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Materials. All reagents were purchased from Sigma-Aldrich and used without further purification. All 

solutions were prepared with ultrapure water and no contact with glass surfaces during preparation to 

prevent silica contamination. A 1-mM stock solution of nalidixic acid (NA) was prepared by dissolving 

1-mmol NA in 20 mL of 1-M NaOH and then diluted with 1 L of ultrapure water. A similar approach 

was used to make a stock of 1-mM niflumic acid (NFA). The stock solutions of dissolved silicate (Si) 

(1 mM, 2 mM) were prepared from Na2SiO3·9H2O dissolved in 0.01-M NaCl. According to Halasz et 

al.,1 where 80% of the species were monomeric in solutions of 0.2 M Na2SiO3·9H2O, polymeric 

species likely represent a very small proportion of the 1–2-mM silicate solutions used in this work. A 

0.1 mM dissolved phosphate (P) stock solution was made from NaH2PO4, which had the same 0.01-

M NaCl as the background electrolyte concentration. Quartz sand from Fontainebleau (100–300 µm) 

was purchased from VWR Prolabo (France). The sand was washed with HCl and H2O2 and then with 

ultrapure water several times to remove impurities. 

 

Synthesis and Characterization of Goethite (α-FeOOH). Goethite was synthesized as described in 

previous study.2 400 mL of 2.5 mol L-1 sodium hydroxide solution was added to 500 mL of 0.5 mol/L 

ferric nitrate solution (Fe(NO3)3·9H2O) at a fixed rate of 9 mL/min with stirring and in a nitrogen 

atmosphere. The obtained hydroxide slurry was aged at 60 ℃ for 72 h in an oven. The precipitate 

obtained was dialyzed (Spectra/Por membrane 2) against Milli-Q water. Water was then changed every 

day until its conductivity was below 0.5 µS/cm. The suspensions were thereafter stored in 

polypropylene containers at 4 ℃. The purity of goethite was confirmed by X-ray diffraction (XRD). 

The Brunauer, Emmett, and Teller (BET) specific surface area of the synthetic goethite was 91±1 m2/g. 
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The point of zero charge (PZC) of goethite, determined at 298 K in 0.01 , 0.1, and 1 M NaCl solutions 

by the potentiometric titration method, was 9.1. Our previous TEM investigations showed that goethite 

particles are acicular–i.e., between 200 and 400 nm long and between 100 and 200 nm wide. 

 

Synthesis and characterization of goethite aggregates. Goethite aggregates were synthesized by 

freezing-thawing method,3 as follows. We first froze a freshly-shaked and 500 mL goethite suspension 

(2 g/L) in high-density polyethylene container in a freezer at −20 °C. After 3 weeks, the frozen goethite 

was allowed to thaw at 4 °C, producing goethite aggregates. To obtain a relatively coarse aggregate 

shape, the freezing and thawing temperatures were chosen according to a previous work.3 After 

removing the supernatant to obtain the goethite aggregates, we dried the goethite aggregates in an oven 

at 60 °C. XRD and BET data showed that freezing-thawing and drying did not affect the crystal 

structure or the specific surface area of goethite. The size distribution of pores (Figure S1) in goethite 

aggregates was evaluated by applying the Barrett–Joyner–Halenda (BJH) method (assuming 

cylindrical pore shape) to the N2 gas desorption isotherm data. 

Water vapor adsorption and desorption measurements were conducted to check the effects of 

aggregation on the distribution of hydroxo-groups of the goethite surface. The results (Figure S2) 

confirmed no modification of the distribution of hydroxo groups between normal goethite and 

aggregated goethite.  
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Figure S1. Pore volume distribution of goethite and goethite aggregates evaluated by applying the 

Barrett–Joyner–Halenda (BJH) method to the N2 gas desorption isotherm data. 

 

 

 

Figure S2. Water loadings on goethite particles and two kinds of goethite aggregates. 
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Synthesis of GCS and GagCS. Fontainebleau quartz sand (with particle size range of 100−300 μm) 

was used to synthesize GCS following previous studies.2,4,5 Goethite coating was obtained by shaking 

a suspension containing the goethite and the silica sand. The purified quartz sand was then added to 

the goethite suspension containing 10 mM NaCl brought to pH 5 with HCl and the mixture was agitated 

again for 24 h. After that, the coated sand was washed with deionized water until the runoff was clear, 

and then it was dried for 24 h. The final goethite-coated sand was stored at ambient temperature until 

further use. The goethite content deposited on the sand surface, measured by acid digestion analysis, 

was 1 g/100 g of sand. GagCS was synthesized by mixing 0.15 g of dried goethite aggregates with 

14.85 g of clean quartz sand, using the same protocol as described above. According to acid digestion 

analysis, goethite content in GCS and GagCS was 1 ± 0.02 wt%. 

