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Abstract of the Dissertation 

Development of New Generation of Ceramics for  

Environmentally Focused Chemical Separations  

by 

Girish Ramakrishnan 

Doctor of Philosophy 

in 

Materials Science and Engineering 

Stony Brook University 

2015 

This dissertation focuses on the use of composite materials for environmental 

applications. For the first time, application of both fresh and aged concrete as inexpensive 

adsorbents for nitrogen dioxide (NO2) removal is demonstrated. Concrete is the most widely 

used composite material of the modern era. Cement manufacturing (a major component of 

concrete) is considered to be one of the leading contributors to air pollution, resulting in 7% of 

the global carbon dioxide emissions along with a number of other harmful pollutants such as 

oxides, mercury and particulates. These emissions aide in the formation of acid rain, smog, and 

toxic ground level ozone, causing detrimental effects such as respiratory illnesses, visibility 

reduction, eutrification and global warming. This thesis offers a novel and sustainable solution in 

mitigating NOX emissions, by introducing the significant adsorption potential of recycled 

concrete. The work is based on both commercially available cement paste and already aged 
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concrete samples, providing truly scalable solutions. The concrete samples aged for different 

periods of time were exposed to NO2 to measure their adsorption capacity. The results show that 

all of the concrete samples (fresh and aged) exhibited excellent NO2 adsorption capacity, with 

the fresh concrete samples removing almost 100% of the NO2. Furthermore, to compare the 

effects of long term aging, 12 year-old recently demolished concrete samples were obtained and 

its NOX removal was shown to be almost 60%. The experimental results provide evidence of 

nitrate and nitrite species formation from chemical reactions occurring between NO2 and surface 

alkaline species. This important discovery can be utilized for NO2 removal and subsequent NOX 

sequestered demolished concrete (NSDC) recycling in new concrete, either as a set accelerating 

admixture or as a corrosion inhibitor, a big leap towards better sustainability and longevity of the 

new reinforced concrete structures. 

The rest of this thesis focuses on development of a new generation of ceramic membranes 

utilizing thermal spray techniques to produce highly scalable and extremely cost effective 

filtration membranes. Thermal spray method of membrane manufacturing has the advantage of 

economic scalability (up to tens of square meters) along with performance enhancement as 

compared to conventional wet casting process. In addition to developing a proof of concept for 

this approach, several strategies on how to improve ceramic membranes’ performance via 

spraying process optimization are also described. Specifically, several thermal sprayed Alumina 

membrane samples were prepared by varying different process parameters. These samples were 

characterized using known techniques and subjected to permeability and size exclusion tests to 

correlate spraying parameters with membranes’ performance. The membrane samples showed 

excellent clean water flux comparable to commercially available membranes and had rejection 

rates up to 96%. These results show that the membranes produced in this research achieve 
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outstanding performance at a fraction of the cost of commercially produced membrane, enabling 

the use of membrane filtrations units in developing countries. 
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Prologue 

The research presented in this thesis is organized in two related but distinct parts with the 

overall focus on ceramics and composite materials for environmental applications. The first part 

consists of chapter 1 through chapter 5 concentrating mainly on concrete and its use as an 

adsorbent for sequestration of environmentally hazardous air pollutants. Chapter 6 through 

chapter 9 describes the second part of this thesis, investigating the use of thermal sprayed 

Alumina membranes for the purpose of water filtration. Finally, chapter 10 gives a short synopsis 

of the research in this thesis and provides a brief conclusion.  

Chapter 1 provides a brief introduction about the ceramics used in environmental 

applications with the versatility of concrete as a construction material being the main focus. The 

production of concrete, the harmful emissions caused thereby and its negative effects on the 

environment and human health are also explained. Chapter 2 elaborates on how concrete has 

been used as an adsorbent and its application for sequestration of different hazardous materials 

including CO2 and Mercury. This chapter provides a basis for the research described in chapters 

4 and 5.  

Chapter 3 contains detailed descriptions of various characterization techniques (such as 

X-Ray Diffraction, Scanning Electron Microscopy, Diffuse Reflectance Infrared Spectroscopy, 

etc) and experimental methods used throughout the thesis (as described in Chapters 4, 5, 8 and 

9). The chapters themselves contain short methods sections, which present crucial information 

regarding methodology specific to that particular chapter, as well as references to specific 

sections within this chapter for further information. 
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Chapter 4 discusses the uptake of NO2 on concrete, its feasibility and the possible 

reaction mechanism. Further, the prevalence of SO2 and NO2 in most practical situations 

necessitates study of the interactions between concrete and SO2. Chapter 5 expands discussion on 

these interactions and provides additional background on significance of NO2 interactions 

relevant to this research. 

Chapter 6 outlines the fundamentals of membrane filtration, explaining various types of 

membranes, membrane materials, processes, filtration configurations and manufacturing 

techniques. 

Chapter 7 describes different thermal spray processes and parameters involved in 

preparing a spray sample, elaborating on how each of these parameters affect the final membrane 

in terms of its chemistry and morphology. Chapter 8 presents an evaluation of the filtration 

testing of the membranes, with emphasis on the efficiency and the efficacy of the different 

thermal sprayed membrane samples. These results are correlated with the processing conditions 

for each of the membranes to determine the optimal processing parameters for producing 

membranes with the best filtration performance. 

Lastly, Chapter 9 summarizes the research given in this thesis providing a brief synopsis 

of the insights gained over the previous chapters and conclusions reached. It also elaborates on 

the future challenges this research might face and provides a few possible approaches in 

overcoming them. 
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Introduction 
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1.1 Ceramics for Environmental Applications 

Ceramics cover a broad range of materials making a precise definition difficult to 

achieve. However, ceramics can be briefly described as nonmetallic, inorganic and refractory 

materials. They can be further classified into two segments, namely, traditional and advanced 

[15]. Clay, silicate glass and cement are considered as traditional ceramics, whereas carbides, 

oxides, nitrides and other non-silicate glasses fall under advanced ceramics. There are numerous 

advantages of using ceramics over metals and alloys. Ceramics in general have better mechanical 

properties such as improved stiffness and hardness combined with reduced weight when 

compared to high strength alloys like steel . They also possess greater corrosion and heat 

resistance and can be considered as viable replacements for many polymers [16]. Lastly, ceramic 

materials display a wide variety of properties which facilitate their use in many different product 

areas. 

Ceramics find applications in most engineering fields though their significance has only 

been truly realized in the last 50 years or so. These materials possess unique properties with high 

melting temperatures, excellent compressive strengths, low heat and electrical conductivity, etc. 

Since the 1970s the ceramic industry has developed into one of the most competitive and 

innovative markets, as new techniques and understanding have thrust these materials to the 

frontier of technology. This industry today is worth tens of billions of dollars and is growing 

further with rapid advance in research and development discovering new applications [17]. 

Traditionally ceramics have been used for thousands of years. The traditional ceramics 

industry originated long ago. Today there are many segments of this industry. Some of the 
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products of traditional ceramics include pottery, tableware, sanitary ware, tiles, structural clay 

products, refractories, blocks, and electrical porcelain. The most common raw materials for 

manufacturing and processing traditional ceramic materials are clays, Silica, Dolomite, Feldspar, 

Calcite, Talc etc. These precursors are easily available and are generally very cheap to acquire. 

Now, each raw material contributes a certain property such as dry strength, plasticity, shrinkage, 

etc. to the ceramic body. A careful selection of materials is therefore needed to impart the desired 

properties required for the final output. Since most of the final products are prepared using 

powders it is essential to pay special attention when preparing these powders. The important 

parameters governing the final product requirements include particle size, particle shape, size 

distribution and surface area. Unlike the advanced ceramics industry, the purity of ceramic 

powder is not an issue in traditional ceramics[16]. 

In the advanced ceramics industry, special types of ceramics are used mainly for 

electrical, electronic, optical, and magnetic applications. Here the requirements for the precursor 

powders are quite different from those in the traditional ceramics industry. In fact the raw 

material processing plays a critical role. Advanced production techniques are employed to assure 

that the produced ceramic powders possess sufficient purity. Typically, ceramic powders are 

produced using chemical reactions like the sol-gel process or liquid gas reactions. These 

processing techniques are generally very expensive and as such factored into the final product 

[18]. 

One of the most prolific areas of applications for ceramic materials is the electronics 

industry. Due to their piezoelectric and semiconductor properties ceramic materials like Barium 

Titanate (BaTiO3) are used to build capacitors, oscillators, sensors etc. Pumps, microphones and 
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sonar are other areas where the unique characteristics of ceramics materials such as 

ferroelectricity have been applied. Functional ceramics such Lead Zirconate Titanate, Lead 

Titanate, Barium Titanate and many others are utilized in the industry due to their unique 

properties [19].  

Numerous other applications like magnetic ceramics and bio ceramics have expanded the 

use of these materials beyond the traditional sense. Magnetic ceramics are used for the 

production of antennas and inductors, while bio ceramics like alumina with high density and 

purity are used for dental implants, eye glasses and hip and knee replacement. Further, advanced 

ceramics provide an interesting alternative to wherever abrasive materials are used due to their 

excellent corrosion and wear resistance. The transport, mixing and or grinding of such abrasive 

and corrosive particles requires a high level of protection for the inherent equipment. Ceramic 

components ensure long life for parts that are subject to high stress during operation of such 

machinery. In the field of environmental technology such as water treatment plants and waste 

recycling centers, ceramic materials can withstand extreme temperatures and mechanical 

stresses. These applications for generating energy in power plant engines and turbines or in 

systems for photovoltaics, solar thermal energy conversion, wind and water power are ideally 

suited for the use of ceramic materials. Technical ceramics ensure increased performance 

capability of plants, environmentally friendly efficient use of resources in energy distribution and 

supply from both conventional and renewable energy sources [20]. 

However, one of the largest applications by volume for ceramic/composite materials is in 

the building and construction segment as elaborated in the next section. 
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1.2 Overview of Concrete  

Concrete is the most widely used ceramic/composite material of modern times. Concrete 

is made by mixing 4 simple components namely cement, sand, rock and water. It is however one 

of the most complex materials that is still being studied today despite its use for over 1000 years 

[21]. In the last year alone the total concrete consumption was over 100 million tons for the U.S. 

which is 5 times the consumption of steel by weight. Around the world, the ratio of concrete 

usage versus steel is more than 1:10. In the year 2010, the steel production grew by a factor of 8 

whereas concrete production increased by a factor of 25 [22]. Overall in the last few years, over 

6 gigatons of concrete has been consumed by the developing world as shown in Figure 1.1. 

There is no other man made material that can rival concrete in terms of the amounts used. The 

current estimates put concrete usage at around 15 billion tons every year [23]. Steel is tougher 

and stronger that concrete, though there are certain important qualities that make concrete one of 

the most useful materials in engineering today. There are three reasons that make concrete such a 

widely used engineering and construction materials. 
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Figure 1.1: Comparison of global cement consumption  (Mineral Industries of China 1990-2013, USGS) 

The most important reason for the success of concrete is it excellent water resistance 

property [24]. Where regular steel, wood or other construction materials would face serious 

corrosion and damage, concrete is able to withstand water without major deterioration. This is 

one of the main reasons why it is used in buildings and structures that transport and store water 

(dams etc.). Even early Romans used concrete for their aqueducts and waterfront walls and there 

are believed to be concrete’s earliest known applications. Dams, pavements, canal linings, etc. 

are some of the most commonly seen sights where concrete is used around the world. 

Reinforced concrete is another application where concrete containing steel bars is used 

for structural purposes [25]. Many structures like pikes, foundations, beams, floors, roofs, 

columns, pipes, walls etc. are constructed out of prestressed reinforced concrete. The use of steel 

as reinforcement in concrete is based on the assumption that multiple materials acting together 

would be better at resisting tensile forces. The process of introducing a precompression force to 

the reinforcing steel bars is called prestressing. This is done to counter the tensile stress that the 

reinforced concrete will experience during normal usage in order to prevent cracking. Most of 
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the concrete based structural elements used today have reinforced and prestressed concrete. 

Owing to its outstanding durability under aggressive conditions, especially in water, many 

industries and natural environments have extensively used concrete. 

Another reason for the large scale use of concrete is its ability to be formed or cast into a 

variety of shapes and sizes. A batch of freshly made concrete has a viscous and plastic like 

consistency which can be used to pour it into a premade framework or mold. Once the concrete 

has solidified after a few hours or days depending on the size of the mold it can be removed out 

and the mold can be reused. This gives concrete the kind of versatility in terms of element shapes 

and sized that is very hard for other materials to match [21]. 

Lastly, the most critical reason for the extensive use of concrete, when considering both 

the engineering and economic perspectives is its availability and its cost. Pound for pound it is 

one of the cheapest and easily available materials that engineers can use. The key constituents for 

preparing concrete are a) cement, b) water and c) aggregates all of these components are 

available across the world and are generally inexpensive. Depending on the components’ 

transportation cost, in certain geographical locations the price of concrete may be as high as U.S. 

$75 to $100 per cubic meter; at others it may be as low as U.S. $60 to $70 per cubic meter (2014 

PCA Market Forecast). Further, the main reasons that promote the use of concrete over steel in 

the construction area are given below: 

Maintenance: Concrete does not corrode, needs no surface treatment, and its strength 

increases with time; therefore, concrete structures require much less maintenance. Steel 

structures, on the other hand, are susceptible to rather heavy corrosion in offshore environments, 



 

8 

require costly surface treatment and other methods of protection, and entail considerable 

maintenance and repair costs. 

Fire resistance: The fire resistance of concrete is perhaps the most important single aspect 

of offshore safety and, at the same time, the area in which the advantages of concrete are most 

evident. Since an adequate concrete cover on reinforcement or tendons is required for structural 

integrity in reinforced and prestressed concrete structures, the protection against failure due to 

excessive heat is provided at the same time. 

Resistance to cyclic loading: The fatigue strength of steel structures is greatly influenced 

by local stress fields in welded joints, corrosion pitting, and sudden changes in geometry, such as 

from thin web to thick frame connections. In most codes of practice, the allowable concrete 

stresses are limited to about 50 percent of the ultimate strength; thus the fatigue strength of 

concrete is generally not a problem.  

It should be noted that though concrete generally consists of 4 simple components there 

are a large number of additives and admixtures available to tune the properties of the final 

concrete according to the requirements of the application. Further, the preparation of concrete for 

each of these applications varies substantially. The next section provides a simplified overview 

of the concrete preparation process.  
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1.3 Concrete Preparation 

Aggregate is the granular material, such as sand, gravel, crushed stone, crushed blast-

furnace slag, or construction and demolition waste that is used with a cementing medium to 

produce either concrete or mortar. The term coarse aggregate refers to the aggregate particles 

larger than 4.75 mm (No. 4 sieve), and the term fine aggregate refers to the aggregate particles 

smaller than 4.75 mm but larger than 75 μm (No. 200 sieve). Gravel is the coarse aggregate 

resulting from natural disintegration by weathering of rock. The term sand is commonly used for 

fine aggregate resulting from either natural weathering or crushing of stone. Crushed stone is the 

product resulting from industrial crushing of rocks, boulders, or large cobblestones. Iron blast-

furnace slag, a by-product of the iron industry, is the material obtained by crushing blast-furnace 

slag that solidified by slow cooling under atmospheric conditions. Aggregate from construction 

and demolition waste refers to the product obtained from recycling of concrete, brick, or stone 

rubble. 

When sand cement and water are mixed together the resulting mixture is called Mortar. It 

is like concrete without the coarse aggregate. Another mixture of cement and sand (fine 

aggregate) called grout is formed when enough water is added such that the mixture retains its 

consistency during pouring and does not segregate into its constituents. Lastly, shotcrete refers to 

a mortar or concrete mixture which is pneumatically transported through a hose and projected 

onto a surface at high velocity. 

The chemical reactions occurring between the minerals and water give cement its binding 

property. This process is called hydration. Cement is called hydraulic when the hydration 
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products are stable in an aqueous environment. Portland cement is the most commonly used 

hydraulic cement in the world mainly consisting of reactive calcium silicates. The C-S-H paste 

formed during the hydration process of Portland cement is the key ingredient responsible for the 

adhesive characteristic of cement and it is stable in aqueous environments. There is another 

component that is generally not mentioned in the definition of hydraulic cements. These 

components are called admixtures and are widely used in most modern concrete mixtures. 

Materials other than the defined concrete mixture (cement, water, aggregates) which are 

added to the cement mix are called admixtures. These materials are generally added to the 

concrete mix either before or during the mixing process. Admixtures are today used widely as 

they provide a number of benefits. Depending on the type of the admixture they can impart a 

variety of properties to the concrete mix and the final concrete itself. Chemical admixtures can 

modify the setting and hardening characteristic of the cement paste by influencing the rate of 

cement hydration while, water-reducing admixtures can plasticize fresh concrete mixtures by 

reducing the surface tension of water. Air entraining admixtures can improve the durability of 

concrete exposed to cold weather; and mineral admixtures such as pozzolans (materials 

containing reactive silica) can reduce thermal cracking in mass concrete. 

1.4 Types of Concrete 

Based on unit weight, concrete can be classified into three broad categories. Concrete 

containing natural sand and gravel or crushed-rock aggregates, generally weighing about 2400 

kg/m3 (4000 lb/yd3), is called normal-weight concrete, and it is the most commonly used 
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concrete for structural purposes. For applications where a higher strength-to-weight ratio is 

desired, it is possible to reduce the unit weight of concrete by using natural or pyro-processed 

aggregates with lower bulk density. The term lightweight concrete is used for concrete that 

weighs less than about 1800 kg/m3 (3000 lb/yd3). Heavyweight concrete, used for radiation 

shielding, is a concrete produced from high-density aggregates and generally weighs more than 

3200 kg/m3 (5300 lb/yd3) [26]. 

Strength grading of cements and concrete is prevalent in Europe and many other 

countries but is not practiced in the United States [21]. However, from standpoint of distinct 

differences in the microstructure-property relationships it is useful to divide concrete into three 

general categories based on compressive strength: 

■ Low-strength concrete: less than 20 MPa (3000 psi) 

■ Moderate-strength concrete: 20 to 40 MPa (3000 to 6000 psi) 

■ High-strength concrete: more than 40 MPa (6000 psi). 

Moderate-strength concrete also referred to as ordinary or normal concrete is used for 

most structural work. High-strength concrete is used for special applications. It is not possible 

here to list all concrete types. There are numerous modified concretes which are appropriately 

named: for example, fiber reinforced concrete, expansive-cement concrete, and latex-modified 

concrete. The composition and properties of special concretes are beyond the scope of this 

dissertation. 
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1.5 Emissions due to cement manufacture 

With the widespread use of concrete however the concrete industry has become one of 

two largest producers of carbon dioxide (CO2), creating up to 7% of worldwide man-made 

emissions of this gas, of which 50% is from the chemical process and 40% from burning fuel 

[27]. 

