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Abstract
[bookmark: _Hlk213414754]Simulation studies of adsorption in complex effluents are challenging due to nonlinear interactions between sorbents, adsorbates and carrying flows. This study investigates effluents from oil and textile industries, characterised by their heavy metal content and chemical oxygen demand. It examines the process in a continuous-flow laboratory-scale adsorption system. Results were validated using process modelling based on mass and energy conservation, applied to an industrial adsorber. The model described surface sorption mechanisms on bioactivated carbon at the molecular level and predicted breakthrough curve profiles, integrated with Aspen Plus ® adsorption simulation under industrially relevant conditions. Experimental data and model predictions showed good agreement, with relative deviations ranging from 0.2% to 24.6%. Differences in adsorption capacities between oily and textile effluents highlighted the influence of coexisting constituents. At the same time, the varied behaviour of identical components supported the hypothesis of multifactorial effects in complex mixtures. The optimisation study, using Response Surface Methodology with a Central Composite design, evaluated factors such as bed height, feed rate, and adsorption cycle time, achieving enhanced removal efficiencies of 62% for chemical oxygen demand and 25% for suspended solids. 

[bookmark: _Hlk216614725]Keywords: Pollution indicators behaviour; Continuous adsorption; Industrial wastewater, Breakthrough curves prediction; Response surface methodology.
1. Introduction
[bookmark: _Hlk216097100][bookmark: _Hlk216097068][bookmark: _Hlk216511373][bookmark: _Hlk216013833]According to the World Resources Institute, the global water crisis affects nearly a quarter of the world's population, partly due to excessive industrial water consumption [1]. The oil industry leads with an estimated global consumption of 2,500 billion km³ of water per year by 2025, followed by the textile industry, which consumes an estimated 93 billion km³ per year. These industries are major contributors to industrial wastewater worldwide [1,2]. The effluents from the oil industry have a profound environmental impact due to increasing concentrations of persistent pollutants and toxic heavy metals [3]. Oil present in effluents forms a layer that prevents sunlight from reaching the leaves of aquatic plants and algae, thereby disrupting photosynthesis. This process depletes oxygen in the environment, leading to the collapse of the food chain and the disappearance of life forms in contaminated areas [4]. Oil discharges contain a variety of toxic substances, including gasoline, polycyclic aromatic hydrocarbons (PAHs), heavy metals, and BTEX compounds (benzene, toluene, ethylbenzene, and xylenes). These substances, noted for their high solubility and stability in water, pose a significant threat to both the environment and human health. Exposure to these components can cause reproductive disorders, weaken immune systems, and increase the risk of cancer [5]. Benzene is particularly hazardous, as it can cause leukemia and bone marrow damage even at low concentrations (0.1 to 1 mg/L in water) [6]. Toluene and xylenes may result in central nervous system depression, liver and kidney damage, and developmental abnormalities. Ethylbenzene is associated with ototoxicity and endocrine disruption[7]. In contrast, textile wastewater contains substances such as heavy metals, hydrogen peroxide, acidic compounds (hydrochloric and sulfuric acids), and ammonia, which increase pH levels and oxygen demand, contributing to high biochemical oxygen demand (BOD) and chemical oxygen demand (COD)[7]. Azo dyes in textile wastewater reduce light penetration and inhibit photosynthesis. When degraded by bacteria or through metabolism, these dyes produce aniline, aromatic amines, and N-methylaniline. These non-biodegradable compounds can accumulate in fish, causing toxicity that is transmissible to humans and potentially leading, even at low doses, to bladder cancer, leukemia, and DNA damage [8].

[bookmark: _Hlk216504601][bookmark: _Hlk216014114][bookmark: _Hlk154211707]According to Berez et al. (2016) and Manzoor and Sharma (2020), 12% of the 800,000 tons of pigments and dyes produced by the textile industry worldwide each year are lost in effluents during manufacturing processes, mainly discharged into surface waters [9-11]. The adoption of sustainable water management practices in these industries is repeatedly reported as crucial for mitigating environmental concerns related to global water conservation [12]. Among the various technical solutions for treating contaminated effluents, the adsorption process by activated carbon remains the most widely used technology due to its efficiency, economic returns, and flexibility in treating a range of effluent types and loads (i.e., organic and inorganic) [13-16]. Due to its large surface area (up to 1500 m²/g) [17], and porous structure, this material exhibits high adsorption capacity to remove pollutants like azo dyes, BTEX, PAHs, heavy metals, and organics that resist biological degradation, and without sludge proliferation or excessive energy consumption [18]. Whereas other treatment technologies, such as advanced oxidation or membrane filtration, are limited in treating this type of wastewater due to incomplete pollutant removal or sensitivity to high salinity. Direct treatment by these processes may compromise their long-term proper functioning [19].

