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S1. Purification of humic acid

The product was purified according to the procedures previously reported in the
literature.[511 10 g of HA was added to 1 L of a NaOH solution with pH 10, stirred
overnight, and centrifuged to remove undissolved organic and inorganic matter. The
supernatant was brought to pH 2 with 1 M HCI, stirred 24 h, and centrifuged at 10000
rpm using a Beckman centrifuge with a JA-20 rotor to precipitate the HA fraction.
The precipitate was rinsed with 0.01 M HCI several times to bring the HA into its
protonated form, then washed with pure water and filtrated through an ultrafiltration
membrane (Millipore, regenerated cellulose, NMWL 10 000) using an Amicon cell.
Finally, the sample was shaken with an acid Dowex 50w-X8 resin for a few days to
remove all trace metals. The final product was freeze-dried and kept in the dark at 4

°C for future use.



S2. Preparation of montmorillonite-coated sand and goethite-coated sand and

humic acid-coated sand

The procedure which coated with montmorillonite was used by the method by
Jerez et al.[?! First, the montmorillonite particles were treated to remove organic
matter with H,O, [33] and iron oxides using citrate-dithionite [5* and were then
fractionated to obtain particles < 2 um in hydrodynamic diameter using gravity
sedimentation. Then the montmorillonite suspensions were flocculated with 50 mg/L
polyacrylamide (PAM). The mixture was then left to settle down, and centrifuged at
100 x g for 5 min. Then, the clay—polymer complex slurry was mixed with silica sand
and dried at 100 °C for 24 h. The coated sand was then washed with deionized water
and dried again at 100 °C for 24 h. The washing removed all non-attached PAM.

The procedure which coated with goethite was similar to that reported Zhang et
al..IS%] In brief, goethite-coated sand was precipitated onto 500 g of quartz sand by
adding 87.5 mL of 0.17 M Fe (NOj3); and 90.0 mL of 0.52 M NaOH in an evaporating
dish. The mixture was placed in a drying oven at 105 °C for 72 h. The mixture was
stirred periodically to prevent crusting of the salts on the surface. After coating the
quartz sand with goethite, the sand was washed in 1.0 mM HCI and 1.0 mM NaOH to
remove weakly absorbed iron on the sand surface.

The procedure which coated with HA was based on the methodology described
by Jerez and Flury.[5¢ This procedure involved modification of the silica surface with
3-aminopropyltriethoxysilane (APTS) (Aldrich, MI).I51 We specifically used the
incubation with N-(3-dimethyaminopropyl)-N- ethylcarbodiimide hydrochloride

(EDC) at room temperature, and then followed by end-capping of the free amino
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groups as described in Koopal et al.[87! Multilayer-coating is obtained when the APTS
reaction is not carried out with a completely anhydrous medium.[58) We did not use
completely anhydrous conditions during the reactions of APTS with the silica, to
obtain as much humic acid coating as possible. This resulted in multilayer humic acid
coatings in our samples.[S°]

Furthermore, the amount of montmorillonite coated on the sand grains (~ 15.7
mg/g) was determined by measuring the mass of detached clay. For PAM, Briefly,
montmorillonite was detached by immersing the coated quartz sand in a non-stirred
pH 13 solution (adjusted with NaOH) for 24 h.[5?] The procedure removed the clay
coating effectively, as verified by microscopy. The amount of detached clay was
quantified by UV/Vis spectrometry at 430 nm.[5% The Fe loading of the goethite-
coated sand (~1.25 mg/g) was determined by dissolving the iron oxide coating with
65% HNO; for 24 h at room temperature, followed by quantification using Atomic
Absorption Spectroscopy (AAS, contrAA 700, Analytik Jena).[S101 The amount of
humic acid coated on the sand (~1.36 mg/g) was determined by detachment of the
humic acid in 1 M NaOH followed by quantification with a total organic carbon

analyzer from Shimadzu Scientific (Columbia, MD, USA).



