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Lay Abstract 

 

This thesis aims to investigate the scopes of continuous online monitoring of 

disinfectants using chemiresistive sensors. The study focuses on the methods to 

enhance selectivity and sensitivity of chemiresistive sensors to detect disinfectants 

such as free chlorine, chloramines (monochloramine and dichloramine), and 

permanganate in water. We have developed chemiresistive sensors with increased 

specificity by modifying the carbon-based substrates. To enhance selectivity of the 

sensors, the substrate was modified with redox-active molecules using simple 

methods. The substrates were also modified by changing the deposition strategy to 

detect wider concentration range of disinfectants. This thesis explores detection of 

disinfectants over wide range of concentrations; simultaneous detection of 

disinfectants in the presence of more than one disinfectant; and continuous detection 

of disinfectants that are pH dependent. 

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis ─ M. A. Akbar; McMaster University - Chemistry 

v 
 

Abstract 

To ensure safe and reliable water quality, continuous monitoring of a wide range of water 

parameters is required. Disinfectants are added to kill the pathogens in water and a 

sufficient level of disinfectant in water prevents pathogen regrowth. Therefore, 

monitoring the disinfectant is crucial to prevent waterborne disease. Conventional 

monitoring techniques rely on colorimetric kits and bulky electrochemical analyzers. 

These techniques rely either on additional reagents or frequent maintenance. This thesis 

attempts to solve these issues by incorporating chemiresistive sensor platforms to 

monitoring of disinfectants. First, the single-walled carbon nanotube (SWCNT) networks 

were optimized to sense broader range of disinfectants (potassium permanganate) in 

water. High sensitivity and broader dynamic range of detection were achieved by 

controlling the density of the SWCNT networks. We have demonstrated that sparce 

networks (∼25 kΩ) are sensitive to trace concentrations (0.01–0.1 mg/L). Medium 

density networks (∼15 kΩ) provided stable responses in the intermediate range (0.2–1.6 

mg/L) and highly dense networks (∼5 kΩ) were most effective at higher concentrations 

(1–8 mg/L). Functionalization of the sensors with redox-active molecules further 

improved the sensitivity and durability. Then, we tackle multivariate sensing of free 

chlorine at different pHs by utilizing an array of functionalized chemiresistors. We 

introduced an electrical reset to continuously measure free chlorine in simulated tap water 

background. Then, we demonstrated the classification and quantification free chlorine and 

potassium permanganate at different pHs using an array of chemiresistors. Finally, we 

have demonstrated that this carbon-based chemiresistive array can be extended to 
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graphene-based chemiresistors and to other disinfectants. Differentiation and 

quantification of monochloramine and free chlorine were demonstrated using few-layer 

graphene-based functionalized chemiresistors. This thesis advances monitoring of a 

critical, complex drinking-water parameter and opens an avenue toward multianalyte 

detection that will ensure safe drinking water. 
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concentrations. The dotted line is the Langmuir adsorption 

isotherm fit. The model parameters for the sensor are A = 
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114 

Figure 4.15 Characterization of the functionalized sensor (15 KΩ) in a medium 

concentration range (0.2 mg/L to 1.6 mg/L) of permanganate 

solution. Calibration graph of three devices as percent change (% 

change) sensor response plotted against concentration of 

permanganate (mg/L). The dots represent average values and error 

bars represent the standard deviation of the responses to 

corresponding concentrations. The dotted line is the Langmuir 

adsorption isotherm fit. The model parameters for the sensor are A 

= 105.45±5.26% and B = 7.81±1.89 mg-1L for an R2 value of 0.99. 

115 

Figure 4.16 Characterization of the functionalized sensor (5 KΩ) in a high 

concentration range (1 mg/L to 8 mg/L) of permanganate solution. 

Calibration graph of three devices as percent change (% change) 

sensor response plotted against concentration of permanganate 
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concentrations. The dotted line is the Langmuir adsorption 

isotherm fit. The model parameters for the sensor are A = 
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Figure 4.19 Characterization of an aqueous 0.001 mg/L MnO4
-  solution using a 

xviihemiresistors and UV-vis spectrophotometer. a) Sensor 
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mg/L of MnO4
- in water. No absorbance was recorded in the range 

of 200 – 1100 nm wavelengths. 

Chapter 5 Continuous monitoring of free chlorine level and pH using an array of 

carbon nanotube chemiresistors 

Figure 5.1 Fabrication of a chemiresistive device. (a) Glass slide was cleaned 

with DI water and methanol. (b) Fast-drying silver paste was 

applied onto the mask using a brush. Two layers of silver paste were 

applied for appropriate thickness and then dried at 110 °C for 10 

minutes to remove the solvent. (c) Copper tape was placed on top 

of the silver contacts. (d) SWCNT was airbrushed on the frosted 

side at 100 °C. © Parafilm is applied on top of the contacts as a 

dielectric at 70 °C. 
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Figure 5.2 Sensor (blank) response when exposed to FC water with a 

background of NaCl and NaHCO3 and at a pH of 8. (a) A blank 

sensor with the optimized exposed width (0.9 cm) was subjected to 

a range of FC concentrations (0.53-4.0 mg/L). The Langmuir 

isotherm fitting parameters are, a = 87.13±2.96% and b = 

0.51±0.04 mg-1L. The error bars in the data points represent the 

standard deviation of the 30 data points of the last two minutes of 

the measurement. (b) Comparison of sensor responses for the blank 

sensors with different exposed widths for the FC concentration of 

3.5 mg/L. Sensor responses are shown for 1.5 cm long sensors with 

exposed widths of 0.3 cm, 0.5 cm, 0.7 cm, and 0.9 cm. The error 

bars in the bars represent the standard deviation of the 30 data 

points of the last two minutes of 3.5 mg/L addition. The response 

for the 0.9 cm sensor was derived from the fit shown in panel (a), 

therefore no error bars in the bar for 0.9 cm. 
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Figure 5.3 Molecules for the functionalization of SWCNT surface. (a) Cobalt 

phthalocyanine (CoPc) and (b) anthraquinone (AQ). 
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Figure 5.4 (a) Sensor responses of CoPc as current (nA) plotted against time. 

FC was added at a 30 min interval (Black arrows represent the 

points of chlorine addition) in water with a background of NaCl and 

NaHCO3. (b) Langmuir fitted curves for corresponding pH for 

increasing FC concentrations of the CoPc sensor. The Langmuir 

adsorption isotherm model fitting parameters are: for pH 6.5, a = 

209.8±5.6% and b = 5.84±0.56 mg-1L; for pH 7.5, a = 204.8±7.5% 

and b = 5.11±0.63 mg-1L; for pH 8.5, a = 182.3±5.6% and b 

=1.55±0.44 mg-1L; and for pH 9.5, a = 101.3±2.7% and b = 

2.98±0.24 mg-1L. (c) PCA score plot showing the regions of FC 

responses of CoPc, AQ, and blank sensors at different pH. Each pH 

region is circled and labeled. 
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Figure 5.5 Electrical reset of the CoPc sensor in water with a background of 

NaCl (1.71 mmol) and NaHCO3 (0.59 mmol). The sensor response 

is presented as current change against time. Each of the sharp 
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current changes represents the reset pulse. The concentrations 

labeled above the curve represent the actual FC concentration 

measured by the commercial DPD reagent. 

Figure 5.6 Continuous measurement of FC in simulated tap water (0.04 mmol 

KH2PO4, 0.6 mmol CaCl2, 0.3 mmol MgSO4, and 1 mmol 

NaHCO3) using the electrical reset. Raw sensor response of CoPc 

when exposed to varying concentrations of FC. The arrows 

represent the FC concentration change, and the concentration for 

each spike is labeled on top. After every concentration change an 

electrical reset was applied. 
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Figure 5.7 Calibration graphs of the CoPc (a) and AQ (b) sensors in simulated 

tap water from the responses in continuous measurement. Actual 

sensor responses (dots) are fitted with Langmuir adsorption 

isotherms. The fitted lines are presented as solid lines for the 

upward cycle and dashed line for the downward cycle.  
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Figure 5.8 Regression graph for the continuous simulated tap water 

measurements by the CoPc and AQ sensors from the second and 

third cycles. PLS model showing the predicted concentration from 

the model and actual concentration measured by the DPD 

colorimetric method. The dashed line represents the ideal 

comparison line. The R2 value for the model is 0.999 and 

RMSELOOCV is 0.0231. 
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Figure 5.9 Photographic images of experimental setup. 135 

Figure 5.10 Scanning electron microscope (SEM) image of SWCNT film 

airbrushed on a silicon/silicon dioxide substrate. 
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Figure 5.11 Schematic of the dimensions of the sensor components. The left 

schematic shows the sensor components before masking with 

parafilm. The right schematic shows the exposed area after 

attaching the parafilm. 
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Figure 5.12 Calibration graphs of three blank sensors with different widths 

(distance between the contacts of the open area) in water with a 

background of NaCl and NaHCO3 and at a pH of 8. A) is for 0.3 

cm, b) is for 0.5 cm, and c) is for 0.7 cm wide openings. The sensor 

responses are shown as percent changes, and they are plotted 

against the free chlorine (FC) concentration. The percent changes 

for each concentration of the molecules are fitted with Langmuir 

adsorption isotherms. The dots are the actual data points, and the 

dashed lines are the Langmuir fits. The fitting parameters for 0.3 

cm are a = 30.84±1.11% and b = 0.42±0.03 mg-1L for an R2 value 

of 0.99; for 0.5 cm are a = 44.87±1.97% and b = 0.49±0.05 mg-1L 

for an R2 value of 0.99; and for 0.7 cm are a = 84.41±2.11% and b 

= 0.37±0.02 mg-1L for an R2 value of 0.99. 
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Figure 5.13 Functionalization of SWCNTs with CoPc in DMF. Sensor 

responses for different steps of the functionalization process were 

plotted against time. 
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Figure 5.14 Functionalization of SWCNTs with AQ in ACN. Sensor responses 

for different steps of the functionalization process were plotted 

against time. 
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Figure 5.15 a) Raman spectra of the unfunctionalized SWCNT (blank) and 

functionalized SWCNT (CoPc and AQ) and their spectra after 

exposing to 4 mg/L of FC. Four distinct regions of SWCNT, radial 

breathing mode (RBM), D peak, G band and 2D peaks are 

highlighted colored boxes. 2D peak shifts are labeled with red 

color. In all three samples, the 2D peak showed upward shifts. The 

functionalized samples (CoPc and AQ) showed downward shifts 

relative to the blank sample. b) 2D peaks of the Raman spectra 

shown within the range of 2200 cm-1 to 3000 cm-1. 
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Figure 5.16 Sensor response of CoPc sensor as percent changes is plotted 

against concentration of FC. The four curves represent the CoPc 

concentrations (1%, 3%, 10%, and 30%) prepared in DMF from a 

saturated CoPc solution. The dots are the actual data point, and the 

lines represent Langmuir adsorption isotherm fits. The data points 

for CoPc concentration are fitted with Langmuir adsorption 

isotherms.  The fitting parameters for 0% are a = 49.34±1.36% and 

b = 11.76±1.66 mg-1L for an R2 value of 0.99; 1% are a = 

84.94±6.08% and b = 18.86±7.58 mg-1L for an R2 value of 0.96; 

for 3% are a = 39.79±8.48% and b = 30.55±40.58 mg-1L for an R2 

value of 0.68; for 10% are a = 85.06±1.81% and b = 16.49±1.90 

mg-1L for an R2 value of 0.0.99; and for 30% are a = 57.94±2.14% 

and b = 18.16±3.74 mg-1L for an R2 value of 0.99. 
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Figure 5.17 Sensor response of AQ sensor as percent changes is plotted against 

concentration of FC. The four curves represent the AQ 

concentrations (1%, 3%, 10%, and 30%) prepared in ACN from a 

saturated AQ solution. The dots are the actual data point, and the 

lines represent Langmuir adsorption isotherm fits. The data points 

for AQ concentration are fitted with Langmuir adsorption 

isotherms.  The fitting parameters for 0% are a = 49.34±1.36% and 

b = 11.76±1.66 mg-1L for an R2 value of 0.99; 1% are a = 

25.24±1.53% and b = 21.90±8.09 mg-1L for an R2 value of 0.96; 

for 3% are a = 44.35±2.58% and b = 6.47±1.44 mg-1L for an R2 

value of 0.98; for 10% are a = 67.255±3.89% and b = 13.39±3.83 

mg-1L for an R2 value of 0.97; and for 30% are a = 34.26±2.33% 

and b = 35.36±18.95 mg-1L for an R2 value of 0.95. 
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Figure 5.18 AQ sensor responses. (a) Raw sensor response of AQ sensor 

measured at pH 9.5 to 5.5. Current change is plotted against time. 

(b) Percent change of sensor response is plotted against different 
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pHs. Percent change is calculated by setting the pH 9.5 response as 

baseline. (c) AQ sensor response as percent change plotted for 

different concentrations of FC. The dots are the actual data point, 

and the dashed line represents a Langmuir adsorption isotherm fit. 

The Langmuir adsorption isotherm model fitting parameters are a 

= 86.37±1.30% and b = 12.06±0.87 mg-1L for an R2 value of 0.99. 

Figure 5.19 Calibration graphs of the blank sensor responses to a range of FC 

at 4 pH’s (6.5, 7.5, 8.5, and 9.5). The data points are actual sensor 

responses as percent change and the lines represent the fitted 

Langmuir adsorption isotherms. The fitting parameters for the 

model: for pH 6.5, a = 144.23±1.20% and b = 5.64±0.17 mg-1L; for 

pH 7.5, a = 124.34±2.96% and b = 6.16±0.52 mg-1L; for pH 8.5, a 

= 97.39±4.0% and b = 2.25±0.25 mg-1L; and for pH 9.5, a = 

52.66±2.07% and b = 0.72±0.05. mg-1L. All four fitted curves had 

R2 value of 0.99. 
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Figure 5.20 Calibration graphs of the AQ sensor responses to a range of FC at 

4 pH’s (6.5, 7.5, 8.5, and 9.5). The data points are actual sensor 

responses as percent change and the lines represent the fitted lines 

with Langmuir adsorption isotherms. The fitting parameters for the 

model: for pH 6.5, a = 80.82±0.77% and b = 12.0± 0.49 mg-1L; for 

pH 7.5, a = 82.57±1.43% and b = 11.43±0.83 mg-1L; for pH 8.5, a 

= 72.17±3.73% and b = 5.10±0.96 mg-1L; and for pH 9.5, a = 

51.72±0.61% and b = 1.93±0.06 mg-1L. All four fitted curves had 

R2 value of 0.99. 
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Figure 5.21 Calibration graphs of the CoPc sensor responses to a range of FC 

at 4 pH’s (6.5, 7.5, 8.5, and 9.5). The data points are actual sensor 

responses as percent change and the lines represent the fitted lines 

with Langmuir adsorption isotherms. The fitting parameters for the 

model: for pH 6.5, a = 146.32±4.54% and b = 13.38±1.82 mg-1L; 

for pH 7.5, a = 132.42±2.1% and b = 11.15±0.74 mg-1L; for pH 8.5, 

a = 110.22±6.7% and b = 4.79±1.03 mg-1L; and for pH 9.5, a = 

66.75±2.1% and b = 2.24±0.20 mg-1L. All four fitted curves had R2 

value of 0.99. 
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Figure 5.22 Normalization of the FC calibration dataset (shown in figure S9-

S11) for the sensor array (blank, AQ, and CoPc). Autoscaling and 

log transformation methods were implemented to the three sensors 

array to achieve a uniform distribution of the dataset. 
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Figure 5.23 PCA score plot showing the different regions of pH tested. Only 

the CoPc and AQ sensors were used here to generate the scores. 
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Figure 5.24 LDA canonical score plot for the first two variables generated from 

the array analysis. Raw sensor data of the three sensors (blank, AQ, 

and CoPc) were used to conduct the analysis. Each of the encircled 

regions represents a pH (labeled below) and the datapoints 
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represent the observations. Each of the observations in a pH region 

represents a FC concentration. 

Figure 5.25 Electrical reset of the blank sensor in water. The sensor response is 

presented as current change against time. Each of the sharp current 

changes represents the reset pulse. The concentrations labeled 

above or below the curve represent the actual FC concentration 

measured by the commercial DPD reagent. 
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Figure 5.26 Continuous measurement of FC. Raw sensor response of AQ when 

exposed to varying concentrations of FC. The arrows represent the 

FC concentration change, and the concentration for each spike is 

labeled on top. 
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Figure 5.27 Continuous measurement of FC. Raw sensor response of blank 

when exposed to varying concentrations of FC. The arrows 

represent the FC concentration change, and the concentration for 

each spike is labeled on top. 
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Figure 5.28 Calibration graphs of the blank sensors in simulated tap water from 

the responses in continuous measurement. Actual sensor responses 

(dots) are fitted with Langmuir adsorption isotherms. The fitted 

lines are presented as solid lines for the upward cycle and dashed 

line for the downward cycle. 
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Figure 5.29 Sensor response of different blank sensor devices as percent 

changes is plotted against concentration of FC in NaCl and 

NaHCO3 background. The dots are the actual data point, and the 

lines represent Langmuir adsorption isotherm fits. The data points 

for FC concentration are fitted with Langmuir adsorption 

isotherms. The parameters are reported and analyzed in Table S3.a) 

Three runs of sensor responses plotted against concentration of FC. 

B) Two runs of sensor responses plotted against concentration of 

FC. C) Two runs of sensor responses plotted against concentration 

of FC.  
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Figure 5.30 Regression graph for the simulated tap water measurements. Here 

all three cycles (1st, 2nd, and 3rd) of the CoPc and AQ sensors have 

been included. PLS model showing the predicted concentration 

from the model and actual concentration measured by the DPD 

colorimetric method. The dashed line represents the ideal 

comparison line. The R2 value for the model is 0.988 and 

RMSELOOCV is 0.0822. The deviation from the linearity is due to 

variation in the measurement of the FC in the 1st cycle compared to 

the 2nd and 3rd cycles. 
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Figure 5.31 Blank, AQ, and CoPc sensor responses to various conductivity of 

aqueous solutions. The baseline responses of the sensors were 

measured in the simulated tap water (0.04 mmol KH2PO4, 0.6 

mmol CaCl2, 0.3 mmol MgSO4, and 1 mmol NaHCO3) 

background. NaCl was then added to achieve conductivities of 0.58 
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mS/cm and 0.95 mS/cm. 0.47 mg/L of FC was added when the 

conductivity of water was 0.95 mS/cm and in the next step NaCl 

was added to change the conductivity to 3.69 mS/cm in the 

presence of FC. The percent changes reported here were calculated 

by comparing the baseline response measured in the simulated tap 

water. 

Figure 5.32 Dynamic range of the sensors fabricated with optimized design. a) 

Raw sensor response of the sensors when exposed to a range of FC 

concentrations (0.015 – 10 mg/L) in simulated tap water (0.04 

mmol KH2PO4, 0.6 mmol CaCl2, 0.3 mmol MgSO4, and 1 mmol 

NaHCO3). B) Fitted curves for the corresponding responses. Here 

Langmuir adsorption isotherms are used to fit the data points. Lines 

represent the actual fits. The fitting parameters for Blank are a = 

56.77±2.31% and b = 11.46±2.71 mg-1L for an R2 value of 0.97; 

for CoPc are a = 52.66±2.06% and b = 29.86±7.68 mg-1L for an R2 

value of 0.96; and for AQ are a = 62.38±1.93% and b = 8.11±1.35 

mg-1L for an R2 value of 0.98. These parameters and 3× standard 

deviations of the baseline were used to calculate the limit of 

detection (LOD) for the sensors. c) Linearized Langmuir 

adsorption isotherm of the model shown in Fig. S20b. The fitting 

parameters for AQ are a = 0.01706 and b = 0.0014 for an R2 value 

of 0.99; for blank are a = 0.0154 and b = 0.0018 for an R2 value of 

0.94; and for CoPc are a = 0.0184 and b = 0.0007 for an R2 value 

of 0.95. 
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Chapter 6 Identification and Quantification of Aqueous Disinfectants 

Using an Array of Carbon Nanotube-Based Chemiresistors 

 

Figure 6.1 Schematic for the fabrication of the chemiresistive sensor. A) 

Frosted glass slide is cleaned with methanol and dried. B) Two 

thick pencil patches are drawn with a 9B pencil. C) SWCNT 

suspension is airbrushed between the pencil patches at 100℃. D) 

Copper tape is attached lengthwise along the glass slide 

overlapping the pencil patch. E) Copper tape is masked with PDMS 

and cured at 60℃ for an hour. F) Photograph of a sensor device. 
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Figure 6.2 (a) Schematic of sensor geometry, the inset shows an SEM image 

of the carbon nanotube film. (b) Recorded sensor response as 

current (nA) over time for the different steps of the measurement. 

