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• Dissolved organic matter type affected the
fate of trace organics in coagulation.

• Humic acid led to highest removals due to
complexation and co-removal.

• Seven short-chain PFAS underwent<30%
removal under all tested conditions.

• Three BDEs and three long-chain PFAS
were removed by at least 50 % depending
on DOM.
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Coagulant dosing to achieve low phosphorus concentrations in wastewater effluents may favour the removal of trace
organics such as pharmaceuticals, plasticisers and flame retardants. Nevertheless, the behaviour of trace organics in
coagulation processes is currently poorly understood because of the complex interactions between these compounds,
the coagulants and dissolved organic matter (DOM). This study assessed the coagulation removal from synthetic sec-
ondary effluent of twenty-four compounds including ten PFAS and four brominated flame retardants. Testing involved
two coagulants (alum, ferric chloride) andfiveDOM surrogates (resorcinol, benzoic acid, citric acid, tannic acid, humic
acid); DOM surrogates had assortedmolecular weights, structures, charges, and hydrophobicity.With coagulant doses
of 14mgFe/L and 4mgAl/L, ten trace organicswere removed by>30% in the presence of at least oneDOM surrogate.
Humic acid effected the highest removals owing to complexation of trace organics and subsequent co-removal by ad-
sorption or sweepfloc. For instance, removal extents for three brominated diphenyl etherswere 60 to 75%withAl and
50 to 88 % with Fe (initial concentration 0.4 to 0.8 ng/L); PFTDA, a long-chain PFAS, was removed by 87 and 91 %
with Fe in the presence of tannic or humic acid, respectively (initial concentration 0.03 μg/L). The varying coagulation
performance of different treatment works in terms of trace substance removal can be explained because of the site-
specific DOM characteristics. Addition of humic acids as complexing agents has the potential to improve the removal
of hydrophobic trace substances, including some long-chain PFAS and brominated flame retardants.
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1. Introduction

The discharge of phosphorus-containing effluent fromwastewater treat-
ment plants into the environment is a major cause of eutrophication in sur-
face waters (Preisner et al., 2020). Hence, the introduction of tightened
regulations onwastewater phosphorus release has translated into enhanced
chemical dosing for phosphorus removal, either during secondary treat-
ment or in dedicated tertiary treatment processes (Alibardi et al., 2021).
To illustrate, typical molar ratios of 4–5:1 (coagulant:phosphorus) are re-
quired to achieve levels below 0.5 mg P/L with alum, while extremely
high doses are required to achieve sub 0.1 mg P/L concentrations
(Bratby, 2016). Increasing the dose of standard coagulants (e.g. ferric chlo-
ride, alum) has two general impacts: (1) the dissociation of the coagulant
consumes alkalinity (1 mg/L alum consumes 0.51 mg/L of CaCO3,
0.93 mg/L for ferric) which can cause the pH of the water to become in-
creasingly acidic, and (2) precipitate is formed (1 mg/L alum forms
0.35 mg/L solids; 0.66 mg/L for ferric) providing additional area for ad-
sorption. The added coagulant interacts with the available phosphorus as
well as other components within the water.

Such behaviour raises questions on whether dosing for very low phos-
phorous discharges might impact on other quality determinants. Impor-
tantly, these include trace concentrations of diverse organic contaminants
(e.g., pharmaceutically active compounds, biocides, plasticisers and flame
retardants) present in tertiary wastewater (Comber et al., 2018; Proctor
et al., 2021). Deploying additional treatment steps is often necessary to re-
duce the hazards posed by these substances, which include mixture toxicity
and endocrine-disrupting action, to aquatic ecosystems and human health
(Bhandari et al., 2015; Eggen et al., 2014). This is especially important
for per- and poly-fluoroalkyl substances (PFAS) and brominatedflame retar-
dants such as brominated diphenyl ethers (BDEs) that have a high bioaccu-
mulation and biomagnification potential (Choo et al., 2019; Cousins et al.,
2020). Nevertheless, advanced treatment specifically designed for the elim-
ination of trace contaminants is usually costly and energy intensive
(Rahman et al., 2018).

