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S1. Synthesis of iron oxide minerals

Goethite was synthesized using Villalobos and Leckie's method.S1 In brief, 500 mL of 

a 0.5 M Fe(NO3)3•9H2O and 400 mL of 2.5 M NaOH solution were mixed. The precipitate 

obtained was aged in an oven for 60 h at 70 oC. The resultant solid was centrifuged and 

washed with deionized water repeatedly until the pH was approximately 7. Then it was 

dried at 40 oC. 

Hematite was prepared using the procedures of Bandara et al.. S2 First, 40 g of 

Fe(NO3)3•9H2O was dissolved in 500 mL deionized water, and 300 mL of a 1 M KOH 

solution and 50 mL of a 1 M NaHCO3 solution were added. The pH of the solution was 

checked to ensure it was above 8 but below 8.5. The suspension was then aged for 5 d at 

98 °C, forming a red precipitate. Excess electrolytes were removed from the final solids by 

vacuum filtration and rinsing with deionized water, and then dried.
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S2. Adsorption studies of surfactants onto iron oxides

Adsorption studies were conducted to determine the adsorption capacity of surfactants 

onto iron oxides under different pH conditions. First, approximately 15 mg of iron oxides 

(i.e., goethite or hematite) and 20 mL of surfactant solutions (1, 3, 5, 7, or 10 mg/L) were 

added to each of a series of 20-mL amber glass vials. Afterwards, the vials were 

equilibrated for 2 days by horizontally shaking. Then, the vials were centrifuged at 8000 

rpm for 20 min, and the supernatants were filtered through a 0.45 µm filtering membrane.  

The concentration of rhamnolipid was determined by the chromogenic method. 

Rhamnolipid is a kind of glycolipid. The phenol-sulfuric acid method is the most 

commonly used quantitative method. S3 That is, 2.00 mL supernatant was poured into the 

colorimetric tube, each of which was added with 0.05 mL 80% phenol reagent and 5 mL 

concentrated sulfuric acid. After full oscillation, the solution was boiled in water at 25-

30℃ for 10-20 min and then cooled to room temperature. To quantify rhamnolipid, the 

absorbance of each concentration was measured at a wavelength of 480 nm by an 

ultraviolet spectrophotometer and recorded. All absorbance measurements were made 

using an ultraviolet-visible spectrophotometer (TU-1810PC, Purkinje General, Beijing, 

China). 

The concentrations of SDS in the supernatants were determined using the method 

Purakayastha et al. used. S4 Methylene blue (MB) is a well-known cationic dye. SDS is a 

methylene blue (MB) active substance and is designated as MBAS. It forms a complex 

with MB. After its formation, the complex was extracted into chloroform. The complex 

was formed between the anionic part of SDS and the cationic part of MB. The color 

intensity of the chloroform layer measured the SDS concentration. The maximum 
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absorbance values were measured at 652 nm to quantify SDS. A calibration graph was 

drawn in the concentration range of 0–10 mg/L of SDS concentration. A UV-vis 

spectrophotometer was used for all absorbance measurements. 

The adsorbed surfactants were then determined by the difference between the initial 

and final surfactant concentrations in the aqueous phase. All experiments were run in 

triplicate. 
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Table S1. Selected properties of tetracycline.

Antibiotics Molecular
formula Chemical structure Molecular

weight (g/mol) Log Kow 
a pKa

Solubility
(mol/L)

tetracycline C22H24N2O8 444.43 -1.30
pKa1=3.32
pKa2=7.78
pKa3=9.58

0.041

a Derived from Daghrir and Drogui. S5
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Table S2. Physical and chemical characteristics of SDS

Surfactant Abbreviation Molecular formula Molecular 
weight Molecular structure

Sodium 
dodecyl 
sulfate

SDS C12H25SO₄Na 288.38
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Table S3. Selected physicochemical properties of iron oxide minerals tested a.

