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Abstract

Porous, high surface area activated carbon (AC) can be used to remove certain irritat-

ing and toxic gases from contaminated air streams. Impregnating AC with carefully

selected chemicals can improve ACs adsorption capacity for certain gases and provide

adsorption capacity for gases that un-impregnated AC cannot filter. Impregnated ac-

tivated carbons (IACs) and ACs can be used as the active component in respirators.

Comparative studies of different commercially available AC samples and of IAC

samples, prepared from a wide variety of different chemicals, were performed. The gas

adsorption capacity of the samples was tested using sulfur dioxide (SO2), ammonia

(NH3), hydrogen cyanide (HCN) and cyclohexane (C6H12) challenge gases and com-

pared to results obtained from a commercially available broad spectrum respirator

carbon. The samples were characterized using wide angle x-ray diffraction (XRD),

small angle x-ray scattering (SAXS), nitrogen adsorption isotherms, thermal gravi-

metric analysis (TGA) and scanning electron microscopy (SEM).

Highlights of this work include the discovery of a IAC sample prepared from

zinc nitrate (Zn(NO3)2) and nitric acid (HNO3) that, after heating at 180◦C under

argon, had overall dry gas adsorption capacity that was greater than the commercially

available sample. The importance of pore size on the C6H12 adsorption capacity of

AC was demonstrated using SAXS and nitrogen adsorption data. A relationship

between decreased humid C6H12 capacity and pre-adsorbed water was shown using

SAXS, TGA and gravimetric studies.
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Chapter 1

Introduction

1.1 Background

Activated carbon (AC) has numerous applications in modern society. Examples are

their use in energy storage devices such as super-capacitors [1–3], water filtration [4]

and adsorption of irritating or toxic gases from contaminated airstreams [5] to name

a few. It is beyond the scope of this document to review all of these applications. A

brief review of AC materials for gas mask applications, focusing mainly on multi-gas

adsorption, will be presented here.

The use of AC to remove toxins from the air has been reported as early as 1793

when it was employed to reduce odours caused by gangrene [4]. One of the earliest

reported gas masks to use carbonaceous materials was invented by John Stenhouse

in 1854 [6]. This early mask was capable of removing hydrogen sulphide (H2S), am-

monia (NH3) and chlorine (Cl2) gases from the air. The AC substrate can also be

impregnated with chemicals. These types of materials are known as impregnated ac-

tivated carbons (IACs). It is generally accepted that the greatest amount of research

involving AC or IAC began after the advent of modern chemical warfare during World

War I [4]. Early work in preparing IACs with metal and metal oxide impregnants

was largely focused on the removal of chemical warfare agents such as arsine (AsH3),

phosgene (CCl2O) and hydrogen cyanide (HCN). One of the earliest reports of this

work was captured in the patent by Wilson and Whetzel [7] where they reported

impregnating AC with oxides of copper, zinc or metallic silver. Materials prepared

using methods similar to Wilson and Whetzel are still known as Whetlerites. Some

shortcomings of the early Whetlerites were their inability to capture NH3 and the gen-

eration of the toxic by-product, cyanogen (NCCN), when challenged with HCN gas.

In the presence of Cu2+ impregnant (e.g. copper oxide (CuO) or copper carbonate)

HCN gas is oxidized via the net reaction [4, 8]:

1
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CuO(s) + 2HCN(g) → CuCN(s) +1
2
NCCN(g) + H2O(l) (1.1)

To control the generation of NCCN gas, hexavalent chromium (Cr6+) or molyb-

denum (Mo6+) compounds can be co-impregnated with the Cu2+ species. The most

common procedure to prepare IACs of this type was to use ammonium salts and/or

ammonium hydroxide to dissolve and distribute the metallic salts. One of the largest

collections of work detailing the physical, chemical and adsorptive properties of IACs

prepared in this manner was reported in 1946 by the U.S. National Defence Research

Committee [9]. Detailed reports of IACs impregnated with Cu2+/Cr6+ for the removal

of HCN from airstreams have been presented in the literature [4, 8, 10]. Hexavalent

chromium is environmentally damaging and a human carcinogen [11,12] so it is desir-

able to avoid using it in respiratory devices. Work detailed in the patent by Doughty

et al [13] outlines an improved method of preparing IACs capable of HCN/NCCN

adsorption by replacing toxic Cr6+ compound(s) with Mo6+ in the impregnating so-

lution.

The IACs described in Ref. [13] are also impregnated with a sulphate (SO4
2−)-

containing compound to chemisorb NH3 gas. This was a major advancement over

earlier Whetlerite formulations. The work described in Ref. [13] has been assigned

to Calgon Carbon Corporation (Pittsburgh, Pa). Commercially produced multi-gas

IACs prepared using this method are known as Universal Respirator Carbons (URC).

These IACs are widely used in both industrial and military applications. The gas

adsorption capacity of IAC samples prepared in this project were directly compared

to URC.

An improvement to the URC process was reported in the patent by Brey et al

[14]. In this work the authors showed that a hexavalent tungsten (W6+)-containing

compound can be substituted for the Mo6+ compound without losing HCN/NCCN

adsorption capability.

A major disadvantage of the traditional Whetlerite process is its reliance on am-

monium salts and/or ammonia-based solutions to dissolve and distribute the metallic

impregnants. Impregnating samples with ammonium salts or ammonia-based im-

pregnating solution produces large amounts of gaseous and liquid waste which are
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expensive to manage from both an economic and environmental standpoint. In ad-

dition, ammonia is considered a toxic substance in some jurisdictions [15] so zoning

for industrial processing of IACs prepared from NH3-based solutions may also be an

issue. There have also been some reported cases of NH3 desorption from Whetlerite

IACs [16]. Desorption of NH3 can cause discomfort and respiratory tract irritation

to the user of the gas mask.

Much of the IAC research reported in the literature focuses only on materials

characterisation or gas testing results of only one or two challenge gases [10, 17–20].

More information on multi-gas IACs has been presented in the form of books, reports

and patents [4, 9, 13,14,21], but these documents are sometimes difficult to access or

lacking in scientific detail. Previous studies of IACs performed in the Dahn group

have reported gas test results for many challenge gases [22–25] and this tradition is

continued in the work of this thesis. In a serious study of IACs capable of multi-gas

adsorption, it is important to include gas testing results for multiple challenge gases

in the study.

1.2 Motivation

High levels of industrialization in the developed world and rapid increases in the

level of industrialization in developing nations such as China and India require a

large workforce. Keeping industrial workers safe and healthy makes sense from both

humanitarian and financial perspectives. Injured workers can create strains on the

health care system and cause decreased productivity for their employer. Research

and development of respiratory protection devices, such as gas masks, plays an im-

portant role in protecting the health of industrial workers and making sure they are

adequately protected as technology evolves. In North America, agencies such as the

National Institute for Occupational Safety and Health (NIOSH) set respirator stan-

dards [26]. The safety standards in emerging nations such as China are far less strin-

gent, but improvements in respirator standards have been recently reported [27]. As

respirator standards are improved in emerging economies there will be great financial

opportunities for companies that provide respiratory protection devices.
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Industrial accidents and political instability are two other reasons why it is impor-

tant to continue research and development of gas masks and other protective devices.

The disaster at Japan’s Fukushima Daiichi nuclear reactor [28] should serve as a re-

minder of the importance of being able to respond quickly to industrial accidents.

Political instability in countries with chemical weapon stockpiles, such as Libya [29],

can pose a serious threat to populations throughout the world. First responders, mil-

itary personnel, or workers responding to an industrial accident may not immediately

know the type of airborne contaminant they are being exposed to. In this type of

situation, providing a gas mask capable of multi-gas adsorption offers better respira-

tory protection to the responder and allows shorter response times. The goal of this

research project is to discover, characterize and optimize IACs capable of multi-gas

adsorption for respirator carbon applications.

1.3 Some Properties of Activated Carbon

Activated carbon (AC) can be prepared from cheap, readily available materials such

as coal, wood, sugar, fruit pits and shells to name a few. The selection criteria for

precursor materials is discussed in more detail in the literature [4]. The precursor

is heated at high temperature in an oxygen deprived environment to char it [30].

The carbonaceous material is then activated by either physical or chemical means

[30, 31]. Typically either oxygen (O2), carbon dioxide (CO2) or steam (H2O) is used

in the physical activation process. Common chemicals used in chemical activation are

phosphoric acid (H3PO4), zinc chloride (ZnCl2) or potassium hydroxide (KOH) [4].

Activation is performed at elevated temperatures, typically in the range of 400◦C

- 1100◦C [30]. The carbon content of the AC depends on the precursor used and

is usually high, on the order of 95% atomic carbon for materials produced from

coconut shells, for example. Typical impurities found in AC are potassium, sodium,

aluminium, silicon and/or iron oxides [30]. The amount of impurity in an activated

carbon can be determined gravimetrically from its ash content (remaining mass after

burning the carbon).

Controlling parameters such as heating temperature, activation type and amount

of carbon burn off allows control of the surface area and distribution of pore sizes of
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Figure 1.1: Panel (a) shows a representation of the pore size distribution for a typical
AC absorbent. Panel (b) shows a schematic diagram of activated carbon based on
the “House of Cards” model. The solid lines in panel (b) represent single graphene
sheets. Panels (a) and (b) are based on diagrams in Ref. [4] and Ref. [2] respectively.

the AC [2,4,31]. Pore size distributions have been classified in the following manner:

(1) Micropores which have widths less than 2 nm, (2) Mesopores with widths ranging

from 2 nm to 50 nm, and (3) Macropores with widths larger than 50 nm [32,33]. The

system of pores in AC determines its ability to transport and physically adsorb gases.

Figure 1.1(a) shows a representative diagram of the pore distribution in an AC. The

specific surface area (m2/g) of AC is most commonly reported using the models of

Langmuir [34] or Brunauer, Emmett and Teller (BET) [35]. Typical reported surface

areas for AC are on the order of 1000 m2/g [30, 31], however BET surface areas as

high as 2000 - 3000 m2/g have been reported [4,36,37]. For reference, the calculated

surface area of a single graphene sheet is approximately 2630 m2/g. Reported surface

areas higher than theoretical values are due to shortcomings of the models used to

calculate them [4].

Another important parameter of the final AC product is its surface chemistry.

Surface chemistry of the AC substrate can be influenced either during activation, or

by post treatments after activation. The surface chemistry of AC can have great

influence over its adsorptive properties. A useful discussion of the importance of

surface chemistry is provided by Bandosz and Ania [4].

The allotropic form of carbon that AC is most similar to is hexagonal graphite [4],

however it does not exhibit the long range periodic order or well ordered stacking that
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are present in graphite. The “House of Cards” model presented by Dahn et al [2]

provides a useful conceptual description of the physical structure of AC. Figure 1.1(b)

shows a schematic diagram of AC based on the “House of Cards” model. The solid

lines represent single graphene sheets. Parallel lines represent regions in the AC that

exhibit higher order.

The high surface area, wide distribution of pore sizes, and low cost make AC

well-suited for gas adsorption applications. Un-impregnated AC is capable of phys-

ically adsorbing certain gases, mainly organic vapours [5, 38]. Strategically selected

chemicals can be impregnated to enhance ACs adsorption capacity for certain gases

and allow IAC samples to adsorb toxins that un-impregnated AC cannot.

1.4 Structure of this Thesis

The work presented in this thesis was performed to discover, optimize, and better

understand multi-gas IACs. Chapter 2 describes the experimental methods and the-

oretical considerations that were used in this study.

Chapter 3 describes the materials used in this work. A comparative study of

commercially available ACs is presented. An experimental study was performed on

the commercially available URC sample to better understand the product that was

used as a comparative standard for our IAC samples.

Chapter 4 describes a comparative study of IAC samples prepared from differ-

ent metallic nitrate precursors. The importance of sample heating temperature is

discussed. Wide angle x-ray diffraction experiments were performed on the IAC sam-

ples to identify the dominant impregnant species after heating. Dynamic flow tests

were performed to allow the overall gas adsorption capacity of the IAC samples to be

ranked.

Chapter 5 describes a comparative study of IACs prepared from aqueous copper

nitrate (Cu(NO3)2) and zinc nitrate (Zn(NO3)2) solutions. The concentration of the

Cu(NO3)2 (or Zn(NO3)2) solutions was 2.4 M. The effects of co-impregnating the

samples with HNO3 and heating the samples at different temperatures were studied.

XRD data was collected to identify the dominant impregnant phase after heating and

to study the dispersion of the impregnant on the AC substrate. IACs were flow tested
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under dry and humid conditions. The most effective multi-gas IACs were found to

be samples prepared from 2.4 M Cu(NO3)2 and 4 M HNO3 or 2.4 M Zn(NO3)2 and

4 M HNO3 solutions that were heated at 180◦C under argon.

Chapter 6 describes a comparative study of IACs prepared from Cu(NO3)2 or

Zn(NO3)2 solutions. The effect of impregnant loading, co-impregnation with different

concentrations of HNO3 and effect of different heating temperatures were studied for

samples prepared from aqueous Cu(NO3)2 solutions. The effect of heating the IACs

at different temperatures was studied for IACs prepared from 2.4 M Zn(NO3)2/4 M

HNO3 solutions. SAXS, XRD, contact angle measurements and nitrogen adsorption

isotherms were used to charecterize the IACs in this study. Dynamic flow testing was

performed to determine the multi-gas adsorption capacity of the Cu-based samples.

Good agreement was observed in results obtained from XRD and SAXS measure-

ments and between SAXS and nitrogen adsorption isotherm measurements. Good

impregnant dispersion was found to result in improved SO2, NH3 and HCN adsorp-

tion capacity for the Cu-based IACs.

Chapter 7 presents work that demonstrated the effect of co-impregnation with

mixed metal nitrate precursors and phosphomolybdic acid on broad spectrum res-

pirator carbons. In the first section of this chapter a comparative study of IACs

prepared from Cu(NO3)3 co-impregnated with different metal nitrate precursors and

phosphomolybdic acid (H3PO4•12MoO3) is described. The goal of this work was

to observe the effect that co-impregnation with H3PO4•12MoO3 had on overall gas

adsorption capacity and to identify materials that were active when co-impregnated

with the Cu2+ species.

In the second section of chapter 7, a comparative study of IACs prepared from

Cu(NO3)2 and Mn(NO3)2 or Zn(NO3)2 and Mn(NO3)2 is described. These materi-

als were studied to determine if the different impregnant species interacted during

thermal treatments and what, if any, effect this had on multi-gas adsorption capacity.

In the final section of chapter 7, a comparative study of IACs prepared from

Cu(NO3)2, Zn(NO3)2, HNO3 and H3PO4•12MoO3 is described. The IACs are stud-

ied as a function of impregnant loading to determine the optimal mixture of the

Cu(NO3)2, Zn(NO3)2 and H3PO4•12MoO3 precursors for preparing multi-gas IACs.
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Chapter 8 describes a comparative study of IACs co-impregnated with Zn(NO3)2

and different acids. The IACs were heated at temperatures sufficient to promote ther-

mal decomposition of the Zn(NO3)2 to ZnO. Gravimetric and XRD analysis were used

to identify the dominant impregnant phase present on the IAC after heating. XRD

analysis was used to study impregnant distribution. The dry gas adsorption of the

samples was tested using SO2, NH3 and HCN challenge gases. Humid flow tests were

performed using C6H12 challenge gas. The interactions between the co-impregnated

acid and Zn(NO3)2 precursor during heating are discussed. The relationship between

impregnant species, impregnant dispersion and gas adsorption capacity are discussed.

Chapter 9 describes a comparative study of IACs prepared from Zn(NO3)2 or

Cu(NO3)2 and different types of co-impregnated sugars. The motivation for this study

was to prepare IACs with improved humid C6H12 adsorption without losing adsorp-

tion capacity for SO2, NH3 and HCN gases. Promising results were obtained from

IACs prepared from Zn(NO3)2 / copper D-gluconate (C12H22CuO14) solutions and

Cu(NO3)2 / gluconic acid (C6H12O7) - or Zn(NO3)2 / C6H12O7-containing solutions

(after appropriate thermal treatments were applied). Certain samples had improved

humid C6H12 adsorption capacity, but did not exhibit improved overall multi-gas per-

formance compared to URC or HNO3 co-impregnated IACs. XRD and SAXS data

were used to demonstrate some of the advantages and difficulties encountered when

preparing IACs with co-impregnated sugars.

Chapter 10 describes a comparative study of IACs prepared using impregnants

chosen to improve humid C6H12 adsorption. Certain IACs prepared from single com-

ponent imbibing solutions (with appropriate thermal treatments) had better humid

C6H12 adsorption than un-impregnated GC. When the C6H12-targeting impregnants

were combined with other multi-gas impregnants, the improved humid C6H12 adsorp-

tion capacity was not retained.



Chapter 2

Experimental and Theoretical Considerations

Section 2.7 has been included in a manuscript submitted for publication in the journal

Carbon. The manuscript title is “Small and wide angle X-ray studies of impregnated

activated carbons”. The authors are Jock Smith, Matt Mcdonald, Landan MacDon-

ald, Jennifer Romero and Jeff Dahn. The contribution of Jock Smith consists of the

organization of all experiments, preparation and X-ray analysis of all IAC samples,

all of the data analysis and preparation of the figures and manuscript. The figures

and tables have been reproduced by permission of the journal in accordance with the

terms of the publishing company (Elsevier) copyright release (see Appendix A). Some

of the text, figure numbers and references have been modified for inclusion in this

thesis.

2.1 Sample Preparation

Commercially available ACs were used exclusively in this work. The most commonly

used AC was Kuraray GC (available from Kuraray Chemical Co., Osaka, Japan).

In this dissertation Kuraray GC will be referred to as ’GC’. Details of this AC are

provided in Section 3.1. The incipient wetness (imbibing method) was used to prepare

all of the IAC samples reported in this work. Prior to impregnation the AC was dried

at 120◦C in air to remove excess moisture. A known mass of AC (typically 10-15 g)

was placed in a Mason jar and a pipette was used to dispense a known volume of

impregnating solution on the AC. The jar was then sealed and shaken for 30-60 s.

After shaking, the contents of the jar were visually inspected. If the carbon appeared

dry, more impregnating solution was added and the above process was repeated.

Once the impregnated AC became wet and barely stuck to the sides of the jar, but no

excess solution was visible, the sample was deemed to have reached its imbibing limit.

Detailed descriptions of the imbibing method have been reported previously [39–41].

9
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After impregnation the IACs were heated either in air or under flowing argon

depending on the sensitivity of the impregnated sample to air exposure during heating.

Typically a 10-15 g sample would be held at the maximum final heating temperature

(Tf ) for 2-3 hrs. The IACs were then allowed to return to room temperature prior

to further handling. Heating temperatures used in this work ranged from 120◦ ≤ Tf

≤ 500◦ and are clearly indicated where appropriate.

The impregnant loading after heating was determined either gravimetrically (%

loading (wt.)) or predicted from the volume and concentration of impregnating solu-

tion added (predicted % loading (wt.) or mmol impregnant/g AC). The % loading is

calculated using:

% loading (wt.) = [(massfinal - massinitial)/massinitial]·100% (2.1)

where massfinal is the mass of the IAC after heating (g) and massinitial is the mass of

the AC prior to the heating step (g). The uncertainty associated with the % loading

(wt.) is 2 - 3 % primarily due to the inability to avoid some exposure to moist air while

weighing and storing the samples. The uncertainty on the predicted % impregnant

loading is ± 2%. The relative uncertainty on the predicted amount of impregnant is

± 0.1 mmol impregnant/g AC.

2.2 Dynamic Flow Testing

Dynamic flow testing was performed using sulphur dioxide (SO2), NH3, cyclohexane

(C6H12) and HCN challenge gases. Flow test results denoted as “dry” had challenge

gas streams with a relative humidity (RH) ≤ 15%. In-line humidity measurments

performed using a handheld humidity detector (HMI41 indicator, Vaisala) showed the

tank air had ≤ 5% RH. Measurments on the SO2 or NH3 gases were not performed

to avoid damaging the detector. The actual RH of the dry challenge gas stream is

likely ≈ 5% RH. Flow test results denoted as “wet” or “humid” had challenge gas

streams with RH = (80 ± 5)% . The SO2 and NH3 tests were performed at Dalhousie

University.

The flow test system used in this work was designed by Dr. Hubert Fortier during

his PhD work in the Dahn lab and has been described in the literature [22,39,40]. The
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SO2 and NH3 gases were supplied by Praxair (Dartmouth, Nova Scotia, Canada) and

were of certified standard grade. The gas streams used for flow testing were prepared

by diluting 5000 ppm SO2 or NH3 with air to obtain a (1000 ± 50) ppm challenge gas

stream flowing at (200 ± 5) sccm. The flow of gases was monitored using rotameters

obtained from Cole-Parmer. The IAC sample was exposed to the challenge gas and the

effluent gas stream was bubbled into a scrubbing solution containing approximately

0.5 g of either sodium chloride (NaCl) or potassium chloride (KCl) dissolved in 100

mL of deionized water. The pH of the scrubbing solution was monitored using a

single junction silver/silver chloride (Ag/AgCl) pH electrode. The uncertainty on the

pH measurement is ± 0.03 pH units at 25◦C. A computerized data collection system

collects data points every (4 ± 1) s. Full details of the data acquisition system are

provided in Ref. [40]. The breakthrough time, or time that the challenge gas had

penetrated the carbon bed, was chosen as the time when 36 ppm SO2 (or 3.6 ppm

NH3) was detected in the scrubbing solution. The breakthrough times reported for

IACs tested versus SO2 and NH3 are an average of 2-4 measurements for each sample.

Representative pH versus time curves for the challenge gas being bubbled directly into

scrubbing solution or passing through AC and IAC samples have been reported in

the literature [22, 39,40,42].

Figure 2.1 shows dry SO2 and NH3 flow test results obtained from flow testing

GC activated carbon. GC was the base carbon most often used for preparation of

IAC samples and was also used as a calibration standard for gas testing. Each data

point represents the monthly average breakthrough time for the respective gas. The

error bars represent the standard deviation from that value. The results shown span

the time range from December 2010 to February 2012. The data presented in Figure

2.1 is based on over 250 individual SO2 and NH3 gas tests.

Figure 2.1 shows small month to month deviations in the gas test results. The

stability of the flow test system gives confidence when comparing flow test results

from recent samples to those prepared much earlier in the project. A GC baseline

test is run on each flow test station prior to gas testing. Similar calibration tests are

run under wet conditions. Comparative standards will be discussed in more detail in

Chapter 3.
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Figure 2.1: Dry SO2 and NH3 flow test results obtained from flow testing GC. Monthly
results are shown for time span from December 2010 to February 2012.

Samples were tested for C6H12 and HCN adsorption capacity at 3M Canada

(Brockville Ontario) by senior lab technicians Judy Reynolds and Monika Simon

(HCN testing) and Carrie Andress (C6H12 testing). The HCN concentration was

(2000± 100) ppm at a flow rate of (260 ± 30) sccm. The breakthrough time for HCN

was chosen at the time when 5 ppm HCN was detected in the effluent gas stream. Due

to the evolution of NCCN as described in Eq. (1.1), the effluent gas stream from the

HCN tested samples was also monitored for NCCN. The breakthrough concentration

for NCCN was also 5 ppm. A gas chromatograph with a flame ionization detector

(FID) was used for both HCN and NCCN detection. In most cases only a single test

for each sample was performed.

The C6H12 challenge gas concentration was (2000 ± 100) ppm at a flow rate of

(200 ± 3) sccm. The breakthrough time for C6H12 was chosen as the time 5 ppm was

detected in the effluent gas stream. An infrared spectrometer (Miran 205B SapphIRe-

Portable Air Analyzer) was used for C6H12 detection. The wavelength used to detect
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the presence of C6H12 gas was 3.333 μm. The accuracy of the IR detector was checked

using a closed calibration loop generated by 0.1 μL injections. The absorbency is

checked at five different levels. In most cases only a single test for each sample was

performed.

Theoretical descriptions of the kinetics of gas adsorption by AC or IAC are com-

plicated [43] and require experimentally determined constants. The reaction steps of

gas adsorption by AC or IAC have been described by Jonas [44] and are reviewed in

this author’s Masters dissertation [39] or in the work by Fortier [40]. Arguably the

most commonly used equation for predicting challenge gas breakthrough times is the

Wheeler-Jonas equation [45,46]. This equation has been most successfully applied to

the adsorption of organic vapours [47], but has been extended to describe the adsorp-

tion of inorganic vapours on AC or IAC [48–50]. There are no theoretical predictions

made in this dissertation. The performance of AC or IAC samples will be ranked

comparatively. The effectiveness of impregnants will be discussed in terms of break-

through times or the stoichiometric ratio of reaction (SRR), which is the number of

moles of toxin adsorbed per mole of impregnant.

2.3 Humidity Chambers

Equilibrium water adsorption experiments and sample conditioning for humid flow

tests were performed in a closed humidity chamber which contained a saturated potas-

sium bromide (KBr) solution. A Tenney Versa Tenn III environmental chamber

(model THJR) was also used. The RH in either chamber was (80 ± 5)% and the

interior temperature of the chamber was maintained at (25 ± 3)◦C as monitored by

a thermometer/hygrometer (Sper Scientific model number 800039). Samples were

stored in the humidified environment until their mass no longer increased; typically

48 hours were sufficient for 0.75 - 1.00 g samples. The mass gain due to humidification

was measured gravimetrically using a Sartorius balance with an accuracy of ±1 mg.

The results obtained from the humidity chamber were in good agreement with those

obtained using the environmental chamber so no distinction will be made between

measurements made by these devices.
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2.4 Gas Adsorption Porosimetry

Selected AC and IAC samples were characterised using gas adsorption porosime-

try. Measurements were performed using a Micromeritics ASAP 2010 gas adsorption

porosimeter. In this work, nitrogen gas (N2) was used as the adsorbate and measure-

ments were taken with the sample tube immersed in a liquid nitrogen bath (boiling

point 77 K). At each point on the adsorption isotherm, the initial and equilibrium

pressures were measured and the volume of N2 gas adsorbed was calculated at each

equilibriated partial pressure. The data is corrected for the free-space in the sample

tube and for any deviations from the ideal gas law. The amount of N2 adsorbed per

gram of adsorbent is reported at standard temperature and pressure (STP), 273.15

K and 1 atm respectively.

A typical experimental procedure was started by mounting a clean sample tube

on the ASAP 2010 gas port. The tube was evacuated, then back-filled with helium

(He, UHP grade obtained from Praxair, Dartmouth, N.S.) until a pressure of approx-

imately 760 mmHg was achieved. The tube filled with He gas was then weighed on

a Sartorius balance and its mass was recorded for reference. Approximately 0.5 g of

AC or IAC sample (pre-dried at 120◦C) was added to the sample tube. The tube

containing the sample was mounted to the degassing station of the ASAP 2010 and

evacuated at an elevated temperature until any adsorbed species, such as water, were

removed. When dealing with IAC samples the temperature applied during degassing

was always less than the maximum final heating temperature the IAC was exposed

to during sample preparation. Degassing continued until out-gassing from the sample

was negligible, at least 24 - 36 hours for the samples examined in this work. After

degassing, the tube containing the sample was back-filled with He to a pressure of

760 mmHg and the tube containing the sample and He gas was re-weighed. The

sample mass was obtained by subtracting the mass of the back-filled empty tube

from the mass of the back-filled tube that contained the sample. After recording the

sample mass, the sample tube was mounted on the analysis port of the ASAP 2010

and evacuated until the system pressure was stable. After degassing was complete

the sample tube was immersed in liquid nitrogen and allowed to equilibriate under

vacuum. Once the sample was stable, measurements were performed by dosing the
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manifold and sample tube, at user defined partial pressures, up to a relative pressure

(P/Po) of 0.9. Desorption measurements were also performed by applying a vacuum

to the system’s manifold until a lower partial pressure was achieved and then allowing

the system to reach equilibrium with the valve to the sample tube open.

There are a large number of theoretical models available to analyze adsorption

isotherms. Some of the most common are Langmuir’s model for monolayer adsorption

[34], the extension of the Langmuir model which allowed for multi-layer adsorption

derived by Brunauer, Emmet and Teller (BET) [35], and models based on adsorption

potential distribution by Dubinin and co-workers (reviewed in [4]). Excellent reviews

of the models, their merits and shortcomings are detailed in the literature [4, 31, 51].

The N2 adsorption isotherms collected in this work were analyzed using the BET

equation [35] to determine their specific surface area (m2/g). The BET equation is

commonly expressed as:

P/Po

V (1− P/Po)
=

1

VmC
+

C − 1

VmC

P

Po

, (2.2)

where V is the amount of N2 adsorbed per gram of carbon (cm3/g), Vm is the mono-

layer capacity, P
Po

is the equilibrium pressure of the gas (P) relative to its saturated

vapour pressure (Po). The constant C is given by:

C = exp[
ΔHA −ΔHL

RT
], (2.3)

where ΔHA and ΔHL are the enthalpy of adsorption of the first adsorbed layer

(J/mol) and enthalpy of liquefaction of the subsequent layers (J/mol), respectively.

The symbol R is the universal gas constant (JK−1mol−1) and T is the temperature

(K). Detailed explanations of the BET model have been given in the literature, for

example the section by Jaroniec and Choma in [4] or by Sing in [31]. Derivations of

the BET equation have been included in earlier dissertations by Dahn lab members

[40, 52].

Plotting P/Po

V (1−P/Po)
, as a function of P/Po should produce a linear graph from which

the values for Vm and C can be extracted using the slope and intercept. Once Vm is

known the BET surface area (SBET ) can be calculated:

SBET =
VmωNA

MV

, (2.4)
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Figure 2.2: N2 adsorption isotherm data collected from a GC sample.

where ω is the cross-sectional area of the probe molecule, ω = 0.162 nm2 for N2 [4,31],

NA is Avogadro’s constant (mol−1) and MV is the volume occupied by one mole of

ideal gas at STP.

Figure 2.2 shows a N2 adsorption isotherm collected from GC base carbon. The

steep adsorption at low partial pressure followed by a plateau at P/Po ≥ 0.2 is charac-

teristic of a mainly micropourous carbon. The data in Figure 2.2 is classified as a Type

I isotherm [4,31]. The small hysteresis is indicative of the presence of mesopores [4].

Figure 2.3 shows the data from Figure 2.2 plotted according to Eq.(2.2). The data

in panel (a) shows large deviations from the linear BET relation at higher partial

pressures. Deviations from linearity in BET plots can be explained by different ad-

sorption mechanisms. At low partial pressures (P/Po ≤ 0.2) it is believed that strong

adsorbate-adsorbent interactions can occur and the dominant adsorption mechanism

is due to micropore filling [31]. At higher relative pressures adsorption is due to cap-

illary condensation. Panel (b) shows that in a restricted partial pressure range, the

BET model can be successfully applied. Due to the restricted range over which the
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Figure 2.3: Data from Figure 2.2 plotted according to the BET equation. Panel a
shows the full range of partial pressures scanned during the experiment. Panel B
shows the partial pressure range over which the BET equation is valid

BET equation is valid, the specific surface areas reported using this model will be

designated BET surface area or SBET . Despite its shortcomings, the BET model is

widely used in the field of AC research [4]

Several methods for determining the distribution of pore sizes in AC are presented

in the literature [31, 51]. In this work pore size distributions were calculated using

software provided with the ASAP 2010 porisometer. The software performs calcula-

tions based on density functional theory (DFT) and uses a slit shaped model of the

pores. Details of calculations based on DFT are reviewed by Choma and Jaroniec in

Ref. [4]. For a more detailed description, the paper by Olivier is recommended [53].

2.5 Wide Angle X-ray Diffraction

In this project the AC and IAC samples were examined using powder x-ray diffraction

techniques. Prior to the start of an experiment the samples were ground to a fine

powder using a mortar and pestle.

Several different x-ray diffractometers were used to make wide angle x-ray diffrac-

tion (XRD) measurements during this project. The machine most often used employs

a Phillips PW 1720 x-ray generator with a copper (Cu) x-ray tube and an incident
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beam monochrometer which selects Cu Kα radiation of wavelength, λ = 1.5418 Å.

The system is coupled to an Inel CPS 120 curved position sensitive detector. Typical

conditions used were: dwell time of approximately 1200 s/sample with the generator

set at 40 kV and 30 mA. The Inel machine has a programmable, movable stage to

facilitate XRD experiments on several samples at a time. Typically a 3 x 3 array of

powder samples was loaded. Approximately 3 hours were required to run this type

of experiment.

A Rigaku mini-flex x-ray diffractometer was also used. Typical operating condi-

tions were a scan rate of 0.05◦/step and a dwell time of 30 s/step. The generator

settings were 30 kV and 15 mA. This diffractometer uses variable slits to keep the

size of the x-ray beam on the sample constant as the scattering angle is varied. A

Siemens D5000 x-ray diffractometer was also used to conduct some XRD measure-

ments. Typical scan conditions used for this machine were 0.05◦/step with a dwell

time of 6 s/step. The D5000 is equipped with a Cu target x-ray tube and is operated

at 40 kV and 30 mA. This machine uses fixed slits to define the size of the incident

beam impinging on the sample. Fixed slits are also used to condition the diffracted

beam. A graphite monachromater is used on the diffracted beam to remove radiation

caused by fluorescence prior to the x-ray beam reaching the detector.

The full theory of x-ray diffraction is beyond the scope of this thesis. In depth

discussion of the theoretical considerations required for analysis of XRD patterns can

be found in the text by Klug and Alexander [54] or Cullity and Hall [55]. The data

from XRD experiments performed on IACs allowed the determination of the impreg-

nant species present after heating and gave information about how the impregnant

was dispersed on the AC substrate. Figure 2.4 shows XRD data obtained from GC

base carbon and a series of 3 IACs prepared from aqueous 2.4 M Zn(NO3)2 solution

and dried in a flowing argon environment. The only difference in the samples was

their heating temperature, which is indicated in Figure 2.4. For reference, the main

zinc oxide (ZnO) Bragg peak positions have been indicated ([00-089-1397] in [56]).

Figure 2.4 shows that all the samples exhibit broad peaks at scattering angles

of approximately 22◦ and 44◦. These peaks are characteristic of disordered carbon

structures [2]. The dominant impregnant species present in all the IAC samples after
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Figure 2.4: XRD data obtained from GC base carbon and a series of Zn-based IACs.
The IAC samples were prepared using aqueous 2.4 M Zn(NO3)2 and heated under
flowing argon. The maximum final heating temperature (Tf ) for each of the IAC
samples is indicated in the figure

heating was ZnO as indicated by the presence of the narrower, more intense Bragg

peaks, especially in the 30◦ to 40◦ range. The IAC data shows that as the heating

temperature is increased the intensity and sharpness of the ZnO diffraction peaks

increased. This is indicative of increasing ZnO grain size as can be inferred from the

Scherrer equation [54]:

Lhkl =
Kλ

βcosθ
, (2.5)

where Lhkl is the mean crystallite dimension (units of distance), K = 0.9 is a fitting

factor and β is the measured full width at half maximum intensity of the diffraction

peak (in radians) and θ is 1
2
the scattering angle of the diffraction peak.

Another useful measure to determine the relative amount of impregnant present

on the AC substrate was to integrate the area under the diffraction peaks of the
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intensity versus scattering angle plots. The integrations were performed using Fityk

software [57].

2.6 Small Angle X-ray Scattering

Small angle x-ray scattering (SAXS) experiments were performed using a Bruker

Nanostar system. The system is equipped with a Cu target x-ray tube that is operated

at 40 kV and 650 μA. The relatively low power consumption of this tube means that

water cooling is not required. This system uses cross-coupled Göbel mirrors to select

Cu Kα radiation [58]. The x-ray beam is conditioned further using a series of pinhole

collimators. The collimators help to remove unwanted radiation and define the size

and shape of the x-ray beam. Figure 2.5 shows a schematic diagram of the system

used to condition the x-ray beam in the Bruker Nanostar system. The collimator

Figure 2.5: Schematic diagram of x-ray beam conditioning performed in the Bruker
Nanostar system. Image obtained from Ref. [59]

labelled P1 in Figure 2.5 is used to reduce the primary beam size and define its

shape. P2 is the beam defining pinhole, the diameter of the beam impinging on the

sample is 400 μm in this system. The final pinhole, labelled P3 acts as a ’mask’ for
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the primary beam and is used to remove parasitic scattering from the edges of P2.

This system is equipped with a Bruker Vantec 2000 area detector. A typical

experiment has a scattering angle range from 0.22◦ to 5.0◦ and a counting time of

1000 s/sample. Samples for SAXS analysis were finely ground with a mortar and

pestle and packed in a sample well in a stainless steel plate. Scotch tape (3M Co.)

was used on both sides of the hole to hold the sample in place. The Bruker Nanostar

has a translation stage that can accept a variety of different sample holders. In this

work a sample holder with 9 wells was most often used. This holder had a thickness

of 1.62 ± 0.02 mm and the volume of each well was approximately 0.03 cm3. Sample

mass varied with impregnant loading for IAC samples, ranging between approximately

10 - 15 mg. Un-impregnated GC activated carbons had a mass of 12 ± 1 mg. SAXS

measurements were performed under vacuum in the pressure range of approximately

60 - 100 mTorr.

To account for absorption of x-rays by the samples, the intensity of the collected

SAXS data was scaled by an attenuation factor. Determination of the attenuation

factor was accomplished either by experimental measurements or by calculation. To

determine the attenuation factor experimentally, the beam intensity (Io) was measured

by placing a glassy carbon disc in front of the incoming x-ray beam. The total number

of counts over a 100 s interval was recorded. Next, the sample was placed in front of

the glassy carbon and the measurement was performed again. The total number of

counts recorded (in 100 s) was denoted as the sample intensity, Ix. The attenuation

factor is the ratio of Io and Ix:

attexp. =
Io
Ix
, (2.6)

To calculate the attenuation factor the density of the sample (ρ), sample thickness

(l) and mass absorption coefficient (μ/ρ) must be known:

attcalc. =
Io
Ix

= e(
μ
ρ
)ρl (2.7)

The sample density and thickness are known from the mass of the sample and di-

mensions of the sample holder. The mass absorption coefficient was obtained from

tabulated values in Ref. [55]. For IAC samples with one or more impregnants present

the sample mass absorption coefficient was calculated from the weighted average of
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Table 2.1: Measured and calculated attenuation factors for various AC and IAC
samples.

Sample components % impregnant loading attexp. attcalc.
GC 0 1.33 1.31
ZnCl2, GC 5 1.57 1.54
ZnCl2, GC 89 114.27 126.86
K2CO3, GC 5 1.53 1.47
K2CO3, GC 20 2.76 3.30
CuO, GC 16 1.93 2.05

the constituent materials [55]:

μ

ρ
= w1(

μ

ρ
)1 + w2(

μ

ρ
)2 + ..., (2.8)

where wn is the mass fraction of each element. Table 2.1 shows measured and calcu-

lated attenuation factors for select AC and IAC samples with different impregnants

and impregnant loading. Table 2.1 shows good agreement between measured and

calculated attenuation factors. Larger discrepancies occur as the impregnant loading

on the IAC samples is increased. Calculations similar to those displayed in Table 2.1

have yielded an average agreement within ± 7% for attexp. and attcalc for samples

studied in this work.

Figure 2.6 shows a screen shot of data collected using the Bruker Nanostar system.

The data was collected from GC activated carbon. The symmetric pattern shows

that this sample has no preferred orientation. An angular integral was performed to

convert the 2 dimensional data to an Intensity versus scattering vector (or scattering

angle) plot.

The treatment of the SAXS data presented in this thesis follows the model pro-

posed by Debye, Anderson and Brumberger (DAB) [60]. The theory stated here is

ample to motivate our interpretation of the SAXS data but is not meant to be a full

review of the theory behind small-angle scattering. In depth discussions of the theory

behind SAXS are presented in the texts by Guinier [61] or Glatter [62]. Excellent

discussions (including derivations) of SAXS applied to the study of carbons can be

found in the dissertations by Buiel [63] or Stevens [52].

Figure 2.7 shows a schematic diagram of elastic scattering in a SAXS experiment.

The incoming x-ray beam, represented by the wave vector k, impinges on the sample.
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Figure 2.6: Screen shot of data collected from a GC activated carbon using the Bruker
Nanostar SAXS system

In a SAXS experiment most of the incoming x-ray beam would go straight through the

sample and be absorbed by the beam stop. The x-ray radiation that is scattered by

the sample is represented by the wave vector k’. It is the scattered x-ray radiation that

is measured by the detector. The scattering vector is calculated from the difference

in the wave vectors, q = k’ - k and has a magnitude equal to (4 π sin θ)/ λ.

The amplitude of the scattered wave from an object (typically a sphere) with

radius, r and constant electron density, ρe can be found by performing the volume

integral:

A(q) = ρe

∫ r

0

eiq·r dV (2.9)

The intensity, I(q), is given by the amplitude squared. For randomly distributed

two phase systems Debye, Anderson and Brumberger introduced the auto correlation

function [60]:

γ(r) = e−
r
a , (2.10)

where a is the distance between interfaces in the two phase system (correlation length).

The intensity of scattering from the two phase system using this model is given by:

I(q) = 4πρ2eV

∫ ∞

0

r2γ(r)
sin(qr)

qr
dr, (2.11)

where V is the volume of sample illuminated by the x-ray beam. The solution to Eq.
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Figure 2.7: Schematic diagram of scattering in a SAXS experiment.

2.11 is given as:

I(q) =
2πρ2eS

( 1
a2

+ q2)2
, (2.12)

where S is a term related to the surface area per unit mass of the scatterer. The

intensity is shown to be proportional to the square of the electron density contrast

in the two phase system. The correlation length, a, gives insight into the size of

the scatterer. For scattering from large objects, qa >> 1 and the intensity of the

scattering can be approximated by the relation:

I(q) ≈ A

q4
(2.13)

Equation 2.13 is also known as Porods law [62]. For scattering from small objects qa

< 1 and the intensity of the scattering can be described using Eq. 2.12.

