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Abstract: To prepare a graphene quantum dots (GQDs) foaming agent with strong foam stability, excellent
viscosity reduction and foaming ability, GQDs were firstly prepared by citric acid hydrothermal method,
and then modified with y-methacryloyloxypropyltrimethoxysilane coupling agent to obtain amphiphilic
graphene quantum dot foaming agent (D12-5-GQDs). The D12-5-GQDs was characterized by FTIR,
nanoparticle potentiometry, and UV-Vis for structural characterization and property analysis. The foaming
ability, foam stabilizer's synergistic characteristics, and viscosity reduction and displacement control
capability of D12-5-GQDs under different experimental conditions were elucidated by static and dynamic
adsorption capacity, interfacial tension, foaming height, and fractional flow rate. The results showed that
D12-5-GQDs with a mass concentration of 1.0 g/L exhibited the best foaming ability at 31 °C, with its fluid
carrying capacity reaching 187 mL within 15 min. The application temperature range of D12-5-GQDs was
30~350 °C, and the foaming volume of D12-5-GQDs aqueous solution with a mass concentration of
1.0 g/L could still exceed 200 mL at 350 °C. D12-5-GQDs displayed stronger anti-adsorption ability, with a
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final equilibrium adsorption capacity of only about 0.18 mg/g. The D12-5-GQDs solution with a mass

concentration of 1.0 g/L showed good displacement control ability, with the ratio of high and low

permeability final fractional flow rates corresponding to a gradation of 4.6 and 16.6 of 61 : 38 and 70 : 29,

respectively. D12-5-GQDs could quickly take effect at an injection volume of 0.5 PV (pore volume) and

stabilize the fractional flow rate at around 1.5 PV.

Key words: foaming agents; graphene quantum dots; foam composite flooding; thermal heavy oil recovery;

enhanced oil recovery; oilfield chemicals
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Fig. 1 Schematic diagram of flow chart of foam displacement
measurement of fractional flow
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Fig. 3 Particle size distribution curve of D12-5-GQDs
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Table 1 Foaming performance of surfactants with different
mass concentrations

RIEFERY g/i/(f) ﬁiﬁiﬂg/ Sén;fff (m%ﬁ%l/in)
D12-5-GQDs 0.5 184 175 184

1.0 187 176 187

1.5 180 173 180

2.0 164 168 164

2.5 148 155 148

3.0 134 142 134
DHBP 0.5 135 85 71

1.0 149 76 77

1.5 176 141 153

1.0 175 115 134

2.5 172 85 119

3.0 169 48 110

M1 ATLIEH, BiE D12-5-GQDs 1Y i ¥k
FE R B, LR i M R ST NS RIS, YRR
1.0 g/L B}, D12-5-GQDs AYHL 1L AE 1 5 # i e
F, 15 min AR R AT 35 187 mL, 5 min #0755
H 176 mm, KL, ¥ 1.0 g/L A D12-5-GQDs 1
AR R

&l 4.5 435124 D12-5-GQDs Fil DHBP f¥ il 5
JE R R et W A VR AR AR 42
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Fig. 4 Change of foaming height and fluid carrying volume
of D12-5-GQDs with its mass concentration
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Fig. 5 Change of foaming height and fluid carrying volume
of DHBP with its mass concentration
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Fig. 6 Change fluid carrying volume of D12-5-GQDs at
different temperatures over time
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Fig. 7 Effect of temperature on foaming performance of
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Fig. 8 Particle size distribution curve of D12-5-Si0O,



© 1846 ¢

A% 4m 4 T FINE CHEMICALS

42

2.4 RHEEN S
241 HERK M
& 9 4 D12-5-GQDs FfJ 25 i W B th 25 .

0.20

A (mge)
8 & =

=]

o

=
T

O L 1 1 1 1
0 1000 2000 3000 4000 5000
JRER B /(mg/L)

