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Abstract

Two asymptotic constant ratio methods applied to the quantification of individual
components of solid samples using attenuated total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR) and X-ray diffraction (XRD) are described. The
methods involve the measurement of the peak current/peak areas of selected signals
(diffraction peaks in XRD and absorption bands in ATR-FTIR) relative to the signal of
standard added in constant proportion to the sample and the sample enriched with the
analyte following the usual standard additions methodology. The proposed method
compensates the absorption effects appearing in XRD and the presence of overlapping
absorption bands of interferents by means of an asymptotic representation thus avoiding
the need of the knowledge of the absorption parameters of the matrix and analytes. The
method was tested for mixtures of different metal oxides and sodium and potassium

feldspars with satisfactory results.
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1. Introduction

The identification and quantification of individual components in mixtures is of interest
in several fields, including in particular mineral analysis, where attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) and X-ray diffraction
(XRD) techniques are frequently combined [1-4]. Apart from the obvious application to
mineral ores [5], this kind of studies deals with dust aerosols [6-9], soils [10-12],

meteorites [13], and historical monuments [14], among others.

One general problem to be faced is the determination of the concentration of an
individual species in a solid mixture of unknown composition. In the case of XRD, the
main difficulty for this purpose is that the peak currents and/or peak area measurements
are conditioned by absorption effects, thus making inapplicable usual methods of
quantification used in spectroscopies [15,16]. Then, different methods of XRD data
treatment have been proposed, namely, reference intensity ratio (RIR), mineral intensity
factor (MIF), multiphase Rietveld refinement, and full pattern summation [17,18]. The
matrix flushing method or the normalized RIR (Reference Intensity Ratio) [19-21]
performs a least squares fitting of the full experimental pattern to the identified phases
in the mixture. Historically, these methods and full-pattern fitting methods [22,23] have
been considerably developed, ideally requiring the knowledge of the diffraction pattern
of individual components of the sample as well as their mass absorption coefficients, as
demanded by the Klug’s equation [24]. The need of the knowledge of such individual
mass absorption coefficients and the presence of amorphous materials and high
crystallographic complexity made difficult, however, the quantification by XRD, as

recently reviewed [17,18].

In the case of ATR-FTIR, there are two general difficulties for quantification purposes:
the presence of components in the sample whose spectrum overlaps with the spectrum
of the analyte and the variability of the optical path in turn depending on the
composition of the whole sample, thus hindering the application of classical

quantification methods of application in uv-vis spectroscopy [25-27].

In previous works, methods yielding the absolute concentration of an analyte in a solid

sample containing N absorbing substances with non-overlapping [28] and overlapping
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[29] bands were described. These methods were based on the addition of an internal
standard in constant concentration (constant-ratio methodology) accompanying standard
additions of the analyte and required the validity of the Beer-Lambert law and the

equality of the optical paths for a given spectrum at all wavenumbers.

The purpose of the current work is to present two constant-ratio analytical methods
specifically and respectively applied to ATR-FTIR and XRD quantification extending
the philosophy of the constant ratio methods compensating the optical path effect in
ATR-FTIR and the absorption effects in XRD for samples of unknown composition. In
both cases, the experimental procedure involves the addition of an internal standard in
fixed proportion and the subsequent performance of standard additions of the analyte.
The treatment in the case of XRD is based on the Klug’s equation and the effect of the
absorption of the unknown matrix is compensated by means of an asymptotic
representation. In the case of ATR-FTIR, the asymptotic representation permits to

compensate the influence of the variable, matrix-dependent optical path.

The resulting asymptotic constant ratio XRD-ACR and ATR-ACR methods have been
tested by the quantification of individual crystalline solids in mixtures of sodium and
potassium feldspars. These are of particular interest because of its application in
ceramics [30] and environmental [31], mineralogical [32,33] and archaeological [34-38]
significance. In the case of XRD TiO, (anatase) was used as the internal standard
because of its good crystallinity, high purity, chemical inertness and well-defined XRD
response and a previous test using mixtures of pure reagents, Cr,O3 and NiO, was
carried out. In the case of ATR-FTIR, KHCO; was used as the internal standard. This
compound shows both overlapping and non-overlapping bands with those of the
feldspars, thus illustrating the application of the method to the most unfavorable case of

some interference of the internal standard.

2. Experimental

Anatase (TiO,, Carlo Erba), KHCO3, NiO, and Cr,O3 (all Probus reagents) were used.
Mixtures of analyte/standard were prepared in different proportions, weighing each
component on an analytical balance to obtain different binary, ternary, etc. mixtures.
The standards were: sodium feldspar (LGC Standards, BCS-CRM N° 375/1), potassium
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feldspar (NCS DC 61102, China National Analysis Center for Iron and Steel), quartz (high
purity silica, BCS-CRM 313/2) and kaolin (NCS DC 60123a, China National Analysis
Center for Iron and Steel). The certified composition of such standards is summarized in
Table 1. For obtaining the diffractograms of reference minerals, an amount of 0.200 g of
the mineral was finely powdered with an agate mortar and pestle and passed through a

500 um sieve.

