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Abstract: An automated, on-site trihalomethanes concentration data set from a conventional
water treatment plant was used to optimize powdered activated carbon and pre-chlorination
doses. The trihalomethanes concentration data set was used with commonly monitored water
quality parameters to improve an empirical model of trihalomethanes formation. A calibrated
model was used to predict trihalomethanes concentrations the following year. The agreement
between the models and measurements was evaluated. The original model predicted
trihalomethanes concentrations within ~10 ug-L™! of the measurement. Calibration improved
model prediction by a factor of three to five times better than the literature model.

Keywords: disinfection by-products; trihalomethanes; on-line monitoring; process control;
empirical models




Beverages 2015, 1 226

1. Introduction

Compared to a century ago, the incidence of waterborne disease in the United States has become
exceedingly rare. This is due in no small part to water chlorination which many consider the most
significant public health development of the 20th century [1]. Unfortunately, despite all its benefits,
water chlorination results in the formation of carcinogenic disinfection by-products (DBPs) from the
reactions of free available chlorine with natural organic matter in source waters [1-5].

The trihalomethanes (THMs) are the most common class of DBPs. This group includes four chemical
compounds, chloroform (CHCI3), bromodichloromethane (CHBrCl2), chlorodibromomethane (CHBr2Cl)
and bromoform (CHBr3). The total concentration of these four THMs (Total THMs) is regulated and
should not exceed the maximum contaminant level (MCL) of 0.080 mg-L™! (or 80 pg-L™!) [2,3] in
finished drinking water. Data from the Environmental Working Group Drinking Water Database
collected in 2007 [5] demonstrates that one in five legal violations in drinking water is a violation of the
MCL for Total THMs. Clearly, many utilities struggle each year to meet these regulations and the
occurrence of THMs formation in public drinking water is widespread.

Recently, these regulations have become more difficult to meet for water treatment plants (WTPs)
across the country. Stage 1 of the DBP rule [2] has transitioned to the Stage 2 DBP rule which has been
enforced since 2012 [3]. Under Stage 1 [2], WTPs reported a running annual average to establish
compliance with the MCLs. Thus, Stage 1 allowed WTPs to sample from several different locations in
their distribution system and average these results over the entire distribution system. This means that
WTPs could establish compliance by averaging sites in their system that exhibited lower THMs
concentrations with sites that exhibited higher concentrations of THMs to yield a running annual average
less than the MCL. In the Stage 2 rule [3], the system-wide running annual average was replaced with
the locational running annual average. The locational running annual average requires the WTPs to
sample at specific sites (typically referred to as “hot spots”) that exhibit the highest THMs concentrations.
The locational running annual average is reported for each specific site, thereby eliminating the ability
to average the THMs results across the distribution system. This makes achieving compliance of the
DBP Rule more difficult for many WTPs across the country [3].

THMs formation is dependent upon several factors [4—12], perhaps chief among them the quality of
source water available to the water treatment plant. Source water quality varies from plant to plant, and
the approach that WTPs take to minimize THMs formation may vary greatly from location to location.
Many WTPs are left on their own to determine exactly what treatment practices are most effective for
their specific situations—situations that may change from hour to hour with causes such as rainfall,
seasonal temperature inversion events [13], and perhaps other factors. To respond in real-time, WTPs
have historically used surrogates to account for their THMs reduction practices. For example, specific
absorbance at UV 254 (SUVA) and Total Organic Carbon (TOC) measurements have been used as
“proxy”” measurements of THMs concentrations. SUVA and TOC measurements can be done “on-site”
at WTPs with subsequent data used to gain control of and minimize THMs formation [12,14,15]. Neither
of these methods provides direct measurement of THMs species and unfortunately, as will be explored
here, the surrogacy assumed in their use may not always be valid.

There are a number of ways to directly measure individual and Total THMs concentrations in drinking
water, but most are not suitable for real-time THMs measurements [16]. The United States Environmental
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Protection Agency (USEPA) has provided several methods that work well for compliance monitoring
with USEPA 551.1 [17], 502.2 [18] and 524.2 [19] being the most common. USEPA 551.1 [17] uses
liquid-liquid extraction and gas chromatography with an electron capture detector to extract, separate,
and quantify THMs, respectively. USEPA 502.2 [18] uses purge and trap gas chromatography with a
photoionization detector connected in series with an electrolytic conductivity detector. USEPA 524.2 [19]
uses purge and trap gas chromatography with the increased specificity of a mass spectrometer to
accomplish the same goal. All three methods excel for compliance monitoring of THMs. However, they
are an expensive capital investment for many WTPs, require analytical expertise typically beyond that
of many WTP operators, and are not suited for real-time measurements of THMs concentrations.

As an alternative to on-site USEPA analysis, many WTPs outsource their THMs compliance
monitoring to contract laboratories. Contract laboratories offer advantages such as eliminating the needs
for expensive instrumentation and highly skilled analysts to operate the instruments. Further, the contract
laboratory handles the data interpretation and analysis needed to demonstrate compliance with USEPA
regulations. However, if daily process control is the goal, outsourcing samples to contract laboratories
may be an expensive proposition resulting from a large number of samples and long sample turnaround
times ranging from weeks down to days if expensive priority analysis is used. Such data are hardly useful
to operators for responding in real-time to problems as they arise. Operators need an on-site “THMs
meter” that enables them to monitor THMs concentrations in real-time, automatically, so they can
respond in real time to THMs formation events as they arise.

