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Abstract: Algal organic matter (AOM) released from microalgae has high potential effects for
water treatment. In response to the complex problem of algal-laden water treatment, this study
investigated the characteristics of AOM of Microcystis aeruginosa under long-term exposure to
pharmaceuticals and personal care products (PPCPs). The results indicated that algae under
low carbamazepine (<10 µg/L), high naproxen (>10 µg/L), and/or diclofenac at any concen-
tration treatment promoted the release of total organic matter, whereas they were inhibited
at high carbamazepine and low naproxen exposure. Macromolecular organics of AOM were
inhibited when algae were subjected to long-term exposure to carbamazepine at any concentra-
tion (0.25–1000 µg/L), and the higher the carbamazepine concentration was, the more seriously
macromolecular organics were inhibited. For naproxen and diclofenac treatment, macro- and
medium-molecular-weight organics were promoted under high concentration treatment (>1 µg/L),
yet they were inhibited under low concentration <10 µg/L. The fluorescent organics of AOM
were also changed by fluorescence excitation-emission matrices-parallel factor analysis, with the
fluorescent intensity of humic-like and protein-like substances inhabited under carbamazepine
of any concentration, whereas they were promoted under high naproxen treatment (>10 µg/L).
This research had significant effects on algal-laden water treatment containing various PPCPs
concentrations as well as the risk assessment of PPCPs in water.

Keywords: Microcystis aeruginosa; algogenic organic matter; pharmaceuticals and personal care
products; algal-laden water; parallel factor analysis

1. Introduction

Natural organic matter (NOM) is ubiquitous in global aquatic systems, with mass
concentrations ranging from 0.5 to 100 mg/L organic carbon [1]. Since NOM consists
of diverse chemical structures and polydispersity of molar masses, a multifunctional
role of NOM in the natural environment and water treatment processes was formed,
such as serving as an electron donor in metal complexation, sorption of xenobiotics and
adsorption onto mineral phases and onto activated carbon [2,3]. A suite of products with
toxic relevance during chlorination can also be formed when NOM is partially oxidized
during microbial utilization and water treatment [4]. Algogenic organic matter (AOM),
as an important resource of natural organic matter, is released by microalgae during the
algal growth phases. Previous research reported that AOM contained significant amounts
of non-humic or hydrophilic substances that have various effects on water treatment [5].
As the release of AOM is closely related to algal species, algal growth phases, and various
environmental factors, such as nutrients, temperature, pH, and wind disturbance [6–8],
effectively analyzing the release and AOM properties becomes increasingly important for
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the control of their effects on water treatment as well as the risk of secondary pollution of
their fates and treatability in water supplies.

Pharmaceuticals and personal care products (PPCPs) are one of the most important
emerging contaminants in wastewater and natural water and mainly refer to prescrip-
tion and nonprescription drugs, spices, cosmetics, and diagnostics chemicals for human
health and/or cosmetic care products [9]. They have become widespread and of great
concern in recent years due to their high potency and specificity of undesirable ecologi-
cal effects when interacting with biological systems and human society. Conventional
wastewater treatment cannot completely remove PPCPs. For example, the commonly
used sedative anticonvulsant carbamazepine is frequently detected in surface water,
and the concentration is very high (~µg/L), while in groundwater and drinking water,
the concentration is relatively low (~ng/L) [10]. Many studies have investigated the
toxic and harmful effects of PPCPs on microalgae as well as the PPCPs removals using
microalgae [11], and found that microalgae could be toxically influenced by macrolide
antibiotics, followed by quinolones, tetracyclines, and amido alcohols. Low doses
promoted algal growth, while toxicity to microalgae changed in light of the types of
microalgae and PPCPs utilized [12,13]. Shaw et al. studied the PPCPs on the variation of
algal growth biofilms and found that caffeine and cimetidine have stimulating effects
on the algal biomass while they were extremely restrained by diphenhydramine and
ciprofloxacin [14]. In addition, it was found that erythromycin and diclofenac sodium
have exciting effects on the growth of cyanobacteria under low concentration condi-
tions, which can be considered one of the reasons for the outbreak of algal blooms [15].
Nevertheless, prior research has mainly concentrated on the short-term toxic impact
on high algal biomass levels [16]. For example, Kolodziejska et al. found that the 72-h
half maximal effective concentration (EC50) values of Scenedesmus to florfenicol and
oxytetracycline were 40.4 mg/L and 18.0 mg/L [17], which were much lower than those
of crustaceans, while the 120 h EC50 values of Microcystis aeruginosa to quinolone antibi-
otics were 7.9 µg/L~1960 µg/L and 1.1 mg/L~22.7 mg/L for Selenastrum bibraianum at
72 h [18]. Since PPCPs displayed long-term existence in natural waters, which coex-
ist with microalgae for long time and are continuously released into the environment
(with concentrations in rivers, lakes or oceans changing dramatically [19–21]), it remains
unclear whether the variation of algae stemmed from long-term exposure to PPCPs
could result in the variation of algal organic matter synthesized and released. Even in
wastewater treatment using microalgae, these toxic effects of pollutants on microalgae
are important factors affecting microalgae-mediated treatment processes, which need to
be further clarified.

