of amorphous carbon sighting by microscopy analysis, this behavior
could be explained by the presence of the carbon cap morphology as described above,
where its tip curvature contains five- and seven-membered carbon rings, characteristic of
this Raman spectra. On the other hand, when thermal treatment was induced on the
biochar/carbon nanostructures composite, the Ap Ag™ ratio of the continuous CVD sample
(BCVD600-2TT) showed a slight increase. An increase in this ratio has often been
attributed to a high density of sp? domains of small sizes due to the introduction of defects
of varied nature (e.g., vacancies, functionalization, aromatic structures other than 6-
membered units) [159]. Regardless the highest intensity of D-band on BCVD600-1pTT
sample, the reduction on the Ap Ag™ ratio from 2.37 to 1.55 after thermal treatment could
also be accompanied by an increase in the sp? domains. The latter is related to the
removal of defective carbon and to the transformation of turbostratic carbon after the
post-treatment at 800 °C, as it was inferred by HRTEM analysis. Since the reduction in
the Ap Ac? ratio was accompanied by an increase in sp? domains, we consider this
evidence as a direct indicator of the presence of graphitic-like structures consisting in

sp? domains introduced by the graphitization of turbostratic carbon.
The ratio between the area of 2D and G peaks has been used as an indicative of the

number of graphene layers, a value of around 2.0 is associated with a graphene monolayer,
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whereas lower values correspond to more layers of graphene. It is clearly seen that when
the thermal treatment was applied the Axp Ac™ ratio decreased due to the increasing number
of stacked graphene layers [120]. Additionally, a lower Azp Ac? ratio of the treated biochar
by a continues CVD process agrees with the higher diameter of carbon nanostructures

observed by microscopy analysis.
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Fig. 3.8 - Fitted Raman spectra of the modified biochar by continuous and pulsed-injection CVD.

To acquire information of the possible affinity of the carbon-based materials to VOCs,
measurements of contact angle were carried out to evaluate the adsorbent hydrophobicity

(Fig 3.9). If the water contact angle is greater than 90°, then the surface is classified as
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hydrophobic, and if it is less than 90°, then the surface is hydrophilic [96]. The water contact
angles of activated carbon indicate a hydrophilic surface which might be related to the high
inorganic content (> 8% w/w) and oxygen functionalities (e.g., hydroxyl and carboxyl
groups). After acid washed, the hydrophobicity of biochar slightly increased which is
consistent with the increase in adsorption capacity shown in Fig. 3.2. On the other hand, the
contact angle of biochar/carbon nanostructures composites was higher than 121 °, thereby
suggesting that sp? basal planes developed after carbon deposition contribute to higher
hydrophobicity to the biochar. In addition, thermal treatment also slightly increased the
adsorbents hydrophobicity, possibly by acidic functionalities removal, being beneficial for

VOCs adsorption purposes.
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Fig. 3.9 — Hydrophobic measurement of carbonaceous adsorbent by contact angle of a droplet water
on the surface. BCVD600-2, acid-washed biochar processed by continuous CVD; BCVD600-1p, acid-
washed biochar processed by CVD pulsed-injection; BCVD600-2TT and BCVD600-1pTT,

biochar/nanostructures composites thermally treated.
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The occurrence of changes in surface chemistry upon the growth of carbon nanostructures was
analyzed by potentiometric titrations (Fig. 3.10). First, the pHpzc value of BC and BCA confirmed that
acid washing did not oxide the biochar surface. Indeed, the high pHpzc values of BCA and bituminous
granular activated carbon (GAC) suggested a basic surface with a high extension of sp? basal planes
(Fig. 3.10a). It is worth noting that the absence of moisture onto carbonaceous materials during
adsorption process denote not functionalities dissociation, and thus, the adsorption process could be
influences by its dipolar moment. In this sense, pHezc values and the surface functionalities of the
adsorbent are critical to the adsorption of VOCs since the acidic functionalities increase the adsorbent
polarity, which affect the adsorption of honpolar VOCs [36]. This interpretation is consistent with the
water contact analysis. On the other hand, the basic character of biochar/carbon nanostructures
composites (pHpzc >10) is granted by the increase in sp? hybridized carbon after the carbon
deposition process. Moreover, the further pHpzc increase after the thermal treatment (Fig.3. 10Db)

agrees with defects removal and the increase in sp? domains identified by Raman analysis.
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Fig. 3.10 - Surface charge distribution of studied materials as a function of pH at 25 °C, using 0.1 mol

L* NaCl as the supporting electrolyte.

The acid surface groups were evaluated through the deconvolution of the proton release
curves, obtaining the amount and characteristic pKa of acid functionalities by means of the
SAIEUS software [160]. Based on Bronsted acid-based nature of functionalities, from values

3 to 7, the peaks may correspond to carboxylic and carboxylic anhydride groups; from 7 to
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10, the peaks could be attributed to lactone groups; and beyond 10, the peaks may
correspond to phenolic groups [71]. Ass seen, the most intense peak in each pKa domain
was observed in activated carbon, particularly for carboxylic and phenolic groups [161]. The
distribution of acidic groups on biochar showed two peaks with pKa close to 5.5 and 8 that
could correspond to dissociation of carboxylic and phenolic groups remaining from lignin
fraction or by a slight oxidation of biochar caused during rinsing with water. The number of
functionalities related to the low peak at 5.5 pKa is considerably lower after the biochar was
processed by CVD. The slight shift in the pKa values could be related to a different chemical
environment in the different carbon nanostructures. Considering the development of
aromatic functionalities with sp? hybridized carbon after CVD process, the pKa range of this
basic group is not detected because it is between 16 and 23. However, the pKa signal of
7.5-8.5 may be attributed to the proton release from aromatic basic groups measured during

the limited pH window of the potentiometric titrations (3 — 11).
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Fig. 3.11 - pK, distribution of surface acidic functional groups on the surface of unmodified and

modified carbon adsorbents.
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When comparing the biochar/carbon nanostructures composites previous and after
thermal treatment, the functionalities related to a pKa value of 8 were considerably reduced,
however, the processed biochar by continuous CVD showed a higher number of
functionalities. This result also showed that the acidic groups were removed by thermal
treatment under inert conditions. In addition, the high carbon coverage of magnetite prevents

to determine its dissociation constants at 4.5 and 9 [162].

3.3.3. Adsorption behavior

3.3.3.1. Kinetics adsorption

Regarding to the applicability of these novel composites in adsorption of evaporative
emissions, it is needed to study the adsorption rate of different VOCs representatives of
gasoline. First, to further analyze the adsorption kinetics results, a detailed look at the
properties of the analytes is needed. Table 3.2 compiles the characteristics that could affect
not only the affinity for the adsorbent, but also the actual concentration of each VOC and,
therefore, the degree of adsorption on each carbon-based material. Benzene, toluene,
hexane, and pentane were chosen as VOCs representatives of evaporative emissions to
evaluate the adsorption behavior of aliphatic and aromatic VOCs commonly found in the
headspace of fuel tanks [20]. Based on their physical properties, the larger the molecular
weight of the VOC, the higher the boing point and therefore the lower the vapor pressure.
Accordingly, at lower molecular weight the concentration and manometric pressure of the
VOC will be higher, as it is observed in Table 3.2. Furthermore, these compounds have
distinct kinetic diameter ranging from 4.3 to 6 A which must be considered in adsorption
studies. Kinetic diameter allows to express the likelihood that a molecule of VOC collide with
another molecule, indicating the molecule size as a target. Regardless of the fact that the
kinetic diameters of benzene and toluene are similar (5.85 and 6 A, respectively), their

different dipole moment value also influences their uptake.
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Table 3.2 - Properties of VOCs under study and parameter measured on the serologic bottles

headspace at 25°C and 1 atm of barometric pressure.

Pentane

Hexane

Benzene

Toluene

Molecular structure

Molecular weight g mol?!
Boiling point °C
Vapor pressure atm
Kinetic diameter A
Dipole moment D
Manometric atm
pressure*

Concentration* mg L

70.13

36

0.657

4.30

0.00

0.225

2231

86.18

69

0.133

4.30

0.00

0.126

804

78.11

80

0.126

5.85

0.00

0.151

417

e O O

92.11

111

0.038

6.0

0.36

0.041

155

* Measured before adsorption experiments.

To explore the kinetic behavior that could provide a carbon adsorbent with more exposed

surface area and low tortuosity, the adsorption kinetics of pentane, hexane, benzene, and

toluene on biochar and biochar/carbon nanostructures composites were evaluated in diurnal

conditions. In addition, kinetics performance was compared with that of a commercial

activated carbon. Overall, when comparing the removal of aliphatic molecules (pentane and

hexane), activated carbon exhibited the highest adsorption capacity (169 and 63 mg g*,

respectively), whereas the aromatic molecules (benzene and toluene) uptake was higher by

samples BCVD600-1pTT (73 and 38 mg g, respectively) and BCVD600-2TT (77 and 35

mg g?, respectively). Nevertheless, it is important to highlight that activated carbon

displayed a poor adsorption capacity for aromatic molecules (< 25 mg g1), while samples
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BCVD600-1pTT and BCVYD600-2TT showed a very competitive aliphatic removal capacity
compared to that of activated carbon. As it was expected, the VOCs adsorption capacity of
biochar increased after the CVD process. In fact, adsorption removal of pentane, hexane
and benzene increased 1.81, 1.44 and 1.67 times, respectively, compared with biochar.
These results agree with a previous work where benzene uptake was improved after the
growth of carbon nanostructures [42]. The lower volatility and concentration of toluene
caused that the adsorption capacity of biochar only increased by 34% regardless of the
growth of carbon nanostructures. A similar trend was observed when the adsorbents

performance was analyzed from 6 h to the end of the kinetic measurement.

Taking in to account the well-known steps involved in patrticles diffusion in porous
materials, intraparticle diffusion is currently the limiting factor during kinetics studies [164].
For instance, the narrow microporosity of activated carbon implied low adsorption rates
since the high tortuosity provided by its pore morphology limits the intraparticle diffusion of
VOCs [32]. Based on kinetics results, the novel adsorbent developed in this work
counteracts this mass transfer disadvantage due to the more exposed surface area
displayed by carbon nanostructures. The latest was proved by comparing the adsorption
rates in the first 12 h (Table 3.3). Here is evident the restrictive diffusion of toluene (0.0005
mmol h?) in activated carbon. It is noteworthy that the biochar/carbon nanostructures
composite showed faster adsorption rates of toluene (>0.0012 mmol h*) as a consequence

of its negligible micropore volume (0.032 cm? g1).
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Fig 3.12 - Adsorption kinetics of a) pentane, b) hexane, c) benzene and d) toluene on studied

adsorbent in static mode at 25 °C.

Table 3.3 - Adsorption rates calculated for the first 12 h of kinetic study.

Adsorption rate (mmol h1)

Pollutant
GAC BCA BCVD600-2TT BCVD600-1pTT
Pentane 0.0066 0.0012 0.0053 0.0052
Hexane 0.0023 0.0014 0.0032 0.0022
Benzene 0.0007 0.0015 0.0036 0.0034
Toluene 0.0005 0.0012 0.0013 0.0014
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Regarding the magnitude of the pentane adsorption capacity, it is important to point out
that its higher vapor pressure and small kinetic diameter have more influence in the
intraparticle diffusion [101]. This last one promoted a higher pentane concentration,
conferring driving force to diffuse into the narrow porosity of activated carbon. In this sense,
the small pores and thus the entire surface area of all materials are accessible for pentane
molecules, resulting in a greater adsorption capacity. On the other hand, biochar/carbon
nanostructures composites showed similar adsorption rate for benzene and hexane at the
first 12 h, since the unblocked interspaces generated by the arrangement of the carbon
nanostructures did not show important diffusional restrictions by either molecule. However,
the higher kinetic diameter of benzene also limited the mass transfer in narrow micropores

of activated carbon.

The kinetic results were fitted by nonlinear convergence to pseudo-first and pseudo-
second equation to obtain the kinetic parameters. According to the correlation coefficients
(R?), the experimental data were well fitted to both models, although the pseudo-first model
slightly better described the adsorption process. Even though this result suggest that
physical adsorption could be the rate limiting step, the well fit to both models also suggest
that the adsorption of different VOCs onto carbon-based materials was also affected by
chemical interaction adsorbate-adsorbent [37]. By comparing the pseudo-second order rate
constants (kz) of all samples, it is observed that pentane molecules diffuse faster, which
agrees with what was discussed above. Additionally, it is observed that biochar/carbon
nanostructures composite showed similar adsorption rates constant for hexane, benzene,
and toluene, which indicates a faster mass transfer in comparison to that in activated carbon

[91].

Joel de Jestls Gutiérrez Martinez

104




CHAPTER 3

Table 3.4 - Kinetic constants for adsorption of evaporative emissions onto adsorbent materials.

Pollutant

Parameters Pentane Hexane Benzene Toluene

GAC
ki (min™) 71.4 0.042 0.050 0.006
Pseudo first-order ge (Mg g?) 87.14 77.79 26.43 81.23
R? 0.993 0.983 0.958 0.945
k2 (g (mg min) %)  0.0002 0.0004 0.001 0.0002
Pseudo second-
q ge (mg g™ 208.74 102.95 36.45 58.533
order
R? 0.963 0.984 0.963 0.941
BCA
ki (min™) 1.113 0.041 0.062 0.056
Pseudo first-order ge (Mg g?) 48.61 55.08 45.66 29.36
R? 0.878 0.981 0.963 0.979
k2 (g (mg min) %) 0.029 0.0004 0.001 0.001
Pseudo second-
q ge (mg g™ 51.88 76.51 58.74 38.88
order
R? 0.931 0.981 0.965 0.985
BCVD600-2TT
ki (min™) 0.225 0.051 0.076 0.024
Pseudo first-order ge (Mg g 94.88 66.51 77.85 51.73
R? 0.946 0.984 0.983 0.986
kz (g (mg min) ) 0.003 0.0004 0.001 0.0002
Pseudo second-
q ge (Mg g 106.86 76.51 99.28 73.33
order
R? 0.979 0.981 0.986 0.987
BCVD600-1pTT
ki (min™) 0.177 0.049 0.057 0.061
Pseudo first-order ge (Mg g 82.73 69.36 73.94 40.56
R? 0.970 0.975 0.995 0.972
k2 (g (mg min) 1) 0.002 0.001 0.001 0.001
Pseudo second-
q ge (mg g™ 95.70 89.43 99.78 52.47
order
R? 0.992 0.982 0.995 0.979

ki = pseudo-first order rate constant.

k2 = pseudo-second order rate constant.
(e = adsorption capacities at equilibrium.
R? = Determination coefficient.
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3.3.3.2.  Correlation adsorbate-adsorbent in VOCs adsorption

To analyze the effect of adsorbate and adsorbent properties on adsorption capacity, a
correlation assessment of surface area, pore volume, pHezc, contact angle, molecular cross-
sectional area and vapor pressure with adsorption capacities was performed (Fig. 3.13). The
correlation coefficients (R?) of the relationship between VOCs adsorption capacities and
adsorbent physical properties were lower than 0.77, while the correlation with adsorbent
chemical properties and adsorbate features showed values smaller than 0.62 and 0.94,

respectively.

As it is known, the adsorption behaviors of various porous adsorbents are usually studied
by the assessment of the adsorbent physical properties. Therefore, the linear relationship
between surface area and adsorption capacity of VOCs was first explored. As it is shown in
Fig. 3.13a, a slight negative correlation was observed on benzene (R?=0.25) and toluene
(R?=0.10). Oppositely, aliphatic molecules displayed positive correlations, being more
significant on pentane (R?=0.74). Similarly, there is a high linearity between pentane
adsorption capacity and pore volume (R2=77) (Fig. 3.13b). These relationships indicate that
the smaller the molecule, the higher adsorption capacity will be. Moreover, it suggested that
VOCs adsorption is mainly physical and exothermic. . A similar result has been previously
reported [55]. The adsorbent chemical properties such as the pHezc and hydrophobicity are
another important factor to evaluate VOC adsorption onto carbonaceous adsorbent (Fig.
3.13c, d). The correlations between both parameters and VOCs adsorption capacity were
poor, with R? values of 0.02-0.62. The negative correlation between pentane adsorption
capacity and contact angle confirmed that the adsorption capacity of nonpolar VOC is
closely associated with the adsorbent textural properties, and no obvious trend was found
with the adsorbent chemical features. However, it is a worth noting that the positive liner

relationship between benzene adsorption capacity, pHezc and contact angle pointed out that
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the more basic the carbon adsorbent, the greater the ability to adsorb aromatic molecules.
The latter is explained by the fact that the increase of sp? delocalized electrons on carbon
nanostructures promotes a major affinity for benzene aromatic rings, since these are mainly

attached face-to-face by n-mn interactions [118].

The shape of the molecule also influences VOC adsorption onto carbon materials (Fig.
3.13e). According to the size exclusion theory, only when the pore diameter is larger than
the molecular diameter, the VOCs molecules can enter the pores of the adsorbent material.
For nonpolar VOCs, the larger their molecular diameter, the lower their diffusion capacity in
the adsorbent micropore [36]. Based on the above, the negative linear relationship between
the adsorption capacity of the VOCs and the molecular cross-section area made evident the
diffusional restrictions of larger molecules. Indeed, the higher correlation coefficient value
for activated carbon (0.76) confirmed the effect of the adsorbent microporosity on the
adsorption of larger VOCs. In contrast, the poor microporosity and the most exposed
surfaced of carbon nanostructures on biochar promoted the mass transfer of all VOCs to the
active sites, which agree with their similar capacity to uptake all four VOC. Finally, the
positive lineal relationship between VOCs vapor pressure and adsorption capacity confirmed

that the more volatile the molecule, the greater the VOC mass transfer in the adsorbent.
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properties (e, f).
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3.3.3.3.  Adsorption mechanism

In general, the adsorption of polar and nonpolar VOCs onto carbonaceous adsorbents
are mainly controlled by five potential interactions related to van de Waals forces, n-n bond,
hydrophobic effect, hydrogen bond, and covalent and electrostatic interactions [11]. On the
other hand, it has been pointed out that the VOC adsorption performance onto
carbonaceous materials is not only related to the features of the adsorbate molecules, but
also to the properties of the adsorbent. Thus, it is necessary to illustrate the effect of the
physical and chemical properties of the adsorbent, as well as influence of VOCs features on

adsorption behavior to clarify their contribution in the overall adsorption process.

