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Abstract

:

In the present study, the adsorption behavior of sulfadiazine (SDZ) on various sediments under different hydrodynamic conditions generated by a rocking shaker was investigated. Based on the dye mixing experiments, three regimes with different hydrodynamic characteristics, i.e., laminar, transition, and turbulent regimes, were identified. The hydrodynamic intensity was found to have a positive effect on the adsorption of SDZ, In general, the adsorption capacity followed the order of turbulent > transition > laminar > static. Compared to quartz sands, montmorillonite exhibited a narrower range of adsorption capacity under different hydrodynamic conditions, which implies it is less sensitive to the hydrodynamic conditions. For adsorption kinetics, sands fit the pseudo-first-order model, while montmorillonite fits the pseudo-second-order model. For adsorption thermodynamics, the Freundlich model showed a better correlation coefficient for all sediments. In addition, it was found that particle size could affect the antibiotic adsorption capacity, and the presence of salts inhibited the adsorption performance.
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1. Introduction


Antibiotics have been widely used in the medical, farming, and livestock industries, and antibiotic pollution in the environment has become a critical issue globally. The antibiotic residues in various water environments have been found to range from nanograms to micrograms per liter in surface water and nanograms to micrograms per gram in sediment [1,2,3,4]. The residual antibiotics in wastewater will be discharged into the ocean through estuaries, which ultimately leads to a relatively high concentration of antibiotics in the coastal environment [5,6]. It is especially difficult for the antibiotics to be degraded. For example, sulfonamides arecontaminants that can be retained in both coastal water and sediments for a relatively long time [7,8]. Antibiotic residues and their resulting antibiotic-resistant genes also pose an incalculable risk to the ecological cycle of marine microorganisms and human health. Natural selection in the marine water environment can cause the accumulation of bacteria with antibiotic-resistant genes in the environment, producing strains with high levels of drug resistance, and even superbugs, which can cause serious outbreaks of infectious diseases and increased mortality.



A large number of studies have been conducted to examine the adsorption and desorption processes of antibiotics in water and sediment. Li et al. [9] investigated the mechanism and kinetics affecting the adsorption of methamphetamine on marine sediments and simulated the adsorption-desorption behavior of methamphetamine pyrimidine (TMP) in the seawater-sediment system using intermittent stirred flow chamber (SFC) experiments. Doretto et al. [10] studied the sorption–desorption process of sulfadiazine (SDZ) in a Brazilian soil–water system using intermittent equilibrium experiments. Four types of soils were used for the adsorption of bin and SDZ. Jara et al. [11] investigated the partitioning processes in the water–sediment system of two antibiotics used in farms, flumequine and florfenicol, and they found that the water–sediment partitioning relationship is a key driver of their antibiotic sorption migration. Li et al. [12] studied the hygromycin adsorption process in marine sediments, where they conducted intermittent and stirred flow chamber (SFC) experiments on two marine sediments in order to reveal the kinetic mechanism of the antibiotic adsorption/desorption process. It was found that the adsorption capacity of marine sediments was related to the organic carbon (OC) and fine particle content in the sediments, and different salinity and pH had significant effects on the adsorption performance. These studies mainly focused on the effects of physicochemical properties of the sediment and aqueous environment on the antibiotic migration process. However, the water environment is dynamic in reality, and the effect of hydrodynamic condition on the antibiotic migration process between the water and sediment has not been explored sufficiently.



Previous studies showed that the disturbances induced by wind waves played an important role in the adsorption and desorption process of antibiotics regarding the lake suspended particulate matter. Liao et al. [13] investigated the adsorption and desorption processes of two antibiotics on sediments under the disturbing conditions of wind and waves, and they found that the sediment adsorption capacity of tetracycline and sulfadiazine was significantly enhanced under strong wind conditions. Similarly, Li et al. [14] investigated the process of antibiotic adsorption and migration in the water–sediment interface under simulated wind disturbances by using a stirrer, and they found that both cation exchange capacity and organic matter content affected the adsorption of antibiotics, and the resuspension of sediments promoted the migration transition of antibiotics in the water–sediment interface. Li et al. [15] investigated the kinetics of antibiotic adsorption at the water–sediment interface under the action of wave currents and found that the wave-generated shear force led to a significant increase in the efficiency of antibiotic removal by the lake sediments. Xu et al. [16] investigated the transport and distribution of four antibiotics between coastal water and sediment in both dynamic and quiescent environments by using a lid-driven annular flume, and it was found that there was a more rapid diffusive transfer of antibiotics from water to sediment in the dynamic environment. Previous studies showed that the hydrodynamic condition could affect the adsorption process significantly in the lake environment. However, the effect of hydrodynamic condition on adsorption in the oscillatory coastal environment has not been explored in depth.



