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Abstract
In this work, batch-adsorption experiments and molecular simulations are employed to probe the 

adsorption of binary mixtures containing ethanol or a linear alkane-1,n-diol solvated in water or 

ethanol onto silicate-1. Since the batch-adsorption experiments require an additional relationship to 

determine the amount of solute (and solvent adsorbed, as only the bulk liquid reservoir can be probed 

directly, molecular simulations are used to provide a relationship between solute and 

solvent adsorption for input to the experimental bulk measurements. The combination of bulk 

experimental measurements and simulated solute-solvent relationship yields solvent and solute 

loadings that are self-consistent with simulation alone, and allow for an assessment of the 

various assumptions made in literature. At low solution concentrations, the solute loading 

calculated is independent of the assumption made. At high concentrations, a negligent choice 

of assumption can lead to systematic overestimation or underestimation of calculated solute 

loading.  

1 Introduction

Adsorption f rom liquid mixtures onto solids is exploited in a wide range of chemical processes, ranging 

from fixed-bed adsorption and membrane separations to heterogeneous catalysis and their hybrids. A 

primary characteristic of these processes is their equilibria. However, multicomponent adsorption 

equilibria are often not available because of inherent challenges in their measurements
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[1]. As a specific example, the equilibria of diols in zeolites are important for heterogeneous catalysis 

[2–4] and separation [5–9] applications. Campaigns to produce high-value chemicals by renewable 

routes [10, 11] are opening up others.

The physical adsorption of both solute and solvent (i.e., the total uptake) from liquid solutions

onto solids is difficult to determine in widely-adopted static (i.e., batch) experiments, because only

the bulk liquid reservoir can be probed directly. The consequences of this limitation are best

explained by the mass balances. The total mass balance for uptake from a binary mixture can be

expressed as

Vinρin = Veqρeq +mz(QA +QS) (1)

where Vin and Veq are the initial and equilibrium solution volumes, respectively, ρin and ρeq are

the respective values for the solution (volumetric mass) density, mz is the mass of the adsorbent,

and QA and QS are the loadings (in mass units) of solute A and solvent S, respectively. The mass

balance on the solute is

VinCA,in = VeqCA,eq +mzQA (2)

where CA,in and CA,eq are the solute (volumetric mass) concentrations in the initial and equilibrated

solutions, respectively. In a typical experiment, Vin, CA,in, CA,eq, and mz are measured. Together,

Eqs. 1 and 2 have three unknowns (Veq, QA, QS), giving them no unique solution. As a result,

an additional approximation must be made in order to estimate the solute and solvent loadings.

Different options typically employed in the literature are listed in Table 1.

Table 1: Common assumptions for the experimental determination of uptake from solution.

Name Additional Relationa Eq. Ref.
Vin = Veq (3) [9, 12–31]Excess adsorption

NS adsorption QS = 0 (4) [32,33]

VC by solute adsorption Veq = Vin − mzQA/ρA (5) [32] a

PF adsorption Vp = QA/ρA +QS/ρS (6) [34–38]b

Abbreviations: CA, coadsorption; NS, no-solvent; PF, pore filling; VC, volume change; 
aSome authors used a mass basis instead of the volume basis here.

Here, Vp, ρA, and ρS are the micropore volume of the adsorbent, the density of the liquid-phase of the 

solute, and the density of the solvent, respectively. The two simpler approaches are
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termed e xcess (XS) adsorption and " no-solvent" (NS) adsorption. The XS adsorption i s obtained by 

assuming that the volume of solution does not change upon adsorption. To address the inherent 

volume change (VC) of solution upon adsorption, the VC assuming ideal solution can be e stimated 

from the amount of adsorbed solute and its liquid density. A   fourth method, the pore filling (PF) 

model, assumes that the solution adsorbed is ideal with a volume equivalent to Vp. For nanoporous 

materials that allow for highly s e lective adsorption, however, the occupiable pore volume depends on 

the guest molecule used in its determination [ 39]. The reasons for this dependence are that a certain 

fraction of smaller pores may only be accessible to smaller guest molecules and that, for nonspherical 

and/or hydrogen-bonding guest molecules, their packing i s i nfluenced by the accessible orientations in 

elongated channels. For example, the pore volume of s ilicalite-1 obtained from the saturation loadings 

of water or nitrogen [ 40] ranges f rom 0.125 to 0.186 mL/g (a difference of a f  actor of 1.5, and alcohol 

adsorption yields intermediate Vp values, see Table S2 in the Supporting Information, SI) . Therefore, it 

is necessary to assess the s ignificance of the choice of pore volume on the uptake predicted.

More complicated methods of obtaining total uptake e xist, but are scarcely used. The addition of 

another component to the solution phase which does not adsorb in the micropores will allow for closure 

of mass balances. This is commonly referred to as the nonadsorbing solvent method [ 42–43]. However, 

this approach which i s commonly used for liquid mixtures of hydrocarbons [ 44,45] breaks down for 

nonideal mixtures, since sorbate fugacities c an be quite different i  n the presence of a nonadsorbing 

solvent component [ 46]. I  n addition, it is sometimes difficult to find an inert compound that does not 

adsorb after long times [  35]. Alternatively, Farhapour and Bono [ 47] designed a special pycnometer to 

measure the total uptake of ethanol/water mixtures onto s  ilicalite-1 and demonstrated that the PF 

model i s inadequate because it does not account f  or VCs of mixing (i.e., nonideal solutions) i n the 

micropores. Yu e t al. [ 46] presented the density bottle method, which measures adsorption by 

the apparent density change of zeolite crystals, and showed that this method exhibits 

qualitative agreement with ideal adsorbed solution theory [ 48] (IAST) f or acetone/methanol mixtures 

while the nonadsorbing solvent method does not. However, as the authors state in the paper [ 46], 

the density bottle method i s highly dependent on the solution density,
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which could introduce large uncertainties in the calculation of total uptake. Moreover, the method

requires a large amount of material, which could represent an issue for assessing the performance of

new advantageous materials that cannot yet be synthesized in large scales. In subsequent work, the 

density bottle method was used to measure adsorption of liquid benzene/hydrocarbon mixtures onto

silicalite-1 and NaX zeolites [49]. Bowen and Vane [50] used the density bottle method to determine 

the total uptake from ethanol/water solutions onto silicalite-1 and ZSM-5. However, they were unable

to rationalize the finding that a zeolite with acidic aluminum sites was more selective for ethanol

adsorption over water than an all-silica zeolite of the same framework type. Another rarely used

approach is to determine the relative or absolute solute and solvent loadings in the porous

material by spectroscopic means [51]. While there is no consensus on how to measure total uptake, 

predicting both solute and solvent adsorption using unary adsorption data and IAST is fraud with

error for strongly associating mixtures [52–54]. Molecular simulations are useful, if not necessary, 

in this regard.

Recently, we reported adsorption equilibria of aqueous solutions of linear alkane-α, ω-diols (diols)

with three to six carbons onto silicalite-1, and observed great agreement for solute loading between

independently-conducted simulations and experiments [8]. Similar agreement between the two ap-

proaches was obtained from single-component gas-phase adsorption of methanol, ethanol, and water

in silicalite-1 [53]. We realized that the simulations allow direct observation of the adsorbed phase, 

and that this information can be supplied to the experiments. For hydrophobic all-silica zeolites,

simulations show that water adsorption primarily results from coadsorption with adsorbed alcohols; it

reaches a maximum at intermediate alcohol loadings, and then decreases as the diol loading ap-

proaches saturation. In that case, an attractive option is to assume that the coadsorption in the

experimental system matches that predicted by simulation. Mathematically, this can be expressed for

the aqueous mixtures as

QS =
2∑

k=0

akQ
k
A (7)

where {ak} (with 1 ≤ k ≤ 2) are coefficients determined from simulation, and a0 is the loading

of neat solvent taken either from experiment or simulation. To this point, solutions of ethanol

(E), butane-1,4-diol (B), or pentane-1,5-diol (P) in water (W) were considered. To investigate the
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transferability of the r esults to solution phases with diverse chemical characters, a solution of P in a 

strongly adsorbing solvent, E, was also included. The coadsorption method was then used to compare 

solute and solvent uptakes calculated f rom various approaches r eported in the literature. The r esults 

demonstrate that systematic underestimation or overestimation of solute/solvent load-ings can be 

made without careful consideration of the adsorbent and mathematical approach used. This work 

also opens new opportunities f or the simulation of other material f rameworks of varied properties, 

which could aid the integration between computational and experimental r esearch in the field.

2 Methodology

Certain commercially available items may be identified in this paper. This identification does not imply 
recommendation by NIST, nor does it imply that it is the best available for the purposes described.

2.1 Molecular Simulations

Configurational-bias Monte Carlo simulations [  55] in the isobaric–isothermal version of the Gibbs 

ensemble [  56–58] were employed to obtain adsorption equilibria for the P/E mixture from solution at 

T=323 K and p=1.0 bar with a total of N=100 or 500 molecules (where the larger number was needed at 

lower solution concentrations to ensure sufficiently large equilibrium box sizes f  or the solution 

phase). Sampling of phase transfers was enhanced through identity switch moves [  59] between P and E 

molecules. The interaction of the solute and solvent molecules and the zeolite were described by the 

TraPPE-UA [60,61] and TraPPE-Zeo [62] models, respectively. The rigid all-silica zeolite 

framework (silicalite-1) used was based on the structure with orthorhombic symmetry and P nma 

space group resolved by van Koningsveld et al [63]. Its unit cell was replicated two, two, and three 

times i n a, b, and c, respectively, to obtain the entire simulation box representing the zeolite 

phase.

Eight independent simulations were carried out at each state point, and the statistical uncer-

tainties are reported as the 95% c onfidence intervals e stimated by multiplying the standard e rror of 

the mean by a f  actor of 2.4. The number of Monte Carlo Cycles (MCCs), each consisting of Ntot  

randomly selected trial moves, f or equilibration ranged f rom 100,000 to 850,000 MCCs, with longer 

periods being required f or those at low concentrations and/or high loadings. All production periods 

consisted of 100,000–450,000 MCCs.
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The simulation data for the adsorption of the E/W, B/W, and P/W mixtures in silicalite-1 at

T = 323 K and p = 1.0 bar with a total of Ntot = 1,100 molecules were taken from prior work [8,54].

2.2 Adsorbent Characterization

All-silica MFI hydrophobic zeolite was synthesized by the fluoride method r eported elsewhere, r e-

ferred herein as MFI-F. Characterization of the material properties can be f ound in the same r eference 

[32]. All-silica MFI zeolite was synthesized on a large scale using a conventional approach in alkaline

medium, referred as MFI-OH. The material had its structural properties characterized. Powder

X-ray diffraction (PXRD) patterns were collected using an X’Pert X-ray powder diffractometer

with an X’celerator detector. Samples were scanned at 45 kV and 40 mA using Co Kα radiation

(λ = 1.789 Å) and a step size of 2θ = 0.02◦ (50.0 s/step) over a 2θ range of 3 to 50◦. Ar adsorption 

data were collected at T = 87 K using an Autosorb 2 from Quantachrome. Samples were outgassed

at T = 573 K overnight before the measurements. Scanning electron microscopy (SEM) images were

obtained on a JEOL 6500 instrument at an accelerating voltage of 5 kV. 29Si and 1H MAS NMR 

were performed using a Bruker DSX-500 and a Bruker MAS probe. The powder was packed into

a 4 mm rotor and was spun at 14 kHz for 1H and 8 kHz for 29Si MAS NMR at room temperature. 

The spectral frequencies were 500.2 and 99.5 MHz, for 1H and 29Si, respectively. NMR signals were 

collected after 4 microsecond 90 degree pulse for both nuclei. NMR spectra were referenced to TMS

for both nuclei. Characterization data can be found in the SI.

