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Abstract

Hydrodynamic cavitation (HC) has emerged as a versatile method for modifying the
rheological properties of polymer solutions, offering advantages such as scalability and
operational simplicity. This work investigates the effect of HC on aqueous polyacrylamide
(PAM) solutions, focusing on viscosity and viscoelasticity changes as a function of the
number of passes through a vortex-type HC device and the presence of dissolved salts
(CaCl, or KCI). Viscosity measurements were modeled using the power law equation,
while oscillatory tests were used to determine storage and loss moduli. The results show
that HC substantially reduced viscosity and elastic behavior, with the degree of modifi-
cation strongly influenced by the number of passes. A critical molecular size limit was
suggested, below which further degradation becomes limited. Salt addition enhanced
depolymerization, likely due to charge screening, hydrodynamic radius reduction, and
the increased solubility and mobility of polymer chains within cavitation bubbles. HC
eliminated elasticity in all cases, yielding solutions with near-Newtonian behavior. The
transformation is attributed to molecular weight reduction and changes in molecular size
distribution. These findings support the use of HC as a practical approach to tailor the flow
properties of PAM solutions, while highlighting intrinsic limitations imposed by cavitation
dynamics and polymer chain dimensions.

Keywords: hydrodynamic cavitation; polyacrylamide aqueous solution; viscosity; rheological
behavior

1. Introduction

Water-soluble, biodegradable, and biocompatible polymers are widely used for diverse
industrial applications. They are typically employed as stabilizers and thickeners for
medicines, cosmetics, and coatings, for assisting petroleum extraction, and for wastewater
remediation. Although available with different grades, their high molecular weight and
broad molar mass distribution can pose handling and performance challenges. Hence,
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different methods have been proposed and studied to partially reduce the polymer chains
after their synthesis, to fit desired conditions [1]. Moreover, the increasing use of these
polymers has led to large amounts of polymer-bearing wastewater, which is difficult to
process due to its high viscosity. This highlights the need for viscosity reduction, typically
achieved through depolymerization by thermal, chemical, mechanical, and enzymatic or
biological methods [2,3].

Among the mechanical methods used to post-process or treat polymer aqueous so-
lutions, hydrodynamic cavitation appeared as a promising alternative due to its simple
application and ease of scalability [4,5]. Cavitation involves the formation of small bubbles,
called cavities, which initially grow and then are compressed and finally collapse, inducing
local extreme conditions [6-8]. Apart from high local temperatures, the released energy
can result in mechanical effects related to shock waves, microjets, and high shear stress. In
addition, the implosion generates highly reactive species, like hydroxyl radicals, which
can act at the molecular level to modify polymer chain length. Yan et al. [9] evidenced that
mechanical forces like those exerted by cavitation generally lead to cleavage of polymer
chains around the center, generating molecules of significantly lower molar mass with a
narrow distribution. On the other hand, highly active species, which can also be formed by
cavitation, cleave the polymer chains randomly, also leading to smaller molecules but with
a broader molar mass distribution.

Examples of polymer aqueous solutions that have been modified through cavitation
are carboxymethyl cellulose (CMC) and hydroxypropyl methyl cellulose (HPMC). It was
shown that the use of acoustic or hydrodynamic cavitation can successfully cleave the
cellulose glycosidic bonds of CMC and HPMC [1,10]. CMC is extensively used for diverse
applications in the food and cosmetic industries. HPMC is a non-ionic, semi-synthetic
derivative of cellulose commonly applied in medicine for controlled drug delivery and in
the food industry as a stabilizer. Another polymer that has been subjected to ultrasonic
(US) cavitation for tuning the aqueous solution features is Konjac glucomannan (KGM) [11].
KGM is a polysaccharide used for pharmaceutical and biotechnological applications. How-
ever, modifications of the naturally extracted polymer are required to meet the necessary
conditions (solubility, viscosity, etc.). US cavitation was found to be appropriate for reduc-
ing the molecular weight and viscosity without occasioning changes in the chemical nature
of this polymer [11]. The authors found that the initially shear-thinning behavior of a 0.25%
(w/v) KGM aqueous solution became Newtonian by applying US cavitation for more than
4 min.

