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Experimental Procedures 

A. Synthetic Procedures 

 

Reagents and standards 

All reagents and standards were acquired from Sigma-Aldrich in the highest grade available. Aqueous solutions were prepared in Milli-

Q water. Both native and mass-labelled analytical reference standards used for characterization were acquired from Wellington 

Laboratories (Guelph, Ontario, Canada). Commercial zeolite samples (CP814-E*, referred to as Beta-22, CP811C-300, referred to as 

Beta-300 and USY) were acquired via Zeolyst International. The Activated Carbon was a powder type Norit SX 1G (Cabot). 

 

Synthesis of all-silica and high-silica zeolites  

All-silica zeolite Beta was prepared in fluoride media, according to a method described earlier in literature [1]. Tetraethylorthosilicate 

(TEOS) was used as silica source and an aqueous solution of tetraethylammonium hydroxide (TEAOH) was used as organic structure 

directing agent (OSDA). The final gel composition was: SiO2 : 0.55 TEAOH : 0.55 HF : 9 H2O. Crystallization of the zeolite was carried 

out in a Teflon liner under static conditions at 408 K for 168 hours. After crystallization, the solid product was separated from the liquid 

phase by filtration and washed repeatedly with deionized water. The zeolite product was obtained after thermal treatment at 823 K for 

6 hours.  

 

All-silica silicalite-1 was prepared in basic media according to a procedure described in literature [2]. Silica sol was used as silica source, 

ethylamine (C2H7N) and tetrapropylammonium bromide (TPABr) were used as OSDA. The final gel composition was: SiO2 : 0.1 C2H7N : 

0.1 TPABr : 0.15 NaOH : 50 H2O. Crystallization of the zeolite was carried out in a Teflon liner under static conditions at 453 K for 20 

hours. After crystallization, the solid product was washed and thermally activated in a similar way as all-silica zeolite Beta. 

 

Synthesis of high-silica chabazite was performed in basic media, like described earlier in literature [3]. USY zeolite was used as silica 

source and TEAOH as OSDA. The final gel composition was: SiO2 : 0.2 TEAOH : 0.2 NaOH : 5 H2O. Crystallization of the zeolite was 

carried out in a Teflon liner under static conditions at 433 K for 72 hours. After crystallization, the solid product was washed and 

thermally activated in a similar way as all-silica zeolite Beta. 

 

Synthesis of mesoporous silica materials 

Two highly ordered hexagonal mesoporous silica materials (SBA-15 and MCM-41) were synthesized according to the respective 

literature methods [4,5]. For the synthesis of SBA-15, TEOS was used as silica source and Pluronic P123 (a nonionic alkyl poly(ethylene 

oxide) oligomeric surfactant) as OSDA. Typically, 4 g of Pluronic P123 and 8.5 g of TEOS were dissolved in 30 g of water and 120 g 

of a 2 M HCl solution and stirred at 308 K for 20h. The solid product was then washed with water, air-dried at 298 K and thermally 

activated at 773 K for 6 h. 

For the synthesis of MCM-41, TEOS was again used as silica source and cetyltrimethylammonium bromide (CTABr) as OSDA. The 

procedure started by dissolving 2.50 g of CTABr in 50 mL of water. Afterwards, 60 g of ethanol and 13.2 g of ammonium hydroxide 

were added and stirred for 15 min to obtain a homogeneous solution. Then 4.67 g of TEOS was added and the resulting solution was 

stirred for 2 h. The precipitate was washed with water and methanol. The solid product was dried overnight at 343 K and thermally 

treated at 823 K for 8 h. 

 

B. Characterization 

 

FTIR spectroscopy 

Fourier transform infrared (FTIR) spectroscopy was used to investigate the hydroxyl stretching region of the zeolites. IR spectra of self-

supporting wafers (~10 cm2/g) were measured on a Nicolet 6700 FTIR spectrometer with DTGS detector (128 scans, 2 cm-1 resolution). 

Prior to the measurement, the samples were dried under vacuum to 723 K for 1 h. Spectra were recorded under vacuum at 423 K.  

