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Abstract
A great variety of fine grained industrial rocks, which are valued by the industry
contain variable amounts of amorphous or poorly crystalline matter, which is
not easily detectable by the conventional mineralogical analysis methods based
on X-ray diffraction (XRD). The quantification of amorphous matter in
industrial rocks is a major task because it provides a thorough characterization
of the raw materials and assists to interpret their reactivity. Among the most
reliable methods used for quantification of amorphous matter, are those which
are based on Rietveld refinement. In this study we prepared 1:1 mixtures of
synthetic or natural calcite and quartz with 5-80% glass flour and added
corundum (a-Al2O3) internal standard and applied the Autoquan2.80 ©
software based on the BGMN computer code to quantify the amorphous matter
content. The mixtures with synthetic minerals yielded results with minimum
absolute error due to the similar particle size of the minerals, the internal
standard and the glass. By contrast, the mixtures with natural minerals
displayed greater relative error due to the particle size difference between the
minerals on the one hand and the internal standard and the glass on the other,

due to the microabsorption effect. Moreover, preferred orientation was
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important in the case of natural calcite, due to perfect (1011) cleavage plane.
Mixtures containing up to 25% amorphous matter did not display the
characteristic hump at 20-30 °26, suggesting that the lack of the hump is not a
safe criterion for the recognition of amorphous matter.

Keywords: Amorphous matter, X-ray diffraction, particle size, internal standard,
Rietveld refinement

Hepiznyn

[MoALG AemtorokKo Plopnyovikd OpLKTO KOl TETPOUATO, TEPLEXOVV TOIKIAN TOGOGTA,
AUOPPOL 1 PTOYO KPLGTOAADUEVOD DAIKOV, TO OTTOI0 OEV OVIYVEVETOL EDKOAL LE TIC
ouppatikég neBddoLE 0PVKTOAOYIKNG avaivong tov Pacilovtal otny meplOAacIpeTpia,
aktivav-X (XRD). O 1060TIKO¢ TPoGd1opIGHOG TOL GIOPPOV DAIKOD GTa PO oviKd
OPUKTA KO TETPOUOTO €Ival TOAD OTUOVTIKOG V10Tl TAPEYEL XOPAKTNPIGUO GE PABOC
TOV TPATOV VADV KOl CUVEICQEPEL OTNV gpUNVEiD. TG TAOMC TOVG Yo, AVTIOpaCT).
Meta&d tov mo oaéomiotov  pebddov  TOov  YPNCLOTOIOVVIOL YI0 TOGOTIKO
TPOGIOPIOUO GHOPPOL VAIKOD givar avtég mov otnpilovtat oty ekAéntuvon Rietveld.
210 mhaiola TG epyasciog mapacKevdoTkay piypota cuveTikon 1| eLoKo acPeotit
Ko yodalio og avoroyia 1:1, pe 5-80% temtdkokko yvahi (glass flour) kot tpocOnin
Kkopovvdiov (a-Al203) og eomtepid TpdTLRO. 10 TNV TOCOTIKOTOINGT TOV AUOPPOV
VAKOD, ypnolporombnke to Aoyiopkd Autoquan 2.800, mov PacileTor 6Tov KMOWK
BGMN. Ta piypoato pe to ovvOeTikd opuktd £€0woav amoTeléouata Ue eAAYIGTO
amOAVTO GOAAUM, AOY® TOL TOPOHOIOV HEYEDOLG KOKKOV TMV OPLKTMV, TOV YUOALOD
KOl TOL €0MTEPIKOD TPOTOTOL. Avtifeta, to piypoto pe QLoIKE opvkKtd £dmoav
OTOTEAECULATO LE HEYOADTEPO GYETIKO COUALN, AOY® TNnG dlapopdg peyéBovg KOKKOL
UETAED TOV OPUKTAOV PACE®Y OmO TN MK, KOl TOL YVOAOD KOl TOV EGMTEPIKOV
TPOTOTOL ATtO TNV GAAN, TOV 0ONYEL GTO PAIVOUEVO TNG LKpoaToppdenonc. ExumAéov,
0 QUOIKOG 0OPECTITNG EUPAVIGE GNUAVTIKY TAGN TPOGOVUTOMGHOD TOV KOKK®V
e&ontiag Tov TéAelon oytopod katd (101 1). Miypata mov mepieiyav péyxpt 25% yooahi
dgv  guEAvVIcOY YOPOKTNPLOTIKO VPopo oty mepoyny 20-30°20, yeyovdg mov
vIodnAmveL OTL 1 EMAEYN VPOUOTOC Oev amOTEAEL OGQOAEC KPLTNPlO Yo TNV

OVOYVOPIGT] TOL ALOPPOV VALKOV.

