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ABSTRACT 

 

This dissertation focuses on the application of poly (N-isopropylacrylamide) 

(pNIPAm) microgels and their assemblies for the removal of an azo dye molecule, 

Orange II, from water. Chapter 1 gives an overview of the different techniques 

that are used for water treatment and remediation. Chapter 2 focuses on hydrogel 

materials and their properties, with special focus on pNIPAm based microgels. 

Chapter 3 details the effect of increasing the concentration of percent AAc present 

in the microgels on the removal of Orange II from water and the concentration of 

the microgels in the solution. Chapter 4 describes the effect of aggregating the 

poly (N-isopropylacrylamide)-co-acrylic acid (pNIPAm-co-AAc) microgels on 

the uptake efficiencies. Chapter 5 describes the effect of the microgel diameter in 

the aggregates on the removal efficiency. Chapter 6 describes the possibility of 

reusing these microgel based systems for further remediation. Finally, Chapter 7 

gives a brief outlook on the future directions.   
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CHAPTER 1 

WATER TREATMENT AND REMEDIATION 

1.1. Introduction 

Water treatment and remediation techniques have been evolving over many decades to 

provide pure and clean water that is free from harmful chemicals and pathogens. There are close 

to 1 billion people in the world who do not have access to potable drinking water and more than 

a billion who lack access to adequate water sanitation facilities.
1
 The world has been facing 

formidable challenges to meet the rising demands of water quality. Water treatment can be 

defined as: “The manipulation of water from sources to achieve a water quality that meets 

specific goals or standard set by the community through its regulatory agencies”.
2
  

The scope of this Chapter is to give a brief historical overview of water treatment 

techniques and discuss the current treatment methods in detail. Treatment of dyes stuffs in 

wastewater will be discussed in a separate section, with special focus on hydrogel and microgel 

materials used for these purposes.  

One of the earliest methods of water treatment was invented by Fuller‟s team in 

Louisville, Kentucky and his team in the late 1800‟s that involved a series of steps namely: 

screening, coagulation, flocculation/sedimentation and disinfection. These methods are still 

being used to date in most conventional wastewater treatment plants.
2-4

 There have been 

numerous attempts to improve on this process including experiments to: improve the coagulants 

available, obtain a better understanding the flocculation process, create more effective filtration 

systems, and control the amount of chlorine used in the disinfection process in order to curb 

adverse health effects of excess residual chlorine. Figure 1-1 (adapted from Water Treatment: 

Principles and Design, 2
nd

 edition)
2
 shows a schematic flow diagram of drinking water treatment 
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using the conventional technology. In this figure, the influent surface water is first screened to 

remove larger solid particles including pebbles and twigs. The water is then mixed with chemical 

coagulants such as salts of aluminum and iron which induce the suspended and dissolved solids 

to bind together or coagulate to form flocs. Flocs are large and heavy particles which settle down 

in the sedimentation step. Any solids that remain afloat are filtered out in the granular filtration 

step. The water is then treated with disinfectants such as chlorine or ammonia to kill harmful 

microorganisms. The disinfected water is finally sent to a clearwell from where it is distributed. 

Figure 1-1. Process flow train in conventional drinking water treatment 

 Wastewater generated from municipal, institutional and commercial sources is collected 

along with storm water drainage and sent to a wastewater treatment plant. The water is treated 

before discharging the water back into the supply, e.g., rivers or stream, to control the level of 

contamination. Waste water treatment involves multiple steps
.5 

Firstly, preliminary treatment 

involves screening of gross solids including rags, grit and any large objects. This is followed by a 

sedimentation step to remove any floating and settleable materials. This step is termed primary 

treatment. In an additional step called advanced primary treatment chemicals such as alum 

(coagulants) are added to remove suspended solids and dissolved solids as well. Secondly, 
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biological and chemical treatments follow where most of the organic matter is removed. This is 

known as secondary treatment. One of the biological treatment methods is called suspended 

growth treatment where waste water is constantly stirred in a bio reactor to enable indigenous 

microbes to degrade organic matter present in the wastewater. Another method of biological 

treatment involves attached growth systems such as rotating biological contactors which act as a 

support for microbes to grow on and gradually degrade any substrates present in the wastewater.  

Three different processes namely aerobic, anaerobic and anoxic are used for degradation 

of organic matter by biological methods.
5
 Aerobic processes involve biodegradation in the 

presence of oxygen, while anaerobic processes involve biodegradation in the absence of oxygen. 

In anoxic processes, nitrate is converted into nitrogen in the absence of oxygen. These 

mechanisms can be employed in either suspended growth or attached growth systems depending 

on the contaminants present in the wastewater. Sometimes a combined process in employed in 

order to get the best possible degradation results.   

1.2. Biological and Chemical Constituents in Water 

Biological constituents. Some of the most dangerous diseases including cholera, typhoid 

and gastroenteritis are water borne.
2
 They spread easily and have a short incubation time (usually 

2 – 3 days) and are sometimes fatal. They spread through the water distribution system and are 

capable of affecting a large portion of a population.  Some microorganisms that originally affect 

animals evolve into new strains, which are capable of affecting humans as well. Examples 

include giargiasis, cryptosporidiosos, bird flu and swine flu.
2
   

 Hence, it is imperative that potable water be properly disinfected prior to distribution. 

Common examples of microorganisms present in water are viruses including Hepatitis, 
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Rotavirus, Echovirus and Enterovirus; bacteria including Vibrio cholera, Salmonella typhi, 

Lysterium botulinum and Pseudomonas aeruginosa; protozoa including Entamoeba histolytica,  

Entamoeba dispar, Giardia lamblia and Cryptosporidium parvum.
2
 Conventional disinfection 

techniques include using oxidants such as chlorine, ammonia, ozone and UV disinfection 

techniques. 

Chemical constituents. In the late twentieth century, two main developments were made 

in the fields of water quality and improving the effectiveness of water treatment. In water 

quality, it was realized that chlorine used in the disinfection process reacts with natural organic 

matter present in water to form harmful chemical byproducts some of which are potential 

carcinogens. The other most significant development was the introduction of membrane 

technology that had the potential for complete rejection of harmful pathogens and various other 

contaminants by size exclusion.
2, 6-9

 There have been many more developments in water 

treatment technologies and remediation methods to face the rising standards of water quality. 

These have been detailed further in this Chapter with specific examples.  

Numerous inorganic, organic and biological impurities can be found in untreated water. 

The sources of these contaminants are both natural and anthropogenic. Naturally present 

inorganic constituents that are present in significant amounts (1.0 to 1000 mg/mL) in water 

include calcium, magnesium, potassium, bicarbonate, chloride, sulphate and nitrate.
2
 Other 

inorganic constituents that are generally present in lesser amounts ( 0.01 to 10 mg/mL) include 

arsenic, copper, fluoride, iron, lead, magnesium and silica. These inorganic constituents are 

found mainly due to reactions during rock weathering and soil and sediment leaching caused by 

minerals.  Examples of inorganic constituents that are present in water due to human activity 

include, copper, arsenic, silver, mercury, zinc, chromium, nickel.
2,8,10-13

 Organic contaminants 
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from natural sources are called natural organic matter (NOM), formed as a result of chemical and 

microbial degradation of vegetation.
2,14-17

 Synthetic organic compounds (SOCs) are organic 

contaminants of anthropogenic origin which mainly include industries, careless disposal of 

chemical wastes in landfills and various other commercial activities.
 2, 6,9, 18,19   

1.3. Removal of Heavy Metal Ions from Wastewater 

Among the several inorganic constituents present in contaminated water, toxic heavy 

metal ion contamination originating from industrial, municipal, agricultural and anthropogenic 

activities has been proven to be hazardous and a serious environmental problem. 
2, 8,10-13

  If the 

concentration levels of these heavy metals go beyond a set limit, they can lead to severe health 

problems. For example, high levels of Ni can result in lung and kidney problem; mercury is 

known neurotoxin and can damage the central nervous system; lead damages liver and central 

nervous system.
2,20-22

 Several techniques have been reported for the removal of these 

contaminants from wastewater; this Chapter will focus on chemical precipitation (coagulation), 

adsorption, ion-exchange,  membrane filtration, electro chemical treatments, and nanomaterials. 

1.3.1. Chemical Coagulation/Flocculation 

Chemical coagulation and flocculation involves addition of chemical compounds called 

coagulants that react with the contaminants and precipitate them in solution. The precipitate is 

subsequently separated by sedimentation/filtration. 
8
 Common coagulants used for this purpose 

are Ca (OH)2, NaOH, CaCO3, Al2 (SO4)3, some organic polymers and sulphides like pyrite 

(FeS2) and synthetic FeS 
8,10

 This technique has been used to specifically remove Cu (II), Cr 

(VI), Cd (II), Pb (II), As, Cd, Ni, Zn, Mn and Mg from wastewater and groundwater.
23-30
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1.3.2. Adsorption 

Another effective and more economic technique for remediation of heavy metal 

contaminated water is adsorption. The other main advantages of this technique are its operational 

flexibility and potential for regeneration for further reuse.
8
 Among most adsorbents, activated 

carbon (AC) is one of the most widely used materials for removal of heavy metal ions. AC has 

been prepared from a variety of sources like coconut shells, wood char, lignin, petroleum coke, 

peat and sawdust.
12

 AC has an amorphous structure, the crucial property being their high surface 

area as a consequence of large micropore and mesopore volumes. Cd (II), Zn (II), Cr (III) and Cr 

(VI)  have been effectively removed using AC.
8,31-36

A major drawback of AC is its cost depends 

on its quality. In other words, higher the quality higher is the cost. More importantly, it often 

needs complexing agents to improve its efficiency and making it unattractive for industries 

because of low cost efficiency.  In order to address this issue, many low cost adsorbents like 

chitosan, zeolites, clay, fly ash, peat moss, materials of coal (kaolinite, smectite, bentonite), have 

been employed to remove heavy metal ions like Cu (II), Hg (II), Cd (II), Ni (II), Zn (II), Co (II), 

Pb (II) and Cr (III) from wastewater and contaminated water. Other less commonly used 

adsorbents like industrial wastes containing iron (III) hydroxide and lignin, xanthate, rice husk 

and rice husk carbon  have also been reported before for such remediation purposes. 
12,22,33,37-43 

1.3.3. Ion Exchange 

  
  Ion exchange process employs certain natural and synthetic resins that have a unique 

ability to exchange their cations with the metals present in the water to be treated. Among the 

most commonly used synthetic resins, cation exchange resins are known to be strongly acidic in 

nature and functionalized with sulphonic groups (-SO3H), while the weakly acid resins have 
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carboxylic acid groups (-COOH). The advantages of this technique include high water treatment 

capacity, high removal efficiency of metal ion contaminants and fast kinetics.
8,44

  The factors 

governing the uptake of heavy metal ions by these resins are pH, temperature, concentration of 

metal, ionic charge and contact time.
45

 Typical ions like Ce (IV), Fe (III) and Pb (II) have been 

removed from wastewater and aqueous solution by ion exchange processes. 
45,46

 There are 

reports of zeolites, a  naturally  occurring ion exchange resin for the removal of heavy metal ions 

but they are not as efficient as the synthetic resins and have been used only in the laboratory 

scale. Synthetic micron scale zeolites have been widely used for applications in removal of Cr 

(III), Ni (II), Zn (II), Cu (II) and Cd (II) from metal electroplating wastewaters. 
1,47-51

 

1.3.4. Membrane Filtration 

As mentioned earlier, membrane filtration methods are a very significant development for 

the water treatment. Membrane processes involve a cross-flow filtration technique in which the 

feed is pumped at high velocity parallel to the surface of the membrane to reduce the collection 

of species retained at the surface.
2
 Among the well-known membrane filtration methods, is 

ultrafiltration (UF). UF works on low transmembrane pressures that involve creating a constant 

low pressure drop across the membrane to avoid occurrence of pressure gradients caused by 

increasing cross flow velocity. The pore size of these membranes is generally bigger than the 

metal ions, these ions pass through the membrane with ease.
 6-9

 So in order to improve the 

retention efficiencies of these membrane ,  surfactants like Sodium dodecyl sulphate (SDS) are 

added to result in membranes called micellar enhanced UF (MEUF).
10

 The removal efficiency of 

MEUF is governed by the concentration of the metals, pH and ionic strength. Often surfactants 

like Sodium dodecyl sulphate (SDS) are added to result in membranes called micellar enhanced 

UF (MEUF), used to improve the retention efficiency of these UF membranes. Metal ions like 
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Zn (II), Cu (II), Cd (II), Ni (II) and Pb (II) have been removed by this technique from waste 

water.
52-54

 Another type of UF, called polymer enhanced UF (PEUF), works by water soluble 

polymers to complex the metal ions.
8
 In this process, water soluble polymers with high electron 

density functional groups (carboxylic acids, thiols, amines) are added to the water contaminated 

with heavy metal ions. Complexation occurs due to the formation of a coordinate covalent bond 

between the metal ion and the functional groups. These membranes are widely reported to 

remove Cr (III), Ni (II), Cu (II), and many more heavy metal ions from aqueous streams.
55-58 

 Reverse osmosis (RO), is another membrane filtration technique that uses a semi 

permeable membrane to remove ions and large molecules from liquid effluents. In this process, 

pressure is applied to one side of a semi permeable membrane and the contaminants are retained 

in the pressurized side of the membrane, while the clean water is allowed to pass through to the 

other side.
3,8

 There have been a few reports of appropriate RO operated under specific conditions 

used previously to remove As, Ni (II), Cu (II) and Cr (III),  but this technique is yet to be applied 

more widely.
59-61 

 Nanofiltration (NF) is an intermediate technique between UF and RO with pore size 

typically about 1 nm. It is an emerging and a very promising technique used for the removal As, 

Cr and Cu from waste water, recently reported by several researchers.
62-67 

1.3.5. Electrochemical Methods 

This technique involves plating out of metal ions on the surface of cathode and recovery 

of metals in their elemental state. This technology is known to be very expensive, so has not 

been very widely used, but their importance has gained momentum for past two decades because 

of the evolving water quality standards.
8
 Electrocoagulation is a well established technique that 
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involves generation of coagulants by dissolving aluminum or iron ions from their respective 

electrodes. Metal ion is generated at the anode, while hydrogen gas is released at the cathode and 

this gas helps the flocculated particles to float out of the water.
68

 The performance of this 

technique using aluminum electrode was investigated recently to remove Ag (I), Cu (II), Zn (II) 

and Ni (II), and reported that higher concentrations of these metals led to higher rates and 

eventually converted hydroxide precipitates.
68,69  

1.3.6. Nanomaterials 

Recent advances in nanoscale science and engineering have shown great promise in 

contributing to water treatment and remediation by the use of nanosorbents, nanocatalysts, 

nanoparticles, nanoparticle enhanced ultrafiltration and nanostructured membranes.
1,70

 One 

reason why these materials are so promising and attractive is their ability to reduce the 

concentrations of toxic substances to sub ppb (parts per billion) levels and help achieve high 

water quality standards.
70

 
 
Zero valent iron nanoparticles (nZVI) have been extensively used to 

study the transformation of heavy metal ions including As (III), Pb (II), Cu (II), Ni (II) and Cr 

(VI).
71-77

 Another relatively new adsorption material used for these purposes is carbon nanotubes 

(CNTs) which have proven to have great ability to adsorb Pb (II), Cd (II), Cu (II), Ni (II) and Cr 

(III) from wastewater. The mechanism of adsorption of these contaminants are still under study, 

but is mostly attributed to electrostatic attraction, sorption-precipitation and interaction between 

the metal ions and the reactive functional groups on the CNTs.
78-83 

1.4 Organic Contaminants Removal from Wastewater 

 As detailed previously, one of the major sources of organic contamination in water is 

from SOCs. Several industries like leather, pharmaceuticals, pesticides, textile, paper and even 
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wastewater treatment plants are the major source of SOCs. A few examples of SOCs include 

antibiotics, pesticides, herbicides, polychlorinated biphenyls (PCBs), poly aromatic 

hydrocarbons (PAHs), organochlorine compounds, and explosives.
 2,3,6,9,18,19,84

 Some of these 

contaminants are referred to as persistent organic pollutants (POPs) are resistant to biological 

degradation. SOCs and POPs are generally present in low concentrations, but are of significant 

health concern leading to chronic health conditions that are usually detected late. Biodegradation 

and photodegradation are the two main routes for destroying toxic organic compounds present in 

water.
85

 Many compounds including aromatic and chlorinated hydrocarbons, chlorinated 

phenols, and other pesticides degrade by direct or indirect photolysis (photodegredation). During 

photolysis, photosensitizers including nitrates and humic acids present in natural water absorb 

light and transfer this energy to the contaminants present in the water that get degraded. For 

biodegradation, metabolic activity of microorganisms, fungi and bacteria that live in natural 

water eliminates the contaminants present in water. But these techniques sometimes are not 

effective for organic pollutants (POPs) that are toxic and resistant to these natural biological 

treatments.
86-90

 This section discusses the most common treatment techniques that have been 

developed to remediate wastewater contaminated with SOCs and POPs including advanced 

oxidation processes (AOPs), use of nanomaterials, membrane technology, adsorption by 

activated charcoal, conventional techniques (filtration, coagulation, flocculation, and 

sedimentation). Treatment of wastewaters contaminated with synthetic dyes will be discussed as 

a separate section in this Chapter, with special focus on polymeric materials employed for their 

remediation purposes.   

1.4.1. Advanced Oxidation Processes (AOPs)  
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AOPs involve generation of an extremely reactive and less selective intermediate radicals 

(OH
.
), compared to the conventional oxidants, chlorine and molecular ozone.

91-94
 The standard 

oxidation potential of these radicals is typically, E
0
 =2.8 V which is much higher than the 

conventional oxidants,
 3

 thus making them more effective in oxidation of greater variety of 

organic compounds. Multiple oxidizing agents including Ozone (O3), hydrogen peroxide (H2O2),  

combined with metallic or semiconductor catalyst and UV light, generate these reactive 

radicals.
3,95,96

  

Ozonation is an example of AOP that generates OH
-
 radical by decomposition of ozone 

(O3) in water which can be artificially accelerated by increasing the pH 
97

. This technique is 

known to be applied to systems that have fluctuating composition of effluents and flow rate. 

Ozonation has been applied to wastewater systems containing antibiotics including β-lactams, 

lincosamides, macrolides, sulphonamides 
98-100

, pesticides,
101

 textile industry effluents, 
102,103

 

Though ozonation has been widely used for such remediation purposes, it suffers from mass 

transfer limitations in which it requires greater amounts of the oxidant compared to other AOPs 

which need much lower quantities of oxidant to treat a given load of pollutants.
3
  

 Fenton‟s reagent was developed by Henry John Horstman Fenton in the 1890s, which is 

a solution of strong oxidising agents consisting of hydrogen peroxide (H2O2) and ferrous 

ions.
3,104

 Among the two Fenton‟s oxidation systems namely homogeneous and heterogeneous 

systems, the former has been more widely used. Fenton‟s reagent in the homogeneous oxidation 

system uses H2O2 and iron (ferrous or ferric ions) catalyst in an acidic medium that generates the
 

hydroxyl
 
radical.

97
 The efficiency of the oxidation process is most commonly increased by 

conjugation with UV radiation, in which case the process is termed photo-Fenton.
105-107

 UV 
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radiation increases the oxidation efficiency by regenerating ferrous ions resulting in production 

of more hydroxyl radicals. The main factors that govern the performance of Fenton and photo-

Fenton are pH, temperature, catalyst, H2O2 and pollutant concentrations.
3
 The major advantages 

of these systems are that the reagents are inexpensive, Fe is readily available in abundance and 

H2O2 is relatively easy to handle. These systems have been used for several applications for 

degradation of imidazoles, quinolones, tetracyclines and sulphonamides, 
96,105,106,108-114

 

wastewater containing pesticides and herbicides; treating effluents from paper mills, textile 

industries, petrochemical industries, distilleries and tanneries. 
115-127 

Photolysis involves dissociation of organic compounds by using natural or artificial light. 

