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ARTICLE INFO ABSTRACT

Keywords: Struvite (MgNH4PO4-6H20) recovered from livestock wastewater may impose a pharmacological threat to the
Phosphorus recovery environment, due to the extensive existence of antibiotics in the wastewater. In this study, tetracyclines (TCs)
Af“ibioms . were selected as the typical antibiotics, and the individual processes of dissolved organic matters (DOM) evo-
gizzlgﬁe.fai’irf:nm matters lution and their effects on TCs migration in struvite recovery from swine wastewater were discriminated and
Struvite quantified. Results revealed that TCs transport was contributed by the adsorption of pure struvite crystals,

struvite adsorbing DOM-TCs complex and DOM aggregation, which occupied 2.29-6.53%, 23.53-34.66%, and
59.09-74.19% of the total TCs migration amounts, respectively. A tangential flow filtration system was employed
to divide DOM into five fractional parts on the basis of molecular weight cut-offs. Experimental results indicated
that under alkaline conditions of struvite crystallization, DOMs with larger molecular weights, hydrolyzed to
DOMs with smaller molecular weights, which consequently promoted TCs re-distribution in DOMs from higher
molecular weights to those with lower molecular weights. Furthermore, a distribution model was developed to
characterize TCs transport in struvite recovery by describing TCs distribution among various phases, including
struvite adsorption, DOM-TCs complexing, DOM aggregation, and free state in the solution, respectively. These
outcomes provided new understanding on DOM evolution and effects on antibiotics transport in phosphate re-

covery from wastewater.

1. Introduction

Rapid urban expansion and economic development contributed to
the prosperity of the pig industry. According to the China Statistical
Yearbook 2020, there has been more than 544 million pigs produced
annually in China (NBSPRC, 2020). Consequently, the enormous risk to
the environment caused by a large amount of phosphorus and ammo-
nium discharged from swine wastewater has attracted widespread
attention (Vanotti et al., 2017). From another aspect, swine wastewater
enriched nitrogen and phosphorus are suitable for struvite
(MgNH4PO4-6H,0) recovery (Li et al., 2021a; Muhmood et al., 2021). As
a superior slow-release fertilizer, struvite can be used directly on agri-
cultural planting (Lu et al., 2021).

Presently, intensive pig farming widely uses veterinary antibiotics to
promote animal growth and prevent animal diseases (Cheng et al., 2020;
Zhang et al., 2018). According to the literature, the worldwide use of
veterinary antibiotics will increase by 67% between 2010 and 2030, and
among them tetracyclines (TCs) are one type of the leading veterinary
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antibiotics (Cheng et al., 2020; Van et al., 2020). These antibiotics are
hardly absorbed by animal guts, and are discharged into the feces and
urine (Wang et al., 2019). Consequently, the persistent exposure of an-
tibiotics in the environment leads to the spread of antibiotic resistance in
the environmental media, which poses health risks to the human body
and the ecological environment (Xu et al., 2021). It should be noted from
our previous studies that the application of struvite fertilizer recovered
from swine wastewater increased the diversity and abundance of anti-
biotic resistance genes in the soil, and thereby promoting the spread of
antibiotic resistance in the food chain and threatening human health
(Cai et al., 2020; Chen et al., 2017a).

According to our previous works, struvite crystallization in synthetic
wastewater would trigger TCs transport from the liquid to the final
solids, and the maximum adsorption capacities of TCs were ranging from
1494.7g to 2160.0 pg/kg (Ye et al., 2017). As to real swine wastewater,
it contains a significant amount of dissolved organic matters (DOM),
such as humic acid, fulvic acid, and proteins (Zhou et al., 2019; Zeng
et al., 2017). These organic components have various function groups,
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including acidic moieties, polysaccharides, fatty acids, and long
aliphatic side chains, which have the capability of determining the
migration behavior of TCs (Li et al., 2021b; Safiur Rahman et al., 2013;
Wang et al., 2020). We did find that the presence of DOM can promote
the transfer of TCs from the aqueous phase to struvite solid, and the
DOM with higher molecular weight (HMW) plays an important role due
to its higher aromaticity and more functional groups (Lou et al., 2018;
Ye et al., 2020). In addition, since struvite crystallization was carried out
under alkaline conditions, HMW DOM were hydrolyzed into ones with
low molecular weights (LMW) (Xu et al., 2018; Ye et al., 2020). This
phenomenon might result in the redistribution of TCs among various
DOM components. Besides, struvite precipitation would also trigger
DOM evolution with DOM adsorption by struvite crystals and DOM
aggregation, and consequently resulted with more TCs migrating from
the aqueous phase to the recovered struvite products (Ye et al., 2020).
However, few studies have been devoted to quantifying the specific ef-
fects of DOM evolution on TCs transport. This is very important since
phosphorus recovery has been widely applied in wastewater treatment
at full scales. The outcomes of this study can provide the quantitative
information of antibiotic transport in phosphorus recovery, which will
undoubtedly be helpful to develop the methods of antibiotic control in
phosphorus recovery from wastewater.