Control tests have been done with the bare sand to check whether the uncoated sand may contribute to 

the adsorption of target compounds investigated in this study. All results showed that the adsorption of 

organic (NA , NFA) or inorganic (P, Si) compounds is negligible on the Fontainebleau quartz sand 

(150-300 μm, 0.06 m2/g) used here. In addition, injection of reactive solutes in uncoated sand columns 

provides the same breakthrough behavior, as for bromide tracer, thus confirming the well-known inert 

nature of the Fontainebleau quartz sand. 

The quartz sand (100-300 μm) was used here as an inert support for goethite in column tests. These 

coated sand materials are generally used as a structurally stable and hydraulically conductive porous 

medium to mimic natural mineral assemblages. The inert nature of the Fontainebleau quartz sand used 

in this study and its very high stability (or its very low solubility) was verified experimentally here. 

Furthermore, the possible dissolution of the used quartz sand was, additionally checked in 1 and 10 
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g/L sand suspensions that were continuously stirred over a range of pH values (4-10) in pure water or 

0.01 M NaCl for up to one month. In all cases, the dissolved silicate concentrations were below the 

detection limit of the molybdenum blue spectrophotometric method (<1 µM) and ICP-AES (<0.2 µM). 

 

ATR-FTIR investigations. The ATR-FTIR data suggests that NA binds to goethite through metal-

bonded (MB), H-bonded (HB), and outer-sphere (OS) complexes, as shown in our previous work.6 

The bands at 1706 cm-1 found in NA(s) correspond to the C=O stretching mode of the protonated 

carboxylic group. These bands disappear in solution and at the goethite surface while two other bands 

appear, corresponding to νCOO,as (NA(aq): 1578 cm-1) and νCOO,s (NA(aq): 1392 cm-1). Almost 25 cm-1 

blue shifts in C-O stretching modes (COO) was observed with no obvious shift for the ring modes ring, 

suggesting direct interactions of carboxyl groups with goethite but little interaction with the aromatic 

and pyridine rings. No significant effect of pH on adsorbed NA or NFA is observed for 4 < pH < 6. 

 

 

Figure S3. ATR-FTIR spectra at different pH values. Comparison between NA(aq), NA(s) and 

goethite-NA at pH = 4, 5 and 6.  
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Surface complexation modeling. Surface complexation modeling was done with geochemical 

speciation code PHREEQC-2.7 The charge-distribution multisite complexation (CD-MUSIC) model8 

was used to calculate surface species of two organic ligands (NA and NFA) and two oxyanions (Si and 

P) on goethite. In a previous study,6 we showed that NA binds to goethite through metal-bonded (MB), 

H-bonded (HB), and outer-sphere (OS) complexes. NFA had a weak affinity on goethite, binding only 

through OS complexes. However, sorption of NFA increased in the NA-NFA-goethite system because 

of co-binding of an OS complex of NFA onto NA bound to goethite through MB, HB, or OS complexes, 

as we have previously shown.6 Si binding from solutions of monomeric Si species first produced 

monomeric MB complexes resulting from a ligand exchange reaction with singly coordinated hydroxo 

(≡FeOH-0.5) groups when at Si loadings below ~1 Si/nm2.9 At Si surface loadings exceeding ~1 Si/nm2, 

oligomerization and polymerization reactions occurred when monomer silicates attach to existing MB 

Si species.9 As phosphate has a high affinity on goethite, it can form monodentate complexes and 

bidentate complexes at goethite surfaces.10 The surface complexation reactions of all surface species 

are reported in Table S1.  

The charge of the goethite/water interface was treated using the three-plane model (TPM). Charges 

of the adsorbates were distributed among the 0 (H+, MB), 1 (HB), and 2 (Na+, Cl−, OS) planes of the 

TPM. According to the MUSIC model approach,11 singly (≡FeOH-0.5), doubly (≡Fe2OH), and triply 

(≡Fe3O
-0.5 and ≡Fe3OH+0.5) coordinated sites outcrop the goethite surface, depending on the crystal 

face. A simplified 1-pK surface charging model, neglecting the contributions of doubly- and part of 

the triply-coordinated sites, was used. The reactive site density is detailed in our previous work5: 

[≡FeOH-0.5] = 3.12 sites/nm² and [≡Fe3O
-0.5] = 3.12 sites/nm² on (001)/(101) planes (90% of the surface 
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area) and [≡FeOH-0.5] = 7.4 sites/nm² on (210)/(010) plane (10% of the surface area). The protonation 

constants of these groups were set to pHpzc (1-pK approximation approach of MUSIC model). All the 

calculations used the “minteq v4” database.  