In order to better understand the migration process of antibiotics in dynamic coastal environment, the effect of hydrodynamic condition on the antibiotic adsorption behavior between water and sediment was investigated experimentally. In this study, a rocking shaker was used to generate the periodic oscillatory dynamic environment, and the adsorption performance of sulfadiazine (SDZ) on various sediments under different hydrodynamic conditions was examined. Moreover, the effects of particle size and salinity on the adsorption capacity were also analyzed. This study mainly focused on the inorganic components of marine sediments, and the effect of organic components was not considered. This study may help provide a basis to further understand the fate of antibiotics in the estuary and coastal environments.




2. Experimental Methodology


2.1. Setup and Materials


In this study, a rocking shaker (model: Lizhen Technology, RS1) was used to generate the oscillatory flow environment, and the specification of the shaker is shown in Table 1. A transparent acrylic tank with geometry of 280 mm (L) × 150 mm (W) ×200 mm (H) was placed on the shaker platform as the container.



Sulfadiazine (SDZ) (purity > 98.0% by weight), purchased from Shanghai Yuanye Biotechnology Co., was applied as the targeted antibiotic. Quartz sands with different particle diameter and montmorillonite (0.075–0.090 mm) were purchased from Shanghai Maclean Biochemical Reagent Co. The marine sediment samples used in the experiments were collected from the Hangzhou Bay, China at the location of longitude 122.330461° E and latitude 29.933766° N. The basic physicochemical properties of the sediments are shown in Table 2. The pH of the sediment was measured by a pH meter. The dry volume weight was obtained by the cutting ring method by weighing 100 mL volume of sediment and calculating the mass difference before and after drying. The water content was calculated by the ratio of the value of the wet volume weight minus the dry volume weight to the wet volume weight. The particle size composition was obtained by the sieving method with 10 mesh and 300 mesh aperture screens, respectively. The organic matter was measured by an organic carbon analyzer. The proportions of C, H, and N elements were obtained by elemental analyzer. The XRD analysis of the sediments was shown in Figure 1. It can be seen that the diffraction spectral peaks of the sediment appear at 2θ = 20.054°, 22.220°, 23.574°, 27.906°, 31.138°, 36.191°, 43.339°, 50.079°, which coincided with the X-ray diffraction of SiO2 and CaCO3, indicating that SiO2 and CaCO3 shall be the main components of the sediment samples.



High performance liquid chromatography (HPLC, model: Waters Model 2998) was used to measure the concentration of SDZ. Methanol (99.9% purity, ACS/HPLC grade) and phosphoric acid (Chromatographic grade, 85–90%,) for HPLC measurements were purchased from Beijing Bailingway Technology Co., and Shanghai Aladdin Reagent Co., respectively. Ultrapure water was used for all the experiments. The pH of the water in the tank in all experiments was maintained at neutral, and the experimental temperature was kept at 25 °C.




2.2. Dye Mixing Experiments


Dye mixing experiments were conducted first to characterize the hydrodynamic conditions in the shaking container. The rocking motion of the shaker produces fluid motions and mixing in the container, and the container was placed on the shaking platform. According to Gardner and Tatterson [17], the Reynolds number Re of a rocking shaker was defined as:


  R e =   N  L 2   ν   



(1)




where N is the frequency of shaking,   L =  V   1 3     , and v is the kinetic viscosity coefficient of the fluid.



Similar to the mixing induced by an impeller, a homogenization number Ho of the rocking shaker was defined to characterize the mixing effectiveness [18,19]:


   H o  = N θ  



(2)




where θ is the mixing time. Higher Ho value represents less effective mixing.



In this experiment, tap water was used as the working fluid, and food coloring solution was used as the dye tracer. The density of the dye is approximately equal to that of tap water, and the effects of gravity can be ignored. Different shaker oscillation frequencies ranging from 10 to 60 rpm were used to investigate the effects of oscillation frequency on the mixing time. The dye droplet was added into the fluid with almost no momentum, and the experiment lasted until the dye was homogeneously mixed within the container.