Polyacrylamide (PAM) is also a polymer that has been extensively used in the industry,
along with its derivatives. Its main applications are found in water treatment, the textile
industry, and especially in oil recovery [12-14]. Aqueous PAM solutions are frequently
employed to enhance the sweep capability of injection fluids in oil recovery, as their high
viscosity improves oil displacement. However, the synthesis of PAM often results in molar
masses and distributions that do not fully meet the application requirements. Hence, post-
processing of commercial PAM is used to tailor the molecular weight by partially cleaving
the polymer chains.

Thermal, chemical, and enzymatic methods have been proposed to modify the molar
mass and distribution of PAM [3], but these treatments are frequently complex and expen-
sive. In contrast, cavitation, either ultrasonic or hydrodynamic, and its combination with
other advanced oxidation processes, provides a simple, cleaner, and faster route to reduce
the molar mass of PAM chains to desirable levels. Prajapat and Gogate [13] demonstrated
that the conditions of hydrodynamic cavitation (HC), applied using a slit venturi device,
significantly influence the viscosity reduction in the polymer solution. These authors also
combined HC with other advanced oxidation processes to further enhance polymer degra-



Fluids 2025, 10, 169

30f13

dation. HC offers strong potential for scale-up with relatively low investment and operating
costs [15,16]. It arises from a perturbation in the flowing fluid that moves the pressure
below the solvent (water) vapor pressure, thus inducing the formation of vapor cavities. As
the fluid continues downstream, pressure increases and bubbles are compressed and finally
collapse violently, producing effects comparable to those of the ultrasound cavitation.

Recently, Zhang et al. [14] used simulations to analyze the impact of bubble collapse
on PAM degradation efficiency. They concluded that the local shear after collapse induces
stretching of C—C bonds and expansion of C—-C-C bond angles in the PAM main chain,
leading to fragmentation of the molecules. This mechanical degradation proceeds without
significant change in the chemical structure, and the bond breaking occurs in the central
region of the collapsing bubble.

In this context, the aim of the present work is to examine the suitability of HC as
a method for tailoring the rheological properties of polymeric solutions. PAM is used
as a model polymer due to its widespread application in oil recovery. Aqueous PAM
solutions at different concentrations are subjected to HC using a vortex-type cavitation
device, which achieves cavitation inception at lower pressure drops [17,18]. This study
focuses particularly on the effects of the number of passes through the cavitation device
and the presence of dissolved salts in the solution.

2. Materials and Methods
2.1. Experimental Setup

The setup for subjecting the polymer solutions to hydrodynamic cavitation (HC) is
schematized in Figure 1. The cavitation device was a vortex diode type with a throat diam-
eter of 6 mm, procured from VIVIRA Process Technology Pvt. Ltd. (100 NCL Innovation
Park, Dr Homi Bhabha Rd, Pune, Maharashtra 411008, India). A batch assembly powered
by a 1 HP centrifugal pump was used. It contained regulating valves to control the flow
rate and a cryostat to keep the temperature at 20 1 °C.

manometer

= O P

HC vortex X
diode
Pump

Reservoir

<

cryostat

Figure 1. Experimental setup.

The pressure drop through the cavitation device was varied between 2 and 3.5 bar,
resulting in liquid flow rates in the range of 3 to 6 L/min. Experiments were carried out for
different number of passes through the HC device to analyze the effect on the rheological
characteristics of the aqueous polymer solutions. The number of passes (np) roughly gives
how many times the whole liquid passes through the cavitation device [16]. The time (t)
needed for a given number of passes (np) depends on the liquid flow rate through the
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cavitation device (Q) and the volume of the liquid in the reservoir tank (V), as expressed in
Equation (1).
t=np, V/Q @

The vortex-type cavitation device consists in a bidirectional fluid flow system, in
which the inlet flow enters a swirl chamber where high-speed rotation is achieved. The
fluid exits only through a centered outlet channel perpendicular to the base of the swirl
chamber, with a narrowing point called the throat [17,18]. The high-speed rotation induces
the formation of cavitation bubbles due to the sharp decrease in the liquid pressure close to
the device throat. Further details of the vortex cavitation device can be found in studies
devoted to the analysis of the features of this system [17-21].

