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The management and utilization of oil sludge represent substantial environmental and industrial chal-
lenges, particularly in historically oil-rich regions like Azerbaijan's Absheron Peninsula. This study introdu-
ces a sophisticated dynamic mathematical model to describe and optimize the efficient utilization process of
oil sludge collected from major oilfields in the region (Bibiheybat, Balakhani, Surakhani, Ramana). A comp-
rehensive analytical characterization was conducted using inductively coupled plasma optical emission
spectroscopy (ICP-OES) and Fourier-transform infrared spectroscopy (FTIR). The mathematical frame-
work, developed based on mass balance, reaction kinetics, and reactor hydrodynamics, was numerically sol-
ved using the fourth-order Runge-Kutta (RK4) method. The proposed model accurately predicts oil recovery
rates and contaminants removal, significantly enhancing the efficiency and sustainability of oil sludge utili-
zation.

Key words: Dynamic modeling, Runge-Kutta method, reactor hydrodynamics, environmental sustaina-
bility, continuous stirred tank reactor (CSTR), waste management, optimization

INTRODUCTION

Oil sludge, a complex mixture of hydrocarbons, heavy metals, sediments, and water, is generated du-
ring the exploration, production, refining, transportation, and storage processes in the petroleum industry. Its
accumulation poses serious ecological threats, including soil degradation, groundwater contamination, air
pollution, and significant negative impacts on biodiversity and public health. Traditional disposal and treat-
ment methods such as open dumping, landfilling, incineration, and biological treatment often have limitati-
ons in effectiveness, high costs, or unintended environmental consequences.

The Absheron Peninsula, located in Azerbaijan, has a long and storied history of petroleum extraction,
dating back to the early 19th century. It is historically significant as one of the oldest oil-producing regions
globally, contributing significantly to the development of the modern petroleum industry. However, prolon-
ged intensive extraction and refining activities have resulted in considerable environmental damage, charac-
terized by severe contamination of soils, waters, and atmospheric pollution. Accumulation of oil sludge is
particularly prevalent in regions surrounding active and abandoned oil wells, drilling sites, and refining faci-
lities.

The ecological impact of oil sludge in the Absheron Peninsula includes disruption of local ecosystems,
loss of agricultural productivity, contamination of drinking water resources, and adverse health effects
among local populations. Sustainable management of oil sludge is essential not only to mitigate these envi-
ronmental risks but also to recover valuable hydrocarbons and metals, turning environmental liabilities into
economic opportunities.

Recent advancements in analytical chemistry and computational modeling have opened new avenues
for addressing the oil sludge challenge. Advanced mathematical modeling techniques, such as optimization
algorithms, multivariate regression, and simulation-based methods, offer powerful tools to enhance the effi-
ciency of sludge treatment processes significantly. Mathematical models can predict treatment outcomes, op-
timize operational parameters, and ultimately drive more sustainable, economically viable, and environmen-
tally friendly solutions.

Effective treatment and management methods remain critical to mitigating these environmental issues.
Conventional approaches, including landfilling, incineration, and direct disposal, have limitations, driving
the necessity for novel, optimized utilization technologies. Mathematical modeling emerges as a powerful to-
ol for systematically addressing these complexities by providing predictive insights, optimization of treat-
ment parameters, and significantly enhancing operational efficiency [1-5].
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This research focuses on formulating and applying an innovative dynamic mathematical model speci-
fically designed to optimize the utilization processes of oil sludge from notable oilfields on the Absheron Pe-
ninsula. The developed model integrates chemical kinetics, thermodynamics, reactor hydrodynamics, and
mass transfer phenomena, validated through comprehensive experimental data from advanced analytical
techniques [6, 7].

MATERIAL AND METHODS

Oil sludge samples were systematically collected from four major oilfields across the Absheron Peninsu-
la: Bibiheybat, Balakhani, Surakhani, and Ramana. Sampling was strategically performed at diverse locations,
including active and inactive drilling sites, refinery areas, storage tanks, and historically contaminated soils, en-
suring representative and comprehensive coverage of the various types of sludge generated across these fields.