2.3. Antibiotic Adsorption Experiments


In this study, the adsorption behavior of SDZ on marine sediments under various conditions was investigated. The concentration of the SDZ solution ranged from 0.2 to 2 mg/L, and the shaking speed was adjusted from 10 to 60 rpm. During the experiment, the tank was fully covered by a black curtain to eliminate the light effects, certain amounts of sands or montmorillonite were placed on the bottom of the tank, and 1 L SDZ solution with different concentration was added slowly. For the adsorption kinetic experiments, the sample solution was collected at t = 0, 5, 10, 20, 30, 40, 50, 60, 120, 180, and 240 min. The sample was filtered by a 0.45 μm needle filter and then analyzed to measure the concentration. The isothermal adsorption experiments were performed with similar procedure, and the samples with different initial concentrations of SDZ were collected when the adsorption equilibrium was reached at 120 min. HPLC was used to examine the antibiotic concentration by using a C18 reversed-phase column (4.6 × 250 mm, 5 μm). The column temperature was 30 °C. Optimal separation was achieved by isocratic elution of 80% phosphoric acid (0.05%) and 20% methanol. The flow rate was 1 mL/min, the injection volume was 20 μL, and the detection wavelength was 267 nm. The concentration of antibiotic adsorbed on the sediment is obtained by subtracting the detected residual concentration from the initial concentration of the antibiotic, and the amount of adsorbed SDZ can be calculated as follows.


   Q t  =      C 0  −  C t    V  W   



(3)




where Qt is the adsorption capacity (mg/kg), Ct is the concentration of sulfadiazine solution at time t (mg/L), C0 is the initial concentration of sulfadiazine (mg/L), W is the weight of the sediment (kg), and V is the volume of the solution (L).





3. Results and Discussion


3.1. Characterization of Hydrodynamic Conditions by Dye Mixing


In this study, three regimes with different hydrodynamic characteristics were observed: laminar, transition, and turbulent regimes.



When the rocking speed of the shaker was low, i.e., 10–20 rpm, the mixing in the water tank was in the laminar regime. In this condition, there was no deformation of the fluid surface in the tank. When the dye was gently injected into the fluid, it suspended in the fluid and did not disperse quickly, but rather followed the oscillatory movements of the surrounding fluid. Over time, it deformed and dispersed slowly into the fluid. Compared to the other two regimes, the dye droplet in the laminar regime retained its original shape for a relatively long time, and the mixing time of the laminar regime was much longer.



When the shaking speed was higher, i.e., 25–40 rpm, the fluid surface started to deform with a higher frequency of oscillation and surface waves can be observed. Similar to the laminar regime, at the beginning, the dye droplet suspended in the fluid and followed a periodic oscillatory motion with the fluid. However, due to the stronger fluid motion, weak dispersion can be observed as soon as the dye droplet was injected into the fluid. The experimental results showed that the dye droplet diffused into agglomerated flocs under the stronger oscillation and followed the motion of the surrounding fluid. It took a shorter time for the droplet to be mixed homogeneously over the tank.



As the shaking speed kept increasing, i.e., 45–60 rpm, strong turbulence can be observed within the tank. The dye droplet deformed and spread almost immediately once it was injected into the fluid, and only a few seconds were required before the mixing became homogeneous. The turbulent regime produced the strongest mixing, which occurred very rapidly.



The relationship between the mixing time and shaking period is shown in Figure 2. It can be seen that, as the shaking period increases (shaking frequency decreases), the mixing time increases. For the laminar regime, the mixing time ranges from 150 to 310 s. In this regime, decrease in the shaking period can shorten the mixing time significantly. For transition regime, the mixing time is shorter than that in the laminar, ranging from 6 to 26 s. For the turbulent regime, the mixing is the most explosive, and the mixing time is within a few seconds.



Figure 3 demonstrates the relationship between the Reynolds number and homogenization number. The homogenization number also clearly showed the three different regimes, which coincided with the previous results. It can be seen that, when Re ranged from 1667 to 3333, Ho was maintained at a relatively high value, i.e., above 50. In this regime, Ho even increased as Re increased. The reason is that Ho is the product of the shaking frequency and mixing time, and, when the mixing is fairly weak, a higher frequency may not reduce the mixing time quickly. The reduction in mixing time is slower than the increase in the shaking frequency, and this leads to an increase in Ho. When Re ranged from 4167 to 6666, the flow entered the transition regime. In the transition regime, the effect of Re on Ho was negligible, where Ho retained almost a constant of 10 as Re increased, which implies that an increase in the shaking speed will not affect the mixing effectiveness. As Re increased further, the value of Ho dropped rapidly. In the turbulent regime (i.e., Re > 7500), Ho decreased with Re, which suggests that the mixing is more effective, and the enhanced frequency can lower the mixing time considerably.




