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A B S T R A C T

Global emissions of the fumigant and greenhouse gas sulfuryl fluoride (SO2F2) are rising, partly due to its 
unfiltered venting to the atmosphere after fumigation. Although European law demands emission control for 
SO2F2, this currently has little practical consequence, due to a lack of feasible separation methods for SO2F2 from 
air. An evaluation of the state-of-the-art shows that gas adsorption has a high potential to be practically 
implemented to mitigate SO2F2 emissions from fumigation. In a screening of different commercial adsorbents, 
the activated carbon Air CC 816 and the zeolite HiSiv 3000 indicated promising adsorption capacities for SO2F2, 
in dry and humid air. Thereby, this study presents the first comprehensive screening of commercial adsorbents 
for SO2F2 recovery in general and the first report on SO2F2 adsorption on activated carbons and zeolites under 
humid conditions. Air CC 816 and HiSiv 3000 appear to primarily adsorb SO2F2 physically, allowing a recovery 
for possible reuse and omitting catalytic decomposition of SO2F2. For the zeolite HiSiv 3000, SO2F2 isotherms 
and mass transfer kinetics are measured and used to derive the adsorption enthalpy. On this zeolite, water and 
SO2F2 exhibit co-adsorption behaviour where water displaces SO2F2. Based on experimental characterization, a 
concept for an adsorptive recovery on HiSiv 3000 is designed, suggesting the suitability of hot gas desorption 
with additional external heat input, or steam desorption, for SO2F2 recovery. Finally, a first field test for SO2F2 
adsorption after container fumigation already showed promising breakthrough times on HiSiv 3000.

1. Introduction

The insecticide sulphuryl fluoride (SO2F2) was introduced in 1956 as 
a fumigant [1] and has been used since in post-harvest pest control, 
structural fumigation, and the treatment of export containers for various 
goods, where some countries’ import regulations demand its application 
[2,3]. Its global use as a fumigant increased since 2005, when it was 
introduced as a supposedly more environmentally friendly alternative to 
methyl bromide [4], which was phased out for fumigation applications, 
due to its ozone-depleting properties recognized in the Montreal Pro
tocol 1989 [5–7]. In parallel, the global amount of SO2F2 in the atmo
sphere more than doubled from 2004 to 2022 [6]. Meanwhile, several 
studies indicate that SO2F2 is a potent greenhouse gas with a global 
warming potential (GWP) of 4780 ± 1434 CO2 equivalents [8].

Since March 11, 2024, the EU regulation (EU) 2024/573 on fluori
nated greenhouse gases explicitly demands the capture of SO2F2 after 

fumigation if technically and economically feasible [9]. In Germany, 
also the regulation “Technische Anleitung zur Reinhaltung der Luft” 
(TA-Luft), an implementation of the German Federal Emission Control 
Act (“Bundes-Immissionsschutzgesetz”), demands the separation of 
SO2F2 from the off-gas for the approval of new fumigation systems since 
December 2021, according to TA-Luft, No.5.4.10.22.1 [10]. Corre
sponding technologies are to be retrofitted to existing equipment by 
December 2026 [10]. With the current state of the art, however, SO2F2 
removal from fumigation off-gas is not economical.

During the fumigation of a structure or container, SO2F2 is flashed 
from a pressure vessel and fed as vapour into the partially sealed object 
[11]. Depending on the required dosage, this results in a gas mixture 
with a loading of up to 105 g m− 3 SO2F2 (approx. 2.5 vol% under typical 
fumigation conditions) [12]. As there are currently no established 
containment methods for SO2F2, the fumigation off-gas is usually 
emitted directly into the atmosphere after a single use by venting, 
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leading to the emission of the total remaining SO2F2. Depending on the 
fumigated object’s sealing quality, a considerable amount of SO2F2 can 
be emitted through leakage already during the treatment time [13–15], 
with typical half loss times of 20 h for buildings [11,14]. While this 
limits the potential of emission mitigation, it is essential to develop 
economical treatment methods for fumigation off-gas for a more envi
ronmentally friendly and safer utilization of SO2F2.

In this work, first, the state of the art of SO2F2 separation from air is 
reviewed, and a critical evaluation of the most promising separation 
processes is provided. Further, this study presents the first detailed 
experimental characterization of commercial adsorbents for the recov
ery of SO2F2 from dry and humid air. Starting with a screening of four 
commercial adsorbents for the potential of recovery of SO2F2 from air, 
the hydrophobic zeolite UOP HiSiv 3000 (HiSiv) was chosen for a 
detailed characterization. Adsorption isotherms on the selected adsor
bents in a temperature range of 10–90 ◦C were measured, which can be 
used to design temperature swing adsorption (TSA) at practically rele
vant conditions for the treatment of typical fumigation exhaust air 
mixtures. Additional dynamic adsorption experiments at process-like 
superficial velocities were conducted at bench scale to characterize 
the mass transfer rates of SO2F2 adsorption on commercial adsorbents. 
Finally, results from this work and literature data are combined to form 
a detailed characterization of HiSiv for adsorptive recovery of SO2F2 
from air to facilitate the design of gas adsorption processes. Based on this 
data, a shortcut calculation for an exemplary adsorber design is 
presented.

2. Separation of SO2F2 from air – Preselection of unit operations

In this section, the state of the art of SO2F2 recovery methods is 
summarized and critically evaluated to identify the most promising ones 
for practical implementation in fumigation gas recovery. Complemen
tary, a brief overview of relevant patents is given in the supporting in
formation (SI) (Tab. S1).

2.1. Thermal decomposition of SO2F2

SO2F2 is reported to be chemically stable up to temperatures of at 
least 400 ◦C [16], (according to other sources, 500 ◦C [17]) in a 
completely dry atmosphere, and up to 150 ◦C in humid conditions [18]. 
Accordingly, research on controlled decomposition of SO2F2 from 
fumigation gas exhaust by thermal decomposition at 800–1000 ◦C [19]
and plasma-treatment/dielectric barrier discharge (DBD) [20–22] has 
been published. In these approaches, SO2F2 is partly decomposed in the 
gas phase, which leads to mixtures with harmful decomposition prod
ucts like HF, F2 (heat treatment), and SOF2, SO2 (DBD). Those in turn 
should be removed by additional separation steps prior to emission of 
the off-gas, merely shifting the separation task to other compounds.

2.2. Chemical absorption of SO2F2

SO2F2 is hydrolysed in aqueous alkaline solution [23,24], which 
motivated research on chemical absorption [25,26]. Even some partially 
published studies on chemical absorption in pilot scale exist, e.g. [27, 
28], this topic was, however, not followed up upon until now. While up 
to 95 % of SO2F2 could be decomposed in pilot-scale experiments [28], 
the scrubbing solution, e.g., concentrated aqueous sodium hydroxide 
(NaOH) or hydrogen peroxide (H2O2), has to be periodically replen
ished. While some research on electrochemical regeneration scrubbing 
solution exists, this approach is still far from economic feasibility [29]. 
Finally, chemical absorption of SO2F2 produces wastewater with high 
salt content containing sulphur and fluoride, which must be properly 
disposed of.

2.3. Physical absorption of SO2F2

Physical absorption was studied as a non-destructive separation of 
SO2F2 from air [30–33]. All published studies remain laboratory scale 
and revolve around the use of organic solvents, which themselves need 
to be separated from the off-gas streams. In a preliminary rating of the 
tested solvents for SO2F2 based on literature data only, 
gamma-butyrolactone can currently be proposed as a candidate for the 
physical absorption of SO2F2 from fumigation exhaust air (Table 2). 
However, due to the inherent contamination of the cleaned air and the 
enriched SO2F2 with solvent, the use of organic scrubbing liquids is 
generally not recommended for this process. The additional solvent re
covery steps would complicate the process further, diminishing eco
nomic feasibility.

