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Abstract 

This study reports the development, optimization and mechanistic evaluation of bio-

based cellulose/lignin–tannin membrane adsorbents for the removal of representative 

inorganic and organic water pollutants: Cr(VI), Pb2+, difenoconazole (DFC) and bisphenol 

A (BPA). Waste cellulose fibers (wCF) from cigareIe-package paperboard were converted 

into reactive membrane constituents by amino/ester and epoxy functionalization and 

subsequently cross-linked with epoxy-modified kraft lignin (EpKL), with or without 

tannic acid (TA), yielding wCF/EpKL and wCF/EpKL/TA membranes. Response surface 

methodology was used to optimize formulation parameters, while structural, 

morphological, and physicochemical analyses supported successful functionalization, 

cross-linking, and formation of porous, structurally modified surfaces. At 298 K, the 

Langmuir adsorption capacities of wCF/EpKL/wCF/EpKL/TA reached 85.37/88.78 mg g−1 

for Cr(VI), 155.6/163.9 mg g−1 for Pb2+, 51.80/84.49 mg g−1 for DFC, and 194.4/195.4 mg g−1 

for BPA, respectively. Isotherm, kinetic, and thermodynamic analyses indicated 

favorable, heterogeneous, and spontaneous adsorption involving specific surface 

interactions and diffusion-related contributions. Spectroscopy-supported mechanistic 

interpretation suggested that metal species are retained mainly through complexation 

with amino, phenolic, and oxygen-containing groups, together with electrostatic 

interactions, whereas DFC and BPA adsorption involves hydrogen bonding, hydrophobic 

interactions, and π–π interactions with lignin/tannin aromatic domains. Fixed-bed 

experiments confirmed the applicability of the membranes under continuous-flow 

conditions, while regeneration, stabilization/degradation, and soil-burial tests supported 

their potential within a more sustainable water treatment cycle. Overall, the results 

demonstrate that waste-derived cellulose/lignin–tannin membranes are promising 

regenerable sorbents for the adsorption of chemically diverse inorganic and organic 

pollutants. 
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1. Introduction 

Water pollution by toxic heavy metals and organic micropollutants has become a 

critical global issue, fueled by industrial discharge and insufficient wastewater treatment 

[1]. Among heavy metals, lead (Pb(II)) and hexavalent chromium (Cr(VI)) are especially 

problematic. Lead is a highly toxic metal used extensively (e.g., in baIeries, pigments, and 

ceramics), and its widespread industrial use has led to pervasive environmental 

contamination [2]. Even low-level lead exposure can cause severe and irreversible health 

effects—from neurological and developmental disorders in children to cardiovascular 

and kidney damage in adults [3]. Hexavalent chromium, a common form of chromium in 

industrial effluents (e.g., from electroplating and tanning), is a known human carcinogen 

with no safe level of exposure [4]. In contrast to trivalent chromium, which binds to 

carbohydrates and lipids to control cardiovascular disease and diabetes [5], exposure to 

hexavalent chromium in humans leads to diarrhea, swelling of the liver, kidneys, 

respiratory tract problems, and internal bleeding [6]. Like Pb(II) and Cr(VI), various 

synthetic organic chemicals have emerged as persistent water pollutants. For example, 

bisphenol A (BPA) is a high-production-volume compound used in polycarbonate plastics 

and epoxy resins. BPA can leach into water from plastic waste and has potent endocrine-

disrupting activity, binding to hormone receptors and causing reproductive and 

developmental abnormalities [7]. Consequently, BPA is frequently detected in surface 

waters and even drinking water sources worldwide. Another problematic organic 

contaminant is difenoconazole (DFC), a widely used triazole fungicide. Due to extensive 

agricultural application, DFC residues are often found in irrigation runoff, surface waters, 

and soils [8]. This pesticide is considered highly toxic to aquatic life and has raised serious 

environmental health concerns; for instance, regulatory assessments have shown DFC 

contamination levels exceeding safe thresholds for fish and other biota [9]. Given the 

dangers of such pollutants to ecosystems and human health, efficient strategies for their 

removal from wastewater are of paramount importance. 

