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ABSTRACT

Adsorbents are widely used in gas separation and storage processes. Performance improvements are largely
achieved through the continual development of new materials with unique sorption properties. Adsorption
characterization techniques, therefore, play a central role in material research and development. Here, in-situ
Raman spectroscopy is presented as a multi-purpose laboratory tool for analyzing adsorption performance. In
contrast to conventional laboratory techniques requiring macroscopic samples, adsorption analysis via Raman
spectroscopy can be performed on samples of less than 1 mg. Furthermore, simultaneous Raman multi-phase
measurements of the adsorbent structure as well as the free and bound adsorbate, are shown to provide mo-
lecular insights into the operation of functional adsorbents at conditions representative of industrial applications,
which are often not attainable in conventional crystallography. Firstly, a Raman-based method is demonstrated
for directly quantifying absolute adsorption capacity within individual particles. The technique is validated for
Raman measurements of carbon dioxide on silica gel and compared to gravimetric and volumetric analyses.
Secondly, Raman spectroscopy is applied to study a novel functional material, ZIF-7, and directly probe its
pressure-regulated gate-opening mechanism, which was only observed through indirect means. These Raman
measurements confirm that the sharp increase in capacity corresponds to a structural transition in the material
and reveal that multiple adsorption sites contribute to the overall capacity. The Raman methods presented here
can be applied to a wide range of adsorbent-adsorbate systems and present a basis for further studies into the
kinetics of sorption processes.

1. Introduction

determined using well-established techniques, typically based on volu-
metric or gravimetric analyses, spanning different regimes of operation,

Adsorbent materials are widely used in many industrial applications,
ranging from energy production[1] through to water filtration[2] and
environmental remediation[3]. For example, in the context of energy
production, adsorbents play a critical role in natural gas processing[4],
biogas production[5], and emission control for subsequent power gen-
eration[6]. In natural gas processing, they are employed for gas sepa-
rations, including acid gas removal[7] and vent gas purification[8].
Advancements in materials and processes are continuously being pur-
sued to improve performance and respond to contemporary challenges
such as carbon capture,[9] helium separation,[10] and hydrogen stor-
age.[11,12] In general, adsorbent materials are characterized by their
capacity and selectivity for specified adsorbates, which can be

including static[13] and dynamic[14] sorption, at low to high pressures,
and from cryogenic to high temperatures.[15-18] A common feature of
these methods is that the measurement itself is indirect and macro-
scopic, representing the average response over a suitable sample,
imposing several measurement constraints including minimum sample
sizes, insensitivity to material heterogeneity, and long acquisition times.
With material development now focusing on understanding and
designing adsorbents at the molecular level,[19] molecular simulation
[20] as well as a range of advanced material characterization techniques
including x-ray,[21] neutron,[22] and synchrotron[23] diffraction
crystallography are being employed. However, these characterization
tools are less suited to routine measurements, such as screening of
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material candidates, and are typically limited to a narrow range of
operation.

Raman spectroscopy provides an optical method for determining the
composition of materials by probing the vibrational modes of the con-
stituent molecules.[24] Raman spectrometers are increasingly being
used as a laboratory-based characterization tool, due to their versatility,
compact form, simplicity of operation, and reasonable cost. Mono-
chromatic light (typically from a laser source) is scattered off a sample
and detected using a spectrometer, with the resulting spectra exhibiting
peaks at energy shifts related to the sample’s molecular composition.
[25] When performed through a microscope (i.e., Raman microscopy),
the composition of a sample can be spatially resolved (imaged) with
resolutions below 1 pm attainable, depending on the system’s optical
parameters.[26] At a basic level, the magnitude of each Raman peak is
proportional to the density of corresponding molecules in the measured
volume. Raman spectroscopy has been deployed in a wide range of fluid
characterization applications, such as dew-point determination[27,28]
and monitoring the composition of fuel components,[29-31] biogas,
[32,33] air pollutants,[34,35] and hydrogen isomers.[36] For gas mix-
tures, relative concentrations can be determined by analyzing selected
peaks associated with each component and their ratios.[37,38] The
phase of molecules or their interaction with a nearby surface can also be
identified from small changes in the Raman shift, intensity, and shape of
each peak (provided the change can be resolved), for example, in
clathrate hydrates[39] and water near hydrophobic surfaces.[40] In
addition, this spectroscopic technique can monitor changes in solid
structure, such as thermal deformation of graphene[41] and adsorbent
cavity transformation. [42] Building off this wide-ranging sensitivity, the
aim of this work is to demonstrate that Raman spectroscopy can provide
direct and detailed observations of sorption processes, including direct
quantification of adsorption capacity, through analysis of the adsorbate
in optically compatible materials, as well as characterization of material
performance and function, through analysis of the adsorbent, all ac-
quired simultaneously and at process conditions.