2.3 Unary Adsorption Experiments

Water and ethanol unary sorption isotherms were conducted at 298 K. The experiments were con-

ducted on a TA instruments VTI-SA + vapor sorption analyzer located at the Facility for Adsorbent 

Characterization and Testing at the National Institute of Standards and Technology. The instru-

ment is a dynamic vapor sorption system that obtains the desired relative humidity or partial

pressure value by continuously mixing a dry nitrogen flow with a humid nitrogen flow. The sample

(≈25 mg) was activated i n-situ at 413 K f or up to 8 hr under a constant flow of pure nitrogen before 

starting each experiment.
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Batch-adsorption experiments were conducted at T =   323 ±     0.5 K. Solution concentrations were

analyzed with an Ailgent 7890B gas chromatograph e  quipped with a f  used silica column (Rtx-VMS, 

Restek) and a flame ionization detector. T     he  relative signal intensities of the adsorbate and a 1-butanol 

(99.5%, Aldrich) internal standard were used to determine the concentrations. The reported 

uncertainties in concentrations represent one standard deviation from multiple GC injections.

The initial diol solution to adsorbent mass was 4 mL/g. A  pproximately 100 mg of zeolite with

appropriate amount of diol solution was added to glass vials (C4011-1, c rimp seal, Thermo 

ScientificTM) and then the vials were rotated at 20 r  pm in a ProBlot12 hybridization oven until 

equilibrium was reached. The supernatant solutions were filtered using a Monoject syringe fitted with 

a 0.2µm hydrophilic polypropylene (GHP) syringe filter to remove the zeolite particles.

To investigate the influence of the choice of pore volume on the calculated uptake, values of pore

volumes (Vp) were e stimated f rom nitrogen adsorption [  40], the solute saturation loading and liquid 

density, and the solvent saturation loading and liquid density. Section S1 of the SI provides 

additional details on the determination of Vp and the equations used to calculate the solute and

solvent loadings from Eqs. 1 and 2 and one of Eqs. 3 to 6. The analytical forms of the equations

used to calculate the solute loadings and solvent loadings are shown in Section S1.3 of the SI.

The densities of pure components and of aqueous solutions were obtained by extrapolation of the

relationships reported in the open literature [64–66] to 323 K (see Figure S2 in the SI), 

allowing solution nonidealities to be captured. In the absence of reported values, the density of

the P/E solutions was calculated assuming ideal solution.

3 Results and Discussion

The MFI-F and MFI-OH materials in this work are assigned monoclinic symmetry (see Section S2.1 in the 

SI). The gas-phase unary water and ethanol adsorption isotherms on these materials at T =298 K are 

shown in Figure 1 for the MFI-F and MFI-OH materials investigated in this work. The results are 

compared to the defect-free silicalite-1 simulations reported previously [  53]. The very low water 

adsorption onto defect-free silicalite-1 synthesized via the fluoride route confirms its hydrophobicity. 

However,
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Figure1:Adsorptionof(a)waterand(b)ethanolatT=298Kasafunctionofpressureobtained
by gravimetric adsorption experiments onto the MFI-F and MFI-OH materials studied in this work
and by simulation onto a defect-free all-silica MFI material studied in previous work [53]. The 
Henry's constant, KH of adsorption for water calculated by simulation is obtained by fitting to all 
simulation data points which have a loading below 1 molec/uc.

unary water adsorption onto MFI-OH shows high adsorption reaching ≈ 32 molecules per unit cell,

indicating a very hydrophilic material. Indeed, 29Si Solid-state NMR experiments confirmed the

presence of ≈ 8 % Q3 sites in MFI-OH (see Section S2.1 in the SI). As expected, the use of ethanol as 

adsorbate leads to stronger adsorption due to the hydrophobic aliphatic chain in the solute.

There is great agreement between simulated and experimental isotherms for MFI-F, which gives us

confidence that our simulation methodology is accurate.

Next, we focus on the competitive adsorption in binary solutions. As discussed previously,

solution-phase batch-adsorption experiments require one assumption to obtain a unique solution

to the mass balances. We propose to use the predicted coadsorption by simulation coupled with

the bulk solute concentration measurements to determine the solvent loadings in the liquid phase.
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For most liquid-phase binary systems, this would be challenging to validate. However, the use of

ethanol/water solutions is convenient because their isotherms can be obtained independently from

vapor-phase experiments.

Figure2: Adsorptionof(a)ethanoland(b)wateratT =323Kas a function of equilibrium 
solute concentration obtained by the coadsorption (CA) method onto MFI-F in this work and by 
simulation reported in previous work [53].

In Figure 2, we compare the liquid-phase ethanol/water adsorption isotherm onto MFI-F with

simulated data. Both solvent and solute adsorption are self-consistent between simulations and our

combined approach (referred to as the coadsorption method from now on), which includes

experimental bulk measurements and simulated solvent loadings, especially at low concentration. As

the ethanol concentration increases, the uncertainty in the measurement of solute concentration by

GC increases, leading to a larger relative fluctuation in determined water loading than ethanol

loading. As the saturation loading is reached, the ethanol loading calculated by the combined approach 

becomes ≈ 12 molecules per unit cell experimentally. This saturation loading is in line with the vapor-

phase ethanol saturation of ≈ 14 molec/uc.
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Next, we implement this approach to solutions of high boiling point solutes, specifically linear 

alkane-α, ω-diols, whose adsorption cannot be easily measured by vapor-phase unary experiments. 

Liquid-phase adsorption is much different in the presence of a coadsorbing solvent and a strongly

adsorbing solvent. The difference lies in the way the pores are filled as a function of increasing

solution concentration, as compared between P/W in Figure 3a-c and P/E in Figure 3d-f. At low

concentrations, water is scarcely observed in the pores (Figure 3a), while the channels are filled by

ethanol (Figure 3d). As the diol concentrations increase, the pores in equilibrium with the P/W

mixture become more occupied as the loadings of both P and W increase (Figure 3b), while the

occupation of the pores in equilibrium with the P/E mixture does not change significantly (Figure

3e). Instead, the adsorption of diol from the ethanolic mixture is associated with a decrease in solvent

adsorption. In this sense, the diol displaces the solvent as the concentration is increased. At high

concentrations, where the diol loadings approach saturation, the occupation of the pore volumes is

similar, with the smaller differences being a result of different hydrogen-bonding networks and

packing efficiencies from the diols with different chain lengths. The contrasting solvent effects on the

total uptake of these two mixtures makes them prime candidates for assessment of the adsorption

uptakes of solutions with diverse chemical character.

Table 2: Solution Concentrations and Uptakes Associated with Figure 3
CD,eq QD QS

Label Mixture [g/L] [molec/uc] [molec/uc]
(a) P/W 0.040± 0.007 0.087± 0.010 0.418± 0.015
(b) P/W 0.14± 0.05 2.6629± 0.0007 1.9± 0.2
(c) P/W 83± 9 7.9997± 0.0002 0.8± 0.10
(d) P/E 8.1± 1.5 0.117± 0.015 13.31± 0.16
(e) P/E 197± 11 2.94± 0.19 8.9± 0.3
(f) P/E 647± 11 7.08± 0.09 1.82± 0.16

We then applied the coadsorption method to P/W solutions, i.e., we used simulations to obtain

a relationship between adsorbed P and adsorbed W, which we used along with the measured P

concentrations to solve the mass balance equations. In Figure 4a, the diol loadings obtained by

simulation and the coadsorption method are presented as a function of equilibrium solution concen-

tration for P/W mixtures. The two experimental materials were synthesized differently and possess
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Figure 3: Snapshots of adsorbed configurations for (a-c, top row) pentane-1,5-diol (P)/ water (W)
and (d-f, bottom row) P/ ethanol (E) mixtures at (a,d; left column) low, (b,e; middle column)
medium, and (c,f; right column) high concentrations. P is represented with teal carbon backbones,
red oxygen atoms, and white hydrogen atoms, while all solvent molecules (W or E) are represented
in dark blue. The solution concentrations, diol loadings, and solvent loadings associated with the
systems depicted in each subplot are shown in Table 2.

different crystal symmetries. The simulations agree very well with the results measured experimen-

tally for MFI-F. However, the adsorption of P obtained from MFI-OH, which was synthesized in an

alkaline medium on a large scale, is different than the obtained for MFI-F. First, the adsorption step

is delayed to higher P concentrations. P saturation is somewhat similar to the ones obtained for

MFI-F and predicted by simulations. As will be shown in the following sections, the solute loadings

calculated at low solution concentrations are independent of the calculation approach. These ob-

servations lead to the conclusion that the difference in uptakes at low/intermediate concentrations

must be due to the different synthesis protocol, that is, defects introduced by the non-fluoride 

synthesis route.

The water loadings predicted by the coadsorption method and simulation are presented in Fig-

ure 4b. The water loadings obtained by simulations exhibit their characteristic peak, [8] which
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Figure 4: Equilibria of pentane-1,5-diol (P) / water (W) mixtures between solution phases and
silicalite-1. (a) Loading of P as a function of equilibrium solution concentration produced by
simulation [8] as compared to the MFI-F and MFI-OH materials used in this work as calculated
by the coadsorption (CA) method. (b) Loading of W as a function of solution concentration 
produced by simulation and the coadsorption method (CA).

results from exclusion of water at high diol loadings where diol packing is more efficient and wa-

ter coadsorption requires a larger entropic penalty. Calculation of the water adsorption by the

coadsorption method reveals a similar peak for MFI-F, which again represents consistency for the

hydrophobic material used in both experiments and simulations. The water loading for MFI-OH

shows a broader peak, which could be due to defects in the framework. However, at low diol con-

centrations, it predicts that very low water amount is adsorbed on MFI-OH. This is not consistent

with the unary data presented in Figure 1. The coadsorption coefficients obtained from simulations

for a defect-free material can only be used for a self-consistent calculation of adsorbed water for a

defect-free MFI-F, and not for MFI-OH with high silanol density. Similar observations can be made
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for B/W solutions, as shown in Figure S7.

The coadsorption model for predicting the adsorption of P and W onto MFI-OH must be dif-

ferent. Since the water adsorption is relatively large near the saturation pressure of water (see Figure

1a), the coadsorption between P and W is expected to be similar to pore-filling. Therefore, we adopt a

coadsorption model with a similar mathematical form to the PF model, with a linear relationship

between QP and QW. We choose two different CA models to investigate the range of loadings that may

be calculated. The first one (Model H) assumes a high neat solvent loading of 32 molec/uc, while the

second (Model L) assumes a low neat solvent loading of 20 molec/uc. For both models, the rate of

solvent loading change with increasing solute loading is chosen to be−2.4 molec/uc so that the W

loading at P saturation (8 molec/uc) is 0.8 molec/uc for Model L, which is consistent with simulation

of the defect-free structure. The resultant isotherms for the two models are shown in Figure S9.

Models L and H do not show a considerable difference for the diol isotherm except at high

concentration, where a difference of ≈2 molec P/uc can be observed. The associated water loading of

Model H is shifted upward from that of Model L by a constant value of ≈ 12 molec/uc at

concentrations below ≈ 20 g/L, and by a slightly smaller amount at higher concentrations as the

associated diol loadings from the two models begin to deviate from one another. The relatively large

deviation in water loading between the two models associated with no deviation in diol loading at

concentrations below 400 g/L suggests that a consistent diol loading can be calculated below high

concentrations, while the associated water loading remains elusive. Simulations with frameworks

containing defects could assist in validating the calculation of water loading, which represent a

challenge for future studies.

We then attempted to use the density-bottle method to calculate the total adsorption uptake for

P/W onto MFI-OH. The results can be found in Table S3 in the SI. Although the diol loadings agree 

with the ones obtained by the coadsorption method, the solvent loadings show high uncertainty,

probably because they are strongly dependent on the solution density used [46], being inconclusive 

in our hands.

In Figure 5, the coadsorption method is used as a means to assess the performance of conventional

methods used in the literature for calculating uptakes. The differences in diol and water loadings
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between conventional methods and those predicted by the coadsorption method are presented for five

characteristic concentrations (increasing from left-to-right) in Figure 5a, b, respectively. The 

associated equilibrium values for solution concentration and loadings are depicted in Table 3. At low

concentrations, the difference in diol loading calculated is immaterial to the calculation approach

applied, and all approaches are in agreement with the coadsorption method. However, the

corresponding water loadings differ by almost two orders-of-magnitude. The PF models overestimate 

the water loading by ≈ 40 to ≈ 60 molec/uc. The VC method underpredicts the water adsorption,

while the NS and XS adsorption predict unphysical values, as their water adsorption is zero and

negative, respectively.