Multiple water treatment technologies have been developed to eliminate heavy 

metals and organic pollutants. Conventional methods include chemical precipitation, 

coagulation–flocculation, membrane filtration, ion exchange, advanced oxidation, and 

adsorption, among others [10]. Each approach has merits, yet also limitations in cost, 

complexity, or efficacy across different contaminants. Among these, adsorption has 

emerged as one of the most widely favored techniques for the decontamination of both 

metals and organics [10,11]. This popularity is due to its relative operational simplicity, 

versatility, and effectiveness. In particular, adsorption processes offer high removal 

efficiency, are easy to design and operate, and can often be carried out with affordable 

materials [12]. An added benefit is that many adsorbents can be regenerated and reused, 

thus reducing costs and waste generation [12,13]. Traditional adsorbents like activated 

carbon and zeolites achieve a good removal performance, but they can be prohibitively 

expensive to produce or regenerate at scale [3,10]. Such economic and sustainability 

drawbacks have driven research toward more cost-effective and eco-friendlier adsorbents. 

In recent years, the focus has shifted to developing sorbents from naturally abundant 

or waste-derived materials (often termed “biosorbents”) as a sustainable alternative 

[10,14]. The appeal of biosorbents lies in their wide availability, low cost, and minimal 

environmental footprint, especially when sourced from agricultural or industrial waste 

streams [1]. Many biosorbents contain functional groups (e.g., hydroxyl, carboxyl, 



Sustain. Chem. 2026, 7, 63 3 of 37 
 

https://doi.org/10.3390/suschem7040063 

phenolic groups) that can bind heavy metal ions or organic molecules, though their native 

adsorption capacity is sometimes limited [15]. To overcome this, researchers often modify 

or functionalize natural materials to enhance their affinity for target pollutants. For 

example, chemical modifications (such as oxidation, grafting of new functional groups, or 

composite formation) can greatly improve the sorption capacity of cellulose, lignin, 

chitosan, and other bio-polymers [16–18]. 

Lignocellulosic materials—in particular, cellulose (the most abundant bio-polymer 

on Earth) and lignin (the second most abundant)—have aIracted considerable interest as 

base materials for adsorbents [19,20]. These polymers are renewable, inexpensive (may be 

derived from waste biomass), and feature numerous polar functional groups that can 

participate in binding contaminants. Cellulose fibers, for instance, contain many hydroxyl 

groups that make them amenable to chemical derivatization. Lignin, a complex aromatic 

polymer obtained as a byproduct from the pulp and paper industry, contains phenolic, 

carboxylic, and methoxy groups that can interact with metal cations or aromatic 

pollutants. Tannins, a class of plant polyphenols (such as tannic acid (TA)), also offer 

multiple binding sites (galloyl groups) capable of chelating metals or forming hydrogen 

bonds and π–π interactions with organic molecules. Numerous studies have 

demonstrated the effectiveness of modified lignocellulosic adsorbents for removing the 

pollutants of interest here [21–24]. For example, cellulose membranes functionalized with 

lignin and TA have been shown to capture both cationic and oxyanionic contaminants 

from water with high efficiency [25]. Similarly, other researchers have reported excellent 

uptake of Pb(II), Cr(VI), and similar metal ions using cellulose-based or nanocellulose-

based biosorbents impregnated with tannins or other natural polyphenols [26,27]. These 

successes underscore the potential for predominantly bio-based and waste-derived 

membrane adsorbents in addressing diverse pollutant classes. However, here remains a 

need to develop adaptable sorbent systems capable of targeting chemically diverse 

pollutant classes (both heavy metals and organic compounds), while ensuring the 

materials are easily regenerable and ultimately biodegradable. 

In this context, the present study introduces a predominantly bio-based and waste-

derived cellulose membrane adsorbent designed for broad-spectrum pollutant removal. 