Raman spectroscopy has previously been applied to various studies
of adsorption. The authors recently reported a Raman-based method for
measuring adsorption capacity in translucent materials, such as ion-
ogels.[26] In contrast to the work presented here, that approach relied
on an experimental correction factor, which can only be applied to
systems where the signal from free gas molecules contained within the
pores (henceforth referred to as free gas) and molecules adsorbed on the
material surface (henceforth referred to as adsorbed gas) can be reliably
deconvolved and compared to signal from the vapor phase outside the

Table 1
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material (henceforth referred to as vapor-phase gas). Raman spectros-
copy has also been applied to qualitative studies of sorption behavior.
Panella and Hirscher[43] investigated the adsorbed phase of hydrogen
on carbon nanotubes under ambient and cryogenic conditions. A range
of studies looking at flexible metal-organic framework (MOF) adsor-
bents that employed Raman spectroscopy are summarized in Table 1. Of
most relevance here is the work of Kontos and coworkers, who studied
the adsorption of CO; on ZIF-69[44] (and later ZIF-68[45]) up to 1 MPa
and from (273 to 337) K, showing qualitative agreement with gravi-
metric adsorption isotherms. Analysis of the adsorbent’s Raman spectra
identified one functional group that responded strongly with CO,, with
no structural modifications to the ZIF framework observed. Aside from
this, Raman has generally been used as a qualitative tool in support of
conventional characterization of MOFs. Also of note is the work of
Kumari and coworkers, who reported temperature-induced structural
changes in ZIF-8[46] and MOF-508[47]. The latter study used Raman
with an anvil cell to look at pressure-induced structural changes in the
adsorbate under very high pressure, albeit with a pressure transmitting
medium and not the adsorbate. Aside from Raman spectroscopy, data
from other characterization techniques, such as PXRD, IR, and TEM,
have been employed to understand adsorbate function in support of
conventional capacity measurements. However, whilst these techniques
are widely used for understanding the functional structure of materials,
they are not generally capable of directly observing adsorption-related
phenomena at typical process conditions.

In this work, two methods for the characterization of adsorption
based on high-resolution Raman spectroscopy are presented. These two
methods are used to quantify adsorption capacity in optically trans-
parent materials and probe the mechanism of adsorption in flexible
adsorbents. For quantifying adsorption capacity, this work extends and
generalizes previous work [26] by introducing a new method for
measuring adsorption capacity using corrections based on the optical
properties of the adsorbent material, which are independent of the
Raman measurement (i.e., the optical signal corrections are not depen-
dent on spectral deconvolution). The adsorption capacity for carbon
dioxide within individual particles of silica gel is presented, and the
results are validated against conventional bulk gravimetric and volu-
metric techniques. To study adsorption mechanisms in functional ma-
terials, Raman spectroscopy is used to simultaneously observe and
correlate the response of both the adsorbent and adsorbate across
pressure-regulated structural phase transitions. A qualitative compari-
son of in-situ Raman measurements with gravimetric measurements of
the methane adsorption on ZIF-7 is presented, demonstrating that

Summary of recent Raman spectroscopic studies on gas adsorption at a functional adsorbent.

Adsorbent Adsorbate Raman Process variable Comparative method
measurement
Nijem et al.[77] (2011) Zny(bpdc),bpee Nitrogen, Carbon Adsorbent only T = (83-293) KP = 0.1 MPa N/A
dioxide
Seo et al.[78] (2011) Porous coordination Carbon dioxide Adsorbent, Gas T=195KP < 0.1 MPa Gravimetric
polymer
Kanoo et al.[79] (2012)  Fluoro-functionalized MOF Carbon dioxide Adsorbent, Gas T=(173-323) KP<0.1 MPa  PXRD
Zhang et al.[80] (2012) MAF-4 Nitrogen Gas only T = (83-297) KP = 0.1 MPa PXRD
Nijem et al.[81] (2013) FMOF-1 Methane Gas only T=(116-313) KP = 0.1 MPa IR
Kumari et al.[46] ZIF-8 Nitrogen Adsorbent, Gas T% = (83-295) KP = 0.1 MPa PXRD
(2013) Methane
Carbon dioxide
Kontos et al.[44] (2014)  ZIF-69 Carbon dioxide Adsorbent, Gas T = (273-337) KP < 1 MPa Gravimetric
Kumari et al.[47] MOF-508 Carbon dioxide Adsorbent, Gas T = 203K, P = 0.1 MPa N/A
(2016)
Kontos et al.[45] (2020)  ZIF-68 Carbon dioxide Adsorbent, Gas T’ = (198-353) KP" < 1 MPa Gravimetric; Molecular
ZIF-69 simulation
Kamali etal.[82] (2022)  ZIF-7 Carbon dioxide Adsorbent, Gas T=(263-301) KP < 0.1 MPa  Volumetric
This work ZIF-7 Methane Adsorbent, Gas T=303K Gravimetric

P < 4.1 MPa

# Temperature range varies for each adsorbate.
b Temperature varied at P = 0.2 MPa, pressure varied at T = 311 K, different range for each adsorbent.
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analysis of the Raman spectral features associated with the adsorbate
can reveal correlations between pressure-induced structural changes in
ZIF-7 with its adsorption capacity for methane.

