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Abstract

Gel plugging in wellbores and near-wellbore regions caused by polymer adsorption and

retention severely hinders fluid injection and production efficiency in post-polymer

flooding reservoirs. To address this issue, a highly efficient chemical plug removal agent

was formulated and selected. Under reservoir conditions of 65 °C and a salinity of 6864

mg/L, the system exhibited excellent dispersion stability, with a Zeta potential of −36.7

mV. It achieved a viscosity-reduction rate exceeding 95% for polymers across various

molecular weights. The microscopic degradation mechanism was elucidated based on

the published literature and experimental results. Fe  activation triggered the genera‐

tion of highly reactive SO •  and HO• radicals. Under acidic conditions (pH ≤ 6), the re‐

action was dominated by controlled SO •  radicals, breaking down dense three-dimen‐

sional gel networks, which dramatically reduced the aggregate size from 500~2000 nm to

10~30 nm. Dynamic coreflooding tests demonstrated that injecting the system lowered

the residual resistance factor from 6.5 to 1.0~1.5, achieving a permeability recovery rate

exceeding 80%. Field trial results further verified that application of the composite plug

removal agent and subsequent acid stimulation decreased injection pressure from 12.5

MPa to 5.5 MPa, increasing the apparent water-injectivity index to 2.4 times its initial

value. This study provides crucial theoretical insights and technical support for efficient

near-wellbore unplugging and residual oil mobilization in post-polymer flooding

reservoirs.
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1. Introduction

Polymer flooding is one of the most established chemical enhanced-oil-recovery

(EOR) technologies for mature reservoirs. By increasing the viscosity of the injected

aqueous phase, a polymer solution lowers the water–oil mobility ratio, suppresses vis‐

cous fingering, and improves areal and vertical sweep efficiency. Partially hydrolyzed

polyacrylamide (HPAM) remains the dominant field polymer because it provides high

viscosifying efficiency at relatively low concentrations and can be tailored over a broad

range of molecular weights and degrees of hydrolysis [1–3]. Laboratory studies, pilot

tests, and commercial projects have demonstrated substantial incremental recovery in

both conventional and heavy-oil reservoirs [4–7].
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Field performance nevertheless depends on preserving polymer viscosity and injec‐

tivity during preparation, surface handling, and transport through the reservoir. HPAM

can undergo mechanical scission, hydrolysis, and oxidative degradation. Its stability is

strongly affected by temperature, dissolved oxygen, transition-metal ions, pH, salinity,

and hardness [2,8–10]. These effects become particularly important in mature polymer-

flooded reservoirs, where repeated exposure to formation brine and long residence times

may change polymer conformation, molecular weight, and solution rheology.

A further limitation is polymer retention in porous media. Adsorption on mineral

surfaces, mechanical entrapment at constricted pore throats, and hydrodynamic reten‐

tion can delay polymer propagation and reduce the effective pore volume [11,12].

Continued injection may therefore decrease permeability and increase the resistance and

residual resistance factors. Micromodel and coreflooding studies have shown that high-

molecular-weight polymers can bridge pore throats, accumulate near the inlet, and form

persistent flow barriers [11,13–15]. Near-wellbore shear and extensional flow may fur‐

ther aggravate injectivity loss, especially when polymer molecular size and concentra‐

tion are poorly matched to pore structure [16].

The gel plug in the near-wellbore region is difficult to remove because the retained

material is commonly a composite of entangled polymers, crude oil, suspended solids,

and inorganic deposits [17]. Water injection alone is usually insufficient to restore per‐

meability. Mechanical stimulation has a limited treatment radius and may damage com‐

pletion, whereas strong mineral acids can corrode tubing, react with the rock matrix, and

generate secondary precipitates. Oxidative treatments can depolymerize retained

HPAM, but uncontrolled reactions may be too rapid near the wellbore, consume the ac‐

tive agent prematurely, or introduce safety and corrosion risks. Combining profile con‐

trol with gel plug removal can improve placement in heterogeneous media, but treat‐

ment selectivity and reaction control remain central challenges [18].

Controlled chemical depolymerization provides a mechanistically attractive route

for removing polymer-related damage. Polyacrylamide can be degraded by thermal, me‐

chanical, photolytic, biological, and oxidative pathways; among these, radical oxidation

directly cleaves the carbon backbone and rapidly decreases molecular weight and vis‐

cosity [19]. Peroxydisulfate is a comparatively stable oxidant in ambient conditions, but

heat or catalytic activation cleaves its peroxide bond and generates sulfate radicals

(SO4•-), which can also produce hydroxyl radicals (HO•) in water [20–23]. These reac‐

tive species attack organic macromolecules through electron transfer, hydrogen abstrac‐

tion, and addition reactions, initiating chain oxidation and scission.

Persulfate chemistry is especially relevant to oilfield polymer removal because its

activation rate can be regulated by temperature, pH, and transition-metal species [24].

Alkali-activated persulfate has been shown to degrade high-molecular-weight polyacry‐

lamide and remove polymer filter cake [25]. Synergistic activation by heat and Fe(II)

complexes can accelerate HPAM degradation while maintaining activity under alkaline

conditions [26]. Free-radical studies further show that chain cleavage of high-molecular-

weight polyacrylamide is accompanied by a pronounced decrease in molecular size and

solution viscosity [27]. These findings support the use of a deliberately activated persul‐

fate system, but the relationship among radical speciation, polymer-network disintegra‐

tion, porous-medium permeability recovery, and field injectivity has not been fully es‐

tablished for post-polymer-flooding reservoirs.

