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Abstract 

With the goal of designing mixed metal oxides (MMOs) that have better CO2 sorption 

performance, such as sorption capacities greater than 1.35 mmol/g at the intermediate 

temperature range (200 – 400 ˚C), detailed investigation was performance on the MMOs 

and their precursor, layered double hydroxides (LDHs). The novelty of work lies in the 

crystal chemistry approach, which uses the crystal lattice parameter “a” of precursors 

LDHs to obtain the “true” chemical composition of sorbent material. Two systematic 

studies based on this approach were conducted to study the effects of different variables on 

the CO2 adsorption performance of resultant MMOs, e.g., xcrystal of LDH phase, synthesis 

methods and choice of precursors. Synthesis methods was found to be the most important 

variable affecting the properties of LDHs and MMOs phase; and co-precipitation method 

produces LDH-derived MMOs sorbent with the more desirable CO2 capture performance, 

compared to the urea hydrolysis method. The results obtained from these systematic studies 

allow the establishment of a new crystal-chemical model for Mg-Al based LDHs that is 

fundamentally sound and more accurate when obtaining x from a. Finally, unambiguous 

characterization of the equilibrium isotherms and diffusion coefficient of pristine Mg-Al 

MMOs was conducted for the intermediate temperature range, using gravimetric and zero 

length column method. In the low-pressure region (< 8 bar) and 200 ˚C, the equilibrium 

capacities and diffusional coefficient values of pristine MMOs are found comparable to 

those promoted with alkali metal salts (AMS). However, in the high-pressure region (8 - 30 

bar) and temperature range between 300 – 400 ˚C, the AMS-promoted MMOs shows 

almost a two-fold increase in the equilibrium capacities. Overall, the present work set a 

reference case for the CO2 adsorption performance of LDH-derived MMOs. 
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Chapter 1: Introduction 

1.1 Relevance and Motivation 

1.1.1 Global warming and CO2 capture 

Global warming is now widely recognized as one of the greatest global issues facing 

mankind. The rise in atmospheric concentration of greenhouse gases (GHGs), such as 

carbon dioxide (CO2), methane (CH4), nitrous oxide (NOx), fluorinated gases, etc., is part 

of the cause of the warming.  Among them, CO2 is widely believed to be the major cause, 

as data shows it accounts for the majority of the emitted GHGs (72 %) [1]. However, CO2 

is inevitably produced from the burning of fuels for daily activities. Today the atmospheric 

CO2 concentration has reached an alarming new high level of 420 ppm (Figure 1.1A) [2]. 

The forecast predicts that this concentration will exceed 600 ppm in 2050 if anthropogenic 

CO2 emissions are not controlled. This likely cause an increase in global surface 

temperature of between 1.5 - 2 °C relative to the pre-industrial level by the end of the 21st 

century (Figure 1.1B) [3]. The world must reduce emissions to as close to zero as possible 

by middle of the 21st century to prevent further catastrophic events from happening. At the 

United Nations Climate Change Conference (COP21) in December 2015, 195 countries 

signed the Paris agreement to set a global action plan to keep the increase in global average 

temperature well below 2 °C and achieve zero net anthropogenic GHGs emission during 

the second half of the 21st century [4]. 

 

Figure 1.1 – (A) Keeling curve, graph of change in atmospheric CO2 concentration 

from 1958 to the present [2] and (B) evolution of global mean surface temperature 

(GMST) over the period of instrumental observations [3] 
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Currently, global net anthropogenic GHG emissions are estimated to be 59 ± 6.6 gigatonnes 

CO2 equivalent emission (Gt CO2e) in 2019 (Figure 1.2) [5]. To achieve the Paris climate 

targets with a higher percentage probability (> 66%), The Intergovernmental Panel on 

Climate Change (IPCC) predicted that global GHGs emissions in 2030 must be maintained 

at approximately 42 Gt CO2e per year for a 2 °C scenario, or 36 Gt CO2e per year for a 

1.5 °C scenario [3]. However, based on the IPCC sixth assessment report, the national 

determined contributions (NDCs) announced so far would likely result in warming 

exceeding 1.5 ºC and make it harder after 2030 to limit warming to below 2 ºC [5]. This 

clearly shows an emissions gap and the immediate need for decarbonization efforts.  

 

Figure 1.2 - Global net anthropogenic GHG emissions 1990 – 2019 [5] 

In June 2019, the United Kingdom (UK) became the first major economy that passed laws 

to achieve net zero emissions relative to 1990 levels by 2050 [6]. Currently, the UK 

accounts for less than 1 % of the global GHGs emissions [7]. The territorial UK GHG 

emissions were estimated to be 454.8 Mt CO2e in 2019, with CO2 predominantly 

contributing 80 % of the emissions [8]. Figure 1.3 shows the UK GHGs emission by sector, 

with transportation being the highest contributing sector (27 %). While deep 

decarbonisation (i.e., gradual elimination of carbon-emitting fuels) can be achieved through 

electrification or fuel switching in most sectors, including transportation, some sectors 

require a combination of methods to achieve deep decarbonisation, such as the industry and 

aviation sectors. In total, the energy and industry sector accounts for approximately 40 % of 

the UK GHGs emission in 2019, with CO2 being the most prominent gas.  

Reaching net zero means tackling all sources of emissions, which means the need to 

transform every sector of the global economy. Efficiency improvements and a full switch to 
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a carbon-free energy source are deemed to be the ideal deep decarbonisation approaches, 

but realistically, present technological advances in those fields are still not capable of 

meeting both energy demand and zero emissions. It is predicted that fossil fuels are likely 

to continue being the primary energy source until 2050 [9]. Although renewables such as 

solar and wind energy are now widely available and sometimes can be cheaper than fossil 

fuel, their main pitfall is energy storage, which still requires major development. On a 

global scale, phasing out fossil-fuel-based energy will require time before our economies 

can rely on carbon-free systems. At the same time, new initiatives, such as nuclear energy, 

also involve the inevitable challenges from the public acceptance, implementation time and 

safety issues. Thus, the need for additional technologies capable of achieving deep 

emissions cuts to assist in this transition is unquestionable. For this reason, technologies 

such as carbon capture and storage (CCS) are necessary to meet the agreed net-zero GHGs 

emission targets.  

 

Figure 1.3 - Territorial UK GHGs by contributing sector, 2019 (%) [9] 

1.1.2 Carbon Capture and Storage (CCS) 

CCS is a proven technology used to prevent the release of CO2 produced into the 

atmosphere permanently. The technology is mainly comprised of three components: 1) the 

capture of CO2 from large point sources such as power plants and industrial plants; 2) its 

transport via, for instance, a network of pipelines or shipping, and 3) CO2 storage in deep 

subsurface geological formation where CO2 can be safely stored over a long geological 

period. Ideally, the capture site and the storage site would be in close proximity but this is 

rarely the case. If stored underground, close monitoring of the injected site is required by 

the relevant authority to ensure safe CO2 storage and prevent abrupt leakages. 
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The term CCS is often interchangeable with CCUS, which stands for Carbon Capture, 

Utilisation and Storage. The only difference is the inclusion of utilisation, in which the 

purpose is to make use of the captured CO2. One way of utilisation is using the captured 

CO2 directly, without any conversion. For example, CO2 injection for Enhanced Oil 

Recovery (CO2-EOR), where the captured CO2 is used as an injecting solvent to recover oil 

and gas from depleted reservoirs. CO2-EOR operations are a mature technology since 1972 

[10]. The other way of utilisation is the conversion of captured CO2 into valuable products. 

Nevertheless, the IPCC report states that this type of CO2 utilisation is likely not going to 

be a major source of CO2 reduction due to the limited market capacity of the converted CO2 

products [11]. In a 2019 report, the International Energy Agency (IEA) also arrives at a 

similar conclusion that CO2 utilisation cannot replace CO2 storage in delivering the 

emissions reductions needed to meet the Paris Agreement ambitions [12]. Nevertheless, 

CCU still plays a critical role in the net zero landscape as it can target CO2 sources that are 

too distributed for centralized capture or for locations without sufficient storage reservoirs. 

In a net zero world, CCUS technologies play an important role in assisting the 

transformation to a decarbonised economy, as well as the creation of new energy 

economies. This is because CCUS has the capability of decarbonising large industries – 

power, steel, cement, petrochemical, and biofuels, with only modest modifications to the 

existing infrastructure. Gas-fired power stations equipped with CCS are one option to 

provide low-carbon electricity to complement renewables and ensure that the electricity 

grid remains resilient through the energy transition. CCUS is also the only option capable 

to decarbonizing “unavoidable” process emissions, such as those from cement and steel 

industries, which present a major challenge in the effort to reduce global CO2 emissions. 

Achieving zero emissions in these sectors may be impossible without CCUS. Carbon 

capture processes that specifically target these industrial sources are now categorized as 

Industrial CO2 capture.  

CCUS also facilitates the production of low-carbon hydrogen – the so-called ‘blue 

hydrogen’ derived from non-renewable resources. At present, almost all the hydrogen in the 

UK is produced from steam methane reforming (SMR) without any of the CO2 emissions 

captured [13]. With CCUS technology, a CO2 capture rate of up to 80-90 % has been 



30 

 

demonstrated in commercial SMR projects, e.g., Shell Quest Project (Alberta, Canada) & 

Air Products’ Port Arthur Project (Texas, USA) [14]–[16]. Although there is an added cost 

of 30 % due to CCUS, this percentage may be reduced with second-generation 

technologies, which are established based on insights from the first generations and may 

present interesting opportunities for process intensification [17]. One example is the 

Sorption Enhanced Reaction Processes (SERPs), which combines either the reforming or 

water gas shift reaction with the pre-combustion carbon capture process in a one-step 

reactor to produce high-purity hydrogen from syngas [18], [19]. Hydrogen has always been 

an important feedstock for many industrial processes, such as fertilisers, petrochemical 

products, semiconductors and more. Thus, the use of blue hydrogen as an alternative 

fuel/feedstock can greatly reduce the CO2 footprint of industrial processes. 

CCUS also helps in the delivery of negative emissions, which are required to achieve net 

carbon neutrality by compensating the residual emissions that cannot be avoided or 

offsetting excessive emissions in scenarios where there is an overshoot of climate targets. 

These types of technologies are called Negative Emission Technologies (NETs), which 

focus on extracting CO2 from the atmosphere. Two main approaches for NETs include 

technology-based or nature-based solutions. Direct Air Capture (DAC) and Bioenergy with 

CCS (BECCS) are among the technological options that have received the most attention in 

recent years. BECCS makes use of crops grown to capture CO2 from the atmosphere, which 

can be used as fuel for electricity and reduce emissions. DAC application utilise carbon 

capture systems to separate CO2 from atmospheric air. As of November 2021, 19 DAC 

plants are operating worldwide, capturing more than 0.01 Mtonnes CO2 per year [20]. 

Nature-based NETs utilize biological processes to remove CO2 from the atmosphere, such 

as afforestation, reforestation, soil carbon management, enhanced weathering, and ocean 

fertilisation/alkalinisation.  

For CO2 transport, the most common approach is via pipelines. Other methods currently 

being investigated are shipping, truck, and rail. CO2 transport via pipelines is a mature 

technology for large-scale transportation of CO2, which has been widely used for more than 

40 years, mostly for CO2-EOR operations [21]. The most efficient way to transport CO2 by 

pipeline is in its supercritical phase, which means at high pressures (~ 20 Mtpa) [22]. 
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Realistically, pipeline-grade carbon steel is the only economical choice for long-distance 

and high-pressure CO2 pipelines [23]. Similarly, transport of CO2 via shipping and 

truck/rail is also common for food and beverage sector, but they mainly exist in small scale 

(< 2000 ktonnes CO2). The business model of liquified natural gas (LNG) and liquified 

petroleum gas can be anticipated to be replicated for CO2; but it is more challenging to 

transport CO2 in these modes due to the more stringent phase properties of CO2, i.e., it 

requires transportation in semi-pressurised vessels at pressures and temperatures near the 

triple point.  

For CO2 storage, saline aquifers present the largest storage capacity for CO2 and are 

geographically abundant [24]. However, the saline formation has practically no or low 

economic value, thus there is very little investment for this type of CO2 injection 

technology [25]. The injection of CO2 into depleted oil fields, on the contrary, is much 

more well-developed and invested in as it is associated with CO2-EOR operations. 

Although the main driver was to maximize oil production, the need for an inexpensive 

source of concentrated CO2 may bridge CCUS technology and CO2-EOR projects together. 

In the United States alone, 3 billion cubic feet of concentrated CO2 are injected 

underground every day through CO2-EOR operations [26]. However, the majority of CO2 

injected in these projects (70%) is produced from naturally occurring underground CO2 

deposits [27]. If industrially sourced CO2 are used, then “carbon negative oil” may be 

produced. The IEA estimates that 34 % of future consumption of CO2 will be driven by 

CO2-EOR operations [12].  

Nevertheless, considering the magnitude of the task at hand, the present global 

decarbonization efforts are still not satisfactory. IEA estimates that the global scale of 

CCUS in 2030 and 2050 has to be 10-15 times and 100 times greater than the current 

sequestration capacity, which is around 40 - 50 Mtonnes (Figure 1.4) [28]. However, high 

carbon mitigation costs and associated financial risks are the main challenges yet to be 

overcome. Power plants installed with CCUS usually suffer from high energy penalty, with 

a theoretical lower bound of 11 % to as much as 40 % [29]. The first generation CCUS 

projects have demonstrated that the cost of capture and compression of CO2 from power 

stations are in the range of USD 70 – 105 per tonnes of CO2 [30]. The capture of CO2 is the 
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most expensive component of CCUS. The cost of capture can vary greatly by CO2 source, 

from a range of USD15-25 per tonnes of CO2 for industrial processes producing almost 

pure or highly concentrated CO2 streams (such as ethanol production or natural gas 

processing) to USD 40-120 per tonnes CO2 for processes with dilute gas streams, such as 

cement production and power generation [31]. The rest are then covered by transport and 

storage. Using an amine solvent-based system, the Shell’s Quest CO2 capture 

demonstration project shows that the capture cost accounts for 55 % of the capital 

expenditure investment for CCUS [32]. Thus, the reduction of the capture cost is a key 

aspect to overcome to make CCUS competitive and the widespread of technologies.  

 

Figure 1.4 - CCUS facilities in operation by application, 1980 – 2021 [33] 

Among the CO2 capture technologies, liquid amine and solid sorbent systems are the 

closest to commercialisation. New processes such as membrane-based and cryogenic 

technologies still pose significant process challenges which require development until they 

are ready for large-scale projects. Despite all these facts, the selection of a suitable CCUS 

technology will depend on the type of emissions, the emitting sector/process, CO2 

destination and, the available resources in the specific local/regional setting; thereby it can 

vary significantly from country to country, industry to industry and even, process to process. 

Hence, it is important to consider all aforementioned factors when proposing a CCUS 
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strategy. All the decarbonisation pathways described here are crucial to meet the Paris 

Agreement and carbon neutrality in the UK by 2050. 

1.1.3 The role of CCUS technologies in achieving the UK's 2050 net zero target. 

In its effort to shift to a fully decarbonised economy by 2050, the UK government has 

published the Ten Point action plan, detailing pathways to decarbonise all the GHG-

emitting sectors [33], [34]. The Ten Point Action Plan makes it clear that CCUS will play a 

central role in addressing the UK’s ambitious climate targets, particularly in the production 

of low-carbon hydrogen and in decarbonising industrial sources. The report identifies that 

investing in CCUS technologies can save around 40 Mt CO2e between 2023 and 2032, or 9 % 

of 2018 UK emissions. When it was first announced in November 2020, the UK 

government promised to establish CCUS in two industrial clusters by the mid 2020s [33]. 

By 2030, there should be four of these sites, capturing up to 10 Mt CO2 per year across the 

economy. In October 2021, this figure was increased to 20 - 30 Mt CO2e per year, 

including 6 Mt CO2e per year of industrial emissions by early 2030 and at least ~50 Mt 

CO2e per year by the mid-2030s [34].  

More specifically, in the UK, emissions from industrial clusters (i.e., areas populated with 

several industrial sites) account for approximately half of the industrial emissions (37.6 Mt 

CO2e; around 8 % of territorial UK GHGs emission). The Industrial Decarbonisation 

Strategy (IDS) published in March 2021 states that CCUS will be the predominant 

technology solution to abate process emissions in those clusters (~ 6 Mt CO2e per year; 

including BECCS by 2050). Figure 1.5 shows the UK's strategy to reduce GHG emissions 

from each sector of the economy by 2037 while using NETs to eliminate any remaining 

emissions [34]. 
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Figure 1.5 - Indicative delivery pathways to 2037 by sector in UK, 2019 [33] 

Additionally, the Energy White paper released by the UK government in November 2021 

proposes that at least one CCUS-enabled hydrogen project will be supported and 

operational in one of the four industrial clusters by 2030 [35]. This project will aid in the 

establishment of the commercial framework required to help stimulate the market required 

to deliver a future pipeline of power CCUS projects. Through the newly released British 

Energy Security Strategy in April 2022, the UK government has announced further 

investment in CCS technology to deliver a fully decarbonized electricity system by 2030, 

including 10 GW of low-carbon hydrogen, with 5 GW being CCUS-enabled hydrogen [36].  

NETs, including natural ones such as trees or technological ones, such as carbon capture, 

are considered in these pathways. The deployment of BECCS and DACCS will depend on 

the UK's infrastructure and the availability of suitable, sustainable, and low-cost biomass 

feedstocks [33]. Nevertheless, the UK government has committed to a target for the 

deployment of engineered greenhouse removals of 5 MtCO2 per year by 2030, as set out in 

the Net Zero Strategy [34].  

The UK has identified several suitable offshore CO2 sinks in the North and Irish Seas. 

Thus, it is usually assumed that the transport of CO2 using pipelines is rather 

straightforward in the UK, as CO2 is mainly captured from densely populated industrial 
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clusters, as outlined in the IDS. However, interestingly, a cost estimation report published 

by the UK Department of Business, Energy & Industry Strategy (BEIS) concludes that the 

CO2 shipping costs may be lower than the equivalent CO2 pipeline costs in the UK [37]. 

Nevertheless, the costs of shipment are rather unstable as they are affected by several 

variables, such as international regulations, fuel costs and more. Thus is harder to 

generalise.  

1.2 Thesis aim, objectives, and structure 

Due to the significance of CCUS technology for industrial CO2 capture and hydrogen 

production, this thesis will mainly discuss carbon capture systems suitable for these 

processes. This focus is on the solid sorbent system, particularly at intermediate 

temperatures (200 – 400 ˚C), where it presents interesting opportunities for both industrial 

CO2 capture and CCUS-enabled hydrogen production. The Mg-Al Mixed Metal Oxides 

(MMOs) derived from Layered Double Hydroxides (LDHs) were chosen as the solid 

sorbent for investigation. To gain a better understanding of the LDH-derived MMOs 

sorbent and aid in the design of new-generation sorbents with better CO2 adsorption 

performance, the work in the thesis is structured as follow:  

Chapter 2 is a literature review that gives an overview of the CCS technology and details 

the selection process of a suitable solid sorbent studied in the present work, i.e., LDH-

derived MMOs. The gaps in knowledge that are covered in this thesis and addressed by the 

aim and objectives are presented at the end of the chapter.  

In Chapter 3 a systematic study was conducted to investigate the effects of chemical 

composition (i.e., Mg/Al ratios) on the high-temperature CO2 adsorption capacities of 

LDH-derived MMOs. A novel crystal-chemistry approach based on Vegard's law was used 

to investigate the "true" chemical composition of these LDHs, using the lattice parameter 

“a” to find the true composition, x.  

Chapter 4 studied the impacts of synthesis method and metal salt precursors on the 

intermediate temperature CO2 adsorption of LDH-derived MMOs. The present study 

investigated how two common synthesis methods (i.e., co-precipitation and urea hydrolysis) 

and two different salt precursors (i.e., metal chlorides and metal nitrates) affected the 

physical properties of LDHs and CO2 capture performance of derived MMOs at 200 ˚C.  
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Chapter 5 is a crystal chemistry study for LDH phase. A new crystal-chemical model is 

established for Mg-Al-based Layered Double Hydroxides (LDHs) to determine their true 

chemical composition x (i.e., Mg/Al ratio) in the crystalline phase by using the unit cell 

parameter “a”. The model was developed using the famous Vegard’s law as the starting 

point and relates the geometrical relationships in the crystal structure of LDH.  

Chapter 6 deals with the adsorption aspects of intermediate temperature CO2 capture, using 

LDH-derived MMOs. This work aims to re-investigate the CO2 adsorption behaviour of 

Mg-Al LDH-derived MMOs at the intermediate temperature ranges (200, 300 & 400 ˚C). 

First, a full characterization of precursor LDH is carried out and then the adsorption 

characteristics of resultant MMOs sorbent, i.e., adsorption equilibrium isotherms and 

intraparticle diffusion parameters, are measured.  

 

Chapter 7 is the final chapter of this thesis, which presents the conclusions and suggestions 

for future work. 
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Chapter 2   Literature Review 

2.1 Overview 

This chapter first outlines an overview of CCUS technology and the current state-of-the-art. 

Then, a short review of CO2 sorption is presented, along with the types of CO2 sorbents 

typically proposed for the intermediate temperature range (200 – 400 ˚C). Finally, the aim 

and research objectives of the thesis are outlined at the end of this chapter. 

2.2 Current technology for carbon capture  

Before describing each of the CO2 capture technologies and separation mechanism, it is 

first important to distinguish between the purification and separation processes. Purification 

is a process that removes undesirable components from a feed stream without recovering 

them, whereas separation aims to divide a feed into two or more fractions of different 

compositions, both of which contain valuable products that are recovered. In CCS 

operations, captured CO2 is destined to be stored or converted into products. Thus, CO2 

capture is a separation process, where the recovery of CO2 is a crucial element of the 

system.  

There is a specific requirement for the CO2 product stream that could be transported or 

stored somewhere. In most cases, pipeline specifications require the purity of the CO2 

stream to be at least above 95 % [22]. To prevent condensation and corrosion in the CO2 

pipelines, removal of water vapour and impurities (e.g., H2S, O2, N2, NOx, etc) to a very 

low concentration is essential. Table 2.1 presents a universal pipeline specification 

recommendation for CO2 storage and CO2-EOR operations. 

For carbon capture technology, it is widely recognized that an amine-based chemical 

solvent system is the most established and economical technology optimized for CO2 

capture (i.e., Technology Readiness Level of 9). Amines are organic compounds that are 

basic in nature, so they can react with "acidic" gases (e.g., CO2 and H2S) to capture them. 

In natural gas processing industries, removing H2S and CO2 together is called the “Acid 

Gas Treatment”. However, in the CO2 capture field, only the removal of CO2 is of concern.  
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Table 2. 1 Recommended CO2 pipeline specifications and maximum allowable 

impurities for CO2 storage and CO2-EOR operation [23]. 

Gas components CO2 Storage CO2-EOR Operations 

CO2 > 95 % > 95 % 

H2O < 500 ppm < 500 ppm 

SOx < 100 ppm < 100 ppm 

NOx < 100 ppm < 100 ppm 

H2S < 200 ppm < 200 ppm 

CO < 2000 ppm < 2000 ppm 

H2 Total non-condensable 

gases  

< 4 vol% 

Total non-condensable 

gases  

< 4 vol% 

Ar 

N2 

O2 < 100 ppm 

CH4 < 100 ppm 

 

Figure 2.1 shows a typical amine-based solvent absorption system. In the amine scrubbing 

unit, the reaction between amines and acidic gases is reversible by changing the system 

temperature, e.g., heating of spent solvent to recover CO2. This type of regeneration method 

is called the Temperature or Thermal Swing. Since 1930, hundreds of amine-scrubbing 

plants with this configuration have been employed to separate CO2 from process gases and 

demonstrated their capability to achieve capture rates up to 95 % (CO2 purity up to > 

99.9 %). Currently, the industry benchmark amine system is based on Monoethanolamine 

(MEA) with 30 % loading, which has a capture capacity of 0.66 molco2/kgsorbent [38]. The 

other popular amines being investigated for liquid systems are diglycolamine (DGA), 

methyl diethanolamine (MDEA), triethanolamine (TEA), etc. 

The primary challenge of the amine system is that it still suffers from high capture costs. 

For instance, to achieve a 90 % CO2 capture rate in a 550 MW supercritical pulverized 

coal-fired power station with 427 tonnes of CO2 per hour emissions, the levelized cost of 

electricity (LCOE) of the power plant can increase by 58 % from those without CO2 

capture (USD 74.4 to USD 117.7 per MWh) and a CO2 avoided cost of USD 64.4 per 
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tonnes CO2 [39]. If a higher capture rate were to be achieved (e.g., > 99.7 %), this LCOE 

and CO2 avoided cost would increase to USD 131 and USD 72 per tonnes CO2 respectively. 

Although recent demonstration projects (e.g., Quest CCS) have shown that the CO2 avoided 

cost is lower than predicted (USD 42.79 per tonnes CO2); further reduction in capture costs 

is still desirable for wide deployment of the technology. Since the majority of the energy 

parasitic load is due to sorbent regeneration, the current research priority for amine-based 

system is the reduction in reboiler duty. Besides process economics, there are also two 

critical issues with the amine-based system: 1) it is very corrosive to steels, including  

stainless steel [40], particularly if the amine concentration exceeds 20 % and it is highly 

loaded with acid gas, 2) it has a high degradation rate in the presence of contaminants (e.g., 

O2, SO2, COS and CS2), which may form heat-stable salts that cannot be regenerated at 

normal stripping column temperatures [41]. Due to these reasons, the amine system is 

preferably used in gas treatment that has low concentrations of CO2 (3 – 25 %) and consists 

of essentially no contaminants, such as those in natural gas operations.  

 

Figure 2.1 - A typical amine-based solvent absorption system 

The physical solvent system is another type of absorption-based system. The distinction 

between the two absorption systems is that the physical solvent is based on the solubility of 

acidic gas within the solvent and is chemically inert in the separation, thus is more resistant 
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to degradation issues. Physical solvents are advantageous for gas streams consisting of high 

partial pressures of acidic gas, typically greater than 50 psi (~3.4 bar) [42], [43]. The 

system absorbs acidic gases by elevating the pressure (up to 100 bar) and releases CO2 by 

simply lowing the system pressure in the stripping column. This type of regeneration is 

called Pressure Swing. The physical solvent system usually operates in the low temperate 

range, typically around 5 – 40 ºC [11]. 

Technically, physical solvents should be more economical than chemical-based solvents 

because pressure swing regeneration requires significant less energy than the temperature 

swing method. However, physical solvent is not as effective as the chemical solvent in deep 

acid gas removal, so it is quite rare that a single-stage physical absorber can achieve CO2 

purity up to 95%. CO2 product purity can be improved with additional flash stages, but this 

also means additional capture costs. Sometimes physical solvent and chemical solvent 

absorption are used in series to form a hybrid separation process to achieve deep acid gas 

removal. In commercial practices, Selexol® and The Fluor Solvent are physical solvent 

processes popularly used for CO2 removal in gas processing.  

Another popular CO2 separation technology is the solid sorbent system, which makes use 

of materials that has features like high specific surface area and porosity to capture CO2. 

The solid sorbents system has several advantages over the solvent system, such as it  

consumes lesser amount of energy due to lower heat capacities [44], has better mechanical 

and cyclic stability, can operate in a broad range of system conditions (e.g., gas 

compositions, temperature, and pressures) and solid sorbents has lower environmental 

concerns compared to the liquid waste. As the solid sorbent can be used for a wide range of 

adsorption temperatures (up to 1000 ºC), the need to cool down flue gases is eliminated, 

and a further reduction in overall energy penalty savings is expected.  

Thermal swing (TSA) and pressure swing (PSA) are also used for the regeneration of 

adsorbents in solid sorbent systems. For CO2 capture applications, only the PSA process 

has reached a technology readiness level of 9 (commercialized). The most successful PSA 

application in large-scale CO2 capture projects is the Air Product's Port Arthur Steam 

Methane Reforming (SMR) CCS project, which is used to remove CO2 from syngas for 

hydrogen production. The Port Arthur CCS project delivers a capture rate of 1 Mt CO2 per 
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year and CO2 purity of 97 %.  On the contrary, the conventional TSA system (batch mode) 

is less developed compared to the PSA system (Current TRL is 6), due to the large amount 

of time needed to heat or cool down the bed. This is perhaps the reason its industrial 

applications are mainly related to front-end purification applications, such as elimination of 

trace elements, where the recovery of captured product is not important. Nevertheless, these 

drawbacks can be addressed by using a continuous temperature swing adsorption system. 

There are two solid sorbent systems currently being developed, e.g., Shell's the Solid 

Sorbent Technology (SST) and Svante's VeloxoTherm™, which utilises a rapid cycle 

continuous TSA for sorbent regeneration.  

Finally, the membrane-based system is a popular choice for gas separation since the 1970s. 

Currently, state-of-the-art membrane technology has reached a demonstration stage (TRL 

9), such as the Petrobras Santos Basin Pre-Salt Oil Field CCS, which has chosen a 

membrane system to remove CO2 in natural gas processing [45]. The membrane-based 

technology separates molecules or atoms by selectively permeating them through 

membrane contractors. The separation process is performed under elevated pressure 

conditions (up to 200 bar) to aid in the diffusion process. However, creating a pressure 

difference through the membrane also means the large energy requirement for vacuum and 

compressors work, especially those flue gas streams that consist of low partial pressure of 

CO2 and high volumetric flowrates (e.g., power plant stack). Thus, the membrane system is 

more advantageously applied to process streams with smaller flow rates and has high CO2 

concentration (> 20 vol%), such as those from the natural gas and process gas industries.  

Nevertheless, the combined benefits of a membrane-based system might offer a possibility 

to offset the cost associated with compression work, such as a smaller volume of separation 

agent, the elimination of the expensive processing cost due to regeneration, compactness 

and lightweight design, These characteristics make it especially suitable for retrofitting 

purposes, and a modular design that allow for easy scale up and flexible operation. Modular 

plants are standardized capture units manufactured by mass production techniques, which 

are usually produced offsite, e.g., purposely-built facilities/factories, so they are ready to 

install when delivered to the site. Modular plants can reduce costs by minimizing lengthy 

design, engineering processes, and disruption caused to the site [25].  



42 

 

Another gas separation available in the market is cryogenic CO2 capture, which relies on 

the phase change that occurs at very low temperatures, typically above -193 K and at 

elevated pressures. Due to the expected high cooling costs and compression work, 

cryogenic CO2 capture has always been considered an unrealistic option for CO2 capture. 

Nevertheless, cryogenic separation is becoming attractive as it offers high CO2 recovery 

rates and purity levels (~ 99.9 %). It is proposed that the expensive refrigeration could be 

avoided when exploiting the cold duty available at liquefied natural gas regasification sites 

(LNG). However, this process is still in the early stages of development and requires further 

research. A good summary of cryogenic CO2 capture can be found elsewhere [46]. 

Table 2.2 summarizes the characteristics of the CO2 capture mechanism discussed in this 

section. The table also includes some of the engineering considerations when deciding on a 

CO2 capture system [47]. For example, one of the parameters is operating flexibility, which 

refers to the ability to operate under variable feed quality conditions, either on a short- or 

long-term basis. Response to system variation refers to the response time of the capture 

system when there is a change in system conditions (e.g., feed compositions). The control 

requirement is also an important aspect to consider since a system that is too complicated is 

undesirable. Ease of expansion refers to the possibility of modularization, an emerging new 

trend in the CO2 capture field.  

This section provides a summary of the current carbon capture system and the state-of-the-

art technologies. To select a suitable carbon capture system, the key factors are the 

properties of source gas and downstream operations, such as low/high pressure, 

temperatures, concentration of flue gas, presence of contaminants and purity of the product 

gas. These factors can affect the selection of these CO2 capture mechanism, and additional 

treatments (e.g., heating or cooling, compression, or vacuum, etc) or processing units (e.g., 

removal of certain substance) may be required, which can be expensive. Thus, the 

following section will discuss the processes by which CO2 capture can take place.  
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Table 2. 2 - Summary of the CO2 capture mechanism discussed in this section (only 

the highest TRL). 

System Absorption Adsorption Membrane Cryogenic 

Chemical Physica

l 

PSA 

(Zeolite) 

TSA 

Preferred Feed 

composition  

5 – 25 % >20 % >20 % < 20 % > 15 % > 5% 

Pressure Range Atmospheri

c – 

intermediat

e pressures 

Up to 

100 bar 

Up to 30 

bar 

Atmospheri

c 

Up to 200 

bar 

Vacuum to 

Atmospheri

c 

Temperature 

Range 

< 120 ˚C < 40 ˚C < 40˚C 30 – 900 ˚C 30 – 100 ˚C -393 to – 80 

˚C  

CO2 recovery 

(%) 

80 - 95 60 – 75 80 – 95 90 60 - 90 99.99 

CO2 purity >99% >95% >90 % 99.99 >95 % 99.99 

Performance 

under Moisture 

Good Poor Poor Good Poor N/A 

Chemical 

Stability 

Poor Good Dependin

g on the 

sorbent 

used 

Depending 

on the 

sorbent 

used 

Poor N/A 

Capture Cost / 

tCO2 

USD 50 -

150 

USD 33 

– 57 

USD 40 -

100 

USD 100 USD 15 – 

55 

USD 55 - 

130 

TRL level 9 9 9 6 9 6 

Operating 

flexibility 

High 

(%CO2 < 

10) 

Low 

(%CO2 > 

25) 

Low  Low  

 

High High 

(%CO2 > 

25) 

Low 

(%CO2 > 

25) 

Low 

Response to 

system 

variations 

Moderate Moderat

e 

Moderate Moderate Instantaneou

s 

Slow 

Control 

Requirement 

High High High Low Low High 

Ease of 

expansion 

(modularization

) 

No No Yes Yes Yes No 
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2.3 CO2 capture processes 

In most industrial processes, the largest point source of CO2 emissions is usually from the 

combustion of fossil fuel for power or heat supply. Therefore, carbon capture technology is 

mainly categorized based on its relationship towards the combustion process, i.e., 1) pre-

combustion capture, 2) oxyfuel-combustion capture and 3) post-combustion capture (Figure 

2.1). Industrial CO2 capture is an emerging class of carbon capture technology that mainly 

targets process-related (i.e., non-combustion) CO2 emissions from industry sources, when 

fuel switching, and electrification is not possible to reduce the emissions. A short 

description of each carbon capture technology is provided as follow: 

 

Figure 2.2 - Carbon Capture Pathways [11] 

• Post-combustion capture is the capture of CO2 after combustion is completed. Post-

combustion CO2 capture is widely regarded as the most straightforward method, as 

the tail-end processes have the benefit of not requiring any modification to the 

existing facilities.  However, due to the low CO2 partial pressure and large 

volumetric flow rate of exhausts resulting from the air-fueled combustion reaction, 

post-combustion capture usually suffers from low efficiency and requires larger 

equipment size to achieve good CO2 recovery rate. Pre-treatment of flue gas may be 

required if the capture agent is sensitive to the impurities found in the flue gas. 
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• Pre-combustion capture is the capture of CO2 before combustion is completed. In 

brief, the process first converts hydrocarbon-based fuels into synthesis gas (syngas), 

a mixture of hydrogen and carbon oxides (e.g., carbon monoxide and carbon 

dioxide) via gasification or reforming reaction.  Then, the syngas undergoes water 

gas shift reactions (WGS) which an H2-CO2 rich gas is produced. CO2 can be 

captured from this rich gas for sequestration, and the remaining H2 can be used for 

fuel or feedstock for industrial applications. Production of low-carbon hydrogen 

with CCUS is categorized under this route. 

 

Reforming reaction: CH4 + H2O ↔ CO + 3H2                     (∆𝐻298
0  = +206.4 kJ/mol)           

WGS reaction: CO + H2O ↔ CO2 + H2                                  (∆𝐻298
0  = -41.1 kJ/mol) 

 

• Oxyfuel-combustion capture is an interesting CO2 mitigation technology. Rather 

than capturing CO2, the technique captures oxygen instead to create an enriched or 

pure oxygen stream for the combustion reaction. Fossil fuel combusted under this 

oxygen-rich environment produces flue gas consisting of zero or very low nitrogen 

content, thus significantly reducing the flue gas volume (about 75 % lesser than air-

fueled combustion). The exhaust consists primarily of CO2 and H2O, which can be 

easily separated by condensation. The ease of downstream gas processing in oxy-

combustion makes it potentially cost-competitive compared to other capture 

technologies, even though the oxygen production is energy intensive and expensive. 

However, the high flame temperature (~1000 °C) generated by oxyfuel combustion 

is a barrier to retrofitting the technology on some existing furnace/boilers, as most 

of them were set up to operate for 30 years or more and may not be able to 

withstand the temperature.  

 

• Industrial CO2 capture is the capture of CO2 in carbon-intensive industrial processes, 

such as cement production, iron and steel, oil refining, etc. Industrial capture is 

applied when there is no obvious alternative other than the CCUS technology. The 

main challenge is that there is no single solution for industrial capture; carbon 
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capture solutions need to be tailored to the specific process or even equipment to 

achieve deep decarbonization. 

As the thesis mainly focuses on the CO2 separation process in industrial CO2 capture and 

CCUS-enabled hydrogen production, which are the UK's current innovation priorities to 

achieve net zero emissions, the following section will only discuss carbon capture 

technologies related to these processes.  

2.3.1 Hydrogen Production with CCUS 

For hydrogen production in the UK, steam methane reforming (SMR) with CCS remains 

the most economical option to produce low carbon hydrogen in large quantities 

(£59/MWh), compared to other routes, such as autothermal reformation ATR (£62/MWh), 

coal gasification (£125/MWh), renewables electrolysis (£112/MWh), and grid electricity 

(192/MWh)[48]. The Hydrogen Strategy published by the UK government states that both 

SMR and ATR equipped with CCS will play a significant role in their ambitious goal to 

produce 5 GW of low-carbon hydrogen by 2030[13]. Figure 2.3 shows simplified SMR and 

ATR processes with a hydrogen purification unit (Pressure Swing Adsorption system). 

Sometimes the desulfurization unit is placed after the ATR unit. 

 

Figure 2.3 - Simplified SMR and ATR processes with a hydrogen purification unit 

(PSA system) 
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Hydrogen production via the SMR route is attractive for small to medium scale installations 

because the reaction condition are relatively mild (500 – 900 ˚C) and do not require 

enriched or pure oxygen produced from expensive cryogenic units. However, for large 

installations, H2 production from ATR becomes more cost-effective than the SMR 

processes due to the economics of scale for oxygen production [49], [50]. Depending on the 

application, a water gas shift (WGS) may be needed downstream of the reformer to 

improve H2 conversion and decrease the CO concentration. Since the WGS reaction is an 

exothermic reaction (∆H = – 41.2 kJ/mol), this means that the equilibrium conversion tends 

to be higher at lower temperatures (around 200 – 400 ˚C), according to Le Chatelier’s 

principle. Further temperature increases can shift the equilibrium back to the reactant side 

and reduce the conversion rate. However, the reaction usually suffers from slow kinetics in 

the low-temperature range. At higher temperatures (> 400 ˚C), the reaction kinetics are 

much improved, but the equilibrium conversion is low. Therefore, to overcome this 

thermodynamic limitation, in older hydrogen plants with amine scrubber as CO2 removal 

unit, the WGS reaction usually occurs in two steps, high temperature (HT WGS) (350 – 

450 ˚C) and a low temperature (LT WGS) (200 – 400 ˚C). The HT WGS step mainly 

increases the H2 conversion and the LT WGS reduces the CO content (< 0.1 wt%) in the 

product gas stream. After the remaining CO content is then converted into CH4 via the 

methanation reaction.  

Table 2.3 shows the gas stream composition in SMR and ATR processes on dry basis. The 

concentration of steam in these gas streams is dependent on the stream-to-carbon ratio 

(S/C) of the WGS reaction, which usually leads to a steam concentration between 10 – 40 

%.  

In SMR equipped with PSA process (activated carbon as the adsorbent), only the HT WGS 

step is required. Albeit the fact that around 10 - 20 % of the H2 is lost under the PSA 

operation, the elimination of the LT WGS reaction, the wet scrubber unit and the 

methanation unit and the production of high purity H2 (99 – 99.995 vol%) makes the PSA 

hydrogen purification production attractive as it aligns with the concept of process 

intensification [51], [52]. In general, the amine scrubbing route is used to produce H2 with 

lower purity (95 - 97 vol%), which is suitable for ammonia synthesis plants, whereas PSA 
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is used to produce ultra-pure H2 (99 – 99.995 vol%). In some hydrogen production plants, 

these two systems are used in series, i.e., first treated with an amine scrubber unit to obtain 

a more concentrated H2 stream then purified with an H2-PSA unit to obtain ultra-pure purity 

[53]. 

Table 2. 3 Flue gas composition in SMR and ATR process 

 

Further process intensification can be achieved with emerging second-generation CCUS-

enabled hydrogen production technology, such as Membrane Reactors (MRs) and Sorption 

Enhanced Reaction Processes (SERPs). As both SMR and WGS reactions are equilibrium 

limited, this means that the removal of reaction products (either H2 or CO2) can shift the 

reactions in favour of increased conversion and can be achieved by combining the 

conversion and separation steps, offering a promising route to decrease the cost of 

hydrogen production from SMR. These reactions are commonly known as reactive 

separation processes. There are four ways where the reaction and separation steps can be 

integrated: 

• Water-gas shift membrane reactors (WGS-MR) 

• Steam-methane reforming membrane reactors (SMR-MR) 

• Sorption enhanced water-gas shift (SE-WGS) 

• Sorption-enhanced steam-methane reforming (SE-SMR) 
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LT 
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Technically speaking, the WGS reaction can be eliminated if the SMR reaction can produce 

sufficient H2 yield. However, this is often difficult to achieve due to the thermodynamic 

properties of the SMR process. First, in a conventional SMR reaction, the amount of H2 

that can be produced is limited by its thermodynamic equilibrium conversion [53]. Then, 

the SMR reaction is a strongly endothermic reaction (∆𝐻298
0  = +206 kJ/mol), which means 

it naturally favours high-temperature conditions (> 850 ˚C). However, at the same time, 

because the reforming reaction is accompanied by volume expansion, therefore it favours 

low-pressure conditions. These extreme conditions favoured by the SMR reaction (i.e., high 

temperature and low pressure) somehow contradict the conditions that are desirable for the 

current state-of-art adsorption and membrane processes explained in Section 2.2, e.g., lower 

temperature and high pressure. From a process perspective, milder SMR reaction 

conditions are advantageous because it allows the shift to a cheaper steel alloy for 

reforming and a smaller volume of treating gas. It also should be noted that the feedstock of 

the SMR reaction is CH4 and the reaction produces CO. This means that a large portion of 

the SMR feedstock will be converted into CO and thus, reducing the H2 selectivity of the 

overall process. The presence of high CO content in process streams also poses several 

risks, such as 1) poisoning the catalyst or damaging downstream operations, 2) reducing the 

cyclic adsorption performance due to the possible irreversible interaction between CO and 

sorbent material, 3) possible safety hazards due to leakage of CO. A safe way to avoid this 

while maintaining high H2 selectivity is to carry out the WGS reaction as much as possible, 

to reduce the CO concentration and obtain further H2 conversion from shifting the CO. The 

exothermic nature of WGS reaction also allows it to favour low reaction temperature (200 – 

400 ˚C) and high pressure (20 – 40 bar). 