These are of two types: direct and indirect photolysis.
3
 In the former case, organic compounds 

absorb UV light and react with the constituents in the water matrix and sometime even undergo 

self-decomposition.
 107,128-130

 Whereas indirect photolysis involves photo degradation of 

sensitizers like oxygen, hydroxyl and/or peroxyl radicals.
109,129

 Photolysis of  humic acid and 

other inorganic constituents present in water matrices and external addition of H2O2 produce the 

oxidants necessary for this type of photocatalysis. The main factors that affect the performance 

of this technique are absorption spectrum of the pollutant, intensity of radiation and frequency, 

concentration of H2O2 and the type of matrix.
131

 More importantly only compounds that are 

photo sensitive are easily degraded, i.e., the technique is very dependent on the chemical 

structure of the compound. Previous reports mention the use of this technique to study the 

degradation of metronidazole, tetracyclines, and chlorophenols.
4,107,109,130,132

 But this technique 

has proven to be less effective than other AOPs especially in which UV radiation is combined 

with H2O2, ozone or catalysis.
3
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Semiconductor photocatalysis involves degradation by oxidation in the presence of three 

components: a catalytic photo-sensitive surface (semiconductor such as titanium dioxide is often 

used), photon energy source and an oxidizing agent.
 111,133-140

 Semiconductor photocatalysis is a 

promising technique to treat wastewaters contaminated with pesticides and antibiotics, effluents 

from textile industries, leather tanning industries and paper industries. 
111,123,133,134-148

  

1.4.2. Use of Nanomaterials 

As detailed in the previous section, nanomaterials have emerged as one of the most 

widely used techniques for water remediation purposes. Specifically, single-walled carbon 

nanotubes (SWCNTs) that have typical diameters ranging from 0.3 nm to 3 nm and multi-walled 

carbon nanotubes (MWCNTs) with diameters that reach up to 100 nm, are known for their 

interesting structural, mechanical and chemical properties.
149,150

 Moreover, their large surface 

area and tubular structure make them very good adsorbent materials.
1
 There have been several 

reports where both SWCNTs and MWCNTs have been used for removal of carcinogenic 

trihalomethanes (THMs) including CHCl3, CHBrCl2, CHBr2Cl and CHBr3 that were present in 

water as a result of chlorination of drinking water. 
151-154

 There have also been reports of treating 

water contaminated with herbicides.
155-158

 Though these materials are known for their high 

adsorption capabilities for contaminants in both drinking water and environmental water, there 

applications are often hindered by high cost and poor solubility.
1
 In other examples, zero valent 

iron nanoparticles (nZVI) are known for their higher reactivity when compared to their 

microscale counterparts because of their greater density and higher reactive surface.
73,74

 Several 

laboratory reports have used nZVI for transformation of wide variety of contaminants including  

chlorinated organic compounds and polychlorinated biphenyls (PCBs).
159-162

 Although nZVI 

have been proven effective in degrading these organic pollutants, the structure of these particles 
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may limit the rate of reaction over time. This is attributed to formation of oxide layers on the 

surface of these particles upon contact or reaction with air.
77,163

 In order to address this issue, 

bimetallic iron particles were physically mixed with either palladium or nickel and were reported 

to better degrade the chlorinated organics.
163,164

 These materials have been used mostly for 

chlorinated organics which are highly toxic, but there have been reports where bimetallic Fe/Pd 

have been used for dechlorination of chlorinated aliphatic compounds, chlorinated aromatics and 

PCBs.
 161,162,165-170 

1.4.3. Membrane Processes 

Membrane technology has been detailed in previous section for remediation of 

wastewaters contaminated with heavy metal ions. These methods have been used widely for 

removal of organic contaminants as well. Specifically, reverse osmosis (RO), nano and 

ultrafiltration techniques (NF, UF) have been employed for removal of Levamisole, 

Sulfaguanidine, Sulfadiazine, Sulfamethazine and various others from model wastewaters of a 

pharmaceutical industry.
4,171-174

 More recently, taking into consideration the cost efficiency and 

the ability to remove pesticides, endocrine disrupters and other industrial pollutants, a „tight‟ 

nanofiltration (NF) membranes modified with polyamide were used as a substitute for RO.
7
  

1.4.4. Activated Carbon 

Granular activated carbon (GAC) is known for its relatively larger surface area, 

microporous structure, high adsorption capacities and surface reactivity compared to powdered 

activated carbon.
9
 Among a few examples, activated charcoal has been used for adsorption of  

trimethoprim, sulphonamides, imidazoles, ampoxicillin;
5,175-177 

pentachorophenol, 

propetamphos
17

8; hexahydro- 1,3,5-trinitro- 1,3,5-triazocine (RDX) and octahydro-1,3,5,7-
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tetranitro-1,3,5,7- tetrazocine (HMX)
179

. Activated carbon has also been chemically, physically 

or thermally modified to better remove fungicides, herbicides, phenols, aniline and  

nitrobenzene.
180

 

1.4.5. Conventional Methods 

As discussed before, one of the commonly used techniques in water treatment 

coagulation and flocculation, involves addition of  alum, iron salts, lime and polymers to 

enhance the precipitation of pollutants, solids sedimentation and colloids formation. 
8,10

  There 

are several examples including removal of non-biodegradable contaminants from landfill 

leachates
9
 (highly polluted water from landfills or municipal solid waste disposal); treatment of 

tannery wastewater 
181

, removal of pesticides; removal of natural organic matter (NOM) during 

drinking water treatment processes
84,182

 and treating textile wastewaters.
183-188

  

1.5. Synthetic Dyes in Wastewater: Occurrences, Health Concerns and Remediation 

Techniques 

 Synthetic dyes are extensively used in the textile, paper production, leather tanning, food 

technology, photoelectrochemical cells, hair coloring industries.
189-194

 Large scale production and 

applications of synthetic dyes leading to considerable environmental pollution have become a 

serious health risk concern.
189

 According to a recent estimate in 2008, it was reported that the 

amount of dye stuff produced worldwide was about 7×10
5
 tons.

195,196
 Synthetic dyes are widely 

classified based on their structure as azo, anthraquinone, indigoid, oxazine, triphenylmethyl, and 

phthalocyanine. Of these, azo, anthraquinone and oxazine fall under the class of reactive dyes, 

which react with the fibres of the material to be dyed.
197

 Azo dyes form a large portion ( ~ 60%) 

of these reactive dyes and are heavily relied on in the textile industries. Specifically, synthetic 
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azo dyes transform into colorless aromatic amines, some of which are carcinogenic by 

nicotinamide adenine dinucleotide phosphate NAD (P) H-dependent reduction, catalyzed by 

azoreductases. 
198

  

 Most synthetic dyes are highly stable when exposed to sunlight and also resistant to 

microbial attack and high temperature, making it a challenge to degrade most of these dyes by 

traditional wastewater treatment methods.
186

 But there is continuous research involved in 

addressing this issue. The most common techniques that are used to degrade or decolourize the 

dyes in wastewater effluents include physico-chemical methods, biological treatments and 

electrochemical methods that already been discussed in detail in the previous sections.  

1.5.1. Remediation Methods 

Briefly, activated carbon is one of the most extensively used adsorbents for treating a 

wide variety of  cationic dyes, reactive dyes and acid dyes for treatment of waste water. 
199-207

 In 

addition many lost cost adsorbents including carbon materials from solid wastes and coal based 

sorbents, industrial by products, chitosan, zeolites and biosorbents.
196,208,209

 

Coagulation/flocculation is another widely used technique for removal of several synthetic dyes 

from wastewater.
187,188,210,211

 But a main disadvantage of this technique is that it leads to 

secondary pollution. Advanced oxidation process is another example which has been used as a 

widespread tool mostly by using Fenton‟s reagent and photocatalysis for degradation of a wide 

variety of dyes, but there have been concerns regarding the cost and operational methods.
 186,212

 

Application of microorganisms for biodegradation of synthetic dyes has also been reported 

before, but these are often inefficient because most of these dyes are resistant to their 

attack.
213,214

 Electrochemical methods have gained a lot of significance for over the past decade 



17 
 

for treatment of dyestuff wastewaters, which include electrocoagulation, electrochemical 

reduction, electrochemical oxidation and photo assisted electrochemical methods.
213,215-217

 

1.5.2. Polymeric Materials for Remediation 

Relevant to the work in this thesis are polymeric materials based adsorbents and sorbents 

on hydrogels and microgels (colloidal hydrogel particles), which have been used in recent years 

for water remediation. As detailed in the previous section, adsorption on activated carbon is one 

of the most commonly used techniques for removal of dyes from water. However activated 

carbon has been recognized to still suffer from costly regeneration processes. Though there have 

been many low cost adsorbents substituents, they still suffer from low adsorption capacities. In 

the past decades, polymer based adsorbents have been explored as another alternative for 

removal of organic contaminants from water. 
218-232 

The main advantages of these materials 

being adjustable surface chemistry and regeneration under mild conditions, in addition to having 

large surface area and mechanical strength. A variety of cationic and anionic dyes have been 

removed using many hydrogel systems based on poly (acrylic acid), poly (N-

Isopropylacrylamide), poly (N,N- dimethylacrylamide), poly (vinylpyrrolidone), poly (vinyl 

alcohol). Of these dyes, an azo dye 4-(2-Hyrodxy-1-napthylazo) benzenesulfonic acid sodium 

salt (Orange II) is of specific relevance to this work, and in recent reports pNIPAm based 

hydrogels have been employed to determine the partition coefficient of these dyes in the system. 

Orange II has been considered as a contaminant from various industrial effluents and treated 

using many physical and chemical methods.
233-235

 

The aim of this Chapter was to give an overview of the most common remediation 

techniques used for the removal of inorganic and organic contaminants from wastewater. 

Removal of synthetic dyes using the common methods with specific focus on polymeric 
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materials was highlighted in a separate section. The following Chapter will give an introduction 

to a special class of materials called microstructured hydrogels or microgels with specific focus 

on poly (N-isopropylacrylamide) microgels (pNIPAm), their syntheses, properties and 

characterization techniques. 
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CHAPTER 2 

MICROSTRUCTURED HYDROGELS 

 

This Chapter will serve as a brief overview of hydrogel materials with special focus on 

microstructured hydrogel particles, known as microgels. The synthesis and properties of 

microgels based on N-Isopropylacrylamide (NIPAm) will be discussed in detail. 

2.1. Hydrogels Overview 

Hydrogels are materials that are composed of a crosslinked hydrophilic organic polymer 

network held together by covalent or noncovalent bonds, and are able to swell in aqueous media 

absorbing water about a thousand times their dry weight.
236-242

 The crosslinks maintain the 

stability of the hydrogel network, and the solvent content within the hydrogels provide them 

fluid-like properties.
236

 Hydrogels can be: crosslinked chemically or physically; responsive or 

non-responsive to stimuli; and either of macroscopic or microscopic dimensions.  

2.1.1. Physically and Chemically Crosslinked Hydrogels 

Physically crosslinked hydrogels arise from non-covalent attractive forces that typically 

include hydrophobic and electrostatic forces, present between polymer chains. Hydrogels of this 

class are capable of degrading, i.e., they can undergo a transition from a three dimensional 

structure to a polymer solution under certain conditions. These are commonly called degradable 

or reversible hydrogels..
236,243

 Their most common application is the encapsulation of small 

molecule species, and their release, triggered when the gel dissolves.
244-246

  

Chemically crosslinked hydrogels on the other hand are formed by covalent bonds 

between the polymers in the network, and are therefore more stable than physically crosslinked 

hydrogels. They have a “permanent” structure except when labile chemical bonds are added to 
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the network. These hydrogels are formed by polymerizing monomers in the presence of a 

crosslinker, which contains polymerizable groups.
236,237

 Several methods have been reported for 

synthesis of chemically crosslinked hydrogels that employ radical polymerization, chemical 

reactivity between complementary functional groups, high energy irradiation using gamma 

radiation or electron beam and enzymes.
236,247 

These hydrogels serve as useful tools for 

applications in drug delivery systems, matrices for tissue engineering, biosensing and bio 

adhesives.
239,248-252

 

2.1.2. Macrogels and Microgels 

Based on the dimensions of a hydrogel, it can be classified as either a macrogel or 

microgel. Macrogels are “bulk” hydrogels that have at least one dimension greater than one 

millimeter.
253-255

 Microgels are colloidally stable hydrogels with dimensions typically of the  tens 

of nanometer to micrometers range.
256-259

 Microgel with submicron dimensions are known as 

nanogels. Microgels can be synthesized from a variety of monomers, but this Chapter will focus 

on microgels based on pNIPAm and is discussed in detail later in this Chapter.  

2.1.3. Stimuli Responsive Hydrogels 

Hydrogels that undergo physical and chemical changes in response to the application of 

external stimuli are known as stimuli responsive hydrogels.
260,261

 These external stimuli can be 

either physical or chemical stimuli. Physical stimuli include temperature, electric or magnetic 

field, while chemical stimuli include pH, ionic strength and biomolecules.
250,258,262-276

 In general, 

depending on the applied stimulus, the hydrogel containing the stimuli responsive component 

undergoes some changes such as swelling/deswelling. A stimuli responsive polymer hydrogel 

may undergo a phase transition from a random coil to globule conformation as a result of change 

in the solution properties brought about by the above mentioned factors.
236,264,277 

This change in 
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conformation is depicted in Figure 2-1. Hydrogels of this kind are also known as „smart‟ 

materials and have a huge potential in many diverse applications. Examples include pH and 

temperature sensitive hydrogels used for site specific drug delivery,
250,264-283

 biomolecule 

specific hydrogels upon addition of glucose or antigens used for biosensing.
250,252,264,284-286

 Upon 

combining a pH responsive hydrogel with glucose oxidase, the release of insulin is regulated by 

the swelling of hydrogels in response to the concentration of glucose.
252

 In other examples, 

hydrogels responsive to light have been used for development of  artificial muscles, and in drug 

delivery,
250,276,287 

and tissue engineering.
241,288

 Non responsive hydrogels on the other hand, are 

materials that just swell in water, because they absorb water.  
 

 

             

Figure 2-1. Coil to globule phase transformation of polymer in the hydrogel 

 

2.2. Poly (N-isopropylacrylamide) Based Hydrogels  

Poly (N-substituted acrylamide) based hydrogels are a representative of a group of 

responsive polymers that are thermoresponsive and have a very unusual behaviour in solution. 

Specifically, poly (N-isopropylacrylamide) (pNIPAm) is arguably the most thoroughly studied 



22 
 

stimuli responsive polymer.
289-300

 The solution characteristics, synthesis and characterization will 

be discussed in detail in this section. 

2.2.1. Solution Characteristics of pNIPAm 

 PNIPAm is fully water soluble and is known for its thermoresponsive nature, in which it 

undergoes a conformational change from a random coil in aqueous solution at T < ~32 ˚C to a 

compact globule at T > ~32 ˚C by expelling much of its water of solvation.
290,291,297,298

 The 

earliest studies on the properties of pNIPAm in solution revealed that this phase transition is 

driven by entropy and is endothermic.
301

 In general, for any polymer in a solvent, the behaviour 

is related to the balance between the solvent-solvent, solvent-polymer and polymer-polymer 

interactions. If the polymer is stimuli responsive, the solvation changes due to strengthening of 

one these interactions while weakening one of the others. In the case of pNIPAm in water, the 

water bonds to the amide side chains in the polymer at room temperature.
236,300

 The isopropyl 

side chain imparts hydrophobic structuring on the water. This structured water leads to an 

entropically driven polymer-polymer interactions by the hydrophobic effect.
236

 The hydrogen 

bonding between the polymer and water gets disrupted upon heating causing the water to act as a 

poor solvent leading to a chain collapse. Above LCST, the intra and inter polymer hydrogen 

bonding and polymer-polymer hydrophobic interactions are dominant that leads to a globular 

conformation.
300,302

  

2.2.2. Swelling Behaviour of PNIPAm Hydrogels (Macrogels)  

 PNIPAm macrogels typically have one dimension and are of  a millimeter or more in size 

and exhibit a volume phase transition temperature (VPTT) of T ~32 ˚C. At this temperature, also 

known as the lower critical solution temperature (LCST) the macrogels transform from a water 

swollen (hydrophilic) state to a deswollen (hydrophobic) state.
236

 The main factors that affect the 
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VPTT of the gels are cross-link density, balance between the hydrophobic-hydrophilic   states, 

ionic strength and the composition of solvent . Extensive studies on the deswelling kinetics of 

pNIPAm were performed by Tanaka and coworkers reveal that the ionic thermoresponsive gels 

display a discontinuous or discrete transition in contrast to nonionic gels. In a discrete transition, 

an infinitesimal change in the solvent composition or temperature brings about a finite change in 

the gel volume. Also, it was observed that the deswelling rate is inversely proportional to the 

square of the smallest dimension of the gel.
255,303-306

 In order to achieve higher swelling rates, 

studies have shown that by synthesizing pNIPAm gels at a temperature above their LCST, which 

results in larger pore size.
307,308 

2.2.3. PNIPAm Microgels  

 As discussed before, microgels are colloidally stable counterparts of bulk macrogels and 

their size typically ranges between tens of nanometer and micrometer. Microgels based on 

pNIPAm also exhibit a volume phase transition (VPT) similar to pNIPAm based macrogels 

where they transform from a swollen to a deswollen state above their LCST (T ~32 ˚C) and this 

change is ideally reversible. 
236,299,300

 Microgels have an advantage over macrogels in terms of 

faster deswelling kinetics because of their smaller size.
309

 An interesting study done by Wu et al 

revealed a very specific difference pNIPAm macrogel and microgel in terms of the phase 

behavior. It was observed that the VPTT of the pNIPAm microgels was slightly greater than the 

LCST of linear pNIPAm and the region of the transition was broader than the bulk gels.
310

 They 

attributed this continuous transition to the higher heterogeneity present in the subchain lengths of 

the microgels. When T > VPTT, the regions with longer subchains (which depend on the 

number of cross links) collapsed at a lower temperature compared to the region with smaller 

subchains. In other words, different regions of the polymer microgel undergo phase transition at 
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different temperatures. Other characteristics of pNIPAm microgels include colloidal dispersions 

like zeta potential.
300,311-314

  

There has been tremendous interest in modifying pNIPAm microgels to broaden their 

responsivity to various other stimuli, the most common being addition of carboxylic acid groups 

like acrylic acid or methacrylic acid.
 258,293,299,300,315-318

 Specifically copolymerization of acrylic 

acid, with a pKa of ~ 4.25 into the pNIPAm microgel network hinders the VPT or 

thermoresponsivity at pH > pKa (4.25) of the AAc groups causing the microgels to swell due to 

Coulombic repulsion.
267,293,319,320 

2.2.4. Synthesis of PNIPAm Microgels 

 Microgels can be synthesized via a variety of routes such as: precipitation 

polymerization, anionic copolymerization, crosslinking of neighbouring polymer chains, 

microremulsion and miniemulsion polymerization.
299, 300, 310, 321-327

 Colloidal particles syntheses 

of  pNIPAm have been reported widely. 
258,290,291,293,298-300,315,328-330

 This dissertation focuses on 

synthesis of pNIPAm based microgels through free radical precipitation polymerization and this 

will be discussed in detail.  

Free radical precipitation polymerization of pNIPAm microgels consists of NIPAm as the 

major monomer and a cross-linker N,N’- methylene bisacrylamide (BIS) dissolved in water. This 

solution is transferred to a three-necked round bottom flask. Dissolved oxygen prevents the 

polymerization from occurring and so the solution in the RBF is purged with nitrogen 

throughout. The solution is then heated to ~ 70 ˚C upon stirring and under the nitrogen blanket. 

Once this temperature is reached, comonomers can be added to the reaction mixture. Acrylic acid 

(AAc) comonomer was used throughout this dissertation. The initiator ammonium persulphate 

(APS) is then added to this mixture and the reaction is allowed to proceed for ~ 4h. Finally the 
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solution is cooled and filtered. For synthesis of microgels of smaller size, some concentration of 

the   surfactant, sodium dodecyl sulphate (SDS) is added along with the monomer and the 

crosslinker. The concentration of the surfactant is kept below the critical micelle concentration 

(CMC).  Figure 2-2 shows the scheme for the synthetic scheme of pNIPAm microgels. 

    

Figure 2-2. Synthesis scheme for pNIPAm microgels. All the monomers are dissolved in water. 

Specifically, for the synthesis of a) „small‟ size microgels (~ 250 nm), conditions include 

addition of SDS prior to initiation at solution temperature of ~ 70 ˚C,  b) „medium‟ size 

microgels (~ 1 µm), conditions include initiation after the solution temperature reaches ~ 70 ˚C 

and c) „large‟ size microgels (~ 1.5 µm) conditions include addition of AAc prior to initiation at a 

solution temperature of 45 ˚C and the temperature is again ramped up to reach ~ 70 ˚C. 

 

The mechanism of the formation of microgels involves homogenous nucleation.
299

  

Addition of APS at high temperature results in the generation of sulphate radicals which initiate 

the polymerization. Also, after initiation the NIPAm monomer starts to polymerize and the chain 

grows till it reaches a critical chain length, after which it collapses on itself giving precursor 

particles. This chain collapse happens because the polymerization temperature is higher than the 

LCST of the polymer resulting in phase separation. The precursor particles act as nuclei to 

promote the growth of microgel leading to a colloidally stable structure whose diameter is 

determined by the amount of SDS present in the reaction mixture. Figure 2-3 represents a 

schematic of steps that take place in a precipitation polymerization. To synthesize small 
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microgels, the precursor particles have to be stabilized by high concentration of SDS while low 

concentration of SDS is needed for large microgels. 

 

Figure 2-3. Free radical precipitation polymerization schematic. After initiation, the polymer 

chain slowly grows and collapses upon reaching a critical length. This collapsed chain then 

serves as a precursor particle for the formation of a stable microgel. 