The following section describes the technical parameters that are 
used to evaluate possible solvents for SO2F2. To design an absorption 
process, the gas solubility in the solvent must be known as a function of 
pressure and temperature. The solubility of gases in liquids can be 
described above and below the critical temperature of the gas using 
Henry’s law [35]. At low pressures P < 10 bar and low gas solubilities xi 
< 0.03 under the assumption of ideal gas behaviour, the gas-liquid 
equilibrium is approximated by Eq. 1, with the gas mole fraction yi 
and the partial pressure pi of component i. 

xi Hi, j(T) = yi P = pi (1) 

For the practical evaluation of different solvents, it is useful to 
calculate and compare the technical solubility coefficient λi,j, defined as 
the volume VSTP,i of the dissolved gas i at “Standard temperature and 
pressure” (STP) (273.15 K, 1.013 bar), in relation to the mass mj of the 
solvent j and the partial pressure pi of the gas [35] (Eq. 2). 

λi, j =
VSTP,i

mj pi
(2) 

The technical solubility coefficient can be calculated from the Henry 
coefficient via Eq. 3 [35]. In principle, this value should be as high as 
possible, as this means that less volume of solvent is required to absorb 
the gas, which saves on investment and operating costs (apparatus size, 
pump capacity, etc.). 

λi, j =
22.41 L

mol
Mj Hi, j(T)

(3) 

For solvent regeneration and recovery of the absorbed gas, the 
generally decreasing gas solubility at higher temperatures can be uti
lized. The temperature dependence of the solubility Λi,j can be repre
sented as a ratio of the technical solubility at different temperatures, 
coinciding with the ratio of Henry constants at these temperatures (Eq. 
4). To ensure efficient desorption, this value should be as far from one as 
possible. 

Λi, j =
λi, j(T1)

λi, j(T2)
=

Hi, j(T1)

Hi, j(T2)
(4) 

A suitable solvent for absorption of SO2F2 from air should selectively 
absorb SO2F2 in the presence of major air components like N2 and O2. 
The selectivity Si,k, sometimes called “separation factor” in equilibrium 
separation, is classically defined as the ratio of partitioning coefficients 
xi/yi of two components i and k (Eq. 5) [36]. 

Si,k =
xi yk

yi xk
(5) 

To evaluate the suitability of a solvent for physical absorption in a 
particular use case, Barnicki and Fair suggest using the “solvent selec
tivity” Ši,k defined as the ratio of the solubilities xi of the gas components 
i and k [37]. To achieve efficient separation of the gas mixture, the 
solvent selectivity towards the target component should be as high as 
possible. Henry’s law only describes binary systems (a pure gas and a 
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pure solvent); however, from the Henry coefficients of different gas 
components in the same solvent, the selectivity can be estimated via Eq. 
6 [36]. For enrichment or sharp separation of a gas component, the 
selectivity estimated in this way should be greater than 3–4 [37]. 

S
̌

i,k =
xi

xk
=

Hi, j (T)pj

Hk, j(T) pi
(6) 

The above-mentioned technical parameters were calculated from 
literature data of Henry coefficients for various solvents tested for the 
physical absorption of SO2F2 in literature (Tab. S2) and collected in 
Table 2. The solvent selectivities were calculated for a representative 
ternary feed mixture with molar fractions yi of 0.780/0.195/0.025 (N2/ 
O2/SO2F2) at 30 ◦C. Additionally, relevant process safety, environ
mental, and toxicity parameters were collected for the solvents: the 
boiling point under standard conditions TLV, the solvent’s flash point 
TFlash, oral and dermal lethal doses for 50 % of test subjects LD50, the 
emission limits in concentration and the “Wasser Gefährdungsklasse 
(WGK)” (eng. “water hazard class”) with a scale from 0 to 3 (water 
hazard classes: 0 not harmful, 1 slightly harmful, 2 harmful, 3 strongly 
harmful) (Table 2). The numerical values in each column are marked 
with different colours (green: positive, red: negative, grey: unknown) for 
ease of comparison.

Water, with a technical solubility for SO2F2 of 0.2 LSTP kg− 1 bar− 1, is 
one order of magnitude lower than the organic solvents (2.4–5.3 LSTP 
kg− 1 bar− 1), rendering it infeasible as a physical solvent, despite its 
environmental and safety advantages. 2-methoxyethyl acetate and N- 
methyl-2-pyrrolidone are on the candidate list “registration, evaluation, 
authorization and restriction of chemicals” (REACH) of substances of 

very high concern, and tributyl phosphate is considered carcinogenic. 
Thus, these three solvents are deemed unsuitable. Of the remaining 
solvents, diethyl succinate, gamma-butyrolactone, gamma-valer
olactone, butyl levulinate, ethyl levulinate and methyl laurate are 
excluded from further consideration due to a WGK of 2 or “harmful”. 
Furthermore, (2-butoxyethyl)acetate, 1-methoxy-2-propyl acetate, and 
3-methoxybutyl acetate are excluded due to their flash points below 90 
◦C, as reaching such temperatures could be considered for desorption, 
while reaching the flash point in a process must be avoided.

Of the remaining solvents, only gamma-butyrolactone exhibits a 
selectivity for SO2F2 of approximately 4 towards the main component N2 
in the exhaust air. For diethylene glycol monoethyl ether acetate and 
propylene carbonate, the selectivity could not be calculated due to a lack 
of solubility data. Therefore, we conclude that only gamma- 
butyrolactone can currently be proposed as a feasible candidate for 
the physical absorption of SO2F2 from fumigation exhaust air.

2.4. Partial condensation of SO2F2

High differences in vapor pressure of SO2F2 and the main compo
nents of air – nitrogen (N2) and oxygen (O2) – suggest partial conden
sation for their separation (Fig. 1, A). This has been addressed in some 
patents [38,39] but remains unattractive as a primary separation step 
due to the required removal of humidity, which precipitates before the 
condensation of SO2F2, and the low temperatures required to reach 
sufficiently low remaining concentrations in the treated air. In the pat
ents, liquid nitrogen is suggested as a cooling medium, which compli
cates the handling and is likely uneconomical for this purpose. At 

Table 2 
Comparison of solvents with known solubility parameters for SO2F2.

a) Included in the REACH candidate list of “Substances of Very High Concern” [34], b) cancerogenic, relative qualitative ranking of solvent parameters via continuous 
colour scale from green (positive) over yellow to red (negative), grey: unknown, c) Solvent selectivities with representative ternary feed mixture with molar fractions yi 
of 0.780/0.195/0.025 (N2/O2/SO2F2) at 30 ◦C.
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ambient pressure, the temperatures required to start the condensation of 
SO2F2 from fumigation atmosphere with 100 g m− 3 SO2F2 begin at 
− 110 ◦C and will be significantly lower to approach legal limits of 
3 mg m− 3 (TA-Luft, No. 5.2.4 [10]) in the off-gas, making this process 
unattractive (Fig. 1B).However, partial condensation could be useful in 
combination with recovering steps like physical adsorption for the pu
rification of reconcentrated, dry air-SO2F2 mixtures.

