
Water Research 215 (2022) 118253

Available online 6 March 2022
0043-1354/© 2022 Elsevier Ltd. All rights reserved.

Morphological crystal adsorbing tetracyclines and its interaction with 
magnesium ion in the process of struvite crystallization by using 
synthetic wastewater 

Yahui Huang a,b, Jiasheng Cai a,b, Zhi-Long Ye a,*, Lifeng Lin a, Zixiao Hong a 

a Key Laboratory of Urban Pollutant Conversion, Institute of Urban Environment, Chinese Academy of Sciences, No. 1799 Jimei Road, Xiamen City, Fujian, 361021, 
China 
b University of Chinese Academy of Sciences, Beijing, 100049, China   

A R T I C L E  I N F O   

Keywords: 
Phosphorus recovery 
Antibiotics 
Struvite 
Morphology 
Tetracycline 

A B S T R A C T   

Struvite (MgNH4PO4⋅6H2O) crystallization is a promising method of phosphorus recovery from wastewater. As 
for digestive livestock wastewater, the extensive residues of antibiotics could induce struvite recovery to spread 
antibiotic resistance and thereafter pose ecological risks to the environment. In this study, struvite crystals with 
different morphologies were produced from synthetic swine wastewater, and tetracyclines (TCs) adsorbing ca-
pacities were investigated. The important factors, including the existence of Mg2+ ions and initial TCs concen-
tration, were examined. The predominant adsorption between TCs and struvite crystals was electrostatic 
interaction, with the maximum capacity at doxycycline (DXC) 876.5 μg/Kg, oxytetracycline (OTC) 1946.7 μg/Kg 
and tetracycline (TC) 2376.2 μg/Kg, respectively. Well-faceted struvite crystallites possessed high adsorption 
capacities than those of dendritic crystallite, due to higher Mg intensities on the crystallite surface. The incre-
ment of phosphorus concentration could trigger the transformation of struvite morphology from needle to 
dendritic shapes with X-shape as an intermediate stage, which would reduce Mg density in specific crystallite 
facets and therefore limit TCs adsorption onto struvite crystals. The existence of Mg2+ ion would inhibit TCs 
deprotonation and thereafter improve TCs adsorption onto struvite crystals. Further investigation revealed that 
continuously elevating initial TCs concentration would promote the formation of 1:2 transferring to 1:1 TCs-Mg 
chelates, which would result in a fluctuation following a drastic augment of TCs adsorption capacity.   

1. Introduction 

In the past decades, rapid economic growth and urbanization in 
developing countries have engendered a massive demand for pig 
farming (Fu et al., 2022; Zhang et al., 2022). According to the statistics 
released by the National Bureau of Statistics of China, the annual pro-
duction of pigs in China has reached approximately 527 million 
(NBSPRC, 2021). Consequently, numerous intensive livestock farms are 
springing up, with dramatic increases of nitrogen and phosphorus being 
discharged from livestock wastewater into the environment, which has 
triggered public concern about the pollution around the world (Fu et al., 
2022; Huang et al., 2021). Recently, phosphorus recovery, typically 
struvite (MgNH4PO4⋅6H2O) crystallization, from livestock wastewater 
has gained wide attention, since it displays the big potential for nutrients 
recovery of phosphorus and nitrogen from wastewater and retards the 

scarcity of phosphorus rock resources worldwide (Liu et al., 2021a; 
Nandre et al., 2021; Wang et al., 2021b). The recovered struvite can be 
utilized as a slow-release fertilizer in agriculture directly, due to its high 
nutrient contents (Liu et al., 2021c; Shaddel et al., 2020). 

