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ABSTRACT

This article reports the application of the Rietvehethod to the quantitative analysis of corrosaeposits
whichis certainly an important industrial applicati, and an educational paper on the analysis othsdeposits is
worthwhile. The basic premise of this paper - thatstallographic preferred orientation can affedtet results of a
guantitative analysis - is important, and worth alissing. Examples of (i) structure, texture chasdeationand
guantitative analysis of iron oxide corrosion pratlfrom the boiler tube equipment in gas plarthim form of magnetite
[FesO4), hematite [FeO4], goethite [FeO(OH)], and formation material northafound in the sandstone or sand in the
form of quartz [Sig and (ii) quantitative phase analysis of synthetixtures of barite, quartz and hematite and (iii)
guantitative phase analysis of sludge deposits Weat collected from the equipment parts in a &fm which are very
useful in quantitative phase analysis by Rietvetthod.Key information is not just the phase conegions, but the
lattice parameters (which can reflect compositianl information derived from the profile parametarsl the preferred
orientation. All aspects of the microstructure averth discussing. Magnetite and hematite are egplgcprone to the
preferred orientation, and so would be worth inéhglin the samples discussed. Knowing accuratelictwphase are
involved along with the structure, texture and cosifions for each of the identified phases in tbeles formation and
corrosion deposits can guide the field engineershatrefinery and gas plants to facilitate the @t cleaning of the
equipment by drawing up the right procedures anni preventive action to stop the generation afsth particular

deposits.
KEYWORDS: Rietveld Method, XRD, Texture, Quantitative Phasalysis, Structural Refinement
INTRODUCTION

The corrosion deposits in the form of iron oxiderosion products are generated in the particulaipegent in
oil and gas plants can cause major operationalg@mzband would have to be temporaryshutdown refiaed gas plants
Therefore, the Research and Development Center (R&bught to accurately and quickly investigate fdiéure of
equipmentdue to the specific carbonate scale amtioosion deposits products and provide suppothéoengineers at
refinery and gas plant by firstly identifying thetare and source of the phases of deposits beiogmadated. For
example, X-ray powder diffraction (XRD) data of dsfis can be quickly and accurately identified e hature of the
materials such as
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* Iron oxide corrosion products (i) at high temperature,magnetite {Bg]corrosion product formed and it will
coat the iron/steel to prevent oxygen to reach dyidg metal, (i) at low temperature, there are sthp
lepidocrocite formed and with time it transformedtoi most stable goethite [FeOOH], and (iii) in mari

environment, akaganeite [FeOOH]product formed,

» Iron sulfide corrosion product typds greigite [F@S,], pyrite[FeS], marcasite[Feg mackinawite[Fegg, and
pyrrhotite[FeSg] 1 are the pyrophoric iron sulfide in the form of phatite [FeS] results from the corrosive action

of sulfur [S] or sulfur compound [}$] on the iron (steel) and moisture,

» Formation materials found formally in the sandstone or sand in the foffrsilicon oxide with the mineral name

quartz (SiQ), and
« Cementing materials ettringite [CaAl (SOy)3(OH)15)7.

The accurate phase identification resultsof the XiRifa of deposits on the very small quantitiesnofganic
materials (non-hydrocarbon) in the forms of carlterscale or corrosion products is vital to faatkt efficient chemical
cleaning of the equipment in refineries and gasitplaand prevent the future occurrences to stopgtreeration of
deposité. Unfortunately, when analysts at the industry,eesly those who do not have strongly X-ray crifsggaphy
background, perform a quantitative phase andlysi§ the identified phases of the XRD data of desosising the
Rietveld metho®™ they frequently assume that the deposits formmedili and gas plants are randomly oriented. In
practice, all crystalline materials reveal somerde®f crystallographic preferred orientation (ithe texture of crystalline
materials) that can be caused serious systematicsein phase composition analysis and also intakystructure

determination of powder diffraction dat&>

In this paper, when all the phases of XRD dataegagits are identified accurately by the combineftsare
package PANalytical High Score PY(&'PertHighScore Plus Version 3.0ePANalytical Ineidh the International Centre
for Diffraction Data (ICDD) of the powder diffrachh file (PDF-4+) database of the standard referenagerials, the
GSAS Rietveldsoftwaréwill then be used to perform the