2. Material and methods
2.1. Raman spectroscopic measurements

An overview of the Raman adsorption-characterization setup and
measurement methods used in this work is presented in Fig. 1. Raman
spectra were acquired using the inVia Raman microscope spectrometer
(Renishaw), with 532 nm laser excitation source and spectral resolution
of approximately 1 cm™!. Each spectrum was acquired over 1 s inte-
gration at full laser power, corresponding to approximately 100 mW
after the objective (Olympus SLMPLN 20x, NA 0.25). The diameter and
depth of the focal region were measured to be 3 pm and 65.2 pm,
respectively.[48] A custom high-pressure cell was used for in-situ
measurement of gas adsorption, fabricated from 316 stainless steel
with a sapphire window, described in detail elsewhere.[48] The cell
pressure was controlled by a high-pressure syringe pump (260D, Tele-
dyne) and monitored by a piezoresistive pressure transducer (PA-33x,
Keller) with a manufacturer-specified uncertainty of 0.05% of full scale
(70 MPa). The temperature of the cell was monitored by resistance
temperature detectors (RTD PR-11, Omega) with an uncertainty in the
measured temperature of 0.3 K, calibrated against a WIKA CTP5000
reference thermometer. The cell temperature was controlled by Peltier
modules mounted on the four exterior sides of the cell. Pressure and
temperature data acquisition and control were performed with custom
programs implemented in LabView software. For spectroscopic mea-
surements of gas adsorption, each spectrum was acquired one hour after
the desired pressure and temperature conditions were reached, to obtain
equilibrium adsorption capacity. (Further measurements after one hour
did not show any deviating trend at the controlled thermodynamic
condition)
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10000 Microscope
CO2

Fermi ™~

Objective

7500 dyad dioxide
N/
HE 1

5000 Y AL ":-"

2500

carbon

Intensity / counts

0 +
1200 1250 1300 1350 1400 1450

Raman shift / cm'

sample holder

Chemical Engineering Journal 473 (2023) 145240
2.2. Preparation of adsorbents

A commercially available silica gel (VWR UK, batch:13J180016) was
used as a model adsorbent to demonstrate adsorption capacity mea-
surements with Raman spectroscopy. The silica-gel granules were
crushed, and smaller particles were selected for measurements, with a
height of 200-300 pm and a width of 1-2 mm. The silica-gel particles
were degassed under vacuum at 393 K for 12 h. After the initial
degassing process, five silica-gel particles were placed within the high-
pressure visual cell. To remove any impurities introduced during the
short transfer time, the sample was kept under vacuum in the Raman cell
at 343 K for a further 12 h. After this secondary degassing procedure, the
system temperature was controlled to 303 K and high-purity carbon
dioxide gas (purity 99.995%, BOC) was injected into the cell.

ZIF-7 sample (powder) was synthesized using procedures described
elsewhere.[49-51] The sample was degassed at 433 K under vacuum for
24 h. The activated sample was lightly pressed into a sample holder
within the high-pressure Raman cell, producing a smooth surface. Then,
a secondary degassing (same procedure as the silica gel) was performed.
Since the powder is optically opaque, Raman measurements were car-
ried out by focusing on the surface of the sample. The system temper-
ature was controlled at 303 K and a high-purity methane gas (purity
99.995%, Coregas Australia) was injected into the high-pressure cell.
For each pressure condition, three repeat measurements were carried
out, focusing on: (i) the vapor phase outside the adsorbent; and (ii) the
top surface of the ZIF-7 sample.

3. Results and discussion
3.1. Quantifying adsorption capacity with Raman microscopy

To determine gas adsorption capacity in transparent adsorbent ma-
terials, such as the silica-gel presented here, a new method has been
developed to directly probe the molecular density of the adsorbate, in-
side the adsorbent, using Raman microscopy. The method is based on a
comparison of two Raman measurements of the adsorbate density: 1)
measurements in the vapor phase that surrounds the adsorbent, to

Fig. 1. An overview of the Raman system used for
direct measurements of adsorption of CO, on silica
gel or CH4 on ZIF-7. (a) High-resolution Raman
spectroscopy in conjunction with a microscope and
high-pressure visual cell (side view) is used to mea-
sure the CO, density in the vapor phase (shown) and
in the adsorbent material. (b) Optical image of the
silica gel particles, showing their optical trans-
parency. (c) Schematic overview of the experimental
system, including the visual cell (top view).
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determine the bulk-gas density; and 2) measurements within the
adsorbent, to quantify the adsorbed and free gas densities. In contrast to
conventional adsorption characterization techniques, which measure
the average response over a macroscopic volume, Raman microscopy is
a highly localized measurement of the average response over a micro-
scopic volume. The inherent spatial resolution of Raman microscopy
allows the measurement to reveal difference due to material in-
homogeneity. To demonstrate the application of this technique and
validate its quantitative capability, measurements of carbon dioxide
adsorption on silica gel were performed using Raman microscopy and
compared to conventional volumetric and gravimetric results.

