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Abstract

Gasification is often studied in the laboratory using a thermogravimetric analysis (TGA) unit with
less than 1 g of sample in order to obtain intrinsic rates. Many studies, however, neglect to consider
the impact of particle size, of both the gasification feed and the catalyst, and catalyst dispersion on
the measured rates. The impact of these factors was demonstrated using catalytic gasification of
carbon black, an ash-free feed, as a case study, with K2CO3s or CaCOs as catalysts at 850 °C in a
CO2 atmosphere. Hand-mixing and ball-milling were used to alter the initial parameters. Ball-
milling reduced both the particle size of both species and increased the catalyst dispersion,
resulting in higher interfacial areas and gasification rates than hand-mixing. The changes in

gasification Kkinetics were estimated by modeling the rates using the random pore and extended
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random pore models (RPM and eRPM, respectively). The impact of the interfacial contact area
between carbon and catalysts (varied by particle size and mixing method) was dependent on the
activity of the catalyst with the more active (potassium) catalyst being less affected. CaCO3 was
found to sinter at 850 °C, reducing available catalytic surface area and blocking CO2 access to the
carbon feed. It is recommended to consider these factors in future studies and to always report the

particle sizes used.

Highlights

e Gasification of carbon black mixed with K or Ca catalysts by different methods
e Dispersion more important as activity of catalyst decreases

e Catalyst size had more impact than carbon black size, confirmed by modeling

e Knowledge of phase behavior — softening and sintering temperatures — required

e eRPM describes the gasification behavior of catalyzed carbon black

Keywords

gasification; potassium; calcium; ball-milling; catalyst; random pore model

1. Introduction

Gasification is used to convert carbon-based feeds to fuels/chemical precursors, such as Hz, CO,

and CHa, and can be enhanced by the presence of catalysts, such as calcium and potassium, added
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to the feeds prior to gasification or intrinsically present in the feeds [1]. The limiting step in
gasification can either be external mass transfer of the gasification agent through the boundary
layer, internal mass transfer of the gasification agent through pores to reach active sites, or the
surface gasification carbon-oxygen reaction [2]. In the absence of mass transfer limitations, the
gasification rate is proportional to the surface area [3], or in the case of low catalytic loadings, the
number of catalytic sites [4]. At the lab scale, gasification kinetics are commonly determined using
a thermogravimetric analysis (TGA) instrument with sample sizes of less than 1 g (often less than
10 mg) to avoid mass transfer limitations [5-8]. Decreasing the particle size of the feed increases
the surface area and the number of available active sites for gasification [9]. The rate of catalytic
gasification is also increased by increased catalyst-carbon interfacial area [10,11], which is

improved by increasing the dispersion of the catalyst.

Both wet impregnation [12-19] and physical mixing [13,16,20] have been used to combine the
feed with the catalytic species. Wet impregnation results in better dispersion of water-soluble
catalytic species, and Kapteijn et al. [21] noted the importance of catalyst dispersion in their survey
of alkaline-earth-catalyzed gasification literature. Wet impregnation, however, is ineffective for
hydrophobic feeds because the catalytic species are deposited on the surface and not in the pores
[22]. Wet impregnation is also ineffective for sparingly soluble catalyst precursors, such as
Ca(OH)2 and CaCQs. Ash-free coal is an example of a hydrophobic material for which preparation

methods other than wet impregnation must be used [23]. Surface groups on hydrophobic materials
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can enhance gasification for hydrophobic or non-porous feeds. For example, potassium addition
was more effective for increasing the gasification rate of raw petcoke than petcoke char because
pyrolysis at 975 °C removed the surface groups (including aliphatic, phenolic, aromatic, and
hydroxyl groups) which served as anchoring sites for potassium in the raw coke [24]. Physical
mixing is an alternative to wet impregnation for hydrophobic feeds and/or insoluble catalyst
precursors, and includes hand and mechanical mixing, such as by crushing [25], or by grinding in
a rotary tumbler [26] or a planetary ball-mill [27]. The effects of physical mixing techniques on
feed properties are rarely discussed in the literature. Hand-mixing, while simpler and less
expensive, is less reproducible than mechanical mixing with fixed parameters (e.g., rotation speed,
time). One study with raw coal (which is not hydrophobic), claimed that wet impregnation was
better than physical mixing for the addition of calcium catalysts Ca(OH)2 and CaCOs [28]. This
result is surprising given the low solubility of the calcium compounds but the method and details
of the physical mixing were not specified, nor were particle sizes or catalyst dispersion. Despite
the importance of feed properties on gasification rates, most studies still neglect to consider the
effectiveness of the mixing method for reducing particle size and/or increasing catalyst-carbon

interfacial area.

