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ABSTRACT

This research investigates and addresses potential process safety issues with scaling up two-

dimensional nanomaterial synthesis. The area of nanomaterial, particularly MXenes and graphite

oxide (GO), was chosen because of the growing research interest in commercializing these mate-

rials.

MXenes are metal carbides with promising applications in energy storage and gas sensors.

Here we investigate hazards associated with MXene production, including MAX phase synthesis

from raw materials, etching of MAX phase to MXene clay, exfoliation to MXene nanosheets,

and post-processing of MXenes with Ti3C2Tx as a model species. The major hazards in MXene

synthesis are the potential for dust ignition, runaway reactions, and toxic chemical exposure. This

study is intended to facilitate safer MXene synthesis across various levels of scale-up, from large

laboratory batches to commercial production.

GO is a precursor to making bulk quantities of graphene-like materials consistently and eco-

nomically. Prior studies show that GO has the potential to undergo explosive decomposition. In

this study, a reactive system screening tool was used to track the temperature and pressure of the

explosive decomposition of GO. The data showed that the explosive decomposition temperature of

GO strongly depends on sample size and surface area. Finally, the Frank-Kamenetskii model was

used to predict the critical mass necessary for GO to undergo explosive decomposition, the model

predicted the mass within a factor of experimental data. The results of this study are beneficial in

assessing the hazards of bulk GO during storage and handling.

Finally, a reaction calorimeter is used to report the heat of oxidation reaction in the modified

Hummers’ method to synthesize GO. The heat of reaction increased when graphite is soaked in

sulfuric acid for an extended time, which gave more basal functionalization compared to an ox-

idation process without an extended soaking of graphite in acid. The study showed the heat of

solution and reaction is high enough to reach the reported unstable temperature of Mn2O7, but the

ii



amount of Mn2O7 generated in a typical modified Hummers’ method is dilute enough to avoid a

violent reaction at 55 °C.

In addition to investigating the safety considerations, in this dissertation, an electro-chemical

exfoliation (ECE) method is studied to synthesize graphene-like product from alternative carbon

sources such as petroleum-derived cokes.
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NOMENCLATURE

A Pre-exponential factor

AFM Atomic force microscope

ANOVA One way analysis variance

ARSST Advanced reactive system screening tool

b Heating rate

C Geometry factor

Ck Coke

CSB Chemical safety board

CVD Chemical vapor deposition

Cp Heat capacity

d Linear distance

DAB Diffusivity of A in B

dp diameter

Dow F&EI Dow fire and explosion index

EA Elemental analysis

ECE Electro-chemical exfoliation

EG-C Exfoliated graphene from coke

EG-GC Exfoliated graphene from graphitized coke

EEG Electro-chemical exfoliated graphene

EPA Environmental protection agency

Ea Activation energy

GO Graphite oxide
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GO-C Graphite oxide from coke

GO-GC Graphite oxide from graphitized coke

GIC Graphite intercalated compound

GO - FD Graphite oxide freeze dried

GQD Graphene quantum dots

h Heat transfer coefficient

HDPE High density polyethylene

HIP Hot isostatic pressure

ISD Inherently safer design

kc mass transfer coefficient

m Mass

MR Mass of the reactor

MIE Minimum ignition energy

n Reaction order

NC Needle coke

ns rotational speed

OSHA Occupational safety and health administration

PECS Pulsed electric current sintering

Pet. coke Petroleum derived coke

PPE Personal protective equipment

PTFE Polytetrafluoroethylene or teflon

PVD Physical vapor deposition

r rate of reaction

R Gas constant

RC1e Reaction Calorimeter
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Re Reynolds number

rGO reduced Graphite Oxide

RGO -NC reduced Graphite Oxide from needle coke

RPM Rotation per min

S or SA Surface area

Sc Schmidt number

s.g. specific gravity

SDS Safety data sheet

SEM Scanning electron microscopy

Sh Sherwood number

SHS Self-propagating high-temperature synthesis

STEL Short-term exposure limit

SPS Spark plasma sintering

TGA Thermogravimetric analysis

TWA Time-weighted average

Tf Temperature of vessel

Tkis Temperature at which reaction rate is maximum

To Temperature of surrounding

Tonset Temperature at which onset is detected

q Total heat release

v Velocity

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

Δ H Heat of reaction

Δ P Pressure difference
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Δ T Temperature increase

ΔTad Adiabatic temperature increase

δ Frank-Kamenetskii parameter

ε RTf/Ea

λ Thermal conductiivity

μ viscosity

ν kinematic viscosity

ρ Density

ΘT (Ea ∗ q)/(RTf
2Cp)

dP/dt Change in pressure with time
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1. INTRODUCTION 1

1.1 Outline of the Dissertation

This dissertation is divided into six sections and the first section gives an overview of the topics

discussed in the dissertation along with a brief summary of each section. Section 2 discusses in

detail the hazards associated with MXene production [1]. Section 3 pertains to thermal stability

of bulk graphite oxide and the results of the work can be used in determining safer storage and

handling conditions [2], and section 4 focuses on using a reaction calorimeter to determine the

heat of oxidation reaction in Hummers’ method and safety of the oxidation reaction. Section

5 discusses the use of alternate carbon materials as a parent material to synthesis graphene-like

product. Finally, section 6 concludes the dissertation with a discussion of future work on graphene

production.

1.2 Process Safety in Nanomaterials

A nanomaterial is a material with at least one dimension on the order of 100 nm or less, and

also is controllable at that scale to get a desired behavior [3]. Because of surface and quantum

effects, nanomaterials display unique properties compared to their bulk counterparts which have

different physical and chemical properties. For example, graphite is grey/black, soft, and malleable

material but a single atomic layer of graphite is transparent, strong, and flexible [4, 5].

The current advancement in technology has made it possible to isolate, manipulate, and use

nanomaterials for the development of various applications. As the applications of novel nanoma-

terials are gaining popularity and interest, novel nanomaterials are being subjected to scale-up to

meet the demand. Scale-up presents unique challenges of its own, but in this research, the process

safety component of the scale-up will be investigated.

At a smaller laboratory scale, limited quantities of chemicals are used and often complete

1Part of this chapter is reprinted with permission from "Process Safety Analysis for Ti3C2Tx MXene Synthesis and
Processing" by Lakhe, P., et al. (2019). Industrial & Engineering Chemistry Research, 58(4), 1570-1579, Copyright
2019 American Chemical Society and "Calorimetry of explosive thermal decomposition of graphite oxide" by Lakhe,
P., et al. (2019). Journal of hazardous materials, 366, 275-281, Copyright 2018 Elsevier
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information regarding the reaction and side reactions is not known. For example, T2 Laboratories

in Florida were producing methylcyclopentadienyl manganese tricarbonyl, but they were not aware

of the runaway reaction hazards with the process, and therefore the cooling system and the reactor

relief system were not adequate to contain in a thermal runaway scenario. This led to an explosion

of the reactor and four fatalities [6]. Similarly, scaling up processes, especially batch processes,

have mass and heat transfer limitation which can lead to unintended process safety incidents [7].

As described by Mannan et al., process safety engineering is understanding the complex in-

teractions of chemical process technology, mechanical and process design, process controls, and

process safety management systems and implementing engineering procedures to make processes

safer [8]. One of the core steps in process safety engineering is identifying hazards [9]. For a

relatively new chemistry, understanding reaction kinetics is an important step in recognizing and

addressing hazards of the process. For example, it is critical to know the exotherm of the reaction,

potential runaway reactions, gas generation rate, unstable by-product formation, interaction with

impurities, etc. Only when these are known, can engineering solutions be implemented to make

the process safer.

There are several studies in the literature concerning the biological and environmental safety of

nanomaterial. However, relatively few studies have explored the process safety concerns of nano-

materials synthesis and handling. Although there have been no reported safety incidents related to

nanomaterials synthesis, in this research, we are proactively looking into potential process safety

issues that may arise in scaling up novel nanomaterials.

For a relatively new nanomaterial (MXene) synthesized on a laboratory scale, we used the

process hazards identification technique to analyze each step of the reaction and proposed solutions

or cautions as applicable. For the other nanomaterials (graphite oxide) whose synthesis process

is relatively established and is being explored for scale-up, we conducted several thermal and

calorimetry experiments to address potential process safety concerns.
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1.3 MXenes

MXenes are two-dimensional nanomaterials composed of metal carbides and nitrides with the

chemical formula of Mn+1XnTx. In this formula, M is an early transitional metal in the periodic

table such as titanium and manganese, X is carbon or nitrogen, and Tx is a combination of several

functional groups such as -F, -OH, -Cl, etc. MXenes are usually etched from MAX (Mn+1AXn)

phase where A is the post-transition metal or groups 13-15 in periodic table such as aluminum.

MXenes are synthesized by etching out the A layers of Mn+1AXn phase in a harsh environment.

As seen in the chemical formula of Mn+1XnTx, a number of MXenes can be derived based on the

parent MAX phase. This work is focused on the Ti3C2Tx form of MXenes.

Ti3C2Tx is the most studied, characterized, and well-understood MXene [10, 11]. Ti3C2Tx

has shown immense potential in energy storage application, for sensor production, and other ap-

plications. Therefore, in this research Ti3C2Tx is used as a model MXene to evaluate the process

hazards and the results from this work can likely be generalized to other MXenes as well.

Synthesis of MXene is non-trivial and it includes multiple hazardous steps. In particular, the

synthesis process includes handling flammable metal dust, exothermic reaction, and toxic chemi-

cals. As the interest in developing novel nanomaterials is increasing, the hazards associated with

its synthesis needs to be addressed early enough in the process to ensure safety of the researchers

involved. In addition, with this work, we hope to raise awareness of safety concepts and consider-

ations early on in the research to develop inherently safer processes.

1.4 Graphite Oxide

Graphite is a crystalline form of carbon where the atoms are arranged in a hexagonal lattice

or honeycomb structure. Graphite occurs naturally and individual layers of graphite are called

graphene as shown in schematic Figure 1.1a. Graphene is a two-dimensional nanomaterial that

has sp2 hybridization (i.e., a combination of s, px, and py orbitals) and a tightly packed carbon

atom structure which gives graphene unique thermal, electrical, mechanical, and optical properties

[4, 12, 13, 14]. The structure of a single layer of graphene is shown in Figure 1.1b.
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Figure 1.1: Schematic of (a) graphite to single layer graphene, (b) graphene, and (c) graphene
oxide. [Figures (b) and (c) are obtained from Google Images search labeled for reuse with no
restriction.]

Graphene was first isolated in 2004 by the Scotch tape method, where the graphite crystal

was split using an adhesive tape repeatedly and transferring the residue to an oxidized silicon

wafer [15]. Since graphene’s isolation using the Scotch tape method, several alternative synthesis

methods have been explored and developed. Two common techniques are bottom-up and top-down

methods. The bottom-up method involves growing graphene layers on an electrically insulating

substrate by sublimation or chemical vapor deposition. The bottom-up method synthesizes pristine

graphene with excellent thermal and electrical properties, but this method is expensive and not

scalable.

The top-down method involves using bulk graphite as source material to synthesize graphene.

This method involves either solvent exfoliation or oxidation-exfoliation-reduction [16, 17, 18]. The

top-down method is scalable and low-cost, especially the oxidation-exfoliation-reduction method.

In the oxidation-exfoliation-reduction method, a graphitic source is oxidized using a strong oxi-

dizer in an acidic medium. The oxidized graphite, commonly known as graphite oxide (GO) is then

exfoliated by ultrasonic agitation or rapid heating to get graphene oxide. The structure of a single

layer of graphite oxide is shown in Figure 1.1c. In literature, both graphite oxide and graphene

oxide have been given the label ’GO’. However, in this study GO refers to graphite oxide, and the

exfoliated graphite oxide is called graphene oxide. The GO and graphene oxide are hydrophilic
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meaning they can be dispersed in water and are electrically insulating. Therefore, in order to regain

the electrical properties to that of graphene-like materials, graphene oxide is reduced, and some

common reduction methods are chemical, thermal, and ultraviolet-assisted methods [19, 20].

Even though there are three methods to get GO (i.e., Brodie [21], Staudenmaier [22], and Hum-

mers methods [23]), Hummers method has gained the most popularity because of its comparatively

milder and less hazardous oxidation conditions [20]. In the modified Hummers’ method, excess

sulfuric acid of concentrations 95 to 97 wt. % is used as a solvent and a 1:3 ratio of graphite and

potassium permanganate (KMnO4) is added to the solution. The oxidation reaction is done be-

tween 30 - 35 °C for 2 hours. The oxidation reaction is quenched using water and H2O2 is added

to precipitate manganese from the solution. The solution is then washed over an extended period

to get a neutral GO solution. Finally, the GO is centrifuged and dried to get powder GO. The

GO can also be sonicated before centrifuging to get graphene oxide [24]. This top-down chemical

synthesizes approach using modified Hummers’ method is becoming a baseline for the produc-

tion of graphene-like materials because this method gives higher yield products compared to other

methods and is economically feasible.

Reduction of GO is an important step in obtaining graphene-like material from graphite. The

reduction of GO removes most of the oxygen-containing functional groups added to graphite dur-

ing oxidation. rGO has the electrical and thermal property close to graphene because the reduction

process restores the pi-electron conjugation within the aromatic rings of graphite. However, the

oxidation-exfoliation-reduction method introduces defects in the graphene structure and the me-

chanical and chemical properties are inferior compared to pristine graphene [25].

There are five different reduction methods employed as noted in a recent review of GO reduc-

tion [25]: (1) Chemical reduction uses organic and inorganic chemicals such as NaBH4, hydrazine,

ascorbic acid, hydroquinone, strong alkaline solutions, and urea among others. (2) Thermal reduc-

tion exposes GO to rapid heating to release the oxygen in the GO. The rapid heating at high temper-

ature exfoliates and reduces at the same time because the heating causes the oxygen groups to leave

as CO and CO2 gases from the spaces between the GO sheets. Other reduction methods include (3)
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microwave and photo reduction, (4) photo-catalytic reaction, and (5) solvothermal/hydrothermal

reduction.

1.5 Process Safety Issues in GO Production

During the literature review, two areas of GO production and handling where process safety

issues could escalate were noted. The first area of process safety concern is the storage and han-

dling of solid GO or graphene oxide. GO is commonly stored and shipped in solid powder form.

As noted in the earlier section, the thermal reduction of GO is one of the methods of reducing GO.

However, some small-scale experiments showed that GO has the potential of undergoing thermal

reduction violently and explosively [26]. The resulting material from the thermal explosion of GO

is rGO but in the process of uncontrolled thermal reduction, the GO releases incondensable gas

rapidly. There has been no known research done on quantifying the pressure generation rates or

what causes some GO samples to explode while heating. Knowledge of the explosive decomposi-

tion of GO is critical if GO is to be scaled up, stored, and handled in bulk quantities.

The second area of process safety concern is with GO oxidation reaction. Multiple prior studies

have pointed out the importance of adding the oxidizer, potassium permanganate (KMnO4) slowly

to maintain the reaction temperature below 55 °C. The literature point to a study from 1987 where

the addition of potassium permanganate to sulfuric acid resulted in formation of explosive material

[27]. However, there has been no study investigating the operating conditions of GO to ensure safe

scale-up of oxidation of graphite.

1.6 Summary of Sections

Section 2 [1]

MXenes are two-dimensional metal carbides with promising applications in energy storage and

gas sensors. Guidelines for safe, scalable MXene synthesis are important due to ongoing efforts

to scale-up production of these novel nanomaterials. Hazard identification before scale-up will

allow for inherently safer designs prior to actual implementation. Here, we investigate hazards

associated with MXene production: MAX phase synthesis from raw materials, etching of MAX
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phase to MXene clay, exfoliation to MXene nanosheets, and post-processing of MXenes with

Ti3C2Tx as a model species. The major hazards in MXene synthesis are potential for dust ignition,

runaway reactions, and toxic chemical exposure. Because the synthesis of MXenes is a multi-step

process, this study evaluated safety guidelines for each step, including preventive and mitigating

measures, best practices, and emergency procedures and responses. This includes handling of

combustible powders, exothermic reactions, and harsh chemical etchants. This study is intended

to facilitate safer MXene synthesis across various levels of scale-up, from large laboratory batches

to commercial production.

Section 3 [2]

Graphite oxide (GO) has shown immense potential in energy storage and composite filler ap-

plications, and large-scale production of GO is of increasing commercial and academic interest.

However, prior studies show that GO has the potential to undergo explosive decomposition. In this

study, an advanced Reactive System Screening Tool was used to track the temperature and pressure

of the explosive decomposition of GO. The data showed that the explosive decomposition temper-

ature of GO strongly depends on sample size. The temperature and pressure generation are on the

order of 1000s of °C per minute and 1000s of psig per minute respectively for less than a gram of

material. Therefore, the rapid decomposition of bulk GO can lead to catastrophic consequences.