«  Crystal structures,crystallographic preferred degians refinement?®and quantitative phase analygisf XRD

data of corrosion deposits from the boiler;

* Quantitative phase analysisof XRD data of synthatigtures of drilling mud in the form of barium $ate
(87 wt% of barite-BaSg), formation material in the form of silicon oxid& wt% of quartz-Si@) and iron oxide

corrosion products (5 wt% of hematite,©g); and
e Quantitative phase analysis of sludge depositsthat collected from the equipment parts in a szfin

In performing the refinement for quantitative arsigy’, Rietveldmethot*which adjusts the refinable parameters
until the best fit of the entire calculated pattésrthe entire measured pattern is achieveddoesegaire measurement of
calibration data nor the use of an internal stathdepwever,Rietveld meth8d* requires the crystallographic information
file (e.g., crystal structures) that has closelgagh of the identified phases. This preferrednbeion is fully described by
the orientation distribution functioh) which is a mapping of the probability of eachgibke grain-orientation with respect

to the macroscopic sample fralfi€. The objective of this paper is to discuss theuifice of the different parameters
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(crystal structure, crystallographic preferred otéion)involved in the Rietveld refinement and adse the most recent

guantitative XRD studies on scale deposits andos@n deposits products.

In the GSAS Rietveld refinement progrdma mathematical method is developed that calculateintensity, Y,
at every point in the pattern, i.e.,

Y, =) SKR?P(AT,) +Y, (1)
h

wherethe first term is the Bragg scattering, conitgj a scale factor S, a correction factor K, acttire factor | and a
profile function PAT,), as determined by the displacemét, of the profile point from the reflection positioand the
second term Yis the background intensity. The sum is over aifife points in all the scans included in the mefinents.
Within the correction factor K in equation (1) igeam which describes the change in intensity f@ragg reflection due

to texturé>?,
Rietveld Quantitative Analysis

The advantages of the Rietveld methtidfor quantitative phase analy$isof the XRD data of the many

identified phases or mixtures dre

e The calibration constants are computed from sinlipdeature data (i.e., Z, M, and V values) rathieart by

laborious experimentation,
* Allreflections in the pattern are explicitly incled, irrespective of overlap,
» The background is better defined since a continflwstion is fitted to the whole powder diffractipattern,
» The preferred orientation effects can be correatetidetermined, and
» Thecrystal structural and peak-profile parametandue refined as part of the same analysis.

Therefore, the Rietveld quantitative anal§idims been used world-widely to determine the weightentage for
each of the identified phaseswithout the need &otious experimental calibration procedures. Tightrstarting
crystallographic information file (e.g., space grpaell parameters, atomic positions, etc.) of galehse in a mixture is
required for this Rietveld quantitative analysistnoe®’. The crystallographic information file can be dbeal from the
International Crystal Structure Data (ICSD) and O'he percentage for each of the identified phade$RD data of
deposits is proportional to the product of the esdaktor (g), as derived in a multiphase Rietveld analysishef XRD
pattern (see equation2), with the mass (M) andmel(V) of the unit cell. If all phases are idemtifiand crystalline which

means that there is no amorphous materials, thghtvpercentag®V of phasep is given by:
n
W, =5s,(ZMV), /> S(ZMV), (2)
i=1

Wheres is the Rietveld scale factar, is the number of formula units per unit cél,is the mass of the formula
unit, andV is the unit cell volume (in A for each of the identified phases of XRD dataeposits.
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In this study, the crystal structure refinementaggh composition (i.e., Rietveldquantitative analysind texture
for each phasef scale andcorrosion deposits formed in the equipment partsefiheries and gas plants, which is an
important industrial challenge for the analystsremgéetermined using theietveld prograrffwith the generalized spherical

harmonics descriptidi'®2®?or preferred crystallographic orientation correnti

EXPERIMENTAL

Sample Preparation
The nature of the startingscale and corrosion depiosestigated at the present study viiere