 

Physisorption measurements 

N2 physisorption experiments were performed using a Micromeritics 3Flex apparatus at 77 K. Samples (ca. 50 mg) were activated at 

413 K under dynamic vacuum (10-3 mbar) prior to the measurements. Micropore volumes were calculates using the t-plot model. 

Surface areas were calculated using the multipoint BET (Brunauer-Emmett-Teller) method, all in accordance with the Rouquerol 

consistency criteria. Water vapor physisorption was performed on the same apparatus with degassed water at 298 K. Degassing 

consisted of connecting a pressure resistant stainless steel canister with water (ca. 15 mL) to the 3Flex apparatus and cooling it to 

freezing temperature (273 K). After 15 min of cooling the head space of the container was removed under dynamic vacuum (10 -3 mbar), 

the canister’s connection valve was closed and water was left to defrost. The process was repeated 3 times to ensure complete 

degassing. 
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TGA measurements 

TGA measurements were performed on a Netzsch STA 449C. The measurements were performed under oxygen and start at room 

temperature. The temperature is increased with a constant ramp of 10 K/min up to 1273 K. Data were analyzed with the Netzsch 

Proteus Thermal Analysis Software. 

 

XRD measurements 

Powder X-ray diffraction (XRD) patterns of all-silica zeolite Beta were recorded on a Malvern PANalytical Empyrean diffractometer in 

transmission mode over a 1.3–45° 2θ range, using a PIXcel3D solid-state detector and Cu anode (Cu Kα1: 1.5406 Å; Cu Kα2: 1.5444 

Å). Data were analyzed with the PANalytical Data Viewer Software. 

 

HPLC-MS analysis 

Samples containing perfluorinated carboxylates or sulfonates were analyzed by LC-ESI-(-)-MS/MS using a Waters UPLC and a XEVO 

Triple Quad tandem mass spectrometer. Analytes were separated on a Waters Acquity BEH Shield RP18 column (2.1 × 100 mm; 1.7 

µm) at 313 K. An elution gradient was used, with 2 mM ammonium acetate either in 95:5 (v/v) water:MeOH (solvent A), or in MeOH 

(solvent B). Two multiple reaction monitoring (MRM) transitions were used for each analyte. The method was validated and the method 

precision (which is the most important performance parameter for this study) ranged from < 1 % (repeatability) tot 2-4 % (intermediate 

precision). During analysis, a quality control scheme was in place to monitor good performance of the method. Further details can be 

found in literature [6]. 

 

Calorimetry measurements 

The adsorption enthalpies (ΔHads) were determined by a titration method in a cell placed into a Tian−Calvet-type microcalorimeter, TAM 

III, provided by TA Instruments. In each experiment, 1.5 mg of sample was placed in a stainless steel ampule. Then 800 mL of water 

was introduced into the cell. The cell was then fixed on the calorimetric titration setup and introduced into the thermopiles. An ampule 

with only the solvent was used as a reference. After thermal equilibration at 298 K and while keeping the suspension stirred, a stock 

solution of PFOA (initial bulk concentration: 2.1g/L) was introduced step by step into the calorimetric cell via a fine cannula with a motor-

driven syringe pump. A total volume of 200 mL of stock solution was added in steps of 10 mL with 1.5 h of equilibrium time between 

each injection. This process yielded a calorimetric peak that contained two contributions: one from adsorption and one corresponding 

to a dilution effect. The contribution of the dilution effect was measured via a blank sample, in order to subtract it from the total 

calorimetric peak. Homemade software was used to compute the amount of PFOA adsorbed in the calorimetric experiment, the heat 

of dilution and the adsorption enthalpy. This was done using the following experimental data: heat measured at each injection, the 

adsorption isotherm and the dilution enthalpy curve. Integrated enthalpies of adsorption were plotted as a function of equilibrium 

concentration determined from adsorption isotherms for each injection. 

