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Hocnidxceno enaue wonuenmpauii meepooi ¢dasu
Oyposux cmivnux 600 Ha 3MiHeHHs weudxocmi ocioam-
Hs meepaoi ¢pazu npu azpezamoymeopeni nio wac Qizu-
KO-XiMiuH020 MemoOYy ovuCmKu 600U 3 GUKOPUCMAHHAM
aoxynanmie ma xoaeyaaumis. Lle eaxcauso, momy wo
3Mina KoHuewmpauyii meepdoi ¢azu y cmiuniii 600i €
HEKOHMPONILOBAHUM NPOUECOM Ni0 UAC PeazeHmHOi 0uu-
CMKU Mma cYmmeeo 6NAUBAE HA MEXAHIZM aAzpezamoymaeo-
penns ma Kinemuxy ocidanns meepooi gasu.

Jocnaidxcennsa npoeoounuca na mMooeavHidl cmiunii
6001, 6U20MOGAEHI WAAXOM PO3BABNEHH GIONPaAYbO-
6an020 6yposozo po3uuny 6000nposionoro 60doto. byno
6CMAN0BIEHO, WO 3ACMOCYBAHNA PIOKYNAHMIE 6e3 Koazy -
JAHMI6 He ehexmuene i He npuzeo00ums doazpezamoymeo-
penns. Bcmanoeaeno, wo onmumanonoro 003010 xoazy-
AAHMY cYnvpamy amoMiniio 048 NOpyuweHHs cmidkocmi
ducnepcnoi cucmemu Gyposuii cmiunoi 600u € 65 mini-
epam/2, a 36invueHHs 003YBAHHA KOARYNAHMA He 6NIU-
6ae na weudxicmo ocadxcenus naacmisuyis. Ceped ¢pao-
KYAAHmie HAUbiIbuMy aKxmueHicmov nposéase AHIOHHW
daoxynaum A-19. Ilpu 3eywyeanni wnamy cnocmepiza-
emovca pyunyeanns Qaoxyn i 3a 9 xeunun weuoxicmo
ocaodcenns Paokyn 3nudncyemocs 606iui. 30invuienns
Konyenmpauii Ppaoxynanma 3 0,8 miniepam/2 0o 1,6 mini-
epam/z npueooums 00 36ibUEHHA WEUOKOCMI 0CAHCeH -
Ha meepdoi asu ¢ 2—2,5 pasie.

Hokazano, wo xonyenmpayis meepdoi pazu enaueae
Ha weudKicmos 0Ca0dNceHHs (PAOKYN, ONMUMATLHI YMOBU
azpezamoymeopenns Cnocmepiearomvcsa 3a KOHUeHmpa-
uii 4-6 2/n. Mexaniuni 0ii na azpezamu npu3eooamo 00
PYlnyeanns (Paoxkya 3anedxicHo 6i0 KoHuenmpauii meep-
00i pasu. Bcmanosneno, wo 3minu 6 oucnepciii cucmemi
MOJCHA cnocmepizamu 3a 3MiHON0 600HE6020 NOKA3HUKA,
AKUL 3MIHIOEMbCA 3AeHCHO 610 KOHuenmpauii meepooi
Qaszu 6 oyposii cmiuniii 600i. 3pocmanns Konuenmpauii
meepdoi pasu 3 100 10 2¢/n npuseodumv do sminu pH 6io
7,2 00 8,3, nicas 66edenns KoazYAAHMA CNOCMePi2acmvCs
snuscenns pH, a nodanvue pyinysanns azpezamis npu-
600umv 00 30i1oUeHHS 600HEB020 NOKAZHUKA.

Odepiicani ¢ pezyavmami docaioncens 0ami i 3anpono-
HOBAHA MEMOOUKA MOJCYmb Gymu eurxopucmani 0asa nio-
6opy onmumanvHux 003Y6ans peazeHmic NPu OUUWLEHHI
O0Yposux cmiunux 600u

Kmouogi cnoea: rxoazynauis, aoxynauis, ouuujen-
HA OYpPosuUx cmivHux 600, Azpezamoymeopenns, Miynicmo
Qroxyn, wmeudxicme ocidanus

u] =,

1. Introduction

Energy independence of any country requires increasing
amounts of oil and gas production. This task can be solved
at intensive development of oil and gas industry, and, conse-
quently, by drilling and operation of more wells.

A drilling process is accompanied by drilling waste,
such as drilling wastewater (DW W), used drilling fluid,
and drill cuttings. Drilling wastes can contain impurities
and heavy metals in dangerous concentrations [1], as well
as adversely affect components of the biosphere, hydro-
sphere, and lithosphere [2]. The main objective of drilling
is the construction of productive wells with the lowest pos-
sible environmental impact.