Kalliat and co-workers successfully modified the DAB model to describe small

angle scattering from different ranks of coals [64]. Variations on this model have been

used to describe small angle scattering data obtained from coals, pyrolyzed sugars

and activated carbons [65–69]. The form of the Kalliat model used to analyze the

data from un-impregnated AC is given by:

I(q) =
A

qn
+

Ba4

(1 + a2q2)2
, (2.14)

where A is a constant that is proportional to the surface area of macropores (and

larger mesopores) and B is a constant that is proportional to the surface area of
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Figure 2.8: SAXS data collected from a GC sample and a fit to the data using the
Kalliat model. The components of the fit have been included.

micropores (and smaller mesopores). Comparison of Eq. 2.12 and Eq. 2.14 shows

that other constants are also absorbed into the A and B terms. In Eq. 2.14 n is

a constant. The value of n has been reported as a measure of the smoothness of

the scattering surface [70]. Values of n = 4 correspond to scattering from a smooth

surface and values of n < 4 are indicative of scattering from rough surfaces. The

Debye correlation length is represented by a. The radius of gyration, Rg, is another

useful measure of micropore size. Rg can be described as the average distance of

the scatterers from their center of mass [61]. The Debye correlation length and Rg

have been shown to be related for spheres by Rg =
√
6 a using second order Taylor

expansion [64].

Figure 2.8 shows SAXS data obtained from a GC sample. The data is plotted as

intensity versus scattering vector on a logarithmic scale. A fit to the data using the

Kalliat model and the components of the fit are included.

Figure 2.8 shows that reasonable fits to GC can be achieved using Eq. 2.14.

Modifications to the Kalliat model were made to perform fits to the IAC samples and
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will be discussed further where appropriate. Considerations made when implementing

the Kalliat model are discussed below.

2.7 Discussion of the Kalliat Model

Due to the large number of samples prepared and charecterized in this work a robust,

easy-to-implement model was required for data fitting. The Kalliat model met these

criteria. In this section some of the considerations used in implementing the Kalliat

model are discussed.

Fitting the data shown in Figure 2.8 with Eq. 2.14 gives a value of n ≈ 3.5 for

the exponent in the Porod term and not the expected value of n = 4. To investigate

this discrepancy, calculations were performed using the second term (pore term) in

Equation 2.14. Figure 2.9 shows a SAXS curve calculated using the pore term from

the Kalliat model. The values used in the calculation were: correlation length, a =

90 Å (Rg = 220 Å) and B = 1. For reference the lower and upper limits used in

experimental measurements have been indicated.

Figure 2.9 shows that for q ≥ 0.03 Å−1 the slope of the calculated SAXS pattern

is linear on the log-log scale and has a slope of n = 3.9. For q < 0.03 Å−1 there is an

increasing amount of curvature in the SAXS pattern with decreasing q values. Figure

2.9 shows that the influence of mesopore scattering could be experimentally measured

using the Bruker Nanostar system. Figure 2.8 shows a small amount of curvature in

the SAXS signal obtained from GC activated carbon in the q < 0.02 Å−1 range. It is

possible that this curvature is due to mesopore scattering.

Fitting experimental data using Eq. 2.14 allows for only an average pore dimension

to be determined. Activated carbons have a distribution of pore sizes. Calculations

were performed to determine the difference between SAXS curves constructed using

an average pore dimension compared to those calculated using a distribution of pore

sizes. The Kalliat pore term (second term in Eq. 2.14) was used in the calculations.

Gaussian and Weibull probability distribution functions were used to generate the

range of pore sizes. These distributions have been used to help describe the physical

adsorption of gases or vapours on microporous adsorbents. For example the Weibull

distribution [71] has been used in the Dubinin-Radushkevich and Dubinin-Astakhov
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Figure 2.9: SAXS curve calculated using second term in Eq. 2.14. For reference the
limits of experimental measurements have been indicated.

equations [72–74]. Using these distributions to generate a distribution of pore sizes

for the SAXS calculations seemed to be a reasonable choice. The equation used to

perform the Gaussian-weighted calculations is given by:

IG(q) =
1

σ
√
2π

∫ 30

0

a4

(1 + a2q2)2
e

−1
2
( a−μ

σ
)2da, (2.15)

where σ is the standard deviation and μ is the mean (or expected) value. The equation

used to perform the Weibull-weighted calculations is given by:

IW(q) =

∫ 30

0

a4

(1 + a2q2)2
k

α
(
a

α
)k−1 e−( a

α
)kda, (2.16)

where k is the shape parameter and α is the scale parameter. Equations 2.15 and

2.16 were evaluated numerically using computer software.

Figure 2.10 shows Gaussian (G(a)) and Weibull (W(a)) distributions plotted ver-

sus correlation length, a, in panels (a) and (b) respectively. The parameters used in

the Gaussian distribution calculations were σ = 3 and μ = 10 Å, the parameters used
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Figure 2.10: Gaussian (G(a)) and Weibull (W(a)) distributions are displayed in panels
(a) and (b) respectively. The parameters used in the calculations are indicated in their
respective legend. IG and the Kalliat pore term (a = 10 Å) are displayed in panel (c).
Panel (d) shows IW and the Kalliat pore term (a = 15 Å).

in the Weibull distribution were k = 1.5 and α = 15 Å. Figure 2.10(c) shows IG and

the Kalliat pore term (with a = 10 Å) plotted versus q. Panel (d) shows IW and the

Kalliat pore term (with a = 15 Å) plotted versus q. Panels (c) and (d) are plotted

on a log-log scale.

Figure 2.10(c) shows that the calculated curves from IG and the Kalliat pore term

(with a = 10 Å) are in reasonably good agreement. Panel (d) shows that there is

reasonable agreement between IW and the Kalliat pore term (with a = 15 Å) as well.

Figure 2.10 shows that scattering from a reasonably close distribution of pore sizes

can be adequately described using the Kalliat model with an average pore dimension.
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Figure 2.11: SAXS data obtained from a GC sample and fits to the data using Eq.
2.14 (Kalliat model, red dashed line) and Eq. 2.17 (2 pore Kalliat model, blue dashed
line).

Using the Kallait model with an average pore dimension as opposed to a distribution

of pore sizes allows for more rapid data fitting.

A modification to Eq. 2.14 was performed to replace the Porod term with a second

Kalliat pore term. The modified kalliat equation is given by:

IK(q) =
B1a

4
1

(1 + a21q
2)2

+
B2a

4
2

(1 + a22q
2)2

, (2.17)

where a1 and a2 represent the correlation lengths for two different average pore sizes

and B1 and B2 are constants proportional to the surface area of those pores.

Figure 2.11 shows SAXS data obtained from GC activated carbon and fits to the

data using Eq. 2.14 and Eq. 2.17 as described in the figure caption. Parameters

extracted from fits to the data are listed in Table 2.2.

Figure 2.11 shows that at lower values of q (q ≤ 0.02 Å−1) Eq. 2.17 fits the data

better than Eq. 2.14. In the range from q ≈ 0.06 - 0.2 Å−1 both equations provide

reasonable, equivalent fits to the data. Table 2.2 shows that the terms related to
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Table 2.2: Parameters extracted from fits to the SAXS data obtained from GC using
equations 2.14 (one pore Kalliat model) and 2.17 (2 pore Kalliat model).

Single pore A B n Rg (Å) χ2

0.18 136 3.49 6.2 1.3

Two pore B1 Rg1 (Å) B2 Rg2 (Å) χ2

131 6.4 0.06 201 0.9

micropore surface area (B and B1) and average micropore dimenssion (Rg and Rg1)

are similar for fits to the data using equations 2.14 and 2.17 respectively. For the

work presented in this thesis Eq. 2.14 was chosen to fit the un-impregnated AC data.

Figure 2.11 shows that Eq. 2.17 could be used just as effectively to fit the SAXS

data.

2.8 Thermal Analysis

Thermogravimetric analysis (TGA) experiments were performed using an SDT Q600

simultaneous TGA/DSC (Differential Scanning Calorimetry) from TA Instruments.

Approximately 10 - 20 mg of AC or IAC sample was used for each experiment.

Typical scan conditions were a 5◦C/minute ramp rate under 50 mL/min purge gas

flow (either argon or air). For experiments performed under air, the samples were

usually heated from room temperature to 600◦C; samples heated under argon were

heated to temperatures as high as 1000◦C.

Thermal analysis has been used in the respirator carbon project to determine

parameters such as the thermal decomposition temperature of impregnants on the AC

substrate [23, 25], and how certain impregnants affect the combustion temperature

of the sample [24, 75–77]. Thermal analysis techniques have been used to study

the desorption of surface oxygen groups as a function of heating temperature on

IAC samples [78]. Thermal analysis has also been employed to determine physical

properties of chemicals prior to impregnation, for example to determine the number

of moles of water (x) in phosphomolybdic acid hydrate (H3PO4•12MoO3•xH2O).
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2.9 Scanning Electron Microscopy

Scanning electron microscopy (SEM) experiments were performed using a Hitachi S-

4700 field emission SEM that is fitted with an Oxford Instruments energy dispersive

x-ray analyzer (EDX). Typical operating conditions employed were 10-20 kV accel-

erating voltage with 15 μA extraction current and approximately 12 mm working

distance. The AC or IAC granules were mounted in a conducting carbon paste to

facilitate imaging. Prior to mounting, the granules were sometimes cut with a scalpel

to allow imaging of the internal pores.

SEM has been used in the Dahn-lab respirator carbon project to study impregnant

distribution on the AC substrate [22–25,42]. EDX studies have allowed a qualitative

examination of how different impregnant species interact on the AC surface. A specific

example of this useful technique is the intimate contact between Cu and Mo species

present on an IAC prepared from an ammonia-based solution as is shown in Figure

1 of Ref. [23].

2.10 Titrations

Titrations and pH measurements were performed using a Mettler DL21 titrator. This

device performs automated titrations and is coupled to a data logging computer. A

typical titration would have 0.2 mL increments in the volume dispensed and 1 s stir

time between measurements. This device performs potentiometric measurements.

Boehm titrations were performed on certain AC and IAC samples to determine the

number of acidic surface functional groups present [79]. A typical experiment involved

soaking approximately 0.5 g of AC or IAC sample in 50 mL of 0.050 M KOH solution.

The mixture was stirred for approximately 24 hours. After stirring, the basic solution

was separated from the carbon by pouring through filter paper. The KOH solution

was titrated with 0.05 M HNO3. Results from the Boehm titrations will be discussed

further where appropriate.
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Figure 2.12: Schematic illustrations of contact angle at a solid-liquid interface. The
images from left to right depict a solution that fully wets a solid, partially wets the
solid and does not wet the solid. Image reproduced from Ref. [40]

2.11 Contact Angle Measurements

Contact angle measurements were performed using a First Ten Angstroms (FTA)

135 drop shape analyzer. A drop of solution was deposited onto a highly oriented

pyrolytic graphite (HOPG) substrate by slowly lowering the syringe until the drop

contacted the substrate. Then the syringe was lifted up. The base of the deposited

drop was approximately 3 mm in diameter. A snapshot of the drop was then taken

and the data was imported into a computer where the drop shape was analyzed using

software supplied by the manufacturer. The HOPG substrates were obtained from

SPI supplies. Grades of SPI-1 and SPI-3 were used and there were no discernible

differences in the results obtained from the two different grades. The HOPG was

cleaved after each measurement using adhesive tape. The reported contact angle

measurements are an average of 6-12 measurements per solution.

The contact angle (Θ) of a drop of liquid on a solid can be described using Young’s

equation [80]:

γLV cosΘ = γSV − γSL, (2.18)

where γLV , γSV and γSL are the surface tensions of the liquid-vapour, solid-vapour

and solid-liquid interfaces respectively. The surface tension is a measure of the energy

required to change the area of an interface. Figure 2.12 shows a schematic illustration

of contact angles at a solid-liquid interface for three different situations. The image

on the left shows the situation where the liquid fully wets the solid, the central image

shows partial wetting and the image on the right shows no wetting. Contact angle

measurements will be used to discuss impregnant distribution on the AC substrate.
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Earlier work in the respirator carbon project showed that contact angle measurements

performed on a HOPG substrate were a reasonable model for solid-liquid interactions

in AC [41].



Chapter 3

Materials Used

3.1 Study of Commercially Available Activated Carbons

A comparative study was performed on commercially available activated carbons

prepared from different precursors. Table 3.1 lists the types of AC studied, the

manufacturer of each AC and some typical specifications. The products GC and GG

are both produced by Kuraray Chemical Company. GC is acid-washed GG.

The mesh size denotes the number of wires per inch in each direction for the

screen used to size the AC particles. For example, a mesh size of 12 x 35 means that

the largest particles that can pass through the screen are 1.70 mm and the smallest

particles that can be retained by the screen are 0.50 mm. The tap density was

determined by adding a known mass of AC to a graduated glass (or plastic) cylinder.

The diameter of the cylinder used was 6.8 ± 0.1 mm. The base of the cylinder was

tapped on a hard surface until the AC particles had settled. The height of the carbon

bed was recorded and the tap density calculated from the mass of AC and the volume

it occupied in the cylinder.

The ash content is a measure of the amount of impurity in the AC. The values

reported in Table 3.1 were obtained by two methods. The first method was to heat

the samples in a TGA, under air flowing at 50 mL/min, from room temperature to

800◦C. The second method involved heating approximately 1 g of AC at 650◦C in

air for approximately 6 hours. The ash content was determined from the ratio of the

mass of sample after heating (wf ) and the mass prior to heating (wi). There was

good agreement in the results obtained from the two methods.

Boehm titrations [79] were performed on certain samples to estimate the number of

acidic surface groups present on the AC. The results in Table 3.1 show that relatively

few acidic surface groups are present on the AC samples that were examined. Similar

results were reported for these types of AC in the dissertation by Fortier [40].

34
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Table 3.1: Some properties of the commercially available activated carbons studied
in this work.

Carbon GC GG CDND NORIT NUCHAR
Manufacturer Kuraray Kuraray Calgon Norit MeadWestvaco
Precursor coconut shell coconut shell coal coal wood
Mesh size 12 x 35 12 x 20 12 x 30 12 x 30 10 x 25
Particle size
(mm)

1.70 x 0.50 1.70 x 0.84 1.70 x 0.60 1.70 x 0.60 2.00 x 0.71

Tap density
(± 0.01 g/cm3)

0.43 0.44 0.45 0.44 0.27

Ash content
(
wf

wi
x100%)

0.7 ± 0.1 2.9 ± 0.8 7 ± 1 7 ± 1 8 ± 1

Acidic sites:
KOH (mmol/g)

0.18 ± 0.01 n/a 0.20 ± 0.05 n/a n/a

SBET

(± 50 m2/g)
1570 1500 1250 1170 1540

Figure 3.1 shows nitrogen adsorption isotherms collected from the different AC

samples described in the caption. The isotherms collected from the coconut based ACs

(GC and GG) were similar to one another. These samples showed higher adsorption

than the coal derived samples (CDND and NORIT). The isotherms collected from GC,

GG, CDND and NORIT ACs show sharp adsorption at low partial pressures followed

by a plateau (GC and GG) or slowly increasing adsorption (CDND and NORIT)

for partial pressures above 0.2. These isotherms also displayed small amounts of

hysteresis in the partial pressure range between 0.9 and 0.5. The data collected

from coconut and coal derived ACs is indicative of materials with micropores and

mesopores present. The isotherm collected from the wood derived sample (NUCHAR)

had a much different shape relative to the other ACs studied. This sample displayed

increasing adsorption with increasing partial pressure and a much more pronounced

hysteresis, which is indicative of a more mesoporous AC [4]. The BET surface areas

(SBET ) were calculated using partial pressure data up to approximately 0.1 and are

presented in Table 3.1.

Figure 3.2 shows pore size distributions for pore width up to 3 nm for the AC

samples studied in this section. The calculations were performed using software pro-

vided with the Micromeritics ASAP 2010 porosimeter as discussed in section 2.4. The

calculations are based on a slit shaped pore model [53, 81, 82].
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Figure 3.1: Nitrogen adsorption isotherms collected from different AC samples.

Figure 3.2 shows that GC, GG, CDND and NORIT are mainly microporous car-

bons and NUCHAR is more mesopourous. The average pore width of each AC was

calculated by performing a weighted average of the differential pore volume with

respect to pore volume:

w̄ V ol =

∑16 nm
i=0nm wiVi∑16 nm
i=0nm Vi

, (3.1)

where w is the width of the pore (Å) and V is the differential pore volume (cm3/g).

Similarly the average pore width can also be calculated by performing a weighted

average of the differential surface area:

w̄ Area =

∑16 nm
i=0nm wiAi∑16 nm
i=0nm Ai

, (3.2)

where A is the differential pore surface area (m2/g). Results from average pore widths

calculated from N2 adsorption data will be compared with results from small angle

x-ray scattering experiments below.

Figure 3.3 shows SAXS data obtained from the different AC samples investigated

in this study as denoted in the legend. Fits to the data were calculated using Eq.
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Figure 3.2: Pore size distributions for the different AC samples studied in this section.

2.14 using a minimized least squares fitting routine (reduced χ2). In this work the

reduced χ2 is defined as:

χ2 =
N∑
i=1

[ln(yi)− ln(f(xi))]
2, (3.3)

where N is the number of data points, f(xi) is the fit to the data at the ith data

point and yi is the ith data point. The data is represented by the solid lines, the fits

are represented by dashed lines. For improved visualization the dashed lines are a

different colour than the solid lines.

Figure 3.3 shows that reasonable fits to the data can be achieved using Eq. 2.14.

Table 3.2 lists the extracted values from the fits to the data shown in Figure 3.3.

The values reported for GC are averaged from 17 separate SAXS experiments. The

GC samples are used as a consistency check for the SAXS system and are examined

during each run. Results with an uncertainty in Table 3.2 are average values. The

stated uncertainty represents the deviation from the average value. Analysis of the

SAXS data shows that the average Rg values rank as GC < GG < NORIT < CDND

< NUCHAR. The SAXS data shows that CDND, NUCHAR and NORIT have more
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Figure 3.3: SAXS data obtained from different AC samples investigated in this work.
The solid lines represent the data, the dashed lines represent fits to the data. For
improved visualization the dashed lines are a different colour than the solid lines.

macropore and larger mesopore surface area (higher A value) relative to GC and GG.

Samples GC, GG and NORIT have higher micropore and small mesopore surface

area (B value) compared to CDND and NUCHAR. These results are in reasonable

agreement with the trends observed in the N2 adsorption data.

Table 3.3 shows the average pore dimension obtained from analysis of the N2 ad-

sorption and SAXS data. The pore diameter calculated from the SAXS data ( d̄ SAXS)

is 2 times the Rg value. No pore shape was assumed when modelling the SAXS data.

The values in Table 3.3 show that calculated values of w̄ Area are smaller than those

reported for w̄ V ol. The values of w̄ V ol and d̄ SAXS are in reasonable agreement for

the GC and GG samples, but differ for the other ACs in this study. All the pore size



39

Table 3.2: Parameters extracted from fits to the SAXS data using the Kalliat model
for the ACs studied in this section. The values for A and B have units of counts/Ån

and counts/Å4 respectively.
Carbon A B n Rg (Å) χ2

GC 0.18 ± 0.04 130 ± 21 3.54 ± 0.03 6.2 ± 0.2 1.9 ± 0.4
GG 0.33 ± 0.04 64 ± 2 3.36 ± 0.03 7 ± 1 0.5 ± 0.2

CDND 2.2 ± 0.1 36 ± 1 3.06 ± 0.03 9 ± 1 0.18 ± 0.01
NORIT 8.4 73 3.02 8.6 0.1

NUCHAR 13.1 15 2.6 12.8 0.3

Table 3.3: Average pore dimensions calculated from N2 adsorption data and SAXS
data.

Carbon w̄ V ol (Å) w̄ Area (Å) d̄ SAXS (Å)
GC 12 ± 1 9.4 ± 0.1 12.4 ± 0.4
GG 12 ± 1 8.8 ± 0.1 14 ± 2

CDND 13 ± 1 10.2 ± 0.1 18 ± 2
NORIT 12 ± 1 9.3 ± 0.1 17.2

NUCHAR 37 ± 1 18.6 ± 0.1 25.6

calculations showed that NUCHAR had the largest average pore size as was expected

due to the greater degree of mesoporosity observed in this sample. The average pore

size values will be discussed further when flow test results are presented.

Figure 3.4 shows average breakthrough times obtained from challenging certain

AC samples in this study with SO2, NH3 and HCN challenge gases under dry and

humid conditions. Samples tested under dry conditions had < 5% adsorbed moisture

and ≤ 15% RH challenge gas stream. Samples tested under wet conditions were

fully humidified and had ≥ 80% RH challenge gas stream. Figure 3.4 shows that the

samples tested all had breakthrough times under 20 minutes for dry NH3 and HCN

flow tests. Longer breakthrough times were observed in results obtained from the

SO2 flow tests. The GG sample had the longest SO2 breakthrough time under dry

conditions. Only the GC and CDND samples were flow tested under humid conditions

using these challenge gases. Panel (b) shows that the GC and CDND samples had

reasonably short breakthrough times when challenged with humid NH3 and HCN.

Both samples had significantly longer humid SO2 breakthrough times. The presence

of water has been reported to enhance the adsorption of SO2 on AC [83, 84]. The
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Figure 3.4: Average breakthrough times obtained from challenging the AC samples
in this study with SO2, NH3 and HCN challenge gases. Results obtained under dry
and humid conditions are shown in panels (a) and (b) respectively. Note the change
in scale on the y-axis between panels (a) and (b)

CDND sample has approximately twice the humid SO2 capacity of the GC sample.

Data presented in Table 3.1 shows that CDND has a higher ash content than GC.

It has been reported [85] that certain impurities increase the SO2 adsorption on AC,

especially in the presence of water.

Figure 3.5 shows breakthrough times obtained by challenging the ACs used in

this study with C6H12 under dry and humid conditions. Figure 3.5 shows that dry

C6H12 capacity ranks as GC > GG > CDND > NORIT > NUCHAR. Results

from the wet flow tests show that there is a drastic reduction in C6H12 adsorption

relative to dry conditions. The wet C6H12 capacity ranks as NORIT > CDND >

GC > GG > NUCHAR. Under dry conditions the coconut shell derived carbons had

the longest breakthrough times but under humid conditions the coal derived ACs

performed best. Possible explanations for this behaviour are discussed below. Under

both test conditions NUCHAR has the lowest C6H12 capacity. Table 3.1 shows that

NUCHAR had much lower tap density than the other samples which may help explain

its relatively poor performance.

Figure 3.6 shows dry C6H12 flow test results plotted against the average pore

widths dimensions calculated from the N2 adsorption data and SAXS data. The data

shows dry C6H12 breakthrough times decrease with increasing average pore dimen-

sion. The dry C6H12 versus d̄ SAXS data shows a reasonably linear decrease in gas
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Figure 3.5: Breakthrough times obtained from challenging the AC samples in this
study with C6H12 under dry and humid conditions.

adsorption with increasing pore width. To physically adsorb gases it is important

to have pore diameters slightly larger than the diameter of the gas and have larger

mesopores available to transport the gas [4]. It has been reported that for non-polar

interactions having a pore width less than 2 times the molecular diameter leads to

enhanced adsorbate-adsorbent interactions [31]. The molecular dimension of C6H12

has been reported as 5.8 Å [86] so it is not surprising that GC ( d̄ SAXS = 12.4 Å) has

relatively high adsorption under dry conditions. The importance of matching pore

size to molecular diameter has been reported for other types of adsorbents [87] and

for energy storage devices [88].

Figure 3.7 shows wet C6H12 breakthrough times plotted against the percent mass

gain on humidification for the ACs tested in this work. Figure 3.7 shows that wet

C6H12 capacity decreases as the amount of pre-adsorbed water increases. The % mass

gain on humidification for the ACs in this study ranked as: NORIT < CDND < GG

≈ GC < NUCHAR. The coal based carbons exhibit the lowest water uptake and

highest wet C6H12 capacity of the ACs examined in this study. Water adsorption
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Figure 3.6: Dry C6H12 breakthrough times plotted against average pore dimension
for the AC samples studied in this work. The dashed line was inserted as a guide to
the eye.

and competition between water and organic vapours have been reported to cause

significant reductions in ACs ability to adsorb insoluble organic vapours under humid

conditions [22, 89].

To further examine how pre-adsorbed water and C6H12 may be competing for

adsorption sites, a GC sample was examined using SAXS. Figure 3.8 shows SAXS

data obtained from GC, GC exposed to dry 2000 ppm C6H12 for 4 hours and a GC

sample that was fully humidified in a 80 % RH humidity chamber. The mass gain due

to exposure was approximately 35 % and 48 % for the dry C6H12 and water vapour

exposed samples respectively. Prior to performing the SAXS experiments, the GC

samples were ground to a fine powder using a motar and pestle. The powdered

samples were packed into 2.0 mm capillary tubes (supplied by the Charles Supper
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Figure 3.7: Wet C6H12 breakthrough times plotted against % mass gain on humidifi-
cation for the AC samples studied in this work.

company) and sealed using Torr seal epoxy. The epoxy was allowed to cure at room

temperature for 24 hours prior to measurement.

Figure 3.8 shows the data obtained from the humidified GC sample has lower

intensity than the unexposed GC sample at q ≥ 0.1 Å−1. This decrease in intensity

is caused by the loss of electron density contrast due to micropores filling with water,

as can be inferred from Eq. 2.12. Data obtained from the C6H12 exposed sample has

lower intensity than the unexposed GC sample at q ≥ approximately 0.2 Å−1 (which

is again due to the loss of electron density contrast as C6H12 fills the micropores).

The data shows that the signal from the humidified GC sample decreases faster than

the C6H12 sample, possibly due to the higher mass of adsorbed species. The data in

Figure 3.8 shows that water and C6H12 populate the micropores and small mesopores

of their respective samples. Since C6H12 is not soluble in water the pre-adsorbed

water must desorb to allow C6H12 adsorption in humidified AC samples.

Both the exposed samples have higher intensity than GC for lower values of q,
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Figure 3.8: SAXS data collected from GC, GC sample exposed to C6H12 and GC
sample humidified in presence of water vapor.

specifically for q < 0.1 Å−1 in the case of the humidified GC sample and q < 0.2 Å−1

in the case of the C6H12 exposed sample. The reason for the increased intensity is not

immediately apparent. For scattering from larger pores (i.e. lower values of q), the

contrast in electron density between carbon and pores is increased due to the presence

of water (C6H12). It has been reported in the literature [90] that micropores filled

with water effectively increase the density of carbon causing a higher electron density

contrast at lower values of q. It is also possible that a monolayer of water forms

on the carbon in the larger pores which would also effectively increase the electron

density contrast between carbon and air.

3.2 Effects of HNO3 Treatment

GC samples were treated with HNO3 using 2 different methods. The first method

involved boiling GC in 5 M HNO3 for 5 hours, this sample is denoted A-GC. The
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Table 3.4: Results of Boehm titrations performed on GC, GC-4M A-140 and A-GC
samples.

Carbon GC GC-4M A-140 A-GC
Acidic sites:
KOH
(mmol/g)

0.18 ± 0.01 1.09 ± 0.01 3.1 ± 0.2

Figure 3.9: Panel (a) shows SAXS data collected from a GC sample and HNO3 treated
GC samples. The concentration of imbibed HNO3 used was 0.5 M, 2 M, 4 M and 8
M as indicated in the legend. The A-GC sample was boiled in 5 M HNO3. Panel (b)
shows SAXS data (solid lines) and fits to the data (dashed lines) obtained from GC
and A-GC samples as indicated in the legend.

second method was to imbibe GC with 4 M HNO3. This sample was heated under

argon at 140◦C after impregnation and is denoted GC-4M A-140. To assess changes in

the surface chemistry caused by the acid treatment, Boehm titrations were performed

using the methods outlined in section 2.9. The samples were rinsed with deionized

water until the rinse water had a pH > 5 before the Boehm titrations were performed.

Table 3.4 lists the results obtained from Boehm titrations using KOH base as the

soaking solution.

Table 3.4 shows the A-GC sample has the highest number of acidic surface groups

of the 3 samples. Oxidation of AC using HNO3 has been reported to enhance the

adsorption of metal ions from aqueous solutions [91] and improve the adsorption of

toxins from the air [92]. The effect of HNO3 treatments on IACs prepared from

aqueous solutions containing metal ions will be discussed in more detail in chapter 4.

The effect of the HNO3 treatment on gas adsorption will be discussed below.
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Samples were prepared for a SAXS study to determine how impregnation with

HNO3 affects the GC substrate. SAXS measurments were performed on GC and

A-GC samples. Additional GC samples were imbibed with 0.5 M, 2 M, 4 M and 8

M HNO3. These IACs were heated at 180◦C prior to the SAXS experiments. The

HNO3 imbibed samples will be denoted as GC-0.5M A-180, GC-2M A-180, GC-4M

A-180 and GC-8M A-180 to differentiate the concentration of HNO3 used in the

impregnating solution. The elevated heating temperature was chosen because it is a

typical heating temperature used for multi-gas IACs as will be discussed later.

Figure 3.9(a) shows SAXS data collected from GC samples and GC samples with

different HNO3 treatments as detailed in the figure caption. Figure 3.9(b) shows

SAXS data collected from GC (black line) and A-GC (red line) samples. The dashed

lines represent the fits to the data using Eq. 2.14.

Figure 3.9(a) shows that the SAXS curves obtained from GC samples imbibed

with ≤ 8 M HNO3 are almost identical to the SAXS curve obtained from the GC

sample. This indicates that imbibing the GC substrate with ≤ 8 M HNO3, followed

by heating at 180◦C, does not significantly modify the carbon surface. The intensity

of the data collected from the A-GC sample in the intermediate q range (q = 0.06 -

0.2 Å−1) increased and shifted to lower values of q. This indicates that some of the

micropores are becoming larger due to the agressive HNO3 treatments.

Figure 3.9 shows the signals obtained from the GC and A-GC samples at q <

0.07 Å−1 are almost identical. In the 0.07 < q < 0.2 Å−1 range the A-GC sample

has higher intensity than the GC sample. Analysis of the 2 samples in panel (b)

showed an increase in the Rg value of the A-GC sample (Rg = 7.4 Å) relative to

the GC sample (Rg = 6.3 Å), however the error associated with the fit to the A-GC

sample (χ2 = 3.3) was much higher than the GC sample (χ2 = 1.3). The observed

differences between data and fit was highest in the 0.07 < q < 0.2 Å−1 range. The

data in Figures 3.9(a) and 3.9(b) shows that imbibing GC with ≤ 8 M HNO3 does

not significantly affect the carbon surface. Boiling GC in 5 M HNO3 for 5 hours was

observed to cause the greatest change to the carbon surface. The SAXS data collected

from the A-GC sample indicates that some micropores are increasing in dimension

due to the aggressive HNO3 treatment. The effects of co-impregnating IACs with
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HNO3 and metal ion containing solutions will be studied in more detail in chapter 4.

Figure 3.10 shows flow test results obtained from challenging the samples in this

study with SO2, NH3 and HCN gases. The samples in panel (a) and (b) were tested

under dry and wet conditions respectively. Only the GC and A-GC samples were

tested under wet conditions.

Figure 3.10: Flow test results obtained from challenging the samples in this study
with SO2, NH3 and HCN gases. Results obtained from dry and wet tests are shown
in panels (a) and (b), respectively.

Figure 3.10 shows that the HNO3 treated GC samples have slightly longer dry SO2

breakthrough times than the GC sample, possibly due to the SO2 gas interacting with

oxygen rich surface groups [83] via the reaction:

SO2 +
1

2
O2 → SO3 (3.4)

The SO3 molecule reacts with water to form sulfuric acid (H2SO4). The data in

panel (a) shows that the A-GC sample has a longer HCN breakthrough time than the

GC sample. The increase in breakthrough time could possibly be due to the presence

of oxygen containing surface groups [18]. The dry SO2 and HCN capacities of these

samples are low relative to impregnated AC samples used for multi-gas applications.

Figure 3.10 (a) shows that dry NH3 capacity ranks as A-GC > GC-4M A-140 >

GC. Table 3.4 shows the number of acidic surface functional groups ranks as A-GC

> GC-4M A-140 > GC. This data shows that as the number of oxygen rich surface

groups (introduced by the HNO3 treatment) increases the dry NH3 capacity increases.

Figure 3.10 (b) shows that under humid conditions GC has a much longer SO2
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breakthrough time compared to A-GC. The formation of surface acid upon humidifi-

cation on the A-GC sample is likely the cause of the lower wet SO2 capacity. Under

humid conditions the GC sample has poor HCN capacity and the A-GC was not

tested for wet HCN capacity. The wet NH3 capacity of the A-GC sample is much

greater than the GC sample as was explained earlier. The wet NH3 capacity of the

A-GC sample is higher than the dry capacity. The formation of surface acid upon

humidification in the A-GC sample may help explain the additional capacity when

challenged with a basic gas.

Figure 3.11 shows the C6H12 breakthrough times obtained from the samples in this

study under dry and wet conditions.The A-GC sample was not tested for dry C6H12

capacity. The data shows that the GC and GC-4M A-140 samples have approximately

Figure 3.11: C6H12 breakthrough times obtained from the samples in this study under
dry and wet conditions.

the same dry C6H12 breakthrough times. This supports the earlier observation that ≤
4 M HNO3 treatment does not significantly alter the pore size of the treated samples.

Figure 3.11 shows that the wet C6H12 capacity of the samples in this study ranks

as GC > GC-4M A-140 > A-GC. The percent weight gain upon humidification for

these samples was GC = 48 ± 1 %, GC-4M A-140 = 31 % and A-GC = 50 ± 1

%. Comparing the wet C6H12 breakthrough times to the equillibrium mass gain on
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humidification for the GC and HNO3 treated samples shows that it is not the amount

of pre-adsorbed water that is the cause of the decreased wet C6H12 capacity. The

oxidation of the AC causes the HNO3 samples to have stronger retention of the pre-

adsorbed water compared to the un-treated GC. The strength of these interactions

and the effect of heating temperature on HNO3 treatments will be discussed in more

detail in chapter 4.

3.3 Universal Respirator Carbon (URC)

The performance of the IAC samples prepared in this work were compared to results

obtained from URC as described earlier. Some of the important features of the URC

samples are reported here. Figure 3.12 shows TGA and derivative TGA data obtained

from URC samples as received and after heating at 120 ◦C in air.

Figure 3.12: TGA and derivative TGA data obtained from URC samples are shown
in panels (a) and (b) respectively. Experiments were performed on as-received URC
and URC that had been heated at 120◦C in air.

Figure 3.12 (a) shows that the weight of the as-recieved URC sample decreases

by approximately 8% over the temperature range shown in the graph. The URC

sample that was pre-dried at 120◦C prior to testing has only 2 wt.% decrease over the

same range. Panel (b) shows a broad peak, centered at approximately 70◦C, in the

derivative TGA data obtained from the as-recieved URC sample. The derivative TGA
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data obtained from the pre-dried URC sample remains relatively constant over the

entire heating temperature range shown in panel (b). The higher mass loss exhibited

by the as-received sample compared to the pre-dried sample is likely due to desorption

of water. Patent information describing the URC process describes using water as an

impregnant [13]. The effect impregnated water has on gas adsorption capacity will

be discussed below.

Figure 3.13 shows wide angle x-ray diffraction data obtained from a URC sample

and an unimpregnated CDND sample. For reference, the Bragg peak positions for

ammonium copper molybdate ((NH4)2Cu(MoO4)2) are indicated [56]. Figure 3.13

Figure 3.13: Wide angle x-ray diffraction data (XRD) obtained from pre-dried URC
sample and an unimpregnated CDND sample. For reference, the Bragg peak positions
for ammonium copper molybdate are indicated.

shows weak diffraction peaks likely associated with the (NH4)2Cu(MoO4)2 impregnant

phase for the URC sample. In earlier work that studied the URC process it was

reported that the Cu and Mo species are in intimate contact on the AC substrate

and that the presence of the Mo-containing compound affected the crystallization

of the Cu species [23]. The absence of sharp diffraction peaks in the XRD pattern

obtained from the URC sample is indicative of small grain size impregnant that is

well dispersed on the AC substrate as can be inferred from Eq. 2.5.
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Figure 3.14 shows flow test results obtained from the pre-dried and as-received

URC samples denoted URC-dry and URC-AR respectively. The challenge gases used

were SO2, NH3, HCN and C6H12. Breakthrough times obtained from dry and wet

flow tests are reported in panels (a) and (b) respectively. Under wet conditions both

URC samples are fully humidified so no distinction between the wet flow test results

is made.

Figure 3.14: Flow test results obtained from the pre-dried and as-received URC sam-
ples , denoted URC-dry and URC-AR respectively. The challenge gases used were
SO2, NH3, HCN and C6H12. Breakthrough times obtained from dry and wet flow
tests are reported in panels (a) and (b) respectively.

Figure 3.14 shows that the as-received URC sample has longer dry SO2 and NH3

breakthrough times than the pre-dried sample that are caused by the presence of

water as an impregnant in the as-received URC sample. Increased SO2 capacity in

humidified samples was explained in section 3.1. NH3 is soluble in water [93] so the

increased capacity for the sample with impregnated water is expected. The dry HCN

and C6H12 breakthrough times are the same for the 2 URC samples. A decrease in

dry C6H12 capacity for the as-received URC sample may have been expected due to

the presence of water but it was not observed.

Figure 3.14 (b) shows the flow test results obtained under humid conditions. The

wet SO2, NH3 and HCN flow breakthrough times are longer than those obtained

under dry conditions. The presence of water may increase the contact time between

the Cu2+ impregnant and HCN, improving the efficiency of the reaction described in

Eq. (1.1). Comparison of the wet and dry C6H12 capacity shows a dramatic decrease

in adsorption of the organic vapour under humid conditions due to the competition
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between pre-adsorbed water and the organic vapour for adsorption sites.



Chapter 4

Comparative Study of Metallic Nitrate Precursors for use in

Multi-gas Impregnated Activated Carbons

In this chapter a comparative study of IACs prepared from different metal nitrate

precursors is described. The precursors studied in this work were copper nitrate

(Cu(NO3)2), zinc nitrate (Zn(NO3)2), iron (III) nitrate (Fe(NO3)3), manganese ni-

trate (Mn(NO3)2), aluminium nitrate (Al(NO3)3) and calcium nitrate (Ca(NO3)2).

The precursors chosen for this study are known impregnants from whetlerite stud-

ies [9].

4.1 Experimental Details

4.1.1 Chemicals Used

The chemicals used to prepare the impregnating solutions were copper nitrate hemi-

pentahydrate (Cu(NO3)2•2.5H2O Alfa Aesar, reagent grade), zinc nitrate hexahy-

drate (Zn(NO3)2•6H2O ), manganese nitrate hydrate (Mn(NO3)2•xH2O), aluminium

nitrate nonahydrate (Al(NO3)3•9H2O), calcium nitrate tetrahydrate (Ca(NO3)2•4H2O)

(all 4 were obtained from Sigma Aldrich, reagent grade), iron (III) nitrate nonahy-

drate (Fe(NO3)3•9H2O, Anachemia, A.C.S. grade) and 70% concentrated nitric acid

(HNO3). The solutions were prepared by dissolving the selected compound in deion-

ized water. Solutions prepared with Mn(NO3)2•xH2O used deaerated, deionized wa-

ter. A value of x = 4 for Mn(NO3)2•xH2O was determined from a TGA experiment.

4.1.2 Sample Preparation

IAC samples were prepared by impregnating GC activated carbon. GC was previ-

ously described in section 3.1. The GC substrate was impregnated using the imbibing

53
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method. The samples prepared from Cu(NO3)2, Zn(NO3)2 and Mn(NO3)2 were im-

pregnated with 2.4 M solutions. The sample prepared from Ca(NO3)2 used a 2.5 M

solution. All of the preceding samples were prepared in one imbibing step. The sam-

ples prepared from Al(NO3)3 or Fe(NO3)3 were impregnated with 1.3 M solutions,

these samples required two imbibing steps to achieve the desired impregnant loading.

All of the IACs prepared in this study were heated under argon flowing at approx-

imately 60 mL/min. The furnace was purged for at least 1
2
hour prior to heating. The

samples were heated to maximum final heating temperatures, Tf = 120, 140, 160, 180

and 200◦C. Typically the IACs were held at Tf for approximately 0.2 hours per gram

of sample (e.g. a 15 g sample would be held at Tf for approximately 3 hours). The

samples that required 2 imbibing steps also required 2 heating steps. After the first

imbibe the samples were heated (under argon) at 115◦C for approximately 2 hours,

then allowed to cool to room temperature prior to the second imbibe. The second

heating cycle was performed at the designated value of Tf .

The overall weight percent impregnant loading was determined by gravametric

analysis according to Eq. 2.1. Commercially available URC samples were used for

comparative purposes. Flow test results obtained from the URC samples will be

denoted ’URC’. Prior to flow testing the GC and URC samples were pre-dried at

120◦C in air to lower their moisture content to < 5% (wt.).

4.2 Results and Discussion

IAC samples studied in this work have approximately the same loading of metallic

impregnant (1.8 ± 0.1 mmol/g GC). Samples will be denoted by the abbreviation for

their metallic impregnant followed by the heating temperature (where appropriate).

For example Fe-120 denotes a sample prepared from Fe(NO3)3 that was heated at

120◦C.

4.2.1 Sample Characterization Results

Figure 4.1 shows the impregnant loading of the IAC samples prepared in this work as

detailed in the figure caption. The data is expressed as % loading as a function of heat-

ing temperature (Tf ). For reference the predicted loadings for GC impregnated with
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copper oxide (CuO), copper nitrate hydroxide (Cu2(OH)3NO3), zinc oxide (ZnO),

iron(III)oxide (Fe2O3), manganese(II, III)oxide (Mn3O4) and aluminum oxide are in-

dicated. The predicted loadings are based on the volume and concentration of the

impregnating solution and assume full conversion to the impregnant species indicated

in the appropriate panel.

Figure 4.1 shows that the heating temperature required to promote conversion

to the metal oxide phase varied between the different samples. Panel (a) shows

that at Tf < 160◦C the Cu-IACs had high impregnant loading which is indicative

of incomplete conversion of the impregnant. At Tf = 160◦C the gravimetric data

indicates Cu2(OH)3NO3 is the dominant impregnant phase. Heating the Cu-IACs at

160◦ < Tf ≤ 190◦ caused conversion of Cu(NO3)2 to CuO based on mass. Panels (b),

(c), (d) and (e) show that heating the IACs at or above 140◦C caused conversion of

the metallic impregnants primarily to ZnO, Fe2O3, Mn3O4 and Al2O3 based on mass,

respectively.

TGA analysis of Ca(NO3)2 (not shown) was performed prior to sample prepara-

tion. It was observed that a relatively high heating temperature was required to con-

vert Ca(NO3)2 to CaO. For this reason only one IAC was prepared using Ca(NO3)2.

