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Abstract

This study investigates the feasibility of utilizing locally sourced Nicotiana tabacum biomass
from Adıyaman, Türkiye, as a cost-effective biosorbent for the removal of copper and chem-
ical oxygen demand (COD) from industrial wastewater originating from the Adıyaman
Organized Industrial Zone. Batch adsorption experiments were conducted to systematically
investigate the influence of solution pH, contact time, and initial metal concentration on
adsorption performance. The untreated wastewater exhibited elevated pollution levels,
with mean chemical oxygen demand and copper concentrations of 925 ± 391 mg/L and
2.54 ± 0.97 mg/L, respectively. Four tobacco-derived biosorbents (Çelikhan, Ova, Bulam,
and Çağlan) were evaluated under optimized experimental conditions (pH ≈ 8.3, 60 min
contact time, and a biosorbent dosage of 2.2 g/L). The Çelikhan biosorbent exhibited the
highest copper removal efficiency (approximately 83%), whereas chemical oxygen demand
removal ranged between 28% and 34%. The adsorption kinetics were well described by
the pseudo-second-order model, with coefficients of determination ranging from 0.987 to
1.000. Isotherm analysis further indicated favorable adsorption behavior, with a maximum
Langmuir adsorption capacity of 1.867 mg/g. Fourier transform infrared (FT-IR) spec-
troscopy confirmed the involvement of hydroxyl, carbonyl, and ester functional groups in
metal binding. These findings highlight tobacco biomass as a sustainable and cost-effective
biosorbent for industrial wastewater treatment. This study presents the first comprehensive
evaluation of locally sourced Adıyaman tobacco biomass as a biosorbent for the removal of
copper and organic pollutants from real industrial wastewater, integrating kinetic, isotherm,
and FT-IR analyses to elucidate the underlying adsorption mechanisms.

Keywords: tobacco biosorbent; industrial wastewater; chemical oxygen demand removal;
heavy metal adsorption; biosorption kinetics; sustainable treatment

1. Introduction
Rapid population growth and industrialization have significantly intensified anthro-

pogenic pressures on freshwater resources, thereby exacerbating existing challenges related
to water quality and availability [1]. Accelerated urbanization and industrial expansion
have substantially increased both the quantity and complexity of wastewater discharges,
thereby amplifying associated environmental and public health risks [2,3]. Untreated or
inadequately treated wastewater frequently contains persistent and bioaccumulative pollu-
tants, particularly heavy metals, which pose significant threats to aquatic ecosystems and
human health owing to their toxic, mutagenic, and carcinogenic characteristics [4].

Industrial effluents constitute a major source of water pollution, typically comprising
a complex mixture of organic and inorganic contaminants, with heavy metals such as Cu,
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Ni, Co, Cd, Pb, Mn, Cr, and Zn representing particularly significant constituents [5,6]. In
contrast to biodegradable contaminants, heavy metals are resistant to conventional wastew-
ater treatment processes, bioaccumulate across trophic levels, and present substantial acute
and chronic risks to human health [7]. Industrial activities, including metal plating, mining,
textile dyeing, and chemical manufacturing, are major sources of toxic metal discharge
into aquatic ecosystems [8]. Unregulated industrial effluents have degraded rivers in
Turkey, often exceeding limits for nitrites, BOD5, COD, and heavy metals, with treatment
commonly relying on precipitation, ion exchange, and adsorption [9,10].

Conventional methods are costly and produce secondary wastes, highlighting biosorp-
tion as an efficient and sustainable alternative via metal–biomass interactions [11,12].
Biosorption represents a cost-effective and efficient strategy for trace metal removal with
minimal sludge generation, driven by mass transfer processes and characterized using
kinetic and isotherm models [13,14]. Fourier transform infrared (FT-IR) spectroscopy is
extensively employed to identify functional groups involved in metal binding, offering
molecular-level insights into the mechanisms of biosorption [15,16]. Agricultural residues,
such as nicotiana tabacum (tobacco), represent promising biosorbents due to their abundance,
low cost, biodegradability, and lignocellulosic functional groups that facilitate heavy metal
removal [17,18]. Despite Turkey being a top-ten global tobacco producer, yielding over six
million tons annually (~5000 tons from Adıyaman), the use of locally sourced tobacco as a
biosorbent for industrial wastewater treatment remains largely unexplored [19–21].

Toxic, persistent, and bioaccumulative heavy metals, including Cd, Pb, Cr, Cu, Zn, Ni,
and Mn, are consistently discharged into aquatic environments through industrial activities
such as electroplating, mining, textile processing, and chemical manufacturing [22]. Even
trace concentrations of metals can disrupt ecosystems, diminish biodiversity, and pose
significant human health risks through bioaccumulation [23]. Industrial effluents have
adversely impacted water systems globally, increasing BOD, COD, and heavy metal con-
centrations in rivers such as Turkey’s Gediz, while also contaminating soils, sediments, and
groundwater in developing regions [24]. Conventional heavy metal removal methods are
constrained by high costs, elevated energy requirements, and secondary waste generation,
highlighting the need for sustainable alternatives such as biosorption and phytoremedia-
tion [25]. Biosorption, whereby functional groups on biological matrices sequester metal
ions through ion exchange, complexation, chelation, and adsorption, represents a promising
alternative to conventional wastewater treatment methods [26,27]. Biosorption kinetics are
commonly described using pseudo-first-order and pseudo-second-order models, with the
latter being more appropriate for processes governed by chemisorption [28]. Equilibrium
isotherms, including Langmuir, Freundlich, and Temkin models, describe the distribution
of metal ions on biosorbents, whereas FT-IR spectroscopy and surface analyses are em-
ployed to identify functional groups and elucidate the molecular mechanisms underlying
heavy metal biosorption [29,30]. Plant-derived biomass, including rice husk and sugarcane
bagasse, constitutes a cost-effective biosorbent owing to its lignocellulosic composition and
functional groups, with local availability and preparation costs determining its practical
applicability [31].

Khan et al. [32] emphasized that the utilization of locally abundant agricultural
residues can reduce biosorbent costs and improve the scalability of biosorption processes.
Saad et al. [33] demonstrated that unmodified rice straw effectively adsorbs Pb(II), indicat-
ing that plant biomass can serve as an efficient heavy metal adsorbent without requiring
pretreatment. Yang et al. [34] reported that Nicotiana tabacum (tobacco) contains functional
groups capable of binding heavy metals, underscoring its potential as an effective biosor-
bent. Qi and Aldrich [35] reported that tobacco dust effectively adsorbs Pb (II), Cu (II),
Zn (II), Cd (II), and Ni (II) (39.6–24.5 mg/g), with facile desorption in dilute HCl, while
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its negatively charged surface facilitates metal binding. Dere [36] reported that effluents
from the Adıyaman Organized Industrial Zone (ADOSB) exhibit elevated pollutant levels,
highlighting locally sourced tobacco biomass as a sustainable and cost-effective biosorbent.
Velázquez, C. C. H. et al. s [37] demonstrated that commercial tobacco biomass exhibits
substantial efficacy in removing Cr (VI) under controlled experimental conditions. Ahmed
et al. [38] presented a comprehensive review of tobacco waste-derived adsorbents, includ-
ing raw biomass, biochar, and activated carbon, emphasizing their effectiveness in heavy
metal remediation. Wang, Y. et al. [39] developed an integrated biosorption–pyrolysis
approach for Pb removal, effectively immobilizing lead within the generated biochar. Abdi,
O., and Kazemi, M. [40] reviewed heavy metal biosorption, comparing diverse biosorbents
and providing insights into their relative efficiencies. Although plant-based biosorbents
have been extensively studied, the application of tobacco biomass for industrial wastewa-
ter treatment remains relatively underexplored, with few studies integrating mechanistic
investigations through kinetics, isotherms, and FT-IR analyses. The paucity of studies on
tobacco-based biosorbents in industrial contexts underscores the need to translate labo-
ratory findings into practical applications, motivating this study to advance sustainable
heavy metal remediation utilizing locally available biomass. Shar et al. [41] demonstrated
that biochar-based strategies not only enhance heavy metal removal but also improve
the physiological resilience of tobacco plants. Du et al. [42] reported that a biochar-based
composite hydrogel efficiently removes heavy metals from aqueous solutions and mitigates
cadmium-induced stress in tobacco seedlings. Wu et al. [43] demonstrated that tobacco ex-
hibits distinct growth responses, metal accumulation, and translocation patterns in relation
to vanadium, underscoring its potential applicability in phytoremediation strategies. Lei
et al. [44] developed a CNF@MN@MX composite membrane that achieved near-complete
Cr (VI) reduction under visible light, exhibiting excellent reusability over 20 cycles.

