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Abstract 22 

Perfluorooctane sulfonate (PFOS) is a persistent organic pollutant that is 23 

bioaccumulative and toxic. While its use in most countries has been restricted to certain 24 

industrial applications due to environmental and health concerns, chrome plating and 25 

semiconductor manufacturing facilities are industrial point sources of PFOS-containing 26 

wastewater. Current remediation technologies are ineffective at treating these highly 27 

concentrated industrial effluents. In this work, UiO-66 metal-organic frameworks (MOFs) 28 

of several defect concentrations were studied as sorbents for the removal of PFOS from 29 

concentrated aqueous solutions. PFOS sorption isotherms indicated that defective UiO-66, 30 

prepared with HCl as a modulator, had a maximum Langmuir sorption capacity of 1.24 31 

mmol/g, which was ~2× greater than powdered activated carbon (PAC), but ~2× less than 32 

that of a commercial ion exchange resin. Defective UiO-66 adsorbed PFOS two orders of 33 

magnitude faster than the ion exchange resin. Large pore defects (~16 and ~20 Å) within 34 

the framework were critical to the increased adsorption capacity due to higher internal 35 

surface area and an increased number of coordinatively unsaturated Zr sites to bind the 36 

PFOS head groups. Of the common co-contaminants in chrome plating wastewaters, 37 

chloride ions have a negligible effect on PFOS sorption, while sulfate and hexavalent 38 

chromium anions compete for cationically charged adsorption sites. These materials were 39 

also effective adsorbents for the shorter-chain homologue, perfluorobutane sulfonate 40 

(PFBS). The enhanced PFOS and PFBS adsorptive properties of UiO-66 highlight the 41 

advantage of structurally defective MOFs as a water treatment approach towards 42 

environmental sustainability. 43 

 44 
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Introduction 45 

Perfluoroalkyl substances (PFASs) are a class of emerging organic water 46 

contaminants that are persistent in the environment and the human body.1 Among the 47 

PFASs, perfluorooctane sulfonate (PFOS) is one of the most commonly occurring in the 48 

environment due to its wide use in commercial products such as polymers, surfactants, 49 

pesticides, and firefighting foams, and in industrial processes like metal plating and wafer 50 

photolithography.2,3 In addition to its invasive impact on the environment, PFOS is 51 

suspected to exhibit toxic effects on humans, and its human elimination half-life is 52 

estimated to be as high as 5 years.1 Epidemiological studies have concluded that there are 53 

probable links between PFOS and various cancers, as well as an association between PFOS 54 

exposure and reduced immune response to routine immunizations in children aged 5-7.4–6 55 

PFOS production has been phased-out in the US and Europe, but still continues in 56 

China, resulting in increased PFOS contamination levels from expanded production to fill 57 

market gaps.7 In 2009, PFOS was included in the limited/forbidden list of the Stockholm 58 

Convention on Persistent Organic Pollutants. Regulatory action has also been taken in 59 

America, Canada, and the EU which, (i) limit the concentrations of PFOS allowed in 60 

consumer products, and (ii) limits its use in industrial settings to applications such as 61 

electroplating, photographic coatings, and semiconductor manufacturing.2,8,9  62 

Prior to treatment, raw industrial effluents from photolithography can contain 63 

PFOS concentrations greater than 1000 mg/L.3,10 Conventional industrial wastewater 64 

treatment facilities are ineffective at removing PFOS from these streams, and thus serve as 65 

point sources for further release to the environment.11–13 Effluents from these facilities and 66 

their nearby receiving rivers can contain many PFASs remaining at the mg/L level post-67 
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treatment.12,14 Several remediation technologies have been developed to treat PFOS-68 

contaminated waters, including: degradation,15–17 separation via coagulation or 69 

filtration,3,18 and adsorption.19 Technologies based on degradation and filtration currently 70 

suffer from high energy requirements, strict operational conditions, and high operational 71 

costs which limits their large-scale application. The energy efficiency of adsorptive 72 

processes for PFOS removal makes adsorption the more attractive and economically 73 

feasible method to remove PFOS from contaminated water sources.20  74 

Activated carbon (AC) has been the most widely studied material for PFAS 75 

adsorption. However, in general AC been shown to be ineffective for PFAS removal in 76 

existing water treatment facilities, where it is limited to low concentration targets.20,21 Ion 77 

exchange resins are another class of materials that can adsorb PFOS and have high PFOS 78 

adsorption capacity, but their adsorption kinetics are slow.22 PFOS adsorption has also been 79 

investigated on other types of materials, such as polymers and covalent organic 80 

frameworks, but hydrothermal stability and long equilibrium times still remain a 81 

challenge.23,24 Moreover, while PFOS use has been restricted to industrial settings, the large 82 

majority of the PFOS adsorption studies have been conducted at low concentrations (< 0.2 83 

mM).20 Therefore, there is a need to investigate and develop new porous adsorbents that 84 

can exhibit both fast adsorption and high adsorption capacities, particularly for challenging 85 

industrial wastewaters.  86 

The use of metal-organic frameworks (MOFs) for environmental remediation has 87 

gained considerable interest in recent years, due to their high porosity, and 88 

chemical/structural tunability. MOFs have exhibited strong adsorption affinities and fast 89 

adsorption kinetics for organic pollutants such as pesticides/herbicides, dyes, and 90 
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pharmaceuticals.25 However, MOFs have not been extensively investigated for adsorption 91 