 

Surface complexation modeling combined with kinetics. Since surface complexation model (SCM) 

describes sorption based on surface reaction equilibrium, this method could be applied when surface 

reactions reached local equilibrium or, at least, were not significantly affected by chemical 

nonequilibrium. When non-equilibrium conditions prevailed, implementation of kinetics in surface 

complexation reactions was needed. NA can form MB, HB and OS complexes as follows according to 

ATR-FTIR data (Figure S3):  

2H+ + 2≡FeOH-0.5 + NA- ⇌ (≡FeOH2)2
+‧ ‧ ‧NA-  (OS complexes)     (S1.1) 

2H+ + 2≡FeOH-0.5 + NA- ⇌ (≡FeOH2)2
+‧ ‧ ‧NA-  (HB complexes)      (S1.2) 

2H++2≡FeOH-0.5 + NA- ⇌ (≡Fe)2(NA0)+2H2O  (MB complexes)        (S1.3) 

Fast formation of OS complexes is a prerequisite for IS complex formation, which is a rate-limiting 

process due to the conversion of hydrogen-bonded organic species to metal-bonded complexes. To 

distinguish the two-step reactions in PHREEQC-2, we have applied a two-step surface reaction 

expression. Briefly, we defined one intermediate ‘NAin’ and one equilibrium ‘NA’ species. Here, ‘NAin’ 

is an intermediate complex first in the form of an OS species: 

2H++2≡FeOH-0.5+NAin- ⇌ (≡FeOH2)2
+‧ ‧ ‧NAin-  (OS formation)      (S1.4) 

It then converts to a HB species through: 

2H++2≡FeOH-0.5+NAin- ⇌ (≡FeOH2)2
+‧ ‧ ‧NAin-  (HB formation)     (S1.5) 
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The resulting HB species then converts to a MB through: 

(≡FeOH2)2
+‧ ‧ ‧NAin-  (HB )

𝐾𝑓
→ 

𝐾𝑏
← 
 (≡Fe)2(NA0) + 2H2O  (MB)                (S1.6) 

Kf and Kb are forward and backward rate coefficients (T-1) respectively, which could be obtained by 

curve fitting. 

To describe adsorption kinetics of Si and P on goethite, we propose a multiple-site 

equilibrium/kinetic surface reaction expression, which was modified from a two-site 

equilibrium/kinetic sorption model12 and a multi-rate surface reaction expression.13 The equilibrium 

sorption sites assumes that surface reactions were instantaneous. For kinetic sorption sites, multiple 

first-order rate constants are used to describe the macroscopic rate of sorption, as follows:13  

∂𝑚k

∂𝑡
= 𝛼𝑘(𝑄k −𝑚𝑘), k =  1, 2, … ,𝑀,                     (S1.7) 

Here, mk and Qk are the concentration (M/L3) and adsorption extent (M) of sorbed chemical 

component at sorption site k normalized to aqueous volume, and αk is the first-order sorption rate 

constant (T-1) of target chemical at kinetic sorption site k, which was obtained by curve fitting 

according to experimental data. The adsorption extent of each chemical component was calculated 

based on surface complexation reactions in section 2.5 at reaction equilibrium. Here, the distributed 

rate expression in the original work13 was simplified to multiple first-order rate constants. 
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Table S1. Surface complexation reactions and charge distribution of NA species, silicate species, and 

phosphate species on goethite in the CD-MUSIC model*. 