XRD analysis of powder samples (Model D-8 Advance, Bruker) was performed using
CuKo radiation. The diffractometer had two 1 mm divergence slit, the scatter and
receiving slits being 3 mm and 3°, respectively. The X-ray powder diffraction patterns
were run with a step size of 0.02 26° and a counting time of 0.2 s. The determination of the

lattice constants of zircon was made using the Rietveld indexing program.

ATR-FTIR spectra were recorded with a Vertex 70 Fourier transform infrared
spectrometer with an FR-DTGS (fast recovery deuterated triglycine sulphate) temperature-
stabilized coated detector. The spectra were recorded in the wavenumber region between

600 and 4000 cm* taken 32 co-added scans with a resolution of 4 cm™.

3. Description of the methods
3.1. XRD-ACR method

In the most simple case, we can consider a solid sample containing a binary mixture of
two crystalline components, X, Y. Assuming that the diffractograms of X and Y are
known and that do not contain overlapping peaks, we can express the mass fraction fy of
the component Y as a function of the intensity (or area) of a given peak characteristic of

Y recorded in the diffractograms of the pure component, 17, and the sample, ly, by

means of the Klug’s equation. This implies that the mass absorption coefficients of X

and Y, By, By, are known:

_ (I, /1y)By
T By _(IY/I\O()(BY - Bx)

1)

Rearranging terms in the above equation yields:
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0 fYBY _ 10 fY
Y BY + fY(BY - Bx) Y1+ fv(l_bxv)

Iy, =

)

where bxy = Bx/By.

Now, consider a standard additions experiment in which samples enriched in the
component Y with added mass fractions f,, are processed. The intensity of the selected

Y- characteristic diffraction peak, 1., verifies:

. f,+ f,
I, =1 Y Y 3
Y Yl"‘(fv + £ )A-by) @

Eliminating the term 1-bxy between equations (2) and (3) gives:

19F, =1, (f, + f)IC -1
(l—b ): Y'Y Y: Y Y Y* Y (4)
XY f, f,+ fo

and:

ML, 5)

This equation predicts that the representation of I, vs. f, corresponds to a straight line

of ordinate at the origin Iy and slope Iy/fy, enabling for the determination of the mass

fraction of the component Y in the sample, fy.

This treatment to a N-component sample is made difficult, even if amorphization effects
are negligible, by the fact that the absorption contribution depends of all components. In
this context, the above treatment can, in principle, be generalized to a mixture of
crystalline compounds introducing mass absorption parameters b; for each signal J
which are function of the absorption coefficients of all components, in substitution of

the two-component absorption ratio, bxy.

For quantification purposes, we select a crystalline internal standard P, whose
diffraction peaks do not overlap with those of the analyte Y. Then, we can prepare two
binary mixtures, the first one containing the Y standard and an internal standard, P, and
the second containing a mixture of the Y-containing sample enriched with P (the P-

containing sample) so that the mass fraction of P is the same for both mixtures. For the
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P-containing problem two Klug’s equations can be written for the intensities of selected

non-overlapping peaks of Y and P, respectively:

fy

|v=|$m (6)
=10 To )

"1+ f,(1-b,)

where |7 denotes the intensity of the selected peak of P in the diffractogram of the pure

standard under the conditions of operation and by, bp the parameters expressing the
absorption effects. The ratio between the above intensities is:

sl
P IP fP 1+fv(1_bv)

In a standard additions experiment, a series of specimens containing a constant mass
fraction of P and the sample enriched with known amounts of Y are used. Then, the
corresponding series of diffractograms will contain the P- and Y-characteristic peaks.

The intensities of these peaks will verify:

|E :(%J(f\{vtf;j[ 1+ fp(l*—b;) * } ©
IP IP fP 1+(fv+fv)(l_bv)

Assuming that the mass absorption coefficients b~ depends on all the components of the

sample but does not vary significantly with their abundances (i.e.: b, =by;b, =b;),

combining Egs. (8) and (9) yields:

R e
lp Iy |§ fP l+(fv+fv)(1_bv)

This equation corresponds to a polynomial function of the 1, /1, ratio on the f,/f,

ratio that, when f,; tends to zero, approaches a straight line given by:
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T N A N e

This equation predicts that the plots of 1, /1, vs. f,/f, tend asymptotically to a

straight line of ordinate at the origin Iv/Ip, and slope (Iv/Ip)(fe/fy) when f, tends to

zero.
There are other possible particular cases of Eg. (10) of interest. For instance, when

