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Abstract

This study examines the potential for improved and more sustainable wastewater treat-
ment by integrating coagulation and disinfection using polyaluminum chloride (PACI)
and sodium hypochlorite (NaClO) for secondary effluent. The impacts of this integrated
approach on phosphorus removal, microbial inactivation, and disinfection by-product
(DBP) formation were evaluated through bench- and pilot-scale experiments under both se-
quential and simultaneous dosing. The results show that simultaneous dosing of PACI and
NaClO achieved high phosphorus removal (>90% at 6-9 mg/L PACI), while microbial inac-
tivation targets were met with moderate chlorine doses (3-6 mg/L). Pilot-scale tests further
revealed that PAC] enhanced microbial inactivation under high-intensity mixing. Impor-
tantly, the integrated process reduced DBP formation substantially, with trihalomethanes
(THMSs) and haloacetic acids (HAAs) lowered by up to ~50% compared to sequential treat-
ment. By minimizing the need for separate treatment units, shortening hydraulic retention
time, and lowering overall chemical consumption, this integrated coagulation-disinfection
strategy provides a compact, cost-effective, and sustainable alternative to conventional
wastewater treatment.

Keywords: wastewater; integrated process; disinfection; coagulation; DBPs; microbial
inactivation; phosphorus removal; bench and pilot scale

1. Introduction

Sustainable wastewater treatment is essential for protecting public health, conserving
water resources, and minimizing environmental impact. Modern treatment systems must
not only meet regulatory standards for nutrient removal and pathogen inactivation but
also reduce chemical usage, energy demand, and operational footprint. Conventional
water treatment typically employs separate steps for coagulation, flocculation, filtration,
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and disinfection. While effective, this approach requires considerable space, retention
time, and operational resources. From a sustainability perspective, integrating treatment
steps could streamline operations, reduce chemical and energy consumption, and enhance
overall efficiency.

Coagulation is often conducted using either aluminum or iron-based coagulants such
as polyaluminum chloride (PACl), alum, ferric chloride, or ferric sulfate. In particular,
polyaluminum chloride (PACI), a pre-hydrolyzed coagulant, is frequently used because of
its effectiveness for destabilization of organic matter with a fast rate of particle aggregation
during flocculation [1]. With respect to disinfection, chlorine, either as gas or sodium
hypochlorite (NaClO), is widely used because of its disinfection efficacy, ability to provide
the required residual for distribution and cost-effectiveness. Numerous studies have
examined these treatment processes individually, assessing the optimal conditions for
their application [2-7]. Noting that it is most common for wastewater treatment plants to
perform coagulation and disinfection sequentially [8], this requires each process to have
its own space and hydraulic retention time in the treatment facility. From a sustainability
perspective, integrating treatment steps offers opportunities to streamline operations, lower
environmental footprints, and enhance system efficiency.

Like drinking water treatment, both coagulation and chlorine disinfection are deployed
to achieve water quality compliance. Coagulation in wastewater treatment has emerged as
a tool for managing total suspended solids as well as for the removal of phosphorus, to
protect receiving water bodies from eutrophication [9].

Studies indicate that the hydroxide form of the metal is more effective for phosphorus
removal, as it provides reactive surface sites crucial for phosphate adsorption [10]. This
suggests that optimizing hydroxide formation could enhance treatment efficiency [11].
While oxidants can influence hydroxide formation for some metals (e.g., Fe-based salts),
aluminum in PACI is already present in its highest oxidation state (+3) and cannot be
further oxidized by NaClO. Thus, in PACI-NaClO systems, improvements in phosphorus
removal are more likely to arise from synergistic interactions with organic matter and
microbial inactivation, rather than enhanced hydroxide formation.

Chlorine remains the most widely used disinfectant in wastewater treatment because
of its efficacy, cost-effectiveness, and ability to maintain a residual through distribution.
Microbial risks, including bacteria, viruses, and protozoa, necessitate reliable disinfection
to safeguard public health. The effectiveness of chlorine disinfection depends on both
concentration and contact time (CT), and its inactivation kinetics vary depending on
the target organisms and water quality conditions. However, chlorine also reacts with
effluent organic matter (EfOM) to form disinfection by-products (DBPs) [12], including
trihalomethanes (THMSs) and haloacetic acids (HAAs). These DBPs are regulated due to
health concerns.

Coagulants can interact with EfOM, altering its reactivity. Some researchers have
investigated the effect of prior disinfection on coagulation and compared the removal of
EfOM by coagulation with and without coagulant, preceding disinfection [13,14]. Several
studies show that a reduction of 20-60% in the sum of THM and HAA concentrations can
be achieved by using Al-based coagulants in water [8,15,16]. In wastewater, coagulants are
typically used for improving settling characteristics and phosphorus removal (REF) [17].
There have also been numerous studies showing that coagulation also removes EfOM in
treated wastewater, which can reduce DBP formation in chlorinated effluents (REFS) [17,18].
For example, Ding et al. [19] found that coagulation with Al(SO4)3 reduced haloacetamide
formation by 41.8-61.4% by removing DBP precursors from the Huangpu River and a local
wastewater plant.
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Although there are several studies investigating coagulation and disinfection efficiency
over sequential processes, the simultaneous use of these processes has been rarely studied.
This study investigates the effectiveness of an integrated coagulation—disinfection process
using PAC] and NaClO under both bench- and pilot-scale conditions. We evaluate its
impact on phosphorus removal, microbial inactivation, and DBP formation compared to
the conventional sequential approach. Beyond water quality performance, we explore the
sustainability benefits of process integration—including reduced hydraulic retention time,
lower chemical demand, and minimized infrastructure requirements—offering a compact
and more resource-efficient alternative for next-generation wastewater treatment systems.