Cavitation inception in vortex-type cavitation is achieved at lower pressure drops
than those required in Venturi or orifice plate configurations [18]. The cavitation bubbles
or cavities formed in the throat region are sharply compressed when the liquid pressure
is recovered far from the throat, leading to bubble collapse. During this period, extreme
temperatures and pressures are locally reached. By single bubble dynamics simulation,
Pandit et al. [22] have estimated peak temperatures over 5000 K and local pressures of
around 1000 Pa for this device geometry, likely leading to the formation of supercritical
water (SCW) domains prior the collapse. Simulations indicated that bubble diameters may
reach ~20 pum, which are reduced to around 3 pm before collapsing.

In this work, cavitation inception was verified at pressure drop ~0.9 bar for the 1 g/L
PAM solution using acoustic and vibration sensors, following Ranade et al. [20]. A change
from around 12 to 60 dB was found at inception, consistent with data reported in [20]. It is
worthwhile mentioning that Thacker et al. [23] have studied the influence of liquid viscosity
on the pressure drop required for cavitation inception in this system, using glycerol aqueous
solutions. The pressure drop range studied in this work is above the pressure drop required
for cavitation inception in a similar system for solutions with viscosities of 61 mPa s. The
PAM solutions used in this work have significantly lower viscosities. Therefore, under the
experimental conditions examined, hydrodynamic cavitation was certainly achieved.

2.2. Materials

High-molar mass cationic polyacrylamide (PAM) FZ-81 from Faisan S.A., Le6n XIII
N° 154, CP 1888 Florencio Varela, Argentina, was used for preparing the polymer solutions.
The skeletal structure of the PAM used is shown in Figure 2. As additives, analytical-grade
potassium chloride (KCI) and calcium chloride (CaCl,) were used in 0.01 M concentrations.
All solutions were prepared with distilled water.
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Figure 2. Skeletal structure of the cationic polyacrylamide used.
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2.3. Viscosity and Viscoelasticity Measurement

Shear stress versus shear rate curves were measured using a plate-cone (CPE-40)
Brookfield LVDV-II+ programmable viscometer and WINGATHER® and DVLoader® pro-
grams (AMETEK Brookfield, 11 Commerce Boulevard, Middleboro MA 02346, USA). The
influence of PAM concentration on the polymer aqueous solution viscosity was first as-
sessed, as well as the effect of adding 0.01 M of KCI or CaCl,. Then, the solutions were
subjected to HC for a given number of passes to analyze the influence on the rheological
properties. Viscosity measurements were performed under a controlled temperature of
20 £ 0.1 °C. The rheological curves were analyzed using the Ostwald—de Waele model (i.e.,
the power law model), as expressed in Equation (2) [24]:

T=ky" )

where 7 is the shear stress (Pa), vy is the shear rate (Hz), k is the consistency index (Pa-s"),
and n is the flow behavior index (dimensionless).

Viscoelastic properties were assessed for the solutions before HC treatment and after
500 passes, using a Modular Compact Rheometer (Model MCR 102e, Anton Paar, Graz,
Austria) controlled by RheoCompass software (21 CFR Part 11, 1.21.805 version, Anton
Paar). Linear viscoelastic properties were determined through small-amplitude oscillatory
shear (SAOS) tests [12,25,26]. A strain sweep was imposed at a fixed angular frequency to
determine the linear viscoelastic range (LVR). The applied strain of shear amplitude (yq)
and angular frequency (w) varies with time (t) according to Equation (3).

Y = Yo sin(wt) 3)

Within the LVR, the resulting shear stress (T) changes with the same frequency but
may be shifted in phase. The oscillating shear stress function can be expressed in terms of
the sine and cosine of the angular velocity, as expressed in Equation (4), where G’ is called
the storage modulus and G” is the loss modulus. G’ and G” can also be a function of the
angular frequency.

T =7v0 (G’ sin(wt) + G” cos(wt)) 4)

G’ and G"' were determined from the SAOS test with a strain sweep (0.1-100%) at a
fixed frequency of 2 Hz. Briefly, the G’ modulus is related to the solid-like elastic behavior,
the trend to return to the initial configuration after the deformation, while the G modulus
is related to the viscous component. Thus, if G’ > G", the sample behaves more like a
rigid solid experiencing reversible deformation (elasticity). If G’ < G”, the sample behaves
like a fluid, experiencing irreversible deformation. A useful magnitude to summarize the
analysis is the ratio G” /G/, also referred to as tan(§), where 5 is the phase shift. If this ratio
is < 1, the sample tends to behave as an elastic solid in the LVR. If >1, the sample behaves
more like a fluid [25,26].

