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a b s t r a c t

A high-pressure magic angle spinning (MAS) NMR capability, consisting of a reusable high-pressure MAS
rotor, a high-pressure rotor loading/reaction chamber for in situ sealing and re-opening of the high-pres-
sure MAS rotor, and a MAS probe with a localized RF coil for background signal suppression, is reported.
The unusual technical challenges associated with development of a reusable high-pressure MAS rotor are
addressed in part by modifying standard ceramics for the rotor sleeve by abrading the internal surface at
both ends of the cylinder. In this way, not only is the advantage of ceramic cylinders for withstanding
very high-pressure utilized, but also plastic bushings can be glued tightly in place so that other removable
plastic sealing mechanisms/components and O-rings can be mounted to create the desired high-pressure
seal. Using this strategy, sealed internal pressures exceeding 150 bars have been achieved and sustained
under ambient external pressure with minimal loss of pressure for 72 h. As an application example, in situ
13C MAS NMR studies of mineral carbonation reaction intermediates and final products of forsterite
(Mg2SiO4) reacted with supercritical CO2 and H2O at 150 bar and 50 �C are reported, with relevance to
geological sequestration of carbon dioxide.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Nuclear Magnetic Resonance (NMR) [1,2] is a powerful tool for
obtaining detailed molecular structure and dynamics information
of a system regardless of whether the system is in a solid, a liquid,
a gaseous, or a supercritical state. A large number of NMR methods
have been developed for addressing numerous chemical, physical
and biological problems across scientific disciplines. Among them,
the technique of magic angle spinning (MAS) [3,4] is one of the
most widespread NMR methods and is the only technique that al-
lows a high resolution NMR spectrum acquired on solids, semi-sol-
ids, or a heterogeneous system containing a mixture of solid, semi-
solid, liquid and gaseous phases.

Despite its wide spread application, MAS under the condition of
high-pressure, i.e., with pressure exceeding 70 bars, has not yet
been reported although high pressure static NMR approaching kbar
has been reported previously [5]. Technical challenges associated
with high-pressure MAS are self-evident in the papers describing
success at lower pressures. Sample cells cannot be made of any
metals due to the strong eddy currents associated with a spinning
metal in a strong magnetic field. This leaves only non-metals such
ll rights reserved.
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as glasses, ceramics, and plastics as suitable materials for sample
cells. Early efforts for developing high-pressure MAS NMR were fo-
cused on investigating the segmental motion of polymers that have
been plasticized by dense gases [6–8]. The high-pressure cells in
these studies used Pyrex glass tubes with an inner diameter (ID)
of 3.4 mm and outer diameter (OD) of 5.85 mm. Gases were cryo-
genically transferred into the sample cell using standard volumet-
ric absorption methods and then either flame sealed or epoxy
sealed. The cell was then inserted into a 7.5 mm MAS spinner
and balanced with KBr powder. Pressures of 40–70 bars were ob-
tained in this manner using Xe and CO2. The shortcomings of this
method are that (i) reaction under a constant pressure becomes
impossible, (ii) it is very difficult to exceed 70 bars of pressure
due to the use of thin glass tubes, and (iii) it is impossible to re-
open the cell to recharge and continue the reaction.

Later, a design based on the polymer Delrin™ having an internal
high-pressure seal was reported by Yonker and Linehan [9], where
the Delrin™ cell was a 3.3 mm ID by 11 mm OD cylinder that was
inserted into a 13 mm ceramic MAS spinner after pressurization.
Using this cell, a 94.2 MHz 19F MAS spectrum of CH3F at an initial
pressure of 70 bars was acquired. But significant penetration of the
CH3F molecules into the Delrin™ materials, with a concomitant
pressure reduction, was observed over time [9]. A similar penetra-
tion problem has been recently reported by Deuchande et al. [10],
using CO2 or N2O in high-pressure MAS inserts made from the
polymer PEEK. In the experiment of Deuchande et al. [10] the pres-
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sure was limited to 40 bars because a fast sample spinning rate of
several kHz or more required the use of sample rotor with a small
diameter, where it was very difficult to construct the sealing mech-
anism at high-pressure using the reported design. In addition to
the problem of reaching high-pressure and the problem of penetra-
tion, another problem associated with the inserts made by poly-
mers such as Delrin™ or PEEK is the strong unwanted carbon
and/or proton background signal that may mask the signals associ-
ated with the investigation of a variety of systems containing car-
bon, or protons, or both.

To overcome most, if not all, of the problems associated with
the prior designs and to extend the pressure well beyond 70 bars,
in this work we use commercial ceramics as the sample rotor cyl-
inder, and use plastics glued at both ends of the cylinder for a high-
pressure seal that sets a new milestone. A localized RF coil design
in a MAS NMR probe is used to minimize 13C and 1H background
signals. A high-pressure loading chamber is also designed that is
capable of sealing in situ, and re-opening of the valve on the HP-
MAS-R enabling sample access at pressure for continued reaction
and reanalysis. Using these combined strategies, pressure exceed-
ing 150 bars is achieved with minimal penetration loss or leak dur-
ing a period of 72 h. We demonstrate the success of this high-
pressure MAS capability with in situ spectra of reaction intermedi-
ates and products associated with geochemical studies of deep
geological carbon sequestration using the model mineral forsterite
(Mg2SiO4) reacted with supercritical CO2 and H2O at 50 �C and
pressure up to 165 bars.