This study thus aims to study the characteristics of AOM during long-term exposure
to PPCPs. Diclofenac (DFC), naproxen (NPX), and carbamazepine (CMZ) were selected
in this study since they are frequently determined in natural water and are commonly
used PPCPs. This kind of research is considered to have important significance for water
treatment as well as the risk assessment of PPCPs in water.

2. Materials and Methods
2.1. Algae Cultivation and AOM Extraction

M. aeruginosa was acquired from the Institute of Aquatic Biology, Chinese Academy
of Sciences, which was cultivated in batch mode in 1 L conical flasks with BG11 medium.
The conical flasks were placed in an incubator at 25 ◦C of 12 h light: 12 h darkness under
illumination of approximately 90 µmol/m2·s. The DFC, CMZ, and NPX concentrations
were set at 0.25 µg/L, 1 µg/L, 10 µg/L, 100 µg/L, and 1000 µ/L in BG-11 medium compared
with microalgae without any PPCPs treatment. The DFC, CMZ, and NPX concentrations
were selected based on the prior research and those in natural water [19–21]. The high level
of PPCPs was chosen to observe the significant effects in the natural environment or that
in wastewater if it existed. The algae cells of logarithmic growth phases were utilized for
the PPCPs experiment, since there were some discrepancies among the algae utilized for
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inoculation, the algal period varied depending on the PPCP type and algal growth. To
better observe the PPCPs influence on AOM characteristics, the whole algal growth phases
was determined until the algal stationary phases were observed, and all algae were static
cultivated with the test PPCPs solutions no exchanged during the whole experiment.

AOM was obtained from the algal stationary phases by extracting the algal cell suspen-
sion at a centrifugal speed of 10,000 rpm for 15 min and then filtering through a Millipore
0.45 µm filter. The AOM characteristics were determined by dissolved organic carbon
(DOC), specific ultraviolet absorbance (SUVA), fluorescence excitation-emission matrices
(EEMs), and molecular weight (MW) distribution.

2.2. Analytical Method

The algal cell density was determined by measuring the optical density at 680 nm
(OD680) [22]. DOC was determined using a Shimadzu total organic carbon (TOC)-VCPH
analyzer. Ultraviolet absorbance (UV254) was measured by Hach-5000 UV/vis spectropho-
tometry at 254 nm. SUVA was calculated using the ratios of UV254 to DOC to reflect the
organic content of unsaturated carbon–carbon bonds in the DOC. The MW distribution was
evaluated by high-performance size exclusion chromatography (HPSEC) with UV–TOC
detection. The fluorescence excitation (Ex) and emission (Em) matrix were measured on
a fluorescence spectrometer (F-4500, Hitachi, Tokyo, Japan). The emission and excitation
spectra were scanned from 200 to 550 nm at 10 nm increments. The photomultiplier tube
was 400 V, and the sample scan rate was 12,000 nm/min. The maximum fluorescence inten-
sity (FI) of the fluorescent component was obtained by parallel factor analysis (PARAFAC)
via the DOMFluor Toolbox in MATLAB® [23].

All experiments repeated in triplicate and the errors between the duplicated exper-
iments were calculated and <0.05. Pearson’s correlation matrix was calculated using
the statistic software SPSS 2018 to assess the correlation of PPCPs concentrations with
AOM characteristics.