In the last five years, commercial devices have appeared on the market for on-site THMs
monitoring [13,20-24]. Perhaps the oldest alternative method is Hach’s THM II Plus, a manual kit for
Total THMs analysis [20]. The semi-automated Parker THM Analyzer [21] offers on-site measurements
of individual THMs concentrations, but does not operate on-line and requires manual sample collection
for analysis. Recently, Parker released the On-line THM Analyzer for on-line THM measurements. The
Multisensor Systems MS2000 [22] is an on-line Total THM analyzer that couples headspace techniques
with a sensor array for THMs detection. The Aqua Metrology Systems THM-100 [23] is a fully-automated,
on-line Total THMs analysis system that uses a purge and trap technology followed by a chemical
reaction with pyridine and base with spectrophotometric analysis.

Foundation Instruments, Collierville, TN, USA, offers the Trihalomethanes-Rapid Response system
(THM-RR) which is arguably the most rigorously tested [13,24-27] commercial THM system on the
market. Side-by-side comparisons to USEPA Method 524.2 of individual and Total THMs
concentrations demonstrated agreement between the two methods within 2 pg-L™! [13]. Speciation of
THMs is essential when evaluating certain mitigation strategies such as aeration which preferentially
removes chloroform and bromodichloromethane due to higher volatility compared to
dibromochloromethane and bromoform.

The THM-RR system was used to establish an on-site monitoring program at the Lebanon, TN WTP
where operational and environmental factors that influence THMs formation and mitigation were
explored [13,25]. The THM-RR has proven to be a rugged and robust device. However, the key to
success for developing an automated, on-site THMs monitoring program is to establish the process map
detailing the baseline behavior of THMs at the WTP. Then with the process map in place, effective
process optimization studies can be conducted to determine the best THMs control strategies for the
WTP. Both the process map and process optimization studies are discussed in more detail in Section 3.1.
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Most of the work related to understanding the concentrations of THMs that occur in drinking water
has focused on modeling their formation. THMs modeling using common water quality parameters
has been favored over routine THMs measurements because the latter was more difficult and expensive,
until recent availability of commercial THMs analyzers [13,20-25]. This was especially true in the early
days of the THMs problem [28]. One of the first known models for THMs formation was developed by
Minear and Morrow [29] followed by more than one hundred models created to predict DBP formation
in drinking water [30]. The Minear and Morrow work [29] was followed by a model proposed by
Amy et al. [31] that became the seminal THMs, haloacetic acids, chloral hydrate and bromate ion
models [32] for drinking water.

The Amy model [32] was developed by building a database of source and coagulated water quality
parameters from multiple water sources across the United States. These parameters included dissolved
organic carbon (DOC), chlorine dose (D), bromide ion concentration (Br~), water temperature (T),
contact time (¢), and pH [32]. The models were constructed using both linear and non-linear regression
of the water quality parameters in conjunction with measured THMs concentrations. The result was a
statistical model that could predict individual and Total THMs concentrations. Empirical models provide
WTPs the opportunity to estimate Total THMs concentrations using routinely measured parameters.
However, the predictive accuracy of these models may depend on source water selection. Further, the
reliability of the experimental measurements used to determine the empirical relationships [32] is
critical. In essence, each WTP has unique source water chemistry and parameters that makes developing
an accurate universal model difficult.

In this paper, the Amy model [32] is applied using the equation from the literature to generate Total
THMSs concentrations at the Lebanon, TN WTP using their routinely measured water quality parameters
of finished drinking water. The only difference was that the bromide ion term was ignored since the
source contained negligible bromide ion concentrations nor were brominated THMs prominent. Then,
the model is calibrated with Total THMs concentrations determined using the THM-RR system at the
Lebanon, TN WTP. The result is a model built on a large set of synchronized data consisting of the
on-site and on-line Total THMs measurements and the routine water quality parameters necessary for
the model. This large dataset, 136 sets of data points, was then used to predict Total THMs
concentrations for the same time period of the following year. The Total THMs concentrations generated
by the literature model and calibrated model are rigorously compared using Bland-Altman analysis to
Total THMs concentrations measured directly by the THM-RR system. Here is reported for the first time
a WTP with the ability to tailor their empirical model to be site specific in a cost-effective manner.

2. Experimental Section
2.1. City of Lebanon, TN WTP

The Lebanon, TN WTP is a 12 million gallons per day conventional WTP located next to the
Cumberland River in Wilson County, Tennessee. Water is drawn from the Cumberland River and
powdered activated carbon (PAC) (Norit Hydrodarco O) is added to control taste and odor and reduce
DBP precursors. The water enters a mixing tank where a polyaluminum chloride coagulant is added
before transferring to flocculation chambers. The water passes through tube settlers before being filtered
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through dual media gravity filters. A small pre-dose of gaseous chlorine is added on top of the filters to
control bacteriological growth in the filter media. The filtered water is disinfected with gaseous chlorine
followed by addition of blended phosphates as a corrosion inhibitor. After the required contact time, the
finished drinking water is pumped to sanitized reservoirs, water towers, and to the customers’ taps. The
utility maintains an active laboratory where common drinking water parameters are measured and logged
with each shift. The utility also has an active flushing program in place aimed at THMs control.