Herein, we demonstrate the impact of two physical mixing methods, hand-mixing and ball-milling,
to ascertain the effect of feed particle size, catalyst particle size, and catalyst dispersion on catalytic

gasification of carbon black, a model ash-free carbon source, with potassium and calcium. Because
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calcium is less active than potassium due to its lower mobility [16,29-34], the impact of the mixing
method was expected to be different for these two catalytic species. Samples were prepared by
hand-mixing and/or low-energy ball-milling and characterized using scanning electron
microscopy. The samples were gasified in a TGA in a COz atmosphere primarily at 850 °C. The

gasification kinetics were modeled using the random pore and extended random pore models.

2. Materials & Methods

2.1 Sample preparation and characterization

Carbon black (CB, Monarch 120 from Cabot Corp, Boston, MA) was used as the carbon source.
CaCOs and K2COs3 (>99% purity, Sigma-Aldrich, St. Louis, MI) were the calcium and potassium
sources, respectively. The atomic ratio between each metallic element (Ca or K) and carbon was
0.1 for consistency with previous publications [35,36]. The high catalyst loading ensured that the
number of available catalytic sites was not a limiting factor in the gasification rates. “Hand-mixed”
samples were combined by stirring by hand for 5 min, while “ball-milled” samples were combined
for 24 h in a low-energy rotary tumbler (model 33B, Lortone, Mukilteo, WA) with zirconia beads
5 mm in diameter unless otherwise noted. In some cases, a combination of ball-milling and hand-
mixing was used. For these experiments, the CB, the catalyst, or both were ball-milled
independently for 24 h in the rotary tumbler, and then the CB and catalyst were combined by

stirring by hand for 5 min.
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CO2 adsorption analyses were performed to determine the specific surface area of the CB samples.
The samples were degassed at 120 °C under vacuum for 6 h. CO2 adsorption analyses were
performed using a Micromeritics Tristar 11 Plus unit (Norcross, GA) at 273 K, and the microporous

surface area was calculated using the 2D-NLDFT model.

2.2 Gasification

Gasification tests were performed using thermogravimetric analysis (TGA) in an SDT Q600
instrument (TA Instruments, New Castle, DE). For each experiment, 3.5 mg of sample was heated
under N2 flow (200 mL/min) at 20 °C/min to 850 °C, then CO2 (200 mL/min) was introduced as
the gasification agent. Two experiments were performed at 1000 °C for comparison. A 5 mL/min
flow of N2 was maintained during gasification to limit the backflow of CO2 to the TGA balance.
Weight vs. time data was smoothed to 1000 points by means of the locally estimated scatterplot
smoothing (LOESS) technique using SigmaPlot v14.0. In the LOESS technique, a polynomial of
a specified order (a third-order polynomial was used herein) is fit to a specified fraction of nearby
data (5% was used herein) for each data point using a weighted least squares fit, and then used to
determine a weighted average for each data point. Conversion, X, was calculated using Eq. 1:

myg—m
X, =——>t 1)
my mf

where m denotes mass, and the subscripts 0, t, and f denote the initial value, the value at time t,

and the final value, respectively. The rates of reaction were calculated using numerical integration

(Eq. 2):
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dX Xt _Xt (2)
rate (t1) = T (t) = —tz :

2~ b
where the subscripts 1 and 2 denote two consecutive time points, with 50 data points collected per
minute. The gasification experiments were continued until the mass remained constant for 5 min.
The length of experiments varied between 30 min to 100% conversion (samples V to VII, Table
1) and 16 h to 53% conversion (sample VIII, Table 1). The TGA was only able to record 16 h of

data, after which experiments had to be terminated.