3.2. Effect of Hydrodynamic Condition on SDZ Adsorption


The adsorption performance of sulfadiazine on various sediments under different hydrodynamic conditions was investigated, as shown in Figure 4. The Reynolds number ranged from 1677 to 9166 with three types of sediments being used: coarse sand (2–3 mm), fine sand (250–425 μm), and montmorillonite. It can been seen that the adsorption amount increased rapidly from 0 to 60 min. Thereafter, the increase became slow, and the adsorption reached the steady state at about 120 min for all cases.



Figure 4 shows that the adsorption behavior under different hydrodynamic conditions varies significantly, which implies that the hydrodynamic condition plays an important role on the antibiotic adsorption. As the Re increased, the adsorption amount increased generally. For coarse sand and montmorillonite, as Re increased from 1677 to 9166, the adsorption amount increased from 2.211 mg/kg to 5.548 mg/kg and 1.362 mg/kg to 2.051 mg/kg, respectively. Fine sand exhibited the maximum adsorption in the transition regime, which was 3.846 mg/kg. The reason could be that higher Re induces more intensive hydrodynamic environment, which leads to more extensive contact between the sediments and fluid, and thus more antibiotic could be adsorbed by the sediments.



By comparing the adsorption behavior of different sediments under the same hydrodynamic condition, it was found that the adsorption capacity of the sediment sample >2–3 mm sand > 250–425 μm sand >montmorillonite in the dynamic environment. This finding is similar to that of Kim et al. [20], who classified particle size into sand, silt, and clay with the aim of finding out the effect of particle size of sediment on fluoride adsorption and found that particles with larger diameters had higher adsorption capacity for fluoride. However, when the fluid was static, montmorillonite showed an adsorption capacity of 1.172 mg/kg, which was higher than both coarse and fine sands. In this study, the adsorption of SDZ on montmorillonite was found to be smaller than that of tetracycline and ciprofloxacin antibiotics, where montmorillonite showed a stronger adsorption capacity [21]. Tetracycline and ciprofloxacin are molecules in a positively charged ionized state, while sulfadiazine is generally negatively charged at pH values greater than 4, which limited its adsorption on montmorillonite. It also can be seen that, for coarse and fine sands, the adsorption amount varied significantly as the Reynolds number increased from static to the turbulent regime. For 2–3 mm sand, the adsorption amount was enhanced by 7.3 times. Additionally, the adsorption capacities of coarse and fine sands changed in opposite ways when the Reynolds number was changed from 5833 to 9166. To the contrary, the effect of hydrodynamic condition on the adsorption behavior of montmorillonite was relatively small. As Re increased from 0 to 9166, the adsorption amount was only increased by 1.75 times. This suggests that montmorillonite tends to be less sensitive to antibiotics adsorption than to the changes in hydrodynamic conditions. This could be attributed to the different physicochemical properties between sands and montmorillonite. Montmorillonite has smaller particle diameter, as well as lower density. Hence, it is easier to be mixed well with the fluid even when the hydrodynamic condition is relatively weak. While, for sands, the hydrodynamic condition plays a more important role on the particle resuspension and mixing, and it leads to more variable results [22,23]. It can be seen in Figure 4D that the adsorption capacity of marine sediment samples was slightly greater than that of coarse sands, regardless of the hydrodynamic conditions, which is consistent with the physiochemical properties of the sediment samples. In addition, the presence of organic matter in the real sediments promoted the adsorption of antibiotics, which led to a higher adsorption capacity.



To analyze the adsorption kinetic mechanism, the experimental results were fitted by the pseudo-first-order (PFO) and pseudo-second-order (PSO) models, as shown in Table 3. The models can be expressed by:


  l n    q e  −  q t    = l n  q e  −  k 1  t  



(4)






   t   q t    =  1   k 2   q e 2    +  1   q e    t  



(5)




where k1 (min−1) and k2 (kg·mg−1·min−1) are the adsorption rate constants of the PFO and PSO kinetic models, respectively, and qt and qe are the amount of antibiotic adsorbed per unit mass of sediment at moment t and at equilibrium (mg/kg), respectively [24].