[bookmark: _Hlk216015832][bookmark: _Hlk216615061][bookmark: _Hlk216504778][bookmark: _Hlk216511975]Advanced modelling of the adsorption process offers an alternative tool for predicting separation efficiency and reduces the need for laboratory experiments, which may not be affordable at various scales. It provides powerful pathways for addressing the complex, nonlinear dynamics of adsorption in the treatment of petroleum and textile wastewaters at reduced cost, supporting more efficient process optimisation [20]. Studies on modelling and process simulation of adsorption of multicomponent mixtures have mainly been conducted for gaseous-phase systems[21-26], whereas only a few have addressed aqueous mixtures [27-29]. The work of Xu et al (2013) provided a comprehensive overview of the models to describe the adsorption behaviour and column performance of the fixed-bed adsorption systems, including general rate models, the linear driving force (LDF), the wave propagation theory, the Clark model, Thomas model, among others, to predict the breakthrough curves at the exit of a fixed-bed. Their study also reproduced the fundamental concepts, hypotheses, and model development for mass transfer and isotherms, and discussed the extent of the assumptions and limitations of each model. The work of Leonavičienė et al. (2019) employed a finite-volume and method-of-lines approach implemented in a MATLAB script to analyse the sensitivity of adsorption kinetics and equilibria models to adsorbent pore volume, surface diffusion, and mass transport. The approach contributed further to the formulation of a nonlinear partial differential equation model of adsorption, which was linearised and normalised for the sensitivity analysis. Rodríguez-Narciso et al. (2021) demonstrated the relevance of the approach based on a stochastic model while [29] used a rotating packed bed for modelling the adsorption of resorcinol, where the fundamentals of liquid hydrodynamics, mass transfer, and intraparticle diffusion kinetics helped predict the adsorption capacity under flexible operating conditions (i.e., high gravity factor, liquid spray density, pH, temperature, and inlet resorcinol concentration). 
[bookmark: _Hlk216110598]
[bookmark: _Hlk216512171][bookmark: _Hlk216026363][bookmark: _Hlk216026479][bookmark: _Hlk216116943][bookmark: _Hlk216116922][bookmark: _Hlk216512783][bookmark: _Hlk213838423][bookmark: _Hlk213838360]Recent advances in molecular simulation techniques have significantly enhanced understanding of dye adsorption mechanisms in wastewater, as demonstrated by Malloum et al. (2025) [30]. They studied the interactions between dyes and adsorbents, such as activated carbon and zeolites, using Molecular Dynamics Methods, Monte Carlo simulations and Density Functional Theory, and provided atomic-level insights into phenomena affecting adsorption capacity and selectivity. The integration of the molecular-level findings (i.e., hydrogen bonding and electrostatic interactions that govern absorption energies) and the macroscale models, such as the Bed Depth Service Time (BDST) breakthrough curves, helped in understanding the mechanisms associated with adsorption capacities and kinetics, prediction of performance, and optimisation of operational parameters for complex wastewater mixtures in the textile dye removal applications.  At the macroscale, several articles investigated the prediction of pollution indicators using a modelling approach. Almadani (2023) investigated the breakthrough curves of COD, using a MATLAB code developed for the purpose, for a dissolved air flotation unit at the wastewater treatment site of an oil refinery [31]. The breakthrough curves provided further assessment of the model through sensitivity analyses of flow rate, inlet COD concentration, and bed height. The simulation tools offer an advantage in process prediction and optimisation. Still, the lack of pollution indicators and the scale-up for prediction limit their performance in terms of process operation, safety, and quality analysis. Monitoring and predicting the behaviour of pollution indicators during adsorption processes would help anticipate performance compliance with environmental standards, providing insight into system efficiency and environmental impact. The lack of a comprehensive framework to simulate and analyse the dynamic evolution of pollution indicators throughout the operational life cycle of separation systems was the driving force behind this work. A simplified 1D mathematical model that captures the influences of molecular diffusion and adsorption profiles of a multicomponent mixture is not straightforward to apply. The combination of solid properties, such as density, molecular radius, and molecular weight, would affect the molecular diffusion in the liquid film and through the pores. Fluid properties, such as density and viscosity, influence molecular diffusion in the liquid phase, thereby affecting overall adsorption rates. The dynamic evolution of pollution indicators in terms of COD, suspended solids (SS), turbidity, and pH as a function of time and height of the packed bed adsorber (herein the activated carbon) applied to effluents from two complex plants, oil and textile industries with nonlinear interactions between sorbents, is investigated using the adsorption simulation module (Adsim) of the commercial process simulation package Aspen Plus® for process quality analysis, separation efficiency prediction and optimisation. The process is designed to operate continuously through a packed-bed column of activated carbon. The numerical model considers the relevance of kinetic characteristics and yield at adsorption equilibrium, helping to understand the complex interactions between sorbate and sorbent in realistic effluent mixtures and their impact on degree of saturation, regeneration time, and the efficiency of the packed bed column. It contributes to simulating and analysing the dynamic evolution of pollution indicators during dynamic adsorption. It uses the concepts of integration of mass and energy conservation with the LDF model, capturing multicomponent competition in adsorption. An optimisation using the response surface methodology (RSM) with a central composite design is employed to assess the system's resilience and identify significant factors, accounting for complex interactions among process parameters [32-34]. 

2. Materials and Methods
2.1. Adsorbent 
      The chosen activated carbon was primarily derived from mature cypress heads, a type of non-recovered botanical waste, harvested locally during the dry summer season. The precursor material underwent a preparation process, starting with washing and followed by drying at 105°C for 24 hours. Following this, it was then precisely cut into 5mm pieces and stored for further processing. Pure orthophosphoric acid served as an activating agent. The precursor material was impregnated with the acid solution at a mass impregnation ratio of unity for five hours. Subsequently, the activation was carried out at 100°C under continuous stirring and in the absence of light. The precursor material was then subjected to a carbonisation process at 873K for 4 hours. The resulting activated carbon was washed with distilled water until the solution reached a neutral pH. It was then dried and stored for further analysis. The activated carbon characteristics are listed in Table 1 [12,35,36].

                            Table 1: Activated carbon characteristics
	Density (kg m-3)
	Surface area (BET) (m2 g−1)
	Pore size (nm)
	Pore volume (cm3g−1)
	Porosity

	550
	379.51
	≤39
	0.204
	0.65
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          (a)                                   (b) 
Figure 1: (a) FT-IR spectrum of activated carbon, (b) X-ray diffraction analysis spectrum of activated carbon. Reproduced with permission from [36]© 2021 Springer Nature.
 