In the present study, the sub-processes of DOM evolution in struvite
crystallization, including hydrolysis, adsorption, and aggregation, were
clarified and quantified, and their contributions to TCs transport were
determined. A tangential flow filtration system was employed to frac-
tionate DOM into several individual parts based on the molecular weight
cut-off, and their interactions with TCs before and after hydrolysis under
alkaline conditions were evaluated. A series of subsequent experiments
were conducted to determine the TCs transport driven by struvite
adsorption, DOM hydrolysis, DOM aggregation, and DOM complexing
with TCs, respectively. And a distribution model between struvite, DOM
and TCs in the process of struvite crystallization were also discussed.

2. Materials and methods
2.1. Chemicals and standards

Three individual TCs standards, including tetracycline (TC), doxy-
cycline (DXC), and oxytetracycline (OTC) were obtained from the
Alladin Ltd. USA. The properties of these tetracylines were listed in
Table S1. Tetracycline-D6 (80% purity) was purchased from Toronto
Research Chemicals Inc (North York, Canada), used as an internal
standard. OasisHLB cartridges (size of 200 mg, 6 mL) which were used
for sample pretreatment, were bought from Waters (Milford, USA).

Raw swine wastewater was obtained from the digested effluent of a
treatment process in an intensive pig farming plant, located in
Zhangzhou City, China. Centrifugation at 7500 rpm for 15 min was
firstly conducted to remove suspended organics (Ben et al., 2013). After
the centrifugation, the parameters of the wastewater were analyzed, as
displayed in Table S2. As to TCs, their concentrations respectively were
(pg/L): OTC 15.33+2.46, TC 17.16+2.13, DXC 14.23+0.99.

Other chemicals used for struvite crystallization, including
(NH3)2HPO4, MgCly-6H20 and NaOH, were all chemical pure and sup-
plied by Xi Long Co. (China). Ultrapure water was generated by a Milli-Q
water purification system (18.2 QM-cm) from Millipore (Boston, USA).

2.2. DOM fractionation

As described in the literature (Zhao et al., 2021), DOM with different
molecular weights might display different effects on the environmental
behavior of antibiotics. Therefore, a tangential flow filtration (TFF)
system (PALL Minimate, Pall Life Sciences Co., USA), described in our
previous study was adopted to fractionate DOM into several fractional
DOMs (FDOM) with four different molecular weight cut-offs (Fig. S1), i.
e. 100 kDa-0.45 pm (FDOM1), 30-100 kDa (FDOM2), 5-30 kDa
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(FDOM3), 1-5 kDa (FDOM4) and < 1 kDa (FDOM5), respectively (Lou
et al., 2018). After every fractionation sub-process, the DOM recovery
(as%DOC) was calculated by measuring the quantity of dissolved
organic carbon in the retentate and filtrate before and after each frac-
tionation filtration (Kitis et al., 2001; Moody, 2020). During the frac-
tionation process, the DOM recovery values ranged from 82.37% to
101.07%.

2.3. Experimental design and setup

In order to quantify the effects of DOM evolution on TCs transport
during struvite recovery from wastewater, blank control test and a series
of subsequent experiments were conducted, respectively.

2.3.1. Changes of TCs and DOM in struvite precipitation

Blank control experiment was carried out to figure out the overall
changes of TCs and DOM during struvite recovery from real wastewater.
To amplify the effects of TCs migration, a certain amount of TCs were
dosed into the liquid to increase the initial TCs concentrations to
81.49-158 pg/L. Then the wastewater was subjected to struvite pre-
cipitation, where pH was kept at 9.0 and Mg:P molar ratio was set at
1.2:1, respectively. After 60 min agitation, the mixture was settled down
for 60 min. The solid precipitates were collected for further analyses,
and DOM variation in the aqueous phase and TCs contents in the solids
were measured.

2.3.2. Effects of DOM evolution on TCs transport

With regard to DOM evolution during struvite crystallization, it
possessed several sub-processes, including hydrolysis under alkaline
conditions, adsorption by struvite crystals and aggregation, respectively.
In order to screen out the specific functions of DOM evolution on TCs
transport, a series experiments were designed to separate each step of
DOM evolution. Before the experiments, the wastewater was firstly
diluted 5 times so as to reduce phosphate concentrations and prevent the
disturbance of struvite precipitation.