The paper further compared the thermal stability of GO from different sources and found that the

GO surface area has significant effects on GO stability. Finally, the Frank-Kamenetskii model was

used to predict the critical mass necessary for GO to undergo explosive decomposition, the model

predicted the mass within a factor of experimental data. The results of this study are beneficial in

assessing and predicting the hazards of bulk GO during storage and handling.

Section 4

While several published studies considered how to optimize the oxidation-exfoliation-reduction

process of modified Hummers’ method to make graphite oxide (GO) and reduced graphene oxide

(rGO), relatively few studies have explored the effect of operating conditions on the final GO pro-

duced and the process safety concerns with the process. In this study, a reaction calorimeter is used
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to determine the heat of solution and oxidation reaction in the modified Hummers’ method as a

function of reactor processing parameters. The heat of reaction increases when graphite is soaked

in sulfuric acid for an extended time compared to an oxidation process without extended soaking

of graphite in acid. GO synthesized with acid-soaked parent material has more surface functional

groups and the heat of the oxidation reaction decreases with increasing stirring rate. However, the

GO synthesized with non-acid soaked parent material has edge functional groups and the heat of

reaction do not vary with stirring speed. The study shows the heat of solution and reaction is high

enough to reach the reported unstable temperature of Mn2O7, but the amount of Mn2O7 generated

in a typical modified Hummers’ method is dilute enough to avoid a violent reaction at 55°C.

Section 5

There is a value in using alternate carbon sources such as petroleum and coal-based coke to

make graphene-like materials. Petroleum coke is the by-product of coker units in petroleum refin-

ing and currently has limited application. However, converting these cokes to high value graphene-

like product is of economic interest. There are few studies exploring the use of alternative carbon

sources to make graphene-like product. In this chapter, we are interested in characterizing par-

ent carbon sources and the products from these sources to determine what carbon sources can be

converted to graphene-like product.

Section 6

Finally, chapter six presents the conclusions of the dissertation, discusses limitations of these

studies, and suggests areas for future research in graphene and MXene production.
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2. PROCESS SAFETY ANALYSIS FOR TI3C2TX MXENE SYNTHESIS AND

PROCESSING1

2.1 Introduction

Nanomaterials are unique because they often present safety hazards in both synthesis and

health. Over the last several decades, a number of studies on biological and health hazards of

nanomaterials have been published, and these studies are crucial in understanding the effects of

nanomaterials on humans and the environment [28, 29]. Despite these recent advances, there is

a stark absence of research assessing the process safety of nanomaterials synthesis and scale-up.

The number of novel nanomaterials synthesized by researchers and small-scale manufacturing

companies is increasing; thus, an intimate understanding of the process safety implications during

laboratory synthesis and its scale-up is vital for faster, safer implementation of nanomaterials. A

number of process safety incidents have occurred during scale-up, including several incidents in

laboratories due to a lack of proper hazard identification [30]. For example, in 2010, a graduate

student was injured when trying to scale-up a conventional process involving hydrazine perchlorate

derivatives synthesis from 300 mg to 10 g [31].

One of the primary causes of safety incidents in laboratories is a lack of knowledge of safety

issues arising during synthesis route; this is especially true in cases of new materials synthesis and

novel processes where the hazards of the reactions are yet to be discovered. While most universities

and research laboratories rightfully require researchers to conduct a safety analysis to identify and

address potential hazards, these analyses cannot be thorough if the crucial information such as

heat and gas generation rate by reaction, by-product formation, thermal stability, etc. are lacking.

These crucial information are not immediately known for new and novel processes development

in laboratory. In addition, the guidance for completing a thorough hazard assessment is often

1Text, figures, and tables in this chapter are reprinted with permission from "Process Safety Analysis for Ti3C2Tx
MXene Synthesis and Processing" by Lakhe, P., Prehn, E. M., Habib, T., Lutkenhaus, J. L., Radovic, M., Mannan, M.
S., & Green, M. J. (2019). Industrial & Engineering Chemistry Research, 58(4), 1570-1579, Copyright 2019 American
Chemical Society
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unavailable as the scientific community only recently adopted the concepts of process safety by

the means of loss prevention. Due to these reasons, scaling-up novel processes for nanomaterials

synthesis can result in catastrophic incidents as hazards can compound if not done correctly. This

work is intended to highlight the importance of preventive measures in order to reduce the number

and severity of incidents associated with the synthesis and scale-up.

MXenes are a growing family of atomically layered two-dimensional metal carbides and ni-

trides with the chemical formula Mn+1XnTx, where M is an early transitional metal in the periodic

table, X is carbon or nitrogen, and T is a combination of several terminal groups (i.e. -F, -OH,

-O, -Cl, etc.). These materials are most frequently etched from Mn+1AXn (MAX) phase powders,

which contain post-transition groups 13-15 metal layer that are located between M and X layers

in their crystal structure. Two-dimensional carbides can have tremendous applications as MXenes

have impressive thermal and electrical conductivities. MXenes are currently being evaluated for

use in lithium and non-lithium ion energy storage, fuel cell additives, supercapacitors, humidity

and pH sensors, and lubricating additives [11, 32]. To-date, over 60 MAX phases have been syn-

thesized, plus over 80 MAX phase solid solutions (where the M and/or X layers contain multiple

constituents). These ’parent materials’ can be used to synthesize MXenes via etching, but this

etching step typically requires a harsh environment. One frequently used method uses a highly

concentrated hydrofluoric acid to dissolve the M-A bonds, releasing heat and hydrogen gas as by-

product. Although it is a relatively recent field, MXenes are a rapidly growing family of materials,

and new compositions must often be accompanied by new etching techniques [33]. The etching

step is a unique requirement of MXene synthesis compared to that of many other nanomaterials,

and each type of MXene may require a slightly different etching procedure. Figure 2.1 shows the

graphical representation of the hazards in MXene synthesis.

Ti3C2Tx is the best characterized and most studied MXene species due to its relative ease of

intercalation and delamination, relatively low financial cost, and excellent conductive properties

[10, 11]. There is a growing interest in scaling-up Ti3C2Tx production; in fact, at present Ti3C2Tx

is being produced in quantities of 100 g per batch scale [34]. Several publications, including a
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Figure 2.1: Graphical representation of the hazards in scaling up MXene synthesis [1]

recent review paper, have neatly outlined various Ti3C2Tx synthesis routes and their advantages

and disadvantages in terms of product quality [35, 33]. However, the process safety analyses as-

sociated with different synthesis routes are nowhere to be seen, despite of the serious hazards

present in MXene production. Ti3C2Tx synthesis is a multi-step process that includes handling

of combustible powders like aluminum and titanium carbide or graphite to synthesize Ti3AlC2

MAX phase, followed by highly exothermic chemical etching of the Ti3AlC2 phase into the de-

sired Ti3C2Tx using a strong oxidizing agent. The general, step-by-step synthesis of Ti3AlC2 and

Ti3C2Tx materials from raw materials is depicted schematically in Figure 2.2 along with the major

hazard associated with each step.

In this paper, we identify and discuss hazards in each of these steps for Ti3C2Tx synthesis,

labeled 1 through 4 in Figure 2.2. The focus of this paper is to address hazards in small-scale

synthesis (grams of Ti3C2Tx) and consider the implications for scale-up to kilogram quantities.

As the scale of Ti3C2Tx synthesis increases, a rigorous evaluation is necessary, and we anticipate

this paper will provide a guide on conducting such hazard identification studies for the future. This

work aims to facilitate safer MXene (particularly Ti3C2Tx) synthesis across all levels of scale-

up, from large laboratory batches to commercial production. A similar approach can be taken

to assess the hazards of other nanomaterials in the MXene family. This paper focuses on the

hazards encountered with Ti3C2Tx, including handling of constituent MAX phase powders, MAX

11



Figure 2.2: Schematic of Ti3C2Tx synthesis from raw materials. Step 1 represents the syn-
thesis and the milling processes of Ti3AlC2 phase, Step 2 is the etching of Al from Ti3AlC2
phase using a strong oxidizing agent such as HF, step 3 is the oxidizing agent (HF) washing,
and step 4 is the drying and post-processing [1].

phase synthesis, various etching methods for synthesizing MXenes, and post-processing methods

of exfoliation and optional delamination.

2.2 Methodology: The Safety Triad: Prevention, Mitigation, Response

A strong safety program in a laboratory or industry should contain all elements of a robust

’safety triad’: Prevention, Mitigation, and Response [36]. In addressing safety events, the first

priority is to prevent the undesirable events such as spill, fire, explosion etc. In order to implement

preventive measures to avoid such safety incidents, hazards in a process have to be identified

throughout the process, for example, identifying synthesis steps with presence of combustible

dust, potential for runaway reaction, toxic gas formation, and others. Only after identification can

prevention measures be implemented. If the preventive measures fail and an undesirable event

(spill, fire, explosion) occurs, mitigating systems should be employed to minimize the outcome

of the undesirable event. Finally, effective response mechanisms need to be planned to minimize
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the consequence of an undesirable incident [37, 38]. The above sequence of considerations is

very important to implement in early stages of process development to avoid safety incidents as

an incident can have catastrophic effects. The importance of process safety is often undervalued

as it has traditionally been seen as an ’add on’ component after completion of the process design.

However, the inclusion of process safety in the design stage is proven to result in an inherently

safer, simpler, and more economical method [39, 40]. This paper will discuss the safety triad in

safer synthesis of Ti3C2Tx as and when applicable.

2.2.1 Preventive Measures

Identification of hazards is the first step in applying preventive measures, typically begun by

reviewing the safety data sheets (SDS) of each chemical involved in the process; this identifies key

hazardous chemicals and dangerous situations to avoid. However, the SDS information may not

be sufficient because it may not contain all the hazard information, particularly for novel materials

such as MXene nanosheets. Instead, the chemical structure, previous incidents with analogous

materials, and methodical hazard identification tests should be considered in addition to consulting

an SDS. In the next step, the process conditions need to be evaluated, such as heat of reaction,

pressure generation rates, temperature range, toxic or stable by-product formation, and thermal

stability of materials involved. Once known, these parameters can be managed through several

prevention methods [37].

There are four unique types of hazards preventive measures that can be employed to manage the

hazards discussed above: (i) inherently safer designs, (ii) engineering controls, (iii) administrative

controls, and (iv) personal protective equipment. These preventive measures are listed in order of

decreasing effectiveness. The most effective is the inherently safer design (ISD) and the elements

of ISD are to minimize hazards, substitute hazardous materials with a less hazardous material,

moderate the amount of hazardous material, and simplify the process. These ISD elements should

be utilized whenever possible but they are more effective when it is employed in the design stage

of process development [41]. As such, for the engineering profession to value past experiences and

advance with enhanced inherently safer process design methods.
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In processes requiring use of hazardous materials and operation, engineering controls such as

physical protection, detection system, controllers, and safety interlocks should be implemented. In

a laboratory setting, implementing ISD or engineering controls can be quite challenging; therefore,

administrative controls such as supervision, proper training, best available work practices, manuals,

and procedures should be prioritized. Finally, the use of proper personal protective equipment is

the last line of defense should a safety incident occur.

2.2.2 Mitigation Measures, Emergency Planning, and Response

The main goal of implementing mitigating measures is to reduce the impact of undesirable

events that cannot be prevented. Some of the mitigating measures that can be implemented in

laboratories are training, familiarization with the surroundings, placement of hood, sensors and

alarm systems, and evacuation plans. Automation of the most hazardous steps or maintaining

supervision of the operators is key in avoiding fatal accidents from occurring.

Finally, emergency response plans are paramount when any significant hazards are present,

and these plans must be established before the experiments are carried out. Planning is especially

important in scaling-up Ti3C2Tx synthesis, as hazards such as metal fires and toxic gas release

can escalate quickly. The emergency plans should include communicating the hazards and risks

present in every step of the process with individuals working directly or indirectly in the facility,

access to emergency response personnel, and repair and recovery plans.

2.3 Hazards Analysis of Ti3C2Tx MXene Synthesis

In this section, each step outlined in Figure 2.2 is discussed and as a basis for the study, a

laboratory production of Ti3C2Tx MXene is investigated. Figure 2.3 shows relative quantities of

material by mass of reactant materials used in the most common Ti3C2Tx synthesis route. As

seen in Figure 2.3, a significant quantities of raw materials are required to get the final product.

The yields below each step are generous estimates, and so significantly less MXene clay may be

produced depending on the available equipment. An optimization of each step to increase yield

will decrease amount of hazardous materials required on site for handling. The analysis for each
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synthesis step is shown in following subsections.

Figure 2.3: Relative quantities (by mass) of reactant materials required to produce Ti3C2Tx
MXene. *The quantity of 6 M HCl required is six times the amount shown in the figure [1].

2.3.1 Hazards Analysis for Ti3AlC2 MAX Synthesis

To-date, parent MAX phases have been synthesized by nearly a dozen routes, including most

notably hot isostatic pressing (HIP), self-propagating high-temperature synthesis (SHS), pulsed

electric current sintering (PECS, commonly known as spark plasma sintering SPS), and pressure-

less sintering [42]. Oxidation of the sample is the primary concern for high-temperature methods

such as pressure-less sintering, so synthesis should be performed in an inert atmosphere. Pressure-

less sintering is the most promising technique for commercial scale-up because the process is

relatively rapid when compared to other synthesis techniques. However, pressure-less sintering

is a batch process and batch processes are inherently not safer because increasing the batch size

increases the inventory of hazardous raw materials on-site [43]. An alternative to the current batch

process should be studied for safer scale-up. Regardless of the synthesis method selected, powder-
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handling hazards are the first concerns to address.

For most Ti3AlC2 MAX phase synthesis methods, powders of titanium (Ti), aluminum (Al),

and titanium carbide (TiC) or graphite (C) are thoroughly mixed. These constituent powders

present ignition and /or explosion hazards, and appropriate mixing methods should be imple-

mented. Fine powders have higher dispersibility and chemical activities, thus increasing the dust

explosion risk [44]. The Chemical Safety Board (CSB) recorded 281 dust and explosions incidents

in the United States between 1980 and 2005, of which approximately 20% are due to combustible

metals dust [45, 46]. Specifically, one of the most highly combustible metals is aluminum powder,

followed by titanium powder. The inherently safer methods of powder and dust handling are well

known. However, the respective hazard is often not considered and the appropriate measures are

not taken.

The Minimum Ignition Energy (MIE, a measure of the ease of ignition of a suspended dust

cloud) for Ti powder of average particle size of 45 μm is 21.91 mJ, but the MIE decreases as the

particle size of the powder decreases. Thus nanoscale Ti powder are more prone to ignition by

friction or collision [47]. Finer particle size, though more dangerous, facilitates a higher degree of

mixing and generally results in a more phase-pure bulk sample. Thus, a compromise must be made

between inherently safer, larger particle size and purity of parent Ti3AlC2 phase. Significant dust

explosion hazards may be present with TiC and C as well, but these systems are not well-studied,

and so their dust explosion parameters (like MIE) have not been reported to-date. Consequently,

given the numerous potential applicants for MXene, research on these compounds is imperative

before scaling up.

In pressure-less sintering routes, the mixed reactant powders are placed in a furnace to pre-

pare a porous bulk MAX phase, as shown in Figure 2.4. Furnace work contains hazards such as

potential exposure to high-temperature elements, dust ignition, and if hoses and fittings are not

properly maintained, pressure build-up. To prevent oxidation, the furnace chamber should be an

inert atmosphere such as argon. Depending on the synthesis temperature and constituents, some

more volatile elements (including aluminum) may evaporate, clogging the inert gas exhaust tube.
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Figure 2.4: Schematic of MAX, Ti3AlC2 phase synthesis and hazards associated with the
steps [1].

Furnaces (and inlet/outlet tubing) should be regularly cleaned to maintain an open pathway. Some

synthesis methods may contain high-temperature hazards, as in the cases of self-propagating high-

temperature synthesis (SHS), pulsed electric current sintering (PECS), hot pressing, and solid-state

combustion synthesis (SCS) [48, 49, 50]. In these synthesis techniques, high temperatures can lead

to constituent melting and leaking, so control of the heating rate is critical. Rapid heating rates in

SHS and SCS can lead runaway reactions, so emergency fire systems, including class D fire ex-

tinguishers, should be accessible at all times. Other methods may contain chemical and/or high

voltage hazards, as in the cases of physical vapor deposition (PVD), chemical vapor deposition

(CVD), and PECS [42, 51]. In all instances, operators should avoid static buildup and other igni-

tion sources, properly cool and vent the reaction chamber before opening, and wear proper personal

protective equipment (PPE).

After removing this porous bulk material from the furnace, the sample is usually milled into

powder to increase the etching rate. There are many different methods of milling, including low-

or high-energy ball milling, jet milling, drill milling, and mortar and pestle to name a few [52, 53].

