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ABSTRACT

Currently, CO, capture is a topical issue in environmental preservation and
sustainable growth in development. This review highlights the recent studies on
synthesis and characterization in metal organic framework (Mg-MOF-74) for CO,
capture and also the recent advances in the development of amine functionalized Mg-
MOF-74 for CO, capture. In this study, CO, adsorption on Magnesium-MOF-74 and
Magnesium-MOF-74-AMP were investigated and compared.

Fitting in as fascinating class of nano-porous materials, MOFs have been
considered potential candidates for CO, capture due to its capability of adsorption.
However, water stability is often considered a big weakness of all kinds of metal-
organic framework structures available for now. As such, Mg-MOF-74 does not
exhibit such degradation which has a characteristic of strong coordination bond

strength and remarkable as one of the highest CO, uptake capacity among MOFs.

Here, Mg-MOF-74 was synthesized by using magnesium nitrate,
Mg(NOs),-6H,O and 2,5-dihydroxyterephthalte acid in the presence of
dimethylformamide (DMF) , ethanol and deionized water under conventional
hydrothermal method. Thereafter, Mg-MOF-74 was grafted with 2-amino-2-methyl-
1-propanol (AMP). Characterization techniques applied are Fourier transform
infrared (FTIR), thermogravimetry analysis (TGA), field emission scanning electron
microscope (FESEM), transmission electron microscope (TEM), and the

performance of CO; adsorption on both MOFs is studied using BET method.

It was found that amine grafted MOF-74 (MOF-74-AMP) has higher CO,
adsorption capacity with a reported value of 0.0046mol/g as compared to MOF-74
with a reported value of 0.002mol/g. This work may be helpful in the integration of
amine-grafted MOF-74 applications in CO, capture.
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CHAPTER 1

INTRODUCTION

1.1BACKGROUND

Carbon dioxide (CO,) is classified as one of the most significant greenhouse
effect contributors. From year to year, the level of CO, emission keeps on rising till
reaching a perturbation stage (Synthesis Report, 2007). Currently over three quarter
of the global energy demand comes from the burning of fossil fuels support (Benson
et al., 2008). Excessive emission of CO, into the atmosphere can cause global
warming (Uniglobetravel, 2014). Therefore, adequate technologies have to be set up

to avoid the release of CO; into the atmosphere.

Amongst these alternative technologies are adsorption based CO, capture,
membrane processes, cryogenic methods, hydrate processes, electrochemical
techniques and other niche methods, adsorption process is considered better as
compared to other methods because of its simplicity of design and simple operation
(Bhatnagar et al., 2006). Early applications in the 1950s depended on molecular
sieves, alumina and silica materials for capturing CO, from air in enclosed regions
(Webley, 2014).

There are two groups of adsorbents used for CO, removal, which are
physisorbents and chemisorbents. Physisorbents act as a molecular sieve and adsorb
CO; onto their surfaces. They have large surface area and higher porosity. However,
adsorption rate of CO, is still low in the presence of other gases such as N.
Chemisorbents are basically made up of amine functionalized materials which can
react with CO, chemically. Generally, a good adsorbent should have these three
characteristics: (1) high adsorption capacity, (2) high selectivity and (3) full

regeneration capacity (Gargiulo et al., 2014).



Metal Organic Frameworks (MOFs) are porous structures with one, two or even
three dimensional. They consist of metal ions connected to rigid organic linker. In
processes like gas purification and separation processes, as well as in catalyst, large
number of MOFs has been applied. (Wikipedia, 2014). MOFs with high versatility
can function as functional, active and integral components in a MOF-based device

due to their high porosity and structural flexibility (Liu, 2012).

Synthesis method of MOFs carried out in room temperature is proven that can be
implemented to synthesize the same porous MOF in a quick manner as compared to
solvothermal method (Tranchemontagne et al., 2008). Its adsorption capacity was
found to be 8.61 mmol/g (37 wt%) at temperature of 25°C and pressure of 1 bar,
which is higher than zeolite 13X (3.3mmol/g (14.5 wt%)) under the same conditions

as reported in thesis Sabouni, 2013.

Adjusting or changing the connectivity and nature of the organic linker can
produce different type of metal organic frameworks (Sabouni et al., 2013). Synthesis
of MOFs with free amine can result in better adsorption capability. Several MOFs
can be synthesized by grafting the pores with amine functional groups to enhance
CO; uptake. Studies have proven that the presence of basic amino groups grafted on
MOFs can increase the heat of adsorption which indicates stronger interaction with
CO; gases (Uzun et al., 2014).

Moving forward in the synthesis of MOFs, amine grafted MOFs are said to have
higher loading capacity for CO, adsorption (Kizzie, 2012). The focus of this study is
on amine treatment on MOF-74 (metal — Magnesium). The effect on CO, adsorption
performance of amine grafted Mg-MOF-74 is yet to well understand. Therefore, CO,
adsorption on metal organic frameworks MOF-74 and amine-modified MOF-74 are

investigated.

MOF-74 is synthesized by using 2,5-Dihydroxyterephtalic acid and
Mg(NO3)2.6H,0 in the presence of dimethylformamide (DMF) , ethanol and
deionized water. Then, free amine group, AMP known as 2-amino-2-methyl-1-
propanol are grafted to MOF-74 to form amine-modified MOF-74. The hypothesis
was verified through the study of CO, adsorption capacities using BET. This study
focuses on tremendously increase in the CO, adsorption capacity of MOF-74 (Mg)
even with water, thus leading to development in CO, capture application.
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1.2 PROBLEM STATEMENT

Global environmental issue currently concerns on the increase in carbon dioxide
concentration in the atmosphere. Among the greenhouses gases, CO, contributes
more than 60% to the global warming. Therefore, there are several researches done
on the synthesis of many metal organic frameworks (MOFs) for CO, adsorption

including MOF-74 as well as characterization and modification of MOF frameworks.

Despite the multitude of metal organic framework structures available, many degrade
in the presence of water. Water stability is often considered a major weakness for
metal organic frameworks (MOFs). Structures formed via zinc-carboxylate bonding
often exhibit such degradation, for example, MOF-177 and MOF-51 which attribute

to weak coordination bond strength.

Therefore, in this study, CO, adsorption on metal organic framework, Mg-MOF-74
will be investigated through characterization and modifications which can be done to

improve CO, adsorption capacity.

1.3 OBJECTIVE

This project will focus on the development of synthesis, characterization and
modification of the potential candidate, metal organic framework, Mg-MOF-74 for

CO; adsorption.

The three main objectives for this study are as follow:

I To carry out synthesis of both samples MOF-74 (m-Mg) and MOF-74 (m-
Mg) functionalized by 2-amino-2-methyl-1-propanol (AMP).

ii. To characterize the synthesized samples of MOF-74 (m-Mg) and Mg-
MOF-74-AMP via FTIR, TGA, FESEM and TEM.

iii. To study the performance of CO, adsorption on samples, MOF-74 (m-Mg)
and Mg-MOF-74-AMP using BET.



1.4 SCOPE OF STUDY

The three main scope of study for this research will be:

e Study and familiar with the experimental procedure on synthesizing metal
organic frameworks, MOF-74 (m-Mg) and modified MOF-74-AMP.

e Study on various analysis methods to identify the characteristics of MOF-74
(m-Mg) and modified MOF-74-AMP.

e Study on the CO, adsorption capacity of the two metal organic frameworks,
MOF-74 (m-Mg) and modified Mg-MOF-74-AMP.

1.5 RELEVANCY OF PROJECT

This study is important because it has a strong relationship with the current global
environmental issue in industries in which relates to the adsorption of CO, molecules.
Modified Mg-MOF-74-AMP is believed to have more effective and better
performance on CO; adsorption as compared to MOF-74 (m-Mg) in the condition of
water exists. Hence, the study is relevant as modification on Mg-MOF-74 with amine
functional group has not been widely addressed yet.