« Crystal structures, crystallographic preferred mtgons refinemeft® and quantitative phase analygisof
XRD data of corrosion deposits in the form of oxiclerrosion products such as magnetite;{lzg hematite

[Fe;O3] and goethite [FeOOH]from the boiler equipmenttpan the gas plant,

* Quantitative phase analysis of synthetic mixturiedriling mud in the form of barium sulfate (87 %tof barite-
BaSQ), formation material in the form of silicon oxig®& wt% of quartz-Si@) and iron oxide corrosion products
(5 wt% of hematite-F€;) and

* Quantitative phase analysis of sludge depositsthat collected from the equipment parts in a szfin

The starting materials were considered to be exuefor this study because a high-quality crystaicture of
iron oxide (magnetite, hematite, and goethite)jt&&rand quartZhave been reported in the literature. The stasiraje
and corrosion deposits were manually ground ingateamortar and a pestle for several minutes t@eewelfine particle

siz€?. Then, the fine scale and corrosion deposits nealinto the XRD sample holder by frontpressing.
XRD Data Measurements and Rietveld Calculations

Step-scanned patterns were measured with an Xenaggr diffractometer(RigakuUltima IV)with a coppéray
tube 7=1.5406 A). A monochromator and a proportional dietlewere used in conjunction with a 0°ivergence slit, a
0.67 scattering slit, and a 0.3-mm receiving slit atinment settings of 40 kV and 40 mA. The XRD datsie measured
from 1C° to 140 in 28Bragg-angle, using a step size of 0.@4d a counting time ofJper minuté?’%. Then, thesoftware
packag&® (High Score Plus version 3.0e, PANalyticalB.V.hmbined with the ICDD and PDF-4+ database of the
standard reference materials, was used for theepidastification i.e., qualitative analysis) of XRD data of scale and

corrosion deposits.

The least-squares structure and profile refinemefits<RD data were performed with Rietveldrefinement
prograni®. The structural models(i.e., crystallographic imfation file) used for the scale deposits, cormesi@posits,
barite, and quartz were taken from the ICSD. Tlieed parameters were similar to those describe8itgpu et af?, and
are the following:phase scale factors, Chebychdynpmial background parameters, lattice parametées,instrument
zero-point, atomic isotropic and anisotropic displaent coefficients, the Lorentzian and the Gandsians of a pseudo-
Voigt profile function, and the generalized sphafibarmonics description for the crystallographieferred orientation
correction. The results ofcrystallographic inforioat such as crystal structure, phase compositiod, crystallographic

preferred orientation obtained from Rietveld refivent for all the XRD data sets, are given in thet section.
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RESULTS AND DISCUSSIONS
The Deposits Collected from the Boiler Equipment irGas Plant

The agreement between the calculated and measurtdl patterns following Rietveld refinement with the
generalized spherical harmonic descriptionfor tbeasion deposits in the form of magnetite JBg, hematite [FgO4],
goethite-[FeO(OH)], and the formation material i tform of silicon oxideile.quartz (SiQ)] are given in Figure 1(a).
The observed data are indicated by plus sign aacc#fculated profile is the solid line in the safiedd. The sets of
vertical lines below the profiles represent theitimss of all possible Bragg reflections for therir oxide corrosion
products in the form of magnetite ge®], hematite [FgOs], goethite [FeO(OH)], and formation material notipdiound
in the sandstone or sand in the form of quartz {SiBases.The refined structural parameters foidéstified phase§!
magnetite [FgD,4], hematite [FgO5], goethite[FeO(OH)], and silicon oxided. quartz (SiQ)]phases agreed well with the
corresponding results reported in the literature.