Tablel.
Results of analysis of oil sludge samples
Balakhani Ramana Surakhani
Parameter Oil (20%), Rock cuttings Chemicals (40%),
water (70%), (60%), heavy metals (30%),
solids (10%) drilling mud pollutants (30%)
(30%),
other materials
(10%)
Viscosity 25 ¢St (High) 15 cSt (Medium) 20 ¢St (Medium)
Density 900 kg/m? 2.2 g/lem? 1.005 g/cm?
Water Content 30% 15% 5%
Chemical Composition  Benzene (0.1%), Barite (20%), Chlorine(0.2%),arsenic
heavy metals bentonite (10%), (0.1%),0rg.pollutants
(0.05%) chemicals (5%) (0.3%)
Temperature 40°C 25°C 30°C
Cuttings Size 0.1 mm 3 mm 0.5 mm
Toxicity Moderate High Moderate
Volume 200 cubic meters 5 tons per well 100,000 liters
pH Level 7.2 8.0 6.5
Turbidity 5NTU 10 NTU 15 NTU
BOD (Biological 20 mg/L 5 mg/L 30 mg/L
Oxygen Demand)
TDS 300 mg/L 500 mg/L 800 mg/L

(Total Dissolved Solids)

Each collected sample was placed into airtight containers to prevent contamination and evaporation of
volatile components, clearly labeled, and immediately transported to the laboratory under controlled
temperature conditions (Table 1).

In the laboratory, the oil sludge samples underwent rigorous preparation, including homogenization
and removal of coarse particles, to ensure consistency and accuracy of analytical outcomes. Samples were
then subjected to microwave-assisted acid digestion, essential for accurately measuring heavy metal
concentrations. Following the digestion process, elemental composition analysis was performed using an
Agilent Technologies ICP-OES 5810 spectrometer. Calibration curves were constructed using certified
reference materials (CRM) and verified against quality control standards to guarantee the reliability and
reproducibility of the analytical results. The standards employed included internationally recognized
petroleum industry protocols IP 501/05 (2019), IP 377, and IP 470, allowing precise quantification of
elemental content, particularly heavy metals and hydrocarbons. Table 2 shows the results of the analyses.
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Table 2.
Results of analysis by physicochemical methods
Parameter Method Unit Description
Moisture Content ASTM D2216 % Determined by drying a sample at 105°C
pH ASTM D1293 - Measured using a digital pH meter
Total Organic Carbon Walkley-Black % Quantifies organic matter content
(TOC) method
Ash Content ASTM D2974 % Determined by combustion at 550°C
Bulk Density ASTM D7263 g/cm®  Measures the density of the dried sludge
Particle Size Distribution ASTM D422 % Analyzes the distribution of particle sizes
Oil and Grease Content EPA 9071B mg/kg Extracted using n-hexane and gravimetric
analysis

For molecular characterization, Fourier-transform infrared spectroscopy (FTIR) analyses were carried
out using a Cary 630 FTIR instrument. Sludge samples were initially dried and finely ground, after which
they were uniformly mixed with potassium bromide (KBr) to prepare pellets suitable for analysis. Spectra
were recorded in the mid-infrared range (4000-400 cm™) at a resolution of 4 cm™, accumulating multiple
scans to achieve optimal signal-to-noise ratios. An in-house validated analytical methodology facilitated
detailed identification of functional groups and molecular structures, providing crucial insights into sludge
composition and chemical properties.

Experimental reactor trials were conducted in a laboratory-scale Continuous Stirred Tank Reactor
(CSTR), specifically designed to simulate realistic operational conditions of sludge treatment facilities. The
reactor was equipped with advanced control and monitoring instrumentation, including temperature sensors,
flow meters, and agitation speed regulators. Operational parameters tested included temperatures ranging
from 90°C to 130°C (optimized at 110°C), reaction residence times between 30 and 180 minutes (optimized
at 120 minutes), chemical reagent concentrations varying from 1% to 5% (optimized at 3%), and mechanical
agitation speeds between 100 and 300 rpm (optimized at 200 rpm).

Dynamic mathematical modeling involved the development of differential equations based on reaction
kinetics (oil degradation, contaminant removal, reagent consumption) and mass transfer processes, integrated
with reactor hydrodynamics (flow rate, reactor volume, residence time). Numerical integration of these
equations was executed using MATLAB software, employing the fourth-order Runge-Kutta (RK4) method
for its precision in solving nonlinear differential equations. The accuracy of the mathematical model was
validated against empirical data obtained from controlled experimental reactor trials, ensuring robust
predictive capability and practical applicability.

RESULTS AND DISCUSSION

A dynamic mathematical model describing the oil sludge utilization process was developed,
incorporating reaction kinetics, chemical reagent interactions, thermal effects, and flow dynamics within the
reactor. The system comprises differential equations representing mass balance, reaction kinetics, and reactor
hydrodynamics. The process is modeled using a Continuous Stirred Tank Reactor (CSTR) with continuous
flow conditions.