Solvent and molecule solution induces n-doping on the surface 

while the oxidant (free chlorine) results in p-doping behavior. 

When exposed to ascorbic acid, the sensor showed a reset in the 

response due to analytes getting reduced by ascorbic acid. 
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Figure 6.3 Raw sensor responses as current (nA) of Blank (left column) and 

DPB (right column) sensors. a and b show the responses for the two 

analytes in 5 concentrations over the 4 pHs (resulting in 2*4*5 = 

40 data points for each sensor) plotted against the ORP (mV) of the 
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solution. Similar sensor responses for the other four molecules 

(PCAT, APCAT, LCV and DPPD) are provided in the 

supplemental information (Fig. S37). C and d show the sensor 

responses against the free chlorine (as HOCl) concentration at 4 

pHs. E and f show the sensor responses against the free chlorine (as 

Ocl-) concentration at 4 pHs. HOCl and OCl- concentrations were 

calculated from the free chlorine concentration. 

Figure 6.4 (a) Structures of the redox active molecules used for the array. 

Phenyl Capped Aniline Tetramer (PCAT), Anthracene substituted 

Phenyl Capped Aniline Tetramer (APCAT), N, N’ -

Diphenylbenzidine (DPB), 4,4′,4′′-Methylidynetris (N, N-

dimethylaniline) (LCV), N, N-Diphenyl-p-phenylenediamine 

(DPPD). (b) Reversible oxidation and reduction process steps of 

DPB. (c) Cyclic voltammetry of DPB. (d) Differential pulse 

voltammetry of DPB (oxidation scan). 
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Figure 6.5 Calibration graphs of chlorine (left column) and permanganate 

(right column) responses from the sensors at pH 6.5, 7.5, 8.5, and 

9.5. The error bars are given based on repeat runs for the same 

sensors. The dotted lines are the Langmuir isotherm fit and the data 

points are the average of the two runs. 
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Figure 6.6 (a) Principal component analysis (PCA) of the sensor responses for 

1ppm of analytes (free chlorine and permanganate) in 5 pHs (5.5, 

6.5, 7.5, 8.5, 9.5) of the chemiresistive sensor array. The dotted 

regions represent free chlorine and permanganate and inside, the 

colored regions represent the pH regions for the corresponding 

analyte. The colored regions represent 95% confidence level. (b) 

VIP plot from the PLS-DA model showing the contributions of the 

variable in differentiating the analytes. 
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Figure 6.7 Synthesis of the phenyl-capped aniline tetramer in its 

leucoemeraldine state. 

185 

Figure 6.8 Mass spectrum of PCAT leucoemeraldine base 187 

Figure 6.9 1H NMR spectrum of PCAT leucoemeraldine base. 187 

Figure 6.10 Zoom-in of 1H NMR spectrum of PCAT leucoemeraldine base. 188 

Figure 6.11 UV-Vis spectrum of leucoemeraldine base of PCAT in acetonitrile. 188 

Figure 6.12 Synthesis of anthracene substituted phenyl capped aniline tetramer. 189 

Figure 6.13 Mass spectrum of synthesized APCAT. 190 

Figure 6.14 1H NMR spectrum of synthesized APACT. 191 

Figure 6.15 UV spectra of PCAT and APCAT emeraldine bases. 192 

Figure 6.16 1H NMR spectrum of DPPD. (600 MHz, DMSO) δ: 7.89(2Ha,s), 

7.21(4Hc,t), 7.02(4Hd,d), 6.97(4He,d), 6.71(2Hb,t)ppm. 

193 

Figure 6.17 UV-Vis spectrum of DPPD in acetonitrile. 193 

Figure 6.18 1H NMR spectrum of DPB (600 MHz, DMSO) δ: 8.22(2Ha,s), 

7.50(4Hf,d), 7.24(4Hc,t), 7.13 (4He,d), 6.10(4Hd,d), 6.82(2Hb,t) 

ppm. 
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Figure 6.19 UV-Vis spectrum of DPB in acetonitrile. 194 

Figure 6.20 1H NMR spectrum of Crystal Violet (600 MHz, DMSO) δ: 

6.88(6Hd,d), 6.64(6Hc,d), 5.17(1Ha,s), 2.83(18Hb,s)ppm. 

195 

Figure 6.21 UV-Vis spectrum of crystal violet in acetonitrile. 195 

Figure 6.22 Cyclic voltammogram of PCAT in acetonitrile. 196 

Figure 6.23 PCAT redox process mechanism. 197 

Figure 6.24 Differential pulse voltammogram oxidation scan of PCAT in 

acetonitrile. 

197 

Figure 6.25 Differential pulse voltammogram reduction scan of PCAT in 

acetonitrile 

198 

Figure 6.26 Cyclic voltammogram of DPPD in acetonitrile. 199 

Figure 6.27 DPPD redox process mechanism. 199 

Figure 6.28 Differential pulse voltammogram oxidation scan of DPPD in 

acetonitrile. 

200 

Figure 6.29 Differential pulse voltammogram reduction scan of DPPD in 

acetonitrile. 

200 

Figure 6.30 Cyclic voltammogram of DPB in acetonitrile. 201 

Figure 6.30 DPB redox process mechanism. 202 

Figure 6.31 Differential pulse voltammogram oxidation scan of DPB in 

acetonitrile. 

202 

Figure 6.32 Differential pulse voltammogram reduction scan of DPB in 

acetonitrile. 
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Figure 6.33 Cyclic voltammetry of APCAT in acetonitrile. 204 

Figure 6.34 Differential pulse voltammogram oxidation scan of APCAT in 

acetonitrile. 
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Figure 6.35 Differential pulse voltammogram reduction scan of APCAT in 

acetonitrile. 

205 

Figure 6.36 APCAT redox process mechanism. 206 

Figure 6.37 Cyclic voltammogram of crystal violet in acetonitrile. 207 

Figure 6.38 Differential pulse voltammogram oxidation scan of crystal violet in 

acetonitrile.  
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Figure 6.39 Differential pulse voltammogram oxidation scan of crystal violet in 

acetonitrile.  

208 

Figure 6.40 Crystal violet redox process mechanism. 208 

Figure 6.41 Experimental setup of the experiment (top) and functionalization of 

the sensors with redox-active molecules (bottom). The molecule 

solutions exhibit the following coloration: PCAT appears as a deep 

blue, APCAT appears as red, LCV is a pale blue, DPPD is a deep 

black, and DPB is white. 
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Figure 6.42 Raw sensor responses as current (nA) of PCAT (a), APCAT (b), 

LCV (c), and DPPD (d) sensors. Each figure shows the responses 

for the two analytes in 5 concentrations over the 4 pHs (resulting in 

2*4*5 = 40 data points for each sensor) plotted against the ORP 

(mV) of the solution. 
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Figure 6.43 Raman spectra of the Blank and redox-active molecules doped 

SWCNT sensors. D, G, and 2D peaks are highlighted on the figure. 

212 

Figure 6.44 Sensor response from plotted for a range of concentration of free 

chlorine. Langmuir adsorption isotherm, Freundlich adsorption 

isotherm, and exponential decay have been fitted to the actual 

responses (black dots). Here APCAT sensor responses for pH 6.5 

was used. 
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Figure 6.45 Current measurement for different buffer concentration. 195 

Figure 6.46 Comparison of sensing response as percent change for pH and 

buffer concentration. 

206 

Figure 6.47 Normalization of the array data. Left column shows the distribution 

before the normalization and right column shows the distribution 

after the normalization. 
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Figure 6.48 Loadings for the first two components are plotted. Six sensors are 

labeled on the graph. PCAT, APCAT and Blank show the most 

correlation while LCV shows little variation. DPPD and DPB 

show that these two variables are not correlated as one of them 

has positive loadings for the second component and the other has 

negative loadings. 
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Figure 6.49 PLS-DA score plot for the responses of 6 sensors. Here first two 

components are shown for the score plots. The two analytes (free 

chlorine and MnO4
-) are well separated. 
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Figure 6.51 Performance parameters for the PLS-DA model. Here three 

components are shown. 

 

210 

Figure 6.52 PCA (left) and PLS-DA (right) score plots generated from the 

responses of the three sensors (blank, DPB, DPPD). 
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Chapter 7 Continuous Monitoring of Monochloramine in Water, and Its 

Distinction from Free Chlorine and Dichloramine Using a 

Functionalized Graphene-Based Array of Chemiresistors 

Figure 7.1 Schematic of FLG chemiresistive sensor fabrication steps. (a) clean 

glass slide, (b) drawing the pencil contacts using 9B pencil, (c) 

airbrushing the FLG solution in between the pencil contacts, (d) 

placing Cu tape on the pencil contacts, © deposition of PDMS on 

the Cu tape, (f) fully fabricated sensor. 
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Figure 7.2 Structures of the molecules used for the functionalization of FLG 

chemiresistive sensors. 2, 3-diaminophenazine (DAP), 1 amino 

pyrene (Apy), N, N’ – diphenyl benzidine (DPB) and 9,10- 

phenanthrenequinone (PQ). 
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Figure 7.3 Characterization of exfoliated FLG. (a) Raman spectra of the 

airbrushed FLG film on glass slide collected using a 532 nm laser, 

(b) SEM image of FLG film. 
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Figure 7.4 (a) Doping characteristics of SAM of DAP on the FLG film. 

Current responses of sensor in solvent and molecule solution. (b) 

Sensor response to monochloramine. Actual concentrations of the 

MCA measured by DPD method are labeled with the arrow; the 

arrow represents the time for the MCA spiking. 
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Figure 7.5 Calibration graphs for the sensors. The percent change of each 

spiking of analytes were plotted against the actual concentration of 

the solution. The colored dots represent the actual data points, and 

the corresponding lines represent the fits of the mathematical 

models. Three graphs represent monochloramine (a), free chlorine 

(b), and dichloramine (c). 
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Figure 7.6 Chemometric analysis of the calibration data set. (a) PCA score plot 

showing the responses of the array for varied concentration of 

MCA (green region) and FC (red region). The colored ellipses 

represent 95% confidence level. (b) VIP plot showing the scores 

for the contribution of the sensors in separating the analytes. (c) 

PCA score plot for the calibration dataset and mixture of analytes 

generated from the three important variables selected from the VIP 

plot. Red and green ellipses represent the FC and MCA regions, 

respectively. Dotted circles represent the data points taken for 

different Cl2: N ratios. 
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Figure 7.7 Regression graph from PLS model showing the predicted 

concentration from the model and actual concentration measured 

by the DPD method. The solid red dots represent the training data 

set from the known spiking of MCA in tap water. The open circles 

represent the testing data set for three unknown tap water samples. 

The dashed line represents the ideal comparison line. 
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Figure 7.8 Photographs of actual chemiresistive devices. 225 

Figure 7.9 Experimental setup for the sensor characterization. 225 

Figure 7.10 Raman spectra of the unfunctionalized (blank) and functionalized 

(DAP, PQ, DPB, and Apy) FLG sample on membrane filter. The 

spectra were collected using a 532 nm laser. The position of the 2D 

peak is labeled on the figure. 

228 

Figure 7.11 1-Aminopyrene (Apy) functionalization optimization curves. The 

sensor responses are shown as percent changes (data points) and 

they are plotted against the monochloramine (MCA) concentration. 

The data points for each concentration of the molecules are fitted 

with Langmuir absorption isotherm model.  The fitting parameters 

for 5% are a = 10.34±1.11% and b = 2.84±0.99 mg-1L for an R2 

value of 0.97; for 10% are a = 9.58±1.04% and b = 1.94±0.58 mg-
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1.68±0.20 mg-1L for an R2 value of 0.99; and for 40% are a = 

10.69±2.12% and b = 1.95±1.07 mg-1L for an R2 value of 0.94. 
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Figure 7.12 2,3-Diaminophenazine (DAP) functionalization optimization 

curves. The sensor responses are shown as percent changes (data 

points) and they are plotted against the monochloramine (MCA) 

concentration. The data points (sensor responses) for each 

concentration are fitted with Langmuir absorption isotherm model. 

The fitting parameters for 5% are a = 12.12±2.19% and b = 

1.71±0.81 mg-1L for an R2 value of 0.95; for 10% are a = 

13.61±0.59% and b = 2.16±0.27 mg-1L for an R2 value of 0.99; for 

20% are a = 6.49±0.33% and b = 9.08±2.82 mg-1L for an R2 value 

of 0.99; and for 40% are a = 6.77±0.90% and b = 2.46±1.00 mg-1L 

for an R2 value of 0.96. 
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curves. The sensor responses are shown as percent changes (data 

points) and they are plotted against the monochloramine (MCA) 

concentration. The data points (sensor responses) for each 

concentrations of the molecule is fitted with Langmuir absorption 

isotherm model. The fitting parameters for 5% are a = 8.09±1.57% 

and b = 1.59±0.79 mg-1L for an R2 value of 0.95; for 10% are a = 

5.80±0.10% and b = 3.41±0.21 mg-1L for an R2 value of 0.99; for 

20% are a = 10.21±0.74% and b = 1.24±0.21 mg-1L for an R2 value 

of 0.99; and for 40% are a = 8.12±1.13% and b = 1.74±0.64 mg-1L 

for an R2 value of 0.97. 
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Figure 7.14 9,10-Phenanthrenequinone (PQ) functionalization optimization 

curves. The sensor responses are shown as percent changes (data 

points) and they are plotted against the monochloramine (MCA) 

concentration. The data points (sensor responses) for each 

concentration of the molecule is fitted with Langmuir absorption 

isotherm model. The fitting parameters for 5% are a = 4.55±0.38% 

and b = 16.07±12.51 mg-1L for an R2 value of 0.97; for 10% are a 

= 9.43±0.26% and b = 1.88±0.14 mg-1L for an R2 value of 0.99; for 

20% are a = 6.48±0.46% and b = 2.25±0.47 mg-1L for an R2 value 

of 0.99; and for 40% are a = 8.28±1.67% and b = 1.75±0.94 mg-1L 

for an R2 value of 0.93. 
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Figure 7.15 Linearized fit of the MCA responses from DAP sensor. 1/(% sensor 
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to the five sensors array to achieve a uniform distribution of the 

dataset. 

Figure 7.19 Scree plot showing the variance explained by the principal 

components (PC) generated from the PCA analysis for the MCA 
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first two components generated from the calibration dataset of 

MCA and FC. 
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Figure 7.22 Evaluation of the sensors for the separation of analytes. MCA is 
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represent the 95% confidence level. (a) PLS-DA score plot of the 

classification dataset. (b) The PCA score plot is generated from all 
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method) to be 0.94 mg/L. 
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of interferents added : CaCl2 (0.6 mmol), MgSO4 (0.3 mmol), 
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(DPD method) to be 0.94 mg/L. 
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Chapter 1     Introduction 

1.1 Motivation 

Even though 71% of the planet’s surface is covered by water, 2.1 billion people lack access 

to safely managed drinking water.1 In addition to environmental regulations passed 

worldwide to protect water resources, a significant effort has been dedicated to advancing 

purification technologies for both centralized treatment plants and resource-limited 

settings. Safe and reliable water quality requires continuous monitoring of a wide range of 

parameters, yet, historically, the focus of sensor development has been uneven. Most of the 

attention has been directed towards biosensors and heavy metal sensors (i.e., lead, arsenic, 

mercury). Though these parameters are undeniably important, other equally critical 

analytes such as disinfectants are often overlooked. Disinfectants are essential for 

inactivating pathogen and suppressing the microbial regrowth. Safe drinking water depends 

on keeping disinfectant levels in a narrow window.2,3 The concentration needs to be high 

enough to suppress pathogen regrowth throughout the distribution network, but low enough 

to avoid taste, odor, and comply with  regulatory limits In real systems, disinfectant 

residuals are dynamic: temperature swings, biofilm activity, pipe materials, and duration of 

water staying in the distribution channel continually shift disinfectant demand. Continuous 

monitoring of disinfectant is therefore an operational necessity. 

Standard measurements such as N,N-diethyl-p-phenylenediamine (DPD) colorimetry4 and 

amperometry5 work but carry trade-offs such as additional reagents, waste streams, and 
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interferences (e.g., iron/manganese for DPD), maintenance (calibration) that complicate the 

widespread deployment of a high number of sensor deployments across large networks or 

decentralized sites.6 These constraints create blind spots in time and space, and this is 

exactly where outbreak and nitrification episodes often start. Chemiresistive sensors, a type 

of electrical sensors are potential solution for these gaps. These sensors are built from 

semiconductive materials (graphene, carbon nanotubes), and translate surface redox or 

adsorption events into current changes.7 This enables a reagent-free, low-power, and 

miniaturizable solid-state platform for disinfectant monitoring.8–10  

1.2 Structure of This Thesis 

Chapter 2 begins by discussing the parameters that affect the efficacy of disinfectants such 

as pH, oxidation-reduction potential, ionic strength, and dissolved oxygen. Then, the 

disinfectants used in water treatment are discussed such as free chlorine, monochloramine, 

chlorine dioxide, potassium permanganate, ozone, peroxene, UV-peroxide, and 

hypobromite/hypobromous acid. Then their applications in drinking water (primary and 

secondary disinfectants), industrial water, cooling water loops, swimming pools, and 

wastewater treatment plants are discussed. Finally, the different operating methods of 

sensors that are in current or proposed future use for detecting and monitoring disinfectants 

in water are discussed. Optical, electrochemical, and electrical (field effect transistors and 

chemiresistors) sensors are discussed for the application in disinfectant sensing. Literature 

reviews of each of the operating principles are also provided after each section. 
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Chapter 3 shows the optimization of chemiresistive percolation networks for disinfectant 

sensing. Spectroscopic, microscopic, and electrical characterization of single-walled 

carbon nanotubes (SWCNTs) for chemiresistive sensing were discussed. The density of the 

percolation network was shown to directly influence both the detection range and 

sensitivity for potassium permanganate sensing. Functionalization of the SWCNT networks 

was demonstrated which provided improvements in selectivity and stability, while 

extending the long-term performance of the sensors. 

Chapter 4 extends chemiresistive disinfectant sensing for a complex scenario where pH 

dictates the species of the disinfectant and potency of disinfection. The device architecture 

was modified from earlier prototypes to include features that facilitate scalable fabrication. 

We then demonstrate continuous monitoring of free chlorine at different pHs utilizing an 

array of functionalized SWCNT-based chemiresistors. SWCNT films were noncovalently 

functionalized with cobalt phthalocyanine and anthraquinone. The sensor device was 

further enhanced by an electronic reset function that enabled repeated use during 

continuous monitoring. Finally, sensor durability was tested through repeated 

measurements in simulated tap water. Chemometrics was applied to analyze the sensor 

array data. 

Chapter 5 demonstrates the applicability of functionalized chemiresistors for identification 

and quantification of disinfectants in different pHs. An array of chemiresistors 

functionalized specifically to differentiate free chlorine and potassium permanganate in 
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water. Chemometric methods were used to differentiate the two disinfectants across five 

pH conditions. 