  

Figure 1.2: Global cement production capacity according to region from 1970 to 2010 and projections 

from 2011 to 2050 (International Energy Agency) 

The CO2 produced for the manufacture of one ton of structural concrete (using ~14% cement) is 

estimated at 410 kg/m3 (~180 kg/ton @ density of 2.3 g/cm3) (reduced to 290 kg/m3 with 30% 

fly ash replacement of cement) [28]. The CO2 emission from the concrete production is directly 

proportional to the cement content used in the concrete mix; 900 kg of CO2 are emitted for the 
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fabrication of every ton of cement [29]. Cement manufacture contributes greenhouse gases both 

directly through the production of CO2 when calcium carbonate is thermally decomposed, 

producing lime and CO2, and also through the use of energy, particularly from the combustion of 

fossil fuels. The 2010 world’s yearly cement production of 1.6 billion tons as shown in Figure 

1.2 accounts for about 7% of the global loading of CO2 into the atmosphere with the projected 

production increasing to almost 6 billion tons by 2050. Portland cement, the principal hydraulic 

cement in use today, is not only one of the most energy-intensive materials of construction but 

also is responsible for a large amount of greenhouse gases. Producing a ton of Portland cement 

requires about 4GJ energy, and Portland cement clinker manufacture releases approximately 1 

ton of CO2 into the atmosphere. 

Further, cement manufacturing produces a number of other emissions. One of the most 

significant environmental health and safety issue of cement manufacturing is NOX and SOX 

emission [30]. Cement industry is potentially the largest anthropogenic source of air pollution. 

The typical gaseous emissions to air from cement production include NOX, SOX, CO, CO2, H2S, 

and VOCs, dioxins, furans and particulate matters [31, 32]. These major pollutants can be 

classified in two categories- gaseous and particulates. Fuel combustion process is the source of 

gaseous emissions which include oxides of nitrogen, oxides of sulfur, oxides of carbon and 

volatile organic compounds and hydrogen sulfide. 
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1.6 NOX and SOX emissions  

Recent studies determine relationship between cement air pollution and human health 

diseases. Pollutants from cement plants are causing harmful effects on human health and 

environment [33]. The emissions of NOX and SOX are shown in the Figure 1.3 and while the 

levels are decreasing in many developed countries it is still a major environmental hazard in 

most other developing countries. Oxides of sulphur are formed from the combustion of fuels 

which contain Sulphur and via the oxidation of Sulphur containing raw materials [34]. 

 

Figure 1.3: Global NOX and SOX emissions over the past 40 years according to region  (EDGAR v4.2 

Nov 2011) 
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SO2 emissions generated from sulfur in the raw materials are lesser than SO2 emissions 

generated from sulfur in the fuel [33]. In rotary kiln raw material oxidized to form SO2 and SO3 

at temperatures between 370 oC and 420 oC. Sulfur dioxide (SO2) is formed by thermal 

decomposition of calcium sulfate in clinker. SO3 is present as anhydrite and can easily be 

decomposed to SO2 and O2. These sulfur oxides react with water vapor and other chemicals at 

high altitudes in the presence of sunlight to form sulfuric acids. The acids formed usually 

dissolve in the suspended water droplets, which can be washed from the air on to the soil by rain 

or snow. This is known as acid rain. Respiratory illnesses such as bronchitis are seen to increase 

with sulfur oxide levels [35-37]. Increased level of SOX in the atmosphere can also degrade 

agricultural productivity and destruction of some plants. 

Nitrogen oxides are produced in the combustion flame of a rotary kiln, which enter the 

atmosphere with the exit gases, and undergo many reactions in the atmosphere. Majorly NOX are 

formed by thermal oxidation, which happens in temperature range between 1,200-1,600 °C. Due 

to high temperature significant amounts of thermal Nitric Oxide (NO) is generated in the Kiln. 

Combustion of nitrogen-bearing fuels such as certain coals also produces gaseous nitrogen (N2), 

or NO [38]. As temperature increases, NO formation also increases. About 90% of the nitrogen 

oxides are produced in the form of nitric oxide (NO) and the remaining 10% are in the form of 

nitrogen dioxide (NO2). Produced NO converts to NO2 at the exit of the stack at atmospheric 

conditions [39]. NOX causes a wide variety of health and environmental impacts because of 

various compounds and derivatives in the family of nitrogen oxides, including nitrogen dioxide, 

nitric acid, nitrous oxide, nitrates, and nitric oxide. Similar to Sulphur dioxide, NOX reacts with 

water and other compounds to form various acidic compounds. When these acidic compounds 
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that are deposited to the earth’s surface, they can impair the water quality of different water 

bodies and acidify lakes and streams. Acidification (low pH) and the chemical changes result in 

lowering the reproductive capabilities of fish and other aquatic species. Acid rain can also harm 

forest ecosystems by directly damaging plant tissues [40]. NOX and volatile organic compounds 

react in the atmosphere in the presence of sunlight to form ground-level ozone, which causes 

smog in cities and rural areas. This ground level ozone causes respiratory disease and other 

health problems [41]. Nitrogen dioxide affects body functions such as difficulty in breathing, 

chronic lung diseases, such as chronic inflammation and irreversible structural changes in the 

lungs, which with repeated exposure, can lead to premature aging of the lungs and other 

respiratory illness (Figure 1.4) [42]. 

 

Figure 1.4: Environmental and Health impacts of NOX pollution  (EPA 2009) 
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1.7 Summary 

Concrete is one of the most prolific construction materials available to man today. It is 

the predominant material used to build anything from the most basic projects to the grandest 

structures constructed. Cement, the main component in concrete, is manufactured on such a 

massive scale that it contributes to 5-7% of the annual global CO2 production. Further, emissions 

such as NOX, SOX, Mercury and particulate matter from cement production have caused 

significant deterioration of human health and environment worldwide. With the need for 

infrastructure growing at an exponential rate, especially in developing countries like China and 

India, this problem is only likely to get worse. In fact, it is estimated that by 2050 the use of 

concrete will have reached 4 times the level that of in 1990. This chapter gives an overview of 

cement/concrete, its types, its manufacturing process and the emissions resulting in the 

production of cement.   
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Use of Concrete for Sequestration  
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2.1 Introduction 

As mentioned in the previous chapter, NOX and SOX pollution are a significant 

environmental and health concern. To summarize, it is one of the major contributors towards 

acid rain, eutrophication, visibility problems and cause formation of toxic substances affecting 

health [43]. NOX (which includes such Nitrogen Oxides as NO and NO2) is also the precursor to 

ground level ozone, formed by light induced reactions between volatile organic matter and NOX, 

which can cause lung tissue damage and reduce lung function [44-48]. Given that now, for the 

first time in human history more people live in urban rather than rural environments, the higher 

pollution levels in densely populated areas affects more people than ever before (Figure 2.1). 

Furthermore, in developing countries like India and China, with less stringent environmental 

standards coupled with rapid urbanization, atmospheric pollution results in millions of people 

being exposed to unsafe levels of smog and ozone [49-52]. 
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Figure 2.1: Global urban population according to region from 1960 to 2011  (Global Monitoring Report 

2013) 

Moreover, with 80% of the US population now living in urban areas it is of prime 

importance to understand and mitigate these priority pollutants [43]. 

Sulfur dioxide and nitrogen oxides are the major precursors of acid rain, which has 

acidified soils, lakes and streams, accelerated corrosion of buildings and monuments, and 

reduced visibility. Sulfur dioxide also is a major precursor of fine particulate soot, which poses a 

significant health threat. Among many sources of emissions cement kilns (Table 2.1) are very 

significant contributors. They emit over 219,000 tons/year of NOX, which amounts to 

approximately 20% of all industrial emissions [53, 54].  
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Figure 2.2: Strategies for mitigating emissions from cement production plants  

High temperatures reached in cement kilns are favorable for NOX emissions and cannot 

be avoided. However, there are several strategies to reduce these emissions as shown previously 

in Figure 2.2, which include: (1) process modifications, where energy efficiency and related 

productivity of the process are optimized; (2) combustion optimization and control approaches, 

which lead to reduction in NOX formation, and (3) pollution control technologies where NOX can 

be effectively removed. The latter utilizes several technologies such as selective catalytic 

reduction (SCR) and selective non-catalytic reduction (SNCR).  
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Kiln Type Range Average /Percent 

higher than pH/PC 

kiln 

AP-42/ Percent 

higher than pH/PC 

kiln 

Wet 3.6-19.5 9.7/155 7.4/76 

Long Dry 6.1-10.5 8.6/126 6.0/43 

Preheater 2.5-11.7 5.9/55 4.8/14 

PH/PC 0.9-7.0 3.8/… 4.2/--- 

Table 2.1: Uncontrolled NOX Emissions (pounds per ton [lb/t]) by Kiln Type (US EPA) 

Additionally, adsorbents can be relatively economical, easy to implement, and require 

fairly straightforward setup/control procedures. Activated charcoal is one of the most widely 

used adsorbents for both gas and liquid phase pollutant removal. However, it can be an 

expensive option to implement for large scale pollution sources, such as power plants, foundries 

and kilns, where the flow rate and amount of pollution are very substantial. Alternatively, cement 

and concrete are cheap and effective adsorbent for emission reduction at such large scales, but 

very little research has been done on this front. With such limited research, the only known 

approach is to add activated carbon to concrete as an adsorbent [55]. Without any additives it has 

been shown that Ca(OH)2 (15-20% of concrete) is an excellent adsorbent for both mercury and 

arsenic with good regeneration capacity. Concrete has also been used for CO2 sequestration with 

a modest amount of success [56]. This work expands on this approach further and provides new 

avenues for using concrete as an inexpensive and efficient adsorbents. While the removal of 

pollutants namely NOX by the use of photocatalytic additives such as TiO2 (Titanium Dioxide) in 

concrete has been extensively studied the interaction between NOX and concrete itself has not 

been systematically examined [57-72]. Although there are a limited number of studies [73-75] 

focused on interactions of other pollutants with building materials, such as CO2, Mercury and 

others (such as Arsenic and Toluene), further investigation on such interactions with regards to 
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NOX and SOX is required. Another important knowledge gap, is in establishing relation between 

age dependent composition of building materials and pollutant interactions [76]. Given a very 

substantial diversity of urban surfaces in terms of their age, ranging from months to hundreds of 

years, this research believes that it is an important topic to be studied further. This thesis 

investigates the interaction of NO2 and SO2 with both fresh and aged concrete. Also, an 

innovative approach of utilizing a waste concrete material is proposed, which, based on the 

preliminary studies, can offer a new method of removing NO2 and SO2 in a cheap and 

sustainable way. The data presented in chapter 4 is also aimed at possibly establishing a 

quantifiable data for materials’ age related uptake of these criterial pollutants. 

2.2 Demolished Concrete as Adsorbent 

It has been established that concrete is the most commonly used construction material in 

the world which is made by proportioning and mixing the right amounts of Portland cement, 

aggregates and water to achieve a specified strength or performance. Portland cement is the 

binding component in the mixture, which, when reacted with water, will produce the most 

important binding component of the hardened concrete, calcium silicate hydrate gel (C-S-H), 

which will coexist along with calcium hydroxide (Ca(OH)2) by-product and 

ettringite/monosulfoaluminate (AFt/AFm) phases. A freshly prepared concrete has a pH of about 

13.2, whereas an old concrete exposed to ambient temperature and humidity may have a pH of 

approximately 9. A more detailed data described below show Table 2.2 that pH is lower at the 

surface and higher in the core of the concrete. 
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Depth/cm Average pH  Standard deviation 

0 8.8 0.26 

1 11.87 0.05 

3 11.97 0.05 

5 12.02 0.10 

8 12.05 0.12 

Table 2.2: The pH values of seawall concrete as a function of depth (Source: Heng et al., 2004) 

This phenomenon is mainly due to carbonation process happening at the surface of the 

concrete. This process is attributed to absorption of CO2 from the atmosphere. The CO2 uptake 

by concrete is a function of various environmental conditions, such as CO2 concentration, 

relative humidity, temperature, and pressure [77]. It is also a function of such concrete properties 

as: (a) composition; (b) the initial pH; (c) water content; (d) microstructure, and (e) specific 

surface area. 

Although it is not trivial to specify all the chemical reactions taking place in the cement 

paste, a simplified reaction mechanism can be presented as following [76]: 
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Reaction (2.5) is especially important to understand the surface neutralization of 

concrete, as high initial concentration of Ca(OH)2, in addition to the presence of alkali (Na2O 

and K2O) from the cement, determines a significant basic character of fresh concrete (pH > 

13.2). Further, thermodynamics and kinetics would dictate the preferential reaction pathways 

making it necessary to have a step-by-step study and understand which one of the reactions 

would occur in a multi pollutant environment. Unfortunately, there is very limited literature data 

[78] on NO2 reaction with Ca(OH)2. While there is some data available regarding SO2 reaction 

with concrete phases, it is still very rudimentary and needs further investigation. This thesis 

studies the formation of both sulfur and nitrogen species in concrete during and after uptake. In 

order to observe and study the formation of these surface species an in-situ DRIFTs cell was 

used to gather real time spectral data. This data was then compared to the reference spectrum 

available through the NIST database for the various possible products that could emerge during 

the adsorption and subsequent reaction. Using the collected spectral data, the NIST reference and 

2(CaO)3SiO2  +  6H2O (CaO)3(SiO2) + 2(H2O)3  +  3 Ca(OH)2  2.1 

2(CaO)2SiO2  +  4H2O  (CaO)3(SiO2)2(H2O)3  +  Ca(OH)2 2.2 

3CaO. Al2O3  +  3 (CaO. SO3 ∙ 2H2O) +  26 H2O  6CaO ∙ Al2O3 ∙ 3SO3

∙ 32H2O (Ettringite/AFm) 

2.3 

2(3CaO ∙ Al2O3) +  6CaO ∙ Al2O3 ∙ 3SO3 ∙ 32H2O +  4 H2O  3 (4CaO ∙ Al2O3

∙ SO3 ∙ 12H2O) (calcium monosulfoaluminate/AFm) 

2.4 

Ca(OH)2  +  CO2  CaCO3  +  H2O 2.5 
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the data available in the literature enables us to interpret the possible reaction mechanisms that 

occur during the adsorption. The reference IR spectra for some of these phases are shown in 

Figure 2.3. However due to the complex nature of concrete there would be several intermediate 

or unknown phases that would not correspond to any of the available IR spectra. It becomes 

necessary to understand the mechanism of evolution and the thermodynamic feasibility of such 

phases. In this thesis the Gibbs free energy of the reaction for some of these phases and their 

thermodynamic favorability examined. 
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Figure 2.3: FTIR spectra of Nitrogen and Sulphur species from the NIST database used as reference in 

the thesis 

It is important to note that the surface acidity is by itself a function of environmental 

conditions, concrete composition and concrete age. For example, Heng et al. [76] collected 

numerous concrete powder samples at various locations in Japan and measured their pH values. 

These results are shown previously in Figure 2.4. They indicate that neutralization of Ca(OH)2 
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occurs over the period of several years, which results in a significant decrease of the concrete 

pH. Here, these issues have been addressed by processing the concrete to expose new reactive 

surfaces for further uptake.  

 

Figure 2.4: Dependence between pH and concrete age for concrete samples from different areas in 

Japan. (Heng et. al. 2004) 

Another potential route of NO2 sequestration is the absorption of NO2 by AFt/ AFm 

phases forming nitrate AFt phase (Ca6Al2O6(NO3)6·32H2O) or nitrate/nitrite AFm phases 

(Ca4Al2(OH)12(NO3)2·4H2O/ Ca4Al2(OH)12(NO2)2·4H2O). Limited thermodynamics modeling 

data available in the literature gives calculated Gibbs free energies -6778 and -6606 kJ/mol for 

nitrate and nitrite AFm formation respectively, indicating a feasibility of the alternative pathway 

[79]. 
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2.3 Beneficial Reuse of Demolished Concrete 

Using concrete to store hazardous waste or to sequester CO2 has been a very prolific and 

promising area of research [80-82]. In addition, coatings of concrete with photocatalysts or 

dispersing them within concrete have also been used for NOx and VOCs mitigation via catalytic 

removal of hazardous contaminants under solar light. However, there have been no attempts in 

adopting demolished concrete for removal of air pollutants. One of the primary reasons could be 

that environmental considerations alone do not offer strong enough incentives to implement such 

technologies. In contrast to the above mentioned approaches, this thesis looks at sustainability 

and improved functionality benefits of reusing demolished concrete as adsorbent, thus addressing 

the major bottleneck in adoption of concrete for pollution mitigation. Moreover, in contrast to 

research focused on using concrete for CO2 removal [83, 84], this thesis is focused on mitigating 

the NO2 and SO2 emissions, which are causing immediate environmental and health problems. 

Finally, in contrast to several studies of using catalyst (TiO2) modified concrete [58, 85], this 

thesis proposes a much simpler and cheaper method of pollutant removal without using any 

catalysts. 

There are many sources of these emissions including cement kilns, incineration plants, 

boilers, process heaters, glass furnaces, power plants and automobiles [86]. Several known 

strategies to reduce emissions include: (a) process modifications where energy efficiency and 

related productivity of the processes are optimized; (b) combustion optimization and control 

approaches, which lead to reduction of SOX and NOX formation, and (c) pollution control 

techniques where SOX and NOX can be effectively removed after it is formed in the combustion 
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zone. The latter approach utilizes several technologies, such as selective catalytic reduction 

(SCR), selective non catalytic reduction (SNCR) and adsorption/absorption as shown in Figure 

2.2. While process modification and combustion control are much better approaches than post-

combustion treatment, a supplementary strategy is to couple these approaches with post-

combustion pollution control. It has been noted that emission controls using SCR and SNCR 

methods are generally expensive and can be rather complicated given the need to constantly 

monitor the catalysts for deactivation and poisoning [87, 88]. 

The need for developing innovative solutions to address emissions are clearly mentioned 

in section 2.1.One of the most prevalent problem with NO2 emissions is the formation of ground 

level ozone as stated earlier [89, 90]. It is a significant problem nationwide as millions of 

Americans live in areas that do not meet the health standards for ozone [43]. High concentrations 

of sulfur dioxide (SO2) can result in breathing problems with asthmatic children and adults who 

are active outdoors. Short-term exposure has been linked to wheezing, chest tightness and 

shortness of breath. Other effects associated with longer-term exposure to sulfur dioxide, in 

conjunction with high levels of particulate soot, include respiratory illness, alterations in the 

lungs' defenses and aggravation of existing cardiovascular disease. 