Aim of the Study

This study evaluates the potential of locally sourced Nicotiana tabacum biomass from
Adıyaman as a sustainable and cost-effective biosorbent for the removal of copper and
organic pollutants from industrial wastewater originating from the Adıyaman Organized
Industrial Zone (ADOSB). This research assesses the effects of operational parameters on ad-
sorption and employs kinetic modeling, equilibrium isotherms, and FT-IR spectroscopy to
elucidate biosorption mechanisms, bridging laboratory findings with practical applications.

2. Experimental Methodology
Industrial wastewater was collected from the Adıyaman Organized Industrial Zone

(ADOSB) in southeastern Turkey, a site where textile, food, and metal processing effluents
are discharged into the Eğri River [21]. Wastewater samples were preserved at 4 ◦C to
prevent biological and chemical changes [45], while locally sourced Nicotiana tabacum L. was
washed, oven-dried, ground, sieved (250–500 µm), and stored in airtight desiccated contain-
ers for use as a biosorbent. The physicochemical properties of the wastewater, including
pH, electrical conductivity (EC), biochemical oxygen demand over 5 days (BOD5), total dis-
solved solids (TDS), chemical oxygen demand (COD), and turbidity, were determined using
standardized analytical methods. Heavy metals, including nickel (Ni), copper (Cu), cobalt
(Co), cadmium (Cd), lead (Pb), chromium (Cr), manganese (Mn), and zinc (Zn), were quan-
tified via atomic absorption spectrophotometry (AAS, PerkinElmer, Waltham, MA, USA)
following digestion with a nitric acid–hydrogen peroxide (HNO3–H2O2, Merck, Darmstadt,
Germany) mixture. Batch biosorption experiments were performed using 100 mL of metal
ion solutions in 250 mL flasks, with 0.1 g of biosorbent added and agitated at 150 rpm.
Residual metal concentrations were determined by atomic absorption spectrophotometry
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(AAS), and the equilibrium adsorption capacity (qe, mg/g) was subsequently calculated.
Adsorption kinetics and equilibrium isotherms were modeled and assessed using R2 and
residual error analyses in OriginPro 2023 (OriginLab Corporation, Northampton, MA,
USA) and MATLAB R2023a (MathWorks, Natick, MA, USA). FT-IR spectroscopy (Bruker,
Karlsruhe, Germany) in the range of 4000–400 cm−1 was employed to identify functional
groups involved in metal binding, with shifts in hydroxyl, carboxyl, amino, and phosphate
vibrations providing insights into the underlying biosorption mechanisms. All experiments
were performed in triplicate, with analytical accuracy confirmed (R2 > 0.999) and statis-
tical significance evaluated using one-way ANOVA (p < 0.05), supporting the efficacy of
Adıyaman Nicotiana tabacum biomass as a sustainable and cost-effective biosorbent. Table 1
presents the sectoral distribution within the Adıyaman Organized Industrial Zone, which
predominantly comprises garment manufacturing facilities.

Table 1. Distribution of sectors in Adıyaman OSB by street.

Sector/Activity Street Number of Facilities

Garment/Clothing 1 7
Garment/Clothing 4 5
Garment/Clothing 5 5
Garment/Clothing 7 13
Garment/Clothing 8 1
Garment/Clothing 9 5
Garment/Clothing 10 3
Garment/Clothing 11 8
Garment/Clothing 12 3
Garment/Clothing 13 13
Garment/Clothing 14 1
Garment/Clothing 15 1
Garment/Clothing Not Specified 1

Prefabricated Buildings 2 5
Marble 3 3

Irrigation/Canal Pipes 4 5
Bulgur & Legumes/Sugar 5 5

Honey Packaging 6 4
Textile 8 1

Furniture – –
Others – –

Table 1 illustrates the distribution of industrial sectors along the streets of the Adıya-
man Organized Industrial Zone (OSB), with garment and clothing facilities being the most
prevalent, whereas sectors such as prefabricated construction, marble processing, irrigation,
and honey packaging are more localized. Certain sectors, including furniture manufactur-
ing, are absent or unspecified, indicating a concentrated industrial profile within the OSB.
Industrial wastewater from ADOSB, located approximately 10 km from Atatürk Dam Lake,
is discharged untreated into the Eğri River (Figure 1; Table 2).

Figure 1 depicts the spatial configuration of the ADOSB and its principal industrial
wastewater discharge locations. Point 1 indicates the confluence of the Eğri River with
Atatürk Dam Lake, which is affected by industrial effluents, while Point 2 represents the
direct discharge of untreated ADOSB wastewater, highlighting potential contamination
risks. The figure further illustrates the distribution of industrial activities in proximity to
critical water resources, underscoring the need for sustainable wastewater management.
Table 2 presents the geographic location of the ADOSB industrial wastewater discharge
point in WGS84 coordinates (latitude and longitude in degrees, minutes, and seconds),
along with the elevation and its accuracy. These data facilitate precise site identification
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and support reproducibility of environmental assessments. Pollution loads (COD, BOD,
TP, TN) were calculated from flow rates measured via the velocity–area method. pH and
ORP were measured with a Thermo Orion STA-RA2145 meter (Thermo Fisher Scientific,
Waltham, MA, USA), and temperature, TDS, salinity, and conductivity with a YSI EC-
300 device (YSI Inc., Yellow Springs, OH, USA). Color, nutrients, and surfactants were
analyzed spectrophotometrically; heavy metals (Mn, Ni, Cu, Zn, Pb, Co, Cr, Cd) via
standard chemical methods; K+ and Ca2+ by flame photometry (JENWAY PFP7, Bibby
Scientific Ltd., Staffordshire, UK); and FT-IR (ATR, PerkinElmer, Waltham, MA, USA) was
used to examine biosorption mechanisms between tobacco biomass and metal ions. Raw
tobacco biomass was collected from the Adıyaman Central (Ova), Pınarbaşı, Çelikhan, and
Kurucaova districts, as well as surrounding areas (Figure 2; Table 3).

 

Figure 1. Discharge points of ADOSB industrial wastewater.

Table 2. Geographic coordinates of the ADOSB industrial wastewater discharge point.

Parameter Value

Latitude 37◦ 45′ 53′′ N
Longitude 38◦ 30′ 12′′ E

Elevation (m) 705
Elevation Accuracy (m) 9

Table 3. Coordinates and elevation of raw tobacco biosorbent sites.

Raw Biosorbent Easting Coordinate Northing Coordinate Elevation (m)

CA.B–Çağlan 37,420,356 4,204,106 1470
CE.B–Çelikhan 37,431,602 4,209,111 1333

B.B–Bulam 37,430,328 4,209,518 1323
O.B–Ova 37,429,069 4,181,286 730
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Figure 2. Collection sites of raw tobacco biosorbents: Ova, Çelikhan, Çağlan, and Bulam.

Figure 2 illustrates the experimental framework and geographic sources of tobacco
biomass, including ADOSB wastewater sampling, biosorbent preparation, adsorption
experiments, and analysis of COD and heavy metals. Biomass collection sites—Ova, Çe-
likhan, Çağlan, and Bulam—were selected based on high yield and sustainable availability,
demonstrating the feasibility of using locally sourced, cost-effective, and environmentally
sustainable biosorbents. Table 3 provides the coordinates and elevations (730–1470 m)
of the collection sites, measured with Garmin eTrex 20 GPS (Garmin Ltd., Olathe, KS,
USA), ensuring precise localization and contextualizing environmental factors influencing
biomass quality. The raw tobacco biomass was washed with distilled water, oven-dried
at 105 ◦C for 24 h, granulated, chemically activated with 1% H2SO4 for 24 h, neutralized,
rewashed, dried, and sieved (1 mm). Batch adsorption experiments were conducted using
100 mL wastewater and 0.22 g biosorbent, with agitation on a Wise Shake SHO-2D and
filtration through 0.45 mm membranes (Figure 3). Biosorbent addition marked t = 0, and
samples were collected at regular intervals for analysis.

 
Figure 3. Experimental setup of the biosorption experiment with Adıyaman tobacco biomass:
(a) prepared tobacco biosorbent; (b) batch adsorption setup.
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Figure 3 presented experimental setup of the biosorption process using Adıyaman
tobacco biomass from Ova, Çelikhan, Bulam, and Çağlan. The photograph illustrates
the operational steps, including biomass preparation, contact with industrial wastewater,
and sample collection for heavy metal analysis. Biosorption capacity (qe) and removal
efficiencies were determined as described in the methodology. The removal efficiency of
the biosorbent (E) was calculated using Equation (1). To express E as a percentage, the
equation includes the factor × 100:

qe =
V·(c0 − ce)

X
, E(%) =

V·(c0 − ce)

c0
× 100 (1)

The biosorption capacity (qe) was calculated using the formula qe =
(C0−Ce)·V

X , where
qe is in mg/g, C0 and Ce in mg/L, V in L, and X in g. The performance of Bulam, Çelikhan,
Ova, and Çağlan tobacco biosorbents for Cu, Ni, and Co removal was evaluated using
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich (D–R) isotherm models. The
Langmuir isotherm, assuming homogeneous sites and monolayer adsorption, was used to
characterize adsorption, which initially increases linearly with concentration until surface
saturation (Figure 4).