of PFOS and PFASs in general.26–28 A MOF material, MIL-101(Cr), has been demonstrated 92 

to have high adsorption capacity for PFOA due to its high specific surface area and 93 

mesoporous structure, though the potential for toxic Cr leaching makes this MOF 94 

unattractive for water remediation applications. Zr-MOFs containing carboxylate-based 95 

ligands are of practical interest due to their exceptional stability which is due, in part, to 96 

the strength of the Zr-O bond.29 The Zr-MOF, UiO-66, in particular, has demonstrated 97 

great promise for water-based applications, as one of the most hydrothermally stable MOFs 98 

to date.30,31 There is evidence that UiO-66 has PFAS removal properties, showing some 99 

adsorption capacity for PFOS.32  100 

Here, we hypothesize that the PFOS and PFBS adsorption capacity of UiO-66 can be 101 

significantly improved by the introduction of framework defects through the modulated 102 

synthesis approach. This approach has been used to generate materials with higher porosity 103 

and a larger number of coordinatively unsaturated (CUS) Zr4+ sites, which can be beneficial 104 

for adsorption. The most typical modulators are either monodentate carboxylic acids, 105 

which compete with the bidentate benzenedicarboxylate (bdc) ligands for coordination to 106 

the Zr nodes,33 or concentrated hydrochloric acid (conc. HCl) which is thought to accelerate 107 

MOF synthesis kinetics and precipitation which favors the formation of defects through 108 

misconnections or linker dislocation.34,35 Depending upon the synthetic conditions used, 109 

two types of defects can be introduced into the UiO-66 framework: “missing linker defects” 110 

and “missing node defects”.36–38 The introduction of defects into the framework with HCl 111 

is concomitant with the incorporation of charge-compensating chloride into the nodes, 112 

which can also have a significant effect on the crystal properties. 113 
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In the present study, the modulated synthesis approach using concentrated HCl was 114 

applied to investigate the effect of defects on the adsorption of PFOS onto UiO-66. The 115 

initial PFOS concentration was kept high at 500 mg/L (1 mM), to mimic the high 116 

concentrations in industrial wastewaters. The isotherm and kinetic data were benchmarked 117 

against a commercial powdered AC (PAC) and anion exchange resin. The adsorption 118 

kinetics of PFBS were also evaluated on the UiO-66 materials exhibiting the highest 119 

capacity for PFOS. In addition, the effect of anions present in industrial wastewater was 120 

evaluated on the sorption of PFOS onto UiO-66. Our results provide new insights into the 121 

effect of framework defects on the mechanism of PFAS sorption onto UiO-66 and 122 

demonstrate that defective UiO-66 is a promising material for PFAS removal from 123 

industrial wastewaters.  124 

 125 

Materials and Methods 126 

Materials  127 

ZrCl4 (≥ 99.5% metals basis), terephthalic acid (98%), N,N-dimethylformamide (≥ 99.9%), 128 

Amberlite® IRA-900 macroporous anion exchange resin (chloride form, 16-50 mesh), 129 

perfluorooctane sulfonate (PFOS, potassium salt, 98%) and perfluorobutane sulfonate 130 

(PFBS, potassium salt, 98%) were all purchased from Sigma Aldrich. Methanol (99.9%) 131 

and DARCO® G-60 activated carbon (100-325 mesh) were purchased from Fisher 132 

Chemical. Hydrochloric acid (36.5-38%) was purchased from EMD Millipore. Nano pure 133 

water (18.2 MΩ.cm @ 25 °C) was used for all experiments. 134 

  135 

 136 
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Synthesis of UiO-66 Materials 137 

Different concentrations of defects were introduced to the UiO-66 framework by varying 138 

the volume percent of concentrated HCl in the solvothermal synthesis. UiO-66-X materials 139 

(X represents the volume percent of conc. HCl; 10, 25, or 50) were synthesized by adding 140 

3.2 mmol ZrCl4 to a 250 mL flask, then 0 to 25 mL of conc. HCl was added to the flask, 141 

the solution was then adjusted to 50 mL with DMF. This mixture was sonicated in a water 142 

bath at room temperature until all ZrCl4 dissolved. 3.2 mmol of terephthalic acid was then 143 

added into the flask along with the remaining HCl (if necessary), then adjusted to 100 mL 144 

total with DMF. The mixture was then sonicated for up to 30 minutes and equally divided 145 

into four 40 mL vials. Each vial was sealed and placed in an oven at 120°C for 24 hours. 146 

The precipitate was washed 3 times with 10 mL of DMF, then 3 times with 10 mL of 147 

methanol, and finally vacuum filtered until no residual solvent remained. Defect-free UiO-148 

66 (UiO-66-DF) was synthesized for comparison using reported procedures.38 149 

 150 
Materials Characterization 151 

Powder X-ray diffraction (XRD) patterns were collected on a Rigaku D/Max Ultima II 152 

diffractometer (40 kV, 40 mA) using Cu-Kα radiation. Simulated XRD patterns were 153 

calculated using the Mercury 3.10.1 software. N2 adsorption isotherms were collected on 154 

an Autosorb-iQ-MP system measured at liquid-N2 temperature (77 K). Before 155 

measurements, the sample was degassed for 12 h under vacuum (~2 mmHg) at 200 °C. 156 

Surface areas were calculated using the Brunauer–Emmett–Teller (BET) model, following 157 

the consistency criteria outlined by Snurr and coworkers.39 The pore size distributions were 158 

calculated using nonlocal density functional theory (NLDFT) assuming cylindrical pore 159 

geometry. The total pore volume was calculated from N2 sorption at P/P0 = 0.99. 160 
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Adsorption Experiments 161 