Previous work has indicated the possibility of coagulant dosing provid-
ing a co-benefit in this regard. For instance, a recent study of wastewater
treatment plants in the United Kingdom showed that the concentrations
of certain trace chemicals were lower in the effluent of plants dosing iron
for phosphorus removal when compared to effluents of plants without
phosphorus control (Comber et al., 2021). The position remains equivocal
as numerous studies reported low or no removal of trace organics in coag-
ulation applied for primary wastewater treatment (Kooijman et al., 2020),
tertiary wastewater treatment (Müller et al., 2019; Sheng et al., 2016) or
drinking water treatment (Stackelberg et al., 2007; Wray and Andrews,
2014). Moreover, high removals have been observed under certain condi-
tions, e.g., in the presence of natural organic matter such as humic acids
(Ballard and MacKay, 2005; Vieno et al., 2006).

In coagulation, depending on the organic matter characteristics and the
backgroundwater chemistry, colloidal and dissolved organicmatter (DOM)
incorporates into particulate aggregates by interacting with the metal and
the metal hydrolysis species through adsorption, complexation, entrap-
ment, and charge neutralisation, (Jarvis et al., 2004). In this process, pH
is particularly important since it controls the dissociation of both coagu-
lants and organics. Acidic conditions where the charge load delivered by
the coagulant is maximised (pH 4.5 for ferric and 5.5 for alum) favour
charge-based interactions. At near neutral conditions solubility is
minimised and hence precipitation is maximised (pH 8.0 for ferric and
6.2 for alum), which leads to adsorption-based mechanisms (Crittenden
et al., 2012). The situation is further complicated owing to the presence
of organics, both bulk and trace, that can undergo a series of complexation
reactions.

For trace organic contaminants, interactionswith bulk organicmatter as
well as with the coagulant are relevant for removal. Sorption of hydropho-
bic substances on particles or colloids (including precipitated coagulant)
has been suggested as the main mechanism of removal of trace organics
in coagulation and has been linked to the impact of hydrophobic
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interactions (Ballard and MacKay, 2005; Kooijman et al., 2020). However,
some bulk organics may stabilise trace organic contaminants within the
water body and/or inhibit aggregation preventing removal. Accordingly,
it is posited that the diverse physicochemical properties of both bulk or-
ganic matter and trace organic contaminants generate the equivocal nature
of the current evidence base from full scale trials and warrant a more sys-
tematic investigation to elucidate the true potential of trace contaminant
management through enhanced coagulant dosing. This approach can be
achieved with the use of appropriate probe compounds or surrogates of
DOM that represent a range ofmolecularweights and structures that are en-
countered in environmental samples (Bond et al., 2010; Finkbeiner et al.,
2019). When selecting trace organic contaminants, the focus should be on
priority substances such as PFAS and brominated flame retardants that
are subject to current and future regulations including the Stockholm Con-
vention on Persistent Organic Pollutants (UNEP, 2020).

The aim of this study was to establish an evidence-based framework to
understand the relative mechanistic roles of the coagulant and the back-
ground organic matter in providing a pathway for trace organic removal
during enhanced coagulant doses for phosphorus removal. For this purpose,
a series of coagulation experiments was conducted with five model com-
pounds as DOM surrogates showing a range of molecular weight, structure,
charge, and hydrophobicity combined with trace organics and a consistent
background water chemistry. The target trace substances were selected
based on previous results of a UK-wide programme involving extensive
sampling of wastewater treatment works, the National Chemical Investiga-
tions Programme (CIP), and include ten PFAS, four brominated flame retar-
dants, and ten other organic compounds. Ferric chloride and aluminium
sulphate (alum) were used as the most applied coagulants.

2. Materials and methods

2.1. Chemicals and wastewater effluent

Chemicals and analytical consumables were purchased from Merck or
Fisher Scientific. Ultrapure water used for stock solutions (resistivity
18.2 MΩ.cm), and deionized (DI) water used for the experiments were pro-
duced with an ELGA water purification system. For coagulation experi-
ments, the DI water was balanced to produce a consistent background
water quality as a synthetic wastewater effluent based on previous studies
(Carra et al., 2016). Only one of five DOM surrogates (resorcinol, benzoic
acid, citric acid, tannic acid, humic acid) was added at a time. The humic
acid used was of technical grade from Sigma Aldrich. Two different water
matrices were used: a) initial experiments were performed with DI water
containing CaSO4, MgSO4, KCl, (NH4)2SO4, NaHCO3, plus one DOM surro-
gate (DOC of 2 mg C/L), while b) experiments on trace contaminant re-
moval were performed with the full synthetic effluent recipe (SI,
Table S1) including one DOM surrogate (total DOC of 10 mg C/L).