Veterinary antibiotics are extensively used in animal farming for 
therapy and growth promotor (Wang et al., 2019). Due to the poor 
assimilation of antibiotics in the animal guts, about 30-90% of antibi-
otics are excreted as parent compounds or metabolites in feces and urine 
(Ma et al., 2018). In addition, antibiotics are hard to be degraded 
completely in wastewater treatment processes (Chen et al., 2021; Xu 
et al., 2021; Zainab et al., 2020), with the reported removal rate ranging 
from 11% to 86% (Gros et al., 2019). These suggested that the remained 
antibiotics in treated wastewater can threaten the ecological system by 
generating antibiotic resistance and spreading the antibiotic resistance 
genes (Chen et al., 2020a; Elder et al., 2021). Long-term exposure of 
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antibiotics, ultimately, will pose potential risks to the environment. 
As a family of broad-spectrum antibiotics, tetracyclines (TCs) are one 

of the extensive veterinary antibiotics utilized in the livestock industry 
for their beneficial cost effect and effective antimicrobial activities 
(Wang et al., 2021a). TCs have been detected with significant residue in 
livestock wastewater and the maximum concentrations can reach 685.6 
μg/L (Chen et al., 2020b; Hu et al., 2021). TCs are amphoteric molecules 
with multiple ionized groups, including ketone, amino, hydroxyl and 
other functional groups. TCs adsorbed by numerous adsorbents have 
been investigated, and their main adsorption mechanisms include sur-
face complexation, bridging hydrophobic partitioning, cation exchange, 
and electrodonor-acceptor interactions (Cheng et al., 2016; Liu et al., 
2021b; Yang et al., 2021b). 

With regard to struvite recovery from livestock wastewater, the 
recovered products could adsorb antibiotics (Lou et al., 2018; Wang 
et al., 2020), which therefore suggested that the recovered struvite 
present a threat to agricultural production and public health. It should 
be pointed out that struvite generated under different conditions dis-
played different morphologies, which are the key features of struvite 
properties and can therefore determine the efficiencies of struvite re-
covery by accelerating the settling velocity and improving the separa-
tion efficiency, etc. (Shaddel et al., 2019), Such variation of property 
might affect the antibiotic adsorption capacities. However, few studies 
have reported on this issue. In this study, struvite crystallization was 
performed under different conditions by using synthetic wastewater so 
as to obtain different morphologies, and their adsorption capabilities on 
TCs were investigated. Besides, the impacts of Mg existence on the 
adsorption capacity of struvite crystals with various morphologies were 
estimated. The outcomes will provide valuable information for con-
trolling the key parameters of struvite formation to reduce antibiotic 
adsorption during phosphorous recovery process, as well as for further 
studies of antibiotic transport behavior during struvite recovery from 
real swine wastewater. 

2. Materials and methods 

2.1. Chemicals and standards 

In this study, three typical TCs standards, including tetracycline 
(TC), oxytetracycline (OTC) and doxycycline (DXC), were purchased 
from the Alladin Inc. (USA). Tetracycline-D6 (TC-D6), as an internal 
standard for analysis, was obtained from the Tononto Research Chem-
icals Inc., Canada. 

The stock solutions of synthetic wastewater for struvite precipitation, 
including 0.40 mol/L (NH4)2HPO4 and 0.48 mol/L MgCl2, were pre-
pared by dissolving (NH4)2HPO4 and MgCl2⋅6H2O into ultrapure water, 
respectively. Ultrapure water was generated by a Milli-Q water purifi-
cation system (18.2 ΩM cm) from Millipore (Boston, USA). For the 
purpose of regulating pH value during struvite precipitation process, 5.0 
mol/L NaOH and 0.2 mol/L HCl were utilized. 

2.2. Experimental design and setup 

According to the literature, pH value and phosphate concentration 
were the two key factors that determined struvite morphology (Muh-
mood et al., 2021; Prywer and Torzewska, 2009; Ye et al., 2011). In this 
study, a series of experiments were conducted by using synthetic 
wastewater so as to investigate the variation of struvite morphologies 
and their impacts on TCs adsorption. The operational conditions of 
struvite crystallization were conducted on the basis of our previous 
studies (Ye et al., 2014; Ye et al., 2011), where struvite precipitation was 
performed homogeneously (without seeds), and the reaction time was 
set at 60 min with the agitation rate at 200 rpm. In order to achieve high 
phosphorus recovery efficiency, Mg:P molar ratios for struvite crystal-
lization in the experiments were set at 1.2:1. The levels of pH value at 
8.0-10.5 and phosphate concentration were determined by referencing 

the swine wastewater and sludge digestion supernatant, as described in 
previous studies (Cheng et al., 2019; Muhmood et al., 2021; Ye et al., 
2011). The recovered products were pure struvite, which were deter-
mined by the method on the basis of our previous studies (Ye et al., 
2014; Ye et al., 2011). The concentrations of TCs in this study were 
referred to the detected levels in the literature (Wang et al., 2021a). 

