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A B S T R A C T

Climatic changes have altered natural organic matter (NOM) characteristics in raw water, intensifying challenges 
for operation of water treatment systems, particularly the coagulation process. This study explored the mea
surement of water charge characteristics, in parallel with a range of water quality parameters over an extensive 
year-long sampling campaign. Results showed variable charge load (15–197 μEq/L) in the raw water throughout 
the year, attributed to dynamic humic-organic carbon concentrations (1.1–8.3 mg/L) coinciding with increased 
average rainfall (2.4 mm/day to 6.1 mm/day). Coagulation tests showed a stronger linear relationship between 
charge load and coagulant demand than for dissolved organic carbon (DOC) concentration (R2 = 0.80 vs 0.65). 
This was because the charge characteristics of the water did not change in a consistent way with the NOM 
concentration, meaning that bulk indicators of organic matter concentration (DOC and UV254) were not always 
effective for predicting the appropriate coagulant dose. Post-coagulation zeta potential analysis showed mini
mised DOC residuals at a zeta potential between −10 and 5 mV, with maximum removal achieved when the 
average zeta potential approached 0 mV. Analysis of the zeta potential distribution provided a new under
standing of ideal operating conditions for coagulation. Median zeta potential of −1.69 mV resulted in a condition 
where at least 68% of all particles were within a range that was effective for charge neutralisation. The study 
highlights the importance of refining coagulation control methods to address climate-influenced NOM changes, 
recommending the adoption of UV254 coupled with zeta potential as feed-forward and feedback systems, 
respectively, to provide optimal DOC removal by coagulation.

1. Introduction

Long-term climate change, characterised by rising temperatures and 
heightened rainfall intensity, has been instrumental in elevating the 
concentrations and changing the characteristics of natural organic 
matter (NOM) in many surface waters [1–3]. This exerts greater pressure 
on the removal processes used at drinking water treatment works 
(WTW), increasing the need for enhanced treatment and optimisation 
[4]. When NOM persists across water treatment processes, reactions 
with chemicals used as disinfectants can form potentially carcinogenic 
disinfection by-products (DBPs), requiring NOM removal strategies to be 
optimised [51].

Coagulation is the primary removal method used for bulk removal of 
NOM from untreated (raw) water [5]. In upland waters, this is pre
dominantly a charge-driven process, where a positively charged metal 

salt (often aluminium or ferric based) is dosed to reduce the negative 
charge carried by NOM, facilitating its aggregation and flocculation [6]. 
Traditionally, the optimum coagulant dose required for a water source is 
determined by jar testing, which provides valuable empirical data about 
the removed and residual NOM at variable coagulant concentrations [7]. 
This method is still commonly used to set seasonal baselines or inter
rogate treatment issues [8]. A limitation of jar testing, however, is that it 
is a time-consuming methodology, taking up to two hours per sample, 
rendering it impractical for responding to real-time compositional 
changes in the raw water.

Because NOM is negatively charged in water, the addition of a 
positively charged coagulant reduces this charge and enables NOM 
compounds to aggregate and form flocs, which are more easily removed 
from the water. The coagulant dose required to achieve optimised NOM 
removal is therefore dependent on the charge exerted by the NOM [9]. 
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Currently, the absence of tools to measure charge load online necessi
tates the deployment of surrogate measurements available at WTWs to 
provide understanding of coagulant demand and water treatability.

Upland waters contain an elevated proportion of high molecular 
weight aromatic organic compounds, which tend to have a higher de
gree of hydrophobicity [10]. This NOM portion is also associated with 
holding a large proportion of the charged material [11]. Therefore, 
characterisation methods that measure hydrophobicity and molecular 
weight have been used to provide linkage with NOM treatability by 
coagulation. For example, UV254 can provide an estimation of NOM 
concentration in upland waters and has been used to create more 
reactive coagulant dosing algorithms based on absorbance in raw water 
[9,12]. However, not all NOM components absorb UV at 254 nm, and 
measurement of waters containing lower concentrations of aromatic 
compounds may result in an underestimation of NOM concentrations 
[52]. Alternative spectroscopic methods improve on this limitation by 
expanding the spectrum to wave scans between 200 and 800 nm 
measuring the absorption, excitation, and emission of light in the form 
of 3D fluorescence excitation emission matrices (EEM) based on fluo
rescence dissolved organic matter (FDOM). This provides a better un
derstanding of the type and source of NOM, identifying humic-like and 
amino acid-like structures [13]. When coupled with parallel factor 
analysis (PARAFAC), success in determining OM concentration and 
character linked to water treatability has been found [14,53]. Frac
tionation methods that characterise NOM based on molecular weight 
(MW) and hydrophobicity have also been used [15]. MW fractionation 
can be performed using size-exclusion liquid chromatography with 
organic carbon detection (LC-OCD), which separates organic matter 
based on the size of molecules. Further identification of fractions is 
based on standard measurements recorded in literature that associates 
MW size bands to likely molecular weight types [16,17].