Adsorbate concentration

ad
so

rb
ed

 q
ua

nt
ity

Figure 4. Amount of substance adsorbed on the surface at maximum saturation.

Figure 4 shows biosorbent adsorption versus adsorbate concentration, with an initial
linear increase at low concentrations due to abundant active sites. As active sites saturate,
adsorption slows until equilibrium, forming a monolayer and reaching maximum capacity,
consistent with Langmuir isotherm behavior and reflecting the biosorbent’s efficiency and
limitations.

3. Results and Discussion
This section presents the key findings, including biosorption performance and

isotherm analyses, to evaluate the effectiveness of tobacco-based biosorbents for heavy
metal removal from industrial wastewater. ADOSB wastewater was collected as 24 h
composite samples every two months in accordance with TS EN ISO 5667 [46], with physic-
ochemical properties summarized in Table 4.

Table 4 shows ADOSB wastewater with high BOD5/COD, slight alkalinity (pH 8.74),
variable color (Pt-Co 393–2625), ORP –97 mV, temperature 32 ◦C, and elevated conductiv-
ity/TDS, indicating potential impacts on water quality. Nutrients (TP 5.15 ± 1.31 mg/L; TN
14.68 ± 7.94 mg/L) and heavy metals (Cu 2.54 ± 0.97; Ni 1.94 ± 1.18; Co 1.81 ± 0.58 mg/L)
pose environmental and health risks, while variability in anionic surfactants reflects the
complex composition of ADOSB wastewater, guiding source identification and treatment
strategies. Table 4 values were compared with mixed industrial wastewater discharge
standards per the Water Pollution Control Regulation, summarized in Table 5.
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Table 4. Characteristics of ADOSB wastewater.

Parameter Average ± Standard Deviation Range (Min–Max)

Flow rate (L/s) 75 ± 13 –
BOD5 (mg/L) 516 ± 152 –
COD (mg/L) 925 ± 391 –

pH 8.74 ± 0.66 –
Color (Pt-Co) – 393–2625

Color (RES-436, Remazol Yellow RR gran) – 2–10
Color (RES-525, Remazol Red RR gran) – 1–4
Color (RES-620, Remazol Blue RR gran) – 1–2

ORP (mV) –97 ± 44.3 –
Temperature (◦C) 32 ± 2.8 –

Conductivity (µS/cm) 4443 ± 798 –
Total Dissolved Solids (TDS, mg/L) 2531 ± 468 –

Salinity (ppt) 2.10 ± 0.40 –
Suspended Solids (mg/L) 235 ± 64 –

PO4
3− (mg/L) 15.78 ± 4.01 –

Total Phosphorus (PO4
3−-P, mg/L) 5.15 ± 1.31 –

Total Nitrogen (mg/L) 14.68 ± 7.94 –
Nitrate (NO3

−, mg/L) 6.35 ± 2.33 –
Ammonium (NH4

+, mg/L) 4.98 ± 2.39 –
Ammonium Nitrogen (NH4

+-N, mg/L) 3.87 ± 1.86 –
Nitrite (NO2

−, mg/L) 1.53 ± 1.12 –
Nitrate Nitrogen (NO3

−-N, mg/L) 1.43 ± 0.53 –
Nitrite Nitrogen (NO2

−-N, mg/L) 0.47 ± 0.34 –
Anionic Surfactant (mg/L) 5.73 ± 1.18 –

Copper (Cu, mg/L) 2.54 ± 0.97 –
Nickel (Ni, mg/L) 1.94 ± 1.18 –
Cobalt (Co, mg/L) 1.81 ± 0.58 –
Zinc (Zn, mg/L) 0.83 ± 0.51 –

Chromium (Cr, mg/L) 0.20 ± 0.18 –
Lead (Pb, mg/L) 0.29 ± 0.12 –

Manganese (Mn, mg/L) 0.24 ± 0.24 –
Cadmium (Cd, mg/L) 0.014 ± 0.0001 –

Table 5. ADOSB wastewater vs. discharge standards for mixed industrial effluents.

Parameter Average Value 24 h Composite Discharge Standard

Chemical Oxygen Demand (COD, mg/L) 925 ± 391 300
Suspended Solids (SS, mg/L) 235 ± 64 100

Total Phosphorus (mg/L) 5.15 ± 1.31 1
Total Kjeldahl Nitrogen (TKN, mg/L) 12.78 ± 7.30 15

pH 8.74 ± 0.66 6–9
Lead (Pb, mg/L) 0.29 ± 0.12 1

Copper (Cu, mg/L) 2.54 ± 0.97 –
Zinc (Zn, mg/L) 0.83 ± 0.51 –

Chromium (Cr, mg/L) 0.20 ± 0.18 1
Cadmium (Cd, mg/L) 0.014 ± 0.000 –
Oil & Grease (mg/L) Not measured 10
Total Cyanide (mg/L) Not measured 0.5

Iron (Fe, mg/L) Not measured –
Fluoride (F−, mg/L) Not measured –
Mercury (Hg, mg/L) Not measured 0.05

Sulfate (SO4
2−, mg/L) Not measured 1500

Fish Bioassay (ZSF) Not measured 10
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Table 5 shows ADOSB wastewater exceeding limits for COD, TSS, and TP, while TKN
and pH meet standards; heavy metals show variable compliance, highlighting environmen-
tal risks and the need for comprehensive monitoring. The wastewater contains pollutants
capable of impacting receiving water quality. Figure 5 depicts relationships among COD
(925 mg/L), BOD (516 mg/L), color (393–2625 Pt-Co), pH (8.74), and correlations between
color, pH, and heavy metals (Ni 1.94 mg/L, Cu 2.54 mg/L, Co 1.81 mg/L). Physicochemical
parameters of ADOSB wastewater were measured as follows: pH and ORP with Thermo
Orion STA-RA2145 meter (Thermo Fisher Scientific, Waltham, MA, USA) at room tem-
perature; temperature, electrical conductivity, total dissolved solids, and salinity with
YSI EC-300 multi-parameter device (YSI Inc., Yellow Springs, OH, USA); heavy metals
(Cu, Ni, Co, Cd, Pb, Cr, Mn, Zn) via atomic absorption spectrophotometry (AAS) after
HNO3–H2O2 digestion; K+ and Ca2+ by flame photometry (JENWAY-PFP7); and color and
nutrients by spectrophotometric analysis. Biosorption experiments were performed in
250 mL flasks with 100 mL solution, 0.22 g biosorbent, agitated at 150 rpm, 25 ± 2 ◦C, and
FT-IR spectra were collected in the 4000–400 cm−1 range using PerkinElmer ATR-FTIR
instrument (PerkinElmer Inc., Waltham, MA, USA). Batch adsorption experiments were
conducted using 100 mL of metal-containing wastewater in 250 mL Erlenmeyer flasks,
with 0.1 g of biosorbent added (1 g/L dosage). Flasks were agitated at 150 rpm at room
temperature (~25 ± 2 ◦C) for up to 120 min. The pH was adjusted to the desired value
using 0.1 M HCl or NaOH. All experiments were performed in triplicate, and the mean
values ± standard deviation are reported. Residual metal concentrations were measured
using atomic absorption spectrophotometry (AAS), and adsorption capacity (qe, mg/g)
was calculated accordingly. Kinetic and isotherm analyses were performed using OriginPro
2023 and MATLAB R2023a, while FT-IR spectroscopy (4000–400 cm−1) identified functional
groups involved in metal binding.