Iron oxide minerals Chemical composition SSA (m2/g) b pHPZC c

Goethite α-FeOOH 89.9 8.2

Hematite α-Fe2O3 52.2 7.5
a derived from our previous study. S6, S7

b specific surface area;
c pH of zero charge.
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Table S4. Sorption isotherm parameters of TC onto iron oxides under different conditions 
Freundlich model Langmuir modelNo. Iron oxides antibiotic Background solution pH KF (mg1-nLn/g) n R2 RMSE KL (L/mg) qmax (mg/g) R2 RMSE

1 goethite TC 10 mM NaCl 7.0 4.713 ± 0.122g 0.492 ± 0.025f 0.997 0.101 0.275 ± 0.015f 18.3 ± 1.3g 0.986 0.405
2 goethite TC 10 mM NaCl + 3 mg/L Rha 7.0 5.376 ± 0.138f 0.487 ± 0.027g 0.991 0.163 0.332 ± 0.023d 20.2 ± 0.8f 0.990 0.512
3 goethite TC 10 mM NaCl + 5 mg/L Rha 7.0 5.875 ± 0.105d 0.505 ± 0.013d 0.997 0.108 0.322 ± 0.012e 22.8 ± 1.7d 0.987 0.539
4 goethite TC 10 mM NaCl + 10 mg/L Rha 7.0 6.199 ± 0.125b 0.514 ± 0.020b 0.993 0.243 0.342 ± 0.017c 24.9 ± 1.2b 0.983 0.716
5 goethite TC 10 mM NaCl + 3 mg/L SDS 7.0 5.687 ± 0.100e 0.507 ± 0.025e 0.997 0.095 0.347 ± 0.012b 21.3 ± 0.5e 0.986 0.413
6 goethite TC 10 mM NaCl + 5 mg/L SDS 7.0 6.103 ± 0.202c 0.519 ± 0.013c 0.994 0.117 0.356 ± 0.010a 24.6 ± 1.9c 0.975 0.698
7 goethite TC 10 mM NaCl + 10 mg/L SDS 7.0 6.879 ± 0.089a 0.620 ± 0.009a 0.995 0.087 0.331 ± 0.013d 27.8 ± 0.8a 0.990 0.213
8 hematite TC 10 mM NaCl 7.0 3.542 ± 0.027g 0.567 ± 0.011a 0.995 0.063 0.156 ± 0.021g 14.2 ± 1.1g 0.967 0.539
9 hematite TC 10 mM NaCl + 3 mg/L Rha 7.0 3.718 ± 0.092f 0.518 ± 0.025d 0.998 0.057 0.176 ± 0.011f 15.5 ± 1.0f 0.980 0.402
10 hematite TC 10 mM NaCl + 5 mg/L Rha 7.0 4.154 ± 0.067d 0.475 ± 0.010f 0.996 0.089 0.306 ± 0.019b 16.7 ± 0.7e 0.982 0.359
11 hematite TC 10 mM NaCl + 10 mg/L Rha 7.0 4.546 ± 0.111b 0.459 ± 0.018g 0.995 0.107 0.347 ± 0.010a 18.7 ± 1.5c 0.973 0.378