2.2.1. Influence of struvite morphology determined by pH variation 
It has been reported that pH variation can change the morphology of 

struvite crystals significantly (Prywer and Torzewska, 2009). In this 
section, a series of experiments were conducted by setting initial phos-
phate concentration at 5.0 mmol/L, and pH values for struvite crystal-
lization were adjusted to 8.0, 8.5, 9.0, 9.5, 10.0 and 10.5, respectively. 
After struvite reaction, crystalline precipitates were individually 
collected into several beakers and rinsed with pure water of corre-
sponding pH values for three times, so as to eliminate the interference of 
residual Mg2+, NH4

+-N and PO4
3− -P. After that, desired TCs contents 

were added into the beaker with pure water to reach 300 μg/L, and then 
subsequent adsorption experiment was carried out by setting pH value at 
9.0, After agitation for 60 min, the aqueous and solid samples were 
withdrawn for antibiotic analyses. 

2.2.2. Influence of struvite morphology determined by different phosphate 
concentrations 

According to previous researches, the changes of PO4
3− ion con-

centrations can produce several morphologies of struvite crystals, 
significantly different from those generated under various pH levels 
(Prywer and Torzewska, 2009; Wang et al., 2021b; Ye et al., 2014). In 
this study, struvite crystallization was achieved by keeping pH value at 
9.0, and initial phosphate concentrations were adjusted at 3.5, 4.5, 5.5, 
6.5, 7.5, 8.5, and 9.5 mmol/L, respectively. After the reaction, crystal-
line products with different morphologies were collected into different 
beakers and rinsed with pure water for three times to exclude Mg2+, 
NH4

+-N and PO4
3− -P. For the experiments of antibiotic adsorption, the 

initial TCs concentration was designed as 250 μg/L. In order to keep the 
mass ratio of adsorbate (TCs) to adsorbent (struvite crystals) in every run 
at a constant value, the working volumes of beakers were set at 1.000, 
1.286, 1.517, 1.857, 2.429 and 2.714 L, respectively, by adding pure 
water. Antibiotic adsorption was performed by dosing desired amount of 
TCs into the beakers, and pH value was kept at 9.0 constantly. After 
agitation for 60 min, the aqueous and solid samples were withdrawn for 
antibiotic analyses. 

2.2.3. Effects of Mg ion on TCs adsorption 
As described in previous studies (Aristilde et al., 2016; Carlotti et al., 

2012), Mg2+ can complex with TCs and therefore influence the transport 
behavior of TCs in the environment. In the present study, the existence 
of Mg2+ ion and its effects on TCs adsorption onto different morpho-
logical struvite crystals were investigated. Before struvite crystalliza-
tion, the initial phosphate concentration was set at 5.0 mmol/L, and TCs 
at 300 μg/L. Subsequent struvite reaction was carried out by setting Mg: 
P molar ratio at 1.2:1, and pH value at 8.0, 8.5, 9.0, 9.5, 10.0 and 10.5, 
respectively. The aqueous samples and precipitates were withdrawn for 
further analysis. 

2.2.4. Effects of initial TCs concentration 
For struvite crystallization, the dosage amount of magnesium source 

is normally excessive, so as to guarantee the efficiency of phosphorus 
recovery. However, as a divalent cation, Mg2+ can theoretically combine 
with TCs to form 1:1 and 1:2 TCs-Mg complexes (Aristilde et al., 2016; 
Carlotti et al., 2012), which might fluctuate the quantity of struvite 
adsorbing antibiotics in case the concentrations of TCs in the wastewater 
change. In this section, the investigation of initial TCs concentration 
ranging from 100 μg/L to 1000 μg/L was conducted, and struvite crys-
tallization was performed at pH 9.0 with initial phosphorus concentra-
tion set at 4.0 mmol/L and P:N:Mg molar ratio at 1:2:1.2, respectively. 
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After the experiment, the samples were withdrawn and subjected to 
solid and liquid separation. The supernatants were further analyzed by 
UV-VIS spectrum to evaluate the interactions between TCs and Mg2+

ion, and the solids were measured to determine TCs adsorption capacity. 