Figure 5a illustrates the relationships among ADOSB wastewater color, pH, COD,
BOD, and heavy metals (Cu, Ni, Co). Color intensity generally increases with COD and
BOD, indicating higher pollution loads, whereas no consistent correlation is observed
between pH and metal concentrations. The figure highlights the complex, mixed-industrial
nature of the wastewater and supports a better understanding of parameter interactions
relevant to treatment evaluation. Figure 5b shows that the copper removal efficiency
and retention capacity of Çelikhan, Ova, Bulam, and Çağlan biosorbents decrease with
increasing wastewater dilution due to reduced concentration gradients. Performance
differences among biosorbents persist, emphasizing the need for optimized operating
conditions to achieve effective copper removal. Figure 5c shows that COD retention
and removal vary strongly with pH, with Çağlan and Ova performing best near neutral
to mildly alkaline conditions. While dilution reduces metal adsorption, pH remains a
key determinant of biosorption efficiency, highlighting the need for optimized treatment
conditions. Figure 5d shows that the tobacco-based biosorbents exhibit varying COD
removal capacities due to differences in their surface properties. The results demonstrate
their overall effectiveness for COD reduction in industrial wastewater. Figure 5e shows
that COD reduction by tobacco biosorbents improves under mildly alkaline conditions
but remains above SKKY limits. Ova and Çağlan perform best, underscoring the strong
pH dependence of COD removal. Figure 5f shows that copper adsorption capacity and
removal efficiency increase rapidly during the initial contact period and then level off as
equilibrium is reached. Çelikhan exhibits the highest and fastest removal, followed by
Ova, Bulam, and Çağlan. The trend reflects typical biosorption kinetics and highlights
performance differences among the biosorbents. Figure 5g demonstrates that increasing
dilution progressively reduces wastewater pH, leading to diminished retention capacities
of the Bulam biosorbent for Co, Cu, and Ni. The decline is minimal for Co and Ni but
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pronounced for Cu, indicating greater pH sensitivity. At a 1/6 dilution, the initial pH (8.33)
decreases to 4.02, reflecting a transition to acidic conditions that substantially impairs metal
adsorption. Figure 5h shows that pH remained stable during the 0–120 min period, with
the Bulam biosorbent reaching maximum Co, Ni, and Cu retention within the first 5 min.
Co and Ni remained constant afterward, while Cu declined by ~10% after 60 min. This
indicates rapid initial uptake followed by metal-specific equilibrium behavior. Isotherm
analyses were performed under optimal conditions (pH 8.33, 60 min, 200 rpm, 2.2 g/L)
using Langmuir, Freundlich, Temkin, and D–R models. Figure 5i shows the effect of Bulam
biosorbent on COD and BOD reduction in ADOSB wastewater under acidic conditions.
During the 0–120 min kinetic period, COD, BOD, and metal (Co, Cu, Ni) concentrations
declined rapidly in the initial phase, followed by stabilization as equilibrium was reached.
These results highlight the biosorbent’s effective initial pollutant removal and subsequent
approach to steady-state conditions.

Table 6 provides a detailed characterization of the physicochemical properties of
ADOSB wastewater and systematically evaluates the performance of tobacco-derived
biosorbents across varying operational conditions. The monthly characterization of ADOSB
wastewater demonstrates substantial variability in pH and chromatic intensity, with July
exhibiting the maximum color load and dye absorbance, whereas May and March display
comparatively attenuated values. The continuous detection of Remazol Yellow, Red, and
Blue across all monitoring months indicates sustained dye discharge into the wastewater
system. The COD retention and removal performance of the tobacco-derived biosorbents
varies markedly with pH, with Çağlan Biosorbent demonstrating the highest retention
capacity (146.36 mg/g) and a 31% removal efficiency, indicating its superior adsorption
capability relative to the other materials. Ova Biosorbent attains the highest COD re-
moval efficiency (34%) despite its moderate retention capacity, whereas Celikhan and
Bulam Biosorbents exhibit lower retention and removal levels (28–29%), underscoring
the pH-dependent and material-specific variability in organic pollutant removal. Copper
adsorption by the tobacco-derived biosorbents displays a clear time-dependent trend, char-
acterized by rapid initial uptake and gradual stabilization toward equilibrium; Celikhan
Biosorbent achieves the highest capacity (0.8193 mg/g at 20 min), whereas Çağlan, Bu-
lam, and Ova Biosorbents show comparatively lower yet steady adsorption levels. Minor
fluctuations at extended contact times (e.g., 120 min) suggest equilibrium and possible
desorption, underscoring rapid adsorption kinetics and distinct biosorbent performance.
Metal retention by Bulam Biosorbent declines progressively with increasing dilution and
decreasing pH, reflecting reduced metal availability and weakened binding under acidic
conditions. Maximum Co, Cu, and Ni adsorption (0.7591, 0.6136, and 0.6045 mg/g) occurs
in undiluted wastewater at pH 8.33, while retention decreases sharply below pH 6, with
Cu and Ni uptake nearly eliminated at the highest dilution levels. These trends confirm the
pronounced pH dependence of biosorption and the biosorbent’s preferential affinity for
cobalt, while the substantial COD and BOD increases observed at pH 4.02 indicate organic
leaching from the Bulam biosorbent under acidic conditions. COD and BOD increased
sharply with contact time, peaking at 239% and 225% at 60 min, respectively, confirming
that low pH destabilizes the biosorbent matrix and promotes the release of biodegradable
organics. The Bulam biosorbent exhibited rapid pH-dependent metal uptake within the
first 5 min, followed by stable adsorption, with peak Co and Ni retention at 120 min and a
slight decline in Cu, confirming fast surface binding and equilibrium-controlled behavior.
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Figure 5. Tobacco biosorbent performance in ADOSB wastewater: (a) variation of pH and metal
concentrations with color; (b) effect of dilution ratios on biosorption efficiency; (c) relationship
between biosorption pH and COD removal; (d) effect of COD concentration on biosorption capacity;
(e) variation of COD with biosorption pH; (f) effect of biosorption time on metal adsorption capacity;
(g) effect of dilution ratios on heavy metal removal efficiency; (h) effect of biosorption time on heavy
metal removal efficiency; (i) variation of COD and BOD with biosorption time.
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Table 6. Physicochemical changes and biosorption performance.

Monthly Variation of pH and Color Values in ADOSB Wastewater

Wastewater pH Month Color (Pt-Co)
Remazol Yellow RR
Gran (436 nm, RES

m−1)

Remazol Red RR
Gran (525 nm, RES

m−1)

Remazol Blue RR
Gran (620 nm, RES

m−1)

7.57 July 2625 10 4 1
8.32 May 393 2 1 1
8.68 March 472 2 1 1
9.10 January 1828 7 3 1
9.15 September 1393 5 2 1
9.63 November 1328 5 2 1

COD Retention and Removal Efficiencies of Tobacco Biosorbents at Different pH Values

Biosorbent Type pH COD Retention
Capacity (mg/g) COD Inlet (mg/L) COD Outlet (mg/L) COD Removal

Efficiency (%)

Celikhan Biosorbent (CE.B.) 7.57 113.64 863 613 29
Bulam Biosorbent (B.B.) 8.68 97.28 761 547 28

Çağlan Biosorbent (CA.B.) 9.10 146.36 1046 724 31
Bulam Biosorbent (B.B.) 9.15 74.09 582 419 28
Ova Biosorbent (O.B.) 9.63 88.64 576 381 34

Copper Adsorption Capacities of Tobacco Biosorbents at Different Biosorption Times

Time (min)
Celikhan

Biosorbent
(mg/g)

Çağlan Biosorbent
(mg/g)

Bulam Biosorbent
(mg/g)

Ova Biosorbent
(mg/g) Time (min)

0 0 0 0 0 0
5 0.7591 0.4591 0.6455 0.6759 5

10 0.7614 0.4409 0.6364 0.6959 10
20 0.8193 0.4682 0.6227 0.6718 20
30 0.7705 0.4909 0.6205 0.6655 30

Bulam Biosorbent Metal Retention (Co, Cu, Ni) at Different ADOSB Wastewater Dilutions and pH Values

Dilution Ratio pH Cobalt Retention
Capacity (mg/g)

Copper Retention
Capacity (mg/g) Nickel Retention Capacity (mg/g)

1 8.33 0.7591 0.6136 0.6045
1/1.33 8.05 0.5455 0.4182 0.4309

1/2 7.79 0.3500 0.2227 0.1550
1/2.66 6.89 0.2591 0.1500 0.0209

1/4 5.28 0.1818 0.0727 0.0255
1/6 4.02 0.1227 0.0136 0.0141
1/8 3.71 0.0864 0.0000 0.0068

pH and Metal (Co, Cu, Ni) Retention by Bulam Biosorbent at Different Biosorption Times

Biosorption Time (min) pH Cobalt Retention
Capacity (mg/g)

Copper Retention
Capacity (mg/g) Nickel Retention Capacity (mg/g)

0 8.68 0.0000 0.0000 0.0000
5 7.77 0.7591 0.6455 0.5814

10 7.89 0.7545 0.6364 0.6082
20 8.09 0.7636 0.6227 0.5805
30 8.19 0.7636 0.6205 0.5764
45 8.29 0.7636 0.6182 0.5705
60 8.33 0.7591 0.6136 0.6045

