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Development of composite hydrogel materials
for cleaning the inner surface of pipelines

Flexible, mechanically strong composite hydrogel materials based on polyacrylamide hydrogel (PAAH), clay
minerals (kaolin, bentonite and montmorillonite), poly-N-vinylpyrrolidone (PVP) and SiO, were developed
for cleaning the inner surface of pipelines. The mechanical strength of composite hydrogels increases in the
following order: PAAH-PVP > PAAH-Montmorillonite. > PAAH-SiO, > PAAH-Bentonite. The results
showed that the composite hydrogel samples are able to sustain more than 200 cycles of vertical deformation
without damage. The hydrogel «pigs» selected according to the values of tensile strength and Young's modu-
lus were tested on model «small» and «bigy pipelines. The application of hydrogel «pigs» for cleaning the
model pipelines proved to be successful. In contrast to mechanical analogues, hydrogel «pigs» pass freely
through the pipelines of various shape and size, ensure necessary hydraulic pressure in the inner surface, pro-
vide explosion and fire safety, and absorb water along in the course of movement inside the pipeline. Their
cleaning efficiency of the model pipelines from the asphaltene-resin-paraffin deposits (ARPD) was evaluated
as 93-95 %. The scaled up hydrogel «pigs» were fabricated for cleaning of oilfield pipes. The proposed mate-
rials would be of interest for oil transportation companies due to cost-efficiency and technological feasibility.

Keywords: hydrogels,clay minerals, polyacrylamide hydrogel, composite materials, hydrogel «pigs»,
Young's modulus, model pipeline, cleaning effectiveness, asphaltene-resin-paraffin deposits.

Introduction

During the last decade, technical policies of oil transportation companies became more demanding re-
garding the-longevity of the pipelines [1]. In the process of pipeline exploitation, the debris, sand and a mix-
ture of asphaltene-resin-paraffin deposition (ARPD) are accumulated and deposited on the inner surface of
the pipeline, leading to reduced capacity of the pipeline, low velocity of oil stream and increased pressure in
the pipeline [1,2]. Additionally, water retention that occurs in the lower sections of the pipeline can cause
corrosion process while accumulation of gas-air mixture in the upper sections of the pipeline can lead to ex-
plosion problems. The simultaneous transportation of crude oil and petroleum products in one and the same
pipe is also a challenging task [3—5]. Periodic cleaning of pipelines by hydrogel «pigs» can significantly in-
crease their productivity, prevent corrosion and extend their lifetime [6—8].

The pioneering works to strengthen the mechanical properties of hydrogels adding inorganic compo-
nents were performed by Haraguchi [9, 10]. Composite gel is made from N-isopropylacrylamide; in its ma-
trix, montmorillonite particles are immobilized. Mechanical characteristics of a gel with inorganic fillers are
much better than that of a conventional gel. Mechanism of formation of the composite structures can be rep-
resented as a diffusion of acrylamide monomers to the layered clay structure [11-15]. After monomers are
intercalated to the minerals, polymerization with simultaneous crosslinking of composite hydrogel materials
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takes place. Nano- and microsized clay particles play the role of additional physical crosslinking centers. It
leads to a significant increase in quality of mechanical properties of the composite materials.

Osada and co. [16-18] designed a series of double-network hydrogels with extremely high mechanical
strength. This kind of nanocomposite hydrogel exhibited high transparency, high deswelling rate and ex-
traordinary mechanical properties with up to 10° % of elongation ratio at break. Recently [19], physical hy-
drogels composed of polyampholytes demonstrating high toughness and viscoelasticity were developed.

In our earlier works [20-22], we have described the preparation and characteristics of composite mate-
rials based on PAAH and clay minerals. The present paper highlights the applicability of the composite hy-
drogel materials for purposes of cleaning the inner surface of pipeline from ARPD.

Experimental
Materials

Preparation of composite materials based on polyacrylamide hydrogel (PAAH), clay minerals, SiO, and
PVP is reported elsewhere [20-22] (Fig. 1).

