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Abstract 

Molecularly imprinted polymers are specialty polymers with ability of selectively 

capturing target molecules. They show great potential to be environmental sensors for the 

detection of specific contaminant. The overall research objective is to investigate the 

sensing ability of MIPs based on two mechanisms fluorescence quenching and 

reflectance for two example contaminants 2,4-dinitrotoluene and 2-butoxylethanol, which 

are fingerprinting contaminant of explosive manufacturing and hydraulic fracking. The 

water chemistry effects are explored on MIPs for their potential use as in-situ sensors in 

complex aquatic environments. 

Fluorescent carbon dots with different surface functionality were fabricated and their 

environmental fate was explored. Amino-functionalized carbon dots (AC-dots) were 

applied to fluorescently label a molecularly imprinted polymer (MIP) for 2,4-

dinitrotoluene (DNT) as a template. DNT is specifically captured by the cavities in the 

MIP and interact with AC-dots on the surface, resulting in quenching of the fluorescence 

of the AC-dots. Response to DNT reaches equilibrium within 〜30 min. The method has 

a dynamic range that extends from 1 to 15 ppm, and allows for quantitation of DNT in 

aqueous solutions, with a detection limit of 0.28 ppm. Selectivity tests conducted in 

presence of DNT analogs demonstrated the specific recognition of DNT.  

The effect of sample water chemistry on carbon dots labeled molecularly imprinted 

polymer (AC-MIP) sensor the detection of 2,4-dinitrotoluene (DNT) was investigated. 

With the increase of ionic strength from 1 mM to 100 mM, the quenching amount of 

MIPs decreased about 19% and 30% with NaCl and CaCl2 respectively. In the range of 

pH from 4 to 9, quenching effect is slightly higher at basic environment for both MIPs 



 xiii

and non-imprinted polymers (NIPs) resulting from swelling properties of the films. NOM 

added the quenching amount to the sensor with a modified equation developed with 

NOM as a variable. In both lake water and tap water, DNT concentrations read by the 

sensors were very close to the HPLC measured DNT concentrations with the range from 

72% to 105%.  

Molecularly imprinted polymers (MIPs) sensors for detection of 2-butoxyethanol (2BE), 

a pollutant associated with hydraulic fracturing contamination, were developed based on 

the combination of a colloidal crystal templating method and a molecular imprinting 

technique. MIPs exhibited higher binding than non-imprinted films (NIPs) due to the 

specific adsorption provided by molecular imprinting with imprinting efficiencies around 

2. Optical tests were performed because of the uniformly ordered porous structure. The 

reflectance spectra of the sensors showed Bragg’s peaks, which responded to the 

presence of 2BE; peaks presented increasing red shifts up to 50 nm with 2BE 

concentrations in the range of 1 ppb to 100 ppm, which allowed quantitative estimates of 

present 2BE concentration in aqueous solutions. The material has the potential for early 

detection of hydraulic fracturing sites contamination. 
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Chapter 1.  Background and Introduction 

Biomolecular recognition is a process which biomolecules recognize and binds to their 

molecular targets such as antibodies, hormone and enzymes (Katz and Willner 2004). 

The interaction between biomolecule and target molecules are noncovalent bonding such 

as hydrogen bonding, metal coordination, hydrophobic forces, van der Waals forces, π-π 

interactions, halogen bonding, electrostatic and or electromagnetic effects. Because these 

biomolecules are unstable, scientists find methods to design synthetic materials with 

given receptors, which are easier to prepare, cheaper and more stable (Haupt 2003). 

Molecularly imprinting is a useful technique mimicking the natural recognition entities 

for creating recognition sites in materials for target molecule (Kriz et al. 1997). 

Molecularly imprinted polymers (MIPs) are crosslinked polymeric materials with 

molecular recognition abilities against a target molecule (template). The template is 

removed from the polymer matrix after polymerization and with specific binding sites left 

(Figure 0.1) (García-Calzón and Díaz-García 2007).  

 

Figure 0.1 A polymer matrix is formed through polymerization by functional monomers and template. 

Molecularly imprinted polymers are obtained by removing templates with cavities left. 

 

Due to their specific recognition ability, MIPs can be used for separation, purification, 

chemical sensors, catalysis and drug delivery. MIPs have been applied as a pretreatment 
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media or solid-phase extraction (SPE) sorbent because their selective preconcentration 

and specific recognition of environmental pollutants followed by liquid chromatography 

(Hu et al. 2007, Sambe et al. 2007, Watabe et al. 2005, Xu et al. 2014). MIPs have been 

synthesized for the concentration and detection of a variety of pollutants present at very 

low levels (ppbs and below); some examples are triazines (Xu et al. 2014), TBZ (Hu et al. 

2007), fluoroquinolone antibiotics (Tan et al. 2013), and triclosan (Gao et al. 2010). 

Compared to the widely used hydrophilic–lipophilic balanced (HLB) polymers, MIPs are 

more resistant to matrix effects, a common difficulty encountered in relatively dirty 

samples like surface water or wastewater. As a result of the better selectivity, MIPs show 

significantly superior performance than conventional concentration methods (Demeestere 

et al. 2010). This result highlights the potential for MIPs to be used in passive sampling 

devices (Bao and Zeng 2014, Long et al. 2014, Lydy et al. 2014). 

MIPs were applied in the fabrication of sensors with capabilities to respond to a variety 

of physical or chemical stimulus; electrochemical, photoluminescent, and UV-vis 

spectroscoscopic sensors have been reported (Valero-Navarro et al. 2009, Yang et al. 

2012a). In this sense, MIPs can be engineered not only to very specifically capture and 

concentrate organic contaminants in water at extremely low concentration, i.e. below 

current gold standard analytical techniques, but can also be designed to quantify the 

capture level and produce a signal proportional to the captured contaminant mass that can 

be transmitted in real time from remote sites to a central monitoring facility. 

There are several methods to add photoluminescent properties to MIPs. For example, 

quantum dots have been combined with MIPs for fluorescence labeling but their use in 

environmental applications has been questioned due to their heavy metal content (Li et al. 
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2010c, Zhang et al. 2011c). Carbon dots are fluorescent nanoparticles that offer a 

promising alternative to quantum dots for sensing, due to their low cost, benign 

fabrication process and negligible environmental impact (Li and Kaner 2008, Rao et al. 

2009). Early studies have shown C-dots are biocompatible and less cytotoxic than Cd-

based quantum dots and may even inhibit cancer cells (Hsu et al. 2013, Qu et al. 2012, 

Song et al. 2013). These fluorescent nanoparticles have been successfully utilized in 

biomedicine, optoelectronics, catalysis, and chemical sensors (Wang and Hu 2014a). 

Their application in the environmental field is particularly promising. We will begin the 

introduction with the fluorescence nanoparticles carbon dots and how to apply them into 

MIPs. 

 

1.1. Carbon Dots 

C-dots constitute a class of quasi-spherical, photoluminescence carbon nanoparticles with 

sizes below 10 nm (Baker and Baker 2010c). Compared to traditional semiconductor Q-

dots and organic dyes, photoluminescent C-dots are superior in terms of high aqueous 

solubility, robust chemical inertness, easy functionalization, high resistance to 

photobleaching, low toxicity and good biocompatibility (Baker and Baker 2010b). As a 

result, much attention has also been paid to their potential application in biological 

labeling, bioimaging, and drug delivery (Wang et al. 2011c). During the past few years, 

much progress has been achieved in the synthesis, properties and application of C-dots 

(Shen et al. 2012a, Wang and Hu 2014b). Several low cost and environmentally benign 

chemical approaches have been developed for the preparation of carbon dots (Hsu et al. 

2012, Wang et al. 2011a). For their strong and tunable photoluminescence, C-dots have 
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been successfully applied in sensing, energy conversion and catalysis (Li et al. 2015). 

As interest for both fundamental research and applications has surged dramatically in the 

last few years, it is inevitable CDs will find their way to natural water sources where, 

unlike the more well studied fullerenes and carbon nanotubes, their environmental impact 

and fate is mostly unknown. The presumed negligible environmental impact of carbon 

dots can only be confirmed if their behavior in natural systems is fully understood. 

However, the colloidal stability of CDs in environmentally relevant aqueous suspensions 

has not been investigated, and neither the effect of those conditions on their PL properties.  

Due to their small size and large surface area, adsorption processes are expected to play a 

key role in determining the physicochemical properties of C-dots (Chowdhury et al. 

2013). Adsorption may alter the surface characteristics of the nanoparticles so that they 

become dispersed and thus mobile in aqueous media (Chowdhury et al. 2013, Lanphere 

et al. 2013). Natural organic matter (e.g. humic acid) and exopolymeric substances (e.g. 

proteins and polysaccharides) have been shown to adsorb onto carbon nanotubes and act 

as stabilization agents (Saleh et al. 2010); these macromolecules can potentially interact 

with C-dots surfaces by π-π bonding and hydrophobic effects, due to the presence of C=C 

double bonds as well as aromatic rings (Dimiev et al. 2012). 

CDs are well known for their colloidal stability in water suspensions at low ionic strength; 

their PL is stable under those conditions but generally expected to decline if aggregation 

occurs. Other matrix chemistry effects have been reported. For example, their florescence 

intensities were shown to be pH-dependent, decreasing with increasing pH (Jelinek 2016). 

Furthermore, a study showed no significant change in fluorescence quenching of carbon 

dots by HA up to a concentration of 10 ppm (Cayuela et al. 2015), while another study 
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reported that the quenched fluorescence intensity of surface functionalized QDs was 

linearly proportional to the concentration of Hg2+ under optimum conditions (Vázquez-

González and Carrillo-Carrion 2014). 

In summary, there is extensive literature on inorganic nanoparticle stability in natural 

waters, as well as for some common carbon-based particles such as carbon nanotubes, 

fullerenes and a few studies on graphene oxides, but there are no reports, to the authors’ 

knowledge on the aggregation and surface properties of carbon dots under environmental 

conditions. In view of the increasing amount of research devoted to carbon dots 

applications for sensing and imaging, an understanding of the colloidal stability is needed 

as a first step towards the prediction of environmental fate, transport and potential 

toxicity of these nanomaterials. It has been recognized that our knowledge on 

nanoparticle environmental behavior needs to be continuously revised and extended to 

account for new materials or novel commercial applications as they emerge in order to 

accurately assess the associated risks (Troester et al. 2016). 

 

1.1.1. Functionalized Carbon Dots  

Carbon dots (CDs) as a new series of fluorescent nanomaterials have drawn great 

attention in recent years owning to their unique properties. Among them, functionalized 

C-dots have been synthesized through one-step hydrothermal carbonization of chitosan or 

citric acid at mild temperature (Dong et al. 2012b, Yang et al. 2012b). Some research 

shows surface functional groups, such as C=O and C=N, can efficiently introduce new 

energy levels for electron transitions and result in the continuously adjustable full-color 

emissions (Nie et al. 2014). Also surface modification would increase PL quantum yield 
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(QY) significantly (Zhu et al. 2013).  

Typically, surface functionalization of C-dots provides an effective bridge to connect 

them to other systems (Ding et al. 2014). One of the simplest and most popular 

conjugation methods is covalent bond formation through reactive functional groups such 

as primary amines (Dong et al. 2012a), carboxylic acids (Liu et al. 2012a), and hydroxyls 

(Yu et al. 2013). Besides covalent bonding to C-Dots, metal ion coordination was 

employed to bind europium (Eu3+) onto the surface of C-Dots due to the affinity between 

Eu3+ and oxygen-donor atoms, which subsequently quenches the fluorescence of C-Dots 

(Yu et al. 2013). The π-π stacking interactions between C-Dots and DNA or aptamer can 

also be used as binding strategy for detection of nucleic acid (Li et al. 2011). Furthermore, 

primary alkyl-ammonium binding is used to modify 18-crown-6-ether (18C6E) on the 

surface of aminated C-Dots, which conjugated on reduced graphene oxide (rGO) at the 

same time (Wei et al. 2012). Sol gel technique is also a promising approach for 

engineering the surface of C-Dots with functional molecules. For example, C-Dots@MIP 

(molecularly imprinted polymer) was synthesized by one-pot room-temperature sol gel 

polymerization and applied as a fluorescence sensor for the detection of dopamine in 

aqueous solution (Mao et al. 2012).  

It draws increasing interest to combine functionalized C-dots and MIPs for the 

fluorescent sensing potential. MIPs as sensors combining functionalized C-dots have 

been reported for recognition of Bisphenol A, 4-nitrophenol, glucose, dopamine and 

nifedipine (Hao et al. 2016, Jalili and Amjadi 2015, Liu et al. 2016, Wang et al. 2015b).  
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1.1.2. Fluorescence properties and Applications 

The photoluminescence (PL) properties of carbon dots vary sensitively with size, and 

emissions are red-shifted with increasing size (Wang and Hu 2014a). At present, the PL 

mechanism of carbon dots (CDs) is still under debate (Zhu et al. 2015), although different 

researchers have attributed their emission properties to quantum confinement effect (Li et 

al. 2010b), surface states determined by hybridization of the carbon backbone and the 

connected chemical groups (Fang et al. 2011, Hu et al. 2009), fluorophores with different 

degrees of p-conjugation (Bourlinos et al. 2011, Mao et al. 2010a, Srivastava and 

Gajbhiye 2011), and the recombination of electron–hole pairs localized within small sp2 

carbon clusters embedded within a sp3 matrix. Furthermore, the PL can be tuned via 

surface modification or via electron/energy transfer, and numerous capping strategies 

have been reported (Wang and Hu 2014a). 

Fluorescent CDs have emerged as highly promising sensors due to its biocompatibility, 

simple and low cost manufacturing. CDs can be used as fluorescent probes for the 

detection of many cations, as well as number of anions ((Dhenadhayalan and Lin 2015)). 

They have been also used to detect a range of drugs, small molecules and a wide range of 

biomolecules (Baptista et al. 2015). These have been detected in various ways, including 

fluorescence quenching (Shan et al. 2014), fluorescence ‘turn-off turn on’ methods 

(Zheng et al. 2013), modified electrodes (Wang et al. 2012b), and target recognition 

(Wang et al. 2013b).  

 

1.2. Molecularly Imprinted Polymers 

There are two main methods to create molecularly imprinted polymers. The first one is 
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called the self-assembly approach, which involves only noncovalent interactions during 

the process all elements of the MIP combine and interact with the template molecule 

bound. The second is preorganized approach in which the template molecule covalently 

links to the monomer while, after polymerization, the monomer is cleaved from the 

template molecule (Kriz et al. 1997). A hybrid of these two called semi-covalent 

approach. There are covalent bonds between the template and the functional monomers 

before polymerization, while after removing the template, the re-binding of the target 

molecule to the MIP occurs by non-covalent interactions (Yan 2004). 

Several elements including a template, functional monomers, a cross-linker, an initiator 

are involved in molecular imprinting process. Pyrogenic solvents and extraction solvents 

may also be used. The template and functional monomers with the specific functional 

groups participate in binding interactions and create the imprinted binding sites. The 

cross-linker provides a rigid polymer matrix and it holds the functional monomers to 

stabilize the imprinted binding site and contribute in determining the nature of MIP-

template selectivity. Initiators initiate free radical polymerizations in the presence of 

templates. The pyrogenic solvent serves to bring all the components in the 

polymerization, while the extraction solvent removes the template to create a cavity in the 

polymer matrix (Cormack and Elorza 2004).  

The chemical equilibrium in the polymerization solution is described by the following 

equation: 

MTM K T M            Equation 0.1  

where K is the association constant; [T] is the concentration of template molecule; [M] is 

the concentration of functional monomer; and [MTM] is the concentration of the desired 
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template monomer complex.  

If we assume the association between two functional monomers and one template are 

independent and identical, we can get the following equation, 

N N N P K ∙ L ∙ MTM K ∙ L ∙ M 2 MTM     Equation 0.2 

where N, NS, and NNS are total, specific, and nonspecifically binding, respectively, L is 

the free ligand concentration, and P is a polymer concentration factor (in relation to the 

concentrations of the template molecules and the polymer). 

The selectivity of MIPs can be calculated when other values are obtained from 

experiments. 

By applying thermodynamic theory, the trend of molecular imprinting reactions can be 

characterized with the following equation, 

∆G ∆G ∆G ∆G ∑∆G ∆H ∆G     Equation 0.3 

where ∆  is the change in Gibbs free energy for the formation of the monomer-template 

complex; ∆G  is the change in Gibbs free energy for both translational and 

rotational; ∆G  is the change in Gibbs free energy caused by restricted rotational 

motion template molecules; ∆G  is the change in Gibbs free energy of the whole groups 

participated in the reactions; ∆H  is the strain energy in the complex in relation 

with the introduction of unfavorable bond lengths, bond angles, dihedral angles, and so 

on; and ∆G  is the change in Gibbs free energy by van der Waals forces. 

In some cases, some changes in Gibbs free energy are negligible; the formula can be 

simplified as: 

∆G ∆G ∆G ∑∆G ∆G        Equation 0.4 

Template and functional monomers can form multiple binding sites. Molecular 
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recognition characteristics of MIPs are attributed to pre-organization of functional groups 

and size and shape specificity of binding. The selectivity of MIPs is highly dependent on 

the number and intensity of interactions between template molecules and imprinted 

groups, in addition to the shape and rigidity of the template molecules. 

According to molecular cluster theory, the shape of nanocavities is complementary to the 

template used like lock-key. This lock-key principle is constituted by many binding sites, 

with continuous distribution of affinities of template. The template-template interaction 

should be paid with more attention for the cavities in the MIPs with the formed molecular 

clusters of chiral imprinted molecules. MIPs prepared with crystal nuclei have larger 

adsorption ability (Cao et al. 2012). 

 
1.2.1. MIPs and their applications as environmental sensors 

Polymer-based sensors attract attention due to the simplicity and low cost of 

manufacturing, improved shelf life and possibilities for mass production with potential of 

minimizing batch-to-batch variation in performance. The lock-key features of MIPs 

attracted increasing attention, and MIPs have been considered as promising alternatives 

to their biological counterparts to develop novel matrices in diverse research fields. An 

interdisciplinary research area combining sensors and MIPs has spontaneously emerged. 

To evaluate the effectiveness of sensors, the key features include the recognition 

selectivity and specificity, limits of detection and quantification, and overall quality and 

robustness of the results (Uzun and Turner 2016). 

Satisfactory MIPs-based sensors contain two parts: recognition sites and a signal 

transducer (Xu et al. 2012). The recognition process plays an important role in their 

sensing performance. The recognition process is controlled by three major factors: the 
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quantity of the functional groups participating in the interaction, their correct 

arrangement within the cavity, and the shape of the cavity itself (Piletsky and Turner 

2008). The specificity can be provided solely by the shape and size of the cavity although 

the specificity is enhanced when the template interacts with one or more properly 

oriented functional monomers (Vasapollo et al. 2011). 

One recognition mechanism observed in MIP systems is the conformational change in the 

polymer induced by template interaction. Stimuli such as pH or the presence of template 

can translate into the swelling/shrinking behavior when polymer matrix present as 

hydrogels (Vasapollo et al. 2011). Photonic polymer sensor and pH-responsive MIPs 

have been developed based on the conformational change effect (Kanekiyo et al. 2008, 

Wang et al. 2012a). 

Optical devices based on the fluorescent properties of template can be achieved through 

three kinds of design of MIP-based sensors including affinity sensors, receptor sensors 

and catalytic sensors. The detection principle of the affinity MIP sensor, immunosensor-

type device is based on the measurement of the concentration of the template adsorbed by 

MIP immobilized on the detector surface (Johnson-White et al. 2007). However, not all 

analytes can be easily modified with dyes and the modification itself can change the 

affinity of the analyte. For MIP-based receptor sensors, they most often measure the 

change in membrane electroconductivity, induced by specific interaction of MIPs with 

template molecules (Sergeyeva et al. 1999). The catalytic sensors combine MIPs 

possessing catalytic properties with traditional electrochemical or optical transducers 

(Lakshmi et al. 2009). 
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1.2.2. Characterization methods of MIPs 

Batch rebinding is a method to evaluate binding capacity and selectivity for MIPs. The 

procedure is demonstrated in Figure 0.2. It is assumed that after serial incubation 

equilibrium between the template and the imprinted polymer is reached.  