1o\ fy
TJH 4

On the contrary, when by, >>1, b, >>1, Eq. (10) becomes:

BYEY ) g
1° kol \f, + 1o
When by, <<1; by >>1, then:

i:I_YjL ﬁ f_; L]CP* (14)
IP IP Ilg fP 1+(fY+fY)
This case corresponds, when f, —0, to a straight line of negative slope in the

representation of 1, /1, vs. f,/ f,. Theoretical representations for different values of

b, and b, , according to Eq. (10) are presented as a Supplementary information, Figure
S.1.

b, ~1 by, ~1, it reduces to:

3.2. ATR-ACR method

Let us consider again the case of the quantification of a solid analyte Y of known
spectrum which is present in a solid sample accompanied by interferents X of unknown
spectra which present absorption bands overlapped with those of the analyte and an IR-
transparent matrix. For quantification purposes, we prepare a sample enriched with a
weighted amount of a standard whose spectrum does not overlap with those of the
sample and the interferent. Assuming that the matrix does not distort seriously the

spectral features of X, Y, and P, the absorbance at a given wavenumber o will be:



S w N

o J o U

10
11
12

13

14
15
16
17

18

19
20
21
22
23
24
25

26

27
28
29
30

Av) = &, (V)g(V)Cy +&x ()9 (V)Cy (15)

where g; (J =Y, X) denote the specific absorptivity (by mass unit or mol unit) of the
different components at the wavenumber v, c; their respective concentrations and g(v)

the optical path. In turn, the absorbance of the standard band at a wavenumber vp will
be:

A:’(UP) =ép (UP)g(UP)CP (16)

g(vr) being the optical path at the wavenumber op that in general will differ from g(v)

in the same spectrum. Then, we can obtain the absorbance ratio:

A(v) _&y (v)g(v)cy + &y (V)g(v)ey (17)
AP(UP) gP(UP)g(UP)CP

Introducing the mass (or mole) fraction of the analyte in the original sample, fy (=

cv/(cx + cy)), Eq. (17) becomes:

Av) _1 { &) ¢, &) o )} 19
A,) Fle&w)as) Y & (U5)9(Ly) Y

where F = (cx + cy)/cp. This coefficient can be fixed by weighting the amount of
original sample (cx + cv) and the amount of added internal standard P.

Now, we prepare a series of Y-enriched samples containing a fixed proportion of P to

develop a standard additions experiment. Then, Eq. (18) can be rewritten as:

Awp) _1 { &) (¢, HOTO) _f*)} (19
A:(UP) F gP(UP)g*(UP) v gP(UP)g*(UP) v

¢y being the added concentration of Y and fy" = cy'/(cx + cv).

In general, the optical paths (g-terms) will vary with the entire composition of the
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system. Assuming that these terms do not vary significantly in standard additions
experiments, we can approximate g*(v)/g*(ve) = k (constant). Then, eliminating

ex(v)g(v) ep(vp)g*(ve) between Egs. (18) and (19) yields:

« E () F A(v)
FAE AL | g5©) AW g (20)
A AW 1-f,

This equation predicts a linear relationship between F (A*(v)/As*(vp)) and fy . Since the
ey(v)g(v) e(vp)g(vp) ratio can easily be determined from mixtures of weighted
amounts of Y- and P-standards, and assuming that the g (v)/g (vp) ratio approximates
the same k the value (i.e. ev(v)g(v)/e(vp)g(vp) = key(v)/ ep(wp)), the value of fv can be

calculated from the slope of the F (A*(v)/As*(vp)) vs. fy plot as:

50 AW
f=1- gp(i)P) A (Up) (21)
(e AW . AW
A;(Up) A (p)
A(fy)

Under real conditions, the optical paths will distort the spectral response. Since this
distortion (represented by the g'(v) variable term) will increase with Y-standard
concentration, Eq. (20) will apply for low added concentrations; i.e., the experimental
F(A*(v)/Ap*(vr)) vs. fy~ curve will tend asymptotically to a straight line represented by
Eg. (20).

4. Results and discussion
4.1. Preliminary XRD test

First we studied the diffractometry of mixtures of NiO and Cr,O3 using TiO; as the

internal standard. Figure 1 compares the X-ray diffractograms of the separate
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components and a mixture containing mass fractions of 0.200+0.002 TiO,, 0.400+0.002
NiO and 0.400+0.002 Cr,QO3. Figure 2 shows the standard additions graphs obtained by
selecting the peaks at 2@ = 25.3, 33.6, and 43.4 degrees for TiO,, Cr,03, and NiO,
respectively. Taking as a problem sample a mixture containing a mass fraction of NiO
of 0.200+0.002, a mass fraction of Cr,O3 of 0.600+0.002, and a mass fraction of TiO,
internal standard of 0.200+0.002, and preparing samples containing the same mass

fraction of TiO, but with increasing mass fractions of NiO, the resulting representation
of 130/ l5i0s VS. frio! Trio, Yields a clearly curved path. The first experimental points
can be satisfactorily fitted to a straight line, thus defining an asymptotic linear region
(ALR) marked in Fig. 2a. Application of Eq. (11) to these points yields: 1,5/ 150, =
(0.186+0.002)( fr,o / f1i0,) + 0.1956+0.0014 (N = 3, r = 0.99990) which provide for the

problem sample fyio = 0.210+0.003, again in agreement with the nominal value.