We developed two variants of a cellulose-based membrane using renewable building 

blocks: (1) epoxy-modified kraft lignin (EpKL) (a wood-industry byproduct) and (2) TA, 

in addition to the cellulose fiber matrix. In practice, the membranes were prepared by 

chemical grafting or cross-linking the bio-polymers onto cellulose, yielding robust sheets 

enriched with functional groups from lignin and tannin. The wCF/EpKL membrane 

incorporated epoxy-activated lignin within the cellulose network to introduce aromatic 

phenolic sites beneficial for binding metal ions and aromatic pollutants. The 

wCF/EpKL/TA membrane contained both the lignin derivative and TA, the laIer expected 

to provide additional multi-dentate binding sites and further improve adsorption 

capacity. By combining waste-derived cellulose with lignin and tannic-acid-derived 

functional domains, the membranes are designed to increase the renewable content of the 

adsorbent and to improve end-of-life degradability, although their environmental 

acceptability after use must be assessed through regeneration, leaching, and degradation 

tests. A key motivation for using dominantly natural constituents was to ensure the spent 

membranes would be biodegradable, avoiding secondary pollution at end-of-life. We also 

anticipated that the combination of lignin and tannin functionalities on a cellulose scaffold 

would yield an adsorbent with a high affinity across a spectrum of pollutants—from metal 

species to hydrophobic organic molecules. The proposed preparation strategy 

incorporates several elements consistent with green chemistry principles, including the 

use of waste-derived cellulose and renewable or bio-derived building blocks, functional 

material reuse through regeneration, and consideration of end-of-life management [28]. 
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At the same time, the present laboratory-scale route includes several chemical 

functionalization steps, and further process intensification, solvent recovery, and 

reduction in hazardous reagents remain important targets for future scale-up. 

The purpose of this work was to evaluate the adsorption performance and interaction 

mechanisms of two related waste-cellulose/epoxy-kraft-lignin membrane systems, with 

and without tannic acid, toward four chemically distinct pollutants: Pb(II), Cr(VI), BPA, 

and DFC. The main novelty lies in the design of a cross-linked cellulose/lignin-based 

membrane platform in which tannic acid provides an additional phenolic/aromatic 

functional domain, and in the systematic comparison of its adsorption behaviour toward 

representative metal species and organic micropollutants under single-solute conditions. 

The study combines formulation optimization, equilibrium and kinetic analysis, 

regeneration assessment, spectroscopic characterization, and mechanistic interpretation 

to establish structure–function relationships within the developed membrane systems. 

These particular contaminants were chosen as representative high-priority pollutants: 

Pb(II) and Cr(VI) for toxic heavy metals, and BPA and DFC for persistent organic 

pollutants of emerging concern. We investigated how operating parameters such as 

solution pH, contaminant concentration, temperature, and contact time influence the 

adsorption efficiency of each membrane. Adsorption isotherms and kinetic models were 

applied to quantify the membranes’ capacity and to elucidate the rate-limiting steps of 

uptake. To gain insight into the adsorption mechanisms, we carried out spectroscopic 

analyses and theoretical calculations. Fourier-transform infrared (FTIR) and Raman 

spectroscopy were used to identify the functional groups on the membrane surfaces 

involved in binding the pollutants (e.g., observing shifts in peaks corresponding to –OH, 

–COOH, or aromatic groups after adsorption). 

Notably, the membranes exhibited high adsorption capacities for Pb(II), Cr(VI), BPA, 

and DFC, comparable to or exceeding those of many conventional synthetic adsorbents. 

Equally important, the bio-membranes demonstrated a high degree of regeneration—the 

pollutants could be desorbed, and the membrane reused over multiple cycles with only 

minimal loss of performance [17]. Furthermore, because the membranes are constructed 

from biodegradable components, their end-of-life management must include 

regeneration, pollutant recovery/stabilization, leaching assessment, and controlled 

disposal, addressing concerns about solid waste generation. The findings of this study 

illustrate the potential of integrating natural polymers and green chemistry approaches to 

create effective adsorbent materials with low environmental impact. The following 

sections will detail the adsorption results and mechanistic observations, showing how 

these bio-based membranes can contribute to sustainable water purification. 

2. Materials and Methods 

2.1. Materials 

Detailed information on all reagents (including chemical names, suppliers, and 

purities) is provided in the Supplementary Materials (SM) Section S2.1. 

2.2. Procedure for Preparation of Cellulose wCF Membranes and Their Constituent 

Detailed procedures for the preparation of cellulose-based membrane adsorbents 

and the synthesis of modification agents from bio-renewable precursors are provided in 

Section S2.2 (Sections S2.2.1–S2.2.5) and Figure S2 [29–43]. 