2. Instrumentation

The high-pressure MAS capability consists of three key parts;
the high-pressure MAS rotor, the high-pressure rotor loading and
reaction chamber, and the MAS probe with localized RF coil [11].
These parts are separately described below.

2.1. The high-pressure MAS rotor

Fig. 1a shows the assembled high-pressure MAS rotor (HP-MAS-
R). Fig. 1b highlights the essential components of the HP-MAS-R
and the internal matching/fit of the various components. Since
the rotor sleeve (OD of 9.5 mm, ID of 8 mm and length of
40 mm), ‘‘1’’, and the drive tip, ‘‘2’’, are commercially available,
the outside appearance of the high-pressure rotor resembles that
Fig. 1. The high-pressure MAS rotor. (a) The assembled HP-MAS-R; (b) the internal
match/fit of the various components; (c) the high-pressure sealing valve.
of a traditional MAS rotor with easy set-up of sample spinning
and easy replacement of the rotor sleeve and the drive tip when
needed. For our initial experiments, zirconia based ceramic is used
for the rotor sleeve and Kel-F is used for the drive tip. Since no plas-
tic inserts are used within the sample cell space, ‘‘3’’, the 13C and 1H
background signals are significantly suppressed, which is a signif-
icant advantage over prior approaches [9,10]. Another distinct
advantage of the present design is the large sample volume, also
due to the elimination of the plastic inserts, within the sample cell.
For example, using a 9.5 mm rotor, we have achieved an active
sample volume of 350 lL, while still maintaining a sample spin-
ning rate of 3.5 kHz and a CO2 pressure exceeding 150 bars. Since
sample spinning introduces a centrifugal force to the rotor sleeve
that factors into the overall stress to the rotor when pressurized,
the failure or breakdown pressure of the rotor is therefore deter-
mined by both the internal fluid pressure and the sample spinning
rate.

The centrifugal force of a point mass, FC, due to spinning is
determined by Fc ¼ m �x2r ¼ 4p2 �m � f 2 � r, where m is the mass
in units of kg, f is the rotation frequency in Hz, and r in units of me-
ters is the distance between the rotating mass and the center of
rotation. Since pressure P ¼ Fc

A ; where A is the surface area, the cen-
trifugal force can be converted into equivalent pressure. For a thin
rotor sleeve with outer radius of R2, and internal radius of R1,

P ¼ Fc

A
� mx2R2

A
¼

pR2
2 � pR2

1

� �
� Dh

2p � L � q �x2 � R2

Dh � R1 � Ł

¼ ðR2 þ R1Þ � ðR2 � R1Þ � q �x2 � R2

2 � R1
ð1Þ

where q is the density of the rotor sleeve, L is the length of the cyl-
inder, Dh is the angle in radian spanned by the small mass. Eq. (1)
denotes the maximum pressure since R1 6 R2 and A P Dh � R1 � L.
For zirconia, q ¼ 6:52 g

cm3.
The maximum pressure of our HP-MAS-R design is not limited

by the zirconia cylinder. We found by pressure failure tests that
a standard rotor cylinder based on zirconia ceramic with an OD
of 9.5 mm and an ID of 8 mm is capable of withstanding pressures
up to 486 bars without breaking. The equivalent pressure due to
centrifugal force at a sample spinning rate of, ‘‘f’’, calculated using
Eq. (1) and is found to be

PC ¼
ðR2 þ R1Þ � ðR2 � R1Þ � q �x2 � R2

2 � R1

¼ 0:025405
g

mm
� 4p2f 2 ¼ 1:002952

g
mm

f 2

¼ 1:002952
kg
m

f 2 ¼ 1:002952
100000

f 2bar ð2Þ

where f is in unit of Hz. Hence, at sample spinning rates of 2, 3.5,
and 7 kHz, the equivalent pressure due to spinning would be 39.7,
121.6 and 486.6 bars, respectively. If we assume a rotor sleeve break
pressure of around 486 bars and a sample spinning rate of 3.5 kHz,
the zirconia ceramic rotor itself should be able to withstand about
360 bars of internal pressure. Thus, standard zirconia ceramics are
ideal for this application and are not the limiting factor for achiev-
ing high-pressure.

