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Supervisor’s Foreword

One may say that today’s scientists are runners on a fast track trying to keep up
with the considerable number of discoveries and progress. We have sophisticated
tools, instruments, and superfast computers with vast databases to help us ‘‘digest’’
all the information we create and are exposed to. Unfortunately, in the quest for
scientific solutions to the current problems, in many cases we may accidentally
miss the joy of training new scientists who are sometimes better, brighter, and
more efficient than we are… so… when opportunity knocks let’s embrace it and
we will never regret the time spent to teach, to lead, and… to learn.

Marie Sklodowska-Curie once said ‘‘I am among those who think that science
has great beauty. A scientist in his laboratory is not only a technician: he is also a
child placed before natural phenomena which impress him like a fairy tale’’…
That ‘‘fairy tale’’ is … what leads us through paths of science and let us see the
beauty of it and feel the excitement of comprehending, understanding and pro-
moting new ideas, new hypotheses, new proofs… regardless of their magnitude…
and often those very small steps built by thousands of scientists enable only very
few of us to reach the higher levels honored by the Nobel Prize. Nevertheless, all
of us agree that passion for scientific work is one of our motivations and at the
same time a great and unique award which we have tremendous luck to receive
and experience in almost everyday of our professional careers…

I saw that passion, patience, and brilliance in Camille when as an intern she
arrived from her native France to work on the research internship required for a
Masters Degree at her school. At that time the US Army Research Office gave us
an award for a very demanding research topic, which focuses on the removal of
specific toxic gases by existing adsorbents. The challenge was in the required
conditions of this adsorption process: ambient air. The Toxic Industrial Com-
pounds (TICs) that we were working on are usually small molecule species whose
physical adsorption at room temperature is very weak. Moreover, water in ambient
air can compete with the adsorption sites. Overall, the most popular adsorbents
(mainly activated carbons and zeolites) existing in 2005 did not look very
promising for TICs’ removal. The requirements were pretty strict and the adsor-
bents should not only adsorb a large quantity of toxic species but also have strong
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retention properties. The safety of war-fighters and other users of gas filters was at
stake here.

At the time, metallic organic frameworks (MOF) were relatively new materials,
and graphite oxide (GO) started to experience its renaissance owing to its suit-
ability in one of the synthesis routes for graphene. Thus the idea to build the
composites was conceived. Although both materials had good capability to retain
ammonia, combining them could result in even better adsorbents! Here the
chemistry of MOF could be utilized for surface reactions and GO would provide a
dense array of carbon atoms to enhance dispersive forces for physical adsorption.
Owing to the specific chemistry of both components, the bonds between two
phases were expected. The task was not easy since we did not have any experience
in organic synthesis. But Camille took on the challenge. Cautiously, with deter-
mined effort and passion, the new materials were built and applied as adsorbents
not only for ammonia but also for other TICs such as hydrogen sulfide and
nitrogen dioxide. Although removal of the two latter species was beyond Camille’s
Doctoral Thesis, we consider this finding as important. Thus her work was
extended into this area because of the versatility and properties of the new
materials.

This book consists of Camille’s Doctoral Thesis and describes the story of the
Problem Approach. Approach, which started from existing traditional adsorbents
and ended at the new and promising structures. Approach, which we hope shows
the importance of the chosen research path and of the tools used to accomplish that
short, 3-year journey. Approach, in which first we look at the challenge of a
scientific problem and then we modify/design materials to meet that challenge. For
this we use all our chemistry knowledge, intuition, experience, experience of our
predecessors and peers and, of course… passion and enjoyment of science. I wish I
have more students with Camille’s attitude toward the discoveries of everyday
life… and passionate funs of ‘‘a fairy tales’’ of science.

New York, January 2012 Dr. Teresa J. Bandosz
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Chapter 1
Introduction

1.1 Ammonia and Air Pollution

‘‘There is no such thing as a free lunch’’. This common saying well illustrates the
world industrial development. With its myriad of new technologies constantly
improving our daily lives, it also resulted in a dramatic increase of pollution since
the beginning of the twentieth century. Air pollution in particular, with the release
of greenhouse gases and other volatile toxic compounds, has led to serious envi-
ronmental issues ranging from climate change to ocean acidification and has thus
become the object of many concerns and debates. In response to this global issue,
governmental entities impose strict regulations regarding the release of pollutant
gases. To prevent/reduce toxic gases emissions and meet these continuously
reinforced requirements, the scientific community must find effective pathways
toward a safer environment.

As many other gases, ammonia represents a threat to air quality. This small
molecule, with a diameter of about 3 Å [1] and easily recognizable by its pungent
odor, is one of the most widely produced chemicals and one of the most abundant
nitrogen-containing species in the atmosphere [2]. It exhibits Lewis and Brønsted
basic characters, both related to the presence of its lone pair of electrons on the
nitrogen atom. Owing to its polarity and ability to form hydrogen bonds, ammonia
easily dissolves in water. A brief summary of the physical and chemical features
of ammonia is presented in Table 1.1. The anthropogenic release of ammonia
in the atmosphere related to the agriculture industry (i.e. fertilizer production),
manufacturing industry (i.e. ammonia, coke, nitrogen-containing chemicals),
sewage treatment plants or refrigeration systems adds up significantly to the nat-
ural sources [2]. The latter include mainly animal wastes and microorganisms in
soil [2]. This human impact raises serious environmental issues since, in large
quantity, ammonia release becomes hazardous. For instance, ammonia easily
forms ammonium salts upon reaction with acidic aerosols [2]. These salts are
known to be extremely corrosive and are involved in particulate matter formation
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[2]. Moreover, ammonia also has an impact on the vegetation via, for instance,
foliar injury, growth and productivity alteration or reduction of frost tolerance [3].
Ammonia also represents a potential threat to human health since, owing to its
high solubility, it can easily react with the skin, eyes and respiratory system to
form ammonium hydroxide via an exothermic process responsible for thermal
injuries [4]. Considering all of these, the National Research Council (NRC) has
identified ammonia emissions as a major air quality concern at regional, national
and global levels [5]. Moreover, the American Conference of Governmental
Industrial Hygienists (ACGIH) has limited exposure to ammonia to a time-
weighted average concentration (TWA) of 25 ppm and short term limit concen-
tration (STEL) of 35 ppm [6], while the immediately dangerous to life and health
limit (IDLH) has been set up at 300 ppm [6]. Ammonia is considered as a Toxic
Industrial Compound (TIC) [7]. Consequently, facing the accidental or intentional
release of that gas is considered an important task for homeland security.

1.2 General Overview on Adsorption and its Applications
in Air Pollution

The adsorption of gases on porous materials has been proposed to control the
release of toxic pollutants in the atmosphere [9]. Before entering into the details of
the specific case of ammonia removal, it seems important to review the general
features regarding adsorption mechanisms and adsorbent materials. This section,
although not exhaustive, aims at highlighting some of the key properties of
adsorption that will be discussed later.

The process of adsorption corresponds to a surface mechanism between two
phases (gas–liquid, gas–solid or liquid–solid) that must be distinguished from
absorption [10]. In the former case, molecules ‘‘stick’’/adhere to the surface of a
solid or liquid [10]. On the contrary, in absorption phenomena, molecules
(or atoms, or ions) ‘‘penetrate’’ inside the bulk phase of a material and become a
part of it [10]. Adsorption is thus considered as a surface mechanism whereas
absorption corresponds to a volumetric/bulk process. As of terminology, the
molecules being adsorbed are referred to as adsorbates and the material on which
these species are attached is called the adsorbent. In some cases, the process of
adsorption can be reversible as the molecules initially adsorbed can be removed

Table 1.1 Chemical and
physical properties of
ammonia [8]

Properties Values

Molecular weight 17 g mol-1

Diameter 3 Å
Dipole moment 1.47 D
pKb 4.75
Solubility in water 89.9 g in 100 mL (cold water)

7.4 g in 100 mL (hot water)
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from the surface [10]. This is called desorption. A schematic view of adsorption
and desorption processes is proposed in Fig. 1.1.

In the following, only gas adsorption on solid materials will be considered.
This phenomenon can be classified into two categories: physisorption (or phys-
ical adsorption) and chemisorption (or chemical adsorption) [9, 10]. During
physisorption, the attraction of the gas toward the solid surface is driven by van
der Waals forces which include electrostatic, polar and dispersive interactions
[10]. Physical adsorption is a non-specific process since the possibility for the
adsorbate to be retained on the adsorbent’s surface is independent of the
chemistry of both entities [10]. It only relies on the porosity of the adsorbent
[10]. Physisorption is a rapid mechanism from a kinetic standpoint and represents
a necessary path toward chemical adsorption. The latter involves the creation of
chemical bonds between the adsorbate and the adsorbent [10]. Unlike physical
adsorption, chemisorption is specific since the nature of the two species in
contact will enable, favor or prevent binding [10]. Another type of adsorptive
interactions is the so-called reactive adsorption where the adsorbent surface
chemistry influences the transformations of the adsorbate. Depending on the
chemical nature of the adsorbate molecule and the type, number and strength of
functional groups on the adsorbent surface, the interactions between the two
entities will differ. Usually, chemisorption and reactive adsorption lead to much
stronger interactions than physisorption and represents a more selective adsorp-
tion process [10]. Enthalpies for physisorption range from about 20 to
50 kJ mol-1 whereas enthalpies measured for the other processes are about ten
times higher [11].

Adsorbents are usually characterized by a high surface area and porosity and
include different types of materials. Among the common adsorbents, one can find:
activated carbons, carbon molecular sieves, polymeric resins, zeolites, alumina,
silica, metal oxides or metal–organic frameworks [10, 12, 13]. The porosity,
although not the only influencing parameter, can greatly modify the ability of an
adsorbent to retain molecules. Consequently, when considering adsorption
processes, one has to look at the porosity and more specifically at: the shape of the
pores (spherical, cylindrical or slit-like pores [9]), the volume of the pores, the
pore size and finally the pore size distribution. Considering the latter parameters,
it is important to mention that pores are usually classified according to their size,

Fig. 1.1 Schematic view of adsorption and desorption processes on porous materials
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as micropores (\2 nm), mesopores (2–50 nm) and macropores ([50 nm) [9, 10].
All these features have an impact on the transport/diffusion of the adsorbate as well
as on the physical forces exerted by the adsorbent.

To analyze the performance of adsorbents in retaining a targeted molecule,
several criteria are considered. One of them is the so-called adsorption capacity.
This value represents the amount of adsorbate retained on the surface of the
adsorbent per mass or volume of adsorbent. The former unit is useful to
analyze the process of gas uptake, and the second has to be considered for
practical applications for which the available volume is a limiting factor. The
adsorption capacity can be measured by conducting a fixed bed breakthrough
test. In a typical run, a well-packed bed of adsorbent is subjected to a constant
flow of the specific gas and the concentration of that gas in the outlet stream is
measured as a function of time. As seen in Fig. 1.2a, as the adsorption takes
place, the adsorbent becomes progressively saturated and the adsorption zone
moves toward the end of the bed. At one point, the saturation is such that the
adsorbent cannot retain the entire quantity of adsorbate contained in the inlet
stream. At this time, the targeted adsorbate is detected in the outlet stream.
As the adsorption still progresses, the concentration in the effluent increases
until it equals the inlet concentration. A breakthrough curve can be plotted
which gives the concentration of the adsorbate in the outlet stream as a function
of time (Fig. 1.2b). This curve usually exhibits a sigmoidal shape and two
important points can be identified on it. The first point, referred to as the
breakthrough, corresponds to the time at which the effluent concentration
equals 5–10% of the inlet concentration. The second one is called the quasi-
equilibrium and represents the point at which the concentration in the outlet
stream equals that of the inlet stream. From this curve, a mass balance between
the amount of gas present in the inlet stream and that measured in the outlet
stream can be derived and allows for the determination of the adsorption
capacity. However, it is important to note that the adsorption capacity can be
calculated either at the breakthrough point (‘‘dynamic adsorption’’) or at quasi-
equilibrium (‘‘adsorption at quasi-equilibrium’’). In the latter case, higher
adsorption capacity values are obtained. In the study described later, adsorbents
are always tested in dynamic conditions and the adsorption capacities given
refer to those calculated at the breakthrough point. The determination of the
breakthrough capacity in this case is presented in Eqs. 1.1 and 1.2. Equation 1.1
gives the amount of adsorbate retained at a specific time per mass of adsorbent.
To obtain the capacity at the breakthrough point (or breakthrough capacity), an
integration of all the prior values up to the breakthrough time is required as
expressed in Eq. 1.2. In other words, the breakthrough capacity corresponds to
the area above the breakthrough curve. The main assumption of Eq. 1.1 is that
the breakthrough curve between two points used for the calculation is linear.
This assumption is easily verified by considering a sufficiently small time
interval between two points. It has to be noted that a trivial consideration of the
adsorbent bed density can provide the adsorbent capacity per volume of
adsorbent.
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Atþdt ¼ At þ dt � C0 �
Ct þ Ctþdt

2

� �
� Qair

mads

� Mgas � 273
106 � 22:4� 273þ Tð Þ ð1:1Þ

Ab ¼
Xtb

t¼0

At ð1:2Þ

In the above two equations, the notation adopted can be summarized as follows:
At breakthrough capacity at t (mg g-1 of adsorbent)
Ab breakthrough capacity (mg g-1 of adsorbent)
t time (min)
tb breakthrough time (min)
dt time interval between two points of the breakthrough curve (min)
C0 inlet concentration of targeted gas (ppm)
Ct outlet concentration of targeted gas at t (ppm)
mads weight of adsorbent’s bed (g)
Q total flow rate (mL min-1)
Mgas gas molecular weight (g mol-1)
T temperature (in �C)

1.3 Current Situation on Ammonia Adsorption

Several types of ammonia adsorbents have been tested so far, but most of them
remain on a laboratory-scale application. The adsorbents include carbonaceous
materials (i.e. activated carbon), zeolites, alumina, silica, polymeric resins, clays
or metal–organic frameworks [14–47]. In those studies, ammonia adsorption is

Saturated zone

C0

a b c d e

C0 C0 C0 C0

Adsorption zone

(a) (b)

Fig. 1.2 The breakthrough test scheme with the evolution of the saturation and adsorption zones
(a) and the breakthrough curve with identification of the different steps described in a (b)
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considered either from the air filtration standpoint or as a way to characterize
the acid–base nature of an adsorbent. Owing to their diversity of texture and
chemistry, the latter materials exhibit quite different performances.

Activated carbons play a large role in retention of various pollutants [9, 13] and
in that of ammonia in particular [14–23, 25–27, 29, 45–47]. Their high surface area
(about 500–1500 m2 g-1) and porosity enable physical adsorption whereas their
surface chemistry, related to the presence of functional groups, is responsible for
specific adsorption via acid–base reactions or hydrogen-bonding [9]. The heat of
adsorption of ammonia on carbonaceous materials covers a wide range going from
about 20 up to 150 kJ mol-1 [19, 45, 48–52]. This large variation is related to the
chemical features of the adsorbents. On graphitic surfaces devoid of functional
groups, low heats of adsorption are measured [48], whereas in the presence of
functionalities able to interact with ammonia, the values are enhanced [45].
Activated carbons exhibit adsorption capacities usually between 0.1 and
20 mg g-1 (or higher when tests are performed until thermodynamic equilibrium)
[14, 19, 25, 45–47, 53]. Unmodified activated carbons are not ideal adsorbents for
ammonia. Indeed, since the average pore size for a common carbon is 10–20 Å,
which is much higher than ammonia size, and the physical forces are not suffi-
ciently strong to retain small molecules like ammonia, especially at ambient
conditions. Moreover, the surface acidity of carbon materials related to the
presence of functionalities is not enough developed to enhance the chemisorption
of ammonia. Consequently, the use of untreated activated carbons for ammonia
uptake does not look very promising as it only involves weak adsorption forces,
which lead to the progressive desorption of the gas over time. Nevertheless, the
low cost, high stability and ease of modification of virgin activated carbons
represent valuable assets and can be exploited. Various alterations of virgin car-
bons can be performed to develop stronger forces between ammonia and the
adsorbent’s surface and have been reported in the literature [15, 23, 27, 53–57].
These modifications address the surface chemistry of activated carbons and can be
classified into two categories. The first modification involves direct alteration of
the carbon surface with no chemical addition. This category includes the oxidation
of the material and results in the formation of new acidic groups on its surface
[23, 53–57], a desirable asset in the retention of basic molecules. Nevertheless, an
extended oxidation can reduce the physical strength of the adsorbents and thus
compromises its potential industrial application. The second type of modification
is based on impregnation of the material with a chemical, usually an inorganic
compound. Among the inorganic compounds already tested for impregnation on
carbon are metal oxides [54], acids and bases [56], or heteropolyacids [15].
Because of the wide diversity of inorganic substances, this method offers an
infinite horizon for modifications and enables adapting the material to the specific
needs of the adsorption process. In spite of that, only few studies have explored
that type of modification for ammonia retention [15, 54, 56]. In addition to acti-
vated carbons, other types of carbonaceous materials, such as sludge-derived
compounds, carbon nanotubes or carbon fibers, have been tested for ammonia
adsorption but their use remains scarce [17, 58, 59].
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Ammonia uptake on zeolites, silica or alumina has been extensively studied.
While in most cases, ammonia was used as a probe to investigate the acidity of
such materials, a few studies have used these materials for gas adsorption purposes
[14, 28, 31–36]. It is accepted that ammonia can be physically adsorbed or
chemically retained on the Lewis and Brønsted sites of these compounds in its
NH3 or NH4

+ form. The adsorption of ammonia on these materials is usually
characterized by heats of adsorption ranging from 40 to 180 kJ mol-1 [60, 61].
The adsorption capacities reported for these materials vary greatly depending on
the adsorbent itself and on the conditions of the tests and stretch from 1 to
130 mg g-1 [14, 33, 35, 36]. Zeolites, alumina and silica suffer from two main
drawbacks in regard to the ammonia removal. One is related to the fact that they
are highly hydrophilic [62] and their breakthrough capacity is significantly reduced
in ambient/moist air due to a water/ammonia competition for adsorption. Since the
presence of humidity on a large-scale application can be difficult and expensive to
avoid, this affects the commercialization of such materials for ammonia removal.
Another issue is that part of the ammonia adsorbed can progressively desorb from
the surface, which is obviously not desired if those materials are employed as gas
adsorbents for air quality purposes.

Ammonia adsorption on polymeric resins has already been reported in the
literature [14, 37–39]. These materials are mostly encountered in water adsorption
processes and, as in the case of zeolites, alumina or silica, ammonia adsorption has
been investigated mainly to assess the acidity of the resins and identify the nature
of their acidic sites [37–39]. Only a few studies have reported their potential use in
gas adsorption and especially ammonia removal [14]. The resins encountered can
be ionic or non-ionic resins, porous or non-porous (gel). Depending on their
nature, the adsorption can occur via an exchange of cations (i.e. H+/NH4

+), via
Lewis/Brønsted interactions between the acidic sites of the resin and ammonia, or
via physisorption. The heats of ammonia adsorption on resins vary also greatly
depending on the material’s features. For instance, on sulfonated gel resins, they
can reach 110 kJ mol-1 [37, 39]. The limited literature available on ammonia
adsorption on resins makes it difficult to evaluate the potential of these materials
for ammonia removal applications. However, the well-known swelling of gel
resins in the presence of water can raise practical issues and limit their applications
in gas adsorption.

In the past decade, the field of adsorption has seen the emergence of a new class
of materials, called metal–organic frameworks (MOFs) [12, 63, 64]. These
compounds are formed by the self-assembly of metal ions, acting as coordination
centers, and polyatomic organic bridging ligands [65]. This results in the formation
of highly porous crystalline solids [65]. Owing to the diversity of their metallic
centers and organic functionalities, one can tailor materials with specific pore
shape, size, volume and chemistry [65]. This feature makes these materials prime
candidates for applications in gas purification, gas separation or heterogeneous
catalysis [66, 67]. Despite the large enthusiasm surrounding the MOFs, only a few
research groups started to investigate their use for ammonia removal [41–44].
Moreover, within these few studies, the potential instability of MOFs in presence
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of moisture and their weak dispersive forces in the retention of small molecules of
gas at ambient conditions represent two issues scarcely addressed in the literature
[41, 42].