Physical adsorption can be attributed to the intermolecular gravitation, namely van de
Waals forces. Because of the weak interactions, no chemical bonds and low adsorption heat
are involved [163], the solid adsorbent can be regenerated easily and keep its original
structure unchanged [164]. In porous (GAC) and nonporous (BCVD600-1pTT) adsorbents,
the mass transfer occurs from the gas phase to the surface of the adsorbent via axial
dispersion, and the adsorption rate is determined by micropore volume. In the case of
activate carbon, it is worth noting that its narrow microporous structure increased the
diffusion resistance leading to low diffusion rates [7], whereas the poor microporosity of
BCVD600-1pTT significantly increased the intraparticle diffusion, resulting in a fast VOCs
removal. This last interpretation is in concordance with the results of kinetic studies.
Moreover, it was observed that the physical adsorption rate was controlled by the VOCs

concentration, related to its vapor pressure.

By analyzing the interactions that govern the adsorption of VOC onto carbonaceous
adsorbents, the contribution of different VOCs to the adsorption process has been earlier

reported by Liu et al., [60]. Indeed, dispersive interactions (induced dipoles) have been
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described as the mainly contribution to the adsorption of all VOCs onto carbon-based
materials. Particularly, the dispersive interactions are the only mechanism to cause the
adsorption of pentane and hexane. Furthermore, dispersive interactions increase with the

increase of carbon atoms in the adsorbate.

In addition to the van de Waals forces, n-n dispersive interaction is another important
mechanism of VOCs adsorption. Most of the carbon atoms in carbonaceous materials have
the m electron orbit, which can be bound with benzene and toluene molecules with nt
electrons to form n-n dispersive interaction with face to face or offset face-to-face

orientations [87]. However, all the carbon atoms of pentane and hexane are sp®hybridized,

and there are no extra orbitals available to form the nt bond.

Since the aliphatic VOCs were adsorbed on the carbonaceous materials only by
dispersive forces, a combined adsorption mechanism of specific and dispersive interactions
should be considered when the aromatic VOCs were adsorbed. Regarding the adsorption
controlled by chemical process, there was a stable electron donor-acceptor complex formed
owing to the delocalized mn electron density of benzene and toluene as electron acceptor to
combine with ion pair electrons of oxygen atoms from functionalities on carbon adsorbent
as electron donor [97]. Cleary, since the presence of the methyl group in toluene increases
the n electron density of the aromatic ring, its adsorption energy is larger than that of
benzene. Herein, the specific interaction could be mainly attributed to the hydroxyl groups

on the surface of BCVD600-1pTT sample.

Considering the molecular shape, the aromatic molecules are more strongly adsorbed
that linear molecules because the various possibilities of interaction and by the multilayer
arrangement possibilities, which are very suitable. Moreover, dispersive interactions of

toluene were stronger than those of benzene. Toluene has a stronger specific interaction
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than benzene because toluene presents a slight dipole moment (0.36 D) compared to the
zero-dipole moment of benzene. It was understandable that toluene was mainly trapped
through n-nt dispersive interactions with the aromatic ring moving to the carbon surface. It
has been reported that the plane adsorption geometry of toluene was highly stable [73].
Regardless of the highest affinity of carbon-based materials for heavier VOCs described
here, experimental results showed the highest adsorption capacities for pentane because
the wide concentration difference with the other VOCs, as occurs in a real automotive
system. Nevertheless, by using the same concentration of these VOC, it would be possible

to observe a higher adsorption capacity for toluene and benzene in an experimental system.
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Fig. 3.14 - Diffusional and adsorption mechanisms of toluene, benzene, hexane, and pentane on

carbonaceous adsorbents by chemical and physical adsorption.
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3.4. Conclusions

The purpose of this work was to synthesize low-cost adsorbents with high exposed
surface area and excellent adsorption capacity for evaporative emissions. In brief, the
efficacy of growing carbon nanostructures on biochar by CVD pulsed-injection process was
investigated to increase the adsorption kinetics of pentane, hexane, benzene, and toluene
as VOCs representative of evaporative emissions in static mode. Electronic microscopy
makes evident the effect of injecting two carbon sources pulsed of one minute at 600 °C
(CVD pulsed-injection). The use of two pulses of carbon of only 1 min promoted a higher
growth of CNTs and CNFs than when a continuous CVD process was used. In addition, by
CVD pulsed-injection the biochar surface area increased from 184 to 240 m? g, which
depicted the effect of exposed carbon nanostructures. Therefore, adsorption studies
demonstrated that BCVD600-1pTT had a high pentane (169 mg g?), hexane (63 mg g),
benzene (73 mg g'q), and toluene (38 mg g*?) adsorption capacity, and faster kinetic
adsorption than activated carbon. Particularly, pentene was adsorbed faster on activated
carbon because its smaller size enhances mostly the mass transfer through narrow
micropores. The adsorption capacity of toluene and benzene was bigger in biochar/carbon
nanostructures composites than on commercial activated carbon, due to more exposed
delocalized n electrons on carbon nanostructures, which strongly interact with nonpolar
VOCs. According to the correlation assessment, the textural properties of the adsorbents
have positive linear relationship with the adsorption capacity of smaller VOCs, while
aromatic VOCs showed a negative correlation between pore volume and adsorption
capacity. Furthermore, the more basic the adsorbent surface, the greater the adsorption
capacity of nonpolar aromatic VOCs, which is conducted via dispersive interaction between
aliphatic molecules and delocalized n-electrons, and by n-n interactions between the n-

electrons in the benzene ring and those in the carbon graphitic layers. Considering these
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results, it can be suggested that this novel biochar/carbon nanostructures composite could

be used in automotive canister instead of activated carbon.
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Abstract
In this study, the dynamic adsorption/desorption behavior of different volatile organic
compounds onto a biochar tailored with carbon nanostructures was investigated and
compared with the efficiency of a commercial activated carbon. Biochar/carbon
nanostructures composite (BCVYD600-1pTT) was synthesized by chemical vapor deposition
at 600 °C in arotary furnace. Carbonaceous adsorbents were characterized by XRD, Raman
spectroscopy, SEM, TEM and N; physisorption. The resultant composite had an increment
in surface area from 1 to 300 m? g after CVD process due to the synthesis of carbon
nanostructures like carbon nanofibers and onion-like carbons. BCVD600-1pTT exhibited
similar adsorption capacities for pentane, hexane and benzene than activated carbon.
Furthermore, the regeneration process only affected the adsorption performance of
BCVD600-1pTT by about 10%, while the commercial activated carbon reduced its capacity
by up to 50%. The excellent adsorption/desorption performance of BCVD600-1pTT in
dynamic mode was mainly related to the basic character and exposed surface area of
carbon nanostructures, and to the least mass transfer resistance compared with that of
activated carbon. In addition, BCVD600-1pTT showed similar breakthrough curves after four
cycles of adsorption/desorption of benzene, with only a decrease of breakthrough time of 16
min, while that of activated carbon decreased up to 20 min in the second cycle. These results
indicated that BCVD600-1pTT would become a promising candidate for VOC recovery in

automotive canisters.
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4.1. Introduction

According to the vehicular emission inventory, evaporative emissions have been a
growing concern in recent years [9], [23]. Evaporative emissions result from gasoline vapor
leakage from the automotive’s fuel tank [19]. In fact, evaporative emissions currently
represent the sixth highest sources of anthropogenic volatile organic compounds (VOCSs) in
the world [18]. Regulations on the reduction of VOCs emissions have been strengthened.
For instance, the Goteborg protocol stipulated that the amount of VOCs emissions in 2020
should have been half the amount released in 2000 [166]. In addition, the European Union
obligated member states to cut the emissions of VOCs by 40% by 2030 [167]. Therefore,
due to their high toxicity and carcinogenic character, combined with their contribution to the
formation of tropospheric ozone and photochemical smog [23], [29], the recovery and reuse
of evaporative emissions from gasoline are of significant importance from both economic

and environmental point of view.

Until now, the automotive industry has considered adsorption process as the most
efficient and energy-saving candidate for capturing and recovering VOCs from evaporative
emissions [107]. Modern vehicles are equipped with an evaporative loss control device, also
known as canister, which is packed with activated carbon to prevent VOCs leakage into the
atmosphere when the vehicle is not running. Subsequently when the vehicle is running,
some of the air that is sucked into the intake air system is circulated through the canister to
desorb the VOCs and draw them into the engine; thus, a closed system must be formed
[27]. However, the narrow microporosity in activated carbon implies serious diffusional
restrictions to completely desorb the VOCs, which over time leads to a lack of regenerative
ability [13]. Thus, it is required a new adsorbent with the capability of adsorb and desorb the
VOCs from evaporative emissions faster enough to exceed the regenerative ability of a

commercial activated carbon under diurnal conditions.
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The choice of an adsorbent for VOC removal must consider a wide variety of factors,
including surface area, pore structure, and chemical functional groups. Examples of
adsorbents that have been proposed to replace activated carbon in automotive canisters
are zeolites, silica gel, metal-organic frameworks and polymers [97]. To date, most research
is focused on investigating the influence of physicochemical properties of different
adsorbents on VOCs adsorption capacity. However, few works have addressed the impact
of the porous structure of different materials in dynamic adsorption/desorption process. For
instance, the pore structure and morphology of mesoporous silica has been correlated with
VOCs adsorption/desorption [168]. Additionally, the effect of different pore sizes of zeolites
has been further studied on the dynamic adsorption/desorption of VOCs [169]. On the other
hand, it has been reported that the breakthrough adsorption capacity of a regenerated
activated carbon decreased three times more than that of a macroporous hyper-crosslinked
polymer [30]. Nevertheless, the expensive cost of these adsorbents is one of the major
challenges for its commercial application. Over the past few decades, biochar has emerged
as a potential alternative to activated carbon due to its null presence of micropores, stable
physicochemical properties, and regeneration ability [41]. Many agro-industrial and forestry
waste materials have been given special emphasis as raw materials for the preparation of
biochar because they are renewable, highly available, reduce the cost of production and
their reuse reduces potential environmental pollution [170]. Recently, our research group
synthetized macroporous biochar from waste agave bagasse, a typical byproduct from the
tequila production industry, increasing the adsorption kinetics of benzene in comparison with
those of activated carbon [42]. However, one of the potential problems associated with
biochar is that its low surface area does not allow to obtain high adsorption capacity for
VOCs. Thus, there have been some efforts to modify the biochar surface to improve

evaporative emissions recovery.
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In regard to improve the exposed surface area of carbon-based materials, the growth of
carbon nanostructures on biochar have attracted increasing attention because this
madification has enhanced the VOCs adsorption capacity of biochar. The growth of carbon
nanostructures offers excellent features such as high exposed surface area, high affinity for
VOCs and reliable desorption performance [121]. According to previous studies, by growing
carbon nanostructures by chemical vapor deposition synthesis, it was possible to double the
biochar's surface area from 120 to 240 m? g, enhancing the benzene and toluene
adsorption capacity of activated carbon 260% and 98%, respectively [17]. In contrast with
the porous carbon-based materials obtained by chemical and physical activation processes,
the modified biochar with carbon nanostructures exhibits more suitable physical and
chemical properties to improve the adsorption performance of evaporative emissions [171].
These previous results encourage us set up a fixed-bed system to measure the
adsorption/desorption performance of VOCs from a model gas stream by carbon materials
in dynamic configuration. For this assessment, first the available surface area of a
macroporous biochar was increased by chemical vapor deposition (CVD). In addition, the
adsorbents physicochemical properties were characterized by N, phisisorption, Raman
spectroscopy, X-Ray diffraction, scanning and transmission electron microscopies, and
potentiometric titrations. Finally, breakthrough curves of representative VOCs were
measured evaluating dynamic adsorption and desorption performance of raw and CVD-
processed biochar, and also a commercial activated carbon was considered for comparison.
In this study, pentane, hexane, benzene, and toluene were chosen as the representative

pollutants from evaporative emissions.
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4.2. Methods

4.2.1. Materials

All chemicals used in this research (HCI 0.1 N, NaOH 0.1 N, NaCl, NaBH4, FeS04.7H,0,
C2H2, CsHi2, CeHi4, CsHs, C7Hg and sodium carboxymethylcellulose (CMC)) were reagent
grade obtained from commercial vendors. Biochar was obtained by the pyrolysis of waste
agave bagasse at 600 °C in nitrogen atmosphere, and washed with HCI 4M to remove the
inorganic content. In addition, the selected commercial granular activate carbon (AC) was a
bituminous based (Filtrasob 400) supplied by Calgon Carbon Company. In order to obtain a
suitable particle size for packing the columns, carbon adsorbents were crushed and sieved
with a mesh number of 170-270. After the particles were sieved, the biochar was rinsed with

deionized water and then dried at 80 °C for 24 h.

4.2.2. Chemical vapor deposition process

Prior to CVD process, the catalyst was impregnated on biochar by the following
procedure. Under inert atmosphere, 100 mL of CMC 4.96x10° M were mixed with 50 mL of
FeS04.7H,O 0.11 M, followed by the dropwise addition of 10 mL of NaBH4 0.22 M [126].
Then, 0.2 g of biochar were contacted with 20 mL of the Fe®/CMC suspension previously
prepared. The container was sealed and stirred at 125 m™ for 48 h at 25 °C to introduce
zero-valent iron nanoparticles on the biochar surface [42]. After impregnation, the material
was rinsed with double deionized water to eliminate residual chemicals and dried at 90°C

for 24 h.

The CVD system consisted of a horizontal tubular furnace with one-zone heating and a
quartz tube with an internal diameter of 7 cm. The sample was first placed in the middle
zone of the tubular reactor while it was purged with 90 mL min* of N2 gas. Then, the sample

was heated up at a rate of 25 °C min! until 600 °C. Once the CVD temperature was reached,
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it was held for 2 min before the carbon source (C2Hz) was injected at 20 mL-min* for 1 min,
followed by 5 min without C2H: supply, then C;H. was injected for another 1 min, followed
by another 7 min without C,H. supply. Once the CVD process ended, samples were cooled
down to room temperature. To increase the surface area and reduce oxygen functionalities
of biochar/carbon nanostructures composite, the sample was thermally treated at 650 °C

using a heating rate of 10°C min* during 10 min under N, atmosphere.

4.2.3. Analytical methods

Chemical and textural features of an adsorbent are the decisive factors that determine its
adsorption performance. Therefore, the properties of the different carbonaceous adsorbents
studied in this research were compressively studied. In this sense, the external and internal
morphologies of carbon nanostructures onto biochar were analyzed by scanning electron
microscopy (SEM, FEI - FIB Dual Beam Helios Nanolab 600) and transmission electron
microscopy (TEM, Tecni FEI 300 operated at 300 kV with CuK, radiation), respectively. The
surface area, porosity and crystal structure of carbonaceous adsorbents were investigated
by nitrogen adsorption-desorption measurements (Micromeritics ASAP-2020 at 77 K) and
X-ray powder diffraction (XRD, SmartLab Rigaku diffractometer), respectively. Furthermore,
the structural carbon differences between carbonaceous adsorbents were studied by
Raman spectroscopy (inVia MICRORAMAN: RENISHAW using a 514 nm laser). The
surface chemical changes were determined by the surface charge distribution and points of

zero charge (pHezc) obtained by potentiometric titrations (Titrator Metler Toledo, PL 70).

4.2.4. Dynamic adsorption measurements

In order to determine the dynamic adsorption behavior, breakthrough measurements
were performed as shown schematically in Fig. 4.1. Prior to adsorption measurements,

samples were degassed overnight at 90 °C. Then, ~ 0.5 g of adsorbent (170-270 mesh)
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were loaded into the adsorption column (D = 0.5 cm, L = 10 cm) made of glass. A glass filter
plate was located at the bottom of the column as support of the adsorbent bed. Dry nitrogen,
at a flow rate of 25 mL min?, was used as carrier gas. During the experiment, the inlet
concentration (Co) of each VOC was constant by maintaining the same nitrogen flow rate.
To saturate the carrier gas with a desired VOC, this was passed through a glassy stripping
reactor containing the liquid VOC sample. As a result, the VOCs vapor thoroughly mixed
with the nitrogen stream was led from the stripping reactor toward packed bed. The
breakthrough curves were obtained by analyzing the inlet and outlet concentrations of each
VOC as a function of time in a gas chromatography instrument equipped with a flame
ionization detector (GC-FID). Herein, the equilibrium dynamic adsorption capacity (g, mg
VOCs g?) was calculated by the numerical integration of the breakthrough curves, according
to the following equation [172].

calc = Lfots(co —(C)dt (Eq. 4.1)

m*10~—6

where Q is the flow rate of gas stream, mL min’; m is the mass of the adsorbent, g; Co and
C are the inlet and outlet concentration in mg L™ of each component, respectively; ts is the
saturation breakthrough time, min; and gcar is the calculated adsorption capacity, mg g*. To
obtain gecac and additional important parameter used to estimate dynamic adsorption

performance the following calculations were needed:

a) Fractional capacity:

v
_ fVOO_f(Co.ss—Co.OdV
(Vo.0—V0.1)Co

¢

(Eq. 4.2)
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where Vo is the volume treated to the 0.1 breakthrough points [L], and Vo4 is the volume
treated at 0.9 breakthrough points [L]. Cois the initial concentration of the effluent [mg L™].

Co.1and Cogs are the concentration at 10 and 85 % of exhaustion.

b) Height of the mass transfer zone [cm]:

Vi -V
Hyr, = H [ 085 0.1 Eq. 4.3
MTZ Vo.1+td(Vo.g5—Vo.1) (Eq )

where H is the height of the adsorber [cm].