Vapor pressures pLV can be fitted with the empirical Antoine equation 
with parameters A, B and C and a reference pressure p0 (Eq. 7): 

log10

(
pLV

p0

)

= A −
B

T + C
(7) 

Literature data on vapor pressures of SO2F2 (Tab. S3) were used to fit 
a simplified Antoine equation with fixed parameter C to 0. Nitrogen 
(N2), oxygen (O2), and SO2F2 exhibit large differences in the vapor 
pressure curves (Fig. 1, A), separation by partial condensation. By 
lowering the temperature and possibly increasing the pressure, SO2F2 
would selectively condense. The most important question is initially up 
to which temperatures the exhaust air must be lowered to initiate partial 
condensation of SO2F2. To precipitate a specific component from a gas 
mixture, it must be supersaturated with this component. Under the 
assumption of Raoult’s law, this means that the partial pressure Pi of 
component i must exceed the vapor pressure pLV of its pure substance at 
the same temperature (Eq. 8). 

pi = P⋅yi ≥ pLV (8) 

Assuming ideal gas behavior, the saturation concentration c(T) of a 
vapor can be estimated from the pure substance vapor pressure pLV(T) 
when changing the temperature from a reference temperature Tref to T 
(Eq. 9). 

c(T) =
pLV(T) Mi

R Tref
(9) 

Eq. 8 can be used to visualize the required condensation tempera
tures at 1.013 bar to reach certain SO2F2 concentrations in air at refer
ence conditions (Tref. = 20 ◦C and Pref = 1.013 bar) (Fig. 1, B). 
Condensation of SO2F2 at typical fumigation concentrations around 
100 g m− 3 starts below − 100 ◦C, while available data on the vapor 
pressure of SO2F2 ends at a minimum temperature of − 109 ◦C. As 
extrapolation of the empirical Antoine equation is not recommended, 
the temperature required for saturation down to a limit concentration of 
3 mg m− 3 SO2F2 prescribed by TA-Luft, No 5.2.4 [10] cannot be read 
directly from the diagram. However, due to the proximity to the triple 
point temperature of SO2F2 at − 135.8 ◦C [42], it can be assumed that 
this temperature would have to be undercut for complete purification in 

accordance with TA Luft (max. 3 mg m− 3)[10]. Since below the triple 
point temperature, a solid-gas equilibrium is established, the vapor 
would have to resublime. Thus, a continuous operation would require 
multiple heat exchangers to periodically purge solid SO2F2. As moisture 
also solidifies temperatures well below 0 ◦C, partial condensation should 
be preceded by dehydration of the exhaust air.

2.5. Adsorption of SO2F2 from air

Direct adsorption from the gas phase is a promising basis for an 
emission reduction or even recycling of SO2F2 in fumigation and has 
been analogously implemented for fumigation gas treatment with other 
gases like methyl bromide [43–46]. According to patents, selective 
adsorption of SO2F2 from mixtures with nitrogen is possible with hy
drophobic zeolites with a SiO2-Al2O3 ratio above 10 [47]. However, this 
is the only published adsorption data on separating SO2F2 from air for 
non-analytical purposes. Further, some coconut shell-derived activated 
carbons [48], carbon molecular sieves [49] used for analytical methods, 
and polymer resins [50] are reported to selectively adsorb SO2F2. 
Finally, recent theoretical work found that platinum-doping could 
enhance the affinity of covalent triazine frameworks for SO2F2 [51]. 
Thus, currently, the development of adsorption processes for SO2F2 is 
hindered by the lack of identification of suitable adsorbents for the se
lective recovery of SO2F2 from air on a technical scale and their exper
imental characterization.

In this work adsorption of SO2F2 on several commercially available 
and technically feasible adsorbents is experimentally studied, and its 
potential for the complete recovery process is discussed.

3. Experimental

To close the data gap, preventing a conceptual design of SO2F2 
adsorption, a number of commercially available adsorbents for off-gas 
treatment were investigated for their potential to separate SO2F2 from 
dry and humid air. Dynamic adsorption experiments of SO2F2 in syn
thetic air (synth. air) and Helium (He) as carrier gas were used for a 
screening of all adsorbents. The most promising candidate was picked 
for a detailed characterization, including the measurement of SO2F2 
isotherms and mass transfer rates by dynamic measurements in carrier 
gas.

3.1. Materials

The following four commercially available adsorbents were chosen 
for screening, based on analysis of available literature for adsorbents 
selective for SO2F2: 

Fig. 1. A) Vapor pressures of SO2F2, N2 [40], and O2 [41], dotted line: triple point temperature of SO2F2, B) Temperature-dependent saturation concentration of 
SO2F2, dotted lines: limiting concentration according to TA-Luft [10] and triple point temperature of SO2F2.
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1. Hydrophobic zeolite: UOP HiSiv 3000 (Kurt Obermeier Chemie 
GmbH)

2. Activated carbon: Air CC 816 (Aqua Air Adsorbens GmbH & Co.KG)
3. Activated coke: DGF 3 Super (CarboTech AC GmbH).
4. Activated coke (impregnated): D47/3 KC10 (CarboTech AC GmbH).

UOP HiSiv 3000 (HiSiv) is a zeolite with a high silica to alumina ratio 
(> 1000), typically used for the removal of volatile organic compounds 
(VOC) from dry and humid air [52]. Air CC 816 (Air CC) and DGF 3 
Super are coconut charcoal and hard coal-based adsorbents, respectively 
activated by steam and both are marketed for VOC removal [53,54]. 
D47/3 KC10 (KC10) is a hard coal-based adsorbent impregnated with 
10 wt% potassium carbonate (K2CO3) and is used for the adsorption of 
acidic gases [55,56]. All adsorbents feature similar particle sizes: HiSiv 
in pellets with dimensions of 4 × 1.59 mm, Air CC granular particles 
with diameters of approx. 2.36–1.18 mm (USS-mesh 8 ×16) and DGF 3 
Super and KC10 pelleted with dimensions of 4.7 × 3 mm. Additionally, 
a chitosan-based carbon aerogel in the form of 1 mm spheres was 
included in the adsorber screening and compared to the commercial 
adsorbents.

Pure gases N2 5.0, CO2 4.5, synth. air and He 5.0 were obtained from 
Westfalen AG. Calibration gas mixtures with 1 vol% (±0.01 vol%) 
SO2F2, 3 vol% (±0.03 vol%) SO2F2 in synth. air and 3 vol% (±0.03 vol 
%) SO2F2 in He were supplied by Linde Gas GmbH. For experiments with 
humid air, deionized laboratory water from a central building supply 
was used.

3.2. Pore size distributions

To characterize the textural properties in the micro- and meso-pore 
ranges of the investigated adsorbents, gas physisorption experiments 
with N2 5.0 at 77 K and CO2 4.5 at 273 K were conducted. Constant 
temperatures during measurements were ensured by submerging the 
samples in liquid nitrogen (N2 physisorption, 77 K) or water crushed-ice 
mixtures (CO2 physisorption, 273 K). An overall sample mass of approx. 
20 mg was used in each run, and all samples were degassed at 150 ◦C (in 
case of carbons) or 300 ◦C (in case of zeolites) under vacuum (< 7 mbar) 
for at least 12 h prior to each analysis. The respective isotherms were 
determined with a gas sorption analyser (Nova 4200e, Quantachrome) 
by a manometric method from 5 mbar to ambient pressure.

Pore size distributions were derived by the Barrett-Joyner-Halenda 
(BJH) method for the meso (2–50 nm) and lower macro (> 50 nm) 
pore range from the N2 isotherms and via the Horváth-Kawazoe (HK) 
and Saito-Foley (SF) method for the micro pore range from CO2 

isotherms. While the HK method, which assumes slit-shaped pores, was 
applied to the activated carbon samples, the SF method, which assumes 
cylindrical pores, was applied to HiSiv, which is expected to better fit its 
micro pore geometry as a ZSM-5 zeolite.

3.3. Dynamic adsorption of SO2F2

All dynamic adsorption experiments were conducted in a bench-scale 
commercial adsorber set-up “mixSorb L” (3 P Instruments GmbH & Co. 
KG) with added periphery for the detection of SO2F2 and relative hu
midity (RH) at the exhaust (Fig. 2). The whole set-up was placed in a 
fume hood and constantly monitored for SO2F2 by a leakage sensor M.A. 
C 2640 CLIRcheck (ppm Messtechnik GmbH) (Fig. S1).

The adsorber column consisted of a stainless-steel tube with an inner 
diameter of 30 mm, an internal length of 200 mm, and a 5 mm thick 
sintered metal frit as a diffusor on the bottom. It features four Pt100 
temperature probes radially centred and positioned 40 mm apart along 
the column axis. The column was manually filled with adsorbent under 
gentle shaking to ensure high packing densities. Approximately 15 mm 
space was left free on the top of the packing to accommodate a quartz 
wool pad as a dust filter held by a stainless-steel gauze. After sealing the 
adsorber and connecting it to the mixSorb L, the system was purged and 
pressurized to 7 bar with He to measure the pressure drop over 2 min to 
ensure a leakage rate of less than 0.002 mbar L s− 1. In case of failure, the 
connections were retightened and the leak test repeated until passing the 
test.