An effective treatment must also address the multicomponent nature of plugging

deposits. The oxidant should cleave the polymer backbone; a mild acid should dissolve

acid-soluble inorganic material without attacking the sandstone framework or tubular

steel excessively; and an oil-washing agent should mobilize crude oil and expose the
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2. Results and Discussion

2.1. Selection of Persulfate-Based Composite Plugging Removal Agent Formulation

2.1.1. Component Screening and Concentration Selection

polymer-rich deposit to the reactive solution. At the same time, the formulation should

remain dispersed under reservoir salinity and temperature, penetrate beyond the imme‐

diate wellbore, and avoid uncontrolled radical generation [28].

Accordingly, a persulfate-based composite plugging removal agent for gel plug re‐

moval after polymer flooding was designed in this study. The primary oxidant, activator,

acid, and oil-washing agent were screened and selected. Electron paramagnetic reso‐

nance was used to identify the reactive radicals and quantify their dependence on pH

and Fe2+ concentration. Changes in polymer viscosity, gel mass, particle-size distribu‐

tion, and microstructure were then linked to radical-induced chain scission. Finally,

long-core flooding experiments and a field trial were conducted to evaluate permeability

recovery, residual resistance reduction, pressure response, and injectivity improvement.

In this study, the pH-dependent speciation evolution of sulfate and hydroxyl radicals in

the persulfate-Fe  system under acidic conditions is revealed, and the correlation be‐

tween radical species distribution and polymer removal performance is established. The

microscopic gel network destruction is linked with core-scale permeability recovery and

field-scale injectivity improvement. Finally, an integrated remediation strategy targeting

organic–inorganic composite near-wellbore plugging (polymer flocs, crude oil, and car‐

bonate scaling) is proposed, instead of only treating pure polymer plugging.

2+

(1) Screening and selection of the primary agent

Different gel plug removal agents, including oxidative, acidizing, and enzyme-

based agents, were added at 0.5 wt% to a polymer solution with an initial viscosity of

748 mPa·s at 65 °C and pH 7 (Figure 1a). Benzoyl peroxide and α-amylase reduced the

viscosity by less than 80%, whereas all the inorganic oxidants achieved reductions

greater than 95%. Hydrogen peroxide, potassium ferrate, and sodium persulfate per‐

formed best, each exceeding 98%. Oxidants and acids are widely used but may corrode

tubing, and acids may also attack the sandstone framework. Enzymes have limited tem‐

perature and salinity tolerance and react more slowly and less effectively than chemical

agents. Sodium persulfate was therefore selected as the primary agent. It is nearly inert

at low temperature without a catalyst but reacts rapidly with polymers at elevated tem‐

perature after activation, cleaving the backbone, shortening carbon chains, disrupting

the three-dimensional network, and lowering viscosity [18,23,24].

Figure 1. (a) Viscosity reduction by different gel plug removal agents. (b) Reaction rates of differ‐

ent agents with the polymer. (Error bars represent standard deviation from three measurements of

the same sample.).
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The reaction rates of the most effective inorganic oxidants were compared under the

same conditions (Figure 1b). With sodium hypochlorite, sodium perborate, hydrogen

peroxide, or potassium ferrate, at least 10 min was required for the viscosity to fall below

100 mPa·s. Sodium persulfate reduced the viscosity to below 100 mPa·s within 5 min.

Among the five inorganic oxidants tested, sodium persulfate therefore provided the

fastest reaction under these conditions and was selected based on its combined viscosity-

reduction efficiency and reaction rate profile.

Dissolved persulfate is strongly oxidizing but nearly inert at low temperature with‐

out a catalyst. Its reaction rate with polymers is governed primarily by the persulfate

concentration, temperature, and pH. Polymer-viscosity tests were therefore conducted at

different temperatures, sodium persulfate concentrations, and pH values (Figure 2).

Figure 2. Effects of (a) temperature, (b) sodium persulfate concentration, and (c) pH on polymer-

viscosity reduction. (Error bars represent standard deviation from three measurements of the

same sample.).

Sodium persulfate showed little activity at low temperature, but the viscosity-re‐

duction ratio increased with temperature and became substantial at 50 °C (Figure 2a).

Heating promoted persulfate decomposition and increased the concentration of SO • ,

the principal species responsible for viscosity reduction. At 65 °C, the viscosity-reduction

ratio increased with sodium persulfate concentration and exceeded 90% at 4 mmol/L (

Figure 2b). At 65 °C and 4 mmol/L of sodium persulfate, the reduction exceeded 95% at

pH ≤ 6 but declined progressively under alkaline conditions as pH increased (Figure 2c).

4
−

Thus, polymer-viscosity reduction was positively associated with persulfate concen‐

tration and temperature and negatively associated with pH. For the target reservoir con‐

ditions in J Oilfield (65 °C and pH ≤ 6), 4 mmol/L of sodium persulfate was selected for

subsequent experiments.

(2) Activator screening and concentration selection

Fe  activates sodium persulfate and promotes SO •  generation, thereby enhancing

polymer depolymerization. As the Fe  concentration increased, the viscosity of the

treated polymer solution decreased, and the viscosity-reduction ratio rose from 96% to

99% (Figure 3a). Above 0.2 mmol/L of Fe , both values reached a plateau. EPR measure‐

ments showed that the SO •  concentration increased slowly at low Fe  concentrations,

rose rapidly above 0.15 mmol/L, and reached a maximum at 0.25 mmol/L (Figure 3b).

Accordingly, 0.25 mmol/L of Fe  was selected at 65 °C, pH 6, and 4 mmol/L of sodium

persulfate.

2+
4

−

2+

2+

4
− 2+

2+
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Figure 3. Effect of Fe  concentration on (a) polymer viscosity and (b) SO •  concentration. (Error

bars represent standard deviation from three measurements of the same sample.).

