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Abstract

The influence of cement slurry compositions with the silane coupling agents tetraethyl orthosilicate (SiL), 3-(trimethoxysilyl)-1-propanethiol
(SH) and 3-(chloropropyl)-trimethoxysilane (CL) on resistance to hydrochloric acid attack has been investigated. Calorimetric results indicate
the silanes enhanced the chemical resistance of the slurries. Increasing temperature decreased the time of action of the acid on the slurries
Reactivity follows the sequence: standard slusrglurry-SiL > slurry-CL =~ slurry-SH.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The present work evaluates the resistance of hardened
cement slurries to acid by traditional kinetics, TG meth-

The deterioration of concrete caused by acid requires fur- ods and by calorimetry. The study is focused on deter-

ther investigation. Several oilwells have been observed, aftermination of thermal effects of reaction of hydrochloric

acidification operations, to exhibit zonal intercommunica- acid with cement slurries having as additives the silane

tion problems attributed to the occurrence of reactions be- coupling agents 3-(trimethoxysilyl)-1-propanethiol (SH),

tween the hardened cement slurry in the annulus and the3-(chloropropyl)-trimethoxysilane (CL) and tetraethyl or-

acid[1]. Studies on acid attack on cement under the condi- thosilicate (SiL). This investigation enables a better com-

tions applied during the acidification of oilwells have been prehension of the process of acid attack on surface coatings

reported[2-5], however, they are few and scattered. that have a significant role to play in protecting and pre-
In this survey, it is shown that adding silane coupling serving new and existing cementation of oilwells.

agents to cement slurries has significant effects on the chem-

ical and thermal resistance of the resulting material. The ef-

fectiveness of silane is due to the reactivity of its molecular 2. Experimental

ends with —OH groups on the surface of both cement and

the essential ingredient in cement-based materials, i.e., sil-2.1. Chemicals

ica. The quality and durability of silanized materials depends

primarily on the nature of the attachment to the surfi&de Reagent grades 3-(trimethoxysilyl)-1-propanethiol (SH),
and the possible technological applicability is strongly re- 3-(chloropropyl)-trimethoxysilane (CL) and tetraethyl or-
lated to surface properti¢g—11]. thosilicate (SiL) (Merck) were used without further purifica-
tion. The cement used was a special cement (class A) from
* Corresponding author. Tel/fax:55792126656. Cimesa (Laranjeiras-SE, Brazil) and silica (325 mesh) was
E-mail addresscestari@ufs.br (E.F.S. Vieira). from Schlumberger of Aracaju, SE, Brazil.
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2.2. Preparations of the slurries II

The silica and water were used in the amount of 35 and
58.2 wt.%, respectively, of cement in order to obtain a stan-
dard cement slurry. Other cement slurries were obtained
by using the silane coupling agents SH, CL and SiL in
the amount of 10wt.% of cement. The mixing procedure
adopted was in accordance with the American Petroleum In-
stitute (API) practice, and consisted of mixing the cement, ]
silica, silane and water at 4000 rpm during 20s, then mix- T
ing for 30 s at 12,000 rpm. The cement slurries were poured l |

|
[l

into cubic molds with 5.08 cm sides. The standard slurry,
slurry-SH, slurry-CL and slurry-SiL were demolded after
24 h and then cured in water for 30 days.

2.3. Study of acid attack on the slurries

Tests of acid attack consisted of immersion of cement
cubes in a beaker containing 500tmf 15% hydrochlo-
ric acid at room temperature. During an interval of 330 h,
eight aliquots of 3.0 cthwere withdrawn and the remaining

™)
concentration of acid determined by titration with standard
sodium hydroxide solution. Each experiment was duplicated ®
under identical conditions. )
@

2.4. Thermogravimetry

The thermogravimetric curves of the cured cement were
obtained in the range 300-1050K using a TA Instru-
ments analyzer in a dynamic atmosphere of synthetic air
(0.33cn? min~1), with sample masses of 9-12mg, and a
heating rate of 0.16 K.