A possibility of negative impact of drilling wastewa-
ter on the environment largely depends on the quantity
and toxicological characteristics of pollutants, which are
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used for preparing drilling mud. There is also a danger of
emissions of hydrocarbons and radioactive elements at the
surface, as well as heavy metals. For example, paper [3] es-
timated wastewater pollutants from three plants discharg-
ing wastewater from the natural gas development in Penn-
sylvania. It was found that barium, strontium, bromides,
chlorides, benzene, the total dissolved salts and suspended
solids, exceeded the norm.

When sludge pits are practically utilized, liquid wastes
evaporate from a pit mirror; abundant atmospheric precip-
itation can lead to the overflows of chemically hazardous
drilling wastewater and the used drilling mud through the
edges of the pit. In case of emergency, a hydro-insulating
film, which lays at the bottom of the pit, is torn, the result be-
ing the penetration of contaminants into soil that entails the
migration of chemical elements and soil mineralization over
large areas. That leads to disruption of ecological balance




and, in many cases, to the degradation of flora and fauna at
a given area, as well as increases the risk of contamination
of water and food with heavy metals that are dangerous for
human health [4].

A technique to dump wastes into open sludge pits, in
practice at present, cannot fundamentally solve the prob-
lem of disposal of liquid drilling waste because pits remain
to be a source of negative influence even over long periods
after drilling ends. The issue on a possibility to dispose of
and recycle liquid waste, specifically DWW, has not been
fully resolved up to now and thus requires additional re-
search in this area. The physical-chemical composition of
DWW varies widely and depends on the amount of wash-
ing fluid, as well as the share of drilling mud and chemicals
that penetrated the water. At the same time, for practical
drilling, it is promising to purify DWW for reuse at a rig as
technical water. Reuse of the treated DWW would make it
possible to reduce fresh water consumption, as well as sig-
nificantly decrease the amount of liquid waste discharged
into sludge pits.

According to [5], almost half of the total volume of waste
during drilling accounts for drilling wastewater (48 %),
33 % — used drilling mud, the remaining 19 % — a solution
for testing and removed rock. Drilling wastewater consists
of liquid wastes resulting from various technological opera-
tions when drilling a well: partial dumping of used drilling
fluid, cleaning of grids at vibratory sieves, cooling of pumps’
rods, equipment and production sites washing.

Chemical composition of drilling wastewater at various
rigs differs depending on the composition of used drilling
fluid, the geological and climatic conditions of well location,
and the depth of drilling.

The drilled-out particles of clay rocks, while rising to the
surface, merge with the drilling mud filtrate and swell. The
mineralogical composition of drill cuttings is determined by
the lithological composition of drilled rocks; it can change
when a well deepens. The chemical composition of drill cut-
tings depends on its mineral composition and the properties
of a drilling mud. Drilling wastewater has high mobility and
can accumulate contaminants. The base of drilling waste-
water is the used drilling mud that contains up to 15 % of
organic compounds (petroleum products, chemical regents)
and up to 37 % of a weighting agent [6].

Essential components of any clay drilling mud are the
clay powders: bentonite (main clay mineral is montmoril-
lonite), palygorskite (main clay mineral is attapulgite). Clay
is used as a stabilizer of drilling mud and a viscosity regu-
lator. When drilling a well and disclosing the deposits with
abnormally high layer pressure, drilling mud must be made
heavier; this involves weighting agents: barite (anhydrous
barium sulphate) and hematite. A regulator of the mud pH,
used to achieve the required parameters, is caustic soda
(NaOH). Surface-active substances (SAS) are also part of
drilling muds. In order to degas drilling mud, defoaming
reagents are used, and when it is required to maintain drill-
ing mud density, reagents-stabilizers are applied (a carbon
alkaline reagent, carboxymethylcellulose, hydrolyzed poly-
acrylamide, etc.), reagents-thinners (ferrochrome lignosul-
fonate, lignoxin, etc.). In addition, the formulations include
such substances as lime, sodium bicarbonate, different types
of salts, heat stabilizers, emulsifiers, lubricants, corrosion
inhibitors, biocides, etc.

Drilling waste treatment methods include recycling,
removal, decontamination, and disposal of wastes. The

treatment types of liquid drilling waste are conditionally
divided into mechanical, physical, chemical, biological, and
combined [7]; those methods that are commonly applied at
present are analyzed in more detail in [8].

The first stage of DWW treatment involves mechanical
methods (cleaning at screens, settling in sand traps, centrif-
ugation), which make it possible to capture only the large
fractions of rock that pollute DW W. Next, there is the task
on cleaning the water from finely dispersed particles in soak
clay that form a stable dispersed system.

To accelerate the process of deposition of suspended par-
ticles in disperse systems, coagulants are used, and to inten-
sify the process of deposition of these particles — flocculants
[9]. Coagulants disrupt the stability of a disperse system
and lead to the aggregation of fine fractions into flakes. A
coagulant that is used for DWW treatment is aluminum
sulphate Al;,(SO4)3 while polymers based on polyacrylamide
(PAA) are used as flocculants. The primary effect of poly-
acrylamide is to contribute to increasing the size of flakes at
coagulation [10].