A bigger technical challenge is the high pressure seal. In our de-
sign, two plastic bushings labeled as ‘‘4’’ and ‘‘5’’ are used at both
ends of the rotor sleeve. The interior surface immediately outside
the sample cell space ‘‘3’’ of the zirconia sleeve (‘‘1’’ in Fig. 1a
and b, respectively) was roughened up and an epoxy coating was
applied [12] in order to tightly glue the bushings ‘‘4’’ and ‘‘5’’ to
the interior surface of the zirconia sleeve. Removable plastic end
parts (valve-adaptor ‘‘6’’ and end plug ‘‘7’’) were then mounted
to the two bushings via screw type of mounting. To tightly seal
the cell volume, O-rings are used in between the zirconia sleeve
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and removable plastic components as illustrated in Fig. 1b. Since
the end plug and the valve adaptor are not glued to the assembly,
this design facilitates sample filling (re-filling), sample cell clean-
ing for reuse, and easy replacement of the O-rings, the end plug,
and the valve adaptor when needed. The seal between the valve
‘‘8’’ and the valve-adaptor is realized via the tight contact between
the perimeter at one end of the circular surface of the valve and the
conical surface of the valve-adaptor as illustrated in Fig. 1b. This
type of single point, or very narrow contact surface seal, is widely
used in high-pressure fittings. The difference between our design
and the standard high-pressure fitting design is the introduction
of a needle hole that is drilled off the symmetric axis of the valve
as indicated in Fig. 1c. This hole allows high-pressure fluids to pass
into the sample cell before the seal is created. Using this design the
seal can be created by turning the valve by less than half a turn.
Therefore, the volume change of the fluids inside the sample cell
before and after the seal is minimal. Consequently, the pressure in-
side the cell after sealing is essentially the same as the loading
pressure, which is very important for accurately setting up exper-
imental conditions before the sample is moved to an NMR probe.

2.2. The high-pressure rotor loading/reaction chamber

The high-pressure rotor loading chamber (HP-RLRC) shown in
Fig. 2 is developed for both loading and sealing the high-pressure
fluids inside the HP-MAS-R, as well as for re-opening the valve of
the HP-MAS-R under pressure for sample access and continued
reaction. The main body of the HP-RLRC is constructed from two
stainless steel blocks, i.e., the top block in gray color and the bot-
tom block in green, that are held together by eight bolts, each of
7.8 mm diameter and 120 mm long. Between the two blocks two
O-rings with sizes 65 � 2.5 mm OD � CS and 50 � 2.5 mm OD � CS
are used to make the high-pressure seal. The rotation mechanism
for sealing the high-pressure rotor is mounted at the top block
while the mechanism for tightly holding the rotor is built at the
bottom of the block as highlighted in Fig. 2b and c. After all the
components, including the HP-MAS-R, are mounted in place, the
net volume for the high-pressure fluids in the loading/reaction
chamber is about 9 cm3. Two horizontal observation windows
made of transparent materials such as polycarbonate, quartz or
sapphire, are built in the upper block as shown in Fig. 2a and b
to facilitate viewing the engagement of the rotating mechanism
with the valve of the high-pressure rotor during sealing, or re-
opening of the HP-MAS-R. Each of the two windows is held in place
by a stainless steel plate with eight bolts. Again O-rings are used
for high-pressure seals. Additionally, five input ports with control
valves are built in to the upper block, including two fluid inputs
and one for releasing pressure after sample loading and/or reac-
tion. A pressure gauge mounted to one port for accurately report-
ing the pressure inside the chamber, and a thermocouple for
Fig. 2. The high-pressure rotor loading/reaction chamber. (a) External view of the device
(top plate of the chamber); and the mechanism for tightly holding the rotor (bottom p
opening the valve inside the high-pressure MAS rotor.
accurately recording the fluid temperature at the inner top of the
loading/reaction chamber are mounted via two input ports.

The details of the rotation seal mechanism and the mechanism
for holding the HP-MAS-R are illustrated in Fig. 2b and c, respec-
tively. The rotation seal mechanism consists of a rotating shaft,
stainless steel high-pressure thrust bearing, and two O-rings. A
hexagonal hole that matches the hexagonal shape of the valve head
(see Fig. 2c) is made at one end of the rotating shaft to allow for
engagement of the rotor valve head. The thrust bearing is used to
facilitate rotation under high-pressure. The two O-rings, a
60 � 2.5 mm OD � CS and a 40 � 2.5 mm OD � CS, are used to seal
the rotation mechanism under high-pressure using a combination
of a stainless steel plate and 10 stainless steel screws. The high-
pressure rotor is secured in place via an O-ring and a screw cap
with the center open to the rotor as indicated in Fig. 2c. After the
screw cap is tightened, the O-ring is squeezed tightly against the
rotor surface. We found that the friction is adequate to hold the ro-
tor in place during rotation of the shaft. Although the shaft can only
undergo rotational motion with no net vertical movement, the
valve is driven down to create the required seal by sliding it down
vertically inside the matching hole in the rotation shaft as illus-
trated in Fig. 2c. Two thermocouples are placed close to the sample
for accurate measurement of the temperature inside the chamber.

The high-pressure chamber is connected to a primary program-
mable high-pressure ISCO DM 100 syringe pump [13] that is rated
to 500 bars, and a secondary, manually operated HIP piston screw
generator [14] with volume of 10 cm3 that can pressurize up to
4136 bar. A fluid-manifold bench was designed so that mixed gases
and/or liquids (depending on pressure and temperature desired)
can be loaded into the chamber. The chamber temperature is con-
trolled using a conventional hotplate, Cimarec [15], capable of
attaining temperatures of 400 �C. In the future, an oven will be
used to replace the heating pad for more uniform heating of the en-
tire HP-RLRC.

