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In this work, two different series of modified polyvinyl alcohols (PVAs) were synthesized for evaluation of their
performance as novel inhibitors of hydrate growth. In the first series, three monomers including acrylamide
(AM), methacrylamide (MAM), and acrylonitrile (AN) were grated onto PVA to produce graft copolymers. This
series of modified PVAs which contains PVA-g-AM, PVA-g-MAM, and PVA-g-AN, decreased the growth rate of
methane-propane hydrate, although their performance was weak in comparison with a well-known kinetic hy-
drate inhibitor such as polyvinylpyrrolidone (PVP). Among the graft copolymers, PVA-g-AM had the best perfor-
mance. The second series of modified PVAs including PVA-AM, PVA-MAM, and PVA-AN were synthesized by
functionalization of PVA with three demonstrated monomers. Some of these modified PVAs decreased signifi-
cantly the hydrate formation rate and had superior performance, such that PVA-AM showed even better perfor-
mance in comparisonwith PVP and decreased the hydrate growth rate to 75%. Also, the inhibition effects of some
other functionalized PVAs were significant. The adsorption of synthesized polymers on hydrate surface was also
evaluated by zeta potential measurement for better understanding of the modified PVAs performance as inhib-
itor of hydrate growth. In addition, surface tensionmeasurement ofmodifiedPVAs solutions, investigation ofmo-
lecular structures, and analysis of someprobablemechanisms for inhibitory effects ofmodifiedPVAs showed that
functionalized PVAs have high potential for application as novel inhibitors of hydrate growth.

© 2018 Elsevier B.V. All rights reserved.
Keywords:
Gas hydrate
Growth rate
Kinetic inhibitor
Modified PVAs
Molecular structure
1. Introduction

Natural gas hydrates are non-stoichiometric crystalline compounds,
which are formed when water and small gas molecules (such as meth-
ane, ethane, propane, and carbon dioxide) are contacted under high
pressures and low temperatures. The water molecules by hydrogen
bond formation can form three different types of cage-like structures
(structures I, II and H) depending on the size and shape of the gas mol-
ecules [1]. Technological applications of gas hydrates such as storage of
natural gas, CO2 and hydrogen [2–4], gas transportation [5], separation
of different gases [6,7], concentration of aqueous solution and liquid
foods [8,9], cooling application [10], and seawater desalination [11,12]
are potentially useful aspects of hydrate formation. Nevertheless, hy-
drate formation is more known as a practical problem in oil and gas
pipelines. The hydrate crystal particles can agglomerate in the pipelines
and subsequently lead to large pressure drops, and even can cause an
impermeable plug in transmission lines [13]. Therefore, prevention of
hydrate formation is of importance in oil and gas industry.
Dehydration of natural gas [13], electrical heating [14], line burial,
and chemical injection [1] are the recommended preventive methods
to decrease the risk of hydrate formation in the pipelines. However,
the chemical injection is the currently most effective method for pre-
vention of hydrate formation [15]. Thermodynamic hydrate inhibitors
(THIs) such as methanol and ethylene glycol (MEG) were the first
group of chemical inhibitors. However, the usage of these inhibitors is
associated with some problems such as high operating and capital
costs, the required large volumes and high recovery costs [16]. These
problems led to the development of low dosage hydrate inhibitors
(LDHIs). Kinetic hydrate inhibitors (KHIs) and anti-agglomerants
(AAs) are two main groups of LDHIs. KHIs retard nucleation and slow
down the hydrate growth rate, while AAs reduce the particle adhesion
and subsequently prevent the agglomeration of hydrate particles and
the plugging of pipelines [17–19].

KHIs are mainly water soluble polymers containing amide groups in
their molecular structures. PVP, PVCap, Gaffix VC-713 and
polyalkylacrylamides are the most common soluble polymers, which
are known as kinetic inhibitors [20]. However, the poor biodegradability
of these polymers has led to the research and development of inhibitors
with good biodegradability properties [17]. Amino acids [21, 22],
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Table 1
The materials used for synthesis and hydrate formation tests.

Component Chemical formula Purity Supplier

Methane CH4 99.99% Technical Gas
Services

Propane C3H8 99.995% Technical Gas
Services

Nitrogen N2 99.999% Technical Gas
Services

Polyvinyl alcohol (PVA) [–CH2CHOH–]n – Sigma-Aldrich
Polyvinylpyrrolidone
(PVP)

(C6H9NO)n – Sigma-Aldrich

Acrylamide (AM) CH2CHCONH2 ≥99% Merck
Methacrylamide
(MAM)

CH2C(CH3)CONH2 ≥99% Merck

Acrylonitrile (AN) CH2CHCN ≥99% Merck
Ammonium persulfate
(APS)