The five DOM surrogates were chosen based on their different physico-
chemical properties (Table 1). Resorcinol is a relatively small (0.11 kDa) ar-
omatic compound with two hydroxyl groups protonated at neutral pH
(charge density of 0.08 meq/mgDOC) and expressing low hydrophobicity
(logKow 0.8). Benzoic acid is a benzene-base single carboxylic acid
deprotonated at pH above 4.5 (charge density of 11.9 meq/mgDOC) with a
relatively small size (0.12 kDa) and moderate hydrophobicity (logKow

1.9). Citric acid is a small (0.19 kDa) and hydrophilic (logKow− 1.6) tricar-
boxylic acid fully deprotonated at pH above 4.5 with a high charge density
of 41.2meq/mgDOC. Tannic acid is an aromatic compoundwith highmolec-
ular weight (1.7 kDa) includingmultiple hydroxyl groups and classifying as
hydrophobic (logKow 6.2) with a low charge density of 0.56 meq/mgDOC.
Humic acids are naturally occurringmacromolecules (1–50 kDa) composed
of substituted aromatic and aliphatic groups negatively charged at pH
above 4 with a low charge density within the range of 0.005–0.010 meq/
mgDOC.

The target trace organic contaminants also have diverse characteristics,
with a focus on perfluorinated and polybrominated compounds (Table 1).
The synthetic effluent was dosed with small volumes of a stock solution



Table 1
Main properties of model compounds used as DOM surrogates and of target trace organic contaminants.

Compound MW (Da) pKa logKow Charge density (meq/mgDOC)

DOM model compounds Citric acid (CA) 192.1 2.8 −1.6 41.23e

Resorcinol (RES) 110.1 9.3, 11.1 0.8 0.08e

Benzoic acid (BA) 122.1 4.2 1.9 11.88e

Tannic acid (TA) 1701.2 4.9, 7.4b 6.2 0.56e

Humic acid (HA) 1000–50,000a 4.0, 9.0c n/a 0.005–0.010f

Trace organic contaminants Perfluorinated PFHxA (6 carbons) 314.1 −0.2 3.5
PFOA (8 carbons) 414.1 1.3 4.8
PFNA (9 carbons) 464.1 −0.2 5.5
PFDA (10 carbons) 514.1 0.5d 6.3
PFUnDA (11 carbons) 564.1 0.5d 6.9
PFDoDA (12 carbons) 614.1 0.5d 7.6
PFTDA (14 carbons) 714.1 0.5d 9
PFBS (4 carbons) 300.1 −3.3 1.8
PFOSA (8 carbons) 499.2 7.0d 5.8
PFOS (8 carbons) 500.1 −3.3d 4.5

Brominated BDE-28 406.9 n/a 5.5
BDE-47 485.8 n/a 6.2
BDE-99 564.7 n/a 6.8
HBCD 641.7 n/a 7.1

Other benzotriazole 119.1 8.4 1.4
tolyltriazole 133.2 8.7d 1.4
DEHP 390.6 n/a 7.6
diclofenac 296.1 4.2 4.5
ciprofloxacin 331.3 6.1, 8 0.3
triclosan 289.5 7.9 4.8
EE2 296.4 10.2d 3.7
TBT 290.1 n/a n/a
cypermethrin 416.3 n/a 6.6
nonylphenol 220.4 10.2d 5.8

References: PubChem (literature or calculated values), except for a(Beckett et al., 1987; Kawahigashi et al., 2005), b(Lin et al., 2009), c(Choppin and Kullberg, 1978),
dpredicted values obtained from SciFinder, e(Finkbeiner et al., 2019), f(Edzwald, 1993), n/a: Not available.
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of trace organics, to achieve concentrations reported in literature (results
from Phases 1 and 2 of the UK National Chemical Investigations Pro-
gramme unless those were not available, see Table S2 for details). The
trace organics stock solution was prepared in methanol. Methanol consti-
tuted 0.001 % v/v of the synthetic effluent solutions.