(1) DOM hydrolysis and TCs re-distributions under alkaline
conditions

For struvite recovery, pH value should be kept at 9.0-10.5, which
would induce DOM hydrolysis (Ye et al., 2017). In this study, DOM
hydrolysis and its influence on TCs distribution were examined by
setting a comparison between initial wastewater and the one with pH
adjusting to 9.0. After 60 min agitation, water samples were withdrawn
for DOM fractionation and parameter analyses, including TOC, fluo-
rescence and ultraviolet-visible spectra, antibiotics. A TFF system was
also applied to investigate the variation of TCs concentration among
various FDOMs before and after hydrolysis.

(2) DOM-TCs adsorption onto struvite crystals

After hydrolysis, as described in the above section, the wastewater
was subjected to struvite crystals adsorption, which focused on the
aqueous TCs deficit contributing by DOM-TCs complexation. In this
section, a series of synthetic wastewater containing certain amounts of
TCs was firstly prepared, with their concentrations referencing to those
in the real wastewater. Struvite crystals were sufficiently produced by
using deionized water and separated by centrifugation, and then divided
equally into two groups. Each group consisted of different struvite
concentrations, i.e. 3, 6, 9, 12, 15 mmol/L, respectively. For the first
group, struvite crystals were dosed into the real wastewater for DOM-
TCs adsorption, while the other group struvite particles were added in
synthetic wastewater containing certain TCs amounts for comparison.
All the vessels were shaken for 60 min following 120 min settling down,
and the solids were collected by centrifugation. The supernatants were
collected for the further subsequent processes, which would focus on the
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effects of DOM aggregation on TCs migration.
(3) Effects of DOM aggregation on TCs transport

In this section, calculated amounts of TCs were dosed into the su-
pernatant so as to keep the initial TCs concentrations similar to those
before DOM-TCs adsorption. This was necessary since it could respec-
tively quantify the contribution of DOM aggregation on TCs transport in
struvite crystallization. After that, desired amounts of PO43' (to reach
100 mg/L) were added into the liquid and Mg:P molar ratio was set at
1.2:1 to perform struvite precipitation. The recovered solids and liquid
samples were withdrawn for further analyses.

2.4. Analytical methods

2.4.1. Regular methods

Regular parameters of the wastewater, including ammonium (NH4 -
N), total nitrogen, phosphate (PO4>~-P) and total phosphorus were
assayed by the standard methods (APHA). DOC was measured by using a
TOC analyzer (TOC-Vcph, Shimadzu, Japan). Mg?* and Ca*"were con-
ducted by the inductively coupled plasma optical emission spectroscopy
(Optima 7000DV, PerkinElmer, USA). Anionic ions, including sulfate
and nitrate, were measured by using chromatograph (Aquion ICS,
Thermo Fisher, USA).

2.4.2. Tetracyclines assay

The determination of TCs was conducted by using the chromatog-
raphy/tandem mass spectrometry (ABI3200 QTRAP, USA) combining
with Phenomennex Kinetex Symmetry C18 column (2.1 mm x 50 mm)
for identification and quantitation of TCs. The mass spectrometry system
was installed with electrospray ionization (ESI) source and was operated
with desolation temperature at 300 °C and capillary voltage 5.5 KV.

Before TCs determination, solid samples were firstly mixed with 10
mL 10% (v/v) HCl and sonicated for 20 min to dissolve struvite crystals.
After that, for both solid and liquid samples were diluted to approxi-
mately 200 mL with phosphate buffered saline, and acidified to pH
2.8-3.2 by adding 10% (v/v) HCL. Oasis HLB cartridge (200 mg/6 mL,
Waters, Milliford, USA) was then used to extract TCs from the samples,
where the extraction processes have been described in our previous
works (Ye et al., 2017; Huang et al., 2013). Subsequently, the Oasis HLB
cartridges were rinsed with by certain amounts of acetone, methanol
and Milli-Q water. The eluate was dried under a nitrogen stream at
35 °C. 20% (v/v) methanol was used to bring the final purified extract
volume up to 1 mL. After 2 min of Vortex oscillation, the final extract
was filtered through a 0.22 pm membrane and stored at —20 °C for
further analysis.

Recovery rate, detection limits and the quantification for the in-
strument were determined by using calibration curves, which has been
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Fig. 1. TCs contents in struvite solids recovered from real wastewater and
synthetic wastewater.
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reported in our previous works (Ye et al., 2017). The recovery rates
detected in the present study were displayed in Table S3.