Batch adsorption isotherm experiments were conducted in 50 mL polypropylene centrifuge 162 

tubes, containing 40 mL of 500 mg/L PFOS or PFBS solution and the sorbent loading was 163 

varied from 0.125 – 3 g/L, according to standard protocols.40–42 Before each adsorption 164 

experiment, the UiO-66 sorbents were activated under vacuum at 150 °C overnight and the 165 

IRA-900 anion exchange resin was dried in an oven at 120 °C for 2 hours to remove excess 166 

moisture. The powdered activated carbon was used as received. The 500 mg/L PFOS and 167 

PFBS solutions were prepared via bath sonication and allowed to stand overnight at room 168 

temperature. The following day, the initial pH was adjusted to 5 before the sorbent was 169 

added using 1M HCl or NaOH, and no further adjustments were made. For the blank 170 

samples, the IX resin, the PAC, UiO-66-DF, and the UiO-66-X samples at an adsorbent 171 

loading ≥ 0.5 g/L, the pH value increased up to ~7.5 after the sorption experiments. For the 172 

UiO-66-X samples at an adsorbent loading < 0.5 g/L, the pH value decreased to ~4 due to 173 

Cl- leaching into the sample.   174 

The centrifuge tubes were placed horizontally in a temperature-controlled shaker 175 

set to 25 °C and 150 rpm, and continuously shaken for 72 hours to ensure full mixing and 176 

equilibration. Each isotherm sample was run in triplicate and the average value was 177 

reported, with the error bars representing the standard deviation. For each run, the 178 

equilibrium concentrations were calculated with respect to a blank sample to account for 179 

potential adsorption of PFOS to the tube walls, although under these conditions this was 180 

generally less than 0.1%. Each blank was run in duplicate with the average used for 181 

quantification. 182 
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The effect of pH on PFOS adsorption was investigated by conducting sorption 183 

equilibrium experiments at initial pH values ranging from 3-9. These experiments were 184 

performed in the same manner as the adsorption isotherm experiments, except the sorbent 185 

loading was kept constant at 0.5 g/L for all samples.  186 

The effect of different ions on PFOS sorption was investigated by conducting 187 

sorption experiments at an initial pH of 3. The ion concentrations in the PFOS solutions 188 

were 25 and 100 mg/L Cl-, 5 and 25 mg/L Cr(VI), and 25 and 100 mg/L SO4
2-, with an 189 

initial PFOS concentration of 500 mg/L for all samples (sorbent loading of 0.5 g/L). The 190 

pH increased to ~3.5 during each experiment regardless of ion concentration. 191 

Sorption kinetic experiments were conducted by adding 200 mg of adsorbent to a 192 

500 mL polypropylene bottle containing 400 mL of 500 mg/L PFOS or PFBS solution with 193 

the initial pH adjusted to 5 (sorbent loading of 0.5 g/L). The bottles were shaken at 25 °C 194 

and 150 rpm with samples taken periodically. Each kinetic experiment was run in duplicate 195 

and the average value was reported. 196 

The isotherms were fitted according to the linearized forms of the Langmuir 197 

(Equation 1) and/or Freundlich (Equation 2) isotherm models using the following 198 

equations: 199 

𝐶𝑒

𝑞𝑒
=  

𝐶𝑒

𝑞𝑚
+

1

𝑏 ∗ 𝑞𝑚
 (1) 

log (𝑞𝑒) =  log (𝐾) +
1

𝑛
 log (𝐶𝑒) (2) 

where Ce is the equilibrium solution concentration (mmol/L), qe is the amount of PFOS 200 

adsorbed at equilibrium (mmol/g), qm is the maximum adsorption capacity (mmol/g), b is 201 
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the adsorption equilibrium constant (L/mmol), K is the Freundlich adsorption capacity 202 

parameter (mmol1-1/nL1/n/g), and n is the Freundlich adsorption intensity parameter. 203 

The transient sorption kinetics of UiO-66-10, UiO-66-25, PAC, and IRA-900 were 204 

evaluated to determine the initial sorption rate (v0) and estimate the equilibration time for 205 

each material. The data was fitted using the pseudo-second-order kinetic model, given by 206 

Equation 3: 207 

𝑡

𝑞𝑡
=  

1

𝑣0
+

𝑡

𝑞𝑒
 (3) 

where qe and qt are the amounts of PFOS or PFBS adsorbed at equilibrium and at time t, 208 

and v0 is the initial sorption rate. 209 

 210 

Measurement of PFAS and Ion Concentrations 211 

The PFOS or PFBS concentration in each sample was analyzed using an XOS Sindie 7039 212 

– X-Ray Fluorescence (XRF) Total Sulfur Analyzer (calibration curves in Figure S1). The 213 

limit of detection (LOD) for PFOS with a 95% confidence level was ~7 mg/L, and therefore 214 

the limit of quantification (LOQ), taken as 3 times the LOD, was ~21 mg/L.43 Using the 215 

same method, the LOQ for PFBS was calculated to be ~13 mg/L. Each sample was 216 

analyzed twice, and the average number of counts was used for quantitative analysis.   217 

For experiments with SO4
2, the SO4

2- concentration was measured by ion 218 

chromatography with suppressed conductivity detection (Dionex Aquion, 4 x 250 mm 219 