The following steps are used to load the sample inside the rotor
and to seal the high-pressure fluids. (a) Without the valve-adaptor
and the valve in Fig. 1, the sample cell is cleaned and then the sam-
ple is loaded in the usual way. (b) After loading the sample, the in-
ner thread of bushing ‘‘5’’ is cleaned of sample powder, followed by
mounting the valve-adaptor, and the O-ring. The valve is mounted
carefully but not sealed. (c) The rotor assembly is moved into the
bottom block of the chamber and tightly mounted (see Fig. 2c).
(d) The rotation shaft is aligned with and engages the valve in
the HP-MAS-R. (e) High-pressure fluids of desired pressure are
introduced into the chamber using the syringe pump assembly dis-
cussed above. The needle hole inside the valve of the MAS rotor al-
lows pressure outside and inside the sample cell to equalize within
seconds to minutes. After pressure equilibrium is reached, a clock-
wise turn of the rotation shaft will seal the high-pressure fluid in-
side the HP-MAS-R. Likewise, an anti-clockwise rotation will open
; (b) dissection view of the rotation mechanism for sealing the high-pressure rotor
late of the chamber); (c) a highlight of the mechanism used for in situ closing and
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the valve and expose the sample cell through the needle hole in the
valve to the fluids inside the high-pressure chamber. Opening and
closing the valve is most conveniently performed (i.e., with least
external force or torque) if the pressure both inside and outside
the HP-MAS-R are about the same.

2.3. The large-sample-volume MAS NMR probe

Our large sample volume MAS probe (9.5 mm) with tempera-
ture control is of a traditional pencil-type design and was built to
operate at a magnetic field of 7.05 T, corresponding to a 1H Larmor
frequency of 300 MHz. Since our HP-MAS-R contains plastics at
both ends of the sample cell, an RF coil with localized B1 field such
as a saddle-RF coil [16,17] should be employed for minimal 13C and
1H background signals. This is realized initially using a four turn
saddle-RF coil (Fig. 3). Using the saddle-RF coil design, a 5.5 ls
13C 90 degree pulse width was obtained using an input power of
about 500 W.
3. Performance analysis

3.1. Break pressure of the plastic materials in the high-pressure rotor

Three different materials, i.e., polyether ether ketone (PEEK),
high-performance polyimide-based plastics (VESPEL), and polyam-
ide-imides (TORLON), were chosen for constructing the bushing,
valve-adapter, valve and the end plug. These plastics were chosen
because they are known high performance plastics that are widely
used in a variety of high-pressure applications. The valve-adaptor,
‘‘6’’ in Fig. 1, is mounted and tested by replacing the valve, ‘‘8’’, with
a standard high-pressure stainless steel fitting having the same
geometry as that of the valve. Our tests indicate that the valve-
adaptor is the weakest component of the HP-MAS-R. The break
point or section in the valve-adaptor is always close to the high-
pressure seal contact point due to the extra stress from the valve.
Therefore, it is only necessary to test the break pressure of the
valve-adaptor. Using helium gas, the average breaking pressures
of the valve-adaptors made of various materials were identified
(multiple runs) as 393 bar for PEEK, 344 bar for TORLON, and
241 bar for VESPEL, respectively. Based on this result, VESPEL is
eliminated as a potential candidate for the valve due to its lowest
break pressure. Although the break pressure of PEEK is higher than
Fig. 3. RF coil with localized B1 field. The 4 turn saddle-RF coil currently used in the
large-sample volume MAS probe.
that of TORLON, severe CO2 penetration has been reported previ-
ously for PEEK [10]. For the present application involving supercrit-
ical CO2, TORLON was chosen as the material for the end plug, the
valve-adaptor and the valve of the high-pressure rotor. PEEK was
chosen for bushings based on its higher strength, where CO2 pen-
etration is less of a problem due to the position of the O-ring seal
and TORLON valve adapter in our design.

3.2. Bench test of safety and sample spinning rate

After the rotor is sealed using the high-pressure loading chamber,
the rotor is bench tested for sample spinning and safety before load-
ing into an NMR probe. For the test a simple MAS housing without RF
coil is placed inside a Tenney Environmental oven with temperature
controlled at the same temperature as that of the high-pressure
loading/reaction chamber. Cables for MAS bearing and drive gases
as well as spinning speed detector and thermocouple are all guided
through the oven side wall via an open hole (purposely drilled) so
that the temperature of the MAS rotor can be set accurately.

3.3. High-pressure rotor transfer

For safe transfer of the pressurized MAS rotor/sample from the
loading chamber to the NMR laboratory, the rotor is placed inside a
screw capped stainless steel safety cell. The safety cell, in a cylin-
drical shape with 8 mm thick wall and 16 mm thick bottom and
top caps, keeps the loaded rotor at approximately the same tem-
perature as that of the chamber during loading.
4. Results and discussion