 

 

2.3. Applications of Microgels  

Responsive microgel materials also known as smart materials, as mentioned above, have 

found have been used for a variety of applications including biosensing,
331,332

 optical 

materials,
294,296,329,333

 catalysis,
335,336

 tissue engineering.
302,337

  

Of interest to this dissertation is the application of polymer microgels for encapsulation 

of organic molecules. Incorporation of  DNA, RNA, small organic molecules, proteins and  drug 

molecules within the microgel network have been reported widely.
236

 A schematic for 

encapsulation of molecules by the microgels is shown in scheme 2-4. For biomolecules with low 

molecular weights like anti-cancer drugs (and release them subsequently), and polypeptides, 

encapsulation was performed by directly mixing these molecules with microgels,
338-341

 and in 

some cases hydrophilic-hydrophobic interactions were used to encapsulate a drug called 

doxorubicin into biodegradable poly (ethylene glycol) monomethyl ether methacrylate 
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(POEOMA) nanogels with disulfide crosslinking in water for drug delivery applications.
342

 

Higher molecular weight biomolecules including proteins, carbohydrates and genes  have been 

incorporated into microgels using inverse microemulsion polymerization, to confine water-

soluble biomolecules in water-soluble droplets.
343

 For instance plasmid DNA was encapsulated 

by PAAm based microgels synthesized by inverse emulsion polymerization and subsequently 

released upon degradation in response to pH change. Same method was used to incorporate for 

various other molecules including ovalbumin, BSA, lysozyme, various carbohydrate model 

drugs incorporated into micro/nanogels.
344-346

 

            

Figure 2-4. Encapsulation of small organic molecules (•) by microgels. 

In the following Chapters (3-5), the ability of pNIPAm based microgels and their 

assemblies (aggregates) for the encapsulation (removal) of an azo dye molecule Orange II from 

water at both room temperature and elevated temperature ( ~ 50 ˚C) has been discussed in detail. 

Chapter 3 also discusses the efficiency of pNIPAm based microgels for the removal of 5-tert-
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butoxycarbonyl 5-methyl-1-pyrroline N-oxide (BMPO). The removal efficiency of the dye is 

greatly affected by the solution temperature, structure and hydrophobicity of these systems. The 

overall efficiency to retain the dye within these systems has also been discussed. In Chapter 6, 

the reusability of the microgels and microgel aggregates has been monitored.  
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CHAPTER 3 

POLY (N-ISOPROPYLACRYAMIDE) BASED MICROGELS FOR SMALL ORGANIC 

MOLECULES REMOVAL FROM WATER  

3.1. Research Outline 
1
 

As detailed in Chapter 1, treatment of wastewater containing a variety of pollutants is an 

ongoing challenge to provide clean and potable water. This dissertation focuses on investigating 

poly (N-isopropylacrylamide)-co-acrylic acid (pNIPAm-co-AAc) microgels for the removal of 

an organic, azo dye molecule, 4-(2-Hydroxy-1-naphthylazo) benzenesulfonic acid sodium salt 

(Orange II, an azo dye) from aqueous solutions. It was observed that these microgels removed 

29.5% of the dye at room temperature within a very short period of time, while at elevated 

temperature, 56.6% of the dye was removed. We attribute the enhanced uptake at elevated 

temperature of ~ 50 ˚C to the thermoresponsive nature of the microgels, which expel water of 

solvation and deswell at high temperature and reswell when they are cooled back to room 

temperature. In attempts to further improve the removal efficiency of the pNIPAm based 

microgels, assemblies (or aggregates) of the microgels were synthesized. We observed a 

maximum removal efficiency of 73.1% at an elevated temperature as detailed in Chapter 4. The 

effect of changing the size of the microgels within the aggregates was also investigated and it 

was concluded that for aggregates with larger microgel diameters the removal efficiency 

increased to a maximum of 85.3% at an elevated temperature. The details of this study are 

discussed in Chapter 5. Finally, the reusability of the microgels, and their aggregates, for water 

remediation was investigated, as outline in Chapter 6. Chapter 3 also discusses the results from 

                                                           
1
 This dissertation has been adapted from references 361, 362 and 363.  
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the uptake experiments of an organic molecule, 5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-

oxide (BMPO) from aqueous solutions.  

3.2. Chapter Introduction  

As mentioned in Chapter 1, azo dyes are a class of synthetic dyes that constitute a large 

portion of reactive dyes. These compounds are mainly used as colorants in textile, cosmetic, food 

and drug industries. Many physico-chemical methods have been reported to remove azo dyes 

from water including electrochemical, biological, photo catalytic methods and 

adsorption.
189,212,217,347-350

 Most of these techniques are often expensive, not easy to implement 

and not very efficient.
186,351-354

 In recent years, many hydrogel based systems have been used to 

remove azo dyes, cationic and anionic dyes from water.
218-221,224

 Specifically, hydrogels of 

pNIPAm modified with polyacrylamide have been employed to determine the partition 

coefficient of Orange II and methylene blue in the system at different temperatures. It was 

reported that the permeability of Orange II through the hydrogels increased when temperature 

was raised above 32˚C.
355,356 

This Chapter focuses on studies performed to assess the ability of pNIPAm-co-AAc 

microgels for the removing the organic, azo dye molecule, Orange II (Figure 3-1) from water. 

These studies were performed at both room and elevated temperature. At room temperature, the 

percent uptake of the dye increased with increasing concentration of the microgels and acrylic 

acid. The removal efficiency of the microgels was greatly affected by the increase in the solution 

temperature, which is a result of the thermoresponsive nature of pNIPAm-based microgels which 

deswell at elevated temperature expelling their solvating water and when the microgels are 

cooled back down they reswell with the Orange II containing water. Sorption studies of the dye 
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on the microgels were fit by a Langmuir sorption isotherm model. Studies based on removal of 

BMPO (Figure 3-1).at room temperature are also discussed in this Chapter. BMPO is used for 

electro paramagnetic resonance spectroscopy studies as a nitrone spin trap used for detection of 

short lived radicals like superoxide and hydroxyl in vivo and in vitro.
357-360

 Finally the overall 

efficiency of the microgels to retain the dye and BMPO was assessed by leaking studies.  

 

 

Figure 3-1. Chemical structures of Orange II and BMPO. 

3.3. Materials and Methods 

Materials. The monomer, N-isopropylacrylamide was purchased from TCI (Portland, 

Oregon) and purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, 

NJ). N,N’-methylenebisacrylamide (BIS) (~99%), acrylic acid (AAc) (~99%), and ammonium 

persulphate (APS) (~98%) were obtained from Sigma-Aldrich (Oakville, Ontario) and were used 

as received. Orange II was obtained from Eastman Organic Chemicals (Rochester, New York) 

and BMPO was kindly provided by Dr. Jie Sun of Academic Instruments, Bradenton, FL. All the 

phosphate salts used for preparing buffer solutions of pH 7, with an ionic strength of 0.235 M, 

were obtained from EMD and were used as received. Deionized (DI) water with a resistivity of 
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18.2 MΩ∙cm was obtained from a Milli-Q Plus system from Millipore (Billerica, MA), and 

filtered through a 0.2m filter, prior to use. Microgel samples were lyophilized using a VirTis 

benchtop K-manifold freeze dryer (Stone Ridge, New York). 

Synthesis of microgels. Microgels composed of poly (N-isopropylacrylamide) were 

prepared by a surfactant free, free radical precipitation polymerization as described previously.
293 

The total monomer concentration was 140 mM, and was 95% N-isopropylacrylamide (NIPAm) 

and 5% N, N’-methylenebisacrylamide (BIS) crosslinker. The monomer, NIPAm (13.3 mmol), 

and the crosslinker, BIS (0.700 mmol), were dissolved in deionized water (75 mL) with stirring 

in a small beaker. The mixture was filtered through a 0.2 m filter affixed to a 20 mL syringe 

into a 250 mL, 3-neck round bottom flask. An additional aliquot of deionized water (24 mL) was 

used to wash the beaker, which was filtered and transferred to the round bottom flask. The flask 

was then fitted with a thermometer, a condenser, stir bar, and a N2 inlet. The temperature was set 

to 65˚C and N2 was bubbled through the solution for ~ 1 h, after which 0.197 mmoles of 1 mL 

aqueous solution of APS initiator solution was added to the reaction mixture and was left to stir 

in the flask for 4 h, under N2 atmosphere. The solution was allowed to cool, while stirring 

overnight.  

Microgels composed of pNIPAM-co-AAc were prepared in a similar way by adding 

0.700 mmol, 1.40 mmol and 2.10 mmol of AAc to the reaction mixture to synthesize 5%, AAc, 

10%, and 15% pNIPAm-co-AAc microgels, respectively. The AAc was always added just prior 

to initiation, and the concentration of NIPAm was adjusted accordingly to maintain the 

monomer/crosslinker concentration constant at 140 mM for all microgel syntheses.  The AAc% 

in the microgels will be represented as pNIPAM-co-XAAc, where X = 0, 5, 10, and 15 % AAc. 

The hydrodynamic diameter (DH) of these microgels was determined by dynamic light scattering 
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studies using a ALV/CGS-3 Compact Goniometer System (Hesse, Germany). In brief, a dilute 

solution of microgels in DI water, maintained at ~23 ˚C, was irradiated by a 22 mW HeNe laser, 

and scattered light collected. . Data was analyzed using ALV-5000/EPP correlator software, 

from which the hydrodynamic diameter was determined. For microgels of varying concentration 

of AAc, three sets of samples each were analyzed using this protocol and the average sizes were 

determined to be 795.4 nm, 945.2 nm, 1.103 m and 1.384 m for pNIPAm-co-XAAc where 

X=0, 5, 10 and 15% respectively.  

 

         Table 3-1. DLS data for the different sizes of pNIPAm-co-XAAc (X=0, 5, 10 and 15%) 

 

 

%AAc Diameter of the Microgels      Standard Deviation  

0 0.795 µm ±0.008 µm 

5 0.94 µm ±0.01 µm 

10 1.10 µm  ±0.02 µm 

15 1.38 µm ±0.01 µm  

   

    

 

Following stirring overnight, the microgels were filtered through a type 1 Whatman filter 

paper, under vacuum and then rinsed with deionized water. To remove unreacted monomer and 

crosslinker, as well as linear polymer from the microgels, the microgel reaction solution was 

separated into 15 mL centrifuge tubes obtained from Corning Incorporated (Corning, NY) (~ 12 

mL microgel solution/tube) and centrifuged at a speed of ~8400 relative centrifugal force (rcf) in 

a Baxter, biofuge 17R (Mount Holly, NJ) at 23 C, for 30 min. Centrifugation yielded a pellet of 

microgels at the bottom of the centrifuge tube, and the supernatant was removed. ~12 mL of 
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fresh DI water was added and the microgel pellet was redispersed using a Fisher Vortex, Genie 2 

vortexer (Pittsburgh, PA). This cleaning protocol was repeated six times. 

Uptake studies. Microgels were lyophilized, and 52.1 mg of each was redispersed in 10 

mL of pH 7 buffer solution of 0.235 M ionic strength in a volumetric flask. The concentration of 

the stock microgel solution was 5.21 mg microgels/mL. A stock solution of 0.023 M Orange II in 

deionized water was prepared. Using a micropipette 300 L of microgels and 15 L of Orange II 

were transferred separately into different 15 mL centrifuge tubes obtained from Corning 

Incorporated (Corning, NY). A buffer solution of pH 7 of ionic strength 0.235 M was added to 

the tubes to give a total volume of 3 mL (final concentrations of microgels and Orange II are 521 

g microgels/mL and 114 M, respectively). For studies based on removal efficiency as a 

function of microgel concentration, a series of tests were conducted, in which 50, 100, 200, 300 

and 400 L of pNIPAm-co-10 AAc were exposed to 15 L of the dye in a volume of 3 mL. For 

all the experiments the buffer was added only after the dye was exposed to the microgels. This 

solution was allowed to sit for five minutes and then centrifuged for 30 minutes, at ~8400 rcf to 

pack the microgels at the bottom of the centrifuge tube. This centrifugation time was used to 

ensure that all the dispersed microgels were removed from solution (as confirmed from 

differential interference contrast microscopy, data not shown). The supernatant was carefully 

removed from the tube without disturbing the microgel pellet at the bottom of the centrifuge tube 

and transferred to a quartz cuvette and the absorbance measured using a HP8452A UV-Vis 

spectrophotometer with a diode array detector (previously Agilent Technologies, Inc., Santa 

Clara, CA). The initial concentration of Orange II for all the uptake studies was maintained at 

114 M and it was also observed that the pH of Orange II solution does not change when 

microgels are added to it. The initial absorbance of Orange II without microgels was also 
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measured as a function of time the solution stayed in the tube. It was confirmed that the tube did 

not have any effect on increasing/decreasing the absorbance of Orange II, independent of time. 

To study the uptake of Orange II as a function of temperature, the solution of Orange II and 

microgels was held at 50 ˚C, for different intervals of time (microgels deswell) and then cooled 

down to room temperature (microgels reswell). This solution was then centrifuged and the 

supernatant was used to perform UV-Vis studies. A schematic representing uptake studies is 

depicted in Figure 3-2. 

For studies on BMPO, the stock solution of BMPO was 0.2 M, out of which a volume of 

15 L was exposed to 100, 200, 300 and 400 L of pNIPAm-co-10 AAc (173, 346, 521 and 693 

g microgels/mL) made up to 3 mL using the same pH 7 buffer solution. The initial 

concentration of BMPO for all the studies was maintained to be 1000 M. The uptake studies 

were performed using the same protocol as above, for room temperature alone.   

 

Figure 3-2. Schematic for the uptake and leaking studies of Orange II by the microgels. 
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Leaking studies. To evaluate the ability of the microgels to retain Orange II, the 

concentrations, and volumes from the previous section were scaled up three times. So in this 

case, 900 L of microgels were exposed to 114 M Orange II in a total volume of 9 mL using 

the same buffer that was used for the uptake studies. This scaling up was done to get a detectable 

absorbance signal from the solutions after leaking. As for the Orange II removal studies above, 

the solution was allowed to sit for five minutes followed by centrifugation for 30 minutes. The 

supernatant solution was then carefully removed without disturbing the microgels packed at the 

bottom. To this tube, 9.0 mL of fresh buffer solution (the same buffer that was used for the 

uptake studies) was added and then the microgels were redispersed by vortexing. This was 

immediately divided into nine, one mL samples in 1.5 mL Eppendorf tubes obtained from Fisher 

Scientific, (Ottawa, ON) and the solutions were allowed to incubate for various intervals of 

times. For example, immediately following splitting up the original solution, one tube was 

centrifuged for 30 min and the supernatant solution removed and UV-Vis performed on the 

supernatant solution, this was considered t = 0. We allowed the other tubes to incubate for 10, 

20, 30, 40, 50, 60, 80 and 100 minutes respectively, before each was centrifuged. Figure 3-2 

depicts a schematic of leaking studies of Orange II. 

Leaking studies for BMPO were also conducted using the similar protocol as above, with 

the only differences being the durations of leaking (incubation time) were maintained at 30, 60, 

90, 120 and 180 minutes and the initial volumes of BMPO and microgels were 30 L and 600  

L respectively. The initial concentration of BMPO was maintained at 1000 M. 

Light scattering studies. This experiment was performed using a PTI fluorescence 

system (Birmingham, NJ, Model MP1, ser# 1621,) and analyzed using the FeliX32 Analysis 

Module (v1.2). Scattering intensity as a function of temperature was monitored. For this, 10 µL 
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pNIPAm-co-10AAc was added to a 3 mL pH 7 buffer, of ionic strength 0.235M. This solution 

was irradiated at a wavelength of 600 nm with slits open to 0.62 mm and the temperature was 

ramped up from 23 ˚C to 50 ˚C in 3 ˚C increments. The scattering intensity was measured for 

300 s at every temperature. A stabilization period of 300 s was given between every temperature. 

The scattering intensity data was averaged at for every 300 s measurement and the standard 

deviation was obtained from the average value. The data shows the thermoresponsive behavior 

of the microgels where the scattering intensity increases as the temperature is increased. 

 

3.4. Results and Discussion 

Uptake studies at room temperature. The ability of microgels to remove organic azo 

dyes from aqueous solutions was investigated by exposing them to Orange II. Initially, we 

investigated the effect of adding the weak acid AAc to the microgel structure. The experiment 

was performed by recording an initial absorbance spectrum of 114 M Orange II before the 

addition of 300 µL of microgels (521 g/mL), and comparing that to the absorbance of the 

supernatant after the addition of microgels. If Orange II was removed from the solution a 

decrease in absorbance will be observed. The number of moles in the solution before and after 

microgel addition was determined using a calibration curve shown in Figure 3-3. The percent of 

Orange II removed from the solution was subsequently calculated. Figure 3-4 (a) shows the 

percent uptake as a function AAc concentration in the microgels. The percent uptake was found 

to depend critically on the AAc concentration, increasing from 6.63% for the pNIPAM-co-0AAc 

to 31.2% for pNIPAM-co-15AAc microgels. This trend could be due to the increase in the size 

of the microgels as the %AAc increases, as determined by DLS, where the size of the microgel 

increased from 795.4 nm for pNIPAm-co-0AAc to 1.384 µm for pNIPAm-co-15AAc. The 
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uptake percent using pNIPAm-co-10AAc was 29.5% (only about 2% less than the 15% AAc 

system) and these microgels were used for subsequent experiments. 

                             
Figure 3-3. Calibration curve for Orange II. Each point on the plot represents an average of three 

replicate experiments and the error bars denote the standard deviation. The R
2
 value was 

analyzed to be 0.9951. The equation of the line to calculate the concentrations of Orange II was 

y= 0.0138*x - 0.0327.  

 

 
 

Figure 3-4. Uptake of Orange II as a function of (a) percentage of AAc (0%, 5%, 10% and 15%) 

present in the pNIPAm microgel system and (b) concentration of pNIPAm-co-10AAc. All the 

solutions were in a total volume of 3 mL and pH 7 buffer. Each point on the plots represents an 

average of three replicate experiments of uptake studies and the error bars denote the standard 

deviation. 
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The effect of microgel concentration on the removal efficiency was also investigated, and the 

results are depicted in Figure 3-4 (b). The removal efficiency steadily increased from 3.60% to 

29.5% as the amount of pNIPAM-co-10AAc microgels was increased (86.6, 173, 346 and 521 

g microgels/mL), but did not increase for 693 g microgels/mL). We hypothesize that this 

behavior is observed because the removal of dye is an equilibrium process and addition of more 

microgels to the solution, past a certain concentration, will not result in extra moles of the dye 

being removed.   

 The uptake studies with BMPO were conducted at room temperature, following the 

protocol outlined in the experimental. Briefly, from a stock solution of 0.2 M solution of BMPO 

a volume of 15 L was pipetted out and added to 100, 200, 300 and 400 L of pNIPAm-co-10 

AAc made up to 3 mL using the same pH 7 buffer solution. The initial concentration of BMPO 

was maintained at 1000 M. The experiment was performed by recording an initial absorbance 

spectrum of 1000 M BMPO in the absence of microgels and comparing that to the absorbance 

of the supernatant after the addition of microgels. A decrease in absorbance of the supernatant 

will be observed if the microgels took up any BMPO. The number of moles in the solution 

before and after microgel addition was determined using a calibration curve as shown in Figure 

3-5. From this, the percent uptake of BMPO by the microgels was calculated. Figure 3-6 shows 

the trend of removal efficiency of the microgels as a function of their concentrations. It was 

observed that as the concentration of microgels increased from 173 to 521 g microgels/mL, the 

percent uptake increased from 10.4% to 33.5%.  Upon increasing the concentration of microgels 

to 693 g microgels/mL, the removal efficiency increased only up to 35.1%, which is not a very 

significant increase. This behavior again can be attributed to equilibrium present within the 

system which does not allow the microgels to remove any further BMPO.  
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Figure 3-5. Calibration curve for BMPO. Each point on the plot represents an average of three 

replicate experiments and the error bars denote the standard deviation. The R
2
 value was 

analyzed to be 0.9949. The equation of the line to calculate the concentrations of Orange II was 

y= 0.0007*x + 0.0297.  

 

 

 

 

 

                                 
Figure 3-6. Uptake of BMPO as a function of concentration of pNIPAm-co-10AAc. All the 

solutions were in a total volume of 3 mL and pH 7 buffer. Each point on the plots represents an 

average of three replicate experiments of uptake studies and the error bars denote the standard 

deviation. 
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Removal efficiency as a function of temperature-Single cycle. PNIPAm microgels are 

well known to be thermoresponsive. That is, at T > ~32 ˚C they decrease in diameter by 

expelling their water of solvation, as result of which they become more hydrophobic. This 

process is reversible, so at T < ~32 ˚C the microgels rehydrate and return to their initial state. At 

this pH and ionic strength, the thermoresponsivity was still observed, as confirmed from light 

scattering experiments in Figure 3-7.  