IonPac AS23, AERS 500 Carbonate Suppressor). The concentration of PFOS in the filtrate 220 

was then determined from XRF by the difference in total sulfur and SO4
2- concentration. 221 
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The concentration of Cr(VI) in the filtrate was quantified colorimetrically using 222 

UV-vis spectroscopy (Shimadzu UV-2401). The limit of detection for this quantification 223 

method was 0.05 ppm Cr(VI).  224 

 225 

Results and Discussion 226 

Materials Characterization  227 

Four UiO-66 materials with different modulator concentrations were evaluated as sorbents 228 

for PFOS. A commercial PAC and a macroporous anion exchange resin (IRA-900) were 229 

also tested for comparison. Figure 1a shows the XRD patterns for the activated UiO-66 230 

materials. The XRD patterns of the materials synthesized with an HCl content of 25 vol% 231 

and lower are consistent with the formation of crystalline UiO-66, exhibiting the expected 232 

fcu-topology.  233 
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 234 

Figure 1: (a) Experimental and simulated XRD patterns for UiO-66-X (b) fcu UiO-66 and 235 

hcp UiO-66 viewed along the [001] direction. Color scheme: Zr, blue; O, red; H, white; C, 236 

grey. (c) Nitrogen adsorption (filled circle) and desorption (open circle) isotherms, 237 

measured at 77K (d) Pore size distributions of UiO-66-X materials. 238 

 239 

The product obtained using 50 vol% HCl appears to correspond to a different 240 

crystalline phase, which we have identified, to be hcp UiO-66 (Figure 1b).44 This phase 241 

represents the condensation of the Zr6 cluster to a Zr12 “double cluster” with the formula 242 

(Zr12O8(OH)14), a phenomenon which was first identified for the isostructural UiO-67(Hf) 243 

MOF which contains a diphenyldicarboxylic acid linker.45 Tellingly, during the synthesis 244 

process the solution synthesized with 50% HCl by volume remained turbid regardless of 245 

sonication, indicating increased particle aggregation and potentially the formation of node-246 
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linker cluster complexes in solution prior to MOF crystallization.33 UiO-66-50 is also 247 

structurally similar (based on XRD) to hcp UiO-68(Zr), which was prepared using a longer 248 

triphenyldicarboxylic acid linker46 and a UiO-66(Hf)-(F)4 material prepared by Zhao and 249 

coworkers.47 We note that the high ZrCl4:HCl molar ratio (~1:180) is similar to the 250 

HfCl4:formic acid molar ratio (~1:200) used to synthesize a highly defective form of UiO-251 

66(Hf) (with reo topology), though the ligand deficiencies are compensated by a different 252 

mechanism.36 253 

The BET surface area of the UiO-66-DF sample corresponded well with previous 254 

reports for this material and to the calculated value of 1125 m2/g (Table 1).38 As expected, 255 

the addition of concentrated HCl to the synthesis mixture results in a higher surface area 256 

and pore volume compared to the non-defective material.48 Analysis of the nitrogen 257 

adsorption isotherms (Figure 1b) indicates that UiO-66-10 and UiO-66-25 have very 258 

similar specific surface areas and total pore volumes, despite UiO-66-25 being more 259 

defective based on TGA analysis. Using a procedure reported by Lillerud and coworkers, 260 

we initially estimated that UiO-66-10 and UiO-66-25 are missing 1.45/6 and 1.63/6 linkers 261 

per Zr6 formula unit, respectively (Figure S2).37 These defective materials had pore 262 

volumes 40% larger than that of the defect-free UiO-66 (Table 1). From the pore size 263 

distributions, UiO-66-10 and UiO-66-25 both have reo-type defects (~16 Å cavities) and 264 

larger openings of ~20 Å (Figure 1d), which were not detectable from forbidden reflections 265 

in the XRD patterns, indicating the defects are likely randomly oriented rather than 266 

ordered.38 Additional analysis of the pore size distribution indicates that the pore volume 267 

associated with pores ≥15 Å in diameter is nearly 10% greater in UiO-66-10 compared to 268 

UiO-66-25 (Figure 1d, Table S1).  269 
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Table 1 Properties of the Adsorbents Used in this Study 270 

Adsorbent 
BET Surface 

Area (m2/g) 

Pore Volume 

(cc/g) 
Structure 

UiO-66-10 1423 0.72 
fcu UiO-66 with pore sizes of 8, 11, 16, 

and 20 Å 

UiO-66-25 1404 0.72 
fcu UiO-66 with pore sizes of 8, 11, 16, 

and 20 Å 

UiO-66-50 687 0.32 
hcp UiO-66 with pore sizes of 8 and 11 

Å, and in ~20-100 Å range 

UiO-66-DF 1121 0.50 
fcu UiO-66 with pore sizes of 8 and 11 

Å 

PAC 953 0.76 
amorphous carbon with pore sizes of 53 

Å, and in 9-20 Å range 

Adsorbent Exchange 

capacity 

(meq/g) 

Composition + Functional Group 

IRA-900* 4.2 Polystyrene + quaternary ammonium 

*Properties obtained by manufacturer 271 

 272 

As mentioned previously, the synthesis using 50 vol% HCl unexpectedly resulted 273 

in the formation of the hcp crystalline phase. As a result, UiO-66-50 had a much lower 274 

BET surface area than the fcu-phase MOFs, which is due to the denser framework resulting 275 

from cluster condensation. The condensed structure is further supported by analysis of the 276 

fingerprint region of the FTIR spectra (Figure S3a). UiO-66-50 is also somewhat linker 277 

defective, with calculations giving 0.61/4.5 missing linkers per Zr6 formula unit (Figure 278 