In chapter 6, the idea of multiple disinfectant sensing using carbon-based substrates is 

extended. Two of the most popular disinfectants, monochloramine and free chlorine can be 

simultaneously present in the water treatment plant. Few layer graphene based 

chemiresistors were functionalized with redox-active molecules to demonstrate 

classification of disinfectants, and simultaneous detection of free chlorine and 

monochloramine. Then, tap water testing of monochloramine is demonstrated and finally, 

multivariate calibration of the array is utilized to predict unknown concentrations of 

monochloramine. 

Chapter 7 provides an overview of the principal findings from each research study. It also 

outlines potential avenues for future work to build upon this foundation. 

1.3 References 

(1)  UNICEF. Drinking water https://data.unicef.org/topic/water-and-

sanitation/drinking-water/ (accessed Aug 31, 2025). 

(2)  Sayre, I. M. International Standards for Drinking Water. J. Am. Water Work. Assoc. 

1988, 80 (1), 53–60. 

(3)  US Environmental Protection Agency - Office of Water. Alternative Disinfectants 

and Oxidants Guidance Manual, 1st Ed.; (Washington, DC) US Environmental 

Agency, 1999. 
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Residual Chlorine through the Use of FIA. Talanta 1991, 38 (2), 145–149. 
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Chapter 2     Online monitoring of disinfectants  

This chapter focuses on the review of current literature on the disinfectants applied in the 

treatment of drinking water. The review starts with a discussion of parameters affecting the 

efficacy of the disinfectants. Then the disinfectants used in the treatment processes are 

discussed, followed by their applications. Finally, different methods (current and future) 

are discussed. 
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Abstract :  

Online monitoring of disinfectants is essential to ensure a safe supply of water while at the 

same time limiting by-products and corrosion related issues. Oxidants are reactive and 

unstable, and occasional testing on discrete samples can leave water without disinfectant. 

Continuous sensing captures the dynamics of disinfectant concentration variation and 

speciation due to a shift of parameters. We outline the chemistry that controls performance 

such as pH, temperature, ionic strength, dissolved oxygen, and oxidation–reduction 

potential (ORP); and link these to oxidant speciation, kinetics, and residual stability. We 

survey disinfectants across applications: free chlorine, monochloramine, chlorine dioxide, 

ozone, potassium permanganate, peroxene (O3/H2O2), UV/H2O2, and HOBr/OBr−. We also 

highlight efficacy and constraints for online measurement. We assess sensing methods 

covered in this work: optical (traceable but reagent-dependent); electrochemical (fast, 

reagent-free, but reliant on stable reference electrodes and fouling control); and electrical 

(chemiresistors and solution-gated FETs), with challenges in selectivity, drift, and in-situ 

calibration. ORP is a rapid working alternative that must be interpreted with pH and oxidant 

concentration rather than used as a replacement for residual. Priorities for improvements in 

future methods include calibration, antifouling and self-verification with automated 

recalibration, and model-based control linking speciation and ORP to operational needs.  
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1. Introduction    

Access to safe water depends on effective disinfection across many scenarios, such as 

municipal drinking water, wastewater effluent, industrial and cooling-water circuits, 

healthcare facilities, and recreational venues such as pools and spas. Disinfection protects 

public health primarily by inactivating pathogens and suppressing biofilms; it also 

oxidizes nuisance compounds that cause taste, odour and fouling. Common agents 

include free chlorine and monochloramine, chlorine dioxide, ozone, and UV/advanced-

oxidation processes, each with distinct kinetics, residual behaviour, and by-product 

profiles. Regulatory and design practice often quantify primary disinfection using CT 

(disinfectant concentration × contact time) tables that specify organism- and temperature-

dependent inactivation targets. Secondary disinfection relies on maintaining a measurable 

residual through the distribution system to guard against intrusions and regrowth. 

The disinfection process targets harmful microorganisms such as Escherichia coli 

(bacteria), enteric viruses (e.g. adenovirus), and protozoa (e.g. Giardia lamblia, 

Cryptosporidium parvum). These microorganisms often adhere to surfaces, forming 

biofilms with extracellular polymeric substances (EPS) on pipe walls, sediments, or 

particulate matter.1 It is assumed in disinfection that the disinfectant is uniformly 

distributed in the water body, and the residual disinfectant is there to prevent the regrowth 

of the microorganisms as the water is treated during the primary disinfection. These 

assumptions simplify sensor design and interpretation but may not reflect actual complex 

water distribution systems. Dissolved organic matter (DOM) composed of humic 

substances, fulvic acids, and many other natural organic compounds imposes a chlorine 

demand by reacting with disinfectants.2 This could lead to a reduction of residual 

disinfectant.  

Each disinfectant involves trade-offs among variety, residual, and by-products. Free 

chlorine is a broad-spectrum disinfectant and leaves a residual; monochloramine is 
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weaker but longer-lived and thus commonly used for secondary disinfection; chlorine 

dioxide is potent and pH-independent but must be generated on site; ozone is a powerful 

primary disinfectant without a residual and requires attention to bromate control in 

bromide-rich waters. World Health Organization (WHO) guidance and engineering 

manuals summarize these trade-offs and their implications for safety plans and 

compliance.3,4 Maintaining residuals in distribution is important: water temperature, pH, 

organic and inorganic demand, and pipe conditions all modulate decay. In chloraminated 

systems, nitrification can lower oxidant efficacy, pH, and aesthetic quality, emphasizing 

the need for proactive monitoring and control strategies at susceptible locations in the 

network.5  

The chemistry and microbiology related to disinfectants in water change on short 

timescales and require continuous online monitoring to capture pitfalls and protect 

consumers. Since disinfectants are reactive and - in several cases - short-lived, point 

samples and lab assays can miss transients. Microbiological tests for fecal coliforms/E. 

coli typically take 24–48 h, meaning results often arrive after contaminated water has 

already reached consumers.6,7 The 2000 Walkerton tragedy in Canada dramatically 

illustrated the risk of relying on delayed microbiological confirmation without robust 

residual maintenance and alarms (7 deaths, ~2,300 illnesses). 8,9 This is why utilities pair 

continuous online monitoring (free/combined chlorine, chlorine dioxide, ozone, pH, 

temperature, and oxidation-reduction potential, ORP) at plant and system control points 

with routine lab verification. ORP is not a substitute for residual measurements, but it 

provides a fast, integrative indicator of oxidative capacity. ORP is related to the oxidant 

dosage and pH. ORP is often used for early warning while confirmatory analyses are in 

process. 

In this review, we discuss the parameters that affect the monitoring of disinfectants in water 

due to their involvement in disinfectant chemistry, including pH, oxidation-reduction 

potential (ORP), ionic strength, dissolved oxygen (DO) and their contribution in the 

disinfection efficacy. We discuss commonly used disinfectants in drinking water treatment 
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such as free chlorine (Cl2/HOCl/OCl-), monochloramine (NH2Cl), chlorine dioxide (ClO2), 

potassium permanganate (KMnO4), ozone (O3), peroxene (ozone/H2O2), UV-peroxide 

(UV/H2O2), and hypobromous acid/hypobromite (HOBr/OBr-). Their applications in 

drinking water (primary and secondary disinfectants), industrial water, cooling water loops, 

swimming pools, and wastewater treatment plants are also discussed. Finally, this review 

delves into the different operating principles of sensors that are in current or proposed 

future use for detecting and monitoring disinfectants in water. Here we limit our discussion 

to sensing strategies that can operate continuously, in situ, and (ideally) reagent-less. 

Manual measurements such as field kits, benchtop assays, or grab-sample workflows are 

out of scope for this review. Many optical techniques (especially colorimetry and 

fluorescence) depend on added reagents and/or more complex optics, which makes fully 

autonomous online use difficult.10 Flow injection analysis (FIA) can automate sampling, 

but still consumes reagents. We have therefore not included FIA as we also do not cover 

laboratory-centric optical sensors where turbidity, deposits, or colored interferents shift 

baselines. Readers seeking broader treatment of handheld/lab methods and emerging 

materials can consult: Wilson et al. on continuous chlorine detection and practical 

deployment (fouling, operability),11 Yang & Ge and Wu et al. on modern colorimetric 

sensor design,12,13 and Thakur & Devi on water-quality monitoring devices across 

optical/electrochemical modalities.14 A broader discussion on water quality sensors can be 

found in ref. 10 

2. Parameters impacting disinfectant efficacy 

Disinfection serves as a critical step in protecting public health by playing an indispensable 

role in the water treatment, healthcare sectors, and industrial applications. Successful 

disinfection processes prevent disease transmission by the inactivation or elimination of 

pathogenic microorganisms. Water quality parameters such as pH, ORP, ionic strength, 

dissolved oxygen, and temperature play a role in keeping the disinfection concentration at 

the desired level with respect to the active disinfectant species.14 Here these parameters are 

discussed. 
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2.1. pH  

pH is an important water quality parameter in ensuring disinfectant efficacy. pH is defined 

as the negative logarithm of hydrogen ion concentration (quantified as -log[H⁺]). In the 

case of disinfectants, pH can directly influence the chemical species present (speciation), 

redox potential of the solution, stability, and disinfectant biproduct pathways.15–17 They all 

influence the chemical behaviour of disinfectants and quality of the drinking water which 

in turn affects the disinfection efficacy. For certain disinfectants such as free chlorine, pH 

decides which oxidant species will dominate in water. Depending on the species present 

due to the pH of water, the redox potential will be different. Disinfectants work by 

mechanisms such as oxidizing contaminants, disrupting cell structure or by inactivating 

enzymes. Therefore rate constants for pathogen kill or natural organic matter (NOM) 

oxidation can change significantly with pH.15 High pH can shorten the residual effect of 

disinfectants such as ozone or H2O2. For disinfectants such as monochloramine, basic pH 

increases the stability while acidic pH shortens the life. Lower pH often contributes to 

increasing disinfectant by-product (DBP) formation due to the increasing reactivity. 

Because of that, chlorine-based disinfectants show high rates of DBP formation at lower 

pH. 

Drinking water pH is commonly regulated in the range from 6.5 to 9.10,18–21 The relationship 

between aqueous pH and disinfectant performance is particularly important for free 

chlorine-based systems. In the aqueous phase, free chlorine is a mixture of pH dependent 

species such as hypochlorous acid (HOCl) and hypochlorite ions (OCl⁻). These two species 

show different levels of antimicrobial activity. The pH-dependent behavior of disinfectants 

extends to their reaction kinetics with organic matter which then can affect microbial 

inactivation rates and disinfection byproduct formation. Understanding these pH-

disinfectant relationships becomes essential for optimizing treatment processes and 

balancing microbial control with chemical safety in various applications. 

Table 2.1. Commonly used disinfectants, their optimal ranges and key notes. 
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Disinfectant Target pH for 

practical 

applications 

Impact of pH 

changes 

Key notes 

Free chlorine 16,22,23 

(HOCl/OCl⁻) 

7.2 – 7.8 HOCl (pKₐ ≈ 7.6) is 

80-100 times more 

bactericidal than 

OCl⁻. 

Keep pH ≤ 7.8 for ≥ 

70 % HOCl; let pH 

rise after contact if 

trihalomethanes 

(THMs) are a 

concern.  

Chloramines 22–24 8.0 – 9.0 Higher pH favours 

stable 

monochloramine; 

lower pH forms 

dichloramine and 

trichloramine. 

Dose at pH ≈ 8.3 

with Cl:N ≈ 4:1; 

avoid < 7.5 to limit 

odour & 

nitrification.  

Permanganate22,23,25 6.5 – 8.5  Acidic water 

reduces MnO₄⁻ to 

soluble Mn²⁺ (fast 

metal oxidation); 

alkaline water drives 

slower, selective 

MnO₂ pathways. 

Usual dosage at 

ambient pH; adjust 

only for special 

targets (e.g., 

sulfide).  

Hydrogen 

peroxide17,22,23 

6.5 – 8.5 Alkaline pH 

accelerates •OH 

generation but burns 

residual; acidic pH 

helps protozoa 

control. 

Natural pH suits 

H₂O₂/UV AOP; 

avoid > pH 9 unless 

rapid oxidation is 

worth the loss of 

residual.  
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Chlorine 

dioxide22,23,26 

6.0 – 9.5 Germicidal power is 

pH-independent; 

low pH increases 

volatilisation, high 

pH raises 

chlorite/chlorate. 

Effective between 6 

and 9.5; no pH 

change needed for 

efficacy.  

Ozone22,23,27 6.0 – 7.0  Alkaline pH speeds 

decomposition to 

•OH, erasing 

residual. 

Contact at slightly 

acidic pH, then raise 

pH for corrosion 

control before 

distribution.  

Table 1 lists the commonly applied disinfectants and their targeted pH for optimal 

disinfection. For free chlorine, pH 6 to pH 7.5 favors the formation of highly bactericidal 

hypochlorous acid (HOCl), while pH above 7.5 conditions promote the formation of less 

effective hypochlorite ions (OCl⁻). Targeted pH for the free chlorine-based disinfection 

ranges from 7.2-7.8. Chloramines require slightly alkaline environments to maintain stable 

monochloramine (NH₂Cl). This also helps to lower dichloramine and trichloramine 

formation. Permanganate remains effective across a broad pH range, though its oxidation 

mechanisms vary with pH. The oxidation pathway shifts—from rapid Mn²⁺ production in 

acid to slower, more selective MnO₂ formation in alkaline water. In the peroxone (O₃/H₂O₂) 

process, alkaline pH shifts H₂O₂ to HO₂⁻, which reacts with ozone and increases hydroxyl 

radical production28,29 Ozone on the other hand decomposes more rapidly at higher pH 

which results in decreasing its residual stability.30 Chlorine dioxide maintains consistent 

oxidation potential across pH 6-10, making it uniquely pH-independent. The selection and 

operation of disinfectants must therefore consider pH as a critical parameter to ensure 

effective microbial inactivation and system performance. 
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2.2. Ionic Strength 

Ionic strength in an aqueous solution is a measure of the concentration of ionic charge 

present in that solution.31 It quantifies the total electrical charge in the solution and reflects 

the extent of electrostatic interactions between ions and with the solvent. When ionic 

compounds dissolve in water, they dissociate into ions, and the total concentration of these 

electrolytes in the solution can affect important properties such as the activitiesof weak 

acids or bases and the solubility of different salts. The molar ionic strength (I) of a solution 

is mathematically defined as a function of the concentration of all ions present. The formula 

for calculating molar ionic strength is given by I = ½ Σ cᵢ zᵢ², where cᵢ represents the molar 

concentration of ion i (in mol/L), and zᵢ represents the charge number (valence) of that ion. 

The summation (Σ) extends over all ionic species present in the solution.31 The factor of 

one-half (½) is included because the formula considers both the positively charged cations 

and the negatively charged anions of each ionic species. Multivalent ions, those with a 

higher charge (e.g., SO₄²⁻, Mg²⁺), contribute more significantly to the ionic strength of a 

solution because the charge term (zᵢ) is squared in the formula. 

The ionic strength of water samples varies naturally across different aquatic ecosystems.12 

Natural waters, such as seawater and mineral water, typically possess a non-negligible 

ionic strength due to the presence of various dissolved salts.13 The ionic strength of 

freshwater systems can be influenced by factors like watershed urbanization, where 

reduced permeability of surfaces and storm drain networks efficiently transport ions to 

surface waters.12 Other sources such as industrial discharges and agricultural runoff can 

also contribute significantly to the ion content of water bodies which in result increases 

the ionic strength. The concentration of ions through evaporation, whether due to 

anthropogenic activities or natural processes, can also elevate the ionic strength of 

water.12 In laboratory settings, the ionic strength of a solution is precisely controlled by 

the type and concentration of electrolytes that are intentionally added to the water. 
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Disinfectant performance is affected by the shielding of electrostatic charges and 

quenching of oxidant species.32 Shielding electrostatic charges can alter how quickly 

disinfectant molecules can reach to the cellular membrane and thereby affect the 

disinfection process. Disinfectants such as HOCl and ozone rely on electrostatic 

interactions to approach and penetrate cell walls. High ionic strength due to the 

introduction of counter ions (such as Na+, Ca2+) results in the formation of an electrostatic 

shield around the microbial cells. Electrostatic shielding can reduce the attraction between 

neutral HOCl and negatively charged cell surfaces. Diffusion of the disinfectant inside the 

cell membrane can therefore be hindered. Halide and carbonate ions can contribute to the 

quenching or redirecting of active oxidant species. Carbonate (CO3
2-) and bicarbonate 

(HCO3
-) ions act as scavengers for free radicals. When in contact with a hydroxyl radical 

they form a less reactive carbonate radical which reduces the overall disinfection power.33 

Competing reactions can also deplete the disinfectants before achieving the microbial 

target (free chlorine reacting with ammonia to form chloramines).  

2.3. Temperature  

Water temperature is crucial in aquatic ecosystems because it influences physical, 

chemical, and biological processes. External factors like air temperature, climate changes, 

seasonal shifts, and human activities all affect water temperature. These variations also 

matter for water treatment, as temperature impacts how well different treatment methods 

work. It might seem that drinking water distribution systems (DWDS) are protected from 

high surface temperatures since most pipes are buried underground. However, heat can 

still transfer quickly to typical buried depths, causing water temperatures to match surface 

conditions within hours or days.34 

The efficacy of chemical disinfectants is significantly affected by temperature, which 

impacts multiple aspects of microbial inactivation. Temperature influences not only the 

rate of chemical reactions but also the stability of disinfectants and their ability to 

penetrate and disrupt microbial cells.35 The impact of temperature on reaction rates is 

typically modeled using the Arrhenius equation (Eq. 1), where the rate constant (k) 
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depends on temperature (T), activation energy (Ea), the universal gas constant (R), and a 

pre-exponential factor (A). 

𝑘 = 𝐴 exp (
−𝐸𝑎

𝑅𝑇
)                                            (1) 

In principle, Ea/R, obtained from experimental results, can help estimate how the decay 

rate changes from k1 to k2 when temperature changes from T1 to T2 (Eq. 2). 

𝑘2 = 𝑘1 exp [−
𝐸𝑎

𝑅
(

1

𝑇2
−  

1

𝑇1
)]                       (2) 

Since disinfectant decay processes are complex, most modeling approaches are empirical 

and based on experimental data from real water systems.36 To estimate how temperature 

affects disinfectant decay, previously measured Ea/R values are used by researchers. This 

ratio can vary significantly depending on water chemistry.37 At lower temperatures, 

disinfection processes generally become less efficient. The reduced kinetic energy of 

molecules slows down reaction rates between disinfectants and microorganisms. This 

requires either higher concentrations of the disinfectant or extended contact times to 

achieve the desired level of microbial inactivation. For example, in cold water systems, 

disinfectants such as free chlorine exhibit slower disinfection kinetics, necessitating 

adjustments in dosing or exposure duration to maintain effectiveness. Similarly, 

chloramines, which are already less reactive than free chlorine, demonstrate even slower 

microbial inactivation rates in colder conditions, making them more challenging to use in 

low-temperature environments. High temperatures typically enhance disinfection rates by 

accelerating chemical reactions. However, this benefit can be offset by increased 

disinfectant decomposition. Many oxidizing disinfectants, such as chlorine and hydrogen 

peroxide, degrade more rapidly at higher temperatures which leads to a faster depletion of 

active disinfectant residuals.35  

The relationship between temperature and disinfectant efficacy is further complicated by 

interactions with other water quality parameters. Higher temperatures can increase the 

oxidation of organic matter which leading to greater demand of the disinfectant. Seasonal 

changes, geographic location, and system-specific conditions (e.g., indoor vs. outdoor 
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treatment) all play a role in determining the optimal approach. A thorough understanding 

of temperature effects is therefore important for consistent microbial control over 

different operational environments. These effects are carefully considered when designing 

and implementing disinfection protocols, particularly in applications where temperature 

changes can occur. In water treatment facilities regular monitoring of temperature helps 

predict and prevent issues like bacterial growth or rapid disinfectant loss.  