AgEerg Khewdd: auoppo viiko, mepiflaciuctpio oxtivav-X, uéyelog kOkkov, E6WTEPIKO

zpotomo, exAémtovon Rietveld



1. Introduction

Amorphous matter is a common impurity in industrial minerals and rocks,
including diatomite, zeolites, bentonites, perlite, pumice and volcanic ash or
pumicite (Benito et al., 1998; Barker & Santini, 2007; Breese et al., 2007;
Snellings et al., 2010 among others) as well as in synthetic industrial products
such as Portland cement, pulverized fly ash, bottom furnace ash and slags
(Suherman et al., 2002). It may be a) a primary phase i.e. volcanic glass in perlite
pumice or volcanic ash and opal-A in diatomite a) a secondary phase in the form
of reaction products during alteration of primary phases including volcanic
glass, e.g. amorphous gels in bentonites or zeolites (Christidis, 2001) or c)
reaction products during hydration of phases with pozzolanic activity such as
Portland cement (Suherman et al., 2002). The latter may not be necessarily
amorphous but poorly crystalline phases with very small coherent scattering

domains to be detected by X-ray diffraction.

The detection of amorphous or poorly crystalline phases is a major task for
complete characterization of these industrial minerals and rocks because they
impart pozzolanic activity when mixed with activators such as portlandite
(Ca(OH)z2), and are used as hydraulic binders (Masazza, 1993; Blanco Valera et
al., 2006; Mertens et al., 2009). This activity is particularly important for soil
stabilization purposes (Bell, 1996; Guidobaldi et al., 2018). Therefore, except
for identification of amorphous matter, a major task is its quantification. The
main technique available for quantitative analysis of amorphous or poorly
crystalline materials is X-ray diffraction (XRD), although amorphous matter is

“invisible” to X-rays.

Identification of amorphous matter is usually feasible by the detection of a hump
(bell-shaped increase of the background) between 18 and 35 °260 for CuKa
radiation. Nevertheless, precise quantification may be difficult if present to
small amounts. This results to an overestimation of the remaining crystalline
phases, because the quantitative analysis is normalized to 100 % for the
crystalline phases (De La Torre et al., 2001; Snellings et al., 2010), thus

increasing the error of the determination.



Volum

Recent approaches for quantification of the amorphous matter include full
pattern fitting approaches by the Rietveld technique (Bish & Ploetze, 2011).
These approaches involve the use of a well-crystallized internal standard of
known structure, such as corundum (a-Al2O3) or zincite (ZnO) and have the
advantage they are not affected by peak overlapping (Post and Bish, 1989). In
this work we applied Rietveld refinement to determine and quantify the
amorphous matter in a series of synthetic samples. The aims of the work were
to determine the accuracy in the determination of the amorphous matter, to
evaluate the influence of particle size in the accuracy of the measurements and
to identify the amount of glass (cut off limit) at which the presence of the hump

at 18-35 °26, the criterion to identify amorphous matter, becomes visible.
2. Theoretical background

The Rietveld method (Rietveld, 1969) compares the full experimental profile
with the calculated XRD profile. Each data point (26 step) is an independent
observation. Inasmuch as the method uses a pattern-fitting algorithm, all
diffraction lines for each phase are explicitly considered, thus minimizing the
problem of overlapping diffraction lines of different phases (Post & Bish, 1989;
Hill, 1991; Bish and Plotze, 2011). The use of all diffraction lines in the pattern
minimizes the uncertainty in the calculated weight fractions of the phases due to
possible preferred orientation. Also, during fitting of the complete diffraction
pattern, the plot of the difference between calculated and measured pattern
allows revealing any additional trace phases present that have not been

considered in the refinement.