The sample was heated at Tf = 200◦C under argon. The observed impregnant loading

was 18% (wt.) and the theoretical loading assuming the impregnant had converted

to CaO was 10% (wt.).

Powder XRD was performed after heating to help identify the phase of the impreg-

nant on the GC substrate. Figure 4.2 shows XRD results from IAC samples prepared

in this study as detailed in the figure caption. Results from the IACs heated at

temperatures between Tf = 120◦C and 200◦ are shown. The Cu-based IACs heated

at Tf ≤ 180◦C, the Zn-based IACs and the Ca-based IAC were analyzed using a

Rigaku mini-flex x-ray diffractometer. The Fe- and Mn-based IACs were analyzed

using a Siemens D5000 x-ray diffractometer equipped with a graphite monachrome-

ter to remove radiation caused by fluorescence prior to the x-ray beam reaching the

detector. Samples Fe-120, Fe-200 and Mn-200 were analyzed. The Cu-190 sample

and Al-based IACs were analyzed using an Inel x-ray diffractometer. For reference

the strongest Bragg peak positions for CuO, Cu2(OH)3NO3, ZnO, Fe2O3 and Mn3O4
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Figure 4.1: Impregnant loading of IAC samples as a function of temperature. Panels
(a), (b), (c), (d), and (e) show data obtained from Cu-based, Zn-based, Fe-based,
Mn-based and Al-based IACs respectively. The theoretical loadings if the impregnate
fully converted to CuO, Cu2(OH)3NO3, ZnO, Fe2O3, Mn3O4 or Al2O3 are indicated
for reference.

are indicated [56].

Figure 4.2(a) shows that Cu-based IACs heated at Tf ≤ 160◦C tend to convert
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ZnO peaks

Mn3O4 peaks

Cu2(OH)3NO3 peaks
CuO peaks

Figure 4.2: XRD data obtained from the IAC samples in this study. Panels (a),
(b), (c), (d), (e) and (f) show data obtained from Cu-based, Zn-based, Fe-based, Mn-
based, Al-based and Ca-based IACs respectively. The value of Tf is indicated for each
sample. For reference the strongest Bragg peak positions for CuO, Cu2(OH)3NO3,
ZnO, Fe2O3 and Mn3O4 are indicated [56].

to Cu2(OH)3NO3 while samples heated at Tf ≥ 180◦ show CuO is the dominant im-

pregnant phase. Figure 4.2(b) shows that the Zn-based IACs tend to convert to ZnO

at 140◦C ≤ Tf ≤ 200◦C. Comparison of panels (a) and (b) shows the Zn-based IACs

tend to convert to the metal oxide phase at lower heating temperatures than the Cu-

based IACs. Figure 4.2(c) shows that the data obtained from the Fe-120 and Fe-200

samples have an impregnant related diffraction peak located at 2θ ≈ 35◦. This peak

corresponds to a Bragg peak associated with the Fe2O3 phase, but the overall match

to this impregnant phase is not convincing. It has been reported in the literature that
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Fe(NO3)2 thermally decomposes to α-Fe2O3 at heating temperatures similar to those

used in this study [94]. Figure 4.2(d) shows that the dominant impregnant phase

for the Mn-200 IAC is Mn3O4. The impregnant loading data in Figure 4.1(d) shows

all of the Mn-based samples had similar impregnant loading. Based on the data in

Figures 4.1 and 4.2 it is reasonable to assume the dominant impregnant phase for the

Mn-based samples is Mn3O4. Figures 4.2(e) and (f) show there are no impregnant

related diffraction peaks present for the Al-based IACs and Ca-based sample respec-

tively. Heating Al(NO3)3 at temperatures similar to those used in this study has

been reported to result in amorphous decomposition products [95]. The XRD data

in panel (f) does not provide any information about the impregnant species present

on the Ca-200 sample.

The XRD data shown in Figure 4.2 was useful to help identify the dominant

impregnant species present after heating in many of the IAC samples studied in this

work. Comparison of the different panels in Figure 4.2 shows the intensity and width

of the impregnant related diffraction peaks varies widely depending on the species

present. This indicates a wide variance in impregnant grain size and impregnant

dispersion as can be inferred from Eq. 2.5. The effect of impregnant grain size and

impregnant dispersion will be discussed in detail in later chapters.

4.2.2 Gas Adsorption Capacity

Figure 4.3 shows dry SO2 breakthrough time plotted against Tf for the IAC samples

prepared in this study as detailed by the figure caption.Flow test results obtained from

testing GC and URC have been included. Figure 4.3 shows all of the IACs prepared

in this work have breakthrough times equal to or greater than URC and greater

than GC. Samples whose impregnant loading and or XRD data showed the dominant

impregnant phase was metal oxide (see Figures 4.1 and 4.2 respectively) typically had

constant SO2 breakthrough times versus Tf . The flow test results obtained from the

Cu-based IACs heated at Tf ≤ 160◦ vary widely, likely due to incomplete thermal

decomposition of the impregnant to the desired CuO phase. Long breakthrough times

have been reported for IACs with Cu2(OH)3NO3 as the dominant impregnant phase,

but this type of IAC is not a suitable multi-gas IAC due to thermal instability [39].
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Figure 4.3: Dry SO2 breakthrough times versus Tf . Data obtained from flow testing
the Cu-, Zn-, Fe-, Mn-, Al- and Ca-based IACs is shown for each value of Tf .Results
obtained from GC and URC samples are indicated for reference.

The long SO2 breakthrough times obtained from the Zn-120 and Zn-140 IACs may

be attributed to incomplete conversion of the impregnant to ZnO. The overall SO2

capacity for the IACs heated at Tf > 160◦C ranks as: Zn-based > Al-based ≈ Cu-

based > Fe-based ≈ Mn-based > Ca-based. Based on the data shown in Figures 4.1,

4.2 and 4.3 ZnO is the most effective impregnant for SO2 adsorption.

Figure 4.4 shows dry NH3 breakthrough times plotted versus Tf for the IACs

prepared in this study as detailed in the figure caption. Results obtained from URC

and GC are indicated. Figure 4.4 shows the Cu-160 sample and the Zn-, Fe- and

Al-based IACs heated at Tf ≤ 140◦C had dry NH3 breakthrough times greater than

or equal to URC and greater than GC. Samples Cu-120, Cu-140 and Zn-120 (not
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Figure 4.4: Dry NH3 breakthrough times versus Tf . Data obtained from flow testing
the Cu-, Zn-, Fe-, Mn-, Al- and Ca-based IACs is shown for each value of Tf .Results
obtained from GC and URC samples are indicated for reference.

shown) had dry NH3 breakthrough times of (261 ± 8) min., (186 ± 8) min. and 340

min. respectively. Comparing Figures 4.4 and 4.1 shows that samples with higher %

impregnant loading typically had longer dry NH3 breakthrough times. This is likely

due to incomplete conversion of the impregnant to the desired metal oxide phase or

the pressence of excess moisture. The dry NH3 capacity for the IACs heated at Tf

> 160◦C ranks as: Zn-based > Fe-based > Cu-based ≈ Al-based > Ca-based > Mn-

based. Based on the data shown in Figures 4.1, 4.2 and 4.4, ZnO is the most effective

impregnant for dry NH3 adsorption.

Figure 4.5(a) shows dry HCN and NCCN breakthrough times plotted versus Tf

for the IACs in this study as detailed in the figure caption. The HCN and NCCN
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Figure 4.5: Dry HCN and NCCN breakthrough times versus Tf are shown in panels
(a) and (b) respectively. Data obtained from flow testing the Cu-, Zn-, Fe-, Mn-,
Al- and Ca-based IACs is shown. Results obtained from GC and URC samples are
indicated for reference.

breakthrough times are shown in panels (a) and (b) respectively. The only Cu-based

IACs tested were samples Cu-180 and Cu-190. In this work the IAC samples were

challenged with 2000 ppm HCN gas. The toxic by-product NCCN is generated when

HCN gas is oxidized by an impregnant. An example of this is the reaction between

CuO impregnant and HCN gas as described in Eq. 1.1.

Figure 4.5 shows all of the IACs tested in this work except for the Ca-200 sample

had longer HCN breakthrough times than GC. All of the IACs studied in this work

had shorter breakthrough times than the URC sample. Work based on the preferred

recipe in Ref. [13] indicated that URC has ≈ 2.3 mmol Cu2+/g AC [23]. The samples

in this work have ≈ 1.8 mmol impregnant/g GC. The higher impregnant loading may

be one reason the URC sample had a longer HCN breakthrough time compared to the

IACs studied in this work. The factors that influence the HCN adsorption capacity

of IACs will be discussed in detail in later chapters. The dry HCN capacity of the

IAC samples in this study rank as: Cu-based > Zn-based > Al-based > Fe-based

≈ Mn-based > Ca-based. The Al-, Fe-, Mn-, and Ca-Based IACs all had relatively

poor HCN capacity compared to the Cu- and Zn-based samples. The results shown
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in Figures 4.1, 4.2 and 4.5 indicate that CuO is the most effective impregnant for dry

HCN adsorption.

Figure 4.5(b) shows that NCCN was evolved during the HCN flow tests for the Cu-

180, Cu-190 and the Zn-, Fe- and Al-based IACs heated at Tf ≤ 140◦C. Evolution of

NCCN is expected when Cu2+ impregnant reacts with HCN gas (see Eq. 1.1). Stable

cyanide complexes have been reported for Zn2+ impregnant [17] and for Fe3+ [96]

so the evolution of NCCN for the Zn- and Fe-based samples was unexpected. The

evolved NCCN detected during the dry HCN gas test results obtained from the Zn-,

Fe- and Al-based IACs heated at Tf ≤ 140◦C may be due to incomplete conversion of

the impregnant to the metal oxide phase. Metal nitrates are strong oxidizing agents

so it is reasonable to expect some NCCN generation in samples with incomplete

conversion of the impregnant.

4.3 Conclusions

Cu-based IACs required heating temperatures of Tf ≥ 180◦C to promote full conver-

sion of the impregnant to CuO. The Zn-, Fe-, Mn- and Al-based IACs converted to a

metal oxide phase when heated at Tf ≥ 160◦C. For samples heated at Tf ≥ 160◦C,

ZnO was the most effective impregnant for dry SO2 and NH3 adsorption. The most

effective impregnant for dry HCN adsorption was CuO.

Based on the data presented in this section the Zn- and Cu-based samples are the

most promising multi-gas IACs. Comparative studies of Zn- and Cu-based samples

are reported in chapters 5 and 6. The effects of heating temperature (over an extended

range) and co-impregnation with HNO3 are studied using XRD, TGA, SEM, and flow

testing (under dry and humid conditions) in chapter 5. The effects of impregnant

loading, heating temperature (over an extended range) and co-impregnation with

HNO3 are studied using XRD, SAXS, gas adsorption porosimetry and flow testing

(under dry and humid conditions) in chapter 6.



Chapter 5

The Effect of Heating Temperature and Nitric Acid

Treatments on the Performance of Cu- and Zn-based Broad

Spectrum Respirator Carbons

The contents of this chapter, including all figures, have been previously published in

Ref. [78], The Journal of Colloid and Interface Science, volume 364, issue 1, pages

178-194. The authors are Jock Smith, Jennifer Romero, Tara Dahn, Kevin Dunphy,

Braden Sullivan, Matthew Mallay, Lisa Croll, Judy Reynolds, Carrie Andress and Jeff

Dahn. The contribution of Jock Smith to this manuscript consists of organization

of all experiments, assistance with sample preparation and characterization, all of

the data analysis and all of the figure and manuscript preparation. The figures have

been reproduced by permission of the Journal of Colloid and Interface Science in

accordance with the terms of the publishing company (Elsevier) copyright release

(see Appendix A). The text, figure numbers and references have been modified for

inclusion in this thesis.

5.1 Experimental Details

5.1.1 Chemicals Used

The chemicals used to prepare the impregnating solutions were copper nitrate hemi-

pentahydrate (Cu(NO3)2•2.5H2O Alfa Aesar, reagent grade), zinc nitrate hexahy-

drate (Zn(NO3)2•6H2O Sigma Aldrich reagent grade) and 70% concentrated nitric

acid (HNO3).

5.1.2 Sample Preparation

IAC samples were prepared using GC activated carbon. The properties of GC were

presented in section 3.1. IAC samples containing metallic impregnants were prepared

63
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by impregnating GC activated carbon with either 2.4 M Cu(NO3)2 or 2.4 M Zn(NO3)2

solution. Some of these impregnating solutions also contained either 0.5 M HNO3 or 4

M HNO3. The GC substrate was impregnated using the imbibing or incipient wetness

method. The impregnating solution was added in a ratio of approximately 0.8 mL of

solution per gram GC. This was at or near the imbibing limit.

Some GC substrates were treated with HNO3 by two methods, the imbibing

method or by boiling the GC in 5 M HNO3 for 5 hours. The imbibed samples were

prepared from either 0.5 M HNO3 or 4 M HNO3 and will be referred to as GC-0.5M

A or GC-4M A respectively. Details of the GC that was boiled in 5 M HNO3 have

been described in section 3.2, and these samples will be referred to as A-GC.

All of the samples prepared in this work were heated under argon in a tube

furnace. The tube was purged with argon, (60 mL/min) for approximately 1
2
hour

prior to heating and during heating. The samples were heated to temperatures, Tf ,

ranging from 120◦C to 450◦C. Typically, a 15 g sample was held at Tf for 3 hours

and cooled under argon.

The overall weight percent impregnant loading was determined by gravimetric

analysis according to the Eq. 2.1. Impregnant loading that is expressed in mmol

impregnant/g GC was estimated from the volume and concentration of impregnating

solution added to the virgin GC. The relative uncertainty is 0.1 mmol impregnant/g

GC.

Commercially available URC samples were used for comparative purposes. The

flow test results for URC will be referred to as “URC”. Prior to dry dynamic flow

testing the URC samples and unimpregnated GC samples were heated at 120◦C in

air to lower the moisture content of the IACs to < 5% (wt.).

5.2 Results and Discussion

IAC samples studied in this work have approximately the same loading of metallic

impregnant (1.8± 0.1 mmol/g GC). Samples are denoted by the abbreviation for their

metallic impregnant, followed by the concentration of HNO3 (if any) present in the

impregnating solution, followed by the thermal heating temperature. For example,

the samples Zn-120, Zn-0.5M A-120 and Zn-4M A-120 correspond to samples prepared
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from 2.4 M Zn(NO3)2, Zn(NO3)2/0.5 M HNO3 and Zn(NO3)2/4 M HNO3 respectively,

which were all heated to 120◦C. Samples with no metallic impregnant present (i.e.

HNO3 impregnated only) will simply be identified by the concentration of HNO3

solution they were impregnated with.

5.2.1 Sample Characterization Results

Figure 5.1 shows the impregnant loading of the IAC samples prepared in this study

as detailed in the figure caption. The data is expressed in terms of % loading as a

function of heating temperature (Tf ). For reference, the predicted loadings for GC

impregnated with zinc oxide (ZnO), copper oxide (CuO) and copper nitrate hydroxide

(Cu2(OH)3NO3) are also indicated. The predicted loadings are based on the volume

and concentration of the impregnating solution added and do not take into account

the introduction of surface sites due to the oxidizing properties of the HNO3 solution

[91,92] or the loss of carbon from the AC substrate due to the evolution of NOx and

CO2 [9] which can be described by the equation:

4HNO3 + C → 4NO2 + CO2 + 2H2O (5.1)

Figure 5.1 shows that IAC samples heated at Tf ≤ 140◦C had a wide variance

in impregnant loadings. The Zn-based samples heated to 160◦C had better repro-

ducibility than the Cu-based IACs. Heating in the range between 180◦C and 300◦C

caused conversion of the metallic impregnants primarily to ZnO or CuO, based on

mass, but heating to 450◦C gave lower than expected masses. Sample GC-0.5M A

showed little to no residual impregnant after heating. The loading of Sample GC-4M

A was approximately 30% loading (wt.) at 120 ◦C, about 5% at 160◦C and about 3%

at 300◦C. The high impregnant loading for GC-4M A-120 may be due to the presence

of a water/HNO3 azeotrope which has a boiling point of 120.5◦C [93].

Powder XRD was performed after heating to identify the phase of the impregnant

and the impact of HNO3 treatments. Figure 5.2 shows XRD results from the Zn-

and Cu-based IACs prepared in this study as detailed in the figure caption. Results

from samples heated at temperatures between Tf = 120◦C and 450◦C are shown. For

reference, the strongest Bragg peak positions for ZnO, Cu2(OH)3NO3, CuO, Cu2O

and Cu are indicated [56].
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Figure 5.1: Impregnant loading of IAC samples as a function of temperature. Panels
(a) and (b) show data obtained from Zn-based and Cu-based IACs with and without
HNO3 present in their impregnating solution, respectively. Data from the GC-4M A
and GC-0.5M A samples are shown in both panels for comparative purposes. The
theoretical loadings if the impregnant fully converted to ZnO, CuO or Cu2(OH)3NO3

are indicated for reference.

Comparison of panels (a) and (d) in Fig. 5.2 shows that the Zn-based IACs tend to

convert to ZnO at temperatures as low as 140◦C while CuO was not observed until the

Cu-based sample was heated to 180◦C. When Cu-based samples were heated below

180◦C, Cu2(OH)3NO3 was the predominant phase observed. Cu2(OH)3NO3 is not a

desirable impregnant due to thermal stability issues [39].

The results in Fig. 5.2 show that increasing HNO3 concentration reduces the

size of the impregnant grains in samples heated below 200◦C. Figures 5.2(a), 5.2(b)

and 5.2(c) show that Zn-based samples prepared with more HNO3 have the weakest

and broadest diffraction peaks leading to the smallest impregnant grains as can be

inferred from the Scherrer equation (Eq. 2.5). Figures 5.2(d), 5.2(e) and 5.2f

show a similar trend for the Cu-based samples. Small impregnant grain size and

good impregnant distribution leads to optimal gas adsorption [24, 25, 42] as will be

discussed further for the samples included in this study.

The XRD data in Fig. 5.2 shows how the maximum final heating temperature (Tf )
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Figure 5.2: Results obtained from experiments performed on the Zn- and Cu-based
IACs. Panels (a)-(c) show diffraction patterns obtained from samples Zn, Zn-0.5M A
and Zn-4M A respectively. Panels (d)-(f) show XRD data obtained from samples Cu,
Cu-0.5M A and Cu-4M A respectively. Results from samples heated at Tf = 120,
140, 160, 180, 200, 250, 300 and 450◦C are shown.

affects impregnant phase and grain size. The data from the Zn-based IACs displayed

in panels (a)-(c) shows that IACs heated at Tf > 200◦C have sharper, more defined

ZnO peaks relative to the samples heated at Tf ≤ 200◦C. Analysis of the ZnO peaks

located between 2θ values of 30◦ and 40◦ in the diffraction patterns of Zn-based IACs

heated at Tf = 300◦C and 450◦C resulted in an average ZnO impregnant grain size

of (6 ± 3) nm and (16 ± 1) nm, respectively as calculated using Eq. 2.5.

The XRD data obtained from the Cu-based IAC samples displayed in Fig. 5.2

panels (d)-(f) show a similar trend and also show that the dominant impregnant

phase changes as a function of Tf . The dominant impregnant phase observed in the
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data from Cu, Cu-0.5M A and Cu-4M A samples heated (in argon) to Tf ≤ 160◦C

was Cu2(OH)3NO3; for IACs prepared at Tf = 180◦C - 200◦C it was CuO; heating

to Tf≥ 200◦C results in Cu2O and samples prepared at Tf = 450◦C showed Cu.

The formation of CuO can be observed in the diffraction pattern of the Cu-0.5M

A-160 sample as is shown in panel (e). For Tf > 200◦C, the benefits of the HNO3

treatment are lost as the intensity and sharpness of the diffraction patterns increases.

The impact of heating temperatures on the gas adsorption capacity of these IACs will

be discussed below.

SEM and EDS experiments were performed on certain samples to further study

impregnant distribution on the AC substrate. Figure 5.3 shows SEM images from

samples Zn-4M A-180, Zn-4M A-450, Cu-4M A-180 and Cu-4M A-450 respectively

as detailed in the figure caption.

Figures 5.3(b) and 5.3(d) show that sample Zn-4M A-450 has relatively large

agglomerations on the AC substrate compared to sample Zn-4M A-180 (panels (a)

and (c)). A similar observation can be made for samples Cu-4M A-450 and Cu-4M

A-180 in panels (f) and (e). The relatively large agglomerations in panel (g) are

shown to be rich in metal by the EDS scan in Figure 5.3(h). Figures 5.2 and 5.3

demonstrate that Zn- or Cu-based samples heated to Tf = 450◦C have agglomerations

of impregnant and poor impregnant distribution compared to the samples prepared

at Tf =180◦C. Thermal gravimetric analysis (TGA) was performed under flowing

argon on selected IAC samples that had already been heated to their maximum final

drying temperature. Figure 5.4 shows derivative TGA data acquired from the samples

prepared in this study as detailed in the figure caption.

Figure 5.4 shows that all samples display a peak located at temperatures below

100◦C, which correspond to the desorption of H2O. The intensity of the water des-

orption peak decreased with increasing values of Tf . The water still present on the

samples is due to small amounts of moisture adsorbed from the air during handling

and storage.

Figures 5.4(a)-(c) show that the Zn-based IACs with Tf = 180◦C display a fea-

ture at temperatures above 200◦C which diminishes as Tf increases. Figures 5.2(a)-

(c) showed that Zn-based IACs heated at Tf > 200◦C had XRD patterns with ZnO
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Figure 5.3: SEM and EDS data from IAC samples. Data obtained from sample Zn-
4M A-180 is shown in panels (a) and (c), sample Zn-4M A-450 is shown in panels (b)
and (d). Data from sample Cu-4M A-180 is shown in panel (e), sample Cu-4M A-450
is shown in panel (f) and (g). An EDS pixel map of the Cu Kα1 distribution of the
area shown in panel (g) is displayed in panel (h). The scale bars shown in panels (a),
(b), (e) and (f) represent 3μm, the scale bar in panels (c) and (d) represents 150 nm
and the scale bar in (g) represents 2 μm. The white pixels in panel (h) denote the
presence of Cu.
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diffraction peaks that increased in intensity and sharpened as Tf increased. Oxidizing

an activated carbon substrate with HNO3 improves its ability to adsorb metallic ions

from solution [91]. Both Figures 5.2 and 5.3 demonstrated that as the concentration

of HNO3 in the impregnating solution was increased the impregnant grain size of the

heated IAC sample decreased, indicative of improved impregnant distribution. Con-

sidering earlier results and the thermal data, it is believed that the feature observed

in the derivative TGA data for Zn-180, Zn-0.5M A-180 and Zn-4M A-180 samples

above 200◦C is likely due to the thermal desorption or reaction (with carbon) of sur-

face oxygen-containing functional groups. As Tf increases, the amount of oxygen on

the surface of the IAC decreases. This and the increased mobility of the impregnant

contribute to the increase in ZnO grain size with Tf . The peak in Figure 5.4(a)-(c)

observed between 800◦ and 900◦C is likely due to the vapourization of the zinc metal

and is in reasonable agreement with values found in the literature [93].

Figures 5.4(d)-(f) show that the Cu-based samples prepared at Tf = 180◦C have

relatively sharp peaks at approximately 250◦C and 400◦C and a relatively broad

hump centered at approximately 700◦C. Comparison of these results to the data

for the GC-4M A -180 (panel (h)) and the A-GC-120 samples shows that the three

features are also present in samples treated only with HNO3 of concentration≥ 4

M. The desorption peaks observed at approximately 250◦C, 400◦C and 700◦C in the

profiles of GC-4M A-180 and A-GC-120 samples (panels (h) and (i) respectively)

correspond to the removal of surface oxygen groups and are in reasonable agreement

with the literature [97, 98]. Data from the GC-4M A-300, GC-4M A-450, A-GC-300

and A-GC-450 samples show that the peaks at 250◦C and 450◦C have been reduced

or eliminated by heating at Tf = 300◦C or above. The Cu-based IACs prepared at

Tf = 180◦C had more intense derivative TGA peaks at 250◦C and 400◦C relative

to the samples with no metallic impregnant, likely due to additional loss of oxygen

occurring when the CuO impregnant is reduced to Cu2O or Cu. Cu-based IACs

prepared at Tf = 300◦C display less intense derivative TGA peaks, especially for

the peak located at approximately 250◦C. Figures 5.2(d)-(f) showed that the Cu-

based IACs prepared at Tf = 250◦C and 300◦C had XRD patterns with more intense

impregnant-related diffraction peaks and a large amount of the CuO impregnant was
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reduced to Cu2O. Figures 5.4(d)-(f) show that IACs prepared at Tf = 450◦C displayed

a further reduction/removal of the incremental Wt% loss peaks consistent with the

continual conversion of CuO to Cu as shown in Figures 5.2(d)-(f). The relationship

between increased heating temperature, increasing impregnant grain size, impregnant

phase change and decreasing surface oxygen content will be discussed later in terms

of the overall gas adsorption capacity of the IACs.

Figure 5.4(g) shows that the derivative TGA results for the untreated GC and

GC-0.5M A samples are similar indicating that the 0.5 M HNO3 treatment did not

significantly affect the AC substrate.

To further study how acid and heating affected the surface of the GC substrate,

selected HNO3-treated IAC samples, with or without metallic impregnants present,

were sent for HCNO analysis as a function of Tf . For comparison, unimpregnated

GC samples heated at different values of Tf were also analyzed. The work was per-

formed by Canadian Micro Analytic Services Ltd (CMAS), located in Delta, British

Columbia, Canada. The data is presented as the weight percent of the oxygen or

nitrogen contained in the sample (% gas). Samples that contained metallic impreg-

nants were not evaluated for oxygen content. The error in the measurements is ±
0.3%.

Figures 5.5(a)-(c) shows nitrogen content versus Tf of the selected IAC samples

and the HNO3-imbibed IAC samples as detailed in the figure caption. Figure 5.5(d)

shows the oxygen content of the selected samples versus Tf as detailed in the figure

caption (note the change of the y-axis scale in panel (d)).

Figures 5.5(a) and 5.5(b) show that the Zn-based IACs tend to have lower nitrogen

content relative to the Cu-based IACs prepared at Tf < 180◦C. Figure 5.2 showed that

ZnO XRD peaks were observed at lower values of Tf relative to the Cu-based samples.

The main impregnant phase observed for the Cu-based IACs heated to Tf < 180◦C

was Cu2(OH)3NO3, causing the increased nitrogen content compared to Zn-based

IACs in this temperature regime. Figures 5.5(a) and 5.5(b) show that as Tf increased

the nitrogen content of the IACs decreased. This trend is especially pronounced for

the Cu-4M A samples. Samples prepared at Tf ≥ 180 ◦C had relatively low nitrogen

content. Figure 5.5(c) shows that the relatively low nitrogen content increases in IAC
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Figure 5.4: Thermal analysis data obtained from Zn-and Cu-based IACs as well
as HNO3 treated and virgin GC samples. Panels (a)-(c) show data obtained from
samples Zn, Zn-0.5M A and Zn-4M A respectively. Panels (d)-(f) show data obtained
from samples Cu, Cu-0.5M A and Cu-4M A respectively. Panels (g)-(i) show data
obtained from GC and GC-0.5M, GC-4M A and A-GC respectively. IACs heated to
Tf = 180, 300 and 450◦C are shown in panels (a)-(f) and (h). Samples heated to Tf

= 120, 180, and 450◦C are shown in panel (g). Samples heated to 120, 300 and 450C
are shown in panel (i).
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samples treated with more concentrated HNO3.

Figure 5.5: The nitrogen content data for the Zn-based IAC samples, Cu-based IAC
samples and HNO3 imbibed IAC samples are shown in panels (a), (b) and (c) re-
spectively. The data from the unimpregnated GC and A-GC samples is displayed
in all 3 panels. The oxygen content data for the GC-0.5M A, GC-4M A, A-GC and
unimpregnated GC samples is shown in panel (d) (note the change in the y-axis scale
bar in panel d). Data was obtained from samples that had been heated to Tf ranging
from 120◦C to 450◦C. The lines are added as guides for the eye.

Figure 5.5(d) shows that the oxygen content in the samples increased as the con-

centration of HNO3 in the impregnating solution increased and decreased as Tf in-

creased. This trend was most pronounced in the A-GC sample series. Figure 5.4(i)

showed that the A-GC sample prepared at Tf =120◦C had differential TGA peaks at

approximately 250◦C and 400◦C and that the A-GC samples heated to Tf = 300◦C
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and 450◦C displayed a dramatic reduction or elimination of these features. The re-

duction in the oxygen content of the A-GC sample with Tf is consistent with the

features in Figure 5.4(i) being attributed to the removal of surface functional groups

containing oxygen. Similar features in the Cu- and Zn-based IAC data shown in

Figures 5.4(a)-(f) implies that surface oxygen is also being desorbed from these sam-

ples as Tf increases. The removal of the surface oxygen appears to result in larger

impregnant grain size and reduced impregnant distribution as can be inferred from

the X-ray data in Figures 5.2(a)-(f). Figure 5.5(d) shows that the oxygen content

of the GC and 0.5M-A GC samples versus Tf is almost the same implying that the

0.5 M HNO3 impregnating solution does not significantly oxidize the surface of the

activated carbon sample.

Equilibrium water vapour adsorption experiments were performed to further char-

acterize the IAC samples. Figure 5.6 shows the percentage mass gain due to humidi-

fication as a function of Tf for the samples prepared in this study as detailed in the

figure caption.

Figure 5.6 shows that the increase in mass due to humidification for the IAC sam-

ples is lower than the value for GC and decreases with impregnant loading. This shows

that the impregnant reduces water adsorption sites and may block pores. Figure 5.2

showed that the Zn- and Cu-based IACs had ZnO and Cu2(OH)3NO3, CuO, Cu2O

or Cu as their dominant impregnant phases. These compounds have low solubility

in water [93], so one expects a reduction in water adsorption due to the presence of

the impregnant. The adsorption of water normally reduces organic vapour adsorp-

tion [22, 89], as will be discussed when gas adsorption results are presented below.

Figure 5.6(c) shows that the GC, A-GC, GC-0.5M A and GC-4M A samples prepared

at Tf > 140◦C had similar equilibrium mass gain on humidification (all > 40%).

Figure 5.7 shows water desorption experiments on selected HNO3 and metal

impregant/HNO3 AC samples as detailed in the figure caption. The experiments

were performed using TGA under a 50 mL/min argon flow at 1◦C/min (panel (a))

and 0.25 ◦C/min (panel (b)).

Figure 5.7(a) shows that the Cu-based IACs and the A-GC sample retained water
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Figure 5.6: Data obtained from equilibrium water vapour adsorption studies. Data
obtained from Zn-based, Cu-based and HNO3 imbibed IACs is shown in panels (a),
(b) and (c) respectively. The data obtained from unimpregnated GC and A-GC
samples is shown in all 3 panels. The lines are guides for the eye.

to higher temperatures than the GC sample. Figure 5.7(b) shows that samples pre-

pared from more concentrated HNO3 tended to retain the adsorbed water to higher

heating temperatures. Figures 5.4(h), 5.4(i) and 5.5(d) showed that the samples

treated with more concentrated HNO3 had a higher concentration of surface oxygen,

therefore it is reasonable to conclude that the presence of the surface oxygen groups

results in stronger retention of the adsorbed water by the oxidized AC substrate.

5.2.2 Gas Adsorption Capacity

The Zn- and Cu-based IACs prepared in this work all had metallic impregnant load-

ings of approximately 1.8 mmol/g GC as is listed in Table 1 in the supplementary
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Figure 5.7: Data obtained from water desorption experiments. Panel (a) shows data
obtained from GC and A-GC samples prepared at Tf = 120◦C, and Cu, Cu-0.5M A
and Cu-4M A samples prepared at Tf =180◦C. Panel (b) shows data obtained from
GC, GC-4M A and A-GC samples all prepared at Tf =120◦C. The scan rate was
1◦C/min and 0.25◦C/min for the data shown in panels (a) and (b), respectively. The
argon flow rate was 50 mL/min.

material in Ref. [78]. Gas adsorption capacity is reported as the breakthrough time

of the challenge gas [44,99] as opposed to the relative stoichiometric ratio of reaction

(SRR) of the IAC samples at the breakthrough time. The SRR at the breakthrough

time can be determined using the ideal gas law and the impregnant loading of the

sample. SRRs calculated from the SO2 and HCN flow test results are listed in Table

1 of the supplementary material in Ref. [78]. Since the metallic impregnant loading of

the Zn- and Cu-based IACs is approximately equal, the breakthrough times reported

here are proportional to the SRR.

5.2.3 Dry Flow Test Results

Figure 5.8 shows dry SO2 breakthrough times versus Tf for the samples prepared in

this study as detailed by the figure caption. Some of the dry SO2 flow test results

obtained from the IAC samples prepared at Tf ≤ 140◦C had breakthrough times in

excess of 110 minutes, (see supplementary material in Ref. [78]) but these display a
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relatively large amount of scatter and low degree of reproducibility. The long SO2

breakthrough times for some of the IACs prepared at Tf ≤ 140◦C can be attributed

to incomplete thermal decomposition to the desired oxide phase (Fig. 5.1) or higher

than expected moisture content. Long SO2 breakthrough times have been observed

for IACs with Cu2(OH)3NO3 as the dominant impregnant phase [39] but this type of

IAC is not suitable for a broad spectrum respirator carbon [39].

Figure 5.8: Breakthrough time versus Tf for dry SO2 flow tests. Panel (a) shows
results obtained from Zn, Zn-0.5M A and Zn-4M A IAC samples. Panel (b) shows
results obtained from Cu, Cu-0.5M A and Cu-4M A IAC samples. Panel (c) shows
results obtained from A-GC, GC-4M A and GC-0.5M A samples. Flow test results
obtained from GC and the commercially available URC sample (pre-dried at 120◦C)
are shown for reference. The lines have been inserted by the author as guides
for the eye.
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The adsorption of SO2 by the Zn- and Cu-based IACs that were prepared between

Tf = 160◦C - 450◦C (for the Zn-based samples) and Tf = 180◦C to approximately

300◦C (for the Cu-based samples) are proposed to occur via the following net reac-

tions:

CuO + SO2 +
1
2
O2 → CuSO4, (5.2)

ZnO + SO2 +
1
2
O2 → ZnSO4. (5.3)

We have provided evidence for the validity of equation 5.2 in earlier work [24]. This

reaction has been proposed in the literature [100,101]. Figures 5.8(a) and 5.8(b) show

that in the temperature range between Tf = 180◦C - 250◦C Zn-based IACs have a

higher SO2 capacity relative to the Cu-based IACs and the URC sample. Figure 5.2

showed that the Zn-based IACs had less intense, broader impregnant-related X-ray

diffraction peaks suggesting that the Zn-based IACs had smaller impregnant grain

size [54] and better impregnant distribution relative to the Cu-based IACs, and this

resulted in better SO2 adsorption. Figure 5.8 also shows that the Zn-based IAC

samples prepared from impregnating solutions containing more concentrated HNO3

on average had longer SO2 breakthrough times (up to Tf ≤ 250◦C). Figures 5.2 and

5.3 showed that increasing the HNO3 concentration in the impregnating solution of

these samples resulted in IACs with smaller, better distributed ZnO impregnant.

The HNO3 treatments also improved impregnant distribution for the Cu-based IACs,

however the change in the dominant impregnant phase as a function of Tf that was

shown in Fig. 5.2 (Cu2(OH)3NO3, CuO, Cu2O, Cu for Tf = 160◦C, 180◦C, 250-300◦C

and 450◦C respectively) also reduces the SO2 breakthrough time of Cu-based samples.

Figure 5.8 shows that all the IAC samples have decreasing SO2 breakthrough as Tf

increases. IACs prepared at Tf = 450◦C have approximately the same breakthrough

times as GC suggesting that the impregnant is no longer reacting with the SO2

challenge gas. Comparing the results in Figs. 5.2, 5.4 and 5.8, increased Tf results in

lower amounts of surface oxygen, larger grain size impregnant and lower SO2 filtration

capacity.

Figure 5.9 shows the dry NH3 breakthrough time plotted versus Tf for the samples

prepared in this study as detailed in the figure caption. Some of the IAC samples

prepared at Tf ≤ 140◦C had dry NH3 breakthrough times in excess of 130 minutes
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(Table 1 in supplementary material in Ref. [78]) with a large amount of scatter in

their breakthrough times. The reason for this was discussed earlier.

Figure 5.9: Breakthrough time versus Tf for dry NH3 flow tests. Panel (a) shows
results from Zn, Zn-0.5M A and Zn-4M A IAC samples. Panel (b) shows results from
Cu, Cu-0.5M A and Cu-4M A IAC samples. Panel (c) shows results from A-GC,
GC-4M A and GC-0.5M A samples. Flow test results obtained from GC and the
commercially available URC sample (pre-dried at 120◦C) are shown for reference.
The lines are inserted as guides for the eye.

Figures 5.9(a) and 5.9(b) show that, for a given value of Tf , the NH3 break-

through times increase as the amount of HNO3 in the preparation increased. More

concentrated HNO3 treatments introduce more surface oxygen groups and improve

impregnant distribution which improves gas adsorption capacity. Figures 5.9(a) and

5.9(b) show that the Zn-4M A (prepared at Tf = 180◦C-250◦C) and the Cu-4M A
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samples (prepared at Tf = 180◦C-200◦C) had NH3 breakthrough times as good as or

better than the URC sample. The dry NH3 adsorption of URC is largely due to the

presence of the sulphate species as discussed in the literature [13]. The Zn-4M A sam-

ples had the longest average NH3 breakthrough times. Figures 5.9(a) and 5.9(b) show

that more concentrated HNO3 treatments did not improve NH3 capacity for Zn- and

Cu-based samples prepared at Tf =300◦C. The samples prepared at Tf = 450◦C had

similar NH3 capacity to the GC samples. The results in Figures 5.2 and 5.4 showed

that Zn- and Cu-based IACs heated to Tf ≥ 300◦C had larger impregnant grains and

less surface oxygen relative to IACs prepared at lower heating temperatures so the

lower NH3 capacity is to be expected.

Figure 5.9(c) shows that NH3 capacity increases with amount of HNO3 applied to

ACs especially for the IACs prepared at Tf = 120◦C. The NH3 capacity is ranked as A-

GC > GC-4M A > GC-0.5M A ≈ GC. More concentrated HNO3 treatments introduce

more acidic surface oxygen groups and improve NH3 adsorption [92]. Figure 5.9(c)

shows that the NH3 capacity of the GC-4M A samples decrease as Tf increased.

Figures 5.4(h) and 5.5(d) showed that the GC-4M A samples prepared at higher

temperatures had less surface oxygen, so reduced NH3 capacity is expected.

Figures 5.9(a), (b) and (c) show Zn- or Cu-based IACs had larger NH3 capacity

than samples treated with HNO3 alone as illustrated best by the Zn-4M A, Cu-4M

A and GC-4M A samples. The Zn-4M A samples have the highest NH3 capacity for

Tf = 180◦C-250◦C, the Cu-4M A samples have the next highest capacity, both of

which are 3 to 4 times longer than the GC-4M A samples. The reaction between the

Zn- or Cu-based samples and NH3 has not yet been determined. It is not clear if the

NH3 reacts with surface oxygen groups or the metallic impregnant, but clearly, added

metallic impregnant increases capacity.

When Cu2+ containing IACs are challenged with HCN gas they evolve NCCN gas

(Eq. 2). Therefore, Cr6+, Mo6+ or W6+ compounds are added to control NCCN gen-

eration [8,9,13,14,17]. The Cu-based samples were not impregnated with a compound

to control NCCN generation so as to have a direct comparison with the the Zn-based

IACs. Cu-based IACs prepared from a Cu(NO3)2 precursor and co-impregnated with

HNO3 and a Mo6+ compound have good HCN and NCCN adsorption capacity [24].
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A reaction mechanism for Zn-based IACs with HCN has been proposed in the litera-

ture [17]:

ZnO + 2HCN → Zn(CN)2 +H2O (5.4)

Therefore, the presence of NCCN is not expected, but is monitored for during HCN

testing of the Zn-based IACs.

Figure 5.10 shows HCN and NCCN breakthrough times plotted versus Tf for the

samples of this study as indicated in the caption. Results obtained from GC and the

URC sample (pre-dried at 120◦C) are shown in all panels for reference.

Figures 5.10(a), (c) and (e) show that the Cu-based IACs have the longest HCN

breakthrough times. For the Cu-based IACs, with 180◦C ≤ Tf ≤ 200◦C, where the

dominant impregnant phase was CuO, (Figures 5.1 and 5.2) the HCN capacities

were close to that of URC. The capacities decreased in the following order: Cu-4M

A > Cu-0.5M A > Cu. Figures 5.2(d)-(f) showed that higher HNO3 concentration

in the impregnating solution reduced the impregnant grain size and this apparently

improves HCN capacity. Zn-based IACs prepared with 160◦C ≤ Tf ≤ 200◦C also

showed increased HCN capacity with higher initial HNO3 content. Cu-based impreg-

nants (usually present as CuO) normally have higher HCN capacity than Zn-based

impregnants [17]. However, Figures 5.10(a) to 5.10(d) show that the Zn-4M A sam-

ples (160◦C≤ Tf ≤ 200◦C) have capacity as good as or better than URC and Cu-based

samples when HCN and NCCN breakthrough times are considered together (as they

must be for broad spectrum respirator carbons). The evolution of NCCN gas during

HCN testing of the Zn-based samples was unexpected and the NCCN breakthroughs

occurred at low levels (2 ppm to10 ppm). The observation of any NCCN evolved

from the Zn-based samples warrants further study and will be performed in future

work. The NCCN breakthrough concentrations observed for Cu-based samples were

much higher (on the order of hundreds of ppm). Figures 5.10(c), 5.10(d) and Table

1 (see supplementary material in Ref. [78]) show that IACs with Cu2(OH)3NO3 (Tf

≤ 160◦C) impregnant had long HCN breakthrough times, but little ability to con-

trol NCCN generation. The samples that displayed conversion to Cu2O or Cu (Tf≥
250◦C) had lower HCN breakthrough times, which implies these impregnant phases

are less reactive than CuO towards HCN gas. This is consistent with the literature [9].
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Figure 5.10: Dry HCN breakthrough time plotted versus Tf . Breakthrough times
obtained from Zn, Zn-0.5M A and Zn-4M A IAC samples are shown in panels (a)
and (b), results obtained from Cu, Cu-0.5M A and Cu-4M A IAC samples are shown
in panels (c) and (d) and results from A-GC, GC-4M A and GC-0.5M A samples
are shown in panels (e) and (f). Results obtained from GC and the commercially
available URC sample (pre-dried at 120◦C) are shown in all panels for reference. The
lines are guides for the eye.
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Figure 5.11: Dry C6H12 breakthrough times versus Tf . Results from Zn-4M A, Zn-
0.5M A and Zn are shown in panel (a), Cu-4M A, Cu-0.5M A and Cu are in panel
(b) and A-GC, GC-4M A and GC-0.5M A are shown in panel (c). Results obtained
from URC and GC are included for reference. The lines are guides for the eye.

