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INTRODUCTION

The Air and Energy Engineering Research Laboratory (AEERL) has been investigating the injection
of dry caleium hydroxide into combustion sireams for the removal of sullur oxides. It has been konown, for
some time, that the reactivily of Ca(OH)2 wilh subfur oxides varies over a wide range for different batches of
calcium hydroxide. The reactivily is a critical factor in the economics ol the process. Because of this it is
desirable to have a method 1o predict the reactvity of calcium hydroxide balches. The reactivily can be
affected by many factors including the origin of the calcium carbonate mincral from which the hydroxide is
produced, the production conditions, and the concentration of additives used for reactivily enhancement. I
kas been theorized that all of the preceding contribuie to such physical characieristics as surface area, particic
size, and porosity. The examination of these. physical characteristics has provided the basis for
understanding the reaction processes bul has not provided all the faclors DECEssacy 10 comelale unrinsic
sorbent characteristics with reactivity.

The application of microstructure factors derived from ‘X-ray Dillraction Line Profile (XLF} for the
characterization and reactivity prediction of calcium-hydroxide sorbent materials was lirs reported by Briden
and Natschke (1). In that study, the XLP derived microstruciure baclors [rom severzl calcium~hydroxide
factors were found o be related 10 their reactivities. In the swudy, the microsiruciure factor mean column
length {CL} was seen t0 be inversely proportional 10 reactivily while the steain at the mean CL was seen 10 be
directly proportional 10 reactivity. When Lhe method was applicd & more widely varying batches, Lhe
relation was not as consisten.. The original data had been generaled, using bulk sample. helders and zincite
as the instrument line-broadening standard. At this poinL, it was decided 1o investigate 1he effects of the
choice of standards, the use of thick samples versus thin, and the simultancous use of morc than one
microstructure factor in reactivity prediction,

EXPERIMENTAL

The experimental data were (aken on a Siemens D-500 diffractometer. The X-fay SOUMCC was a
copper-target whe running 50KV and 40 mA. The wbe had a fine focus with a béam size of 04 x 12 mm
and a take-off angle of 6° resulting in an effective beam width of 0.040mm. The collimation was a 1°
divergence slit, a 2.4° incidentbeam Soller slit, a 1° scaer slit, andt after the sample another 1° scatier slit, a
2¢ Soller slit, a 0.05° receiving slit, a 0.15° monechromeler slit, and 2 praphitc monochrometer. A
scintillation detecilor was used.

The bulk sample holders were end loaded and about 2 mm deep. The thin sample holders were zem
background quanz plates. The thin-mount samples were slurried in amyl acetaie and then the sturry was
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spread over the plate and allowed 1o cvaporale. The samples were not ground in order 10 preserve the, as
received, crystallite size and sirain conditions. In gencral, b samples would pass a 44 pm mesh sicve,

The data were processed on the system DEC 11/73, with an RSX11M operating sysiem using the
Siemens DIFFRAC 500, version 1.1 software.  For the Warren-Averbach method (2) used 10 separaie
crystallile size and strain effects, it was necessary 10 use dilfraction peaks of al least two orders of the same
reflecion, For Ca{OHY (JCPDS No. 4-733), the enly pair of rctlections readily available are the 101 ang
202 because of low intensilics and interferences. The standards used o compensale for instrement line shape
effects were LaBg (SRM 6603, Si (SRM 640RB), CaF2 (Spex TMI-10, Lol 01841P), a-Alx(Og (Norwon 8713,
and ZnO (Fisher Reagent, Lot 83186).