3. Results and Discussion
3.1. Polymer Solution Viscosity

The PAM solutions’ rheological curves can be well represented by Equation (2) with
increasing deviations from Newtonian behavior as the PAM concentration increases. Thus,

the consistency index increases while the index of flow behavior becomes progressively
lower than 1 for higher polymer concentrations (Table 1 and Figure 3a).



Fluids 2025, 1

0,169

6 of 13

Table 1. Effect of PAM concentration and addition of salts on indexes of Equation (2) used to describe
the rheological behavior of the aqueous solutions.

PAM Concentration Salt Concentration Con51stencyn1ndex, Index O.f Flov\{ Behavior,
k (Pa-s™) n (Dimensionless)
0.02g/L - 0.003 + 0.0002 0.91 £ 0.05
0.10g/L - 0.009 £ 0.0005 0.76 = 0.04
0.50g/L - 0.025 4+ 0.002 0.67 £ 0.03
0.80g/L - 0.064 4+ 0.003 0.57 £ 0.03
1.10g/L - 0.119 + 0.008 0.53 £ 0.03
1.30g/L - 0.299 + 0.015 0.40 £ 0.02
1.00 g/L - 0.092 + 0.007 0.55 £ 0.03
1.00 g/L 0.01 M KCl1 0.043 4 0.003 0.65 £+ 0.03
1.00 g/L 0.01 M CaCl, 0.026 4+ 0.002 0.70 £ 0.04
§1.209/L 1.41
20018 10.80 g/L b 4
$0.40 g/L 121 P
1.754 £0.20 g/L !
70.08 g/L L
150 §0.02 g/L ; _ 1.0 . %
1254 ' 08 & 3 .
o & 8 . » I
%1001 & = | B | & -
5 - i 06 L~ .
0751} i .3 n L ) -
? : e 0.41 A e B
; ) e ’
- e §PAM 1g/1
Sl #PAM 1g/L + CaCl, 0.01M
@PAM 1g/L + KC/ 0.01M
200 300 400 003 20 40 60 80 100 120
Shear rate (Hz) Shear rate (Hz)

Figure 3. Rheological behavior of PAM solutions for (a) different concentrations and (b) with addition
of salts with different ionic forces.

Salt addition induces a significant modification of the flow behavior (Table 1 and
Figure 3b), which depends on the cation charge. The solution viscosity decreases, and the
flow index becomes closer to those of Newtonian solutions. This effect is coincident with
the one reported for PAM solutions containing high salt concentrations characteristic of
oil-well wastewaters [12,27].

Polymers are generally present as individual chains in dilute and semidilute solutions.
Their conformations can vary from highly extended to tightly coiled, depending on the in-
teractions among chains (attractive or repulsive) and between the polymer and the solvent.
PAM is generally in the form of extended linear chains in semidilute aqueous solutions. The
addition of an inert salt, like NaCl or CaCl,, negatively affects the interactions among the
polymer chains, reducing the repulsion due to electrostatic screening. For this reason, the
addition of an inert salt induces a decrease in PAM solutions’ viscosity [12]. Recently, Arok
et al. [26] have evidenced that PAM aqueous solutions above a certain concentration tend
to form gel-like structures, as evidenced from the viscoelastic characteristic of the solutions
(elastic modulus larger than viscous modulus) and from light scattering and electrophoretic
experiments. When NaCl was added to the solutions above a certain concentration, electro-
static forces induce the disappearance of the gel-like structure, simultaneously decreasing
the solution viscosity.
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3.2. Effect of the Number of Passes and the HC Pressure Drop on Polymer Rheology

Figure 4 illustrates the effect of treating a 1 g/L PAM solution with HC during a
different number of passes through the vortex-type HC device. Different flow rates through
the vortex diode lead to different pressure drops between 2 and 3.5 bars being imposed.
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Figure 4. Rheological behavior of PAM solutions after a different number of passes through the

cavitation device for (a) 2 bar pressure drop and (b) 3.5 bar pressure drop.