The main equation of the quantitative analysis with the Rietveld method is the

following:
SpPp
= 1
P YL Sipi (1)

Where w; is the weight fraction, S is the scale function to fit the intensity of the
observed XRD trace and p is the density of each phase. The basic assumption of
the approach, similar to other quantitative XRD methods is that the weight

fractions are normalized to 1 i.e. to 100%.
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If we add an internal standard, we will be able to determine the amorphous
matter content (wa) by difference from the following equation (2):
We=1-XWi (2

where Wi is the recalculated weight fraction of phase i. Recalculation of the
weight fractions is performed, inasmuch as the concentration of all phases
including the internal standard is overestimated, because the amorphous matter

IS not taken into account during the calculations.

The parameters most commonly used to monitor the progress of refinement are
the weighted profile index (Rwp), the goodness of fit S (the squared ratio of Rup
over the Rexp) and Re (measurement of the agreement between the observed and
calculated Bragg intensities) (Post and Bish, 1989; Hill, 1991). The Rexp index
is an estimation of the minimum Rw,. Ideally for a perfect refinement Rwp = Rexp,
S=1and R <0.1 (10%). Instead of Rg the Autoquan® program used in this study
(see Materials and methods section below) calculates the parameter Rphase,

comparable to Rg.
3. Materials and methods

Both synthetic and natural quartz and calcite were used in this study. The
synthetic quartz and calcite were of analytical grade (Merck) with particle size
<1 pum. The natural quartz was derived from a quartzite from Crete, whereas the
natural calcite was from a Naxos marble. The natural samples were free of
impurities, within the accuracy of the analytical method used (see below). The
amorphous matter was “glass flour” from a local glass works in Chania town,
with particle size <5 um. Pure corundum (a-Al203) < 1um in size was used as
internal standard. The synthetic quartz and calcite had comparable particle size
as the internal standard, whereas their natural counterparts were considerably
coarser. Consequently, they were ground with an agate pestle and mortar to <15

um.

The samples were examined on a Bruker D8 Advance Diffractometer equipped
with a Lynx Eye strip silicon detector, using Ni-filtered CuKa radiation (35 kV,
35 mA). Data were collected in the range 3—70° 26 with a step size of 0.02° and
counting time 1 s per strip step (total time 63.6 s per step). The XRD traces were



analyzed and interpreted with the Diffract Plus software package from Bruker
and the Powder Diffraction File (PDF). The quantitative analysis was performed
on random powder samples (side loading mounting) emplaced in Al-holders, by
the Rietveld method using the BGMN computer code (Autoquan 2.80©
software). The code performs quantitative analysis taking into account the
particle size, the crystal microstrain and preferred orientation parameters.

Two series of experiments were performed. The first series included mixtures of
synthetic quartz and calcite at 1:1 ratio containing 5, 10, 20, 25, 30, 40, 50 and
80% amorphous material (glass flour). The second series included natural calcite
and quartz at the same ratio and the same proportion of glass. In both
experimental series corundum internal standard was added. The main difference
between the two series of the experiments was particle size which was adjusted
by grinding of the natural minerals with an agate pestle and mortar as mentioned

before.
4. Results

The XRD traces of the synthetic and natural minerals are shown in Figure 1 and
2 respectively. The area of the hump above the background line determined from
the XRD traces increases gradually with increasing glass content, as expected
(Table 1). However, the first visual evidence for the presence of an amorphous
phase (appearance of hump at 18-35 °26 in Figures 1 and 2) is observed at 25%
glass content in the synthetic minerals and 30% for the natural minerals (shown
by the arrows). For lower glass contents there is no visual evidence for the

presence of amorphous matter.