This paragraph gives a brief review of the membrane reactor (MR) technology. Both SMR-

MR and WGS-MR technology has reached a TRL of 5 (i.e., lab scale plant) [55]–[57]. 

However, there seems to be considerably more attention given to SMR-MR technology, 

compared to the WGS-MR. Few studies have demonstrated that the combination of 

reforming reaction with the H2-selective membrane in a single reactor can improve the 

methane conversion rate (79.5 - 99 %), at a milder operating condition, i.e., lower 

temperature (550 – 730 ˚C) and pressure (3 – 6 bar) [58]. Although CO2 selective reactors 

have been studied, but the H2 selective reactors offer greater efficiency, purity (99.99 – 
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99.995 %) and higher conversion rate, compared to CO2 removal [59]. It has been 

demonstrated that CO2 selective membrane (CO2/H2 selectivity of 6 - 10, CO2/N2 

selectivity of 20 - 50 and CO2/CO of 10 – 20) requires at least three steps to achieve more 

than 70 % capture rate from shifted syngas feed conditions [60], [61]. In comparison, only 

two steps are needed with the H2 selective reactors to achieve the same capture rate [62].  

The biggest challenge faced by MR technologies is the development of membrane materials 

with good thermal and chemical stability. The membrane must be able to operate under 

conditions where the reaction takes place and not be poisoned by the components present in 

the reformed syngas. Inorganic membranes, such as palladium membranes, are typically 

used for these types of applications as they can withstand high temperatures (up to 700 ˚C) 

and elevated operating pressure conditions (up to 30 bar) [63]–[65]. However, currently, 

the material is still vulnerable to impurities present in the feedstock, e.g., H2S, HCl, CO2 

and CO [66]. In particular, H2S can cause significant loss of hydrogen flux in the 

membrane system, but this issue has been found to improve when alloying the Pd 

membrane with noble metals such as Au, Ag, Cu, Ru, Ni, etc [67].  

On the other hand, as the SMR-MR reaction operates at a much lower temperature (500 – 

600 ˚C) than the conventional reforming reaction (800 – 1000 ˚C), the additional challenge 

is to search for a low-cost SMR catalyst that is highly active at lower temperatures. From a 

process perspective, the hydrogen flux of the membrane system (i.e., the ratio of hydrogen 

production rate to hydrogen permeation rate) is important. If the hydrogen production rate 

is significantly higher than the hydrogen permeation rate, it can result in a gas composition 

that favours carbon formation and the establishment of chemical equilibrium that can 

damage the membrane and stop the reaction from proceeding. It is also noteworthy to 

mention that the operating pressure has a negative effect on the H2 equilibrium conversion 

of SMR reaction but at the same time, has a positive effect on the permeation driving force 

of the membrane. Thus, a compromise between the operating pressure and permeability of 

the membrane is required to minimize the overall energy efficiency of the SMR-MR 

process [68].  

Following that, both SE-SMR and SEWGS are adsorption-based technology that are 

classified within Sorption Enhanced Reaction Processes (SERPs). The concept of SERPs 
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was originally developed for hydrogen production in the SMR reaction in the 1990s by Air 

Products & Chemical Inc. [19], [69]. Currently, the SERPs concept has been expanded to 

the production of H2 with other hydrocarbons, such as ethanol (SE-ESR), glycerol (SE-

GSR), etc., or utilises the captured CO2 and H2 into valuable products such as dimethyl 

ether (SEDMES), methanol, etc. [70], [71]. Among the SERPs, the SEWGS process has 

reached the highest TRL level of 6 (demonstration-scale), represented by the STEPWISE 

demonstration project led by TNO, whereas the SE-SMR process is currently at TRL level 

4 (lab scale test) [38], [45], [72], [73].  

The STEPWISE project demonstrates a SEWGS process that is capable to produce 2 from 

blast furnace gas while capturing CO2, using potassium-promoted hydrotalcite as a 

bifunctional catalytic solid sorbent [19], [74]. Blast furnace gas was chosen due to its high 

CO content, which is beneficial for the process economy as CO is the feedstock for the 

SEWGS reaction. A previous techno-economics study has shown that the CO2 avoided cost 

of the SEWGS process in the steel plant (58.4 €/tco2 and 61.1 €/tco2) is comparable to that of 

amine scrubbing technology (50 – 70 €/tco2) and pre-combustion capture in integrated 

gasifier combined cycle (IGCC) scenario (86.9 €/tco2 and 96.6 €/tco2) [75], [76]. In the 

STEPWISE’s SEWGS process, a WGS is placed before the SEWGS unit to enhance the 

conversion rate of CO into H2, i.e., CO content from 20 % to 2 – 6 %. Then, in the SEWGS 

unit, the conversion of CO is completed with the catalytic hydrotalcite-based sorbent and 

the sorbent, at the same time, separates CO2 from H2 (Figure 2.4). This gives a hot, high-

pressure, H2-rich product stream from the SEWGS outlet (e.g., 400 ˚C and up to 30 bar), 

which can be fed directly to the gas turbine or other applications in the steel mills, 

minimizing the cooling and heating step required for the process [76]. Pilot plant tests have 

proven that this type of reaction can produce high purity of CO2 (> 95 %) and high purity 

of H2 (> 99.9 %) [72], [77], [78]. The cyclic CO2 performance of potassium-promoted 

hydrotalcite was also found satisfactory, e.g., stable over 2000 adsorption and desorption 

cycles can withstand H2S conditions and the CO2 slip through the sorbent bed is very low. 

Despite this fact, further improvement of the sorbent is still desirable to achieve further cost 

reduction, such as reducing the number of trains for the SEWGS process. 
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Figure 2.4 - (A) Conventional CO2 capture unit and (B) SEWGS technology applied to 

hydrogen production from BFG in iron and steel plant [72] 

The SE-SMR process has very similar issues like the SMR-MR process, such as requires a 

SMR catalyst that can operate at a lower reforming temperature (500 – 700 ˚C), while 

ensuring the carbon capture rate is quick enough so the chemical equilibrium does not 

arrive. At present, Ni-based catalyst is the preferred choice in industries as it is 

comparatively cheaper and has catalytic performance that is close to those exhibited by the 

noble metal catalysts, e.g., Ir and Pt. Currently, the adsorbents employed for SE-SMR are 

mainly based on calcium oxides (CaO) as they are cheap and have adequate CO2 sorption 

performance at reaction temperature close to SE-SMR reaction (i.e., high sorption 

capacities (5-11 mmol/g) at 600 - 700 ˚C). However, the main disadvantage of CaO-based 

sorbent is their poor cyclic stability, which decays rapidly over multiple cycles due to 

sintering effects, and their high decarbonisation temperature (> 800 ˚C), which likely 

increases the energy consumption of the process. The lithium-based oxides (e.g., 

Li2ZrO3 and Li4SiO4) are another popular adsorbent class for SE-SMR reaction. They 

usually react with CO2 at around 500 - 650 ˚C and have high adsorption capacities (5 - 6 

mmol/g). However, the Li-based oxides are very expensive and have very slow sorption 

kinetics [79].  

In summary, the common goals for new generation CCUS-enabled hydrogen technologies 

are to lower the operating temperature (200 – 500 ˚C) and development of new 

adsorbent/membrane/catalyst. The reactor and process configuration have been investigated 

as well and the reviews are available elsewhere. These review articles were recommended 

for the state-of-the-art of technologies, such as Habib et al. (2021) for a comprehensive 
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review of membrane reactor technology for hydrogen production [64], Masoudi Soltani et 

al. (2021) for a state-of-art review of SE-SMR and SE-WGS processes [73], Wang et al. 

(2021) for review of adsorbent and bifunctional adsorbent for SE-SMR process [80] and 

Wu et al. (2015) for a comprehensive review of SERPs technologies [73]. 

2.3.2 Industrial CO2 capture 

For industrial processes in the UK, BEIS identifies key CO2 emissions abatement 

opportunities from iron and steel, oil refineries, chemicals, cement, glass, and lime 

production. For cement production, Bioenergy with Carbon Capture & Storage (BECCS) is 

attractive because the combination of fuel switching to biomass with CCUS technology can 

generate negative carbon emissions, which is more attractive than CCUS alone. For the iron 

and steel industry, there are two decarbonisation pathways available to decarbonise process 

emissions: (1) Electrification (EAF) and Direct Reduced Iron (DRI) and (2) CCUS option 

(post-combustion). If the EAF and DRI options are chosen, electricity and hydrogen source 

need to be of low carbon content, which means they are likely produced from SMR with 

CCS route in the near or medium term. If the CCUS option is chosen (most likely the post-

combustion capture), it is estimated that CCUS will be capable of sequestering more CO2 

emission than the EAF and DRI route by 2040, i.e., 15 Mt CO2e vs 8.8 Mt CO2e[81]. 

However, one concern is that current sites in the UK (both Scunthorpe and Port Talbot) 

have difficulty retrofitting carbon capture units to existing infrastructure, and they may not 

be able to fully decarbonise all emissions by 2050. For the rest of high energy-intensive 

industries, such as chemicals, refinery, glass, lime, metal and paper, hydrogen is substituted 

for fuel or for electrification to generate industrial heat, whereas for the sectors where 

process emissions are available, CCUS is chosen to abate emissions. Table 2.4 presents the 

typical flue gas quality associated with industrial CO2 capture. 
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Table 2.4 - Primary CO2 sources in the industries sectors 

 

2.3.3 Flue gas Composition associated with Hydrogen Production and Industrial 

Processes 

Table 2.5 shows a summary of the properties of CO2 source that exists in industries sectors 

and CCUS-enabled hydrogen production and the calculated partial pressures of carbon 

oxides. 
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Table 2. 5 - Partial pressures of CO2 source in the industries sectors and low carbon 

hydrogen production 

Source of gas Temperature 

(ºC) 

Pressure 

(bar) 

Carbon oxides 

(CO2 + CO) 

concentration  

 (mol %) 

Partial 

Pressure of 

carbon 

oxides (bar) 

SMR (WGS outlet) 215 – 230 30 10.5 3.2 

ATR (WGS outlet) 215 – 230 30 17.1 5.1 

Cement 80 – 180 1 22.0 0.2 

Iron & Steel Power 

Plant Stack gas 

300 1 28.0 0.3 

BFG gas 100 – 300 1 63.0 0.6 

EAF off gas 300 1 9.0 0.1 

chemical (refineries) 100 – 180 1 21.0 0.2 

Paper & Pulp 250 24 14.4 3.5 

 

The data in Table 2.5 show that some similarities exist between the CO2 sources listed, 

summarized as follows: 

• CO2 source is mainly at moderate temperature (i.e., between 100 – 300 ˚C).  

• CO2 source for hydrogen production exists at high pressure (20 - 30 bar) whereas 

CO2 source in industrial processes mainly exists at ambient pressure (1 bar).  

• Wide range of CO2 partial pressure, starting from as low as 0.1 bar to 5.1 bar. 

• Each CO2 source contains a significant number of impurities, e.g., CO, H2S, SOx 

and NOx.   

• Most CO2 source contains significant humidity (8 – 40 %), except the EAF off gas.  

A CO2 capture system capable of capturing CO2 under conditions without the need for pre-

treatment is generally preferred to avoid costly long train of treatment units. To achieve this, 

the CO2 capture unit should have the following properties such as (1) the ability to capture 

at a moderate temperature window (100 – 300 ˚C), (2) the ability operate either at ambient 

pressure or high pressure, (3) the ability withstand moisture and 4) resistance to impurities 

and particulates, such as CO, H2S, SOx and NOx. Based on current technology maturity 

levels and prospects of second-generation CCUS technology, the technology that fulfils 

these criteria here is the solid sorbent system, which is also more flexible in terms of the 
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pressure range and impurity resistance. Therefore, the solid sorbent system appears to have 

the greatest technical and economic potential within this category and is chosen as the focus 

os this thesis. Since the flue gas of industrial CO2 capture and CCUS-enabled hydrogen is 

in the intermediate temperature range, so the sorption of CO2 at intermediate temperature is 

the focus of this thesis. The sorbent with the following properties is desired: 1) good 

mechanical strength to withstand high pressure (20 – 30 bar), 2) tolerance to impurities 

(H2S, SOx, NOx, etc), 3) adsorbs very little moisture, 4) good cyclic stability, and 5) low 

production cost. The following section will discuss the solid sorbent system in further detail. 
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2.4 Sorption of CO2 at intermediate temperature 

2.4.1 Overview  

With the invention of synthetic zeolites in the 1930s and the recent emergence of various 

microporous adsorbents, sorption technology has now become a key gas separation method 

in the industry [90], [91]. Sorption is a general term referring to the processes involved 

between a sorbate (i.e., the adsorbing molecule) and a sorbent (i.e., the solid that adsorbs 

molecules). There are two types of sorption processes: absorption and adsorption. While the 

absorption that occurs in solid sorbent is very similar to liquid absorption - a bulk 

phenomenon where atoms penetrate through surface of sorbent and enter the bulk phase to 

form a solution; Adsorption is a surface-based phenomenon where atom forms a 

permanent/temporarily bond on the surface of sorbent material. Figure 2.5 illustrates the 

differences between adsorption and absorption in a solid sorbent. Depending on the type of 

sorbent material, sometimes both mechanisms can occur simultaneously in a single sorbent. 

For instance, the amine-based sorbents. However, it is often difficult or even impossible to 

distinguish between adsorption and absorption, so the wider term "sorption” is preferred 

which embraces both phenomena.  

 

Figure 2.5 - Illustrative diagrams of adsorption and absorption 

 

It is also useful to distinguish the type of interaction forces involved between the adsorbate 

and adsorbent, i.e., physical adsorption and chemisorption. Physisorption refers to reactions 

where only weak interaction forces (van der Waals forces) are formed, supplemented by 
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various electrostatic contributions, such as polarization, field-dipole, and field gradient-

quadrupole interactions. As the van der Waals forces are non-specific interactions that can 

form between any kinds of molecules, thus adsorption relies on this force are poor in 

selectivity; unless the electrostatic contributions became dominant which allows the 

stronger selectivity for polar molecules. These types of interactions are normally reversible 

and have low adsorption energy (i.e., heat of adsorption in the region 25-50 kJ/mol), thus 

can be conveniently regenerated by pressure swing [92].  

Chemisorption refers to the stronger interactions where chemical bonds are formed between 

the sorbate and active sites (i.e., functional group) of the sorbent. This means the 

chemisorption is a non-reversible reaction and is highly specific, thus having good 

selectivity towards sorbate of interest. The formation of chemical bonds in chemisorption 

also results in a significant larger heat of adsorption (usually in the region of 200 kJ/mol) 

than physisorption, which means it is more conveniently regenerated by temperature swing. 

However, as chemisorption by its nature is restricted by monolayer coverage of the surface, 

thus the adsorption capacities are usually much lower than the physical adsorption, where 

multilayer adsorption is common.  

The primary requirement for an economic separation process is a sorbent with sufficiently 

high selectivity, followed by capacity, stability and life. The selectivity of a sorbent may 

depend on the difference in either sorption equilibrium or sorption kinetics. Before going 

into the details of the separation, it is important the define what is equilibrium and kinetic 

in the context of sorption. 

Equilibrium is the state when there is no longer any net uptake of sorbate on the sorbent. 

For example, when there is a net flux of molecules flowing to or from the surface, there is 

either an sorption or a desorption process. When there is no longer any net flux of molecule 

flow, it is said that the sorption equilibrium has arrived. At this state, the rate of sorption of 

sorbate on the surface of the sorbent is equal to the rate of desorption from the surface.  

Kinetics arises when porous solid sorbents are used. As adsorption is a surface-based 

process and the surface reaction is assumed to be very quick (especially for physisorption), 

therefore, the adsorption kinetics is considered mainly attributed from the process by which 

the sorbate finds its way towards the internal pores. Nonetheless, this does not hold true to 
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all adsorption processes, such as those involves with slow surface reaction or absorption. 

Therefore, the more precise term for this process is the diffusional resistance in the sorbent. 

Porous solid sorbents are desirable as the internal porosity can increase the amount of 

surface available for adsorption, contributing to extra uptake capacities. However, these 

internal pores need to be accessible and large enough to allow sorbate molecules to pass 

through. The molecule will flow continuously until the concentration of sorbate in the 

internal pores are same as the concentration at the surface of the sorbent particle, and 

finally, the point where adsorption equilibrium is achieved throughout the entire sorbent 

particle. The adsorption capacities obtained at this point are the maximum uptake capacities 

that can obtain from a solid sorbent at a given partial pressure. If the rate of adsorption at 

the surface is much quicker than the rate of diffusion, the adsorption is called 

diffusion/kinetically limited. If the rate of diffusion is quick but a low surface uptake rate is 

observed, the adsorption is known as equilibrium limited. Figure 2.6 illustrates the 

difference between equilibrium and kinetics in a solid sorbent. 

The pore sizes in solid sorbent can be classified into 3 ranges:  micropore, mesopore and 

macropore. One way to classify these pores is by the pore diameter, e.g., micropores refer 

to the pores with diameter less than 2 nm, mesopores are pores between 2 to 50 nm and 

macropores are pores with diameter greater than 50 nm. This method is recommended by 

the International Union of Pure and Applied Chemistry (IUPAC) and is perhaps the most 

widely used classification method for pore sizes in porous solids. However, this 

classification is arbitrary to some extent and was developed based on the analysis of 

nitrogen adsorption-desorption isotherms at their normal boiling point (77 K).  

 

Figure 2.6 - Illustrative diagram of equilibrium and kinetics on a solid sorbent 

particle 
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Another method of classification, which is mainly used among the adsorption community, 

is based on the pore size relative to the diameters of the diffusing molecules. In this 

classification, only two types of diffusion were distinguished: micropore and macropore 

diffusion (Figure 2.7). Micropore diffusion refers to the diffusion in pores of dimensions 

comparable with the diameters of the diffusing molecule. In this situation, the diffusing 

molecule never escapes from the force field of the pore wall and thus the process resembles 

surface diffusion which is an activated process and shows dependency on temperature. 

However, as the size of the diffusing molecule is close to the pore sizes, the steric 

hindrance is also strong. Therefore, micropore diffusion is characterized by the well-

defined correlation between temperature dependence and molecule diameter. Taking 

composite adsorbent as an example, the particles are formed by microporous particles and 

sometimes with the aid of a binder. As a result, the pore size distribution has a well-defined 

bimodal character with micropores inside microporous particles, connected by the large 

macropores networks within the pellet. Micropore diffusion is associated with the diffusion 

of molecules inside the micropores of crystals in the solid sorbent. On the other hand, 

macropore diffusion refers to the diffusion in the pores of dimensions much larger than the 

diameters of the diffusing molecule, i.e., the large macropores networks within a composite 

pellet.   

 

Figure 2.7 - Illustrative diagram of pores in a composite adsorbent particle 

Nonetheless, the actual working capacities of an adsorbent are dependent on a combination 

of both equilibrium and kinetic properties. It should also be pointed out that the most 
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important scientific basis for adsorbent selection is the equilibrium isotherm, followed by 

diffusivity. Once obtained these parameters, further investigation of the sorbent 

performance can be carried out in more realistic settings, such as simulations studies and/or 

pilot plant testing, mimicking the sorption process in an adsorption column. Finally, a 

techno-economic analysis will be carried out to evaluate the economic performance of the 

adsorption process with the new sorbent material. Figure 2.8 shows the usual path taken to 

select a sorbent material for an adsorption application.  

 

Figure 2.8 - The usual path taken to select a sorbent material for an adsorption 

application 

2.4.2 Equilibrium vs Kinetic Separation 

As mentioned before, the primary requirement for an economic separation process is an 

adsorbent with sufficiently high selectivity, followed by capacity, stability, and life [93]. 

Without selectivity, the adsorbent would not be able to separate a particular gas from a 

mixed gas phase. The selectivity of a sorbent may depend on the difference in either 

adsorption equilibrium or adsorption kinetics. 

The kinetic selectivity is derived from the difference in diffusion rates between molecules, 

which is mainly determined by the kinetic diameter of a particular molecule. Generally, the 

pore size of adsorbents needs to be precisely tailored to lie between the kinetic diameters, σ 

of the two molecules that are to be separated. Molecular sieves, such as zeolites and carbon 

sieves are useful for this type of separation as the micropores are comparable with the 

dimensions of the diffusion molecules but the same time, small enough to exclude larger 
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molecules. This is of course not easy to achieve and in addition, the pore size needs to be 

thoroughly uniform for best performance. Nevertheless, it is foreseeable that kinetic 

separation might holds great potential in future, when tuneable pore size adsorbent is 

available, e.g., in Metal-organic frameworks (MOFs) where the pore size and architecture 

of crystalline can be designed to address specific requests for a selected application. 

Equilibrium separation is based on the inherent properties of molecules which contribute to 

the adsorbate-adsorbent interactions, including but not limited to polarizability, magnetic 

susceptibility, permanent dipole moment and quadrupole moment. For physical adsorption, 

the polarizabilities of both sorbate and atom on the sorbent surface are both important. If 

the targeted molecule has high polarizability and magnetic susceptibility, but no polarity, 

high surface area non-polar sorbent such as carbon would be a good candidate. Sorbents 

with highly polar surfaces would be desirable for a target molecule that has a high dipole 

moment and polarizability. If the targeted molecule has a high quadruple moment, sorbents 

with surfaces that have high electric field gradients are suitable. Material with properties 

like this typically has cations dispersed above the negatively charged oxides on their 

surfaces. Cations with high valences (charges) and small ionic radii would result in strong 

interactions with the targeted molecule.  

Generally, most separation operates through the equilibrium effect, with the kinetic 

separation being less common due to the challenge to matching the gas molecule with a 

suitable sorbent. Table 2.6 presents a summary of the adsorption-related physical 

parameters of gas adsorbates that are commonly found in flue gas conditions. 

For carbon capture applications, CO2 is highly polarized and has large quadrupole moment 

than the other gases commonly found in flue gas, such as O2, N2 and H2. Thus, the 

separation of CO2 from other gases is usually done through equilibrium selectivity. For 

these types of separation, the equilibrium isotherm presents the most important scientific 

basis for sorbent selection, followed by the adsorption kinetics/diffusion rate. The 

adsorption processes discussed in this thesis, such as PSA, TSA and PTSA, belong to this 

equilibrium group of separation. 
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Table 2. 6 - Summary of the adsorption-related physical parameters of gas adsorbates 

that are commonly found in flue gas conditions [94] 

Species σ (Å) Polarizability 

×1025/cm3 

Dipole moment 

×1018/esu cm 

Quadruple 

Moment 

×1026/esu cm 

CO2 3.300 29.11 0 4.30 

CO 3.690 19.5 0 - 

H2O 2.640 14.5 1.8546 - 

N2 3.640 17.403 0 1.52 

O2 3.467 15.812 0 0.39 

CH4 3.760 25.93 0 0 

H2 2.827 – 2.890 8.042 0 0.662 

He 2.551 2.04956 0 0 

Ar 3.540 16.411 0 0 

H2S 3.623 37.8 – 39.5 0.97833 - 

SO2 4.112 37.2 – 42.8 1.63305 - 

NO2 - 30.2 0.316 - 

 

2.4.3 PSA/TSA Regeneration Method and Cycle configurations 

Similar to the absorption system, adsorption has adsorber and stripper units too, but they 

are performed in columns packed with sorbent particles. The process configurations are 

dependent on either in cycle batch (e.g., fixed bed) or a continuous manner (e.g., fluidising 

bed) (Figure 2.9) [95]. The term "raffinate" refers to the product stream that mostly 

contains the weak adsorptive or the "loosely light product". In the batch adsorption mode, 

both adsorption and desorption of solid sorbent occur within the fixed bed adsorber, by 

changing system conditions and/or flow of gas. In the continuous adsorption mode, a steady 

state is achieved by transporting solid sorbents between the adsorption and regeneration 

column, while maintaining system conditions and flow of gas. Both systems are widely 

researched for CO2 capture applications [96]–[100].  
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Figure 2.9 - Solid adsorption system operating in cyclic (A) batch and (B) continuous 

mode [101] 

Since changing the system conditions and flow rates of gas are much easier than 

transporting the sorbent particle between two columns, more adsorption systems are 

operating in the batch mode. To achieve continuous feed processing in these batch systems, 

the Skarstrom cycle was introduced. The Skarstrom cycle was a basic stripping PSA cycle 

described by C.W. Skardstrom in 1960, for oxygen enrichment from air [102]. A scheme of 

the two-column PSA presented by the author is shown in Figure 2.10A. The Skardstrom 

cycle is important in the context of adsorption history because it is the first patent that 

describes a continuous feed process in a discontinuous (batch) process, like adsorption 

processes. To operate such unit cyclically, the column experiences a series of "steps", i.e., 

events like changing flow rate direction and valve arrangement for sequential opening. The 

sum of all the steps is termed as "cycle". With these cyclic configurations, a cyclic steady 

state can be achieved after some cycles even in batch mode. The invention of Skarstrom 

allowed a tremendous improvement in separation science and adsorbent development, 

which saw a huge interest in solid sorbent utilisation throughout the 1970s. For CO2 capture, 

the rectifying cycle is normally used[103]–[105]. 

As mentioned earlier, the regeneration of solid sorbent through the desorption of sorbate 

can be realised by applying a temperature or pressure difference to the adsorption bed. 

These methods are known as the Pressure Swing Adsorption (PSA) and Temperature 

Swing Adsorption (TSA). Since the recovery of CO2 is important in the context of CO2 

capture (required purity > 95 %), the regeneration method of choice became the key to 

achieving an efficient separation process. Figure 2.10B shows the difference between PSA 
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and TSA processes, illustrated using equilibrium adsorption isotherms. As a rule of thumb, 

estimation of the working capacity of the sorbent material can be derived from the 

difference in the equilibrium amount adsorbed between two isotherms. If the desorption of 

a PSA system operates in a vacuum condition (< 1 bar), then it is called a Vacuum Swing 

Adsorption (VSA) process. The creation of vacuum and consequent compressing of the 

column adds extra energy cost to the PSA/VSA system, thus the work of vacuum pumps 

and compressors is a key ingredient in the assessment of the economic viability of the 

processes. 

 

Figure 2.10 - (A) A scheme of the two-column Skardstrom Cycle and the 4-step cycle 

(B) Difference in adsorbed amount between two adsorption isotherms 

TSA is normally not suitable for bulk separation processes because the change of 

temperature in bed (i.e., heat transfer) is a slow and often a rate-limiting step, resulting the 

length of each cycle usually ranges from several hours to over a day[106]. To make the 

time length of the adsorption step comparable with that of regeneration, the TSA cycle is 

used mainly for purification purposes. For bulk separation, PSA is more suitable as the 

pressure can be changed much more rapidly than the temperature, thereby making it 

possible to operate on a much shorter cycle (typically less than 10 minutes) and increasing 

the throughput per unit of adsorbent bed volume.  

PSA is indeed a very versatile technology for bulk separation. Since 1960, several hundred 

thousand PSA units are operating around the world [102]. Nevertheless, there are several 
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limitations to PSA processes. First, PSA relies on weak interaction force which means it 

requires to operate at low-temperature range (< 40 ˚C). Second, rather than by the actual 

rate of equilibrium at surface, the rate of adsorption in PSA processes is usually controlled 

by diffusional limitations. Normally, the arrival of equilibrium is very rapid for physical 

adsorption. The surface diffusion of gas molecules is an activated process, which means it 

is influenced by temperature. Finally, PSA processes are restricted to components that are 

not too strongly adsorbed. For the adsorbed species that are strongly adsorbed, an 

uneconomically high vacuum is required to effect desorption during the regeneration step. 

Thus, for very strongly adsorbed components, TSA is generally preferred. If the heat 

transfer limitations can be overcome, the hybrid PTSA process may achieve higher working 

capacities. 

To overcome the limitations of both PSA and TSA, the Elevated Temperature Pressure 

Swing Adsorption (ET-PSA) concept has emerged, which has the combined benefits of fast 

adsorption cycles, adsorption of strongly adsorbed species and better sorption kinetics at 

elevated temperature [107], [108]. [109]. ET-PSA has been applied in applications such as 

Sorption-Enhanced Reaction Processes (SERPs) and High-Temperature PSA cycles 

(HTPSA). The distinction between a SERP and an HTPSA system is that SERPs is a hybrid 

concept that combines sorption and catalytic reaction in a single column; the PSA column 

does not only adsorb but also acts as a reactor to shift the thermodynamic equilibrium of the 

reaction to increasing the yields. Another key advantage of SERPs is the possibility to 

reducing the number of PSA columns. In an early breakthrough study, Allam et al. (2005) 

demonstrates that the SERP reaction can achieve lower average carbon oxide concentration 

levels in the H2 product gas, resulting in a product stream consisting of primarily bulk H2 (> 

90 %) and CH4, which can be easily separated by using a simple 3-4 column PSA column, 

compared to a conventional SMR-PSA system which requires 8-12 adsorption 

columns[110], [111]. The HTPSA process, on the other hand, was based on the separation 

of gas at high temperatures (> 100 ˚C) [112].  

There are also several other emerging PSA/TSA concepts. For example, novel PSA 

processes focusing on reducing the cycle time, such as rapid PSA, radial bed PSA, etc. 

There are also emerging TSA concepts which focus on overcoming the heat transfer 
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limitations, by using structured adsorbent [113], [114], microwave/sound assisted 

regenerated step [115], Moving Bed TSA [116], [117], thermal management towards 

internal heat exchanger [118], reactor configuration [119], etc. However, discussion of 

these advanced processes is beyond the scope of the present thesis and thus the following 

review articles were recommended to obtain further understanding of these processes [90], 

[93], [95], [101], [107], [120], [121]. 

2.5 Selection of sorbent material 

2.5.1 Overview 

Since the 2010s, huge interest in developing CO2-capturing solid sorbent was observed in 

the scientific community [122]. Solid sorbents are divided into three main groups based on 

their sorption temperature: low temperature (< 200 ˚C), intermediate temperature (200 - 

400˚C) and high temperature (> 400 ˚C).  

The low-temperature range is primarily made up of physisorbents, such as carbon-based, 

zeolites, alumina, silica-based, etc, which have a long commercial history in the 

petrochemical industry and wide applications in CO2 capture, olefin separation, biofuel 

production and water purification sectors. However, due to the weak physical adsorption 

force, these physisorbents are usually sensitive to temperature and have low selectivity 

towards CO2, especially in the presence of moisture.  

For the capture of CO2 at higher temperatures (> 200 ºC), a chemisorbent must be used. 

Chemisorbents are usually made up of alkaline earth metal-based solid oxides, such as 

magnesium oxides (MgO), lithium oxides (Li2ZrO3 or Li4SiO4) and calcium oxides (CaO). 

The MgO-based oxides are popular for the capture of CO2 at intermediate temperature 

range (200 – 500 ºC), such as those relevant to pre-combustion capture, to produce low-

carbon electricity or hydrogen and post-combustion capture from hot flue gas, using 

TSA/PTSA processes. The Li-based oxides and calcium oxides are famous for CO2 capture 

at higher temperatures (> 500 ºC), particularly in the SE-SMR and calcium looping 

applications. Due to the explosive amount of research conducted for these sorbents in 

recent years, it is impossible to summarize them within the scope of present work and 

therefore, the following articles are recommended for summaries of the works and timely 

review of the material advances [123]–[128]. For example, Dunstan et al. (2021) presented 
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a comprehensive review on the solid oxide-based sorbents (mainly MgO and CaO) for CO2 

capture at medium to high temperature, covering the fundamental aspects, thermodynamic 

properties, CO2 carbonation mechanism, mechanistic insights, and recent advances in 

material optimization [129].  

At the intermediate temperature range (200 – 400 ºC) – the condition of interest in the 

present thesis, there is technically only two main class of sorbent being investigated, which 

are the MgO-based sorbent and Mixed Metal Oxides (MMOs) derived from Layered 

Double Hydroxides (LDHs). As a matter of fact, the CO2-capturing species in the LDH-

derived MMOs sorbent is also the Mg-O species. This is because LDHs, more commonly 

known as Hydrotalcite (HTcs) in the adsorption community, are a derivation of Brucite, 

Mg(OH)2 but have part of the Mg2+ ions substituted by the Al3+ ions. The general formula 

of LDHs is [M1−x
2+ Mx

3+(OH)2]x+[Ax/m
m− ]x− · nH2O, where M2+ and M3+ are di- and trivalent 

cations and Am- is the balancing anion at the interlayers. The x is the molar ratio of the 

trivalent cation. Upon calcination at 400 ºC, the layer structure of LDHs/HTcs will collapse 

and forms MMOs, so it exists as a well-dispersed binary metal oxides phase (MgO and 

Al2O3). Figure 2.11 shows a representation of Brucite, Mg-Al LDHs and MMOs.  

 

Figure 2.11 - Crystal structure of Brucite, Mg-Al LDH and MMOs 

Hydrotalcite is the mineral name for the Mg-Al-CO3 LDH phase, specifically for those 

having an Mg/Al ratio of 3. There is a difference mineral names for the LDHs phase with 

other Mg/Al ratios, e.g., Quintinite (Mg/Al ratio of 2) and different compositions, e.g., 
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Pyroaurite (Mg/Fe ratio of 3). Therefore, to accommodate the different varieties of LDH 

phases and avoid confusion, this thesis will use the term LDH rather than HTcs to refer to 

this class of sorbent material. Besides the MgO-based sorbent, the other types of CO2 

sorbents being investigated for this temperature range are such as sodium-oxides based (e.g., 

NaZr2O3, Na2O, Na3SbO4), graphene-oxides based, but the research of these sorbents only 

exists in limited quantities.  

Considering the fact that the LDHs-derived MMOs sorbent has already been widely studied 

for the SEWGS process and has reached a high TRL level (6), it seems to be the best match 

for the scope of the project. 

• Adequate sorption working capacity (~ 0.5 mol/kg) 

• Can withstand impurities present in the flue gas of interest, i.e., moisture, CO and 

H2S 

• Can be mass manufactured (commercialized product) 

• Proven to have stable mechanical stability up to 2000 adsorption-desorption cycles, 

under elevated pressure (20 bar) 

• Has bifunctional properties, such as can act as a SEWGS catalyst to complete the 

conversion of CO in SEWGS reaction (100 %) 

Several hypotheses make MMOs considered a better alternative to MgO. First, the addition 

of Al3+ into the MgO lattice may increase the basicity of MgO and improve the CO2 

adsorption capacity and sorption kinetics in the sorbent. Second, the secondary Al2O3 phase 

may act as support that can improve the mechanical stability of MgO species. Finally, the 

replacement of Mg by Al might reduce the cost of sorbent as MgO is relatively more 

expensive than Al2O3. These aspects will be discussed in further detail in the following 

section. 

Nonetheless, there is a noticeable increase in interest towards pristine MgO-based sorbents 

for pre-combustion capture since 2015. Previously, the pure MgO-based sorbent was 

considered unfit for SEWGS reaction, because the MgCO3 phase starts to decompose at 

400 ºC but the usual operating temperature of SEWGS is between 400 – 550 ºC. Hence, a 

solid sorbent with better thermal stability was preferred. This situation has changed after 
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the discovery of the promotional effects of alkali metal salts (AMS) on the MgO species. It 

was found that the AMS (such as alkaline metal nitrates and alkaline metal carbonates) can 

alter the thermodynamic equilibrium of the MgO-MgCO3 system, causing the optimal 

adsorption-desorption temperature window to shift above the conventional system[130]. 

Further to that, the molten state of AMS also improves the sorption kinetics of MgO 

sorbents by allowing the MgO to partially dissolves in the molten nitrates, and forms 

MgCO3 nuclei/clusters with the dissolved CO2 [131], [132]. This discovery has solved 

many of the limitations of the MgO system and has led to rapid growth in the fabrication of 

AMS-promoted MgO sorbent for pre-combustion capture [133], [134].  

2.5.2 LDH-derived MMOs  

A description of LDH and MMOs phase are discussed in depth in the following thesis 

chapters; therefore, this section will aim to give a summary of CO2 capture work for LDH-

derived MMOs sorbent. 

Layered double hydroxides (LDHs) are a group of natural and synthetic layered materials 

with a chemical formula of [𝑀1−𝑥
2+ 𝑀𝑥

3+(𝑂𝐻)2]𝑥+, alternating with interlayers containing 

anion groups and water molecules. Because of the positively charged layers, LDHs are also 

known as anionic clays. Mineral Hydrotalcite, Mg6Al2(OH)16[CO3]·4H2O, was among the 

first and most thoroughly studied LDH phase. Hence, the group also famously known as 

hydrotalcite-like compounds (HTlcs). LDHs are well known to be compositionally and 

structurally diverse. So far there are 44 LDH minerals have been recognized and together 

with their synthetic analogues, a large varieties of M2+/M3+ cations (e.g., M2+ = Mg, Ni, Mn, 

Fe, Zn, Cu and Ca; M3+ = Al, Fe, Cr, Mn and Co), as well as anion species (e.g., CO3
2-, Cl-, 

OH-, SO4
2-, NO3

-, Fe(CN)6
2-, VO4

3-, [Sb(OH)6]
-, etc) were reported [135]. In rare cases, 

cationic [Ca(H2O)6]
2+, [Na(H2O)6]

+ or neutral complexes [Mg(SO4)]
0 are also found as the 

interlayer species[136]–[138]. Thus, LDHs have the characteristics of adjustable 

composition and adjustable anion between layers.  

Structurally, the hydroxide layers of LDH are two-dimensional (2D) like nanosheets, which 

means different layer sequences can arise (Figure 2.12). This unique characteristic of 2D 

material is known as Polytypism, where the polytypes are differentiated by stacking 

sequences of hydroxide layers [139], [140]. Upon calcination/decomposition under an 
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inert/oxidizing environment, the 2D structure of LDHs collapses which leads to the 

formation of 3D mixed metal oxides (MMOs) with homogeneously dispersed metal cations, 

which is highly desirable for many industrial applications [141]. Through controlled 

decomposition, it is possible to tune the porosity, surface area or even catalysed the 

polymerization reaction of anion species to form heat-stable support for improved thermal 

and mechanical stability[142].  

 

Figure 2.12 - Layered structure of Mg-Al Layered Double Hydroxides (LDHs) 

The first patent of LDH appeared in 1973, which specifically referred to LDH as the 

optimal precursors for hydrogenation catalysts[143]. Since then, LDHs and derived MMOs 

have received great attention in many fields, including wastewater treatment, 

pharmaceutical, catalysis, adsorption and built environment[144]–[147]. Depending on the 

cation species used, the operating temperature of LDH-derived MMOs sorbent can vary 

between 25 – 700 °C, making them suitable for many flue gas conditions. For example, the 

Mg-based MMOs sorbent can capture CO2 up to 400 ºC, whereas the Ca-based MMOs 

sorbent can capture CO2 starting from 500 ºC, up to 700 ºC. Recently, Arstad et al. (2020) 

explored the use of Co-Mg-based LDH-derived MMOs for the capture of CO2 at 400 ºC 

[148]. Nevertheless, the focus of the thesis is the Mg-Al LDH system, which is the most 

widely studied phase for CO2 capture.  
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The first documented use of Mg-Al LDH-derived MMOs as cyclic CO2 sorbent can be 

dated back to 1992, reported by Tagaya and co-workers [149]. During the time of 

investigation, it has already been known that the calcined products of the LDH phase can 

reconstruct back to their original layered structure under ambient conditions, by adsorbing 

atmospheric CO2. This natural phenomenon of the LDH phase is termed the "memory 

effect". Through observation of the repeated formation of MgO and MgCO3 peaks on XRD 

analysis, Tagaya and co-workers proves that the adsorption and desorption of CO2 on LDH-

derived MMOs are reversible and can be considered for industrial CO2 separation 

application. 

LDH-derived MMOs sorbent gained further popularity in 1996 when Air Products and 

Chemicals, Inc. reported its use in SE-SMR reaction for low-carbon hydrogen 

production[110]. Hydrotalcite promoted with 20 wt % K2CO3 was found satisfied all the 

preliminary performance targets set for a CO2 sorbent suitable for the SE-SMR reaction, 

such as 1) having CO2 working capacity more than 0.30 mol/kg at 300 – 500 ºC, in the 

pressure of steam, 2) adequate adsorption kinetics for CO2, 3) stable CO2 cyclic stability up 

to 20 cycles and 4) adequate mechanical strength after cyclic exposure to high-pressure 

steam. Actual breakthrough results show that the working capacity of K2CO3 promoted 

HTC is 0.45 mol/kg, under wet conditions (PH2O =10 atm). However, Air Products 

Chemical and Inc. eventually concludes that the hydrotalcite-based high-temperature 

adsorption process would be more suitable for the SEWGS process, compared to the SE-

SMR[111].  

After that, research in the hydrotalcite-based SERPs processes began across the globe in 

2000. Ding and Alpay, a research group from the United Kingdom investigated the CO2 

equilibrium and kinetics of potassium-promoted hydrotalcite pellets at 208, 302 and 480 ºC, 

under dry and wet feed conditions using a semi-technical breakthrough study apparatus 

[150], [151]. The authors found that both dry and wet adsorption isotherms of K-promoted 

hydrotalcite can be described by the Langmuir models. The presence of steam was also 

found to have a positive effect on the CO2 adsorption capacities of K-promoted hydrotalcite 

sorbent (~ 10 % higher than dry feed condition). However, there is an order of magnitude 

difference between the adsorption (0.0058 s-1) and desorption kinetics of CO2 (0.0006 s-1) 
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in the K-promoted sorbent at 302 ºC, which can be an issue due to the need for longer 

desorption step. 

Rodrigues and co-workers from the University of Porto, Portugal have investigated several 

aspects of K2CO3 impregnated commercial hydrotalcite sorbents (mainly from Sasol, 

Germany) on their adsorption performance at high temperatures (i.e., 29 – 400 ºC), such as 

the effect of aluminium content[152], the effect of alkali (K and Cs) and alkaline-earth 

metals (Sr) [153], [154], adsorption capacities [155], [156], adsorption kinetic [157], etc. 

Using these commercial K2CO3-promoted sorbents, they have conducted several process 

stimulations studies of SE-SMR to produce hydrogen [158]–[162]. 

Ritter and co-workers from the University of South Carolina, United States have conducted 

several process performance studies for K-promoted hydrotalcite-based high-temperature 

PSA applications [163]–[167]. Using the kinetics parameters reported earlier by Ding and 

Alpay (2001), Ritter demonstrates that the hydrotalcite-based PSA process might be limited 

by its desorption rate [165]. To improve the purity and CO2 recovery of the process without 

increasing the number of beds in the PSA process, the adsorption and desorption kinetics 

parameter of hydrotalcite sorbent needs to be at least equal to each other. Through a series 

of investigations work, Ritter and co-workers demonstrate that the adsorption of CO2 in the 

K-promoted hydrotalcite sorbent at 450 ºC is a complex system with at least three different 

processes occurring at different kinetics, i.e., very fast, intermediate, and slow [166]–[168]. 

A reversible nonequilibrium kinetic model (RNEK), based in part on Langmuir-

Hinshelwood type kinetics was proposed to describe the adsorption and desorption 

behaviour in the K-promoted HTcs sorbent [164].   