2.4 Summary 

This chapter explores the potential of demolished concrete as an economical and effective 

adsorbent for use in pollution remediation. Literature shows that concrete has a moderate degree 

of success in CO2 sequestration. Further, cement and phases of concrete like Ca(OH)2 have been 
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employed for adsorption of other pollutants like mercury, arsenic etc as well. The data from the 

literature also shows that aged environmentally exposed concrete surfaces can have a significant 

uptake However, the research in this area is clearly insufficient with evident lack of data when it 

comes to the interaction of concrete surfaces with respect to criteria pollutants such as NOX and 

SOX. The evaluation of the adsorptive capabilities of demolished concrete is examined in 

chapters 4 and 5 to address this need for critical information  
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Characterization Techniques 
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3.1 Introduction 

In this chapter the experimental methods used for the characterization of ceramic and 

composite samples are described. These include techniques such as Scanning Electron 

Microscopy (SEM), X-Ray Diffraction (XRD), Energy Dispersive X-ray Spectroscopy (EDX), 

Brunauer-Emmett-Teller porosity analysis (BET) for the concrete samples. The concrete samples 

were further characterized using X-Ray Fluorescence (XRF), Diffuse Reflectance Infrared 

Fourier Transform Spectroscopy (DRIFTS), X-ray Absorption Near Edge Structure (XANES), 

Flow and Packed bed reactors. 

3.2 X-Ray Diffraction (XRD) 

In order to explain the relationship between crystal planes which appear to reflect X-ray 

bays and the angles of incidence, W.H. Bragg proposed the following equation  

nλ = 2d Sinθ  3.1 

The X-ray wave interference phenomenon is now called X-ray Diffraction (XRD). This 

was later proved as the existence of periodic atomic structure of crystals [91]. 
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Figure 3.1: Schematic of X-ray diffraction instrument  (Perspectives of Modern Physics; A Beiser) 

A crystal has the atomic planes which can cause an incident beam of X-rays to interfere 

with one another when they leave the crystal as shown in Figure 3.1. This phenomenon, which is 

known as X-ray diffraction, can in principle: 

1. Measure the average spacing between layers of the atoms (d-spacing) 

2. Determine the orientation of a single crystal or grain  

3. Discover the crystal structure for unknown materials 

4. Calculate the size, shape and internal stress of a small region of the crystal 

The most important use of XRD is to obtain the XRD pattern and compare data with 

known standards in order to identify the sample phase. It is a fast, nondestructive way for phase 

identification and high accuracy for d-spacing calculations. The technique can be used in single 

crystals and amorphous materials. 
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3.3 Diffuse Reflectance Infrared Fourier Transform 

Spectroscopy (DRIFTS) 

 

Figure 3.2: 3D Cross Section representation of DRIFTS environmental cell 

Diffuse reflectance infrared Fourier transform spectroscopy is a technique that collects 

and analyzes scattered IR energy. It is used for analysis of fine particles, powder sand films [92]. 

When the beam of IR enters the sample, it can be either reflected off the surface or 

transmitted through the sample. The beam that reflects off the surface is typically lost. The beam 

that passes through a particle can either be reflected by the next particle or be transmitted 

through the next particle again. This phenomenon of transmission-reflectance can occur many 

times in the sample. Finally, all scattered IR light is collected by a spherical mirror which is 

focused onto the IR detector. Because the detected IR light is partially absorbed by the particles 

of the sample surface, it carries the information of the sample under IR region [93]. 
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The system is based on Nicolet 6700 FTIR equipped with Smart Collector. The Smart 

Collector also contains an environmental chamber, which gives the capability to conduct the in-

situ experiments under controlled temperature and pressure. The surface reactions were 

monitored using a FTIR spectrometer equipped with diffuse reflectance cell (DRIFTS). The 

diffuse reflectance cell assembly consists of an environmental chamber that allows us to change 

gas composition, flow rates and temperatures (up to 900 C) to simulate the flue-gas composition 

as described earlier. The infrared beam (Figure 3.2 and Figure 3.3) will be focused by a series of 

mirrors onto the surface of the sample. In that arrangement the reflected components of the 

radiation pass through the ZnSe windows of the sample chamber and are focused by the 

hemispherical mirror onto another series of mirrors to the detector. The detector is a liquid 

nitrogen cooled mercury-cadmium-telluride (MCT) detector. The resultant interferogram will be 

then mathematically processed to separate absorbance data for each wavelength component. The 

outlet of the DRIFTS cell was coupled to either NOX or SOX analyzer, or both. The DRIFTS 

results provide a feedback mechanism concerning the effect of exposure on the surface 

composition. 
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Figure 3.3: Schematic diagram of DRIFTS cell  (Harrick Scientific Ltd) 

3.4 Scanning Electron Microscopy (SEM) 

There are many types of electron microscopes today and Scanning Electron Microscope 

(SEM) is one of them. A high energy beam of electrons, images the sample surface by scanning 

it in a raster pattern. The electrons interact with the atoms that make up the sample producing 

signals that contain information about the sample's surface topography, composition and other 

properties such as electrical conductivity [94, 95]. Most scanning electron microscopes today use 

digital controls, signal acquisition and processing techniques of raw grayscale images. They can 

also determine the elemental composition of the sample materials when used in conjunction with 

the closely-related technique of energy dispersive X-ray spectroscopy (EDS). 
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These electron microscopes generally operate under high vacuum. A field emission gun 

is typically used as a source to generate the high energy electron beam. This beam is then 

accelerated using a high voltage like and passed through a series of apertures and 

electromagnetic lenses to produce a collimated beam of electrons as shown if Figure 3.4. This 

beam then scans the surface of the specimen by the scanning coils. Electrons are emitted from 

the specimen by the action of the scanning beam and collected by a suitably positioned detector. 

As a powerful technique, SEM has been extensively used for imaging new materials, 

especially at micro and nano scales. SEM is a valuable tool for probing the structure and 

morphology of such materials. 

 

Figure 3.4: Schematic of SEM system  (Frostburg University, General Chemistry Online) 
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3.5 X-ray Absorption Near Edge Structure (XANES) 

X-ray Absorption Near Edge Structure (XANES), also known as Near edge X-ray 

Absorption Fine Structure (NEXAFS), is generally defined as the analysis of the spectra obtained 

in X-ray absorption spectroscopy experiments [96]. This technique is element specific and is 

sensitive to local bonding spectroscopic analysis determining the partial density of the empty 

states of a molecule [97]. 

X-rays are ionizing electromagnetic radiations that have sufficient energy to excite a core 

electron of an atom to an empty below the ionization threshold called an excitonic state, or to the 

continuum which is above the ionization threshold. Different core electrons have distinct binding 

energies; consequently, if one plots the X-ray absorbance of a specific element as a function of 

energy, the resulting spectrum will appear similar to Figure 3.5. 

As stated above, a core hole is the space a core electron occupied before it absorbs an X-

ray photon and ejected from its core shell. The electronegative core holes are extremely unstable 

owing to their energetic nature having an average lifespan of ~1 femtosecond. These core holes 

are created through processes in which either a core electron absorbs an X-ray photon (X-ray 

absorption) or absorbs part of the X-ray photon's kinetic energy (X-ray Raman scattering). The 

successor process is the decay of a core hole which can take place either through Auger electron 

ejection of X-ray Fluorescence. 
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Figure 3.5: Illustrative X-ray absorption spectrum of a transition metal atom. Three major transitions K, 

L, and M edge transitions are identified, the L edge fine structures are also shown (Source: Wikipedia)  

When the energy of X-ray radiation scans through the binding energy regime of a core 

shell, there is a sudden increase of absorption. This phenomenon corresponds to absorption of the 

X-ray photon by a specific type of core electrons (e.g. 1s electrons of Cu).giving rise to the 
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absorption edge. The name of the absorption edges are given according to the principle quantum 

number, n, of the excited electrons (Table 3.1).  

K edge 1s       

L edge 2s 2p     

M edge 3s 3p 3d   

N edge 4s 4p 4d 4f 

Table 3.1: Absorption edges  (Wikipedia) 

The energies of absorption edges in X-ray absorption spectra reveal the identity of the 

corresponding absorbing elements. However, more useful information can be obtained by a 

closer examination of a given absorption edge (Figure 3.6). 

 

Figure 3.6: Schematic illustration of an X-ray absorption edge  (Source: Wikipedia) 
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Illustrated by Figure 3.6, the absorption edge is often much more complex than simply an 

abrupt increase in absorption illustrated in Figure 3.5. There are weak transitions below the 

absorption edge, namely pre-edge structures, as well as significant absorption features in the 

immediate neighborhood of the absorption edge and well above the edge. The structure found in 

the immediate neighborhood of the absorption edge, conventionally within 50 eV of the 

absorption edge, is referred to as X-ray Absorption Near Edge Structure (XANES). Beyond 

XANES, the oscillatory structure caused by the interference between the outgoing and the back-

scattered photoelectron waves is referred to as Extended X-ray absorption Fine Structure 

(EXAFS), which can extend to 1000 eV or more above the absorption edges [98]. 

3.6 Flow Reactor Experiments 

In addition to the above characterization techniques, concrete samples were also tested in 

flow and packed bed reactors. The schematic of the experimental setup is shown in Figure 3.7. 

The flow experiments were conducted in a custom built quartz reactor while the packed bed 

experiments were carried out in a quartz capillary tube. Both reactors were fed synthetic air and 

NO2/SO2 flows from the compressed gas cylinders that were controlled by mass flow controllers 

(MFC). Given that water vapor is always present in the atmosphere, the mixture of air and 

NO2/SO2 was humidified by passing a part of the synthetic air from compressed gas cylinder 

through a water bubbler. The relative humidity of air was controlled by varying the flow of dry 

and humid air. The resulting humidity was measured by a humidity probe (Vaisala HMP50 

Humidity Probe) positioned downstream. 
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Figure 3.7: Experimental system for testing NO2 removal from gas phase (A) shows a flow reactor and 

(B) shows a modified reactor for powder samples. 

The samples of concrete were placed inside the sealed reactor and exposed to humidified 

NO2/SO2 and air mixture. The exhaust was connected to a gas analyzer to measure the outflow 

concentration. The NO2 conversions were continuously measured by NOX analyzer (Model 

200E, Teledyne API Ltd) and recorded on computer hard drive through the data capture 

program. The quartz reactor where powdered samples for the packed bed experiments were 

loaded is shown in the (Figure 3.7 B). 
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NOX Adsorption by Crushed Concrete 
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4.1 Introduction 

In order to study the interaction of concrete with NOX, several concrete samples were 

prepared and aged for different periods of time (up to 12 months). These samples were used in 

both slab and powder form for the adsorption experiments. The concrete slabs were supported on 

polycarbonate trays while the powders were prepared by pulverizing aged/fresh/waste concrete 

samples and separating them into different particle size fractions using certified sieves. These 

samples were loaded both on to capillary tubes for the packed bed experiments and in the 

DRIFTs environmental cell for IR experiments. 

4.2 Sample Preparation 

Concrete samples were prepared for all experiments according to ASTM specifications 

(ASTM C150 and C192). Commercially available Portland cement mixture consisting of 

Portland cement, limestone filler, sand, gravel, flyash and water (Quikrete Companies Inc.) was 

used for all the NOX experiments described in this thesis. The prepared samples were slump 

tested as per ASTM standards to ensure consistency and workability. 
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Figure 4.1: Concrete slab sample 

 

Figure 4.2: Crushed concrete samples in a capillary tube 

All the cement samples were prepared with deionized water according to specifications 

and poured into polycarbonate sample trays (3x30cm) as shown in Figure 4.1. The samples were 

allowed to cure at 20 C in 50% RH for 28 days to attain strength. To produce the powder 

fractions as shown in Figure 4.2 concrete slabs were pulverized and passed through a set of 

standard sieves. The waste concrete samples were obtained from the Stony Brook Campus 

operations. NO2 in N2 (4.68 ppm initial concentration) and SO2 in N2 (10 ppm initial 

concentration) gas mixtures obtained from Praxair Gases was used for the all experiments 

described here. Lastly, reference samples such as Ca(OH)2 (i.e. portlandite) C-S-H (Calcium 

Silicate Hydrate gel), synthesized (AFm) and CaCO3 were purchased from Alfa Aesar to 

establish a reference uptake and provide baseline for the DRIFTS experiments. 
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4.3 Survey of Different materials for NOx Adsorption  

In order to understand the importance of concrete surfaces as compared to other building 

materials, namely asphalt, masonry, glass and steel; scoping experiments were conducted with 

these materials. Here aged concrete slab has been used, which was exposed to the outdoor 

atmosphere (Stony Brook University) for 12 years. Similarly, asphalt and masonry samples were 

used, which became available due to Stony Brook University buildings and roads 

demolition/renovation efforts. The results are shown in Figure 4.3. They indicate that both fresh 

(1 month old) and aged (12 years old) concrete samples remove NO2 from the gas phase. 

 

Figure 4.3: Evaluation of NO2 conversion on various building materials. Inset shows NO2 removal by 

fresh concrete exposed to 110 ppb NO2. 
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4.4 Flow Reactor Measurements 

The flow reactor consisted of a quartz tube connected to synthetic air and NO2 cylinders 

via mass flow controllers (MFC). The synthetic air was humidified by passing synthetic air 

through a gas bubbler and mixing it with dry air to achieve target humidity. The ratio of 

humidified and dry air were determined based on data provided by a humidity probe (Vaisala 

HMP50 Humidity Probe) positioned downstream.  

 

Figure 4.4: Schematic of the (A) flow and (B) fixed bed reactor system  
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The sample trays were placed inside a sealed reactor and exposed to humidified NO2/air 

mixture. The NO2 concentration was continuously monitored at the outlet by NOX analyzer 

(Model 200E, Teledyne API Ltd) and recorded on computer hard drive through the data capture 

program. Powdered/granular samples were loaded in an alternative reactor configuration which 

consists of a capillary column of 2 mm diameter (Figure 4.4 A and B). The column was loaded 

with the crushed concrete, where the size fraction used was selected by passing a sample through 

a set standard sieves. The experiments with fresh and aged (12 year) concrete utilized size 

fractions of 0.25mm (60 mesh) and 0.4mm (25 mesh). The concrete samples 1.5 g were exposed 

to a mixture of 20 sccm (standard cubic centimeter per minute) of NO2 and 20 sccm of 

humidified synthetic air for 2 hours, with relative humidity maintained at 50%. The measured 

NO2 concentration at the column inlet was 180-190 ppb, where it was measured by NOX 

analyzer (Teledyne M200E). 
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Figure 4.5: Schematic diagram of the DRIFTs reactor cell 

Diffuse Reflectance Infrared Fourier Transform (DRIFTS) measurements were 

performed using the environmental cell integrated into Nicolet 6700 FTIR (Thermo Fisher 

Scientific Inc.). This setup shown in Figure 4.5, where gas composition and temperature can be 

easily adjusted, is capable of monitoring surface mediated adsorption/reactions with a time 

resolution down to 0.5 sec. The detector utilized for these experiments was liquid nitrogen 

cooled mercury-cadmium-telluride (MCT) detector. The temperature inside the cell was 

measured by thermocouple (Thermo Scientific temperature controller) and was maintained at 27 

◦C. The spectral data recorded during the DRIFTS experiments was within the 4000–600 cm−1 

with spectral range with a resolution of 4cm−1. Similarly to column experiments, the outlet of 

DRIFTS cell was connected to chemiluminescent NOX analyzer (Teledyne API). The concrete 

sample was tested for 5 days with the 2.4 ppm of NO2 at 50% humidity. The sample amount was 
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about 250 mg. Calcium hydroxide powder purchased from Alfa Aesar (99.5% purity) was 

exposed in the flow reactor to NO2 at 2.5ppm for over 24 hrs. Subsequently, this powder was 

analyzed using FTIR to determine formation of nitrate and nitrite phases. 

 

Figure 4.6: Flow reactor results  (a) fresh concrete shows highest activity with almost 100% removal of 

NO2,(b) concrete aged for 3 months displays a slight drop in NO2removal, (c) 8 months aged concrete 

has a clear reduction in NO2 removal dropping at about 85% within 12 hours, (d) 12 year old concrete 

retains around 60% NO2 adsorption. 

(Hrs) 
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The NO2 uptake experiments performed for concrete slabs the indicated that freshly 

prepared samples had the highest adsorption capacity as compared to old concrete samples. 

Figure 4.6 shows a comparison of NO2 removal for concrete samples of different age. There is a 

clear trend of decrease in uptake with increase in concrete age. The fresh concrete sample 

showed 100% NO2 removal throughout the experiment. However, even 12 year old sample 

exhibited almost 60% NO2 removal at the end of experiment, which is quite striking. The control 

experiment with empty polycarbonate tray showed a negligible uptake. Also, much smaller 

uptake in the absence of moisture was observed, indicating that water plays an important role in 

NO2 removal. Further fresh concrete under low humidity conditions at 0% RH was tested and it 

was found that the uptake was about 5-10% of the uptake at 50% RH. It gives indication they are 

a mix of both heterogeneous and homogenous reactions occurring simultaneously [99-102] and 

therefore both gas/liquid and liquid/solid processes need to be considered to explain the NO2 

uptake. It is important to note that age dependent NO2 uptake is related to surface composition of 

concrete. For example, it is known that surface acidity of concrete depends on the environmental 

conditions and the age of the concrete [76]. It is known that fresh concrete has significant surface 

concentration of Ca(OH)2 which is converted to CaCO3 upon exposure to atmospheric CO2 [99]. 

This also leads to surface neutralization of concrete over during the exposure of surfaces to the 

environment, which results in a significant decrease in the pH of concrete. A possible reaction 

mechanism, which might explain the decreased NO2 uptake as a function of age is described 

below: 

2Ca(OH)2 + 4(NO2)Ca(NO3)2 + Ca(NO2)2 +  2H2O 4.1 
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In this reaction, Ca(OH)2 reacts with NO2 to form calcium nitrate and calcium nitrite. 