Table 3: Solution Concentrations and Equilibria for the Coadsorption Method at the Points Inves-
tigated in Figure 5

CP,eq QP QW

[ g / L ] [ molec / uc ] [ molec / uc ]
(i)a 0.073± 0.034 0.0661± 0.0073 0.3798± 0.0066
(ii)a 0.145± 0.21 2.745± 0.016 2.0192± 0.0053
(iii)b 0.24 5.7 2.1
(iv)a 56.8± 5.2 8.0± 1.2 0.70± 0.93
(v)a 594.0± 2.0 8.19± 0.87 0.56± 0.74

a Uncertainty values obtained from replicate experiments and the same initial concentration
b No replicate experiments performed.

As the solution concentration (or loading) increases (moving to the right in Figure 5), the

deviation in P loading increases in magnitude while the deviation in water loading decreases in

magnitude (an exception is the deviation in XS water loading, which reaches a minimum and then

continues to be a large, negative value). The sign in the deviation of all terms does not change, except

for the water loadings predicted by the PF-W method. This results from the volume which P occupies

at saturation in the zeolite being larger than the volume which water can occupy, and also 

corresponds to negative water loadings (see Table S21 in the SI).

At high concentration, the choice of uptake calculation method can e ither overestimate or un-

derestimate those obtained from the coadsorption method. Specifically, the NNS, PF-P, PF-W, and VC 

methods perform well, while the PF-N and XS methods perform poorly. The PF-Napproach
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Figure 5: Difference in loading between NS, PF-B, PF-N, PF-W, VC, or XS (superscript i) (see
Table 1) and the coadsorption approach (CA) for (a) pentane-1,5-diol (P) loading, and (b) water (W)
loading as a function of increasing solution concentrations (and loadings), increasing in value from left-
to-right(i-v). The numerical values of solution concentrations and loadings yielded by the CA method 
at each point (i-v) are presented in Table 3. All loadings are presented in units of molec/uc. The x-
axis ticks marks separate different state points. Error bars (black) are present in the cases where 
replicate experimental measurements were performed.

predicts water loadings and diol loadings which are approximately 10 and 1 molec/uc higher than

that yielded by the coadsorption approach, resulting in an underestimation of the ratio water/diol

adsorbed. The XS approach, which unfortunately is the most commonly employed method, per-

forms the worst, underestimating the diol loading by almost three molec/uc and the water loading

by almost 30 molec/uc.

The coadsorption method was also applied for P/E mixtures. The isotherm is presented in

Figure S8. Good agreement is obtained between simulation and experimental data for MFI-F. The

diol isotherm obtained from MFI-OH is somewhat similar to MFI-F. However, it underestimates

16



Table 4: Solution Concentrations and Equilibria for the Coadsorption Method at the Points Inves-
tigated in Figure 6

CP,eq QB QW

[ g / L ] [ molec / uc ] [ molec / uc ]
(i)a 7.6± 1.5 0.37± 0.32 12.95± 0.54
(ii)a 49.5± 1.5 0.81± 0.32 12.22± 0.54
(iii)b 65 1.3 11
(iv)a 171± 13 4.99± 0.15 5.18± 0.25
(v)a 480.09± 0.75 7.34± 0.16 1.22± 0.27

a Uncertainty values obtained from replicate experiments and the same initial 
concentration b No replicate experiments performed.

Figure 6: Difference in loading between NS, PF-B, PF-N, PF-E, VC, or XS (superscript i) (see Table 1) 
and the CA approach for (a) P loading, and (b) E loading at different solution concentrations (and 
loadings) increasing from left-to-right (i–v). The solution concentrations and loadings yielded by the CA 
method at each point (i–v) are presented in Table 4. All loadings are presented in units of molec/uc. The 
x-axis tick marks separate different state points. Error bars (black) are present in the cases where replicate
experimental measurements were performed

the amount of ethanol adsorbed at low concentrations, indicating the need for simulations using

a defects-containing framework. We then compared the coadsorption method for P/E over MFI-

F to the other conventional methods in Figure 6. The associated equilibrium values for solution
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concentration and loadings are depicted in Table 4. Unlike water, ethanol adsorbs strongly at low

solute concentrations. As the solute concentration increases, the solute (P) loading increases while

the solvent (E) loading decreases (see Figure S8 in the SI). In fact, the number of ethanol molecules 

per unit cell decreases linearly with increasing number of diol molecules per unit cell (see Figure S1 in

the SI). This suggests that the factors contributing to adsorption in ethanolic solutions are much 

different than those in the aqueous solutions. P molecules cannot adsorb at very low concentrations;

instead, they adsorb at higher concentrations where P molecules must displace adsorbed ethanol as

the concentration is increased.

The trends for deviation in diol loading for the P/E mixture are shown in Figure 6a. At low

concentrations, the choice of calculation method is immaterial to the equilibria predicted. However,

the deviations increase in magnitude as the concentrations are increased. The VC and NS methods

are equivalent when the total mixture density is assumed to be an ideal solution (see Section S1.5 in

the SI); they both slightly underestimate the P loading at intermediate concentrations and above. 

The most significant deviations are for PF-N (overestimation by ≈ 0.9 molec/uc) and XS

(underestimation by ≈ 3.8 molec/uc). At high solution concentrations, the PF-P and PF-E diol

loadings are essentially the same as the coadsorption method, with no statistically significant

deviations. Less approaches are in agreement with the coadsorption method for the P/E mixture,

suggesting that it is more difficult to accurately calculate the diol adsorption from ethanol solution.

The solvent deviation for the ethanolic solution is much different than for the aqueous solution.

This is because ethanol saturates the zeolite at low diol solution concentrations. As a result, the

pore-filling methods are much more realistic (although PF-N still overestimates by ≈ 5 molec/uc).

Since the VC and NS methods both yield zero solvent loading, and the solvent adsorption pre-

dicted by the XS method is always negative, only the PF models predict finite selectivities. The PF-N 

method slightly underestimates the selectivity at low concentrations, and the extent of

underestimation increases as the concentrations increase. At all concentrations observed, the

selectivities predicted by PF-P and PF-E are statistically equivalent to those predicted by the coad-

sorption method. This is expected based off of the ‘displacement adsorption’ mechanism described

earlier, and serves as additional validation of the coadsorption approach.
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The results for the four different options for calculating the total uptake from liquid solution are 

summarized in Table 5 for the two different solutions and concentration regimes. At low concen-

trations the useful result observed is that the solute loading calculated is inconsequential to the

method chosen. The solvent loadings can be underestimated or overestimated depending on the

approach used. Specifically, the pore-filling model can introduce great uncertainties for aqueous

solutions where the co-adsorption mechanism occurs. It may be applicable, however, to solutions

where the displacement adsorption mechanism is more favorable, as the case of ethanolic solutions.

It is also worthy mentioning that the choice of pore-volume is critical for this type of approach and

should be used carefully. At high diol concentrations, different approaches can either underestimate

or overestimate the loadings for both solute and solvent.

Table 5: Summary of Options for Calculation of Total Uptake of Diols from Aqueous or Ethanolic
Solutions

Aqueous Ethanolic
QP or QB QW QP QE

PF >> CA PF ≥ CA
Low CA,eq all methods NS ≡ 0 all methods NS ≡ 0

equivalent VC < CA equivalent VC = NSa

XS < 0 XS < 0
PF ≈ CA PF ≥ CA or PF < CA

High CA,eq NS ≈ CA NS ≡ 0 NS < CA NS ≡ 0
VC ≈ CA VC < CA VC = NSa VC = NSa

XS << CA XS << 0 XS << CA XS << 0
aResults from assuming no excess density of solution.

4 Conclusions

In order to predict the total uptake in a solution-phase batch-adsorption experiment, an assumption

must be made to close the mass-balance equations. In this work, a new option for closure of the

mass balances, referred to as the coadsorption method, is presented. This approach matches the

coadsorption of experiment to that yielded by molecular simulation, which can directly relate the

uptake of both solute and solvent in the adsorbed phase. The coadsorption method was found to

be self-consistent with simulation of defect-free silicalite-1 crystals. In addition, it was validated by

comparing the calculated adsorption of ethanol/water mixtures from liquid-phase to that measured
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independently in single-component adsorption from vapor-phase. The coadsorption method was

then used to determine the adsorption of different binary diol solutions and as a basis to assess

the accuracy of conventional approaches for the calculation of uptakes and selectivities. This work

is, to our knowledge, the first systematic investigation of the effect of different assumptions on the

resultant equilibria.

The results demonstrate that the excess adsorption model, while mathematically simple and

extremely popular in the literature, is a poor choice for calculating adsorption from solution-phase

in batch experiments above low concentrations. It leads to a systematic underestimation of solute

adsorption above low concentrations. In addition, using the pore-filling model with a pore volume es-

timated from the adsorption of a small molecule (e.g., N2), which is perhaps the second-most-popular

approach, leads to a systematic overestimation of solute loading above low concentrations. Using the

pore-filling model with a pore volume estimated from the saturated loading and liquid-phase density

of the pure solute or solvent leads to more accurate solute loadings. For pentane-1,5-diol/ethanol 

solutions, this approach also led to accurate solvent loadings. For the adsorption of diols from

aqueous solutions onto a hydrophobic, all-silica MFI-type zeolite, batch-adsorption measurements

with conventional uptake calculation approaches could not accurately predict the selectivity without

input from molecular simulation. Although the coadsorption method with simulation of defect-free

MFI did not accurately represent the solvent adsorption onto hydrophilic MFI, the results present

new opportunities for the simulation of imperfect crystals as a way to investigate adsorption

phenomena from liquid-solutions coupled with experimental data.
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lute Aqueous Solution of 1-Propanol onto Activated Carbon: Interrelation between the Sorbent

‘Concentration’ Effect and Metastability. Langmuir, 15:1307–1312, 1999.

[23] M. Yabushita, P. Li, K. A. Durkin, H. Kobayashi, A. Fukuoka, O. K. Farha, and A. Katz.

Insights into Supramolecular Sites Responsible for Complete Separation of Biomass-Derived

Phenolics and Glucose in Metal–Organic Framework NU-1000. Langmuir, 33:4129–4137, 2017.

[24] P. Vinke and H. van Bekkum. The Dehydration of Fructose Towards 5-Hydroxymethylfurfural

Using Activated Carbon as Adsorbent. Starch-Stärke, 44:90–96, 1992.

[25] K. Zhang, M. Agrawal, J. Harper, R. Chen, and W. J. Koros. Removal of the Fermentation

Inhibitor, Furfural, Using Activated Carbon in Cellulosic-Ethanol Production. Ind. Eng. Chem.

Res., 50:14055–14060, 2011.

[26] N. Rajabbeigi, R. Ranjan, and M. Tsapatsis. Selective Adsorption of HMF on Porous Carbons

from Fructose/DMSO Mixtures. Microporous Mesoporous Mater., 158:253–256, 2012.

[27] W. C. Yoo, N. Rajabbeigi, E. E. Mallon, M. Tsapatsis, and M. A. Snyder. Elucidating

Structure–Properties Relations for the Design of Highly Selective Carbon-based HMF Sor-

bents. Microporous Mesoporous Mater., 184:72–82, 2014.

[28] C. Detoni, C. H. Gierlich, M. Rose, and R. Palkovits. Selective Liquid Phase Adsorption of 5-

Hydroxymethylfurfural on Nanoporous Hyper-Cross-Linked Polymers. ACS Sustainable Chem.

Eng., 2:2407–2415, 2014.

23



[29] R. Ranjan, S. Thust, C. E. Gounaris, M. Woo, C. A. Floudas, M. von Keitz, K. J. Valentas,

J. Wei, and M. Tsapatsis. Adsorption of Fermentation Inhibitors from Lignocellulosic Biomass

Hydrolyzates for Improved Ethanol Yield and Value-Added Product Recovery. Microporous

Mesoporous Mater., 122:143–148, 2009.

[30] X. Wang, Q. Zeng, J. Huang, and Y.-N. Liu. A β-Naphthol-Modified Hyper-Cross-Linked

Resin for Adsorption of p-Aminobenzoic Acid from Aqueous Solutions. Desalin. Water Treat.,

54:1893–1902, 2015.