2.3. Response Surface Methodology (RSM) for the Optimization of the Preparation Membranes 

The optimization procedure for the preparation of adsorbents is given in Section S2.3. 

2.4. Synthesis of Lead Chromate (PbCrO4) 
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The procedure for the synthesis of lead chromate (PbCrO4) is given in Supplementary 

Materials Section S2.4 [44,45]. 

2.5. Characterization Methods 

Information about characterization methods of adsorbents before and after 

adsorption is given in Section S2.5 [46–54]. 

2.6. Adsorption, Desorption and Regeneration Experiments 

Adsorption methods performed in a batch and bed column system, and desorption 

and regeneration methods, are described in Supplementary Materials Section S2.6 

(Sections S2.6.1–S2.6.4). 

2.7. Applied Technologies for Exhausted Membrane Disposal and Pollutant  

Wastewater Treatment 

The procedure for the stabilization of pollutants, including precipitation, the toxicity 

characteristic leaching procedure (TCLP) and photocatalytic experiments, as well as 

biodegradability experiments of membranes, are described in Supplementary Materials 

Section S2.7 [55–61]. 

3. Results and Discussion 

3.1. Physicochemical Characterization of wCF/EpKL and wCF/EpKL/TA 

In addition to adsorption capacity, the contents of amino, acid and epoxy groups, 

expressed through AN, AV and EEW values, together with porosity and pHPZC, are 

important physicochemical parameters defining the adsorption performance of the 

obtained membranes (Table 1). 

Table 1. Porosity, AV, AN, EEW, and pHPZC of synthesized materials. 

Material/ 

Properties 
Porosity 1 

AV, 

mg KOH/g 

AN, 

mmol g−1 

EEW 

g eq−1 

pHPZC 

Initial After Adsorption 

wCF/Am 2 - 126 2.51 - 7.46  

wCF/Ep 3 -  - 296 4.39  

EpKL 4 -  - 372 4.85  

wCF/EpKL 5 61  1.40 Nd 6 6.25 7 5.69 7 

wCF/EpKL/TA 5 58  1.01 Nd 6 6.18 7 5.78 7 

1 Dry-wet weight method was used for membrane porosity determination (Supplementary 

Materials Section S2.5); 2 AN = 2.51 mmol g−1, calculated from N content of 3.51%; AV = 126 mg KOH 

g−1, corresponding to 2.25 mmol COOH g−1; 3 3.38 mmol epoxy g−1 for wCF/Ep; 4 phenol, hydroxyl, 

and carboxyl group content (mmol g−1) in non-modified kraft lignin (KL) are given in Table S5, 2.69 

mmol epoxy g−1; 5 specific gravity of membrane: 0.53 and 0.49 g cm−3 for wCF/EpKL and 

wCF/EpKL/TA, respectively; 6 not detectable; 7 pHPZC before 6.25 and after Pb(II) adsorption 5.69 for 

wCF/EpKL membrane, and 6.18 before and 5.78 after DFC adsorption wCF/EpKL/TA membrane. 

The titration-derived AV, AN and EEW values confirmed the successful introduction 

of acid, amino and epoxy functionalities into the reactive constituents and final 

membranes. The high porosity values (Table 1) indicate the formation of open and water-

accessible membrane structures suitable for adsorption under batch and flow conditions. 

The pHPZC values were determined from the dependence of final pH on initial pH (Table 

1, Figures S7 and S8). The pHPZC value of wCF/Am was 7.46, which is consistent with 

the introduction of protonable amino groups onto the cellulose surface. After membrane 

formation, the pHPZC values decreased to 6.25 for wCF/EpKL and 6.18 for 
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wCF/EpKL/TA, indicating that part of the amino functionality was involved in cross-

linking reactions, and that the surface chemistry of the final membranes was additionally 

governed by lignin- and tannic acid-derived phenolic, hydroxyl, carbonyl and ether 

groups. Overall, the titration-derived AV, AN and EEW values, together with 

FTIR/Raman evidence, support the successful introduction of amino/ester and epoxy 

functionalities and the formation of cross-linked membrane networks. 

