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Abstract

Polymer flooding is being used as an enhanced oil recovery (EOR) method in Oman. In polymer flooding, injection
water of increased viscosity reduces mobility difference between water and oil, thereby improving sweep and oil
recovery. The quality of polymer flood produced water (PFPW) is different from produced water (PW) without
polymer, and various techniques are being studied for the effective treatment of PFPW. In this paper, the effects of
two different coagulants, aluminum sulfate (AS) and polyaluminum chloride (PAC), were examined for the
treatment of PFPW. Laboratory tests indicated that the effects of coagulation by PAC were decreased when used for
PFPW, compared to PW. This decrease was attributable to interaction of polymer and inorganic carbon, rather than
to high pH or high alkalinity alone. On the other hand, laboratory tests indicated that AS would be an effective
alternative coagulant for PFPW treatment.
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1 Water quality of tested produced water
(PW) and polymer flood produced water
(PFPW) from the same oilfield

PW PFPW
salinity % 0.47 0.45
pH 8.33 7.49
conductivity S/m 0.789 0.740
turbidity FTU 55 37
viscosity cP 0.69 1.88
M alkalinity mg/L 975 1,175
SS mg/L 8.8 -+
CODwin mg/L 31 -*
CODcr mg/L 86 -*
TOC mg/L 24 169
IC mg/L 221 245
Oil_TD500****  mg/L 79 11.1
Oil nHex™™  mg/L ... 15 s SN
anion
Cl mg/L 2,470 2,135
NOs mg/L nd** nd**
PO43 mg/L nd** nd**
S0 mg/l ... 76 120
cation
Na+ mg/L 1,877 1,815
NHa* mg/L 12 40
K+ mg/L 32 35
Mg+ mg/L 14 16
Qe . mgll 33 .360
Total nitrogen ~ mg/L 9.4 -*
Total phosphate mg/L 0.068 -*
phenols mg/L 0.050 -
B mg/L 4.6 7.1
F mg/L 2.0 4.0
Al mg/L, nd** -
* -:nodata

** nd:not detected
** measured by PACKTEST COD High Range
** measured by TD-500 extracted in n-hexane

6% weight of n-hexane extracts

2 Conditions of coagulation tests for PW and

PFPW
Solvent oil* polymer**
(mg/L) (mg/L)
Test-1 Pw** + -
. Test:2 ] W kD00
Test-3 PEPW**** + -

crude oil of site M was added and shaken overnight.
** Flopaam 3630S

does not contain polymer from EOR site

contains polymer from EOR site
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*bunker A was added and mixture was shaken overnight

** Flopaam 3630S
*** at same concentration for both coagulants
****ultrapure water

****pH adjusted by NaOH
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(ToC ) Gao et al. (2011)19
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1 Coagulation tests by for AS and PAC a)Test-1, b)Test-2, ¢)Test-3
3 Results of coagulation tests for oil, polymer and alkalinity
Solvent oil*  polymer** NaHCOs  effective coagulant TOC removal and turbidity***
(mg/l)  (mg/L) (mM) concentration (ing/L) AS PAC
Test-4 Tap water 100 - - PAC 47.7 64.6 (TOC removal, %)
(100) 23 24 (turbidity, FTU)
Test-5 UPW**** - 500 - PAC 79.1 96.9 (TOC removal, %)
.............................................. (BO0)..___......70 .56 (turbidity, FTU)
Test-6 UPW*** 100 - 5 PAC 14.7 82.1 (TOC removal, %)
_______________________________________________ GO ...........147 50 (twbidity, FTU)
Test-7 UPW*** - 500 5 AS 91.2 421 (TOC removal, %)
______________________________________________ 400 ... ND._________ 18 (tubidity, FTU)
Test-8 UPW**** 100 500 - PAC 69.4 98.3 (TOC removal, %)
______________________________________________ (00 ..............250 .05 (twbidity, FTU)
Test-9 UPW*** 100 500 5 AS 89.8 57.0 (TOC removal, %)
______________________________________________ 400 .40 640 (twbidity, FTU)
Test-10 UPW**** - 500  (pH=8)™*** PAC 87.0 97.8 (TOC removal, %)
(300) 33 0.9 (turbidity, FTU)