Considering the above, one can acknowledge that despite many research efforts,
the current pathways envisioned to remove ammonia from air suffer from various
deficiencies which are summarized below:

• In many studies, the adsorbent is not specifically designed for ammonia
removal. One reason for this is that some of the potential uses of a material are
envisioned after its synthesis. Consequently, despite its versatility, the adsorbent
may not meet the specific requirements of ammonia adsorption.

• Mostly non-specific forces between the targeted gas and the adsorbent surface
have been established and studied, despite the fact that those forces do not
guarantee a strong/long-term retention [9, 20].

• No in-depth investigation on the possible desorption of the gas with time has
been proposed and yet, a gradual release of the adsorbate over time would
significantly question the efficiency of the adsorbent.

• The air stream to be purified and the adsorbent itself are most of the time dried
before running adsorption tests in order to avoid competitive adsorption between
water and ammonia molecules. Nevertheless, the presence of humidity on a
large-scale application can be difficult and expensive to avoid.

• Despite the high solubility of ammonia [8], and the likely presence of water in
ambient air, only a few studies have looked into the role of humidity on
ammonia retention [42, 54] and they do not lead to a comprehensive description
of this factor.

Taking into account these shortcomings, additional research efforts and a
deeper insight into the design of ammonia adsorbents are required.
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Chapter 2
Objectives and Research Approach

Considering the above-mentioned issues, our goal is to identify the key parameters
enhancing the adsorption of ammonia and thus enable the design of efficient ammonia
adsorbents adapted to real-life conditions. In other words, the adsorbent performance
must be increased compared to those reported in the literature. The retention of
ammonia must be strong so that no desorption of the gas occurs overtime. And finally,
the adsorbent must be able to adsorb and retain ammonia at room temperature over a
wide range of humidity levels to ensure its industrial sustainability.

To ‘‘built the ideal ammonia adsorbent’’, one has to consider the two main
conditions for the good adsorption and sustainable retention of ammonia on solid
surfaces and try to meet these requirements. One of them is related to physisorption
and implies the use of an adsorbent with very small pores, similar in size to that of
ammonia molecule. This enhances the physical forces between the pores walls and
the molecules to be adsorbed. A second condition is the involvement of chemical
transformations (reactive adsorption) of ammonia. Considering the chemistry of this
molecule, reactions such as hydrogen bonding, acid–base reactions, and complexation
can be envisioned.

The research approach proposed in this study to achieve the above objectives is
summarized as follows:

• Synthesis of various materials with porosity and surface chemistry features
expected to enhance the strong adsorption of ammonia under ambient conditions.

• Test of the materials prepared for ammonia removal in dynamic conditions,
at room temperature, in dry and moist conditions (to assess the potential of the
materials for practical applications).

• Study of the strength of ammonia retention.
• Characterization of the adsorbents (textural parameters, porosity and surface

chemistry) by various techniques before and after ammonia adsorption.
• Identification of the factors influencing ammonia uptake.
• Proposal of the mechanisms of ammonia retention.
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The findings obtained considering this research approach are presented in the
following chapters. In Chap. 3, the preparation of the materials tested is described
as well as the techniques used to characterize them and to test them for ammonia
adsorption. Chapter 4 provides an overview of the materials performance for
ammonia removal in terms of adsorption capacity and strength of retention.
The role of textural parameters, surface chemistry and moisture is presented in
detail in Chap. 5, Chap. 6 and Chap. 7, respectively. A summary on the different
mechanisms of ammonia adsorption/retention can be found in Chap. 8. Finally,
Chap. 9 offers a conclusion on this research project while Chap. 10 suggests some
new paths for future research on ammonia removal from air.
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Chapter 3
Materials and Methods

3.1 Materials

3.1.1 Activated Carbons

A first series of samples was prepared by carbonization of different polymers with
or without a subsequent oxidation treatment.

In a second series of synthesis, commercial activated carbons were modified
with different inorganic chemical compounds. The main step of the modification
method involved incipient wetness impregnation followed by an overnight
air-drying at 120 �C, overnight. The incipient wetness impregnation consists in
adding to the carbon a volume of impregnate solution equal to the adsorbent pore
volume.

3.1.1.1 Polymer-Based Activated Carbons

Two series of polymer-based carbons were prepared. The polymer precursors for
these two series were poly(4-styrene sulfonic acid co-maleic acid), sodium salt and
poly(sodium 4-styrene sulfonate) (Fig. 3.1).

Carbon samples were obtained according to the method described in [1, 2].
Briefly, both polymers were carbonized for 40 min at 800 �C (heating rate of
50 �C min-1) under nitrogen (flow of 300 mL min-1), in a horizontal furnace. The
samples were subsequently washed in a Soxhlet extractor with deionized water to
remove the excess of water-soluble species. Finally, the samples were dried in air
at 120 �C for 24 h. The two resulting carbons are referred to as CP-1 (obtained
from poly(4-styrene sulfonic acid co-maleic acid)), and CP-2 (obtained
from poly(sodium 4-styrene sulfonate)). ‘‘C’’ stands for ‘‘carbon’’ and ‘‘P’’ for
‘‘polymer-based’’.
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CP-1 and CP-2 were then subjected to two different oxidation treatments. In the
first oxidation method, CP-1 and CP-2 (10 g) were stirred for 18 h with a saturated
solution of ammonium persulfate in sulfuric acid (1 M, 100 mL) [2, 3]. Then, the
carbons were washed in a Soxhlet apparatus with deionized water to remove the
excess of oxidizing agents and other salts. Finally, the samples were dried in air at
120 �C for 24 h. The resulting materials are referred to as CP-1A and CP-2A,
depending on the carbon precursor. In the second type of oxidation, CP-1 and CP-2
were heated at 350 �C (heating rate of 50 �C min-1) for 6 h, in air, in a horizontal
furnace. The resulting materials are referred to as CP-1B and CP-2B, depending on
the carbon precursor.

3.1.1.2 Activated Carbons Modified with Metal Chlorides

A coal-based activated carbon, BPL (Calgon Carbon Corporation), was modified
by impregnation with a solution of either zinc chloride or copper chloride [4].
In the case of copper chloride, two different amounts of metal (5 and 10 wt%) were
used. The virgin and modified samples are referred to as: CC, CC-Zn (10 wt%),
CC-Cu1 (5 wt%) and CC-Cu2 (10 wt%), respectively. The first ‘‘C’’ stands for
‘‘carbon’’ and the second one for ‘‘coal-based’’.

3.1.1.3 Activated Carbons Modified with Metal Oxides

A wood-based activated carbon, BAX-1500 (Westvaco) was modified with
vanadium and molybdenum oxides [5, 6]. Solutions of ammonium vanadate
(NH4VO3) and ammonium molybdate ((NH4)6Mo7O24�4H2O) were used for this
impregnation. After drying, the samples were heated at 500 �C under a flow of
nitrogen for 3 h, to initiate the release of ammonia and water, and the formation of

Fig. 3.1 Polymer precursors used for the preparation of activated carbons
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V2O5, or MoO3, depending on the impregnate solution. In the case of ammonium
molybdate, two different amounts of molybdenum (5 and 10 wt%) were used.
The virgin and modified samples are referred to as: CW, CW-V (5 wt%), CC-Mo1
(5 wt%) and CC-Mo2 (10 wt%), respectively. ‘‘C’’ stands for ‘‘carbon’’ and ‘‘W’’
for ‘‘wood-based’’.

In another series of experiments, a coconut shell-based carbon, S208c (Calgon
Carbon Corporation), was modified with molybdenum oxide following the same
procedure as for BAX-1500 [7]. Like the wood-based carbon, two different
amounts of molybdenum were used (5 and 10 wt%). The virgin carbon is referred
to as CS and the modified samples as CS-Mo1 and CS-Mo2. ‘‘C’’ stands for
‘‘carbon’’ and ‘‘S’’ for ‘‘shell-based’’.

3.1.1.4 Activated Carbons Modified with Polycations

The wood-based carbon, BAX-1500, was impregnated with hydroxyaluminium
and hydroxyaluminium-zirconium polycations [8, 9]. Those polycations were
formed upon aging solutions of Chlorhydrol� (Al2(OH)5Cl�2.5H2O) and Rezal�

(Al1.2Zr0.3Cl�5H2O), respectively (Reheis Chemical Company). The formula of the
first polycation is [A113O4(OH)24(H2O)12]7+ and it has a Keggin Al13 unit structure
[10]. The derived samples are referred to as CW-Al (from Chlorhydrol) and
CW-Zr (from Rezal). Part of CW-Zr sample was then calcined in air for 3 h,
leading to CW-Zr-c sample.

3.1.2 Graphite Oxide

Two Graphite Oxide (GO) samples were prepared following two different oxi-
dation methods of graphite called the Hummers [11] and Brodie methods [12].
They both involve the oxidation of graphite but differ in the oxidizing agents used
for the treatment. This results in materials of different surface chemistry. When the
method of GO preparation is not specified in the name of the sample, it is implied
that the sample was prepared via the Hummers method.

3.1.2.1 GO Prepared by the Hummers Method

A commercial graphite powder (Sigma-Aldrich, 10 g) was stirred in concentrated
sulfuric acid (230 mL, 0 �C). Potassium permanganate (30 g) was slowly added to
the suspension. The rate of addition was controlled to prevent the rapid rise in the
temperature of the suspension (should be less than 20 �C). The reaction mixture
was then cooled to 2 �C. After removal of the ice bath, the mixture was stirred at
room temperature for 30 min. Distilled water (230 mL) was slowly added to the
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reaction vessel, keeping the temperature less than 98 �C. The diluted suspension
was stirred for an additional 15 min and further diluted with distilled water (1.4 L)
and then hydrogen peroxide (100 mL, 30 wt% solution) was added. The mixture
was left overnight. GO particles settled at the bottom were separated from the
excess liquid by decantation. The remaining suspension was transferred to dialysis
tubes (MW cutoff 6,000–9,000). Dialysis was carried out until no more precipitate
of BaSO4 was detected by addition of an aqueous solution of BaCl2. Then, the wet
form of graphite oxide was separated by centrifugation. The gel-like material was
freeze-dried and a fine dark brown powder of the initial graphite oxide was
obtained. The resulting material is referred to as GO-H.

3.1.2.2 GO Prepared by the Brodie Method

In this method, a commercial graphite powder (Sigma-Aldrich, 10 g) was thor-
oughly mixed with potassium chlorate (50 g) in a flask placed into an ice bath.
Then, fuming nitric acid (100 mL) was slowly added to liquefy the mixture. After
removal of the ice bath, the mixture was left at room temperature for 24 h. Another
portion of nitric acid (60 mL) was then added to the reaction vessel. Following
this, the slurry was placed in a water bath at 60 �C for 4 days (until no more
emission of yellow vapors) and further diluted to 6 L. Then, the GO particles
settled at the bottom were separated from the excess liquid by decantation and
washed with distilled water until all acids and salts were removed. The wet form of
GO was centrifuged and the resulting material was freeze-dried. The fine brown
powder obtained is referred to as GO-B.

3.1.3 Metal-Organic Frameworks

Two metal organic frameworks (MOFs) with different metal and organic com-
ponents were synthesized.

3.1.3.1 Zinc-Based MOF

A zinc-based MOFs was prepared by mixing zinc nitrate hexahydrate (10.4 g) and
1,4 benzenedicarboxylate (2 g) in N,N dimethylformamide (DMF, 140 mL) until
complete dissolution of the solids. Then, the mixture was transferred to a round
flask connected to a condenser and heated at 115–120 �C for 24 h. After cooling,
the supernate was removed and crystals deposited on the bottom of the flask were
collected, washed with DMF and immersed in fresh chloroform overnight. Chlo-
roform was changed twice during two days. Crystals were collected after filtration
and washing with chloroform. Drying was then performed by heating the crystals
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at 130–135 �C for 6 h inside a closed filtering flask connected to an aspirator. The
aspirator was used to create a vacuum inside the flask. The resulting product was
kept in a desiccator and is referred to as MOF-5. A representations of MOF-5 is
shown in Fig. 3.2 and other schematics of its structure can be found in [13–15].

3.1.3.2 Copper-Based MOF

A copper-based MOF was prepared by mixing copper nitrate hemipentahydrate
(10 g) and 1,3,5 benzenetricarboxylic acid (5 g) in N,N dimethylformamide
(DMF, 85 mL) followed by stirring and sonication for 5 min. Ethanol (85 mL)
was then added to the mixture, which was then stirred and sonicated for 5 min.
Finally, deionized water (85 mL) was added to the mixture and then stirring and
sonication for 30 min were carried out. All crystals were dissolved at this point.
Then, the mixture was transferred to a round bottom flask (500 mL) and heated at
85 �C in an oil bath for 21 h under shaking (intensely for the first 4 h, and then the
shaking was reduced and finally stopped after 20 h). After cooling, the crystals
were filtered using a Büchner funnel, washed and immersed in dichloromethane.
Dichloromethane was changed twice during three days. The crystals were
collected after filtration and washing with dichloromethane. Drying was then
performed by heating the crystals at 170 �C for 28 h inside a closed filtering flask
connected to an aspirator. The aspirator was used to create a vacuum inside the
flask. The resulting product was kept in a desiccator and is referred to as HKUST-
1. A representations of HKUST-1 is shown in Fig. 3.3 and other schematics of its
structure can be found in [13] and [16].

3.1.4 Graphite Oxide-Based Composites

Three types of composite were prepared. They differ in the component/substrate
used to form the materials in addition to GO.

Fig. 3.2 Representation of
MOF-5 unit
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3.1.4.1 Composites of GO and Polyoxometalates

The composites were formed by mixing GO-H (Sect. 3.1.2) with a polymeric
solution and then polyoxometalates (POMs) species [17–19]. More precisely,
GO-H was first dispersed in a diluted solution of NaNO3 (0.01 M) and soni-
cated for 10 min. A few drops of concentrated NaOH (3 M) were then added to
the suspension to reach a pH value related to a proper cation exchange capacity
(CEC) (pH = 6). This is because the pH, the electrolyte type and concentration
of the solution used to disperse GO-H have a significant influence on its surface
charge [20]. The CEC is calculated from the proton binding curve. The
suspension was further sonicated for 50 min. Then a solution of poly(diallyl-
dimethylammonium chloride) (PDDA) (20 wt% in water—Sigma-Aldrich) was
added to the GO-H aqueous suspension under vigorous stirring. The volume of
the polymer solution was chosen to get a charge ratio 1:1 compared to the CEC
value. The mixture was sonicated for 2 h, centrifuged and washed with distilled
water. The obtained wet material was then dispersed in an aqueous solution of
POMs being either hydrated phosphotungstic acid (H3PW12O40) or phospho-
molybdic acid (H3PMo12O40). The amount of acid added was chosen to get a
charge ratio 1:3 (POM/H in GO) compared to the CEC value of GO-H. The
mixture was then centrifuged, and the obtained material was dried in air at
60 �C for 3 days to favor a restacking of the layers [19]. The final materials are
referred to as either GP-W or GP-Mo, depending on the type of POM used.
‘‘G’’ stands for ‘‘graphite oxide’’ and ‘‘P’’ for ‘‘polyoxometalate’’. Figure 3.4
shows the polymer used to prepare the materials. The structure of the POMs is
similar to that of the polycations used to prepare CW-Al and CW-Zr samples
(Keggin Al13 structure) [21, 22].

3.1.4.2 Composites of GO and Zinc-Based Metal–Organic Frameworks

The composites were prepared by dispersing GO-H powder (Sect. 3.1.2) in the
precursors and solvent mixture used to prepare MOF-5 (Sect. 3.1.3). The resulting
suspension was subsequently stirred and subjected to the same synthesis procedure
as for MOF-5 (Sect. 3.1.3). The added GO-H consisted of 5, 10, 20 and 55 wt% of
the final material weight [23]. The composites are referred to as GM-Znn with
n = 1, 2, 3 and 4 for the different GO contents. ‘‘G’’ stands for ‘‘graphite oxide’’
and ‘‘M’’ for ‘‘metal–organic framework’’.

Fig. 3.3 Representation of
HKUST-1 unit
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3.1.4.3 Composites of GO and Copper-Based Metal–Organic Frameworks

The composites were prepared by dispersing GO-H powder (Sect. 3.1.2) in the
precursors and solvent mixture used to prepare HKUST-1 (Sect. 3.1.3). The
resulting suspension was stirred for 5 min, sonicated for another 30 min and then
subjected to the same synthesis procedure as for HKUST-1 (Sect. 3.1.3). The
added GO consisted of 5, 9, 18, 38 and 46 wt% of the final material weight [24].
The composites are referred to as GM-Cun with n = 1, 2, 3, 4 and 5, for the
different GO-H contents. ‘‘G’’ stands for ‘‘graphite oxide’’ and ‘‘M’’ for ‘‘metal–
organic framework’’.

3.1.5 Resins

Two sulfonated resins were tested for ammonia adsorption. One, referred to as R1,
was supplied by Purolite (MN200) and the other one, referred to as R2, was provided
by Professor Alexandratos (Hunter College, The City University of New York).

3.2 Methods

3.2.1 Ammonia Breakthrough and Desorption Test

The breakthrough capacity of the different materials prepared for removal of
ammonia was assessed by carrying out dynamic tests at room temperature. In this
process, a flow of ammonia diluted in air went through a fixed bed of an adsorbent
sample. The adsorbent bed contained the adsorbent packed into a glass column.
Ammonia concentration in the inlet stream was 1000 ppm. Ammonia concentra-
tion in the outlet stream was measured using an electrochemical sensor (Multi-Gas
Monitor ITX system). Breakthrough tests were arbitrarily stopped when ammonia
concentration reached 100 ppm (10% of the feed) and were immediately followed
by the desorption tests. The latter tests were performed by purging the bed with air
only. The breakthrough capacity of each sample was then calculated using
Eqs. 1.1 and 1.2 provided in Chap. 1 (Sect. 1.2). To evaluate the influence of
water, the experiments were performed with a flow of ammonia gas diluted either

Fig. 3.4 Polymer used to
prepare the composites
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in dry air (-ED) or in moist air (70% humidity) (-EM). The latter experiments were
also performed after prehumification of the samples (2 h, 70% humidity). The
suffix -EPD or -EPM is then added to the resulting exhausted samples.

It has to be noted that the bed preparation and flow rates may differ from one
sample to another. Details on these parameters are provided in Table 3.1.
A schematic of the experimental set up used to perform the breakthrough tests is
proposed in Fig. 3.5.

3.2.2 Nitrogen Sorption

Nitrogen sorption analyses were performed to evaluate the porosity and surface
area of the materials. The isotherms were obtained at -196 �C using an ASAP
20 (Micromeritics). Prior to each measurement, samples were outgassed at 120
�C. The apparent surface area, SBET (BET method), the total volume of pores,
Vtot (calculated from the volume of nitrogen adsorbed at P/P0 = 0.985), the
microporous volume, Vmic (calculated by the Dubinin–Radushkevitch method
[25]) and the volume of mesopores, Vmeso (calculated as the difference between
Vt and Vmic) were determined from the isotherms. Pore size distributions (PSDs)
were obtained using the density functional theory method (DFT) described
elsewhere [26].