Mill selection is crucial to the safety of the MAX phase process, as Ti-based compounds may heat

and deform, even igniting the generated fine powders in extreme situations. It is also important

to consider dust dispersion to the environment. Dust fires and explosions are usually caused by

dust which has knowingly or unknowingly been dispersed to the surrounding from the process

area. Figure 2.5a shows an example of powder ignition during drill milling of a Ti3(AlBi)C2
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MAX phase in the laboratory. This combustion was facilitated by the low-purity of the MAX

phase and presence of flammable intermetallic impurities. Though ignition of sample powders is a

rare occurrence, it is important to note fires caused by Ti-based compounds cannot be extinguished

using water or CO2-based extinguishing agents (indeed, these may cause the fire to propagate more

quickly). Instead, only a Class D fire extinguisher should be used to fight metal fires.

Figure 2.5: (a) Fire caused by drill-milling of Ti3(AlBi)C2 phase; (b) Schematic representing
elements of dust explosion pentagon [1].

Generally speaking, for a dust explosion to occur, five elements need to be present: a fuel

(combustible dust), an oxidizer (oxygen in air), an ignition source, confinement, and dust disper-

sion (shown in Figure 2.5b) [54]. The dust explosion hazard can be minimized by eliminating one

or more of the elements in the pentagon, such as (a) preventing suspension of powder in the air, (b)

eliminating all possible ignition sources, and (c) handling all powders in inert environments. In ad-

dition to these precautions, wearing proper PPE and equipping the user with firefighting techniques

are mandatory [55]. The following preventive measures are recommended as applications of these

principles to eliminate one or more elements of the dust explosion pentagon when preparing MAX

phase powder for etching into MXenes.

To mitigate the risk of ignition, high-energy milling should only be performed on samples with
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Table 2.1: Hazards of Ti3AlC2 MAX Phase Synthesis [1]

Hazard Cause Major Effects Corrective/Preventive mea-
sures in a laboratory scale

Spontaneous
combustion of
reactants

Auto-ignition or in-
troduction of igni-
tion source (static)

Potential equip-
ment damage and
employee injury

Ground the container and
minimize dust cloud for-
mation

Dust particles in-
halation

Handling powder re-
actants

Employee injury Work in hood, limit the
quantity of toxic reactant,
and use proper PPE

Combustion of
Ti3AlC2 phase
during drilling

Aerosolization of
powder during
drilling and friction

Fire and injury Ground the equipment,
drill slowly in inert envi-
ronment

Explosion of ig-
nited sample

Extinguishing Al
powder using water

Fire and injury Use only a Class D fire ex-
tinguisher

a lubricating solvent and under an inert atmosphere. All electrical equipment should be grounded

to prevent any ignition due to static discharge both during and after milling. Dust dispersion to the

environment should be prevented or the accumulation dust should be thoroughly removed. Once

a sufficiently fine and pure powder has been obtained, the MXene synthesis can begin. However,

on an industrial scale, it is difficult to mitigate all static sources or prevent dust accumulation. The

titanium industry that deals with highly flammable dust particle have incorporated alternative safer

designs and this could be a starting point for design safer large-scale MAX drilling processes [56].

The hazards present in Ti3AlC2 synthesis and processing are summarized in Table 2.1along

with causes, major effects, and corrective and/or preventive actions. Some causes listed in this

table and subsequent tables such as leaks or loss of controls cannot be avoided all of the time in all

the equipment. Therefore, during scaling-up, processes should be designed such that they do not

depend heavily on equipment controls or instrumentations. Although controls and instrumentation

can be a layer to prevent negative incidents, the key to safer processes is to make the processes

inherently safer at the design stage.
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2.3.2 Hazards Analysis for Ti3AlC2 MAX Phase Etching Process

MXenes are produced by etching the A layer from the powdered MAX phase, as shown in

Figure 2.6a. In the most typical case of Ti3AlC2, the Al layer is removed by using aqueous

solution of hydrogen fluoride (HF), which can be introduced at varying concentrations or produced

in situ from a fluoride-based compound and an acid, such as LiF and HCl, respectively. The etching

reaction is highly exothermic and produces H2 gas and H2O vapor. This section investigates the

process safety issues with this step, especially the reaction exotherm and by-products formation.

A total of seven Ti3C2Tx etching routes were identified, and their relative hazards were ranked.

These seven methods include Ti3C2Tx synthesis using 10 wt % HF or higher [57, 58], in situ

mixing of LiF and HCl to form HF [59], NH4HF2 [60], F3Fe/HCl [61], NaOH [62], and HCl [63].

The Dow Fire and Explosion (Dow F&EI) Index was used to rank the relative hazard level of each

method [64]. Following assumptions were considered to compute the Dow F&EI.

• Moderate exotherms for etching (equivalent to that of an oxidation reaction)

• Adequate ventilation (reaction done inside hood)

• Adequate access to laboratory in case of emergency (at least two clear doorways and easy

access to fire extinguisher)

• Spills are contained (doesn’t spread to other experiments or equipment)

• No air sensitive material used

• H2 released could make the environment flammable

• MAX phase particle size is < 75 micron

• No over pressure (done at atmospheric condition)

• Minor leaks

• Agitation failure could lead to bad consequences
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• No flammable liquid/gas/solids in use or stored for the process

• Reaction conditions are same for all 6 methods

• In terms of toxicity, HF of concentrations >10 wt.% have same amount of toxicity

As seen in Figure 2.6b, the synthesis route using 10 wt % or higher HF is the most hazardous,

and the routes using in situ production of HF using LiF and HCl, F3Fe, and HCl are relatively

less hazardous. Etching with HCl and NaOH is the least hazardous. However, it is important to

note the quality and yield of Ti3C2Tx produced varies significantly between these methods. There

is no standard method to report the yield of Ti3C2Tx; nevertheless, in this paper the yield from

each synthesis route is estimated using experimental masses and final concentrations reported, but

the terminal group compositions and final volumes were assumed using previously reported XPS

results of similar etching methods and yield images. The yields were categorized relative to each

other as high (> 55%), medium (15% to 55%), or low (<15%). The synthesis routes using HF

and in situ HF (i.e., HCl/LiF, and F3Fe/HCl) have the highest yields, methods using NaOH have

medium yields, and methods using HCl and NH4NF3 have the lowest comparative yields.

Figure 2.6: (a) Schematic of Ti3AlC2 MAX phase etched to Ti3C2Tx MXene; (b) Relative
hazards of various etchant used to etch Al from Ti3AlC2 phase to Ti3C2Tx phase, methods
using HF [57, 58], HCl/LiF [59], and F3Fe/HCl [61] has a high yield (>55%, green bars),
NaOH [62] has medium yield (15%<x<55%, orange bars), and HCl [63] and NH4HF2 [60]
has a low yield (less than 15%, red bars) described by many authors, including Ghidiu et al.
[59] [1].

21



The most common method of Ti3C2Tx synthesis from Ti3AlC2 is via HCl and LiF as this

method retains a high yield of MXenes and minimizes handling of HF during the etching pro-

cess.However, it should be noted that HF is still present in the reaction as a by-product in this

method and appropriate caution should be taken. The process is overviewed in Figure 2.7, where

6 M HCl solution is charged in a teflon reactor with 5 M equivalent of LiF, and powdered Ti3AlC2

phase is added to the solution slowly to minimize bubbling of the reaction (this procedure is de-

scribed by many authors, including Ghidiu et al.) [59]. This reaction is exothermic, and Sharma et

al. determined the heat of reaction (ΔHrxn) from the Ti3AlC2 phase to Ti3C2Tx using a calorime-

ter [65]. The study reported ΔHrxn to be -1775 kJ/mole of Ti3AlC2 (equivalent to -9.12 kJ/g of

Ti3AlC2) phase. Based on this reaction enthalpy, if all of the Ti3AlC2 MAX phase is added to

the reaction mixture at once, the adiabatic temperature increase is estimated at 270 °C of the so-

lution. This temperature increase was estimated using Equation 1, where m is the mass of a small

industrial-scale reaction mixture (500 g of Ti3AlC2 phase ) using the HCl/LiF in situ method. The

heat capacity of solution, Cp used for calculation is same as that of 37 wt % HCl (2.46 kJ.K/kg)

because in a typical synthesis around 86 wt % of the reaction mass is HCl solution, and ΔT(ad) is

the adiabatic temperature increase.

Figure 2.7: Schematic of Ti3C2Tx MXene synthesis using LiF/HCl etchant and the hazards
associated with these steps [1].
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ΔH = mCpΔT (2.1)

The ΔT(ad) is beyond the boiling point of HF solution which is between 98 °C (for 5 wt %

HF) and 110 °C (for 50 wt % HF). If the reaction is carried out at room temperature (around 23

°C), the ΔT(ad) is sufficient to trigger violent boiling off of the reaction mixture, releasing HF

vapor into the environment. To avoid uncontrollable temperature increases during the etching step,

the feed rate of Ti3AlC2 MAX phase into the reaction mixture and the cooling capacity will be

critical. This is especially true when scaling up this reaction as increasing the scale of reaction

will likely decrease the reactor surface-area-to-volume ratio, thereby reducing the heat of reaction

dissipation. In the case of uncontrollable temperature increase, the use of overhead condenser to

cool vapor can also help mitigate release of hazardous vapor into the environment. The condenser

should be appropriately sized and designed based on the scale of the reactor mass and volume.

An additional hazards analysis, including a detailed kinetics analysis to understand the reaction

pathways, is necessary if the presented Ti3C2Tx synthesis method is to be scaled up.

Additionally, the etching reaction produces H2 gas and water vapor as the byproduct. The

etching reaction can be described by the following reaction pathway [66]:

Ti3AlC2 + 3HF→ AlF3 + Ti3C2 + 3/2H2

Ti3C2 + 2H2O→ Ti3C2(OH)2 + H2

Ti3C2 + 2HF→ Ti3C2F2 + H2

The etching reaction produces three and a half moles of H2 for every mole of Ti3AlC2. The

calculation is done at isothermal condition at room temperature ( 25 °C, 298 K). Following recipe

is used for the gas volume calculations [66]: 30 mL of 6M HCl, to 2 gm of LiF, 3 gm of Ti3AlC2.

The pressure generation accounts only in vapor space of the reactor. Therefore, the volume

of the reactor mass is subtracted from the total vapor space available for gas accumulation. To

accommodate the generated pressure, the reaction is performed in vented containers. Figure 2.8

shows the estimated pressure generated by the reaction for a known container volume in an isother-
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Figure 2.8: Estimated pressure generation during etching process for various container size
assuming isothermal conditions. The etching reaction should be carried out in a vented con-
tainer to relieve pressure buildup and to contain the reaction products [1].

mal condition. It should be noted that the gas generated (H2) is highly flammable at 4 vol % to

75 vol %, and a static spark is enough to ignite the gas in these conditions [67]. Moreover, hy-

drogen gas is the one of lightest gas making it easy to escape into the surrounding environment

unknowingly. Hydrogen gas burns with invisible flame and an incident involving hydrogen gas

can propagate quickly. Therefore, special care should be taken to vent the H2 gas produced. The

rate of H2 production during the etching process has not been measured at the lab scale, but this

will be critical during any sort of scale-up, both for safety and for emissions purposes. Table 2.2

shows the hazards in the etching step along with recommended corrective and preventive measures

in a laboratory scale. As mentioned in the introduction of the paper, there are a number of ways

MXenes can be synthesized. This paper focuses on the hazard analysis technique for one synthesis

methods in detail. A similar approach can be taken to conduct hazard analysis for other synthesis

routes to design safer MXene operating procedures.
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Table 2.2: Hazards of Etching Process [1]

Hazard Cause Major Effects Corrective/Preventive mea-
sures in a laboratory scale

Exothermic re-
action

Rapid Addition of
Ti3AlC2 to HF Solu-
tion

HF gas, H2 gas,
equipment dam-
age

Slow addition of Ti3AlC2
to limit the temperature in-
crease, adequate cooling ca-
pacity

Toxic gas
release (H2)

Loss of etching reac-
tion controls

Flammable envi-
ronment

The reaction should be con-
ducted in a negative pressure
hood with good ventilation

HF exposure Outlined in next sec-
tion

2.3.3 Hazards Analysis for Post-Processing Ti3C2Tx MXenes

The Ti3C2Tx product slurry obtained after etching is washed with DI water in a filtration unit

(or in centrifugation unit) to remove unreacted HF and water-soluble salts. The washing with DI

water is repeated until the pH of the solution is at least 6 to mitigate risk during handling. This

bulk product is labelled as Ti3C2Tx clay, and there are several post-processing techniques for

Ti3C2Tx clay discussed in prior literature [35]. The post processing includes delamination to yield

MXene nanosheets and further processing for an application. The selection of post-processing

techniques depends on the applications of Ti3C2Tx. Some methods can involve direct handling

of the un-delaminated Ti3C2Tx clay, such as paint coating [59]. Ti3C2Tx can be freeze-dried for

long-term oxidation-free storage [68], spray-dried to ’crumple’ the morphology thereby increasing

the surface area [69], or vacuum-dried to create free-standing Ti3C2Tx films. Figure 2.9 shows

different forms of Ti3C2Tx used in various applications.

Delamination of the accordion-like clay yields MXene nanosheets, which are currently the

most used form of MXenes. Specifically, Ti3C2Tx can be delaminated into a thick colloidal sus-

pension of nanosheets then assembled layer-by-layer into flexible biometric sensors [11, 32]. This

thick colloidal suspension can also be diluted and mixed with additives (such as platinum nano-

particles) and used in dip- and evaporative coatings [76]. The most popular method of delam-
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Figure 2.9: Reproduction of images showing Ti3C2Tx processed for current applications;
(a) Layer-by-layer (for wearable electronics) [32] Reproduced with permission from refer-
ence #6. Copyright 2018, AAAS (b) Vacuum filtered (for free-standing films and polymer
composites) [35, 70, 71] Reproduced with permission from reference #46. (c) Painted or
spray coated (for thin film coatings)[35, 72] Reproduced with permission from reference #47.
Copyright 2018, AAAS (d) Medically injected (as antibiotics, drug delivery, and cancer ther-
apy) [73, 74, 75] Reproduced with permission from reference #48. Copyright 2016, ACS, and
[1].

ination is intercalation with dimethyl sulphoxide (DMSO) followed by sonication after exfolia-

tion, as this method is relatively quick and can be varied to produce nanosheets of different sizes

[59, 77, 78, 79]. Other wet chemical etchants include urea [77], tetrabutylammonium hydroxide

(TBAOH), choline hydroxide, and n-butylamine [80] for MXene delamination.

The solvents used for both exfoliation and delamination are vital in selecting the composition

of terminal groups of the MXenes [81], but of more direct pertinence to this paper are the safety

concerns associated with each solvent. DMSO and urea are the safest chemical solvents to imple-

ment, with the primary hazard associated with both being irritation from inhalation, ingestion, or

eye contact. Possible absorption through skin is a special safety concern, particularly for DMSO,

as all of these solvents may bring nanoparticles or other chemical constituents with them. MXenes

have not had a long-term biological impact study performed, so operators should avoid contact
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with skin. Harsher solvents like TBAOH, choline hydroxide, and n-butylamine, cause severe burns

when exposed to skin or eyes. Further, all of these harsher solvents, especially n-butylamine, can

prove fatal if inhaled. All chemical solvents listed range from slightly to highly flammable, and

so exposure to electrical sparks or other ignition sources should be carefully avoided. Moreover,

disposal hazards should also be considered.

Inadequate washing of Ti3C2Tx solution can expose researchers and lab equipment to HF

during the post-processing steps. Furthermore, F– ions can propagate in the final product such as

paints, powder, films. Precautions should be taken when handling any nanomaterials, especially

in powder form as fine powder can disperse in the environment without detection. Several in vivo

and ecotoxicological studies have shown non-cytotoxic behavior of several MXenes, including

Ti3C2Tx, but a long-term systematic analysis is still needed. MXenes are a promising chemo-

synergistic and photo-thermal conversion material for cancer treatment, but control of the terminal

groups and complete removal of -F ions is paramount. Despite these promising findings, biological

interactions of MXenes are still not yet fully known [82, 83, 84, 85].

2.3.4 Hazards Analysis for HF Handling and Removal

The medium and high yield MXene methods are obtained by etching via HF, either from stock

solution or produced in situ. Due to the relatively common usage of HF, it is important to look

at its hazards individually. HF is an extremely corrosive chemical, able to penetrate through skin,

muscle tissue, and bones. In the presence of naturally-occurring cations in the human body (such as

calcium and magnesium), HF dissociates into hydrogen ion and fluoride ion. These ions can cause

harm in two ways: (1) corrosive burns due to hydrogen ions and (2) chemical burns in skin and

bone due to fluoride ions [86]. More importantly, these ions can affect the biological distribution

of electrolytes causing death [87]. For example, in 1994, a lab technician died due to fluoride

poisoning when he spilled 100 mL of 70 wt % HF [88]. The spill covered about 10 % of his body.

At least 20 incidents of HF exposure have occurred since 1998 [89].