2.3 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to determine particle size in the prepared mixtures,
and to qualitatively assess the extent of mixing. SEM images were obtained (ex situ, ambient
temperature and pressure) using a Phenom ProX electron microscope (Thermo-Fisher Scientific,
Waltham, MA) with energy-dispersive X-ray (EDX) spectroscopy capabilities. The particle size
was estimated from the SEM images using the software ImageJ. A representative SEM image with
approximately 100 particles was chosen for each sample, and then ImageJ was used to determine
the length (i.e. longest dimension) of each particle, from which a mean particle size was estimated.

The errors in the particle sizes are reported as a 95% confidence interval.
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2.4 Kinetic Modeling
The results were modeled using the random pore model (RPM, Eq. 3) [37] and the extended

random pore model (eRPM, Eq. 4) [38]:

dx
- =k( —X)\/1 =9 In(1 - X)

‘;_f= ki(1—X)y1—9%In(1—X)(1+c(1-X)P)

where k;j is a rate constant and y is a structural factor that represents the change in surface area
from the initial to the maximum value during gasification. The maximum specific surface area
corresponds to the maximum rate of gasification [37]. The eRPM includes two additional semi-
empirical parameters, ¢ and p, to represent the shift in the maximum position when catalysts are

present during gasification.

Kinetic modeling and model discrimination were performed using Athena Visual Studio v14.2
software. In the kinetic modeling, the rate (dX/dt) versus conversion (X) data (1000 observations
for each sample) was fit to the models by minimization of the residual sum of squares (RSS) using
the nonlinear least-squares method, determining the values of kj, y, ¢, and p. The model

discrimination used the Akaike information criterion (AIC) [39], defined in Eq. 5:

2 1
AIC =m —+In (— RSS) ()
n n

where m is the number of estimated parameters, and n is the number of observations. For each

sample, the model with the lowest AIC value (AlCmin) was considered the preferred model, which

3)

(4)
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usually coincides with higher R? values. For further comparison, the relative likelihood Lk (Eq. 6)
and the Akaike probability share zaic (Eq. 7) were also determined. The relative likelihood Lk
compares the AIC of a model k (AICk) with the lowest AIC among all models (AlCmin), assuming
values between 0 and 1, while the probability share zaic compares the likelihood of a model k with

the likelihoods of all the other models.

Tarc = . ©)
Y, Li
AlC,.;,, — AIC,
Lk = exp( mmz k) (7)
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3. Results & Discussion

3.1 Morphologies of raw materials

Micrographs of the CB, K2CQOgz, and CaCQOg, both as received and after ball-milling, are shown in
Fig. 1, with the corresponding particle sizes in Table 1. The CB particles as received were 5-50
um sized clusters containing particles <100 nm in size. The catalyst precursors, K2COs and
CaCOs, are both crystalline ionic compounds but with different morphologies. Since the
carbonates are hydrophilic [40], despite being sparingly soluble in water, the particles
agglomerated. As received, the K2COs crystals existed in agglomerates larger than 200 um in
diameter and so were crushed using a mortar and pestle before use. After crushing, the largest
K2COs agglomerates were 60 um in size. The particle size of K2.COs (Table 1) was reported as the
size of the crystals, not the agglomerates, because the K2CO3 agglomerates dispersed into crystals
1.5 um in length during the heating of the gasification experiments. CaCOs was present in cubic
crystals approximately 7.1 um in size (Fig. 1c) and at least five times smaller than the K2COs

agglomerates.

10
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180

181

182  Fig. 1. SEM images of (a) as-received CB, (b) crushed (in mortar and pestle) K2CQOgs, (c) as-
183  received CaCOs, (d) ball-milled CB, (e) ball-milled K2COs, and () ball-milled CaCOs. Scale bar
184  in (b) applies to all images.
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Table 1. Particle sizes of pre-gasification mixtures obtained from SEM images (uncertainty
represents 95% confidence interval), CO2 gasification rates at 850 °C after reaching 50%
conversion and the times required to reach 50% conversion. Ball-milled components are
underlined; mixtures with components ball-milled together are denoted with an asterisk (*).