1.6 FEASIBILITY OF PROJECT

This project is feasible as it deals with narrowed scope of experiment whereby only
two samples needed to be synthesized and five characterizations needed to be done
on each sample. It is within capability to be executed with helps and guidance from
the supervisor and the coordinator. It is positive that this project can be completed

within the time allocated with the acquiring of equipment and materials needed.



1.7 ORGANIZATION OF DISSERTATION

The study presented in this dissertation focuses on improving the performance of

CO; adsorption by metal organic framework-74 through amine modification.

Chapter 2 summarizes the literature review done on the respective areas such as
adsorption technology for CO, separation and capture, characteristics and synthesis
of Mg-MOF-74, water effect on CO, adsorption, functionalization, material

characterization and adsorption measurements.

Chapter 3 writes about research methodology will be discussed in detailed in the
form of project activities, gantt chart and key milestones of the project, experimental
procedure, reagent & chemicals used, apparatus & equipment and characterization

techniques.

Chapter 4 outlines the results from characterization of both samples including results
of BET for CO,.

Chapter 5, the last chapter of the dissertation concludes the entire study and offers

some recommendations for the study.



CHAPTER 2

LITERATURE REVIEW

2.1 ADSORPTION TECHNOLOGY FOR CO, SEPARATION
AND CAPTURE

Carbon dioxide gas is one of the most omnipresent molecules under investigation in
global university and even in industrial Research and Development (R&D) efforts.
The urge of separating CO, from gas streams on a large quantity with the aim of
either storing or using the purified form has emerged from recent studies and small
scale contributions in the 1990s to major international efforts at demonstration scale

today.

The use of adsorption technology to separate CO, from process gas streams is not
new. Some of the alternative technologies for CO, capture are adsorption based CO,
capture, membrane processes, cryogenic methods, hydrate processes, electrochemical
techniques and other niche methods. These alternate technologies are being
developed for CO, capture for such applications like post combustion flue gas, pre-
combustion process gas where they are commonly found in the integrated
gasification combined cycle (IGCC) process or other gasification processes, natural
and biogas systems, food and beverage industry and the cement and steel making
industry (Webley, 2014).

To be considered as a suitable material for the gas adsorption, there are three main
properties that an adsorbent should have:

0] High adsorption capacity towards the target species.

(i) High selectivity towards the target species.

(iii)  Full regeneration capacity.



In the 1950s, molecular sieves, alumina and silica materials were used for removing
trace CO, from air in enclosed environments. Early process work on developing
pressure and temperature swing systems and development of functionalized
nanoporous adsobents depended on existing adsorbent materials from the zeolite,
alumina, mesoporous silicates, carbon families and metal organic frameworks
(MOFs) (Gargiulo et al., 2014; Webley, 2014). Recently, MOFs are found to be
potential candidates in CO, capture because of their superior characteristics (Wu et
al., 2013; Webley, 2014; Moellmer, 2009; Glover et al., 2010). Since the
requirements on the adsorbent and process vary widely from one field to another, the

application arena of CO; capture by adsorption is first classified.

2.2 MOF-74

2.2.1 Characteristics of MOF-74

Metal organic frameworks are materials constitute of different metal ions
linked by multi-functional organic linkers into one, two or three dimension structures
(Gargiulo et al., 2014; Sabouni, 2013). MOF-74 structure is made of organic linker,
2,5-dihydroxyterephthalte linkers. The solvent molecule (water or DMF) can be
easily removed under vacuum, increasing the concentration of of unsaturated
coordinative metal cations. Among the current MOF structures, MOF-74 presents
more co-ordinately unsaturated metal sites that can provide extra number of binding
sites to gas molecules (Glover et al., 2010; Wu et al., 2013). Excellent results in CO,
capacity and high selectivity of CO,/CH; by MOF-74 were obtained from
experiments (Liu et al., 2012).



'ﬁ% +  Mg(NO;),6H,0 —>

2,5-dioxidoterephthalate (DOT)

solvent exchange

activation

Mg-MOF-74-DMF Mg-MOF-74

Figure 2.1: Mg-MOF-74 sample analogs.

2.2.2 Synthesis of Magnesium-MOF-74 (Mg-MOF-74)

In conventional hydrothermal method, a homogeneous solution was prepared
by dissolving the mixture of Mg(NO3),-:6H,O (1.439g, 5.62 mmol) and 2,5-
dihydroxyterephtalic (0.338 g, 1.7 mmol) in a ratio 15:1:1 mixture of DMF (135 mL),
ethanol (9 mL), and water (9 mL) under sonication. Subsequently, the autoclaves
were placed in a 398K oven for 21 hours. Upon reaching room temperature, the
mother liquor was decanted and replaced with fresh methanol five times over the
next two days. Lastly, heat the sample to 523K under vacuum. The samples were let

to cool down to room temperature and stored (Wu et al., 2013; Glover et al., 2010).

DMF:ethanol:water

o o 15:1:1 (vIviv)
Mg(NOs),-6H,0 + Hop(k o Mg-MOF-74
I 398 K

v



2.3 WATER EFFECTS ON CO, ADSORPTION

At most of the time, hydrocarbon flue gas is saturated with water by 5%-7% on
volume basis. Therefore, it is very crucial to study effects of humidity on CO, uptake
capacity. Many MOFs are found to have bad performance on CO, adsorption in the
presence of water. Majority display a significant decrease in the CO, adsorption

capacities after exposure to more than 60% relative humidity.

2.4 FUNCTIONALIZATION

2.4.1 Amine Functionalization

Addition of free amines to MOFs provides more sites for highly effective
CO; adsorption even in the presence of water. Study was done on post-synthesis
amine modification of Mg-MOF-74 to generate a functional nanoporous adsorbent
with a capability of regeneration and improved stability to enhance CO, capture
(Choi et al., 2012).

Liu et al. (2012) found that at low pressure region, amine-functionalized MOF has
large CO, uptake. On the other side, amine functionalization can also decrease the
volume of free sites if amine molecules are used in excess. In fact, it may reduce the

CO; capture efficiency.

2.4.2 Synthesis of Modified MOF-74-Amine

Functionalization with ethylenediamine was performed based on the recent
paper by Lei (2013). About 40ml anhydrous toluene and 1.0g ethylenediam ine
(Fisher) was added into flask with 200mg of solid dry Mg/DOBDC (Mg-MOF-74)
sample. The contents were stirred at 400 rpm under reflux. After 12 hours, the
mixture was washed with 100ml of deionized water and then 100ml of ethanol. The
filtered material was put under drying for 14 hours at room temperature to yield
ethylenediamine functionalized Mg/DOBDC (Mg-MOF-74) which was named as
ED-Mg/DOBDC.



2.5 MATERIAL CHARACTERIZATION

Characterization techniques used to analyse sample are fourier transform infrared
spectroscopy (FTIR), thermal gravimetric analysis (TGA), field emission scanning
electron microscopy (FESEM) and transmission electron microscope (TEM) (Wu et
al.,2013; Chen et al., 2010). The structure of MOF will be analyzed by using X-ray
diffractometer. The morphology of samples will be analyzed by using FESEM.
Furthermore, TGA was used to analyse the thermal degradation and weight loss of
the synthesized MOFs.

Moellmer (2009) states that the microporous solids’ surface area results gained from
BET method on adsorption isotherm do not show the actual internal surface area.
Bae et al. (2009) also suggest that comparison of the experimental BET surface area
with the calculated value can provide the surface area deviations from the perfect
geometric of crystal structure.