For the aforementioned characterisation approaches there is an un
derlying assumption that the charge density of a water source is 
consistent, such that a given measured value of a NOM surrogate (for 
example, UV absorbance, DOC or hydrophobicity) is associated with a 
particular coagulant dose. Given the dynamic nature of NOM in the 
environment this assumption needs to be questioned, and long-term 
seasonal tracking of charge load and density alongside more routinely 
measured parameters has not been done before, representing a signifi
cant research gap. This research therefore presents the first compre
hensive investigation into the seasonal fluctuations of charge 
characteristics in an upland water source dominated by humic sub
stances, and the consequential impact on water treatability by coagu
lation. The work tested the hypothesis that changes in NOM charge 
density invalidates the use of many surrogate measures of NOM that 
assume a constant relationship between organic matter concentration 
and charge characteristics. This research will advance the current un
derstanding of water quality measurements and their impact on treat
ment processes through quantifying the charge load present in a raw 
water source over a one-year period, providing the most detailed 
continuous insight into NOM charge characteristics to date, improving 
the ability to understand and manage natural water sources more 
effectively.

2. Materials and methods

2.1. Raw water sampling and analysis

Raw water samples were collected from a reservoir-fed WTW (WTW 
A) in Scotland over 10 two-week periods between December 2021 and 
December 2022. This allowed for monitoring of temporal and seasonal 
changes in water quality. During these campaigns, hourly samples were 
collected using an Aquacell P2-multiform auto sampler (Aquamatic, 
UK). Online UV254 absorbance was used to determine if a significant 
change in water quality had occurred (>10% difference from the base 
line). When a change was identified, the samples from the hours around 

this fluctuation were collected for analysis. If no changes were recorded, 
the 24 samples were collated into two 12-h composite samples. An 
additional 20 L of water were collected every day to allow for jar testing. 
Samples were passed through 0.45 μm, pre-rinsed polyether sulfone 
(PES) filters prior to all non-charge-related analysis.

Coagulated zeta potential and raw charge load were determined 
using a Zetasizer nano (Malvern Panalytical, UK). For zeta potential 
measurements, samples were injected into a polystyrene latex-folded 
capillary cell, equilibrated to 25 ◦C, and measured in triplicate. The 
pH was adjusted to 7.0 for all samples to standardise measurement 
conditions. Zeta potential standards were run monthly to ensure the 
instrument was performing as expected, and new Zetasizer cells were 
used for each batch of samples, typically replaced on a monthly basis. 
After each measurement, cells were rinsed with 100 mL of Milli-Q water 
followed by sample water, inspected daily for wear, and checked for air 
bubbles to prevent interference. All data were manually checked to 
confirm consistency. The zeta potential data was reproducible, with 
selected replicated measurements being closely bound to the mean value 
(Fig. S1, Supporting Information, SI). All samples were collected from 
the same Scottish freshwater reservoir and exhibited low ionic strength. 
No additional salts were added to the water. While the ionic composition 
of the reservoir water was not explicitly measured, the consistency of the 
source and fixed pH for the sample allowed for reliable relative com
parisons of zeta potential between samples. Complementary water 
quality measurements showed broadly similar chemical conditions 
across samples.

Polydiallyldimethyl ammonium chloride (PDADMAC) (Sigma- 
Aldrich, UK) was used to determine the charge load of the water from an 
adapted method described by Finkbeiner et al. [18]. In brief, the pH of 
raw water was adjusted to 7.0, followed by incremental additions of a 
diluted PDADMAC solution (416 mg/L) resulting in added concentra
tions of between 1.0 and 20.0 mg/L of polymer. The zeta potential at 
each step was measured, and the concentration of PDADMAC needed to 
reach 0 mV was determined by linear regression. In other words, where 
the regression line cut across the y axis at 0 mV was the critical polymer 
concentration. This was validated by collecting multiple data points on 
either side of the expected 0 mV crossing point (see Fig. S1 for an 
example titration curve). Since water samples collected over a 24-h 
period were often split into multiple aliquots with similar characteris
tics, this provided replication, and any measurements that appeared 
erroneous were re-analysed to ensure reliability of the regression 
approach. The added polymer concentration was converted to a charge 
load using the known charge density of the polymer, 6.2 mEq/g [54]. 
Total charge density was calculated by normalising the mEq/L to the 
DOC of the sample to give μEq per g of DOC. Measurement of charge 
density using this method can be negatively influenced by poor distri
bution of the polymer into the sample, temperature, instrument drift and 
the degree of ionisation of NOM compounds. These potential in
terferences in the approach were mitigated, respectively, by rapidly 
mixing the sample directly following polymer addition, carrying out 
experiments in temperature controlled laboratories, regular calibration 
of the zetasizer, and undertaking the test under regulated pH conditions.