B9 DI12-5-GQDs 145 i W [ il 2%

Fig. 9 Isothermal adsorption curve of D12-5-GQDs

ME 9 FTLLVE W, BEAE PR B TR, SRR
W il 26 S5 BT e B T RE A, YRR E
4 500~3000 mg/L B, FASI IR R, H
0.014 mg/g WK % 0.159 mg/g, HINT 0.145 mg/g,
DB, i R v i 2D S S R R, B
VAR Y 0 e R e A Y6 ) 43— R BT R AE b 2 D SR
AT, T 0 BT 1 R RG5> o &k B2 2 3000~ 5000
mg/L B, # 2 B S 2 R s/, B T T
W RERAS, H10.159 mg/g #E2% 0.181 mg/g, XN
T 0.022 mg/g. XAEPHA, I H B b3 R
(= P = A i v B e TR X [T R A 2 S A
Tl S A Y0 7] 43 P R A T AR R 2T e O o
29 0.18 mg/g.
242 FHERWHH

[ 10 D12-5-GQDs 5725 W B 12 il 3 142 A i
WL

0.16 - 4
S ~ //’/'

o

=

S
T

—=—500 mg/L
—e— 1000 mg/L

AW E/(mg/g)
=)
o

0.04 + —A— 2000 mg/L
¥— 3000 mg/L
—— 4000 mg/L
0 . . . < §000mgL
0 2 4 6 8 10 12

HEAR/PV
K10 D12-5-GQDs 2l 25 W Fff e B 47 5 1 ¥4 B2 1) A2 £k
Fig. 10 Change of dynamic adsorption capacity of D12-5-
GQDs with mass concentration
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Fig. 12 Injectability of D12-5-GQDs and DHBP

MW 12 ATLLE S, FEMFESERET,
D12-5-GQDs 7EJE BUMLIK 5 558 O B 43 T 2R T B
1445, b DHBP H B AU T A FUREB A O,
EWNGIWAE 8 S

K13 AImA R 1.0 g/L B9 D12-5-GQDs
MR EE 1.5 ¢/L i DHBP &5 , AIETRE T &
T2 BE it 2 15 1) Y AR AR

M 13 AL H, D12-5-GQDs Xf il HA K
YRR RERE S, ELEL DHBP ] 78 55 1 I 7] ik 5
A I (R R 80 R . D12-5-GQDs 7E B b ik BE 4 1.0 g/L .
TEEE 80 °CHY, 7E 20 min P FAIMFEZL%E>90%, 30 °C
iF, 7E 50 min YA FE R F6>90%,

800

a —=— 30 °C
—e— 60 °C
—— 80 °C
600
&
E 400
=
(23
200
0 L L A P 4 &

0 10 20 30 40 50 60 70 80
it ] /min

* 1847 »
800
b —=30°C
—— 60 °C
600 - —— 80 °C
A
3400—
=
(2
200
0

0 10 20 30 40 50 60 70 80
B} [ /min

13 DI12-5-GQDs (a) F1 DHBP (b) HIFEZHiAE
Fig. 13 Viscosity reduction ability of D12-5-GQDs and DHBP

2.6 EIEHIEHEN

GQDs BRI K LR M S5 B 2558 B,
AT R TR TR B e . AR A R <
10 nm PAEERTE A9 K41 8L, GQDs 2L F e fa
EMSEY e, EMAHIF LAY, GQDs g
KA ] DEECAR B A8 )2 FLME LS, REAA S5OHBE A
R HRm s T A E A, SCREE B S
P . brdh . R RN SRR 534, GQDs 11
WA ER T, AT RIRFR A S5 g, T U
AEE, GQDs AU AR SRR 58 (I &
H B A IR A E), D12-5-GQDs [y it
REMLSE, RIAE SR IAEE N AR R iR o SRR A
(i) VBT e X 2 1) 958 3 R W 2 A 7 R 8 e B3V Tl
i, SRR, RORBEE AR AR R, e 78
PRI SR IR B R . Ik4h, D12-5-GQDs [IR#%h
Rt BEE ZRIE A2 )G, AEEE R B EIE R
(] B ] 2 b 2 BE R AU 5 IeAh, 9ROk AT R
BT TR AR, B TR, 59F GQDs
AW FI AL, D12-5-GQDs H/EHMLIEANF .