A research group from the Energy Research Centre (ECN), Netherlands published their 

first work on K-promoted hydrotalcite sorbents in 2006 [169]. The research group 

eventually took part in both the CAESAR project and the STEPWISE project. In 2013, 

after the pilot test of the SEWGS process, it was found that the PURAL K-MG70 sorbent 

originally used in the CAESAR project showed poor mechanical stability and CO2 slip 

during long-term testing under realistic conditions [74]. After more than 1200 cycles, the 

sorbent eventually fractured into powders due to the formation of MgCO3, which has the 

slow kinetics demonstrated by Ritter and co-workers. To overcome this, the ECN group 
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developed a new HTcs sorbent with a lower Mg content (ALKASORB and ALKASORB+), 

which showed good mechanical stability over more than 2000 cycles and requires lesser 

steam for the regeneration (34 % lesser) [170]. Due to the large amount of research work 

published by the same group, the following review papers for the summaries of work on 

SEWGS processes are recommended [72], [171], [172] and also the mechanistic studies of 

hydrotalcite-based sorbent, e.g., in situ studies of phase formation at 400 ºC [173]–[175], 

impacts of sour gases (H2S) [176], [177], CO2 and H2O chemisorption mechanism [178]–

[185], and synthesis of novel/structured hydrotalcite-based adsorbent[148]. Walspurger et 

al. (2008) demonstrate that it was the dawsonite phase, KAlCO3(OH)2, a product formed 

after the reaction between the K+ ions from K2CO3, aluminium oxides and the water in the 

feed stream that was dominating the adsorption of CO2 in the K-promoted MMOs 

sorbents[173]–[175]. Finally, Cai and a co-worker, a research team from Tsinghua 

University, Beijing have published several articles on K-promoted hydrotalcite sorbents 

since 2013[109], [186]–[189]. Table 2.7 gives a summary of the selected work on 

hydrotalcite-based sorbents since 1996. 

Thus far, it seems almost all the CO2 capture studies on the LDH-based MMOs sorbent 

were primarily done on those promoted by AMS (K2CO3 in particular) and many of them 

were obtained from the same vendor (Sasol). Currently, the highest working capacity that 

was measured for these LDH-derived MMOs is 1.1 mol/kg [159]. Even though it is already 

a significant improvement of the material since 1996 (almost two-fold increase in working 

capacity), but several studies have indicated that the working capacity of MMOs sorbent 

needs to reach above 1.35 mol/kg to make the SEWGS substantially cheaper than the more 

conventional carbon capture technology [69], [74], [190], [191]. On the other hand, MMOs 

with an Mg/Al ratio of 3: 1 should have a maximum CO2 uptake capacity of 16.27 mmol/g, 

assuming each Mg2+ is a basic site for CO2 adsorption. However, even after being promoted 

with potassium, the highest working capacity obtained from MMOs sorbent is merely 7% 

of this theoretical capacity. To unveil this maximum capacity, there seems to be a need to 

investigate into this subject. 
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Table 2. 7 - Summary of CO2 adsorption work using LDH-based MMOs sorbent  

Author Sorbent 

material 

Condition  Fitted Model LDF parameter 

at 400 ˚C 

References  

Hufton et al. 

(1996) 

K-promoted 

hydrotalcite 

(commercial) 

400 – 500 ˚C Langmuir N/A [69] 

Ding & Alpay 

(2000) 

K-promoted 

hydrotalcite 

(commercial) 

208 - 480 ˚C 

(dry and wet) 

Langmuir 7.5 x 10-3 (dry); 

1 x 10-2 (wet) 

[150], [151] 

Moreira et al. 

(2006) 

PURAL 

MG50 (Sasol) 

150 - 350 ˚C 

(dry) 

Langmuir 10.4 x 10-3 (dry) [155] 

Lee et al. (2007) K2CO3-

promoted 

hydrotalcite 

(Air Products 

Ltd.) 

400 - 520 ˚C 

(dry) 

Langmuir + 

complexion 

N/A [192] 

 

Oliveira et al. 

(2008) 

20 wt% 

K2CO3-

promoted 

PURAL 

MG30 (Sasol) 

306 - 510 ˚C 

(wet) 

Bi-Langmuir 2.9 x 10-3 (dry) [154] 

Ebner & Ritter 

(2007) 

K-promoted 

LDH (co-

precipitation 

400 ˚C (dry) RNEK  2.03 x 10-2 [167] 

Halabi et al. 

(2012) 

22 wt% 

K2CO3-

promoted 

PURAL 

MG61 (Sasol) 

400 ˚C (dry 

and wet) 

Freundlich N/A [193] 

Chanburanasiri 

et al. (2013) 

K2CO3 – 

promoted 

PURAL 

MG31w 

(Sasol) 

360 – 467 ˚C 

(wet) 

Bi-Langmuir 1.66 x 10-2 (wet) [158] 

Miguel et al. 

(2014) 

K-, Sr-, Cs-, 

Mg-Al, Ga-

CO3 (co-

precipitation) 

300 - 400 ˚C 

(dry) 

Freundlich (fast)7.57 x10-4; 

(slow) 12.26 x 

10-4 

[153] 

Boon et al. 

(2014) 

20 wt% 

K2CO3 – 

promoted 

Hydrotalcite 

(Sasol) 

400 ˚C (dry 

and wet) 

Langmuir + 

Freundlich 

N/A [185] 
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The main reason is likely due to the lack of in-depth understanding of the material. As 

demonstrated earlier, almost all the sorbents studied relied on the impregnation of K2CO3 to 

achieve higher sorption capacities, which resulted in a very limited material breakthroughs 

in this class of sorbent group. Although the promotional effect of K2CO3 has been 

thoroughly studied by several authors, but the exact role of K+ ions on the CO2 capture 

mechanism of MMOs sorbent are still unclear [152], [194], [195]. Nonetheless, a wide 

consensus is that the optimal loading rate of K2CO3 in the sorbent is 20 wt%. Further 

increase in the loading rate will negatively affect the high-temperature CO2 adsorption 

performance of MMOs sorbent, likely caused by the blockage of accessible pores by 

alkaline promoters.  

An alternative route to improve the CO2 capture capacity of MMOs sorbent is through the 

precursor engineering of the LDH phase. One example is from Wang et. al (2012), who 

have attempted utilising the interlayer anions as a template to improve the CO2 capture 

performance[196]. The author demonstrated that the morphology, surface area and thermal 

stability of derived MMOs can be altered by changing the anions into the LDHs, i.e., 

intercalating long-chain carbon-chain organic anions (such as stearate and carboxylate). 

The derived MMOs showed a remarkable increase in CO2 uptake capacity from 0.5mmol/g 

to 1.25mmol/g. The improved CO2 uptake capacity was believed a result of the 

decomposition of larger organic anions, which cracks up the LDHs crystal planes and 

created more surface basic sites for adsorption. This finding confirms the tuneable potential 

of LDH-derived MMOs for CO2 capture. However, until this date, very limited attempts 

with this approach are seen. To design MMOs with better sorption capacities, perhaps a 

further understanding of the material is required, such as basic site formation mechanism, 

CO2 adsorption mechanism, and adsorption performance.  

Zhu et al. 

(2019) 

20 wt% 

K2CO3 – 

promoted 

MG30, MG63 

& MG70 

(Sasol) 

300 – 450 ˚C 

(dry)  

N/A N/A [188] 
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Nevertheless, there still lies significant ambiguity about the adsorption performance of this 

class of material. There is a dispersed trend in the adsorption equilibrium isotherms of K-

promoted hydrotalcite sorbent. Previously, Allam (2005) and Ding & Alpay (2000) 

reported a clear temperature dependence trend in the K-promoted hydrotalcite sorbents. The 

sorption capacities of K-promoted hydrotalcite sorbents decreases as temperature increase. 

However, in 2008, Oliveira et al. measured the sorption equilibrium isotherms of CO2 (in 

the presence of steam) in the MG30-K hydrotalcite sorbent and found that a maximum is 

seen at 403 ºC, indicating the sorption capacity at 403 ºC is higher than at 306 ºC and 510 

ºC. The authors explain that the existence of a maximum in the CO2 equilibrium capacity 

suggests that there are two types of sorption interactions in the hydrotalcite sorbent, which 

might arise from the specific interactions between the CO2 molecules and the alkali metals 

promoter in the hydrotalcite sorbent. The equilibrium isotherms reported by Lee et al. 

(2007) measured at 400 and 520 ºC seem to echo with this finding [192]. However, they 

recorded a new isotherm shape that is different from those recorded by Allam, Ding & 

Alpay and Oliveira, i.e., a step increase was seen in the low-pressure range (~ Pco2 = 0.5 

bar). Coincidentally, Boon et al. (2014) also recorded a similar adsorption isotherm shape 

with the ones of Lee et al. (2007), under the presence of steam[185]. In a more recent study, 

the adsorption isotherms measured by Ramirez-Moreno et al. (2014) showed a, where a 

remarkable increase in the sorption capacities was seen above 20 bar [196], which seems to 

suggest that the CO2 adsorption capacities of MMOs sorbent amplifies at high pressure 

range [197]. 

As the equilibrium sorption capacity represents the maximum CO2 molecule that can 

adsorb by the sorbent material at a given partial pressure and is directly proportional to the 

number of basic site available for adsorption, therefore, it is of utmost importance to 

understand the equilibrium isotherms behaviour to design better MMOs. However, noted 

that the pressure range of these equilibrium isotherms measured has been extremely varied, 

i.e., Pco2 = 0.05 – 43.5 bar, making it almost impossible to compare them and obtain better 

insights into the adsorption equilibrium behaviour of this class of sorbent. To design better 

MMOs sorbent, the unambiguous measurement of adsorption equilibrium isotherms, 

covering the full range of temperature and pressure range of interest for the flue gas 

conditions of present work is required. 
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However, the next question is which LDH-derived MMOs sorbent to measure for the 

adsorption equilibrium isotherms. Since there already exists very thorough investigations 

on the adsorption performance of K-promoted hydrotalcite sorbents, it is perhaps not of 

significant important to carry out similar research on the same type of sorbent. Interestingly, 

there is no sorption equilibrium data measured for pristine/unpromoted LDH-derived 

MMOs sorbent yet, which is crucial to understand the nature of basic sites of the pristine 

MMOs sorbent. As mentioned before, the Mg2+ species is responsible for CO2 adsorption in 

the MMOs and thus the chemical composition of LDH-derived MMOs should show a 

direct proportional relation to its CO2 adsorption capacities.  Nevertheless, based on a large 

amount of data analysis, we found that the effect of chemical composition on the CO2 

adsorption properties of unpromoted LDH-derived MMOs still remains unclear (Figure 

2.13). On a very basic level, it is still uncertain why the MMOs sorbent derived by the same 

synthesis method and compositions shows large variation in their CO2 adsorption capacities. 

For example, LDH-derived MMOs derived from co-precipitation method and Mg/Al ratio 

of 3 shows significant differences in their adsorption capacities at the same reaction 

temperature (200 ˚C). The difference in sorption capacities varies by almost 0.7 mmol/g, 

which is likely not due to measurement errors. Considering the largest sorption capacity 

measured for this material is 0.83 mmol/g, this variation of 0.7 mmol/g in the sorption 

capacity is significant.  
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Figure 2.13 - Comparison of CO2 adsorption capacities of unpromoted MMOs sorbent 

derived from co-precipitation method and various Mg/Al ratios 

After careful inspection of the LDH chemistry, we found that there is in fact no reliable 

method to determine the true chemical composition of the LDH phase. This is perhaps why 

very little effort has been made to improve the sorbent from the precursor engineering 

route, despite the material have been extensively studied for many applications since 1970. 

There seems a need to revisit the chemical composition aspects to obtain better insights for 

LDH-derived MMOs sorbents. A chemically meaningful relationship between the 

composition of LDH precursors and the CO2 adsorption performance of MMOs must first 

associated.  

To derive the true chemical composition of LDHs, it is necessary to study the crystal 

structure. In this work, an innovative crystal chemical approach was proposed to identify 

the true chemical composition of LDHs in the crystal phase. A novel crystal chemical 

equation was eventually developed to give a better estimation of chemical composition for 

the LDH phases. To achieve this, any variables that may affect the chemical composition of 

the LDHs phase must first be identified (Table 2.8). Once the chemical composition is 

established, the true adsorption performance of the LDH-derived MMOs phase can be 

measured. Table 2.8 also presents some of the composition variables that can be observed 
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from LDH with varied chemical compositions. These aspects of LDH phases will be 

discussed in the following thesis chapters. 

Table 2. 8 - Composition and preparation variables in the synthesis of LDH phase 

[198] 

Composition variables Preparation variables 

Cation size pH values 

Value of x Precipitation method 

Cation nature and ratio Precipitation temperature 

Cation stereochemistry Reagent concentration 

Nature of balancing anions Ageing 

Amount of interlayer water Washing and drying 

Crystal morphology and size Presence of impurities 
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2.6 Aim and Research Objectives 

Based on the urgent need to achieve the UK’s 2050 net zero targets while securing the 

country’s energy demand at the same time, the widespread deployment of intermittent clean 

technologies such as CCUS, are desired. In the present work, the solid adsorption system 

was identified to present the largest technological and economical potential to sequestrate 

CO2 emissions from hydrogen production plants and industrial sources in the UK. LDH-

derived MMOs sorbent has been chosen to study for the flue gas conditions. 

Nevertheless, the major barrier to the system is the low working capacity of adsorbents. For 

the system to be comparable to conventional capture technologies, the working capacity of 

the LDH-derived MMOs sorbent needs to be increased to a minimum of 1.35 mmol/g. 

Currently, their working capacity is in the range of 0.3 – 1.1 mmol/g.  

To design MMOs sorbent with better CO2 capture performance, several aspects of the 

material, including both LDHs and MMOs, were investigated. Specifically, the following 

research objectives have been pursued to obtain a better understanding of their applications 

in this area: 

• Establish a chemically meaningful relationship between the chemical composition 

of LDHs and the CO2 adsorption capacities of MMOs derived. (Chapter 3) 

• Investigate the impact of the synthesis method and metal salt precursors on the CO2 

adsorption performance of LDH-derived MMOs. (Chapter 4) 

• Establish a reliable method to measure the true chemical composition of LDHs. 

(Chapter 5) 

• Re-evaluation of CO2 adsorption performance of LDH-derived MMOs after 

obtaining better insights into the material and chemical composition (Chapter 6) 
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Chapter 3: A Systematic Crystal Chemical Approach to Investigating the Chemical 

Composition of LDH-based MMOs and its Effect on High Temperature CO2 Capture 

 

Critical Review 

This chapter has been published as Cheah, L.A., Manohara, G.V., Maroto – Valer, M.M. 

and Garcia, S., 2020. Layered Double Hydroxide (LDH) – Derived Mixed Metal Oxides 

(MMOs): A Systematic Crystal-Chemical Approach to Investigating the Chemical 

Composition and its Effect on High Temperature CO2 capture. ChemistrySelect, 5(19), 

pp.5587-5594 and in part, is published as Cheah, L.A., Manohara, G.V., Maroto-Valer, 

M.M. and Garcia, S., 2018, October. Layered Double Hydroxides: A Systematic Approach 

to Investigate the Effect of Mg/Al Ratio on CO2 Capture. In 14th Greenhouse Gas Control 

Technologies Conference Melbourne (pp. 21-26). Author Contributions statement: LC, GM, 

and SG: conceptualization and design of the study. LC: experiments, acquisition and 

interpretation of data, visualization, and writing of the first draft of the manuscript. GM and 

SG: writing—review and editing for important intellectual content. SG and MM-V: 

supervision, project administration, and funding acquisition.  

The primary aim of the study is to investigate the true effect of chemical composition on 

the CO2 capacity of LDH-derived MMOs sorbents, which is one of the current knowledge 

gaps in the field (See Chapter 2 Section 2.7). As mentioned before, the relationship 

between the chemical composition (i.e., Mg/Al ratios) of precursor LDHs and the CO2 

capture performance of their derived MMO sorbents remains disputable. For instance, 

different optimal Al content has been proposed for the same LDH material, e.g., x = 0.22, 

0.37 and 0.5, as optimal for carbon capture applications [152], [199], [200]. Even when 

prepared by the same synthesis method (e.g., co-precipitation method) and composition 

(nominal Mg/Al ratio of 3), very different reported values for the CO2 capacity of the 

materials (0.3 – 0.71 mmol/g) have been reported [197], [199], [201]. Despite that, previous 

mechanistic studies suggest that the chemical composition (i.e., amount of Mg2+) should 

have a proportional effect on the CO2 capture capacity of MMOs, as MgO species is the 

active site for CO2 adsorption [202]. Nevertheless, none of the LDH studies has 

demonstrated this relationship, revealing the lack of a chemically meaningful relationship 

between composition and CO2 capture performance of LDHs derived MMOs sorbents. 
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The culprit for the lack of a clear relationship between the chemical composition of LDHs 

and the CO2 capture performance of their derived MMO sorbents is likely the complex 

solution chemistry of LDHs, which ranges from their synthesis to application. To date, the 

formation mechanism of LDHs remains poorly understood. Typically, LDHs-based 

materials are synthesized by the co-precipitation method, using sodium hydroxide (NaOH) 

as a pH agent to precipitate LDHs from an aqueous solution of divalent (M2+) and trivalent 

(M3+) ions. It is generally agreed that LDHs form at a pH analogous to the precipitation of 

divalent hydroxide, and for the case of Mg-Al LDHs, the precipitating pH is above 7. 

However, in most cases, trivalent hydroxides will precipitate before LDHs form, due to 

their solubility product being significantly smaller than divalent hydroxides (Al hydroxides, 

Ksp = 2 x 10-31, pH ~ 4 - 6; Mg hydroxides, Ksp = 5.61 x 10-12, pH ~ 9) [203]. The matter is 

further complicated when the trivalent hydroxide is both amorphous and amphoteric in 

nature, such as Al(OH)3. For example, in the titration process, Al(OH)3 will precipitate first 

at low pH range and redissolve before the pH where LDH forms. However, this equilibrium 

between LDHs and Al(OH)3 phase can take up to 100 days to stabilize [204]. The same 

goes for other commonly used trivalent hydroxides, such as Fe(OH)3 and Cr(OH)3. 

Therefore, the competitive precipitation of trivalent hydroxides as secondary phases makes 

it difficult to achieve the desired composition for this class of materials.  

Furthermore, conventional characterization techniques for LDHs have limitations in 

detecting these amorphous impurities. For example, PXRD cannot detect amorphous 

phases, and chemical analysis cannot distinguish between crystalline and amorphous phases 

present in the sample. Relying on these techniques alone may result in misleading 

compositions, and is perhaps the main reasons behind the disputable relationship between 

the reported chemical composition and the CO2 capture capacity of the resultant MMOs.  

To address these gaps, this chapter presents a systematic study to investigate the effect of 

the chemical composition of LDHs on the CO2 adsorption capacities of MMOs derived. 

Four samples of LDHs with varied Mg/Al ratios (2, 3, 4 and 5) were synthesized using the 

co-precipitated method. A novel crystal chemistry approach was used to arrive at the true 

chemical composition of precursors LDHs, using lattice parameter as an indicator, and 

coupled with various other techniques such as elemental analysis and solid-state 27Al NMR 
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to identify any presence of impurities phase in the samples. To our best knowledge, this 

crystal chemistry approach has not been employed elsewhere. CO2 adsorption capacity tests 

of LDHs were carried out in a TGA 5500 thermal gravimetric analyser (TA Instruments), at 

intermediate temperature (200 ºC) for 2 hours and under constant gas flow (90 vol % CO2).  

PXRD diffractograms and FTIR spectra confirm the successful synthesis of Mg-Al-CO3 

LDHs in all four samples synthesized using different nominal compositions and 

demonstrated that besides LDHs, no other obvious crystallized phase is seen from the 

patterns. The lattice parameter, a of synthesized LDHs ranging from 3.051 – 3.070 Å and 

resulted in values of x between 0.22 – 0.28, using the crystal-chemical model proposed by 

Richardson (2013). There seems to be a tendency for LDHs to crystallize in a composition 

that is close to that of the naturally available mineral Hydrotalcite (x = 0.25; a = 3.054 Å), 

irrespective of the nominal composition taken for the synthesis. Results from the elemental 

analysis show all four samples deviate from their desired composition and consist of a 

notable quantity of sodium content (9 - 14 wt %). Solid-state 27Al NMR experiments reveal 

the presence of at least two different amorphous aluminium-based hydroxide/oxyhydroxide 

in all the resultant LDHs, which is in line with the discrepancies observed from the results 

of elemental analysis and lattice a-parameter. CO2 capture capacities of LDH-derived 

MMOs at 200 ºC ranged between 0.69 – 0.82 mmol/g and are shown strongly correlated to 

the amount of sodium in the samples. Interestingly, there is no obvious correlation between 

Mg/Al ratios and the CO2 capture capacity of LDHs.  

Overall, this chapter establishes the relationship between the chemical composition of the 

LDH phase, the tendency to form various amorphous impurities, the presence of remnant 

sodium, and their role in the high-temperature CO2 capture properties of derived MMOs. 

The observations of lattice parameters and impurities phase demonstrate the challenges of 

obtaining the desired compositions for the LDH phase. Interestingly, our findings reveal 

that the sodium content in the bulk phase has a stronger effect on the CO2 adsorption 

properties of MMOs, than the chemical composition (Mg/Al ratios) of LDH crystals. This 

discovery highlights the importance of understanding the existence of impurities and the 

need to carefully handle the sorbent material, from synthesis to applications to maintain the 

desired properties of the bulk samples. This work also demonstrates the benefits of 
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combining crystal chemistry with systematic analytical approaches in establishing the true 

chemical compositions of LDHs. 
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3.1 Introduction 

Like other solid sorbents, the chemical composition of the LDHs precursor plays a vital 

role in the CO2 capture performance of the derived MMOs sorbent. This is because MMOs 

share the same chemical composition as their LDHs precursors. Taking Mg-Al based 

MMOs as an example, MgO is the active adsorbent species in the sorbent material; thus a 

direct correlation between the LDHs composition and the CO2 capture capacity of the 

resultant MMOs should exist [202]. However, such a relationship is not yet observed in the 

literature, and the highest CO2 adsorption capacities are not always measured from the 

MMOs having the highest Mg content. For instance, Yong et al. (2001) measured the 

highest adsorption capacities from MMOs having Mg content of 50 %, which contradicts 

the 63 % and 78 % observed by Sharma et al. (2008), and Gao et al. (2013), respectively 

[152], [199], [200]. In addition to this ambiguity, MMOs obtained from LDHs with the 

same synthesis method and composition also shows varied CO2 capture capacities [151], 

[198], [199]. For example, for MMOs synthesized by the co-precipitation method and 

Mg/Al ratio of 3, the CO2 capture capacities varied from 0.1 to 0.83 mmol/g [197], [199], 

[205]. Clearly, there is a disputable relationship between the reported chemical composition 

of the LDHs precursor and the CO2 capture capacities of the resultant MMOs. Because of 

these discrepancies, it is important to establish a chemically meaningful relationship 

between precursor LDHs and derived MMOs to optimally develop high-temperature CO2 

capture sorbents based on LDHs.       

Most LDH studies derived their measured chemical compositions from chemical/elemental 

analysis. Establishing the composition using chemical analysis is simple for most solid 

sorbents, but not so for LDHs due to their complex solution chemistry, from synthesis to 

application (e.g., anion exchange reaction). The physical properties of the unitary 

hydroxides, such as pH of formation, solubility product, thermodynamic stabilities and 

amphoteric nature of the metal cation, can have a significant influence on the final 

composition of the LDHs formed [205]–[208]. As a matter of fact, the formation 

mechanism of LDHs is still not clearly understood, with some reports proposing a 

topotactic mechanism, while others suggest a dissolution-reprecipitation (D-R) route [206], 

[207]. The nature of the reaction mechanism involved could impact the composition of the 

LDHs, and competing and parallel reactions such as formation of amorphous 



87 

 

hydroxides/oxy-hydroxides [209], [210] and leaching out of metal cations from the 

hydroxide lattice [146] are also commonly reported under the conditions employed for the 

LDH synthesis [208], [209]. Because of these complex factors, it is difficult to establish a 

meaningful LDH composition based on chemical analysis alone, as it does not distinguish 

between amorphous (as impurity) and crystalline phase; and tend to give misleading 

compositions of the resultant LDHs. 

Given the significance that LDHs and related materials gained in recent years in catalysis in 

general, and high-temperature CO2 capture in particular, it is crucial to establish a precise 

chemical composition. A chemically meaningful composition for LDHs can be established 

by using a combination of the crystal-chemical approach and analytical techniques. The 

lattice parameter a is directly proportional to the isomorphous substitution of M2+ ion in the 

hydroxide lattice with the M3+ ion in the solution. In this work, we report the results of the 

crystal-chemistry model to determine the true chemical composition of precursor LDHs, 

coupled with various other techniques such as elemental analysis and solid-state 27Al NMR, 

and correlate the results with the CO2 adsorption performance of resultant MMOs. 

3.2 Experimental Details 

3.2.1 Materials  

The reagents used for the preparation of LDHs were Mg(NO3)2·6H2O (ACROS Organics; 

MW = 256.4 g/mol, ≥ 98.0 %), Al(NO3)3·9H2O (Fluka®; MW = 375.13 g/mol, ≥ 98.0 %), 

Na2CO3 (Fisher Chemical; SLR grade), NaOH (Fisher Chemical; SLR grade) and  

deionized water (Milli-Q® Reference ultrapure water, Type 1, resistivity = 18.2 MΩ cm at 

25 ˚C). All reagents were used as purchased without further purification. 

3.2.2 Preparations of LDHs and MMOs  

The co-precipitation method used for the preparation of LDHs was based on Miyata‘s 

method [210]. First, a mixed metal solution containing Mg2+ and Al3+ ions in 2: 1 ratio was 

prepared using metal nitrates (Mg(NO3)2·6H2O & Al(NO3)3·9H2O) and was added 

deionized water to arrive at a final concentration of 0.5 M. The mixed metal solution was 

then added dropwise into a base solution containing Na2CO3 (500 ml). The amount of 

Na2CO3 used was 3 times the stoichiometric amount of Al3+ ions. Throughout the titration, 

temperature was kept constant at 70 ˚C with continuous stirring at 400 rpm and pH was 
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maintained at 10 (± 0.02) with the addition of 1 M NaOH solution using an auto-titrator 

(Metrohm auto-titrator). The time of titration reaction was controlled within 3 hours and the 

solution containing the precipitates was left aged for another 18 hours, at 70 ˚C and with 

continuous stirring at 400 rpm.  The solution was then filtered and washed 3 times with 

copious amount of deionized water by centrifugation before dried overnight in an oven. All 

the steps were repeated to prepare LDHs with different Mg/Al ratios (2, 3, 4 & 5). For 

MMOs characterization, the samples were prepared by calcining LDHs at 400 ˚C for 4 

hours using a ramping rate of 10 ˚C/min and under a N2 gas flow of 50 mL/min.  

3.2.3 Characterization Techniques  

Powder X-ray Diffraction (PXRD) patterns were recorded on a Bruker D8 Advance powder 

diffractometer, using Ge-monochromated Cu-Kα1 radiation (𝜆 = 1.5406 Å) from a sealed 

tube, operating at 40 kV and 40 mA with a LynxEye linear detector in reflectance mode. 

All data were collected over angular range of 5 – 85 ° in 2𝜃 values over one-hour span, 

with a step size of 0.009 ˚ 2𝜃 per second. Fourier Transform Infrared (FT-IR) spectra were 

measured using Perkin Elmer Frontier IR Single-Range Spectrometer under ATR mode, 

recorded from wavenumber 4000 to 600 cm-1 with a 4 cm-1 resolution. Elemental analysis 

(ICP-OES) was carried out by atomic emission using Perkin Elmer Optima 5300 DV. 

Concentrated hydrochloric acid was used to dissolve the LDHs solid samples (50 mg) and 

diluted 20 times prior to analysis. Solid-state 27Al NMR spectra were recorded on a Bruker 

Avance III spectrometer equipped with a wide-bore 9.4 T superconducting magnet (Larmor 

frequency of 104.3 MHz for 27Al). Samples were packed into standard 4 mm rotors and 

rotated at the magic angle at a rate of 14 kHz. Magic angle spinning (MAS) spectra were 

recorded with a short pulse (0.25 μs, inherent flip angle of ~ 10 °) to ensure quantitative 

integrals for Al(IV) and Al(VI) signals. Signal averaging was carried out for between 1024 

and 8192 transients with a recycle interval of 1 s. The multiple-quantum (MQ) MAS NMR 

spectra were recorded using an amplitude-modulated z-filtered experiment. Signal 

averaging was carried out for 96 or 144 transients for each of 36-72 t1 increments of 71.43 

μs with a recycle interval of 1 s. After acquisition the spectra were sheared and referenced 

in the indirect dimension according to Pike et al.[211]. Chemical shifts are reported in ppm 

relative to 1.1 M Al(NO3)3 solution using solid Al(acac)3 as a secondary reference (iso = 

0.0 ppm, CQ = 3.08 MHz, Q = 0.15).  
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3.2.4 CO2 Adsorption Tests  

CO2 adsorption tests were carried out in the thermal gravimetric analyser (TA Instruments; 

TGA Discovery 5500; Resolution: < 0.1 μg, weighing precision: ± 0.01 %). Fresh LDHs 

were used to prepare MMOs in each run to avoid CO2 contamination. MMOs were first 

prepared by calcining LDHs at 400 ˚C for 4 hours, using a ramping rate of 5 ˚C/min and 

under a constant pure N2 gas flow (purity 99.998 %, 50 mL/min, oxygen free) at ambient 

pressure (1 bar). Once the decomposition step was completed,  MMOs were cooled down to 

the desired temperature (200 ˚C) and hold for 10 min before CO2 gas flow (purity 99.98 %, 

90 v/v % after diluted with N2 gas purity 99.998 %) was introduced for the CO2 adsorption 

test for 2 hours.   

3.3 Results and Discussion 

3.3.1 Characterization of LDHs and MMOs 

The successful synthesis of Mg-Al-CO3 LDHs using different nominal compositions is 

evidenced in the PXRD patterns (Figure 3.1A), and the samples are labelled with the molar 

Mg/Al ratios used at synthesis. The sharp and intense diffraction peak at low angle yielding 

a d-spacing value of 7.6 Å (2𝜃 = 11.5 °) represents the average distance between hydroxide 

layers in the (003) plane of the LDH crystal system and is the characteristic value of 

carbonate anion intercalated LDHs [146]. The submultiple peak is seen at 3.8 Å (2𝜃 = 

23.5 °). The ‘saw-tooth’ shaped reflections at higher angles (2𝜃 = 60 - 62 °) are assigned to 

(110) and (113) planes. Among them, the peak with a d-spacing value of 1.5 Å (2𝜃 = 60.5 °) 

represents the average metal-oxygen (M-O) distance at the crystal lattice, and twice this 

value gives the unit cell parameter “a” of LDHs (a = 2 × d110). This is similar to the unit 

cell parameter “a” of Brucite, Mg(OH)2 as LDH is essentially Brucite having some of the 

Mg2+ ions replaced by Al3+ ions at the octahedral sites in the hydroxide layers [212]. 

Besides LDHs, no other obvious crystallized phase is seen in the diffractograms. 

Table 3.1 lists the a-parameter of all LDHs synthesized with different nominal 

compositions. All a values of the synthesized LDHs are lower than the a value of Brucite 

(3.142 Å), indicating the successful replacement of Mg2+ ions (0.72 Å) by smaller Al3+ ions 

(0.53 Å) at the octahedral sites [213]. The fact that the a values are decrease with smaller 

Mg/Al ratios suggests a progressive incorporation of Al3+ ions into the crystal lattice, which 
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is consistent with Vegard’s law [214]. This is supported by the decreasing d003 values, 

which suggests increased interactions between hydroxide layers and anion interlayers due 

to higher Al content.  Interestingly, the two samples synthesized with nominal Mg/Al ratios 

of 3 and 4, show almost have identical a and d003 values, suggesting a similar chemical 

composition. For the sake of convenience, the chemical composition of LDHs is 

represented by x, the amount of Al in the LDHs (x = Al/ Mg + Al) for the rest of the chapter. 

 

Figure 3.1 – (A) PXRD patterns and (B) FTIR spectra of LDHs synthesized with 

different Mg/Al ratios 

Table 3.1 - Nominal composition and lattice parameters of LDHs with different Mg/Al 

ratios 

Nominal Mg/Al 

Ratios 

xnominal a (Å) d003 (Å) xcrystal 

2 0.33 3.051 7.647 0.28 

3 0.25 3.055 7.673 0.27 

4 0.20 3.056 7.674 0.27 

5 0.17 3.070 7.812 0.22 

 

Further successful synthesis of carbonate-LDHs is confirmed by the FTIR spectra, as 

shown in Figure 3.1B. The characteristic vibrations due to intercalated carbonate ion 

(around 1360 cm-1) and hydroxyl ions from layered hydroxides (around 3400 cm-1) confirm 

the successful formation of LDHs [215], [216]. The weak vibration band at 1630 cm-1 is 

due to bending mode of the intercalated water molecules.  
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Upon calcination at 400 °C, the formation of poorly crystallized mixed metal oxides is 

revealed by the PXRD patterns (Figure 3.2A). The characteristic peaks due to LDHs are no 

longer observed, which indicates the collapse of layered structure. Three broad reflections 

with d-values of 3.03 Å (2𝜃 = 36.9 °), 2.09 Å (2𝜃 = 43.2 °) and 1.48 Å (2𝜃 = 62.7 °) are 

observed and assigned to the Periclase MgO phase [217]. It is noteworthy to mention that 

no trace of aluminium oxides or other phases was observed from the PXRD pattern of all 

samples. Figure 3.2B shows the FTIR spectra of MMOs, and the characteristic vibrations of 

LDHs were significantly reduced, suggesting the formation of MMOs [218]. The weak 

1400 and 1630 cm-1 bands are due to the adsorption of atmospheric moisture and CO2 

species. The vibration band below 1000 cm-1 became more intense, indicating the formation 

of M-O bonding after calcination. 

 

Figure 3.2 – (A) PXRD patterns and (B) FTIR spectra of MMOs synthesized with 

different Mg/Al ratios 

3.3.2 Crystal-chemical model of LDHs 

The structural-composition relations for brucite-like hydroxides were first investigated by 

Brindley et al. (1979) for divalent hydroxides and later extended to LDHs by Richardson 

(2013), using a combination of geometrical arguments and crystal-chemical aspects [219], 

[220]. The models derived by Richardson (2013) demonstrate the possibility to calculate x 

from a for Ni- and Mg-based LDHs and the crystal-chemical model for Mg-based LDHs 

was used to determine x for the LDHs synthesized in the study [Eq. 3.1]. The r stands for 

ionic radii and α is the angle between metal cation and two oxygen sites of the same basal 
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plane. We used the Shannon’s effective ionic radii of Mg2+ (0.72 Å) and Al3+ (0.53 Å) 

having the octahedral coordination for r(Mg2+) and r(Al3+) values [213]. For α and r(OH-) 

values, we used 97.41 ° and 1.365 Å, respectively, which are the values recommended by 

Richardson (2013). It is important to point out that these values were obtained from a wide-

ranging set of experimental a-parameters reported in the literature and their nominal x used 

at synthesis. Upon substitution of these values for the different parameters in Eq. 3.1 and 

further rearrangement, Eq. 3.2 was derived. 

 a = 2 sin 
𝛼

2
  (r(Mg2+) + r(OH-)) – 2 sin 

𝛼

2
 x(r(Mg2+) – r(Al3+)) 

 [Eq. 3.1] 

x = (3.133 – a)/0.2855 = 10.9737 – 3.5026a 

[Eq. 3.2] 

By employing this equation and substituting the “a” values, the “x” values for the 

synthesized LDHs, as shown in Table 3.1. For simplicity’s sake, this “x” value derived 

from Richardson’s crystal-chemical model is denoted as “xcrystal”. It is important to note that 

“xcrystal” represents the actual Al content in the crystal lattice and should not be confused 

with the “xnominal”, which is directly derived from the nominal Mg/Al ratios used during 

synthesis. 

As shown in Table 3.1, the “x” values derived from Richardson’s model fall within the 

possible x range for the LDHs phase (0.17 - 0.33). A narrow range of “xcrystal” (0.22 - 0.29), 

which is close to the LDH composition found in nature (x = 0.25) in the mineral 

hydrotalcite (Mg6Al2CO3(OH)16·4H2O) [221]. This suggests that synthetic LDHs tend to 

have a chemical composition that is close to that of Hydrotalcite (a = 3.054 Å). For 

example, when attempting to synthesize LDHs with a higher nominal “x” value (0.33) than 

that of Hydrotalcite, the composition tends to move towards x = 0.25 by intercalating lesser 

amount of Al3+, as evidenced by the obtained “xcrystal” (0.28). Similarly, when attempting to 

synthesize LDHs with a lower x value (0.17), the observed “xcrystal” moves towards x = 0.25 

(i.e., “xcrystal” = 0.22).  
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3.3.3 Elemental Analysis of LDHs  

To verify “xcrystal”, the expected concentration of metal ions in LDHs calculated based on 

nominal Mg/Al ratios and compared with the observed concentration obtained from 

elemental analysis (Table 3.2). Elemental analysis also revealed a significant amount of 

residual sodium in all samples, ranging between 9 to 14 %. From Table 3.2, a clear 

discrepancy between the expected and observed metal ion concentrations is observed, 

notably the Mg2+ concentrations, proved the deviation from the expected (nominal) 

composition. The observed Mg2+ concentration detected in the samples is higher, 

suggesting that the synthesized LDHs have more Mg content than anticipated. This is 

consistent with the observation of crystal lattice parameters above, where the “xcrystal” of 

synthesized LDHs tends to be larger than their nominal ones (xnominal). The only exception 

is the sample synthesized with a nominal Mg/Al ratio = 2, which shows a smaller “xcrystal” 

than the “xnominal”. No clear correlation is seen between “xnominal” and the calculated 

“xchemical ”. For example, the compositional deviation from the nominal value is relatively 

small in the case of LDHs with Mg/Al = 3 and 5 compared to the other two LDHs (Mg/Al 

= 2 and 4).  

Table 3. 2 - Expected (nominal) and observed (measured) concentration of LDHs 

measured from elemental analysis (ICP-OES). 

Nominal 

Mg/Al 

ratios 

Expected 

Concentration 

(wt %) 

Observed 

Concentration (wt %) 

xnominal xcrystal xchemical 

Mg Al Mg Al Na 

2 20.5 8.7 20.8 11.4 9.0 0.33 0.28 0.28 

3 21.6 8.3 23.5 8.7 9.5 0.25 0.27 0.26 

4 21.4 7.3 25.1 7.0 13.8 0.20 0.27 0.23 

5 22.9 5.7 26.1 5.9 13.5 0.17 0.22 0.18 

 

The clear deviation between “xcrystal” and “xchemical” indicates the presence of phases other 

than LDHs. LDHs are known to crystallize only within a specific range of x (0.17 - 0.33). It 

is commonly believed that using nominal concentration of this range yields pure LDHs. 

Whenever attempts were made to synthesize LDHs beyond this range, impurity phases 

were reported along LDHs [222], [223]. As described before, the “xchemical” calculated from 
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chemical analysis does not distinguish between the metal cations in the LDHs crystal lattice 

and the ones in impurities. If any of these phases have form, elemental analysis tends to 

include them as part of the total metal concentration. In addition, some of the previously 

reported impurity phases, such as Al-based hydroxides/oxy-hydroxides, are amorphous in 

nature and therefore undetectable by PXRD measurements. To avoid this, in the present 

study, only x within this range (0.15 – 0.33) were used to synthesize LDHs, but still 

resulted in a clear deviation between “xchemical” and “xcrystal”. This suggests the presence of 

phases other than LDHs. To address this potential presence of impurity phases, it is 

necessary to discuss the formation mechanism of LDHs. 

The formation mechanism of LDHs is not as clearly established compared to their 

counterparts, cationic clays. The ambiguity lies between topotactic and dissolution-

reprecipitation (D-R) mechanisms, owning to the significant differences between solubility 

products (Ksp) of the unitary hydroxides present in LDHs. For instance, trivalent metal 

hydroxides (Ksp = 10-31 - 10-38) precipitate at a much lower pH, between 4 – 6, than the 

divalent metal hydroxides (Ksp = 10-10 - 10-16) that occurs above pH 8 [203]. In an earlier 

study. Boclair et al. (1999) suggested LDHs are formed after the topotatic reaction between 

precipitated Al(OH)3 and Mg2+ ions, whereas a later study from Radha et al. (2003) 

proposed a D-R mechanism, where the precipitated amphoteric Al(OH)3 first dissolves and 

reprecipitates at higher pH along with magnesium hydroxide that forms LDHs [206], [207]. 

In light of these discussions revolving around the formation mechanism of LDHs and the 

likely formation of Al3+ phases, solid-state 27Al NMR experiments were carried out to 

identify the aluminium phases present in samples.  

3.3.4. Solid State 27Al NMR of LDHs 

The solid state 27Al NMR technique was employed to examine the local Al environment in 

the LDHs and MMOs phases. The 27Al nuclide was chosen over the 25Mg nuclide for NMR 

experiments due to several reasons. Firstly, Mg-based phases only exist in the crystalline 

phase, and no other crystalline phase besides LDHs was observed in the PXRD 

diffractogram, thus it is assumed that all the Mg2+ is crystallized within the LDHs lattice. 

Secondly, the chance of amorphous Al-based impurities being present in the LDH samples 

is high, as evidenced by the discrepancies between “xcrystal” and “xnominal”. Since all the 
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reagents were prepared according to the nominal (i.e., expected) compositions, the excess 

Mg content in the obtained LDHs crystal indicates that part of the Al3+ ions have not been 

incorporated into the LDH lattice and likely precipitated as a secondary impurities phase, as 

explained by the formation mechanism (Section 3.3). Additionally, the 25Mg nuclide has 

relatively unfavourable characteristics for NMR experiments, such as low natural 

abundance (10.13 %), relatively large quadrupolar broadening, and low gyromagnetic ratio. 

Thus, examining the local environment of Mg is more challenging than that of Al. 

Nonetheless, studies of 25Mg NMR spectroscopy for LDH phases are available in the 

literature [224], [225].  

Figure 3.3A presents the solid-state 27Al NMR two-dimensional (2D) MAS spectra for the 

LDHs synthesized in the present work. The sharp peak close to δ ca. 9.3 ppm found in all 

spectra is assigned to the six-coordinated Al species (AlO6) located at the octahedral sites 

of LDHs [226]. The chemical shifts for other coordination states of Al3+ like AlO5 (δ 30 - 

35 ppm) and AlO4 (δ 55 - 75 ppm), were not observed, indicating their absence in the 

synthesized LDHs. However, a closer look at the enlarged MAS spectra plots (Figure 3.3B) 

shows that the AlO6 peak tails on both sides between 15 and –5 ppm, suggesting the 

potential presence of other AlO6 species with chemical shifts that fall within the range, e.g. 