3. Results and Discussion
3.1. Variation in Algal Growth during Long-Term Exposure to Various PPCPs

Figure 1 displays the algal growth of M. aeruginosa under long-term exposure to
various PPCPs. Three growth phases were found for all of the M. aeruginosa during the
whole cultivation time: the lag phase, exponential phase, and stationary phase. The
OD680 value under 0.25 µg/L CMZ was substantially higher than that of algae under other
treatments during the late algal growth phases, followed by 1 µg/L, 0 µg/L, 10 µg/L,
and 100 µg/L, indicating that low CMZ concentrations (<1 µg/L) notably promoted the
growth of algae under long-term exposure, while algal growth was clearly inhibited at CMZ
concentrations >1 µg/L. For NPX treatment, the OD680 was also higher when algae under
low NPX <100 µg/L at the end of experiment, and the OD680 was 2.52 and 2.393 for algae
under 100 µg/L and 1000 µg/L, respectively (Table S1, in the Supporting information),
compared with 2.524 under 0 µg/L NPX treatment at day 45, which was consistent with
those of CMZ treatment that low NPX in water promoted the growth of microalgae under
long-term exposure, while they were significant inhibited at high concentrations. For DFC
treatments, regardless of the DFC concentrations, the algal growth was greatly inhibited
in the primary growth phases, while they were significantly promoted under high DFC
concentrations (1000 µg/L) in the late algal growth phases. For example, the OD680 was
3.0885, 2.889, 2.93, 3.008, 3.099, 3.158 for AOM under DFC 0 µg/L, 0.25 µg/L, 1 µg/L,
10 µg/L,100 µg/L, and 1000 µg/L, respectively, at day 47, which was different from those
of CMZ and NPX exposure. This phenomenon might be explained that the PPCPs in
water might have various effects on the growth of algae, which may be related to their
characteristics [24]. Photosynthesis, as an important metabolic activity of autotrophs, is an
important source of energy and material for the growth of organisms. Previous research
suggested that the photosynthetic system is highly sensitive to environment stress, which
are important target of antibiotics to produce coercion to plants and microalgae [25]. Toxic
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substances, such as heavy metals, hydrocarbons, antibiotics, insecticides, auxins, and
herbicides, likely stimulated the growth and reproduction of animals, higher plants and
bacteria at low doses, whereas they were decreased at high concentrations. Researchers
referred to this phenomenon as “hormesis” [26]. Xiong et al. [27] evaluated the toxicity and
cellular stresses of carbamazepine on Chlamydomonas mexicana and Scenedesmus obliquus
and found that both the algal growth decreased with increasing of CBZ concentration,
whereas it was found that the algal growth of Cymbella sp. and Scenedesmus quadricauda were
completely inhibited (100%) at 100 mg/L NPX treatment [28]. The discrepancy of these
results can be ascribed to the algal species as well as the PPCPs type and concentrations.
It was of note that despite the microalgae can also be utilized as a potential candidate for
environmentally biodegradation of PPCPs, since this research was mainly focused on the
toxicity potential effect of PPCPs on the algal organic matter synthesized and released, the
PPCPs biodegradation mechanism by algae was not discussed.
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3.2. Variation in AOM Characteristics during Long-Term Exposure to Various PPCPs
3.2.1. DOC and UV254

Figure 2 shows the variation in DOC contents of AOM under various PPCPs treatments.
AOM under 1000 µg/L CMZ had higher DOC contents than those with CMZ treatments
in the primary algal growth phases, whereas the DOC contents gradually increased un-
der CMZ < 10 µg/L, with the lowest DOC content occurring at CMZ 1000 µg/L and
100 µg/L, which suggested that M. aeruginosa at low CMZ concentrations (<10 µg/L) not
only promoted the growth of algae but also gradually enhanced the organic matter released
into waters after long-term exposure to low CMZ treatment compared to those without
CMZ, whereas CMZ at higher concentrations >10 µg/L inhibited the release of total organic
matter. For NPX treatment, the result was extremely different in that the DOC content was
increased under NPX >10 µg/L compared with those without NPX treatment, whereas
they were reduced under NPX <100 µg/L. AOM had higher DOC contents under high
NPX exposure (>10 µg/L), whereas the total organic matter released was inhibited at low
concentrations, which might be explained by the fact that the biochemical characteristics
including chlorophyll a, carotenoid contents and enzyme activities might be affected by
NPX at relatively high concentrations after long term exposure that might affect the release
of total organic matter [28]. The DOC contents were higher after long-term DFC exposure
irrespective of concentrations, which verified that different PPCPs have various effects not
only on algal growth but also on the release of total organic matter that can be explained by
the type, composition, and concentration of PPCPs and microalgae utilized. Zhang et al.
studied the influence of diclofenac sodium on the growth of Hematococcus pluvialis and
found that a low DFC concentration improved the biomass, chlorophyll, and carotenoid
content of Hematococcus pluvialis while inhabiting them at high concentrations, whereas
the algal growth of Chlorella was promoted when some drugs, such as acetylaminophen,
salicylic acid, and diclofenac, existed in water that can be utilized as carbon sources [29].