In all cases, polymer solutions exhibited a decrease in viscosity following HC treatment.
This effect was dependent on the number of passes and only slightly associated with the
pressure drop in the HC device. The effect was notable after 100 passes and became
progressively less important for an increasing number of passes, leading to marginal
differences above 400 passes. The flow indexes calculated by fitting results to Equation (2)
are shown in Figure 5. The results indicate that the polymer viscosity can be reduced by
imposing HC with a vortex diode device, and the number of passes is a significant variable
to set for achieving rheological modifications.

0.10 1.0 0.10 1.0
a e k b e k
} B n [y @ n
0.08 0.8 0.08{ * H0.8
i __________ i p i ......... i ........... n
A ]
0.067 . 0.6 0.061 . 0.6
% B " —_ é; L § —_
L R =
R4 . ~ ‘."
0.04 0.4 0.04 A 0.4
o .
L
@i 3
0.02 0.2 0.02 0.2
HC pressure drop = 2 bar HC pressure drop = 3.5 bar
0.00 — T T T T T 0.0 0.00 T T T T T 0.0
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Number of passes Number of passes

Figure 5. Consistency (k) and flow behavior (n) indexes (Equation (2)) calculated for the PAM
solutions after a different number of passes through the cavitation device for (a) 2 bar pressure drop
and (b) 3.5 bar pressure drop through the vortex diode.

The consistency index (k) decreased significantly in all cases, while the index of flow
behavior slowly increased, reaching a plateau close to 0.8 for all the examined pressure
drops within the range between 2.0 bar and 3.5 bar, remaining almost unchanged for more
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than 400 passes. The effect of pressure drop through the HC device did not appear to
have a significant impact when considering the measurement uncertainties, suggesting a
mechanism distinct from those typically involved in HC-enhanced chemical reactions.
Previous studies [28] identified an optimal pressure drop of 2.8 bar for vortex-type
hydrodynamic cavitation (HC) devices used in the degradation of organic compounds. A
strong dependence on head loss (or pressure drop) is commonly reported in the literature,
as it is associated with cavitation collapse intensity, radical formation, pyrolysis, and
the generation of supercritical water (SCW) [15,22,28,29]. Polymer molecules are prone
to cleavage by the exerted mechanical forces during the collapse or through chemical
degradation by pyrolysis, radical attack, and other reactions, such as those observed in
SCW reactors [30]. The interaction between bubble size and polymer chain size may
influence the predominant mechanism. Mechanical forces can selectively affect molecules
above a certain size threshold, which cannot be entrapped within the bubbles. In contrast,
chemical mechanisms would be responsible for the degradation of short-chain molecules.
Pandit et al. [22] have estimated cavitation bubbles with sizes in the order of a few microns
before collapsing for this system. In addition, the extreme conditions that can be attained
suggest that SCW domains are likely to appear. These domains within the cavities may
contribute to capturing polymer chains that are below a critical length and subject them to
chemical degradation. Intermediate length chains, too large to get entrapped in the bubbles
but too small to be affected by mechanical forces, may remain stable in the liquid bulk.
This phenomenon is sketched in Figure 6. Large polymer chains, which are unlikely to
enter cavitation bubbles, experience intense localized mechanical stress that leads to chain
cleavage, as predicted by Zhang et al. [14]. Additionally, the formation of SCW may further
promote depolymerization through the oxidation of smaller chains [30]. Previous works
that used acoustic or hydrodynamic cavitation to treat polymer aqueous solutions have
evidenced molecular size reduction by size-exclusion chromatography [1,9]. The trend
towards molar weight reduction was evidenced in these works. In addition, Yan et al. [9]
found that the molar mass distributions of chitosan became narrower for increasing HC
time (i.e., larger number of passes), starting from a mean of circa 10® Da and concentrating
progressively in the range of 0-50,000 Da, suggesting that there is a molecular size limit
below which there is a minimal effect of HC. These authors showed that after 30 min HC,
they obtained a broad molar mass distribution, reaching values up to ~2 x 10° Da, with a
mean of around 10° Da. In contrast, for 120 min HC, the distribution reduced to a range up
to ~2.5 x 10° Da, with a mean of ~50,000 Da and a mode one order of magnitude larger.