2.6 ADSORPTION MEASUREMENTS

Gargiulo (2014) proved that amine functionalization can actually make MOFs more
selective towards CO,. The performance of MOFs on CO, adsorption will be studied
by using Brunauer—-Emmett-Teller (BET) method. The performance on CO,

adsorption can be analysed from the graph of CO, adsorption isotherm.

10



CHAPTER 3

METHODOLOGY

3.1 PROJECT ACTIVITIES

Preliminary
research

eBackground study and literature review on the topic from journals, books and websites.
eUnderstand the concept of metal organic frameworks (MOFs) for CO, adsorption.

*Set the experimental procedure on synthesizing, characterizing and modifying MOF-74.
ePrepare the chemicals required and equipments prior to the experiment.

Data collection

& analysis

eConduct the experiment and collect the data.
eAnalyse the data collected and discuss on the findings.

Presentation

eProposal defense and oral presentation will be done in FYP I and FYP Il respectively.

Report writing

e\Written reports required in the format of interim report, progress report, technical report
and final report.

Figure 3.1: Project Activities Flowchart

11




3.2 GANTT CHART & KEY MILESTONE
3.2.1 Gantt Chart & Key Milestone (FYP 1)
Table 3.1: FYP (1) Gantt Chart

. Week
No. Details 7 8 9 10 1 [ 12 [ 13 [ 14
1 Selection of title and
allocation
5 First meeting with
supervisor
3 Preliminary project
work
4 Submission of
extended proposal
5 Proposal defense
Project work I:
6 | Synthesis of MOF-74
(1* Batch)
Project work I1:
7 | Synthesis of MOF-74
(2" Batch)

Project work I11:
8 | Synthesis of MOF-74
(3" Batch)

Submission of
9 interim draft report ‘
Submission of final
10 interim report ‘

12
‘ Key Milestone




3.2.2 Gantt Chart & Key Milestone (FYP I1)

Table 3.2: FYP (1l) Gantt Chart

=z
o

Project Activities

Week No.

Characterization of MOF-74 (TGA, FTIR)

7

8

9

10

11

12

13

14

Characterization of MOF-74 (TEM, FESEM, BET)

Project work VI: Synthesis of MOF-74-AMP (1% Batch)

Project work V: Synthesis of MOF-74-AMP (2" Batch)

Submission of progress report

Characterization of MOF-74-AMP (TEM, FESEM, BET)

Characterization of MOF-74-AMP (TGA, FTIR)

Pre-SEDEX

O | 0o | N[O |0 | B W[IDN|PF

Submission of dissertation draft report

[EEN
o

Submission of dissertation (soft bound report)

[EEN
[EEN

Submission of technical paper

[HEN
N

Viva Presentation

[EE
w

Submission of project dissertation (hard bound report)

13

\ 4

Key Milestone




3.3 RESEARCH METHODOLOGY

3.3.1 Sample Preparation of Mg-MOF-74

1)

2)

3)

4)

5)

6)

7)

8)

1.424g of Mg(NO3),-6H,0, 0.334g of 2,5-dihydroxyterephthalte acid are

weighed and placed inside a beaker.

A mixture in a ratio of 15:1:1(v/v/v) of DMF(135ml), ethanol(9ml) and

deionized water(9ml) is prepared.

Mg(NOs),-6H,0 and 2,5-dihydroxyterephthalte acid mixture is dissolved
in the mixture of DMF, ethanol and deionized water under sonication for

about half an hour.

The mixture is placed into an autoclave and put into an oven at 125°C for
26 hours.

The mixture is cooled down to room temperature and the mother liquor is

removed and replaced with methanol twice per day over next three days.

Mixture is then evaporated using different temperatures, 60°C for an hour
and 110°C for 10 hours to result in yellow microcrystalline powder. Small
portion of the powder is taken from each temperature for characterization

purpose.
The sample is heated under vacuum to 260°C for 12 hours.

The sample is left to cool down to room temperature and stored.

14



3.3.2 Experimental Procedure Flow Chart

Weigh and place 1.424g of Mg(NO,),-6H,0,
0.334g of 2,5-dihydroxyterephthalte acid
inside a beaker.

Prepare a mixture of DMF(135ml),
ethanol(9ml) and deionized water(9ml)
in a ratio of 15:1:1(v/v/v).

o N
Dissolve Mg(NO;),-6H,0 and 2,5-
dihydroxyterephthalte acid in the mixture
of DMF, ethanol and deionized water

under sonication for about half an hour.
e _J

Place the mixture into an autoclave and
put into an oven at 125°C for 26 hours.

Cool down the mixture to room
temperature. Remove and replace the
mother liquor with fresh methanol twice
per day over next three days.

o N
Evaporate the mixture using 60°C for an
hour and 110°C for 10 hours. Sample are

taken from each temperature for
characterization purpose.

Heat the samples under vacuum to 260°C
for 12 hours.

Cool the samples down to room
temperature and store it.

Figure 3.2: Flow Chart of Experimental Procedure
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3.3.3

1)

2)

3)

4)

Sample Preparation of Mg-MOF-74-AMP (Lei, 2013)

About 40ml anhydrous toluene and 1.0g of 2-amino-2-methyl-1-
propanol (AMP) was added into beaker with 200mg of solid dry Mg-
MOF-74 sample.

The contents of the beaker were stirred at 400rpm under reflux at
110°C for 12 hours.

Then, the content of mixture was washed and filtered with 100ml of
deionized water and then 100ml of ethanol.

The filtered material was dried at room temperature for 14 hours to
yield amine functionalized MOF-74 named as Mg-MOF-74-AMP.

3.3.4 Reagent and Chemicals

List of chemicals that are used in the experiement:

1)
2)
3)
4)
5)
6)
7)
8)

Magnesium Nitrate, Mg(NO3),.6H,0
2,5-Dihydroxyterephtalic acid
Dimethylformamide (DMF)
2-amino-2-methyl-1-propanol (AMP)
Ethanol

Deionized Water

Methanol

Anhydrous toluene

16



3.3.5 Apparatus & Equipments

Below are the lists of apparatus and equipments used in this project.

Table 3.3: List of Apparatus

List Apparatus Function
1. Beaker To hold chemicals and reagents.
2. Spatula To transfer chemicals and reagents from bottle
to beakers.
3. Weighing machine To measure the weight of chemicals in solid
form required for MOF-74 synthesis.
4. Measuring cylinder To measure the weight of chemicals in liquid
form accurately.
5. Pipette To measure liquid in less than 10ml.

Table 3.4: List of Characterization Equipments

Equipment

Graphical
Diagram

Function

Thermal Gravimetry
Analyzer (TGA)

To determine the weight change
of a material with temperature
change.

To find out degradation
temperature.

Fourier Transform
Infrared Spectroscopy
(FTIR)

To identify unknown materials,
determine the quality of a
sample and quantity of
components in a mixture.

Transmission Electron
Microscope (TEM)

To observe the compound’s
morphology and porosity at
nano-crystal level.

Field Emission
Scanning Electron
Microscopy (FESEM)

To observe small structures on
the surface of cells and material.

Brunauer-Emmett-
Teller (BET) method

To measure CO, uptake capacity
and the specific surface area of
finely divided and porous solids.
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3.3.6 Characterization Techniques
TGA Analysis

Thermogravimetric Analysis (TGA) was carried out in a 100ml/min flowing
air atmosphere at a heating rate of 10°C/min from the temperature of 50°C to 200°C
using Perkin Elmer Pyris 1 Thermal Gravimetric Analyzer. Degradation temperature
of the samples could be observed from the TGA profile.