From the variation of UV254 (Figure 3), it was found that UV254 was lower in all
of the AOMs under CMZ treatments compared with those without CMZ, yet they were
higher under high NPX (>10 µg/L) and/or DFC treatments (>100 µg/L). For example,
the UV254 was 0.736, 0.752, 0.578, 0.91, and 1.33 for AOM under 0.25 µg/L, 1 µg/L,
10 µg/L, 100 µg/L, and 1000 µg/L NPX treatment, respectively, compared with that
of 0.758 without NPX after 45 days of exposure, which indicated that low NPX inhibited
the release of UV-adsorbing organics, while high NPX treatment promoted the synthesis
of UV adsorbing organics. UV254 is generally considered to reflect the content of humic
substances in natural waters, which mainly include unsaturated organic compounds, such
as aromatic rings, benzene rings, carboxyl groups, phenolic hydroxyl groups and/or conju-
gated double bonds. Previous research indicated that UV254 is a good surrogate parameter
for the precursors of trichloromethane concentration, which was reported to affect water
treatments, such as coagulation, disinfection, mitigation, and heavy metal removal [30].
This result suggested that when CMZ existed for an extended time in water, although the
low CMZ treatment promoted the growth of algae and the synthesis of total organic matter,
the UV254 adsorbing organics released were reduced, whereas CMZ at a high concentration
>10 µg/L not only inhibited algal growth but also inhibited TOC and UV254. For NPX/DFC
treatment, high NPX/DFC in water not only promoted the synthesis of total organic matter,
the UV adsorbing organics were also enhanced, whereas low NPX concentration inhibited
the synthesis of total and UV adsorbing organics, which further verified that PPCPs in
water not only affected the growth of microalgae, the organic matter released were also
influenced, which might have significant effects on water treatment.

The SUVA value is also depicted (Figure 4). From Figure 4, it can be seen that AOM
had higher SUVA in the primary growth phases, while the SUVA value gradually decreased
with increasing exposure time, which in line with larger-scale investigations where increas-
ing eutrophication and consequent DOC concentration coincided with a decrease in the
SUVA [31]. Additionally, the AOM under low CMZ treatment (Figure 4a) had higher SUVA
in the primary growth phases compared with those of AOM under high CMZ treatment
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(<1000 µg/L), whereas the SUVA enhanced for all of the AOM irrespective of CMZ concen-
trations than those of AOM without CMZ, which suggested that the long exposure of CMZ
in water enhanced the value of SUVA of AOM accompanied with the exposure time. Gen-
erally, SUVA reflects the degree of aromatic structures of organic substances in water. Prior
study indicated that SUVA had a high correlation with organic hydrophilicity [32]. Other
research suggested that SUVA had some correlation with the precursors of disinfection
byproducts (DBPs) of chloroform (THM) and haloacetic acids (HAA) during oxidation [33].
The high SUVA of AOM under low CMZ treatment therefore might be a result of compara-
tively high aromaticity related with AOM such that it would be anticipated to be highly
absorbing [34], and the higher CMZ concentration in water, the more hydrophobicity
of AOM might be induced. For the NPX treatment (Figure 4b), the SUVA values were
1.734, 1.739, 2.034, 2.099, 1.729, and 1.473 for AOM under NPX 0 µg/L, 0.25 µg/L, 1 µg/L,
10 µg/L, 100 µg/L, and 1000 µg/L, respectively, after 45 days of treatment (Table S2, in the
Supporting information), indicating that low NPX (<100 µg/L) in water might increase the
extent of organic aromatic structures, whereas the organic hydrophilicity of AOM would
be enhanced when algae were exposed to high NPX concentrations (>10 µg/L). Notably,
although the existence of DFC in water promoted the DOC contents (Figure 2), the SUVA
value of AOM under various DFC exposures was inhibited when DFC existed in waters
(Figure 4c), which suggested that the organic hydrophilicity of AOM would be enhanced
when algae were subjected to long exposures of DFC treatment, and the lower the DFC in
water was, the more hydrophilicity of AOM would be.

Water 2023, 15, x FOR PEER REVIEW 6 of 18 
 

 

 
Figure 2. Variation of dissolved organic carbon (DOC) content of algogenic organic matter (AOM) 
under long-term exposure of PPCPs treatments, (a) CMZ, (b) NPX, (c) DFC. 

From the variation of UV254 (Figure 3), it was found that UV254 was lower in all of the 
AOMs under CMZ treatments compared with those without CMZ, yet they were higher 
under high NPX (>10 µg/L) and/or DFC treatments (>100 µg/L). For example, the UV254 
was 0.736, 0.752, 0.578, 0.91, and 1.33 for AOM under 0.25 µg/L, 1 µg/L, 10 µg/L, 100 µg/L, 
and 1000 µg/L NPX treatment, respectively, compared with that of 0.758 without NPX 
after 45 days of exposure, which indicated that low NPX inhibited the release of UV-ad-
sorbing organics, while high NPX treatment promoted the synthesis of UV adsorbing or-
ganics. UV254 is generally considered to reflect the content of humic substances in natural 
waters, which mainly include unsaturated organic compounds, such as aromatic rings, 
benzene rings, carboxyl groups, phenolic hydroxyl groups and/or conjugated double 
bonds. Previous research indicated that UV254 is a good surrogate parameter for the pre-
cursors of trichloromethane concentration, which was reported to affect water treatments, 
such as coagulation, disinfection, mitigation, and heavy metal removal [30]. This result 
suggested that when CMZ existed for an extended time in water, although the low CMZ 
treatment promoted the growth of algae and the synthesis of total organic matter, the 
UV254 adsorbing organics released were reduced, whereas CMZ at a high concentration 
>10 µg/L not only inhibited algal growth but also inhibited TOC and UV254. For NPX/DFC 