UV254 was analysed using a Biochrom Lightwave 3 UV absorbance 
spectrophotometer (Biochrom, UK, 1 cm quartz cuvette cell). Fluores
cence excitation emission matrices (FEEM) from 200 to 800 nm were 
measured using an Aqualog UV 800C. FEEM results were corrected using 
UV scans from the Aqualog system (Horiba Scientific, UK, 1 cm quartz 
cuvette cell). Peak A – humic-like (ex/em = 237–260/400–500 nm) and 
peak C – humic-like (ex/em = 300–370/400–500 nm) were measured 
from the FEEM results. The fluorescence freshness index (FI) was also 
measured as outlined by Ndiweni et al. [19], to provide an indication of 
NOM age. The FI considers the ratio of the fluorescence emission at 380 
nm and the emission between 420 and 435 nm for excitation at 370 nm, 
where a higher value represents more freshly produced NOM. FEEMs 
were spectrally corrected for inner filter effects (IFE), instrument- 
specific correction factors applied, and Rayleigh–Tyndall and Raman 
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scatter lines were removed. A PARAFAC model of 164 samples gener
ated two components (C1Ex/Em240/438 and C2Ex/Em270/499) using Solo 9.0 
(Eigenvector Research, Inc.). Non-negativity constraints were applied 
for the model, which was validated by split-half analysis and Openfluor 
database comparisons (Text S1 and Fig. S2, SI) [20].

DOC was measured using a UV persulfate oxidation method on a 
M5310 C TOC analyser, calibrated using Sievers standards at 0.1, 1.0, 
and 10 mg/L (Sievers, UK). Samples measured outside of this analytical 
range were diluted with 18.2 M Ohm deionised water and blank cor
rected. The hydrophobicity fractionation was determined using XAD-7 
resins. 200 mL/L of the XAD-7 resin were added to a 40 mL sample of 
the raw water tube and shaken for 6 min at 200 rpm, then allowed to 
settle for 5 min. The DOC of the supernatant was measured as the 
transphilic and hydrophilic fraction, and the HPO fraction was calcu
lated by subtracting this from the total DOC, determining the sorbed 
organic matter. The analysis of the organic compound molecular weight 
distribution was carried out using liquid chromatography coupled with 
organic carbon detection (LC-OCD), following the protocols by Pereira 
et al. [21]. A Model 9 LC-OCD-OND-UVD was used, which had been 
normalized using humic and fulvic acid standards from the International 
Humic Substances Society. Peaks were identified using Labview (2013) 
software. Analytical blanks were routinely run using carbon-free 
deionised water.

2.2. Coagulation assessment

Jar tests were conducted using a 6-paddle Flocculator SW1 jar tester 
(Stuart Scientific, United Kingdom) with 1000 mL cylindrical jars. The 
procedure initiated with preconditioning the water's pH using 1 M so
dium hydroxide. A 3-min rapid mix period at 200 rpm followed, where 
varying doses of coagulant (2.0 to 8.0 mg/L as Al) were added. Coagu
lant doses were converted to charge load exerted in accordance with 
existing literature (Table S1, SI). A 15-min flocculation period at 30 rpm 
and a settling period of 20 min followed. The resulting supernatants 
were analysed for UV254, FEEM, DOC, MW fraction composition, and 
zeta potential.

2.3. Data processing

Python and related packages, including NumPy, SciPy, Pandas, and 
Matplotlib, were used for all data processing, analysis, and visualisation. 
Linear regression (R2) was used to assess the correlations between 
measurement parameters, with values of p ≤ 0.05 indicating statistical 
significance. Seasons were used to identify trends in the data and were 
defined by The Met Office [22] as; spring (March, April, May), summer 
(June, July, August), autumn (September, October, November), and 
winter (December, January, February).

3. Results and discussion

3.1. NOM seasonal variability

Water quality was variable over the duration of the trial, with sig
nificant ranges in the regularly measured NOM parameters (Table 1). 
For example, the DOC ranged from 4.95 mg/L to 11.30 mg/L. Charge 
parameters were also very different, with the charge load having a low 
of 15.06 μEq/L and a maximum of 197.55 μEq/L. Much of the change 
was driven by seasonal influences. For example, there was an increase in 
concentrations of charge load, DOC, HS, UV254, and PARAFAC compo
nents from August through to November (Fig. S3, SI). The average 
monthly DOC increased by 37%, from 6.6 ± 0.2 mg/L in August to 9.5 
± 0.1 mg/L in September, peaking at 11.3 +/− 0.2 mg/L in November. 
This coincided with increased rainfall from 1.3 to 3.5 mm/day to 
4.6–7.5 mm/day. These findings are consistent with previous research 
that recorded an increase in DOC concentrations by up to 2 times 
following rainfall due to additional organic matter derived from 

microbially degraded peatland being flushed into tributaries [23,24]. A 
72% increase in charge load from 58 μEq/L to 124 μEq/L was also 
recorded during this period. This was because peatland generally con
tains hydrophobic, humic DOC, which can be highly charged. For 
example, Mergen et al. [25] reported charge densities up to 17 μEq/g 
DOC for upland water sources, similar to the maximum values observed 
in this study (Table 1). Minimum concentrations for all parameters were 
recorded in spring, aligning with seasonally low rainfall (40 mm/ 
month). These observations are comparable with historical DOC mea
surements in Scotland (2.1–6.1 mg/L) and are consistent with obser
vations in Canadian waters with similar weather and soil compositions 
(3.2–13.2 mg/L) [14,26].