2. Materials and Methods
2.1. Secondary Effluent Wastewater Quality

Experiments were conducted on samples collected after secondary clarification at a
municipal Wastewater Treatment Plant (WWTP) in Ilderton, Canada. Characteristics of
undisinfected secondary effluent are reported in Table 1. Samples were collected using
sterile containers to prevent microbial contamination and were transported to a laboratory
for testing.

Table 1. Secondary wastewater characteristics.

Parameters Units Number of Samples = Min-Max Average
N-NO, ™ mg/L 5 0.005-0.008 0.0062
N-NO;~ mg/L 5 31.3-38.2 34.8
N-NH,* mg/L 5 0.05-0.07 0.62
Total-N mg/L 5 25.7-33.9 29.98

COD mg/L 5 22-45 33.8

Total-PO,>~ mg/L 5 0.38-2.38 1.54

Reactive-PO,3~ mg/L 5 0.15-1.26 0.615

Sodium hypochlorite (NaClO), 12.5% W /W aqueous solution, was purchased from
VWR Chemicals BDH, Canada. For experiments, stock solutions of NaClO were prepared
by diluting a commercial solution to 0.1% and measuring chlorine concentration using Hach
Method 8021 each day prior to testing. Polyaluminium chloride (PACI), Al,Os5: 10.2 &£ 0.3%,
was purchased from AQUABOND, Toronto, ON, Canada. For experiments, stock solutions
of aqua PACl were prepared by diluting a commercial solution.

2.2. Analytical Methods

The analytical methods employed in this study were selected to evaluate disinfection,
focusing on chemical and microbial parameters to assess treatment efficiency and formation
of DBPs.

COD was determined using Hach Method 8000 (USEPA reactor digestion method),
suitable for 3-150 mg/L. Total nitrogen was determined using Hach Method 10,071 (per-
sulfate digestion method), which can measure 0.5-25 mg/L. Ammonia was measured
using Hach Method 10,023 (salicylate method) for a concentration of 0.02-2.5 mg-N/L.
Nitrite and nitrate were determined using Hach methods 10,019 and 10,020, respectively.
The former, a diazotization method, can measure 0.003-0.5 mg-N/L, while the latter, a
chromotropic acid method, is suitable for 0.2-30 mg-N/L. Total phosphorus was analyzed
using Hach Method 8190 (USEPA PhosVer® 3 with acid persulfate digestion), suitable for
0.06-3.5 mg/L as PO4>~. Soluble phosphorus was analyzed using the same method, follow-
ing filtration with a 0.45-um nylon filter. Reactive phosphorus was evaluated using Hach
method 8148 (USEPA PhosVer®3 method), suitable for 0.06-5.0 mg/L as PO,3~. During
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disinfection experiments, total and free chlorine were immediately measured using Hach
Methods 8167 and 8021 for total chlorine and free chlorine, respectively. Both methods
are suitable for concentrations of 0-2 mg/L. All colorimetric tests were conducted using a
DR3900 laboratory spectrophotometer from Hach (Loveland, CO, USA).

A membrane filtration method was employed for enumeration of total and fecal
coliforms with a detection limit of 1 CFU/100 mL. For total coliform, wastewater samples
were passed through a 0.45 pm filter and transferred onto mEndo LES agar. Plates were
incubated at 35 °C £ 0.5 °C for 18-24 h. Fecal coliforms were measured using Standard
Methods for the Enumeration of Water and Wastewater (9222 D), which includes sample
filtration through a 0.45 um filter, placed onto mFC agar. Fecal coliforms were incubated at
445+ 0.2°Cfor24 £2h.

The DBPs evaluated for this study included trihalomethanes (THMs), haloacetic acids
(HAAs), haloacetonitriles (HANSs), haloketones (HKs), and haloaldehydes (HALSs), which were
extracted and analyzed using liquid-liquid extraction and gas chromatography—electron cap-
ture detection, following EPA Methods 551.1 and 552.3. Adsorbable organic halides (AOX)
were determined using an AOX analyzer (Model: Xplorer, TE Instruments, Amsterdam,
The Netherlands). Table S6 shows the list of monitored DBPs in our case study.

2.3. Experimental Procedures
2.3.1. Bench Scale Testing

Several series of experiments were designed to investigate the impact of simultaneous
application of PACl as a coagulant and NaClO as a disinfectant under low-mixing condi-
tions, on phosphorus removal, microbial inactivation and DBP formation. Experiments
were conducted in beakers, utilizing 1000 mL of undisinfected secondary wastewater efflu-
ent. A magnetic stir bar was used to mix samples at an ambient temperature of 25 + 2 °C.
The PACI and NaClO solutions were prepared on the day of the assay and were stored in a
tightly sealed glass bottle prior to use. The calculated G-value for these experiments was
around 762 s~! at atmospheric pressure.

Screening experiments were conducted for integrated treatment at low-mixing condi-
tions used varying quantities of NaClO (3, 4.5, and 6 mg/L) with various concentrations
of PACI. Following 21 s of mixing with a stirring speed of around 1100 rpm, samples
were collected for analyses of soluble phosphorus. Experiments were repeated for water
collected on five different days. For sequential treatment screening experiments, and for
screening disinfection experiments, varying doses of chlorine (3, 4.5, and 6 mg/L) and
various amounts of PACI were added to the wastewater sample simultaneously. Following
three mixing times (14, 21, and 29 s), samples were then collected for analysis. The analysis
of each sample involved measuring the levels of total coliform and fecal coliform, as well
as DBP concentrations. A summary of experiments is presented in Table 2.