HF must be securely contained, which can pose a major challenge due to its corrosive nature

[90]. HF corrodes common material of construction for laboratory equipment such as stainless
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Table 2.3: Hazards with HF Handling and Removal [1]

Hazard Cause Major Effects Corrective/Preventive
measures in a laboratory
scale

HF exposure
(in solution or
fume)

Improper handling
of HF solution dur-
ing transfer

Exposure to HF can
lead to serious in-
jury or death

Proper PPE (HF rated
gloves, facemask, full
sleeve clothing)

Improper handling
of HF waste

Easy access to calcium
gluconate ointment near
work area in case of HF
exposure

Failure of reaction
or storage container

Exposure to human Use HF compatible con-
tainers and sealant. Use
secondary container

steel and glass. Few materials are compatible with HF: for laboratory purposes PTFE (or teflon) is

known to be the most resistant to HF, followed by HDPE (high-density polyethylene).

The primary sources of HF exposure during Ti3C2Tx synthesis are during the etching reaction

itself and the transferring of the HF solution during washing. According to ISD principles, there

is a present need to find a high-yield etching method without using HF. However, to mitigate

exposure to HF using current methods, time spent adding and removing HF solution should be

minimized or automated. During direct handling, proper personal protection equipment (PPE) is

vital. The recommended PPE to handle HF solutions is neoprene gloves, acid resistant face shield,

full-body acid resistant suit, and leather boots. In case of HF exposure, it is important to neutralize

the fluoride ions with calcium or magnesium ions: application of a 10 wt % calcium gluconate

solution is recommended in the exposed area. Best laboratory practices should also be followed

to avoid and minimize HF exposure. Table 2.3 summarizes the hazards with HF, including the

recommended corrective and preventive measures.

Inhalation of HF vapor can also cause harm to human health. HF inhalation could be due to ex-

posure to HF solution (>50 wt %), exposure in a confined space, or exposure through contaminated
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clothing. According to the EPA, the 15 min. STEL (short-term exposure limit) for HF vapors is 6.0

ppm for 15 minutes, and OSHA regulates the 8-hour TWA (time-weighted average) to 3 ppm[91].

At concentrations of 30 ppm, it is considered immediately dangerous to life and health (IDLH)

[92]. To adhere to the OSHA and the EPA standards, the Ti3C2Tx solution needs to be washed to

pH 6 or higher for safer handling of the solution.

2.3.5 Waste Treatment

An important aspect of process scale-up is also considering waste disposal. The etching and

washing steps in Ti3C2Tx produce a considerable amount of waste though exact quantities of

various elements in the waste stream is not known. Based on the synthesis scheme, there are

three different classes of waste produced during Ti3C2Tx synthesis, acidic waste from LiF/HCl

(majority), metal waste from Ti and Al, and solid particulate such as C, under- or over-etched

Ti3AlC2 particles. Any waste treatment facility would have to be prepared to deal with these three

kinds of waste and its associated hazards. Hu et al. proposed that using calcium salt to neutralize

acidic water and then using an electrocoagulation-flotation technique where sodium dodecyl sulfate

as an anodic surfactant is best to remove fluoride-based waste [93]. Similarly, Westerhoff et al.

suggested that Ti-based and nanoparticle waste can be trapped using a biological treatment then

settling and removing using a membrane filtration [94]. A typical amount of Al and Li in the

waste stream from Ti3C2Tx etching process is not known but these metals can be recovered on a

larger scale, if necessary. Figure 2.10 shows a schematic of waste water treatment from the s in

the waste stream is not known. Based on the synthesis scheme, there are three different classes of

waste produced during Ti3C2Tx MXene synthesis.

2.4 Conclusions and Future Outlook

In conclusion, this study has identified the hazards associated with Ti3C2Tx laboratory produc-

tion and discussed the preventive, mitigating, and emergency response plan. In MAX phase syn-

thesis, most hazards are associated with dust handling, including both reactant and post-synthesis

processing. Alternative milling methods could drastically increase safety, though the high hard-
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Figure 2.10: Schematic showing waste water treatment technology from Ti3C2Tx MXene
synthesis [1].

ness of the bulk sample prevents many conventional methods. Additionally, the combustible dust

property of Ti3AlC2 MAX phase is not known. Further study is required to understand the proba-

bility of and risk associated with dust explosions of Ti3AlC2 MAX phase before this process can

be scaled up.

Etching the aluminum layer from MAX phase to synthesize Ti3C2Tx MXenes is highly exother-

mic and thus poses a significant hazard even in small batch sizes. If the Ti3AlC2 MAX phase is

added too quickly, the increase in reaction temperature can cause the reaction to become violent

and HF (or other chemical etchant) to boil, resulting in corrosive splashing and increasing the con-

centration of toxic fumes produced. Mechanism and kinetics are not fully understood for etching

MXenes, and thus many hazards may not be fully addressed. For example, if the etching reac-

tion produces thermally unstable by-products, the ability to mix and cool the reaction becomes

paramount for scaling up to industrial batch sizes. The etching methods with the highest reported

yields to-date use HF but an alternative method needs to be explored because HF is extremely toxic

and unsafe. However, if HF is selected as the etchant, containment of HF is paramount but chal-

lenging as it corrodes most conventional containers, particularly in industry. A detailed worst-case

scenario should be considered, and an effective emergency response plan should be in place.

Further, if the Ti3C2Tx clay is not properly washed, HF hazards may persist through every step

of the post-process. Finally, more research is required to fully understand the long-term biological

impact of MXenes. As suggested by Fadeel et al., an increase in the surface area of a nanostructure,

especially with hazardous functional groups such as fluorine, may cause severe inflammation and
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irritation in and on human tissues [29].

This study only provides general process safety considerations for the most commonly used

MXene. Each application may elicit different synthesis methods, and specific processing steps may

be more hazardous than those typical steps described above. Specifically, different compositions

(i.e. using a different parent MAX phase) often require different etching conditions, which can

increase the hazards associated with handling and washing.
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3. CALORIMETRY OF EXPLOSIVE THERMAL DECOMPOSITION OF GRAPHITE

OXIDE1

3.1 Introduction

Industrial and academic interest in graphene has grown substantially since its discovery in

2004 [95, 96, 97]. Graphene has a high thermal and electrical conductivity and therefore, it is

used in applications such as conductors, energy storage devices, batteries, sensors, and others

[98, 99, 100, 101]. Because of the promising development in graphene-based applications, interest

in scaling-up graphene is also increasing.

Current methods to produce graphene such as exfoliation and chemical vapor decomposition

are not economical [102]. However, one method to mass-produce graphene-like material econom-

ically and consistently is via the graphite oxide (GO) route. The GO route has gained prominence

in recent years because it has shown potential for bulk production at high yield [103]. There are

several GO synthesis routes, and the modified Hummers method is the most popular [16, 104].

This route involves the oxidation of graphite into graphite oxide and exfoliation using a sonicator

to produce graphene oxide. Finally, graphene oxide is reduced thermally or chemically to de-

crease oxygen content. The reduced GO produces a graphene-like material referred to as "reduced

graphene oxide (rGO)".

Since GO’s isolation in the 1850s, the energetic nature of GO has been well documented [21,

105, 106]. Energetic materials, in general, can decompose violently if they are improperly stored or

handled [107]. Two of the most recent examples of such incidents are the West Fertilizer Company

explosion in West, Texas [108, 109] and the Tianjin explosion in China [110, 111], both involving

ammonium nitrate. The literature in the area of GO energetics has highlighted its potential to

violently decompose [112, 26, 113, 114, 98, 103]. In fact, Rodriguez et al. showed that when GO

is heated, it decomposes in three stages: (1) the endothermic stage with evolution of water vapor at

1Text, figures, and tables in this chapter are reprinted with permission from "Calorimetry of explosive thermal
decomposition of graphite oxide" by Lakhe, P., Kulhanek, D. L., Sun, W., Zhang, B., Green, M. J., & Mannan, M. S.
(2019). Journal of hazardous materials, 366, 275-281, Copyright 2018 Elsevier
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80 °C; (2) the exothermic stage where GO decomposes to CO2, CO, and H2O at 200 -240 °C, (this

step is also known as thermal reduction of GO); (3) the internal combustion of GO in presence of

air at temperatures above 530 °C [106]. Therefore, it is crucial to understand the hazards associated

with bulk GO to avoid any potential safety incident during storage and handling of the material.

Kim et al. showed that local heating of GO can trigger rapid decomposition throughout the

sample mass. Such rapid decomposition of GO resulted in large volume expansion and produced

low-density rGO. Sample heating, exposure to flame, or even a camera flash can trigger this rapid

decomposition of solid GO [112]. The paper by Krishnan et al. also reported that when GO was

heated on a hotplate, it underwent explosive decomposition within a few seconds releasing H2O

and CO2 and the initial GO produced a "puff of black plume of r-GO." [26]

Qiu et al. compared GO decomposition enthalpy to industrially known energetic materials

to provide a perspective of GO energetic behavior. GO decomposition enthalpy is between 1400

- 1700 J/g, comparable to benzoyl peroxide at 1602 J/g and trinitrotoluene at 2305 J/g [113].

Additionally, in 2016, Qiu et al. concluded that the explosive thermal decomposition of GO is a

function of mass because at higher masses the reaction rate is higher than the heat transfer rate to

the surrounding environment[114]. The excess heat from reaction will lead to local self-heating and

thermal runaway of the sample. The authors determined thermo-kinetic data such as reaction order

and activation energy using Differential Scanning Calorimetry (DSC). The thermo-kinetic data

were used to numerically solve for the critical temperature at which GO decomposes explosively

in non-adiabatic conditions for a given mass. However, this numerical prediction needs to be

validated with experimental data; which is discussed in detail below.

All the prior thermo-kinetic analysis of GO decomposition reported in the literature were per-

formed using micro-calorimeters such as DSC which use few milligrams of material. DSC is a

quick screening method to determine thermal hazard of materials early in the process. When the

mass of a material increases, the thermal hazard of the material may also change. Although the

intrinsic-kinetic properties remain the same, increasing size introduces uncertainty due to the het-

erogeneity of the material, hotspots, and decreased surface-area-to-volume ratio [115]. Therefore,
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the data from DSC may not necessarily predict the behavior of GO at large scale accurately.

In this study, the pseudo-adiabatic calorimeter called Advanced Reaction System Screening

Tool (ARSST) to study the thermal behavior of GO between 0.2 g to 0.5 g. Using the data from

ARSST, the trend of detected "onset" temperature, Tonset with the mathematical model proposed

by Qiu et al. are compared and Tonset of commercially available GO synthesized using the modi-

fied Hummers method is compared to the laboratory synthesized GO. Most importantly, pressure

release rate during GO decomposition are quantified in this study, which has not been reported in

literature to date. The effect of surface area of GO is also studied by changing the drying method to

determine the critical mass necessary for GO to decompose explosively. Finally, the critical mass

predicted by the Frank Kamenetskii model is compared to experimental results. The results from

this study are beneficial in assessing the hazards of bulk GO during storage and handling.

3.2 Method and Experimental Setup

3.2.1 Graphite Oxide Preparation

Graphite oxide was prepared using a modified Hummers Method without pretreatment of the

graphite [23]. Graphite was obtained from Bay Carbon Inc. Potassium permanganate, hydrogen

peroxide, and 95-98 % sulfuric acid was obtained from Sigma Aldrich. The graphite oxide solution

was washed 3 times with 10 % HCl to remove salt byproducts. 37 % HCl was obtained from

Sigma Aldrich and mixed with distilled water to create the washing acid. The solution washed

with distilled water until the pH was neutral at 4.5. The sample was either dried under vacuum in

an oven at 40 °C for 24 hours or freeze-dried (Vitris Benchtop Freeze Dryer) for approximately 72

hours to yield a dry GO powder.

3.2.2 Thermal Decomposition Analysis

Thermal analysis of GO was conducted in the Advanced Reactive System Screening Tool (AR-

SST) manufactured by Fauske and Associates, Burr Ridge, IL. The ARSST is an open test cell ca-

pable of handling chemical system for temperature as high as 500 °C and pressure up to 500 psig.

Therefore, ARSST is ideal to conduct experiments for up to a few grams of energetic material.
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The schematic of ARSST is shown in Figure 3.1a. The GO sample was heated at a constant rate

of approximately 6 °C/min. The sample cell is a glass test cell with a volume of 10 ml, which is

placed inside a stainless-steel vessel of volume 350 ml. A thermocouple and pressure transducer

tracked the dynamic temperature and pressure changes during the decomposition process. The

pressure transducer was located outside the glass test cell in 350 ml vessel and for each test the

thermocouple touched the sample mass.

It should be noted that the data collection rate for ARSST is every 30 s or sooner if it detects

a temperature chance of 2 °C or a pressure change of 2 psi. The decomposition reaction occurs

rapidly as seen in Figure 3.1b. Therefore, there is a possibility the data collection is not fast

enough to truly capture the temperature and pressure generation rates.

Figure 3.1: (a) shows the schematic of the Advanced Reactive System Screening Tool (AR-
SST). The dynamic temperature and pressure are shown in (b). The explosive decomposition
is marked by sudden increase of temperature and pressure as seen around 22.5 min in (b).
The graph of dT/dt vs Temperature in (c) and dT/dt vs Time in (d) is used to determine the
detected Tonset - temperature at which GO decomposes explosively [2].

The sample is placed in an open test cell weighing around 1.34 g and a heater belt is used
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to heat the sample. The sample is further insulated using aluminum foil and insulating fiber. A

standard type-K thermocouple with accuracy of ± 2.2 °C is used to measure the temperature and

a pressure transducer of 0.5 % accuracy is used in the experimental setup. An average heating rate

of 6 °C/ min was applied to the sample until an explosive decomposition was seen or the sample

temperature reached 250 °C. The Tonset is determined when the data points in Figure 3.1c.and

Figure 3.1d. is higher than 3°C/min2. In a perfect scenario, the dT/dt2 should be 0 °C/min2 up

to the explosive decomposition, however due to noise in thermocouple data, the threshold value

of 3 °C/min2 was chosen to avoid false "onset" detection due to external heating. Additional

information on the "Tonset" detection can be found in Zhu et al. and Golubkov et al.[116, 117].

3.2.3 Characterization

3.2.3.1 Thermogravimetric Analysis

The water in GO sample and mass loss due to GO decomposition were measured using a Q50

thermogravimetric analyzer (TGA) from TA Instruments, New Castle, DE. The measurements

were done in a nitrogen environment. The sample was heated from room temperature to 250 °C at

a constant value of 5 °C/min and held at the isothermal condition for 30 minutes at 110 °C. The

final GO mass was measured after cooling to 50 °C.

3.2.3.2 Surface Area Analysis

The surface area of GO was determined using Brunauer-Emmett-Teller (BET) theory. The

measurements were carried out in Micrometric ASAP2010 system. The samples were pre-treated

under vacuum for 12 hours at 70 °C.

3.2.3.3 Elemental Analysis

The oxygen content and metal impurities in GO samples were determined using Fast Neutron

Activation Analysis (FNAA) technique. In this technique, the atoms in the material are converted

into radioactive atoms. When the radioactive atoms decay, they emit unique radiation that identifies

the atom. This method can provide qualitative and quantitative analysis of elements present in a

sample [118]. All the testing was done in the Elemental Analysis Lab at Texas A&M University,
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College Station, TX.

3.2.3.4 Thermal Conductivity Measurement

The thermal conductivity of graphite oxide was measured using a TPS 2500S hot disc thermal

constants analyzer from Thermtest Inc., Canada. A Kapton sensor of 2 mm radius was used for the

analysis. A heating power of 8 mW was applied for 10 seconds to the sample at room temperature

of 20.1 °C. An average thermal conductivity value after 4 tests were used for the analysis.

3.3 Results and Discussion

3.3.1 Thermal Decomposition of GO

In this study, GO was synthesized using the modified Hummers method and dried in a vacuum

oven at 40 °C for 24 hours. The thermal stability experiments were conducted in an ARSST with

GO mass at least two to three orders of magnitude higher than previously reported sample sizes.

The explosive decomposition of GO is marked by a rapid increase in temperature and pressure

of the sample. The Tonset is defined as the temperature at which the system (ARSST) detects

a rapid increase in temperature and pressure. The Tonset for the ARSST system in this study is

the temperature at which the second derivative of dT/ dt with time is greater than 3 °C/min2. In

a perfect scenario, the dT/dt2 should be 0 °C/min2 up to the explosive decomposition, however

due to noise in heating rate and thermocouple data, the threshold value of 3 °C/min2 was chosen

to avoid false "onset" detection due to external heating. A detailed explanation is shown in the

supplementary information (SI).