 

Solid-state NMR experiments 

Solid-state NMR measurements were carried out on a 600 MHz Varian NMR spectrometer using 1.6 mm HXY MAS probe. Samples 

were spun at 32 kHz unless otherwise stated. In the 1H-1H homonuclear correlation experiment, four consecutive cycles of POST-C7 

recoupling scheme were used for the excitation and reconversion of 1H double-quantum (DQ) coherences. Repetition delay was 0.2 s 

for the ‘AllSiBeta 500’ sample (= all-silica zeolite Beta, maximally loaded after equilibration with a 500 mg PFOA/L stock solution) and 

0.5 s for the ‘PFOA’ sample (= pure, crystalline PFOA). During the experiments, samples were cooled down to 278 K to enhance the 

signal. The 19F-29Si heteronuclear correlation spectrum was measured by exciting fluorine nuclei with the π/2 pulse of 1.7 µs and 

transferring polarization to silicon nuclei using a ramped-amplitude cross-polarization (CP) block of 5 ms. For each of the 22 slices 

along the indirect dimension (t1), 7360 scans were accumulated with 1 s repetition delay. The 13C and 19F MAS NMR spectra were 

measured using the Hahn-echo sequence with the echo delay of one rotation period. In the 13C MAS experiments, the recycling delay 

was 3 s, and 260 000, 50 000, and 12 000 scans were acquired for the ‘AllSiBeta 500’, ‘AllSiBeta 250’ (= all-silica zeolite Beta loaded 

with a 250 mg PFOA/L stock solution), and ‘PFOA’ samples, respectively. During signal acquisition, high-power fluorine XiX decoupling 

was applied. In the 19F MAS experiments, the recycling delay was 5 s and up to 64 scans were acquired. The 1H-13C heteronuclear 

correlation experiment consisted of the 1H excitation pulse of 1.5 µs and a CP block of 5 ms. 12 slices along t1 were recorded with 32 

000 scans each; repetition delay was 0.5 s. The 19F-19F homonuclear correlation experiment comprised a single BABA cycle for the DQ 

excitation and another one for the reconversion. The sample was spun at 40 kHz. The π/2 pulse of 1.7 µs was used, and the 2D 

spectrum was obtained after acquiring 300 slices along t1 with 32 scans each and 1 s delay between consecutive scans. The 1H, 13C 

and 29Si spectral axes were calibrated relative to the signals of TMS, and 19F relative to the signal of CFCl3. 

 

C. Experiments 

 

Adsorption experiments 

All batch adsorption experiments were performed in polypropylene vials, in order to avoid PFAS adsorption onto the surface of glass 

vials. For all the experiments, a commercial powder activated carbon (Norit SX 1 G) was used as benchmark material. For the 

determination of the single compound adsorption isotherms, an amount of 5 mg of adsorbent was contacted with 5 mL of an aqueous 

sample with a known PFOA or PFOS concentration (C0). PFOA stock concentrations ranged from 0.1 mg/L to 500 mg/L, while PFOS 

stock concentrations ranged from 0.1 mg/L to 250 mg/L (Table S1). A lower maximum concentration was used for PFOS in order to 
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avoid micelle formation; PFOS has a lower critical micelle concentration (CMC) than PFOA. The samples were shaken for 24 hours 

where after PFAS concentrations of the aqueous solutions were measured via HPLC-MS (see above). PFAS uptake on the zeolite 

adsorbents was calculated using equation 1, where q is the amount of PFAS adsorbed per g of dry matter and Ce is the equilibrium 

PFAS concentration in the aqueous solutions, upon contact with the adsorbent. 

 

q = (C0 – Ce) Vsample / madsorbent  (1) 

 

For kinetic experiments, 5 mg of adsorbent was contacted with 5 mL of a 100 µM solution of either PFOA or PFOS. Contact times were 

varied, ranging from 5 min up to 24 h. For competitive experiments, 5 mg of adsorbent was again mixed with 5 mL of a 100 µM aqueous 

solution of PFOA or PFOS. This time, five organic compounds (caprylic acid, phenol, sodium dodecyl sulfate (SDS), benzoic acid and 

adipic acid) were simultaneously present in the sample, either in a 1:1 or 1:3 (PFAS : organic compound) molar ratio for every individual 

organic compound. In the case of 1:1 ratio, there was a total fivefold molar excess of organic compounds over PFOA or PFOS. In the 

case of 1:3 ratio, there was a total fifteenfold molar excess of organic compounds over PFOA or PFOS. Measurements of the PFAS 

concentrations and calculations of PFAS uptakes were performed as described previously.  