Table 2. Summary of the experimental design for the batch experiment.

Series. n NaClO Dose PACI Dose Process Time Outcome
(mg/L) (mg/L)
1 3 0,36 21 s mixing Soluble phosphorus
2 4.5 0,4.5,9 21 s mixing Soluble phosphorus
3 0,6,12 21 s mixing Soluble phosphorus
4 3 0,36 14, 21, 29 s mixing Total coliform, Fecal coliform, DBPs
5 45 0,4.5,9 14,21, 29 s mixing Total coliform, Fecal coliform, DBPs
6 6 0,6,12 14, 21, 29 s mixing Total coliform, Fecal coliform, DBPs




Water 2025, 17, 2867

50f19

The wastewater used in each test was collected fresh on the day of the experiment and
was not stored prior to testing. Samples were analyzed immediately after the designated
mixing time: general water quality parameters were measured directly, while aliquots
were sent for DBP and microbial analysis. To ensure reproducibility, the experiments were
repeated on five separate days using independently collected wastewater samples. In
all tests, chlorination was terminated by adding a solution of sodium metabisulfite. To
determine the optimal amount of sodium metabisulfite needed to stop the chlorination
process, several experiments were conducted. Using the maximum NaClO dose applied in
our study (6 ppm) as the initial NaClO concentration, various doses of sodium metabisulfite
(6,9,12,15 ppm) were added to the solution. The results indicated that chlorination was
effectively terminated with a sodium metabisulfite solution at a 2:1 ratio relative to chlorine.
In the experiments, sodium metabisulfite was added according to this optimized ratio and
confirmed by chlorine residual testing.

2.3.2. Pilot Scale Testing

Integrated disinfection/coagulation experiments were conducted in a specially de-
signed system, which included two pumps and two MITO3X multifunctional reactors to
provide high-mixing conditions (G & 10,000 s~! at 1.5 atm). The experimental setup is
depicted in Figure 1.

INaCIO| 1Rl

' Sampling

point

/|

| mito,x | Treated Wastewater

MITO,X

Figure 1. A visual representation of pilot experimental setup.

The feed tank was filled with undisinfected secondary wastewater effluent to supply
the treatment process. Operation of the system was controlled by adjusting valves to modify
the flow rate of the pilot feed. The sample was directed through a series of two centrifugal
pumps and two compact MITO;X multifunctional reactors. This unique configuration
facilitates continuous introduction of the oxidant (NaClO) and coagulant into the system,
which also provides high mixing, thus improving interaction between chemicals and feed
water. Pressure gauges were installed at various points in the system, with sample ports
being strategically placed to allow collection of treated samples. Varying doses of PACI
and NaClO were continuously pumped into the MITO3; X multifunctional reactors. Flow
rates were controlled using a peristaltic pump for precise control over the process.

Experiments were conducted by adjusting the wastewater flow rates (3.7, 8 and 12 L /h)
and varying the speed of the peristaltic pump for injecting PACI and NaClO solutions.
Specific pump speeds, when used with each constant wastewater flow rate, correspond to
a series of chemical doses. Immediately after mixing, samples were collected for analysis.
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Similarly to the bench-scale tests, fresh wastewater was collected and used immediately
on the day of the experiment. Samples were analyzed directly after mixing, with portions
sent for DBP and microbial analyses. Each operating condition was tested in duplicate
to confirm consistency of results. The analyses of each sample included total coliform,
fecal coliform, and DBPs. Chlorination was terminated by introducing a solution of
sodium metabisulfite.

Detailed specifications of the batch- and pilot-scale experimental setups, including
mean velocity gradient (G) calculations, G-t values, hydraulic retention times, and sample
collection procedures, are provided in Fallah et al. (2025) [20].

3. Results

Preliminary experiments were conducted to assess whether combining disinfection
and coagulation processes would impact the efficiency of each process independently
under low-mixing conditions. To provide additional clarification on the batch experimental
design, a summary of each experimental series is presented in Table S1. Experimental
data comparing sequential and simultaneous disinfection/coagulation approaches (Figures
S1 and S2) indicate that the removal efficiency for soluble phosphorus and total coliform
inactivation remains largely consistent across different treatment schemes under low-
mixing conditions setups. Integrating these processes (using PACI for coagulation and
NaClO for disinfection) in a single reactor could reduce both facility footprint and hydraulic
demands by streamlining these unit processes. Future research will explore this combined
approach further, with the goal of developing more advanced treatment technologies that
achieve regulatory compliance with reduced spatial and hydraulic requirements.

