Formation of petroleum organic deposits on steel
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An adhered organic deposit, formed within the petroleum well on the steel surface of the tubing walls,
was systematically characterized following a sequence of bulk and surface techniques. The results allowed
the identification of the tubing wall and its internal surface structures. As a consequence of the contact
with sulphur-bearing compounds such as H,S and brine from petroleum, the pre-oxidized steel surface
was modified by non-stoichiometric iron compound formation. These new iron phases favour adsorption
and chemisorption of the petroleum polar compounds on the steel surface. Copyright © 2002 John Wiley

& Sons, Ltd.
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INTRODUCTION

When materials such as steel are exposed to multicomponent
environments, as in the petroleum well, several processes
such as oxidation, sulphidation or carburization may occur
not only at the gas/metal interface but also within the scale
that preserves the reaction products.! In addition to the
new iron phases formed in such an environment, organic
material was found adhered on the internal surface of some
petroleum wells.2 The study of this material is difficult,
because the adhered layer is irregular and consequently
the compositional information obtained only by means
of surface-specific techniques could be incomplete. For
instance, the type of carbon steel used for the tubing and
its manufacturing process could affect the tubing wall
composition and structure. In addition, the hydrocarbon
ambient modifies the steel surface® and, furthermore, its
complexity increases when the internal surface of the tubing
is petroleum- or brine-wetted. Moreover, extraction of the
tubing piece from the well implicated the formation of other
iron compounds as a consequence of its exposure to the
atmosphere.*

In this work, the identification of elements, their chem-
ical bonding and concentrations as well as the particular
morphologies observed in the bulk structure and on the tub-
ing border was carried out by means of several bulk and
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surface-specific techniques. Additionally, a discussion con-
cerning the interpretation of results as well as mechanisms
of formation of the identified compounds is presented.

EXPERIMENTAL

Metallic coupons with an adhered layer of black material
were cut from a piece of tubing removed from a Mexican
well. A cross-section of a metallic coupon was polished
and prepared for microscopic observations by gold coating.
Energy-dispersive spectroscopy (EDS; Jeol JSM 6300 with
Noran Microanalyst spectrometer at 15kV and a working
distance of 39 mm) and Auger electron spectroscopy (AES;
Jeol JAMP 30 at 10kV) registered the chemical composi-
tions across the wall section of the tubing.’ These techniques
also provide elemental compositions at different depths.
Auger spectra of the sample were registered after sputter-
ing with argon. Element quantification was accomplished
using sensitivity factors from the literature.® Fourier trans-
form infrared (FTIR; Perkin-Elmer 2000 FT-IR) and Raman
spectroscopies in reflection mode, as well as x-ray diffraction
(D500 Siemens diffractometer with Cu K, source) results
were acquired from the surface with the adhered layer. The
Raman spectrum was obtained with the 514.5 nm line of
an Ar* laser (40 mW) focused to an area of ~0.5 mm?. The
outcoming radiation was analysed by a doubl¢ monocroma-
tor (1403-SPEX) and detected by a thermoelectrically cooled
photomultiplier tube (RCA-C3104) connected to a photon
counting system. /
Additionally, Mossbauer spectroscopy was applied to
the scraped powder of the steel surface in order to
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identify the iron phases and their oxidation state. Elemental
gomposition by combustion (Elemental Vario EL and Leco
5C-44) was applied to the scraped material, whereas the
bulk steel composition was obtained by atomic absorption
spectroscopy (AAS; Perkin-Elmer 5000).

RESULTS

Figure 1 shows part of the coupon wall and the coupon
porder of the steel tubing. The coupon border displays
a very irregular morphology with ‘valley’ and ‘chain-
like’ structures, Bl and B2, respectively. The bulk metal
composition obtained by AAS is presented in Table 1 and
compared with the API standard composition.” Table 2

resents the bulk and surface compositions registered by
EDS and AES across the tubing wall section from the zones
indicated in Fig. 1.