2.4.3. Spectrum analyses

Three-dimensional excitation (Ex) and emission (Em) matrix fluo-
rescence (3DEEM) spectroscopy, which was applied to investigate the
difference of DOM before and after struvite reaction, was detected by
using a fluorescence spectrofluorometer (F-4600, Hitachi Co., Japan)
equipped with a 150 W Xenon arc lamp as the light source. 3DEEM
analysis scan rate was controlled at 1200 nm/min, with sampling in-
terval at 5 nm on both Ex and Em. In addition Ex and Em slit bandwidths
were set at 5 nm, and the scanning field was set at from 200 to 550 nm on
excitation and emission spectra. Fluorescence regional integration (FRI)
of the 3DEEM was further adopted to evaluate the variation of DOM
components in the processes (Chen and Yu, 2020). Generally, 3DEEM
was defined into five excitation-emission regions, depending on the
fluorescence of model compounds (Table S4). In order to remove the
background and Raman scatter, Fluorescence of Milli-Q water was
subtracted from samples spectra(Chen et al., 2017c). The collected data
were addressed by Origin 2021 (Origin Lab Inc., USA)

A spectrophotometer (DR5000, Hach, USA) was adopted to measure
the UV-Vis absorbance between 200 and 400 nm. SUVAjs4, as a
parameter of representing the relative contents of aromatic structures in
DOM, was described by the following equation:

UVys4

DOC x 100

SUVA254 =

Herein, UVosy (ecm™1) is absorbance at 1=254 nm, and DOC (mg/L) is
dissolved organic carbon.

2.5. Distribution coefficient

It should be pointed out that during struvite precipitation TCs were
distributed among four phases, including molecules sorbed to struvite
crystals (Kyap), molecules complexing with DOM (DOMs-TCs, Kpowms),
adsorbed onto struvite crystals, molecules complexing with DOM
aggregated (DOMa-TCs, Kpoyms) and molecules freely dissolved in the
solution. Therefore, the effects of DOM on TCs transport could be un-
derstood by examining TCs examining mass distribution among these
phases, which could provide useful information for understanding TCs
migration during phosphate recovery from wastewater. The following
equations were used to determine TCs distribution coefficients, which
were derived based on mass balance.

o KnmarCriap
| =

KymapCumap + KpomsCooms + KpomaCooma+1
£, = Kpoms Cooms

KymapCumar + KpomsCpoms + KpomaCoomat1
£y = KpomaCpoma

KnmarCumap + KpomsCpoms + KpomaCpomat+1

1

fy

" KwarCumar + KpomsCpoms + KpomaCpoma+1

Struvite crystal TCs adsorption quantity (mg/kg)

K L/kg) =
war (L /ke) Struvite crystal amounts (mg/L)

DOMs — TCs adsorption quantity (mg/kg)
DOMs adsorption quantity (mg/L)

Kpoms (L /kg) =

Aggregation DOMa — TCs adsorption quantity (mg/kg)

K L/kg) =
vova (L /ke) DOMa adsorption quantity (mg/L)

where f1, f2, f3 and f4 were coefficients of TCs distributing among struvite
crystals, complexation with DOM adsorbed onto struvite crystals,
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Fig. 2. Variation of different DOM components in swine wastewater before and
after struvite precipitation. Region I, aromatic protein I; Region II, aromatic
protein II; Region III, fulvic acid-like; Region IV, soluble microbial by-product-
like; Region V, humic acid-like.
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Fig. 3. Fluorescence spectra of DOM in swine wastewater before (A) and after
(B) struvite reaction.

complexation with DOM aggregated and free molecule in the solution,
respectively. Kyap, Kpoms, and Kpoma were represented the respectively
binding constants of TCs with struvite crystals, DOMs adsorption onto
struvite crystals, and DOMa aggregation. Cyap, Cpoms, and Cpona Was
struvite crystal amounts, DOMs adsorption quantity and DOMa aggre-
gation quantity.
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Fig. 4. FRI distribution of different DOM components in swine wastewater
before and after hydrolysis under alkaline conditions. Region I, aromatic pro-
tein I; Region II, aromatic protein II; Region III, fulvic acid-like; Region IV,
soluble microbial by-product-like; Region V, humic acid-like.
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Fig. 5. FRI distribution of different DOM components in FDOMs of swine
wastewater before and after hydrolysis under alkaline conditions. Region I,
aromatic protein I; Region II, aromatic protein II; Region III, fulvic acid-like;
Region IV, soluble microbial by-product-like; Region V, humic acid-like.