12 hematite TC 10 mM NaCl + 3 mg/L SDS 7.0 3.842 ± 0.107e 0.513 ± 0.009e 0.998 0.076 0.202 ± 0.016e 17.6 ± 0.7d 0.971 0.269
13 hematite TC 10 mM NaCl + 5 mg/L SDS 7.0 4.268 ± 0.086c 0.545 ± 0.023b 0.996 0.089 0.211 ± 0.007d 20.7 ± 1.9b 0.976 0.233
14 hematite TC 10 mM NaCl + 10 mg/L SDS 7.0 5.105 ± 0.213a 0.521 ± 0.012c 0.997 0.103 0.283 ± 0.018c 23.4 ± 0.5a 0.988 0.316
15 goethite TC 10 mM NaCl 5.0 3.869 ± 0.129c 0.524 ± 0.017c 0.992 0.251 0.234 ± 0.009c 15.1 ± 0.3c 0.990 0.131
16 goethite TC 10 mM NaCl + 10 mg/L Rha 5.0 5.331 ± 0.134b 0.616 ± 0.022b 0.993 0.206 0.254 ± 0.015b 23.5 ± 1.6b 0.988 0.203
17 goethite TC 10 mM NaCl + 10 mg/L SDS 5.0 5.839 ± 0.251a 0.618 ± 0.039a 0.989 0.272 0.337 ± 0.022a 25.9 ± 1.5a 0.970 0.355
18 hematite TC 10 mM NaCl 5.0 2.539 ± 0.035c 0.375 ± 0.023c 0.992 0.269 0.411 ± 0.019a 10.5 ± 1.0c 0.956 0.498
19 hematite TC 10 mM NaCl + 10 mg/L Rha 5.0 3.347 ± 0.042b 0.536 ± 0.036b 0.997 0.079 0.174 ± 0.025c 17.2 ± 1.8b 0.988 0.269
20 hematite TC 10 mM NaCl + 10 mg/L SDS 5.0 4.346 ± 0.031a 0.554 ± 0.017a 0.998 0.061 0.204 ± 0.020b 22.3 ± 1.7a 0.981 0.257
21 goethite TC 10 mM NaCl 9.0 3.072 ± 0.052c 0.606 ± 0.010b 0.992 0.176 0.135 ± 0.016b 16.8 ± 0.7c 0.985 0.209
22 goethite TC 10 mM NaCl + 10 mg/L Rha 9.0 3.801 ± 0.038b 0.598 ± 0.029c 0.997 0.063 0.135 ± 0.016b 20.7 ± 1.2b 0.991 0.103
23 goethite TC 10 mM NaCl + 10 mg/L SDS 9.0 4.251 ± 0.089a 0.634 ± 0.021a 0.997 0.059 0.140 ± 0.016a 22.9 ± 0.8a 0.989 0.225
24 hematite TC 10 mM NaCl 9.0 2.001 ± 0.105c 0.625 ± 0.028c 0.998 0.043 0.096 ± 0.008b 12.3 ± 0.5c 0.989 0.179
25 hematite TC 10 mM NaCl + 10 mg/L Rha 9.0 2.135 ± 0.113b 0.671 ± 0.015a 0.996 0.156 0.081 ± 0.013c 14.1 ± 1.1b 0.992 0.181
26 hematite TC 10 mM NaCl + 10 mg/L SDS 9.0 2.265 ± 0.077a 0.645 ± 0.031b 0.995 0.139 0.099 ± 0.012a 15.8 ± 0.9a 0.990 0.227