 

Figure 0.2 Batch rebinding approach is accomplished by serial incubation and then the polymer is filtrated 

to determine the free template in each vessel (García-Calzón and Díaz-García 2007). 

The reversible reaction is: 

 

        Equation 0.5 

where k1 stands for adsorption constant, and k-1 stands for the desorption constants. At 

equilibrium: 

         Equation 0.6 

where  ,  is the amount of existing active centers per unit of volume 

in the MIP, and  stands for the equilibrium desorption constant. The equation can be 

rearranged to: 

            Equation 0.7 

Rfree  Lfree

k1

k1

   RL
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The amount of bound template per gram of imprinted polymer can be calculated. (García-

Calzón and Díaz-García 2007). 

Chromatography can separate the components and measure the relative proportions of 

analytes in a mixture. One of the main applications of MIPs is as chromatographic 

stationary phases for selective preconcentration of target component. Polymer particles 

are manually packed into refillable columns and connected to chromatography instrument. 

Theoretical plate numbers (Nsys) can be calculated for each analyte using classical 

chromatographic theory, assuming skewed peaks, according to the following equation: 

. / .

/ .
           Equation 0.8 

where tR is the retention time, W0.1 is the peak width at the corresponding peak height 

fraction, and B/A is the asymmetry factor.  

It is also a quick and easy method for analyzing binding properties of MIPs. When the 

template binds to the MIPs in the column, the polymer becomes saturated and the amount 

of template eluting from the column gradually increases, providing an obvious increase in 

the characteristic peak (Barahona et al. 2010). 

UV–vis spectroscopy and 1H NMR are two common methods in determining the 

intermolecular interaction between functional monomers and template molecule (Shi et al. 

2007). 

Ultraviolet–visible spectroscopy uses light in the visible and adjacent (near UV and near-

infrared) ranges. It can be an adsorption spectroscopy or reflectance spectroscopy and 

often used in analytical chemistry for the quantitation of different substances. In a UV 

spectroscopic titrations experiment, template solution titrates in functional monomers 
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solutions of different concentrations. After equilibrating for a while, the changes of 

absorbance (∆A) of these solutions are measured at a specific wavelength by a UV 

spectrophotometer (Chen et al. 2011). From the results of the experiment, we can 

calculate the dissociation constants for the polymerization interaction, as well as the 

amount of unreacted template (Karim et al. 2005). 

Nuclear magnetic resonance (NMR) spectroscopy is a research technique to determine 

the physical and chemical properties including structure, dynamics, reaction state, and 

chemical environment of atoms or the molecules. NMR analysis is used to identify 

substance with good resolution. Different functional groups are distinguishable with 

obvious signals. However, NMR spectroscopy is relatively expensive and has a very 

large liquid helium-cooled super-conducting magnet. NMR active nuclei such as 1H and 

13C absorb electromagnetic radiation in a magnetic field.  

Gibbs free energy change can reflect the extent of non-covalent monomer-template 

interactions. NMR spectroscopy has revealed the mechanisms of molecular recognition 

of MIPs and predicts binding capacities by calculating monomer-template dissociation 

constants (Sellergren et al. 1988, Whitcombe et al. 1998).  

Fourier-Transform Infrared Spectroscopy (FT-IR) provides an infrared spectrum to 

identify chemical bonds in a molecule for samples. It can produce a profile of functional 

groups and covalent bonding information of the polymer. Usually there are O-H and C=O 

stretching vibration in the MIPs with empty cavities, so that the target-containing MIPs 

have peaks shifted to lower frequencies (Javanbakht and Akbari-Adergani 2012).  

The structure of MIPs is very important on their imprinting performance. More binding 

sites are available with a larger surface area. Additionally, polymers have different 
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morphologies as shown in Figure 0.3. 

 

Figure 0.3 Different topologies of polymers can be linear, branched, macroscopic network and microgel, 

which is important in imprinting effects of MIPs (Cormack and Elorza 2004). 

 

Morphological information of MIPs can be achieved by microscopy techniques like 

scanning electron microscope. BET analysis provides precise specific surface area 

evaluation of materials for studying porosity and particle size. 

A scanning electron microscope (SEM) uses electrons instead of light to produce images. 

The electrons interact with atoms in the sample, producing various signals including 

secondary electrons, back-scattered electrons, X-rays, etc. These signals can be detected 

and give information of the samples’ surface structure and chemical composition. 

Because most of MIPs are nonconductive, a thin layer of conductive material like gold, 

platinum or carbon needs to be coat on them using a sputter coater. SEM can often be 

used to image macropores of MIPs. 
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Braunauer-Emmett-Teller (BET) theory explains the physical adsorption of gas 

molecules on a solid surface and is the underlying theory for the measurement of the 

specific surface area of a material. Nitrogen sorption porosimetry involves a fixed mass 

of dry polymer being exposed to nitrogen at a series of fixed pressures. Sorption 

isotherms can be constructed by the amount of gas sorbed as a function of pressure. The 

specific surface area (m2/g), specific pore volume (ml/g), average pore diameter and pore 

size distribution can be calculated based on BET and mathematical models (Cormack and 

Elorza 2004).  

Surfaces of MIPs with recognition abilities can be divided into two general categories: 

homogeneous and heterogeneous shown in Figure 0.4. If the binding cavities have 

identical shapes and therefore the binding sites have the same affinity and selectivity, it 

can be considered as a homogeneous material. If the binding cavities have different 

shapes so as the binding sites have varying affinity and selectivity, then it should be a 

heterogeneous material (Umpleby et al. 2004). 

 

Figure 0.4 Schematic illustration of binding site homogeneity and heterogeneity in MIPs (Umpleby et al. 

2004).  

 

1.2.3. Stober method 

MIPs can be fabricated by different polymerization methods. Bulk polymerization has 
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been used extensively, followed by grinding and sieving to obtain the MIP particles. 

Although simple, this approach is usually unsatisfactory due to low yields, and irregular 

size and shape of the particles that complicate further uses (He et al. 2007). Micrometer 

and nanometer sized MIP particles constitute an improvement from the bulk 

polymerization technique, but the separation of the MIP beads from the sample specially 

in natural environments still remains a challenge (Haupt 2012). Recently, researchers 

have developed an original procedure that combines molecular imprinting and colloidal 

crystal to prepare polymers with 3D, highly ordered, macroporous structures and specific 

binding nanocavities for a rapid assay to detect organic compounds like bisphenol A 

(Griffete et al. 2011a, Griffete et al. 2011b), atrazine (Wu et al. 2008a) and specific 

stimulants like theophylline or ephedrine (Hu et al. 2008a). The high sensitivity and 

specificity observed in these polymeric systems is mainly due to the high surface-to-

volume ratios of the structure that allow for a more efficient mass transport in 

submicrometer-sized pores and enhance surface reactions. In particular, highly ordered 

porous materials based on hydrogels are able to swell or shrink in aqueous solution upon 

molecular recognition or environmental conditions leading to a change in optical 

properties (Hu et al. 2006, Hu et al. 2008b). The highly controlled pore structure achieved 

through the colloidal template technique is especially beneficial in sensor applications, 

since it gives elevated specific surface areas, more interaction sites, efficient mass 

transport, easier accessibility to the active sites through the interconnected macroporous 

system, as well as high specificity to analytes of the nanocavities (Holtz and Asher 1999, 

Sharma et al. 2004). 
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1.3. DNT and its Environmental Sensors  

1.3.1. DNT and its retarding effects on vinyl polymerization 

The widespread application of DNT in the manufacturing of a diverse set of chemicals 

has resulted in substantial contamination of soil and water (Xu and Jing 2012). DNT is a 

precursor and an inevitable byproduct of the manufacturing process of 2,4,6-

trinitrotoluene (TNT), an explosive used worldwide. DNT is also involved in the 

production of polyurethane foam products, dyes, plastics, plasticizers, deterrent coatings, 

and burn rate modifiers for propellants (Lent et al. 2012). DNT is commonly found in 

surface water, groundwater and soils near the former ammunition factories, facilities that 

manufacture or process DNT (Reddy et al. 2014). The moderately soluble DNT has low 

volatility and demonstrated toxicity to the hematopoietic, cardiovascular, nervous, and 

reproductive systems of humans (Lent et al. 2012, Tchounwou et al. 2003). Therefore, the 

detection of DNT is of utmost importance, and a significant amount of effort has been 

devoted to the development of suitable sensors, both in gas and liquid phase (Bosco et al. 

2012, Kabessa et al. 2016, Toal and Trogler 2006, Wang et al. 2016). Optical detection 

techniques, colorimetric or fluorimetric based, have the advantage that they can be 

portable and used in-situ. Fluorescence sensors are especially suited for detection of 

nitroaromatic compounds such as DNT, due to their ability to quench emission of excited 

species (Goodpaster and McGuffin 2001a).  

DNT may work as a retarder in vinyl polymerization because aromatic nitro compounds 

act as inhibitors and show greater tendency toward more reactive and electron-rich 

radicals. Nitro compounds have very little effect on methyl acrylate and methyl 

methacrylate but inhibit vinyl acetate and retard styrene polymerization. The 
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effectiveness increases with the number of nitro groups in the ring. The mechanism of 

radical termination involves attack on both the aromatic ring and the nitro group. The 

reactions are shown in Figure 0.5 and Figure 0.6. 

 

Figure 0.5 Radicals attack on the ring of nitroaromatic compounds 

 

 

Figure 0.6 Radicals attack on the nitro groups of nitroaromatic compounds 

 

1.3.2. DNT sensors  

Fluorescence based detectors for DNT have been reported using fluorescent conjugated 

polymers, hybrids composed of inorganic materials functionalized with an organic 

fluorophore, and quantum dots (Peveler et al. 2016, Salinas et al. 2012). The latter has 

shown advantages over the previous approaches, as these nanoparticles do not suffer 

from instability with respect to temperature, pH, and photobleaching that characterizes 

the organic-based detection methods (Stringer et al. 2010). Although the exact chemical 
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composition of Q-dots varies, they are typically made of cadmium selenide or sulfide 

(Zhang et al. 2011a), which have raised questions regarding their toxicity. Even though 

fluorimetric based sensing techniques are very sensitive, they lack specificity. One 

strategy to increase the specificity of the sensing devices is the capture of the target 

molecules by Molecularly Imprinted Polymers (MIPs) (McCluskey et al. 2007a). MIPs 

are robust and can be designed to be insoluble in the media of interest (Wulff 2001). 

Fluorescent sensors based on Q-dots labeled MIPs have been developed for nitroaromatic 

explosives like DNT and TNT in aqueous phase (Xu et al. 2013), but the loss of 

nanoparticles or leaching of toxic heavy metals may result in serious environmental 

pollution so that the use of CdTe quantum dots is not suitable for an aquatic environment.  

 

1.3.3. The effects of water chemistry and interferences  

The MIP based sensors can be successfully used for quantitative detection of specific 

contaminants. In order to obtain a useful sensor device, different transducer mechanisms 

have been combined with MIPs, such as optical, chemical or electrical properties 

variations. Among them, the optical MIP-based molecular recognition sensors have been 

developed due to the covalent linkage of MIPs to optical transducers. The MIP binding 

efficiency, recognition processes and selectivity have been intensively studied by optical 

means due to the general high sensitivity and simplicity of the utilization of optical 

techniques (Henry et al. 2005). The sensing properties can also be characterized by 

parameters such as linearity, limit of detection, sensitivity, selectivity, reproducibility, 

accuracy, robustness, response time and lifetime (Li et al. 2012). However, the effects of 

sample characteristics commonly encountered in natural waters (i.e. variations of pH, 
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ionic strength, natural organic matter content) on the sensing performance ofoptical MIPs 

are not fully understood. MIPs have been reported which respond to stimuli such as 

change in temperature (Pan et al. 2013), pH (Kanekiyo et al. 2003), and ionic strength 

(Wu et al. 2010). Interferences are another concern because they can affect the 

recognition of MIPs. In the context of this study, we define interference as a compound 

that will hinder the access to capture sites of the target molecule by non-specific 

adsorption onto the polymer surface resulting in pore blocking, steric repulsion or 

electrostatic interactions at or near the interface, and produce a decrease in the capacity of 

the MIP. Potential interferences in natural waters are dissolved organic matter, dissolved 

salts, inorganic colloidal particles, and microorganisms. Given the fact that most efforts 

have been devoted to the synthesis of MIPs as SPE media, research in this area has been 

directed mostly towards the conditioning, washing and eluting stages of the process 

rather than the capture and sensing, and much of the actual mechanisms by which this 

interference may occur are not fully understood. The potential for MIP-based sensors to 

be used in-situ is promising if the influences of these parameters are explored and 

interpreted.  

Some research has been reported as the use of MIPs as the sorbent for solid-phase 

extraction of natural water samples (Davoodi et al. 2014, Kueseng et al. 2009). The direct 

use of MIPs and MIP-enabled devices as sensors in natural waters is not fully explored 

(Alizadeh et al. 2010, Hao et al. 2016), especially on the effects of different parameters in 

the water chemistry matrix. Conductometric transducer based atrazine sensor allows the 

monitoring of atrazine both in contaminated and uncontaminated natural waters as the 

detection limit is 1 ppb. The only draw back is that it required laboratory based 
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instrumentation and is not suitable for field studies (Rao et al. 2007). Atrazine and its 

analogs simazine, ametryn and propazine could be successfully extracted from natural 

water samples, using atrazine as the template molecule (Wen et al. 2012). In another 

study, diphenolic Acid (DPA) and bisphenol A (BPA) were used as dummy template 

molecules for the capture of tetrabromobisphenol A (TBBPA). The reported recoveries of 

TBBPA in tap, river and lake water ranged from 85% to 97% with detection limit as low 

as 2 ng/mL (Yin et al. 2012) 

Fluorescence based sensors are particular suited for field use, as they are generally sturdy 

and easy to measure. In this field, fluorescent nanoparticles are preferable to fluorescent 

polymers, as they have shown to be brighter and more stable; however, leakage of the 

nanomaterial in to the sample is a concern if the particles are not strongly bonded to the 

MIP matrix. Sample chemical matrix may produce additional interference by interacting 

or preventing interaction between the target compound and the fluorescent material, 

leading to over or underestimations of the true concentration of the target. Detection of 

contaminants in natural waters at environmentally relevant concentrations is particularly 

challenging, due to the complex and potential variability of its chemical composition. 

 

1.4. Hydraulic fracturing and 2-BE-MIPs sensors  

1.4.1. Hydraulic fracturing and its fingerprinting contaminants 

The rapid rise in unconventional oil and natural gas (UOG) operations combining 

directional drilling and hydraulic fracturing (fracking) increases the opportunity for air 

and water pollution from these processes. UOG operations involve the injection of 

millions of gallons of water and thousands of gallons of more than 750 chemicals 



 23

(Committee on Energy and Commerce 2011), in addition to naturally occurring 

compounds such as radioactive materials, salts, arsenic, selenium, strontium, and barium 

which are embedded in the shale layer (Fontenot et al. 2013, Maule et al. 2013, Orem et 

al. 2014, The Shale Gas Subcommittee of the Secretary of Energy Advisory Board 2011, 

Warner et al. 2012).  

UOG operations release large amounts of reproductive, immunological and neurological 

toxicants, carcinogens, and endocrine disrupting chemicals (EDCs) into the environment 

(Colborn et al. 2010) . The effects include infertility, miscarriage, impaired fetal growth, 

low birth weight, preterm birth, and birth defects (Attarchi et al. 2012, Christiansen et al. 

2008, Dadvand et al. 2013, Llop et al. 2010, Lupo et al. 2011, McKenzie et al. 2014). 

Many of these same reproductive health impacts have also been observed in companion 

and farm animals living in intensively drilled areas in the United States (Bamberger and 

Oswald 2012). We previously assessed the EDC activities of 24 fracturing chemicals on 5 

hormone receptors, reporting antagonist activities for the majority of the chemicals 

examined (Kassotis et al. 2014), which was the first report of direct receptor activity for 

many of them (Chang et al. 2004, Creasy 1985, Devillers et al. 2002, Sohoni and Sumpter 

1998, Thayer and Belcher 2011, Thomas and Budiantara 1995). We also found that 

surface and ground water from fracturing fluid spill sites in Garfield County, Colorado, 

exhibited higher EDC activities than samples collected outside the active drilling region 

(Kassotis et al. 2014).  

EDCs are part of the emerging contaminants that are being found with increasing 

frequency in wastewater (Hecker et al. 2002, Johnson and Sumpter 2001). This concern 

stimulates the development of new selective analytical methods for their detection 
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(Auriol et al. 2006, Matthiessen and Johnson 2006). Conventional methods to detect 

organic compounds involve not only expensive instrumentation, but also a large number 

of separating analytical procedures, resulting in a complex, time-consuming, and 

laborious screening procedure. Furthermore, detection in remote areas with difficult 

access adds complexity and inaccuracy due to sampling errors by non-trained personnel 

and sample conservation issues. For this reason, the development of novel approaches for 

easy and rapid detection of selected organic contaminants is highly desirable. Molecular 

imprinting is a well-established technique used to synthesize molecularly imprinted 

polymers (MIPs) with specific molecular recognition nanocavities (Caykara et al. 2003). 

Owing to the complementarity in shape and binding sites, the created nanocavities exhibit 

high selectivity towards the imprinted molecules, including a large and diverse set of 

important organic compounds including hormones and metal ions (L. Chen et al. 2011, S. 

Wei et al. 2006, Zhu L et al. 2003). 

MIPs were applied in the fabrication of sensors with capabilities to respond to a variety 

of physical or chemical stimulus (Valero-Navarro et al. 2009, Yang et al. 2012a). 

Moreover, the high specificity allows for the fabrication of MIPs arrays targeting a 

definite group of contaminants. Careful selection of contaminants present in effluents 

from certain industrial activity and their simultaneously detection combined with their 

relative concentration can be regarded as a “fingerprint” of contamination from a 

particular source (Cecinato et al. 2014). Fingerprinting has been applied in the 

identification of contamination sources in oil spills (Mulabagal et al. 2013, Pei et al. 

2013), gasoline leakage from underground storage tanks (Liang et al. 2012), fisheries 

(Stuart et al. 2014), and food industry wastewater (Wang et al. 2013a).   
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Similarly, fingerprinting compounds can also be identified for hydraulic fracking. The 

most important contaminants are those that have been recognized as EDCs due to their 

health impact and confirmed presence in hydraulic fracturing waste water: more than 130 

fracturing chemicals have been identified as known or potential EDCs (Colborn 2011, 

Committee on Energy and Commerce 2011, Kassotis et al. 2014, Kassotis et al. 2016). 

2BE has been identified in hydraulic fracking wastewater in high concentrations, up to 

grams per liter, and therefore can be considered an indicator of contamination (Thacker et 

al. 2015), which is also shown in Table 0.1. 

Table 0.1 Organic chemicals identified in hydraulic fracturing produced water, their 

concentration (Lin and Nagel, unpublished data), their role in the operation (USEPA 

2012) and EDC activity. 

 

 

1.4.2. UV-vis reflectance and 2BE MIP sensors 

Optical sensors based on the conformational change in presence of template are due to 

shrinking or swelling behaviors of MIPs. Inverse opal films of MIPs based on colloidal 

crystal template method have been reported. 

Due to the uniformly ordered porous structure, the reflection peaks recorded by the 
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spectrophotometer could be interpreted as interferences between light reflection on dense 

(111) plane (Griffete et al. 2012). The peak, λmax, for the porous hydrogel is related to the 

structure of the porous film by the Bragg equation: 

max =1.633(d/m)(D/D0)(na
2 – sin 2)0.5        Equation 0.9 

where d is the sphere diameter of the silica colloidal particles used to fabricate the porous 

film, m is the order of Bragg diffraction, (D/D0) is the degree of swelling of the gel (D 

and D0 denote the diameters of the gel in the equilibrium state at a certain condition and 

in the reference state, respectively), na is the average refractive index of the porous gel at 

a certain condition, and θ is the angle of incidence.  

These highly ordered structures are made from hydrogel polymers, they can swell or 

shrink in response to various stimuli including pH, glucose, ionic strength, temperature 

and so on, leading to a change in reflection wavelength accompanied by a visually 

structure color change (Chen et al. 2016). These inverse opals of molecularly imprinted 

polymers have been used for the detection of bisphenol A (Griffete et al. 2012) , valillin 

(Peng et al. 2012), transferrin (Wu et al. 2017), and nanoparticles (Gam-Derouich et al. 