Particle size (um) Rate at 50% Time to 50%

Sample CB Carbonate conversion (mint) Conversion (h)
CB(l) 10.6+2.3 -- 0.0016 7.7

CB (1) 3.1+£08 - 0.0022 4.8
CaCOs -- 7.1+£0.38 -- --
K2COs3 crystals -- 15+0.2 -- --
CB-K2COs (111) 79+17 1302 0.0416 0.30
CB-K2COs3 (1V) 23+04 1303 0.0745 0.09
CB-K2COs (V) 9.2+20 0702 0.2796 0.029
CB-K2COs (VI) 24+06 0901 0.2805 0.030
CB-K2COs* (VII) 21+05 0502 0.2751 0.032
CB-CaCOs (VIII) 129+3.7 80x1.0 0.0006 15.0
CB-CaCOs (1X) 3.7+£12 7609 0.0005 7.9
CB-CaCQOs (X) 118+3.0 19%0.6 0.0015 3.8
CB-CaCOs (XI) 3610 16+04 0.0011 9.2
CB-CaCOs* (XIlI) 39%x15 23+06 0.0086 1.1
CB-CaCOsz* (XIIl) 0.8+0.1 0.7£0.1 0.0315 0.31

12
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3.2 Effect of mixing method

Ball-milling reduced the CB particle size and size distribution each by a factor of approximately

three (Table 1). The particle size reduction led to an increase in reaction rate (Fig. 2a).

0.003
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Fig. 2. CO2 gasification at 850 °C of a) CB, b) CB with K2COs, and ¢) CB with CaCOs. Curve
labels correspond to mixing methods and particle sizes in Table 1.

Assuming spherical geometry and completely dense particles, the reduction in particle size should

increase the surface area by a factor of 3.4. The measured surface area increased by a factor of 2.8

(from 18 to 50 m?/g) and the pores sizes increased (from less than 1 nm (Fig. S.1a) up to 25 nm

(Fig. S.1b) after ball-milling. The maximum gasification rate, however, increased by only a factor

of 1.4. One possible explanation for the smaller than expected increase in gasification rate may be

the presence of occluded pores within the carbon black that became accessible after ball milling

and/or once gasification began. Thus, the surface area of the as received carbon black was

underestimated.

13
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When both CB and catalysts were present, ball-milling could result in an increased gasification
rate in two ways: by reducing the particle size (increasing specific surface area) and by improving
the initial dispersion of the catalyst (increasing interfacial area between carbon and catalyst). To
distinguish between these factors, the components were ball-milled separately before hand-mixing
(only particle size reduction) and ball-milled together (particle size reduction and catalyst
dispersion). Ball-milling reduced the sizes of the CaCOs and K2COs particles to 1.6-1.9 pum
(mixtures X and X1, Table 1) and 0.7-0.9 um (mixtures V and VI, Table 1), respectively. The Mohs
hardness values are ~2.5 for a generic carbon black [41] (no specific data was available for Cabot
Monarch 120), ~3 for CaCOs [42], and ~8 for zirconia balls [43]. No data was found for K2COs,
but the hardness is assumed to be lower than that of the zirconia balls. K2COs may be harder than

CaCOs as the CB particles were smaller after ball-milling with K2CO3 than CaCOs.

The gasification results for the CB-K2COs mixtures are shown in Fig. 2b. The highest rates were
obtained when K2COs was ball-milled — without CB being ball-milled (V), the components ball-
milled separately (VI), or the components ball-milled together (VII) — and the rates for these
mixtures (curves V, VI, and VII) were significantly higher than the rates of the other mixtures
(curves 111 and V). The curves with the three highest rates were within experimental error above
40% conversion, though modeling gave different rate constant values, which is discussed further
in Section 3.4. The difference in the mixtures corresponding to curves Il and 1V was the size of

the CB particles (7.9 um and 2.3 pm, respectively). As shown in Fig. 2a, reducing the size of the

14
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CB particles increased the gasification rate but, in the presence of a catalyst, this effect was
enhanced. Nonetheless, ball-milling the K2COs had a larger effect than ball-milling the CB. In the
mixture corresponding to curve V, the average CB particle size was 9.2 um, slightly larger than
that in the hand-mixed mixture (7.9 um, curve I1l) and four times larger than that in the mixture
corresponding to curve 1V (2.3 um). The results suggest that potassium is more active when ball-
milled because the smaller crystals are more readily able to disperse. That is, potassium was
equally effective as a catalyst whether ball-milled with, or separately from, the CB because of its

high mobility.