[31] M. Belhachemi and F. Addoun. Adsorption of Congo Red onto Activated Carbons Having

Different Surface Properties: Studies of Kinetics and Adsorption Equilibrium. Desalin. Water

Treat., 37:122–129, 2012.

[32] E. E. Mallon, M. Y. Jeon, M. Navarro, A. Bhan, and M. Tsapatsis. Probing the Relationship

between Silicalite-1 Defects and Polyol Adsorption Properties. Langmuir, 29:6546–6555, 2013.

[33] J. Cousin Saint Remi, G. V. Baron, and J. F. M. Denayer. Nonuniform Chain-Length-

Dependent Diffusion of Short 1-Alcohols in SAPO-34 in Liquid Phase. J. Phys. Chem. C,

117:9758–9765, 2013.
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[35] I. Deams, P. Leflaive, A. Méthivier, J. F. M. Denayer, and G. V. Baron. Evaluation of Exper-

imental Methods for the Study of Liquid-Phase Adsorption of Alkane/Alkene Mixtures on Y

Zeolites. Adsorption, 11:189–194, 2005.

[36] M. Leon, T. D. Swift, V. Nikolakis, and D. G. Vlachos. Adsorption of the Compounds En-

countered in Monosaccharide Dehydration in Zeolite Beta. Langmuir, 29:6597–6605, 2013.

24



[37] J. Cousin-Saint-Remi and J. F. M. Denayer. Applying the Wave Theory to Fixed-Bed Dynam-

ics of Metal-Organic Frameworks Exhibiting Stepped Adsorption Isotherms: Water/ethanol

Separation on ZIF-8. Chem. Eng. J., 324:313–323, 2017.

[39] D. Ongari, P. G. Boyd, S. Barthel, M. Witman, M. Haranczyk, and B. Smit. Accurate Charac-

terization of the Pore Volume in Microporous Crystalline Materials. Langmuir, 33:14529–14538,

2017.

[40] M. Trzpit, M. Soulard, J. Patarin, N. Desbiens, F. Cailliez, A. Boutin, I. Demachy, and A. H.

Fuchs. The Effect of Local Defects on Water Adsorption in Silicalite-1 Zeolite: A Joint Exper-

imental and Molecular Simulation Study. Langmuir, 23:10131–10139, 2007.

[41] S. Berensmeier and K. Buchholz. Separation of Isomaltose from High Sugar Concentrated          

Enzyme Reaction Mixture by Dealuminated β -Zeolite. Sep. Purif. Technol., 38:129–138, 2004.

[42] J. F. M. Denayer, Kurt De Meyer, J. A. Martens, and G. V. Baron. Molecular Competition
Effects in Liquid-Phase Adsorption of Long-Chain n-Alkane Mixtures in ZSM-5 Zeolite Pores.

Angew. Chem. Int. Ed., 42:2774–2777, 2003.

[43] V. R. Choudhary, D. B. Akolekar, and A. P. Singh. Single- and Multicomponent Sorp-

tion/Diffusion of Hydrocarbons from their Iso-Octane Solution in H-ZSM-5 Zeolite. Chem.

Eng. Sci., 44:1047–1060, 1989.

[44] K. M. A. De Meyer, S. Chempath, J. F. M. Denayer, J. A. Martens, R. Q. Snurr, and G. V.

Baron. Packing Effects in the Liquid-Phase Adsorption of C5–C22 n-Alkanes on ZSM-5. J.

Phys. Chem. B, 107:10760–10766, 2003.

[45] I. Daems, R. Singh, G. Baron, and J. Denayer. Length Exclusion in the Adsorption of Chain

Molecules on Chabazite Type Zeolites. Chem. Commun., pages 1316–1318, 2007.

25

Adsorption and Separation of C1–C8 Alcohols on SAPO-34. J. Phys. Chem. C, 115:8117–8125,

2011.

[38] T. Remy, J. Cousin Saint Remi, R. Singh, P. A. Webley, G. V. Baron, and J. F. M. Denayer.



[46] M. Yu, J. L. Falconer, and R. D. Noble. Adsorption of Liquid Mixtures on Silicalite-1 Zeolite:

A Density-Bottle Method. Langmuir, 21:7390–7397, 2005.

[47] F. A. Farhadpour and A. Bono. Adsorption from Solution of Nonelectrolytes by Microporous

Crystalline Solids: Ethanol–Water/Silicalite System. J. Colloid Interface Sci., 124:209–227,

1988.

[48] A. L. Myers and J. M. Prausnitz. Thermodynamics of Mixed-Gas Adsorption. AIChE J,

11:121–127, 1965.

[49] M. Yu, J. T. Hunter, J. L. Falconer, and R. D. Noble. Adsorption of Benzene Mixtures on

Silicalite-1 and NaX Zeolites. Microporous Mesoporous Mater., 96:376–385, 2006.

[50] T. C. Bowen and L. M. Vane. Ethanol, Acetic Acid, and Water Adsorption from Binary and

Ternary Liquid Mixtures on High-Silica Zeolites. Langmuir, 22:3721–3727, 2006.

[51] A. Farzaneh, M. Zhou, E. Potapova, Z. Bacsik, L. Ohlin, A. Holmgren, J. Hedlund, and

M. Grahn. Adsorption of Water and Butanol in Silicalite-1 Film Studies with In Situ Attenuated

Total Reflectance–Fourier Transform Infrared Spectroscopy. Langmuir, 31:4887–4894, 2015.

[52] R. Krishna and J. M. van Baten. Hydrogen Bonding Effects in Adsorption of Water–Alcohol

Mixtures in Zeolites and the Consequences for the Characteristics of the Maxwell–Stefan Dif-

fusivities. Langmuir, 26:10854–10867, 2010.

[53] P. Bai, M. Tsapatsis, and J. I. Siepmann. Multicomponent Adsorption of Alcohols onto

Silicalite-1 from Aqueous Solution: Isotherms, Structural Analysis, and Assessment of Ideal

Adsorbed Solution Theory. Langmuir, 28:15566–15576, 2012.

[54] R. F. DeJaco, P. Bai, M. Tsapatsis, and J. I. Siepmann. Adsorptive Separation of 1-Butanol

from Aqueous Solutions Using MFI- and FER-Type Zeolite Frameworks: A Monte Carlo Study.

Langmuir, 32:2093–2101, 2016.

26



[55] M. G. Martin and J. I. Siepmann. Novel Configurational-Bias Monte Carlo Method for

Branched Molecules. Transferable Potentials for Phase Equilibria. 2. United-Atom Description

of Branched Alkanes. J. Phys. Chem. B., 103:4508–4517, 1999.

[56] A. Z. Panagiotopoulos. Direct Determination of Phase Coexistence Properties of Fluids by

Monte-Carlo Simulation in a New Ensemble. Mol. Phys., 61:813–826, 1987.

[57] A. Z. Panagiotopoulos, N. Quirke, M. Stapleton, and D J. Tildesley. Phase Equilibria by

Simulation in the Gibbs Ensemble: Alternative Derivation, Generalization and Application to

Mixture and Membrane Equilibria. Mol. Phys., 63:527–545, 1988.

[58] B. Smit, P. Desmedt, and D. Frenkel. Computer Simulations in the Gibbs Ensemble. Mol.

Phys., 68:931–950, 1989.

[59] M. G. Martin and J. I. Siepmann. Predicting Multicomponent Phase Equilibria and Free

Energies of Transfer for Alkanes by Molecular Simulation. J. Am. Chem. Soc., 119:8921–8924,

1997.

[60] B. Chen, J. J. Potoff, and J. I. Siepmann. Monte Carlo Calculations for Alcohols and Their Mix-

tures With Alkanes. Transferable Potentials for Phase Equilibria. 5. United-Atom Description

of Primary, Secondary, and Tertiary Alcohols. J. Phys. Chem. B., 105:3093–3104, 2001.

[61] J. M. Stubbs, J. J. Potoff, and J. I. Siepmann. Transferable Potentials for Phase Equilibria.

6. United-Atom Description for Ethers, Glycols, Ketones, and Aldehydes. J. Phys. Chem. B.,

108:17596–17605, 2004.

[62] P. Bai, M. Tsapatsis, and J. I. Siepmann. TraPPE-Zeo: Transferable Potentials for Phase 

Equilibria Force Field for All-Silica Zeolites. J. Phys. Chem. C., 117:24375–24387, 2013.

[63] H. van Koningsveld, H. van Bekkum, and J. C. Jansen. On the Location and Disorder of

the Tetrapropylammonium (TPA) Ion in Zeolite ZSM-5 With Improved Framework Accuracy.

Acta Crystallogr. B., 43:127–132, 1987.

27
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S1 Supplementary Methods

S1.1 Coadsorption Relations
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Figure S1: (left y-axis) Loading of water (QW) as a function of alcohol loading (QE or
QB or QP) obtained by molecular simulations at T = 323 K and p = 1.0 bar for butane-
1,4-diol/water mixtures (B/W), pentane-1,5-diol/water mixtures (P/W) or ethanol/water
mixtures (E/W). (Right y-axis, cyan) Loading of ethanol (QE) as a function of pentane-1,5-
diol loading for pentane-1,5-diol/ethanol mixtures (P/E) obtained by molecular simulations
at the same temperature and pressure. Dashed lines are second-order polynomial �ts to
points of the same color, and are utilized in the coadsorption approach for calculation of
experimental isotherms. The coe�cients of each polynomial are reported in Table S1.
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Table S1: Polynomial Coe�cients for Coadsorption Modela

System P/W B/W E/W P/E
a2 −0.1072± 0.0060 −0.1009± 0.0051 −0.02618± 0.00051 0
a1 0.913± 0.048 0.990± 0.042 0.3433± 0.0066 −1.685± 0.013
a0 0.320± 0.032 0.320± 0.032 0.320± 0.032 13.584± 0.078

a The units of coe�cient ak is
molec solvent

unit cell

(
unit cell
molec diol

)k
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S1.2 Solution Density Relations
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P/W, Moosavi

P/E, ideal

E/W, Pires

0.72

0.74

0.76

0.78

0.80

0.82

0.84

0.86

0.88

0.90

0.92

ρ
[

g
et

h
an

ol
ic

so
lu

ti
on

/
m

L
]

Figure S2: Aqueous solution densities (left y-axis) as a function of alcohol solution concen-
tration �t to experimental measurementsS1�S3 at T = 313 and 318 K after extrapolation to
323 K. Ethanolic solution densities (right y-axis, cyan) as a function of diol solution con-
centrations obtained at T = 323 K by assuming ideal solution and using pure component
densities from literature.S2,S3 The dashed lines depict the functions used in calculation of
experimental loadings in this work.
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S1.3 Expressions for QS and QA

The diol loading calculated by the XS approach is expressed as

QXS
A =

Vin (CA,in − CA,eq)

m
(1)

The solvent loading calculated by the XS approach is expressed as

QXS
S =

Vin [ρin − ρeq − (CA,in − CA,eq)]

m
(2)

The diol loading calculated by the NS approach is expressed as

QNS
A =

Vin

[
ρin −

(
CA,in

CA,eq
ρeq

)]
m
(
1− ρeq

CA,eq

) (3)

By de�nition, the solvent loading for the NS approach is zero. The diol loading calculated

by the VC approach is expressed as

QVC
A =

Vin (CA,in − CA,eq)

m
(
1− CA,eq

ρA

) (4)

The solvent loading calculated by the VC approach is expressed as

QVC
S =

Vin
m

[
ρin − ρeq −

(
1− ρeq

ρA

)(
CA,in − CA,eq

1− CA,eq

ρA

)]
(5)

The diol loading calculated by the PF approach is expressed as

QPF
A =

Vin

[
ρin −

(
CA,in

CA,eq
ρeq

)]
−mρSVp

m
(
1− ρeq

CA,eq
− ρS

ρA

) (6)
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The solvent loading calculated by the PF approach is expressed as

QPF
S = VpρS −

ρS
ρA

Vin
[
ρin −

(
CA,in

CA,eq
ρeq

)]
−mρSVp

m
(
1− ρeq

CA,eq
− ρS

ρA

)
 (7)

In order to calculate the diol loading for the CA approach, Equations 1, 2, and 7 are combined

to yield a quadratic polynomial in QCA
A . The only positive root of the polynomial allows for

calculation of QCA
A as

QCA
A =

−mz

(
1 + a1 − ρeq

CA,eq

)
−
√
m2

z

(
1 + a1 − ρeq

CA,eq

)2
+ 4a2mz

(
Vinρin − a0mz − CA,inVinρeq

CA,eq

)
2a2mz

(8)

For the P/E mixture, since a suitable �t was obtained with a2 = 0, the loading was instead

calculated as

QCA
A,P/E =

Vinρin − a0mz − CA,inVinρeq
CA,eq

mz

(
1 + a1 − ρeq

CA,eq

) (9)

The solvent loading for the CA approach was then determined from the coadsorption �t, as

expressed as

QCA
S =

2∑
k=0

ak
(
QCA

A

)k
(10)

where {ak} are the coe�cients determined from simulation.
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S1.4 Supplementary Conversion Factors and Parameters

The following conversion factor was used to convert the loading of each sorbate i from g / g

to molec / uc

Qi [molec/uc] = Qi [g/g]×
(
192MO + 96MSi

Mi

)
(11)

where Mi is the molecular weight of sorbate i, MO is the atomic mass of Oxygen, and MSi

is the atomic mass of Silicon.