A complex chemical composition, which depends both
on a drilling technology in a given area and the geological
structure of underlying gas reservoirs, as well as the presence
of a thin fraction of soak clay in wastewater, complicate the
processes of its treatment. Therefore, in each case, at each
well, it is necessary, depending on the conditions for waste-
water formation, to explore a possibility to treat DWW, as
well as adjust reagent consumption.

Thus, it is an important scientific and practical task to
undertake a research and devise a procedure for treating
the actual drilling wastewater, which would be applicable at
wastewater treatment plants.

2. Literature review and problem statement

The choice and efficiency of a method for treating drill-
ing wastewater from suspended substances depends on the
concentration of the solid phase, conditions for the course of
the process, and the concentrations of reagents.

Paper [11] studied the treatment of drilling wastewa-
ter from a system of the sulphonated drilling mud at the
Shengli oil field, East China. The wastewater was deeply
cleaned using a combined chemical coagulation process at
a dosage of 18 g/I at pH=7, as well as by adding cationic
polyacrylamide in the amount of 8 mg/l. The wastewa-
ter then underwent centrifugal separation and catalytic
ozone oxidation over 40 minutes. However, the high-qual-
ity centrifugal separation requires the formation of stable
strong floccules. Otherwise, under the action of centrifu-
gal forces, the finely dispersed fraction would again pol-
lute the wastewater. These issues are not addressed in this
publication. In addition, paper [11] lacks any information
on the treatment efficiency at different concentrations of
pollutants in the water.

Study [12] addresses the optimization of treatment pa-
rameters when dewatering bentonite drilling mud through
a combination of flocculation with lime in a range from 0 up
to 10 g/1 and subsequent electric filtration. Application of
direct current made it possible to effectively dehydrate the
sludge at an optimal amount of lime (0.3 g/1), which was
significantly lower than those typically used during simple
filtration (10 g/1). However, a given method requires consid-
erable expenses on reagents and electric filtration.



An analysis of the aggregation of dispersed particles,
described in work [13], reveals that the deposition rate of
floccules depends on the concentration of the suspended
particles and their dispersion. It is shown that the best
conditions for the formation of large and strong floccules in
coal sludge are achieved at a concentration of 10-30 g/l and
in the presence of a large phase the size over 40 um in the
amount exceeding 20 %. That indicates that during parame-
ters optimization and selection of reagent dosing it is neces-
sary to take into consideration the concentration of the solid
phase in wastewater. The concentration of the solid phase
in DWW is not constant for each drilling rig and may vary
depending on the amount of washing water, which requires
additional research.

Paper [14] examined the influence of cationic and anion-
ic polyelectrolytes, as well as regimes and intensity of sus-
pension agitation on the kinetics of formation, destruction of
bentonite aggregates and a kaolin particle in a flow-through
system. It was found that there are various dependences
of flocculation on a dose of the added polyelectrolytes for
diluted and concentrated suspensions. This is explained by
the varying degree to which the flocculants are adsorbed at
the surface of particles approaching the equilibrium state at
different concentrations of dispersed phases.

At the same time, the issues on selecting the optimal
concentration of a coagulant and flocculant are not fully
described in the scientific literature. The effects of such
factors as the temperature, pH level, as well as the rate of ag-
itation, which affect the course of the process of coagulation
and flocculation of actual drilling wastewater, also remain
insufficiently examined. Additional research is also needed
into the strength of the formed aggregates to mechanical
influences, as well as conditions for maintaining the strength
of floccules at transportation and subsequent dewatering of
waste water.

The process of coagulation typically involves different
hydrodynamic conditions. Publications [15] investigated the
effectiveness of coagulation over a wide range of shear stress-
es. The applied model solution of suspended solids at surface
waters was the synthetic suspension of bentonite in tap water.
It was found that the flakes formed by iron chloride cannot
grow at a medium shear stress, for instance, 1.5 Pa. On the
contrary, polyelectrolytes lead to large dense flakes, resistant
to a shear stress. It is shown that the destruction of floccules
turns out to be irreversible regardless of the coagulant and
experimental conditions. This suggests that studying the
aggregation must consider the hydrodynamic conditions for
the coagulation of impurities, as well as the conditions to
maintain floccules strength during dehydrating. A research
into floccule strength using an example of coal sludge [16] has
shown that maintaining the size of the formed aggregates can
be achieved by adjusting the concentration of a solid phase in
wastewater, its disperse composition, duration of sludge thick-
ening, the ratio and dosage of flocculants.

It was established in [17] that water-yielding capacity
of floccules and the maximum shear stress are maximal
over an interval of polymer concentration in the range of
0.15-0.2 mg/g, at which the density of floccules increases
by 1.4-1.6 times. However, the paper did not consider the
impact of other factors, such as the solid phase concentra-
tion and pH.