S3. Determination of the {-potential of porous media

The zeta potential of sand grains was measured by using a zeta-plus potential
analyzer (Zetasizer nano ZS90, Malvern Instruments, UK) at room temperature (25°C)
according to the method described in previous studies.[S11:5121 Tt should be noted that,
the sand grains were too large for direct measurement by the zeta potential analyzer, a
few sand grains were crushed into fine powders and then mixed with the appropriate
chemistry solution (see Table 1) in an ultrasonic bath for 30 min. Then, the mixture
was formed a sufficiently stable suspension that could be used for zeta potential
measurement. Note that the zeta potential was calculated from the electrophoretic

mobility using the full numerical model by O'Brien and White.[S!3]



S4. Determination of the pH,,,. of porous media

The pH of zero charge (pH,,.) was measured by the salt addition method. (514 515]
In 6 different beakers, known amounts of porous media were mixed with 100 mL of
sodium chloride (0.1 M). A pH value was adjusted for each beaker (from 2 to 12) by
adding the necessary amounts of nitric acid or potassium hydroxide. After 24 h of
stirring at room temperature, the pH was measured again and plotted as a function of

the initial pH. The intersection of this curve with the straight-line pHi = pH

corresponds to pHy,c. [516]



SS. Calculation of porosity

The porosity of sand columns was measured gravimetrically. [317- S181 The

detailed equation is as follows:

V _ msand

L V=V pa
orosity=———== =
p y= 7 7

C C

Where V. (cm?) is the volume of column, V; (cm?) is the volume of sand in the
column, mgy,g (g) is the mass of sand in the column and pgng (g/cm?) is the real

density of sand (2.65 g/cm?). [S19,520]



S6. Transport model

The two-site nonequilibrium transport model was applied in this study to

describe antibiotic transport in the porous media.[521-5241 The program CXTFIT 2.0

was used to fit the OTC experimental breakthrough curves.[5?’] In this model, two

different types of sorption are assumed: kinetic and the equilibrium.[52¢] The model

can be explained in Eqs. S1-S7.
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where parameters without dimensions are as follows:

X :% (S3)
p- % (S4)
R=1 +%-Kcl (S5)
o= 2UZARL (S7)

v

where C; and C, (mg/L) are the solute concentrations in sorption sites 1 and 2

respectively, 7 (d) is the time and L (m) is the column length; X is the vertical spatial

coordinate; D (m?%/d) is the hydrodynamic dispersion coefficient; P is the Peclet

number; py, (g/cm?) and 6 (-) are the bulk density of the porous media and porosity of

the sand column corrospondingly, K4 (L/kg) is the partition coefficient. f represents
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the fraction of the instantaneous equilibrium adsorption sites in all the adsorption sites
[S27]; £ (-) is the fraction of Type 1 sites; a (1/d) is the first-order rate coefficient for
kinetics at Type 2 sites; and @ is the Damkohler number, indicating the ratio of the
reaction rate to the transport rate.[5281 By fitting conservative tracer (Br) curves using
the 2.1 code of CXTFIT, the value for dispersion coefficient (D) was evaluated (Fig.
S2) 8231, We supposed that the OTC's D value is the same as that in the column for the
bromide (0.425-0.793 m?/d).[5?°1 By matching the breakthrough curve of the OTC, the
value of R, w and S was achieved. The Ky, f and a values were determined with

equations 6~8.



S7. Montmorillonite, humic acid, or goethite released from the sand grains
during OTC transport