Table 3.1 The parameters of the breakthrough experiments

Sample Bed Flow rate

Volume
(cm3)

Adsorbent’s
particle size

Total
(mL min-1)

Ammonia
(mL min-1)

Polymer-based carbons 2 Powder 450 90
Modified activated carbons 6 1–2 mm 900 or 450a 180 or 90b

Graphite oxides 2 Powder 450 or 225 90 or 45
Copper-based metal–organic

framework
2 Powder (mixed

with glass
beads)

225 45

Zinc-based metal–organic framework 2 Powder 450 180
Graphite oxide/Polyoxometalates

composites
2 Powder 450 90

Copper-based graphite oxide/metal–
organic frameworks composites

2 Powder (mixed
with glass
beads)

225 45

Zinc-based graphite oxide/metal–
organic frameworks composites

2 Powder 450 90

Resins 2 Beads 450 90
a 900 mL min-1 for the carbon modified with metal chlorides and 450 mL min-1 for the others
b 180 mL min-1 for the carbon modified with metal chlorides and 90 mL min-1 for the others
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3.2.3 Thermogravimetric Analysis

Thermogravimetric (TG) curves and their derivatives (DTG) were obtained using a
TA Instrument thermal analyzer. The samples were heated up to 1000 �C with the
heating rate 10 deg min-1 under a flow of nitrogen of 100 mL min-1.

3.2.4 Surface pH Measurement

The surface pH of the samples was determined after an overnight stirring of a
solution containing the sample powder and deionized water (ratio 1:50. e.g. 0.1 g
of material in 5 mL of water).

3.2.5 Potentiometric Titration

Potentiometric titration provides an indication of the strength and number of
functional groups present on the materials. The measurements were performed
with a DMS Titrino 716 automatic titrator (Metrohm). The instrument was set at
the mode when the equilibrium pH was collected. Samples (about 50–100 mg)
were placed in a container, dispersed in NaNO3 (0.01 M, 50 mL) and equilibrated
overnight with the electrolyte solution. Prior to the titration with NaOH (0.1 M),
the suspension was acidified to a pH of 3.20 or below by addition of HCl (0.1 M).

Fig. 3.5 Schematic of the experimental set up for ammonia breakthrough tests
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The titration was performed in the pH range 3–10, with constant stirring and
continuous saturation with nitrogen to eliminate the influence of atmospheric CO2.

The surface properties were evaluated using potentiometric titration experiments
[27, 28]. Here, it is assumed that the population of sites can be described by a
continuous pKa distribution, f(pKa). The experimental data can be transformed into a
proton binding isotherm, Q, representing the total amount of protonated sites, which
is related to the pKa distribution by the following integral Eq. 3.3.

Q pHð Þ ¼
Zþ1

�1

q pH; pKað Þf pKað ÞdpKa ð3:3Þ

The solution of this equation is obtained using the numerical procedure [27, 28],
which applies regularization combined with non-negativity constraints. Based on the
spectrum of acidity constants and the history of the samples, the detailed surface
chemistry can be evaluated.

3.2.6 Fourier Transform Infrared Spectroscopy

Fourier Transform infrared spectroscopy (FT-IR) spectra were obtained using a
Nicolet Magna-IR 830 spectrometer in the attenuated total reflectance mode
(ATR). Spectra were collected 16 times and corrected for the background noise.
The experiments were done on the powdered samples, without KBr addition.

3.2.7 Elemental Analysis

Carbon, nitrogen, sulfur and hydrogen contents of the two initial GOs were analyzed
by Galbraith laboratories. The oxygen content was derived as a difference to 100%.

3.2.8 X-ray Diffraction Spectroscopy

X-ray diffraction spectroscopy (XRD) measurements were conducted using a
standard powder diffraction procedure. Samples were ground in a small agate mortar
and a few drops of solvent were added (ethanol, methanol or dimethylformamide).
The mixture was smear-mounted onto a glass slide and allowed to air-dry. Samples
were analyzed by Cu Ka radiation generated in a Philips XRG 300 (activated carbon
modified with metal chlorides) or a Philips X’Pert (all other samples) X-ray
diffractometer. A diffraction experiment was run on standard glass slide for the
background correction.
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3.2.9 X-ray Photoelectron Spectroscopy

Identification of the elements present in the sample studies as well as their
chemical state was obtained by X-ray photoelectron spectroscopy (XPS). These
analyses were performed by Evans Analytical Group laboratories with a PHI 5701
LSci instrument, a monochrome Al Ka source (1486.6 eV) and an analysis area of
about 2.0 9 0.8 mm.

3.2.10 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDX) was conducted on a Zeiss Supra
55 instrument. The instrument has a resolution of 5 nm at 30 kV. Analyses
were performed on a sample powder previously dried and sputter coated with a
thin layer of gold to avoid charging. From EDX analyses, the content of
elements on the surface was calculated and the maps of the elements derived.

3.2.11 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed on a Zeiss Supra 55
instrument. The instrument has a resolution of 5 nm at 30 kV. Scanning was
performed on a sample powder previously dried. For some samples, a sputter
coating with a thin layer of gold or carbon was performed to avoid charging.

3.2.12 Transmission Electron Microscopy

High resolution transmission electron microscopy (HRTEM) was performed on a
JEOL 2100F instrument with an accelerating voltage of 200 kV. Analyses were
conducted on the powdered samples previously dispersed in N, N dimethylform-
amide and then deposited on copper grids.
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Chapter 4
Performance of the Materials Tested
for Ammonia Removal

As explained in Chap. 1, the performance of adsorbents is characterized by their
adsorption (or breakthrough) capacity. The values obtained for the carbon-based
and graphite oxide-based samples tested in various experimental conditions are
presented in Figs. 4.1 and 4.2 respectively. The capacities are reported per mass of
adsorbent (as compared to per volume of adsorbent) since the prime objective of
this study is to investigate the mechanisms of ammonia adsorption.

The average breakthrough capacity for the virgin commercial carbon samples is
about 1 mg g-1 for CC and CS carbons whereas an average of 9 mg g-1 is
reached for CW carbon. For the polymer-based carbons, CP-1 and CP-2, the
average adsorption capacities measured are 16 and 18 mg g-1, respectively.
Graphite oxide, on the other hand, exhibits a much higher breakthrough capacity
that ranges from 20 to 60 mg g-1, depending on the preparation method and the
experimental conditions. Finally, the highest breakthrough capacity for the
‘‘unmodified’’ materials is obtained with HKUST-1. Up to 170 mg g-1 of
ammonia can be adsorbed on its surface.

A significant improvement is obtained after the modifications of commercial
activated carbons. Overall, the greatest improvement is obtained for the coal-based
carbon, CC, modified with metal chlorides. Adsorption capacities for impregnated
CC adsorbents run in moist air without prehumidification (EM) are 43–70 times
the ones obtained on the corresponding virgin carbon. A significant improvement
is also reached for the coconut shell-based carbon impregnated with metal oxides
(CS-Mo1 and CS-Mo2). Oxidation of the polymer-based carbons (CP-1 and CP-2)
causes an increase in the adsorption capacities of the materials as well, especially
when oxidation is performed in the liquid phase (CP-1A and CP-2A). The
composite materials exhibit enhanced capacities compared to GO. This
improvement is better defined for the MOFs-based composites than for the POMs-
based ones. It has to be noted that the GM-Znn and GM-Cun composites are better
ammonia adsorbents than the corresponding MOF parent materials.
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Overall, the GM-Cun samples are the best performing materials in ammonia
adsorption from the point of view of breakthrough capacity with up to 23 wt% of
ammonia adsorbed on their surface (see GM-Cu2 sample). Among the activated

Fig. 4.1 Ammonia adsorption capacities for the untreated and modified activated carbons in
various experimental conditions
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carbons, CC carbon impregnated with metal chlorides exhibits the best perfor-
mance with about 7 wt% of ammonia adsorbed. The wood-based carbon
impregnated with metal oxides (CW) acts as a good adsorbent as well and shows
adsorption capacities reaching about 3–4 wt%. Overall, the performance of the
adsorbents studied is at least similar to or much higher than the values reported in
the literature for other adsorbents [1–6].

It has to be mentioned here that some precautions must be taken when com-
paring the performance of materials since the inlet flow rate can be different from
one sample to another (Table 3.1) and that flow rate can influence the break-
through capacity [7]. Although a direct comparison cannot be presented, the values
reported in Figs. 4.1 and 4.2 still indicate a trend in the performance of the various
materials.

Figure 4.3 shows the examples of breakthrough and desorption curves for the
selected materials. The breakthrough curves for all the materials can be found in
the Appendix (Figs. A.1, A.2, A.3, A.4, A.5, A.6). These curves contain two parts.
The first curve represents the breakthrough curve and is related to the adsorption
step when the adsorbent bed is exposed to ammonia (Chap. 1, Sect. 1.2).

Fig. 4.2 Ammonia adsorption capacities for GO and GO-based composites in various
experimental conditions
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The second part of the curve represents the desorption curve and corresponds to
the step when the bed is purged with air only (Chap. 1, Sect. 1.2). The desorption
curve can be used to assess the strength of interactions between the targeted
molecule and the adsorbent surface [8]. The stronger the interactions, the steeper
the desorption curve. In an ideal situation, ammonia is strongly retained on the
adsorbent’s surface and does not desorb when purging the bed with air leading to a
zero concentration after the adsorption test stops. As seen in Fig. 4.3, all the
breakthrough curves look similar and show a rather steep slope suggesting fast
kinetics of interactions between ammonia and the adsorbents’ surfaces. On the
contrary, the desorption curves differ between the samples and should be analyzed
carefully. For the carbon-based samples, the concentration of ammonia recorded
right after the adsorption step is always higher than 100 ppm, which corresponds
to the detection limit of the sensor used to run the tests. This limit causes that a
‘‘gap’’ is observed between the breakthrough curve and the desorption curve (no
data point could be measured), where the ammonia concentration is higher than
100 ppm in that range. This behavior indicates that ammonia is released in rela-
tively high concentration after the breakthrough test and thus suggests that adsor-
bents work as ammonia ‘‘pseudo-concentrators’’ and that a part of the adsorbed gas
is only weakly retained on the surface. This unfavorable feature is more or less

Fig. 4.3 Ammonia breakthrough and desorption curves for selected materials run in dry
conditions
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pronounced depending on the sample. For instance, the gap between the break-
through curve and the desorption curve is smaller for the untreated carbons (CC,
CW) than for the corresponding modified samples. It has to be noted that no
desorption curve is plotted for the CC-Cu1 sample since the concentration of
ammonia was above 100 ppm for 3 hours, indicating a very weak retention. On the
contrary, for the GO-based samples, no gap is observed between the adsorption and
desorption curves, evidencing a much stronger retention of ammonia on these
materials. All of these underline the different mechanisms of ammonia retention on
the various samples and will be discussed in detail later.

Considering the above, one can notice variations in the behavior of the samples
studied as ammonia adsorbents. These differences must be linked to various
parameters influencing the removal process in terms of breakthrough capacity and
strength of retention. In the case of the carbon-based samples, these factors include
the type of activated carbon (Fig. 4.1, compare CS and CW), the type of
impregnate (Fig. 4.1, compare CW-Zr and CW-Mo2), the amount of impregnate
(Fig. 4.1, compare CC-Cu1 and CC-Cu2), and the presence of water (Fig. 4.1,
compare CS-Mo2-ED and CS-Mo2-EPD). Similarly, for the GO-based samples,
parameters such as the materials preparation method (Fig. 4.2, compare GO-H and
GO-B), the type of substrate used to build the composite (Fig. 4.2, compare
GM-Zn1 and GM-Cu1), and the composition of the composites (Fig. 4.2, compare
GM-Zn1-ED and GM-Zn4-ED), seem to modify the performance of the materials.
An extensive investigation of all these parameters is thus required to better
understand the mechanisms of ammonia adsorption.
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Chapter 5
Role of Textural Parameters

Adsorbents are usually selected based on their textural properties. These properties
include several parameters such as a high surface area and volume of pores.
In some cases, the distribution of pores sizes becomes important because it may
impact the selectivity of adsorption [1]. Overall, these features are essential when
the vapors to be adsorbed are retained on the surface by physisorption but they are
also useful to initiate chemisorption or reactive adsorption [2]. Indeed, a reaction
between the adsorbent surface groups and the targeted molecule requires that the
vapor is temporarily immobilized on the surface [2]. For these reasons, it is par-
amount to study in detail the textural parameters of the adsorbents tested for the
removal of ammonia from air. This chapter provides a description of the porosity
of the samples tested and then discusses the various effects of porosity on the
ammonia adsorption. In this study, the porosity is evaluated by measuring nitrogen
adsorption and the parameters of porous structure are determined from the
isotherms (Chap. 3, Sect. 3.2).

5.1 Characterization of the Materials Studied

The parameters of porous structure for all samples are listed in Table 5.1. It has to
be noted that GO is not presented in this table as its porosity is negligible [3].
Similarly, the GP-Mo and GP-W composites were found to be nonporous and are
thus not shown here.

While the CC and CW carbons are micro/mesoporous, the CS carbon is more
homogeneous and can be considered as only microporous. The surface area of
the untreated commercial carbons CC and CS is about 1,000 m2 g-1, and for
CW—2,000 m2 g-1. A decrease in the surface area and volume of pores is
observed after modifications, as a result of inorganic matter deposition. Both the
volume of micropores and mesopores are reduced after modifications, suggesting
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that impregnates are located in both mesopores and micropores. Nevertheless, the
volume of micropores can also decrease as a result of a pore blocking effect
induced by the deposition of inorganic matter at the pore entrances. Finally, the
oxidative effect of the inorganic matter or the oxygen during the calcination repre-
sents another possible cause for the reduction of porosity for the samples loaded with
metal oxides (CW-V, CW-Mo1, CW-Mo2) or calcined in air (CW-Zr-c) [4].

The polymer-based carbons exhibit a large range of porosity. While the CP-1 series
exhibits surface areas and volumes of pores similar to those of the commercial carbons
(around 1200 m2 g-1, 1 cm3 g-1), the CP-2 series has more resemblance to the
impregnated carbon samples (SBET * 550 m2 g-1, Vtot * 0.4 cm3 g-1). Interest-
ingly, for both series, oxidation treatments caused an activation of the starting

Table 5.1 The parameters of porous structure for the samples studied

Sample SBET

(m2 g-1)
Vtot

(cm3 g-1)
Vmeso

(cm3 g-1)
Vmic

(cm3 g-1)
Vmic/Vtot

CC 1,033 0.614 0.139 0.475 0.77
CC-Zn 726 0.437 0.095 0.342 0.78
CC-Cu1 914 0.539 0.124 0.415 0.77
CC-Cu2 565 0.345 0.095 0.250 0.73
CW 2,176 1.519 0.701 0.818 0.54
CW-Al 1,929 1.324 0.598 0.726 0.55
CW-Zr 1,958 1.334 0.597 0.737 0.55
CW-Zr-c 1,832 1.268 0.583 0.685 0.54
CW-V 1,513 1.006 0.434 0.572 0.57
CW-Mo1 1,807 1.272 0.611 0.661 0.52
CW-Mo2 1,606 1.334 0.752 0.582 0.44
CS 1,069 0.554 0.018 0.536 0.97
CS-Mo1 850 0.433 0.003 0.430 0.99
CS-Mo2 684 0.355 0.011 0.344 0.97
CP-1 1,331 0.991 0.370 0.621 0.63
CP-1A 1,049 0.871 0.375 0.496 0.57
CP-1B 1,449 1.076 0.385 0.691 0.64
CP-2 334 0.265 0.095 0.170 0.64
CP-2A 531 0.399 0.140 0.259 0.65
CP-2B 742 0.533 0.164 0.369 0.69
MOF-5 793 0.408 0.023 0.385 0.94
GM-Zn-1 706 0.365 0.024 0.341 0.93
GM-Zn-2 806 0.476 0.028 0.388 0.93
GM-Zn-3 603 0.325 0.037 0.288 0.89
GM-Zn-4 742 0.399 0.002 0.397 0.99
HKUST-1 909 0.471 0.022 0.449 0.95
GM-Cu-1 989 0.515 0.037 0.478 0.93
GM-Cu-2 1,002 0.527 0.049 0.478 0.91
GM-Cu-3 996 0.566 0.044 0.522 0.92
GM-Cu-4 704 0.370 0.052 0.348 0.94
GM-Cu-5 620 0.345 0.051 0.294 0.85
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materials leading to an increased porosity (between 8 and 76%) (except for CP-1A).
This effect is more pronounced for the CP-2 series. As for CW carbon, these materials
contain both micropores and mesopores.

The GO-based composites (GM-Znn and GM-Cun) are predominantly micro-
porous with a degree of microporosity equal to or higher than 90%. Their surface
area and volume of pores are smaller than the untreated activated carbons and vary
depending on their composition. The GM-Cun materials are more porous than the
GM-Znn ones, which is likely related to the different porosity of the MOF parent
materials. Except for GM-Zn4, an increase in the mesopores volume is noticed for
the composites compared to the parent MOF.

Pore size distributions (PSDs) for the virgin and impregnated/oxidized samples
are plotted in Fig. 5.1. They provide a deep insight into the porosity for the
samples tested. For CC and CS carbons, most of the pores are smaller than 30 Å,
whereas for CW carbon, a wide range of pore sizes is revealed. After impregna-
tion, the porous structure changes, especially for the samples impregnated with
metal chlorides. This can be the result of a ‘‘mass dilution effect’’ since the
inorganic matter contributes to the mass of the final adsorbent but, owing to the
lack of pores it does not add any porosity. It is interesting to notice that the pores
smaller than 10 Å are not really affected, except for CC-Cu2 and CS-Mo2. This is
likely due to the size of the impregnates. For instance, the polycations used in the
preparation of CW-Al and CW-Zr have a size of about 9.8 Å [5] which prevents
them from entering very small pores. The pores size in the polymer-based carbons
covers a rather wide range but the effect of oxidation is mainly detected in the
micropore range with an increase in the volume of micropores smaller than 10 Å.
PSDs for the GO-based samples and MOF samples are not presented since the
calculation method to derive these curves (DFT method) is not adapted to such
materials.

5.2 Porosity: A Necessary but Non-Sufficient Condition

Based on the knowledge of adsorption phenomena, it is reasonable to assume that
a high surface area with a predominance of micropores should play an important
role in the ammonia retention. The size of pores is especially essential for physical
adsorption of small molecules as ammonia (diameter of about 3.0 Å [6]) [2, 7].

To evaluate to what extent this ‘‘statement’’ applied to the features of our
adsorbents, the changes in the breakthrough capacity with variations in the
porosity were studied. Interestingly, the only trend observed was for the untreated
commercial activated carbons as it can be seen in Fig. 5.2. In spite of the limited
number of samples, a good linear trend with correlation factors above 0.95 (0.99
for the correlations based on surface area and total volume of pores) is found for
the virgin carbons. Although more points would be needed to confirm this, this
trend tends to suggest that in the absence of functional groups, the adsorbent’s
porosity influences ammonia adsorption. However, the most important point here
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is to notice that no correlation exists for the other materials whether the surface
area, volume of pores or volume of micropores is considered. Not only is it observed
when all the materials are compared but it is also true within the series of samples.

Fig. 5.1 Pore size distributions for various activated carbons
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For instance, one can see that even though the untreated carbon CW is more porous
and especially contains higher volume of micropores than the derived sample CW-
Mo2, it still adsorbs less ammonia. Similar observations can be made for other
commercial carbons studied. Regarding the polymer-based carbons, a factor of 2–4
difference in terms of surface area and volume of pores is observed between the CP-1
and CP-2 series of samples. Nevertheless, the ammonia adsorption capacities of the
materials are in the same range. All of these suggest that the porosity is not a
governing factor in the ammonia retention at ambient conditions. Moreover, since
the only trend found was for the samples deprived of surface chemistry, it indicates
that the presence of functional groups and inorganic matter on the surface of the
adsorbents must be prevalent parameters in the removal of ammonia from air. This
will be discussed in more detail later (Chap. 6).