The same procedure was used now taking as a problem sample one containing a mass
fraction of NiO of 0.600+0.002, a mass fraction of Cr,O3 of 0.200+0.002, and a mass
fraction of TiO; internal standard of 0.200+0.002, now performing standard additions of

Cr,03. The corresponding representation of 1,05/ 150, VS. fornos! fric, iS also shown

in Figure 2a, yielding almost linear representation using peak heights. Fitting the entire
set of experimental values to a straight line, one obtains a slope of 0.40+0.02 and an
ordinate at the origin of 0.398+0.022 (N = 5, r = 0.997) resulting in a value of fcr03 =

0.20+0.02, in agreement with the expected value.

In order to refine the calculations, Eg. (11) can be rewritten as:

*
IY IY

b 1 (L)
bl ]E)
f,

Taking into account that Eq. (11) reflects the limiting tendency of Eq. (10) when

f, / f, tends to zero, Eq. (21) predicts that plots of G vs. f, / f, should provide a

curve tending a horizontal line at G = (Iy/1p)(fe/fy). Figure 2b shows the representation of

10
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G vs. fuo/ fro, for the precedent experiment of standard additions of NiO. In
agreement with the expectances, the curved path tends to a horizontal line at G =

0.190+0.002 when fo/ f;, = 0. Using the Inio/lTio2 Value determined for the sample

(0.196+0.002), one can re-calculate the value of frioo/fnio (0.96940.003), the fnio value

is of 0.206+0.006, improving the value previously calculated.

Interestingly, experimental data can in principle be fitted to empirical relationships of
the type:

* * %\ 2
I—lf:m+nh +qh (23)
I fo fo

where m, n, and q are adjustable parameters which can be calculated from the
polynomial fit of data equivalent to the Iv/lIp and (ly/lp)(fe/fy) terms in Eq. (11). The
obtained data agree satisfactorily with those previously indicated. A comparison of the
statistical parameters determined for the NiO sample using the polynomial fitting and
the linear fit of the asymptotic line is summarized in Table 1. A second preliminary test,
carried out using mixtures of MgO and SiO, again taking TiO, as an internal standard is

presented in Supplementary information, Figures S.2 and S.3.

The analysis of errors is presented as an Appendix. Under ordinary conditions, and
assuming Al/l, values below 2%, one can estimate detection limits corresponding to
mass fractions of the analyte around 2%, which can be considered as a satisfactory

value for XRD measurements.

4.2. XRD quantification of sodium and potassium feldspars

A more complex example of application used mixtures of sodium and potassium
feldspars (NaFeld and Kfeld in the following), plagioclase minerals whose extreme
members are albite, NaAIlSi3Og and orthoclase, KAISi3Og. This is a case of practical
interest in ceramic science that is made difficult by the fact that there is no disposal of

pure chemicals, so that the composition of the available mineral standards does not fit to

11
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the theoretical chemical composition of the respective compound. This can be seen in
Table 2, where the certified composition of the NaFeld and KFeld mineral standards is
given. Based on these data, one can estimate that the NaFeld standard contains 72.24
%wt of albite and 8.7 %wt of orthoclase and that the KFeld standard contains 33.56
%wt of albite and 56.85 %wt of orthoclase.

Figure 3 depicts the X-ray diffractograms of a) NaFeld, b) KFeld, c) a 10.0+0.1 %wt
TiO; plus 20.0+0.1 %wt NaFeld plus 70.0+0.1 %wt KFeld mixture. This last was taken
as a problem sample. To apply the ACR method to determine the concentration of

NaFeld, the peak at 20 = 27.5 deg. for NaFeld and the peak at 20 = 25.3 deg. for TiO;

were used. As can be seen in Figure 4a, the resulting 1o/ 1702 VS. fraraq! fric, PlOt

describes a curved path for which the tangent at f ..,/ f;0, — O can be fitted to a

*

straight line of equation 1 /l70, = (0.2032+0.0009)( fyreig! Frics) +

0.4006+0.0012 (N = 3; r = 99998), yielding a value of fyareiq in the problem sample of
0.197+0.004, in close agreement with the expected result. This corresponds to a ’true’

albite fraction of 0.142+0.004. Applying the polynomial fit to the curve in Figure 4a one

*

0btains 17ruq/ 150, = 0.386 + 0193 foreos/ Friop* 0.0082 (frua/ Frioo /. (r = 0.9999),

finally resulting in an albite fraction of 0.145+0.006.