Study [18] notes that the coagulation process is affected
by pH of the medium, process duration and the temperature
of the medium.

Publications [14, 15] describe patterns in the aggrega-
tion of bentonite clay, although the authors failed to consider
the aggregation and sedimentation of actual DWW, with
their peculiarities and differences from clay solutions.

In drilling wastewater, the concentration of the solid
phase varies from a few grams to 10 g/1 [5], and suspended
particles are typically represented mainly by a faction to
10-20 um [19]. Furthermore, the base of many drilling fluids
is bentonite clay, susceptible to self-dispersion and highly
hydrophilic at that [20].

An analysis of the scientific literature revealed [5, 11, 19]
that a low concentration of the solid phase, the special prop-
erties of soak clay, as well as the complex chemical composi-
tion of DWW, do not make it possible to recommend certain
parameters for sewage treatment and the dosage of reagents.
That leads to the fact that the development of a treatment
method for each drilling rig requires experimental studies
involving actual fluids. In addition, the composition of
DWW may differ depending on the stage (depth) of drilling,
and, therefore, the pre-selected reagents may fail at a change
in the composition of wastewater. Typically, at wastewater
treatment plants, the concentration of the solid phase can
vary up to 10 g/1, and, consequently, control over the process
and maintaining the required treatment efficiency can be
easily achieved by changing the dosing of reagents. Thus, an
unresolved aspect of the task to treat DWW is still finding
the optimal conditions and concentrations of reagents to
disrupt the stability of a disperse system and the aggregation
of actual drained water. It is also a relevant task to devise
a procedure for operational adjustment of reagents dosage
directly at the sewage treatment plants.

3. The aim and objectives of the study

The aim of this study was to determine patterns in the
aggregation and sedimentation of drilling wastewater de-
pending on the concentration of the solid phase and a dosing
of reagents.

To achieve the set aim, the following tasks have been
solved:

— to investigate the effect of dosage of reagents on the
kinetics of DWW solid phase deposition;

— to identify patterns in the aggregation and sedimen-
tation of the solid phase at a combination of coagulant with
flocculants depending on the concentration of the solid
phase in wastewater.

4. Procedure for experimental research into the
aggregation and kinetics of DWW solid phase deposition

4. 1. Materials and methods to study the properties
of DWW

Experimental study was performed using the model solu-
tions of drilling wastewater at a concentration of 1-10 g/I,
which were prepared by diluting a batch of the actual used
drilling mud with water. A solid phase concentration inter-
val corresponds to the concentration of standard DWW,
described for example, in [5]. The used drilling mud based
on bentonite clay, treated with polymers, of density 1,230+
+30 kg/m?, was taken from one of the acting drilling rigs at
drilling at depths of 220-2,400 m. To achieve the required
concentration of the wastewater, we preliminary determined



a moisture content of the drilling mud by drying it at a tem-
perature of 100=5 °C to a constant weight. The laboratory
scale TVE-0,21-0,001-a (Ukraine) (Fig. 1, a) was used to
weigh the batch of sludge; taking into consideration a mois-
ture content of 73 %, we diluted it with water to the concen-
tration required for this study.

We examined the time of agitation and the impact of
mechanical influence on the aggregate sludge by using the
laboratory pneumatic agitator (Fig. 1, b) with a controlled
number of revolutions, as well as the magnetic stirrer MM-5
(Fig. 1, ¢).

Fig. 1. Laboratory equipment to study the aggregation of
drilling wastewater: a — laboratory scale; b — agitator;
¢ — magnetic stirrer; d — pH-meter

The activity rate of hydrogen ions pH in the samples
of drilling wastewater was determined at the pH-meter
pH-150 MI (Russia).

To explore the process of aggregation and to acquire
microphotographs, we applied the digital USB microscope
with a magnification of up to 1,600 Digital Microscope
(China).

4. 2. Procedure for studying the deposition rate of
DWW aggregates

We studied the drilling wastewater aggregation in the
following sequence. The first stage involved the selection of
optimal doses of reagents: coagulant and flocculant. To this
end, we added to the measuring cylinders, with a capacity
of 500 ml and 50 mm in diameter, containing the drilling
slurry of a certain concentration, different dosage of coag-
ulants and flocculants, and measured the deposition rate of
the solid phase. The coagulants used were a 10 % solution
of aluminum sulphate Al;(SOy)3. A flocculant was selected
among the anionic flocculants of grade A-19, A-3, A-25;
we also tested the flocculant of cationic type K-7 made by

“Ecoflok”. For the experiments, we prepared a concentrated
0.5 % solution of the flocculant, which was diluted to a work-
ing concentration of 0.05 %.