Fig. 5.2 Dependence of ammonia breakthrough capacity on the surface area (a), the total
volume of pores (b) and the volume of micropores (c) for the virgin commercial carbons (CC, CS,
CW) in various conditions. Reprinted from Ref. [8], Copyright 2009, with permission from
Elsevier
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Although porosity (and thus physisorption) does not control ammonia adsorp-
tion for the samples discussed, it can still play a role in this process. For instance,
the presence of pores is necessary to drive ammonia molecules to the adsorbent’s
active sites. Besides, as addressed in more detail in Chap. 7, one way of ammonia
adsorption is its dissolution in water when water is present in the carrier gas or on
the surface of the adsorbent. Since small pores favor water adsorption [9],
adsorbents with micropores will enhance ammonia retention via dissolution. In
addition, in the case of impregnated carbons, it is usually agreed that a large
surface area combined with a proper pore size distribution tend to favor the good
dispersion of the impregnant [10]. The high and well-defined porosity of the
support offers some control on the inorganic matter deposition and reduces the
extent of agglomeration. Consequently, by improving impregnation, the porosity
indirectly influences the chemical interactions of ammonia with the inorganic
matter (discussed in Chap. 6). Finally, pores also serve as a storage space for
products of reactive adsorption (discussed in Chap. 6). Table 5.2 lists the
parameters of porous structure before and after exposure to ammonia for
the selected materials. The data for the other materials studied can be found in the
Appendix (Tables A.1 to A.3). As seen in Table 5.2, the surface area and volume
of pores decrease after the exposure to ammonia suggesting the deposition of
species inside or at the entrance of the pores. It is interesting to note that the

Table 5.2 The parameters of porous structure derived from nitrogen isotherms for the selected
samples before and after exposure to ammonia

Sample SBET

(m2 g-1)
Vtot

(cm3 g-1)
Vmeso

(cm3 g-1)
Vmic

(cm3 g-1)
Vmic/Vtot

CC-Zn 726 0.437 0.095 0.342 0.78
CC-Zn-ED 562 0.353 0.096 0.257 0.73
CC-Zn-EM 593 0.370 0.102 0.268 0.72
CC-Zn-EPD 603 0.373 0.102 0.271 0.73
CC-Zn-EPM 555 0.349 0.104 0.245 0.70
CC-Cu2 565 0.345 0.095 0.250 0.73
CC-Cu2-ED 552 0.339 0.089 0.250 0.74
CC-Cu2-EM 648 0.387 0.090 0.297 0.77
CC-Cu2-EPD 580 0.353 0.092 0.261 0.74
CC-Cu2-EPM 558 0.339 0.085 0.254 0.75
CP-2 334 0.265 0.095 0.170 0.64
CP-2-ED 295 0.263 0.120 0.143 0.54
CP-2-EM 308 0.279 0.131 0.148 0.53
CP-2-EPD 311 0.294 0.147 0.147 0.50
CP-2-EPM 257 0.243 0.118 0.125 0.51
CP-2A 531 0.399 0.140 0.259 0.65
CP-2A-ED 508 0.391 0.147 0.244 0.62
CP-2A-EM 501 0.380 0.136 0.244 0.64
CP-2A-EPD 493 0.374 0.131 0.243 0.65
CP-2A-EPM 494 0.378 0.136 0.242 0.64
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decrease in porosity does not necessarily follow the trend in the breakthrough
capacity, which indicates once again that other mechanisms than physisorption are
involved in the ammonia removal [8]. On the basis of the apparent absence of
porosity of GO, one could argue on the actual role of porosity in ammonia
adsorption. For this material, however, it is important to remember that ammonia
molecule diameter (3 Å [6]) is slightly smaller than that of nitrogen molecule
(3.6 Å [11]). Consequently, even though no porosity is detected by nitrogen
adsorption, ammonia can still enter the small pores/interlayer space of GO. This
ammonia intercalation between the hydrophilic GO layers is promoted by the polar
character of ammonia molecule [12].

5.3 Importance of Dispersive Forces

One way to strengthen the impact of porosity in the ammonia adsorption is by
enhancing the dispersive forces of the adsorbents. Although this might be difficult
to achieve in the case of activated carbons due to the hardly controllable character
of their structure, this can be applied to other types of adsorbents such as MOFs.
They exhibit a low density of atoms. While this feature causes high diffusion
coefficients and is thus of interest in catalysis [13], it may affect the gas break-
through capacity by decreasing the dispersive forces, especially at supercritical
conditions. To address this issue, the composites GM-Znn and GM-Cun were
prepared (Sect. 3.1). The GO component, owing to the dense arrangement of
atoms of the graphene layers, was expected to enhance these physical forces.
Confirmation of the latter hypothesis is described below.

Figure 5.3 provides a comparison between the adsorption capacities measured
and the ones calculated assuming a physical mixture between the two components
of the composites. The latter capacities (‘‘hypothetical capacities’’) were calcu-
lated as detailed in Eq. 5.4.

Acomposite ¼ AGO � wt%GOþ AMOF � wt%MOF ð5:4Þ

In the above equation, ‘‘Ai’’ refers to the breakthrough capacity (in mg g-1) of
the compound ‘‘i’’ (i = MOF or GO) and ‘‘wt%i’’ to the content of compound ‘‘i’’
in the specific composite. As seen in Fig. 5.3, the measured breakthrough
capacities are always higher than the ‘‘hypothetical’’ ones. This suggests that a
synergistic effect occurs between the components of the composites. This phe-
nomenon is the result of the presence of increased dispersive forces in the com-
posites owing to the graphene layers [14, 15]. However, it is important to mention
that the presence of GO alone cannot enhance the retention forces. The particular
arrangement of GO and MOF components in the materials is of prime importance.
For instance, we found that replacing GO by graphite did not lead to the enhanced
breakthrough capacity. That is why, the description of the composites’ structure
and formation is of interest and is addressed below.
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X-ray diffraction patterns of the parent materials and selected composites
(Fig. 5.4) provide information on their structure. The diffraction patterns of the
other composites can be found in the Appendix (Fig. A.7). The two MOFs samples
show the expected pattern for MOF-5 and HKUST-1 [16, 17]. A single peak at
about 2 Theta 9.3o (d002 peak) is seen on the pattern of GO and is related to an
interlayer distance of 9.5 Å. The patterns of the composites are rather similar to
those of the parent MOFs for both the GM-Znn and GM-Cun series of samples.
This suggests that the presence of graphene layers did not prevent the formation of
the crystalline frameworks [18, 19]. The peak corresponding to GO is absent from
the composites’ diffraction patterns which is due to the fact that DMF (solvent
used in the preparation of these materials) caused the dispersion/exfoliation of GO.

In Fig. 5.5, both the measured volumes of pores and the hypothetical ones
calculated assuming the physical mixture of MOF and GO are presented for the
composites. One can notice that for the GM-Cun samples, the measured porosity is
always higher than the hypothetical one. This increase is enhanced as the GO
content increases from 5 to 18 wt% and then it decreases. This trend can be due to
the presence of increased amounts of GO causing too much distortion in the
structure of the materials. Another explanation could be that when a high amount
of GO is present, the number of groups on GO exceeds the numbers of accessible
sites on MOF with which they can react. Overall, this enhanced porosity is likely
due to the creation of new pores at the interface between the MOF component and
the graphene layers [19]. It is interesting to see that the degree of enhancement in

Fig. 5.3 Measured and hypothetical ammonia adsorption capacities for GO, and the zinc-based
and copper-based materials in dry (a, b) and moist conditions (c, d)
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the volume of pores follows the same trend as the ammonia breakthrough capacity.
This represents another support for the fact that this new porosity, where the
dispersive forces are the strongest, is responsible for the enhanced ammonia
breakthrough capacity. For the GM-Znn samples, the porosity is not always higher
than that of MOF-5 and than the one calculated for the physical mixture of MOF
and GO. Actually, for most samples, the differences between the measured
porosity and the one for the physical mixture can be considered within the
experimental error range and might thus be negligible. Nevertheless, this does not
contradict the existence of enhanced dispersive forces observed based on the
amount of ammonia adsorbed [15].

Thermal analyses results, presented in Fig. 5.6 for selected samples, provide
insight into the mechanism of composites’ formation. The DTG curves for the
other samples can be found in the Appendix (Fig. A.8). The DTG curve for GO reveals
a major peak at about 200 �C related to the decomposition of epoxy groups [21].
As concluded from X-ray diffraction and nitrogen adsorption analyses, the features
of the composites resemble the ones of the parent MOFs. The major peak at
540 �C for MOF-5 and GM-Znn samples, and at 350 �C for HKUST-1 and
GM-Cun samples, is due to the decomposition of the organic ligand (BDC or BTC)
with release of CO2 and collapse of the MOF structure [22, 23]. An interesting

Fig. 5.4 X-ray diffraction
patterns for GO, and selected
zinc-based and copper-based
materials. With kind
permission from Springer
Science + Business Media.
Ref. [20], Copyright 2010
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feature of the composites DTG curves is the absence of the intense peak from GO
epoxy groups. This suggests that these functionalities are involved in the building
process of the new materials. In fact, the formation of MOF occurs via the
coordination of carboxylates groups (and thus oxygen groups) and metallic cen-
ters. Consequently, it seems possible that the GO functionalities (epoxy, carboxyl,
hydroxyl and sulfonic groups) can bind the metallic sites. To verify that the
absence of the peak at 200 �C on the composites DTG curves was not due to the
reaction of the epoxy groups with compounds other than HKUST-1 during
the synthesis of the composites, we subjected GO to the same synthesis process as
for the composites but in the absence of copper nitrate and BTC [19]. We then run
thermal analyses on the resulting sample. The DTG curves of the latter material
exhibited a peak at 200 �C [19]. This supports our hypothesis that the absence of
GO epoxy groups on the DTG curves of the composites is related to an interaction
of these groups with the MOF. Due to these chemical interactions between the
metallic sites of MOF and the functional groups of GO, a new pore space can be

Fig. 5.5 Measured and hypothetical pores volumes for the zinc-based and copper-based samples

Fig. 5.6 DTG curves for the
GO, MOF-5, HKUST-1
materials and selected
composites. With kind
permission from Springer
Science + Business Media.
Ref. [20], Copyright 2010
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created at the interface between GO carbon layers and the MOF units. This
porosity, where the dispersive forces are strong, enables enhanced ammonia
adsorption compared to the physical mixture. In fact, it was found that composites
of the copper-based MOF and graphite (no oxygen group, thus no chemical
interactions) did not exhibit higher porosity and breakthrough capacity than the
physical mixture of the MOF and GO.

SEM images of the parent materials and selected composites are presented in
Fig. 5.7. The SEM micrographs for the other composites can be found in the
Appendix (Fig. A.9). For the two series of samples, the texture of the composites
is different from that of the parent materials. In the case of GO, we observe a dense
packing of graphene layers whereas both MOF-5 and HKUST-1 exhibit crystalline
structures with some defects and remains of an amorphous phase. The GM-Zn1
sample appears as a layered material. These layers likely correspond to an alter-
nation between layers of graphene and MOF blocks [18]. The GM-Cu2 sample
exhibits a more heterogeneous structure where only a few distorted layers are
observed [19].

HRTEM images of composites GM-Cu1, 3 and 5 support the data obtained
from other analyses (Fig. 5.8). In the case of GM-Cu1, well-defined graphene-
based layers with embedded HKUST-1 units are observed. On GM-Cu3 sample,
more graphene-based layers are present and a rather well-defined lattice image
appears within the layers of GO. It is known that electron beam illumination can
cause the breakdown of HKUST-1 and can thus prevent any visualization of its
lattice structure [24]. Nevertheless, the pattern observed can be considered as
representing the lattice image of HKUST-1. It is likely that GO distorted graphene-
based layers present in the composite helped MOF to retain its crystalline structure
by dissipating the electrostatic charges [25]. Another explanation could be that the
lattice image is related to a regular structure formed by stacked GO distorted

Fig. 5.7 SEM images of GO (a), MOF-5 (b), HKUST-1 (c) and selected composites (d GM-Zn1,
e GM-Cu2). Reprinted from Ref. [18] and [19], Copyright 2009 and 2011, with permission from
Wiley and Elsevier
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graphene-based layers and HKUST-1 units. For the GM-Cu5 sample, the GO
component becomes predominant. Although some HKUST-1 units can be
observed within the GO distorted graphene-based layers, separate agglomerates

Fig. 5.8 HRTEM images of GM-Cu1 (a), GM-Cu3 (b) and GM-Cu (c, d). Reprinted from Ref. [19],
Copyright 2011, with permission from Elsevier

Fig. 5.9 Oxygen
coordination sites available in
MOF-5 (a), and HKUST-1 (b).
With kind permission from
Springer Science + Business
Media: Ref. [20], Copyright
2010
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only with stacked distorted graphene-based layers are seen as well. From a general
point of view, these micrographs evidenced that the two composite components
are well-dispersed within our materials. This supports the results of thermal
analyses and the hypothesis that chemical interactions are involved in the for-
mation on the composites. Moreover, we can see that the GO distorted graphene-
based layers are rather well-dispersed in the materials and do not form densely
packed agglomerates, which is supported by the XRD results.

Considering these differences in texture between the two series of composites
and taking into account the data from thermal analyses, we believe that the for-
mation of the materials is governed by interactions between the GO oxygen groups
and the MOFs metallic sites. In the case of MOF-5, all the oxygen atoms forming
the zinc oxide tetrahedra are equivalent in terms of ‘‘spatial arrangement’’
(Fig. 5.9). Consequently, any change of structure between the GM-Znn composites
must be related to the oxygen groups of GO. GO contains oxygen groups on the
basal planes (i.e. epoxy, hydroxyl, ketone) and on the edges of the layers (carboxyl
and sulfonic groups) [12, 26, 27]. Depending on the type of groups interacting with

Fig. 5.10 Possible coordinations of the copper sites in HKUST-1 with the carboxyl (a), epoxy
(b) and hydroxyl (c) groups of GO. Reprinted from Ref. [19], Copyright 2011, with permission
from Elsevier
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MOF-5 metallic sites, the structure of the composites can change. This mechanism
is also applicable to the GM-Cun materials. However, in this case, an additional
‘‘degree of modification’’ must be taken into account since the coordination sites to
copper are not all equivalent (see Fig. 5.9). Because of this, one might expect a
more disordered structure in the case of GM-Cun composites compared to the
GM-Znn materials. Examples of possible coordinations between GO functional
groups and the MOF metallic centers in HKUST-1 are presented in Fig. 5.10 for
some oxygen groups.

Considering all the above, envisioned structures for the GM-Znn and
GM-Cun composites are proposed in Fig. 5.11. The more regular arrangement of
the MOF-5-based compounds and their layered structure is visualized. On the
contrary, the copper-based composites exhibit a more disordered structure.
Moreover, in both series of samples, a new pore space is created between the
MOF blocks and the graphene layers. However, the new pores are smaller in
GM-Znn composites than in the GM-Cun materials as suggested by the results of
nitrogen adsorption analyses. In the case of GM-Cun composites, the nitrogen
adsorption analysis presented above indicated a trend in the porosity of the
materials with first an increase in porosity as the GO content increased up to
about 20 wt% and then a decrease for higher GO contents. This evolution of
structure is represented in Fig. 5.12. As the content of GO increases (Fig. 5.12b),
the larger pores between the graphene flakes are formed as a result of the
interactions of more carboxylic groups (and sulfonic groups) on the edges of
flakes with the copper sites. This is supported by N2 sorption analyses, which

HKUST-1 GO MOF-5

(a) (b)

Fig. 5.11 Proposed composite structures: HKUST-1-based composites (a) and MOF-5-based
composites (b). With kind permission from Springer Science + Business Media. Ref. [20],
Copyright 2010
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Fig. 5.12 Schematic
representations of the
composites with low (a),
medium (b) and high
(c) content of GO. Reprinted
from Ref. [19], Copyright
2011, with permission from
Elsevier
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showed that the volumes of mesopores increased with the GO content
(see Table 5.1). When even higher amounts of GO are present, the number of
groups from GO can exceed the number of accessible MOF sites they can react
with and the graphene layers remain as agglomerates (Fig. 5.12). This causes
that smaller volumes of new small pores are formed.
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Chapter 6
Role of Surface Chemistry

The secondary role of porosity in ammonia removal was evidenced above for
samples providing weak dispersive forces. An indication that surface chemistry is
a controlling factor in this process was also underlined above and is investigated in
more detail in this chapter. Surface chemistry can originate from the functional
groups of the adsorbent tested and/or from new chemical species introduced to
modify the initial adsorbent. In other words, it includes several parameters such as
the type and amount of the functional groups and inorganic matter, or the acidity
(pH, type/amount of acidic groups) of a material tested. Various techniques are
available to evaluate these properties.

This chapter offers a thorough description of the materials surface chemistry as
well as its impact on ammonia adsorption. It focuses more specifically on the
effects of the materials’ acidity, of the presence of oxygen- or sulfur-containing
groups and that of inorganic matter.

6.1 Role of Acidity

As mentioned above, a convenient way to retain ammonia is by developing acid–base
interactions between the ammonia molecule and the adsorbent surface. That is why a
study of the adsorbent acidic properties and their impact on the reactive adsorption of
ammonia is considered important. These acidic features include the type, strength
and amount of acidic groups present on the adsorbent surface.

One way to assess the acidity of the various samples is the measurement of their
surface pH. The surface pH values of the different samples tested are listed in
Table 6.1. The composites based on GO and MOF are not presented here since
their dispersion in water, required for pH measurement (Chap. 3, Sect. 3.2), causes
their collapse [1, 2]. Therefore these kinds of data are not representative of the
surface pH experienced by ammonia during adsorption. For the other materials,

C. Petit, Factors Affecting the Removal of Ammonia from Air on Carbonaceous
Materials, Springer Theses, DOI: 10.1007/978-1-4614-3393-4_6,
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a significant decrease in pH is observed for each series of samples after impreg-
nation or oxidation (except for GO and CP-2). The most dramatic change is found
for the CS impregnated carbon with a 4-pH unit decrease for the CS-Mo2 sample.
For the other samples, a decrease of about 1–3-pH unit is found. These mea-
surements indicate that the introduction of the inorganic matter and oxidation
treatments have a pronounced effect on the acidity of the resulting materials.

As seen in Table 6.1, an overall decrease in pH is associated with an increase in
the breakthrough capacity for each series of samples (except for GO and CP-2).
Dependence of the breakthrough capacity on pH values for CW, CS and GO before
and after impregnation with metal oxides (for CW and CS) or POMs (for GO) is
plotted in Fig. 6.1. All these materials were selected on the basis of the similarity
in chemical species used for modifications and because they represent a rather
large panel of samples which offers more reliable trends. As found in a previous
study [3], ammonia breakthrough capacity increases continuously with an increase
in the acidity of the adsorbents. The trend is well represented by an exponential fit
(correlation factor above 0.9). It is interesting that a steep increase is noticed at pH
about 5. This might be related to the dissociation constants of carboxyl acids
present on the surface and their reactions with NH3 (benzoic acid’s pKa = 4.2 [4]).

Table 6.1 Surface pH and number of groups for the samples studied

Sample pH Amount of
groups with pKa \ 7
(mmol. g-1)

Amount of
groups with pKa [ 7
(mmol. g-1)

Total amount of
groups (mmol. g-1)

CC 7.47 0.14 0.14 0.28
CC-Zn 6.15 – – –
CC-Cu1 4.69 – – –
CC-Cu2 4.19 – – –
CW 6.01 0.27 0.57 0.84
CW-Al 4.15 0.60 0.51 1.11
CW-Zr 3.86 0.34 0.73 1.07
CW-Zr-c 5.13 0.58 1.13 1.71
CW-V 3.15 0.86 1.30 2.16
CW-Mo1 3.74 1.03 0.32 1.65
CW-Mo2 3.82 2.11 0.66 2.77
CS 8.66 0.09 0.22 0.31
CS-Mo1 5.28 1.03 0.29 1.32
CS-Mo2 4.47 1.37 0.40 1.77
CP-1 4.78 0.27 0.24 0.51
CP-1A 3.24 1.27 0.70 2.24
CP-1B 3.55 0.23 0.58 0.81
CP-2 2.79 0.27 0.22 0.49
CP-2A 3.26 0.45 0.65 1.10
CP-2B 3.45 0.19 0.57 0.76
GO 1.93 0.58 1.98 2.56
GP-W 2.20 0.52 3.97 4.49
GP-Mo 2.30 4.80 1.37 6.17
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This particular trend is not observed for the other samples containing metal
chlorides and oxycations or for the polymer-based carbons. For instance, although
CC-Cu1 and CC-Zn are more acidic than the corresponding untreated carbon and
show better adsorption capacities, CC-Cu1 has a smaller pH than CC-Zn but
adsorbs less ammonia. This lack of direct correlation might not be surprising if one
takes into account that surface pH represents the average of the strength and
number of acidic groups, and does not distinguish between the two. Moreover,
factors other than acid–base interactions can be predominant in the adsorption
process on these materials. Complexation is an example [5–9].

