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Thermogravimetry (TG) is a potential tool to evaluate petroleum distillation residues, obtained in the crude oil distillation. Analyses
were done at different heating rates, mass samples and gas flow rates. No differences were observed in the yields of the products
formed during the pyrolysis at different analytical conditions. Linear correlation was found between the results of the TG and the

standard methods for the prediction of the light fraction rates given by the pyrolysis.
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Introduction

Petroleum is a mixture of aliphatic, aromatic and naph-
thenic hydrocarbons. The petroleum refinement pro-
cess is normally started by distillation units, first at at-
mospheric pressure and, after at reduced pressure. The
volatile fractions, in both cases, have greater economi-
cal value. The distillation residues produced are called
atmospheric residue (ATR) and vacuum residue (VR),
respectively. These refinement residues are also sub-
mitted to thermal treatments. Examples are delayed
coking, viscoreduction and thermal-catalytic cracking.
In the case of the non-catalytic process, they are based
on pyrolysis reactions that are based on thermal behav-
ior. In the case of catalytic solutions, they are carried
out at high temperatures and the thermal cracking is a
competition for the catalytic cracking.

Consequently, in the petroleum industry, the pre-
vious knowledge of the potential of a feedstock to
produce light material is an important aspect of the re-
finement. This point is easily solved in the crude oil
case, where the standard distillation tests predict the
light material yield that will be produced during the
refinement [1-3]. As for the refinement residues, the
evaluation is harder. As they are submitted to thermal
processes, the standard methods do not present the ac-
tual yield of the light fractions given off [4].

The thermal analysis techniques are being applied,
more frequently, for the petroleum and petroleum prod-
ucts characterization. Bae [5] investigated the thermo-
oxidative behavior and fuel forming properties of vari-
ous crude oils by thermogravimetry and classified them
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according to their oxidation characteristics. Other re-
searchers studied, by the same technique, the effect of
the oil composition, characterized on the basis of light
hydrocarbon, resins and asphaltenes contents on the py-
rolysis kinetic of the crude [6-9].

Petroleum products have been also studied by
thermal techniques in the investigation of problems
concerning the evaporation of volatile components
from heavy fractions, determination of the thermal
stability under atmospheric and oxygen conditions,
and the kinetics of these processes [10—12].

Nevertheless, the literature presents few refer-
ences applying thermal analysis to petroleum distilla-
tion residues. Some publications use these techniques
only to characterize the thermal behavior of refine-
ment residue [13—15]. A possible reason is the diffi-
culty in obtaining direct results from these tech-
niques. However, in a previous paper [16], it is shown
that it is possible to obtain correlations for the distilla-
tion curve of heavy feedstock for delayed coking us-
ing this technique, an example of how treated data
from TG can be useful.

Refinement residue pyrolysis occurs through the
formation of radical species that will undergo recombi-
nation or degradation to form substances. Since the level
of activation energy is enough to form several possible
intermediates, the conditions to which the reactional
mass is submitted could influence the intermediates
formed and, as a consequence, different product profiles
could be obtained. Experimental conditions can also af-
fect the measured yields, as a function of temperature, in
distillation. One of the objectives of this work is to find
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out if experimental conditions would bring different
product profiles during the refinement residues pyroly-
sis. If so, physical-chemical understanding about the
phenomena involved could be of great help to optimize
industrial operations. TG was considered a very conve-
nient technique to evaluate the yield of volatile and
non-volatile pyrolysis products as a function of the reac-
tion conditions, because of the ease of variation of mass,
heating rates and gas flow rates.

In this investigation the results obtained by TG,
were correlated with the results obtained by standard
methodologies. To analyze this correlation the stan-
dard test Ramsbotton (RCR) [17] was selected, which
measures the potential of carbonaceous products for-
mation (coke) and the standard distillation methodol-
ogies that define the yields of volatile products in
each temperature [2, 4].

Experimental
Samples

The atmospheric residue (ATR) and vacuum residue
(VR) from distillation refinery units have been evalu-
ated. Additionally, some fractions were analyzed to
complete the understanding of the phenomena in-
volved, including a residue of industrial deasphalting
(ASFR) and middle distillation fractions, namely de-
canted oil (DO) and heavy gas oil (HGO). All of the
fractions and residual employed in this work were ob-

Table 1 Characteristics of the samples

tained from the same Brazilian feedstock (16°API
crude oil) from Brazilian Oil Company (Petrobras) in-
dustrial refining facilities. The characteristics of the
samples are described in Table 1.

Thermogravimetric experiments

TG experiments were performed on a Netzsch
STA-Lux 409 module in 300 uL opened platinum
pans using N, as purge gas. The temperature calibra-
tion was performed with indium, zinc and tin. The
mass calibration was done with calcium oxalate.

Low and high heating rates (2.5, 5, 10 and
20 K min ") and sample masses (10, 15,20, 30, 50 and
100 mg) have been varied in order to examine their
influences in the volatile and solid pyrolysis products
yields.

The purge gas flow was varied between 50 to
180 mL min™" (the minimum and maximum flow per-
mitted in the Netzsch equipment) to allow the obser-
vation of the differences related to the dispersion of
the gaseous pyrolysis products.