3.1. Phosphorus Removal

To assess integrated disinfection and coagulation at the bench scale, experiments
involved the manipulation of three critical parameters: the dose of PACI and NaClO and
mixing time at low-mixing energy. The primary focus was to examine the relationships
among these parameters, and their impact on phosphorus removal, microbial inactivation,
and DBP formation. To analyze the complex interplay of these factors, a robust multivariate
statistical analysis was conducted using the Design-Expert® software package. To explore
the effects of integrated PAC] and NaClO treatment at bench scale on phosphorus removal
efficiency, varying doses of PACI and NaClO were simultaneously introduced into undis-
infected secondary wastewater effluent. After 21 s low-mixing, soluble phosphorus was
measured; the results are presented in Table S2. A multivariate statistical analysis was
conducted assessing PACI and NaClO doses as independent variables, with soluble phos-
phorus as the response variable. An ANOVA test yielded the coefficient of determination
(RZ), adjusted R?, predicted R2, and standard deviation, which are summarized in Table 3.
ANOVA summary tables and actual vs. predicted plots for all models are provided in the
Supporting Information (Table S7 and Figure 56). The equation predicting response, based
on NaClO and PACI doses, is provided below:

Csorupte p = 0.242209 + 0.005688 Cn,c10 — 0.03607 Cpacy + 0.002086 C%ACZ (1)

where Cg,p,p10 p represents the final concentration (after treatment) of soluble phospho-
rus and Cyy,cjo and Cpyc are initial concentrations of NaClO and PACI, respectively, all
inmg/L.
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Table 3. Statistical values of phosphorus removal model.

Parameter Value
Model Quadratic
R? 0.67
Adjusted R? 0.65
Predicted R? 0.60
Std. Dev. 0.046

Additional model validation was performed using profile plots of soluble phospho-
rus removal (Figure 2). The results showed that phosphorus removal in the integrated
PAC1/NaClO process was controlled primarily by the coagulation step. PACI hydrolyzes
to form positively charged aluminum hydroxide species that bind and precipitate phos-
phate (negatively charged) via charge neutralization [21]. In our experiments, increasing
the PACI dose initially enhanced soluble-P removal (approaching 90%+), but beyond an
optimum (around 9 mg/L) the removal efficiency leveled off or even declined slightly. This
diminishing return at high coagulant dose is a well-known phenomenon: once colloids
and phosphate ions are neutralized, excess aluminum can lead to charge reversal or the
re-stabilization of particles [21]. In other words, overdosing PAC] may oversaturate active
sites or invert particle surface charge, thus reducing floc aggregation and settling. Thus,
our observations of reduced P removal at very high PACI doses are consistent with general
colloid chemistry and prior studies of chemical phosphorus precipitation [22-24].

04 — 04—

Soluble P ( (mg/L))
Soluble P ( (mg/L))

A: NaClO ( (mg/L)) B: Al ( (mg/L))

Figure 2. Profile plots of phosphorus removal. Panel (A): NaClO dose, Panel (B): PACI dose.

Adding NaClO had only a minor negative impact on P removal. At a fixed PACI dose
(6 mg/L), increasing NaClO from 0 to 6 mg/L caused a very small rise in soluble P. One
possible explanation is that the chlorine oxidant altered the particle surface chemistry. It is
known that pre-oxidants like chlorine can strip organic coatings and change zeta potential,
which can either enhance or inhibit coagulation. In fact, pre oxidation is often intended
to “vary the zeta potential” by destroying organic coatings on particle surfaces, thereby
promoting aggregation [21]. In our wastewater matrix, however, any potential beneficial
pre oxidation effect of NaClO on coagulation was outweighed by slight destabilization:
the data suggest that NaClO induced subtle charge, and possibly minor pH variations,
that marginally reduced floc formation. Since pH was not systematically measured across
all experiments, this explanation should be considered tentative and will be investigated
further in future work. This aligns with prior reports that chlorine pre-oxidation may
improve algae coagulation under some conditions, but in our case the effect was small.
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Importantly, the NaClO doses used were low relative to PACI, and the overall P removal
remained high, indicating that disinfection dosing did not substantially interfere with
coagulation under the studied conditions.

We did not directly measure zeta potential in this study, but the literature on aluminum
coagulation suggests that optimal phosphorus removal corresponds to near-neutral zeta
potential of colloids. Beyond this point, the system can invert charge. Our results imply
that PACI dosing should be carefully optimized: using design-of-experiments, the models
indicate an optimal PACI range (6-9 mg/L) for maximum P uptake, consistent with typical
stoichiometric requirements. Lowering pH into the 5-7 range (the ideal range for Al
phosphate precipitation) could further improve removal if the plant effluent pH permits.
In summary, efficient P removal in the integrated process relies on achieving the right
PACI dose—enough to neutralize and precipitate phosphate, but not so much as to reverse
particle charge—while recognizing that NaClO co dosing has only a minor, secondary effect
on this mechanism.

3.2. Microbial Inactivation

To assess the efficiency of microbial inactivation resulting from the integration of
PACI and NaClO treatment in the bench-scale tests under low mixing energy, varying
concentrations of NaClO (3, 4.5, and 6 mg/L) and PACI were simultaneously added to
samples. Three mixing intervals (14, 21, and 29 s) were tested, and total and fecal coliform
bacteria were measured; the results are presented in Table S3. In the bench-scale tests
under low mixing, microbial inactivation was dictated almost entirely by NaClO dose,
with PACI exerting no observable effect. Both total and fecal coliform log-reductions scaled
with chlorine concentration, as expected in a conventional chlorination scenario. This
matches the finding of Hu et al. [25] that dual Al-Cl reagents (E-PACI) rely on the active
chlorine content to kill pathogens. Thus, at small scale with minimal turbulence, PACI
acted only as a passive particle remover and did not contribute to disinfection. By contrast,
in pilot-scale tests with high mixing energy, a clear synergy between PACI and NaClO
emerged. Increasing PACI dose (at fixed NaClO) improved coliform inactivation (Table S4).