(1) D12-5-GQDs KT/ (12 nm), 5K4
T A s A B T BRI TR AR, R IR0
KRB )RR . JFH, GQDs S5 E RE
VA B ) ] A s b A e T 5K ) 4K 3 SY/T 5370-2018
(R S misk e vk ), EEERT, RAM4E
B Rt 28187k 5 9393 mg/L HALUK EL ] . i
WeRE4y R 1.0, 1.5 g/L () DHBP Fl D12-5-GQDs it
WRIAERAEAT T R Mk . &E, ek
J& 1.0 g/L 1) D12-5-GQDs ZE18 7K L il (175 1 1 2 a1
7174 23.5 mN/m, i A ILEE R 9393 mg/L BAUKEL
IR I 2R TH K R 21.6 mN/m., [RIRESAET,
TR HERE 1.5 g/L 19 DHBP Z&48 /K 5 BRI AL ALl /K
R IR S143 590k 28.8 Fl 27.4 mN/m, W
D12-5-GQDs 5 DHBP #ftt, 7EMCEE S mEhiibE T
PIABAR R E K T .

(2) DI2-5-GQDs 1, GQDs )2/ bE 2



© 1848 ¢

A% 4m 4 T FINE CHEMICALS

42

BIGFII, H sp® Zefb C—C H#ERYEERE A 347 kI/mol,
e 1o TG GE R H T PR e ke BE P 1 sp? A4k C—C i
(25 83 kl/mol ), X525 T HrILH0 L5 I FAN
G IR J7 B A B 8 506 500 46 o R 3> 1) S T AR
D12-5-GQDs 7£ i (=150 °C) FAS &A= it
oAU W ek, TR R O T R e 5
HFERE M

(3) Bi/KECEG B GQDs 44K Bk i i 5 a0
SR B [ 2500 B oz ] 22 B A O C nd e HE )T L
WA EAE . JEEAES | ) 5RME T ), WA
B S T Y T 285 A T 2 AL T B 2 A S 5 44 T
A RS BEL I S ] ) AR 8 RIS, B0 A AT R B
A A Py — 24 1) £6% i Sl S AR TR I AT 3, DAL T HEE 22 3R -
HAEIERE RIS R T RVR BN, Y D12-5-
GQDs [ B2 Fh iy, AP R I i Al i 2%
FERER, ARSI AT A E 200 (14 ),

SN

Kl 14 DI2-5-GQD Bk ETF# T (a), Ja (b) AR
2% ) A R A AR IR
Schematic diagram of change in the number of
bubbles within the confined space before (a) and
after (b) mass concentration of D12-5-GQDs
increased

Fig. 14

(4) D12-5-GQDs $if2/y (12 nm ), 7] [{H#EA
RBIX; HILFHKIIBN, IR S RRAZSN
F AL AT AMB X, L EA SR 1) IR AE T

3 #it

ASCH T — PO REME A A0 R D12-
5-GQDs, H-F¥pkifgoh 12 nm,

(1) JREWE 1.0 g/L ) D12-5-GQDs ik & 1J
i5 187 mL/15 min, 5 min #&HIEE N 176 mm, JFik
WeHE 1.0 g/L S~ D12-5-GQDs i A FH Rk vk Ji2

(2) FEIKRE 1.0 g/L /Y DI12-5-GQDs ¥ K FE
350 °C F AU E I ARFARE>200 mL ., Ff& I a] 35,
HRARF R IERILE P 2%, 78 30~350 °ClH]
YA B AR RE ) o

(3) D12-5-GQDs #5 W% B 114 f5c 2 3T iy W o i

2974 0.18 mg/g, PUULBHAE F1 B0 5 shAS W i) i
HETE AR VR EIAF] 4000 mg/L I, W B AN
AH S 30T, 25 A SRR X 2 T 9 A 7 %) O o 3k 3] B

(4) JFERIE 1.0 g/L Y D12-5-GQDs A JH 4K
e, 9025 4.6 5 16.6 XN . KB RAS)
TR Z AR 61 1 38 570 : 29, 7E 0.5 PV E
AN, AT A R B B R B 5 U SRR AR T
IHTE 1.5 PV A i s T E .