Long chain molecules Intermediate size molecules

_
e ——
- —

=> = T

Short chain molecules

——
-

Cavity bubble grow

—> ) > €0, +H,0

Bubble collapse Downstream flow

Figure 6. Sketch of the idealized polymer molecules’ evolution under HC. Long-chain molecules can
be cleaved to relatively stable intermediate-size molecules by mechanical shear or by partially entering
the bubble. Short-chain molecules can enter the bubbles and be further oxidized. As a result, polymer
molecules of intermediate size are formed, and further depolymerization by HC cannot be achieved.
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Hence, while relatively small and large chains are degraded by pyrolysis or cleaved by
shear forces, respectively, there may exist an intermediate size range that is too large to enter
the bubble and undergo pyrolysis, yet too small to experience sufficient mechanical shear. For
this reason, after a certain number of passes, the effect of HC becomes negligible—even if
the solution’s viscosity remains well above that of water. Therefore, HC can reduce polymer
molecular size only up to a certain limit. However, this limit could potentially be shifted by
redesigning the HC device to generate mechanical stresses at a different characteristic length
scale, consistent with the Kolmogorov scale of turbulence energy dissipation.

3.3. Effect of the Number of Passes and the Salt Concentration on Polymer Rheology

The effect of having salts dissolved in the 1 g/L PAM solutions on the rheological
modifications occasioned by a different number of passes through the HC device are
illustrated in Figure 7. The initial solution viscosity was already reduced when salt was
added, particularly for the higher-charged cations (Figure 3b). After subjecting them to HC,
a marked reduction in the solution viscosity was observed. Apparently, the presence of
charged ions in the solution enhances the effect of HC, which is particularly high during
the first 100 passes. The flow behavior index tends to be one after 500 passes, indicating
that the solutions approach Newtonian behavior. This is particularly evident for the PAM
solution containing CaCl, (Figure 7b).

1.0

o o
) ©

1
IS

Shear stress (N/m2)

0.24

e 10{P
0.8
i
" 2 >
) 5061 o 3
* & 5 P 5
- ! § ;
s 0.4 p

80 passes 3 80 passes
100 passes 7100 passes
#200 passes 4200 passes
1300 passes 1300 passes
¥400 passes : ¥400 passes
HC pressure drop = 3.5 bar  §500 passes HC pressure drop = 3.5 bar 500 passes

20

40

60 80 100 120 40 60 80 100 120
Shear rate (Hz) Shear rate (Hz)

Figure 7. Rheological behavior of PAM solutions with salt addition, after a different number of passes
through the cavitation device. Final salt concentration: (a) 0.01 M KCI; (b) 0.01 M CaCl,.

The addition of salt significantly decreased the apparent viscosity, as it alters the
structure and distribution of PAM chains. According to Arok et al. [26], the ions in the
solution promote a charge-screening effect, weakening intermolecular interactions and
inducing a transition from a gel-like macromolecular network to smaller, cluster-like
structures. Regarding HC, salt addition accelerated the depolymerization rate of PAM
in all cases and extended the effectiveness of HC over a greater number of passes, as
the solutions continued to approach the viscosity of water. It has been proposed that
salt addition induces a salting-out effect, enhancing the solubility of polymer short chains
within the SCW domain inside the cavity bubbles while they grow [7]. Thus, increased PAM
solubility in SCW, combined with enhanced chain mobility, likely increased the probability
of partial or complete chain incorporation into cavitation bubbles, as sketched in Figure 8.
Another factor to consider is the decrease in PAM hydrodynamic radius observed with the
addition of bivalent ions (Ca?* and Mg?*) [31,32]. This would enhance the PAM chains’
mobility and facilitate their entry, partially or entirely, into cavitation bubbles.
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Without salt addition

With salt addition

—>

e —
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Cavity bubble grow

Bubble collapse

Downstream flow

Figure 8. Sketch of the salt effect on HC performance. The addition of salt reduces the hydrodynamic
radius of polymer chains, allowing larger molecules to enter cavitation bubbles and undergo degra-
dation. As a result, the critical size limit decreases, enabling further depolymerization and leading to

lower final viscosities.

The flow behavior index (n), which tends toward more Newtonian-like values with an
increasing number of passes and with salt addition (Figure 9), suggests a reduction in both
the average molecular weight and the strength of water-polymer interactions. This effect
was clearly more pronounced in salt-containing solutions, with the CaCl,-PAM solution
nearly reaching ideal Newtonian behavior after 500 passes (Figure 9b).

