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Abstract

Tetracyclines (TCs) are a representative class of emerging organic pollutants. Their
presence may affect the coagulation process commonly used in water treatment units. Fe salts
are widely employed as coagulants in the coagulation process. However, there are few
systematic studies of Fe(Ill), Fe(Il), and in situ Fe(Ill) (oxide-assisted Fe(II) coagulation) for
the treatment of natural organics (NOMs) in the presence or absence of tetracycline (TC). In
this study, the coagulation process and performance of Fe(Ill), Fe(Il) and in-situ Fe(III)
generated by the oxide of potassium persulfate (PS) for the removal of humic acid (HA),
NOM, NOM with TC were systematically studied. The flocculation index showed that the
presence of TC lagged the floc growth. It was due to the reaction of TC with Fe, hindering
the hydrolysis, aggregation and precipitation of Fe to form flocs. The removal performance
evaluated by the EEM, SEC and LC-MS suggested the removal preference of Fe(Ill) and
Fe(I) was NOM and TC, respectively. And the in-situ Fe(IIlI) was superior than Fe(IIl) and
Fe(II) in removing NOM and TC. It was attributed to the free radical oxidation by PS and the
coagulation through in-situ Fe(III). The concentration of PS determined which of them was
the main reason responsible for the enhanced organics removal. The PS at the concentration
of 0.02 mM was the key point. The oxidation of organics by the free radicals dominated the
enhance removal of organics when PS concentration was lower than 0.02mM. Otherwise, it
was the coagulation of the in-situ Fe(III) responsible for the enhanced removal of organics.
The results of floc characterization by TEM, SEM and FTIR further indicated that the in-situ
Fe(III) retained higher proportion organics with the increased concentration of PS. This study
provides information on which Fe salt coagulant to choose for the treatment of TC-
contaminated water and the insights of the interactions fate of Fe flocs with NOM and TC
from the perspective of coagulation in natural environments.

Key words: Coagulation; Fe(IIl); Fe(II); in-situ Fe(Ill); NOM; TC
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1. Introduction

Coagulation is widely employed in water treatment due to its low cost and easy
operation[1, 2]. The coagulants in this process undergo fast hydrolysis, polymerization, and
precipitation[3]. Eventually, the precipitation products named flocs can achieve the separation
of contaminants from the liquid phase to the solid phase[4]. The active sites (-OH and -OH>)
are the key for floc aggregation[5]. The separation usually is the result of a combination of
actions such as charge neutralization, adsorption, and sweep flocculation during the floc
growth process[6]. Due to the floc dynamic growth, the newly exposed floc surfaces can
influence the interactions of flocs and contaminants and thereby the performance[7, 8].

Fe(IIT) and Fe(II) salts are commonly used coagulants for removing organic matter and
phosphate[9]. Among them, in-situ Fe(Ill) generated from Fe(II) oxidation performs better at
certain conditions. It was found that in-situ Fe(Ill) naturally formed from Fe(II) is more
effective than that of Fe(Ill) on the removal of phosphate[10]. In addition, oxides enhanced
coagulation has been developing due to the higher requirement on water quality and
safety[11, 12]. In-situ Fe(IIl) accelerated formed from Fe(Il) by the oxidation of potassium
permanganate achieved enhanced removal of natural organic matter (NOM)[13]. Also, it kept
effective removal of phosphate in natural waters when comparing to that of Fe(Il) and
Fe(IIT)[10]. Additionally, coagulation achieved by the interactions of flocs and contaminants
shows that contaminants play an equally important role in coagulation as flocs[3, 14]. The
presence and the types of contaminants influence the microstructure of the formed flocs and
thereby their performance[3, 14].

Emerging organic contaminants, initially invented for serving human society, have been
entered into aqueous environment at detectable concentrations and have been posing
environmental risks[15, 16]. Typical tetracyclines (TCs) in environment put deleterious

impact the ecological and human health[17, 18]. They can induce biological genetic
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resistance[19], and can generate disinfection by-products[20]. They are inevitably able to
interact with NOM in natural waters[21]. The photolysis of TC in aquatic environment can be
hindered by NOM, resulted from comprehensive function of multiple factors[22]. In addition,
it was confirmed that electron transfer occurs between in Fe(Il) bearing clay minerals and TC
in natural environment[23]. Therefore, it is reasonable to interfere that the presence of TC
and its interactions with NOM and Fe coagulants can influence the formation of Fe flocs and
thereby the performance of coagulation. However, it remains unclear the floc growth
behavior pattern of Fe(Ill), Fe(Il), and in-situ Fe(Ill) towards NOM in the absence and
presence of TC. Correspondingly, whether there are commonalities and differences between
above Fe for the removal of NOM and TC remains to be explored.