2.4. Oxidation reduction potential (ORP) 

Most commonly used disinfectants are oxidizing agents, and they work by electron transfer. 

The oxidative ability of a disinfectant is determined by its redox potential, which in a water 

quality context is referred to as the oxidation-reduction potential (ORP). ORP is defined by 

the ability of the disinfectant solution to oxidize the contaminants in water. Higher ORP 

values represent a solution that can oxidize pathogens effectively while lower ORP in 

solution refers to solution that may not be safe to drink due to the possibility of the 

proliferation of pathogens. ORP is electrochemically determined by measurement of the 

potential difference between a platinum working electrode and a reference electrode in an 

aqueous solution. The basis for ORP behavior is the Nernst equation, where the electrode 

potential is a function of the activities of the oxidizing and reducing species present in the 

solution. An ORP sensor operates similar to a standard pH sensor where a potentiometric 

measurement is conducted using a two-electrode system.38 The oxidation-reduction 

potential behaviour of an oxidant at an electrode can be understood from the Nernst 

equation39: 

𝐸 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln [𝑂𝑥𝑖𝑑𝑖𝑧𝑒𝑟]

[𝑅𝑒𝑑𝑢𝑐𝑒𝑟]
                          (3)  

Here E is the measured potential (mV) between the platinum and reference electrode, Eₒ is 

the measured potential (mV) between the platinum and the reference electrode at a 

concentration of  [oxidizer] = [reducer] or the standard ORP for the given oxidation-

reduction process, R is the universal gas constant (R= 8.314 Jmol-1K-1), T is temperature in 

Kelvin, n is number of electrons transferred, and F is Faraday's constant (96485 Cmol-1). 

The relationship of pH and ORP with the concentration of a disinfectant such as free 

chlorine can be understood from the discussion of the Nernst equation for the HOCl and 
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OCl- reduction reactions. For HOCl, reduction at an acidic pH (for example pH 6.5) can be 

presented as: 

𝐻𝑂𝐶𝑙 + 𝐻+ + 2 𝑒− ⟶ 𝐶𝑙− + 𝐻2𝑂                (4) 

At a temperature of 298 K, the Nernst equation for the above reaction can be written as: 

𝐸 = 𝐸0,𝐻𝑂𝐶𝑙 + 29.58 𝑚𝑉 ∙ log [𝐻𝑂𝐶𝑙]∙[𝐻+]

[𝐶𝑙−]
                (5) 

The Nernst equation for OCl- which is dominating at basic pH (for example 8.5) can be 

written at 298 K as: 

𝑂𝐶𝑙−  + 𝐻2𝑂 + 2 𝑒− ⟶ 𝐶𝑙− + 2 𝑂𝐻−              (6) 

𝐸 = 𝐸0,𝑂𝐶𝑙− + 29.58 𝑚𝑉 ∙ log [𝑂𝐶𝑙−]

[𝐶𝑙−]∙[𝑂𝐻−]2              (7) 

The ORP response to disinfectants can be explained by the involvement of protons in their 

redox reactions, which makes the corresponding redox potentials strongly pH dependent. 

In oxidation–reduction potential (ORP) measurements, this influence is evident from 

equation (5): a lower pH (higher proton concentration) generally leads to a higher E value 

(ORP). In the case of equation (7), the increase in [OH−] with pH drives the potential to 

more negative values, lowering the ORP. The ORP decreases with increasing pH as the 

dominant redox couple shifts from proton-dependent HOCl at low pH to hydroxide-

dependent OCl⁻ at high pH, producing the characteristic negative slope of ORP versus pH 

for free chlorine solutions. 

Due to the logarithmic nature of the Nernst equation, the relation between the concentration 

of the redox species to measured ORP is not linear. Large concentration changes, especially 

at high levels, may induce relatively small changes in ORP. This has a bearing on 

interpreting ORP measurements where quantitative analysis is an issue. Above ~25 ppm 

free chlorine approaches its thermodynamic ceiling (~900 mV at 25 °C). Even doubling the 

dose of free chlorine does not change the electrode potential in any significant way.40 

Typically, a one-unit pH rise reduces the ORP by ~60 mV at constant mg L⁻¹ Cl₂.41 Rapid 
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consumption of HOCl lowers ORP faster than a colorimetric residual test can be run, giving 

early warning of breakthrough.42 

Table 2.2 Maximum oxidation-reduction potential (ORP) values (in volts) as a function of 

pH and oxidant type.43 

Oxidant pH 7 pH 8 pH 9 

Oxygen 0.582 0.552 0.508 

Monochloramine 0.806 0.716 0.66 

Potassium 

permanganate 

0.812 0.795 0.672 

Chlorine dioxide 0.98 0.943 0.912 

Free chlorine 1.02 0.922 0.769 

The data in Table 2 show that the maximum redox potential drops as pH increases for all 

oxidants tested. Chlorine has the highest redox potential at pH 7 (1.02 V) but loses a 

significant portion of its potential by pH 9 (0.769 V). Chlorine dioxide also shows a high 

initial potential but declines more gradually with rising pH. Potassium permanganate 

maintains relatively stable ORP values between pH 7 and 8 before dropping at pH 9. 

Oxygen has the lowest ORPs overall, and monochloramine shows a steady decrease across 

the pH range.  
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Figure 2.1 The effect of oxidant type on Oxidation–reduction potential (ORP) (5 mg C/L, 

23℃, pH 8).43 ORP(EH, volts vs SHE) as a function of oxidant dose (mg L⁻¹) for common 

residual disinfectants, measured with two ORP electrodes (Electrode 1 and Electrode 2). 

For each oxidant, EH rises rapidly at low dose and approaches a plateau characteristic of its 

redox couple: chlorine dioxide and free chlorine reach the highest potentials (~0.9–1.0 V), 

permanganate is intermediate (~0.75–0.8 V), monochloramine lower (~0.6–0.65 V), and 

dissolved oxygen the lowest (~0.45–0.55 V). Replicate electrodes exhibit the same ordering 

with small offsets, reflecting electrode-to-electrode variability under the test conditions. 

Reprinted with permission from Reference [43]; Copyright 2004 American Water Works 

Association (AWWA). 

Figure 1 shows redox potentials (EH) measured relative to the Standard Hydrogen Electrode 

(SHE), the universal 0.00 V reference. A higher redox potential means a more oxidising 

environment or a strong disinfectant. The figure shows that the redox potential generally 

increases with oxidant dosage, but the rate of increase and maximum values vary by 
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oxidant. Chlorine and chlorine dioxide reach the highest EH values, with chlorine showing 

a gradual rise and chlorine dioxide increasing sharply at low doses before levelling off. 

Potassium permanganate achieves moderate EH values and stabilizes quickly after initial 

dosing. Monochloramine has lower potentials than chlorine-based oxidants but still shows 

a steady upward trend. Dissolved oxygen records the lowest EH across all dosages, with 

only a slight increase as the concentration rises. 

Table 3 shows the optimal range of ORP values for the disinfectants used in water 

treatment. Ozone and chlorine dioxide sit highest (~700–900 mV), free chlorine follows 

(~650–750 mV), then permanganate and monochloramine (~475–550 mV), with hydrogen 

peroxide lowest (~250–350 mV). Overall, it is recommended to use ORP (when needed) 

as a fast operational proxy, tuned to pH and disinfectant demand, not as a substitute for 

residual measurements. 

Table 2.3 Effective ORP ranges and key notes for common disinfectants. 

Disinfectant 
ORP (mV) 

window 
Key notes 

Free chlorine41,44,45 

(HOCl/OCl⁻) 
≈ 650 – 750  

≥ 650 mV is the point at which HOCl is present in 

sufficient quantity to give 30-s inactivation of 

common enteric bacteria; above ~750 mV more 

effective in preventing pathogens and begins to 

approach corrosive conditions.  

Monochloramine5,42,44,46 ≈ 450 – 550  

Because NH₂Cl is a weaker oxidant, it leaves a lower 

ORP; field studies of chloraminated systems report 

stable residual when bulk ORP stays near 500 mV.  

Potassium 

permanganate44 
≈ 475 – 550  

High-level MnO₄⁻ dosing for taste and odor or 

parasite control drives ORP into the upper-400s/low-

500s; going much higher adds little benefit and may 

cause MnO₂ fouling.  
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Hydrogen peroxide (no 

UV) 4447 
≈ 250 – 350  

H₂O₂ rarely pushes ORP above 300 mV (even at high 

ppm) and therefore has weak germicidal power; in 

AOPs this rely on •OH rather than bulk ORP.  

Chlorine dioxide44 ≈ 600 – 900  

Maintains high ORP across pH 2-12; control 

setpoints near 700–800 mV are used to balance rate 

of microbial inactivation with oxidant consumption.  

Ozone48,49 ≈ 700 – 900  

Above ~700 mV, systems generally meet 99% 

reduction (also known as 2-log credit) in Giardia and 

virus; values > 900 mV rarely add benefit and 

indicate excess ozone feed or low demand. 

 

2.5. Dissolved oxygen (DO) 

Dissolved oxygen (DO) refers to molecular oxygen (O2) present in water. The 

concentration of DO is dependent on temperature, pressure, salinity, and the balance 

between oxygen production and consumption processes. It is a critical ecological 

parameter for keeping aerobic organisms alive and is also important in engineered water 

systems.50 DO enters and changes within a water system in several ways: it can be present 

in the source water, introduced or consumed during water treatment. DO continually 

equilibrates with the surrounding air.51 DO is a mild oxidant relative to common 

disinfectants such as ozone or hypochlorous acid (HOCl), with a standard redox potential 

of EO2/OH
−

 ≈ 0.401 V at pH 14.52,53 This potential increases under acidic conditions. Its 

reduction in water can occur through one- or two-electron pathways, and will produce 

species such as hydrogen peroxide (H2O2) or hydroxyl ions (OH−) depending on the 

environment54,55: 

                           𝑂2 + 2𝐻2𝑂 + 2𝑒- → 𝐻2𝑂2 + 2𝑂𝐻-        (8)     

                               𝐻2𝑂2 + 2𝑒-→ 2𝑂𝐻-                               (9) 

                               𝑂2 + 2𝐻2𝑂 + 4𝑒- → 4𝑂𝐻-                         (10) 

The influence of DO on disinfection efficacy is nuanced. Oxidizing disinfectants act by 

accepting electrons from microbial components; oxygen can compete weakly for those 
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electrons or reactive intermediates, but its oxidative strength is much lower than that of 

the disinfectants themselves.56 In most practical systems, this competition is negligible 

compared to the direct microbicidal activity of stronger oxidants. In advanced oxidation 

processes (AOPs), DO can participate indirectly in radical chemistry. Photocatalytic or 

ozone-based systems can use DO to generate superoxide (O2⋅-) or promote hydroxyl 

radical (⋅OH) formation, thereby enhancing microbial inactivation. On the other hand, 

oxygen can also scavenge certain reactive radical species, slightly reducing disinfection 

rates in some photochemical processes.28,57 High DO levels in chloraminated water can 

enhance the nitrification process. Nitrifying bacteria use DO as the electron acceptor to 

oxidise ammonia. This can result in a reduction of the monochloramine residual. 

The redox environment of the treated water (which is partly determined by DO) can affect 

disinfectant stability. Highly oxygenated conditions can influence the disproportionation 

or side reactions of chlorine species. In cases like this, temperature and pH are the 

dominant factors.58  

DO affects growth rates and physiology of bacteria present in water. Aerobic bacteria 

thrive in oxygen-rich environments, and anaerobic bacteria are inhibited or killed by 

oxygen. Oxygen gradients within biofilms influence metabolic activity. This makes 

biofilms more resistant in oxygen-rich zones due to extracellular polymeric substance 

(EPS) production.2 DO also contributes to the measured ORP of water, which in turn 

affects the speciation and reactivity of many dissolved species. In some industrial 

systems, high DO levels promote corrosion, releasing metal ions that can react with or 

inactivate disinfectants.59 

3. Disinfectants 

In this section, disinfectants used in water treatments are discussed. The chemistry involved 

in the use of each of the disinfectants is briefly discussed. The most commonly used 

disinfectant is free chlorine. Monochloramine is becoming popular and currently second 

most popular for disinfecting drinking water due to its stability. Other disinfectants used in 



Ph.D. Thesis ─ M. A. Akbar; McMaster University - Chemistry 

24 
 

the disinfection of water are also included: such as potassium permanganate for its roles in 

iron and manganese control; ozone as a powerful disinfectant; peroxene and UV-peroxide 

as advanced oxidation pairs, chlorine dioxide for its pH-independent role, and 

hypobromous acid/hypobromite for its role in saline or high pH applications. 

3.1. Free chlorine 

Free chlorine (FC) is a powerful disinfectant for both primary disinfection at the plant and 

residual control in distribution system. In water it exists as hypochlorous acid (HOCl) and 

hypochlorite (OCl⁻), with speciation governed by pH (at 25 °C).60 As shown in figure 2, 

Cl2 exists as a species of FC below pH 3.5. As a primary disinfectant, FC inactivates 

pathogens; as a residual, it suppresses their regrowth. The World Health Organization 

recommends maintaining about 0.5–5 mg L⁻¹ FC in distribution systems since adequate 

oxidant levels curb biofilm formation and inhibit pathogen regrowth throughout the 

network.11,61,62 . There are two ways to introduce free chlorine in water. One way is to add 

Cl2 and the other is to add bleach in powder form Ca(OCl)2 or as solution (NaOCl). 

Chlorine gas, when added to water, disproportionates into HOCl and HCl at pH above 3.  

𝐶𝑙2 + 𝐻2𝑂 → 𝐻𝑂𝐶𝑙 + 𝐻+  + 𝐶𝑙−                                            (11) 

At high pH, HOCl partially dissociates into OCl- and H+.63               

                𝐻𝑂𝐶𝑙 → 𝐻+  + 𝑂𝐶𝑙−   𝑝𝐾𝑎 = 7.6                                         (12)           

The following equation expresses the relationship of the concentrations of the two species 

with pH: 

log
[𝑂𝐶𝑙−]

[𝐻𝑂𝐶𝑙]
= log 𝐾𝑎 +  𝑝𝐻               (13) 

The concentrations of HOCl and OCl- in equilibrium are referred to as [HOCl] and [OCl-] 

respectively. The ionization constant of HOCl is Ka, and at 25 ℃, the pKa is 7.54.1,64–66 The 

amounts of HOCl at pH 6.5, 7.5, 8.5, and 9.5 are 91.5%, 55%, 11% and 1% of the free 

chlorine, respectively.66 

HOCl penetrates cells and oxidizes sulfhydryl groups in enzymes, proteins, and nucleic 

acids; OCl⁻ is less membrane-permeant. 67  HOCl is the stronger oxidant (E° HOCl/Cl⁻ ≈ 

+1.49 V vs. SHE) and far more potent than OCl⁻ (E° OCl⁻/Cl⁻ ≈ +0.90 V):  
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                              𝐻𝑂𝐶𝑙 + 𝐻+ + 2𝑒− → 𝐶𝑙− + 𝐻20,   𝐸0 = 1.49 𝑉           (14)        

𝑂𝐶𝑙− + 𝐻20 + 2𝑒− → 𝐶𝑙− + 2𝑂𝐻−, 𝐸0 = 0.90 𝑉                (15) 

HOCl typically exhibits ~80–100 times higher killing rates for E. coli than OCl⁻ at the same 

temperature.44,68–71 HOCl is particularly more effective due to its greater penetration ability 

to bacterial pathogen surface compared to its counterpart. Free chlorine is broadly effective 

for bacteria and many viruses.72  

ORP rises with free chlorine dose and falls with pH. Cyanuric acid (CYA) is used in 

certain applications alongside FC to shield HOCl from UV photolysis. CYA binds with 

FC to form chlorinated isocyanurates. This lowers the activity of HOCl and hence the 

observed ORP.45 FC can also be combined with UV in sequential approaches for specific 

pathogen prevention in drinking water distribution systems.73 

  

Figure 2.2 Distribution of residual chlorine as a function of pH. The grey line shows HOCl, 

the red line is OCl− and the blue line is Cl2. Reprinted with permission from Reference [74]; 

Copyright 2020 Elsevier. 
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3.2. Monochloramine 

Two types of chloramines can be formed in water: organic and inorganic. As a result of 

treatment, three types of inorganic chloramines can be found in water which are 

monochloramine (NH2Cl), dichloramine (NHCl2), and trichloramine (NCl3, also known as 

nitrogen trichloride).75  Chloramines form either intentionally by adding ammonia to free 

chlorine, or unintentionally as a byproduct of chlorination when natural ammonia is 

present.76 

Drinking water systems in Canada maintain a residual concentration of <4 mg/L of NH2Cl, 

which covers the U.S. Environmental Protection Agency (EPA) regulated maximum value 

(4 mg/L) and the World Health Organization (WHO) guidance value (3 mg/L).76 

The chloramines are formed in a series of competing reactions as shown in the equations: 

𝑁𝐻3 +  𝐻𝑂𝐶𝑙 →  𝑁𝐻2𝐶𝑙 + 𝐻2𝑂                                              (16) 

𝑁𝐻2𝐶𝑙 +  𝐻𝑂𝐶𝑙 →  𝑁𝐻𝐶𝑙2 + 𝐻2𝑂                                         (17) 

𝑁𝐻𝐶𝑙2 +  𝐻𝑂𝐶𝑙 →  𝑁𝐶𝑙3 + 𝐻2𝑂                                            (18) 

The type of chloramine species and their relative amounts depend on the pH of the solution, 

chlorine to ammonia weight ratio (Cl2:N), temperature and contact time. NH2Cl is the 

desirable disinfectant in water. It is dominating species when Cl2: N is kept is less than 5:1. 

Figure 3 shows the concentrations of the different chloramines with respect to Cl2: N. As 

the ratio increases, the NH2Cl concentration increases up to a ratio of 5:1. When the Cl2: N 

ratio is in the range of 5:1 to 7.6:1, NHCl2 is formed. If the ratio goes above 7.6:1, NCl3 

starts to form in solution. Figure 3 explains the zones where each of the chloramines 

dominate as the ratio of Cl2:N increases.77 NH2Cl is widely used as secondary disinfectant 

due to its stability and longer-lasting effect. NH2Cl helps to lower the formation of DBPs 

in the distribution system due to its lower reactivity compared to FC. NHCl2 and NCl3 are 

undesirable because they cause strong, irritating odours and taste complaints.76 They can 

also irritate eyes and the respiratory tract, and yield poorer, less stable disinfectant residuals 

than NH2Cl.78 NCl3 is volatile and can impact air quality by forming aerosols around 

basins.79 
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Figure 2.3 Illustration of breakpoint chlorination curve. Breakpoint chlorination progresses 

through four zones. In Zone 1, the initial chlorine dose is largely consumed by reducing 

agents (e.g., Fe²⁺, Mn²⁺, H₂S, NO₂⁻), so little or no residual forms. In Zone 2, added chlorine 

reacts with available ammonia and reactive organics to build a maximum monochloramine 

residual while uncombined (free) ammonia is driven toward zero. In Zone 3, further 

chlorination converts monochloramine to dichloramine and nitrogen trichloride; the total 

combined chloramine residual falls as the system approaches the breakpoint, where 

ammonia is essentially exhausted. In Zone 4, a true free chlorine residual develops 

(typically least odorous when ≥ ~85% of total chlorine is free) though small nuisance 

combined residuals may persist, and the potential for disinfection by-product formation 

remains as free chlorine increases. Reprinted with permission from Reference [77]; 

Copyright 2008 American Water Works Association (AWWA). 