(NH4)2S2O8 ≥98% Merck

Sodium bisulfite (SB) NaHSO3 ≥98% Merck
Sodium hydroxide NaOH ≥98% Merck
Tetrahydrofuran (THF) C4H8O ≥99.8% Merck
Acetic acid CH3CO2H ≥99.8% Neutron
Methanol CH3OH 99.9% Neutron
Isopropanol (CH3)2CHOH 99.5% Neutron
Acetone CH3COCH3 99.0% Neutron
Water H2O
Deionized-distilled Abtin
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antifreeze proteins (AFPs) [23], polyaspartamides [24], starches [25],
cellulose derivatives [26], chitosan [27], and pectin [28] have been intro-
duced as biodegradable inhibitors in literatures. However, someof these
chemicals (such as starches, cellulose derivatives, chitosan, and pectin)
have usually low solubility in water and poor performance for preven-
tion of hydrate formation. In this regard, chemical modification of
these polymers may improve their solubility and inhibition properties.
For example, Talaghat [29] applied a modified starch for prevention of
hydrate formation. Their results showed that the efficiency of oxidized
starch (as a water-soluble starch) is higher than the PVP. Also, Lee et
al. [30] examine the effects of cationic starches as inhibitor and con-
cluded that tapioca starch has a better performance in comparison
with other modified starches. In addition, Roosta et al. [31] investigated
the effects of a series of modified starches and modified hydroxyethyl
celluloses (HECs). They concluded that some modified structures
could act as inhibitor and decreased the growth rate of methane-pro-
pane hydrate. Unfortunately, the modification of biodegradable poly-
mers for KHIs application has been limited to the aforementioned
studies. Therefore, chemical modification of biodegradable polymers
can help the development of new biodegradable inhibitors. Among bio-
degradable polymers, the effect of polyvinyl alcohol (PVA) on the kinet-
ics of hydrate formation is almost unknown;while this structuremay be
suitable to prevent hydrate growth through the hydrogen bonding abil-
ity of its hydroxyl group. In addition, its performance may even be im-
proved when suitable functional groups (especially amide groups) is
applied for its chemical modification. However, no investigation has
been dedicated to determining the effects modified PVA (as KHIs) on
hydrate formation.

In this work, first, the effect of PVA on the kinetics of hydrate forma-
tion is investigated. Then, a series of modified PVAs are produced by
graft copolymerization of acrylamide, methacrylamide and acrylonitrile
onto PVA and their effects on the hydrate growth rate are tested. Also,
the kinetic effects of functionalized PVAs on methane-propane hydrate
formation are examined and compared with graft copolymers. In addi-
tion, the adsorption of synthesized polymers on hydrate surface is ex-
perimentally checked for evaluation of performance of modified
structures as inhibitors of hydrate growth.

2. Experimental

2.1. Materials

High-purity nitrogen (99.999%), methane (99.99%), and propane
(99.995%) were purchased from Technical Gas Services. PVA, acrylam-
ide (AM), methacrylamide (MAM), acrylonitrile (AN), ammonium
persulfate (APS), sodium bisulfite (SB), sodium hydroxide, and tetrahy-
drofuran (THF) were prepared from Merck, Germany. Also, methanol,
isopropanol, acetic acid, and acetone were supplied from Neutron Co.
Chemical formula, purity, and the supplier of the components are also
listed in Table 1.

2.2. Experimental setup for synthesis of modified PVAs

Fig. 1 shows a schematic of the experimental setup used for the
preparation of modified PVAs. It consists of a three-necked flask,
which was under a nitrogen atmosphere and immersed in a constant-
temperature water bath. Also, a water-cooled reflux condenser and a
glass valve were installed on the openings of the flask. The other open-
ing of the three necked flask was also capped and sealed by a rubber
stopper. For heating and stirring of the water solutions a heat-stir
plate and a magnetic stir bar were used. The temperature of water
bath was controlled by a thermometer. Also, a vacuum pump was ap-
plied to evacuate the reaction flask. The nitrogen atmospherewasmain-
tained throughout the reaction process with the help of nitrogen gas
cylinder, regulator and nitrogen lines. In addition, a pH meter (with
0.01 pH units precision) was applied to control of pH during reaction.
2.3. Experimental apparatus for hydrate formation tests

The equipments for hydrate formation were according to the sche-
matic shown in Fig. 2. The apparatus mainly consists of a jacketed cell,
circulating water bath (Lauda Alpha RA 8, Germany), gas flowing sys-
tem, speed controller, vacuum pump, and a data acquisition system.
The jacketed cell was a high-pressure stainless steel cell with a total vol-
ume of 650 mL, which operates with a maximum working pressure of
60 bar. It was also equippedwith amechanical stirrer. The speed of stir-
rer was variable from 0 to 1500 rpm by the speed controller. Also, the
temperature within the jacketed cell could be adjusted in the tempera-
ture range of 248.15 to 358.15 K by an external cooling bath (Lauda
Alpha RA 8). A Pt100 (platinum sensor) with a precision of ±0.1 K
and a pressure transmitter with an uncertainty of ±0.1 bar were ap-
plied tomeasure the temperature and pressure, respectively. The exper-
imental data (temperatures and pressures) were acquired and digitized
by a data acquisition system and thenwasmonitored and recordedwith
the help of a computer. Also, the zeta potentialmeasurementswere per-
formed using zeta potential analyzer (Zeta Compact CAD, France) to
characterize the adsorption of the inhibitors on hydrate surface. In addi-
tion, surface tensions of aqueous solutionsweremeasured at 275 Kwith
a Kruss K100 tensiometer (Kruss GmbH, Germany), which was
equipped with a Wilhelmy plate.
2.4. Experimental procedure for hydrate formation