RESULTS AND DISCUSSION

[r order (o use the Siemens computer program CRYSIZE w.dewrmine microsiructure [actors with
the Warren-Averbach method, it is first necessary to fil the diffraction peak with one ol several functions
available in the program FIT. This process improves the Warren-Averbach analysis by the reduction of
random noise and the elimination of interference fromy loreign peaks. in all cases, the Peasson 7 or Split
Pearson 7 Tunclions were used.  Six microstructure factors from the CRYSIZE outpul were examned.. The
first three. were the mean CL (the mean distance across the ¢rysiallites in the 101 direction), the mode CL
{CL occurring with the greatest [requency in the 101 direction), and the muximum calculaied CL (the highest
CL determined at the ieration limit of the CRYSIZE algonithm in the L01 direction). Also the root mean
square strains {RMSS) for the three respective CLs were examined.  The six microsiructure factors were
delermined for six commercial Ca(OH)2 sorbent products [Linwood, Marblehead, Kemidol, Snowilake,
Moditied Marblehead, and Ilinois State Geological Survey (ISGS) Mixiure] pius a more crystalling, reagent
grade materisl from Alla Chémical Company {Lot 8171481), The six microstruciure faclors and the full
width al half maximum {FWHM) for the 10) and 202 peaks lor the products are listed in Table 1. The
products are listed from lelt o right in order of increasing reacdvity [weight of Ca(OH)2 convened 10
CuSQ4 divided by the wiad weight of Ca¢OH)2 used umes 100]. The reactivities were obtained on the EPA
innovalive furnace reactor with a Mow rzle sulficient w give a residence tme ol 0.75 8 between 338 and
427 °C with an $O7 concentration of 3,000 ppm (3). In general, i can be scen thar the CL faclors decrease
with increasing reactivity while the rout mcan sguare strains increase with increasing reactivity.

Il had been anticipaied thal the microstruelure faclors would be very dependent on the mass
absorption coeltitient of the sindard materials. When the mean CLs Tor the dilferent Ca(OH)2 preducts
were plotted versus the FWHM of the second order standard peaks, a [airly good progression of increasing
mean CL with increasing FWHM was observed (Figure 1). However, it was also observed Lhat the CLs were
not fulling in order of the standard mass absorption coefficienls. 1t appears that the mass absorplion
coefticient etfects are outweighed by whatever other factors influeneed the FWHM. The lowest mean CLs
were obtained with CaFg.  However, it is noted that, even though the absolute valucs arc dilferent, the
relative rankings for a given standard are the same except in the case of Kemidol and Snowflake which are
extremely close. Of course, these Ca(OH)2 samples all had very broad peaks and Lhe difference between
them and the standards was very large.

The RMSS values at the mean CLs were also plolied versus the FWHM ol the second order
standard peaks (Figure 2). The daty point for the Kemide! sample with Al203 standard is obviously in grror.
T general the RMSS s seen o decreise with increasing FWHM ol the second order standard peaks. The
C'Ls obtained with Si are much lower than predivted, This, guite likely, indicawes that the Si has a relatively
high RMSS. Some of the strains ure slighty higher for CaF2 while some are slightly higher for LaBg
indicating that, within experimental error, their strains ace small but equividenl. As with the CLs, thc
absolute steain values vary with the FWHM but the relative oeder for the samples is constanl.

The previous work (1) on relating microswuciore  {uclors 10 reactivily was limiwed to ihe
coasideration of one factor a2 time. As more widely varying sorbent products have been investigated, it has
become quite obvious that fairly wide deviations from the regression may occur.  Because of this, il was
attempted to perform the regression with more than one microstructure faclor. Of course, the more [aciors
considered the better the agreement it may be obtained, However, because of the limiled siz¢ of data scts
that Decome available Jor esting, it was considercy that no more thun 1wo factors at a ime should be used.
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Figure 1. Mean CLs for Seven Ca(OH)2 Products Calculated With Five Standard Materials Versus the
FWHM of the Second Order Standard Peaks.
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Figure 2. BMS Strain a1 the Mean CL for Seven Ca{OH)) Products Calculated with Five Siandard Materials

Versus the FWHM of the Second Order Standard Peaks.
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TABLE 1. Ca(OH)z MICROSTRUCTURE FACTORS FROM X-RAY DIFFRACTION LINE PROFILES
{WITH CaF7 STANDARD AND BULK MOUNT)