As an example of its many possible applications, the high-pres-
sure MAS capability is here applied to understanding fundamental
mineral carbonation reaction mechanisms associated with geolog-
ical carbon sequestration (GCS), where CO2 is injected and stored
in geologic formations [18–21] at depths where lithostatic pres-
sure maintains the CO2 in a supercritical fluid state (scCO2). The
pressure, temperature and the density at the critical point of CO2

are 73.825 bar, 31.06 �C and 0.466 g/cm3, respectively [22]. If em-
ployed at large-scales, GCS represents one of the most promising
options for mitigating the impacts of greenhouse gases on global
warming owing to the potentially large capacity of prospective
geologic formations and their broad regional availability [18–21].
A critical issue is to demonstrate that CO2 will remain stored over
the long-term in the host rock where it is injected. In this regard,
mineral-fluid interactions are of prime importance because such
reactions can result in the long term sequestration of CO2 by trap-
ping in mineral phases as metal carbonates [23–26]. However, cur-
rently little is known about the mechanisms of metal carbonation
associated with GCS in scCO2 and mixed CO2–H2O fluids, and their
study presents unique challenges due to the highly corrosive nat-
ure of scCO2 containing H2O. To help address this problem, in situ
analytical tools are needed that are able to provide molecular level
information on reaction rates. The high-pressure MAS capability
developed in this work is ideally suited for these kinds of investi-
gations. In the following, results obtained from select studies are
reported to demonstrate the functionality and performance of
our high-pressure MAS capability.

Forsterite, i.e., Mg2SiO4, is used as the reactant mineral. As-re-
ceived Mg2SiO4 from Alfa Aesar was oven dried at 200 �C for 12 h
before it was loaded into the HP-MAS-R. For the investigation, re-
search grade 99% 13C labeled CO2 gas (Cambridge Isotope Laborato-
ries) was mixed with high purity natural abundance CO2 at a ratio
of 1:6, corresponding to a net isotope enrichment of 14.3%. All the
13C NMR measurements were performed on a Agilent-Varian
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300 MHz VNMRS spectrometer at 75.44 MHz Larmor frequency
using a single pulse (SP) sequence.

Fig. 4a shows a 13C SP-MAS spectrum of natural abundance
scCO2 at a pressure of 130 bars and a temperature of 50 �C using
a sample spinning rate of 1.7 kHz. This spectrum was acquired
without 1H high power decoupling using a total of 1600 scans with
a recycle delay time of 1 s. Exponential apodization in the time do-
main equivalent to a line broadening of 40 Hz was applied prior to
Fourier transformation so that the background signal can be clearly
shown. Without line broadening the linewidth of the CO2 peak lo-
cated at about 126.0 ppm is about 15.6 Hz. The background peak
arising from the Viton� O-rings [27] is centered at about �2 ppm
and is of very low intensity as indicated by the 32 fold vertically
expanded inset spectrum between �50 and 50 ppm. With 1H high
power decoupling applied, background signals from the bushings,
the plugs, the valve and the valve adaptors can be observed and
are depicted in Fig. 4b. Note that for acquiring Fig. 4b, no CO2 is
loaded in the rotor. Even with 7200 scans and a recycle delay time
of 2 s, the background signal is quite weak. These results demon-
strate that sufficient B1 localization has already been achieved by
a combination of the elimination of plastic inserts within the sam-
ple cell and the saddle RF coil in the 9.5 mm MAS probe.

Leakage test results of the HP-MAS-R at 50 �C (323 K) with an
initial scCO2 pressure of 150 bars are summarized in Fig. 5.
Fig. 5a shows the integrated 13C peak intensity of scCO2 (with peak
maximum at 126.0 ppm) as a function of the holding time at a
sample spinning rate of 1.64 kHz. The decay of the signal is approx-
imately linear with time. About 81% of the peak intensity remains
even at a holding time of 72 h. To determine whether the CO2 is at
supercritical conditions over the course of the experiment, the
density of the CO2 needs to be determined first. It is known that
for a pressure of 150.0 bar, the CO2 density is 0.727 g/cm3 at
320.0 K and 0.636 g/cm3 at 330.0 K, respectively [22]. Using linear
extrapolation, the CO2 density at 150.0 bar and 323.0 K was deter-
mined to be 0.70 g/cm3. Since the integrated spectral intensity of
the CO2 peak is directly proportional to the CO2 density inside
the fixed volume sample cell of the high-pressure rotor, the ex-
pected density of CO2 as a function of holding time at 323.0 K
can be obtained by multiplying the percentage of the CO2 peak
intensity remaining and the assumed initial CO2 density of
Fig. 4. Background test, illustrating the low 13C background achieved. 13C SP-MAS
spectrum of natural abundance scCO2 at a pressure of 130 bars, a temperature of
50 �C, and a sample spinning rate of 1.7 kHz. A pulse width of 4 ls, corresponding to
a �65� pulse angle was used A Lorentz line broadening of 40 Hz was used before
Fourier transformation. (a) Without 1H high power decoupling; (b) with 1H high
power decoupling (�50 kHz) applied. The number of accumulations and the recycle
delays used were 1600 and 1 s for (a), 7200 and 2 s for (b), respectively.
0.70 g/cm3. The results are plotted in Fig. 5b. To validate the den-
sity data in Fig. 5b, a separate experiment was carried out by seal-
ing HP–MAS-R in situ at the same conditions of 150 bar scCO2 and
50 �C. The sample volume of the HP-MAS-R used was determined
as 0.28 ± 0.01 cm3 using the standard method of filling H2O inside
the sample cell. Immediately after moving the sealed HP-MAS-R
out of the high-pressure loading chamber, the weight of the CO2 in-
side the MAS rotor was obtained as 0.189 g. This corresponds to an
initial CO2 density of approximately 0.68 g/cm3, which is within
the experimental error range to the expected CO2 density of
0.70 g/cm3 at 150 bar and 50 �C. The sealed HP-MAS-R was then
spun at 1.64 kHz inside a 50 �C oven and periodically taken out
to record the weight of the rotor assembly, i.e., determining the
density of the CO2 inside the rotor. Density data obtained during
a time period of 27 h are included in Fig. 5b for comparison with
the expected values obtained from the in situ 13C MAS NMR mea-
surements. The data obtained from periodically weighing the sam-
ple rotor closely match the data from the in situ 13C MAS
experiment, confirming the density data obtained from the NMR
measurement. Using the data from Ref. [22], the CO2 density at
supercritical conditions, i.e., 73.8 bar and 323.0 K, is 0.190 g/cm3.
It is known from Fig. 5b that the CO2 density at a holding time of
72 h at 323.0 K is 0.565 g/cm3. Because the CO2 density is
0.407 g/cm3 at 100.0 bar and at 323.0 K, and 0.700 g/cm3 at
150 bar and at 323.0 K, respectively, a CO2 density of 0.565 g/cm3