Figure 1(b) shows the variation in the quantitatplease analysis or weight percentage (wt%) obtafreu
Rietveld refinement with March model for crystaltaghic preferred orientation correction with theritfied phases. It
can be seen from the Figure that 98.36 wt% of axide corrosion product in the form of 45.24 wt%heimnatite [FgO5],
35.26 wt% of magnetite [F©,], 17.86 wt% of goethite [FeO(OH)] phases for tlerasion deposit, with the additional of
the 1.64wt% ofthe sandstone or sand in the forgquaftz [SiQ] phase.

Figure 2 shows the variation between the prefecrgdtallographic orientation correction factor mle density
distribution function) and the orientation angletéor corrosion product in the form of the<001>matjte [FeO,] and
<001> hematite [F©;] obtained fromRietveld refinement with the gened spherical harmonic description. Note that,
the pole density distribution functionis unity imse of the corrosion deposits are randomly oriended yields no

variation between the crystallographic orientatomrection factor and the orientation angle.(straight line).

It can be seen clearly from Figure 2 that the afi@graphic preferred orientation correction fast@f the
corrosion deposits in the form of the <001> madedieQ,] phase is higher than that of the correspondirgevéor the
corrosion deposits in the form of the <001> heredfe0;], indicating that the deposits are pronouncedtatipgraphic
preferred orientation (or texture of crystallineterals). Therefore, the XRD intensities of therosion deposits have to
be corrected due to the preferred orientation bgguthe Rietveld refinement with the generalizetiesgcal harmonics

description both for the quantitative phase analysihase composition) and crystal structure refgm@m

Deposits from Boiler

2000 1 (Sample C)

10001

(a). Rietveld Fit
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Rietveld Phase Analysis of the Identified Phases
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Magnetite | Hematite | Geothite Quartz
[Fe304] [Fe203] |[FeO(OH)]| [SiO2]
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(b). Rietveld Phase Analysis for Each of the Iderfied Phases
Figure 1: (a)The Agreement Betweenthe Calculated anMeasured XRD Patterns from 0.6A to 6.0 A of the d
spacings (Horizontal) for the Corrosion Deposits fom Boiler following Rietveld Refinement with Generdized
Spherical Harmonics Description for Preferred Oriertation Correction. (b)Variation Betweenthe Weight
Percentage (wt%) Obtained from Rietveld Refinementvith the Generalized Spherical Harmonics Descriptia for
Crystallographic Preferred Orientation Correction andthe Identified Phases for Corrosion Deposits fronthe

Specific Boiler Equipment in the Gas Plant.
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Pole density distribution function
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(a). <001> Magnetite (b). <08 Hematite
Figure 2:The Variation Between the March PreferredOrientation Corrections with Orientation Angle Derived
from Rietveld Refinement with the March ModelO for (a)the <001>Magnetite [FgO4)and(b) the <001>Hematite
[Fex04].

The Synthetic Mixed of Barite, Quartz, and HematitePowders

In addition to iron oxide in the form of hematiteejO;], the formation material in the form of silicon ide
[e.g.quartz(SiQ)]with the ICDD PDF number 01-077-1060 appearslinogt all of the corrosion products and, therefore
it has been included in the present study. Additilgn the mineral bariteg.g.pbarium sulfate (BaS§))] is used in the oil
drilling industry for lubrication and, thereforei# of interest primarily in materials charactetiaa research. Noted, that,
the deposits from the equipment at refineries aaslgants sometimes also consist of barite, ardefbre, it is included
in this study. The density and color of this naltuméneral make it a valuable product. In each aggpion, the purity and

composition of the contaminants should be closeadyitored as they may alter the properties and fanaif the material.