XLP Mod. ISGS
Facior Reagemt  Linwood Marblhd Kemidol  Snowflake Marblhd Mix
% Reactivity 37.0 56.8 583 5%.7 604 67.4 734
Mode CL (rm) 7.9 6.2 5.7 6.8 6.3 31 6.0
Mean CL (nm) 16.0 12 11.0 12,7 12.5 9.0 10.7
Max CL (nm) 64 36 44 48 48 36 32

RMSS Mode  0.00173 000263  0,00197 0.00216 0.00179 0.00225  0.00329
RMSS Mcan  0.0D138  0.00232  0.00180 2.00171 8.00165 0.00189  0.00266
RMSS Max  0.00091 000170  0,00127 0.00113 0.00119 0.00119  0.00174

101 XRD Peak 0290 (4523 0.433 0387 0.3685 0540 05125
FWHM (Deg)
202 XRD Peak 0.4405  0.7288  (.0691 0.634 0.603 0.8405 0.825
FWHM (Deg)

Tables 2 through 4 show the linear correlation cocfficients for the six faclors regressed, onc and two at a
lime, over the seven products, for the standards CaF?, LaBg, and Al203. In these 1ables, the coefficients on
the diagonals are for the single factors alone. The balance of the coefficicns arc the result of regressions of
the factors taken 1wo al & ime. For att of these siandards, the mean CL and the maximum CL arg the best
single predictors of reactivity. Of the strain faclors, the strain at the average CL is the best predictor. [t is
not fully accurate 1o compare the magnitude of these strain coefficiems to the size coefficients because it has
been seen that the funciions relaling sirain to reactivity are not linear and these coeflicients came [rom linear
regressions gf size and strain. Preliminary calculalions have shown that, when strain regression is reated as
a second degree polynomial, the coefficients wiil improve. It would be logical 10 assume that any scheme 10
seliably predict reactivity should be based on both size and swain componenis. The mean CL and the sirain
at the mean CL are consisienty high for all three standards.

The original work had staried with bulk sample holders. it was desired w0 compare the resules from
the bulk sample holders with those [rom the thin mounws on zero background quarz plates. Table 5 presenis
the mean CL [actors determined for CaFz and LaBg standard with bulk and thin samples. The absoluie
values for LaBg for bulk and thin sampics are, in generad, larger than those for CaF2. The order for both thin
samples is almost identical and likewise the order for both bulk samples is almost identical. However, the
order for the bulk samples is guile different from the order for the thin samples. Table 6 gives the correlation
coclficients for Lhe regression of the microstructure factors for CaFp standard calewdations for the thin
samples. Tt is seen here that the single facior correlations are significanuly fower than Lhose for the bulk
samples {Table 2). The mean CL correlation is only 0.61 for thin semples where it was 0.77 for the bulk
samples. Becausc of the low correlations for the single Faciors (those on the diagonals) it was surprising 10
find thay several of e regression pair correlations were significantly higher than those for the bulk samples.
Of particular inwerest is ihe pair of faciors maximum CL and RMSS at maximem CL., The first had a single
factor correlation coelficient of 3.69 and the other (.03 bul when regressed together they had the highest
correlation of 0.93. A thcory thar this evidence could support is thal the better resolved thin sample peak
allows the separatton of the peak profile parameters which contsibute 10 the two faciors. [n cases where the
scparale corrclations are low bur the simullancous regression for the pair is high, the 1wo factors could be
syncrgistic so that the contribution of each factor depends directly or inversely on the contribution of the
other.

CONCLUSIONS

L. When ditterent standurds were compired lor Ca(OH)2 analysis, the CLs varied in a similar manner
o the standard peak widths, The CaFs, LaBg, Si, and Al2073 standards all gave qoite comparable
resulls. The absoluie values obrained varied a litde but the relalive order in the series was hardly
allected.
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TABLE 2. CORRELATION COEFFICIENTS FOR THE REGRESSION OF REACTIVITY OF Ca(OH)2
SORBENT ON MICROSTRUCTURE FACTORS FROM X-RAY DIFFRACTION LINE PROFILES (CaF7
STANDARD AND BULK MOLUNT}