at 323.0 K corresponds to a CO2 pressure of approximately
126.9 bar [22]. Therefore, the results in Fig. 5b clearly indicate that
scCO2 conditions inside the HP-MAS-R are maintained over the
course of the measurement.

Fig. 6 summarizes in situ 13C SP-MAS NMR studies on Mg2SiO4

reacted with scCO2 and H2O. The reaction conditions were as fol-
lows. Using a needle syringe, approximately 0.1 g of H2O was in-
jected into the center of the sample cell inside the HP-MAS-R
that was pre-loaded with 0.27 g of dry Mg2SiO4 powder. The rotor
valve was then closed and mounted inside the high-pressure load-
ing chamber, followed by pressurizing the loading chamber to
150 bar with 14.3% 13C enriched CO2, and by raising the tempera-
ture to 50 �C. Shortly after the reaction conditions (both targeted
pressure and temperature) were stabilized, the rotor valve was
opened to allow chamber scCO2 to fill the sample cell containing
the mineral and water, and the reaction was carried out for 50 h.
To ensure that the H2O inside the HP-MAS-R remains inside the
sample cell and in contact with the forsterite powder to form a li-
quid H2O film on the forsterite surface during CO2 pressurization
and during the reaction (as opposed to being desiccated out of
the rotor by the chamber CO2), an additional 1 mL of excess bulk
water (not in direct contact with minerals) was pre-added into
the bottom of the high-pressure loading chamber. Because the
CO2 is buoyant relative to the water, the water remains in the bot-
tom of the chamber to act as the main H2O source for saturating
the scCO2 before the rotor valve was opened.

It is known that for a given fluid/mineral ratio there is a H2O
film thickness threshold, about 18 nm, above which a significant
portion of the H2O serves in a catalytic role where more extensive
carbonation reaction occurs [28]. Using BET, the initial surface area
of the forsterite powder was determined to be 1.00 m2/g. To sim-
plify the discussion, if we assume that the 0.10 g H2O in contact
with the 0.27 g forsterite powder forms a homogeneous H2O film
on the mineral surface, the corresponding initial H2O thickness
would be about 370 nm. A H2O film of 370 nm is well above the
H2O film threshold, a condition suitable for demonstrating the
high-pressure MAS capability where H2O serves as a catalyst and
the reaction would last for a long period of time. It is also likely
that in this experiment, excess water beyond saturation of the
scCO2 trapped in the rotor condensed to form a relatively minor li-
quid water phase in the rotor in contact with the forsterite.



Fig. 5. Leakage test of the HP-MAS-R at an initial pressure of 150 bars and at 50 �C. (a) The integrated peak intensity of the 13C SP-MAS spectrum of CO2 as a function of
holding time. The spectrum corresponding to each data point was acquired using a recycle delay time of 20 s and an accumulation number of 200. Thus each point is the result
of about 1 h data average. Other experimental conditions were similar to those in Fig. 4b; (b) ‘‘�’’ The estimated CO2 density in the sample cell of the HP-MAS-R as a function of
holding time obtained from the in situ 13C MAS NMR measurements, ‘‘�’’ The CO2 density estimated by periodically weighing the HP-MAS-R (see text for details).