Ball-milling CB and/or CaCOs led to a reduction in particle size for both the CB and the CaCOs
(Table 1). As received, the CaCOs particles were cubic crystals (Fig. 1c). After ball-milling with
or without CB (Fig. 1f), the shapes of the crystals were irregular, although some cubes were still
visible in the SEM images. The gasification results were lower and more varied than for the CB-
K2CO3 mixtures (Fig. 2c). The gasification rate at 50% conversion varied from 0.0006 min* for
hand-mixed CB-CaCOz (VII1) to 0.0086 min™* for CB-CaCOsz ball-milled together (XI11). The latter
rate was one third of the rate for hand-mixed CB-K2COs, while the former was less than half of
the value for CB as received with no added catalysts. The decrease in particle size (assuming
spherical particles for CB throughout and for CaCOs after ball-milling — CaCOs is cubic before
ball-milling) increased the surface areas by a factor of 3.3 for CB and by 1.9 for CaCOs, which

does not account for the 14-fold increase in gasification rate.

15
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The interfacial area between the catalyst and substrate was also a factor. The experiments with
only CB ball-milled (IX), only CaCOs ball-milled (X), or both components ball-milled separately
prior to hand-mixing (XI) had the same average rates of reaction (~ 0.0015 min™*) but very different
reaction rate profiles as a function of conversion. This variation may be due to the heterogeneous
nature of hand-mixed samples. In all three cases, the rate of reaction was significantly below that
of CB-CaCOs ball-milled together (XI1I) from 10-99% conversion. The propensity of CaCOs to
sinter above 850 °C has been shown in previous publications [36,44]. Ball-milling the components
together more effectively dispersed the CaCOs and reduced the extent of sintering. The lower
mobility of Ca meant that both the particle size and the interfacial contact area between Ca and

CB were critical to the catalytic activity.

To further compare the behaviors of K2CO3 and CaCOs prior to gasification, EDX analysis was
performed on the hand-mixed mixtures after heating to 850 °C under inert N2 flow in the TGA
(shown in Fig. S.2). The CB-K2COs mixture had agglomerations containing approximately 6%
potassium, 71% carbon, and 23% oxygen. The K2COs had dispersed on the CB surface during
heating to an extent perceptible in the SEM (the reactions will happen at a scale much smaller than
that probed by SEM). Ball-milling reduced the crystal size, further creating more potassium active
sites that were readily dispersed at gasification temperatures even when not ball-milled directly

with the CB. In contrast, there was no evidence in the SEM images that CaCOs had dispersed
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during heating to 850 °C, with or without ball milling, but remained in the original cubic crystalline

form, consistent with CaCOzs being a less active catalyst than K2COs.

In all the CB-CaCOs mixtures hand-mixed or ball-milled with 5 mm beads, the particle size of
CaCOs was at least 1.6 um (curves VIII to XII, Table 1), which was larger than K2COs as received
(1.5 um, Table 1). To test if further reducing the size of the CaCOs particles would improve the
activity, CB and CaCOgz were ball-milled using 1 mm quartz glass balls (Mohs hardness of ~7 [45]
— SEM/EDX analysis did not detect Si or Al from these beads on the mixtures) in addition to the
5 mm zirconia balls, and then this CB-CaCOs mixture was gasified. After ball-milling with the
smaller balls, the CB and the CaCOs particles were smaller than the particle sizes in the hand-
mixed CB-K2COs mixture (XIII vs. 11l, Table 1). Reduction of the particle sizes and improved
catalyst dispersion increased the gasification rate (Fig. 3). Up to 50% conversion, the gasification
rates of CB-CaCOs (XIII) and CB-K2COs (I1I) were in a similar range, albeit the curve shapes
were different (Fig. 3). At higher conversions, the gasification rate with CaCOs was much lower
than that with K2COg, reflecting the inhibitive sintering of CaCOs, explored in further depth in

Section 3.3.
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Fig. 3. CO2 gasification at 850 °C of CB with either K2COs or CaCO3 as added catalysts.

