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Measurement of Interfacial Tension between Methane and Aqueous Solution

Containing Hydrate Kinetic Inhibitors
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Interfacial tension of CH4 + kinetic inhibitors, inhibex 301, and inhibex 501 systems was measured at
different concentrations of hydrate inhibitors using the pendant-bubble method. The temperature and pressure
ranges were (274.2 to 282.2) K and (0.1 to 20.1) MPa, respectively. The experimental data show that the
interfacial tension between methane and aqueous solution of hydrate inhibitor decreases with the increase
of pressure and inhibitor concentration. It implied that the interface behavior of inhibex 301 and inhibex
501 is similar to a surfactant. The presence of inhibex 301 in water makes the interfacial tension decrease

more remarkably compared with inhibex 501.

Introduction

A hydrate plug often occurs in oil and gas pipelines.
Economic and environmental concerns suggested that the low-
dosage hydrate inhibitors, including kinetic inhibitors and
antiagglomerants, should be selected for solving the question
of the hydrate plug." However, the inhibition mechanism of
kinetic inhibitors is not very clear yet. The initial hydrate
formation usually occurs at the gas—liquid interface.> * The
gas—liquid interfacial tension then plays an important role in
hydrate formation processes. The investigation of interfacial
tension at the gas—liquid interface is capable of providing
information which is helpful in revealing the mechanism of
hydrate formation and inhibition. However, interfacial tension
data near the hydrate formation conditions are relatively scarce
in the literature, especially for methane + water with hydrate
kinetic inhibitors. For methane + water, Jho et al.” have reported
interfacial tension data at (275.2 to 323.2) K and (0.1 to 6.6)
MPa; however, the majority of the literature data® " has been
measured at temperatures above 296 K as Schmidt et al.'?
summarized. In addition, Sun et al.'*> and Watanabe et al.'*
reported the interfacial tension of methane + water with
surfactant near hydrate formation conditions.

In this work, the interfacial tension data between methane
and aqueous solution containing kinetic inhibitor, inhibex 301,
or inhibex 501 were measured at 7' = (274.2 to 282.2) K and
P = (0.1 to 20.1) MPa, at four different of inhibitor mass
fractions (0.5 %, 1.0 %, 1.5 %, and 2.0 %). The effects of
pressure, temperature, and inhibitor mass fraction were examined.

Experimental Section

Apparatus. The JEFRI pendant-bubble high-pressure inter-
facial tension apparatus manufactured by D.B. Robinson
Corporation was used.'® The operating temperature was con-
trolled by three Eurotherm temperature controllers with an
uncertainty of 0.1 K. All the pressure gauges were calibrated
using a standard RUSKA dead-weight pressure gauge with an
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Figure 1. Monomer units for the two hydrate kinetic inhibitors.

uncertainty of 0.25 %. The densities of the aqueous phase
containing different mass fractions of inhibitor at ambient
temperature and atmospheric pressure were measured by the
DMAA48 densimeter, manufactured by Anton Paar Corporation,
with an uncertainty of 0.001 g+cm™. Luo et al.'> and Sun et
al."*'¢ have used this device to measure the interfacial tension
data of the C,H, + water with surfactant system, the CH; +
water system with surfactant, and the CO, + crude oil +
reservoir water system, respectively.

Materials. Methane was supplied by the Beijing Analytical
Instrument Corporation with a purity of 99.99 %. The water
was distilled twice, and the conductivity was less than 107*
S-m~!. Hydrate kinetic inhibitors (inhibex 301, a 50 % mass
fraction solution of the dipolymer of N-vinylcaprolactam and
dimethylaminoethylmethacrylate in butoxyethanol; inhibex 501,
a 50 % mass fraction solution of the dipolymer of N-
vinylcaprolactam and vinylpyrrolidone in butoxyethanol) were
provided by ISP Technologies Inc. The monomer units for the
two hydrate kinetic inhibitors are shown in Figure 1.

Experimental Procedure. Experimental procedures have been
described in previous papers published by our laboratory.''>-1¢
Thus only a brief description is given below.