A multivariate statistical analysis was used to elucidate which parameters impacted
microbial inactivation. Factors considered at the bench scale included PACI and NaClO
doses, as well as mixing time, and factors considered at the pilot scale included PACI and
NaClO doses, and wastewater flowrate. Total and fecal coliform inactivation was set as the
treatment response. Results from an ANOVA, including the coefficient of determination
(R2), adjusted R2, predicted R2, and standard deviation, are presented in Table 4. ANOVA
summary tables and actual vs. predicted plots for all models are provided in the Supporting
Information (Tables S8-S11 and Figures S7-510). Final equations for total and fecal coliform
inactivation at the bench scale and pilot scale in terms of actual factors are the predicted
the response for given level of each factor, as shown in Table 5.

Table 4. Statistical values of total and fecal coliform inactivation model.

Bench Scale Pilot Scale
Parameter Fecal Coliform Total Coliform Fecal Coliform Total Coliform
Model Linear Linear Linear Linear
R? 0.59 0.82 0.6 0.56
Adjusted R? 0.57 0.80 0.58 0.54
Predicted R? 0.52 0.76 0.5 047

Std. Dev. 0.35 0.26 0.12 0.23
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Table 5. Final equations for total and fecal coliform inactivation in each treatment system.

Bench Scale

log( NW) Fecal coliform = 128574+ 0.327778 Cacio
102 (N Totat coliform = 0-084342 + 0327909 Cacio +0.050289 ¢

Pilot Scale

N,
log(NW°) Fecal coliform = 355757 +0.036569 Cpaci
108 (R ) Totat cotiform = 3-34298 +0.063692 Cpac

In these equations, Cy,cjo and Cpycy are initial concentrations of NaClO and

PACI, respectively, measured in mg/L. t stands for mixing time in the unit of minutes.

log(%)hml coliform A0 log(%)mal coli form T€PTesent the normalized logarithmic reduction
in fecal coliform and total coliform population. Ny and N represent the initial concentration

of coliform bacteria before and after treatment, respectively.

Additional validation was conducted using graphical techniques; Figure 3 illustrates

fecal coliform inactivation, while Figure 4 presents total coliform inactivation at the bench

scale. Leveraging both the model and graphical analyses, fecal coliform inactivation de-

pends only on the NaClO concentration; however, total coliform inactivation also depends

on mixing time.

Log (NO/N) Fecal coliform (CFU/100mL)

Log (NO/N) Fecal coliform (CFU/100mL)

A: NaClO (mg/L)

C: Contact time (Sec)

Log (NO/N) Fecal coliform (CFU/100mL)

B:Al (mg/L)

Figure 3. Profile plots of fecal coliform inactivation. Panel (A): NaClO dose, Panel (B): PACI dose,
Panel (C): contact time.

In the figures generated using Design-Expert software (version: 23.1), the black dots
represent the range of actual measured data points, the blue shaded area shows the confi-
dence interval of the model prediction, and the red dashed line indicates the center point of

the factor in the design. The red text (“Warning! Factor not in model”) appears when the

factor plotted was not included in the statistical model for that response.
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Log (NO/N) Total Coliform (CFU/100mL)
Log (NO/N) Total Coliform (CFU/100mL)

T T T T T T T ¥ T T T
3 36 a2 48 54 6 ) 3 5 9 12

A NaClO (mg/L) B Al (mg/L)

Log (NO/N) Total Coliform [CFU/100mL)

C: Contact time (Sec]

Figure 4. Profile plots of total coliform inactivation. Panel (A): NaClO dose, Panel (B): PACI dose,
Panel (C): contact time.

Figures 5 and 6 illustrate fecal and total coliform inactivation as a function of NaClO
and PACI doses at the pilot scale. Results demonstrate that inactivation of coliform bacteria
is highly influenced by the PACI, with improved inactivation as PACI doses are increased.
For example, at 3 mg/L NaClO, the total coliform reduction improved from ~72% (PACI
0) to ~81% (PACl 6 mg/L), and at 6 mg/L NaClO, the fecal coliform kill increased from
77% to 91% as PACI rose from 0 to 12 mg/L. This synergistic effect likely arises because
PACI flocs can enmesh or co-precipitate bacteria, exposing them to disinfectants for longer
or shielding them from pipe wall losses. High shear mixing in the MITO3X reactor fur-
ther enhanced contact between oxidant, flocs, and microorganisms. Similar dual-function
reagents have demonstrated this phenomenon: Hu et al. [25] reported that an electro-
chemically prepared PACI] with built-in active chlorine was able to achieve simultaneous
coagulation and near-complete coliform inactivation. In practical terms, the integrated
high-mix system boosted disinfection efficacy without additional chlorine. It appears that at
high turbulence the coagulant provides sites for reactive chlorine species to attack clustered
organisms, thereby amplifying kill rates.

Overall, these findings indicate that simultaneous dosing can preserve or even enhance
disinfection performance. At the bench scale, we verified that conventional chlorine kinetics
apply (PACI presence did not hamper NaClO kill), while at the pilot scale we observed
a clear benefit of coagulant flocs on disinfection. This demonstrates that an integrated
PACI1/NaClO process can maintain regulatory log-removal requirements for pathogens
(through appropriate NaClO dosing) and may allow for lower chlorine doses in practice
due to synergistic effects.
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3.3. DBP Formation

To evaluate DBP formation at the bench scale, with low-mixing conditions, varying
concentrations of NaClO and PACI] were dosed simultaneously. After mixing at three
intervals (14, 21, and 29 s), samples were collected and analyzed, with the results presented
in Table S3. Of the six DBP categories, HANs and AOX did not exhibit dependency on any
variables. The other four DBPs, however, showed response relationships that are discussed
here. On the other hand, to evaluate DBP formation in the pilot system over different
flowrates, varying concentrations of NaClO and different amounts of PACI] were injected
into a wastewater flow simultaneously; the results are shown in Table S5.