As mentioned before the addition of glass is not evident for glass contents up to
30%. The main evidence for the presence of an additional phase in both the
synthetic and the natural samples is the gradual decrease of the intensity of the
main diffraction lines for calcite and quartz, with increasing glass content (Fig.
3). This is expected inasmuch as the crystalline phases are diluted with the
amorphous phase. However, the observed pattern is different for the different
minerals. In calcite the intensity of the synthetic mineral is always higher than
that of its natural counterparts, regardless of the amount of glass added, with the
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difference in intensity decreasing with increasing amorphous matter content. In
quartz a more complex pattern is observed. At lower addition of glass, the
intensity of the synthetic quartz is higher than its natural counterpart; the trend
is reversed at glass content 25% and till the end of the experiment. In both calcite
and quartz, the intensities of the synthetic and natural phases converge at higher
glass contents (Fig. 3).

The concentrations of calcite and quartz determined by Rietveld refinement
match closely the actual amounts added in the mixtures in both the natural and
the synthetic minerals (Fig. 4). In both the calcite and quartz, the deviation from
the 1:1 line is small for the synthetic minerals. In general, the natural phases
display greater scattering. Indeed, the average absolute relative error (Table 2)
in the mixtures with natural minerals is 5.7% for both quartz and calcite, whereas
in the mixtures with synthetic minerals, the average absolute relative error is

1.1% for calcite 1.6% for quartz.

Table 1: Area of the hump in the 26 range 18-35 °20, determined from the XRD
traces, attributed to the amorphous matter (glass) in the experiments with natural

and synthetic samples.

Glass content Area of the hump at 18-35 °20 Area of the hump at 18-35 °20
(wt. %0) in synthetic samples in natural samples
(arbitrary units) (arbitrary units)
5 20.1 22.4
10 27.8 29.6
20 33.8 35.5
25 40.3 475
30 58.1 57.9
40 65.4 71.6
50 77 88.5
80 122.6 131.9
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Fig. 1: XRD traces of the 1:1 mixtures of synthetic minerals. Q= quartz, Cc=
calcite, Cor= corundum. The arrow indicates the first visible indication for the

presence of amorphous matter observed as hump in the range 18-35 °20. [please

note that a corrected version of this figure appears on the supplementary section as FIG.1]
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Fig. 2: XRD traces of the of the 1:1 mixtures of natural minerals. Q= quartz,
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the presence of amorphous matter observed as hump in the range 18-35 °20.

[please note that a corrected version of this figure appears on the supplementary section as
FIG.2]
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Also the absolute relative error in the mixtures with natural minerals tends to
decrease with increasing glass content, but it is maximized at highest glass
content (14% for calcite and 18% for quartz at 80% glass content) due to the
increasing uncertainty. A similar but more concise trend is observed in mixtures
with synthetic minerals, whereby the absolute relative error is minimized at high
glass contents (Table 2). Similar trends were observed in the quantitative
determination of amorphous matter in the mixtures with natural and synthetic
minerals (Fig. 5). Again, in the mixtures with synthetic minerals the deviation
from the 1:1 line was smaller compared to the mixtures with natural minerals
(Fig. 5a). The relative error in natural samples was higher for amorphous matter
contents lower than 20% (Fig. 5b). In both cases deviations from the actual
values were greater for smaller glass contents. In general, the mixtures with
natural minerals displayed greater errors than their counterparts with synthetic
minerals. As expected, for higher amorphous matter contents the relative error
decreased, due to the decreased uncertainty and it was comparable in the two

sets of experiments (Fig. 5b)

Table 2: Quantitative analysis of calcite and quartz by Rietveld refinement and

absolute relative error of the quantitative determinations.

Natural minerals
Actual content (wt. Average
%) 47.5 45 40 37.5 35 30 25 10 | error (%)
Calcite calculated
content (wt. %) 45.7 42.5 38.5 33.7 32.5 29.9 25.3 8.6
Quartz calculated
content (wt. %) 46 42.7 38 39.2 33.3 29.6 24.2 8.2
Calcite absolute
relative error (%) 3.8 5.6 3.7 10.1 7.1 0.3 1.2 14.0 5.7
Quartz absolute
relative error (%) 3.2 5.1 5.0 4.5 4.9 1.3 3.2 18.0 5.7
Synthetic minerals
Actual content
(wt. %) 47.5 45 40 375 35 30 25 10
Calcite calculated
content (wt. %) 45.4 44 40.1 37.6 35 30.6 25 10
Quartz calculated
content (wt. %) 49.3 458 | 404 37.3 345 29.6 25.4 10.1
Calcite absolute
relative error (%) 4.4 2.2 0.3 0.3 0.0 2.0 0.0 0.0 1.1
Quartz absolute
relative error (%) 3.8 1.8 1.0 0.5 14 1.3 1.6 1.0 1.6