3.1.1. Framework for analysis of Raman adsorption measurements
Measurements of adsorption are typically quantified in terms of net
and excess adsorption. Net adsorption capacity can be defined as:

Pamolar — Pv.molar
Gner = (@]

P, p,mass

where gy is the net adsorption capacity, p, e and p, ., are the
molar densities of the adsorbate measured within the adsorbent and
within the vapor phase, respectively, and p, . is the bulk mass density
of the (porous material) adsorbent. In a general sense, g, indicates the
additional amount of adsorbate that can be contained within a system
due to the presence of an adsorbent, compared to that of the container
without the adsorbent.[52,53] For example, a gravimetric analyzer
weighs adsorbent samples inside a container (i.e., the system). The
buoyancy force for adsorbent samples in the presence of an adsorbate is
compared to the weight of the sample under vacuum, with the difference
being equivalent to the additional mass of adsorbate stored within the
system volume at the measurement pressure and temperature.[54]
Similarly, this work shows that Raman spectroscopy can be used to
directly quantify net adsorption. The optical focal volume of the Raman
apparatus (within which the Raman signal is excited and collected) is
considered as the system. A microscope with an integrated translation
stage allows the focal volume, which is smaller than a single particle of
the adsorbent studied here, to be readily positioned inside or outside the
adsorbent material, so that the Raman spectra can be acquired for the
two states required to calculate net adsorption. (Note that p, can be
calculated from the measured Raman signal or from a suitable equation
of state using the measured pressure and temperature for the system).
The Raman spectral peak areas are converted to adsorbate densities by
dividing the relevant Raman peak areas by the instrument-specific
calibration factor (k.); it is posited that this value is also valid for
measurements inside the adsorbent with the inclusion of optical cor-
rections outlined below.

For measurements inside a transparent adsorbent material, the
Raman signal must be corrected for the index of refraction. Corrections
arise from the following mechanisms that are dependent on the change
in refractive index between the vapor phase and the adsorbent material
with adsorbed and free gas within its pores: i) changed apparent depth of
the measurement volume;[55,56] ii) enhanced Raman-scattering cross-
section;[57] and iii) reduced signal transmission at the particle interface
as described by Fresnel equations. Therefore, the refractive index of the
gas-filled porous medium is central to evaluating each correction. Whilst
each of these phenomena have been reported separately over many
decades across a range of fields, it is shown here for the first time the
combined application of these concepts to Raman analysis of a porous
system and quantifying adsorption capacity.

The effective refractive index of a heterogeneous system can be
estimated using a model for the dielectric constant of a mixture and the
properties of the constituent materials, for example, as proposed by
Looyenga.[58] For an adsorbent material with gas-filled pores, as
studied here, the refractive index is calculated using:[58,59]

3/
Ny = {(1 — o3+ @n;/,f } 2)
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where ng, is the refractive index of the adsorbent skeletal material
(silica,[60,61] ngjic, = 1.46) and ng is the refractive index of the free gas
(carbon dioxide, calculated at the measured temperature and pressure
using the model of Harvey and Lemmon,[62] implemented in
REFPROP 10 [63]). The adsorbent porosity is given by:

P
Pskel

@=1- 3
where p, and p,, are the bulk and skeletal densities of the adsorbent
(porous) material.

The first correction, for the apparent depth of the focal volume,
scales as the square of refractive index.[56] The second correction
associated with the effect of refractive index on the Raman scattering
cross section can be expressed through the local field factor, L, as dis-
cussed by Nestor and Lippincott[64]:

2 4
n-+2
L:( : ) @
3
The third correction for reduced signal transmission, which needs to
account for two instances of transmission across the bulk gas-to-

adsorbent interface, cyqn, can be calculated from Fresnel’s equation
assuming normal incidence by:

2
Aoy,
Corans = § —— L2 (5)
(egr + 1eay)

Considering all three correction terms outlined above, the corrected
Raman peak area, Iseqcorr, Can be written as:

2
n L 1
gas ‘gas
Laveacorr = Lareameas ® 2 b o— (6)

off Le_'_ Crrans

where Ipreqmess 1S the Raman peak area measured inside the porous
medium. With the corrected area, eq (1) can be explicitly rewritten for
Raman-based measurements as:

Iareacorr
(k—,> = Py.molar
Gnet = ———————— @)
pp,mass

The excess adsorption capacity (g..) includes the amount of adsor-
bate occupying the skeletal volume of a porous medium beyond the net
adsorption capacity. This can be a useful term when quantifying
adsorption because it is close to the absolute adsorption capacity under a
low-pressure range. Accordingly, the excess adsorption capacity can also
be expressed as:
pv.molar (8)

Gex = Gner + (1 - Q)
Pb.mass

3.1.2. Spectra analysis and calibration of Raman density measurements
Raman spectra of free carbon dioxide molecules exhibit four peaks in
the range (1200 to 1450) cm ™! (see Fig. 2). To quantify the density of
carbon dioxide, the four peaks were simultaneously fitted with a Voigt
profile and a linear background (Renishaw WiRE 3.4). The total area
under the two major peaks (assigned to Fermi dyad)[65] was correlated
with the molar density of carbon dioxide at the measured temperature
and pressure, calculated using a reference equation of state for carbon
dioxide (Span and Wagner,[66] implemented in the REFPROP 10 (NIST)
[63]). At constant measurement conditions (temperature, optical path,
laser power, exposure time), the Raman peak area was observed to in-
crease linearly with gas molar density, providing a calibration for the
conversion of spectral peak area to carbon dioxide molar density, as
presented in Fig. 2. The gradient k. = (1.37 £ 0.01) x 105 (mol/L)™
represents an instrument- and condition-specific calibration constant
needed to quantify carbon dioxide molar density at 303 K. This cali-
bration was used in the adsorption capacity analysis, together with the
three correction terms, to quantify the density of carbon dioxide
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Fig. 2. (a) Raman spectrum of carbon dioxide gas (0.61 MPa). (b) Correlation between the total area of the two major carbon dioxide peaks and molar density at

constant temperature and measurement conditions (see text).

molecules within the porous medium.

Raman measurements of the carbon dioxide within the silica gel
were carried out by focusing inside the sample particle, halfway be-
tween the top and bottom particle surfaces (side view). As shown in
Fig. 3, the Raman peaks associated with carbon dioxide were observed
to both broaden and shift to lower wavenumbers. The redshift of the
vibrational mode to lower wavenumbers can be attributed to adsorption,
where the interaction of the gas molecules with the adsorbent material
reduces the vibrational energy. This is consistent, for example, with the
observations of Centrone et al.[67] using Raman spectroscopy, that Q-
branch peaks of hydrogen molecules shifted to lower energy when
adsorbed. For each pressure condition, to accurately estimate the ad-
sorbent’s characteristic adsorption behavior, measurements were per-
formed at multiple locations and averaged, to account for possible
material inhomogeneity. Five repeat measurements of the vapor phase
were made at a single location, followed by measurements within the
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Fig. 3. Comparison of Raman spectra for carbon dioxide within a silica-gel
particle (adsorbed CO,) and in the vapor phase surrounding the particle.
Adsorption results in a broadening and red-shift to lower wavenumbers of the
Fermi-dyad peaks. Both spectra were measured at the same experimental con-
ditions (the elevated background is due to the silica gel).

adsorbent particle at three locations, five repetitions at each. The results
presented here are based on measurements of two particles, which were
selected to have a top surface normal to the optical path. These two
particles constitute a total measured sample mass of less than 1 mg.

3.1.3. Validation of Raman adsorption capacity technique

Silica gel’s net adsorption capacity for carbon dioxide, measured
using Raman microscopy, is presented in Fig. 4. Each data point repre-
sents the average of 30 measurements (two silica particles, three loca-
tions in each, five repetitions). The measurements are analyzed by first
averaging the five repetitions for each location. The uncertainty of the
Raman measurement is estimated from the standard deviation of the five
repetitions, which is less than 1.0% for all locations and pressures. The
results from the six locations are then averaged to arrive at a final Raman
peak area for each pressure, with an associated standard error that is less
than 5.2% for all pressures. Fig. 4 presents the Raman peak area for the
measurement of carbon dioxide within the silica gel particles as a
function of pressure. This signal was then converted to net-adsorption