Before experiments with a fresh adsorbent sample and in between 
adsorption experiments, the adsorbent was pretreated in-situ to remove 
adsorbed humidity. For this, the sample was heated with an external 
electrical heating mantle, while constantly purging with 500 mL min− 1 

carrier gas. He was used as a purge gas before experiments that used He 
as a carrier gas. N2 was used as purge gas for experiments with synth air 
as carrier gas, accordingly. Zeolite samples were heated at a rate of 2 ◦C 
min− 1 up to 400 ◦C with a holding time of 4 h. Carbon samples were 
heated to 150 ◦C with a rate of 5 ◦C min− 1 and held at 150 ◦C for 2 h. 
Higher maximum temperatures in the preparation of zeolite samples 
were chosen to ensure complete removal of bound water molecules 
(compare [57]). Finally, the adsorbent was allowed to cool to room 
temperature while purging with gas. Blank corrections were experi
mentally measured with glass beads as inert filler and are described in 
the SI (Fig. S3).

For the detection of SO2F2 at the adsorber outlet, a constant flow of 
1000 mL min− 1 was branched off from the total exhaust stream via a T- 
connector by manually regulating with a needle valve and a flow meter 

Fig. 2. Sketch of experimental set-up used for dynamic sorption experiments.
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GFM mass flow meter (Analyt GmbH & Co. KG). This gas stream was 
passed over a set of dual-wavelength, non-dispersive infra-red (NDIR) 
sensors, first over a SO2F2 Flowmodule 4 % F3–412406–05000 (smart
GAS Mikrosensorik GmbH, “QI 1” in Fig. 2). The sensor has a mea
surement range of 0 – 4 vol% for SO2F2 with a lower limit of detection of 
≤ 0.004 vol% (3σ) and a straight line deviation of ≤ 0.04 vol%. Cross- 
sensitivities for other infrared-absorbing gases like water are mitigated 
internally by the simultaneous measurement of a reference wavelength 
not strongly absorbed by SO2F2 (dual wavelength). Additionally, the gas 
was passed over a SO2F2 Flowmodule 100 ppm F3–412104–05000 
(smartGAS Mikrosensorik GmbH, “QI 2” in Fig. 2. All external gas flow 
connections were realised via 1/4 ” and 1/8 ” stainless-steel tubing (Hy- 
Lok D Vertriebs GmbH). As the used SO2F2 mixtures were calibrating gas 
quality and the used mix Sorb L offered precise gas dosing via precise 
mass flow meters (uncertainty < 0.02 % of max. range), the SO2F2 
sensor could checked and if required calibrated for each experiment via 
bypass measurements of carrier gas or carrier gas mixtures (He, synth. 
air, synth. air + water) and the SO2F2 calibrating gas.

The temperature of the adsorber column and its feed pipe was 
controlled by submerging the adsorber cell in a water-filled, double- 
walled beaker connected to a refrigerating/heating bath MX7LR-20- 
V12V (VWR International, LLC) using water as a circulating medium. 
The adsorber pressure during measurements was controlled via an in
tegrated backpressure regulator. For the precise dosing of gases, four in- 
built Coriolis mass flow controllers (1, 5, 10, and 20 L min− 1) were used 
in connection with double-stage pressure regulators FM53 (Spectron Gas 
Control Systems GmbH) set at 15 bar. Volumetric flow rates are given 
for a reference state “Standard temperature and pressure” (STP) 
(273.15 K, 1.013 bar). For experiments including humidity, water vapor 
was added to the carrier gas in an in-built vapor dosing system, mixing a 
precisely controlled liquid water flow via a fifth Coriolis mass flow meter 
in a heated chamber.

Before each experiment, the adsorber was conditioned by driving 
carrier gas with a 5 L min− 1 flow through the adsorber, followed by 
10 min of conditioning the feed gas by bypassing the adsorber cell. The 
feed volume fraction of SO2F2 φ0, was taken at the end of this condi
tioning. The experiments were started by switching the feed gas mix
tures from bypass to the adsorbent cell. During the measurements, the 
adsorbent bed temperatures T1-T4, the volume fraction of SO2F2 at the 
outlet φ(t) were observed. Measurements were stopped upon reaching 
steady state conditions with respect to adsorbent bed temperatures and 
SO2F2 concentration at the outlet.

Under the assumption of ideal gas, the partial pressure of SO2F2 in 
the feed gas pSO2F2 was calculated by multiplication of the measured 
total pressure P in the adsorber cell and the measured concentration 
from the feed gas mixture φ0 measured in bypass before each experiment 
(Eq. 10). 

pSO2F2 = P⋅φ0 (10) 

The total adsorbed mass of SO2F2 mSO2F2 was calculated from the 
mass balance of the adsorber from start time t0 to the end of the 
experiment tend, with the volumetric feed flow FSTP at standard pressure 
PSTP and temperature TSTP, the molecular mass of SO2F2 MSO2F2, the 
ideal gas constant R and numerical integration of the SO2F2 outlet 
concentration φ(t) over the adsorption time t (Eq. 11). 

mads =
FSTP PSTP MSO2F2

R TSTP

(

φ0 (tend − t0) −
∫ tend

t0
φ(t)dt

)

(11) 

The equilibrium loading q was calculated as the quotient of adsorbed 
mass of SO2F2 mads and the weighed dry adsorbent mass mbed (Eq. 12). 

q =
mads

mbed
(12) 

In the dynamic adsorption method, the mass of the adsorbed and 
desorbed amount of SO2F2 is calculated from integrated sensor data. To 
account for the associated uncertainties, an error propagation analysis 

was conducted (see SI, section 2.1.4).

3.3.1. Screening experiments
The adsorbents were screened with dynamic sorption experiments 

and evaluated by four target criteria: 

1. Adsorption capacity for SO2F2 at 20 ◦C
2. maximum desorption yield by TSA (max. 95 ◦C)
3. Adsorption capacity for SO2F2 with 80 % RH at 20 ◦C
4. maximum desorption yield by TSA (max. 95 ◦C), with 80 % RH at 20 

◦C

Feeds with concentrations of 0.5 vol%, 1.0 vol%, or 3.0 vol% with a 
total volume flow of 0.5–5 L min− 1 were led through the adsorber cell at 
20 ◦C and 1.1–1.6 bar absolute pressure (Tab. S4).

Desorption experiments were started immediately after finishing 
saturation experiments to check if SO2F2 is recoverable from the ad
sorbents via TSA, indicating whether SO2F2 is either physically or 
chemically adsorbed/converted. For this, the loaded absorber was 
purged with 0.5 L min− 1 synth. air while increasing the temperature of 
the heating bath stepwise up to 95 ◦C to avoid oversaturation of the 4 vol 
% SO2F2 sensor. Desorption was considered finished when concentra
tions below 100 ppmv SO2F2 were detected at the outlet at 95 ◦C.

The equilibrium adsorption capacity depends on the partial pressure 
of SO2F2 (pSO2F2), which was varied during screening experiments. Thus, 
isotherms were fitted to the measured capacities to enable their com
parison. For sufficiently low partial pressures, the limiting behaviour of 
adsorption isotherms on homogeneous surfaces can be described by a 
linear Henry-type model (Henry regime) [58]. Due to the restricted 
amount of available screening data, measured at low partial pressures 
and to avoid overfitting, this single-parameter isotherm was chosen, 
yielding the Henry constant Hads for comparison of different adsorbents 
(Eq. 13). 

q = pSO2F2 ⋅Hads (13) 

The desorbed mass of SO2F2 mdes was calculated from the integral 
from adsorption start to saturation of the adsorber (Eq. 14). 

mdes =
FSTP⋅PSTP⋅MSO2F2

R⋅TSTP
⋅
∫ tend

t0
φ(t)dt (14) 

The desorption yield Y was calculated as the quotient of the total 
desorbed mass of SO2F2 and the previously adsorbed mass of SO2F2 on 
the same sample (Eq. 15). 