10
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5. Discussion

This study has shown that Rietveld refinement based on whole pattern fitting is
a very promising method for quantification of the amorphous matter content in
rocks. Even in mixtures in which there was no direct visual evidence for the
presence of amorphous matter, the method determined the abundance of
amorphous matter with sufficient accuracy. The accuracy of the quantitative
determinations depends on the particle size of the minerals present in the
mixtures (quartz and calcite) due to the microabsorption effect, and the
difference between the particle size of the internal standard and the minerals.
The greater accuracy in the quantitative determinations observed in the mixtures
with synthetic minerals is attributed to both the very fine particle size of calcite
and quartz and the negligible difference between the particle sizes of the
minerals and the corundum internal standard. The small particle sizes of
minerals decrease the possibility for preferred orientation in addition to

microabsorption.

By contrast the particle size of the natural minerals was considerably larger.
Actually, optimum refinement was obtained by assuming average particle size
of 10 um. The problem might be solved by applying a different sample
preparation protocol, with use of micronization to decrease the average particle
size further. The influence of the combination of particle size and preferred
orientation may be observed indirectly by the overall gradual decrease in the
relative error in the amount of quartz with increasing amorphous matter content
(Table 2). Calcite displays perfect cleavage along (1011) plane which
contribute considerably to the preferred orientation, that causes greater errors
during the quantitative analysis. The sharp increase in the relative absolute error
for both minerals at very high glass content (80 wt. %) should be looked for to

the incomplete mixing of the two minerals with the glass.

The XRD traces of the mixtures of both the synthetic and natural minerals
showed the existence of a hump in the range 18-35 °20 characteristic of the
amorphous matter only in mixtures containing more than 25% and 30% glass
respectively. For lower glass contents the hump was not visible, although the

area of the hump attributed to the amorphous matter gradually increased with

13



increasing glass content (Table 1). Hence, the sensitivity of XRD is not adequate
to distinguish the subtle increase of the background due to amorphous matter at
low-moderate glass loadings. This indicates that the lack of the hump is not a
safe criterion for the recognition of amorphous matter at low amorphous matter
contents and that the presence or absence of amorphous matter should be verified
and quantified by the use of an internal standard. Rietveld refinement is a very
promising technique in this aspect. Nevertheless, particle size should be
carefully controlled for optimum results. It is suggested that particle size for
more accurate determinations of amorphous matter should be lower than 10um,
preferably less than 5um and that sample preparation should be carefully made

to avoid preferred orientation of mineral phases.

Finally, this study involved only anhydrous minerals, which do not adsorb water
on their surface, hence their density is very close to the theoretical one described
in the literature and included in the database of the BMGN code. Nevertheless,
in cases of minerals which adsorb water such as smectites or zeolites,
quantitative analysis under uncontrollable relative humidity conditions will lead
to misleading results regarding the presence of amorphous matter. It is suggested
that special analytical protocols in which the relative humidity has been taken
into account are designed for the quantitative analysis of such minerals. This is

beyond the scope of this work.

6. Conclusions

Application of the Rietveld approach allowed quantitative determination of
amorphous matter in mixtures of natural and synthetic quartz and calcite in 1:1
ratio. However, amorphous matter was not visible when present in proportion as
much as 25% in the mixtures of synthetic minerals and 30% in their natural
counterparts. Therefore, visual inspection of XRD traces is not a safe criterion
for identification of amorphous matter in fine grained sediments and soils, even
when the remaining phases are well crystallized. Addition of a suitable internal
standard and use of Rietveld refinement is recommended as a standard method
for identification and quantitative determination of the amorphous matter,

provided that particle size of the phases present is strictly controlled.

14
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