Hence, the objectives of this study were to investigate: (i) the influence of TC on the floc
growth pattern of Fe(Ill), Fe(Il), and in-situ Fe(IIl), (ii) the preference of Fe(IIl), Fe(Il), and
in-situ Fe(Ill) towards the removal of NOM and TC, and (iii) the mechanism. It should be
noted that in-situ Fe(III) in this study was obtained from the oxidation of Fe(Il) by an oxide
(potassium persulfate, (PS)). PS is an oxidizing persulfate[24]. However, it has a low
oxidation efficiency[25]. Fe-based substances can effectively activate PS and decompose
pollutants[26]. PS has been used in coagulation treatment processes[27, 28]. The reaction of
Fe(Il) with PS can produce Fe(III)[29]. Due to PS was also used in Fe(IIl) coagulation for
comparison, for better differentiation, Fe(IlI)-PS and Fe(II)-PS are used in the following text.
As with the conclusions on phosphorus removal by Fe coagulants, it was expected that
valuable conclusions can be obtained through this experiment, which can provide a reference
for coagulation treatment by Fe salts of tetracycline-containing contaminated water.
Additionally, considering the ubiquity of Fe and the large amount of TC in natural
environment, this study could also provide the insights of the interactions fate of Fe flocs

with NOM and TC from the perspective of coagulation.
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2. Materials and methods
2.1. Chemicals

All reagents were analytical, or higher, grade and used without further purification.
Humic acid sodium salt (HA) and tetracycline hydrochloride (TC) (C22H24N20g*HC1, >99%)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ferric sulfate (Fe2(SOa4)3, 99%),
ferrous sulfate (Fe2S047H202, 99%), potassium persulfate (K2S20s, 99%), hydrochloric acid
(HCl, 36.0~38.0%), sodium hydroxide (NaOH, >96.0%) and sodium bicarbonate (NaHCOs3,
>99.5%) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Deionized water (DI) (>18 mQ-cm, Milli-Q system, USA) was used throughout for solution

preparation.

2.2. Experimental process

The coagulation experiments were performed in the following solutions: 5 mM
NaHCOs, HA with 5 mM NaHCOs3, a surface water, and the TC-contaminated surface water.
The HA stock solution (10 g/L) was prepared according to the method reported by Li et al.
[30], briefly: 1 g sodium humic acid and 0.1 g NaOH were added to 100 mL DI, and the
solution mixed by magnetic stirrer for 24 h. A specific volume of HA stock solution was
diluted with 5 mM NaHCOs; to obtain a HA solution of a certain concentration. The total
organic carbon (TOC) of HA used in this study was 1.32 mg/L. The pH of NaHCO; and HA
solutions were adjusted to pH 8.0 by adding 0.1M HCI or/and NaOH to simulate that of the
surface water. The surface water samples were obtained from the Jingmi surface water (JM)
in Beijing, China. The water samples were filtered by 0.45 mm membrane prior to use in
order to remove particulate matter and biopolymers. The water samples were stored in the

dark at 4 °C before use. The TC-contaminated surface water (JT) was achieved by adding the
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required volume of TC to the surface water with agitation. The TOC of TC was 0.94 mg/L.
The basic water quality of HA, JM and JT are shown in Supplementary material (Table S1).
The coagulation experiments were all carried out at room temperature (25 £ 1 °C), using
a multiple stirrer, flocculator (MY3000-2N, Wuhan Meiyu, China). The coagulation ‘jar test’
procedure was conducted as follows: firstly, rapid stirring at a speed of 200 rpm for 1 min to
achieve good mixing, and then stirring at 50 rpm for 30 min for the growth of the flocs. The
floc growth was continuously monitored by a Photometric Dispersion Analyzer (PDA2000,
Rank Brothers Ltd, UK). This equipment can represent the floc growth as the variation in
flocculation index with time. The flocculation index is the ratio of the root mean square, to
the average, transmitted light intensity [3], and is positively correlated with the size of flocs.
The Fe coagulants and PS oxidant were introduced into previously prepared solutions, and
then the coagulation process was started and continuously monitored by the PDA instrument.
After the test, the flocs were removed from the solution, air dried and stored for

characterization and analysis.

2.3. Analytical methods

The excitation and emission matrix (EEM) fluorescence spectra of water samples were
analyzed by EEM fluorescence spectroscopy (F-4600, HITACHI, Japan). Size exclusion
chromatography (SEC) involving an HPLC system (Perkin Elmer, USA), a BIOSEP-SEC-
S3000 column (Phenomenex, UK) (7.8 mmx300 mm), and a Security Guard column fixed
with a GFC-3000 disc 4mm (ID), was used to determine the molecular weight distribution of
UV sensitive substances. The mobile phase was 10 mM sodium acetate solution. 100 pL
water sample was injected and detected at a wavelength of 254 nm. In addition, the UV-
visible absorbance spectra of the water samples were obtained using a UV—visible analyzer

(UV-2600, Shimadzu, Japan) with a 1 cm path length quartz cuvette, and a scanning range of
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200 nm to 800 nm. The TOC of water samples were measured through a TOC analyzer
(TOC-VCPH, Shimadzu, Japan). The radicals generated from Fe(Il)-activated PS were
captured by employing 5-dimethyl-1-pyrroline N-oxide (DMPO, D2362, TCI, Japan) and
then detected by electron paramagnetic resonance (EPR) spectrometry (A300, BRUKER,
USA) to obtain the radicals’ electron spin resonance (ESR) spectra. TC and its transformation
products were identified using an ultra-performance liquid chromatograph coupled with Q-
Exactive Orbitrap mass spectrometer (UPLC/Q-Exactive Orbitrap MS, TM Ultimate 3000,

Thermo Scientific).

2.4. Flocs characterization

The morphology of the dried flocs was analyzed by field emission scanning electron
microscopy (FE-SEM, 166 Hitachi SU8020, Japan) after gold coating pretreatment.
Furthermore, the flocs’ morphology and lattice fringes were captured by field emission
transmission electron microscopy (TEM, Tecnai G2 F30, FEI, US). The functional groups of
flocs were analyzed through Fourier transform infrared spectroscopy (FT-IR, Spectrum 400,

PerkinElmer, USA).