 

                            

                              
                             

 Figure 3-7. Light scattering data for thermoresponsivity of microgels 

 

For the uptake studies, we exposed 300 µL (521g/mL) pNIPAM-co-10AAc microgels 

to 15 µL of Orange II, and cycled the temperature above and below 32 ˚C and calculated the 

percent removal. We hypothesize that when the microgels rehydrate, they will absorb excess 

Orange II from solution. Additionally, we characterized the uptake efficiency as a function of 

time that the microgels were held at an elevated temperature. Specifically, the microgels were 

exposed to Orange II for five minutes and heated to 50˚C for periods of 20, 40, 60, 90 and 120 
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minutes. The solution was immediately cooled to room temperature (~23 ˚C) for 30 minutes and 

centrifuged. The absorbance of the supernatant solution was then evaluated and percent removal 

determined. Figure 3-8 shows that the percent of Orange II removed from solution increased 

from 29.5% (at RT) to 50.3% as the time the solution was held at elevated temperature increased 

to 120 minutes. The figure also suggests that no more dye is taken up after the 90 minute heating 

and 30 minute cooling experiment. A control experiment was performed by heating Orange II of 

the same concentration (in buffer) in the absence of microgels. It was shown that the absorbance 

intensity of Orange II decreased by only 3.5% due to heating alone as shown in Figure 3-9, 

which confirms that the improved uptake efficiency of the microgels by heating was indeed due 

to the thermoresponsive nature of the microgels. 

 

                                   
 

Figure 3-8. Uptake of Orange II as a function of the time the microgels were held at elevated 

temperature for () one and (x) two cycles. Each point on the plot represents an average of three 

replicate experiments of uptake studies and the error bars denote the standard deviation. 
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Figure 3-9. UV-Vis spectra for 113.5 M Orange II at room temperature (shown in black) and 

after heating at 50 ˚C for 120 minutes (shown in red). No significant difference in the absorbance 

was observed under these conditions. 

 

 

 

Removal efficiency as a function of temperature-Multiple cycles. Results from the 

previous section indicate that temperature affects the removal efficiency of the microgels, which 

is hypothesized to be due to the thermoresponsive nature of the microgels. The effect of multiple 

heating cycles was also investigated. This was done by heating 300 µL (521 g/mL) of 

pNIPAM-co-10AAc microgels exposed to 15 µL of Orange II to 50 ˚C two times, followed by 

cooling cycles. The heating times were chosen such that the total time the microgels were held at 

elevated temperature matched the times for the single cycle, the only difference being the 

number of times the microgels were heated and cooled. For example, a solution of microgels was 

exposed to Orange II for five minutes, brought to 50 ˚C for 10 minutes, cooled for 15 minutes, 

heated again for 10 minutes, followed by cooling for 15 minutes. Overall, the microgels were at 

elevated temperature for 20 and at RT for 30 minutes, equivalent to the microgels that were 

heated 1 time for 20 minutes. This was repeated for all the single cycle heating times. Figure 3 -8 
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shows that the uptake of Orange II increased after an additional heating cycle. The maximum 

uptake was increased from a maximum of 50.3% from one hot cycle to 56.6% for an extra hot 

cycle. The uptake also levels off after 90 min, similar to the single hot cycle data. We also 

investigated the effect of the cycling the temperature one more time, and didn’t observe a 

significant increase in in the removal efficiency (Figure 3-10).  

                                             
Figure 3-10. Trend for the uptake of Orange II as a function of heating and cooling cycles. The 

uptake of the dye for triple heating and cooling cycle (shown by „x‟) is almost the same as the 

trend observed for the double heating and cooling cycle (shown by squares). Each point on the 

plot represents an average of three replicate experiments of uptake studies and the error bars 

denote the standard deviation. 

 

 

 

Leaking studies. While the maximum removal efficiency of the microgels was shown to 

be ~56.6%, with two 45 min heating cycles, it is important to evaluate the ability of the 

microgels to retain the Orange II that was removed from the water. To evaluate this, we exposed 

900 L of pNIPAm-co-10AAc to Orange II for five minutes in a total volume of 9 mL using the 

same buffer as in the uptake studies, and the solution was centrifuged and the supernatant 

solution removed. The resulting microgel pellet was redispersed in 9 mL of fresh buffer by 
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vortexing and divided into 9 different Eppendorf tubes and allowed to incubate for various time 

intervals, from 0 to 100 minutes and then centrifuged, as indicated in the Experimental Section. 

The supernatant solution was then evaluated and the percent Orange II leaked calculated. The 

percentage of Orange II that was leaked was determined by calculating the number of moles 

Orange II that was initially removed from the solution and then determining how much was 

expelled after a given incubation time interval. The concentrations of Orange II were determined 

from a calibration curve, as indicated above. For example, the “0 min” sample was immediately 

centrifuged after splitting the solution up and the supernatant solution evaluated. The number of 

moles in this solution was compared to how many moles were initially in the microgels. Figure 

3-11 shows the trend for the percent leaking of Orange II as a function of leaking time. The 

figure indicates that percentage of Orange II that leaked from the microgels increased with time 

up to 50 minutes and leveled off after this time. We calculated that a maximum of 25.6% of the 

absorbed dye leaks out of the microgels. This translates to a 74.4% retention efficiency.  We also 

addressed the possibility of Orange II leaking out further with the addition of fresh buffer. We 

removed the supernatant from the sample that was allowed to incubate for 100 minutes and 

added 1.0 mL fresh buffer to this system and allowed the solution to incubate for 60 minutes. 

This was then centrifuged and the supernatant was removed to record the absorbance; no 

significant increase in leaked Orange II was observed. Additionally, we studied the possibility of 

microgels leaking out Orange II at elevated temperature. The microgels deswell by expelling 

water of solvation when heated above their LCST. In order to test if the microgels leak out more 

Orange II at higher temperatures, we redispersed the supernatant from the tube that was allowed 

to incubate for 100 minutes (at room temperature) with the microgels. This solution was then 

allowed to incubate for another 100 minutes on a hot plate at 50˚C and was immediately 
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centrifuged for 30 minutes at 50˚C by regulating the thermostat in the centrifuge. The 

supernatant was removed and the absorbance was measured.  The results in Figure 3-12 show 

that leaking is not affected by temperature. 

                                          
                              

Figure 3-11. Leaking of Orange II from pNIPAm-co-10AAc microgels as a function of leak 

time. Each point on the plot represents an average of three replicate experiments of leaking 

studies and the error bars denote the standard deviation. 

 

                          
 

Figure3-12.. UV-Vis spectra for the leaking of Orange II from pNIPAm-co-10AAc microgels at 

room temperature after 100 minutes (shown in black) and at 50 ˚C (shown in red). There is no 

significant difference in absorbance, i.e. no more leakage of Orange II even after heating.                        
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Similar experiment was performed to monitor the leaking of BMPO from the microgels. 

Briefly, 600 L of pNIPAm-co-10AAc were exposed to 30 L of BMPO in a total volume of 6 

mL using the same buffer solution. The solution was centrifuged after five minutes and and the 

supernatant solution was removed. The microgel pellet was redispersed in 6 mL of fresh buffer 

by vortexing and divided into 6 different Eppendorf tubes and allowed to incubate for various 

time intervals, from 0 to 180 minutes and then centrifuged. The calibration curve was used to 

determine the percent leak of BMPO after a given incubation time interval. The concentrations 

of Orange II were determined from a calibration curve, as indicated above. Figure 3-13 shows 

the trend for the percent leak of BMPO from the microgels as a function of incubation time 

(leaking time). It was observed that as the time increased from 30 minutes to 120 minutes, 14.3% 

to 23.4% of BMPO leaked out of the microgels. After 180 minutes, only 24.1% of BMPO leaked 

out. So the overall efficiency of the microgels to retain BMPO was determined to be 75.9%. The 

possibility of BMPO leaking further at higher temperatures, were monitored using the same 

protocol used for Orange II mentioned, using the sample that was incubated for 180 minutes.  

The results in Figure 3-14 show that leaking is not affected by temperature.  
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Figure 3-13. Leaking of BMPO from pNIPAm-co-10AAc microgels as a function of leak time. 

Each point on the plot represents an average of three replicate experiments of leaking studies and 

the error bars denote the standard deviation. 

 

                       
Figure3-14. UV-Vis spectra for the leaking of BMPO from pNIPAm-co-10AAc microgels at 

room temperature after 180 minutes (shown in black) and at 50 ˚C (shown in red). There is no 

significant difference in absorbance, i.e. no more leakage of Orange II even after heating.                        
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Uptake studies as a function of Orange II concentration-Langmuir isotherm. We also 

investigated the ability of the pNIPAm-co-10AAc microgels to remove Orange II from aqueous 

solution as a function of Orange II concentration. We exposed 300 L (521g/mL) of pNIPAM-

co-10AAc microgels to 5, 10, 15, 20, 25, 30 and 35 L of Orange II from the stock solution in a 

total of 3 mL buffer (pH 7, 0.235M ionic strength). The microgels were then centrifuged for 30 

minutes and the supernatant was analyzed by UV-Vis, as explained above. The data in Figure 3-

15 was fit with a Langmuir isotherm (equation 1), which yielded a maximum concentration of 

Orange II adsorbed on the microgels as 139.9 moles/g  (0.049 g Orange II/g microgels)  and a 

Langmuir coefficient of 0.01143 ± 0.00134 g/moles was calculated.  

Ci,s = Ci,smax * Kads * Ci,m/(1 + Kads * Ci,m)                   (1)  

Ci,s is the concentration of the dye in sorbent (microgels) 

Ci,m is the concentration of the dye in the mobile phase (in buffer after centrifugation) 

Kads is the Langmuir coefficient 

Previously, pNIPAm based gels were used for adsorption of naphthalene disulfonic acid (NS-

2). The authors report the loading of NS-2 on the microgels to follow the Langmuir isotherm 

model, reporting R
2  

values of ~ 0.97 and a maximum uptake of 13 mmoles/L of gel (3.747g NS-

2/L of gel).
364 

Assuming the density of the solution to be 1.000 g/mL, the maximum loading 

capacity would be 0.0037 g NS-2/g of gel. In comparison, it is evident that the microgels 

reported in this submission achieved higher uptake efficiencies. 
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Figure 3-15. Langmuir sorption isotherm for the removal of Orange II by the microgels. Cm is 

the concentration of the dye remaining in the aqueous phase and Cs is the concentration of the 

dye sorbed to the microgels. The goodness of fit (R
2
) value was calculated as 0.9518. Each point 

on the plot represents an average of three replicate experiments and the error bars denote the 

standard deviation. 

 

 

3.5. Conclusion 

Microgel systems of pNIPAm modified with varying concentrations of AAc were 

determined to be efficient to absorb an azo dye Orange II the most efficient of these systems 

being pNIPAm with 10%AAc. The same microgel system was used for removal for BMPO at 

room temperature, which gave a maximum uptake of 35.1%. The results from Orange II uptake 

studies indicate that by exploiting the thermoresponsive nature of these microgels, the percent 

absorption of Orange improved significantly by heating and cooling the microgels for a single 

cycle when compared with room temperature studies. The control experiments performed prove 

that the decrease in absorbance observed were due to the uptake of Orange II by the microgels 

and not merely due to any effect in the absorbance of Orange II at higher temperatures. 

Furthermore, the leaking studies show that the microgels leak out 25.6% of the Orange II that 

was originally removed from solution, with no more leaking occurring after 50 minutes.. The 
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Langmuir coefficient of 0.01143±0.00134 was calculated by fitting a curve using Langmuir 

equation for the concentration of Orange II encapsulated in the microgels vs. the concentration of 

Orange II in solution.  
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CHAPTER 4 

POLY (N-ISOPROPYLACRYLAMIDE) BASED ASSEMBLIES FOR ORGANIC DYE 

REMOVAL FROM WATER 

4.1. Introduction
2
  

 As discussed in previous Chapter, poly (N-isopropylacrylamide)-co-acrylic acid 

microgels are capable of removing 29.5% of Orange II at room temperature and 56.6% at 

elevated temperature. This Chapter discusses the uptake efficiency of microgel assemblies, or 

aggregates. The aggregates from pNIPAm-co-AAc were synthesized via polymerization of the 

crosslinker N,N’-methylenebisacrylamide (BIS) in the presence of the microgels. In other words, 

the microgels were entrapped within the polymerized network of the crosslinker. Upon 

monitoring the ability of the aggregates to remove Orange II from water, the maximum percent 

uptake was determined to be 73.1% at elevated temperature. This is a significant improvement 

compared to the unaggregated microgels (an increase by ~ 16%) as mentioned in the previous 

Chapter under similar experimental conditions. This can be attributed to an increase in the 

interstitial or the void space between the aggregated microgels, which in turn can accommodate 

more Orange II in comparison with the unaggregated microgels. Figure 4-1 represents a 

schematic that represents the hypothesis for the enhanced uptake of the dye by the aggregates 

microgels compared to the unaggregated microgels. Among other studies in this Chapter, the 

uptake of the dye as a function of increasing concentration of BIS crosslinker present in the 

aggregates was monitored. It was determined that removal efficiency improved with the 

increasing concentration of the crosslinker, which can be attributed to either the increasing 

                                                           
2
 This dissertation has been adapted from references 361, 362 and 363. 
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hydrophobicity (structure) of the aggregates or increase in the number of aggregates, as 

confirmed by a counting experiment. The uptake studies of the dye by the aggregates were fit by 

a Langmuir isotherm model. The results indicate that the microgel aggregates follow the model 

more accurately compared to the unaggregated microgels. Finally, leaking studies were 

performed to assess the overall retention efficiency of the aggregates.   

 

  

Figure 4-1. Schematic illustrating the uptake of (x) Orange II by the unaggregated microgels vs. 

the aggregated microgels. The aggregates take up more dye molecules because of larger void 

volume.  

 

4.2. Materials and Methods 
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Materials. The monomer, N-isopropylacrylamide was purchased from TCI (Portland, 

Oregon) and purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, 

NJ). N,N’-methylenebisacrylamide (BIS) (~99%), acrylic acid (AAc) (~99%), and ammonium 

persulphate (APS) (~98%) were obtained from Sigma-Aldrich (Oakville, Ontario) and were used 

as received. Orange II was obtained from Eastman Organic Chemicals (Rochester, New York). 

All the phosphate salts used for preparing buffer solutions of pH 7, with an ionic strength of 

0.235 M, were obtained from EMD and were used as received. Deionized (DI) water with a 

resistivity of 18.2 MΩ∙cm was obtained from a Milli-Q Plus system from Millipore (Billerica, 

MA), and filtered through a 0.2m filter, prior to use. Microgel samples were lyophilized using a 

VirTis benchtop K-manifold freeze dryer (Stone Ridge, New York). 

Synthesis of microgels PNIPAm-co-AAc microgels of ~ 1.1 m (the same microgels 

mentioned in the previous Chapter) diameter were prepared by a surfactant free, free radical 

precipitation polymerization as described previously.
293

 The total monomer concentration was 

140 mM, and was 85% N-isopropylacrylamide (NIPAm), 5% N,N’-methylenebisacrylamide 

(BIS) crosslinker and 10% acrylic acid (AAc) . The microgels will be indicated as pNIPAm-co-

10AAc, to show that they contain 10% AAc. The monomer, NIPAm (11.9 mmol) and the 

crosslinker, BIS (0.700 mmol), were dissolved in deionized water (75 mL) in a beaker with 

stirring. The mixture was filtered through a 0.2 m filter affixed to a 20 mL syringe into a 250 

mL, 3-neck round bottom flask. An additional 24 mL of deionized water was used to wash the 

beaker, which was filtered and transferred to the mixture in the round bottom flask. The flask 

was then fitted with a condenser, temperature probe (thermometer), stir bar, and a N2 inlet. The 

temperature was set to 65˚C and N2 was bubbled through the solution for ~ 1 h, after which AAc 

(1.4 mmol) was added to the mixture and allowed to stir for a few minutes. To this, 0.197 mmol 
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APS in 1 mL DI water was added. The mixture was allowed to stir for 4 h, under N2 atmosphere. 

The solution was allowed to cool, while stirring overnight.  

Following stirring overnight, the microgels were filtered through a type 1 Whatman filter 

paper, which was then rinsed with deionized water. The microgels were cleaned via 

centrifugation to remove unreacted monomer and crosslinker, as well as linear polymer from the 

microgels. To do this, the microgel solution was separated into 15 mL centrifuge tubes obtained 

from Corning Incorporated (Corning, NY) (~ 12 mL microgel solution/tube) and centrifuged at a 

speed of ~8400 relative centrifugal force (rcf) in a Baxter, biofuge 17R (Mount Holly, NJ) at 23 

C, for 30 min. Centrifugation yielded a pellet of microgels at the bottom of the centrifuge tube, 

and the supernatant was removed. ~12 mL of fresh DI water was added and the microgel pellet 

was redispersed using a Fisher Vortex, Genie 2 vortexer (Pittsburgh, PA). This cleaning protocol 

was repeated six times. 

Synthesis of microgel aggregates. Microgel aggregates were synthesized using three 

different concentrations of BIS: 2, 10 and 15 mg BIS/mL of total reaction solution  (100, 500, 

and 750 mg total BIS mass, respectively). The first set of aggregates were prepared by adding 10 

mL of the above synthesized and cleaned microgels to a filtered solution (filtered through 0.2 m 

filter affixed to a 20 mL syringe) of 100 mg of BIS in 39 mL of deionized water, to a beaker and 

stirred. This solution was transferred into a 250 mL 3-necked round bottom flask that was fitted 

with a condenser, thermometer, stir bar and a N2 inlet. The temperature was set to 65˚C and N2 

was bubbled through the solution for ~ 1 h After 1 h, a 1 mL aqueous solution containing 0.0175 

mmol of APS was added to this mixture and left to stir for 4 h, under N2 atmosphere. The 

solution was allowed to cool with stirring overnight. This process was repeated for the other 

concentrations of BIS samples as well. The microgel aggregates were cleaned using the same 
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protocol as mentioned the microgel synthesis section, but without filtering. Representative DIC 

microscopy images of the 100 mg, 500 mg and 750 mg BIS aggregates are shown in Figure 4-2. 

 

 
  

Figure 4-2. DIC microscopy images of microgels aggregates with (a) 100 mg BIS, (B) 500 mg 

BIS and (C) 750 mg BIS. The scale bar used in all the panels is 5 m.  

  

Orange II uptake. The individual aggregate solutions were lyophilized to yield a powder, 

and stock solutions of each were made to contain 5.2 mg aggregates/mL by weighing out 52.1 

mg of each aggregate sample into a volumetric flask, and diluting to 10 mL with a pH 7 buffer 

solution of 0.235 M ionic strength. A stock solution of 0.023 M Orange II in deionized water was 

prepared. Using a micropipet, 300 L of the respective aggregate solutions, and 15 L of Orange 

II solution, was added to a 15 mL centrifuge tube(Corning Incorporated; Corning, NY) and 

diluted to 3 mL with the pH 7 buffer solution (final concentrations of aggregates and Orange II 

were 521 g/mL and 114 M, respectively). This sequence of addition of buffer after exposing 

the dye to the aggregates was maintained for all experiments. This solution was allowed to sit for 

five minutes and then centrifuged for 30 minutes, at ~8400 rcf to pack the aggregates to the 

bottom of the centrifuge tube. This centrifugation time was used to ensure that all the dispersed 

microgels were removed from solution (as confirmed from differential interference contrast 



57 
 

microscopy, data not shown). The supernatant was carefully removed from the tube without 

disturbing the pellet of aggregates packed at the bottom of the centrifuge tube and transferred to 

a quartz cuvette. The absorbance was measured using a HP8452A UV-Vis spectrophotometer 

with a diode array detector (Agilent Technologies, Inc., Santa Clara, CA). Figure 4-3 represents 

a schematic of uptake studies by the aggregated microgels. The initial concentration of Orange II 

for all the uptake studies was maintained at 114 M and it was observed that the pH of Orange II 

solution was unaffected by the addition of aggregates. The initial absorbance of Orange II was 

measured in the absence of the aggregates. This measurement was performed before all the 

studies. It was also observed that the centrifuge tube did not have any effect on the initial 

absorbance of Orange II, i.e., the tube does not interact with Orange II. To study the uptake of 

Orange II as a function of temperature, the solution of Orange II and aggregates was held at 50 

˚C, for different intervals of time (microgels deswell) and then cooled down to room temperature 

(microgels reswell). This solution was then centrifuged and the supernatant was used to perform 

UV-Vis studies. 

 

 

Figure 4-3. Schematic illustrating the uptake of Orange II by the aggregated microgels. 

 

Orange II leaking studies. To evaluate the ability of the microgels to retain Orange II, 

the concentrations, and volumes from the previous section were scaled up three times. So in this 
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case, 900 L of microgels were exposed to 114 M Orange II in a total volume of 9 mL using 

the same buffer that was used for the uptake studies. This scaling up was done to get a detectable 

absorbance signal from the solutions after leaking. As for the Orange II removal studies above, 

the solution was allowed to sit for five minutes followed by centrifugation for 30 minutes. The 

supernatant solution was then carefully removed without disturbing the microgels packed at the 

bottom. To this tube, 9.0 mL of fresh buffer solution (the same buffer that was used for the 

uptake studies) was added and then the microgels were redispersed by vortexing. This was 

immediately divided into nine, one mL samples in 1.5 mL Eppendorf tubes obtained from Fisher 

Scientific, (Ottawa, ON) and the solutions were allowed to incubate for various intervals of 

times. For example, immediately following splitting up the original solution, one tube was 

centrifuged for 30 min and the supernatant solution removed and UV-Vis performed on the 

supernatant solution, this was considered t = 0. We allowed the other tubes to incubate for 10, 

20, 30, 40, 50, 60, 70 and 80 minutes respectively, before each was centrifuged.  