In the case of KFeld, the problem mixture was composed by 10.0+0.1 %wt TiO, plus
70.0+0.1 %wt NaFeld plus 20.0+0.1 %wt KFeld. In this case, the better results were
obtained using peak intensity measurements at 20 = 45.2 deg for KFeld. The
corresponding representation is depicted in Figure 4b. Now, the equation of the tangent

at freaq! frioy — O can be fitted to a straight line of equation 1 q/lnic, =
(0.0230+0.0009)( f '/ Frq,) + 0.0473£0.0016 (N = 3; r = 9990). This equation leads

to a value of fkreig in the problem sample of 0.206+0.004, again in agreement with the
nominal result corresponding, after correction of the standard composition, to

0.116+0.004. Applying the polynomial fit to the curve in Figure 4b one obtains

* *

e/ iop= 0.0456 + 0.0221 fyiroiy/ Friop+ 0.0021 (f s/ Friop ) (r = 0.997), finally

resulting in an orthoclase fraction of 0.116+0.006. Table 3 summarizes the results for

the quantification of feldspars using the XRD-ACR method.

12
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The above results suggest that the XRD-ACR method can be used to quantify individual
components in a variety of mixtures of crystalline components providing that the
individual diffraction patterns provide non-overlapping signals. The method may be
distorted, however, by non-crystallinity and intense absorption effects whose influence
should be matter of future research.

4.3. ATR-FTIR quantification of sodium and potassium feldspars

Figure 5 shows the ATR-FTIR transmittance spectra of a) KHCO3, b) KFeld, c) NaFeld,
and d) a mixture of KFeld plus NaFeld spiked with KHCO;3 resulting in mass
percentages of 43.5, 34.8, and 21.7 %wt, respectively. This last is an illustrative
example of a mixture containing similar percentages of NaFeld and KFeld, the most
favorable case for quantification. Apart from characteristic OH bands around 2500
cm™, the spectrum of KHCO; display carbonate bands at 661, 700, 827, 971, 1387/1400
and 1620 cm™. In turn, both KFeld and NaFeld yield overlapping bands between 800
and 1200 cm ™ dominated by the asymmetric stretching vibration of the SiO units with a
maximum of absorption at 1080 cm™, accompanied by less intense bands assigned to
the symmetric SiO stretch at 800 and 780 cm ™, and the symmetric and asymmetric SiO
bending modes at 695, 520, and 450 cm™. For quantification purposes, we selected the
SiO band at 1150 cm™ and the carbonate band at 1400 cm™ where only one of the

components (KHCO3 or feldspars) absorb.

We prepared as a sample a mixture of KFeld and NaFeld containing 22.2 %wt of KFeld
and prepared a modified sample and a series of standards all containing a 21.7 %wt of
KHCOs. Figure 6 compares the spectra of the KHCOg3-enriched sample and the KHCO3-
enriched specimen after the addition of a standard of KFeld. The base line was defined
as that joining the two minima at about 1250 and about 850 cm™. This line and criteria

for absorbance measurements are depicted in Fig. 6. Figure 7a depicts the representation

of  F(Acaa! Acicod — F (Acrers! Acticos)  VS. feragObtained  from  absorbance
measurements at 1150 cm™ (Ax..,,) and 1400 cm™ (Ay,,.00) corresponding to weighted

mixtures with F = 0.277+0.001. In agreement with theoretical expectances, the

representation defines a curved path tending asymptotically to a straight line at low

13
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ferue Values intersecting the y-axis at the absorbance ratio of the KHCOsz-enriched
sample. In turn, experiments at KFeld plus KHCO3; mixtures of known composition
permitted to determine &y .4/ Expcos= 1.610£0.005. Taking the asymptotic straight line
defined by the first four experimental data point (asymptotic linear region marked as
ALR in Fig. 7a), of equation F(Arus/ Achicos) = F (Acrara! Acicos) = (1.1240.02) ..,
+ 0.00340.04 (r = 0.9995), one obtains fxreig = 0.22040.006, in close agreement with the
nominal value (0.222+0.002).

Similar results were obtained for a sample consisting of a mixture of KFeld and NaFeld
containing 22.2 %wt of NaFeld which was now taken as the analyte. The sample and
the sample plus NaFeld standards were prepared containing a 21.7 %wt of KHCO3, thus

resulting in F = 0.277+0.001. Figure 7b shows the corresponding representation of
F(Aured! Acticos) — F (Avaraa! Acticos) VS. frareq- Here, a curved path tending to a
straight line at low f .., values was obtained. The equation of the asymptotic line
taken the first experimental data points fits t0 F(A.res/ Acicos) — F (Avareta! Acricos) =
(-1.7740.008) fy .-y + 0.07£0.07 (r = 0.9994). The slope value, combined with the
value of the &yreq/ Expcoslatio (0.529) determined from ATR-FTIR spectra recorded in

binary NaFeld plus KHCO3 mixtures, yields fyareig = 0.221+0.007, in close agreement
with the expected value (0.222+0.002).