FTIR Analysis

Fourier Transform Infrared (FTIR) spectrum was obtained from Nicolet FTIR
Impact 400 system. About 2mg of the lab samples were grounded with 460 mg of
potassium bromide (KBr) under atmosphere. The mixture was then transferred to a
die kit and pressed into a pellet. This analysis technique was used to identify
unknown materials, determine the quality of the samples and quantity of components

in the samples.

TEM Analysis

Zeiss Libra 200 Transmission Electron Microscope (TEM) was used to
analyze the geometry and chemical of Mg-MOF-74 particles at atomic level. The
TEM instrument was operated at 200 kV. The general morphology of the samples of

MOFs was studied for individual nanocrystals.
FESEM Analysis

The crystal morphology of the samples was observed using a Zeiss Supra55
Variable Pressure Field Emission Scanning Electron Microscope (VPFESEM). The
VPFESEM instrument is operated at an accelerating voltage of 2kV.

BET for CO, Analysis

The CO, adsorption isotherms of the sample were obtained from BEL Japan
BELSORP-minill. Before sample was sent for characterization, pretreatment was

required for sample preparation using BELPREP-vacll instrument.
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CHAPTER 4

RESULTS & DISCUSSION

4.1 SYNTHESIS OF MG-MOF-74

From the synthesis of lab samples, these are the results of Mg-MOF-74 obtained
from the first, second and third batch of Mg-MOF-74 synthesis.

Figure 4.1: Mg-MOF-74 (in powder form)

The amount of Mg-MOF-74 synthesized and stored as follows:

Table 4.1: Amount of Mg-MOF-74 Synthesized

No. Batch Amount of Mg-MOF-74 Synthesized (mg)
1 First 0.75
2 Second 0.36
3 Third 0.38
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The Mg-MOF-74 obtained from the first batch of synthesizing is dried up according
to different temperatures, which are 60°C, 110°C and 260°C respectively. The reason
behind dying up the sample using different temperature is to observe the change in
MOF-74 structure with temperature. For temperature of 60°C, the sample is put into
oven for 1 hour. About 0.35mg of MOF-74 is taken from the evaporating dish. After
that, the temperature is set to 110°C and the sample is further dried up for another 10
hours. Same procedure is followed where small portion of the sample is transferred
into small container. The sample is heated under vacuum to 260°C for 12 hours. The
remaining MOF-74 sample synthesized from the second and third batches will be
used to synthesize modified MOF-74-Amine.

4.2 CHARACTERIZATION OF MG-MOF-74

4.2.1 Fourier Transform Infrared (FTIR)

It is very important to identify and analyse the major characteristic of Mg-
MOF-74 infrared spectrum. There will be no qualities of the features being discussed
in this study. Refer thesis of Burkholder, for detailed information. The spectra
obtained from both the synthesized MOF-74 at 60°C and 110°C respectively were
analyzed in this project according to absorption peaks. Refer Appendix 10 & 11 for
FTIR spectra results.

From the two graphs generated from FTIR analysis, both are showing the almost
similar spectra. According to the table of Characteristic IR Absorptions, sharp peaks
at 3400.28 cm™ and 3411.97 cm™ respectively indicate that both are having bond of
O-H stretch or H-bonded. The functional groups are either alcohols or phenols. In
addition, both compounds contain C-H stretch which represents functional group of
alkanes (2926.37 cm™ and 2927.57 cm™ respectively).

In the frequency range from 2500 cm™ to 2000 cm™, several minor peaks can be
observed from MOF-74 synthesized at 60°C.

Peak listings are provided below:

[strong (s), medium (m), weak (w), broad (br), narrow (n) and sharp (sh). ]
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Mg-MOF-74 at 60°C: IR 3400.28 (s), 2926.37 (m), 2854.77 (m), 2749.62 (w),
2495.94 (w), 2434.78 (br), 2183.31 (w), 2107.07 (w), 1583.13 (sh), 1460.41 (sh),
1418.81 (sh), 1370.40 (s), 1237.46 (s), 1210.22 (sh), 1123.47 (s), 914.14 (s), 888.47
(sh), 821.05 (sh), 673.59 (br), 660.42 (n), 634.79 (w), 587.61 (s), 508.18 (m), 485.04
(m), 460.08 (m) cm™.

Mg-MOF-74 at 110°C: IR 3411.97 (), 2927.57 (m), 2855.16 (m), 2495.57 (w),
1586.62 (sh), 1459.41 (s), 1417.95 (sh), 1369.91 (s), 1236.69 (sh), 1209.76.47 (sh),
1122.93 (n), 1031.06 (m), 913.87 (W), 888.26 (sh), 820.82 (sh), 660.60 (w), 633.05
(W), 588.34 (M), 509.79 (n), 484.53 (M), 460.18 (n).

Ranging from 1600 cm™ to 450 cm™, there are number of peaks present. The bonds
exist in both MOF-74 are N-H bend (1583.13 cm™, 1586.62 cm™); C-H bend
(1460.41 cm™, 1459.41 cm™); C-C stretch (in-ring) (1418.81 cm™,1417.95 cm™); C-
H rock (1370.4 cm™, 1369.91 cm™); C-O stretch (1237.46 cm™, 1236.69 cm™); O-H
bend (914.14 cm™, 913.87 cm™); C-H “oop” (888.47 cm™, 888.26 cm™); C-H bend.

The functional groups are 1° amines, alkanes, aromatics, alcohols, carboxylic acids
and alkynes. The peaks displayed by both samples synthesised at different
temperatures, which are 60°C and 110°C respectively fall within the similar ranges, a
result which agree with the results published for Mg/DOBDC (Kizzie, 2012; Diaz-
Garcia et al., 2014).

4.2.2 Thermogravimetric Analysis (TGA)

In Thermogravimetric Analysis (TGA) measurement, the exchange of

materials between the sample and the immediate surrounding has to be possible.

The TGA curve of synthesized Mg-MOF-74 at 60°C is shown in Figure 4.4. The first
weight loss produced around 122°C. This can be due to the removal of solvent (DMF
or water) from the cavities. The next major weight loss in the range of 400°C to
650°C corresponds to the organic ligand decomposition and therefore indicates the
thermal stability of Mg-MOF-74 framework synthesized at 60°C in air atmosphere
(Botas et al., 2010).
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(1) Sample of Mg-MOF-74 synthesized at 60°C
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Figure 4.2: Weight% vs Temperature of Mg-MOF-74 sample synthesized at 60°C
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Figure 4.3: TGA curve of Mg-MOF-74 sample synthesized at 60°C
(i)  Sample of Mg Mg-MOF-74 synthesized at 110°C

The TGA curve (Figure 4.5) generated from Mg-MOF-74 synthesized at 110°C

produces an almost similar trend as that at 60°C.
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Figure 4.4: Weight% vs Temperature of Mg-MOF-74 sample synthesized at 110°C
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Figure 4.5: TGA curve of Mg-MOF-74 sample synthesized at 110°C

The first weight loss which is caused by the removal of solvent (DMF or water) from
cavities is observed at 112°C from the curve above (Figure 2). Secondly, the
temperature range involving major weight loss (ligand decomposition) changes to
500°C - 680°C, indicating the thermal stability of Mg-MOF-74 synthesized at 110°C
(Botas et al., 2010).

Thus, it can be concluded that Mg-MOF-74 framework synthesized at higher

temperature would possess a greater thermal stability in air atmosphere.

4.2.3 Field Emission Scanning Electron Microscope (FESEM)

The crystal morphology of the both sample were observed by a Variable
Pressure Field Emission Scanning Electron Microscope (VPFESEM, Model: Zeiss
Suprab55 VP) at an accelerating voltage of 2kV.