Y =
mdes

mads
(15) 

In practice, the fumigation atmosphere naturally contains humidity, 
which may decrease the adsorption capacity for SO2F2 and could pro
mote hydrolysis of SO2F2 on adsorbents. To investigate these effects, the 
above-mentioned screening experiments were repeated once per 
adsorbent with humid air (80 % RH at 20 ◦C) in the feed.

3.3.2. SO2F2 isotherms and adsorption enthalpy
To obtain isotherms for SO2F2 on HiSiv, multiple saturation experi

ments were conducted in direct succession, cumulatively adding SO2F2 
on the adsorbent. For each new equilibrium point, the SO2F2 concen
tration in the feed was increased in small steps to keep the temperature 
increase due to adsorption heat small and avoid large changes in flow 
rate. The software 3 PSim (3 P Instruments GmbH & Co. KG) was used to 
fit the following isotherm models.

The Langmuir model is a basic and theoretically derived isotherm, 
which assumes: 1) adsorption on a fixed number of sites, 2) a maximum 
of one adsorptive per site (monolayer), 3) energetically homogeneous 
adsorption sites, 4) no interactions between adsorbed molecules. It is 
suitable to describe mono-layer adsorption and yields the physically 
meaningful parameters of a finite saturation capacity qsat and an affinity 
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constant K (Eq. 16) [59]. 

q = qsat
K pSO2F2

1 + K pSO2F2

(16) 

To account for energetically heterogeneous surfaces, as usually 
encountered in technical adsorbents, the Langmuir isotherm can be 
expanded to multiple distinct adsorption sites. The simplest multi-site 
Langmuir model is the dual-site Langmuir isotherm with separate 
saturation capacities (qsat,A, qsatx,B) and affinity constants (KA, KB) for the 
adsorption sites A and B (Eq. 17) [59]. 

q = qsat, A
KA pSO2F2

1 + KA pSO2F2

+ qsat, B
KB pSO2F2

1 + KB pSO2F2

(17) 

Another approach to account for heterogeneous adsorbents is the 
expansion of the Langmuir model by an empirical heterogeneity 
parameter θ, as done in the widely used Sips and Toth isotherms. The 
Sips isotherm can describe heterogeneous adsorbents and finite limits at 
increasing pressures (Eq. 18). While it can describe finite saturation 
capacities, it cannot describe the Henry regime (except for the case θ =
1, where it equals the Langmuir isotherm) [59]. 

q = qsat

(
K pSO2F2

)1
θ

1 +
(
K pSO2F2

)1
θ

(18) 

The Toth isotherm describes adsorption on heterogeneous surfaces 
and can describe both, finite saturation capacities and the Henry regime 
(Eq. 19) [59]. 

q = qsat
K pSO2F2

⎛

⎝1 +
(
K pSO2F2

)1
θ

⎞

⎠

θ (19) 

Physically meaningful parameters are an important benefit of the 
above-mentioned theoretical and half-empirical models; however, in 
case they fail to converge, fully empirical models can be used. The 
Freundlich model is an empirical isotherm, derived from a truncated 
Taylor-series expansion of the adsorption capacity in powers of the 
sorptive gas pressure [59]. For a pure component isotherm and trun
cated after the first term, the two parameters, affinity constant K, and 
heterogeneity parameter θ, are fitted (Eq. 20). It fails at low pressures, 
where the slope approaches infinity and cannot describe finite 
maximum loadings. 

q =
(
K pSO2F2

)1
θ (20) 

To interpolate between isotherms, the temperature dependence of 
the isotherm parameters can be derived by fitting multiple isotherms at 
sufficiently near temperatures using a Clausius-Clapeyron-like approach 
(Eq. 21) [60]. This method requires a triplet of high-quality isotherms at 
sufficiently similar temperatures to deliver accurate results but also 
yield the load-dependent adsorption enthalpy Δhads. 

d(lnpSO2F2

)

d
(

1
T

) = −
Δhads

R
(21) 

The affinity constant at an interpolation temperature is obtained in 
relation to a reference affinity constant K0 at reference temperature T0 
(Eq. 22) 

K(T) = K0exp

(

−
Δhads

R

(
1
T
−

1
T0

))

(22) 

The temperature dependence of the saturation loading is obtained in 
relation to a reference saturation loading qsat,0 at reference temperature 
T0, with a constant factor χ (Eq. 23) 

qsat(T) = qsat, 0exp
(

χ
(

1 −
T
T0

))

(23) 

The temperature dependence heterogeneity parameter is obtained in 
relation to a reference exponent θ0 at temperature T0 by fitting of the 
factor α (Eq. 24). 

1
θ
(T) =

1
θ0

+ α
(

1 −
T0

T

)

(24) 

For reference, the adsorption enthalpy was also estimated using the 
heuristic rule, deriving an estimate of the physical adsorption enthalpy 
of a gas Δhads,est, from its evaporation enthalpy, ΔhLV (Eq. 25) [61].

1.5 ΔhLV
≤ Δhads,est

≤ 2 ΔhLV(25)

3.3.3. Mass-transfer experiments
Additional dynamic adsorption experiments were conducted at 

increased superficial velocities to characterize the mass transfer rate 
under realistic conditions. The superficial velocity u was calculated from 
the feed flow rate F at the controlled temperature T and adsorber pres
sure P, divided by the cross-sectional area A of the adsorber column (Eq. 
26). 

u =
F(T,P)

A
(26) 

3.4. Shortcut method and supporting experiments

A shortcut method is used as a first estimate for a feasible design of 
an adsorptive SO2F2 recovery from fumigation off-gas (see SI, Section 3) 
[61]. It is based on gathered literature data and the experimental results 
from this work and should offer an impression of realistic adsorber di
mensions, treatment time, and desorption conditions.

An important guideline for the design of fixed-bed adsorbers is the 
minimum fluidization velocity. It marks the beginning of relative par
ticle movement in a vertical fixed-bed with upward flow. To avoid 
abrasion, the maximum superficial velocity is often fixed around 50 % of 
the minimum fluidization velocity [61]. In case of downward flow, 
higher flow velocities can be safely achieved, which can be utilized in a 
desorption step. To estimate the minimal fluidization velocities of HiSiv 
and Air CC, an experimental set-up to measure the pressure drop in 
dependence on the superficial velocity was used (Fig. S4, A).

3.5. Simulation of breakthrough curves

For the simulation of breakthrough curves, two different programs 
were used. 3PSim (3 P Instruments GmbH & Co. KG), which allows non- 
isothermal simulation but is restricted to the dimensions of the mixSorbL 
laboratory absorber, and Ruptura, which currently only supports 
isothermal calculations but allows larger adsorber dimensions, useful for 
scale-up [62]. 3PSim was used to fit a simulation based on the measured 
isotherms of to an experimental breakthrough curve of SO2F2 by vari
ation of the linear driving force (LDF) parameter kLDF. In the LDF 
approach, the local adsorption rate ∂q/∂t is proportional to the differ
ence between the equilibrium loading and the locally averaged loading 
qx with the mass transfer constant kLDF (Eq. 27) [63]. 

∂q
∂t

= kLDF(q − qx) (27) 

The interstitial gas velocity w is obtained by division of the super
ficial gas velocity u by the bed porosity εbed (Eq. 28). 

w =
u(T,P)

εbed
(28) 

Dispersion was modelled as plug-flow with an axial dispersion co
efficient Dax according to Kast [64] for particle sizes dP < 3 mm (Eq. 29). 
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Dax = w
3 ⋅10− 3

2
(29) 

As input, adsorber dimensions, fixed bed properties (Tab. S10), feed 
conditions (concentration, temperature, pressure, and velocity) and 
equilibrium parameters were provided (Tab. S11-S13).