[bookmark: _Hlk216505058][bookmark: _Hlk216505751]The FTIR spectrum represented in Figure 1(a) of activated carbon reveals the presence of various functional groups, including aromatics, cyclohexanes, C=C double bonds, anhydride lactones, as well as O-C-O, methylene C-H and O-H groups. These groups selectively influence the surface adsorption properties of oily and textile mixtures. The FTIR analysis was carried out over a wavelength ranged between 600 and 4000 cm−1 using a Safas Monaco IR600 device, employing KBr pellets pressed at high pressure[36]. The XRD spectrum of activated carbon, shown in Figure 1(b), displays two broad peaks at 2θ of 25° and 42°, which are characteristic of the partially ordered carbon structure. The broadness of these peaks confirms the predominantly amorphous nature of the activated carbon structure. X-ray diffraction (XRD) analyses were performed on an X-ray diffractometer over 2θ = 5–80° (step size 0.02°, time per step 0.5 s). Phase analysis and semi-quantitative estimation were carried out using HighScore Plus software with the Reference Intensity Ratio (RIR) method from PDF-ICDD database files[36].











Figure 2: SEM of precursor (A) and activated carbon (B) (at 1600× magnification). Reproduced with permission from [36]© 2021 Springer Nature.
[bookmark: _Hlk216021795]     
[bookmark: _Hlk216505926]Figure 2(A) shows the scanning electron microscopy (SEM) images of the precursor before activation and calcination and of the activated carbon. The analysis was performed using a scanning electron microscope (FEI Quanta 650)[36]. The image of the activated carbon (B) reveals the formation of irregularly shaped, non-uniformly sized cavities with a high specific surface area, compared to the precursor before activation and calcination. The pores are formed during heat treatment and chemical activation, resulting in a rough surface. 

2.2. Numerical model 
2.2.1. Simulation parameters 
[bookmark: _Hlk216533164]     The adsorption simulation of oil and textile effluents was conducted in a single adsorption column containing a fixed bed of activated carbon. The oil wastewater was obtained from the oil recovery station in Tin Fouyé Tabankort region (Sonatrach Ltd, Algeria), and the textile wastewater was recovered from a local textile production unit in Batna region (Cotitex Ltd, Algeria). The case study represents a laboratory-scale treatment of oil or textile effluents at a flow rate of 1.5 litres per hour. The first step was to create the process flow diagram of the simulation model, as shown in Figure 3. The characteristics of the adsorption column and the feed composition are illustrated in Tables 2 and 3, respectively[35]. The column dimensions were chosen based on the experimental results [35]. The height-to-diameter ratio was approximately 1.5, while the ratio of bed diameter to activated carbon particle diameter was greater than 100, ensuring negligible effects at the bed entrance and walls and enabling uniform mixing throughout the bed height, thereby enabling the use of a one-dimensional fluid flow model.
Table 2: Characteristics of the adsorption column
	Parameter 
	Value 

	Height (m)
	0.15

	Diameter (m)
	0.1

	Flow rate Q (litre h-1)
	1.5

	Porosity of the adsorption bed ε[-]
	0.44

	Cycle time t (min) 
	50

	Temperature (°C)
	25

	Pressure (bar)
	1
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Figure 3: The simulated adsorption column

                              Table 3: Characteristics of the oil and textile effluents [35]

	Parameters
	Oil effluent
	Textile effluent

	pH
	6.5
	10.6

	Colour (PtCo unit)
	-
	500

	[bookmark: _Hlk156564851]COD (mg l-1)
	5650
	865

	Suspended solids (mg l-1)
	1648
	122

	Turbidity (FAU)
	1863
	234

	TOC (mg l-1)
	1229
	345.5

	Cl (mg l-1)
	9 
	1.55

	C(mg l-1)
	36.07
	36.1

	Fe (mg l-1)
	2.46
	-

	Mn (mg l-1)
	75.8
	5.29

	Cd (mg l-1)
	4.70 
	11.991

	Cr (mg l-1)
	3.58  1
	1.41

	Cu (mg l-1)
	9.85 1
	1.91

	Ni (mg l-1)
	7.501
	4.21

	Pb (mg l-1)
	4.841
	--

	Zn (mg l-1)
	1.00 1
	8.17 

	Fluid density (kg m-3)
	987.17
	991.26

	Dynamic viscosity (Pa s)
	1.79 10-3
	9.8310-4


[bookmark: _Hlk216133210]
The analytical methods and the instruments for the characterisation of wastewaters are illustrated in Table 4[35].          
                 
                         Table 4: Key physical parameters and corresponding analytical methods
	Parameter
	Method
	Instrument

	pH
	Hydrogen ion concentration
	pH meter WTW Inlab 735

	Conductivity
	Electrical conduction electrodes
	Conductivity meter HACH HQ40d

	COD
	Potassium dichromate
	Spectrophotometer HACH DR1900

	BOD5
	5-day incubation at 20°C
	Incubator Oxitop IS 200 WTW

	Colour
	Platinum-cobalt (Pt/Co)
	Spectrophotometer HACH DR1900

	Turbidity
	Formazine Attenuation Unit (FAU)
	Turbidimeter HACH 2100N

	TSS
	45 μm filtration
	HACH 45 μm filter

	TOC
	High-temperature combustion
	Skalar Formac HT-I TOC Analyser

	Hydrocarbons
	Hexane extraction + GC
	GC Clarus 580 PerkinElmer

	Heavy metals
	Plasma spectrometry
	ICP Optima 8000 PerkinElmer

	Cations/Anions
	Ion chromatography
	ICS 5000+ DC Thermo Scientific 




2.2.2. Mathematical models 
2.2.2.1. Mass conservation
    A macroscopic description approach representing the effective behaviour of the porous media was used, based on the representative elementary volume concept (Bear, 1972) and a one-dimensional mass balance model for a given species i transported in the water phase across a packed bed under steady-state flow conditions. [37,38]. The velocity in the bed, U, was determined considering a non-dispersive plug-flow model of constant residence time, t
                                         (1)
Where  is the void volume of the adsorption column, and A is the cross-sectional area of the bed. The mass balance then accounts for dispersion, advection, and adsorption. As expressed by Eq. 2.    
                        (2)