A multivariate statistical analysis was applied to elucidate which parameters impact
DBP formation. At the bench scale, PACI and NaClO doses, as well as mixing time, were
evaluated as independent parameters, while the THMs, HAAs, HALs, and HKs were
set as response parameters. At the pilot scale, PAC] and NaClO doses, and wastewater
flowrate were independent factors, while THMs, HAAs, AOX, HANs, HALs, and HKs
were assessed as treatment response parameters. ANOVA summary tables and actual vs.
predicted plots for all models are provided in the Supporting Information (Tables 512-519
and Figures 511-518). The model results and final equations are presented in Tables 6 and 7,
respectively, for the monitored DBPs under each treatment system.

Table 6. Statistical values of monitored DBP model.

Bench Scale Pilot Scale
Parameter ¥ THMs HAAs HALs HKs THMs HAAs AOX HANs HALs HKs
Model 2FI 2FI 2FI Linear  Quadratic Quadratic Quadratic Quadratic Quadratic Quadratic
R? 0.35 0.61 0.6 0.77 0.98 0.87 0.75 0.96 0.9 0.95
Adjusted R? 0.29 0.54 0.5 0.74 0.97 0.86 0.66 0.95 0.89 0.94
Predicted R? 0.14 0.46 0.43 0.69 0.96 0.83 0.46 0.94 0.84 091
Std. Dev. 4.01 1.63 0.14 0.1 0.41 1.85 21.11 0.24 0.26 0.18

Table 7. Final equations for each DBP under each treatment system.

Bench Scale

Crims = 16.94987 — 0.325248 t + 0.008493 Cpacy t

Chaas = 340496 + 3.89001 Cp,cio + 0468633  — 0.115703 Cpacio
ChaLs = 5.58503 + 0.394025 Cpacio — 0.018749 Cpacy + 0.065505 ¢ — 0.015515 Cracio ¢
Chks = 6.66347 + 0.130081 Cyacio — 0.026566 Cpacy — 0.0105 ¢

Pilot Scale

Crims = 27.60678 — 1.32458 Cacio — 3.41956 Q + 0.176111C% ;o + 0.246996 Q2

Chans = 42.50040 — 0.200604 Cpac; — 4.41742 Q + 0.206727 Q2

Caox = 382.85542 — 9.80655 Cpyacio — 6.38124 Cpacy — 57.07231 Q + 2.31072 CracioQ + 0.646007 CpacQ -+ 2.94541Q2
Crians = 841044 — 0.61908 Cyyci0 — 1.05224 Q 4 0.08552 C2, -, + 0.049329 Q2

Chars = 11.91727 — 0.053787 Cyacio — 0.938728 Q + 0.938728 Q + 0.028374 CracioQ + 0.04038 Q2

Chiks = 10.04305 + 0.206629 Cyacio — 0.017099 Cpacy — 0.6598 Q + 0.029934 Q2

In these equations,
e Cnycio and Cpy(y are initial concentrations of NaClO and PACI (mg/L), respectively.
e tis mixing time (minutes).
e  (Qrepresents wastewater flowrate (L/hr).
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o Crums, Craas, Caox, CHans, CHaLs, and Chgs are the post-treatment concentrations of
THMs, HAAs, AOX, HANs, HALs, and HKSs, respectively (ug/L).

Additional validation was performed using graphical techniques, as shown in
Figures 7 and 8 and Figures S3 and S4, which illustrate profile plots at the bench scale for
THMs, HAAs, HALs, and HKSs, respectively. The integrated process substantially reduced
the formation of regulated DBPs (THMs, HA As) compared to chlorination alone. In the
bench tests, THMs were influenced by both PACI dose and contact time: higher PACI con-
sistently suppressed THM formation, and the simultaneous addition of PAC] with NaClO
produced a synergistic reduction. For instance, at 3 mg/L NaClO and 29 s mixing, raising
PACI from 0 to 3 mg/L cut THMs by 56%, and similarly at 4.5 mg/L NaClO, a 47% drop
was seen (Figure 7). Over longer contact, the effect intensified (19 to 6.1 ug/L THM from
14 to 29 s under maximum dosing). These results align with the well-documented role of
aluminum coagulation in removing DBP precursors. The literature shows that Al-based
coagulants preferentially remove hydrophobic, higher-molecular-weight fractions of ef-
fluent organic matter (EfOM)—specifically the humic-like and neutral organics that are
THM/HAA precursors [26,27]. Song et al. [26] reported that coagulation removed mainly
the hydrophobic base (HOB) and neutral (HON) fractions of EfOM, leading to much lower
THM and HAA formation potentials. In our tests, the drop in THMs with PACIl addition
is consistent with this mechanism: by co-precipitating humic substances, the integrated
process limits the chlorination substrates that generate THMs.

THMs (ug/L
1
N
N
THMs (ug/L

A NaClO (mg/L) B Al (mg/L)

THMs (ug/L)
1

1 T 1 T T T
a 7 x EE] 2% 2
C: Contact time (Sec)

Figure 7. Profile plots of THM formation. Panel (A): NaClO dose, Panel (B): PACI dose,
Panel (C): contact time.