Results and discussion

As it was told before, it is possible to change some ex-
perimental conditions like sample mass, heating rate
and gas flow during the TG runs. Such circumstances
were evaluated, on VR sample, to examine their influ-
ences on the volatile and solid pyrolysis products

Test Sample DO HGO ATR VR ASFR
density (g mL™") ASTM 4052 1.0652 0.936 0.9848 1.006 1.058
RCR (%p/p) ASTM 524 6.7 0.4 9.9 17.9 293
asphaltenes (%p/p) IP 143 no 0.1 2.7 7.5 18
distillation standard method Temperature/°C
(M @ @ @ @
Tinitial 200 239 242 386 387
2% (v/v) 242
5% (v/v) 279 322 340 418 412
10% (v/v) 314 351 377 502 480
20% (v/v) 342 560
30% (v/v) 361 409 450
40% (v/v) 379 513
50% (v/v) 397 442 585
90% (v/v) 495 524 660
92% (v/v) 505
95% (v/v) 526 543 684
Tend 595 591 715 569 536

(1) — simulated distillation ASTM D-2887 [2], (2) — simulated distillation at high temperatures HT750 [4], no — no observed

82

J. Therm. Anal. Cal., 80, 2005



PREDICTION OF THERMAL BEHAVIOR OF PETROLEUM DISTILLATION RESIDUES

yields, if different conditions result differences in the
composition of volatile and solid materials.

Figure 1 describes the TG curves of VR sample at
different heating rates, in inert gas flow (50 mL min "’
nitrogen) using the same initial sample mass (20 mg).
The curve profile is similar to the one was found in the
literature for petroleum heavy residues [15]. The con-
tent of carbonaceous residue varied from 16.6 to
15.7% (Table 2).
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Fig. 1 TG curves of the VR sample: 20 mg, N, flow of

50 mL min' , at heating rates of ——2.5 K min "',
——5.0Kmin", -~ —-10.0 Kmin "' and
—+~=20.0 K min"'

Table 2 Data taken from the TG curves of VR sample at dif-
ferent heating rates

2.5 85.2 16.8
5 84.1 15.9
10 83.5 16.5
20 84.3 15.7

Twelve replicates of VR sample under the same
experimental conditions (mass=20 mg, p=10 K min"'
and flow rate=50 mL min ') have been recorded for
reproducibility studies. As average, 16.1% residue
formed. From the two medium determinations 2% dif-
ferences was allowed as a non-significant variation of
the content of the residual material formed at 600°C.
Analyzing the data of Table 2, non-significant varia-
tion in the content of the carbonaceous residue was
observed at different heating rates.

The sample mass was also altered between 10
and 100 mg. The TG curves, using 10, 15, 20, 30, 50
and 100 mg initial sample masses at 20 K min"' and
50 mL min' of N, flow, indicated that the volatile
content and the formed residual material are practi-
cally identical (Table 3).

In case of larger sample masses due to their ex-
pansion thermal cracking takes place and gaseous
products leave from the sample during the thermal run.
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Table 3 Data taken from the TG curve of VR sample: (at
B=20 K min"' and 50 mL min"' flow rate) at differ-

ent masses
Sample mass/m Volatile Carbonaceous
P g material/% residue at 600°C/%

10 83.9 16.2

15 83.9 16.2

20 83.9 16.1

30 84.4 15.5

85.5 14.3

>0 84.0 16.0

83.4 16.6

100 86.0 14.0

This is one possible reason of the poor reproducibility
when 50 and 100 mg initial samples were weighed.

The inert gas flow rates were 50, 100 and
180 mL min' to observe differences related to the
dispersion of the gaseous pyrolysis products. The TG
curves of VR sample obtained applying 20 mg initial
mass and 20 K min" heating rate, did not present dif-
ferences with regard to the volatile material and the
carbonaceous residue formation (Fig. 2). Table 4 de-
scribes the percentage of the formed products at dif-
ferent N, flows, indicating that the variation of the gas
flow rate does not change the amount of the formed
products during the pyrolysis.

None of the variables presented caused any sig-
nificant difference in the amount of carbonaceous resi-
due or in the volatile products evolved during the ther-
mal degradation of the sample. As a consequence, we
can conclude that the pyrolysis occurs by an unequivo-
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Fig. 2 TG curves of VR (20 mg initial sample, p=20 K min ')
flow rates: — — 50, ---— 100 and -+ — 180 mL min"'

Table 4 Data taken from the TG curve of VR (20 mg initial
sample, p=20 K min ") at different flow rates

Iljiﬂnolﬁll/,l Volatile material/% Carb(;rtlz;coe(;):g /ﬁzsidue
50 84.3 15.3

100 83.0 16.2

180 83.1 16.3

83



GONCALVES et al.

cal mechanism, and that the final product is independ-
ent of the reaction behavior, on the condition where
there is sufficient time to permit the pyrolysis of all the
components that are able to react in this process.