     The mass transfer from the water phase to the solid phase was described by the mass conservation condition at the microscopic scale, given by the Linear Driving Force model. [23,24,39-41].
		          		        (3)
The linear driving force mass transfer coefficient kLDF is given by (Eq.4) [21] .
  	                    (4)
     The film mass transfer coefficient and the effective diffusion coefficient in the pores are given by Eqs. 5 and 6, respectively. 
    	                                  (5)     
 		                        (6)
     The multi-component Langmuir isotherm model, giving the equilibrium adsorbate concentration in the solid phase as a function of the concentration of the different constituents in the liquid phase [42], was selected with reference to the experimental results of a methylene blue and yellow S2FLR Bezathren on the same activated carbon, indicating monolayer adsorption [35].  
          	                  (7)
     The axial dispersion coefficient, which reflects deviations from plug flow due to hydrodynamic effects, was estimated using the correlation developed by Edwards and Richardson (1969). 
		             		   (8)

2.2.2.2. Energy conservation
The principle of energy conservation, which describes the evolution of temperature as a function of time and space, is given by the heat balance model. [38]
	       (9)
2.2.3. [bookmark: _Hlk118625701]Assumptions
[bookmark: _Hlk216032827]    A set of assumptions was used to solve the mathematical models, including a unidirectional mass-transfer model along the vertical axis, negligible energy exchange with the surrounding medium (i.e. pseudo-adiabatic operation), a constant average pore velocity along the column, and constant heat and mass transfer coefficients. Table 5 summarises the Langmuir isotherm parameters bi and bj used in the ADSIM module, as described in Eq. 7, and the adsorption enthalpy.  of all modelled constituents.

           Table 5. ADSIM’s isotherm parameters bi and bj and the adsorption enthalpy [35]
	Constituent
	Water
	TOC
	C
	
	Cd
	Cr
	Cu
	Fe
	COD
	Mn
	Ni
	Pb

	bi (l g-1)
	0.009
	0.012
	0.018
	0.042
	0.007
	0.027
	0.018
	0.020
	1.4 1
	0.021
	0.018
	0.006

	bj(l mg-1)
	2.34
	5.00
	2.00
	4.00
	6.00
	3.45
	2.65
	6.00
	2.00
	3.56
	5.76
	4.00

	(J.mol-1)
	-68,26
	-8,28

	-129,65

	-55,68

	-29,57
	-1,23

	-10
	-83,48

	-110,10

	-1,42

	-10

	-42,44




2.2.4. Spatial and temporal discretisation of the model domains
[bookmark: _Hlk216620069]      The mass transport equation (Eq.2) and energy equation (Eq.9) were solved simultaneously by the method of lines. To ensure stable solutions with reduced oscillations, an upstream fine difference scheme, UDS1, was embedded in Aspen Plus. The column was discretised into 20 equal cells of 0.0075 m height to study the spatial variation in concentration and heat. The overall simulation time was set to 50 minutes, corresponding to the cycle time [35], using a constant time step of 2.5 minutes. The increase in the number of nodes allowed for a variation of 10-9 for results with limited parameters (Ca, Zn, and Fe), indicating convergence stability of the discretisation approach. The physical properties of the components were estimated through the property database embedded in Aspen Plus. The model's input parameters are listed in Table 3. The one-dimensional mass and energy conservation models, including mass transfer kinetics between the liquid and solid phases and the adsorption isotherm model, produced dynamic solutions of concentration trends along the height of the fixed-bed column. 

2.2.5. Initial and boundary conditions
      Table 6 summarises the boundary and initial conditions used to predict any missing thermodynamic property. The non-random two-liquid model (NRTL) was adopted to account for the non-ideal behaviour of ionic species, particularly due to strong electrostatic interactions that inhibit ideal mixing. 

                           Table 6: Initial and boundary conditions for mass transfer and heat transfer
	Initial and boundary conditions
	Mass transfer 
	Heat transfer 

	   t = 0                                    
	C = 0            q = 0
	T = T0           

	   t > 0               z = 0                       
	C =C0            q = 0
	T=            

	   t > 0               z = H                                         
	              
	



3. Results and discussions  
3.1. Temperature behaviour in the treatment of oil and textile effluents 
     Preliminary calculations based on the energy equation (Eq. 9) indicated a slight increase in the adsorbent temperature at the column outlet, of less than 1°C, for both oil and textile effluents. This is primarily due to the column's small size. This observation indicates the system's thermal stability and the influence of column size on its temperature behaviour.
3.2. Oil effluent 
3.2.1. [bookmark: _Hlk143110607][bookmark: _Hlk143010757]Model Input Parameters: Diffusion coefficients
The input parameters used in the numerical model are listed in Table 7 and calculated using Eqs. 4, 5, and 6. 

Table 7: Mass transfer coefficients used in the simulation of the oil effluents, the molecular radius ri, the molecular diffusion coefficient through the liquid film Dmi, the diffusion coefficient in activated carbon pores Ds, and the linear driving force coefficient kLDF.
	Constituent 
	TOC
	Ca
	Cl
	Cd
	Cr
	Cu
	Mn
	Zn
	Ni
	Pb
	Fe

	ri (pm)
	1400
	180
	100
	215
	128
	128
	140
	138
	135
	180
	140

	Dmi (10-6 m2s-1)
	0.87
	12.56
	16.04
	7.86
	8.71
	9.03
	8.71
	6.10
	8.96
	7.72
	8.71

	Ds (10-6 m2s-1)
	1.26
	12.70
	11.13
	6.19
	6.53
	6.17
	7.06
	3.19
	5.02
	5.91
	6.53

	kLDF (10-6 s-1)
	6.67
	44.35
	17.8
	7.92
	6.90
	6.71
	8.48
	4.16
	6.06
	0.25
	6.18



[bookmark: _Hlk216171247][bookmark: _Hlk216174510][bookmark: _Hlk216173916][bookmark: _Hlk216174594]     The results indicate that the molecular radius and molecular weight are significant in controlling diffusion through the liquid film, where the specific surface area of the molecule increases the resistance to mass transfer. The molecules in the oil effluent were found to be more diffusive in the liquid film than in the pores, where the fluid velocity in the packed porous media accelerated particle movement in the liquid film. The initial concentration also had a significant effect on molecular diffusion in the liquid film and the pores, due to the large mass transfer gradient. Ge-Jia et al. (2025) emphasised the importance of the initial concentration on the diffusion parameters. A high initial concentration led to faster external mass transfer and increased the relevance of the adsorption kinetics [43]. The results indicate that the species of the smallest molecular radius (e.g., calcium and chlorine), with significant concentrations, are the most diffused, with kLDF values of 4.45x10-6 s-1 and 1.78x10-6 s-1, respectively. This aligns with the work of Satyan and Patra (2024), who demonstrated that smaller molecules exhibit greater accessibility to adsorbent pores, thereby enhancing intraparticle diffusion to the adsorbent surface [44].