Likewise, HAAs were primarily driven by NaClO dose (more chlorine gave more
HAAs), but co-addition of PACl still curtailed HAA yields. This likely reflects the removal
of hydrophobic organic carbon by coagulation, which shifts the NOM toward more hy-
drophilic components and lowers HAA precursors [27,28]. The bench-scale results showed
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that HAL and HK formation had similar trends with respect to the integrated coagula-
tion/disinfection process (Figures S3 and S4). HAL and HK formation is influenced by
all three parameters examined: chemical contact time, and the doses of PACI and NaClO.
There is a relationship between coagulation and disinfection in HAL and HK formation.
The results show that increasing doses of PACI reduces HAL and HK formation. Interest-
ingly, when NaClO is used simultaneously with PACI, a synergistic effect emerges, and
this approach reduces HAL and HK formation. Extending the time under low-mixing
conditions amplifies the benefits of the integrated process, producing lower HAL and HK
concentrations [17,19,29-31].

olved in AC interaction Naming! Factor not in mode

HAAs (ug/L)
HAAs (ug/L)

LT TS R 188 <

A: NaClO (mg/L) B: Al {mg/L)

HAAs (pg/L)

188 —

164~

C: Contact time (Sec)

Figure 8. Profile plots for HAA formation. Panel (A): NaClO dose, Panel (B): PACI dose,
Panel (C): contact time.

To further examine the role of individual variables, we applied one-factor-at-a-time
graphical evaluation (Figures 9 and 10 and Figure S5). These plots illustrate the effects of
NaClO and PACI doses, as well as wastewater flowrate, on THM, HAA, AOX, HAN, HAL,
and HK formation in pilot-scale experiments. Increasing the NaClO dose raised THM, AOX,
HAN, HAL, and HK formation, whereas PACI addition reduced the overall DBP formation
potential under high-mixing conditions. Notably, PACI had no significant effect on THMs,
HALSs, and HANS in the pilot tests, suggesting that the remaining precursors for these DBPs
were either abundant or less affected by coagulation. However, HAAs, AOX, and HKs
did decrease with higher PACIL. For example, at 6 mg/L NaClO and 21 s, adding 6 mg/L
PACI cut AOX by ~4% (and 12 mg/L PACIl by ~5%). These modest reductions indicate
diminishing returns at higher PAC], but confirm the trend that coagulation removes some
residual organic load (as measured by AOX and HAA precursors).
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Figure 9. Profile plots of THM, HAA, AOX, HAN, HAL, and HK formation.

HAAs  (ug/L)
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Figure 10. Profile plots of THMs, HAAs, AOX, HANs, HALs, and HKSs formation.

Because we did not characterize organic fractions in the water directly, we relied on
related studies to interpret these DBP trends. Prior research shows that coagulation tends
to convert hydrophobic organics into humic/fulvic forms (as seen by changes in EEM
spectroscopy) and greatly reduces high-MW fractions [26,28]. For example, Wang et al. [28]
found >90% removal of the hydrophobic neutral fraction (HON) after PACI treatment and
noted a shift in the composition of ensuing HAAs. By analogy, our integrated PACl/NaClO
likely shifted the EfOM composition toward lower-reactivity species. The graphical profile
plots (Figures 9 and 10) support this: the combined process resulted in consistently lower
THM and HAA levels than chlorination alone for comparable chlorine doses.
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Importantly, while we observed reductions in conventional DBPs, we did not measure
DBP toxicity. Regulatory frameworks (e.g., the U.S. EPA Stage 2 DBP Rule) focus on THM
and HAA limits, and our integrated approach clearly helps meet such rules by lowering
precursor load [27]. However, emerging evidence suggests many DBPs—especially ni-
trogenous DBPs—may pose higher health risks. Kalita et al. [32] cataloged dozens of DBPs
with significant toxicity potential and urged more comprehensive monitoring. Likewise,
ecotoxicological reviews have shown that disinfected effluents rich in DBPs can harm
aquatic life even when coliform levels are low [33]. Although our integrated approach
reduces regulated DBPs, future work should directly assess toxicity endpoints. Approaches
such as in vivo bioassays or risk-based guidelines would verify whether these reductions
translate into lower ecological and health hazards in treated waters.

Moreover, the observed reductions in DBPs, although modest, are meaningful from
both a public health and environmental perspective. Lower DBP concentrations can
reduce the potential risks associated with long-term exposure, including carcinogenic and
mutagenic effects. From an environmental standpoint, decreased DBP formation can lessen
the impacts on receiving water bodies and aquatic organisms. These findings underscore
the potential benefits of the integrated PACI/NaClO treatment strategy in improving
compliance with regulatory limits and enhancing overall water quality [34-36].

4. Practical Implications

The integrated coagulation—chlorination approach offers several advantages for full-
scale wastewater treatment. By dosing PACl and NaClO concurrently in a single reactor, the
process merges coagulation and disinfection into one step. This reduces plant footprint, in-
frastructure demands, and capital costs, while shortening the hydraulic retention time. For
example, the MITO3X high-mix reactor functioned as a combined flocculation/disinfection
tank, eliminating the need for separate clarifiers or chlorine contact tanks.

Operationally, the process supports efficient and sustainable treatment. Our models
(Table 5) show that moderate PACI doses (6-9 mg/L) achieve high phosphorus uptake and
DBP precursor removal, while synergy with NaClO enables effective microbial inactivation
at lower chlorine doses (3—6 mg/L). This translates into chemical savings, reduced waste,
and lower environmental impact. Combining both steps in one reactor may also cut mixing
and pumping energy compared to conventional sequential treatment.