COD and BOD Increase (%) in ADOSB Wastewater by Bulam Biosorbent at pH = 4.02

Biosorption Time (min) COD Increase (%) BOD Increase (%)

0 0 0
5 128 100
10 128 100
20 127 125
30 183 175
45 150 150
60 239 225

Figure 6a depicts the Dubinin–Radushkevich (D–R) isotherm for copper biosorption
onto the Bulam biosorbent. The D–R model facilitates mechanistic interpretation by quan-
tifying the mean adsorption energy, thereby distinguishing between physisorption and
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chemisorption processes. The results indicate that copper adsorption on Bulam is pri-
marily physisorption, governed by diffusion-controlled, low-energy surface interactions
rather than chemisorption. Figure 6b demonstrates that cobalt adsorption onto the Bulam
biosorbent conforms well to the Freundlich isotherm, indicating multilayer uptake on a
heterogeneous surface, with the constant KF reflecting high affinity and n > 1 confirm-
ing favorable adsorption under the tested conditions. The model indicates that cobalt
adsorption on Bulam is governed by heterogeneous surface energies rather than uniform
monolayer coverage. Figure 6c indicates that nickel adsorption onto the Bulam biosor-
bent follows the Langmuir isotherm (R2 = 0.758), with a maximum monolayer capacity
Qmax = 1.409 mg/g and a favorable separation factor RL = 0.273, reflecting efficient and
thermodynamically favorable adsorption on a homogeneous surface. Figure 6d illustrates
that copper adsorption onto the Ova biosorbent is well described by the Temkin isotherm
(R2 = 0.960), with the adsorption heat constant B = 4.216 indicating energetically uniform
binding sites and favorable adsorbent–adsorbate interactions.

Table 7 presents the biosorption parameters for copper removal from ADOSB wastew-
ater using the Bulam biosorbent, as characterized by the Langmuir, Freundlich, Temkin,
and Dubinin–Radushkevich (D–R) isotherm models. The Langmuir model indicates mod-
erate maximum adsorption (Qmax = 1.867 mg/g) with favorable sorption (RL = 0.210),
while the Freundlich parameters (KF = 0.215 L/g; n = 4.941) reflect efficient multilayer
adsorption on a heterogeneous surface. Temkin constants indicate moderate interaction,
and the D–R model (qmax = 1.079 mg/g; E = 5.516 kJ/mol) confirms primarily physical
adsorption, with R2 = 0.796–0.968 showing that all four isotherms effectively describe
copper uptake on Bulam. The Langmuir model (R2 = 0.913) indicates favorable monolayer
adsorption (Qmax = 2.311 mg/g; R_L = 0.419), while the Freundlich model (R2 = 0.943;
K_F = 0.884 L/g; n = 2.466) confirms favorable multilayer adsorption on a heterogeneous
surface. The Temkin (R2 = 0.800) and D–R (R2 = 0.917; qmax = 3.276 mg/g; E = 1.044 kJ/mol)
models indicate that copper adsorption on Bulam is favorable and primarily governed by
physisorption with monolayer and heterogeneous surface contributions. Isotherm parame-
ters indicate limited nickel adsorption on Bulam, with the Langmuir model showing low
capacity (Qmax = 1.409 mg/g) and a moderate separation factor (R_L = 0.273), reflecting
weak monolayer adsorption. Freundlich (K_F = 0.376 L/g; n = 2.032), Temkin, and D–R
(E = 1.605 kJ/mol) parameters indicate weak nickel–Bulam interactions, confirming that
adsorption is primarily physisorption and that Bulam has limited capacity for nickel re-
moval under the tested conditions. Copper adsorption onto the Çelikhan biosorbent was
assessed via Langmuir, Freundlich, Temkin, and D–R isotherms, with the Langmuir model
(Ka = 0.152 L/mg; Qmax = 0.110 mg/g; R2 = 0.006) indicating poor fit and limited mono-
layer adsorption. The Freundlich model (R2 = 0.119) indicates weak multilayer adsorption,
whereas the Temkin model (R2 = 0.671) suggests moderate adsorbent–adsorbate interac-
tions. The D–R model (R2 = 0.102; E = 4.795 kJ/mol) indicates predominantly physical
adsorption with low capacity, confirming that the Çelikhan biosorbent exhibits limited
affinity and uptake for copper under the studied conditions. Copper biosorption onto
the Ova biosorbent was evaluated via Langmuir, Freundlich, Temkin, and D–R isotherms,
indicating moderate monolayer adsorption (Qmax = 2.118 mg/g; R_L = 0.184), favorable
multilayer adsorption (K_F = 0.258 L/g; n = 6.449), strong Temkin interactions (B = 4.216;
R2 = 0.960), and predominantly physical uptake (qmax = 1.173 mg/g; E = 7.725 kJ/mol).
Copper biosorption onto the Çağlan biosorbent follows Langmuir (Qmax = 0.822 mg/g;
R_L = 0.324), Freundlich (K_F = 0.787 L/g; n = 2.703), Temkin (B = 5.000; R2 = 0.991), and
D–R (qmax = 1.759 mg/g; E = 1.535 kJ/mol) isotherms, indicating moderate monolayer,
favorable multilayer, strong interactions, and predominantly physical adsorption.
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Figure 6. Adsorption isotherm models describing heavy-metal biosorption from ADOSB wastew-
ater onto tobacco-derived biosorbents: (a) Dubinin–Radushkevich isotherm for copper on Bulam,
(b) Freundlich isotherm for cobalt on Bulam, (c) Langmuir isotherm for nickel on Bulam, and
(d) Temkin isotherm for copper on Ova.

Table 7. Isotherm parameters (Langmuir, Freundlich, Temkin, and D–R) for metal biosorption from
ADOSB wastewater onto tobacco-derived biosorbents (Bulam, Çelikhan, Ova, and Çağlan).

Biosorbent Metal Model Linear Equation R2 Parameters Values

Bulam Cu Langmuir 1/qe = (1/Qmax·Ka)·(1/Ce) +
1/Qmax RL = 1/(1 + Ka·Co) 0.796 Ka (L/mg) 0.009

Qmax (mg/g) 1.867

RL 0.210

Bulam Cu Freundlich ln qe = ln KF + (1/n)·ln Ce 0.948 KF (L/g) 0.215

n 4.941

Bulam Cu Temkin qe = B ln A + B ln Ce 0.846 A (L/g) 0.572

B 3.438

Bulam Cu D-R ln qe = ln qmax − βε2 0.968 β (mol2/J2) 0.429

qmax (mg/g) 1.079

E (kJ/mol) 5.516

Bulam Cu
(ADOSB) Langmuir 1/qe = (1/Qmax·Ka)·(1/Ce) +

1/Qmax RL = 1/(1 + Ka·Co) 0.913 Ka (L/mg) 2.311
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Table 7. Cont.

Biosorbent Metal Model Linear Equation R2 Parameters Values

Qmax (mg/g) 0.712

RL 0.419

Bulam Cu
(ADOSB) Freundlich ln qe = ln KF + (1/n)·ln Ce 0.943 KF (L/g) 0.884

n 2.466

Bulam Cu
(ADOSB) Temkin qe = B ln A + B ln Ce 0.800 A (L/g) 0.326

B 20.321

Bulam Cu
(ADOSB) D-R ln qe = ln qmax − βε2 0.917 β (mol2/J2) 0.047

qmax (mg/g) 3.276

E (kJ/mol) 1.044

Bulam Ni Langmuir 1/qe = (1/Qmax·Ka)·(1/Ce) +
1/Qmax RL = 1/(1 + Ka·Co) 0.758 Ka (L/mg) 0.016

Qmax (mg/g) 1.409

RL 0.273

Bulam Ni Freundlich ln qe = ln KF + (1/n)·ln Ce 0.335 KF (L/g) 0.376

n 2.032

Bulam Ni Temkin qe = B ln A + B ln Ce 0.136 A (L/g) 0.231

B 4.879

Bulam Ni D-R ln qe = ln qmax − βε2 0.400 β (mol2/J2) −0.262

qmax (mg/g) 1.381

E (kJ/mol) 1.605

Celikhan Cu Langmuir 1/qe = (1/Qmax·Ka)·(1/Ce) +
1/Qmax RL = 1/(1 + Ka·Co) 0.006 Ka (L/mg) 0.152

Qmax (mg/g) 0.110

RL 0.665

Celikhan Cu Freundlich ln qe = ln KF + (1/n)·ln Ce 0.119 KF (L/g) 0.285

n 1.357

Celikhan Cu Temkin qe = B ln A + B ln Ce 0.671 A (L/g) 2.054

B 2.284

Celikhan Cu D-R ln qe = ln qmax − βε2 0.102 β (mol2/J2) −0.502

qmax (mg/g) 0.998

E (kJ/mol) 4.795

Ova Cu Langmuir 1/qe = (1/Qmax·Ka)·(1/Ce) +
1/Qmax RL = 1/(1 + Ka·Co) 0.234 Ka (L/mg) 0.007

Qmax (mg/g) 2.118

RL 0.184

Ova Cu Freundlich ln qe = ln KF + (1/n)·ln Ce 0.570 KF (L/g) 0.258
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Table 7. Cont.