Figure 2. Variation of dissolved organic carbon (DOC) content of algogenic organic matter (AOM)
under long-term exposure of PPCPs treatments, (a) CMZ, (b) NPX, (c) DFC.



Water 2023, 15, 2447 7 of 16

Water 2023, 15, x FOR PEER REVIEW 7 of 18 
 

 

treatment, high NPX/DFC in water not only promoted the synthesis of total organic mat-
ter, the UV adsorbing organics were also enhanced, whereas low NPX concentration in-
hibited the synthesis of total and UV adsorbing organics, which further verified that 
PPCPs in water not only affected the growth of microalgae, the organic matter released 
were also influenced, which might have significant effects on water treatment. 

 
Figure 3. Variation of UV254 contents of AOM under long-term exposure of PPCPs treatments, (a) 
CMZ, (b) NPX, (c) DFC. 

The SUVA value is also depicted (Figure 4). From Figure 4, it can be seen that AOM 
had higher SUVA in the primary growth phases, while the SUVA value gradually de-
creased with increasing exposure time, which in line with larger-scale investigations 
where increasing eutrophication and consequent DOC concentration coincided with a de-
crease in the SUVA [31]. Additionally, the AOM under low CMZ treatment (Figure 4a) 
had higher SUVA in the primary growth phases compared with those of AOM under high 
CMZ treatment (<1000 µg/L), whereas the SUVA enhanced for all of the AOM irrespective 
of CMZ concentrations than those of AOM without CMZ, which suggested that the long 
exposure of CMZ in water enhanced the value of SUVA of AOM accompanied with the 
exposure time. Generally, SUVA reflects the degree of aromatic structures of organic sub-
stances in water. Prior study indicated that SUVA had a high correlation with organic 

Figure 3. Variation of UV254 contents of AOM under long-term exposure of PPCPs treatments,
(a) CMZ, (b) NPX, (c) DFC.

3.2.2. High-Performance Size Exclusion Chromatography

To further analyze the organic components of AOM under various PPCPs treatments,
the MW of AOM under the stationary growth phase was identified. Figure 5 displays the
MW distributions of AOM under various PPCPs exposures. Three notable peaks can be
divided on the basis of DOC chromatography: peak A (1000 KDa), peak B (6500 Da), and
peak C (1200 Da), which represent biopolymers (BP, such as polysaccharides or amino
sugars), humic-like substances (HS), and low-MW organics (such as low-MW acids and
humics and neutrals) [35]. AOM without CMZ had higher TOC peaks (Figure 5a,a1),
followed by the 1 µg/L, 10 µg/L, 0.25 µg/L, 100 µg/L, and 1000 µg/L CMZ treatments,
indicating that the CMZ in water inhibited the synthesis of macromolecular organics of
AOM during long-term exposure, and the higher the CMZ concentration was, the lower the
amount of macromolecular organics of BP were synthesized. For medium MW organics,
the highest TOC peaks occurred at AOM under CMZ 1000 µg/L, whereas they were lower
under CMZ <1 µg/L, which indicated that the AOM under CMZ 1000 µg/L treatment
would enhance the synthesis of HS, yet less humic-like organics would be synthesized at
low CMZ <1 µg/L treatment. From the UV254 curves of MW distribution, it was found
that all of the UV254 peaks were reduced when AOM under CMZ treatment than that
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under control, which suggested that the CMZ in water not only inhabited macro molecular
organics of UV absorbance, medium and small molecule organics of UV-absorbing were
meanwhile inhabited, which was consistent with that of UV254 in Figure 3. Combined
with the TOC curves of MW distribution, it was suggested that the CMZ in water not only
inhibited the synthesis of macromolecular organics of biopolymers, the macro, medium, and
small molecule organics of UV-absorbing were also inhibited, and the higher the CMZ in
water was, the more serious these organics were inhibited, whereas for medium molecular
organics, more medium molecular humic-like organics would be released, especially at
high CMZ concentrations (1000 µg/L).
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Figure 5. Molecular weight distribution of AOM under long-term exposure of various PPCPs
treatments, (a,a1) CMZ, (b,b1) NPX, (c,c1) DFC.