To differentiate between the effect of the amount of functional groups and that of
their strength, potentiometric titration can be useful. Indeed, using this method, the
various groups present on the adsorbent surface are identified by their pKa (strength)
and the amount of each type of group is calculated [11, 12]. The pKa distributions for
the various samples are plotted in Fig. 6.2. For each sample, several peaks can be
seen indicating the chemical heterogeneity of the materials’ surface. In the case of
the non-impregnated samples, these peaks usually correspond to oxygen-containing
groups commonly classified as carboxyl groups (pKa \ 8) and phenolic groups
(pKa [ 8) [13]. One can notice that GO-B and GO-H exhibit similar pKa distribution
except in the low pKa range, where more strongly acidic groups are detected on the
surface of GO-H. After impregnation (for the activated carbons) or formation of
composites (for GO), new pKa distributions are observed. A precise assignment of
each peak remains impossible since the nature of interactions between the inorganic
matter and the carbonaceous ‘‘support’’ is unknown. However, it seems reasonable
to think that these new distributions result from the combined effect of the functional
groups of the carbon matrix and those of the impregnates. For instance, in the case of
CS-Mo and CW-Mo, a new peak at pKa about 5 can be attributed to Mo7O24

6-

or MoO4
2- [14, 15]. The latter species is also observed on the surface of GP-Mo

Fig. 6.1 Dependence of
ammonia breakthrough
capacity on the surface pH for
the CW and CS carbons
(untreated and impregnated
with metal oxides) and for
GO, GP-W and GP-Mo
materials. Reprinted from
Ref. [10], Copyright 2009,
with permission from
Elsevier

6.1 Role of Acidity 55



Fig. 6.2 pKa distributions for various samples before exposure to ammonia
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(pKa about 5) and corresponds to the product of depolymerization of PMo12O40
3-

[15]. Similarly, the peak at pKa about 7 on GP-W distribution curve likely results
from the presence of WO4

2- (as a result of PW12O40
3- depolymerization). It has to

be noted that for the GP-Mo and GP-W samples, the Y-axis scale is different from
the other samples for the sake of clarity. In the case of CW impregnated with
polycations, the new peaks at pKa about 4.9, 6.5, 9.5 and 10 can be related to (OH)-
AlIV, (OH)-AlVI and (OH)-Zr (‘‘IV’’ refers to tetrahedral and ‘‘VI’’ to octahedral)
[16, 17]. The amount of each group (calculated by integration of the area under a
peak) is reported for the untreated and modified samples in Table 6.1. It has to be
noted that no data are listed for the carbon impregnated with metal chlorides since
chlorides, as water soluble species, can be washed out from the surface and can
chemically react with the titrant (HCl or NaOH) and thus skew the results. The MOF/
GO composites are not presented either for the same reason and/or the reason
explained for the pH measurement. Untreated carbons CC and CS have very small
amounts of groups, whereas CP-1, CP-2 and CW carbons contain about two to three
times more groups. Finally, the highest degree of functionalization among the
untreated materials is found for GO. As expected, impregnation and oxidation lead
to an increase in the amount of functional groups of strongly acidic (pKa \ 7) and
weakly acidic character (pKa [ 7). To analyze the role of the amount and type of
functional groups on ammonia retention, we studied the dependence of ammonia
breakthrough capacity on the total amount of acidic groups and on the amount of
strongly acidic groups. Although no overall correlation was found for all samples
studied, a general trend can be observed within each series of samples (except for
CW loaded with oxycations): breakthrough capacity increases with an increase in
the amount of functional groups. This general trend, which is not linear, is better
observed when the total amount of functional groups is considered and not the
amount of strongly acidic groups (pKa \ 7). These observations suggest that
ammonia retention is not directly influenced by only the strength and amount of
functional groups but also by the type of functional groups and their interactions with
the ammonia molecule.

The complexity of ammonia interactions with surface species is particularly
well-illustrated by comparing the behaviors of CW-Zr and CW-Zr-c samples
[10, 18]. For the former sample, adsorption likely occurs via Brønsted acid–base
interactions, due to the hydroxyl groups provided by the polycations [19, 20].
For CW-Zr-c, on the contrary, ammonia retention must be governed by Lewis
acid–base interactions since the polycations were dehydrated and partially dehy-
droxylated, leaving only metal oxides for interactions. In dry air (ED), break-
through capacity of CW-Zr is higher than that of CW-Zr-c due to ammonia
preference for Brønsted interactions [21]. In moist air (EM) however, the differ-
ence between the breakthrough capacity obtained for CW-Zr and that obtained for
CW-Zr-c is reduced. Indeed, water forms Brønsted sites on CW-Zr-c sample in
addition to the Lewis sites. This explains that no correlation between the break-
through capacity and the pH or the amount of groups could be found for this series
of samples. More generally, it indicates the importance of considering the types of
groups in the ammonia removal process.
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6.2 Role of Oxygen-Containing Groups

As evidenced above, the nature of the groups present on the adsorbent’s surface
can influence ammonia adsorption. It is thus of interest to investigate in more
detail the effect(s) of these specific functionalities on the ammonia removal.
Several types of groups can be encountered in adsorbent materials, however the
predominant ones are with no doubt oxygen-containing groups [22]. This ‘‘family’’
of functionalities includes different types of oxygen-groups of which, only the
following are discussed in this section: carboxyl, epoxy and hydroxyl groups. All
of them are most of the time incorporated into the surface of carbonaceous
adsorbents via an oxidation treatment [23, 24].

6.2.1 Role of Carboxyl Groups

Carboxyl groups are well known for their acidity and it seems natural to believe
that they can react with ammonia via acid–base reactions. A first sign of such
mechanism was presented in the previous section (Fig. 6.1) where a significant
increase in the ammonia retention was observed for the materials with pH below
4.2, which is close to the pKa of benzoic acid [4].

The ability of these groups to react with ammonia via acid–base reactions is
also well-illustrated by the comparison of the FT-IR spectra of samples before and
after exposure to ammonia (Fig. 6.3). For instance, the spectra of the initial car-
bon-based samples (Fig. 6.3a) exhibit various bands at 1715, 1590 and 1190 cm-1.
The first band is commonly assigned to C=O vibration in carboxyl groups [25].
The band at 1590 cm-1 is related to carbonyl or carboxylate and that at 1190 cm-1

to C–O vibration in phenolic groups [25]. After exposure to ammonia, changes in
the vibrations bands are observed indicating modifications in the surface chemistry
of the sample caused by ammonia adsorption. In particular, the band at 1715 cm-1

disappears after the exposure to ammonia in the moist conditions, which is likely
due to the reactions of the carboxyl groups with ammonia to form ammonium ions.
Similar changes are observed in the carboxyl groups vibration band for the GO
samples (Fig. 6.3b). On the GO-H spectrum, C–O vibration appears at 1060 cm-1

[26]. Vibration of O–H bond in water and/or oxygen surface groups is observed at
1630 cm-1 and C=O vibration from carboxyl and/or carbonyl groups is detected
at 1730 cm-1 [26, 27]. In addition to these vibrations, two bands are observed: one
at 990 cm-1 and another at 1230 cm-1 with a small shoulder. The first band can be
assigned to epoxy/peroxide groups [27]. The second can be related to S=O
asymmetric stretching vibration in sulfonic groups [4, 28] and/or vibration of C–O
in epoxides [27]. It has to be noted that the symmetric vibration of S=O from
sulfonic groups appears at 1060 cm-1 as for the vibration of C–O [4, 28]. In the
range of higher wavenumbers (3000–3700 cm-1), broad overlapping bands are
observed. They must represent the vibrations of O–H in phenol or water [26].
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Fig. 6.3 FT-IR spectra of CW carbon (a), GO-H (b), MOF-based materials (c, d) and modified
CW carbon (e) before and after exposure to ammonia
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As one can see in Fig. 6.3b, as in the case of activated carbons, ammonia
adsorption leads to a decrease in the band at 1730 cm-1 suggesting the acid–base
reaction between ammonia and carboxyl groups. The formation of ammonium ions
as a result of this reaction is supported by the spectra of the exhausted GO sample
via the appearance of a new band at about 1410 cm-1 for the GO materials, related
to N–H vibration in NH4

+ [29].
Further details and support on the occurrence of acid–base reaction between

ammonia and carboxyl groups are provided by the FT-IR spectra of the
GM-Znn and GM-Cun samples (Fig. 6.3c, d). The spectra of the initial samples
(composites and MOFs) can be divided into two regions. The first one, below
1300 cm-1, shows various bands assigned to the out-of-plane vibrations of the
organic ligands (BDC or BTC). The region between 1300 and 1700 cm-1 is
related to the carboxylate groups of the ligands and is thus indicative of the
coordination of these groups to the metallic sites of the MOFs [30]. More pre-
cisely, the bands at 1645 and 1590 cm-1 and at 1450 and 1370 cm-1 correspond
to the asymmetric and symmetric stretching vibrations of the carboxylate groups in
BDC and BTC, respectively [31–33]. New bands are observed for all exhausted
MOFs and composite materials after exposure to ammonia. In the case of MOF-5
and the corresponding composites, new bands appear at 1295, 1220 and 655 cm-1.
This is accompanied by more intense bands at 1500 and 1385 cm-1 while the
initial broad band around 1600 cm-1 ‘‘is replaced’’ by a thinner one at 1585 cm-1.
New bands appear as well in the high wavenumber range at 3350 and 3190 cm-1

and are assigned to ammonia and water vibrations [29]. All of these features are
more pronounced for the samples run in the moist conditions. The changes in the
region 1350–1600 cm-1 can be attributed to modifications in the coordination of
the carboxylate groups from BDC to the zinc centers [30]. These modifications are
related to the decomposition of the MOF-5 structure with the ‘‘release’’ of the
BDC ligands (not coordinated to zinc). Since no band at about 1720 cm-1 is
observed on the spectrum of the exhausted sample, the presence of the acidic form
of BDC is excluded [34]. This suggests that ammonia might be interacting with the
carboxylate groups of BDC. A similar analysis can be made for HKUST-1 and its
composites. New bands are observed at 1620, 1255 and 1215 cm-1 and a
broadening of the bands at 1450, 1370 and 730 cm-1 is seen with an increase in
the intensity of the band at 1560 cm-1. The latter feature is assigned to a change in
the coordination of the carboxylate ligands from BTC [30]. Moreover, the
appearance of the thin band at about 1620 cm-1 and the ones at about 1255 and
1215 cm-1, as well as the broadening of the bands at 1370 and 1450 cm-1,
suggest the presence of BTC ‘‘alone’’ (not coordinated to copper) [35]. Once
again, the absence of the band at about 1720 cm-1 excludes the presence of the
acidic form of BTC [36, 37]. The progressive changes in the spectra of the
materials upon the exposure to ammonia are illustrated in Fig. 6.4, which collects
the spectra of HKUST-1 exposed to ammonia and taken at different time intervals.
As seen, the more ammonia is supplied to the system, the more the alterations
become visible in the vibrations and they are directly related to the changes in the
structure of the material. More precisely, after about 5 minutes of exposure,
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the spectrum of HKUST-1 is only slightly modified suggesting that at that time,
the MOF network is not visibly affected by the presence of ammonia. This is in
accordance with the fact that ammonia molecules first coordinate to the copper
centers of the MOF as do water molecules. This is evidenced by a first change of
color of the bed as explained later in this chapter [38, 39]. After 10 minutes, the
changes are better visible and the asymmetric vibrations of the carboxylate group
(1550–1650 cm-1) become more intense, where the symmetric vibrations for the
same functionality (1350–1450 cm-1) broaden and their intensity slightly
decreases. This indicates that the symmetry of the carboxylate groups (related to
the bridging configuration of the COO in the MOF) is progressively lost and a less
symmetric configuration linked to monodentate carboxylates is adopted [40].
Another interesting feature is the appearance of a new band at about 1260 cm-1

related to C–OH vibration in carboxylate-based species [41]. This suggests that
ammonia is now interacting (via the hydrogen atom) with the carboxylate groups,
causing the transition from the bridging to the monodentate configuration. All
these features indicate the collapse of the MOF network and explain the

Fig. 6.4 FT-IR spectra of HKUST-1 exposed to ammonia and taken at different time intervals
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appearance of the second color change of the adsorbent (explained in this chapter).
A reaction mechanism proposed to illustrate the above-discussed results is pre-
sented in Fig. 6.5. In this proposed mechanism, the delocalized structure of the
MOF, indicating that the oxygen atoms of the carboxylate groups (from BTC) are
equivalent, is justified by the fact that no band from the corresponding acid is
present (usually seen at about 1700 cm-1 [36, 37]). The intensification of the
asymmetric bands, the broadening of the symmetric bands and the appearance of
the C–OH vibration band become more pronounced as more ammonia is supplied
to the system. This is related to the fact that more of the material is decomposed.
After about 40 minutes, which is close to the breakthrough point, no further
changes are observed since almost all the adsorbent has reacted with ammonia.
These observations are also visible in the different color of the material at the end
of the breakthrough tests compared to the color of the fresh adsorbent. Indeed,
during the adsorption tests, the materials color changes from dark blue to a Cyan
blue and then to Maya blue as seen in Fig. 6.6. The first color change is assigned to
the coordination of ammonia to the copper site and is discussed in more detail in
Sect. 6.4 [38, 39]. The second color change indicates modifications in the Cu–Cu
vibration [39]. This perturbation is likely related to the formation of a new copper-
based complex resulting from the decomposition of the MOF caused by the
interactions between ammonia and the organic ligand [39].

All of these indicate the enhancement in ammonia adsorption via its acid–base
reaction with carboxyl groups. Figure 6.7a shows the details of ammonia reaction
with carboxyl groups. Other mechanisms are also presented in this figure and they
will be discussed later.

Fig. 6.5 Proposed mechanism of ammonia interactions with HKUST-1
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Not only do carboxyl groups react with ammonia via acid–base reaction but they
are also involved in the formation of amides incorporated into the adsorbent’s sur-
face. This latter mechanism is of special interest since it enables the ‘‘immobiliza-
tion’’ of ammonia on the adsorbent and thus prevents its gradual desorption from the
surface. This specific process was evidenced in the case of ammonia adsorption on
GO material prepared by the Brodie method as explained below [42].

GO-B was analyzed by XPS before and after exposure to ammonia. The XPS
deconvoluted spectra of C1s, O1s and S2p for the fresh material are presented in
Fig. 6.8, while the spectrum of N1s obtained after exposure to ammonia is pre-
sented in Fig. 6.9. Tables 6.2, 6.3 provide the elemental composition of the sample
and the chemical states of various atoms (along with their relative percentage and
binding energy), respectively. Data for other samples are also included but will be
discussed in more detail later. The analyses indicate two types of oxygen with
binding energies at 533.0 and 535.0 eV (O-II and O-III) on the surface of the
GO-B sample. They are linked to oxygen in C–O configuration (epoxy, phenol or
carboxyl groups) and oxygen in water or chemisorbed oxygen species, respectively
[43, 44]. The C1 s spectrum consists of peaks at 285.8, 287.4 and 289.3 eV
assigned to C–C, C–O and O–C=O groups, respectively [43, 45–47]. As seen in
Tables 6.2, 6.3, after ammonia adsorption, nitrogen is detected on the surface of
GO-B and its amount consists of 1.1 wt%. The latter amount represents about 60%
of the total ammonia adsorbed, which is significant but likely even lower than the
actual value. Indeed, one has to consider the limited inaccuracy of the XPS method
(only the material’s surface is studied) and the fact that only a small amount of
ammonia is desorbed during outgassing (Chap. 8). Deconvolution of the N1s
spectra (Fig. 6.9) for the exhausted samples shows two peaks with their binding
energies equal to 399.8 and 401.9 eV (Table 6.3). The first peak represents
nitrogen involved in C–N (from amines and/or amides), whereas the second peak
can be assigned to C–N+ (from quaternary nitrogen) or NH4

+ [48–50]. All of these
indicate that ammonia is converted into new compounds strongly retained on the
surface of GO-B or is incorporated to it via reactive adsorption/chemisorption.

Fig. 6.6 Color changes in HKUST-1 during ammonia adsorption with the progress of
adsorption. Reprinted with permission from Ref. [39]. Copyright 2010, American Chemical
Society
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Moreover, as evidenced from the data collected in Table 6.3, the relative contri-
butions of other functional groups change for the exhausted samples. The most
significant change is the decrease in the percentage of carboxyl groups (O–C=O)
noticed after exposure to ammonia. An explanation for this can be the reaction of
ammonia with carboxyl groups leading to the formation of amides. This is sup-
ported by the formation of C–N bonds detected by XPS analyses, as described

Fig. 6.7 Reactions between ammonia and the functional groups present on the adsorbents’
surface (M = metal)
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above. The deconvolution curves for O1s confirm the decrease in the amount of
carboxyl groups as seen by the disappearance of the peak at 535.0 eV (O-III). The
mechanism leading to the amide formation is shown in Fig. 6.7b.

Fig. 6.8 XPS spectra of C1s, O1s and S2p for the graphite oxide and activated carbon samples
before exposure to ammonia
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6.2.2 Role of Epoxy Groups

Epoxy groups also play a role in ammonia retention as observed in the case of
ammonia removal using the GO material [42]. The FT-IR spectrum of the GO-H
sample before exposure to ammonia was presented and described above (Fig. 6.3).
After exposure to ammonia, changes in the vibration bands, other than those
described previously for the carboxyl groups, are observed. A decrease in intensity
is noticed for the band at about 1230 cm-1 (related to C–O and/or C–S vibrations).
This decrease can be related to the reaction of ammonia with epoxy groups leading
to the formation of amine [27]. Moreover, the broadening of the band at
1630 cm-1 indicates the formation of OH groups [4, 29]. The latter remark sup-
ports the formation of amines via the reaction of NH3 with epoxy groups since this
reaction implies the formation of OH groups [42]. The reaction mechanism is
presented in Fig. 6.7c. In the range of higher wavenumbers (2800–4000 cm-1),
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Fig. 6.9 XPS spectra of N1s for the graphite oxide and activated carbon samples after exposure
to ammonia

Table 6.2 Elemental composition of graphite oxide and activated carbon samples before and
after exposure to ammonia determined by various methods (in wt%)

Sample Elemental analysis EDX analysis XPS analysis

C O N H C O S C O N S

GO-B 59.2 38.3 \0.5 2.5 66.6 33.4 0 63.0 37.0 0 0
GO-B-ED – – – – – – – 65.7 33.2 1.1 0
GO-H 46.9 50.6 \0.1 2.5 61.5 35.1 3.4 58.7 39.4 0 1.9
GO-H-ED – – – – – – – 57.9 38.0 2.2 1.9
CP-1 – – – – 86.7 13.3 0 87.4 12.1 0 0.5
CP-1A – – – – 80.3 19.7 0 – – – –
CP-1B – – – – 84.4 15.6 0 – – – –
CP-2 – – – – 82.4 6.5 11.1 83.6 9.3 \0.1 6.7
CP-2-EM – – – – – – – 80.8 11.8 1.0 6.4
CP-2A – – – – 81.1 10.8 8.1 – – – –
CP-2B – – – – 84.9 10.5 4.7 – – – –
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broad overlapping bands are visible. They represent the vibrations of O–H
(phenol) and N–H (NH4

+, NH3, NH2) [4, 26, 29, 51]. The large increase in the
intensity of the overlapping bands between 3100 and 3700 cm-1 after exposure to
ammonia, even though the experiment was run in the dry conditions, supports the
reaction of ammonia with epoxy groups leading to the formation of hydroxyl
groups whose vibrations are in this range.