The working distance to observe sample Mg-MOF-74 is set to be 2.7mm. Several

images were collect under the VPFESEM equipment with different magnifications.
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OF —

Figure 4.6: FESEM of Mg-MOF-74 lab sample — Magnification of (a) 500 (b) 5k (c)
4k (d) 500

Figures above show the images of Mg-MOF-74 obtained from VPFESEM. Based on
the above figures, it can be observed that the crystal structure of Mg-MOF-74 sample
prepared in this study are mostly in shuttle like form, an observation similar to results
reported by Bao, 2011. Here, particle sizes are with an average size of 16um (in the
range of 4 - 28um) and also in tetra sharp form.

4.2.4 Transmission Electron Microscope (TEM)

TEM images are obtained from Transmission Electron Microscope (TEM, Model:

Zeiss Libra 200) with an accelerating voltage of 200kV.

A range from 59nm to 577.2nm of horizontal field width is used to observe the

sample cell.
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Figure 4.7: TEM of Mg-MOF-74 lab sample — Magnification of (a) 125k (b) 160k —
Horizontal field width of (c) 577.2nm (d) 59nm

The figures above are the representative TEM images observed for the Mg-MOF-74
samples. The images are taken at several magnifications such as 80000x, 125000x,
and 160000x. The rest of the images are provided in Appendix. TEM images provide
information on the physical structure of the Mg-MOF-74 synthesized. The
compound’s morphology and porosity were observed at the nano-crystal level. It

closely related to its adsorption characteristics.

Figure 4.7(a) and (b) are taken at different magnifications, at 125000x and 160000x
respectively, showing structure of more like solid granular which agrees to the results
showed in the paper of Siddiqui (2013). The particles in figure 4.7(c) and (d) display
some porosity in their structure. Results of TEM in this study are similar as the

results reported previously (Siddiqui, 2013).

4.2.5 BET for CO,
BET for CO; — Mg-MOF74
Weight of MP sample cell + weight of stopper =11.9124 g + 0.7807 g = 12.6931 ¢
Weight of MP sample cell + weight of funnel =29.6148 g

Weight of Mg-MOF-74 before moisture removing = 0.2928 g
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Weight of MP sample cell + weight of stopper + weight of Mg-MOF-74 (after

moisture removed) = 12.9156 ¢

Weight of Mg-MOF-74 after moisture removed = 0.2225 g

The sample of Mg-MOF-74 was sent for BET gas adsorption for CO,. The following

are the results obtained:

Table 4.2: CO, Gas Adsorption Capacity of Mg-MOF-74 sample

i CO, Gas Adsorption at
sample | \Veight of Mg-MOF-74 after 106.22kPa (mol/g)
moisture removed (g) )
(CO;y isotherm at 25°C, 298.2K)
Mg-MOF-74 0.2225 0.002
CO, Adsorption isotherm (Mg-MOF-74)
0.003
. 0.002
[V
©
€
~
:B
0.001
0
0 0.5 1
p/po

Figure 4.8: CO, Adsorption Isotherm on Mg-MOF-74
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The graph above shows the CO, adsorption isotherm on Mg-MOF-74 sample at 25°C
(298.2K). The CO, adsorption isotherm on Mg-MOF-74 gradually increases in CO,
uptake at P/P, from O to 1. The steeper the slope of the isotherm, the stronger the
interaction of CO, with the sample Mg-MOF-74. In the low pressure region, a steep
slope can be observed from the graph and it is considered as a remarkable
characteristic of microporous materials, Mg-MOF-74 (Bao, 2011). The CO; gas
adsorption capacity of sample at 298.2k and 106.22kPa is achieved at 0.002mol/g
which deviates from the recently reported value of 0.008mol/g at 298K and 1 bar
(Bao, 2011). Further investigation on the value gained in this study has to be done in

future work.

4.3 SYNTHESIS OF MG-MOF-74-AMP

Synthesized material from earlier stage was stored and used to further modify with
amine. In this study, 2-Amino-2-methyl-1-propanol (AMP) is used as the amine on
Mg-MOF-74 modification. The synthesis method of Mg-MOF-74-AMP follows the
experimental procedure in thesis done previously by Lei, 2013. Synthesis of Mg-
MOF-74 was done in two batches. The amount of material synthesized from the two
batches is 0.65 and 0.75mg respectively.

4.4 CHARACTERIZATION OF MG-MOF-74-AMP

4.4.1 Fourier Transform Infrared (FTIR)

Similar procedure was applied to analyse the infrared spectrum of modified
Mg-MOF-74 (Mg-MOF-74-AMP). There will be no qualities of the features being
discussed. Refer thesis of Burkholder, for detailed information. The spectrum
obtained from the synthesized Mg-MOF-74-AMP was analyzed according to
absorption peaks. Refer to Appendix 12 for the FTIR spectrum result.

Peak listings are provided below:

[strong (s), medium (m), weak (w), broad (br), narrow (n) and sharp (sh). ]
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Mg-MOF-74-AMP: IR 3419.53 (s), 1589.12 (m), 1423.46 (sh), 1236.62 (sh),
1210.89 (sh), 1124.01 (m), 888.99 (sh), 821.39 (sh), 601.72 (br).

According to the table of Characteristic IR Absorptions, Mg-MOF-74-AMP has
sharp peak at 3419.53 which is identical to infrared spectrum of Mg-MOF-74. Amine
modified Mg-MOF-74 shows an IR peak at 1589.12 (N-H bend) belongs to

functional group of 1° amines.

Ranging from 1500 cm™ to 450 cm™, there are number of peaks present. The bonds
exist are C-C stretch (in-ring) (1423.46 cm™); C-N stretch (1236.62 cm™); C-O
stretch (1210.89 cm™); C-N stretch (1124.01 cm™); C-H “oop” (888.99 cm™) and N-
H wag (821.39 cm™).

The functional groups are aromatics, aromatics amines, alcohols, carboxylic acids,
aliphatic amines and 1°, 2° amines. Most of the peaks are identical to the previous
result gained from Mg-MOF-74 but some additional peaks were discovered where
those peaks are believed to be the effects of modification done on Mg-MOF-74 with
AMP (Diaz-Garcia et al., 2014).

4.4.2 Thermogravimetric Analysis (TGA)

Figure 4.8 displays the TGA curve of amine modified Mg-MOF-74, named
Mg-MOF-74-AMP. It is clearly interpreted from the graph of derivative weight vs
temperature that the weight loss due to the removal of solvent produced at around
130°C. Thus, evacuation of the as-synthesized material was performed at this
temperature so that AMP modified Mg-MOF-74 can be referred as Mg-MOF-74-
AMP. Within the range of 450°C to 550°C, the second major weight loss occurs.
This range of temperature is lower than the reading obtained from unmodified Mg-
MOF-74, indicating amine modified Mg-MOF-74 possesses lower thermal stability.
This provides an additional prove which is Mg-MOF-74-AMP has higher porosity
(Siddiqui, 2013).
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Figure 4.9: Weight% vs Temperature of Mg-MOF-74-AMP sample
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Figure 4.10: TGA curve of Mg-MOF-74-AMP sample

4.4.3 Field Emission Scanning Electron Microscope (FESEM)

Here, different working distance is applied to observe the crystal morphology
of amine treated Mg-MOF-74, namely Mg-MOF-74-AMP which is 2.5mm. The
FESEM images of the sample obtained are as follow.
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Figure 4.11: FESEM of Mg-MOF-74-AMP lab sample — Magnification of (a) 500 (b)
(c) 5k (d) 3k

