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Abstract

Among the available technologies for treating natural and wastewater from clay materials, coagulation/flocculation is the
most common method due to its high efficiency, simplicity, and cost-effectiveness. Inorganic coagulants such as aluminum
sulfate and ferric chloride, widely used as destabilizing agents for colloidal particles, have several significant drawbacks:
low efficiency and toxicity. Organic reagents of both natural and synthetic origin are a good alternative.

This work is devoted to the evaluation of the flocculation action of new reagents, which are low molecular weight polymers
based on amino ester salts on clay suspensions, as well as the selection of their optimal concentration, providing the
maximum sedimentation rate.

Studies have shown that amino ester salts can be effectively used for the treatment of water-clay suspensions. An important
factor is the nature of the anion used, which has a significant influence on the coagulation ability of esters. Thus, 40-50 %
(wt.) aqueous solutions of amino ester chlorides added to clay suspensions in an amount not exceeding 0.1% (vol.) can be
used to thicken clay suspensions. At the same time, aqueous solutions of amino ester bromides regardless of the
concentration, introduced into bentonite suspensions of 0.1-0.4 % (vol.), contribute to improved sedimentation, reducing
viscosity, and increasing filtration capacity. These results allow us to recommend the use of amino ester chlorides as a
thickener in the preparation of drilling muds for strengthening the walls of wells during drilling, and bromides — for
flocculation of bentonite suspensions in oil production.
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1. Introduction

Bentonite consists of clay minerals based on
hydrous aluminosilicate such as montmorillonite,
illite, quartz, pyrite, and other minerals [1, 2]. In
water, bentonite clay is dispersed to a colloidal
state in which the particles acquire a negative
surface charge and consequently a negative zeta
potential (§ < -35 mV) due to the isomorphic
substitution of aluminum ions for magnesium
and iron ions (Mg?* and Fe?*) and silicon ions for
Al%* occurring in the octahedral and tetrahedral
layers, respectively [3]. This explains the fact that
when dispersed in water, bentonite forms a highly
stable colloidal suspension, mutual repulsion of
particles which prevents their aggregation and
sedimentation [4-6].

Bentonite particles have a lamellar shape
with a small average diameter (D, < 5 um), which
causes a high surface area of the dispersed phase.
At the same time, the value of the negative charge
on different parts of the particle surface is not
equal, the charge on the protruding curved areas
depends on the pH of the dispersion medium.
Therefore, the degree of flocculation of bentonite
suspension and the structure of the formed
precipitates strongly depends on the pH of the
medium [5].

Bentonite has a number of useful properties
such as non-toxicity, high ion exchange capacity,
swelling ability, and large surface area with
excess free surface energy [7]. It can be applied
directly in its natural form or pre-treated by
various chemical and physical activation methods
[8]. The composition and desirable consumer
properties of clay minerals have caused the
popularity of bentonite as a raw material in the
industrial sector [2]. However, its use in food,
petroleum, wine, construction, and agriculture
produces wastewater containing fine colloidal
clay particles. The resulting colloidal suspensions
require special treatment and separation of solid
pollutants from water [9]. Direct discharge of
stable colloidal suspension into water bodies is
prohibited, as it causes a significant increase in
turbidity and leads to serious problems for aquatic
life [10]. Therefore, it is crucial to properly treat
the generated wastewater before its discharge
into water bodies [9, 11]. This issue is particularly
acute in oil and gas production. Well formation
in the oil and gas industry is accompanied by
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environmental pollution with drilling muds, their
spent or waste part, drilling cuttings, etc. Waste
drilling muds accumulate due to the duration
of sedimentation of the drilled predominantly
clayey rock during sedimentation in mud pits.

Various solid-liquid separation methods,
including physical and chemical methods, are
used to purify colloidal suspensions. There are
several technologies such as electrocoagulation,
membrane filtration, electroosmosis, and
thermomechanical dewatering [12—-15], but these
methods are require a high expenditure of energy
and finances [16]. Coagulation/flocculation is one
of the most commonly used processes for water
and wastewater treatment, especially for the
separation of suspended colloidal particles. This
method is highly efficient, economical, cheap, and
non-energy consuming [17-20]. The key principle
of coagulation and flocculation processes is to
reduce the net negative charge of particles and
to stimulate the van der Waals attraction forces
between them [17]. Coagulation is aimed at
destabilization of colloidal particles and formation
of microaggregates, while flocculation is aimed at
further agglomeration of particles and formation
of larger floccules [17]. Thus, the formed aggregates
are deposited by gravity, resulting in a relatively
clear supernatant. Various chemicals including
metal salts (coagulants) and polyelectrolytes
(flocculants) are used to destabilize the colloidal
suspension [20]. Aluminum sulfate as well as iron
and aluminum chlorides are common coagulants,
but their utilization is limited due to low removal
efficiency, environmental and health concerns
associated with the presence of residual metal
in the supernatant, and the formation of toxic
sludge [18]. Therefore, there is an ongoing search
for environmentally friendly and economical
alternative coagulants.