 

3.3. Chlorine dioxide 

Chlorine dioxide (ClO2) is a powerful disinfectant. ClO2 is a small highly energetic 

molecule and sanitizes by oxidation without chlorinating the water. It is a free radical with 

the chlorine atom in a +4 oxidation state. ClO2 can be kept stable in dilute aqueous solution 
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in a closed container in the dark. It can react violently at high concentrations with the 

reducing agents present in water. ClO2 can accept an electron to form chlorite (ClO2
-). It 

can take up to five electrons during its complete reduction to form chloride. This makes it 

2.5 times more effective than free chlorine on a molar capacity basis. Chlorite ions (ClO2
-) 

are in a pH-dependent equilibrium with chlorous acid which has a pKa of 1.8. Consequently, 

the dominant species over the entire acceptable pH range of drinking water would be the 

chlorite ion.80,81 

∙ 𝐶𝑙𝑂2 + 𝑒− → 𝐶𝑙𝑂2
−          𝐸𝑜 = 0.954𝑉              (19) 

𝐶𝑙𝑂2
− + 2𝐻2𝑂 + 4𝑒− → 𝐶𝑙− + 4𝑂𝐻−   𝐸𝑜 = 0.76𝑉          (20)  

𝐶𝑙𝑂3
− + 𝐻2𝑂 + 2𝑒− → 𝐶𝑙𝑂2

− + 2𝑂𝐻−    𝐸𝑜 = 0.33𝑉     (21) 

𝐶𝑙𝑂3
− + 2𝐻+ + 𝑒− → ∙ 𝐶𝑙𝑂2 +  𝐻2𝑂     𝐸𝑜 = 1.152𝑉        (22) 

In water, ClO2 reacts with organic and inorganic materials. ClO2 particularly targets 

electron-rich organic compounds such as phenols, amines (secondary and tertiary) and 

organic sulfides. It works better at a lower dose in applications such as controlling odor and 

taste-producing compounds and phenolic compounds.26 It is also a potent disinfectant for 

removing viruses82,83 and bacteria84. The maximum feed dose for ClO2 in Canada is 1.2 

mg/L (to keep chlorite/chlorate by-products within guidelines).85 

ClO2 has high solubility in water compared to free chlorine and remains in water as 

dissolved gas.80,86 Despite its high solubility in water, it can be easily removed through 

aeration. Since it cannot be shipped due to its high reactivity, it is generated on site in the 

water using sodium chlorite (NaClO2) as a precursor. NaClO2 reacts with Cl2(g), HOCl or 

HCl to produce ClO2.87 

Overall, ClO2 is a better disinfectant than free chlorine and monochloramine in the 

inactivation of viruses. It can effectively oxidize Fe, Mn and sulfides and control taste and 

odour-causing compounds. The disinfection process is not affected by the pH. However, it 

requires on-site production, which requires appropriate safety controls and protection from 

light-driven decomposition. 
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3.4. Potassium permanganate  

Potassium permanganate (KMnO4) is an oxidizing agent, recognized for the application as 

disinfectant and deodorizer.88 In water treatment plants KMnO4 is utilized to control odor 

and taste of water. It is also used to remove color, prevent growth of microorganisms and 

to reduce manganese and iron concentrations.89 It is also useful in reducing trihalomethane 

(THM) and commonly found disinfection by-products as it can be used as a precursor to 

oxidation and lowering the dosing concentration of other oxidizing agents.4,80 Chlorine 

application in the treatment plant often comes in the downstream of the treatment plant 

while KMnO4 is used at the beginning to control odor, taste, algae, etc. It is not desirable 

in tap water since it results in a pink color.80  

Under acidic conditions, KMnO4 is highly reactive and shows better disinfection power.90 

KMnO4 will oxidize a broad range of organic and inorganic materials. MnO4
- is reduced to 

MnO2 and precipitates out of the solution.4 The half reactions under the acidic conditions 

are91: 

𝑀𝑛𝑂4
−  +  4 𝐻+ + 3 𝑒− ⟶  𝑀𝑛𝑂2 + 2 𝐻2𝑂     (23)        

𝑀𝑛𝑂4
−  +  8 𝐻+ + 5 𝑒− ⟶  𝑀𝑛2+ + 4 𝐻2𝑂          (24)    

The half reaction under basic conditions is: 

                                         𝑀𝑛𝑂4
−  + 2 𝐻2𝑂 + 3 𝑒− ⟶  𝑀𝑛𝑂2 + 4 𝑂𝐻−        (25)     

Potassium permanganate inactivates microorganisms mainly by oxidizing critical cell 

components and disrupting key enzymes. In practice, MnO₄⁻ is a broad-spectrum 

disinfectant and can attack bacteria, fungi, viruses, and algae through direct oxidation of 

cellular material.92  When KMnO₄ is applied, it is reduced to insoluble MnO₂. This freshly 

formed MnO₂ provides a second, physical route for microorganism removal. The microbes 

and other particles can adsorb onto MnO₂ surfaces and then be removed by settling or 

filtration. In colloidal form, the MnO₂ surface has –OH groups that can bind charged 

species (and even some neutral molecules), thereby increasing capture of microorganisms 

as the precipitate forms.93,94 Higher temperature accelerates the deactivation of pathogens 

such as polio virus and E. coli.94,95  
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Overall, KMnO4 is easy to use, store, and transport. It is an effective oxidizer for manganese 

and iron; odor and taste causing compounds; and inorganic and organic matter. It has been 

demonstrated to control nuisance organisms and killing viruses. Permanganate treatment 

has little impact on the other treatment processes that can be employed in the treatment 

plant.80 Despite a lot of merits, MnO₄⁻  requires longer contact time in the treatment and it 

gives a pink color which is not desirable in drinking water.80 In conventional plants, the 

excess MnO₄⁻ is monitored by observing the pink color and corrected by making sure all 

MnO₄⁻ are reduced to solid MnO₂. The MnO₂ solids accumulate (in reducing condition) in 

filter backwash water and in the settling basin for removal.80 

3.5. Ozone 

Ozone is a powerful oxidant and disinfectant widely used in water treatment. At room 

temperature, it is a colorless (but highly corrosive and toxic) gas with a sharp, distinctive 

odor that can be detected at very low concentrations (0.02 to 0.05 mg/L by volume).96 The 

two mechanisms through which ozone can react are direct oxidation reaction by the 

molecular ozone and indirect reaction by hydroxyl radicals.80,97 Both mechanisms generate 

different oxidation products.98 It is produced by reacting an oxygen molecule with an 

oxygen atom. This reaction is endothermic, and a considerable amount of energy is 

required. Corona discharge is a common method to produce ozone. This method is also 

referred to as silent electrical discharge. Briefly, oxygen gas is passed through a channel 

where two electrodes are separated by a dielectric and a discharge gap. A voltage is applied 

between the electrodes to generate an electron flow. The electrons break down the oxygen 

molecules to eventually produce ozone molecules which decompose back to molecular 

oxygen with a half-life of about 10-80 minutes. The decomposition process is dependent 

on the pH and temperature of the solution. In bromide-containing waters, ozonation first 

forms HOBr/OBr⁻ and can proceed to bromate.3 Process control (pH, H₂O₂, AOC 

management) is necessary to limit bromate formation. 

3.6. Peroxene  

Peroxene is a mixture of ozone and hydrogen peroxide that generates high concentrations 

of hydroxyl radicals (•OH). Adding H₂O₂ to ozonated water accelerates ozone 
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decomposition and boosts •OH formation. The peroxene process differs from ozonation in 

that peroxene relies primarily on •OH as the oxidant.80 

Two concurrent pathways govern oxidation by peroxene: first, via the direct oxidation by 

ozone in the water and second, oxidation by hydroxyl radicals, which are produced 

through the dissociation of ozone. These two competing reactions occur for the oxidation 

of compounds in water. Direct oxidation by molecular ozone is relatively slow, even 

when the ozone concentration is high. In contrast, reactions with hydroxyl radicals (•OH) 

are very fast, so despite their low concentration, they can dominate when •OH is 

generated.99 

The ozone concentration depletes quickly since peroxide greatly increases the 

decomposition of ozone. The rapid depletion of ozone is outweighed by the more reactive 

hydroxyl radicals. Hydroxyl radicals have a higher oxidation potential (+2.8 volts) 

compared to ozone (+2.07 in pH below 7, +1.24 in pH above 7). 

∙ 𝑂𝐻 + 𝑒− → 𝑂𝐻−      𝐸0 =  +2.08         (26) 

𝑂3 + 2𝐻+ + 2𝑒− → 𝑂2 + 𝐻2𝑂       𝐸0 =  +2.07          (27) 

𝑂3 + 𝐻2𝑂 + 2𝑒− → 𝑂2 + 2𝑂𝐻−     𝐸0 = +1.14            (28) 

Peroxene is effectively used in oxidizing organics which are not easy to oxidize, such as 

geosmin and 2-methylisoborneol (MIB), which are compounds that impart odor and taste.80  

It can also oxidize halogenated compounds like trichloroethylene, 1-chloropentane, 1,1-

dichloropropene, and 1,2-dichloroethane.100,101  

Overall, peroxene provides a reactive and faster oxidation process which can effectively 

oxidize difficult-to-treat organics that contribute to taste and odor related issues. Practical 

considerations remain: concentrated H₂O₂ is a strong oxidant with handling hazards that 

degrades in storage. Additionally, the rapid O₃ decay in peroxene means it does not provide 
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a measurable disinfectant residual. Peroxene is not as effective in oxidizing iron and 

manganese as ozone alone.80 

3.7. UV-peroxide 

UV-H2O2 is an advanced oxidation process which uses ultraviolet (UV) light in 

combination with H2O2. The combination generates hydroxyl radicals (•OH), which are an 

extremely reactive species. Organic contaminants break down when exposed to hydroxyl 

radicals. H2O2 absorbs UV light at around 254 nm from low-pressure mercury lamps. The 

H2O2 molecules are split by the UV energy. The hydroxyl radicals oxidize contaminants 

and convert them to CO2 and H2O.102 

𝐻2𝑂2 + hν →    2 ∙ 𝑂𝐻          (29) 

UV-H2O2 is advantageous over the UV-ozone system due to the higher solubility of H2O2 

in water over the comparatively lower solubility of ozone. This results in larger amounts of 

hydroxyl radicals in water in a UV-H2O2 system than the UV-ozone system for an equal 

amount of energy provided to the system. High turbidity and nitrate in water can however 

affect the penetration of UV light in the contaminated water. Additionally, the tubes can be 

fouled due to scaling. To ensure a high yield of hydroxyl radicals, residual H2O2 may need 

to be removed since H2O2 can consume hydroxyl radicals and exert a chlorine demand. In 

drinking water treatment systems, UV-H2O2 is used to destroy trace contaminants like 

pesticides, pharmaceuticals, 1,4-dioxane, N-nitrosodimethylamine (NDMA), taste and 

odor.103 Trojan Technologies has commercialized this type of advanced oxidation 

process.104 

3.8. Hypobromite/ hypobromous acid 

Hypobromite (OBr-) is a bromine-based oxidizing agent. Hypobromite acts similar to 

hypochlorite (OCl-) in water. It is often formed in water by adding bromide ions that go on 

to react with oxidants. Commonly free chlorine is used to produce hypobromite in water. 

When free chlorine reacts with bromide ions, hypobromous acid (HOBr) is produced. 

𝐶𝑙2 + 𝐵𝑟− → 𝐻𝑂𝐵𝑟 + 𝐶𝑙−            (30) 
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HOBr can then partially dissociate to produce hypobromite.  

                                               𝐻𝑂𝐵𝑟  ⇔   𝑂𝐵𝑟− + 𝐻+           (31) 

In a swimming pool environment, ozone-bromine treatment is used by introducing ozone 

to a highly concentrated bromide solution. The ozone and bromide reaction produces 

HOBr:105 

                       𝑂3 + 𝐵𝑟− + 𝐻2𝑂 → 𝐻𝑂𝐵𝑟 + 𝑂2 + 𝑂𝐻−           (32)                          

The undissociated HOBr is the strongly biocidal form, and its fraction is governed by pH 

and pKₐ. Because pKₐ(HOBr) ≈ 8.6–8.7, at pH 8.5 HOBr is >50 % undissociated (α≈0.58), 

whereas HOCl (pKₐ≈7.5) is only ~9 % undissociated. Therefore, bromine retains higher 

biocidal potency at alkaline pH, making it attractive for high-pH cooling circuits and 

saline/marine waters.  

The disinfection efficiency of ozone-bromine treatment is comparable to conventional 

hypochlorous acid procedures. While some research suggests brominated compounds can 

be more toxic than chlorinated compounds, in vitro testing found no increased toxicity in 

pool water disinfected with ozone-bromine.106 Polycyclic aromatic hydrocarbons in the 

presence of hypobromous acid can generate emerging toxic byproducts in bromide-

containing water during chlorination, which accounts for the occurrence of HPAHs and 

OPAHs in tap water and WWTP effluents. As bromide-containing water more closely 

simulates real-world conditions than HOCl only systems, the highly reactive HOBr poses 

new challenges to tracing pollutant transformation and discovering novel DBPs.107 

Brominated pools/spas experience fewer chloramine-related complaints while still meeting 

the same residual (≈1–3 mg L⁻¹ as Br₂). OBr- disinfection is particularly useful where 

alkaline pH, ammonia, seawater salinity or intense biofouling pressure reduce chlorine's 

efficacy. Its fast kill kinetics and stable bromamine residuals make it the oxidant of choice 

for most cooling-water, recreational-water and marine applications.108–110  
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4. Areas of Application 

This section discusses how disinfectant chemistry is put into practice across a number of 

applications. In drinking water, primary disinfection delivers a high degree of pathogen 

inactivation at the plant, and secondary disinfection provides a protective residual 

throughout the  distribution system. Industrial and cooling-water programs emphasize 

biofouling control and materials compatibility under variable loading, pH, and temperature. 

Recreational waters such as swimming pools must balance pathogen control with user 

(bather) comfort. By-products need to be minimized under sunlight high-organic 

conditions. Wastewater disinfection is important to monitor due to variable quality and 

short contact times.  

4.1. Primary disinfectants for drinking water  

The term "primary disinfectant" refers to disinfectants deployed in water treatment plants 

to kill or inactivate microorganisms (mainly human pathogens) that are present in water. 

Primary disinfectants provide rapid and effective disinfection in the initial water treatment 

process. This disinfection is carried out entirely at the water treatment facility.111  

Free chlorine, in the form of HOCl, is a very strong disinfectant that can inactivate a wide 

range of pathogens. Not only is it suitable for primary disinfection, but it also leaves a 

protective residual in water supply systems (secondary disinfection).112 However, if the 

incoming water has ammonia or other nitrogen-containing compounds, and free chlorine is 

the intended secondary disinfectant,  operators should make sure that a minimum of 80% 

of the total chlorine residual is free chlorine after primary disinfection. In the event of using 

breakpoint chlorination to remove raw water ammonia, the reaction should be allowed to 

go to completion before the water is discharged from the disinfection system. Any excess 

ammonia, otherwise, may initiate other chemical reactions in the distribution system, 

quickly consuming the chlorine residual and exposing the water to contamination.111 
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Chlorine dioxide, however, must be produced on site, usually by reacting sodium chlorite 

with chlorine gas, hypochlorous acid, or hydrochloric acid. Alternatively, it is produced 

electrochemically. The disinfectant is very effective, even more so than chlorine—though 

not quite as effective as ozone. Furthermore, any chlorine dioxide remaining after initial 

disinfection can be utilized to provide residual disinfectant levels in sections (or the 

entirety) of the distribution system.111 

Ozone is an effective disinfectant as well, created on-site through the electrical charging of 

dry air or oxygen. Although very effective for microbial inactivation, it has no residual and 

thus is not suitable for application in maintaining disinfection in distribution pipes. In the 

absence of some secondary disinfectant (such as chloramines or chlorine dioxide), biofilm 

growth in the system can be a problem. To counteract this, a biofiltration step is normally 

suggested following ozone treatment to inhibit microbial regrowth.111 

Ultraviolet (UV) light can be used as a primary disinfection method. Not all UV reactors, 

however, are created equal—to be qualified, one specific model will need to show that it is 

able to achieve the necessary levels of disinfection. This is achieved through testing by 

biodosimetry with MS-2 bacteriophage or Bacillus subtilis spores in a bid to determine 

maximum flow rates at various levels of UV transmittance while attaining the intended 

dose. If the UV technology in question does not utilize the 254 nm wavelength (which 

approximates the optimal germicidal range of 260-265 nm), certification becomes more 

complicated. In that situation, then the actual delivered dose must be confirmed by real-

world biodosimetry testing. The results would then need to be calculated as an equivalent 

254 nm UV dose for proper comparison.111 

Disinfection monitoring ensures water safety by continuous or daily testing, depending on 

system type. Municipal residential systems are required to utilize real-time monitoring with 

alarms, and non-municipal systems that do not have the capability utilize daily grab 

samples. Free chlorine systems have analyzers that sample at the end of each stage of 

disinfection (before addition of post-treatment chemicals) and must be correctly calibrated 

(±0.05 mg/L below 1.0 mg/L or ±5% above). Chlorine dioxide systems have the same 
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installation guidelines but require periodic testing for chlorite/chlorate byproducts. 

Monochloramine monitoring is the same as free chlorine practices, with the additional test 

for total chloramines. UV systems are constantly ensuring 254 nm-equivalent dose delivery 

with failure alarms that are required, and sensors require regular calibration, of particular 

significance for surface water or groundwater under surface influence. 111 

 

4.2. Secondary disinfectants for drinking water 

Secondary disinfection gives a residual protective disinfectant in water distribution 

systems. This is done to avoid microbial recontamination, manage biofilm growth, and give 

an early indication of system breakthrough. Only chlorine, chlorine dioxide, and 

monochloramine offer this residual disinfection. Regulation stipulates minimum residual 

concentrations to be held at all points of daily water flow: free chlorine (≥0.05 mg/L at pH 

≤8.5), chlorine dioxide (≥0.05 mg/L), or monochloramine (≥0.25 mg/L as combined 

chlorine). The maximum residual concentrations are 4.0 mg/L for free chlorine, 0.8 mg/L 

for chlorine dioxide, and 3.0 mg/L for combined chlorine. Minimum targets include 0.2 

mg/L free chlorine (pH ≤8.5) or 1.0 mg/L monochloramine for the purpose of effective 

suppression of bacterial activity - more so nitrification in chloraminated systems. Total 

chlorine only measurements are a good representation of the combined residual in properly 

balanced chloramine systems because no free chlorine should be measurable. 

Monochloramine is a relatively weak disinfectant and, as such, not an acceptable primary 

disinfectant for most uses. This is because at typical concentrations, it takes too long an 

exposure time to achieve satisfactory disinfection. But, as it has the ability to remain in 

water systems, it is often applied as a secondary disinfectant to maintain a steady chlorine 

residual in the distribution system. When utilized for secondary disinfection, the sequence 

of addition of chlorine and ammonia does not influence the development of combined 

chlorine residual. As long as the ratios are correct and mixing is carried out immediately, 

the chemicals can be added in any sequence or even all at the same time. 111These residual 

maintenance strategies provide protection of water quality with optimum operational 

effectiveness and regulatory compliance all along the distribution system. 111 
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4.3. Disinfectants for industrial water, cooling water loops 

Bromine in various chemical forms is being commonly applied in industrial water systems 

like cooling towers and fountains. In these systems, hypobromite can be formed as a 

secondary oxidant when chlorine or ozone reacts with naturally occurring bromide ions in 

the water, particularly in seawater. 

This renders it of extremely high significance for critical industrial processes like 

desalination operations, ballast water treatment in vessels, and the continuous running of 

cooling towers. Electrochemical disinfection systems that efficiently generate hypobromite 

in situ are finding increasingly broad application in industrial water treatment and ballast 

water treatment in the shipping industry. Electrochemical systems are known to be very 

efficient and suitable for large capacities, providing a safe and effective method of 

disinfecting water. 