First, the high-pressure cell waswashed three timeswith de-ionized
water and evacuated by a vacuumpump. Then, 300 mLof aqueous solu-
tion of inhibitors was injected into the cell. The temperature was set at
275 K by the circulation of coolant through the jacket of the cell. When
the temperature was stabilized at 275 K, the high-pressure cell was
pressurized to reach the desired pressure and the stirrer was turned
on and set at 400 rpmby speed controller. Also, the data acquisition sys-
tem and the computer were turned on to record the data.When the so-
lution was saturated with gas mixtures, the temperature was suddenly
increased, and the cell pressure was decreased due to hydrate forma-
tion. For investigation of the effects of synthesized polymers on the hy-
drate growth, the moles of gas consumed during hydrate formation
were measured and subsequently the average growth rate of hydrate



Fig. 1. The schematic of the experimental setup used for the preparation of modified PVAs.

Fig. 2. Schematic of the experimental setup for hydrate formation.
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and kinetic parameter of the chemical affinitymodel (−Ar/RT)were cal-
culated. It should be demonstrated that the values of −Ar/RT were ob-
tained based on our previous work [32] and the following equations.
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where R, T, Ai, Ar, nci, ncf, ti, and tk, are universal gas constant, tempera-
ture, the chemical affinity at state i, kinetic parameter of the chemical af-
finity model, the moles of gas consumed up to time ti, total moles of
consumed gas, the time required to reach state i, and the time required
to reach equilibrium conditions, respectively.

2.5. Synthesis of modified PVAs

The first series of modified structures were produced by graft copo-
lymerization technique. In this respect, three different monomers in-
cluding acrylamide, methacrylamide, and acrylonitrile were grafted
onto PVA to produce modified PVAs (PVA-g-AM, PVA-g-MAM, and
PVA-g-AN). The reactions for synthesis of these structures were con-
ducted in a three-necked flask and initiated with a mixture of ammo-
nium persulfate (APS) and sodium bisulfite (SB) as initiator. For this,
the flask was evacuated and then backfilled with nitrogen three times
and finally was exposed to a continuous flow of nitrogen. After this,
1.0 g of PVA was added to the flask including 20 mL de-ionized water.
Then the flask was immersed in a water bath and the heat-stir plate
was turned on. When the temperature was adjusted at 70 °C and a ho-
mogeneous solution of PVA was achieved, 1.0 g monomer (acrylamide,
methacrylamide or acrylonitrile) was added to the solution. The reac-
tions were initiated by adding of initiator to the flask and continued
with stirring for 120 min. After this time, the reaction products were
first cooled to room temperature and then precipitated with 120 mL
of acetone. The obtained graft copolymers were washed 10 times with
acetone-water mixture (70:30, v/v) to remove homopolymer. Finally,
the pure graft copolymers asmodified PVAs were washedwith pure ac-
etone and dried at 60 °C in an oven.

In this work, PVA was also functionalized with acrylamide,
methacrylamide, and acrylonitrile for production of another series of
modified PVAs including acrylamide-functionalized PVA (PVA-AM),
methacrylamide-functionalized PVA (PVA-MAM), and acrylonitrile-
functionalized PVA (PVA-AN). For synthesis of these modified struc-
tures, 1.0 g PVA was dissolved in 20 mL water and heated to 75 °C.
When a clear solution of PVA was obtained, an aqueous solution of so-
dium hydroxide and 2.0 g monomer (acrylamide, methacrylamide or
acrylonitrile) were also added to the flask. The reaction was continued
under stirring for 120 min. After this time, the flask solution was neu-
tralized by diluted alcoholic acetic acid solution, while the pH was con-
trolled by a pHmeter. Thefinal productwas obtained by precipitation of
the flask solution with acetone, and then was dried in an oven at 50 °C.