S2). TGA analysis showed that hcp UiO-66 has similar thermal stability to fcu UiO-66. 279 

The long-term stability of hcp UiO-66 synthesized using this procedure is also much 280 

greater than reported for hcp UiO-67 (stable based on XRD for over 1 year in ambient 281 

conditions (Figure S4). The PAC sample had a ~15% lower surface area than that of the 282 
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non-defective MOF. Darco G-60 was chosen as a representative PAC that had pore sizes 283 

in a similar range to those of the defective UiO-66 materials (Table 1, Figure S5).The BET 284 

surface area of IRA-900 has been reported to be low (~22 m2/g49), which we attribute to 285 

pore structure collapse due to water removal and drying. 286 

 287 

PFOS Sorption Isotherms  288 

Figure 2 shows the sorption isotherms obtained using the six sorbents with an initial PFOS 289 

concentration of 500 mg/L and an initial pH of 5 at 25 °C. 500 mg/L of the PFOS anion 290 

was chosen as the initial concentration for all of the experiments in order to stay near/below 291 

the solubility limit in pure water (~570-600 mg/L as the potassium salt at 25 °C).50 While 292 

this initial concentration is 3-6× lower than the typical concentrations in the semiconductor 293 

industry, typically ~5% isopropyl alcohol is added in these solutions to increase the PFOS 294 

solubility.3,10 295 

 296 

Figure 2: PFOS sorption isotherms at pH 5. (a) Comparison of UiO-66 materials. (b) 297 

Comparison of UiO-66-10 to PAC and IRA900. Ce represents the equilibrium PFOS 298 

concentration in the solution phase and qe represents the equilibrium sorption amount of 299 

each sorbent. Results fitted using both the Langmuir and Freundlich isotherm models.  300 

 301 

 302 
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Figure 2 shows that defect-free, UiO-66-DF is largely ineffective for the PFOS 303 

adsorption. The maximum adsorption capacity observed for UiO-66-DF (0.26 mmol/g) is 304 

similar to what has previously been observed by Sini et al. for a relatively low surface area 305 

UiO-66 material (0.32 mmol/g).32 With essentially no defects within the framework, UiO-306 

66-DF displayed an S-shaped isotherm, which could not be fit to Langmuir or Freundlich 307 

adsorption models. S-shaped isotherms have been observed during the adsorption PFOS 308 

onto both granular AC (GAC) and ion exchange resins at high initial concentrations and 309 

sorbent loadings.51,52 For mesoporous materials, this behavior is associated with the 310 

formation of PFOS hemimicelles (which can form at 0.1-1% of the critical micelle 311 

concentration, 4,453 mg/L) on the surface which can prevent further diffusion into the 312 

pores.53–56 However, in the case of microporous UiO-66-DF, a molecule of PFOS (diagonal 313 

dimension of~16 Å) alone is large enough to block the 6 Å pore aperture when sufficiently 314 

oriented.28  315 

This is further supported by the adsorption behavior of UiO-66-50, where the 316 

micropores are of very similar sizes to UiO-66-DF, but UiO-66-50 has an additional small 317 

fraction of mesopores >20 Å (Figure 1d). If hemimicelle formation were preventing PFOS 318 

adsorption to these materials, these pores would be obstructed by ~40 Å hemimicelles. 319 

However, UiO-66-50 exhibits an almost constant adsorption capacity regardless of 320 

adsorbent loading, exhibiting an isotherm which can be fit with the Langmuir and 321 

Freundlich models. The larger pores of this material resulted in a maximum observed 322 

adsorption capacity similar to UiO-66-DF, despite having only one half the available 323 

surface area.  324 
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The defective MOF samples, UiO-66-10 and UiO-66-25, exhibited a much higher 325 

adsorption capacity than the non-defective structure. The stark difference in adsorption 326 

capacities between UiO-66-DF and the defective UiO-66 materials indicates that the 327 

presence of defects within the UiO-66 framework are imperative for optimal adsorption 328 

behavior. For example, at a constant adsorbent loading of 0.125 g/L, UiO-66-10 showed a 329 

300% increase in adsorption capacity over UiO-66-DF. Furthermore, for all the UiO-66 330 

materials in this work, the maximum adsorption capacities observed are directly correlated 331 

to the total pore volume associated with pores that are ≥15 Å in diameter (Table S1). This 332 

highly suggests that large-pore defects play a significant role in PFOS adsorption onto UiO-333 

66. 334 

The equilibrium data for the defective UiO-66 materials are well-fitted by both the 335 

Langmuir and Freundlich isotherm models (Table 2). The high correlation coefficients for 336 

the Langmuir isotherm fit imply that PFOS adsorbs in a monolayer fashion onto defective 337 

UiO-66. The Freundlich fitting suggests that this adsorption occurs on multiple types of 338 

sites with different adsorption energies. For both defective MOFs, the Freundlich 339 

adsorption intensity parameter was less than one, (n-1 <1) indicating favorable adsorption. 340 

For the defective MOFs, PAC, and IRA-900, the order of both the maximum adsorption 341 

capacity, qm, and the Freundlich adsorption capacity parameter, K, are in good agreement 342 

with the observed adsorption amounts at the same equilibrium concentration. The defective 343 