Gibbsite (6 & 8.3 ppm) [227], Bayerite (8.8 ppm) [228], Boehmite (9.0 ppm) [228] or 

Pseudoboehmite (11.2 ppm) [229]. It is also possible that the two other polymorphs of 

Al(OH)3, Nordstrandite and Doyleite, also fall within this range, but their solid-state 27Al 

NMR information is not found in any literature. Therefore, if any of the abovementioned 

phases have precipitated as amorphous ones together with the LDHs, especially in minor 

quantities, it is difficult to identify these from the 2D NMR spectra due to the close 

resonance of the peaks.  
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Figure 3.3 - (A) Full and (B) enlarged part (20 to -5 ppm) of solid-state 27Al MAS 

NMR spectra of LDHs synthesized with different nominal Mg/Al ratios 

To further interpret the NMR spectra, three-dimensional (3D) MQMAS spectra of LDHs 

were recorded (Figure 3.4). These shoulders extending from the centre at δ2 ca. 10 ppm (δ1 

ca. 6 ppm), and reaching towards lower δ1 values of LDHs (-5 ppm) observed from all 

samples are consistent with the 2D MAS spectra above and suggest the presence of Al3+ in 

a different octahedral environment in LDHs. Similar observation has been reported 

previously [230], [231]. This difference in Al environment was explained by Rocha et al. 

(1999) as a result of the “random insertion of Al3+ in the layers”. However, based on the 

extensively studied ordering of Al3+ within the LDHs hydroxide lattice, which is widely 

understood to be based on mutually repulsing nature of Al3+, which tends to locate as far as 

possible from each other with known ordering manner [220]. Therefore, random insertion 

of Al3+ into the crystal lattice is unlikely [231]. To get a better understanding of the AlO6 

species present in LDHs, the 2D NMR signals of all the LDHs were deconvoluted. 
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Figure 3.4 - Solid-State 27Al MQMAS NMR spectra of LDHs with nominal Mg/Al 

ratios of (a) 2, (b) 3, (c) 4 and (d) 5 

Figure 3.5 presents all the deconvoluted 2D NMR spectra of LDHs, and the deconvoluted 

signals are tabulated in Table 3.3 Surprisingly, deconvolution shows that at least two 

additional resonances besides the one for LDHs (δ 9.3 ppm) are present in all samples. The 

chemical shifts obtained from deconvolution (δ 5.6, 5.8, 6.2, 8.5 and 8.6 ppm) are a close 

match to those of Gibbsite, Bayerite and Boehmite. Given the complex solution chemistry 

during the formation of LDHs, precipitation of these phases as amorphous compounds is 

highly plausible. However, we are unable to assign these secondary phases to only one 

particular compound due to the overlapping chemical shifts of the abovementioned phases. 

Overall, 27Al NMR data of LDHs shows the presence of secondary Al3+ phases as 

impurities, which is in line with the discrepancies observed in xcrystal and xchemical values. 

The 2D MAS spectra for all MMOs are included in Figure 3.6. A new broad asymmetric 

line shape resonance emerged near 70 ppm, suggesting the presence of four-coordinated Al 

species (AlO4). This is consistent with the previously reported movement of Al3+ from 

octahedral to tetrahedral sites in the MMOs lattice [230]–[232]. Interestingly, the AlO6 

peak of calcined LDHs synthesized with nominal Mg/Al ratio of 2 and 3 is visibly narrower 

(Figure 3.6B) compared to the two other samples, suggesting a more ordered and 
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symmetric Al environment. This is in agreement with the result from elemental analysis as 

both samples showed the minimum deviation between xchemical and xcrystal. 

 

Figure 3.5 - Solid-State 27Al MQMAS NMR experimental and fit spectra of LDHs 

with nominal Mg/Al ratios of (a) 2, (b) 3, (c) 4 and (d) 5 

 

Table 3.3 - Solid-state 27Al MAS NMR chemical shifts obtained from deconvolution 

and fitness test 

Nominal Mg/Al ratios 2 3 4 5 

Fitted Peak 

Signals 

(ppm) 

I 5.8 6.2 5.6 5.6 

II 8.5 8.6 8.5 8.6 

III 9.4 9.4 9.4 9.5 

Adj. R-Square 0.9995 0.9996 0.9995 0.9986 
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Figure 3.6 - (A) Full and (B) enlarged part (100 to -20 ppm) of solid-state 27Al MAS 

NMR spectra of MMOs synthesized with different nominal Mg/Al ratios 

 

Figure 3.7 - Solid-state 27Al MQMAS NMR spectra of MMOs synthesized with 

different nominal Mg/Al ratios  

When translated into 3D MQMAS, significant differences in spectra are observed across 

the samples. The most remarkable observation is the disappearance of the AlO4 resonance 

in the MQMAS spectra of MMOs samples with Mg/Al ratios of 3 (Figure 3.7). However, 



100 

 

this does not mean that four-coordinated Al species were not formed in the particular 

sample, as the AlO4 peak was clearly seen in 2D MAS (Figure 3.6A) and 3D MQMAS 

spectra (Figure 3.7B). We speculate that this is due to the large AlO6 to AlO4 ratio of the 

sample, which caused the AlO4 intensity to virtually “disappear” from the spectrum. The 

obvious dissimilarities at the AlO4 site across the samples also proved the presence of 

different Al phases. 

3.3.5 CO2 Adsorption  

Figure 3.8A shows the CO2 adsorption capacities of LDH-derived MMOs at 200 °C versus 

xnominal, xchemical and xcrystal. There seems to be no obvious linear correlation between the 

composition of LDHs and CO2 adsorption capacities of MMOs. Interestingly, the highest 

capacity (0.82 mmol/g) is measured from the MMOs having xcrystal value of 0.27, rather 

than the LDHs with higher Mg content (e.g., 0.22). In addition to that, the three samples 

having very close xcrystal values (0.27 - 0.29) were shown to have slightly different CO2 

adsorption capacities (0.69 - 0.82 mmol/g), which suggests a disputable relationship 

between them. Logically, materials of the same chemical composition and prepared by the 

same synthesis method should exhibit similar properties. However, this is clearly not the 

case and is similar to the observations of the previously reported results in the 

literature[109], [199]. The impurities phase reported earlier may have played role in the 

CO2 capture capacities of MMOs. 

The concentration of different metal ions obtained from elemental analysis is plotted 

against the observed CO2 capture capacities in Figure 3.8B. Again, there is no direct 

relationship between the Mg2+ content of the samples and CO2 capture capacities. However, 

there seems to be a trend between the amount of sodium present in each sample and the 

CO2 capture capacity. For instance, the highest amount of sodium is present in LDHs with a 

nominal Mg/Al ratio of 4, which the derived MMOs is also measured with the highest CO2 

capture capacity. Similarly, LDHs with a nominal Mg/Al ratio of 2 show the lowest amount 

of sodium and CO2 capture capacity. This observation is consistent with the strong basic 

nature of sodium, which is commonly used as promoter to enhance CO2 adsorption of 

MMOs.[41] However, the presence of sodium in all samples is somewhat intriguing. All the 

samples were synthesized according to the protocol reported in literature and washed with 
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copious amount of water to remove excess sodium and metal salts used in the 

preparation[197], [222], [233], [234]. The washing was stopped when the sample started to 

leach out or unsettle and this is widely regarded as an indication that all the excess 

chemicals used in the synthesis have been removed. In our washing, the water volume was 

constant for all samples, but the sodium content varied drastically (9 – 14 %) across the 

samples.  

 

Figure 3.8 - CO2 uptake capacities of MMOs plotted with (A) x of LDHs and (B) 

concentration of metal cations obtained from ICP-OES 

Complete removal of sodium used in the synthesis of LDHs is challenging due to the nature 

of unitary hydroxides involved, namely Mg(OH)2 and Al(OH)3. Previous studies attempted 

to remove excessive nitrate ions and sodium by washing the LDHs until pH of filtrate close 

to neutral or reaching 7. However, at this pH, Mg(OH)2 is thermodynamically unstable and 

becomes unsaturated. This means that leaching out of Mg(OH)2 from the LDHs phase 

could happen and leads to the partial dissolution of the LDHs crystals. Hence, with the 

current washing technique, complete removal of sodium without affecting the composition 

of pristine LDHs seems difficult. Due to the sodium being the uncontrollable factor, this is 

perhaps why inconsistent CO2 adsorption capacities of LDHs have been reported from 

different CO2 capture studies (0.3 – 0.83 mmol/g), even though the materials were prepared 

by the same synthesis method and nominal compositions[197], [199], [205], [234].  
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Although we tried to establish a chemically meaningful relationship between the 

composition of LDHs and CO2 adsorption of MMOs, it is however not as straightforward 

as it seems. There is no obvious direct relationship between the composition of LDHs and 

the CO2 capture properties of their derived MMOs, due to the presence of impurities and 

uncontrolled formation mechanisms involved. This new finding urged us to face the 

existence of impurities more seriously and understand that the handling of the sorbent 

material, starting from the synthesis method to applications, can affect the properties of the 

bulk samples.  

3.4 Conclusions 

The present work proposes to establish a chemically meaningful relationship between the 

Mg/Al ratio of precursor LDHs and the CO2 adsorption capacities of derived MMOs 

sorbents. LDHs with four different Mg/Al ratios (2, 3, 4, and 5) were synthesized via the 

co-precipitation method and calcined at 400 °C to form MMOs capable of capturing CO2 at 

high temperature. Using a crystal-chemistry model and the lattice parameter “a”, the true 

composition of LDHs was obtained, and a tendency to acquire the natural composition, 

close to the mineral Hydrotalcite (x = 0.25) was observed. Solid-state 27Al NMR reveals the 

presence of aluminium-based hydroxide/oxyhydroxides as amorphous impurities in all the 

resultant LDHs. This study also demonstrates the necessity to combine crystal-chemistry 

with analytical approaches to establish the chemical compositions of LDHs. Elemental 

analysis shows a notable quantity of sodium content in all samples (9 - 14 wt %). The CO2 

capture capacity of MMOs derived from synthesized LDHs shows no direct correlation 

with established compositions of the LDHs. However, the CO2 capture capacity seems to 

be more correlated with the amount of remnant sodium present in the samples. The sodium 

content in LDHs solution is highly inhomogeneous and uncontrollable, even with the same 

post-synthesis protocol. The presence of unavoidable impure phases in LDHs, especially 

ones synthesized from the co-precipitation method, prompts us to examine its effects on 

CO2 uptake more seriously in future studies. 
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Chapter 4: Impact of synthesis method and metal salt precursors on the CO2 

adsorption performance of Layered Double Hydroxides derived Mixed Metal Oxides 

(MMOs) 

Critical Review 

This chapter has been published as Cheah, L.A., Manohara, G.V., Maroto‐Valer, M.M. and 

Garcia, S., 2022. Impact of Synthesis Method and Metal Salt Precursors on the 

CO2 Adsorption Performance of Layered Double Hydroxides Derived Mixed Metal 

Oxides. Front. Energy Res. 10:882182. doi: 10.3389/fenrg.2022.882182. Author 

Contributions statement: LC, GM, and SG: conceptualization and design of the study. LC: 

experiments, acquisition and interpretation of data, visualization, and writing of the first 

draft of the manuscript. GM and SG: writing—review and editing for important intellectual 

content. SG and MM-V: supervision, project administration, and funding acquisition.  

This chapter is a follow up investigation of previous work presented in Chapter 3, which 

introduced a systematic crystal chemical approach to investigating the chemical 

composition of LDHs and its effect on high temperature CO2 capture. The previous work 

found that the presence of impurities phase, particularly the residual sodium, had a direct 

impact on the CO2 adsorption capacities of LDH-based MMOs synthesized by the co-

precipitation method. This could explain the inconsistent CO2 capture performance reported 

for this class of sorbent material. Interestingly, several studies have also reported a similar 

observation that sodium residues can affect the catalytic performance of co-precipitated 

LDH-derived materials[235], [236]. Although the catalytic and adsorption performance of 

the derived material is mostly boosted by the presence of sodium residues, the problem is 

that the performance may not be reproducible between two batches. Another major risk of 

using these types of materials is that the alkali metals promoter (including those 

intentionally added) may leach out and cause downstream problems, such as deactivation of 

other catalysts or cause massive corrosion issues. Thus, controlling the alkali metal content 

in the LDHs is important.  

Nevertheless, it seems almost impossible to control or completely remove residual sodium 

from co-precipitated MMOs, as explained in Chapter 3. To avoid this, some studies have 

suggested alternative synthesis routes for LDHs, such as the urea hydrolysis method, which 
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does not involve any sodium precursors in the synthesis process [235], [237]. However, the 

detailed comparison between LDHs synthesized from urea hydrolysis method and co-

precipitation method is still lacking, especially for CO2 capture applications. It is generally 

agreed that for CO2 capture applications, MMOs prepared by the co-precipitation method 

perform better than those prepared by urea hydrolysis method, due to their higher CO2 

adsorption capacities (almost two times in excess) [199]. However, the selection of a 

suitable CO2 capture sorbent does not rely on a single metric (e.g., CO2 adsorption 

capacity). Other synthetic factors are equally important, as they can cause sustainability and 

environmental concerns. For example, the nature of the reagents, conditions of the 

synthesis reaction, atom efficiency/ synthesis yield, reactant usage, toxicity, and the post-

synthesis processes involved. These aspects will be discussed in detail in this chapter [223], 

[224], [240], [241], [242]. 

Hence, the main objective of this work is to study the impacts of synthesis method and 

metal salt precursors on the properties of LDHs and MMOs, and their effect on their high 

temperature CO2 performance. Two common synthesis methods, the urea hydrolysis 

method and co-precipitation method, were employed to synthesize Mg-Al-CO3 LDHs with 

different compositions (2, 3 & 4) and different metal salt precursors (metal nitrates and 

metal chlorides). These synthesized samples were comprehensively characterized by 

techniques such as PXRD, FTIR, Elemental Analysis (ICP-OES). The true chemical 

composition of the LDHs samples is again examined by the lattice parameter “a”. As a 

novelty of this work, the synthesis efficiency of different synthesis methods and salts 

precursors is evaluated in terms of product yields, purity, and percentage of unreacted metal 

ions. This can be achieved by carefully analyzing the filtrates collected during the synthesis 

process. To the best of our knowledge, this has not been attempted for LDH for CO2 

capture studies yet. The textural properties of MMOs samples, e.g., surface area and pore 

structures, are then characterized by BET and SEM analysis. The CO2 adsorption 

performance (e.g., adsorption capacity, kinetics, and cyclic stability of the synthesized 

LDHs) is evaluated by using a TGA 5500 thermal gravimetric analyser (TA Instruments) 

and correlated with the synthesis efficiency metrics. 
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The characterization of LDHs samples synthesized in this work shows that urea hydrolysis 

(UH) method tends to give LDH with lower product yields (54 – 81 %) and high Al content, 

due to the smaller a values obtained (3.033 – 3.038 Å). The chemical composition of urea 

hydrolysis LDHs seems to be fixed, as the variation of a-parameter is very small, 

irrespective of nominal compositions and salt precursors used. Chemical analysis reveals 

the presence of large amount of amorphous Al-based hydroxides in all the samples. On the 

contrary, the co-precipitation (CP) method produces high products yields (~ 100 %) and 

high purity LDHs, evidenced by the good agreement between a-parameter, nominal 

compositions, and bulk compositions. The a-parameters obtained from co-precipitated 

LDHs vary significantly (3.037 - 3.067 Å) and shows a dependence on the nominal 

compositions used, which means that the co-precipitation method can produce LDHs with 

wider chemical compositions.  

Elemental analysis of the filtrates of urea hydrolysis LDHs shows the presence of large 

amount of unreacted Mg2+ ions (34 – 74 % of the concentration of Mg2+ ions used at 

synthesis), which is consistent with the observation of low product yield (54 – 81 %). On 

the other hand, the co-precipitation method shows close to zero content of unreacted cations 

in the filtrates. Surprisingly, elemental analysis of all LDHs samples shows traces amount 

of sodium content, including the urea hydrolysis samples. The only possible source of 

sodium in the urea hydrolysis samples is most likely from the metal salt precursors, 

although it exists in small concentrations in all reagents (less than 10 – 100 mg/kg) . On the 

other hand, due to the different centrifuge machine and resolution being used for washing 

step, the amount of sodium in the co-precipitated samples has been greatly reduced to less 

than 1 %, compared to close to 9 % in previous work. Nevertheless, despite employed a 

consistent protocol for all the samples, the sodium content still varied, between 0.3 to 0.9 %.  

The CO2 adsorption performance of MMOs derived from urea hydrolysis and co-

precipitated method shows varied results. In essence, the presence of impure secondary 

phases and the sodium content were shown to have a significant effect on the CO2 

adsorption performance of LDH derived MMOs. For urea hydrolysis MMOs, the LDH 

yield and purity were shown to be the most important factors affecting its CO2 performance, 

as the highest adsorption uptakes, kinetics and cyclic stability were all measured from the 



106 

 

MMOs exhibiting the highest LDH yield and lowest amounts of Al-based impurities. For 

co-precipitated MMOs, sodium content is still the primary parameter affecting their CO2 

adsorption performance. Both the highest CO2 uptakes and best CO2 kinetics were 

measured from the MMOs having the highest sodium content. However, MMOs having 

high sodium content were also found to exhibit poorer cyclic stability. It also be noted that 

despite the lower sodium content, the CO2 adsorption capacities of MMOs still fall in the 

same range (< 1 mmol/g), as those previously synthesized with higher sodium content (9 – 

14 wt %) in Chapter 3. 

Compared to the synthesis method, the choice of metal salt precursors is relatively 

significant. Nevertheless, MMOs synthesized by metal chlorides generally shows a small 

improvement in LDH purity than the ones obtained by metal nitrates. Due to the higher 

sodium content in metal nitrates, MMOs that were synthesized shown to have better CO2 

adsorption performance than the ones synthesized by metal chlorides.  

Overall, this work aims to establish the relationship between CO2 adsorption performance 

of Mg-Al-LDH-based MMOs, and synthesis efficiency of synthesis methods used, e.g., 

purity, synthesis yields, and percentage of unreacted reactants. The result from this work 

confirms that the synthesis method has a large impact on the CO2 capture performance of 

derived MMOs. This work is also an attempt to provide detailed information of the LDH 

synthesis process that is necessary for future life cycle assessment (LCA) of CO2 capture 

process using LDH derived sorbents, which is currently lacking in the literature. 
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4.1 Introduction 

LDH precursors have significant influence and often determine the CO2 capture and 

reactivity of derived MMOs. Variables that affect the properties of LDHs, such as synthesis 

method, composition, structure, surface area, are important to understand in order to design 

better MMOs for different applications. Among these variables, the synthesis method 

arguably has one of the most significant impacts and should be carefully selected at the 

beginning of material development stage. For example, a number of LDHs were 

synthesized using reconstruction and anion exchange methods. However, both these 

methods are cumbersome and are not sustainable for producing LDHs at an industrial scale 

because they require multistep synthetic processes that are often not stoichiometric in 

nature and may produce large amounts of unwanted side products[238]. Additionally, the 

formation of LDHs is highly sensitive to synthesis conditions [147], and LDHs derived 

from different synthesis methods are likely to show wide differences in physical properties 

[239].  

For CO2 capture applications, LDHs were mainly synthesized by co-precipitation method 

because it is the simplest preparation method and is amenable to scaling up[240], [241]. 

However, some recent studies have suggested the hydrothermal urea hydrolysis method as 

a better route to synthesize LDH based sorbents to avoid the presence of impurities and 

their effect on the overall CO2 capture properties[235], [242], [243]. Indeed, MMOs 

synthesized from co-precipitation and urea hydrolysis method have shown different CO2 

adsorption values (0.30 – 0.72 mmol/g) [199]. Nevertheless, the selection of a promising 

CO2 capture sorbent does not depend entirely on a single metric, e.g., CO2 sorption capacity 

[244]. Other synthetic factors are equally important as they can cause sustainability and 

environmental concerns, e.g., nature of the reagents, condition of the synthesis reaction, 

atom efficiency/synthesis yield, reactant usage, toxicity and the post synthesis processes 

involved[245]. Several studies have reported the non-stoichiometry nature of both co-

precipitation and urea hydrolysis method in the synthesis of LDHs, but the exact 

implications are not widely understood [239], [246], [247]. Additionally, the role of salt 

precursors is not clear as well. Both, lab-scale and industrial scale synthesis of LDHs, 

employ soluble metal salts (i.e., nitrates and chlorides) as precursors to provide metal ions; 

but their impacts on the properties and performance of the resultant LDHs and MMOs are 
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seldom being discussed. Previous study has highlighted the different environmental impact 

of effluents derived from different metal salt precursors and the need to consider this aspect 

[248]. 

Given the importance that LDHs and related materials have gained in recent years as CO2 

capture sorbents, further insights on the effect of the synthesis method and role of the metal 

salt precursors on the properties of LDHs, as well as the impact on the CO2 capture 

properties of the resultant MMOs, are required. In this work, these gaps are addressed by 

employing the two widely used synthesis methods, co-precipitation and urea hydrolysis, to 

prepare Mg-Al-CO3 LDHs with varied Mg/Al compositions (Mg/Al = 2, 3 and 4) and 

different salts precursor, metal nitrates and metal chlorides. These synthesized LDHs are 

comprehensively characterized by techniques such as Powder X-ray Diffraction (PXRD), 

Fourier Transform Infrared Ray (FTIR), elemental analysis (ICP-OES). The true chemical 

composition of synthesized LDH phase is determined using the lattice parameter “a”. The 

lattice parameter “a”, which gives information about the metal-metal distance on the LDH 

crystal lattice and is directly proportional to the extent of isomorphic substitution. This 

parameter is not affected by the presence of impurities, making it ideal for determining the 

exact composition of the synthesized LDHs. We evaluate the synthesis efficiency of 

different methods and salts precursors by analyzing the the yields, purity, and percentage of 

unreacted metal ions. Finally, the CO2 adsorption performance of the synthesized LDHs, 

including adsorption capacity, kinetics, and cyclic stability, is evaluated and correlated it 

with the synthesis method.   
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4.2 Experimental Details 

4.2.1 Materials  

All the reagents for LDH synthesis were used as received, for example: Mg(NO3)2·6H2O 

(ACROS Organics; ≥ 98.0 %), Al(NO3)3·9H2O (Fluka®; ≥ 98.0 %), Na2CO3(Fisher 

Chemical; SLR grade), MgCl2 (Fluka®; ≥ 98.0 %), AlCl3 (Fluka®; ≥ 99.0 %), Urea (Sigma 

Aldrich; ≥ 98.0 %) and NaOH (Fisher Chemical; SLR grade). Deionized water (Milli-Q® 

Reference ultrapure water, Type 1, resistivity = 18.2 MΩ cm at 25 ˚C) was used throughout 

the experiment.  

4.2.2 Preparation of Mg-Al-CO3 LDHs.  

Co-precipitation. The employed co-precipitation method was based on Miyata‘s method 

and was targeted to synthesize 1 gram of Mg-Al-CO3 LDHs[249]. A mixed metal solution 

containing Mg2+ and Al3+ ions in 2: 1 ratio was prepared using metal nitrates 

(Mg(NO3)2·6H2O & Al(NO3)3·9H2O) and was added deionized water to arrive at a final 

concentration of 0.5 M. Then, the mixed metal solution was added drop-wise into a base 

solution containing Na2CO3 (500 mL). The amount of carbonate ions in the Na2CO3 

solution was 3 times excess than the moles of carbonate ions in 1g of LDH. Prior to the 

addition, the Na2CO3 solution was heated to 70 ˚C and pH were kept constant at 10 (± 0.02), 

with the addition of 1 N NaOH solution (4.5 g of sodium hydroxide per 100 mL distilled 

water) using an auto-titrator (Metrohm 907 Autotitrator) and continuous stirring (400 rpm). 

The same condition was maintained throughout the addition reaction (1 hour). After that, 

the resultant LDHs were aged in the mother liquor at 70 ˚C for 24 hours, without any 

stirring. Next, the LDHs were recovered by centrifugation, then followed by washing with 

150 ml of water. The LDHs were dried overnight in an oven at 70 ˚C. All the steps were 

repeated to prepare LDHs with different Mg/Al ratios (2, 3 & 4). LDHs were also prepared 

by using metal chlorides (MgCl2 and AlCl3) instead of metal nitrates while keeping all 

other experimental conditions unchanged. The samples prepared by the co-precipitation 

method were labelled as CPXXY, where CP represents the co-precipitation method, XX 

stands for the metal salt used in the synthesis (Chloride, CL or Nitrate, NI) and Y is the 

molar Mg/Al ratios used (2, 3 & 4). 
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Urea Hydrolysis. The urea hydrolysis method used for the preparation of Mg-Al-CO3 

LDHs was based on a modified Costantino‘s method and targeted to synthesize 1 gram of 

LDHs[250]. Mixed metal solutions containing Mg(NO3)2·6H2O and Al(NO3)3·9H2O were 

prepared in different molar Mg/Al ratios (2, 3 & 4) and added deionized water to arrive at a 

final concentration of 0.25 M. Solid urea having 3.3 times more than the total moles of 

metal ions (Urea: Mg + Al = 3.3) were added into the same mixed metal solutions and then 

sealed in a hydrothermal autoclave reactors. All the resultant reaction mixtures were then 

hydrothermally treated in an oven at 90 ˚C for 48 hours. The pH of the supernatant 

solution/mother liquor for all the urea hydrolysis samples was measured after cooling down 

to room temperature.   After that, the hydrothermally treated solutions were then 

centrifuged and washed with 100 ml of water to recover the LDHs. The LDHs were dried 

overnight in an oven at 70 ˚C.  The same protocol was followed to prepare LDHs from 

metal chlorides (MgCl2 and AlCl3) instead of metal nitrates. The samples prepared by urea 

hydrolysis method are labelled as UHXXY, where UH represents the urea hydrolysis 

method, XX is the metal salt used in the synthesis (CL or NI) and Y stands for the molar 

Mg/Al ratios used (2, 3 & 4).  

4.2.3 Preparation of Mg-Al-CO3 derived MMOs.  

The MMOs samples were prepared by calcining as-prepared LDHs at 400 ˚C for 4 hours in 

a furnace, using a ramping rate of 5 ˚C/min under N2 gas flow (purity 99.99%, 50 mL/min, 

oxygen free). 

4.2.4 Characterization 

Powder X-ray Diffraction patterns (PXRD) were recorded on a Bruker D8 Advance powder 

diffractometer, using Cu-Kα radiation (𝜆 = 1.5406 Å) and data were collected over angular 

range of 5–85 °2𝜃 (one-hour span; step size = 0.009 °2𝜃 per second). Fourier Transform 

Infrared (FTIR) spectra were measured in the range of 4000 to 600 cm-1 with 4 cm-1 

resolution, using Perkin Elmer frontier IR single-range spectrometer under ATR mode. 

Elemental analysis (ICP-OES) was carried out by atomic emission spectra using Perkin 

Elmer Optima 5300DV. The LDH solid samples for elemental analysis were prepared by 

dissolving 30 mg of LDHs in concentrated sulphuric acid and diluted with 25 ml deionized 

water prior to analysis. The elemental analysis (ICP-OES) of the filtrate collected during 
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the centrifugation of LDHs were analysed without further dilution to check the presence of 

unreacted/leached out metal ions. Morphology of the MMOs was characterized using 

scanning electron microscopy (SEM) technique (JEOL JSM IT800). The gas 

adsorption/desorption experiments were carried out at 77 K using N2 (ASAP 2420 V2.09). 

Prior to the gas adsorption experiments, the samples were degassed at 150 °C for 2 hours. 

4.2.5 CO2 Capture studies 

CO2 adsorption tests were carried out in a thermal gravimetric analyser (TA Instruments; 

TGA Discovery 5500; Resolution: < 0.1 μg, weighing precision: ± 0.01 %) and pristine 

LDHs were used to prepare MMOs to avoid CO2 contamination. Approximately 50 mg of 

LDH powder was loaded into a platinum pan and decomposed under a continuously flow of 

pure N2 gas (purity 99.998 %, 50 mL/min, oxygen free) at 400 °C for 4 hours, under 

ambient pressure (1 bar). The ramping rate was set at 5 °C/min. Once the decomposition 

was complete, the temperature was brought down to the desired temperature (200 °C) and 

hold for 10 minutes. After that, CO2 gas flow (purity 99.98 %, 80 % v/v, diluted with N2 

gas purity 99.998 %) was introduced for 2 hours and the CO2 uptake capacity of MMOs 

was recorded.  

For cyclic test, fresh MMOs were prepare using the same protocol above and brought down 

to the desire temperature for CO2 adsorption. The adsorption cycles were performed at 200 

˚C for 30 minutes, under CO2 gas flow (purity 99.98%, 80 % v/v，diluted with N2 gas 

purity 99.998 %) while the regeneration/desorption cycles were carried out at 400 ˚C for 30 

minutes, under pure N2 gas flow (purity 99.998%, 100 % v/v). The same CO2 adsorption 

and regeneration step are repeated until 10 cycles are completed.  
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4.3 Results and Discussion 

4.3.1 Impact of synthesis method and precursor salts on Mg-Al-CO3 LDHs 

PXRD & FTIR characterization. Figures 4.1 & 4.2 show the PXRD patterns of the as-

synthesized samples, revealing the successful synthesis of Mg-Al-CO3 LDHs using both 

the co-precipitation and urea hydrolysis methods with different nominal Mg/Al ratios, as 

well as with different metal salt precursors. The characteristic peaks of LDHs are clearly 

seen in all the samples and are matching with the d-values of the carbonate intercalated 

LDH system, i.e., 7.60, 3.80, 1.53 and 1.50 Å [146], [221]. For example, the sharp intense 

peak at low 2θ value (~ 11.5 °2θ) that yields d values between 7.45 - 7.80 Å for different 

Mg/Al LDHs, representing the interlayer distance between two successive metal hydroxide 

layers (d003) and is the characteristic value for carbonate intercalated LDHs. The two “saw-

tooth” shaped peaks at high 2θ value (60 - 62 °2θ) correspond to 2d reflections of the LDHs 

and gives the information across the ab plane.  

 

Figure 4.1 - PXRD patterns of LDHs synthesized using urea hydrolysis method in 

different nominal Mg/Al ratios and salt precursors between (A) 5-85 ˚2θ and (B) 58-65 

˚2θ; (a) UHNI2, (b) UHNI3, (c) UHNI4, (d) UHCL2, (e) UHCL3 & (f) UHCL4 
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Figure 4.2 - PXRD patterns of LDHs synthesized using co-precipitation method in 

different nominal Mg/Al ratios and salt precursors between (A) 5-85 ˚2θ and (B) 58-65 

˚2θ; (a) CPNI2, (b) CPNI3, (c) CPNI4, (d) CPCL2, (e) CPCL3 & (f) CPCL4 

The first peak of the “saw-tooth” in Figure 4.1 & 4.2 gives the average d value of 1.52 Å 

and that corresponds to the average metal-oxygen distance at the hydroxide layers in the 

(110) plane (d110 = d(M-O)), is related to the lattice parameter a of LDH (a = 2 × d110). 

PXRD patterns of the urea hydrolysis samples show peaks with higher intensities compared 

to the co-precipitated samples, indicating a better crystallinity and agrees well with 

literature reported data. However, the higher peak intensity of the basal reflections of urea 

hydrolysis LDHs caused the 2d reflections not to be clearly visible in the Figure 4.1A.   

Figure 4.1B & 4.2B shows a close inspection into the (110) peak of LDHs synthesized by 

both co-precipitation and urea hydrolysis method, which have clearly indicated that the 2θ 

values have varied between 60.3 – 61.0 ˚2θ and resulted a wide different a value (3.032 – 

3.067 Å). As described in the introduction, the lattice parameter a is a direct indicator of the 

true chemical composition of LDHs. This shows the clear impact of synthesis method on 

the chemical composition of LDHs. Further discussion on the relationship between 

synthesis method and lattice parameters (a & c) on the chemical composition of LDH is in 

the next section. 
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Further evidence of carbonate intercalation and successful synthesis of LDHs is observed 

from the FTIR spectra shown in Figure 4.3. All the vibrations observed in the samples is 

matching the characteristic for carbonate intercalated LDHs [251]. For example, all the 

samples show a broad peak centred around 3400 cm-1, which corresponds to the hydrogen 

bonded hydroxyl ions due to layered hydroxyls and intercalated water molecules. The 

strong vibration around 1360 cm-1 represents the CO3
2- ion at the interlayers, while the 

stretching vibration at 1630 cm-1 represents the bending mode of the water molecules 

present in the interlayer gallery. The vibrations below 1000 cm-1 represent the metal-

oxygen (M-O) and metal-metal (M-M) bonds at the hydroxide layers. 

 

Figure 4.3 - FTIR patterns of LDHs synthesized using (A) urea hydrolysis method and 

(B) co-precipitation method in different nominal Mg/Al ratios and precursors; (a) 

UH/CPNI2, (b) UH/CPNI3, (c) UH/CPNI4, (d) UH/CPCL2, (e) UH/CPCL3 & (f) 

UH/CL4 

Chemical Composition. LDHs are known to obey Vegard’s law, which means the lattice 

parameters of LDH are very sensitive to its chemical composition, specifically the Mg/Al 

ratio at the double hydroxide layers (Brindley and Kikkawa, 1979; Ian G Richardson, 

2013b) [219], [220]. The lattice parameter a of LDH corresponds to the average metal-

metal distance, d(M-M) at the octahedral sites of hydroxide layers and therefore can be 

obtained from the value of d110 measured from PXRD (a = 2 × d110). Since Al3+ (0.53 Å) 

has a smaller octahedral ionic radius than Mg2+ (0.72 Å), the isomorphic substitution of 

Mg2+ by Al3+ directly affect the unit cell parameter a of LDHs and can provide an 
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indication of the Mg/Al ratio at the hydroxide layers. The effect of cation ionic radius is 

best elucidated using the single hydroxides as example. For instance, the average cation-

cation distance, d(Mg-Mg) in Magnesium Hydroxide, Mg(OH)2, is 3.142 Å, whereas the 

average cation-cation distance, d(Al-Al) in Aluminium Hydroxide, Al(OH)3, is 2.763 Å. 

For Mg-Al LDHs, only part of the Mg2+ is substituted by Al3+ (x usually varies between 

0.15 and 0.33), thus the lattice a values should lie within these two values (e.g., d(Al-Al) < 

d(Mg-Al) < d(Mg-Mg)). The same holds true for the lattice parameter c, which is the 

distance between three successive hydroxide layers, as the columbic attraction between 

successive metal hydroxide layers is affected by the amount of Al3+ ions at the octahedral 

layers. However, unlike the lattice parameter a, the lattice parameter c is not entirely 

affected by chemical composition but also number of other factors, e.g., extent of hydration, 

the number, size, orientation of anions, and the strength of pseudo-bonds between anions 

and edge of hydroxide sheets [146], [254]. Thus, it is harder to predict the lattice parameter 

c from chemical composition alone. From PXRD, the lattice parameter c of LDHs is 

obtained from three times the value of d003 measured (c = 3 × d003).  

The lattice parameters a and c of LDHs are given in Table 4.1, and their variation with the 

nominal Mg/Al ratios is shown in Figure. 4.4A-B. The smaller a-values (3.033 - 3.038 Å) 

of LDHs synthesized by the urea hydrolysis method, compared to the co-precipitation 

method (3.037 - 3.067 Å), suggest a higher isomorphic substitution of Al3+ in the 

synthesized LDHs. Interestingly, the variation in the a-values is very small for the urea 

hydrolysis samples, irrespective of the nominal Mg/Al ratio and precursor metal salt 

employed. For example, a value (3.032 Å) of LDHs synthesized with a high nominal 

Mg/Al ratio (e.g., UHNI4) is very close to those synthesized using lower nominal Mg/Al 

ratio (3.033 - 3.034 Å for UHNI2 and UHNI3). This indicates the urea hydrolysis method 

generates LDHs with similar Mg/Al ratios, irrespective of their nominal ones.  

Such findings are in good agreement with the literature, which reports a values of urea 

hydrolysis LDHs as typically Al-rich LDHs, with a values close to 3.04 Å[199], [237], 

[255], [256]. Nevertheless, it should be noted that most of these published urea hydrolysis 

LDHs follow the procedure reported by Constatino et al. (1995) and use a similar nominal 

composition (Mg/Al ratio = 2) [257]. Hence, it is not a surprising that these a values are 
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close to each other. The observation of fixed a values found in present work is interesting 

because these nominal compositions (Mg/Al ratio of 3 & 4) were not studied in detailed 

before, and they might provide a hint on the formation mechanism of LDH via urea 

hydrolysis method.   

 

Figure 4.4 - (A) Lattice parameter, a and (B) c values of LDHs plotted against nominal 

Mg/Al ratios 

Table 4.1 - Lattice parameters a and c of LDHs synthesized from urea hydrolysis and 

co-precipitation method 

Urea Hydrolysis Method  Co-precipitation Method 

Sample 

ID 

Lattice 

Parameter, 

a ± 0.001 

(Å) 

Lattice 

Parameter, c 

± 0.001 (Å) 

Sample 

ID 

Lattice 

Parameter, a 

± 0.001 (Å) 

Lattice 

Parameter, 

c ± 0.001 (Å) 

UHNI2 3.033 22.355 CPNI2 3.037 22.610 

UHNI3 3.034 22.436 CPNI3 3.057 23.133 

UHNI4 3.032 22.343 CPNI4 3.061 23.394 

UHCL2 3.033 22.322 CPCL2 3.044 22.366 

UHCL3 3.038 22.581 CPCL3 3.057 23.064 

UHCL4 3.036 22.443 CPCL4 3.067 23.171 
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In contrast to the urea hydrolysis LDHs, the a-values of co-precipitated LDHs vary 

significantly (3.037 – 3.067 Å) and show a dependence on the nominal Mg/Al ratio used. 

This is more evident from the LDHs prepared by employing chloride salts (CPCL), which 

show a linear relationship between a-parameter and nominal Mg/Al ratio (Figure 4.4A). 

This confirms the progressive substitution of Al3+ ions into the crystal lattice of LDH and 

that co-precipitation method can generate LDHs with different Mg/Al ratios. This 

observation is supported by the variation in the c parameter (Figure 4.4B) which shows a 

direct correlation between the c-parameter and nominal Mg/Al ratios. These findings are 

consistent with the literature observation of co-precipitated LDHs, where a wide range of a-

values is reported (3.02 – 3.11 Å) [223], [258], [259].  

Synthesis yield. The formation mechanism of LDHs via co-precipitation and urea 

hydrolysis method has given below: 

Co-precipitation method:  

             [Eq. 4.1] 

Urea Hydrolysis method: 

(1-x)Mg2+
(aq) + xAl3+

(aq) 
      Urea, 3.3 times the total moles of metal ions  

           Mg1-xAlx(OH)2(CO3
2-)x/2 · 1-

3𝑥

2
 

H2O(s)                                                                                                                              

 [Eq. 4.2] 

The synthesis reaction yield is obtained by dividing the measured weight (i.e., actual yield) 

of the synthesized products over the expected weight (i.e., theoretical yield) of LDHs, 

calculated based on the stoichiometry reactions above and x derived from nominal Mg/Al 

ratios used at synthesis. The formula is presented below as Eq. 4.3, and the results are 

tabulated in Table 4.2. 

 

(1-x)Mg2+
(aq) + xAl3+

(aq) + 
𝑥

2
Na2CO3(aq)  

      NaOH, pH 10       Mg1-xAlx(OH)2(CO3
2-)x/2 · (1-

3𝑥

2
 )H2O(s) + Na+

(aq) 
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𝐒𝐲𝐧𝐭𝐡𝐞𝐬𝐢𝐬 𝐘𝐢𝐞𝐥𝐝 (%) =  
𝐀𝐜𝐭𝐮𝐚𝐥 𝐘𝐢𝐞𝐥𝐝 (𝐠)

𝐓𝐡𝐞𝐨𝐫𝐞𝐭𝐢𝐜𝐚𝐥 𝐘𝐢𝐞𝐥𝐝 (𝐠)
 × 𝟏𝟎𝟎%                   

[Eq. 4.3] 

Table 4. 2 - Synthesis yields for co-precipitation and urea hydrolysis methods. 

Urea Hydrolysis Method Co-precipitation Method 

Sample ID Synthesis yield (%) Sample ID Synthesis yield (%) 

UHNI2 81.2 CPNI2 96.0 

UHNI3 66.7 CPNI3 100.9 

UHNI4 57.0 CPNI4 100.9 

UHCL2 77.0 CPCL2 94.9 

UHCL3 67.1 CPCL3 99.6 

UHCL4 54.3 CPCL4 100.7 

 

As shown in Table 4.2, not all the samples achieved a 100 % synthesis yield, and both 

synthesis methods show quite different results. For example, samples synthesized by the 

urea hydrolysis method show low yields, between 54 - 81 %, whereas samples synthesized 

by the co-precipitation method show better yields, and some even reach a 100 % yield. 

Interestingly, varying the nominal Mg/Al ratios seems to have a different effect on the 

resultant synthesis yield from both synthesis methods. For instance, when a larger nominal 

Mg/Al ratio (3 & 4) is employed to synthesize LDHs, the synthesis yield decreases for the 

urea hydrolysis method but increases for co-precipitation method. On the contrary, 

employing different salt precursors does not show a large effect on the synthesis yields for 

both synthesis methods.  

To understand this phenomenon, further insights into the formation mechanisms of LDHs 

by the employed synthesis methods are required. Broadly speaking, the 

formation/precipitation of LDHs from a solution of metal ions depends on the pH and 

solubility products of unitary hydroxides. For Mg-based LDHs, the precipitating pH can 

start from approximately 7.5 and remain stable up to pH 13 [206], [207], [258], [260]. 

Table 4.3 shows that the final pH of most LDHs prepared is within this range (7 – 10). 

Therefore, if the reaction is quantitative and follows the path described in Eq. 4.1 and Eq. 

4.2, then the synthesis yield obtained should be equal to the theoretical yield (100 %).  

However, this is clearly not the case, particularly with the urea hydrolysis samples. 
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Interestingly, among them, the LDHs synthesized with the lowest pH (UHNI2 & UHCL2) 

show higher yields than the rest with higher pH. This suggests that other factors are 

affecting the yields of LDHs, besides the pH condition.  

Generally, formation of LDHs competes with a series of side reactions. These reactions 

often produce secondary phases， which are usually metal hydroxides/oxy-hydroxides and 

carbonate species [223], [261]–[263]. For urea hydrolysis method and at elevated 

temperatures (> 80 ˚C), urea hydrolyses in a two-step reaction which caused pH of the 

reaction medium to gradually increases with time and produces ammonium (NH4
+) and 

carbonate (CO3
2-) as final products. During the process, Al-based hydroxides precipitate 

before Mg hydroxides because they have much lower solubility products and pH of 

formation, e.g., Al hydroxides, Ksp = 2 x 10-31, pH ~ 4 - 6; Mg hydroxides, Ksp = 5.61 x 10-

12, pH ~ 9. However, due to the amphoteric nature of Al hydroxide, it redissolves before the 

pH where LDHs precipitates (i.e., dissolving at pH 6). It has been reported that the 

equilibrium between the dissolution of Al(OH)3 and Mg-Al-LDHs can take up to 100 days 

to achieve [204]. This means that it is possible these precipitated Al hydroxide phases have 

not been completely dissolved or reprecipitated.  This might explain the low synthesis 

yields of urea hydrolysis method.  