The mathematical description of the process consists of the following differential equations:

1. Oil degradation kinetics:

dcﬂﬂ

dt

i

q _Em1
= E {Coihin - Coi:} - klc:ﬂCEE 'RT

2. Contaminant removal kinetics:

AC.one @ .
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3. Chemical reagent consumption:

dc, Q . _Fas
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4. Reactor hydrodynamics (residence time):
vV
T=—
Q
where:
Coi.Coones C-— represent concentrations of oil, contaminants, and chemical reagents in the
reactor.

Coinins Croneins Crin — represent concentrations in the feed stream entering the reactor.
@ — is volumetric flow rate (m?/min)

I’ — is reactor volume (m?)

T — represents the residence time (min)

k1, k2, k3 — specific reaction rate constants

E.1E52E,3 — are activation energies (J/mol)

R — is the universal gas constant (8.314 J/mol-K)

T — is absolute temperature (K)

@, b, m,n — represent reaction orders determined experimentally

Numerical solutions of this system were performed using the fourth-order Runge-Kutta (RK4)
integration method, implemented via MATLAB. The RK4 method numerically approximates solutions to
ordinary differential equations using a step-wise iterative process with four intermediate calculations per
iteration. The general form of RK4 applied to the above equations can be outlined as follows:

Yier=¥i + 5 (key + 2k5 + 2z + kg )At

where, for each differential equation, the intermediate slopes (k4,k1,k3, k4) are calculated at each integration

step (Af):

'i'l':l = f{ty }"i}

At At
ko= f(t:’ oyt ?3'-'1)

At At
Iy = f(ti +E:}’f+?k:)
ky= f(t;+At, y; + Atks)

Here, y; represents the concentration at the current step, yi.1 represents the concentration at the next
step, and f(t,y) is the function representing the right-hand side of each differential equation. This numerical
integration process ensures high accuracy and stability in solving the system of equations, making RK4
particularly suitable for the complexity and nonlinearity of the oil sludge treatment model.

Empirical parameters determined from experimental data:

ky = 0,008 min~%; B,y = 7500 7/,

nop@=1b=1

ko, = 0,015 min~1;E_, = 9500 jfm.g.z? a=12; b=15

k3=0004L-g 1 -min1E_; = 8200 f,’mi
Sensitivity analysis and numerical simulations identified optimal operating conditions:

Reactor temperature: 110°C (383K)
Residence time (t): 120 min
Chemical reagent concentration: 3%
Mechanical agitation speed: 200 rpm

The selected Continuous Stirred Tank Reactor (CSTR) model is particularly suited due to its
simplicity, scalability, effective mixing characteristics, and ease of integration into existing industrial

facilities.
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CONCLUSION

The comprehensive dynamic mathematical model developed in this study effectively descri-
bes and optimizes the process of oil sludge utilization, providing significant benefits in terms of en-
vironmental protection, resource recovery, and process efficiency. By integrating precise analytical
characterization data with sophisticated reaction kinetics and hydrodynamic modeling, this model
reliably predicts optimal conditions for oil recovery, contaminants removal, and reagent utilization,
greatly enhancing both environmental sustainability and economic viability.

The validation of the mathematical model with experimental data demonstrates robust accu-
racy and predictive reliability, suggesting its applicability for industrial-scale operations. This ensu-
res its practical value, facilitating real-time adjustments and optimization of process parameters,
such as temperature, residence time, reagent concentration, and agitation intensity, for maximizing
efficiency and reducing operational costs.

Furthermore, the results from this modeling approach offer clear guidance for the develop-
ment of sustainable waste management strategies specifically tailored for historically contaminated
regions, such as the Absheron Peninsula. Its application can significantly contribute to the rehabili-
tation of contaminated sites, reducing ecological and health risks posed by oil sludge accumulation.

Ultimately, the proposed modeling framework not only resolves the local environmental issu-
es on the Absheron Peninsula but also provides a universally adaptable solution. It can serve as a re-
ference and starting point for similar petroleum-related environmental challenges globally, promo-
ting sustainable practices across the oil and gas industry and driving forward environmentally res-
ponsible and economically feasible waste management solutions.
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ABSERON YARIMADASININ NEFT SLAMINDAN SOMOROLI iISTIFADONIN
OPTIMALLASDIRILMASI UCUN INNOVATIV RiYAZI MODELLOSDIRMO