PAC AS TOC
400 mg/L

-COOH-

4 Results of coagulation tests as for various concentrations of M-alkalinity

NaHCO: Coagulant Coagulant TC IC TOC TOC  Turbidity pH M-alkalinity

(mM*) conc. (mg/L) (mg/l) (mg/L) (mg/L) removal(%) (FTU) (mg/L)**
Test-11 0.0 before coagulation__________.____. 195 003195 ... 06 642 . 50
AS 150 91.4 53.2 10.4 <5

200 51.2 73.8 61.0 <5

250 53.6 72.6 84.3 <5

_________________________ 300 _._._.41.1 .01 409 __....790_...70.0 __.393 _._.<5

PAC 150 144 25.8 20.8 <5

200 35.1 82.1 18.7 <5

250 30.7 84.3 419 <5

300 6.2 96.9 5.6 <5

Test-12 0.2 before coagulation__________.____. 199 020197 .03 697 .65
AS 150 127 35.8 9.9 10

200 38.7 80.7 57.3 <5

250 64.4 67.8 59.0 <5

300 13.4 93.6 49.1 <5

_________________________ 350 ... 95.....08 . ..88 _....956 . . 823 . 406 <5

PAC 150 134 32.2 10.8 20

200 63.7 68.0 7.9 10

250 14.0 93.2 29.4 <5

300 5.8 97.3 4.1 <5

350 8.5 96.0 8.3 <5

Test-13 05 before coagulation ...’ 202 .52 197 . -_.......07 . 757 .8
AS 150 159 20.2 4.0 20

200 474 76.3 21.6 5

250 7.5 96.7 5.0 <5

300 6.6 97.2 7.0 <5

_________________________ 350 . .......72 .12 . 60 ......969 ... 102 ... 425 .. <5

PAC 150 151 23.9 6.6 20

200 108 45.6 6.9 15

250 30.1 85.1 2.6 5

300 5.5 97.6 6.6 <5

350 6.5 97.2 6.0 <5

Test-14 1.0 before coagulation__________.____: 208 .. ....88....199 . s ...04 759 ... 110
AS 200 73.7 64.8 12.0 15

250 8.5 96.6 24 <5

300 7.9 97.3 2.7 <5

......................... 350 . ......99 ....35 .64 .98 .58 451 <5

PAC 200 120 41.8 6.6 20

250 58.4 72.1 5.0 15

300 16.9 92.6 59 <5

350 8.8 97.1 34 <5

Test-15 2.0  before coagulation_ _______ .. ____: 222 . ...21.9....200 -] ND _.._.._.819. ... 135
_________________________ 300 _._...256._...44 .212 .84 .02 . 667 . _ 30

400 8.9 97.8 ND 20

Test-16 5.0  before coagulation 253 ..525 201 -] ND __._....836_ . 315
......................... 400.......43.7 ..260 . _.17.7 ... 912 __ND______.7.60 125

600 21.3 ND 70

Test-17 10.0  before coagulation ... .. 313 122 191 -] ND.__......869. . 615
_________________________ 700 ... 73.5_...608 127 . ...934 . .06 . 7.88 . .255.

1000 46.7 96.5 ND 160

All tests contain 500mg/L polymer (Flopaam 3630S), and solved in ultrapure water.

*NaHCO;; final concentration (mM)