Reaction  Type log K Δz0 Δz1 Δz2 

≡Fe3O-0.5 + H+ ⇌ ≡Fe3OH+0.5  9.1 a 1 0 0 

≡Fe3O-0.5 + H+ + Cl- ⇌ ≡Fe3OH+0.5‧ ‧ ‧Cl-  8.1 b 1 0 -1 

≡Fe3O-0.5 + Na+ ⇌ ≡Fe3OH+0.5‧ ‧ ‧Na+  -1 c 0 0 1 

≡FeOH-0.5 + H+ ⇌ ≡FeOH2
+0.5  9.1 a 1 0 0 

≡FeOH-0.5 + H+ + Cl- ⇌ ≡Fe3OH+0.5‧ ‧ ‧Cl-  8.1 b 1 0 -1 

≡FeOH-0.5 + Na+ ⇌ ≡FeOH-0.5‧ ‧ ‧Na+  -1 c 0 0 1 

2H+ + 2≡FeOH-0.5 + NA- ⇌ (≡Fe)2(NA0) + 2H2O MB 19.7 d 1 0 0 

2H+ + 2≡FeOH-0.5 + NA- ⇌ (≡FeOH2)2
+‧ ‧ ‧NA- HB 20 d 2 -1 0 

2H+ + 2≡FeOH-0.5 + NA- ⇌ (≡FeOH2)2
+‧ ‧ ‧NA- OS 20.8 d 2 0 -1 

3H+ + 2≡FeOH-0.5 + NFA- ⇌ (≡FeOH2)2
+‧ ‧ ‧NFAH HBH 27d +2 0 0 

2H+ + 2≡FeOH-0.5 + NFA- ⇌ (≡FeOH2)2
+‧ ‧ ‧NFA- OS  19.9 d +2 0 -1 

2H+ + 2≡FeOH-0.5 + NFA- + Na+ ⇌ (≡FeOH2)2
+‧ ‧ ‧NFA-‧ ‧ ‧Na+ HB-Na 20.8d +2 -1 1 

2H+ + 2≡FeOH-0.5 + NA- + NFA- ⇌ (≡Fe)2(NA0) ‧ ‧ ‧(NFA)- + 2H2O MB-OS 23.2 d +1 0 -1 

2H+ + 2≡FeOH-0.5 + NA- + NFA- ⇌ (≡FeOH2)2
+‧ ‧ ‧-(NA)‧ ‧ ‧(NFA)- HB-OS 23.2d +2 -1 -1 

2H+ + 2≡FeOH-0.5 + NA- + NFA- ⇌ (≡FeOH2)2
+‧ ‧ ‧-(NA)‧ ‧ ‧(NFA)- OS-OS 25.4d +2 0 -2 

2H+ +2≡FeOH-0.5 + NA- + NFA- + Na+ ⇌ (≡FeOH2)2
+‧ ‧ ‧-(NA)‧ ‧ ‧(NFA)- ‧ ‧ ‧Na+ HB-HB-Na 26.3d +2 -2 +1 

2≡FeOH-0.5 + Si(OH)4
0 ⇌ (≡FeO)2Si(OH)2

- + 2H2O MB 5.85e 0.48 -0.48 0 

2≡FeOH-0.5 + 2H+ + PO4
-3 ⇌ (≡FeO)2PO2

-2 + 2H2O MB 28.31 f  0.46 -1.46 0 

≡FeOH-0.5 + 2H+ + PO4
-3 ⇌ ≡FeOPO2OH-1.5 + H2O MB 26.36 f 0.28 -1.28 0 

*TPM with C1 = 2.3 F/m2, C2 = 1.07 F/m2; 63% of (101), 27% of (001), and 10% of (210). Site densities: [≡FeOH−0.5] = 3.03, 3.34, and 7.4 

site/nm2 at the (101), (001), and (210) planes, respectively; [≡Fe3O−0.5] = 3.03 and 3.34 site/nm2 at the (101) and (001) planes, respectively. All types 

of surface species are considered to form at all planes ((101)/(001)/(210)). All other parameters were fixed. 

a Values from F. Gaboriaud, J.-J. Ehrhardt, Effects of different crystal faces on the surface charge of colloidal goethite (α-FeOOH) particles: an 

experimental and modeling study, Geochimica et Cosmochimica Acta. 67 (2003) 967–983.2  

b Values from T. Hiemstra, W.H. Van Riemsdijk, On the relationship between charge distribution, surface hydration, and the structure of the interface 
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of metal hydroxides, Journal of Colloid and Interface Science. 301 (2006) 1–18. 14 

c Values from R.P.J.J. Rietra, T. Hiemstra, W.H. van Riemsdijk, Electrolyte Anion Affinity and Its Effect on Oxyanion Adsorption on Goethite, Journal 

of Colloid and Interface Science. 229 (2000) 199–206.15  

d Values from Xu, J.; Marsac, R.; Wei, C.; Wu, F.; Boily, J.-F.; Hanna, K. . Environ. Sci. Technol. 2017, 51 (20), 11617–11624.16 

e Values from Hiemstra, T.; Barnett, M. O.; van Riemsdijk, W. H. 9Interaction of Silicic Acid with Goethite. J. Colloid Interface Sci. 2007, 310 (1), 8–

17. 17 

f Values from Rahnemaie, R.; Hiemstra, T.; van Riemsdijk, W. H. Geometry, Charge Distribution, and Surface Speciation of Phosphate on Goethite. 

Langmuir 2007, 23 (7), 3680–3689. 10 
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Analysis and modeling of tracer breakthrough curves (BTCs). The columns may contain isolated 

water, in addition to mobile water and immobile water fractions. The isolated water fraction 

corresponds to pockets of stagnant water that are not accessible to solutes. The computation of 

moments and the modeling with mobile-immobile model (MIM) are used to complete the 

determination of the isolated, immobile and mobile water fractions, along with the solute mass 

exchange between the mobile and immobile water fractions. The isolated water fractions may involve 

water in the core of aggregates that are not easily accessible and that can be considered as utterly 

isolated. Mass balances and retardation factors were calculated using the zero- and first-order moments 

of the BTCs obtained from tracer experiments. The absolute time moments are defined by18 

𝜇n = ∫ 𝑡n𝐶(𝑡)
+∞

0

𝑑𝑡, n = 0, 1, 2, ‧‧‧, 𝑁                                (S2.1) 

where C(t) is the effluent concentrations (M/L3) at time t, μn is the nth order absolute time moment. μ0 

is the zeroth absolute time moment and is proportional to the total mass that is being eluted from the 

column. The mass balance ratio can be computed by dividing the zeroth order moment by the product 

inlet concentration multiplied by the duration of the pulse injection. The retardation factor R was 

calculated as the ratio of the mean tracer residence time (Tm) to the theoretical water resident time (Ts), 

which represents the time needed to replenish water in the column. The mean residence time of solute 

and retardation factor can be calculated as follows19,20: 