E.F. Oliyev, Q.S. Oliyev

Neft slamlarinin idars edilmasi vo utilizasiyas1 xiisusilo Azorbaycanda Abseron yarimadasi ki-
mi tarixan neftlo zongin regionlarda shamiyyatli ekoloji vo sonaye problemlori yaradir. Bu todgigat
regionun iri neft yataglarindan (Bibi-Heybot, Balaxani, Suraxani, Ramana) toplanmis neft slamlari-
nin somarali utilizasiya prosesini tosvir etmok vo optimallasdirmaq tigiin kompleks dinamik riyazi
model taqdim edir. induktiv birlosdirilmis plazma optik emissiya spektroskopiyas: (ICP-OES) vo
Furye transformasiyal infraqirmiz1 spektroskopiya (FTIR) cihazlarindan istifads edorak gétiiriilmiis
neft slamlart niimunalorinin hortorafli analitik xarakteristikasi aparilmisdir. Kiitlovi tarazliga, reaksi-
ya kinetikasina vo reaktorun hidrodinamikasina asaslanaraq hazirlanmis riyazi model dordiincii do-
racali Runge-Kutta (RK4) metodu ilo adadi olaraq hall edilmisdir. Toklif olunan model neft slamla-
rinin utilizasiyasinin somoraliliyini vo dayanigligini shomiyyatli deracados yaxsilasdiraraq neftvermo
sliratini vo girklondiricilorin ¢ixarilmasini dogiq prognozlasdirmaga komok edor.

Agar sozlar: dinamik modellogdirma, Runge-Kutta isulu, reaktorun hidrodinamikas:, ekoloji
dayanigliq, davamli garigdirilan reaktor, tullanslarin idara edilmasi, optimallasdirma.

NHHOBAIIMOHHOE MATEMATUYECKOE MOJAEJUPOBAHUE JJIsA
OIITUMM3AIUU SPPEKTUBHOI'O UCIIOJIb3OBAHUA HE®TAHOI'O IIJIAMA
ABIIEPOHCKOI'O MTOJYOCTPOBA

9.®. Anues, I'.C. AineB

VYnpapnenue W yTWIM3anus HEQTIHOTO IIaMa MPEICTAaBISIIOT COOOH  CyIIECTBEHHBIE
9KOJIOTMUECKUE U TIPOMBIIIIIEHHbIE TPOOIEMBbl, 0COOEHHO B UCTOPHUYECKH OOTaThIX HE(PTHIO PErHOHaX,
TakuX Kak AOIIepoHCKMI NOIyocTpoB B AsepOaiipkaHe. B 3Tom uccienoBaHuM IpeicTaBieHa
CIIOXHAsI TMHAMMYeCKash MaTeMaTHyecKas MOJENb ISl OMHUCAHUs U ONTHUMHU3ALUH 3(P(PEKTUBHOTO
npoliecca yTWIM3alMd HEe(TSHOro Iulama, COOPaHHOTO C KPYIMHBIX HE(TAHBIX MECTOPOXKAECHUHM B
peruone (bubu»iibar, banaxansl, Cypaxansl, Pamana). beuia npoBeieHa KOMIUIEKCHAs! aHATUTUYECKasT
XapaKTEPUCTUKA C UCIIOJIb30BAaHUEM WHAYKTHUBHO-CBS3AHHOM IJIA3MEHHON ONTUYECKOW 3MUCCHOHHOMN
crekrpockoriu  (ICP-OES) u  ®ypbe-npeodpasoBanusi uHOpakpacHoii crekrpockoruu  (FTIR).
Maremarndeckasi CTpyKTypa, pa3padoTaHHasi Ha OCHOBE OajlaHCa MacChl, KMHETHKH PEAKLIUU U
THIPOJAMHAMUKN pEakTopa, OblIa YHCIEHHO peIleHa ¢ HCHoib30oBaHMeM Metona Pynre-Kyrra
yerBeptoro nopsaka (RK4). IlpemioxkenHnas MoAeah TOYHO TPEIACKA3bIBAET CKOPOCTH W3BIICUEHUS
He(hTH U ylaJIeHHe 3arpsA3HSIONIMX BEIECTB, 3HAUUTENBHO MOBbIIas 3PPEKTUBHOCTh U YCTOWYHNBOCTD
YTWIN3AUH HE(PTSHOTO 1UIamMa.

KiawueBble ciioBa: duramuueckoe modenuposanue, memoo Pynee-Kymma, euopoounamuxa
peakmopa, 9KON02UYecKas YCMOUYUBOCMb, DeaKmop HEenpepvleHo20 Oelicmeuss ¢ MeulanKoll,
ynpagnenue omxo0amu, ONMUMUIAYUS.

GONC TODQIQATCI JURNALL, 2025, Ne 2, ISSN 2409-4838 120