Figures 5.10(e) and 5.10(f) show that samples prepared from more concentrated

HNO3 solutions (GC-4M A and A-GC) have slightly longer HCN breakthrough times

than the GC-0.5M A or GC samples, which suggests that the surface oxygen groups

can react somewhat with HCN gas, but none of these samples had significant HCN

capacity.

Figure 5.11 shows dry C6H12 breakthrough times for the samples of this study as

indicated in the caption. Figures 5.11(a) and 5.11(b) show that samples prepared

at higher heating temperatures had increased C6H12 capacity. This trend is most

noticeable for the Cu-4M A samples. Figures 5.1, 5.6 and 5.10 show that samples
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with higher impregnant loading had lower mass gain on humidification and lower

C6H12 breakthrough times, implying that heavily impregnated samples have a reduced

number of surface sites and pores available to the C6H12 gas for physical adsorption of

organic vapours [38]. All the samples prepared at Tf > 140◦C had longer dry C6H12

breakthrough times than URC.

5.2.4 Wet Flow Test Results

Figure 5.12 shows humid SO2 breakthrough times plotted versus Tf for the samples

of this study as indicated in the figure caption. Figure 5.12 shows that all the Zn- and

Cu-based samples tested had wet SO2 breakthrough times that were longer than those

obtained under dry conditions. The presence of water on activated carbon enhances

its SO2 adsorption capacity via a reaction process that results in the formation of

sulphuric acid (H2SO4) [102, 103] and water has been added as an impregnant to

improve SO2 adsorption [13]. Figure 5.12(c) shows that the HNO3-treated samples

had lower SO2 capacity relative to the GC or metal impregnated samples and that

the SO2 capacity decreased with HNO3 concentration. The formation of surface acid

upon humidification would result in reduced ability to adsorb acidic gases. The Zn-

and Cu-based IACs all have lower SO2 capacity than URC. URC is prepared from a

basic impregnating solution [13,23] which may help to explain why it has better SO2

capacity.

Figure 5.13 shows humid NH3 breakthrough times plotted versus Tf for the sam-

ples of this study as indicated in the figure caption. Figure 5.13 shows that humid

NH3 capacity increases with HNO3 concentration and decreases with increasing Tf .

Comparison of panels (a), (b) and (c) shows that, for 160 ≤ Tf ≤ 200◦C, Zn- or

Cu-based samples had larger NH3 capacity than samples treated with HNO3 alone.

Figures 5.4 and 5.5(d) showed that increasing Tf caused oxygen surface groups to be

desorbed, so decreased NH3 capacity at higher values of Tf should be expected. The

Zn- and Cu-based IACs all have lower humid NH3 capacity than URC. Impregnants

used in URC to target NH3 gas are discussed in the literature [13,23].

Figure 5.13(c) shows that unimpregnated GC has an average NH3 breakthrough

time of 12-15 minutes. This is higher than the breakthrough time for GC under dry
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Figure 5.12: Humid SO2 breakthrough times versus Tf . Panel (a) shows data from Zn-
4M A, Zn-0.5M A and Zn samples, panel (b) shows results from Cu-4M A, Cu-0.5M
A and Cu samples and panel (c) shows data from A-GC, GC-4M A and GC-0.5M A
samples. For reference, results obtained from GC and URC are shown in each panel.
The lines are guides for the eye.

conditions (approximately 5 minutes, see Figure 5.9(c)). The increased capacity under

humid conditions is likely due to the relatively high solubility of NH3 in water [93].

Figure 5.14 shows breakthrough times for wet HCN and NCCN versus Tf for

the samples prepared in this study as detailed in the figure caption. Figures 5.14(a)

and 5.14(c) show that there is no correlation between wet HCN capacity and HNO3

concentration in the impregnating solution or Tf . The humid HCN breakthrough

times for the Zn-based samples were shorter than the dry breakthrough times. By

contrast, the Cu-based samples had longer wet breakthrough times relative to dry

conditions. Both the Zn- and Cu-based samples had shorter wet HCN breakthrough
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Figure 5.13: Humid NH3 breakthrough times versus Tf . Panel (a) shows data from
Zn-4M A, Zn-0.5M A and Zn samples, panel (b) shows results from Cu-4M A, Cu-
0.5M A and Cu samples and panel (c) shows data from A-GC, GC-4M A and GC-0.5M
A samples. For reference, results obtained from GC and URC are shown in each panel.
The lines are guides for the eye.

times than the URC sample. Figures 5.14(e) and 5.14(f) indicate that the GC, A-GC,

GC-4M A and GC-0.5M A samples all have short humid HCN breakthrough times

and did evolve NCCN under humid conditions.

Figures 5.14(a) and 5.14(b) show that samples with Tf≥ 160◦C had wet NCCN

breakthrough times that were longer than their wet HCN breakthrough times. Fig-

ure 5.14(b) shows that as Tf was increased, the NCCN breakthrough times increased.

The breakthrough times reported in Figure 5.14(b) were based on relatively low lev-

els (usually 5-10 ppm) of NCCN. Figure 5.4 showed that samples prepared at higher
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heating temperatures had fewer surface oxygen groups. The production of small

amounts of NCCN by the Zn-based samples may be due surface oxygen groups or

surface impurities [18, 20] and will be studied further in future work.

Figures 5.14(c) and 5.14(d) show that the increase in wet HCN capacity of the

Cu-based samples is offset by extremely low NCCN retention. Water must enhance

the efficiency of the reaction described by Eq. 2, possibly by increasing the time

the Cu impregnant and HCN toxin are in contact. HCN is highly soluble in water

and in conditions of high humidity there may be improved interaction between HCN

and the Cu impregnant, which may diminish the importance of small impregnant

grain-size. The presence of a Mo6+ species gives Cu-based samples, similar to those

shown in Figures 5.14(c) and 5.14(d), good HCN and NCCN capacity under humid

conditions [21]. Figures 5.14(c) and 5.14(d) show a weak dependence of HCN capacity

on Tf .

Figure 5.15 shows humid C6H12 breakthrough times plotted versus Tf for the

samples of this study. Figure 5.15 shows that the samples have relatively poor wet

C6H12 capacity compared to their dry C6H12 capacity (shown in Figure 5.11). In fact,

the breakthrough times have been reduced by about a factor of 8 in the presence of

high humidity. Water adsorption and competition between water and the organic

vapour can result in a significant reduction in organic vapour adsorption capacity

under humid conditions [22, 89].

Figures 5.15(a) and 5.15(b) show that Zn-0.5M A, Zn, Cu-4M A, Cu-0.5M A and

Cu samples exhibit small improvements in wet C6H12 capacity as Tf increased. The

Zn-4M A sample did not show any improvement. Figure 5.7 showed that samples

prepared with metallic impregnants (specifically Cu2+ in Figure 5.7(a)) and/or more

concentrated HNO3 treatments retained water more strongly relative to the GC sam-

ple. A comparison of Figures 5.15(c) and 5.5(d) suggests that samples with higher

oxygen content had lower humid C6H12 adsorption capacity. The presence of these

groups results in lower C6H12 capacity. Heating to higher Tf reduces the amount of

surface oxygen groups (as was shown in Figure 5.4) and results in modest improve-

ments in humid C6H12 capacity. However none of these samples were able to match

the breakthrough times of the GC samples.
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Figure 5.14: Humid HCN and NCCN breakthrough times plotted versus Tf . Results
for Zn, Zn-0.5M A and Zn-4M A IAC samples are shown in panels (a) and (b), results
from Cu, Cu-0.5M A and Cu-4M A IAC samples are shown in panels (c) and (d) and
results from A-GC, GC-4M A and GC-0.5M A samples are shown in panels (e) and
(f). Results obtained from GC and URC are shown in all panels for reference.

5.2.5 Summary of the Most Effective Samples

The Zn-4M A samples with 160◦C ≤ Tf ≤ 250◦C and the Cu-4M A samples with Tf

180◦C ≤ Tf ≤ 200◦C had the best overall performance. These samples had relatively
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Figure 5.15: Wet C6H12 breakthrough times versus Tf from Zn, Zn-0.5M A and Zn-
4M A IAC samples are shown in panel (a), results from Cu, Cu-0.5M A and Cu-4M A
IAC samples are shown in panel (b) and results from A-GC, GC-4M A and GC-0.5M
A samples are shown in panel (c). Results obtained from GC and URC are shown in
all panels for reference. The lines are guides for the eye.

small grain-size impregnant that was well distributed on the AC substrate as was

shown in Figures 5.2 and 5.3. Co-impregnation with HNO3 was key in achieving

good impregnant distribution. Figure 5.16 shows a summary radar plot of dry and

wet breakthrough times from the Zn-4M A-180 and Cu-4M A-180 samples as detailed

in the figure caption.

Figure 5.16(a) shows that the Zn-4M A-180 sample had better dry SO2 and NH3
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Figure 5.16: Radar plot of flow test results obtained from Zn-4M A-180 and Cu-4M
A-180 samples. The breakthrough times are reported in minutes. Gas test results
obtained from the different challenge gases are presented on individual axes. Dry
C6H12 and humid SO2, NH3, and C6H12 breakthrough times have been scaled by the
amount indicated on their respective axis, to allow for better presentation of the data.
For reference results obtained from the GC and URC samples are included.

capacity; and dry C6H12 and HCN/NCCN breakthrough times as good as or better

than the Cu-4M A, URC or GC samples. The relatively low NCCN breakthrough

time for the Cu-4M A-180 sample can be attributed to the lack of Mo6+ [21,24]. Under

humid conditions the Zn-4M A-180 and Cu-4M A-180 samples were outperformed by

the URC sample. These samples still had reasonably good wet SO2, NH3 and HCN

capacities but had poor wet C6H12 breakthrough times. The longer humid SO2 and

C6H12 breakthrough times obtained from the URC sample are partly due to the use

of a different base carbon. The URC samples were prepared on coal derrived AC, the

Zn-4M A-180 and Cu-4M A-180 samples were prepared on GC (coconut derived AC).
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Figures 3.4 and 3.5 show that coal derrived AC had longer humid SO2 and C6H12

breakthrough times than coconut derived AC. It is probable that the wet HCN results

are higher for the URC sample relative to our Cu-based samples because the URC

sample has higher Cu2+ impregnant loading according to the preferred formulation

in the literature [13]. The longer humid NH3 breakthrough times achieved by the

URC samples are likely due to the additional presence of a Mo-containing species.

Mo-based impregnants are effective for removing NH3 and this effect seems to be

enhanced under humid conditions [104]. Cu-based IACs prepared in the same manner

as Cu-4M A-180, including a Mo species, had enhanced wet NH3 adsorption [21].

5.3 Conclusions

Studying Zn- and Cu-based IACs as a function of Tf and HNO3 concentration present

in the impregnating solution allowed several important observations to be made. The

optimal heating temperature range (in Argon) for the Zn-based samples was 160◦C

≤ Tf ≤ 250◦C and for the Cu-based samples it was 180◦C ≤ Tf ≤ 200◦C. Heating at

lower Tf resulted in poor reproducibility and incomplete decomposition to the desired

impregnant phase. Heating to Tf≥ 250◦C for the Zn-based samples gave relatively

large grain-size impregnant and poor impregnant distribution, resulting in lower dry

gas adsorption capacity. Similar observations were made for the Cu-based samples.

Heating the Cu-based IACs to Tf > 200◦C resulted in the formation of Cu2O and

Cu impregnant phases, which also contributed to shorter breakthrough times.

The addition of HNO3 to the Zn- and Cu-based samples resulted in higher amounts

of surface oxygen on the AC substrate. This caused improved impregnant distribution

and smaller grain-size impregnant when the appropriate thermal treatment was used.

Samples with good impregnant distribution had relatively good dry gas adsorption

capacity.

The Zn- and Cu-based samples discussed here have reasonable performance under

humid conditions when challenged with SO2, NH3 and HCN challenge gases, but

have poor C6H12 capacity. Work on improving humid gas adsorption capacity will be

reported in subsequent chapters.

The results from this work indicate that the Zn-4M A IACs prepared in the range
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of 160◦C ≤ Tf ≤ 250◦C may be candidates for use in broad spectrum gas mask filters.

The simple chemistry and preparation of these samples coupled with no need for a

relatively expensive Mo6+ impregnant may make them of commercial interest. A

U.S. patent application based on the Zn-based IACs reported in this work has been

filed [105].



Chapter 6

Small and Wide Angle X-Ray and Nitrogen Adsorption

Porosimetry Studies of Impregnated Activated Carbons

Sections of this chapter, including certain figures, have been submitted for publica-

tion in the journal Carbon. The manuscript title is “Small and wide angle X-ray

studies of impregnated activated carbons”. The authors are Jock Smith, Matt Mc-

donald, Landan MacDonald, Jennifer Romero and Jeff Dahn. The contribution of

Jock Smith consists of the organization of all experiments, preparation and X-ray

analysis of all IAC samples, all of the data analysis and preparation of the figures

and manuscript. The figures and tables have been reproduced by permission of the

journal in accordance with the terms of the publishing company (Elsevier) copyright

release (see Appendix A). Some of the text, figure numbers and references have been

modified for inclusion in this thesis.

6.1 Experimental Details

6.1.1 Chemicals Used

The chemicals used to prepare the impregnating solutions were reagent grade copper

nitrate hemi-pentahydrate (Cu(NO3)2•2.5H2O), zinc nitrate hexahydrate

(Zn(NO3)2•6H2O) and 70% concentrated nitric acid (HNO3) obtained from Sigma-

Aldrich.

6.1.2 Sample Preparation

All of the IACs described in this chapter were prepared using GC activated carbon

which was previously described in section 3.1. IAC samples that were studied as

a function of concentration of the impregnating solution were co-impregnated with

Cu(NO3)2 and HNO3. The concentrations of Cu(NO3)2 used were 0.31 M, 0.79 M,

93
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1.60 M, 2.40 M and 3.10 M and the concentrations of HNO3 used were 0 M, 0.5 M, 2.0

M, 4.0 M and 8.0 M. The imbibing solution with the highest combined concentration

of impregnants was 2.0 M Cu(NO3)2 / 6.6 M HNO3. The IAC samples prepared

for the heating study were impregnated with 2.4 M Cu(NO3)2 / 4 M HNO3 or 2.4

M Zn(NO3)2 / 4 M HNO3. All of the IACs were impregnated using the imbibing

method. Typically 11 - 12 mL of solution was added to approximately 15 g of GC.

The IAC samples were heated under flowing argon in a sealed, cylindrical alu-

minum container that was located inside an oven. Prior to heating, the container was

purged with argon flowing at approximately 200 mL/min. The argon flow rate was

approximately 60 mL/min during heating. The IACs that were studied as a function

of concentration were heated at Tf = 180◦C for approximately 3 hours. The IACs

prepared for the heating study were heated to Tf = 120, 140, 160, 180, 200, 250 and

300◦C for approximately 3 hours. After heating, all of the IACs were cooled under

flowing argon until they reached room temperature. IACs heated at 250◦C and 300◦C

were heated in a tube furnace, but the argon flow rates were the same as for other

samples.

The impregnant loading after heating was determined according to Eq. 2.1. The

predicted impregnant loading (expressed in mmol impregnant/g GC) was discussed

in Chapter 2.

6.2 Results and Discussion

6.2.1 Impregnant Loading

Figure 6.1 shows the impregnant loading, after heating at Tf = 180◦C under argon, for

IACs prepared from Cu(NO3)2 and HNO3 solutions. The data is presented as percent

impregnant loading as a function of Cu(NO3)2 concentration in the impregnating

solution. The concentration of HNO3 used in each sample set is indicated in the

legend. The predicted impregnant loading has been indicated for reference. The

predicted loading assumes full conversion of the Cu(NO3)2 precursor to CuO. The

predicted impregnant loading does not account for mass gain due to the introduction

of surface oxygen groups from the action of the HNO3 on the AC substrate [91], or
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for mass loss due to the consumption of carbon from the AC substrate that may be

evolved as CO or CO2 according to Eq. 5.1 or similar reactions in reference [9].

Figure 6.1: Observed impregnant loading (after heating at Tf = 180◦C under argon)
as a function of Cu(NO3)2 concentration in the impregnating solution for samples
co-impregnated with 0 M, 0.5 M, 2.0 M, 4.0 M and 8.0 M HNO3. The predicted
loading has also been indicated.

Figure 6.1 shows a reasonably linear increase in impregnant loading with increas-

ing Cu(NO3)2 concentration for all of the IAC samples prepared in this work. The

observed loadings are in reasonable agreement with the Cu(NO3)2 precursor decom-

posing to CuO during heating. At the two lowest Cu(NO3)2 concentrations, the

loading increases with HNO3 molarity.

IAC samples were also prepared from 2.4 M Cu(NO3)2 / 4 M HNO3 or 2.4 M

Zn(NO3)2 / 4 M HNO3 solutions for a heating study. Figure 6.2 shows the observed

impregnant loading as a function of maximum final heating temperature, Tf . Fig-

ure 6.2(a) shows the Cu-based IACs and Figure 6.2(b) shows the Zn-based IACs as

described in the Figure caption.

Figure 6.2 shows that samples prepared from the Cu(NO3)2 precursor have de-

creasing impregnant loading with increasing heating temperature. For 180◦C ≤ Tf

≤ 250◦C, the Cu-based IACs appear to have CuO or Cu2O impregnant present, based

on mass. The IACs prepared from Zn(NO3)2-containing solutions appear to thermally
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Figure 6.2: Observed impregnant loading for IACs prepared for the heating study.
Panels (a) and (b) show the data obtained from 2.4 M Cu(NO3)2 / 4 M HNO3 and 2.4
M Zn(NO3)2 / 4 M HNO3 precursors respectively. IACs were heated under flowing
argon at Tf = 120, 140, 160, 180, 200, 250 and 300◦C respectively. The predicted
impregnant loadings of Cu2(OH)3NO3, CuO, Cu2O and Cu are shown in panel (a)
and Zn(NO3)2 and ZnO are indicated in panel (b).

decompose to a stable phase at lower heating temperatures than the Cu-based sam-

ples. This is in agreement with earlier work presented in chapters 4 and 5. Zn-based

IACs heated to Tf > 140◦C are within approximately 5% (wt.) of the predicted ZnO

loading.

6.2.2 X-ray Characterization

Figure 6.3 shows scattered intensity versus the magnitude of the scattering vector, q,

collected from the base GC carbon in a number of different SAXS experiments.

Figure 6.3 shows that reproducible SAXS patterns were obtained from the GC base

carbon using the sample preparation procedures outlined in section 2.6. The data

has been corrected for absorption of x-rays according to Eq. 2.7. The differences

in intensity are mainly due to differences in sample mass. The high quality and

reproducibility of the data obtained from the GC base carbon gives confidence that

changes in the SAXS pattern due to impregnants will be meaningful, even at relatively

low loadings.
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Figure 6.3: SAXS data obtained from GC base carbon for a number of experimental
runs. The data is scattered intensity as a function of scattering vector, q, displayed
on a log-log plot.

Prior to discussing experimental SAXS results obtained from the IAC samples,

it is useful to discuss the treatment of the data. SAXS data obtained from un-

impregnated GC samples were fit using the Kalliat model (Eq. 2.14). To model the

IACs prepared in this study, Eq. 2.14 was modified using the following assumptions:

1. The micropore size was not significantly changed by the HNO3 treatment. This

assumption is consistent with results shown in Figure 3.9 and with results re-

ported in the literature [70, 90].

2. The value of n can vary, but could not be less than the value recorded for the

un-impregnated GC.

3. The Debye autocorrelation length of impregnant in micropores and small meso-

pores was ≥ 4.7 Å.

4. In a micropore, the contrast in electron density in the 3 phase system can be
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described by :

Δρe = ρe,carbon − ((1− x)ρe,void + x ρe,Cu), (6.1)

where ρe,carbon, ρe,void and ρe,Cu are the electron densities of the carbon, void

and CuO impregnant respectively (electrons/cm3). The value of x can range

from 0 to 1. Therefore, as a micropore fills with impregnant (x increases),

we expect the scattered intensity to decrease. Care must be exercised when

employing Eq. 6.1 to describe impregnants with a high electron density and

high impregnant loading. Figure 6.4 shows a plot of calculated Δρe
2 versus x

values for impregnants with different electron densities as detailed by the figure

legend.

Figure 6.4 shows that for 0 < x ≤ 0.4 Δρe
2 decreases for all of the impregnants.

For x > 0.4 the Δρe
2 values calculated for the CuO and ZnO impregnants

increase with increasing values of x. For the IACs studied in this work it is

assumed that x is less than 0.4. This assumption will be verified using gas

adsorption porosimetry below. The Δρe
2 values calculated for H2O and C6H12

continually decrease for all values of x.

5. In a macropore or mesopore, it is assumed that the impregnant particle, which

is much smaller than these pores, scatters independently from the carbon and

is treated as a particle in an air-filled void.

The modified form of the Kalliat model used to fit the IAC data was:

I(q) =
A

qn
+

Ba4

(1 + a2q2)2
+

Cb4

(1 + b2q2)2
, (6.2)

The constants A, B, n and a were defined in section 2.6. C is a constant proportional

to the surface area of small impregnant particles in meso and macropores and b is the

Debye autocorrelation length for small impregnant. The Debye length b can be related

to the radius of gyration (Rg) by Rg =
√
6 b. Cb4 (or CRg

4) is expected to increase

with increasing loading. A is also expected to increase if large (> 10 nm) impregnant

particles form in macropores. The Rg values for the micropores and for small particle

size impregnant will be denoted Rg1 and Rg2 respectively. The constants A, B, C, n,

a and b were optimized by performing a least squares fitting routine (minimized χ2)

between the calculated and observed data over the entire experimental range.



99

Figure 6.4: Calculated Δρe
2 values versus x for liquid H2O, liquid C6H12, CuO and

ZnO impregnants. The electron densities for each impregnant and for carbon are
indicated in the legend.

Figure 6.5 shows experimental data, fits using Equations 2.14 and 6.2 and the

components of the fits for SAXS experiments performed on GC (panel (a)) and an

IAC prepared from 2.4 M Cu(NO3)2/4 M HNO3. Figure 6.5(a) shows that reasonable

fits to the un-impregnated GC can be achieved using Eq. 2.14. Figure 6.5(b) shows

that the SAXS pattern obtained from the IAC sample is well-described using Eq. 6.2.

6.2.3 Effect of HNO3 Concentration on Impregnant Distribution

IACs prepared by co-impregnating GC with aqueous Cu(NO3)2/HNO3 solutions were

examined using SAXS. Figure 6.6 shows data collected from all of the samples pre-

pared using different concentrations of Cu(NO3)2/HNO3. All of the samples shown in
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Figure 6.5: Experimental data, fits to the data and the components of each fit are
shown for GC (panel (a)) and an IAC prepared from 2.4 M Cu(NO3)2/4 M HNO3.
The data has been corrected for sample absorption.

Figure 6.6 were heated at Tf = 180◦C, under flowing argon, prior to measurements.

The impregnant loading and concentration of HNO3 used are indicated in each panel.

The fits to the data are not shown in Figure 6.6. Optimized values from the fits are

provided in Table 6.1.

Figure 6.6(a) shows that the intensity at q ≤ 0.06 Å−1 increases with increas-

ing CuO impregnant loading. This occurs because the impregnant is forming large

particles in the macropores (and large mesopores). As the HNO3 concentration was

increased (panels (a) → (e)) the sample to sample difference in intensity at q ≤ 0.06

Å−1 with increased loading decreased. Comparing the difference in intensities (at q =

0.02 Å−1) between the base carbon and the samples with the highest CuO loading in

Figures 6.6(a), 6.6(d) and 6.6(e), respectively, shows that the differences in intensity

decreased by approximately 85 % and 90% for the IACs prepared from 4 M and 6.6 M

HNO3 respectively (compared to the Cu-based IAC with no co-impregnated HNO3).

This implies that the HNO3 co-impregnation helps to prevent the formation of large

impregnant particles.

The data in Figures 6.6(a) - 6.6(e) for q > 0.2 Å−1 show similarities for all sam-

ples. In this region, the intensity of the IACs is close to that of the base carbon.

This suggests that little impregnant enters the micropores. The data in the plateau

region of Figures 6.6(a) - 6.6(e) (≈ 0.09 Å−1 to 0.2 Å−1) shows dramatic differences,
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Table 6.1: Parameters from Kalliat models used to fit SAXS data obtained from GC
and the IACs in this study. Note the values in columns A, B and C have units of
counts/Ån (A) and counts/Å4 (B and C). The values stated for GC are average values
obtained from analysis of the data shown in Figure 6.3. The uncertainties reported
for GC represent the standard deviation.

A n B Rg1 (Å) C Rg2 (Å) χ2

GC GC 0.20 ± 0.06 3.5 ± 0.1 134 ± 29 6.1 ± 0.2 0 0 1.6 ± 0.4

% load (wt.) [HNO3]
(M)

A n B Rg1 (Å) C Rg2 (Å) χ2

2 0 0.22 3.6 133 6.1 4 11.5 1.3
6 0 0.25 3.7 90 6.1 14 11.5 0.9
11 0 0.37 3.7 27 6.1 22 11.5 0.3
16 0 0.87 3.7 69 6.1 24 11.5 0.1
21 0 0.51 3.9 92 6.1 16 11.5 0.7
4 0.5 0.22 3.5 114 6.1 3 11.5 0.9
7 0.5 0.28 3.5 105 6.1 4 16.3 0.5
12 0.5 0.40 3.5 99 6.1 6 17.9 0.3
16 0.5 0.99 3.5 88 6.1 12 14.0 0.1
20 0.5 1.54 3.5 77 6.1 16 11.5 0.5
4 2 0.25 3.5 140 6.1 2 11.5 1.4
7 2 0.26 3.5 109 6.1 8 11.5 0.8
12 2 0.33 3.5 114 6.1 9 15.1 0.5
16 2 0.52 3.5 96 6.1 14 14.5 0.3
20 2 1.01 3.5 82 6.1 17 14.1 0.4
5 4 0.22 3.5 130 6.1 1 11.5 1.7
8 4 0.32 3.5 152 6.1 7 11.5 1.2
12 4 0.31 3.5 106 6.1 15 12.6 0.7
16 4 0.40 3.5 86 6.1 22 13.6 0.5
19 4 0.49 3.5 88 6.1 22 14.6 0.4
5 8 0.16 3.5 139 6.1 0 11.5 1.9
7 8 0.23 3.5 151 6.1 3 11.5 2.3
12 8 0.30 3.5 107 6.1 18 11.5 1.0
13 6.6 0.35 3.5 84 6.1 25 11.5 0.7
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Figure 6.6: SAXS data obtained from IACs co-impregnated with aqueous Cu(NO3)2
and HNO3. The impregnant loading after heating is indicated in each legend. Panels
(a), (b), (c), (d) and (e) show data from IACs co-impregnated with 0, 0.5, 2, 4 and 8
M HNO3 respectively. The data has been corrected for sample absorption.
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especially between panels (a) and (d). In panel (a) the intensity in this region ini-

tially increases slightly with increasing impregnant loading, however at the highest

loading, the SAXS curve intersects the curves obtained from samples with lower CuO

loading. The decrease in scattering intensity from small impregnant (higher q val-

ues) and subsequent increase in scattering from large impregnant particles (lower q

values) for the sample with high CuO loading (and no co-impregnated HNO3) is in-

dicative of impregnant agglomeration on the GC substrate. As the concentration of

co-impregnated HNO3 was increased, the intensity in the plateau region increased

with increasing CuO loading. Figure 6.6(d) shows increasing intensity with increas-

ing impregnant loading for 0.09 Å−1 ≤ q ≤ 0.2 Å−1. This implies an increase in the

number of small (< 3nm) impregnant particles (as detailed in Table 6.1).

Figure 6.7 shows wide angle x-ray diffraction (XRD) data collected from all of

the samples described by 6.6. The Bragg peak positions for CuO are indicated in

each panel for reference [56]. Figure 6.7(a) shows increasing intensity of the CuO

diffraction peaks as the impregnant loading is increased. As the concentration of

HNO3 is increased (panels (a) → (e)) the intensity of the CuO peaks decreases,

which indicates that co-impregnation with HNO3 results in smaller, better distributed

impregnant. These results are consistent with the SAXS data (Figure 6.6 and with

earlier work ( Figure 5.2). The samples described by Figures 6.7(d) and 6.7(e) do

not have obvious impregnant related diffraction peaks, even at the highest loadings

reported here.

Analysis of the data in Figures 6.6 and 6.7 was performed to better compare

results obtained from the IAC samples using SAXS and XRD. Figure 6.8(a) shows the

observed intensity of the SAXS data at q = 0.02 Å−1 plotted against the impregnant

loading (mmol Cu2+ impregnant/g GC) for each series of samples co-impregnated

with HNO3. The HNO3 concentrations are indicated in the legend. The data point

for GC is the average value calculated from the SAXS data obtained from GC (shown

in Figure 6.3) and the error bars denote the standard deviation. Figure 6.8(b) shows

the average integrated area under the CuO Bragg peaks located at approximately 2θ

= 35.5◦ and 38.8◦ (Miller indices (11-1) and (111) respectively). The data is plotted

against the impregnant loading. The area under the diffraction peaks was integrated
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Figure 6.7: XRD data obtained from IACs co-impregnated with aqueous Cu(NO3)2
and HNO3. The impregnant loading after heating is indicated in each panel. Panels
(a), (b), (c), (d) and (e) show data from IACs co-impregnated with 0, 0.5, 2, 4 and 8
M HNO3 respectively. The Bragg peak positions for CuO are indicated for reference.
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using Fityk software [57].

Figure 6.8: Data obtained from IACs prepared with Cu(NO3)2/HNO3. Panel (a)
shows the observed intensity from the SAXS data at q = 0.02 Å−1. Panel (b) shows
the average integrated area under the CuO impregnant peaks located at scattering
angles 2θ = 35.5◦ and 38.8◦. The data is plotted against impregnant loading. The
lines are a guide for the eye. The data in panel (a) has been corrected for sample
absorption.

Figure 6.8 shows that there is excellent agreement between the observed trends in

the SAXS and XRD data regarding the formation of large CuO particles. The trend of

increasing amounts of relatively large impregnant (≥ 10 nm) with increased loading is

illustrated in the data obtained from IACs prepared without any HNO3 in panels (a)

and (b). The average impregnant grain size calculated from the XRD data using Eq.

2.5 is displayed in Table 6.2. Figures 6.8(a) and (b) show that as the concentration of

HNO3 present in the impregnating solution is increased, the scattering intensity at q

= 0.02 Å−1 and hence total volume of large size CuO impregnant particles decreased.

The XRD data provides useful information about the impregnant grain size and

distribution when diffraction peaks are present, however it does not give information

about relatively small impregnant particles (< 30 Å approximately). To learn how the

HNO3 co-impregnation is affecting relatively small impregnant particles, the SAXS

data in the q ≥ 0.06 Å−1 range is useful. Figure 6.9 shows parameters extracted

from the fits to the SAXS data using Eq. 2.14 and Eq. 6.2. Panel (a) shows the
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Table 6.2: Average CuO impregnant grain size for IACs in loading study. Calculated
for the 2 Bragg peaks at 2θ = 35.5◦ and 38.8◦ using the Scherrer equation (Eq. 2.5).

% impregnant load-
ing (wt.)

Impregnant loading
(mmol Cu2+/g GC)

[HNO3] (M) Lhkl (Å)

2 0.2 0 118 ± 10
6 0.6 0 113 ± 10
11 1.2 0 115 ± 10
16 1.8 0 107 ± 10
21 2.3 0 141 ± 10
4 0.2 0.5 n/a
7 0.6 0.5 93 ± 10
12 1.2 0.5 134 ± 10
16 1.8 0.5 127 ± 10
20 2.4 0.5 136 ± 10
4 0.2 2 n/a
7 0.6 2 59 ± 30
12 1.2 2 80 ± 40
16 1.8 2 129 ± 10
20 2.4 2 149 ± 10
5 0.2 4 n/a
8 0.6 4 n/a
12 1.2 4 n/a
16 1.9 4 40 ± 40
19 2.1 4 40 ± 40
5 0.2 8 n/a
7 0.6 8 n/a
12 1.2 8 n/a
13 1.5 6.6 n/a
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term related to micropore (and small mesopore) surface area, B, and panel (b) shows

CRg2
4. Both parameters are plotted against impregnant loading.

Figure 6.9: Extracted parameters from fits to the SAXS data using Eq. 2.14 and Eq.
6.2. Panel (a) shows the term related to micropore surface area (B term) and panel
(b) shows CRg2

4 both plotted against impregnant loading. The lines are a guide for
the eye.

Figure 6.9(a) shows a general trend of decreasing B values with increasing im-

pregnant loading for all of the IAC samples. This indicates that impregnant is being

loaded into small pores for all of the aqueous solutions used in this study. Figure

6.9(b) shows that for loadings up to approximately 1.5 mmol Cu2+/g GC the CRg2
4

term, which represents the intensity of the scattering from small impregnant parti-

cles in mesopores, increases with increased impregnant loading. Above this loading

samples prepared without HNO3 or with 0.5 M HNO3 have decreasing CRg2
4 terms,

the IAC with 2 M HNO3 appears to begin to plateau and the sample with 4 M HNO3

continues to increase in an approximately linear manner. We discuss the interesting

behaviour observed in Figure 6.9(b) in further detail below.

Figure 6.10 shows a schematic depiction of pore filling as a function of increasing

Cu(NO3)2 concentration. The schematic is based on the SAXS and XRD results

shown in Figures 6.6 and 6.7 and the analysis of Figures 6.8 and 6.9. The left side

of the Figure describes the case for IACs prepared from aqueous Cu(NO3)2 with no

HNO3 and the right side of the Figure describes the case for IACs prepared from

aqueous Cu(NO3)2 co-impregnated with 4 M HNO3.
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Figures 6.10(a) and 6.10(b) show the un-impregnated GC. The largest openings

(and surface) represent large mesopores (100 Å and larger) and macropores, the

medium size passages are meant to depict smaller mesopores (≈ 20 - 100 Å) and the

smallest passages are the micropores (≤ 20 Å). Panels (c) and (d) show schematics

prepared from 0.31 M Cu(NO3)2 and Cu(NO3)2/4 M HNO3 respectively. Pore filling

in the micropores and small mesopores for these samples is similar, however the IAC

co-impregnated with 4 M HNO3 has smaller, more dispersed impregnant in the larger

pores and on the carbon surface. Panels (e), (f), (g) and (h) show a similar trend. The

small mesopores continue to fill with increasing Cu(NO3)2 concentration, in a similar

manner for both types of IACs. The amount of large impregnant populating the

macropores and large mesopores increases with increasing Cu2+ impregnant loading

for the sample prepared without HNO3, while the IACs co-impregnated with 4 M

HNO3 have a much smaller increase.

The greatest difference in the pore filling model is shown by comparison of Figures

6.10(i) and 6.10(j) (IACs impregnated with 2.4 M Cu(NO3)2 and 2.4 M Cu(NO3)2/4 M

HNO3 respectively). Figure 6.10(i) shows that the impregnant in the small mesopores

is starting to agglomerate and “ball up”, which results in larger particles presenting

less surface area. The increasing size and amount of large (> 100 Å) impregnant in the

large pores and on the carbon surface may be causing pore blockage. Figure 6.10(j)

shows that impregnant in the mesopores is probably increasing in size, but it is also

spreading on the carbon surface, covering more surface area. The amount and size of

impregnant in the larger pores is increasing at a much lower rate (relative to the IAC

depicted in panel (i)). Figure 6.10(k) shows that impregnant in the small mesopores

is agglomerating and continuing to ball up, resulting in larger impregnant occupying

less surface area. The impregnant in the large pores and on the carbon surface is

also increasing in size and amount. Figure 6.10(l) shows that impregnant size and

surface coverage of the small mesopores is increasing, however the distribution of the

impregnant, relative to that depicted in panel (k), is good. The amount of impregnant

on the carbon surface and occupying larger pores is increasing, but is still relatively

small in size and well dispersed.

In order to further investigate why co-impregnation with HNO3 results in smaller,
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a) b)

c) d)

e) f)

g)

i)

k)

h)

j)

l)

Figure 6.10: Schematic of pore filling as a function of increasing Cu(NO3)2 concentra-
tion. The left side of the Figure (panels (a), (c), (e), (g), (i) and (k)) describes IACs
prepared without co-impregnating HNO3. The right side (panels (b), (d), (f), (g),
(h), (j) and (l)) describes samples co-impregnated with 4 M HNO3. The green ob-
jects represent Cu2+ impregnant (present as CuO). The impregnant loading increases
moving down the Figure and is the same for panels at the same horizontal level.
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better dispersed impregnant, contact angle studies were performed on an HOPG sub-

strate. Figure 6.11 shows contact angle data plotted against Cu(NO3)2 concentration

in the impregnating solution for aqueous Cu(NO3)2 solutions and Cu(NO3)2/HNO3

solutions. The concentration of HNO3 is indicated in the legend. For reference, the

measured contact angle for deionized water has been included. Each data point in

Figure 6.11 is an average of 6-12 measurements.

Figure 6.11: Contact angle measurements plotted against Cu(NO3)3 concentration for
Cu(NO3)2 and Cu(NO3)2/HNO3 solutions. The concentration of HNO3 is indicated
in the legend. For reference the measured contact angle for deionized water has been
included. The lines are guides for the eye.

Figure 6.11 shows that the contact angle for deionized water is 81 ± 4◦, in reason-

able agreement with the literature [33] and previous measurements by our group [41].

The data from the Cu(NO3)2 solution (with no HNO3) shows a slightly decreasing

contact angle with increasing concentration. The Cu(NO3)2/4 M HNO3 solutions
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follow a similar trend; however the contact angle for these solutions is approximately

30◦ lower than those measured for the Cu(NO3)2 (with no HNO3) solutions. The

data in Figure 6.11 shows that increasing HNO3 concentration in the impregnating

solution decreases contact angle. This implies that solutions with higher HNO3 con-

centration wet the carbon surface better, giving better impregnant distribution and

smaller particle size.

6.2.4 Effect of Heating Temperature on Impregnant Distribution

Several IAC samples were prepared from either aqueous 2.4 M Cu(NO3)2/4 M HNO3

or 2.4 M Zn(NO3)2/4 M HNO3 impregnating solutions to allow a comparative heating

study using SAXS and XRD analysis. The samples were heated under flowing argon

at Tf = 120, 140, 160, 180, 200, 250 and 300◦C. The impregnant loadings after

heating are shown in Figure 6.2. Figure 6.12 shows SAXS and XRD data collected

from all of the IACs in the heating study as detailed in the caption.

Figure 6.12(c) shows that Cu-based IACs heated at Tf ≤ 200◦C have either no

obvious or low intensity, broad impregnant related diffraction peaks. This implies

the Cu-based impregnant has relatively small impregnant grain size according to Eq.

2.5. Data from IACs heated at Tf ≥ 250◦C that are shown in Figure 6.12(c) display

Cu2O diffraction peaks that increase in sharpness and intensity with increasing Tf ,

implying relatively large grain size Cu2O. This is consistent with the SAXS data (at

q ≈ 0.02 - 0.03 Å−1) in Figure 6.12(a) and with the data shown in Figure 5.2. Figure

6.12(d) shows that IACs heated at Tf ≤ 300◦C display either no obvious, or broad,

low intensity ZnO diffraction peaks, implying relatively small grain size impregnant.

These results are consistent with the SAXS data (at q ≈ 0.02 - 0.03 Å−1) in Figure

6.12(b).

The good agreement between SAXS results at low q values (q ≈ 0.02 - 0.03

Å−1) and the XRD data supports our interpretation of how the impregnant is being

distributed on the GC substrate during heating. The XRD data does not give useful

information about small sized impregnant (≤ 30 Å). Figure 6.12(a) shows interesting

features in the intermediate q regime (q = 0.06 Å−1 to 0.2 Å−1) for the Cu-based

IACs. Samples heated at Tf = 120, 140 and 160◦C had similar SAXS curves. The
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Figure 6.12: SAXS and XRD data from IACs prepared for the heating study. Panels
(a) and (c) show SAXS and XRD data collected from the 2.4 M Cu(NO3)2/4 M HNO3

IACs and panels (b) and (d) show SAXS and XRD data collected from the 2.4 M
Zn(NO3)2/4 M HNO3 IACs. The values for Tf are indicated in all of the panels. For
reference, the Bragg peak positions for CuO, Cu2O and ZnO have been indicated in
panels (c) and (d) respectively. The SAXS data has been corrected for absorption.

data from Cu-based IACs heated at 180◦C and 200◦C had higher intensity in the q

= 0.06 Å−1 to 0.2 Å−1 range, but the SAXS signals from these two samples were

also similar with each other. The data from the IACs heated at Tf = 250◦C and

300◦ intersected the other SAXS curves in the intermediate q range. In Figure 5.2

it was shown that IACs impregnated with Cu(NO3)2 or Cu(NO3)2/HNO3 had the
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following thermal decomposition: at Tf < 180◦C the dominant impregnant phase

was Cu2(OH)3NO3, at Tf = 180 - 200◦C it was CuO and heating at Tf ≥ 250◦C

resulted in Cu2O or Cu. The SAXS data from Cu-based IACs (Figure 6.12(a)) shows

that the impregnant particle size and distribution in the small mesopores is changing

with increasing heating temperature in a manner consistent with these impregnant

phase changes. When the phase present does not change, the SAXS pattern does

not change. At Tf ≥ 250◦C the SAXS data indicates that impregnant is clustering,

possibly due to the loss of oxygen, allowing for agglomeration of nearby impregnant

particles.