Coagulation experiments were also performed with the final effluent of
an activated sludge pilot plant (ASP effluent) that was fed with synthetic
wastewater dosed with the same trace organics. The pilot plant ran contin-
uously over one year under different operating conditions (Campo et al.,
2023). It was known from previous analysis that most of the trace sub-
stanceswere present in the ASP effluent because theywere incompletely re-
moved by the activated sludge treatment. The characteristics of the two
types of effluent are shown in Table 2.

2.2. Coagulation jar tests

The coagulants usedwere anhydrous ferric chloride and aluminium sul-
phate octadecahydrate (97 % purity). Coagulant stock solutions were pre-
pared by dissolving 40 g/L ferric chloride or 45 g/L aluminium sulphate
in ultrapurewater. The pH of the synthetic effluent was adjusted to 7 by ad-
dition of a small amount of hydrochloric acid solution before coagulant ad-
dition. Coagulant was dosed into pH 7 without pH control to represent the
common approach to coagulant dosing for phosphorus removal. After
Table 2
Main characteristics of synthetic wastewater effluent and activated sludge final ef-
fluent used in coagulation experiments.

Parameter Synthetic effluent ASP effluent

Total Chemical Oxygen Demand (COD, mg/L) n/a 128
Soluble COD (mg/L) n/a 44
Total Suspended Solids (TSS, mg/L) n/a 100
Alkalinity (mg CaCO3/L) 57 550
pH 7.8 7.8
Dissolved Organic Carbon (DOC, mg C/L) 9.7 11.2
Soluble Reactive Phosphorus (SRP, mg P/L) 1.1 1.4

3

coagulant addition, rapid mixing was immediately established at 225 rpm
for 2 min, followed by slow mixing at 40 rpm for 15 min. The jars were
then left without agitation for at least 30 min before sampling.

Dose-response curves testing different coagulant concentrations were
conducted in 1-L glass beakers. A series of six 1-L jars included one control
without coagulant addition plus five coagulant doses. The supernatant was
sampled from approximately 25 mm below the surface with a syringe, fil-
tered through 0.45 μm and analysed for dissolved organic carbon (DOC),
soluble reactive phosphorus (SRP), the DOM surrogates and selected trace
organics.

Experiments evaluating the removal of all trace substances at a set coag-
ulant dose (selected based on dose-response results) were conducted in 2-L
glass beakers. A series of six 2-L jars included three triplicate control jars
plus three triplicate jars with the same coagulant dose. To achieve the
high sample volumes required for analysis of all compounds, the superna-
tant from three triplicate jars was combined by decanting it into a glass ves-
sel, taking care not to transfer the settled flocs (when present). This was
analysed for all trace organics. Removal percentages were calculated by
comparing the concentration of coagulated samples with the concentration
of the control. When concentrations were below the reporting limit (RL)
after coagulation, the removal was calculated assuming a concentration
equal to RL/2. RLs are shown in Table S2. The analytical and experimental
error for the removal of trace organics was assumed to be equal to 30 %.

2.3. Analysis

Four DOM surrogates (citric acid, benzoic acid, resorcinol, tannic acid)
were analysed by high pressure liquid chromatography (HPLC)withUVde-
tection with an Agilent 1260 Infinity II system equipped with a
Phenomenex Gemini C6-Phenyl column. Further details are provided in
the SI, Text S1. Two trace organics (diclofenac, ciprofloxacin) were
analysed by liquid chromatography-tandem mass spectrometry (LC-MS/
MS) in a Sciex Exion LC equipped with an Acquity UPLC BEH C18 column
and coupled to a QTRAP 6500+ MS/MS. Further details are provided in
the SI, Text S2.
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DOC was measured as non-purgeable organic carbon (NPOC) with a
Shimadzu TOC-L analyser. SRP was measured after filtration through
0.45 μm following the phosphomolybdate method (Spectroquant Phos-
phate Cell Test, Merck). Total suspended solids (TSS) and alkalinity were
measured according to standard methods.