2+
4

−

(3) Acid screening

Hydrochloric, hydrofluoric, and organic acids can dissolve polymer-associated for‐

mation deposits and the inorganic cores of polymer aggregates, thereby releasing entan‐

glements among polymers, oil, and particulates. Sodium persulfate also reduced poly‐

mer viscosity more effectively under acidic conditions. Under alkaline conditions, metal

ions in formation water can combine with OH  to form precipitates and aggravate plug‐

ging. Acidic conditions are therefore more favorable for gel plug removal by the persul‐

fate-based composite plugging removal agent.

−

To evaluate the corrosive effects of common acids on reservoir minerals and injec‐

tion-production tubulars, SiO  and CaCO  specimens and N80 steel coupons were im‐

mersed in different 10 wt% acid solutions (Figure 4).

2 3

Figure 4. Effects of common acids on (a) SiO , (b) CaCO , and (c) N80 steel coupons.2 3

All tested organic and inorganic acids caused less than 0.1% mass loss from SiO  af‐

ter 48 h (Figure 4a). Formic and citric acids caused the least loss (<0.01%), followed by

sulfuric, hydrochloric, and hydrofluoric acids (0.02–0.03%) and acetic and oxalic acids

(0.07–0.09%). The order of increasing attack on SiO  was formic acid < citric acid < sulfu‐

ric acid < hydrochloric acid < hydrofluoric acid < acetic acid < oxalic acid.

2

2

For CaCO , oxalic acid caused the lowest 48 h mass loss (<5%), sulfuric and acetic

acids caused losses of 10–20%, hydrofluoric, hydrochloric, and citric acids caused losses

of 20–30%, and formic acid caused a loss of 40% (Figure 4b). The order of increasing at‐

tack was oxalic acid < sulfuric acid < acetic acid < hydrochloric acid < hydrofluoric acid <

citric acid < formic acid.

3

Citric and acetic acids caused the least mass loss from N80 steel coupons (<5% after

48 h), followed by hydrofluoric and hydrochloric acids (5–10%) and formic and sulfuric

acids (10–15%) (Figure 4c). Oxalic acid produced an apparent mass gain because a green

flocculent layer adsorbed on the coupon surface. The order of increasing attack was ox‐
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alic acid (mass gain) < citric acid < acetic acid < hydrofluoric acid < hydrochloric acid <

formic acid < sulfuric acid. Only single-acid corrosion screening tests were performed in

this work to select an acid component with relatively low corrosivity. Corrosion perfor‐

mance of the full composite plug removal formulation under reservoir conditions has

not been evaluated.

Carbonate minerals constitute the principal inorganic component of typical reser‐

voir deposits, whereas the rock framework is dominated by SiO , and the tubulars are

primarily made of N80 steel. Citric acid was therefore selected because it caused little

damage to SiO  and N80 steel but effectively dissolved CaCO . Its field concentration

should be selected for site-specific conditions and deposit composition.

2

2 3

(4) Oil-washing-agent screening

Field plugging deposits formed during polymer injection commonly contain poly‐

mers, inorganic particles, and crude oil. The influence of crude oil on depolymerization

was therefore evaluated at 65 °C using polymer–oil mixtures of different compositions.

The initial viscosities of the polymer and crude oil were 1236 and 700 mPa·s, respectively

(Figure 5). As the oil fraction increased, the post-treatment viscosity increased and the

viscosity-reduction ratio decreased. The polymer alone showed a reduction of 97.85%,

and the reduction remained above 90% at 10% oil. Above 10% oil, performance deterio‐

rated markedly, reaching only 41.51% at 40% oil. Crude oil therefore inhibited depoly‐

merization. An oil-washing agent was required to emulsify the oil and separate it from

the polymer, thereby improving contact between the persulfate and the polymer.

Figure 5. Effect of crude oil content on (a) mixture viscosity and (b) viscosity-reduction ratio.

(Error bars represent standard deviation from three measurements of the same sample.).

Oil removal from contaminated sand was evaluated with different washing agents (

Figure 6). Span 80 removed the largest oil volume (1.4 mL). CTAB, sodium secondary

alkyl sulfonate, and OP-10 each removed 1.2 mL, whereas all other agents removed less

than 1 mL. It should be noted that the separated upper oil volume is only a semi-quanti‐

tative indicator of oil-washing performance. Surfactant-induced emulsification may af‐

fect the volume of the separated oil phase and lead to deviation in quantitative evalua‐

tion. Span 80 shows relatively good oil removal performance under this test condition.

Span 80 was therefore selected, with its field concentration to be selected for site condi‐

tions and deposit composition.
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2.1.2. Static Characteristic of the Persulfate-Based Composite Plugging Removal Agent

Figure 6. Oil removal from contaminated sand by different washing agents.

The final persulfate-based composite plugging removal agent for the experiment

comprised 4 mmol/L of Na S O , 0.25 mmol/L of FeSO , 2 wt% citric acid, and 0.2 wt%

Span 80. The concentrations of citric acid and Span 80 should be adjusted to the field

conditions and deposit composition.

2 2 8 4

Zeta-potential and optical-stability tests were conducted to assess the persulfate-

based composite plugging removal agent stability (Figures 7 and 8). The zeta potential

was −36.7 mV. Transmitted light intensity showed no appreciable change with time, indi‐

cating that the system remained stably dispersed at 65 °C and a salinity of 6864 mg/L.
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Figure 7. Zeta potential of the persulfate-based composite plugging removal agent.

Figure 8. (a,b) Absorbance profile of the persulfate-based composite plugging removal agent over
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2.2. Depolymerization Mechanism of the Persulfate-Based Composite Plugging Removal Agent

2.2.1. Free-Radical Oxidation Mechanism

time.