Further to that, the type of impurity phase formed will have a different effect on the 

resultant yield. For instance, the molecular weight of aluminium hydroxides, Al(OH)3 is 78 

g/mol, which is very close to the molecular weights of LDHs having different compositions 

(x = 0.25, 77.73 g/mol; x = 0.33, 78.18 g/mol). Therefore, when Al(OH)3 is formed as 

impurity phase along with the LDH, they are likely to compensate for the loss in percentage 

yield. The distinction between product weight and impurity weight becomes even more 

complicated when the formed impurity is in amorphous state since it is not easy to detect. 

On the other hand, the aluminium oxy-hydroxide, AlOOH, has a lower molecular weight 

(59.99 g/mol) that those for LDHs. If part of Al3+ is converted as AlOOH, then the resultant 

yield could reduce even if all Al3+ ions in the solutions are precipitated. 

Although the co-precipitation method also follows a similar reaction, but pH is pre-

calibrated to the condition where LDHs precipitates (i.e., pH = 10) and is well-controlled 

with the aid of auto-titrator. This should technically minimize the chance of Al-based 
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hydroxides being precipitated and is probably why close to theoretical yields (~100 %) 

were obtained in all co-precipitation methods. Despite this, several studies reported that 

further characterization of co-precipitated samples with advanced techniques (e.g., solid 

state 27Al NMR) still found small amounts of Al-based impurities [224], [231], [243]. 

Moreover, handling of LDHs in the post-synthesis step may also cause variation in yield 

due to events such as leaching of metal cations from the crystal lattice, dissolution of LDHs 

during aging, or incomplete removal of precipitation agents, e.g., sodium 

hydroxide/potassium hydroxide [208], [235], [264]. This might explain why some of co-

precipitated samples have resultant yields less than or exceeding the theoretical 100 %. All 

of this demonstrates the challenges in obtaining the information on the purity and the 

composition of LDHs based on observed yield alone. Hence, we demonstrate here the 

necessity of the supplementary characterization techniques in arriving at the actual yield, 

purity, and the composition of the LDHs. 

Table 4. 3 - Synthesis conditions of LDHs prepared from urea hydrolysis and co-

precipitation methods. 

Sampl

e ID 

Mg/A

l 

Ratio 

Metal Salt 

Precursor 

Temperatur

e (˚C) 

Precursor 

concentratio

n (mol/dm3) 

Washin

g Water 

Volume 

(ml) 

Aging 

Time 

(hours

) 

Fina

l pH 

UHNI2 2 Metal nitrates 90 0.25 100 48 7-8 

UHNI3 3 Metal nitrates 90 0.25 100 48 8 

UHNI4 4 Metal nitrates 90 0.25 100 48 8 

UHCL2 2 Metal 

chlorides 

90 0.25 100 48 7-8 

UHCL3 3 Metal 

chlorides 

90 0.25 100 48 8 

UHCL4 4 Metal 

chlorides 

90 0.25 100 48 8 

CPNI2 2 Metal nitrates 70 0.25 150 24 10 

CPNI3 3 Metal nitrates 70 0.25 150 24 10 

CPNI4 4 Metal nitrates 70 0.25 150 24 10 

CPCL2 2 Metal 

chlorides 

70 0.25 150 24 10 

CPCL3 3 Metal 

chlorides 

70 0.25 150 24 10 

CPCL4 4 Metal 

chlorides 

70 0.25 150 24 10 
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Since the obtained synthesis yields do not distinguish between LDHs and impurities, 

elemental analysis of LDH samples and filtrate solutions was carried out to gain further 

insight into the composition.  

4.3.2 Elemental Analysis (ICP-OES) of LDH samples and filtrates 

Elemental analyses of Mg2+ and Al3+ ions precipitated in the samples (Table 4.4) and 

filtrate solution (Table 4.5) were carried out to have a comprehensive understanding of the 

LDH composition and synthesis yield. 

Table 4. 4 - The expected (nominal), observed (bulk) Mg/Al ratios and sodium content 

of LDHs synthesized from urea hydrolysis and co-precipitation methods. 

Urea Hydrolysis Method  Co-precipitation Method  
Mg/Al ratios Sodium 

content 

(wt %) 

 
Mg/Al ratios Sodium 

content 

(wt %) 
Sample 

ID 

Expected Observed Sample 

ID 

Expected Observed 

UHNI2 2.0 0.9 0.16 CPNI2 2.0 2.7 0.91 

UHNI3 3.0 0.8 0.22 CPNI3 3.0 3.0 0.65 

UHNI4 4.0 1.7 0.19 CPNI4 4.0 4.0 0.53 

UHCL2 2.0 1.3 0.13 CPCL2 2.0 2.2 0.34 

UHCL3 3.0 1.6 0.19 CPCL3 3.0 3.0 0.48 

UHCL4 4.0 1.8 0.04 CPCL4 4.0 4.0 0.40 

 

Table 4. 5 - Percentage of unreacted metal ions in the filtrates collected during the 

synthesis of LDHs using urea hydrolysis and co-precipitation methods. 

Urea Hydrolysis Method  Co-precipitation Method 

Sample 

ID 

Percentage Unreacted (%) Sample 

ID 

Percentage Unreacted (%) 

Mg Al Mg Al 

UHNI2 57.5 0.0 CPNI2 0.1 8.6 

UHNI3 73.9 0.0 CPNI3 0.0 0.2 

UHNI4 56.8 0.0 CPNI4 0.1 0.3 

UHCL2 33.6 0.1 CPCL2 0.0 2.3 

UHCL3 45.6 0.4 CPCL3 0.1 0.2 

UHCL4 55.3 0.1 CPCL4 0.1 0.2 
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Urea Hydrolysis method. Table 4.4 reveals the observed Mg/Al ratios in the solid samples 

obtained from elemental analysis (ICP-OES) and compared with their expected Mg/Al 

ratios at synthesis. All the urea hydrolysis samples show lower observed Mg/Al ratios (0.8 

– 1.8) than their expected ones, suggesting a higher Al content in these samples. As 

described above, the minimum possible Mg/Al ratio in crystalline LDH is 2 (x = 0.33). 

Thus, the observation of these low observed Mg/Al ratios (0.8 – 1.8) indicates the presence 

of Al-based impurities in all urea hydrolysis samples. This result is matching with the 

hypothesis proposed earlier based on the LDH formation mechanism via the urea 

hydrolysis method and incomplete dissolution of Al-based hydroxides. Another strong 

evidence supporting this is the huge differences in observed Mg/Al ratios obtained from 

samples having similar a values, e.g., UHNI4 (0.9) and UHNI2 (1.7). Similar a-values 

(3.032 Å) indicate those two samples have the same amount of Al3+ substitution in the LDH 

phase, but their observed Mg/Al ratio are not the same, which means they have a different 

Al content in bulk phase. This clearly evidences the presence of impure Al phases in these 

samples. Their PXRD patterns (Figure 4.1 & 4.2) do not show any crystalline impurity 

phases, which corroborates the amorphous nature of the Al-based impurities.  

The amount of impure phase seems affected by the metal salt precursors employed, based 

on the different observed Mg/Al ratios obtained from the two methods (UHCL and UHNI). 

Those samples employing metal chlorides (UHCL) show larger observed Mg/Al ratios (1.3 

– 1.8) than those measured for the UHNI samples, suggesting a higher Mg content. 

Considering that Figure 4.1 and 4.2 show no other crystalline phases apart from the LDH 

were detected in the PXRD patterns and that amorphous Mg-based impure phases are not 

yet known, hence, the Mg-content should be measured directly from the LDH phase and 

could be used as an indication of LDH purity. Based on the close agreement between the 

expected and observed Mg/Al ratio of UHCL samples, metal chlorides seem to be a more 

effective precursors to produce high purity LDHs. 

Table 4.5 shows the percentage of unreacted metal ions measured in the filtrates of all 

samples collected from the washing step, with respect to the nominal Mg/Al ratios at 

synthesis. It is observed that the amount of Al3+ ions in all filtrates from urea hydrolysis 

method is negligible, indicating that most Al3+ ions were precipitated. However, a large 
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content of Mg2+ ions (34 – 74 % of the concentration of Mg2+ ions used at synthesis) is 

found in these filtrates, indicating the incomplete precipitation of these ions into LDHs. 

This aligns with the earlier hypothesis that part of the precursors (Al3+) precipitates as 

impurity phases, rather than LDHs, which caused the low synthesis yields (54 - 81 %) 

obtained from the urea hydrolysis method. Nevertheless, it is also possible that part of these 

Mg2+ ions is a result of leaching out from the LDH crystal lattice during the aging and/or 

washing stage of urea hydrolysis method. 

Again, the percentages of unreacted Mg2+ ions are lower in the filtrates of metal chlorides 

(UHCL), compared to the metal nitrates (UHNI). This agrees well with the earlier analysis 

of observed Mg/Al ratios and confirms that metal chlorides are a more effective precursor 

to precipitate metal ions into LDHs. However, although more metal ions (i.e., Mg2+) have 

precipitated, the final product yield of UHCL samples is still lower than that for UHNI 

samples, e.g., UHCL2 (77.0 %) and UHNI2 (81.2 %). This proves the non-quantitative 

nature of the urea hydrolysis method and confirms the presence of a large amount of 

amorphous Al-based impurities phase in the UHNI samples. So far, all evidence present in 

this section is matching with the previous solid state 27Al NMR studies of urea hydrolysis 

LDHs; the author found two different AlO6 octahedral aluminium sites and implies that the 

amount of impurities phase can be significant, as the signal intensity due to impurities 

phase is as high as 37 % in relative to the intensity of pure LDHs (67 %) [230]. 

It is apparent now that the formation mechanism proposed for urea hydrolysis method is 

mostly valid. However, it still needs an explanation for the fixed a value observed in all 

urea hydrolysis samples. One explanation for this is that there exists a thermodynamic 

preference to synthesize LDHs of this composition (a ~ 3.04 Å), as the hydrothermal 

conditions is very close to the formation condition of naturally occurring LDHs.  

Surprisingly, elemental analysis revealed small amounts of sodium (0.04 – 0.22 wt %) in all 

urea hydrolysis samples. This is rather unanticipated because unlike the co-precipitation 

method, the urea hydrolysis method does not involve any sodium precursors in the 

synthesis steps, e.g., NaOH and Na2CO3. All the samples were carefully handled, and 

containers were acid-washed prior to usage. Hence, the only possible source of this sodium 
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content is from the metal salt precursors, where the sodium content was expected to be 

negligible due to the low concentration (10 - 100 mg/kg) in all reagents.  

Co-precipitation method. Table 4.4 shows that the observed Mg/Al ratios of co-

precipitated samples agree well with their expected values, which means the co-

precipitation method can produce LDHs close to the desired compositions. The only two 

exceptions are the samples CPNI2 and CPCL2, which were targeted to synthesize LDHs 

close to the upper limit of x (0.33). For the other compositions (Mg/Al ratios of 3 & 4), the 

good agreement between a-parameters, synthesis yields and observed Mg/Al ratios proves 

the higher LDH purity of the co-precipitated samples versus the urea hydrolysis ones.  

A small amount of sodium content (0.34 – 0.91 %) was observed in all the co-precipitated 

LDHs, which may have originated from the sodium precursors used during synthesis, e.g., 

NaOH and Na2CO3. The employed washing protocol reduced the sodium content to a very 

small percentage (< 1 %) and explains why some of the synthesis yields of LDHs are 

slightly in excess of 100 % (100.6 – 100. 9 %). Further washing may cause the leaching out 

of metal ions from LDH lattice, which can affect the final chemical composition of LDHs 

and risk sacrificing the synthesis yields. Therefore, we did not attempted to completely 

remove the sodium content but rather kept a consistent washing protocol for all samples.  

Elemental analysis of the filtrates (Table 4.5) revealed the full conversion of reactants in 

the co-precipitation reaction as the amount of metal ions (both Mg2+ and Al3+) in the 

filtrates is almost zero in most of the samples. Only a small percentage of unreacted Al3+ 

ions was measured in the two samples CPNI2 and CPCL2, which is consistent with their 

observed Mg/Al ratios (Table 4.4) and synthesis yields (Table 4.2).  

When a Mg/Al ratio of 3 was used in the synthesis via co-precipitation method, LDHs with 

a composition close to that of the mineral Hydrotalcite (Mg6Al2CO3(OH)16·4H2O) were 

obtained. Both CPNI3 and CPCL3 showed the lowest content of unreacted Mg2+ and Al3+ 

ions in the filtrates, and their synthesis yields were closest to the ideal 100 %. Additionally, 

both samples showed an a-parameter value (3.057 Å) that matches with that of the mineral 

Hydrotalcite (3.054 Å). The good agreement between yields, a-parameter and observed 

Mg/Al ratio indicates that the reaction is quantitative. In contrast, syntheses targeting LDHs 

with other compositions show discrepancies in their a-parameters and yields.  
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4.3.3 Impact of synthesis method and precursor salts on MMOs 

MMOs sorbent yields. All of the LDHs synthesized were subjected to thermal 

decomposition as described in the experimental section to obtain MMOs. PXRD patterns of 

the MMOs are shown in Figure 4.5. The LDH characteristic peaks previously seen in 

PXRD patterns (Figure 4.1 & 4.2) have now disappeared and are replaced by three broad 

reflections that are corresponding to MgO having d-values of 2.43, 2.11 and 1.49 Å[217]. 

The formation of MMOs was further characterized by FTIR spectra, as shown in the Figure 

4.6. All the characteristic vibrations due to LDHs (e.g., 3400, 1630 and 1360 cm-1) were 

significantly reduced on the FTIR spectra of MMOs, showing different signals at 1400 cm-1 

and 1540 cm-1. In literature, these two peaks are commonly seen in decomposed MMOs 

and are attributed to the adsorption of atmospheric water and CO2 species. Table 4.6 shows 

the percentage weight loss of MMOs during the thermal decomposition step. The 

heterogeneity of the sample bulk resulted in an experimental inconsistency of less than ± 1 % 

for percentage weight loss. 

 

Figure 4.5 PXRD diffractograms of MMOs synthesized using (A) urea hydrolysis 

method and (B) co-precipitation method in different nominal Mg/Al ratios and 

precursors; (a) UH/CPNI2, (b) UH/CPNI3, (c) UH/CPNI4, (d) UH/CPCL2, (e) 

UH/CPCL3 & (f) UH/CL4 
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Figure 4.6 FTIR patterns of MMOs synthesized using (A) urea hydrolysis method and 

(B) co-precipitation method in different nominal Mg/Al ratios and precursors; (a) 

UH/CPNI2, (b) UH/CPNI3, (c) UH/CPNI4, (d) UH/CPCL2, (e) UH/CPCL3 & (f) 

UH/CL4 

Table 4.6 - Percentage loss of LDHs in the thermal decomposition step 

Sample ID Percentage weight loss 

(%) 

Sample ID Percentage weight loss 

(%) 

UHNI2 41.7 CPNI2 41.9 

UHNI3 37.8 CPNI3 41.5 

UHNI4 38.6 CPNI4 41.8 

UHCL2 40.6 CPCL2 39.2 

UHCL3 37.0 CPCL3 40.9 

UHCL4 37.3 CPCL4 41.1 

 

The theoretical weight loss for complete dehydroxylation, dehydration and deanation (i.e., 

removal of CO3
2- anion at interlayer) of LDH having x between 0.15 – 0.33 is in the range 

of 43.9 – 45.2 %. As seen in Table 4.6, none of the MMOs sample have achieved the 

theoretical weight loss values although their FTIR spectra confirms the complete 

decomposition of LDHs precursors. Among the two synthesis methods, the percentage 

weight loss in the case of urea hydrolysis LDHs is lower (37 - 41.7 %) compared the co-

precipitated LDHs (39 – 42 %). It is likely that the presence of impurities phase contributed 

to the discrepancies in weight loss.  
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BET and SEM analysis. Figures 4.7 & 4.8 show the nitrogen adsorption isotherms at 77 K 

of MMO samples prepared by urea hydrolysis and co-precipitation method. Interestingly, 

MMOs synthesized by different methods show different types of isotherms profile. For 

example, all urea hydrolysis MMOs shows Type II Isotherms, suggesting that they are  

non-porous or macroporous materials, whereas co-precipitated MMOs shows Type IV 

isotherms, suggesting that they are microporous or mesoporous materials. Hysteresis loops 

provide more information about the textural properties of MMOs. For example, the narrow 

hysteresis loop of urea hydrolysis MMOs that ends in the middle of isotherm is 

documented usually caused by inter-particle capillary condensation and by material that is 

non-rigid plate-like particles. On the other hand, the co-precipitated MMOs exhibit a 

hysteresis loop only at the beginning of desorption branch, suggesting that they have a 

more complex pore structures that is made up of interconnected networks of pores of 

varying size and shapes. Figure 4.9 shows the calculated BET surface areas using 

information from nitrogen adsorption isotherms at 77 K. It seems that the BET areas of co-

precipitated MMOs are at least two times larger than those of urea hydrolysis MMOs.  

 

Figure 4.7 - Nitrogen adsorption isotherms (77 K) of MMOs synthesized by (a) 

UHNI2, (b) UHNI3, (c) UHNI4, (d) UHCL2, (e) UHCL3 & (f) UHCL4 
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Figure 4.8 - Nitrogen adsorption isotherms (77 K) of MMOs synthesized by (a) 

CPNI2, (b) CPNI3, (c) CPNI4, (d) CPCL2, (e) CPCL3 & (f) CPCL4 

 

 

Figure 4.9 - BET surface areas of MMOs synthesized from urea hydrolysis method 

and co-precipitation method 
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Scanning Electron Microscopy (SEM) analysis was carried to study the morphology of 

MMOs synthesized from the two synthesis methods. SEM micrographs of all MMOs 

samples are available in the Figure 4.10 – 4.13. Overall, the SEM images obtained for urea 

hydrolysis MMOs (Figure 4.10 & 4.11) show large plate-like hexagonal crystallites that are 

several microns in size. In contrast, MMOs obtained from co-precipitated LDHs consist of 

large aggregates of smaller crystallites (Figure 4.12 & 4.13). A closer look at the surface of 

these coprecipitated MMOs reveals decomposed sand-rose like particles, while the surface 

of urea hydrolysis MMOs appears to be smooth under SEM examinations. This might 

explain why the BET areas of co-precipitated MMOs are larger than those of urea 

hydrolysis MMOs (Figure 4.9). Thus far, the observed morphologies for MMOs agree well 

with the nitrogen isotherms analyses above and literature reports.   

 

Figure 4.10 - SEM micrographs of MMOs derived from synthesized using urea 

hydrolysis method in different nominal Mg/Al ratios and in different resolution; (a) 

UHNI2, (b) UHNI3 & (c) UHNI4 
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Figure 4.11 - SEM micrographs of MMOs derived from synthesized using urea 

hydrolysis method in different nominal Mg/Al ratios and in different resolution; (d) 

UHCL2, (e) UHCL3 & (f) UHCL4 

 

Figure 4.12 - SEM micrographs of MMOs derived from synthesized using co-

precipitated method in different nominal Mg/Al ratios and in different resolution; (a) 

CPNI2, (b) CPNI3 & (c) CPNI4 
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Figure 4.13 - SEM micrographs of MMOs derived from synthesized using co-

precipitated method in different nominal Mg/Al ratios and in different resolution; (d) 

CPCL2, (e) CPCL3 & (f) CPCL4 

4.3.4 CO2 Adsorption Tests 

CO2 adsorption capacities. Figure 4.14 shows the CO2 adsorption capacities measured for 

MMOs derived from LDHs synthesized in the present study, at 200 ˚C and CO2 partial 

pressure of 0.8 bar (80 vol%). The observed Mg/Al ratios and sodium content of the LDHs 

are also plotted in Figure 4.14 to investigate their relationship with the CO2 adsorption 

capacities of derived MMOs. The error bars on the histogram represent the range of 

uncertainty due to weighting precision of thermogravimetric analyzer.  

Figure 4.14 shows that CO2 adsorption capacities of MMOs obtained from the co-

precipitation method (0.5 – 0.9 mmol/g) are generally higher than those obtained from the 

urea hydrolysis method (0.3 – 0.7 mmol/g). The higher observed Mg/Al ratios (i.e., Mg 

content), sodium content and surface area of co-precipitated MMOs are likely the factors 

causing their CO2 adsorption values to be higher than the urea hydrolysis derived MMOs. 

Among these parameters, the CO2 adsorption capacities of co-precipitated MMOs seem to 

be more strongly influenced by their sodium content. For example, the highest CO2 

adsorption capacities were recorded from samples CPNI2 and CPCL3, which also 

presented the highest sodium content. No clear correlation between BET surface area 
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(Figure 4.14B) and CO2 amount adsorbed is seen. From Figure 4.14A, the Mg/Al ratio of 

the co-precipitated sorbents (both crystal and bulk Mg/Al ratios) does not seem to have an 

obvious impact on the CO2 adsorption capacities, i.e., the samples having different a values 

and observed Mg/Al ratios (CPNI3, CPNI4, CPCL3 and CPCL4) showed close values of 

CO2 adsorption capacities (0.75 – 0.81 mmol/g). Coincidentally, these samples also showed 

similar synthesis yield values (~100 %). In contrary to the synthesis method, different 

precursor salts do not play a major role on the CO2 adsorption of MMOs. However, MMOs 

synthesized by metal nitrates do show a slightly higher CO2 adsorption capacity than those 

synthesized with metal chlorides in both synthesis methods. This is likely due to the higher 

sodium content in the precursor metal nitrates used to synthesize LDH samples. 
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Figure 4.14 - CO2 adsorption capacities of MMOs synthesized via urea hydrolysis and 

co-precipitation method at 200 ˚C, plotted against the (A) observed (measured) Mg/Al 

ratios and sodium content and (B) BET nitrogen area (m2/g) 

In the case of urea hydrolysis derived MMOs, none of the metrics determined earlier (e.g., 

sodium content, observed Mg/Al ratios and BET surface area) shows obvious correlation 

with their CO2 amount adsorbed. However, a further investigation shows that the two 

highest CO2 adsorption capacities were in fact measured from the samples having the 

lowest observed Mg/Al ratios (e.g., UHNI2 and UHCL2). This means that the low LDH 

purity and presence of impurities in the urea hydrolysis samples may have played a role in 

this. For instance, despite having the lowest observed Mg/Al ratios, samples UHNI2 and 

UHCL2 showed the highest yields (81.2 and 77.0 %) and the smallest deviation from 

expected Mg/Al ratios, which suggests they have the lowest amount of impurities and high 

LDH purity. This is probably why they exhibit the highest CO2 adsorption capacities 

among the urea hydrolysis derived MMOs. It is also possible that the impure phases have 

hindered the access of CO2 to the active sites (i.e., Mg2+ species) of urea hydrolysis MMOs. 

CO2 adsorption kinetics. Figure 4.15 shows the profile of CO2 adsorption capacity vs time 

(minutes) for MMOs derived by the LDHs synthesized by both urea hydrolysis and co-

precipitation method. This is done to evaluate the effects of synthesis method and metal 

salts precursors on the CO2 sorption kinetics of MMOs. The absence of a clear plateau in 

all sorption profiles after 120 minutes indicates the the nonequilibrium adsorption behavior 

of CO2 in the LDH-derived MMOs sorbents. The vast difference in the uptake slopes of 

these profiles suggests two different kinetic regimes, i.e., a steep increase in the first few 

minutes of adsorption (fast reaction), followed by the small increase until the end of the 

adsorption step (slow reaction). In a cyclic adsorption operation, the fast reaction is often 

preferred as it mostly occurs on the sorbent surface and requires lower heat of adsorption 

[265]–[268]. The slow reaction, on the other hand, is generally not favored and forms bulk 

MgCO3 species, which tend to be difficult to regenerate and cause process issues such as 

poor mechanical stability and CO2 slip through the adsorption bed [269].  
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Figure 4.15 - CO2 adsorption capacity vs time (minutes) profile of MMOs derived by 

the LDHs synthesized by (A) urea hydrolysis and (B) co-precipitation method 

Overall, the co-precipitated MMOs clearly have better CO2 adsorption kinetics than urea 

hydrolysis MMOs. The better kinetics of co-precipitated MMOs seems to be directly linked 

to the sodium content of samples, which gives higher CO2 uptakes in the fast reaction step. 

For example, MMOs that achieved the highest CO2 uptake in the fast reaction step are 

CPNI2, followed by CPNI3, CPNI4, CPCL3, CPCL4 and CPCL2; which follows the same 

order as the one with the highest concentration of sodium present in Table 4.4. For the urea 

hydrolysis MMOs, the UHNI2 sample shows remarkably higher CO2 uptake than the rest 

of its kind during the fast reaction step. This is likely due to the combined effects of high 

LDH purity of the sample and additional sodium content from the precursor metal nitrates, 

which provided more active sites for CO2 adsorption.  

In the slow reaction step, all urea hydrolysis MMOs show similar kinetics, except the 

UHCL2 MMOs having an obviously steeper profile, which suggests a higher carbonation 

rate. Since the slow reaction corresponds to the formation of bulk MgCO3 species, this 

higher uptake by the UHCL2 sample is likely to do with its higher Mg content, as a result 

of high LDH purity and a high observed Mg/Al ratio (Table 4.4), which provided more Mg-
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O sites for the carbonation reaction. This is the same with co-precipitated MMOs, where 

the samples having higher Mg/Al ratios (i.e., 3 & 4) shows higher carbonation rate in the 

slow reaction step compared to the lower ones (i.e., CPCL2 & CPNI2).  

For both co-precipitation and urea hydrolysis methods, MMOs synthesized from metal 

nitrates tend to show better CO2 kinetics than the ones synthesized from metal chlorides, by 

having higher CO2 uptakes in the fast reaction step. For the slow reaction step, no obvious 

effect due to the choice of metal salt precursors is seen. Overall, the sodium content of 

sample seems to have a direct positive impact on the CO2 adsorption kinetics of LDH 

derived MMOs. 

Cyclic Stability. Cyclic CO2 adsorption tests were carried out to test the cyclic stability of 

selected LDH-derived MMOs sorbents and compared with pure magnesium oxide (MgO), 

obtained by calcining Mg(OH)2 at 400 ˚C for 4 hours, which serves as the reference case. 

MgO is a suitable benchmark to assess the cyclic stability of LDH derived MMOs because 

the MMOs sorbents were originally proposed as an alternative option to MgO, which was 

found to have poor cyclic stability in general. Only four MMOs were selected to study for 

cyclic tests, based on three criteria: 1) highest LDH yields, 2) good agreement between 

expected and observed Mg/Al ratios and 3) adequate CO2 adsorption capacities. Note that 

the adsorption and desorption were carried out for 30 minutes each. Figure 4.16 shows the 

CO2 adsorption capacities of tested MMOs sorbents in each cycle and the percentage 

reduction in CO2 sorption capacities calculated with respect to the amount adsorbed in the 

first cycle. 

Figure 4.16A shows that all LDH-derived MMOs and MgO sorbents show a slow, gradual 

drop in CO2 adsorption capacities over 10 adsorption cycles, and there is no obvious 

plateau, which means the capacities might reduce further. A similar trend is observed in 

Figure 4.16B, which shows the percentage drop of adsorption capacities calculated with 

respect to the first cycle. It seems that all the sorbents experience the largest drop in the 

adsorption capacities after the 1st cycle. No obvious correlation from either the synthesis 

method or metal salts precursors is found to be affecting this large initial drop in adsorption 

capacities. Among the MMO samples, Figure 4.16A shows that CPNI3 sample presents the 

highest CO2 adsorption capacities in all 10 cycles. Interestingly, despite the promising 
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outlook of CPNI3, a close look in Fig. 4.16B reveals that in fact, the same sorbent shows 

the largest reduction in overall cyclic stability (31.2 %) and is the only MMOs sorbent 

performing worse than MgO sorbent (26.5 %). On the contrary, the urea hydrolysis samples 

show relatively good cyclic performance than their co-precipitated counterparts, as their 

CO2 adsorption capacities after the first cycles are almost similar in Figure 4.16A. Overall, 

LDH-based MMOs appears to have better cyclic stability than pure MgO sorbent, i.e., 

lower percentage loss in CO2 adsorption capacities after 1st cycle.  

 

Figure 4.16 - (A) CO2 adsorption capacity and (B) percentage reduction in adsorption 

capacity by cycles of selected MMOs synthesized with urea hydrolysis method and co-

precipitation method 

4.3.5 Comparison with literature LDH derived MMOs 

A performance comparison of MMOs synthesized in this work with relevant analogues 

previously reported in literature is shown in Figure 4.17, at 200 ˚C [151], [152], [199], 

[270]–[276]. In this figure, MMOs refer to those derived from pristine Mg-Al-CO3 LDHs, 

unless otherwise specified, e.g., Mg-Al-stearate and Mg-Al-SDS. MMOs investigated 

under different application (> 300 ˚C and elevated pressures) are excluded. Commercial 

LDH-based MMOs sorbents were also included as benchmark materials, even though some 

of them have been promoted with alkali metal carbonates and salts, such as K2CO3, KNO3 
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& NaNO3. Full details of these MMOs and the adsorption conditions, e.g., synthesis 

method employed, temperature, CO2 partial pressure, are summarized in Appendix Table 

A4.1. As shown in Figure 4.17, CO2 adsorption capacities of MMOs synthesized in this 

work is lower than those promoted with alkali metal salts and carbonates. However, the 

capture capacities are still better than most of the MMOs derived from unpromoted Mg-Al 

LDHs, except for MMOs derived from Mg-Al-stearate LDHs, which has been modified for 

larger surface area and smaller particle sizes. 

 

Figure 4.17 - CO2 adsorption capacities of MMOs synthesized in the present work and 

those previously reported; The grey bars indicate MMOs derived from unpromoted 

Mg-Al-LDHs whereas dark bars represent MMOs derived from alkali-metal 

promoted Mg-Al-LDHs 

Overall, this work highlights that the selecting a suitable CO2 capture material does not just 

rely on its CO2 adsorption performance. Other factors are equally important such as 

productivity, environmental sustainability, cyclic stability, and efficiency of the overall 

synthetic process including the generation of waste (i.e., effluents). For example, nitrate 

precursors tend to be more costly than the chloride ones, and they might also have disposal 

issues due to the ecologically unsafe nitrate ions generated in the effluents.  However, from 

an environmental sustainability viewpoint, it is hard to conclude here which synthesis 
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method or which metal salt precursors are more superior, unless a completed life cycle 

assessment (LCA) is carried out.  

4.4 Conclusions 

The selection of the appropriate synthesis method and salt precursors is a crucial decision in 

the development of a CO2 capture adsorbent. In the present study, the impact of the 

synthesis method and choice of salt precursors on the chemical composition of LDHs was 

investigated. Additionally, the CO2 adsorption behaviour of Mg-Al-LDHs based MMOs 

was studied, and its relationship with synthesis efficiency metrics, e.g., purity, synthesis 

yields and percentage of unreacted reactants, was established.  

LDHs synthesized by the urea hydrolysis method showed higher Al3+ substitution (a = 

3.032 – 3.038 Å) and higher amorphous Al-phases as impurities, resulting in low purity 

LDHs. The synthesis yield was found to be relatively low (51 – 82 %), and a high 

percentage of unreacted Mg2+ ions was found in the reaction filtrates. In contrast, LDHs 

synthesized via co-precipitation showed more varied compositions (a = 3.037 – 3.069 Å), 

which were in close agreement with the targeted ones at synthesis. The synthesis yields 

were close to 100 % in all the samples, and negligible amounts of metal ions were found in 

the filtrates. All the samples showed trace amounts of sodium (0.04 – 0.9 wt %), which are 

likely to be originated from the precursor employed. Metal chlorides were found to be a 

better precursor for efficient precipitation of LDHs compared to metal nitrates for both co-

precipitation and urea hydrolysis methods.  

The resultant MMOs showed different textural properties. MMOs generated from urea 

hydrolysis method shows large hexagonal crystallites, whereas MMOs generated from co-

precipitation show large aggregates of irregular shapes. The presence of impure phases and 

the sodium content were shown to have a significant effect on the CO2 adsorption 

capacities of LDH derived MMOs. The highest CO2 uptakes were measured for MMOs 

derived from urea hydrolysis samples (0.70 mmol/g), exhibiting the highest LDH yield and 

lowest amounts of Al-based impurities, and from co-precipitated LDH derived MMO 

samples (0.81 mmol/g) with the highest sodium content. The impact of synthesis method 

and metal salt precursors on the CO2 adsorption kinetics of LDH derived MMOs was also 
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demonstrated. MMOs that were synthesized by co-precipitation method and metal nitrates 

were shown to have better CO2 sorption kinetics than the ones synthesized by urea 

hydrolysis method and metal chlorides. Most MMOs sorbent was found to have better 

cyclic stability than pure MgO sorbent, although their sorption capacities are lower.  
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Appendix A4.1 

 

Table A4.1 - CO2 adsorption capacities and reactions conditions of MMOs presented 

in Figure 4.17 

Sample ID Synthesis/Prep

aration 

method 

CO2 adsorption 

capacity 

(mmol/g) 

Adsorption  

Time 

(minutes) 

Temper

ature  

(˚C) 

CO2 

partial 

pressure 

(bar) 

Ref. 

UHNI2 Urea 

hydrolysis 

method 

0.70 120 200 0.8 This 

work  

UHCL2 Urea 

hydrolysis 

method 

0.51 120 200 0.8 

CPNI3 Co-

precipitation 

method 

0.81 120 200 0.8 

CPCL3 Co-

precipitation 

method 

0.77 120 200 0.8 

EXM696 Commercial 0.24 Equilibriu

m 

200 1 [1] 

Mg-Al-CO3 

MMOs 

Co-

precipitation 

method 

0.49 Equilibriu

m 

200 1 [2] 

Mg-Al-CO3 

MMOs 

Co-

precipitation 

method 

0.26 60 200 1 [3] 

Mg-Al-CO3 

MMOs 

Co-

precipitation 

method 

0.71 120 200 1 [4] 

Mg-Al-CO3 

MMOs 

Co-

precipitation + 

Hydrothermal 

method 

0.72 120 200 1 

Mg-Al-CO3 

MMOs 

Urea 

Hydrolysis 

method 

0.3 120 200 1 

Mg-Al-CO3 

MMOs 

Urea 

Hydrolysis + 

Microwave 

method 

0.44 120 200 1 

Mg-Al-CO3 

MMOs 

Urea 

Hydrolysis + 

Hydrothermal 

method 

0.42 120 200 1 

Mg-Al- Co- 1.25 120 200 1 [5] 
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stearate 

MMOs 

precipitation 

method 

Mg-Al-SDS 

MMOs 

Co-

precipitation 

method 

0.45 90 200 1 [6] 

K-promoted 

MMOs 

Commercial 0.93 Equilibriu

m 

208 1 (humid) [7] 

K-promoted 

MMOs 

(MG30 - 

Sasol) 

Commercial 0.89 Equilibriu

m 

200 1.01 [8] 

K-promoted 

MMOs 

(MG50-

Sasol) 

Commercial 0.8 Equilibriu

m 

200 1.01 

K-promoted 

MMOs 

(MG70-

Sasol) 

Commercial 0.63 Equilibriu

m 

200 1.01 

K-promoted 

LDHs based 

MMOs 

Co-

precipitation 

method 

1.23 Equilibriu

m 

240 1 [9] 

NaNO3 

promoted 

Mg-Al-CO3 

MMOs 

Modified Urea 

Hydrolysis 

Method 

1.69 60 200 0.5 [10] 
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Chapter 5: A new Crystal-Chemical Model to Determine the True Chemical 

Composition of Layered Double Hydroxides (LDHs) 

 

Critical Review 

This chapter is currently reviewed for journal publication. Author Contributions statement: 

LC, GM, and SG: conceptualization and design of the study. LC: methodology, acquisition 

and interpretation of data, visualization, and writing of the first draft of the manuscript. GM 

and SG: writing—review and editing for important intellectual content. SG and MM-V: 

supervision, project administration, and funding acquisition.  

This chapter presents a new crystal chemistry model to determine the true chemical 

composition of Mg-Al Layered Double Hydroxides (LDHs). As explained in Chapter 3, 

there is still no clear method to determine the true chemical composition of LDHs. The 

most accurate way is through the crystal chemistry method, which studies the relationship 

between unit cell lattice parameters and chemical composition x. Given a suitable crystal-

chemical model, the chemical composition x of LDH phase can be calculated from the 

experimentally measured unit cell parameters, lattice parameter a and c. The major 

advantage of this method is that the lattice parameters can be easily measured by PXRD 

and are not affected by the presence of secondary phases, unlike results from direct 

chemical analyses, which can reliably reflect the chemical composition of crystalline LDH 

phase.  

In Chapter 3, the model developed by Richardson (2013) was employed to calculate “x” 

from the lattice parameter “a” of the Mg-Al LDHs synthesized. However, the results show 

some deviation between the theoretical and calculated x obtained from Richardson’s model. 

For example, Richardson’s model predicts that any a value below 3.039 Å corresponds to 

an x exceeding 0.33, which is beyond the theoretical upper x limit for LDHs phase. As 

shown in Chapter 4, these “a” values are commonly associated with LDHs synthesized with 

the hydrothermal method (3.032 – 3.038 Å), such as urea hydrolysis method. The existence 

of these low a values obtained from the urea hydrolysis method has prompted the need to 

revisit the crystal chemistry method for LDHs. 
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In the quest to establish a reliable crystal chemistry model, knowledge gaps related to the 

chemical composition of this class of material were first identified. The chemical 

composition x of LDH phase is characterized by the M2+/M3+ ratio (x = M3+/(M2++M3+), 

which represents the amount of trivalent cation (M3+) substituted at the crystal lattice of 

LDHs. According to Pauling’s cation-cation avoidance rule, there should be a limit for the 

amount of M3+ ions that can substitute into the LDH crystal lattice. Many studies have 

postulated that this range of x is between 0 – 0.33; however, the precise boundaries of x are 

still not clear. Specifically, the value of the lowest possible x remains ambiguous, as this x 

varied significantly from experiment to experiment (e.g., 0.1 – 0.2 [219], [222], [223], 

[259], [277], [278]). The understanding of this precise range of x is crucial for model 

validation.  

Furthermore, almost all previous attempts to develop a crystal chemical model for LDH 

phases have mainly employed an empirical approach, i.e., regression analysis of 

experimental data. Regression analysis is generally a useful approach for modelling the 

relationship between two variables, but unfortunately not in this case for the determination 

of the chemical composition for LDHs phase. Accurate results from regression analysis 

require a reliable set of data. In this case for LDHs, the data set are the a-parameter of 

synthesized LDHs and the reported chemical composition, x. Most LDH studies report their 

chemical composition based on either the nominal composition or the one obtained from 

chemical analysis. However, the results from Chapter 3 and Chapter 4 have demonstrated 

the chemical composition of synthetic LDHs usually shows deviates from their nominal 

compositions and consists of impure phases. Thus, the x collected from those studies likely 

does not reflect the true chemical composition of the synthesized LDHs. In addition, most 

of those studies have not considered the impacts of the synthesis method on the a-

parameters of LDHs, an important variable previously identified in our earlier studies. 

Hence, the regression analysis of these data sets might lead to a biased outcome. 

To address these gaps, a theoretical top-down approach has been employed to develop a 

new crystal chemical model for the LDH system. This approach is a further improvement 

of previous crystal chemistry studies from Brindley & Kikkawa (1979) and Richardson 

(2013). The crystal chemistry investigation of LDHs phases conducted by these studies 
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form the basis of the current work, and this work demonstrates that the model can be 

further improved by accounting for the two different local environments within the LDH 

structure. The fundamental of this new approach builds on the famous Vegard’s law, which 

states a linear relationship between lattice parameters and chemical composition should be 

observed in a substitutional solid solution. The only input required is the lattice information 

of the two end-point compounds, which are M(OH)2, the phase that has zero Al3+ 

substitution (x = 0) and M(OH)3, the phase that has full Al3+ substitution (x = 1). Using this 

approach, the need of experimental data as the input for the crystal chemical model is 

eliminated. In this work, the Mg-Al LDH system is the focus due to the large amount of 

data that is available for validating our crystal chemical model. These data also demonstrate 

the impact of empirical data on the accuracy of crystal chemistry models, due to the huge 

uncertainty in the experimentally determined chemical composition in literature. Finally, 

the new x range that is valid for LDHs was redefined, based on experimental evidence 

discovered from literature. 

For Mg-Al-LDHs, a new crystal chemistry model was obtained by using the d(M-M) 

values derived for Mg(OH)2 and Al(OH)3. The crystal chemical model developed in the 

present work shows clear deviation from all the models previously developed. Our model 

predicts a larger range of a values (3.017 - 3.085 Å; Δa = 0.068 Å), compared to other 

models such as Brindley’s (3.055 – 3.104 Å; Δa = 0.048 Å) and Richardson’s (3.039 – 

3.090 Å; Δa = 0.051 Å). Richardson’s model was used as a reference case as it is the most 

recent and comprehensive one in the literature. When taking the a values of LDHs found in 

literature, a few x calculated from Richardson’s model clearly exceeded the upper limits of 

x for LDH phase (i.e., 0.33), especially those data points having a value less than 3.04 Å. 

For example, the lowest value of a found in literature is 3.016 Å, the x calculated from the 

Richardson’s model is 0.41. On the contrary, using our model, the same a value arrives at 

an x equal to 0.33. This shows all the x calculated using our model are well within the valid 

x range (x < 0.33). Consequently, the largest a value of Mg-Al-LDHs found in literature is 

3.110 Å. Using this value, our model predicted an x value of 0.084 Å. The Richardson’s 

model also predicted a very similar value, x = 0.08 Å. Coincidently, this is also the point 

where two crystal chemistry models overlapped in Figure 5.5. This result agrees well with 

previous theoretical and experimental studies on LDHs, which have suggested this x value 
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of 0.083 or Mg/Al ratio of 11 might be the chemical composition where lowest possible 

substitution of Al3+ can occur in LDH crystalline phase. Based on these observations, it was 

concluded that the lowest possible x for LDH phase is 0.083.  

Up to this stage, a precise boundary of x is defined for Mg-Al-LDHs, i.e., 0.083 – 0.33. 

Then, with the a value of 3.04 Å, the present work model predicted an x value of 0.25. This 

observation is very interesting as this a value is commonly associated with the composition 

of maximum Al3+ substitution in the literature (0.33), but our model gives a totally different 

value of x. However, this actually aligns with our data analysis, which found a number of 

pure phases LDHs with a lower than this value (~ 3.024 Å). Considering that the 3.04 Å 

value is very close to the median value of a range revealed for Mg-Al-LDH phase (3.02 – 

3.11 Å), the inference drawn from our model is highly plausible. As mentioned before, this 

x value is the same as the composition of mineral Hydrotalcite (x = 0.25), the LDH phase 

found in nature. This finding might explain why LDHs synthesized by the urea hydrolysis 

method tend to show close values of a (3.03 - 3.04 Å), given the fact that the synthetic 

condition in hydrothermal method are actually very similar to the conditions under which 

natural LDHs form, e.g., high temperature (100 ˚C - 1000 ˚C) and elevated pressure. 