Figure 6.12(b) shows SAXS data collected from the Zn-based IACs. The intensity

of the data in the intermediate q range (q = 0.06 - 0.2 Å−1) increased with increasing

Tf and shifted to lower values of q. This implies that impregnant populating the

mesopores is increasing in size with increasing Tf . Comparison of the data in this q

range, between Figures 6.12(a) and 6.12(b) shows that the intensity changes of the

Zn-based samples are more gradual relative to the Cu-based IACs. This is because

the ZnO impregnant does not undergo a decomposition to a new phase during thermal

treatment which, apparently, leads to significant particle aggregation in the Cu-based

samples during transitions from Cu2(OH)3NO3 to CuO to Cu2O.

Figures 6.12(a) and 6.12(b) show interesting features in the q = 0.2 - 0.4 Å−1 range.

The data in panel (a) shows the intensity of the Cu-based IACs is close to that of

GC. Any difference in intensity (at these impregnant loadings) can be interpreted

as a loss in electron density contrast, implying that the micropores are filling with

Cu-based impregnant. The difference in intensity between the Zn-based IAC heated

at 120◦C and the base carbon (panel (b)) is more pronounced. This indicates that

the Zn-based impregnant populates micropores at lower heating temperatures, but

does not as heating temperatures are increased. The % impregnant loading shown in

Figure 6.2 indicates that the dominant impregnant phase of the Zn-based IAC heated

at 120◦C was Zn(NO3)2.
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6.3 Nitrogen Adsorption Porosimetry

Nitrogen adsorption isotherms were collected on certain Cu-based IACs to allow com-

parison with the SAXS and XRD data. Samples were examined to comparatively

study the effects of Cu-impregnant loading and the effect of HNO3 concentration at

constant Cu-impregnant loading. Figure 6.13 shows nitrogen adsorption isotherms

collected from the Cu-based IACs detailed in Figure 6.6(a). The impregnant loading

is detailed in the legend.

Figure 6.13: Nitrogen adsorption isotherms collected from the Cu-based IACs detailed
in Figure 6.6(a). The impregnant loading is given in the legend. The volume of N2

adsorbed per gram of IAC and per gram of un-impregnated AC is shown in panels
(a) and (b), respectively. Data obtained from un-impregnated GC has been included
for reference.

Figure 6.13(a) shows that the volume of N2 adsorbed per gram of IAC decreases

with increasing impregnant loading. The one exception to this trend is the Cu-based

IAC with 11 % (wt.) loading which had lower N2 adsorption than the sample with

16 % loading. Figure 6.13(b) shows that the volume of N2 adsorbed per gram of AC

for the impregnated samples was lower, but relatively close to the volume adsorbed

by the un-impregnated GC sample.

Figure 6.14 shows the differential pore volume plotted against pore width for the

IACs displayed in Figure 6.13. Values for pore widths up to 30 Å are shown. The



115

pore size distribution calculations were based on a slit shaped pore model [53] and

calculated using software provided by the manufacturer of the porosimeter. The

impregnant loading of each sample is indicated in each panel.

Figure 6.14: Differential pore volume plotted against pore width for the IACs dis-
played in Figure 6.13. Values for pore widths up to 30 Å are shown. The impregnant
loading is indicated in each panel.

Figure 6.14 shows that all of the Cu-based IACs shown here have reasonably

similar pore size distributions and appear to retain a relatively high degree of mi-

croporosity when compared to the un-impregnated GC sample, even at the highest

impregnant loading. This indicates that there was not a significant amount of micro-

pore filling and or pore blockage. Table 6.3 lists the micropore and mesopore volumes

for the samples shown in Figure 6.14.

The values listed in Table 6.3 column 2 (micropore volume (cm3 / g IAC)) show

that even at the highest impregnant loading there is less than a 25 % reduction in

the micropore volume of the IAC samples relative to the un-impregnated GC. This
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Table 6.3: Volume of micropores and mesopores for the IACs shown in Figure 6.14.
The pore volumes are given with respect to the mass of IAC and AC.

Impregnant loading
(mmol Cu2+/g GC)

micropore
volume
(cm3/g IAC)

mesopore
volume
(cm3/g IAC)

micropore
volume
(cm3/g AC)

mesopore
volume
(cm3/g AC)

0 (GC) n/a n/a 0.529 0.016
0.2 0.501 0.021 0.511 0.021
0.6 0.484 0.018 0.513 0.019
1.2 0.417 0.010 0.463 0.011
1.8 0.434 0.022 0.503 0.026
2.3 0.412 0.016 0.499 0.020

shows that the majority of micropores are still accessible for gas adsorption. This

data also supports the earlier assumption (see number 4 on page 98) that for the IACs

in this study there is less than 40% impregnant occupying the micropores. Table 6.3

column 4 (micropore volume (cm3 / g AC)) shows there is less than a 12 % reduction

in micropore volume when the IAC with the highest impregnant loading (2.3 mmol

Cu2+ / g GC) is compared to the un-impregnated GC sample.

Figure 6.15 shows nitrogen adsorption isotherms collected from Cu-based IACs

with approximately constant Cu2+ impregnant loading and varying HNO3 concentra-

tion. The impregnant loading was 1.8 ± 0.1 mmol Cu2+/g GC for all the samples

except for the IAC co-impregnated with 8 M HNO3 which had 1.5 ± 0.1 mmol Cu2+/g

GC. The concentration of co-impregnated HNO3 is indicated in the legend for each

sample.

Figure 6.15 shows that the volume of N2 adsorbed decreases slightly with increas-

ing HNO3 concentration. The IAC with 1.5 mmol Cu2+/g GC and 8 M HNO3 had

slightly higher N2 adsorption compared to the sample with 1.9 mmol Cu2+/g GC

and 4 M HNO3. This was likely due to the differences in Cu2+ impregnant loading

between the two samples. Figure 6.15(b) shows that the volume of N2 adsorbed per

gram of AC for the impregnated samples were all within 20 % (or less) of the volume

adsobed by the un-impregnated GC sample.

Figure 6.16 shows the differential pore volume plotted against pore width for the

IACs displayed in Figure 6.15 as detailed in the figure caption.
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Figure 6.15: Nitrogen adsorption isotherms collected from the Cu-based IACs with
approximately constant Cu2+ impregnant loading and varying HNO3 concentration.
The Cu2+ impregnant loading and concentration of co-impregnated HNO3 are indi-
cated in the legend. The volume of N2 adsorbed per gram of IAC and per gram of
un-impregnated AC is shown in panels (a) and (b), respectively. Data obtained from
the un-impregnated GC has been included for reference.

Figure 6.16 shows that the Cu-based IACs with approximately constant impreg-

nant loading and varying HNO3 concentration have similar pore size distributions.

This implies that the HNO3 treatment does not dramatically change the micropores.

Table 6.4 lists the micropore and mesopore volumes for the IACs shown in Figure

6.16. The data in Figure 6.16 and Table 6.4 shows that the reduction in micropore

volume for the IAC samples, relative to un-impregnated GC, is 20 - 25%. When the

micropore volume per gram of AC is considered for these samples the reduction in

micropore volume, relative to the un-impregnated GC sample, is less than 15 %. This

shows that the majority of micropores are still available for gas adsorption.

6.4 Comparison of X-ray Data and N2 Gas Adsorption Data

6.4.1 Impregnant Loading Study

When fitting the SAXS data it was assumed that the average micropore width of

the activated carbon remained constant. Values listed in Table 3.3 show that for GC
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Figure 6.16: Differential pore volume plotted against pore width for the IACs dis-
played in Figure 6.15. Values for pore widths up to 30 Å are shown. The impregnant
loading and concentration of co-impregnated HNO3 is indicated in the appropriate
panel.

the average micropore diameter (dSAXS), determined from SAXS, and the average

volume weighted pore width (WV ol) were in good agreement. Using Eq. 3.1 and

Eq. 3.2 the average pore widths from the data shown in Figures 6.13 and 6.14 were

calculated. Table 6.5 lists the average volume and area weighted pore widths for the

Cu-based IACs analyzed in the impregnant loading study. The samples listed were

not co-impregnated with HNO3.

Table 6.5 shows that the IACs have the same average pore width (within error)

as the un-impregnated GC sample. This data further demonstrates that micropore

filling and or micropore blockage was not significant even at the highest impregnant

loadings listed in Table 6.5.

Figure 6.17 shows SAXS and N2 adsorption data collected from the samples listed

in Table 6.5. The data in panel (a) shows the B term from Eq. 6.2 (related to surface



119

Table 6.4: Micropore and mesopore volumes for the IACs shown in Figure 6.16. The
pore volumes are given with respect to the mass of IAC and AC.
Impregnant loading
(mmol Cu2+/g GC)

[HNO3]
(M)

micropore
volume
(cm3/g IAC)

mesopore
volume
(cm3/g
IAC)

micropore
volume
(cm3/g AC)

mesopore
volume
(cm3/g AC)

0 (GC) 0 (GC) n/a n/a 0.529 0.016
1.8 0 0.434 0.022 0.503 0.026
1.8 0.5 0.431 0.020 0.500 0.023
1.8 2 0.424 0.011 0.490 0.012
1.9 4 0.391 0.011 0.454 0.013
1.5 8 0.413 0.018 0.466 0.020

Table 6.5: Average pore widths for the Cu-based IACs in the impregnant loading
study. The samples listed were not co-impregnated with HNO3. The volume and
area weighted pore widths were calculated using Eq. 3.1 and Eq. 3.2 respectively.

% impregnant load-
ing (wt.)

Impregnant loading
(mmol Cu2+/g GC)

WV ol (Å) WArea (Å)

0 (GC) 0 (GC) 12 ± 1 9.4 ± 0.1
2 0.2 12 ± 1 9.3 ± 0.1
6 0.6 12 ± 1 9.3 ± 0.1
11 1.2 11 ± 1 8.9 ± 0.1
16 1.8 13 ± 2 9.7 ± 0.1
21 2.3 13 ± 2 9.7 ± 0.1
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area of micropores and small mesopores) plotted versus impregnant loading. Note

that the reported B values were obtained while holding the ’a’ term (Debye length

for micropores) constant in Eq. 6.2. Panel (b) shows the specific surface areas for

the samples listed in Table 6.5. Values calculated using Eq. 2.4 and the differential

surface area data are denoted SBET and SSA respectively. The data is plotted against

impregnant loading.

Figure 6.17: SAXS and N2 gas adsorption data collected from the samples listed in
Table 6.5. Panel (a) shows the B term from Eq. 6.2 (which is related to micropore
surface area) plotted versus impregnant loading. Panel (b) shows specific surface
area values calculated using Eq. 2.4 and the differential surface area data, denoted
as SBET and SSA respectively. The data is plotted versus impregnant loading.

Figures 6.17(a) and 6.17(b) show that B, SBET and SSA decrease with increasing

impregnant loading up to 1.2 mmol Cu2+/g GC. Above this loading the B term (panel

(a)) increases with increasing impregnant loading, the SBET and SSA values plateau

or show a minor increase with increasing impregnant loading. Panel (b) shows that

the values of SBET are approximately 25 % higher than those calculated for SSA.

The reason for this is not known. A possible explanation for the discrepancy may be

that SBET is calculated from N2 adsorption data collected over a restricted range of

partial pressures (P/Po ≤ 0.1), but SSA is calculated using data from the entire N2

adsorption isotherm.

Figure 6.18 shows SAXS and N2 adsorption isotherm data collected from the Cu-

based samples (with no co-impregnated HNO3) in the impregnant loading study as
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detailed in the figure caption.

Figure 6.18: SAXS and N2 adsorption isotherm data collected from the Cu-based
samples (with no co-impregnated HNO3) in the impregnant loading study. The CRg2

4

term (SAXS data, blue diamonds) is related to the volume of small particle size
impregnant occupying small pores in the carbon. The pore volume (N2 isotherm
data, black circles) corresponds to the sum of the differential pore volume data for
pore widths up to 16 nm. Both CRg2

4 and pore volume are plotted versus impregnant
loading.

Figure 6.18 shows that CRg2
4 increases and pore volume decreases with increasing

impregnant loading for values up to 1.2 mmol Cu2+/g GC. Above this loading the

CRg2
4 data continues to slowly increase up to an impregnant loading of 1.9 mmol

Cu2+/g GC. The SAXS data shows a sharp decrease between samples with impregnant

loading of 1.9 and 2.3 mmol Cu2+/g GC. The pore volume data increases between

samples with 1.2 and 1.9 mmol Cu2+/g GC and decreases between 1.9 and 2.3 mmol

Cu2+/g GC. It is expected that the CRg2
4 and pore volume terms should be inversely

related. For example if CRg2
4 increases, the pore volume should decrease. The

physical meaning of this inverse relation is that if impregnant is occupying a pore,

the volume of pore available for gas adsorption would decrease accordingly. There

is reasonable agreement in in the trends of the CRg2
4 and pore volume data with
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increasing loading for values up to 1.9 mmol Cu2+/g GC.

6.4.2 Effect of Varying HNO3 Concentration for Samples with Constant

Cu2+ Impregnant Loading

In this section XRD, SAXS and N2 adsorption isotherm data will be compared for

IACs with approximately constant Cu2+ impregnant loading and varying HNO3 con-

centration. The impregnant loading was 1.8 ± 0.1 mmol Cu2+/g GC for all of the

IACs except the sample co-impregnated with 8 M HNO3 which had 1.5 ± 0.1 mmol

Cu2+/g GC loading. Samples co-impregnated with 0 M, 0.5 M, 2 M, 4 M and 8 M

HNO3 are discussed in this section.

Figure 6.19 shows SAXS and XRD data plotted versus HNO3 concentration for

Cu-based IACs with approximately 1.8 mmol Cu2+/g GC loading as detailed in the

figure caption. Figure 6.19 shows there is excellent agreement between the SAXS and

XRD data that describes scattering from relatively large particle size impregnant.

The data shows that as the concentration of HNO3 in the impregnating solution

increases, the scattering intensity from large size Cu2+ impregnant decreases. This

is indicative of the HNO3 treatment reducing Cu2+ impregnant particle size and

improving impregnant dispersion.

Figure 6.20 shows SAXS and specific surface area data collected from the Cu-

based IACs with approximately constant Cu2+ impregnant loading and varying HNO3

concentration. The data in panel (a) shows the B term from Eq. 6.2 (related to surface

area of micropores and small mesopores) plotted versus HNO3 concentration. Note

that the reported B values were obtained while holding the ’a’ term (Debye length

for micropores) constant in Eq. 6.2. Panel (b) shows the specific surface areas for

the IACs in this study. Values calculated using Eq. 2.4 and the differential surface

area data are denoted SBET and SSA respectively. The data is plotted against HNO3

concentration.

Figure 6.20 shows that there is good agreement in the trends of the B (panel

(a)), SBET and SSA (panel (b)) data with increasing HNO3 concentration. A possible

explanation for the discrepancy between the SBET data and SSA data was given

earlier. The data in Figure 6.20 shows that the surface area of the IAC samples
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Figure 6.19: SAXS and XRD data plotted versus HNO3 concentration for Cu-based
IACs with approximately 1.8 mmol Cu2+/g GC loading. The intensity at q = 0.02
Å−1 (SAXS data, black circles) and integrated peak area (XRD data, red diamonds)
values were selected from the data shown in Figures 6.8(a) and 6.8(b) respectively.

decreases with respect to the un-impregnated GC sample due to the presence of the

Cu2+ impregnant. The surface area of the IAC samples stays relatively constant

with increasing HNO3 concentration. This implies the HNO3 treatment does not

significantly change the surface area of the activated carbon substrate.

Figure 6.21 shows SAXS and N2 adsorption isotherm data collected from the Cu-

based samples with approximately 1.8 ± 0.1 mmol Cu2+/g GC loading and varying

HNO3 concentration as detailed in the figure caption.

Figure 6.21 shows that there is good agreement between the trends in the CRg2
4

and pore volume data with increasing HNO3 concentration. As the HNO3 concentra-

tion increases, the CRg2
4 term increases and the pore volume term decreases. This

indicates that as the HNO3 concentration is increased, more small particle size im-

pregnant is occupying the small pores (≤ 16nm) in the activated carbon. This is
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Figure 6.20: SAXS and N2 gas adsorption data collected from the samples with
approximately 1.8 mmol Cu2+/g GC impregnant loading and varying HNO3 concen-
tration. Panel (a) shows the B term (from Eq. 6.2) and panel (b) shows SBET and
SSA specific surface area values. The data is plotted versus HNO3 concentration in
both panels.

indicative of improved impregnant dispersion with increasing HNO3 concentration.

The data points corresponding to the IAC prepared with 8 M HNO3 do not agree

with the trend of the other data. This is most likely due to the lower Cu2+ impregnant

loading of this IAC relative to the other samples. It is worth recalling that the data

in Table 6.4 shows that even at the highest impregnant loading there is only a ≈ 25%

decrease in pore volume relative to the un-impregnated GC sample. This implies that

the majority of pores are still accessible for gas adsorption. The importance of good

impregnant distribution and co-impregnation with HNO3 will be discussed in terms

of multi-gas adsorption capacity below.

6.5 Flow Test Results

6.5.1 Impregnant Loading Study Results

Figure 6.22 shows dry SO2 and NH3 breakthrough times obtained from flow testing

IACs prepared from aqueous Cu(NO3)2 and Cu(NO3)2/4 M HNO3 solutions.

Figure 6.22(a) shows that the Cu-based samples that were co-impregnated with
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Figure 6.21: SAXS and N2 adsorption isotherm data data collected from the Cu-based
samples with approximately 1.8 ± 0.1 mmol Cu2+/g GC loading and varying HNO3

concentration. The CRg2
4 term (SAXS data, blue diamonds) is related to the volume

of small particle size impregnant occupying small pores in the carbon. The pore
volume (N2 isotherm data, black circles) corresponds to the sum of the differential
pore volume data for pore widths up to 16 nm. Both CRg2

4 and pore volume are
plotted versus HNO3 concentration.

4 M HNO3 had longer dry SO2 breakthrough times, relative to samples prepared

with no co-impregnated HNO3, for all impregnant loadings. Figures 6.6 and 6.7 show

that co-impregnation with HNO3 reduces the impregnant particle size and improves

impregnant dispersion and this apparently results in improved dry SO2 adsorption

capacity. Figure 6.22 shows that all of the Cu-based IACs had longer dry SO2 break-

through times than the GC sample and IACs with ≥ 1.2 mmol Cu2+/g GC had longer

breakthrough times than the URC sample.

Figure 6.22(b) shows that Cu-based IACs co-impregnated with 4 M HNO3 had

much longer dry NH3 breakthrough times compared to samples prepared with no

HNO3. Comparing the trend of the data obtained from IACs co-impregnated with

4 M HNO3 to those prepared without HNO3 shows there may be different reac-

tion mechanisms responsible for the removal of the NH3 gas. The Cu-based samples
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Figure 6.22: Breakthrough times for IACs prepared from Cu(NO3)2 and Cu(NO3)2/4
M HNO3. The samples were heated at Tf = 180◦C prior to flow testing. Dry SO2 data
and dry NH3 data are shown in panels (a) and (b) respectively. The breakthrough
times are plotted versus impregnant loading. Results obtained from GC and URC
samples are indicated for reference.

prepared without HNO3 show linearly increasing NH3 breakthrough times with in-

creasing impregnant loading. This is indicative of chemisorption being responsible for

NH3 removal. The data obtained from the Cu-based IACs co-impregnated with 4 M

HNO3 shows a sharp increase in NH3 breakthrough times for loadings up to 0.6 mmol

Cu2+/g GC followed by a more gradual increase in NH3 capacity with increasing im-

pregnant loading. The data in Figure 6.1 shows that Cu-based samples with ≤ 0.6

mmol Cu2+/g GC that were co-impregnated with 4 M HNO3 had higher impregnant

loadings than samples prepared with less concentrated HNO3, possibly due to the

introduction of more oxygen rich surface groups. The presence of additional acidic

surface groups could help explain the dramatic increase in dry NH3 breakthrough

times at low impregnant loadings. Figure 6.22(b) shows that all of the Cu-based

IACs have longer NH3 breakthrough times than the GC sample. Panel (b) also shows

that Cu-based IACs co-impregnated with 4 M HNO3 with impregnant loading ≥
0.6 mmol Cu2+/g GC had longer NH3 breakthrough times than the commercially

available URC sample.

Figure 6.23 shows dry HCN breakthrough times and SAXS data (CRg2
4 term)
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versus Cu2+ impregnant loading in panels (a) and (b) respectively as detailed in the

figure caption.

Figure 6.23: Dry HCN breakthrough times and SAXS data (CRg2
4 term) are shown

in panels (a) and (b) respectively. Data obtained from Cu-based samples with no
HNO3 and 4 M co-impregnated HNO3 is shown. The data is plotted against Cu2+

impregnant loading. Flow test results obtained from GC and URC are shown in panel
(a) for reference.

Figure 6.23(a) shows that Cu-based IACs have longer dry HCN breakthrough

times than samples with no co-impregnated HNO3 at all impregnant loadings shown.

The IACs that were co-impregnated with 4 M HNO3 have breakthrough times that in-

crease linearly with increasing Cu2+ impregnant loading. Cu-based samples prepared

with no HNO3 have a relatively large increase in dry HCN breakthrough times with

increased impregnant loading for values up to 0.6 mmol Cu2+/g GC. Above this load-

ing the dry HCN capacity shows a more gradual increase with increasing impregnant

loading that plateaus for IACs with 1.8 and 2.3 mmol Cu2+/g GC. Figure 6.23(b)

shows that the volume of small particle size impregnant (CRg2
4 term) increases with

increasing impregnant loading for IACs co-impregnated with 4 M HNO3. The trend

of the CRg2
4 term with increasing impregnant loading, for Cu-based samples pre-

pared with no co-impregnated HNO3, is similar in shape to an inverted parabola.

The trend of the data in panel (b) indicates that IACs co-impregnated with 4 M

HNO3 have a higher volume of small particle size impregnant compared to IACs with
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no co-impregnated HNO3. The data in panels (a) and (b) have similar trends with

increasing impregnant loading. The SAXS data in panel (b) shows co-impregnating

the Cu-based IACs with 4 M HNO3 improves impregnant dispersion and this results

in better HCN adsorption. The data in panel (a) shows that the IAC with 2.1 ±
0.1 mmol Cu2+/g GC impregnant loading that was co-impregnated with 4 M HNO3

has dry HCN capacity that is equivalent to URC. Based on earlier studies [23] and

the preferred patent recipe [13] the impregnant loading for URC is approximately 2.3

mmol Cu2+/g AC.

Figure 6.24 shows C6H12 breakthrough times obtained from Cu-based IACs with

no HNO3 and 4 M co-impregnated HNO3 as detailed in the figure caption.

Figure 6.24: C6H12 breakthrough times versus impregnant loading for Cu-based IACs
with no HNO3 and 4 M co-impregnated HNO3 under dry and humid conditions are
shown in panels (a) and (b) respectively. Flow test results obtained from GC and
URC are included for reference.

Figure 6.24(a) shows that the Cu-based IACs have similar dry C6H12 breakthrough

times compared to un-impregnated GC. The dry C6H12 capacity stays reasonably

constant with increasing impregnant loading. The samples co-impregnated with 4 M

HNO3 have slightly lower C6H12 capacity compared to IACs with no HNO3. This

shows that co-impregnation with 4 M HNO3 does not significantly reduce dry C6H12

capacity. The SAXS and N2 adsorption data, shown in Figure 6.6 and Table 6.3

respectively, shows that even at the highest impregnant loadings used in this work the
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majority of micropores were not filled with impregnant and were available for physical

gas adsorption. All of the Cu-based IACs had longer dry C6H12 breakthrough times

than the URC sample.

Figure 6.24(b) shows that all samples in this study have much shorter C6H12 break-

through times under humid conditions compared to dry conditions. This was dis-

cussed in Chapter 5. The Cu-based IACs show decreasing humid C6H12 breakthrough

times with increasing impregnant loading. The IACs that were co-impregnated with

4 M HNO3 have much lower humid C6H12 capacity compared to samples with no

HNO3 at all impregnant loadings. All of the Cu-based IACs with ≥ 0.6 mmol Cu2+

had shorter humid C6H12 breakthrough times than GC. Cu-based IACs with no co-

impregnated HNO3 had wet C6H12 breakthrough times equal to or greater than URC

for samples with ≤ 1.8 mmol Cu2+/g GC impregnant loading. The data in panel

(b) shows that for IACs co-impregnated with 4 M HNO3, decreasing the impregnant

loading will not result in significant improvements in humid C6H12 capacity.

6.5.2 Effect of Varying HNO3 Concentration for IACs with Constant

Cu2+ Impregnant Loading

Figure 6.25 shows dry HCN breakthrough times versus HNO3 concentration for IACs

with 1.8 ± 0.1 mmol Cu2+/g GC impregnant loading as detailed in the figure caption.

Figure 6.25 shows that dry HCN breakthrough times increase with increasing HNO3

concentration for IACs with 1.8 ± 0.1 mmol Cu2+/g GC impregnant loading. The

data in Figures 6.6 and 6.7 shows that increasing HNO3 concentration improves im-

pregnant distribution and this explains the increase in dry HCN breakthrough times

with increasing HNO3 concentration. The sample co-impregnated with 8 M HNO3

had lower (1.5 mmol Cu2+/g GC) impregnant loading and this may explain why it

does not follow the trend of the data. All of the Cu-based IACs shown in Figure 6.25

have shorter dry HCN breakthrough times than URC and longer breakthrough times

than GC.

Figure 6.26 shows C6H12 breakthrough times obtained from IACs with 1.8 ± 0.1

mmol Cu2+/g GC impregnant loading versus HNO3 concentration as detailed in the

figure caption. Figure 6.26(a) shows that the dry C6H12 breakthrough times remain
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Figure 6.25: Dry HCN breakthrough times plotted against HNO3 concentration
for IACs with 1.8 ± 0.1 mmol Cu2+/g GC impregnant loading. The sample co-
impregnated with 8 MHNO3 had 1.5 ± 0.1 mmol Cu2+/g GC. For reference flow test
results obtained from GC and URC have been included.

reasonably constant for the Cu-based IACs with increasing HNO3 concentration. This

shows that the HNO3 treatment does not effect dry C6H12 capacity. All of the Cu-

based IACs in panel (a) had longer breakthrough times than URC and slightly shorter

breakthrough times than GC. Figure 6.26(b) shows that humid C6H12 breakthrough

times decrease with increasing HNO3 concentration for the Cu-based IACs in this

study. Figure 5.7 shows that samples with more aggressive HNO3 treatments require

more thermal energy to desorb water. In order for C6H12 to be physically adsorbed,

under humid conditions, water must be desorbed. It appears more concentrated

HNO3 treatments result in stronger retention of water and therefore lower humid

C6H12 adsorption. All of the Cu-based IACs in panel (b) have shorter humid C6H12

breakthrough times compared to URC and GC.
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Figure 6.26: C6H12 breakthrough times obtained from IACs with 1.8 ± 0.1 mmol
Cu2+/g GC impregnant loading and varying HNO3 concentration. The sample co-
impregnated with 8 M HNO3 had 1.5 ± 0.1 mmol Cu2+/g GC. The data is plotted
against HNO3 concentration. Dry and humid C6H12 breakthrough times are shown
in panels (a) and (b) respectively. For reference flow test results obtained from GC
and URC have been indicated.

6.6 Conclusions

SAXS and XRD measurements were found to be useful tools for studying impreg-

nant dispersion on AC. Good agreement between the SAXS and XRD methods was

observed. It was found that the SAXS method provides useful information about

the relatively small size impregnant (≤ 30 Å) on the AC substrate. Good agreement

between the SAXS data and data from N2 gas adsorption isotherms was observed.

The XRD method could not provide information on such small nanocrystallites.

Co-impregnating the AC substrate with ≥ 4 M HNO3, followed by heating at Tf =

180◦C resulted in relatively small, well dispersed CuO impregnant. At loadings ≥ 1.5

mmol CuO/g GC, the impregnant surface coverage in the small mesopores plateaued

or decreased for IACs co-impregnated with HNO3 ≤ 2 M, but increased for samples

co-impregnated with HNO3 ≥ 4 M. Contact angle measurements demonstrated that

as HNO3 concentration increased, the contact angle decreased, implying better surface

coverage for Cu(NO3)2 co-impregnated with more concentrated HNO3.
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Results obtained from the heating temperature study showed that IACs prepared

from 2.4 M Zn(NO3)2/4 M HNO3 remained better dispersed than samples prepared

from 2.4 M Cu(NO3)2/4 M HNO3 at heating temperatures ≥ 250◦C. The SAXS data

obtained from the Cu-based IACs showed that heating temperature had an effect on

the size of the impregnant in the meso and macro pores. SAXS and XRD data showed

that heating the Cu-based samples ≥ 250◦C resulted in large size, predominantly

Cu2O impregnant.

Good agreement between SAXS and N2 adsorption isotherm data was observed

in Cu2+ impregnant loading studies and in studies with constant Cu2+ impregnant

loading with varying HNO3 concentration. The SAXS and N2 adsorption data showed

that even at high impregnant loading and high HNO3 concentration, the majority

of the small mesopores and micropores were not filled with impregnant and were

available for gas adsorption. The SAXS, XRD and N2 adsorption data showed that

increasing HNO3 concentration resulted in well dispersed CuO impregnant and this

resulted in improved dry SO2, NH3 and HCN adsorption capacity. Increased Cu2+

impregnant loading and increased HNO3 concentration resulted in lower humid C6H12

adsorption capacity but did not significantly effect dry C6H12 adsorption.



Chapter 7

The Effect of Co-impregnation with Mixed Metal Nitrate

Precursors and Phosphomolybdic Acid on Broad Spectrum

Respirator Carbons

In this chapter a comparative study of IACs prepared from aqueous solutions con-

taining Cu(NO3)2 and different metal nitrate precursors is presented. Some of the

samples were also co-impregnated with HNO3 and H3PO4•12MoO3. In the first sec-

tion the effect of co-impregnating IACs prepared from aqueous Cu(NO3)2 and other

metal nitrate precursors is discussed. The motivation for this study was to see if over-

all multi-gas adsorption could be maintained or improved by substituting Cu(NO3)2

for different (in most cases less expensive) metal nitrate precursors.

In the second section a comparative study of IACs prepared from aqueous Cu(NO3)2

and Mn(NO3)2 or Zn(NO3)2 and Mn(NO3)2 solutions of varying concentration is pre-

sented. The IACs in this study were heated at Tf = 200◦C. The motivation for this

study was to better understand if, or how, the impregnants interacted during heating.

HNO3 was not used as a co-impregnant to allow better observation of the impregnant

species present after heating using XRD analysis.

In the final section a comparative study of IACs prepared from aqueous solutions

containing Cu(NO3)2, Zn(NO3)2, HNO3 and H3PO4•12MoO3 is presented. As the

concentration of Cu(NO3)2 and H3PO4•12MoO3 in the impregnating solution was

decreased, the concentration of Zn(NO3)2 was increased. All samples prepared in

this study had 1.7 ± 0.1 mmol of Cu2+ and Zn2+ (present as CuO and ZnO after

heating) impregnant per gram of GC carbon. The motivation for this study was to

see if the amount of relatively expensive Mo6+ impregnant could be reduced, without

losing overall multi-gas adsorption capacity.
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7.1 Chemicals Used

The chemicals used to prepare the impregnating solutions were copper nitrate hemi-

pentahydrate (Cu(NO3)2•2.5H2O ) and 12-Molybdophosphoric acid hydrate

(H3PO4•12MoO3•xH2O) (both obtained from Alfa Aesar, reagent grade), zinc nitrate

hexahydrate (Zn(NO3)2•6H2O ), manganese nitrate hydrate (Mn(NO3)2•xH2O), alu-

minium nitrate nonahydrate (Al(NO3)3•9H2O) (all obtained from Sigma-Aldrich

reagent grade), iron (III) nitrate nonahydrate (Fe(NO3)3•9H2O, Anachemia, A.C.S.

grade) and 70% concentrated nitric acid (HNO3). The solutions were prepared

by dissolving the selected compounds in deionized water. Solutions prepared with

Mn(NO3)2•xH2O used deaerated, deionized water. Values of x = 4 for Mn(NO3)2•xH2O

and x = 27 H3PO4•12MoO3•xH2O were determined from TGA experiments.

7.2 The Effect of Co-impregnating Cu-based IACs with Different Metal

Nitrate Precursors and H3PO4•12MoO3

7.2.1 Sample Preparation

IAC samples were prepared by impregnating GC activated carbon. GC was previously

described in section 3.1. The GC substrate was impregnated using the imbibing

method. The IAC samples were prepared in either one or two heating and imbibing

steps, depending on the solubility of the mixture. Table 7.1 lists the sample names

and the contents of each imbibing solution used to prepare IACs in this work.

All of the IACs prepared in this study were heated under argon flowing at ap-

proximately 60 mL/min. Prior to heating the furnace was purged for at least 1
2
hour.

The samples were heated to Tf = 200◦C. Typically the IACs were held at Tf for

approximately 0.2 hours per gram of sample (e.g. a 15 g sample would be held at Tf

for approximately 3 hours). The samples that required 2 imbibing steps also required

2 heating steps. After the first imbibe the samples were heated (under argon) at

115◦C for approximately 2 hours, then allowed to cool to room temperature prior to

the second imbibe.

The overall weight percent impregnant loading was determined by gravimetric

analysis according to Eq. 2.1. Commercially available URC samples were used for
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Table 7.1: Contents of each imbibing solution used to prepare IACs in this work.
Sample name Imbibe 1 Imbibe 2

Cu/HNO3 11.3 mL of 2.4 M Cu(NO3)2 /
4 M HNO3 per 15 g GC

Cu/HNO3/PMA 8 mL of 2.4 M Cu(NO3)3
/ 4 M HNO3 / 0.035 M
H3PO4•12MoO3 per 10 g GC

Zn/HNO3 11.3 mL of 2.4 M Zn(NO3)2 /
4 M HNO3 / per 15 g GC

Zn/HNO3/PMA 7.5 mL of 1.2 M Zn(NO3)2
/ 2 M HNO3 / 0.018 M
H3PO4•12MoO3 per 10 g GC

7.0 mL of 1.2 M Zn(NO3)2
/ 2 M HNO3 / 0.018 M
H3PO4•12MoO3 per 10 g GC

Zn/Cu/HNO3/PMA 7.5 mL of 0.6 M Zn(NO3)2 /
0.6 M Cu(NO3)2 / 2 M HNO3

/ 0.018 M H3PO4•12MoO3

per 10 g GC

7.0 mL of 0.6 M Zn(NO3)2 /
0.6 M Cu(NO3)2 / 2 M HNO3

/ 0.018 M H3PO4•12MoO3

per 10 g GC

Fe/HNO3 7.0 mL of 1.3 M Fe(NO3)3 / 2
M HNO3 per 10 g GC

7.0 mL of 1.3 M Fe(NO3)3 / 2
M HNO3 per 10 g GC

Fe/HNO3/PMA 7.5 mL of 1.3 M Fe(NO3)3
/ 2 M HNO3 / 0.018 M
H3PO4•12MoO3 per 10 g GC

7.0 mL of 1.3 M Fe(NO3)3
/ 2 M HNO3 / 0.018 M
H3PO4•12MoO3 per 10 g GC

Fe/Cu/HNO3/PMA 7.5 mL of 0.6 M Fe(NO3)3 /
0.6 M Cu(NO3)2 / 2 M HNO3

/ 0.018 M H3PO4•12MoO3

per 10 g GC

7.0 mL of 0.6 M Fe(NO3)3 /
0.6 M Cu(NO3)2 / 2 M HNO3

/ 0.018 M H3PO4•12MoO3

per 10 g GC

Mn/Cu 12 mL of 1.2 M Cu(NO3)2 /
1.2 M Mn(NO3)2 per 15 g GC

Mn/Cu/PMA 11.3 mL of 0.6 M Cu(NO3)2
/ 0.6 M Mn(NO3)2 / 0.018 M
H3PO4•12MoO3 per 15 g GC

11.3 mL of 0.6 M Cu(NO3)2
/ 0.6 M Mn(NO3)2 / 0.018 M
H3PO4•12MoO3 per 15 g GC

Mn/Cu/HNO3/PMA 11.3 mL of 0.6 M Cu(NO3)2 /
0.6 M Mn(NO3)2 / 4 M HNO3

/ 0.018 M H3PO4•12MoO3

per 15 g GC

11.3 mL of 0.6 M Cu(NO3)2 /
0.6 M Mn(NO3)2 / 4 M HNO3

/ 0.018 M H3PO4•12MoO3

per 15 g GC

Al/HNO3 11 mL 0f 1.3 M Al(NO3)3 / 2
M HNO3 per 15 g GC

10 mL 0f 1.3 M Al(NO3)3 / 2
M HNO3 per 15 g GC

Al/HNO3/PMA 11 mL 0f 1.3 M Al(NO3)3
/ 2 M HNO3 / 0.018 M
H3PO4•12MoO3 per 15 g GC

10 mL 0f 1.3 M Al(NO3)3
/ 2 M HNO3 / 0.018 M
H3PO4•12MoO3 per 15 g GC

Al/Cu/HNO3/PMA 11 mL 0f 0.6 M Al(NO3)3 /
0.6 M Cu(NO3)2 / 2 M HNO3

/ 0.018 M H3PO4•12MoO3

per 15 g GC

11 mL 0f 0.6 M Al(NO3)3 /
0.6 M Cu(NO3)2 / 2 M HNO3

/ 0.018 M H3PO4•12MoO3

per 15 g GC
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comparative purposes. Flow test results obtained from the URC samples will be

denoted ’URC’. Prior to flow testing the GC and URC samples were pre-dried at

120◦C in air to lower their moisture content to < 5% (wt.).

7.2.2 Impregnant Loading

Figure 7.1 shows the observed and predicted % impregnant loading for the IACs

prepared from the impregnating solutions detailed in Table 7.1. The predicted %

loading was calculated using the following assumptions:

1. The heating temperature was sufficient to promote full conversion of the pre-

cursor to the metal oxide phase.

2. The different components in the impregnating solution do not interact during

heating.

3. The H3PO4•12MoO3 impregnant does not thermally decompose.

4. Mass gain to due the introduction of oxygen rich surface groups by the HNO3

treatment is not accounted for.

5. Mass loss due to the evolution of CO or CO2 gas is not accounted for.

Figure 7.1 shows that there is good agreement between the observed and pre-

dicted % impregnant loading for the IACs in this study. In most cases there is

≤ 3% difference between the observed and predicted values. The Zn/HNO3/PMA,

Fe/HNO3/PMA and Fe/Cu/HNO3/PMA IACs had 5-6 % difference. The reasons for

this larger discrepency have not been determined. The gravimetric data in Figure

7.1 indicates that the metal nitrate precursors converted primarally to metal oxide

impregnants.

7.2.3 XRD Characterization

Figure 7.2 shows XRD data obtained from the Zn/HNO3, Zn/HNO3/PMA,

Zn/Cu/HNO3/PMA, Al/HNO3 and Al/Cu/HNO3/PMA samples. XRD data from
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Figure 7.1: Observed and predicted % impregnant loading for the IACs prepared
from the impregnating solutions detailed in Table 7.1.

Cu/HNO3/PMA has been reported extensively in earlier work [39,78]. XRD data ob-

tained from samples co-impregnated with Cu(NO3)2 and Mn(NO3)3 will be presented

in the next section.

Figure 7.2 shows that none of the XRD patterns collected from these IACs dis-

play impregnant-related diffraction peaks. This is indicative of small grain size im-

pregnant as can be inferred from Eq. 2.5. The Al3+ impregnant species is likely

amorphous as was discussed in section 4.2.1. The differences in the baselines of the

XRD data is due to the measurments being performed on different x-ray machines.

The Al-containing samples and the Zn/HNO3 sample were measured using the Inel.
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Figure 7.2: XRD data obtained from the Zn/HNO3, Zn/HNO3/PMA,
Zn/Cu/HNO3/PMA, Al/HNO3 and Al/Cu/HNO3/PMA samples.

The Zn/HNO3/PMA and Zn/Cu/HNO3/PMA IACs were measured using the Rigaku

diffractometer.

7.2.4 Flow Test Results

Figure 7.3 shows dry breakthrough times obtained from the IACs in this study. Sam-

ple preparation information was detailed in Table 7.1. SO2, NH3, HCN and C6H12

challenge gases were used. Results obtained from GC and URC are included for

reference.

Figure 7.3 shows that co-impregnation with H3PO4•12MoO3 does not improve dry

SO2 breakthrough times. In most cases, preparing IACs using Cu(NO3)2 and a second
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Figure 7.3: Dry breakthrough times obtained from the IACs in this study. SO2, NH3,
HCN and C6H12 challenge gases were used. Results obtained from GC and URC are
included for reference.

metal nitrate precursor did not improve SO2 adsorption capacity relative to IACs pre-

pared from a single metal nitrate precursor. Panel (d) shows the Mn/Cu/HNO3/PMA

sample had a longer dry SO2 breakthrough time than the Mn/Cu/PMA and Mn/Cu

IACS. Improvments in gas adsorption capacity due to co-impregnation with HNO3

were discussed in chapters 5 and 6. The overall dry SO2 capacity ranking of IACs pre-

pared from Cu(NO3)2, a second metal nitrate precursor, HNO3 and H3PO4•12MoO3
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(heated at Tf = 200◦C) was: Zn/Cu-based >Mn/Cu-based ≈ Fe/Cu-based > Al/Cu-

based. All of the IACs had dry SO2 breakthrough times equal to or greater than URC

and greater than GC.

Figure 7.3 shows that all of the IACs that were co-impregnated with H3PO4•12MoO3

had longer dry NH3 breaktrhough times compared to samples with no H3PO4•12MoO3

present. Increased NH3 adsorption in IACs with a Mo-containing compound present

has been reported in earlier work [21, 23, 39] and has been reported in the litera-

ture [104]. The Fe/Cu-based and Al/Cu-based IACs had longer dry NH3 break-

through times than the Fe-based and Al-based samples respectively. The Zn/Cu-

based and Zn-based IACs had approximately the same dry NH3 capacity. The overall

dry NH3 capacity ranking of IACs prepared from Cu(NO3)2, a second metal nitrate

precursor, HNO3 and H3PO4•12MoO3 (heated at Tf = 200◦C) was: Fe/Cu-based >

Zn/Cu-based > Mn/Cu-based > Al/Cu-based All of the IACs shown in Figure 7.3,

with the exception of the Mn/Cu and Mn/Cu/PMA samples, had dry NH3 break-

through times equal to or greater than URC. All of the IACs had longer dry NH3

breakthrough times than GC.