This reaction is thermodynamically feasible having a Gibbs Energy of -437 kJ/mol. It has also 

been suggested that the calcium nitrite will further decompose to calcium nitrate in the following 

manner [99]: 

3Ca(NO2)2 + 2H2OCa(NO3)2 + 4NO + 2Ca(OH)2 4.2 

4.5 DRIFTs Analysis of NOX Adsorption 

 

Figure 4.7: Time resolved IR spectra of crushed concrete  after 5 days of NO2 exposure showing nitrite 

and nitrate peaks at 1225 and 1338 cm-1 

In order to determine surface adsorbed reaction products DRIFTs (Diffuse Reflectance 

Infrared Fourier Transform) analysis of fresh concrete sample were performed. The DRIFTS 
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experiment was conducted using powdered fresh concrete sample. The increase in the intensity 

of peaks at 1340 and 1225 cm-1 over the duration of the experiment suggests the formation of 

nitrate and nitrite species as evidenced by the time resolved IR spectra in Figure 4.7 [103]. This 

might be attributed to reactions (1) and (2) describing Ca(OH)2 reaction with the NO2 in 

presence of moisture, which can lead to formation of calcium nitrate and calcium nitrite. In order 

to verify a feasibility of such mechanism, portlandite Ca(OH)2 phase of concrete was exposed to 

NO2. Figure 4.8 shows the IR spectra of the sample after exposure to NO2 for over 24hrs. The 

peaks at 1650 and 1340 cm-1 are indicative of formation of calcium nitrate phase, consistent with 

standard spectra for calcium nitrate (NIST Chemistry Web book). 
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Figure 4.8: FTIR spectra of Portlandite powder after NO2 adsorption showing nitrate peaks, Inset shows 

the reference spectra for Calcium Nitrate. 
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4.6 Fixed Bed Breakthrough Curves 

The NO2 removal efficiency in a packed bed reactor configuration using crushed concrete 

was tested. Both fresh and old concrete samples were crushed and passed through a set of 

standard sieves with the 30 mesh (0.5 mm square opening) and 60 mesh (0.25 mm square 

opening) fractions being selected for experiments. SEM images of all 4 samples showed similar 

microstructure (Figure 4.9). 

 

Figure 4.9: SEM images of concrete: I & II show fresh concrete and III & IV show old concrete 

Figure 4.10 shows NO2 uptake on fresh and old concrete (12 years) sample. As expected 

from the reaction mechanism and greater basicity of the fresh sample surface, fresh sample had 
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much higher NO2 removal capacity as compared to that of the old concrete sample. There are 

also some other notable trends. As expected, the breakthrough for the old concrete samples 

occurred faster; however, the samples still maintained nominal absorptive capacity. Although the 

fresh sample had more capacity to adsorb NO2 in a short run, however, in a long run the slow 

uptake trend was almost the same as that for old sample. 

 

Figure 4.10: Fixed bed reactor data: Graphs I & II show breakthrough curves of fresh concrete and old 

concrete pellets for (a) 0.25mm (b) 0.5mm sizes. Graphs III & IV compare the two concrete samples 
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against the same particle size with Graph III comparing fresh (a) and old (b) concrete samples of 0.25mm 

particle size and Graph IV comparing 0.5mm particle size. 

These results are the similar to those seen in the concrete slab experiments described 

earlier where the NO2 uptake by old concrete sample was still notable. A mechanistic 

explanation of these results might be related to Ca(OH)2 content in the old concrete which is 

reduced over time due to formation of CaCO3 as a result of reaction with CO2. It is feasible that 

reaction of NO2 with Ca(OH)2 will lead to formation of Ca(NO3)2 and Ca(NO2)2, as noted in the 

DRIFTS results. In order to understand the surface and pore size effects on adsorption, BET 

surface area and average pore size analysis (Quantachrome NOVA 2200e) was performed and 

results are shown in Table 4.1. Before discussing the data, it is important to note the limitation of 

this analysis as the old concrete was obtained from industrial sources whereas fresh concrete was 

prepared in our lab, which might lead to some differences in chemical composition of the 

samples. Although XRD analysis (Figure 4.11) shows that the bulk composition of two samples 

is not significantly different, the surface composition might still be quite dissimilar. XRD spectra 

also shows that there is no portlandite phase visible at 18⁰ in the 12 year old concrete, which 

could be due to the conversion of the Ca(OH)2 to CaCO3. Nevertheless, the analysis of BET data 

described below still can be instructive. It shows that although the surface areas of two samples 

are not dramatically different, with 12 year old concrete sample having a slightly higher surface 

area, the biggest difference is observed in average pore size. A smaller pore size for old concrete 

might account for diffusion limitations for NO2 to reach the inner pores and thus resulting in 

rather slow uptake for the entire course of the experiment. 
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Figure 4.11: XRD comparison of fresh and aged concrete with (a) 3 month old concrete, (b) 8month old 

concrete, and (c) 12 year old concrete. 

The higher concentration and surface availability of Ca(OH)2 in fresh concrete may be 

the reason for the high initial uptake observed in the experiments. This trend is observed in both 

the slab and the fixed bed experiments for fresh concrete. It is also known that the portlandite 

phase in concrete is slowly converted to CaCO3 over the years due to carbonatation, leading to 

smaller NO2 uptake. However, with the slight increase in the porosity which was believed to be 

due to the process of conversion of calcium hydroxide to calcium carbonate (Table 4.1) allows 

for more reaction sites available for NO2 uptake inside the concrete matrix, explaining the 
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relatively steady adsorption in the later stages of the experiments as seen in the slab and the fixed 

bed experiments for old concrete. The porosity as a function of concrete age in early stage drying 

of concrete has been studied [104, 105], however the trends in long term porosity changes of 

individual phases still need further investigation. In fresh concrete once the surface sites are 

saturated the diffusion limitations into the bulk of the sample where adsorption sites are still 

available will be governing the uptake. 

# Sample Surface Area 

(m2/g) 

Pore Size (A) Adsorbed Mass 

of NO2 (g) 

1 Fresh Concrete 0.50mm particle size 5.97 25.175 0.198 

2 Fresh Concrete 0.25mm particle size 5.581 15.75 0.202 

3 Old Concrete 0.50mm particle size 6.4 16.61 0.091 

4 Old Concrete 0.25mm Particle size 7.22 16.638 0.105 

5 Portlandite 0.25mm particle size 7.2 15.7 - 

6 Portlandite Powder 32 - - 

Table 4.1: BET Surface area and Pore size 

Further, the total adsorbed NO2 for each of the concrete samples is listed in the Table 4.1. 

The values were calculated up to the breakthrough point for each of the curves given in Figure 

4.10. The breakthrough point occurs when the concentration detected at the outlet of the capillary 

tube filled with the concrete sample was half of the initial concentration of the NO2 supplied. 

The breakthrough curve is represented by the following equation, where Cf is the final NO2 

concentration at the end of the experiment, C0 is the NO2 concentration at the start of the 

experiment and r is the initial adsorption rate. 
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This data together with the breakthrough curves further supports the earlier observations 

regarding the adsorptive capacity of fresh concrete vs old concrete. From the data we can see that 

the total adsorbed amount of NO2 for old concrete is almost half that of fresh concrete which is 

similar to the concrete slab experiments showing a 40% drop in the NO2 adsorption.  

Given the hypothesis that Ca(OH)2 is a possible reason for substantial difference in NO2 

uptake, portlandite Ca(OH)2 was also tested as a possible active phase of the sample. The packed 

bed results for portlandite are as shown in Figure 4.12. Both the powder and pellet forms of 

portlandite showed excellent removal of NO2. The adsorption capacity of these samples was 

higher than that of fresh concrete, which is expected given that only fraction of fresh concrete 

derived from Portland cement, is portlandite. The powder sample demonstrated 1005 NO2 for 

around 2.5 hours before saturation concentration was reached. On the other hand the pellet 

sample showed significantly lower uptake and faster deactivation. However, in contrast to 

powder sample, the pellet sample did not reach the full saturation for over 12 hrs. One possibility 

in the observed differences might be related to surface areas of the sample as both samples had 

the same chemical composition. 

Ct =
Cf ∗ C0 ∗ 𝑒rt

𝐶𝑓 + 𝐶0(𝑒𝑟𝑡 − 1)
  4.3 
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Figure 4.12: NO2 breakthrough curves for a) Portlandite Powder b) Portlandite pellets (60 mesh) 

The surface area of both samples was analyzed using a BET analysis. The surface area of 

the powder sample accessible to N2 was found to be 4 times higher than that of the pellet sample, 

which might account for a higher removal capacity of powder sample at the beginning of the 

experiment. However, a longer saturation period for the pellet sample might be due to either 

diffusion limitations for NO2 to access active sites in the inner part of the pellets, or due to slow 

breakdown of the pellets due to their exposure to moisture. The data from the earlier DRIFTs 

experiment together with the above analysis confirms that peaks at 3442, 1650, 1340 and 

1080cm-1 albeit being slightly blue-shifted can be attributed to nitrate species produced due to 

NO2 reaction with portlandite. 
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4.7 Summary 

Here experiments were conducted to understand the feasibility of using concrete as an 

adsorbent for NO2 removal. A number of concrete specimen aged for different times were tested 

and subjected to NO2 gas in different experimental conditions. The data from these experiments 

show that fresh concrete is an excellent adsorbent of NO2 in the given experimental conditions. 

However, it was also observed that old concrete (12 years aged) still retains a significant portion 

of its adsorptive capacity removing a sizeable amount of NO2 from the flow stream. The FTIR 

analysis of the samples point towards the formation of nitrate and nitrite species on the surface of 

the exposed concrete. This suggests the possibility of a chemical reaction occurring between the 

pollutant gas and the hydrated surface. 
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SOX Adsorption by Crushed Concrete 
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5.1 Introduction 

In the previous chapter the adsorption of NO2 by crushed concrete was discussed. It is 

well known that NOX and SOX are commonly observed together in realistic conditions such as 

flue gas emissions, power plant discharge, etc. [106, 107]. To understand how SOX adsorption on 

concrete occurs in the presence of both gases, we need to first know how each of them interact 

individually. While there have been studies in the combined adsorption of NOX and SOX on Ca 

based sorbents, these results from these studies have been mostly inconclusive [108-111]. Some 

researchers have reported that the presence of NO2 in the flue gas could improve the SO2 

removal capacity of Ca-based sorbents. On the other hand, the effect of SO2 on NO2 removal was 

also studied by some researchers. It was found that slightly higher NOX removal occurred in both 

spray drier and baghouse system with the increase of SO2 concentration [112]. Further, it was 

also pointed out that the presence of SO2 in the flue gas could enhance NO2 removal by Ca-based 

absorbent at the bag-filter conditions [113]. Lastly, many of the reported experimental data was 

done under dry or semi dry conditions, and there has been very little research conducted under 

humid ambient temperature conditions. Thus to gain better insight of SO2 removal by concrete 

this subject was investigated further. 

In this chapter interactions of SO2 with concrete using experimental methods like 

DRIFTs, and XANES was studied. The prepared samples were also characterized using XRD to 

understand the initial conditions of the concrete sample. Different concrete samples were 

prepared to study the effects of concrete composition, including proportion of such on 

components as cement, water, fine and coarse aggregates; on SO2 adsorption. In order to 
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understand the effect of each component in concrete the samples prepared for these experiments 

consisted of a) cement and water (C+W) b) cement, water and fine aggregates (C+W+F) and c) 

cement, water, fine aggregates and coarse aggregates (C+W+F+Cr).  

5.2 XRD Analysis  

X-Ray Diffraction analysis of the cement constituents as well as 3 cement samples of 

different composition was conducted in order to evaluate phases formed during hydration and 

subsequent hardening. The dried samples from the surface layers were ground by micro mill 

grinder (Scienceware Ltd) to a fine powder (< 63 μm. The powder was packed into a sample 

holder for examination in a Philips 1710 X-ray diffractometer using monochromatic CuKα 

radiation operating at a voltage of 50 kV and current of 30 mA. A scanning speed of 2°2θ/min 

and a step size of 0.01° were used to examine the samples in the range of 5–80°2θ.  

The Figure 5.1a showing XRD patterns of cement clinker demonstrates that it is 

comprised of four major phases: alite, belite, aluminate and ferrite. Cement also contains minor 

contributions of gypsum and few other calcium sulfates. Once the cement is hydrated, it forms 

the C-S-H gel constituting up to 50 to 60% of the overall volume of concrete sample.  
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Figure 5.1: XRD spectra of Cement and 3 concrete samples showing different phases.The spectra 

correspond to the samples as follows (a) cement, (b) C+W, (c) C+W+F and (d) C+W+F+Cr; where C is 

cement, W is water, F is fine aggregate and Cr is coarse aggregate. 
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However, the C-S-H phase is very difficult to measure directly due to its amorphous 

nature and its indeterminate composition. The identification of cement phases present in concrete 

has additional challenges given poorly crystalline nature of calcium silicate hydrates, which 

manifest in weak diffraction peaks. These peaks also tend to suffer from interference from very 

pronounced diffraction peaks originating from such constituents as calcium hydroxide (or from 

contributions from other minerals).  

As only cement and water were used to prepare the first sample show in Figure 5.1 b, we 

observe that it mainly constitutes of portlandite and ettringite phases. With further addition of 

fine aggregates, primarily sand, to the C+W+F and C+W+F+Cr samples we notice the strong 

diffraction peak at around 27° signifying the quartz phase (Figure 5.1c, d). Many of the other 

features in these two spectra are unfortunately overwhelmed by quartz phase contribution, 

resulting in loss of valuable information. Finally, in the Figure 5.1 d though most phases have 

been identified there are a few undefined phases which could be attributed to the coarse 

aggregates present in this sample. These coarse aggregates have an extremely heterogeneous 

chemistry comprising of a number of minerals and are difficult to accurately identify. 

5.3 DRIFTs reactor experiments  

The SOX uptake of the prepared concrete samples was tested in the DRIFTs 

environmental chamber. As mentioned earlier, the DRIFTs cell is capable of monitoring surface 

mediated adsorption/reactions with a time resolution down to 0.5 sec. The detector utilized for 

these experiments was liquid nitrogen cooled mercury-cadmium-telluride (MCT) detector. The 
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temperature inside the cell was measured by thermocouple (Thermo Scientific temperature 

controller) and was maintained at 27 ◦C. The synthetic air was humidified by passing synthetic 

air through a gas bubbler and mixing it with dry air to achieve target humidity. The ratio of 

humidified and dry air were determined based on data provided by a humidity probe (Vaisala 

HMP50 Humidity Probe) positioned downstream. Pulverized samples were loaded in the 

environmental cell and were exposed to a mixture of 20 sccm (standard cubic centimeter per 

minute) of SO2 and 20 sccm of humidified synthetic air for 8 hours, with relative humidity 

maintained at 50%. The measured SO2 concentration inside the cell was ~5 ppm. 

 

Figure 5.2: IR spectra C+W sample before (black) and after (red) exposure to SO2 for 8 hours 
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Figure 5.2 shows the DRIFTs spectra of the C+W (cement + water) samples before and 

after exposure to SOX for 8 hours. The initial and the final spectra are compared so as to 

determine the change of surface composition due to SO2 uptake on the concrete sample in the 

presence of moisture. IR peaks at 1513, 1425, 1350, 1285, 1150, and 975 cm-1 were affected by 

SOX exposure, with intensity of the peaks increasing over time. The prominent peak detected at 

1170 cm-1 in the final spectra shows the highest change in its intensity as compared to other 

peaks. According to several studies [114, 115], this band could be assigned to the SO4
-2 (sulfate) 

species. A comparison with the NIST database for calcium sulfate spectra shows the presence of 

a double peak in this region. Further, the minor peak at 975 cm-1 can be ascribed to the SO3
-2 

(sulfite) species. This is confirmed by both literature data [114, 115] and NIST spectra for 

calcium sulfite, which is believed to be the product of SO2 reacting with the portlandite 

component in concrete. Another interesting observation is the evolution of the double peak 1500 

cm-1. The peak sharpens and intensifies after SO2 exposure. While it resembles the characteristic 

peak attributed to sulfite species, albeit slightly blue shifted, unambiguous assignment of this 

peak to these species is probably premature. Lastly the broad band at 1400-1200 cm-1 as seen in 

Figure 5.2 resolve into two distinct peaks after exposure to SO2 at 1350 and 1285 cm-1. 
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Figure 5.3: IR spectra C+W+F sample before (black) and after (red) exposure to SO2 for 8 hours   

Figure 5.3 represents the IR spectra of the C+W+F (Cement + Water + Fine Aggregate) 

sample. It is evident that these spectra are more complex that the previous sample. However, 

many of the characteristic peaks seen earlier are observed here as well. As discussed previously, 

the peaks at 1165 and 975 cm-1 showing marked changes in intensity can be assigned to sulfate 

and sulfite species respectively. Moreover, similarly to Figure 5.2, 1500 cm-1 is present as well. 

Both the intensity and the blue shift seem to again suggest the presence of sulfite species. 

Finally, three minor peaks at 1875, 1790 and 1600 can correlated to addition of fine aggregates 

and to either formation of intermediate phases or the adsorption of water (O-H bending). 
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Figure 5.4: IR spectra C+W+F+Cr sample before (black) and after (red) exposure to SO2 for 8 hours   

Figure 5.4 shows the IR spectra of the C+W+F+Cr sample analyzed using the DRIFTs 

cell. This sample shows similar features as described in the prior section. Peaks at 1160 and 975 

cm-1 along the broad band at 1500 cm-1 are all present. The increase in the intensity of the sulfite 

peak at 975 cm -1, however, seems to have smaller intensity than that shown in Figure 5.2 and 

5.3. The two peaks amid 1400-1200 cm-1 are also visible although both of them seem to be 

present even before exposure to SO2. This could suggest that the increase in peak intensity might 

be more due to bonded water molecules rather than to SO2 adsorption and subsequent reaction.  

Ca(OH)2  +  SO2 →  CaSO3 ∙
1

2
H2O +

1

2
H2O  5.1 
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 Ca(OH)2  + SO2  +
1
2

O2 →  CaSO4 ∙  
1
2

H2O + 
1
2

H2O 5.2 

In general, all samples contained peaks at 1160 and 975 cm-1, which can be assigned to 

sulfate and sulfite groups. The equations 5.1 and 5.2 as shown above represent the possible 

reaction mechanisms for the formation of sulfate and sulfite groups. There are also differences 

between the samples, such as in the peak at 1600 cm-1 range, where the possible bonded water 

peaks are observed (hydroxyl groups) for both C+W+F and C+W+F+Cr. In addition, there are 

two undefined peaks at 1875 and 1790 cm-1, which can be attributed to fine aggregates or 

unknown phases present in the concrete samples as these were only seen in the C+W+F and 

C+W+F+Cr samples. In contrast, the C+W sample seems to have a strong negative peak in this 

region. Lastly, the observed peak at 1500 cm-1 was not unidentified and not attributed to the 

surface species it represents. 