3.3 Gasification inhibition

Both catalysts will inhibit gasification if they sinter and/or block access of CO: to the CB. To
further illustrate this inhibition, tests were performed with different placements of CB and K2COs
(Fig. 4a) or CaCOs (Fig. 4b, note the different y-axis range than in Fig. 4a) within the crucible.
The total weight was always within 0.1 mg of the target weight, the catalysts were used as received
(particles sizes of 1.5 pm for K2COsz and 7.1 um for CaCQOg, Table 1), and the CB was ball-milled
(particle size of 3.1 um, Table 1). The gasification rates were generally higher when the catalyst
was placed below the CB. For the samples with CB and K2COs, the curves had similar shapes
regardless of the location of the catalyst with the gasification rates decreasing in the order of K2COs3

on bottom > hand-mixed > K2COs on top. For the samples with CB and CaCQg, the curves had
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different shapes. The gasification rate decreased exponentially for the hand-mixed sample and was
nearly an order of magnitude higher initially than those of the other samples for which the curve
shapes were concave-down and had rates decreasing in the order CaCQOz3 on bottom > CB > CaCOs

on top. That is, placing CaCOs on top of the CB severely inhibited the reaction.

a b
0.16
850°C 850°C
_ ) CB-K=COs 0.006 | \—— hand-mixed CB-Caco,
~ 012} * K,COj on bottom P
£ : £
£ : : E
£ VA _ £0004 4 \.. CaC0s on bottom
% 008 15\ _ = I
P : \ hand-mixed P
3 i \ & :
004 _’ ~ o \-\ 0.002 only CB
K»CO5 on top \\
only CB . N === oy, o
0.00 — 0.000 CaCOs on top
0.0 05 1.0 0.0 05 1.0
Carbon conversion Carbon conversion

Fig. 4. CO2 gasification of ball-milled CB at 850 °C with different placement of a) K2COgs, and b)
CaCQOs relative to CB.

The Tammann softening temperature (i.e. two-thirds of the melting point) of CaCOs is 842 °C.
CaCOs heated to 850 °C under CO2 then cooled to room temperature formed a fused solid in the
crucible. If heated under N2, which allowed CaCOs to decompose to CaO (the Tammann softening
temperature of CaO is 1624 °C), a loose powder remained in the crucible. The more dispersed the
CaCOs was initially (e.g., by ball-milling the mixture together, CB-CaCOs (XII) in Fig. 2c), the
higher the conversion that could be reached before the CaCOs formed a continuous phase through

which CO2 had to diffuse before reacting with the CB. Indeed, sintering is reported as the primary
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mode by which calcium gasification catalysts deactivate [44]. The formation of the sintered layer
can be avoided by heating the mixtures in N2 and gasifying at temperatures where CaO rather than
CaCOs is stable. The gasification of ball-milled CB by itself (CB (11)) or hand-mixed with CaCOs
(CB-CaCO0s (1X)) at 1000 °C demonstrates this idea. At this temperature, calcium remained as
CaO even in a ~98% CO: atmosphere and thus, the Ca-catalyzed gasification of CB was not
inhibited by sintering (Fig. 5). Thus, conditions (temperature, concentration) at which CaCOs will

sinter should be avoided where possible.

0.08 |

1000°C
~ 006 4 CB-CaCOs
£
E
5
X 004
]
I
o

0.02 -

L
0.00

0.0 05 1.0
Carbon conversion

Fig. 5. Conversion versus time curves for CO2 gasification at 1000 °C of ball-milled CB and hand-
mixed with CaCOs.

3.4 Kinetic modeling

For quantification, the gasification results were fit to two models — RPM and eRPM. The data were
not well fit by the RPM, but the rate constants, k, from this fit were used as the k-values for the