3. Results and discussion
3.1. Floc growth

The flocculation index provided the information about floc initial rate of increase and
the maximum/equilibrium value[3]. Figure S1 shows that PS had slight influence on Fe(III)
floc growth time and size in NaHCO3 without the disturbance of organics, suggesting the
lower reactivity of Fe(Ill) towards PS. Nevertheless, the introduction of HA hindered the
flocs of Fe(Ill) formed with/without PS. It indicated the complete occupation of Fe(III) active

sites by HA, resulting in the failure of hydrolysis and aggregation of Fe(Ill). However, the
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aggregation of Fe(IIl) nanoparticles in NOM was achieved, owing to the difference of HA
and NOM in JM. Whereas, Figure 1 shows that Fe(Il) grew slower and larger than that of
Fe(III) in NaHCO:s3, suggesting the faster aggregation and compacter structure of Fe(III) than
that of Fe(II). It was due to that Fe(Ill) may possess more active sites of oxygen-containing
groups[30, 31]. They facilitated Fe(IIl) to bond with each other, forming compacter
structure[31]. And the solubility of Fe(Ill) is lower than that of Fe(Il), resulting the faster
precipitation of Fe(III)[30]. Nevertheless, Fe(Il) differed from Fe(IIl) that it formed flocs
with the presence of HA. According to the performance above, it was inferred that the less
active sites on Fe(Il) facilitated their aggregation instead of combining with HA, resulting in
the growth of larger and looser precipitates with lower efficiency on HA removal[9]. Similar
results can be obtained from NOM (JM) and JT. However, the maximum/equilibrium value of
Fe(Il) flocs in NaHCO3 was reduced with the addition of PS of increasing concentrations.
The reduced size of Fe(Il) was probably due to that the oxidation of Fe(Il) to Fe(IIl)[9, 10,
30], and the size of Fe(Ill) was smaller[9, 10]. In the scenarios of JM and JT, similar
phenomenon can be observed that the floc size decreased with the addition of PS, which can
be explained by the same reasons. It should be noted that the flocculation index values of the
Fe(IT) with 0.01 mM PS in HA and JM were slightly higher than that of Fe(II). It was due to
the fluctuations in the flocculation index value as illustrated in Figure 1. PDA monitoring of
floc size was achieved by repeatedly pumping the continuously growing floc by the pump,
which can lead to fluctuations in floc size. In addition, it can be found that the flocs grew
faster in JM and JT with the addition of PS, suggesting the faster oxidation of Fe(II) to Fe(III)
in the real surface water[9, 10]. It may be attributed to the different components showing in
HA and JM, the components in JM accelerated the oxidation of Fe(II)[32]. Accordingly, the
faster oxidation of Fe(Il) to Fe(Ill) in JM can explain the reason of the same floc size in JM

with the increasing PS. The flocs were formed from the Fe(IIl) produced by the oxidation of
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Fe(II)[ 13]. Besides, it can be found that the floc growth was lagged by the presence of TC. It
indicated that the aggregation of Fe flocs was hindered by TC. It was due to that Fe(III) and
Fe(II) may be consumed by their reaction with TC[33]. Nevertheless, all the floc size follows
the order of ‘Fe(Ill) < Fe(II)-PS < Fe(Il)’. The different floc variation of Fe(Ill) and Fe(II)
over time indicated their difference on microstructures[9], which was confirmed by the
characterization results.

Figure 1

3.2. Organics removal

EEM was used for evaluating the performance of Fe coagulants on representative
organic matter of HA (Figure S2-7), NOM (JM) (Figure S9-11), and TC with NOM (JT)
(Figure S12, S13). To better comparing the EEM results, each EEM was divided into five
areas and then the intensity of every area was calculated. Figure 2(a) shows that the total
fluorescence intensities of removed substances from HA were slightly decreased by PS alone.
The total intensity of the removed substance follows the order of ‘Fe(Il) < Fe(Ill) < Fe(II)-PS
~ Fe(Ill)-PS’, suggesting the superiority of Fe(Ill) on NOM removal with or without PS.
However, it can be found that the overall best performance was almost achieved in 2 minutes
from the time scale. Nevertheless, the removal efficiencies of Fe on corresponding five
substances were varying with time, suggesting the organic matter has been simultaneously
adsorbed and released during the growth of Fe flocs by hydrolysis, polymerization and
aggregation[34]. The presence of PS further influenced the removal tendency of coagulants
on corresponding substances in different times. PS can be activated by dissolved Fe and Fe
precipitates[7]. Therefore, the hydrolysis and aggregation of Fe to form flocs was affected by
PS, affecting the interactions of Fe and NOM. The influence of PS concentrations was also