**M-alkalinity; mg-CaCOs/L

The bold-faced rows show the results at effective coagulant concentrations for each NaHCOs concentration.
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3 Change in IC at optimum concentrations of each coagulant.
The right figure is an enlarged figure of the boxed area in left figure
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mM AS TOC 3 IC 0~25 mg/L
4 IC 2~-5 mg/lL
PAC AS
IC 3 00 02 05 10
5 Results of coagulation tests for various concentrations of M-alkalinity with oil
NaHCO: Coagulant Coagulant TC 1C TOC TOC  Turbidity pH  M-alkalinity  Oil Qil
(mM*) conc. (mg/L)  (mg/L) (mg/lL) (mg/l) removal(%) (FTU) (mg/L)*  (mg/L) removal(%)
Test-18 0.0  before coagulation . _____________ 435 . 04 . 435 ... so....2L000 646 . 55 ... 548 ... R
AS 200 347 0.1 347 20.2 681 4.10 5 185 66.2
250 229 0.1 229 474 346 3.95 <5 442 91.9
300 133 0.2 133 69.4 249 3.86 <5 6.7 99.0
_____________________ 350 ... 620 .02 62 _ 8.7 174 386 _.<5_ _____ND_____ 100 ___.
PAC 200 249 0.4 249 427 384 443 5 914 83.0
250 240 0.1 23 94.6 310 431 <5 ND 100
300 8.0 0.1 7 98.3 0.5 4.27 <5 ND 100
350 80 0.1 70 983 ND 4.22 <5 ND 100
Test-19 0.2 before coagulation . ____________ 445 23 .. 443 A 725 70 65 ... 260 ... R
AS 150 452 0.3 452 2.0 931 4.94 10 202 22.1
200 355 0.2 354 20.0 716 431 <5 24 99.1
250 116 0.2 115 739 172 412 <5 ND 100
_____________________ 300 ... 38003 380 915 .. ...900_ 405 . .<5_ . ND__ 100 ___.
PAC 150 407 0.3 407 8.1 776 5.41 20 116 55.1
200 262 0.2 261 41.0 414 5 10 ND 100
250 9.0 0.2 9.0 97.9 25.0 448 <5 ND 100
300 6.0 0.2 6.0 98.7 ND 442 <5 ND 100
Test-20 0.5  before coagulation .______________ 905,105 .. 895 ... e 654 721 . 75 . 332 . CR
AS 200 317 0.8 316 64.7 460 4.79 10 164 50.4
250 370 0.8 36.0 96.0 452 4.30 <5 ND 100
300 290 19 280 969 170 4.20 <5 ND 100
22300 12010 110,988 .. .. 109 ...417 .. <5 ND ___._...100_ ...
PAC 200 163 1.0 162 81.9 161 5.75 15 56.1 83.1
250 810 06 80.0  91.1 820 512 5 10.7 96.8
300 13.0 1.3 12.0 98.7 0.0 4.62 <5 ND 100
350 80 07 70 992 16 455 <5 ND 100
Test-21 1.0  before coagulation .______________ 484 107 . 473 - LR 855 . .7.62 . 105 .. 308 .. CR
AS 200 167 3.2 164 65.3 852 5.74 20 129 57.9
250 174 29 171 63.8 180 5.06 10 29 99.1
300 120 2.8 9.0 98.1 24 4.58 5 ND 100
2223900 010030 70 98.6. ... 15 443 R ND __._....100____.
PAC 200 321 3.6 318 329 798 6.30 25 111 63.8
250 62.0 3.6 58.0 87.7 55.0 6.14 15 5.2 98.3
300 380 3.1 350 926 410 588 10 ND 100
350 9.0 2.6 7.0 98.6 15 4.93 5 ND 100
Test-22 2.0  before coagulation . ____________ 471 240 . 447 - 893772 145 ... 327 .. ER—
AS 250 152 9.0 143 68.1 103 6.60 50 27.2 91.7
300 153 10.0 143 67.9 833  6.28 25 8.6 97.4
350 11.0 4.0 7.0 98.5 ND 6.02 10 ND 100
e A00 S 90 .20 .70 _____ 984 . 12 .48 . <5 ] ND______.100_____
PAC 250 232 13.0 219 50.9 270 6.80 60 131 59.8
300 80.0 11.0 700 844 690  6.72 40 215 93.4
350 400 9.0 300 932 19.6  6.61 30 ND 100
400 120 6.0 6.0 98.6 0.0 6.79 15 ND 100

All tests contain 500mg/L polymer (Flopaam 3630S), and solved in ultrapure water.
The bold-faced rows show the results at effective coagulant concentrations for each NaHCO:s concentration.
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