3.2. Optimization of Membrane Preparation Using RSM Design 

The preparation of cellulose bio-based membrane included a combination of reagents 

and materials mainly based on bio-renewable sources, optimized synthesis, and 

functionalization of surface cellulose fibers through several steps (Figure S2). The first step 

was making cellulose fibers (wCF) from waste cigareIe packs using a mixture LiCl/DMSO 

for controlled swelling. 

In order to improve the reactivity of the cellulose membrane surface, in the second 

step, we performed the functionalization of wCF fibers using previously synthesized 

modification agents to obtain two amino (wCF/Am) and epoxy (wCF/Ep) membrane 

constituents (Sections S2.2.2 and S2.2.3). wCF/Am membrane constituent was obtained by 

ester/amino functionalization cross-linking under optimal reaction conditions and 

appropriate modification amounts of 4-chloro-4-oxobutanoate (ECB) and Ethyl L-lysinate 

dihydrochloride (EtLysChl) agents [35]. The modification was performed using ECB agent 

obtained from renewable sources, starting from fructose to obtain levulinic acid (LA) [30]. 

Then, we performed the oxidation of LA to succinic acid (SA), and dehydration of SA to 

succinic anhydride [29,31,32], which produced ECB [33]. The other EtLysChl agent used 

as a cross-link in modification was synthesized from commercial chemicals by reaction of 

a mixture of ethanol and thionyl chloride with L-lysine hydrochloride [34]. wCF/Ep 

membrane constituent was obtained by epoxide functionalization of wCF with 

epichlorohydrin (ECH), which was synthesized from bio-based glycerol [36,37]. 

The third step of modification was the synthesis of epoxy kraft lignin (EpKL) using 

synthesized ECH [35,39]. 

In the fourth step, ester/amino and epoxy cross-binding of membrane constituents 

with epoxy kraft lignin (EpKL) (Section S2.2.4.) and tannic acid (TA) was performed to 

obtain two membranes, wCF/EpKL and wCF/EpKL/TA (Section S2.2.5), with a high 

performances and porosity, which could be used as adsorbents for the removal of 

pollutants from water (Figure S2). 

Preparation of these membranes was performed as a result of the optimization 

procedure using RSM design. The optimized reaction conditions were selected by 

considering the molar ratios of the reactive functional groups in the membrane 

constituents and the solvent composition used during membrane preparation 

(Supplementary Materials Section S2.3). 

A response surface methodology (RSM) with a D-optimal design was applied as an 

empirical statistical technique to analyze the simultaneous effects of two sets of factors on 

adsorption performance. 

Figure 1a shows the response surface for DFC adsorption by the wCF/EpKL/TA 

membrane as a function of X1 (wCF/Ep content) and X2 (TA content). Figure 1b shows the 

response surface for Pb2+ adsorption by the wCF/EpKL membrane as a function of X1 

(wCF/Ep content) and X2 (wCF/Am content). The response surfaces indicate that the 

adsorption capacity strongly depended on the selected formulation factors. For the 

wCF/EpKL/TA membrane, the highest DFC uptake was obtained in the intermediate X1–

X2 region, whereas, for the wCF/EpKL membrane, the highest Pb2+ uptake was achieved 

at intermediate X1 and higher X2 values. 
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Figure 1. Response surface plots obtained from the D-optimal formulation screening: (a) effect of 

formulation factors X1 and X2 on the experimentally determined DFC adsorption capacity of the 

wCF/EpKL/TA membrane; and (b) effect of formulation factors X1 and X2 on the experimentally 

determined Pb2+ adsorption capacity of the wCF/EpKL membrane. Other synthesis and adsorption 

conditions were kept constant. 

The two membrane formulations were optimized independently rather than through 

a simultaneous multi-response optimization. Preliminary screening indicated that the 

wCF/EpKL membrane was particularly suitable for removal of inorganic pollutants, and 

its formulation was therefore optimized using Pb(II) adsorption capacity as the response. 