From the FESEM images of amine treated Mg-MOF-74, the crystal morphology is
very different from the non-amine treated Mg-MOF-74. Figure 4.9(a) can be seen
that particles are of similar shape compared to figure 4.6(a) with 5-26pm in length
and 2-5um in diameter, agreed with the FESEM results obtained from thesis of Li,
2013. Whereas, from figure 4.9(b), (c) and (d), deposits of rod-like particles on the
surface were found and it is also stated in Li, 2013 when SBA-15-ex is grafted with
amine. This can be explained that organic component has changed the surface
affinity of Mg-MOF-74, creating more sites for CO, adsorption. In addition, more
cracks can be seen on the crystal surface, indicating the increase of crystal surface
area. In fact, when there is an increase in surface area, more unsaturated sites are
available for the adsorption of CO, to take place. Thus, it can lead to increment of
CO, adsorption capacity if MOFs are treated with amine which has been proved in

previous works.
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4.4.4 Transmission Electron Microscope (TEM)

TEM images of Mg-MOF-74-AMP are shown in figures below. TEM images
confirm the structure of the sample.

elerating Voltage Horizontal Field Width Magnification C nMIcmscupe ‘Accelerating Voltage Honzontal Field Width
200 kV 1.9 pm 1500 x | ~200 nm- LIBRA 200 200 kV 280.2 nm

Figure 4.12: TEM of Mg-MOF-74-AMP lab sample — Magnification of (a) 31.5k (d)
200k; - Horizontal field width of (b) 577.2nm (c) 280.2nm

The images are taken at several magnifications such as 31500x, 200000x, and
horizontal field width of 577.2nm and 280.2nm.. The rest of the images are provided
in Appendix. The images are different than that of Mg-MOF-74. Figure 4.10(a) and
(b) displayed an unknown solid material which is believed to be the organic
component, AMP added to Mg-MOF-74. Figure 4.10(c) and (d) are recommended to
be studied in future work.

4.4.5 BET for CO,
BET for CO, — Mg-MOF74-AMP

Weight of MP sample cell + weight of stopper =11.7581 g + 0.7948 g = 12.5529 ¢
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Weight of MP sample cell + weight of funnel = 29.9054 g
Weight of Mg-MOF-74-AMP before moisture removing = 0.2907 g

Weight of MP sample cell + weight of stopper + weight of Mg-MOF-74-AMP (after

moisture removed) = 12.7434 g
Weight of Mg-MOF-74-AMP after moisture removed = 0.1905 g

The sample of Mg-MOF-74 was sent for BET gas adsorption for CO,. The following

are the results obtained:

Table 4.3: CO, Gas Adsorption Capacity of Mg-MOF-74-AMP sample

Weight of Mg-MOF- CO; Gas Adsorption at
Sample 74-AMP after moisture 103.58kPa (mol/g)
removed (g) (CO;, isotherm at 25°C, 298.2K)
Mg-MOF-74-AMP 0.1905 0.0046

Besides, CO, gas adsorption isotherm of modified Mg-MOF-74 with AMP was
measured at 25°C. From this data, we can investigate the potential of Mg-MOF-74-

AMP to serve as an adsorbent for CO, capture.

CO, Adsorption isotherm (Mg-MOF-74-AMP)
0.006
©
S
=
< 0.002 -
0 -
0 0.5 1
p/po

Figure 4.13: CO, Adsorption Isotherm on Mg-MOF-74-AMP
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Figure below demonstrates the comparative graph of CO, adsorption isotherms on
Mg-MOF-74 and amine modified Mg-MOF-74, named Mg-MOF-74-AMP.
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Figure 4.14: Comparative Graph of CO, Adsorption Isotherms on Mg-MOF-74 and

Mg-MOF-74-AMP

From various previous studies done, amine treated MOFs are proven to have a better
CO, adsorption capacity. The result of CO, uptake of Mg-MOF-74 treated with AMP
appears to be higher than Mg-MOF-74 which turned up to be the expected result

gained.

From the figure, CO, adsorption isotherm on Mg-MOF-74-AMP has a sharp rise in

CO;, uptake at P/P, from 0.05 to 0.25, indicating in the low pressure region, the

uptakes of CO, are significantly higher in Mg-MOF-74-AMP, in which representing
strong adsorption of CO, onto Mg-MOF-74-AMP. The CO, uptake at 298.2k and
103.58kPa is attained at 0.0046mol/g, which is twice the CO, uptake of Mg-MOF-74.

33



CHAPTER S5

CONCLUSION & RECOMMENDATIONS

As a conclusion, this project is important as it deals with overcoming the major
weakness of metal organic frameworks, water stability and Mg-MOF-74 has a better
adsorption among the MOFs. Project activities on synthesis of metal organic
framework, Mg-MOF-74 as well as the characterization and modification were
conducted to study on the characteristics and CO, adsorption on both samples in

order to improve on CO, adsorption technology.

Mg-MOF-74 functionalized by 2-amino-2-methyl-1-propanol (AMP) is believed to
be one of the effective ways to decrease the CO, concentration in the atmosphere due
to its effective and better performance on CO, adsorption. Both samples are
characterized by FTIR, TGA, FESEM, TEM and BET method. From the results
gained, CO, uptake capacity was improved by 100% after amine modification which
has achieved the ultimate objective of this study. The CO, gas adsorption capacity
increases from 0.002mol/g to 0.0046mol/g after AMP was added to Mg-MOF-74.

As a recommendation, future work may be done to study on BET for N, adsorption
isotherm analysis of Mg-MOF-74-AMP and also study on manipulating the amount
of AMP grafted on Mg-MOF-74. Types of amine used in Mg-MOF-74 modification
may be listed as one of the future works. The most important is the integration of

MOF-74 applications in various industries.
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APPENDICES

Appendix 1: MSDS of Magnesium Nitrate

Matarial Safuty Data Shest Page 1 0f2
Magnesium Nitrate 4 >
MSDS #4220 00 ScholA R
Chemistry
| section 1: Product and Company ldentification |
Magnesium Nitrate

Synonyms/General Names: Magnasium nitrate, hexahydrate
Product Use: For educational us= only
Manufacturer: Columbus Chemical Industries, Inc., Columbus, WI 53925
24 Hour Emergency Information Telephone Numbers

CHEMTREC (USA): 800-424-9300 CANUTEC (Canada): 613-424-6666
ScholAR Chemistry, 5100 W. Hennetta Rd, Rochester, NY 14586; (866) 260-0501; www. Scholarchemuistry.com

[ section 2: Hazards Identification |
White powder, no odor. HMIS (0to 4)
DANGER! Strong oxidizer and body fissus imitant
Target orzans: None known. 1 |
This material 15 considerad hazardous by the OSHA Hazard Communication Standard (20 CFR 1910.1200).

| Section 3: Composition / Information on Ingredients ]

Magnesium Nitrate (13446-18-0), =00%

| Section 4: First Aid Measures ]
Always seek professional medical attention gfter first aid measures are provided.
Eyes: Immediately fush eves with excess water for 15 minutes, lifing lower and upper eyelids occasionally.
Skin: Immediately flush skin with excess water for 15 minutes while removing contaminated clothing.
Ingestion:  Call Poison Control immediately. Rinse mouth with cold water. Give victim 1-2 cups of water or mulk to drink.
Induce vomiting immediately.
Inhalation: Remove to fresh air. If not breathing, mive artificial respiration.

| Section 5: Fire Fighting Measures ]
Oxidizing agent When heated to decomposition. emits acrid fumes of NOx.
Protective equipment and precantions for firefighters: Use foam or dry chemical to exringuish fire. 0
Furefizhters should wear full fire fizhting tum-our g=ar and respiratory protection (SCBA). Cool Q
container with water spray. Material is not sensitive to mechanical impact or static discharge.

| section 6: Accidental Release Measures |

Use personal protection recommendad in Section 8. Isolate the hazard area and deny entry to unnecessary and unprotected
personnel. Sweep up spill and place in sealed bag or container for disposal. Wash spill area after pickup 15 complete. See Section

13 for disposal mformation.
[ Section 7: Handling and Storage Yellow |
Handling: Use with adequate ventilation and do not breathe dust or vapor. Avoid contact with skin, eyes, or clothing. Wash
hands thoroughly after handling.