Biosorbent Metal Model Linear Equation R2 Parameters Values

n 6.449

Ova Cu Temkin qe = B ln A + B ln Ce 0.960 A (L/g) 0.645

B 4.216

Ova Cu D-R ln qe = ln qmax − βε2 0.628 β (mol2/J2) −0.363

qmax (mg/g) 1.173

E (kJ/mol) 7.725

Çağlan Cu Langmuir 1/qe = (1/Qmax·Ka)·(1/Ce) +
1/Qmax RL = 1/(1 + Ka·Co) 0.825 Ka (L/mg) 0.194

Qmax (mg/g) 0.822

RL 0.324

Çağlan Cu Freundlich ln qe = ln KF + (1/n)·ln Ce 0.871 KF (L/g) 0.787

n 2.703

Çağlan Cu Temkin qe = B ln A + B ln Ce 0.991 A (L/g) 0.231

B 5.000

Çağlan Cu D-R ln qe = ln qmax − βε2 0.976 β (mol2/J2) −0.162

qmax (mg/g) 1.759

E (kJ/mol) 1.535

Figure 7 illustrates the kinetic analysis of heavy-metal biosorption from ADOSB
wastewater onto tobacco-derived biosorbents. Figure 7a depicts the Temkin isotherm for
copper adsorption onto the Çağlan biosorbent, with lnCe versus qe exhibiting a strong
linear correlation (R2 = 0.9908), indicating that adsorption is governed by uniform binding
energies and enhanced interactions at elevated surface coverage. Figure 7b–g illustrates
pseudo-second-order kinetic plots (t versus t/qt) for metal biosorption, demonstrating
that the adsorption processes on the respective tobacco-derived biosorbents are primar-
ily governed by chemisorption mechanisms. All biosorbents show excellent linearity
(R2 = 0.9873–1), confirming that the pseudo-second-order model accurately captures the
adsorption kinetics of copper, cobalt, and nickel onto Bulam, Ova, Çelikhan, and Çağlan
biosorbents. The increasing t/qt slope with time reflects rapid initial uptake followed by
gradual a fapproach to equilibrium. The figure demonstrates that metal biosorption follows
predictable kinetic behavior, exhibiting high model conformity (R2), thereby confirming
the efficacy and reliability of the tobacco-derived biosorbents under the tested conditions.

Table 8 summarizes the kinetic parameters for Cu, Co, and Ni biosorption from
ADOSB wastewater onto Bulam, Ova, Celikhan, and Çağlan, evaluated using PFO, PSO,
Weber–Morris, and Elovich models, with equilibrium capacities (qd,exp) and pH values
reported for kinetic analysis. Across all biosorbents and metal ions, the Pseudo-Second-
Order model consistently yielded the highest correlation coefficients (R2 = 0.9873–1.000),
indicating that chemisorption governs the adsorption kinetics. For Bulam, Cu biosorp-
tion (pH 7.77, qd,exp = 0.645 mg/g) followed PSO kinetics with k2 = 0.3821 g/mg·h and
qd,cal = 0.525 mg/g (R2 = 0.9873), surpassing the PFO model (R2 = 0.899). Similarly, Co
(pH 7.78, qd,exp = 0.764 mg/g) and Ni (pH 7.89, qd,exp = 0.608 mg/g) adsorption adhered
to PSO kinetics with R2 = 1.000 and 0.9992, and qd,cal = 0.755 and 0.588 mg/g, respec-
tively. For Ova, Cu adsorption (pH 7.89, qd,exp = 0.696 mg/g) followed PSO kinetics
(k2 = 7.250 g/mg·h, qd,cal = 0.658 mg/g, R2 = 0.9993), indicating rapid surface-controlled

https://doi.org/10.3390/pr14132117

https://doi.org/10.3390/pr14132117


Processes 2026, 14, 2117 18 of 32

uptake. Cu adsorption on Celikhan (pH 8.41, qd,cal = 0.765 mg/g, R2 = 0.9964) and
Çağlan (pH 8.25, qd,cal = 0.537 mg/g, R2 = 0.9946) similarly conformed to PSO kinet-
ics. Intra-particle diffusion (ki = 0.069–0.111 mg/g·h0·5) partly influences adsorption,
but low R2 indicates it is not rate-limiting. Elovich parameters (β = 42.7–2.5×1015 g/mg;
α = 15.6–476.2 mg/g·h) reflect heterogeneous surfaces and complex sorption kinetics. High
PSO R2 values and realistic qd,cal indicate chemisorption dominates Cu, Co, and Ni removal,
with Bulam and Ova showing the most efficient kinetics due to surface properties and
porosity. Figures 8–11 show the FT-IR spectra of the Bulam, Ova, Çelikhan, and Çağlan
biosorbents before and after biosorption, with comparative spectra (c) highlighting the
chemical changes induced by biosorption.

Figure 7. Kinetic analyses of metal biosorption from ADOSB wastewater: (a) Temkin isotherm for
copper onto Çağlan biosorbent; (b–g) pseudo-second-order kinetic model plots for copper, cobalt,
and nickel adsorption onto Bulam, Ova, Celikhan, and Çağlan biosorbents.

https://doi.org/10.3390/pr14132117

https://doi.org/10.3390/pr14132117


Processes 2026, 14, 2117 19 of 32

 

 

4000 .0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650 .0
73 .5

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98 .0

cm- 1

% T 

2920.79

1734.53

1618.35

658.40

2849.65

1441.13

1374.77

1315.39

1145.98

1090.10 1011.51

4000 .0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650 .0
78 .6

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98
98 .5

cm- 1

% T 

3303.57
2921.23

1603.14

1314.75

2853.14

1736.28

1615.78

1414.94

1376.52
1236.80

1151.22

1093.59

1048.18
1013.26

(b) 

(a) 

Figure 8. Cont.

https://doi.org/10.3390/pr14132117

https://doi.org/10.3390/pr14132117


Processes 2026, 14, 2117 20 of 32

 
4000 .0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650 .0

cm- 1

% T 

(c) 

Blue – Prior to biosorption 
Black – After biosorption 

Figure 8. FT-IR spectra of the Bulam biosorbent before biosorption (a,b), after biosorption (c), and the
comparative spectra illustrating changes due to biosorption.

Figure 8 presents the FT-IR spectra of the Bulam biosorbent before and after the
biosorption of Cu, Co, and Ni ions, highlighting the surface functional groups involved in
the adsorption process and the structural changes induced by metal binding. Noticeable
spectral shifts and variations in band intensities are observed in several characteristic
regions, particularly the C–O stretching vibrations (1145–1011 cm−1), C=O carbonyl bands
(1618–1734 cm−1), and O–H/C–H stretching regions (2850–2921 cm−1). These changes
indicate the active participation of ester, carbonyl, and hydroxyl functional groups in the
biosorption mechanism. Figure 8a indicates that the FT-IR spectrum of the Bulam biosorbent
prior to biosorption exhibits several characteristic absorption bands corresponding to
functional groups typically found in lignocellulosic biomaterials. A broad band in the
3200–3500 cm−1 region is attributed to O–H stretching vibrations, reflecting the presence
of hydroxyl groups associated with alcohols, phenols, and adsorbed moisture. The peaks
observed at 2920–2850 cm−1 correspond to aliphatic C–H stretching vibrations. In addition,
the absorption band around 1600–1650 cm−1 is assigned to C=O stretching or aromatic C=C
vibrations, while bands in the 1000–1300 cm−1 region are associated with C–O stretching
vibrations of alcohol, ester, or ether groups. These functional groups represent potential
active sites responsible for metal ion binding during the biosorption process. Figure 8b
shows that the detailed FT-IR spectrum further confirms the presence of abundant oxygen-
containing functional groups, including hydroxyl, carbonyl, and carboxyl groups, on the
biosorbent surface. The distribution and relative intensities of these absorption bands
indicate that the biosorbent possesses a chemically reactive surface capable of interacting
with dissolved metal ions. Such interactions may occur through mechanisms such as
surface complexation, ion exchange, and hydrogen bonding, which collectively contribute
to the biosorption capacity of the material.