5.4 Time Resolved DRIFTs spectra  

Figure 5.5 shows the time resolved DRIFTs spectra of the concrete samples exposed to 

SOX. A gradual increase in the sulfate (SO4
-2) peaks was observed and shown in Figure 5.3 (a), 

(b) and (c). From the Figure 5.3 it appears that the C+W+F and C+W+F+Cr samples show 

stronger intensity of sulfate peaks than that for the C+W sample. However, the peak at 1500 cm-1 

in the C+W samples has contributions from other peaks, resulting in underestimation of SOx 

adsorbance on the C+W sample. Lastly, a more prominent presence of sulfite peaks at 965 and 

920 cm-1 in the C+W and C+W+F samples (Figure 5.3 a & b) was seen. 
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Figure 5.5: Time resolved IR spectra of concrete after 8 Hrs. of SO2 exposure showing sulfate and sulfite 

peaks between 1625 and 1690 cm-1and ~1150 cm-1. (A) C+W (B) C+W+F and (C) C+W+F+ Cr 
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5.5 XANES experiments  

Chemical form and electronic structure of various systems can be determined using the 

X-ray absorption near edge spectroscopy (XANES). Different materials including asphalt have 

been analyzed using XANES to study the sulfur speciation [116-119] in these systems. The 

technique has been recognized as an effective method for characterizing the local environment of 

sulfur. However, construction materials have not been ordinarily analyzed using the XANES 

technique owing to their heterogeneous nature [120-122].  

Here, the adsorption of SOX on different concrete samples and its subsequent surface 

reactions are studied. To corroborate the DRIFTs results of the formation of sulfur species on the 

surface and to detect changes in the local environment, spatially resolved XANES is utilized. 

Further, these spectra are compared to the XANES spectrum of unexposed cement and water 

mixture.  

The sulfur K-edge XANES were recorded in the X15B beamline at the National 

Synchrotron Light Source (NSLS) of Brookhaven National Laboratory. X15B was equipped with 

a Si(111) monochromator, with an energy resolution of 0.2 eV at the sulfur K-edge. The XANES 

spectra were acquired in fluorescence mode and the sulfur K-edge fluorescence was isolated 

from the detector spectrum. The entire sample environment was purged at 1 atm with helium gas. 

The spectra for both unexposed cement and SOX exposed concrete samples were collected by 

scanning incident energy from 2450 to 2526 eV, with a step size of 0.2 eV and an exposing time 

of 0.1 s for each step. X-ray fluorescence microscopy method was applied for observing 

heterogeneous sulfur distribution and selecting several spot positions for XANES measurement. 
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Ten measurements on an identical position were repeated to achieve one averaged XANES 

spectrum. 

 

Figure 5.6: XANES spectra of the reference cement and the SO2 exposed concrete samples 

The XANES technique has been widely used to characterize sulfur species because it is 

nondestructive and very sensitive to the electronic structure that allows it to reveal oxidation 

state and local symmetry of absorbing site [117, 118, 123]. Figure 5.6 shows the K-edge XANES 

spectra for the reference concrete and samples exposed to SO2 for 8 hrs. The XANES spectra for 

the concrete samples is dominated by a signal arising from sulfate-type moieties near 2482 eV 
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[124, 125]. This is present in all of the analyzed samples indicating the presence of inherent SO4
-

2 species in the concrete itself. Further, there is no change in the position of this absorption edge 

indicating that the oxidation state of elemental sulfur has not changed. However, the increase in 

the peak intensity on the exposed samples can be interpreted as evidence of formation of surface 

SO4
-2 due to SO2 adsorption. The appearance of the peak at 2478 eV in the exposed samples can 

be attributed to the formation of sulfide species SO3
-2 [124]. This provides additional support to 

the observations made earlier in the DRIFTs section.  

5.6 Summary  

The SO2 adsorption on concrete was studied to understand the formation of different 

sulfur species on the concrete surface. Concrete samples were prepared with different 

components (cement and water with additions of fine and coarse aggregates respective) to 

understand the effect of each constituent during adsorption of SO2. These samples were exposed 

to SO2 for 8 hours and then examined using various analytical instruments. The data from these 

experiments shows that SO2 adsorbs on the concrete surface and forms sulfate and sulfide 

species. This is confirmed by both DRIFTs and XANES spectra.  
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Introduction to Membranes Filtration 
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6.1 Membranes for Water Filtration 

Membranes emerged as a viable means of water purification in the 1960s with the 

development of high performance synthetic membranes [126]. Implementation of membranes for 

water treatment has progressed using more advanced membranes made from new materials and 

employed in various configurations. An increasing scarcity in fresh water sources fueled a push 

towards alternative resources such as ocean water. In the 1970s, exploration began into using 

membranes for water desalination [127]. Proving successful at producing purified water from 

salt water, membranes became a viable alternative to evaporation-based technologies in the 

water treatment market. Over the years, purified water standards have become more stringent, 

and a plethora of new applications have appeared [128]. However, new advancements in 

membrane technology in the last decade has seen improvements in performance, efficiency and 

cost and membranes continue to be one of the leading approaches in the filtration segment [129]. 

Widely recognized as the technology of choice for superior water and wastewater 

treatment, membranes provide a physical barrier that effectively removes solids, viruses, bacteria 

and other unwanted molecules. Different types of membranes are used for softening, 

disinfection, organic removal, and desalination of water and wastewater and these can be 

installed in compact, automated, modular units. Membrane filtration units can also be installed in 

relatively small facilities and can be fully automated to significantly reduce the required amount 

of operator attention. Recent advances in technology have significantly reduced the cost of 

membrane‐based systems [130]. With advances in membrane technology, installation costs have 

decreased over the previous years as membrane systems don’t require large buildings or as much 
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land as conventional systems. Operating costs have also decreased as modern membranes have 

higher water output and remove more impurities while using less energy [131]. In the United 

States, regulations such as the Safe Drinking Water Act and the Long Term 2 Enhanced Surface 

Water Treatment Rule have had a significant impact on municipal water treatment. This, in 

addition to increasingly stringent wastewater discharge regulations, has promoted dramatic 

growth in the implementation of membrane technology. 

Filtration in general can be defined as the separation of two or more components from a 

fluid stream based primarily on size differences as shown in Figure 6.1. The fluid stream here 

can either be liquid or gas phase and the other components could be any combination of the three 

phase. Further, the separation of dissolved solutes in liquid streams and separation of gas 

mixtures is also achieved by membrane filtration. In this thesis, filtration explicitly refers to the 

separation of solid immiscible particles from liquid streams. 

 

Figure 6.1: Overview of membrane separation process  (Koros et al, 1996) 
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The primary role of a membrane is to act as a selective barrier. It should permit passage 

of certain components while retaining the remaining components of a mixture. By implication, 

either the permeating stream or the retained phase should be enriched in one or more 

components. In its broadest sense a membrane could be defined as "a region of discontinuity 

interposed between two phases", or as a "phase that acts as a barrier to prevent mass movement 

but allows restricted and/or regulated passage of one or more species through it" [132]. 

According to these definitions, a membrane can be gaseous, liquid, or solid or combinations of 

these. Membranes can be further classified by (a) nature of the membrane: natural versus 

synthetic; (b) structure of the membrane: porous versus nonporous, (c) application of the 

membrane: gaseous phase separations, gas-liquid, liquid-liquid, etc.; (d) mechanism of 

membrane action: adsorptive versus diffusive, ion-exchange, osmotic, or nonselective (inert) 

membranes. 

Membranes can also physically or chemically modify the permeating species (as with 

ion-exchange or biofunctional membranes), conduct electric current, prevent permeation (e.g., in 

packaging or coating applications), or regulate the rate of permeation (as in controlled release 

technology). Thus, membranes may be either passive or reactive, depending on the membrane's 

ability to alter the chemical nature of the permeating species [133]. Ionogenic groups and pores 

in the membrane confer properties such as permselectivity and semipermeability. 

In terms of versatility for separations, centrifugation is perhaps the only method to match 

membrane technology. However, an absolute requirement for centrifugal processes is the 

existence of a suitable density difference between the two phases that are to be separated, in 

addition to the two phases being immiscible. Membrane separation processes have no such 
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requirement. Furthermore, as membrane processes can separate from the molecular level all the 

way up to the macro scale level where particles can be seen, they are able meet a large number of 

filtration needs across various applications and industries. Another advantage of membrane 

processes is that they generally do not require a change in phase of permeating species to achieve 

separation (except for pervaporation). Thus the requirements for energy are generally very low. 

These power requirements only increase if there is a need to increase the feed pressure in order 

to drive the permeating component(s) across the membrane. Membrane separations, in theory, 

are very straightforward to implement. There are no moving parts (except for pumps or 

compressors), no complex control schemes, and little ancillary equipment compared to many 

other processes. As such, they can offer a simple, easy-to-operate, low maintenance process 

option as compared to other alternatives. 

There are, however, some limitations to membrane processes. Membranes cannot remove 

water from solutes and are generally limited in their upper solids limit, i.e. very high particle 

concentration [134]. Older generation of membranes were plagued with problems such as 

fouling, difficulty in cleaning, limited operating conditions have actually been overcome through 

the development of superior membrane materials and improved module design. In this thesis, 

membranes and membrane processes discussed are strictly restricted to separation of immiscible 

solids from water. 
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Figure 6.2: Filtration spectrum - Particle size chart for filtration applications  (Water Processing, 3rd ed.) 

Amongst all membrane applications, water treatment has become one of the most leading 

applications of membranes and membrane processes [135]. These treatment processes employ 

several types of membranes, depending on the material, configuration, application and size 

selectivity of the contaminant [136]. The most basic way to differentiate membranes process is 

according to the contaminant size selectivity of the membrane. As shown in Figure 6.2 these can 

be broadly described as microfiltration (MF), ultrafiltration (UF), reverse osmosis (RO), and 

nanofiltration (NF) membranes. Membranes with pore sizes in the micron range are called MF 

membranes. These have the largest pore size and typically reject large particles and various 

microorganisms. The pore size of UF membranes being smaller than the MF membranes, allows 
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them to additionally filter out bacteria and protein molecules along with large particles and 

microorganisms. RO membranes are generally considered non porous and tend to reject 

everything from particulate matter all the way down to low molar mass salt ions and organics. 

The relatively new segment of membrane processes is called NF membranes, as their operating 

range is between UF and RO membranes. These NF membranes are nano-porous with average 

pore size in the order of tens of angstroms. These processes are further elaborated and expanded 

upon in the next section. 

6.2 Types of Membrane Processes  

 

Figure 6.3: Schematic representation of microfiltration  (Source: Membrane Technology and Research) 

The Micro-Filtration (MF) process involves passing source fluids through a microporous 

membrane filter which removes particulate or biological matter in the range of 0.025 µm to 

10.0µm (Figure 6.3). While depth filters or non-membrane type filters can be used to remove 

micron size particles, quantitative removal of contaminants requires the use of membranes with 

precisely defined pore size. MF membranes can be used for both pre-filtration or for final 

filtration stages in a filtration process plant depending on the requirement and the application. A 
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depth filter is usually employed in applications where a requirement for quantitative retention is 

not present or as a pre-filter to extend the life of a downstream filter. However, MF membranes 

can be used in conjunction with depth filters in filtration processes where they complement each 

other. 

MF membranes are also used as analytical tools to validate the integrity and measure the 

efficiency of the system. For example, the bacteria captured on the surface of the membrane after 

clarification or sterilization process can be used for subsequent culture and analysis. MF 

membranes can also be used to remove undamaged cells from lysate during sample preparation. 

The pore size cut offs for MF membranes are typically in the range of 0.05µm to 1.0µm. 

 

Figure 6.4: Schematic representation of ultrafiltration  (Membrane Technology and Research) 

Ultra-Filtration (UF) is a filtration process with membranes having pore sizes in the range 

of 0.1 to 0.001 micron. Typically, UF membranes will remove high molecular-weight 

substances, colloidal materials, and organic and inorganic polymeric molecules (Figure 6.4). 

Low molecular-weight organics and ions such as sodium, calcium, magnesium chloride, and 

sulfate are not removed by UF Membranes. Because only high-molecular weight species are 

removed, the osmotic pressure differential across the UF Membrane surface is negligible. Low 

applied pressures are therefore sufficient to achieve high flux rates from an UF membrane. The 
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primary basis for separation is molecular size, although in all filtration applications, the 

permeability of a filter medium can be affected by the chemical, molecular or electrostatic 

properties of the sample. UF can only separate molecules which differ by at least an order of 

magnitude in size. Molecules of similar size cannot be separated by ultrafiltration. Particulates 

ranging in size from 1kDa to 1000kDa molecular weight (MW) [132] are retained by certain UF 

membranes, while salts and water will pass through. Colloidal and particulate matter can also be 

retained. UF membranes can be used both to purify material passing through the filter and also to 

collect material retained by the filter. Materials significantly smaller than the pore size rating 

pass through the filter and can be depyrogenated, clarified and separated from high molecular 

weight contaminants. Materials larger than the pore size rating are retained by the filter and can 

be concentrated or separated from low molecular weight contaminants. UF membrane is 

typically used to separate proteins from buffer components for buffer exchange, desalting, or 

concentration. UF membranes are also ideal for removal or exchange of sugars, non-aqueous 

solvents, the separation of free from protein bound ligands, the removal of materials of low 

molecular weight, or the rapid change of ionic and/or pH environment. Depending on the protein 

to be retained, the most frequently used membranes have a nominal molecular weight limit 

(NMWL) of 3 kDa to 100 kDa. UF is more efficient because it can simultaneously concentrate 

and desalinate solutes. It does not require a phase change, which often denatures labile species, 

and UF can be performed either at room temperature or in at lower temperatures. 
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Figure 6.5: Schematic representation of reverse osmosis  (Membrane Technology and Research) 

The Reverse Osmosis (RO) process separates salts and small molecules from low 

molecular weight solutes (typically less than 100 daltons) at relatively high pressures using 

membranes with NMWLs of 1 kDa or lower (Figure 6.5). These membranes are generally rated 

by their retention of sodium chloride, while UF membranes are characterized according to the 

molecular weight of retained solutes. For example, Millipore water purification systems employ 

both RO membranes as well as UF membranes. RO systems are primarily used to purify tap 

water to purities that exceed distilled water 2 quality [137]. When there are two fluids having 

varying concentrations of dissolved solids coming into contact with each other, they will mix 

until equilibrium is attained and the concentration is uniform. When these two fluids are 

separated by a semi permeable membrane (which lets the fluid flow through, while dissolved 

solids stay behind), a fluid containing a lower concentration will move through the membrane 

into the fluids containing a higher concentration of dissolved solids. 

After a while, the water level will be higher on one side of the membrane. The difference 

in height is called the osmotic pressure. By applying pressure which exceeds the osmotic 

pressure upon the fluid column, there will be a reversed effect. The fluid is pressed back through 

the membrane, while dissolved solids stay behind in the column. Using this technique, a larger 

part the salt content in the water can be removed. 
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This technique is mainly used for drinking water preparation. Other applications include 

the production of ultrapure water and boiler feed water. RO is also widely used in the food and 

beverage sector (concentration of fruit juice, sugar and coffee), in the galvanic industry 

(concentration of wastewater) and in the dairy industry (concentration of milk for cheese 

production). 

 

Figure 6.6: Schematic representation of nanofiltration  (Source: Membrane Technology and Research) 

Nano-Filtration (NF) process is a fairly new membrane filtration process. It is most often 

used low total dissolved solids water such as surface water and fresh groundwater (Figure 6.6). 

The main purpose of this is to soften the water and remove disinfection byproducts precursors 

such as natural organic matter and synthetic organic matter [138]. It is also gaining popularity in 

the food and beverage processing for applications like concurrent concentration and partial 

demineralization, especially in the dairy industry. NF is a membrane filtration-based method that 

uses nanometer sized cylindrical through-pores that pass through the membrane at 90°. NF 

membranes have pore sizes from 1-10 nanometers, smaller than that used in MF and UF, but just 

larger than that in RO. Membranes used are predominantly created from polymer thin films. 

Materials that are commonly used include polyethylene terephthalate or metals such as 

aluminum [139]. Pore dimensions are controlled by pH, temperature and time during 

development with pore densities ranging from 1 to 106 pores per cm2. Membranes made from 
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polyethylene terephthalate and other similar materials, are referred to as “track-etch” 

membranes, named after the way the pores on the membranes are made[140]. “Tracking” 

involves bombarding the polymer thin film with high energy particles. This results in making 

tracks that are chemically developed into the membrane, or “etched” into the membrane, which 

are the pores. Membranes created from metal such as alumina membranes, are made by 

electrochemically growing a thin layer of aluminum oxide from aluminum metal in an acidic 

medium. 

6.3 Membrane Classification 

As mentioned earlier, there are many ways to classify membranes. Presented below are 

additional criteria for membrane classifications. 

6.3.1 According to membrane material 

Polymeric Membranes 

Polymeric membranes are the current market leaders in the membrane separation industry 

as they are extremely competitive in performance and economics [141]. A large number of 

polymers are available to make filtration membranes, however the choice of membrane polymer 

is not a trivial job. A polymer has to have relevant traits for the intended application [142] The 

polymer sometimes has to present a low binding affinity for separated molecules (as in the case 

of biotechnology applications), and has to withstand the severe cleaning conditions. It has to be 

compatible with selected membrane fabrication method [143]. The polymer has to have 
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appropriate properties to its chains rigidity, chain interactions, stereo-regularity, and polarity of 

its functional groups. The polymers can form amorphous and semi-crystalline structures (can 

also have varying glass transition temperatures), influencing the membrane performance 

characteristics. The polymer has to be available and cost effective to satisfy the low cost criteria 

of membrane separation process. Many membrane polymers are grafted, custom-modified, or 

fabricated as copolymers to improve their properties [142]. The most typical polymers in 

membrane synthesis are cellulose acetate, Nitrocellulose, and cellulose esters (CA, CN, and CE), 

polysulfone (PS), polyether sulfone(PES), polyacrilonitrile (PAN), polyamide, polyimide, 

polyethylene and polypropylene (PE and PP), polytetrafluoroethylene (PTFE), polyvinylidene 

fluoride (PVDF), polyvinylchloride (PVC). 

Ceramic Membranes 

Ceramic membranes today are produced using materials ranging from alumina to zirconia 

such that spectrum spans from A to Z in terms of materials. The most typical membranes are 

made of Al, Si, Ti or Zr oxides, with Ti and Zr being more stable than Al or Si oxides [144]. In a 

few uncommon cases, Sn or Hf are used as base elements. It should be noted that each oxide has 

a different surface charge in solution. Further different membranes can be composed of mixed 

oxides of two of the earlier mentioned elements, or are prepared by some added compounds 

present in smaller concentration. 