The authors extended the above work for the syiatimeixed of barite, quartz and hematite powdertdqren
Rietveld quantitative analysis of the known mixtofebarite, quartz, and hematite to test the réitstand reproducibility

of the Rietveld refinement with the generalizedesptal harmonics description for preferred orieiotaicorrection factor.
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The weight percentages (wt%) of the known mixtuerevprepared hy barite(87 wt%), quartz (8wt%), and hematite
(5wt%). The phase composition results obtained fiRiatveld refinement with the generalized sphericatmonics
description were 87.8(7) wt% for barite, 8.7(6) wi&b quartz, and 3.5(5) wt% for hematite, respeadyivwhich agreed
well with the known values. The number in parentisegives the estimated standard uncertainty folethst significant
figure of the parameter. Additionally, the refineystal structure parameters agreed well with #seilts reported in the
literature, see Table 1.Therefore, it can be suriz@drthat the Rietveld refinement with the genesi spherical
harmonics description for crystallographic prefdrogientation correction in XRD analysis yields aete, reliable, and

reproducibility results for both crystal structuedinement and quantitative analysis of the ingeggd deposits.
Quantitative Phase Analysis of Sludge Deposits thatere Collected from the Equipment Parts in a Refiary

The sludge deposits that frequently accumulateléngiie equipment used in the oil industry can cdaiberes
and temporarily shut down the refinery and gas tplam this study, a new sample preparation mettiextloped by
Sitepu, Al-Ghamdi and Zaidi (2078¥*as extended and assessed to separate the inongamécials i(e., non-
hydrocarbon part) from the hydrocarbon (dichlordmee soluble part) of the sludge deposits that weltected from the
equipment parts in a refinery. Rietveld refinemehthe X-ray powder diffraction (XRD) data for af the identified
phases showed that the very small quantities afgardc materials (i.e., non-hydrocarbon part) &f #iudge deposits
consisted mainly of 82 wt% of iron oxide corrosiproducts in the form of 56 wt% of goethite [FeO(QH)5wt% of
magnetite [FgO,] and 11wt% of lepidocrocite [FeO(OH)], 16 wt% obm sulfide corrosion products in the form of 15
wt% of pyrite [Feg] and 1 wt% of pyrrhotite [F&], and formation materials in the form of 2 wt% adartz [SiQ],
Figure 3. Table 2 showed the relationship betwaeir XRD phase identification results of the sludgenples that were

generated in the particular equipment in refineaied gas plants and the nature of the corrosiorsealeé products.

Table 1: Summary of Refined Structure Parameters ad Weight Percentage
(wt%) Results for the Synthetic Mixture of 87 wt% do Barite, 8 wt% of
Quartz and 5 wt% of Hematite Obtained from Rietveld Refinement
with the Generalized Spherical Harmonics Descriptia

: : Single Crystal
Refined Parameters This Study XRD Data2®
Barite[e.g., Barium sulfate(BaSO,)]
Ba(x,y,1/4)
X 0.1581(4) 0.15842(2)
y 0.1848(3) 0.18453(2)
U 0.0149(5) 0.011(4)
S(x,y,3/4)
X 0.192(1) 0.19082(9)
y 0.433(1) 0.43749(7)
U 0.020(1) 0.009(9)
01(x,y,3/4)
X 0.134(3) 0.1072(4)
y 0.578(3) 0.5870(3)
) 0.0165 0.023(5)
02(x,y,3/4)
X 0.032(4) 0.0498(3)
y 0.313(3) 0.3176(2)
U 0.0165 0.018(6)
03(x,Y,2)
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Table 1 Contd.,
X 0.314(2) 0.3118(2)
y 0.407(2) 0.4194(2)
z 0.944(3) 0.9704(2)
U 0.0165 0.013(2)
Quartz[e.g., silicon oxide (S 0,)]
Si(x,0,1/3)
X 0.58(1) 0.53013
U 0.056 0.056
O(x,y,2)
X 0.385(9) 0.4141
y 0.14(2) 0.1460
z 0.11(1) 0.1188
U 0.096 0.096
Hematite [e.g., iron oxide (F&,05)]
Fe(0,0,2)
z 0.150(3) 0.1447
U 0.05 0.05
O(X,0,1/4)
X 0.31(2) 0.3059
U 0.07 0.07
Known Weight Percentage (wt%) 87.8(7)
87 wt% of Barite (BaSg) 3 7.(6)
8wit% of Quartz (Sig) '
5 wt% of Hematite (F£©5) 3.5(5)