2017). 2BE as a fingerprinting contaminant of hydraulic fracking will be used as the 

template of the molecularly imprinted polymers and the binding and sensing performance 

of the sensors will be explored. 
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Chapter 2. Research Objectives 

The objective of this work is to investigate the sensing ability of MIPs and MIPs 

combined with functionalized CDs. The water chemistry effects are explored on CDs and 

CDs-labeled MIPs for their potential use as in-situ sensors in complex aquatic 

environments. 

In Chapter Three, we study for the first time the colloidal stability of carbon dots, an 

emerging carbon nanomaterial, in natural water conditions (i.e. variable salinity, pH, 

dissolved organic matter) and the effect of the transformations they undergo under such 

circumstances on their fluorescence properties. Two types of carbon dots were considered: 

as obtained from thermal treatment of organic molecules, and surface functionalized, to 

represent differences in the surface chemistry. The particles were synthesized and 

characterized with respect to size and surface chemistry. Aggregation was investigated 

under environmental relevant conditions and DLVO theory applied to the modeling of 

particle stability.  

In Chapter Four, we fabricated highly porous molecularly imprinted poly(methyl 

acrylate-co-acrylic acid) (PMAAA) films to solve the disadvantages of previously 

reported sensors. The porosity and surface area of films were provided by the bulk 

polymerization of the monomer solution and the template molecule in the pore space of a 

silica colloidal crystal. AC-dots were covalently bonded to the polymeric film linking 

amino groups and carboxyl groups with N-hydroxysuccinimide (NHS) and N-(3-

Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) as catalysts. 

Compared with physical attachment or simple coating approaches to C-dots labeled 

sensors, the strong covalent bonding of the nanoparticles was expected to provide 



 28

superior durability, avoiding the loss of nanoparticles and ensuring fluorescence stability. 

The easy detection was based on the amount of captured DNT molecules through 

fluorescence quenching. 

In Chapter Five, we investigated the field application of MIP sensor labeled with 

fluorescent nanoparticles (carbon dots) for the detection and quantification 2,4-

dinitrotoluene (DNT) in natural water conditions. The effect of salinity, pH and dissolved 

organic matter on the sensor performance was analyzed. Two factors may potentially 

play important roles: interference with the nonspecific and specific adsorption of the 

DNT onto the MIP, and additional quenching by solutes other than the DNT. A 

methodology was established to minimize those effects and/or create an adjusted 

calibration for determination of DNT concentrations under different background water 

matrixes. 

In Chapter Six, our objective is to develop the highly ordered porous photonic 2-

butoxyethanol-MIP film as UV-vis reflectance sensor. 2BE has been identified in 

hydraulic fracking wastewater in high concentrations, up to grams per liter, and therefore 

can be considered an indicator of contamination (Thacker et al. 2015). By combining 

MIP with inverse opals, the sensor will selectively adsorb 2BE when present in the tested 

solutions, resulting in a change the conformational structure of the film and consequently 

a shift of the peak wavelength of the light reflected by the polymer (Wu et al. 2008b). 
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Chapter 3.  Effect of water chemistry on the aggregation and 

photoluminescence behavior of carbon dots 

Carbon dots (CDs) constitute a class of quasi-spherical, photoluminescence carbon 

nanoparticles with sizes below 10 nm Carbon dots (CDs) constitute a class of quasi-

spherical, photoluminescence carbon nanoparticles with sizes below 10 nm (Baker and 

Baker 2010a). Their easy fabrication and presumably negligible environmental impact 

make them an attractive alternative to inorganic quantum dots (Li and Kaner 2008, Rao et 

al. 2009). Early studies have shown CDs are biocompatible  and less cytotoxic than Cd-

based quantum dots  and may even inhibit cancer cells (Hsu et al. 2013, Qu et al. 2012, 

Song et al. 2013). These fluorescent nanoparticles have been successfully utilized in 

biomedicine, optoelectronics, catalysis, and chemical sensors (Wang and Hu 2014b). 

Their application in the environmental field is particularly promising. Semiconductor 

quantum dots (SQDs) and graphene quantum dots (GQDs) can be distinguished within 

the large group of carbon based nanoparticles since SQDs and GQDs are perfect 

spherical nanocrystals of metallic atoms and nanosheets of sp2 carbons, respectively, 

while the other types of carbon- dots have an undefined carbogenic structure, being in 

some situations a combination of crystalline structures resembling graphene layers 

combined with amorphous carbon. Carbon particles exhibiting a crystalline core based on 

a mixture of sp2 and sp3 carbons are termed carbon quantum dots (CQDs) while those 

composed of a mixture of primarily sp3 carbons in a disordered structure carbon nanodots 

(CNDs) (Cayuela et al. 2016). 

The photoluminescence (PL) properties of carbon dots vary sensitively with size, and 

emissions are red-shifted with increasing size (Wang and Hu 2014b). At present, the PL 
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mechanism of carbon dots (CDs) is still under debate (Zhu et al. 2015), although different 

researchers have attributed their emission properties to quantum confinement effect (Li et 

al. 2010a), surface states determined by hybridization of the carbon backbone and the 

connected chemical groups (Fang et al. 2011, Hu et al. 2009), fluorophores with different 

degrees of p-conjugation (Bourlinos et al. 2011, Mao et al. 2010b), and the recombination 

of electron–hole pairs localized within small sp2 carbon clusters embedded within a sp3 

matrix (Srivastava and Gajbhiye 2011). Furthermore, the PL can be tuned via surface 

modification or via electron/energy transfer, and numerous capping strategies have been 

reported (Wang and Hu 2014b).  

CDs characteristics can be tuned by the choice of precursors during synthesis, surface 

passivation and functionalization. Two types of synthesis methods, top-down and bottom-

up, have been reported (Esteves da Silva and Gonçalves 2011).  The top-down methods 

involve cutting carbon resources, most commonly using concentrated oxidizing acid 

(HNO3 or H2SO4/ HNO3 mixture) (Tao et al. 2012). The bottom-up synthesis methods 

consist of thermal carbonization and acid dehydration of suitable molecular precursors 

(Liu et al. 2012b); passivation and/or the functionalization may be required to create 

highly PL CDs with tunable fluorescent features (Cayuela et al. 2015). Carbon dots 

possess numerous surface reactive groups that offer the chance for surface modifications. 

Passivation can enhance the quantum yields (QYs) of the CDs, changing the PL emission 

and meeting the requirements of selected applications (Zhu et al. 2015). Different 

strategies have been used to functionalize carbon dots with different types of molecules; 

for instance, macromolecules, chelating ligands, specific oligonucleotides, and metal ion 

or metal-mediated DNA binding for heavy metal detection (Cayuela et al. 2016, 
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Vázquez-González and Carrillo-Carrion 2014). Acid oxidative treatment, typically using 

HNO3, can introduce carbonyl functionalities at several carbon surfaces. These groups 

enhance the carbon dots water solubility, which is very important for biologically 

applications. Furthermore, the PL can be increased significantly by surface passivation 

agents, as for example, amino-terminated reagents (Baker and Baker 2010a). 

As interest for both fundamental research and applications has surged dramatically in the 

last few years, it is inevitable CDs will find their way to natural water sources where, 

unlike the more well studied fullerenes and carbon nanotubes, their environmental impact 

and fate is mostly unknown. The presumed negligible environmental impact of carbon 

dots can only be confirmed if their behavior in natural systems is fully understood. 

However, the colloidal stability of CDs in environmentally relevant aqueous suspensions 

has not been investigated, and neither the effect of those conditions on their PL properties.  

Due to their small size and large surface area, adsorption processes are expected to play a 

key role in determining the physicochemical properties of CDs (Chowdhury et al. 2013). 

Adsorption may alter the surface characteristics of the nanoparticles so that they become 

dispersed and thus, mobile in aqueous media (Lanphere et al. 2013). Natural organic 

matter, e.g. humic acid (HA), and exopolymeric substances, e.g. proteins and 

polysaccharides, have been shown to adsorb onto carbon nanotubes and act as 

stabilization agents (Saleh et al. 2010); these macromolecules can potentially interact 

with CDs surfaces by π-π bonding and hydrophobic effects, due to the presence of C=C 

double bonds as well as aromatic rings (Dimiev et al. 2012). 

CDs are well known for their colloidal stability in water suspensions at low ionic strength; 

their PL is stable under those conditions but generally expected to decline if aggregation 
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occurs. Other matrix chemistry effects have been reported. For example, their florescence 

intensities were shown to be pH-dependent, decreasing with increasing pH (Jelinek 2016). 

Furthermore, a study showed no significant change in fluorescence quenching of carbon 

dots by HA up to a concentration of 10 ppm (Cayuela et al. 2015), while another study 

reported that the quenched fluorescence intensity of surface functionalized QDs was 

linearly proportional to the concentration of Hg2+ under optimum conditions (Vázquez-

González and Carrillo-Carrion 2014). 

In summary, there is extensive literature on inorganic nanoparticle stability in natural 

waters, as well as for some common carbon-based particles such as carbon nanotubes, 

fullerenes and a few studies on graphene oxides, but the aggregation and surface 

properties of carbon dots under environmental conditions have not been investigated. In 

view of the increasing amount of research devoted to carbon dots applications for sensing 

and imaging, an understanding of the colloidal stability is needed as a first step towards 

the prediction of environmental fate, transport and potential toxicity of these 

nanomaterials. It has been recognized that our knowledge on nanoparticle environmental 

behavior needs to be continuously revised and extended to account for new materials or 

novel commercial applications as they emerge, in order to accurately assess the 

associated risks (Troester et al. 2016). 

The objective of this work is to investigate for the first time the colloidal stability of 

carbon dots, an emerging carbon nanomaterial, in natural water conditions (i.e. variable 

salinity, pH, dissolved organic matter) and the effect of the transformations they undergo 

under such circumstances on their fluorescence properties. Two types of carbon dots 

were considered: as obtained from thermal treatment of organic molecules, and surface 
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functionalized, to represent differences in their surface chemistry. The particles were 

synthesized and characterized with respect to size and surface chemistry. Aggregation 

was investigated under environmental relevant conditions and DLVO theory was applied 

to the modeling of particle stability.  

3.1. Materials and Methods 

3.1.1. Synthesis of AC-dots 

Unfunctionalized or plain carbon dots (C-Dots) were synthesized following a 

modification of a previously published method (Wang et al. 2011b). A 70% w/w glycerol 

solution (Sigma, >99.5%) was mixed with a 20% w/w solution of NaH2PO4 (Fisher 

Scientific) in a 10:1 volume ratio. The solution was heated for 20 minutes at 900W power 

in a domestic microwave. The product was allowed to cool to room temperature and the 

C-dots resuspended by addition of water and continuous stirring until a homogenous 

colored suspension was obtained. 

Amine capped CDs (a-CDs) were fabricated following a procedure described by (Zheng 

et al. 2014a). Briefly, 2.10 g of a 10 mmol solution of citric acid (Sigma-Aldrich, ACS 

reagent, >=99.5%) were added to 10 mL of branched polyethylenimine ethylenediamine 

(BPEI) (Sigma-Aldrich) with an average molecular weight of 800 Da, as reported by the 

manufacturer. The reaction was heated to 170 °Ϲ in a silicone oil bath (Fisher Scientific) 

for 2 hr. The yellow colored products were naturally cooled to room temperature 

followed by addition of deionized water.  

The resulting solutions of both CDs and a-CDs were dialyzed with a Biotech CE dialysis 

membrane (Spectrum Labs, MWCO 1.0 kDa) against ultrapure water (specific resistance 

18 M*cm) for 2 days for purification. Water was replaced every 6 hr. Finally, CDs and 
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a-CDs were freeze-dried.  

 

3.1.2. Characterization 

The surface functional groups of the synthesized materials were investigated by Fourier-

Transform Infrared Spectroscopy (FTIR) in a Nicolet 4700 FT-IR spectrophotometer 

(Thermoscientific) and the spectra collected over a wavenumber range from 400 to 4000 

cm-1. 

CDs and a-CDs were imaged by Transmission Electron Microscopy (TEM) in a Tecnai 

F30 Twin transmission electron microscope (FEI). TEM images were then analyzed 

using the software ImageJ to obtain the particle size distribution (Schneider et al. 2012a). 

In brief, the TEM images were selected and imported to ImageJ, then the particles on the 

images were segmented by adjusting the threshold value and sizes were analyzed by the 

software. At least 400 particles were measured for each type of nanoparticle.  

Hydrodynamic diameter (Dh) and zeta potential were measured with a ZetaSizer Nano 

ZS (Malvern Instruments, Worcestershire, U.K.), using a monochromatic coherent He-Ne 

laser with a fixed wavelength of 633 nm. Laser Doppler velocimetry was applied to 

characterize the electrophoretic mobility (EPM) of the nanomaterials in the various 

electrolyte solutions. Measured EPMs were converted to zeta-potential using the 

Smoluchowski equation (Elimelech et al. 2013). 

 
       U






            Equation 3.1 

where U is the electrophoretic mobility, ε is the dielectric constant of the solution, μ is its 

viscosity, and ζ is the zeta potential. Disposable folded capillary cells were employed.  
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The hydrodynamic properties of carbon dots were measured under a wide range of 

solution compositions, including monovalent and divalent electrolytes, represented by 

NaCl (reagent grade, Acros Organics) and CaCl2 (reagent grade, J.T.Baker) respectively. 

Humic acid (technical grade, Acros Organics) was introduced as a model of natural 

dissolved organic matter (NOM). The pH of the solution was adjusted by adding HCl, 

(10mM, Fisher Scientific) or NaOH (10mM, Fisher Scientific) solutions.  

UV-vis adsorption spectra for CDs and a-CDs were recorded using UV-vis 

spectrophotometer (Lab Tech, UV 8100B, USA) with scanning range 200-600 nm. 

Photoluminescence was measured on a Hitachi F-4500 Fluorescence Spectrophotometer, 

equipped with a 150 W Xenon lamp. Emission scans were performed at an excitation 

wavelength of 350 nm. The slit width was 5 nm and scans were conducted in an emission 

wavelength range from 300 nm to 700 nm at a speed of 1,200 nm/min. Concentration of 

a-CDs were kept constant at 200 ppm for all absorption and fluorescence experiments; 

CDs concentrations were 1,600 ppm for adsorption and 52,000 ppm for fluorescence 

experiments.  

 

3.1.3. DLVO modeling  

The total interaction energy between particles as they approach each other (VTOTAL) was 

calculated to determine the aggregation process, as described by the traditional DLVO 

theory. According to this theory, the stability of colloidal particles in aqueous 

environments is determined by the net effect of Van der Waals interactions (VVdW) and 

electrical double layer interactions (VEDL).  

                                       Total EDL vdwV V V 

         Equation 3.2 
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Nanomaterials were modeled as spherical particles with diameter equal to their 

hydrodynamic diameter. Since dispersion forces are electromagnetic in character, they 

are subject to a retardation effect (Baker and Baker 2010a, Chowdhury et al. 2013). Thus, 

Van der Waals interactions were calculated with retardation (Gregory 1975, 1981) by 

equation 3: 

1
 14 

 1
12 

iwi
vdw

A a h
V

h 


         		 	 	 	 	 	 	 						Equation 3.3 

where a is the particle radius (nm); h is the surface-to-surface distance between two 

particles (nm); Aiwi is the Hamaker constant, 6.26 х 10-21 J was employed in this study 

(Feriancikova and Xu 2012), λ is the characteristic wavelength of the dielectric and 

usually assumed to be 100 nm. 

Electrostatic double layer interactions were calculated using the following expressions: 

2
02 ln[1 exp( )]EDLV a kh    

         Equation 3.4 

1000 A sn N C                                                Equation 3.5 

Tanh
4

Ze

kT

    
                                               Equation 3.6 

where aP is the radius (nm); h is the surface-to-surface distance between two particles 

(nm); n  is bulk number density of ions which is calculated according to equation (5) 

where CS is the electrolyte molar concentration and NA is Avogadro’s constant; k is 

Boltzmann constant; and T is absolute temperature.  

The parameter γ is calculated according to equation (6), where Z is the charge of the ions; 

ψ is the experimental zeta potential; e is the electron charge; and K is the Debye length 
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(m-1) as calculated below: 

9 2
 2.32 10   i ik x C z    

   
                                Equation 3.7 

where Ci is ion concentration (mol m-3); zi the valence of ion i including sign of charge. 

The application of (5) is limited to for h << aP and KaP> 5. 

 

3.2. Results and Discussions 

The size, morphology and structure of the nanoparticles were investigated by TEM; the 

corresponding images of a-CDs and CDs are shown in Figure 3.1 (a) and (c). The image 

analysis (Figure 3.1 (b) and (d)) reveled an average particles size of 5.1 nm for a-CDs 

and 1.8 nm for CDs with size ranges between 1 nm to 9 nm and 1 nm to 3 nm 

respectively, which is in good agreement with previous reports in the literature (Wang et 

al. 2011a).  
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Figure 3.1 (a), (c) Representative TEM image of a-CDs and CDs: insets represent the segmented particles 

after subtracting the background using ImageJ software. (b), (d) Size distribution of a-CDs and CDs, as 

percent number of particles.  
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Figure 3.2 (a), (b) Representative HRTEM images of a-CDs and CDs respectively with lattice parameters 

of 0.32 nm. 

 

Figure 3.2 (a) and (b) represent HRTEM images for CDs and a-CDs respectively. The 

images reveal the lattice spacing of 0.32 nm for both type of carbon dots, which agree 

with (002) spacing of graphitic carbon (Tang et al. 2013).  

The surface chemistry was investigated by FTIR; the spectra are presented in Figure 3.3. 

The FTIR spectrum of CDs (Figure 3.3b) showed the existence O-H, C=C, epoxy groups 

at the positions of 3223, 1450 and 1058, respectively. In contrast, inspection of the a-CDs 

spectrum suggests abundant presence of amino groups on the surface (Figure 3.3a). The 

stretching vibrations of N-H at 3286 cm-1, C-H at 2958 cm-1 and 2819 cm-1 were 

observed in the high wavenumber region. Two strong peaks at 1658 cm-1 and 1570 cm-1 

contributed to the amide linkage formed. The adsorption bands of C=C, C=N, C=C-O 

and epoxy groups were identified at 1466, 1362, 1300, 1111 cm-1, respectively. 
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Figure 3.3 FT-IR spectra of: (a) a-CDs. (b) CDs 

 

As prepared, both nanoparticles formed stable colored suspensions in ultrapure water due 

to their highly hydrophilic nature. The resulting pH was 5.7 and 9.8 for the CDs and a-

CDs suspensions, respectively. This result indicates that the basic functional groups were 

exposed on the surface of the nanoparticles. Under these conditions, their hydrodynamic 

diameter was determined to be 1.1 ± 0.4 nm (CDs) and 1.9 ± 0.1 nm (a-CDs) and their 

surface charge, given by the zeta potential, was -11.4 ± 3.5 mV (CDs) and 6.9 ± 0.6 mV 

(a-CDs). It is important to note that the mean particle size measured by dynamic light 

scattering (DLS) in solution was smaller than the TEM based determination. DLS size 

measurements are usually expected to yield larger values than those from microscopy 

images, given that they represent hydrodynamic diameters, which led to the conclusion 

that there was some degree of aggregation during the drying stage in the preparation of 

TEM samples, even though extreme care was exercised to avoid it with highly diluted 

particle suspensions and different evaporation methods. As sample drops were deposited 
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on the carbon mesh, carbon dots possibly accumulated in one spot, producing an image 

compatible with larger particle size. 

The combined effect of small particle size and surface charge was responsible for the 

easy dispersion and remarkable stability of carbon dots suspensions. Moreover, 

suspensions prepared in the laboratory remained free of sediments for as long as 2 

months.  

3.1. Influence of ionic strength 

Figure 3.4 summarizes the effect of ionic strength (IS) and electrolyte type (NaCl, CaCl2) 

on zeta potential of CDs and a-CDs. CDs were negatively charged for all NaCl and CaCl2 

concentrations considered; in contrast, a-CDs exhibited positively charged surfaces. Fig. 