Coupon wall Cou pon border

Figure 1. Cross-section micrograph of a steel coupon
sectioned from a petroleum-tubing piece with an irregular
border, showing the EDS and AES spectra registration zones.

Table 1. Elemental composition of a tubing steel coupon
obtained by atomic absorption spectroscopy (AAS) and the
API compositions

APl specification for L-80 type Tubing

AAS results

Element (wt.%) L-80/1(wt.%) L-80/2(wt.%)
Fe 97.39 95.56 87.47
Mn 0.80 1.9 0.60
Cr 0.20 — 10.00
Ni 0.07 0.25 0.50
Cu 022 0.35 0.25
Mo 0.05 — —
Si 0.37 0.45 1.00
C 0.90 0.49 0.18
P 0.90 0.49 0.18
S 0.90 0.49 0.18

Chromium and molybdenum were identified by AES in
the metal composition (zone M), whereas the EDS results
indicate only a very small amount of chromium on the
coupon border (zone A2). Auger electron spectroscopy
registered the highest amount of silicon in zone A1, whereas
by EDS the highest silicon amount was detected in zone B1.
The highest amounts of sulphur and carbon were detected by
AES at zone B1. Additionally, other elements registered on
the coupon border by EDS and AES (Table 1) are particularly
associated to the valley-like morphology.

On the other hand, the adhered material scraped from
the steel surface contained C, H, O, N, S and metals, with
85.62, 7.14, 0.71, 0.51, 6.19 and 2.84 wt.%, respectively, as
the combustion and AAS results show. The AAS-identified
metals were Fe, Ca, Ba, Na, V, Si, Mg and Ni, with 2.29, 0.14,
0.10, 0.09,0.07, 0.07, 0.02 and 0.01 wt.%, respectively. Most ox
these metals were petroleum reservoir endogenous minerals
such as Na(l, silicates and CaCO; and exogenous minerals
such as BaSQ,.8

The crystallographic information on the surface adhere~
layer was resolved by x-ray diffraction and presenic..

Table 2. Bulk (EDS) and surface (AES) elemental compositions of the steel cross-section (at.%)

EDS AES

Element M Al A2 Bl B2 Element M Al A2 Bl B2
Fe 95.8 55.4 57.3 451 59.1 Fe 30.3 6.2 41 23 7.5
O 19 432 409 34.7 27.7 () 58.9 66.6 824 27.5 52.7
Mn 1.5 1.0 0.8 0.8 1.0 Mn 39 1.8 1.0 0 0
Si 0.7 04 0.7 2.8 0.4 Si 0 1.7 1.0 0 0
S — — — —_ 6.9 S 0 0 5.4 23.5 15.0
C — — —_ 7.9 37 C 0 23.7 6.1 443 24.8
Cr - — 0.2 0.1 0.1 Cr 52 — — — —

Mo 1.7 —_ — S — —
Al — — 0.2 7.0 0.3 Al - — — — —
Ca — - - 0.6 0.2 Ca _ — — 24 —
Cl — — — 0.2 0.3
Na — _ — 0.3
K — —_ —_ 0.9 -
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in Fig.2. Magnetite crystals (JCPDS 11-0614) identified
on the coupon surface exhibited preferential orientation
towards the direction of the most intense peak (311),
whereas pyrrhotite crystals (JCPDS 22-0358) did not exhibit
any preferential orientation.’> Small peaks of iron oxide
hydroxide (lepidocrocite, JCPDS 44-1415), which did not
maintain the intensities of the JCPDS pattern, were also
identified. In addition, Mossbauer spectroscopy of the
adhered material scraped from the steel surface (Table 3)
revealed that magnetite has an electronic structure similar to
a disordered maghemite with the following stoichiometry:
(Fe3*)(Felt, Felt; ®:)Os (where x ~ 0.03). Pyrrhotite with
a low stoichiometry, Fe;_, S (where x ~ 0.125), as well as
goethite (@-FeOOH) and lepidocrocite (y-FeOOH) were also
identified.