The quadratic model, expressed in coded factors A (wCF/Ep content) and B (wCF/Am 

content), was 

qePb2+ = +114.35 + 0.92A − 6.81·B − 2.05AB − 26.37A
2 + 3.63B

2
 

The model was highly significant (F = 22.80, p < 0.0001), with B and A2 identified as 

significant model terms. Since preliminary experiments showed that incorporation of TA 

enhanced the adsorption of organic pollutants, the wCF/EpKL/TA formulation was 

optimized separately using DFC adsorption capacity as the response. For this system, A 

represented the wCF/Ep content and B represented the TA content, and the resulting 

model was 

qeDFC = +43.31 + 1.21A + 2.27B + 1.67AB − 3.58A
2 − 10.56B

2
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This quadratic model was also significant (F = 12.05, p = 0.0004), with B and B2 being 

significant terms. Accordingly, no mathematical trade-off between Pb(II) and DFC 

responses was imposed within a single formulation. Rather, one formulation was 

optimized primarily for an inorganic-pollutant response and the TA-containing 

formulation for an organic-pollutant response. Both optimized membranes were 

subsequently tested against both pollutant classes to evaluate their broader applicability. 

The complete experimental design and ANOVA results are provided in Tables S1–S4. 

Through graphical RSM optimization, using only a small number of experiments, we 

identified the best combination of properties for the adsorbents. 

Based on the titration-derived amino and epoxy contents of the reactive constituents, 

the optimized wCF/EpKL formulation was close to epoxy/amino equivalence. In the 

wCF/EpKL/TA formulation, a moderate excess of epoxy groups relative to amino groups 

was used, while, additionally, residual epoxy groups may also react with phenolic 

hydroxyl groups of TA, forming additional ether-type linkages and contributing to a more 

chemically heterogeneous cross-linked network. Therefore, TA may act not only as a 

polyphenolic adsorption domain but also as a secondary multifunctional cross-linking 

component that contributes to the formation of a denser and more chemically 

heterogeneous membrane network. In that way, the optimized adsorbents exhibit the high 

adsorption capacities for Pb(II) ions and difenoconazole (DFC), satisfactory membrane 

porosity, along with suitable membrane dimensions, and good mechanical stability of the 

membrane. All of these properties make the material suitable for application in a 

continuous flow system. 

3.3. Structural and Morphological Characterization of wCF/EpKL and wCF/EpKL/TA 

3.3.1. FTIR Spectroscopy Analysis 

The successful modification of wCF was monitored by ATR–FTIR spectroscopy 

(Figure 2). The spectra were analyzed depending on the shape, intensity, and frequency 

of the characteristic peak of the functional group. 

 

Figure 2. FTIR spectra of membrane constituents and wCF/EpKL and wCF/EpKL/TA membranes. 

The broad bands in all spectra at about 3333, 3283, and 3280 cm−1 (Figures 2 and S1a) 

refer to hydroxyl and phenolic groups originating from cellulosic material, lignin, and 
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tannic acid. These bands are overlapped with the band assigned to N–H stretching 

vibration of the amino group, resulting from the functionalization of cellulose fibers wCF 

with wthyl L-lysinate dihydrochloride (EtLysChl). Bands at 2903, and 2870 cm−1 in the 

spectra of wCF show the presence of stretching vibrations of methyl ν(–CH3) and 

methylene ν(–CH2) groups, while bending vibrations of δ(–CH3) and δ(–CH2) were 

observed between 1465 and 1315 cm−1. In the spectrum of wCF fibers, the peaks at about 

1637 cm−1, 1160–1024 cm−1, and 890 cm−1 are aIributed to the bending vibrations of O-H 

groups, stretching asymmetric and symmetric vibration of C–O and C–O–C, glycoside 

and β-glycosidic linkages in cellulose, respectively [62,63]. 

The introduction of ester, amino, and epoxy functional groups into the cellulose 

skeleton, by a cross-linking reaction with modification agents (ECB, EtLysChl, and ECH), 

causes a change in shape and intensity of the peaks of membrane constituents (wCF/Am 

and wCF/Ep) in these regions. In the wCF/Am spectrum, three new peaks appeared at 

1734, 1563 and 825 cm−1, which can be assigned to ester C=O stretching, amide II vibration 

and N–H bending, respectively. The amide I band is overlapped with the O–H bending 

region of cellulose. In the wCF/Ep spectrum, new bands at 1253, 845 and 820 cm−1 support 

the presence of epoxy groups. 