3. Results and discussion

3.1. Characterization of modified PVAs

The polymer tacticity on the molecular structure of PVA for produc-
tion of themodified PVAs are exhibited in Fig. 3. As is shown, in a series
of modified PVAs (graft copolymers), acrylamide, methacrylamide, and
acrylonitrile monomers are polymerized onto PVA, while in the other
series of modified structures, the PVA is only functionalized by these
monomers. The modified PVAs were characterized by Fourier
Transform Infrared (FTIR) spectroscopy in the wavelength range of
4000 to 400 cm−1. Fig. 4(a–d) reveals the spectral analysis of PVA,
PVA-g-AM, PVA-g-MAM, PVA-g-AN, respectively. The results show
that the original PVA has a strong absorption between 3000 and 3800
cm−1 due to hydroxyl stretching vibration, while the PVA-g-AM, PVA-
g-MAM have a absorption band about 3200 cm−1 (a new peak in the
range 3000 and 3800 cm−1) that corresponds to association of hydroxyl
groups of PVA and amide groups of polyacrylamide,
polymethacrylamide. In addition, two other new peaks are observed
at 1660 and 1600 cm−1. The new peak at 1660 corresponds to the car-
bonyl (C_O) of amide group (in the structures of PVA-g-AM and
PVA-g-MAM). Also, the new peak at 1600 can be attributed to bending
vibration of NH group which belongs to the amide group of polyacryl-
amide, polymethacrylamide. On the other hand, the results of FTIR for
PVA-g-AN reveal a remarkable difference of this structure in compari-
son with the structures of original PVA, PVA-g-AM, and PVA-g-MAM.
According to Fig. 4(d), a new peak at 2243 cm−1 is observedwhich cor-
respond to C`N of acrylonitrile group. In fact, this peak confirmed the
presence of acrylonitrile in the structure of PVA-g-AN. Similarly, the re-
sults of FTIR for functionalized PVAs showed new peaks at 1660 and
2243 cm−1 which confirmed the participation of amide and acryloni-
trile groups in the modified structures.

3.2. The effects of PVA on growth rate of gas hydrate in methane-propane-
water system

First, the effect of PVA as a biodegradable polymer was investigated
on the growth rate of gas hydrate. In this regard, a gas mixture contain-
ing 85 mol% methane and 15 mol% propane was used for hydrate for-
mation. Also, the experiments were performed in the presences of
0.25, 0.50, and 0.75 wt% of PVA. The hydrate formation rate was evalu-
ated based on moles of gas consumed during hydrate formation [33]
(due to the enclathration of gas molecules into the hydrate lattices).
Also, the growth rate of gas hydrate was quantitatively determined by
calculation of kinetic parameter of the chemical affinity model (−Ar/
RT) and the average rate of hydrate growth. Fig. 5 shows moles of gas
consumed during hydrate formation with aqueous solutions of PVA
and pure water. As is shown, the hydrate growth rate in the presences
of PVA is decreased in comparison with pure water. Also, the growth
rate decreases with the increase of PVA concentration from 0.25 to
0.75 wt%. In this respect, the calculated values for kinetic parameter of
the chemical affinity model (−Ar/RT) and the average rate of hydrate
growth confirmed the decrease of hydrate formation rate. According
to Table 2, when the concentration of PVA solutions is increased from
0.25 to 0.75 wt%, the value of −Ar/RT is reduced from 0.661 to 0.637
and the average rate of hydrate growth is decreased from 0.54 to 0.42
(mmol/min). These results demonstrate that PVA as a biodegradable
polymer can be also considered as an inhibitor of the hydrate growth, al-
though its performance should be evaluated in comparisonwith a com-
mon kinetic hydrate inhibitor such as PVP. Therefore, the inhibition
effect of PVP on the hydrate growth was also examined and then com-
paredwith PVA. Fig. 6 reveals that the inhibitory effect of PVP on the hy-
drate growth was significantly stronger than that of PVA. The values of
Table 2 also indicate that the hydrate growth rate in the presence of
PVP is decreased to 73% in comparison with hydrate formation with
pure water; while it is only reduced to 28% in the presence of PVA. In
fact, although PVA is known as a biodegradable polymer but its weak in-
hibition effect on the hydrate growth hinders its application as inhibitor.
In this regard, the chemical modification of PVA and polymer tacticity
can be considered as a good idea to increase the inhibition effect. It
should be demonstrated that the molecular structures of most inhibi-
tors (such as PVP and PVCap) consist of amide groups, while PVA has
only hydroxyl groups in its structure, which have insignificant effects
on the kinetics of hydrate formation. Therefore, the modification of
PVA with the molecules including amide groups (other effective func-
tional groups) may improve the inhibition effect of PVA.



Fig. 3. Polymer tacticity on the molecular structure of PVA for production of modified PVAs.

Fig. 4. (a) FTIR spectra of original PVA, (b) PVA-g-AM, (c) PVA-g-MAM, (d) PVA-g-AN.
Fig. 5.The effect of PVA at different concentrations on the gas consumption during hydrate
formation.
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Table 2
The kinetic parameters of hydrate growth in the presences of PVA and PVP.