Factor Mode CL MeanCL  MaxCL RMSS Mode RMSS Mean  RMSS Max
Mode CL 0.65 0.85 0.8¢ 0.82 078 073
Mean CL. 0.77 0.85 0.85 0.84 (.82
Max CL 0.79 0.7% 0.8] 084
RMSS Mode .46 .51 146
RMSS Mean 0.50 0.57
RMSS Max 0.38

TABLE 3. CORRELATION COEFFICIENTS FOR THE REGRESSION OF REACTIVITY OF Ca(OH))
SORBENT ON MICROSTRUCTURE FACTORS FROM X-RAY DIFFRACTION LINE PROFILES {LaBg
STANDARD AND BULK MOUNT)

Factor Made CL MeanCL  Max CLL.  RMSS Mode RMSS Mean RMSS Max
Mode CL 070 0.85 D.81 0.75 0.¥1 .77
Mean CL 0.719 0.84 080 (2,84 0.83
Max CL 0,79 (.89 (.80 0.83
RMSS Mode 0.51 0.58 0.51
RMSS Mean 0.58 0.7¢
RMSS Max (.40

TABLE 4. CORRELATION COEFFICIENTS FOR THE REGRESSION OF REACTIVITY OF Ca(OH)y
SORBENT ON MICROSTRUCTURE FACTORS FROM X-RAY DIFFRACTION LINE PROFILES
{Al203 STANDARD AND BULK MOUNT)

Facior Mode CL McanCL MaxCL RMSS Mode RMSS Mean RMSS Max
Mode CL 0.64 0.86 0.7% 0.74 0.83 0.73
Mean CL Q.77 0.82 0.81 0.56 0.82
Max CL 0.78 0.79 .78 0.52
RMSS Maode 0.35 0.52 {.39
RMSS Mean .52 0.53

RMSS Max 0.38

TABLE 5. COMPARISON OF CRYSTALLITE MEAN CLs (nm} [N THE 101 DIRECTION OBTAINED
WITH CaF2 AND LaBg STANDARDS WITH BULK AND THIN FILM MOUNTS

Standard/ Mod

Mount Reagent Linwd Marblthd Kemidol Snowllk Marblhd  1SGS Mix
CaFs Bulk 16.0 120 14 127 12.5 90 10.7
CaF? Film 16.4 14.0 12.2 93 14.7 1.2 93
LaBg Bulk 17.6 126 116 13.4 134 93 11.1

LaBg Film 17.6 14.3 12.6 920 152 114 9.5
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TABLE 6. CORRELATION COEFFICIENTS FOR THE REGRESSION OF THE REACTIVITY OF
Ca(QH)2 SORBENT ON MICROSTRUCTURE FACTORS FROM X-RAY DIFFRACTION LINE
PROFILES (CaFy STANDARD, FILM MOUNT)

RMSS RMSS RMSS
Factors Mode CL Mean CL Max CL Mode Mean Max
Mode CL 0.10 0.89 0.89 0.m 0.89 0.19
Mean CL 061 0.90 0.63 0.69 0674
Max CL 0.69 081 0.69 0.93
RMSS Mode o.M .25 0.11
RMSS Mean 0.23 0.24
RMSS Max . 0.03
2 The present data ndicate that crystatlite size is inversely proportional o the first order of reactivity.

The root mean square straing appear to be directly propontional 1o reactivity with a second degree
function, When the miciosirucwure factors are used 1o predict reactivity of solids for gases, the
results are improved considerably by regressing twe faclors ar a time,

3. ‘The use of thin samples gave a different order of mean CLs than those obtained for a serics of bulk
samples. The single [actor correlation coefficients were lower for thin samples than bulk samples.
However, when the. thin sample results were regressed two al a tume, higher correlations were
achieved for some pairs than for those obiained for bulk samples. It is hypothesized that the thin
samples gave betwr resolved peaks allowing the separation of factors which were synergistically
related.

The assisiance of David Natschke and Shawn Karns of Acurex Corporalion, in collection and
reduction of data, is decply appreciated.
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