Yearly average DOC values were similar to those reported in previous 
studies for upland water sources in Scotland, which varied between 6.4 
and 7.4 mg/L, the latter of which included data from the site investi
gated in this study [6,27]. However, the range found in this research was 
notably lower than the comparable studies (ΔDOC = 6.3 vs 19.8 and 
34.3 mg/L, respectively). This was likely due to buffering from the 
reservoir feeding this WTW, reducing the impact of DOC flushes, 
compared to studies that included river-fed systems which are more 
susceptible to large DOC fluctuations caused by rain-event flushing from 
the riparian zone. This is supported by Zhao et al. [28], where maximum 
river water DOC values were 40% greater than lake samples in similar 
locations.

Concentrations of DOC (3.2–13.8 mg/L), UV254 (0.019–0.88 cm−1) 
and MW fractions (BP: 0.42–0.8, HS: 3.5–7.7, BB: 0.74–2.1 and LMWN: 
0.46–1.3 mg/L) were observed, comparable to other humic-laden water 
sources seen in Australia, Sweden, Canada, and Iran [29–32]. Previous 
occasional spot measurement of charge load and charge density values 
were consistent with those found in similar upland peat catchments in 
Scotland and England (53–210 μEq/L and 6.2–15.0 μEq/DOC) due to the 
presence of charged HS [33,34].

At the study site, a proportional increase in the charge load and the 
DOC was observed for DOC concentrations between 4.9 and 7.1 mg/L; 
thereafter, a rapid increase in charge load relative to DOC was recorded 
(Fig. 1), showing a significant increase in the charge density of the 
organic matter. For example, for DOC concentrations between 9.0 and 
10.0 mg/L, the charge load increased from 65 to 126 μEq/L. This 
doubling of charge in the water from a minor change in DOC would 
notably impact water treatability. Previous work by Bazri and Mohseni 
[35] reported a similar charge load difference of 41 μEq/L for two 
samples of similar DOC (8.2 and 8.9 mg/L) but from different locations 
(antarctica and southern USA). This was attributed to increased 
aromaticity and molecular weight of the organic matter (3.2 vs 5.2 L/ 
mg/cm−1 and 760 vs 1070 Da, respectively). Here, the difference be
tween the low and high DOC charge density for water from the same 
catchment was attributed to elevated HS concentrations, posited to be 
flushed into the reservoir from tributaries through peatland following 

Table 1 
Summary of raw water quality parameters for the water treatment site investi
gated in this work.

Unit Max Value Min Value Average (+/− range)

C1 Score 21.82 9.44 14.12 +/− 3.43
C2 Score 18.72 5.69 8.89 +/− 2.60
FEEM-A Score 1.41 0.05 0.42 +/− 0.16
FEEM-C Score 0.64 0.03 0.22 +/− 0.08
UV254 cm−1 0.53 0.20 0.34 +/− 0.09
DOC mg/L 11.30 4.95 7.52 +/− 2.08
SUVA254 mg C/L/m 6.85 3.04 4.55 +/− 0.63
BP mg/L 2.08 0.15 0.93 +/− 0.42
HS mg/L 8.32 1.05 4.71 +/− 1.74
BB mg/L 1.57 0.18 0.81 +/− 0.27
LMWN mg/L 1.87 0.15 0.69 +/− 0.21
Charge load μEq/L 197.55 15.06 78.39 +/− 50.33
Charge 

density
μEq/g 
DOC

18.81 2.37 9.48 +/− 3.84
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heavy rainfall. This was supported by the higher freshness index (β: α) 
values seen in autumn coinciding with these periods of increased rain
fall, DOC, and charge load, indicating new NOM was being flushed into 
the water (Fig. S4, SI). This change in charge density means that the DOC 
(or surrogate of) will not consistently be an effective proxy for the 
charge load and hence the coagulant demand. To illustrate, if a nominal 
fixed coagulant dose ratio of 1 mg Al to 1 mg DOC is applied, with a 
corresponding charge addition from the coagulant of 12.5 μEq per mg of 
Al (Table S1, SI), for a water with a DOC of 5.5 mg/L, the equivalence 
charge balance would be 1.15 μEqAl/μEqDOC. When the DOC increases to 
10.5 mg/L the dose ratio would be 0.66 μEqAl/μEqDOC due to the in
crease in charge density of the NOM, representing a significant miss- 
match in charge addition from the coagulant. Hence the site would be 
underdosing.

3.2. The impact of charge load on coagulant demand

The disparity between charge load and DOC was further investigated 

through regular coagulation assessment of the raw water (Fig. 2). 
Elevated raw water DOC concentrations were recorded in winter (9.4 ±
2.1 mg/L) and autumn (9.4 ± 1.7 mg/L), relative to spring (6.1 ± 0.7 
mg/L) and summer (6.6 ± 0.5 mg/L). These DOC increases, however, 
did not correlate as strongly with the coagulant demand when compared 
to the charge load (R2 = 0.65 vs 0.80, respectively, Fig. S5, SI). This was 
because the DOC entering the WTWs between 09/22–12/22 had a 
higher charge density than that found between 02/22 and 08/22 (13 vs 
7 μEq/g DOC), requiring an increased coagulant demand.