14 6
12 | ® Meas. peak area e
-91 @ Net capacity
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© €
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Fig. 4. Raman spectroscopic analysis on CO, adsorption to silica gel: (black)
measured peak area profile of adsorbed CO, before corrections for refractive
index, and (red) net adsorption capacity of silica gel converted from Raman
peak area analysis, including corrections for refractive index.
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capacity according to eq (7), and the results are presented in Fig. 4
(numerical results are tabulated in the Supporting Information). The
error bars represent an estimate of the overall uncertainty in the
adsorption capacity determined from Raman characterization. Uncer-
tainty in the Raman adsorption capacity measurements arises from: the
Raman signal, uncertainty described above; the conversion from Raman
signal to molar density, for which the uncertainty was estimated as the
standard error of the linear regression (see Fig. 2); the bulk density for
the silica gel, uncertainty from material specification of 3%; and the
calculation of the effective refractive index of the porous medium. The
uncertainty in the effective refractive index (referring to eq (2)) is based
on uncertainties for the refractive index of silica gel (less than 1%),
refractive index of carbon dioxide (less than 1%), and porosity of the
silica gel (3%). Here, an uncertainty of 5% is conservatively assumed for
the effective refractive index of the silica gel in carbon dioxide. The
conservative estimate of the uncertainty in the net-adsorption capacity
measurement is 7.8%.

A silica gel sample from the same batch was measured using two
conventional adsorption analysis techniques. A commercial gravimetric
sorption analyzer (Rubotherm, TA Instruments) was used to measure the
adsorption isotherm of carbon dioxide onsilica gel at 303 K for pressures
up to 4 MPa, with temperature and pressure uncertainties of 0.3 K and
0.01% full-scale (41 MPa), respectively. Detailed information about the
measurement principle can be found elsewhere.[68] The isothermal
gravimetric sorption capacity measurement was conducted twice to
establish a level of reproducibility. Gravimetric sorption capacity mea-
surements can provide direct measurements of a sample’s net and excess
adsorption capacities, with the latter coming from the former upon
measurement of the adsorbent sample’s buoyancy in the bulk fluid.
Measurements of carbon dioxide adsorption on the silica gel were also
carried out at 303 K and up to 0.12 MPa using a low-pressure volumetric
sorption analyzer (ASAP 2020, Micromeritics), with details on the
measurement procedure explained in detail elsewhere.[69] Volumetric
techniques provide direct measurements of excess sorption capacity by
using helium to determine the volume of the adsorbent sample. The
excess adsorption capacities were measured with temperature and
pressure uncertainties of 0.5 K and 0.15%, respectively. Numerical re-
sults for gravimetric and volumetric net and excess adsorption capacity
measurements of silica gel for carbon dioxide are tabulated in the Sup-
porting Information.

The excess adsorption capacity measured using all three techniques
is presented in Fig. 5. At low pressures, the uncertainty of the pressure
transducer used with the Raman cell becomes significant on a loga-
rithmic scale; uncertainty bars are included to indicate the pressure
transducer resolution. In practice, a suitable pressure transducer would
be selected for the operating conditions of interest.

3.2. Raman analysis of pressure-regulated adsorption in flexible materials

The above results demonstrate Raman spectroscopy to quantify
adsorption capacities, by directly observing the adsorbed molecules.
However, a key attribute of the Raman method of sorption analysis is its
ability to go beyond the information accessible through conventional
measurements, which indirectly quantify adsorption. The Raman
spectra can contain additional information about both the adsorbate and
the adsorbent directly related to the underlying adsorption mechanism
and process. For example, this can be demonstrated by considering ad-
sorbents with regulated capacities, such as zeolitic imidazolate frame-
works (ZIFs). ZIFs are a flexible metal-organic framework (MOF),
comprising imidazole linkers and metal cations. These materials can
undergo a structural phase transition in response to changes in pressure
and temperature. In general terms, the lattice structure of the material
transitions from a narrow pore (np) to a large pore (Ip),[70] enabling a
rapid and controllable increase in adsorption capacity. Therefore, these
materials are being investigated for gas storage and separation appli-
cations.[71] For example, pressure-induced gate opening in ZIF-7 has
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Fig. 5. Excess adsorption capacity of CO5 on silica gel adsorbent, measured
directly via Raman Spectroscopy and compared with the results from volu-
metric and gravimetric sorption analyzers. Uncertainty in adsorption capacity
measurement (Raman) and associated pressure measurement are indicated by
the vertical and horizontal error bars, respectively (note the logarithmic pres-
sure scale).

been studied for the adsorption of methane, nitrogen and carbon dioxide
using a gravimetric sorption analyser.[49,72,73] Since the gravimetric
approach does not provide information on the structural state of the
adsorbent, investigations of new materials rely on additional specialized
characterization tools, which often cannot be operated across the same
range of conditions; for example, ZIF-7 has been studied using X-ray
diffraction.[74] Raman spectroscopy is a lower-cost and more widely
available analytical technique; however, the application is not well
established. This work demonstrates that Raman spectroscopy can pro-
vide direct insight into changing molecular structure in adsorbent ma-
terials, demonstrated on ZIF-7.