It can be seen that both models can represent the adsorption process well, i.e., R2 > 0.9. Comparatively, PFO is more suitable for the SDZ adsorption on quartz sands and marine sediment as the R2 of PFO is slightly higher, which suggests that the adsorption is mainly dominated by physical adsorption. For montmorillonite, the PSO model has a higher R2 and fits the adsorption process better. This finding is similar to that of Wu [21] et al. who studied the adsorption of tetracycline and ciprofloxacin on montmorillonite and found that the PSO model is more suitable to describe the kinetic process of adsorption of both antibiotics on montmorillonite.



The SDZ adsorption isotherms of different sediments under various hydrodynamic conditions were studied as well. Figure 5 shows the relationship between the equilibrium adsorption capacity and equilibrium concentration at initial concentration of 0.2–2 mg/L. Both the Freundlich and Langmuir models were applied to analyze the experimental results,


   q e  =  K F   C e   1 n     



(6)






   q e  =  q m     K L   C e    1 +  K L   C e     



(7)




where qm is the maximum adsorption capacity of the sediment, KL is the Langmuir isothermal adsorption rate value, and KF is the Freundlich isothermal adsorption coefficient.



Figure 5 shows that the antibiotic adsorption capacity increases with equilibrium concentration for all the cases. In general, the equilibrium adsorption capacity of SDZ followed the order of marine sediment >2–3 mm sand > 250–425 μm sand >montmorillonite, which was consistent with the kinetic results. By comparing the adsorption behavior under different hydrodynamic conditions, it was found that larger Re tended to generate higher equilibrium adsorption capacity. This shall be attributed to the better mixing performance under stronger turbulent environment [25]. Specifically, the adsorption capacities under transition and turbulent regimes are almost identical for 250–425 μm sand. However, for montmorillonite, the difference between laminar and transition regimes is negligible.



The isotherm model fitting results are demonstrated in Table 4. Both Freundlich and Langmuir models showed good correlation with the experimental results (i.e., R2 > 0.9). However, the R2 values of Freundlich were slightly higher than that of Langmuir for all types of sediments, indicating that the Freundlich model fit the adsorption behavior better. This suggests that the distribution of active adsorption sites on the sediment surface is not uniform [26]. The qm of sediment in this study ranged from 25.86 to 41.954 mg/kg. Table 5 shows the maximum sorption capacity (mg/kg) of lake sediments for four different sulfonamide antibiotics in a similar study. From the table, it can be seen that the adsorption capacities of the sediments in this study are all roughly in the same range as the references. Additionally, the Freundlich empirical constant n is greater than 1 for all the cases, implying that SDZ can be easily adsorbed on the sediments. The reason for this nonlinear adsorption result is that, when pH > 6.5, the sulfadiazine molecule is deprotonated and has a neutral or negative charge. The adsorption of SDZ on coarse and fine sands under van der Waals forces exhibits the physical adsorption characteristics. For negatively charged montmorillonite, there is an electrostatic phase repulsion between molecules that affects the adsorption on the particle surface. Therefore, Freundlich is more suitable to describe this nonlinear isothermal adsorption process. Similarly, Akcay et al. [27] found that the Freundlich model was able to fit the flurbiprofen adsorption on modified montmorillonite well. Bansal’s [28] study also showed that the Freundlich adsorption isotherms were better fitted to the adsorption of tetracycline on montmorillonite.



In this study, the effect of hydrodynamic conditions on the adsorption performance was investigated by examining the relationship between the hydrodynamic parameter and the adsorption coefficients. Figure 6 shows the variation of kinetic adsorption rate and Freundlich coefficient under different Re. For the adsorption kinetics, K1 is used for quartz sands and marine sediment, and K2 is used for montmorillonite, as the fitting models are different. Figure 6A showed that the kinetic adsorption rate was maintained as relatively stable at laminar and transition regimes, while it varied significantly at the turbulent regime. This implies that turbulence intensity has a strong effect on the adsorption kinetics. Figure 6B showed the relationship between Freundlich coefficient and Re, and, it can be seen that, for montmorillonite, KF remained almost constant in all regimes, while for sands and marine sediment, the value of KF increased firstly and then decreased as Re increased.