Counting of aggregates. Solutions containing 41.6 g/mL of the 100 mg, 500 mg and 

750 mg BIS aggregates were prepared. A drop of these samples were placed on a microscope 

cover slip (25 mm x 25 mm, Fischer Scientific, Ottawa) and pictures of 20 random areas of the 

sample were obtained using a Olympus IX71 inverted microscope (Markham, Ontario) fitted 

with a 100 X oil immersion objective, differential interference contrast (DIC) optics and an 

Andor Technology iXon+ camera (Belfast, Ireland).  There were different sizes of aggregates in 

these samples that were designated as “big”, “medium” and “small”. When making the 

designation of size, we measured the apparent diameter of the aggregates in approximately two 

orthogonal directions. If the two dimensions were ≥ 0.6 m×1.5 m < 5.7 m x 4.5 m the 

aggregate was considered small, medium aggregates were ≥ 5.7 m x 4.5 m < 10.3 m×11.5 
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m, and large were ≥ 10.3 m×11.5 m. Any aggregate < 0.6 m×1.5 m was not counted; 

therefore single particles were not accounted for. A micrometer scale of 50 divisions, each 2 m 

in length (Edmund Optics, NJ) was used to measure the sizes of these aggregates.  

4.3. Results and Discussion 

Effect of aggregation of microgels. In the previous Chapter the efficiency of the 

microgels to remove Orange II as a function of the concentration of the microgels in solution was 

evaluated. A maximum uptake of 29.5% for the pNIPAm-co-10AAc microgels at room 

temperature was determined. In this Chapter, the removal efficiency of the pNIPAm-co-10AAc 

microgel aggregates as a function of the amount of aggregates that were present in solution was 

studied. To do this, the initial absorbance of 3 mL solution of the 114 M Orange II solution in 

the absence of microgel aggregates was recorded. This was compared to the absorbance of the 

supernatant solution after addition of 100, 200, 300 and 400  of the 500 mg BIS microgel 

aggregates to 114 M Orange II, keeping the total volume of 3 mL consistent from run to run. A 

calibration curve shown in the previous Chapter, was used to calculate the number of moles of 

Orange II in solution before and after addition of aggregates.  Figure 4-4 shows the percent 

uptake as a function of concentration of unaggregated pNIPAM-co-10AAc microgel (as shown 

in the previous Chapter) and the percent removal as a function of concentration of the microgel 

aggregates. The figure shows that the maximum removal efficiency from the aggregates was 

45.1% as opposed to 29.5% achieved from the unaggregated microgels. This shows that the 

aggregation of microgels, significantly improved the removal efficiency.  



60 
 

                         

Figure 4-4. Uptake of Orange II as a function of concentration of microgels (CM), shown by „‟ 

and concentration of microgel aggregates (CA), shown by „+‟. The total volume of all the 

solutions was maintained at 3 mL in pH 7 buffer. Each point on the plot represents an average of 

three replicate experiments of uptake studies and the error bars denote the standard deviation. 

 

Furthermore, we calculated the mass of aggregated microgels that would need to be 

weighed out to result in the same number of microgels in the unaggregated microgel experiment. 

That is, for a given mass, there are more microgels in the unaggregated sample, then in the 

aggregated sample. This is because the mass in the aggregated sample comes from a combination 

of BIS and microgels, while all the mass in the unaggregated case comes from the microgels (the 

active component). It was found that we had to prepare much higher concentrations of the 

aggregates in order to equal the particle number in the unaggregated sample. The data for the 

uptake studies obtained from these concentrations in Figure 4-5 shows that a maximum of 69% 

removal efficiency is attained at room temperature within an exposure time of five minute. The 

removal efficiency of an unaggregated sample that has the same number of microgels as in the 

sample above was 29.5%. So, a sample of aggregated microgels containing the same number of 
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microgels as in the unaggregated state results in ~ 43.1% increases in uptake. This is a significant 

improvement compared to the unaggregated case, and supports the hypothesis that the 

aggregated structure is leading to enhanced removal efficiency.  

                                

Figure 4-5. The uptake of Orange II as a function of concentration of 500 mg BIS aggregates in 

a very high aggregate concetration regime. These concentrations were necessary to achieve the 

same microgels number as the unaggregated microgel case. Each point on the plot represents an 

average of three replicate experiments and the error bars denote the standard deviation. 

 

This enhancement can be due to: 1) the aggregated microgels have more volume than 

unaggregated microgels due to the interstitial space between the packed microgels, therefore 

providing a larger reservoir for Orange II to be trapped in; 2) the aggregates are more 

hydrophobic than the unaggregated microgels, enhancing the interaction of Orange II with the 

aggregates; and/or 3) the BIS itself is interacting with the Orange II and removing it from water. 

A control experiment was performed in which 500 mg BIS was weighed out added to 40 mL DI 

water and the aggregation was performed using the protocol mentioned in the Experimental, but 

in the absence of microgels. After the aggregation of BIS, 10 mL of pNIPAM-co-10AAc was 
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added to the mixture; this yields a solution that has the same amount of BIS and microgels as the 

standard aggregated sample. Uptake studies were performed by monitoring the removal 

efficiency as a function of the aggregate concentration. The data in Figure 4-6 (a) shows that the 

aggregates from the control experiment removed only 8.1% of the dye from the solution as 

opposed to 45.1% removal efficiency by the aggregated microgels. Hence, it is important to have 

microgels in their aggregated form to result in enhanced removal. This suggests that either the 

interstitial space argument and/or the hydrophobicity arguments can be valid. 

 

 
 

Figure 4-6. Uptake of Orange II as a function of (a) concentration of aggregates from the 

synthesis using (+) 100 mg, (x) 500 mg and () 750 mg  BIS and ()control experiment using 

500 mg BIS aggregates ; (b) concentration of BIS in the aggregates. The first point on (b) is the 

uptake from unaggregated microgels. Each point on the plot represents an average of three 

replicate experiments of uptake studies and the error bars denote the standard deviation.                               

 

 

Effect of BIS concentration on removal efficiency. The concentration of BIS 

(crosslinker) was varied in the microgel aggregates and the uptake studies of Orange II were 
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performed at room temperature for each of these systems. Figure 4-6 (b) shows the percent 

uptake as a function of increase in the BIS concentration in the microgel aggregates.  The first 

point on the plot denotes the uptake percent (29.5%) after addition of 300 l (521 g/mL) of 

unaggregated microgels, as reported previously. The remaining data points denote the uptake 

percent for 100 mg, 500 mg and 750 mg BIS in the synthesis of aggregates for the same 

concentration of aggregate addition to the Orange II. It was found that the uptake percent was 

40.85% for the 100 mg BIS microgel aggregates, and the uptake increased to 44.16% for the 500 

mg BIS microgel aggregates. This is only 1.67% lower than the 750 mg BIS microgel 

aggregates.  

The effect of increasing the concentration of the aggregates for the 100 mg 500 mg and 750 mg 

BIS concentrations was also investigated. Figure 4-6 (a) shows that as the concentration of the 

aggregates increased from 173 to 521 g aggregates/mL of reaction solution, the percent uptake 

of Orange II increased from 17.4% to 40.9% for the 100 mg BIS aggregates; 25.9% to 44.2% for 

the 500 mg BIS aggregates, and 27.12% to 46.02 % for the 750 mg BIS aggregates. For all the 

aggregates, there was no significant increase in uptake as the concentration of aggregates was 

increased from 521 to 693 g aggregates/mL of reaction solution. We attribute this behavior to 

an equilibrium process that exists in the system, i.e., only a certain number of moles can be 

removed from solution due to equilibrium (although drastic changes in concentration does result 

in enhanced uptake, as indicated above). It should be noted that there is minimal enhancement in 

uptake as the amount of BIS in the aggregates was increased from 500 mg to 750 mg.  The data 

from these experiments show that the maximum removal efficiency achievable for the microgel 

aggregates at room temperature improved the uptake efficiency by~17%, compared to the 
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unaggregated microgels.
 
For the remainder of the studies, we employed the 500 mg BIS 

aggregates at a concentration of 521 g aggregates/mL of reaction solution. 

We hypothesize that the trend of increased uptake efficiency with increasing concentration of 

BIS in the aggregates could be due to: 1) a change in the hydrophobicity of the aggregates with 

BIS concentration used to form the aggregates 2) an increase in the number of aggregates that are 

in solution; and/or 3) a difference in the size of the aggregates in the respective solutions, which 

would provide more interstitial volume for Orange II to be trapped. Since it was established 

above that it is important to have aggregates in solution to achieve enhanced uptake, it stands to 

reason that if one solution has more aggregates relative to the others, than it should exhibit 

enhanced uptake.  

 

Table 4-1:  Number distribution for different sizes of aggregates in 100 mg, 500 mg and 750 mg 

BIS concentrations. 

Aggregate Size Number in100 mg BIS Number in 500 mg BIS Number in 750 mg BIS  

Big
 

20 ± 3 32 ± 6 35 ± 5 

Medium
 

42 ± 11 35 ± 7 40 ± 13 

Small 71 ± 8 135 ± 12 190 ± 7 

All sizes 131 ± 12 203 ± 15 265 ± 17 

Small aggregates : ≥ 0.6 m×1.5 m < 5.7 m x 4.5 m; Medium aggregates: ≥ 5.7 m x 4.5 m 

< 10.3 m×11.5 m; and Large aggregates: ≥ 10.3 m×11.5 m.  

 

A counting experiment was conducted as outlined in the Experimental. In short, solutions 

containing 41.6 g/mL of the respective 100 mg, 500 mg and 750 mg BIS aggregates were 
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prepared and the number of aggregates present in a given volume of these solutions was 

determined. Table 4-1 that the total number of aggregates increased from 131 ± 12 to 265 ± 17 as 

the amount of BIS in the aggregates was increased from 100 mg to 750 mg. This is supported by 

the fact that there were more free, unaggregated particles in the 100 mg BIS sample, compared to 

the 500 and 750 mg BIS aggregate samples; these were not accounted for in the counting 

process. Interestingly, when the amount of 100 mg BIS aggregates exposed to Orange II was 

doubled, to give the same number of aggregates as the 750 mg BIS sample, the uptake efficiency 

was equal to the uptake efficiency achieved for the 750 mg BIS sample.   When aggregate size is 

considered, it was observed that there is a higher percent of big aggregates in the 750 mg BIS 

sample compared to the 100 mg BIS sample, which can also lead to enhanced uptake for the 750 

mg BIS aggregates. But, if aggregate size was important, when the 100 mg BIS sample 

concentration was increased, the 750 mg BIS sample should still result in more uptake, which 

was not the case. Taken together, it appears that in the low aggregate concentration regime the 

enhanced uptake for the 750 mg BIS aggregates is due to the increased number of aggregates in 

the sample, because when the number of aggregates in 100 mg BIS sample was set equal to the 

750 mg BIS sample, very similar uptake efficiencies are achieved. It should be noted though that 

while doubling the mass of the 100 mg BIS sample exposed to the Orange II to result in the same 

percent uptake as the 750 mg BIS samples, the 750 mg BIS aggregates are still much more 

efficient at removing Orange II from water on a per mass basis. In the high concentration, or the 

„equilibrium‟ regime, where aggregate number no longer matters, the 500 and 750 mg BIS 

aggregate samples still result in enhanced uptake efficiency, compared to the 100 mg BIS 

sample. This can be explained considering the hydrophobicity of these aggregates, which will 

affect the Orange II partitioning behavior, in turn influencing the equilibrium constant. So, 
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higher BIS concentrations must result in a higher equilibrium constant, which is operative across 

all concentration, but most apparent in the high concentration (equilibrium) regime.  

Effect of temperature cycle on removal efficiency. To monitor the effect of single 

temperature cycle, we added 300 L of the 500 mg BIS aggregates to 15 l of Orange II in the 

same buffer solution as before (3 mL total volume), and heated the solution above 32 ˚C for 

different intervals of time and cooled it down to room temperature Specifically, we exposed the 

microgel aggregates to the dye for five minutes and heated to 50 ˚C for 20, 40, 60, 90 and 120 

minutes and the solution was cooled down to room temperature (~23 ˚C) for 30 minutes and 

centrifuged immediately. Figure 4-7 shows the trend for the percent uptake as a function of 

heating time. The percent uptake at time 0 corresponds to the uptake of the microgel aggregates 

at room temperature (44.2%). It was observed that the uptake of the dye increased significantly 

from 47.1% to 67.8 % as the time of heating increased from 20 minutes to 90 minutes. Also, 

there was minimal increase in the uptake when the solution as heated for 120 minutes (68.1%). 

The dye removal was also visually confirmed by comparing the intensity of the Orange II 

solution before and after treatment, Figure 4-8. As can be seen, the solution intensity for the 

heated sample is significantly reduced. A control experiment was performed as mentioned in the 

previous Chapter, which confirmed that high temperature alone did not affect the absorbance of 

Orange II. Hence the reduction in Orange II intensity was due to increased uptake due to the 

aggregate‟s thermoresponsive nature. 
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Figure 4-7. Uptake of Orange II as a function of the time the microgels were held at elevated 

temperature for () one and (x) two cycles.  Each point on the plot represents an average of three 

replicate experiments of uptake studies and the error bars denote the standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-8. Solutions of 114 M Orange II (left) before and (right) after the addition of 500 mg 

BIS aggregates. Here, multiple heating cycle (2 cycles) were performed for a period of (90 

minutes total hot time) 
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We also monitored the effect of the multiple heating and cooling cycles on the percent 

uptake. This was done by exposing the 500 mg BIS aggregates  to 15 L Orange II in the same 

buffer solution and heated to 50 ˚C and cooled down to room temperature in two cycles, keeping 

the overall heating and cooling time the same as with the single heating cycle. For example, the 

solution of aggregates was exposed to the dye and heated to 50 ˚C for 10 minutes and cooled 

down to room temperature for 15 minutes and heated again to 50 ˚C for another 10 minutes and 

finally cooled for 15 minutes.  So overall the microgels were heated for 20 minutes and cooled 

for 30 minutes, but over two cycles. This protocol was repeated for all 40, 60, 90 and 120 

minutes heating periods. Figure 4-7 shows the effect of increasing the cycle number on the 

aggregates to remove Orange II from water. It was observed that the maximum uptake of dye 

increased to 73.01% compared to the single cycle experiment where the maximum uptake was 

68.1%. The overall percent uptake of the dye by aggregates was significantly higher than 

similarly treated unaggregated microgels.
 
We also investigated the effect of cycling between the 

high and room temperature three times and confirmed that there was no further improvement in 

the removal efficiency (Figure 4-9). 
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Figure 4-9. Uptake of Orange II as a function of heating and cooling cycles. The uptake of the 

dye for (x) triple heating and cooling cycle is almost the same as the trend observed for the () 

double heating and cooling cycle. Each point on the plot represents an average of three replicate 

experiments of uptake studies and the error bars denote the standard deviation. 

                               

 

Leaking of Orange II from aggregates. In our previous work we reported that the 

pNIPAm-co-10AAc retained 74.4% of the dye that was removed from the aqueous solution. We 

followed a similar protocol here to assess the percent of Orange II that was retained in the 

structures after uptake. This was done by exposing 900 L of the microgel aggregates to 114 M 

Orange II in a total volume of 9 mL pH 7 buffer. This solution was allowed to sit for five 

minutes and immediately centrifuged (as was done for all uptake experiments at room 

temperature ). The supernatant solution was removed and the microgel aggregates packed at the 

bottom of the centrifuge tube were redispersed in 9 mL of fresh buffer using a vortexer. This 

solution was equally divided into 9 Eppendorf tubes and incubated for different intervals of time 

from 0 to 80 minutes and centrifuged. The supernatant solution from each of these tubes was 

evaluated for the amount of Orange II present in them and the percent leak of Orange II was 

determined. As an example, the “10 min” sample tube was incubated for a period of ten minutes 
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and immediately centrifuged and the supernatant was removed and analyzed for percent leak of 

Orange II. The “0 min” indicates that the sample was immediately centrifuged without allowing 

it to incubate. The supernatant from these samples was evaluated for the number of moles of the 

dye present in it and compared with the number of moles of Orange II originally present in the 

aggregates. Figure 4-10 represents the percent leak of Orange II from the aggregates as a 

function of leaking (incubation) time. The percent leak of the dye increased from 18.2% to 

24.4% as the incubation time was increased from 10 minutes to 80 minutes. The figure also 

shows that there was no significant increase in the percent leak of the dye after a period of 50 

minutes. Overall, the maximum percent leak of the dye from the aggregates was calculated to be 

24.4%. Hence the retention efficiency of the aggregates was 75.6%, which is very similar to the 

unaggregated microgels. We also monitored if any more the dye leaked out upon addition of 

fresh buffer. To do this, we picked the sample of aggregates that leaked out highest percent 

Orange II. As discussed above, the sample was incubated for a period of 80 minutes and 

centrifuged for 30 minutes. The supernatant solution had 24.4% of the dye that leaked out from 

the aggregates and was removed. We added fresh 1.0 mL buffer and redispersed  the aggregates 

that remained at the bottom by vortexing. This solution was then incubated for another 80 

minutes and centrifuged. The supernatant was analyzed by UV-Vis and we observed that there 

was no additional leaking. Additionally, we investigated the possibility of the microgels leaking 

Orange II at elevated temperature due to deswelling of aggregates above their LCST.  To do this, 

we redispersed the microgel aggregates in the supernatant solution containing the leaked Orange 

II for the 80 minute incubated sample. This solution was incubated for an additional 80 minutes 

on a hot plate at 50˚C and was immediately centrifuged for 30 minutes at 50˚C by regulating the 
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thermostat on the centrifuge. The supernatant was analyzed by UV-Vis and the results from this 

prove that no more of the dye leaked out from the aggregates.  

                           
Figure 4-10. The percent leak of Orange II from the microgel aggregates as a function of leak 

time. Each point on the plot represents an average of three replicate experiments of uptake 

studies and the error bars denote the standard deviation. 

 

Langmuir sorption isotherm for the removal of Orange II  

 Figure 4-11 (a) shows the removal efficiency of the microgel aggregates as a function of 

the concentration of Orange II . Here, we pipetted 5, 10, 15, 20, 25, 30 and 35 L of Orange II 

from the stock solution and added 300 L of the 500 mg (10 mg/mL) BIS aggregates, the total 

aggregate mass was 1.56 mg. The total volume was maintained at 3 mL for all samples, using the 

pH 7 buffer solution and the solutions were incubated for five minutes.  The solutions were 

centrifuged for 30 minutes and the supernatant was removed immediately and analyzed for the 

number of moles of the dye not “sorbed” on the aggregates (as explained in previous sections). A 

Langmuir isotherm model was used to fit the results from this experiment (equation 1), which 

gave a good fit with a R
2
 of 0.9848. This yielded a maximum sorption of Orange II of 152.8 

moles/g (0.054 g Orange II/g aggregates) with a Langmuir coefficient of 0.01596 ± 0.00182 
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L/moles. Previously we reported the maximum concentration of Orange II removed by the 

unaggregated microgels to be 139.9 moles/g (0.049 g Orange II/g microgels). We also plotted 

the sorption isotherm only considering the mass of the microgels in the aggregates, and fit the 

data with a Langmuir sorption model, which gave a good fit with an R
2
 of 0.9853 (Figure 4-11 

(b)). In this case, the maximum Orange II sorbed was calculated to be 2871 moles/g (1.006 g 

Orange II/g of microgels). The Langmuir coefficient was calculated as 0.016035 ± 0.0018 

L/moles. Therefore, the microgels in the aggregates are capable of removing significantly more 

Orange II/g than the unaggregated microgels.  

Ci,s = Ci,smax * Kads * Ci,mob/(1 + Kads * Ci,mob)                   (1) 

Ci,s is the concentration of Orange II in aggregates (sorbent)  

Ci,mob is the concentration of Orange II in mobile phase (in buffer after centrifugation) 

Kads is the Langmuir coefficient 

Previously, pNIPAm based gels were used for adsorption of  naphthalene disulfonic acid (NS-

2). The authors report the loading of NS-2 on the microgels to follow the Langmuir isotherm 

model, reporting R
2  

values of ~ 0.97 and a maximum uptake of 13 mmoles/L of gel (3.747g NS-

2/L of gel).
364 

Assuming the density of the solution to be 1.000 g/mL, the maximum loading 

capacity would be 0.0037 g NS-2/g of gel. In comparison, it is evident that the microgel 

aggregates reported in this submission achieved higher uptake efficiencies and follow Langmuir 

sorption isotherm more accurately. 
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Figure 4-11. Langmuir sorption isotherms for (a) the removal of Orange II by the aggregates and 

(b) by the microgels alone after correcting for the mass of BIS in the aggregates. Cmob is the 

concentration of the dye remaining in the aqueous phase and Cs is the concentration of Orange II 

sorbed on the aggregates/microgels. Each point on the plot represents an average of three 

replicate experiments and the error bars denote the standard deviation. 