3.2.1. Review of Raman characterization of MOFs

A summary of gas adsorption in MOFs studies that include Raman
spectroscopy is presented in Table 1. The studies vary in the extent to
which Raman has been applied, ranging from qualitative assessment of
isolated adsorbent material through to qualitative measurements of
adsorbent and adsorbate across a range of temperature and pressure. In
general, the results demonstrate observations of spectral variation of the
adsorbent and an increasing trend of the adsorbate with gas uptake.
However, in the presence of adsorbate, most of the spectral studies were
conducted up to atmospheric pressure, with two studies up to 1 MPa.
Diamond anvil cells have been used to achieve pressures in the giga-
Pascal range (GPa), using a pressure transmitting medium (PTM) such
as alcohol and silicon oil in place of the adsorbate to study a pressure-
induced structural change of the adsorbent.[75,76] Raman measure-
ments of pressure-induced structural change have not previously been
reported.

3.2.2. Raman characterization of pressure-regulated structural transitions
in ZIF-7

High-resolution Raman measurements of methane adsorption on a
ZIF-7 material were performed at pressures up to 4.1 MPa, simulta-
neously observing the pressure-induced structural changes within the
ZIE-7 framework and methane adsorption. Fig. 6a presents an example
of the Raman spectra and deconvolution analysis of data acquired for
methane adsorbed on a sample of ZIF-7 at 303 K at a pressure of 1.6 MPa.
The region of the spectra corresponds to C-H stretching, with two peaks
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Fig. 6. Measurement of methane adsorption on ZIF-7 at varying pressure. (a)
Example spectra illustrating the deconvolution of peaks associated with C-H
bond stretching for free and adsorbed methane, measured at 303 K and 1.6
MPa. (b) Area of peaks defined in (a) attributed to two kinds of adsorption sites
(1 and 2, identified with a peak center location). (c) Peak center location of the
methane species for a free gas phase and adsorbed phase methane on sites 1
and 2.
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associated with adsorbed methane and a free-methane peak. The first
two peaks (which are not observed in the spectra of bulk vapor methane
or the pure ZIF-7 adsorbent under vacuum, see supporting information
Figure S1) exhibit different changes in peak area as the gas pressure is
varied, as illustrated in Fig. 6. This observation leads us to propose that
the two peaks correspond to two different classes of adsorption sites for
methane on ZIF-7. This behavior with methane could be aligned with
structural flexibility of ZIF-7 due to adsorbate migration between two
types of six-membered ring pores, demonstrated by Zhao et al.[83].

Arami-Niya et al. [49] previously identified a pressure-induced
structural transition of ZIF-7 by measuring the adsorption (phys-
isorption) capacity of methane between 1 MPa and 1.5 MPa using the
gravimetric technique. The measurement conditions were replicated
here, with Raman spectra acquired as a function of pressure, as pre-
sented in Fig. 6. The responses of the two proposed adsorption sites are
obtained by deconvolution of the combined peaks. The adsorption ca-
pacity of methane in the first class of ZIF-7 adsorption site (site (1) in
Fig. 6) exhibits an evident change at the transition pressure, increasing
from a capacity near zero to a relatively stable capacity at higher pres-
sures. In contrast, the adsorption capacity of methane in the second class
of ZIF-7 adsorption site (site (2) in Fig. 6) appears to exhibit an
increasing adsorption capacity from low to high pressure in addition to
the sharp increase at the transition pressure, indicating that site (2) is
dominating in the large-pores. As shown in Fig. 6(c), a peak center
location of the adsorbed gas molecules on site (1) was relatively stable
over the pressure range, whereas the gradual blueshift up to the transi-
tion pressure was observed for the adsorbed molecules on site (2). This
might indicate that the structural transformation was more closely
linked to site (2), featuring larger energy of the adsorbed species than
those on site (1).

The total adsorbed methane signal (sum of sites 1 and 2) is qualita-
tively compared to the capacity of methane on ZIF-7 reported by Arami-
Niya et al.[49], presented in Fig. 7. The adsorbed-gas profile data ob-
tained using Raman spectroscopy are in excellent qualitative agreement
with the gravimetric measurement, with consistent critical pressure and
relative change in the respective adsorption capacity signals.

Additionally, measurements with the Raman technique can provide
insights into changes occurring in the adsorbent material. Fig. 8 presents
Raman spectra measured for the ZIF-7 material over the wavenumber
range 600-1400 cm™), revealing how several vibrational modes vary
with pressure from vacuum to 4.1 MPa as methane adsorption occurs
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Fig. 7. A comparison of methane adsorption profiles measured by a gravimetric
method[49] (adsorption capacity, black) and the Raman spectroscopic char-
acterization (Raman peak area associated with adsorbed methane signals, red).
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Fig. 8. Raman spectra of ZIF-7 at varying pressures of methane, indicating a
structural transition occurred between (0.8 and 1.1) MPa. Each shaded band is

assigned to a vibrational mode of a molecular bond; peak assignment in sup-
porting information of ref.[85]. Each spectrum is offset vertically for clarity.