 

Regeneration of the zeolite adsorbents 

The loaded zeolite samples were heated in a muffle furnace at a ramp of 10 K/min until the temperature reached 633 K. The temperature 

was then kept constant for 10 min. Afterwards, sufficient time was given for the zeolite samples to cool down to room temperature. 

 

D. Molecular simulations 

 

Calculations of the adsorption energies 

The DFT simulations of the adsorption of PFOA and caprylic acid in all-silica zeolite Beta were performed using the Quantum Espresso 

package [7], which is implemented under periodic boundary conditions with plane wave functions as a basis set. These calculations 

were performed with the consideration of a supercell (1 × 2 × 1) constructed from the unit cell of the all-silica zeolite Beta containing a 

dimer of either PFOA or caprylic acid. The geometry optimizations of all tested dimer conformations (head-head, head-tail and tail-tail) 

were performed with the generalized gradient approximation (GGA/PBE) [8] coupled with the DFT-D2 scheme [9] in order to compute 

the contributions of the dispersion forces. The relative ion positions were relaxed until all of the force components were lower than 

0.001 Ry/Bohr, while the unit cell parameters were kept constant. The ion cores were described by Vanderbilt ultrasoft pseudopotentials 
[10], and the Kohn Sham one-electron states were expanded in a planewave basis set with a kinetic cutoff energy of 35 Ry (350 Ry for 

the charge density). The calculations were performed at the Γ-point. This allows to define an energy ranking of all the confined 

conformations for both PFOA and caprylic acid with the head-head configuration taken as a reference. The PFOA/zeolite and caprylic 

acid/zeolite interaction energies of the most stable conformations (head-head) were computed according to equation 2. 

 

Interaction Energy = Edimer in all-silica zeolite – Edimer – Eall-silica zeolite  (2) 

 

The terms Edimer in all-silica zeolite, Edimer and Eall-silica zeolite correspond to the total energy of the optimized ‘dimer in all-silica zeolite’ structures, 

the single-point total energy of the dimer in gas phase and the single point total energy of the all-silica zeolite Beta. 

 

Calculation of chemical shifts 

Structural models of crystalline PFOA and of all-silica zeolite Beta were geometry optimized with the DFT-based relaxation using 

CASTEP software package (Materials Studio v. 5.5.3, Accelrys Software Inc.). Plane-wave basis, generalized gradient approximation 

of Perdew-Burke-Ernzerhof, and ultrasoft pseudopotentials (generated on-the-fly with CASTEP) were employed. Upon relaxation, the 

force on each atom was smaller than 0.01 eV/Å and stress was below 0.03 GPa. In the DFT-based relaxation, kinetic-energy cutoff for 

the plane-wave basis was set to 650 eV, and the reciprocal-space sampling was performed with the k-point grid spacing of 0.042 Å-1 

or less. First-principles calculations of isotropic chemical shifts of 13C and 29Si nuclei were carried out with the GIPAW/DFT approach 

using the NMR CASTEP package. The kinetic-energy cutoff for the plane-wave basis for these calculations was increased to 700 eV 

and a finer grid of k-points was used, having the spacing of 0.028 Å-1 or less. GIPAW calculations yielded isotropic chemical shieldings 

 iso, from which isotropic chemical shifts were obtained via equation 3, with  ref being set to 169 ppm for 13C and 325.8 ppm for 29Si 

nuclei, respectively. These shielding values have led to the best agreement between the calculated and the experimental isotropic 13C 

and 29Si chemical shifts for many different crystalline solids. 

 

CS
iso =  ref −  iso  (3) 
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Results and Discussion 

 

 

Figure S1: FTIR spectrum of the hydroxyl stretching region for as-synthesized all-silica Beta (All-Si Beta) and for the commercial zeolite Beta types Beta-22 and 