In order to verify the role of montmorillonite, humic acid, or goethite colloids in
the transport of OTC, an extra experiment was performed using borosilicate glass
columns (1.6-cm inner diameter x 10.3-cm long) packed with ~28 g of various
heterogeneous quartz sand. The influents were pumped at a steady fluid velocity of
0.123 cm/min using a syringe pump (KD Scientific, Holliston, MA, USA) in an
upflow model. At experiment inception, 25 pore volumes (PV) of DI water was
injected into the columns, followed immediately by 20 PV of electrolyte solution (10
mM NacCl) to saturate the columns. Then, ~18 PV 10 mM NaCl solution was pumped
into the saturated column. The influent was adjusted to the desired pH level by
addition of 0.1 M sodium hydroxide or 0.1 M hydrochloric acid. Effluent samples
(~3.5 mL) were continuously collected in every 30 minutes. The concentration of
montmorillonite in the effluent was quantified by UV/Vis spectrometry at 430 nm.[5°]
The concentration of Fe was determined by dissolving the iron oxide with 65% HNO;
for 24 h at room temperature, followed by quantification using Atomic Absorption
Spectroscopy (AAS, contrAA 700, Analytik Jena).[S1% The concentration of humic
acid was determined by quantification with a total organic carbon analyzer from
Shimadzu Scientific (Columbia, MD, USA). All experiments were performed at least

twice.
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Table S1. Selected properties of OTC.

Molecular

Molecular Chemical structure weight Solubility Log K,? pkib
formula (gL«
(g/mol)
pKa=3.22
CH74N>09 496.47 0.062 -0 .90 pK.,=7.46
pK5=8.94

@ Derived from Daghrir and Drogui.[S30]
bDerived from Rivera-Utrilla et al.[331]
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Table S2 {-potentials of sand grains under different conditions.

{ potential of

Column No. porous media ¢ Electrolyte solution pH sand

(mV)
1 MMT-coated sand 10 mM NacCl 7.0 -62.9+£0.8
2 Quartz sand 10 mM NacCl 7.0 -50.3+3.0
3 HA-coated sand 10 mM NaCl 7.0 -53.0+ 0.6
4 Goe-coated sand 10 mM NacCl 7.0 -40.0+ 0.9
5 MMT-coated sand 0.5 mM CacCl, 5.0 52717
6 Quartz sand 0.5 mM CaCl, 5.0 -42.3+0.5
7 HA-coated sand 0.5 mM CacCl, 5.0 -455+0.9
8 Goe-coated sand 0.5 mM CacCl, 5.0 -36.2+1.0
9 MMT-coated sand 10 mM NaCl 5.0 -552+2.5
10 Quartz sand 10 mM NacCl 5.0 -453+1.8
11 HA-coated sand 10 mM NacCl 5.0 -50.5+ 1.6
12 Goe-coated sand 10 mM NacCl 5.0 -35.8+£2.1
13 MMT-coated sand 10 mM NacCl 9.0 -67.2+1.5
14 Quartz sand 10 mM NacCl 9.0 -56.1+1.3
15 HA-coated sand 10 mM NaCl 9.0 -59.7+2.1
16 Goe-coated sand 10 mM NacCl 9.0 -52.1+0.3
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Table S3. Fitted parameters of two-site nonequilibrium transport model from breakthrough results of column experiments.