3. Result and discussion

3.1. Changes of TCs and DOM components in the process of struvite
precipitation

As displayed in Fig. 1, TCs contents in the solids recovered from real
wastewater (14.67-47.86 pg/g) were obviously higher than those
recovered from synthetic wastewater (0.26-0.37 pg/g). To investigate
the discrepancies of DOM components in struvite recovery process, the
method of fluorescence regional integration (FRI) was employed. As
shown in Fig. 2, the loss of DOC was about 4.60% of the total DOC in the
liquid. In addition, Fig. 3 demonstrated the discrepancies of DOM
fluorescence spectra before and after struvite crystallization, and shifts
of different peak locations and intensity changes were observed. Peak
intensity of Peak I was increased, while those of Peak II & III were
decreased. These phenomena implied that DOM evolution could highly
improve the migration of TCs from liquid phase to solid phase, as
described in our previous works (Lou et al., 2018). This study focused on
quantifying the functions of DOM evolution on TCs transport in struvite
recovery.
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Table 1
The changes of SUVA,s4 before and after hydrolysis under alkaline conditions.

SUVAys4 (L/(mgem))

Term Before After

FDOM1 1.31 £+ 0.08 0.38 + 0.02
FDOM2 1.34 + 0.05 0.33 + 0.02
FDOM3 1.05 + 0.08 1.08 + 0.04
FDOM4 1.04 + 0.03 0.48 + 0.05
FDOM5 0.88 + 0.03 0.04 + 0.00

3.2. Screening out the functions of DOM evolution on TCs transport

3.2.1. DOM hydrolysis and TCs re-distributions under alkaline conditions

According to literature, alkaline conditions can lead to obvious hy-
drolysis of DOM by ionizing the function group, such as carboxylic and
phenolic acid groups, and dispersing the molecules due to electrostatic
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repulsion (Ma et al., 2019; Liu et al., 2020). In the present study, the
changes of DOM components under alkaline conditions were assayed by
3DEEM. The results indicated that the concentrations of aromatic pro-
tein I and aromatic protein II decreased while the levels of fulvic
acid-like and humic acid-like materials increased (Fig. 4). In addition,
the discrepancies of fluorescence spectra, as displayed in Figs. S2 and S3,
also supported DOM hydrolysis under alkaline conditions, where
changes of peak shifts and intensity were detected.

In order to investigate the alternation of TCs distribution among
various DOM components, a TFF system based on molecular cut-off was
applied to fractionate DOM before and after hydrolysis into five frac-
tional DOMs (FDOMs) of different Molecular weights. Fig. 5 demon-
strated the variation of FDOMs under alkaline conditions. Except for
FDOM1 reduction, the concentrations of FDOM3, FDOM4, FDOM5
increased 13%, 21% and 50% after hydrolysis, respectively. These
suggested that FDOMs with lower molecular weights (LMW) were
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Fig. 6. The changes of TCs contents in FDOM1 (A), FDOM2 (B), FDOM3 (C), FDOM4 (D) and FDOMS5 (E), before and after hydrolysis under alkaline conditions.
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Fig. 7. TCs contents in the solid after adsorption by struvite crystals from real
wastewater (A) and synthetic wastewater (B).

compensated by the hydrolysis of FDOMs with larger molecular weights.
The SUVAgs4 values of various FDOMs were calculated, which repre-
sented the relative contents of aromatic structures in DOM and could be
used to evaluate the chelation is a parameter, which represented the
relative contents of aromatic structures in DOM and could be used to
evaluate the chelation potential with TCs. As summarized in Table 1,
SUVAs4 values of FDOM1, FDOM2, FDOM4, FDOMS5 were found to be
significantly decreased, which indicated that the amounts of unsatu-
rated carbon bonds and aromaticity was reduced after hydrolysis (Yuan
et al., 2020).

Fig. 6 illustrated the variation of TCs distribution among various
FDOMs during hydrolysis. It has been reported that FDOMs with higher
molecular weights (HMW) had higher aromaticity with more acidic
groups, fatty acids, long aliphatic side chains and polysaccharides, and
could chelate with TCs more easily (Ma et al., 2013). This was also
confirmed in the present study where TCs displayed stronger chelation
capacities with HMW FDOMs before hydrolysis (Fig. 6). The sequence of
chelating capacities of individual FDOMs with TCs was FDOM1 >
FDOM2 > FDOM3 > FDOM4 > FDOMS5, which largely matched with the
sequence of SUVAgs4 values (Table 1).