2.3. Analytical methods 

2.3.1. Common methods 
Ammonium (NH4+-N) and phosphorus (PO4

3− -P) were respectively 
determined by Nessler’s reagent and phosphorus molybdenum blue 
spectrophotometry, in accordance with the standard methods (APHA, 
1998). Magnesium ion was assayed by the inductively coupled plasma 

Fig. 1. SEM images of morphological struvite crystals obtained under different pH values. A, pH 8.0; B, pH 8.5; C, pH 9.0; D, pH 9.5; E, pH 10.0; F, pH 10.5.  
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atomic emission spectrometer (Optima 7000DV, PerkinElmer, USA). pH 
was measured by PHS-3C probe. 

2.3.2. Characterization methods 
The crystalline phases produced in struvite precipitation were 

analyzed with X-ray diffractometer (X’Pert PROMPD, PANalytical Ltd., 
Holland). The morphologies of the crystals obtained were assayed by 
scanning electron microscopy (SEM, Hitachi S-4800 FE-SEM, Japan) 
equipped with an energy-dispersive spectrometry (EDS, Horiba 7593-H, 
Japan). The Brunauer-Emmett-Teller (BET) surface area of struvite 
particles was determined by surface area and porosity analyzer 
(Micromeritics ASAP 2020 M + C, USA). The complexation between TCs 
and magnesium ions was analyzed by UV-VIS spectrum (Persee TU- 
1810, China). 

2.3.3. Antibiotics assay 
For solid samples, they were collected and firstly freeze-dried. Sub-

sequently, dosage of 10% (v/v) HCl and ultrasonic extraction for 10 min 
to dissolve the solids were carried out. Solid-phase extraction method 
(Xu et al., 2013) was employed as the pretreatment method to concen-
trate TCs from the samples by using the Oasis HLB cartridge (200 mg, 6 
mL, Waters, Milford, USA). Afterwards, the concentrates were subjected 
to liquid chromatography/tandem mass spectrometry (LC-MS/MS) 
(ABI3200 QTRAP, USA), combining with a Phenomenex Kinetex Sym-
metry C18 column (2.1 mm × 50 mm) for antibiotics identification and 
quantitation. The mass spectrometry system installed with electrospray 
ionization (ESI) source was run in the positive mode with desolvation 
temperature at 300 ◦C and capillary voltage 5.5 kV. 

Recovery rate and linearity were employed to evaluate the deter-
mination of TCs with LC-MS/MS. Detection limits and the quantification 
for the instrument were decided by using calibration curves as reported 
in the previous literature (Lou et al., 2018; Cai et al., 2020). 

3. Results and discussion 

3.1. Influence of morphological struvite with pH dependence 

To investigate the impacts of struvite crystal habits on TCs adsorp-
tion capacity, different morphological struvite crystals were obtained by 
setting pH levels ranging from 8.0 to10.5 for struvite crystallization 
Fig. 1. showed SEM images of struvite crystals. With the increase of pH 
values, struvite morphologies switched from the well-faceted (poly-
hedral) structure to the dendrite structure. Finer-tipped and smaller 
dendrite structures were observed at high pH values Fig. 2. 

demonstrated TCs adsorption capacities and BET surface areas corre-
sponding to various morphological struvite crystals (Fig. 1). The means 
of three antibiotic adsorption capacities were compared with the values 
of DXC 232.7 μg/kg, OTC 224.7 μg/kg and TC 282.4 μg/kg, respectively. 
A stepwise increase of BET surface areas of struvite was observed, while 
TCs adsorption capacities of struvite displayed a distinct profile (Fig. 2 A 
to D), with the maximum values (DXC 359.3 μg/kg, OTC 387.5 μg/kg, 
TC 379.4 μg/kg) on the crystals obtained at pH 8.0 (Fig. 2A). This 
unmatching relationship indicated that the TCs adsorption capacity 
might be determined by the intrinsic property of struvite crystals 
unreported. 