Table S2: Parameters Investigated in Pore Filling Model

i Qmax
i ρi,liquid Vp

[molec/uc] [g/mL] [mL/g]
N 0.186 (Ref. S4)
W 40.4 (Refs. S4,S5) 0.9894 (T = 323 K, Ref. S6) 0.125
E 13.31± 0.16 (Simulation) 0.7660 (T = 320 K, Ref. S7) 0.139
B 8.81± 0.04 (Simulation) 1.0008 (T = 318.15 K, Ref. S2) 0.138
P 7.9997± 0.0002 (Simulation) 0.9748 (T = 318.15 K, Ref. S2) 0.148
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S1.5 VC Solvent Loading for An Ideal Solution

The solvent loading for the volume-change-by-solute-adsorption (VC) method is calculated

by Equation 5. The total density ρ before or after adsorption can be expressed as a function

of solute concentration CA for an ideal solution as

ρ = ρS + CA

(
1− ρS

ρA

)
(12)

and substitution into Equation 5 yields

QVC
S =

Vin
m

(CA,in − CA,eq)

(
1− ρS

ρA

)
−

1−
ρS + CA,eq

(
1− ρS

ρA

)
ρA

(CA,in − CA,eq

1− CA,eq

ρA

)
=

Vin
m

(CA,in − CA,eq)

1− ρS
ρA
−

ρA − ρS − CA,eq

(
ρA−ρS
ρA

)
ρA

( ρA
ρA − CA,eq

)
=

Vin
m

(CA,in − CA,eq)

[
ρA − ρS
ρA

−
(
ρA − ρS − CA,eq + CA,eq

ρS
ρA

ρA − CA,eq

)]

=
Vin
m

(CA,in − CA,eq)

[
(ρA − ρS) (ρA − CA,eq)− ρAρA + ρAρS + ρACA,eq − CA,eqρS

ρA (ρA − CA,eq)

]
=

Vin
m

(CA,in − CA,eq)

[
(ρA − ρS) (ρA − CA,eq)− (ρA − ρS) (ρA − CA,eq)

ρA (ρA − CA,eq)

]
= 0 (13)

Therefore, the solvent loading calculated by the VC approach will always be zero when the

solution density is calculated assuming ideal solution.

S-9



S2 Supplementary Results

S2.1 Adsorbent Characterization
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Figure S3: PXRD pattern of MFI-OH adsorbent.

S-10



(a)

(b)

Figure S4: SEM images of MFI-OH crystals.
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Figure S5: Ar adsorption/desorption isotherms of MFI-OH adsorbent at T = 87 K.
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Figure S6: (a) 29 Si MAS solid-state NMR and (b) 1 H MAS solid-state NMR obtained on
MFI-OH material.
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S2.2 Adsorption Isotherms
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Figure S7: Equilibrium loadings of (a) butane-1,4-diol (B), and (b) water (W) as a function
of solution concentration as obtained by simulations,S8 experimentally by the coadsorption
method for both the MFI-F and MFI-OH materials, and as reported by Fegan and Lowe
who calculated the solute adsorption by thermal gravimetric analysis.S9
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Figure S8: Equilibrium loadings of (a) pentane-1,5-diol (P), and (b) ethanol (E) as a function
of solution concentration as obtained by simulation and experimentally by the coadsorption
method for MFI-OH and MFI-F.
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S2.3 Calculation of Uptake by Density Bottle Method

Table S3: Experimental Measurement and Calculations of Adsorption of P/W Mixtures onto
MFI-OH at T = 323 K by the Density Bottle Method

Data Point Label
Property 80 81

CA,in [g/mL] 0.6053± 0.0053 0.012162± 0.000014
CA,eq [g/mL] 0.5982± 0.0068 0.0002891± 0.00000027
Vf [mL] 24.879± 0.001 24.865± 0.001
ρin [g/mL] 0.9905± 0.0001a 0.9892± 0.0001a

ρeq [g/mL] 0.9905± 0.0001a 0.9892± 0.0001a

ml,o [g] 23.812± 0.001 23.755± 0.001
ml,r [g] 0.5181± 0.0001 0.6432± 0.0001
mz [g] 3.2203± 0.0001 3.3183± 0.0001

QA [molec/uc] 7.7± 3.5a 4.758± 0.0058a

QS [molec/uc] 1± 20a 9.1± 1.1a

ρin [g/mL] 1.0024± 0.00055b 0.9972± 0.0002b

ρeq [g/mL] 0.9982± 0.0005b 0.9934± 0.0002b

QA [molec/uc] 4.8± 3.5b 4.7190± 0.0058b

QS [molec/uc] 1± 20b 0.1± 1.1b

aCalculated using densities at T = 323 K, as depicted in Figure S2.
bCalculated using densities at T = 298 K, measured at each associated concentration.

Table S4: Experimental Measurement and Calculations of Adsorption of P/E Mixtures onto
MFI-OH at T = 323 K by the Density Bottle Method

Data Point Label
Property 82 83

CA,in [g/mL] 0.04069± 0.00065 0.2465± 0.0059
CA,eq [g/mL] 0.04006± 0.00040 0.2522± 0.0038
Vf [mL] 24.835± 0.001 24.857± 0.001
ρin [g/mL] 0.7721± 0.0001 0.8182± 0.0013
ρeq [g/mL] 0.7723± 0.0001 0.8195± 0.0008
ml,o [g] 19.007± 0.001 20.048± 0.001
ml,r [g] 0.3047± 0.0001 0.1995± 0.0001
mz [g] 3.1612± 0.0001 3.1408± 0.0001

QA [molec/uc] 0.57± 0.32 7.6± 2.9
QS [molec/uc] 34.70± 0.78 20.3± 6.7
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S2.4 Options for Coadsorption Models for Si-OH without Simula-

tion
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Figure S9: Adsorption of (a) pentane-1,5-diol and (b) water from aqueous solution, as cal-
culated by two di�erent coadsorption models (H and L) and compared to the coadsorption
model determined by simulation of the defect-free structure. In Model H, the coadsorption
�t is chosen so that a0, the neat solvent loading, is 32, while, for Model L, a0 = 20 molec
solvent / uc. For both models, a1 = −2.4 molec solvent / molec diol.
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S2.5 Calculation Method Sensitivities
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Figure S10: Di�erence between NS, PF-B, PF-N, PF-W, VC, or XS (superscript i) and the
coadsorption approach (CA) for (a) butane-1,4-diol (B) loading and (b) water (W) loading
at di�erent solution concentrations (and loadings) increasing in value from left-to-right.
All loadings are presented in units of molec/uc, and the x-axis ticks separate di�erent state
points, Error bars (black) are present in the cases where replicate experimental measurements
were performed.
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Figure S11: As Figure S10 for the P/W mixture.
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Figure S12: As Figure S10 for the P/E mixture.
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Figure S13: As Figure S10 for the E/W mixture.
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S2.6 Tables of Simulated Liquid-Phase Adsorption Equilibria

Table S5: Adsorption of Pentane-1,5-Diol/Ethanol onto silicalite-1 at T = 323 K and p =
1.0 bar obtained from simulations using an explicit liquid solution-phase and a gas-phase
transfer medium.

Mean 95% Con�dence
CP,eq QP QE CP,eq QP QE

[g / L] [molec / uc] [molec / uc] [g / L] [molec / uc] [molec / uc]
8.1 0.117 13.31 1.5 0.015 0.16
17.1 0.25 13.06 1.5 0.02 0.17
82 1.21 11.57 5 0.08 0.11
126 1.7 10.73 7 0.1 0.16
161 2.3 9.7 12 0.2 0.3
197 2.94 8.9 11 0.19 0.3
370 5.4 5.0 20 0.3 0.5
559 6.66 2.6 14 0.19 0.4
647 7.08 1.82 11 0.09 0.16
941 7.999 0.07 3 0.015 0.06

Other raw data points for P/W and B/W were reported in the Supplementary Material

of previous work.S8
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S2.7 Tables of Unary Vapor-Phase Adsorption Equilibria

Table S6: Adsorption of Ethanol at 298 K onto MFI-F.a

P [Pa] QE [molec/uc]
118 8.4
275 10.7
393 11.3
511 11.8
669 12.2
787 12.5
1180 13.0
1570 13.3
2360 13.7
3150 13.9
3930 14.1
4720 14.2
5510 14.3
6300 14.3
7080 14.4

aPressures are calculated using a saturation vapor pressure of 7869 Pa (Ref. S10).

Table S7: Adsorption of Ethanol at 298 K onto MFI-OH.a

P [Pa] QE [molec/uc]
118 11.8
275 13.9
393 14.6
511 15.0
669 15.4
787 15.7
1180 16.3
1570 16.7
2360 17.3
3150 17.6
3930 17.9
4720 18.1
5510 18.4
6300 18.9
7080 21.6

aPressures are calculated using a saturation vapor pressure of 7869 Pa (Ref. S10).
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Table S8: Adsorption of Water at 298 K onto MFI-F.a

P [Pa] QW [molec/uc]
4.71 0.00
78.2 0.12
160 0.14
314 0.19
469 0.24
627 0.26
775 0.29
947 0.36
1100 0.41
1260 0.45
1580 0.55
1890 0.75
2180 0.92
2490 1.09
2880 1.28
2960 1.45

aPressures are calculated using a saturation vapor pressure of 3141 Pa (Ref. S11).

Table S9: Adsorption of Water at 298 K onto MFI-OH.a

P [Pa] QW [molec/uc]
2.51 0.00
79.2 1.65
158 2.37
314 3.89
472 5.20
627 6.62
784 8.13
941 9.36
1100 10.4
1260 11.4
1580 13.0
1880 14.5
2200 16.0
2510 18.0
2830 22.1
2980 31.7

aPressures are calculated using a saturation vapor pressure of 3141 Pa (Ref. S11).
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S2.8 Raw Data Tables of Liquid-Phase Adsorption Measurements

Table S10: Measurements for Adsorption of E/W at 323 K onto MFI-F.a

CE,in CE,eq m Vi
Label [g/L] [g/L] [g] [mL]
121-1 0.626± 0.047 0.13± 0.11 0.1007± 0.0001 0.400± 0.001
121-4 6.02± 0.40 1.73± 0.65 0.1004± 0.0001 0.400± 0.001
121-6 12.7± 1.2 4.180± 0.048 0.1003± 0.0001 0.400± 0.001
121-7 40.2± 1.5 17.7± 1.7 0.0996± 0.0001 0.400± 0.001
121-9 91.36± 0.90 67± 12 0.1003± 0.0001 0.400± 0.001
121-10 130.5± 3.1 110.4± 1.3 0.0999± 0.0001 0.400± 0.001
121-15 440.97± 0.90 430.8± 1.3 0.1003± 0.0001 0.400± 0.001

a Uncertainties in concentrations are determined from multiple GC injections unless
otherwise noted.