2.2. The THM-Rapid Response System

All THM measurements were made using the THM-RR system (Foundation Instruments, Inc.,
Collierville, TN, USA), operating on an hourly sampling schedule. The THM-RR is fully-automated
from the start of sampling to reporting individual and Total THMs concentrations. The patented
THM-RR system [13,24,25] (Figure 1) is a rugged and robust version of an earlier device [26,27].
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Figure 1. [llustration of operation of the Trihalomethanes-Rapid Response (THM-RR) system
used to establish the program for automated on-line monitoring of individual and Total
THMSs concentrations in Lebanon, TN water treatment plant (WTP).

The operation of the THM-RR system is illustrated in Figure 1. Drinking water is sampled directly
into the THM-RR from either a continuously flowing tap or a grab sample. The THM-RR uses a capillary
membrane sampling device to allow pervaporation of the THMs into a nitrogen gas stream followed by
introduction into a gas chromatograph for separation and detection [13,24-27]. The analytical signal for
each THMs species is computer integrated followed by automated reporting and logging of THMs
concentrations into a spreadsheet via external calibration curve. Finally, the THMs data set is displayed
on the controlling PC in numeric and graphical format.

With an internet connection, the device may be remotely accessed with some control options available.
The THM-RR sampling rate is one sample per hour with THMs results from the analysis typically
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available in 30 min. The device can be switched between off-line grab sample and check standard
analysis mode and on-line analysis using the installed, manual stream selection valve.

2.3. Reagents and Standards

Reagent water for standard preparation was distilled on-site at the Lebanon, TN WTP. The resulting
distilled water does not contain any measurable organic or inorganic contaminants. The 0.2 mg-mL™"
each THMs stock standard was purchased from AccuStandard (New Haven, CT, USA). A 4000 pg-L™!
primary dilution standard was prepared volumetrically by diluting the stock standard into 50.00 mL of
methanol. An 800 ug-L™!' each THMs working standard was prepared using a 10 mL/50 mL volumetric
dilution in distilled water. Subsequently, all THMs calibration and check standards were prepared by
diluting an appropriate volume of the working standard in 50.00 mL of distilled water. All preparation
and analysis of the calibration and check standards was completed using three, 50.00 mL volumetric
flasks, a 10 mL volumetric pipette and a 2 mL Mohr pipette with 0.1 mL increments. The typical
concentrations for the calibration standards for each THM species are 1.6, 4.8, 8.0, 16, 32, 48 ug-L ™.
The check standard concentration is 3.2 pg-L™! for each THM species.

2.4. Calibration, Linearity, Method Detection Limits, Accuracy and Precision

The THM-RR is calibrated using a five point calibration curve. The range of this calibration curve is
user adjustable to their specific needs, but typically ranges between 1.6 ug-L™! to 32 pg-L™! for each
THMs species and from 6 pg-L™! to 128 pg-L™! for Total THMs. An optional standard extends the
calibration range up to 48 pg-L ™! for each THMs species and 192 pg-L™! for Total THMs. Automatically
calculated least squares fits typically exhibit correlation coefficients (» values) greater than 0.99 over the
calibration ranges for individual THMs species described above. Very low level (~10 ng-L™)
measurements have also been bracketed with similar results. The method detection limits (MDLs) for
each individual THMs species (meaning the lowest concentrations of THMs that can be distinguished
from noise) [33,34] range from 0.010 to 0.040 pg-L™" (10 to 40 parts per trillion) [13], or put another
way, a factor of 2000 times below MCL values. The limits of quantitation [35], range from 0.03 to
0.1 pg-L 7' [13]. The accuracy (how close the measured value is to the true value) expressed as the mean
percent recovery [36] on a check standard analyzed seven consecutive times is typically 80% at
0.3 pg-L" and 99% at 20 pg-L™' [13]. The precision (the amount of scatter in the data) measured as the
percent relative standard deviation (% RSD) [36] of the check standard is +£3% [13].

2.5. On-Line Monitoring Using the THM-RR System

The THM-RR is unique in that it comes standard with the ability to do on-line monitoring or easy
switchover to analyze individual calibration and check standards or grab samples. For on-line sampling,
the standard sampling loop consists of a length of Tygon® connected directly to a water tap and arranged
into a loop with the exit going to drain. A length of polymer tubing is inserted through the side of the
Tygon® tube and connected directly to the instrument. This configuration is standard for all THM-RR
systems. During each hour of analysis, the THM-RR automatically samples from the drinking water
stream for 15 min and then rinses the sampling device with distilled-deionized water for the remaining
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45 min to minimize carryover effects. The calibration is readily confirmed through analysis of a “check
standard” and has been demonstrated to provide acceptable results for process control for months at a
time [13]. The check standard is prepared in the same manner as a calibration standard, but is not used
in generating the calibration data for the instrument. The frequency of check standard analysis can be
determined by the user’s needs. The THM-RR operates automatically for more than three weeks on a
typical tank of relatively inexpensive Grade 5.0 nitrogen.