It has been reported that the lattice structure of struvite particle 
comprises NH4

+ and PO4
3− tetrahedral, Mg[H2O]6

2+ octahedral, and 
the rectangular ac or bc crystallite facets are rich in Mg[H2O]6

2+ with 
positive charge (Prywer and Torzewska, 2009; Ye et al., 2014). As for 
TCs, they are hydrophilic compounds with three dissociated groups, 
including tricarbonyl group (TCs1, pKa1), phenolic diketone moiety 
(TCs2, pKa2) and dimethylamino group (TCs3, pKa3) (Pollard and 
Morra, 2018; Yue et al., 2019). As described in the literature, the 
adsorption mechanisms of TCs include hydrogen bonding, electron 
donor-acceptor, π-π dispersion interaction and electrostatic interaction, 
which were pH dependant (Martins et al., 2015; Stylianou et al., 2021; 
Vakh et al., 2021; Yang et al., 2011). In case pH level was enhanced to 
9.0, i.e. alkaline conditions for struvite crystallization, electrostatic 
interaction would be predominant. This was because under such 
circumstance, all the function groups were deprotonation and the TCs 
molecules were negatively charged (Han et al., 2020; Li et al., 2021b). 

As to struvite crystal, it possessed hemimorphic morphology with 
unsymmetrical planes (Figure S1) (Prywer and Torzewska, 2009), which 
indicated that different crystallite faces possessed different magnesium 
densities. It has been reported that Mg contents are rich in struvite 
crystallite faces of (010), (101), (011) and (012), with different Mg2+

densities of 4.258 μmol/m2, 4.100 μmol/m2, 1.944 μmol/m2 and 2.872 
μmol/m2, respectively (Li et al., 2015; Li et al., 2021a). Figure S2 
illustrated struvite molecules on (010) face of struvite crystallite, where 
the green octahedral represented Mg[H2O]6

2+ group. In the present 
study, the peak intensity of XRD diffraction in these crystallite faces was 
recorded (Fig. 3). According to our previous researches (Ye et al., 2011; 
Shen et al., 2015), the crystalline mineral formed was struvite. It should 
be pointed out that the crystallinity of struvite was not significantly 
influenced by pH and Mg existence as shown in Fig. 3. Mg contents in 
different morphological struvite crystallites were calculated as present 

Fig. 2. Antibiotic residues coupling with BET surface values in the morpho-
logical struvite crystals. The adsorption was conducted at pH 9.0, where A, B, C, 
D, E and F in the figure represent the crystals obtained in pH 8.0, pH 8.5, pH 
9.0, pH 9.5, pH 10.0 and pH 10.5, respectively. 

Fig. 3. XRD patterns of different morphological struvite crystals obtained 
under different pH values. A, B, C, D, E and F in the figure represent the crystals 
obtained in pH 8.0, pH 8.5, pH 9.0, pH 9.5, pH 10.0 and pH 10.5, respectively. 
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in Table 1. It should be noted that Mg contents of well-faceted crystals 
were matching with the variation of TCs adsorption capacities. Such 
outcome was significant, since it not only confirmed that Mg[H2O]6

2+

octahedral in struvite crystal was prone to adsorb antibiotics through 
electrostatic interaction as described in the above text, but also revealed 
that the crystallite morphology (Mg contents) of struvite played a sig-
nificant role on TCs adsorption capacity. 

It should be pointed out that high Mg contents in struvite crystallites 
produced at pH 10.0 (Table 1, E column) and pH 10.5 (Table 1, F col-
umn) didn’t result in dramatic increment of TCs adsorption capacities, 
as shown in Fig. 2. As described in the literature, higher pH values would 
increase the supersaturation degree of struvite crystallization and 
improve negative zeta potential in the solution, which would lead to the 
struvite crystal growth of dendrite structure with small size (Fig. 1 E and 
F) due to the enhancement of electrostatic repulsion among crystallites 
(Prywer and Torzewska, 2009; Shaddel et al., 2020; Ye et al., 2014). 
Considering TCs negatively charged under alkaline condition (Li et al., 
2021b), the increment of negative repulsion onto struvite crystals might 
offset a certain amount of TCs adsorption, despite the increase of BET 
surface areas of crystals in the last two runs (Fig. 2). 