 

4.4. Conclusion 

 We report a system composed of pNIPAm microgel aggregates that are capable of 

removing a maximum of 73.1% of Orange II from water at elevated temperature. The results 

indicate that the Orange II uptake efficiency can be enhanced by increasing the BIS 

concentration from 100 to 500 mg, with minimal enhancement if the concentration of BIS is 

increased further. The results suggest that both the nature of the aggregate (hydrophobicity) and 

the aggregate number are important factors that affect uptake efficiency. Also, by exploiting the 

thermoresponsive nature of these aggregates and by increasing the number of heating/cooling 

cycles the removal efficiency can be enhanced. The overall retention efficiencies of the 

aggregates were determined by performing leaking studies, in which we determined that a 

maximum of 24.4% of the dye that was originally removed leaked out after an incubation time of 

80 minutes, but there was minimal additional leaking after 50 minutes. The results for removal 
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efficiencies as a function of the concentration of dye were fit with the Langmuir model and we 

evaluated the maximum sorption of Orange II on the aggregates to be 0.054 g Orange II/g 

aggregates with a Langmuir coefficient of 0.015960 ± 0.00182 L/moles. When considering just 

the mass of the microgels, the Langmuir fit yielded a maximum value of Orange II sorbed of 

2871 moles/g (1.006 g Orange II/g of microgels). The Langmuir coefficient in this case was 

calculated as 0.016035 ± 0.0018 L/moles. 
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CHAPTER 5 

POLY (N-ISOPROPYLACRYLAMIDE) MICROGEL BASED ASSEMBLIES FOR 

ORGANIC DYE REMOVAL FROM WATER: MICROGEL DIAMETER EFFECTS 

5.1. Introduction 
3
 

In Chapters 3 and 4, the ability of pNIPAm based microgels and their aggregates to 

remove the Orange II from aqueous solutions were assessed. It was observed that the aggregated 

microgels removed significantly more dye from aqueous solutions than unaggregated microgels. 

It was concluded that the structure or “nature” of the aggregated microgels was responsible for 

the enhanced uptake. This Chapter discusses the effect of the size of the microgel in the 

aggregate on the removal efficiency. It was observed that a maximum removal of 85.3% was 

achieved from the aggregates with microgels of larger diameter at elevated temperature (50 ˚C). 

This enhancement could be attributed to the size of the microgels in the aggregates leading to 

formation of bigger aggregates. Aggregates of larger dimensions would in turn lead to more 

interstitial volume for the dye to be taken into leading to more uptake of the dye. Overall, this 

Chapter gives a better understanding of how the properties of the aggregates impact on the 

removal efficiencies. 

5.2. Materials and Methods 

Materials. N-isopropylacrylamide (monomer) was purchased from TCI (Portland, 

Oregon) and purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, 

NJ). N,N’-methylenebisacrylamide (BIS) (~99%), acrylic acid (AAc) (~99%), and ammonium 

persulphate (APS) (~98%) were obtained from Sigma-Aldrich (Oakville, Ontario) and were used 

                                                           
3
 This dissertation has been adapted from references 361, 362 and 363. 
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as received. Orange II was obtained from Eastman Organic Chemicals (Rochester, NY). All the 

phosphate salts used for preparing buffer solutions of pH 7 (ionic strength of 0.235 M) were 

obtained from EMD and were used as received. Deionized (DI) water with a resistivity of 18.2 

MΩ∙cm was obtained from a Milli-Q Plus system from Millipore (Billerica, MA), and filtered 

through a 0.2 m filter, prior to use. Microgel samples were lyophilized using a VirTis benchtop 

K-manifold freeze dryer (Stone Ridge, NY). 

Synthesis of pNIPAm-co-AAc-1 microgels (DH  ~321 nm). These were prepared using 

a previously used protocol.
258 

The overall monomer concentration was 65.2 mM (13.05 mmol), 

and 85% N-Isopropylacrylamide (NIPAm, 11.1 mmol), BIS (0.652 mmol), and sodium dodecyl 

sulphate (SDS, 0.2 mmol) were added to 190 mL deionized water, previously filtered through a 

0.2 m filter. This was then transferred into a 3-neck round bottom flask that was fitted with a 

reflux condenser, nitrogen inlet, and a thermometer. The solution was purged with N2 and 

allowed to heat to 70 °C for ~1 hour.  To this 10% AAc (1.30 mmol) was added to the reaction 

mixture in one aliquot immediately prior to initiation. 0.3 mmol of APS in 10 mL of DI water 

was added to the monomer solution for initiation. The reaction was allowed to proceed at 70 °C 

for 4 hours under a nitrogen atmosphere. The resulting suspension was allowed to cool 

overnight, and then it was filtered through a type 1 Whatman filter paper to remove any large 

aggregates. Approximately half of the microgel solution was then distributed into rehydrated 

dialysis tubing (12-14k nominal MWCO, 25 mm flat width, Fisherbrand Regenerated Cellulose, 

Nepan, ON) for purification. The tubes were placed into two 2 L beakers with deionized water 

and a stir bar for two weeks and the water was replaced twice daily. Dialysis was used to remove 

unreacted monomers and crosslinker, and small molecular weight linear polymers, from the 

microgels. The hydrodynamic diameter (DH) of these microgels was determined by dynamic 
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light scattering studies using a ALV/CGS-3 Compact Goniometer System (Hesse, Germany). In 

brief, a dilute solution of microgels in DI water, maintained at ~23 ˚C, was irradiated by a 22 

mW HeNe laser, and scattered light collected. . Data was analyzed using ALV-5000/EPP 

correlator software, from which the hydrodynamic diameter was determined. Three sets of 

samples were analyzed using this protocol and an average DH of 321 nm ± 8.83 nm was 

obtained.   

Synthesis of pNIPAm-co-AAc-2 microgels (~ 1.1 µm).  These microgels were prepared 

by a surfactant free, free radical precipitation polymerization as reported before.
293

 These 

microgels were used even in the previous Chapter. The total monomer concentration was 

maintained to be 140 mM. Of this, 85% was N-isopropylacrylamide (NIPAm), 5% was N,N’-

methylenebisacrylamide (BIS) crosslinker and 10% was acrylic acid (AAc) . To a clean beaker, 

NIPAm (11.9 mmol) and the crosslinker, BIS (0.700 mmol), were added and dissolved in 

deionized water (75 mL) in a beaker with stirring. A 20 mL syringe affixed with a 0.2 m filter 

was used to filter the mixture into a clean 250 mL, 3-neck round bottom flask fitted with a 

condenser, thermometer, stir bar and a N2 inlet. The beaker was rinsed with 24 mL of deionized 

water, which was again filtered and transferred to the mixture in the round bottom flask. The 

temperature was set to 65˚C with N2 bubbling through the solution for ~ 1 h, after which AAc 

(1.4 mmol) was added to the mixture and stirred for a few minutes. To this, 0.197 mmol APS in 

1 mL DI water was added. The mixture was allowed to stir for 4 h, under N2 atmosphere. The 

solution was allowed to cool, while stirring overnight.  

Following stirring overnight, the microgels were filtered through a type 1 Whatman filter paper, 

which was then rinsed with deionized water. The microgels were then cleaned via centrifugation 

to remove unreacted monomer and crosslinker, as well as linear polymer from the microgels. To 
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do this, the microgel solution was separated into 15 mL centrifuge tubes obtained from Corning 

Incorporated (Corning, NY) (~ 12 mL microgel solution/tube) and centrifuged at a speed of 

~8400 relative centrifugal force (rcf) in a Baxter, biofuge 17R (Mount Holly, NJ) at 23 C, for 30 

min. Centrifugation yielded a pellet of microgels at the bottom of the centrifuge tube, and the 

supernatant was removed. ~12 mL of fresh DI water was added and the microgel pellet was 

redispersed using a Fisher Vortex, Genie 2 vortexer (Pittsburgh, PA). This cleaning protocol was 

repeated six times. The DH of these microgels was determined by dynamic light scattering to be 

1.10 m ±14.5 nm, as mentioned in previous Chapter. 

Synthesis of pNIPAm-co-AAc-3 microgels (Diameter ~1.43 m). These were 

synthesized following a previously published procedure. 
330

 The total monomer concentration 

was 153.8 mM (20 mmol) and 85% N-Isopropylacrylamide (NIPAm, 17.0 mmol), 5% N, N’- 

methylenebisacrylamide (BIS, 1.00 mmol) were added to 100 mL of deionized water in a small 

beaker and stirred. Once dissolved, the solution was filtered through a 0.2 m filter into a 3-neck 

round bottom flask. The beaker was rinsed with 25 mL of deionized water and filtered into the 

flask. The flask was fit with a condenser, a nitrogen inlet, and a temperature probe to provide 

heating via a feedback-loop controlled hotplate (Torrey Pines Scientific, Carlsbad, CA). The 

flask was heated in an oil bath to 45 °C while the solution was allowed to stir and purge with N2 

gas for ~1.5 hours. Once the solution reached the set temperature, acrylic acid (AAc, 2.00 mmol, 

10% of overall monomer concentration) was added followed by initiation of the reaction by 

addition of 0.078 M aqueous solution of ammonium persulphate in 5 mL DI water (overall 

solution volume resulted in 130 mL). After initiation, the reaction solution was then heated at a 

rate of 30 °C/hour to 65 °C and the reaction was allowed to proceed overnight under nitrogen 

atmosphere. The resulting suspension was allowed to cool to room temperature, followed by 
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filtration through a plug of glass wool to remove any coagulum formed during the reaction. The 

microgels were then cleaned via the same protocol as mentioned in the previous section. To 

determine the diameter of these microgels, an Olympus IX71 inverted microscope (Markham, 

Ontario) fitted with a 100 X oil immersion objective, differential interference contrast (DIC) 

optics and an Andor Technology iXon+ camera (Belfast, Ireland) was used. One drop of a very 

dilute solution (~100 X dilution) of the cleaned microgels was placed on a microscope cover slip 

(25 mm x 25 mm, Fischer Scientific, Ottawa) and a number of photographs were obtained at 

random areas. The photographs were then analyzed using Andor Solis imaging software, to  

determine microgel diameter. The length scale was determined by photographing a micrometer 

scale of 50 divisions, each 2 m in length (Edmund Optics, NJ), at the same magnification that 

the microgels were photographed at. The apparent diameters of 20 different microgels were 

measured, and an average diameter of 1.43 m ± 5.35 nm was determined. 

Synthesis of microgel aggregates. Microgel aggregates were synthesized using three 

different concentrations of BIS- 100 mg (2 mg BIS/mL of total reaction solution), 500 mg (10 

mg BIS/mL of total reaction solution) and 750 mg (15 mg BIS/mL of total reaction solution). 

The aggregates with 100 mg BIS  were prepared by directly adding 10 mL of cleaned microgels 

from the above syntheses to a filtered solution (filtered through 0.2 m filter affixed to a 20 mL 

syringe) of 100 mg of BIS in 39 mL of deionized water, to a beaker and stirred. This solution 

was transferred into a 250 mL 3-necked round bottom flask that was fit with a condenser, 

thermometer, stir bar and a N2 inlet. The temperature was set to 65˚C and N2 was bubbled 

through the solution for ~ 1 h. After 1 h, a 1 mL aqueous solution containing 0.0175 mmol of 

APS was added to this mixture and left to stir for 4 h, under N2 atmosphere. The solution was 

allowed to cool with stirring overnight. This procedure was followed for the synthesis of the 10 
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mg/mL, and 15 mg/mL BIS aggregate samples, by adding 500 mg and 750 mg BIS to the 

reaction mixture, respectively. All microgel aggregates were cleaned using the same 

centrifugation procedure followed for cleaning microgels, but without filtering. Representative 

DIC microscopy images of “small” “medium” and “big” microgel aggregates with 500 mg BIS 

are shown in Figure 5-1.  

        

 

Figure 5-1. DIC microscopy images of 500 mg BIS aggregates of (a) pNIPAm-co-AAc-1 (b) 

pNIPAm-co-AAc-2 and (c) pNIPAm-co-AAc-3 microgels. The scale bar used in all the panels is 

5 m. 

 

Orange II uptake. All aggregates were lyophilized and stock solutions were made from 

each sample to contain of 5.2 mg aggregates/mL solution. This was done by redispersing 52.1 

mg of each in 10 mL of pH 7 buffer solution of 0.235 M ionic strength in a volumetric flask. A 

stock solution of Orange II (0.023 M) in deionized water was prepared. Using a micropipette, 

300 L of the aggregate solution and 15 L of Orange II were transferred into a 15 mL 

centrifuge tube (Corning Incorporated (Corning, NY)). A buffer solution of pH 7 (ionic strength 

0.235 M) was used to bring the volume of the solution up to 3 mL yielding 114 M Orange II 

and final concentration of aggregates to be 521 g aggregates/ml of the reaction solution. This 

sequence of adding buffer after exposing the dye to the aggregates was maintained for all the 
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experiments. After five minutes of exposure, this solution was centrifuged for 30 minutes, at 

~8400 rcf. This centrifugation time was used to ensure that all the dispersed aggregates were 

removed from solution (as confirmed from differential interference contrast microscopy, data not 

shown). The supernatant was carefully removed from the tube without disturbing the pellet of 

aggregates at the bottom of the tube and transferred to a quartz cuvette. The absorbance was 

measured using a HP8452A UV-Vis spectrophotometer with a diode array detector (previously 

Agilent Technologies, Inc., Santa Clara, CA). The initial concentration of Orange II for all the 

uptake studies was maintained at 114 M and before very experiment, the initial absorbance of 

Orange II was measured in the absence of the aggregates. Also, it was observed that centrifuge 

tube did not have any effect on the initial absorbance of Orange II, as a function of time the 

solution stayed in the tube.  

To study the uptake of Orange II as a function of temperature, the solution of Orange II and  

aggregates was held at 50 ˚C (microgels deswell), for different intervals of time and then cooled 

down to room temperature (microgels reswell). The solutions were then centrifuged, and the 

supernatant was then analyzed by UV-Vis to evaluate the percent uptake of the dye.  

Orange II leaking studies: 

To evaluate and compare the ability of the aggregates to retain Orange II, 900 L of microgel 

aggregates were exposed to 114 M Orange II in a total volume of 9 mL using the same buffer 

that was used for the uptake studies. The concentrations and volumes were scaled up three times 

in order to get a detectable absorbance signal from the solutions after leaking. The aggregates 

were exposed to the dye for five minutes and centrifuged for 30 minutes. The supernatant 

solution was then carefully removed without disturbing the aggregates packed at the bottom. To 

this tube, 9.0 mL of fresh buffer solution (the same buffer that was used for the uptake studies) 
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was added and the aggregates were redispersed by vortexing. This solution was immediately 

divided into nine, one mL samples in 1.5 mL Eppendorf tubes obtained from Fisher Scientific, 

(Ottawa, ON) and the solutions were allowed to incubate for various intervals of time. For 

example, immediately following splitting up the original solution, one tube was centrifuged for 

30 min and the supernatant solution removed and UV-Vis performed on the supernatant solution, 

this was considered t = 0. Other tubes were incubated for 10, 20, 30, 40, 50, 60, 70 and 80 

minutes respectively, before each was centrifuged.  

Counting of aggregates Solutions containing 41.6 g aggregates/mL of the respective 

aggregates (microgels of all diameters containing 100 mg, 500 mg and 750 mg BIS) were 

prepared. These solutions were prepared from the same stock solution as above.  A drop of each 

solution was placed on a microscope cover slip (25 mm x 25 mm, Fischer Scientific, Ottawa) and 

pictures of 10 random areas of the sample were obtained using a Olympus IX71 inverted 

microscope (Markham, Ontario) fitted with a 100 X oil immersion objective, differential 

interference contrast (DIC) optics and an Andor Technology iXon+ camera (Belfast, Ireland).  

There were different sizes of aggregates in these samples that were designated as “big”, 

“medium” and “small”. When making the designation of size (detailed in Tables SI1, SI2 and 

SI3) we measured the apparent diameter of the aggregates in approximately two orthogonal 

directions. A micrometer scale of 50 divisions, each 2 m in length (Edmund Optics, NJ) was 

used to calibrate the microscope, and subsequently used to measure the sizes of these aggregates.  

 

5.3. Results and Discussion 

In Chapter 3, we illustrated that pNIPAm based microgels are useful for removing the 

organic dye molecule Orange II from aqueous solutions. We went on to show that aggregates of 
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microgels were capable of removing significantly more Orange II from solution than the same 

mass of unaggregated microgels. We concluded that it was the structure or nature of the 

aggregated microgels that resulted in the enhanced uptake. Here, we investigate how the uptake 

depends on the diameter of the microgels that make up the aggregate.  

` Effect of BIS concentration on removal efficiency. Initially, the effect of varying 

concentrations of BIS in the various aggregates was investigated. Microgel aggregates were 

prepared using 100 mg BIS, 500 mg BIS and 750 mg BIS. To conduct this experiment, the initial 

absorbance of 3 mL of a 114 M Orange II solution in the absence of microgel aggregates was 

recorded. This was compared to the absorbance of the supernatant solution after addition of 100, 

200, 300 and 400 L (final concentrations of 173, 347, 521 and 693 g aggregates/mL of the 

reaction solution) of the standard aggregate solutions at all BIS concentrations, for all microgel 

diameters. For all experiments, the initial concentration of Orange II was 114 M and the total 

volume of solution was held constant at 3 mL from run to run. A calibration curve (used in 

previous Chapters) was used to calculate the number of moles of Orange II in solution before and 

after addition of aggregates. Figure 5-2 shows the uptake data for the 100 mg, 500 mg and 750 

mg BIS aggregates made from all sets of microgels. It is evident that for a given microgel 

diameter, the maximum removal efficiency increases with increasing BIS concentration. For 

example, at room temperature, the removal efficiency for the pNIPAm-co-AAc-1 based 

aggregates increased from 30.4% to 40.1% as the BIS concentration increased from 100 to 500 

mg. A similar trend was observed for the pNIPAm-co-AAc-3 microgel aggregates, where the 

uptake increased from 49.1% to 53.0% when the concentrations of BIS increased from 100 mg to 

500 mg, at room temperature. In previous Chapter we reported a similar trend for the pNIPAm-

co-AAc-2 microgel aggregates , where the removal efficiency increased from 40.8%  to 44.1% 
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when the concentrations of BIS increased from 100 to 500 mg.  It should be noted that for all the 

sets of aggregates there was only a minimal increase in the uptake percent as the concentration of 

BIS was increased to 750 mg , therefore we did not increase the BIS concentration further.  

                                             

 

Figure 5-2. Uptake of Orange II as a function of the concentration of aggregates  (a) 100 mg BIS 

aggregates; (b) 500 mg BIS aggregates and ; (c) 750 mg BIS aggregates using (x) pNIPAm-co-

AAc-1 microgels, and () pNIPAm-co-AAc-3 microgels. Panel (b), shows results for (+) 

pNIPAm-co-AAc-2 microgels.
2
 Panel (b) also contains the control experiment results; 

aggregating BIS, then adding the microgels, from () pNIPAm-co-AAc-3 microgels and () 

pNIPAm-co-AAc-1 microgels. Each point on the plot represents an average of three replicate 

experiments of uptake studies and the error bars denote the standard deviation.                            

 

  

We hypothesize that the trend of increased uptake efficiency with increasing 

concentration of BIS in the aggregates could be due to: 1) an increase in the number or size of 

aggregates in solution; and/or 2) a change in the hydrophobicity of the aggregates with BIS 

concentration used to form the aggregates. Similar to our previous Chapter, an aggregate 

counting experiment was performed to explain the observed trend of higher removal efficiencies 

for higher concentrations of BIS in the aggregates.  In short, solutions containing 41.6 g 

aggregates/mL solution of the 100 mg, 500 mg and 750 mg BIS aggregates, for all the various 
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microgel diameters, were prepared and the number and size of the aggregates in the given 

volume were determined (Tables 5-1, 5-2 and 5-3). We observed that for the pNIPAm-coAAc-1 

aggregates, the aggregate number increased from 33 ± 8 to 49 ± 10  as the amount of BIS 

increased from 100 mg to 750 mg. For this same change in BIS concentration, the number of 

pNIPAm-co-AAc-2 microgel aggregates increased from 52 ± 10 to 76 ± 15, while the numbers 

increased from 67 ± 10 to 92 ± 14 for the pNIPAm-co-AAc-3 microgel aggregates. From these 

results, it is evident that the aggregate number increased with BIS concentration for a given 

microgel diameter. It can also be observed that pNIPAm-co-AAc-3 microgel aggregates have the 

highest overall aggregates number (92 ± 14) compared to 49 ± 10 for the pNIPAm-co-AAc-1 

microgel aggregates. Furthermore, the pNIPAm-co-AAc-3 microgel aggregates were 

significantly larger than aggregates generated from the smaller diameter microgels.    