These results indicate that the ATR-ACR method provides satisfactory results for the
quantification of an individual analyte in the presence of unknown matrices. It is
pertinent to note that in the case of feldspars, as occurring in XRD, the studied
compositions refer to the nominal composition of the standards. The analysis of errors is
similar to that for the XRD-ACR method and is presented as an Appendix. Under the
experimental conditions described in the next section, the detection limit for the analyte

can be evaluated as around 2%, which is a reasonable value for ATR-FTIR analysis.

5. Conclusions

14



O < o oo w N

10
11
12
13
14
15
16
17
18
19
20
21
22
23

24
25
26

28

Two methods devoted to quantify individual components in an unknown crystalline solid
matrix based on either XRD and ATR-FTIR data are described. Both methods are based
on the addition of a known amount of an internal standard of known diffraction pattern or
spectrum with no overlapping bands with those of the components of the problem system
and the determination of the peak intensity ratios of signals characteristic of the problem
components relative to a peak of the standard. Performing standard additions of the
component to quantify to mixtures containing a constant proportion of the internal
standard, the above peak current ratio tends asymptotically to a linear variation with the
ratio between the added amount of problem standard and the amount of internal standard
allowing for the calculation of the concentration of the problem component with no need

of independent knowledge of the absorption parameters of the matrix.

In the case of XRD analysis, the application of the Klug’s equation permits to compensate
the effect of the absorption of the unknown matrix, the resulting XRD-ACR method being
satisfactorily applied to binary mixtures of Cr,03 plus NiO, and sodium and potassium
feldspars, respectively, using TiO, (anatase) as the internal standard. In the case of
ATR-FTIR, the ATR-ACR method can be applied to the determination of an analyte in
the presence of an unknown matrix whose absorption bands overlap with those of the
analyte. This method was satisfactorily applied to solve mixtures of sodium and
potassium feldspars using KHCOg as internal standard, thus suggesting the suitability of

the method to study a variety of systems.
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Appendix. Analysis of errors

The proposed methods have the intrinsic advantage that, apart from those associated to
weighting, only errors associated to peak intensity (or peak area) measurements have to
be accounted, thus avoiding, in the case of XRD, the account of errors associated to the
estimate of absorption coefficients. To estimate errors in the XRD-ACR method based
on Eq. (11) an approximate treatment can be taken assuming that the uncertainty (in the
following represented by A) in the mass fraction of a given analyte relative to the
internal standard depends on those of the intensities of the respective diffraction peaks
(XRD-ACR) and those of the mass fraction of the standards, both represented in the
following as S. Then, Eq. (11) can be rewritten as:

-t (8l 5
N T U S, A1)

—_ = P = =
o (I )T fv fy
L\ f, f, f,

Then, the usual treatment of error’s propagation yields:

ATy 1 1)) (A1) ), [AGSY/S0) (A2)
AR folf, Sy /S, '

In the case of the ATR-ACR method, Eq. (20) leads to:

OO AL)
fY:l_ gP(UP) AP(UP) f*_l_ Q*(U) f: (A3)

= 'AS(U) _F A(v) Y QP(UP)
A)  A(ve)

where we introduce a Q-function depending on the measured absorbances. Although the
Q-function in Eqg. (A.3) is more complicated than the S-function in Eq. (A.2), the theory
of error propagation can in principle be reasonably applied using similar

approximations.

One of the aspects of relevant interest is to estimate the detection limit attainable with the
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method. For this purpose, a first plausible assumption is, for simplicity, that the
uncertainty in the individual measurements of the peak intensities, AS, is the same in all

cases. Then:

A /Se) | pgf L, 1 (A4)
S st

Thinking in the detection of a low proportion of the analyte Y, it is reasonable to
assume that the sum of the peak intensities of the problem compound and the standard
remain approximately constant and equal to a value S,. Then, the value of the peak

intensity ratio, £ (=S, /S;) can be related with the relative error in that ratio by means

of the relationship:

ASIS)|_AS A+ ag
siis. ) s, ¢ '

Here, the ratio AS/S, represents an averaged value of the relative uncertainty in peak
intensity measurements. If this ratio is constant, the uncertainty in the peak intensity
ratio tends to a minimum value for & = 1; i.e., when the height of the analyte and the
standard peaks is the same. This treatment can be extended to the analyte to standard

mass ratio so that, introducing and averaged value of the uncertainties in these

measurements, Af/f,, and the mass fraction ratio £ (= f, / f, ), one obtains:

A IT))_AF A+ pg
f2/F, f ¢ '

This relationship leads again to predict a minimum uncertainty for a mass fraction ratio
equal to one that, obviously, is not a situation of practical interest. Combining the
equations (A.5) and (A.6) yields:

(A(fY/ fp)j_ Al (L+&) | Af @+) A7)

fif ) 1, & f ¢

17
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Figure S.4 depicts the variation of the relative uncertainty in the mass fraction ratio,
A(fv/fp)/(fy/fp), on ¢ for & = 1.0 assuming Af/f, = 1% , a reasonable value taking into

account the accuracy in weighting, and taking different values of the AS/S, ratio.
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Table 1. Composition determined for the problem samples described in the text for NiO
plus Cr,O3 mixtures using TiO, as the internal standard. a) fitting the first experimental

points to a straight line as represented in Figure 3; b) using the representation such as in

~ o o b w N

10
11

Figure 4; c) using the polynomial fit of the entire set of data.

Analyte | fo nominal | fo? fp° fp°
NiO 0.200+0.002 | 0.210+0.03 | 0.206+0.006 | 0.208+0.006
Cr,03 0.200+0.002 | 0.20+0.02 | 0.19+0.02 0.20+0.02
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Table 2. Certified composition of the NaFeld and KFeld standards used in this study.
NaFeld: sodium feldspar (LGC Standards, BCS-CRM N° 375/1); KFeld: potassium

feldspar (NCS DC 61102, China National Analysis Center for Iron and Steel); ™ non-

detected; ™" theoretical values for albite and orthoclase, respectively; ®' composition in

albite and orthoclase estimated for the used standards.

%wt | NaFeld | Albite™" KFeld | Orthoclase™"
SiO; 69.26 | 68.741 66.26 | 64.764
TiO, 0.313 0.048
Al,O; | 17.89 19.440 18.63 | 18.315
Fe,O3 |0.291 0.19
Fe,OsT | nd nd
Na,O | 8.89 11.820 3.69
K0 1.47 9.60 17.047
Cao 0.78 0.76
MgO 0.180 0.054
P,0s 0.226 nd
LOI 0.72 0.86
Estimation®™ Estimation®™
Albite Orthoclase
NaFeld 72.24 33.56
KFeld 8.70 56.85
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Table 3. Composition determined for the problem samples described in the text using the
XRD-ACR?*” and the ATR-ACR®® methods for mixtures of NaFeld and KFeld using TiO,
as the internal standard by means of: ®° linear fit of the first data points (Fig. 5a); >¢

polynomial fit (Fig. 5a).

g b w N

O 0 J O

Analyte | fp nominal | fp* foP fp nominal | f° £

NaFeld | 0.200£0.002 | 0.197+0.004 | 0.203+0.006 | 0.222+0.002 | 0.220+0.006 | 0.224+0.008
KFeld 0.200+0.004 | 0.206:0.006 | 0.216+0.008 | 0.222+0.002 | 0.221+0.007 | 0.22620.010
Albite 0.144+0.002 | 0.142£0.004 | 0.146+0.006 | 0.159+0.002 | 0.158+0.009 | 0.160+0.008
Orthoclase | 0.114+0.004 | 0.116+0.006 | 0.123+0.008 | 0.12620.004 | 0.126+0.008 | 0.128+0.010
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Figures

Figure 1. X-ray diffractograms of a) TiO,, b) NiO, ¢) Cr,O3 and d) a mixture containing
mass fractions of 0.200+0.002 TiO,, 0.400+0.002 NiO and 0.400+0.002 Cr,03. (* TiO,,
A NiO and ° Cr,03)

Figure 2. a) Plots of I, /15, vs. f, /f..,(0x = Cr,0s, NiO) from XRD data in
standard additions experiments using TiO, as the internal standard. Peak intensity
measurements at 20 = 25.3, 33.6, and 43.4 degrees for TiO,, Cr,0Oz and NiO,
respectively. b) Representation of G vs. f .,/ f,,,, for standard additions of NiO to the

TiO, plus Cr,03 plus NiO mixture described in the text, corresponding to data in Figure
2. ALR denotes the asymptotic linear region.

Figure 3. X-ray diffractograms of a) NaFeld, b) KFeld, c) a 10.0 %wt TiO, plus
70.0%wt NaFeld plus 20.0 %wt KFeld mixture. (* TiO5, * NaFeld and ° KFeld)

Figure 4. Plots of: @) I/ ios VS- Frarerd! Trioz, ANA D) 1rra/ Vrios VS. Trrea! Frions
for standard additions of a) NaFeld, and b) KFeld, to the problem mixtures described in
the text. From XRD data in standard additions experiments using TiO, as the internal
standard using peak intensity measurements at 2@ = 25.3, 27.5, and 45.2 degrees for
TiO,, NaFeld, and KFeld, respectively. ALR: asymptotic linear region taken for
applying Eq. (11).