The formation of amine as a result of ammonia reaction with the epoxy groups
of GO-H is supported by XPS analyses. Indeed, as can be seen in Fig. 6.9 and
Table 6.3, a peak with a binding energy of 399.6 eV related to C–N bonds is
observed on the surface of the exhausted sample. This binding energy can be
related to C–N in amines or amides groups [48–50]. Since no nitrogen was present
in the initial material (Table 6.2), it suggests that ammonia reacted with the
functionalities of GO-H.

X-ray diffraction analysis brings additional evidence for the formation of
amines via reaction with epoxy groups. Figure 6.10 presents the X-ray diffraction
patterns of GO-H before and after the exposure to ammonia. As one can see, the
d002 distance (related to the distance between the graphene layers) decreases after
ammonia adsorption. This phenomenon is unexpected since an intercalation of
ammonia between the graphene layers (and thus the increase in the d002 distance)
is usually observed on GO materials prepared by the Brodie method [52].
A possible explanation for that behavior would be the ring opening caused by the
reaction of epoxy groups with ammonia. Indeed, epoxy groups are thought to
cause the wrinkled texture of GO by inducing a bending in the graphene layers
[53, 54]. Thus, when epoxy groups react with ammonia, the ring strain is released.
This may lead to a more ‘‘flat’’ surface and a more efficient stacking of the layers.
Figure 6.7c shows the reaction between GO epoxy groups and ammonia with the
subsequent formation of amine and hydroxyl groups.

6.2.3 Role of Hydroxyl Groups

First, it has to be noted that hydroxyl groups can be present on the surface of the
adsorbent itself but can also originate from the metal oxides used to modify
the samples. The influence of these groups on the ammonia removal can be more
subtle to detect than for the previous two types of groups. This is because ammonia
usually interacts with OH functionalities via weak forces [21]. Indeed, with
hydroxyl groups, the main mechanism one can envision is hydrogen bonding. The
lone pair of electrons on ammonia can interact with the hydrogen atom of OH and
in the same way the lone pair of electrons on OH can interact with the hydrogen
atoms of NH3. A ‘‘proof’’ of this ability to form hydrogen bonds is the high
solubility of ammonia in water. Since hydrogen bonds are rather weak for these
two mechanisms (between 10 and 30 kJ mol-1 [21]), ammonia is only weakly
retained on OH groups and most of it is likely removed from the adsorbent’s
surface during air purging.
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Despite all of these, two of the samples studied provide an indirect indication of
the role of hydroxyl groups in the ammonia retention [18]. These samples are the
modified activated carbons CW-Zr and CW-Zr-c [18]. As mentioned previously

Fig. 6.10 X-ray diffraction patterns for graphite oxide (a), graphite oxide/MOF composites (b),
modified activated carbons (c), and graphite oxide/POMs composites before and after exposure to
ammonia
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(Sect. 6.1), the former material contains several hydroxyl groups (i.e. those from
the polycations used for the modification) whereas for the latter material, many of
those groups have been removed as a result of the calcination process.
As underlined before (Sect. 6.1), the breakthrough capacity of CW-Zr is higher
than that of CW-Zr-c in the dry conditions. This is explained by the enhancement
of adsorption via hydrogen bonding for CW-Zr. In the moist conditions however,
the performance of the two samples is similar. This is related to the fact that, in the
presence of water, the oxides on CW-Zr-c become protonated, which favors the
hydrogen bonding of ammonia. These various mechanisms are presented in
Fig. 6.7d.

6.3 Role of Sulfur-Containing Groups

Sulfur-containing functionalities, although less frequent than their oxygen
counterparts, are sometimes encountered on the surface of carbonaceous materials
[22]. These groups usually come from the precursor used to derive the carbon
materials [22]. Sulfur-containing groups can take various forms such as sulfonic,
thiophenic, sulfide, disulfide, thioquinone and thioloactone [22]. The influence of
the former two types of groups on ammonia removal is discussed in the following
two sections.

6.3.1 Role of Sulfonic Groups

As carboxyl groups, sulfonic groups can react with ammonia via acid–base
reaction leading to the formation of ammonium ions. This predictable outcome can
be however difficult to detect on the adsorbents tested. This is related to the fact
that many materials containing sulfonic groups also bear carboxyl functionalities.
Owing to the similar acid–base properties of these two groups, their effects on
ammonia adsorption become hardly distinguishable. Nevertheless, the study of
ammonia adsorption on sulfonated gel resins can somehow support the above.
The exchange capacities and ammonia adsorption capacities of the two sulfonate
resins, R1 and R2, are listed in Table 6.4. As seen in this table, the amount of
ammonia adsorbed is very close to that of exchangeable protons, suggesting that

Table 6.4 Exchange
capacities and breakthrough
capacities of sulfonated resins
tested for ammonia removal
in moist conditions

Sample Exchange
capacity
(mmol g-1)

NH3 breakthrough
capacity
(mmol g-1)

R1 7.1 6.2
R2 8.0 8.6
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ammonia (in the form of NH4
+ since experiments were conducted in moist con-

ditions) interact with the functional groups present.
Besides their acidic properties, sulfonic groups also participate in the enhancement

of ammonia reactive adsorption on the carbonaceous adsorbents via the formation of
ammonium sulfate. This mechanism is observed on materials with relatively high
oxygen contents such as the GO-H and CP-2 series of samples [42, 55]. As seen in
Table 6.2, the oxygen content in the polymer-based carbons CP-2 ranges from 6 to 11
wt% depending on the oxidation treatment (twice less than for the CP-1 series) while it
is about 50 wt% for GO-H sample. In both cases, several types of oxygen groups are
detected on the surface of the materials. They include oxygen in C=O configuration
(O-I, carbonyl, carboxyl), in C–O configuration (O-II, phenol, epoxy, carboxyl) and in
water or chemisorbed oxygen species (O-III) [43, 44]. Sulfur is also detected on the
GO-H sample and CP-2 series of materials. Its amount reaches to about 2 wt% for
GO-H and between 5 and 11 wt% for the CP-2 samples depending on the preparation
method (Table 6.2). On the contrary, the CP-1 samples contain only trace amounts of
sulfur. The results of XPS analyses indicate that sulfur is in the form of sulfonic groups
(SO3) for GO-H sample, whereas both sulfonic (SO3) and thiophenic (R-S)
functionalities are present on the surface of CP-1 and CP-2 samples [56–58]. The C1s,
O1s and S2p XPS spectra for the fresh GO-H, CP-1 and CP-2 samples are displayed in
Fig. 6.8. After exposure to ammonia, XPS analyses of the exhausted GO-H and CP-2
samples were performed and the results obtained are collected in Tables 6.2, 6.3. For
both exhausted samples, changes in the relative amounts of each oxygen groups are
noticed especially for the CP-2 sample. This suggests that the reactive adsorption of
ammonia on the surface of these adsorbents takes place. Another interesting feature is
the conversion of a part of (for CP-2) or all of (for GO-H) the sulfonic groups into
sulfates (SO4). This is indicated by a shift in the S2p peak towards higher binding
energies [59]. In the case of GO-H, the formation of sulfates is further supported by
analyzing the filtrate of a GO-H-ED/deionized water suspension with BaCl2. Briefly, a
suspension of GO-H-ED and deionized water was stirred overnight, and then filtrated.
BaCl2 was then added to the filtrate and formation of a white precipitate of BaSO4 was
observed. The presence of sulfate can be explained if one takes into account the
presence of superoxide anions O2

-* on the surface of GO-H and CP-2 samples. Indeed,
previous findings demonstrate that in the presence of C–O-C (epoxy) or C = O
(carbonyl) groups on carbon, O2 is converted into O2

-* [60–62]. Besides, this
phenomenon is favored in the presence of nitrogen atoms on the surface of carbon,
which is the case for the exhausted GO-H and CP-2 samples since XPS analyses show
the incorporation of ammonia into their structure (see Tables 6.2, 6.3 and Fig. 6.9)
[60–62]. The superoxide anion O2

-* is then able to react with the sulfonic groups
present on the surface of the materials and cleave the C–S bond to form SO4

2-. The
sulfates are then free to react with ammonia, which is continuously supplied to the
system. The presence of ammonium ions on the surface of the exhausted samples is
also found by XPS analyses (Table 6.3 and Fig. 6.9). Once again, XPS analyses
indicate the strong retention of ammonia on the samples tested. Figure 6.7e illustrates
the mechanisms leading to the formation of ammonium sulfate. It has to be noted that in
the latter reaction, the benzene ring and the carbon atom connected to it (in para
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position of the sulfonic acid functionality) are considered as part of the carbon structure
of the adsorbent.

The oxidation of sulfonic groups and the subsequent formation of ammonium
sulfates can explain the enhanced ammonia adsorption on GO-H and CP-2 com-
pared to their counterpart materials (GO-B and CP-1) deprived (or with only trace
amounts) of sulfonic groups. For instance, the adsorption capacities of the CP-1
and CP-2 samples significantly differ in the dry conditions whereas they are similar
in the moist conditions. Taking into account that these samples have the same
amounts of acidic groups and especially the same amounts of strongly acidic
groups (Sect. 6.1), and that the porosity (and microporosity) of CP-1 is higher than
that of CP-2 (Chap. 5, Sect. 5.1), the trend found for the data obtained in the dry
conditions suggests that another parameter must affect the ammonia adsorption.
This parameter can be the presence of sulfonic groups in the CP-2 sample.
Moreover, when no (or a small amount of) sulfonic groups are present on the
surface, the adsorption capacities seem to be governed by the oxygen groups
[63, 64]. This is seen when the CP-1B and CP-2B samples are compared. These
two samples, which have similar distributions of functional groups and no sulfonic
groups (removed by heat treatment [55]), show the same trends towards the
ammonia retention in both dry and moist conditions. A rigorous comparison
between the CP-1A and CP-2A samples is not possible due to the much higher
amount of functional groups on the surface of CP-1A (Sect. 6.1). Nevertheless, it is
worth noticing that the adsorption capacities of CP-1A are not much higher those
ones of CP-2A despite the high amount of functional groups on the surface of the
former material. This is another support for the enhancing effect of sulfonic groups
in ammonia retention.

6.3.2 Role of Thiophenic Groups

Unlike sulfonic groups, thiophenic functionalities do not seem to have any impact on
ammonia adsorption. This is suggested by studying the polymer-based carbons [55].
For the CP-2 series, in dry conditions, the best performance is found for CP-2A
followed by CP-2 and then CP-2B. Despite its larger amount of oxygen groups (and
similar amount of acidic groups) and higher porosity (and volume of micropores),
CP-2B adsorbs less ammonia than CP-2. This behavior is different from that of the
CP-1 series where CP-1 and CP-1B show the similar breakthrough capacities.
As neither the oxygen-containing groups nor the porosity seem to be a key element to
explain this trend, the sulfur-containing group should be analyzed. On the CP-2
sample both sulfonic and thiophenic functionalities are detected (Table 6.3). On the
contrary, for the CP-2B sample, only thiophenic groups are present since the heat
treatment applied during oxidation causes the removal of the sulfonic groups [55].
All of these suggest that sulfur-containing groups in the form of sulfonic groups
(CP-2) enhance ammonia retention, whereas the R-S groups (CP-2B) lead to a
decreased performance.
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Given the similarity between hydroxyl groups and thiol functionalities, one
could expect the presence of hydrogen bonding between –SH groups and N.
However, such interactions involve a very weak binding energy, even weaker than
in the case of –OH groups [65]. Consequently, if the presence of hydrogen bonding
between –SH and ammonia cannot be ruled out, it likely does not account for the
strong retention of NH3 on the adsorbent surface.

6.4 Role of Inorganic Matter

The inorganic matter which, in the case of the materials studied, is limited to metal
oxides, metal chlorides, polyoxometalates and metallic species in MOFs, can
influence the removal of ammonia from air [5–7, 9, 18, 39, 66]. Nevertheless, the
extent of such an effect as well as the nature of interactions between ammonia and
inorganic matter greatly depends on the nature of the inorganic compound consid-
ered. Considering the materials tested, three types of interactions can be identified
(Lewis, hydrogen bonding, complexation) and are described in this section.

6.4.1 Lewis Interactions

Ammonia molecule can be considered as a Lewis base owing to its lone pair of
electrons. Metals, on the other hand, can act as Lewis acids [67]. For these reasons,
it is easy to envision Lewis acid–base interactions between ammonia molecules
and metals deposited on the surface of adsorbents. Nevertheless, as in the case of
hydrogen bonding, the energy of such interactions is often very weak [21]. Upon
air purging, most of the ammonia involved in Lewis acid–base interactions is
likely released from the surface and the detection of ammonia on the surface of the
exhausted samples can thus be impaired.

FT-IR spectroscopy is often employed to identify ammonia adsorbed on Lewis
acidic sites [29]. Although this technique was used to characterize many of our
exhausted samples, the specific detection of ammonia involved in Lewis interac-
tions remains difficult. The reasons for this are that: (i) only small amount of
ammonia involved in Lewis interactions must be present making its detection
difficult, and (ii) the vibration band of ammonia adsorbed on Lewis sites appears
in the same region as physisorbed ammonia and carboxyl groups (which are
commonly found in our materials) [4, 29].

Whereas evidence of ammonia interacting with Lewis acids is hardly obtained via
‘‘regular’’ analytical methods in the case of modified activated carbons, the visual-
ization of this process becomes straightforward for some MOF materials with
unsaturated metallic sites (and the derived composites as well) [39]. Example of such
MOF is HKUST-1 which contains the unsaturated copper sites that can act as Lewis
acids [68]. Under ambient conditions, these centers are coordinated to water and the
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resulting material has a light blue color. Upon drying, water molecules are removed
and the MOF adopts a much darker blue color linked to the change in a vibration of
the copper–copper bond [69]. Upon the exposure to ammonia, the material turns back
to its original light blue color owing to the coordination of ammonia to the copper
centers [38]. This was clearly seen when both HKUST-1 and the derived composites
were tested for ammonia adsorption [39]. The pictures of the bed with color changes
are presented in Fig. 6.11 together with a schematic representation of the interactions
taking place.

6.4.2 Hydrogen Bonding

The evidence that metallic species can enhance ammonia adsorption via hydrogen
bonding was discussed in Sect. 6.2. In the case of the samples modified by the
addition of the metallic species (CW-Mo1, CW-Mo2, CW-V, CS-Mo1,
or CSMo2), hydrogen bonding originates from the hydroxyl groups present in
metal oxides deposited on the surface of activated carbons.

Such interactions are also encountered in the case of ammonia adsorption on
MOF-5 and its composites with GO [66]. Indeed, the metallic component of the MOF
is made of zinc oxide tetrahedra able to interact with ammonia. Figure 6.10 shows

Fig. 6.11 Pictures of
HKUST-1 before (left) and
after a 5-min exposure to
ammonia (right), and
visualization of the Lewis
interactions between
ammonia and the copper sites
of HKUST-1 (grey carbon,
red oxygen, blue copper).
Reprinted with permission
from Ref. [39]. Copyright
2010, American Chemical
Society
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the X-ray diffraction patterns of MOF-5 and the composites before and after the
exposure to ammonia. The pattern of MOF-5 after a prolonged contact with moisture
is also presented. After the exposure to ammonia, the splitting of the peak at 2 Theta
9.78o becomes more pronounced. For GM-Zn3-ED, this peak is even slightly shifted
toward lower angles, but the overall pattern is preserved. In contrast, for GM-Zn4-
ED, the spectrum is completely modified and shows features similar to those of the
spectrum of MOF-5 exposed to humid air. These observations indicate that ammonia
retained on the composites leads to a distortion of the structure of the MOF-5
component. This distortion is the greatest for GM-Zn3-ED, and it leads to a complete
collapse of the structure for GM-Zn4-ED, which is also observed in the spectrum
when MOF-5 is exposed to water [70]. The collapse of the MOF structure upon an
exposure to humidity has been described by Greathouse and Allendorf [1]. They
found that the destruction of the MOF network was caused by: (i) the ‘‘replacement’’
of the oxygen atoms in the zinc oxide tetrahedra by the oxygen atoms from water and
(ii) hydrogen bonding between the hydrogen atoms in water and the oxygen atoms in
the zinc oxide tetrahedra. Given its similarity with water, ammonia can induce the
formation of hydrogen bonds and leads to the progressive collapse of the MOF
structure. The decomposition of the MOF-5 component is also detected by nitrogen
adsorption analyses which indicate that most of the porosity of the material is lost
after the exposure to ammonia [66]. Although in the case of MOF-5 and
GM-Znn composites, hydrogen bonding ensures an enhanced adsorption of
ammonia, it also prevents any regeneration of the exhausted adsorbents since the
decomposition of the MOF structure is an irreversible phenomenon.

6.4.3 Complexation

Many transition metal complexes involve ammonia as a ligand. Consequently,
it seems natural to envision the formation of complexes involving ammonia when
metallic species are present on the surface of adsorbents. Such a phenomenon is
for instance observed in the case of activated carbon or graphite oxide impregnated
with metallic species (metal oxides, metal chlorides or polyoxometalates) [5–7, 9].

Figure 6.3 shows the FT-IR spectra of several samples before and after exposure to
ammonia. As seen in Fig. 6.3e, new bands are detected at 1430, 940 and 840 cm-1, on
the surface of the CW-V sample after the exposure to ammonia. The peaks correspond
to the vibrations of NH4

+, V=O and V–O–V in ammonium vanadate (NH4VO3) [29,
51, 71, 72], and confirm the formation of a new product. Similarly, the FT-IR spectra
for CW-Mo2 show new bands after ammonia adsorption at 1420, 910 and 710 cm-1.
These bands, related to the vibration of NH4

+, Mo=O and Mo–O–Mo, indicate the
presence of ammonium molybdate ((NH4)6Mo7O24) [29, 51, 73]. All of these suggest
that the reactive adsorption of ammonia occurs via complexation. Other signs of
complexation are found for the CC carbon. X-ray diffraction patterns, plotted in
Fig. 6.10, provide an evidence for the reactive adsorption on its surface. Whereas for
the initial samples, only a broad hump related to the presence of amorphous carbon is
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observed, additional peaks are detected after the exposure to ammonia, especially
for CC-Cu2 on which a large amount of ammonia has been retained. Peaks at 2 Theta
16.1, 32.5 and 33.9o for CC-Cu2 indicate the formation of ammonium copper chloride
(CuCl2�2NH4Cl�2H2O) [74]. For the CC-Zn sample, peaks at 2 Theta 15.1, 27.5o and
15.5, 1.2o correspond to the presence of zinc chloride (ZnCl2) and ammonium
tetrachlorozincate (ZnCl2�2NH4Cl), respectively [74]. Additional support for these
hypotheses is obtained by means of thermal analysis. Figure 6.12 presents the DTG
curves for CC-Zn and CC-Cu2 before and after ammonia adsorption. On the curves for
the initial materials, a peak at about 100 �C is noticed for both samples and it is
assigned to the release of physically adsorbed water [4]. A second peak at about 710 �C
for CC-Cu2 and about 600 �C for CC-Zn is revealed and linked to CuCl2 and ZnCl2,
respectively [4]. After the exposure to ammonia, additional peaks are found in the
temperature range 150–400 �C: one additional peak for CC-Zn and two new ones for
CC-Cu2. These peak positions are in agreement with the decomposition of ammonium
tetrachlorozincate for CC-Zn, and ammonium copper chloride and copper diamine
chloride for CC-Cu2 [4]. Besides metal oxides and metal chlorides, polyoxometalates

Fig. 6.12 DTG curves
before and after exposure to
ammonia for the CC carbon
impregnated with copper
chloride (a) and zinc chloride
(b). Reprinted from Ref. [10],
Copyright 2009, with
permission from Elsevier
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are also able to form complexes with ammonia. As seen in Fig. 6.10, the apparition of
new peaks at 2 Theta about 11.3, 15.4, 26.1 and 27.7o is observed for the GP-Mo
composites after the exposure to ammonia in the moist conditions. A plausible
explanation for these peaks is the formation of a compound involving ammonia and
phosphomolybdic acid. Taking into account the formula of the POM and the stoi-
chiometry of the reactions, the formation of (NH4)3PMo12O40 is proposed. The peaks
found on the diffractogram are consistent with the ones characteristic for this com-
pound [75]. These peaks are not found in the dry conditions, likely because of the
smaller amount of ammonia adsorbed and also because formation of NH4

+ is not
favored without the presence of water. Reactions leading to the formation of all the
complexes addressed above are proposed in Fig. 6.13.