In recent years, the use of polyelectrolytes
as flocculants has become a common practice
due to their effectiveness in treating colloidal
suspensions through a bridging mechanism
[17]. Flocculation of fine colloidal particles
with the employment of polyelectrolytes such
as polyelectrolyte (PAA) can occur by various
mechanisms including adsorption and binding
of the polymer, charge neutralization, particle-
surface complex formation, and depletion
flocculation, or a combination of these
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mechanisms [6, 21-24]. Cationic polyacrylamide
(CPAA) is most commonly used for destabilization
and separation of stable colloidal drilling fluid
suspension. The destabilization process with the
help of CPAA is carried out due to the adsorption
of cationic polymer chains due to the formation
of hydrogen bonds between the particle surface
and the primary amide functional groups of the
polymer. Thus, charge neutralization becomes
the main mechanism by which CPAA locally
changes the charge of the particle surface [17].
The main characteristic of CPAA responsible for
its function as a destabilizing agent is determined
by the presence of a quaternary ammonium salt
carrying a positive charge. The same is true for a
cheap low molecular weight flocculant/coagulant,
choline chloride (ChCI). It is also worth noting
that ChCl exhibits its flocculating properties only
at significantly high concentrations in relation to
clay suspensions. Therefore, it is more often used
as a thickener and stabilizer (coagulant property)
in an individual form or as part of a mixture with
inorganic and high molecular weight reagents
[25-26]. However, it is important to note that the
potential hazard of these reagents is determined
by the content of monomers, residues of initial
halogen derivatives of hydrocarbons involved in
their synthesis, and other impurities. Therefore,
their application requires additional purification
stages. In this case, the search for simple in terms
of synthesis methodology, environmentally
safe and effective alternatives to traditional
coagulants/flocculants becomes highly relevant.

From this point of view, amino esters
are promising, the advantage of which is
biodegradability and nontoxicity. This class of
compounds has found wide application in the
production of biologically active substances
(BAS) [27], polyurethanes [28-30], catalysts and
modifiers [31], emulsifiers of inverse emulsions
[32-33], fabric softeners [34], and in the field
of microelectronics [35-40]. However, their
application for wastewater treatment, in particular,
drilling muds, has not been previously considered.

In this regard, this work aimed to evaluate the
flocculation action of new reagents, which are low
molecular weight polymers based on amino ester
salts, on clay suspensions, as well as the selection
of their optimal concentration, providing the
maximum sedimentation rate.
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2. Experimental

The following raw materials and reagents
were used in the work:

1) Bentonite clay with particle sizes in the
range of 5-75 ym.

2) Flocculants/coagulants in the form of
low molecular weight polymers based on
hydrochlorides (AE-1) and hydrobromides (AE-2)
of amino esters, which were synthesized at the
Department of Organic Chemistry of Voronezh
State University using reagents of “chemically
pure” grade. The structure of the compounds was
proved by a complex of physicochemical methods
such as:

—'"HNMR (spectrarecorded on a Bruker DRX-
500 instrument (500.13 MHz) in DMSO-d6 and an
internal standard Me,Si);

— HPLC-MS (spectra were recorded on Agilent
Infinity 1260 chromatograph with Agilent 6230
TOF LC/MS interface. Separation conditions:
mobile phase MeCN/H, 0 +0.1% FA (formic acid),
gradient elution, column — Poroshell 120 EC-C18
(4.6x50 mm, 2.7 pym), thermostat 23-28 °C, flow
rate 0.3-0.4 ml/min. Ionisation - electrospray
(capillary -3.5 kV; fragmentor +191 V; OctRF
+66 V — positive polarity);

- To study sedimentation stability, we used
a combined technique based on the works of
A. A. Shkop. A. [41] and Averkina E. V. B. [42],
which consisted of the following stages:

1. Preparation of bentonite suspension (BS).
100 ml of distilled water and clay stabilizer (ChCl),
the concentration of which was 0.2 % (vol.), were
placed in a 250 ml flask. 1.7 g of bentonitic clay
was added to the obtained solution, the flask
was tightly corked and stirred on a vibration
table VB 1.1 (2 vibration frequencies 3000,
6000 min-!, vibration amplitude controller,
vibration arc, working table 185x135 mm) for
uniform distribution of clay in the liquid volume
due to dispersion of agglomerates. The resulting
mixture was left to swell the clay particles for
24 hours. After soaking, the flask was shaken
thoroughly to obtain stable BS.

2. Estimation of the deposition rate. The
obtained BS was transferred into a 100 ml
measuring cylinder (30 mm diameter and 230 mm
height) and a certain amount (0.1-0.6 % (vol.))
of the test reagent solution (AE-1 or AE-2) with
different concentrations of 40, 50, 60, 70 % (wt.)
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was added. The range of reagent concentrations
was selected based on the analysis of the
available market of flocculants/coagulants close
in chemical structure. After introducing a portion
of the reagent, the contents of the cylinder were
stirred by tilting it ten times slowly. The time
interval during which the interface between the
clarified liquid layer, presumably containing no
clay particles, and the compacted suspension
layer passes the path corresponding to the zone of
free sedimentation of particles, was determined.
According to the experimental data obtained, the
flocculus sedimentation rate (V, mm/min) was
calculated to the time of flocculus passage along
this path. The primary results of the experiment
were graphically represented as points in the
coordinates “flocculus settling velocity V —
the amount of reagent solution N”. Each point
represented the average value of the results of
three or four experiments. The relative deviation
of experimental data from the average value did
not exceed 4.5 %.

To assess the flocculation quality of the BS
(mechanical strength of the aggregates), after
completion of the flocculation process and
measurement of the sedimentation rate V,, the
sample was stirred again with a mechanical
stirrer at 600 rpm for 40 s in a chemical beaker.
The contents were then transferred back into
the measuring cylinder and the sedimentation
rate of suspended particles in the sample was
determined (V,, mm/min).

3) After each measurement of sedimentation
rate, samples were taken to control the size of
formed particles. To qualitatively assess the
size of the formed agglomerates, a Biomed-6
microscope equipped with a digital camera which
was used at a magnification of 40 times. The
microscope was equipped with an achromatic
lens 40x0.65, halogen illuminator with smooth
brightness control.

4) Viscosity measurements of the tested
suspensions were carried out on an A&D SV-100A
vibro viscometer. The principle of operation
of the device was based on the dependence of
power, which was used to excite the vibration of
two thin sensor plates with a frequency of 30 Hz
and a constant amplitude of about 1 mm, on
the product of dynamic viscosity by suspension
density (v). The measurements were carried out
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at a constant temperature of 25 °C by a number
of at least three repetitions. The instrument was
standardized and calibrated with distilled water
before each new measurement.

The pycnometric method was used to
determine the density of BS and the resulting
systems. The obtained values were the average
of three measurements performed at a constant
temperature of 25 °C.

5) Determination of the acidity of the medium
pH-meter “Ionometer 1-160 MI” was used.
Operating conditions of the device correspond
to the values for devices of group 2 according
to GOST 22261-94. The device complies with
TU 4215-053-89650280-2009. Measurements
were carried out at a constant temperature of
25 °C, the number of at least 3 repetitions.

3. Results and discussion

In order to select a flocculant/coagulant for
BS with the best flocculation characteristics, the
experiments were carried out in two stages.

The first stage consisted in comparison of
sedimentation rates in free conditions of BS
samples containing additives of reagents AE-1
and AE-2.

The second stage of the experiments
included mechanical impact on the resulting
systems, simulating the movement of the
flocculated suspension from the thickening
apparatus (settling tank) to the dewatering
apparatus (centrifuge or filter press). The residual
sedimentation velocity V, after mechanical action
characterized the sedimentation ability of the BS,
determined by the size of the aggregates formed,
and hence the strength of the initial floccule.
Identification of the optimal concentration of
additives was carried out on the basis of the
graphical plots obtained by analogy with the
first stage.