To illustrate, to achieve a residual DOC target of 2.0 mg/L required a 
coagulant dose of 2.0 and 2.5 mgAl/L (25 and 31 μEq/L) in spring. The 
required dose to achieve the same target DOC residual increased to 
3–3.5 mg/L as Al (38–44 μEq/L) in summer. In autumn and winter, a 
coagulant dose of 8.0 mg/L (100 μEq/L) was required to get near the 2 
mg/L DOC residual. This shows a seasonal change in Al: DOC require
ment from 0.3 mg Al/mg in spring to 0.5 in summer reaching a 
maximum of 0.8 in autumn and winter.

The difference in water coagulant demand was further demonstrated 
when comparing winter samples from 2021 and 2022. Raw water 
samples collected in December 2021 and November 2022 had similar 
DOC concentrations (10.1 and 10.6 mg/L, respectively), but the 
November sample required a 77% increase in coagulant dose to achieve 
a similar residual DOC concentration. This was because the charge 
density of the DOC in November was more than double that recorded in 
December (17 vs 8 μEq/g DOC, respectively) resulting in a notably 
higher charge load present in the water (169 and 84 μEq/L). This could 
be explained by an increase in humic-DOC concentrations from 6.0 to 
7.5 mg/L, a fraction that has been shown to be highly charged [36] and 
by an increase in the charge density of the organic matter. These results 
are consistent with research which found a greater charge load in 
regenerant from an ion exchange (IEX) process for DOC removal 
compared to raw water at a similar DOC concentration (51 μEq/L at 
13.5 mg/L DOC vs 111 μEq/L at 13.1 mg/L DOC), due to increased 
concentrations of charged humic substances in the regenerant waste
water [25].

The link between coagulant demand and residual DOC and dose 
ratio, charge load, and charge density (Al: DOC/CL/CD) were further 
explored (Fig. 3). In all cases, a decreasing exponential relationship was 
recorded, where residual DOC was reduced with increasing coagulant- 
to-NOM ratios, although there was significant variability around a 
given ratio. The majority of DOC was removed at relatively low ratios for 
all comparisons. These trends are comparable to those observed by 

Fig. 1. The charge load of DOC in raw waters sampled at WTW A, showing the 
concentration of humic-DOC concentrations present in the water.

Fig. 2. Residual DOC concentrations following jar tests at coagulant doses displayed as charge exerted from 0 to 0.1 μEq/L (equivalent of 0–8 mg/L as Al). Raw water 
charge load displayed as a red line on the secondary y-axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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Daraei et al. [8], where lower coagulant doses removed the majority of 
DOC, followed by incremental removal improvements as the dose 
increased.

The ratio of Al to charge load showed the best fit of the data around 
the regression curve compared to equivalent data for the water DOC and 
the charge density, having the lowest confidence interval (CI) (R2 = 0.76 
vs 0.75 and 0.63, CI = 0.01 vs 0.04 and 0.07). This shows that the CL had 
the greatest accuracy in determining the required coagulant dose 
because ultimately the coagulant demand of the water is dependent on 
the total charge to be removed.

By ensuring that the correct coagulant dose-to-charge ratio is met, a 
consistent DOC residual can be achieved, and overdosing can be mini
mised. This is illustrated by only minor increases in average DOC 
removal percentages for higher coagulant-to-charge load ratios: 69% for 
0.05–0.10, 70% for 0.10–0.15, and 76% for 0.15–0.20. Notably, these 
increments amount to only a 1% improvement after a 50% increase in 
coagulant and a 7% increase following a 100% rise in dose.

Analysing the percentage of DOC removed vs the coagulant to CL 
ratio (Fig. 3B) revealed two different groups of data (I and II) that were 
classified based on their visual deviation from one another. Group I 
recorded a higher coagulant:CL demand for DOC removals of over 60% 
when compared to group II. This was due to lower initial DOC concen
trations for group I samples, which overall contained less charged ma
terial. This resulted in coagulant:CL ratios of up to 5 times higher for 
group I samples when compared to those in group II in order to achieve 
the high DOC removal percentages of >70%. These results are consistent 
with those found by Sharp et al. [37], where a lower coagulant:DOC 
dose ratio was required to reach a zeta potential of 0 mV for treatment of 
waters with a higher initial charge load.

3.3. Zeta potential for coagulation optimisation

The zeta potential following coagulation was further analysed to 
monitor process optimisation and provide the link between water 
quality and the neutralisation of charge for effective coagulation 

(Fig. 4). This showed optimum DOC removal by coagulation occurring 
within the zeta potential range of −10 and + 5 mV, following similar 
trends established by Henderson et al. [34] and Sharp et al. [37].

In this study, two groups of data were identified: group A (< −10 
mV), where charge load was not effectively neutralised, resulting in 
variable DOC removal and frequently high residual organic matter. 
Similar results were found by Daraei et al. [9] where increased turbid
ities were recorded when the zeta potential was more negative than −10 
mV. These higher residual DOC concentrations may lead to increased 
DBP concentrations in the final water, causing potential harm to cus
tomers and incurring fines where regulatory limits are breached 
[38,39].

Fig. 3. A) Residual DOC plotted against the coagulant dose ratio with three raw water quality parameters: DOC, charge load and charge density. B) Coagulant to 
charge load ratio vs DOC % removal, showing two data groups for DOC removal (I: high removal requires high coagulant to charge ratio; and II: high removal 
requires low coagulant to charge ratio).