We measured the kinetics of floccules deposition after the
introduction of the flocculant under a free (unconstrained)
deposition mode in the laboratory measuring cylinders
with a volume of 500 ml, 50 mm in diameter, according to
the procedure described in more detail in [21], with the
following clarifications. We introduced, by using a syringe,
to a sample of the wastewater with a certain concentration,
first, the coagulant, then we stirred the cylinder by 10-time
shaking upside down for about 10 seconds until the forma-
tion of small flakes. Next, we injected the required amount of
the flocculant and repeated the agitation of the wastewater
over 10 seconds. The duration of flake formation and of the
floccule formation following the introduction of the reagents
was found experimentally, via the visual observation of the
behavior of aggregates at stirring. Following the formation
of floccules, we used a stopwatch to measure the time over
which the phase boundary travels the path, which was half
the size of the cylinder. This path was accepted based on
the condition for free deposition of wastewater with a solid
phase concentration less than 10 g/1 (we visually observed
the limited deposition and a deposition rate drop in the
lower third of the cylinder). Based on the acquired experi-
mental data, we calculated the aggregate deposition velocity
(V, mm/s) as the ratio of the path traveled by the phase
boundary to the time of free deposition in line with (1):

Ve 0,5H,

t.

i

)

where H is the height of the cylinder, mm; ¢; is the time for
free sedimentation of aggregates and the clarification of the
cylinder by 0.5-H, s.

For each sample of the wastewater, depending on the
concentration of the solid phase, we calculated a reagent
solution dosage (ml) based on its consumption (in milli-
grams) per unit mass of the solid phase (in grams). Thus,
the amount of the introduced solution of reagents corre-
sponded to a certain concentration of the solid phase in
the amount of wastewater. That relates to that the process
of aggregation depends on the surface of the solid phase:
coagulation — on a change in the charge at the surface of
particles, flocculation — on adsorption of the polymer at the
surface of particles and creation of polymeric bridges. The
surface of the solid phase in a finely dispersed mixture is
proportional to its concentration, which is why it is more
meaningful to build dependences based not on the volume
of wastewater, but per unit mass of the solid phase in wa-
ter. Therefore, a working reagent solution (a 10 % solution
of coagulant and a 0.05 % solution of flocculant) during
experiments was dosed in the amount proportional to an
increase in the concentration of the solid phase.

In the course of work, we selected samples of the formed
aggregates and examined them under a microscope.

The temperature of all samples of the wastewater was
maintained constant at 14-15 °C.

4. 3. Procedure for processing experimental results

The response function used in the experiments was the
velocity of sludge aggregates deposition. The chosen inde-
pendent variables affecting the response function were the
dosage of reagents (flocculant), the concentration of DWW



solid phase, and the duration of mechanical impact on aggre-
gates that results in their destruction.

In the course of regression analysis, we set the task on
finding a functional dependence of the response mathemat-
ical expectation M(Y) on the values for specified factors X:
M(Y)=f(X1, X2,..., Xn).

The results of experiments were mathematically treated
using the software package Statistica 7.0, intended for sta-
tistical processing of data from experimental research. The
data obtained were treated by establishing a dependence of
the response on independent variables, mapping them in a
graphical form and constructing, based on this, regression
models for the assigned parameters.

Initial results from experiments were plotted in the di-
agrams in the following coordinates: the time of floccules
sedimentation — a solid phase concentration in sludge. Each
point at these diagrams was the averaged value for the re-
sults from three to five experiments. Relative deviation of
experimental data from the mean value fluctuated in the
range of 0.05-0.2 mm/s, but not greater than 5 % of the
average value.

3. Results of studying the deposition kinetics of a solid
phase in the drilling wastewater under a combined effect
of coagulant and flocculant

The result of analyzing the samples of the used drilling
mud has established that about 95 % of the samples were
represented by a fraction less than 10 pm. The model solu-
tions of wastewater, prepared based on a given drilling mud,
were the finely dispersed stable systems of brown coloration.
Settling the wastewater of concentrations 1-10 g/1 without
adding the reagents that make it possible to disrupt stability
of the system, produced no results. After 6 hours of sedimen-
tation, there was a barely notable sludge with a height of ap-
proximately 1.5 mm at the bottom of the graduated cylinder.
As aresult of sedimentation over the next 24 hours, the layer
of the sludge grew to 12 mm, without significant changes in
coloration, color, and turbidity of wastewater. This suggests
that the deposition of solid finely dispersed particles in soak
clay requires the use of the chemical enhancement of a depo-
sition process — to apply reagents.