4. Results

4.1. Adsorbent screening

The adsorbent screening revealed significant SO2F2 capacities below 
35 mbar partial pressure of SO2F2 on all tested adsorbents (Fig. 3 A). 
With capacities of up to 80 g kg− 1, they lie in the range of literature data 
for the hydrophobic zeolites Zeocat PZ-2/400 and Wessalith DAZ F20 
[47]. Assuming the literature data were measured under ambient pres
sure (not specified in the reference), the screened adsorbents in this 
work show steeper slopes (higher Henry constants), indicating higher 
capacities at low concentrations. (Fig. 3 B). Air CC, DGF 3 Super, and 
HiSiv feature the highest Henry constants, indicating a high affinity for 
SO2F2. The high uncertainty of 20 % for the Henry constant of DGF 3 
Super, compared to the other samples, can be explained by it being 
based on two measurements at very similar partial pressures of SO2F2. 
Considering the bed densities of HiSiv (700 kg m− 3) [52] and Air CC 
(500 kg m− 3) [53], both are equally suitable regarding 

bed-volume-specific SO2F2 capacity.
Under humid conditions, the SO2F2 capacity decreased slightly on 

Air CC, and significantly on DGF 3 Super and HiSiv. On HiSiv, the ca
pacity for SO2F2 decreased by 25 %, as expected from general compar
ison to adsorbent behaviour of adsorbents for VOC recovery from humid 
air [65] and SO2F2-specific literature data on other adsorbents [48]. On 
the alkaline impregnated coke KC10, humid conditions led to an 
apparent increase in adsorption capacity. Based on just one measure
ment, this result suffers from a high uncertainty but could be interpreted 
as an indication of a promoted chemical conversion of SO2F2 by hy
drolysis. This is supported by the low desorption yields on the alkaline 
impregnated KC10, especially low under humid conditions with just 
67 % recovery of SO2F2 (Fig. 3, C) and matches literature on hydrolysis 
of SO2F2 in alkaline conditions [23,24], which are expected to be 
induced by the potassium chloride impregnation, typically used to bind 
acidic gases like HF and SO2 [56]. At the same time, in dry conditions, 
SO2F2 adsorption on KC10 featured the highest temperature increases 
(Fig. 6, C), which might be partially explained by the increased feed 
concentrations of 3 vol% used on this sample but could also, in parts, 
result from chemical adsorption, which can typically feature ten-fold 
higher adsorption enthalpies than physisorption [66]. Also, the still 
rising fixed bed temperatures upon reaching breakthrough conditions on 
KC10 under humid conditions might be an additional sign of a 
continuing hydrolysis of SO2F2 (Fig. S6, C).

Only HiSiv could repeatedly be fully regenerated by temperature 

Fig. 3. A) Saturation loadings of SO2F2 at 20 ◦C, empty symbols: capacities in humid conditions, Error bars: uncertainties estimated by error propagation(see SI, 
section 2.1.5), B) Henry coefficients of SO2F2, Error bars: standard error of gradient from linear fit, C) Desorption yield, Error bars from n multiple measurements 
(n = 2 [DGF 3 Super and D47/3 KC10], n = 3 [UOP HiSiv 3000 and Air CC 816]), D) Breakthrough curve and temperature profile on HiSiv, with: feed conditions: 
0.5 vol%, 5 L min− 1, 80 % RH.
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increase and carrier gas purge, in dry and humid conditions. The 
incomplete recovery on the carbon adsorbents might be explained by 
chemical bonding or catalytic decomposition of SO2F2 also on the 
unimpregnated Air CC and DGF 3 Super, as catalytic activity is a 
commonly occurring characteristic of activated carbons and cokes [65].

On HiSiv, an overshoot of the SO2F2 concentration to values above 
the feed concentrations was observed under humid conditions (Fig. 3, 
D), which could be caused by different mechanisms, or a mixture 
thereof. A possible explanation could be the adsorption of H2O to 
different sites than SO2F2, causing a temporary desorption of already 
bound SO2F2 by temperature increase, while blocking the re-adsorption 
of SO2F2 by steric effects in pore entrances.

Alternatively, the overshoot could be a sign of co-adsorption effects, 
suggesting that H2O and SO2F2 compete for the same adsorption sites 
[60]. Under the assumption that SO2F2 is transported faster but binds 
more weakly than H2O in HiSiv, this overshoot could be the result of 
H2O adsorption on sites already occupied by SO2F2, leading to the 
desorption of SO2F2, as an enriched SO2F2 desorbate pulse. The tem
perature profiles during this experiment support this hypothesis, as they 
feature an increasingly pronounced shoulder, splitting off secondary 
peaks at T3 and T4 along the flow direction through the adsorber bed 
(Fig. 3, D). This indicates the increasingly asynchronous adsorption of 
multiple adsorptives. The positions of the first temperature peaks 
roughly coincide with the temperature peaks in pure SO2F2 break
through under dry and else equal conditions (Fig. S 4, C), indicating 
their association to SO2F2 adsorption. Also, the arrival of the tempera
ture peak at the last sensor T4 usually roughly coincides with the 
breakthrough of SO2F2 (Fig. S3-S6). In this case, the second temperature 
peak coincides with the maximum of the SO2F2 concentration overshoot. 
Thus, this second temperature front likely marks the breakthrough of the 
H2O front, displacing SO2F2 with a net exothermal effect.

To investigate the effect of humidity on adsorption kinetics on the 
screened adsorbents, SO2F2 breakthrough curves from the screening 
experiments were normalized to feed concentrations and overlayed for 
dry and humid conditions at equal superficial velocities (Fig. S7). Be
sides shifts in breakthrough times, the slopes of the concentration pro
files were only marginally affected by the added humidity, whereas on 
HiSiv, the slope steepened, likely due to temperature peaks (Fig. 3, A) 
and featured the already discussed overshoot of SO2F2 concentrations 
above feed conditions.

Based on the results above, HiSiv was chosen for further character
ization as a selective adsorbent for SO2F2 from dry and humid air, as it 
combines high capacities with almost full recoverability of SO2F2 in dry 
and humid conditions. However, also Air CC remains an interesting 
candidate due to its similar performance. The self-synthesized chitosan- 

based carbon aerogel showed comparable capacities for SO2F2 but low 
desorption yields of 80 % (Fig. S8).

4.2. Adsorption isotherms SO2F2 on HiSiv

Isotherms for SO2F2 on HiSiv were measured as step response in He 
as carrier gas for temperatures of 10–90 ◦C, likely suitable for a TSA 
process (Fig. 4, Tab. S5). Even though the isotherms only cover < 1 % of 
the relative saturation for SO2F2, they can be classified as Type I iso
therms according to IUPAC nomenclature, which is expected for 
microporous adsorbents like HiSiv [67]. This also suggests a high af
finity between adsorbent and adsorptive, which generally induces a 
favourable self-sharpening of the breakthrough curve when traveling 
through an adsorbent bed, increasing its practical capacity during the 
adsorption step [68].

The experimental uncertainties of the equilibrium loadings esti
mated by error propagation are dominated by the integrated uncertainty 
of the SO2F2 sensor (see SI, section 2.1.5). Thus, they are very sensitive 
to the nominal straight-line deviation of the sensor, which was assumed 
as ≤ 0.04 vol% according to the sensor data sheet [69]. While the 
derived relative uncertainties are well below 5 % for most experiments, 
single experiments at low temperatures and low partial pressures show 
relative uncertainties above 70 %. However, the overall isotherm 
shapes, the expected order of decreasing capacity with increased tem
perature, and especially the good agreement of the experimental 
isotherm at 20 ◦C with saturation capacities calculated from separate 
breakthrough experiments (Section 3.5) demonstrate experimental 
reproducibility (Fig. 4, A). Thus, the actual relative errors should be 
significantly smaller than estimated from error propagation.