3.3. Effects of Particle Size and Salinity on SDZ Adsorption


Particle size was found that have a strong relationship with the adsorption capacity. Wang et al. [30] found that large particle size can significantly inhibit the adsorption of BPA on the sediments. Buyang et al. [31] also found that fine particles tended to adsorb more lead than coarse particles. Figure 7 shows the equilibrium adsorption amount of different particles under the same hydrodynamic condition. It can be seen that, compared to quartz sands, montmorillonite had the lowest adsorption capacity, which was 2.136 mg/kg. The adsorption capacities of different quartz sands were 5–10 μm > 2–3 mm > 90–106 μm > 1–2 mm > 5–8 mm > 250–425 μm, and the adsorption capacity ranged from 4.758 to 7.420 mg/kg. The results showed that there was no linear relationship between the particle size and adsorption capacity. The greater adsorption capacity of fine sand for antibiotics is attributed to the different interlayer structure [32,33].



The effects of salinity on the adsorption behavior of SDZ on different sediments were also investigated in this study. Figure 8 shows the adsorption amount of SDZ under various concentration of NaCl at Re = 7500. As the salinity increased from 0 to 0.5 mol/L, the adsorption capacity of 2–3 mm and 250–425 μm and montmorillonite and sediment samples decreased from 6.798 to 0.564 mg/kg, 4.758 to 0.397 mg/kg, 1.956 to 0.074 mg/kg and 6.898 to 0.648 mg/kg respectively. It is obvious that the presence of NaCl will inhibit the adsorption of antibiotics, and, the higher the salinity, the smaller the amount of antibiotic that could be adsorbed by the marine sediments [34,35,36,37].





4. Conclusions


In this experiment, the adsorption process of sulfadiazine antibiotics on common marine sediments under periodic hydrodynamic conditions and the effects of salinity and particle size were investigated. Three hydrodynamic regimes with different characteristics were identified, and the adsorption kinetics and thermodynamics of SDZ under different regimes were studied. It was found that the adsorption capacity varied under different regimes with the order of turbulent > transition > laminar, generally, which shall be attributed to the more intensive contact between the sediments and solution induced by the stronger hydrodynamic condition. In this study, quartz sand and montmorillonite are the main components of the marine sediments collected from Hangzhou Bay. Compared to quartz sands, montmorillonite is less sensitive to changes in the hydrodynamic environment. This is due to the electrostatic repulsion between the negatively charged montmorillonite and the negatively or neutrally charged sulfadiazine molecules, which inhibited the adsorption effect under different hydrodynamic effects. The kinetic adsorption process of quartz sand and marine sediment was mainly based on physical adsorption, while for montmorillonite, the PSO kinetic equation fitted better. Besides, the effects of particle size and salinity on the SDZ adsorption were examined in this study as well. The results showed that particle size has a strong relationship to adsorption capacity. Meanwhile, high salinity tends to inhibit the adsorption capacity, as the presence of salts might change the physicochemical properties of the sediments. It shall be noted that only inorganic components were used to represent the marine sediments, and the effect of organics was not considered in the present study. It was also found that, for fine sands, the adsorption amount may not increase with the Reynolds number, which deserves a deeper investigation in the future study. In general, this study may help provide the basis to further understand the fate of antibiotics in the estuary and coastal environments. Additionally, as the hydrodynamic condition plays a significant role on the adsorption behavior, the antibiotic concentration in the water environment is expected to be lowered by enhancing the turbulence intensity.
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Figure 1. XRD characterization of sediments. 






Figure 1. XRD characterization of sediments.



[image: Jmse 11 00717 g001]







[image: Jmse 11 00717 g002 550] 





Figure 2. Relationship between mixing time and shaking period. 
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Figure 3. Relationship between Reynolds number and homogenization number. 
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Figure 4. Variation of adsorption amount with time under different regimes on (A) 2–3 mm quartz sand (B) 250–425 μm quartz sand (C) montmorillonite and (D) sediment sample. 
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Figure 5. Relationship between equilibrium concentration and adsorption capacity with Freundlich model fitting under different hydrodynamic conditions on (A) 2–3 mm quartz sand, (B) 250–425 μm quartz sand, and (C) montmorillonite. (D) Sediment sample. 
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Figure 6. Relationship between Reynolds number and adsorption coefficients, (A) adsorption ki–netic constant and (B) Freundlich coefficient. 
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Figure 7. Adsorption capacity of different sediments towards SDZ at Re = 7500. 
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Figure 8. Adsorption of SDZ on different sediments under different salinity at Re = 7500. 
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Table 1. Properties of the rocking shaker.
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	Property
	Shaking Frequency (rpm)
	Shaking Angle (°)
	Platform Dimensions (mm × mm)