3. Results and Discussion
3.1. Establishing an Automated, On-Site THMs Monitoring Program at the Lebanon, TN WTP

The THM-RR system was installed at the Lebanon, TN WTP in April of 2013 to monitor THMs
concentrations. Over the first week, no changes were made to the routine operating parameters of the
plant to construct the “process map” (Figure 2A) [13,25]. The process map was constructed by
monitoring THMs concentrations hourly, identifying patterns, and then determining their origin from
within the WTP. Once the “normal” behavior was mapped, it was possible to make operational changes
and accurately determine the effects of those changes [13,25]. Without knowing the process map,
optimization studies may or may not make sense, depending on how sampling procedures are timed
within the process map.

The Lebanon, TN WTP established a process map of their individual and Total THMs concentrations
and determined that there were significant variations in the concentrations that occurred on hourly
timescales [13,25]. Several of these short term events were correlated with water treatment processes
and were shown to occur regularly during normal operations. With the process map in place, process
optimization could be used with confidence that the changes measured were a result of the process
changes and not from routine operations. During process optimization, the THM-RR system carefully
monitored individual and Total THMs concentrations while doses of powdered activated carbon (PAC)
and prechlorination were varied (Figure 2A).

PAC dosage was optimized first. During the process mapping phase (19-26 April 2013), THMs
concentrations were monitored while the PAC concentration was held constant at 10 mg-L™!. Between
27 April and 3 May, PAC concentration was increased to 15 mg-L™!. In the final week of the PAC study
(4-9 May), the dose was increased to 20 mg-L™' PAC. With each increase in PAC dose, the TOC
concentrations of the finished water decreased (Figure 3). However, the concentrations of Total THMs
demonstrated no visual decrease in concentration (Figure 2A). When plotted vs. PAC dose, the observed
Total THMs concentrations increased (Figure 3). It is generally accepted that as the TOC concentration
decreases in the finished water, the concentrations of THMs will too, as more of their precursors are
removed. Interestingly enough, this was not the case at the Lebanon, TN WTP during this period; instead,
the opposite trend was observed. Apparently, the TOC that was being removed was not TOC that was
being transformed into THM species.
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Figure 2. (A) Initial Month Expanded: Typical process map and two factor process optimization study conducted at the Lebanon, TN WTP
for optimization of powdered activated carbon (PAC) dose and prechlorination dose; (B) The 8 month plot illustrates the large quantity of THMs
concentration data obtained after establishing the on-line monitoring program at the Lebanon, TN WTP, and the consistent treatment practices
implemented after 1 September 2013 to reduce THMs variability.
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Figure 3. A plot of the powdered activated carbon optimization study; demonstrating a
decrease in Total Organic Carbon (TOC) with increasing PAC dose and a simultaneous

increase in Total THMs concentrations.

With these results in mind, PAC concentrations were reduced to an optimal concentration of
10 mg-L™! for controlling Total THMs concentrations. A simple economic study was done to compare
the PAC use in 2013 after implementation of the monitoring program to the comparable period in 2012.
Over this short time period, the WTP used 15,300 pounds less PAC in 2013, translating to a savings of
$14,400. Over the period of about one year, the Lebanon, TN WTP has paid for their THM-RR system
in PAC savings alone.

In addition to the cost savings on PAC use, other operational practices have been streamlined at the
Lebanon, TN WTP to minimize THMs concentrations and improve consistency. In a follow-on study,
the pre-chlorination dose on top of the filters was also investigated. On 9 May and 10 May
(Figure 2A), the concentration of chlorine dose at the pre-chlorination site was minimized guided by the
THM-RR data so that the concentration of Total THMs was held to less than 20 pug-L™! and this control
has continued to this day.

Finally, consider the overall effect on THMs concentrations when different WTP operators employ
slightly different practices from shift to shift. At the Lebanon, TN WTP, three shifts are worked by
different WTP operators. These WTP operators differ in experience and sometimes, personal preference,
as to how they operate the WTP. The process maps created using THM-RR data identified trends traced
back to differences in chlorine dose between the three operators. This difference in chlorine doses leads
to shifts in THMs concentration of more than 10 ug-L™! on a day’s timescale and 30 ug-L™! on a week’s
timescale. Once the trend was confirmed, the superintendent of the Lebanon, TN WTP developed
standard chlorine dose protocols for all operators which have reduced shifts in THMs concentrations to
less than 5 pug-L~! on a daily timescale [13] (Figure 2B).