At the first stage, we studied a possibility for depositing
a finely dispersed phase using an Aly(SOy)s. coagulant.
To this end, we added to four measuring cylinders with
wastewater containing a solid phase in the amount of 5 g/1 a
different amount of coagulant: 65, 100, 130, and 200 mg/g,
respectively. Results of changes in the deposition kinetics
for the height of the cylinder (the total height of the layer of
wastewater in the cylinder was 130 mm, which corresponded
to a 250 ml sample) are shown in Fig. 2. It has been shown
that at a dosage of aluminum sulphate of 65 mg/g there
occurs the deposition of flakes. Further increasing the con-
centration of a coagulant does not significantly speed up the
process, which is comparable to the accuracy of the experi-
ment. One can argue that the concentration of a coagulant in
the amount of 65 mg/g is optimal, so in further experiments
we used aluminum sulfate in this dosage. For the further
enlargement of formed aggregates, it is appropriate to search
for effective flocculants, capable of aggregating the flakes
formed by a coagulant.

In order to select the type of a flocculant and to examine
its capability to form stable floccules, the next stage involved

studying the influence of flocculants on sedimentation of
the solid phase in the process of thickening sludge. It was
found that for DWW the introduction of flocculants to the
sample without any pre-treatment by a coagulant prevents
the separation of sludge into phases and the aggregation
does not occur. In the course of the study, we tested three
different anionic flocculants and one cationic; flocculants
were injected in the amount of 0.8 mg/g after introducing
the coagulant in the amount of 65 mg/g to wastewater with
a solid phase content of 7 g/1. Every 3 minutes, we stirred
the settling sludge anew by a one-time rollover of the grad-
uated cylinder and registered a deposition rate. The result
of the study (Fig. 3) has established that only two anionic
flocculants demonstrate active aggregation (A-19 and A-3),
while the anionic A-25 and cationic K-7 flocculants almost
do not form floccules. In addition, the anionic flocculant
A-19 forms stronger floccules that have a somewhat faster
deposition rate.

g 100
=
g
s 80
]
&
E &
S
%ﬂ
‘5 40
= Coagulant concentration, mg/g:
4 S 65
20t 4 “o 100
; o 130
i e 200
0

0 20 40 60 80 100 120 140 160 180 200 220

Deposition time, minutes
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Fig. 3. Dependence of floccule sedimentation rate on
thickening duration for the examined grades of flocculants

Following the selection of the dosage of a coagulant
and the grade of a flocculant, one should have an idea
about the dependence of floccule sedimentation rate on
the concentration of DWW solid phase and the flocculant
consumption. Results from this study are given in Table 1
and shown in Fig. 4.
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Table
Averaged results from studying the sedimentation rate of
floccules dependent on a flocculant dosage
(at a constant dose of coagulant of 65 mg/g)

Fl ) Floccule deposition rate (mm/s) following
oceu a?“ the introduction of reagents at a solid phase
consumption, concentration, g/l
mg/g

1 2,5 4 5 6 7,5 10

0.8 1.1 2.2 3.6 41 2.9 1.8 0.5

1.2 2 3.5 6.1 7.3 5.7 3.85 2.6

1.6 3 6.7 8.2 9.8 74 | 6.5 | 3.72

Increasing a flocculant dosage significantly increases the
deposition rate and can become a technique to control the
process of treatment. It was established that the extremely
low (1-2.5 g/1) and high (7.5-10 g/1) concentrations of the
solid phase deteriorate the conditions for the formation of
large aggregates of floccules.

As a result of processing and smoothing data from Fig.
4, we derived a regression equation, which makes it possible
to calculate a deposition rate of floccules depending on the
consumption and concentration of a flocculant

V=-5,8007+1,9604-C+
+5,6793-0—0,1923-C>+0,0884-Q-C—0,4152-Q?, 1)

where C is the concentration of solid phase in wastewa-
ter, g/1; Q is the flocculant dosage, mg/g.
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Fig. 4. Dependence of floccules sedimentation rate on
flocculant dosage (at a constant dose of coagulant 65 mg/g)

At the next stage, we investigated the strength of the
formed floccules exposed to mechanical influence. Such a
research is crucial to understand the way the size of the floc-
cules and their deposition rate change during transportation
and agitation in different devices. Results of our study are
given in Table 2 and shown in Fig. 5.

The result of processing experimental data is the de-
rived regression equation that takes into consideration
the dependence of residual floccule sedimentation rate on
the time of their destruction, and the concentration of the
solid phase:

V=1,4694+0,5922-C—0,0981¢t-0,0645-C?, 2)

where ¢ is the duration of the stirrer’s influence, s.