It was observed that after hydrolysis the concentrations of TCs
chelating with FDOM1 and FDOM2 significantly decreased, while the
amounts of TCs complexing with FDOM3, FDOM4 and FDOM5
increased 1.73-33.94 pug/L, 9.18-20.48 pg/L, 1.00-4.88 pg/L (Fig. 6),
respectively. These results demonstrated that under the alkaline condi-
tions of struvite precipitation, DOM hydrolysis promoted TCs re-
distributing from HMW FDOMs to LMW FDOMs. Further examination
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Table 2

Regression analyses on TCs and DOC adsorbing by struvite crystals.
TCs Regression equation R?
OTC y = 0.220x + 0.861* 0.970
TC y = 0.214x + 1.393 0.749
DXC y = 0.336x + 0.766 0.815

* y, TCs adsorption by struvite crystals (ug/g); x, DOC adsorption by struvite
crystals (mg/g).
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Fig. 8. FRI distribution of different DOM components in swine wastewater
before and after DOM adsorption by struvite crystals. Region I, aromatic protein
I; Region II, aromatic protein II; Region III, fulvic acid-like; Region IV, soluble
microbial by-product-like; Region V, humic acid-like.

on the components of individual FDOM was conducted (Fig. 5), and
results displayed that the concentrations of aromatic proteins I and II,
fulvic acid-like materials in LMW FDOMs were raised, coupling with TCs
increase in relevant smaller FDOMs. Previous research has revealed that
higher pH would not only be in favor of HMW FDOMs to LMW FDOMs,
while was effective at releasing protein-like, polysaccharide-like and
fulvic acid-like materials from HMW FDOMs to LMW FDOMs (Chen
et al.,, 2017b; Li et al., 2016), also as displayed in Fig. 5. Under such
circumstances, the tricarbonyl group and phenolic diketone moiety of
TCs were neutral or negative, and the dimethylamino group demon-
strated a localized positive charge (Ding et al., 2013; Ye et al., 2017).
Consequently, TCs were prone to chelate with protein-like, poly-
saccharide-like and fulvic acid-like materials (Fig. 5), since they had
higher affinity capabilities with these DOM components (Bai et al.,
2017). Therefore, the augment of TCs distribution in FDOM3, FDOM4
and FDOMS5 was observed as shown in Fig. 6.

3.2.2. DOM-TCs adsorption by struvite crystals

The capacities of struvite crystals adsorbing TCs under synthetic and
real wastewater were compared. As shown in Fig. 7. TCs levels in the
struvite solids obtained from real wastewater were dramatically higher
than those from synthetic wastewater. The results indicated that DOM-
TCs complex could promote the adsorption of TCs onto struvite crystals
due to the co-adsorption (Guillossou et al., 2020). Besides, in case the
dosage of struvite crystals increased, the TCs adsorption capacities were
declined since struvite crystals could provide more functional sites for
TCs and DOM sorption (Wang et al., 2020). It should be pointed that TCs
adsorbed by pure struvite in synthetic wastewater occupied
8.87-20.40% of the total TCs adsorption amount in real wastewater.
Further investigation was conducted on evaluating the relation between
TCs and DOM simultaneously adsorbing onto struvite crystals. As
illustrated in Table 2, a linear relationship was detected with the R?
values ranging from 0.749 to 0.970. Similar results of TCs levels
coupling with the enhancement of TOC contents in the struvite products
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Table 3

TCs residue detected in the struvite products contributed by DOM aggregation.
Initial water of sample 1-5 was the supernatants obtained in Section 3.2.2 by
adsorption of 3, 6, 9, 12, and 15 mmol/L struvite crystals, respectively.

TCs OTC (pg/8) CTC (ug/8) DXC (pg/g)
Sample 1 10.134+0.38 10.09+0.62 11.67+0.42
Sample 2 10.55+1.12 9.2+0.54 11.494+0.53
Sample 3 11.914+0.49 10.114+0.65 10.79+1.46
Sample 4 10.924+0.77 10.034+0.59 10.03+0.38
Sample 5 11.63+0.82 10.154+0.29 11.294+0.38
24+ m OTC e TC v CTC
— OTC curve fitting
— TC curve fitting
2.1 F v —— DXC curve fitting

Kpoma (Lkg)
%
T

5.6 6.4 7.2 8.0 8.8
DOMa adsorption quantity (mg/L)

Fig. 9. Relationship between Aggregation Kpoma and DOMa adsorp-
tion quantity.

were reported by previous research (Lou et al., 2018; Ye et al., 2018).

The fluorescence regional integration (FRI) method was employed to
evaluate the variation of various FDOM components before and after
struvite adsorption. It was obvious that the dosage of struvite crystals
resulted in the loss of aqueous DOC (Fig. 8). With regard to specific
FDOM components, the reduction of aromatic protein II (Region I),
fulvic acid-like (Region III) and humic acid -like (Region V) materials in
the liquid were observed after struvite adsorption.