eRPM modeling to estimate the parameters w, ¢, and p as shown in Table 2. The fits for the
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gasification rates of all the CB-K2COs mixtures had R? values above 0.96. The values of kj were
as expected, with ball-milled mixtures having higher values than hand-mixed mixtures, and K2COs
showing values one to two orders of magnitude higher than CaCOs. Though curves V, VI, and VII
(Fig. 2b) were indistinguishable above 40% conversion, the kj values were significantly different.
The value was highest for ball-milled K2COs which was subsequently hand-mixed with CB as
received (V), suggesting that ball-milling the CB had no discernible effect on gasification rates
when the K2COs particle size had been reduced by ball-milling. The values of  for CB-K2COs3
mixtures reflected that the higher dispersions achieved through ball-milling of K2COs increased
pore development. The p values were much smaller for samples in which K2CO3 was ball-milled,
reflecting lower conversions for the maximum gasification rates (Fig. 1b). Ball-milling of K2COs3
increased the initial rate of porosity generation, and hence the initial gasification rate. No trend

was observed in the c values for CB-K2COs, similar to a previous study on coal gasification [32].

In the case of the CB-CaCOs samples, mixtures VIII and XI had similar gasification profiles as
the CB samples and, therefore, the eRPM did not fit the data well. The eRPM was the best fit when
CB and CaCOs were ball-milled together, further demonstrating that calcium was most effective
as a gasification catalyst when reduced in particle size and well-dispersed. The structural
parameter, v, for the gasification of the CB-CaCOs samples in which only CB was ball-milled
(curve 1X) or in which only CaCOs was ball-milled (curve X) was zero. That is, there was no

porosity development, consistent with calcium sintering rather than moving through the CB
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particles. Ball-milling the CB and CaCOs together (curve XII) better dispersed the catalyst and
allowed porosity to develop (v = 11.3) before the catalyst sintered. Overall, the eRPM modeling
results reflect the importance of the mixing method: ball-milling better dispersed the catalysts
leading to increased porosity development and thus, higher reaction rates for both potassium and

calcium. Better dispersion also impeded the rate of CaCOs sintering.

Table 2. Rate constants (kj), structural factors (y), and R? values for the catalytic CB samples
calculated by the extended random pore model (eRPM) with a 95% confidence interval.
Underlined components were ball-milled; mixtures with an asterisk (*) were ball-milled together.

Sample k W c p R?
CB-K2COs3 (IIl) 3.2.10%2+45.10% 198+0.11 045+0.04 1392+164 0.954
CB-K2COs3 (IV)  1.1-10%'#1.3.10° 0.92+0.03 -0.63+0.03 24.89+2.00 0.971
CB-K2CO3 (V) 3.2.10'+4.8.10° 18.83+1.29 -048+0.01 -0.21+0.01 0.980
CB-K2COz (VI) 25.10%+5.1.10° 66.94+0.00 -0.63+0.00 -0.13+0.00 0.990

CB-K2COz* (VII) 2.2.10'+4.4.10° 58.19+4.71 -056+0.02 -0.15+0.01 0.990
CB-CaCOs3(IX) 1.6-10%+3.8.10° 0.00+0.00 7.23+0.09 8.19+0.10 0.973
CB-CaCOz (X) 2.6-10%+3.9.10° 0.00+£0.00 0.13+0.00 -1.06+0.00 0.818

CB-CaCOs* (XII) 3.7-10%+1.6-10% 11.31+0.21 0.39+0.01 -592+0.00 0.992

The maximum rates observed for ball-milled K2COz (> 0.3 min?, Fig. 2b) are an order of
magnitude higher than those observed in the literature for feeds such as coal [47] and biomass
[16,48]. Rates greater than 0.1 min have been observed in our previous studies with CB [35,36],
suggesting that the extremely high rates are due to the properties of the CB, including the absence
of ash, the highly amorphous nature, and the low porosity (18 m?/g by CO2 physisorption). These
high rates, however, are likely mass transfer limited. The high w-values for mixtures VI and VII

indicate the creation of porosity, which would be expected to lead to even higher reaction rates in
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the absence of mass transfer limitations. For Ca-catalyzed gasification at 850 °C, the highest rates
are an order of magnitude lower than the slowest rates for K-catalyzed gasification. The sintering
of CaCOs at high conversions will introduce mass transfer limitations. The presence of mixed
Kinetic-transport control for mixtures V-VII does not affect the overall conclusions of the paper;
namely, Ca is most effective as a gasification catalyst when reduced in particle size and well-
dispersed with the gasification feed, while K is most effective when reduced in particle size, as the
dispersion within the feed is less of a factor due to the high mobility of K at typical gasification

temperatures.