Fig. 6. In situ 13C SP-MAS NMR spectra acquired at a sample spinning rate of 2.1 kHz
on 0.27 g Mg2SiO4 + 0.1 g of H2O + 150 bar 14.3% 13C enriched CO2 + 1 g of extra H2O
separated from the forsterite powder at 50 �C for 67.3 h (including 17.3 h
acquisition time) (a), 153.8 h (including 25 h second acquisition time period) (c)
and 237.3 h (including 22 h third acquisition time period) (d), respectively. (b)
Static spectrum acquired immediately after (a). (e) MAS spectrum after (d) and after
the scCO2 was released. Spinning side bands (SSB) are labeled by ‘‘�’’. The
accumulation numbers were 20386 (a), 140 (b), 30,134 (c), 26,759 (d), 165,000
(e), respectively. All other experimental conditions were similar to those in Fig. 5a.
The integrated peak area for the MgCO3 normalized to per unit number of
accumulation increase by 6.4 fold from (c) to (d).
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At the end of the desired reaction time, the MAS rotor was sealed
by closing the valve while inside the high-pressure loading chamber
and the pressure of the loading chamber was then released. The
sealed HP-MAS-R was transported using the 50 �C preheated-sam-
ple safety cell to the MAS probe that was also preheated to 50 �C
for measurements. The corresponding in situ 13C MAS NMR spectra,
acquired at a spinning rate of 2.1 kHz, shows only two isotropic
peaks located at 126.0 ppm and 161.5 ppm, respectively (Fig. 6a).
Like the scCO2 peak at 126.0 ppm, the peak at 161.5 ppm is charac-
terized by a narrow linewidth of 13.3 Hz, and the associated sample
spinning sidebands are of very low intensity, indicating highly mo-
bile species. The high mobility of the species for the 161.5 ppm peak
is further confirmed by the similar static linewidth of the 161.5 ppm
peak compared to that of the 126.0 ppm scCO2 peak (Fig. 6b). Fig. 6b
also highlights the importance of magic angle sample spinning for
resolution enhancement as the peaks are significantly broadened
in the static spectrum due to the magnetic susceptibility gradients
in this heterogeneous mixing system even for these highly mobile
species. It is known [29] that the chemical shift values of HCO�3
and H2CO3 are 161.2 ppm and 162.9 ppm, respectively. With confi-
dence the 161.5 ppm peak is assigned to HCO�3 .

Although there was a considerable amount of scCO2 inside the
HP-MAS-R, most of the sample cell (more than 50%) is filled with for-
sterite powder. Therefore, the in situ HP-MAS-R is perhaps better
viewed in this case as an in situ sampling device rather than an
in situ reactor.

To continue the reaction (after the initial 50 h of reaction and
17.3 h acquisition time), the HP-MAS-R was returned to the HP-
RLRC (pre-heated at 50 �C), followed by re-equilibrating the cham-
ber to 150 bars. The time for the re-equilibrium took about 1.5 h.
The rotor valve was then re-opened and the reaction was thereby
allowed to continue, in this case for an additional 60 h, and then
the rotor valve was closed for removal and NMR analysis. The total
reaction time was thus 153.8 h, including the first experiment of



Fig. 7. 13C MAS spectra acquired at a sample spinning rate of 1.85 kHz on the
sample of 0.224 g of H2O + 165 bar 14.3% 13C enriched scCO2 + 1 g of extra H2O in
the reaction chamber that was separated from the sample cell of the MAS rotor (a–
d). The volume of the sample cell was about 312 ll. Thus the net volume of the wet
scCO2 phase was about 88 ll. The reaction temperature was 50 �C for 2 h. (a–d)
were acquired sequentially by reducing the pressure inside the MAS rotor. (a)
165.0 bar at 50 �C; (b) 65.0 bar at 50 �C; (c) 5.0 bar at 50 �C; and (d) 2.5 bar at 50 �C.
The number of accumulations was 4000 (a), 20,000 (b), 40,000 (c), and 30,000 (d),
respectively, with a recycle delay time of 2 s. (e) 13C MAS spectrum acquired on
165 bar 99% 13C enriched scCO2 + 1 g of extra H2O in the reaction chamber that was
separated from the sample cell of the MAS rotor. The reaction temperature was
50 �C for 2 h. This spectrum was acquired using a sample spinning rate of 1.7 kHz
and an accumulation number of 7500 with a recycle time of 2 s. All other
experimental conditions for (a–e) were similar to those in Fig. 5a.
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67.3 h, the 1.5 h for pressure re-equilibrium, and 25 h second
acquisition time. A third peak centered at 170.5 ppm was then ob-
served in the corresponding in situ 2.1 kHz 13C SP-MAS spectrum
(the 8 times vertically expanded inset in Fig. 6c). By returning
the HP-MAS-R to the HP-RLRC for a third time for an additional
60 h of reaction, in situ 13C SP-MAS spectra at a cumulative reaction
time of 237.3 h were also obtained (Fig. 6d). Clearly, the intensity
of the 170.5 ppm peak increases with the reaction time. The full
width at half maximum (FWHM) (50.3 Hz) of the 170.5 ppm peak
is much broader than that of the 161.5 ppm or the 126.0 ppm
peaks. Furthermore, there are strong spinning sidebands at a spin-
ning rate of 2.1 kHz, indicating that the 170.5 ppm peak arises from
a solid phase. It has been reported previously [30] that the 13C
chemical shift of magnesite (MgCO3) is at 170.2 ppm. Therefore,
the 170.5 ppm peak is correspondingly assigned to the forsterite
carbonation product magnesite. This identification was further
confirmed by performing a 13C SP-MAS experiment (Fig. 6e) on
the same sample, where the CO2 was released shortly after acquir-
ing Fig. 6d and then the sample was stored at ambient conditions
for 13 days before acquiring Fig. 6e. It should be pointed out that
each spectrum was an averaged spectrum across the data acquisi-
tion time where some reaction would occur.