0.05 1.0 0.05 e | 1.0
......... W gt
s I s
0041 % i = ° k(o8 0.041 ' ° ko8
:_' [=] =]
e
0.03 0.6 0.03 r0.6
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LI Weeeennnnnn, { LEPP »
HC pressure drop = 3.5 bar HC pressure drop = 3.5 bar
0.00 0.0 0.00 0.0
0 100 200 300 400 500 600 100 200 300 400 500 600

Number of passes

Number of passes

Figure 9. Consistency (k) and flow behavior (n) indexes (Equation (2)) calculated after a different
number of passes through the cavitation device for PAM solutions with (a) 0.01 M KCl or (b) 0.01 M
CaCl, added. Pressure drop through the vortex diode = 3.5 bar.

3.4. Polymer Solution Viscoelasticity

Changes in viscoelasticity were observed as a result of the presence of electrolytes
and the application of HC. Table 2 presents the results for the loss and storage modulus
ratio under the initial condition and after 500 passes through the HC device. The effects
of electrolytes differed markedly between Ca?* and K*. While Ca?* slightly increased the
elasticity of the initial solution, K™ decreased it, although both ions reduced the average
viscosity. This suggests that the reported thinning effect [26] may not be the only mechanism
involved and may depend on the salt species. Within the linear viscoelastic zone, the
studied concentrations of Ca?* and K* exhibited opposite effects: Ca?* enhanced rigidity
and structural stability, whereas K* reduced both. Thus, Ca?" appears to exert a “cementing
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effect”, while K* promotes dispersion. This behavior can be explained by the ability of Ca**
to cross-link polyacrylamide chains [12,32].

Table 2. Loss modulus G” to storage modulus G’ ratio for the different compositions and
operating conditions.

Condition Composition Head Loss G"IG
Initial 1g/LPAM - 0.57 £ 0.07
Initial 1g/LPAM + 0.01 M CaCl, - 0.19 £ 0.04
Initial 1g/LPAM +0.01 M KCI - 6.56 £ 1.58

500 passes 1g/LPAM 2 18,023 £ 3250

500 passes 1g/L PAM 2.8 >20,000

500 passes 1g/L PAM 3.5 >20,000

500 passes 1g/L PAM + 0.01 M CaCl, 3.5 >20,000

500 passes 1g/L PAM + 0.01 M KC1 3.5 >20,000

Nonetheless, the effects of HC largely overshadowed the differences caused by salt
addition. Significant reductions in elasticity were observed in all cases, with some values
exceeding the instrument’s detection limits. The increase in the G” /G’ ratio for treated PAM
solutions without salt addition depended only marginally on the applied pressure drop.
This shift reflects a tendency toward purely viscous behavior. Meanwhile, no significant
differences were found between PAM solutions with and without added KCl1 or CaCl,
after HC treatment. HC effectively eliminated all elastic properties, transforming the PAM
solution into an almost purely viscous fluid. This transformation cannot be attributed solely
to the presence of dissolved salts, particularly because, at the tested concentrations, the
gel-like structure of the polymer remains comparable to that in distilled water [26], with
only the charge screening effect being present. The changes are likely due to a generalized
weakening of polymer chain-to-chain interaction forces.

4. Conclusions

HC effectively reduced the viscosity and viscoelasticity of PAM solutions, with the
extent of modification strongly influenced by the number of passes. A critical molecular
size limit is suggested, below which further depolymerization becomes minimal. This
limitation appears to result from an intermediate size range of polymer chains that are
too small to undergo mechanical shear-induced cleavage but too large to enter cavitation
bubbles and be degraded by chemical mechanisms.

Salt addition was found to enhance the degradation of PAM significantly. This effect
was attributed to a combination of charge screening and salting-out phenomena, which
reduce intermolecular interactions, decrease hydrodynamic radius, and increase the solu-
bility and mobility of polymer chains in the supercritical water domains attained within
the cavity bubbles before implosion.

HC eliminated the elastic behavior of PAM solutions, transforming them into nearly purely
viscous fluids. This transformation is likely related to a decrease in the average molecular
weight. The observed plateau in the consistency index supports the idea that the HC treatment
narrows the molecular weight distribution, not just causing uniform chain cleavage.

In summary, HC is a powerful tool for tailoring the rheological properties of PAM
solutions. However, intrinsic limitations related to chain size and cavitation dynamics
must be considered. Future optimization of HC device design may allow for further
improvements in depolymerization performance.
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