studied (Figure S7, S&). The intensities of the removed substances and the removal
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efficiencies of Fe increased as PS concentrations. Similar results of JM and JT can be
obtained from Figure 2(b, c). However, the removal performance of Fe in JT follows the
order of ‘Fe(Ill) < Fe(Il) < Fe(II)-PS < Fe(II)-PS’, indicating the preference of Fe(Il) on TC
removal. Previous studies have found that the dissolved Fe interacted with TC through
adsorption and complexation[33, 35, 36]. TC provided electrons to Fe(Ill), inducing the
production of TC products and Fe(Il). However, Fe(II) with one more electron produced extra
radicals than that of Fe(III), contributing to TC transformation. And Fe precipitates (Fe flocs)
coordinated to TC by the surface hydroxyl functional groups[37-39]. The redox reaction has
been confirmed in the interactions of dissolved Fe and Fe precipitates[23, 33]. In addition, by
comparing the efficiency improved by PS, it can be found that increasing PS concentrations
was more effective in improving the removal of NOM by Fe(II). Based on the superiority of
Fe(Ill) in the removal of NOM, it was mainly due to the formation of Fe(Ill) after the
oxidation of Fe(Il) by PS, and then the coagulation of Fe(IIl) was more conducive to the
enhanced removal NOM. Whereas, PS was more effective in improving the removal of TC by
Fe(III). Similarly, it was mainly due to the reaction of PS towards Fe(Ill) and Fe(IIl) flocs,
which produced radicals and Fe(II) for TC removal.

Figure 2

The SEC results provided information about molecular weight distributions of organic
matter after treatment (Figure S14). Their integral areas and corresponding removal
efficiencies were calculated (Figure S15, Figure 3). It shows that the removal efficiency
increased as molecular weight and coagulation time (Figure 3(a)). It was due to that the large
molecular weight substance of higher hydrophobicity was more easily removed by
coagulation [40, 41]. In addition, it suggested that the decreased EEM fluorescence intensities

were attributed to their removal. Similar results can be obtained from JM and JT (Figure 3(b,
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cl)). The different results of JT> EEM and SEC were due to that SEC provides information
about NOM instead of TC. Hence, the UV375 representing the results of TC in JT were
measured|[7], which supported the EEM results of JT (Figure 3(cl)). In addition, it can be
found that the floc growth over time influenced the reaction of flocs and organic matter. PS
put more impact on removing low molecular weight organic during floc formation (Figure
3(dl, d2)). ESR determined that the radicals were involved in PS assisted-Fe coagulation
(Figure 4a). And our previous study has found that Fe flocs can activate PS to generate
radicals[7]. Therefore, it was radicals generated from PS enhanced the removal of low
molecular weight organics as compared to that of Fe coagulation in the absence of PS.
Whereas, the variation of PS concentrations had different influence on Fe(IIl) and Fe(II)
when treating different molecular weight organic matter (Figure 3(d3,d4)). It can be found
that the removal of low molecular weight organics by Fe(Ill) was higher than that of large
molecular weight organics. It suggested that PS enhanced Fe(IIl) coagulation by the oxidation
of organics. However, PS at the concentration of 0.02 mM was a turning point for Fe(II).
When PS concentrations were less than 0.02 mM, a higher removal of lower molecular
weight organics was achieved by Fe(Il). The result of Fe(Il) was similar to that of Fe(IIl)
under this condition. Therefore, it can be explained by the same reason. It was radicals
generated from PS activation by Fe(II) dominated the enhanced removal of NOM. When PS
concentrations were higher than 0.02 mM, an opposite result was obtained that a higher
removal of larger molecular weight organics was achieved by Fe(Il), suggesting the main role
of coagulation in enhancing the removal of NOM. It was probably attributed to the
coagulation of Fe(Ill), which formed from Fe(II) by PS oxidation. Hence, PS improved Fe(II)
coagulation by the oxidation of organics and Fe(Il), and it was the concentration of PS
determined whether the primary effect of enhanced NOM removal was oxidation or

coagulation of organic matter.
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Figure 3

In addition, TC and its products in JM were further analyzed by LC-MS (Figure S16-
19). Their chemical information was provided (Table S2, S3). The results show the presence
of the products of TC in JM before the treatment, suggesting the influence of components in
JM. There were seven kinds of TC products, which were named P1, P2, P3, P4, PS5, P6, and
P7. Their molecular weights were 452.9, 222.9, 162, 278.7, 249.9, 217.6 and 114. Therefore,
except that the mass molecular weight of P1 was higher than that of TC, the molecular weight
of P2 to P7 was lower than that of TC. Meanwhile, it can be found that the intensities of TC
(444.6) and its products with molecular mass of P1(452.9)[42], P2(222.9)[43],
P3(162)[44]were reduced by Fe without/with PS (Figure 4b, Table S2, Figure S16-19).
However, TC products with molecular mass of P4(278.7)[45], P5(249.9)[43], P6(217.6)[46],
P7(114)[46], were increased by Fe without/with PS (Figure 4b, Table S3, Figure S16-19). The
reduced/increased intensity follows the order of ‘Fe(IIl) < Fe(Il) < Fe(Il)-PS’ and ‘Fe(IIl) >
Fe(Il) > Fe(I1)-PS’, respectively (Figure 3b). The results further confirmed the preference of
Fe(Il) coagulation when treating TC contaminated water with/without PS. It could be
explained by the same reasons.