(select pressures are presented for clarity). The data and adsorption
isotherm model for methane on ZIF-7 reported by Yang et al.[84] allow
the transition pressure at 303 K to be calculated as p, = (1.04 £+ 0.01)
MPa. The peak shapes of the five torsional, bending, and stretching
modes for the imidazole (Im) and benzene (Bz) groups in the ZIF-7
material all change qualitatively as the methane pressure passes
through this transition pressure. This observation is consistent with a
structural phase change occurring in the adsorbent ZIF-7 once a certain
level of methane adsorption occurs.
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Fig. 9 presents a more in-depth analysis of the torsion and in-plane
bending modes of the benzene and imidazole ring, before and after
the structural transformation. Furthermore, Fig. 10 shows the detailed
analysis of a stretching mode of benzene and imidazole rings and an in-
plane bending mode of (N / C-H) bond for imidazole rings. Deconvo-
lution of the relevant peaks at each pressure was performed to investi-
gate changes in peak parameters (peak center and full width half
maximum (FWHM)). The most prominent change was an increase in the
Raman shift of the peak location. The blueshift may be attributed to
strain in the molecular system,[86] related to a compressed unit cell
structure. This is consistent with the observation of Neimark et al.,[70]
which reported adsorption-driven structural transition of MIL-53 ad-
sorbents by mechanical pressure of carbon dioxide. Regarding the peak
width, both narrowing and broadening were identified, which are
associated with ordering and disordering,[87-89] respectively. Hence,
the spectral analysis describes that shortened (possibly restricted)
behavior of the vibrational modes and a locally changed ordering dis-
tribution are correlated with a particular enhancement of methane
adsorption. Rahman et al.[90] identified the ZIF-7 structural phase
transition is entropically-driven with the non-porous (low pressure)
state being less ordered than large-pore (high-pressure) state. The in-
sights provided here through Raman measurements of changes in the
adsorbent’s torsional and bending modes as the transition occurs could
help clarify the nature of this entropically-driven transition and the
mechanisms by which it is triggered.

4. Conclusions

This work demonstrates a novel application of a quantitative Raman
analysis for in-situ gas adsorption studies and characterization of func-
tional adsorbent materials. A commercial silica gel was used to adsorb
carbon dioxide, and the adsorption capacity was directly quantified at a
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Fig. 9. Vibrational mode analysis of ZIF-7 in methane system across the gate opening (breathing) transition for panel a: torsion of imidazole ring (Im), panel b: in-
plane bending through benzene and imidazole ring, and panel c: in-plane bending within benzene ring (Bz); each sub-panel presents for 1: acquired Raman spectrum,
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Fig. 10. Vibrational mode analysis of ZIF-7 in methane across the gate opening (breathing) transition. (a) Acquired spectra of the in-plane bending mode of the (N/C-
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analysis (c-d) indicating the change in response across the transition pressure of 1.04 MPa.[84].

microscopic level using Raman spectroscopy, with a robust calibration
method based on independently determined corrections necessary to
accurately quantify the amount of adsorption occurring in a porous
medium. It has also been shown that Raman spectroscopy can be used to
probe the operation of functional absorbents at a microscopic level.
Direct measurements of methane adsorption on ZIF-7 reveal correlations
between the Raman spectral features for the adsorbate and adsorbent;
significantly, the Raman technique allowed identification of two
adsorption sites for the methane molecules on the ZIF-7 that varied in
their uptake with pressure. Furthermore, qualitative changes in the
torsional and bending modes of the imidazole- and benzene-ring groups
in the adsorbent were apparent as the ZIF-7 underwent its structural
phase transition at 1.04 MPa, with the blueshifts in these modes indi-
cating that the increase in compressive strain is associated with the
increased sorption capacity. In both studies, the data obtained were
validated by comparison with conventional sorption analyzers, with
excellent agreement over the measured pressure range for both carbon
dioxide on silica gel and methane on ZIF-7. Overall, these results
demonstrate that the Raman methods developed in this work provide a
multifunctional approach for investigating and quantifying adsorption.
Due to the flexibility and sensitivity of Raman spectroscopy, these
methods can be applied to a wide range of adsorbent-adsorbate systems
beyond the two systems presented in this work. Importantly, given the
ability of Raman spectroscopy to uniquely resolve a range of molecular
species, spatially and temporally, this technique has the potential to
quantify adsorption selectivity and provide fundamental insights into
the process of competitive adsorption. For functional adsorbents, a
comprehensive study of the relationship between their Raman spectral
features and material transitions will be necessary to understand the
enhancement of adsorption capacity and thus design optimized

functional materials.
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