Figure 3.2a shows a negative correlation between Tonset with increasing GO mass. The mass

was varied from 0.2 g to 0.5 g and noticed Tonset decreased from 144 ± 8 °C to 128 ± 6 °C

respectively. The experiments were repeated four times for each data point to account for uncer-

tainty in the measurement. The correlation between Tonset, ΔP and dP/dt with varying mass are

statistically significant. The details on the statistical test is shown in SI. Based on the experimental

result, the rate of change of Tonset with increasing mass was -18 °C/g. The negative correlation

between Tonset with a mass of GO is consistent with the theory: as the mass of GO increases, the
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Figure 3.2: Experimental data for thermal decomposition of GO synthesized using the modi-
fied Hummers method. The GO was dried in vacuum oven. (a) Shows Tonset with varying GO
mass. Tonset is defined as the temperature at which GO decomposed explosively. (b) Shows
pressure generated due to non-condensable gasses generated during GO decomposition. (c)
Shows the maximum pressure generation rate during GO decomposition with varying GO
mass [2].

rate of reaction increases producing heat and releasing gaseous products. Due to the limited heat

transfer from the material to the environment, the excess heat feeds into the reaction, thus making

the reaction proceed rapidly resulting in explosive decomposition of the material.

The correlation between Tonset vs. mass, Δ P vs. mass, and change in pressure with time

(dP/dt) vs. mass shown in Figure 3.2 was analyzed using statistically analysis software SPSS.

The trend observed in Figure 3.2 is statistically significant as seen in one-way analysis of variance

(ANOVA) calculation. The results of ANOVA uses SPSS software is shown in Figure 3.3. The

significant value of less than 0.05 indicates that the data is statistically significant.

Qui et al. (2016), proposed a differential energy balance model to predict the Tonset of GO

[114]. Equations 3.1 and 3.2 were solved simultaneously to solve for a temperature at a given

mass above which the GO observed significant temperature increase. This temperature is called

the critical temperature (or Tonset). Figure 3.4 shows the trends of Tonset with varying mass which

hS is known.
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Figure 3.3: The figure is the output table obtained from SPSS software for analysis of vari-
ances. The significant calculation for Tonset, Δ P and dP/dt with varying mass is below 0.05,
therefore indicating these data statistically significant [2].

(
dx
dt

)
= Ae( Ea

RT )(1 – x)n (3.1)

mCp
dT
dt

= –mΔH
dx
dt

– hS(T – To) (3.2)

where, x is the conversion, t is time, A is exponential factor, Ea is activation energy, n is

the reaction order, m is the mass of GO, Cp is heat capacity of GO, T is the temperature, To is

temperature of surrounding, ΔH is heat of reaction, h is convective heat transfer coefficient, and S

is the lateral surface area of bulk GO exposed to surrounding. The thermo-kinetic parameters were

solved by the authors using DSC and Kissinger equation and the detail analysis can be found in

Qiu et al. (2016) [119].

The rate of reaction dx/dt in Equation 3.1 was calculated using the Arrhenius equation, m is

the mass of reactant, Cp is heat capacity, ΔH is heat of reaction, and To is the temperature of the

surrounding. The graphical solution to Equation 3.2 reproduced from Qiu et al. is available in

Figure 3.4. The slopes predicting the Tonset were generated by solving Equation 3.1 for a range

of hS. The resulting slopes are shown in Table 3.1 along with experimental result from the current
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study.

Table 3.1: Change in Tonset with increasing GO mass [2]

Determination technique hS [W/K] slope
Model [114] 0.0013 -0.925 °C/g

0.049 -10.85 °C/g
0.49 -12.21 °C/g

Experiment (this study) 0.019 -18.00 °C/g

Figure 3.4: Reproduction of Tonset calculation from differential energy balance [114] [2].

The result indicates stronger dependency of Tonset with mass than previously predicted. The

maximum hS for the study was 0.019 W/K. The detected Tonset for the ARSST system and mass

dependency is stronger because the model assumes homogeneous solid with uniform temperature

distribution. However, the heat transfer in bulk GO is non-uniform and the probability of hotspots

in higher. In addition, the system for this study is pseudo-adiabatic and the heat transfer to the

surrounding is minimum. Therefore, the self-heating of GO is accelerating the explosive thermal

decomposition of GO in the system.
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Furthermore, as we increase the mass increases, pressure after GO decomposition should also

increase. Figure 3.2b shows that pressure generated due to GO decomposition increases linearly

with GO mass. In fact, pressure increased at a rate of 7.44 psig/g. As we increase the mass, we

expect to see an increase in pressure after GO decomposition. The amount of pressure generated

at the end of GO decomposition corresponds to 40 wt% mass loss of initial GO. This result agrees

with mass data from Thermogravimetric Analysis (TGA) and literature [26].

Previous literature in the area of thermal stability of GO made no attempt to quantify the pres-

sure generation rate during rapid decomposition of GO. This study quantified the pressure release

rate and Figure 3.2c shows the maximum pressure release rate during explosive decomposition.

The maximum pressure release rate is thousands of psig per minute and this rate is for material less

than a gram. Based on these data, if large quantities of GO stored in a closed container decomposes

suddenly, the effect of pressure generation could be catastrophic depending on the quantity of GO

and the size and container it is store in.

3.3.2 Thermal Decomposition of Commercial GO

Further, the explosive decomposition of two commercially available GO was compared with

that of GO synthesized in the laboratory. All three GO were prepared using the modified Hum-

mers method, however, the exact parameters used to synthesize commercial GO are not available,

especially for the washing step. The commercial GO were bought from Graphenea, Spain and

The Sixth Element Inc, China, labelled commercial GO-A and commercial GO-B respectively.

The commercial GO-A was supplied in a powder form and the initial water content was 19 wt %,

therefore, the GO was dried under vacuum at 40 °C for 4 hours. Similarly, the commercial GO-B

was supplied as a wet powder in 55 ± 5 wt% water. The GO was dried under vacuum for 24 hours

at 40 °C. The thermal decomposition data for GO synthesized in the lab is shown in Figure 3.5a

and Figure 3.5b, commercial GO-A is shown in Figure 3.5c and Figure 3.5d, and the thermal

decomposition data for commercial GO-B is shown in Figure 3.5e and Figure 3.5f. For a sample

mass of 0.50 g, the Tonset for commercial GO-A was 116± 1 °C, for commercial GO-B was 100±

2 °C compared to the Tonset for GO synthesized in the lab at 128± 6 °C. The Tonset of commercial
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GO-B is lowest as shown in Table 3.2. In order to understand the cause of the difference in Tonset

of the GO, a detailed analysis of the materials was done, and the result is tabulated in Table 3.2.

Figure 3.5: Experimental data for thermal decomposition of GO synthesized using modified
Hummers method and commercial GO. The 4 runs are repeated experiments for 0.5 g each.
(a) and (b) are for GO synthesized in lab and, (c) and (d) are for commercial GO-1 and (e)
and (f) are for commercial GO-2. The average heating rate of 6 °C/min was applied for all
the tests. Explosive decomposition was seen for all GO with temperature increase rate of
1000s °C/min (Figures a, c, and e). The pressure increase rate for GO synthesized in lab and
commercial GO-A (b and d) is 10 times higher than the commercial GO-B (f) [2].

The presence of potassium salt impurity was monitored because it is the most common impurity

present in GO and there are a few literature studying the effect of metal salt impurities on the

decomposition of GO at temperatures between 100 °C - 200 °C. Yuan et al. reported potassium

salt impurities in GO increase the heat release during thermal decomposition of GO but the authors
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do not mention if the potassium content effects the decomposition temperature [120]. However,

Qiu et al. reported that the presence of potassium salt impurity only effects the combustion of rGO

in air at temperature over 500 °C. They further concluded that increasing hydroxyl ion (or pH)

before drying decreases the thermal stability of GO, thus lowering the Tonset of GO and not the

presence potassium salt impurities [114]. In their study, the Δ pH of 10 showed change in onset

by 50 °C. The analysis of the commercial GO and GO produced in laboratory shown in Table

3.2. indicates that GO synthesized in laboratory has less than 110 ppm potassium salt impurity

and higher pH compared to commercial GO-B. The oxygen and water content in all the samples

are comparable. Based on literature, higher pH of GO synthesized in laboratory should have lower

onset, but the opposite is observed in the experiment. Nonetheless, it is important to note that the

difference in pH between the GO synthesized in laboratory and commercial GO-B (Δ pH = 1.5)

is significantly less compared to pH difference studied in literature (Δ pH = 10), therefore, the

effect of pH on the samples studied in this work is not dominant. It should be noted; the pH of

commercial GO-A should not be measured because the material was supplied as solid powder.

Table 3.2: Comparison between GO synthesized in lab and commercial GO [2]

Variable Measured GO synthesized in
lab

Commercial GO-A Commercial GO-
B

Tonset at 0.5 g GO 128 ± 6 °C 116 ± 1 °C 100 ± 2 °C
Potassium Salt Content < 110 ppm 583 ± 22 ppm 9 ± 1 wt%
Oxygen Content 37 ± 2 wt% 47 ± 3 wt% 39 ± 3 wt%
Water Content 12 wt% 12 wt% 10 wt%
pH 4.5 Not applicable (solid

sample)
3.0

BET Surface Area 12.2 m2/g 7.0 m2/g 0.8 m2/g
Oxygen Content after
decomposition

< 10 wt% 23 ± 2 wt% 26 ± 10 wt %

Therefore, the surface area of bulk GO has more significant effects on Tonset than impurities

such as potassium salt or the pH of the material. As shown by BET surface area analysis, GO
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synthesized in the lab has a surface area (SA) almost twice larger than commercial GO-A and fif-

teen times larger than commercial GO-B. The lower surface area limits the materials capability to

transfer heat to the surrounding environment. For any material to undergo runaway thermal decom-

position, the rate of reaction needs to be higher than the rate of heat transfer to the surroundings.

Thus, in case of commercial GO, the lower SA decreases the thermal stability of the material.

In addition, the maximum pressure increase rate for GO synthesized in the lab (Figure 3.5b)

and commercial GO-A (Figure 3.5d) is 10 times higher than for commercial GO-B (Figure 3.5f).

The difference is due to the degree of reduction of GO. The oxygen content analysis of the resid-

ual material after the decomposition - also known as reduced Graphite Oxide (rGO) - showed no

detectable oxygen content for GO synthesized in lab whereas for commercial GO-B the oxygen

content was 26 ± 10 wt%. Therefore, the GO synthesized in the lab and commercial GO-A re-

leased most of its oxygen as CO or CO2 as confirmed in the pressure increase rate, and commercial

GO-B released only 35 % of its original oxygen content after decomposition.

The analysis thus far was done for dry GO powder. However, GO are often commercially

shipped as a wet powder. The commercial GO-B procured for this study was delivered as a wet

powder in 55 wt% water. It is noteworthy that in 3 of the 4 tests of the wet GO also underwent

explosive decomposition. The rate of temperature and pressure increase for wet GO was in 100s

of °C and psig per min, respectively. These rates are significantly lower compared to its dry

counterparts. However, the thermal hazard of GO is present even in solution form and caution

must be taken while drying GO. Detailed graphs for wet GO are available in Figure 3.6.

Figure 3.6 shows ARSST data for wet commercial GO (55 wt% water). Explosive decom-

position is seen in three of the four experiments. After water evaporates at 100 °C, explosive

decomposition of the material is seen. The maximum temperature and pressure increase rate is

600 °C/min and 600 psig/min respectively. The intensity of explosive decomposition is not as

severe as noticed in dry GO.
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Figure 3.6: (a) is the thermal stability of wet commercial GO (in 55 wt% water). (b) and
(c) shows the rate of change of temperature and pressure with temperature of the sample
respectively [2].

3.3.3 Determination of Critical Mass of GO

Explosive decomposition of a sample occurs when the rate of heat generated by the decom-

position reaction is higher than the rate of heat dissipated into the surrounding environment. For

small quantities of GO mass, heat transfer to the surrounding is faster than the heat generated by

the decomposition reaction and explosive decomposition is not seen. However, above a certain

critical mass, heat dissipation to the surrounding is not fast enough, and the material shows explo-

sive decomposition behavior. Oven-dried GO is compact, with high bulk density and low specific

surface area, hence the critical mass necessary for it to undergo explosive decomposition is less

than 5 milligrams[113].

The freeze-drying method was used to produce a porous GO with higher surface area (19

m2/g). The freeze-drying method produces a highly porous dry material because there is no

capillary-induced aggregation in the material. Visually, the freeze-dried GO (GO-FD) appears

fluffy compared to vacuum oven-dried material.

For a porous material with high surface area, the critical mass at which the material decomposes

will be higher than for a material with a low surface area. The experiments were carried out in an

ARSST with constant heating of 6 °C/min. For GO-FD, the critical mass was observed to be

60mg. GO-FD masses greater than 60 mg underwent explosive decomposition, which is shown by
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Figure 3.7: Experimental data for thermal decomposition of freeze-dried GO (GO-FD) syn-
thesized using modified Hummers method. (a) Shows the rate of temperature increase with
temperature. An abrupt increase in temperature as seen in tests 60 mg and above indicates
explosive decomposition of the material. The GO-FD was heated at an average heating rate
of 6 °C/min. The critical mass necessary for freeze-dried GO-FD to undergo explosive de-
composition is 60 mg in a spherical vessel of 1.34 cm radius. (b) Shows the Tonset with varying
mass of GO-FD. (c) Shows the pressure generate at the end of experiment. The Tonset and
pressure generated for GO-FD is consistence with the previous experiments [2].

an abrupt increase in pressure and temperature in Figure 3.7a. Figure 3.7b and Figure 3.7c show

the correlation between GO-FD mass and Tonset and pressure generated, respectively. The Tonset

and pressure trends for GO-FD agree with the trends seen in Figure 3.2 for oven-dried GO.

3.3.4 Frank Kamenetskii Model

In this section, the experimental critical mass of GO necessary for explosive decomposition is

compared to the critical mass of GO predicted by thermal explosion theory and models available in

the literature. A commonly used model to describe thermal decomposition for homogeneous solids

is the Frank Kamenetskii (FK) model. The FK approach assumes a non-homogenous system and

assumes the temperature difference between the center of the solid and its surface is the most

critical factor for determining explosiveness [121]. In ideal cases, the FK parameter δ combines

critical parameters such as reactant geometry, reaction kinetics, heat transfer, and temperature into

a single equation to determine critical conditions necessary for explosive decomposition of the

material [122, 123, 124].

δ = ρ
q
λ

Ea

RT2
f

d2Ae
(

–Ea
RTf

)
(3.3)
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where ρ is the density, q is the specific heat of reaction, λ is thermal conductivity, Ea is the

activation energy, R is the gas constant, d is the characteristic linear dimension in meters, A is the

exponential factor, and Tf is the temperature of the vessel. In the experiment, the material was

constantly heated using an external heater, therefore Tkis (the temperature at which the reaction

rate is the maximum) given by Kissinger’s equation (Equation 4.4) was used instead of Tf. The

heating rate is denoted by b [119]. A heating rate of 6 °C/min used in the model is consistent with

the experimental procedure in Section 3.3.

(
Ea

RT2
kis

)
=

A
b

e
(

–Ea
RTkis

)
(3.4)

The FK approximation assumes energy conservation equation in poorly conducting solids with

a distributed internal temperature and no resistance to heat transfer at the surface [125]. However,

the FK model neglects reactant consumption and assumes activation energy is large. Babushok et

al. proposed a correction to the FK parameter to account for reactant consumption as shown in the

equation below [126].

δ(1 – ε){1 – 2.946(1 + 2ε)
(

n
ΘT

) 2
3

+
4
9

(1 + 6ε)
n
ΘT

ln(ΘT)} = C (3.5)

where

ε =
RTf
Ea

(3.6a)

ΘT =
Ea

RT2
f

q
Cp

(3.6b)

Here, C is the geometry factor for the critical condition, which for a sphere is 3.32, n is the

reaction order, and Cp is the heat capacity. The values used in the Frank-Kamenetskii calculations

are ΔH =1600 J/g, A = 1.3x1013 /s, and Ea = 147 KJ/mol. This model is most accurate for finite

values of activation energy but not for low activation energies [127]. Sanchez et al. further worked
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on the model proposed by Babushok et al. to get an accurate numerical model for evaluation of a

critical condition with a low activation energy for thermal explosion. The equation is shown below

and was validated for Ba(TFA)2 and Y(TFA)2 systems by the authors [128].

δ(1 – ε){1 – 2.25(1 + 3.76ε)
(

n
ΘT

)2
3
} = C (3.7)

Figure 3.8: This figure shows the critical density and critical mass predicted by solving the
modified Frank Kamenetskii’s equation (Equation 3.7). The blue line in the graph shows
the critical density necessary for GO-FD to undergo explosive decomposition. The black
dotted line in the graph represents the corresponding critical mass in a spherical container.
The critical density of 9.63 kg/m3, which corresponds to critical mass of 0.097 g for 0.013 m
radius is comparable to experimental critical mass of 0.060 g for same 0.013 m radius [2].

Equation 3.7 is used to calculate critical density necessary for GO to undergo thermal decompo-

sition with increasing radius of a sphere as shown in Figure 3.8. Because the ARSST experiments

were carried out in an open test cell, the rapid volume expansion of GO during explosive decompo-

sition resulted in mass loss of GO from the test cell. Consequently, the experimental data could not
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be used to determine the thermokinetic parameters of the reaction. Instead the kinetic parameters

for decomposition in the model such as activation energy and frequency factor were used from

literature [114].