Storage: Stors in Oxidizer Storage Area [Yellow Storage] with other oxidizers and away from any combustible materials. Store
in a cool. dry, well-ventilated, Jocked stors room away from incompatible materials.

| Section 8: Exposure Controls / Personal Protection ]

Use ventilation to keep airbome concentations below exposurs imits. Have approved eyewash facility, safety shower, and fire
extinguishers readily available Wear chemical splash zogzles and chemical resistant clothing such as gloves and aprons. Wazh
hands thoroughly after handling material and before eating or drinking Use NIOSH-approved respirator with a dust cartridge
Exposure guidelines: Magnesium Nitratz: OSHA PEL: Not Available, ACGIH: TLV: Not Available, STEL: Not Available.
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Appendix 2: MSDS of 2,5-Dihydroxyterephtalic acid

;Clearsynth'

Joup ring Ommuntry

- MATERIAL SAFETY DATA SHEET -

SECTION 1 - CHEMICAL PRODUCT AND COMPANY IDENTIFICATION

MSDS Name : 2,5-Dihydroxyterephthalic acid

Company Identification : Clearsynth Labs Pvt, Lid.
413 Laxmi Mall, New Link Road, Angheri (W),
Mumbai-400 053, INDIAIA

For Information call t +91-22-26355700
For emergencies call  : +91-22-26355699
For further enquiries . info@dclearsynth.com,

SECTION 2 - COMPOSITION, INFORMATION ON INGREDIENTS

CASe Chemical Name % EINECS# Haz RISK
Symbols PHRASES

610-92-4 2,5-Dihydroxyterephthalic acid >95% - - -

; Hazard Symbols: XN
: Risk Phrases: 22

SECTION 3 - HAZARDS IDENTIFICATION

EMERGENCY OVERVIEW
:Harmrul if swallowed.

Skin:

‘Flush skin with plenty of water for at least 15 minutes while removing contaminated clothing and shoes.
Ingestion:

‘Do NOT induce vomiting. If consdous and alert, rinse mouth and drink 2-4 cupfuis of milk or water.
Inhalation:

‘Remove from exposure and move to fresh air immediately.

SECTION 5 - FIRE FIGHTING MEASURES

'_General Information:
‘As in any fire, wear a self-contained breathing apparatus in pressure-demand, MSHA/NIOSH (approved or equivalent), and ~
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Appendix 3: MSDS of Dimethylformamide (DMF)

L§= C4L O MATERIAL SAFETY DATA SHEET

DIMETHYLFORMAMIDE

Emergency Telephone No:
CANUTEC (613) 906-0065

HAZARDOUS INGREDIENTS OF MATERIALS

Ingrecients % TLV Unns CAS No.
NN-Dmettytormemice 00 10 pom 06-12-2
PHYSICAL DATA

Physical Stats:

Odour and Appaarance:

Clear ; fshy, pungent oJour

m%wnr

0.0465 ppm (Go0d WaMIng DoperTies, Cetsctatie well Deiow e
TLV)

Vapour Pressurs {mm Hgj:
27 mmHg at 20°C
quuoomly(u-n

a17%m 1)

anngpon FCy:
61°C

SHIPPING DISCRMIOI\

UN:

2265

';.D.G. Class:

;m Group:

REACTIVITY DATA

Chemical Stabliity:

Normally stabie.

neonpdlblly with other substances:

Can react wgarowy With SCAd chiorides, axidizng agem,

=irachioride or benzens hexachionde above 65°C, or n the
presance of on, and with SUCh oXidizing agents as chromic

Ameuwma:enwmns,mopenmm al ignition
sources, and iIncompatiie mal
meou
CO., NO,
FIRE AND EXPLOSION DATA
Flammabliity:
Combustibie iquid.  Must be moderately heated for
combussion 0 occuY.
Madia:

Carbon aicxiae, alcohal fosm, or dry chemical. Do not use
halogensted matenial.  Water spray can be used
20500 aisperse
rﬁmmmw%mmmma
safe gistance.  FIrenghiers mUst wesr DVofective equipment
and clothing (Bunker gear) suficient o pravent inhaiation of
mwwmmsﬂwm
(Msthod Ussd):

55°C (CC)

on Temperaturs:
&45°C
t.?g«mm!(xbyvmy
deﬂamnﬂomltﬂbyvolmﬂ:
22
Hazardous CombusSon Products:
CO., NO. cimathyt- amine
Senaltivity to Impact:
None idented
Sansittvity to Static

discharge:
No information avaliable; vapouwr in the flammadie range ma,
b2 ignited by 3 Slecrosiatic chage of SUTdsnt energy. Y

TOXICOLOGICAL PROPERTIES AND HEALTH
DATA
Toxicological Dama:

LDe:
fora, a0 2,200 mghg (derma, rate) 5,000 mAg

;@&:”:ﬁéﬁz 10 Proguct:

Imeating; may cause coughing, sneezing, and shorness of
resth.  Resdlly absorbed tiough rEspiaioy g, czzvg
Sopette. NAUSES, YOMNG. NeNoUs aghation, Increased biood
pressure, Iver gamage, 0amage o kidneys and urinary fract.
In contact with skin-

mmrosmwm May causs dying

of Skin. % rough skin in toxic

i contact S s e .,gz;:

in with eysa:

Vapour can cause miid inflation.  LiQuid £an cause temporary,
mooerats conjuncival flammation and transient comeai

2
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Appendix 4: MSDS of Ethanol

g Science Lab com

3
Chemicals & Laboratory Equipment 2 ‘o Reactivity

| @ B

Perzomal
Protection

Material Safety Data Sheet
Ethyl alcohol 200 Proof MSDS

Section 1: Chemical Product and Company Identification

Product Name: Ethyl aicohol 200 Proof Contact Information:

Catalog Codes: SLE2248, SLE1357 Sclencslab.com, inc.
14025 Smith Rd.

CAS#: 64-17-5 Houston, Texas 77396

RTECS: KQS§300000 US Sales: 1-800-901-7247

Intemational Sales: 1-281-441-4400
Order Online: Sclencalab.com

CHEMTREC {24HR Emergency Telsphone), call:

TSCA: TSCA 3(b) Inventory: Ethyl aicohol 200 Proof
Cia: Not appilcable.

Synonym: Zthanol; Absolute Ethanol; Alcohol; Ethanol 1-300-424-3300

200 proof, Ethyl Alcohol, Anhydrous, Ethanol, ungenaturad;

Dehydrated Alcohot; Alcohol International CHEMTREC, call: 1-703-527-3887
Chemical Nams: Ethyl Alconol For non-emergency asslatance, call: 1-251-241-2400

Chemical Formula: CH3CH20H

Section 2: Composition and Information on Ingredients

Composition:
| Name CAS # % by Welght
Ethyt aiconol 200 Proof 54175 100

Toxicological Data on ingredients: Ethy! aicohol 200 Proof: ORAL (LDSO): Acute: 7060 mg/kg [Rat). 3450 mg/kg [Mouse].
VAPOR (LCSO): Acute: 20000 ppm 3 hours [Rat]. 39000 mg'm & hours [Mouse].

Section 3: Hazards Identification

Potential Acute Health Effects:
Hazardous In case of skin contact (ritant), of eye contact (imitant), of Inhalation. Siighty hazardous In case of skin contact
(pemmeator), of Ingestion.