Total concentrations of twenty-four trace organics weremeasured by an
ISO17025 accredited external laboratory (RPS, Bedford, UK). The methods
usedwere liquid chromatography-tandemmass spectrometry (LC-MS/MS),
gas chromatography–mass spectrometry (GC–MS) and gas
chromatography-inductively coupled plasma mass spectrometry (GC-
ICPMS).

3. Results and discussion

3.1. Coagulation of DOM surrogates

The probe compounds followed the anticipated response congruent
with their physico-chemical properties when coagulated individually and
in the absence of phosphate, bulk organics, and trace organics (Fig. 1).
The different probe compounds delivered the desired range of impacts.
Tannic acid was the DOM surrogate that underwent the highest removal
reaching a residual of 0.4 mg/L after a dose of 2 mg Fe/L, while humic
acid followed a similar pattern (data not shown). The high removal of
these compounds by coagulation is consistent with their high molecular
weight and charge (Bond et al., 2010). Citric acid was partly removed,
with visible flocs only present at the highest iron dose of 18 mg Fe/L. Citric
acid inhibits floc formation by forming multidentate ligand-metal com-
plexes, a process that competes with the hydrolysis of the metal salt
(Boyd et al., 2012; Zhang et al., 2021). The small, neutral molecule of res-
orcinol was not removed by coagulation, in agreement with previous
work (Bond et al., 2010). Benzoic acid has a weak negative charge but
showed the same behaviour as resorcinol. Previous studies have reported
that benzoic acid can adsorb on metal hydroxides to a much smaller extent
than other carboxylic acids that have a higher negative charge density, such
as phthalic acid (Guan et al., 2006; Zhang et al., 2021).

3.2. Coagulation of synthetic effluent and ASP effluent

The coagulation of the five variations of synthetic wastewater con-
taining all trace organics was studied with different doses of the two co-
agulants (Fig. 2). The addition of the highest coagulant dose to the pH-
Fig. 1. Dose response curves of the individual DOM surrogates as the sole source of
DOC (water matrix: DI water containing CaSO4, MgSO4, KCl, (NH4)2SO4, NaHCO3)
at initial pH 7 with ferric chloride. The concentrations are shown as DOC
concentrations.

4

adjusted synthetic wastewater (started at pH 7) reduced the pH to 5.3
for ferric chloride and 5.6 for alum (see SI, Fig. S1). These changes in
pH shift the pervading mechanism of action from one of precipitation
towards charge interaction. In the case of alum, the low doses represent
optimum pH for precipitation and the higher doses optimum pH for
charge interactions. In contrast, for ferric chloride the pH ranges missed
the optimum levels for either pathway (4.5 for charge interactions, 8.0
for precipitation). This manifested in the respective doses required to
meet a similar level of removal. To illustrate, in the case of tannic
acid, a DOC residual of 5 mg/L was measured at a dose of 10 mg Fe/L
and 4 mg Al/L. Overall, at the maximum coagulant dose, there was a re-
sidual DOC of 5 to 6 mg C/L when tannic, humic or citric acid were pres-
ent. This represents the non-sorbable fraction of the synthetic
wastewater DOC (Kastl et al., 2004). For benzoic acid and resorcinol,
the residual DOC concentration was higher as it also included the re-
maining DOM surrogate. At coagulant doses up to 14 mg Fe/L and
4 mg Al/L, citric acid inhibited the DOC removal compared to the
other four DOM surrogates by preventing floc formation.

The impact of the different probe compounds on SRP removal wasmore
diverse when using ferric chloride compared to alum (Fig. 2). Effective re-
moval of SRPwas observed in the presence of resorcinol for both coagulants
leading to concentrations near or below the detection limit of 0.05 mg P/L
with a coagulant dose of 6 mg Fe/L and 4 mg Al/L. This reflects the lack of
interaction between resorcinol and either the SRP or the coagulant, hence
having no inhibitory impact. In the case of alum, slight retardation in re-
moval was observed when the water contained benzoic, tannic, or humic
acids all of which had a similar impact. In contrast, the different probe com-
pounds resulted in distinct response curveswhen using ferric chloride, indi-
cating that ferric exhibited a greater sensitivity to competing reactions
impacting the SRP removal pathway as well as competition for adsorption
sites (Chen et al., 2018). The greatest impact was observed with respect
to citric acid which either added a lag to the dose required (alum) or par-
tially inhibited the pathway for all but very high doses (ferric chloride),
consistent with the high charge density of the compound exerting demand
on the coagulant.