The model predicted the critical density necessary for thermal decomposition of GO-FD to be

9.63 kg/m3 for a sphere of radius 1.34 cm, which corresponds to the critical mass of 0.1 g which is

the first point in the graph in Figure 3.7b. However, experimentally the explosive decomposition

of GO-FD was seen at 0.06 g for a sphere of radius 1.34 cm. The difference in model and ex-

perimental result could be a result of the thermal conductivity value used. A thermal conductivity

value of 0.44 W/mK was obtained experimentally using hot disc method for GO paste and used

in the simulation. In reality, the thermal conductivity will be lower than 0.44 W/mK because the

model does not account for sample porosity or void fraction of freeze-dried GO in Section 3.3.3.

Increasing void fraction in the GO mass will decrease the thermal conductivity of the material.

Lower thermal conductivity will decrease the sample’s ability to dissipate the heat to the surround-

ing environment, therefore, explosive decomposition is observed at a lower mass. Thus, if lower

thermal conductivity is account for in the model, the critical sample mass predicted will decrease

and further align with the experimental data.

Therefore, the result from the FK model is comparable to the experimental results. The re-

maining data points in Figure 3.8 show the predicted critical mass of GO necessary for GO to

undergo explosive decomposition in a spherical container. The model assumes the spherical ves-

sel is completely filled with GO. This information is valuable to GO manufacturers to determine

the safe transport and storage size for bulk GO. Hence, if the GO morphology and decomposition

kinetics are known, the model can predict the critical density and thus the critical mass necessary

for the GO to decompose explosively.

3.4 Conclusions

As seen in this study, dry GO with a mass of 0.5 g can release 1000s of psig pressure per

minute during its explosive decomposition. The experiments also suggest that bulk GO explosive

decomposition can occur at temperatures close to those used in common drying processes i.e.,
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<150 °C. Furthermore, the decomposition temperature or Tonset is negatively correlated with GO

mass at a rate of -18 °C/g for this study.

Similarly, a comparison of decomposition of GO from different sources shows that the surface

area of GO determines whether it decomposes explosively or not. If the surface area is low, upon

heating the rate of reaction dominates the rate of heat dissipation to the surrounding, initiating

runaway scenarios or explosive decomposition.

Moreover, high surface area GO was obtained by changing the drying method from oven dry-

ing to freeze-drying. In a spherical container of radius 1.34 cm, freeze-dried GO decomposed

explosively at a critical mass of 60 mg. The experimental results were compared with the Frank

Kamenetskii model, and the model predicted the critical mass to be 100 mg. The discrepancy in the

result is due to the high porosity of the sample used in the experiment, which reduces the thermal

conductivity of the material, and caused the experimental results to be lower than the prediction.

Finally, precautions should be taken when handling bulk GO in both industry and laboratory

settings, especially if the material will be stored in a closed container. The decomposition results

of this study can further be used in conducting a risk assessment of bulk GO during storage and

transportation by industry interested in producing and shipping bulk quantities of GO.
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4. GRAPHENE OXIDE SYNTHESIS: REACTION CALORIMETRY AND SAFETY1

4.1 Introduction

Since it was first isolated as a two-dimensional atomic monolayer in 2004, graphene has re-

vealed a broad array of valuable applications ranging from electronic devices to pharmaceuti-

cals to structural reinforcement [129, 130, 131]. Industrial interest in large-scale production of

graphene has rapidly increased as these applications approach commercial feasibility [132]. While

bottom-up synthesis procedures such as chemical vapor deposition result in a pristine, high-quality

graphene, they have extremely low yield and are difficult to scale-up to meet the demand [133].

Alternatively, top-down procedures involving the chemical synthesis of graphite oxide (GO) from

graphite are being considered for their high yield and scalability, despite resulting in sheets with

more defects [134]. In the chemical synthesis approach, graphite is initially converted to graphite

oxide before being exfoliated into single-layer graphene oxide. The graphene oxide may then re-

duced either chemically or thermally to remove oxygen functional groups and form a graphene-like

material, termed reduced graphene oxide (rGO) [16].

Modified Hummers’ method is one of the most commonly used chemical procedures for pro-

ducing GO. The oxidation of graphite occurs in three stages: (1) Formation of graphite intercalated

compound (GIC) in the presence of H2SO4, (2) oxidation of GIC by KMnO4, and (3) termination

of oxidation reaction by water addition [135]. The addition of H2O2 after water addition dissolves

the Mn species, assisting in GO purification [24, 104]. Morimoto et al. examined each step of

the modified Hummers’ method to optimize the oxidation process and eliminate steps that do not

positively affect oxidation [24]. They summarized that the optimal conditions to synthesize GO

were to react KMnO4 and graphite at a ratio of 3:1 in sulfuric acid at a reaction temperature of 35

°C for 2 hours, followed by water and hydrogen peroxide addition respectively. Lavin-Lopez et al.

have optimized the modified Hummers’ method to make the process scalable and economic [136].

Dimiev et al. concluded that the oxidation reaction is diffusion-controlled and dependent on the

1Part of this chapter is submitted as a research paper to a journal and is currently under review
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graphite grain size [135]. Seiler et al. further reported that the degree of intercalation of graphite

by the acid determines the degree of oxidation of graphite and that intercalation can happen in mat-

ter of minutes [135, 137, 138]. The authors further noted that the oxidation reaction does not occur

at low temperatures (< 20 °C) and high temperature (> 35 °C) oxidation leads to the formation of

defects in GO [24, 17]. We focus on the case of 3:1 KMnO4 to graphite ratio in sulfuric acid and

at a reaction temperature of 35 °C for 2 hours.

While several studies have been published to optimize the oxidation-exfoliation process [104,

24], relatively few studies have explored the effect of operating conditions on the heat of reaction

and the final GO produced. Lee et al. reported the heat of solution between sulfuric acid and

KMnO4, and the oxidation reaction of graphite [139]. They reported a higher heat of solution

compared to the heat of reaction and concluded that controlling the heat released during KMnO4

addition step is more important than the oxidation reaction step [139]. In principle, the heat of

reaction and solution should not vary with operating parameters such as reaction temperatures and

stirring rate. However, if a difference is detected in these quantities due to change in operating

conditions, it indicates that the operating conditions are affecting the reaction kinetics.

The heat of reaction can indicate the type of final GO produced (degree of oxidation and fun-

cationalization) and related safety considerations for modified Hummers’ method. A greater un-

derstanding of the risks associated with the production of GO, such as thermal management and

chemical stability, will be increasingly important as the process is brought to an industrial scale.

Prior studies have pointed out the importance of controlling the heat released by KMnO4 addition

and oxidation reaction [24, 139] because dissolution of KMnO4 in acid produces dimanganese hep-

taoxide, Mn2O7, which is considered to be unstable at elevated temperature of 55 °C and sensitive

to organic impurities [27, 140].

Here, we evaluate the oxidation reaction from a reaction engineering perspective to address

potential safety issues in scaling up this process. Our focus is the heat release rate at the oxida-

tion step. The heat release rate is quantified using a heat flow reaction calorimeter. The effects

of operational conditions such as oxidation temperatures, acid treatment time, and stirring rate are
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investigated and their influence in heat of reaction and the final final GO product we studied. Fi-

nally, the thermal hazards of Mn2O7 are studied in a pseudo-adiabatic calorimeter at the operating

conditions of modified Hummers’ method.

4.2 Methodology

4.2.1 Materials

Graphite powder with an average particle size of 81 µm was obtained from Bay Carbon, Inc.

Potassium permanganate, hydrogen peroxide, 37 wt.% hydrogen chloride, and 95 wt.% sulfuric

acid were procured from Sigma Aldrich. All the materials were used as received without further

purification or treatment.

4.2.2 Reaction Calorimeter

The oxidation reaction was carried out in a Mettler Toledo Reaction Calorimeter (RC1e). The

calorimeter features a 1.2 L glass reaction vessel with an anchor impeller and hastelloy thermo-

couple. The temperature of the reactor is maintained by a heating/cooling jacket filled with silicon

oil which runs through a Jubalo recirculating chiller. Using data from vertical and horizontal heat

flux sensors on the reactor wall, the temperature was actively controlled by an RTCal thermostat,

and the energy released by the reaction was captured by the iControl software in real-time. The

schematic of the calorimeter is shown in Figure 4.1.

The reaction calorimeter is a double walled reactor with temperature sensors. The vertical and

horizontal band shown in the diagram records the heat flux though to calculate the heat the released

by the reaction inside the reactor. The temperature sensors communicate with the heat flux sensor

to keep the reactor temperatures at set conditions.

4.2.3 Experimental Procedure

Graphite oxide was prepared using modified Hummers’ method without pretreatment of the

graphite [23]. 3 g of graphite was added to a reactor with 250 mL of 95 wt.% sulfuric acid. The

reactor was held constant at 10 °C. 9 g of potassium permanganate was added slowly to the reactor

maintaining the temperature of the reactor at 10 °C. After permanganate addition; the reactor
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Figure 4.1: (a) Picture of the Reaction Calorimeter RC1e set up in the laboratory. (b)
Schematic of the RC1e reactor.

was heated to 33 °C and held at this temperature for 2 hours. The reactor was then cooled to

room temperature and the reaction mass was transferred into a flask. The oxidation reaction was

terminated by adding water to the mixture, followed by hydrogen peroxide addition.

The graphite oxide solution was washed with approximately 2,100 mL of 10 wt.% HCl to

remove salt byproducts. 37 wt.% HCl was mixed with distilled water to create the washing acid.

The acid-washed solution was further washed with distilled water until the pH was neutral at 4.5.

The sample was either dried under vacuum in an oven at 40 °C for 24 h or flash-frozen in liquid

nitrogen and freeze-dried (Vitris Benchtop Freeze Dryer) for approximately 72 h to yield a dry GO

powder.

4.2.4 Characterization Methods

4.2.4.1 Thermogravimetric Analysis

The mass loss due to GO decomposition were measured using a Q50 thermogravimetric ana-

lyzer (TGA) from TA Instruments, New Castle, DE. The measurements were done in a nitrogen

environment. The sample was heated from room temperature, samples were heated at 1 °C/min to
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30 °C. After holding isothermal for 10 minutes, the samples were heated to 750 °C at a constant

rate of 4 °C/min.

4.2.4.2 XPS

X-ray photoelectrron spectroscopy (XPS) measurements were conducted using Omnicron XPS.

Deconvolution of XPS C1s spectra was done using CasaXPS software using shirley type back-

ground.

4.2.4.3 Elemental Analysis

Via a third party testing service, CHN and direct oxygen analysis were conducted according to

ASTM D-5291 standard using a PE 2400 CHN Analyzer fitted with an oxygen accessory kit.

4.2.5 Thermal Analysis

Thermal stability of Mn2O7 produced as a result of mixing sulfuric acid and KMnO4 was

conducted in the Advanced Reactive System Screening Tool (ARSST) manufactured by Fauske

and Associates, Burr Ridge, IL. The ARSST is an open test cell capable of handling chemical

system for temperatures as high as 500 °C and pressures up to 500 psig. The acid and KMnO4

samples were heated at a constant rate of approximately 1.2 °C/min. The sample cell is a glass

test cell with a volume of 10 ml, which is placed inside a stainless-steel vessel of volume 350 ml.

A thermocouple and pressure transducer tracked the dynamic temperature and pressure changes

during the decomposition process. The pressure transducer was located outside the glass test cell

in 350 ml vessel and for each test, the thermocouple touched the sample mass.

4.3 Results and Discussion

4.3.1 Heat of Solution

In Figure 4.2, a representative plot of the reactor temperature (green), jacket temperature (or-

ange), and heat flux from the reactor (blue) during the reactor operation in a RC1e is shown. The

heat flux shows distinct thermal events that occur during the experimental procedure. Prior to t =

0, the reactor was held isothermally at 10 °C and contained 250 mL of 95 wt. % H2SO4; then, five
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distinct events can be seen in the heat flux curve: (1) Just after t = 250 s, 3 g of graphite is added

to the acid solution and brought from room temperature to 10 °C. (2) At 4200 s, 9 g of KMnO4

was added in 1 g increments and appear as a set of nine exothermic peaks. (3) At 6000 s, the set

point of the reactor was increased to the reaction temperature of 33 °C, hence an endothermic peak

appears as the reaction mixture is heated up. (4) Immediately after heating, a broad exothermic

peak corresponds to the heat of reaction between KMnO4 and graphite. (5) Finally, an endotherm

appears when the product mixture is rapidly cooled back to room temperature at 12000 s.

The total heat released or absorbed by the reactor for a given time can be computed by numer-

ical integration of the heat flow rate over that period, i.e.,

ΔH =
∫ tf

ti
qrdt (4.1)

where initial (ti) and final (tf) reaction times and the baseline of heat flux are manually selected.

The baseline (grey line in Figure 4.2) shows the overall heat flux when no reaction was occurring

in the reactor.

Adding an increment of KMnO4 to the reactor causes the heat flux to increase rapidly and as

KMnO4 dissolves, the heat flux returns to baseline. KMnO4 was manually added to the reactor

in 1-gram aliquot. A total of 9 g of KMnO4 was added which is seen in the KMnO4 addition

in Figure 4.2. The heat of solution of KMnO4 in sulfuric acid is addition limited because when

the first aliquot of the oxidizer is added, the heat flux curve increases and then decreases as the

oxidizer dissolves. Similarly, addition of second aliquot of oxidizer increases the heat flux and

then it decreases as it dissolves. The KMnO4 addition in Figure 4.2. shows multiple peaks for

multiple aliquots of oxidizer added to the reaction mixture. Therefore, the heat released during this

step can be controlled by controlling the feed rate of KMnO4.

Table 4.1 summarizes the heat of the solution obtained from the reaction calorimeter. When

permanganate and sulfuric acid were mixed at 10 °C without graphite, the obtained heat of solution

was 79.1 kJ/mol of KMnO4. This is higher than previously reported value of an average 49.1

kJ/mol of KMnO4 by Lee et al. [139]. Lee et al. observed values close to this average at both 10
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Figure 4.2: Data obtained from the RC1e reactor. The green line represents the reactor
temperature (Tr), the orange line represents the jacket temperature (Tj), and the blue line
represents the heat released by the reaction, heat flux (q). The baseline is the heat released
curve when no reaction is happening in the reactor. In order to calculate the heat of dissolu-
tion or reaction, the heat flux curve (q) is integrated over time from when it gets higher than
the baseline and until q recovers back to the baseline.

°C and 35 °C and with varying permanganate quantities.

Prior literature indicates that oxidation reactions do not occur at 10 °C; however, we noticed

a higher heat of solution (an average of 116.3 kJ/mol of KMnO4) when permanganate was added

to H2SO4 and graphite mixture. The higher heat of solution with graphite in the reaction mixture

observed here can be attributed to some degree of oxidation reaction even at 10 °C.

4.3.2 Heat of Reaction

A major consideration in scaling up an exothermic reaction is the understanding of the intensity

and the consequences of exothermic behavior of the reaction. This information helps to design the

reactor’s cooling capacity to maintain the desired reaction temperature and avoid thermal runaway

reactions. In this section, we determined the heat of the oxidation reaction. After the contents
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Table 4.1: Heat of solution at 10 °C

Condition Heat of solution
[kJ/mol. of KMnO4]

Notes Source

KMnO4 and sulfuric
acid

79.1 460 g of sulfuric acid This study

KMnO4, sulfuric acid,
and graphite

116.3 460 g of sulfuric acid

KMnO4 and sulfuric
acid

49.1 840 g of sulfuric acid [139]

of the reactor (graphite, sulfuric acid, and KMnO4) were heated to 33 °C, the heat of reaction

appeared in the heat flux curve as a broad, exothermic peak (starting at around 6800 s in Figure

4.2). At this temperature, the reaction is kinetically controlled as seen in Figure 4.2.

Here the term "acid-soaked" refers to experiments or GO produced where the parent graphite

material was stirred in sulfuric acid for 70 minutes before KMnO4 was added, whereas "non-acid

soaked" refers to experiments or GO produced where the parent graphite material was stirred in

sulfuric acid for less than 10 minutes. Every experiment was run with the same quantities of

graphite, oxidizer, and solvent.

Figure 4.3a shows the heat of oxidation reaction for acid-soaked and non-acid soaked oxidation

reaction at three different stirring speeds and at 33 °C reaction temperature. The different stirring

speeds are 100, 150, and 200 RPM. Each experiment was repeated at least twice and the straight

line is the average values of the two runs for each RPM experiment. The temperature of the reaction

mass was held at 33 °C for 2 hours before it was cooled and quenched.

Figure 4.3b is the C/O molar ratio of the GO determined by the elemental analysis (EA).