Further modification with EpKL and TA during membrane formation caused 

changes in the intensity and position of characteristic bands originating from EpKL and 

TA (Figures 2 and S1a), supporting the formation of cross-linked membrane networks. 

Thus, the spectra of both membranes’ disappearance of epoxide group vibrations (Figures 

2 and S1a) indicate their cross-linking reaction with functional groups from membrane 

constituents. Further, the vibrations of stretching aliphatic groups are slightly shifted 

towards a higher frequency, and new bending bands in these groups from EpKL and TA 

are observed at 1465, 1381, and 1310 cm−1 (Figures 2 and S1a). The main vibrations at 1671 

and 1701 cm−1 (EpKL and TA spectra, respectively) in the spectra of formed membranes 

are observed at 1721 and 1704 cm−1 and are aIributed to the C=O stretching group. In 

addition, the wavenumbers at 1655 and 1602 cm−1 belong to the bending phenolic/C=O 

stretch vibration mode of conjugated p-substituted aryl ketones in lignin groups, and the 

C=C aromatic ring, respectively [42]. The area of ether groups at 1172/1175–1047/1015 

vibrations was shifted and found at 1203–1029 cm−1, and bands for =CH2 bending 

vibrations out-of-plane of aromatic lignin and tannin units were noted at 885–742 cm−1. 

Based on the appearance of the spectrum in Figure 2, this result indicates the different 

interaction between carbonyl/carboxyl functional groups of modification agents (EpKL 

and TA) and the cellulose structure. 

3.3.2. Raman Spectroscopy Analysis 

Changes in functional groups during the modification process of pre-treated 

cellulose fibers were monitored by Raman spectroscopy, in addition to FTIR spectroscopy 

(Figure 3). 

Raman bands for cellulose are identified according to the literature [64,65]. The bands 

at 904, 972, 1005 and doublet at 1100 and 1127 cm−1 are assigned to H-C-C and H-C-O 

bending vibration at C6 atoms of cellulose, stretching C-C and C-O, CH2 rocking vibration 

in the plane, and symmetric and asymmetric C-O-C stretching vibration in the plane of 

the glycosidic ring. Further, the region at 1387–1473 cm−1 corresponded to H-C-O, H-O-C 

bending vibrations, and C-H scissoring vibrations in the plane of the methylene group. 

After modification, the peaks appeared at 857, 1036, and 1592 cm−1, which were associated 

with stretching vibrations of C-C, C-C-N structure, C-N of amino, and bending vibrations 

of N-H Amid I bands, respectively, and the presence of ester groups at 1705 and 1752 cm−1 

from ECB and EtLysChl in membrane constituents wCF/Am confirmed the successful 

functionalization. The bands about 1245–1430 cm−1 are aIributed to C-H bending 
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vibrations of aliphatic groups. In the Raman spectra of epoxy-modified cellulose fibers, 

successful modifications followed the appearance of epoxy groups. The bands of this 

group are observed at 1260 cm−1, belonging to the stretching vibration of the epoxy ring, 

and 764/967 cm−1, for symmetric/asymmetric stretching vibrations of C-O-C groups. In the 

spectra of membranes wCF/EpKL and wCF/EpKL/TA obtained by cross-linking reaction 

membrane constituents, EpKL and TA are observed to decrease and shift bands of C-H 

and C-H-O from cellulose and membrane constituents. Further, aromatic C-H out-of-

plane and in-plane vibrations observed at 787 cm−1 and 968 cm−1, respectively, in both 

membranes, originate from epoxy lignin (Figures 3 and S1b) [42,43]. Also, the disappear-

ance of epoxy groups and decrease/increase in amino shift confirm the cross-linking reac-

tion. These results are in accordance with results obtained from analysis of the FTIR spec-

tra. The weak band at 1641 cm−1 may result from the shift/overlap of bands at 1620 and 

1640 cm−1 originating from tannic acid and lignin, respectively, and can be aIributed to 

C=C and C=O stretching vibrations of aromatic rings in TA and EpKL structures [41,45]. 

Also, in the spectrum of wCF/EpKL/TA membrane, vibration at 1711 cm−1 belongs to C=O 

stretching vibration from TA [66]. 

 

Figure 3. Raman spectra of membrane constituents and wCF/EpKL and wCF/EpKL/TA membranes. 