1 2 3 4 5

Figure 1. Samples of the composite materials based on PAAH
and kaolin (1), SiO, (2), bentonite (3) montmorillonite (4) and PVP (5)

Two model pipelines with different length and diameter of the pipes, «Small» pipeline with L =3 m,
d =20 mm) and «Big» pipeline with L =15 m, d = 40.mm, were used for laboratory test of hydrogel «pigs»
(Figs. 2 and 3).

1 — section for cooling of oil; 2 — steel pipe; 1 — steel pipe; 2 — oil reservoir; 3 — pump;
3 — section for visualization of oil flow; 4 — oil reservoir 4 — inlet for hydrogel «pigs»
Figure 2. «Small» model pipeline Figure 3. «Big» model pipeline

Both «Small» and «Big» pipelines consist of oil reservoir, pump, steel pipe of different cross-section,
equipped with valves and monometers, sections for cooling of oil and visualization of oil flow, inlet and out-
let for hydrogel «pigs». In order to have the ARP deposited, the crude oil was heated up to 60 °C and circu-
lated inside of a pipe for 2, 4 and 6 hours. The temperature of the cooling section was maintained at 5 °C.
The heating and cooling regimes of oil in model pipe correspond to real conditions of oil transportation. As
anticipated, some ARPD was deposited on the inner part of steel pipe leading to the reduction of the pipe-
line’s capacity. After cleaning a pipe by hydrogel «pigs», the solid ARPD was weighed and its amount was
calculated.
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After circulation of crude oil inside of «Small» model pipeline during 2, 4 and 6 hours, the section was
cooled at 5 °C, then dismantled and weighed. The amount of deposited ARP was calculated, and the efficien-
cy of pipe cleaning (E) by hydrogel «pigs» was estimated using the formula (1):

E="2%100%, (1)
ml
where m; — is the mass of the pipe before ARP deposition (g); m, — is the mass of the pipe after ARP dep-
osition at definite time (g).
Scaling-up of hydrogel «pigs» was performed in reinforced plastic oilfield pipe with internal diameter
of 220 mm and length of 230 mm. The bottom of plastic oilfield pipe was plugged and filled with the mix-
ture of acrylamide, crosslinker, initiator, appropriate clay minerals dispersed in distilled water. The polymer-
ization reaction was initiated by addition of accelerator — N,N,N’,N’-tetramethylethylenediamine and car-
ried out at room temperature during 3—4 hours. The scaled-up composite hydrogel «pigs» are presented in
Figure 4.

Figure 4. Scaled up composite hydrogel «pigs»

Results and Discussion
Testing on model pipeline

It should be noted that both «Smally» and «Big» model pipelines were set up according to technical doc-
umentations of regular oilfield pipelines. As.illustrated in Figure 5a, the gel «pig» successfully cleaned the
inner surface of the pipe from corrosion deposits and mechanical impurities. Figure 55 shows the case when
the «pigs» were used for cleaning the pipeline from ARPD.

Figure 5. Cleaning of pipe from mechanical impurities and corrosion deposits (@) and from ARPD (b)

The effectiveness of cleaning the model pipeline was compared with other composite hydrogel materi-
als. As indicated in Table 1, the cleaning of the deposited ARP from Kumkol and Usen oil (Western Kazakh-
stan) with composite hydrogel «pigs» in dynamic regime showed 92-95 % effectiveness. The advantages of
the proposed materials in comparison with mechanical scrapers are: the smooth passage through pipe sec-
tions with complex profile, the good hydraulic pressure inside of pipe, the sorption of water-salt mixtures
accumulated inside of pipe, and explosion safety.
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Table 1
Cleaning effectiveness of hydrogel «pigs»

Composite hydrogels | ARPD deposition time, hour | ARPD deposited, g | ARPD removed, g | Effectiveness, %
PAAH/PVP-Bentonite 2 28145 2655 90£2
PAAm/PVP-SiO, 4 26945 24445 912
PAAm/PVP 6 25545 23845 9212

From practical point of view, the most important parameter of hydrogel «pigs» is their mechanical
properties. The selected samples exhibit a high stability and good tolerance towards mechanical stress. As
illustrated in Figure 6, the mechanical strength of composite hydrogels increases in the following order:
PAAH-PVP > PAAH-Montmorillonite > PAAH-Si0, > PAAH-Bentonite.