The end results of these studies are exemplified in the lower plot of Figure 2B by considering the left
side of the plot compared to the right side of the plot. On the left side of the plot (before 1 September 2013),
the overview is a utility with large variability in its treatment practices thus causing high variations in
THMs concentrations. Prior to the on-site THMs monitoring, the causes of the variability were
practically unknown. The right side of Figure 2B (after 1 September 2013) exemplifies the same WTP
after having an on-site THMs monitoring program in place. On the right side, the superintendent has
taken control of the WTP processes, optimized treatment practices, saved money, and improved water
quality. Concurrently to this, the short- and long-term variability of Total THMs concentrations was

radically reduced.
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3.2. Calibrating Empirical Models in the Lebanon, TN WTP

The recent availability of commercial on-site THM analyzers [13,21-25] has made it possible
for WTP operators to obtain hours’ timescale turnaround on their THMs concentrations. While the
instruments are commercially available, their use has not been widely adopted. There are approximately
300 WTPs that have some sort of on-site program in use. Thus, empirical modeling is still a widespread
practice. In this paper, the Amy model [32] is modified to mirror the water quality data that is collected
at the Lebanon, TN WTP. While this results in a “re-calibration” of the Amy model, it should in no way
detract from the creative, clever and robust work as originally reported [31,32] or indicate that their work
was “wrong” in anyway. The detailed Amy empirical model as it appears in the literature is shown below
(Equation (1)).

Total THMs (ug-L™") = 0.0412 (DOC)"'%(D)" 53(Br")*%%(T) ¢! (pH) ' ©(1) 260 (1)

The Amy literature model used raw water parameters whereas the work in this paper used finished
water parameters. Instead of DOC, the work presented here used total organic carbon (TOC). At the
WTP, the TOC concentrations and temperature are determined once per day (at 7:00 a.m.). The pH of
the finished water is determined every four hours. The pH value used in the models corresponds to
the 7:00 a.m. readings of TOC and temperature. The chlorine dose and contact time are each a daily
average. The contact time depended upon the flow of water through the plant and is calculated by
multiplying the free available chlorine at the point of entry by the time in minutes that it takes the
drinking water to travel from the chlorination point to the point of entry. The Total THMs concentrations
reported by the THM-RR each day at the 7:00 a.m. sampling time were used for calibration and
comparison of the model; however the THM-RR reported THMs concentrations once per hour. Finally,
the bromide ion concentration (Br~) term was ignored since the WTP’s source water did not contain Br~
at appreciable concentrations.

The Amy literature model for THMs was based upon DOC concentrations that ranged from
1.2 to 10.6 mg-L!, chlorine doses ranging from 1.51 to 33.55 mg-L™!, temperatures of 15-25 °C,
pH of 6.5-8.5, and contact times ranging from 2 to 168 h [32]. During the calibration time period
for the model, the water quality parameters at the Lebanon, TN WTP ranged as follows: TOC was
0.106-1.65 mg-L™"; chlorine dose was 3.0-5.1 mg-L™'; temperature was 8.5-26 °C; pH was 7-7.7; and
contact time was 45-96 min. During the prediction period for the models, the water quality parameters
at the Lebanon, TN WTP ranged as follows: TOC was 1.1-1.92 mg-L™'; chlorine dose was
3.0-5.1 mg-L!; temperature was 10.5-26.5 °C; pH was 7-7.5; and contact time was 30—-81 min. The
concentrations of Total THMs for the Amy literature model development were as high as 800 pg-L™".
In the work presented here, the Total THMs ranged from 9 to 55 pg-L .

Initially, the Amy model was applied directly as it appeared in the literature (Equation (1)) with the
exception of using the parameters as noted above. Total THMs concentrations were generated for an
eight month period between May 2013 and January 2014 based on the measured water quality
parameters. This data is plotted as a function of time (Amy Lit.) in Figure 4, along with the Total THMs
concentrations measured by the THM-RR system during the same time period (Figure 4, “THM-RR”).
Visually, the two methods show differences, but this is not surprising since the Amy model is based on
source waters that did not include Tennessee.
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Figure 4. A plot of Total THMs vs. time from 1 May 2013 through 3 January 2014 is shown. The plot includes Total THMs concentrations
measured using the THM-RR, Total THMs concentrations calculated using the Amy Literature model (Amy Lit.), and Total THMs
concentrations calculated after the Amy model has been calibrated (Amy Cal.).
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The Amy model [32] was then fitted using non-linear least squares analysis [9,37,38] to the Total
THMs concentration data from the THM-RR system. This was accomplished by allowing the first
coefficient and exponents of the water quality parameters to be variable during the fitting process and
thus produce a “calibrated” model equation (Equation (2)). The calibrated, site specific model was then
used to calculate THMs concentrations based on the measured water quality parameters which is plotted
in Figure 4 (Amy Cal.). This was done to check the validity of the fitting process and determine whether
the calibrated model generates THMs concentrations and trends similar to those of the THMs
concentrations measured by the THM-RR. Visually, the Total THMs concentration data generated by
the calibrated model appears to more closely follow the Total THMs concentration measurements from
the THM-RR system. Visual evaluation is important, but can be misleading. The human eye can see
apparent patterns where none exist and miss relationships that may be important.