The structure, stability, purity of the BS
filtrate, and water separation were visually
assessed during each test. In addition, the
viscosity, density of the suspension, pH of the
dispersion medium, and the size of the aggregates
formed were analyzed.

According to the data obtained by measuring
the sedimentation rate before mechanical action
(Fig. 1a and 2a), additives AE-1 and AE-2 have
a flocculation effect, causing the coagulation
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and sedimentation processes. The maximum
sedimentation rate is observed when using
70 % (wt.) aqueous solution of the flocculating
agent in the amount of 0.6 % (vol.) and is
0.73 mm/min for AE-1 and 3.56 mm/min for AE-2.
On visual evaluation, agglomerate formation
is noted for both additives, but when AE-2 is
introduced into the BS, much larger aggregates are
formed almost immediately and the supernatant
becomes transparent. Over time, the flocculates
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formed almost completely settle to the bottom of
the measuring cylinder. That is, the reagent AE-2
under equal conditions to a greater extent disrupts
the aggregative and sedimentation stability
of BS and, therefore, has a more pronounced
flocculating effect, leading to accelerated
sedimentation. At the introduction of AE-1
the formation of agglomerates is accompanied
by the thickening of clay suspension, and the
height of the clarified layer after the thickening
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Fig. 1 Dependence of flocculus sedimentation rate (V) on the amount (N) of injected solution of reagent AE-1

before (a) and after (b) mechanical impact
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Fig. 2. Dependence of flocculus sedimentation rate (V) on the amount (N) of injected AE-2 reagent solution

before (a) and after (b) mechanical impact
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of compacted layer of suspension practically
does not change for several days. Probably, the
reason of thickening is structure formation in
the thickened layer of suspension, which is also
based on coagulation and flocculation processes
with the participation of the introduced reagent.
Obviously, the mechanism of these processes
at the introduction of investigated additives is
somewhat different.

Of practical interest is the change in the
sedimentation rate of flocculated clay after
mechanical action on the suspension (Figs. 1b
and 2b), which allows us to assess the strength of
aggregates formed at the first stage of research.
The residual sedimentation rate of BS samples
containing AE-1 decreases significantly, almost
by an order of magnitude (Fig. 1). The almost
linear dependence of sedimentation rate on the
amount of the introduced reagent is broken,
which indicates the transition of sedimentation
from free conditions to constricted conditions.
Broken floccule visually acquires a shapeless
appearance. In contrast to the first stage of tests,
the clarified liquid after repeated sedimentation
of the suspension becomes turbid, this is caused
by the increase in the dispersibility of the
system, subjected to mechanical influence, and
the appearance of colloidal particles resistant to
sedimentation due to their small size.

Mechanical impact on the flocculated BS
sample containing AE-2 reagent practically
does not change the rate of re-sedimentation
of agglomerates. Only at high concentrations of
AE-2 sedimentation rate ceases to depend on the
amount of the introduced reagent, which may
be due to the transition of the sedimentation
process in the compacted layer in constricted
conditions. It should be noted that for all BS with
introduced AE-2 the liquid above the compacted
layer remains transparent regardless of the
mechanical influence.

The observed difference in the course of
sedimentation processes in BS at the introduction
of reagents AE-1 and AE-2 before and after
mechanical action confirms assumptions about
different mechanisms of coagulation-flocculation
processes with the participation of these additives.

In addition to the observed regularities of
macroscopic processes of particle deposition,
we evaluated the dimensional characteristics
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of BS agglomerates using optical microscopy.
The images obtained with 40x magnification
(Fig. 3, 4) show that the introduction of reagents
AE-1 and AE-2 into the BS causes coagulation
process, i.e. clay particles sticking together to
form agglomerates (images F1). When using the
AE-1 additive, a structure with a more uniform
distribution of agglomerates and inclusion of
water in the structural grid is observed (Fig. 3).
Probably, the introduction of the AE-1 additive
leads to the formation of a coagulation structure
with fragile contacts through the dispersion
medium interlayers. Such contacts are easily
destroyed by mechanical action, as shown by
the F2 image (Fig. 3). The previously observed
thickening effect and some sedimentation
stability of the thickened layer of suspension are
possible when AE-1 molecules are fixed on one
particle and structured polyelectrolyte layers of
amino ester in Cl-form are formed.