Figure 5. ATR-FTIR transmittance spectra of a) KHCOg3, b) KFeld, ¢) NaFeld, d) a
mixture of KFeld (43.5 %wt), NaFeld (34.8 %wt) plus KHCO3; (21.7 %wt). The
continuous (green) arrow marks the carbonate band at 1400 cm ™ and the discontinuous

(red) arrow the silicate band at 1150 cm™ used for calculations.

Figure 6. ATR-FTIR transmittance spectra of a) KHCOs—enriched sample plus KFeld
standard specimen containing 60.9 %wt KFeld, 17.4 %wt NaFeld, and 21.7 %wt
KHCO3; and b) KHCO3z—enriched sample (resulting composition a mixture of 17.4 %wt
KFeld, 60.9 %wt NaFeld, and 21.7 %wt KHCO3). The criteria for defining base lines

and absorbance measurements are marked by dotted lines and double arrows,
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Figure 7. Plots of: @) F(Aqua/ Acicosd — F(Acreia! Acricod V8. Fipua, @nd b)
F(Aurad! Acicos) — F (Avaraa! Acticos) VS Tuaraq» TOr standard additions of a) KFeld,

and b) NaFeld, to the problem samples described in the text. From absorbance
measurements at 1150 cm™ (for both KFeld and NaFeld) and 1400 cm™ (for KHCO3)
in ATR-FTIR spectra in standard additions experiments using KHCO3 as the internal

standard. ALR: asymptotic linear region taken for applying Eq. (20).
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Supplementary information

Figure S.1. Theoretical the I,/l, vs. f,/f, representations

according to Eq. (10), taking Iyv/Ip, = 1; Ig/ly = 1, fy =
0.10, and f = 0.10. a) by =1, by=1; b) b, =0.5, by=5; c)

* *

b, =10, by=20; d) b, =10, b,=11; e) b, =1, by=20.
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Figure S.2 depicts the diffractograms corresponding to
mixed specimens all containing a mass fraction of TiO, of
0.100£0.002, and mass fractions of: a) 0.100x0.002 of Si0,,
and 0.800x0.002 of MgO, b) 0.400%+0.002 of Si0,, and
0.500+£0.002 of MgO. Figure 5 shows the representation of

*

lsoa! 1m0z VS. fgos! frio; corresponding to standard additions

graphs obtained by measuring the intensity of peaks at 20
= 25.3 and 27.4 degrees for TiO, and SiO;, respectively

taking as a problem sample a mixture containing a mass
fraction of Si0O, of 0.100x0.002 and a mass fraction of MgO

of 0.800x0.002. Here, the standard addition experiments

were performed using TiO, internal standard with a mass
fraction of 0.100x0.002. Here, the linear fit of the three

first data points lig, /150, = (1.52%0.03) (foo,/ frigp)  +

1.52£0.04 (N = 3; r = 9998), resulting in a value of frig;

in the problem sample of 0.100£0.005, in close agreement

with the expected value of 0.100.

Experimental data fit well, in all the studied cases, to a

2" order polynomic variation of I,/l, on f,/f,. For data in
Figure 6, lioy/luoy= 1.488 + 1.799 f0,/ frop— 0.114 (fooy/ fron)
(r = 0.9990), while for data in Figure 3a, lyo/ljo,= 0.195
40,203 ol fro—  0.0203  (fuo/fre,) (r = 0.9998) and

*

leos! 17i0,= 0.398 + 0.405 floos! fricy (r = 0.997).
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Figure S.2. X-ray diffractograms of samples containing a
mass fraction of Ti0, of 0.100£0.002, and mass fractions
of: a) 0.100+0.002 of Si0O,, and 0.800x0.002 of MgO, D)
0.400+0.002 of SiO,, and 0.500x0.002 of MgO. Peak intensity

measurements at 20 = 25.3, 27.4, and 20.9 degrees for TiO,,
Si0,, and MgO, respectively. (* TiO,, A MgO and = S105)

b) 9
=
=
)
= a .
s
= A l g okt e A -
oD
g (™
s —

*
A
10 20 30 40 50 60 70

20 (degree)

37



g w N

O 0 JO

Figure S.3. Plots of lgo, /1y, Vs. fgos! frio, from XRD data in

standard additions experiments using TiO;

standard.

as the internal

*
ISiOZ /ITiOZ
\‘
1

fSiOZ*/fTiOZ*

38



Figure S.4. The variation of the relative uncertainty in the
concentration ratio, A(fy/fp)/(fy/fp), on the mass fraction
ratio ¢ for & = 1.0 assuming Af/f, = 1% and taking

different values of the AI/I, ratio.
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