Table S11: Measurements for Adsorption of B/W at 323 K onto MFI-OH.a

CB,in CB,eq m Vi
Label [g/L] [g/L] [g] [mL]

78-1 0.0350± 0.0022 0.00133± 0.00033 0.0997± 0.0001 0.400± 0.001
78-2 0.0350± 0.0022 0.00133± 0.00081 0.0997± 0.0001 0.400± 0.001
78-3 0.0350± 0.0022 0.00179± 0.00089 0.1002± 0.0001 0.400± 0.001
78-6 0.666± 0.044 0.128± 0.028 0.0996± 0.0001 0.400± 0.001
78-5 0.666± 0.044 0.148± 0.017 0.0999± 0.0001 0.400± 0.001
78-4 0.666± 0.031 0.155± 0.086 0.1000± 0.0001 0.400± 0.001
78-7 0.912± 0.018 0.325± 0.029 0.0996± 0.0001 0.400± 0.001
78-8 0.912± 0.018 0.40± 0.10 0.1000± 0.0001 0.400± 0.001
78-9 11.31± 0.85 1.327± 0.045 0.1000± 0.0001 0.400± 0.001
78-11 43.23± 0.78 13.02± 0.37 0.1005± 0.0001 0.400± 0.001
78-13 86± 10 56.88± 0.46 0.0996± 0.0001 0.400± 0.001
78-14 86± 10 57.4± 3.0 0.1002± 0.0001 0.400± 0.001
78-15 187± 19 161± 15 0.1006± 0.0001 0.400± 0.001
78-16 187± 19 161.0± 6.8 0.1003± 0.0001 0.400± 0.001
78-17 187± 19 161± 11 0.1005± 0.0001 0.400± 0.001
78-19 362± 16 340.1± 2.1 0.1000± 0.0001 0.400± 0.001
78-18 362± 16 340.6± 1.3 0.1004± 0.0001 0.400± 0.001
78-20 362± 16 342± 12 0.1004± 0.0001 0.400± 0.001

a Replicate experiments are separated in rows with horizontal lines. Uncertainties in
concentrations are determined from multiple GC injections.
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Table S12: Measurements for Adsorption of B/W at 323 K onto MFI-F.a

CB,in CB,eq m Vi
Label [g/L] [g/L] [g] [mL]

118-2 0.408± 0.024 0.038± 0.029 0.0997± 0.0001 0.400± 0.001
118-1 0.408± 0.024 0.043± 0.014 0.1006± 0.0001 0.400± 0.001
118-6 13.11± 0.54 3.9± 2.0 0.1007± 0.0001 0.400± 0.001
118-5 13.11± 0.54 4.5± 1.3 0.0991± 0.0001 0.400± 0.001
118-4 6.37± 0.70 3.63± 0.41 0.1005± 0.0001 0.400± 0.001
118-3 6.37± 0.70 4.15± 0.31 0.1000± 0.0001 0.400± 0.001
122-3 25.4± 4.2 4.49± 0.19 0.0992± 0.0001 0.400± 0.001
122-4 40.2± 7.2 11.6± 1.9 0.1008± 0.0001 0.400± 0.001
122-5 47.67± 0.78 15.85± 0.75 0.1002± 0.0001 0.400± 0.001
118-9 708± 16 698± 20 0.0996± 0.0001 0.400± 0.001

a Replicate experiments are separated in rows with horizontal lines. Uncertainties in
concentrations are determined from multiple GC injections.
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Table S13: Measurements for Adsorption of P/W at 323 K onto MFI-OH.a

CP,in CP,eq m Vi
Label [g/L] [g/L] [g] [mL]

15-1 0.0250± 0.0022 0.0247± 0.0022 0.0987± 0.0001 0.400± 0.001
76-3 0.191± 0.016 0.137± 0.017 0.0998± 0.0001 0.400± 0.001
76-2 0.191± 0.016 0.160± 0.029 0.1004± 0.0001 0.400± 0.001
15-2 0.191± 0.016 0.160± 0.043 0.0993± 0.0001 0.400± 0.001
76-6 11.95± 0.50 0.17± 0.14 0.1004± 0.0001 0.400± 0.001
15-7 11.95± 0.50 0.177± 0.012 0.1010± 0.0001 0.400± 0.001
76-5 11.95± 0.50 0.20± 0.11 0.1006± 0.0001 0.400± 0.001
15-8b 20.00± 0.50 0.300± 0.022 0.1031± 0.0001 0.400± 0.001
15-9b 30.00± 0.75 0.471± 0.054 0.1024± 0.0001 0.400± 0.001
15-10b 40.0± 1.0 9.40± 0.10 0.1004± 0.0001 0.400± 0.001
15-11b 50.0± 1.2 21.6± 1.3 0.0986± 0.0001 0.400± 0.001
15-12b 80.0± 2.0 47.2± 3.5 0.1024± 0.0001 0.400± 0.001
15-13b 170.0± 4.2 140.5± 2.4 0.1042± 0.0001 0.400± 0.001
76-7 484.2± 6.7 466± 12 0.1001± 0.0001 0.400± 0.001
76-9 484.2± 6.7 468.5± 2.5 0.1000± 0.0001 0.400± 0.001
76-8 484.2± 6.7 468.7± 6.3 0.0998± 0.0001 0.400± 0.001
76-12 579± 12 563.5± 7.2 0.1000± 0.0001 0.400± 0.001
76-10 579± 12 565± 17 0.1000± 0.0001 0.400± 0.001
76-11 579± 12 566± 19 0.0997± 0.0001 0.400± 0.001
76-14 635± 13 622.55± 0.40 0.1004± 0.0001 0.400± 0.001
76-13 635± 13 623.9± 2.6 0.1007± 0.0001 0.400± 0.001

a Replicate experiments are separated in rows with horizontal lines. Uncertainties in
concentrations are determined from multiple GC injections unless otherwise noted.

b Initial concentration is nominal concentration. Uncertainty in initial concentration is
estimated assuming that the relative error in concentration is similar to those at similar

concentrations.
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Table S14: Measurements for Adsorption of P/W at 323 K onto MFI-F.a

CP,in CP,eq m Vi
Label [g/L] [g/L] [g] [mL]
117-2 0.3721± 0.0042 0.0487± 0.0078 0.1005± 0.0001 0.400± 0.001
117-1 0.3721± 0.0042 0.097± 0.014 0.1000± 0.0001 0.400± 0.001
117-4 5.95± 0.41 0.100± 0.024 0.0996± 0.0001 0.400± 0.001
117-3 5.95± 0.41 0.116± 0.022 0.1002± 0.0001 0.400± 0.001
117-5 12.54± 0.12 0.130± 0.018 0.0997± 0.0001 0.400± 0.001
117-6 12.54± 0.12 0.160± 0.023 0.1003± 0.0001 0.400± 0.001
119-1 25.68± 0.29 0.24± 0.16 0.0994± 0.0001 0.400± 0.001
119-4 90.9± 9.8 53± 31 0.1004± 0.0001 0.400± 0.001
119-3 90.9± 9.8 60± 26 0.1005± 0.0001 0.400± 0.001
117-7 349.9± 4.1 324± 13 0.0995± 0.0001 0.400± 0.001
117-8 349.9± 4.1 329.24± 0.85 0.0992± 0.0001 0.400± 0.001
117-9 609± 11 593± 42 0.1003± 0.0001 0.400± 0.001
117-10 609± 11 595± 24 0.1002± 0.0001 0.400± 0.001

a Replicate experiments are separated in rows with horizontal lines. Uncertainties in
concentrations are determined from multiple GC injections unless otherwise noted.
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Table S15: Measurements for Adsorption of P/E at 323 K onto MFI-OH.a

CP,in CP,eq m Vi
Label [g/L] [g/L] [g] [mL]

77-1 11.83± 0.74 8.78± 0.28 0.1009± 0.0001 0.400± 0.001
77-2 11.83± 0.74 8.84± 0.39 0.1008± 0.0001 0.400± 0.001
34-1 11.50± 0.74 9.50± 0.50 0.1006± 0.0001 0.400± 0.001
77-3 31.13± 0.64 29.14± 0.23 0.0998± 0.0001 0.400± 0.001
34-2 31.97± 0.64 30.11± 0.20 0.1008± 0.0001 0.400± 0.001
77-4 50.2± 2.4 44.2± 2.0 0.1003± 0.0001 0.400± 0.001
77-5 50.2± 2.4 45.3± 2.7 0.1004± 0.0001 0.400± 0.001
34-3 56.4± 1.5 53.5± 1.5 0.1006± 0.0001 0.400± 0.001
34-4 56.4± 1.5 54.1± 2.4 0.1001± 0.0001 0.400± 0.001
34-5 90.67± 0.83 87.04± 0.20 0.1001± 0.0001 0.400± 0.001
34-6 103.06± 0.93 97.78± 0.20 0.0998± 0.0001 0.400± 0.001
77-6 276± 14 256.69± 0.90 0.0998± 0.0001 0.400± 0.001
34-8 274± 14 258.2± 4.3 0.0995± 0.0001 0.400± 0.001
77-7 276± 14 260.3± 7.4 0.0996± 0.0001 0.400± 0.001
77-8 356.2± 9.9 337.2± 9.3 0.1005± 0.0001 0.400± 0.001
34-19 356.4± 9.9 339.7± 7.0 0.1004± 0.0001 0.400± 0.001
77-10 474.1± 3.3 457.6± 9.1 0.0999± 0.0001 0.400± 0.001
77-9 474.1± 3.3 460.1± 2.0 0.1000± 0.0001 0.400± 0.001

a Replicate experiments are separated in rows with horizontal lines. Uncertainties in
concentrations are determined from multiple GC injections.
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Table S16: Measurements for Adsorption of P/E at 323 K onto MFI-F.a

CP,in CP,eq m Vi
Label [g/L] [g/L] [g] [mL]
115-1 9.042± 0.032 6.6± 2.8 0.1001± 0.0001 0.400± 0.001
115-2 9.042± 0.032 8.69± 0.10 0.1006± 0.0001 0.400± 0.001
115-4 29.4± 1.6 29.16± 0.30 0.0992± 0.0001 0.400± 0.001
115-3 29.4± 1.6 29.39± 0.67 0.1001± 0.0001 0.400± 0.001
115-6 51.4± 3.5 48.4± 9.2 0.0996± 0.0001 0.400± 0.001
115-5 51.4± 3.5 50.5± 2.0 0.1007± 0.0001 0.400± 0.001
115-7 67.5± 2.9 64.8± 0 0.0995± 0.0001 0.400± 0.001
115-8 94.0± 8.8 91.3± 3.3 0.1001± 0.0001 0.400± 0.001
115-9 178± 15 171± 13 0.1014± 0.0001 0.400± 0.001
115-10 268± 17 254.2± 5.3 0.0995± 0.0001 0.400± 0.001
115-11 268± 17 255.2± 8.4 0.0996± 0.0001 0.400± 0.001
115-13 365± 20 348.3± 7.2 0.1000± 0.0001 0.400± 0.001
115-12 365± 20 350.2± 9.6 0.1003± 0.0001 0.400± 0.001
115-15 495± 27 479.6± 5.7 0.1002± 0.0001 0.400± 0.001
115-14 495± 27 480.6± 2.7 0.1001± 0.0001 0.400± 0.001

a Replicate experiments are separated in rows with horizontal lines. Uncertainties in
concentrations are determined from multiple GC injections unless otherwise noted.
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S2.9 Tables from Calculation of Experimental Uptakes

Table S17: Loadings (units of molec/uc) at Low Concentrations (units of g/L) of B/W onto MFI-OH at 323 K.