The blue line represents the molar ratio of GO produced acid soaking the parent graphite in acid

and the green line is the molar ratio of GO produced by non-acid soaking the parent material.

Lee et al. had previously reported the heat of oxidation reaction for Hummers’ method as 126.9

kJ/mol of KMnO4 at 1:3 mass ratio of graphite to KMnO4 and reaction temperature of 35 °C. Our

data indicated similar heat of reaction for non-acid soaked experiments. Non-acid soaked graphite
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Figure 4.3: (a) Reported values of heat of oxidation reaction (b) and C/O ratio obtained from
elemental analysis with varying agitation (rotation per minute). The blue marker represents
the acid soaked runs whereas the green markers represent the non-acid soaked runs. The
lines represent the average value of the data points.

Table 4.2: Elemental Analysis Data for GO synthesized in the RC1

Sample Name C [%] H [%] O [%] C/O molar
ratio

100 - acid-soaked 42.11 2.36 38.40 1.46
150 - acid-soaked 52.54 1.73 41.62 1.68
200 - acid-soaked 51.02 1.82 39.20 1.74
100 - non-acid soaked 53.03 1.66 40.12 1.76
150 - non-acid soaked 47.05 2.12 36.44 1.72
200 - non-acid soaked 52.34 1.77 38.91 1.79

shows a consistent heat of reaction regardless of RPM with an average of 133 kJ/mol KMnO4

(Figure 4.3b). This is within the error bar of the data for each RPM tested. EA of the product GO

shows a consistent C/O molar ratio of 1.32 (between 1.29 to 1.35) for non-acid soaked GO.

The varying heat of reaction correlates to the C/O molar ratio for the acid-soaked runs in

Figure 4.3a, i.e., a decreasing heat of reaction corresponds to increasing C/O molar ratio, Figure

4.3b. Lower C/O ratio indicates a higher degree of oxidation and vice versa. Graphite that had 70

minutes of acid soaking showed a higher average heat of reaction and a higher degree of oxidation

as indicated by elemental analysis of the final GO product.
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Based on the trends seen in Figure 4.3, two key observations stood out. (1) Acid soaking for

an extended time is affecting the degree of oxidation reaction, and (2) for the acid-soaked runs, the

RPM affects the degree of oxidation.

To understand these observations, we first examined the TGA data of the final GO produced by

acid soaking and non-acid soaking the parent graphite. The TGA analysis for acid-soaked runs in

Figure 4.4a shows different decomposition trend than non-acid soaked runs in Figure 4.4b. TGA

data of the acid-soaked GO indicated a decreased mass loss for increasing RPM. The decreased

mass loss indicates that the sample has less oxygen groups in the GO Figure 4.4a. Therefore, 100

RPM acid-soaked GO has the most oxygen group compared to all other GO synthesis condition.

This TGA trend further aligned with the heat of reaction and EA results. As the EA showed in

Figure 4.3b, the 100 RPM acid-soaked sample has the most oxygen compared to 150 and 200

RPM samples. In contrast, Figure 4.4b shows a consistent decomposition trend for all non-acid

soaked samples with different RPM. Therefore, for non-acid soaked GO, the degree of oxidation

does not change with varying RPM.

Figure 4.4: TGA of the samples. (a) Decomposition data for the acid-soaked samples. 100
RPM acid soaked sample decomposes rapid compared to the 150 RPM and 200 RPM sam-
ples. (b) Decomposition data for the non-acid soaked samples.
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In order to understand the first observation, we hypothesize that the extended acid soaking is

influencing the degree and type of oxidation occurring in graphite. It is known that intercalation

helps with the oxidation of graphite but prior literature noted that a GIC (graphite intercalated

compound) would form in a matter of minutes [135, 138]. To our knowledge, there are no studies

in the literature investigating the oxygen functionalization of final GO product synthesized by

extended soaking of graphite in acid before the addition of KMnO4. However, our results indicate

that longer soaking time of parent graphite in acid increases the degree and type of oxidation of

graphite.

To investigate the hypothesis that the type of oxidation of graphite is influenced by acid soak-

ing, an XPS analysis was run on the final GO samples. Figure 4.5 shows the C 1s spectra of GO

synthesized by acid-soaked and non-acid soaked graphite in sulfuric acid. The acid-soaked GO

has two distinct peaks (Figure 4.5a) compared to non-acid soaked GO (Figure 4.5b). Deconvolu-

tion of C 1s spectra for acid-soaked GO shows three peaks for sp2 carbon (284.6 eV), the epoxide

(286.6 eV), and the carboxyl (287.5 eV) functional groups, whereas the non-acid soaked GO have

dominantly sp2 carbon, the carboxylic acid (288.5 eV), and the carboxyl functional groups. Be-

tween these samples, the presence of the C-O-C functional group in acid-soaked GO indicates

surface functionalization and the presence of O-C=O in non-acid soaked GO indicates edge func-

tionalization. Seiler et al. noted the intercalation of graphite increases the layer distance between

the graphite sheets and assists in basal or surface oxidation [138]. Therefore, we can conclude, the

acid soaking in increasing the basal (or surface) oxidation.

The corresponding area percent of XPS data is shown in Table 4.3

Table 4.3: XPS data for GO

Sample Name Acid-soaked GO Non-acid soaked
GO

Sp2 64.9 % 84.4 %
C-O-C 23.9 % 0.0 %
O-C=O 0.0 % 10.4 %
C=O 11.2 % 5.2 %
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Figure 4.5: XPS data for the GO. (a) shows the XPS for acid soaked GO. (b) is the XPS of
non-acid soaked samples. The intercalation increases the amount of functional oxygen group
in the sample. (c) and (d) are the individual peaks for the oxygen functional group for acid
soaked (c) and non-acid soaked (d) samples at 200 RPM.

The second observation is that for the sulfuric acid-soaked graphite, mixing influences the

degree of oxidation of the graphite. The heat of oxidation reaction in this paper was calculated by

dividing energy released by the reaction by the total moles of KMnO4 added into the system, not

the moles of KMnO4 reacted. Therefore, the variation in the heat of reaction could suggest that

not all of the KMnO4 added was consumed.

However, the decreasing oxidation (or reaction of KMnO4) with increasing stirring rate is

counterintuitive because the increased Reynolds number associated with the stirrer RPM should

result in a higher external diffusion rate of KMnO4 to reaction sites between graphite sheets. The

calculations for Reynolds number (Re) for the three RPMs is shown below:
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Re =
nsD2s.g.
μ

(4.2)

Where, ns is the stirring rotational speed [rad/sec], D is the diameter of the anchor stirrer [D =

75 mm] and s.g. is specific gravity [s.g. = 1.83 gm/cc], and μ is the viscosity [μ= 15.5 cP]. The

s.g., and μ used are for 95 wt. % sulfuric acid at 33 °C [141]. The Reynolds number are 6955,

10,432, and 13,909 respectively for 100, 150, and 200 RPM. These Reynolds numbers are in the

turbulent range i.e., above 4,000 [142].

At high Re, the convective mass transfer coefficient scales with Re0.5 as shown in equation 2

[142].

Sh = 2 + 0.6Re1/2Sc1/2 (4.3)

where

Sh =
kcdp

DAB
(4.4)

Re =
ρdpv
μ

(4.5)

Sc =
ν

DAB
(4.6)

where Sh is the Sherwood number, Sc is the Schmidt number, kc is mass transfer coefficient,

dp is the diameter, DAB diffusivity of A in B, ρ is the density, v is the velocity, μ is viscosity and ν

is the kinematic viscosity. If the reaction is limited by external mass transfer, the rate of reaction

(r) is given by equation 6.

r = kc(Cbulk – Csurface) (4.7)

where the Cbulk and Csurface are the concentration of the oxidation agent in bulk material

and surface of the graphite, respectively. Therefore, the higher Re gives a higher heat transfer

coefficient, kc, which should improve the diffusion-controlled reaction, given that everything else

in the equation is constant. This implies that external mass transfer is not the limiting step in the
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reaction. Similarly, higher Re might be associated with a decrease in particle size due to shear-

induced deagglomeration, which would also lead to less diffusion limitations and higher degrees

of oxidation, but this is not what is observed.

Other possible physical explanations for this trend include the possibility that increased RPM

is promoting a secondary reaction and not the oxidation reaction. Note that running the reactor at

very low RPM is inherently unsafe because it slows down the effectiveness of the cooling jacket

and allows for local hot spots. Therefore, it is interesting why the oxidation decreases with an

increasing stirring rate for acid-soaked samples; this warrants further investigation.

The SEM images of GO produced from acid-soaking and non-acid soaking at various RPM is

shown in Figure 4.6

Figure 4.6: (a), (b), and (c) represents SEM of GO synthesized by acid-soaked the parent
materials at three different RPMs respectively. (d), (e), and (f) represents SEM of GO syn-
thesized by non-acid soaked the parent materials at three different RPMs respectively
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4.3.3 Reaction Temperature

In this section, the effect of the oxidation reaction temperature on the final GO produced was

investigated. Morimoto et al. in their prior work highlighted the need to maintain the temperature

of the oxidation reaction at an optimal temperature of 30 - 35 °C. Their study mentioned the

oxidation reaction at high temperature (i.e., >35 °C) creates defective GO [24]. Therefore, the

experiments were conducted for reaction temperatures 33 °C, 22 °C, and 10 °C.

As we decreased the reaction temperature, the heat of reaction decreased as shown in Table 4.4.

The C/O ratio increased with decreasing temperature which indicates that less oxygen is present

in the final GO. All three experiments were done at 150 RPM and without acid soaking. Figure

4.7a shows the heat flux data for reaction temperatures 10 °C and 33 °C from the RC1e. The heat

flux data indicates that at lower temperatures, all of KMnO4 in the mixture does not oxidize the

graphite. Figure 4.7b is the XPS data of C 1s for GO made at reaction temperatures 22 °C and

33 °C. The XPS spectra resemble the non-acid soaked spectra seen for non-acid soaked GO in the

previous section as shown in Figure 4.5d.

The adiabatic temperature calculation shown in Table4.4 is shown below:

ΔTad =
ΔH

CpMR
(4.8)

Where ΔTad is the adiabatic temperature increase in K and ΔH is the heat of reaction with

units KJ/mol, Cp is the heat capacity of the reactor mixture and MR is the is mass of the reactor.

The Cp ranged from 1.92 to 2.59 kJ/ kg K. For the conservative estimate, we used 1.92 kJ/kg K to

calculate the temperature increase.

At 10 °C reaction temperature:

ΔTad =
ΔH

CpMR
=

125[ kJ
mol.KMnO4

]

1.92[ J
kgK ] ∗ 473[g]

=
7310

908.16
= 8K (4.9)

Similarly, At 22 °C, the ΔTad = 15 K and at 33 °C, the ΔTad = 16 K
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Table 4.4: Heat of solution and reaction

Reaction
tempera-
ture

Heat of solu-
tion [kJ/mol. of
KMnO4]

Heat of reac-
tion [kJ/mol. of
KMnO4]

Total heat
[kJ/mol. of
KMnO4]

Adiabatic
temperature
rise [K]

C/O ratio

10 °C 116 9 125 7 N/A
22 °C 113 99 212 15 1.46
33 °C 117 129 246 16 1.29

Figure 4.7: (a) Heat flux data from RC1e for reaction temperatures of 33°C and 10 °C. (b)
XPS C 1s spectra for GO oxidized at temperatures 33°C and 22 °C

The results from Table 4.4 indicate that a decrease in oxidation temperature decreases the

degree of oxidation, but as seen in the XPS spectra in Figure 4.5b the oxidation temperature does

not affect the type of functional groups formed in GO. However, the acid soaking time before the

addition of KMnO4 is affects the degree of oxidation and type of functional groups formed in the

final GO product.

4.3.4 Mn2O7 hazards in GO synthesis

In this section, the hazards associated Mn2O7 are investigated. The dissolution of KMnO4 in

sulfuric acid is described [143, 144]:

2KMnO4 + 2H2SO4 → Mn2O7 + 2KHSO4 (4.10)
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Mn2O7 + 2H2SO4 → 2[MnO3]+[HSO4]– + H2O (4.11)

The dimanganese heptaoxide, Mn2O7 produced by the dissolution of permanganate in sulfuric

acid is reported to be unstable [27, 140]. Prior literature has noted that the temperatures above 55

°C can trigger violent explosion and/or fire. In addition, Mn2O7 is also sensitive to the organic

impurities such as acetone, methanol, cotton, etc. The decomposition of Mn2O7 is shown in

equation 9 [145]:

4Mn2O7 → 8MnO2 + 2nO3 + (6 – 3n)O2 (4.12)

where 0 <n <2. Based on the heat of solution and reaction obtained from the reaction calorime-

ter in the prior section, the adiabatic temperature increase for the dissolution and oxidation reaction

can be up to 16 °C for about 500 g of reaction mass. If the oxidation reaction is performed at 33

°C, the adiabatic temperature increase can be adequate to reach the explosive temperature of 55

°C.

To understand the hazards of Mn2O7, we mixed Mn2O7 in sulfuric acid at a concentration

typically used in modified Hummers’ method, 75 mg/mL, and heated to 95 °C in an advanced

reactive system screening tool (ARSST). No decomposition of the solution was detected at this

concentration as shown in Figure 4.8a. The blue line in Figure 4.8 is the temperature increase

with time and the red line is the pressure increase with time. Constant heating of 1.2 °C/min was

applied. When the sample temperature reached 95 °C, the heating was turned off. No abrupt

increases in temperature or pressure were seen, which indicates that violent decomposition did not

occur at these temperature ranges. Next, we examined the concentrations of permanganate in acid

solution commonly used in literature to see if any of the concentration was high enough to trigger

the self decomposition of permanganate. Table 4.5 shows the concentration of oxidizer in acid for

modified Hummers’ method in various literature.

A higher KMnO4 concentration of 150 mg/mL was studied in the reactive screening tool. Even

at this concentration, no decomposition was detected as seen in Figure 4.8b. The temperature and
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Figure 4.8: ARSST temperature (blue) and pressure (red) data. (a) 75 mg/mL of KMnO4 in
H2SO4, (b) 150 mg/mL of KMnO4 in H2SO4, (c) Graphite in 75 mg/mL of KMnO4 in H2SO4

pressure profile increased steadily up to 95 °C, followed by cooling to room temperature. These

experiments were carried out in the air and special care was taken to free the solution of any organic

impurities.

Additionally, we examined to see if the addition of graphite in the reaction mixture of sulfuric

acid and KMnO4 would trigger the thermal decomposition of the material. Figure 4.8c shows the

thermal data for graphite in 75 mg/mL of KMnO4 in sulfuric acid solution. The temperature and

pressure profile with time shows a steady increase up to 95 °C and a steady decrease when the

heating was turned off. Therefore, no thermal runaway or explosive decomposition was seen.

Table 4.5: Permanganate concentration in acid used in literature

Conc. of KMnO4 [mg/mL] Reference
36.0 This study
26.7 Dimiev et al. 2014 [135]
120.0 Morimoto et al. 2016 [146]
60.0 Morimoto et al. 2017 [24]
20.0 - 120.0 Li et al. 2018 [137]

A further literature review showed that the experiments for the decomposition of dimanganese

heptaoxide reported in the literature were done for pure solid Mn2O7 in 1953. According to the

study, the solid Mn2O7 can in fact self decompose when heated to temperatures above 65 °C
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and the material is sensitive to shock [147]. Additionally, impurities such as alcohol, acetone,

cotton, etc. can ignite concentrated Mn2O7 at room temperatures [147]. However, in the modified

Hummers’ method, the Mn2O7 is in solution and in dilute quantities. Therefore, the hazards of

Mn2O7 may not be as critical as previously pointed out. Even so, care should be taken to free the

reaction mixture of any impurities and avoid isolating or drying the Mn2O7 during the process.

Furthermore, a brief report in 2014 documented at least one safety incident while conducting

modified Hummers’ method for GO synthesis [148]. In the letter, the authors note that the alcohol

(a common reagent in laboratories), reacted with reactants of Hummers’ method to synthesize an

explosive component. Therefore, to conduct Hummers’ method safely, it is crucial no impurities

are present in the reactor and associated equipment.

Another potential safety issue pointed out in prior literature is the possibility of hotspots. The

hotspots could become an issue when water is added to the acidic reaction mixture to quench the

reaction. The acid and water reaction is extremely exothermic and the viscosity of the mixture

increases with water concentration in the mixture. When the water becomes excess in the mixture,

the viscosity decreases. Therefore, it is recommended that the reaction mixture is added to the

water and not the other way round.

4.4 Conclusions

This study shows the amount of heat released during the oxidation reaction in the modified

Hummers’ method indicates the degree of oxidation of graphite. Graphite soaked in sulfuric acid

for more than an hour before oxidation reaction had more oxygen content in the final GO product

and the GO consisted of surface functional oxygen groups compared to GO produced by non-acid

soaking sulfuric acid in graphite. Prior literature concluded that the intercalation of sulfuric acid

in graphite happens within minutes, but our results indicate that longer acid soaking time improves

the degree of oxidation. However, increasing the mixing speed for acid-soaked parent materials to

make the final GO decreases the degree of oxidation. This is interesting because mixing improves

the diffusion-controlled oxidation reaction but that is not what we observed. We hypothesized that

improved mixing for acid-soaked runs is encouraging secondary reaction instead of the oxidation
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reaction.