2.5. Calorimetry

(E)

0
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Calorimetric determinations were performed in a C80
calorimeter (SETARAM), which is capable of maintain-
ing a baseline of:0.12pW with a temperature stability of
+0.0001°C. Calorimetric output is of thermal power (dg/dt;
mW) as a function of time (t; s) and consequently the inte-
gral of this data to time is equal toQ (J). Fig. 1 shows a
schematic of the membrane mixing cell which is made up
of a body (A) containing a shoulder in the center and fit-
ted with two threaded ends. This body is not symmetrical.
The lower part is used to take a container (B) into which
is placed one of the reactive agents; this container is closed
by a captive circular membrane between two PTFE (Teflon)
sealing rings (C) and (D). These dovetail into each other a thermal protector (F) fixed in the threaded support guide
clamping the membrane and closing the container. When the(G) by a screwed sleeve (H). A movable rod (l) crosses the
latter is screwed into the lower part of the body the rings are lid and the thermal protector. Sealing is made at this level
pressed on the shoulder that seals the lower compartmenby a PFTE O-ring (J) held by a threaded seal clamp, itself
by the container. The upper part of the body has a capac-in one piece with an upper, funnel-shaped part (guide) (L).
ity of 5cm? and is used to take the second sample which A movable rod (M) which can be maneuvered from out-
can be a suitable calorimetric solvent: this part is closed by side the calorimeter screws on the end of the rod and en-
a perforated lid (E) threaded with a PTFE O-ring on the ables it to be pushed into the cell through the membrane
body. The lid is extended by a fine tube in one piece with and turned.
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Fig. 1. Scheme of the membrane mixing cell of the C80 calorimeter.
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The calorimetric experiments were carried out at 300,

310, 320 and 330 K. The samples of hardened cement slur- 501
ries were triturated and approximately 100.0 mg were put “, 401
into container (B). A volume (3.0c# of 0.1 moldnt3 5
HCI was added into container (B) after complete stabiliza- £ 301
tion of the calorimeter. Each individual experiment yields a o
thermal effectQy, which was corrected by subtracting the L 2,04
corresponding wetting effecy, of the cement samples 104
in the pure solvent, i.e., doubly distilled water. The ther- ' , , , , ,
mal effect of membrane breaking for the empty cell was 0 75 150 225 300 375
found to be negligible compared @ andQ,, values. All TIME /h
obtained results are averages of two repeated determina-
tions. 1,21
From calorimetric technique, the thermal effect originat-
ing from the interaction of the acid with the slurriei, 101
can be calculated by means of the expression: = 081 >
Oint = Or — Ow (1) %0.6«
with both Q; and Qy normalized for 1g of cement 0.4
slurry. 0,2
0 75 150 225 300 375

Time /h
3. Results and discussion
Fig. 2. Variation of HCI concentration as a function of time (upper)
and the straight line from second order kinetic model for the standard

3.1. Kinetic studies
slurry.

A kinetic model was used to evaluate the rate of acid per-
colation in the cement slurries. The inverse of the concentra- It results from the hydration of tricalcium silicate and dical-
tion of supernatant acid was plotted as a function of the time €ium silicate in cement. The amount of Ca(QH§ often
of acid exposure. Near straight lines were observed for all determined and used to track the kinetics of cement hydra-
concentrations indicating that the process of acid attack cantion [14]. _ _
be approximated by second order kinetics. The slop of the The caIC|u_m hydroxide content was determined from the
plot is the rate constark, This feature can be observed by follow equation[12]:
examiningFig. 2, which shows the variation of HCI concen- Wen
tration as a function of time and the straight line from second CH (%) = WLch (%) x (W) 2)
order kinetic model for the standard slurry. The rate constant H
was found to be 2660, 2430, 1715 and 1643mhoh—1, where CH (%) is the content of Ca(OH(in weight basis),
for the standard slurry, slurry-SiL, slurry-CL and slurry-SH, WLcH (%) is the weight loss occurred during the dehy-