Microbial control in recirculating cooling water systems is essential to prevent a wide range 

of serious problems, including the increased risk of Legionnaires' disease, physical 

blockages due to microbial growth, corrosion under biological masses, and heat exchanger 

inefficiency. In these applications, biocides like hypobromite play a very significant role in 

maintaining system integrity and operational efficiency. 

4.4. Swimming pools 

Swimming pool disinfection is essential for the protection of bathers from pathogens that 

are water-borne and aerosol-borne. Additionally, it is important to keep the chemical by-

products within the safe limit. Commonly free chlorine is used to disinfect the swimming 

pool water as the primary disinfectant.113 Often, liquid feed, tablets or gas form of free 

chlorine (sodium or calcium hypochlorite or onsite electro-generated) is used. The 

operational target is ≥ 1 mg L⁻¹ free Cl₂ in pools and ≥ 3 mg L⁻¹ in hot tubs/spas. It is 

recommended to raise to ≥ 2 mg L⁻¹ when cyanuric acid (CYA) is present.113 CYA is used 

in outdoor swimming pools as a chlorine stabilizer. CYA forms complexes with free 

chlorine to generate chlorinated isocyanurates which shield HOCl from UV photolysis.114 

This phenomenon reduces daytime free chlorine loss and chemical consumption. The same 
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complexation lowers the activity of HOCl and depresses ORP; this slows down the 

pathogen inactivation and oxidation of bather wastes.115 Hence the need for higher free-

chlorine setpoint in the presence of CYA. Trichloroisocyanuric acid and sodium 

dichloroisocyanurate products inherently add CYA and can lead to seasonal accumulation. 

CYA is generally discouraged for spas/therapy pools and most indoor venues, and it 

complicates hyperchlorination responses (e.g., Cryptosporidium). Routine monitoring of 

both CYA and free chlorine is recommended to keep stabilizer within range and to interpret 

ORP correctly. In warmer water with higher pHs such as spas and therapy pools, 

HOBr/OBr- is used as primary disinfectant.116 The operational target of bromine solution 

is ≥ 3 mg L⁻¹ in pools, ≥ 4 mg L⁻¹ in hot tubs. 116 Supplementary methods of disinfection 

that are used in pools include UV (UV-C, 254 nm), ozone, and AOPs (UV/H2O2, O3/ H2O2). 

These methods require especial needs such as quenching before returning to the pool 

(ozone), or residual chlorine or bromine (UV). AOPs generate hydroxyl radicals that 

destroy organics and odor producing microorganisms. They are employed in pools where 

the waste load is high.117  

Chloramines (mono-, di-, trichloramine) and trihalomethanes (THMs) form when free 

chlorine reacts with nitrogenous organics from sweat and urine that are released into the 

swimming pools. Trichloromethane (TCM), Trichloroacetic acid (TCAA) and 

Dichloroacetic acid (DCAA) are the most toxic DBPs that are formed in the indoor pools.118 

Managing the number of swimmers, free chlorine residual, disinfection strategy, total 

organic carbon, and water temperature can help curb DBP formation and the related health 

risks in the pools. 118 

4.5. Wastewater treatment  

Waste-water treatment disinfection is the process step (typically following primary settling 

and secondary biological treatment) during which a physical or chemical agent is used to 

inactivate disease-causing microbes that are still present in the clarified effluent. 

Disinfectants destroy fecal bacteria, viruses and protozoan cysts present in wastewater. 

Treatment helps ensure the plant is in compliance with regulatory microbial limits (e.g., 
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geometric mean ≤126 CFU E. coli 100 mL⁻¹ on many North-American permits).119 Free 

chlorine is widely used in wastewater treatment. Typical secondary-effluent doses are 5–

20 mg/L. The real design driver is CT = C×T (concentration × contact time) and many reuse 

rules specify minimum CT benchmarks (e.g., CT ≥ 450 mg·min/L for filtered effluent). 

After chlorination, facilities often dechlorinate to protect aquatic life.120 UV is a very 

common disinfectant for plants with good effluent clarity. UV delivers high inactivation of 

bacteria/viruses and Cryptosporidium/Giardia without forming chlorinated DBPs, but it 

leaves no residual. Design is based on UV dose (mJ/cm²) and wastewater systems 

commonly target ~30–100 mJ/cm². Low UV transmittance (UVT), high TSS, and lamp 

fouling reduce delivered dose.7,121,122 Ozone is also used where advanced oxidation or reuse 

goals overlap. However, utilities must control bromate formation when bromide is present. 

This disinfection process also requires off-gas destruction and careful mass transfer 

design.123 

 

5. Operating Principles of Sensors 

Effective monitoring of disinfectants is mainly achieved by one of three distinct means: 

optical, electrochemical, and electrical sensors. Each method has distinct trade-offs for 

speed, selectivity, and maintenance. Optical methods (colorimetry, fluorescence) are 

traceable and sensitive with simple readouts but rely on reagents and can be biased by 

interferences. Electrochemical approaches (potentiometry, voltammetry, amperometry) are 

fast and reagent-free. However, they depend on stable reference electrodes which are 

vulnerable to fouling and cross-reactions. Electrical sensors (chemiresistors and solution-

gated FETs) offer compact, low-power, networkable nodes. Their limiting factors are long-

term stability and selectivity in complex matrices. The following subsections discuss these 

methods in more detail along with recently reported approaches to detect and monitor 

disinfectants. 
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5.1. Optical sensors 

5.1.1. Colorimetric  

Colorimetric sensing converts an analyte-driven chemical reaction into a visible color 

change of a reagent (dye, chromophore, or nanoparticle) in the measurement zone. That 

change in absorbance or ΔRGB from images of the reagent pad, cuvette, or microfluidic 

channel is quantified to determine concentration of the analyte. Often an aromatic amine 

such as N,N-diethyl-p-phenylenediamine (DPD) or 3,3′-dimethylbenzidine (orthotolidine), 

a π-conjugated dye like 3,3′,5,5′-tetramethylbenzidine (TMB) or 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS), or even a plasmonic nanoparticle are used 

as a colour-forming reagent to react with the disinfectant either stoichiometrically or 

through catalysis. This interaction changes the dye’s electronic structure and, in turn, its 

molar absorptivity at a specific wavelength. According to the Beer Lambert law A = εbc, 

absorbance A (unitless) equals the molar absorptivity ε (L·mol⁻¹·cm⁻¹) times the optical 

path length b (cm) times the analyte concentration c (mol·L⁻¹). In a camera or other readout 

systems, the observed color change, often summarized as ΔRGB, tracks absorbance 

because A=log10(I0/I), so channel intensity decreases as concentration increases. With fixed 

illumination and path length, a calibration converts ΔRGB (or a single channel such as G) 

to absorbance and yields a linear concentration response over a defined range. Outside that 

range, deviations can arise from stray light, turbidity and scattering, reagent depletion, or 

detector saturation, so the method should report the usable linear interval and the limit of 

detection. Because most disinfectants are potent oxidants, they quickly oxidise these 

chromophores or activate peroxidase-like nanozymes, allowing rapid, low-cost 

measurements easily captured by smartphone cameras or simple photodiodes.12,13 

5.1.2. Fluorescence  

The fluorescence detection method uses reagents like the colorimetric methods and 

additionally requires sophisticated instruments to capture fluorescence. Fluorescence 

sensors convert a chemical reaction with the target oxidant into a light signal. A fluorescent 

probe is transformed into a strongly fluorescent product (turn-on), or a bright dye is 

quenched (turn-off). In the case of FC, molecular designs typically exploit hypochlorous 
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acid’s (HOCl/ClO⁻) strong electrophilic/oxidizing character to cleave or oxidize protecting 

groups, restore conjugation, or suppress intramolecular charge transfer. Similar strategies 

have also been demonstrated for H₂O₂. These mechanisms enable high sensitivity and fast 

response suitable for tracking disinfectants at sub-micromolar to micromolar levels. 

Table 2.4 Optical sensors 

Material Disinfectant Parameters/note References 

Colorimetric    

Starch-

stabilized 

silver 

nanoprisms 

(AgNPrs) 

H2O2 1.57 μM can be recognized by naked-

eye; good accuracy, stability and 

reproducibility. 

124 

DPD FC linear range of 0.8–14 μM and LoD of 

0.23 μM. 

125 

Azobenzene 

acid 

FC  126 

DPD FC 0.7 -56 µmoll-1; effective approach when 

interference chemical (Fe3+) is present; 

PLS has been employed to increase 

selectivity 

 

Fenton-DPD 

method 

H2O2 0-12 µM; LoD 0.05 µM; Oxidative 

coloration reaction of DPD via Fenton 

reactions 

127 

PBA and ARS 

complex 

H2O2 50 – 500 µM 128 

LGB and HRP ClO2 0.25 to 1.8 mgL−1 129 

    

Fluorescence    
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GQDs FC 0.05 to 10 μM; LoD 0.05 μM 130 

 FC LoD 37.56 nM, rapid response time (<30 

s); 6-(2-benzothiazolyl)-2-naphthol as 

the fluorophore and N,N-

dimethylthiocarbamate as the 

recognition group 

131 

Carbazole MnO4
-  132 

BPCN-SSPy FC  133. 

GQDs FC 0.5 μM to 1.0 mM; LoD 0.3 μM 134 

CS, PVA, and 

TPA 

H2O2 LoD of 0.1 μM and LoQ of  0.33 μM 135 

Rhodamine S ClO2 0.0060–0.450 µgmL−1; LoD of 0.0030 

µgmL−1. 

136 

GQDs = graphene quantum dots,  Zn(Hmim)2, DPD = N,N-diethyl-p-phenylenediamine, PBA= phenylboronic acid, ARS 

= Alizarin Red S, LGB = lissamine green B, HRP = horseradish peroxidase, CS = chitosan, PVA = polyvinyl alcohol, 

TPA = terephthalic acid, 

5.2. Electrochemical sensors 

Electrochemical sensors are commonly used for the detection of redox active analytes. 

These sensors transduce redox processes at electrodes into measurable potentials or 

currents. Electrochemical techniques such as potentiometry, voltammetry, and 

amperometry have been used to measure disinfectants in water. Depending on the 

technique, they may use two electrodes (e.g., potentiometric: indicator and reference) or 

three electrodes (e.g., amperometry/voltammetry: working, reference, counter) for 

potential control.  

For reliable, continuous use, the reference electrode must remain stable over long periods 

to minimize recalibration, be durable enough for repeated use, and tolerate the complex 

chemistry of real water samples. Meeting all three requirements (stability, reusability, and 
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broad chemical compatibility) is a central challenge. Additionally, the fabrication process 

of the reference electrode needs to be simple and cost effective. Commonly used reference 

electrodes are the saturated calomel electrode (SCE, Hg/Hg2Cl2), the standard hydrogen 

electrode (SHE, H2/H+|Pt), and the silver/silver chloride (Ag/AgCl) electrode. According 

to the Nernst equation, the oxidation-reduction potential (ORP) of the solution depends on 

the concentrations of the chemicals participating in the reaction. The reference electrodes 

depend on maintaining a steady concentration of the participating species to generate a 

constant electrochemical potential.  

5.2.1. Voltammetry  

Voltammetric measurements require three electrodes (working, counter and reference) in 

the solution. An electrical potential is applied between the counter electrode and the 

working electrode until the potential difference between reference electrode and working 

electrode reaches a set value. The resulting current flowing through the counter and 

working electrodes is measured over time. As the potential of the working electrode relative 

to the reference electrode is swept from a negative to a positive value, depending on the 

oxidation or reduction reaction that takes place at the working electrode, an oxidation 

(positive current) peak or a reduction (negative current) peak will occur at a specific 

voltage. Both, LSV and CV work by sweeping the voltage linearly, however, in the case of 

CV the voltage reverses back to the starting point in a cyclic manner. The peaks generated 

from this technique can be used for the quantification of the analyte by integrating the 

current measured as a measure of charge transferred (ignoring side reactions). The analyte 

species are characterized by locating the peaks at their characteristic voltages. 

5.2.2. Amperometry  

Amperometry measurements are carried out by three electrode systems where the potential 

at the working electrode is maintained at a constant value (relative to the reference 

electrode) while the current flows between the working and counter electrodes. The current 

measured from this method is the result of the disinfectants undergoing an electrochemical 
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reduction reaction. The potential that needs to be applied is decided based on the peak 

identified in the voltametric analysis. A specific potential is fixed on the working electrode 

with respect to the reference electrode. Pt, Au or carbon-based working electrodes are often 

used. The current generated during the measurement can be directly correlated to the bulk 

concentration of the disinfectant. Amperometry can be used to identify electroactive redox 

species by employing different electrode materials at specific potentials identified by 

voltametric methods. To avoid interfering ions that may be reduced around similar 

potentials as the redox species, the potential needs to be carefully selected. One problem 

that arises from amperometric sensing of free chlorine is that the electrode surface may 

adsorb the products that are formed after the reduction takes place. This results in sensitivity 

loss over time. Depending on the movement of the solution, amperometric methods can be 

categorized as chronoamperometry and hydrodynamic amperometry. In the 

chronoamperometric methods, the solution does not need to be stirred, whereas in 

hydrodynamic amperometry, the solution is stirred.  

5.2.3. Potentiometry  

Standard potentiometric measurements involve a working electrode made of materials that 

are sensitive the analyte and a reference electrode. Commonly, Ag/AgCl is used as a 

reference electrode. In a solution, the circuit potential of working and reference electrode 

linearly correlates to the log concentration of the analyte species in the solution. 

Potentiometric sensors measure disinfectants such as free chlorine by a buffered iron 

solution. The potential change due to the reduction reaction of free chlorine and iron ion is 

measured in this type of method. Since using an iron ion buffer is challenging this method 

did not become as popular as the DPD-based colorimetric methods.137,138  

Electrochemical techniques suffer from the fact that their working electrodes, usually noble 

metals like platinum (Pt) and gold (Au), can become poisoned on the surface, e.g., by 

manganese salt depositions. This may lead to the generation of electrochemically active 
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surface oxides, destabilizing the measured signals.139,140 Table 5 lists the electrochemical 

sensors reported for disinfectant sensing.  

 

Table 2.5 Electrochemical sensors. 

Material Disinfectant Parameters References 

Voltammetric    

Gold electrode FC 1 mg/L to 5 mg/L; LoD of 0.04 

mg/L  

141 

Boron-doped diamond  O3 and FC Simultaneous detection of O3 

(3 mg/L) and FC (100 mg/L) 

142 

 PdNPs, p1,5-DAN, 

 CPE 

H2O2 detecting hydrogen peroxide 

(H2O2) with linear ranges of 

0.1 to 250 μM and 0.2 to 300 

μM as well as detection limits 

(S/N = 3) of 1.0 and 5.0 nM 

143 

Cl microelectrode NH2Cl (0.1–30.0 mg Cl2/L) at an 

applied potential of +550 mV 

144 

Zeolite modified CPE MnO4
- 35 to 80 nmol/L; LoD of 0.40 

nmol/L 

145 

Potentiometric    

Stainless steel vs. Pt FC Linear range (1 mg/L-10 mg/L)   146 

Silver nanoparticles 

decorated on porous 

silicon 

H2O2 1.65 µmol L−1–0.5 mmol L−1; 

LoD of 0.45 µmol L−1. 

147 

Silicon-chip with Pt and 

Au 

NH2Cl 1 - 10 mg/L; LoD 0.03 mg/L; 

in-situ pH control to eliminate 

oxygen interference 

148 

https://www.sciencedirect.com/topics/chemical-engineering/nanoparticle
https://www.sciencedirect.com/topics/engineering/porous-silicon
https://www.sciencedirect.com/topics/engineering/porous-silicon
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Au interdigitated 

microelectrode array 

FC 0.35-1.85 mg/L; in-situ pH 

control 

149 

Au, Pt, and carbon fiber 

microelectrode 

NH2Cl (0–4.2 mg Cl2/L); no DO 

interference for Au and Pt 

150 

Pt and Au electrode NH2Cl Behavior of chloramine was 

studied 

151 

Amperometric    

Graphite (pencil trace) FC 7-500 mg/L; LoD 6600 ppb 152 

Free chlorine and total 

chlorine 

microelectrodes (5−10 

μm tip size) 

NH2Cl studied the fate/penetration of 

disinfectant 

153 

Carbon black ClO2 0.05–20 mg/L; LoD of 0.01 

mg/L; screen-printed electrode 

154 

Glassy carbon FC 0.009-10 range; 9ppb 155 

Glassy carbon FC 0.7-16 range; 3 ppb 156 

Graphite (pencil trace) FC 0.4-6 range; 400 ppb 157 

Asparagine-GO FC 0 – 8 mg/L 158 

Pt and glassy carbon ClO2 Measured over pH range 2-10 159 

FC = free chlorine, p1,5-DAN = Poly 1,5-Diaminonaphthalene, PdNPs = palladium nanoparticles, CPE = carbon paste 

electrode, GO = graphene oxide. 

 

 

5.3. Electrical sensors  

Electrical sensors are semiconductor device-based platforms that have emerged as a 

popular choice for chemical and biological sensing. Their sensing capability comes from 

the ability to transduce physical and chemical interactions that take place near or at their 

gate surface.160 These sensors are simple in design and robust in operation in a continuous 

format. Furthermore, chemiresistors provide an advantage of detecting analytes without the 

reference electrode, and field effect transistors have high sensitivities in detection.10 
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5.3.1. Field effect transistors  

Field effect transistor (FET) based sensors can detect an analyte by its effect on the electric 

field at the gate. When chemicals interact with the gate, the electric field changes which 

then modulates the conductivity of the channel. The conductivity change is measured as 

signal.161 When a positive electric field is applied it attracts electrons and repulses holes. In 

a p-type materials (where holes are the majority charge carriers), the positive field repulses 

holes and leaves fewer charge carriers, therefore the conductivity of the channel decreases. 

In an n-type material (electrons as the majority charge carrier), a positive field attracts more 

electrons into the channel, thus increasing the conductivity. Operationally, a FET sensor 

combines a sensor and an amplifier.161 A minor change in the potential can cause a 

significant change in the channel’s current.162 This effect is like applying an external 

voltage to gate electrode of a standard FET device where electrical conductivity changes in 

real time. This change in conductivity corresponds to the presence of the analyte.162  FETs 

are advantageous since they can be integrated with standard electronics and high sensitivity. 

However, they are more complex to build compared to chemiresistors.10 In the case of back 

gated FETs, the gate is built into the substrate. Often the gate is made of silicon with a layer 

of dielectric silicon dioxide (SiO2) which electrically insulates it from the channel. In 

solution-gated FETs, a reference electrode is used to apply the gate voltage through the 

solution.18  

 

Figure 2.4 (a) Fabrication of graphene film for FET on a Cu Substrate using CVD. (b) 

Schematic diagram of a solution gated graphene FET. Reprinted with permission from 

Reference [140]; Copyright 2024 Royal Society of Chemical (RSC). 
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All FET-based free chlorine sensors reported in the literature are solution-gated FETs 

prepared using single layer graphene. Table 6 shows the FET based disinfectant sensors 

that were reported in the literature. Typically, conductive channel fabrication of FET 

sensors is a multistep process as shown in figure 2.4a. The monolayer graphene is deposited 

using chemical vapor deposition (CVD) which yields precise growth of graphene. The final 

channel has a length of 7.5 mm and a width of 15 mm.140 Figure 2.4b shows a schematic of 

a graphene FET sensor. Ag/AgCl is a common gate electrode used for the free chlorine 

sensing using graphene based FETs.163,164 Sugawara et al. systematically studied the impact 

of the gate electrode in the measurement of free chlorine, and compared the effects of gold, 

boron-doped diamond (BDD) and graphene.140 They concluded that gate electrodes with 

lower surface redox activity can produce the best sensors. In this case, they found that FET 

devices with graphene and BDD had lower limits of detection (LoD) compared to the Au 

electrodes. 