Inhibitors Concentration (wt%) Average growth rate
(mmol/min) −Ar/RT

Pure – 0.75 0.697
PVA 0.25 0.54 0.661
PVA 0.50 0.45 0.641
PVA 0.75 0.42 0.637
PVP 0.25 0.20 0.531

Fig. 7. The effects of PVA, PVA-g-AM, PVA-g-MAM, PVA-g-AN at the concentration of 0.25
wt% on the gas consumption during hydrate formation.
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3.3. The effects of graft copolymers (modified PVAs) on growth rate of gas
hydrate in methane-propane-water system

As was demonstrated previously in this work, a series of modified
PVAs were produced by graft copolymerization of acrylamide,
methacrylamide, and acrylonitrile monomers onto PVA. For investiga-
tion of the potential of these copolymers as inhibitors of hydrate
growth, their inhibition effects were examined at different concentra-
tion. Fig. 7 shows the influences of PVA-g-AM, PVA-g-MAM, and PVA-
g-AN copolymers at the concentration of 0.25 wt% on the gas consump-
tion during hydrate formation. The results indicate that PVA-g-AM de-
creases the hydrate formation rate. Also, it is seen that its inhibitory
effect is higher than that of PVA. Among the synthesized copolymers,
PVA-g-MAM also shows inhibition effect on the hydrate growth (at
the concentration of 0.25 wt%), although its effect was less than that
of PVA-g-AM. The obtained values in Table 3 also show that at this con-
centration, PVA-g-AM decreases the average rate of hydrate growth to
37% (in comparison with hydrate formation in pure water), while in
the presence of PVA-g-MAM, it is reduced to about 34%. The obtained
values for −Ar/RT also confirmed that the inhibition effect of PVA-g-
AM is more than that of PVA-g-MAM. The results at the concentration
of 0.50 wt% also demonstrate that PVA-g-AM is stronger for decreasing
the growth rate of hydrate in comparisonwith PVA-g-MAM. Also, Table
3 indicates that PVA-g-AM decreases hydrate formation rate at the con-
centration of 0.75 wt% and its effect is higher than that of PVA. It should
be demonstrated that the effect of PVA-g-MAMwas not tested due to its
low solubility at this concentration. Due to this reason, the inhibition ef-
fect of PVA-g-ANwas only tested at the concentration of 0.25 wt%. Fig. 7
shows that PVA-g-AN can decrease hydrate formation rate and its effect
is more than that of PVA, and even exhibits higher inhibition effect in
comparison with two other graft copolymer (PVA-g-AM and PVA-g-
MAM). However, although PVA-g-AN shows the best performance
among graft copolymers, but its low solubility may limit its application.
In this regard, it considers that PVA-g-AMwould be more useful due to
high solubility.

Based on the experimental results, it can be concluded that the
chemical modification (by graft copolymerization) improves the
Fig. 6. Comparison between the inhibition effect of PVA and PVP on the growth of hydrate.
inhibitory effects of PVA. But however, it seems that the inhibitory ef-
fects are not remarkable. In this respect, the performance of graft copol-
ymers can be compared to PVP. The obtained values in Table 3 show
that PVA-g-AM, PVA-g-MAM, and PVA-g-AN decrease −Ar/RT to 0.644,
0.647, and 0.607, respectively, while PVP decreases it to 0.531. There-
fore, although the performance of PVA is improved by chemical modifi-
cation, but the inhibition effect of modified PVAs (modified by graft
copolymerization) is not significant in comparison with PVP.

According to experimental results it is found that the molecular
structure and the type of functional groups present in the modified
PVAs are effective on the inhibitory performance. In this regard, Fig. 8
shows that PVA-g-AN (which contains a nitrile functional group in its
backbone) has more inhibitory effects in comparison with two other
graft copolymers (which have amide functional group in their back-
bone). Also, the grafting of acrylamide onto PVA leads to better inhibitor
in comparison with when methacrylamide is polymerized onto PVA.
However, before investigation of the possible reasons for these results,
the performance of other modified PVAs should be also examined.

3.4. The effects of functionalized PVAs on growth rate of gas hydrate in
methane-propane-water system

The other series of modified PVAs were produced by
functionalization of PVA with the monomers (acrylamide,
methacrylamide, and acrylonitrile). The effects of these modified PVAs
were also examined on the kinetics of hydrate formation. Fig. 9 shows
the effects of acrylamide-functionalized PVA (PVA-AM) on the gas con-
sumption during hydrate formation. The experimental results indicate
that PVA-AM significantly decreases the hydrate formation rate at the
concentration of 0.25 wt%. As is shown in Fig. 9, the inhibitory effect of
PVA-AM is very significant, even in comparisonwith PVA at the concen-
tration of 0.75 wt%. The kinetic parameter of chemical affinity and the
average rate of hydrate growth in the presence of PVA-AM are signifi-
cantly decreased in comparison with original PVA (Table 4), such that
PVA-AM decreases the growth rate to about 75% at this concentration.
The inhibitory effects of PVA-AM were also tested at the concentration
Table 3
The kinetic parameters of hydrate growth in the presences of graft copolymers.