Table 2

Averaged results from studying the sedimentation rate of
floccules dependent on the duration of mechanical influence
(at constant doses of coagulant of 65 mg/g and flocculant

of 0.8 mg/q)

Deposition rate of floccules (mm/s) following the
introduction of reagents at a concentration of solid
phase, g/1
1 2.5 4 5 6 7.5 10
0 1.1 2.2 3.6 4.1 2.9 1.8 0.5
20 0.75 1.2 1.4 1.6 1.2 0.3 0.17
40 045 | 09 | 093 | 09 0.7 | 019 | 0.1

Duration of
mechanical
influence, s

4,5

o
4,0 ~
B

W N =

3,5
3,0
2,5
2,0

Floccule deposition rate, mm/s

1,5
1,0
0,5

0,0
0 2 4 6 8 10

Concentration of solid phase in wastewater, g/

Fig. 5. Dependence of floccule sedimentation rate on the
duration of mechanical influence (rotation speed of the mixer
is 90 rpm; speed at the end of the blade is approximately
0.5—1 m/s) at a constant dose of coagulant of 65 mg/g and
flocculant of 0.8 mg/g: 1 — without mechanical influence;
2 — influence by the stirrer over 20 seconds; 3 — influence by
the stirrer over 40 seconds

Of interest is the data on determining the pH of DWW
and the dependence of a hydrogen indicator on the con-
centration of solid phase in the process of aggregation and
destruction of aggregates; measurement results are given in
Table 3 and shown in Fig. 6.

Table 3
Dependence of change in hydrogen indicator (pH) on the
concentration of solid phase in the process of aggregation
and destruction of aggregates

Value for a hydrogen indicator (pH)
at a solid phase concentration, g/1

1 125 4[5 ]6 [75]10

Experiment stage

Prior to reagent introduction| 7.8 |8.03|8.16|8.26(8.278.28 | 8.3

Following the introduction

of coagulant in the 6.8 |68|68]|68]|675|6.7|6.6
amount of 65 mg/g

Following the introduction
of flocculant in the 7.0 |72 (721(7.14|7.16(7.15|7.05
amount of 0.8 mg/g

Following the mechanical
influence on floccules
over 20 s

7.05|7.25|7.32(7.28(7.27(7.26|7.17

Following the mechanical
influence on floccules
over 40 s

7A7T|73 |74 (73|73 |731|7.28
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Fig. 6. Dependence of change in hydrogen indicator on
the concentration of solid phase in the process of
flocculation (at a constant dose of coagulant of 65 mg/g
and flocculant of 0.8 mg/g): 1 — drilling wastewater without
adding reagents; 2 — DWW following the introduction of
coagulant; 3 — without mechanical influence; 4 — effect of
stirrer over 20 seconds; 5 — effect of stirrer over 40 seconds

The diagram shows that the pH value prior to the intro-
duction of reagents, after the introduction of each reagent,
and after mechanical influences, changes depending on the
concentration of the solid phase. An analysis of data along
Curve 1 allows us to derive a regression equation that makes
it possible to determine the DWW pH depending on concen-
tration or to calculate a solid phase concentration depending
on the pH value:

pH=7,6646+0,1642-C—0,0102-C?. (3)

There are also certain regularities in the increase of pH
at the destruction of sludge aggregates and a transition of
the solid phase and the negative charges absorbed at them to
the liquid phase.

6. Discussion of results of studying the patterns in
aggregation and kinetics of the DWW solid phase
deposition

Our study into the influence of a coagulant dosage on
deposition rate of the solid phase in drilling wastewater
(Fig. 2) has shown that increasing a dose over 65 mg/g
slightly alters the kinetics of deposition. This relates to that
the effect of aluminum sulphate implies the destabilization
of a dispersed system. After the formation of small flakes,
it is not expedient to increase a dose of coagulant; it does
not significantly affect the sedimentation rate change. This
suggests that the formed flakes must be enlarged by other
methods, such as flocculation.

An analysis of data from Fig. 3 allows us to recommend,
as the best flocculant for this type of DWW, the anionic
flocculant A-19. It was also found that over time, at sludge
thickening, a floccule deposition rate is somewhat reduced
(according to Fig. 3, over 9 minutes the deposition rate
decreased by almost 2 times). This is explained by the fact
that, as the sludge thickens, there occurs the destruction
of the formed aggregates in the process of water loss and in
the contact between floccules. Therefore, when designing

wastewater treatment facilities, one must take this fact into
consideration, and it is desirable to prevent the excessive
thickening of floccules at settlement plants before their
dehydration.

A mechanism of aggregate formation at DWW treatment
can be described by the following classic scheme and by mi-
crophotographs (Fig. 7). At the first stage, when introducing
a coagulant to the finely dispersed system (Fig. 7, a), the
charge is removed from the surface of clay particles — they
stick into finely dispersed flakes (Fig. 7, b). The introduc-
tion of the flocculant causes the formation of aggregates by
clumping the formed flakes and their enlargement (Fig. 7, ¢).
Mechanical impact on floccules destroys their structure;
loose structures and fine particles form, returning into a
liquid phase (Fig. 7, d).