¢) Rate of the mass transfer zone [cm]:

HprzXQ

R = —— (Eq. 4.4)
MTZ ™ vy 85—Vo1
where Q is the influent flux [mL min]
d) Area under the breakthrough curve:
t
A= [7 Cogsdt (Eq. 4.5)
Caas = Co—C

where Cags is the adsorbed concentration in the solid [mg L?]. Co and C are the initial and
registered concentration at certain time. C is the breakthrough point (C Co™ = 0.85). ts is the

saturation breakthrough time, min

e) Total mass adsorbed [mg]:

QXA
Qtotal = 7000 (Eq. 4.6)
f) Total mass [mg]:
CoXxQXxt
mtotal = 01000 > (Eq 47)

g) % total removal [%]:
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% total removal = 22 x 100

Mtotal

h) Removal capacity [mg g™]:

__ Qtotal
m

(Eq. 4.9)

de

In this study, the breakthrough point was considered as the point where the effluent
concentration reached 10% of the influent concentration (C Co! = 0.1). The time
corresponding to this point is known as breakthrough time (t,). When the effluent
concentration reaches 85% of the influent concentration, it is considered the saturated point

(referring to saturating time (ts)).

The empty-bed contact time (EBCT) was constant in all experiments, which refers to the
time required for a fluid to pass through the volume equivalent of the packed bed, and it is

expressed by:
14
EBCT = 3“ (Eq. 4.10)

where Va is the volume occupied of the packed-bed, mL; and Q is the flow rate of gas stream,
mL mint. Furthermore, detailed computations of the main operational condition in packed-

bed were obtained as follows:

Step 1) Adsorber area [cm?]: Ap = mr? (Eq. 4.11)
where r is the radio of the adsorber column [cm].

Step 2) Adsorber volume [cm?3]: Vp = Agh (Eq. 4.12)
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where h is the height of the adsorber [cm].

Step 3) Particle density [g cm~] pp = % (Eq. 4.13)
R

where mA is the mass of the adsorbent [g].

: 3. _ Mtotal
Step 4) Bed density [g cm™]: Pp = Vv, (Eq. 4.14)
A
where Vais the adsorbent volume [cm?].
Step 5) Bed Porosity €g = 1— Z—B (Eqg. 4.15)
P

4.2.5. Regeneration experiments

After adsorption experiments, the desorption of VOCs was carried out in a
thermogravimetric analyzer (Versa Therm) (see Fig. 4.1). After the adsorption procedure,
the column was disassembled, and the saturated adsorbent sample from the packed bed
was placed in TGA capsule. Then, the sample was heated up to 150 °C under air
atmosphere at a heating rate of 10 °C min*. This temperature was maintained by 30 min by

using air at a flow of 30 mL min™.
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Fig. 4.1 - Schematic diagram of dynamic VOCs adsorption/desorption experiments set-up.

Note: the materials tested herein are label as follows: AC, activated carbon; BCA, biochar;

and BCVD600-1pTT, biochar processed by CVD synthesis.

4.3. Results and Discussions

4.3.1. Structural properties of the adsorbent

Since the presence of minerals on carbon-based materials and their crystalline structure
are related with hydrophilicity, which could affect in the adsorption performance of nonpolar
VOCs, carbonaceous adsorbents were analyzed by XRD spectroscopy (Fig. 4.2a). The
XRD patterns of biochar and BCVD600-1pTT agree with the previous analysis reported in
Chapter 3 (Fig. 3.7), confirming the similarity of crystalline structure between these
materials. The broad Bragg reflection of XRD patterns of all the materials at 26 interval of
22-30° were related to the small particle size effects [62] After the CVD process on the
biochar, the peaks at 26 values of 26 and 44° were observed (ICDD-PDF Card 00-56-0159),
indicating the presence of (0 0 2) and (1 0 0) planes well defined for crystalline graphitic

structures. Additional diffraction peaks related to the catalyst presence were observed at 26
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of 43 and 50° for iron (ICDD-PDF Card 01-081-8770); and 30, 35, 54, 57 and 63° for

magnetite (ICDD-PDF Card 01-072-2303). It has been broadly reported that the presence

of iron (Fe?) and magnetite (Fe,O.) stimulate the C.H. and CMC decomposition during CVD

synthesis, which promote the growth of different carbon nanostructures at 600 °C [80]. On

the other hand, activated carbon also exhibits the characteristics peaks related to crystalline

graphitic structures. Furthermore, extra sharp peaks at 26 of 21, 34, 36° were observed on

activated carbon and were assigned to goethite (ICDD-PDF Card 00-029-0713), which is a

common mineral found in bituminous coal-based activated carbon.

Intensity (a. u.)
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/ M
BCVD600-1pTT
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" | M A M
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C: Graphite (Card 00-056-0159)
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I M: Fe3O4 (Card 01-072-2303)
. I « . F._ - . 0w 1 [ s
I: Fe° (Card 01-081-8770)
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»
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Fig. 4.2 - XRD patterns of carbon adsorbent by using a step size of 0.01° 26 at 10 sec per step.
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Raman spectroscopy was another technique used to characterize the carbonaceous
adsorbents. From Fig. 4.2b, two noticeable peaks appear at 1350 cm™ (D-band) and 1590
cm™ (G-band), similar to the spectra of all sp?>-carbons. Indeed, the Raman spectra of
activated carbon exhibit a typical D-band representing the disordered carbon or defective
graphitic structure, and an evident G-band related to the crystalized and graphitic layers. It
can be noticed that the relative height of the D- and G-bands showed similar intensity
because of the notorious presence of both, domains forming sp? hybridized carbon on basal
planes, and sp? hybridized bonds mainly present in functionalities, edge sites, and vacancy
defects [32]. The spectra of the biochar showed broad peaks at the first-order spectra,
indicating a rather low degree of ordering of the graphitic structures very similar to that of
carbon black. The increase in the intensity and sharpness of D- and G-band after CVD
process suggest the growth of carbon nanostructures dominated by graphitic fraction (sp?
hybridization) on biochar [141]. On the other hand, the low profile of two peaks on the
second-order region of activated carbon between 2600 — 2700 cm™ (2D-band) are
characteristic of stacked few graphene layers. In this sense, the reduction of these second-
order peaks on biochar after CVD also implies the loss of the turbostratic carbon and the
increase of three-dimensional graphitic ordering [143]. The latter could be duo to the growth
of carbon nanostructures or to the condensation of graphitic carbon which is in concordance

with the crystalline graphitic structure reported by XRD analysis.

Joel de Jestls Gutiérrez Martinez

128




CHAPTER 4

D G 2D

AC

Intensity (a.u)

BC

BCVD600-1pTT

500 1000 1500 2000 2500 3000 3500
Raman shift (cm™)
Fig. 4.3 - Raman spectra of the different carbonaceous adsorbents.

The biochar/carbon nanostructures composite was analyzed by scanning electron
microscopy (SEM) (Fig. 4.3). It was observed a very homogeneous particle size of
composite with an average value of 60 um. The particle size is important with respect to the
dynamic adsorption performance in packed-bed systems since very heterogeneous particle
sizes can cause channeling, as will be described below. Sample BCVD600-1pTT was
analyzed to corroborate the effect of CVD synthesis on particulate biochar by using a rotary
furnace. It should be noted that in this study the scaling of the CVD process was carried out
by using the same synthesis conditions implemented in the TGA equipment, as it was
previously reported in Chapter 2. Even though the used CVD conditions were the same, the
morphology of carbon nanostructures formed on particulate biochar was significantly
different. The SEM analysis revealed a broad covered surface with different shapes and
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sizes of carbon nanostructures distributed on the entire biochar surface. Herein, CVD
synthesis induced mainly the formation of carbon nanostructures with morphological
similarities to CNTs and CNFs (Fig. 4.3b, c). Particularly, the largest nanostructures
detected in Fig. 4.3c had an average diameter of 100 nm, while the shortest ones had an
average diameter of 26 nm with a more irregular surface as it is revealed in Fig. 4.3b. This
morphology of carbon nanostructures has also been described when CVD temperature was
lower than 700 °C [62], [80], [83], [157]. According to the carbon deposition process in a
rotary furnace, it has been previously reported that in regions of the reactor where the
temperature is lower the growth of carbon nanostructures is difficult, observing a null
longitudinal growth as in the case of CNTs. The aforementioned founds are in good
agreement with the SEM observations reported in Fig 4.3d, where the extensive shell of
carbon deposited on biochar had a textural roughness without defined morphology. This
could be related to the carbon sources from CMC decomposition that condensed on catalyst
at the initial steps of the CVD process, therefore, a further growth of nanostructures was not

promoted under these conditions.
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Fig.4.3 - SEM secondary electrons images of powder biochar/carbon nanostructures composite with
homogeneous particle size (a), and the morphological differences onto biochar after processed by
CVD at 600 °C (b-c). A comparison was made between distinct morphologies observed in different

zones.

Based on the latest, more detailed morphological information is provided by transmission
electron microscopy (TEM). Even though the CVD process in the rotatory furnace used the
same synthesis conditions than those in the TGA, various morphological differences were
evident in the TEM analysis. It is worth mentioning that the formation of morphologies similar
than CNFs was mainly induced on biochar (Fig. 4.4a, b, c). In fact, the inner structure of
CNFs displayed the alignment of graphite planes that tends to form a cup-shaped

morphology, where graphene planes are stanched forming the 1D fibrous morphology [55].
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CNFs are characterized by the absence of tubular nanostructure. In addition, along the
CNFs a nonhomogeneous morphology was observed, being previously reported as a
physical abnormality that could be related to lattice defects, impurities, local charge sites, or
a combination thereof [53]. Instead, certain synthesis methodologies can also produce
carbon nanofibers with a quasi-amorphous structure, marked by the absence of graphitic

sp? carbon [55], as it is observed in Fig. 4.4d.

Fig. 4.4 - TEM images of carbon nanostructures formed by CVD synthesis at 600°C showing

formation of CNFs (a-c), amorphous CNFs (d), and onion-like carbon (e-f).

As it is well known, the structural features of carbon nanostructures grown by CVD
strongly depend on the experimental conditions which include the preparation and pre-
treatment of the catalyst and the synthesis conditions [80]. Indeed, it has been reported that
by decreasing the CVD temperature the carbon nanostructure length decreases, which

agrees with the formation of onion-like carbon observed in Fig. 4.4e, f. Herein, TEM images
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revealed that onion-like carbon present quasi-spherical shape and have a core-shell
structure. The onion-like carbon diameters varied in the range of 20-40 nm. The TEM
analysis also showed that carbon layers are surrounding nanopatrticles. In addition to the
low CVD temperature, the formation of onion-like carbon could be attributed to the CMC
decomposition which induce the formation of turbostratic carbon on catalyst particles, as it

was well described in Chapter 2.

Considering the ability of carbonaceous adsorbents to rapidly adsorb organic
compounds, the most available surface area could be an advantageous factor. In order to
determine the effect of growing carbon nanostructures on biochar on the dynamic
adsorption/desorption performance of VOCs, the pore volume and surface area of raw and
CVD processed biochar were analyzed and compared with a highly microporous activated
carbon, currently used in automotive canisters (Table 4.2). The surface area of biochar
remarkably dropped from 184 to 1 m? g after the grinding process. Regardless of whether
the open channels remained, the lower surface area of biochar could be consequence of
porosity loss. The low micropore volume of granular biochar (0.075 cm?® g*) could be formed
by the removal of organic and inorganic fractions throughout the carbonization of raw agave
bagasse and acid-watched of biochar, respectively. However, the zero microporosity of
powder biochar suggest that granular biochar micropores could be directly connected to the
outer surface in such a way that they were destroyed during the grinded process. On the
other hand, the specific surface area and pore volume of biochar notably increased from 1
to 330 m? g* after the CVD process. The roughness of the external nanostructures surface
could contribute to the increase of surface area of the modified biochar. It is worth noting
that the scaling of the CVD process in a tubular furnace was beneficial in increasing biochar
surface area by 300 %, while TGA allowed to increase only 30 %. Regarding the porous

structure, micropores correspond to 75 % of the total of pore volume. This increment of pore
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volume, after CVD process, suggests that the arrangement of carbon nanostructures
generated porosity by the interspaces formed between them [53]. Oppositely, the narrow
microporosity of activated carbon implies a limited mass transfer of VOCs during dynamic
adsorption and even more during the regeneration process. Thus, the textural properties of
BCVD600-1pTT make it a promising material for a fast regeneration in automotive canister.

Table 4.1 - Textural properties of powder adsorbent materials tested in dynamic adsorption

experiments.

ID samples SgET Viotal Vhmicro Vmeso Vmacro
(mgh  Emegh  (megy MO (emig)

AC 729 0.460 0.263 0.181 0.016

BCA* 1 0.007 0.000 002 0.005

BCVD600-1pTT 331 0.160 0.123 0.033 0.003

* powdered biochar

4.3.2. Dynamic adsorption/desorption study

In this study, consecutive column runs were carried out to understand the dynamic
adsorption behavior of representative evaporative emissions in a fixed-bed, in addition to
the simultaneous adsorbent regeneration. In order to analyze the fixed-bed performance, a
number of operational parameters have to be known previous each dynamic experiment
(Table 4.2). The main operational parameters are the volumetric flow, volume and height of
packed bed, empty bed contact time, and ratio column:particle diameter. To prevent wall
effects, the ratio column:particle diameter should be higher than 25, which also ensure
uniform streaming and avoids channeling [86]. Maintaining operational parameters constant
during the dynamic adsorption experiments allow comparing the adsorbent performance for

each VOC.
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Table 4.2 - Operating parameters on dynamic adsorption of VOCs in the fixed-bed column.

Parameter Symbol Units value
Bed height h cm 8.1-11.4
Cross sectional area Ar cm? 0.2
Volumetric flow Q cm?d mint 20-30
Empty bed contact time EBCT min 0.05-0.10
Particle diameter dr cm 0.008
Ratio column:particle diameter dr:dp - 64
Bed volume Va cm? 1.95
Column volume VR cm? 2.32
Bed porosity & % 0.16

The breakthrough curves of different VOCs representative of evaporative emissions are
presented in Fig 4.4. To maintain the most realistic behavior of gasoline stored in vehicles,
each VOC inlet concentration was ruled for its own physical properties. Accordingly, toluene
showed the lowest average concentration (28 mg L) due to its lower vapor pressure (less
volatile), whereas the highest average concentration was for pentane (274 mg L?), as a
consequence of its high vapor pressure value (more volatile). Similarly, benzene and hexane
have average concentrations of 74 and 113 mg L%, respectively. All the breakthrough curves
followed the typical S-shape when plotting C Co* versus time. The most efficient adsorption
performance could be obtained when the shape of the breakthrough curve is as sharp as
possible [173]. Overall, at the first stage of the dynamic adsorption process, the VOCs are
rapidly adsorbed due to high availability surface of the adsorbents. When the feed stream is
introduced through the inlet of the column, VOCs are adsorbed most rapidly and effectively
by the fresh adsorbent during the initial stage of the experiment. Once the VOCs

concentration in the outlet reached 10 % of the inlet concentration the breakthrough time (t)
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was reached [111]. After the breakthrough time, the concentration in the effluent increases
because the adsorbent becomes saturated with the incoming VOCs that continue to flow
into the packed bed and become less effective to the additional gas stream. The process

continues until the saturation point was reached at 85 % of the inlet concentration value.

Results show that the breakthrough time decreased when increasing the VOC vapor
pressure and also when decreasing the adsorbent surface area. As it can be seen for
pentane and hexane, the higher the vapor pressure, the higher the concentration and the
faster the breakthrough time. Conversely, toluene and benzene showed the larger
breakthrough time as they had the lowest vapor pressure. Regarding pentane adsorption,
its higher inlet concentration could saturate the carbonaceous adsorbent more quicky
because the increase in concentration reduced the treated volume before the bed get
saturated, decreasing the operation time [174]. In order to increase the volume of feed gas
that can be treated, it is necessary that the inlet concentration be lower, which agrees with
the longer breakthrough times shown for toluene. The effect of the adsorbate inlet
concentration on the breakthrough curves behavior has been previously reported [173]-
[175]. These results demonstrated that the diffusion process during VOCs removal is highly
concentration dependent. It is worth noting that the performance of carbonaceous
adsorbents packed in an automotive canister will depend on the evaporative emissions
features, where large number of the most volatile molecules reach the adsorbent surface

faster, but it also saturates quickly.

When comparing the adsorbents, the effect of surface area is obvious. For the case of
activated carbon (729 m? g1), the breakthrough time was determined at 20, 19, 40 and 80
min for pentane, hexane, benzene, and toluene, respectively. When BCVD600-1pTT was
evaluated, the curves of aliphatic VOCs showed similar breakthrough times to those of

activated carbon, while benzene and toluene breakthrough took place 5 and 40 min earlier,
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respectively. All this confirms that in addition to the effect of both the surface area and the
surface chemistry of adsorbents on adsorption performance, the VOC features can also
strongly influence the breakthrough curves behavior. The latter becomes more evident when
analyzing the data of the breakthrough curves of the second adsorption cycle. Herein, the
adsorbent BCVD600-1pTT was shown to have a higher regeneration efficiency than a
commercial activated carbon, as it is notably observed in breakthrough curves of Fig. 4.4a,
c, e, g. In this sense, breakthrough curves of regenerated BCVD600-1pTT decreased only
by 4, 0.5, 6 and 5 min, for pentane, hexane, benzene, and toluene, respectively, while
regenerated activated carbon gave an earlier breakthrough time, from 20to 5, 18t0 9, 40 to

22, and 81 to 42 min, respectively.