Figure 2.5a presents the transfer characteristics (drain-source current IDS versus gate-source 

voltage VGS) collected from the graphene channel with a gold gate electrode. IDS is the 

electrical current flowing through the transistor channel from drain to source when a small, 

fixed drain–source voltage (VDS) is applied. IDS is the output that gets measured. VGS is the 

control voltage applied to the gate relative to the source. The observed ambipolar behavior 

in all curves demonstrates continuous modulation of charge carriers in graphene from hole-

dominated to electron-dominated conduction through field-effect control.140 Using the gate 

to source voltage (VGS) values for similar transfer curves, a schematic representation of 

graphene’s electronic states has been shown in figure 2.5b. 140 Different concentrations of 

NaClO were then analyzed for the corresponding VGS. 140
 At the Dirac point, graphene’s 

valence and conduction bands meet with no band gap. At the Dirac point, the number of 

charge carriers is at minimum, and the current in the graphene channel would be the 

lowest.165 The Dirac point voltage (VDP) increases significantly from 0.09 V to 0.70 V for 

concentration changes  from 0 to 5 mg/L of NaClO. 140 Therefore it has been demonstrated 

that free chlorine can modulate the graphene Dirac point and VDP shows concentration 

dependent shifts. 140 
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Figure 2.5c shows graphene-based FET’s free chlorine selectivity over the commonly 

found ions in water. The device demonstrated exceptional selectivity for hypochlorite ions 

(ClO⁻), with a normalized current response (NCR) of 1.21±0.21 to just 0.71 mg/L as free 

chlorine. Common interfering ions at 100 times higher concentrations (1 mM) produced 

negligible responses: chloride (Cl⁻), nitrate (NO₃⁻), sulfate (SO₄²⁻), and ammonium (NH₄⁺) 

showed NCR values below -0.0063; 200 times weaker than the ClO⁻ response. Phosphate 

(PO₄³⁻) and carbonate (CO₃²⁻) showed slightly higher interference (NCR = -0.0078 to -

0.014), but still 100 times smaller than for ClO⁻. Calcium ions (Ca²⁺) produced the strongest 

interference (NCR = -0.0197), which was 60 times smaller than the hypochlorite 

response.163 When these devices were tested for NaClO in tap water they showed excellent 

recovery rates ranging from 80% to 110% as shown in figure 5d. Therefore, the graphene-

based FETs can be a great alternative to standard methods used for free chlorine 

measurements. 
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Figure 3.5 (a) Current-voltage characteristics of graphene FETs with Au gate electrodes 

measured for free chlorine levels (0 to 5 mg/L) in phosphate-buffered saline buffer (pH 7). 

(b) Diagram showing how graphene's electronic properties change with sodium 

hypochlorite (NaClO) concentration and applied gate voltage (VGS). Reprinted with 

permission from Reference [140]; Copyright 2024 Royal Society of Chemical (RSC). (c) 

The sensor's current response to 10 μM hypochlorite (ClO⁻) was compared with various 

interfering ions (1 mM each): chloride (Cl⁻), nitrate (NO₃⁻), sulfate (SO₄²⁻), phosphate 

(PO₄³⁻), carbonate (CO₃²⁻), ammonium (NH₄⁺), and calcium (Ca²⁺). Standard deviation of 

3 measurements was shown as error bar. (d) Normalized current response of sensors for a 

range of NaClO concentrations carried out in DI water and tap water. Standard deviation 
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of 3 measurements was shown as error bar. Reprinted with permission from Reference [163]; 

Copyright 2018 Elsevier.  

FET sensors have been explored extensively as pH, heavy metals, and biosensors.10,18,166 

Even though it has been demonstrated that disinfectants such as free chlorine can be 

detected, other commonly used disinfectants, such as monochloramine or potassium 

permanganate have not been explored for this type of device. FET-based sensors show 

shorter device lifetime, and lower sensitivity and selectivity in complex media are the major 

challenges in FET-based monitoring167. An extended-gate geometry offers better durability 

(reduced fouling and corrosion) in continuous monitoring by spatially separating the 

sensing surface and the gate of the FET while keeping them electrically connected. The 

gate can thus be cleaned or replaced without impacting the electronics.168 In the case of 

interfering redox species being present in the water, the response of the FET to free chlorine 

can be adjusted by tuning the gate electrode surface with free chlorine-sensitive species 

containing amine groups.169,170 This addition has been demonstrated to stabilize the 

electrode potential and thereby decrease the variations in free chlorine responses.140 

Another approach that could be taken to enhance accuracy and robustness is a dual gate 

configuration with materials of different sensitivity. This will generate different signals, 

which could be used for multivariate analysis or machine learning. FET-based chlorine gas 

sensing171 and hydrogen peroxide detection172 for biosensing applications have not been 

discussed here.  

Table 2.6 Field effect transistor (FET) sensors. 

Material Disinfectant Parameters References 

Graphene FC 0 to 5 mg/L 140 

Graphene FC 100 nM to 100 µM 163 

MoS2/RGO, MoS2  H2O2 LoD 1 pM,  166 

Graphene FC 0-29.3 mg/L 164 

FC = free chlorine, RGO = reduced graphene oxide, MoS2 = molybdenum disulfide 
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5.3.2. Chemiresistive sensors  

Chemiresistors are solid-state electrical devices containing an active layer the conductivity 

of which changes upon interaction with an analyte. Typically, the active (conductive) layer 

of material is deposited in between two contacts (or electrodes), and the contacts are 

connected to a set of control electronics to generate a small bias potential across the layer 

while measuring the resulting current.173 Other approaches are possible, including the use 

of an AC driving potential.174 The change in the conductivity of the active layer is correlated 

with the concentration of the analyte. Chemiresistive sensors are often categorized 

according to the active layers used for fabrication. Common materials used for the active 

layer include semiconducting metal oxides175–178, conducting polymers179–182, metal 

nanoparticles183–186, and carbon-based materials18,187–189. Their low cost, ease of device 

fabrication, and compatibility with conventional DC circuits make them very popular in 

gas sensing.190,191Although chemiresistive gas sensing has been demonstrated for more than 

fifty years, aqueous sensing is a relatively new area of research. There has been an 

increasing number of reports of chemiresistive sensors for detecting pH, ions, and 

disinfectants.192–195 Figure 2.6a shows a fabrication schematic of a recently reported 

chemiresistive sensor. A glass microscope slide was used as a substrate where a conductive 

layer of single-walled carbon nanotube (SWCNT) was deposited, overlapping two pencil 

patches. Cu tapes were placed on the pencil contacts to facilitate the attachment of electrical 

components. The Cu contacts were finally masked with a dielectric material, such as 

polydimethylsiloxane (PDMS). Figure 2.6b shows a typical current vs time graph when 

sensors interact with chemicals. In this case, MnO4
- was added to water and increasing 

sensor responses were achieved as SWCNT networks were hole-doped. This curve was 

further processed to create a calibration graph (Figure 2.6c) where the percent change (% 

change) sensor response was plotted against the concentration of MnO4
- (mg/L).196 
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Figure 2.6 Fabrication and characterization of chemiresistive sensors. (a) Schematic of 

each of the basic components of the device (top) and the device geometry (bottom). (b) 

Characterization of chemiresistive device in permanganate (MnO4
-) solution. Raw sensor 

response of a 15 kΩ resistance device as current change (nA) plotted against time (minutes) 

for the spiking of MnO4
-. The arrow shows the points of MnO4

- addition. 0.2 mg/L MnO4
- 

was added in the background solution with 0 mg/L MnO4
-. Other concentrations were 

added in the stirring sample. (c) Calibration graph of three devices as percent change (% 

change) sensor response plotted against concentration of MnO4
- (mg/L). The dots show 

average values and error bars represent the standard deviation of the responses to 

corresponding concentrations. The dotted line is the Langmuir adsorption isotherm fit. The 

model parameters for the sensor are A = 90.53±1.82% and B = 2.92±0.17 mg-1L for an R2 

value of 0.99. Reprinted with permission from Reference [196]; Copyright 2025 American 

Chemical Society (ACS). 

Four disinfectants that have been tested are free chlorine, hydrogen peroxide, potassium 

permanganate, and monochloramine. Table 7 tabulates the reports on the disinfectant 

sensors using this platform. One of the first reports on disinfectant chemiresistive sensors 

was carried out with a polypyrrole-multiwalled carbon nanotube (MWCNT) composite 

functionalized with dodecylbenzenesulfonate (DBS) for the detection of H2O2.197 The 

simple design of chemiresistors attracted attention because it does not need a reference 

electrode and with the reversible dopant molecule, it can detect an analyte in a continuous 

manner. A number of chemiresistive H2O2 sensors have been introduced for the sole 

purpose of detecting biological analytes.172 We reviewed only the studies for the application 
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in water quality monitoring, unlike the disinfectant gas sensors reviewed in ref. 163. Free 

chlorine detection with a SWCNT substrate was reported utilizing the switchable doping 

behavior of molecules present in the functionalized semiconducting nanotubes.198,199 Here, 

an aniline oligomer phenyl capped aniline tetramer (PCAT) was noncovalently adsorbed 

on a SWCNT network. When PCAT is oxidized by HOCl/OCl- some of the charges are 

removed from the network, resulting in an increase in conductivity of the PCAT-SWCNT 

network. The range of detection was reported from 0.06 mg/L to 60 mg/L of free chlorine 

with a thicker network (thickness of 100 µm).  The thickness of the substrate plays a crucial 

role in the chemiresistive response. The response time and sensitivity of the device are 

improved with a thinner substrate. This is because analytes can diffuse through the thin 

film at a quicker rate than through a thicker film and thinner networks have fewer active 

spots where the analyte can interact.10 Making the sensing film thinner shortens the time to 

reach equilibration because the analyte can diffuse more quickly into  the sensing layer 

from the surrounding solution. When transport in the sensing layer is diffusion-limited, the 

characteristic response time scales with thickness squared (t ∝ L²/D). Here, t is the response 

time, L is the diffusion path length (in sensing film, L is the film thickness), and D is the 

diffusion coefficient of the analyte in the sensing layer.200,201 Sparser, near-percolation-

threshold networks also have fewer parallel paths, so small changes at a few junctions 

produce a larger overall resistance change (higher ΔR/R).202,203 Active sites in sparser 

networks are exposed to the solution rather than buried in the bulk, which increases the 

fraction of material that participates in sensing.204 Together, these effects result quicker 

responses and higher sensitivity, though extremely thin films can become noisy or unstable, 

so there is an application-dependent optimum density A recent study optimized the 

SWCNT networks for chemiresistive sensors to accommodate a wide range of 

concentrations of MnO4
- in water.196 It was demonstrated that sparser network-based 

sensors detected low concentrations, while denser network-based sensors was able to detect 

higher concentrations.   
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Figure 2.7 Chemometrics in chemiresistive sensing array. (a) Principal component analysis 

(PCA) of the sensor responses for 1 ppm of free chlorine (FC) and permanganate (MnO4
- ) 

in five pHs: 5.5, 6.5, 7.5, 8.5, and 9.5. The dotted regions represent FC and MnO4
-. The 

colored regions inside represent the pH regions for the corresponding analyte. The colored 

ellipses characterize a 95% confidence level. Reprinted with permission from Reference 

[192]; Copyright 2023 American Chemical Society (ACS). (b) Regression graph from partial 

least squares (PLS) model showing the predicted concentration from the model and actual 

concentration measured by the DPD method. The solid red dots represent the training data 

set from the known spiking of monochloramine in tap water. The open circles represent the 

testing data set for three unknown tap water samples. The dashed line represents the ideal 

comparison line. The model parameters, R2 and root mean squared error value using leave-

one-out cross-validation (RMSELOOCV) method values are 0.99 and 0.012. Reprinted 

with permission from Reference [205]; Copyright 2024 American Chemical Society (ACS). 

The devices are of particular interest where rapid prototyping is necessary because they are 

easy to fabricate. There are wide variety of techniques to incorporate sensing materials, in 

addition to the utilization of macroscale features, which makes this platform specifically 

useful for initial testing when material morphology has yet to be optimized or whenever 

minimization of fabrication cost is required. Chemiresistive sensors consume low power, 
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show good sensitivity, and good reproducibility188. Chemometric analysis (Figure 2.7) 

addresses the selectivity issues that are commonly associated with chemiresistors. Here, an 

array of SWCNT-based chemiresistors (functionalized and un-functionalized) was utilized 

to differentiate FC and MnO4
- over a range of pHs.192 The sensor data were analyzed with 

principal component analysis (PCA) to separate the analyte at different pHs (Figure 2.7a). 

Figure 2.7b shows the regression graph from a partial least squares (PLS) model applied to 

a few-layer graphene-based array for monitoring of monochloramine in tap water.205 This 

model was applied to predict the concentration of unknown concentrations of the sample 

and showed good predictability. 

Table 2.7 Chemiresistive sensors. 

Material Disinfectant Parameters Refere

nce 

Graphene-amino pyrene FC 0.01–1.0 mg/L; 0.003 169 

SWCNT-PCAT 

FC 
  

  
 

0.06–60 mg/L; 0.06 mg/L (lowest 

measured) 

198 

GLC-PCAT FC 0.01–1.4 mg/L; 0.001mg/L 173 

Graphene-PEDOT:PSS FC 0.1–500 mg/L; 0.18 mg/L 206 

SWCNT-CoPc-AQ 

array 

FC 0.015–10 mg/L; 0.001 mg/L 207 

Graphene-array FC  

NH2Cl 

NHCl2 

(0-2.45 mg/L) 

(0 – 2.08 mg/L) 

(0-2.25 mg/L) 

205 

SWCNT-array FC  

MnO4
- 

(0 – 2 mg/L) 

 (0 – 1.33 mg/L) 

192 

Graphene/graphitic 

composite- CNT 

FC  (0-0.59) mg/L 208 

Pencil lead- PCAT FC  0 – 12 mg/L 209 
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Pencil drawn film FC  0.06 – 60 mg/L 210 

MWCNT-array FC  0-1 mg/L over the pH (5.5-9) 211,212 

SWCNT-crystal violet H2O2  213 

Polypyrrol-CNT  H2O2  197 

GLC-PCAT FC 0.05-1.75 mg/L 214 

SWCNT -DPPD MnO4
- lower range concentrations 

(0.01− 0.1 mg/L, limit of 

detection, LoD 0.0001 mg/L), 

medium range concentrations 

(0.2 −1.6 mg/L, LoD 0.002 mg/L) 

and high range concentrations 

(1− 8 mg/L, LoD 0.03 mg/L) 

196 

SWCNT FC (0.05 – 1.2 mg/L) 215 

FC = free chlorine, NH2Cl = monochloramine, NHCl2 = dichloramine, GO = graphene oxide, GLC = graphene-like 

carbon, DPPD = N, N-diethyl-1,4-phenylenediamine, PCAT = phenyl-capped aniline tetramer, PEDOT: PSS = poly(3,4-

ethylenedioxythiophene): poly(styrenesulfonate), CoPc = cobalt phthalocyanine, AQ = anthraquinone, SWCNT = single-

walled carbon nanotube, MWCNT = multi-walled carbon nanotube. 

6. Conclusion 

Effective disinfection is a dynamic situation where oxidant speciation shifts with pH and 

temperature, requiring adjustment with changing organic and inorganic loads, and 

residual disinfectant level drops as water moves through treatment and distribution. This 

review showed that online monitoring provides the progressive solution needed to keep 

systems under control where breakthrough events will be swiftly recognized for 

corrective action, and DPBs will be minimized. Among the parameters that can be 

monitored, ORP offers a fast, integrative signal of oxidative strength. However, ORP 

must be interpreted in the context of chemistry (such as HOCl/OCl⁻ level, chloramine 

formation, bromide reactions) and additives that suppress the oxidative reactivity (such as 

cyanuric acid in recreational water). pH, ionic strength, dissolved oxygen, and 
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temperature add crucial information to ensure effective disinfection. Free chlorine 

remains the most popular disinfectant in drinking water applications with increasing 

popularity of monochloramine usage as secondary disinfectant due to its long-lasting 

residual effect. Other disinfectants are increasingly used in AOPs to find innovative 

solutions to disinfect water and wastewater.  

Sensing technologies are slowly moving toward multi-parameter, reagent-less systems. 

Colorimetric platforms, however, are still the most used detection method due their 

reliability despite the need for reagents. Electrochemical techniques are the most 

researched methods with rapid, low-cost deployment but requiring attention to reference 

electrode stability (due to fouling, and cross-sensitivity issues). Emerging electrical 

approaches (chemiresistors and FETs) promise simple architectures and truly continuous 

operation. With the increasing use of chemometrics and potential of simple fabrication 

methods of chemiresistors, the scientific community has challenges to solve in making 

the chemiresistive arrays more durable and commercially ready to be applied in treatment 

plants. 

Future research should concentrate on: (i) standardized calibration and intercomparison 

protocols for online sensors across realistic matrices; (ii) antifouling, self-verification, and 

in-situ recalibration to extend maintenance intervals; (iii) model-based control that links 

measured ORP/speciation to CT targets under varying temperature and pHs; and (iv) 

secure data pipelines that feed alarms. Utility officials and operators can move from 

chasing residuals to proactively managing risk of contamination in water if these 

advancements are achieved. 
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Chapter 3 Chemometrics 

  
Chemometrics is the application of mathematical and statistical methods to chemical data 

to extract relevant information. It is used to build predictive models and guide experimental 

design. It is particularly valuable in handling multivariate datasets such as spectra, 

chromatograms, or sensor array responses, where univariate analysis cannot capture the 

underlying complexity. Chemometric tools such as principal component analysis (PCA), 

partial least squares regression (PLS), and clustering methods are used to transform raw 

measurements into meaningful chemical and process information. 

3.1 Principal Component Analysis (PCA): Principal Component Analysis (PCA) is one 

of the most widely used multivariate statistical techniques in chemometrics and related 

fields. It provides a mathematical framework for reducing the dimensionality of complex 

datasets while keeping the most relevant information. It projects high-dimensional data 

onto a smaller number of orthogonal components and shows patterns, trends, and clusters 

that are often obscured in the raw measurements.1 In the field of chemical sensing, 

spectroscopy, and materials characterization, researchers frequently deal with large 

datasets containing correlated variables. For example, absorbance values measured across 

hundreds of wavelengths, or sensor responses across multiple conditions, form high-

dimensional datasets. Interpreting these data is not straightforward. PCA addresses this 

challenge by transforming the original correlated variables into new uncorrelated variables 

called principal components (PCs). The PCs are ordered such that the first few capture most 

of the variance in the dataset.2 

3.1.1 Theory and Interpretation 

The mathematical foundation of PCA lies in linear algebra and statistics. Consider a dataset 

represented as a matrix X with observations in rows and variables in columns. PCA 

decomposes X into the product of two smaller matrices and a residual error: 

                                   X = T Pᵀ + E                              (1) 

Here, T is the score matrix, containing the projections of the original observations onto the 



Ph.D. Thesis ─ M. A. Akbar; McMaster University - Chemistry 

78 
 

PCs. P is the loading matrix, containing the directions (eigenvectors) along which the 

variance is maximized. E represents the residual matrix, capturing unexplained variance.1 

The PCs are obtained by solving the eigenvalue problem of the covariance matrix of X. 

The first PC corresponds to the eigenvector associated with the largest eigenvalue and it 

captures the greatest variance in the data. Each subsequent PC captures the maximum 

remaining variance under the constraint of being orthogonal to the previous components. 

Scores provide information on how samples relate to each other, and loadings provide 

information on how variables contribute to observed patterns. 

Score plots and loading plots are used to interpret PCA. Score plots reveal relationships 

among samples, such as clustering, grouping, or trends along process conditions. In sensing 

studies, for example, samples with different analytes exposures may form separate clusters 

along the first or second PC. Loading plots show how original variables contribute to each 

PC. In spectroscopy, loadings can highlight specific wavelength regions that drive the main 

variation. In sensor arrays, loadings may identify which sensors dominate the 

discrimination of certain analytes. Another key tool is the scree plot, which displays the 

explained variance for each component. This helps determine the number of components 

to retain. Typically, the first few components explain most of the variance, while the 

remaining ones capture noise. 

