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1. Synthesis 

1.1. Chemicals 
For synthesis the following chemicals were used: Millipore water (18MΩ), ethanol (VWR Chemicals, 

AnalaR Normapur, ≥99.8%), acetone (VWR Chemicals, AnalaR Normapur, ≥99.8%), %), n-hexanol (VWR 

GPR Rectapur), cyclohexane (VWR Chemicals, AnalaR Normapur), hexane (Carl Roth, 99%), dry 

acetonitrile (Merck, 99.5%), Triton X-100 (Sigma Aldrich for analysis), ammonia (NH4OH, Merck, 28-

30%), sodium hydroxide (NaOH, Merck Emsure pellets), hydrochloric acid (HCl, Honeywell Fluka 36.5-

38%), sulfuric acid (H2SO4, Merck Supelco 98%), ethylenediaminetetraacetic acid (EDTA, Sigma Aldrich 

99.4-100.6%), tetrabutyl orthotitanate (TBOT, Sigma Aldrich, synthesis grade), tetraethyl orthosilicate 

(TEOS, Sigma Aldrich 99%), n-octadecyltrimethoxysilane (C18, ABCR GmbH, 95%), cetrimonium 

bromide (CTAB, Alfa Aesar, 98%), N-tetradecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (SB3-14, 

“ZI”, Sigma Aldrich, ≥98%), sodium dodecyl sulfate (SDS, Sigma Aldrich 99%) potassium chloride (KCl, 

VWR GPR Rectapur >99%) and sodium chloride (NaCl, GPR Rectapur, ≥99%). Additionally, the following 

dyes were used: rhodamine B (RhB, Sigma Aldrich for fluorescence), rhodamine 6G (R6G, Sigma Aldrich 

for fluorescence), sulforhodamine G (SG, Sigma Aldrich, dye content 60%), uranine (Sigma Aldrich for 

fluorescence). 

1.2. Synthesis of dye-MSN@TiO2  
Synthesis of the dye-MSN@TiO2 is described in detail in Spitzmüller, et al. [1]. In brief: To synthesize the 

silica nanoparticle carrier cetrimonium bromide (CTAB 109 mg) is mixed with Millipore water (54 mL) 

and ammonia (NH4OH 1.194 mL) and stirred for 1 hour. Tetraethyl orthosilicate (TEOS 0.465 mL) is 

added dropwise and the solutions is further stirred for 5 hours. The particles undergo several washing-

centrifugation cycles with water and ethanol and are dried in vacuum. CTAB template is removed via 

calcination at 550°C with a heating rate of 1°C/min over 6 hours. The fluorescent dye is encapsulated 

following a synthesis procedure of Rudolph, et al. [2] and Spitzmüller, et al. [1]. The dye is added to the 

particles (weight ratio 4:10) and stored overnight in a glovebox under inert nitrogen atmosphere. Then 

2.5 mL dry acetonitrile per 50 mg particles is added and the particles are stirred overnight in the 

glovebox. The particles are retrieved by centrifugation, washed with hexane, dried in vacuum and 

redispersed in 4.8 mL Millipore water using a sonotrode to ensure a well dispersed solution. Titania 

coating was performed using a reverse water-in-oil microemulsion method as described in Spitzmüller, 

et al. [1]. Cyclohexane (15 mL) is mixed with n-hexanol (3.6 mL) and Triton X-100 (3.44 mL). After stirring 

for about 60 second, the particle dispersion and tetrabutyl orthotitanate (TBOT 307 µL) are added 

dropwise. After 20 minutes of stirring, H2SO4 (60.9 µL) is added to the formed microemulsion and 

stirred overnight. The particles are retrieved by addition of excess amount of acetone, followed by 

washing-centrifugation cycles with acetone, ethanol, and water.  

1.3. Surface modification with octadecyltrimethoxysilane 

The titania-coated particles were silanized with octadecyltrimethoxysilane (C18) to render their 

surface hydrophobic analog to a procedure described in Spitzmüller, et al. [3]. Briefly, the titania-coated 

particles are dried and weighted. Per 50 mg particles, dry acetonitrile (2.5 mL) is used. The particles 
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are redispersed in acetonitrile and n-octadecyltrimethoxysilane (0.375 mL) is added to the dispersion. 

After stirring for 12 hours, the coated nanoparticles are retrieved by centrifugation and washed twice 

with acetonitrile and hexane. Eventually, the particles are dried in vacuum.  

2. Analysis 

2.1. Sorption experiments - cpeak method 

Breakthrough curves were analyzed applying the cpeak method to calculate vmean, dispersivity and 

dispersion coefficient (D) according to Małoszewski and Zuber [4]: 
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2.2. DLVO theory – Calculations 

DLVO theory and colloidal stability calculations were made following [5-7]. 