Polymers with relative molecular masses of 8.0 × 10  to 2.5 × 10  were prepared at

0.1 wt%. At 65 °C and a salinity of 6864 mg/L, each polymer solution was mixed with the

persulfate-based composite plugging removal agent at a 1:1 mass ratio (Figure 9a). The

different initial viscosities were obtained by preparing polyacrylamide solutions with

different molecular weights. The initial viscosity increased with polymer molecular

mass. After treatment, all viscosities decreased to below 50 mPa·s, corresponding to re‐

ductions greater than 95%.

6 7

Figure 9. (a) Viscosity reduction of polymers with different molecular masses. (b) Gel removal per‐

formance of the persulfate-based composite plugging removal agent. (Error bars represent stan‐

dard deviation from three measurements of the same sample.).

Gels prepared form polymers with a relative molecular mass of 2.5 × 10  were also

treated with the persulfate-based composite plugging removal agent (Figure 9b). At 65

°C, the degradation ratio approached 95% after 4 h, and the gel was almost completely

broken down after 6 h.

7

Sodium persulfate dissociates in water to form S O  and Na . Heat and Fe  acti‐

vate S O  to generate SO • , part of which reacts in water to form HO•. The published

literature has proved that both radicals initiate chain oxidation of the polymer and gen‐

erate polymer-centered radicals (P•). Subsequently, α- and β-scission cleaves C-C, C-H,

and C-N bonds and is accompanied by decarboxylation (Figure 10). These chain reac‐

tions break intra- and intermolecular linkages, convert long polymer chains into shorter

chains, disrupt the polymer network, and reduce solution viscosity [20,23,25]. The pro‐

posed reactions are given below.

2 8
2− + 2+

2 8
2−

4
−
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Figure 10. Proposed α- and β-scission pathways.

Thermal activation:

S
​

O
​

2SO
​

·
2 8

2 −
→

4

−heat (1)

Fe  activation:
2+

F
​

+S
​

O
​

→F
​

+SO
​

+SO
​

·e
2 +

2 8

2 −

e
3 +

4

2 −

4

−
(2)

Generation of polymer-centered radicals by SO • :4
−

SO
​

· +PH→SO
​

+P · +H
4

−

4

2 − +
(3)

The α- and β-scission pathways are shown in Figure 10.

SO •  and HO• are the principal reactive species responsible for polymer oxidation

and viscosity reduction. Their identities and concentrations during depolymerization

were examined by EPR. At 65 °C, pH 7, and 4 mmol/L of sodium persulfate, characteris‐

tic signals of both SO •  and HO• were detected, indicating that both radicals partici‐

pated in the chain oxidation reaction (Figure 11a).

4
−

4
−
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2.2.2. Microscopic Depolymerization Mechanism

Figure 11. (a) EPR spectra of radicals generated by the persulfate-based composite plugging re‐

moval agent at pH 7. Radical concentrations as functions of (b) pH and (c) Fe  concentration.2+

SO •  can react in water to form HO•, which may subsequently generate O

through oxidation reactions and create a potential field safety hazard. By contrast, per‐

sulfate is relatively inert at low temperature without a catalyst, allowing the reaction rate

and conditions to be controlled. Limiting the conversion of SO •  to HO• may therefore

reduce the potential for O  generation. EPR measurements at different pH values

showed that SO •  exceeded HO• below pH 7, and the difference increased as pH de‐

creased (Figure 11b). Their concentrations were similar between pH 7 and 8, whereas

HO• predominated above pH 8. This trend is consistent with conversion of SO •  to

HO• through reaction with OH  under alkaline conditions. Acidic conditions therefore

favored SO • -dominated oxidation and more stable depolymerization performance.

4
−

2

4
−

2

4
−

4
−

−

4
−

Fe  promotes the conversion of S O  to SO •  and thereby accelerates polymer

oxidation. At 65 °C, pH 6, and 4 mmol/L of sodium persulfate, SO •  and HO• concen‐

trations were similar below 0.15 mmol/L of Fe , and both increased with Fe  concentra‐

tion (Figure 11c). Above 0.15 mmol/L, SO •  exceeded HO•, and the difference in‐

creased. Both concentrations plateaued above 0.25 mmol/L, where their separation was

greatest. An Fe  concentration of 0.25 mmol/L was therefore selected to favor SO •

generation. Radical scavenging experiments were not implemented in the present work,

and we will design appropriate radical scavenging experiments in our subsequent inves‐

tigation to quantify the contribution of each radical species.

2+
2 8

2−
4

−

4
−

2+ 2+

4
−

2+
4

−

Figure 12 compares the particle-size distributions of the persulfate-based composite

plugging removal agent and a 0.2 wt% polymer solution (relative molecular mass, 2.5 ×

10 ) before and after treatment. Before treatment, polymer aggregates were mainly 500–

2000 nm (Figure 12a). Hydrogen bonding, van der Waals forces, and other intermolecu‐

lar interactions caused nanoscale polymer molecules to entangle into micrometer-scale

aggregates. The persulfate-based composite plugging removal agent itself showed popu‐

lations at 200–1000 and 4000–7000 nm, attributable to surfactant micelles in the concen‐

trated formulation (Figure 12b). After treatment, the main particle-size range decreased

to 10–30 nm, with a minor population at 200–500 nm (Figure 12c). This change indicates

disintegration of large entangled polymer aggregates, which may originate from both

covalent main chain cleavage and disassembly of physical intermolecular entangle‐

ments. This viewpoint has also been validated by previous related studies [23,25].

7
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2.3. Core Plugging After Polymer Flooding and Dynamic Removal Performance

2.3.1. Plugging and Removal Rules After Long-Term Polymer Injection

Figure 12. Particle-size distributions of (a) the untreated polymer solution, (b) the persulfate-based

composite plugging removal agent, and (c) the polymer solution after treatment.