MOF materials outperformed the PAC (maximum adsorption capacity of 0.64 mmol/g) 344 

with a maximum adsorption capacity of 1.24 mmol/g and 0.82 mmol/g for UiO-66-10 and 345 

UiO-66-25, respectively. Expectedly, the IRA900 anion exchange resin had the highest 346 

maximum adsorption capacity of PFOS, at 2.55 mmol/g after 72 hours. It should be noted 347 
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here that the data points below the LOQ were set as zero in the calculations, and thus only 348 

the data points greater than the LOQ were used to fit the Langmuir and Freundlich isotherm 349 

models. This approach gave a maximum sorption capacity that corresponds well with 350 

previous reports on this resin.22 351 

 352 

Table 2: Isotherm and Kinetic Parameters for PFOS Adsorption at pH 5 353 

 Langmuir Constants Freundlich Constants Pseudo-Second-Order Kinetic 

Parameters 

Sample qm 

(mmol/g) 

b 

(L/mmol) 

R2 K n-1 R2 qe 

(mmol/g) 

ν0 

(mmol/g/h) 

R2 

UiO-66-10 1.24 4.14 0.947 1.02 0.45 0.972 0.75 6.23 0.998 

UiO-66-25 0.82 6.85 0.991 0.75 0.32 0.992 0.70 3.05 0.995 

UiO-66-50 0.19 51.6 0.822 0.18 -0.01 0.001 NT NT NT 

UiO-66-DF - - - - - - NT NT NT 

PAC 0.64 18.7 0.998 0.64 0.21 0.956 0.60 15.74 0.999 

IRA-900 2.55 6.08 0.969 2.24 0.40 0.908 2.13 0.17 0.980 

*NT = Not tested 354 

 355 

Multiple mechanisms are possible for PFOS adsorption to UiO-66, including: 356 

Lewis acid-base complexation or electrostatic adsorption of the sulfonate head group of 357 

PFOS to the Zr4+ CUS in defective UiO-66,57 ion-exchange between the charge 358 

compensating Cl- and the sulfonate head group,58 hydrophobic interactions between PFOS 359 

and the bdc linker molecules,59 and hydrogen bonding between PFOS and Zr-coordinated 360 

water.57,60 In this system, we hypothesize that electrostatic interactions with Zr4+ and/or 361 

hydrophobic interactions are most likely. Lewis acid-base complexation (i.e. 362 

chemisorption) between the Zr4+ CUS and the sulfonate head group of PFOS was ruled out 363 
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via the FTIR spectra of the MOFs after adsorption (Figure S3b). No significant changes to 364 

the peak heights in the region corresponding to the Zr cluster were observed, consistent 365 

with the observations of Sini et al.32 This indicates that no inner-sphere complexation 366 

between Zr and PFOS has occurred during the adsorption process.61 367 

UiO-66-10 showed significantly greater adsorption capacity than UiO-66-25 368 

despite having similar surface area and pore structure. Given that PFOS was likely 369 

completely ionized during the adsorption experiments (pKa=-3.27),50 a contributing factor 370 

to the difference in adsorption behavior between UiO-66-10 and UiO-66-25 could be the 371 

electrostatic repulsion resulting from increased amounts of Cl- in the nodes and at linker 372 

defect sites. This is supported by zeta potential measurements, which found UiO-66-10 373 

was positively charged at pH 5 (the initial pH of the isotherm experiments) while UiO-66-374 

25 was negatively charged (Figure S6). These materials had an estimated point of zero 375 

charge (pHpzc) of ~6.4 and ~4.7, respectively. Furthermore, the adsorption capacities of 376 

both materials increased significantly when the initial pH was lowered to 3 (Figure S7). 377 

Thus, electrostatic interactions may be important. 378 

Hydrophobic interactions within the pores of UiO-66 most likely play a role also. Sorption 379 

isotherms of perfluorooctanol, where the hydrophilic head group is uncharged, have 380 

indicated that hydrophobic interactions play a significant role in PFAS sorption onto UiO-381 

66.32 Both missing linker defects and missing node defects generate linker deficiencies on 382 

the Zr nodes of UiO-66 materials, which have been directly correlated with decreased 383 

hydrophobicity of the MOF.48,62 Thus, linker content of similarly defective materials can 384 

give an indication of their relative hydrophobicity. The TGA and pore size distribution data 385 

implicate that UiO-66-25 is missing more linkers than UiO-66-10 (Figure S2, Figure 1d), 386 
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and therefore is likely more hydrophilic.  Increased framework hydrophobicity has been 387 

demonstrated to be beneficial for the adsorption of PFASs onto UiO-66-based materials, 388 

indicating that the right balance between increased amount of Zr CUS sites and decreased 389 

hydrophobicity (as functions of structural defectiveness) can improve the adsorption 390 

properties for PFOS and other perfluorinated compounds.32,59  391 

 392 

PFOS Sorption Kinetics 393 

Figure 3 shows the adsorption kinetics for the tested MOFs, PAC, and IRA-900. 394 

All of the powdered adsorbents reached equilibrium within 60 minutes, whereas IRA-900 395 

did not reach equilibrium even after 72 hours. This can be explained by the large difference 396 

in accessible surface area between the powdered adsorbents and IRA-900. To 397 

quantitatively compare our kinetic parameters with other materials, we applied the most 398 

commonly used kinetic model for the adsorption of PFAS, the pseudo-second order 399 

model.19 The data for all four adsorbents was well-fit by the pseudo-second-order model 400 