Figure 4

3.3. Floc characterization

To confirm the microstructure variation and difference of Fe flocs, characterization was
performed. Figure 5 provides information on the microstructure morphology and the
crystallinity of Fe flocs. It demonstrates the planar folds structure of Fe(Il), co-existence of
the planar folds structure and nanoparticles structure of Fe(Il)-PS, and nanoparticles structure

of Fe(Ill) through their TEM, HAADF, SEM images, respectively (Figure 5(a)). Therefore,
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PS reacted with Fe(Il) and contributed the transformation of plannar-like Fe(Il) into
nanoparticle Fe(IIl), reducing the floc size (flocculation index) of Fe(Il). Furthermore,
according to the high-resolution TEM, their resolved interplanar spacings were obtained to
determine their mineral phases and thereby their crystallinity. The resolved interplanar
spacings of Fe(II) were 3.12 A, 2.98 A, 2.47 A, corresponding to the lattice planes of (012),
(021) and (020) of lepidocrocite, respectively. Similarly, the resolved interplanar spacings of
Fe(II)-PS were 3.41 A, 2.56 A, 2.28 A, and coincided well to the (012), (020) and (004)
lattice planes of six-line ferrihydrite. Lastly, the resolved interplanar spacings of Fe(Ill) were
3.41 A, 2.47 A, 2.56 A, which corresponded to (012), (021) and (020) lattice planes of six-
line ferrihydrite, respectively. Therefore, the crystallinity of the flocs follows the order of
‘Fe(II) < Fe(I)-PS < Fe(Il)’. It is their microstructural arrangement difference caused their
different performance on organics removal, suggesting the high degree of disorder of the floc
facilitated the removal of organics.

Figure 5

Also, FTIR characterization was performed to acquire information about their difference
in functional groups. In the absence of organic matter (Figure 6(a)), the observed
characteristic peaks at 464 cm™, and 700 cm™ were Fe-O bending vibration[9]. The higher
strength of Fe(II) than Fe(III) at the peaks confirmed the higher crystallization of Fe(II) flocs
than Fe(II) flocs. With the introduction of organic matter, the characteristic peaks of HA and
JM were determined in Fe flocs. For HA, the peaks of HA showed in the flocs at the
wavelength of 1053 cm™ (C-O bond)[47], 1375 cm™ (COO- stretch vibration), 1574 cm’
(C=C vibration) (Figure 6(b))[48]. For JM, the peaks of NOM belong to JM at 1015 cm™ (C-
0-C) can be found in Fe flocs (Figure 6(c))[49]. Similarly, the C=O group (1617 cm™),

carboxylate COO™ (1581 cm™), C=C stretching (1450 cm™), C-N group (1249 cm’!, 1224 cm
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Y of TC peaks can be observed in Fe flocs (Figure S20(a))[23, 50]. It suggested that Fe
captured organic matter from the three different water samples. Furthermore, the 2D-COS
synchronous and asynchronous spectral results of the FTIR spectra were provided. The 2D-
COS map shows the overall effect of the oxide concentration on the determined FTIR peaks.
In the scenario of NaHCOs3, the highest auto-peak intensity was located in 400-800 cm™,
corresponding to Fe-O variation. It suggested that the increased PS mainly influenced the floc
Fe-O bening in the absence of organics, resulting in higher production of Fe-O bending. The
synchronous auto peak intensity of HA follows the order of 1574 cm™ > 1375 cm™™> 1053
cm’!, suggesting the proportion of C=C group of organic matter in Fe flocs increased the most
as PS concentration increased. For JM and JT, the synchronous auto peak intensity showed
higher proportion of functional groups of organic matter than that of Fe as the increased PS
concentration in flocs (Figure 6(b) and Figure S20(b)). The synchronous map results
suggested that the increased PS concentration had a greater effect on organic matter. In
addition to the scenario of NaHCOj3, the synchronous map showed that all cross-peaks were
positive correlated (Figure 6(b). However, the asynchronous map of HA showed that
1375/1053, 1574/1053, and 1574/1375 at the axis of X/Y were negative (Figure 6(c).
According to Noda’ rule (Text S1)[51], take 1375/1053 for example, the opposite signs of it
in synchronous and asynchronous maps indicated that the functional groups of organics at
1053 cm’! (C-O bond) (the Y-axis) reacted earlier than the organic functional groups at 1375
cm™ (COO- stretch vibration) (the X-axis) as the increase of PS concentration[51].
Nevertheless, for JM, the positive signs of 1015/796 in synchronous and asynchronous maps
suggested the functional groups (C-O-C) at 1015 cm™! responded earlier than Fe-OH at 796
cm’'[52]. In summary, more intensive variations of functional groups of Fe and organic
matter in Fe flocs occurred as the increased PS concentration. The increased PS concentration

had a greater effect on organic matter and resulted in higher retention of organic matter.
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Figure 6

3.4. Mechanism

The removal performance results show that the preference of Fe(Ill) and Fe(Il) was
NOM and TC in the absence/presence of PS, respectively. The structure of the Fe(III)
precipitates were small and less ordered spherical nanoparticles of larger specific area,
resulting in more sites for NOM removal. Whereas, the structure of Fe(II) precipitates were
crystalline flakes. The one more electron provided by Fe(II) and the higher crystallinity of the
Fe(Il) precipitates determined their higher reactivity towards TC, leading to the higher
transformation and capture of TC. The introduction of PS enhanced the Fe performance on
the removal of organics. It enhanced the performance of Fe(Ill) and Fe(II) by oxidation
towards organics, and oxidation towards Fe(Il) and organics, respectively. As for Fe(Ill), PS
could be activated by Fe(IIl), resulting in the radical attack towards organics. In the case of
Fe(I), according to the analysis of the performance and characterization of Fe(Il), PS first
reacted with Fe(Il), and then affected the removal of organic matter through in-situ Fe(III)
coagulation and radical attack. The concentration of PS determined whether the primary
effect of improved organic removal was in-situ Fe(IlI) coagulation or radicals.