Fig. 4. Residual DOC against coagulated zeta potential. Zone A shows zeta 
potentials of less than −10 mV showing high and erratic residual DOC, Zone B 
shows zeta potentials between −10 and + 5 mV showing low and more 
consistent residual DOC concentrations, with a continued shallow downward 
trend to 0 mV.
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Group B (−10.0 to 2.0 mV) data was synonymous with stable and 
low DOC residual. The slope of the curve for residual DOC in this group 
was lower than that for group A. Additionally, a downward trend in DOC 
residual from 2.7 to 1.8 mg/L was observed as the zeta potential moved 
towards 0 mV, where complete charge neutralisation occurs. This 
finding is comparable to work by Hussain et al. [5], where DOC residuals 
also decreased towards 0 mV. These trends were consistent throughout 
the year, showing that compositional changes within raw water did not 
impact on the relationship between residual zeta potential and coagu
lation optimisation.

Within group B, differences in DOC residual for similar zeta potential 
values were observed. For example, water from December 2021 saw a 
DOC residual of 2.5 mg/L at a zeta potential of 1.0 mV, while in 
February 2022, a similar coagulated zeta potential (0.9 mV) had a lower 
DOC residual (1.5 mg/L). The composition of the DOC in these samples 
was analysed and showed an additional 0.5 mg/L of biopolymers, 
building blocks, and low molecular weight neutrals in the December 
sample. These organic compounds have been characterised as being 
hydrophilic in nature and not amenable to coagulation [15]. This was 
further supported by Sharp [40], who recorded a correlation between 
initial hydrophilic DOC concentrations and residual DOC (R2 = 0.89) 
during optimised coagulation.

A further 0.5 mg/L in residual DOC was from an increase in HS. The 
HS contains the majority of the organic matter charge; however, the 
“humic” categorization using the LC-OCD is based on a molecular 
weight cut off at ~1 kDa as well as a UV aromatic response ratio, and 
may therefore contain non-humic organic compounds [41]. It is there
fore feasible that uncharged compounds around ~1 kDa are present 
within the LC-OCD defined humic fraction. This is a key limitation of 
rigid categorization of organic compounds which can vary in size and 
charge. Although valuable information on charged species is provided 
by this method, further fractional analysis would provide certainty 
around the specific identification of such organic compounds. Tech
niques such as Fourier transform ion cyclotron resonance mass spec
trometry (FT-ICR-MS) may provide this level of detail as it can 
determine specific elemental formulae of samples [42,43]. However, 
this would not provide process optimisation information in real-time.

By considering the UV254 of the residual organic matter in both the 
December 2021 and February 2022 samples, it was possible to estimate 
the charged species linked with the aromatic compounds present. Low 
UV254 absorbance values were seen in both samples (0.11 and 0.09 
cm−1, respectively), suggestive of non-coagulable DOC. These results 
show that high DOC residuals can be expected when 1) the charge has 
not been effectively neutralised and 2) non-coagulable NOM is present.

When measuring zeta potential, it is important to acknowledge that 
the result is the average taken from a distribution of charged particles, 
with the range varying dependent on the sample characteristics. Previ
ous research on application of zeta potential for water treatment has 
exclusively focused on the average zeta potential reported, with no 
analysis of the distribution ( [37] and b). It was evident here that for 
samples that had an average zeta potential of between −10 and + 5 mV, 
a significant proportion of the distribution was outside could be outside 
of this range for any given sample. For example, one sample had an 
average zeta potential of −8.5 mV; however, 61% (912,947/1,496,654 
counts) of the particles measured were more negative than −10 mV 
(Fig. 5). For a sample with an average zeta potential of −2.34 mV, more 
than 90% of the distribution remained between −10 and + 5 mV. This 
explained why the DOC residual can increase when operating close to 
the margins of the optimum range. To further validate this uncertainty 
in removal at the boundary, a sample with a coagulated average zeta 
potential at −9.0 mV showed a DOC residual of 3.6 mg/L, while samples 
within the range of −10.5 to −11.1 mV exhibited DOC residuals of up to 
9.0 mg/L.

By analysing the distribution curves of zeta potential measurements 
(n = 33), it was possible to determine a zeta potential condition under 
which the majority of the distribution remained within the optimised 

range (Fig. 6). Given that the zeta distribution curves followed an 
approximate normal distribution, this was considered as the mean ± 1 
standard deviation. This was both a statistical and pragmatic approach 
as it enabled enough data sets to be included in the analysis while 
ensuring that only those distributions that had a significant majority of 
their distribution (68%) within the target zeta potential range were 
included. Using the ‘68% of the distribution’ approach gave an average 
zeta potential target of −1.7 mV to provide effective DOC removal by 
coagulation.

The zeta potential distributions for real water sources after coagu
lation are typically broadly spread, with significant tails on either side of 
the distribution due to differences in the characteristics of the particles 
and colloids present in any given water source (see Figs. 5 and 6). This 
meant that for nearly all conditions tested, at least some of the particle 
distribution was outside of the operational charge window. It would 
therefore be of significant consequence to be able to undertake further 
work to explore how the zeta potential distribution can be tightened to 
ensure that all of the distribution sits within the charge window. Further 
research is also required to quantify the impact of maintaining the target 
zeta potential on treated water quality and the universality of this target 
zeta potential value, considering the variability of different water 
sources and the influence of seasonal or climatic changes. These factors 
may alter particle charge characteristics and zeta potential distributions, 
necessitating a comprehensive understanding of their effects, and 
nuanced relationships for zeta potential targets at different WTWs.