From a regulatory standpoint, this integrated approach helps to meet stringent effluent
limits for phosphorus (<0.1-0.3 mg/L), coliforms, and DBPs. Simultaneous PACI dosing
reduces DBP precursors, making compliance easier [27]. In summary, the method (a)
reduces capital and hydraulic complexity, (b) minimizes chemical and energy demands,
and (c) simplifies operation. These features make it attractive for both new and existing
plants, particularly where space is limited or high effluent quality is required. Future pilot
and field studies should confirm footprint and energy savings under real flow conditions,
but current results already highlight its strong potential as a compact and sustainable
treatment strategy.

5. Conclusions

The integration of polyaluminum chloride (PACI) coagulation with sodium hypochlo-
rite (NaClO) disinfection was evaluated for secondary wastewater treatment at both bench
and pilot scales. The study demonstrated measurable improvements when the two pro-
cesses were combined, particularly under high-mixing pilot-scale conditions. The key
findings are as follows:

e The integrated approach maintained phosphorus removal (>80%) and microbial in-
activation (up to 3-log total coliform reduction), while also lowering disinfection
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by-product (DBP) formation compared to conventional sequential treatment. For ex-
ample, haloacetic acids (HAAs) and adsorbable organic halides (AOX) were reduced
by ~4-5% with PACI addition under typical operating conditions.

e  Bench-scale tests confirmed that microbial inactivation was primarily driven by Na-
CIO dose, with limited contribution from PACI. In contrast, pilot-scale experiments
indicated a modest but consistent synergistic effect, where PACI addition improved
coliform reduction under high-mixing conditions.

e DBP formation (THMs, HAAs, AOX, HANs, HALs, HKs) was influenced by both
NaClO dose and mixing conditions. Pilot-scale operation provided more stable out-
comes, with optimized mixing improving DBP control and suggesting potential for
more energy-efficient operation.

e  While these results highlight operational and environmental advantages of integration,
the magnitude of DBP reductions was modest and the study did not directly assess
DBP toxicity or long-term system reliability. Future research should address these
limitations to confirm the broader health and sustainability benefits.

In summary, the integrated coagulation/disinfection approach can improve treatment
performance while offering practical benefits such as reduced retention time and chemical
demand. Although the observed effects are incremental rather than transformative, they
support the potential of integration as a compact and resource-efficient alternative to
conventional sequential treatment.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/w17192867 /s1, Figure S1: Soluble phosphorus removal
as a function of different PACI doses; Figure S2: Normalized concentration (N/NO) of total
coliform over different PACI doses.; Figure S3: Profile plots of HAL formation; Panel A: Na-
CIO dose, Panel B: PACI dose, Panel C: contact time; Figure S4: One-factor-at-a-time effects
on HK formation; Panel A: NaClO dose, Panel B: PACI dose, Panel C: contact time; Figure
S5: Profile plots of THM, HAA, AOX, HAN, HAL, and HK formation; Figure S6: Actual
vs. predicted values for phosphorus removal model; Figure S7: Actual vs. predicted val-
ues for fecal coliform inactivation model in batch system; Figure S8: Actual vs. predicted values
for fecal coliform inactivation model in pilot system; Figure S9: Actual vs. predicted values
for total coliform inactivation model in batch system; Figure S10: Actual vs. predicted val-
ues for total coliform inactivation model in pilot system; Figure S11: Actual vs. predicted values
for THMs formation model in batch system; Figure S12: Actual vs. predicted values for THMs
formation model in pilot system; Figure S13: Actual vs. predicted values for HAAs formation
model in batch system, Figure S14: Actual vs. predicted values for HAAs formation model in pi-
lot system; Figure S15: Actual vs. predicted values for HALs formation model in batch system;
Figure S16: Actual vs. predicted values for HALs formation model in pilot system; Figure S17: Actual
vs. predicted values for HKs formation model in batch system; Figure S18: Actual vs. predicted
values for HKs formation model in pilot system; Table S1: Summary of the experimental design for the
preliminary batch experiment; Table S2: Soluble phosphorous concentrations using various NaClO
and PACI doses; Table S3: Total and fecal coliform inactivation and DBP s formation using various
NaClO and PACI doses, during different mixing time over bench scale testing; Table S4: Total and
fecal coliform inactivation using various NaClO and PACI doses, and various wastewater flowrate
over pilot scale testing; Table S5: DBPs formation using various NaClO and PACI doses, and various
wastewater flowrate over pilot scale testing; Table S6: List of monitored DBPs; Table S7: ANOVA re-
sults for phosphorus removal model; Table S8: ANOVA results for Fecal Coliform inactivation model
in batch system; Table S9: ANOVA results for Fecal Coliform inactivation model in pilot system;
Table S10: ANOVA results for Total Coliform inactivation model in batch system; Table S11: ANOVA
results for Total Coliform inactivation model in pilot system; Table S12: ANOVA results for THMs
formation model in batch system; Table S13: ANOVA results for THMs formation model in pilot
system; Table S14: ANOVA results for HAAs formation model in batch system; Table S15: ANOVA
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results for HAAs formation model in pilot system; Table S16: ANOVA results for HALs formation
model in batch system; Table S17: ANOVA results for HALs formation model in pilot system;
Table 518: ANOVA results for HKs formation model in batch system; Table S19: ANOVA results for
HKs formation model in pilot system.
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