Figure 7

4. Conclusions

NOM is ubiquitous in surface waters. Emerging contaminants have also been detected in
a variety of water environments. The presence of NOM and emerging contaminants can affect
coagulation behavior and performance. A systematic study of Fe(Ill), Fe(Il) and oxidatively
generated in-situ Fe(Ill) to remove NOM and the mixtures of emerging pollutants and NOM

through coagulation is helpful to understand the effects of NOM and its compounds with
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emerging pollutants on Fe flocculation and Fe cycling in the natural environment.

This study investigated the performance of Fe(Ill), Fe(Il) and oxidatively generated in-
situ Fe(IIT) when treating NOM and representative emerging contaminant of TC. The removal
preference of Fe(Ill) and Fe(II) was NOM and TC, respectively. The in-situ Fe(III) produced
by PS oxidation improved the removal of NOM and TC. The improved effect was achieved
by free radical oxidation generated by PS and in-situ Fe(III) coagulation. The concentration
of PS determined whether the dominant effect was oxidation or in-situ Fe(IIl) coagulation.
This turning point concentration of PS was 0.02 mM. The conclusions of this study can
provide reference information for the coagulation treatment of tetracycline-containing

contaminated water by Fe salt.
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Appendix A. Supplementary data
The Supplementary Material contains 1 Text, 4 Tables and 20 Figures.
The text is Text S1. Two-dimensional correlation spectroscopy (2D-COS).
The tables are as follows:
Table S1. Water quality characteristics of the water samples; Table S2. Chemical structures

of TC and its reduced transformation products after treatment in JM surface water; Table S3.
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Chemical structures of the increased TC transformation products after treatment in JM
surface water; Table S4. 2D-COS combined with the FTIR spectra: peak wavelength and the
signs of the cross peaks in synchronous (Syn) map and asynchronous (aSyn) map (shown in
bracket).

The figures are as follows:

Figure S1. Flocculation index variation of Fe(IIl) with PS in (a) NaHCO3, HA, and

JM (PS: potassium persulfate, HA: humic acid, JM: Jingmi surface water); Figure S2. EEM
of (a) HA and HA after treating by PS of 0.1 mM and (b) substance removed from HA by PS
of 0.1 mM at different times (EEM: the excitation and emission matrix fluorescence spectra,
EEM partition I: protein I, II: protein II, III: fulvic acid, IV: microbial metabolites, V: humic
acid, HA: humic acid, PS: potassium persulfate); Figure S3. EEM of (a) HA after treating by
Fe(III) and (b) substance removed from HA by Fe(IIl) at different times (EEM: the excitation
and emission matrix fluorescence spectra, EEM partition I: protein I, II: protein II, III: fulvic
acid, IV: microbial metabolites, V: humic acid, HA: humic acid); Figure S4. EEM of (a) HA
after treating by Fe(Il) and (b) substance removed from HA by Fe(Il) at different times
(EEM: the excitation and emission matrix fluorescence spectra, EEM partition I: protein I, II:
protein II, III: fulvic acid, IV: microbial metabolites, V: humic acid, HA: humic acid); Figure
S5. EEM of (a) HA after treating by Fe(Ill) with PS of 0.1 mM, and (b) substance removed
from HA by Fe(Ill) with PS of 0.1 mM at different times (EEM: the excitation and emission
matrix fluorescence spectra, EEM partition I: protein I, II: protein II, III: fulvic acid, IV:
microbial metabolites, V: humic acid, HA: humic acid, PS: potassium persulfate); Figure S6.
EEM of (a) HA after treating by Fe(II) with PS of 0.1 mM, and (b) substance removed from
HA by Fe(IT) with PS of 0.1 mM at different times (EEM: the excitation and emission matrix
fluorescence spectra, EEM partition I: protein I, II: protein II, III: fulvic acid, IV: microbial

metabolites, V: humic acid, HA: humic acid, PS: potassium persulfate); Figure S7. EEM of
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(a) HA after treating by Fe(Ill) with PS of different concentrations, and (b) substance
removed from HA by Fe(Il) with PS of different concentrations (EEM: the excitation and
emission matrix fluorescence spectra, EEM partition I: protein I, II: protein II, III: fulvic acid,
I'V: microbial metabolites, V: humic acid, HA: humic acid, PS: potassium persulfate); Figure
S8. (a) The intensity of removed substance and (b) removal efficiency of HA, calculated from
EEM (HA: humic acid, EEM: the excitation and emission matrix fluorescence spectra, EEM
partition I: protein I, II: protein II, III: fulvic acid, IV: microbial metabolites, V: humic acid,

PS: potassium persulfate); Figure S9. EEM of (a) JM and JM after treating by Fe(Il) with PS