3.1.2. Applications 

PCA is widely used across chemistry, analytical sciences, and process monitoring. Its usage 

spans exploratory analysis, quality control, and data preprocessing. PCA simplifies 

interpretation of infrared, Raman, UV-Vis, and NMR spectra by highlighting key spectral 

features. For example, overlapping bands can be resolved into patterns that separate sample 

types or concentrations. Arrays of sensors functionalized with different materials often 

produce correlated responses.3 PCA can reveal how different analytes separate in the score 

space, demonstrating the discriminating ability of the array. Loadings further indicate 

which sensors are most sensitive to specific compounds. In industrial chemistry and 

pharmaceuticals, PCA is used to detect deviations from normal operation by comparing 
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real-time data against historical models. This provides early warnings about process drift 

or equipment faults. PCA also acts as a noise-reduction method by retaining only the major 

components and discarding minor ones dominated by random fluctuations. 

As sensing technologies generate increasingly large and complex datasets, PCA is still a 

valuable first step in exploratory analysis. However, its integration with more advanced 

machine learning methods is growing. PC can also be used to predict concentration using 

principal component regression (PCR). PCA can serve as a dimensionality reduction 

technique before applying supervised algorithms like Partial Least Squares (PLS), Support 

Vector Machines (SVM), or Neural Networks. This hybrid approach enhances predictive 

modeling while ensuring interpretability.4 

3.2 Partial Least Squares (PLS): Partial Least Squares (PLS) is one of the most important 

methods in chemometrics, especially when dealing with high-dimensional, noisy, or 

collinear datasets. Unlike multiple linear regression, which requires predictor variables to 

be independent, PLS can handle strongly correlated predictors and still produce robust, 

interpretable models. This makes it particularly valuable in analytical chemistry, 

spectroscopy, process monitoring, and sensor applications, where measurements often 

generate hundreds of interdependent variables.5 

3.2.1 Theory and Interpretation: PLS models the relationship between two data matrices: 

X (predictor variables, such as spectral intensities or sensor responses) and Y (response 

variables, such as concentrations or properties). By projecting both X and Y into a shared 

low-dimensional latent variable space, PLS not only predicts Y from X but also captures 

the structure of both datasets.6 Mathematically, the PLS decomposition can be written as: 

                                      X = T Pᵀ + E                                   (2) 

                                      Y = U Qᵀ + F                                  (3) 

Here, T and U are the score matrices representing projections of X and Y. P and Q are the 

loading matrices that describe how the original variables contribute. E and F are residuals 

not explained by the model. An important property of PLS is that the latent variables (T) 
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are constructed to maximize the covariance between X and Y. This ensures that extracted 

components are not only good summaries of X but are also directly relevant for predicting 

Y. 

Partial Least Squares Regression (PLSR) differs from PCR. In PCR, components are 

chosen to maximize variance in X only, while PLS selects components that simultaneously 

capture variance in X and their ability to predict Y.7 

Interpretation of a PLS model is carried out using score, weights and loadings plot. Score 

plots (t-scores vs. u-scores) show how samples are distributed in the latent variable space, 

revealing clusters, trends, or outliers. Weight and loading plots indicate which predictors 

contribute most to the model; Y-weights (c) show how responses align with components. 

Variable Importance in Projection (VIP) plot summarizes the contribution of each X-

variable to explain Y across all components. Residual analysis also plays a critical role. Y-

residuals indicate the predictive quality of the model, while X-residuals highlight outliers 

or samples that do not conform to the modeled relationship. 

3.3.2 Applications                                                                                                                                                                                                                                      

PLSR has become a standard tool in chemometrics, with applications ranging from 

laboratory analysis to industrial scale-up.4 PLS is widely used in near-infrared (NIR), 

Raman, and UV-Vis spectroscopy to build calibration models that predict concentrations 

of analytes from spectral data. PLS relates molecular descriptors to chemical properties or 

biological activity, enabling rational design of compounds. In manufacturing, PLS enables 

real-time monitoring and control by linking multivariate sensor data (X) to quality 

attributes (Y). 

In sensor networks, PLS models can disentangle overlapping responses and enable 

quantitative predictions. Validation is critical to ensure predictive reliability. It is done 

either by cross-validation when the data set is small or external validation with an 

independent data set. Iteratively leaves out subsets of data to estimate predictive 
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performance. The predictive residual sum of squares (PRESS) and cross-validated R² (Q²) 

are standard metrics. 

An important extension of PLS is Partial Least Squares Discriminant Analysis (PLS-DA). 

While PLSR is used for quantitative prediction, PLS-DA is adapted for classification tasks, 

where the response variable Y encodes class membership rather than continuous values. 

By projecting X into latent variables that maximize separation between classes. PLS-DA is 

widely applied in metabolomics, food chemistry, and sensor-based classification.8 

VIP (Variable Importance in Projection) plots are often used in both PLSR and PLS-DA to 

highlight which predictor variables contribute the most to explaining the variation in Y. A 

VIP score greater than 1 usually indicates a variable of high importance, while scores below 

0.5 are often considered uninformative. These plots are valuable tools for variable selection, 

simplifying models, and improving interpretability.9 

PLSR is a versatile and robust method for relating multivariate predictor and response 

spaces. Its ability to manage collinearity, noise, and multiple responses makes it 

indispensable in chemometrics, spectroscopy, and process monitoring. PLS links 

experimental measurement and predictive modeling by providing both interpretability and 

practical utility.  
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Chapter 4   Optimization of Carbon Nanotube Percolation Networks for 

Broad Dynamic Range Detection of Permanganate in Water 

This chapter demonstrates the tunability of percolation networks of single-walled carbon 

nanotubes (SWCNTs) for chemiresistive sensing, with a focus on how network density 

influences detection range and sensitivity. By adjusting the density of the SWCNT film, 

three resistance regimes were identified, each suited to a specific concentration range of 

potassium permanganate. High resistance networks (∼25 kΩ) showed the highest 

sensitivity to trace concentrations (0.01–0.1 mg/L, LoD 0.0001 mg/L). Medium resistance 

networks (∼15 kΩ) provided stable responses in the intermediate range (0.2–1.6 mg/L, 

LoD 0.002 mg/L). Low resistance networks (∼5 kΩ) were most effective at higher 

concentrations (1–8 mg/L, LoD 0.03 mg/L). Spectroscopic pre-screening of the films was 

used to ensure reproducibility in fabrication and to guide the choice of network density 

for a desired application. In addition to density control, functionalization of the SWCNT 

networks was shown to enhance selectivity, stability, and long-term performance. 

Reprinted with permission from the  J. Phys. Chem. C 2025, 129, 32, 14583-14592, Md 

Ali Akbar, Ponnambalam Ravi Selvaganapathy, and Peter Kruse. 
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Chapter 5   Continuous monitoring of free chlorine level and pH using 

an array of carbon nanotube chemiresistors 

This chapter describes an array of single-walled carbon nanotube (SWCNT) chemiresistors 

developed for continuous monitoring of free chlorine (FC) under different pH conditions. 

The SWCNT films were noncovalently functionalized with cobalt phthalocyanine and 

anthraquinone to enhance their interaction with FC. The sensor array distinguished 

concentrations in the range of 0.03–2.1 mg/L across pH values from 6.5 to 9.5. The device 

design was also modified from earlier prototypes to incorporate features that enable large-

scale fabrication, and performance was demonstrated over an extended concentration range 

of 0.015–10 mg/L. The array achieved a detection limit of 0.001 mg/L and included an 

electronic reset function to allow repeated use in continuous monitoring. Sensor durability 

was tested through repeated measurements in simulated tap water. Reprinted with 

permission from ACS Omega 2025, 10, 27, 29074–29086, Md Ali Akbar, Mehraneh 

Tavakkoli Gilavan, Ponnambalam Ravi Selvaganapathy, and Peter Kruse.  

DOI: 10.1021/acsomega.5c01256  © 2025 American Chemical Society 

https://doi.org/10.1021/acsomega.5c01256
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Chapter 6   Identification and Quantification of Aqueous Disinfectants 

Using an Array of Carbon Nanotube-Based Chemiresistors 

This chapter demonstrates an approach to identify and quantify multiple disinfectants in 

water using single-walled carbon nanotube (SWCNT) chemiresistive sensing arrays. Free 

chlorine and potassium permanganate were selected as model analytes. The arrays 

consisted of functionalized SWCNT devices alongside unfunctionalized reference sensors, 

enabling differentiation of the disinfectants based on their distinct response mechanisms. 

Sensor responses, collected across a range of concentrations and pH values, were fitted to 

Langmuir adsorption isotherms to describe the adsorption-driven interaction at each sensor 

type. Blank and functionalized devices responded through different pathways, producing 

complementary data that varied with concentration and pH. Chemometric methods were 

employed to analyze the multidimensional dataset: principal component analysis (PCA) 

revealed clear separation of the two disinfectants across five pH conditions (5.5, 6.5, 7.5, 

8.5, and 9.5), while partial least-squares discriminant analysis (PLS-DA) provided robust 

classification and prediction, with Q² of 94.26% and R² of 95.67%. This proof-of-concept 

study demonstrates that solid-state SWCNT chemiresistive sensor arrays can be tailored 

for specific disinfectants and hold potential for deployment in water treatment and 

distribution monitoring. Reprinted with permission from ACS Appl. Eng. Mater. 2023, 1, 

11, 3040–3052, Md Ali Akbar, Omar Sharif, P. Ravi Selvaganapathy, and Peter Kruse. 

DOI: 10.1021/acsaenm.3c00505 © 2023 American Chemical Society 
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Chapter 7   Continuous Monitoring of Monochloramine in Water, and 

Its Distinction from Free Chlorine and Dichloramine Using a 

Functionalized Graphene-Based Array of Chemiresistors 

This chapter presents a solid-state, reagent-free method for monochloramine (MCA) 

sensing using an array of few-layer graphene (FLG) chemiresistors. The devices were 

fabricated from exfoliated FLG and functionalized with redox-active molecules designed 

to provide differential responses to MCA, free chlorine (FC), and dichloramine (DCA) 

across a range of concentrations. Chemometric analysis was applied to separate 

overlapping responses and to construct multivariate calibration models for quantitative 

detection. A minimum of three sensors within the array was required to preserve full 

functionality. The array was demonstrated to quantify MCA in both buffered solutions and 

tap water, providing a low-cost and reagent-free approach for continuous monitoring. 

Reprinted with permission from the journal of ACS ES&T Water 2024, 4, 9, 4041-4051, 

Md Ali Akbar, Ponnambalam Ravi Selvaganapathy, and Peter Kruse. 

DOI:10.1021/acsestwater.4c00341 © 2024 American Chemical Society 
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Chapter 8           Conclusions and Outlook 

In this thesis, carbon-based substrates such as carbon nanotube and graphene have been 

used to fabricate chemiresistive sensors for water quality applications, specifically 

disinfectant monitoring. The chemiresistive sensors have been functionalized with planar, 

conjugated, redox active molecules. The single-walled carbon nanotube sensor surface was 

optically characterized and optimized for sensing of permanganate in aqueous solution. We 

have furthered our studies to multivariate disinfectant sensing of free chlorine at various 

pH’s with successful application of nanotube-based arrays with functionalized 

chemiresistive sensors. We have shown that sensor arrays can distinguish free chlorine and 

permanganate. Finally, we demonstrated that these arrays can be extended to a different 

material (graphene) and to a practical scenario where multiple disinfectant species are 

present together. 

The summary of the main findings of the 4th chapter is given below:  

▪ SWCNT percolation networks with different resistances have been fabricated for the 

purpose of optical, microscopic, and electrical characterization. 

▪ The density of the percolation network was optimized for chemiresistive devices. 

▪ The devices fabricated with the highest resistance (~25 kΩ) can detect lower range 

concentrations of permanganate (0.01− 0.1 mg/L) with a limit of detection (LoD) of 

0.0001 mg/L. 

▪ Medium resistance devices (~15 kΩ) were shown to detect mid-range concentrations 

of permanganate (0.2 −1.6 mg/L) with a LoD of 0.002 mg/L.  

▪ Low resistance devices (~5 kΩ) were shown to detect high range concentrations of 

permanganate (1− 8 mg/L) with a LoD of 0.03 mg/L.  

▪ SWCNT networks were successfully functionalized with N, N-Diphenyl-1,4-

phenylenediamine (DPPD). 

▪ It was found that the functionalization improved the sensitivity and repeatability of 

the chemiresistive devices. 

The summary of the main findings of the 5th chapter is given below:  
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▪ An array of single-walled carbon nanotube (SWCNT) chemiresistors was fabricated 

to monitor FC in a continuous manner at different pHs.  

▪ The SWCNT chemiresistors were non-covalently functionalized with cobalt 

phthalocyanine and anthraquinone. 

▪ The array was successfully applied to differentiate FC concentrations ranging from 

0.03 mg/L to 2.1 mg/L within a pH range of 6.5 to 9.5. Chemometric analysis (PCA) 

was carried out to assess the sensor array performance to differentiate FC in the pH’s 

tested. 

▪ The SWCNT chemiresistive sensor design has been improved from our previous 

devices to incorporate components to facilitate mass fabrication. Silver contacts and 

parafilm dielectric have been adopted to the fabrication process. 

▪ The new sensor design was tested over a wide range (0.015–10 mg/L) of FC. The 

LoD of the sensor was calculated to be 0.001 mg/L. 

▪ An electronic reset function was successfully incorporated into the sensors to be able 

to continuously monitor the concentration of FC for both upward and downward 

changes. 

▪ The sensors were tested in simulated tap water over an extended FC concentration 

range (0.015 – 10 mg/L). 

▪ Chemometric analysis (PLS) was carried out to assess the model’s performance. 

The summary of the main findings of the 6th chapter is given below:  

▪ An array of SWCNT sensors comprising of functionalized (PCAT, APCAT, DPPD, 

DPB, and LCV) and unfunctionalized (blank) sensors were used to distinguish 

different disinfectants (free chlorine and potassium permanganate). 

▪ The molecules were electrochemically characterized and the functionalization of 

SWCNT with the molecules was characterized by Raman spectroscopy. 

▪ PCA and partial least squares-discriminant analysis (PLS-DA) were used to analyze 

the sensor data. PCA showed excellent separation of the analytes over five different 

pHs (5.5, 6.5, 7.5, 8.5, and 9.5). PLS-DA provided excellent separability as well as 
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good predictability with Q2 of 94.26%. and R2 of 95.67% for the 5 pH regions of the 

two analytes. 

▪ Chemometrics showed that only three sensors were enough to distinguish and 

quantify free chlorine and potassium permanganate over a range of pH values. 

The summary of the main findings of the 7th chapter is given below:  

▪ Few-layer graphene (FLG) has been selected to demonstrate the broader applicability 

of disinfectant-based sensing.  

▪ An array of FLG chemiresistors were fabricated and functionalized with 2,3-

diaminophenazine (DAP), 1-aminopyrene (APy), 9,10- phenanthrenequinone (PQ), 

and N,N’-diphenylbenzidine (DPB). 

▪ These devices were used for detecting monochloramine (MCA), free chlorine (FC), 

and dichloramine (DCA). 

▪ The sensor responses were separated by chemometric approaches such as PCA and 

PLS. 

▪ Simultaneous detection of MCA and FC has been demonstrated. 

▪ Predictive detection of MCA has been demonstrated by using the training dataset 

collected from a tap water background and utilizing PLS regression. 

The following section explores some of the ideas that can be carried out in future: 

1. As the work advances, emphasis should be placed on refining the sensing layer of 

chemiresistive sensors. While SWCNT-based devices demonstrated stability over 

repeated measurements for several weeks, the proportion of sensors that maintained 

reliable performance remained low. Few-layer graphene (FLG) substrate was 

effective in transmitting functionalizing behavior in the sensor array. These substrates 

also exhibited a higher density of defects compared to SWCNT networks. Therefore, 

facile fabrication of FLG can be adopted and controlled experiments can be carried 

out by intentionally introducing defects to the substrate. Then functionalization of the 

substrate can be conducted to gauge the level of sensor array output for better 

combination of the sensors. For large-scale applications, graphene-like carbon (GLC) 

substrates offer a promising route for mass production. As a continuation, a set of 
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molecules can be selected from the work presented here. GLC sheets of larger surface 

can be functionalized to introduce better repeatability between the sensors. Different 

thicknesses should be tested to gain better understanding of the functionalization 

process. These improvements can take this sensing platform to a better level than the 

currently used colorimetric disinfectant analyzer where reagents are added.  

2. Array based sensing methods for other analytes such as disinfectants that are used in 

advanced oxidation (AOP) processes such as hydrogen peroxide, ozone, and 

peracetic acid. Multivariate detection of heavy metals can be explored using 

functionalized sensor array since their simultaneous detection is necessary. For 

example, hydrogen peroxide and free chlorine array can be useful where free chlorine 

is used to quench excess peroxide after the disinfection process. 

3. Substrates designed for sensing disinfectants: Metal–organic frameworks (MOFs) 

and covalent–organic frameworks (COFs) are attractive because of their ordered 

pores, high surface areas, and tunable chemistry. Their functional groups can be 

tailored to interact with specific disinfectants, making them good candidates for 

selective sensing. In some cases, MOFs and COFs on their own can act as sensing 

platforms. They may show changes in conductivity, dielectric behavior, or redox 

activity when exposed to oxidants. These intrinsic responses make the idea of all-

framework chemiresistive sensors promising, but the frameworks must be engineered 

to remain stable in water and to support reliable charge transport. MOFs and COFs 

can also be combined with conductive nanomaterials such as CNTs or graphene. In 

such hybrids, the porous and chemically tunable frameworks bring selectivity and 

pre-concentration, while the carbon materials provide fast and stable conductivity. 

This combination often results in better sensitivity and signal transduction. Future 

work should compare the two approaches: stand-alone frameworks versus hybrids. 

This will help us understand where each performs best and what trade-offs exist 

between porosity, water stability, and conductivity. The biggest challenge will remain 

the stability of these systems, whether framework-only or hybrid, for long-term, flow-

through sensing in real water treatment environments.  
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4. Machine learning based chemiresistive sensors with training data gathered for 

complex samples over long duration. Chemiresistive sensors often show signal drift 

as time goes on. This can happen because of fouling, changes in the environment, or 

gradual shifts in the sensor surface itself. Standard calibration methods usually do not 

deal well with these long-term issues. The challenge is even greater in real water 

systems, where many oxidants, background ions, and natural organic matter are 

present at the same time. Machine learning (ML) offers a way forward by finding 

patterns in large amounts of data and adjusting as sensor behavior changes. One clear 

step for future work is to build training datasets that mirror actual operating 

conditions. These should include changes in pH, temperature, ionic strength, and 

mixtures of disinfectants, collected over long periods. If sensor arrays are exposed to 

this kind of complexity in both laboratory and pilot-scale studies, ML models can be 

trained to separate overlapping responses and reduce background noise. Such datasets 

also make it possible to develop predictive models that catch small shifts in sensor 

output before they build up into major baseline drift. In this way, long-term reliability 

of sensors in the field can be improved. 

5. Long term stability and fouling resistance can be explored to facilitate 

commercialization of chemiresistive sensors. Incorporation of ultrathin zwitterionic 

or perfluorinated coatings that repel biofilms while sensing analyte to the CNT 

network can be studied. Another approach could be to integrate low frequency 

electrothermal or electrochemical regeneration cycles to burn off organic foulants 

without disassembling the sensor. Selective membranes can also be incorporated on 

the sensors developed in this thesis to increase the durability of the sensors. The 

devices need to undergo month-long chlorine stress tests (≥ 2 mg L⁻¹ as Cl₂) and 

temperature cycling to quantify drift mechanisms and predict service lifetimes. 
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