Figure 7.3(a) shows that the Cu/HNO3 IAC had an equal HCN breakthrough

time and shorter NCCN breakthrough time than the Cu/HNO3/PMA sample. Equa-

tion 1.1 explains that when Cu2+ impregnant reacts with HCN gas, NCCN gas is

generated. The pressence of the H3PO4•12MoO3 impregnant gives Cu-based IACs

better NCCN retention when challenged with HCN gas. The use of Mo6+, W6+

or Cr6+ impregnants to control NCCN generation has been reported in the litter-

ature [9, 13, 14]. Figure 7.3 shows that all of the IACs with Cu2+ impregnant and

H3PO4•12MoO3 present have NCCN breakthrough times greater than or equal to

their respective dry HCN breakthrough times. For respirator carbons it is impor-

tant that the IAC have long, well balanced HCN and NCCN breakthrough times.

The overall dry HCN/NCCN capacity ranking of IACs prepared from Cu(NO3)2, a

second metal nitrate precursor, HNO3 and H3PO4•12MoO3 (heated at Tf = 200◦C)

was: Mn/Cu/HNO3/PMA ≈ Zn/Cu/HNO3/PMA > Fe/Cu/HNO3/PMA >

Al/Cu/HNO3/PMA. The Mn/Cu/HNO3/PMA, Fe/Cu/HNO3/PMA and

Zn/Cu/HNO3/PMA samples had HCN/NCCN breakthrough times approximately
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equal to the URC sample. Figure 7.3 shows that 50% of the Cu-based impregnant in

a multi-gas IAC can be replaced with either Mn-based, Zn-based or Fe-based impreg-

nant without decreasing the dry HCN/NCCN adsorption capacity. The pressence

of Cu2+ dramatically increased dry HCN breakthrough times for the Fe-based, Mn-

based and Al-based IACs when compared to samples prepared with no Cu2+ impreg-

nat present. The Zn/HNO3 IAC and the Zn/Cu/HNO3/PMA IAC had equivalent

dry HCN breakthrough times. The Zn/HNO3/PMA sample had a shorter dry HCN

breakthrough time than the other Zn-based IACs in this study.

Figure 7.3 shows that the Cu/HNO3, Cu/HNO3/PMA, Zn/HNO3, Zn/HNO3/PMA

and Mn/Cu samples had longer dry C6H12 breakthough times than URC and shorter

breakthrough times than GC. Dry C6H12 flow tests were not performed on IACs that

do not have a result indicated. The shortest dry C6H12 breakthrough times observed

for the samples in this study were obtained from the Zn/HNO3 and Zn/HNO3/PMA

IACs. These samples had approximately 75% of the dry C6H12 capacity of the un-

impregnated GC samples. The dry C6H12 breakthrough times reported here indicate

that pore filling or pore blockage due to impregnation was not a major issue for the

IACs in this work.

Figure 7.4 shows humid flow test results obtained from selected IACs in this study.

Panels (a) and (b) show results obtained from humid HCN and humid C6H12 flow

tests respectively. Due to limited sample size and testing availability not all of the

IACs prepared from the solutions listed in Table 7.1 could be tested. Flow test results

obtained from URC and GC samples have been included for reference.

Figure 7.4(a) shows that the Mn/Cu/HNO3/PMA IAC had a longer humid HCN

breakthrough time and a shorter humid NCCN breakthrough time than the URC

sample. The Mn/Cu-containg IACs do not have well balanced humid HCN/NCCN

breakthrough times. Comparison of the Mn/Cu/PMA and Mn/Cu/HNO3/PMA IAC

results shows that the sample co-impregnated with HNO3 had significantly longer,

better balanced, HCN/NCCN breakthrough times. Comparison of the Cu/HNO3

and Cu/HNO3/PMA samples illustrates the critical importance of the co-impregnated

H3PO4•12MoO3 species. The Cu/HNO3 IAC had a relatively long humid HCN break-

through time, but little NCCN retention. The Cu/HNO3/PMA IAC had relatively
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Figure 7.4: Humid breakthrough times obtained from the IACs in this study. Panels
(a) and (b) show results obtained from humid HCN and humid C6H12 flow tests
respectively. The IACs tested are clearly indicated in each respective figure. Flow
test results obtained from URC and GC samples have been included for reference.

long, well balanced humid HCN/NCCN breakthrough times. The Cu/HNO3/PMA

IAC has approximately 75% the humid HCN/NCCN capacity of the URC sample.

The Cu/HNO3/PMA IAC had approximately 80% of the Cu2+ impregnant loading

of the URC sample based on values from the “prefered recipe” in Ref. [13]. The
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Fe/Cu/HNO3/PMA IAC had a similar humid HCN breakthrough time compared to

the Cu/HNO3/PMA sample, but had a shorter NCCN breakthrough time. A loading

study to determine the optimal H3PO4•12MoO3 loading in co-impregnated, Cu-based

IACs is reported below.

Figure 7.4(b) shows that all of the IACs reported here have shorter humid C6H12

breakthrough times than the URC and GC samples. Data explaining why IACs

treated with HNO3 have lower humid C6H12 capacity relative to un-treated samples

was presented in Figure 5.7. The Mn/Cu IAC had the longest wet C6H12 breakthrough

time of the samples tested in this study. This IAC was not co-impregnated with

HNO3.

7.3 Comparative Study of IACs Prepared from Cu(NO3)2 and

Mn(NO3)2 or Zn(NO3)2 and Mn(NO3)2

7.3.1 Sample Preparation

IAC samples were prepared by impregnating GC activated carbon. GC was previously

described in section 3.1. The GC substrate was impregnated using the imbibing

method. All of the IACs reported in this work were prepared in a single imbibing

and heating step. Approximately 12 mL of impregnating solution was added to 15 g

of GC. All of the IACs in this work were heated at Tf = 200◦C for approximately 3

hours. Details of the heating conditions used and determination of the % impregnant

loading have been discussed in earlier sections (see section 2.1 or section 7.2.1 for

example).

7.3.2 Impregnant Loading

Figure 7.1 shows the observed and predicted % impregnant loading, after heating,

for the IACs prepared from Cu(NO3)2 and Mn(NO3)2 (panel (a)) or Zn(NO3)2 and

Mn(NO3)2 (panel (b)) solutions. The ratio of Mn2+ to Cu2+ ions in the impregnating

solution (or ratio of Mn2+ to Zn2+) is denoted by Mn:Cu (or Mn:Zn) and is clearly

indicated in the appropriate panel. All of the IACs have 1.9 ± 0.1 mmol impregnant/g

GC. The predicted % loading was calculated based on the assumptions in section 7.2.2.
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Figure 7.5: Observed and predicted % impregnant loading for the IACs prepared from
Cu(NO3)2 and Mn(NO3)2 or Zn(NO3)2 and Mn(NO3)2 solutions. The ratio of Mn2+

to Cu2+ ions in the impregnating solution (or ratio of Mn2+ to Zn2+) is indicated.

Figure 7.5(a) shows that there is excellent agreement between the observed and

predicted % impregnant loading for the Mn/Cu-based samples. This is indicative of

full conversion of the impregnant to its respective metal oxide phase. Figure 7.5(b)

shows there is reasonable agreement between the observed and predicted % impreg-

nant loading for the Mn/Zn-based IACs; however in all cases the observed loading

was greater than predicted. Possible explanations for the observed discrepency will

be discussed in terms of XRD results below.

7.3.3 XRD Characterization

Figure 7.6 shows XRD patterns obtained from selected Mn/Cu-based and Mn/Zn-

based IACs in panels (a) and (b) respectively. For reference the main Bragg peaks

from CuO, Mn3O4, ZnO and ZnMn2O4 ([00-089-2529], [00-089-4837], [00-089-1397]

and [00-071-2499] in [56] respectively) have been indicated. The XRD pattern from

un-impregnated GC has been included for reference.

Figure 7.6(a) shows that the XRD data obtained from the Mn/Cu IACs only

display CuO diffraction peaks. Analysis of the 2 main CuO peaks (located at 2θ

≈ 35.5◦ and 38.7◦ respectively) of the 0.6 M Mn2+:1.8 M Cu2+ sample using Eq.

2.5 yields an average CuO grain size of 18 ± 2 nm. No XRD peaks corresponding

to a Mn- or Mn/Cu-impregnant phase were observed in these samples. The XRD

pattern obtained from the Mn-based IAC (with no Cu-impregnant present) was well
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Figure 7.6: XRD patterns obtained from selected Mn/Cu-based and Mn/Zn-based
IACs in panels (a) and (b) respectively. For reference the main Bragg peaks from
CuO, Mn3O4, ZnO and ZnMn2O4 have been indicated. The XRD pattern from GC
has been included for reference.

matched by the Mn3O4 pattern. Panel (a) shows that all of the Mn- and Mn/Cu-

based IACs had relatively narrow, intense impregnant-related diffraction peaks. This

indicates relatively large grain size CuO or Mn3O4 impregnant that is not well dis-

persed for the Mn/Cu- and Mn-based IACs respectively. Figure 7.6(a) shows that

co-impregnating Mn(NO3)2 with Cu(NO3)2 affects the way the Mn-based impreg-

nant crystallizes during heating. The dispersion of the impregnant probably could be

improved by co-impregnation with HNO3.

Figure 7.6(b) shows that the XRD pattern obtained from the 1.6 M Mn2+:0.8 M

Zn2+ IAC is well matched by the ZnMn2O4 impregnant phase. It was not determined

why co-impregnating GC with a 1.6 M Mn2+:0.8 M Zn2+ solution resulted in the

formation of a spinel structure after heating, but co-impregnating GC with a 1.6 M

Mn2+:0.8 M Cu2+ solution did not. The predicted % impregnant loading for the IAC

with 1.6 M Mn2+:0.8 M Zn2+ is 15 % assuming decomposition to the ZnMn2O4 phase.

The predicted % impregnant loading for the non-interacting case was also 15%. These

values are both close to the observed % impregnant loading which was ≈ 16%. The
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interaction between the Mn2+ and Zn2+ impregnants during heating does not explain

the relatively small discrepency between the observed and predicted % impregnant

loadings shown in Figure 7.5(b).

7.3.4 Flow Test Results

Figure 7.7 shows dry flow test results obtained from the IACs prepared from Cu(NO3)2

and Mn(NO3)2 (panel (a)) or Zn(NO3)2 and Mn(NO3)2 (panel (b)) solutions, after

heating, as described by the figure caption. Figure 7.7(a) shows the dry SO2 break-

trhough times obtained from the Mn/Cu-based IACs are constant and do not change

by changing Mn:Cu impregnant ratio. These IACs have longer dry SO2 breakthrough

times than the URC and GC samples. Figure 7.7(b) shows the IAC with the most

Zn2+ impregnant present has the longest dry SO2 time. The IACs prepared from

solutions with ≤ 1.6 M Zn2+ had constant dry SO2 breakthrough times, that were

shorter than those obtained from the Mn/Cu-based samples.

Figure 7.7 shows that dry NH3 breakthrough times decrease with increasing Mn-

based impregnant. Figure 4.4 showed that Mn-based IACs had poor NH3 capacity.

These results show that Mn-based, Mn/Cu-based or Mn/Zn-based impregnants do

not have good dry NH3 capacity. Figure 7.7 shows that all of the IACs tested here

had shorter dry NH3 breakthrough times than URC and longer times than GC.

Figure 7.7 shows that dry HCN breakthrough times decrease with increasing

Mn-impregnant loading. Comparison of Figures 7.7 and 7.3(d) indicates that co-

impregnation with HNO3 might improve the HCN capacity of the Mn/Cu- and

Mn/Zn-based IACs. All of the IACs tested here had shorter dry HCN breakthrough

times than URC and longer times than GC. IACs prepared without Cu2+ impregnant

present did not generate any NCCN during the HCN flow tests. Figure 7.7 shows

that all of the IACs tested here had longer dry C6H12 breakthrough times than URC.

Comparing the dry C6H12 breakthrough times obtained from the Mn/Cu-based or

Mn/Zn-based IACs to those obtained from un-impregnated GC inicates that micro-

pore blockage or micropore filling due to impregnation was not a major issue for the

IACs in this study.

Figure 7.8 shows wet C6H12 flow test results obtained from the IACs prepared
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Figure 7.7: Dry flow test results obtained from the IACs prepared from Cu(NO3)2
and Mn(NO3)2 (panel (a)) or Zn(NO3)2 and Mn(NO3)2 (panel (b)) solutions, after
heating. SO2, NH3, HCN and C6H12 challenge gases were used. The ratio of Mn2+

to Cu2+ ions in the impregnating solution (or ratio of Mn2+ to Zn2+) is denoted by
Mn:Cu (or Mn:Zn) and is clearly indicated in the appropriate panel. All of the IACs
have 1.9 ± 0.1 mmol impregnant/g GC. Flow test results obtained from URC and
GC are indicated for reference.

from Cu(NO3)2 and Mn(NO3)2 (panel (a)) or Zn(NO3)2 and Mn(NO3)2 (panel (b))

solutions, after heating, as described by the figure caption.
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Figure 7.8: Wet C6H12 flow test results obtained from the IACs prepared from
Cu(NO3)2 and Mn(NO3)2 (panel (a)) or Zn(NO3)2 and Mn(NO3)2 (panel (b)) so-
lutions, after heating. The ratio of Mn2+ to Cu2+ ions in the impregnating solution
(or ratio of Mn2+ to Zn2+) is denoted by Mn:Cu (or Mn:Zn) and is clearly indicated
in the appropriate panel. All of the IACs have 1.9 ± 0.1 mmol impregnant/g GC.
Flow test results obtained from URC and GC are indicated for reference.

Figure 7.8 shows that all of the IACs prepared and tested in this study have

shorter C6H12 breakthrough times than URC or GC. The data does not indicate that

there is an optimal Mn:Cu- or Mn:Zn-impregnant ratio. The Mn/Cu-based IACs

had slightly longer wet C6H12 breakthrough times than the Mn/Zn-based samples.

The data shown in Figure 6.24(b) indicates that decreasing the impregnant loading

would improve wet C6H12 adsorption, however this would also decrease the multi-gas

capacity of the IACs.

7.4 The Effect of CuO, H3PO4•12MoO3 and ZnO Loading on Multi-gas

IACs

7.4.1 Sample Preparation

IAC samples were prepared by impregnating GC activated carbon using the imbibing

method. GC was previously described in section 3.1. All of the IACs reported in

this work were prepared in a single imbibing and heating step. Approximately 11.3

mL of impregnating solution was added to 15 g of GC. Details of the impregnating

solutions used to prepare samples in this work are listed in Table 7.2. The IACs

that were prepared according to Table 7.2 had a total of 1.7 ± 0.1 mmol Cu2+ and
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Zn2+ impregnant/g GC. Table 7.2 shows that the concentration of Cu(NO3)2 and

H3PO4•12MoO3 decreases and the concentration of Zn(NO3)2 increases from sample

A → E.

All of the IACs in this work were heated under flowing argon at Tf = 180◦C.

Details of the heating conditions and determination of the % impregnant loading

have been discussed earlier (See section 2.1 or section 7.2.1).

Table 7.2: Contents of the impregnating solutions used to prepare IACs for the
Cu(NO3)2 / H3PO4•12MoO3 / HNO3 / Zn(NO3)2 loading study.

Sample name Imbibing solution contents
A 11.3 mL of 2.20 M Cu(NO3)2 / 0.12 M Zn(NO3)2 / 3.80 M

HNO3 / 0.031 M H3PO4•12MoO3 per 15 g GC
B 11.3 mL of 1.70 M Cu(NO3)2 / 0.61 M Zn(NO3)2 / 3.80 M

HNO3 / 0.024 M H3PO4•12MoO3 per 15 g GC
C 11.3 mL of 1.20 M Cu(NO3)2 / 1.20 M Zn(NO3)2 / 3.90 M

HNO3 / 0.017 M H3PO4•12MoO3 per 15 g GC
D 11.3 mL of 0.65 M Cu(NO3)2 / 1.70 M Zn(NO3)2 / 3.90 M

HNO3 / 0.00.009 M H3PO4•12MoO3 per 15 g GC
E 11.3 mL of 0.12 M Cu(NO3)2 / 2.30 M Zn(NO3)2 / 4.00 M

HNO3 / 0.002 M H3PO4•12MoO3 per 15 g GC

7.4.2 Impregnant Loading

Figure 7.9 shows the observed and predicted % impregnant loading, after heating, for

the IACs prepared from the solutions listed in Table 7.2. Figure 7.9 shows that there is

reasonable agreement between the observed and predicted % impregnant loading. The

amount of Cu2+ impregnant (present as CuO presumably) and H3PO4•12MoO3 im-

pregnant decreases and the amount of Zn2+ impregnant (presumably ZnO) increases

from sample A → E. The agreement between observed and predicted % impregnant

loading is better for samples with more Cu2+ impregnant present. The largest ob-

served discrepency in the loading was for sample E, which had the highest Zn2+

impregnant loading. The observed loading for this sample was ≈ 3% higher than

predicted.
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Figure 7.9: Observed and predicted % impregnant loading, after heating, for the IACs
prepared from the solutions listed in Table 7.2.

7.4.3 X-ray Characterizations

Figure 7.10 shows SAXS and XRD data collected from samples A, B, C, D and E

in panels (a) and (b) respectively. For reference, data collected from GC has been

included. Fits to the SAXS data in panel (a) are not shown. Parameters extracted

from fitting the data in panel (a) with Eq. 6.2 are listed in Table 7.3.

Table 7.3: Parameters extracted from fits to the SAXS data shown in Figure 7.10(a)
using Eq. 6.2. The values given for GC are the average values shown in Table 3.2.
The values given for A are in units of counts/Ån and the values for B and C are given
in units of counts/Å4.

Sample name A n B Rg1(Å) C Rg2 (Å) χ2

GC 0.18 3.54 130 6.2 0 0 1.9
A 0.42 3.5 77 6.2 15 16 0.8
B 0.40 3.5 59 6.2 18 14 0.8
C 0.42 3.5 39 6.2 32 12 0.8
D 0.31 3.5 23 6.2 34 12 0.5
E 0.33 3.5 11 6.2 39 12 0.5
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Figure 7.10: SAXS and XRD data collected from samples A, B, C, D and E in panels
(a) and (b) respectively. For reference data collected from GC has been included.

Figure 7.10(a) shows the intensities of the SAXS data collected from samples A,

B and C are higher than those collected from samples D and E in the range of q ≈
0.015 - 0.03 Å−1. This implies that samples A, B and C have more large particle size

impregnant occupying the macropores and large mesopores. Comparing the intensity

of the SAXS data collected from samples A - E with data collected from GC over

this scattering range shows that all of the IACs in this study have reasonably small,

well dispersed impregnant. Comparing the data in the 0.03 Å−1 ≤ q ≤ 0.15 Å−1

range shows that samples B, C, D and E had similar curves. The SAXS data from

sample A had higher intensity in this range. The data in Table 7.3 shows sample A

has the largest Rg2 value of the IACs in this study. Sample A has the highest overall

impregnant loading of the samples in this study when the total contributions from

the Cu2+, Zn2+ and H3PO4•12MoO3 impregnants are considered. The intensity of

the SAXS data obtained from samples A - E in the q > 0.2 Å−1 range is similar to

the data obtained from the GC sample. This suggests that little impregnant enters

the micropores.

Figure 7.10(b) shows that the XRD data obtained from samples A, B, C, D and

E do not exhibit impregnant-related diffraction peaks. This implies relatively small,

well dispersed impregnant is present on the GC substrate for these IACs. Figure 7.10
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shows that all of the IACs in the CuO/H3PO4•12MoO3/HNO3/ZnO loading study

had well dispersed, small particle size impregnant. These results will be discussed in

terms of flow test results below.

7.4.4 Flow Test Results

Figure 7.11 shows dry breakthrough times obtained from flow testing the samples in

this study. Details of the sample preparation are listed in Table 7.2. The samples

were challenged with SO2, NH3 and C6H12 challenge gases. Results obtained from

URC and GC are included for reference.

Figure 7.11: Dry breakthrough times obtained from flow testing samples A, B, C,
D and E. The samples were challenged with SO2, NH3 and C6H12 challenge gases.
Results obtained from URC and GC are included for reference.

Figure 7.11 shows that the dry SO2 breakthrough times increase for samples A

through C, then remain constant for samples C through E. The CuO loading is

decreasing and ZnO loading is increasing (total CuO + ZnO = 1.7 ± 0.1 mmol/g
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GC) for samples A through E. The longer dry SO2 breakthrough times are due to the

higher amounts of well dispersed ZnO impregnant. This is consistent with the results

in Figure 5.16 which show that for IACs with similar loading, thermal treatment and

HNO3 co-impregnation, the Zn-based IACs had longer dry SO2 breakthrough times

compared to Cu-based samples. Figure 7.11 shows that all of the IACs prepared and

tested in this study had longer dry SO2 breakthrough times than URC or GC.

Figure 7.11 shows that samples A, B, C, D and E all had similar dry NH3 break-

through times that were longer than those obtained from URC or GC. Sample C

had the longest dry NH3 breakthrough time of the IACs tested here. Figure 7.11

shows that all of the IACs prepared and tested in this study had longer dry C6H12

breakthrough times than URC and shorter breakthrough times than GC. The sam-

ples with the highest Cu2+ impregnant loading (samples A and B) had the longest

dry C6H12 breakthrough times. Sample E had the shortest dry C6H12 breakthrough

time of the IACs prepared and tested in this study. This sample had a breakthrough

time that was approximately 75% as long as un-impregnated GC. This indicates that

the majority of micropores are available for physical gas adsorption.

Figure 7.12 shows humid C6H12 breakthrough times obtained from flow testing

samples A, B, C, D and E. Results obtained from URC and GC have been included

for reference. Figure 7.12 shows that all of the IACs prepared and tested in this work

had shorter humid C6H12 breakthrough times than the GC or URC samples. The

poor C6H12 adsorption under humid conditions is mainly due to co-impregnation with

4 M HNO3. The data shows that the ratio of Cu2+:Zn2+ impregnant does not effect

the humid C6H12 adsorption capacity.

7.5 Summary of the Most Effective Multi-gas IACs

Figure 7.13 shows a radar plot summarizing the most effective multi-gas IACs dis-

cussed in chapter 7. Flow test results obtained from the Cu/HNO3/PMA,

Zn/Cu/HNO3/PMA, Fe/Cu/HNO3/PMA and Mn/Cu/HNO3/PMA samples are shown.

Due to limited sample size and gas testing availibility wet SO2 and NH3 tests were not

performed. There are no humid results for the Zn/Cu/HNO3/PMA IAC. There are

no humid C6H12 results for the Cu/HNO3/PMA and Mn/Cu/HNO3/PMA samples
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Figure 7.12: Humid C6H12 breakthrough times obtained from flow testing samples A,
B, C, D and E. Results obtained from URC and GC have been included for reference.

and no dry C6H12 results for samples Zn/Cu/HNO3/PMA, Fe/Cu/HNO3/PMA and

Mn/Cu/HNO3/PMA samples.

Figure 7.13 shows that the IACs prepared from mixed metal nitrates had longer

dry SO2 and NH3 breakthrough times than the GC, Cu/HNO3/PMA and URC sam-

ples. Samples Zn/Cu/HNO3/PMA and Mn/Cu/HNO3/PMA had equivalent dry

HCN/NCCN adsorption capacity compared to the Cu/HNO3/PMA and URC sam-

ples. The Fe/Cu/HNO3/PMA IAC had slightly lower dry HCN/NCCN capacity

compared to the other samples. All the IACs prepared from mixed metal nitrates

had longer dry HCN breakthrough times than GC.

Dry C6H12 testing was not performed on the IACs prepared from mixed metal

nitrates. The Cu/HNO3/PMA sample had a longer dry C6H12 breakthrough time

than URC and a shorter time than GC. The Mn/Cu/HNO3/PMA sample had the

longest humid HCN breakthrough time of the samples tested here. When humid
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Figure 7.13: Radar plot summarizing flow test results obtained from the most effec-
tive multi-gas IACs discussed in chapter 7. The breakthrough times are reported in
minutes. Gas test results obtained from the different challenge gases are presented
on individual axes. Dry NH3 and C6H12 breakthrough times and wet HCN, NCCN
and C6H12 breakthrough times have been scaled, by the amount indicated on their
respective axis, to allow for better presentation of the data. Results obtained from
GC and URC are included for reference.

HCN/NCCN capacity is considered the Mn/Cu/HNO3/PMA sample and URC sam-

ple were equivalent. The Fe/Cu/HNO3/PMA and the Cu/HNO3/PMA samples had
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reasonably good humid HCN/NCCN adsorption capacity. All of the IAC samples

had longer wet HCN breakthrough times than GC. The Fe/Cu/HNO3/PMA sample

had poor humid C6H12 capacity compared to the URC and GC samples.

7.6 Conclusions

IACs prepared from Cu(NO3)2, a second metal nitrate precursor, HNO3 and

H3PO4•12MoO3, that were heated at Tf = 200◦C, were observed to have good overall

multi-gas adsorption capacity. The H3PO4•12MoO3 impregnant improved NCCN

retention in Cu2+ containing IACs that had been exposed to HCN. H3PO4•12MoO3

impregnant also improved dry NH3 adsorption capacity. When co-impregnated with

HNO3 and H3PO4•12MoO3, the Zn/Cu-, Mn/Cu- and Fe/Cu-based IACs had overall

multi-gas capacity that was as good as or better than the Cu-based IACs and the URC

sample. Being able to reduce the amount of Cu(NO3)2 by substituting Zn(NO3)2,

Mn(NO3)2 or Fe(NO3)3 may provide cost savings, without loss in performance, to

producers of multi-gas respirator carbons.

XRD data was used to show IACs produced from 1.8 M Mn(NO3)2 and 0.8 M

Zn(NO3)2, that were heated at Tf = 200◦C, formed ZnMn2O4 as their dominant

impregnant phase. IACs prepared from Cu(NO3)2 and Mn(NO3)2 solutions, heated

at Tf = 200◦C, formed primarily CuO impregnant. Co-impregnating Mn(NO3)2 with

Cu(NO3)2 appears to effect the way the Mn-based impregnant crystallizes during

heating. None of the Mn/Cu- or Mn/Zn-based IACs had full multi-gas capacity.

IACs prepared from aqueous Cu(NO3)2, Zn(NO3)2, HNO3 and H3PO4•12MoO3

solutions, that were heated at Tf = 180◦C, were found to be useful multi-gas IACs

under dry conditions. XRD and SAXS data showed that relatively small particle

size, well dispersed impregnant was formed after heating on IACs prepared from

these impregnants. These samples were found to have poor humid C6H12 capacity

due to co-impregnation with HNO3. No other humid flow tests were performed on

these IACs. The best overall multi-gas IAC (sample C) had approximately (0.9 mmol

CuO, 0.9 mmol ZnO, 0.2 mmol Mo6+) impregnant/g GC.

The work presented up to this point has shown that preparing IACs with co-

impregnated HNO3 gives good impregnant dispersion. This results in good SO2,
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NH3, HCN and dry C6H12 adsorption capacity. IACs prepared with co-impregnated

HNO3 have poor humid C6H12 adsorption. Work presented in the following chapters

was aimed at improving humid C6H12 adsorption, without losing overall multi-gas

adsorption capacity.



Chapter 8

The Effect of Co-impregnated Acids on the Performance of

Zn-based Broad Spectrum Respirator Carbons

Sections of this chapter, including figures and tables, have been submitted for publi-

cation in the Journal of Hazardous Materials. The manuscript title is “The Effect of

Co-impregnated Acids on the performance of Zn-based Broad Spectrum Respirator

Carbons”. The authors are Jock Smith, Jennifer Romero, Tara Dahn, Kevin Dunphy,

Lisa Croll and Jeff Dahn. The contribution of Jock Smith to the manuscript con-

sists of organization of sample preparation and experiments, assistance with sample

preparation and characterization, all of the data analysis and figure and manuscript

preparation. The figures have been reproduced by permission of the Journal in ac-

cordance with the terms of the publishing company (Elsevier) copyright release (see

Appendix A). Some of the text, figure numbers and references have been modified for

inclusion in this thesis.

8.1 Introduction

In this work a comparative study of some common acids co-impregnated with a

Zn(NO3)2 precursor on an AC substrate was performed. The samples were heated at

temperatures sufficient to promote conversion of the Zn(NO3)2 impregnant to ZnO.

For comparative purposes, AC samples impregnated with different types of acids, and

no metallic impregnant were also studied. The acids studied in this work were phos-

phoric acid (H3PO4), tartaric acid (C4H6O6), sulphuric acid (H2SO4), hydrochloric

acid (HCl) and acetic acid (C2H4O2). For comparative purposes IACs were prepared

using HNO3. The goal of this work was to determine if multi-gas IACs, with improved

humid C6H12 capacity, could be prepared by co-impregnating Zn(NO3)2 with acids

other than HNO3.

158
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8.2 Experimental Details

8.2.1 Chemicals Used

The chemicals used to prepare the impregnating solutions (and the supplier they were

obtained from) were Zn(NO3)2•6H2O and HNO3 (Sigma-Aldrich), C4H6O6 (Aldrich),

HCl (AMD), H3PO4, H2SO4 and C2H4O2 (Fisher Scientific). All chemicals were

reagent grade.

8.2.2 Sample Preparation

All of the IACs described in this chapter were prepared using GC activated carbon

which was previously described in section 3.1. IACs containing Zn(NO3)2 precursors

were prepared by impregnating GC with 2.4 M Zn(NO3)2 and 4 M acidic solutions.

The samples prepared from solutions containing tartaric acid were impregnated with

1.2 M Zn(NO3)2/2 M C4H6O6 due to solubility issues. IAC samples prepared without

Zn(NO3)2 in the impregnating solution were prepared from 0.5 M and 4 M acidic

solutions. The GC substrate was impregnated using the imbibing method. Typically

10 - 12 mL of solution was applied to 15 g of GC.

The IACs reported in this work were heated under flowing argon in a tube furnace.

Typically, a 15 g sample would be heated at 115◦C and held for 1 hour, then ramped

to 200◦C and held at this temperature for 21
2
- 3 hours. Details of the heating

conditions and determination of the % impregnant loading have been discussed earlier

(see section 2.1 or section 7.2.1 for example).

8.3 Results and Discussion

8.3.1 Impregnant Loading

Samples with no metallic impregnant were prepared by impregnating GC with 0.5

M and 4 M acidic solutions. Figure 8.1 shows the observed % impregnant loading of

the IACs impregnated with acidic solutions as determined by gravimetric analysis.

Figure 8.1 shows that IACs prepared from HNO3, C2H4O2 and HCl had relatively

low impregnant loading after heating but samples prepared from H3PO4, H2SO4 and
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Figure 8.1: Observed % impregnant loading of the IACs impregnated with acidic
solutions as determined by gravimetric analysis.

C4H6O6 had impregnant loadings consistent with all of the impregnating material

being present after heating. These findings are reasonable when the boiling points of

these materials are considered [93]. There was no IAC prepared from 4 M C4H6O6 due

to solubility issues. The samples shown in Figure 8.1 were prepared for comparative

purposes and will be discussed further below.

IACs were also prepared by co-impregnating GC with 2.4-2.5 M Zn(NO3)2 and 4

M acidic solutions. These samples were heated at Tf = 200◦C under argon and their

impregnant loading was determined after cooling to room temperature. Figure 8.2

shows the observed % impregnant loading of the co-impregnated IACs as determined

by gravimetric analysis. For reference the predicted loading for GC impregnated with

ZnO is indicated.

Figure 8.2 shows that the IAC prepared from Zn(NO3)2 and HNO3 had slightly

higher than predicted impregnant loading. The additional mass can be explained by

the introduction of surface oxygen groups from the HNO3 treatment. A comparison

of the Zn/HNO3 data to the 4 M HNO3 data in Figure 8.1 shows that the gravimetric
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Figure 8.2: Observed % impregnant loading of the co-impregnated IACs as deter-
mined by gravimetric analysis. For reference the predicted loading for GC impreg-
nated with ZnO is indicated.

data are consistent with ZnO being the dominant impregnant phase. The IACs co-

impregnated with Zn(NO3)2 and C2H4O2, or Zn(NO3)2 and HCl, show higher than

expected impregnant loading. The % impregnant loading shown in Figure 8.2 for these

two cases is greater than the sum of the loading due to the heated C2H4O2, or HCl,

alone (as shown in Figure 8.1) and the loading of ZnO alone (as indicated in Figure

8.2) on the IAC. Similarly, if the co-impregnated chemicals Zn(NO3)2 and H3PO4,

or Zn(NO3)2 and H2SO4 are assumed not to interact during thermal decomposition,

the observed impregnant loading (in Figure 8.2) does not make sense. Calculations

based on the co-impregnated chemicals interacting, or not interacting, during thermal

decomposition are shown in Table 8.1. The non-interacting calculations are the sum

of the data shown in Figure 8.1 (for IACs prepared from 4 M solutions) and the

loading of ZnO impregnant (indicated in Figure 8.2). The interacting calculations

are based on the volume and concentration of the impregnating solution added to the

GC. The predicted decomposition products (for the interacting case) are indicated in

Table 8.1.



162

Table 8.1: Observed and predicted % impregnant loadings for the IACs prepared in
this study. The asterisk denotes that only mass due to the ZnO impregnant was used
in the predicted % load calculation.

Sample Observed %
load (wt.)

Predicted % load
(non-interacting)

Predicted % load
(interacting)

Predicted decompo-
sition product

Zn/HNO3 20 19 16* ZnO

Zn/C2H4O2 30 18 30 ZnC2O4

Zn/H3PO4 39 51 35 Zn3(PO4)2 + H3PO4

Zn/C4H6O6 36 n/a 35 ZnC4H4O6

Zn/H2SO4 40 52 42 ZnSO4 + H2SO4

Zn/HCl 28 17 29 ZnCl2•H2O

Table 8.1 shows that all of the co-impregnated acids, except for HNO3, are in-

teracting with the Zn(NO3)2 precursor during heating. The interacting % impreg-

nant loading calculations indicate that samples impregnated with Zn(NO3)2 and

C2H4O2, Zn(NO3)2 and HCl, or Zn(NO3)2 and C4H6O6 form ZnC2O4 (zinc oxalate),

ZnCl2•H2O (zinc chloride hydrate) and ZnC4H4O6 (zinc tartrate) respectively. Sam-

ples prepared from Zn(NO3)2 and H3PO4 or Zn(NO3)2 and H2SO4 appear to have

formed Zn3(PO4)2 (zinc phosphate) and ZnSO4 (zinc sulphate) respectively as the

dominant impregnant phases after heating. In both latter cases the excess acid ap-

pears to have remained on the IAC sample after heating, this is expected based on

the results shown in Figure 8.1.

8.3.2 XRD Characterization

To study the phase of the impregnant present after heating, powder XRD experiments

were performed. Figure 8.3 shows XRD patterns obtained from the samples listed in

Table 8.1. An IAC sample prepared from 2.4 M Zn(NO3)2 with no co-impregnant,

that recieved the same thermal treatment as the other IAC samples in this study, has

been included for comparative purposes. For reference the main Bragg peak positions

for the expected decomposition products have been indicated [56]. The Bragg peak

positions for ZnC4H4O6 were obtained by digitizing data from Figure 1 of Ref. [106].

Figure 8.3(a) shows that the heating conditions used in this study were sufficient to

thermally decompose Zn(NO3)2 to ZnO. Comparing Figures 8.3(a) and 8.3(c) shows
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Figure 8.3: XRD patterns obtained from the samples listed in Table 8.1. For reference
the main Bragg peak positions for the expected decomposition products have been
indicated.

that co-impregnating Zn(NO3)2 and HNO3 results in a dramatic reduction (or elim-

ination) of the ZnO diffraction peaks. This is indicative of small grain size ZnO as

can be inferred from the Scherrer equation (Eq. 2.5). Work presented in chapters 5,

6 and 7 shows co-impregnation with HNO3 improves dispersion of the impregnant on

the AC substrate. This is consistent with results reported in the literature [24,41,91].

Work presented in chapters 5, 6 and 7 shows that well distributed, small particle
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size impregnant has optimal gas adsorption capacity for SO2, NH3 and HCN gases.

Figures 8.3(e) and 8.3(f) show diffraction patterns obtained from the Zn/C2H4O2

and Zn/HCl samples respectively. These diffraction patterns do not display impreg-

nant related diffraction peaks. The broad humps centered at 2θ ≈ 22◦ and 44◦ are

consistent with scattering from disordered carbon [2].

Figure 8.3(b) shows the diffraction pattern obtained from the Zn/H3PO4 sample.

Relatively weak impregnant related diffraction peaks, that match Zn3(PO4)2, are

observed. The diffraction data shown in 8.3(d) and 8.3(g) have intense, narrow peaks,

implying relatively large impregnant grain size. The pattern obtained from Zn/H2SO4

is well charecterized by the reference pattern for ZnSO4•H2O. The IAC prepared from

Zn/C4H6O6 is matched by ZnC4H4O6. The results shown in Figures 8.3(a), 8.3(b),

8.3(c), 8.3(d) and 8.3(g) support the proposed impregnant phases in Table 8.1. The

effect of impregnant phase and distribution will be discussed in terms of gas adsorption

capacity below.

8.3.3 Flow Test Results

Figure 8.4 shows flow test results obtained from the samples prepared in this study.

Panels (a) and (b) show results obtained from samples impregnated with 0.5 M and

4 M acidic solutions respectively. The IACs prepared from 0.5 M and 4 M acidic

solutions in this study were not tested for HCN adsorption capacity due to limited

sample size and testing availability. Un-impregnated AC and AC samples treated

with oxidizing agents were shown to react weakly with HCN gas in Figures 3.4, 3.10

and 5.10. This is consistent with results reported in the literature [18]. These samples

were observed to have short HCN breakthrough times relative to IACs impregnated

with metallic oxides. Figure 8.4(c) shows flow test results obtained from IACs co-

impregnated with Zn(NO3)2 and 4 M acidic solutions. The flow test results for IACs

containing Zn2+ impregnant are reported in terms of breakthrough time of the chal-

lenge gas. All the metal containing samples had approximately the same loading of

Zn2+ impregnant so the breakthrough time is proportional to the relative stoichio-

metric ratio of reaction [22,25]. Due to limited sample size and testing availibility no

dry C6H12 flow tests were performed.
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Figure 8.4: Flow test results obtained from the samples prepared in this study. Panels
(a) and (b) show results obtained from samples impregnated with 0.5 M and 4 M acidic
solutions respectively. Panel (c) shows results obtained from IACs co-impregnated
with Zn(NO3)2 and 4 M acidic solution. Results obtained from GC and URC are
indicated for reference.

Figure 8.4(a) shows that samples prepared from 0.5 M acidic solutions had rela-

tively low dry SO2 and NH3 capacity. All of the samples had dry SO2 breakthrough

times approximately equal to GC and shorter than URC. The 0.5 M C4H6O6 sample

had the lowest SO2 capacity of the samples and it was also lower than GC. The 0.5

M H3PO4, 0.5 M C4H6O6 and 0.5 M H2SO4 samples all displayed some dry NH3

adsorption capacity. These samples had impregnant loadings (see Figure 8.1) that

were consistent with all of the impregnated acid being present after heating so some

adsorption of the basic NH3 gas was expected. The 0.5 M HNO3 and 0.5 M HCl sam-

ples had almost no NH3 capacity. These samples displayed little impregnant loading

after heating, as was shown in Figure 8.1. The data in Figure 8.4(b) shows a similar

trend for the samples impregnated with 4 M acidic solutions. IACs that displayed
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relatively high impregnant loading in Figure 8.1 show high NH3 capacity in Figure

8.4(b). The 4 M H3PO4 and 4 M H2SO4 samples have NH3 breakthrough times ≥
250 minutes. High NH3 capacity for AC activated with H2SO4 has been reported in

the literature [107]. The 4 M HNO3, 4 M C2H4O2 and 4 M HCl samples all displayed

low impregnant loadings (Figure 8.1) and have poor NH3 capacity (Figure 8.4). The

4 M H3PO4 and 4 M H2SO4 IACs have lower SO2 capacity than GC. It is likely that

the pressence of impregnated acid in these samples is responsible for their reduced

ability to adsorb the acidic SO2 gas. The 4 M HNO3, 4 M C2H4O2 and 4 M HCl

samples all had SO2 capacity approximately equal to GC and less than URC.

Figure 8.4(c) shows that the Zn/HNO3 sample had the best SO2 capacity of all the

samples tested in this study, including the URC sample. The Zn/C2H4O2 and Zn/HCl

samples had dry SO2 breakthrough times that were similar to those observed for the

URC sample. The SO2 capacities of the samples in this study rank as: Zn/HNO3 >

Zn/C2H4O2 > Zn/HCl > Zn/H2SO4 ≈ Zn/H3PO4 > Zn/C4H6O6. Comparison of

the SO2 breakthrough times to the XRD patterns in Figure 8.3 shows that IACs with

less intense impregnant diffraction peaks had longer dry SO2 breakthrough times.

ZnCl2 is not known to be a good impregnant for the adsorption of SO2. The longer

than expected breakthrough time reported for the Zn/HCl sample in Figure 8.4(c)

may be due to a combination of good impregnant distribution and the presence of a

small amount of water on the impregnant (as indicated in Table 8.1). The pressence

of water was shown to improve IACs and ACs ability to adsorb SO2 in Figures 3.14

and 3.4 and has been reported in the literature [13,42].