For the NPX treatment (Figure 5b,b1), it was found that the TOC peaks of macro-,
medium-, and small-MW organics were higher at the NPX 1000 µg/L treatment, followed
by the 100 µg/L treatment, while they were lower under the NPX 0.25 µg/L and 1 µg/L
treatments, which was extremely different from those of CMZ exposure. This result
indicated that high NPX exposure (>1 µg/L) not only promoted the synthesis of total
organic matter (Figure 2), macro- and medium-MW organics of BP, HS and small MW
organics of acids and humics and neutrals were enhanced, but they were inhibited under
low NPX exposure (<10 µg/L). When analyzing the MW of UV254 curves, it was found
that higher UV254 peaks also occurred in the AOM under NPX 1000 µg/L and 100 µg/L
treatments, whereas they were lower under NPX <100 µg/L, suggesting that high NPX
exposure (>1 µg/L) not only enhanced the synthesis of macro- and medium-MW organics
of BP, HS, and small MW organics of acids and humics and neutrals of AOM, the UV
absorbance organics, such as macro molecular substances with benzene rings, hydroxyl
groups, alcoholic hydroxyl groups and/or conjugated double bonds (humic-like organics)
and medium and small molecular organics of tryptophan, tyrosine, and fulvic acid-like
substances were enhanced after high NPX exposure (>10 µg/L), whereas low NPX in water
(<10 µg/L) would inhabit their synthesis, which was in line with that of UV254 (Figure 3).
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Similar results were also found for DFC exposure (Figure 5c,c1), in which DFC
promoted the synthesis of macro- and medium-MW organics under high DFC concen-
trations >1 µg/L, with TOC peak areas higher at 10 µg/L > 100 µg/L > 1000 µg/L >
0 µg/L > 1 µg/L > 0.25 µg/L. Combined with the MW distributions of UV254 curves, it
was suggested that DFC at high concentrations (>1 µg/L) mainly promoted the release
of macromolecular organics of BP, whereas low DFC treatment mainly enhanced the
release of small MW organics of acids and humic and neutral compounds.

Macro MW organics, such as polysaccharides and proteins, were reported to cause
serious fouling when filtrating by membrane during water treatment [36]. In addition,
it was found that macro and medium organics in AOM were the major precursors of
chloroform formation potential, with the organics of MW > 100 kDa contributing greatly
to the potential of dichloroacetic acid and dichloroacetonitrile formation [33], whereas
the AOM-derived nitrogenous DBPs are closely related with low molecular (<1 kDa)
organics [37]. The above results thus indicated that when CMZ existed in water for
a long time, the water treatment caused by algae, such as filtration and disinfection,
might be seriously affected, with the potential formation of dichloroacetic acid and
dichloroacetonitrile might be decreased, especially at high concentrations. However,
for the NPX and DFC treatments, higher potential formation of dichloroacetic acid and
dichloroacetonitrile might be induced under long-term exposure to high NPX and DFC
treatments, despite the AOM-derived DBP formation having high relevance with the
oxidants utilized as well as the chlorination conditions.

3.2.3. Fluorescence EEM Spectra

Fluorescence EEM spectroscopy was also performed, which could supply informa-
tion specifically on fluorescent proteins and humic/fulvic-like organics. Based on the
procedures recommended by Stedmon et al. [23], a two-component model was deter-
mined during the whole CMZ treatments via PARAFAC analysis (Figure 6). Compared
to previously identified components, component 1 (C1) is a tryptophan-like compo-
nent, and component 2 (C2) is a humic-like component [38]. The fluorescence intensity
(FI) of C1 was higher than that of C2 in AOM, which indicated that more fluorescent
protein-like organics would be synthesized during algal growth phases regardless of
CMZ concentration. AOM under 0 µg/L CMZ treatment had the highest FI of C1 and C2,
while the FI decreased with increasing CMZ concentrations, which verified that CMZ
in water inhibited the release of fluorescent organics of AOM during long-term CMZ
exposure, and the higher CMZ in water, the more serious fluorescent organics would be
inhibited, which was consistent with the trend of MW distribution (Figure 4a).