Due to the driving forces for VOC mass transfer, adsorption occurs even in the narrowest
micropores, however, the highest adsorption energy in micropores compared to meso and
macropores makes regeneration challenging [30]. In this sense, the narrowest pore size
measured by physisorption analysis (0.9 nm) corresponded to almost 50% of the micropore
volume and 31% of total pore volume of activated carbon, whereas the pore volume in
smaller pores than 0.9 nm on BCVD600-1pTT corresponded to 40% and 32% of micropore
and total pore volume, respectively. Even though the percentage of the narrowest pores
were not very different in both adsorbents, it is important to highlight that the higher pores
volume of activated carbon, where their volumes of total pores, micropores and pores
smaller than 0.9 nm were 2.88, 2.14, and 2.36 times higher than BCVD600-1pTT,
respectively. Considering the effect of textural properties on the dynamic
adsorption/desorption performance, it was evident that the greater volume of the narrowest
micropore in activated carbon allowed to adsorb a higher number of molecules than
BCVD600-1pTT, which agree with the longest breakthrough times on the first adsorption

cycle. Nevertheless, the breakthrough time decreased during the second adsorption cycle
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suggesting that the activated carbon regeneration was limited by its higher tortuosity, pore
shape, and by the presence of acidic functionalities and reactive sites (border sites and
vacancies) than decreased the affinity of nonpolar VOCs. In fact, the above has a greater
influence on intraparticle diffusion of VOCs in both adsorption and desorption process. On
the other hand, the difference of mesopore volume in both adsorbents should also be
considered in the above discussion. The larger contribution of mesopores to the total pore
volume observed in activated carbon (39.4%) suggests a longer intraparticle diffusion of
VOCs in comparison to BCVD600-1pTT. The latter is supported by the low mesopore
contribution in the total pore volume of BCVD600-1pTT (20%), indicating that micropores
could be connected to the outer surface and not necessary connected with the mesopores,

as occurs in activated carbons.
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Fig. 4.4 - Adsorption breakthrough and desorption curves of representative VOCs from gasoline at
25 °C on activated carbon (AC), biochar (BC) and biochar processed with CVD (BCVD600-1pTT). tp,
is the breakthrough time at which the outlet concentration reached 10% of the inlet concentration.
Open symbols and dotted lines represent the second adsorption and desorption cycles, respectively.
Vapor pressures: toluene (0.038 amt), benzene (0.126 atm), hexane (0.133 atm), pentane (0.657
atm).

To simulate desorption conditions in an automotive canister, the adsorbent regeneration
was carried out in a TG analyzer at 150 °C, using air stream. In fact, the saturated porous
adsorbents have been commonly regenerated by thermal methods [176]. As it is seen in
Fig. 4.4b, d, f, h; the highest weight loss of activated carbon indicated a higher concentration
of VOCs desorbed, while the increase of weight loss after the second cycles could be related
to the desorption of VOCs no released during the first desorption cycles. It is interesting to

note that the greater weight loss of activated carbon after the second cycle demonstrated
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the diffusional restrictions for VOCs desorption from narrow micropores, which is consistent
with the left shift of its breakthrough curves. In addition, chemical surface of activate carbon
also affected their VOCs desorption. In this sense, it is most restricted the desorption of
VOCs adsorbed by the electron donor-acceptor (EDA) complex formed between the
delocalized n electron density of benzene and toluene and the pair electrons of oxygen
atoms from functionalities [7]. Regarding the smaller size and higher concentration of
pentane and hexane, it is highly probable that diffuse further into the activated carbon
porosity than aromatic VOCs. In addition, VOCs desorption could be affected by both the
type of pore morphology and by the effect of steric hindrance caused by the acid
functionalities present in the pore. In contrast, desorption curves of BCVD600-1pTT behave
similarly after two desorption cycles, being an adsorbent with less tortuosity and a more

graphitized surface, indicating a higher regenerative ability than activated carbon.

By analyzing the desorption rates shown in Table 4.3, it was observed that VOCs
desorbed more slowly from BCVD600-1pTT than from activated carbon. This effect was
attributed to the adsorbent chemical properties. The extensive coverage of the sp?
hybridized carbon on the carbon nanostructures and the low presence of acidic
functionalities (shown below) makes that nonpolar VOCs adsorb slightly stronger than on
the more defective surface of activated carbon. The latter is related to the high number of
functional groups of activated carbon (0.291 mmol g') compared with those of BCVD600-
1pTT (0.139 mmol g1), whereas after desorption functionalities density increased as will be
described below. The curvature of the carbon nanostructures provides a greater surface
reactivity, implying a greater exposure of surface electronic cloud which favors the dipole
induction on the VOC. This last one is based on the dispersive interaction between nonpolar

VOCs and basal plane of adsorbent. Finally, it is worth noting that despite the faster
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desorption rate of activated carbon between the min 4 and 9, the diffusional restrictions in

narrow micropores avoid the complete desorption of VOCs.

Table 4.3 - VOC desorption rates calculated at the highest weight loss, between minutes 4 and 12.

Desorption rates (mmol min?)

AC BCA BCVD600- BCVD600-1pTT
VOCs AC BCA
2" cycle 2" cycle 1pTT 2" cycle
Pentane 0.0048 0.0047 0.0016 0.0017 0.0031 0.0032
Hexane 0.0062 0.0071 0.0046 0.0021 0.0028 0.0033
Benzene 0.0070 0.0074 0.0023 0.0035 0.0045 0.0043
Toluene 0.0064 0.0062 0.0026 0.0031 0.0033 0.0031

To further explain the dynamic adsorption curves, the area to the left of the breakthrough
curves, and other important column parameters reported in Table 4.4, were used to estimate
the total quantity of gas adsorbed during dynamic experiments. Other important parameters
are showed in supplementary information (Table SI4). The mass transfer zone (MTZ) is the
most important parameter highly related with the steepness of the breakthrough curve. In
fact, it is well-known that the breakthrough curve is a mirror of the MTZ, being affected by
flow rate, adsorption affinity, adsorbent porosity and, as mentioned previously, on the
adsorbate properties [86]. From dynamic experiments, it was observed that, in most cases,
the height of the mass transfer zone (Hwrz) exceeded the average bed height. Even though
20 mL mint is known as a low flow rate in gas phase based on dynamic adsorption reported
in literature, dr:d, ratio was much higher than 25, and non-polar VOCs have high affinity for
carbonaceous adsorbent, the adsorbate diffusion through the column in gas phase is much
faster. Fig. 4.4 suggest that there are little to no mass transfer limitations in the breakthrough
system. The inability of these carbonaceous adsorbents to achieve a maximum of
breakthrough saturation higher than 0.95 in the short time evaluated is explained by having

a Hwurz greater than the bed height. In this sense, the mass transfer zone is so large that
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when 85% of the packed bed has been spent or covered with VOCs, there are still unused
zones at the beginning of the column, without implying a channeling effect. In contrast, the
low rates of the mass transfer zone (Rwrz) indicated the high affinity of VOCs for all the
carbonaceous adsorbents. The slightly lower Rurz of activated carbon was more related to
its higher surface area (729 m? g?) than its chemical surface, where the more hydrophobic
and basic surface of BCVD600-1pTT suggested a high affinity for VOCs showing Rwrz

values close to activated carbon despite having a surface area 2.2 times smaller.

Activated carbon showed a Hwrz increase from 2 to 10.9 cm after the adsorbent
regeneration, while BCVD600-1pTT regeneration did not affect the Hurz. This behavior was
also observed in the fractional capacities (¢) and the rate of removal at maximums
adsorption capacity (%R) for BCVD600-1pTT, which indicated that the amount of solute
adsorbed and the rate at which it is absorbed were similar in both adsorption cycles because
the total capacity of the MTZ also was comparable. Regardless of the high reproducibility of
the breakthrough curves of BCVD600-1pTT, its lower fractional capacity, compared to
activated carbon, suggest an increase in the bed height necessary to increase the service

time.

Concerning the total amount of VOCs passed through the packed bed, it can be seen
that the higher vapor pressure of lighter VOCs reduced both the breakthrough and saturation
times, whereas the adsorption capacity increased. These findings are associate to the
increase of the concentration gradient between the nitrogen stream and VOCs molecules.
For instance, the high concentration of pentane provided greater driving force to rapidly
saturate the sorption sites, while the low concentration of toluene complicated the transfer
process duo to the lower dispersion rates from the influent to the adsorbent particles. Similar
outcomes were previously recorded in packed bed system [174], [175], [177]. By comparing
the dynamic adsorption capacities of BCVD600-1pTT in both cycles with those obtained in

Joel de Jestls Gutiérrez Martinez

142




CHAPTER 4

activated carbon, it is important to point out the viability of using BCVD600-1pTT for the

recovery of evaporative emissions.

Table 4.4 - Experimental parameters obtained from breakthrough curves for different adsorbents and
adsorbates.

Adsorbent VOC Cycles tb  texn Hwrz Rwrz ¢ %R Qe

AC Pentane 22 114 10.6 0.12 0.71 12.8 2733

4 192 225 0.12 0.47 17.3 287.2

Hexane 18 150 14.3 0.11 0.44 16.5 170.5
10 70 171 0.28 0.35 142 12538

Benzene 41 145 85 0.08 0.69 16.9 107.8
26 121 105 0.11 0.61 123 855

Toluene 84 218 7.8 0.06 0.60 19.8 345
43 190 123 0.09 0.56 11.4 257

BC Pentane 6 130 30.7 0.25 0.39 17.7  200.9
5 104 297 0.30 0.32 13.2 2219

Hexane 8 80 223 0.31 0.23 12.8 85.7
7 62 19.9 0.36 0.43 6.7 43.8

Benzene 10 81 243 0.34 0.29 11.6 60.5
4 51 171 0.36 0.54 8 341

Toluene 8 70 193 0.31 0.24 128 193

8 90 16.9 0.21 0.48 14.6 18.9

BCVD600-1pTT Pentane 14 95 183 0.23 0.36 122 269.6

9 120 227 0.20 0.35 13.2 2595

Hexane 17 170 15.9 0.17 0.52 119 1235
17 170 16.3 0.17 0.50 143 1149
Benzene 34 142 114 0.11 0.51 14.3 81.2
26 109 10.7 0.14 0.57 8.3 64.4
Toluene 34 166 12.2 0.09 0.48 16.6  36.9

N P N PN P DN RPN PN RPN PN PN PN EPE DN R DN PR

30 120 127 0.14 0.40 12.6 29.2

t, = breakthrough time (min)

texn = Saturation time (min)

Hwrz =height of the mass transfer zone (cm)

Rwrz = rate of the mass transfer zone (cm min™)

¢ =fractional capacity

% R = rate of removal at maximum adsorption capacity

ge = calculated adsorption capacity from breakthrough data (mg g?)
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Dynamic adsorption performance was more evident by analyzing the relationship of the
adsorbent surface area with mass transfer zone rates and adsorption capacities, the effect
of Vapor pressure in with mass transfer zone rates (Fig. 4.5). The positive linear relation
between VOCs vapor pressure and mass transfer zone rates of AC and BCVD600-1pTT
showed that the mobility of adsorbate through the column was consistent with the
aforementioned premise that adsorbate volatility governs the inlet concentration and
provides a greater driving force for the diffusional process. Conversely, it was found that the
mass transfer zone rate is negatively correlated with the adsorbent surface area. In this
case, as the adsorbent surface area increases, the mass transfer zone decreases and
moves slowly because the adsorption process is mostly controlled by intraparticle diffusion

[177].

The influence of surface area on the adsorption capacity after two cycles was positively
correlated (R? ranging 0.51- 0.99). The least steep positive slopes observed in Fig. 4.5¢c may
be related to the less proportion of basal planes domains on activated carbon. If the slopes
were more pronounced as the surface area values increased, the effect basal planes would
be more evident because physical interactions are favored [11]. To consider chemisorption
as the most important mechanism, it should be oxidized adsorbent surface and observed a
high correlation between adsorption capacity and surface acidification. The importance of
surface area for the VOCs removal by carbonaceous adsorbents has been recognized in

the literature [7], [28], [36], [37], [165], [168].
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Based on the operational regeneration of automotive canisters, it could be said that the
high engine temperatures and air current used to desorb VOCs molecules could oxidize the
most exposed adsorbent surface. For this reason, the changes in surface chemistry after
two cycles of adsorption/desorption of VOCs was analyzed by potentiometric titrations
(Fig.4.6). It was observed a slightly basic surface on biochar and activated carbon with pHpzc
values of 8 and 7.7, respectively, whereas the growth of carbon nanostructures increased
the surface basicity to a pHpzc of 9.7. This result agrees with Raman analysis since the
increase in pHpzc values has often been attributed to a high density of sp? graphitic domains
of the carbon nanostructures. Considering that moisture was previously removed by using
a drying column, the chemical equilibrium by dissociation of the functionalities could be
negligible during dynamic adsorption process. However, the analysis of surface chemistry
by determining the pHpzc values and pKa distribution is of interest for VOC adsorption since
the basic character of BCVD600-1pTT may be relate to a weak polar and more graphitized
surface, while more acidic surface of activated carbon implies a larger polar and more
amorphous surface [36]. Thus, it should be noticed that the adsorbent basicity favors the

adsorption of nonpolar VOCs by dispersive forces.

After the regeneration process, the adsorbent surface was acidified, which was reflected
in a decrease of the pHpzc of 0.01, 0.15 and 0.5 for BC, BCVD600-1pTT and AC,
respectively. To better illustrate the effect of regeneration on the surface chemical
functionalities, characteristics pKa of acidic functionalities were reported in Fig 4.6b, d, f. The
increase in the pKa peaks confirmed the slight surface oxidation after regeneration. The
facility to oxidize activated carbon may be a consequence of the high occurrence of edge
sites and vacancy defects characteristics of carbon materials induced to activation process.

These results denote that in addition to the adsorbent textural properties effect on dynamic
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adsorption/desorption performance, the increase in acidic functionalities could imply a

decrease in the adsorption efficiency of VOCs.
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Fig. 4.6 - Regeneration effect on surface charge distribution and pKa distribution of carbonous
adsorbents as a function of pH at 25 °C. The blue and red lines correspond to the pristine and after

being used in adsorption of VOCs, respectively.
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To clarify the overall adsorption-desorption process in carbonaceous adsorbents with

different textural features, the following diffusional illustration is proposed (Fig. 4.7).

Adsorption Desorption

X
{‘3\;%

BCVD600-1pTT

Activated carbon

Fig. 4.7 - Overall illustration depicted the favorable mass transfer on exposed surface area of
BCVD600-1pTT versus the diffusional difficulties of microporous activated carbon during dynamic

adsorption in packed-bed columns.

The highest concentration of pentane promoted the molecular diffusion from the bulk to
the pores or the external surfaces, while the decremental concentrations of hexane,
benzene, and toluene, respectively, slowed the mass transfer. In this sense, pentane was
adsorbed faster compared to other VOCs. Hexane and Benzene were adsorbed a few
minutes later and toluene should have taken longer to be adsorbed. Based on the kinetic
diameter of the adsorbed VOCs (< 0.6 nm), all molecules can readily gain access to the
micropores of activated carbon and BCVD600-1pTT, however, the narrow microporosity of
activated carbon implies a gradual interparticle diffusion. The shorter breakthrough times
shown by BCVD600-1pTT agree with this assumption. Once VOCs molecules reached the
carbonaceous surface, the adsorption is mainly controlled through van de Waals interactions

and n-nt bond. As it was previously described in Chapter 3, pentane and hexane adsorption

was controlled by dispersive forces, while the uniform electron clouds of benzene and
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toluene allowed them to form an electron donor-acceptor (EDA) complex with the adsorbent
functionalities in addition to the n—m interaction [37]. However, it has been mentioned that
VOCs adsorption is mainly controlled by dispersive forces during dynamic adsorption

experiment [7], [11], [36], [103].

Regarding the basic surface properties of carbonaceous adsorbents, the high extension
of delocalized n electrons on graphitic structures promote the dispersive interaction with
nonpolar VOCs. This interaction is also known as induced dipole-induced dipole or London
forces. These forces take place when adjacent nonpolar VOCs come close enough that the
electron density of these neighboring molecules vibrates leading to fluctuating or varying
dipoles, which are not oriented but are held together by the induction of polarity in each other

[51].

The characteristic graphitic structure of both adsorbents BCVD600-1pTT and activated
carbon allows them to possess similar chemical properties such as high hydrophobicity and
a delocalized n electron rich surface [118], while the pores structure of activated carbon
differed from that of BCVD600-1pTT. It has been reiterated that the high surface area of
activated carbon mainly located in a network of micro and mesopores has promoted a
greater adsorption capacity than BCVD600-1pTT, however, it was evident that the
adsorption capacities differences were not proportional to the surface area magnitudes.
Thus, the differences in adsorption behavior could also be related to the spatial arrangement
or morphological shape of the graphitic-like structure that forms most of the surface of the
carbonaceous adsorbents. For activated carbon, the cross-linked microcrystalline layers
randomly oriented show a disordered orientation caused by the presence of heteroatoms,
and by the defects such as vacant lattice sites [32]. Even though activated carbon has a
higher surface area, these structural features play a role in the adsorption mechanism since

the broad heterogeneous surface prevent adsorbing further nonpolar VOCs. In contrast, the
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less defective, most graphitized surface of BCVD600-1pTT allows it to take better advantage
of active sites for VOCs uptake. In addition, the adsorption capacity was enhanced by the
curvature of the carbon nanostructures grown on biochar. The curvature provides unusual
features causing a significant orbital perturbation where the electronic cloud is more
exposed than on graphene-like layers [178], [179]. Considering the adsorption of nonpolar
VOCs, the curved carbon nanostructures suggest a greater feasibility for promoting the

induced dipoles between adsorbate and adsorbent (Fig.4.8).

a) BCVD600-1pTT b) Activated carbon

less available l '

active sites

More available
active sites

«—>
Dispersive
interactions
T—T
interactions
Curved Turbostratic
nanostructure carbon

Fig. 4.8 - Adsorption mechanism on BCVD600-1pTT(a) and activated carbon (b). The effect of both
curvature on carbon nanostructure and a more defective carbon structure on adsorption of aliphatic

and aromatic VOC were illustrated.
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On the other hand, adsorbent regeneration was also mainly ruled by activated carbon
microporosity and by carbon nanostructures curvature. Accordingly, activated carbon
microporosity limited the desorption of VOCs due the high pore tortuosity and the different
pore shapes. In addition, as the molecule was larger, the diffusional restriction was higher,
limiting the desorption performance. Conversely, desorption of aliphatic and aromatic VOCs
from curved carbon nanostructures could imply a higher energy compared to the lineal
surface, although desorption temperature (150 °C) promoted the breakdown of dispersive

forces.

4.3.3. Reusability of biochar/carbon nanostructures composite

The efficiency of regeneration of an adsorbent in a cyclic adsorption-desorption process
plays an important role in the practical application of automotive canisters. In order to
determine the reusability of biochar/carbon nanostructures composite on evaporative
emissions adsorption, the recovery of benzene was evaluated over four consecutive
adsorption-desorption processes. On the basis of dynamic adsorption and desorption
results, BCVD600-1pTT seems to be the best adsorbent to remove different representative
VOCs from gasoline. Desorption temperature of 150 °C was chosen to overcome the boiling

point of benzene (80°C).