Column . electrolyte Parameters of two-site nonequilibrium transport model
No.  Porousmedia solution R() O o () /O a(ld)  Ky(Lkg) 7~
1 MMT-coated sand 10 mM NaCl 7.0 9.9+0.5 0.585+0.015 0.601 +0.015 0.538 + 0.023 2.52+0.23 2.75+0.32  0.998
2 Quartz sand 10 mM NaCl 7.0 13.2+1.7 0.562 +0.023 1.042+0.072  0.526 £0.017 3.08+0.15 3.75+£045  0.996
3 HA-coated sand I0mMNaCl 7.0 21.0+0.5 0.451+0.026  2.743+£0.115 0.423 £0.010 4.07+0.21 6.15+1.12 0.997
4 Goe-coated sand 1I0mMNaCl 7.0 1063+3.8 0.071+0.009 5259+0.232  0.062+0.008 8.02+0.39 329+337 0.968
5 MMT-coated sand 0.5mM CaCl, 5.0 21.7+1.5 0.515+0.015 1.388 +£0.079  0.487 +0.037 1.78£0.10 535+£2.15 0.996
6 Quartz sand 0.5mM CaCl, 5.0 237412 0.439 £ 0.036 1.561 £0.098  0.411 +0.085 2.32+0.25 622+1.74 0993
7 HA-coated sand 0.5mM CaCl, 5.0 260+22 0.377+0.022  2.575+0.101 0.351+0.113 5.73+£0.76 7.66+2.69  0.999
8 Goe-coated sand 0.5mM CaCl, 5.0 115.1+3.1 0.051 +0.023 6.676 +0.231 0.043 + 0.005 9.99+1.26 36.2+3.97 0.953
9 MMT-coated sand 1I0mMNaCl 50 203+1.2 0.587 £0.035 1.076 + 0.023 0.666 + 0.036 2.02+0.11 593+1.01 0.996
10 Quartz sand 10mMNaCl 5.0 209=+0.7 0.536 +0.016 1.213+0.027  0.612 +0.089 2.15+0.09 6.03+097 0.995
11 HA-coated sand I0mMNaCl 50 24.1+2.1 0.472+0.019  3.192+0.035 0.449 +0.033 431+0.22 7.01+0.16  0.998
12 Goe-coated sand I0mMNaCl 50 1132+3.7 0.096+0.012 6.624+0.136  0.087+0.010 10.11+1.45 34.6+236 0.952
13 MMT-coated sand 10 mM NaCl 9.0 8.7+0.5 0.767+0.010 0.436+0.029  0.736 £ 0.068 0.90 +0.08 235+0.76 0977
14 Quartz sand 10 mM NaCl 9.0 9.1+£0.6 0.632+0.039  0.574+0.035 0.696 + 0.103 2.93+0.36 2.93+1.08 0.997
15 HA-coated sand 10 mM NaCl 9.0 129+1.2 0.589 +0.033 3.064 £0.027  0.554+0.081 3.71 £0.43 3.68£1.39 0993
16 Goe-coated sand 1I0mMNaCl 9.0 96.7+2.5 0.088+0.007 4.645+0.239  0.087+£0.011 7.85+1.69 203+225 0971

¢ HA coated-sand, Goe coated-sand, and MMT coated-sand represent humic acid-coated sand, goethite coated sand, and montmorillonite-coated sand, respectively.
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a) MMT-coated sand

CKa1_2

Fe Ka1

Fig. S1. Elemental mapping of (a) MMT-coated sand, (b) Quartz sand, (c) HA-coated
sand, and (d) Goe-coated sand.
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Fig. S2. Calibration curve as absorbance at the wavelength of 360 nm vs.

concentration of OTC in solution.
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Fig. S3. Representative breakthrough curve of conservative tracer (Br-). The line was
plotted by fitting the breakthrough data with the one-dimensional steady-state

advection-dispersion equation.
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Fig. S4. pH-dependent speciation of the whole OTC molecular and the functional

groups, respectively.
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(b) sand (b) Goe-coated sand

Fig. S5. Scanning electron microscope (SEM) images of (a) quartz sand and (b) Goe-

coated sand. The inset of images show characteristic micro-structures of porous media.
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Fig. S6. Montmorillonite, humic acid, or goethite released from the sand grains during

OTC transport at pH 7.0 (at a fixed ionic strength, 10 mM NacCl).
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Fig. S7. Fitted parameters of two-site nonequilibrium transport model from
breakthrough results of column experiments: (a) the fraction of Type 1 sites; (b) the
fraction of instantaneous retardation to the total retardation; and (c) the coefficient of
partitioning between the equilibrium and nonequilibrium phases; (d) the first-order
rate for kinetics at Type 2 sites; (e) The distribution coefficients of OTC between

porous media and water.
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Fig. S8. Transport of OTC through saturated porous media with different surface
chemical heterogeneities at (a) pH 5.0 (columns 9—12, Table 1) and (b) 9.0 (columns
13-16, Table 1) at a fixed ionic strength (10 mM NacCl). Solid lines are plotted by

curve-fitting experimental data with the two-site nonequilibrium transport model.
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Fig. S9. Transport of OTC in saturated (a) MMT-coated sand, (b) Quartz sand, (c)
HA-coated sand, and (d) Goe-coated sand columns in the presence of 0.3 mM Na+
and 0.1 mM Ca?" at pH 5.0. Solid lines are plotted by curve-fitting experimental data

with the two-site nonequilibrium transport model.