To estimate the impact of humidity on the maximum SO2F2 capacity, 
an additional isotherm at 20 ◦C was measured in synthetic air with 80 % 
RH. Like in the screening results, a capacity loss for SO2F2 of up to 25 % 
was observed in humid conditions, which likely indicates the potential 
capacity loss in the treatment of similarly humid fumigation gas 
mixtures.

All single-component isotherms were used to fit isotherm models, 
with the isotherms at 10 ◦C, 20 ◦C, and 30 ◦C used to calculate the 
temperature dependencies and load-dependent adsorption enthalpy 
Δhads in the range of 10–30 ◦C, when possible. The Langmuir adsorption 
isotherm (LAI) and the Dual-site Langmuir adsorption isotherm (DS-LAI) 
both converged for simple isotherms (Tab. S6). However, the models 
failed to deliver sufficient fits to derive temperature dependencies. The 
half-empirical Toth and Sips models delivered good fits for some single 
temperatures, but failed for others. Thus, they were not suitable to 
derive temperature dependencies. As the theoretical and half-empirical 

Fig. 4. A) SO2F2 isotherms (experimental data and Freundlich fits) on HiSiv, Error bars: uncertainties estimated by error propagation (see SI, section 2.1.5), B) 
Adsorption enthalpy of SO2F2 and H2O on HiSiv and respective evaporation enthalpies.
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models failed to fully describe the experimental isotherms for SO2F2 on 
HiSiv, the empirical Freundlich model was used to describe the iso
therms of SO2F2 on HiSiv and estimate the load-dependent adsorption 
enthalpy (Fig. 4, B).

As water is a co-adsorptive in the separation of SO2F2 from humid air, 
literature data on isotherms of water on HiSiv (Tab. S6, Fig. S9) were 
used to additionally derive the adsorption enthalpy of water on HiSiv. In 
consistency with theory, the adsorption enthalpies asymptotically 
approach the respective adsorptive’s evaporation enthalpies ΔhLV at 
increased loadings, supporting the accuracy of the derived adsorption 
enthalpies (Fig. 4, B) [64]. Both for water and SO2F2, the estimated 
adsorption enthalpy according to heuristics (Eq. 19) lies well in the 
range of the isotherm-derived adsorption enthalpies on HiSiv (Tab. S7), 
further indicating the results’ plausibility. The higher adsorption 
enthalpy of H2O in comparison to that of SO2F2 on HiSiv further sup
ports the co-adsorption hypothesis, as a higher adsorption enthalpy 
correlates with a higher affinity to the adsorbent, explaining the 
observed roll-over effect with H2O seemingly displacing SO2F2 from 
common adsorption sites (Fig. 3, D) [70].

4.3. Breakthrough curves and mass transfer kinetics

Experiments at various superficial velocities were carried out to es
timate the adsorption kinetics under practical conditions. The break
through curves of SO2F2 on HiSiv and Air CC feature a typical sigmoidal 
shape with a slight asymmetry (Fig. 5, A), which may be attributed to 
temporary, local, non-isothermal conditions due to the exothermic 
adsorption [57]. With increasing flow rates, the slope of the break
through curves increases for both adsorbents.

Notably, at equal flow rates, HiSiv features steeper breakthrough 
curves than Air CC (Fig. 5, A), indicating higher internal mass transfer 
limitations in Air CC. A possible explanation lies in the nanopore texture, 
where generally, the presence of connecting macro and mesopores is 
expected to enhance intraparticle diffusion rates in nanoporous adsor
bents [71].

Gas physisorption measurements (Fig. S10, A-D) reveal that Air CC 
exhibits the lowest meso- (to lower macro-) pore volume of 
0.024 mL g− 1, while HiSiv shows the highest meso- (to lower macro-) 
pore volume (0.15 mL g− 1) (Fig. 6), in good accord with literature 
values of 0.169 mL g− 1 [72]. By comparison of the micropore volumes 
derived by the HK and SF methods, Air CC exhibits the highest micro
pore volume (0.132 mL g− 1) compared to the remaining adsorbents 
(0.080–0.085 mL g− 1), again for HiSiv in good accord with literature 
(0.100 mL g− 1) [73,74].

Under the assumption that the granular, coconut shell-derived Air CC 
particles feature homogeneous porosity, the internal mass transport 

resistance should depend directly on the particle size, directly influ
encing the diffusion path length to the central pores. The remaining 
adsorbents are all pelletized, meaning that nanoporous adsorbent par
ticles are mixed with binder materials to create a secondary, often 
macroporous network, which is likely the source of their increased 
relative meso- to macro porosity (Fig. S11, C) [75]. Thus, decreasing the 
particle size of Air CC could decrease intraparticle mass transfer, 
increasing the technically usable adsorber length by sharpening the 
mass transfer zone. In practice, however, this has to be balanced out 
against the pressure drop, which increases with smaller particles [60].

On HiSiv, the measurement at the highest measured flow rate 
(15 min− 1 (STP)) featured a superficial velocity of 0.24 m s− 1 (Tab. S8), 
coinciding with the determined maximum up-scaled fixed bed gas ve
locity for upwards flow in a vertical fixed bed for this adsorbent. Thus, 
this experiment was used to fit the kLDF mass transport coefficient for 
SO2F2 by comparing the breakthrough curve with a simulated experi
ment, based on the fitted Freundlich isotherms of SO2F2 on HiSiv. While 
the experimental temperature peaks along the fixed bed exceed those of 
the simulation by 2–5 ◦C, their peak location in time is well reflected by 
the simulation (Fig. 5, B). To validate the accordance of the open-source 
simulation program Ruptura with these results, it was used to simulate 
the same laboratory experiment with the same parameters. As it shows 
even better agreement with the experimental data, it is deemed that 
Ruptura is principally suitable to calculate isothermal adsorption dy
namics with SO2F2 on HiSiv, also for other scales and geometries, as in 
the following conceptual design calculations.

Fig. 5. A) Normalized breakthrough curves of SO2F2 on HiSiv and Air CC, B) Fit of breakthrough on HiSiv simulated with 3pSim to experimental curve: kLDF 
= 0.725 min− 1 and comparison simulation by Ruptura.

Fig. 6. Total pore volumes in the micro- (HK/SF) and meso- to lower macro 
pore range (BJH).
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4.4. Conceptual adsorber design

The shortcut calculations yield basic adsorber dimensions and cycle 
times for a simple TSA (Table 3). While both shortcut designs target 
breakthrough times of 20 min, these are not exactly matched by the 
respective simulations, resulting in 15 min (Shortcut 20 ◦C) and 21 min 
(Shortcut 10 ◦C) (Fig. 7). The simulations include an actual quantifica
tion of the MTZ, and thus can be deemed more accurate than the 
shortcut method, where an estimated safety margin of + 50 % adsorber 
mass was chosen to account for practical capacity reduction of the bed 
by accommodation of the MTZ and non-isothermal adsorption due to 
adsorption heat (see SI, section 3.2.1). Based on this result, an increased 
adsorber length to 0.92 m is recommended to reach 20 min break
throughs and thus a complete treatment of a container charge in the 20 
◦C shortcut scenario.

a) Estimated from measurements, b) Estimated from pressure drop 
calculations, c) Measured, Symbols: T Temperature, φ average feed 
concentration of SO2F2, u0 superficial gas velocity, mads adsorbent mass, 
D adsorbent bed diameter, L adsorbent bed length, tads adsorption time 
until breakthrough, Tdes desorption temperature, tdes desorption time, EF 
enrichment factor of SO2F2 in desorbed effluent.

The low predicted enrichment factors EF (Table 3) indicate that a 
simple hot gas desorption would be inefficient for a reconcentration of 
SO2F2 with HiSiv, as the quantity of purge gas required to heat the fixed 
bed and desorb SO2F2 is equal to or higher than the quantity of treated 
feed in the adsorption step. To prevent the dilution of SO2F2 during 
desorption, external heating of the fixed bed could be employed.