4 (a) shows that zeta potential values of CDs became less negative from -11.4 ± 3.5 to -

3.9 ± 0.5 mV, as IS of the NaCl solution increased from 1 to 100 mM. This less negative 

surface charge can be attributed to the electrical double layer compression, as predicted 

by classical colloidal theory (Elimelech et al. 2013, Verwey 1947). As IS increases and 

the thickness of the electrical double layer diminishes, a faster decay of the potential 

energy of interaction with distance from the surface occurs, placing the shear plane, 

where zeta potential is measured, at a location of lower absolute potential value. In 

contrast, IS variation caused a moderate zeta potential increase for the already positively 

charged a-CDs, followed by a decrease at higher electrolyte concentrations. The zeta 

potential values of a-CDs increased from 5.4 ± 0.6 to 15.4 ± 0.6 mV, as IS (NaCl) 

increased from 1 to 10 mM and decreased to 8.64 ± 0.6 mV at 50 mM level. The effect 

was more noticeable for Na+ (monovalent) than Ca2+ (divalent) cations. This observation 

suggests the occurrence of specific interactions between the dissolved electrolytes and the 
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nanoparticles, that gave rise to an apparent higher surface charge; however, this 

phenomenon was overcome by the double layer compression at higher ionic strength 

conditions, leading to a reduced magnitude of the zeta potential.  

Figure 3 summarizes the effect of ionic strength (IS) and electrolyte type (NaCl, CaCl2) 

on zeta potential of C-dots and AC-dots.  
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Figure 3.4 Zeta potential of CDs (pH=5.7) and a-CDs (pH=9.7) as a function of ionic strength (NaCl and 

CaCl2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Hydrodynamic diameter of CDs (pH=5.7), a-dots (pH=9.7) as a function of ionic strength (NaCl 

and CaCl2) 
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0.5 to 533.2 ± 23.1 nm suspended in NaCl solutions. The high Dh at 100 mM is in 

coincidence with the low absolute zeta potential value. The presence of NaCl did not 

affect the Dh of a-CDs appreciably as shown in Fig. 5(b) and the Dh remained 

approximately constant around 2 nm.  

In most natural freshwater bodies, ionic strength is below 10 mM (Chowdhury et al. 

2013), which indicates that aggregation is not expected for CDs in those aquatic 

environments; however, seawater and groundwater conditions may lead to substantial 

size increase.  

The zeta potential and hydrodynamic characterization of CDs, and a-CDs in the presence 

of a divalent cation (Ca2+) are shown in Figure 3.4 (b) and Figure 3.5 (b), respectively. 

Ca2+ influenced both zeta potential and hydrodynamic diameter more noticeable than the 

monovalent Na+. Figure 3.4 (b) shows that zeta potential values of CDs are significantly 

altered by Ca2+, as they became less negative from -14.8 ± 0.7 to -0.6 ± 0.04 mV, as IS 

(CaCl2) increased from 1 to 100 mM. The almost null zeta potential observed may be 

attributed to specific adsorption of Ca2+ on the negatively charged surface groups of the 

CDs. On the other hand, the zeta potential of a-CDs increased from 5.9 ± 0.3 to 17.9 ± 

1.6 mV, as the IS (CaCl2) increased from 1 to 10 mM but remained virtually constant 

from 10 mM to 50 mM. 

Figure 3.5 b shows the Dh of CDs increased to 19.3 ± 1.0, 20.8 ± 1.7, and 8.6 ± 5.3 nm in 

presence of 1, 10, and 100 mM IS given by CaCl2 respectively. The stability behavior 

does not appear to be affected by the change in surface charge of the nanoparticles under 

those conditions. In comparison to the small diameters of the nanoparticles, hydrated 

Ca2+ ions have a non-negligible size of 1.2 nm (Dubin 2003), the specific adsorption on 
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CDs may increase the size of nanoparticles and cause moderate aggregation among them 

at low concentrations, while tend to repulse each other at higher concentrations. Similar 

to Na+, no effects of Ca2+ on a-CDs were observed, and Dh remained constant around 3 

nm. The observed behavior of the BPEI coated a-CDs were strikingly different from CDs 

under these conditions, probably due to radical differences in surface chemistry given by 

the branched amino groups on the surface. a-CDs exhibit a very good stability in the 

presence of dissolved salts for all the conditions investigated. 

3.2 Influence of pH 

Our measurements indicated that zeta potential values of CDs were pH sensitive and they 

decreased with increasing pH. Zeta potential of CDs remained negatively charged over a 

pH range from 2 to 11 in the presence of NaCl and CaCl2, and positively charged over the 

pH range from 2 to 10 for a-CDs (Figure 3.6).  

In the presence of 1 mM IS (NaCl), CDs’ zeta potential decreased from -1.4 ± 0.7 to -

35.1 ± 2.2 mV, as pH increased from 3 to 11 respectively. The zeta potential decline can 

be related to the deprotonation of surface functional group, such as carboxyl and 

hydroxyl groups. Wang showed that CDs also contain hydroxyl and carboxyl functional 

groups, which agrees with our FTIR results (Wang et al. 2011a). DLS results show that 

the pH did not have a noticeable effect on CDs stability from pH 4 to 11 in presence of 

NaCl. The Dh of CDs was around 1 nm, and then increased only slightly as pH decreased 

from 4 to 2.  

When CDs were suspended with a background ionic strength of 1 mM given by CaCl2, 

the zeta potential decreased from -3.3 ± 0.3 to -20.1 ± 4.1 mV as a pH increased from 3 

to 11 (Figure 3.6 b). The CDs were mostly well dispersed at pH 9, as evidenced by a 
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measured Dh of 1 nm, but showed slight aggregation for other pHs considered, when the 

Dh was higher but under 40 nm.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 3.6 Zeta potential of CDs, a-CDs as a function of pH. (a) 1 mM ionic strength given by NaCl. (b) 1 

mM ionic strength given by CaCl2. 

 
a-CDs zeta potentials decreased from +40.73 ± 6.2 to +6.88 ± 0.6 mV in presence of 1 

mM NaCl as pH increased from 2 to 10 (Figure 3.6 a); on the other hand, the Dh showed 

little to no variation (Figure 3.7 a). The a-CDs suspensions in 1 mM ionic strength CaCl2 

showed a decreasing zeta potential from 44.1 mV to 1.4 mV when pH increased from 3 to 

9, and remained almost constant at higher pH values. The presence of amino groups 

indicated that pH significantly changed the state of charge and the properties of CDs. 

Amino groups have a pKa value that usually varies between 9 and 10 (Stark 1965, Wang 

et al. 2011a). The basic groups resulted in a higher positively charged surface due to 

protonation of amino groups for all pH range investigated. The surface charge increased 

with decreasing pH, as a result of further protonation of the surface. 
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The measured Dh was small at pHs between 7 to 9, an indication of stability, but 

increased at lower pHs, where nano sized aggregates were formed, mostly below 30 nm. 

As discussed, divalent cations have greater influence on the aggregation of negatively 

charge nanomaterials compared to monovalent ions (Wagner et al. 2014). In this situation, 

pH did not appear to be a key factor affecting hydrodynamic size, but it significantly 

changed the surface charge due to protonation or deprotonation of surface functional 

groups on CDs and a-CDs (Jia et al. 2012). Moreover, size and surface charge values for 

both particles in ultrapure water suspensions were found to be similar to those under 

1mM NaCl, within the experimental error, for the pH range between 2-11 (data not 

shown). Given the potential inaccuracy of pH determinations for low ionic strength 

solutions, i.e. ultrapure water, the 1mM NaCl condition was used as the indifferent 

electrolyte condition for comparisons in this study (Davison and Woof 1985). 
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Figure 3.7 Hydrodynamic diameter of a-CDs, CDs as a function of pH. (a) 1 mM ionic strength given by 

NaCl. (b) 1 mM ionic strength given by CaCl2.  

 
3.3 Influence of Natural Organic Matter 

The influence of dissolved natural organic matter on the stability of CDs and a-CDs was 

investigated in the absence of added electrolytes at circumneutral pH. NOM has been 
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effects, preventing particles to approach each other to close distances at which Van der 

Waals interaction become significant to overcome repulsion forces. Whether NOM 
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usually results from NOM forming a charged layer outside the particle, while 
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The Dh of CDs was increased from 1.1 nm to 50 ~ 200 nm range in presence of humic 

acid (as shown in Figure 3.8 (a)); the Dh of a-CDs was also increased with existing NOM, 

and reached 491 nm at the concentration of 50 ppm HA. Surprisingly, particle sizes 

decreased at higher HA concentrations. This phenomenon, observed for both CDs and a-

CDs, can be explained by the initial bridging effect at relatively low concentration when 

a single HA molecule may interact with multiple nanoparticles. At increasing HA 

concentrations, HA molecules are present is excess and competition for surface sites 

resulted in HA molecules being associated with individual nanoparticle surfaces. Results 

are also compatible with higher adsorption affinity for a-CDs, which had a more 

noticeable size change. The functionalized a-CDs have abundant amine groups on the 

surface, which may form complexes with HA (Tang et al. 2012). Some studies have 

utilized this property to improve the performance of HA absorbents by functionalizing 

with polyethylenimine (PEI) (Deng et al. 2006, Tao et al. 2010). The absorption of HA 

on a-CDs may result in agglomeration and produce the size growth.  

Zeta potential of CDs and a-CDs as a function of HA concentration are shown in Figure 

3.8 (b). CDs zeta potential decreased from -16.8 ± 1.1 mV to as low as -58 ± 2.7 mV, at a 

concentration of 50 ppm HA. At neutral pH values, the anionic HA was adsorbed onto 

the surface, yielding a rather low negative zeta potential. However, a-CDs zeta potential 

was positive and even higher with existence of HA, reaching values above 45 mV for all 

concentrations. Zhang and Bai studied HA adsorption on chitosan-coated granules by X-

ray photoelectron spectroscope (XPS) and showed the formation of – NH3
+…-OOC-R or 

– NH3
+…-O-C6H4-R surface complexes, which involved the generation of –NH3

+ as a 

result of interaction between the amino groups and the absorbed HA (Zhang and Bai 
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2003). We postulate that this HA induced protonation of the amino groups may be the 

reason for the increased positive charge observed in our experiments for a-CDs in the 

presence of HA.  

 

 

 

  

 

 

 

 

 

Figure 3.8 Hydrodynamic diameter (a) and zeta potential (b) of CDs, a-CDs suspended in humic acid 

solutions of variable concentration at neutral pH. 

 

3.4 DLVO modeling 

DLVO theory was used to model CDs and a-CDs behavior. The ratio of total interaction 
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(Figure 3.9) and a-CDs (Figure 3.10). Both CDs and a-CDs exhibited very low 

interaction energies for all ionic strength and pH conditions, with values in the same 

order of magnitude as the thermal energy of the system. Such a system is expected to be 

unstable; the extremely weak repulsion forces present will allow particles to approach to 

very close separation distances, where attraction predominates. Thus, particles may 

-80

-60

-40

-20

0

20

40

60

80

0 20 40 60 80 100 120

Z
et

a
p

ot
en

ti
al

(m
V

)

Humic acid (ppm)

b

0

100

200

300

400

500

600

0 20 40 60 80 100 120

H
yd

ro
d

yn
am

ic
d

ia
m

et
er

(n
m

)

Humic acid (ppm)

a



 51

aggregate irreversibly in the deep primary energy minimum. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Calculated DLVO interaction energy plotted as a function of separation distance between CDs 

particles; effect of ionic strength and pH variations. (a) CDs with different NaCl concentrations. (b) CDs 

with different CaCl2 concentrations. (c) CDs in 1 mM NaCl with different pH. (d) CDs in 1 mM CaCl2 with 

different pH. 
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Figure 3.10 Calculated DLVO interaction energy plotted as a function of separation distance between a-

CDs particles; effect of ionic strength and pH variations. (a) a-CDs with different NaCl concentrations. (b) 

a-CDs with different CaCl2 concentrations. (c) a-CDs in 1 mM NaCl with different pH. (d) a-CDs in 1 mM 

CaCl2 with different pH. 
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and the depth of secondary energy well increased dramatically with increasing particle 

diameter. The small particle size of CDs had contributed to the low calculated energies 

barrier, leading to instability predictions for most of the modeled conditions. However, 

experiments revealed the remarkable stability of carbon dots, except for the highest ionic 

strength level conditions. The modeling equations contemplate two effects of the addition 

of salts on repulsion: a decrease in zeta potential and an increase in Debye length (K); 

both will decrease the repulsion at a given separation distance, and hence promote 

aggregation. 

Even if relatively accurate predictions were obtained for some conditions (i.e. CDs 

suspended in NaCl, highest ionic strength conditions), the DLVO modeling was largely 

in disagreement with experimental results, especially for a-CDs. Classic DLVO relies 

exclusively in the interplay of electrostatic and Van der Waals interactions to describe 

colloidal stability. However, our experimental work evidenced a lack of correspondence 

between surface charge and size variations, which suggests a negligible influence of 

electrostatic repulsion in the colloidal stability of the system. In addition, the very small 

particle size, comparable to the Debye length and the hydrated cations diameters, further 

contests the applicability of the theory.  

3.5 Fluorescence 

We investigated the fluorescence emission intensity of both nanomaterials at three levels 

of ionic strength, given by two electrolytes: NaCl and CaCl2. The experiments were 

conducted at a constant particle concentration for each type of CD: 200 ppm for a-CDs 

and 52,000 ppm for CDs. Those concentrations were chosen in order to achieve high 

initial fluorescence emission intensities. Analysis of emission intensity changes with 
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particle concentration showed that the height of the emission peak increased linearly with 

concentration up to the chosen particle concentrations, ruling out the potential 

interference of interparticle interactions, such as aggregation, in the fluorescence 

determinations (Figure 3.11). 

 

 

 

 

 

 

 

 

 

Figure 3.11 Fluorescence spectra for (a) CDs, and (b) a-CDs, at different concentrations 

 

The ionic strength results are presented in Figure 3.12. Since aggregations negatively 

affects the emission, we focused our work on those ionic strength conditions in which we 

did not observed significant particle size growth in our DLS determinations.  
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Figure 3.12 Fluorescence spectra for (a) CDs, and (b) a-CDs, at various levels of ionic strength and 

electrolytes.  

 

Fluorescence emission intensity increased with ionic strength for both CDs and a-CDs in 
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CDs and a-CDs, using HA as a model compound in concentrations from 1 ppm to 100 

ppm. The PL intensity of pure HA at the concentrations used in the experiment, shown in 

Figure 3.13, was substantially lower than that of the carbon dots. In the presence of HA, 

the emission intensity of CDs and a-CDs decreased with increasing concentration of the 

model compound. Compared to CDs, a-CDs were affected more noticeably. As discussed, 

HA can be adsorbed on both nanomaterials and the degree of adsorption is dependent on 

their surface characteristics. Therefore, functionalized a-CDs had higher affinity for 

adsorption of HA because of the positively charged amino groups on the surface. The 

better adsorption due to the formation of surface complexes between protonated amino 

groups and HA resulted in a larger change in emission intensity (Wagner et al. 2014). 

Our results suggested that PL from CDs is related to the surface states of the 

nanoparticles, since adsorption played a major role in controlling emission intensity. 

However, HA adsorption at the wavelength of emission peak for both carbon dots 

became significant at high HA concentration (50 ppm and 100 ppm), which would further 

contribute to the observed quenching. The negative impact by dissolved NOM on CDs 

and a-CDs has implications for sensing, potentially limiting the applications of CDs in 

high BOD streams or wastewaters (Part et al. 2016).  
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Figure 3.13 Absorption and fluorescence spectra: CDs (a) and (b); a-CDs(c) and (d), respectively, in the 

presence of HA; comparison of fluorescence intensity peak for CDs, a-CDs suspended in HA solutions 

(1ppm-100ppm) and pure HA (e). 
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3.3. Conclusions 

As prepared, CDs and a-CDs formed highly stable water suspensions and yielded a 

circumneutral pH for CDs and basic conditions for a-CDs. Negatively charged CDs 

suspended in NaCl solutions exhibited behavior compatible with classical colloidal 

stability principles, but aggregation was inhibited in the presence of CaCl2, even for very 

low surface charge conditions. a-CDs remained positively charged for all conditions 

investigated and showed higher zeta potentials at intermediate ionic strength levels 

followed by a moderate charge decrease, but remained stable in suspension. This is in 

contrast to the general behavior observed for nanoparticles (lower surface charge and 

aggregation with increasing ionic strength), and hints to the importance of specific 

adsorption of divalent cations on carbon dots and even monovalent cations for the amino-

coated particles. The surface charge of both carbon dots varies with pH as expected from 

the acidity constants of their surface functional groups. However, particle size remains 

fairly constant, always below 50 nm. Although nanoparticles tend to aggregate because of 

their high surface energies, more strongly so for smaller particles as in the case of carbon 

dots, coatings (either engineered or adsorbed from the suspension media, e.g. NOM) may 

hinder aggregation. Aggregation is expected as a result of most typical concentrations of 

Ca2+ in surface waters regardless of the presence of NOM and under groundwater 

conditions, Ca2+ and NOM being key factors in nanoparticle stability, in contrast with our 

findings. If nanomaterials aggregate fast under natural water conditions and settle, they 

will impact mostly sediments and benthic organisms. We have shown in this work that 

carbon dots exhibit an opposite behavior, as they will most likely remain suspended in 
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natural waters and will impact animals that inhabit the water column such as planktonic 

species, fish, and marine mammals. Moreover, high stability translates into excellent 

transport properties, which may lead to impacted ecosystems far from source of 

contamination.  

Presence of HA also led to a unique response, inducing aggregation due to bridging for 

low to moderate concentrations and followed by stabilization at higher levels, 

independently of surface charge modifications. Interestingly, both positively and 

negatively charged particles presented an increase in the magnitude of zeta potentials 

with HA concentration.  

Fluorescence emission intensity declines were observed for water chemistry conditions at 

which specific adsorption of ions or HA was suspected, suggesting surface states as the 

origin of the PL. However, the adsorption of HA at the peak emission wavelength for the 

carbon dots may have also contributed to this observation. This phenomenon may limit 

the application of carbon dots in sensing of natural waters.  
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Chapter 4. 	Molecularly imprinted polymers labeled with amino-

functionalized carbon dots for fluorescent determination of 2,4-

dinitrotoluene 

The widespread application of DNT in the manufacturing of a diverse set of chemicals 

has resulted in substantial contamination of soil and water (Xu and Jing 2012). DNT is a 

precursor and an inevitable byproduct of the manufacturing process of 2,4,6-

trinitrotoluene (TNT), an explosive used worldwide. DNT is also involved in the 

production of polyurethane foam products, dyes, plastics, plasticizers, deterrent coatings, 

and burn rate modifiers for propellants (Lent et al. 2012). DNT is commonly found in 

surface water, groundwater and soils near former ammunition factories and facilities that 

manufacture or process DNT (Reddy et al. 2014). The moderately soluble DNT has low 

volatility and demonstrated toxicity to the hematopoietic, cardiovascular, nervous, and 

reproductive systems of humans (Lent et al. 2012, Tchounwou et al. 2003). Therefore, the 

detection of DNT is of utmost importance, and a significant amount of effort has been 

devoted to the development of suitable sensors, both in gas and liquid phase (Bosco et al. 

2012, Wang et al. 2016). Optical detection techniques, colorimetric or fluorimetric based, 

have the advantage that they can be portable and used in-situ. Fluorescence sensors are 

especially suited for detection of nitroaromatic compounds such as DNT, due to their 

ability to quench emission of excited species (Goodpaster and McGuffin 2001b). 

Fluorescence based detectors for DNT have been reported using fluorescent conjugated 

polymers, hybrids composed of inorganic materials functionalized with an organic 

fluorophore, and quantum dots (Q-dots) (Peveler et al. 2016). The latter has shown 

advantages over the previous approaches, as these nanoparticles do not suffer from 
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instability with respect to temperature, pH, and photobleaching that characterizes the 

organic-based detection methods (Stringer et al. 2010). Although the exact chemical 

composition of Q-dots varies, they are typically made of cadmium selenide or sulfide 

(Zhang et al. 2011b), which have raised questions regarding their toxicity. 

Even though fluorimetric based sensing techniques are very sensitive, they lack 

selectivity. One strategy to increase the selectivity of the sensing devices is the capture of 

the target molecules by Molecularly Imprinted Polymers (MIPs) (McCluskey et al. 