Inhibitors Concentration (wt%) Average growth rate
(mmol/min) −Ar/RT

PVA-g-AM 0.25 0.47 0.644
PVA-g-AM 0.50 0.40 0.625
PVA-g-AM 0.75 0.38 0.614
PVA-g-MAM 0.25 0.49 0.647
PVA-g-MAM 0.50 0.44 0.639
PVA-g-AN 0.25 0.37 0.607



Fig. 8. Comparison between the inhibitory effects of different structures of graft
copolymers on the hydrate growth based on the obtained values for −Ar/RT.

Table 4
The kinetic parameters of hydrate growth in the presences of functionalized PVAs.

Inhibitors Concentration (wt%) Average growth
rate (mmol/min)
−Ar/RT

Functionalized PVA-AM 0.25 0.19 0.519
Functionalized PVA-AM 0.50 0.21 0.535
Functionalized PVA-AM 0.75 0.21 0.538
Functionalized PVA-MAM 0.25 0.45 0.634
Functionalized PVA-MAM 0.50 0.34 0.612
Functionalized PVA-MAM 0.75 0.29 0.590
Functionalized PVA-AN 0.25 0.24 0.555
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of 0.50 and 0.75 wt%, and the obtained results evidence that PVA-AM
has also high potential as inhibitor of hydrate growth at these concen-
trations. In fact, the results indicate that functionalization of PVA with
acrylamide, is an effective method for development of new inhibitors.
Therefore, methacrylamide (which its structure is similar to acrylam-
ide) was also applied for functionalization of PVA. According to Fig. 10
(a), methacrylamide-functionalized PVA (PVA-MAM) at the concentra-
tion of 0.25 wt% has also decreased the growth rate of hydrate, and its
inhibition effect is stronger in comparison with original PVA. With the
increase of concentration of PVA-MAM from0.25 to 0.50 wt%, the inhib-
itory effect is also increased. On the other hand, the high potential of
PVA-MAM at the concentration of 0.75 wt% shows that it can be also in-
troduced as an inhibitor of hydrate growth. The interesting results were
also obtained by functionalization of PVA with acrylonitrile. Fig. 10(b)
shows that acrylonitrile-functionalized PVA (PVA-AN) has significant
effect on the decrease of hydrate formation rate at the concentration
of 0.25 wt%. In fact, PVA-AN can be also introduced as a new structure
to decrease the growth rate of gas hydrate. The inhibitory effects of
this structure could not be tested at the concentrations of 0.50 and
0.75 wt% due to its low solubility. Therefore, although PVA-AN has
high potential as inhibitor of hydrate growth, but its low solubility
may overshadow its high effectiveness. Based on these results, it can
be concluded that by the functionalization of PVA with effective func-
tional groups, new good inhibitors can be produced. In fact, it seems
that the performance of the functionalized PVAs depends on themolec-
ular structure of the applied monomers. Fig. 11 exhibits that PVA-AM
has the best performance as inhibitor of hydrate growth among the
modified PVAs. According to the experimental results, the ranking of
PVA and functionalized PVAs to decrease the hydrate growth rate is as
Fig. 9. The inhibition effect of PVA-AM in comparison with original PVA.
follows: PVA-AM N PVA-AN N PVA-MAM N PVA. For better evaluation
of functionalized PVAs, the performance of PVA-AM (as the best synthe-
sized inhibitor) was compared with PVP. Fig. 11 shows that the inhibi-
tion effect of PVA-AM is higher in comparison with PVP, although the
difference is rather small. The obtained values in Table 4 also indicate
that PVA-AM can decrease the hydrate growth rate to 75% (in compar-
ison with hydrate formation in pure water), while in the presence of
PVP, it is decreased to 73%. Also, although based on the results of
Table 4 the performance of other functionalized PVAs (PVA-MAM and
PVA-AN) is not competitive with PVP but have significant effect on hy-
drate formation rate. In fact, functionalization of PVA as a biodegradable
polymer with effective functional groups can be applied for the devel-
opment of new inhibitors.

3.5. Investigation, analysis and comparison of obtained results

Comparison of calculated values for kinetic parameter of the chemi-
cal affinity model (−Ar/RT) and the average rate of hydrate growth
(Tables 3 and 4) exhibits the decrease in growth rate of hydrate by
Fig. 10. The inhibition effects of functionalized PVAs (PVA-MAM and PVA-AN) in
comparison with original PVA.