Total THMs (ug L) = 16.173 (TOC)!*1(D)*17(T)*112(pH) 0-014()0-315 (2)
3.3. Evaluating the Agreement between THM-RR Measurements and Empirical Models

It is important to have a more quantitative approach than visual methods for evaluating agreement.
The agreement between the Total THMs concentrations predicted by the empirical models and the
Total THMs concentration measurements of the THM-RR can be compared using Bland-Altman
analysis [39—42]. Bland-Altman analysis provides a statistical measurement of agreement between
two methods and a tool to investigate whether systematic errors exist, such as concentration dependent
bias. The agreement is evaluated by calculating the bias between the two methods for each set of
instantaneous Total THMs concentrations. The use of any method in comparison studies as a “gold
standard” is problematic [39]; nevertheless in this work for convention the “true value” is assumed to
be the THM-RR measurement. Thus, the analytical bias [35] was calculated by taking the difference
between the two measurements (Equation (3)).

Analytical Bias (ug-L™") = Empirical model (ng-L™!) — THM-RR (pg-L™") 3)

Even though this convention is applied, the Bland-Altman analysis was done properly by plotting
the analytical bias as defined in Equation (3) vs. the average of the Total THMs concentrations from the
THM-RR and empirical model rather than just the THM-RR measurement [39]. The Bland-Altman
analysis was done using Sigma Plot [22,39]. In general, the smaller the bias, the better the agreement of
the results predicted by the two methods.

There were 136 direct comparisons made over eight months between the Amy Literature model and
THM-RR system at the Lebanon, TN WTP. The THM-RR measurements exhibited concentration ranges
0f 9.2 t0 39.9 pg-L ™. These concentrations are well within the range encountered by a “typical” WTP
that expect to observe Total THMs concentrations between ~1 and 100 pg-L~!. These measurements
were made with an instrument capable of detecting Total THMs concentrations of 0.05 pg-L ™! with mean
% recoveries in this concentration range of 97% to 103% with 2% RSD [13]. The literature model
predicted Total THMs concentrations ranging from 2.0 to 44.1 ug-L™! while the calibrated model Total
THMs concentrations ranged from 14.3 to 25.3 pg-L™!, which are in good agreement with the THM-RR.

The Bland-Altman bias for the literature model was 4.7 + 8.9 pg-L ™!, with a 95% Confidence Interval
(CI) of 3.2 to 6.1-uL"!. When one considers that the model is being applied directly from the literature
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(Equation (1)) [32] outside of a water system in which it was developed, this is an incredibly high degree
of agreement and thus a robust model. After calibration using the on-site THM-RR data,
the Bland-Altman bias is reduced to 0.0 + 4.2 pg-L™! with 95% CI ranging from —0.71 to 0.71 pg-L ..
The degree of agreement is much improved by calibration, less than a single part-per-billion, and
the relative error in the bias decreased by over 50%. The analytical bias, as described earlier, gave
virtually identical results to the Bland-Altman bias. The analytical bias is a simpler calculation and can
be determined using a spreadsheet. The improved agreement after calibration of the model shows
promise for this approach to generating site specific models.

The mean % recovery, a measure of the accuracy of the literature model, was 128% + 55%. This is
consistent with the bias measurements, indicating the literature model over-predicts compared to
the THM-RR measurements. Unfortunately, the standard deviation of this measure indicates a high
degree of variability in the accuracy of the model over time. Ideally, assuming the two methods agree
exactly, one would expect mean % recoveries of 100%. With the calibrated model, the mean % recovery
values improve to 105% + 24% demonstrating improvement in accuracy and a decrease in relative error
by greater than 50%.

In Figure 5, four plots are presented related to the Bland-Altman bias calculations for calibration
of the models. In plots A and B (Figure 5), a typical correlation plot for the concentrations of the literature
model and calibrated model are plotted vs. the THM-RR measurements, respectively. Visually, the two
plots would appear to show some degree of correlation, though the calibrated model shows a better
correlation to the THM-RR measurements over the literature model. However, this is to be expected as
both methods were developed to measure and/or predict the same value. The problem with these plots is
that the data will always cluster around a regression line (as shown in Figure 5) whatever the level of
agreement. Even though this type of plot is commonly used, this may not be the best way to evaluate
this type of data. Most of the plot is empty space. Additionally, as the range of measurements increases,
the degree of agreement will appear to increase as well [39].

Instead, it is preferable to plot the difference between the two methods vs. their average [39], as shown
in Figure 5C for the literature model and Figure 5D for the calibrated model. Such a plot makes it much
easier to estimate the level of disagreement, identify outliers, and to identify any potential trends. The
difference plots are similar to a residuals plot that follows model fitting and as such any observed patterns
may be similarly identified. For example, in the literature model (Figure 5C), the bias becomes more
positive as average Total THMs concentrations increase, whereas the calibrated model (Figure 5D)
shows a more negative bias as average Total THMs concentrations increase. However, neither of these
trends is particularly pronounced, and with the exception of the slight trends, the errors seem to be randomly
distributed around the mean. Thus, apparently neither model suffers from strong systematic bias.