The different lowercase letters indicate a significant difference among the different surfactant concentrations under a specified pH condition (p < 0.05).
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Table S5. Adsorption amount of surfactants onto iron oxides (15 mg) under different solution chemistry conditions. 
Error bars represent standard deviations from replicate experiments (n=3)

No. Iron oxide ionic strength pH Concentration of surfactant q (mg-surfactant/g-mineral)
1 goethite 10 mM NaCl 7.0 3 mg/L Rha 0.83 ± 0.02f

2 goethite 10 mM NaCl 7.0 5 mg/L Rha 1.09 ± 0.05e

3 goethite 10 mM NaCl 7.0 10 mg/L Rha 1.86 ± 0.07b

4 goethite 10 mM NaCl 7.0 3 mg/L SDS 1.22 ± 0.03d

5 goethite 10 mM NaCl 7.0 5 mg/L SDS 1.65 ± 0.08c

6 goethite 10 mM NaCl 7.0 10 mg/L SDS 2.31 ± 0.06a

7 hematite 10 mM NaCl 7.0 3 mg/L Rha 0.52 ± 0.03f

8 hematite 10 mM NaCl 7.0 5 mg/L Rha 0.87 ± 0.11e

9 hematite 10 mM NaCl 7.0 10 mg/L Rha 1.54 ± 0.05b

10 hematite 10 mM NaCl 7.0 3 mg/L SDS 0.95 ± 0.06d

11 hematite 10 mM NaCl 7.0 5 mg/L SDS 1.23 ± 0.15c

12 hematite 10 mM NaCl 7.0 10 mg/L SDS 1.88 ± 0.11a

13 goethite 10 mM NaCl 5.0 10 mg/L Rha 2.69 ± 0.15b

14 goethite 10 mM NaCl 5.0 10 mg/L SDS 3.05 ± 0.07a

15 hematite 10 mM NaCl 5.0 10 mg/L Rha 1.87 ± 0.07b

16 hematite 10 mM NaCl 5.0 10 mg/L SDS 2.37 ± 0.16a

17 goethite 10 mM NaCl 9.0 10 mg/L Rha 1.06 ± 0.03b

18 goethite 10 mM NaCl 9.0 10 mg/L SDS 1.75 ± 0.12a

19 hematite 10 mM NaCl 9.0 10 mg/L Rha 0.87 ± 0.05b

20 hematite 10 mM NaCl 9.0 10 mg/L SDS 1.36 ± 0.10a

The different lowercase letters indicate a significant difference among the different surfactant concentrations under a 
specified pH condition (p < 0.05).



10

(a)

O
OH

CH3

OH O

R1

CH CH2 C O R2

O

(CH2)6

CH3

O

(b)

RL-1(RhC10C10)               RL-2(Rh2C10C10)              RL-3(RhC10)            RL-4(Rh2C10)

Fig. S1. Chemical structure of rhamnolipid with general formula; S8 and (b) four common rhamnoolipid 

structures. Typically, RL-1(RhC10C10) and RL-2(Rh2C10C10) were considered to be the main 

rhamnolipidic congeners, having variable relative proportions in mixture (RL respents rhamnoolipid). 
S9 
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Fig. S2. Characteristics of iron oxides: (a) and (b) X-Ray Diffraction (XRD); (c) and (d) representative 

scanning electron microscope (SEM) images; and (e) and (f) FTIR. The peaks at 896 cm−1 and 794 

cm−1 could be assigned to the Fe–OH in goethite; S10 the peaks at 533 cm−1 and 455 cm−1 could be 

assigned to the Fe–OH in hematite. S11 
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Fig. S6. Fourier transform infrared (FTIR) spectra of (a) goethite and (b) hematite before and after TC 

adsorption. The apparent characteristic bands (1525 cm−1) of ferrihydrite after adsorption of TC were 

the amino C–N in the amide group of TC. S12
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Fig. S8. (a) and (b) Comparison between the Freundlich adsorptive capacity (KF) and concentrations 
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and concentrations of surfactants.
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Fig. S9. Adsorption of surfactants onto iron oxides: (a) goethite and (b) hematite. pH = 7.0, mminerals 

(initial) = 15 mg, and ionic strength = 10 mM NaCl. The solid lines on the panel are the Freundlich 

model fitting results. Error bars represent standard deviations of triplicate samples (each with p < 0.05).
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Fig. S10. Fourier transform infrared (FTIR) spectra of (a) goethite and (b) hematite before and after 

adsorption of Rha or SDS. For Rha, the region at the 3000−2800 cm cm−1 contained the asymmetric 

stretching vibration and stretching vibration of −CH2. S13 The identified peaks around1065 cm−1 

represent hydroxy ester bond (C–O). S14 For SDS, the absorption band assigned to S=O symmetrical 

stretching vibration appears at 1097 cm−1 and for sulfate groups asymmetric stretching vibration 

appears at 1252 cm−1. S15, S16 Two bands, at 835 cm−1 and 1031 cm−1, belong to the stretching vibration 

of S−O bond. S16
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Fig. S11. (a) and (b) Effects of surfactants on the Freundlich affinity coefficient (KF) of different iron 

oxides for TC under different surfactant concentration conditions; (c) and (d) Effects of surfactants on 

the theoretical maximum adsorption capacity (qmax) of different iron oxides for TC under different 

surfactant concentration conditions. The different lowercase letters indicate a significant difference 

among different surfactant additions for a given surfactant concentration (p < 0.05).
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Fig. S12. Adsorption behaviors of TC onto iron oxides in the presence of different surfactants: (a), (c), 

and (e) adsorption of TC onto goethite; (b), (d), and (f) adsorption of TC onto hematite. Ce (mg/L) is 

the equilibrium aqueous concentration of TC; q (mg/g) is the concentration of TC adsorbed on iron 

oxides. pH = 7.0, mminerals (initial) = 15 mg, and ionic strength = 10 mM NaCl. The solid lines and 

dotted lines on the panel are the Freundlich and Langmuir model fitting results, respectively.
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