According to the Fig. 4.9a, the BCVD600-1pTT still maintains a good adsorption capacity
after four adsorption-desorption cycles. The regeneration efficiency at 150 °C is good
enough to only reduce the breakthrough times from 34 to 19 min after four regenerative
cycles. The main loss of regeneration efficiency occurred from the first to the second cycle
and from the third to the fourth cycle, reducing the breakthrough time by 9 and 4 min,
respectively. The total breakthrough time reduction of 13 min after four cycles indicated a

better regenerative efficiency than activated carbon as the latter showed a decrease in
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service time of up to 40 min after two cycles. The post-breakthrough curves sharpness on
the posterior cycles is more rapid, implying less diffusion resistance in the adsorbent during
the adsorption process. Considering that physical adsorption of organic molecules is mainly
ruled by an exothermic process, using a high regeneration temperature could contribute to

more efficient desorption of VOCs.

Based on the purge region from Fig. 4.9b, the amount of benzene adsorbed on the
external surface adsorbent can be desorbed at 150 °C during thermal treatment with air.
The desorption curve for the second cycle decreases more slowly than the other cycles,
which may be related to the interspaces of carbon nanostructures or an experimental effect
during desorption in the TGA. Adsorbed benzene molecules on the external surface of
carbon nanostructures can be desorbed by purged gases. However, benzene adsorbed in
the interspaces of carbon nanostructures could be accumulated between cycles, although
in the following desorption cycles it was possible to regenerate as much as possible the
adsorbent. Thereby, BCVD600-1pTT could be potential adsorbent for long term operations
in automotive canisters, owing to the presence of scarce irreversible bounds between this

adsorbent and the molecules of evaporative emissions.

Joel de Jestls Gutiérrez Martinez

152




CHAPTER 4

a)1.0
BCVD600-1pTT sample
0.8
- 0.6
00
O 041
0.2- —e— 1st cycle
; —e—2nd cycle
tb —o— 3rd cycle
0.0- —0— 4th cycle
0O 20 40 60 80 100 120 140 160 180
time (min)
b) 100 BCVD600-1p sample
98
-~ 96
S~ |
= 94-
2 90 ]
m —
3 ]
904
| 1st cycle ==
88 - 2nd cycle
1 =-=-3rd cycle
86 ——4th cycle
0 5 10 15 20 25
time (min)

Fig. 4.9 - Reusability of BCVD600-1pTT after four adsorption (a) and desorption (b) cycles of benzene
under air stream at 150 °C.
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4.4. Conclusions

In this work, BCVD600-1pTT adsorbent is successfully synthesized in a rotary furnace at
600 °C by scaling the CVD conditions used in a TGA equipment for the growth of carbon
nanostructures. By characterizing with Raman spectra and X-ray diffraction, it is confirmed
that after the CVD process the composition of biochar is tailored via the growth of carbon
nanostructures with a prominent sp? hybridized carbon domain and a crystalline graphitic
structure. SEM analysis shows the extensive coverage of carbon nanostructures on biochar;
however, TEM images evidence the morphological differences by using a rotary furnace in
comparison with a TGA. The growth of carbon nanofibers and onion-like carbons is
promoted. Moreover, the specific surface area of biochar increases after CVD process from
1 to 300 m? g, and the micropore volume increases from 0.007 to 0.160 cm?® g*. In this
study the particle size of the adsorbent is reduced to avoid channeling of VOCs through the

packed-bed.

The dynamic adsorption/desorption behavior of different VOCs representative of
evaporative emissions (toluene, benzene, hexane, and pentane) is measured in a packed
bed column by using similar experimental conditions. By comparing adsorption performance
of VOCs, earlier breakthrough times are found for adsorbates with lower boiling temperature,
and a longer breakthrough time for the less volatile molecules. Accordingly, the lower boiling
temperature of pentene (36 °C) is related to its highest inlet concentration (356 mg L), while
higher boiling temperature of toluene (111 °C) implies the lowest inlet concentration (22 mg
LY. As indicated by dynamic adsorption-desorption results, BCVD600-1pTT has good
affinity toward aliphatic and aromatic VOCs. Breakthrough curves of BCVD600-1pTT display
adsorption capacities of 269.6, 123.5, 81.2, and 36.9 mg g for pentane, hexane, benzene,
and toluene, respectively. Furthermore, the specific area of activated carbon is 2.2 times

higher than that of BCVD600-1pTT, while its adsorption capacity is no more than 7%. The
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competitive adsorption performance of BCVD600-1pTT is associated with its higher
graphitized and basic surface of carbon nanostructures, in addition to its highly reactive
curvature which facility nonpolar VOCs uptake. It is suggested that the predominant
adsorption mechanisms are dispersive forces, for aliphatic VOCs, and n-n interaction for
aromatic VOCs, although the EDA complex could occur on acidic functionalities. The most
notably difference is observed after the adsorbent regeneration, herein activated carbon
showed a decrease in service time of up to 40 min, while BCVD600-1pTT shows a better
regenerative efficiency by only decreasing 13 min the service time after four regenerative
cycles. As a consequence, the most exposed surface of carbon nanostructures provides a
less mass transfer resistance than narrow micropores of activated carbon. At the same time,
the regeneration process acidifies the adsorbent surface by decreasing 0.05, 0.1, and 0.5
the pHezc value of biochar, BCVD600-1pTT, and activated carbon, respectively. Surface
acidifications is associated to a decrease in the adsorption capacity of nonpolar VOCs.
Finally, BCVD600-1pTT shows a good reusability after four cycles, suggesting that it can be
used as an effective adsorbent for evaporative emissions recovery in an automotive

canister.
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Abstract

This work aimed to investigate the dynamic adsorption performance of a biochar/carbon
nanostructures composite (BCVD600-1pTT) for the removal of different gaseous mixtures
of volatile organic compounds from gasoline on packed-bed columns. The effect of co-
adsorption in binary systems was also investigated in terms of the aliphatic and aromatic
molecules interaction: pentane-hexane, benzene-toluene, and hexane-benzene systems.
Multicomponent systems were also studied for all adsorbates, and the results were
compared with those reported for activated carbon. Data showed that the breakthrough time
patterns of binary and multicomponent systems behave similarly to those of single systems.
Accordingly, the lightest VOCs in each mixture showed the shortest breakthrough time and
the highest adsorption capacity. In the case of binary systems, BCVD600-1pTT adsorbed
44 and 35% more pentane and hexane, respectively, than activated carbon, as well as more
than 37% of the total adsorption of hexane-benzene mixture. Nevertheless, toluene had an
average adsorption capacity of 35 mg g regardless of the adsorbate mixture and the
adsorbent used. It was observed a change in the slope on the breakthrough curves of
activated carbon, associated with the displacement of VOCs for competitive adsorption of
active sites, while the S-shape curves of BCVD600-1pTT suggested a more homogeneous
adsorption and mass transfer process. The breakthrough curves profiles of the competitive
adsorption on binary and multicomponent mixtures were fitted by the Yoon-Nelson model,
which is the most well-accepted model in dynamic adsorption of volatile organic compounds.
In the case of the real gasoline emission adsorption, BCVYD600-1pTT and activated carbon
obtained similar service time (12 and 15 min, respectively) and adsorption capacities (153
and 187 mg g%, respectively, Hence, BCVD600-1pTT adsorbent proved to be adequate for

the dynamic co-adsorption of gasoline emissions.
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5.1. Introduction

The growing trend of industrialization and urbanization have triggered an increase in air
pollution and hazardous materials emission, becoming an unprecedented threat to human
health and environment [1].. The emission of gasoline vapors is currently a matter of
scientific and legislative concern because they have been one of the main sources of air
pollution. The vast emissions from gasoline contain volatile hydrocarbons with chains of 4-
7 carbons [30]. It was estimated that the emission of gasoline vapor in develop countries
reached more than 600 thousand tons per year [146]. For this reason, modern vehicles are
equipped with an activated carbon canister to adsorb gasoline emissions. However, the
diffusional restrictions of microporous activated carbons cause their poor recovery and
regeneration [180]. Therefore, numerous works have focused on developing non-
microporous adsorbents to overcome this disadvantage, such a macroporous resins [2],
mesoporous zeolites [166], mesoporous graphene [108], carbon nanofibers [56], and

biochar from agro-industrial residues [29].

Biochar from waste sources has emerged as a potential alternative to activated carbon
due to its poor microporosity, stable physical and chemical properties and easy
regenerability in site [40]. Although recent works have notably improved the VOCs
adsorption capacity of biochar through activation and tailoring strategies, there are still some
mass transfer disadvantages in dynamic experimental conditions [10]. Accordingly, a novel
adsorbent by the growth of carbon nanostructures onto biochar (BCVD600-pTT) has been
previously developed and studied as a substitute for microporous activated carbon.
Biochar/carbon nanostructures composite, which was produced by CVD process,
represents a class of materials with high exposed surface areas and basic surface character.
In comparison to commercial activated carbon, BCYD600-pTT possessed similar adsorption

capacities for benzene, toluene, hexane, and pentane by using the same operational
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parameter in dynamic experiments. Our previous study has shown that the effect of the
exposed surface area of carbon nanostructures promotes faster VOCs
adsorption/desorption considering the canister operating times [42]. There is a great number
of researchers dealing with representative volatile organic compounds (VOCSs) of gasoline
(lineal aliphatic and aromatic hydrocarbons) by non-microporous carbon adsorbents [7],
[11], [36], [114], [168], [181]. Nevertheless, most studies are focused on the adsorption
behavior of single VOCs on carbonaceous adsorbents, and limited information is available
concerning the adsorption behavior of multicomponent VOCs and gasoline on non-
microporous carbon adsorbents. In addition, the interactions among the VOC molecules
during dynamic adsorption of multicomponent mixtures are unclear. Thus, further research
is needed for better understand the real dynamic adsorption behavior of gasoline on carbon

canisters.

In the present study, a commercial microporous activated carbon and biochar/carbon
nanostructures composite were employed in the adsorption removal of different gasses
mixtures of benzene, toluene, hexane, and pentane, which are common VOCs in gasoline
emissions. The adsorption capacity and selectivity behaviors were fully investigated in
dynamic adsorption experiments. Moreover, the removal of actual VOCs from gasoline in a
nitrogen stream was also investigated. This work also aimed to understand the competitive
adsorption process of multicomponent VOCs by breakthrough profiles of carbonaceous
adsorbents. Finally, to evaluate the mass transfer process in packed-bed columns, the

experimental data were fitted by the Yoon-Nelson model.

5.2. Experimental section
5.2.1. Materials
All the analytical grade reagents involved in this study (Sigma-Aldrich Ltd) were used as
received. The biochar/carbon nanostructures composite was first prepared via pyrolysis of
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waste agave bagasse, followed by a CVD process in a rotatory furnace, the synthesis
process had been described in detail in Chapter 4. The commercial activated carbon used

was Filtrasorb 400 from Calgon Carbon Company.

5.2.2. Dynamic adsorption experiments

Measurement of the adsorption capacities of carbonaceous adsorbents in a packed bed
experimental set up was explored for binary mixtures of benzene-toluene, hexane-pentane,
and hexane-benzene; multicomponent mixture of pentane-hexane-benzene-toluene; and
commercial gasoline. The experimental set up was previously illustrated in Chapter 4 (see
Fig. 4.1). Prior to the adsorption measurement, samples were degassing at 90 °C overnight.
Then, ~ 0.5 g of adsorbent (170-270 mesh) was loaded into a glass adsorption column (D =
0.5cm, L=8-10.2 cm). A glass filter plate was located at the bottom of the column as support
of the adsorbent bed. The experiments were performed in the same packed-bed column
configuration. The same nitrogen flow (=25 mL min?) was used to the stripping reactor
containing 100 mL of equal VOC volumetric proportions, or commercial gasoline. During the
adsorption experiment, the inlet concentration (Co) of the VOCs was maintained constant,
and the VOCs vapor flowed through the packed-bed from the bottom of the adsorbent
column. For the multicomponent mixtures, bed saturation was achieved when the outlet
concentration (C) for all VOCs matched the inlet concentrations. The breakthrough curves
were obtained by analyzing the inlet and outlet concentration of each VOC as a function of
the time by a gas chromatography instrument equipped with a flame ionization detector (GC-
FID).The dynamic adsorption capacity was determining by the difference between the inlet
and outlet concentration until the adsorption bed reached the saturated state, and the
adsorption amount (g, mg VOCs g') was calculated according to the following equation [29]

(Eqg. 5.2).
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qe = ——— [*(C, — C)dt (Eq. 5.1)

mx10—6

where Q is the flow rate of gas stream, mL min’; m is the mass of the adsorbent, g; Co and
C are the inlet and outlet concentration of each component, respectively, mg L?; ts is the

saturation breakthrough time, min; and ge is the calculated adsorption capacity, mg g*.

To quantitatively elucidate the adsorption kinetics, the breakthrough curves were fitted
using the Yoon Nelson model (Y-N model) [182], expressed as the following equation (Eq.

5.2):

C e(kyNt—kyNt509)

C_o " 1+ekynt—kyntsoo) (Eq. 5.2)
where kyn is the Yoon-Nelson adsorption kinetic constant (min) and tso (Min) is the time
necessary to reach the 50% amount of adsorbate loss of the initial hydrocarbon content (C
Co! =0.5). Nonlinear regression curve fitting was carried out by using STATISTICA software

with a Rosenbrock and quasi-Newton estimation methodology.

5.3. Results and discussion

5.3.1. Adsorption study of multicomponent mixtures of VOCs

Based on the high single VOCs capacity and good regeneration potential of
biochar/carbon nanostructures composite (BCVD600-1pTT) reported in Chapter 4, it seems
to be a potential adsorbent to replace the activated carbon used in automotive canisters. It
is well-known that under real conditions, numerous VOCs always coexist between them in
gasoline emissions, in which VOCs species compete with each other for limited adsorption
sites [166]. Therefore, the competitive adsorption of VOCs representatives of gasoline
emissions was investigated herein. The effect of the competitive adsorption of VOCs, were

first exanimated by binary adsorption, as it was shown Fig 5.1. Compared with the single
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component adsorption shown in Chapter 4, the binary mixture clearly showed competitive
adsorption due to the different breakthrough curves. For instance, competitive adsorption of
aromatic molecules slightly decreased the breakthrough times of toluene and benzene on
BCVD600-1pTT from 37 to 36 min, and 36 to 24 min, respectively. Similarly, binary
adsorption of aliphatic VOCs was also affected in both adsorbents, reducing up to 19 min
the breakthrough time of pentane compared to single adsorption. The mixture of hexane-
benzene also revealed a left shift of the breakthrough curves for activated carbon and
BCVD600-1pTT adsorbents. It is worth noting that the longest breakthrough times in
competitive adsorption experiments are promoted by less volatiie VOCs, but when
comparing binary and single adsorption only aromatic VOCs increase the service time. The
latter is clearly observed by the increase in the breakthrough time of toluene and benzene
on activated carbon from 81 to 96 min, and 40 to 57 min, respectively. This effect could be
assigned to the competition of adsorbates to adsorptive zones such as sp? hybridized carbon
and functionalities active sites. In this sense, the spatial orientation of aromatic VOCs allows
them to have three possible attractive interaction: stacked, T-shape, and displaced stacking

geometry [183].

Regarding to this binary adsorption system, individuals mass transfer zones (MTZ) take
place for each VOC of the mixture, which travel with different velocities through the packed
bed. The displacement between VOCs could lead to quite different breakthrough behavior
compared to single VOC adsorption [86]. In this sense, the shape of the breakthrough curves
observed in Fig. 5.1 did not follow the typical S-shape curve observed in single adsorption.
Conversely, it was observed a change in slope of the breakthrough curve of mixtures once
the outlet concentration reached between 80-90% of the inlet concentration. This change in
the slopes was more pronounced on activated carbon. Several works related to dynamic

adsorption of adsorbate mixtures assign the change in slope of breakthrough curves to the
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displacement of adsorbates duo to the competitivity for active sites onto the adsorbent [28],
[29], [86]. However, this behaver is frequently observed as an overshot of concentration
since at this point the outlet concentration is higher than the inlet concentration (C Co! > 1).
Even though this overshoot of concentration was not observed in Fig. 5.1, the change in the
slopes of the curves for most volatile VOCs of each mixture suggest a competition of less
volatile VOCs for non-polar zones and for active sites in the case of aromatic VOCs. The
traveling velocity of the MTZ depends on the adsorption affinity of adsorbent for the
adsorbate, causing that MTZ of the most volatile VOCs travels faster through the packed
bed. This last one agrees with the longer breakthrough time of heaviest VOCs (aromatics).
Accordingly, the most volatile VOC of each mixture reaches faster the adsorbent surface to
be adsorbed as single component. However, when a heavier VOC reaches the adsorbent
surface, a partial displacement of the previously adsorbed VOC occurs, stablishing a new
equilibrium with the two VOCs. This is consistent with the statement in numerous reports
that the adsorbed molecules were replaced by other molecules and re-adsorbed in the
unsaturated zone of the packed-bed, increasing ultimately the outlet concentration when the
bed was completely saturated [166], [184], [185]. Despite of the larger molecular size
favored the displacement of smaller molecules, the higher concentration of smaller
molecules promoted that their high incidence also competed for absorption sites throughout
the entire column. The latter may explain why an overshoot was not observed. Therefore, a
plateau zone was produced when C Co?! >0.85 and then the curve decreased until form

another plateau together with less volatile VOCs.
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Fig. 5.1 - Breakthrough curves of binary VOCs mixtures evaluating the interaction between a)
aromatics VOCs, b) aliphatic VOCs, and c) aliphatic-aromatics in dynamic adsorption at 25 ° C. t is
the breakthrough time (C Cq?).

To further study the affinity between VOCs molecules and the carbonaceous surface of
the adsorbents, simultaneous adsorption of pentane, hexane, benzene, and toluene on
activated carbon and biochar/carbon nanostructures composite were investigated. The

breakthrough curves of the multicomponent system were shown in Fig. 5.2. Overall, the
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breakthrough time for toluene on activated carbon and BCVD600-1pTT was evidently longer
than that for benzene, hexane, and pentane. The less volatile the VOCs, the longer the
breakthrough time, following the same pattern as binary and single VOCs adsorption
systems. Furthermore, the typical displacement for competitive adsorption was evident on
activated carbon, while all four breakthrough curves of the VOCs mixture on BCVD600-1pTT
did not follow competitive behaviors, suggesting a most homogeneous adsorption and mass
transfer process during dynamic experiment. This behavior could be associated to the
exposed adsorptive area of carbon nanostructures, where equilibrium could take place

faster than in activated carbon micropores.