When the system temperature was stable, methane was
charged slowly into the pendant-bubble cell through the bottom
valve of the cell until the desired pressure was reached. The
system was left at the constant temperature and pressure as long
as possible for liquid to be saturated with methane gas. A gas
bubble was introduced slowly into the pendant-bubble cell
through the central injection needle by a JEFRI pump. The gas
bubble was swollen to the largest dimension just before it broke,
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Table 1. Densities of Aqueous Solution Containing Different Mass
Fractions w of Inhibex 301 and Inhibex 501 at 282.2 K and
Atmospheric Pressure

inhibex 301 inhibex 501

100 w ol(g-cm™3) pl(gcm™3)
0.5 1.003 1.001
1.0 1.004 1.002
1.5 1.005 1.003
2.0 1.006 1.004

and it was stabilized for about five minutes at the experimental
pressure. In this way, the pendant bubble was maintained in
physical equilibrium with its surroundings. Then its profile was
magnified by the microscope and recorded by a computer
through the video camera. The dimensions of the bubble profile
could be disposed automatically using software developed by
our laboratory.

Calculation of Interfacial Tension. If the bubble is in
equilibrium with its surroundings, the interfacial tension (y)
values can be calculated directly from an analysis of the stresses
in the static pendant bubble, using the following equations
developed by Andreas et al.'”

y = Apdog/H (1
1/H = fid /d.) 2)

where Ap is the density difference between the two phases; d.
is the unmagnified equatorial diameter of the bubble; g is the
gravitational constant; ds is the diameter of the bubble at a
selected horizontal plane at height equal to the maximum
diameter d,. Stauffer'® extended a more detailed table of 1/H
as a function of dy/d.. The Patel-Teja equation of state'® was
used to calculate the density of methane. The correlation of
Rowe and Chou®® was used to calculate the density of pure
water at different temperature and pressure. For containing low
dose of inhibitor system, the density correlated for pure water
was modified according to the experimental data at ambient
temperature and atmospheric pressure measured by a DMA48
densimeter, which was listed in Table 1. The effect of the
solubility of methane on the density of the aqueous phase was
negligible because its solubility is very low.?’

Error Analysis. If defining a parameter o = d2g/H, we can
obtain the following formulation from eq 1

Gl N b ECC G

Substituting (9y/90)a, = Ap and (9y/d(Ap)); = o into eq 3, we
get

dy = Apdo + od(Ap) 4)
From eq 4 we obtained the following equation for evaluating
the uncertainty of the interfacial tension measurement, Oy.

oy = Apdo + ad(Ap) 5)

where 0o and 6(Ap) denote the uncertainty in measuring and
processing the profile of the pendant bubble and that of the
density difference resulting from the uncertainties in measuring
temperature and pressure, respectively, which are evaluated to
be 0.57-107° N-m?+kg~! and 0.00027 g+cm~3, respectively. The
maximum values of Ap and o are 1.006 g-cm™> and 63.0-107¢
N-m?-kg~!, respectively, in this work. The uncertainty of the
interfacial tension measurement is therefore determined to be
0.6 mN+-m™! by using eq 5.

Journal of Chemical & Engineering Data, Vol. 54, No. 6, 2009 1837

Table 2. Interfacial Tension y between Methane and Aqueous
Solution of Inhibitors Mass Fraction w at ' = 274.2 K

Inhibex 301 Inhibex 501
100 w
P/MPa 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
y/(mN-m™")

0.1 522 509 493 474 628 613 595 578
0.9 504 49.1 475 456 606 593 57.8 56.1
1.7 488 474 456 437 587 573 562 542
2.5 474 458 442 418 571 557 541 523
33 462 446 426 404 556 541 523 508
4.1 448 432 412 388 542 524 511 493
4.9 435 418 399 375 529 512 495 478
5.7 424 406 387 365 514 499 484 465
6.5 412 395 373 353 499 486 472 452
73 40.0 382 362 342 486 473 456 441
8.1 390 373 352 331 476 463 444 431
8.9 38,0 363 345 323 463 451 435 420
9.7 370 353 336 312 450 438 424 411
10.1 366 349 332 307 445 432 419 406

11.1 340 323 295 41.0 392
12.1 332 314 288 39.7 385
13.1 305 28.1 386 373
14.1 294 272 37.7 359
15.1 283 262 36,5 351
16.1 275 254 353 341
17.1 267  24.6 348 329
18.1 262 238 340 322
19.1 25.7 230 33.0 313
20.1 252 223 324 308

Table 3. Interfacial Tension y between Methane and Aqueous
Solution of Inhibitors Mass Fraction w at 7' = 278.2 K

Inhibex 301 Inhibex 501
100 w
P/MPa 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
y/(mN-m™")

0.1 503 484 4677 454 61.0 589 572 557
0.9 485 468 452 434 589 566 554 538
1.7 473 452 435 417 569 549 53.0 517
2.5 458 439 421 400 554 531 514 497
33 445 426 406 384 537 518 502 483
4.1 432 413 392 369 524 502 487 470
4.9 41.6 399 378 352 509 487 472 459
5.7 404 38,6 366 338 495 476 46.0 445
6.5 39.1 372 354 326 482 463 447 431
73 379 361 343 31.6 47.0 450 432 418
8.1 36.7 350 331 306 458 43.6 420 404
8.9 356 337 320 297 445 424 408 392
9.7 348 327 309 288 432 413 398 382
10.1 342 323 303 283 428 406 394 377