Beta-300. The band at 3606 cm-1 corresponds with bridging OH groups due to the Al-content. The band at 3733 cm-1 corresponds to non-acidic hydroxyl groups at 

defect sites inside the crystals or at the outer surface. In the spectrum of All-Si Beta, the OH vibration of the bridging OH-groups, which is characteristic for Al-

containing, commercial zeolite Beta, is fully absent. The only band in the OH range of All-Si-Beta is that of the non-acidic hydroxyl groups at defect sites inside the 

crystal’s framework (3733 cm-1). However, this band is much less intense than for deeply dealuminated commercial Beta-300, indicating a much smaller amount of 

point defects and hence a much higher degree of hydrophobicity in All-Si Beta. 
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Figure S2: Characterization of all-silica zeolite Beta via N2 and water vapor physisorption isotherms. (A): N2 physisorption isotherm of all-silica zeolite, resulting in 

a calculated t-plot micropore volume of 0.21 cm³/g and a BET surface of 624 m²/g. (B): Water vapor physisorption isotherms for all-silica zeolite Beta (all-Si Beta) 

and for a more hydrophilic zeolite Beta type (Beta-22, with SiO2/Al2O3 = 22). 

 

  



SUPPORTING INFORMATION          

6 

 

 

Figure S3: Studying the impact of thermal treatment on a PFOA-saturated all-silica zeolite Beta. (A): Thermogravimetric analysis of pure, crystalline and as-

synthesized all-silica zeolite Beta (red) and of all-silica zeolite Beta, fully loaded with PFOA (green). The temperature profile is indicated by the dotted line. The 

relative weight loss of the PFOA loaded zeolite Beta clearly shows that all PFOA is removed at a temperature of 623 K. (B): XRD patterns of pure, crystalline and 

as-synthesized all-silica zeolite Beta (red), all-silica zeolite Beta fully loaded with PFOA (blue) and of all-silica zeolite Beta after loading with PFOA and thermal 

treatment at 623 K (green). No loss of crystallinity of zeolite Beta is seen after adsorption and desorption of PFOA.  
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Figure S4: Adsorption isotherms for PFOA on all-silica Beta (β) and the aluminum-containing zeolites Beta-22 and Beta-300. The latter number refers to the 

SiO2/Al2O3 ratio.  
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Figure S5: Integral adsorption enthalpies for all-silica zeolite Beta and the aluminum-containing zeolites Beta-22 and Beta-300 as a function of the surface 

concentration of PFOA, measured via calorimetry.  
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Figure S6: Snapshots of DFT-optimized caprylic acid conformations adsorbed in all-silica zeolite Beta, as well as their associated total energy differences with 

respect to the head-head dimer taken as reference. 
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Figure S7: Snapshots of the geometry optimized PFOA (A) and caprylic acid (B) dimers. The helical and zig-zag conformations of the PFOA (C) and the caprylic 

acid (D) chains, respectively, are also depicted. 
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Figure S8: 13C and 19F MAS NMR spectra of pure, crystalline PFOA and of PFOA loaded into the all-silica zeolite Beta in two different concentrations (AllSiBeta 

250 = moderate concentration, AllSiBeta 500 = maximal concentration). 13C and 19F NMR signals were assigned to individual carbon and fluorine sites of PFOA 

based on the DFT/GIPAW calculations of the chemical shifts of the crystalline PFOA, and by 1H-13C heteronuclear and 19F-19F homonuclear correlation 

measurements on the sample with PFOA incorporated into the zeolite (see Figure S9). 
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Figure S9: Two-dimensional 1H-13C heteronuclear correlation (left) and 19F-19F homonuclear correlation (right) NMR spectra of PFOA loaded into the all-silica zeolite 

Beta (highest concentration, AllSiBeta 500). Above the two-dimensional spectra, skyline projections of the spectra onto the 13C and 19F dimension are compared to 

the 13C and 19F MAS NMR spectra, respectively. Solid horizontal lines in the two-dimensional spectra mark selected correlations (proximities) among atoms. Their 

colour code is explained in the inserted scheme of the PFOA molecule. 
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Figure S10: Two-dimensional 1H-1H DQ-SQ homonuclear correlation NMR spectrum of pure, crystalline PFOA (left) and schematic presentation of the arrangement 

of PFOA molecules and of the hydrogen-bonding among these molecules in the crystals (right). Hydrogen bonds are presented with red dotted lines. 
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Table S1. Stock concentrations of PFOA and PFOS solutions used for the determination of the single compound adsorption isotherms. 

 

PFAS Stock concentrations (mg PFAS/L) 

PFOA 0.1 1 10 50 100 150 250 350 500 

PFOS 0.1 0.5 1 10 50 100 250   
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