2007b). MIPs are specialty polymers generated via the interaction of functional 

monomers, a target molecule and a cross linking agent. The template participates in the 

polymerization process and then is removed from the polymer leaving behind a cavity, 

complementary in size, shape and electronic properties to the target molecule, which 

becomes a highly specific capture site. MIPs are robust and can be designed to be 

insoluble in the media of interest (Wulff 2002). Fluorescent sensors based on Q-dots 

labeled MIPs have been developed for nitroaromatic explosives like DNT and TNT in 

aqueous phase (Xu et al. 2013), but the loss of nanoparticles or leaching of toxic heavy 

metals may result in serious environmental pollution so that the use of CdTe Q-dots is not 

suitable for an aquatic environment. 

Carbon dots (C-dots) are a relatively new class of carbon nanomaterials, with sizes below 

10 nm (Baker and Baker 2010a). Compared to traditional semiconductor Q-dots and 

organic dyes, photo luminescent C-dots are superior in terms of high aqueous stability, 

robust chemical inertness, easy functionalization, high resistance to photobleaching, low 

toxicity and good biocompatibility (Baker and Baker 2010a). As a result, much attention 

has also been paid to their potential application in biological labeling, bioimaging, and 
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drug delivery (Wang et al. 2011d). During the past few years, much progress has been 

achieved in the synthesis, properties and application of C-dots (Shen et al. 2012b, Wang 

and Hu 2014b). Several low cost and environmentally benign chemical approaches have 

been developed for the preparation of C-dots (Wang et al. 2011b). Given their strong and 

tunable photoluminescence, C-dots have been successfully applied in sensing, energy 

conversion and catalysis (Li et al. 2015). Among them, functionalized C-dots have been 

synthesized through one step hydrothermal carbonization of chitosan or citric acid at mild 

temperature (Dong et al. 2012b, Yang et al. 2012b); besides, surface functionalization of 

C-dots provides an effective bridge to connect them to other systems (Ding et al. 2014). 

MIPs as sensors combining functionalized C-dots have been reported for recognition of 

Bisphenol A, 4-nitrophenol, glucose and nicotinic acid (Hao et al. 2016, Liu et al. 2016, 

Wang et al. 2015b, Zuo et al. 2015). However, all these reported sensors were in the form 

of nanoparticles or microgels, and may not be easily recovered for recycling and reuse, or 

suitable for in-situ testing. 

In this work, we fabricated highly porous molecularly imprinted poly(methyl acrylate-co-

acrylic acid) (PMAAA) films to solve the aforementioned disadvantages of previously 

reported sensors. The porosity and surface area of the films were provided by the bulk 

polymerization of the monomer solution and the template molecule in the pore space of a 

silica colloidal crystal. AC-dots were covalently bonded to the polymer by linking amino 

groups and carboxyl groups with N-hydroxysuccinimide (NHS) and N-(3-

Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) as coupling reagents. 

Compared with physical attachment or simple coating approaches to C-dots labeled 

sensors, the strong covalent bonding of the nanoparticles was expected to provide 
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superior durability, avoiding the loss of nanoparticles and ensuring fluorescence stability. 

The easy detection was based on the amount of captured DNT molecules through 

fluorescence quenching. 

 
4.1. Materials and Method 

4.1.1. Materials 

Chemicals were purchased from Sigma-Aldrich (https://www.sigmaaldrich.com/united-

states.html) and used without further purification; tetraethoxysilane (TEOS) (98%), 

ammonia solution (25% in water), ethanol (200 proof, ACS reagent, 99.5%), acrylic acid 

(AA) (99%), methyl acrylate (MA) (99%), ethylene glycol dimethacrylate (EGDMA) 

(98%), 2,2’-azobisisobutyronitrile (AIBN) (98%), 2,4-dinitrotoluene (DNT) (97%), 

phenol, 4-nitrophenol (4-NP) (99%), and dinitrophenol (DNP) (98%), hydrofluoric acid 

(HF) (48%), citric acid (CA) (99.5%), branched polyethylenimine (BPEI), N-

hydroxysuccinimide (NHS), and N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide 

hydrochloride (EDC). 

4.1.2. Synthesis of the colloidal crystals and MIPs 

The monodisperse silica particles were synthesized following the Stöber method (Stöber 

et al. 1968). TEOS (8.3 mL) and ethanol (200 mL) were mixed in a round flask and 

stirred at 300 rpm. Then, ammonia (18.3 mL) was introduced and allowed to react for 12 

h. Silica particles obtained were centrifuged and redispersed twice in DI water and once 

in ethanol for purification. Colloidal crystals were fabricated by vertical self-assembly on 

a glass substrate as described elsewhere (Jiang et al. 1999). In this procedure, a cleaned 

glass slide was vertically placed into a flask containing a 0.5% volume fraction 

suspension of silica particles in ethanol. After the volatilization of ethanol, the colloidal 
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crystals were formed on the slide. Another slide was placed upon the colloidal crystal 

film and the two slides were held together. Polymerization solutions were prepared from 

0.4 mL (4.4 mmol) AA and 0.4 mL (5.8 mmol) MA as the functional monomer (with the 

molar ratio of 3:4), 0.55 mL (2.9 mmol) EGDMA as the crosslinking agent, 6 mg (0.04 

mmol) AIBN as the initiator, 4 mg (0.02 mmol) DNT as the target molecule and 0.6 mL 

ethanol as the solvent, to yield MIP-PMAAA. One end of glass assembly was put in 

contact with the polymerization mixture that rises by capillary forces filling the void 

spaces within the colloidal crystal. Polymerization was performed under UV light at 

wavelength of 365 nm for 5 h at room temperature. Silica particles were removed by 

submerging in 5% hydrofluoric acid bath. Then, the films were soaked in ethanol in order 

to elute DNT, changing the solvent every half an hour for 3 hours. The fabrication of 

non-imprinted copolymer (NIP-PMAAA) followed a similar procedure but without the 

addition of DNT to the polymerization solution. Also, nonimprinted films (NIP-PAA) 

were prepared entirely from AA as the functional monomer using 0.8 mL AA instead of 

0.4mL AA and 0.4 mL MA, for comparison between the materials.  

4.1.3. Fluorescent Labeling 

Amino functionalized carbon dots (AC-dots) were synthesized following a published 

method (Zheng et al. 2014b). Briefly, 2.10 g (10 mmol) of CA was added to 10 mL of 

BPEI. The reaction was heated in an oil bath and held at 170 °C for 2 hours. Then, the 

reaction flask was naturally cooled to room temperature. After water addition, the product 

was dialyzed by means of a cellulose ester (CE) membrane (Spectrum Laboratories, Inc., 

MWCO 1.0 kDa) against water for 2 days. The water was replaced every 6 h, and finally, 

AC-dots were freeze-dried to yield a yellow solid. The porous MIP films were placed 
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into a 0.033 mM EDC / 0.033 mM NHS aqueous solution. After stirring for 1 h at room 

temperature, 2 mL solution of AC-dots with a concentration of 5 g·L-1 was added 

dropwise. The mixture was stirred for 36 h at room temperature in the dark to form the 

covalent bonding between the AC-dots and the films. 

4.1.4. Characterization of NIP-PAA and NIP-PMAAA 

The particle size distribution (PSD) of AC-dots and silica particles was analyzed using 

dynamic light scattering (DLS) on a Zetasizer Nano ZS instrument (Malvern Instruments).  

Silica particles and porous films were imaged by a FEI Quanta 600 FEG Environmental 

Scanning Electron Microscopy (ESEM) to investigate the pore size and morphology. 

Samples were attached to a metal mount using carbon tape and were coated with a thin 

layer of platinum to provide a conductive surface using a sputter coater (Emitech K575x).  

AC-dots were imaged by Transmission Electron Microscopy (TEM) in a Tecnai F30 

Twin transmission electron microscope (FEI). Quantitative analysis of the images was 

done using ImageJ software (National Institutes of Health, NIH). 

Fourier Transformed Infrared Spectroscopy (FTIR) spectrum of AC-dots was collected 

with a Nicolet 4700 FT-IR in order to identify the functional groups present on the 

surface of AC-dots. PAA and PMAAA films were characterized with FTIR and Nuclear 

Magnetic Resonance Spectrometry (NMR) to compare their chemical structures. The 

infrared spectra of dried NIPs were obtained by preparing KBr pellets in Thermo Nicolet 

Nexus 670 FTIR. NMR sample was prepared by dissolving a few milligrams of PAA or 

PMAAA in 0.6 ml CDCl3; and the solution was transferred to a 5-mm diameter NMR 

tube. 1H NMR was obtained at 25 °C on a Bruker AV III HD 600 MHz NMR 

spectrometer equipped with a 5mm HCN cryo-probe and Z gradient coil. A total of 168 
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(PAA) and 328 (PMAA) scans were collected using a 30 degree excitation pulse and a 

3.7 s repetition delay. A line-broadening of 0.3 Hz was applied to the FID before Fourier 

transformation. The residual chloroform solvent proton at 7.25 PPM was used for 

chemical shift referencing.  

Thermal properties of the NIP-PAA and NIP-PMAAA films were determined by the 

differential scanning calorimetry (DSC) technique. The analysis was carried out on a TA 

Instruments Q100 Differential Scanning Calorimeter. The sample (~2 mg of a lyophilized 

hydrogel) was sealed into a DSC aluminum pan. An empty aluminum pan was used as 

reference. The sample was studied at heating rate of 5 °C/min between 40 °C to 120 °C.  

Swelling experiments were performed on NIP-PAA and NIP-PMAAA in phosphate 

buffer at three different pH values (4, 7 and 10) at room temperature. The polymers were 

swollen in solutions for 48 h at ambient temperature and the degree of swelling was 

determined gravimetrically. The percentage swelling ratio (SR) was calculated from the 

expression (1) 

% ⁄           Equation 4.1 

where ms is the mass of the swollen film at equilibrium and md is the mass of the freeze 

dried films. 

Hydrophilic/hydrophobic properties of two kinds of NIPs were assessed based on the 

measurement of pure water contact angles. NIP-PAA and NIP-PMAAA nonporous films 

were prepared on PMMA slide by dropping the same mixture of monomer solution as 

porous films. The video contact angle system (VCA-2500 XE, AST products, Billerica, 

MA) was employed to perform the sessile drop method. At least six stabilized contact 

angles from different sites of each sample were obtained to calculate average contact 
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angle and standard deviation. 

 

4.1.5. Evaluation of MIPs 

Incubation tests were conducted by weighing approximately 6 − 10 mg of dried (MIP-

PMAAA, NIP-PAA and NIP-PMAAA) films in a 20 mL DNT solution for 2 days to 

reach adsorption equilibrium. Tests were performed with DNT concentrations of 1, 2.5, 5, 

7.5, 10, and 15 ppm. DNT concentrations were determined by high-performance liquid 

chromatography (HPLC) coupled with a 15-cm by 4.6-mm Epic C18 column. 

Methane/water (50:50, v/v) was used as the mobile phase at flow rate of 0.75 mL·min-1 

with UV Detection at 254 nm and injection volume of 10 µL. The fluorescence spectra of 

MIP films were taken in DI water before and after dipping into the DNT solutions.  

Photoluminescent properties were tested on a Hitachi F-4500 Fluorescence 

Spectrophotometer. Emission scans were performed at an excitation wavelength of 350 

nm. The slit width was 5 nm and scans were conducted in an emission wavelength range 

of 300 nm to 700 nm at a speed of 1200 nm·minute-1. Fluorescence quenching tests were 

conducted on C-MIPs by DNT solution with concentrations of 1, 2.5, 5, 7.5, 10, and 15 

ppm. The time response on fluorescence (FL) intensity of C-MIPs and DNT 

concentrations change were conducted with initial concentration of 10 ppm.  

The recognition capacity (RC) is defined as the adsorbate mass per unit of adsorbent 

mass and is calculated from the equation: 

/            Equation 4.2 

where Ci and Ce are the initial and the equilibrium concentrations of the DNT in solution 

(in mg mL-1), respectively, V is the volume of solution (in mL) and m is the mass of the 
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films. Then, the imprinting efficiency (IE) is defined by  

/            Equation 4.3 

where RCMIP and RCNIP are the recognition capacities of MIP and NIP-PAA, respectively.  

Selectivity of MIPs 

To investigate the competitive recognition ability of MIPs, DNP, 4- NP, and phenol were 

used as analogues. The mixture of DNT and analogue water solution were prepared at a 

molar ratio of 2:1 with a concentration of DNT of 0.04 mM. Following similar 

procedures, MIPs were dipped into mixed solution for 30 minutes and FL intensity were 

measured before and after exposure to DNT and its analogues. 

4.2. Results and Discussions 

4.2.1. Preparation and Characterization of AC-dots and Porous MIPs 

The TEM image of AC-dots is shown in Figure 4.1 (a) and after background subtraction 

in Figure 4.1 (b), where the individual nanoparticles can be identified. AC-dots have 

sizes between 1 nm to 9 nm with the average particle size of 5.1 nm, which falls in the 

range reported in previous studies (Dong et al. 2012a, Zheng et al. 2014b). 

 

Figure 4.1 TEM image of AC-Dots (a); (b) represents the segmented particles after subtracting the 

background by ImageJ software 

50 nm 50 nm 

(a) (b) 



 69

 
The surface chemistry of AC-dots was investigated by FTIR. The AC-Dots spectrum 

showed abundant presence of amino groups on the surface (Figure 4.2). The stretching 

vibrations of N-H at 3286 cm-1, C-H at 2958 cm-1 and 2819 cm-1 were observed in the 

high wavenumber region. Two strong peaks at 1658 cm-1 and 1570 cm-1 indicated that the 

amide linkage was formed. The adsorption bands of C=C, C=N, C=C-O and epoxy 

groups were identified at 1466, 1362, 1300, 1111 cm-1, respectively. 

 

Figure 4.2 FTIR spectrum of AC-dots 

 
Prior to their attachment to the polymeric films, the photoluminescence of AC-dots 

suspended in aqueous solutions was investigated, as well as the fluorescence quenching 

by the presence of DNT. AC-dots displayed strong photoluminescent properties and, in 

the range of pHs from 3.79 to 9.90; the FL intensity increased as pH decreased (Figure 

4.3). With decreasing pH values, the surface of the AC-Dots became more positively 

charged (see the zeta potential in Figure 4.4) due to the protonation of amino groups, 

which is in agreement with previous studies (Wang et al. 2015a). This indicates the 

surface state plays a key role in FL of AC-dots (Dong et al. 2012b). At low pHs, the 

positively charged nanoparticles stayed well dispersed due to electrostatic repulsion and 
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exhibit higher FL intensity. Therefore, the stability of the AC-dots and their FL activities 

were enhanced at acidic environment. 

 

Figure 4.3 Fluorescence spectra of A-CDs at different pH, and inset graph shows plot of FL peak vs. pH 

 

Figure 4.4 Zeta potential of AC-Dots at different pH 

 
The fluorescence quenching tests of AC-dots by DNT demonstrated there was significant 

interaction between the particles and the contaminant. The FL of AC-dots (Figure 4.5) 

decreased with increasing concentration of DNT. Static quenching might occur as AC-

dots formed stable charge-transfer complex with DNT molecule, because of the strong 

electron-withdrawing ability of nitrated compounds. The FL was reduced since the DNT 

is essentially reducing the number of AC-dots that can emit. 

3.79 

9.90 
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Figure 4.5 Fluorescence spectra of AC-dots with increasing concentrations of DNT, and inset graph shows 

FL intensity vs. DNT concentrations 

 

Porous structure of MIP films was given by templating with monodispersed silica 

particles. Silica particles of narrow size distribution were obtained through strict control 

of the synthesis parameters. SEM images of particle templates are shown in Figure 4.6 (a). 

The particle sizes obtained by SEM were 213 ± 9 nm, and 231 ± 1 nm when measured by 

DLS. A micrograph of the porous films is shown in Figure 4.6 (b). This porous 

macrostructure can provide a high surface area for abundant available binding sites. 

 

0 

25 mM 

2 μm 

(a) 
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Figure 4.6  SEM images of silica particles (a), porous film surface (b), and inner structure (c). 
 
The significant increase of a steady fluorescence emission of porous films (Figure 4.7) 

after extensive washing to remove imprinting DNT molecules, strongly suggests the 

successful formation of covalent bonds between amino groups of AC-Dots and the 

carboxyl groups of the polymer. 

 

(a) 

(b) 

2 μm 

(b) 

(c) 
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Figure 4.7 Fluorescence spectra of Copolymer (a) and AC-Dots labeled Copolymer (b) 

 
In order to assess whether the fluorescent labeling process may destroy part of the 

imprinting cavities, the recognition capacity of films prepared by three different 

approaches were compared: a non-labeled MIP, a MIP subjected to DNT removal and 

then labeling, and a MIP labeled before DNT removal. The materials were incubated for 

30 minutes in a 10 ppm solution of DNT. No significant differences in recognition 

capacities among the three types of films were observed (Figure 4.8), which proves the 

fluorescent labeling does not harm the imprinted binding sites.  

 

Figure 4.8 Recognition Capacities of label-wash films (L-W), wash-label films (W-L), and non-labeled 

films (NL) at DNT concentration of 10 ppm 

 

4.2.2. Recognition Capacities of MIPs, NIP-PMAAA, and NIP-PAA 

The recognition capacities of the MIPs, NIP-PMAAA and NIP-PAA were investigated 

through affinity adsorption experiment. Figure 4.9 shows the binding performance of the 

MIPs, NIP-PMAAA and NIP-PAA with different concentrations of DNT. For all of the 

concentrations studied, the MIPs exhibited higher adsorption capacity of DNT than the 

NIPs, with the IEs in the range of 2.0 to 2.5 (using NIP-PMAAA as control). The higher 
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adsorption of MIPs is the result of the combination of specific adsorption of DNT due to 

the cavities provided by molecularly imprinting and nonspecific adsorption. In contrast, 

only nonspecific adsorption may occur in the NIP films. In the range of concentrations 

investigated, both MIPs and NIPs exhibited relatively linear increase of recognition 

capacity with concentration; however, RC of MIPs changed at a faster rate than NIPs. 

This denotes a higher affinity of DNT towards the MIPs; the saturation of binding sites of 

MIPs was not reached in the range of concentrations tested.  

 

Figure 4.9 Recognition capacities of NIP-PMAAA, NIP-PAA and MIP 

 
DNT is an aromatic nitro compound, which shows great tendency toward reactive and 

electron-rich radicals, and therefore may act as a retarder in vinyl polymerization, which 

slows the polymerization of PAA (Mishra and Yagci 2008). For this reason, MA was 

introduced as a copolymer for the fabrication of MIP films, as opposed to the more 

hydrophilic AA. The mechanism of radical termination involves attack on both the 

aromatic ring and the nitro group, but nitro compounds have very little effect on methyl 

acrylate (Mishra and Yagci 2008). Thus, the presence of a suitable comonomer can 

minimize the inhibitory effect of DNT on copolymerization.  
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PMAAA is more rigid than PAA because the presence of a hydrophobic monomer (MA) 

improves the mechanical properties (Katime et al. 2000), which in turn may result in slow 

response due to a decreased water absorption of the film and non-specific interaction with 

compounds. However, non-specific adsorption by NIP-PAA at most concentrations 

studied was slightly higher than NIP-PMAAA, although the difference was not 

significant. The increased adsorption was attributed to the hydrophobic/hydrophilic 

properties of PAA and PMAAA. PAA films are hydrogels and more hydrophilic than 

PMAAA as evidenced by the higher swelling ratios of PAA at neutral and basic 

environments (Figure 4.10) and contact angle measurements performed on nonporous 

thin films of 64 ± 2 ° for PAA and of 96 ± 2 ° for PMAAA. The presence of MA made 

the films more manageable with negligible impact on the non-specific adsorption, 

providing a good balance of hydrophilicity and mechanical strength. 

 

Figure 4.10 Swelling ratio % of nonporous PAA (open) and PMAAA films (hatched) 

 
DSC is generally used to investigate miscibility in polymer blends or complexes; DSC 

thermograms (Figure 4.11) showed that both films went through a glass transition 

process with glass transition temperatures (Tg) around 50 °C, which stands for the 
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temperature at which films changes from a glassy state to a rubbery state. Both NIP-PAA 

and NIP-PMAAA films showed only a single glass transition temperature, suggesting 

that the copolymer formed fully miscible complexes, with a homogeneous amorphous 

phase (Liu et al. 2004).  