6.4.4 Influence of the Amount of Metal

Besides the nature of interactions between ammonia and the inorganic matter, it is
also interesting to analyze the effect of the amount of these metallic species on the
breakthrough capacity. Given the possible reactions between ammonia and the
inorganic compounds described above, it can be expected that an increase in
the amount of metallic species leads to an increase in the breakthrough capacity.
Nevertheless, one must consider that by increasing the amount of an inorganic
matter used for impregnation, the risk that these species form large clusters rather
than well-dispersed inorganic species increases as well [76]. This possible

Fig. 6.13 Reactions between ammonia and the inorganic compounds present on the adsorbents’
surface
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outcome would render a part of the inorganic matter inactive for reaction with
ammonia.

Figure 6.14 shows the trends between the amount of metal present on the
adsorbent and the corresponding breakthrough capacity. Very good linear correla-
tions are found (R2 higher than 0.9 for each series). It is important to notice that the
Y-intercept of the curves does not necessarily equal 0 indicating that the carbon
matrix itself is also responsible for the adsorption process. The latter was addressed in
detail by Le Leuch and Bandosz and Helminen and coworkers [23, 77]. From these
trends, one can see that the situation where a part of the inorganic matter becomes
ineffective (because of the formation of large clusters) is not reached. This is likely
due to the small amount of the inorganic matter (always below 10 wt%) that was used
for modification of the activated carbons (Chap. 3, Sect. 3.1).
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Chapter 7
Role of Water

In addition to the role of the adsorbent’s features (porosity and surface chemistry),
the experimental conditions of the breakthrough tests can affect the removal
process as well. In particular, the role of water, either in the air stream or on the
adsorbent’s surface must be considered.

7.1 Influence of the Moisture During Adsorption

7.1.1 Water as an Enhancing Factor

As seen from Figs. 4.1 and 4.2, in most cases, the breakthrough capacity follows
these trends: ED \ EM, EPD \ EPM and ED \ EPD, EM \ EPM. The first two
trends are related to the influence of water in the air stream and the two others refer
to the role of water on the adsorbent surface. These results indicate that both
‘‘types of water’’ have a positive effect on the ammonia breakthrough capacity.

An improvement in the performance of an adsorbent with water can originate
from various phenomena. First, due to the high affinity of small pores to retain water
at high humidity levels [1], it is likely that in moist conditions, a water film fills the
micropores [1]. In this film, ammonia can easily be retained by dissolution because of
its high solubility in water [2]. This is very well-illustrated in the case of HKUST-1
and the GM-Cun composites [3]. These materials are characterized by high
microporosity (Chap. 5, Sect. 5.1) and they can adsorb the significant amounts of
water. From Fig. 4.2, one can see that the breakthrough capacity is between about
1.2 to 2.0 times higher in the moist conditions than in the dry conditions.

Moreover, the water film favors the deprotonation of carboxylic groups present
on the carbons surface [4], which are then able to react with NH4

+ ions. Indeed,
ammonium ions are present in the system due to the Brønsted acidity of water. In
addition to its action on the functional groups present in the carbon matrix, water
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forms Brønsted centers in the inorganic matter present on the carbons and thus
enables the reactions of those centers with an ammonia molecule. For metal oxide
impregnates, water leads to the formation of hydroxyl groups [5, 6], which are able
to interact with ammonia via acid–base reactions or hydrogen bonding. This was
also discussed previously in Chap. 6 (Sect. 6.2).

7.1.2 Water as a Neutral Component or Obstacle
in Adsorption Processes

Although based on the above discussion, water has a positive effect in most cases,
its action is sometimes not noticeable and can even lead to a decrease in the
ammonia retention. Such behaviors do not invalidate the previous statements but
rather indicates that for some materials, additional features are involved in the
process of adsorption and they sometimes predominate.

For instance, in the case of CW-Al sample, the presence of water does not improve
ammonia retention and similar adsorption capacities are found regardless the
experimental conditions [7]. A plausible explanation for this is that enough Brønsted
sites are already available for the ammonia retention in the dry conditions due to the
many hydroxyl groups on the polycations (Fig. 4.1) [7–9]. The CW-V sample also
exhibits similar performances whether water is present or not (Fig. 4.1) [10]. This is
very different from the behavior of CW-Mo1 and CW-Mo2 samples, even though the
types of the impregnate are similar (Fig. 4.1) [11]. This phenomenon can be attrib-
uted to a competition between water and ammonia adsorption on vanadium oxide that
would counterbalance that of ammonia dissolution in water. This is supported by the
fact that the favorite site for ammonia adsorption on vanadium oxide is the same one
as for water, as determined by computational methods [12, 13].

In the case of GP-W and GP-Mo composites, water, as well, seems to have a
critical influence on the ammonia uptake [14]. As seen in Fig. 4.2, water present
on the adsorbent surface (EPD) enhances the ammonia uptake, whereas water
present in the challenging gas (EM) has a negative effect on the adsorption. This is
in agreement with the results showing the influence of water on the acidity, cat-
alytic activity and ammonia uptake of both bulk and supported POMs [15]. Indeed,
Bardin and co-workers showed that increasing the pretreatment temperature of
bulk H3PW12 O40 and H3PMo12 O40 (and thus decreasing their hydration level)
leads to a decrease in the material acidity and more precisely in the ammonia
uptake [15]. This was explained by the stronger acidity of hydrated POMs than
their anhydrous counterparts. This would explain why GP-W-EPD and GP-Mo-
EPD have a better breakthrough capacity than GP-W-ED and GP-Mo-ED,
respectively. On the contrary, in the moist conditions (EM), water adsorption
seems to be in competition with ammonia adsorption. Based on the study of
Kozhevnikov, water combines with the protons in the POM to form H2O5

+ acidic
clusters [16]. These molecules of water are hydrogen bonded to the terminal
oxygens of the Keggin unit. Since Bardin and co-workers demonstrated that
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ammonia adsorbs on both the bridging and terminal oxygens of H3PW12 O40 and
H3PMo12 O40 [17], when both water and ammonia are present in the challenging
gas, a competition between the adsorption of the two molecules might occur,
leading to a decrease in the NH3 uptake. In the dry conditions (ED), owing to the
fact that there is no competition between water and ammonia present in the
challenging gas, and there is no water present on the surface either, all existing
acidic centers are available for interactions with ammonia. Nevertheless, the
breakthrough capacity values in these cases are between the ones obtained in EM
and EPD conditions owing to the weaker acidity.

7.2 Influence of the Moisture on the Strength of Adsorption

Not only does water influence the breakthrough capacity, but it can also play a role
in the desorption process. This is true for water present in the air stream as well as
water preadsorbed on the adsorbent surface.

Figure 7.1 presents adsorption and desorption curves for selected samples. In
the case of HKUST-1 and the derived composites (Fig. 7.1a, b) we can see that
desorption curves are much steeper in the dry conditions than in the moist con-
ditions. This indicates the stronger retention of ammonia in the former case. This
phenomenon is related to the part of ammonia adsorbed via dissolution in water. In
the moist conditions, a water film is created inside the micropores of the materials
[1] in which ammonia dissolves. This mechanism of adsorption involves only
weak retention forces and results in the release of the ‘‘dissolved’’ ammonia when
the adsorbent bed is purged with air. It has to be mentioned that if water impairs
the strong retention of ammonia, it also enhances the breakthrough capacity since
in addition to other adsorption mechanisms, the dissolution of ammonia in water
occurs as well. Consequently, depending on the preferred point of view (break-
through capacity or retention), a trade-off has to be made.

The detrimental role of water is also observed when moisture is present on the
adsorbent itself (as a result of prehumidification). From Fig. 7.1c, one can also notice
that when prehumidification is performed, the ammonia concentration always
exceeds 100 ppm (sensor’s limit) resulting in the absence of data (gap) due to the
inability of its collection. More generally, for the samples studied (see Appendix,
Figs. A1, A2, A3, A4, A5, A6), prehumidification usually results in a larger gap
between the breakthrough curve and the desorption curve than in the absence of
prehumidification [7, 11, 12, 18, 19]. All of these suggest that more ammonia is
desorbed when water is preadsorbed before running the adsorption test. This
behavior can be explained by considering the process of pores filling and ammonia
dissolution in water. Water is first adsorbed in the small pores, and then it starts to fill
larger pores [1]. Consequently, at the end of the adsorption step, more water is present
in the large pores when prehumidification is performed than without prehumidifi-
cation (since more water was injected to the system). A similar conclusion can be
made for ammonia since it dissolves in water. When adsorbent beds are purged, water
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(with dissolved ammonia) contained in large pores, where adsorptive forces are the
weakest, is removed first. As more water is contained in large pores for the samples
run after prehumidification, there is more water removed during the desorption and
thus more ammonia released. This might explain the higher amount of ammonia
desorbed when prehumidification is performed than without it.
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Chapter 8
Mechanisms of Adsorption
and Strength of Retention

As addressed in the preceding chapters, ammonia can be adsorbed on the surface
of adsorbents in various ways. These processes can be classified according to
several criteria such as the strength of retention (weak/strong), the specificity of
ammonia interactions with the adsorbent (specific/non-specific), the reversible or
irreversible character of the adsorption interactions (usually related to the strength
of adsorption) or the types of interactions (e.g. acid–base reactions). In this
chapter, we intend to summarize/classify the different mechanisms of adsorption
addressed above. These various paths of adsorption are discussed according to the
type of interactions involved. For each type of mechanism, we try to indicate its
specificity and strength, along with the materials for which the mechanism
is observed. A more in-depth and quantitative analysis of the strength of retention
is also proposed at the end of this chapter.

8.1 Physisorption

In porous materials, physical adsorption of ammonia can be expected and it takes
place in the case of our samples [1]. In such mechanisms, van der Waals forces
between ammonia and the adsorbent’s surface are involved [2, 3] and a simple
pore filling governs the process [4]. Since physisorption does not depend on the
nature of ammonia (and that of the adsorbent), it is considered as a non-specific
mechanism. Because of this nonspecificity, physical adsorption, in most cases,
results in weak retention. This is the case for the virgin and modified activated
carbons discussed above [5–11]. For the latter materials, the desorption curves are
most of the time absent (lack of data due to the sensor’s limit), or a gap between
the breakthrough and desorption curve was observed. All of these indicate a weak
retention. For some adsorbents, however, stronger physical forces are observed.
Examples of such materials are the two series of GO/MOF composites (GM-Znn
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and GM-Cun). Indeed, in these cases, the dispersive forces (a type of van der
Waals forces) are enhanced compared to the parent materials [12, 13].

8.2 Dissolution in Water

Dissolution of ammonia in water during the breakthrough tests represents another
mechanism of retention. This process occurs when moisture is present either in the
challenging gas or on the adsorbent’s surface (as a result of prehumidification).
It can be considered as a specific mechanism since it is related to the hydrophilic
character of ammonia [14]. Ammonia dissolved in water is most of the time only
weakly retained on the surface and progressively desorbs together with water upon
air purging, as evidenced in Chap. 7 (Sect. 7.2). This mechanism is enhanced by
the presence of surface functional groups, which increases the hydrophilicity of the
surface and thus increases the formation of hydrogen bonding between the surface
and polar adsorbates. The presence of small pores also enhances the adsorption of
water [15] and thus the dissolution of ammonia. Considering our adsorbents, the
dissolution of ammonia in water is favored in the case of activated carbons
modified with metal oxides or polycations (oxygen groups from the inorganic
matter and the carbon matrix), polymer-based activated carbons (high oxygen
content), GO or HKUST-1 and the GM-Cun composites [6–9, 12, 13, 16–18].

8.3 Hydrogen Bonding

Owing to its lone pair of electrons, ammonia can also be adsorbed via hydrogen
bonding. This mechanism represents a specific process as it depends on the par-
ticular electronic structure of ammonia. Despite this specificity, hydrogen bonding
usually involves weak retention forces which makes its detection difficult as
explained in Chap. 6 (Sect. 6.2). Generally speaking, hydrogen bonding is favored
on materials with oxygen-containing groups and in particular hydroxyl function-
alities. This is the case of the activated carbons either nonmodified or after the
modifications with metal oxides and polycations [6–9]. The polymer-based
carbons and GO-based materials, owing to their high oxygen content, can be
included to this category of materials as well [16]. For the GO-based materials,
indirect evidences of hydrogen bonding are found using X-ray diffraction [17].
In Fig. 6.10, one can see that the interlayer distance of GO-B increases after the
exposure to ammonia in the dry conditions. This finding indicates that a part of the
ammonia adsorbed was retained via intercalation between the graphene layers [17,
19]. Intercalation is possible owing to the hydrophilic character of the interlayer
space of GO (due to the oxygen groups decorating the basal planes [20]) which
attracts ammonia molecules and drives them between the graphene layers. This
phenomenon has already been reported by Hamwi and Marchand [19]. Considering
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this, it might seem unexpected that the interlayer distance of GO-H does not
increase after the exposure to ammonia despite the fact that more ammonia was
adsorbed on this material than on GO-B and that oxygen groups are also present its
surface. Nevertheless, as explained in Chap. 6 (Sect. 6.2), in the case of GO-H,
other reactions of ammonia with the oxygen groups causes a more ‘‘efficient’’
stacking of the graphene layers (and thus a decrease in the interlayer distance).
This process does not contradict that of adsorption via the intercalation but rather
suggests that the effect of the intercalation does not counterbalance the effect of the
ammonia reaction with GO groups. MOF-5 and the GM-Zn composites also adsorb
ammonia via hydrogen bonding due to the presence of zinc oxide as their metallic
component as explained in Chap. 6 (Sect. 6.2).

8.4 Lewis Acid–Base Reactions

Besides hydrogen bonding, the lone pair of electrons on ammonia molecules also
enables adsorption via Lewis acid–base interactions. As in the case of hydrogen
bonding, the mechanism is specific since it relies on the electronic structure of
ammonia. Lewis acid–base interactions can be expected on adsorbents with
metallic species. This is the case of all our adsorbents except the polymer-based
carbons and GO materials [5–9, 12, 13, 18, 21]. Such mechanism involves mainly
weak retention forces. This is supported by the study of ammonia adsorption on
HKUST-1 and GM-Cun composites. In this case, as explained in Chap. 6 (Sect. 6.4),
ammonia interactions with the metallic sites are detected via a change of color of
the adsorbent from dark blue to a lighter blue. If the breakthrough test is stopped
before ammonia reacts with the MOF, which is related to a second change of color
(Chap. 6, Sect. 6.2), then the process is reversible. Indeed, upon purging the bed
with dry air or heating the material at 100 �C, the bed recovers its original dark
blue color. All of these indicate the weakness of Lewis acid–base interactions.

8.5 Brønsted Acid–Base Reactions

Not only does ammonia behave as a Lewis base, but it can also be considered as a
Brønsted base. Brønsted interactions are thus also involved in the ammonia reten-
tion. This specific mechanism results in the strong retention of ammonia on the
adsorbent’s surface and can be detected via the presence of ammonium ions. This is,
for instance, the case in Fig. 6.3, where a band at about 1410 cm-1 related to N–H
vibration in NH4

+ is observed on the spectrum of GO-H after exposure to ammonia
followed by air purging [22]. This type of adsorption is enhanced on materials with
acidic properties. Among the adsorbents studied here, adsorbents with acidic
functional groups (i.e. carboxyl and sulfonic groups) and/or impregnated with acidic
polycations can be considered. Such materials are the CW and CP activated carbons
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as well as GO samples [6, 7, 9, 16, 21]. The MOF compounds and their derived
composites, owing the carboxyl groups of the organic ligands, can also adsorb
ammonia via Brønsted interactions, as described in Chap. 6 (Sect. 6.2).

8.6 Complexation

Ammonia is often encountered as a component of complexes. Formation of
complexes involving ammonia is observed as a result of reactive adsorption on our
materials such as: the activated carbons modified with metal chlorides or metal
oxides and the GO/POMs composites [5–9, 18, 21]. This specific mechanism
allows the strong retention of ammonia. Indeed, even after air purging, evidences
of the presence of these complexes are found, for instance, in the results of X-ray
diffraction (Fig. 6.10). Besides, as observed from the DTG analysis in the case of
CW impregnated with metal chlorides (Fig. 6.12), these complexes are stable up to
200 or 250 �C depending on their nature (ammonium tetrachlorozincate, ammo-
nium copper chloride or copper diamine chloride, respectively).

8.7 Nucleophilic Addition

A last mechanism detected on the adsorbents studied is the reaction of ammonia
with oxygen groups on the surface of the adsorbents via nucleophilic addition. It is
found that ammonia can react with epoxy or carboxyl groups to form amine or
amide functionalities incorporated into the matrix of the materials (Chap. 6, Sect. 6.2).
Such specific mechanisms are evidenced in the XPS results obtained for GO and
the polymer-based activated carbons, two materials with the high oxygen content
[16, 17]. It has to be mentioned here that XPS analyses were not performed on the
other materials and although their oxygen content is likely smaller, such reactions
cannot be completely ruled out. Since nucleophilic addition leads to the incor-
poration of ammonia in the adsorbent’s matrix, the retention is considered as
strong. The fact that amine/amide groups are usually desorbed from a carbona-
ceous surface at temperature slightly below 500 �C confirms the strong retention
of ammonia via this route [23–25].

8.8 Complexity of Ammonia Retention

Considering the above, one can understand that ammonia adsorption on a given
adsorbent can occur via multiple ways depending on the material’s features.
Indeed, most adsorbents combine high porosity and the presence of functional
groups and/or inorganic matter. Consequently, ammonia adsorption becomes a
rather complex process since the relative extent of each mechanism of adsorption
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remains unknown. However, considering the structural and chemical features of
our adsorbents, we can envision the possible ways of retention on these materials.
Table 8.1 proposes the various paths of adsorption along with evaluation of their
level of specificity and strength of ammonia retention for the materials studied.
Unlike the other materials presented here, the GM-Znn and GM-Cun composites
(and the MOFs) exhibit a rather well-defined structure, which makes it possible to
localize precisely the different types of adsorption sites. For these materials,
ammonia is adsorbed via: (i) intercalation between the graphene layers and
reaction with the functional groups of these layers, (ii) adsorption at the interface
between the carbon layers and the MOF units and (iii) interactions with the
metallic sites of the MOF. These mechanisms are visualized in Fig. 8.1.

8.9 Strength of Adsorption

If the amount of ammonia adsorbed is a criterion to assess the performance of an
adsorbent, the amount of ammonia retained on the surface after the test is another
one to be considered. Indeed, when the strength of interactions between the

Table 8.1 Proposed mechanisms of reactive adsorption evidenced on the adsorbents studied
along with their properties

Mechanism Specificity Strength of retention Adsorbents involved

Physisorption No Weak (except if strong
dispersive forces are
present)

CC, CP, CS, CW (fresh or modified)
MOF-5, HKUST-1
GM-Znn, GM-Cun

Dissolution in
water

Yes Weak All materials when water is present
in the system

Hydrogen
bonding

Yes Weak CP, CS, CW (fresh or modified)
GO, GP-Mo, GP-W
MOF-5, HKUST-1
GM-Znn, GM-Cun

Lewis acid–base
interactions

Yes Weak CC-Zn, CC-Cu, CS-Mo, CW-Al,
CW-Zr, CW-Zr-c, CW-V,
CW-Mo

GP-Mo, GP-W
HKUST-
1, GM-Cun

Brønsted acid–
base
interactions

Yes Strong CP, CW (fresh or modified)
GO, GP-Mo, GP-W
MOF-5, HKUST-1
GM-Znn, GM-Cun

Complexation Yes Strong CC-Zn, CC-Cu, CP, CW-V,
CW-Mo

GP-Mo, GP-W
Nucleophilic

addition
Yes Strong CP

GO
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adsorbent surface and NH3 molecule is weak, ammonia easily desorbs from the
surface. On the contrary, when these interactions are strong, most of the adsorbed
ammonia will be retained on the surface. The latter case is of course the desired
outcome. Although a qualitative discussion on the strength of retention was
addressed in Sect. 8.9, a quantitative analysis can be useful to fully evaluate the
performance of an adsorbent for potential applications.