S E k-

[1] LUO C, LIU H Q, WANG Z C, et al. A comprehensive study on the
effect of rock corrosion and CO, on oil-water interfacial tension
during CO, injection in heavy oil reservoirs[J]. Petroleum Science
and Technology, 2025, 43(8): 844-856.

[2] LIU H Q (XIZ:), DONG X H (A B%5%). Current status and future
trends of hybrid thermal EOR processes in heavy oil reservoirs[J].
Petroleum Science Bulletin (/G jliF}2#i4R), 2022, 7(2): 174-184.

[3] AL-SAEDI H N, FLORI R E, AL-BAZZAZ W. Will coupling low
salinity water and steam flooding for heavy oil affect the rock
properties of sandstone reservoirs? An experimental and simulation
study[J]. Journal of Molecular Liquids, 2020, 306: 112866.

[4] LUO W L (¥'3CF]), FENG L I (4FiH), HE C Q (fl#EF), et al.
Plugging characteristics and flow redirection effect of foam[J].
Journal of Petrochemical Universities (f1 i1k T8 2448 24 4R),
2018, 31(4): 63-68, 89.

[5] GUO X B (3/I\%), FENG Z P (iB#%F), SUN B (FM), et al.
Study on enhanced oil recovery by foam flooding[J]. Petrochemical
Industry Technology (fi b4 R), 2019, 26(10): 127-128.

[6] WANG X R (£fk#X), ZHOU F J (ARE), LIU B (XBR), et al.
Experimental study and application of polymer enhanced foam
flooding in offshore polymer injecting oilfield[J]. Petroleum Geology
and Engineering (f3 1T 5 T.#2), 2019, 33(1): 92-96.

[71 SUNS Q (FMET), HE R N (BU1d4F), WANG Z K (L&), et al.
Experimental design and practice of research on performance of CO,
intelligent foaming agent system based on molecular simulation
technology[J]. Experimental Technology and Management (SZ55H;
AR5, 2023, 40(9): 95-101.

[8] FENG S X (#44:4F). Study on the design and performance of CO,
intelligent responsive temperature and salt resistance tertiary amine
foam[D]. Qingdao: China University of Petroleum: East China (H' [
AR HE5), 2021

[91 LI Z M (Z9kif), XU Z X (RIEBE), LI B F (FEE ), er al.
Advances in research and application of foam flooding technology[J].
Journal of China University of Petroleum (Edition of Natural
Science) (HTEAMIARF2=4: HAFIAIR), 2019, 43(5): 118-127.

[10] HOU J R ({754, WEN Y C (H5F/2), QU M (JEM), er al.
Research and application of nano-materials to enhance oil and gas
recovery technology[J]. Special Oil & Gas Reservoirs (4R iR),
2020, 27(6): 47-53.

[11] KHANI O, MOHAMMADI M, KHAZ'ALI A R, et al. Effect of pH
value and Zeta potential on the stability of CO, foam stabilized by
SDS surfactant and SiO,, ZnO and Fe,O3 nanoparticles[J]. Scientific
Reports, 2025, 15(1): 10302.

[12] DEHAGHANI S H A, GHARIBSHAHI R, MOHAMMADI M.
Synthesis and performance analysis of novel SiO, Janus nanoparticles
for enhancing gas foam injection in oil reservoirs[J]. Scientific Reports,
2025, 15(1): 2994.

[13] SUN C (#ME), FAN Z Z (i), LIU L (XIIR), et al. Preparation
and evaluation of SiO,-SDS composite foam system[J]. Chemical
Engineer (f£2% TF2I), 2017, 31(7): 68-71.

[14] HUY (#3H), MA H (5), SONG S Y (RFEK), et al. Preparation
and properties of pH-responsive surfactant-nano-silica composite
viscosity reducer for heavy oil[J/OL]. Fine Chemicals (KiZi{LT)),
2025, 1-11[2025-03-04]. https://doi.org/10.13550/j.jxhg.20240913.DOL:
10.13550/j.jxhg.20240913.

[15] YIN P, SHI F, LUO M, et al. Construction of carbon dioxide
responsive graphene point imbibition and drainage fluid and simulation
of imbibition experiments[J]. Processes, 2024, 12(9): 2052.