3.5 Applications for future studies

Particle sizes of the feed and catalytic species are rarely provided in literature results, but the trends
of particle sizes or catalyst surface area versus gasification rates have been discussed. Studies vary
from finding slight increases in gasification rate with a reduction in particle size [49] to finding
dramatic increases [50]. There is also a high variability in what is considered a reduced particle
size; for example, one study [8] estimated 1 mm as the particle size below which diffusion
limitations are insignificant, suggesting that further particle size reduction was ineffective for
increasing the reaction rate. Our results, however, indicate that the reaction rate increased in the
absence of catalysts when decreasing the CB particles from 10.6 to 3.1 um (Fig. 2a), demonstrating
that diffusion limitations were still present in carbon particles much smaller than 1 mm in diameter.

In the aforementioned study [8], the feed was highly porous (reported surface area of 620 m?/g),
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more than 30 times larger than the specific surface area of the CB in our study. For highly porous
feeds, reducing the particle size would have a negligible effect on the specific surface area.
Increasing the specific surface area would also have a negligible effect for systems in which
external mass transfer was the limiting factor. The properties of the feed, including particle size
and specific surface area, should be given in all gasification papers to allow for comparison

between varied feeds.

The particle size of the catalyst has a much larger effect on the overall reaction rate than the particle
size of the CB, and this effect increases with increasing temperature. At 700 °C, a six-fold
reduction in catalyst size led to an increase in the reaction rate by a factor of 2.3 [51], while at
900 °C, a two-fold reduction in particle size led to an increase in the reaction rate by a factor of
4.5 [52]. Increased calcium loading up to approximately 4 wt% led to an increase in reaction rate,
but higher loadings did not lead to a further increase because of the increase in sintering [53]. This
sintering of CaCOs has also been observed over time, with the rate of reaction decreasing by a
factor of 25 after an hour of gasification at 700 °C despite not reaching complete conversion [51].
The results with calcium in the current study observed sintering taking place over time (Fig. 4b).
No studies could be found in which the particle size of a potassium catalyst was given. For
meaningful comparisons between gasification studies, the particle sizes of all catalysts used should

be provided.
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The rate of gasification has also been found to increase with increased calcium catalyst dispersion
[44,54-56]. CaO has been observed to be more effective as a catalyst when added using ion
exchange than wet impregnation due to the low solubility of CaO in water [52,57]. Our study
established that increased dispersion and reduced particle size both have a significant effect on the
gasification rate when CaCOs is used as the catalyst, while only initial particle size has a significant
effect when K2COs is used as the catalyst. The current study also found that CaCOs can inhibit the
gasification rate if not sufficiently dispersed, which has not been discussed in the literature. When
reporting sample preparation techniques in gasification papers, a phrase such as “physical mixing”
should not be used, since it encompasses a variety of techniques from briefly stirring with a spatula
to high-energy planetary ball-milling. Details of the mixing method used should be provided, and
the extent of pre-gasification catalyst dispersion should be at least qualitatively assessed in future

gasification publications.

4. Conclusions

The catalyst introduction technique has a significant effect on the rates observed in gasification as
shown in this study with CB and K2CO3s or CaCQs. The less active and/or mobile the catalyst, the
more impact parameters such as feed particle size, catalyst particle size, and dispersion have on
the gasification rates. In addition, the phase behavior of the catalyst must be considered. For
example, when CaCOs was insufficiently dispersed, it sintered and surrounded the carbon, which
reduced access of the gasification agent, COz2, to the CB. Conversely, the gasification rates using

a high-mobility catalyst such as K2CO3s were only dependent on catalyst particle size, with the
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calculated rates and modeled rate constants being independent of carbon particle size or catalyst
dispersion. The eRPM modeling results identified, through the changes in the structural parameter
w, that the catalyst dispersion increased the creation of porosity during gasification. With Ca,
porosity formation was only observed when the carbon and catalyst were ball-milled together,
while with K, ball-milling greatly increased the porosity generation. These results highlight the
significantly different rates that can be obtained depending on the properties of the feed mixture.
Details of particle sizes and catalyst dispersion must always be reported to allow for appropriate

comparison within and between studies.
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