Fig. 11. Comparison between the inhibitory effects of functionalized PVAs and PVP on the
growth of hydrate.
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functionalized PVAs (PVA-AM, PVA-MAM, and PVA-AN) is very remark-
able in comparison with graft copolymers (PVA-g-AM, PVA-g-MAM,
and PVA-g-AN). In fact, functionalization of PVA with acrylamide,
methacrylamide, and acrylonitrile leads to produce better inhibitors in
comparison with when these monomers are polymerized (as a grafted
chain) onto PVA. In this regard, a possible reason may be very high mo-
lecular weight of the graft copolymers. Some literatures have demon-
strated that the graft copolymerization of some monomers (such as
acrylamide) onto backbone polymers can lead to produce a very high
molecular weight structure [34, 35]. On the other hand, the literatures
have reported that the high molecular weight can decrease the inhibi-
tion effects [36, 37]. According the presented structures for modified
PVAs (Fig. 3), it can be seen that in the molecular structure of function-
alized PVAs, the monomers are not polymerized onto backbone poly-
mer and only a low molecular weight monomer is attached to the
hydrogen atom of PVA. Therefore, the very high molecular weight of
graft copolymers may be the reason of their weak inhibition effects in
comparison with functionalized PVAs which are highly effective inhibi-
tors of hydrate growth. In addition, in previous work it was found that
the performance of additives (inhibitors or promoters) is also depend
on their adsorption on hydrate surface [31]. Therefore, the adsorption
of modified PVAs on hydrate surface was also evaluated by the zeta po-
tential measurements in this work. In this respect, first, the structure II
hydrate was formed by THF (it should be demonstrated that THF can
form the structure II hydrate [38]) and then the zeta potential for differ-
ent aqueous solutions of modified PVAs was measured at the THF hy-
drate-liquid interface. The results show that in the presences of PVA
and modified PVAs, the zeta potential values can be varied from −
1.22 to −16.64 (mV). According to Fig. 12, the absolute values of zeta
Fig. 12. Zeta potential measurements at the THF hydrate-liquid interface in the presences
of modified PVAs.
potential for all modified PVAs are higher in comparison to original
PVA. This shows that the effective functional groups (such as amide
and nitrile groups) which are added to the structure of PVA increase
the adsorption of modified PVAs on hydrate surface and subsequently
decrease the hydrate formation rate. In fact, the amide and nitrile func-
tional groups can form more and stronger hydrogen bonds with water
molecules of crystal surface and lead to better adsorption of synthesized
polymers on hydrate surface. These values also indicate that the adsorp-
tion of functionalized PVAs on hydrate surface is higher than that of
graft copolymers. Therefore, the high inhibitory effect of functionalized
PVAs may be due to their higher adsorption on hydrate crystals, such
that PVA-AM with the highest value of absorption among modified
PVAs has also the best performance as inhibitor of hydrate growth.

The performance of modified PVAs also depends to their molecular
structure. According to Fig. 3 (which was previously presented for mo-
lecular structure of themodified PVAs), themolecular structure of PVA-
AM and PVA-MAM are very similar together. In fact, their difference is
only in the extra –CH3 group, which is related to the methacrylamide
group of the PVA-MAM. However, there is a significant difference in
their performance as inhibitors of hydrate growth. As is seen in Fig.
13, PVA-AM has a significant effect (in the concentration range from
0.25 to 0.75 wt%) to decrease the hydrate formation rate, in comparison
with PVA-MAM. For better understanding of these interesting results,
the possible mechanisms of inhibitory action of modified PVAs should
be investigated. It considers that the amide groups (in the modified
PVAs by acrylamide andmethacrylamide) play a crucial role for preven-
tion of hydrate growth. According to some literatures [17, 39], the car-
bonyl group of amide can form strong hydrogen bonds with water
molecules of hydrate surface and subsequently the modified PVAs can
be adsorbed on the hydrate surface. The adsorbed molecules block the
uncompleted cavities of hydrate (as active growth sites) and the enter-
ing of the guest gas molecules (such as methane and propane) to these
cavities becomes harder. Therefore, the growth of hydrate crystals oc-
curs around and between the polymer (PVA and modified PVAs)
strands and subsequently, these limitations of hydrate growth lead to
the decrease of hydrate formation rate. On the other hand, these limita-
tions become more remarkable with the increase of adsorption of syn-
thesized polymers on hydrate surface, such that the results also
confirmed that the modified PVAs with more adsorption on hydrate
surface are also stronger inhibitors of hydrate growth. Also, based on
the work of Peng et al. [39], another main reason for the performance
mechanism of modified PVAs (including amide derivatives) can be pre-
sented. In this respect, the amide groups in themodified PVAs have also
significant role. In fact, the high density of hydrophilic amide groups in
modified PVAs leads to the concentration of water molecules at the gas-
water (hydrate-water) interface be drastically reduced and therefore
Fig. 13. Comparison between the effects of PVA-AM and PVA-MAM on the growth rate of
hydrate at different concentrations.



Fig. 16. The surface tensions of aqueous solutions of PVA, PVA-g-AM, and PVA-MAM at
different concentrations.