2.2.1. Van-der-Waals force 

The attractive van-der-Waals forces were calculated with: 

𝑉𝑣𝑑𝑊 = − 
𝐴𝐻𝑟

12ℎ
 

With AH Hamaker constant, r particle radius (in m) and h separation distance (in m). The exact values 

for the calculations are displayed in Table S 1. 

 

2.2.2. Electric double layer forces 

The EDL forces were calculated with: 

𝑉𝐸𝐷𝐿 = 𝜋𝜀𝑟𝜀0

𝑟1𝑟2
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2) ∗ ln(1 − 𝑒−2𝜅ℎ)) 

With εr relative permittivity of the medium and ε0 absolute permittivity of vacuum, r1,2 radii of the 

interacting particles (the term reduces to r1 if interaction between particle and surfaces are calculated), 

ζ1,2 ζ-potentials of the interacting particles and h separation distance. Debye length κ-1 is calculated 

with: 
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𝜅−1 =
1

√8𝜋𝜆𝐵𝑁𝐴 ∗ 10−24𝐼
 

With λB Bjerrum length (in nm), NA Avogadro constant, I ionic strength (mol/L). 

2.2.3. Colloidal stability 

The colloidal stability is calculated with: 

𝑘𝑐𝑜𝑎𝑔 = 𝑘0 ∗ 𝑒
−𝑉𝑚𝑎𝑥

𝑘𝐵𝑇  

with Vmax being the height of the energy barrier taken from the total DLVO interaction curve (Figure 

1B), kB Boltzmann constant, T absolute temperature and k0 expected particle collision frequency. K0 

can be calculated with: 

𝑘0 =
4𝑁𝐴𝑘𝐵𝑇

3𝜂
 

With η viscosity of the medium. Finally, coagulation rate, i.e. colloidal stability is calculated with: 

𝑣𝑐𝑜𝑎𝑔 = 𝑘𝑐𝑜𝑎𝑔 ∗ 𝐶2 

With C being the particle concentration in mol/L. Unit of vcoag is s-1, i.e. to determine colloidal stability, 

vcoag is converted to yield the desired time (minutes, hours, months, years, etc.). 

Table S 1: Values used for DLVO calculations. 

Parameter Symbol Value Literature 

Hamaker constant AH 5.35*10-20 (TiO2-water-TiO2) 
6.9*10-21 (TiO2-water-Silica) 

Bergström [8] 

Particle radius r 75*10-9  Own data 
Relative permittivity of water εr 80.1  
Absolute permittivity of vacuum ε0 8.85*10-12

  
ζ-potential ζ1,2 Variable, in V Own data 
Debye length κ-1 Depends on ionic strength  
Bjerrum length water λB 0.71  
Boltzmann constant kB 1.38065*10-23  
Temperature T 293.15  
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3. Supplementary data

 
Figure S 1: Representative ATR spectra and SEM images of dye-MSN@TiO2 and pristine MSN carrier. Wavenumber 
identification in Table S 2. 

 

Figure S 2: SEM image of the particles after the heated experiments. The occurence of NaCl crystal is due to cooling of the 
0.01M NaCl fluid used in the experiments. 

Table S 2: ATR-wavenumber identifications. 

Wavenumber (cm-1) Identification Literature 

1050/1040 Si-O-Si Socrates [9] 
967 Ti-O-Si or Si-OH Zu, et al. [10] 
811 Si-O-Si (siloxane) Socrates [9] 
770 Ti-O str. or Ti-O-Ti bend. Islam, et al. [11] 
430 Si-O Socrates [9] 
420 Sym. Ti-O-Ti str. Pérez, et al. [12] 
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Table S 3: Calculated mean velocity (m/s), dispersivitiy (m) and dispersion coefficient (cm2/s) from the flow-through 
experiments displayed in Fig.4 main text. 

 V_mean (10-4 m/s) Dispersivity (10-3 m) Dispersion coefficient (10-2 cm2/s) 

SG-MSN@TiO2 3.54 6.34 2.25 
SG dye 3.55 8.25 2.93 
RhB-MSN@TiO2 3.24 13.22 4.28 
RhB dye 3.39 10.34 3.5 
R6G-MSN@TiO2 3.60 4.55 1.64 
R6G dye 2.70 32.49 8.76 

 

 

 

Figure S 3: Photograph of the used particle tracers in this study. From left to right: R6G-MSN@TiO2, SG-MSN@TiO2, RhB-
MSN@TiO2 
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