 

91 

6.3.2 According to membrane configuration 

There are four basic membrane configurations i.e. tubular, spiral, hollow fiber, and flat sheet 

illustrated below in Figure 6.7. They differ both in packaging and in the type of material used. 

Each of these configuration has its own advantages and is used to address a range of physical 

characteristics according to the process fluids. 

 

Figure 6.7: Different types of membrane configurations available today. Clockwise from top left (Tubular 

membranes, Spiral wound membranes, Plate and frame membranes, and Hollow Fiber membranes) 

(Koch Membrane Systems, Pall Corp.) 

Spiral Wound 

Spirals were not an early entry in UF or MF, they were invented in the early days of RO 

[147] and found unsuitable for general UF. The unsatisfactory features were gradually designed 

out of the spiral, while the attractive attributes; compactness, ease and economy of manufacture 
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and ease of replacement; were maintained. The truly successful UF spiral required over a decade 

of constant improvement. Success inspires imitation, and there are now a number of 

manufacturers of spiral membranes offering a wide variety of membrane types, resulting in a 

competitive market for replacements and a decline in user's costs. For almost any new 

application, the spiral design must be inadequate in order for another design to prevail. 

Hollow Fiber/Capillary 

Capillary devices, designed so that the process fluid flows inside the hollow fiber with 

the permeate flowing through the wall into a module housing are ideal for process applications, 

but difficulties in the manufacture of modules plagued them for years. Their primary market 

niche today for these membranes is in preparation of ultrapure water using UF, where the open 

path for permeate is an advantage. Capillaries are used in many other applications. In addition to 

the large volume capillary modules, there are two special variants. One, sold by Memtec 

(Australia), feeds the process stream on the shell side of the module with permeate exiting in the 

hollow fiber. This turns general design logic on its head, but it succeeds because of the 

innovation of pushing off the boundary layer accumulation of solids every few minutes with a 

blast of air pushed backwards through the membrane. The other variant (Mitsubishi Rayon 

Engg.) lets the fibers flop in the process stream because only the two ends are potted leaving 

numerous hairpin shaped membranes free to move in the fluid as it passes by. 

Plate and Frame 
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Plate and frame devices are used in several applications. For most equipment, almost any 

fiat sheet stock may be fit into a plate and frame device, which can have a favorable influence on 

the economics of membrane replacement. 

Tubular/Cartridges 

For the applications where dead-end flow is appropriate, pleated cartridges are the usual 

answer though a strong movement towards compact and energy-efficient design is becoming 

apparent. Economics dictate that membrane equipment be compact to reduce the "footprint" on 

expensive industrial floor space, and improvements in design and membrane reliability make that 

possible. 

6.3.3 According to filtration setup 

Dead-end Filtration  

The most basic form of filtration is dead-end filtration. The complete feed flow is forced 

through the membrane and the filtered matter is accumulated on the surface of the membrane 

(Figure 6.8 a). The dead-end filtration is a batch process, as accumulated matter on the filter 

decreases the filtration capacity, due to clogging. A next process step to remove the accumulated 

matter is required. Dead-end filtration can be a very useful technique for concentrating 

compounds.  
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Figure 6.8: Schematic of filtration processes (a) dead end vs (b) cross flow  (Ceramic Membranes for 

Separation and Reaction, Kang Li) 

Cross-flow Filtration  

With cross-flow filtration a constant turbulent flow along the membrane surface prevents 

the accumulation of matter on the membrane surface. The membranes used in this process are 

commonly tubes with a membrane layer on the inside wall of the tube (Figure 6.8 b). The feed 

flow through the membrane tube has an elevated pressure as driving force for the filtration 

process, and a high flow speed to create turbulent conditions. The process is referred to as 

"cross-flow", because the feed flow and filtration flow direction have a 90 degrees angle. Cross-

flow filtration is an excellent way to filter liquids with a high concentration of filterable matter.  

Hybrid-flow Filtration  

The hybrid flow process combines the dead-end and the cross-flow principles. As in the 

cross-flow filtration tubular membranes are with the filtration layer on the inside wall are used. 

The filtration process has two phases: the production phase and the flushing phase. During the 
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production phase, the tubes are closed on one side and a dead-end filtration is performed. During 

the flushing phase, the tube is open on both sides and the fraction that did not pass through the 

membranes is removed in order to clean the membrane surface as in cross-flow filtration. This 

filtration technique is especially suitable for treating water streams containing suspended solids 

in low concentrations i.e. polishing. 

Submerged Filtration  

With submerged membrane filtration the membranes are submerged in the liquid that has 

to be filtered. The filtration is performed from the outside to the inside of the membrane 

(filtering layer is on the outer side of the tube or plate). Sheer forces along the membrane surface 

are created by a flow of air bubbles along the surface. In some cases the airflow also results in a 

liquid flow created by the airlift principle. The driving force is a vacuum applied on the inner 

side of the membrane. 
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6.4 Traditional Methods of Ceramic Membranes 

Preparation 

 

Figure 6.9: A generalized flow sheet for preparation of ceramic membranes using various conventional 

methods (Ceramic Membranes for Separation and Reaction, Kang Li) 

Usually, ceramic membranes are prepared over several steps preparation of ceramic 

membranes involves several steps: (1) formation of particle suspensions; (2) shaping the 

membrane precursor i.e. flat sheet, tubular or monolithic and (3) sintering the shaped membrane 

precursor. A simplified diagram for preparation of symmetric and composite ceramic membranes 

is shown in Figure 6.9. The different methods listed here turn a slurry or paste into the membrane 

precursor which is then sintered to form the final membrane. The Figure 6.9 further demonstrates 

that every single traditional membrane manufacturing technique involving ceramics requires the 
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final sintering step to obtain finished membranes.  Lastly, multi-layer or composite membranes 

need be repeatedly sintered after each layer to form the final membrane.  Using the thermal spray 

technique for preparation of membranes presents a clear advantage as it does not involve the 

sintering process. Further, multi-layer membranes can be prepared concurrently without the need 

for repeated sintering.  

6.4.1 Tape Casting/Rolling 

This is one of the first methods used for large scale production of metallic membranes in 

the form of plates and sheets. The steps involved in this process are illustrated in the Figure 6.10. 

Here, ingots of the membrane precursor material are prepared by melting it at a high 

temperature. These ingots then undergo high temperature homogenization after which they are 

subjected to either hot and cold forging or pressing.   Finally, the material goes through a 

repeated sequence of alternate cold rolling and annealing till it acquires the desired thickness. 

Palladium alloy tubes with a thickness of 50 µm and an outside diameter of 0.6 mm have been 

made commercially in Russia by seamless tube drawing [148]. The control of impurities at 

various processing stages becomes extremely critical when the metal foil becomes thinner. These 

impurities greatly affect the performance of the finished membranes, 
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Figure 6.10: Tape casting process of membrane production  (Ceramic Membranes for Separation and 

Reaction, Kang Li) 

The inclusion of trace elements like (C, S, Si, Cl and O) or foreign particles or gases may 

render the membrane unusable by collection both sides of the membrane. Traces of certain 

materials (such and inclusion of foreign particles or gases may connect both sides of the 

membrane (with a thickness of 10 µm or less) and thus render it unsuitable for separation 

purposes. Aluminum foils have been made down to a thickness of 10 µm and special fabrication 

methods can be used to produce palladium (or its alloys) foils with a thickness under 1 µm [149].  

6.4.2 Vapor Deposition 

Dense membranes have been prepared using both chemical and physical vapor deposition 

(CVD and PVD) techniques.  For PVD method, the membrane material is deposited via physical 

means (i.e. thermal evaporation or sputtering) whereas for CVD process it is done by chemical 

reactions.  
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Figure 6.11: Vapor deposition process  (Ceramic Membranes for Separation and Reaction, Kang Li) 

During physical vapor deposition (also called thermal evaporation), a solid material is 

first vaporized by heating at a sufficiently high temperature followed by depositing a thin film 

onto a cooler substrate by condensation of the vapor (Figure 6.11). This process is usually 

conducted under high vacuum (approximately 10~5 torr). Conventional resistive heating of the 

metal to be deposited can be used as the evaporation energy source, but the issue of potential 

contamination of the metal with the crucible or lining materials can be serious. Other evaporation 

schemes such as electron gun, laser beam or flash evaporation do not require direct contact of the 

metal with the crucible and are also more energy efficient. Thin films of Pt, Ag, Au and Al have 

been deposited on porous supports by physical vapor deposition [150]. Due to the different 

partial pressures and evaporation rates of the metal components in an alloy melt, physical vapor 

deposition processes suffer from the shortcoming that direct deposition from solid alloys cannot 

be well controlled. Instead, dense alloy membranes may be produced by simultaneous or 
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sequential evaporation from separate sources of pure metals with the resulting compositions 

determined by the relative evaporation rates of the constituent metals. 

Another kind of physical vapor deposition technique that can handle alloy deposition in a 

more controllable fashion is sputtering. The rates of evaporation for various metals using this 

method are similar. It does not involve thermal evaporation, instead, the method entails the use 

of rapid ion bombardment with an inert gas such as argon to dislodge atoms of a selected solid 

material and then deposit them onto a nearby target substrate. Its rate of deposition is in general 

lower than those of thermal evaporation processes. For comparison, the deposition rates for the 

resistive heating and the sputtering methods are approximately > 1 µm/min and < 0.1 µm/min, 

respectively. Films of Pd and Pd-Ag alloys as thin as 30 to 60 nm have been prepared by several 

researchers according to this technique [149]. Thin dense metal membranes on porous supports 

have been widely studied in recent years to impart a high permselectivity and a relatively high 

flux at the same time. Two parameters are found to be most critical to the synthesis of gastight 

and mechanically strong composite membranes by sputter deposition: the surface roughness of 

the support and the deposition temperature [151]. Fine pore supports result in better quality 

membranes than coarse-pore supports. The optimal deposition temperature appears to be about 

400°C for coating an alumina support with thin palladium membranes (less than 500 nm thick). 

6.4.3 Extrusion 

A number of metal oxide powders can be mixed with certain organic additives to form a 

paste, called slip, for fabrication of dense ceramic membranes of a tubular or rod form by plastic 

extrusion. The slip generally has sufficient plasticity for ease of processing, or is added with 
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plasticizers such as glycerol or rubber solution in an organic solvent to be formed into various 

shapes, and yet is strong enough to maintain the physical integrity of the molded shape at its 

green state (i.e., before firing or calcining/sintering). The organic additives usually consist of 

solvents, dispersants, binders, plasticizers, viscosity modifiers, etc. The composition of the 

additives required depends on the characteristics of the ceramic powders, such as size 

distribution and morphology, and the forming conditions. 

 

Figure 6.12: Extrusion method  (Ceramic Membranes for Separation and Reaction, Kang Li) 

The plastic mass of the slip is then forced through an extrusion die at high pressure to 

produce tubes or multichannel, honeycomb structures (Figure 6.12). The extruded shapes are 

typically heat treated slowly in the lower temperature range to remove gases from the 

decomposition of the organic additives. The heating rate is then escalated to the sintering range. 

For example, [152] describes the above procedures for making ceramic membrane tubes from 

perovskite-type oxides. They prepared ceramic powders of La-Sr-Fe-Co-0 perovskites by solid-

state reaction of the constituent carbonates and nitrates. The powders are mixed and milled in 
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methanol with zirconia media for 15 hours, then dried and calcined in air at 850°C for 16 hours 

followed by further grinding. The resultant powders are then made into a slip by mixing with 

organic additives which facilitate shaping and maintaining green strength of the slip. The slip is 

extruded into tubes of an outside diameter of 6.5 mm and up to 0.3 m long at an extrusion die 

pressure of approximately 20 MPa. The tubes are then heated in air slowly at 5°C/h around 150-

400°C range and then faster at 60°C/h to reach and stay at a high sintering temperature of 

1200°C for 5 to l0 hours. The final composition and phase structure of the dense solid electrolyte 

membrane can be strongly influenced by the oxygen partial pressure employed during the 

sintering step. Sintering temperature or rate can depend on a number of factors. Slow 

densification of the membrane may be attributed to a low cation diffusion rate. For the ZrO2-

CaO solid electrolyte, the maximum densification occurs at the lowest CaO content required for 

stabilization [153]. The sintering temperature should be high enough but not too high that the ion 

permselective properties are lost. The material can undergo substantial volume expansion as a 

result of phase transition, thus potentially leading to destruction of the physical integrity. 
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6.4.4 Pressing/sintering 

 

Figure 6.13: Pressing method  (Ceramic Membranes for Separation and Reaction, Kang Li) 

Disk and plate membranes can also be formed using conventional cold or isostatic 

pressing methods. Cold pressing technique requires pressures between 2000 to 100,000 psi. 

Isostatic pressing methods applies uniformly distributed hydrostatic pressure from all directions 

to improve the overall density of the membrane. Sometimes partially sintered compact is subject 

to the isostatic pressing. Typically some solvent such as water and some binders (e.g., poly vinyl 

alcohol, zirconium oxychloride or wax) and lubricants (e.g., carbowax) are used [153]. These 

organic binders are volatilized during the sintering process and burn out at temperatures above 

300° C.  

Similar to the extrusion method, pressing technique also requires the precursor particles 

(i.e. alumina, zirconia etc.) to be mixed or reacted with an inorganic cementing material. 

Generally, the cementing materials are preferred to have permselective properties comparable to 

the precursor particles.  Adhesive materials like phosphates of zirconium, titanium and zinc are 
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common examples of such cements although other materials such as calcium aluminate and 

calcium aluminosilicates can also be considered as potentialcandidates as well [154]. Lastly, for 

these cementing materials to be effective, the metal oxides must be only partially hydrated so 

that they are reactive with the bonding compounds. As earlier, the final step in this method is the 

sintering process.  

6.4.5 Slip casting/sintering 

 

Figure 6.14: Slip casting method  (Ceramic Membranes for Separation and Reaction, Kang Li) 

Tubular membranes can also be produced using the slip casting method. In the slip 

casting process tubes can be slip cast in plaster molds using the so called slip prepared from the 

stabilized powders and a binder such as polyvinyl alcohol as shown in Figure 6.14.  The slip is 

maintained at a pH level of 3-4 and is degassed prior to fabrication in order to remove any 
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entrapped air. Dosage of the binders dictates the rheological behavior of the slip. Further, 

viscosity modifiers are sometimes added to control the rheology for ease of processing. 

Ceramic membranes with mixed ion and electronic conducting materials (e.g., yttria-

stabilized zirconia doped with titania or ceria) can be slip cast into a tubular form from the pastes 

containing the constituent oxides in an appropriate proportion. These cast tubes are then subject 

to sintering at 1,200 to l,500°C [155]. 

6.4.6 Sol-Gel Method 

 

Figure 6.15: Sol-Gel method  (Ceramic Membranes for Separation and Reaction, Kang Li) 

The sol-gel method was first applied for development of ceramic UF membranes by 

Leenaars et al. [156-158]. This technique was said to be one of the most significant methods for 

fabrication of ceramic membranes. It was believed as one of the most important techniques in 

fabrication of ceramic membranes. A more comprehensive description of this technology can be 

found in the literature [96, 159-162]. Sol-gel method offers the key advantage of being able to 
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accurately control the desired pore size of the membrane. This is especially true when it comes to 

membranes with small pores. The Figure 6.15 shows the two major ways the membrane is 

prepared using the sol-gel technique: 

 (1) The colloidal route, in which a metal salt is mixed with water to form a sol. The sol is 

coated on a membrane support, where it forms a colloidal gel. 

(2) The polymer route, in which metal–organic precursors are mixed with organic solvent 

to form a sol, which is then coated on a membrane support, where it forms a polymer gel. 

Colloidal sols are the colloidal solutions of dense oxide particles such as Al2O3, SiO2, 

TiO2 or ZrO2. Leenaars et al. developed g-alumina membranes with pore diameters of 4–10 nm 

from a bohemite sol [156]. As the pore sizes of these membranes are in the UF range, they have 

been used in separation of colloidal particles and large molecular weight solutes, or have been 

used as a membrane support where smaller pore size membranes can be further developed. For 

gas separation based on molecular sieving effects, ceramic membranes with pore sizes less than 

1 nm must be employed. In this case, the membrane can be prepared through the polymer sol 

route using the g-alumina membrane prepared from the above colloidal sol as a support. It should 

be noted that in the polymer sol route, the pore size of the membrane prepared is determined by 

the degree of branching of the inorganic polymer. As can be seen, a low degree of branching 

would result in a narrower pore system. Polymeric sols of SiO2 with low branched clusters have 

been prepared using acidic hydrolysis with the corresponding Si alkoxides [163, 164]. These sol-

gel membranes show high selectivities in gas separation [163]. 
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Since sols of very small particles are prepared through hydrolysis and condensation of 

their corresponding alkoxides, the partial charges of the metal in the alkoxides influence the 

hydrolysis behavior. Transition metals such as Ti or Zr in the alkoxides carry much higher partial 

charges than the Si in tetraethylorthosilicate. Transition metal alkoxides hydrolyse much faster 

than Si alkoxides. In addition, the properties of the type of R ligands in the alkoxide, the degree 

of oligomerization of the starting alkoxide, the possibility of a coordination expansion of the 

metal during the hydrolysis and the pH influence the hydrolysis behavior. In the drying process 

of the coated sol, gelation takes place. After thermal treatment, the gel particles become sintered 

and the membranes are produced through the sol-gel technique. 

6.4.7 Dip Coating 

 

Figure 6.16: Dip coating method  (Ceramic Membranes for Separation and Reaction, Kang Li) 

The process of producing membranes via the dip coating technique is show in the 

illustration Figure 6.16.  The critical factors that affect dip coating are a) the viscosity of the 
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particle suspension and b) the coating speed or time. Here, the drying starts simultaneously with 

the dip coating. This is especially true when the substrate is in contact with an atmosphere 

having relative humidity below 100 %. For a multi-layer or multi step membrane, the complete 

dip coating procedure i.e. dipping, drying and calcination is repeated after the first layer is 

calcined. Alumina membranes have been prepared with nominal pore size of 100nm using 

commercially available sub-micron alumina power with d=500nm [165]. 