Regardless of the competitive VOCs adsorption, BCVD600-1pTT did not display highest
plateau zones since breakthrough curves of pentane, hexane, and benzene have similar
breakthrough (3-5 min) and saturations times (75-90 min). By carefully analyzing the
breakthrough curves on activated carbon, a broad plateau zone was observed from 50 to
220 min for pentane, located above the other VOC curves. The most pronounced change in
slope for pentane could be associated with the displacement by competition, first of hexane,
followed by benzene and then for toluene. In contrast, the less pronounced change in slope
of benzene curve observed between 90 and 160 min suggested competition mainly with
toluene. Nevertheless, the displacement of benzene and toluene for hexane and pentene
should not be discarded, as already described above. The latter indicated that in
microporous materials, adsorption of a considered VOC in a multicomponent system can
hardly be influenced by other VOCs as a result of competition for the existing adsorption
sites and the interaction during the transport to the adsorption sites [186]. These results
encourage the use of biochar/carbon nanostructures composite instead of activated carbon

for the removal of multicomponent VOCs from gasoline emissions.
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Fig. 5.2 - Multicomponent adsorption breakthrough curves for BCVD600-1pTT and activated carbon
at 25 °C.

As shown in Table 5.1, in binary systems the adsorption capacities of pentane and
hexane on activated carbon were about 44 and 35% lower than those of BCVD600-1pTT,
respectively. Considering hexane-benzene mixture, BCVD600-1pTT also showed an
adsorption capacity up to 37% higher than activated carbon. Meanwhile, the adsorption
capacities of aromatic mixtures were similar in both adsorbents. It is important to highlight

that toluene was adsorbed in an average of 35 mg g* in both single and competitive
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adsorption. This similarity is duo to the fact that the low vapor pressure of toluene (0.038
atm) did no promote driving forces, being the last VOC to reach the adsorbent surface
partially cover with lighter VOCs, thus the larger molecular size of toluene implies greater

affinity for active sites.

The total adsorption amount of bi and multicomponent mixture of VOCs in both
adsorbents was lower than those of single VOCs, indicating that the competitive adsorption
of two or more VOCs may limit the use of adsorptive zones on the carbonaceous surface
for each VOC. The much lower adsorption capacities of pentane, hexane, and benzene in
a multicomponent mixture than in binary systems make competition for adsorption active
sites more evident. The adsorption capacity of BCVD600-1pTT for pentane, hexane, and
benzene in a multicomponent mixture only account 12, 25, and 31% of that in the simple
system, respectively. Additionally, the adsorption amount of pentene in BCVD600-1pTT
from multicomponent was only 1.01, 1.43 and 4.1 times greater than that of hexane,
benzene, and toluene, respectively. These results indicate that the basic character of
BCVD600-1pTT surface (pHpzc =9.7) promotes a physical and non-selective adsorption of
the nonpolar VOCs, and the slightly higher adsorption capacity of pentane than that of the
other VOCs was due to its highest concentration, which implied a greater number of
molecules to be adsorbed. The higher adsorption capacity as a consequence of the
concentration and not of a higher selectivity has already been reported [28]. The dynamic
adsorption comparison of single and mixtures of VOCs is broadly reported by using the
same inlet concentration of each VOC [29], [93], [166]. In these studies, it was notorious that
the heavier VOCs shows the longest breakthrough and thus the higher adsorption
capacities. Additionally, it was even reported that the increase in inlet concentration also
improve both breakthrough time and adsorption capacity. However, the VOCs concentration

in real multicomponent mixtures such as gasoline varies based on their own features, where
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the low vapor pressure of the heavier VOCs results in a low concentration in the gas mixture.
Accordingly, the lowest vapor pressure of toluene was in concordance with its low
concentration, which caused the lowest mass transfer in the mixture, and thus, by increasing
the concentration (higher vapor pressure), the diffusion of VOCs in the adsorbent can be
accelerated. Even though the largest kinetic diameter of toluene (0.6 nm) and benzene (0.58
nm) may imply a higher adsorption energy than aliphatic VOCs, the smallest adsorption
capacities for aromatic VOCs in single and multicomponent mixtures were a consequence

of its lowest concentration.

Taking in consideration the MTZ parameter, it is observed that this travels through the
packed bed with a velocity (0.009-0.081 mL min!) that is much slower that the gas velocity
(20-23 mL min). After analyzing the height of mass transfer zone (Hwrz) and the rate of
mass transfer zone (Rurz) between mixtures in activated carbon, a direct correspondence
with the molecular weight was found. The lightest VOCs showed the largest Hvrz and Rurz,
while the heaviest VOCs presented the shortest values, respectively. For instance, toluene
did not diffuse faster through the packed bed in binary mixtures because its largest size
promotes a high adsorption energy with surface adsorbent and thus its low concentration
did not promote a faster mass transfer. These results agree with those reported in the
literature where the dynamic adsorption capacities of aromatic VOCs are greater by using
higher concentrations in multicomponent mixtures [28], [29], [181], [184]. In the case of
BCVD600-1pTT, the highest Hurz of toluene and benzene in toluene-benzene and benzene-
hexane mixtures agree with the breakthrough curves behavior since no change in slope by
adsorption competition was observed. Other worthy aspect to note is that even though the
percentage occupied by the MTZ (Hwmrz/H) within the packed-bed of BCVD600-1pTT
(>100%) was higher than that in activated carbon, the total adsorption capacities of

multicomponent mixtures were similar.
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Table 5.1 - Dynamic adsorption parameters and capacities of activated carbon and BCVD600-1pTT.

Component mixtures total
Adsorbent Parameter
Pentane Hexane  Benzene Toluene (mg g™
AC e (Mg gt) 72.54 42.94 - - 115.48
Hged (cM) 8.00 -- --
Hwmrz (cm) 15.59 12.16 -- --
Rwrz (cm mint)  0.179 0.133 - -
e (Mg g) - - 43.61 37.33 80.95
Hged (€M) -- -- 9.20
Hwrz (cm) - - 7.71 7.69
Rwmrz (cm mint) - -- 0.067 0.048
e (Mg g) - 55.52 41.82 - 97.35
Hged (cM) -- 8.20 --
Hwrz (cm) - 9.75 7.44 -
Rwvrz (cm mint) - 0.195 0.138 --
ge (Mg g?) 30.39 29.13 25.34 19.94 104.81
Hged (M) 8.00
Hwrz (cm) 7.88 7.71 5.33 8.78
Rwmrz (cm mint) 0.225 0.138 0.124 0.049
BCVD600-1pTT  ge (Mg g) 129.32 67.03 - - 196.35
Hged (CM) 10.20 -- --
Hwrz (cm) 13.68 9.81 - -
Rwrz (cm mint)  0.171 0.137 - -
e (Mg g) - - 42.43 34.78 77.21
Hged (CM) -- -- 9.60
Hwrz (cm) - - 8.22 11.13
Rwmrz (cm mint) - -- 0.161 0.060
e (Mg g) - 62.00 61.24 - 123.24
Hged (cM) -- 9.90 --
Hwrz (cm) -- 14.28 15.68 --
Rwmtz (cm mint) - 0.172 0.126 -
e (Mg g) 33.84 31.26 24.61 8.86 98.58
Hged (M) 10.20
Hwmrz (cm) 23.86 23.88 16.38 10.66
Rwmtz (cm mint) 0.411 0.405 0.205 0.122

Hged: packed bed height; Hutz: mass transfer zone height; Rurz: mass transfer zone rate.
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The Yoon Nelson (YN) adsorption model was fitted to the experimental data to obtain a
valid prediction of the breakthrough parameters. YN model is successfully applied in S-
shaped curves from continuous systems because it is assumed that the probability of
adsorbed molecules during the process is proportional to the probability of the breakthrough
and saturation on the adsorbent [187]. An acceptable fit quality was achieved by observing
the R? (> 0.83) and the SSE values (<0.204) for all the evaluated systems (Table 5.2).
Furthermore, the predicted tso% values were corroborated to be near the linear interpolation

values from the breakthrough curves.

In general, the relationship of the calculated adsorption rate constant (Ky, [min]) for the
binary systems can be divided in three groups (Table 5.2, and Fig. 5.3a and b) in terms of
the adsorbents: (a) pentane and hexane systems (P-H) registered similar Ky values with a
slightly increase in the case of hexane, probably due to its higher hydrophobicity; (b)
benzene and hexane (B-H) systems achieved higher values for the activated carbon
adsorbent. The aromatic nature of benzene probably promotes major gas adsorption
interactions with the well-developed textural features of activated carbon. In the case of the
BCVD600-1pTT adsorbent, closer differences were observed between both pollutants, but
with lower predicted values in comparison with activated carbon; (¢) benzene and toluene
(B-T) systems registered rate values between 0.026 to 0.083 mint. For benzene, similar
values were recorded for both adsorbents. On the other hand, the toluene capacity was
lower onto activated carbon. It is suggested that benzene occupied the majority of the
available micropores, lowering the surface-active interactions with toluene. In the case of
the BCVD6000-11TT adsorbent, its most exposed surface granted by nanostructures may

hinder the benzene-toluene competence for available sites, resulting in closer rate vales.
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Table 5.2 - Breakthrough curve parameters of Yoon-Nelson model for binary and multicomponent
pollutants onto activated carbon and BCVD6000-11TT.

Pollutant

Pentane Hexane Benzene Toluene Gasoline
Activated carbon
Ky [min-1] 0.0540 0.055
ts00 [MiN] 27.84 45.66
R2 0.839 0.902
SSE 0.204 0.171
Ky [min-1] 0.079 0.026
ts00 [MiN] 82.17 141.0
R2 0.905 0.926
SSE 0.158 0.094
Ky [min] 0.097 0.118
ts09% [Min] 27.64 47.00
R2 0.927 0.960
SSE 0.118 0.082
Ky [min-1] 0.174 0.273 0.213 0.026
ts0% [MiN] 26.30 42.77 59.52 119.1
R2 0.952 0.925 0.960 0.971
SSE 0.096 0.145 0.085 0.040
Ky [min] 0.054
ts09% [Min] 51.24
R2 0.880
SSE 0.171
BCVD600-1pTT
Ky [min-1] 0.0544 0.058
ts09 [MiN] 42.93 56.33
R2 0.878 0.880
SSE 0.161 0.167
Ky [min] 0.083 0.067
ts00 [MiN] 44.84 61.97
R2 0.913 0.883
SSE --- --- 0.154 0.194
Ky [min-1] 0.052 0.048
t50% [mln] --- 29.43 52.14 --- ---
R2 0.837 0.914
SSE 0.167 0.115
Ky [min-1] 0.068 0.086 0.083 0.050
ts00 [MiN] 31.04 28.38 38.21 65.53
R2 0.937 0.920 0.940 0.952
SSE 0.084 0.127 0.113 0.085
Ky [min-1] --- --- 0.048
ts00 [MiN] 46.60
R2 0.883
SSE 0.148

Ky = Yoon-Nelson adsorption kinetic constant; R2= determination coefficient; SSE = sum square error.
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Regarding multicomponent systems (Fig. 5.3c), a high rate of adsorption was reported
for the pollutants under study onto activated carbon with the except of toluene. It is
suggested that the microporosity of activated carbon, in addition to its tortuosity, decrease
the intraparticular diffusion of large molecules. Moreover, toluene registered a cooperative
adsorption process (at C Cotvalues over 0.1), possibly forming multilayers of adsorbate with

the other nonpolar molecules, which limit the interaction probability with available sites.
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Fig. 5.3 - Adsorption rate values (Ky, [min-1]) for the evaluated systems. a) Binary systems with
activated carbon and, b) Binary systems with BCVD6000-1pTT. c) Multicomponent evaluations for
both adsorbents with the pollutants under study. P-H: pentane-hexane; H-B: hexane-benzene; and
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Additionally, the linearized Yoon-Nelson model was employed to identify an overall
change in the mass transfer rate Ky [min?] by identifying the different slopes in the
regression fitting procedure (Fig. 5.4a-d). In general, two steps were identified in three binary
systems with the similar pattern observed for pentane-hexane mixture. The first slopes prior
to the initial breakthrough points of each system are related to a fast diffusion into macro
and mesopores. At longer periods of time up to the material saturation, a diminish in the

intraparticle rate is noticeable.

Finally, the adsorption rate value for gasoline onto BCVD600-1pTT (0.048 mint) was
comparable to pentane, hexane, and benzene rate values (Table 5.2, Fig. 5.3c). This feature
probably suggests a high exposure of active site onto carbon nanostructures since these
model VOCs and the multicomponents of real gasoline were adsorbed with similar rate
regardless the concentrations and features of each VOC, which is consistent with the
mentioned above. It is necessary to conduct more experiments to support this observation.
The linearized model also described a two-step adsorption process for the adsorbents (Fig.

5.4e-f).

Joel de Jestls Gutiérrez Martinez

173




CHAPTER 5

In(C/(C,-C,)

In(C/(C,-C))

In(C/(C,-C)

Activated carbon

BCVD600-1pTT

a) b)
m.--"H 8- - ~~_.7 . W----CC | N i
.-
|
] | L
l,’l ’
pentane pentane
7 ® hexane - B hexane
|
C) 8- o= d) £ Y
P a “*‘—;::Z::.a---i} ) ___/_,_______.._---'v_-_—:_“_'_’_'_"
7 e . Ol ¢
A ..
e ¢
benzene - .- ’ benzene
"Qf,’~‘ ¢ toluene & & toluene
,' B hexane » B hexane
pentane | ¢ pentane
e) f)
= i C! _______ D7 ()
. -0 i
| 0
gasoline | @ o gasoline
0 50 100 150 200 0 50 100 150 200 250
Time (s) Time (s)

Fig. 5.4 - Linearized Yoon-Nelson equations for pentane-hexane (a,b), multicomponent (c,d) and

gasoline (e,f) systems with activated carbon and BCVD600-1pTT adsorbents.

5.3.2. Gasoline breakthrough curves

To prove the capability of BCVD600-1pTT to adsorb gasoline emissions under dynamic

conditions, the breakthrough curves were obtained and are presented in Fig. 5.5. Herein, it

was found that the whole gasoline emission was similarly adsorbed on activated carbon and

on BCVD600-1pTT. For the first 12 min, gasoline emissions were completely adsorbed in
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both adsorbents, and the outlet concentration tend to zero. Over the time, the surface of the
adsorbent was covered by a greater quantity and diversity of VOCs of increasing molecular
weight, which belong to gasoline emissions The increase in gasoline emission concentration
at the outlet was attributed to the decrease in the sticking probability of the several VOCs as
more active sites were occupied [28]. The breakthrough time of activated carbon (19 min)
and BCVD600-1pTT (12 min) indicated a similar affinity for gasoline, also reflected in the

breakthrough adsorption capacities of 187 and 153 mg g, respectively.

It was worth noting that the breakthrough curves shapes shown in Fig. 5.5a did not follow
the typical S-shape. Even though BCVD600-1pTT showed a curve similar to a sigmoid, the
breakthrough curve of activated carbon presented an overlap typical of competitive dynamic
adsorption. It has been reported that during adsorption of VOCs gas mixture, the complexity
of the adsorption process increases with the number of components in the multicomponent
mixture [29]. In this sense, it is well-known that gasoline emission is a mixture of over 100
VOCs [30], therefore, to evaluate the effect of each VOC in the total breakthrough curve is
a real challenge. Considering that gas chromatography separates the more than 30
components detected in the analysis based on their molecular weight, it was considered to
separate the total spectra into four groups. The first group of VOCs detected between 2.2-
2.5 min were associated to those with molecular weights lower than 78 g mol?, the second
group detected between 2.5-2.8 min were associate with VOC molecular weights between
78 and 86 g mol?, the times between 2.8-3.2 min were related to molecular weights between
86 and 92 g mol?, and finally VOCs heavier than 92 g mol* was analyzed after 3.2 min. The
relationship of these times with their molecular weight was considered based on the time of
detection of the model VOCs (pentane, hexane, benzene, and toluene) and the complete

range of components of a real gasoline, from 58 to106 g mol.
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The breakthrough curves of multicomponent groups were reported in Fig 5.5b. All four
curves on activated carbon showed changes in slope without a typical S-shape. Similar to
the co-adsorption effect observed in the model multicomponent mixtures (see Fig. 5.2), itis
suggested that the VOCs from real gasoline emissions with smaller molecular weights
(detected from 2.2 to 2.5 min), reaching faster the surface active sites than the heaviest
detected after 3.5 min. Accordingly, the two changes in slope observed at 32 and 75 min
suggest a competition for active sites with heavier VOCs. The breakthrough curves of the
following two detection ranges (2.5 to 2.8 min and 2.8 to 3.2 min) did not show an important
change in slopes. This behavior could be associated the to the similarity in the molecular
weight of the VOCs detected in these ranges, which also implies others similar features such
as common diffusional rates (attributed to their vapor pressure) and adsorption energies.
Furthermore, the change in the slope observed at 200 min of the breakthrough curve
associated to the heaviest VOC (3.2 to 5.5) suggests that the components of the complex
gasoline mixture continued to compete for active sites even near the end of the experiment.
As it was expected, the very low concentration of aromatic molecules reported in commercial
gasolines agrees with this breakthrough curve since this behavior was similar to the

breakthrough curve of toluene in multicomponent mixture.