In addition, two trace organics (diclofenac and ciprofloxacin) were
analysed for the ferric chloride experiments to explore the impact on the
probe compounds. Due to very low concentrations near the limit of detec-
tion, the results can be viewed qualitatively (Fig. S2). Despite some scatter-
ing of the data, it appears that diclofenac was not removed with any
coagulant dose/DOM surrogate combination. There is mixed information
in the literature regarding the fate of diclofenac in coagulation (Alexander
et al., 2012). High removal has been reported for ferric sulphate at pH 4.5
(Vieno et al., 2006), which is near diclofenac's pKa of 4.2 and the optimum
pH for maximising charge reactions with ferric (Sharp et al., 2006). Cipro-
floxacin was removed with Fe doses≥6 mg/L in the presence of resorcinol
and benzoic acid, with Fe doses≥10 mg/L for humic acid and tannic acid,
and with Fe doses≥18 mg/L for citric acid. Ciprofloxacin has a low Kow so
is not expected to be removed by physical adsorption. Instead, its observed
removal is caused by the formation of a bidentate complex with an iron
atom (Gu and Karthikeyan, 2005). This was inhibited in the presence of
citric acid, which was present at a much higher concentration than cipro-
floxacin.

To consolidate the trends observed with synthetic effluent through
comparison with a more complex matrix, ferric chloride coagulation
was also performed with the effluent of an activated sludge pilot
plant (ASP effluent). At the time of the experiment, the ASP effluent
contained high residual TSS, COD and alkalinity (Table 2). The syn-
thetic wastewater did not contain any particulate organic matter,
therefore higher iron concentrations were used for dose-response ex-
periments with ASP effluent (Fig. S3). The pH underwent a small de-
crease with increasing Fe doses due to the high alkalinity. The
residual DOC at Fe dose ≥30 mg/L was 6 mg C/L, with SRP < 0.05 mg
P/L. In agreement with synthetic effluent data, there was no removal of
diclofenac, but partial removal of ciprofloxacin, increasing with the
coagulant dose.



Fig. 2.Dissolved organic carbon and soluble reactive phosphorus in dose response experiments with five variations of synthetic effluent (initial pH 7) using ferric chloride (A
and B) and aluminium sulphate (C and D). The dashed lines indicate 14 mg Fe/L and 4 mg Al/L.
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3.3. Fate of trace organics in coagulation with different DOM types

The removal of all trace substances was measured at doses of 14mg Fe/
L and 4mg Al/L for the synthetic effluent and 25mg Fe/L for the ASP efflu-
ent based on minimisation of the SRP to sub 0.1 mg/L concentrations (see
vertical dashed lines in Fig. 3; bulk parameters shown in Table S3). The
trace organics were analysed in the supernatant of the jars, which was
decanted and notfiltered before analysis, so that settledflocswere excluded
Fig. 3. Removal of brominated flame retardants in coagulation of five variations of synth
Al/L). The dashed line indicates 30 % removal.

5

from the samples while avoiding losses due to filtration (Figs. 3,4 and SI
Table S4). Fourteen compounds, including two triazoles and seven short-
chain PFAS, underwent<30% removalwith all DOMsurrogates (Table S4).
These removals are within the analytical and experimental error associated
with trace concentrations, so these compounds can be considered not to be
influenced by coagulation pathways. Note that negative removals were also
observed although mostly within the 30 % threshold. Ten compounds had
at least one removal percentage above 30 %. For three of them (DEHP,
etic effluent using A. ferric chloride (14 mg Fe/L) and B. aluminium sulphate (4 mg



Fig. 4. Removal of PFAS and DEHP in coagulation of five variations of synthetic effluent using A. ferric chloride (14 mg Fe/L) and B. aluminium sulphate (4 mg Al/L). The
dashed line indicates 30 % removal.
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HBCD and cypermethrin) decreased effluent concentrations in UK waste-
water treatment plants employing iron dosing have been previously re-
ported (Comber et al., 2021).