Fig. 5. Zeta potential distribution curve of two surface water samples, both 
with average values within the optimised zeta potential residual range. The 
distribution of curve A recorded 61% of all particles below the optimised range, 
whereas B had all particles within the optimised range.

Fig. 6. Zeta potential distribution curves (n = 33) of water samples where 68% 
of particles have zeta potentials between −10 and 5 mV.
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4. Discussion: applying the benefit of charge measurements to 
operational water treatment systems

An analysis of the linear coefficient of determination of significantly 
different parameters (R2

, P, 0.05, t-test, n = 137) was made to assess 
suitable surrogate measurements for charge load, which is currently 
only available as a laboratory analysis. By considering the strength of 
the relationship between water quality parameters and charge load, it 
was possible to determine which features of NOM aligned most strongly 
with water treatability (Fig. 7).

Fluorescence analysis revealed weak correlations between charge 
load and fluorescence peaks A/C (R2 = 0.42 and 0.37, respectively) 
likely due to their broad wavelength measurement ranges and lack of 
coverage at 254 nm, a wavelength known to detect humic materials [8]. 
For example, peak A spans 237–260 nm, therefore, the high absorbance 
of NOM generally found at UV254 may be reduced with the signals from 
the higher and lower wavelengths. Peak C does not measure UV254 at all, 
as it spans 300–370 nm [55]. PARAFAC analysis provided more specific 
NOM characterisation, with component 2 more strongly correlating with 
charge load, but less well than other parameters (R2 = 0.66). Parameters 
such as SUVA254, BP, LMWN, and FEEM peak B, displayed weak (R2 <

0.42) correlations with all water quality parameters. This was due to 
minimal variation in MW compounds <350 Da and > 20,000 Da and 
proteinaceous compounds, a common marker for either algal growth 
[44] or evidence for wastewater discharge in the receiving water [45], 
neither of which was evident for this reservoir.

Charge load exhibited the strongest correlations with UV254, DOC 
and HS (Figs. S6–8, SI; R2 = 0.72, 0.86, and 0.79, respectively), 
consistent with previous research that demonstrated that charge is 
broadly associated with UV-absorbing aromatic, humic-dominated DOC, 
common in peatland catchments [33]. All parameters had similar con
fidence and predictive intervals at a 95% confidence value (LCI = 97–99, 
UCI = 109–111, LPI = 51–66, UPI = 142–157). The data showed that at 
lower DOC values (<7.0 mg/L), a stronger correlation was seen, with 
scatter increasing as the DOC increased (Fig. S7, SI). These results were 
similar for UV254 and humic substances, indicating a more complex 
composition of the charged species (Fig. S6 and Fig. S8, SI).

While a number of water quality parameters show a reasonable 
correlation with the charge density, there was still a high degree of 
scatter when using the best surrogates to determine the optimum 

coagulant dose for the water. This was shown here to be due to fact that 
the charge density changes in an inconsistent way with the organic 
carbon content of the water, a change that can be quite rapid and severe. 
These changes can be driven by a number of different mechanisms, but 
largely result from differences in NOM molecular structure and the 
presence of ionizable functional groups, the degree of dissociation, and 
the prevailing water quality characteristics (pH and ionic content) [46]. 
As a result, parameters such as DOC, HS and UV254 can never be fully 
effective when used as a means to model coagulant dose. When charge 
density was reasonably stable, the coagulant dose demand was a mirror 
of the change in DOC (or other surrogate). Hence under these conditions, 
such proxies work effectively to control coagulant conditions. It is dur
ing periods of change in charge density that measurement of charge load 
is required to adequately adjust to the new coagulant demand of the 
water. This can be achieved through addition of more coagulant dose (to 
increase the amount of charged metal species being added to the water), 
as well as a change of coagulation pH (to promote the formation of more 
charged metal species). These results explain why dosing algorithms for 
humic rich waters work most of the time, but not always, as they are 
predicated on surrogates that don't change with the charge density.

The change in charge density can be detected through regular and 
routine charge measurement of zeta potential in coagulated water using 
online or centralised bench-top zeta-meter instruments. For example, 
the implementation of a coagulation control system that utilises online 
zeta potential monitoring to adjust coagulant dose automatically with a 
set point of −1.69 mV would provide fast control and greater confidence 
in the process for optimised DOC removal. This is an approach that 
would be particularly valuable for water sources that change character 
rapidly and often. Some examples of this have been applied in the UK 
and the US, where municipal WTW adopted online zeta potential to aid 
in coagulant dosing. Following implementation, both sites reported 
enhanced clarified turbidity, better downstream efficiency, and re
ductions in chemical use (by 17–20%) and sludge production (10%) 
[47,48]. While a full assessment is outside of the scope of this work, the 
application of online zeta potential instruments at full scale water 
treatment works needs careful consideration. Regular maintenance is 
required to ensure the instruments are regularly calibrated (typically, at 
least monthly), and that the sample delivery system is effectively sus
tained and free from biofilms and scaling. The benefits of such an 
approach are likely to make a positive business case at sites where rapid 
changes in water quality are frequently seen.