Based on our results, LDHs are thermodynamically favored at x = 0.25, likely due to the 

abundance of the specific compositions found in LDHs synthesis studies. In contrast, the 

composition x = 0.33 appears to be rarely formed under synthetic conditions.  

In conclusion, this work demonstrates that the crystal chemical model developed here can 

serve as a tool for deriving the true chemical composition of LDHs, based on a simple 

parameter (a parameter) that can be easily obtained from PXRD analysis. This avoids the 

need for intensive characterization for LDHs phase. It is anticipated that the findings 

discovered in this study can lead to a new trend of LDH nature discussion and, furthermore, 

aid in the design of LDH and MMOs material for optimized performance.  

  



147 

 

5.1 Introduction 

LDHs are a subject of massive interest from the material science perspectives. However, 

despite being studied for decades, determination of the chemical composition for LDH 

phases remains a huge challenge. The chemical composition of LDHs is characterized by 

the M2+/M3+ ratio or x (x = M3+/(M2++M3+), which represents the amount of trivalent cation 

(M3+) substituted at the crystal lattice of LDHs. To minimize the mutual electrostatic 

repulsion caused by two neighbouring M3+-M3+ ions, the amount of incorporated M3+ is 

limited - probably in the range between 0.15 – 0.33. Albeit already being discussed quite 

rigorously in some highly cited previous studies, determination of the precise boundaries of 

x for which LDHs can form is still an ongoing topic as the lowest limit of x remains unclear 

[219], [279]. Nonetheless, the chemical composition of LDHs is a vital aspect to elucidate 

as it has direct influence on the cation ordering, charge distribution, structural stability, and 

interlayer anion composition which each of them can affect upon their physical properties. 

For example, the M2+-M3+ ratio determines the number of active site available for 

adsorption and catalytic activity. The cation ordering is important with the position of 

adjacent M3+ sites and distribution of anions in the interlayer space, which is critically 

important for intercalation reactions and a possibility to engineer the physicochemical 

properties of LDHs and related material, e.g., delamination, particle size, surface area and 

pore structures[145], [280].   

For synthetic LDHs, the determination of their chemical composition is challenging 

because the formation of LDHs is known to be highly sensitive to their synthesis conditions, 

namely relative cation activities, pH of solution, temperature, aging time, pressure, etc., 

which were all shown to have control over the final product composition [206], [281]. Such 

phenomenon is well-demonstrated by the co-precipitation reaction – the most widely used 

synthesis method for LDHs – where the chemical composition of final product is not 

always guaranteed and may vary due to a small change in reaction condition [241]. For 

other synthesis methods that have been adopted, the reaction is not necessarily 

stoichiometry and may form amorphous impure phases, which are difficult to detect and 

distinguish via chemical analyses [230], [243], [282]. As a result, deviation between 

nominal and final composition is commonly observed in synthetic LDHs and is an issue 

frequently reported in structural studies of these LDHs. This is the same for natural LDHs, 
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in which the specimens tend to contain impurities and have different parallel intergrowth 

LDH polytypes. Even an experienced mineralogist might confuse these LDH phases with 

one other. One good example is the characterization of Hydrotalcite (x = 0.25) and 

Quintinite (x = 0.33). Although being the most studied minerals within the LDH supergroup, 

it was only recently justified that the widely cited single crystal refinement of Hydrotalcite 

was in fact done on specimen of Quintinite [283], [284]. All these factors make the 

determination of the true composition for LDH phases a difficult task even to-date. 

Therefore, there is an urgent need to develop a reliable method to determine the chemical 

composition for LDHs. The most accurate way is, arguably, through the crystal chemistry 

method, which studies the relationship between unit cell lattice parameters and chemical 

composition x. Given a suitable crystal-chemical model, the chemical composition x of 

LDH phase can be calculated from the experimentally measured unit cell parameters, i.e., 

lattice parameters. The major advantage of this method is that the lattice parameters can be 

easily measured by Powder X-Ray diffraction (PXRD) and – unlike results from direct 

chemical analyses - are not affected by the presence of secondary phases, thus can reliably 

reflect the chemical composition of crystalline LDH phase. Although there have been a few 

studies attempting to build a crystal-chemical model for LDHs, so far none of them can 

precisely describe the lattice parameters and x relation for LDHs. Amongst them, Brindley 

and Kikkawa (1979) firstly attempted to establish the a vs x relation by using crystal 

chemistry arguments, and considering an ideal octahedral layer for the LDH structure[219]. 

The next crystal chemistry attempt was from Richardson (2013), who conducted a detailed 

geometrical investigation onto the LDH structure and suggested that octahedral layers are 

not ideal within LDH structure [220]. These two studies form the basis for the current work, 

where we demonstrate that the model can be further improved by accounting the two 

different local environments within the LDH structure. The presence of these different local 

environments has been confirmed in several structural refinements and high resolution 

solid-state NMR studies [224], [225], [285], [286]. 

To address this, the present study proposes an alternative theoretical top-down approach to 

obtain a new crystal chemical model for the LDH system. The fundamental of this new 

approach builds on the famous Vegard’s law, which states a linear relationship between 
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lattice parameters and chemical composition should be observed in a substitutional solid 

solution[287]. The only input required is the lattice information of the two end-point 

compounds, which are M(OH)2, the phase that has zero Al3+ substitution (x = 0) and 

M(OH)3, the phase that has full Al3+ substitution (x = 1). In this work, the Mg-Al LDH 

system was chosen as focus due to the large amount of data that is available for validating 

our crystal chemical model. Using these data, the impact of empirical data on the accuracy 

of crystal chemistry models, as a result of the huge uncertainty in the experimentally 

determined chemical composition in literature, was demonstrated. On the contrary, the 

crystal chemical model developed here is simple and unambiguous as it establishes reliable 

values of LDH lattice parameters as a function of composition, x. Finally, a new x range 

valid for LDH was redefined, based on experimental evidence discovered from literature. 

The ultimate aim of this work is to highlight the importance of combining crystal-chemistry 

and analytical chemistry in the development of LDH materials.  

5.2 Methodology: Development of Crystal-chemical model 

The crystal structures of Mg-Al-CO3 LDH and the related single hydroxides (e.g., Brucite 

and Gibbsite) are shown in Figure 5.1. A detailed description of similarities and disparities 

between LDHs and single hydroxides crystal structure can be found in the crystal chemistry 

investigation conducted by Richardson (2013) [220]. In essence, the structure of LDHs is 

very similar to that of Brucite, except a portion of the divalent cations (Mg2+) are 

substituted by trivalent cations (Al3+) at the octahedral sites of hydroxide layer. This 

substitution causes a net positive charge on the LDH hydroxide layers and requires a 

negative charged anion to balance at the interlayers, along with water molecules. Since the 

substitution of Al3+ is an isomorphous one, thus the structure of the octahedral layers of 

LDH (i.e., a cadmium iodide (CdI2) type structure) remain unchanged. Consequently, the 

hydroxide layers of LDH can be viewed as a solid mixture comprised of [Mg(OH)6]
4- and 

[Al(OH)6]
3--octahedra, whilst the nature of bonding in the octahedra should be similar to 

those in single hydroxide phases, e.g., Mg(OH)2 and Al(OH)3. This has been confirmed by 

the structural refinement of mineral Quintinite (x = 0.33) from the studies undertook by 

Krivovichev et al. (2010) and Zhitova et al. (2010), which reveal two distinct average M-O 

bond lengths and bond angles (α∠O-M-O) distinguishing the two types of cation sites in the 

LDH [285], [286]. 
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Figure 5.1 - Crystal structures of a) Brucite, Mg(OH)2 (x = 0), b) Gibbsite, Al(OH)3 (x 

= 1) and c) Hydrotalcite, [Mg1-xAlx(OH)2](CO3
2-)x/2·nH2O having rhombohedral 3R 

stacking sequences, space group = R𝟑̅m; unit cell parameter a ~ 3.054 Å, c  ~ 24 Å [29] 

For a binary substitutional solid solution like this, Vegard’s law should be valid. Vegard’s 

law states that the lattice parameters of a mixed solid solution (AB) should vary linearly 

with composition, if derived from two components A and B having the same crystal 

structure in their pure form [214], [287]. The simplest mathematical expression for 

Vegard’s law is therefore: 

Lattice parameter, 𝑙𝐿𝐷𝐻 = 𝑙𝑀(𝑂𝐻)2(1 − 𝑥) + 𝑙𝑀(𝑂𝐻)3𝑥    

[Eq. 5.1] 

Where l represents a given lattice parameter of LDH, x is the mole fraction of trivalent 

cations at the octahedral layers (x = M3+/(M2++M3+), and M(OH)2 and M(OH)3 are the 

unitary hydroxides for the selected LDH system. Lattice parameters are physical vectors 

that are used to describe a unit cell in a three-dimensional crystal lattice, and they are 

referred to as a, b and c, depending on the plane direction. It is widely agreed that both 

lattice parameters a and c of the LDH system vary with chemical composition. As seen 
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from Figure 5.1c, similarly to the Brucite system, the lattice parameter a of Mg-Al-LDHs 

system is equivalent to the distance between two adjacent cations at the octahedral sites. 

Therefore, the isomorphic replacement of M2+ by M3+ ion at the octahedral sites of LDHs 

will affect the metal-metal cation distance, d(M-M), especially when these cations have 

different ionic radii, e.g., Al3+ has much smaller ionic radius (0.53 Å) than Mg2+ (0.72 Å). 

The experimental value of the a-parameter is determined from the position of (110) 

reflection in the XRD analyses (a = 2 × d110). On the other hand, the lattice parameter c 

corresponds to the distance between two cations of three successive hydroxide layers, along 

the stacking direction parallel to the c-axis. As the hydroxide layers are held by the 

columbic electrostatic attractions induced by the substitution of M3+ ion, thus the amount of 

M3+ will affect the thickness of basal spacing (determine from the position of (003) 

reflection in XRD analyses) and consequently the lattice parameter c (c = 3 × d003). 

However, it should be noted that both, the basal spacing and lattice parameter c, also 

respond to a number of variables such as the number, size and orientation of intercalated 

anions, extent of hydration and the strength of the pseudo-bonds between anions and the 

hydroxyl groups at the edge of hydroxide sheets [146], [288]. Therefore, it is harder to 

determine chemical composition of LDHs from lattice parameter c. Nevertheless, Zhitova 

et al. (2016) has established the correlation between d003 and the M2+/M3+ ratio of the 

mineral form of Mg-Al-CO3 LDHs and found it to be an effective way to distinguish 

Hydrotalcite from Quintinite [289]. As the present work proposes to use Vegard’s law 

relation to establish the relationship between lattice parameter vs x, and single hydroxides 

usually do not have interlayer species, therefore the lattice parameter c will not be 

examined further in the following discussion. On the other hand, the lattice parameter a 

corresponds directly to the M2+/M3+ ratio at the hydroxide layers and is widely applicable to 

characterize most LDHs, regardless of the interlayer species. Therefore, the lattice 

parameter a is as important as the lattice parameter c as a tool to determine the chemical 

composition of a LDH system. The rest of this work will then primarily focus on 

establishing the a vs x relations. 

For the Mg-Al LDH system, Eq.1 cannot be directly applied due to the different crystal 

system of the single hydroxides. For example, Brucite, Mg(OH)2 has a hexagonal crystal 

structure, which is different than all the polymorphs of Al(OH)3, i.e., Gibbsite, Bayerite = 
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monoclinic and Doyleite, nordstrandite = triclinic [212], [290]–[293]. Moreover, one-third 

of the octahedral sites of aluminium hydroxides (Al2/3□1/2(OH)2, □: cation vacancies) are 

unoccupied (See Gibbsite Unit in Figure 5.1b). As a result, the lattice parameter a of 

Al(OH)3 polymorphs (a = 5.01 – 8.64 Å) varies significantly from Brucite (a = 3.142 Å). 

Hence, a further derivation for Eq. 5.1 is needed.  

Geometrically speaking, each hydroxide layer in an LDH is made up by infinite edge-

sharing octahedra which have a metal cation (M) occupying the center and oxygen atom (O) 

of the hydroxyl ion at the vertices. The schematic diagram of a single octahedron is shown 

in Figure 5.2a. As described before, the lattice parameter a of LDH is essentially the 

distance between two adjacent cations at the octahedral sites, d(M-M) and this equivalent to 

the distance between two oxygen atoms at the same plane (SP), d(O-O)SP [220]. Figure 5.2b 

shows the geometrical relationship describing the lattice parameter a and the atoms in an 

octahedron; α is the angle between a metal cation and two oxygen atoms of the same plane 

(SP), α = O-M-O. Since Al3+ has smaller ionic radius (0.53 Å) than Mg2+ (0.72 Å) [294], 

the lattice parameter a of Mg-Al-LDH should be smaller than the one of Brucite (3.142 Å).  

 

Figure 5.2 - Schematic diagram of a single octahedron that forms the hydroxide layer 

of LDH, and b) geometrical relationship describing the lattice parameter a and the 

atoms in an octahedron 
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Due to the inherent polarization nature of cation and anion, the local geometry of octahedra 

within single and double hydroxides is in fact strongly distorted away from a regular 

arrangement. This causes the octahedra to be compressed along the stacking axis c, thus 

flattening the octahedral layer structure (α > 90 ˚) and increasing the atomic distance of the 

parallel planes, such as d(M-O), d(O-O)SP, and d(M-M)[147]. For such relationship in 

octahedrally coordinated layers with a flattened angle, the a-parameter is given by Eq. 5. 2 

[219]: 

𝑎 = 𝑑(𝑀 −𝑀) = 2 sin
𝛼

2
𝑑(𝑀−𝑂) 

[Eq. 5.2] 

The extent of distortion is dependent entirely on the polarization power of cations 

occupying the center of the octahedron. Al3+ ions, owning to its smaller radius and higher 

charge, have more polarization power than Mg2+ ions. As a result, the Al(OH)6-octahedra 

show a slight different local geometry environment than the Mg(OH)6-octahedra. Table 5.1 

shows all the α, d(M-O) and d(M-M) values of Al(OH)6-octahedra obtained from Al(OH)3 

system (e.g. Gibbsite & Bayerite) and Mg(OH)6-octahedra obtained from Mg(OH)2 system 

(i.e. Brucite).  

Table 5. 1 - Bond angles, d(M-O) and d(M-M) of Brucite, Gibbsite and Bayerite. 

Brucite Gibbsite 
 

Bayerite 
Atom α (˚) d(M-

O), 

(Å) 

d(M-

M), 

(Å) 

Atom  α (˚) d(M

-O), 

(Å) 

d(M-

M), 

(Å) 

Atom α (˚) d(M-

O), 

(Å) 

d(M-

M), 

(Å) 

Mg-O 96.9 2.099 3.142 Al-O1 97.0 1.97 2.951 Al-O1 91.4 1.74 2.488     
Al-O2 90.3 1.95 2.765 Al-O2 96.4 1.90 2.831     
Al-O3 95.0 1.92 2.831 Al-O3 97.3 1.90 2.854     
Al-O4 85.7 1.89 2.571 Al-O4 88.5 1.92 2.682     
Al-O5 90.1 1.86 2.633 Al-O5 95.7 1.98 2.942     
Al-O6 91.1 1.98 2.827 Al-O6 88.1 2.06 2.869     

Average 2.763 Average  2.778 

* d(M-M) = 2 × sin(α/2) × d(M-O) 

Gibbsite and Bayerite are selected as the Al-based reference hydroxides as they are the 

most common among the four polymorphs of Al(OH)3. The main difference between these 
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two polymorphs is the stacking sequence of the hydroxide layers, i.e., if hydroxyl ion 

positions are represented by the upper-case symbols A and B, stacking sequence of 

Gibbsite is AB BA AB BA…, whereas in Bayerite is AB AB AB AB….[295] Nevertheless, 

the local octahedral geometry of the two polymorphs is still similar as evidenced by the 

close values of α and d(M-O) in Table 5.1. These values are very close to the M-O bond 

lengths in Quintinite that were revealed by Krivovichev et al. (2010) and Zhitova et al. 

(2010) in structural refinement studies and those postulated by Hofmeister and von Platen 

(1992) for ordered and disordered Mg-Al-LDHs[285], [286], [296]. By substituting Eq. 5.2 

into Eq. 5.1 and assigning respective cations for the Mg-Al-LDH system Eq. 3 is obtained:  

𝑎𝐿𝐷𝐻 = 2 sin
𝛼𝑂−𝑀𝑔−𝑂

2
𝑑(𝑀𝑔−𝑂) (1 − 𝑥) + 2 sin

𝛼𝑂−𝐴𝑙−𝑂

2
𝑑(𝐴𝑙−𝑂)𝑥 

[Eq. 5.3] 

Expand and rearrange Eq. 5.3 will arrive to Eq. 5.4: 

𝑎𝐿𝐷𝐻 = 2 sin
𝛼𝑂−𝑀𝑔−𝑂

2
𝑑(𝑀𝑔−𝑂) − [2 sin

𝛼𝑂−𝑀𝑔−𝑂

2
𝑑(𝑀𝑔−𝑂) − 2 sin

𝛼𝑂−𝐴𝑙−𝑂

2
𝑑(𝐴𝑙−𝑂)] 𝑥 

[Eq. 5.4] 

The first term on the right-hand side of model (Eq. 4), which is also the intercept of vertical 

axis (y-intercept), is essentially a translation of the a-parameter of the Brucite, Mg(OH)2. 

Such derivation agrees well with the widely accepted lattice parameter a vs x relation 

postulated by Taylor (1973), where the crystal chemical model of LDH should give a 

values of divalent cation phase, M(OH)2 when extrapolated to x = 0[297]. A similar 

mathematical derivation is also seen from the crystal-chemical model derived by 

Richardson (2013). Conversely, when x = 1, the equation is reduced to the Al3+ form (e.g., 

d(Al-Al)), which calculates the distance between two adjacent Al3+ ions when all 

octahedral sites is occupied by Al3+. This is, of course, just a hypothetical scenario since 

substitution of Al3+ in adjacent sites is energetically unfavorable unless accompanied by a 

vacant cation site (see Gibbsite Unit in Figure. 5.1b). 
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The slope of the crystal chemical model is given by the second term of model (Eq. 5.4) and 

has a negative value. 

𝛥𝑎

𝛥𝑥
= −[2 sin

𝛼𝑂−𝑀𝑔−𝑂

2
𝑑(𝑀𝑔−𝑂) − 2 sin

𝛼𝑂−𝐴𝑙−𝑂

2
𝑑(𝐴𝑙−𝑂)]  

[Eq. 5.5] 

Eq. 5.5 represents the deviation of the LDH crystal structure from the divalent hydroxide 

M(OH)2, due to the substitution of trivalent cations (Al3+). The importance of this term is 

obvious as it dictates the relationship between lattice parameter a and composition x of 

LDH phase in a crystal chemical model. Since x for LDHs is only valid for a short range (0 

< x < 0.33), it is expected that a small change in the slope will have large effect on the a vs 

x relation. Eq. 5.5 shows that four input parameters are required to obtain the slope value, 

which are the bond lengths, d(M-O) and bond angles, (α∠O-M-O) from the two types of 

cations occupying octahedra (i.e. Mg2+ and Al3+). To the best of our knowledge, this is the 

first crystal chemical model that accounts for the different local octahedra environments 

caused by the two cations with distinct polarization power. These input parameters can be 

easily obtained from the two end-member single hydroxide phases, i.e., Mg(OH)2 and 

Al(OH)3. 

To obtain the final crystal chemical model, the d(M-O) and α values of Brucite (x = 0) and 

Gibbsite (x = 1) from Table 5.1 are substituted into Eq. 5.4 and the model is expressed as 

Eq. 5.6:  

𝑎𝐿𝐷𝐻 = 2 sin
96.9

2
(2.099) − (2 sin

96.9

2
(2.099) − (2.763)) =  3.142 − 0.378𝑥 

[Eq. 5.6] 

Eq. 5.6 describes a linear relationship between the lattice parameter a and composition x for 

Mg-Al-LDHs, which agrees with the statement of Vegard’s law. The y-intercept of 

equation matches well with the a-parameter of Brucite (3.142 Å) and the negative slope 

value is 0.378. 
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5.3 Results and Discussion 

5.3.1 Comparison between Crystal Chemical models 

Table 5.2 shows all the crystal chemistry models proposed in literature so far, and the 

method to obtain these models. There is clearly a variation in the slope values and y-

intercept across the crystal chemical models proposed so far. Most notably, the negative 

slope of crystal chemical models, which dictates the a vs x relation, shows significant 

deviations from each other. Interestingly, the slope of the crystal chemistry model 

developed here shows the highest negative value (0.378) and clearly deviates from the rest 

of models (0.235 – 0.286). It is also worth noting that the three empirical models present a 

wide range in slope values, e.g., 0.252 0.306 and 0.235. This range confirms the large 

uncertainty in the experimentally observed composition x of synthesized LDHs and its 

effect on the lattice parameter.  

Table 5. 2 - Crystal chemical equations for Mg-Al-LDHs in literature and the method 

to obtain these models. 

Author Model Method Ref 

Brindley and 

Kikkawa (1979) 

a = - 0.269x 

+ 3.144 

Geometrical arguments based on ideal 

octahedron to obtain slope equation: Δa/Δx = 

−√2 [𝑟(𝑀2+) − 𝑟(𝑀3+)] and extrapolated to 

obtain y-intercept  

[219] 

Miyata, 1980 a = - 0.252x 

+ 3.141   

Experimentally a value against x of 

synthesized LDHs  

[261] 

Kukkadapu et 

al., 1997 

a = - 0.306x 

+ 3.140 

Experimentally a value against x of 

synthesized LDHs 

[298] 

Kaneyoshi & 

Jones, 1999 

a = - 0.235x 

+ 3.120 

Experimental a value data and regression fits 

into literature data 

[259] 

Richardson, 

2013 

a = - 0.286x 

+ 3.133 

Geometrical arguments based on squashed 

octahedron to obtain model:  𝑎 =

2 𝑠𝑖𝑛
𝛼

2
 [𝑟(𝑀2+) − 𝑟(𝑂𝐻−)] −

2 𝑠𝑖𝑛
𝛼

2
 [𝑟(𝑀2+) − 𝑟(𝑀3+)]𝑥 and regression 

fits into literature data 

[220] 

This work a = - 0.378x 

+ 3.142 

Vegard’s law relation and geometrical 

arguments based on squashed octahedron and 

two distinct cation sites in LDHs 
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The lattice parameters obtained by the different crystal chemical models for the full range 

of concentration are plotted in Figure 5.3, and their range of values for a fixed range of 

composition x (i.e., 0.15 – 0.33) are presented in Table 5.3. Our model predicts a larger 

range of a values (3.017 - 3.085 Å; Δa = 0.068 Å), compared to other models such as 

Brindley’s (3.055 – 3.104 Å; Δa = 0.048 Å) and Richardson’s (3.039 – 3.090 Å; Δa = 

0.051 Å). It is also noticeable that wide different a values are obtained for the same x 

(Table 5.3). On the other hand, the value of the y-intercept obtained from all the crystal 

chemical models is very close to the a-parameter of Brucite (3.142 Å), which agrees well 

with the Vegard’s law. Except two models, Kaneyoshi et al. (1998) and Richardson (2013), 

which y-intercept deviates more from the a-parameter of Brucite. This larger deviation can 

be attributed to the fact that both studies employed the same strategy to obtain their model, 

i.e., linear regression analyses from literature LDH data.  

 

Figure 5.3 - Crystal Chemical models proposed so far in literature and in present 

work 
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Table 5.3 - Possible range of a for LDH predicted by crystal chemistry models 

x Brindley 

& 

Kikkawa 

(1979) 

Miyata 

(1980) 

Kukkadapu 

et al. (1997) 

Kaneyoshi 

& Jones 

(1998) 

Richardson 

(2013) 

This 

Work 

0 3.144 3.141 3.140 3.120 3.133 3.142 

0.15 3.104 3.103 3.094 3.085 3.090 3.085 

0.33 3.055 3.058 3.039 3.043 3.039 3.017 

 

As seen in Table 5.2, most studies obtained the a vs x relation empirically, i.e., 

experimental observation of a-parameters against x derived nominal composition and/or 

direct chemical analyses. As mentioned before, Brindley & Kikkawa (1979) and 

Richardson (2013) were the only two studies that attempted a structural-geometrical 

approach to obtain a mathematical expression that would describe a vs x relation for LDHs. 

Brindley & Kikkawa (1979) obtained the slope equation: Δa/Δx = −√2 [𝑟(𝑀2+) −

𝑟(𝑀3+)] by assuming an ideal octahedral geometry (α = 90 ˚) and Shannon-Prewitt ionic 

radii to represent metal-oxygen distance 𝑟(𝑀), e.g., Mg2+ (0.72 Å) and Al3+ (0.53 Å) [219]. 

By substituting these values into the slope equation, a slope value of 0.269 is obtained for 

Brindley’s model. Such derivation was reasonable, considering the limited information 

available for LDHs at the time when that work was published. However, it is now widely 

understood that the octahedra in LDH phases are distorted (compressed along the c-axis), as 

in the single hydroxides. In addition to that, since the structure of LDH is eutactic (i.e., 

arrangement of ions is the same as in a closed packed array, but the ions are not necessarily 

touching), the ionic radii of cations cannot represent the distance between adjacent cations 

in the LDH.  

Conversely, the Richardson model (2013) did consider that the octahedra is not ideal (α ≠ 

90 ˚) and introduced the flattened angle, α, into the slope equation: Δa/Δx = 

− 2 𝑠𝑖𝑛
𝛼

2
 [𝑟(𝑀2+) − 𝑟(𝑀3+)] [220]. However, this model again uses ionic radii to 

represent the d(M-O) distance and assumed that the LDH structure has only one α value – 

as in the single hydroxides – which itself is a conclusion obtained from the empirical 

validation of literature data. As described before, LDH has two cations, rather than one, so 
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there should be two different α values. These issues are addressed in our model (Eq. 5.5) by 

accounting for the different α values in LDH systems and replacing the ionic radii with the 

more precise d(M-O) values obtained directly from Mg- and Al- single hydroxides, as both 

structures have been thoroughly investigated. A larger slope (0.378) is then obtained using 

our model since the α and d(Al-O) values of Al(OH)3 systems are much smaller than those 

ones in the Mg(OH)2 system (Table 5.1). On the other hand, the slope values of Brindley & 

Kikkawa (1979) and Richardson (2013) are similar, e.g., 0.269 and 0.286, mainly due to 

similar mathematical models been employed and the small difference in the sine values, 

even though the α values are not the same (α = 90 ˚ and 97.41˚).  

For the case of y-intercept, both Brindley and Richardson obtained their values by simply 

extrapolating their model to y-axis. The y-intercept obtained using Brindley’s model is very 

close to the a value of Mg(OH)2, e.g., 3.144. However, the Richardson’s model obtained a 

low y-intercept value (3.133 Å) for Mg-based LDHs, in which the author attributed this to 

being the one corresponding to the α-form of the divalent hydroxide [M(OH)2·mH2O], 

rather than the naturally occurring β polymorphs [M(OH)2]. Indeed, for Ni- based LDHs 

which the author investigated along with Mg-Al LDHs, their single hydroxides Ni(OH)2 do 

have two well-characterized polymorphs in α and β form (occurs naturally as mineral 

Theophrastite) [299], [300]. However, thus far there is no clear evidence of Magnesium 

Hydroxide existing in the α form, i.e., Mg(OH)2·mH2O. Nevertheless, the crystal chemical 

model developed by Richardson (2013) is probably the closest to describing the true a vs x 

relation for LDH phase, since first attempted by Brindley & Kikkawa (1979) several 

decades ago. The model uniquely combines the efforts of structural-geometrical 

relationships and linear regression analysis based on a large collection of literature LDH 

data. However, perhaps the biggest drawback of these types of models is the reliance on 

regression analysis results for validation, so the quality of the obtained regression is subject 

to the quality of the data used for the fitting. As briefly described before, there is no clear 

guidance on how to determine chemical composition of LDHs, especially the synthetics 

one. Thus, any variables that can affect the data points (i.e., chemical composition x of 

LDHs) should be identified; otherwise, the model would lead to unreliable conclusions. 

Among all the variables, the synthesis method was found to have the largest effect on the 

observed lattice parameter a but none of the previous studies have considered this factor 
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into their analyses. For example, we previously found that despite different starting nominal 

compositions (x = 0.2 – 0.33), synthesis via the hydrothermal method tends to produce 

LDH with fixed composition, which was evidenced by the short range of obtained values 

for the lattice parameter a (3.03 - 3.04) [301]. Conversely, LDHs synthesized by the co-

precipitation method did show a wider range of a values (3.03 – 3.07 Å) and a dependency 

on nominal composition. Unfortunately, none of the previous regression studies have 

highlighted this issue. Given now that we have a better understanding of variables that 

affect the chemical composition of LDH, there is a need to re-visit all these data points if 

used to fit models.  

5.3.2 Variables affecting a vs x relation. 

Figure 5.4 shows the lattice parameter a vs chemical composition x of LDHs for all data 

points that were used to derive Richardson’s model (Figure 5.6a of Richardson, 2013) [223], 

[256], [259], [261], [298], [302]–[315]. Here, these data was categorized based on the 

synthesis method employed (i.e., co-precipitation and hydrothermal reaction). Since 

Richardson did not specify any selection criteria or data filtering, data points collected here 

are those corresponding to all samples where the Mg-Al-LDH phase was identified in their 

PXRD patterns. The fitting of the data to the crystal chemical model developed in the 

present work (dashed line) and the one developed by Richardson (solid line) are also 

presented in Figure 5.4. It is worth mentioning that Richardson’s model is a result of 

linearly regressing all these data, thus it is not a surprise it seemingly a better fit to these 

data points than the present work model. 
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Figure 5.4 - Plot of lattice parameter a vs x of LDHs phases reported in the literature 

cited in Richardson's work; Open circles are the LDHs synthesized by co-

precipitation method and the closed circles are the LDHs synthesized by 

hydrothermal method 

Additionally, data points which have not been taken account in Richardson’s model were 

restored, e.g., those high a values close to 3.110 Å, which were not considered previously 

due to its extreme deviation from the rest of data. PXRD analyses of these samples reported 

from the original studies did show the presence of LDH phase [259], [261], [316]. Hence, 

we believe these values are important and may provide insights into the largest a value 

possible for LDHs (i.e., minimum Al3+ substitution). On the other hand, the low a-

parameter obtained at 3.002 Å included in Richardson’s work is most likely an erroneous 

value [298]. The LDH sample (Sample D; Kukkadapu et al., 1997) was synthesized at pH 

6.5, which is below the precipitating pH (~7.5) of Mg-based LDHs [206], [281] and 

resulted in poorly crystallized LDH peaks as well as bayerite impurity phase observed in 

PXRD analysis. The author concludes this low value of a (3.002 Å) corresponds to an Al-

rich LDH (x = 0.45), but we suspect it might be a result of wrong indexing of d(110) peak 

for LDH phase. Nevertheless, the other sample synthesized by the same author is still 

interesting. For example, the sample synthesized with pH 7.5 (Sample C; Kukudapu et al., 
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1997) shows a value of 3.024 Å and the PXRD pattern did show the characteristics of a 

single phase LDH. We believe this data point is important and is likely one of the lowest a 

values reported for Mg-Al-LDHs. Another study which has reported a similar value for Al-

rich LDH is Tsuji et. al (3.026 Å), said to have synthesized a highly substituted single 

phase LDH with x equals to 0.43 [317].   

As seen in Figure 5.4, a huge range of values for the a parameter has been reported in 

literature, between 3.020 and 3.110 Å (3.002 Å was not considered). A linear trend between 

a-parameter vs x can be established between the x range 0.1 – 0.4, which agrees well with 

the Vegard’s law. For x values higher than 0.4, the a parameter seems remains constant at 

approximately 3.04 Å. This suggests that no further substitution of Al3+ into the LDH 

structure has occurred, despite the larger Al content in the precursor mix or bulk phase of 

LDH synthesized. This confirms the existence of an upper limit for the Al3+ substitution in 

the LDH phase.  There is also a clear trend in the a values based on the synthesis method 

employed. For example, a values of LDHs synthesized by the hydrothermal method are 

between 3.03 - 3.05 Å, compared to a-values of LDHs synthesized by the co-precipitation 

method which show a wider range (3.02 – 3.11 Å). This observation is in good agreements 

with our previous study which investigated the impact of synthesis method on the lattice 

parameter a of synthetic LDHs.  

5.3.3 Re-defining the x limits for Mg-Al-LDHs 

Figure 5.5 shows the x calculated from all the a-parameter data points presented in Figure 

5.4, using the Richardson model and present work model. As described earlier, the x of 

LDH is only valid for a very limited range of concentrations. As discussed in many studies, 

x equals to 0.33 is widely acknowledged as the composition corresponds to the maximum 

substitution of Al3+ into the LDH structure - since each Al3+ is already surrounded by six 

Mg(OH)6-octahedra [219], [279], [289]. Further substitution will caused Al(OH)6-

octahedra to be directly adjacent to each other and will start forming a secondary Al-

hydroxide phase. Hence, x beyond 0.33 is not valid for pure LDH phases. From Figure 5.5, 

a few x calculated from Richardson’s model clearly exceeded 0.33, especially those data 

points having a value less than 3.04 Å. Whereas all the x calculated using our model are 

well within the valid x range (x < 0.33). As an example, when taking the lowest value of a 
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(3.024 Å) previously reported in Figure 5.4, the x calculated from the Richardson’s model 

is 0.38 whereas the x from present work model is 0.31.  

 

Figure 5.5 - Calculated x from the data points presented in Figure 5.4 and from the 

crystal chemical models compared in present work; Richardson model (Filled point) 

and present work model (Empty points) 

Nevertheless, the a value that corresponds to the maximum Al3+ substitution (x = 0.33) is 

still not found yet. According to the prediction made by our model in Table 5.3, the a value 

corresponds to this composition would be 3.017 Å. Interestingly, we did discover a study 

which reported a synthetic LDH phase having a value almost identical to this value, i.e., 

3.016 Å [318]. However, the work is not widely cited, including in Richardson’s work. The 

author provided XRD analysis of the sample (Sample O, Mao et al., 1993), confirmed it 

being a single phase LDHs. Using our model, the x for this LDH phase is 0.33 whereas 

Richardson’s model gives 0.41.  

As briefly described earlier, the lowest limit for the x composition remains unclear. 

Previous attempts to identify this lowest x value for LDH phases were mainly based on 

experimental observations, but wide different values were reported. For example, Gastuche 
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et al. (1967) found the lowest x s to form pure phase LDHs is 0.17, Miyata (1971) 

concluded it being 0.1 whereas Brindley & Kikkawa (1979) suggested that the lowest 

substitution is around 0.15 – 0.20, with evidence of Mg(OH)2 impurities phase in the LDHs 

synthesized below this x. Such observations were also observed in more recent 

experimental works [259], [319], [320]. All these studies demonstrated the challenge to 

experimentally determine the lowest value of x for LDH phases, especially in those 

conditions (x < 0.15) where the Mg2+ concentration became sufficiently high enough to 

form Mg-based impurities phase, e.g., Mg(OH)2 and hydromagnesite.  

Richardson (2013) suggested the lowest value of x to be at 0.151, based on his crystal 

chemical model and the largest a value (3.091 Å) considered in his analysis [279]. However, 

if the previously reported largest a value (i.e., 3.110 Å; Gastuche et al., 1967) is considered 

instead, then the lowest x obtained from Richardson model would be 0.080. For the same a 

value of 3.110 Å, an x value of 0.084 is obtained from our model. Interestingly, this is the 

point where the two crystal chemical models overlap each other, despite the huge deviation 

at high x values (Figure 5.5). As a matter of fact, this value of x (0.084) corresponds to one 

of the possible ordered distributions of trivalent cations for LDH phases, i.e., to a M2+/M3+ 

ratio of 11 [220]. For x below 0.083, theory estimates that the bonding between the LDH 

layer and interlayer will become too weak to keep the LDH structure stable [321]. It will be 

thermodynamically more stable to exist as Mg(OH)2 phase rather than LDHs phase. Kim et 

al. (2014) attempted to synthesize LDHs with high Mg/Al ratios by varying the Mg/Al 

molar ratio (3 - 30) in the precursors. From the given PXRD patterns (Figure 1, Kim et al., 

2014), the LDHs having Mg/Al ratio between 3 to 9 clearly show a single phase LDHs 

whereas impure Mg(OH)2 phases started to form when the Mg/Al ratio increased to 12 and 

beyond [319]. 

Based on the above arguments, we postulate that the minimum possible x for LDH phase is 

0.083 and it corresponds probably to an uncommon case among synthetic LDHs, where 

such ordered distributions at extreme low x are observed. Most lab synthesized LDH 

samples are finely dispersed powder, so such a long-range cation order is unlikely to be 

present. We argue that the occurrence of such a rare sample, synthesized by Gastuche et al. 

(1967), was likely due to the meticulous treatment employed during the preparation stage, 
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i.e., a synthesis protocol was followed that allowed for enough time for crystallization and 

an ordered crystal distribution with low Al content to be precipitated [316]. Nevertheless, 

we noticed that the synthesis method (co-precipitation method) and the metal salt 

precursors (metal chlorides) may have played a role in producing such low x composition 

for LDHs. The LDH having the second largest a-values (3.092 Å) reported by Miyata 

(1980) also employed a similar method and salt precursors [261]. This matches well with 

the conclusion of our previous study, where the metal chlorides were found a more 

effective precursor to synthesize LDHs with the desired composition. 

So far, the present work model has been proven to fit well all the LDH a-parameters 

previously published in literature, and it also provides values of x that agree with the new 

possible x range defined for LDH phases (0.083 – 0.33).  

5.3.4 Thermodynamic preference to form LDHs with x = 0.25 and x = 0.33 

It is well-known that amid the cation avoidance rule, the cation ordering in the LDH 

structure having x of 0.25 or 0.33 is energetically favored due to the trivalent cations are 

arranged in such a way that they are completely shielded from each other and impart least 

lattice strain [219]. This explains the ubiquity of these two compositions found in natural 

LDHs, i.e., Hydrotalcite (x = 0.25) and Quintinite (x = 0.33). Thermodynamically speaking, 

the lower the formation energy, the more stable the LDH phase. Thus, a minimum value in 

the heat of formation should be observed at either x = 0.25 or x = 0.33. Trave et al. (2002) 

performed first principles molecular dynamics on Mg-Al LDH phase, and they found that 

the formation energy as a function of composition x shows a minimum at 0.25 [322]. 

Allada et al. (2005) attempted to measure the heat of formation of synthetic LDHs of varied 

composition but did not observe any minimum value at either x = 0.25 or 0.33, which led 

the authors to conclude that the formation heat of LDHs varies very little with composition 

[323]. However, LDHs examined in that study were from different sources and were 

characterized based on bulk Mg/Al ratio. We then argue that, for such observation, the 

LDHs employed in that work had very similar composition or were compared with the 

wrong chemical composition. This shows the necessity to confirm the true composition of 

synthesized LDHs, in order to obtain meaningful conclusions from those studies.  
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Table 5. 4 - Structural refinement data of synthetic Mg-Al-LDHs in literature 

 *The chemical composition x of LDHs reported by literature. 

As an attempt to provide an explanation for the thermodynamic preference to synthesize 

LDHs of certain composition, we apply the Richardson’s crystal chemical model and the 

present work model on synthetic LDHs for which that detailed structural investigation has 

been provided. Table 5.4 shows all the structural refinement data that have been reported so 

far on synthetic Mg-Al-LDHs as well as the synthesis method employed. 

As shown in Table 5.4, there is very limited information about the crystal structure of 

synthetic LDHs in literature. The obtained structural refinements were mainly from LDHs 

prepared from co-precipitation and hydrothermal urea hydrolysis methods. Interestingly, 

none of the studies have investigated the LDHs having the composition x = 0.25, despite 

being regarded as one of two energetically most favorable stoichiometries for Mg-Al-LDHs. 

Nevertheless, all three studies attempted to investigate LDHs with a composition x equal to 

0.33 and they all arrived at similar structural information, i.e., close value of a, bond angles 

and d(M-O) lengths. It is important to point out that in these studies, the chemical 

composition x for these samples (denoted x*, with an asterisk) is based on the nominal 

composition, which is likely not the actual x for these LDHs. This is supported by the 

findings of our previous work, which demonstrated the non-stoichiometric nature of urea 

hydrolysis and co-precipitation reactions to synthesize LDHs close to this composition (x = 

0.33). As an example, the PXRD pattern that was reported by Radha et al. (2007) showed 

Synthesis 

method/sources 

x*  Angle, 

α (˚) 

d(M-

O) 

(Å) 

a (Å) x obtained from 

crystal chemical 

models 

Reference 

Richardson This 

work 

 

Synthetic, co-

precipitation 

method 

0.33 98.34 2.013 3.046 0.30 0.25 [312] 

Synthetic, co-

precipitation 

method 

0.20 98.11 2.040 3.082 0.18 0.16  

Synthetic, urea 

hydrolysis method 

0.33 98.45 2.011 3.045 0.31 0.25 [250] 

Synthetic, urea 

hydrolysis method 

0.33 99.64 1.991 3.042 0.32 0.26 [255] 
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additional reflection peaks other than LDH phase. In fact, this limitation to identify the 

actual composition of synthesized LDHs have been acknowledged by Belloto et al. (1996) 

and Radha et al. (2007) as they fixed the site occupancies of the refinement result according 

to the nominal composition. This suggests there might be a discrepancy between the 

refinement parameters and composition x.   

Table 5.4 also presents the x calculated by the crystal chemical models developed by 

Richardson and the present work. The x obtained from Richardson’s model is very close to 

the nominal composition, which is somewhat anticipated as the model was obtained based 

on data reported by nominal composition. A remarkable observation is that the x obtained 

from our model shows an unexpected value of 0.25 for all the LDHs reported as Al-rich 

(0.33). Even more, these LDHs have the same composition (x = 0.25) as the naturally 

occurring mineral Hydrotalcite, Mg6Al2(OH)16[CO3]·4H2O [221]. Although LDH with a 

value close to 3.04 Å is commonly associated to composition of maximum Al3+ substitution 

[147], [324], but according to our data analysis, there are indeed a number of pure phase 

LDHs with lower values of a (e.g., < 3.02 Å).  Considering that the 3.04 Å value is very 

close to the median value of a range revealed for Mg-Al-LDH phase (3.02 – 3.11 Å), the 

inference drawn from our model is highly plausible. This finding might explain why LDHs 

synthesized by the urea hydrolysis method tend to show close values of a (3.03 - 3.04 Å), 

given the fact that the synthetic condition in hydrothermal method is actually very similar 

to the condition where the natural LDHs forms, e.g., high temperature (~ 100 ˚C - 1000 ˚C) 

and elevated pressure.  

Based on our results, the minimum formation energy value for synthetic LDH phase likely 

occurs at x = 0.25, due to the abundant of the specific compositions found in LDHs 

synthesis studies. In contrast, the composition x = 0.33 seems rarely formed under synthetic 

conditions. Despite having claimed by many authors, most of the synthetic Al-rich LDH 

phase reported so far do not show an a value small enough for a maximum Al3+ substitution 

(x = 0.33). In fact, Zhitova et al. (2018) have clarified that Quintinite, the mineral form of 

Mg-Al-LDHs with x = 0.33, is a last-stage hydrothermal mineral, which usually goes 

through a series of (high and low) temperature events during the crystallization process 

[325]. This is probably the reason why that composition is less likely observed in synthetic 
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LDHs, which are usually synthesized in a stable environment. On the other hand, a number 

of extreme a values discovered for LDH phase were from non-carbonate intercalating 

LDHs, e.g., ferrocyanide ([Fe(CN)6]
4-), terephthalate dianions [C6H4(COO)2]

2- and 

nitrilotriacetate (NTA). This suggests the type of interlayer anions might affect the 

chemical composition of LDH phase under lab synthesis conditions.   