11.1 33.0 312 294 273 384 369
12.1 320 302 284 262 375 359
13.1 309 291 274 251 36,5 350
14.1 29.8 282 265 242 358 341
15.1 2577 232 349 328
16.1 249 223 340 318
17.1 239 216 334 310
18.1 23.1 207 327 30.6
19.1 22.1 200 3.9 299
20.1 215 19.1 312 29.0

Results and Discussion

The experimental method mentioned above was used to
measure the interfacial tension of CH4 + aqueous solution of
inhibex 301 and inhibex 501 at different temperatures and
pressures under four groups of inhibitor compositions. As
hydrate may form in the system studied when the pressure is
higher than the equilibria pressure, the measurement of the
interfacial tension should be carried out within the induction
period of hydrate formation. The experimental results were listed
in Tables 2 to 4. As shown in Tables 2 to 4, it can be seen that
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Figure 2. Comparison of interfacial data measured for the methane and
aqueous solution system: O, T = 274.2 K, w = 0.5 % inhibex 301; A,
T=2742 K, w = 0.5 % inhibex 501; W, 7= 275.2 K, pure water (Jho et
al.”).

Table 4. Interfacial Tension y between Methane and Aqueous
Solution of Inhibitors Mass Fraction w at T = 282.2 K

Inhibex 301 Inhibex 501

100 w
P/MPa 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0

y/(mN-m™!)
0.1 49.1 472 456 443 588 564 545 532
0.9 473 451 441 425 567 544 528 513
1.7 457 435 424 406 550 528 512 498
2.5 442 422 408 392 53.6 512 497 485
33 429 408 39.1 377 520 49.8 482 46.6
4.1 414 394 374 357 505 479 465 449
4.9 40.1 377 357 343 49.1 467 451 436
5.7 38.6 363 342 327 477 454 440 423
6.5 372 350 331 31.0 463 442 424 410
7.3 359 338 316 296 450 428 413 396
8.1 346 325 303 283 438 415 398 382
8.9 33.6 313 291 271 426 403 387 37.0
9.7 324 302 28.1 258 413 394 377 359
10.1 319 297 277 255 407 389 373 356

11.1 30.8 287 267 243 36.5 343
12.1 29.7 275 255 232 357 332
13.1 285 264 244 223 349 324
14.1 236 214 339 318
15.1 226 205 332 31.0
16.1 21.8 197 325 30.1
17.1 20.8 187 319 289
18.1 19.8  18.0 312 282
19.1 192 173 305 274
20.1 184 165 29.6 269

the interfacial tension of CH4 + aqueous solution of inhibitors
decreases with the increase of pressure and the mass fraction
of hydrate inhibitors at fixed temperature. The interfacial tension
also slightly decreases with an increase in temperature.
Figure 2 shows the comparison of the interfacial tension data
of the methane and aqueous solution system as a function of
pressure measured in this work with that reported by Jho et al.”
at the approximate temperature. Compared with the pure water
system, adding inhibex 301 or inhibex 501 to water, the
interfacial tension between methane and the aqueous solution
decreases. This implied that the methane adsorption on the
gas—liquid interface was more significant in aqueous solution
of inhibitors than in pure water. Figure 3 also shows the variation
of interfacial tension data at different inhibitor mass fractions
at 278.2 K and 0.1 MPa. It could be seen that the interfacial
tension decreases sharply with the addition of inhibitor,
especially inhibex 301. It is known that butoxyethanol is
contained in these two inhibitors. In general, adding a certain
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Figure 3. Interfacial tension as a function of inhibitor mass fraction w at
T = 278.2 K and P = 0.1 MPa: O, inhibex 301; @, inhibex 501.

amount of butoxyethanol to water can also decrease the
interfacial tension. However, the concentration of butoxyethanol
in this work is not sufficient for such a substantial reduction
of interfacial tension.?? Therefore, the substantial reduction of
interfacial tension is attributed mainly to inhibex 301 or inhibex
501. With the increased inhibitor mass fraction in water, the
interfacial tension decreases slowly. This is similar to the relation
of interfacial tension and the concentration of surfactants in
water. Therefore, we think that the interface behavior of inhibex
301 or inhibex 501 is similar to a surfactant.
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