respectively. dration of calcium hydroxide (in weight basis), MW is
the molar weight of calcium hydroxide and MWis the
3.2. Thermogravimetric studies molar weight of water. The Ca(Obl)content are shown

in Table 1. In slurries with the CL additive, calcium hy-
Typically, TG curves of cement slurries present three droxide formation was not detected. For the SiL additive,
major mass lossel 2]: (a) release of the evaporable part the calcium hydroxide content is reduced in comparison
of the adsorbed water at approximately 393 K; (b) Ca(©H) with the standard slurry. For the slurry-SH the content of
dehydration, between 693 and 773 K; (c) decomposition of Ca(OH) was found to be 11.40%. These behaviors seem
the carbonate phases at 823-1123 K. As showRidn 3, to be associated with different hardening times of the
the presence of the silane coupling agents affects the TGslurries.
curves, causing alterations in all mass loss steps in rela-
tion to the standard slurry. The decrease in the first mass3.3. Calorimetric studies
loss step shows that the silane-slurries have lower water
affinity than the standard slurry. due to reaction of the  The general profile of the interaction processes is illus-
silanes with —OH groups of the silica and cement surfaces trated inFig. 4, which shows the reaction and wetting curves
[13]. concerning to slurry-SH at 323 K. The base line used for
The second mass loss is due to dehydration of calciumthe integrations were selected as linear from first to last
hydroxide, one of the major phases in set Portland cements.point, joining the two extreme points selected on the curves.
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Fig. 3. TG and DTG curves of the slurries: (A) standard slurry; (B) slurry-SH; (C) slurry-SiL; and (D) slurry-CL.

The interaction energyQint, values and the reaction time
required to yieldQj,; at 303, 313, 323 and 333K are pre-

ulated values show thd; values decrease in the order
slurry-SH > slurryCL > slurry SiL > standard slurry and

Table 1

Results of Ca(OH) content from TG data, interaction energies of hy-
drochloric acid with the cement slurrieQint, and the corresponding re-

action times;t, from calorimetric measurements

Samples Ca(OH) Temperature —Qint (Jg1) t (min)
(%) (K)

Standard slurry  10.9 303 32.230.65 87
313 28.42+ 0.71 84
323 23.64+ 0.76 80
333 19.10+ 0.23 75

Slurry-SiL 7.2 303 69.33t 2.49 62
313 63.58+ 1.33 59
323 58.93+ 0.58 55
333 52.454+ 0.99 52

Slurry-SH 11.4 303 91.98 3.49 44
313 86.93+ 1.48 40
323 81.48+ 1.22 37
333 74.67+ 0.89 33

Slurry-CL Not detected 303 88.54 1.23 46
313 83.32+ 1.13 43
323 79.55+ 1.50 40
333 73.43+ 0.73 37

tion time also decreases with increasing temperature and in
the sequence standard slurgy slurry-SiL > slurry-CL >
sented inTable 1. The reactions are exothermic and the tab- slurry-SH, consistent with the rate of consumption of acid
seen in the kinetic studies.
Comparison of TG determination of putative Ca(QH)
within each set decrease as temperature increases. The reaand the calorimetric results shows a lack of correlation be-
tween the heat of reaction and Ca(QHpntent. This study
shows that the Ca(OHR)contents of the standard slurry and
slurry-SH are similar, however the interaction energy is re-
markable lower for the standard slurry. From this, we can
recognize that the acid is reacting with bases other than
Ca(OH). This finding suggests that the acid can also reacts
with the functional SH, SiL (OH) and CL groups attached
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Fig. 4. The calorimetric curves of the interaction processes of reaction
(Qr) and wetting (Q) concerning to slurry-SH at 323 K.
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