Figure 3 shows that the FTIR spectrum is dominated -

by aliphatic chain vibration bands. The v-CHj; asymmetric
vibration band at 2960 cm™ has a high intensity and the
8-CHj; symmetric vibration band is raised to 1464 cm™!, the
upper limit, which indicates electronegative substituents.’
The small band at 2733 cm™' corresponds to the stretching
vibration of the N-CH; group.? The Raman spectrum
shown in Fig. 2(b) establishes seven peaks at 3058, 2985,
2955, 2836, 2760, 2725 and 2651 cm™! after the signal was
deconvoluted by mean of the Microcal Origin Peak Fitting
Module. These peaks corresponds to the following functional
groups: cyclic alkenes, O-CH; (asym.), O-CH, (sym.),
O-CHj; (sym.), ~-COH, O-CH,-0O and -NH,* cations,’
respectively.

160 -
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140 4 * Fe .S (pyrrhotite)
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Figura 2. X-ray diffractogram of the tubing surface.

In addition, the 1690 cm™! vibration band in the FTIR
spectrum indicates the occurrence of carbonyl groups. On
the other hand, bands within the range 3440-3208 cm™! are
related to amine, free OH and hydroxy! groups bonded to the
surface, whereas the vibration bands at 1320 and 1033 cm™!
might correspond to 8o_y and vc_o in hydroxyl groups.’

DISCUSSION

The mean elemental composition of a tubing piece obtained
by AAS spectroscopy indicates that, according to the API
standard,” the material type is L-80/1, although additionally
it contains small amounts of Cr, Ni and Mo.

Apparently, processes such as oxidation and sulphida-
tion were promoted mainly on the internal tubing surface
by steps. Magnetite has to be considered as part of the
previous protective layer developed during the manufac-
turing thermal process. Non-stoichiometric iron compounds
such as pyrrhotite and maghemite were materialized on the
pre-oxidized steel surface after its exposure to the sulphur-
hydrocarbon-brine ambient. The immediate precursors of
these compounds are assumed to be lepidocrocite, amor-
phous ferrihydrite and elemental iron,'° although chemisorp-
tion of H,S molecules on Fe?™ sites is not excluded.!*

Although petroleum contains small amounts of brine
in addition to the corrosive gases CO, and H,S, water
molecules are chemisorbed and dissociated on the iron
oxide surface, promoting Bronsted acidic and basic sites
but not the formation of new iron phases.!? Morecver, the
oxidized magnetite conserves the cubic structure, which also
indicates lepidocrocite as an intermediary phase.'* However,
lepidocrocite (y-FEOOH) and goethite (a-FeOOH), identified
by Mossbauer spectroscopy, were eventually formed only
after the tubing was exposed to atmosphere moisture.>!415

The locally high amount of silicon registered by AES and
EDS indicates the formation of irregular sections of occluded!
silicon oxide (SiO;). This compound only should be th
result of the manufacturing process, because the petroleu: -
well temperature is minor compared to 850°C, which is the
temperature of the silica layer formation.'® Additionally, ;" -
high amount of carbon registered by AES in zone Al alsy
suggests the segregation of this element from bulk steel.!

The tubing internal surface is highly irregular, with valley
and chain-like structures indicated in Fig. 1 as zones B1 and
B2. The AES results indicate that zone B1 contains less Fe
and more S, C and Ca than zone B2. Additionally, in zone
B1 the O/Fe atomic ratio is higher than in zone B2. The AES

Table 3. Mdssbauer parameters of the surface scraped layer recorded at room temperature

Relative Normalized
Assignment 3 (mm s™1) A (mm/s™1) H¢ (T) area (%) area (%)
Magnetite (Fe304)(A) 0.29 0 490 25 150
Magnetite (Fe;O4)(B) 0.63 0 453 11 0.66
Goethite (a-FeOOH) 0.33 -0.19 260 24 14
Lepidocrocite (y-FeOOH) 0.30 0.59- 0 22 1.32
Pyrrhotite (Fe;_,S) 0.80 0.06 310 18 1.08

Symbols: § is the isomer shift value relative to a-Fe; A is the quadrupolar splitting; H is the magnetic field intensity;
(A) indicates the tetrahedral sites of Fe(I1I) and (B) the octahedral sites of Fe(I1/III).