 

Table 5-1. Number distribution for different sizes of aggregates with pNIPAm-co-AAc-3 in 100 

mg, 500 mg and 750 mg (2mg/mL, 10mg/mL and 15mg/mL) BIS concentrations. 

 

Small aggregates: ≥ 2.3 m×3.0 m < 9.3 m x 8.2 m; Medium aggregates: ≥ 9.3 m x 8.2 m 

< 14.0 m×16.5 m; and Large aggregates: ≥ 14.0 m×16.5 m. Any aggregate < 2.3 m×3.0 

m for pNIPAm-co-AAc-1 was not counted.   

Aggregate Size Number in100 mg BIS Number in 500 mg BIS Number in 750 mg BIS  

Big
 

12 ± 5 20 ± 8 23 ± 4 

Medium
 

21 ± 6 19 ± 4 24 ± 7 

Small 34 ± 7 43 ± 9 45 ± 11 

All sizes 67 ± 10 82 ± 13 92 ± 14 
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Table 5-2. Number distribution for different sizes of aggregates with  pNIPAm-co-AAc-2 

microgels in 100 mg, 500 mg and 750 mg (2mg/mL, 10mg/mL and 15mg/mL) BIS 

concentrations. 

 

Small aggregates: ≥ 0.6 m×1.5 m < 5.7 m x 4.5 m; Medium aggregates: ≥ 5.7 m x 4.5 m 

< 10.3 m×11.5 m; and Large aggregates: ≥ 10.3 m×11.5 m. Any aggregate < 0.6 m×1.5 

m was not counted. 

 

Table 5-3: Number distribution for different sizes of aggregates with pNIPAm-co-AAc-1 in 100 

mg, 500 mg and 750 mg (2mg/mL, 10mg/mL and 15mg/mL) BIS concentrations. 

 

Small aggregates: ≥ 0.9 m×1.3 m < 4.1 m x 3.4 m; Medium aggregates: ≥ 4.1 m x 3.4 m 

< 8.7 m×10.1 m; and Large aggregates: ≥ 8.7 m×10.1 m. Any aggregate < 0.9 m×1.3 m 

was not counted. 

 

To understand what factor is most important to affect removal efficiency -- aggregate size 

or number -- we look to the high aggregate concentration regime in Figure 5-2 (a, b, c). In this 

Aggregate Size Number in100 mg BIS Number in 500 mg BIS Number in 750 mg BIS  

Big
 

8 ± 4 15 ± 5 19 ± 3 

Medium
 

14 ± 7 17 ± 3 16 ± 9 

Small 30 ± 6 34 ± 8 41 ± 12 

All sizes 52 ± 10 66 ± 10 76 ± 15 

Aggregate Size Number in100 mg BIS Number in 500 mg BIS Number in 750 mg BIS  

Big
 

4 ± 2 9 ± 3 12 ± 2 

Medium
 

11 ± 3 8 ± 4 10 ± 5 

Small 18 ± 7 21 ± 5 27 ± 8 

All sizes 33 ± 8 66 ± 7 49 ± 10 
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regime, aggregate concentration (i.e., aggregate number) has no impact on uptake efficiency, 

therefore the differences in uptake efficiency must be due to the nature of the aggregates. In this 

region, for all BIS concentrations, the uptake efficiency increases with microgel diameter; it 

appears that aggregate size and/or aggregate hydrophobicity is the most important factor leading 

to enhanced uptake efficiency. However, since unaggregated “big” microgels remove more 

organic dye than a given mass of “small” unaggregated microgels, this can also be playing a role. 

In the lower concentration regime in each of the panels in Figure 5-2, there could be multiple 

reasons for the observed trend in the uptake efficiencies. These include either or all of the 

arguments above, which are:-an increase in aggregate number, and/or increase in the aggregate 

size, and/or hydrophobicity of the aggregates.   

As a control, we aggregated 500 mg BIS alone in 40 mL DI water using the protocol mentioned 

in the Experimental, but in the absence of microgels. After the aggregation of BIS, either 10 mL 

of pNIPAm-co-AAc- 1 or pNIPAm-co-AAc- 3 microgels were added to the mixture; this 

solution has the same amount of BIS and microgels as the standard aggregated sample. Uptake 

studies were performed by monitoring the removal efficiency as a function of the aggregate 

concentration from these syntheses. The data in Figure 5-2 (b) shows that the control aggregates 

from the pNIPAm-co-AAc- 1 and 3 removed only 7.8%  and 8.5% of the dye from the solution, 

respectively, as opposed to 40.1% and 53.0% from their aggregated microgel counterparts, at 

room temperature. This reveals that
 
it is important to have microgels in their aggregated form to 

result in enhanced removal efficiency, i.e., the presence of aggregated BIS does not lead to 

enhanced uptake. 

Effect of particle size in the aggregates on the removal efficiency. In our previous 

Chapters we evaluated the ability of microgels and microgel aggregates to remove Orange II 
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from water as a function of their concentrations. We reported a maximum uptake of 29.5% for 

the microgels of ~1.1 m at room temperature, which increased to 45.1% upon aggregation of 

these microgels with 500 mg BIS. Here, we investigate the effect of microgel diameter in the 

aggregates on the removal efficiency. Figure 5-2 (b) shows the percent uptake as a function of 

concentration of the aggregates with pNIPAm-co-AAc-1, pNIPAm-co-AAc-2 (data from our 

previous Chapter)
 
and pNIPAm-co-AAc-3 microgels. The figure reveals the maximum removal 

efficiencies to be a function of the diameter of the microgels used to synthesize the aggregates; a 

maximum of 40.1% uptake was achieved for pNIPAm-co-AAc-1, 45.1% was achieved for 

pNIPAm-co-AAc-2, while 53.0% uptake was achieved for pNIPAm-co-AAc-3. From aggregate 

counting/sizing experiments it was evident that the dimensions of the 500 mg BIS, pNIPAm-co-

AAc-3 microgel aggregates were much larger than those of pNIPAm-co-AAc-1 microgel 

aggregates. A similar trend of increased uptake efficiency with microgel diameter in the 

aggregates was also observed at the different BIS concentrations, Figure 5-2 (a, c). This trend is 

observed at all aggregate concentrations, most importantly, in the high concentration regime. 

Since, for a given BIS concentration, the big microgel aggregates are larger than the small 

microgel aggregates, we attribute the enhanced uptake to the size of the aggregate. Larger 

aggregates have more volume, and therefore more free volume between the aggregated 

microgels, which can act to remove more dye from the aqueous solution. We hypothesize that 

the size of microgels within the aggregates affects the size of the aggregates that are formed. In 

other words, the big particles form bigger aggregates, which in turn achieve higher removal 

efficiencies. We also studied the uptake efficiency of the unaggregated microgels (with the 

exception of the pNIPAm-co-AAc-1 sample, which were too small to centrifuge) and observed 

the unaggregated pNIPAm-co-AAc-3 microgels to remove 38.0% of Orange II, as opposed to 
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29.5% for the pNIPAm-co-AAc-2 the microgels (Figure 5-3). This fact can also lead to the 

enhanced uptake for the pNIPAm-co-AAc-3 microgel aggregates in the high concentration 

regime. 

                         

Figure 5-3. Removal of Orange II as a fuction of concentration of () unaggregated pNIPAm-

co-AAc-3microgels and concentration of  (x) unaggregated pNIPAm-co-AAc-2 microgels from 

from previous Chapter.
  
Each point on the plot represents an average of three replicate 

experiments and the error bars denote the standard deviation 

 

It should be pointed out here that even though the unaggregated microgels have more 

active component (microgels) than the same mass of aggregated microgels, they still remove 

significantly less Orange II compared to the aggregates. For example, unaggregated pNIPAm-co-

AAc-3 microgels remove 38.0% of dye from water compared to 53.0% removal efficiency for 

the same mass of aggregated pNIPAm-co-AAc-3 microgels. To account for this lack of active 

component in the aggregates, we adjusted the mass of the aggregates, such that they had the 

same number of microgels as the unaggregated samples. Figure 5-4 shows that a maximum of 

72.8% removal efficiency was achieved at room temperature for the 500 mg BIS  pNIPAm-co-

AAc-3 microgel aggregates.  



90 
 

 

                             
 

Figure 5-4. The uptake of Orange II as a function of concentration of 500 mg BIS aggregates 

with pNIPAm-co-AAc-1 in a very high aggregate concetration regime. These concentrations 

were necessary to achieve the same microgels number as the unaggregated microgel case. Each 

point on the plot represents an average of three replicate experiments and the error bars denote 

the standard deviation.                            

 

 

Effect of temperature cycle on removal efficiency. To monitor the effect of single 

temperature cycle, we added 300 L of the 500 mg BIS aggregates composed of pNIPAm-co-

AAc-1 and 3 microgels to 15 l of Orange II in pH 7 (0.235M ionic strength) in a 3 mL total 

volume. The solution was heated above 32 ˚C for different intervals of time and cooled down to 

room temperature. Specifically, we  exposed the microgel aggregates to the dye solution for five 

minutes and heated to 50 ˚C for 20, 40, 60, 90 and 120 minutes, the solution was then cooled 

down to room temperature (~23 ˚C) for 30 minutes and centrifuged immediately. Figure 5-5(a) 

shows how the percent uptake depends on heating time for the pNIPAm-co-AAc-1 and 3 
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microgels aggregates. The percent uptake at time 0 corresponds to the uptake of the microgel 

aggregates at room temperature (39.6% and 52.1% for pNIPAm-co-AAc-1 and 3 microgel 

aggregates). It was observed that the uptake of the dye increased significantly from 44.1% to 

61.4% and 69.8% to 83.7%  for the pNIPAm-co-AAc-1 and 3 microgel aggregates, respectively, 

as the heating time increased from 20 minutes to 60 minutes. Also, there was minimal increase in 

the uptake when the solution was heated for 90 minutes (~63.1% and 84.6% for the “small” and 

“big” microgel aggregates respectively). The dye removal by the pNIPAm-co-AAc-3 microgel 

aggregates was very significant (maximum of ~85%) as can be seen visually in Figure 5-6; the 

solution color for the heated sample is significantly reduced compared to the solution of Orange 

II in the absence of aggregates, at room temperature. A control experiment as mentioned in 

previous Chapters confirmed that high temperature alone did not affect the absorbance of Orange 

II  Hence the reduction in Orange II intensity was due to increased uptake due to the aggregate‟s 

thermoresponsive nature. 

 

                              

 

Figure 5-5. (a) Uptake of Orange II as a function of the time the microgels were held at elevated 

temperature for a single hot cycle (x) pNIPAm-co-AAc-1 aggregates and () pNIPAm-co-AAc-

3 aggregates. Panel (b), uptake for pNIPAm-co-AAc-1 microgel aggregates after (x) a single hot 

cycle and () two hot cycles. Each point on the plot represents an average of three replicate 

experiments of uptake studies and the error bars denote the standard deviation. 
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Figure 5-6. Solutions of 114 M Orange II (left) before and (right) after the addition of 693 

g/mL 500 mg BIS, pNIPAm-co-AAc-1 aggregates. Here, single cycle heating cycle was 

performed for a period of 90 minutes (hot time).  

 

The effect of multiple heating and cooling cycles on the percent uptake of the dye was also 

investigated. This was done by exposing the 500 mg BIS pNIPAm-co-AAc-1 and 3 microgel 

aggregates (aggregate concentration of 521 g/mL of reaction solution) to 15 L Orange II in the 

pH 7.0 buffer solution used above. This solution was heated to 50 ˚C and cooled down to room 

temperature in two cycles, keeping the overall heating and cooling time the same as with the 

single heating cycle. For example, the solution of aggregates was exposed to the dye and heated 

to 50 ˚C for 10 minutes and cooled down to room temperature for 15 minutes and heated again to 

50 ˚C for another 10 minutes and finally cooled for 15 minutes.  So overall the microgels were 

heated for 20 minutes and cooled for 30 minutes, but over two cycles. This protocol was repeated 

for all 40, 60, 90 and 120 minutes heating periods. Figure 5-5(b) shows that the maximum 

percent uptake observed for the aggregates of pNIPAm-co-AAc-1 microgels increased to 70.6%, 

compared to the single heating cycle where the maximum uptake observed was 63.1%. But there 
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was minimal increase for the pNIPAm-co-AAc-3 microgel aggregates for an additional hot 

cycle; the maximum uptake achieved was 85.3% compared to 83.7% uptake for the single 

heating cycle (Figure 5-7). The overall percent uptake of the dye by the pNIPAm-co-AAc-3 

microgel aggregates was ~ 10% higher than similarly treated “medium” microgel aggregates, 

that yielded a maximum of 73.1% at elevated temperature. We also investigated the effect of 

cycling between high and room temperature three times for the aggregates of pNIPAm-co-AAc-1 

microgels. There was no further improvement in the removal efficiency. 

 

 

Figure 5-7: Uptake of Orange II as a function of heating and cooling cycles. The uptake of the 

dye for (a) aggregates with pNIPAm-co-AAc-3 for (x) single and two () cycles and (b) for 

aggregates with pNIPAm-co-AAc-1 for (x) two and () three cycles. Each point on the plots 

represent an average of three replicate experiments of uptake studies and the error bars denote 

the standard deviation. 
 

 

Leaking of Orange II from aggregates. In our previous Chapter we reported that 

pNIPAm-co-AAc-2 microgel aggregates retained 75.6% of the dye that was removed from the 

aqueous solution. We studied the ability of the pNIPAm-co-AAc-1 and 3 microgel aggregates to 

retain Orange II as well. This was done by exposing 900 L of the microgel aggregates to 114 
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M Orange II in a total volume of 9 mL pH 7 buffer. This solution was allowed to incubate for 

five minutes and immediately centrifuged, similar to the other uptake experiments at room 

temperature. The supernatant solution was removed and the microgel aggregates packed at the 

bottom of the tube were redispersed in 9 mL fresh buffer (same buffer as above) using a 

vortexer. This solution was equally divided into 9 Eppendorf tubes and incubated for different 

intervals of time from 0 to 80 minutes and centrifuged. The supernatant solution from each of 

these tubes was evaluated for the amount of Orange II present in them and the percent leak of 

Orange II was determined. As an example, the “10 min” sample was incubated for a period of 

ten minutes, which was then immediately centrifuged and the supernatant removed. The solution 

absorbance was then analyzed to evaluate the percent leak. The “0 min” sample was immediately 

centrifuged without incubation. The supernatant from these samples was evaluated for the 

number of moles of the dye present in it and compared with the number of moles of Orange II 

originally present in the aggregates. Figure 5-8 represents the percent leak of Orange II from the 

aggregates from both the microgels, as a function of leaking (incubation) time. The percent leak 

of the dye increased from 25.4% to 33.0% and 16.2% to 23.1% for the aggregates from 

pNIPAm-co-AAc-1 and 3 microgel aggregates, respectively, as the incubation time increased 

from 10 to 80 minutes. The Figure also shows a minimal increase in the percent leak of the dye 

after a period of 50 minutes. Overall, the maximum percent leak of the dye was calculated to be 

33.0% (retention efficiency of 67.0%) and 23.1% (retention efficiency of 76.9%) for the 

pNIPAm-co-AAc-1 and 3 microgel aggregates, respectively. We also monitored if any more dye 

leaked out upon addition of fresh buffer. To do this, we added fresh buffer to each of these 

samples that underwent one leaking cycle. Each of these sample aggregates were redispersed in 

the buffer and incubated for 80 minutes, centrifuged, and the supernatant solution analyzed via 
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UV-Vis. We observed that there was no additional leaking from the aggregates. Additionally, we 

investigated the possibility of the microgels leaking Orange II at elevated temperature due to 

deswelling of aggregates above their LCST.  To do this, we redispersed all the aggregate samples 

that underwent one leaking cycle in their supernatant solutions and incubated them for an 

additional 80 minutes on a hot plate at 50˚C and was immediately centrifuged for 30 minutes at 

50˚C by regulating the thermostat on the centrifuge. The supernatant was analyzed by UV-Vis 

and no more dye leaked out from the aggregates of both microgels. 

 

                                           

Figure 5-8. The percent leak of Orange II as a function of leak time for () pNIPAm-co-AAc-1 

aggregates, and   (x) pNIPAm-co-AAc-3 aggregates. Each point on the plot represents an 

average of three replicate experiments of uptake studies and the error bars denote the standard 

deviation. 

 

Langmuir sorption isotherm for the removal of Orange II. The removal efficiency for 

the pNIPAm-co-AAc 1 and 3 microgel aggregates as a function of the concentration of Orange II 

in solution was monitored. To do this, 5, 10, 15, 20, 25, 30 and 35 L of Orange II solution was 
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added to 300 L of the 500 mg BIS from both the aggregates were added.  The total volume of 

this solution was made to be 3 mL using pH 7.0 buffer. This solution was incubated for five 

minutes similar to other uptake experiments. The solution was then centrifuged for 30 minutes 

and the supernatant was analyzed for the number of moles of the dye “sorbed” on the aggregates 

(as explained previously). A Langmuir isotherm model (Figures 5-9 (a) and 5-10 (a)) was used to 

fit the results from this experiment (equation 1), which gave a good fit with a R
2
 of 0.9716 and 

0.9934 for the aggregates from pNIPAm-co-AAc-1 and 3 microgels, respectively. A maximum 

sorption of 145.6 moles/g (0.051 g Orange II/g aggregates) was achieved from the aggregates 

from pNIPAm-co-AAc-1 microgels with a Langmuir coefficient of 0.0123 ± 0.00212 L/moles 

The aggregates from pNIPAm-co-AAc-3 microgels resulted in a maximum sorption of 171.3 

moles/g (0.06 g Orange II/g aggregates), with a Langmuir coefficient of 0.03202 ± 0.00243 

L/moles. Previously, for the aggregates from pNIPAm-co-AAc-2 microgels, we reported an R
2
 

of 0.9848 and a maximum sorption of Orange II of 152.8 moles/g (0.054 g Orange/ g 

aggregates). Upon comparison, it is evident that the aggregates from pNIPAm-co-AAc-3 resulted 

in a better fit using the Langmuir sorption and a better system for removal of Orange II/g 

aggregates.  
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Figure 5-9. Langmuir sorption isotherms for the removal of Orange II by (a) the aggregates with 

pNIPAm-co-AAc-1 microgels and (b) by the microgels alone after correcting for the mass of BIS 

in the same aggregates. CMob is the concentration of the dye remaining in the aqueous phase and 

Cs is the concentration of Orange II sorbed on the aggregates/microgels. Each point on the plot 

represents an average of three replicate experiments and the error bars denote the standard 

deviation. 

 

 
Figure 5-10. Langmuir sorption isotherms for the removal of Orange II by (a) the aggregates 

with pNIPAm-co-AAc-3 microgels and (b) by the microgels alone after correcting for the mass 

of BIS in the aggregates. CMob is the concentration of the dye remaining in the aqueous phase and 

Cs is the concentration of Orange II sorbed on the aggregates/microgels. Each point on the plot 

represents an average of three replicate experiments and the error bars denote the standard 

deviation. 
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We also plotted a Langmuir sorption isotherm by considering only the mass of the 

microgels in each of these aggregates (Figures 5-9 (b) and 5-10 (b)). The  pNIPAm-co-AAc-1 

system resulted in an R
2
 value of 0.9714 and a maximum of 2720 moles/g (0.950 g Orange II/g 

microgels), with a Langmuir coefficient of 0.0123 ± 0.00212.  The pNIPAm-co-AAc-3 system 

resulted in an R
2
 value of 0.9923 and the maximum Orange II sorbed was calculated to be 3145 

moles/g (1.10 g Orange II/g of microgels), with a Langmuir coefficient of 0.03217 ± 0.00229 

L/moles. Whereas, in our previous work, we reported an R
2
 value of 0.9853 and maximum of 

2871 moles/g (1.006 g Orange II/g of microgels) sorbed, for a similar experiment. These results 

make it evident that the microgels in the aggregates are more efficient in removing Orange II/g 

than the unaggregated sample. Concheiro and coworkers investigated the uptake of naphthalene 

disulfonic acid (NS-2) by pNIPAm based systems, and fit their results with a Langmuir isotherm 

model. They report a maximum loading of 13 mmoles/L of gel, which translates to 3.747g NS-

2/L of gel, the fit has a R
2 

value of ~ 0.97.
364

 If we approximate the density of a water swollen 

gel as 1.0 g/mL (assuming this density will give the maximum loading capacity), the maximum 

loading capacity is 0.0037 g NS-2/g of gel. In comparison, the system reported here is far more 

efficient at removing organic molecules from water.  