Changes in polymer microstructure were examined by SEM (Figure 13). Before

treatment, the polymer formed a dense, entangled three-dimensional network that in‐

creased aqueous-phase viscosity. After persulfate-based composite plugging removal

agent addition, many intermolecular connections were broken, the dense network col‐

lapsed, and loosely connected small aggregates formed. The remaining connections were

thin and susceptible to further cleavage. Fragmentation of long carbon chains also dis‐

rupted the polymer backbone, maybe accounting for the observed viscosity reduction.

The above conclusions regarding polymer morphological changes and viscosity reduc‐

tion induced by carbon chain scission are inferred from the conclusions of the published

literature and experimentally observed phenomena. It should be noted that SEM obser‐

vation is performed on freeze-dried samples. Freeze-drying processing may change na‐

tive polymer morphology to some extent. Therefore, SEM images serve for comparative

qualitative analysis of network change before and after degradation, rather than repre‐

senting in situ native gel morphology under reservoir aqueous conditions.

Figure 13. SEM images of the polymer solution (a) before and (b) after persulfate-based composite

plugging removal agent injection.

Ten long-term polymer-injection experiments were conducted using cores with an

initial permeability of approximately 500 mD (Figures 14 and 15). Polymer injection

markedly reduced permeability, and subsequent water injection did not restore it. Thus,

water flooding alone could not readily remove polymers retained in the porous medium.

As the injected polymer volume increased, adsorption and retention increased, perme‐

ability declined, and the residual resistance factor rose from approximately 2.8 after 1 PV

to approximately 6.5 after 10 PV. SEM images of sectioned cores showed abundant re‐

tained polymers in the pores. The adsorbed polymer chains were entangled into a three-

dimensional network that obstructed pore space and reduced permeability.
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2.3.2. Dynamic Plugging Removal Performance in Long Cores

Figure 14. Changes in (a) core permeability and (b) residual resistance factor after polymer

flooding.

Figure 15. SEM images of core samples (a) before and (b) after polymer injection.

The persulfate-based composite plugging removal agent was then injected into the

polymer-flooded cores (Figure 16). Polymer injection had reduced permeability below

200 mD in every core. After treatment, permeability recovered to above 400 mD, corre‐

sponding to more than 80% recovery, while the residual resistance factor decreased to

1.0–1.5. These results show that the persulfate-based composite plugging removal agent

effectively removed polymer-related plugging from the porous medium.

Figure 16. Core properties before and after plugging removal: (a) permeability, (b) permeability re‐

covery, and (c) residual resistance factor.

In the polymer injection control, injection pressure increased continuously and

reached 1189 kPa after 1 PV of the polymer had been injected (Figure 17a). The pro‐

duced-fluid viscosity reached 1496 mPa·s, indicating polymer breakthrough and satura‐

tion of the core (Figure 17b). After switching to water, pressure continued to rise and

produced-fluid viscosity remained near 1450 mPa·s. When the cumulative injected vol‐
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ume reached 1.6 PV, pressure and produced-fluid viscosity decreased sharply, possibly

because the water formed a preferential flow channel. Pressure subsequently stabilized

near 200 kPa, and viscosity fell below 200 mPa·s and continued to decrease with water

injection.

Figure 17. Polymer injection experiment in a long core: (a) injection pressure and (b) produced-

fluid viscosity.

In the removal experiment, injection pressure and produced-fluid viscosity reached

1281 kPa and 1496 mPa·s, respectively, after 1 PV of the polymer was injected (Figure 18).

Injection of 0.1 PV of the persulfate-based composite plugging removal agent followed

by shut-in substantially lowered the restart pressure, and a further 0.2 PV of the persul‐

fate-based composite plugging removal agent caused a continued decline. After the

treatment was displaced with water, both pressure and produced-fluid viscosity fell

sharply. Following 0.5 PV of water, viscosity was below 100 mPa·s and pressure stabi‐

lized near 100 kPa. The persulfate-based composite plugging removal agent therefore re‐

duced the viscosity of the adsorbed and retained polymer in the core, relieved plugging,

and improved injectivity. Independent replicate coreflooding experiments were not per‐

formed in this work, and the coreflooding results provide a qualitative trend reference.

Figure 18. Plugging removal experiment in a long core: (a) injection pressure and (b) produced-

fluid viscosity.

High-permeability cores (2000 mD) were selected to avoid excessive pressure drop

and equipment overpressure risk during long-term polymer injection displacement.

These experiments focus on obtaining the qualitative variation laws of polymer-induced

plugging and plug removal. The experimental trends can provide guidance for the target
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2.4. Pilot Test of Persulfate-Based Composite Plugging Removal Agent

2.4.1. Reservoir Background of J Oilfield

2.4.2. Gel Plug Removal Pilot Test

field reservoir (100–500 mD), whereas the quantitative results from these high-perme‐

ability cores cannot be directly extrapolated to field conditions.

The reservoir is composed mainly of fine silty sandstone containing 50–60% quartz

and 30–35% feldspar. The cement is argillaceous (15%), with almost no carbonate.

Primary intergranular pores dominate the storage space. Porosity is high, generally 27–

31%, whereas permeability is moderate at 100–500 mD. The permeability variation coef‐

ficient is 0.75, indicating strong heterogeneity. The reservoir contains heavy crude oil

with a low pour point, a density of 0.94 g/cm , and a viscosity of 78–89 mPa·s at 50 °C.

Well D exhibited obvious near-wellbore plugging after long-term polymer injection, and

the compositional analysis of the sampled plugging materials is shown in Table 1.

Although the reservoir rock matrix contains negligible carbonate minerals, carbonate

precipitates formed by formation water scaling are present in near-wellbore plugging

deposits.