Comparing Figures 8.4(b)and 8.4(c) shows that NH3 capacity is much higher when

the Zn2+ impregnant was present. The NH3 capacity of the IACs shown in Figure

8.4(c) ranks as: Zn/H2SO4 > Zn/HCl > Zn/H3PO4 ≈ Zn/C2H4O2 > Zn/HNO3

> Zn/C4H6O6. All of the samples except for the Zn/C4H6O6 IAC had better NH3

adsorption capacity than the URC sample. The Zn/H2SO4 sample has the longest

dry NH3 breakthrough time. The dominant impregnant phase in this sample was

ZnSO4•H2O as was indicated in Table 8.1 and Figure 8.3(d). The pressence of the

SO4
2− anion has been corelated with NH3 adsorption in the literature [13, 23]. The
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XRD data imply that this sample had relatively large grain size ZnSO4•H2O im-

pregnant, however the NH3 adsorption was good. The Zn/HCl IAC had long NH3

breakthrough times. In comparison samples impregnated with the same concentration

of HCl, with no Zn2+ impregnant present had almost no NH3 capacity. The results

presented in Table 8.1 indicated that ZnCl2•H2O was the dominant impregnant phase

in this sample and the flow test results shown in Figure 8.4(c) support this. ZnCl2

IACs have been reported to be effective for removing NH3 from gas streams and reac-

tion mechanisims have been presented in the literature [22, 108]. Comparison of the

Zn/C2H4O2, and 4 M C2H4O2 IACs shows that the pressence of the Zn2+ impreg-

nant results in an approximately 20 fold increase in the NH3 breakthrough time. The

dominant impregnant phase for the Zn/C2H4O2 IAC was ZnC2O4. By contrast, the

Zn/H3PO4 IAC displayed a reduction in NH3 capacity compared to the 4 M H3PO4

sample. This sample had Zn3(PO4)2 as the dominant impregnant phase after heating.

The Zn/C4H6O6 IAC had ZnC4H4O6 as its dominant impregnant phase. This sample

had the lowest NH3 (and SO2) capacity of the IACs in this study.

Due to sample size and testing limitations the Zn/HCl and Zn/C4H6O6 IACs

were not tested for HCN capacity. Figure 8.4(c) shows that the HCN capacity of the

IACs ranks as: Zn/HNO3 > Zn/C2H4O2 > Zn/H2SO4 > Zn/H3PO4. None of the

Zn2+ impregnated samples had HCN capacity that was as good as URC. Optimal

impregnation recipes for URC are predominately based on Cu2+ impregnant [13] and

it has been reported that Cu2+ impregnants (typically present as CuO) typically

have better HCN capacity than Zn2+ impregnants (refer to Figures 5.10 and 4.5).

The advantage of Zn-based samples is that unlike Cu2+ impregnants they do not

usually generate toxic NCCN as a reaction by-product (see Equations 1.1 and 5.4).

Reaction mechanisims are discussed in the litterature [4,9,17]. None of the Zn-based

IACs in this work generated NCCN during their HCN flow tests. Comparing the

NCCN breakthrough time from the URC sample to the HCN breakthrough time for

the Zn/HNO3 sample shows that their overall HCN/NCCN capacity is similar. The

Zn/C2H4O2 IAC displayed reasonably good HCN capacity indicating that the ZnC2O4

impregnant phase may be useful for broad spectrum respirator carbon applications.

The Zn/H2SO4 and Zn/H3PO4 IACs displayed relatively poor HCN capacity that
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was only slightly better than un-impregnated GC.

Figure 8.5 shows humid C6H12 flow test results obtained from the Zn-based IACs

in this study as detailed in the figure caption. The Zn/HNO3 sample was not tested.

ZnO based samples prepared with HNO3 co-impregnation were shown to have poor

humid C6H12 capacity in Figure 5.15(a). For reference flow test results obtained from

GC and URC are included.

Figure 8.5: Humid C6H12 flow test results obtained from the samples prepared in this
study. The Zn/C2H4O2, Zn/H3PO4, Zn/C4H6O6, Zn/H2SO4 and Zn/HCl IACs were
tested. Results obtained from GC and URC are indicated for reference.

Figure 8.5 shows that all of the Zn-based IACs prepared and tested in this work

had shorter humid C6H12 breaktrhough times than GC or URC. These results indicate

that none of the co-impregnated acids chosen here can be used to replace HNO3 in

the preparation of multi-gas IACs with improved humid C6H12 adsorption.
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8.4 Summary of the Most Effective Samples

Figure 8.6 shows a radar plot summarizing the flow test results obtained from the

most effective multi-gas IACs discussed in chapter 8 as detailed in the figure caption.

Figure 8.6 shows that the Zn/HNO3, Zn/C2H4O2 and Zn/HCl samples all had longer

Figure 8.6: Radar plot summarizing flow test results obtained from the Zn/HNO3,
Zn/C2H4O2 and Zn/HCl samples. Results obtained from dry SO2, NH3, HCN, NCCN
and humid C6H12 tests are reported on individual axes. Results obtained from the
dry NH3 and humid C6H12 flow tests have been scaled, by the amount indicated on
their respective axis, to allow for improved data presentation. Results obtained from
GC, URC and the Zn-4M A-180 sample (discussed in chapter 5) have been included
for reference.

dry SO2 breakthrough times than GC and had breakthrough times that were longer

than or equal to URC. The Zn/HNO3 sample had the longest dry SO2 breakthrough

time of the samples in this study and had the same SO2 capacity as the Zn-4M A-180

sample.

Figure 8.6 shows that the Zn/HNO3, Zn/C2H4O2 and Zn/HCl samples all had

longer dry NH3 breakthrough times than GC and breakthrough times equal to or

greater than the URC and Zn-4M A-180 samples. Sample Zn/HCl had a dry NH3
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breakthrough time that was 3 - 4 times longer than the URC, Zn/HNO3 and Zn-4M

A-180 samples. The Zn/C2H4O2 sample had over 2 times the NH3 capacity of the

URC, Zn/HNO3 and Zn-4M A-180 samples.

Figure 8.6 shows that the Zn/HNO3 and Zn/C2H4O2 samples had longer dry

HCN breakthrough times than GC, but shorter times than URC or the Zn-4M A-180

sample. No HCN test was performed on the Zn/HCl sample. None of the Zn-based

IACs evolved NCCN during HCN exposure. When the HCN/NCCN breakthrough

times are considered together, the Zn/HNO3 has close to the same capacity as the

Zn-4M A-180 and URC samples. All of the Zn-based IACs co-impregnated with

4 M acidic solutions had poor humid C6H12 capacity relative to the URC and un-

impregnated GC samples.

8.5 Conclusions

Using gravimetric analysis, XRD and dynamic flow testing, IAC samples prepared

from acidic solutions and Zn(NO3)2/acidic solutions were characterized. It was ob-

served that samples prepared from HNO3, C2H4O2 or HCl had low impregnant load-

ing after heating. These samples had poor gas adsorption capacity. Co-impregnating

these acids with Zn(NO3)2, followed by heating at Tf = 200◦C under argon produced

IACs with ZnO, ZnC2O4 and ZnCl2•H2O as their respective dominant impregnant

phases. XRD data obtained from these samples were consistent with small impreg-

nant grain size. These samples had relatively good SO2, NH3 and HCN gas adsorption

capacity.

Samples prepared from H2SO4, H3PO4 and C4H6O6 had relatively high impreg-

nant loading after heating. These IACs had good NH3 capacity but poor SO2 ca-

pacity. This was attributed to the pressence of residual acid after heating. IACs

co-impregnated with Zn(NO3)2 and H2SO4 had ZnSO4•H2O as the dominant im-

pregnant phase after heating. These samples had the best overall NH3 capacity, but

displayed relatively poor SO2 and HCN capacities. Co-impregnating Zn(NO3)2 and

H3PO4 produced IACs with lower NH3 capacity than samples prepared from H3PO4

alone. These samples did not have good SO2 or HCN capacity. IACs prepared using

C4H6O6 and Zn(NO3)2/C4H6O6 were found to have the lowest overall gas adsorption
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capacity of the samples studied in this work.

The overall gas adsorption capacity of the IACs co-impregnated with Zn(NO3)2

and 4 M acid ranks as: HNO3 > C2H4O2 > HCl > H2SO4 > H3PO4 > C4H6O6.

None of the IACs reported in this work have humid C6H12 capacity that is as good

as the comercially available URC sample. These results indicate that in addition

to HNO3, C2H4O2 and HCl may be useful co-impregnants when preparing broad

spectrum respirator carbons if humid C6H12 adsorption is not required. The samples

prepared from Zn(NO3)2 and H2SO4 had the highest NH3 capacity. Zn(NO3)2 is much

more soluble in water than ZnSO4, so co-impregnating ACs with Zn(NO3)2 and H2SO4

may be a useful way to produce ZnSO4-based IACs when high impregnant loading is

required. Co-impregnating with H3PO4 or C4H6O6 was not found to be benificial in

this work.



Chapter 9

The Effect of Co-impregnation with Sugars on Broad

Spectrum Respirator Carbons

Work presented in the preceding chapters has shown that multi-gas IACs can be

prepared by co-impregnating AC with a metal nitrate precursor(s) and properly se-

lected acid (e.g. HNO3, HCl or C2H4O2). Samples that were heated at 180 - 200◦C,

were effective for adsorption of SO2, NH3, HCN and dry C6H12 gases, but had poor

wet C6H12 adsorption. In this chapter a comparative study of multi-gas IACs pre-

pared by co-impregnation with sugars is presented. The motivation for this study was

to improve humid C6H12 capacity without losing adsorption capacity for the other

challenge gases. It was postulated that co-impregnation with sugar might allow a

“sacrificial burn-off” of carbon from the sugar, to prevent the oxidation of the AC

substrate (see Eq. 5.1 for example). Care must be taken when preparing samples

with a strong oxidizing agent (e.g Cu(NO3)2) and a reducing agent (e.g. sucrose) due

to the possibility of thermal runaway. In this work the temperature of the sample was

monitored using a thermocouple to ensure the IACs did not go into thermal runaway.

9.1 Chemicals Used

The chemicals used to prepare the impregnating solutions were copper nitrate hemi-

pentahydrate (Cu(NO3)2•2.5H2O) and 12- Molybdophosphoric acid hydrate

(H3PO4•12MoO3•xH2O) (obtained from Alfa Aesar, reagent grade), zinc nitrate

hexahydrate (Zn(NO3)2•6H2O) (Sigma-Aldrich reagent grade), copper sulfate pen-

tahydrate (CuSO4•5H2O) (Anachemia, reagent grade), zinc sulfate heptahydrate

(Zn(SO4•7H2O), sucrose (C12H22O11), glucose (C6H12O6) and copper D-gluconate

(C12H22CuO14) (obtained from Aldrich, reagent grade) and D-gluconic acid solution

(C6H12O7) (obtained from Sigma-Aldrich, 49 - 53% in H2O).

172
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9.2 Co-impregnation with Copper D-gluconate

9.2.1 Sample Preparation

Prior to sample preparation a TGA experiment was performed to determine the

optimal heating temperature to use in the C12H22CuO14 IAC study. Figure 9.1 shows

TGA data obtained from a sample that was impregnated with 0.6 M C12H22CuO14.

Prior to the TGA experiment the sample was heated, in air, at 90◦C. The TGA

experiment was performed under 50 mL/min argon flow at a heating rate of 5◦C/min.

Figure 9.1 shows a peak in the derivative TGA data that is centered at ≈ 200◦C. It

Figure 9.1: TGA data obtained from a GC sample impregnated with 0.6 M
C12H22CuO14. The experimental conditions are indicated in the legend. The TGA
data (solid black line) is displayed with respect to the Wt% axis, the derivative TGA
data (ΔTGA, red dashed line) is associated with the ΔWt%/Δ Temp. axis.

was decided that IAC samples impregnated or co-impregnated with C12H22CuO14
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should be heated at Tf = 180◦C and 250◦C. These heating temperatures correspond

to points before and after the peak on the derivative TGA curve shown in Figure 9.1.

IAC samples were prepared by impregnating GC activated carbon. GC was previ-

ously described in section 3.1. The GC substrate was impregnated using the imbibing

method. The IAC samples were prepared in one imbibing and heating step. Details of

the heating conditions and determination of the % impregnant loading have been dis-

cussed in earlier sections (see section 2.1 or section 7.2.1). Table 9.1 lists the sample

names, imbibing solution contents and heating temperatures used to prepare IACs in

this work.

Table 9.1: Sample preparation details of IACs impregnated or co-impregnated with
C12H22CuO14.

Sample Imbibing solution contents Tf (◦C)
A 11 mL of 0.3 M C12H22CuO14 per 15 g GC 180
B 11 mL of 0.6 M C12H22CuO14 per 15 g GC 180
C 11.5 mL of 2.3 M Zn(NO3)2 / 0.1 M C12H22CuO14 per

15 g GC
180

D 11.5 mL of 2.1 M Zn(NO3)2 / 0.3 M C12H22CuO14 per
15 g GC

180

E 11.5 mL of 1.8 M Zn(NO3)2 / 0.6 M C12H22CuO14 per
15 g GC

180

F 11.5 mL of 2.3 M Zn(NO3)2 / 0.1 M C12H22CuO14 per
15 g GC

250

G 11.5 mL of 2.1 M Zn(NO3)2 / 0.3 M C12H22CuO14 per
15 g GC

250

H 11.5 mL of 1.1 M Zn(NO3)2 / 1.0 M ZnCl2 / 0.3 M
C12H22CuO14 per 15 g GC

250

I 11.5 mL of 1.4 M Zn(NO3)2 / 0.7 M ZnCl2 / 0.3 M
C12H22CuO14 per 15 g GC

250

J 11.5 mL of 1.2 M Zn(NO3)2 / 1.1 M ZnCl2 / 0.1 M
C12H22CuO14 per 15 g GC

250

K 11.5 mL of 1.6 M Zn(NO3)2 / 0.7 M ZnCl2 / 0.1 M
C12H22CuO14 per 15 g GC

250

Table 9.1 shows that for samples C →K the overall concentration of the impreg-

nating solution was 2.4 M. Samples A and B were impregnated with C12H22CuO14

only. For samples C → E the concentration of Zn(NO3)2 in the impregnating solution

decreased and the concentration of C12H22CuO14 increased. Samples F and G were
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impregnated with the same solutions as samples C and D respectively. These pairs

of IACs were heated at different temperatures. Samples H → K were prepared from

solutions containing combinations of Zn(NO3)2, ZnCl2 and C12H22CuO14.

9.2.2 Impregnant Loading

Table 9.2 shows the observed and predicted % impregnant loading for the IACs pre-

pared from the impregnating solutions detailed in Table 9.1. The predicted % loading

was calculated using the following assumptions:

1. The heating temperature was sufficient to promote full conversion of the Zn(NO3)2

precursor to ZnO.

2. The first predicted % impregnant loading (Predicted % load (1)) assumes 50%

mass loss of the C12H22CuO14 impregnant after heating. This assumption was

based on TGA data of the thermal decomposition of C12H22CuO14 (not shown)

in the heating temperature range used during sample preparation.

3. The second predicted % impregnant loading (Predicted % load (2)) assumes

ZnO, Cu and zinc gluconate (C12H22ZnO14) are the only impregnants present

on the GC substrate after heating.

Table 9.2: Observed and predicted % impregnant loadings for the IACs detailed in
Table 9.1.

Sample Observed % load (wt.) Predicted % load (1) Predicted % load (2)
A 5 5 n/a
B 11 10 n/a
C 18 16 18
D 22 18 23
E 25 22 31
F 20 16 18
G 16 18 23
H 22 23 20
I 24 21 26
J 19 21 22
K 18 19 28
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Table 9.2 shows that there is reasonable agreement between the observed and pre-

dicted % impregnant loading. The predicted % load (2) values tend to be higher than

the observed % load values when 0.3 M or 0.6 M C12H22CuO14 was used. To try to

better identify the impregnant phase present after heating powder XRD experiments

were performed.

9.2.3 XRD Characterization

Figure 9.2 shows XRD data collected from samples A, B, C, D and E in panel (a)

and samples F, G, H, I, J and K in panel (b). For reference the diffraction pattern

obtained from GC has been included. The main Bragg peak positions for Cu2O, Cu

and ZnO ([00-078-2076], [00-004-0836] and [00-089-1397] in [56]) have been indicated.

Figure 9.2: XRD data obtained from the samples described in Table 9.1. Samples A
→ E are shown in panel (a) and samples F→ K are shown in panel (b). For reference
XRD data from GC is included in both panels. The main Bragg peak positions for
Cu2O, Cu and ZnO are indicated.

Figure 9.2 shows that Cu2O and Cu impregnant are present after heating samples

A and B. The intensity of the impregnant related peaks increases from sample A to

sample B. Sample B had more impregnated C12H22CuO14 than sample A. There are

no obvious impregnant related diffraction peaks present in the data obtained from
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samples C, D and E. Comparison of the data obtained from the sample C and the

GC sample in the scattering angle range 30◦ ≤ 2θ ≤ 40◦ shows that there is a broad

hump present in the data from sample C, but no hump is present in the data from

the GC sample. The broad hump in the data from sample C may indicate that small

grain size ZnO impregnant is present.

Figure 9.2(b) shows that the data obtained from samples F and G has broad

humps present in the scattering angle range 30◦ ≤ 2θ ≤ 40◦. This may indicate the

presence of small grain size ZnO impregnant. These samples had relatively weak

impregnant related diffraction peaks at ≈ 44◦ which may be related to the presence

of Cu2O or Cu. Comparing the data obtained from samples F and G to the data from

samples C, D and E shows that the increased heating temperature did not result in

a significant increase in impregnant grain size.

Figure 9.2 shows that the data obtained from samples H, I, J and K have relatively

intense ZnO diffraction peaks present. This indicates the pressence of relatively large

grain size ZnO impregnant as can be inferred from the Scherrer equation (Eq. 2.5).

No diffraction peaks corresponding to the ZnCl2 impregnant phase were observed in

samples H →K. Comparing the XRD data obtained from samples H and G shows

that sample H has larger grain size ZnO present. Table 9.1 shows that sample G

had almost two times the concentration of Zn(NO3)2 present in it’s impregnating

solution compared to sample H. Sample H had ZnCl2 present, but sample G did not.

It appears that the pressence of co-impregnated ZnCl2 results in the formation of

large grain size ZnO impregnant during heating.

9.2.4 Flow Test Results

Figure 9.3 shows the dry breakthrough times obtained from flow testing the samples

described in Tables 9.1 and 9.2 with SO2, NH3, HCN and C6H12 gases as detailed in

the figure caption. Figure 9.3(a) shows that samples C, D and E have much longer

dry SO2, NH3 and HCN breakthrough times than samples A and B. This is due to

the pressence of the Zn2+ impregnant (presumably present as ZnO). For samples C

→ E the dry SO2, HCN and C6H12 breakthrough times decrease and the dry NH3

breakthrough times increase. Table 9.1 shows that for samples C → E the amount
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Figure 9.3: Dry breakthrough times obtained from testing the samples, detailed in
Tables 9.1 and 9.2, with SO2, NH3, HCN and C6H12 gases. Samples A, B, C, D and
E are shown in panel (a) and samples F, G, H, I, J and K are shown in panel (b).
Flow test results obtained from GC, URC and Zn-4M A-180 (described in chapter 5)
samples have been included for reference. .

of Zn2+ impregnant decreased and the amount of co-impregnated C12H22CuO14 in-

creased. This implies that the Zn2+ impregnant (presumably present as ZnO) is

responsible for the higher SO2 and HCN capacity observed in sample C relative to

sample E. Sample E shows that NCCN was evolved during its exposure to HCN.

NCCN was not detected in the HCN flow test results obtained from samples C and
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D. The evolution of NCCN during an HCN flow test may indicate some CuO impreg-

nant is present [9]. The decrease in dry C6H12 breakthrough times with increasing

amounts of C12H22CuO14 may indicate that residual sugar is blocking micropores,

making them unavailable for physical adsorption. The increase in dry NH3 adsorp-

tion with increasing amounts of co-impregnated C12H22CuO14 may be due to the

pressence of residual sugar. Reactions between sugar and ammonia, in solution, have

been reported to form pyrazine (C4H4N2) [109]. To the authors knowledge reaction

mechanisims for the adsorption of gaseous NH3 by sugar impregnated AC have not

been reported. The formation of C4H4N2 was not verified in this work.

Figure 9.3 shows that samples C and F had the longest dry SO2 and HCN break-

through times of any of the C12H22CuO14 impregnated or co-impregnated samples.

Table 9.1 shows that samples C and F had the highest concentration of Zn(NO3)2

in their impregnating solutions. The longer SO2 and HCN breakthrouh times are

presumably due to the higher ZnO impregnant loading in these samples. The data in

Figure 9.2 indicates that these IACs had well dispersed, small grain size impregnant.

Figure 9.3 shows that samples H → K had much longer dry NH3 breakthrough times

than samples A → G. Table 9.1 shows that samples H → K all had ZnCl2 present.

ZnCl2 had been shown to be an effective impregnant for NH3 removal in Figure 8.4(c)

and in the literature [22, 108]. Samples F → K all had reasonably good dry C6H12

adsorption, with breakthrough times all > 120 minutes.

Figure 9.3 shows that none of the C12H22CuO14 impregnated or co-impregnated

IACs had overall multi-gas adsorption capacity that was as good as the Zn-4M A-180

or URC samples. Samples C, D, F and G had dry SO2 breakthrough times that

were greater than GC, greater than or equal to URC and less than Zn-4M A-180.

The samples that were co-impregnated with ZnCl2 (samples H → K) had longer

NH3 breakthrough times than GC, URC or the Zn-4M A-180 samples. All of the

C12H22Cu14 impregnated samples had longer dry HCN breakthrough times than GC,

but they were much shorter than the breakthrough times obtained from the Zn-4M

A-180 or URC samples. All of the C12H22CuO14 impregnated samples had dry C6H12

breakthrough times that were greater than or equal to URC, but shorter than GC.

Figure 9.4 shows breakthrough times obtained from testing the samples in this
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study with humid HCN and humid C6H12 gases as detailed in the figure caption.

Figure 9.4(a) shows that samples A, B, C, D and E have longer humid HCN break-

Figure 9.4: Wet breakthrough times obtained from testing the samples in this study
with humid HCN and humid C6H12 gases. Results from samples A, B, C, D and E are
shown in panel (a) and samples F, G, H, I, J and K are shown in panel (b). Samples
F → K were not tested for humid HCN capacity. Details of the sample preparation
are given in Tables 9.1 and 9.2. Flow test results obtained from GC, URC and Zn-4M
A-180 (described in chapter 5) samples have been included for reference.

through times than GC, but shorter breakthrough times than URC. Samples C, D

and E have humid HCN capacity that is greater than or equal to the Zn-4M A-180
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IAC. Samples A → E all display relatively short NCCN breakthrough times when

challenged with HCN gas. The concentration of NCCN detected in the gas stream

after HCN breakthrough for samples A → E was approximately 60 - 200 ppm. The

concentraion of NCCN detected after HCN breakthrough in the GC sample was ap-

proximately 10 ppm. Equation 1.1 indicates that when CuO impregnant is exposed to

HCN, NCCN gas is evolved as a by-product. The higher concentrations of NCCN de-

tected in the gas stream of samples A → E compared to GC may indicate that small

amounts of CuO impregnant are present. This was not confirmed experimentally.

Figure 9.4 shows that the GC sample had the longest humid C6H12 breakthrough

time of the samples tested here. Samples A, B, C and D had humid C6H12 break-

through times greater than or equal to URC. Samples A → K all have wet C6H12

breakthrough times that are greater than or equal to the Zn-4M A-180 IAC. These

results indicate that co-impregnating multi-gas IACs with C12H22CuO14 instead of

HNO3 results in samples with better humid C6H12 adsorption capacity.

9.3 Comparative Study of IACs Co-impregnated with Sucrose, Glucose

or Gluconic Acid

9.3.1 Sample Preparation

IAC samples were prepared on GC activated carbon which has been previously de-

scribed in section 3.1. All of the IACs described in this section were prepared in one

imbibing and one heating step.

IACs prepared from sugar-containing solutions were co-impregnated with either

2.4 M Cu(NO3)2 or 2.4 M Zn(NO3)2. Solutions containing sucrose had 0.10 M

C12H22O11 concentration and the solutions containing glucose had 0.20 M C6H12O6

concentration. IACs co-impregnated with C12H22O11 or C6H12O6 had 4 mL of so-

lution added to 5 g of GC. Solutions containing gluconic acid had either 0.05, 0.20,

0.25, 0.50, 0.75 or 1.0 M C6H12O7 concentration. IACs prepared from C6H12O6 had

4 mL solution added to 5 g GC for small sample sets and 12 mL solution added to

15 g GC for large sample sets.

All of the samples were heated, under flowing argon, at Tf = 180◦C. Details of
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the heating conditions and determination of the % impregnant loading after heating

have been previously discussed (see section 2.1 or section 7.2.1 for example).

9.3.2 Impregnant Loading

A comparative study of IACs co-impregnated with 2.4 M Cu(NO3)2 (or 2.4 M Zn(NO3)2)

and C12H22O11, C6H12O6 or C6H12O7 was performed to determine which co-impregnated

sugar gave the best impregnant distribution. Table 9.3 lists the impregnating solu-

tion contents and the observed and predicted % impregnant loading for the samples

prepared in this study. The predicted % impregnant loading assumes full conver-

sion of the metal nitrate precursor to a metal oxide and assumes that all of the co-

impregnated sugar is present after heating. It is unlikely that all of the co-impregnated

sugar will remain after heating however experiments to determine the extent of burn-

off for these sugars were not performed.

Table 9.3: Details of IACs prepared from aqueous solutions containing a metal nitrate
precursor and sugar.

Imbibing solution contents Observed %
load (wt.)

Predicted
% load

4 mL of 2.4 M Zn(NO3)2 / 0.10 M C12H22O11

per 5 g GC
21 18

4 mL of 2.4 M Zn(NO3)2 / 0.20 M C6H12O6

per 5 g GC
19 19

4 mL of 2.4 M Zn(NO3)2 / 0.20 M C6H12O7

per 5 g GC
22 19

4 mL of 2.4 M Cu(NO3)2 / 0.10 M C12H22O11

per 5 g GC
15 18

4 mL of 2.4 M Cu(NO3)2 / 0.20 M C6H12O6

per 5 g GC
18 18

4 mL of 2.4 M Cu(NO3)2 / 0.20 M C6H12O7

per 5 g GC
16 18

Table 9.3 shows that the IACs prepared with Zn(NO3)2 present all had observed

% impregnant loading that was greater than or equal to the predicted % impregnant

loading. This indicates that the Zn-based IACs are not burning off co-impregnated

sugar during heating. The data from the Cu-based IACs shows that the observed %

impregnant loading is less than or equal to the predicted % impregnant loading. This
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indicated that some burn-off of the co-impregnated sugar might be occuring during

heating in the Cu-based samples.

Samples were prepared to determine the optimal concentration of C6H12O7 to

co-impregnate with. Figure 9.5 shows the observed % impregnant loading plotted

against the concentration of C6H12O7 present in the imbibing solution for the samples

prepared in this study as detailed in the figure caption.

Figure 9.5: Observed impregnant loading (% load) versus concentration of C6H12O7

data for the IACs in this study. Panel (a) shows data from IACs co-impregnated with
2.4 M Zn(NO3)2 and C6H12O7 and panel (b) shows data from IACs co-impregnated
with 2.4 M Cu(NO3)2 and C6H12O7. The predicted loading for ZnO and CuO are
indicated in panels (a) and (b) respectively.

Figure 9.5(a) shows that the observed and predicted % impregnant loading for

the Zn-based samples are in reasonable agreement. At C6H12O7 concentrations ≥
0.75 M the observed loading is less than predicted. This may indicate some degree

of burn-off is occuring at higher C6H12O7 concentrations. Figure 9.5(b) shows that

the observed impregnant loading is less that predicted for all of the Cu-based IACs.

This indicates a high degree of C6H12O7 burn-off is occuring in the Cu-based samples

compared to the Zn-based samples. It is also possible that the Cu2+ impregnant may

be getting reduced by the C6H12O7 during heating. To determine if this is occuring

XRD experiments were performed. The results are discussed below.
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9.3.3 XRD Characterization

Figure 9.6 shows XRD data obtained from the IACs described in Table 9.3 (after

heating) as detailed in the figure caption.

Figure 9.6: XRD data obtained from the IAC samples described in Table 9.3. Data
from IACs co-impregnated with Zn(NO3)2 and C12H22O7, C6H12O6 or C6H12O7 is
shown in panel (a). Panel (b) shows data from IACs co-impregnated with Cu(NO3)2
and C12H22O7, C6H12O6 or C6H12O7. For reference XRD data from GC carbon is
included. The main Bragg peak positions for ZnO and CuO are indicated in panels
(a) and (b) respectively.

Figure 9.6(a) shows that the XRD data obtained from the Zn-based IACs co-

impregnated with sugar (after heating) had ZnO as the dominant impregnant phase.

The Zn(NO3)2 / C6H12O7 impregnated sample had broad, low intensity impregnant

related diffraction peaks in the scattering angle range between 30◦ ≤ 2θ ≤ 40◦. This

indicates the formation of small grain size ZnO impregnant. Comparing the data

obtained from the Zn-based IACs that were co-impregnated with either C12H22O11,

C6H12O6 or C6H12O7 shows that the sample co-impregnated with C6H12O7 produced

IACs with the smallest grain size ZnO after heating. A similar observation was

made for the Cu-based IACs. Figure 9.6(b) shows that CuO was the dominant im-

pregnant phase after heating the Cu-based IACs co-impregnated with sugar. Com-

paring the data obtained from the Cu-based IACs that were co-impregnated with

either C12H22O11, C6H12O6 or C6H12O7 shows that the sample co-impregnated with
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C6H12O7 produced IACs with the smallest grain size CuO after heating. Based on

these results it was decided to use C6H12O7 as the co-impregnant for the rest of the

multi-gas IACs prepared in this study.

XRD experiments were conducted on the IACs prepared in the C6H12O7 loading

study. Figure 9.7 shows XRD data obtained from the samples presented in Figure

9.5 as detailed in the figure caption. Figure 9.7(a) shows that there are no obvious

Figure 9.7: XRD data obtained from the IAC samples presented in Figure 9.5. Data
from IACs co-impregnated with Zn(NO3)2 and C6H12O7 or Cu(NO3)2 and C6H12O7

are shown in panels (a) and (b) respectively. The data obtained from IACs co-
impregnated with 0.50, 0.75 and 1.0 M C6H12O7 in panel (b) has been clipped to
allow it to be presented on the same scale as the other samples. The concentration
of C6H12O7 present in the imbibing solution is indicated in each panel. For reference
XRD data from GC carbon has been included. The main Bragg peak positions for
ZnO, CuO, Cu2O and Cu are indicated.

impregnant related diffraction peaks present in the Zn-based samples. Broad humps

can be observed in the scattering angle range between 30◦ ≤ 2θ ≤ 40◦. This may

indicate the presence of small grain size ZnO impregnant.

Figure 9.7(b) shows that the XRD data obtained from the Cu-based IAC that was

co-impregnated with 0.05 M C6H12O7 had relatively intense CuO diffraction peaks

after heating. This indicates that large grain size CuO impregnant is forming as
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can be inferred from the Scherrer equation (Eq. 2.5). The data obtained from the

sample co-impregnated with 0.25 M C6H12O7 displays CuO impregnant peaks with

much lower intensity than the sample prepared with 0.05 M C6H12O7. This implies

the 0.25 M C6H12O7 sample has smaller grain size CuO that is better dispersed on

the AC substrate. The XRD data also indicates that Cu2O impregnant is forming

during the heating of this sample. As the concentration of co-impregnated C6H12O7

was increased from 0.25 M to 1.0 M the dominant impregnant phase present on the

IACs changed from CuO to Cu2O to Cu. The samples co-impregnated with ≥ 0.50

M C6H12O7 had intense impregnant related diffraction peaks indicative of large grain

size impregnant. Cu-based samples with Cu2O or Cu impregnant were shown to have

reduced gas adsorption capacity in chapter 5. Flow test results obtained from the

samples studied in this section will be discussed below.

9.3.4 Flow Test Results

Figure 9.8 shows the dry flow test results obtained from the Zn(NO3)2 / C6H12O7-

and Cu(NO3)2 / C6H12O7-impregnated samples, after heating, as detailed in the

figure caption. Dry NCCN flow test results are not shown. The Cu-based IACs did

evolve NCCN when challenged with HCN. Cu-based IACs with a co-impregnated

Mo6+ impregnant species for NCCN retention will be discussed in the next section.

Figure 9.8(a) shows that the dry SO2 breakthrough times decrease with increasing

C6H12O7 loading for the Zn-based and Cu-based IACs in this study. The Zn-based

IACs had longer breakthrough times than the Cu-based samples at each C6H12O7

concentration. The decrease in dry SO2 breakthrough times observed for the Cu-

based IACs is due to the CuO impregnant being reduced to less reactive Cu2O or

Cu as higher concentrations of C6H12O7 were used (see Figure 9.7). The observed

decrease in dry SO2 times for the Zn-based IACs may be due to the presence of

residual C6H12O7 impregnant. The data in Figure 9.5(a) indicates that most of the

co-impregnated C6H12O7 is still present after heating the Zn-based IACs. Cu- and

Zn-based IACs with ≤ 0.25 M C6H12O7 co-impregnant had dry SO2 breakthrough

times greater than or equal to URC. All of the Cu- and Zn-based IACs in this study

had longer SO2 breakthrough times than GC and shorter breakthrough times than
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Figure 9.8: Dry flow test results obtained from the Zn(NO3)2 / C6H12O7- and
Cu(NO3)2 / C6H12O7-impregnated samples after heating. Results obtained from dry
SO2, NH3, HCN and C6H12 flow tests are shown in panels (a), (b), (c) and (d) re-
spectively. Flow test results obtained from GC, URC and the Zn-4M A-180 sample
(described in chapter 5) have been included in each panel for reference.

the Zn-4M A-180 sample.

Figure 9.8(b) shows dry NH3 breakthrough times increase moderately with in-

creasing C6H12O7 concentration. The Zn-based samples have longer dry NH3 break-

through times than the Cu-based IACs at each concentration of C6H12O7. All of the

Zn- and Cu-based IACs in this study had longer dry NH3 breakthrough times than

GC and shorter breakthrough times than the Zn-4M A-180 sample. The Zn-based

IAC co-impregnated with 1.0 M C6H12O7 had a dry NH3 breakthrough time that

was equivalent to URC, all of the other samples had shorter breakthrough times than
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URC.

Figure 9.8(c) shows that the Zn-based IACs dry HCN breakthrough times de-

crease with increasing C6H12O7 concentration, likely due to residual sugar impreg-

nant. The Cu-based IACs have increasing dry HCN times between 0.05 M and 0.25

M C6H12O7, then have a significant decrease when 1.0 M co-impregnated C6H12O7

was used. The increase in dry HCN breakthrough time might be due to the improved

impregnant dispersion that was observed in the Cu-based IAC co-impregnated with

0.25 M C6H12O7 (see Figure 9.6(b)). The decrease in HCN capacity for the Cu-based

IAC co-impregnated with 1.0 M C6H12O7 is due to the reduction of the CuO impreg-

nant to Cu2O and primarily Cu. The Zn-based and Cu-based IACs co-impregnated

with 0.50 and 0.75 M C6H12O7 were not tested. All of the Cu-based IACs in this

study had shorter dry HCN breakthrough times than URC and the Zn-4M A-180

sample.

Figure 9.8(d) shows that co-impregnation with C6H12O7 does not improve dry

C6H12 breakthrough times for the Zn- and Cu-based IACs tested in this study. The

Zn-based and Cu-based IACs co-impregnated with 0.50 and 0.75 M C6H12O7 were

not tested. All of the Zn- and Cu-based IACs tested in this study had dry C6H12O7

breakthrough times that were longer than URC, greater than or equal to the Zn-4M

A-180 sample and shorter than the GC sample.

Figure 9.9 shows humid C6H12 breakthrough time obtained from the samples in

this study as detailed in the figure caption. Figure 9.9 shows that humid C6H12

breakthrough times do not increase with increasing C6H12O7 concentration. All of

the Zn- and Cu-based IACs tested in this work had shorter humid C6H12 breakthrough

times than GC or URC. Most of the Zn- and Cu-based samples had longer humid

C6H12 breakthrough times than the Zn-4M A-180 sample.

9.4 IACs Prepared with Metal Nitrate, Metal Sulfate, H3PO4•12MoO3

and C6H12O7 Impregnants

Results shown in section 9.3 shows that when co-impregnating Cu-based IACs with

C6H12O7 the concentration must be < 0.25 M to prevent reduction of the Cu2+

impregnant. Flow test results in section 9.3.4 show that additional impregnants
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Figure 9.9: Wet C6H12O7 flow test results obtained from the Zn(NO3)2 / C6H12O7-
and Cu(NO3)2 / C6H12O7-impregnated samples after heating. Data obtained from
samples co-impregnated with 0.05, 0.25 and 1.0 M C6H12O7 are shown. Flow test
results obtained from GC, URC and the Zn-4M A-180 sample (described in chapter
5) have been included for reference.

are required to improve the multi-gas adsorption capacity of Zn- or Cu-based IACs

co-impregnated with C6H12O7. In this section attempts to improve gas adsorption

capacity with a variety of different co-impregnants is reported.

9.4.1 Sample Preparation

IAC samples were prepared on GC activated carbon which has been previously de-

scribed in section 3.1. Most of the IACs described in this section required two imbibing

and heating steps due to solubility issue with the components of the impregnating

solutions. The sample names and imbibing solution contents for the IACs prepared

in this study are listed in Table 9.4. In a typical imbibing step 10 - 12 mL of impreg-

nating solution was added to 15 g of GC carbon.

All of the samples were heated, under flowing argon, at Tf = 180◦C. Details of
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Table 9.4: Details of impregnating solutions used to prepare IACs in this study.
Sample
name

Imbibe 1 Imbibe 2

Zn-A 2.4 M Zn(NO3)2 / 0.2 M C6H12O7

Zn-B 1.2 M Zn(NO3)2 / 0.25 M CuSO4

/ 0.05 M C6H12O7

1.2 M Zn(NO3)2 / 0.25 M CuSO4

/ 0.05 M C6H12O7

Zn-C 1.2 M Zn(NO3)2 / 0.25 M ZnSO4

/ 0.05 M C6H12O7

1.2 M Zn(NO3)2 / 0.25 M ZnSO4

/ 0.05 M C6H12O7

Cu-A 2.4 M Cu(NO3)2 / 0.2 M C6H12O7

Cu-B 1.2 M Cu(NO3)2 / 0.25 M CuSO4

/ 0.05 M C6H12O7

1.2 M Cu(NO3)2 / 0.25 M CuSO4

/ 0.05 M C6H12O7

Cu-C 1.2 M Cu(NO3)2 / 0.25 M ZnSO4

/ 0.05 M C6H12O7

1.2 M Cu(NO3)2 / 0.25 M ZnSO4

/ 0.05 M C6H12O7

Cu-D 1.2 M Cu(NO3)2 / 0.25 M CuSO4

/ 0.05 M C6H12O7 / 0.02 M
H3PO4•12MoO3

1.2 M Cu(NO3)2 / 0.25 M CuSO4

/ 0.05 M C6H12O7 / 0.02 M
H3PO4•12MoO3

Cu-E 1.2 M Cu(NO3)2 / 0.25 M ZnSO4

/ 0.05 M C6H12O7 / 0.02 M
H3PO4•12MoO3

1.2 M Cu(NO3)2 / 0.25 M ZnSO4

/ 0.05 M C6H12O7 / 0.02 M
H3PO4•12MoO3

the heating conditions and determination of the % impregnant loading after heating

have been previously discussed (see section 2.1 or section 7.2.1 for example).

9.4.2 Impregnant Loading

Figure 9.10 shows the observed and predicted % impregnant loading after heating

for the IACs prepared from the impregnating solutions listed in Table 9.4. The

predicted % impregnant loading assumes full conversion of the metal nitrate precursor

to a metal oxide and assumes that all of the co-impregnated sugar is present after

heating. The predicted % impregnant loading assumes that, when present, the metal

sulfate impregnants dehydrate, but do not decompose (i.e. are present as CuSO4

or ZnSO4 after heating) and that after heating the Mo6+ compound is present as

H3PO4•12MoO3. Interactions between the impregnated species during heating were

not accounted for.

Figure 9.10 shows there is reasonable agreement between the observed and pre-

dicted % impregnant loading values for the samples in this study. Sample Cu-A had

lower than predicted loading, possibly due to C6H12O7 burnoff. Samples Cu-B, Cu-C
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Figure 9.10: Observed and predicted % impregnant loading values for the Zn- and
Cu-based samples in this study. All of the IACs were heated at Tf = 180◦C prior to
weighing. The imbibing solutions used to prepare these IACs are listed in Table 9.4.

and Cu-D all had higher than predicted impregnant loading, but the discrepency was

within the estimated error (2 - 3 %). Sample Zn-A had approximately 4% higher

than predicted impregnant loading. Samples Zn-B and Zn-C had excellent agreement

between the observed and predicted values. The discrepencies between observed and

predicted % impregnant loading will be discussed further when the XRD results are

presented.

9.4.3 XRD Characterization

Figure 9.11 shows XRD data obtained from the IACs described in Table 9.4 and Fig-

ure 9.10 as detailed in the figure caption. Figure 9.11(a) shows that none of the data

obtained from IACs prepared using the Zn(NO3)2 precursor have obvious impreg-

nant related diffraction peaks. Figure 9.11(b) shows that the dominant impregnant

phase observed in the data from the Cu-A sample is CuO. There is some evidence

of the formation of Cu2O in this sample as well. XRD data from samples Cu-B and
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Figure 9.11: XRD data obtained from the IACs in this study. Information about the
IACs is presented in Table 9.4 and Figure 9.10. IACs prepared with Zn(NO3)2 and
Cu(NO3)2 precursors are shown in panels (a) and (b) respectively. All the samples
were heated at Tf = 180◦C prior to analysis. For reference the diffraction pattern
from GC has been included. The main Bragg peaks for CuO, Cu2O and antlerite
(Cu3(OH)4SO4) are indicated.

Cu-C shows that Cu3(OH)4SO4 is the dominant impregnant phase present after heat-

ing. Comparing the data from samples Zn-B to samples Cu-B and Cu-C shows that

Cu3(OH)4SO4 did not form in IACs impregnated with Zn(NO3)2 / CuSO4, but it did

form (after heating) in samples prepared from Cu(NO3)2 / CuSO4 and Cu(NO3)2 /

ZnSO4. Weak diffraction peaks associated with the Cu3(OH)4SO4 impregnant phase

are observed in the data obtained from sample Cu-D. No impregnant related diffrac-

tion peaks are observed in the data from sample Cu-E. Samples Cu-D and Cu-E

were co-impregnated with H3PO4•12MoO3, but samples Cu-B and Cu-C were not.

The presence of the Mo6+ compound appears to effect the crystallization of the other

impregnants.

9.4.4 Flow Test Results

Figure 9.12 shows dry flow test data obtained from the IACs in this study as detailed

in the figure caption.