Ci,s = Ci,smax * Kads * Ci,m/(1 + Kads * Ci,m)                   (1) 

Ci,s is the concentration of Orange II in aggregates (sorbent)  

Ci,m is the concentration of Orange II in mobile phase (in buffer after centrifugation) 

Kads is the Langmuir coefficient 
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5.4. Conclusion 

We report the synthesis of pNIPAm microgel aggregates from pNIPAm-co-AAc-1 (DH 

~321 nm), pNIPAm-co-AAc-2 (DH ~1.1 µm) and pNIPAm-co-AAc-3 (diameter ~1.43 µm) 

microgels and compare their ability to remove the organic,  azo dye molecule, Orange II from 

aqueous solutions. The results indicate that for the aggregates synthesized from “big” microgels, 

a maximum removal efficiency of 85.3% was achieved while only 70.6% was achieved by the 

aggregates from “small” microgels at elevated temperature. Also, for aggregates synthesized 

from the different microgel diameters, the percent uptake of the dye increased as the 

concentration of BIS was increased from 100 mg to 500 mg, with minimal enhancement as the 

concentration was increased to 750 mg BIS.  The results suggest that the size of the microgels in 

the aggregates and the size of the aggregates themselves are important factors that affect the 

uptake efficiencies. Also, by exploiting the thermoresponsive nature of these aggregates and by 

increasing the number of heating/cooling cycles the removal efficiency can be enhanced. 

Leaking studies were performed to determine the overall retention efficiencies of the aggregates 

which resulted in 67.0% and 76.9% for pNIPAm-co-AAc-1 and 3 microgel aggregates, 

respectively. A Langmuir sorption model was fit to our data, and the maximum Orange II sorbed 

on the aggregates was determined to be 0.051 g Orange II/g aggregates and 0.06 Orange II/g 

aggregates were achieved by the “small” and “big” microgel aggregates respectively. The 

Langmuir model was also plotted for the removal efficiencies for the samples by considering the 

mass of the microgels in the aggregates alone. A maximum of 0.95 g Orange II/g microgels were 

sorbed in the case of pNIPAm-co-AAc-1, with an R
2 

value of 0.9714. Whereas, an R
2
 value of 

0.9923 and the maximum Orange II sorbed on the microgels was determined to be 1.1 g Orange 

II/g microgel, in the case of pNIPAm-co-AAc-3. 
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 CHAPTER 6 

REUSABILITY OF MICROGELS AND MICROGEL AGGREGATES FOR 

REMEDIATION 

6.1. Introduction  

From the previous Chapters, it is evident that the microgels and microgel aggregates 

remove significant amounts of Orange II from water. The reusability of pNIPAm-co-AAc-2 (~ 

1.1 µm) which gave a removal efficiency of 29.5% at room temperature and the microgel 

aggregates from pNIPAm-co-AAc-3 (~ 1.43 µm) which gave a removal efficiency of 83.6% at 

elevated temperature was tested. Methanol was used as a solvent to extract the dye that was 

initially removed, and entrapped in the microgel structures. The assemblies were then assessed 

for their ability to further uptake dye from water. It was observed that after a single extraction of 

dye from pNIPAm-co-AAc-2 microgels, they were able to subsequently remove 20.9% Orange 

II from water, as to the original efficiency of 29.5%. Upon multiple extractions, a maximum of 

25.7% removal efficiency was achieved for this system at room temperature. In the case of 

aggregates from pNIPAm-co-AAc-3, a maximum of 77.6% uptake efficiency was observed as 

opposed to the original efficiency of 83.6%.  

6.2. Experimental 

 Materials. N-isopropylacrylamide (monomer) was purchased from TCI (Portland, 

Oregon) and purified by recrystallization from hexanes (ACS reagent grade, EMD, Gibbstown, 

NJ). N,N’-methylenebisacrylamide (BIS) (~99%), acrylic acid (AAc) (~99%), and ammonium 

persulphate (APS) (~98%) were obtained from Sigma-Aldrich (Oakville, Ontario) and were used 

as received. Orange II was obtained from Eastman Organic Chemicals (Rochester, NY) and 
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methanol was (~99.8%) was obtained from Caledon (Georgetown, Ontario). All the phosphate 

salts used for preparing buffer solutions of pH 7 (ionic strength of 0.235 M) were obtained from 

EMD and were used as received. Deionized (DI) water with a resistivity of 18.2 MΩ∙cm was 

obtained from a Milli-Q Plus system from Millipore (Billerica, MA), and filtered through a 0.2 

m filter, prior to use. Microgel samples were lyophilized using a VirTis benchtop K-manifold 

freeze dryer (Stone Ridge, NY). 

Synthesis of pNIPAm-co-AAc-2 microgels (~ 1.1 µm).  These microgels were prepared 

by a surfactant free, free radical precipitation polymerization as reported before.
293

 These were 

the same set of microgels used in the previous Chapters. The total monomer concentration was 

maintained to be 140 mM. Of this, 85% was N-isopropylacrylamide (NIPAm), 5% was N,N’-

methylenebisacrylamide (BIS) crosslinker and 10% was acrylic acid (AAc) . To a clean beaker, 

NIPAm (11.9 mmol) and the crosslinker, BIS (0.700 mmol), were added and dissolved in 

deionized water (75 mL) in a beaker with stirring. A 20 mL syringe affixed with a 0.2 m filter 

was used to filter the mixture into a clean 250 mL, 3-neck round bottom flask fitted with a 

condenser, thermometer, stir bar and a N2 inlet. The beaker was rinsed with 24 mL of deionized 

water, which was again filtered and transferred to the mixture in the round bottom flask. The 

temperature was set to 65˚C with N2 bubbling through the solution for ~ 1 h, after which AAc 

(1.4 mmol) was added to the mixture and stirred for a few minutes. To this, 0.197 mmol APS in 

1 mL DI water was added. The mixture was allowed to stir for 4 h, under N2 atmosphere. The 

solution was allowed to cool, while stirring overnight.  

Following stirring overnight, the microgels were filtered through a type 1 Whatman filter paper, 

which was then rinsed with deionized water. The microgels were then cleaned via centrifugation 

to remove unreacted monomer and crosslinker, as well as linear polymer from the microgels. To 
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do this, the microgel solution was separated into 15 mL centrifuge tubes obtained from Corning 

Incorporated (Corning, NY) (~ 12 mL microgel solution/tube) and centrifuged at a speed of 

~8400 relative centrifugal force (rcf) in a Baxter, biofuge 17R (Mount Holly, NJ) at 23 C, for 30 

min. Centrifugation yielded a pellet of microgels at the bottom of the centrifuge tube, and the 

supernatant was removed. ~12 mL of fresh DI water was added and the microgel pellet was 

redispersed using a Fisher Vortex, Genie 2 vortexer (Pittsburgh, PA). This cleaning protocol was 

repeated six times. The DH of these microgels was determined by dynamic light scattering to be 

1.10 m ±14.5 nm, as mentioned in Chapter 3. 

Synthesis of pNIPAm-co-AAc-3 microgels (Diameter ~1.43 m). These were 

synthesized following a previously published procedure. 
330

 These were the same set of microgels 

used in the previous Chapters. The total monomer concentration was 153.8 mM (20 mmol) and 

85% N-Isopropylacrylamide (NIPAm, 17.0 mmol), 5% N, N’- methylenebisacrylamide (BIS, 

1.00 mmol) were added to 100 mL of deionized water in a small beaker and stirred. Once 

dissolved, the solution was filtered through a 0.2 m filter into a 3-neck round bottom flask. The 

beaker was rinsed with 25 mL of deionized water and filtered into the flask. The flask was fit 

with a condenser, a nitrogen inlet, and a temperature probe to provide heating via a feedback-

loop controlled hotplate (Torrey Pines Scientific, Carlsbad, CA). The flask was heated in an oil 

bath to 45 °C while the solution was allowed to stir and purge with N2 gas for ~1.5 hours. Once 

the solution reached the set temperature, acrylic acid (AAc, 2.00 mmol, 10% of overall monomer 

concentration) was added followed by initiation of the reaction by addition of 0.078 M aqueous 

solution of ammonium persulphate in 5 mL DI water (overall solution volume resulted in 130 

mL). After initiation, the reaction solution was then heated at a rate of 30 °C/hour to 65 °C and 

the reaction was allowed to proceed overnight under nitrogen atmosphere. The resulting 
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suspension was allowed to cool to room temperature, followed by filtration through a plug of 

glass wool to remove any coagulum formed during the reaction. The microgels were then 

cleaned via the same protocol as mentioned in the previous section. A diameter of 1.43 m ± 

5.35 nm was determined by microscopy as detailed in the previous Chapter. 

Synthesis of microgel aggregates. Microgel aggregates were synthesized using three 

different concentrations of BIS- 100 mg (2 mg BIS/mL of total reaction solution), 500 mg (10 

mg BIS/mL of total reaction solution) and 750 mg (15 mg BIS/mL of total reaction solution). 

The aggregates with 100 mg BIS  were prepared by directly adding 10 mL of cleaned microgels 

from the above syntheses to a filtered solution (filtered through 0.2 m filter affixed to a 20 mL 

syringe) of 100 mg of BIS in 39 mL of deionized water, to a beaker and stirred. This solution 

was transferred into a 250 mL 3-necked round bottom flask that was fit with a condenser, 

thermometer, stir bar and a N2 inlet. The temperature was set to 65˚C and N2 was bubbled 

through the solution for ~ 1 h. After 1 h, a 1 mL aqueous solution containing 0.0175 mmol of 

APS was added to this mixture and left to stir for 4 h, under N2 atmosphere. The solution was 

allowed to cool with stirring overnight. This procedure was followed for the synthesis of the 10 

mg/mL, and 15 mg/mL BIS aggregate samples, by adding 500 mg and 750 mg BIS to the 

reaction mixture, respectively. All microgel aggregates were cleaned using the same 

centrifugation procedure followed for cleaning microgels, but without filtering. 

Orange II uptake. PNIPAm-co-AAc-2 microgels and aggregates from pNIPAm-co-AAc-

3 were lyophilized and stock solutions were made from each sample to contain of 5.2 mg /mL 

solution. This was done by redispersing 52.1 mg of each in 10 mL of pH 7 buffer solution of 

0.235 M ionic strength in a volumetric flask. A stock solution of Orange II (0.023 M) in 

deionized water was prepared. Using a micropipette, 300 L of the microgels and aggregate 
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solution and 15 L of Orange II were transferred into a 15 mL centrifuge tube (Corning 

Incorporated (Corning, NY)). A buffer solution of pH 7 (ionic strength 0.235 M) was used to 

bring the volume of the solution up to 3 mL yielding 114 M Orange II and final concentration 

of aggregates to be and 521 g microgels/ml of the reaction solution and 521 g aggregates/ml 

of the reaction solution. After five minutes of exposure, this solution was centrifuged for 30 

minutes, at ~8400 rcf. This centrifugation time was used to ensure that all the dispersed 

microgels and aggregates were removed from solution (as confirmed from differential 

interference contrast microscopy, data not shown). The supernatant was carefully removed from 

the tube without disturbing the pellet at the bottom of the tube and transferred to a quartz cuvette. 

The absorbance was measured using a HP8452A UV-Vis spectrophotometer with a diode array 

detector (previously Agilent Technologies, Inc., Santa Clara, CA). The initial concentration of 

Orange II for all the uptake studies was maintained at 114 M and before very experiment, the 

initial absorbance of Orange II was measured in the absence of the microgels and aggregates. 

Also, it was observed that centrifuge tube did not have any effect on the initial absorbance of 

Orange II, as a function of time the solution stayed in the tube.  

To study the uptake of Orange II as a function of temperature, the solution of Orange II and  

aggregates was held at 50 ˚C (microgels deswell), for different intervals of time and then cooled 

down to room temperature (microgels reswell). The solutions were then centrifuged, and the 

supernatant was then analyzed by UV-Vis to evaluate the percent uptake of the dye.  

 

Extraction studies. The uptake studies on the pNIPAm-co-AAc-2 microgels were 

performed as detailed in the above section. The microgels were then exposed to MeOHfor and 

this solution was allowed to shake on a Fisher Vortex, Genie 2 vortexer (Pittsburgh, PA) fitted 
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with a shaker for 15 minutes. The solution was then centrifuged for 30 minutes at ~8400 rcf. The 

supernatant was then transferred into a small glass vial and the methanol was evaporated using a 

rotary evaporator (Brinkmann Buchi RE-111, New Jersy, NJ). The dye in the vial was then 

redissolved in 3 mL of DI water and the absorbance was measured, and moles extracted 

calculated. Similarly, the microgels pellets were dried using the rotary evaporator to remove any 

methanol present in them.  

 To the dried microgels, an uptake study was performed using the same protocol 

mentioned previously. In order to do another extraction, fresh 3 ml of methanol was added to the 

dried microgels after the first extraction and they were then redispersed in methanol and 

centrifuged in the same way as mentioned above. For further extractions, the above sequence 

was repeated the desired number of times and then the uptake studies were performed on the 

dried microgels accordingly.  

The extraction experiments for aggregates from pNIPAm-co-AAc-3 were performed in 

the similar way, but after exposing fresh solution of dye to the dried aggregates subsequent to the 

extractions, the solution was heated to 50 ˚C, for 90 minutes and cooled down to room 

temperature for 30 minutes before determining their uptake efficiencies.  

6.3. Results and Discussion   

 Reusability studies on pNIPAm-co-AAc-2 microgels. PNIPAm-co-AAc-2 

microgel were investigated for their reusability by performing an uptake Orange II uptake 

experiment, at room temperature as detailed in the experimental. Briefly, the initial absorbance 

of 3 mL solution of 114 M Orange II was recorded in the absence of the microgels. This was 

then compared to the absorbance from the supernatant after addition of 300 L of the microgels 

(from a stock of 5.2 mg/mL) and 15 L of Orange II (from a stock solution of 0.023 M in DI 
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water) in an overall volume of 3 mL. The percent removal efficiency of these microgels was 

confirmed to be 29.5% as reported in Chapter 3. To the microgels loaded with the dye, 3 mL 

methanol was added and the supernatant was transferred to a vial and dried. 3 mL of fresh DI 

water was added to the vial and the number of moles of dyes extracted after this step was 

determined by UV-Vis analysis and the extraction efficiency was calculated to be 72.5%. The 

microgels packed at the bottom were also dried to remove any methanol present in them and a 

fresh uptake study was performed using the protocol detailed in the experimental. It was 

observed that after the 1
st
 extraction experiment, the microgels exhibited a removal efficiency of 

20.9%. This in turn means that the microgels can be reused to remove 20.9% of the dye from 

aqueous solutions after one MeOH extraction. In order to study the effect of increasing the 

number of extractions on the reusability, a series of experiments were performed where the 

removal efficiency of the microgels after 2, 3, 4 and 5 extractions was monitored. The extraction 

efficiencies for extractions 2 through 5 were not determined because the concentration of Orange 

II was too low to be detected by UV-VIS. Figure 6-1 shows that as the number of extractions 

increases from 1 to 4, the uptake efficiency increased from 20.9% to 25.4% and upon increasing 

the number of extractions to 5, the efficiency increased only to 25.7%. Therefore, a maximum of 

25.7% uptake can be expected from the microgels. 
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Figure 6-1. Trend of percent uptake  of Orange II as a function of the number of MeOH 

extraction cycles for a) the microgels pNIPAm-co-AAc-2 and b) pNIPAm-co-AAc-3 microgel 

aggregates after a single temeprature cycle of 90 minutes heating and 30 minutes cooling.Each 

point on the plot represents an average of three replicate experiments of uptake studies and the 

error bars denote the standard deviation. 

 

 Reusability studies on aggregates from pNIPAm-co-AAc-3 microgels. Initial uptake 

studies on pNIPAm-co-AAc-1 microgel aggregates were performed at elevated temperature 

using the protocol detailed in the experimental. Briefly, 300 L of the 500 mg BIS aggregates of 

pNIPAm-co-AAc-3 were added to 15 l of Orange II in pH 7 (0.235M ionic strength) in a 3 mL 

total volume, and heated the solution to 52 ˚C for 90 minutes and cooled down to room 

temperature for 30 minutes. This solution was then centrifuged immediately and the absorbance 

of the supernatant was analyzed by UV-Vis. The uptake efficiency was calculated to be 83.6% as 

reported previously in Chapter 5. To study the reusability of these aggregates, the supernatant 

was discarded and 3 mL methanol was added to the aggregates and centrifuged. The supernatant 

from this sample was transferred into a vial and the methanol was evaporated using a rotary 

evaporator. To this vial, 3 mL DI water was added and the number of moles of Orange II present 
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in the vial was determined by UV-Vis analysis. The extraction efficiency was determined to be 

71.1%. MeOH was removed from the aggregates by drying via a rotary evaporator. To this, fresh 

solution of Orange II was added to monitor the uptake efficiency at elevated temperatures as 

detailed before. The solution was heated to 52 ˚C for 90 minutes and then cooled back to room 

temperature for 30 minutes and this solution was immediately centrifuged and the supernatant 

was analyzed by UV-Vis. The aggregates after one time treatment with methanol, gave an uptake 

efficiency of 74.2%.  In order to determine the possibility of improving the reusability of these 

aggregates, multiple extractions were performed using methanol. The protocol for uptake studies 

after multiple extractions are detailed in the experimental. The extraction efficiencies for 

multiple extractions were again not recorded due to low concentrations of Orange II present in 

the supernatant of the extracted solutions. Figure 6-1 indicates that as the number of extractions 

increased from 1 to 4, the uptake efficiencies increased from 74.2% to 77.2%, which is fairly 

close to the original uptake efficiency of these aggregates before treating them with methanol. 

The increase in the uptake efficiency after 5 times extractions was only minimal which was 

determined to be 77.6%.  

 

6.4. Conclusion 

 The reusability of microgels and microgel aggregates for water remediation was 

investigated. The unaggregated pNIPAm-co-AAc-2 microgels at room temperature originally 

gave a maximum uptake of 29.5% while the pNIPAm-co-AAc-3 microgel aggregates at elevated 

temperatures, removed 83.6% of the dye from aqueous solutions, which was established in the 

previous Chapters. Methanol was used as a solvent to extract the dye loaded inside these 

systems. It was observed that after 5 extractions, a maximum uptake efficiency of 25.7% was 
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obtained for the unaggregated pNIPAm-co-AAc-2 microgels at room temperature, and a 

maximum removal efficiency of 77.6% was obtained for the pNIPAm-co-AAc-3 microgel 

aggregates at elevated temperatures. These results indicate that the microgels and microgel 

aggregates systems can be reused further to remove significant amounts of Orange II, fairly close 

to the original efficiency values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



110 
 

CHAPTER 7 

FUTURE DIRECTIONS 

The projects discussed in the previous Chapters lead to an understanding of how microgels and 

microgel based aggregates can be used for removing significant amounts of Orange II from 

aqueous solutions. This led to an understanding that function directly influences function. Many 

experiments can be performed with these systems to make them more versatile for removal of 

many other organic compounds that are of major threat to the environment. Some of these 

experiments have been mentioned in this Chapter. 

 In Chapter 3, pNIPAm microgels with the higher concentrations of AAc were found to 

be the system that achieved the highest removal efficiency. It was also established that 

the removal of Orange II by these microgels followed a Langmuir isotherm model, 

which in turn means that dye removal by these microgels could be due a sorption 

process. These microgels can be further modified with various other comonomers (vinyl 

acrylic acid, methacrylic acid, methyl methacrylate, and so on) and various pH 

conditions used to specifically remove contaminants, for example, silver, naphthenic 

acids, PCBs and PAHs..  

 In Chapters 4 and 5, it was established that the aggregated microgels with high 

concentrations of crosslinker and the microgel with larger diameters achieved very 

significant removal efficiencies. These systems can also be chemically modified and 

make them more versatile to remove specific contaminants from water. Furthermore, 

these systems were fit by Langmuir isotherm model more accurately. Keeping the size of 

the aggregate in mind, we performed preliminary studies on macrogel systems of 
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pNIPAm modified with an adsorbent material, nanocrystalline cellulose (NCC). It was 

observed that at room temperature, these systems removed about 25% of the dye from 

water, which is fairly close to what was achieved by the microgels in Chapter 3 at room 

temperature. These systems can be further modified by further increasing the 

concentration of NCC present in the microgels and perform more detailed analysis of 

how temperature and pH can affect the removal efficiencies of these systems. Also, other 

common adsorbents, activated carbon can be added to these microgels and monitor the 

uptake studies. These systems can also be monitored for their ability to remove several 

other organic contaminants.   

 In Chapters 3, 4 and 5, leaking studies were performed to determine the efficiencies of 

these systems to retain the Orange II that was initially remove from water. This can be 

used as a basis to design efficient drug delivery systems that are dependent on the release 

profile of drug molecules from the microgels.  

 In Chapter 6, initial results of reusability of the microgels and their aggregates using 

methanol was discussed. It was established that higher number of extractions resulted in 

better reusability of the microgels. Further experiments can be performed on these 

systems using more suitable solvents to reuse microgels to their full and original 

potential for removal of the dye. Several other treatment methods can be performed after 

isolating the aggregates or the microgels from the contaminant sample to make these 

systems more reusable.  
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