3.2.2. Spatial distribution of constituents of the oil effluent 
     The evolution of the computed relative concentrations (C/C0) of all constituents of the oil effluent as a function of the bed height, achieved after 50 minutes, is shown in Figure 4. 




Figure 4: Computed relative concentrations (C/C0) of all constituents of the oil effluent as a function of the vertical coordinate. C0 corresponds to the concentration of each constituent at the inlet of the column (z=0).

     A total elimination of heavy metals (Cr, Fe, Ni, Zn), chlorine, and Total organic carbon (TOC) is observed at a height of 0.14 m. Eliminations of approximately 92% of suspended solids (SS), 43% of COD, and roughly 82% and 33% for calcium and cadmium, respectively, were achieved. The difference in the elimination rate is mainly driven by mass transfer kinetics, as reflected in the values of the relevant kLDF (i.e., an acceleration of elimination at higher values) [29,45] and the concentration gradients. The kLDF coefficient for the most adsorbed chlorine species of 1.5 10-5 s-1 is approximately double the values of manganese (8.48 10-6 s-1) and cadmium (7.6 10-6 s-1) caused by the solid-molecule characteristics (size, molecular weight, molecular diffusivity and density).

3.1.3 Breakthrough Curves of the Oil Effluent
     The breakthrough curves for three selected constituents, expressed as the relative concentration ratio (C/C0), are shown in Figure 6 at different locations along the column. Figures 5a, 5b, and 5c illustrate the breakthrough curves of COD, suspended solids SS, and lead Pb, respectively. 
	









(a) COD                                      (b) Suspended Solids (SS)    
            








                                                        (c) lead
                        Figure 5: Breakthrough curves for COD (a), Suspended Solids (b), and lead (c) in oil effluents

[bookmark: _Hlk216178628][bookmark: _Hlk216285587]     The results indicate that the adsorption column reached saturation at 50.4% in COD, 7.9% in suspended solids, and 77% in lead after a 50-minute adsorption cycle. A flat breakthrough curve indicates lower saturation and significant mass transfer resistance, depending on the mass transfer coefficient and bed length. At early bed height, the curve rises sharply, indicating adsorption at reduced resistance and a narrower mass-transfer zone. A rapid intraparticle diffusion control drives it and confirms (i) a fast initial kinetics earlier to the emergence of the pore diffusion limitations, matching multicomponent studies where the sharp curves represent optimal performance; (ii) a rapid external film diffusion before intraparticle limitations [46]. The bed was mostly saturated with lead despite its low initial concentration, which was mainly compensated by its affinity for activated carbon (Figures 4 and 5).

     The simulation results for oil effluent adsorption, including chemical pollution indicators and relevant deviation percentages for the treated effluent recovered at the outlet of the adsorption column, are shown in Table 8. 
                            Table 8: Experimental and computed results of the oil effluent
	Parameters
	Treated oil effluent
	Deviation (%)

	
	Experimental 
	Simulated 
	

	pH	
	12
	9.05
	24.6

	COD (mg l-1)
	3219
	2847.03
	11.5

	Turbidity (FAU)
	147
	146.66
	0.2

	Suspended solids (mg l-1)
	139
	130.56
	6.0



     The results demonstrate the effectiveness of the used model in predicting turbidity and suspended solids after a 50-minute adsorption cycle, under the operating conditions specified in Table 2. The relative deviations between the experimentally determined values and those obtained by modelling the parameters turbidity and suspended solids were 0.2% and 6.1%, respectively. The COD is 11.6%, while the pH is 6.4%.

3.3. Textile Effluent 
3.3.1. Mass transfer coefficient input data
     The mass transfer coefficient and diffusivities in pores and films of the textile effluent used in the present study to predict external and internal mass transfer resistances are summarised in Table 9 and calculated using Eqs. 4, 5, and 6. 

Table 9: Mass transfer coefficients used in the simulations of the textile effluent: the molecular diffusion coefficient through the liquid film Dmi, the diffusion coefficient in activated carbon pores Ds, and the linear driving force coefficient kLDF.
	Constituent 
	TOC
	Ca
	Cl
	Cd
	Cr
	Cu
	Mn
	Zn
	Ni

	Dmi (109 cm2s-1)
	0.171
	1.33
	2.4
	1.117
	1.877
	1.877
	1.716
	1.741
	1.78

	Ds (109 cm2s-1)
	0.19
	2.35
	4.56
	1
	1.21
	0.97
	0.98
	2.91
	0.28

	kLDF (s-1)
	0.47
	4.41
	43.3
	1.54
	2.67
	2.36
	1.41
	3.17
	0.87





    As in the case of oil effluent, the diffusivity, molecular radius, molecular weight, and initial concentration all influence diffusion through the liquid film and in the pores. The chlorine molecule diffused more rapidly in the textile effluent, which has the smallest radius and highest concentration, with kLDF of 44.310-6 s-1. Calcium, chlorine, and zinc diffused faster in the pores than in the liquid film, and cadmium, chromium, copper, manganese, and nickel, promoted by the concentration gradient, diffused faster in the fluid film than in the pores.