3

Table 1. Composition of the near-wellbore plugging.

No. Component Content (wt.%)

1 Water 59.3

2 Polymer flocculent material 12.4

3
Clay and mechanical 

impurities
7.4

4 Carbonates (Ca and Mg) 6.6

5 Bacteria and their metabolites 4.9

6 Analytical loss 3.4

7 Basic iron carbonate 3.1

8 Oil sludge 1.6

9 Iron sulfide 1.3

  Total 100.0

(1) Well characteristics

Well D was initially produced for fluid withdrawal and was scheduled for conver‐

sion to injection after six months. The perforated interval comprised three zones (I, II,

and III) with a total effective thickness of 19.5 m and a mid-reservoir depth of 1699.3 m.

The maximum well deviation was 38.94°. Each zone had an independent premium-

screen sand-control completion.

(2) Injection performance and operational problem

Before treatment, Well D used a downhole string for simultaneous measurement

and adjustment, with independent injection into Zones I, II, and III. Injection pressure

was 12.5 MPa, casing pressure was 0 MPa, actual injection was 345 m /d, and the allo‐

cated injection rate was 340 m /d under high-pressure conditions. A zonal allocation test

showed that Zone III could not meet its target rate.

3

3

(3) Injection design of persulfate-based composite plugging removal agent

Zone III was treated separately, whereas Zones I and II were treated commingled.

The persulfate-based composite plugging removal agent targeted the gel plug, and acid

targeted inorganic deposits. Zones I and II received 15 m  of the persulfate-based com‐

posite plugging removal agent plus 20 m  of acid, and Zone III received 20 m  of the per‐

3

3 3
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3. Conclusions

sulfate-based composite plugging removal agent plus 20 m  of acid.
3

The field plug removal treatment fluid was prepared on site with the following con‐

centrations: 4 mmol/L of Na S O , 0.25 mmol/L of FeSO , 2 wt% citric acid, and 0.2 wt%

Span 80. The subsequent acid stimulation treatment adopted 10 wt% citric acid.

2 2 8 4

(4) Gel plug removal performance

During forward injection of the persulfate-based composite plugging removal

agent, injection pressure gradually decreased from 16.5 to approximately 16 MPa, while

the pumping rate increased from 0.8 to 0.9 m /min. After a 24 h shut-in, the rate in‐

creased further to approximately 1.0 m /min at 16.5 MPa, indicating that the injected

fluid had entered the formation and improved injectivity.

3

3

During the subsequent acid injection, injection pressure decreased from 16.5 to ap‐

proximately 14 MPa and the pumping rate increased from 1.0 to 1.1 m /min, indicating

removal of near-wellbore damage. After acid injection, wellhead pressure fell from ap‐

proximately 14 MPa to 0.26 MPa within 5 min during pressure falloff. The operation was

completed on 5 May 2021. Relative to pretreatment values, injection pressure decreased

from 12.5 to 5.5 MPa and the daily injection rate increased from 340 to 360 m /d. The ap‐

parent injectivity index increased from 27.2 to 65.5 m /(d·MPa), or 2.4-fold, confirming

substantial remediation of near-wellbore damage.

3

3

3

The field case shows improved injection performance after sequential treatment

with the plugging removal agent and subsequent acid stimulation. Since the two treat‐

ments were carried out successively in one well, their individual contributions cannot be

quantitatively separated. Therefore, this field result reflects the overall effect of the com‐

bined remediation strategy for polymer plugging. Long-term monitoring data are un‐

available due to the data confidentiality restrictions of the field operator, so the sus‐

tained effectiveness of the treatment cannot be evaluated in this work.

An efficient persulfate-based composite plugging removal agent was developed for

a polymer-flooded reservoir in J Oilfield. Its viscosity-reduction performance, reaction

mechanism, core-scale plugging removal efficiency, and field applicability were system‐

atically evaluated. The system removed gel-related plugging from porous media and re‐

stored permeability, providing a practical option for improving reservoir performance

after polymer flooding.

(1) The persulfate-based composite plugging removal agent comprised 4 mmol/L of

Na S O , 0.25 mmol/L of FeSO , 2 wt% citric acid, and 0.2 wt% Span 80. At 65 °C and a

salinity of 6864 mg/L, it remained stably dispersed (zeta potential, −36.7 mV) and re‐

duced the viscosity of polymers with different molecular masses by more than 95%.

2 2 8 4

(2) The microscopic degradation mechanism was elucidated based on the published

literature and experimental results. Fe  activation generated SO •  and HO•. At pH ≤ 6,

SO •  dominated the controlled radical reaction. Chain oxidation and disruption caused

the fracture of the three-dimensional polymer network and reduced aggregate size from

500–2000 nm to 10–30 nm. Acidic conditions maintained a higher SO •  concentration

and stable depolymerization performance. The Fe -activated system showed low activ‐

ity at low temperature but effective viscosity reduction at elevated temperature.

2+
4

−

4
−

4
−

2+

(3) The residual resistance factor increased with injected polymer PV, confirming

progressively severe core plugging. Persulfate-based composite plugging removal agent

treatment reduced the residual resistance factor from 6.5 to 1.0–1.5 and restored more

than 80% of the initial permeability.

(4) The J Oilfield trial demonstrates improved injection performance after sequential

plug removal and acid stimulation treatments. The injection pressure reduced from 12.5

Gels 2026, 12, 963 16 of 22

https://doi.org/10.3390/gels12110963

https://doi.org/10.3390/gels12110963


4. Materials and Methods

4.1. Materials and Equipment

4.2. Experimental Methods

4.2.1. Static Evaluation Experimental Methods

to 5.5 MPa, and the apparent injectivity index increased by 2.4 times, demonstrating ef‐

fective remediation of near-wellbore damage after polymer flooding.