3.2.3. Effects of DOM aggregation on TCs transport

According to previous studies, struvite crystallization could ignite
DOM aggregation and therefore trigger TCs migration (Ye et al., 2020).
To clarify the functions of DOM aggregation on TCs transport, the su-
pernatants obtained in Section 3.2.2 were directly subjected to struvite
crystallization. Desired amount of TCs and phosphate were added into
the liquid to keep initial TCs and phosphate concentrations, respectively
at the same levels. In this section, the functions of DOM hydrolysis and
adsorption on TCs migration should not be in consideration, since the
supernatants have undergone two stages (Sections 3.2.1 and 3.2.2), i.e.
DOM hydrolysis (TCs re-distribution) and struvite crystals sorbing DOM
(DOM-TCs adsorbing by struvite crystals), respectively.

The amounts of TCs residues in the recovered solids ascribed to DOM
aggregation (Table 3) were measured, which displayed 3.27-6.10 times
higher than those contributed by struvite adsorbing DOM-TCs (Fig. 7).
As described by literature, significant changes of ion strength or salinity
could trigger DOM aggregation (Baalousha et al., 2006), which therefore
could enhance the complex interactions of DOM with organic contam-
inates due to the increase of zeta potential and the formation of both
hydrophobic and hydrophilic domains (Gu et al., 2007; Pan et al., 2008).

According to our previous research, struvite precipitation would
promote the compression on the electrical layer of DOM molecules, and
the precipitated DOM fractions exhibited direct effects on TCs residue in
the recovered products (Lou et al., 2018). In this section, a decrement of
aqueous TOC from 53.24 to 50.84 mg/L was detected among the
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Fig. 10. Variation of DOM concentrations in swine wastewater after three
subsequent stages, i.e. hydrolysis, struvite crystal adsorption and struvite pre-
cipitation. Struvite crystals of Group 1-5 were 3, 6, 9, 12, and 15 mmol/L
during the stage of struvite crystal adsorption, respectively.

Table 4

Contribution of the sub-processes of DOM evolution onto TCs migration during
struvite crystallization. Struvite crystals of Group 1-5 were 3, 6, 9, 12, and 15
mmol/L during the stage of struvite crystal adsorption, respectively.

Contribution percentage (%)

Samples  Event OTC TC DXC
Group 1  Pure struvite crystals adsorption 3.26% 3.91% 2.29%
Struvite adsorbing DOM-TCs complex ~ 22.96%  29.68%  23.52%
DOM aggregation 73.77%  66.41%  74.19%
Group 2 Pure struvite crystals adsorption 4.75% 6.53% 3.34%
Struvite adsorbing DOM-TCs complex ~ 24.61%  32.54%  23.85%
DOM aggregation 70.64%  60.93%  72.81%
Group 3 Pure struvite crystals adsorption 2.79% 3.96% 2.37%
Struvite adsorbing DOM-TCs complex ~ 23.41%  33.26%  27.69%
DOM aggregation 73.80%  62.78%  69.94%
Group 4  Pure struvite crystals adsorption 3.70% 5.22% 3.13%
Struvite adsorbing DOM-TCs complex ~ 25.34%  31.05%  30.54%
DOM aggregation 70.95%  63.73%  66.34%
Group 5  Pure struvite crystals adsorption 3.68% 6.25% 3.71%
Struvite adsorbing DOM-TCs complex ~ 27.06%  34.66%  32.50%
DOM aggregation 69.25%  59.09%  63.79%

experimental runs. A strong linear relationship between binding con-
stants of TCs (Kpoma) and aggregated DOM, was illustrated in Fig. 9,
with the correlation coefficient at 0.90-0.92 (Table S5). For TCs
complexation, the values of Kpowma located at 1.18-2.10, which indicated
that FDOM aggregation contributed more for TCs transport during
struvite recovery from wastewater. Such assertion was also supported by
the comparison of the data in Table S6.

3.3. Quantification of the sub-processes of DOM evolution for TCs
transport

As described in above sections, DOM evolution in struvite crystalli-
zation included three, respective sub-processes, i.e. hydrolysis, struvite
adsorption and aggregation, which resulted in 4.23—5.95% aqueous
DOM lost in the adsorption stage and 10.41—16.84% aqueous DOM lost
in the aggregation stage (Fig. 10). Such DOM evolution combining with
the adsorption of struvite crystals would ignite TCs transport from the
aqueous phase to the recovered struvite products. As displayed in
Table 4, the adsorption of pure struvite crystal, struvite adsorbing DOM-
TCs complex and DOM aggregation approximately accounted for
2.29-6.53%, 23.53-34.66% and 59.09-74.19% of total TCs migration,
respectively. These results demonstrated the significance of the sub-
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Table 5
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processes of DOM evolution driven by struvite crystallization contrib-
uting to TCs transport during phosphate recovery from wastewater.
Undoubtedly, such data were useful for evaluating the potential eco-
risks of antibiotics during struvite recovery from livestock wastewater.