10004 1 .pAAm-Bentonite
2 - PAAm-PVP 2
3 - PAAm-Montmorillonite
o 8004 4 paam-sio 3
o 2
X
4 600
o
b7
400 -
200 -
0 - T - T . T
0 20 40 60 80 100
Strain, %

Figure 6. Compressive stress-strain curves of polyacrylamide hydrogels
containing bentonite (1), PVP (2), montmorillonite (3) and SiO, (4)

The optimal hydrogel «pigs» selected for testing on model pipelines according to the values of tensile
strength and Young's modulus are presented in Table 2.

Table 2

The Young’s modulus and tensile strength of composite hydrogels used for model pipeline cleaning

Composite hydrogels Mechanical properties
Young’s modulus, kPa Compressive strength, kPa
PAAH/PVP 5.89 791.3
PAAH/PVP-Bentonite 3.30 120.0
PAAH/PVP-Si0Q, 2.60 96.1

Usually inside of the real pipeline, the hydrogel «pigs» are subjected to high pressure during the move-
ment. Therefore the stability of composite hydrogel materials under vertical stress was evaluated at constant
cyclic/deformation. The results showed that the samples are able to sustain more than 200 cycles of vertical
deformation without damage (Fig. 7). It indicates that the materials have advanced mechanical properties and
can be applied under oilfield conditions.

The cost of developed composite hydrogel «pigs» is compared with commercial available gel samples
in Table 3. The diameter of gel «pigs» corresponds to diameter of the pipe used for oil transportation. Evi-
dently, the composite hydrogel «pigs» developed at the Institute of Polymer Materials and Technology are
more cost-effective than that of «SamTechnoOil» (Russia) and «Aubin» (UK) companies. At present the
manufacturing instructions for production of hydrogel «pigs» were developed. In 2015, the Committee of
industrial development and safety of the Ministry of investment and development of the Republic of Kazakh-
stan issued a permission for the production and application of hydrogel «pigs» («PIG-1») for cleaning of real
pipelines.
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Figure 7. The effect of the number of compression cycles
on the elastic deformation of PAAH-PVP composite hydrogel

Table 3
Characteristics and costs of hydrogel «pigs» developed by various companies
Company Diameter of gel «pigs», mm | Volume of gel «pigs», mm’ | Price, USD
«SamTechnoOil» (Russia) 1200 100 295
«Aubiny» (UK) 700 1000 4912
«PIG-1» (IPMT «Kazakhstany) 377 750 455

Conclusions

Flexible, mechanically stable composite hydrogel materials based on crosslinked polyacrylamide, clay
minerals and PVP were developed. The mechanical strength of composite hydrogels increases in the follow-
ing order: PAAH-PVP > PAAH-Montmorillonite.> PAAH-SiO, > PAAH-Bentonite and demonstrates that
PAAH-PVP semi-interpenetrating networks withstand the highest compressive load. Particularly, the PAAH-
PVP can sustain more than 200 cycles of vertical deformation without damage. Composite hydrogel «pigs»
were tested for their cleaning properties on «Small» and «Big» model pipelines; the efficiency of ARPD,
corrosion deposition and mechanical admixtures removal from the inner surface of the pipe was in the range
0f 93-95 %. Additionally, permission for production and application of hydrogel «pigs» («PIG-1») for clean-
ing of real pipelines was issued.
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KyObipoeTkisrimrepaiH imki OeTTepid Ta3apTyFra apHaJIFaH KOMIO3HIUSJIBIK
THAPOre/ib MaTePUAJIAAPAAPBIH KACall IIbIFAPY