Fig. 15. (a) The surface tensions of pure water and aqueous solutions of PVA, PVA-g-MAM, an
methacrylamide-modified PVAs on the hydrate growth rate (c) The surface tensions of pure w
wt% (d) the effect of surface tension of PVA and acrylonitrile-modified PVAs on the hydrate gr

Fig. 14. (a) The surface tensions of pure water and aqueous solutions of PVA, PVA-g-AM,
and PVA-AM at the concentration of 0.50 wt% (b) the effect of surface tension of PVA
and acrylamide-modified PVAs on the value of –Ar/RT.
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results to the reduction of hydrate formation rate. According to these
descriptions, it considers that the less adsorption of PVA-MAM on hy-
drate surface (in comparison with PVA-AM) and also the presence of
an extra -CH3 group in the molecular structure of PVA-MAM (which
can decrease the density of hydrophilic groups at water-hydrate inter-
face) may be the possible reasons for the difference of the performance
of PVA-AM (as a strong inhibitor) and PVA-MAM (as a weaker
inhibitor).

Although some possible mechanisms for inhibition performance of
modified PVAs were investigated but some physical properties such as
surface tension may overshadow the performance of these modified
structures. In fact, the decrease of surface tension is a favorable factor
for promoters (due to the decrease of mass transfer resistance in gas–
liquid interface, and subsequently the increase of gas-uptake rate in
d PVA-MAM at the concentration of 0.25 wt% (b) the effect of surface tension of PVA and
ater and aqueous solutions of PVA, PVA-g-AN, and PVA-AN at the concentration of 0.25

owth rate.
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liquid bulk, and finally the increase of hydrate formation rate [40]) and
an unfavorable factor for inhibitors. For investigation of this factor, the
surface tension of aqueous solutions of modified PVAs was measured.
Fig. 14 shows the surface tension of pure water in comparison with
aqueous solutions of PVA, PVA-g-AM, and PVA-AM. As is shown, the
surface tension of PVA solution is less than that of pure water, while it
has inhibitory effects on hydrate formation. Therefore, it can be pre-
sumed that if the surface tension of PVA solution could be increased
(closer to the surface tension of pure water) the inhibition effects
could even be more increased. This possibility is confirmed based on
the experimental results in this regard. Fig. 14(a) shows that withmod-
ification of PVAby acrylamide, the surface tensions ofmodified PVAs so-
lutions are increased in comparison with aqueous solution of original
PVA. On the other hand, Fig. 14(b) confirms that the values of –Ar/RT
(which reflect hydrate formation rate) for acrylamide-modified PVAs
are decreased with the increase of surface tension. In fact, these results
evidence that by modification of PVA, the surface tension becomes
closer to the value of water surface tension and subsequently the inhib-
itory performance becomes better. Also, in Fig. 15 it is determined that
the modification of PVA with methacrylamide and acrylonitrile has in-
creased the surface tension and subsequently has led to the decrease
of hydrate growth rate. Therefore, it can be concluded that although
PVA has inhibition effect, but its low surface tension has decreased its
ability to more inhibition effects. However, the chemical modification
of PVA can increase its surface tension and potential as inhibitor. On
the other hand, the experimental results show that the surface tension
of PVA and modified PVAs solutions is almost constant in the applied
concentration range. For example, as shown in Fig. 16, the surface ten-
sion of PVA, PVA-g-AM and PVA-MAM solutions is almost constant in
the concentration range from 0.25 to 0.75 wt%, while, according to pre-
vious results, their inhibitory effects was enhanced with the increase of
concentration in the demonstrated range. This means that the probable
reason of the increase of inhibitory effect at higher concentrations is due
to more adsorption of these inhibitors on hydrate surface.

4. Conclusions

In this study, PVA was modified with three monomers including acryl-
amide, methacrylamide and acrylonitrile by graft copolymerization and
functionalization techniques. The graft copolymers including PVA-g-AM,
PVA-g-MAM, and PVA-g-AN decreased the growth rate of hydrate to 0.38,
0.44, and 0.37 (mmol/min), respectively, although their performance was
weaker than that of PVP which could decrease the growth rate to 0.20
(mmol/min). Interestingly the inhibitory effects of functionalized PVAs
were competitive with PVP, such that PVA-AM had even better perfor-
mance in comparison with PVP and decreased the growth rate to 0.19
(mmol/min). The experimental results indicated that the ranking of PVA
and modified PVAs (to decrease the hydrate growth rate of hydrate) is as
follows: PVA-AM N PVA-AN N PVA-MAM N PVA-g-AN N PVA-g-AM N PVA-
g-MAMN PVA. Also, the investigation and analysis of probablemechanisms
for inhibitory effects of modified PVAs showed that adsorption of modified
PVAs on hydrate surface, the molecular structure, and surface tension of
modified PVAs can influence on the inhibition performance.
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