For the NPX treatment (Figure 7), three components were identified: C1 (Ex = 260 nm,
Em = 360 nm), C2 (Ex = 275, Em = 340 nm), and C3 (Ex = 260, 360 nm, Em = 435 nm). C1 is
amino acids, free or protein bound, C2 is tryptophan-like organics, and C3 is humic-like
substances [38]. The FIs of C1 and C2 were higher than those of C3, which was consistent
with that of the CMZ treatment, in which more protein-like organics would be released
than humic-like organics during the whole treatment. However, when comparing the FIs
of AOM under various NPX treatments, it was found that AOM under 1000 µg/L NPX
had the highest FI of C1 and C2, followed by AOM under 100 µg/L, 10 µg/L, 1 µg/L,
0.25 µg/L, and 0 µg/L NPX treatment, which indicated that the long-term exposure of
NPX to algae promoted the synthesis of fluorescence protein-like substances of amino
acid-like and tryptophan-like organics in AOM. For humic-like substances (C3), AOM
under 1000 µg/L NPX had the highest FI, yet they were lower for AOM under 0.25 µg/L
compared with those without NPX treatment. Fluorescent protein-like organics were
indicated to be one of the major foulants during membrane filtration. Tang et al. [39]
investigated the role of dissolved organic matter in membrane fouling of membrane
bioreactors for municipal wastewater treatment and found that the fluorescence intensity
of protein-like substances was positively correlated with membrane fouling, which
indicated its significance in the formation of membrane fouling. Humic-like organics
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also occurred in AOM, which could be interpreted by the catabolism of algal cells after
death as well as macromolecular organics, such as polysaccharides and proteins [8].
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When comparing the FI of AOM under DFC treatment (Figure 8), it was found that
there were also two components identified to be soluble microbial products (C1: Ex,
Em = 275, 330 nm) and humic-like organic compounds (C2: Ex, Em = 270, 350 nm,
420 nm). AOM under long term DFC exposure had higher FIs of C1 and C2 than AOM
without DFC in the primary algal growth phases, whereas the FI decreased with increasing
time, suggesting that DFC in water promoted the synthesis of protein-like and humic-
like organics in the algal primary growth phases, yet the synthesis of protein-like and
humic-like organics was gradually changed with increasing DFC exposure. Zhang et al.
investigated the dynamic release correlation between extracellular organic components
and microcystin MC-LR based on three-dimensional fluorescence spectroscopy and found
that the normalized intensity of fluorescent peaks of humic-like and protein-like organics
in dissolved AOM can basically reflect the ability of M. aeruginosa to release MC-LR [40].
Yang et al. indicated that the outbreak of cyanobacterial blooms can significantly increase
the concentration of fluorescent amino acids in water, which had enhanced effects on the
load of organic nitrogen [41]. The above result thus indicated that PPCPs in water not only
affected the release of total organic matter but also affected organic composition.

From the location of fluorescence organics, it was found that the spectrum of humic-
like organics was Ex = 250, 340 nm, and Em = 428 nm for CMZ, while they were
Ex = 260, 350 nm, Em = 445 nm for NPX, and Ex = 275, 340 nm, Em = 420 nm for DFC,
respectively. Prior research indicated that the position of fluorescence peaks has certain
correlations with organic hydrophilicity. Hydrophobic components likely appeared in the
region of longer excitation-emission wavelengths, whereas hydrophilic components would
occur in the short regions of wavelengths [42]. Coble et al. found that the blue shift of
humic-like fluorescence peaks in the Em direction was correlated with the degradation
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of π bonds, such as the reduction of aromatic ring numbers, the reduction of conjugated
bonds and the transformation of linear ring structures into nonlinear ring structures [43].
The above results therefore indicated that when algae under different PPCPs treatments,
the organic hydrophobicity might be changed. Organic hydrophobicity might be increased
with algae under NPX treatment, whereas the AOM might be more hydrophilic for algae
after long-term exposure to CMZ and DFC treatment.

Figure 7. Effects of naproxen exposure on contour plots of EEM components and fluorescence intensity
(FI) extracted from the PARAFAC model. (Ex. = excitation wavelength; Em. = emission wavelength), C1
amino acids, free or protein bound, C2 tryptophan-like organics, C3 humic-like substances.

3.3. Correlations between PPCPs Concentration and AOM Characteristics

To further evaluate the correlation between PPCPs concentration and AOM character-
istics (DOC, UV254, BP, HS, LMW, and fluorescence components C1, C2, and C3), Pearson’s
correlation matrix was calculated and is displayed in Table 1. Data were Log10 transformed
prior to analyses to reduce magnitude effects on dissimilarity scores. Significant negative
correlations were found between CMZ concentrations and OD680, DOC, and UV254, with
the p values were 0.005, 0.024, and 0.027, respectively, which was consistent with the results
in Figures 1–3. For DFC treatments, the fluorescent C2 of humic-like organics were highly
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correlated with the DFC concentrations (p = 0.013), but there were less correlations between
DFC concentrations and other AOM characteristics. Less expected were the results sug-
gesting that most of the AOM characteristics were highly positive correlated with the NPX
concentrations, including DOC, UV254, BP, HS, LMW, fluorescent C1, and C3, which was
extremely different from that of CMZ and DFC exposure. This result further verifies that
various PPCPs type and concentrations had various effects on AOM characteristics.
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Table 1. Pearson correlation coefficients between PPCPs concentration and AOM characteristics.