(R2≥0.995), and the equilibrium adsorption capacities predicted by the model closely match 401 

those observed in the equilibrium experiments. The initial sorption rate, ν0, for our control 402 

samples closely match with compiled data for IRA-900 and other PAC materials, and 403 

therefore we can use this kinetic data to compare to our MOF samples.22,56 The initial 404 

sorption rate for both UiO-66 materials was comparable to that of the PAC sample and an 405 

order of magnitude faster than the IRA-900 resin, despite its higher capacity (Table 2). 406 

Comparing the MOF samples, the initial sorption rate for UiO-66-10 was two times faster 407 

than that of UiO-66-25, likely due to the increased volume of large-pore defects in this 408 

material (Table S1). Furthermore, with an initial sorption rate of 6.23 mmol/g/h, UiO-66-409 
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10 demonstrated sorption rates two orders of magnitude higher than GAC (0.02 mmol/g/h) 410 

and other commercially available ion exchange resins (0.01 mmol/g/h) tested under similar 411 

conditions.56 412 

The kinetic data for the defective UiO-66 materials was also fitted using the pseudo-413 

first order kinetic model (Table S2). The data was also well-fit by the first order model 414 

(R2≥0.991), although the predicted equilibrium adsorption capacities were 40% lower than 415 

the actual values for UiO-66-10 and 25% lower for UiO-66-25, implying that intraparticle 416 

diffusion was a rate-determining step, not surface adsorption.63 To confirm this, the data 417 

was also treated using the intraparticle diffusion model (Figure S8). The intraparticle 418 

diffusion model, developed by Weber and Morris, is an empirical model which assumes 419 

that boundary layer diffusion and external diffusion are negligible in controlling the 420 

adsorption rate.64 If the plot of qt versus t0.5 is linear and passes through the origin, then 421 

intraparticle diffusion is the only rate limiting process during adsorption. Multilinearity in 422 

the plot indicates that there are different stages to the adsorption process.  423 

For both MOFs there were two distinct linear regions in the plot, with the first 424 

region corresponding to diffusion into the large-pore defects and the second, slower region 425 

corresponding to diffusion into the smaller micropores. For UiO-66-25 the first region of 426 

the plot nearly passed through the origin, suggesting that intraparticle diffusion into the 427 

large pores was the sole rate-determining step during the first 30 minutes of adsorption. 428 

For UiO-66-10, the first region of the plot had a significant positive, non-zero y-intercept, 429 

suggesting that intraparticle diffusion controlled the rate only after the rapid initial 430 

adsorption into the large-pore defects.65 This instantaneous adsorption likely contributes to 431 

the increased adsorption rate observed for UiO-66-10 compared to UiO-66-25 (Table 2). 432 
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This data further implicates that the higher volume of large-pore defects contributes to the 433 

improved adsorption behavior of defective UiO-66 materials. 434 

 435 

 436 

Figure 3: PFOS sorption kinetics (at pH 5) over 80 h. qt represents the sorption amount of 437 

each sorbent at a given time. Results fitted using the pseudo-second-order model. Inset: 438 

sorption over 2 h. 439 

 440 

Effect of Ions on PFOS Adsorption 441 

Wastewaters originating from semiconductor manufacturing are relatively free of 442 

inorganic ions due to stringent process requirements; however, wastewaters from 443 

chromium plating and wastewater treatment facilities can have significant concentrations 444 

of inorganics which may compete for adsorption sites. Metal plating is the largest industrial 445 

source of PFOS pollution, contributing to about 50% of the industrial PFOS releases in 446 

China in 2010, and therefore it is instructive to investigate the effect of co-ions on PFOS 447 

adsorption.66 The primary anions present in chromium plating wastewater are SO4
2-, 448 

Cr(VI), and Cl-, and were thus studied here. The initial concentrations of the studied anions 449 

were set to be within the ranges found in actual chrome plating wastewaters: 25-100 mg/L 450 
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Cl- (0.7-2.8 mmol) and SO4
2- (0.26-1.0 mmol), and 5-25 mg/L Cr(VI) (0.1-0.5 mmol).67,68 451 

The initial pH was 3, consistent with the acidic wastewaters generated during chromium 452 

plating and photolithography.3,67  453 

In the absence of coexisting ions, both UiO-66-10 and UiO-66-25 had a higher 454 

PFOS adsorption capacity at an initial pH of 3 (Figure 4) than at pH 5, given a constant 455 

sorbent loading of 0.5 g/L. Further increases in initial pH past pH 5 had a negligible effect 456 

on the adsorption capacity (Figure S7). Figure 4 shows the presence of Cl- has a negligible 457 

effect on PFOS sorption up to a concentration of 100 mg/L. This is expected given the high 458 

local Cl- concentration that likely already exists within the MOF pores. Chloride could 459 

potentially be already present in the MOF, either coordinated to the Zr nodes or trapped 460 

inside of the pores. 461 

 462 

Figure 4: Effect of ions on PFOS adsorption at pH 3 and percent Cr(VI) removal on (a) 463 
UiO-66-10, and (b) UiO-66-25. 464 
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 465 
The presence of anionic sulfate and chromate, however, both affected the 466 

adsorption of PFOS of the MOFs. UiO-66-10 exhibited a 28% decrease in the presence of 467 