3.3.2. Spatial distribution of constituents of the textile effluent
     The evolution of the computed relative concentrations (C/C0) of all constituents of the textile effluent as a function of the bed height, achieved after 50 minutes, is shown in Figure 6. 










Figure 6: Computed relative concentrations (C/C0) of all constituents of the textile effluent as a function of the vertical coordinate. C0 corresponds to the concentration of each constituent at the inlet of the column (z=0).
[bookmark: _Hlk216181207]     The results show complete removal of zinc, with traces of chlorine remaining at the end of the adsorption cycle. Elimination of 80% in colour, 81% in suspended solids, 83% in TOC, and 70% in copper is observed. Column saturation is noted for cadmium, manganese, and calcium. There is, however, a notable deficiency in COD removal with only 19 % separation effectiveness compared to the oil effluent, mainly caused by the initial concentration of organic and inorganic matters present in the petroleum (5650 mg l-1) and textile (919 mg l-1) discharges, which are proportional to the concentration gradient and final saturations [47]. For instance, the competition between molecules on the active adsorbent sites in the cases of chlorine and organic and inorganic matters (COD), where chlorine is more concentrated (1529.6 mg l-1) and consequently was adsorbed more quickly. Furthermore, the molecule size has a significant effect [48]. The results of Bayuo et al. (2023) demonstrate that metals with higher affinity saturate high-energy sites first, leading to faster breakthrough of competing ions and corresponding to the observed adsorption rates. This competitive behaviour indicates the complex impact of ion size, charge density, and hydration on site occupancy and the overall efficiency of the process[49].

3.3.3. Breakthrough curves of the textile effluent
     Breakthrough curves for the two parameters, COD and suspended solids, were used to depict the dynamics of bed saturation at different column elevations due to chemical pollution from the textile effluent. 












       (a)COD                                             (b) Suspended solids
		                     









                (c) Manganese
               Figure 7: Breakthrough curves for COD (a), Suspended Solids (b), and Manganese (c) 
                            in the textile effluent

[bookmark: _Hlk216093969]     The adsorption column was saturated with 78% COD and 28% suspended solids. The manganese breakthrough curve was added to illustrate the complete saturation of the adsorption column. There is a linear relationship between the molecule geometry and the saturation extension, as an adsorption indicator. In the three cases, the slope of the breakthrough curve became flatter at an extended bed length, indicating an extension of the equilibrium zone and a reduction in the mass transfer zone, mainly due to intraparticle diffusion and concentration gradients.
     As shown in Figures 6 and 7, the behaviour of molecules differs. Some molecules are quickly saturated, and others are less saturated, depending on their affinity and selectivity to activated carbon. [48]. There was also clear competition among adsorbates, which influenced the quality of separation at a given time and, by inference, the bed height. The performance of molecules in oil and textile effluents varies significantly for some species. It is influenced by the physicochemical characteristics of these effluents, such as density, viscosity, and initial concentrations.
     The simulation results for textile effluent adsorption, including chemical pollution indicators and their relative deviations, are illustrated in Table 10. 

Table 10: Experimental and simulated results of the textile effluent
	Parameter
	Treated textile effluent
	Deviation (%)

	
	Experimental
	Simulated
	

	pH
	12
	11.34
	5.49

	COD (mg l-1) 
	700
	675.83
	3.45

	Turbidity (FAU)
	77
	71.38
	7.29

	Suspended Solids SS (mg l-1)
	35
	37.19
	6.27

	Colour (PtCo Unit)
	98
	88.68
	9.50



     The results show good predictions at the outlet section for almost all parameters, with deviation percentages ranging from 3.45% to 9.50%, and even better pH predictions for the textile effluent, which is less viscous and more diluted.  

3.3.4. Optimisation of the adsorption in the textile adsorption column 
     The previous results indicated a wide range of values, including a low COD removal rate of 19% and a moderate suspended solids removal rate of 71.3% in textile effluent, as well as a significant impact of the column's adsorptive height on the breakthrough curves of COD at different elevations. Further optimisation studies were then required to assess the column efficiency more quantitatively. The Design of Experiments (DOE) approach, using JMP8 software, was used to further optimise the operating key factor parameters. The Response Surface Methodology (RSM) with Central Composite Design (CCD) was employed by constructing a matrix of 16 trials, with two trials at the centre, by varying three operating factors: bed height, feed rate, and adsorption cycle time, at three levels, as represented in Table 11.

                            Table 11: Factor levels for the selection of key operating factors.
	Operating key factors
	Symbol
	Levels values

	
	
	-1
	0
	+1

	[bookmark: _Hlk143354189]Bed height (m)
	X1
	0.10
	0.15
	0.20

	[bookmark: _Hlk143354205]Flow rate Q (l h-1) 
	X2
	1
	1.5
	2

	[bookmark: _Hlk143354228]Cycle time (min)
	X3
	20
	50
	80



      The statistical analysis results indicate a good fit between the actual and predicted values, with correlation coefficients (R²) of 0.95 for COD and 0.98 for suspended solids. The probability values were low, indicating the model's significance: P values of 0.001 and 0.0117 for suspended solids and COD, respectively.   
 

Table 12: ANOVA analysis for COD and suspended solids models
	Component
	Source 
	DF
	Sum of squares
	Mean square
	F ratio