Alternatively, steam desorption with superheated steam could be 
employed to displace SO2F2 and reconcentrate it in a short pulse of 
desorbate [65]. Besides high specific enthalpies of steam, which allow 
desorption with lower dilution of the target component, other than hot 
air, the steam can be separated from SO2F2 by partial condensation for 
increased enrichments. Desorption by direct application of steam to the 
loaded adsorbents is a widely used technique for the desorption of 
activated carbons [27] and is also reported for hydrophobic zeolites 
[28]. In it, steam is fed either saturated or superheated in a continuous 
or interrupted manner to the adsorbent bed to heat the adsorbent and 
displace the adsorbed species.

As an exemplary case, a steam desorption process for SO2F2 recovery 
from the Short Cut case at 20 ◦C is considered. Condensation and thus 
desorption, at ambient pressure, is assumed; however, if saturated steam 
at higher pressures is available, the desorption could principally be 
conducted at higher temperatures by controlling the pressure in the 
adsorber during condensation. The process design is based on calcula
tions of the following design (see SI, section 3.2.3) (Fig. 8, A): 

1. Generation of saturated steam at T1 and P1
2. Isenthalpic throttling to ambient pressure P2, resulting in super- 

heated steam at T2 < T1
3. Isobaric cooling of superheated steam and condensation at 1.01 bar, 

100 ◦C

To heat the adsorbent bed 20 ◦C to 100 ◦C an energy of 2700 kJ is 
required (15 % SO2F2 desorption, 85 % heating of adsorber). In the 
extreme case of total condensation (x4 = 0) a minimum of 1.2 kg steam 
(0.8 kg kg− 1 steam per SO2F2) is required and leaves approximately 
3.5 wt% humidity on the adsorbent, depending on the temperature of 
the generated feed steam. If more superheated steam is fed, more energy 

is covered by cooling the superheated steam, instead of condensation, 
leaving the adsorber in a dryer final state 4 (Fig. 8, B).

As water seems to displace SO2F2 on HiSiv as a co-adsorbent, indi
cated by roll-over effects and higher adsorption enthalpies of water on 
HiSiv, a facilitated desorption of SO2F2 is expected at the cost of an 
additional drying step, which could be realised, for example, with hot 
air. For an economic process, incomplete drying would likely have to be 
employed, decreasing the practical capacity for SO2F2 and potentially 
increasing mass transfer resistances due to pore blockage.

In the proposed processes for adsorptive recovery of SO2F2, a long- 
term exposure of the adsorbents to SO2F2 and H2O is expected, as a 
complete adsorbent regeneration is typically not economically or even 
technically feasible. Thermal regeneration of the adsorbent by hot gas or 
steam could increase the reactivity of SO2F2, and the presence of ad
sorbents could catalyse the degradation of SO2F2 to toxic and corrosive 
products. Thus, the chemical stability of SO2F2 in the presence of specific 
adsorbents, which might act as catalysts, should be experimentally 
tested at targeted desorption conditions, e.g., in humid air and steam up 
to temperatures of 150 ◦C.

Further, it is recommended to experimentally evaluate the adsorbent 
stability in cyclic adsorption-desorption tests with hot gas and steam 
desorption. Potential pore blockage or ageing mechanisms during the 
use of the discussed adsorbents are not easy to predict and should be 
assessed in long-term cyclic experiments. Zeolites degrade in contact 
with acids; however, high silica to alumina ratios in hydrophobic zeo
lites increase acid resistance [76]. UOP HiSiv 3000 has a high silica to 
alumina ratio, which should increase its resistance against acidic 
decomposition products of SO2F2 [52].

5. Conclusion

After a critical review of the state of the art for SO2F2 separation from 
mixtures with air and a comparison of different separation concepts, 
including our own experiments, we conclude that direct adsorption of 
SO2F2 from the gas phase is the most promising separation technology 
for practical implementation in fumigant recovery. Thermal and plasma- 
induced decomposition of SO2F2 is generally incomplete and produces a 
mixture of toxic and corrosive decomposition products and SO2F2, 
which still need to be separated from the treated air. Decomposition in 
aqueous alkaline solution (chemisorption) results in safe decomposition 

Table 3 
Results and parameters of shortcut calculations.

T φ u0 mads D L tads Tdes tdes EF

​ [◦C] [vol%] [m s¡1] [kg] [m] [m] [min] [◦C] [min] [-]
Shortcut 10 ◦C 10 2.4 0.24 33.0 0.29 0.71 20 140 7 0.7
Shortcut 20 ◦C 20 1.9 0.24 31.8 0.29 0.69 (0.92 m) 20 140 7 1.1

Fig. 7. Simulated breakthrough curves of shortcut designs.
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products but consumes large amounts of NaOH or hydrogen peroxide, 
which must be periodically replenished. Also, a complete decomposition 
has not been achieved in alkaline absorption of SO2F2, and the waste 
management of large amounts of reacted scrubbing waste remains a 
challenge. Physical absorption and partial condensation both offer the 
possibility to recover SO2F2 for further use. However, physical absorp
tion lacks a suitable solvent to selectively absorb SO2F2 from air for 
reconcentration, and partial condensation of SO2F2 requires impracti
cally low temperatures to start condensation of typical fumigation at
mospheres, or even to reach legal and safe limits in the treated gas.

Process design of SO2F2 adsorption was held back by the lack of 
publicly available data on suitable adsorbents for SO2F2 recovery. In this 
study, for the first time, a comprehensive experimental evaluation of the 
adsorption and desorption capabilities of adsorbents for SO2F2 under 
typical fumigation conditions is presented by screening different in
dustrial activated carbons and a hydrophobic zeolite. Among these, the 
coconut shell-derived activated carbon Air CC and the zeolite HiSiv 
3000 were identified as promising materials to recover SO2F2 from dry 
and humid air (80 % RH) at practically relevant temperatures of 20 ◦C 
and ambient pressure. Both materials were found to adsorb SO2F2 
mainly or fully physically, enabling recovery of SO2F2 instead of its 
decomposition to waste compounds.

HiSiv 3000 was further characterized by measuring adsorption iso
therms for SO2F2 in a temperature range from 10 to 90 ◦C, fitted by 
Freundlich isotherms. From these isotherms, the adsorption enthalpy of 
SO2F2 on HiSiv 3000 was calculated and partly validated by comparison 
with corresponding evaporation enthalpies from literature. Compari
sons of experimental breakthrough curves of SO2F2 on HiSiv 3000 and 
Air CC hint at higher mass transfer resistance in Air CC. A fit of an 
isothermal breakthrough model to an experimental breakthrough curve 
on HiSiv 3000 yielded a kLDF of 0.75 min− 1 as the first presented 
approximation of mass transport during the adsorption of SO2F2 from air 
in a fixed bed.

A conceptual design based on experimental data from this study was 
realized in the form of shortcut calculations used to estimate adsorber 
dimensions and process parameters for SO2F2 adsorption on HiSiv from 
venting a fumigated export container. Based on these results, a TSA 
process with superheated steam as desorption gas seems advantageous 
over desorption by heated air to reconcentrate SO2F2. The observed co- 
adsorption of SO2F2 and H2O on HiSiv in the form of roll-over effects and 
high adsorption enthalpies of water could increase the effectiveness of 
steam desorption. Alternatively, external heating would likely be 
required to enrich SO2F2 via hot-gas desorption.

Air CC is a promising and potentially cheaper alternative to HiSiv 
3000, with higher mass-specific capacity for SO2F2 in dry and humid 
states. The apparently higher internal mass transfer resistance of the 
granular particles could be explained by a lower specific meso-and 
microporosity, potentially leading to longer diffusion path lengths 

through micropores. However, incomplete SO2F2 recovery on Air CC 
could indicate partial chemisorption or catalytic decomposition, which 
should be experimentally investigated to better assess its applicability 
for SO2F2 recovery.

For future studies, it is recommended to experimentally evaluate the 
stability of SO2F2 and the adsorbent microstructure via cyclic 
adsorption-desorption under elevated temperatures up to 150 ◦C to 
assess the long-term stability of SO2F2 recovery via hot gas- and steam 
desorption.
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