As a result of the abovementioned observations, it seems clear that our crystal chemical 

model successfully establishes a reliable relationship between the lattice parameter a and 

chemical composition x, which holds true throughout the entire x range for LDHs. However, 

validation of our proposed crystal-chemical model is likely a challenging task. Synthetic 

LDHs, especially the ones synthesized from co-precipitation method, are usually obtained 

as microcrystalline powder and are heterogeneous in nature, therefore resulting on a 

broadened (110) reflection in PXRD analyses [326]. Previous solid-state nuclear magnetic 

resonance (NMR) experiments have confirmed the presence of several Mg and Al 

environments in a single Mg-Al-LDH sample and quantifiable amount of detects in the 

cation distribution [224], [225], [231], [327]. It is foreseeable that computational 

stimulations of these complex atomic structure, i.e., Rietveld refinement and DFT 

calculations, are very demanding to arrive at satisfactory conclusions. The calculations are 

further complicated by the other structural aspects of LDHs, such as structural 

disorders[326], stacking faults[231], [328], interlayer species arrangement[288], [329], 

effect of hydration[330]–[332], extent of polytypism[333], [334], extent of cation 

ordering[335]–[337], etc, which all of these are still under debate in the literature. 

Nevertheless, the findings of the present work which are based on a wide range of Mg-Al-

LDHs data, provide further insights on the structural-composition relationship of LDH 

phases, and hopefully lead to a new trend of LDH nature discussion, by highlight the 

importance and need of proper crystal chemical investigation coupled with analytical 

chemistry. 
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5.4 Conclusions 

A new crystal chemical model was developed for Mg-Al based LDHs, to determine the true 

chemical composition (i.e., Mg2+/Al3+ ratio or x) from the unit cell parameter a of the 

crystalline phase. The model is a further improvement to the existing ones by employing a 

top-down theoretical approach, and it is built on crystal chemically sound arguments, e.g., 

Vegard’s law and geometrical-structural investigations into the LDH phase. The advantage 

of such approach is the use of more reliable input parameters from the two pure 

constituents (e.g., Brucite, Mg(OH)2 and Gibbsite, Al(OH)3) and it can account for the 

different local geometry due to two cation sites in LDHs, e.g., bond length d(M-O) and 

flattened angle, α. This contrasts with previous crystal chemical models, which were 

developed based on empirical observations and regression analysis on literature data; 

however, the accuracy of these models relies heavily upon the quality of data and are 

critically impacted by various variables, e.g., synthesis method and characterization 

technique for composition x.  

The implementation of the new crystal chemical model reported here gives new insights 

into the chemical composition for LDHs phase. For the first time, the solid solution limits 

for the Al3+ substitution in the Mg-Al-LDH phase are clearly justified (x = 0.083 - 0.33). In 

addition, the new model also revealed the actual composition x of some Al-rich LDHs, 

which is in fact much lower than the previously reported one (x = 0.33). This work shows 

the importance of the crystal chemical approach as a reliable method to identify the true 

chemical composition of LDH phases, which is a step forward towards the understanding of 

structural-composition-property of LDHs materials. It also offers an alternative standpoint 

to address the current challenges and limitations to develop LDH-related materials with 

better physical properties. 
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Chapter 6: Intermediate temperature CO2 capture process using LDH-based MMOs 

sorbents 

Overview 

This work is a collaborative work between the Laboratory of Separation and Reaction 

Engineering (LSRE), Associate Laboratory LSRE-LCM from the University of Porto, 

Portugal, and Research Centre for Carbon Solutions (RCCS) from Heriot-Watt University, 

UK. Experiments and data acquisition was completed in the laboratories of LSRE, within a 

three-month internship period. The work is co-supervised by Associate Professors, 

Alexandre F.P. Ferreira and Ana M. Ribeiro and Emeritus Professor, Alirio E. Rodrigues 

from the LSRE group. Author Contributions statement: LC, GM, SG and AFPF: 

conceptualization and design of the study. LC: experiments, acquisition and interpretation 

of data, visualization, and writing of the first draft of the manuscript. LC, AFPF, AMR and 

SG: analysis of data. SG: writing—review and editing for important intellectual content. 

SG, MM-V and AER: supervision, project administration, and funding acquisition.  

6.1 Introduction 

Since the first publication of LDH-derived MMOs as CO2 sorbent in 1996, detailed 

investigations of the sorbent material has been done by various research groups [69], [109], 

[172], [268], [338]. LDH-derived MMOs sorbent is well-suited for the capture of CO2 

under elevated temperature (200 – 500 ˚C) and high-pressure conditions (up to 45 bar), 

which are suitable for processes such as SEWGS and SE-SMR. Pilot-scale tests using this 

class of material has proven their good CO2 capture characteristics, including stable cycling 

and mechanical stability (up to 1000 hours at 400 ˚C and 30 bar), high selectivity for CO2, 

can withstand moisture and are tolerant to sulphur content (H2S) [76], [77], [176], [339]. 

However, despite the numerous efforts to improve this material, the working capacity of 

LDH-derived MMOs seems to be restricted to around 0.3 – 0.8 mol/kg, which is relatively 

low for CO2 capture applications (compared to benchmark material, Zeolite 13X at 1.2 

mol/kg). Although the current CO2 sorption performance of LDH-derived MMOs is 

considered satisfactory for SEWGS process [112], [340], a few studies have indicated that 

the working capacity of MMOs sorbent needs to reach above 1.35 mol/kg to make the 

SEWGS substantially cheaper than the more conventional carbon capture technology [69], 

[74], [190], [191].  



171 

 

However, in order to design MMOs with better sorption capacities, there are still several 

mysteries that need to be solved, particularly regarding the role of Mg-O in the CO2 uptake 

of MMOs. Despite extensive in-situ studies of CO2 sorption mechanism and chemistry 

aspects, many hypotheses still revolve around the CO2 adsorbing species of MMOs. 

Previously, the MgO species was widely agreed to be the CO2 adsorbing species of LDH-

derived MMOs sorbent. If this is the case, assuming each Mg2+ is a basic site for CO2 

adsorption, MMOs derived from a Mg/Al ratio of 3 should have a theoretical CO2 uptake of 

16.27 mmol/g. However, using in-situ PXRD measurement, Walspurger et al. (2008) 

demonstrated that the dawsonite phase, KAlCO3(OH)2, a product formed after the reaction 

between the K+ ions from K2CO3, aluminium oxides and the water in the feed stream, was 

actually dominating the adsorption of CO2 in the K-promoted MMOs sorbents [173]–[175]. 

If this is the case, then the need for the Mg-O species of MMOs in CO2 adsorption is 

questionable. Nevertheless, the same research group also found that Mg content in K-

promoted LDH-derived MMOs is necessary for achieving a high conversion rate of CO to 

CO2 in the SEWGS rection (> 98 %) [148]. A more recent publication by Zhu et al. (2019) 

found that there was a synergistic effect between K2CO3 and the Mg/Al ratio of LDH-

derived MMOs [109]. In K-promoted LDHs with high Mg/Al ratios, the predominant CO2 

capture was from the bulk K2CO3, and the crystal structures of MgO were well preserved. 

In LDHs with lower Mg/Al ratios, the partial substitution of Mg2+ with Al3+ created more 

unsaturated oxygen on the surface, which reacted with K+ from K2CO3 to form K-O-Mg 

adsorption sites with higher basicity. Interestingly, the study also observed a positive 

correlation between Mg content and CO2 adsorption capacity in K2CO3 promoted LDH-

derived MMOs sorbent, compared to the unpromoted ones. 

With all the hypotheses revolving around the Mg content in the CO2 adsorption of LDHs-

derived sorbents, there is a need to revisit this aspect. However, as demonstrated in 

previous chapters, most of the LDH phases reported in the literature were poorly 

characterized, and the Mg/Al ratio reported may not reflect the true composition of the 

sorbent material. Additionally, the sorbent used in CO2 adsorption studies is usually 

purchased from a commercial vendor, which may have used binder material during the 

pelletization process, and thus the measured CO2 adsorption capacities does not necessary 

reflect the adsorption from the LDH phase. Moreover, the LDH-derived MMOs sorbent 
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that has been studied are those promoted with potassium carbonates. Based on this context 

and from a material development point of view, there is a clear need to re-evaluate the CO2 

adsorption properties of MMOs derived from unpromoted and well-characterized LDH to 

design better CO2 sorbents. 

To address this gap, this work aims to re-investigate the CO2 adsorption behaviour of Mg-

Al LDH-derived MMOs at an intermediate temperature range (200 – 400 ˚C). First, a full 

characterization of precursor LDH is carried out with various techniques such as Powder X-

ray Diffraction (PXRD), Fourier Transform Infrared Ray (FTIR), and Elemental Analysis. 

The LDH precursor material is a commercial product that is available in kilogram scale and 

pelletized using a tablet press, thus is free from any binder material. The crystal-chemistry 

model developed in Chapter 5 is used to obtain the true chemical composition “x” of LDH 

crystals. The resultant MMOs sorbent’s adsorption characteristics are then measured, 

including pure component equilibrium isotherms (CO2 and N2) using a gravimetric method 

(Magnetic Suspension Balance) and intraparticle diffusion using the Zero Length Column 

(ZLC) method. With the information obtained, it is possible to gain better insight into the 

true sorption behaviour of LDH-derived MMOs, enabling the design of sorbents with better 

characteristics for CO2 capture applications.  

 

6.2 Experimental Details 

6.2.1 Sorbent Preparation  

The sorbent used, Hydrotalcite with the chemical formula Mg0.75Al0.25(OH)2(CO3)·H2O, 

was obtained from Sigma Aldrich in the powder form (pack size: 1 kg; bulk density: 2000 

kg/m3) and pelletized into cylindrical-shape pellets (2 mm diameter, 2-2.35 mm length) 

using a tablet press, without any binder material (Figure 6.1). MMOs were prepared by 

calcinating the LDH pellets at 400 ˚C for 4 hours, in a stainless steel fixed-bed reactor 

under a simulated air flow (21 % O2, purity 99.95 % and 79 % N2, purity 99.995 %; Gas 

flow rate = 50 Ncm3/min; Air Liquide). After calcined, the MMOs sorbents were colded 

down to room temperature (25 ˚C) and left overnight under a continuous flow of simulated 

air flow (50 mL/min) before storage in a vacuum environment. 
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Figure 6.1 - Image of obtained 2mm diameter LDH-based MMOs pellets 

6.2.2 Characterization 

Pristine LDH samples were characterized using Powder X-ray Diffraction (PXRD), Fourier 

Transform Infrared (FT-IR) and Elemental analysis (ICP-OES), to determine their true 

chemical composition. PXRD patterns were obtained using a Bruker D8 Advance powder 

diffractometer, using Cu-Kα radiation (𝜆 = 1.5406 Å), and data were collected over an 

angular range of 5–85 °2𝜃 (one-hour span; step size = 0.009 °2𝜃 per second). FTIR spectra 

were measured using a Perkin Elmer frontier IR single-range spectrometer under 

Attenuated Total Reflectance (ATR) mode, in the range of 4000 to 600 cm-1 with 4 cm-1 

resolution. ICP-OES was used to analyse the elemental composition of the LDH samples, 

carried out using an atomic emission spectrum (Perkin Elmer Optima 5300DV) and after 

dissolving 30 mg of them in concentrated sulphuric acid and diluting with 25 ml of 

deionized water. The true chemical composition, x (equivalent to Al/(Mg+Al)), was 

calculated using a crystal-chemical model developed for Mg-Al LDHs [Eq. 6.1], which 

uses the unit cell parameter a. The lattice parameter a (a = 2 × d001) was determined from 

the position of the (110) reflection by PXRD pattern. 

Lattice parameter, 𝑎𝐿𝐷𝐻 =  3.142 − 0.378𝑥  

[Eq. 6.1] 
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Mercury porosimetry and nitrogen adsorption at 77 K were performed to study the textural 

properties of calcined MMOs sorbents. The Mercury Intrusion Porosimetry method was 

used to analyze the pore structures of the sorbents using a Pore Size Analyzer 

(Micrometritics AutoPore IV 9500, USA), over a range of pressure (0.0007 – 227.5 MPa), 

after activation at 300 ˚C for 4 hours under an inert environment (continuous flow of N2). 

The surface area of the MMOs pellets was determined by N2 adsorption isotherms at 77 K, 

performed with an Accelerated Surface Area and Porosimetry System (Micrometrics ASAP 

2420, USA), after activation at 300 ˚C for 4 hours under an inert environment (continuous 

flow of N2). The density and apparent volume of adsorbent pellets were obtained with 

Helium Pycnometer. 

6.2.3 Pure Gas Adsorption Isotherms by Gravimetric method 

The pure component adsorption isotherms were measured with a gravimetric Magnetic 

Suspension Balance (MSB) in a static (i.e., batch) mode. The MSB system was chosen for 

its ability to obtain highly precise adsorption isotherm measurements under the conditions 

relevant to industrial CO2 capture and CCUS-enabled hydrogen production, such as 

intermediate temperature (200 – 400 ˚C) and elevated pressure (atmospheric to 30 bar).  

One of the advantages of the MSB system is that the microbalance, the most sensitive part 

of the system and measuring cells are physically separated, which allows for measurement 

of weights under extreme conditions. This eliminates the disadvantage of conventional 

gravimetric systems. The MSB system enables measurement in the pressure range up to 

700 bar, and a maximum temperature of 400 ˚C is possible [341]. Thanks to its contactless 

feature, the MSB system can measure adsorption isotherms of a variety of fluids, including 

those aggressive, toxic, supercritical, and flammable gases [341]. The MSB system is also 

used to measure adsorption kinetics as it avoids the inevitable shock caused by the 

introduction of adsorbate that is commonly observed in TGA systems. Thus, MSB resolves 

many of the sample mass measuring issues encountered with a common gravimetric system. 

Figure 6.2 shows the schematic diagram of the experimental set-up with the MSB system 

used in this work. The MSB system used is a commercially available instrument developed 

by Rubotherm (Germany), with high weighing precision of 0.01 mg. It is connected to a 

three-port valve to control gas flow, pressure transducers to measure the pressure within the 



175 

 

adsorption cell, a calibrated thermocouple for temperature monitoring, and a vacuum pump 

to depressurize the system before activating the sample.  

 

Figure 6.2 - The schematic diagram of the apparatus used for the measurement 

adsorption isotherm with magnetic suspension balance [304] 

The adsorption equilibrium isotherms of CO2 were measured at three different temperatures 

(200, 300 and 400 ˚C) and up to 30 bar partial pressure. New batches of pre-calcined 

MMOs pellets were used for each adsorption isotherms measurement. Before the 

measurement, the MMOs pellets were activated at 400 ˚C for 1 hour, in a vacuum 

environment and left overnight to desorb any air or moisture pre-adsorbed due to exposure 

to atmospheric air during the loading of samples into the MSB system.  

Due to the slow kinetics of CO2 in the LDH-derived MMOs sorbents, the equilibration time 

after each pressure change can take up to three to four days to complete. Thus, only five 

points (0.4, 1, 4, 8 and 30 bar) have been recorded for each adsorption isotherms. In our 

experiments, equilibrium is considered reached when there is no longer any change in the 

sample mass, i.e., when the weight of the sample remains constant for 5 - 6 hours. 

For the measurement of N2 adsorption isotherms, only up to 8 bar partial pressure was 

recorded at three different temperatures (200, 300 and 400 ˚C) and the same batch of 

sorbent were used for all three adsorption isotherms measurement. 
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To calculate the absolute adsorption from the measured data obtained from the gravimetric 

method, a buoyancy correction is required. Here, we present a summary of the steps 

followed to obtain absolute adsorption of measured data by buoyancy corrections. The full 

derivation that allows the offset of buoyancy effects on CO2 adsorption equilibrium 

isotherm can be found in Appendix A6.2.  

The absolute adsorbed amount is the variable of interest in the modelling of adsorption 

units. The general equation to calculate the absolute adsorbed concentration from the 

experimental data is: 

𝑞 =  
∆𝑚 + 𝜌𝐺(𝑉𝑠 + 𝑉𝑖)

𝑚𝑠𝑀𝑤

𝜌𝑎𝑑𝑠

𝜌𝑎𝑑𝑠 − 𝜌𝐺
 

[Eq. 6.2] 

Where ∆𝑚 is the weight difference between measurements, 𝜌𝑠  is the density of the gas 

phase under the measuring conditions (T, P), Vs is the volume of the solid adsorbent, Vi is 

the volume of the measuring cell, sample basket, and glass wool used to hold the sample, 

ms is the adsorbent mass measured before the experiments, Mw is the molecular weight of 

the adsorbate and 𝜌𝑎𝑑𝑠 is the density of the adsorbed phase. Both volumes, Vs and Vi, are 

determined by a helium pycnometer. 

For a pressure range below 6 bar, the density of the adsorbed phase, 𝜌𝑎𝑑𝑠 can be assumed to 

be the liquid density of CO2, i.e., 𝜌𝑎𝑑𝑠 ≈ 𝜌𝑙 . Details of this assumption are included in 

Appendix A6.3. 

For the pressure range above 6 bar, compression caused the density of CO2 in the adsorbed 

phase to deviate from the liquid density. Thus, the actual value of 𝜌𝑎𝑑𝑠 needs to be 

determined independently to obtain the absolute adsorbed amount.  

In this work, the adsorbed phase density, 𝜌𝑎𝑑𝑠, was determined using the reduced mass 𝛺 

method for high-pressure adsorption isotherm measurement described by Dreisbach et al. 

(2002) [342], [343]. The reduced mass, 𝛺 , refers to the experimental reading directly 

obtained from the MSB. The surface excess mass, 𝑚𝜎 can be obtained by correcting the 
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reduced mass by the bulk density of the gas phase, 𝜌𝑏𝑢𝑙𝑘 and specific adsorbent volume 

𝑉𝐴𝑠
𝐻𝑒, calculated from the helium measurement, using the equation expressed below: 

 𝑚𝜎 =  𝛺 +  𝜌𝑏𝑢𝑙𝑘𝑉𝐴𝑠
𝐻𝑒  

[Eq. 6.3] 

The absolute adsorbed amount, mads, is the quantity of interest. Once the surface excess 

mass quantity is obtained, the values are used to determine the absolute amount adsorbed, 

mads and the relationship between them can be described by the expression: 

𝑚𝑎𝑑𝑠 = 𝑚𝛿 + 𝜌𝑏𝑢𝑙𝑘𝑉𝑎𝑑𝑠 

[Eq. 6.4] 

Where 𝑚𝜎 represents the surface excess mass, 𝜌𝑏𝑢𝑙𝑘 is the density of the gas phase and Vads 

is the volume of the adsorbed phase. Although the volume of adsorbed phase is unknown, it 

can be obtained from the expression, Vads = mads/ρads. Thus, Eq. 6.4 can be written as 

follows: 

𝑚𝛿 = 𝑚𝑎𝑑𝑠(1 −
𝜌𝑎𝑑𝑠

𝜌𝑏𝑢𝑙𝑘
)  

[Eq. 6.5] 

where the mads refer to the amount of adsorbed buoyancy corrected with the Helium-volume 

method and 𝜌𝑎𝑑𝑠 assume to be the liquid density of CO2. Then, by substituting the adsorbed 

mass with 𝑚𝑎𝑑𝑠 = 𝑉𝑎𝑑𝑠𝜌𝑎𝑑𝑠, the equation can be rearranged in the following way: 

𝑚𝜎 = (𝜌𝑎𝑑𝑠 − 𝜌𝑏𝑢𝑙𝑘𝑉𝑎𝑑𝑠).  

[Eq. 6.6] 

If a straight line can be obtained in the linear zone of surface excess isotherms, then the y-

intercept of the line would represent the actual 𝜌𝑎𝑑𝑠 at high pressures.   

6.2.4 Zero Length Column Apparatus 

The Zero Length Column (ZLC) technique was originally introduced by Eic and Ruthven 

in 1988 as a macroscopic means of measuring the intercrystallite diffusivities in 

microporous sorbents [344]. Fundamentally, the ZLC is an adsorption column but has 
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almost zero length. This main feature allows it to eliminate the axial dispersion effect of 

conventional fixed-bed columns, enabling the direct derivation of diffusion coefficient 

parameters for gas molecules in the sorbent phase. The small size of the ZLC also allows 

for experiments to be run with a very small amounts of sorbent material, typically less than 

50 mg. Currently, the ZLC column technique has been applied to measure diffusivity 

parameters in bi-porous sorbents, liquid phase adsorption systems, nonlinear systems, 

systems with heat effects and water adsorption isotherms [345]–[349].  

In the present work, ZLC experiments have been performed to obtain the diffusion 

coefficients of CO2 in LDH-derived sorbents. The ZLC experiments were carried out with a 

1 vol% CO2-He mixture for different flow rates (20, 30 and 40 cm3/min) and three different 

temperatures (200, 300 and 400 ˚C). The adsorbate concentration was selected to allow the 

adsorption equilibrium to be described by using Henry’s law. 

 

Figure 6.3 - The experimental set-up, (B) schematic diagram and (C) ZLC cell for the 

measurement of adsorption diffusion coefficient by Zero Length Column [350], [351] 

Figure 6.3 illustrates the experimental setup for ZLC experiments used in this work. The 

ZLC column (Figure 6.3C) is located within a modified gas Chromatograph (Varian, 

Holland). The inlet stream of the ZLC cell was connected to a multiport valve to switch the 
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inlet stream from the adsorbate mixture (helium + CO2) for saturation to the purge gas 

(pure helium) for desorption. The outlet stream was connected to a thermal conductivity 

detector (TCD), which measured the gas concentration. 

For our experiments, approximately 10 pellets of LDH adsorbents (approximately 50 - 60 

mg) were loaded into the ZLC cell. Prior to the ZLC experiments, LDH adsorbents were 

calcined at 400 ˚C for 4 hours under a continuous flow of simulated air for activation (21 % 

O2, purity 99.95 % and 79 % N2, purity 99.995 %; Gas flow rate = 50 Ncm3/min; Air 

Liquide). Once the activation step was completed, the system temperature was cool down 

to the testing temperature. The LDH-based MMOs were pre-saturated with a gas mixture at 

a very low concentration and under the kinetic-controlled regime. Then, at time zero, an 

inert carrier gas was purged through the ZLC cell, and the desorption curve was measured 

as a function of time. The measurement of the desorption curve was stopped as soon as a 

plateau was reached.  

All the ZLC experiments were performed using the same batch of sorbents, except for the 

small pellets experiments used to determine the diffusional controlling mechanism in the 

LDH-derived MMOs sorbent. Table 6.1 summarizes the characteristics of the ZLC cell and 

adsorbent pellets studied in this work. 

Table 6. 1 - Characteristics of ZLC cell with LDH-derived MMOs full pellets (original 

size) and small pellets 

  Full pellets Small pellets 

CO2 partial pressure bar 0.01 0.01 

Mass of adsorbent kg 0.064 x 10-3 0.068 x 10-3 

Cell Diameter M 4.29 x 10-3 4.29 x 10-3 

Cell Height  M 9.73 x 10-3 14.25 x 10-3 

Cell Volume  m3 1.41 x 10-7 2.06 x 10-7 

Cell porosity  % 47.5 49.0 

Pellet Diameter M 2.00 x 10-3 1.12 x 10-3 

Average Pellets Length M 2.35 x 10-3 2.44 x 10-3 

Apparent Pellets Volume  m3 7.39 x 10-8 10.51 x 10-8 
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The mathematical model used for the analysis of ZLC systems is obtained from the overall 

mass balance for a column and based on the following assumptions:  

1. The adsorbent pellet has a bidiperse porous structure containing macropores and 

crystals (micropores) 

2. Fick’s law for diffusion is valid for macropore and crystals diffusion 

3. Macropore and micropore diffusion mechanisms are in series 

4. Adsorption in macropores in negligible 

5. Adsorption equilibrium in crystals is described by a linear isotherm (operates in 

Henry’s region) 

6. The ZLC cell is equivalent to a continuous stirred tank adsorber 

Taking all the assumptions into account, the analytical solution for the outlet concentration 

of ZLC can be described through Equation 6.7, which is commonly referred to as the 

complete ZLC model. The full derivation of ZLC model is available in various articles 

[347], [352], [353]. 

 ZLC complete model: 

𝑐

𝑐0
= 2𝐿 ∑

𝑒
−𝛽𝑛

2𝐷𝑎𝑝

𝑙2 𝑡

𝛽𝑛
2 + 𝐿(𝐿 + 1 − 𝑛)

∞

𝑛=1

 

[Eq. 6.7] 

Where n is equal to 0, 1 or 2 for slab, infinite cylinder, and spherical dimensions, c is the 

outlet concentration of the ZLC, c0 is the concentration at the time, t = 0, Dap is the apparent 

diffusivity, l is the representative spatial dimension of the pellet, and L is the ZLC model 

parameter. β1 are the roots of transcendental equation. Since the LDH-derived MMOs 

pellets can be approximated as a sphere (2mm x 2mm), the equation has the following form, 

and β1 can be calculated as follow: 

𝑐

𝑐0
= 2𝐿 ∑

𝑒
−𝛽𝑛

2𝐷𝑎𝑝

𝑙2 𝑡

𝛽𝑛
2 + 𝐿(𝐿 − 1)

∞

𝑛=1

 

[Eq. 6.8] 
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Sphere:                                        𝛽𝑗 cot(𝛽𝑗) + 𝐿 − 1 = 0 

[Eq. 6.9] 

 𝐽0 and 𝐽1 are Bessel functions of the first kind of order zero and one respectively.  

The ZLC model parameter L has a general formula of:  

𝐿 =  
1

(𝑛 + 1)

𝐹

𝐾∗𝑉𝑠

𝑙2

𝐷𝑎𝑝
 

[Eq. 6.10] 

Where F is the purge flow rate, Vs is the volume of adsorbent in the cell and K* is the 

dimensionless adsorption equilibrium constants related to Henry's law constant. K* can be 

obtained using the following equations: K* = εp +(1 - εp)Keq, where εp is the porosity of the 

pellet and Keq = ρsHRgT, where ρs is the solid density and H is the Henry constant.  

However, the problem with using Equation 6.7 or 6.8 to determine the diffusivity 

coefficient values of the sorbent is that the initial part of the desorption curve may be 

affected by the washing of the cell and dead volume effects, which can obsecure the actual 

diffusivity values. Therefore, the determination of diffusivity coefficients is usually 

obtained from the long-time asymptote of the ZLC desorption curves, which contains 

information about the adsorption kinetics. This method is known as the Long-Time 

response (LTR) method. The LTR mathematical model is derived from the first term of the 

series represented by the complete ZLC model, by approximating the tail of the desorption 

curves as a straight line. The LTR model is described as follow: 

Long-time Response (LTR) model for spherical particle: 

ln (
𝑐

𝑐0
) = ln(

2𝐿

𝛽1
2 + 𝐿(𝐿 − 1)

) − 𝛽1
2

𝐷𝑎𝑝

𝑙2
𝑡  

[Eq. 6.11] 

To obtain accurate results from the LTR analysis, the ideal range of L should be between 

10 and 50 [347], [352]. Nevertheless, using all the information from the experiment 

provides a more reliable analysis, such as incorporating more terms (β roots) to model Eq. 
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6.8. Therefore, both the ZLC complete model and the LTR model were applied in this study 

to obtain the diffusivity coefficient of LDH-derived MMOs sorbent. 

Determination the diffusion limiting step in LDH-based MMO can be achieved by using 

smaller pellets. LDH-based MMOs sorbent was broken in half to reduce the effective time 

constant ratio and the dimensions are shown in Figure 6.5. Both LTR and ZLC complete 

model analysis was employed to obtain the diffusivity coefficient values of the small pellets, 

but with the equation for slab geometry: 

ZLC complete model for slab geometry: 

𝑐

𝑐0
= 2𝐿 ∑

𝑒
−𝛽𝑛

2𝐷𝑎𝑝

𝑙2 𝑡

𝛽𝑛
2 + 𝐿(𝐿 + 1)

∞

𝑛=1

 

[Eq. 6.12] 

Long-time Response (LTR) model for slab geometry: 

ln (
𝑐

𝑐0
) = ln(

2𝐿

𝛽1
2 + 𝐿(𝐿 + 1)

) − 𝛽1
2

𝐷𝑎𝑝

𝑙2
𝑡  

[Eq. 6.13] 

The equation of β1 for slab geometry: 

                                                             𝛽1 tan(𝛽1) − 𝐿 = 0 

[Eq. 6.14] 

The ZLC model parameter L for slab geometry:  

𝐿 =  
𝐹

𝐾∗𝑉𝑠

𝑙2

𝐷𝑎𝑝
 

 

[Eq. 6.15] 



183 

 

 

Figure 6.4 - Image of obtained 2mm diameter LDH-based MMOs pellets broken into 

half for the determination of diffusional controlling mechanism 

6.3 Results and Discussions 

6.3.1 Adsorbent Characterization  

Figure 6.5 shows the PXRD diffractogram and FTIR spectra of pristine LDH precursor and 

the calcined MMOs sorbent used in the present study. Figure 6.6A confirms that the 

commercial LDH product obtained from Sigma Aldrich is indeed an Mg-Al-CO3 LDHs 

phase, with no obvious secondary crystalline phase being observed. All the detected 

diffraction signals are matching with the characteristic peaks of Mg-Al-CO3 LDH. For 

example, the strong reflections at a low angle (2𝜃 = 11.7 ˚) that yield a d spacing value of 

7.56 Å, correspond to the basal spacings (d003) of a carbonate intercalating Mg-AL LDHs 

that are normal to the (00l) plane, and its sub-peak is seen at higher reflection around 23.4 

˚2𝜃 (d006 = 3.80 Å). The reflections of the (01l) plane at intermediate angles, e.g., (012), 

(015) and (018), correspond to the stacking arrangement of LDH layers. The "saw tooth" 

peaks at a high angle (near 60 ˚2𝜃) give the position of (110), allowing the lattice parameter 

a to be determined using the equation a = 2d(110). The evidence of the as-purchased LDH 

sample being a carbonate-intercalating LDH phase is further confirmed by the FTIR spectra 

(Figure 6.6B), with the broad vibration at 3400 cm-1 is attributed due to hydrogen-bonded 

hydroxyl ion, the sharp signal at 1360 cm-1 due to the carbonate vibrations, and a strong 

vibration at 767 cm-1 due to metal-oxygen bonds. 
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Figure 6.5 - (A) PXRD patterns and (B) FTIR spectra of LDH and the derived MMOs 

Upon calcination at 400 ˚C for 4 hours under a simulated air condition, the characteristics 

peaks of LDHs became visibly disappeared in the PXRD diffractogram, and new 

diffractions at positions of (200) and (220) are observed (Figure 6.6A). These reflections 

correspond to the characteristic peaks of Mg-O species, which indicate the collapse of 

LDH-layered structures and formed mixed metal oxide phases. A similar observation is 

seen in the FTIR spectra of MMOs as well, where the characteristic vibration due to LDH 

has disappeared, and new vibrations at 1400 cm-1 and 1640 cm-1 correspond to the 

absorption of atmospheric CO2 and water molecules during the handling step. Thus far, the 

PXRD patterns and FTIR spectra of commercial LDHs obtained from Sigma Aldrich and 

the derived MMOs sorbent agree well with the lab-synthesized samples presented in 

previous chapters. 

The importance of combining a-parameter and analytical chemistry in the determination of 

true chemical composition for LDH phases has been thoroughly discussed in previous 

chapters. Using the a-parameter obtained (3.046 Å) and the crystal chemistry model 

previously developed [Eq. 6.1], the x of LDH precursors employed, which essentially is the 

Mg/Al ratio in the crystalline phase, is estimated to be 0.25. Elemental analysis (ICP-OES) 

was carried out to measure the bulk chemical composition of the LDH precursor. The result 

reveals that the apparent x of LDHs in the bulk phase is 0.30. This discrepancy between the 
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crystal and bulk x (i.e., Mg/Al ratios) suggests the presence of a secondary phase in the 

LDH precursor, most likely being an amorphous Al-based impurities phase as it was not 

detected by PXRD. The ICP-OES also reveals the presence of a small amount of sodium in 

the LDH samples (0.4 wt %).  

Table 6. 2 - Chemical and Physical properties of commercial LDH-derived MMO 

sorbent after activated at 400 ˚C for 4 hours. 

Properties Unit  

Dimension   

Sorbent Material  Mg0.75Al0.25(OH)2(CO3)·H2O 

Pellet Shape  Cylinder 

Pellet Diameter 103 m 2 

Pellet Length 103 m 2 - 2.35 

Chemical Composition   

Al content, x (crystalline phase)  0.25 

Al content, x (bulk phase)  0.30 

Sodium content, Na  wt % 0.4 

Physical Properties   

Total Intrusion Volume m3/kg 1.26 × 10-4 

Surface Area (Mercury 

intrusion) 

m2/kg 1.71 × 104 

Surface Area (N2 Physisorption 

77 K) 

m2/kg 1.39 × 105 

Average Pore Diameter  Nm 29.5 

Apparent Solid Density (ρap = 

M/V) 

kg/m3 868.99 

Solid Density (Mercury 

Intrusion) 

kg/m3 2116.6 

Skeleton Density (Helium 

Pycnometer) 

kg/m3 2768.3 

Pellet Porosity, εp  0.31 

 

Physical properties of MMOs sorbents, such as pore distribution, density and surface area, 

were characterized by mercury intrusion, helium pycnometer and nitrogen adsorption 

isotherms at 77 K. A summary of the main measured properties is presented in Table 6.2. 

The apparent density of the pellets was obtained from the equation 𝜌𝑎𝑝  = mass/pellet 

volume, where the pellet volume was directly measured from the pellet dimensions. The 

solid density was calculated using the equation 𝜌𝑠,𝐻𝑔= mass/(pellet volume – (macro + 
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meso + micro) pore volume), with the pore volume determined from Mercury Intrusion. 

The skeleton solid density was determined using a helium pycnometer. The pellet porosity, 

𝜀𝑝 was obtained by dividing the apparent solid density, 𝜌𝑎𝑝, by the skeleton solid density. 

Figure 6.6A displayes the N2 adsorption isotherm at 77K of the calcined MMOs sorbent. 

The isotherm depicted here is a typical IUPAC Type (II) isotherm, characterized by an 

identifiable knee at low relative partial pressure (P/P0 < 0.05 kPa) and without a final 

saturation plateau at a high P/P0 value. This observation is consistent with the results 

obtained from the powder MMOs sorbents prepared using the co-precipitation method, as 

presented in Chapter 4 (Figure 4.8). No significant modification of the pore structure 

resulting from the pelletizing process is observed, except for a smaller hysteresis, indicating 

less capillary condensation due to network effects. The pore structure of the LDH-derived 

MMOs sorbent in the macropore range is examined using the Mercury Intrusion method. 

Figure 6.6B confirms the high macroporosity of the LDH-derived MMOs, and Figure 6.6C 

shows that the predominance pore width of the macropore is 29.5 nm. By IUPAC 

classification, LDH-derived MMOs sorbents is a mesoporous sorbent, with pore width in 

the range between 2 – 50 nm.  
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Figure 6.6 - (A) N2 adsorption isotherm at 77 K, (B) Cumulative Pore area and (C) 

Log differential by Mercury Intrusion method 

6.3.2 CO2 adsorption Isotherms at High Temperatures (200, 300 and 400 ˚C) 

The high-pressure CO2 sorption isotherms of the prepared LDH-derived MMOs sorbents 

were measured using a gravimetric method at three different temperatures (200, 300 and 

400 ˚C) and under dry condition. As a standard procedure, all the equilibrium points were 

corrected for buoyancy using the Helium-volume method (Eq. 6.3) to obtain the absolute 

adsorption capacity of LDH-derived MMOs sorbent. As previously mentioned, the absolute 

adsorption capacity is necessary for modelling an adsorption unit. Figure 6.7A compares 

the CO2 adsorption isotherms obtained before and after the Helium correction. It should be 

noted that the adsorption of CO2 on LDH-derived MMOs sorbent at 400 ˚C and 30 bar was 
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incomplete due to the set point temperature (400 ˚C) not being achieved throughout the 

experiment. This is likely due to strong convection that occurred between wall of the 

measuring vessel and room temperature under the testing conditions (Figure 6.7B). 

 

Figure 6.7 - CO2 adsorption isotherms of LDH-derived MMOs sorbents (A) exp. data 

with only He correction and (B) absolute adsorption after correction  

In Figure 6.7A, despite after corrected for buoyancy with the Helium-volume method, all 

the CO2 equilibrium isotherms still show a clear downward trend at high pressure range, 

and none of them reaches a saturation capacity, suggesting that the buoyancy effect has not 

been fully compensated. The likely culprit is the value of adsorbed phase density used in 

the calculations. To perform buoyancy correction using the helium-volume method (Eq. 

6.3), the adsorbed phase density is assumed to be the same as the liquid density of CO2. 

Normally, the liquid density is calculated using Dubinin’s assumptions (see Appendix 

A6.3), where the increase in liquid density over the range of temperatures from the boiling 

point to the critical temperature is assumed to be linear.  However, in this work, such 

assumptions were used to correct equilibrium isotherms, but it was found that the liquid 

density calculated using this method is not accurate enough. This is likely because the 

adsorbed phase is more compressed than the liquid phase at high pressure, which causes the 

increase in molar volume due to pressure to be non-linear.  

Using the reduced mass method described in section 6.5.1, the surface excess adsorption 

isotherm for CO2 adsorption at 200 and 300 ˚C was obtained (Figure 6.8). As the linear 
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region of the last point of adsorption isotherms measured at 400 ˚C and 30 bar was not 

completed, the density of adsorbed phase could not be determined. However, by plotting a 

straight line at the linear region of the surface excess isotherms, the adsorbed phase density 

can be obtained from the value of the y-intercepts.  

 

Figure 6.8 - Surface excess isotherms of CO2 on LDH-based MMOs at (A) 200 ˚C and 

(B) 300 ˚C  

 

Figure 6.9 - (A) Absolute adsorption equilibrium isotherms of CO2 of LDH-based 

MMOs at 200, 300 and 400 ˚C; experimental data (points) and Freundlich fittings 

(lines) and (B) comparison between the reduced mass, He-corrected sorption 

capacities and absolute sorption capacity 



190 

 

The adsorbed phase density, 𝜌𝑎𝑑𝑠  at 30 bar, identified from the surface excess isotherms 

measured at 200 and 300 ˚C, were found to be very close to each other (between 1.33 and 

1.34 g/cm3). Although this value is slightly higher than the liquid density of CO2 at its triple 

point (1.18 g/cm3, Tp = 216.6 K),  it is still lies well within the liquid density regime in its 

phase diagram, suggesting the good agreement between the 𝜌𝑎𝑑𝑠 measured from MSB and 

thermodynamics properties of CO2 at high-pressure region [354]. By substituting these 

𝜌𝑎𝑑𝑠 values into Eq 6.3, we  derived the CO2 absolute adsorption isotherms of LDH-derived 

MMOs (Figure 6.9).  

The absolute equilibrium isotherms of CO2 in the LDH-derived MMOs at three different 

temperatures (200, 300 and 400 ˚C) and the complete pressure range measured (0 – 30 bar) 

are shown in Figure 6.10A. Figure 6.10B compares the adsorption isotherms of CO2 on 

LDH-derived MMOs at 200 ˚C, before and after the correction. The Freundlich isotherm 

equation (solid line) was found to fit the isotherms the best. This observation is consistent 

with previous findings on AMS-promoted MMOs sorbents (e.g., K2CO3, cesium-, sodium-, 

etc) [193], [153]. The Freundlich equation is expressed as: 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑, 𝑞 = 𝐾𝑃
1
𝑛 

Where q is the amount of the adsorbed species, P is the partial pressure of sorbate species in 

the unit of bar, K and n are the Freundlich equilibrium constants and are generally 

temperature dependent. 

The parameters K and n were obtained by plotting log10 q versus log10 P and determining 

the slope and  y-intercept of the straight line. These values are tabulated in Table 6.3.  

Although the DSL equation would be a better choice to use for modelling adsorption units, 

as it is thermodynamically sound and can be used to predict mixed gas adsorption equilibria 

with the Ideal Adsorbed Solution Theory (IAST); while Freundlich equation is just an 

empirical model. However, in the present work, the DSL equation is not suitable to use for 

the fitting of CO2 adsorption isotherms measured due to the significant lower sorption 

capacities measured at 400 ˚C.  
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Table 6. 3 - Freundlich fitting parameters and the confidence limits (R2) obtained 

after fitting the experimental CO2 adsorption equilibrium data of LDH-based MMOs 

at 200, 300 and 400 ˚C. 

Temperature (˚C) 200  300  400 

K 0.75 0.74 0.27 

n 4.61 6.80 7.07 

R2 0.9880 0.9772 0.9958 

 

As a matter of fact, the low CO2 sorption capacities observed at 400 ˚C deserve some 

comments. In the present study, a clear descending temperature-dependence trend of CO2 

adsorption isotherm in LDH-derived MMOs sorbent, up to a very high-pressure range (30 

bar), was observed. This piece of information is valuable, as the adsorption isotherm of this 

class of material is known to be dispersed and often contradicting. For instance, in a study 

conducted by Oliveira et al. (2008), a maximum was seen in the CO2 adsorption isotherms 

measured at 403 ˚C, showing a remarkably higher equilibrium capacities than the other two 

temperatures measured (306 and 510 ˚C) [154]. A later study conducted by the research 

same group also found very similar observations [159]. A separate study from Moreno et al. 

(2014) seems to echo this finding, but they found that the adsorption isotherms measured at 

300 ˚C give the highest equilibrium capacities than any other temperature measured [197]. 

In other studies conducted by Allam et al. (2005) and Zhu et al. (2017), a descending 

temperature-dependence trend was observed [111], [186]. These inconsistent observations 

make it difficult to understand the true adsorption properties of the sorbent, which are 

required to design better MMOs sorbents. However, note that most of these studies 

obtained the CO2 adsorption isotherms through breakthrough experiments and operate 

under wet feed conditions, which may lead to uncertainties (± 10 % error) due to the 

difficulties in maintaining the desired operating condition and the contribution of dead 

volume. On the other hand, in a fixed bed operation, the adsorption of CO2 in LDH-derived 

MMOs usually does not allow enough time to reach the equilibrium state, as it needed for 

this class of material (i.e., up to 3 days). Note also that the sorbents employed in these 
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studies were all K2CO3-promoted MMOs, hence the preparation method may have 

contributed to these inconsistencies.  