 

Figure 4.11 DSC thermograms of NIP-Copolymer (a) and NIP-PAA (b) 

 

The chemical structures of PAA and copolymer were investigated by FTIR and 1H NMR 

spectroscopy. The FTIR spectra were compared in Figure 4.12. The peaks at around 

2955 cm-1 for both PAA and copolymer are associated with the methylene (– CH2–). The 

bands due to the carbonyl group –C=O of PAA and copolymer overlap at 1737 cm-1. The 

absence of the peaks at ~1600 cm-1 of unsaturated C=C stretch for both samples proves 

the absence of monomer impurities. The spectrum also displays bands at 1450 cm-1 

(scissors of CH2), 1230 cm-1 (OH bending of carboxyl group) and ~1170 cm-1 (C-O 

stretch).  

(a) 

(b) 
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Figure 4.12 FTIR spectra of NIP-PMAAA (a) and NIP-PAA (b) 

 

The presence of the poly methyl acrylate in PMAAA was confirmed by quantitative 1H 

NMR spectroscopy, which revealed a methyl ester (CH3) at 3.75 ppm, methylene (CH2) 

at 2.23 ppm, and methine (CH) at 2.84 ppm. In comparison, the 1H NMR spectrum of 

PAA does not have corresponding chemical shift, which confirms that poly methyl 

acrylate does not exist in PAA.  

  

(a) 

(b) 
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Figure 4.13 1H NMR spectra of NIP-Copolymer (A) and NIP-PAA (B) 

 

4.2.3. Photoluminescence Properties of MIP Sensors 

After adsorption tests, the change in fluorescence intensity of MIP films with DNT 

concentration was measured. The fluorescence intensity of the MIP film was quenched 

gradually with increasing concentration of DNT (Figure 4.14). Generally, the 

fluorescence quenching depends on the adsorptive affinity of the films and DNT. As the 

FL intensity of films was measured after taken out from the DNT solution and rinsing 

with clean water, quenching by nonspecific adsorption was diminished. The methodology 

minimizes interferences by other solution constituents. Hence, the sensor provides 
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specific recognition for DNT rather than general quenchers. The fluorescence quenching 

in this system followed the Stern−Volmer equation (Wahba et al. 2015). 

⁄ 1            Equation 4.4 

where F0 and F are the fluorescence intensity in the absence and presence of quencher, 

respectively, Cq is the concentration of the quencher, and Ksv is the quenching constant 

for the quencher.  

The analytical performance of the MIPs was evaluated by the Stern-Volmer plot. It 

showed a linear relationship between F0/F and DNT concentrations from 1 ppm to 15 

ppm (Figure 6 b) with a correlation coefficient of 0.998. The detection limit was 

calculated to be 0.28 ppm (S/N = 3). A golden standard for detection of aqueous DNT 

can be reached to a few ppb by chromatographic method in combination with various 

detectors (2014). The detection limit of our sensor differs two orders of magnitude. 

However, our sensor is at low cost, easily fabricated and operated and it could be a good 

alternative for on-site detection of DNT contaminated field.  

0 

15 ppm 
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Figure 4.14 Fluorescence emission spectra of C-MIPs with an increasing concentration of DNT (a) and 

Stern-Volmer plot of C-MIPs with an increasing concentration of DNT (b) 

 

The response time of the fluorescence intensity for DNT was studied. A MIP film was 

place in a 10 ppm DNT solution and removed periodically to measured FL intensity; 

additionally, the test solution was sampled over time to quantify the remaining amount of 

DNT in solution. The sensor had a fast response to the presence of DNT. Figure 4.15 

shows the fluorescence intensity decreased rapidly in the first 10 minutes, followed by a 

slow decrease with minimal changes up to 30 minutes. The adsorption kinetics of DNT 

on the films was also measured; the remaining concentration in the liquid showed a trend 

similar to the FL response (Figure 4.15). These results further support the concept that 

the FL intensity decrease was due to the adsorption in the films, as it was fast during the 

initial 10 minutes and slower after that, almost reaching equilibrium after approximately 

30 minutes.  
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Figure 4.15 Fluorescence response time of C-MIP for DNT and adsorption kinetics of MIP with initial 

concentration of 10 ppm 

 

The economic feasibility of the sensor as well as its practicality is strongly related to the 

ability to recycle the films after each use. Theoretically, the same approach employed to 

remove the target molecule after fabrication would result in successful regeneration. 

However, polymeric structures may suffer from relaxation of their structures after 

successive use with the consequent loss of recognition capacity due to deformation of 

binding cavities. Additionally, molecules may adsorb non-specifically and irreversibly on 

the C-dots, preventing the recovery of initial PL levels. We investigated the reusability of 

the sensor conducting 5 cycles of DNT removal and incubation for 30 minutes in 10 ppm 

DNT solutions. The results revealed that the fluorescence labeled sensor had good 

reusability, with a slightly decrease of 12% for initial FL intensity (Figure 4.16). 
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Figure 4.16 The cycle curves of the AC-Dots labeled MIPs in the absence (the upper dots) and the 

presence (the bottom dots) of 10 ppm DNT 

 

4.2.4. Selectivity of MIP sensors 

The competitive binding tests were conducted on DNT and its mixture with phenol, 4-NP, 

and DNP, respectively. The ratio of the net decline in emission to initial emission 

intensity of the sensor, calculated as (F0-F)/F0, was used as the index of quenching. The 

quenching amount by DNT and phenol was slightly lower than the control, while it was 

somewhat higher for the mixtures of DNT with 4-NP and DNP. By using the correlation 

obtained by Stern-Volmer plot, the apparent concentrations of DNT in the presence of its 

analogues were calculated. 

Compared with the same concentration (7.7 ppm) pure DNT solution, the apparent 

concentration of 0.04 mM DNT with 0.02 mM phenol was 6.8 ppm, which was about 12% 

decrease than the real concentration of DNT. Phenol molecules can compete with DNT 

for the binding sites, given their similar structure, but lack the ability to quench the AC-

dots FL and therefore its presence resulted in underestimation of the DNT concentration. 

For DNT in combination with 4-NP and DNP, the sensor estimated concentrations of 
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DNT were 8.4 ppm and 9.4 ppm, respectively. Both compounds may compete for binding 

sites and produce quenching, as 4-NP and DNP both have nitro groups; DNP is expected 

to show more electron withdrawing ability and a superior quenching effect as it has twice 

as many of nitro groups per mole than 4-NP. Moreover, DNP is closer in size and shape 

to DNT, and thus the chance to be recognized by the imprinting cavities is higher than 4-

NP, resulting in a higher calculated concentration of DNT. However, the readings of 

DNT concentration in presence of analogues were 9% and 22% increase, respectively. In 

comparison with the very challenging 50% dosage of analogues, the errors induced were 

low, and it can be concluded that the sensor exhibited good selectivity to its target 

molecule. 

 

Figure 4.17 Quenching amount of DNT in presence of analogues; [DNT]= 0.04 mM; [analogues]=0.02 

mM. 

 
4.3. Conclusions 

AC-dots labeled DNT-MIPs were developed for selective detection of DNT based on the 

combination of molecularly imprinted polymers and fluorescence quenching. The sensors 

had a high surface area provided by the macroporous structures for more easily available 

binding sites. Moreover, it displayed higher recognition capacities of DNT than NIPs at 
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all concentrations investigated (IEs 2-2.5) because of the specific adsorption of the target. 

On the other hand, this fluorescence sensor showed a rapid response and was able to 

provide quantitative measurements in the linear range between 1 to 15 ppm with a 

detection limit of 0.28 ppm. Selectivity tests further proved the good recognition of target 

molecule of MIPs in the presence of potential interferences (structural analogues), with 

reasonably good estimates of DNT concentrations. 

The AC-dots labeled MIP sensors have overcome the environmental toxicity of Q-dots 

based sensors in terms of leaching of heavy metals. In addition, compared with 

previously reported MIP capped C-dots systems (Hao et al. 2016, Liu et al. 2016, Wang 

et al. 2015b), this films are easier to operate and can better distinguish the target 

contaminant interferences because the sensor can be rinsed after capturing and before FL 

measurement, which provides an opportunity for the removal of loosely bound, non-

specifically adsorbed compounds. Moreover, the material can be recovered after 

measurement and regenerated for continuous use, lowering costs and providing a non-

invasive method of analysis (no nanomaterials are left in the sample). It shows a good 

reusability till 5 cycles. However, DNT concentration reading of the sensor may be 

affected by the presence of interferences (heavy metal such as copper, natural organic 

matter, and structural analogues). Further research will be conducted to explore its 

applicability for real water sample. 

In conclusion, the AC-dots labeled DNT-MIP films exhibit good selectivity and 

sensitivity with the ability to quantitatively analyze the concentration of DNT. The 

system has the potential to be further developed for a platform of fast, easy and on–site 

detection for DNT contamination. 
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Chapter 5. Effect of pH, ionic strength and natural organic matter on 

the DNT-MIP fluorescent sensor 

Molecular Imprinted Polymer (MIP) based sensors had been successfully applied to the 

quantitative detection of specific contaminants. In order to obtain a useful sensor device, 

different transducer mechanisms have been combined with MIPs, such as optical, 

chemical or electrical properties variations. Among them, the optical MIP-based 

molecular recognition sensors have been developed due to the covalent linkage of MIPs 

to optical transducers. The MIP binding efficiency, recognition processes and selectivity 

have been intensively studied by optical means due to the general high sensitivity and 

simplicity of the utilization of optical techniques (Henry et al. 2005). The sensing 

properties can also be characterized by parameters such as linearity, limit of detection, 

sensitivity, selectivity, reproducibility, accuracy, robustness, response time and lifetime 

(Li et al. 2012). However, the effects of sample characteristics commonly encountered in 

natural waters (i.e. variations of pH, ionic strength, natural organic matter content) on the 

sensing performance of optical MIPs are not fully understood. MIPs have been reported 

which respond to stimuli such as change in temperature (Pan et al. 2013), pH (Kanekiyo 

et al. 2003), and ionic strength (Wu et al. 2010). Interferences are another concern 

because they can affect the recognition of MIPs. In the context of this study, we define 

interference as a compound that will hinder the access to capture sites of the target 

molecule by non-specific adsorption onto the polymer surface resulting in pore blocking, 

steric repulsion or electrostatic interactions at or near the interface, and produce a 

decrease in the capacity of the MIP. Potential interferences in natural waters are dissolved 

organic matter, dissolved salts, inorganic colloidal particles, and microorganisms. Given 
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the fact that most efforts have been devoted to the synthesis of MIPs as SPE media, 

research in this area has been directed mostly towards the conditioning, washing and 

eluting stages of the process rather than the capture and sensing, and much of the actual 

mechanisms by which this interference may occur are not fully understood. The potential 

for MIP-based sensors to be used in-situ is promising if the influences of these 

parameters are explored and interpreted. 

Some research has been reported as the use of MIPs as the sorbent for solid-phase 

extraction of natural water samples (Davoodi et al. 2014, Kueseng et al. 2009). The direct 

use of MIPs and MIP-enabled devices as sensors in natural waters has not been fully 

explored (Alizadeh et al. 2010, Hao et al. 2016), especially regarding the effects of the 

different parameters in the water chemistry matrix. Conductometric transducer based 

atrazine sensor allowed the monitoring of atrazine both in contaminated and 

uncontaminated natural waters as the detection limit was 1 ppb. The only draw back was 

that it required laboratory based instrumentation and was not suitable for field studies 

(Rao et al. 2007). Atrazine and its analogs simazine, ametryn and propazine could be 

successfully extracted from natural water samples, using atrazine as the template 

molecule (Wen et al. 2012). In another study, diphenolic Acid (DPA) and bisphenol A 

(BPA) were used as dummy template molecules for the capture of tetrabromobisphenol A 

(TBBPA). The reported recoveries of TBBPA in tap, river and lake water ranged from 85% 

to 97% with detection limit as low as 2 ng/mL (Yin et al. 2012). 

Fluorescence based sensors are particular suited for field use, as they are generally sturdy 

and easy to measure. In this area, fluorescent nanoparticles are preferable to fluorescent 

polymers, as they have shown to be brighter and more stable; however, leakage of the 
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nanomaterial into the sample may be a concern, if the particles are not strongly bonded to 

the MIP matrix. Sample chemical matrix may produce additional interference by 

interacting or preventing interaction between the target compound and the fluorescent 

material, leading to over or underestimations of the true concentration of the target. 

Detection of contaminants in natural waters at environmentally relevant concentrations is 

particularly challenging, due to the complex and potential variability of its chemical 

composition. 

We recently reported a novel C-dot fluorescent label MIP based sensor for the detection 

of 2,4-dinitrotoluene (DNT) in water samples in a range from 1 to 15 ppm, that allows for 

quantitation of DNT in aqueous solutions, with a detection limit of 0.28 ppm. A thin 

porous film was synthesized by templating with monodispersed silica particles. The 

porous macrostructure provided a high surface area for abundant and easily available 

binding sites. A strong, covalent bonding between AC-dots and polymer was created by 

linking amino groups and carboxyl groups with N-hydroxysuccinimide (NHS) and N-(3-

Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and provided 

superior durability, avoiding the loss of nanoparticles and ensuring fluorescence stability 

(Dai et al. 2017). In this study, we investigated the field application of the MIP sensor 

labeled with fluorescent nanoparticles (carbon dots) for the detection and quantification 

DNT in natural water conditions. The effect of salinity, pH and dissolved organic matter 

on the sensor performance was analyzed. Two factors may potentially play important 

roles: interference with the nonspecific and specific adsorption of the DNT onto the MIP, 

and additional quenching by solutes other than the DNT. A methodology was established 

to minimize those effects and/or create an adjusted calibration for determination of DNT 
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concentrations under different background water matrixes. 

The MIP based sensors can be successfully used for quantitative detection of specific 

contaminants. The potential to be used in-situ is very promising if the effects of 

characteristics (i.e. pH, ionic strength, natural organic matter) in natural water are 

explored and understood. A variety of MIPs have been reported which respond to stimuli 

such as change in temperature (Pan et al. 2013), pH (Kanekiyo et al. 2003), and ionic 

strength (Wu et al. 2010). 

Our objectives are to investigate the applicability of our sensors in various aqueous 

environments and try to understand the role of natural organic matter and water chemistry 

on the effect of DNT rebinding and carbon dots fluorescence quenching. 

 

5.1. Materials and Method 

5.1.1. Materials 

Chemicals were purchased from Sigma-Aldrich (https://www.sigmaaldrich.com/united-

states.html) and used without further purification; tetraethoxysilane (TEOS) (98%), 

ammonia solution (25% in water), ethanol (200 proof, ACS reagent, 99.5%), acrylic acid 

(AA) (99%), methyl acrylate (MA) (99%), ethylene glycol dimethacrylate (EGDMA) 

(98%), 2,2’-azobisisobutyronitrile (AIBN) (98%), 2,4-dinitrotoluene (DNT) (97%), 

phenol, 4-nitrophenol (4-NP) (99%), and dinitrophenol (DNP) (98%), hydrofluoric acid 

(HF) (48%), citric acid (CA) (99.5%), branched polyethylenimine (BPEI), N-

hydroxysuccinimide (NHS), and N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide 

hydrochloride (EDC). 

NaOH and HCl (Fisher Scientific) were used for pH adjustment; ionic strength of the 
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samples was controlled by addition of NaCl (reagent grade, Acros Organics) or CaCl2 

(reagent grade, J.T.Baker). Suwannee River NOM (SRNOM) was used as a model of 

natural organic matter and purchased from International Humic Substances Society (St. 

Paul, MN, USA).  

 
5.1.2. Synthesis of MIPs and Fluorescent labeling 

The fluorescence labeled MIP films were prepared as described in our previous work 

(Dai et al. 2017). Non-imprinted polymer films (NIP) films were synthesized following a 

similar procedure without adding DNT and played as control for the MIP sensors in the 

tests. The porosity of the MIP films was created using sacrificial colloidal crystals made 

of silica particles (200 nm diameter) as templates followed by etching of the particles. 

Monodisperse silica particles were synthesized following the Stöber method (Stöber et al. 

1968) by the reaction of TEOS (8.3 mL), ethanol (200 mL) and  ammonia (18.3 mL) The 

particles were centrifuged and dispersed twice in DI water and once in ethanol for 

purification. Colloidal crystals were fabricated by vertical self-assembly on a glass 

substrate as described elsewhere (Jiang et al. 1999). In this procedure, a cleaned glass 

slide was vertically placed into a flask containing a 0.5% volume fraction suspension of 

silica particles in ethanol. After the volatilization of ethanol, the colloidal crystals were 

formed on the slide. Another slide was placed upon the colloidal crystal and the two 

slides were firmly held together. Polymerization solutions were prepared mixing 0.4 mL 

(4.4 mmol) AA and 0.4 mL (5.8 mmol) MA as the functional monomer (with the molar 

ratio of 3:4), 0.55 mL (2.9 mmol) EGDMA as the crosslinking agent, 6 mg (0.04 mmol) 

AIBN as the initiator, 4 mg (0.02 mmol) DNT as the target molecule and 0.6 mL ethanol 

as the solvent, to yield MIP-PMAAA. One end of glass assembly was put in contact with 
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the polymerization mixture that rose by capillary forces filling the void spaces within the 

colloidal crystal. Polymerization was performed under UV light at wavelength of 365 nm 

for 5 h at room temperature. Silica particles were removed by submerging in 5% 

hydrofluoric acid bath. Finally, the films were soaked in ethanol in order to elute DNT, 

changing the solvent every half an hour for 3 h. 

Amino functionalized carbon dots (AC-dots) were synthesized following a published 

method (Zheng et al. 2014b). The porous MIP films were placed into a 0.033 mM EDC / 

0.033 mM NHS aqueous solution. After stirring for 1 h at room temperature, 2 mL 

solution of AC-dots with a concentration of 5 g·L-1 was added dropwise. The mixture 

was stirred for 36 h at room temperature in the dark to form the covalent bonding 

between the AC-dots and the films. 

 

5.1.3. Characterization 

Silica particles and porous films were imaged by a FEI Quanta 600 FEG Environmental 

Scanning Electron Microscopy (ESEM) to investigate the pore size and morphology. 

Samples were attached to a metal mount using carbon tape and were coated with a thin 

layer of platinum to provide a conductive surface using a sputter coater (Emitech K575x).  

Fourier Transformed Infrared Spectroscopy (FTIR) spectrum of AC-dots was collected 

with a Nicolet 4700 FT-IR in order to identify the functional groups present on the 

surface of AC-dots. 

Swelling experiments of NIP-PMAAA were performed in: (1) phosphate buffer at three 

different pH values (4, 7 and 10) at room temperature; and (2) NaCl or CaCl2 solution at 

different ionic strengths (1, 10 and 100 mM) at room temperature. The polymers were 
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swollen in solutions for 48 h at ambient temperature and the degree of swelling was 

determined gravimetrically. The percentage swelling ratio (%SR) was calculated from the 

expression 5.1. 

%SR m m /m           Equation 5.1 

where ms is the mass of the swollen film at equilibrium and md is the mass of the freeze 

dried films. 

  

5.1.4. Fluorescence Quenching Experiments 

Photoluminescent properties were investigated on a Hitachi F-4500 Fluorescence 

Spectrophotometer. Emission scans were performed at an excitation wavelength of 350 

nm. The slit width was 5 nm and scans were conducted in an emission wavelength range 

of 300 nm to 700 nm at a speed of 1200 nm·minute-1. 

The initial FL intensity of MIP and NIP films was measured in DI. Secondly, sensor 

strips were dipped in the corresponding test solutions and incubated for 30 minutes, as 

determined in previous research13. Then, sensors were rinsed with DI water and their FL 

intensities were measured submerged in pure water at neutral pH. The level of quenching 

is calculated as the ratio of the initial intensity to the intensity measured after exposure to 

the sample, F0/F. The linear relationship between F0/F and DNT concentration in solution 

followed Stern−Volmer equation (Wahba et al. 2015). 