	Value
	10–80
	10
	360 × 420
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Table 2. Basic physicochemical properties of the marine sediments.
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Sediment

	
pH

	
Water Content (%)

	
Dry Volume Weight (g/cm3)

	
Particle Size Composition (%)

	
OM (g/kg)

	
C (%)

	
N (%)

	
H (%)




	
Silt Grains (<0.05 mm)

	
Sand Grains (0.05–2 mm)

	
Gravel (>2 mm)






	
1

	
7.71

	
9.53

	
1.394

	
1.02

	
90.91

	
8.07

	
0.987

	
1.19

	
0.07

	
0.391








OM, organic matter.
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Table 3. Adsorption kinetic parameters of PFO and PSO models of SDZ adsorption on different sediments.
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Sediments

	
Re

	
qe (mg/kg)

	
PFO

	
PSO




	
qe,cal

	
k1

	
R2

	
qe,cal

	
k2

	
R2






	
2–3 mm

	
1677

	
2.121

	
2.080

	
0.0361

	
0.994

	
2.390

	
0.0188

	
0.933




	

	
5833

	
4.912

	
5.001

	
0.0286

	
0.992

	
5.118

	
0.0071

	
0.921




	

	
9166

	
7.073

	
7.291

	
0.0281

	
0.967

	
7.317

	
0.0038

	
0.916




	
250–425 μm

	
1677

	
1.659

	
1.622

	
0.0411

	
0.992

	
1.842

	
0.0289

	
0.956




	

	
5833

	
3.779

	
3.709

	
0.0472

	
0.971

	
4.127

	
0.0163

	
0.935




	

	
9166

	
2.016

	
1.951

	
0.1603

	
0.984

	
2.091

	
0.1246

	
0.969




	
Montmorillonite

	
1677

	
1.321

	
1.305

	
0.0631

	
0.968

	
1.451

	
0.0596

	
0.978




	

	
5833

	
1.742

	
1.718

	
0.0539

	
0.972

	
1.892

	
0.0427

	
0.983




	

	
9166

	
2.016

	
1.951

	
0.1603

	
0.964

	
2.090

	
0.1246

	
0.989




	
Sediment

	
1677

	
5.342

	
5.296

	
0.0498

	
0.982

	
5.703

	
0.0118

	
0.967




	

	
5833

	
6.771

	
6.617

	
0.0505

	
0.973

	
7.344

	
0.0099

	
0.968




	

	
9166

	
7.339

	
7.286

	
0.0499

	
0.976

	
8.080

	
0.0089

	
0.957
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Table 4. Freundlich and Langmuir adsorption parameters of SDZ adsorption on different sediments.
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Sediments

	
Re

	
Freundlich

	
Langmuir




	

	

	
KF (a)

	
n

	
R2

	
qm (b)

	
KL (c)

	
R2






	
2–3 mm

	
1677

	
4.399

	
1.637

	
0.982

	
11.94

	
0.5317

	
0.955




	

	
5833

	
15.187

	
2.811

	
0.983

	
35.73

	
0.5950

	
0.958




	

	
9166

	
13.668

	
2.669

	
0.972

	
12.44

	
4.6223

	
0.947




	
250–425 μm

	
1677

	
4.225

	
1.046

	
0.982

	
14.18

	
0.1127

	
0.949




	

	
5833

	
8.896

	
1.146

	
0.983

	
26.33

	
0.4508

	
0.959




	

	
9166

	
7.627

	
1.242

	
0.982

	
17.78

	
0.6548

	
0.953




	
Montmorillonite

	
1677

	
3.847

	
1.018

	
0.985

	
27.58

	
0.0112

	
0.961








Notes: (a) KF (mg·1−n·Ln·kg−1); (b) qm (mg·kg−1); (c) KL (L·mg−1).
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Table 5. Maximum adsorption capacity of lake sediments for four different sulfonamide antibiotics (mg/kg).
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Antibiotics

	
Adsorbents

	
Maximum Adsorption Capacity qm (mg/kg)

	
Reference






	
SDZ

	
Lake sediments

	
26.25

	
[29]




	
SM2

	
Lake sediments

	
12.76




	
SMZ

	
Lake sediments

	
8.76




	
SDM

	
Lake sediments

	
33.90
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