𝑇m =
𝜇1
𝜇0

−
δt 

2
 , 𝑇s =

𝐿‧𝜃𝑡𝑜𝑡𝑎𝑙

𝑞
 , 𝑅 =

𝑇m
𝑇s
                         (S2.2) 

Where δt is the duration of pulse injection (T), L and θ are the length (L) and volumetric total water 

content (L3/L3) of the column, and q is the Darcian velocity (L/T).  
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After obtaining the isolated water fraction, tracer transport in GCS and GagCS columns was 

modelled on the basis of the classical advection-dispersion equation (ADE) and the mobile-immobile 

model (MIM) implemented in the HYDRUS-1D code21. The governing equation of ADE for a non-

reactive solute in one-dimensional systems could be derived as follows (considering steady and 

uniform flow in the columns): 

𝜃
∂𝐶

∂𝑡
= −𝜃𝑣

𝜕𝐶

𝜕𝑥
+ 𝜃𝐷h

𝜕2𝐶

𝜕𝑥2
            (S2.3) 

where C is the concentration of solute at position x (M/L3), t is time (T), θ is the volumetric water 

content (L3/L3). Dh is hydrodynamic dispersion coefficient (L2/T), v is the average pore velocity (L/T). 

The concept of MIM model assumes that there are two regions in pore space, namely mobile zone 

(macropores or inter-aggregate pores) and immobile zone (micropores or intra-aggregate pores).19 

Rapid transport in the mobile water is accompanied by diffusive mass transfer of solutes between the 

mobile and immobile water fractions. The governing equations read as follows for a nonreactive solute, 

considering an homogeneous and constant water flow22: 

𝜃m
𝜕𝐶m
𝜕𝑡

+ 𝜃im
𝜕𝐶im
𝜕𝑡

= −𝜃m𝜐m
𝜕𝐶m
𝜕𝑥

+ 𝜃m𝐷m
𝜕2𝐶𝑚
𝜕𝑥2

          (S2.4𝑎) 

𝜃im
𝜕𝐶im
𝜕𝑡

= 𝜔(𝐶m − 𝐶im)                 (S2.4b) 

𝜃 = 𝜃im + 𝜃m                                      (S2.4𝑐) 

where θm and θim are the volumetric water content (L3/L3) in the mobile and immobile region 

respectively, Cim and Cm are the solute concentrations in the immobile and mobile region respectively 

(M/L3), vm is the pore water velocity in the mobile region (L/T), Dm is the hydrodynamic dispersion 

coefficient in the mobile region (L2/T), 𝜔 is the mass transfer coefficient between the mobile and 

immobile regions (T-1). In both ADE and MIM model, the hydrodynamic dispersion coefficient is 
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related to the pore velocity and the molecular diffusion coefficient D0 (L
2/T) through: 

𝐷h = 𝜆𝑣 + 𝜏 𝐷0, 𝐷m = 𝜆m 𝜐m + 𝜏 𝐷0             (S2.5) 

Where 𝜆  is the longitudinal dispersivity (L) and 𝜏  is the tortuosity (dimensionless), m and im 

subscripts refer to “mobile” and “immobile” water fractions. 

The set of equations (S2.3-S2.5) were resolved numerically using HYDRUS-1D code for the tracer. 

In ADE approach, the only fitting hydrodynamic parameter was the longitudinal dispersivity (𝜆). In 

MIM, four fitting hydrodynamic parameters should be determined, including the mobile and immobile 

water fractions (m, im), the longitudinal dispersivity (m) and the mass transfer coefficient (𝜔). These 

values can be optimized with HYDRUS inverse procedure considering weighting by standard 

deviation.   

On the basis of the hydrodynamic parameters, it is possible to estimate the characteristic times 

relative to the physical processes that drive the solute transport: advection and dispersion in the mobile 

zone, diffusion at the interface between the mobile and immobile water fraction, diffusion into the 

immobile water fraction. The advection time (Tadv) corresponds to the mean time nonreactive solutes 

should spend in the column in case no exchange occurs between the mobile and the immobile fractions. 

The mass transfer time Tω quantifies the kinetics of the solute exchange between the two types of water. 

The comparison of this time to the advection time gives an idea of the magnitude of the exchange 

relative to advection. These characteristic times are calculated by the following relations: 

𝑇adv =
𝐿‧𝜃m

𝑞
      𝑇ω =

𝜃im
𝜔

                           (S2.6) 
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During water saturation, tracer experiments and reactive transport tests, fractions were collected 

from the column effluent and acidified in order to measure possible mobilized FeOOH particles. In all 

samples, the total dissolved Fe in the outflow was below the ICP-AES detection limit (0.2 μM for Fe), 

and therefore the possibility of mobilization of goethite particles can be excluded.  