When AE-2 is used as a flocculation agent,
the formation of larger and stronger aggregates
that are not destroyed by mechanical action
occurs (Fig. 4). Most likely, when AE-2 is
used, the formation of some number of phase
contacts occurs as a result of a decrease in the
ionic-electrostatic stability factor provided by
the negative surface charge of clay particles.
The coagulated particles may also bind due
to “bridging” fixation by the introduced AE-2
reagent, and the dispersion medium will be in
a free state in the space between agglomerates.

Viscometric studies confirmed the viscosity
increase observed visually with increasing
concentration of AE-1 (Fig. 5a) and viscosity
decrease with increasing concentration of AE-2
in BS (Fig. 5b), associated with the formation
of different structures during coagulation and
flocculation processes involving the studied
reagents. Obviously, the adsorption layers of
polyelectrolytes based on hydrochlorides (AE-
1) and hydrobromides (AE-2) of amino esters, in
which CI- and Br- act as counterions of the electric
double layer, have a determining influence on
these processes. Br- has a larger ionic radius
compared to CI, the lower degree of hydration
and higher adsorption capacity, and hence will
preferentially reside in the dense adsorption
part of the electrical double layer. This will
lead to a decrease in the -potential and, as
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Fig. 3. View of the BS without additive (a), before (b) Fig. 4. View of the BS without additive (a), before (b)
and after (¢) mechanical action at introduction of and after (c) mechanical action at introduction of
40 % (wt.) solution of AE-1 reagent in the amount of 60 % (wt.) solution of reagent AE-2 in the amount of
0.1 % (vol.) 0.4 % (vol.)
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Fig. 5. Dependence of viscosity (v) on the amount (N) of injected reagent solution AE-1 (a) and AE-2 (b)

a consequence, a decrease in the aggregative
stability of the BS as a result of the formation of
rather strong aggregates - floccules. Therefore,
amino ester bromide oligomers (reagent AE-2)
have pronounced flocculating properties and can
be used as flocculants of BS.

Cl- ion of amino ester hydrochlorides (AE-1),
which has higher mobility, participates mainly
in the formation of the diffuse part of the
electric double layer, providing a sufficiently
high value of &-potential, and therefore will act
as a stabilizer and thickener of the suspension.
Anisometric (lamellar) clay particles at the
introduction of AE-1 will be able to interact
with their protruding parts through water layers,
forming unstable coagulation contacts, easily
destroyed as a result of mechanical impact.
Formation of the coagulation structure (grid), as
well as the participation of water molecules in
this process (its binding), leads to the thickening
of suspension and increasing its sedimentation
stability. The ability of AE-1 to fulfill the function
of a thickener can be used in the preparation of
drilling muds to strengthen the borehole walls
during drilling.

The use of AE-1 can be limited by hydrolysis
of amino ester salts. For example, increasing
the concentration of AE-1 in the BS leads to a
significant decrease in the pH of the dispersion
medium (Fig. 6a). This parameter limits the use

of AE-1, and 40-50 % (wt.) aqueous solutions
introduced in amounts not exceeding 0.1 % (vol.)
are optimal as BS thickeners. For AE-2, a decrease
in pH is also observed, but it is within acceptable
limits (Fig. 6b).

It is also worth noting that regardless of the
observed phenomena, the viscosity of the system,
and pH, the density of BS was unchanged and
was 1.023 g/cm?®. The change of physicochemical
parameters after mechanical action on BS was
not significant (within 1073).

4. Conclusions

As a result of the research, it is shown that
the salts of amino esters obtained by us can
be effectively used in the processes of water-
clay suspension treatment. The nature of the
used anion has a significant influence on the
coagulating ability of esters: amino ester chlorides
AE-1 can be used in the form of 40-50 % (wt.)
aqueous solutions introduced in amounts not
exceeding 0.1 % (vol.) for thickening of clay
suspensions. At the same time, aqueous solutions
of bromides of AE-2 amino esters introduced into
bentonite suspensions in the amount of 0.1-0.4 %
(vol.), regardless of the concentration, contribute
to improved sedimentation. On this basis, we
can conclude that the obtained results allow us
to recommend to use of AE-1 as a thickener in
preparation of drilling muds for strengthening of
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Fig. 6. Dependence of BS pH on the amount (N) of injected solution of reagent AE-1 (a) and AE-2 (b)

borehole walls during drilling, where AE-2 - for
flocculation of bentonite suspensions during oil
production. Both additives are characterized by
low consumption, which makes them economically
attractive for practical use.
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