Potential Chronic Health Effects:

Slightly hazardous In c3se of skin contact (sensitizer). CARCINOGENIC EFFECTS: A4 (Not ciassifiable for human or

animal.) by ACGIH. MUTAGENIC EFFECTS: Mutagenic for mammalian somatic cells. Mutagenic for bacteria and/or yeast.
TERATOGENIC EFFECTS: Classified PROVEN for human. DEVELOPMENTAL TOXICITY: Classified Development toxin
[PROVEN]. Classifled Reproductive systemioxinfemale, Reproductive system/ioxin/maie [POSSIBLE]. The substance s toxic
10 blood, the reproductive sysiem, liver, upper respiratory tract, skin, central nervous system (CNS). Repeated or prolonged
exposure 1o the substancs can produce 1arget organs damage.
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Appendix 5: MSDS of Methanol

g Science Lab com

P zal
Pratection B

3
Chemicals & Laboratory Equipment L ‘ Reactivity 0

Material Safety Data Sheet

Methyl alcohol MSDS
Section 1: Chemical Product and Company ldentification
Product Name: Methyl alcohol Contact Information:
Catalog Codes: SLM3064, SLM3952 Sclencslab.com, inc.
14025 Smith Ra.
CAS#: 67-56-1 Houslon, Texas 77336
RTECS: PC1400000 US Sales: 1-800-501-7247

Intemational Sales: 1-281-441-4400
TSCA: TSCA 3(b) Inventory: Metnyl alcohot
Order Onlina: Sclencalab.com

Ci&: Not appiicable.
CHEMTREC {24HR Emergency Tslsphone), call:
Synonym: Wood alkcohol, Methanot; Methylol; Wood 1-300-424-9300

Spirt; Carbinol
Intsmational CHEMTREC, call: 1-703-527-3387

Chemical Name: Methanol
For non-smargency assistance, call: 1-251-441-4400
Chemical Formula: CH30H

Section 2: Composition and Information on Ingredients

Composition:
| Name cas# % by Welignt
Methyl alkconol | 67-56-1 ] 100

Toxicological Data on Ingredients: Methy! aiconol: ORAL (LDS0): Acute: 5628 mg/kg [Rat]. DERMAL (LDSO): Acute: 15300
mg/kg [Rabbit]. VAPOR (LCSQ): Acute: 64000 ppm 4 hours [Rat].

Section 3: Hazards Identification

Potential Acute Health Effects:
Hazardous In case of skin contact (iritant), of eye contact {irmtant), of Ingestion, of inhaiation. Slightly hazardous In case of
skin contact (permeator). Severs over-exposurs can rasult in geath.

Potential Chronic Health Effects:

Slightly hazardous In case of skin contact (sensitizer). CARCINOGENIC EFFECTS: Not avallable. MUTAGENIC EFFECTS:
Mutagenic for mammalian somatic calis. Mutagenic for bacteria andior yeast. TERATOGENIC EFFECTS: Classifed
POSSIBLE for human. DEVELOPMENTAL TOXICITY: Not avalable. The substance Is toxic to eyes. The substance may be
toxic o blood, kidneys, Iver, brain, peripheral nervous system, upper respiratory tract, skin, central nervous system (CNS),
optic nerve. Repeated or prolonged exposure to the substance can produce target organs damage. Repeated exposure to a
nighty toxic matenal may produce general deterioration of heaith by an accumuiation In one of many human organs.

Section 4: First Aid Measures
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Appendix 6: MSDS of 2-amino-2-methyl-1-propanol (AMP)

801465 2-Amino-2-methyl-1-propanc

MERCH i ROEE

for synfosis
For general questions pleass contsct our
Customer Sensice
Wenck KGaf
Frankfurter Str. 250
62253 Darmretadt
Gearrranf
Phone: +206161 720
Fax: +49 B151 72 2000
29 April 2014
Product number Packaging Glity/Pk
BOr1A5E0250 Glazs bottle: 280wl
BIr145E1000 Glazz bottle: 1l
BOr145E2500 Glazs bottle: 281
BOr1A5E002E Plastic comtainer 251

HS Code

EC number
Molar rrass

EC index number
CAS number

Isobutanolamine

CJ_H“NCI

23221986
204.709.8
9.4 girrcl
B03.070-00-6
124585

Chemical and physical data

Igrition temperatun
Meiting point

iolar rmass

Denzief

pH valu=

Beiling point

438°C
30-317C

9,14 gimel

0.9E glam® (26 ")

11.3 (10 g4, Hy0)

166 "C (1013 hPa) {anhfdrous)
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Appendix 7: MSDS of Toluene

g Science Lab.com 3

Chemicals & Laboratory Equipment 2

Eeactivity ]

Persomal
Protection H

Material Safety Data Sheet

Toluene MSDS
Section 1: Chemical Product and Com pany ldentification
Product Mame: Tolusne Contact Informatlon:
Catalog Codes: SLT2857, SLT32TT Fclancalab.com, Inc.
14025 Smith Rd.
CAR#: 108-88-3 Housion, Texas 77396
RTEC 8: X55250000 US Sales: 1-800-501-7247

Intemational Sales: 1-261-441-4400
Order Online: Sclencala. com

TSCA: TSCA 8{b) Inventory: Talwens

CH#: Nod avallable.

CHEMTREC [24HR Emargency Talaphons), call:
S?I'IDHH'I'H: Taolupl, Tolu-Sol; HE‘I.II}'I]EHZEHE; Melhadde; 1-300-424-9300
Phenyimethans; Methylbenzal

Intemational CHEMTREC, eall: 1-703-527-2387
Chamilcal Hame: Toluens

For non-emargency asslatance, call: 1-251-241-2400
Chemical Formula: C6-H5-CH3 or C7-Ha

Section 2: Composition and Information on Ingredients

Compesaltion:
| name | case | % by weignt
Toluens 106-55-2 100

Toxleological Data on Ingradients: Touens: ORAL (LDSD) Acute: 536 mg/kg [Rat]. DERMAL [LDSD): Acute: 12100 mgikg
[Rabalt]. VAPOR {LCSD) Acute: 49000 mgim 4 hours [Rat]. 440 ppm 24 hours [Mouse].

Section 3: Hazards ldentification

Potentlal Acute Health Effects:

Hazardous In case of skin comtact (emitant), of eye cortact (imtant), of Ingestion, of Inhalation. Siightly hazardous In case of
skin contact (permeator).

Potentlial Chronlc Health Effects:

CARCINGGENIC EFFECTS: A4 (Mot diassfable for human or animal.) by ACGIH, 3 (Mot classMable for human.) by 1ARE.
MUTAGENIC EFFECTS: Mot avallable. TERATOGEMIC EFFECTS: Mot avallablie. DEVELOPMENTAL TOXICITY: Mat
avallable. The substance may be toxle to binod, Kidneys, the nervous sysiem, Ilver, braln, cantral nervous system [CHS).
Repeated or prolonged exposure to the substance can produce tanget organs damage.

Section 4: First Aid Measures

p1
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Appendix 8: TEM Images of Mg-MOF-74

Microscope Accelerating Voltage Horizontal Field Width Magnification i g Field Width
LIBRA 200 200 KV 352.8 nm 80000 x | —50 nm—. LIBRA 200 200 kV 352.8 nm 160000 x | —850 nm—|

Appendix 9: TEM Images of Mg-MOF-74-AMP

Field Width|
.2 nm. 1

Microscope Accelerating Voltage Horizontal Fieid Width|
LIBRA 200 200 KV 1 280.2 nm

- LIBRA 200 200KV | 280, ——s0Am—
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Appendix 10: FTIR spectra of Mg-MOF-74 synthesized at 60°C
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Appendix 11: FTIR spectra of Mg-MOF-74 synthesized at 110°C
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Appendix 12: FTIR spectrum of Mg-MOF-74-AMP
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