3.2. Influence of morphological struvite determined by phosphate 
concentration 

In this part, struvite crystals with different morphological shapes 
were obtained by setting initial phosphate concentrations for struvite 
crystallization from 3.5 to 9.5 mmol/L, and their TC adsorption capac-
ities were investigated Fig. 4. demonstrated the SEM images of the 
struvite crystals. In the case of phosphate concentrations higher than 7.5 
mmol/L, the major morphology of struvite crystal kept needle shapes, 
while a certain amount of X shapes were observed (Fig. 4 E, F and G). As 
to TCs adsorption capacity, it demonstrated a similar profile with BET 
surface areas corresponding to different morphological shapes of stru-
vite crystals (Fig. 5), where the profiles firstly displayed a gradual in-
crease to initial phosphorus concentration at 5.5 mmol/L following with 
a stable stage. In this stage, TCs possessed the maximum adsorption 
capacities at DXC 509.0 μg/kg, OTC 841.7 μg/kg and TC 951.6 μg/kg, 
respectively. A further simultaneous decline of TCs adsorption capacities 
and BET surface areas were observed. 

According to previous studies, higher phosphorus concentrations in 
struvite crystallization created higher degrees of supersaturation con-
dition, and thereafter more formation of crystal nuclei and spontaneous 
aggregation could be generated (Prywer and Torzewska, 2009; Shaddel 
et al., 2019; Ye et al., 2014). Moreover, excess supersaturation by 
increasing phosphorus concentration could trigger the transformation of 
struvite morphology from needle to dendritic shapes with X-shape as an 
intermediate stage (Shaddel et al., 2019), as displayed in Figure 4. The 
occurrence of X-shape morphology indicated the formation of twin 
crystals assembling along the direction of (001) crystallite face (Li et al., 
2015; Liu and Qu, 2017; Manzoor et al., 2018), which would squeeze 
and destruct the formation of (012) or (011) crystallite planes (Shaddel 
et al., 2019). This was confirmed by the XRD spectra (Figure S3), where 
the intensity of (011) and (012) faces rich in Mg density were signifi-
cantly reduced. Such results suggested that the appearance of X-shape 

morphology would limit the exposure of Mg-containing crystallite sur-
face, and therefore a matching trend of decrease of TCs adsorption ca-
pacities and BET surface areas was observed in Fig. 5. 

3.3. Effects of Mg ions existence 

To investigate Mg2+ influences on different morphological struvite 
crystal adsorbing TCs, struvite crystallization was conducted at different 
pH values ranging from 8.0 to 10.5, with excessive magnesium exis-
tence. The adsorption capacities were depicted in Fig. 6. Although 
similar struvite morphologies were observed as those presented in Fig. 1, 
obvious distinctions on TCs adsorption capacities were detected, 
compared to those determined in pure water (Fig. 2). The profile of TCs 
adsorption capacity displayed a stable stage when pH was below 9.0. 
Once pH value was enhanced up to 9.5, a steady increase of TCs 
adsorption capacity could be obtained (Fig. 6), with the maximum 
values of DXC 532.1 μg/kg, OTC 595.1 μg/kg and TC 1136.0 μg/kg. 
These levels were significantly higher than those of DXC 359.3 μg/kg, 
OTC 387.5 μg/kg and TC 379.4 μg/kg displayed in Fig. 2, respectively. 
Such discrimination suggested that the existence of magnesium ion in 
the liquor made an important contribution to TCs adsorption capacity. 