	
COD
	Model
	10
	17781.82
	1778.18
	9.36

	
	Error 
	5
	948.94
	189.79
	Prob. F

	
	Total 
	15
	18730.76
	-
	0.0117*

	Suspended solids 
	Model
	10
	7165.05
	716.50
	26.51

	
	Error 
	5
	135.10
	27.02
	Prob. F

	
	Total 
	15
	7300.16
	-
	0.001*



     The analysis of variance (ANOVA) and Student's test helped adjust the model given by equation 10. By studying the hypothesis (H0) for each coefficient and each group, the second-order interactions were eliminated because they were not statistically significant. This test was carried out at the significance level of risk (α = 0.05) by comparing the Fisher calculated value with the Fisher critical value (Fcal = 9.36 > Fcrit = 4.74), indicating a statistically significant difference among the groups. The student t-values for the second-order variables were less than the critical value (tcrit = 2.57), indicating no influence on the response. 
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Figure 8: 3D surface plots of COD removal as a function of bed length with the flow (a), flow rate with time (b), and bed height with time (c)
[bookmark: _Hlk216509463][bookmark: _Hlk216043854]     Figure 8 shows the 3D surface plots of COD removal as a function of bed height with the flow rate (Figure 8a), flow rate with time (Figure 8 b), and bed height with time (Figure 8c). The results show that bed height has a positive effect of +14.5 on COD removal, with an optimum value of +0.3 (0.165 m). However, the fluid flow rate and the adsorption cycle time had adverse effects of -23.2 and -24.5, respectively, on COD removal and the optimum coordinate observed on the 3D surface plots was located at a level of -1. The negative value of -13.5 for the interaction of the three parameters (X1X2X3) indicates an antagonistic effect at high values of bed height (X1), flow rate (X2), and adsorption cycle time (X3), resulting in a 13.5% decrease in COD removal due to the activated carbon saturation. 
          Analysis of variance (ANOVA) and Student's t-test were carried out for suspended solids at a significance level of α = 0.05. The Fisher test results show that Fcal is greater than Fcrit (Fcal = 26.51 > Fcrit = 4.74), indicating a statistically significant difference among the groups. The student test results revealed the significance and insignificance parameters by comparing tcal with tcrit. When tcal = tcrit (2.57), the variable did not influence the response, which helped adjust the model (equation 11). 

[bookmark: _Hlk216044015]            (11)
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                          Figure 9: 3D surface plots of SS removal as a function of column height with the flow (a),                    
                             flow rate with time (b), and column height with time (c)

[bookmark: _Hlk216044033][bookmark: _Hlk216509654]     Figures 9 represent the 3D surface plots of suspended solids SS removal as a function of the bed height with the flow rate (Figure 9a), flow rate with time (Figure 9 b), and bed height with time (Figure 9c). The bed height had a positive effect of +12.7 on suspended solids removal, with an optimum at +0.33, corresponding to 0.1665m of bed length. The fluid flow and adsorption cycle time had adverse effects on suspended solids removal, with impacts of -19.8 and -8.27, respectively, and an optimum at -1. The negative value of -5.87 for the interaction of the three parameters (X1X2X3) indicates a decrease of 5.87% in suspended solids removal at high values of bed height (X1), flow rate (X2), and adsorption cycle time (X3), indicating an antagonistic effect and activated carbon saturation. On the other hand, the interaction between bed height (X1) and flow rate (X2) has a positive effect, increasing suspended solids removal by 8.37%.

[bookmark: _Hlk154417238][bookmark: _Hlk216618539]     A further simulation was conducted with the optimum values of these three parameters: a bed height of 0.165 m, a feed flow rate of 1 L/h, and an adsorption cycle time of 50 min. The optimisation of elimination rate resulted in 62% and 25% for COD and suspended solids SS respectively, corresponding to an elimination of 81% of the organic and inorganic matter in the solution and 95% of suspended solids. The results agree with Almadani (2023), who found that COD removal increased from 70% to 95% when the bed height was increased from 10 cm to 60 cm, with a higher adsorbent mass and longer contact time [31]. This also aligns with Appiah-Brempong et al. (2024), who observed reduced adsorbed quantity and removal efficiency at higher flow rates (from 2 to 8 mL/min). This led to a drop in the saturation time from 325 to 120 min, and a decrease in COD removal efficiency from 74.60% to 61.54%. Higher flow rates reduced mass transfer resistance by accelerating the adsorption zone, thereby shortening contaminant residence time and limiting adsorption efficiency[50]. Al-Qodah et al. (2025) similarly showed that increasing bed height improves TOC removal. This is due to a larger adsorbent quantity and a longer contact time, which delays saturation and allows more organic matter to be captured. Likewise, lowering the flow rate increased contact time between water and adsorbent, boosting mass transfer and diffusion within the pores. This resulted in higher TOC removal efficiency and longer column service time [51].

3.4. Sensitivity study of temperature
[bookmark: _Hlk216032072]      The effect of temperature was investigated through a case study of COD adsorption behaviour, including kinetics and final separation yield (equilibrium), at 20°C, 30°C, and 50°C was validated by comparison with experimental data from Khellouf’s work [35], on the effect of temperature on COD adsorption, using the same activated carbon (characteristics presented in Table 1) and the same textile effluent (characteristics presented in Table 3). 
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                  Figure 10: experimental and simulated adsorbed COD quantities in the textile effluent as            
                             a function of time. (a) 20°C, (b) 30°C and (c) 50°C  

     The results confirmed that the activated carbon was not saturated with COD within the first 30 minutes, as the quantity adsorbed continued to increase linearly over time. At 50°C, the experimental adsorbed COD after 60 minutes was 62.5 mg g-1, and the simulated value was 67.7 mg g-1, as shown in Figure 10. At a temperature of 30 °C, a decrease in COD adsorbed quantities was observed, down to values of 47.7 mg g-1 and 53.1 mg g-1, as indicated by both experimental and simulation results (Figure 10(b)). The kinetic relevance increases with the particle mobility at higher collision frequencies, and thermal energy absorption leads to faster diffusion of adsorbate molecules towards the adsorbent surface sites [52] [53]. On the other hand, at a temperature of 20°C and after 60 minutes of adsorption operation, the adsorbed quantity of COD was approximately equal to that of 50 °C, with both experimental and simulated values reaching 60 mg g-1 and 67.2 mg g-1, respectively. The curve of the experimental adsorbed quantity of COD in Figure 10 (c) depicts a slight COD desorption after 23 minutes of operation. The adsorbed quantity decreased after 60 minutes of operation, indicating that high temperature increased the mobility of the molecules and, at the same time, activated desorption, thereby reducing separation efficiency and leading to lower adsorbed quantities. The experimentally observed desorption was faster at high temperatures, as illustrated in Figure 10(b), where desorption is delayed by 13 minutes compared to Figure 10(c). The numerical model, however, was unable to predict the desorption phenomenon.