23



References

[S1] T. Saito, L. K. Koopal, W. H. V. Riemsdijk, S. Nagasaki and S. Tanakat,
Adsorption of humic acid on goethite: isotherms, charge adjustments, and
potential profiles, Langmuir, 2004, 20, 689-700.

[S2] J. Jerez, M. Flury, J. Shang and Y. Deng, Coating of silica sand with
aluminosilicate clay, J. Colloid Interf. Sci., 2006, 294, 155—-164.

[S3] G. W. Kunze and J. B. Dixon, Pretreatment of mineralogical analysis. In: A.
Klute (Ed.), Methods of Soil Analysis. Part 1. Physical and mineralogical
analysis, American Society of Agronomy, Madison, WI, pp., 1986, 91-100.

[S4] G. G. S. Holmgren, A rapid citrate-dithionite extractable iron procedure, Soil Sci.
Soc. Am. J., 1967, 31, 210-211.

[S5] M. Zhang, S. A. Bradford, J. Simtinek, H. Vereecken and E. Klumpp, Do
goethite surfaces really control the transport and retention of multi-walled carbon
nanotubes in chemically heterogeneous porous media? Environ. Sci. Technol.,
2016, 50, 12713-12721.

[S6] J. Jerez and M. Flury, Humic acid-, ferrihydrite-, and aluminosilicate-coated
sands for column transport experiments, Colloid. Surface. A, 2006, 273, 90-96.

[S7] L. K. Koopal, Y. Yang, A. J. Minnaard, P. L. M. Theunissen, W. H. Van
Riemsdijk, Chemical immobilisation of humic acid on silica, Colloid. Surface. A,
1998, 141, 385.

[S8] Y. H. Yang and L. K. Koopal, Immobilisation of humic acids and binding of
nitrophenol to immobilised humics, Colloid. Surface. A, 1999, 151, 201-212.

[S9] C. Shen, H. Wang, V. Lazouskaya, Y. Du, W. Lu, J. Wu, H. Zhang and Y.
Huang, Cotransport of bismerthiazol and montmorillonite colloids in saturated

porous media, J. Contam. Hydrol., 2015, 177— 178,18-29.

24



[S10] D. Wang, W. Zhang and D. Zhou, Antagonistic effects of humic acid and iron
oxyhydroxide grain-coating on biochar nanoparticle transport in saturated sand,
Environ. Sci. Technol., 2013, 47, 5154-5161.

[S11] P. N. Mitropoulou, V. I. Syngouna and C. V. Chrysikopoulos, Transport of
colloids in unsaturated packed columns: role of ionic strength and sand grain
size, Chem. Eng. J., 2013, 232, 237-248.

[S12] C. V. Chrysikopoulos, N. P. Sotirelis and N. G. Kallithrakas-Kontos,
Cotransport of graphene oxide nanoparticles and montmorillonite colloids in
porous media, Transport Porous Med., 2017, 119, 181-204.

[S13] R. W. O’Brien and L. R. White, Electrophoretic mobility of a spherical
colloidal particle, J. Chem. Soc. Faraday Trans. Il 1978, 74, 1607-1626.

[S14] M. Abdelwaheb, K. Jebali, H. Dhaouadi and S. Dridi-Dhaouadi, Adsorption of
nitrate, phosphate, nickel and lead on soils: risk of groundwater contamination.
Ecotox. Environ. Safe., 2019, 179, 182—-187.

[S15] M. M. Benjamin, R. S. Sletten, R. P. Bailey and T. Bennett, Sorption and
filtration of metals using iron oxide coated sand. Water Res., 1996, 30, 2609—
2620.