As described in the above section, struvite crystallite faces with 
different surficial magnesium densities possessed different TCs adsorp-
tion capacities, which was based on the function of electrostatic repul-
sion in alkaline conditions. However, the comparison of TCs adsorption 
data in Fig. 6 to those in Fig. 2 revealed that the presence of excessive 
Mg2+ ion could improve TCs adsorption, especially when pH was above 
9.5. Thereafter, the interaction between Mg2+ and TCs was examined by 
evaluating the changes of UV-VIS spectrum. As shown in Fig. 7, the co- 
existence of Mg ion with TCs resulted in peak shift and amplified the 
absorbance intensities. The absorbance intensities of characteristic 
peaks of TC were enhanced from 0.865 to 0.985 and 0.890 to 1.208, OTC 
from 0.919 to 0.992 and 1.007 to 1.193, and DXC from 0.955 to 1.339, 
respectively. Such peak amplification confirmed that Mg2+ could 
chelate with TCs to form antibiotic-metal complexes (Chang et al., 2013; 
Yang et al., 2021a; Zhou et al., 2020). 

According to the literature, TCs are a type of hydrophilic compounds 
with three dissociated groups, i.e. tricarbonyl group (TCs1, pKa1), 
phenolic diketone moiety (TCs2, pKa2) and dimethylamino group (TCs3, 
pKa3) (Pollard and Morra, 2018; Yue et al., 2019). The protonation or 
deprotonation of TCs molecules is pH-dependent. Take OTC as an 
example, the dissociation constants (pKa) of OTC1, OTC2 and OTC3 are 
3.57, 7.49 and 9.44, respectively (Han et al., 2020), which suggests that 
OTC molecular conformation will be negatively (7.49 < pH < 9.44) or 
much more negatively (pH > 9.44) charged in alkaline conditions. 
Accordingly, the interaction of electrostatic repulsion between TCs and 
struvite crystals was predominant. It should be noted that Mg2+ ion was 
prone to react with TCs at the functional groups of phenolic diketone 
moiety and dimethylamino group subsequently to form antibiotic-metal 
complexes (Aristilde et al., 2016; Chang et al., 2013), which was also 
supported by the profile variation in Fig. 7. This indicated that excessive 
Mg2+ would inhibit TCs deprotonation and thereafter improve the 
negative potential of TCs. Consequently, struvite crystals were liable to 
adsorb TCs molecules, and the steady increase of TCs adsorption 

Table 1 
Mg contents in different morphological struvite crystallites obtained under different pH values. A, B, C, D, E and F in the table represent the crystals obtained in pH 8.0, 
pH 8.5, pH 9.0, pH 9.5, pH 10.0 and pH 10.5, respectively.  

Crystallite faces Peak height of XRD diffraction 

A B C D E F 

(010) 836 547 352 504 3088 1123 
(101) 691 917 502 898 112 222 
(011) 3777 2749 3143 2654 5752 5422 
(012) 4890 4181 6133 3996 3748 7676 
∑Crystal faces

i Heighti × Mg densityi 
27779 23441 27281 22464 35554 38278  
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capacity matching with pH enhancement was observed (Fig. 6). 

3.4. Effects of initial TCs concentration 

The investigation of initial TCs concentration on struvite adsorbing 

antibiotics at the existence of excessive Mg2+ was performed. As 
demonstrated in Fig. 8, a gradual enhancement of TCs adsorption ca-
pacities was obtained, while a following decline was observed once the 
initial TCs concentration reached 550 μg/L. Drastic increase was 
detected when the initial TCs concentration was at 1000 μg/L, with the 

Fig. 4. SEM image of struvite crystals with different particle sizes. The initial phosphate concentrations for struvite crystallization were set at 3.5 (A), 4.5 (B), 5.5 (C), 
6.5 (D), 7.5 (E), 8.5 (F), and 9.5 (G) mmol/L, respectively. 
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Fig. 4. (continued). 

Fig. 5. Antibiotic residues coupling with BET surface values in the struvite 
crystals obtained under different phosphate concentrations. The initial phos-
phate concentrations for struvite crystallization were set at 3.5 (A), 4.5 (B), 5.5 
(C), 6.5 (D), 7.5 (E), 8.5 (F), and 9.5 (G) mmol/L, respectively. 

Fig. 6. Effects of Mg2+ existence on TCs adsorption capacities under different 
pH values of struvite crystallization, including pH 8.0 (A), pH 8.5 (B), pH 9.0 
(C), pH 9.5 (D), pH 10.0 (E) and pH 10.5 (F). 