Copyright © 2002 john Wiley & Sons, Ltd.

Surf. Interface Anal. 2002; 3d: 384388



45

4.0 1
. 3.5
3
«
<
S 30
Q
Q
B
s 25 -
2860 SIS
20 - 8 2936 Al 2
) s 3
N e
T T T 1 1 L)
4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm-?
13800
. 13600 4
3
«©
> ,
5 134004
2 .
2 .
c 132004 |
o i
£
@
13000 1
12800 -
3100 3000 2900 2800 2700 2600

Raman shift, cm™

Figure 3. (a) Infrared spectrum of the steel surface recorded in reflection mode (4000-700 cm~1). (b) Raman spectrum of the steel
surface recorded in reflection mode (3100-2600 cm™"), showing the fitted peaks.

spectrum of zone Bl reveals the presence of other types of
sulphur compounds than iron sulphide. The position of the
Fe KLL signals in this AES spectrum indeed suggests only
the presence of iron oxides. Therefore, the most probable
sulphur compound is barite (BaSO,), which is a drilling
well ingredient, although barium was not detected. The high
amount of carbon registered by EDS and AES in zone B2
could be associated with organic or carbonate compounds
such as calcite or aragonite (CaCOs). Moreover, the AES
spectrum indicates other iron compounds and a low iron
oxidation degree. Therefore, pyrrhotite (Fe;., S) is the most
probable iron conipound.

Specific chemisorption of the organic compounds on
the steel surface is very complex, although the in situ
transformation of the steel surface and non-stoichiometric
iron compound formation favour this process. Molecules
with high donor orbital energy are strongly bonded to a
surface with low acceptor olrﬁital energy.l” Consequently,
the strength of the surface bond is directly correlated to
the electronegativity of the fu,hctional group of the organic
molecules. Thus, molecules with localized lone-pair electrons
chemisorb strongly on the oxidized iron surface, whereas
‘molecules with delocalized electrons (such as m-electrons)

Copyright © 2002 John Wiley & Sons, Lid.

adsorb molecularly without dissociation.!® In this work, the
presence of cyclic alkene, functional groups (carbonyl, ether,
hydroxyl and amonium salt) and organometallic compou:.:
of Niand V could be explained via this mechanism.
Additionally, the reported intensity of the methyl sym

metric stretching vibration at 2860 cm™ indicates that
aliphatic chains are oriented towards the tubing suri.. .,
either parallel or perpendicular to it. For example, an aro-
matic ring such as ethylbenzene, which is a soft basic
aromatic petroleum compound, is chemisorbed on the acidic
iron sites of Fe;O4 or Fe;O3 surfaces. The side-chain is bent
out of the plane and hydrogen atoms interact with surface
oxygen sites.”” However, although there is high coverage of
the iron oxide surfaces by such compound types, it is diffi-
cult to explain the thickness of a real adhered layer. In that
case, other aspects such as surface roughness and mineral
particles should be evaluated.

CONCLUSIONS

The results allowed the differentiation between compounds
produced during the tubing steel manufacturing, those
formed on the tubing surface as a consequence of petroleum

Surf. Interface Anal. 2002; 34: 384-388



contact and those compounds formed after the steel was
extracted from the petroleum well and exposed to the
atmosphere. Consequently, the systematic characterization
of a tubing steel coupon indicates that the original oxide layer
experienced in situ phase transformation and the formation
of non-stoichiometric compounds when it is wetted by
petroleum under the well’s operating conditions. This step is
considered as the foregoing condition to the chemisorption
of both polar molecules and mineral compounds from
petroleum flow on the tubing steel surface. On the contrary,
iron oxide hydroxide is formed when the tubing surface is
wetted by water.
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