4. Conclusion 
[bookmark: _Hlk163406085][bookmark: _Hlk216096212][bookmark: _Hlk216507065]     The mathematical modelling and simulation of effluents from two complex oil and textile industries were performed to predict the effluents' behaviour and contribute to simulate and analyse the dynamic evolution of pollutant indicators, such as COD, suspended solids, and turbidity, during dynamic adsorption on activated carbon derived from mature cypress with a surface area of 379.51 (m2. g−1), and pore volume of 0.204(cm3g−1), with the Aspen Plus® adsorption module (Adsim). The simulation results showed good agreement with the experimental data, which proves the applicability of the one-dimensional mathematical model. The results obtained using the numerical tool, based on a coupled equation for mass and heat transport, including a linear approximation of the driving force and reduced heat exchange with the environment, showed that the spatiotemporal variation of the temperature used was slight, less than 1°C. A simplified 1D mathematical model that neglected the energy equation was therefore feasible in the present study. The relative deviations in concentration ranged from 0.231% to 11.55% for both oil and textile effluents.    The investigation of the dynamic process confirmed that several parameters directly influenced molecular diffusion and adsorption profiles. Solid properties, such as density, molecular radius, and molecular weight, affected molecular diffusion in the liquid film and through the pores. Fluid properties, such as density and viscosity, influence molecular diffusion in the liquid phase, thereby affecting adsorption rates. Operating conditions, including temperature, adsorption cycle time, flow rate, and column dimension, directly influenced adsorption efficiency. Flow rate had a negative effect of (-23.34) on COD removal and (-19.82) on suspended solids removal in textile effluent treatment. Both film diffusion and intraparticle diffusion controlled the process.
[bookmark: _Hlk216094866][bookmark: _Hlk216094843]Complete elimination of the heavy metals (Chromium, Iron, Nickel, and Zinc) was achieved at a bed height of 0.14 m, which corresponded to an elimination rate of 91.5% of suspended solids. At the same time, the chemical oxygen demand (COD) was around 43%. On the other hand, elimination rates of 71.31%,83% and 80.4% for suspended solids, TOC and colour reduction, respectively, and 19% for the chemical oxygen demand were observed in the textile effluent treatment, with saturation in some heavy metals (Manganese and Cadmium), suggesting that current operating conditions are insufficient for effective treatment of textile effluent. The optimisation of the relevant parameters for treating textile effluent was carried out using response surface methodology with a central composite design. The column performance was achieved with elimination rates of 62% for COD and 25% for suspended solids. These promising indicators of separation will be considered for a stepwise extension of both laboratory data and simulations in a pilot plant, where the relevance of fluid flow, mass, and heat transfer is greater. The applicability of the assumptions made in the work will be adjusted accordingly.
[bookmark: _Hlk216620496][bookmark: _Hlk216620432][bookmark: _Hlk216556059][bookmark: _Hlk216620476]These results highlight the need for further research into the complex interplay between ion size, charge density, and hydration effects on adsorption site occupancy and overall process efficiency. A key future direction involves scaling up the fixed-bed column to more realistic operating conditions that better represent industrial-scale applications. The current literature remains limited, particularly with respect to the physical properties of complex aqueous matrices and sorbent materials when described using deterministic or data-driven approaches. Integrating advanced modelling frameworks, including machine learning techniques, offers a promising approach to handling large datasets and capturing mutual interactions that are difficult to model with classical methods such as those employed in this study.
[bookmark: _Hlk216620521]At larger scales, increased turbulence, complex flow structures, and local hydrodynamic instabilities can significantly reduce the validity of simple linear scale-up correlations. These challenges will be mitigated by adding experimental studies to the coupled model, along with advanced three-dimensional computational fluid dynamics models to better capture flow non-uniformities and mass transfer limitations. 


[bookmark: _Hlk216624929]List of symbols 
: cross-sectional area of the packed bed (m2)
ci: bulk concentration of species i in the fluid phase (mol m-3)
: equilibrium concentration of species i in the fluid phase (mol m-3)
: specific heat capacity of the adsorbed species i or solid phase (J kg-1K-1)
: specific heat capacity of the liquid phase (J kg⁻¹ K-1)
Dei: effective axial dispersion coefficient of species i in the packed bed (m2 s-1)
Deff: effective diffusivity of species i within the solid or porous phase (m2 s-1)
Dmi: molecular diffusivity of species i in the fluid phase (m2 s-1)
DSO: limiting or intrinsic surface diffusivity of species i at infinite dilution (m2 s-1)
k: Boltzmann constant (1.3806x10-23 J K-1)
: effective axial thermal conductivity of the packed bed (W m-1 K-1)
kLDF: linear driving force mass transfer coefficient (s-1)
: equilibrium adsorbed concentration of species i on the solid phase (mol kg-1 of solid)
qi: instantaneous adsorbed concentration of species i (mol kg-1 of solid)
: volume-averaged adsorbed concentration within the particle (mol kg-1 of solid)
ri: hydrodynamic radius of species i (m)
rp: radius of the adsorbent particle (m)
: absolute temperature (K)
t: time (s)
: temperature difference relative to the reference temperature, (K)
U: superficial fluid velocity (m s-1)
Vv: void (interstitial) volume of the adsorption column (m3)
z: axial coordinate along the column height (m)
ε: bed porosity (-)
Shi: Sherwood number for species i (-)
εp: intraparticle porosity of the adsorbent (-)
particle density of the adsorbent (kg m⁻³)
: dynamic viscosity of the fluid (Pa s)
: density of the liquid phase (kg m-3)
: heat of adsorption of species i evaluated at reference temperature (J mol-1)
: density of the adsorbed phase or solid associated with species i (kg m-3)
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