Fig. 7. UV-VIS spectrum of TCs combining with Mg2+ ions.  

Fig. 8. Effect of initial TCs concentration on struvite adsorbing TCs at pH 9.0.  
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maximum adsorption capacities of DXC 876.5 μg/Kg, OTC 1946.7 μg/Kg 
and TC 2376.2 μg/Kg, respectively. 

As described in the about text, the hydrophilic TCs possess three 
functional groups, which can dissociate under different pH values. For 
the neutral and alkalescent situations, TCs possess three species, i.e. free 
TCs, mono- (TCsH− ) and dianions (TCs2− ) (Li et al., 2021b; Vakh et al., 
2021). As the external source for struvite precipitation, Mg2+ ion is 
prone to complex with TCs on phenolic diketone moiety (TCs2, pKa2) 
and dimethylamino group (TCs3, pKa3) subsequently to form 1:1 and 1:2 
TCs-Mg chelates (Aristilde et al., 2016; Carlotti et al., 2012; Zhou et al., 
2020). Such complexation suggests that Mg2+ ion has competitive ef-
fects with struvite crystals to chelate TCs molecules, and might improve 
or inhibit TCs adsorption onto struvite crystals. 

In this study, the elevation of initial TCs concentration from 100 μg/L 
to 550 μg/L resulted in the increase of TCs adsorption capacity (Fig. 8), 
which indicated that Mg2+ ion was excessive and could combine with 
TCs to form 1:2 TCs-Mg chelates (Carlotti et al., 2012; Zhou et al., 2020). 
This could be supported by the variation of UV-VIS spectrum 
(Figure S4), where the profiles of low initial TCs concentrations dis-
played high absorbance intensities. Therefore, TCs deprotonation was 
inhibited, resulting in the increase of TCs negative potential. Conse-
quently, struvite crystals were liable to adsorb TCs molecules. It should 
be noted that the further enhancement of TCs concentration from 550 
μg/L to 850 μg/L resulted in a decline of TCs adsorption capacity. This 
was because the chelation between Mg2+ and dimethylamino group in 
TCs molecules was unsaturated, and the predominant species was 1:1 
TCs-Mg complex (monoanion, TCsH− ) with less hydrophobicity (Wes-
sels et al., 1998). The more initial TCs content had, the less percentage of 
TCs chelated with Mg2+, and more free hydrophobic TCs molecules 
existed in the liquid (Carlotti et al., 2012; Wessels et al., 1998; Zhou 
et al., 2020). Therefore, a drastic augment of TCs adsorption was 
observed at the initial TCs concentration at 1000 μg/L. 

4. Conclusion 

This study was conducted to investigate the adsorption behavior of 
TCs onto different morphological struvite crystals, which were formed in 
synthetic livestock wastewater. The effects of Mg ions existence and 
initial TCs concentration were also investigated. The predominant 
adsorption between TCs and struvite crystals was electrostatic interac-
tion, with the maximum capacity at DXC 876.5 μg/Kg, OTC 1946.7 μg/ 
Kg and TC 2376.2 μg/Kg, respectively. Well-faceted struvite crystallites 
possessed higher adsorption capacities than those of dendritic crystal-
lite, due to higher Mg intensities on the crystallite surface. The 
enhancement of phosphorus concentration could trigger the trans-
formation of struvite morphology from needle to dendritic shapes with 
X-shape as an intermediate stage, which would reduce Mg density in 
specific crystallite facets and therefore limit TCs adsorption onto struvite 
crystals. The existence of Mg2+ ion would inhibit TCs deprotonation and 
thereafter improve TCs adsorption onto struvite crystals. Further 
investigation revealed that continuously elevating initial TCs concen-
tration would promote the formation of 1:2 TCs-Mg chelates transferring 
to 1:1 TCs-Mg chelates which would result in a fluctuation following a 
drastic augment of TCs adsorption capacity. Further experiments will be 
extended to struvite recovery in the real swine wastewater, and the ef-
fects of dissolved organic and inorganic components on antibiotics 
adsorption process will be investigated. 
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