Figure 8a shows the comparative FT-IR spectra of the biosorbent before and after
biosorption, revealing noticeable shifts in peak positions and variations in band intensities,
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particularly within the O–H, C=O, and C–O spectral regions. These spectral changes
confirm the involvement of these functional groups in the adsorption of Cu, Co, and Ni ions.
The observed modifications in the characteristic bands suggest that the biosorption process
is predominantly governed by surface complexation and electrostatic interactions, where
hydroxyl, carbonyl, and ester groups act as primary binding sites for the immobilization of
metal ions on the Bulam biosorbent surface. Figure 9 shows similar spectral comparisons
for the Ova biosorbent before and after copper biosorption.
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Figure 9. FT-IR spectra of the Ova biosorbent: (a) before biosorption, (b) after biosorption, and
(c) comparison of spectra before and after biosorption.

Figure 9a presents the FT-IR spectrum of the Ova biosorbent prior to biosorp-
tion, showing characteristic absorption bands typical of lignocellulosic materials. The
broad band at 3200–3500 cm−1 corresponds to O–H stretching vibrations, while peaks
near 2920–2850 cm−1 are attributed to aliphatic C–H stretching. The bands around
1600–1700 cm−1 are associated with C=O or aromatic C=C vibrations, and those within
1000–1300 cm−1 correspond to C–O stretching vibrations of alcohol, ester, or ether groups,
indicating potential active sites for metal ion adsorption. Figure 9b shows the FT-IR spec-
trum after copper biosorption, where noticeable shifts in peak positions and variations in
intensities are observed. In particular, the C–O stretching bands shift from 1146–1015 cm−1

to 1156–1011 cm−1, while C=O bands shift from 1621–1638 cm−1 to 1616–1682 cm−1, ac-
companied by changes near 2923 cm−1 (O–H/C–H region). These shifts indicate the
involvement of oxygen-containing functional groups in the biosorption process. Figure 9c
compares the spectra before and after biosorption. The observed spectral shifts and in-
tensity variations confirm that hydroxyl, carbonyl, and ester groups participate in metal
binding. These modifications suggest that the adsorption mechanism is primarily governed
by surface complexation and electrostatic interactions, where these functional groups serve
as the main binding sites for copper ions on the Ova biosorbent surface.
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Table 8. Kinetic parameters for the biosorption of Cu, Co, and Ni from ADOSB wastewater onto different biosorbents.

Biosorbent Metal pH qd,den
(mg/g)

Pseudo-First-
Order R2 Pseudo-Second-

Order h (mg/g·h) R2
Intra-Particle
Diffusion
(Weber–Morris)

R2 Boundary Layer
Diffusion (Elovich) α (mg/g·h) R2

Bulam Cu 7.77 0.645 k1 = 0.01958,
qd,teo = 0.0103 0.899 k2 = 0.38206,

qd,teo = 0.52518 0.1589 0.9873 ki = 0.073 29.6736 β = 8.05 × 107 −38.71 0.5547

Bulam Co 7.78 0.764 k1 = 0.00852,
qd,teo = 0.00185 0.032 k2 = 8.72298,

qd,teo = 0.7554 5.0915 1 ki = 0.1116 −7196 β = 2.5 × 1015 - 1 × 10−26

Bulam Ni 7.89 0.60818 k1 = 0.00276,
qd,teo = 0.02422 0.0224 k2 = 5.44346,

qd,teo = 0.58813 2.01345 0.9992 ki = 0.0694 −414.6 β = 2.64 × 10116 476.19 0.0423

Ova Cu 7.89 0.69591 k1 = 0.00484,
qd,teo = 0.05199 0.039 k2 = 7.25004,

qd,teo = 0.65776 3.5111 0.9993 ki = 0.090 −3.36 β = 42.7354 15.5521 0.4717

Celikhan Cu 8.41 0.86227 k1 = 0.00023,
qd,teo = 0.07449 0.0007 k2 = 1.28623,

qd,teo = 0.76516 0.9563 0.9964 ki = 0.1094 −136.4 β = 1.116 × 1043 136.9863 0.075

Çağlan Cu 8.25 0.54545 k1 = 0.01543,
qd,teo = 0.11822 0.5806 k2 = 0.66195,

qd,teo = 0.53665 0.1969 0.9946 ki = 0.071 −8.24 β = 227.4142 25.3165 0.7004
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Figure 10. FT-IR spectra of the Çelikhan biosorbent: (a) before biosorption, (b) after biosorption, and
(c) comparison of the spectra before and after biosorption.

Figure 10a presents the FT-IR spectrum of the Çelikhan biosorbent prior to biosorp-
tion, showing characteristic bands typical of lignocellulosic materials. The broad band
at 3200–3500 cm−1 corresponds to O–H stretching, while peaks at 2920–2850 cm−1 are
attributed to aliphatic C–H stretching. Bands around 1600–1700 cm−1 correspond to
C=O or aromatic C=C vibrations, and peaks within 1000–1300 cm−1 are associated with
C–O stretching of alcohol, ester, or ether groups, indicating potential adsorption sites.
Figure 10b shows the FT-IR spectrum after copper biosorption. Noticeable shifts in peak
positions and intensity variations occur in several functional groups, particularly C–O
(1145–1090 → 1153–1092 cm−1), C=O (1618–1745 → 1619–1689 cm−1), and O–H/C–H
(2846–2923 → 2853–2922 cm−1), indicating interactions between the biosorbent surface
and copper ions. Figure 10c compares the spectra before and after biosorption. The ob-
served band shifts and intensity changes confirm that hydroxyl, carbonyl, and ester groups
actively participate in metal binding. These results suggest that copper adsorption on
the Çelikhan biosorbent is mainly governed by surface complexation and electrostatic
interactions involving oxygen-containing functional groups.

Figure 11a presents the FT-IR spectrum of the Çağlan biosorbent before biosorption,
showing characteristic bands typical of lignocellulosic biomaterials. The broad band at
3200–3500 cm−1 corresponds to O–H stretching vibrations, indicating hydroxyl groups.
Peaks around 2920–2850 cm−1 are attributed to aliphatic C–H stretching, while bands in
the 1600–1700 cm−1 region correspond to C=O or aromatic C=C vibrations. Additional
peaks within 1000–1300 cm−1 are associated with C–O stretching of alcohol, ester, or ether
groups, representing potential adsorption sites.
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Figure 11. FT-IR spectra of the Çağlan biosorbent: (a) before biosorption, (b) after biosorption, and
(c) comparison of the spectra before and after biosorption.

Figure 11b shows the FT-IR spectrum after biosorption. Compared with the initial
spectrum, shifts in peak positions and changes in band intensities are observed, particularly
in the O–H, C=O, and C–O regions, indicating interactions between the biosorbent surface
and metal ions.

Figure 11c compares the spectra before and after biosorption. The observed spectral
shifts and intensity variations confirm the involvement of hydroxyl, carbonyl, and ester
functional groups in the adsorption process. These results suggest that metal uptake
on the Çağlan biosorbent is mainly controlled by surface complexation and electrostatic
interactions involving oxygen-containing functional groups.

The FT-IR spectra of the Bulam biosorbent before and after Cu, Co, and Ni biosorption
are presented in Figure 8. Noticeable spectral shifts were observed in the C–O stretching
vibrations, which changed from 1145–1011 cm−1 to 1150–1015 cm−1, indicating the par-
ticipation of ester functional groups in the metal-binding process. In addition, the C=O
(carbonyl) stretching bands shifted from 1618–1734 cm−1 to 1615–1725 cm−1, suggesting
interactions between carbonyl groups and the adsorbed metal ions. A reduction in the in-
tensity of the O–H and C–H stretching bands located at 2850–2921 cm−1 was also observed
after biosorption. These spectral modifications collectively confirm that ester, carbonyl,
and hydroxyl functional groups play a significant role in the adsorption mechanism of
metal ions. Comparable spectral shifts were also identified for the Ova, Çelikhan, and
Çağlan biosorbents (Figures 9–11), indicating a consistent adsorption mechanism across all
tobacco-derived biosorbents, where similar functional groups contribute to metal binding.