The polymer used in this study is partially hydrolyzed polyacrylamide (HPAM,

Shanghai Meryer Biochemical Technology Co., Ltd./Shanghai Macklin Biochemical Co.,

Ltd, Shanghai, China). The hydrolysis degree ranges from 25% to 30%; the molecular

mass ranges from 8.0 × 10  to 2.5 × 10 ; the solid content is ≥ 88%. All acids and other

common reagents were of analytical grade and were purchased from Shanghai Meryer

Biochemical Technology Co., Ltd. and Shanghai Macklin Biochemical Co., Ltd. The

crude oil and formation water were sampled from J Oilfield. The formation water salin‐

ity of J Oilfield is shown in Table 2. The experimental equipment used in this study is

listed in Table 3.

6 7

Table 3. Experimental equipment.

Instrument Model Manufacturer

Analytical balance BSA423S Sartorius,Göttingen, Germany

Rotational viscometer DV-II+ Pro
Brookfield, Middleboro, MA, 

USA

Constant-temperature oven HW-II

Haian Petroleum Scientific 

Research Equipment, 

Nantong, China

Precision pH meter pH-100B
Lichen Instrument 

Technology, Shaoxing, China

Rheometer Physica MCR 301 Anton Paar, Graz, Austria

Particle-size and zeta-

potential analyzer
Nano-ZS2000

Malvern Panalytical, Malvern, 

UK

Multiple light-scattering 

analyzer
Turbiscan Lab Expert

Formulaction, Toulouse, 

France

EPR spectrometer Bruker EMXPlus-10 Bruker, Billerica, MA, USA

Vacuum freeze dryer FD-B10N-50
Shengwei Electronic 

Technology, Shanghai, China

Field-emission SEM Quanta 200F FEI, Hillsboro, OR, USA

(1) Viscosity testing experiment

The required mixed solutions were prepared according to the experimental design.

Their viscosities were measured with an Anton Paar rheometer and a rotational viscome‐

ter. The rotational speed was set to 10 rpm (corresponding shear rate of 1.7 s ). Before

recording data, samples were equilibrated at the target experimental temperature (65 °C)

for 10 min to achieve thermal equilibrium. Each sample was measured in triplicate, and

−1

Table 2. Formation water salinity of J Oilfield.

Oilfield
Ion Content of Formation Water/(mg·L )−1

Total Salinity/(mg·L )−1

Na  + K+ + Mg2+ Ca2+ Cl− SO42− HCO3− CO32−

J Oilfield 2229 12 40 1684 346 2355 198 6864
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the average value was reported.

(2) Scanning electron microscopy (SEM) experiment

Aliquots of the prepared solutions were freeze-dried. Their microstructures were

then imaged with a field-emission scanning electron microscope.

(3) Zeta-potential and particle-size testing experiment

Dynamic light-scattering (DLS) measurements for particle-size distribution and

zeta-potential were performed using a Malvern Nano-ZS2000 analyzer. Before measure‐

ment, polymer-containing samples were diluted with simulated formation water (salin‐

ity 6000 mg/L) at a dilution ratio of 1:100 (v/v) to avoid multiple-scattering effects. The

refractive index was set to 1.47 for polymer aggregates and 1.33 for the aqueous disper‐

sion medium. For every sample, three independent replicate measurements were con‐

ducted at a constant temperature of 65 °C. The polydispersity index (PDI) was recorded

automatically by the instrument software. For multimodal particle-size distributions, the

built-in non-negative least squares (NNLS) algorithm was applied to resolve individual

particle-size populations. The intensity-weighted particle-size distribution was adopted

for result interpretation.

(4) Electron paramagnetic resonance spectroscopy testing experiment

A 4 mmol/L aqueous sodium persulfate (Na S O ) solution was prepared at 65 °C,

and FeSO  was added at the specified concentration. The radical species and concentra‐

tions generated during the reaction were measured with a Bruker EMXPlus-10 electron

paramagnetic resonance (EPR) spectrometer.

2 2 8

4

The spin trapping agent DMPO (5,5 dimethyl 1 pyrroline N oxide) was applied for

radical capture. EPR acquisition parameters: microwave power = 20 mW; modulation

amplitude = 1.0 G; sweep width = 100 G; receiver gain = 1 × 10 . Radical concentration

was semi-quantitatively calculated by double integrating the characteristic EPR signal

peaks, calibrated against a standard TEMPO sample. Each test was repeated three times.

The uncertainty mainly originates from the short lifetime of radical adducts, side reac‐

tions during the trapping process, and baseline deviation during integration.

5

(5) Activator testing experiment

A 0.2 wt% polymer solution and a 4 mmol/L sodium persulfate solution were pre‐

pared, together with FeSO  solutions at the specified concentrations. The polymer and

sodium persulfate solutions were mixed, and a predetermined amount of FeSO  solution

was added. After thorough mixing, viscosity was measured with a rotational viscometer,

and the viscosity-reduction ratio was calculated using Equation (1).

4

4

(6) Acid testing experiment

Solutions of different acids were prepared at 10 wt%. Pre-weighed CaCO  or SiO

rock specimens and N80 steel coupons were immersed in the acid solutions and reacted

in an oven at 60 °C. At 1 h intervals, the specimens were removed, dried at 60 °C,

weighed, and returned to their original solutions. The experiment was terminated after

48 h.