F F⁄ 1 K C            Equation 5.2 

where F0 and F are the fluorescence intensity in the absence and presence of quencher, 

respectively, Cq is the concentration of the quencher, and Ksv is the quenching constant 

for the quencher. 
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The effect of pH on the detection and quantification of DNT by the MIP sensor was 

investigated in 10 ppm DNT solutions adjusted at three levels of pH (4, 6, 9), adding HCl 

(10mM) or NaOH (10 mM) solutions as needed. The DNT concentration was chosen 

because it falls into the linear range of the sensor detection range and causes a significant 

FL decrease. For comparison, the responses of MIPs and AC-Dots (0.2mg/L) to pH, both 

having the similar FL intensities at neutral pH, were tested in absence of DNT as well. 

The IS effect was investigated in 10 ppm DNT test solutions with a background 

concentration of at 1, 10, and 100 mM NaCl or CaCl2. 

Organic materials are ubiquitous in natural waters, originating from the decay of plans, 

animals or anthropogenic pollution. Natural organic matter (NOM) includes substances 

that can emit or quench fluorescence, as well as adsorb onto the sensor surfaces, and 

therefore induce error in sensor output.  In order to assess this effect, experiments were 

performed with NIP and MIP sensors in mixture solutions of 10 ppm DNT with different 

levels of Suwannee River NOM (SRNOM), as a model of natural organic matter, at 

concentration of 1, 10 and 50 ppm. Control tests performed with NIP and MIP sensors at 

the same SRNOM concentration levels in the absence of DNT. 

Finally, the sensor was tested in real water samples collected from Stephens Lake, 

Columbia, Missouri, and tap water at the University of Missouri (coming from Water 

Treatment Plant with Columbia Utilities) that were spiked with DNT. Immediately after 

collection, the sampled water was characterized by pH, conductivity and total organic 

carbon (TOC) measurements using a Shimadzu TOC-VCPN analyzer.  

The MIP-sensor was dipped in the spiked solutions, let to equilibrate for 30 minutes and 

rinsed with DI before reading fluorescence intensity. DNT concentrations were 
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determined by the quenching amount as established by the Stern-Volmer equation. 

Sensor measurements were validated by analytical determinations of the DNT 

concentrations in the samples, by high-performance liquid chromatography (HPLC) 

coupled with a 15-cm by 4.6-mm Epic C18 column. Methane/water (50:50, v/v) was used 

as the mobile phase at flow rate of 0.75 mL·min-1 with UV Detection at 254 nm and 

injection volume of 10 µL. 

 

5.2. Results and Discussion 

5.2.1. Characterization Results 

SEM 

The porous structure of MIP films was given by templating with monodispersed silica 

particles. Silica particles of narrow size distribution were obtained through strict control 

of the synthesis parameters. SEM images of particle templates are shown in Figure S1 (a). 

The particle sizes obtained by SEM were 213 ± 9 nm, and 231 ± 1 nm when measured by 

DLS. A micrograph of the porous films is shown in Figure S1 (b) and (c). This porous 

macrostructure can provide a high surface area for abundant and easily available binding 

sites. 

FTIR 

The surface chemistry of AC-dots was investigated by FTIR. The AC-Dots spectrum 

showed abundant presence of amino groups on the surface (Figure S2). The stretching 

vibrations of N-H at 3286 cm-1, C-H at 2958 cm-1 and 2819 cm-1 were observed in the 

high wavenumber region. Two strong peaks at 1658 cm-1 and 1570 cm-1 indicated that the 

amide linkage was formed. The adsorption bands of C=C, C=N, C=C-O and epoxy 
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groups were identified at 1466, 1362, 1300, 1111 cm-1, respectively. The surface basic 

groups resulted in a positively charged surface due to protonation of amino groups. The 

amino groups can be further protonated with decreasing pHs (Bayati et al. 2017). The 

quenching ability may be hindered when amino groups are well protonated and thus 

unable to complex with quenchers (Dong et al. 2012a). 

Swelling properties 

The equilibrium swelling degree of hydrogels depends on the cross-linking and charge 

densities of the polymer network. Polyacrylic acid can shrink or swell in response to 

changes in temperature, pH, ionic strength, solvent quality, electronic field, etc (Okay 

2009). The %SR increased from 4 to 7 and to 10, but not dramatically (Figure 5.1). 

Unlike pure acrylic acid systems, the swelling properties of hydrogels are less pH 

dependent (Chen et al. 2015, Dai et al. 2017). There was still slightly higher nonspecific 

adsorption at pH of 9 with higher swelling capacity, which might result from faster 

response by increased water absorption of the film and non-specific interaction with 

compounds. For the sensors, the responses may cause more quenching due to higher 

nonspecific adsorption, especially if NOM is the adsorbate. 

The %SR decreased with increasing concentrations of electrolytes, and the trends were 

similar for both NaCl and CaCl2 (Figure 5.2). Similarly, this swelling behavior may lead 

to less quenching in the presence of salts due to lower adsorption. 
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Figure 5.1 Swelling ratios of PMAAA films 

 

 

Figure 5.2. Swelling Ratio% of MIP films at different ionic strength with different salts 

 
5.2.2. Effect of pH 

The pH of the sample to be analyzed can affect the operation of the sensor by altering the 

surface chemistry of the carbon dots and, as a consequence their fluorescent emission, 

and / or by altering the conformation of the polymer matrix, resulting in deformation of 

the cavities available for capture. The emission intensity is pH dependent. AC-dots 

(0.2mg/L in suspension) exhibited the highest FL intensity at pH of 4, and it decreased 

with increasing pH (Figure 5.3). Their FL activities was strong at weakly acidic media 
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(pH 4-6), but weak at other pHs, especially at pH>10. This observation is in agreement 

with previous research (Dong et al. 2012a), and suggests that the surface states of AC-

dots play key roles determining their FL activities (Ding et al. 2014).  

The tests on effects of pHs were conducted with initial FL intensities (F0) measured in DI 

water. Then, the MIP-sensors were dipped in acidic, neutral, or basic 10 ppm DNT 

solutions, and rinsed with DI water before measuring the FL intensities (F), again in clean 

water. Although the sensor initially showed different responses for the three pH levels, 

those were effectively minimized by the rinsing step. Figure 5.4 shows that, in the 

absence of DNT, exposing the MIP films to acid or base solutions, the fluorescence 

intensity changed accordingly. However, after the clean water wash, the effects are less 

evident and F0/F much closer to 1 as expected since no DNT molecules were present. 

This represents a significant advantage over sensing approaches involving the direct 

addition of C-dots to the water sample, as the target is concentrated and retained in the 

MIP film, while other chemicals can be removed by a simple cleaning step. 

However, interference by other compounds in the sample could not be completely 

avoided. Figure 5.5 showed the F0/F ratios for both MIPs and NIPs, after placed in 

contact with a 10 ppm DNT solution. The quenching effects increased slightly with pH 

for both MIPs and NIPs as pH turned more basic. Reasons for this trend may be the 

increased nonspecific adsorption at pH of 9 with higher swelling capacity, and acid or 

base residues after rinsing that may have been carried with the sensor.  
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Figure 5.3 Fluorescence intensity of AC-Dots response to pHs 

 

Figure 5.4 FL Intensity of MIP sensors measured in acidic (pH=4) and basic (pH=10) environments and 

measured after rinse in the absence of DNT. 

 

Figure 5.5 Quenching by DNT (10 ppm) at different pHs. 
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5.2.3. Effect of Ionic Strength and Different Salts Types  

The sensor was applied to the quantification of DNT solutions with variable dissolved 

salts concentration, resulting in a smaller FL intensity change for both MIP and NIP films 

(Figure 5.6). As expected, NIPs showed consistently less quenching amount by DNT 

than MIPs (Figure 5.6). With the increase in ionic strength from 1 mM to 100 mM, the 

quenching amount of MIPs decreased 19% and 30% in the presence of NaCl and CaCl2, 

respectively. For NIPs, ionic strength from 1mM to 100mM, the quenching amount 

decreased 25% and 38% with NaCl and CaCl2, respectively. Both cations decreased the 

binding of DNT; Na+ is expected to have a more profound effect since cations were 

reported to have a significant influence on the binding capacity following the Hofmeister 

series (Kempe and Kempe 2010). However, we observed that a larger influence for Ca2+, 

which could be related to its chemical properties and its specific interactions with the 

AC-Dots surface (Bayati et al. 2017). 

The diminishing gap between MIP and NIP quenching with increasing IS suggested that 

binding to the cavities may have also been affected. One possible explanation is that the 

specific adsorption based on the shape and size of cavities may decrease because of the 

conformational change of the hydrogels. It was reported that photonic polymers 

fabricated by colloidal crystal templating can swell or shrink in response to ionic strength 

variations (Huang et al. 2008). 
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Figure 5.6 Quenching by DNT (10 ppm) with different salts, pH = 6  

 
5.2.4. Effect of NOM on Fluorescent Quenching  

Although their exact composition is variable, natural organic matter compounds are 

expected to be quenchers of AC-dots fluorescence and therefore may induce higher than 

real determinations by the sensor when used in natural waters (Lakowicz and Masters 

2008). The quenching effect of SRNOM was first determined in the absence of DNT, in a 

range of concentrations plausible to be encountered in environmental samples. Figure 5.7 

illustrated the decreased fluorescence intensity in the presence of SRNOM from a 

suspension of 0.2 mg/L AC-dots and from the MIP films. The fitting of the Stern-Volmer 

plot showed a linear relationship between F0/F and SRNOM concentrations for both AC-

Dots and MIP systems (Figure 7).  
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Figure 5.7 Quenching of AC-Dots and AC-Dots labeled MIPs by variable concentrations of SRNOM, in 

absence of DNT. 

 

Consequently, the quenching amount increased when NOM existed in the DNT solutions 

(Figure 5.8) with respect to the pure water DNT solution. The slope of F0/F vs. DNT 

concentration curve for MIPs (0.0054) was very similar to that corresponding to the NIPs 

(0.0052), which implies that the increase in quenching was mainly related to nonspecific 

adsorption and not due to SRNOM occupying or blocking access to imprinted cavities. 

Since NOM did interfere with the specific capture of DNT molecules by the MIP, its 

concentration in a mixed solution with NOM could still be accurately obtained by 

subtracting the background quenching by NOM from the raw sensor reading. 
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Figure 5.8 Quenching by DNT (10 ppm) with Suwannee River NOM 

 

Equation 5.3 shows the response curve of the sensor in the absence of NOM (Dai et al. 

2017): 

⁄ 0.117 C 0.98551         Equation 5.3 

The NOM content of the sample can be estimated from the NIP reading (Figure 5.9) 

linear fit as shown by the following equation: 

⁄ 0.0054 C 1          Equation 5.4 

The sensor calibration curve in the presence of NOM can be obtained combing Equations 

5.3 and 5.4, resulting in:  
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Figure 5.9 Stern-Volmer plot of AC-MIPs with an increasing concentration of DNT 

 
⁄ 0.117 C 0.0054 C 1         

Equation 5.5 

Applying the modified equation to the 10 ppm DNT test solutions in the presence of 

NOM, values of 10.2, 10.6 and 10.3 ppm, were obtained by the sensors at SRNOM 

concentrations 1, 10, 50 ppm respectively, proving the feasibility of ruling out the factor 

of NOM or other nonspecific quenchers based on the methods. 

 

5.2.5. Analytical applications in natural water samples 

Real natural water samples are complex solutions, where pH, dissolved solids and natural 

organic compounds are probably the most frequent but not necessarily the only possible 

challenging components. 

To further test the applicability of the sensor, the AC-MIP films were used for the 

determination of DNT concentrations in two real waters: Stephens Lake water and tap 

water from the laboratory at the University of Missouri. The collected samples were 

spiked with DNT and its concentration measured by the newly fabricated sensor and 

compared to HPLC analysis. 
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The experiments were conducted for different DNT concentrations, and the 

corresponding analysis results are listed in Table 1. DNT concentrations were calculated 

using equation 5.5. ⁄ 0.117 C 0.0054 C 1  

Lake water was slightly basic while tap water had a neutral pH. The IS of both lake and 

tap water was close to 10 ppm, which was expected to have minor effects on the sensor 

performance. For the lake, the basic pH may result in underestimation of DNT 

concentrations, while medium IS could do the opposite. The TOC level of the lake water 

was higher than tap water due to the existence of dissolved NOM. Taking NOM in 

account and assuming NOM=TOC – TOCdnt, adjusted readings were obtained. The 

readings by sensors in tap water were closer to the HPLC analysis than in lake water. The 

sensor consistently underestimated the DNT concentration in the lake sample; in addition 

to the measured higher TOC content, lake water may have contributions of other 

unknown pollutants and particulate matter that can further interfere with the sensor 

detection. The matrix complexity results in a higher chance to block the cavities or the 

surfaces of sensor films. Still, the values in both tap and lakes were reasonably close to 

the HPLC measured DNT concentrations. The results are promissory, showing good 

recognition ability in challenging, unknown natural water samples.  

Table 5.1 Detection of DNT in real water samples  

Sample 
Sensor measured 
DNT concentration 
(ppm) 

Stdev 
Error (%) 

HPLC measured DNT 
concentration (ppm) 

pH 
IS 
(mM) 

TOC (ppm) 

Lake 

5.53 0.54 12.0 6.28 

8.5 7.5 4.9 5.77 0.46 9.7 7.99 

12.32 1.86 18.4 14.67 

Tap 

4.02 0.77 20.1 3.83 

7.2 13.8 Nondetectable 6.65 0.65 9.6 6.81 

10.66 0.69 6.0 11.49 



 104

 
5.3. Conclusion and Future Study 

The effect of sample pH, ionic strength and NOM content on the sensor performance was 

investigated. The influence on rebinding and fluorescence quenching process are 

concerns regarding the fabricated MIPs sensing ability. Surface chemistry of carbon dots 

can be affected by pH, resulting in fluorescence emission change; nonspecific adsorption 

may be slightly higher at high pH with higher swelling capacity of the polymer. These 

effects result in higher quenching at basic environments, which means slightly higher 

readings than real DNT concentrations. At higher ionic strengths, the readings by sensors 

are relatively lower than real DNT concentrations. The decrease quenching effects with 

salts may be attributed to lower nonspecific adsorption, weaker specific binding, and less 

availability of imprinted cavities due to conformational change. In the presence of NOM, 

the readings observed were higher than expected based on actual DNT concentrations 

because NOM acted as a nonspecific quencher contributing to the quenching by DNT 

molecules. Since NOM quenching also obeys the Stern-Volmer equation, a modified 

expression including NOM concentration as a parameter was developed. For real water 

samples, the sensor was able to provide a rather accurate estimation of DNT 

concentration in tap and lake water, which was close to HPLC analysis. We believe that 

the AC-dots labeled DNT-MIP films fabricated in this work are promising materials for 

in situ detection of DNT contamination in the environment. 
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Chapter 6.  Water Quality Monitoring at Hydraulic Fracturing Sites 

Using Molecularly Imprinted Porous Hydrogels 

The rapid rise in unconventional oil and natural gas (UOG) operations combined with 

directional drilling and hydraulic fracturing or fracking (HF) increases the opportunity for 

air and water pollution from these processes. UOG operations involve the injection of 

millions of gallons of water and thousands of gallons of more than 750 chemicals 

(Committee on Energy and Commerce 2011), which comes back to the surface as 

produced water with the addition of naturally occurring compounds such as radioactive 

materials, salts, arsenic, selenium, strontium, and barium which are embedded in the 

shale layer (Fontenot et al. 2013, Maule et al. 2013, Orem et al. 2014, The Shale Gas 

Subcommittee of the Secretary of Energy Advisory Board 2011, Warner et al. 2012). 

UOG operations release large amounts of reproductive, immunological and neurological 

toxicants, carcinogens, and endocrine disrupting chemicals (EDCs) into the environment 

(Colborn et al. 2010), and their health effects have been observed in intensively drilled 

areas in the United States (Bamberger and Oswald 2012). 

Conventional methods to detect organic compounds involve not only expensive 

instrumentation, but also a large number of separating analytical procedures, resulting in 

a complex, time-consuming, and laborious screening procedure. Furthermore, detection 

in remote areas with difficult access adds complexity and inaccuracy due to sampling 

errors by non-trained personnel and sample conservation issues. Public health concerns 

stimulate the development of new analytical methods for the detection of contamination 

due to HF; in particular, approaches for easy and rapid detection of selected organic 

contaminants are highly desirable (Auriol et al. 2006, Matthiessen and Johnson 2006) . 
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Molecular imprinting is a well-established technique used to synthesize polymers with 

specific molecular recognition nanocavities (Caykara et al. 2003). Owing to the 

complementarity in shape and binding sites, the created nanocavities exhibit high 

selectivity towards the imprinted molecules, including a large and diverse set of 

important organic compounds including hormones and metal ions (L. Chen et al. 2011, S. 

Wei et al. 2006, Zhu L et al. 2003). 

Molecularly imprinted polymers (MIPs) were applied in the fabrication of sensors with 

capabilities to respond to a variety of physical or chemical stimulus; electrochemical, 

photoluminescent, and UV-vis spectroscopic sensors have been reported (Valero-Navarro 

et al. 2009, Yang et al. 2012a). Optical sensors based on the conformational change in 

presence of template are due to shrinking or swelling behaviors of MIPs. Inverse opal 

films of MIPs based on colloidal crystal template method have been reported (Griffete et 

al. 2012). These highly ordered structures made of hydrogels can swell or shrink in 

response to various stimuli including pH, glucose, ionic strength, temperature and so on, 

leading to a change in reflection wavelength accompanied by a visually structure color 

change (Chen et al. 2016). 

The objective of this work is to development of MIP based sensors for on-site sensing of 

UOG derived contamination. Sensors will be able to recognize the chemical fingerprint 

and would allow for rapid detection of impacts and quick adoption of mitigation 

strategies. This would limit the potential negative impact of UOG process, thus making it 

much more sustainable. 2BE has been identified in hydraulic fracking wastewater in high 

concentrations, up to grams per liter, and therefore can be considered an indicator of such 

contamination (Thacker et al. 2015). 
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In this article, we report the development of a highly ordered porous photonic 2-

butoxyethanol-MIP film as UV-vis reflectance sensor. By combining MIP with inverse 

opals, the polymer is expected to selectively adsorb 2BE when present in the tested 

solutions, resulting in a change the conformational structure of the film and consequently 

a shift of the peak wavelength of the light reflected by the polymer (Wu et al. 2008b). 

 

6.1. Materials and methods 

6.1.1. Materials 

Chemicals were purchased from Sigma-Aldrich and used without further purification; 

tetraethoxysilane (TEOS) (98%), ammonia solution (25% in water), ethanol (200 proof, 

ACS reagent, 99.5%), acrylic acid (AA) (99%), ethylene glycol dimethacrylate (EGDMA) 

(98%), 2,2’-azobisisobutyronitrile (AIBN) (98%), and 2-butoxyethanol (2BE). 

 

6.1.2. Molecularly Imprinted Porous Films Fabrication  

Monodisperse silica particles were synthesized following the Stöber method (Stöber et al. 

1968). Briefly, 0.04 mol TEOS (8.3 mL) and ethanol (200 mL) were mixed in a round 

flask and stirred at 300 rpm. Then, ammonia (18.3 mL) was introduced and allowed to 

react for 12 h. Silica particles obtained were centrifuged and redispersed twice in DI 

water and once in ethanol for purification. Colloidal crystals were fabricated by vertical 

self-assembly on a glass substrate as described elsewhere (Jiang et al. 1999). 