A model concerning TCs mass distributing among different phases, i.
e. TCs molecules sorbed to struvite crystals (Kyap), molecules com-
plexing with DOM (DOMs-TCs, Kpowms) adsorbed onto struvite crystals,
molecules complexing with DOM aggregated (DOMa-TCs, Kpoma) and
molecules freely dissolved in the solution were therefore developed. The
coefficients of Kyap, Kpoms, and Kpoma Were calculated by regressing
TCs adsorption quantity and TCs carrier amounts (Fig. 11), with the
detailed deviation listed in Table S7 and S8. Accordingly, the TCs dis-
tribution coefficients among various phases, i.e., f1, fo, fsand f4, were
therefore determined, as shown in Table 5. To our knowledge, few
studies have reported on the characterization of antibiotic distribution
in struvite crystallization. Such outcomes were practical for under-
standing the behavior of antibiotic migration phosphorus recovery from
wastewater, which was also good for developing control technology in
the near future.

4. Conclusion

This study was conducted to screen out the individual DOM evolu-
tion sub-processes on TCs transport and quantified the effects during
struvite recovery from swine wastewater. A tangential flow filtration
system was employed to divide DOM into five fractional parts on the
basis of molecular weight cut-offs. The results suggested that HMW
FDOMs such as FDOM1 and FDOM2 had hydrolyzed to LMW FDOMs
including FDOM3, FDOM4 and FDOM5 under alkaline conditions, and
TCs were redistributed due to the binding power of TCs with HMW DOM
becomes weaker. In addition, we speculated that struvite crystal
adsorption, DOM-TCs complex and DOM aggregation contributed to TCs
migration, which approximately accounted for 2.29-6.53%,
23.53-34.66% and 59.09-74.19%, respectively. Finally, a distribution
model was developed to characterize TCs transport by describing TCs
distribution among various phases, including struvite adsorption, DOM-
TCs complexing, DOM aggregation and free state in the solution,
respectively. The outcomes of this study were practical, since it can
provide the quantitative information of antibiotic migration during
phosphorus recovery. Besides, it will undoubtedly be helpful to develop
the methods of antibiotic control in phosphorus recovery from
wastewater.

TCs distribution coefficient of fi, f», f3 and f4 for the adsorption of struvite crystals, DOM-TCs complex adsorption, DOM aggregation and free

molecule in the solution, respectively.

TCs Distribution coefficient Equations
OoTC A 88.73Cyap 078
88.73Cmap *75+6.62Cpoms > +(2.82Cpoma+0.23)Cpoma+1
f 6.62Cpons -+
88.73Cmar *78+6.62Cpaoms > +(2.82Cpoma+0.23)Cpoma+1
fs (2.82Cpoma+0.23)Cpoma
P 88.73Cmap 78 4+6.62Cpoms ! ‘;2+(2,82CD0Ma+0.23)CD0Ma+1
y
88.73Cmap %78 +6.62Cpoms 1 *2++(2.82Cpoma+0.23)Cpoma+1
TC f 66.69Cyap °7°
66.69Cwap *7°+9.92Cpoms 8 +(2.77Cpoma+0.24)Cpoma+1
f2 9.92Cpoys 18
66.69Cmap °7°4+9.92Cpoms 118 +(2.77Cpoma+0.24)Cpoma+1
f3 (2.77Cpoma+0.24)Cpoma
P 66.69Cmap *7°+9.92Cpoms 118+(2.77CDOMa +0.24)Cpoma+1
4
bxC f 66.69CMAP*°-7°+9.92CD0M5*1-13+(2.gZ§DOMa+0.24)CDOMa+1
1 51.57Cpap
5 51,57CMAP*°-74+7.83cD07M§;C46+(31.]5§6cDOMr —0.33)Cpoma+1
2 - DOMs
51.57Cwap *7*#+7.83Cpoms " *°+(3.56Cpoma— — 0.33)Cpoma+1
f3 3.56Cpoma — — 0.33)Cpoma
f 51A57CM_AP*°74+7A83CD0M5*“51+(3,56CD0ME.7 —0.33)Cpoma+1
y

51.57Cpnap %74 +7.83Cpoms —*°+(3.56Cpoma— — 0.33)Cpoma+1
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