One shortcoming of calculating the bias, either with Bland-Altman analysis [39—42] or the analytical
bias calculation [35] is that positive and negative differences may cancel one another out. This might
result in bias values that are close to zero indicating an apparent agreement where it may not exist. The
mean unsigned error (MUE) determines the absolute difference between any two pairs of measurements
providing a different estimate of agreement [43]. The MUE of the model is calculated by taking the
absolute value of each bias and calculating the average bias, thus minimizing the potential “canceling”
effect. The MUE for the Amy literature model was 7.8 + 6.2 ug-L™! while the MUE for the calibrated,
site specific model was 3.1 + 2.8 pg-L™'. Hence, the Amy literature model predicted THMs
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concentrations that differed by 7.8 ug-L™! on average, positive or negative, while the calibrated model
differed by 3.1 pg-L™! on average. For the literature model, the average difference between the MUE
and Bland-Altman bias was 3.1 pg-L™!. The difference for the calibrated model was identical. This
indicates the magnitude of the cancellation effect is ~3 pug-L™!, which is within the error of the bias and
thus acceptable.
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Figure 5. Bland-Altman Plots for the Amy literature and calibrated models for the period
of 1 May 2013 through 3 January 2014. (A) Amy Literature generated Total THMs
concentrations vs. THM-RR measurements; (B) Amy Calibrated generated Total THMs
concentrations vs. THM-RR measurements; (C) Difference plot for the Amy Literature model
and THM-RR measurements of Total THMs; (D) Difference plot for the Amy Calibrated model
and THM-RR measurements of Total THMs.

When Total THMs concentrations are predicted in a time series as in process monitoring
measurements, it is important that the predicted values from the two methods agree in time or closely
“track well.” The term “analyte tracking” is used to refer to the instantaneous behavior of two particular
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methods used simultaneously to measure the same species [13,27]. If there is a change in Total THMs
concentrations, one would expect two methods to respond accordingly. Thus, if two adjacent samples at
a particular point in time for each method are analyzed, the two methods should be responding the same
way; i.e., one would expect that both methods (THM-RR and appropriate empirical model) should
ideally be registering the same “instantaneous change”—either both positive, both negative, or both
unchanged. Analyte tracking is thus a measurement of how well the THM-RR measurement and the
empirical model prediction agree over time [13,27].

Analyte tracking was evaluated quantitatively by calculating the instantaneous concentration change
for two adjacent samples at a particular point in time for each method. At each point in time, the
difference in concentration at sampling time T1 and sampling time T2 (where T2 is greater than T1 and
the two times are in consecutive order in the study) was calculated by subtracting the concentration of
analyte at T1 from the concentration of analyte at T2. The two methods agree if both exhibit positive,
negative or no change in concentration. The two methods will agree 33% of the time by random chance.
The Total THMs concentration predicted by the Amy literature model tracked with the Total THMs
measured by the THM-RR 52% of the time and tracking for the calibrated model was 51%. The differences
in tracking between the literature and calibrated model are unlikely to be significant.

3.4. Using Calibrated Empirical Models for Total THMs Predictions at the Lebanon, TN WTP

The THM-RR provides an avenue to calibrate the models using high quality and quantities of THMs
concentration data in a cost-effective manner. However, the ultimate use of these models, whether
calibrated or not, is prediction of THMs concentrations at the WTP. In Section 3.2, the Amy literature
model was used to predict Total THMs concentrations, evaluated, and subsequently re-fit using THMs
concentrations data collected over an eight month period from 1 May 2013 through 2 January 2014. In
this section, the ability of the Amy literature [32] and calibrated models to predict Total THMs
concentrations in the following year (June—December 2014) are evaluated. The 2014 predictions are
compared to THM-RR measurements using the same metrics (analytical bias [35], Bland-Altman
bias [39-42] and MUE [43]) as described in the calibration process in the previous section. To be clear,
no re-fitting or calibration was conducted for these comparisons. The comparison is based on using the
Amy literature and calibrated models as predictive tools (Figure 6) and the THM-RR measurements of
Total THMs concentrations at each point in time.
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Figure 6. A plot of Total THMs vs. time from 23 June 2014 through 16 December 2014 is shown where predicted Total THMs concentrations
using the Amy Literature model (Amy Lit.) and Amy Calibrated model (Amy Cal.) are compared to the Total THMs measurements from
the THM-RR.
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There were 147 direct comparisons made during 23 June 2014 to 16 December 2014 between
the Amy literature model and THM-RR system. The THM-RR measurements ranged between 9.7 and
55.2 pug-L™! Total THMs. Over this same time period the literature model predicted a Total THMs
concentration range of 18.6 to 38.6 ug-L™! and the calibrated model predicted 15.4 to 30.6 ug-L ™.
The Bland-Altman bias for the literature model prediction was 6.3 £ 5.2 ug-L™!, with a 95% Confidence
Interval (CI) of 5.5 to 7.1 ug-L™". In context, the model is predicting concentrations where the MCL for
Total THMs is 80 ug-L~!. This agreement is excellent for a model applied outside of the water system
in which it was developed. The calibrated model performance improved upon this prediction by a factor
of three. The Bland-Altman bias for the prediction was 2.0 £ 4.7 ug-L™' with a 95% CI of 1.2 to
2.7 ug-L!. This means that for predictions one calendar year later, the calibrated model predicted Total
THMs concentrations to within ~3 pug-L™'. As before, the analytical bias provided the same results as
the Bland-Altman bias.

The mean % recovery of the 2014 predictions was 138% = 33% for the literature model and 115% + 22%
for the calibrated model. These are both consistent with the bias measurements. The calibrated model is
better at predictions one year later over the literature model, though the mean % recoveries for both have
increased with time compared to the previous year.