OD DOC UV BP HS LMW C1 C2 C3

CMZ
Pearson Correlation −0.942 ** −0.870 * −0.864 * 0.789 0.285 −0.647 −0.799 −0.591

Sig. 0.005 0.024 0.027 0.062 0.584 0.165 0.056 0.216

DFC
Pearson Correlation 0.807 0.770 0.595 0.379 −0.130 −0.727 0.653 0.905 *

Sig. 0.052 0.074 0.213 0.459 0.807 0.102 0.160 0.013

NPX
Pearson Correlation −0.354 0.863 * 0.914 * 0.848 * 0.907 * 0.843 * 0.833 * 0.716 0.924 **

Sig. 0.491 0.027 0.011 0.033 0.012 0.035 0.040 0.109 0.008

Notes: * Correlation is significant at the 0.05 level. ** Correlation is significant at the 0.01 level.

3.4. Implication for Water Treatment

Algae are ubiquitous in rivers and reservoirs supplying water treatment facilities,
and they can also be utilized to treat wastewaters. However, when algae grew rapidly,
water quality and water treatment processes can be adversely affected due to the release
of AOM into water extracellularly and upon cell lysis intracellularly [44]. From the
investigation in this study, it was found that the algal growth, organic content and
composition of AOM changed significantly after long-term exposure to various PPCPs
treatments in water. The existence of low CMZ (<10 µg/L), high NPX (>10 µg/L) and
DFC at all concentrations promoted the release of total organic matter from algae in
water, with the TOC increasing significantly compared with that without any PPCPs
treatment, whereas CMZ at high (>10 µg/L) and low NPX concentrations (<10 µg/L)
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inhibited the release of total organic matter. Moreover, the organic hydrophilicity,
MW distribution and EEM of AOM were changed after long-term exposure to PPCPs.
Many studies have been conducted on the yield of DBP and have found that the algal
growth and AOM characteristics are of great significance for the production of DBP
during water treatment [4]. Macro, medium, and small-MW organics in AOM were
also reported to be the major precursors of chloroform formation potential, with the
organics of MW > 100 kDa contributing greatly to the potential of dichloroacetic acid
and dichloroacetonitrile formation, whereas organics with MW < 1000 Da in intracellular
organic matter (IOM) and extracellular organic matter (EOM) had a higher generation
amount of carbonaceous DBPs by chlorination [23,37]. The above results therefore
indicated that when algae were exposed to various PPCPs, the formation of DBP can
be influenced due to their variation in AOM components. The membrane filtration
performance and other water treatments, such as coagulation and adsorption, can also
be affected, since macromolecular organic, as well as medium- and low-MW organics
of AOM were reported to have significant effects on membrane fouling, as well as
coagulation and adsorption effects [45]. This result further indicated that when PPCPs
persist in water for a long time, not only the negative effects induced by themselves
should be considered, the algal bloom and the subsequent influence on water treatment
by released AOM should also be considered.

4. Conclusions

In this study, the characteristics of AOM under long exposure to PPCPs (CMZ, NPX
and DFC) were investigated, and the key findings were as follows:

1. PPCPs in water changed the algal growth and AOM characteristics of of M. aeruginosa.
CMZ and NPX in water promoted the growth of algae at low concentrations
(<10 µg/L), whereas they were inhibited after long-term exposure to high CMZ
and NPX concentrations (>10 µg/L). For the DFC treatment, the results were differ-
ent, with algal growth promoted under long term exposure to high concentrations
(>10 µg/L), yet they were inhibited at low concentrations.

2. AOM characteristics suggested that algae under low carbamazepine (<10 µg/L), high
naproxen (>10 µg/L), and/or diclofenac at any concentration treatment promoted the
release of total organic matter, whereas they were inhibited at high carbamazepine
and low naproxen exposure. Moreover, macromolecular organics of AOM were
inhibited when algae were exposed to CMZ for a long time at any concentration, and
the higher the CMZ concentration was, the more serious macromolecular organics
were inhibited. For the NPX and DFC treatments, macro- and medium molecular
organics were promoted under high NPX and DFC concentrations (>1 µg/L), yet they
were inhibited under low NPX and DFC concentrations (<10 µg/L). This research
had significant effects on algal-laden water treatment containing various PPCPs
concentrations as well as the risk assessment of PPCPs in water.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/w15132447/s1, Table S1: OD680 of AOM under various PPCPs treatments at
end of experiment; Table S2: SUVA of AOM under various PPCPs treatments at end of experiment.
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