As described above, qualitative analysis of the strength of adsorption can be
obtained either via the study of the shape of the desorption curve or via the
detection of ammonia or products of ammonia reactive adsorption on the surface
of the exhausted adsorbent using techniques such as FT-IR spectroscopy, thermal
analysis, X-ray diffraction, XPS analysis or potentiometric titration.

Among the latter methods, thermal analysis, XPS analysis and potentiometric
titration allow for the quantitative determination of the amount of ammonia left on
the adsorbent surface after the adsorption and desorption runs. For CC carbon
loaded with ZnCl2 and CuCl2, the thermal stability of ammonia-/ammonium-
containing complexes (Fig. 6.12) is a sign of the strong retention. Thus, based on
the difference in the weight loss between the exhausted and initial samples in the
temperature range corresponding to the decomposition of those complexes, the
amount of ammonia strongly adsorbed can be calculated. Similarly, for the mod-
ified samples based on the CW carbon, the polymer-based samples, the graphite
oxide and GO/POMs composites, ammonium ions are detected by potentiometric
titration on the surface of the exhausted samples as a new peak at pKa about 9.4
[14]. The pKa distributions for selected samples are plotted in Fig. 8.2. For the sake

Fig. 8.1 Schematic representation of the mechanisms of ammonia adsorption in
GM-Cun (a) and GM-Znn (b) composites including: 1 Intercalation/reaction in/with GO,
2 physisorption at the interface between the graphene layers and the MOF units and 3 interactions
with the MOF metallic centers (simple coordination or hydrogen bonding). Reprinted with
permission from Ref. [12, 13]. Copyright 2010, American Chemical Society and Wiley

94 8 Mechanisms of Adsorption and Strength of Retention

http://dx.doi.org/10.1007/978-1-4614-3393-4_6#Fig12


of clarity, only selected samples are presented (for each series of materials). The
curves for all the materials tested can be found in the Appendix (Figs. A.10, A.11,
A.12). Based on the area under the new peak, the amount of ammonia retained in its
ionic form can be determined. For the polymer-based carbons, as well as for the
GO-B and GO-H materials, ammonia retained in C–N (amine/amide), C–N+ and/or
NH4

+ configuration can be quantified by XPS analysis (Tables 6.2, 6.3). Results of
these three approaches are summarized in the plot shown in Fig. 8.3. In this graph,
the Y-axis represents the percentage of ammonia strongly retained compared to the
initial amount of gas adsorbed (breakthrough capacity). The values are for the
samples exposed to ammonia in the dry conditions.

Fig. 8.2 pKa distributions for selected samples before and after exposure to ammonia in various
conditions
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Fig. 8.3 Percentage of ammonia strongly retained on the adsorbents tested in dry conditions
evaluated by various experimental methods
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As observed in the plot, 7–25% of the adsorbed ammonia is strongly retained
on the CC carbon modified with metal chlorides. This percentage reaches up to
34% for the CW carbon impregnated with oxycations and 33–47% for the same
carbon impregnated with metal oxides. For the polymer-based carbons, between
4 and 57% of the ammonia adsorbed is detected by potentiometric titration on
the surface of the exhausted samples. Finally, the highest amount of strongly
retained ammonia is found for GO and GO/POMs composites (66–91%). One
obvious remark here is that these values indicate a minimum in terms of
ammonia strongly retained. Indeed, it is likely that not all the ammonia strongly
adsorbed is considered in these measurements. In fact, for some samples, it is
possible to evaluate the amount of ammonia desorbed upon purging using the
data of the desorption curve. As for the breakthrough capacity, the amount of
ammonia desorbed during air purging can be calculated via a mass balance
between the inlet concentration of ammonia (0 ppm) and the outlet concentration
of ammonia (given by sensor). Details of the calculations are given in Eqs. (8.5–
8.7). This can be performed only when no gap between the adsorption curve and
the breakthrough curve is observed. From these results, one can evaluate the
actual amount of ammonia left on the surface at the end of the breakthrough test.
The results are displayed in Fig. 8.3. The percentages of ammonia strongly
adsorbed for the samples considered range from 83 to 99%. GO and the derived
composites (with POMs or MOFs) appear as the best materials in terms of
strength of adsorption. Overall, the percentages are rather high and suggest that
some samples fulfill the strong retention requirement of real-life applications.
Besides, the values obtained confirm the fact that a part of the ammonia strongly
retained is not detected by the techniques used.

Dtþdt ¼ Dt þ dt � Ct þ Ctþdt

2

� �
� Qair

mads

� Mgas � 273
106 � 22:4� 273þ Tð Þ ð8:5Þ

Dtfinal
¼
Xtfinal

t¼0

Dt ð8:6Þ

%NH3 strongly adsorbed ¼ Dtfinal

Ab
� 100 ð8:7Þ

Dt amount of ammonia desorbed at t (mg g-1 of adsorbent)
Dtfinal

amount of ammonia desorbed at the end of the desorption test (mg g-1 of
adsorbent)

Ab breakthrough capacity (mg g-1 of adsorbent)
t time (min)
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tfinal time at the end of the desorption test (min)
dt time interval between two points of the desorption curve (min)
C0 inlet concentration of targeted gas (ppm)
Ct outlet concentration of targeted gas at t (ppm)
mads weight of adsorbent’s bed (g)
Qair air flow rate (mL min-1)
Mgas gas molecular weight (g mol-1)
T temperature (in �C)
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Chapter 9
Conclusions

This dissertation provides a summary of our research regarding ammonia
adsorption on various carbonaceous materials.

The results obtained indicate that porosity does not play a primary role in
ammonia adsorption since most of the adsorbents tested exhibit large pores
compared to ammonia’s size which reduces the strength of physical forces (van der
Waals). Nevertheless, if the dispersive forces (a type of van der Waals interac-
tions) increase when adsorbents with small micropores (\10 Å) and a high density
of atoms are used, then the retention process is enhanced. Porous adsorbents also
enable the deposition of inorganic matter used to enhance ammonia reactive
adsorption.

Reactive adsorption, unlike physisorption, represents the main mechanism of
ammonia retention. This process is governed by the surface chemistry of the
adsorbents, which arises from both the presence on the surface of the materials
functional groups and inorganic compounds (either initially present or added via
impregnation or oxidation). Among the chemical features responsible for the
enhanced adsorption of ammonia is the acidity of the adsorbent. However, even
though a general trend between acidity (low pH) and the breakthrough capacity
was found, more parameters must be considered to provide a full understanding of
the adsorption mechanism. Indeed, it was demonstrated that the role of acidity is
more complex than just the presence of a low surface pH, and a proper combi-
nation of factors such as surface pH, strength (see pKa), type (e.g. Brønsted versus
Lewis acidic centers) and the amount of functional groups is required. In addition
to acidity, the presence of specific oxygen-containing groups able to interact with
ammonia was indicated as a positive factor for ammonia removal. These groups
are sometimes already present on the adsorbent or result from a surface treatment
(e.g. oxidation or impregnation with metal oxides). These oxygen functionalities
include carboxyl groups, hydroxyl groups and epoxy groups. The former func-
tionalities lead to Brønsted acid–base reactions with ammonia and/or the formation
of amides. Hydroxyl groups are responsible for ammonia adsorption via hydrogen-
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bonding. Finally, epoxy groups can react with ammonia to form amines.
Besides oxygen-containing groups, sulfur functionalities also play a role in the
ammonia retention. While thiophenic groups are not effective in ammonia
adsorption, sulfonic groups can enhance ammonia adsorption via Brønsted acid–
base reactions or formation of ammonium sulfate. The presence of inorganic
matter, and in particular that of metals (in the form of ions, oxides or chlorides),
represents another important surface chemistry feature. These metals can be a part
of the adsorbent material itself or can originate from an impregnation process. The
inorganic compounds can act as active centers as they allow ammonia reactive
adsorption via Lewis interactions, hydrogen-bonding (for metal oxides) or a
complexation reaction.

Moisture, present in the challenging gas or on the adsorbent’s surface, influ-
ences the ammonia removal as well. The effect of water is dual. On the one hand,
humidity enhances the breakthrough capacity since it enables the formation of a
water film on the pore walls of the adsorbent where ammonia can easily dissolve
due to its high water solubility. On the other hand, the competition between
ammonia and water adsorption for the same active sites is observed for some
adsorbents. Moreover, the strength of the ammonia retention via dissolution in
water is rather weak which causes the gradual release of ammonia upon air
purging. The amount of adsorbed water is increased on materials with hydrophilic
functionalities (i.e. oxygen-containing groups) and small pores.

Owing to these various influencing parameters, the mechanisms of ammonia
adsorption are diverse and include: physisorption, dissolution in water, hydrogen-
bonding, Lewis and Brønsted acid–base interactions, complexation and nucleo-
philic addition with formation of amines and/or amides. Consequently, ammonia
can be retained on the adsorbent’s surface in the form of NH3, NH4

+ or nitrogen-
containing groups incorporated into the adsorbent’s matrix (NH2). The three last
mechanisms allow for the strong retention of ammonia. Generally speaking, for the
materials tested, the amount of ammonia retrieved on the adsorbent’s surface after
air purging ranges from 10 to 99% depending on the materials tested.

Among the adsorbents tested in this study for ammonia adsorption, GO and the
derived composites (GO/POMs and GO/copper-based MOFs) appear as the best
candidates for the ammonia removal media in terms of the breakthrough capacity,
performance in the presence of water and strength of adsorption. Overall, all the
materials synthesized exhibit similar or much higher breakthrough capacities than
those reported for activated carbons, which currently represent the ‘‘standard’’
adsorbents in the industrial field.

To conclude, all the above indicates that one can act upon several parameters to
enhance ammonia adsorption. Consequently, the challenge is more to define the
requirements (i.e. cost of preparation, conditions of applications such as the
temperature and humidity level, minimum breakthrough capacity, etc.…) of a
specific application for an ammonia adsorbent and then find an adsorbent allowing
the best trade-off.
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Chapter 10
Paths Toward Future Research

The research on ammonia removal from air is far from exhausted and still
represents the object of study of many research groups. In this chapter, some
thoughts on directions of research related to the ammonia removal are proposed.

• The influence of other functionalities than the ones described above on ammonia
adsorption could be studied. Examples of such groups include the phosphorus-
containing groups. They can be incorporated to the surface of activated carbons
in different forms such as phosphonic or pyrophosphate groups [1]. Given the
acidity of the former functionalities, interactions with ammonia are expected to
take place.

• In the presented work, adsorption of ammonia ‘‘alone’’ was studied. The only
potential ‘‘competitor’’ considered was water. It could thus be interesting to
extend that study to the adsorption of mixture of gases containing ammonia and
other pollutants. This could provide some information on the selectivity of the
materials described.

• Although materials can exhibit a good performance on the laboratory-scale,
studies are needed to evaluate their capability for larger applications. In par-
ticular, gas masks require the immobilization of a filter on a given cloth.
Considering both the various research projects currently focusing on the prep-
aration of films for diverse applications and the chemistry of ammonia adsor-
bents ways to prepare flexible filters could be proposed.

• The sustainability of an adsorbent is in part dictated by the possibility of its
regeneration or recycling. The first option relies on the fact that products of
ammonia adsorption can be removed without (or with minor) alteration of the
adsorbent. Due to the strong adsorption requirement in ammonia removal, this
might not be possible. Indeed, it was underlined that most of the time ammonia
reacts with the adsorbent’s surface to form new products incorporated in the
materials matrix or deposited in the pores network. Consequently, heat treatment
or chemical extraction processes would affect both the chemistry and texture of
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the adsorbents and thus do not represent ‘‘real’’ regeneration processes. For this
reason, the second option (recycling) appears as the most viable. Heat treatment
can be used to prepare materials with nitrogen-containing functionalities which
can find applications as, for instance, a support for metallic nanoparticles [2–4]
or adsorbents for other toxic gases [5]. Some of the adsorbents discussed in this
study allow the reactive adsorption of ammonia with subsequent deposition of
water-soluble species (i.e. ammonium sulfate). Based on this, one could envi-
sion a process to extract the products of reactive adsorption. Although the
surface chemistry of the final material would be different than that of the fresh
adsorbent, the texture should be fairly recovered. As porous structures are
needed in many fields such as catalysis or gas purification/separation, one could
imagine a way to reuse the porous materials for these applications.
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Appendix

Table A.1 The parameters of porous structure derived from nitrogen isotherms for the polymer-
based carbons before and after exposure to ammonia

Sample SBET (m2 g-1) Vtot (cm3 g-1) Vmeso (cm3 g-1) Vmic (cm3 g-1) Vmic/Vtot

CP-1 1331 0.991 0.370 0.621 0.63
CP-1-ED 1297 0.969 0.369 0.600 0.62
CP-1-EM 1326 0.963 0.333 0.630 0.65
CP-1-EPD 1434 1.026 0.358 0.668 0.65
CP-1-EPM 1323 0.933 0.314 0.619 0.66
CP-1A 1049 0.871 0.375 0.496 0.57
CP-1A-ED 1081 0.868 0.358 0.510 0.59
CP-1A-EM 1031 0.841 0.356 0.485 0.58
CP-1A-EPD 1017 0.789 0.299 0.490 0.62
CP-1A-EPM 952 0.744 0.296 0.448 0.60
CP-1B 1449 1.076 0.385 0.691 0.64
CP-1B-ED 1419 1.034 0.360 0.674 0.65
CP-1B-EM 1369 1.025 0.365 0.660 0.64
CP-1B-EPD 1454 1.038 0.313 0.725 0.70
CP-1-EPM 1473 1.083 0.397 0.686 0.63
CP-2-ED 295 0.263 0.120 0.143 0.54
CP-2-EM 308 0.279 0.131 0.148 0.53
CP-2-EPD 311 0.294 0.147 0.147 0.50
CP-2-EPM 257 0.243 0.118 0.125 0.51
CP-2A 531 0.399 0.140 0.259 0.65
CP-2A-ED 508 0.391 0.147 0.244 0.62
CP-2A-EM 501 0.380 0.136 0.244 0.64
CP-2A-EPD 493 0.374 0.131 0.243 0.65
CP-2A-EPM 494 0.378 0.136 0.242 0.64
CP-2B 742 0.533 0.164 0.369 0.69
CP-2B-ED 734 0.528 0.167 0.361 0.68
CP-2B-EM 738 0.518 0.149 0.369 0.71
CP-2B-EPD 730 0.513 0.151 0.362 0.71
CP-2B-EPM 743 0.527 0.162 0.365 0.69
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Table A.2 The parameters of porous structure derived from nitrogen isotherms for activated
carbon-based samples before and after exposure to ammonia

Sample SBET (m2 g-1) Vtot (cm3 g-1) Vmeso (cm3 g-1) Vmic (cm3 g-1) Vmic/Vtot

CC 1033 0.614 0.139 0.475 0.774
CC-ED 1033 0.614 0.135 0.479 0.780
CC-Zn 726 0.437 0.095 0.342 0.78
CC-Zn-ED 562 0.353 0.096 0.257 0.73
CC-Zn-EM 593 0.370 0.102 0.268 0.72
CC-Zn-EPD 603 0.373 0.102 0.271 0.73
CC-Zn-EPM 555 0.349 0.104 0.245 0.70
CC-Cu1 914 0.539 0.124 0.415 0.770
CC-Cu1-ED 801 0.471 0.109 0.362 0.769
CC-Cu1-EM 778 0.458 0.092 0.366 0.799
CC-Cu1-EPD 839 0.494 0.096 0.398 0.805
CC-Cu1-EPM 846 0.498 0.098 0.400 0.803
CC-Cu2 565 0.345 0.095 0.250 0.73
CC-Cu2-ED 552 0.339 0.089 0.250 0.74
CC-Cu2-EM 648 0.387 0.090 0.297 0.77
CC-Cu2-EPD 580 0.353 0.092 0.261 0.74
CC-Cu2-EPM 558 0.339 0.085 0.254 0.75

Table A.3 The parameters of porous structure derived from nitrogen isotherms for MOF-5 and
the GM-Znn composites before and after exposure to ammonia

Sample SBET (m2 g-1) Vtot (cm3 g-1) Vmeso (cm3 g-1) Vmic (cm3 g-1) Vmic/Vtot

MOF-5 793 0.408 0.023 0.385 0.94
MOF-5-ED 739 0.399 0.010 0.389 0.97
MOF-5-EM 10 0.057 0.052 0.005 0.09
GM-Zn1 706 0.365 0.024 0.341 0.93
GM-Zn1-ED 710 0.365 0.024 0.341 0.93
GM-Zn1-EM 8 0.025 0.021 0.004 0.16
GM-Zn2 806 0.416 0.028 0.388 0.93
GM-Zn2-ED 807 0.415 0.027 0.388 0.93
GM-Zn2-EM 4 0.021 0.019 0.002 0.01
GM-Zn3 603 0.325 0.037 0.288 0.89
GM-Zn3-ED 475 0.254 0.025 0.229 0.90
GM-Zn3-EM 7 0.026 0.022 0.004 0.15
GM-Zn4 742 0.399 0.002 0.397 0.99
GM-Zn4-ED 93 0.211 0.168 0.043 0.20
GM-Zn4-EM 0 0 0 0 –
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Fig. A.2 Ammonia breakthrough curves for the activated carbon-based samples (virgin and
modified with metal chlorides) in the various conditions tested

Fig. A.1 Ammonia breakthrough and desorption curves for the polymer-based carbons in the
various conditions tested. Reprinted from Ref. [1], Copyright 2010, with permission from Elsevier
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Fig. A.4 Ammonia breakthrough and desorption curves for the wood-based carbon (virgin and
modified with metal oxides or polycations) in the various conditions tested

Fig. A.3 Ammonia breakthrough and desorption curves for the coconut shell-based carbon
(virgin and modified with metal oxides) in the various conditions tested
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Fig. A.5 Ammonia breakthrough and desorption curves for the graphite oxide and graphite
oxide/polyoxometalate composites in the various conditions tested

Fig. A.6 Ammonia breakthrough and desorption curves for the zinc and copper-based metal-
organic frameworks and the derived metal-organic frameworks/graphite oxide composites in the
various conditions tested
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Fig. A.7 X-ray diffraction patterns for GO, MOF-5, HKUST-1 and the zinc- and copper-based
composites

Fig. A.8 DTG curves for
GO, MOF-5, HKUST-1 and
the zinc- and copper-based
composites
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Fig. A.9 SEM micrographs for GO (a), MOF-5 (b), HKUST-1 (c) and the zinc- and copper-
based composites: GM-Zn1 (d), GM-Zn2 (e), GM-Zn3 (f), GM-Cu1 (g), GM-Cu2 (h), GM-Cu3
(i), GM-Cu4 (j). Reprinted with permission from Refs. [2, 3]. Copyright 2009 and 2010, Wiley
and American Chemical Society
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Fig. A.10 pKa distributions for the polymer-based carbons before and after exposure to
ammonia. Reprinted from Ref. [1], Copyright 2010, with permission from Elsevier
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Fig. A.11 pKa distributions
for the wood-based carbon
(virgin and impregnated with
metal oxides or polycations)
before and after exposure to
ammonia

Fig. A.12 pKa distributions
for the graphite oxide mate-
rials and the graphite oxide/
polyoxometalate composites
before and after exposure to
ammonia
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