As shown in Section 3.3, Bland-Altman plots of Total THMs concentrations generated by the literature
and calibrated models vs. the THM-RR measurements are presented in Figure 7A,B, respectively. Both
show correlation between the model predictions and THM-RR measurements, as expected [39]. The
plots of differences are shown in Figure 7C,D, demonstrating no strong trends between the bias and
average concentration for both the literature and calibrated models. This means that the error is randomly
distributed about the mean and the models have minimal systematic bias in the predictions.

The MUE of the predictive models using both the Amy literature model and the calibrated model
were calculated as described earlier by taking the absolute value of each bias and calculating the average.
The MUE for the Amy literature model was 6.8 + 4.6 ug-L™' while the MUE for the calibrated site
specific model was 3.7 + 3.4 ug-L™!. For the literature model, the difference between the MUE and the
Bland-Altman bias is 0.5 pg-L™', and for the calibrated model, 1.7 ug-L™'. Both of these differences
indicate that the “canceling” effect is minimal and are acceptable values as they are within the error of
the bias analysis.

The analyte tracking for the predictive Amy literature and calibrated model showed that the literature
model tracked the THMs measurements by the THM-RR system 52% of the time while the calibrated
model tracked the measurements 49% of the time. The difference in tracking between the two models is
negligible. Again, inspection of the two model plots compared to Total THMs measurements by the
THM-RR system demonstrates that the calibrated model provides an overall, better visual “match” than
the literature model. However, some loss of detail might occur during the calibration process. For
example, the seasonal temperature inversion event occurred at the Lebanon, TN WTP between 22
September and 13 October 2013 (Figure 2B). In Figure 4, the Amy literature model exhibits a marked
increase in THMs, while the Amy calibrated model does not. A similar example in Figure 6 occurs
between 10 October and 18 October 2014; the THM-RR result shows a large increase in THMs. Here,
the Amy literature model predicts a larger increase than the Amy calibrated model though neither predict
a concentration increase as large as the THM-RR measures.
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Figure 7. Bland-Altman Plots for the Amy literature and calibrated models for the period
of 23 June 2014 through 16 December 2014. (A) Amy Literature generated Total THMs
concentrations vs. THM-RR measurements; (B) Amy Calibrated generated Total THMs
concentrations vs. THM-RR measurements; (C) Difference plot for the Amy Literature model
and THM-RR measurements of Total THMs; (D) Difference plot for the Amy Calibrated model

and THM-RR measurements of Total THMs.

4. Conclusions

242

An automated, on-site THMs monitoring program was established at the Lebanon, TN WTP. This

was accomplished using the commercially available THM-RR system. The THM-RR was used first to

establish a process map that identifies the baseline behavior of the WTP. With the process map in place

and baseline behavior understood, process optimization studies were done quantitatively and with
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confidence that observed changes in THMs concentrations were representative of the chemistry
occurring during water treatment. Particular attention was paid to optimizing PAC dosage (and thus
lowering cost) so that THMs were minimized while improving water quality with respect to THMs
occurrence. Further optimization studies were aimed at the pre-chlorination dose to reduce THMs
concentrations. Finally, procedures employed by different operators over different shifts were made more
uniform. All of these studies combined to yield a WTP that now operates with much less short- and
long-term variability in THMs concentrations.

The hourly THMs concentrations measured by the THM-RR were used to evaluate and calibrate a
modified version of the well-established Amy empirical model [32]. Bland-Altman analysis was used to
evaluate the agreement between the THMs measurements of the THM-RR and the THMs predictions of
the empirical model. The modified empirical model, when applied directly from the literature, agreed
with THMs measurements from the THM-RR system to an average difference (bias) of about six ug-L™!
with error of about five pg-L™!, which is remarkable performance. However, when the model is
calibrated by fitting the model results to the THM-RR data, the performance of the model is much
improved. The calibrated model was capable of predicting Total THMs concentrations accurately, a full
calendar year later, to within 2 pg-L™! with error of about 5 ug-L ™.

With the availability of on-site monitoring methods such as the THM-RR system, one might argue
that the days of empirical modeling are over. After all, why model when one can now carry out automated
on-site monitoring? Nevertheless, the literature is ripe with empirical modeling of THMs concentrations
using routine operating water quality data. Such practices are unlikely to end. However, the advent of
automated on-site THMs monitoring does provide an opportunity to test the performance of empirical
models. These models can be calibrated using on-site THMs monitoring data, thus becoming site specific
models optimized for a particular WTP. Combining the practices of on-site monitoring with empirical
modeling can lead to two parallel tools for THMs monitoring that operators can use to maintain control
and identify potential issues. For example, a WTP monitoring THMs can automatically compare
measurements made “on the fly” to calibrated empirical models. Agreement between the measurement
and prediction indicate a system operating normally. However, deviation from this agreement, outside
of expected norms, indicates either an analytical problem or a treatment process problem. The analytical
problem is easily tested using a standard. If there is no analytical problem, the operator can efficiently
move toward troubleshooting the problem in the treatment process.
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