Finally, the use of BCVD600-1pTT registered a noticeable effect on the removal of
gasoline components. The absence of a clear change in slopes indicated that diffusion of
most VOCs behaves very similar throughout the packed-bed column. All this demonstrated
that the biochar/carbon nanostructures composite is suitable for the removal of the complex
composition of gasoline emissions due to its comparable adsorption capacity to that of
commercial activated carbon. On the other hand, it is worth noting that dynamic experiments
were carried out for four hours to evaluate similar operation conditions to those use in an

automotive canister, which mainly involves the adsorption of several VOCs from evaporative
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emissions during the first hours after the vehicle is turned off. In this sense, the analysis of
the packed bed performance for the adsorption of VOCs for many more hours would allow
observing more changes in the slopes until reaching a total saturation of the column (C Co*

=1). However, when an automatic system is used, the canister regeneration occurs before

the adsorbent is saturated.
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Based on what has been discussed above, it can be inferred that the co-adsorption of
multicomponent mixtures of VOCs is a complicated process, controlled by many factors
such as the diffusion in the porous structure and the interaction between VOCs and the
carbonaceous surface. In addition, the adsorption process in multicomponent systems may
be interpreted in several stages, mainly based on the number of adsorbates in the mixture
(Fig. 5.6). For instance, the co-adsorption process of pentane, hexane, benzene, and
toluene on a microporous adsorbent such as activated carbon can be divide into five stages.
At the beginning, the namely external surface adsorption takes place as the first stage, which
involves the molecular diffusion of the VOCs from the bulk phase to the external surface
area of the adsorbent. In this stage, the inlet concentration of VOCs and the textural features
of the adsorbent are the ones that most influence the external surface adsorption.
Considering the breakthrough curves performance, pentane showed the fastest mass
transfers to be first adsorbed. As it was previously noted, the highest concentration of
pentane further promoted the molecular diffusion from the external surface area into the
pores. Then, hexane and pentane are adsorbed on the external surface and in pores, while
toluene adsorption occurs slowly. The ability of carbonaceous materials to adsorb VOC
mixtures allowed that the outlet concentration was equal to zero in stage 1. Particle diffusion
is generally a function of pore volume and pore size distribution of the adsorbents used
[186]. Consecutively, as heavier VOCs arrive to the adsorptive surface, some pre-adsorbed
pentane molecules can be displaced by hexane or benzene molecules. For this reason, a
certain concentration of pentane was first detected at the outlet of the column (stage 2). In
stage 3, pre-adsorbed pentane is constantly replaced by heavier VOCs, which is reflected
in a change in slope of the curve at C Co* > 0.85. Once the adsorption surface was almost
covered, the available surface to adsorb more pentane was very limited and, therefore, its
outlet concentration stabilized upon reaching saturation concentration in an asymptotic

manner as it was observed at the stage 4. It is also suggested that hexane was replaced by
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benzene, and benzene was also replaced by toluene, as it was observed by the change in
slopes. At this stage, toluene diffused through the column to reach the outlet. The equilibrium
was considered once the outlet concentration of all the VOCs was maintained stable at 85%

of the inlet concentration (stage 5).

Considering the behavior of the breakthrough curves of BCVD600-1pTT, it is possible to
interpretate its co-adsorption of multicomponents only in three stages, as it was observed in
Fig. 5.6b. These stages agree with the interpretation of the stage 1, 4 and 5 from activated
carbon, while the change in the slope observed in the stage 2 and 3 was not observed in
the BCVD600-1pTT curves. In contrast, the lower tortuosity and microporosity of BCVD600-
1pTT suggests a most homogeneous mass transfer of multicomponents from the gas
mixture to the active sites. The latter was evident by the absence of a change in the slopes.
In this sense, although the displacement of molecules by competition for active sites take
place, the typical adsorption-desorption equilibrium process occurs relatively quickly

comparted to activated carbon.
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Fig. 5.6 - Schematic mechanism of multicomponent adsorption system on activated carbon and
BCVD600-1pTT adsorbents.
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5.4. Conclusions

In this work, dynamic adsorptions of multicomponent mixtures of gasoline emissions onto
biochar/carbon nanostructures composite are evaluated and compared with a commercial
activated carbon. The breakthrough curves of binary and multicomponent mixtures follow
the same patter than single adsorption since the heavier VOCs have a higher service time,
up to 80 min. However, the adsorption capacities of activated carbon and BCVD600-1pTT
are similar in binary and multicomponent systems, although their total adsorption for each
mixture is still less than that of the single adsorption. Here, pentane is the most efficiently
adsorbed VOC, followed by hexane and benzene, while toluene adsorption is less favored.
The adsorption performance mainly depends on the VOCs physical properties, where the
lower molecular weight (boiling point) of pentane and, thus, its higher concentration
promotes a faster mass transfer to surface active sites. The adsorption capacity of pentane
in BCVD600-1pTT from multicomponent VOCs is 1.01, 1.43 and 4.1 times greater than that
of hexane, benzene, and toluene. Furthermore, the adsorption capacity for pentane, hexane,
and benzene in multicomponent mixture only account 12, 25, and 31% of that in the single
system, respectively, while toluene behaves similar in single and multicomponent systems
(g =35 mg g1). During the multicomponent study, it was observed a change in the slopes of
the breakthrough curves of activated carbon once C Co?! >0.85, which is related with
competition and displacement of VOCs. The breakthrough curves of BCVD600-1pTT did not
follow this change in the slopes, suggesting a more homogeneous adsorption and mass
transfer process during dynamic experiments. The adsorption breakthrough experiment of
real gasoline emissions confirm how competitive BCVD600-1pTT can be in automotive
canisters compared to activated carbon: similar breakthrough time of 12 and 15 min,
respectively, and adsorption capacities of 153 and187 mg g, respectively, were obtained.

The multicomponent co-adsorption on activated carbon is represented by 5-stages,
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involving the effect of competitive adsorption while the more homogeneous adsorption on
BCVD600-1pTT reduces the adsorption stage to 3. Overall, it is confirmed the exceptional
ability of BCVD600-1pTT to simultaneously adsorb several VOCs from gasoline emissions.
More knowledge is necessary in order to assess gasoline vapor recovery in modern

vehicles.
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General discussion

The economic and social growth of recent decades has led to an exponential
deterioration of air quality since urbanization increasement has been related to the increase
in vehicle emissions. Of these, evaporative emissions represent one of the main sources of
atmospheric VOCs, impacting air quality. Nowadays, modern vehicles use activated carbon
for the recovery of gasoline emissions duo to its versatility to remove several pollutants from
the gas phase. Despite of the well-known effectiveness of activated carbon for VOCs
removal, its diffusional restriction in narrow micropores through adsorption and desorption
means that fast in situ regenerations remain a challenge today. This has opened new
approaches to design efficient carbonaceous adsorbents with high recovery of VOCs from
gasoline and reuse capacity. One option that has attracted considerable attention to
overcome this disadvantage has been the development of non-polar carbonaceous
adsorbents that combine a considerable exposed surface area with a wide pore

arrangement.

Because of the latest, the first approach in this thesis was to develop a macroporous
biochar from the pyrolysis of agave bagasse, a raw lignocellulosic waste material from a
local mezcal industry. The valorization of this renewable carbon source has received
increasing attention due to the potential reduction of the environmental pollution that causes

its confinement. As it was exposed in Chapter 2, the thermal instability at 600 °C of cellulose
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and hemicellulose from agave bagasse leaded the formation of a carbon skeleton with an
arrangement of wide parallel channels along the particle with diameters between 2 to 15 pm.
Further analytical characterization showed the presence of calcium carbonate with rod-like
morphology at biochar periphery. Biochar production for application in the automotive
industry can benefit from its low energy consumption and high production rate, however, its
small surface area (120 m? g%) limits its applications as an effective adsorbent. Therefore, it
was necessary to improve the biochar surface area by the growth of carbon nanostructures
in order to be competitive with the adsorption capacity of a commercial activated carbon.
One of the greatest challenges of grown carbon nanostructures by CVD synthesis on
heterogeneous substrates like biochar has been to control its dispersibility and particle size.
Such drawbacks were overcome using CMC during the iron catalyst impregnation. SEM
backscattered electrons images revealed a homogeneous distribution and a smaller particle
size of the catalyst on biochar. Furthermore, it was proposed that the role of CMC during its
thermal decomposition throughout the CVD process had additional effects in the formation
of carbon nanostructures. First, the decomposition and dehydration of this oligosaccharide
at elevated temperatures could form free radicals, including CHO, which promoted the
formation of spherical amorphous carbon. Second, CMC could develop diverse aromatic
molecules such as 1,2,4-benzenetriol, and furfural-like compounds that promote mainly the
growth of curved CNT. Third, it provided a carbon coating that strengthened the biochar

surface and improved its thermal stability.

SEM secondary electrons images of modified biochar revealed consistent and uniform
growth of carbon nanostructures, being observable even at low magnification, while detailed
TEM analyses displayed the typical so-called morphologies of bamboo-like CNT, onion-like
carbon, and carbon black. Considering the occurrence of heteroatoms during CVD process,

it was found that nitrogen (9%) from raw agave bagasse played a role in the formation of the
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typical bamboo-like compartments in CNTs, whereas the presence of oxygen (32.1%)
mainly from turbostratic carbon could promote the formation of the closed quasi-spheres
shape similar to onion-like carbon. In addition to that it bended the CNTs structure.
Regardless of the iron concentration and CVD time, the samples exhibited similar
morphologies, although it was observed that the longer the CVD time and the lower the iron
concentration, the more carbon black formation was possible. Indeed, it was required a post-
thermal treatment at 800 °C to increase the surface area of the biochar modified with 300 s
of CVD which allowed to remove this amorphous carbon and promoted an improvement in
the degree of graphitization of carbon nanostructures. Conversely, by reducing the CVD
time to 60 s, the premise of increasing the biochar surface area was managed, reaching a
value of 243 m? g. Accordingly, the first adsorption approach using benzene vapor as a
model VOC from gasoline emission proved that CVD treated biochar exceeded 1.5 times
the benzene uptake and 5 times the adsorption rates of a commercial activated carbon under
diurnal conditions. This result demonstrated that the high exposed surface area and low
tortuosity of the novel biochar/carbon nanostructures composite enhanced the benzene

mass transport in short periods of time, which is demanded in automotive canisters.

In order to take full advantage of the iron catalyst for the growth of carbon nanostructures,
the biochar was washed with non-oxidizing acid to remove calcium rods which presented a
strong affinity for iron oxides (Fig. 2.3b), preventing its optimal dispersion. According to the
results included in Chapter 3, it was possible to reduce the inorganic content of biochar from
8.6 to 4.5 % w/w without suffering any structural carbon transformation or surface
acidification. In fact, the removal of inorganics allowed to increase the biochar surface area,
the hydrophobicity and thus its adsorption uptake of benzene and pentane in 20 and 22 %,

respectively.
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To largely prevent the formation of amorphous carbon during CVD synthesis, it was
explored the possibility of controlling the uniform occurrence of carbon source on the catalyst
by using the CVD pulsed-injection strategy. When making a comparison between
continuous CVD and CVD pulsed-injection, the last one produced a better dispersion and
longer carbon nanostructures (Fig. 3.3). The intermittent supply of acetylene as a carbon
source, in addition to the decomposition of CMC, avoided saturating the CVD chamber with
excess carbon to such an extent that carbon black was not observed in TEM analysis, as
reported in Chapter 1. Even though the CVD process was carried out at 600 °C, it was
feasible the growth of different well graphitized nanostructures such as CNTs, CNFs, carbon
nanoribbons and onion-like carbon since the decomposition of acetylene was
thermodynamically viable at this temperature. The effect of the CVD pulsed-injection was
more evident due to the longer CNTs, where the catalyst allowed the longitudinal growth of
the CNTs in two different zones of the particle (see Fig. 3.4a). The latter suggested that the
catalyst activity of iron did not cease between first and second pulsed carbon supply,
allowing the further growth during the second pulse. Regarding the applicability of these
novel composites for adsorption of nonpolar VOCs purposes, the dispersibility of these

nanostructures and their morphological composition were of significant advantage.

As it is known, the static adsorption behaviors in the gas phase of various porous
adsorbents have been usually studied by the assessment of the maximum adsorption
capacity, while most of the kinetic studies have been carried out under dynamic conditions.
Thus, to our best knowledge, no research has investigated the static adsorption kinetics of
different aromatic and aliphatic VOCs representatives of gasoline emissions. For this
reason, the static adsorption performance was always compared with those of a commercial
activated carbon. Herein, the overall mass transfer of each VOC from liquid bulk, through its

natural evaporation, to adsorption sites, occurred in a similar way to the process that takes
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place in automotive canisters. Considering that the most demanded adsorption performance
of an automotive canister is evaluated in the first 12 h of operation, biochar/carbon
nanostructures composite exhibited the fastest adsorption kinetics for aromatic VOCs, while
aliphatic molecules can be removed at similar rates on an adsorbent with different
maghnitudes of tortuosity and micropore volume. In this sense, the most exposed surface
area of biochar/carbon nanostructures composite counteracted the mass transfer limitations
presented by the microporous of activated carbon. This behavior was commonly attributed
here and in several works to the textural and chemical properties of the adsorbent; however,
the physical properties of the VOCs also played a major role in the adsorption kinetics as
occur in stored gasoline. In this sense, the highest concentration of pentane was related to
its highest vapor pressure that, in addition to its smallest kinetic diameter, conferred a
greater driving force to diffuse faster to the adsorption sites on the carbon nanostructures or
on the narrow porosity of activated carbon. In contrast, the lower adsorption performances
of toluene, regardless of the adsorbent properties, were a consequence of its largest kinetic

diameter and lower vapor pressure.

It was also proposed that the adsorption mechanism of nonpolar VOCs on carbonaceous
adsorbents was mainly dominated by dispersive interactions. Considering the increase of
sp? delocalized electrons on the most basic and hydrophobic surface of biochar/carbon
nanostructures composite, the affinity for nonpolar molecules increased. Nevertheless,
electron donor-acceptor complexes formed between the delocalized nt electron of aromatic
molecules with the ion pair electrons from the adsorbent functionalities should not be

discarded.

As a second part of this work, the escalation process was proposed to grow carbon
nanostructures on biochar in a rotary furnace (Chapter 4). This scale-up was intended to

increase the mass production of biochar/carbon nanostructure composites up to 10 g per
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synthesis, as the TGA was only able to produce an average of 30 mg per synthesis. The
interest in obtaining a greater amount of adsorbent per synthesis was also with a view to
scaling up its application in the dynamic adsorption of different VOCs in packed-bed
columns. The implemented conditions for CVD synthesis in a rotary furnace were those used
in the TGA and based on the CVD pulsed-injection strategy. These conditions were mainly
taken into consideration by the greater increase in biochar surface area, as well as the

increment in its surface basicity and hydrophobicity after the CVD process.

When making a comparison between the CVD process by TGA and rotatory furnace,
there were morphological differences. As it was revealed by SEM and TEM analysis, the
presence of long carbon nanostructures was characterized by the absence of a tubular
structure and, instead, the inner structure morphology with cup-shaped or amorphous
carbon-filled morphology was observed. In addition, a broad covered surface of carbon
condensed on the entire biochar could be related to the presence of amorphous carbon and
onion-like carbon clusters. These morphological differences compared to those reported in
Chapter 3 were related with zones of low-temperature of the reaction tube reported in
previous work, where its reproducibility was impeded compared to the synthesis by TGA.
Concerning the aim of its applicability in adsorption processes, the CVD process in rotary
furnace also allowed to considerably increase the biochar surface area from 1 to 300 m? g-
1, It should be mentioned that the grinding of biochar, to ensure a particle diameter at least
25 times smaller than the column diameter, could destroy the most external pores of biochar,

resulting in a poor surface area.

To acquire more insight about the applicability of this novel adsorbent for automotive
canisters, scaled up in packed-bed columns also allowed to compare the uptake of VOCs
representative of gasoline from a gas stream. Even though experiments were carried out in

dynamic mode using a carrier gas to stimulate the evaporation of each VOC, the inlet
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concentration was related to the physical properties of each VOC as in the static
experiments. Analyzing the breakthrough curves, it was found that the higher the VOC vapor
pressure and the smaller the adsorbent surface area, the earlier the breakthrough.
Additionally, the high concentration dependence on breakthrough time agrees with literature.
Indeed, the highest pentane inlet concentration (274 mg L) promoted a fast intra and
interparticle diffusion to quickly saturate the adsorbent in such a way that it is detected in
the first 20 min at the outlet of the columns. According to the regenerative performance of
the adsorbents, it was found that biochar/carbon nanostructures composite showed a higher
regeneration efficiency and presented a decrease in the breakthrough time of no more than
6 min in the second cycle, whereas activated carbon displayed an important decrease in
service time up to 40 min for toluene after the regeneration. The latter was more evident
after four adsorption/desorption cycles of benzene, where biochar/carbon nanostructures
composite displayed similar breakthrough curves with only a decrease of 16 min, while the
breakthrough time of benzene on activated carbon decreased up to 20 min just in the second

regenerative cycle.

Regarding the continuous regeneration of the carbon adsorbent in a real canister, the
desorption process occurs by air stream injection to the canister once the vehicle is running.
However, the acidification of activated carbon after its regeneration was proved in this work
since its pHpzc decreased 0.5 unit. This chemical instability was associated with its high
occurrence of edge sites and vacancy defects. In contrast, biochar/carbon nanostructures
composite showed higher stability by negligible surface acidification after four regeneration
cycles. The latter indicated the effectiveness of the novel composite for the recovery of

evaporative emission.
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Finally, Chapter 5 explored the co-adsorption behavior of biochar/carbon nanostructures
in multicomponent systems and in gasoline. Even though several works reported the effect
of competitive adsorption of mixtures with equimolar inlet concentration of VOCs, here, the
mixture of a model gasoline where the VOCs concentration depends on its physical
properties was explored. In a first approach, the co-adsorption in binary VOCs mixtures in
function of the interaction between aliphatic and aromatic molecules was evaluated, followed
by a multicomponent VOC mixture as a model gasoline. Overall, the breakthrough curves
of the VOCs in binary and multicomponent mixtures displayed similar pattern to that of single
adsorption. In this sense, it was determined that the heaviest VOCs of each mixture
promoted longer breakthrough times. Nevertheless, the interaction between the molecules
promoted earlier breakthrough times and lower adsorption capacities for each VOC in
mixtures than in single adsorption, indicating that when co-adsorption occurred not all
adsorption sites were occupied on the adsorbent surface. In the literature, a common
behavior of competitivity has been reported in the breakthrough curves, which was observed
as an change in the slopes of the breakthrough curve of lighter VOCs once outlet
concentration exceeded 85 % of the inlet concentration. The use of multicomponent dynamic
experiments provided information about the interaction of molecules between them and with
the adsorbent. This effect seemed to be more pronounced in activated carbon, where the
dynamic adsorption process of multicomponent was illustrated in 5 stages. The stages
implied the diffusion of molecules from the bulk phase to the external surface area and finally
to the active sites mainly in micropores, however, once heavier VOCs reached the active
sites, they replace the lightest VOC. This displacement of the previously adsorbed VOC
allows its re-adsorbed in the unsaturated zone of the packed-bed or to be carried in the
stream, increasing the outlet concentration when the packed-bed is completely saturated.
In contrast, the breakthrough curves for BCVD600-1pTT did not follow a typical co-adoption

behavior, suggesting a most homogeneous adsorption and mass transfer process during
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dynamic experiments summarized in 3 stages. This behavior was associated to the highest
exposure of active sites on carbon nanostructures surface, where equilibrium could take

place faster than in microporous activated carbon.