Similarly, the GO synthesized at the oxidation temperature of 10 °C and 22 °C had compar-

atively lower heat of reaction compared to higher reaction temperatures. The elemental analysis

showed less oxygen content in the final GO produced at lower temperatures. However, the XPS of

C 1s spectra of these GO showed spectra consistent with non-acid soaked GO. Therefore, the acid

soaking time of parent graphite in acid has a dominant effect on the degree and type of oxygen

formed in the final GO rather than the oxidation temperatures.

Finally, the adiabatic temperature increase due to the heat of solution of acid and KMnO4 and

the oxidation reaction is about 16 K. The adiabatic temperature increase due to heat of solution

between acid and KMnO4 and the oxidation reaction is enough to get to the unstable temperatures

of Mn2O4 at 55 °C. However, the Mn2O7 produced in modified Hummers’ method is in solution

and dilute enough that it is not likely to be explosive at 55 °C but the solution is sensitive to organic

impurities and care should be taken to keep the reactants and reaction mixture free of organic

impurities. Finally, in order to quench the oxidation reaction, the reaction mass is added to water.

It should be noted that the acid-water reaction is highly exothermic and it could potentially cause

hotspots and thermal runaway conditions in absence of adequate mixing and cooling capacity.
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5. EXPLORATION OF ALTERNATE CARBON SOURCES TO MAKE GRAPHENE-LIKE

PRODUCT

5.1 Introduction

Traditionally, natural graphites are used as a primary source to make graphene-like materi-

als. Natural graphites are naturally occurring in mines. There are three different types of natural

graphites (natural flakes, vein/lump graphite, and amorphous graphite). Each of these types of

graphite is formed due to different geological occurrence and are generally not found in the same

geographical locations [149, 150]. Only naturally occurring flake graphite has a true flake (like

mica). The flake-like structure makes intercalation and exfoliation to yield very thin flakes with a

high aspect ratio possible. Most of the graphene-related research so far has used natural graphite

as the source graphite. Synthetic graphites are typically derived from petroleum coke or coal tar.

Petroleum coke is a by-product of the petroleum cracking process. The green coke straight out of

the coker unit can be classified into two types, fuel grade coke and anode grade coke as shown in

Figure 5.1. Fuel grade coke has more impurities present compared to anode grade and is primarily

used as a fuel source.

Anode grade coke can be further thermally treated (or calcined) based on the need. Depending

on the structure of the coke, the anode grade coke can be further classified into four types: shot,

sponge, honeycomb, and needle coke. Shot coke is the most porous, disordered, and impure coke

compared to others, and these are difficult to graphitize. As the aromaticity increases and the

levels of hetero-atoms decrease, we get more ordered coke (i.e., needle coke). Depending on the

orientation and crystallinity and the nature of the milling operations, the synthetic graphite’s ‘flake’

like morphology may vary.

Synthetic graphites are mostly used in energy storage (such as batteries, lithium-ion) and in

arc furnace applications. Synthetic graphites are preferred for these applications because syn-

thetic graphites have very little to no impurities compared to natural graphites and the absence
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Figure 5.1: The figure shows various types of coke derived from petroleum coke.

of impurities is an important consideration in energy storage applications [150]. We are inter-

ested in investigating synthetic graphite and specifically petroleum-derived coke (pet. coke) as

a source to make graphene-like materials. Pet. coke are mostly used in graphite electrode, in

aluminum industries, and as fuels [150]. Graphene is a high-value product with numerous appli-

cations [101, 151, 152, 153, 154]. Therefore, if successful, the goal is to convert a very common

by-product of a refinery to make a high-value product.

An earlier research in converting coke to graphene-like material was published in 2015 from

Sierra et al. [155]. They used coke as a parent material to synthesize graphene-like material us-

ing the modified Hummers’ method and the solvent exfoliation method. In the study, they used

the coke (Ck) and thermally treated the coke to 2800 °C to get synthetic graphite (process called

graphitization). They compared the final graphene oxide synthesized from coke (GO-C) and syn-

thetic graphite (GO-GC). Using Hummer’s method, the study reported that they needed higher

amount of reactants (i.e., NaNO3:KMnO4 of 1:7.2 compared to 1.7) to get GO-C product with
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similar oxidation (2.5) as GO-GC. They also reported GO-C had more acid groups at the edges

compared to basal oxidation of GO-GC. The study concluded coke is less reactive to oxidation

than the synthetic graphite and GO-C oxidized in harsher condition exfoliated better after thermal

treatment. The average height of monolayers of GO-C was between 1.2-1.5 nm. As for the solvent

exfoliation method, they used N-methyl-pyrrolidinone (NMP) as the solvent. The study reported

an average lateral size of 1 µm for EG-GC and 400 nm for EG-C.

The same research group in 2016 published another paper where they used different types of

coke as parent material to synthesize graphene oxide using modified Hummers’ method [156].

They investigated a premium petrochemical coke, a commercial carbo-chemical coke, and a coke

obtained from coal tar. The graphite they used for baseline comparison was graphitized commercial

coke at 2800 °C. The GO from cokes had a C/O ratio from 3.2 to 3.7 compared to that from the

graphite whose C/O ratio was 2.2. The crystallinity of the cokes were in decreasing order from

premium coke, commercial coke, and coal tar. The yield decreased with decreasing crystallinity

of the parent material. They concluded that the crystalline structure with large domains facilitates

the exfoliation of oxidized coke and reported that the larger crystals of the parent coke yielded

larger lateral sized GO. Their conclusion is in alignment with Botas et al.’s study in 2012, where

the researchers studied the effect of the parent graphite on the structure of GO and noted that the

GO obtained from more crystalline graphite had a higher area compared to less crystalline graphite

[157].

Xing et al. in 2018 published a paper where they synthesized graphene oxide from needle

coke (NC) using modified Hummers’ method. The researchers reported the layer spacing of NC as

0.344 nm, GO-NC as 0.736 nm, GO from graphite as 0.876 nm, and that of RGO-NC as 0.355 nm.

Even though the NC and RGO-NC have similar layer spacing, the RGO-NC had an XRD peak that

was wider and weaker, indicating several layers of graphene. They further reported the number of

layers and lateral size of RGO-NC to be concentrated around 4-6 layers and 3-8 µm. The study

also reported the C/O ratio of GO-NC to be 2.25 and presented optical analysis of the GO-NC.

In addition, He et al. published a research paper synthesizing graphene quantum dots (GQD)
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from coke via the electro-chemical exfoliation (ECE) methods [158]. Achee et al. has shown

the potential to make high-yield and scalable graphene-like nanosheets using ECE method [159].

Therefore, in this work, different types of pet. coke were explored an as alternate parent material

to make high aspect ratio graphene-like material using ECE process.

5.2 Methodology

5.2.1 ECE process

3 g to 6 g of petroleum derived coke is compacted in a dialysis tube that is clipped on both

the ends. A platinum wire is inserted in the tube as working electrode and copper foil is wrapped

around the dialysis tube as counter electrode. A known amount of weight is added on top of the

dialysis tube wrapped in copper foil and submerged in 2 L of 0.1 M solution of ammonium sulfate

(NH4)2SO4 solution. 8 volts are applied to the platinum electrode and copper foil to start the

electrochemical exfoliation of pet. coke. A minimum compliance current of 0.5 A is maintained

throughout the reaction time of 10 hours. The products are then shear-mixed at 8000 rpm for 4

hours and freeze dried for characterization.

5.2.2 XRD

X-ray diffraction (XRD) patterns were collected on Bruker D8 Discover diffractometer fitted

with LynxEye detector in a Bragg Brentao geometry at 40 kV, 40 mA with Cukα (λ: 0.15 nm )

radiation.

5.2.3 SEM and Optical

A JEOL JSM-7500F field emission scanning electron microscope (FE-SEM) with ultra high

resolution is used for SEM images.

5.3 Results and Discussion

Figure 5.2 summarizes various techniques available to synthesize graphene-like materials and

their pros and cons. The most common method is modified Hummers’ method, however, this

method produces oxidized and defective graphene oxide. The solvent exfoliation method uses
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solvents such as polyvinylpyrrodine (PVP) to separate layers of graphene, but this method is not

scalable. The microwave or thermal treatment method to get layers of graphene can be scalable

but it has safety concerns. Finally, the electro-chemical exfoliation method is a scalable method

to make graphene-like materials but in this method, separating graphite from graphene can be

challenging.

Figure 5.2: The figure represents various types of graphitic source to make graphene-like
materials. The pre-treatment assists in exfoliation of graphitic source and methods are the
synthesis routes to make graphene like materials

In order to explore if pet. coke can be used a parent material to make graphene-like material,

modified Hummers’ method and ECE process was chosen in this study. The details of ECE process

is described in the methods sections. The experimental procedure is shown in Figure 5.3. The

petroleum cokes were supplied by an industrial partner. The cokes were ground to fine powder and

washed with dicholoromethane (DCM) to remove impurities. The cokes where then used as-is for

the modified Hummers’ method and pre-treated for the ECE process. The pre-treatment was done

by mixing graphite source to 6 M nitric acid and heating the solution to 120 °C for 3 hours in a

closed container. The pre-treated parent material is then washed to neutral pH. The pre-treatment of
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the parent graphitic source improves the exfoliation of graphite in the electro-chemical exfoliation

(ECE) method. As shown in Figure 5.3, the parent material were characterized after the DCM

wash and the products were characterized at the end of the process.

Figure 5.3: Experimental procedure for analysis of coke.

5.3.1 Parent material characterization

Figure 5.4 shows the XRD of parent material. The green line represents the XRD pattern for

natural graphite and the red, blue, and black lines represents needle cokes 5, 11 and 12 respectively.

Figure 5.4b shows the zoomed in version of Figure 5.4a. As we see in the figures, natural graphite

has a narrow and sharp peak at around 26° and the cokes have broader and weaker peaks at 26 °.
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This indicates that the cokes are not as crystalline as the natural graphite. However, within the

three types of needle cokes, the difference are barely noticeable.

Figure 5.4: (a) shows the XRD of parent coke material (Coke-5, Coke-11, and Coke-12) in
comparison to natural graphite (Sigma). (b) is the zoomed in version of (a).

Similarly, Figure 5.5 shows the SEM images of the needle cokes 5 (a), 11 (b), and 12 (c)

respectively. In these images, we notice sheet-like morphology of the cokes.

Figure 5.5: SEM images of parent coke material (a) Coke-5, (b) Coke-11, and (c) Coke-12
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5.3.2 Final product characterization

The final products from ECE method are labelled as parent coke name followed by EEG for

electrochemical exfoliated graphene, for example, EEG product from coke-5 is labelled as Ck-

EEG. Figure 5.6 shows XRD spectra of parent material and the EEG product. For comparison,

Figure 5.6a is the spectra for natural graphite and EEG from natural graphite, Figure 5.6b-d are

for Coke 5, 11, and 12 respectively, and Figure 5.6e are the spectra for all the EEG products. As

show in the figure, the EEG products have lower intensity compared to the starting material, and

the peak is shifted left. The change in intensity and left shift of the peaks indicate that after the

ECE process, the parent material has changed.

Figure 5.6: Comparison of XRD from parent material and product (a) Natural graphite, (b)
Coke5, (c) Coke11, (d) Coke12, and (e) all EEG products

However, the SEM images in Figure 5.7 show mostly sheet like structure. The sheets of EEG

are not as well defined as seen in the Figure 5.5. Since the parent materials were not separate
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from product at the end of ECE process, it is possible that these images contain a mixture of parent

material and final product.

Figure 5.7: SEM images of EEG products from (a) Coke-5, (b) Coke-11, and (c) Coke-12

The optical images in Figure 5.8 shows a possibility of few layer graphene in EEG from Coke-

5 (Figure 5.7b). The optical images of EEG from Coke-5 and Coke-12 are inconclusive.

Figure 5.8: Optical images of parent coke material (a) Coke5-EEG, (b) Coke11-EEG, and (c)
Coke12-EEG

5.4 Conclusion

In this work, needle cokes provided by an industrial partner were explored as an alternative

source to make graphene-like material. However, based on SEM and XRD analysis of the parent
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material and the products, it is inconclusive if these needle coke sources can be used to make

graphene-like materials. The morphology and crystallinity of the cokes that passed through the

ECE process has changes however, we failed to notice single graphene sheets on SEM. Additional

characterizations are required such as AFM and Raman to make a definitive conclusion on whether

cokes can be used as parent material to make high aspect ratio graphene nanosheets.

Based on literature, annealing the cokes to temperatures such at 800° C to 2800° C can make

the coke sources more crystalline (process called graphitization) and potentially easier to exfoliate

into individual sheets. In addition, research in developing a robust product separating method will

become crucial to successfully synthesize nanosheets of graphene from pet. coke srouces.
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6. CONCLUSION AND FUTURE WORK

6.1 Summary of dissertation

In this dissertation, we studied (1) the hazards associated with MXene production, (2) thermal

stability of graphite oxide, (3) the synthesis condition of graphite and its implication in the product

quality and safety, and (4) the alternate carbon sources to make graphene like materials. The

analysis and experimental results, limitations, and future research directions for sections 2 to 5 in

the dissertation can be summarized as follows.

6.1.1 Hazards analysis of MXene

In conclusion, this study has identified the hazards associated with Ti3C2Tx laboratory produc-

tion and discussed the preventive, mitigating, and emergency response plan. Five major hazards

(combustible dust, exothermic reaction, pressure generation, toxic chemical release, and waste

handling) were identified and discussed. Relative hazard ranking of various MXene synthesis

routes is also presented in the study. A detailed experimental study of dust hazards of MXene is

needed to quantify the fire and explosion probability of these new transition metal alloys. A study

to synthesize MXene using an inherently safer design to avoid using hydrofluoric acid either in

solution or in situ is strongly recommended.

6.1.2 Thermal Stability of GO

The study quantifies the temperature and pressure release rate of explosive thermal decompo-

sition of dry GO. As seen the experiments, the pressure generated can be in 1000s of psig/min for

a gram of material, therefore, the explosive decomposition of bulk GO can have catastrophic con-

sequences. From the experiment, it can be concluded that the surface area and the heating rate of

the dry GO are the determining factors for the GO’s explosive-ness, higher surface area and lower

heating rate give a more thermally stable GO compared to low surface area GO and high heating

rate. Finally, using the Frank-Kamenetskii model, the critical mass necessary for the GO to un-

dergo explosive decomposition can be determined. The detected onset temperature in the study is
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observed to be close to normal drying temperatures of 100 °C. However, the detected onset temper-

ature of GO is dependent on the equipment sensitivity. One challenge during the experiment was

getting consistent heating for solid graphite oxide. The change in heating rate effects the detected

onset temperature. Additionally, in this work the effect of the impurities and its effect on onset

temperature was not studied and is worth investigating.

6.1.3 Synthesis of GO using modified Hummers’ method

The heat released during the oxidation reaction can be correlated to the degree of oxidation

of graphite in the modified Hummers’ method. The study noted that the heat of reaction and

the degree of oxidation increased when the parent graphite material soaked in the sulfuric acid

for an extended time (i.e., more than 10 min). For the GO produced by acid soaking the parent

material, increasing RPM at which is the oxidation reaction was carried out increased the heat of

reaction and degree of oxidation. However, for non-acid soaked runs, the RPM did not make any

in the heat of reaction and the degree of oxidation. This pointed out that the chemistry of oxidation

reaction is now well understood and should be investigated further. Prior literature claimed that the

dimanganese helpta-oxide, Mn2O4 produced during modified Hummers’ method were unstable at

55 °C. However, the experimental data suggests that the Mn2O4 produced during modified Hum-

mers’ method is dilute and in solution form and therefore is stable at 55 °C as long as the solution

is free from organic impurities. Additional experiments with the KMnO4 and H2SO4 solution are

also recommended to get a better understanding of the unstable temperatures of manganese oxide

by-product.

6.1.4 Alternate carbon sources

Finally, converting cokes or any other carbon source to graphene-like product is of increasing

interest. However, there is a need to understand the properties of parent materials that enable some

carbon sources to be converted to graphene-like materials while others can not. In this research,

various types of needle cokes were explored as source parent material to make graphene-like mate-

rial from modified Hummers’ method and ECE process. However, the SEM and XRD results show
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that the morphology of parent material has changed at the end of the ECE process, but the results

were inconclusive if the products showed any graphene-like characteristics. The major areas of

future research in this field are (1) determining the correct reaction conditions to make nanosheets

and not GQDs, (2) separation of parent materials from products, (3) detailed characterizations, and

(4) appropriate pretreatment of parent material to encourage exfoliation.
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