CB,eq 0.00148± 0.00027r 0.144± 0.014r 0.361± 0.052r 1.327± 0.045s 13.02± 0.37s

QCA
B 0.008578± 0.000093r 0.1340± 0.0038r 0.141± 0.014r 2.56± 0.22s 7.80± 0.22s

QNS
B 0.008578± 0.000093r 0.1340± 0.0038r 0.141± 0.014r 2.56± 0.22s 7.79± 0.22s

QPF−B
B 0.008591± 0.000091r 0.1352± 0.0037r 0.144± 0.013r 2.57± 0.22s 7.81± 0.22s

QPF−N
B 0.008595± 0.000090r 0.1357± 0.0037r 0.146± 0.013r 2.57± 0.22s 7.85± 0.22s

QPF−W
B 0.008589± 0.000091r 0.1351± 0.0037r 0.144± 0.013r 2.57± 0.22s 7.79± 0.22s

QVC
B 0.008578± 0.000093r 0.1340± 0.0038r 0.141± 0.014r 2.56± 0.22s 7.79± 0.22s

QXS
B 0.008578± 0.000093r 0.1340± 0.0038r 0.141± 0.014r 2.55± 0.22s 7.69± 0.22s

QCA
W 0.328417± 0.000092r 0.4508± 0.0037r 0.458± 0.013r 2.19± 0.10s 1.90± 0.13s

QPF−B
W 43.63998± 0.00045r 43.012± 0.018r 42.967± 0.065r 31.0± 1.1s 5.0± 1.1s

QPF−N
W 58.83389± 0.00045r 58.204± 0.018r 58.155± 0.065r 46.1± 1.1s 20.0± 1.1s

QPF−W
W 39.52496± 0.00045r 38.898± 0.018r 38.853± 0.066r 26.9± 1.1s 0.9± 1.1s

QVC
W [(9.60± 0.10)× 10−5]

r
0.001529± 0.000043r 0.00163± 0.00016r 0.0376± 0.0038s 0.2031± 0.0070s

QXS
W −0.04241± 0.00046r −0.662± 0.019r −0.698± 0.068r −12.6± 1.1s −37.9± 1.1s

r Uncertainty determined from replicate experiments.
s Uncertainty estimated from linear error propagation.
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Table S18: Loadings (units of molec/uc) at High Concentrations (units of g/L) of B/W onto MFI-OH at 323 K.

CB,eq 57.14± 0.38r 161.08± 0.20r 341.0± 1.3r

QCA
B 7.87± 0.13r 7.916± 0.057r 8.15± 0.45r

QNS
B 7.84± 0.13r 7.845± 0.058r 7.97± 0.48r

QPF−B
B 7.90± 0.12r 8.001± 0.049r 8.26± 0.32r

QPF−N
B 8.08± 0.12r 8.495± 0.048r 9.30± 0.31r

QPF−W
B 7.85± 0.13r 7.867± 0.049r 7.98± 0.32r

QVC
B 7.85± 0.13r 7.869± 0.059r 8.05± 0.49r

QXS
B 7.40± 0.13r 6.599± 0.051r 5.30± 0.33r

QCA
W 1.862± 0.079r 1.833± 0.034r 1.67± 0.29r

QPF−B
W 4.53± 0.62r 4.03± 0.24r 2.7± 1.6r

QPF−N
W 18.85± 0.61r 16.77± 0.24r 12.8± 1.5r

QPF−W
W 0.65± 0.62r 0.58± 0.24r 0.0± 1.6r

QVC
W 0.3590± 0.0055r 0.6107± 0.0044r 0.754± 0.046r

QXS
W −36.33± 0.63r −32.16± 0.25r −25.7± 1.6r

r Uncertainty determined from replicate experiments.
s Uncertainty estimated from linear error propagation.
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Table S19: Loadings (units of molec/uc) at Di�erent Concentrations (units of g/L) of B/W onto MFI-F at 323 K.

CB,eq 0.0406± 0.0035r 3.89± 0.37r 4.17± 0.39r 4.49± 0.19s 11.6± 1.9s 15.85± 0.75s 698± 20s

QCA
B 0.0939± 0.0015r 0.636± 0.092r 2.300± 0.074r 5.4± 1.1s 7.3± 1.9s 8.26± 0.28s 9± 15s

QNS
B 0.0939± 0.0015r 0.636± 0.092r 2.298± 0.075r 5.4± 1.1s 7.3± 1.9s 8.26± 0.28s 9± 21s

QPF−B
B 0.0942± 0.0015r 0.667± 0.089r 2.325± 0.072r 5.4± 1.1s 7.3± 1.9s 8.27± 0.27s 8.7± 6.4s

QPF−N
B 0.0943± 0.0014r 0.679± 0.088r 2.338± 0.071r 5.5± 1.1s 7.4± 1.9s 8.31± 0.27s 10.8± 6.4s

QPF−W
B 0.0942± 0.0015r 0.664± 0.089r 2.322± 0.072r 5.4± 1.1s 7.3± 1.9s 8.25± 0.27s 8.1± 6.5s

QVC
B 0.0939± 0.0015r 0.636± 0.092r 2.298± 0.075r 5.4± 1.1s 7.3± 1.9s 8.26± 0.28s 9± 21s

QXS
B 0.0939± 0.0015r 0.633± 0.092r 2.289± 0.075r 5.4± 1.1s 7.2± 1.9s 8.13± 0.28s 2.6± 6.6s

QCA
W 0.4120± 0.0014r 0.909± 0.079r 2.063± 0.039r 2.72± 0.12s 2.15± 0.94s 1.61± 0.19s 1± 13s

QPF−B
W 43.2156± 0.0072r 40.37± 0.44r 32.16± 0.36r 16.7± 5.4s 7.3± 9.4s 2.7± 1.4s 0± 32s

QPF−N
W 58.4089± 0.0071r 55.51± 0.43r 47.29± 0.35r 31.8± 5.4s 22.3± 9.4s 17.7± 1.3s 5± 32s

QPF−W
W 39.1007± 0.0072r 36.28± 0.44r 28.06± 0.36r 12.6± 5.4s 3.2± 9.4s −1.3± 1.4s −1± 32s

QVC
W 0.001061± 0.000017r 0.0089± 0.0012r 0.03663± 0.00094r 0.105± 0.027s 0.183± 0.060s 0.2301± 0.0082s 0.39± 0.96s

QXS
W −0.4641± 0.0073r −3.13± 0.45r −11.31± 0.37r −26.7± 5.4s −35.7± 9.4s −40.0± 1.4s −13± 33s

r Uncertainty determined from replicate experiments.
s Uncertainty estimated from linear error propagation.
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Table S20: Loadings (units of molec/uc) at Di�erent Concentrations (units of g/L) of P/W onto MFI-OH at 323 K.

CP,eq 0.0247± 0.0022s 0.152± 0.013r 0.182± 0.012r 0.300± 0.022s 0.471± 0.054s 9.40± 0.10s

QCA
P 0.00006± 0.00069s 0.0086± 0.0030r 2.5892± 0.0082r 4.23± 0.11s 6.39± 0.16s 6.81± 0.22s

QNS
P 0.00006± 0.00069s 0.0086± 0.0030r 2.5891± 0.0082r 4.23± 0.11s 6.39± 0.16s 6.81± 0.22s

QPF−N
P 0.00031± 0.00068s 0.0102± 0.0028r 2.5905± 0.0082r 4.23± 0.11s 6.39± 0.16s 6.84± 0.22s

QPF−P
P 0.00026± 0.00068s 0.0098± 0.0028r 2.5901± 0.0082r 4.23± 0.11s 6.39± 0.16s 6.82± 0.22s

QPF−W
P 0.00023± 0.00068s 0.0096± 0.0029r 2.5899± 0.0082r 4.23± 0.11s 6.39± 0.16s 6.81± 0.22s

QVC
P 0.00006± 0.00069s 0.0086± 0.0030r 2.5891± 0.0082r 4.23± 0.11s 6.39± 0.16s 6.81± 0.22s

QXS
P 0.00006± 0.00069s 0.0086± 0.0030r 2.5886± 0.0082r 4.23± 0.11s 6.39± 0.16s 6.75± 0.22s

QCA
W 0.31998± 0.00063s 0.3278± 0.0027r 1.9660± 0.0029r 2.26486± 0.00062s 1.779± 0.075s 1.56± 0.12s

QPF−N
W 58.8619± 0.0040s 58.804± 0.017r 43.630± 0.048r 33.97± 0.64s 21.29± 0.96s 18.6± 1.3s

QPF−P
W 46.8363± 0.0040s 46.780± 0.017r 31.606± 0.048r 21.94± 0.64s 9.27± 0.96s 6.7± 1.3s

QPF−W
W 39.5576± 0.0040s 39.502± 0.017r 24.329± 0.048r 14.67± 0.64s 1.99± 0.96s −0.5± 1.3s

QVC
W [(0.6± 7.9)× 10−5]

s
0.00098± 0.00034r 0.29477± 0.00094r 0.482± 0.012s 0.727± 0.019s 0.776± 0.026s

QXS
W −0.0003± 0.0040s −0.050± 0.017r −14.928± 0.047r −24.40± 0.62s −36.82± 0.94s −38.9± 1.3s

CP,eq 21.6± 1.3s 47.2± 3.5s 140.5± 2.4s 467.6± 1.7r 564.9± 1.3r 623.20± 0.92r

QCA
P 6.53± 0.41s 7.45± 0.89s 7.3± 1.2s 7.14± 0.63r 7.58± 0.54r 7.35± 0.45r

QNS
P 6.52± 0.42s 7.44± 0.90s 7.3± 1.2s 6.93± 0.69r 7.33± 0.63r 6.99± 0.54r

QPF−N
P 6.60± 0.40s 7.57± 0.85s 7.7± 1.0s 8.40± 0.36r 8.87± 0.26r 8.90± 0.20r

QPF−P
P 6.55± 0.41s 7.47± 0.85s 7.4± 1.0s 7.43± 0.36r 7.70± 0.27r 7.61± 0.20r

QPF−W
P 6.53± 0.41s 7.41± 0.86s 7.2± 1.0s 6.84± 0.36r 6.98± 0.27r 6.82± 0.20r

QVC
P 6.53± 0.42s 7.45± 0.90s 7.3± 1.2s 7.06± 0.71r 7.53± 0.64r 7.23± 0.56r

QXS
P 6.38± 0.41s 7.09± 0.88s 6.3± 1.0s 3.66± 0.38r 3.15± 0.28r 2.60± 0.21r

QCA
W 1.71± 0.20s 1.17± 0.61s 1.24± 0.78s 1.35± 0.41r 1.06± 0.40r 1.23± 0.30r

QPF−N
W 20.1± 2.4s 14.4± 5.0s 13.6± 6.0s 9.5± 2.1r 6.7± 1.6r 6.5± 1.2r

QPF−P
W 8.3± 2.4s 2.9± 5.0s 3.3± 6.0s 3.2± 2.1r 1.6± 1.6r 2.1± 1.2r

QPF−W
W 1.2± 2.4s −4.0± 5.0s −2.9± 6.1s −0.6± 2.1r −1.5± 1.6r −0.6± 1.2r

QVC
W 0.743± 0.047s 0.85± 0.10s 0.83± 0.14s 0.804± 0.080r 0.857± 0.073r 0.823± 0.064r

QXS
W −36.8± 2.4s −40.9± 5.1s −36.2± 6.0s −21.1± 2.2r −18.2± 1.6r −15.0± 1.2r

r Uncertainty determined from replicate experiments.
s Uncertainty estimated from linear error propagation.
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Table S21: Loadings (units of molec/uc) at Di�erent Concentrations (units of g/L) of P/W onto MFI-F at 323 K.