[Nommakpunamug (IIAAT), momu-N-pununnupponunos (I1BIT) sxoHe cazael MuHepanaap (kaojauH, OCHTOHUT
JKOHE MOHTMODPHJUIOHUT) HETi3iH/Je KOMIO3UIUSAJIBIK THAPOrelb MaTepPUAIAapbIH Kacal LIbIFapy, OJNapIblH
MEXaHUKAJIBIK KaCHETTEPiH 3epPTTey JKOHEe MYHaH KYObIpIapbIHbIH i1IKi KaOaThIH Ta3apTy YIIiH MEXaHUKAJIBIK
Oepik, HWIITIII >XOHE MAaHMBICKAK KBIPFBINTAP pETiHAe KoymaHy HoTmkenepi Oepinren. Kommosurrik
TUIPOTENbCP/IiH MEXaHHKAIbIK KacHeTTepi Keneciiedl apraTeiHbl aHbikTamuel: [TAAI-IIBIT > I[TAAT-
MOHTMOpHLIOHUT > [TAAT-Si0, > ITAAT-6enronut. Hotmxenep kepceTkeHeH, KOMIIO3UTTIK THAPOTeib-
JepiH YATUIepl )KOFapFbl MEXaHUKAIBIK TO3IMALTIKKE He, oJap aifrapmelkraid, Oyminyci3 200 Tik gedopma-
LMSA/IaH apThIKKAa Te3e anajpbl. «YJKEH» JXOHE «Killl» KyObIpiapibl Ta3apTyFa apHalIfaH TIMAPOTeIbIiK
MaTepHaiIapabl TaHIay MEH TECTiey ChIFBUTY MEH CO3BLTYIarbl TO3IMALTIK HiekTeyiri MmeH FOHT MoaymiHig
OHTaIIIBI MOHJIEpiHE ColiKec jkacanFaH. KOMMIO3ZUIUSIIBIK THAPOTENh MaTepHaIgapbl Ta3apTy KYpPBUIFbLIAPI
peTiHae MopenbAi MyHaill KyOBIPBIHAA YTHIMABI KOJJAHBUIABL. MeXaHMKaNBIK aHAIOITapblHA KaparaHia,
THAPOTeNbIl Ta3apTKBIIITap dp TYPJI MIIIiHJET] KoHe emIeM/eri KyOsIpiaap apKeUIbl OHAil eTexi, imKki GeTke
KaXKeTTI TUIPABIUKAJIBIK KBICEIMABI KaMTaMachl3 €Te[l, >KapbUly KayillCi3[iriH KaMTaMachl3 eTeli KoHe
KYOBIpIapabIH ki GeTiHzeri cyas! e3iHe ciHipeni. Monenbai KyOsIpeTKisrimrepai achaabTeH Il MBI
napadpuHgl KanpeikrapaaH (ARPD) skoHe MeXaHUWKaNbIK KoCHajaplaH KOPPO3MSUIBIK —KaJIbIKTapaaH
TazapTyna onapAblH THiMAimri 93-95 % kypanpl. OHuipicTik MyHall KyObIpiapblH Ta3apTyFa apHalfaH
THZIPOTENBIIK MaTepuanIapabl MacTabTay >Kypriziiai. ¥ChIHBUIBII OTHIPFaH MaTepHaAAp SKOHOMHKAIIBIK
THIMJIIT] JKOHE TEXHOJOTHSIBIK JKY3€re achlpblIyblHa OalIaHBICTBI MyHall TachIMalayMeH alHaJbICaThIH
KOMMAHHUATAP/IBIH KbI3bIFYIIBUIBIFBIH TYIBIPAJIBI.
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Kinm co30ep. ca3npl MEHHEpaigap, MOJIHAKPHIAMHA THAPOTENAePi, KOMIOSHUMSIIBIK MaTepHaIaap, THIPO-
reani «Keiprbin, KOHr Moaysi, Mozenbai KyObIpOTKI3rill, Ta3apTy Adpexeci, achaibTeH-1aibp-napapuH
HIeriHinepi.