25 mg/L sulfate and a 52% decrease at a 100 mg/L sulfate concentration. The effect is more 468 

pronounced on UiO-66-25, with this material exhibiting a 34% and 80% decrease in 469 

adsorption capacity in the presence of 25 and 100 mg/L sulfate, respectively. In each of the 470 

four cases, the sorption capacity of sulfate onto the MOFs was indirectly proportional to 471 

the adsorption capacity of PFOS. These anions compete with PFOS for the same adsorption 472 

sites in UiO-66, indicating the importance of electrostatic adsorption at pH 3 (Figure S9).  473 

Similar behavior is seen for chromate, which exists as HCrO4
- below pH 7.69 The 474 

PFOS adsorption capacity of UiO-66-10 decreased by 10% with 5 mg/L Cr(VI) in solution 475 

and by 33% with 25 mg/L Cr(VI) in solution, while UiO-66-25 had a decreased PFOS 476 

adsorption capacity of 19% and 41%, respectively. This behavior was expected since UiO-477 

66 has already been demonstrated as an effective electrostatic sorbent for Cr(VI).70 At the 478 

lower initial Cr(VI) concentration, both UiO-66 MOFs removed over 60% of the Cr(VI) 479 

from solution along with a significant quantity of PFOS, which indicates that defective 480 

UiO-66 is promising for the simultaneous removal of PFOS and Cr(VI) from electroplating 481 

wastewaters. 482 

 483 

Adsorption of PFBS 484 

After the phase-out of PFOS in 2002, 3M developed surfactants based on 485 

perfluorobutanesulfonate (PFBS), which contains four perfluorinated carbon atoms rather 486 

than eight. These shorter-chain homologues are thought to be safer due to their faster 487 

elimination from the body; however, little is known about their long-term safety to humans 488 
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and the environment.71 PFBS and its derivatives are being used as replacements for PFOS 489 

in the metal plating industry, the semiconductor industry, in some AFFF formulations, and 490 

in textile coatings (most notably as the active ingredient in the new formulation of 3M’s 491 

Scotchgard®).72 Elevated levels of PFBS have been found in water samples worldwide, 492 

indicating that their increased use is contributing to a rise in their release into the 493 

environment.73–75 Temporal trends of blood serum levels have also been increasing over 494 

the past decade, in contrast to PFOS serum levels.76,77 The increased solubility of PFBS in 495 

comparison to PFOS also causes it to have increased mobility in the environment. The 496 

initial data also suggests that shorter-chain PFASs are as persistent in the environment as 497 

their longer-chain homologues. These compounds are removed even less efficiently than 498 

the longer-chain PFASs, if at all, by most conventional wastewater treatment 499 

technologies.21,78,79 500 

As shown in Figure 5a, UiO-66-10 and UiO-66-25 had a high adsorption capacity 501 

for PFBS. UiO-66-10 having a Langmuir maximum adsorption capacity of 1.74 mmol/g. 502 

The fitted values for the Langmuir constant and the maximum sorption capacity are both 503 

negative for UiO-66-25, indicating that the assumptions of monolayer adsorption in the 504 

Langmuir model do not apply to sorption of PFBS onto this material (Table S3). Multilayer 505 

adsorption of PFBS likely plays a more significant role than in the adsorption of PFOS for 506 

UiO-66-25, due to the additionally porous nature of the defective material and the shorter 507 

length of the PFBS carbon chain. For both materials, the observed sorption capacity for 508 

PFBS was lower than PFOS under the same conditions, which is typical of porous 509 

adsorbents.80,81 This is likely due to the decrease in hydrophobic interactions in the internal 510 

pores for PFBS compared to PFOS.  511 
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 512 
Figure 5: (a) PFBS sorption isotherms and (b) PFBS sorption kinetics on UiO-66-10 and 513 
UiO-66-25. 514 
 515 

The defective UiO-66 materials significantly outperformed other reported carbon-516 

based materials, including GAC, with respect to observed and maximum PFBS adsorption 517 

capacity.51,80 Figure 5b shows that the initial sorption rates of PFBS were almost identical 518 

to those of PFOS, with the MOFs reaching equilibrium within 60 minutes. These PFBS 519 

sorption rates are orders of magnitude faster than GAC and other carbon-based materials, 520 

as well as ion exchange resins.22,51,81 The defective MOF sorbents are particularly suited 521 

for the fast adsorptive removal of short chain perfluoroalkyl sulfonates from wastewater. 522 

 523 

Conclusions 524 

Defective UiO-66 was studied for the adsorption of PFOS and PFBS from simulated 525 

industrial wastewater. It was found that the introduction of large pore (~20 Å) defects into 526 

the UiO-66 framework significantly improved its adsorption capacity for PFOS. Defective 527 

UiO-66 showed substantial adsorption capacities and fast adsorption rates for both 528 

perfluoroalkyl sulfonates, due to the increased internal surface area and number of 529 

coordinatively unsaturated Zr sites that can bind to the sulfonate head group. The increased 530 

adsorption kinetics of defective UiO-66 compared to GAC and ion exchange resins show 531 
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promise for potential applications in industrial wastewater remediation. UiO-66 showed 532 

robust behavior in the presence of Cl-, but SO4
2- and Cr(VI) species competed for the PFOS 533 

adsorption sites in the MOF. A new synthetic route to obtain the hcp phase of UiO-66 has 534 

been reported, though it is not effective for PFOS adsorption. The present work 535 

demonstrates the impact of structural MOF defects on surface charge and framework 536 

hydrophobicity in the adsorption of PFASs. Defective UiO-66 is an effective material for 537 

the adsorption of long- and short-chain perfluoroalkyl sulfonate compounds from 538 

concentrated aqueous streams.  539 

 540 

  541 
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