The coagulation removal of trace organics depended strongly on DOM
nature. Presence of humic acid led to the highest removals and of citric
acid to the lowest removals. The positive impact of humic acid is due to
complexation of trace organics and co-removal as humic acid adsorbs
onto precipitates or is enmeshed in sweep floc (Rebhun et al., 1998;
Zheng et al., 2009). This mechanism was particularly relevant for the four
brominated flame retardants which are neutral, moderately hydrophobic
molecules. BDEs were only removed in the presence of humic acid owing
to its inherent hydrophobicity and size (Fig. 3). This supports the previous
observation that the removal pathway of BDEs in primary wastewater sed-
imentation with alum addition was due to complexation with colloidal or-
ganic matter (Song et al., 2006).
6

DEHP and three long-chain PFAS (PFUnDA, PFDoDA, PFTDA) were
partly removed in experiments with alum; DEHP, PFDoDA and PFTDA
were also partly removed in experiments with ferric chloride, depending
on the presence of different DOM probe compounds (Fig. 4). Alum re-
movals with humic acid were 53, 58 and 83 % for PFUnDA, PFDoDA, and
PFTDA, respectively. Ferric removals with humic acid were 36 and 91 %
for PFDoDA and PFTDA, while similar removals were observed in the pres-
ence of tannic acid and resorcinol. In comparison, there was less consis-
tency in the case of alum, with benzoic acid and tannic acid assisting
removal for PFDoDA and PFTDA, and resorcinol assisting removal for
PFUnDA and PFDoDA.

DEHP is neutral while PFAS compounds are negatively charged; both
are hydrophobic with the hydrophobicity of PFAS compounds increasing
with the length of the carbon chain (Ahrens et al., 2010). Since the shorter
PFAS compounds were not removed (Fig. 4), it is posited that
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hydrophobicity andmolecular size of both the trace compounds and the back-
ground organics are the defining characteristics for the efficacy of removal
through a coagulation pathway. The result is three possible pathways:
a) direct electrostatic binding between the negatively charged PFAS species
and the positively charged metal hydrolysis species (Bao et al., 2014),
b) adsorption on the precipitated metal coagulant through a hydrophobic in-
teraction with the higher efficacy associated with aluminium coagulants as-
cribed to the more hydrophobic nature of the resultant precipitates
compared to ferric (Lin et al., 2015), c) binding of PFAS compounds to the
background organics which can then react with the coagulant through a com-
bination of charge, complexation-based precipitation and adsorption mecha-
nisms to enable removal. Both pathway (a) and (b) require the background
organics to not outcompete or inhibit the interaction but were not observed
for any of the short-chainPFASas evidenced by their lack of removal. Pathway
(c)was illustrated for long-chain PFAS by tannic and humic acid and offers the
future potential to conditionwastewater to aid removal of such compounds by
adding an appropriate agent such as humic acid.

The removal of trace organics in ASP effluent is shown in Fig. S4. De-
spite differences in the characteristics of the aqueousmatrix and the applied
coagulant dose, the results confirm the conclusions drawn from synthetic
effluent data. PFTDA, the three BDEs, DEHP, ciprofloxacin and
cypermethrin were partly removed. Two additional compounds (triclosan
and TBT) showed moderate removals, but their concentrations were very
close to the RL even before coagulation. Low BDEs removals (26 to 37 %)
suggest that the ASP effluent contained little DOM of humic-like nature.
The removal of the other substances was due to hydrophobic interactions
with both suspended solids and DOM.

4. Conclusions

The ability to remove recalcitrant trace organics as a co-benefit associ-
ated with coagulant dosing for low phosphorus discharges was investigated.
Positive evidence of a removal pathway was demonstrated for four bromi-
nated flame retardants (BDE-28, BDE-47, BDE-99, HBCD), DEHP and three
long chain PFAS compounds (PFUnDA, PFDoDA, PFTDA). The posited
mechanism is associated with the background organics present within the
water matrix that combine with the trace organics through a hydrophobic
interaction pathway. The combined species are then able to interact with
the added coagulant through a combination of adsorption and/or a precipi-
tationmechanism to be removed. This provides an explanation to the equiv-
ocal data currently reported on removal; treatment sites deficit in
background organics such as humic acids will have poorer removal than
those with sufficient humic-like organics. Further, this offers a potential en-
hancement route for coagulation processes through dosing of such com-
pounds to ensure that the pathway exists.
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