of various concentrations, and (b) substance removed from JM by Fe(Il) with PS of various
concentrations (EEM: the excitation and emission matrix fluorescence spectra, EEM partition
I: protein I, II: protein II, III: fulvic acid, IV: microbial metabolites, V: humic acid, JM:
Jingmi surface water, PS: potassium persulfate); Figure S10. EEM of (a) JM after treating by
Fe(II) with PS of various concentrations, and (b) substance removed from JM by Fe(Il) with
PS of various concentrations (EEM: the excitation and emission matrix fluorescence spectra,
EEM partition I: protein I, II: protein I, III: fulvic acid, IV: microbial metabolites, V: humic
acid, JM: Jingmi surface water, PS: potassium persulfate); Figure S11. EEM of (a) JM after
treating by Fe(Il) with PS of 0.1 mM, and (b) substance removed from HA by Fe(Il) with PS
of various concentrations (EEM: the excitation and emission matrix fluorescence spectra,
EEM partition I: protein I, II: protein II, III: fulvic acid, IV: microbial metabolites, V: humic
acid, JM: Jingmi surface water, PS: potassium persulfate); Figure S12. EEM of (a) JT and JT
after treating by PS of various concentrations, (b) Fe(III) with PS of various concentrations
and (c) Fe(II) with PS of various concentrations (EEM: the excitation and emission matrix
fluorescence spectra, EEM partition I: protein I, II: protein II, III: fulvic acid, IV: microbial
metabolites, V: humic acid, JT: Jingmi surface water with tetracycline hydrochloride, PS:

potassium persulfate); Figure S13. EEM of (a) substances removed from JT by PS of various
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concentrations, (b) Fe(Ill) with PS of various concentrations and (c) Fe(II) with PS of various
concentrations (EEM: the excitation and emission matrix fluorescence spectra, EEM partition
I: protein I, II: protein II, III: fulvic acid, IV: microbial metabolites, V: humic acid, JT: Jingmi
surface water with tetracycline hydrochloride, PS: potassium persulfate); Figure S14. SEC of
(a) HA, (b) JM and (c) JT (SEC: size exclusion chromatography, HA: humic acid, JM: Jingmi

surface water, JT: JM with tetracycline hydrochloride, SEC peak of HA: 1(7052-50000),

11(5359-7052), II(3547-5359), peak of JM: I (5648-13145), II(3811-5648), peak of JT:

1(3031-6773), 11(2061-3031), PS: potassium persulfate); Figure S15. Integral area of (a) HA,
(b) JM and (c¢) JT, calculated from SEC, (d) UV absorbance of JT, (¢) UV absorbance of JT at
375 nm (HA: humic acid, JM: Jingmi surface water, JT: JM with tetracycline hydrochloride,
SEC: size exclusion chromatography, PS: potassium persulfate); Figure S16. (a) TIC of JT,
(b) LC-MS of JT (TIC: total ion chromatogram, JT: Jingmi surface water with tetracycline
hydrochloride, LC-MS: liquid chromatography-tandem mass spectrometry); Figure S17. (a)
TIC of JT after treating by Fe(IIl), (b) LC-MS of JT after treating by Fe(III) (TIC: total ion
chromatogram, JT: Jingmi surface water with tetracycline hydrochloride, LC-MS: liquid
chromatography-tandem mass spectrometry); Figure S18. (a) TIC of JT after treating by
Fe(Il), (b) LC-MS of JT after treating by Fe(II) (TIC: total ion chromatogram, JT: Jingmi
surface water with tetracycline hydrochloride, LC-MS: liquid chromatography-tandem mass
spectrometry); Figure S19. (a) TIC of JT after treating by Fe(Il) and 0.1 mM PS, (b) LC-MS
of JT after treating by Fe(Il) and 0.1 mM PS (TIC: total ion chromatogram, JT: Jingmi
surface water with tetracycline hydrochloride, PS: potassium persulfate, LC-MS: liquid
chromatography-tandem mass spectrometry); Figure S20. FTIR spectra of flocs in (a) JT and
its (b) synchronous 2D-COS map, red colors represent positive intensities, blue colors

represent negative intensities (FTIR: Fourier transform infrared spectrometry, JT: Jingmi
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467  surface water with tetracycline hydrochloride, 2D-COS: two-dimensional correlation

468  spectroscopy, PS: potassium persulfate).
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Figure Captions

Figure 1. Flocculation index variation of (a) Fe(Ill) and Fe(II), (b) Fe(Il) with PS, and (c)
flocculation index value of (a) and (b) at equilibration time, in NaHCO3, HA, JM and JT (PS:
potassium persulfate, HA: humic acid, JM: Jingmi surface water, JT: JM with tetracycline
hydrochloride).

Figure 2. The intensity of removed substances and removal efficiency of (a) HA (0.1 mM
PS), (b) JM and (c¢) JT (0.01 mM to 1 mM PS), calculated from EEM (HA: humic acid, JM:
Jingmi surface water, JT: JM with tetracycline hydrochloride, EEM: the excitation and
emission matrix fluorescence spectra, EEM partition I: protein I, II: protein II, III: fulvic acid,
IV: microbial metabolites, V: humic acid, PS: potassium persulfate).

Figure 3. Integral area removal efficiency of different molecular weight of (a) HA, (b) M
and (cl) JT, calculated from SEC, (c2) removal efficiency of JT calculated from UV
absorbance, (d) enhanced removal efficiency of HA and JM by PS (HA: humic acid, JM:
Jingmi surface water, JT: JM with tetracycline hydrochloride, SEC: size exclusion
chromatography, SEC peak of HA: 1(7052-50000), 11(5359-7052), I11(3547-5359), peak of
IM: 1(5648-13145), 11(3811-5648), peak of JT: 1(3031-6773), 11(2061-3031), PS: potassium
persulfate).

Figure 4. (a) ESR of Fe in the absence/presence of PS, (b) LC-MS intensity and
reduced/increased intensity of JT raw water and treated water (ESR: electron spin resonance,
PS: potassium persulfate, LC-MS: liquid chromatography-tandem mass spectrometry, JT:
Jingmi surface water with tetracycline hydrochloride).