Figure 9.12 shows that none of the IACs prepared and tested in this study had
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Figure 9.12: Dry flow test results obtained from the IACs in this study. Details of
the sample preparation are presented in Table 9.4. Data from IACs prepared with
a Zn(NO3)2 precursor and a Cu(NO3)2 precursor are shown in panels (a) and (b)
respectively. Results from testing the samples versus dry SO2, NH3, HCN and C6H12

gases are shown. For reference flow test results obtained from GC, URC and the
Zn-4M A-180 sample (discussed in chapter 5) have been included.

dry SO2 breakthrough times that were as long as those observed for the Zn-4M A-180

sample. All of the samples had longer dry SO2 breakthrough times than GC, and



194

Figure 9.13: Humid C6H12 flow test results obtained from the IACs in this study.
Details of the sample preparation are presented in Table 9.4. Data from IACs prepared
with a Zn(NO3)2 precursor and a Cu(NO3)2 precursor are shown in panels (a) and (b)
respectively. For reference flow test results obtained from GC, URC and the Zn-4M
A-180 sample (discussed in chapter 5) have been included.

with the exception of the Zn-A sample, all the IACs had longer SO2 times than URC.

Sample Zn-B had the longest dry SO2 breakthrough time of the IACs studied in this

section.

Figure 9.12 shows that IACs co-impregnated with either CuSO4 (samples Zn-B,

Cu-B and Cu-D) or ZnSO4 (samples Zn-C, Cu-C and Cu-E) had longer dry NH3

breakthrough times than the samples without a co-impregnated SO4
2− species. IACs

with a SO4
2− species present were shown to have good NH3 adsorption in Figure 8.4
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and have been reported in the literature [13, 23]. Samples Cu-D and Cu-E had co-

impregnated H3PO4•12MoO3, samples Cu-B and Cu-C did not. Samples Cu-D and

Cu-E had longer dry NH3 breakthrough times than samples Cu-B and Cu-C, possibly

due to the H3PO4•12MoO3 impregnant, This is consistent with results presented in

Figure 7.3. All of the IACs prepared and tested in this work had longer dry NH3

breakthrough times than GC. Samples Zn-B, Zn-C, Cu-D and Cu-E had longer NH3

times than URC and samples Zn-C, Cu-D and Cu-E had breakthrough times greater

than or equal to the Zn-4M A-180 sample.

Figure 9.12 shows that all of the IACs prepared and tested in this study had

longer dry C6H12 breakthrough times than the URC or Zn-4M A-180 samples, but

had shorter breakthrough times than the GC sample. The relatively good dry C6H12

adsorption indicates that micropore blockage or filling due to impregnant was not a

major issue for the samples in this study.

Figure 9.13 shows humid C6H12 breakthrough times obtained from the samples in

this study as detailed in the figure caption. Figure 9.13 shows that all of the IACs

prepared and tested in this study have shorter wet C6H12 breakthrough times than

GC and URC. The Zn-A and Cu-A samples have the longest wet C6H12 breakthrough

times of the samples prepared in this study. Samples Cu-B → Cu-E had equivalent

breakthrough times to the Zn-4M A-180 sample.

9.5 Summary of the Most Effective Samples

Figure 9.14 shows a radar plot summarizing flow test results obtained from the most

effective multi-gas IACs discussed in chapter 9.

Figure 9.14 shows that the URC sample has the most balanced, best overall multi-

gas adsorption capacity of the samples reported here. Sample C (co-impregnated

Zn(NO3)2 and C12H22CuO14, heated at 180◦C) had longer dry SO2 and C6H12 times

and similar wet C6H12 breakthrough times compared to URC. This sample had reason-

able dry and wet HCN capacity, but relatively low NH3 adsorption and poor NCCN

retention. Sample J (co-impregnated Zn(NO3)2, ZnCl2 and C12H22CuO14, heated at

250◦C) had the longest dry NH3 breakthrough time of all the samples reported here
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Figure 9.14: Radar plot summarizing flow test breakthrough times obtained from the
most effective multi-gas IACs discussed in chapter 9. The breakthrough times are
reported in minutes. Results obtained from tests using the different challenge gases
are displayed on individual axes. Results obtained from dry NH3, dry C6H12 and wet
C6H12 flow tests have been scaled, by the amount indicated on their respective axis,
to allow for improved data presentation. Results from URC and the Zn-4M A-180
sample (discussed in chapter 5) have been included for reference.

(including URC and the Zn-4M A-180 sample). Sample J had good dry C6H12 ad-

sorption, but relatively short dry SO2, dry HCN and wet C6H12 breakthrough times

and poor NCCN retention. The Zn-C sample (co-impregnated Zn(NO3)2, ZnSO4

and C6H12O7, heated at 180◦C) had relatively good dry SO2, NH3 and C6H12 break-

through times. This sample had relatively poor dry HCN capacity, but did not gen-

erate NCCN. It was not tested for humid HCN capacity and had a relatively short

wet C6H12 breakthrough time. The Cu-E sample (co-impregnated Cu(NO3)2, ZnSO4,

C6H12O7 and H3PO4•12MoO3, heated at 180◦C) had dry SO2 and NH3 breakthrough

times that were equivalent to URC and longer dry C6H12 breakthrough times than
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URC. Sample Cu-E had moderate HCN capacity and well balanced HCN:NCCN

breakthrough times. This sample was not tested for humid HCN capacity and had

relatively poor humid C6H12 adsorption.

All of the IACs prepared in this study had shorter dry SO2 and dry HCN break-

through times than the Zn-4M A-180 sample. All of the samples in this study had

humid C6H12 breakthrough times that were longer than or equal to the Zn-4M A-180

sample.

9.6 Conclusions

IACs impregnated or co-impregnated with C12H22CuO14 had longer humid C6H12

breakthrough times than the Zn-4M A-180 sample. This result shows it is possible

to improve wet C6H12 adsorption by co-impregnating with C12H22CuO14 instead of

HNO3. IACs impregnated with 0.3 M or 0.6 M C12H22CuO14 had longer humid

C6H12 breakthrough times than URC, but had little ability to adsorb SO2, NH3 or

HCN gases. IACs prepared from 2.3 M Zn(NO3)2 / 0.1 M C12H22CuO14 and 2.1 M

Zn(NO3)2 / 0.3 M C12H22CuO14 had wet and dry C6H12, and dry SO2 breakthrough

times that were greater than or equal to URC. These samples had moderate dry NH3,

dry HCN and wet HCN capacity and had poor humid NCCN retention. Samples

prepared from Zn(NO3)2, C12H22CuO14 and ZnCl2 that were heated at 250◦C had

improved NH3 capacity, but reduced dry SO2 and HCN breakthrough times. XRD

data obtained from these samples showed relatively large ZnO impregnant formed

during heating.

A comparative study of XRD data obtained from IACs impregnated with either

2.4 M Cu(NO3)2 or 2.4 M Zn(NO3)2 and 0.1 M C12H22O11, or 0.2 M C6H12O6, or

0.2 M C6H12O7, that were heated at 180◦C found that the IACs co-impregnated with

C6H12O7 had the smallest grain size impregnant and best impregnant distribution

after heating. XRD data obtained from IACs co-impregnated with Cu(NO3)2 and

C6H12O7 showed that using gluconic acid concentrations ≥ 0.25 M resulted in the

the Cu2+ impregnant being reduced to Cu+ or Cu0 during heating. Cu-based IACs

with Cu2O or Cu present as the dominant impregnant phase had lower SO2, NH3

and HCN adsorption capacity relative to IACs with CuO present. Decreased dry SO2
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and HCN breakthrough times with increased C6H12O7 loading was observed in the

Zn-based samples. The loss of performance in these samples may be due to residual

C6H12O7 impregnant.

IACs prepared from solutions containing 3 - 4 different compounds (Cu(NO3)2,

CuSO4, C6H12O7 and H3PO4•12MoO3 for example) were found to have moderate

overall multi-gas adsorption capacity and relatively low humid C6H12 adsorption when

compared to the commercially available URC sample. IACs prepared from Cu(NO3)2

and CuSO4 (or ZnSO4) containing solutions were found to have Cu3(OH)4SO4 as

their dominant impregnant phase after heating. IACs with Cu3(OH)4SO4 present

were found to have limited potential for use in multi-gas respirator carbons in earlier

work [39].

The potential for replacing HNO3 with sugar containing solutions in the prepa-

ration of multi-gas IACs has been demonstrated. IACs were prepared, using sugar

co-impregnation, with humid C6H12 breakthrough times that were longer than those

obtained from URC or HNO3 co-impregnated samples (sample Zn-4M A-180 for ex-

ample). When the overall multi-gas adsorption capacities were compared, IACs with

co-impregnated sugar did not perform as well as URC or HNO3 co-impregnated sam-

ples. Improving NH3 adsorption and NCCN retention without decreasing humid

C6H12 capacity was the un-realized goal of this work; however promising results have

been shown.



Chapter 10

Impregnants Aimed at Improving Humid C6H12 Adsorption

Work presented in the preceding chapters has focused on impregnation schemes aimed

at SO2, NH3 and HCN adsorption. Steps were taken to try to minimize the negative

effects that impregnation had on the AC’s ability to physically adsorb humid C6H12.

In this chapter impregnants were chosen to try to improve humid C6H12 adsorption.

The most promising impregnants were then used in the preparation of IACs for multi-

gas adsorption applications.

Boehm titrations presented in Table 3.1 show that GC has a reasonably small

amount of oxygen containing surface groups present. The presence of oxygen rich sur-

face functional groups is believed to be responsible for poor humid organic vapour (e.g.

C6H12) adsorption. The oxygen scavenging impregnants carbohydrazide (CH6N4O)

and sodium sulfite (Na2SO3) were chosen to impregnate the GC substrate. Ascorbic

acid (C6H8O6) was chosen as an impregnant due to its ability to act as a mild reduc-

ing agent. The sulfur containing impregnants sodium thiosulfate (Na2S2O3), benzene

sulfonic acid (C6H6O3S) and ammonium sulfate ((NH4)2SO4) were chosen for com-

parative purposes and because they had been studied as components of multi-gas

respirator carbons in other work [9, 13].

10.1 Chemicals Used

The chemicals used to prepare the impregnating solutions were copper nitrate hemi-

pentahydrate (Cu(NO3)2•2.5H2O ), 12- Molybdophosphoric acid hydrate

(H3PO4•12MoO3•xH2O) and copper sulfate pentahydrate (CuSO4•5H2O) (all ob-

tained from Alfa Aesar, reagent grade), zinc nitrate hexahydrate (Zn(NO3)2•6H2O),

sodium sulfite (Na2SO3), and carbohydrazide (CH6N4O) (all from Sigma-Aldrich,

reagent grade), D-gluconic acid solution (C6H12O7, 49 - 53% in H2O), copper D-

gluconate (C12H22CuO14), glucose (C6H12O6), sucrose (C12H22O11) and zinc sulfate

199
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heptahydrate (ZnSO4•7H2O) (all obtained from Aldrich, reagent grade), L- ascorbic

acid (C6H8O6) and ammonium sulfate ((NH4)2SO4) (Sigma, reagent grade), Benzene

sulfonic acid (C6H6O3S) (Eastman, reagent grade), sodium thiosulfate (Na2S2O3)

(BDH, reagent grade).

10.2 Impregnants Aimed at Improving Humid C6H12 Adsorption

10.2.1 Sample Preparation

IAC samples were prepared by impregnating GC activated carbon. GC was previously

described in section 3.1. The GC substrate was impregnated using the imbibing

method. The IAC samples reported in this section were prepared in one imbibing

and heating step. The samples were heated at Tf = 200◦C under flowing argon.

Details of the heating conditions and determination of the % impregnant loading

have been discussed in earlier sections (see section 2.1 or section 7.2.1).

10.2.2 Impregnant Loading

Figure 10.1 shows the observed and predicted % impregnant loading after heating for

the IACs prepared in this study as detailed in the figure caption. The impregnant

loading data is plotted against the concentration of the imbibing solution. Predicted

% impregnant loading calculations assume that the impregnated species is intact

after heating. Where indicated the % impregnant loading of proposed decomposition

products has been included.

Figure 10.1(a) shows that the CH6N4O imbibed sample has low impregnant load-

ing after heating. The gravimetric data does not indicate that CH6N4O or hydrazine

(N2H4, a known decomposition product) are present after heating. Panel (b) shows

that there is good agreement between the observed and predicted % impregnant load-

ings up to 0.75 M C6H8O6. The gravimetric data indicates all of the impregnated

C6H8O6 was present after heating. This was expected based on the literature [93].

The gravimetric data in panel (c) shows that Na2SO3 is the impregnant phase after

heating. The difference between the predicted % impregnant loading for Na2SO3 and

Na2SO4 is less than 2%. The uncertainty on the observed % impregnant loading is
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Figure 10.1: Observed and predicted % impregnant loading values for the IACs pre-
pared in this study. Data obtained from samples imbibed with CH6N4O, C6H8O6,
Na2SO3, Na2S2O3, C6H6O3 and (NH4)2SO4 containg solutions are shown in panels
(a), (b), (c), (d), (e) and (f) respectively. The concentration of the imbibing solution
is indicated on the lower axes. All of the IACs were heated at Tf = 200◦C prior to
weighing.
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2%. It may not be possible to identify the dominant impregnant phase after heating

based on gravimetric data alone.

Figure 10.1(d) shows the observed impregnant loading for the Na2S2O3-impregnated

sample is lower than predicted after heating. A proposed decomposition product

based on the gravimetric data was not identified. Panels (e) and (f) show there is

good agreement between the observed and predicted % impregnant loadings obtained

from the C6H6O3S- and (NH4)2SO4-impregnated samples respectively.

10.2.3 XRD Characterization

Figure 10.2 shows XRD data obtained from IACs prepared in this study as detailed in

the figure caption. Figure 10.2 shows that the XRD data obtained from the CH6N4O-,

C6H8O6-, Na2S2O3- and (NH4)2SO4- impregnated samples, that were heated at Tf

= 200◦C, did not display any obvious impregnant related diffraction peaks when

compared to data from the un-impregnated GC sample. The sharp peak located at

2θ ≈ 46◦ in the data obtained from the (NH4)2SO4-impregnated sample is believed to

be from the sample holder. The data obtained from the Na2SO3-impregnated sample

displays weak diffraction peaks that suggest Na2SO4 impregnant may be present after

heating.

10.2.4 Flow Test Results

Figure 10.3 shows dry and humid C6H12 breakthrough times obtained from the sam-

ples in this study as detailed in the figure caption. Figure 10.3(a) shows that all of

the IACs prepared and tested in this work have dry C6H12 breakthrough times that

are much longer than URC and less than or equal to GC. The dry C6H12 capacity

does not decrease significantly with higher impregnant loading (i.e. more concen-

trated impregnating solutions). This shows micropore blockage or pore filling due to

impregnation is not an issue for this set of IACs.

10.3(b) shows that all of the IACs prepared and tested here, with the exception

of the 1 M C6H6O3S-impregnated sample, have longer wet C6H12 breakthrough times

than the URC sample. The CH6N4O-, C6H8O6-, Na2SO3- and Na2S2O3-impregnated

samples that were prepared from imbibing solutions with ≤ 0.75 M concentration had
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Figure 10.2: XRD data obtained from samples prepared in this study. Data obtained
from IACs impregnated with aqueous 1 M CH6N4O, C6H8O6, Na2SO3, Na2S2O3 and
(NH4)2SO4 solutions are shown. The data was obtained from samples heated at Tf

= 200◦C prior to XRD analysis. For reference data obtained from un-impregnated
GC has been included. The main Bragg peak positions for Na2SO3 and Na2SO4 have
been indicated.

humid C6H12 breakthrough times that were greater than or equal to un-impregnated

GC. The longest single humid C6H12 breakthrough time was 28 minutes and was

obtained from the 0.3 M Na2SO3 impregnated sample. Figure 10.3(b) shows that it

is possible to prepare IACs with better C6H12 adsorption than un-impregnated GC.

10.2.5 IACs Prepared for Multi-gas Applications

10.2.6 Sample Preparation

IAC samples were prepared by impregnating GC activated carbon. GC was previously

described in section 3.1. The GC substrate was impregnated using the imbibing
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Figure 10.3: Dry and humid C6H12 breakthrough times obtained from the samples in
this study are shown in panels (a) and (b) respectively. Data was obtained by flow
testing the samples described in Figure 10.1. The breakthrough times are plotted
versus the concentration of impregnating solution used to prepare the samples. The
type of impregnant used is detailed in the legend in panel (a). For reference flow test
results obtained from GC and URC samples have been included. The lines have been
included as a guide to the eye.

method. The IAC samples reported in this section were prepared by co-impregnation

or post-treatment.

Co-impregnated samples were prepared in either one or two imbibing and heating
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steps. The sample names and imbibing solution contents of the co-impregnated IACs

are listed in Table 10.1. A typical imbibing step for the co-impregnated IACs was

to add 10 - 12 mL of impregnating solution to 15 g GC. These samples were heated,

under flowing argon, at Tf = 180◦C.

Post-treated samples were prepared in two imbibing and heating steps. The first

step consisted of imbibing the impregnants used to target SO2, NH3 and HCN gases.

The impregnant chosen to improve wet C6H12 adsorption was added in the second

imbibing step. The sample names and imbibing solution contents of the post-treated

IACs are listed in Table 10.2. A typical imbibing step for the post-treated IACs was

to add 10 - 12 mL of impregnating solution to 15 g GC. These samples were heated,

under flowing argon, at Tf = 200◦C. The sample post-treated with CH6N4O was

heated at Tf = 180◦C for the first heating step and Tf = 120◦ for the second heating

step.

Details of the heating conditions and determination of the % impregnant loading

have been discussed in earlier sections (see section 2.1 or section 7.2.1).

Table 10.1: Details of impregnating solutions used to prepare co-impregnated IACs
in this study.
Sample
name

Imbibe 1 Imbibe 2

A-10 2.4 M Cu(NO3)2 / 0.3 M C6H8O6

B-10 2.4 M Zn(NO3)2 / 0.3 M C6H8O6

C-10 1.2 M Cu(NO3)2 / 0.25 M Na2SO3

/ 0.05 M C6H12O7 /
0.02 M H3PO4•12MoO3

1.2 M Cu(NO3)2 / 0.25 M Na2SO3

/ 0.05 M C6H12O7 /
0.02 M H3PO4•12MoO3

D-10 1.2 M Cu(NO3)2 / 0.25 M Na2S2O3

/ 0.05 M C6H12O7 /
0.02 M H3PO4•12MoO3

1.2 M Cu(NO3)2 / 0.25 M Na2S2O3

/ 0.05 M C6H12O7 /
0.02 M H3PO4•12MoO3

E-10 1.2 M Zn(NO3)2 / 0.25 M Na2S2O3 1.2 M Zn(NO3)2 / 0.25 M Na2S2O3

10.2.7 X-ray Characterizations

Figure 10.4 shows XRD and SAXS data obtained from co-impregnated IACs pre-

pared in this study. The XRD data is shown in panel (a) and the SAXS data is

shown in panels (b) and (c). Figure 10.4(a) shows the XRD data obtained from
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Table 10.2: Details of impregnating solutions used to prepare post-treated IACs in
this study.
Sample
name

Imbibe 1 Imbibe 2

F-10 2.4 M Cu(NO3)2 / 0.2 M C6H12O7/
0.035 M H3PO4•12MoO3

0.5 M Na2S2O3

G-10 2.4 M Cu(NO3)2 / 0.2 M C6H12O7/
0.035 M H3PO4•12MoO3

0.5 M Na2SO3

H-10 2.4 M Zn(NO3)2 0.4 M CH6N4O

the co-impregnated IACs in this study have broad, low intensity impregnant-related

diffraction peaks. This data indicates the presence of relatively small grain size im-

pregnant and good impregnant distribution based on results shown in earlier chapters.

The XRD data obtained from sample A-10 shows CuO is the dominant impregnant

phase after heating. For samples B-10 and C-10 the weak diffraction peaks indicate

the presence of ZnO and CuO or Cu2O respectively. The data obtained from samples

D-10 and E-10 does not identify the dominant impregnant phase after heating.

Figure 10.4(b) shows that the intensity of the data obtained from sample A-10

at low values of q (< 0.03 Å−1) is similar to the data obtained from the IAC co-

impregnated with 2.4 M Cu(NO3)2 and 4 M HNO3 that was heated at Tf = 180◦C.

In chapter 6, Cu-based samples co-impregnated with 4 M HNO3 were shown to have

small, well dispersed CuO present after heating at Tf = 180 - 200◦C. The data in

Figure 10.4(b) implies that sample A-10 has relatively small particle size impregnant

present after heating and is consistent with the XRD data obtained from this sample.

The SAXS data obtained from the A-10 sample in the q = 0.06 - 0.2 Å−1 range is

higher in intensity and shifted towards lower values of q compared to the data from

the HNO3 co-impregnated sample. This implies that the average small impregnant

particle size (i.e. impregnant particle size < 3 nm) on the A-10 sample is larger than

the impregnant on the HNO3 co-impregnated sample. The same trends in the SAXS

data described for the Cu-based samples were observed for the Zn-based samples

shown in Figure 10.4(c).

Figure 10.5 shows XRD and SAXS data obtained from post-treated IACs prepared

in this study. The XRD data is shown in panel (a) and the SAXS data is shown in
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a)

b) c)

Figure 10.4: XRD and SAXS data obtained from co-impregnated IACs prepared in
this study. The sample contents are described in Table 10.1. XRD data obtained from
samples A-10, B-10, C-10, D-10 and E-10 are shown in panel (a). The main Bragg
peak positions for CuO, Cu2O and ZnO have been indicated. SAXS data obtained
from samples A-10 and B-10 are shown in panels (b) and (c) respectively. XRD
and SAXS data obtained from GC have been included. For reference SAXS patterns
obtained from Cu(NO3)2 / HNO3- and Zn(NO3)2 / HNO3-impregnated samples are
shown in panels (b) and (c), respectively.
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panels (b) and (c). The XRD data obtained from samples G-10 (2nd imbibe) and

H-10 has been scaled to allow it to be displayed in the same panel as the data from

the other samples.

Figure 10.5(a) shows that the dominant impregnant phase after heating for sam-

ples F-10 and G-10 is Cu2O. Comparing the data obtained from sample G-10 shows

that after the second imbibing step the intensity of the Cu2O peaks increased dra-

matically and the width of the peaks decreased. This indicates increasing Cu2O

impregnant grain size after the second imbibing and heating step. Figure 10.5(a)

shows that the intensity and width of the Cu2O peak located at 2θ ≈ 36◦ in the sam-

ple F-10 (2nd imbibe) data set decreased compared to data obtained from this sample

after the first imbibe.

Figure 10.5(a) shows ZnO is the dominant impregnant phase present in the XRD

data obtained from sample H-10 (2nd imbibe). The high intensity, relatively narrow

diffraction peaks indicate the presence of large grain size (> 10 nm) ZnO impregnant

as can be inferred from the Scherrer equation (Eq. 2.5). XRD data from sample

H-10 (1st imbibe) was not obtained. Figure 5.2(a) shows XRD data obtained from an

IAC imbibed with 2.4 M Zn(NO3)2 that was heated at Tf = 180◦C. The ZnO peaks

observed in the data obtained from this sample have much lower intensity and are

broader than the ZnO peaks in the data set obtained from sample H-10 (2nd imbibe).

This comparison indicates that post-treatment with CH6N4O causes increased ZnO

impregnant grain size after heating. This may occur due to agglomeration of the ZnO

impregnant as surface oxygen is removed (due to the CH6N4O treatment).

Figures 10.5(b) and 10.5(c) show that the SAXS data obtained from samples F-10

and G-10 are similar for the first and second imbibes respectively. The first imbibing

and heating step (see Table 10.2) was the same, so the similarity of the SAXS curves

obtained from samples F-10 and G-10 shows reproducibility in the sample preparation.

Comparing the data obtained from samples after the first and second imbibing steps

(for both samples due to the similarity of the data) shows that for q values ≤ 0.04

Å−1, the intensity of the data from the second imbibe is higher than the intensity of

the data from the first imbibe. For the data range q ≈ 0.05 - 0.2 Å−1 the intensity

of the data from the first imbibe is greater than the intensity of the data from the
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a)

b) c)

Figure 10.5: XRD and SAXS data obtained from post-treated IACs prepared in this
study. The sample contents are described in Table 10.2. XRD data obtained from
samples F-10, G-10 and H-10 are shown in panel (a). The data labelled 1st and 2nd

imbibe was collected after the first and second imbibing and heating steps for samples
F-10 and G-10. The main Bragg peak positions for CuO, Cu2O and ZnO have been
indicated. SAXS data obtained from samples F-10 and G-10 are shown in panels (b)
and (c) respectively. For reference XRD and SAXS data obtained from GC has been
included.



210

second imbibe. This implies that in the data sets obtained from samples F-10 and

G-10, after the second imbibe the scattering intensity from relatively large particle

size impregnant increases and the scattering intensity from relatively small particle

size impregnant (≤ 3 nm) decreases when compared to data obtained from samples

after the first imbibe. There is good agreement between the SAXS and XRD data

obtained from sample G-10.

10.2.8 Flow Test Results

Figure 10.6 shows dry flow test data obtained from the co-impregnated and post-

treated samples in panels (a) and (b) respectively. Dry SO2, NH3, HCN and C6H12

challenge gases were used. Figure 10.6 shows that all of the co-impregnated IACs

(panel (a)) had longer dry SO2 breakthrough times than the post-treated samples

(panel (b)), the GC sample and the URC sample. Figures 10.4 and 10.5 show that

the co-impregnated IACs have better impregnant dispersion compared to the post-

treated IACs. In the case of Cu-based post-treated samples (samples F-10 and G-10)

reduced SO2 capacity may be due to the presence of Cu2O impregnant. Sample B-10

had the longest dry SO2 breakthrough time of the samples in this study.

Figure 10.6 shows that samples C-10, D-10 and E-10 had longer dry NH3 break-

through times than the other co-impregnated or post-treated samples in this study.

Samples C-10, D-10 and E-10 all had dry NH3 breakthrough times that were greater

than or equal to URC and greater than GC. Samples C-10, D-10, E-10, F-10 and G-10

were all prepared with either Na2SO3 or Na2S2O3 impregnants present. Comparing

the data from these samples shows that the co-impregnated IACs had longer dry NH3

breakthrough times than the post-treated IACs.

Figure 10.6 shows that sample D-10 had the longest dry HCN and NCCN break-

through times of the co-impregnated or post-treated IACs tested in this study. Dry

HCN test results were not available for the A-10 and B-10 samples. All of the co-

impregnated or post-treated IACs tested here had longer dry HCN breakthrough

times than URC and shorter HCN times than URC. Figure 10.6 shows that all of

the co-impregnated and post-treated IACs tested in this work had longer dry C6H12

breakthrough times than URC and shorter dry C6H12 breakthrough times than GC.
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Figure 10.6: Dry flow test data obtained from the co-impregnated and post-treated
samples in panels (a) and (b) respectively. The challenge gases used during the flow
testing are indicated in the figure legend. Sample preparation details for the co-
impregnated and post-treated IACs are listed in Tables 10.1 and 10.2 respectively.
For reference data obtained from GC and URC samples has been included.

The relatively good dry C6H12 adsorption indicates that pore blockage or micropore

filling due to impregnation was not a major issue for the samples prepared in this

study.

Figure 10.7 shows humid C6H12 flow test data obtained from the co-impregnated

and post-treated samples in panels (a) and (b) respectively. Figure 10.7 shows that all

of the co-impregnated and post-treated IACs tested in this study had shorter humid

C6H12 breakthrough times than the URC and GC samples. Samples A-10 and B-10

had the longest wet C6H12 breakthrough times of the co-impregnated or post-treated
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Figure 10.7: Humid C6H12 flow test data obtained from the co-impregnated and post-
treated samples in panels (a) and (b) respectively. Sample preparation details for the
co-impregnated and post-treated IACs are listed in Tables 10.1 and 10.2 respectively.
For reference data obtained from GC and URC samples has been included.

IACs in this study. Table 10.1 shows that samples A-10 and B-10 had relatively

simple impregnating solutions and were prepared in one imbibing and heating step.

These samples were also prepared with the lowest concentration imbibing solutions.

The lower amount of impregnated species may explain why samples A-10 and B-10

had longer wet C6H12 breakthrough times relative to the other co-impregnated and

post-treated samples.



213

10.2.9 Summary of the Most Effective Co-impregnated and

Post-treated IAC Samples

Figure 10.8 shows a radar plot summarizing the most effective co-impregnated and

post-treated IACs from the samples discussed in chapter 10. Figure 10.8 shows that

Figure 10.8: Radar plot summarizing the most effective co-impregnated and post-
treated IACs discussed in chapter 10. The breakthrough times are reported in min-
utes. Results obtained from flow tests using different challenge gases are displayed
on individual axes. Results obtained from dry and humid C6H12 flow tests have been
scaled by the amount indicated on their respective axis to allow for improved data
presentation. Results obtained from GC and URC have been included for reference.

the URC sample had the most balanced, best overall multi-gas adsorption capacity

of the samples studied here.

Figure 10.8 shows that the co-impregnated samples (samples D-10 and E-10) had

better overall multi-gas performance than the post-treated IACs (samples F-10 and

G-10). Samples D-10 and E-10 had dry SO2, NH3 and C6H12 breakthrough times

that were longer than times obtained from URC, but had shorter dry HCN, NCCN
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and humid C6H12 breakthrough times. Sample D-10 (Cu(NO302, Na2S2O3, C6H12O7,

H3PO4•12MoO3, Tf = 180◦C) had moderate, well balanced dry HCN and NCCN

breakthrough times. Sample E-10 (Zn(NO3)2, Na2S2O3, Tf = 200•C) had relatively

low dry HCN capacity, and did not generate NCCN. Samples D-10, E-10, F-10 and G-

10 all had longer dry C6H12 breakthrough times than URC and shorter times than GC.

Samples D-10, E-10, F-10 and G-10 all had relatively poor humid C6H12 adsorption

compared to the URC and GC samples.

10.3 Conclusions

IACs prepared from aqueous CH6N4O, C6H8O6, Na2SO3 or Na2S2O3 solutions with

concentrations ≤ 0.75 M, that were heated at Tf = 200◦C, had longer humid C6H12

breakthrough times than URC and breakthrough times that were longer than or equal

to those obtained from un-impregnated GC.

IAC samples prepared with Na2SO3 or Na2S2O3 were found to have better overall

multi-gas adsorption capacity when they were co-impregnated with other compounds

in the same solution as opposed to being used as a post-treatment. XRD and SAXS

data showed that the co-impregnated IACs had smaller, better dispersed impregnant

present after heating compared to the post-treated samples.

The promising improvements in humid C6H12 capacity that were obtained by

impregnating GC with CH6N4O, C6H8O6, Na2SO3 or Na2S2O3 individually could

not be retained when these impregnants were used with other compounds. Samples

prepared in one imbibing and heating step from 2.4 M Cu(NO3)2 / 0.3 M C6H8O6 or

2.4 M Zn(NO3)2 / 0.3 M C6H8O6 had the longest humid C6H12 breakthrough times

of the co-impregnated or post-treated IACs prepared and tested in this study. These

samples had shorter humid C6H12 breakthrough times than URC or GC.



Chapter 11

Conclusions and Future Work

11.1 Conclusions

The goal of this research project was to discover, characterize and optimize an IAC

capable of SO2, NH3, HCN and C6H12 adsorption under dry and humid conditions.

It was disappointing that this goal was not met. A variety of different IACs prepared

in this study had good overall multi-gas adsorption capacity, but had poor humid

C6H12 adsorption.

A study of commercially available activated carbons has shown the wet and dry

C6H12 and wet SO2 adsorption capacity of these materials can vary widely. ACs

derived from coconut shells (GC and GG) were found to have the highest dry C6H12

adsorption capacity of the ACs studied here. Data from SAXS and N2 gas adsorption

porosimetry experiments showed these materials were the most microporous and had

the smallest average pore dimension of the ACs in this study. ACs derived from coal

(NORIT and CDND) had the best humid C6H12 adsorption of the ACs in this study.

NORIT and CDND had the lowest equilibrium % mass gain on humidification of all

the ACs in this study when exposed to 80% RH water vapour. SAXS experiments

showed that C6H12 and water vapour fill the micropores of the AC. The competition

between C6H12 gas and pre-adsorbed water for adsorption sites (micropores) resulted

in dramatically lower organic vapour adsorption under humid conditions compared

to dry conditions.

A comparative study of IACs prepared from metal nitrate precursors showed that

samples prepared from Zn(NO3)2 or Cu(NO3)2 solutions were the most promising

candidates for multi-gas applications. XRD studies showed the dominant impregnant

phase after heating these samples was ZnO or CuO. Extensive studies of IACs pre-

pared from aqueous Zn(NO3)2 or Cu(NO3)2 solutions were performed to determine

the effect that co-impregnation with HNO3 and heating temperature had on overall

215
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multi-gas adsorption capacity. A variety of experimental techniques such as XRD,

SEM and TGA were used to study the IAC samples. It was observed that small, well

distributed impregnant was key for optimal multi-gas adsorption to occur. The best

overall samples were prepared from either 2.4 M Zn(NO3)2/4 M HNO3 or Cu(NO3)2/

4 M HNO3 solutions, and were heated at Tf = 180◦C. The Zn-based IAC had better

dry SO2 and NH3 capacity; and dry C6H12 and HCN/NCCN breakthrough times as

good as or better than the Cu-based sample or the commercially available URC sam-

ple! The Zn-based IAC had reasonably good wet SO2, NH3 and HCN capacity, but

had poor humid C6H12 adsorption. The main advantage that the ZnO impregnated

sample had over the CuO or URC samples was that it did not require an additional

Mo6+ impregnant to be added. The simple, single step impregnation method and rea-

sonable heating temperatures make IACs prepared from Zn(NO3)2/HNO3 solutions

of commercial interest. A patent based on this research was filed on November 8,

2010 [105].

IACs prepared from aqueous Cu(NO3)2 solutions were studied as a function of

impregnant loading, co-impregnation with HNO3 and heating temperature. IACs

prepared from Zn(NO3)2 and HNO3 were studied as a function of heating tempera-

ture. Good agreement was observed in the data obtained from XRD, SAXS and N2

adsorption porosimetry experiments performed on these samples. For IACs prepared

from Cu(NO3)2 that were heated at Tf = 180◦C, it was shown that co-impregnation

with more concentrated HNO3 resulted in smaller, better distributed impregnant on

the AC substrate after heating. Good impregnant distribution resulted in improved

multi-gas adsorption capacity. A model describing pore filling in IACs prepared from

Cu(NO3)2 or Cu(NO3)2/HNO3 solutions was discussed. In the heating temperature

study, changes in the SAXS data obtained from Cu-based IACs heated at different

temperatures corresponded to impregnant phase changes. These observations agreed

with XRD data. Changes in the intensity of the SAXS signal obtained from the

Cu-based samples were observed during transitions from Cu2(OH)3NO3 to CuO to

Cu2O as the heating temperatures were increased. The changes in the intensity of

the SAXS data are due to impregnant agglomeration, which is apparently significant

as the Cu-based impregnant is thermally decomposed. Much more gradual changes



217

were observed in SAXS data from the Zn-based IACs. The dominant impregnant

phase (ZnO) did not change over the heating range from Tf = 160 - 300◦C. Increased

intensity in the SAXS data may have been due to particle agglomeration due to the

loss of surface oxygen during heating.

The comprehensive SAXS study of Cu- and Zn-based IACs (discussed in chapter

6) is thought to be the first of its kind. SAXS data in the q ≤ 0.06 Å−1 range gave

information about the relative amount of large particle size impregnant occupying

meso- and macropores. The SAXS results obtained in this range were in excellent

agreement with XRD data. SAXS data in the q ≈ 0.06 - 0.2 Å−1 range gave infor-

mation about relatively small (≤ 3 nm) particle size impregnant. The XRD method

does not provide information on such small impregnant nanocrystallites. SAXS data

in the q ≈ 0.2 - 0.4 Å−1 range gave information about how the impregnant was fill-

ing the micropores. Good agreement between parameters obtained from fitting the

SAXS data and N2 gas adsorption porosimetry experiments was observed. It takes

approximately 4 - 5 hours to prepare and analyze 9 samples using SAXS. It takes 24 -

48 hours to prepare and analyze a single sample using N2 gas adsorption porosimetry.

The SAXS method was proven to be well-suited to rapid screening of IAC samples in

this work.

IACs prepared from aqueous mixed metal nitrate, HNO3 and H3PO4•12MoO3 so-

lutions that were heated at Tf = 200◦C, had good overall multi-gas adsorption capac-

ity but poor humid C6H12 adsorption. The poor humid C6H12 adsorption was caused

by oxidation of the AC substrate from the HNO3 treatment. When co-impregnated

with HNO3 and H3PO4•12MoO3, the Zn/Cu-, Mn/Cu- and Fe/Cu-based IACs had

overall dry multi-gas adsorption capacities that were better than Cu-based IACs or

the commercially available URC sample. Reducing the amount of Cu(NO3)2 by sub-

stituting Zn(NO3)2, Mn(NO3)2 or Fe(NO3)3 may provide cost savings, without a loss

in performance, to producers of multi-gas IACs. Substituting other impregnants for

Cu(NO3)2 may also lower the amount of Mo6+ impregnant that is required, which

would allow additional savings in raw materials cost.

IACs prepared from Zn(NO3)2 and different co-impregnated acids failed to identify

a replacement for HNO3 as an impregnant in multi-gas formulations. The overall gas
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adsorption capacity of the IACs co-impregnated with Zn(NO3)2 and 4 M acid that

were heated at Tf = 200◦C, ranked as: HNO3 > C2H4O2 > HCl > H2SO4 > H3PO4

> C4H6O6. The humid C6H12 adsorption of the samples in the co-impregnated acid

study was poor.

A comparative study of IACs prepared with either Zn(NO3)2 or Cu(NO3)2 and

C12H22CuO14, C12H22O11, C6H12O6, or C6H12O7 produced some promising results.

IACs impregnated with C12H22CuO14, or Zn(NO3)2 and C12H22CuO14 that were

heated at Tf = 180◦C, had better dry and wet C6H12 capacity than URC. The

Zn(NO3)2 and C12H22CuO14-impregnated sample had reasonably good dry SO2, and

wet and dry HCN breakthrough times, but had poor NH3 adsorption. Adding ZnCl2

to the impregnating formula resulted in increased NH3 capacity but decreased SO2

and HCN capacity (due to formation of large grain size ZnO). The humid C6H12

capacity of this sample was poor. XRD data showed that 0.20 M C6H12O7 could be

co-impregnated with either Zn(NO3)2 or Cu(NO3)2 to produce IACs with relatively

small, well distributed impregnant after heating. IACs prepared from solutions with

these impregnants present did not show improvements in overall multi-gas adsorption

capacity, but in some cases offered improved humid C6H12 capacity.

A study of impregnants aimed at improving humid C6H12 adsorption showed that

IACs could be prepared with better humid C6H12 capacity than URC or GC. IACs

prepared from aqueous solutions with concentrations≤ 0.75 M that were heated at Tf

= 200◦C, had longer humid C6H12 breakthrough times than URC, and breakthrough

times that were greater than or equal to those obtained from GC. It was found that

when additional impregnants targeting SO2, NH3 and HCN were added, the humid

C6H12 adsorption decreased. Multi-gas IACs prepared by co-impregnation had better

overall performance than post-treated samples.

11.2 Future Work

One of the most challenging aspects of this project is the large amount of gas testing

required. For a single multi-gas IAC to be tested, under dry and humid conditions, for

SO2, NH3, HCN and C6H12 adsorption, requires approximately 7 - 12 hours. Results

from approximately 261 different samples were presented in this thesis. This requires
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a lot of work and a coordinated effort between researchers at Dalhousie University

and 3M Canada Company (Brockville, ON). In this project I have had the good

fortune of being exposed to combinatorial screening methods for respirator carbons.

This work has been led by Dr. Jennifer Romero in Dr. Dahn’s lab [110]. This

method allows for rapid screening of promising respirator carbon materials. More

work is required to better correlate promising results from the combinatorial screening

method to flow test results on larger samples. If promising materials discovered at

Dalhousie University are to be fully realized, work involving scaling multi-gas IACs

from laboratory sized samples (≈ 15 grams of material) to production sized samples

(tens to hundreds of kilograms of material) needs to be performed as well. It may be

outside the scope off the current research project to perform this work.

It was shown that ACs derived from coal precursors (NORIT, CDND) had better

humid C6H12 adsorption and lower dry C6H12 adsorption than ACs derived from

coconut shells (GC and GG). Work involving the optimization of current multi-gas

formulations and the discovery of new impregnants should be performed using coal

based ACs (e.g. NORIT) as the base carbon. Although dry C6H12 adsorption would

decrease, in the author’s opinion the higher humid C6H12 adsorption afforded by the

coal derived ACs is worthy of further investigation.

Studies involving layered beds would be interesting to perform. Choosing IACs

with good overall multi-gas adsorption (the Zn-4M A-180 or Zn/Cu/HNO3/PMA

samples for example) and either mixing them with a good humid C6H12 AC (NORIT

for example) would be useful. Optimization of a mixed layer material may yield an

IAC with good multi-gas capability and enhanced humid C6H12 and SO2 capacity.

A configuration with a buffer layer of NORIT AC followed by a multi-gas IAC bed

might be another useful way to improve humid organic vapour adsorption.

Transmission electron microscopy (TEM) studies of metal oxide IACs might be

useful to better estimate the impregnant particle size and distribution. TEM experi-

ments would be a nice compliment to the SAXS, XRD and SEM methods currently

used in the respirator carbon project.

Theoretical studies may be useful to help identify impregnants (or alternative

adsorbents) that have good humid organic vapour adsorption. Theory might be able
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to predict the optimal properties required for good humid organic vapour adsorption

(e.g. a hydrophobic surface in a pore ?). Although it is outside the area of this author’s

expertise, a better theoretical understanding of the type of impregnant required to

optimize humid organic vapour adsorption would be useful.

These suggestions barely scratch the surface of possible future research directions

for multi-gas respirator carbons. Alternative adsorbents like zeolites or metal-organic

frameworks [87] are promising, but can be expensive and technically challenging to

prepare. The low cost and versatility of activated carbon ensures it will be used in

respiratory protection devices for the foreseeable future. Work to improve existing

multi-gas IACs or discover new ones must continue.
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