After studying the effect of the different experi-
mental conditions on the TG analysis of refinement
residues and concluded that the formation of pyroly-
sis products does not depend on them, some different
petroleum fractions (ASFR, DO and HGO) were ana-
lyzed to make complete the understanding of the phe-
nomena involved. All of them (20 mg) are analyzed
at 2.5 K min' and 50 mL min' N, gas flow. TG and
DTG curves are presented in Figs 3 and 4.
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Fig. 3 TG curves of — — DO, --- - HGO, --- — ATR12,
—-—-——VR and — --— — ASFR samples (sample
mass=20 mg, p=2.5 K min ", flow rate=50 mL min ")
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Fig. 4 DTG curves of — — DO, --- — HGO, - — ATR12,
—-———VR and — --— — ASFR samples (sample
mass=20 mg, p=2.5 K min"', flow rate=50 mL min™")

TG and DTG results are summarized in Table 5.
Besides the carbonaceous residue content — coke —
formed during the thermal decomposition of each
sample, the TG curves give the initial and final tem-
peratures (Tonset and Tepg) of the lost mass; the content
of volatile materials formed during the analysis and
the temperature of the DTG peak represents the maxi-
mum reaction rate (Tay).

The DTG curves show increasing Tp.x from DO
to ASFR, as expected, since VR and ASFR are resi-
dues consequently heavier than DO and HGO (Ta-
ble 1). The amount of the lost substance in that case is
due to rather cracking than to the evaporation of the
sample, which is negligible [6].

The content of residual carbonaceous material —
coke — produced in the analyzed pyrolysis fractions
were also in accordance with the carbonaceous residue
determined by the Ramsbotton method (RCR) [17]. Ta-
ble 6 presents the data obtained by the two techniques
and Fig. 5 indicates a good correlation between the two
methodologies.
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Fig. 5 Correlation between carbon residues obtained from TG
at 600°C and RCR methods

Table 7 summarizes data obtained by TG analy-
sis and by the standard distillation methodology,
ASTM 2887 [2] for DO and HT750 [4] for HGO,
ATR, VR and ASFR samples.

The initial boiling temperature (7in.) deter-
mined by standard distillation of each sample is corre-

Table 5 Data taken from the TG and DTG curves of refinery residues and middle fractions:
(sample mass: 20 mg, =10 K min™' and gas flow rate=50 mL min ")

DTG

Sample

Tonset/°C Tend/°C volatile/% residue/% Tmax/°C

DO 222 355 96.0 4.0 304

HGO 257 382 99.8 0.2 341

ATR 282 494 91.0 8.3 444

VR 424 495 83.9 16.1 453

ASFR 429 499 73.9 26.1 458
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Table 6 Carbonaceus material by TG and RCR methods

Sample TG/% RCR/%
DO 4.0 6.7
HGO 0.2 0.4
ATR 8.3 9.9
VR 16.0 17.9
ASFR 25.6 29.3

lated with the 7,5 obtained in the TG curve present-
ing a 0.99 correlation factor (Fig. 6a).

The temperatures at 5 and 10% of the volatile ma-
terial given off in the same distillation curve also pres-
ent a good correlation (0.95) with the temperatures at 5
and 10% of mass loss in the TG curve (Figs 6b and c).
Nevertheless, a good corelation was not observed be-

tween the final temperatures obtained in the two meth-
ods (Fig. 6d). A possible explanation could be that in
pyrolysis reactions, when temperature is increased to
higher values, some chemical reactions complete [9]
and, as TG method is a real thermal method, cracking
is observed which is not present in simulated distilla-
tion by chromatography, an adsorption method that
correlates elution time with known boiling point com-
pounds [4].

Conclusions

None of the variables in TG analysis of refinement
residue put in evidence any significant difference in
the amount of carbonaceous residue produced or in
the volatile products given off during the pyrolysis of

Table 7 Results obtained in the TG curves and standard distillation

TG temperature/°C Distillation temperature/°C
Sample
onset T end * TS% o Tl 0% Tinitial Tend *TS% =InleO%
DO 222 336 194 217 200 595 279 314
HGO 257 382 218 242 239 591 322 351
ATR 282 465 265 295 242 715 340 377
VR 424 474 356 390 385 569 418 502
ASFR 429 473 388 418 387 536 412 480
*Tsy,=temperature at 5% of mass loss, **T'y,=temperature at 10% of mass loss
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Fig. 6 Correlation curves of TG and standard distillation data: a — T,initial boiling temperature,
b — Tso, mass loss- T, distilled, ¢ — 7oy, mass loss-Tqo, distilled, d — Teng: Thinay f distillation
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the sample. The final products are independent of the
reaction behavior.

In this preliminary investigation the results indi-
cated that TG is a versatile technique to obtain rapid
information about the thermal behavior of the resi-
dues produced in the petroleum distillation and the
behavior of the middle fractions. The method presents
a good correlation with distillation initial tempera-
tures and temperatures of 5 and 10% of volatile
material given off.

The amount of carbonaceous residue (coke)
formed after the pyrolysis was also correlated to the
methodology standardized for this determination.
Nevertheless, the pyrolysis final temperature did not
present a good correlation with the temperatures ob-
tained in the simulated distillation.
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