6.5 Need for scalable membranes 

A membrane system is built from components and assembled into modules which, in 

turn, form the complete system. The-single components consist of a (usually ceramic) supporting 

system and the final (usually ceramic) separation layer. The supporting system can be a single 

plate, tube, hollow fiber or monolithic multichannel or honeycomb structure. The final separation 

layer can be porous or dense and single phase or composite. A hierarchic system can be built 

from a sandwich of macro-, meso-, microporous layers, which can be tailor-made by changing 

the chemical or physical nature of the pore system. Each step (product) in the manufacturing 

process can be used for specific applications. The quality of the underlying support (system) 

determines, to a high degree, the properties and quality of the final top layer and the number of 

steps necessary in a multi-step coating process to obtain a defect-free final separation layer. The 

support system must also fulfil strict quality standards and requirements and must be compatible 

with other components of the membrane module and system. 
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Before a membrane system is accepted by users in applications on a commercial scale, 

many requirements must be fulfilled. The main requirements are related to a large number of 

technological problems to be solved and/or a variety of possibilities for realization.  

On the membrane market, polymeric membranes are used extensively while inorganic 

membranes are mainly used in special cases, where polymeric membranes cannot be used. In the 

inorganic membrane markets ceramic membrane materials are dominant, especially alumina 

membranes which are widely used. Ceramic membranes are especially suitable for processes 

with high temperatures and harsh chemical environments or for processes where sterilizability of 

the membrane is important. Because of this, the ceramic membranes have found many 

applications in the food, beverage, biotechnological and pharmaceutical industries as well as in 

the petrochemical industry, environmental control, electronic industry, gas separation and other 

process industries. In 1986, the market of membrane industry worldwide was about $1 billion. In 

1989, the market of inorganic membranes was about $32 million and of ceramic membranes $19 

million. Nowadays, the worldwide market of the membrane filtration industry is over $10 Billion 

USD per year. The share of ceramic membranes in this market has gone from a few million USD 

to almost $3 Billion USD as of 2014 and is expected to increase to $5.1 Billion USD by 2020 

[166]. In food, beverage, and biotechnology applications inorganic membranes constitute 12% of 

the market. The main usage (80%) of inorganic membranes is in the dairy industry [167, 168]. 

A major disadvantage is the large pumping capacity is required for almost all inorganic 

membranes in order to operate them at the recommended velocities of 26 m/sec. A single 

USFilter 37P19-40 module containing 37 Membralox elements, each 102 cm long with 19 of the 

4-mm diameter channels, would have a membrane area of about 8.9 m2 (95 ft2) and require a 
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cross-flow rate of 700 gallons per minute (gpm) or 160 m3 per hour (As per Pall Corp. website). 

The pressure drop with water would be 0.5-1.5 bar. In general, one should choose the smallest 

channel size available that can handle the feed. Not only will it require less pumping, but it will 

also lower the unit cost of the membrane, since more area will be available in the element with 

smaller channels. 

Lastly, the expensive nature of ceramic membranes is probably the biggest limitation of 

ceramic membranes. For example, in 1996, polymeric spiral-wound membrane elements cost 

$50-100/m2 in the United States. Inorganic membranes cost $250-400/m2 this makes it 

economically infeasible to use ceramic membranes over polymeric membranes despite the 

performance advantages. This thesis aims to provide the first step in the production and scale up 

of cheap ceramic membranes for use in micro and ultrafiltration processes.   
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Thermal Sprayed Membranes for Water 

Filtration 
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7.1 Introduction to Thermal Spray Technique 

Ceramic membranes are heavily used in filtration processes which not only demand high 

chemical and thermal stability but also extended durability. However, applications of these 

membranes are limited by a few major drawbacks, resulting in a much smaller market share as 

compared to that for polymeric membranes. These drawbacks as explained in the previous 

chapter include high manufacturing cost, stemming from expensive fabrication methods, 

complex processing, and higher operating costs [165]. Traditionally produced ceramic 

membranes via sol-gel, extrusion, and/or sintering methods are time consuming to manufacture 

and expensive [167]. While many methods have been explored to reduce the fabrication costs of 

the ceramic membranes [171], low scalability of membrane’s dimensions remains an issue to 

overcome. Therefore, in order to expand the market for inorganic membranes, cost effective and 

scalable manufacturing methods need to be developed.  
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Figure 7.1: Schematic diagram showing the plasma spray process  (CTSR, Stony Brook University) 

Thermal spray (TS) is a well-established technique for producing protective coatings 

which are extensively used in industries requiring thermal or surface protection of components, 

such as gas turbine, heavy machinery, etc. The process requires use of a high temperature and 

high velocity flame, such as plasma jet and oxy-fuel jet to melt the feedstock material and to 

deposit it onto a substrate surface (Figure 7.1). The coating formation occurs with successive 

impingement of molten material in droplet forms on the substrate surface [172]. Due to layer-by-

layer assemblage of individual particles, also referred to as ‘splats’, these coatings contain a 

myriad array of various kinds of defects, such as macro pores, interlamellar pores, microcracks, 

oxide inclusion etc. (Figure 7.2) [173]. The process can coat almost any non-volatile material 

including metals, ceramics and even polymers. There are several variants of this process, such as 

combustion flame spray (CFS), atmospheric plasma spray (APS), vacuum plasma spray (VPS), 

high-velocity oxygen fuel (HVOF) and others [174]. Among these methods, APS and CFS are 
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the simplest and the most cost effective processes. For example, in such applications as fuel 

cells, APS provides significant cost and performance advantages as compared to that for the 

conventional wet casting process [175]. Given that the main focus of TS technology is to 

produce protective coatings, it would be also extremely encouraging to produce high quality 

porous membranes using a technique that is traditionally reserved for fabrication of coatings for 

thermal insulation. Over the last decade there have been several attempts to produce porous 

coatings using TS APS method with a primary focus on such applications as gas separation and 

fuel cell electrodes [176]. However, there have been only a few attempts to use this technique to 

manufacture porous ceramic membranes for water filtration [177-179]. These attempts produced 

low porosity membranes, which exhibited limited water permeability. However, these published 

results for the water filtration membranes did not include optimization of the membrane 

performance. In this dissertation, a systematic study of membrane performance is presented by 

exploring the effects of different TS processes and process conditions as well as different types 

of feedstock materials on membranes permeability. For a given set of process parameters, the 

coating thickness was correlated to water flux and rejection. In addition to performance 

measurements, the membranes were characterized by XRD, EDX, SEM and pore size analysis.  

7.2 Advantages of Thermal Spray over Conventional 

Methods 

Although many methods have been proposed for fabricating porous inorganic 

membranes, the inorganic media comprised only 7.9% of the total membrane market volume in 
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2003. This number is only expected to grow to 9.2% in 2008 [168]. The main barriers for the 

growth of market volume of inorganic membranes are process complexity, time constraints, 

difficulty in welding materials and high manufacturing costs of the available methods. Therefore, 

new manufacture methods to fabricate cost-effective inorganic membranes with sufficient tensile 

strength have the potential to increase the growth rate and thus the market volume. 

While sol–gel and slip casting processes are still utilized for membrane production, the 

potential of plasma spray technology to develop these structures is explored here. Unique 

advantages of this process include high throughput manufacturing, high speed deposition 

capability, minimal heat input into the substrate, in-situ rapid application and applicability of a 

wide range of substrate, conformal shapes and environments, along with improved cost-

effectiveness. In fact, thermal spray has been used for a number of years in the production of 

both electrodes and interconnects in solid oxide fuel cell (SOFC) manufacture. With further 

process optimization it is possible to produce ultra-thin, multi material, multi-layer membranes 

with tunable pores and surface chemistries and high selectivity for a wide range of applications. 
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7.3 Material Selection and Process Parameters 

 

Figure 7.2: Schematic of the (a) plasma spray process (b) SEM image of spray cross section showing 

various features 

Alumina is one of the most widely used and well-studied material in both thermal spray 

and the ceramic membrane field. It was one of the first materials to be thermal sprayed and has 

been well characterized under numerous spray conditions [180-183]. Further it is one of the most 

commonly used materials for preparation of ceramic membranes with its application is many 

filtration segments [184-186]. It is also extremely safe to use for filtering fluids that are for 

human consumption like dairy and beverages. Hence alumina was selected as the material of 

choice for preparing the thermal sprayed membrane because of its versatility and its well 

characterized nature. The Al2O3 ceramic membranes were prepared using APS (Ar-H2 plasma, 

F4 MB, Oerlikon Metco, Westbury, NY, USA) and CFS (oxy-acetylene, TeraDynTM 3000, and 

RokideTM, Saint Gobain, Worcester, MA, USA) spray processes. The feedstock introduction into 

the spray plume was radial and axial for APS and CFS process, respectively. Two types of 

alumina feedstock were used- powder (Micron abrasive, Westfield, MA, USA) and rod type 

(Saint Gobain Ceramic Materials, Worcester, MA, USA). The powders were used for both APS 
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and CFS processes, while the rod feedstock was used only for CFS process. When introduced to 

a flame, powder feedstock materials produced a higher degree of porosity as compared to that for 

rod feedstock due to significant number of unmolten particles trapped in the coating. While in 

rod-based CFS process, the feedstock is introduced axially to the plume and is melted locally in 

the hottest section of plume. The molten zone is then subjected to a high pressure N2 jet, which 

first fragments and then carries out the molten particles to a substrate. This process fabricates a 

coating with almost no unmolten particle and relatively denser microstructure as compared to the 

powder type feedstock, since only fully molten particles can be carried out by N2 jet. The process 

parameters details for the thermal spray processes are summarized in Table 7.1.  

Spray parameters Plasma spray Flame spray 

Argon (slpm) / Oxygen (slph) 30 & 47.5  40  

H2 (slpm) / Acetylene (slph) 2 & 6 40  

Current (A) 450  - 

Plasma Power (kW) 24 & 34  - 

Feedstock  Powder Powder & Rod 

Spray distance (cm) 10 & 15  15  

Raster speed (mm/s) 500 500 

Mean Particle Size (µm) 50 50  

Feed Rate (gm/min) 30 30  

Table 7.1: Processing conditions for the thermal spray samples 
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All the membranes were deposited on 100 x 25 mm porous stainless steel substrates of 

2mm thickness, procured from Mott Corp., Farmington, CT, USA, with an average pore size of 

10 µm. In order to investigate the effect of membrane thickness on infiltration performance, 

three different thicknesses (~100, 200 and 300 µm) were sprayed for each set of process and 

corresponding processing condition. The deposited membranes were cut in to multiple pieces 

25mm x 25mm, using high speed saw, (Buehler Inc., Chicago, IL, USA). These specimens were 

evaluated for clean water flux and rejection rate in a dead-end filtration module setup under 4.5 

bar pressure in the ambient conditions. The schematic of test method and an image of test cell is 

show in the Figure 7.3. Rejection rate was measured using 1 µm polystyrene spheres (Fisher 

Scientific Inc., Pittsburg, PA, USA). At least three measurements per specimens were measured.  

 

Figure 7.3: (a) Schematic of the filtration system showing the filtration cell (b) Photo of the actual cell 

and one of the prepared membranes 



 

119 

7.4 Sample Preparation and Characterization 

Since TS process involves melting and rapid solidification of material, there is always a 

possibility of phase change of material during the deposition process. Therefore, to ensure the 

presence of appropriate phases, the membranes were analyzed by XRD ((Philips PW 1720, 

Philips Analytical Systems, Mahwah, NJ, USA) with the following settings: working voltage and 

current of 35 kV and 25 mA, step size of 0.02° and scan 2-theta range from 20 to 70°. SEM 

(Hitachi TM3000, Angstrom Scientific Inc., Ramsey, NJ, USA) was used to obtain 

microstructures of polished cross-section of membranes under back-scattered electron mode. 

Standard image analysis (ImageJ software using Otsu algorithm) procedure was used to 

determine overall porosity of the membranes [187]. Pore size analysis was done using gray scale 

SEM images. Each of the membrane samples was sliced at the same depth before polishing and 

imaging to maintain consistency across the samples. Thickness measurements were done using a 

digital micrometer and verified using the image analysis software mentioned above. The flame 

sprayed membranes were designated as F1 and F2 based on the rod and powder feed stocks 

respectively. Likewise, plasma sprayed membranes were labeled based on the changes in the 

plasma power and spray distance with P1, P2 and P3, corresponding to 24 kW and 10 cm, 24kW 

and 15 cm and 34kW and 15 cm spray distance. Although a direct coating adhesion test (ASTM 

C-633) was not performed, the range for thermal sprayed ceramics can be from 10 MPa to 50 

MPa, depending on substrate and coating material, substrate roughness and on processing 

conditions. 
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Figure 7.4: XRD spectra of the prepared membranes  (α - Gamma Alumina (JCPDS 50-741), γ - Alpha 

Alumina (JCPDS 46-1212) 

The sprayed membranes were analyzed under XRD for phase transformations that could 

potentially occur during spray and cooling process. The diffraction patterns obtained from the 

surfaces of the five membranes are shown in Figure 7.4. The two group of membranes, sprayed 

using powder (F2, P1-3), and rod (F1) feedstock display presence of similar phases associated to 

their individual feedstock. There are clear differences between the two starting feedstock. The 

rod feed stock and the corresponding coating shows lesser peaks of α-Al2O3 than the powder 

feedstock and their coatings. These differences can primarily be attributed to the processing of 

feedstock material. Since the primary purpose of this study is to produce TS membranes at low 

cost, only commercially grade materials were used for deposition. It is also important to mention 
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that the spraying process parameters affect the final composition of membranes. Compared to the 

initial feedstock materials, the sprayed membranes from both (APS and CFS) processes resulted 

in significant reduction of α-Al2O3 phase as shown in Figure 7.4. Similar observations have been 

reported by other researchers, and have been explained by rapid quenching phenomenon of 

particles, which limits the formation of thermodynamically stable α-Al2O3 phase [188]. Further, 

coatings sprayed with APS process show more intense peaks attributed to γ-Al2O3 phase as 

compared to those sprayed with CFS process. This can attributed to the higher temperature of 

plasma in APS as compared to the flame temperature in CFS, resulting in greater melting and 

faster cooling of particles forming metastable γ-Al2O3 phase [189]. It is important to mention 

that there was no significant difference among the diffraction patterns of the three APS 

membranes was observed. The EDX (Energy Dispersive X-ray Spectroscopy) results as seen in 

Figure 7.5 for the prepared membranes generally showed presence of aluminum and oxygen 

elements with no impurities. 
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Figure 7.5: Surface morphology, EDAX Spectra and Cross Section SEM of the prepared membranes. The 

images on the left show the surface morphology while the ones on the right show the cross section areas. 
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The graphs in the middle show the EDAX spectra. A) Flame spray rod sample membrane [F1] B) Flame 

Sprayed powder sample membrane [F2] C) Plasma sprayed membrane [P1] D) Plasma sprayed 

membrane [P2] and E) Plasma sprayed membrane [P3]. All membranes imaged are of 300 µm thickness.  

7.5 Morphology and Porosity Analysis 

Figure 7.6 shows the cross section SEM image of various 300 µm thickness membranes 

used in this study. The membranes exhibited variable morphology due to both different spray 

parameters as well as spray processes. For comparison, the micrograph of porous substrate 

(Figure 7.6a) is also included, which reveals that all the membranes were much less porous than 

the substrate material.  

 

Figure 7.6: SEM images of the as prepared 300 µm thick membranes 
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Based on these SEM characterization images, the membrane microstructures can be 

categorized in three types. First, with moderate porosity and large inter-splat interfaces (F1, 

Figure 7.6 b), second with large globular types pores (F2, Figure 7.6 c) which also have the 

largest porosity, and third with relatively denser microstructures and almost no inter-splat 

boundaries (P1-3, Figure 7.6 d-f [190]. Although, detailed discussion on individual coating 

microstructure is out of the scope of this study, the differences among these categories are simply 

associated with the process and/or feedstock selection. As described earlier, the APS coatings or 

membranes are generally denser primarily due to greater (almost complete) melting of particles, 

while the powder-CFS membranes are significantly porous due to poor melting and formation of 

large voids (globular pores). On the other hand, due to assemblage of individual molten particle, 

the rod-CFS membranes tend to achieve density level similar to APS coatings, however they 

form large inter-lamellar interfaces due to lower particle impact velocities compared to those 

obtained in APS processes. Comparing the three APS membranes, variation between the 

processing conditions, such as spray distance (10 cm (P2) vs 15 cm (P3)) and plasma power (24 

kW (P1) vs 34 kW (P2)) doesn’t appear to be as significant in terms of microstructure. Although, 

these processing condition variations are significant, one reason for APS process sensitivity 

towards these membranes could be lower melting temperature of Al2O3 resulting in nearly 

complete melting of particles for all the cases. 



 

125 

7.6 Summary 

In this chapter the concept of thermal spray process and its advantages over traditional 

membrane manufacturing techniques was introduced. Further, the material selection, sample 

preparation and process parameters involved was described. These samples were then 

characterized using various methods and analyzed for phase transformation, morphology, 

porosity and pore structure. The observed microstructural analysis provides insight into the 

membrane formation dynamics associated with each processing condition, which can be utilized 

to understand the performance results of the various membranes, such as flux and rejection rates, 

discussed in the next chapter. 
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Optimization of Process Parameters 
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8.1 Thermal Spray Process Parameters 

Thermal spray process parameters can be defined in a number of ways. In fact there are 

various accounts of the different number of variables with regards to thermal spray process some 

ranging from a few to others stating hundreds of parameters [191-197]. The possible 

combinations of parameters that can produce coating according to specification are quite 

numerous [198]. Process manipulations aside parameters can be streamlined into those that affect 

mass, time and temperature. These parameters directly affect the coating characteristics and to 

stabilize a thermal spray process, manipulation, time, temperature, and mass must all be held 

constant [172, 174]. A few of these variables are listed below.  

Manipulation of variables such as standoff distance, surface speed, pitch and angle of 

increment change the characteristics of the final spray product [199]. These are defined as given 

below. 

1. Standoff distance: the distance from the face of the gun to the part being coated 

2. Surface speed: the relative velocity between the gun and the part 

3. Pitch or increment: the distance that the gun moved with each subsequent stroke 

of the gun manipulation or revolution of the part 

4. Angle of impingement: the variation of the spray stream from normal or 90° to 

the surface of the part 

The time variable is controlled in part by: 
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1. Gun design (e.g., bore geometry and exit diameter) 

2. Total arc/flame gas flow, that is, primary plus secondary gas flows (fuel-to-

oxygen ratio being a significant parameter in flame spray processes) 

3. Arc gas characteristics 

4. Available energy, electrical or chemical, acting upon the arc/flame gases 

Temperature is controlled in part by: 

1. The same gas issues as for time, above 

2. The available energy acting upon the system 

Mass of the feedstock particles is a complex variable, and perhaps the most significant 

one, in the sense that beyond specifications, it is the most difficult to control because feedstock is 

usually a purchased commodity [200-202]. The mass of spray material supplied to the gun has 

several important characteristics. Variables common to all feedstock include chemistry, melting 

point, thermos-physical properties, and coefficient of thermal expansion. Further, each type of 

feedstock has its own set of parameters that affect the final coating. In case of rod the 

characteristic parameters include Diameter, Circularity, Straightness, and Porosity. Whereas for 

powder feedstock the important characteristics are Particle size, Particle shape/morphology, 

which affects a powder’s feedability, Particle size distribution, Method of manufacture and 

apparent density [203-206]. 