Polymerization mixtures were prepared from 0.8 mL (11.6 mmol) acrylic acid (AA) as 

the functional monomer, 0.55 mL (2.9 mmol) ethylene glycol dimethacrylate (EGDMA) 

as the crosslinker agent, 6 mg (0.04mmol) azobisisobutyronitrile (AIBN) as the initiator, 
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and 4 µl (0.03 mmol), 40 µl (0.30 mmol), 0.1 mL (0.76 mmol) 2BE as the target with a 

molar ratio of target molecule: functional monomer: crosslinker of 1:387:97, 1:39:10, and 

1:15:4, respectively. PMMA slides were placed on both sides of the glass substrate with 

the colloidal crystal and the assembly was held firmly together. One end of the slide 

assembly was put in contact with the polymerization mixture so that, as the liquid raised 

by capillary forces, it filled the void spaces within the colloidal crystal. The 

polymerization was performed under UV light at wavelength of 365 nm for 4 hrs at room 

temperature. Silica particles were removed by submerging in 5% hydrofluoric (HF) acid 

bath. Finally, to remove the target molecule, the resulting polymer film was dried in a 

vacuum oven (Accu Temp-09, Across International) at 40 ˚C and 30mmHg (30 

Torr/4000Pa) for 10 hrs. The fabrication process is demonstrated in Figure 6.1. The 

fabrication of non-imprinted polymers (NIPs) followed a similar procedure but without 

the addition of 2BE to the polymerization solution.  
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Figure 6.1 Schematic of the MIP fabrication process: (a) monomer infiltration of the colloidal silica 

deposit; (b) glass “sandwich” formation; (c) UV polymerization; (d) particle and glass removal by 

hydrofluoric acid; (e) porous film containing target molecule; (f) removal of 2BE molecules by thermal 

treatment in vacuum to obtain MIP. 

 
Similarly, assemblies made with all three glass slides led to self-standing films after HF 

treatment. The self-standing films were prepared for characterization of the material and 

equilibrium rebinding experiments with the target molecule: functional monomer: 

crosslinker of 1: 387: 97. PMMA supported films were used in reflection experiments. 

 

6.1.3. MIPs Characterization  

The particle size distribution (PSD) of silica particles was analyzed using dynamic light 

scattering (DLS) on a Zetasizer Nano ZS instrument (Malvern Instruments). Additionally, 

silica particle deposits and porous films were imaged by a FEI Quanta 600 FEG 
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Environmental Scanning Electron Microscopy (ESEM). Samples were attached to a 

metal mount using carbon tape and were coated with a thin layer of platinum to provide a 

conductive surface using a sputter coater (Emitech K575x). The SEM images were 

analyzed, using the software Image J (Schneider et al. 2012b): over 300 particles were 

measured from at least 5 different images. 

Hydrogel film swelling experiments were performed in phosphate buffer at three 

different pH values (4, 7 and 10) at room temperature. The polymers were swollen in 

solutions for 48 h at ambient temperature and the degree of swelling was determined 

gravimetrically. The percentage swelling ratio (%SR) was calculated from the expression 

(1) 

% ⁄           Equation 6.1 

where ms is the mass of the swollen film at equilibrium and md is the mass of the freeze 

dried films. 

Thermal properties of the NIP-PAA films were determined by the differential scanning 

calorimetry (DSC) technique. The analysis was carried out on a TA Instruments Q100 

Differential Scanning Calorimeter, at a heating rate of 5 °C/min between 40 °C to 120 °C. 

The sample (~2 mg of a lyophilized hydrogel) was sealed into a DSC aluminum pan, and 

an empty aluminum pan was used as reference. 

 
6.1.4. Binding / Incubation tests 

Incubation tests were conducted by suspending approximately 6 − 10 mg of dried (MIP-

PAA, NIP-PAA) unsupported films in a 20 mL 2BE solution for 2 days, after which the 

system was assumed to reach adsorption equilibrium. Then, the films were separated and 

solutions sampled for analysis. Tests were performed at 2BE initial concentrations of 10, 
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20, 35, 45, and 60 ppm.  

The recognition capacity (RC) is defined as the adsorbate mass per unit of adsorbent 

mass and is calculated from the equation: 

/            Equation 6.2 

where Ci and Ce are the initial and the equilibrium concentrations of the DNT in solution 

(in mg mL-1), respectively, V is the volume of solution (in mL) and m is the mass of the 

films. Then, the imprinting efficiency (IE) is defined by  

/            Equation 6.3 

where RCMIP and RCNIP are the recognition capacities of MIP and NIP-PAA, respectively.  

GC-MS Analysis  

Recognition capacity (RC) and imprinting efficiency (IE) were calculated based on the 

concentration measured by liquid-liquid extraction followed by GC-MS. In brief, 2BE in 

aqueous solution was extracted using chloroform in the ratio of 1:1 (v/v). The mixture 

was vortexed for 1 minute, and centrifuged at 4000 RPM for 5 minutes. The lower layer 

was separated, and filtered through a 0.2m membrane filter (Whatman Anotop 10) prior 

to injection into Varian 3400CX GC with a Hewlett Packard cross-linked methylsiloxane 

DB-5 capillary column (30 m x 0.25 mm I.D.) coupled with a Varian Saturn 2000 ion-

trap mass selective detector (Varian Inc., Walnut Creek, CA). The GC temperature 

program was initially set at 35°C for 5 minutes, then increased to 250°C at 10°C/min, and 

was held for 10 minutes, using split injection mode with split ratio of 1:100, and constant 

carrier gas flow (He, 1.0 mL/min). Injector temperature was held at 275°C. Transfer line 

between the GC and mass spectrometer was held at 280C, and the ion trap manifold was 

set to 250C. The quantitative ions were selected by injecting a standard solution of 2BE, 
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and selection of diagnostic and quantitative ions was optimized by a procedure previously 

described (Lin et al. 2007). Calibration curves were constructed using seven 

concentration levels of 2BE standards to represent relationship between known 

concentrations and ion intensities.  

 

6.1.5. Optical sensing tests 

Due to the uniformly ordered porous structure, the reflection peaks recorded by the 

spectrophotometer could be interpreted as interferences between light reflection on dense 

(111) plane (Griffete et al. 2012). The peak, λmax, for the porous hydrogel is related to the 

structure of the porous film by the Bragg equation: 

max =1.633(d/m)(D/D0)(na
2 – sin 2)0.5        Equation 6.4 

where d is the sphere diameter of the silica colloidal particles used to fabricate the porous 

film, m is the order of Bragg diffraction, (D/D0) is the degree of swelling of the gel (D 

and D0 denote the diameters of the gel in the equilibrium state at a certain condition and 

in the reference state, respectively), na is the average refractive index of the porous gel at 

a certain condition, and θ is the angle of incidence.  

Optical sensing tests were conducted for MIPs (with three molar ratios of target molecule: 

functional monomer of 1: 387, 1: 39, and 1: 15) and NIP films. The kinetic experiments 

were conducted with an initial concentration of 10 ppm. In the sensor performance tests, 

supported films were exposed to 20 ml 2BE solutions at concentrations of 0, 1, 10, 100 

ppb and 1, 10, 100 ppm for 30 mins, which is sufficient for shifts based on the kinetic 

tests, and excess solutions remained on the films were wiped before reading the 

reflectance.  
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Reflectance of the photonic hydrogel films was measured over a wavelength range of 

200–800 nm, using a double-beam UV–Vis–NIR spectrophotometer (Cary 60, Varian) 

with a Harrick Scientific's Specular Reflection Accessory (ERA-30G) for measurement 

reflectance at a fix angle of 30 degrees.  

 
6.2. Results and Discussion 

6.2.1. Characterization of MIPs  

The digital SEM images (Figure 6.2 a) of silica particle deposits were analyzed, and the 

average particle size obtained from microscopy images was 213 ± 9 nm, while DLS 

determinations yielded an average size of 231 ± 1 nm. The two techniques showed 

excellent agreement, taking in consideration that DLS measures hydrodynamic radius of 

the particle, and it usually overestimates the actual size.  

The colloidal crystals acted as a template for the porous structure and therefore a highly 

organized, open structure was obtained (Figure 6.2 b and c). This porous macrostructure 

can provide a high surface area for easy access to abundant binding sites. 
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Figure 6.2 SEM images of: silica particles (a); porous film surface (b); inner structure (c). 

 

The DSC scan showed that the films went through a glass transition process at a 

temperature (Tg) of 50.3 °C (Figure 6.3). Therefore, the polymer films are stable and 

safe to use and recycle under 50.3 °C, which also determines that the template removal 

heating temperature needs to be below the glass transition temperature to maintain the 

integrity and property of polymer films. 

500 nm 

(c) 

1 μm 

(b) 

1 μm 

(a) 
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Figure 6.3 DSC thermograms of NIP hydrogel films. 

 

Figure 6.4 shows the % SR as a function of pH for the unsupported films. At low pH 

values, carboxyl groups present in the polymer reduced the repulsive interactions 

between the polymer chains, resulting in less swelling. In contrast, at neutral and alkaline 

pH values when carboxyl groups become deprotonated, electrostatic repulsion together 

with the breaking of hydrogen bonds generated an increase of the material swelling. 

Therefore, pH must be kept constant for sensor reading to be comparable, since the 

reflectance may change with pH. 
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Figure 6.4 Swelling ratio (%SR) variations of PAA films with pH. 

 
6.2.2. Recognition Capacities of MIPs and NIPs 

The recognition capacities of the 2BE-MIPs and NIPs were investigated through affinity 

adsorption experiment. Figure 6.5 shows the binding performance of the 2BE-MIPs and 

NIPs at different concentrations of 2BE at neutral pH. In all of the concentrations studied, 

the MIP exhibited higher adsorption capacity of 2BE than the NIPs and also binding 

increased at the higher rate for MIPs than NIPs, with imprinting efficiency (IE) of 

approximately 2; from 10 to 35 ppm, the IE increased from 2.0 to 2.2, and from 35 ppm 

to 60 ppm, the IE decreased from 2.2 to 1.9. After a certain concentration, the specific 

binding capacity of the film can be saturated, and then IE is expected to decrease. The 

higher adsorption of MIP is the result of a combination of specific adsorption of 2BE due 

to the cavities provided by the molecularly imprinting and nonspecific absorbed 

molecules loosely bound on the surface of polymer films, not captured by the imprinted 

cavities. In contrast, only nonspecific adsorption may occur in the NIP films. In the range 

of concentrations investigated, NIPs exhibited relatively linear increase of recognition 

capacity with concentration while MIPs seemed saturated after 35 ppm due to the limited 

amounts of specific sites available. Moreover, RC of MIPs changed at a faster rate than 
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NIPs at lower concentrations, because of a higher affinity of 2BE towards the MIPs.  

 

 

Figure 6.5 Recognition capacities of NIP and MIP at neutral pH. 

 

6.2.3. Sensing properties of MIPs 

According to the Bragg equation, if the molecular recognition process could cause any 

change in the pore structure of the prepared hydrogel, a readable optical signal may be 

detectable. Due to the 3D ordered porous structure, the signal can be generated by the 

molecularly imprinted hydrogel itself through Bragg diffraction, and the molecular 

recognition process can be directly transferred into readable optical signals.  

The hydrogels showed well defined Bragg’s peaks. It was found that the optical 

diffraction of MIPs was very sensitive to the rebinding of butoxylethanol (2BE) 

molecules. Upon exposure to 2BE, the diffraction peak wavelength changed; with the 

increase of the concentration of 2BE in the test solution, the peak shifted gradually to 

longer wavelengths (Figure 6.6). To elucidate the molecular recognition properties of the 
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imprinted materials, a non-imprinted 3D ordered macroporous hydrogel (NIP) as a 

control sample was also synthesized under the same chemical conditions as the imprinted 

hydrogel, but in the absence of 2BE template. Figure 6d displays the evolution of the 

diffraction peak of the NIP hydrogel film upon exposure to 2BE solutions with different 

concentrations. Only slight fluctuations of the Bragg peak were observed in the case of 

the non-imprinted hydrogel film, probably due to some nonspecific adsorption, but the 

response was remarkable different from that exhibited by MIP film. 

For the same 2BE concentration, smaller wavelength shifts were seen at low 

template/monomer ratios (1:387); wavelength shifts increased with higher 

template/monomer ratios (1: 39 and 1:15). However, when the monomer/template was 

high enough (Figure 6.7) the shifts responding to the same concentrations were similar 

(at template/monomer ratios of 1:39 and 1:15). This result indicates that for the 1:39 ratio, 

the MIP films gained enough cavities that availability of specific sites was not a limiting 

factor in the binding, and the film was able to efficiently transfer the swelling 

performance to reflectance signal changes. For these three MIPs, the shifts seemed to 

vary linearly with logs of concentration. Among them, MIP2 displayed the best fit, 

presented in Equation 5, with an R2 of 0.989. 

8.90 log 5.32          Equation 6.5 

The shift observed for the NIPs, which can be associated with nonspecific adsorption, 

was used for the detection limit calculation. Therefore, the detection of limit of MIP2 is 

3.4 ppm.  
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Overall, the results demonstrated that the wavelength shift remains fairly unaffected by 

nonspecific interactions, although the binding experiments indicated they occurred. The 

existence of nonspecific adsorption is one of the main challenges of MIPs. The developed 

sensor presented the noteworthy advantage of minimizing its effect by a combination a 

superior transduction mechanism, mainly unaffected by non-specific binding, and the 

ability of the sensor slide to be rinsed before reflectance measurement so to get rid of 

some loosely bound material, neutralizing other potentially interfering effects, as for 

example pH variation or complex water matrixes. 

 

(d) (c) 

(b) (a) 
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Figure 6.6 Reflectance spectra at θ=30°of a: MIP1 (molar ratio of template/monomer = 1:15), b: MIP2 

(molar ratio of template/monomer = 1:39), c: MIP3 (molar ratio of template/monomer = 1:387), and d: NIP 

porous film.  

 

Figure 6.7 Wavelength shifts of MIP1, MIP2, MIP3 and NIP. 

 

The sensor had a fast response to the presence of 2BE. Figure 6.8 shows the reflectance 

shifts in the first 25 minutes, and remained the same after 30 minutes. Therefore, we 

chose 30 minutes for all the tests. 

 

Figure 6.8 Bragg’s peak wavelength response time of MIP sensors for 2BE with initial concentration of 10 

ppm. 
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The economic feasibility of the sensor as well as its practicality is strongly related to the 

ability to regenerate and reuse the films. Theoretically, the same approach employed to 

remove the target molecule after fabrication would result in successful regeneration. 

However, besides the well-known template and monomer leaching, polymer degradation 

products can also result in contamination of samples during the application of the MIPs. 

We investigated the reusability of the sensor conducting 5 cycles of 2BE removal (by 

vacuum oven at 40 ˚C and 30mmHg for 10 hrs) and incubation for 30 minutes in 100 ppb 

2BE solutions. The results revealed the sensor had good reusability, with a slightly 

increase of 5 nm for initial Bragg’s peak wavelength (Figure 6.9).  

The MIPs sensor has a shelf life of at least 3 months, during which period it exhibited a 

constant and well defined Bragg’s peak wavelength (327 nm for MIP1); the materials 

showed to be stable, and can be stored indefinitely in dry form at normal ambient 

conditions.  

 

Figure 6.9 Reusability test of MIP sensor (2BE concentration = 100 ppb). 

 
6.3. Conclusion 

The sensor porous morphologies were successfully obtained by bulk polymerization 
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inside a colloidal crystal void space. Molecularly imprinting with 2BE did not alter the 

structure of the film, as evidenced by the results of the characterization work on 

imprinted and non-imprinted films. The MIPs exhibited higher adsorption capacity 

towards 2BE than the NIPs, with IEs around 2. The higher adsorption of MIP is the result 

of a combination of specific adsorption of 2BE due to the cavities provided by 

molecularly imprinting and nonspecific adsorption. A readable optical signal of the 

reflectance Bragg’s peak position shifts of sensor is related to the 2BE concentrations 

from 1 ppb to 100 ppm. From the shift number, we can estimate the 2BE concentration 

from unknown samples, and potentially evaluate the 2BE levels in surface water or 

groundwater. 

The sensor can be used for the concentration range from 10 to 10000 ppm for quantitative 

analysis, with a LOD of 3.4 ppm. The non-specific adsorption did not show a significant 

interference effect. The sensor exhibited a good reusability for 5 cycles of binding and 

removing of the target and had a shelf life of at least 3 months. The results indicated that 

it is stable over time and multiple uses, making it a sustainable and cost effective 

approach for 2BE analysis in water.  

The availability of early detection of hydraulic fracking contamination is the main benefit 

to people and the planet from a human health perspective; secondly, and as a direct 

consequence of the former, the sustainable exploitation of a natural resource in the US 

and around the world has important implications for society development, economic 

growth and international relationships.  
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Chapter 7. Conclusions and Future Study 

In this study, we have explored carbon dots with different surface functionality. Their 

surface charge, given by the zeta potential, and their hydrodynamic diameter in 

suspension were investigated under a variety of environmentally relevant conditions. The 

results showed that water chemistry altered the surface charge of the nanomaterials, but 

their hydrodynamic size could not be correlated to those changes. The amino-

functionalized carbon dots (AC-dots) were applied to fluorescently label a molecularly 

imprinted polymer (MIP) for 2,4-dinitrotoluene (DNT) as a template. MIPs exhibit higher 

adsorption than NIPs, with imprinting efficiencies ranging from 2 to 2.5. DNT is 

specifically captured by the cavities in the MIP and interact with AC-dots on the surface, 

resulting in quenching of the fluorescence of the AC-dots. Response to DNT reaches 

equilibrium within 〜30 min. The method has a dynamic range that extends from 1 to 15 

ppm, and allows for quantitation of DNT in aqueous solutions, with a detection limit of 

0.28 ppm. Selectivity tests conducted in presence of DNT analogs demonstrated the 

specific recognition of DNT. We investigated the sensor performance in various aqueous 

matrixes to understand the effect of water chemistry on C-MIPs fluorescence quenching 

and affinity. The results suggest that with the increase of ionic strength from 1 mM to 

100 mM, the quenching amount of MIPs decreased about 19% and 30% with NaCl and 

CaCl2 respectively. In the range of pH from 4 to 9, quenching effect is slightly higher at 

basic environment for both MIPs and NIPs resulting from swelling properties of the films. 

In both lake water and tap water, DNT concentrations read by the sensors were very close 

to the HPLC measured DNT concentrations with the range from 76% to 104.9 %. 

Molecularly imprinted polymers (MIPs) sensors for detection of 2-butoxyethanol (2BE), 
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which presence in water is associated with hydraulic fracturing contamination, were 

developed based on the combination of a colloidal crystal templating method and a 

molecular imprinting technique. MIPs exhibited higher adsorption than NIPs due to the 

specific adsorption provided by molecular imprinting with imprinting efficiencies around 

2. The reflection spectra of the sensors showed Bragg’s peaks, which responded to the 

presence of 2BE. The reflectance changes showed increasing red shifts up to 50 nm with 

2BE concentrations in the range of 1 ppb to 100 ppm, which allows quantitative estimates 

of present 2BE concentration in aqueous solutions.  

In summary, MIP based sensors were applied to detect DNT/2BE based on 

fluorescence/reflectance properties. They are able to quantitatively analyze the 

concentration of target contaminants and have the potential to use in real water and early 

detection to certain process by fingerprinting. 

We will investigate the effect of analogues and potential interference from natural 

organic matter or dissolved substances in natural waters for photonic MIP sensors. 

Selectivity studies of MIPs will be carried out in a similar way that the recognition 

studies for each target molecule, but in this essay MIPs will be incubated in the presence 

of the target and an appropriate analogue, i.e. a molecule structurally similar to the target 

that may be present in the water matrix, in equal molar concentration. Furthermore, 

interference studies will be conducted in similar fashion, by incubation of the MIPs with 

the target in a modified solvent that would mimic natural water conditions. Suwannee 

River humic acid (SRHA) will be used as a model for dissolved organic matter; NaCl and 

CaCl2 will be added to provide a background ionic strength, representing waters with a 

range of total dissolved solids and hardness levels. All selectivity studies will be carried 
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out in duplicate. Two water chemistries will be considered: groundwater and surface 

water. The former is characterized by higher dissolved solids concentration and above 

neutral pH, while the latter is generally associated with presence of dissolve organic 

matter and lower pH values. 

The long-term goal is to develop a sensing device composed of an array of MIPs 

individually designed to capture the group of contaminants identified in hydraulic 

fracking process, that could be deployed at potentially impacted or at risk sites to monitor 

surface and /or groundwater contamination by hydraulic fracturing activity. Each film 

within the sensor should produce a measurable detection signal proportional to the 

concentration of the pollutant in the water and should store or transmit the information to 

a centralized location for effectively water quality monitoring of over large areas. Optical 

methods, including fluorescence by addition of photoluminescent nanoparticles to the 

porous films, are preferred, but other approaches like piezometric (Dickert et al. 2004) or 

photonic sensors are possible (Griffete et al. 2011b).  
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