 

 

 

Figure S4. Experimental and modeled BTCs of Br- at constant flow rate of 0.5 mL/min in GCS and 

GagCS columns. The points correspond to the experimental data. Lines corresponds to the best models, 

with the solid line and dashed line corresponding to the fits to GagCS and GCS BTCs using MIM and 

ADE, respectively. 
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Figure S5. Experimental and modeled BTCs of Br- in flow-interruption experiments performed in 

GCS (a) and GagCS columns (b). Inflow conditions for the two sets of experiment: flow rate 0.5 

mL/min, 0.05-M NaBr prepared with 0.01-M NaCl background electrolyte, inflow pH 5.0 ± 0.1, 12-

hour flow-interruption. The points represent the observed data. The solid lines are the modeled BTCs. 

The arrows and the dashed lines indicate the stop-flow points. Embedded subfigure: zoom in after 

recommencing flow. 

 

Figure S4 illustrates the experimental and modeled BTCs of bromide in GCS and GagCS columns. 

According to the results from the zero- and first-order moment analyses of the experimental BTCs, the 

mass balance ratios in both GCS and GagCS columns were close to 100% (in the range of 97.1%~99.9%) 

and the retardation factors were 84.7% ±1.3% in GCS columns and 85.3±0.7% in GagCS columns. The 
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slightly lower than unity retardation factors reveal an exclusion of bromide anion from part of the 

water in both types of columns. This exclusion may have resulted from the presence of completely 

isolated water (such as water trapped in isolated and unconnected pores) in addition to anionic 

exclusion. However, we consider anionic exclusion as negligible because surface charge of goethite is 

positive at pH5. Thus, in this case, retardation factors can be used to quantify the fraction of isolated 

water by the following relation19,23: 

is = (1-R) ‧       (S2.7) 

The isolated water fraction is removed from the total water content for data modeling. Then, the 

experimental BTCs are fitted to the numerical model, using Hydrus-1D in inverse mode. In GCS 

columns, the ADE provided the best fit (goodness of fit, R2=0.999), suggesting relatively 

homogeneous flow in the column. The obtained hydrodynamic parameters show that 15.3% of the total 

water volume is completely isolated and the immobile water fraction can be ignored. In GagCS columns, 

the best fit was obtained with the MIM (R2=0.998), suggesting that the water is fractionated into mobile 

and immobile water fractions. The hydrodynamic parameters show that the flow concerned 76.0% of 

the total water volume and the rest was either immobile (9.8%) or completely isolated (14.2%). The 

determined mass transfer rate constant ω is 1.48×10-3 min-1 (0.089 h-1) which falls in the typical range 

(0.03 ~ 0.09 h-1) according to previous studies13,24 at similar scales and for similar experimental 

conditions. The exchange between the mobile and the immobile fractions was not instantaneous insofar 

as the mass transfer time (Tω= 31.4 min) is longer than the advection time (Tadv= 6.2 min). Retardation 

Factors, hydrodynamic parameters and characteristic times for columns of GCS and GagCS are 

summarized in Table S2.  
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The discrepancy of flow regimes in GCS and GagCS columns were also confirmed by the independent 

sets of flow-interruption experiments with step-injection of bromide in GCS and GagCS columns 

(Figure S5). No drop in the Br- BTC suggested the immobile water fraction can be ignored in GCS 

columns, whereas the relative concentration dropped to ~0.97 after flow-interruption in GagCS 

columns, indicating diffusive mass transfer between mobile and immobile regions. Using 

corresponding hydrodynamic parameters in Table S2, the experimental Br- BTCs in both GCS and 

GagCS columns can be well predicted by ADE and MIM, respectively.  
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Table S2. Retardation Factors (R), hydrodynamic parameters and characteristic times for columns 

of goethite coated sand (GCS) and goethite aggregate coated sand (GagCS) a 

Column 
R 

(%) 

fis 

(%) 

Tm 

(min) 
Hydrodynamic parameters in ADE or MIM 

Tadv 

(min) 

Tω 

(min) 

GCS 
84.7 

(1.3) 

15.3  

(1.60) 

7.1  

(0.1) 
ADE 

θ (-) λ (cm)*   7.1  

(0.1) 
- 

0.361(0.007) 0.243(0.005)   

GagCS 
85.7 

(0.7) 

14.2 

(1.7) 

6.94 

(0.06) 
MIM 

θm (-)* θim(-)* λm(cm)* ω(min-1)* 
6.2  

(0.1) 

31.4 

(12.5) 
0.322 

(0.007) 

0.042 

(0.017) 

0.325 

(0.012) 

1.48e-3 

(0.51e-3) 

a Mean (standard deviations) 

* Parameters obtained from curve-fitting 

 

Reactive transport modeling. To model reactive solute transfer under dynamic conditions, we 

coupled the transport module with surface complexation model considering both equilibrium and non-

equilibrium reactions in PHREEQC-2. The transport module allows the simulation of convection and 

dispersion in relation with either advection-dispersion equation (ADE) or mobile-immobile model 