3 2

(7) Oil-washing-agent testing experiment

Formation core from J Oilfield was crushed and sieved to obtain sand grains of uni‐

form size. The grains were mixed with polymer and J Oilfield crude oil, aged at 65 °C for

7 d, and freeze-dried under vacuum for 12 h. Surfactant solutions were prepared at 0.2

wt%. Oil-contaminated sand (3 g) and surfactant solution (10 mL) were mixed in a test

tube and heated at 65 °C for 1 h, after which the volume of oil in the upper part of the

tube was recorded.

(8) Compositional analysis of the sampled plugging materials

Near-wellbore plugging deposit samples were collected from the wellbore of Well D

during workover operation. Three parallel samples were taken for compositional analy‐
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4.2.2. Depolymerization and Plugging Removal Tests

4.2.3. Coreflooding and Dynamic Plugging Removal Tests

sis. Water content was determined by gravimetric method after drying at 105 °C for 24 h.

Organic components (polymer and crude oil) were extracted and quantified by solvent

extraction and gravimetric separation. Inorganic mineral components were analyzed by

X-ray diffraction (XRD, Bruker, Billerica, MA, USA) and chemical titration. The relative

standard deviation of each component measurement is less than 5%.

(1) Polymer depolymerization

The polymer was mixed separately with water and with the persulfate-based com‐

posite plugging removal agent and reacted in a constant-temperature water bath at 65 °C

for 4 h. The viscosity of each mixture was then measured with a rotational viscometer,

and the viscosity-reduction ratio was calculated using Equation (4):

where η1 is the viscosity-reduction ratio (%),μ  is the initial viscosity of the polymer so‐

lution (mPa·s), and μ  is the viscosity after the degradation reaction (mPa·s).

η
​

=
​

× 100%
1

μ
​

1

μ
​

−μ
​

1 2
(4)

1

2

(2) Gel plug removal

The polymer was mixed with the persulfate-based composite plugging removal

agent and reacted in a constant-temperature water bath for a specified period. The

residue was collected on a filter screen, and the degradation ratio was calculated using

Equation (5):

where η  is the polymer degradation ratio (%), m  is the initial gel mass (g), m  is the fil‐

ter-screen mass (g), and mₐ is the combined mass of the post-reaction residue and filter

screen (g).

η
​

=
​

× 100%
2 m

​

p

m
​

+m
​

−m
​

p w a
(5)

2 p w

Coreflooding experiments were carried out at 65 °C using simulated formation wa‐

ter. The core confining pressure was 10 MPa, and backpressure was 5 MPa. The polymer

injection rate was 0.2 mL/min, while the injection rate of the water and plug removal

agent was set to 0.5 mL/min. The differential pressure across the core was automatically

recorded every 10 s, and the core is water-wet, consistent with the target reservoir.

(1) Long-term polymer injection tests

The core properties are listed in Table 4. After water and oil saturation, the cores

were aged at 65 °C for 7 d. Different pore volumes (PVs) of polymer solution were then

injected according to the experimental design. Water injection followed the polymer

slug, and the post-polymer-flooding permeability and pressure were recorded. Next, 0.1

PV of the persulfate-based composite plugging removal agent was injected. The cores

were shut in for 1 h and then flooded with water, after which permeability and pressure

were measured again. The residual resistance factor was defined as the ratio of perme‐

ability before polymer flooding to that after polymer flooding. Permeability recovery

was defined as the ratio of permeability after persulfate-based composite plugging re‐

moval agent injection to that before polymer flooding.

Table 4. Core properties for long-term polymer injection tests.
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(2) Dynamic plugging removal tests of cores after polymer flooding

Two parallel experiments were conducted: a polymer injection control and a persul‐

fate-based composite plugging removal agent injection test. A total of two long cores was

used for the plugging removal tests, and the individual core properties are listed in

Table 5. Core L-1 was used for polymer injection and the plugging test, and Core L-2 was

adopted for the plugging removal test. A polymer solution with a concentration of 0.1

wt% and a viscosity of 1280 mPa·s was used in this experiment. After saturation with

water and oil, the cores were aged at 65 °C for 7 d before testing. The initial water satura‐

tion and initial oil saturation were calculated based on the injection volumes recorded

during the core saturation process.

At 65 °C, 1 PV of polymer solution was injected to saturate the core, followed by 1

PV of water. Pressure was recorded throughout the experiment, and the produced fluid

was collected for viscosity measurement with a rotational viscometer. Then, 1 PV of

polymer solution was injected to saturate the core, followed by 0.1 PV of the persulfate-

based composite plugging removal agent. The inlet and outlet were closed for 1 h. A fur‐

ther 0.2 PV of the persulfate-based composite plugging removal agent was then injected,

followed by another 1 h shut-in and 0.7 PV of water. Pressure was recorded throughout,

and the viscosity of the produced fluid was measured with a rotational viscometer. The

schematic diagram of the coreflooding experiments is shown in Figure 19.

No. Core Type Diameter (cm) Length (cm)
Pore Volume 

(mL)
Porosity (%)

Permeability

(mD)

1 Natural core 2.5 10 14 28.54 472

2 Natural core 2.5 10 15 30.57 548

3 Natural core 2.5 10 16 32.61 499

4 Natural core 2.5 10 17 34.65 530

5 Natural core 2.5 10 15 30.57 485

6 Natural core 2.5 10 16 32.70 516

7 Natural core 2.5 10 15 30.51 524

8 Natural core 2.5 10 14 29.86 485

9 Natural core 2.5 10 15 31.42 528

10 Natural core 2.5 10 15 30.82 543

Table 5. Long-core properties for the plugging removal tests.

No. Core Type Diameter (cm) Length (cm)
Pore Volume 

(mL)
Porosity (%)

Permeability

(mD)

L-1 Natural core 4.5 4.5 21 29.60 1999

L-2 Natural core 4.5 4.5 22 30.93 2000
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Figure 19. Schematic diagram of coreflooding experiments.
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