60

50

40

wt %

30

20

10

0

Rietveld Phase Analysis

Goethite Magnetite

Lepidocrocit
e

Quartz

Pyrrhotite

|—0—Isaluble part 56 15

15 11

2

1

Figure 3: Variation Between the Weight Percentagent%) and the IdentifiedPhases for Corrosion Deposi from

the Specific Boiler Equipment in Gas PlantObtainedrom RietveldRefinement with the Generalized
SphericalHarmonics Description forCrystallographic Preferred Orientation Correction.
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Table 2: Summary of the Identified Phases of the \fg Small Quantities of Inorganic Materials (Non-
Hydrocarbon) and its Nature of the Deposits from Egipment Parts in Refineries and Gas Plants

The Identified Phases of the Very
Small Quantities of Inorganic
Materials (Non-Hydrocarbon Part)

Nature of the Corrosion and Scale Products

Magnetite (FgO,), Lepidocrocite
(FeOOH),Goethite (FeOOH), and
Akaganeite (FeOOH)

Iron Oxide Corrosion Product - at a high-tempemimagnetite
corrosion products it will coat the iron/steel t@yent oxygen to
reach underlying metal. Mostly, at low temperatigpjdocrocite
formed and with time it transformed into most stafpbethite.
Akaganeite formed in marine environments.

Greigite (FgSy), Pyrite (Fe9),
Marcasite (Feg, Mackinawite
(FeS.9), and Pyrrhotite (F&)

Iron Sulfide Corrosion Products - pyrophoric irasifigle (pyrrhotite-
FeS) results from the corrosive action of sulfusalfur compounds
(H,S) on the iron (steel) and moisture.

Iron Chloride (FeG), and Iron
Chloride Hydrate (FeGl4H,0)

Chloride corrosion products

Calcite (CaC@), Aragonite (CaCg),
and Siderite (FeCg)

Carbonate scale

Basanite (CaS£ 2H,0), Anhydrite
(CasQ), and Gypsum (CaS0O2H,0)

Sulfate scale

Quartz (SiQ), Albite (NaAISEkOsg),
Microcline (KAISi;Og), and
Cristoballite (SiQ)

Formation material - Normally found in the sandston sand

lllite (K s(AIFeMg)s(SiAl);0:o(OH),)

Clay minerals normally found with sandstone

Ettringite (CaAl (SOy)3(OH)1,)

Cementing material

Barite (BaSQ)

Drilling mud

Aluminum Oxide (AbO3)

Normally from the catalyst

Sulfur (S)

Sodium Iron Oxide (NaFe

CONCLUSIONS

In the present study, the authors described thev@dkerefinement of the all XRD data sets for thecorrosion
deposits from the boiler, and the additional of tegtic mixtures of drilling mud in the form of bam sulfate
[barite(BaSQ)], formation material in the form of silicon oxidgquartz(SiQ)] and iron oxide [hematite(F®s)] with the
weight percentage (wt%) of 87wt% of barite [BaF@ wt% of silicon oxide [quartz(SiK)] and 5 wt% of hematite

[Fe,0Os]. Based on the results, it can be concluded that:

« Good agreement between the measured and calcu¥®&d patterns of all samples when the generalized

spherical harmonic description was used to cotherintensities due to the effects of preferreérdstion;
* The refined structural parameters agreed well thi¢éhXRD single crystal results reported in therditare;

* Rietveld quantitative analysis results for the bBgtitmixtures of barite, quartz, and hematite thete prepared
independentlyagreed well with the known weight petage of the mixture samples, which indicate that

Rietveld refinement yields the reproducibility bktstructural and quantitative phase analysist®sul
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It can therefore, be summarized that the Rietvefthement with the March model for preferred orétiun

correction in XRD data of scale and corrosion dépoand synthetic mixture powders yields accuraddiable, and

reproducibility results for both crystal structuefinement and quantitative analysis of the ingegéd deposits from the

refinery and gas plants. Knowing quantitatively firelings which structure, texture, and composgidar each phase

were involved in the scale formation and corrogdeposits can help the field engineers to take mtéxes action to stop

the generation of those particular deposits.
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