Figure 5. TEM, HAADF, SEM, HRTEM images and schematic diagrams of flocs (a) Fe(Il),
(b) Fe(Il) with PS of 0.1 mM and (c) Fe(Ill) in JM (TEM: transmission electron microscopy,
HAADEF: high angle annular dark field, SEM: scanning electron microscope, HRTEM: high-

resolution TEM, PS: potassium persulfate, JM: Jingmi surface water).
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Figure 6. FTIR spectra of flocs in (a) NaHCOs;, HA and JM, asynchronous (b) and (c)
synchronous 2D-COS map of Fe(Il) flocs with PS, red colors represent positive intensities,
blue colors represent negative intensities (FTIR: Fourier transform infrared spectrometry,
HA: humic acid, JM: Jingmi surface water, 2D-COS: two-dimensional correlation
spectroscopy, PS: potassium persulfate).

Figure 7. The Fe floc performance on the removal of (a) NOM, and (b) TC (PS: potassium

persulfate, NOM: natural organic matter, TC: tetracycline).

26



Revised Figure

Click here to access/download;Figure;Revised Figure 1_clean

version.docx

30 30 30
NaHCO3 HA M JT
—— Fe(ill) 25F kel 251 Fe(i) 25F —— Fe(l)
——Fe(ll) —— Fe(ll) ——Fe(ll) —Fe(ll)
20 20 20 ft‘
15 15 f] l M 15 W,’M
10 10 10
5 5 5
N AAI A A
0 faate 0 0 0 e
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Time (s) Time () Time (s) Time (5)
b 30 30 30 30
NaHCO3 HA M JT
Fe(ll) 25— Fe() 25— Feqil) 25F —Feq)
—— Fe(I1)-PS0.01 —— Fe(11)§$0.01 ——— Fe(11)-PS0.01 ——— Fe(11)-PS0.1
Fe(11)-PS0.1 20 Fe(INjpgo.1 20 Fe(I1)-PS0.1 20
—— Fe(I1)-PS1 — Fe(1l); | " r . —— Fe(I1)-PS1
15 4 g' J 15 15
gl ]
'
10 2 10 10
]]
5 5 5
0 0 e 0 0
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Time (s) Time (s) Time (s) Time (s)
C 20 20 20 20
NaHCO3 HA I M JT
I I
15 15 15 I
1
_ 10 ] L. oy ] 10
I I
5 5f oz 5
0 0 0 0
Q&\\\ & & \\5{9\, @Q\\\ & Q@'& & \\5{& S 8 & & \\9%\/ S
S RN RN < S
S &€ S &€ & &< &

Figure 1. Flocculation index variation of (a) Fe(Ill) and Fe(II), (b) Fe(Il) with PS, and
(c) flocculation index value of (a) and (b) at equilibration time, in NaHCO3, HA, M
and JT (PS: potassium persulfate, HA: humic acid, JM: Jingmi surface water, JT: M

with tetracycline hydrochloride).
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Figure 2. The intensity of removed substances and removal efficiency of (a) HA (0.1
mM PS), (b) M and (c) JT (0.01 mM to I mM PS), calculated from EEM (HA:
humic acid, JM: Jingmi surface water, JT: JM with tetracycline hydrochloride, EEM:
the excitation and emission matrix fluorescence spectra, EEM partition I: protein I, II:
protein II, III: fulvic acid, IV: microbial metabolites, V: humic acid, PS: potassium

persulfate).
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Figure 3. Integral area removal efficiency of different molecular weight of (a) HA, (b)
JM and (c1) JT, calculated from SEC, (c2) removal efficiency of JT calculated from
UV absorbance, (d) enhanced removal efficiency of HA and JM by PS (HA: humic
acid, JM: Jingmi surface water, JT: JM with tetracycline hydrochloride, SEC: size
exclusion chromatography, SEC peak of HA: 1(7052-50000), II(5359-7052),
IT1(3547-5359), peak of IM: 1(5648-13145), 11(3811-5648), peak of JT: [(3031-6773),

[I(2061-3031), PS: potassium persulfate).
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Figure 4. (a) ESR of Fe in the absence/presence of PS, (b) LC-MS intensity and
reduced/increased intensity of JT raw water and treated water (ESR: electron spin
resonance, PS: potassium persulfate, LC-MS: liquid chromatography-tandem mass

spectrometry, JT: Jingmi surface water with tetracycline hydrochloride).
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Figure 5. TEM, HAADF, SEM, HRTEM images and schematic diagrams of flocs (a)
Fe(Il), (b) Fe(Il) with PS of 0.1 mM and (c) Fe(Ill) in JM (TEM: transmission
electron microscopy, HAADF: high angle annular dark field, SEM: scanning electron
microscope, HRTEM: high-resolution TEM, PS: potassium persulfate, JM: Jingmi

surface water).
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Figure 6. FTIR spectra of flocs in (a) NaHCO3, HA and JM, asynchronous (b) and (c)
synchronous 2D-COS map of Fe(Il) flocs with PS, red colors represent positive
intensities, blue colors represent negative intensities (FTIR: Fourier transform infrared
spectrometry, HA: humic acid, JM: Jingmi surface water, 2D-COS: two-dimensional

correlation spectroscopy, PS: potassium persulfate).
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Figure 7. The Fe floc performance on the removal of (a) NOM, and (b) TC (PS:

potassium persulfate, NOM: natural organic matter, TC: tetracycline).
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