For sites that have more stable water quality characteristics, a more 
cost-effective approach would be to implement routine zeta potential 
testing in centralised laboratories, serving multiple WTWs. An early 
signal indicating that the charge density of the organic substances had 
changed is a more negative or positive residual zeta potential for a fixed 
coagulant dose to DOC ratio. When this occurs, the charge load should 
then be measured and the coagulant dose adjusted accordingly to match 
the change. This procedure can be adopted to both increase and decrease 
the required coagulant dose.

These approaches would improve upon current post-coagulation 
monitoring of parameters such as turbidity, which can indicate an 
issue in treatment process efficiency but does not provide root cause 
information [49]. This study has shown that small rises in DOC, largely 
driven by charged HS will notably impact the treatment processes 
required to remove NOM and that by measuring charge-based parame
ters in place of current methods, treatment can be improved. The 
monitoring of charge load, coupled with residual zeta potential post- 
coagulation, provides possibilities for future enhanced treatment 
through automation of coagulant control, reducing the impact of climate 
change on water supply. It is acknowledged that this study only 
considered a single water source and so more specific data is needed to 
ensure that relationships hold more universally. However, the approach 
outlined here could be applied to any source water where charge neu
tralisation is the driving force behind the coagulation process. More data 
on charge characteristics are needed across a range of different water 

Fig. 7. The coefficient of determination (R2) of raw water quality parameters 
measured at the study WTWs between 2021 and 2022, with a colour map 
indicating the strength of the correlation.
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sources in order to understand the variability across multiple water 
sources with respect to the range and distribution of zeta potential 
values observed following coagulation.

It is also acknowledged that different types of coagulant (for example 
ferric versus aluminium based salts) and coagulation pH conditions will 
change the optimum conditions required. This will largely be driven by 
the characteristics and charge delivered by the coagulant. For example, 
it is known that for many water sources, Fe coagulants out-perform Al 
coagulants with respect to removal of DOC [50]. The operational con
sequences of these difference being that in order to achieve effective 
charge neutralisation by coagulation, different ratios of coagulant to 
DOC in the source water will be required.

The work also highlights that linking catchment management with 
water treatability needs to extend beyond simpler measures of water 
quality (such as DOC, UV254 absorbance and colour) and focus on what 
causes changes in NOM charge density. To the best of the authors' 
knowledge this has not been done before.

5. Conclusions

Raw water charge measurements have, for the first time, been 
measured in parallel with common water quality parameters over an 
extended period of time. This has resulted in the first in-depth dataset 
that provides a unique view into the seasonal variability of charged 
species and their impact on the coagulation process.

The water source studied here can be considered representative of an 
upland reservoir water that contains a reasonably high concentration of 
DOC and a low level of alkalinity and hardness. However, each water 
source will have its own unique and dynamic set of characteristics that 
are influenced by climate, geology, vegetation and anthropogenic ac
tivities. In turn, this will influence the conditions required for optimised 
coagulation of the water. So long as the change in charge characteristics 
for a given water source can be tracked and responded to, the approach 
presented here can be applied to any water source where charge neu
tralisation is the dominant mode of coagulation.

DOC with high charge density significantly increased the coagulant 
demand of the raw water. This was largely caused when fresh, highly 
charged, humic-DOC was flushed into water following heavy rainfall in 
autumn and winter months. This led to the development of a number of 
important insights on enhanced coagulation control for water sources 
dominated by NOM. The charge density of the organic matter did not 
always change with the DOC in a consistent way, meaning that such 
surrogates can only be used when water quality characteristics are sta
ble. Post coagulation zeta potential provides an effective way of showing 
when coagulation conditions are optimised, operating around a value 
−1.69 mV to ensure that the distribution remains largely in a zone that 
enables effective charge neutralisation. Monitoring the charge load of 
the water was an effective way of understanding how coagulant dose 
should be adjusted in order to meet the changing charge demands of the 
water. The practical consequence of this being that water treatment 
operators and scientists can have a mechanistic approach to adjusting 
coagulation conditions to maintain treated water quality, even during 
periods of significant flux. This is becoming more important as water 
sources are being impacted by climate change, resulting in more vari
able water quality.

The key findings of this work are that changes to NOM characteristics 
(both seasonally and from climate-change impacts) cause changes in 
charge density of the water that need to be tracked to ensure their 
optimal removal by coagulation processes. In order to do this, for water 
sources dominated by DOC, this work recommends the use of UV254 
coupled with zeta potential as feed-forward and feedback systems, 
respectively.

The present research has presented a platform from which coagula
tion processes can be effectively controlled where charge neutralisation 
processes dominate. Further work is required to validate the application 
of the identified target zeta potential to a wider range of water sources. 

In addition, longer term trials at pilot or full-scale are required in order 
to be able to confirm the sensitivity and effectiveness of the proposed 
control strategy.
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