Tables 7 and 8 summarize the adsorption isotherm and kinetic parameters for the
biosorption of Cu, Ni, and Co onto the Bulam, Ova, Çelikhan, and Çağlan biosorbents.
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For clarity and consistency, all parameters used in the theoretical adsorption models are
defined in the table footnotes as follows:

qe—adsorption capacity at equilibrium (mg/g);
Ce—equilibrium metal concentration in solution (mg/L);
Qmax—maximum monolayer adsorption capacity (mg/g);
Ka—Langmuir adsorption constant (L/mg);
R_L—dimensionless separation factor;
K_F—Freundlich adsorption constant (L/g);
n—Freundlich intensity parameter (dimensionless);
A—Temkin equilibrium binding constant (L/g);
B—Temkin constant related to the heat of adsorption (J/mol);
β—Dubinin–Radushkevich (D–R) constant (mol2/J2);
qmax, D–R—maximum adsorption capacity obtained from the D–R model (mg/g);
E—mean adsorption energy (kJ/mol);
q_d,exp—experimentally determined adsorption capacity (mg/g);
q_d,cal—calculated adsorption capacity (mg/g);
k1—pseudo-first-order rate constant (1/h);
k2—pseudo-second-order rate constant (g/mg·h);
h—initial adsorption rate (mg/g·h);
ki—intra-particle diffusion rate constant (mg/g·h0·5);
α—Elovich initial adsorption rate (mg/g·h);
β—Elovich desorption constant (g/mg).

Discussion

Industrial wastewater poses serious risks to environmental quality and human health
due to the presence of high organic loads and toxic heavy metals. The physicochemi-
cal characterization of untreated ADOSB wastewater revealed elevated pollutant levels,
with COD (925 ± 391 mg/L) and TSS (235 ± 64 mg/L) exceeding the discharge limits of
300 mg/L and 100 mg/L, respectively, according to national wastewater discharge stan-
dards. In addition, considerable concentrations of heavy metals were detected, including
Cu (2.54 ± 0.97 mg/L), Ni (1.94 ± 1.18 mg/L), and Co (1.81 ± 0.58 mg/L), indicating a
significant potential risk to aquatic ecosystems if discharged without adequate treatment.
Similar pollutant levels in industrial effluents have been reported in previous studies
investigating textile and mixed industrial wastewater streams, where heavy metals and
organic contaminants significantly degrade receiving water quality [47,48]. The biosorption
experiments demonstrated that tobacco-derived biosorbents can effectively remove heavy
metals from industrial wastewater. Copper removal efficiencies followed the order Çe-
likhan (~83%) > Ova (~73%) > Bulam (~71%) > Çağlan (~47%), indicating that adsorption
performance strongly depends on the physicochemical properties of the biosorbent surface.
Similarly, COD removal efficiencies ranged between 28% and 34%, with Ova biosorbent
achieving the highest COD removal (34%), while Çağlan biosorbent exhibited the highest
COD adsorption capacity (146.36 mg/g). These results highlight the important influence of
biosorbent composition, surface functional groups, and operational parameters such as pH.
Previous research has shown that lignocellulosic agricultural residues possess abundant
active functional groups that facilitate heavy metal adsorption through surface complexa-
tion and ion-exchange mechanisms [49]. Kinetic analysis indicated that metal adsorption
occurred rapidly during the initial stage of the process. For example, Bulam biosorbent
achieved a copper adsorption capacity of 0.645 mg/g within the first 5 min, approaching
equilibrium with 0.6136 mg/g at 60 min, indicating rapid surface binding followed by
stabilization. Similarly, the maximum adsorption capacities for cobalt (0.7591 mg/g) and
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nickel (0.6045 mg/g) were obtained under optimal conditions. The rapid uptake during
the early stage can be attributed to the availability of abundant active adsorption sites on
the biosorbent surface. Comparable adsorption behavior has been reported for plant-based
biosorbents used in the removal of heavy metals from industrial wastewater, where most
adsorption occurs during the first minutes of contact due to strong electrostatic interactions
between metal ions and surface functional groups [50]. The adsorption kinetics were
best described by the pseudo-second-order model, with correlation coefficients ranging
from R2 = 0.9873 to 1.000, indicating that chemisorption is the dominant rate-controlling
mechanism. For example, copper adsorption onto Bulam biosorbent exhibited a kinetic
constant of k2 = 0.382 g/mg·h, while cobalt adsorption showed a higher rate constant of
k2 = 8.723 g/mg·h, suggesting stronger interactions between cobalt ions and the biosorbent
surface. In contrast, the pseudo-first-order model exhibited significantly lower correlation
coefficients (R2 = 0.0007–0.899), indicating limited applicability for describing the adsorp-
tion process. Similar kinetic behavior has been reported in biosorption studies involving
agricultural biomass, where the pseudo-second-order model frequently provides the best
fit due to surface chemical interactions governing the adsorption mechanism [51]. Isotherm
modeling further clarified the adsorption mechanism. The Langmuir model predicted a
maximum copper adsorption capacity (Qmax) of 1.867 mg/g for Bulam biosorbent, indicat-
ing moderate monolayer adsorption on homogeneous sites, while the Freundlich constant
(n = 4.941) confirmed favorable multilayer adsorption on heterogeneous surfaces. Addition-
ally, the Temkin model for Ova biosorbent exhibited a strong correlation (R2 = 0.960) with
an adsorption heat constant B = 4.216, suggesting relatively uniform adsorption energies
across the surface. The Dubinin–Radushkevich model yielded a mean adsorption energy
(E = 5.516 kJ/mol), indicating that the adsorption process is primarily governed by physical
interactions rather than strong chemical bonding, as adsorption energies below 8 kJ/mol
are typically associated with physisorption. Similar adsorption mechanisms have been
reported in studies investigating heavy metal removal using plant-based biosorbents. FT-IR
analysis provided additional evidence for the biosorption mechanism by revealing shifts in
key functional groups after metal adsorption. Significant spectral changes were observed at
1145–1011 cm−1 (C–O), 1618–1734 cm−1 (C=O), and 2850–2921 cm−1 (O–H/C–H), indicat-
ing the active involvement of hydroxyl, carbonyl, and ester groups in metal binding. These
functional groups facilitate adsorption through complexation and electrostatic interactions
between metal ions and the biosorbent surface. Similar FT-IR spectral shifts have been
widely reported for lignocellulosic biosorbents used in heavy metal removal processes.
Overall, the results demonstrate that locally cultivated tobacco biomass can serve as a low-
cost, environmentally sustainable biosorbent for the removal of heavy metals and organic
pollutants from industrial wastewater. The relatively high adsorption efficiencies, rapid
kinetic behavior, and favorable isotherm characteristics highlight the potential applicability
of these biosorbents in wastewater treatment systems. Furthermore, the use of agricultural
biomass for biosorption aligns with sustainable waste management strategies and circular
economy principles, offering an effective solution for mitigating heavy metal pollution in
industrial effluents.

4. Conclusions
This study demonstrated that tobacco-derived biosorbents are effective and sustainable

materials for treating industrial wastewater from ADOSB. Among the investigated varieties,
the Celikhan biosorbent exhibited the highest adsorption performance for copper and
COD removal, highlighting the importance of biosorbent type in determining treatment
efficiency. The biosorption process was significantly influenced by operational parameters
such as contact time, pH, and initial contaminant concentration, with optimal removal

https://doi.org/10.3390/pr14132117

https://doi.org/10.3390/pr14132117


Processes 2026, 14, 2117 30 of 32

observed at near-neutral pH and relatively short contact times. Kinetic and isotherm
analyses indicated that the adsorption process follows pseudo-second-order kinetics and
is well described by the Langmuir model, suggesting predominantly chemisorption on
a monolayer surface. Overall, the results demonstrate that tobacco waste can serve as
a low-cost and environmentally friendly biosorbent, supporting waste valorization and
circular economy principles. Future research should investigate the removal of additional
pollutants, evaluate regeneration and reusability of the biosorbents, and assess pilot-scale
applications to confirm practical feasibility.

Limitations and Potential Improvement of Tobacco Biosorbents

Although the locally sourced tobacco biosorbents demonstrated measurable adsorp-
tion of copper, cobalt, and nickel from ADOSB wastewater, the observed adsorption
capacities (e.g., Qmax = 1.867 mg/g for Cu) are lower than those of some previously re-
ported biomass-based adsorbents. This limitation is attributed to the use of untreated, raw
biomass, which has a relatively low surface area and limited number of active binding sites.

To enhance adsorption performance, several strategies can be considered:
Chemical modification: Functionalization of tobacco biomass with acids, bases,

or chelating agents can increase the density of active functional groups and improve
metal affinity.

Activation: Physical or chemical activation (e.g., thermal treatment, phosphoric acid,
or potassium hydroxide) can increase surface area and porosity, promoting higher adsorp-
tion capacity.

Biochar conversion: Pyrolysis of tobacco biomass generates a porous biochar with
enriched surface functional groups, which has been shown to significantly improve heavy-
metal removal.

Future studies can explore these approaches to optimize tobacco-based biosorbents,
thereby enhancing their practical applicability for industrial wastewater treatment.”
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24. Çetin, H.C.; Harmancıoğlu, N.; Sarıyıldız, A.; Silay, A.E. Gediz nehri su kalitesi parametrelerinin eğilim analizi. In İzmir Kent
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