E.B. bnarux, XK.K. Cagaxk6aesa, A.H. Kinusenxko,
K.A. Hypaxmerosa, B.b. Cururos, C.E. Kynaiibeprenon

Pa3paboTka KOMIO3MIMOHHBIX IHAPOrebHbBIX MATEPHAIOB
JJIS OYMCTKHM BHYTPEeHHEll MOBEPXHOCTH TPYOONPOBOI0B

Pa3paboransl ruOKue, 37aCTUYHBIE U MEXAHUUYECKU TPOYHBIE KOMIIO3UIIMOHHBIE THAPOTENIEBbIE MaTepUAIbI
Ha O0CHOBe nonuakpuiamuaHoro ruaporens (IIAAT), rmHUCTBIX MUHEPaoB (KaoJHH, OEHTOHUT U MOHTMO-
pwIOHHKT), moiu-N-BuHuanupponugona (IIBIT) u SiO, 11 04HCTKH BHYTPEHHEH MOBEPXHOCTH TPYOOIpO-
BOJOB. MexaHHYecKHe CBOMCTBA KOMIIO3UTHBIX THAPOTENCH YBEIMYMBAIOTCS B CIEAYIOMIEM  IOPSIKE:
TTAAT-TIBII > ITA AT -mouT™Mopmmtonut > [TAAT-Si0, > ITAAI'-6enronut. Pe3ynbraTsl mokxasanu, 910 00-
pa3nbl KOMITO3UTHBIX THApOreied 001afaroT BBICOKOH MEXaHWYECKOH MPOYHOCTHIO M 0e3 CYIIECTBEHHBIX
paspymrennit MoryT BeiiepkaTh Oosiee 200 BepTHKaIBHBIX Aedopmanuid. TecTupoBanue # 0T00p THAPOTEIe-
BBIX «CKPEOKOBY Ml OUHCTKH «MaJIoro» M «OOJBIIOro» TPyOONpoOBOIOB OCYLIECTBISINCH B COOTBETCTBUH C
ONTUMAaJBbHBIMU 3HAYEHHAMH IIPEeNa POYHOCTH MPH CHKATUH WIIH pacTsbkeHHH U Moyt FOHra. B mabopa-
TOPHBIX YCIIOBHUSIX HCIIOJb30BaHHE KOMIIO3UTHBIX MAaTEPHANlOB B KayeCTBE FHIPOTEIEBBIX «CKPEOKOBY» IS
OYHCTKH MOJIENBHOTO TPyOOIPOBOJa OKA3al0Ch yCMEIHbBIM. B oTinune oT MeXaHMYEeCKUX- aHAJIOT OB, THPO-
rejieBble «CKpeOKM» cBOOOIHO MPOXOJT Yepe3 TPyOOoImpoBOIb pa3InIHON (HOPMBL M pa3Mepa, obecrieunBa-
10T HeoOXOJMMOe THIPABINYECKOE JaBJIeHHE Ha BHYTPEHHIOI MOBEPXHOCTh, OOECIICUMBAIOT B3PHIBOOE3-
OIIACHOCTB ¥ MOTJIOIIAIOT BOAY IPH JBIKEHHH IO TPYOONpoBoxy. DPHEeKTHBHOCTh THAPOTEIEBBIX «CKpeO-
KOB» ITIPH OYHCTKE MOJEJIFHOTO TPYOOIIPOBOAA OT MEXaHWYECKUX IPUMECEH, KOPPO3HOHHBIX OTIOXKEHUH 1
acdanpreH-cMono-napadpuHoBsix oTinoxenuit (ACIIO) cocraBmia 93-95 %. [IpoBeneno macmrabupoBaHue
THAPOTEIEBbIX «CKPEOKOBY» JUIS OYUCTKH MPOMBICIOBBIX He(TENPOBoIOB. [IpeuaraeMple MaTepHasl OyayT
MPEJCTaBIATh MHTEPeC ISl HEQTIHBIX KOMIAHUM, 3aHMMAIOLIMXCSA TPaHCIOPTUPOBKON HedTH, Oraromaps
9KOHOMHYECKOH 3 GEKTUBHOCTH U TEXHOIOIHYECKON - OCYIIICCTBUMOCTH.

Kniouesvie cnoga: TIMHUCTBIE MHHEPATbI, MOMHAKPUIAMUAHBIE TMAPOTeNd, KOMIO3ULUOHHBIE MaTepHabl,
THIPOTENEeBBIH «CKpeOoK», Moxysb FOHra, MOACIbHEIH TPyO0OTIpoBO, 3 PEKTHBHOCTE OYUCTKH, achalIbTeH-
CMOJIO-TIApAa(MHOBBIE OTIIOKECHUSL.
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