(MIM) approaches. For ADE, aqueous concentrations of target chemicals are governed by the 

following advection-reaction-dispersion (ARD) equation:7 

𝜕𝐶

𝜕𝑡
= −𝑣

𝜕𝐶

𝜕𝑥
+𝐷L

𝜕2𝐶

𝜕𝑥2
−

𝜕𝑞

𝜕𝑡
,                       (S3.1) 

where C is concentration in water (M/L3), t is time (T), v is mean pore water flow velocity (L/T), x 

is distance (L), DL is hydrodynamic dispersion coefficient (L2/T), and q is concentration in the solid 

phase normalized to aqueous volume (expressed as M/L3). The chemical interaction term 
𝜕𝑞

𝜕𝑡
, 

calculated separately from the transport part for each time step, is the sum of all equilibrium and non-

equilibrium reaction rates. Similarly, the mass transport of a reactive solute in MIM can be expressed 

as follows:13 

𝜃𝑚
𝜕𝐶𝑚

𝜕𝑡
= −𝜃𝑚𝑣𝑚

𝜕𝐶𝑚

𝜕𝑥
+𝜃𝑚𝐷m

𝜕2𝐶𝑚

𝜕𝑥2
− 𝜔𝜃𝑖𝑚(𝐶𝑚 − 𝐶𝑖𝑚) − 𝜃𝑚

𝜕𝑞𝑚

𝜕𝑡
      (S3.2a) 
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𝜕𝐶𝑖𝑚

𝜕𝑡
+

𝜕𝑞𝑖𝑚

𝜕𝑡
= 𝜔(𝐶𝑚 − 𝐶𝑖𝑚),                  (S3.2b) 

where θm and θim are the volumetric water content (L3/L3) in the mobile and immobile region, 

respectively, Cim and Cm are solute concentrations in the immobile and mobile region, respectively 

(M/L3), qm and qim are concentrations in the solid phase located in the immobile and mobile region 

(M/L3), vm is mean pore water velocity in the mobile region (L/T), Dm is hydrodynamic dispersion 

coefficient in the mobile region (L2/T), and 𝜔 is the mass transfer coefficient between the mobile and 

immobile regions (T-1). The chemical interaction terms 
𝜕𝑞𝑚

𝜕𝑡
 and 

𝜕𝑞𝑖𝑚

𝜕𝑡
 are the sum of all equilibrium 

and non-equilibrium reaction rates in the immobile and mobile region, respectively. Moreover, we 

distributed the sorption sites linked to goethite between the mobile and immobile water fractions. This 

distribution can be described by parameter f (%), which is the fraction of sorption sites in contact with 

mobile water. 

Transport modeling was performed with the geochemical model PHREEQC-2. The numerical 

approach in PHREEQC-2 follows the basic components of mass transport equations in a split-operator 

scheme.7 Fate and transport parameters were estimated by fitting the model solution to the 

experimental BTC for the reactive solute only (i.e., not for pH). 
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Figure S6. BTCs of NA normalized by its retardation factor to that of the bromide (tracer), at two 

flow rates. Inflow conditions: 10 μM NA, 0.01 M NaCl, PV=3.7 ± 0.1 mL, inflow pH=5 ± 0.1. The 

red solid is BTC of bromide, and the points represent the observed data. 
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Sensitivity analysis of mass transfer coefficient ω and fraction of sorption sites in contact with 

mobile water, f. In order to investigate how mass transfer coefficient ω and fraction f affect the shape 

of BTCs for NA, sensitivity analyses of parameter 𝜔 and f were performed using PHREEQC-2. The 

sensitivity analysis of the mass transfer coefficient 𝜔 (T-1) was conducted with a series of values 

between 0.09 h-1 (the values obtained from tracer test) and 4.32 h-1 in combination with a fixed value 

of fraction f (10%). Following similar method, sensitivity analysis of parameter f was performed with 

a series of values between 0% and 100% in combination with a fixed value of the mass transfer 

coefficient 𝜔 (4.32 h-1). Based on the results from sensitivity analyses, we found parameter α and f 

can be independently determined by curve-fitting: f mainly governs the position of initial breakthrough 

point, whereas 𝜔 determines the turning point of relative concentration where the tailing starts. 

 

Figure S7. Sensitivity analysis of mass transfer coefficient ω (a) and fraction f (b) based on 

breakthrough experiment of NA in GagCS column. Influent solutions of 10 μM NA were injected in 

step-type concentration boundary condition. Inflow conditions: flow rate 0.5 mL/min, 10 mM NaCl 

background electrolyte inflow pH 5.0 ± 0.1. Pore volumes is 4.1± 0.1 mL. The solid lines are modeled 

BTCs for NA obtained by using PHREEQC-2. The points correspond to the experimental data. 
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Table S3. Parameters in the model setup with explicit approach by using PHREEQC-2 

Parameters 

GCS columns  GagCS columns 

NA Si 
PO4 (with 

NA) 

NFA (with 

NA) 

 
NA Si 

PO4 (with 

NA)  

 