Lastly, it was important understand the effect of all these parameters on the two thermal 

spray processes used in this thesis. The flame spray process uses the energy available in the 
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chemical bonds of fuel gases. In these combustion processes, the melting and expansion power 

of the flame jet is produced by breaking molecular bonds in the fuel gas and the number of bonds 

broken per unit time (higher fuel gas flow rates). Plasma, on the other hand, utilizes the energy of 

an electric arc, the power of which is directly related to the voltage drop across and the current 

flow through the arc. In most plasma systems, power is calculated as the product of the voltage 

and the current supplied by the system. Depending on losses to the water cooling, the electrical 

to thermal conversion efficiency of a plasma spray gun ranges from 42 to 65% of the power 

input to the gun [204, 207]. The heating power is measured by the specific gas enthalpy, which is 

the energy per unit mass of gas, for example, J/L or kW/scfh. 

In this dissertation manipulation characteristic standoff distance was varied, the gun 

design parameter available energy or input energy, the feedstock type between powder and rod 

and finally the coating thickness. Before testing the membranes for filtration efficiency it is 

necessary to understand the basics behind the filtration process. The dead end filtration testing 

performed on these thermal sprayed membranes are evaluated based on the dead end filtration 

theory. 
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8.2 Evaluation of membranes’ performance 

The ceramic membrane samples produced using thermal spray techniques were evaluated 

for filtration efficiency using a dead-end filtration cell. In dead-end filtration as shown in Figure 

8.1 the flow direction is perpendicular to the filter surface and the particles retained rapidly 

coagulate on the surface of the filter. This forms a cake which reduces the overall performance of 

the filter. As the pores of the filter get clogged by the cake, the filtration performance is 

considerably reduced in a very short period time [169, 170]. 

 

Figure 8.1: Visual representation of dead-end filtration process  (Source: Separationprocesses.com) 
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The filter cell used for experiments described in the thesis was machined from Delrin 

sheet (Polyoxymethlene) and the rated for pressure up to 100 psi as shown below Figure 8.2. It is 

a simple pressurized dead end filtration cell with the membrane sealed using 2 O-rings to avoid 

pressure loss and leakage. There is no stirrer for removing the cake formation and membrane is 

supported by a porous backing. 

 

Figure 8.2: Dead-end filtration cell used for the experiments described in this thesis 

8.3 Dead-end Filtration Theory 

This section gives a brief overview of the theory on the basis of which filtration testing of 

the prepared membranes was performed [144]. The dead end filtration is the one where the flow 

of water is perpendicular to the membrane surface. The water is pushed through the membrane 

by pressure. All the water that is introduced in the dead-end-cell passes through as permeate, in 
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other words, there is no rejected water. In dead end filtration, the retained particles build up with 

time on the membrane surface or within the membrane. In either case, the particle builds results 

in an increased resistance to filtration and causes the permeate flux to decline, as a result dead 

end filtration requires the stopping of filtration in order to clean or replace the membrane. 

Therefore this type of filtration is also called batch filtration. 

There are two types of filtration which can be employed in a dead end cell unit; dead-end 

microfiltration with constant flux and dead end microfiltration with constant pressure drop. The 

dead end microfiltration with constant flux ensures that the permeate flux through the filter 

remains constant, this filtration can be achieved by positive displacement pump. As the cake 

build-up increases with time, the pressure drop must be increased to maintain constant flux. In 

dead end microfiltration with constant pressure, as the cake builds-up with time the permeate 

flux decreases. 

Membranes provide absolute barrier to particles greater than their pore size. A membrane 

process requires two bulk phases physically separated by a third phase, the membrane. The 

membrane phase interposed between the two-bulk phases controls the exchange of mass between 

the two bulk phases in a membrane process. The process allows the selective and controlled 

transfer of a certain species from one bulk phase to another bulk phase separated by the 

membrane. In this thesis the dead end filtration with constant pressure drop was used. 
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Figure 8.3: Clean water flux vs thickness for the prepared membranes (a) F1-2 being the flame sprayed 

membranes and P1-3 being the plasma sprayed membranes. (b) Graph showing the variation of the 

porosity with respect to the flux for the various membranes.I) Compares the flux and porosity for the 

Plasma sprayed membranes and II) compares the flux and porosity between the flame sprayed 

membranes. 

The results from flux measurement conducted on the various membranes are presented in 

above figure. The Figure 8.3a shows the effect of varying the thickness of the membrane on the 

clean water flux. The flux drop was seen for all the membranes irrespectively of the type of 

feedstock material, spray distance or plasma power. The overall trend for the samples tested 

showed that the flux drops rapidly as the membrane thickness increases. The figure also suggests 

that there is a thickness threshold [179] below which the effect of membrane thickness on flux is 

not noticeable. Another interesting observation is that all of the 100 µm thick membranes had 

clean water flux ranging from around 4500-5500 LMH, which is comparable to commercially 

available ceramic membranes [177]. It should be noted that these membranes were compared 
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against other plasma sprayed ceramic membranes that exhibited similar flux characteristics but 

had a different porosity attributes. 

As mentioned earlier, two different spray techniques, CFS vs. APS, were employed and 

will consider each technique separately in the following discussion. The 100 µm thickness 

membranes produced by the solid rod feedstock (F1) exhibited a relatively high flux of 4650 

LMH accompanied by smaller drop in flux as the thickness of membrane increased when 

compared to membranes produced from powder feedstock. This might be due a complete melting 

of the particles producing a much more linear dependence of flux as a function of thickness as 

compared to fairly heterogeneous nature of partially molten particles in case of powder 

feedstock. The samples produced using the powder feedstock showed very high flux (~5500 

LMH) at lower thickness followed by a dramatic flux drop at higher thickness. Several effects 

might be in play here, the high flux at lower thicknesses could be attributed to the high porosity 

(30%) while the reduction in overall permeability could be due to the development of high 

proportion of dead end pores as the membrane thickness increases. It is important to note that the 

water flux for this membrane is significantly higher than that for the membrane of the same 

thickness produced from the rod feedstock (F1). This shows that the feedstock as well as the 

spray method greatly influences the membrane performance. When comparing the flux and 

porosity together (Figure 8.3 b) the solid feedstock (F1) produces a more uniform lamellar 

coating with more through pores/channels whereas the sample produced from powder feedstock 

(F2) had larger void spaces and higher proportion of dead end pores, as mentioned in the 

previous section, leading to a greater drop in overall flux. It should be noted that the ratio of dead 
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end pores in these samples is very difficult to quantify and the assumptions here are based on the 

extensively literature available for the well-studied field of thermal spray process. 

For the plasma sprayed P1, P2 and P3 membranes, the flux at the lower (100 µm) 

thickness range was nearly the same with all 3 membranes despite the fact that several spray 

parameters (plasma power and/or spray distance) were varied during the spray process 

illustrating the possibility of a thickness threshold mentioned earlier [208]. For the 200 µm thick 

P3 sample the increase in the spray distance could explain the slight increase in water flux when 

compared to the other plasma sprayed samples with the same thickness. This is due to longer 

distance between the substrate and the plasma jet which correlates with loss in kinetic energy 

alongside greater degree of melting of the spray particles and generally higher porosity of the 

coating [209] as confirmed by the image analysis of microstructure shown in Table 8.1. 

However, it must be noted that the change in porosity does not linearly correlate to change in 

flux as seen by a drastic drop in the flux for the 300 µm thick P3 membrane, which could due to 

the conversion of pass-through/interconnected pores into dead-end pores. Further, an inverse 

correlation between plasma power and porosity (Figure 8.3 b P1 and P2) was observed, due to 

the fact that an increase in plasma power results in fully molten droplets that leads to better 

interactions between splats and substrate and/or other splats [210] thereby reducing the overall 

void spaces between splats. However, any observable trends cannot be discerned when 

considering the effect of plasma power on both flux and porosity. This could be either due the 

presence of dead end pores in the membrane with higher porosity (P1) or the presence of defects 

in the membrane with lower porosity (P2), either of which would partly nullify the effect of 

increasing the plasma power. 
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8.4 Effect of process parameters 

 

Figure 8.4: Flux vs Rejection rate  group (A) shows the 300 µm thick membranes and group (B) shows all 

of the 100 µm thick membrane (*As compared with 0.1-0.5 µm pore size SiC LiqTech membranes). 

In order to analyze the reasons for variation in the membrane and to ultimately design 

better membranes it is important to correlate spray type, processing conditions and resulting 

morphologies to both rejection rates and water flux. Figure 8.4 shows the results of size 

exclusion tests on the membranes with Groups A and B representing membrane thickness of 300 

µm and 100 µm respectively. In terms of performance, Group A has intermediate flux and the 

highest rejection rate, whereas Group B has the largest flux and the lowest rejection rate. One 

important parameter which can explain the performance is the membrane thickness. This 



 

137 

analysis leads to a rather predictable conclusion that thinner membranes (Group B) are relatively 

ineffective in filtering 1 µm latex spheres as compared to the thicker membranes (Group A). A 

closer examination of this trend within group B indicates that the flame spray membranes 

showed either enhanced flux or increased rejection rate but not both. If one sets up the criteria of 

the best performance based on large water flux and high rejection rate, the performance of the 

flame spray membranes cannot be considered as the optimal one. In contrast, the plasma sprayed 

membranes showed a better performance based on above criteria. Understanding the 

performance of thicker membranes is a much more difficult task. Some of the membranes in this 

group show excellent rejection rate (F1, P1 and P2) while simultaneously maintaining significant 

flux. In contrast there are other membranes (F2 and P3) that also have a lower flux with 

relatively lower rejection rates. It is possible to explain these differences based on membranes’ 

morphologies. 

Within Group A, F1, P1 and P2 membranes had similar lamellar dense microstructures as 

described earlier and displayed similar rejection rates. However, it is also important to mention 

that there are also subtle morphological differences originating from different spray technique, 

feedstock and processing parameters in each of these membranes. As a result of these 

differences, the plasma sprayed membranes, which exhibited a more compact microstructure 

with greater proportion of inter lamellar pores’ connectivity and smaller average pore sizes, gave 

the optimal flux and rejection rate as compared to all the other membranes. Further, the 

membranes F2 and P3 show similar value of flux and rejection rate, despite being produced by 

quite different spray techniques. This could due to a combination of increase in the dead-end 

pores with the increase in thickness for flame spray membrane (F2) and the increase in tortuosity 
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in the plasma spray membrane (P3) due to increase in the spray distance causing a drop in the 

kinetic energy creating a less compact [209]. Also, there was the possibility of the thinner 

membrane having inherent imperfections such as cracks, uncoated substrate or delaminated 

coating, all of which might explain the high flux, low rejection at lower thicknesses as seen in 

Figure 8.4. However, further investigation is required to clarify these observations. 

Material F1 F2 P1 P2 P3 Substrate 

Porosity 9.8% 30.7% 10.0% 7.5% 8.5% 39.6% 

Avg. pore size (µm) 1.43 2.57 1.03 0.82 0.84 10 

Spray distance (cm) 15 15 10 10 15  

Plasma power (kW) - - 24 34 34  

Table 8.1: Porosity and Pore size variation across prepared 300 µm thick membranes 

From the point of view of practical applications, the measurements (Table 8.1) suggest 

that the plasma spray membranes P1 and P2) can provide the highest rejection with acceptable 

porosity, alongside a high degree of water flux as compared to all the other membranes. 

However, there is a substantial decrease in the flux as the membrane thickness increases, 

possibly due to various factors mentioned earlier. Further investigation is required to evaluate 

contributions of these factors to water flux decrease and to improve the size exclusion 

characteristics of the membrane. 
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8.5 Summary 

In this chapter the process parameters associated with the thermal spray technique were 

briefly explained. The filtration efficiency of the thermal sprayed membranes using a dead end 

filtration cell were tested and the results were analyzed. From the observed data, the thinner 

thermal spray membranes have better permeability while the thicker membranes have better 

rejection rate characteristics. A comparison of the membranes prepared in this project with 

commercial membranes shows that the thicker membranes are comparable to commercial ones in 

terms of rejection rate although they still need to be optimized in terms of the overall flux.  
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Concluding remarks and future work 
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9.1 Concluding Remarks 

Air quality in urban areas across the globe is rapidly deteriorating, creating hazardous 

living and environmental conditions for more than fifty percent of the world’s population. 

Criteria pollutants in these regions, like NOX and SOX, are responsible for adverse health 

conditions like emphysema, lung damage and respiratory diseases. These pollutants are also one 

of the leading causes for acid rain, smog and ground level ozone in such populated areas. Air 

pollution is a complex and difficult problem to tackle as it is affected by a number of variables 

from weather to geographic location. As a result, the emphasis has generally been more on air 

quality control rather than pollution mitigation. Further, the policy decisions on air quality 

control are governed by factors like economic, political and social contexts that vary greatly 

across the world. Pollution mitigation in most cases has been done through the use of adsorbents.   

However, using adsorbents in urban regions can be prohibitively expensive and logistically 

unviable when considering the costs and quantities required. As an alternative this research 

proposes the use of concrete which is one of the widely used materials especially in urban areas. 

Further, concrete from construction and demolition waste is generally available in large 

quantities which can be easily transported within urban locations for use as adsorbents. This 

thesis discusses and proves the merits of using concrete as an efficient adsorbent for removing 

the priority air pollutants mentioned above.  

The research found that though aged concrete has a substantially lower NO2 uptake when 

compared to a fresh concrete there is still a considerable amount of NO2 removal capacity 

(approx. 60%), even for a 12 year old concrete. It means that despite the drop in adsorption 
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capacity with the concretes’ age it can still be considered as a viable adsorbent. In addition, 

spectroscopic evidence suggest nitrate and nitrite species formation due to NO2 exposure, 

indicating that chemical neutralization occurs between NO2 and surface alkaline species, such as 

those attributed to calcium hydroxide. Supplementary experiments with active phase of concrete, 

such as portlandite, provided further support of this hypothesis. Similarly, results for SOX 

adsorption showed that concrete is highly effective in removing it and forms sulfate and sulfite 

surface species due to reactions with calcium hydroxide. These results show that concrete both 

fresh and old can be used as an adsorbent especially in urban areas.  

The second part of this thesis demonstrates the use of thermal spray process to produce 

highly scalable and cost effective ceramic membranes. The development of these inexpensive 

membranes especially important for emergent nations like India and China where low cost 

filtration can help in providing clean water for impoverished population.. One of the primary 

reasons for the lack of widespread adoption of ceramic membranes is due to their substantial 

manufacturing costs and energy needed for manufacturing of these materials. The thermal spray 

technique provides a scalable and cost effective method to produce economically viable ceramic 

membranes. Furthermore, this technique offers a possibility to tune the membrane’s properties 

according to specific application requirements. 

The membranes are prepared in this study by two different spray techniques (flame spray 

and plasma spray), and were characterized and tested for porosity, elemental analysis, 

morphology, flux and rejection rate. The results show that these membranes provide excellent 

water permeability comparable to that of commercial membranes especially at low membrane 

thicknesses. Further, the size exclusion test showed that these membranes are able to reject up to 
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96% of the particulates. While some of the trends described here require more detailed 

investigation, it is clear that the thermal spray can be used for the production of ceramic 

membranes. Optimizing the spray parameters and material combinations would lead to 

substantial improvements in the flux and filtration performance of these membranes allowing for 

its use in the commercial space especially in the micro and ultrafiltration regimes 

9.2 Future Challenges 

This thesis provides a basis for the use of concrete as an adsorbent for urban air pollution 

remediation. However, there are several issues that need to be addressed before it can be 

implemented effectively. One of the most important challenges is to accurately identify the 

underlying adsorption mechanism for each of the criteria pollutants. The mechanism will define 

the way in which each of these pollutants interact with the concrete and determine its adsorptive 

capacity. The reaction mechanisms will also signify how concrete would react when exposed to a 

mixture of gases. This can be extended to focus on quantitative understanding of the adsorption 

by concrete. Further, it is also essential to clarify the influence of various environmental factors 

on adsorption capacity of concrete. There is anecdotal evidence that suggests a drastic change in 

the reaction mechanisms with changes in temperature, humidity and presence of surface 

organics. A thorough understanding of the effects these factors have on concrete would greatly 

help in determining where it can be best used as an adsorbent. For example, in cement 

manufacturing plants and power generation units, the flue gases have temperatures ranging from 

200 to 500 °C and consist of a mixture NOX and SOX. The adsorption characteristics of concrete 
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in such conditions would be vastly different. Understanding the effect of the elevated 

temperatures and the competitive nitrate and sulfate reactions would help in predicting not only 

the effectiveness but also the quantity of the adsorbent required for a specified period of time.  

Lastly, the research done in this thesis suggests the possibility of using exhausted pollutant 

adsorbed concrete be incorporated back into fresh concrete as a beneficial additive, thereby, 

providing enhanced mechanical and chemical properties. It is already known that Calcium 

Nitrate Ca(NO3)2, one of the components formed when NO2 is adsorbed by concrete, can be used 

as an admixture to impart additional anticorrosion properties to reinforced concrete. This would 

improve the overall sustainability of concrete and provide a possible alternative to recycle 

concrete instead of landfilling it.  

The research presented here clearly shows that thermal spray can be an effective 

manufacturing technique for the large scale production of ceramic filtration membranes. This, 

however, requires further understanding of how the process parameters and material selection 

affect the membrane morphology, thereby, affecting the performance characteristics. A 

comprehensive understanding of the average pore size, porosity and overall morphology of these 

membranes can be obtained using advanced characterization techniques. Also, the membranes 

can be tested using water containing various environmentally relevant contaminants such as 

bacteria to improve membrane filtration performance. With further investigation and systematic 

optimization of the various spray parameters, it is possible to produce scalable and economic 

ultrafiltration and nanofiltration ceramic membranes. Finally, due the versatility of the thermal 

spray process it is extremely easy to produce multi-layer, multi-material composite membranes 

which can be tuned to filter specific contaminants.  
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