In this sequence it was intriguing to discover that the HCO�3 peak
at 161.5 ppm disappeared together with the scCO2 peak at
126.0 ppm. Careful evaluation of Fig. 6e reveals a shoulder peak lo-
cated at about 166.6 ppm that has been previously assigned to hy-
drated/hydroxylated magnesium carbonates, an intermediate
phase to magnesite, such as hydromagnesite, dypingite, and
nesquehonite (MgCO3�3H2O) based on ex situ NMR studies [28]. Be-
cause the metal carbonation product, i.e., MgCO3 is not observed be-
fore the full appearance of the HCO�3 peak, HCO�3 is thus a key
reaction component.

To differentiate whether HCO�3 is associated with the scCO2 or
the H2O phase/H2O film on the forsterite surface, the following
two experiments were carried out. In the first experiment, the
HP-MAS-R was filled with forsterite powder as before and 0.10 g
H2O and then pressurized to 165 bar with 14.3% 13C scCO2 at
50 �C while inside the high-pressure loading chamber that was
loaded with a 1 mL excess H2O pool as previously described. After
a reaction time of 2 h, the HP-MAS-R was sealed in situ. The corre-
sponding in situ 13C SP-MAS results are given in Fig. 7a. Clearly,
both the 161.5 ppm and the 126.0 ppm peaks are observed. Obser-
vation of an intense HCO�3 signal at a reaction time of only 2 h sug-
gests that the reaction of scCO2 with H2O to form HCO�3 is rapid
compared with the process of metal carbonation (Fig. 6). After
acquiring the spectrum in Fig. 7a, the CO2 pressure was incremen-
tally released by using the high-pressure loading chamber to step
the pressure down to 65.0, 5.0, and 2.5 bars, sequentially. The
13C SP-MAS spectrum at each CO2 pressure step was acquired.
Clearly the 161.5 ppm peak remains visible albeit its relative inten-
sity is decreased as the CO2 pressure is gradually released, i.e., from
1.0 (165.0 bar), to 0.42 (65.0 bar), to 0.27 (5.0 bar), to 0.25 (2.5 bar).
However, the intensity of the CO2 peak decreases much faster than
that of the HCO�3 peak, indicating that the HCO�3 is a dissolved spe-
cies associated with a minor liquid water phase. To further confirm
this conclusion, a second experiment was carried out under the
same experimental conditions as the first except no H2O was
loaded directly into the HP-MAS-R. In this case, only the
126.0 ppm scCO2 peak is observed, confirming that HCO�3 is only
associated with the H2O phase.
5. Conclusions

In this work, a high-pressure MAS NMR capability, consisting of
a high-pressure MAS rotor (HP-MAS-R), a high-pressure rotor load-
ing/reaction chamber (HP-RLRC), and a MAS probe, is reported.
Several technical challenges associated with design and implemen-
tation of a reusable HP-MAS-R have been overcome using a custom
zirconia ceramic rotor cylinder including abrading the internal sur-
face of both ends for successful high-strength seals with high-pres-
sure plastic end cap materials. Using this design, an internal CO2

pressure exceeding 150 bars was achieved with minimal loss of
pressure during a period of 72 h. The high-pressure sample loading
chamber itself is a high-pressure reaction device that is equipped
with temperature control and viewing windows, and is specifically
designed for both sealing in situ and opening in situ of the HP-MAS-
R valve. In this way, sustained reaction under controlled high-pres-
sure and temperature conditions can be carried out for long peri-
ods of time by repeatedly returning the rotor assembly to the
high-pressure loading/reaction chamber. In situ NMR is carried
out by sealing the rotor under pressure in the chamber and then
removing it to ambient pressure conditions for transfer and mea-
surement in the NMR probe. This implementation can thus be
viewed as a snap-shot of the reaction at the same pressure and
temperature conditions as those in the high-pressure loading/reac-
tion chamber. To avoid the background NMR signals arising from
the plastic sealing components at the both ends of rotor, the RF coil
of the probe generates a localized B1 field. In our current design, a
simple saddle RF coil is used. Improvement of the B1 localization to
the sample cell might be achieved by using thin cylindrical shields
at both ends of the saddle RF coil; implementation of this strategy
is currently under way in our laboratory.

To demonstrate the utility of this high-pressure MAS capability,
in situ 13C MAS NMR studies of forsterite (Mg2SiO4) carbonation by
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supercritical CO2 mixed with H2O were carried out at 150 bars and
50 �C. The results clearly show progression of the carbonation reac-
tion from solid phase reactants to solid-phase products, and impli-
cate HCO�3 as a key reaction species associated with a water phase/
H2O film present in our experiments. Reaction agents, intermedi-
ates, and products, regardless of whether they are in gaseous,
supercritical fluid, liquid, or solid phases, are all observed in a sin-
gle in situ 13C MAS experiment, offering a significant experimental
advantage over the analogous ex situ NMR measurement, where in
our case scCO2 and HCO�3 would not be observable.
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