Column length (cm) 
4.9 ± 0.1 

0.36 

41.33 

0.243 ± 0.005 

1.55 ± 0.05 

  - 

- 

 
4.9 ± 0.1 

0.36 

41.21 

0.325 ± 0.012 

1.55 ± 0.05 

  9.7% 

4.32 

Effective porosity (-)  

Mean pore velocity (cm/h)  

Dispersivity (cm)  

Bulk density (g/cm3)  

Porosity ratio: θim/θm (-)  

Mass transfer coefficient 

(h-1) 

 

Type of kinetic expression 

for surface complexation 

reactions 

Two-step 

kinetics 

Multi-

site  
Multi-site - 

 
Two-step 

kinetics 
Multi-site Multi-site  

Percentage of kinetic 

sorption sites 
- 50% a 100%a 

 

0% b 

 

 

- 

100% b 

(MD*) 

90% b (ID#) 

100% b 

(MD) 

100% b (ID) 

 

First-order kinetic  

rate constant (h-1) 

Kf = 0.05 c 

Kb = 0.009 c 
1.80 b 0.24 b - 

 Kf = 0.05 c 

Kb = 0.009 c 

0.6 (MD) 

0.6 (IM) 

0.72 b (MD) 

0.06 b (MD) 
 

*MD represents Mobile Domain. 

#ID represents Immobile Domain. 

aParameters were obtained by curve-fitting.  

bThe percentage of kinetic sorption sites equaling 0 means all the sorption sites are assumed to be equilibrium. 

cValues from Zhou, L.; Cheng, W.; Marsac, R.; Boily, J.-F.; Hanna, K. Silicate Surface Coverage Controls Quinolone Transport in Saturated Porous 

Media. Journal of Colloid and Interface Science 2022, 607, 347–356.25 

 

 

 

Table S4. Parameters in the model setup with implicit approach by using PHREEQC-2 

Parameters 
GagCS columns 

NA  Si  NA & NFA 

Column length (cm) 4.9 ± 0.1 

0.36 

41.21 

0.325 ± 0.012 

1.55 ± 0.05 

9.7% 

Effective porosity (-) 

Mean pore velocity (cm/h) 

Dispersivity (cm) 

Bulk density (g/cm3) 

Porosity ratio: θim/θm (-) 

Overall mass transfer coefficient (h-1) 2.35  0.05 1.44 
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Figure S8. Experimental and modeled BTCs for Si and pH in GagCS columns. Influent solution of 1 

mM Si were injected in step-type concentration boundary condition. Inflow conditions for the two sets 

of experiment: flow rate 0.5 mL/min, 10 mM NaCl background electrolyte, pore volume =4.1± 0.1 

mL, inflow pH 5.0 ± 0.1. The solid line and dashed line are modeled BTCs for selected solutes and pH 

obtained by using PHREEQC-2, and the points represent the observed data. The red solid and dashed 

lines are the modeled BTCs explicitly considering the physical and chemical non-equilibrium 

processes. The blue solid and dashed lines are the modeled BTCs using an overall mass transfer rate 

coefficient, namely implicit approach. 
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Figure S9. a) Experimental and modeled BTCs for Si and pH in GagCS columns; influent solution 

of 2-mM Si were injected in step-type concentration boundary condition. b) Experimental and modeled 

BTCs for NA and pH in GagCS columns; influent solutions of 10-μM NA were injected in step-type 

concentration boundary condition; embedded subfigure: zoom in for V/Vp range of 0–200. Inflow 

conditions for the two sets of experiment: flow rate 0.5 mL/min, 10-mM NaCl background electrolyte, 

pore volume =4.1± 0.1 mL, inflow pH 5.0 ± 0.1. The solid line and dashed line are modeled BTCs for 

selected solutes and pH obtained by using PHREEQC-2. The points represent the observed data. The 

blue solid and dashed lines are the modeled BTCs using an overall mass transfer rate coefficient–i.e., 

the implicit approach. 
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Figure S10. Experimental and modeled BTCs for NA and NFA in GagCS columns. Inflow conditions: 

[NA] = 10 μM , [NFA] = 10 μM, flow rate = 0.5 mL/min, 10-mM NaCl background electrolyte, inflow 

pH 5.0 ± 0.1. Pore volumes is 4.1± 0.1 mL, respectively. Solid lines and dashed lines are modeled 

BTCs obtained using PHREEQC-2. Points represent the experimental data points. 

 

 

Figure S11. Experimental and modeled BTCs for NA and P in GagCS columns. Inflow conditions: 

[NA]= 10 μM, [PO4] =100 μM, flow rate = 0.5 mL/min, 10 mM NaCl background electrolyte, inflow 

pH 5.0 ± 0.1. Pore volumes of GCS columns and GagCS columns are 4.3± 0.1 mL and 4.1± 0.1 mL, 

respectively. Solid lines and dashed lines are modeled BTCs obtained by using PHREEQC-2, and 

points represent the experimental data points. 
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