[S16] B. Kavitha and D. S. Thambavani, Characterization of riverbed sand from
mullai periyar, tamilnadu by FT-IT, XRD and SEM/EDAX. Asian J. Chem.,
2014, 27, 54-56.

[S17] L. Li, C. Qian and Y. Zhao, Pore structures and mechanical properties of
microbe-inspired cementing sand columns. Int. J. Civ.Eng., 2014, 12, 207-212
[S18] D. Bouchard, W. Zhang and X. Chang, A rapid screening technique for

estimating nanoparticle transport in porous media, Water Res., 2013, 47, 4086—

4094.

25



[S19] S. Kim, G.S. Lee, D. Kim, J. Hahn and W. H. Ryang, Variation of temperature-
dependent sound velocity in unconsolidated marine sediments: laboratory
measurements. Mar. Georesour. Geote., 2018, 36, 280-287

[S20] S. Skuodis, A. Norkus, N. Dirgeliene and L. Rimkus, Determining
characteristic sand shear parameters of strength via a direct shear test. J. Civ.
Eng. Manage., 2016, 22, 271-278.

[S21] W. Li, H. Zhang, T. Lu, Y. Li, Y. Song, Z. Shang, S. Liu, D. Li and Z. Qi,
Effects of divalent metal cations and inorganic anions on the transport of
tetracycline in saturated porous media: column experiments and numerical
simulations, Environ. Sci. Proc. Imp., 2019, 21, 1153-1163.

[S22] H. Liu, D. Zhang, M. Li, L. Tong and L. Feng, Competitive adsorption and
transport of phthalate esters in the clay layer of JiangHan plain, China,
Chemosphere, 2013, 92, 1542—1549.

[S23] N. Tufenkji, Modeling microbial transport in porous media: traditional
approaches and recent developments, Adv. Water Resour., 2007,30, 1455—1469.

[S24] L. Zhang, D. Zhu, H. Wang, L. Hou and W. Chen, Humic acid-mediated
transport of tetracycline and pyrene in saturated porous media, Environ. Toxicol.
Chem., 2012, 31, 534-541.

[S25] N. Toride, F. J. Leij and M. T. van Genuchten, The CXTFIT code for estimating
transport parameters from laboratory or field tracer experiments, U.S. Salinity
Laboratory, Riverside, CA, USA, 1999.

[S26] P. Nkedi-Kizza, J. W. Bigga, H. M. Selim, M. T. V. Genuchten, P. J. Wierenga
and J. M. Davidson, On the Equivalence of two conceptual models for describing
ion exchange during transport through an aggregated oxisol, Water Resour. Res.,

1984, 20, 1123-1130.

26



[S27] R. Wikiniyadhanee, S. Chotpantarat and S. K. Ong, Effects of montmorillonite
colloids on Cd?" transport through saturated sand under varying ionic strength
conditions: column experiments and modeling approaches, J. Contam. Hydrol.,
2015, 182, 146—-156.

[S28] D. Kuntz and P. Grathwohl, Comparison of steady-state and transient flow
conditions on reactive transport of contaminants in the vadose soil zone, J.
Hydrol., 2009, 369, 225-233.

[S29] H. Chen, B. Gao, H. Li and L. Q. Ma, Effects of pH and ionic strength on
sulfamethoxazole and ciprofloxacin transport in saturated porous media, J.
Contam. Hydrol., 2011, 126, 29-36.

[S30] R. Daghrir and P. Drogui, Tetracycline antibiotics in the environment: a review,
Environ. Chem. Lett., 2013, 11, 209-227.

[S31] J. Rivera-Utrilla, C. V. Gomez-Pacheco, M. Sanchez-Polo, J. J. Lopez-Penalver
and R. Ocampo-Perez, Tetracycline removal from water by
adsorption/bioadsorption on activated carbons and sludge-derived adsorbents, J.

Environ. Manage., 2013, 131, 16-24.

27