As our aim is to investigate the true adsorption capacities of LDH-derived MMOs, an 

environment that can unambiguously measure the equilibrium capacities is required. The 

magnetic suspension balance system is a good fit for this purpose, as it allows a stable CO2 

uptake environment (i.e., batch) and high weighting precision up to 0.01 mg. The main 

obstacle is to obtain accurate absolute capacities at the high-pressure range with suitable 

means of buoyancy correction, but this has been addressed in this work by using the 

reduced mass method proposed by Dreisbach et al. (2002). In our opinion, the values of 

absolute capacities obtained in the high-pressure region are fair. Interestingly, the absolute 

adsorption isotherm recorded in the present work also observed that up to 4 bar, the points 

of the CO2 adsorption isotherms measured at 200 ˚C and 300 ˚C overlapped each other and 

show very similar equilibrium capacities. The distinction in sorption isotherm only became 

significant at the high-pressure range, above 8 bar. This might explain the observation of 

Oliverira’s et al. (2008). As the temperature increases, the adsorption isotherm became 

increasingly equilibrium limited, i.e., no increase in sorption capacities despite the increase 

in pressure. This is most notable at 400 ˚C, where the plateau begins at a very low partial 

pressure point (~ 0.4 bar). All the sorption equilibrium points are consistent at around 0.20 

– 0.27 mol/kg, making the adsorption isotherm at 400 ˚C almost a rectangular isotherm. 

The problem with this type of isotherm is that the desorption of CO2 is more difficult using 

PSA method (i.e., requires more stringent vacuum condition) and the actual working 

capacity may be low, if incomplete desorption occurs. 

Nevertheless, much of the literature on LDH-derived MMOs sorbent reports high sorption 

capacities at 400 ˚C, particularly those promoted with alkali metal salts (AMS), such as 

K2CO3, KNO3, etc. On the contrary, the MMOs sorbent prepared from pristine LDHs 

employed in this work shows the highest sorption capacities at a much lower temperature 

(200 ˚C). This suggests perhaps there may be a synergy effect between AMS and LDH-

derived MMOs sorbents, which allows the sorption capacities of LDH-derived MMOs to 

improve remarkably at higher temperature range (~ 400 ˚C). This corroborates several 

thermodynamic assessments conducted to investigate the impact of AMS promoter on the 
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high-pressure CO2 adsorption properties of MgO sorbent, which found the MgO promoted 

with AMS shows a notable increase in the equilibrium temperature at a given pressure 

compared to pure MgO species [188], [355]. This provides an exciting opportunity for 

LDH-derived MMOs, as it means the possibility to tune the adsorption operating 

temperature window with the promotion by AMS.  

At 200 ˚C and 30 bar, a high sorption capacity reaching 1.56 mol/kg was recorded in this 

work, which is perhaps the highest sorption capacities recorded for pristine MMOs sorbent. 

There is no plateau observed yet, suggesting that the sorption capacities can improve 

further at higher pressure (> 30 bar). However, despite already being exposed to a very high 

partial pressure of CO2 (30 bar), these values are still far from the theoretical sorption 

capacities postulated for MMOs derived from LDH with an Mg/Al ratio of 3 (16.3 mol/kg). 

Even though there is a small possibility that LDH-derived MMOs might achieve this 

theoretical sorption capacity, it would be likely impossible to realize under practical 

industrial conditions. The adsorption equilibrium capacities measured at a lower pressure 

range (< 8 bar) are more relevant to most of the flue gas conditions under industrial 

processes. At 1 bar partial pressure of CO2, where most of the adsorption capacities in 

literature were measured, the equilibrium capacity measured from this work gives 0.79 

mol/kg, which is almost the same as the adsorption capacities measured in Chapter 4 using 

a TGA and within 30 mins and 2 hours, i.e., CPNI3 0.81 mol/kg. This means that almost all 

the adsorption occurs within the first 30 mins of adsorption. The rest of the uptake is due to 

the slow carbonization reaction of MgO species. This observation matches with the one 

published by Zhu et al. (2017), who found that most of the adsorption and desorption 

(under vacuum) occur within the first 30 mins[188].  

Currently, the highest sorption equilibrium capacity for this class of sorbent material under 

conditions relevant to the present study was found close to 3.3 mol/kg (300 ˚C & 30 bar, 

dry CO2), as measured from a K-promoted MMOs [197]. In the same study, a further 

increase in CO2 sorption capacities due to pressure was also recorded, e.g., 4.73 mol/kg at 

42 bar. In a breakthrough study, Allam et al. (2005) found the sorption capacities of K2CO3 

promoted LDH-based sorbents were 2.8 mol/kg at Pco2 = 28 bar and T = 400 ˚C [110]. 

Another high sorption capacity close to 2.0 mol/kg was found from an LDH-based MMOs 
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sorbent promoted with gallium and potassium, but under a significantly lower partial 

pressure of CO2 (Pco2 = 1.1 bar) and 300 ˚C [153]. Thus, it seems the addition of AMS into 

LDH-based MMOs not only increases the adsorption temperature but also improves the 

sorption capacities of the sorbent. Table 6.4 presents a comparison of the CO2 equilibrium 

capacities from various LDH-based sorbents measured at the conditions of interest 

identified for the present work (industrial CO2 capture and CCUS-enabled hydrogen 

production).  

Based on Table 6.4, under the process condition relevant to industrial CO2 capture, i.e., 

blast furnace gas, Pco2 ~ 0.4 bar, the sorption capacities of MMOs sorbent prepared in the 

present work are comparable to those measured from potassium-promoted sorbents. 

However, under the process stream relevant to hydrogen production, i.e., water gas shift 

reactor outlet and integrated coal gasification combined cycle (IGCC) feed, Pco2 ~ 8 bar and 

T > 400 ˚C, the potassium-promoted LDH-based MMOs are superior in terms of sorption 

capacities. Nevertheless, the assessment of CO2 adsorption performance does not only rely 

on the equilibrium capacities, and sorption kinetics also play a key role. The ZLC method 

was employed to obtain the diffusion coefficient of CO2 in LDH-derived MMOs sorbents. 

Table 6. 4 - Adsorption equilibrium capacities of LDH-derived MMOs sorbents 

relevant to industrial CO2 capture and CCUS-enabled hydrogen production 



195 

 

Author 

 

Sorbent 

material 

Testing 

Method 

Condition 

(˚C) 

Adsorption equilibrium capacity (mol/kg) 

0.4 bar 8 bar 28 bar 

Present work Pristine 

LDH-

derived 

MMOs 

sorbent 

Gravime

tric 

200 (dry) 0.62 1.18 1.56 

300 (dry) 0.65 1.00 1.21 

400 (dry) 0.24 0.36 - 

Ding & 

Alpay (2000, 

2001) 

[150], [151] 

 

K-promoted 

hydrotalcite 

Breakthr

ough 

208 (wet) ~0.82 - - 

302 (wet) ~0.70 - - 

400 (wet) ~0.58 - - 

480 (wet) ~0.51 - - 

400 (dry) ~0.55 - - 

480 (dry) ~0.45 - - 

Allam et al. 

(1996) [110] 

K2CO3-

promoted 

hydrotalcite 

Breakthr

ough 

400 (wet) ~0.2 – 0.3 ~1.8 ~2.9 

Lee et al. 

(2007) 

[192] 

K2CO3-

promoted 

hydrotalcite 

(Air 

products 

Ltd.) 

Breakthr

ough 

400 (dry) ~0.35 - - 

520 (dry) ~0.26 - - 

Oliveira et 

al. (2008) 

[154] 

20 wt% 

K2CO3 -

promoted 

PURAL 

MG30, 

MG50, 

MG70 

(Sasol) 

Breakthr

ough 

306 (wet) ~0.4 - - 

403 (wet) ~0.4 - - 

510 (wet) ~0.36 - - 

Halabi et al. 

(2012) [193] 

22 wt% 

K2CO3-

promoted 

PURAL 

MG61 

(Sasol) 

Breakthr

ough 

400 (dry) ~0.49 - - 

400 (wet) ~0.66 - - 

Chanburanas

iri et al. 

(2013) [158] 

K2CO3 – 

promoted 

PURAL 

MG31w 

(Sasol) 

Breakthr

ough 

360 (wet) ~0.2 – 0.3 ~0.8 - 

416 (wet) ~0.2 – 0.3 ~0.7 - 

467 (wet) ~0.4 ~0.64 - 

Wu et al. 

(2013)  [159] 

KNO3 – 

promoted 

PURAL 

MG30 

(Sasol) 

Breakthr

ough 

335 (dry) ~0.77 - - 

383 (dry) ~0.99 - - 

438 (dry) ~1.03 - - 
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Ramírez-

Moreno & 

Pfeiffer 

[197] 

K2CO3 

promoted 

LDH-

derived 

MMOs 

Volumet

ric 

method 

300 (dry) ~0.11 ~0.8 ~3.3 

Boon et al. 

(2014) [44], 

[185] 

20 wt% 

K2CO3 – 

promoted 

Hydrotalcite 

(Sasol) 

Breakthr

ough 

400 (dry) ~0.2 – 0.3 ~1.1 ~1.4 

Zhu et al. 

(2019) [188] 

K-MG30 

(Sasol) 

Breakthr

ough 

(Desorpt

ion 

capaciti

es) 

300 (dry) N/A ~0.18 N/A 

350 (dry) N/A ~0.35 N/A 

400 (dry) N/A ~0.45 N/A 

450 (dry) N/A ~0.6 N/A 

 

6.3.3 Diffusion coefficients of CO2 in LDH-based MMOs by ZLC method 

The measurement of diffusion coefficient values for CO2 in the unpromoted LDH-derived 

MMOs was carried out using the ZLC method over a range of temperatures (200, 300 and 

400 ˚C) and flow rates, while maintaining the same CO2 partial pressure of 0.01 bar. To 

identify whether the LDH-derived MMOs sorbent is macropore or micropore (crystal) 

diffusion limited, the ZLC experiment was replicated with smaller LDH-derived MMOs 

pellets.  

To establish an equilibrium state within the ZLC column, all experiments were equilibrated 

for 1 hour before desorption occured. The desorption curve was recorded to obtain the 

diffusion coefficient values of CO2 in LDH-derived MMOs. This was accomplished in two 

steps: 1) obtaining an initial estimate of the parameters from the complete ZLC model 

described in Eq. 6.8 and 2) improve the accuracy of parameters by fitting them to the long-

time asymptote (Long time analysis, LTR method) using Eq. 6.11.  Figure 6.10 shows 

examples of the desorption curves analysed using the LTR method and the complete ZLC 

model method.  
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Figure 6.10 - Example of ZLC desorption curves fitted with (A) Long time analysis 

(LTR) and (B) simulations of complete model analysis  

Technically, obtaining one desorption curve from the ZLC experiment is sufficient to 

obtain the diffusion coefficient parameter of the sorbent at the operation condition. 

However, it is safer to conduct a few more experiments with different flowrates to check 

whether the ZLC system is indeed operating in the kinetically controlled regime (or Henry's 

regime) and to check for consistency in ZLC response curves. This can be done with a 

simple graphical check, by plotting the Ft curve, i.e., the plot of desorption curves versus 

the product of flowrates and time [356]. If the ZLC system operates in the equilibrium-

controlled regime, the desorption curves at different flow rates will coincide. As flow rates 

increases, desorption curves should respond with a steeper initial signal and then a less 

steep signal towards the end. Thus, the desorption curves may cross once as the flow rate 

increases but should never coincide either at the initial signal or near the end of the signal. 

The Ft plot of desorption curves at different temperatures and flow rates is included in 

Appendix A6.4. The desorption curves measured at 200 ˚C demonstrate that all 

experiments were conducted within the kinetic controlled regime. However, the desorption 

curves were measured at 300 and 400 ˚C, with the flow rate of 40 cm3/min, showing 

overlap of signals, indicating that the system is within the equilibrium-controlled region. 
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For this reason, these desorption curves were not analysed further using the LTR and 

complete model analysis. 

Table 6.5 presents all the diffusion coefficients of CO2 in LDH-derived MMOs sorbents 

obtained from the LTR analysis of the ZLC experiments. The parameters have been 

compared with the ones calculated from the complete ZLC model and show good 

agreement in the obtained values. The results and simulations of the ZLC complete model 

are included in Appendix A6.4. Table 6.6 summarizes the CO2 diffusion coefficient value 

reported for the LDH-based MMOs sorbent. 

Table 6. 5 - Diffusion coefficients of CO2 in LDH-based MMOs sorbents (full pellet) 

obtained from the LTR analysis. 

Temperature (˚C) Slope x 103 Intercept Dap/l2 x 104 (s-1) K* 

200  -6.23 -2.52 6.3 ± 0.6 200.0 

300  -8.62 -2.20 8.7 ± 0.3 170.9 

400 -13.09 -1.99 13.3 ± 1.7 164.0 

 

Table 6. 6 - Summary of CO2 diffusion coefficients for LDH-based MMOs reported in 

the literature. 

Author Sorbent 

material 

Method Conditions Diffusion coefficients or 

LDF parameter 

(s-1) 

Ding & Alpay 

[150], [151] 

K-promoted 

hydrotalcite 

Breakthrough ads, dry, 

400 ˚C, 

PCO2 = 0.12 

bar, 

7.5 x 10-3 

ads, wet, 

400 ˚C , 

PCO2 = 0.12 

bar 

1 x 10-2 

des, dry, 

400 ˚C , 

PN2 = 1.14 

bar 

5.0 x 10-4 

Moreira et al. 

[155] 

PURAL 

MG50 (Sasol) 

ZLC dry, 150 ˚C 8.2 x 10-3 

dry, 250 ˚C 8.2 x 10-3 

dry, 350 ˚C 10.4 x 10-3 
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Oliveira et al.  

[154] 

20 wt% 

K2CO3 -

promoted 

PURAL 

MG30, MG50, 

MG70 (Sasol) 

Breakthrough wet, 403 

˚C, PCO2 = 

0.05 – 0.40 

bar, 

2.9 x 10-3 

wet, 510 

˚C, PCO2 = 

0.05 – 0.40 

bar, 

1.2 x 10-2 

Chanburanasiri 

et al. [158] 

K2CO3 – 

promoted 

PURAL 

MG31w 

(Sasol) 

Breakthrough ads, wet, 

360 ˚C 

1.66 x 10-2 

Miguel et al.  

[357] 

K-promoted 

Mg-Ga-LDH 

Gravimetric 

(MSB) 

ads, dry, 

200 ˚C, 

PCO2 = 0.05 

bar 

Cycle 1: (fast)15.55 x10-4; 

(slow) 7.41 x 10-4 

 

Cycle 5: (fast)9.08 x10-4; 

(slow) 6.01 x 10-4 

ads, dry, 

300 ˚C, 

PCO2 = 0.05 

bar 

Cycle 1: (fast)7.57 x10-4; 

(slow) 12.26 x 10-4 

 

Cycle 5: (fast)9.08 x10-4; 

(slow) 6.01 x 10-4 

des, dry, 

200 ˚C, 

PCO2 < 

0.001 bar 

(fast)1.17 x10-4 

(slow) 0.55 x 10-4 

des, dry, 

300 ˚C, 

PCO2 

<0.001 bar 

(fast) 1.0 x10-4 

(slow) 2.54 x 10-4 

 

The diffusion time constant (Dap/l
2) value was shown to increase with temperature, with an 

order of magnitude increase in the diffusion time constant measured at 400 ˚C (1.33 ×10-3 s-

1), compared to the values at 200 ˚C (6.3 ×10-4 s-1) and 300 ˚C (8.7 ×10-4 s-1). The Henry's 

constant coefficient, K* obtained from the LTR analysis was found to be within the region 

of the heat of adsorption due to chemisorption, ~ 200 kJ/mol. As temperature increased, K* 

decreased. The diffusion coefficient values obtained in Table 6.5 are consistent with the 

literature-reported values, suggesting that the diffusional coefficient of CO2 in unpromoted 

LDH-derived MMOs is comparable to that of promoted sorbent. Most of the literature-

reported diffusion coefficients measured under wet conditions were about an order of 
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magnitude (10-2) higher than those measured under dry conditions at a given temperature, 

indicating the effect of moisture on the CO2 sorption kinetics of LDH-derived MMOs.  

The determination of the diffusion controlling mechanism is achieved by running ZLC 

experiments using a smaller size pellets to reduce the effective time constant ratio. For 

cylindrical-shaped pellets, the effective time constant is determined by the pellet radius. If 

micropore (crystal) diffusion was the controlling mechanism, then the diffusion time 

constant of smaller-size pellets should be the same as that calculated for the original pellets. 

If the macropore diffusion is the controlling mechanism, then the diffusion time constant 

(Dap/l
2) should vary with pellet size and correspond to that in the large pellet multiplied by 

the ratio of the square of the radius of each pellet (Rp,normal
2/Rp,small

2). Table 6.7 gives the 

new CO2 diffusion time constant measured in the small pellets of LDH-derived MMOs 

sorbent at 200 ˚C and 300 ˚C. 

Table 6. 7 - Diffusion coefficients of CO2 in LDH-based MMOs sorbents (small pellet) 

obtained from the LTR analysis. 

Temperature 

(˚C) 

Slope x 

103 

Intercept Dap/l2 x 104 (s-

1) 

K* (Dap/l2) × 

(Rp,normal
2/Rp,small

2) 

200  -5.69 -1.96 24.8 ± 0.7 202.1 25.2 

300  -8.18 -2.04 35.3 ± 0.5 148.7 38.8 

 

The obtained CO2 diffusion coefficient of small pellets is approximately four times that of 

original pellets, which matches with the value corresponds to the diffusion time constant in 

large pellets multiplied by the ratio of the square of the radius of each pellet. This suggests 

that the dominant controlling mechanism is in the macropores. If macropore diffusion is the 

limiting resistance, the pellet size and porosity of adsorbent need to be optimised to achieve 

a compromise between mass-transfer limitations in the macropore space and reduction of 

energy cost associated with the pressure drop across the bed. In contrast, if the diffusion 

resistance is in the micropore, there is more freedom in choosing pellet size and porosity 

since these parameters do not affect the sorption kinetics of adsorbent. The Henry’s 

constant coefficients, K* obtained from the small pellets also agree well with the heat of 

adsorption due to chemisorption and are close to the values of the original pellets presented 

in Table 6.5.  
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Overall, this section demonstrates that the sorption kinetics of unpromoted LDH-derived 

MMOs sorbent is comparable to the K2CO3-promoted MMOs sorbent. However, due to the 

significant lower equilibrium capacities of the unpromoted MMOs sorbent, the working 

capacity deemed to be lower than those promoted ones.  

6.4 Conclusions 

In the present work, the CO2 adsorption performance of unpromoted LDH-derived MMOs 

pellets was re-evaluated. The novelty of the work lies in the fact that for the first time, the 

MMOs sorbent was unambiguously characterized; and its true chemical composition was 

obtained using a combination of crystal chemistry and analytical methods. The crystal 

chemistry model developed in Chapter 4 was also demonstrated to be application not only 

to lab synthesized LDHs, but also to commercial LDHs that are synthesized on a kilogram 

scale. 

The CO2 adsorption isotherms were measured using a gravimetric method with a magnetic 

suspension balance (MSB) system. The MSB system allows for the accurate measurement 

for high-pressure CO2 adsorption isotherms up to 30 bar and at high temperatures (200 - 

400 ˚C). To the best of our knowledge, this is the first-time high-pressure CO2 adsorption 

isotherms of LDHs derived MMOs were measured using a gravimetric method. The CO2 

adsorption isotherms show clear temperature-dependent behavior, with the highest sorption 

capacity measured at 200 ˚C, followed by the ones measured at 300 ˚C and 400 ˚C. The 

highest sorption capacity (1.5 mol/kg) was obtained at 200 ˚C and 30 bar. In the low-

pressure region (< 8 bar), the equilibrium capacities of unpromoted MMOs are comparable 

to those promoted with AMS. However, in the high-pressure region (8 - 30 bar) and high 

temperature (300 – 400 ˚C), the AMS-promoted LDH-derived MMOs are superior as they 

show almost a two-fold increase in sorption capacities.  

The CO2 sorption kinetics of LDH-derived MMOs sorbent was measured by the Zero 

Length Column (ZLC) method. The diffusional coefficient parameters obtained for 

unpromoted LDH-derived MMOs were found to be in the same order of magnitude of those 

obtained for K2CO3-promoted MMOs sorbents. The macropore diffusion limitations were 

found in the LDH-derived MMOs sorbent. The presence of water can improve the sorption 
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kinetics in LDH-derived MMOs sorbent. Overall, the present work sets a reference case for 

the CO2 adsorption performance of LDH-derived MMOs. 
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Appendices 

Appendix A6.1 Helium Pycnometer 

 

 

Figure A6.1 - Helium pycnometer for the MSB system with the basket, permanent 

magnet, and suspension shaft 
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Appendix A6.2 Derivation of buoyancy correction equation 

The specific amount of gas adsorbed can be then calculated from: 

 

Mm

m
q

s

ads

adsorbent of mass

molesadsorbed
== , (S.1) 

 

where mads is the mass of adsorbed gas, M is the molecular weight of the adsorbate, and ms 

is the mass of the activated sample. 

 

Buoyancy is the upward force exerted over an object's immersed fluid. It is equal to the 

weight of the fluid displaced by the object. Although buoyancy does not affect the mass of 

an object, it can affect its measure, so correction might be necessary. 

 

The weight of the fluid displaced by the sample, the adsorbed gas and the sample container 

are: 

 

giadss VVV )(gas displaced of Mass ++=  (S.2) 

 

Where Vs is the volume of the solid adsorbent, Vads is the volume of adsorbed gas, Vi is the 

volume of the measuring cell (axis, basket and glass wool) and ρg is the density of the gas 

at measuring conditions
T

PM
zg


= , where z is the acentric factor obtained from the virial 

equation of state [1].  
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Then, the real mass of the sample, mreal, the adsorbed gas and the sample container is: 

 

giadss VVVmm )(real +++=  (S.3) 

 

where m is the mass given by the magnetic balance. 

 

The adsorbed mass is calculated from the mass difference between the real mass and the 

initial mass of the activated sample and the measuring cell (ms+mi) 

 

)()( isads mmVVVmm giadss +−+++=   (S.4) 

 

Assuming that the adsorbed phase presents a density similar to that of the liquid phase: 

 

l

ads

ads

ads
ads



mm
V ==  (S.5) 

and 

v

M
=l  (S.6) 

 

Where v is the molar volume calculated by the Gunn-Yamada method [1]. 

 

Then: 
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gis V
m

Vmmmm 


)()(
l

ads
csads ++++−=  (S.7) 

 

Solving equation S.6 as a function of mads we get 

 

 
g

gis VVmm





−
++=

l

l
ads )( , (S.8) 

 

where Δm represents the mass difference between the mass given by the microbalance and 

the initial mass of the basket loaded with the activated sample and the glass wool. 

Finally, the adsorption capacity can be calculated from: 

 

gl

lg

Mm

VVm
q





−

++
=

s

is )(
, (S.9) 

 

The volume of the basket with (Vi+Vs) and without (Vi) the sample, and the respective 

mass, mi+ms and mi, were calculated by a helium pycnometer. 
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Appendix A6.3 Liquid Densities 

 

This information present in this section was obtained from a previous publication from the 

same group[351]. For relatively low temperatures, the molar volume of the substance in the 

adsorbed state, 𝑣∗, may be taken as the molar volume of the substance in the bulk liquid 

phase, according to Dubinin’s assumption[358]. 

Over the range of temperatures from the boiling point to the critical temperature, there is a 

considerable decrease in the liquid phase density as the critical temperature is approached 

(Figure A6.2). However, there’s also a sharp increase in the compressibility of the liquid 

and since an adsorbed substance in micropores is in a strongly compressed state, its density 

is considerably greater than the liquid density and can be expressed as linear (line BD). 

 

Figure A6.2 - Temperature dependence of the density of liquid tetrafluoroethylene 

[359] 

Therefore, above boiling point temperature and under the critical temperature, the molar 

volume is calculated through Equation A6.3.1. 

𝑣∗ = 𝑣𝑏 + [
𝑇 − 𝑇𝑏

𝑇𝑐 − 𝑇𝑏
] (𝑏 − 𝑣𝑏) 
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[Eq. A6.3.1] 

where 𝑣𝑏 is the molar volume at the boiling temperature, 𝑇𝑏, and 𝑇𝑐 the critical temperature.  

For temperatures above the critical temperature, the molar volume is equal to Van der 

Waal's volume: 

𝑣∗ = 𝑏 

where 𝑏 is the Van der Waal’s volume. 
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Appendix A6.4 Zero Length Column Ft plots  

 

 

Figure A6.3 - Experimental Ft plot of LDH-derived MMOs at 0.01 vol% of CO2 in He 

at three different temperatures (200 ˚C, 300 ˚C & 400 ˚C) and various flowrates (20, 

30 & 40 cm3/min) 
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Appendix A6.5 Zero Length Column Results 

Experimental results in each ZLC column 

Table A6.1- Long-time response and the complete ZLC model parameters for CO2 in 

LDH-derived MMOs full pellets at 200 , 573, and 400 ˚C . 

Temperature (K) Dap/l
2 x 10-4 (s-1) K* 

LTR TS LTR TS 

200  6.3 ± 0.6  5.9 ± 0.8 200 183.1 

573 8.7 ± 0.3  8.5 ± 1.6 170.9 156.8 

673 13.3 ± 1.7  13.1 ± 0.9 164.8 142.9 

 

Table A6.2 - Long time response and the complete ZLC model parameters for CO2 in 

LDH-derived MMOs small pellets at 200 , 573, and 400 ˚C . 

Temperature 

(K) 

Dap/l
2 x 10-4 (s-1) K* β 

LTR TS LTR TS LTR 

200  24.8 ± 0.7 2.9 202.1 540.2 1.524 

573 35.3 ± 0.5 5.8 148.7 418.9 1.523 

*LTR = Long Time Analysis; TS = Complete ZLC model 

 

 

 

 

 

 

 

 



211 

 

Appendix A6.6 GC Calibration for ZLC experiments 

Calibration was made to convert the arbitrary units of the gas chromatographer flow rate 

indicator to cubic centimetres per second. The volumetric flow rate at 1 bar and 273 K is 

presented in Figure A6.4 

 

 

Figure A6.4 - Calibration of Helium gas flow in the gas chromatographer at PTN 

conditions 

. 
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Chapter 7: Conclusions and Future Work 

7.1 Conclusions 

In this work, CO2 capture by adsorption in an intermediate temperature range (200 – 400 

˚C) was studied, using mixed metal oxides (MMOs) derived from layered double 

hydroxides (LDHs) as the solid sorbent. The use of LDH-derived MMOs as CO2 capture 

sorbents has been demonstrated at a high TRL level (6) for the sorption enhanced water gas 

shift (SEWGS) reaction, which is close to the demonstration stage. From pilot tests, LDH-

derived MMOs sorbents have demonstrated promising CO2 capture characteristics, such as 

good cyclic stability (> 1000 testing hours; 2000 adsorption and desorption cycles), high 

CO2 recoveries well above 90 %, tolerant to sulphur content, ability to withstand moisture, 

and regenerable by steam. In addition, the manufacturing cost of LDH is generally low, and 

the material is environmentally benign. These properties are highly desired for solid CO2 

adsorbents. Since the 1990s, many efforts have been devoted to improving the capture 

properties of these types of materials. 

Despite this fact, there has been little progress in the material development of LDH-derived 

MMOs. Although the working capacities of the material have improved from 0.3 mol/kg in 

1996 to 1.1 mol/kg at present. However, techno-economic analysis indicates that to obtain 

significant cost savings with this class of sorbent material, the capture capacity needs to be 

at least above 1.35 mol/kg.  

There are two common routes to improving the CO2 adsorption capacities of LDH-derived 

MMOs: 1) doping with alkali metal salt (AMS) promoter and 2) precursor engineering. 

Based on literature reviews, the majority of the relevant studies rely on the addition of 

alkali metal salt (AMS) promoter to improve the CO2 capture capacity of MMOs sorbents; 

while the potential to improve the capacity from the material itself is largely unexplored. 

For example, with an Mg/Al ratio of 3 and without any promoter, the theoretical capture 

capacity of LDH-derived MMOs is estimated to be 16.3 mol/kg. If this theoretical capacity 

can be unlocked, even just 10 %, the capture capacities of LDH-derived MMOs sorbent 

should live up to expectation. One way of achieving this is through the precursor 

engineering approach, by modifying the LDHs precursors to achieve highly dispersed phase 

of MMOs. Nevertheless, there is very little research have been done on this aspect.  
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The main reason is likely linked to a lack of agreement on the material properties and its 

CO2 adsorption performance. On the materials side, both LDHs and MMOs phases remain 

poorly understood as of yet. From a very basic level, there is still no reliable method to 

accurately derive the chemical composition of LDHs in the crystal phase. This matter is 

further complicated with the MMOs, which forms after the collapse of LDH structure and 

comprises of mixed MgO and amorphous Al2O3 phase that is even harder to characterize. 

This is arguably why a chemically meaningful relationship between composition and 

adsorption performance of LDH-derived MMOs has not been established yet, which added 

substantial obstacles to the efforts to improve this material. In terms of CO2 adsorption 

properties, the discussion mainly centres around the adsorption mechanism, enhancement 

mechanism of AMS promoter and adsorption kinetics of LDH-derived MMOs sorbents. 

However, the exact implications of how these aspects can aid in the development of LDH-

derived MMOs with capacity-optimized performance remains an open question. To 

overcome this, a systematic approach has been employed to investigate the various aspects 

of LDH and MMO sorbents, starting from the very fundamental aspect, i.e., crystal. The 

objective of this work is to obtain better insights into the LDHs and MMOs phases, and 

ultimately design better MMOs for CO2 capture. 

The first step of this study was to establish a chemically meaningful relationship between 

Mg/Al ratios of precursors LDHs and the CO2 capture capacities of derived MMOs. Four 

LDH samples with varied Mg/Al ratios (2, 3, 4, & 5) were synthesized by the co-

precipitation method and their CO2 capture capacities were measured at 200 ˚C. A crystal-

chemical approach was taken to determine the actual chemical composition of LDHs 

synthesized, by using lattice parameter a, and coupled with various characterization 

techniques such as elemental Analysis and solid-state 27Al NMR. From the lattice 

parameter observation, it was found that the synthesized LDHs do not necessarily arrive at 

the desired compositions and a tendency to form LDHs with a composition close to that of 

its mineral form, Hydrotalcite (x = 0.25), is found. In addition to that, at least two 

amorphous impure phases were found in all LDH samples, i.e., sodium and Al-based 

impurities. This confirms the non-stoichiometric nature of the co-precipitated method. 

Interestingly, instead of the Mg/Al ratios, the sodium content was found strongly correlated 

to the CO2 capture capacities of MMO sorbents. This is perhaps the reason behind the 
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inconsistent CO2 capture capacities observed for LDH-derived MMOs and causing the 

disputable relationship between Mg/Al ratios and CO2 capture capacities. This new finding 

prompted us to face the existence of impurities more seriously and their impact on the CO2 

adsorption capacities of MMOs derived from LDHs. 

Since it is almost impossible to completely remove the sodium content from LDHs 

synthesized from the co-precipitated method, another synthesis method was considered. 

The urea hydrolysis method was viewed as a viable alternative to the co-precipitation 

method, as it does not require a sodium precipitating agent during synthesis and can be 

easily scaled up to produce LDHs in large quantities. In Chapter 4, the impacts of different 

synthesis methods and metal salt precursors on the properties of LDHs and the CO2 

adsorption performance of MMOs were investigated. Two different synthesis methods (i.e., 

urea hydrolysis and co-precipitation methods) were employed to synthesize 12 different 

LDHs with varying Mg/Al ratios (2, 3, & 4) and different metal salt precursors (i.e., metal 

nitrates and metal chlorides). The evaluation of synthesis method and metal salt precursors 

was based on the synthetic efficiency, using metrics such as yields, purity and percentage of 

unreacted reactants in filtrates, which concerns the sustainability aspects of LDHs 

production. This was then correlated with the CO2 adsorption performance of MMOs 

derived. Compared to Chapter 3, the investigation into the CO2 adsorption performance of 

LDH-derived MMOs sorbent was expanded to adsorption kinetics and cyclic stability. The 

study concludes that LDHs synthesized by the co-precipitation method are in general more 

suitable for CO2 capture, due to their high LDH purity, close to maximum product yields 

(~100 %), a lesser amount of wasted unreacted reactants, high adsorption capacities (0.54 

to 0.95 mol/kg) and better sorption kinetics. On the other hand, the urea hydrolysis method 

gives lower LDH purity, low product yields (54 – 81 %), a larger number of unreacted 

reactants, and lower adsorption capacities (0.30 to 0.70 mol/kg). For both methods, LDHs  

with higher Mg content tend to exhibit slower CO2 adsorption kinetics, i.e., a higher rate of 

slow carbonation step. The cyclic stability of LDH-derived MMOs tends to be better than 

the pure MgO sorbents. 

Chapter 5 presents the development of a new crystal-chemical model to determine the true 

chemical composition of the Mg-Al phase, using the lattice parameter “a”. This approach 
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was previously employed in Chapter 3 but was found that there is still room for 

improvement in crystal-chemical arguments presented so far, i.e., from Brindley & 

Kikkawa (1979) and Richardson (2013). In this work, a theoretical top-down approach has 

been employed to develop the crystal-chemical model, which is based on Vegard’s law. 

Vegard’s law states that a linear relationship should be observed between the lattice 

parameter and chemical composition in a substitutional solid solution like LDHs. Through 

the validation of a large amount of experimental data and comparison with previous 

models, the new crystal-chemical model demonstrated its capacity to assign more 

reasonable values of x for the a parameters obtained. For example, the a-parameter (3.04 Å) 

that is commonly associated with a maximum substitution of Al3+ in LDH phases (i.e., x = 

0.33) was revealed to have a significantly lower x value than previously imagined (i.e., 

0.25). Nevertheless, this aligns with our findings in Chapter 4, where LDHs synthesized 

from the urea hydrolysis method with this nominal composition (0.33) were found to be 

non-stoichiometric but give the same a-parameter (~ 3.04 Å). Another important result 

from the model was that the precise boundaries of x that are valid for Mg-Al-LDHs are 

unambiguously defined for the first time, i.e., 0.083 – 0.33. The findings in this study is 

anticipated can lead to a new trend of LDH development and further, aid in the design of 

LDH and MMOs material for optimized performance in CO2 capture applications.  

To understand the true adsorption behaviour of LDH-derived MMOs and establish a 

reference case for this type of material, the CO2 adsorption equilibrium isotherms and 

sorption kinetics of the sorbent material were re-evaluated. The sorbent material used was a 

commercial LDHs powder obtained from Sigma Aldrich and pelletized with a tablet press, 

so no binder material was used. The adsorption equilibrium isotherms of CO2 in the MMOs 

sorbents were measured at three different temperatures (200, 300 & 400 ˚C) and a pressure 

range up to 30 bar, using a Magnetic Suspension Balance system with high weighing 

precision up to 0.01 mg. The obtained CO2 isotherms were then compared with various 

other CO2 isotherms available in the literature, including those obtained from alkali metal-

promoted MMOs (mainly the K2CO3-promoted ones).  

In general, the CO2 adsorption isotherms obtained from this work show a very similar 

shape (Freundlich isotherms) to those obtained for AMS-promoted MMOs, which is likely 
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a feature of chemisorption. The main distinction lies in the high-temperature and high-

pressure region, where the alkali metal MMOs show a remarkable increase in the CO2 

equilibrium capacities at 400 ˚C and 30 bar, about 6-7 times higher than the unpromoted 

MMOs sorbent. As this condition is desirable for CCUS-enabled hydrogen production, it 

seems that the AMS promoted LDH-derived MMOs are more suitable for this type of 

application, compared to the unpromoted MMOs used in the present work. Nevertheless, 

for the milder conditions, the equilibrium capacities of unpromoted MMOs are comparable 

to those promoted with K2CO3.  

The sorption kinetics of unpromoted LDH-derived MMOs were measured by the Zero 

Length Column (ZLC) Technique, and the diffusion coefficient parameters at three 

different temperatures were obtained (200, 300 & 400 ˚C). The diffusional coefficient 

values of LDH-derived MMOs obtained were in the range of 6.3 – 13.3 × 10-4, and good 

agreement was found between the heat of adsorption due to chemisorption and Henry’s 

coefficients (K*) obtained from ZLC experiments, e.g., ~ 150 - 200 kJ/mol. There is an 

order of magnitude difference in diffusion coefficient between 200 and 400 ˚C. 

Interestingly, the diffusion coefficient values of unpromoted MMOs at 400 ˚C are found in 

the same order of magnitude (10-3) as the K2CO3-promoted MMOs sorbent. The presence 

of moisture in gas feed seems to improve the sorption kinetics of MMO sorbents, as there is 

an order of magnitude increase in the diffusional coefficient values when a wet testing 

condition were used.  
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7.2 Critical Review and Suggestions for Future Work 

The sorption capacities of LDH-derived MMOs sorbents prepared in this work range from 

0.5 – 1.0 mol/kg, which is still not reached the expected values of 1.35 mol/kg. To enable 

the use of LDH-derived MMOs under elevated temperature, such as those encountered in 

process streams related to CCUS-enabled hydrogen production, the promotion with alkali 

metal salt (AMS) is likely one of the best options. AMS can extend the operational 

temperature window of LDH-derived MMOs to a higher range (300 - 400 ˚C), resulting in 

the desired higher sorption capacities for the process.  

Although the CO2 desorption kinetics of LDH-derived MMOs were not investigated in this 

work, it is concerning that the reported desorption kinetics from fixed bed tests are usually 

an order of magnitude lower than the adsorption kinetics. Slow desorption kinetics may 

necessitate sacrificing the working capacity of the sorbent for shorter desorption cycles. 

Therefore, study the CO2 desorption kinetics of LDH-derived MMOs and exploring  

methods to improve would be interesting.  

The crystal-chemical model developed in this study allows for the estimation of the the 

chemical composition of LDHs in the crystal phase. This has significant implications, 

especially for the development of LDH-derived MMOs sorbents. First, it provides a reliable 

means to verify the Mg/Al ratio of as-synthesized LDHs, ensuring that meaningful 

conclusions can be drawn from studies using these materials. Secondly, knowledge the 

chemical composition enables the possibility to engineer and optimize the material, as the 

chemical composition of LDHs is closely related to their crystal structure and physical 

properties. For instance, the Mg/Al ratio affects the layer charge density, number of 

intercalated anions, anion exchange properties of LDHs and basicity of adsorption sites in 

MMOs. Thus, knowing the true chemical composition of LDHs in the crystal phase allows 

for the tuning of these properties in a more effective manner. Finally, the presence of 

amorphous impurity phase can be easily detected using this method, which may otherwise 

remain unnoticed and could affect the performance of related materials. 

Although the experiments in this work indicate that the Mg/Al ratios of precursors LDHs 

have very little influence on the sorption capacities of the derived MMOs, Mg/Al ratios are 

still an important aspect to study for many reasons. One reason is the issue encounter in the 
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Air Product’s SEWGS pilot test study, where after long cycles of adsorption, the sorbent 

material lost its mechanical strength and turned into powder, accumulating at the bottom of 

the reactor. This was attributed to the formation of MgCO3, and the slow swinging between 

MgO and MgCO3. The ratio of molar volume of MgCO3 to molar volume of MgO is 2.53, 

which likely causes the sorbent material to expand and contract until it falls apart. To 

overcome this, a research consortium between Air Products and ECN proposed a new 

sorbent, ALKASORB, for the process, which showed no issues with MgCO3 formation. As 

the material specifications were kept confidential, there is very little information on how 

this was achieved. Nevertheless, the presence of Mg in the LDH-derived MMOs was found 

crucial to catalysing the CO into H2 via WGS reaction, which means the Mg-Al-MMOs are 

sufficient to act as the WGS catalyst and CO2 adsorption in the SEWGS reaction. Thus, it 

would be interesting to find out the optimum Mg content for SEWGS reaction while 

ensuring good mechanical stability for MMO sorbent. Additionally, efforts are being made 

to combine the conventional WGS catalyst with Mg-Al-LDHs, i.e., K-promoted Co-Mg-Al 

oxides. An interesting area for research would be to find the optimal ratio between Co, Mg 

and Al for intermediate CO2 capture. 

It might be likely that the Mg content would not be a problem if the mechanical strength of 

MMOs sorbents could be improved. The main issue with MgCO3 formation is the 

expansion in volume, thus it may be solved by providing more space for expansion, i.e., 

increased porosity. However, this has to be done discreetly as large void space in sorbent 

material usually leads to a reduction in overall mechanical strength and exacerbates the 

diffusion limitations in macropores of LDH-derived MMOs. Furthermore, lower process 

efficiency may also result due to the lower uptake per unit volume and the requirement for 

a larger reactor vessel to maintain the same capture capacity.  

Otherwise, support materials may be used. The easiest route is through the physical mixing 

of MMOs and the support material; however, the sorption capacities and kinetics are 

usually sacrificed. Another route is through the development of novel/hybrid MMOs that 

incorporate support material in the LDH matrix. Although this field is still in its early stage 

of development, it is foreseeable the potential for this type of material for catalytic and 

adsorption applications. The cyclic stability of MMOs can be improved with this method. 
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In this work, the re-evaluation of CO2 adsorption performance in LDH-derived MMOs 

sorbent was done on cylindrical pellets with the following dimensions: 2mm diameter x 

2mm length. Although this dimension is common for normal ambient temperature 

adsorption, a larger particle size is generally preferred for high-temperature adsorption, as 

the gas velocities under high temperature are higher than the normal ambient temperature 

adsorption process, which means the pressure drops would be higher if not compensated 

with larger particle size. Nevertheless, the ZLC experiments present in this work show that 

the mass transfer of CO2 in unpromoted LDH-derived MMOs is predominantly controlled 

by diffusion in macropores. A similar result is obtained for K2CO3-promoted MMOs. This 

means the increase in particle size will likely impact the diffusional coefficient values of 

sorbent material. Thus, future work may focus on finding the optimal particle size or shape 

for LDH-derived MMOs sorbent.   

Overall, this work demonstrates that understanding sorbent materials from the fundamental 

aspects, such as crystal structure,  can help the design MMOs with better properties. 
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Figure A.1 - Table of Content Entry 

 

 

Abstract 

Mg-Al mixed metal oxides (MMOs), derived from the decomposition of layered double 

hydroxides (LDHs), have been purposed as a material for CO2 capture of industrial plant 

emissions. To aid in the design and optimization of these materials for CO2 capture at 

200 °C, we have used the combination of solid state nuclear magnetic resonance (ssNMR) 

and density function theory (DFT) to characterize the CO2 gas sorption products and 

determine the various sorption sites in the Mg-Al MMOs. Comparison of DFT cluster 

calculations with 13C chemical shift of the chemisorbed products indicates that mono and 

bi-dentate carbonate are formed at the Mg-O site with an adjacent Al substitution of an Mg 

atom, while bicarbonate is form at Mg-OH sites without adjacent Al substitution. 

Quantitative 13C NMR shows an increase in the relative amount of strongly basic sites, 

where the monodentate carbonate product is formed, with increasing Al mole % in the 

MMOs. This detailed understanding of the various basic Mg-O sites presents in the MMOs 

material, and the formation of the carbonate, bidentate carbonate and bicarbonate 

chemisorbed species yields new insight into the mechanism of CO2 adsorption at 200 °C 

which can further aid in the design and capture capacity optimization of the materials.  
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