The final approach demonstrated the feasibility to replace activated carbon for our novel
CVD processed biochar in automotive canisters. For the sake of comparison, gasoline
emissions were adsorbed in both carbonaceous adsorbents in packed-bed column
experiments. Interestingly, biochar/carbon nanostructures composite presented similar
breakthrough times (12 min) and adsorption capacity (153 mg g*) than activated carbon (15
min, 187 mg g). The main difference was presented in the overlapping of activated carbon
curve which indicated the typical competitive adsorption. The latter became more evident
when analyzing the gasoline components in four groups, where, as in mixture of model
gasoline the biochar/carbon nanostructures composite registered absence of change in
slope on breakthrough curves, indicating a similar diffusion of more than 30 VOCs from
gasoline thought the packed-bed, which did not happen in activate carbon. These results
demonstrated that biochar/carbon nanostructures composite was effective and practical in

removing real gasoline emissions from automotives.

The results presented in this doctoral thesis demonstrated the potential of the
biochar/carbon nanostructures composite for the uptake of several VOCs from gasoline
emissions in gas phase. It is a fact that the deep characterization not only allowed to
understand the physical and chemical properties of the adsorbent, but also allowed to
understand the effect of its features on the adsorption performance throughout various
regenerative cycles. In addition, the applicability of our novel composite adsorbent was
corroborated by the direct comparison with a commercial activated carbon. Thus, this work

represents a significant advance in the development of an adsorbent from an agro-industrial

Joel de Jestls Gutiérrez Martinez

192




CHAPTER 6

waste enhanced with carbon nanostructures appropriated to remove key pollutants in gas

phase.
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Final Conclusions

7.1. Conclusions

To the best of our knowledge, no study prior to this work had attempted the growth of
carbon nanostructures onto biochar for the recovery and reuse of VOCs from evaporative
emissions. According to results, it is possible to produce a macroporous adsorbent with low
tortuosity by the pyrolysis of a lignocellulosic waste from the mescal industry. Furthermore,
the CVD process in a thermogravimetric analyzer successfully grows carbon
nanostructures, specifically CNTs, CNFs, onions-like carbon, and carbon black onto biochar,
which in turn allows to increase the biochar surface area and, thus, to adsorb various VOCs

from gas phase.

The carboxymethylcellulose allows to control the size and dispersibility of iron catalyst
onto the biochar, which promotes to obtain a high yield of homogeneously distributed carbon
nanostructures. The highest distribution of catalyst on biochar is achieved with an iron
concentration of 1 g L. By using CVD during 60 s and 700 °C, it is possible to increase the
biochar surface area from 120 to 243 m? g*. However, when using CVD for more than 60 s
the surface area of the biochar decreases to 5 m? g, but after thermal post-treatment at
800 °C this increases to 241 m? g1. On the other hand, when using CVD injection-pulses at
600 °C the growth of similar carbon nanostructures is also promoted, resulting in a better

dispersion and similar surface area (241 m? g') than when continuous CVD is implemented.
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Notoriously, the scaled-up of the CVD process at 600 °C in a rotatory furnace also allows
to increase 300 times the biochar surface area with the extensive coverage of biochar with
carbon nanostructures. TEM analysis evidence the morphological differences between
using a rotatory furnace and a TGA. By characterizing with Raman spectra and X-ray
diffraction, it is confirmed that after the CVD process the composition of biochar is tailored
via growth of carbon nanostructures with a prominent sp? hybridized carbon domain and
crystalline graphitic structures. The thermal instability of CMC at temperatures higher than
500 °C allows it to produce turbostratic carbon with oxygen functionalities that promote the
formation of onions-like carbon and carbon black, while the nitrogen content from raw

biochar could induces the formation of bamboo-like CNTs and CNFs.

As it is indicated by static adsorption studies, biochar/carbon nanostructures composite
shows a higher pentane (169 mg g*), hexane (63 mg g*), benzene (73 mg gq), and toluene
(38 mg g?) adsorption capacity at 25 °C, and faster adsorption kinetics than activated carbon
under diurnal conditions. Particularly, large surface areas play a positive effect on adsorption
capacity of different VOCs but a negative correlation between pore volume and adsorption
capacity of larger VOCs like toluene is observed. Furthermore, the more basic the adsorbent
surface, the greater the adsorption capacity of nonpolar VOCs, which is conducted via
dispersive interactions between aliphatic molecules and delocalized n-electrons, and by n-nt
interactions between the mn-electrons in the benzene ring and those in the carbon graphitic
layers. Based on this mechanism, the curvature of the basal planes of carbon
nanostructures has a greater reactivity that increases the VOCs uptake in comparison to the
disordered stacked graphitic layers of activated carbon, which allows to increase up to 3.8
times the static adsorption capacity of activated carbon. The adsorbate properties such as
vapor pressure have a positive relationship with the adsorption capacity of BCYD600-1pTT

(R? =0.8), whereas the molecular size shows a negative lineal relationship (R =0.82).
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The particle size of the adsorbent is reduced to an average of 60 um to avoid channeling
during dynamic experiments in the packed bed. In brief, earlier breakthrough times are found
for adsorbates with lower boiling temperature (pentane and hexane), and a longer
breakthrough time for the less volatile molecules (benzene and toluene). Accordingly, the
breakthrough curves of biochar/carbon nanostructures display adsorption capacities of
269.6,123.5, 81.2, and 36.9 mg g™ for pentane, hexane, benzene, and toluene, respectively.
The biochar/carbon nanostructures composite has a higher regeneration efficiency by
presenting a decrease in the breakthrough time of no more than 6 min, whereas activated
carbon reveals an important decrease in service time up to 40 min for toluene. Indeed, the
breakthrough time of this novel adsorbent decreases only 16 min after four
adsorption/desorption cycles of benzene and that of activated carbon decreases up 20 min
just in the second regenerative cycle. Additionally, the higher chemical stability of carbon
nanostructures after the regenerative process with air at 150 °C is also associated to the

reproducible adsorption behavior of these nonpolar VOCs.

Lastly, the dynamic adsorption of multicomponent mixtures of model and real gasoline
emissions onto biochar/carbon nanostructures composite was accomplished. As in single
adsorption, heavier VOCs from each mixture show a longer service time, being up to 80 min
for toluene in the binary aromatic mixture. However, the total adsorption capacity of the
mixture is less than the single adsorption capacity of each component. The latter is due to
the competition of VOCs for the adsorbent active sites during dynamic co-adsorption
experiments. In this sense, a competitive adsorption process is detected in activated carbon
by the change in the slopes on the breakthrough curve of the lighter VOCs at C Co? values
higher than 0.85. In contrast, the co-adsorption on the adsorbent with low tortuosity and low
microporous volume, such as biochar/carbon nanostructures composite, the typical S-shape

breakthrough curves are observed. This last one suggests a more homogeneous adsorption
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and mass transfer process during dynamic experiments. Finally, this work demonstrated the
potential of biochar/carbon nanostructures composite to be used in the simultaneous
removal of several VOCs from real gasoline emissions, which could replace commercial

activated carbons currently used in automotive canisters.

7.2. Perspectives and challenges

In the present research, great progress has been made in the study of static and dynamic
adsorption of real VOCs from gasoline emissions onto a macroporous adsorbent modified
with carbon nanostructures, in addition to the factors that most influence the adsorption

behavior. However, the following knowledge gaps still need to be further investigated:

e Considering the acid-washed pretreatment to remove biochar inorganic content and the
size reduction by grinding for its proper application in packed-bed columns, would be
interesting to explore both pretreatment to the bagasse agave fibers, prior to being
carbonized. This could prevent damage to the biochar strength, as well as avoid
considerable loss in biochar mass during grinding and sieving.

e There is a need to further optimize the growth of carbon nanostructures on biochar by
developing a design of experiments using either factorial or response surface analysis in
order to assess the influence of the most important CVD parameters such as
temperature, the time, the catalyst type, and the carbon source, obtaining as a response
an increase in biochar surface area and VOCs adsorption capacity.

e Based on the effect of CMC on the growth of different carbon morphologies, evaluation
of different catalyst impregnation strategies is needed to ensure homogeneous size and
dispersion of nanoparticles in biochar. In this sense, the use of techniques such as
microwave impregnation or thermal hydrolysis would be explored. In addition to exploring
the synergistic effect of the use of catalyst mixtures in the CVD process to increase the

yield in the growth of carbon nanostructures.
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e Another approach of interest regarding biochar damage prevention and process scaling,
it would be interesting to carry out CVD processes based on the oxidative
dehydrogenation reaction between C;H> and CO.. This synthesis variant allows to grow
CNTs on carbon substrates at 500 °C without any deterioration of the carbon skeleton.

e |n order to better understand the differences on the growth of carbon nanostructures or
by using different CVD temperature and catalyst, it is suggested to explore the analysis
of the activation energy of CVD synthesis from the Arrhenius plots by also comparing the
growth rate under various synthesis conditions. Therefore, the activation energy can be
calculated directly from the slope of the linear fit to the TGA data by plotting CNTs grown
rate (nm-s) versus T (K1), assuming a first order reaction.

e Regarding static adsorption assessment, it would be necessary to explore kinetic
experiment at different temperatures, for instance, 15, 25, 35, and 45 ° C in regard to
exploring the adsorption behavior based on the actual diurnal conditions in the
automotive system.

e Once the dynamic adsorption of single and multicomponent mixtures is known, it is
important to evaluate the additional effect of moisture during VOCs uptake. To do this, it
will be necessary to perform the experiments with a set-up in which the passage of a
stream of air or nitrogen through a column of water will allow the generation of water
vapor that will be mix with the current of VOCs and, thus, the humidity percentage will be
controlled.

e According to the experimental set up showed in Chapter 4, it was possible to obtain the
breakthrough curves by analyzing the inlet and outlets concentration in a GC-FID
analyzer, while desorption was determined in a TGA equipment. However, in several
studies the adsorption/desorption processes take place in situ where the desorption
process can be carried out by inducing an increase in the temperature of the column and

passing a tangential flow of air or by a vacuum desorption. Therefore, it would be
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recommended to evaluate the regenerative performance of the adsorbent by using these
strategies.

e Based on the high precision in the control of parameters during the dynamic adsorption
of pollutants in gas phase, it is suggested the use of precision accessories such mass
flow controllers and high pression needle valves.

e Finally, to evaluate the feasibility of implementing the synthetized material on an industrial
scale, the environmental evaluation of the VOC adsorption process through life cycle

analysis could be interesting.
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Supplementary information

Table Sl4. Overall variables and parameters obtained at the evaluated experimental conditions of dynamic adsorption.

Activated carbon (AC)

Pentane Hexane Benzene Toluene
Parameter Units

first second first second first second first second
Q mL min-t 25.00 20.00 33.00 35.00 32.00 33.00 30.00 30.00
Coss mg L? 302.66 236.96 140.11 125.01 86.00 74.07 19.00 19.16
Coa mg L1 35.61 27.88 16.48 14.71 10.12 8.71 2.24 2.25
Co mg L1 356.07 278.78 164.83 147.08 101.18 87.14 22.36 22.55
texh min 114 192 150.00 70.00 145.00 121.00 218.00 190.00
to min 22 4 18.00 10.00 41.00 26.00 84.00 43.00
Vo.gs L 2.85 3.84 4.95 2.45 4.64 3.87 6.54 5.32
Vo.1 L 0.55 0.08 0.59 0.35 1.31 0.83 2.52 1.20
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Table Sl4. (Continued).

Voo L 2.99 6.14 7.98 4.85 4.93 4.60 7.52 6.76
(0] 0.71 0.47 0.44 0.35 0.69 0.61 0.60 0.56
H cm 10.01 10.95 8.26 8.83 9.18 9.26 9.54 10.45
Hwrz cm 10.58 22.49 14.27 17.09 8.47 10.54 7.75 12.32
Rwmrz cm min-t 0.12 0.12 0.11 0.28 0.08 0.11 0.06 0.09
m g 0.50 0.55 0.52 0.55 0.57 0.58 0.60 0.65
C mg L? 310.50 230.55 137.63 126.19 84.08 76.42 17.93 19.98
Cads mg L 45.58 48.23 27.20 20.88 17.10 10.72 4.43 2.57
trotal min 120.00 163.00 98.00 95.00 113.00 140.00 155.00 218.00
A cm2 5469.28 7861.32 2665.30 1984.04 1932.14 1500.59 686.14 560.34
(total mg 136.73 157.23 87.95 69.44 61.83 49.52 20.58 16.81
Miotal mg 1068.22 908.82 533.06 489.02 365.85 402.60 103.96 147.46
% Removal 12.80 17.30 16.50 14.20 16.90 12.30 19.80 11.40
(calc mg g 273.33 287.19 170.48 125.81 107.75 85.53 34.54 25.73
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Table Sl4. (Continued).

Biochar (BC)

Pentane Hexane Benzene Toluene

parameter units

first second first second first second first second
Q mL min-t 20.00 25.00 20.00 24.00 25.00 32.00 20.00 20.00
Coss mg L? 200.98 257.09 93.81 98.24 62.04 57.35 29.94 26.73
Coa mg L? 23.64 30.25 11.04 11.56 7.30 6.75 3.52 3.14
Co mg L1 236.45 302.46 110.37 115.58 72.99 67.47 35.22 31.44
texh min 130 104 80 62.00 81.00 51.00 70 90
to min 6 5 8 7.00 10.00 4.00 8 8
Vo.ss L 2.60 2.60 1.60 1.49 2.03 1.63 1.40 1.80
Vo1 L 0.12 0.13 0.16 0.17 0.25 0.13 0.16 0.16
Vo.g L 4.90 6.00 4.82 2.45 4.80 2.22 4.05 2.75
[0) 0.39 0.32 0.23 0.43 0.29 0.54 0.24 0.48
H cm 11.40 10.80 8.65 11.21 10.50 10.65 8.11 9.71
Hwmrz cm 30.65 29.46 22.31 19.96 24.25 17.06 19.32 16.96
Rwmrz cm mint 0.25 0.30 0.31 0.36 0.34 0.36 0.31 0.21
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Table Sl4. (Continued).

m g 0.56 0.54 0.48 0.56 0.53 0.53 0.44 0.49
Cout mg L 194.60 262.54 96.24 107.84 64.52 62.07 30.71 26.85
Cads mg L 41.85 39.92 14.13 7.74 8.47 5.40 451 4.59
trotal min 134.00 120.00 145.00 132.00 150.00 105.00 95.00 100.00
A cm? 5608.07 4790.97 2048.47 1022.19 1270.03 566.75 428.28 459.07
Qtotal mg 112.16 119.77 40.97 24.53 31.75 18.14 8.57 9.18
Motal mg 633.68 907.38 320.07 366.16 273.71 226.70 66.92 62.89
% Removal 17.70 13.20 12.80 6.70 11.60 8.00 12.80 14.60
(cal mg g* 200.90 221.87 85.71 43.76 60.45 34.07 19.29 18.91
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Table Sl4. (Continued).

BCVD600-1p sample

Pentane Hexane Benzene Toluene
Parameter Units
first second first second first second third fourth first second

Q mL min-t 24.00 20.00 33.00 35.00 34.00 34.00 34.00 34.00 23.00 25.00
Coss mg L 210.44 189.58 70.06 51.36 47.05 54.03 48.04 45.03 25.33 23.35
Coa mg L 24.76 22.30 8.24 6.04 5.54 6.36 5.65 5.30 2.98 2.75
Co mg L* 247.58 223.03 82.43 60.42 55.36 63.57 56.52 52.98 29.80 27.47
texn min 95 120 170.00 170.00 142.00 109.00 126.00 131.00 166.00 120.00
to min 14 9 17.00 17.00 34.00 26.00 22.00 19.00 34.00 30.00
Vosgs L 2.28 3.00 3.40 3.74 4.54 3.49 4.03 4.19 3.82 3.00
Voa L 0.34 0.23 0.34 0.37 1.09 0.83 0.70 0.61 0.78 0.75
Voo L 4.43 6.15 4.78 5.41 6.13 4.32 5.99 6.65 5.57 4.95
(0] 0.36 0.35 0.52 0.50 0.51 0.57 0.47 0.45 0.48 0.40
H cm 9.68 9.81 9.96 10.00 9.48 9.47 9.56 9.10 8.93 9.31
Hwrz cm 18.30 22.70 15.88 16.32 11.43 10.70 13.99 14.80 12.17 12.66
Rwmtz cm min 0.23 0.20 0.17 0.17 0.11 0.14 0.14 0.14 0.09 0.14
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Table Sl4. (Continued).

m g 0.48 0.49 0.50 0.50 0.47 0.47 0.48 0.45 0.45 0.47
Cout mg L? 217.37 193.59 72.62 51.78 47.44 58.29 51.60 48.21 24.85 24.01
Cads mg L 30.20 29.44 9.81 8.64 7.92 5.28 4,92 4.77 4.95 3.46
trotal min 180.00 173.00 190.00 190.00 143.00 170.00 190.00 210.00 145.00 157.00
A cm2 5436.79 5093.16 1863.70 1641.56 1131.95 896.93 934.26 1001.30 717.19 543.33
Qtotal mg 130.48 127.33 61.50 57.45 38.49 30.50 31.76 34.04 16.50 13.58
Miotal mg 1069.53 964.61 516.82 401.78 269.14 367.42 365.11 378.27 99.37 107.80
% Removal 12.20 13.20 11.90 14.30 14.30 8.30 8.70 9.00 16.60 12.60
calc mg g* 269.57 259.54 123.45 114.92 81.23 64.43 66.47 74.84 36.95 29.19
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