CP,eq 0.073± 0.034r 0.108± 0.012r 0.145± 0.021r 0.24± 0.16s 56.8± 5.2r 326.4± 3.9r 594.0± 2.0r

QCA
P 0.0661± 0.0073r 1.2944± 0.0081r 2.745± 0.016r 5.669± 0.075s 8.0± 1.2r 7.9± 1.2r 8.19± 0.87r

QNS
P 0.0661± 0.0073r 1.2944± 0.0081r 2.745± 0.016r 5.668± 0.075s 8.0± 1.2r 7.8± 1.2r 8.0± 1.1r

QPF−N
P 0.0668± 0.0070r 1.2953± 0.0080r 2.746± 0.016r 5.670± 0.075s 8.1± 1.1r 8.53± 0.82r 9.23± 0.42r

QPF−P
P 0.0667± 0.0070r 1.2951± 0.0080r 2.746± 0.016r 5.669± 0.075s 8.0± 1.1r 7.85± 0.83r 8.00± 0.42r

QPF−W
P 0.0666± 0.0071r 1.2950± 0.0080r 2.746± 0.016r 5.669± 0.075s 7.9± 1.1r 7.43± 0.84r 7.25± 0.42r

QVC
P 0.0661± 0.0073r 1.2944± 0.0081r 2.745± 0.016r 5.669± 0.075s 8.0± 1.2r 7.9± 1.3r 8.3± 1.1r

QXS
P 0.0661± 0.0073r 1.2942± 0.0081r 2.745± 0.016r 5.667± 0.075s 7.5± 1.1r 5.22± 0.87r 3.23± 0.44r

QCA
W 0.3798± 0.0066r 1.3226± 0.0051r 2.0192± 0.0053r 2.052± 0.023s 0.70± 0.93r 0.81± 0.90r 0.56± 0.74r

QPF−N
W 58.471± 0.041r 51.246± 0.047r 42.715± 0.095r 25.52± 0.44s 11.2± 6.4r 8.7± 4.8r 4.6± 2.5r

QPF−P
W 46.446± 0.041r 39.222± 0.047r 30.691± 0.095r 13.50± 0.44s −0.1± 6.5r 0.7± 4.9r −0.2± 2.5r

QPF−W
W 39.167± 0.042r 31.944± 0.047r 23.413± 0.095r 6.22± 0.44s −7.0± 6.5r −4.2± 4.9r −3.1± 2.5r

QVC
W 0.00752± 0.00083r 0.14737± 0.00092r 0.3125± 0.0019r 0.6454± 0.0085s 0.91± 0.13r 0.89± 0.14r 0.94± 0.12r

QXS
W −0.381± 0.042r −7.464± 0.047r −15.828± 0.094r −32.68± 0.43s −43.4± 6.6r −30.1± 5.0r −18.6± 2.6r

r Uncertainty determined from replicate experiments.
s Uncertainty estimated from linear error propagation.
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Table S22: Loadings (units of molec/uc) at Di�erent Concentrations (units of g/L) of E/W onto MFI-F at 323 K.

CE,eq 0.13± 0.11s 1.73± 0.65s 4.180± 0.048s 17.7± 1.7s 67± 12s 110.4± 1.3s 430.8± 1.3s

QCA
E 0.245± 0.059s 2.14± 0.38s 4.26± 0.60s 11.6± 1.1s 13.0± 6.5s 11.6± 1.9s 11.6± 1.6s

QNS
E 0.245± 0.059s 2.14± 0.38s 4.26± 0.60s 11.6± 1.1s 13.0± 6.6s 11.6± 1.9s 11.3± 1.7s

QPF−E
E 0.247± 0.057s 2.17± 0.37s 4.31± 0.60s 11.6± 1.1s 13.0± 6.0s 11.8± 1.7s 12.38± 0.77s

QPF−N
E 0.248± 0.057s 2.18± 0.37s 4.33± 0.60s 11.7± 1.1s 13.4± 5.9s 12.5± 1.7s 14.83± 0.77s

QPF−W
E 0.247± 0.058s 2.16± 0.37s 4.30± 0.60s 11.6± 1.1s 12.9± 6.0s 11.6± 1.7s 11.65± 0.77s

QVC
E 0.245± 0.059s 2.14± 0.38s 4.26± 0.60s 11.6± 1.1s 13.1± 6.6s 11.7± 2.0s 11.7± 1.8s

QXS
E 0.245± 0.059s 2.14± 0.38s 4.24± 0.60s 11.3± 1.1s 11.9± 6.2s 10.0± 1.7s 5.10± 0.78s

QCA
W 0.402± 0.020s 0.935± 0.088s 1.307± 0.072s 0.78± 0.30s 0.4± 2.2s 0.77± 0.51s 0.78± 0.41s

QPF−E
W 43.14± 0.19s 36.8± 1.2s 29.7± 2.0s 5.4± 3.7s 1± 20s 4.8± 5.5s 3.0± 2.6s

QPF−N
W 58.00± 0.19s 51.6± 1.2s 44.5± 2.0s 20.0± 3.7s 14± 20s 17.5± 5.5s 9.7± 2.5s

QPF−W
W 38.71± 0.19s 32.4± 1.2s 25.3± 2.0s 1.1± 3.7s −3± 20s 1.0± 5.5s 1.0± 2.6s

QVC
W 0.056± 0.014s 0.496± 0.088s 1.00± 0.14s 2.89± 0.28s 3.5± 1.8s 3.24± 0.54s 1.08± 0.17s

QXS
W −0.75± 0.18s −6.6± 1.2s −13.0± 1.8s −34.7± 3.5s −36± 19s −30.5± 5.1s −17.1± 2.6s

s Uncertainty estimated from linear error propagation.
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Table S23: Loadings (units of molec/uc) at Di�erent Concentrations (units of g/L) of P/E onto MFI-OH at 323 K.

CP,eq 9.04± 0.40r 29.14± 0.23s 30.11± 0.20s 44.75± 0.77r 53.84± 0.42r 87.04± 0.20s 97.78± 0.20s

QCA
P 0.66± 0.13r 0.67± 0.15s 0.65± 0.15s 1.56± 0.17r 0.989± 0.088r 1.49± 0.19s 1.95± 0.21s

QNS
P 0.59± 0.13r 0.46± 0.16s 0.42± 0.15s 1.26± 0.18r 0.595± 0.096r 0.88± 0.21s 1.30± 0.23s

QPF−E
P 0.66± 0.13r 0.67± 0.15s 0.64± 0.15s 1.55± 0.17r 0.977± 0.088r 1.47± 0.19s 1.92± 0.21s

QPF−N
P 0.68± 0.12r 0.74± 0.15s 0.72± 0.15s 1.66± 0.16r 1.117± 0.087r 1.70± 0.19s 2.18± 0.21s

QPF−P
P 0.66± 0.13r 0.68± 0.15s 0.65± 0.15s 1.57± 0.16r 1.003± 0.088r 1.52± 0.19s 1.97± 0.21s

QVC
P 0.59± 0.13r 0.46± 0.16s 0.42± 0.15s 1.26± 0.18r 0.595± 0.096r 0.88± 0.21s 1.30± 0.23s

QXS
P 0.59± 0.13r 0.44± 0.15s 0.41± 0.15s 1.20± 0.17r 0.562± 0.091r 0.80± 0.19s 1.17± 0.21s

QCA
E 12.47± 0.21r 12.45± 0.25s 12.50± 0.25s 10.96± 0.28r 11.92± 0.15r 11.07± 0.32s 10.30± 0.36s

QPF−E
E 12.11± 0.22r 12.09± 0.27s 12.14± 0.26s 10.53± 0.29r 11.54± 0.16r 10.66± 0.33s 9.86± 0.37s

QPF−N
E 16.55± 0.22r 16.45± 0.27s 16.49± 0.26s 14.82± 0.29r 15.78± 0.15r 14.75± 0.33s 13.90± 0.37s

QPF−P
E 12.96± 0.22r 12.93± 0.27s 12.97± 0.26s 11.35± 0.29r 12.35± 0.16r 11.45± 0.33s 10.63± 0.37s

QXS
E −1.04± 0.23r −0.79± 0.27s −0.72± 0.26s −2.13± 0.30r −1.00± 0.16r −1.42± 0.33s −2.08± 0.37s

CP,eq 258.4± 1.8r 338.4± 1.8r 458.8± 1.8r

QCA
P 5.85± 0.44r 6.72± 0.34r 7.17± 0.39r

QNS
P 5.09± 0.60r 6.03± 0.51r 6.40± 0.72r

QPF−E
P 5.73± 0.44r 6.54± 0.33r 6.91± 0.38r

QPF−N
P 6.40± 0.43r 7.42± 0.33r 8.11± 0.37r

QPF−P
P 5.86± 0.44r 6.71± 0.33r 7.14± 0.38r

QVC
P 5.09± 0.60r 6.03± 0.51r 6.40± 0.72r

QXS
P 3.74± 0.45r 3.93± 0.35r 3.38± 0.39r

QCA
E 3.72± 0.75r 2.27± 0.57r 1.51± 0.65r

QPF−E
E 3.11± 0.78r 1.67± 0.59r 1.01± 0.67r

QPF−N
E 6.40± 0.77r 4.60± 0.58r 3.38± 0.66r

QPF−P
E 3.74± 0.78r 2.23± 0.59r 1.46± 0.67r

QXS
E −6.64± 0.80r −6.98± 0.61r −6.00± 0.69r

r Uncertainty determined from replicate experiments.
s Uncertainty estimated from linear error propagation.
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Table S24: Loadings (units of molec/uc) at Di�erent Concentrations (units of g/L) of P/E onto MFI-F at 323 K.

CP,eq 7.6± 1.5r 29.28± 0.16r 49.5± 1.5r 64.773801± 0s 91.3± 3.3s 171± 13s 254.72± 0.68r

QCA
P 0.37± 0.32r 0.270± 0.034r 0.81± 0.32r 1.12± 0.64s 1.3± 2.1s 2.9± 4.4s 4.99± 0.15r

QNS
P 0.32± 0.34r 0.040± 0.037r 0.44± 0.35r 0.65± 0.68s 0.7± 2.3s 1.9± 5.3s 3.95± 0.20r

QPF−E
P 0.37± 0.32r 0.264± 0.034r 0.80± 0.32r 1.10± 0.63s 1.3± 2.1s 2.9± 4.3s 4.87± 0.15r

QPF−N
P 0.39± 0.32r 0.340± 0.034r 0.93± 0.32r 1.27± 0.63s 1.5± 2.1s 3.3± 4.3s 5.54± 0.15r

QPF−P
P 0.38± 0.32r 0.278± 0.034r 0.82± 0.32r 1.14± 0.63s 1.3± 2.1s 3.0± 4.3s 5.00± 0.15r

QVC
P 0.32± 0.34r 0.040± 0.037r 0.44± 0.35r 0.65± 0.68s 0.7± 2.3s 1.9± 5.3s 3.95± 0.20r

QXS
P 0.31± 0.33r 0.039± 0.036r 0.42± 0.33r 0.61± 0.63s 0.6± 2.1s 1.6± 4.4s 2.91± 0.15r

QCA
E 12.95± 0.54r 13.130± 0.058r 12.22± 0.54r 11.7± 1.1s 11.4± 3.5s 8.6± 7.4s 5.18± 0.25r

QPF−E
E 12.61± 0.57r 12.807± 0.061r 11.86± 0.57r 11.3± 1.1s 11.0± 3.7s 8.2± 7.7s 4.62± 0.26r

QPF−N
E 17.07± 0.57r 17.161± 0.060r 16.12± 0.56r 15.5± 1.1s 15.0± 3.7s 11.9± 7.7s 7.94± 0.26r

QPF−P
E 13.47± 0.57r 13.641± 0.061r 12.68± 0.57r 12.1± 1.1s 11.8± 3.7s 8.9± 7.7s 5.26± 0.26r

QXS
E −0.56± 0.59r −0.069± 0.063r −0.74± 0.59r −1.1± 1.1s −1.1± 3.7s −2.8± 7.8s −5.17± 0.27r

CP,eq 349.2± 1.3r 480.09± 0.75r

QCA
P 6.37± 0.30r 7.34± 0.16r

QNS
P 5.47± 0.46r 6.67± 0.31r

QPF−E
P 6.19± 0.29r 7.07± 0.16r

QPF−N
P 7.10± 0.29r 8.32± 0.16r

QPF−P
P 6.37± 0.29r 7.31± 0.16r

QVC
P 5.47± 0.46r 6.67± 0.31r

QXS
P 3.51± 0.30r 3.38± 0.16r

QCA
E 2.85± 0.50r 1.22± 0.27r

QPF−E
E 2.28± 0.52r 0.73± 0.28r

QPF−N
E 5.16± 0.51r 3.00± 0.28r

QPF−P
E 2.83± 0.52r 1.16± 0.28r

QXS
E −6.22± 0.54r −5.99± 0.29r

r Uncertainty determined from replicate experiments.
s Uncertainty estimated from linear error propagation.
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