Fig. 7. Photographs of aggregation at DWW treatment:
a — disperse system prior to reagent introduction;
b — flake formation at coagulation; ¢ — floccule formation;
d — destruction of aggregates under mechanical influence

A study illustrated in Fig. 4 has shown that for DWW
not only the dosage of a flocculant is of paramount impor-
tance, but the concentration of solid phase in DWW. Even
though the dosage of all reagents is calculated per unit of
the solid phase, there is a dependence of sedimentation rate
on the concentration of the solid phase with an optimum at
5+1 g/1. This is explained by that at lower and high concen-
trations there form small and loose (less dense) floccules. At
low concentrations, the aggregates are dispersed throughout
a fluid volume and cannot be enlarged qualitatively. At high
concentrations, flocculation occurs slightly faster due to a
contact with the solid phase in the volume and, hence, the
flocculant does not mix well enough with the particles of the
solid phase, it is adsorbed unevenly at the surface of parti-
cles. The results of our study make it possible to recommend
maintaining the optimal concentration at DWW treatment
by regulating the supply of water to wash sludge directly at
DWW source or by diluting the concentrated wastewater
to optimum concentration. That would make it possible to
significantly, based on Fig. 4, save a costly flocculant.

The derived equation (1) is of practical interest and
enables the calculation of not only the expected deposition
rate of floccules depending on the concentration of the
solid phase and consumption of the flocculant, but the




selection of a flocculant dosage depending on a value for
the required deposition rate, necessary for the operation of
settling facilities.

An analysis of change in deposition rate under mechani-
cal influence (Fig. 5) allows us to argue that the sludge depo-
sition rate after destruction depends on the concentration of
sludge to a greater degree — the higher the sludge concen-
tration, the less the floccule strength. For example, the me-
chanical influence on sludge with a concentration exceeding
7 g/1 of solid leads to a reduction in floccule sedimentation
rate by more than 10 times. At concentrations less than 7 g/I,
an observed decrease in speed under the same influence is
only by 2—4 times. The dependence (2) derived as a result of
experimental data processing makes it possible to predict a
change in the residual floccule sedimentation rate over time
depending on the concentration of the solid phase. By using
this equation, one can also select conditions (for instance,
time) for the transportation of treated water for subsequent
dehydration. These data agree well with earlier studies un-
dertake for coal sludge [13, 16, 21].

Results from studying a change in hydrogen indicator
(Fig. 6) demonstrate the presence of correlation between a
change in pH and the presence of a solid phase in DWW
supplied for treatment or at one of the stages in treatment.
Such patterns are of practical interest and show that it is
possible to control the process using the pH-metry, at least
to determine the concentration of a solid phase in WW fed
to treatment in line with equation 3.

The advantage of our study is that the procedure, de-
scribed in the paper, can be easily enough applied directly
at sewage treatment plants to determine the dependences
described in relation to the specificity of DWW from a par-
ticular drilling rig. Application of the described procedure
would make it possible to rapidly determine optimal dosages
of reagents subject to changes in the composition of DWW.

The downside of the performed research is that we
considered only one sample of the drilling wastewater from
one of the stages in drilling. A given study does not take
into consideration a possibility to alter the chemical and
fractional composition of DWW solid phase throughout the
entire process of drilling; therefore, it is not complete. At the
same time, the results obtained are applicable to determine
the flow rate of reagents for drilling wastewater with a con-

centration of up to 10 g/I when using drilling mud based on
bentonite clay.

Promising avenues for further research are to undertake
an additional research into the optimization of aggregation
process and maintaining the mechanical strength of formed
aggregates during transportation and dewatering of sludge.

7. Conclusions

1. As a result of research into the influence of dosing of
reagents on deposition kinetics of the solid phase in drill-
ing wastewater, it was established that the introduction of
flocculants without coagulants does not lead to aggregation
while an increase in the coagulant dosage has no effect on
the settling velocity of flakes from the solid phase. It has
been established that for a given sample of DWW a sufficient
dosage of aluminum sulfate coagulant in order to disrupt sta-
bility of a dispersed system is 65 mg/g. Among flocculants,
the most active is the anionic flocculant A-19. At sludge
thickening, there occurs the destruction of floccules; over
9 minutes the floccule deposition rate reduces two-fold. An
increase in the concentration of a flocculant from 0.8 mg/g
to 1.6 mg/g leads to a higher deposition rate of the solid
phase, by 2-2.5 times.

2.1t was established that depending on the concentra-
tion of the solid phase in wastewater there are changes in
the conditions for aggregation and sedimentation of the solid
phase in a combination of coagulant and flocculant. It has
been established that the concentration of the solid phase
affects the floccule deposition rate; the optimum conditions
for aggregation are observed at a concentration of 4-6 g/1.
Mechanical influences exert the same destroying effect
on aggregates depending on the concentration of the solid
phase — increasing the concentration of sludge above 7 g/1
leads to a more significant reduction in the deposition rate of
destroyed floccules. It was established that changes in a dis-
persed system can be observed based on a change in hydro-
gen indicator. Thus, with an increase in the concentration of
DWW solid phase from 1 to 10 g/1, pH changes from 7.2 to
8.3. Following the introduction of the coagulant and, con-
sequently, a decrease in pH, the subsequent destruction of
aggregates leads to a natural increase in hydrogen indicator.
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