3.3.3. SEM Surface Morphology Analysis 

The surface morphology of obtained membranes was studied using Scanning Elec-

tron Microscopy, and SEM images are shown in Figure 4. From the images, we noted the 

change in surface after multistep modification, and the surface of the obtained membranes 

(Figure 4b,c) gives adsorbents with a highly porous morphology in relation to unmodified 

cellulose fibers wCF (Figure 4a) 
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(a) (b) (c) 

Figure 4. SEM images of (a) unmodified wCF cellulose fibers, (b) wCF/EpKL membrane, and (c) 

wCF/EpKL/TA membrane. 

Unmodified wCF fibers (Figure 4a) are characterized by a relatively smooth surface 

and a clearly defined fibrillar structure, with the presence of inter-fiber gaps. From the 

images, it was noted that the change in surface after multistep modification and the sur-

face of obtained membranes (Figure 4b,c) gives adsorbents with a highly porous morphol-

ogy in relation to unmodified cellulose fibers wCF. Upon the introduction of epoxy-mod-

ified kraft lignin (Figure 4b), on the previously amino/esterified functionalized fiber sur-

face, the surface of wCF/EpKL membrane becomes significantly rougher and is covered 

with irregular deposits, which indicates the successful binding of lignin derivatives and 

the formation of additional interactions with the hydroxyl groups of cellulose. In 

wCF/EpKL/TA, which additionally contains tannic acid (Figure 4c), an even more pro-

nounced morphological transformation is observed, with partial fiber deformation, lay-

ered structures, and a reduction in inter-fiber spaces, which suggests increased cross-link-

ing and a more compact structure. These results confirm that the combined modification 

leads to significant changes in the surface and structural organization of the cellulosic ma-

terial. 

3.4. Adsorption Study 

3.4.1. Study of pHPZC 

The adsorption behavior of the prepared membranes is influenced by both the sur-

face charge of the adsorbent and the pH-dependent speciation of the target pollutants. 

Therefore, the pHPZC values of the membranes and the ionic speciation of Pb(II) and 

Cr(VI) were considered when selecting the operating pH for the adsorption experiments. 

The pHPZC values of wCF/EpKL and wCF/EpKL/TA were 6.25 and 6.18, respectively (Ta-

ble 1, Figures S7 and S8). Together with Pb(II) and Cr(VI) speciation calculated using 

MINTEQ 3.0 software (Figure S6) [67], these values were used to select pH 6.5 as a com-

promise of operating pH that minimizes Pb(II) precipitation and enables a comparison 

among cationic, oxyanionic and neutral organic pollutants [68]. Estimation of the pKa val-

ues of DFC and BPA was performed theoretically using ADMET Predictor [69] and exper-

imentally [70], giving values of 1.2 and 9.80, respectively. Accordingly, at pH 6.5, 

Pb2+/Pb(OH)+ retention cannot be aIributed solely to electrostatic aIraction, whereas 

Cr(VI) removal may involve electrostatic aIraction of HCrO4−/CrO42− species to proto-

nated surface sites, together with hydrogen bonding and specific interactions with the 

polymeric network. 
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3.4.2. Adsorption Isotherm 

Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich (D-R) models (Equa-

tions (S11)–(S16)) were used in the processing of adsorption isotherm data fiIing. The 

equilibrium non-linear fiIing adsorption data using the isotherms models at temperatures 

of 298, 308, and 318 K for Cr(VI), Pb(II) ions, difenoconazole (DFC), and bisphenol A (BPA) 

removal onto wCF/EpKL and wCF/EpKL/TA, respectively, are presented in Tables 2 and 

S6–S13 [61,68]. Adsorption results using Temkin and Dubinin–Radushkevich models for 

the removal of pollutants onto adsorbents are shown in Tables S4–S11. 

Table 2. Non-linear fiIing results using Langmuir isotherm model for Cr(VI), Pb(II), DFC and BPA 

adsorption onto wCF/EpKL and wCF/EpKL/TA (Ci[Cr(VI)] = 10 mg dm−3; Ci[Pb(II)] = 15 mg dm−3; 

Ci[DFC] = 18 mg dm−3; Ci[BPA] = 44 mg dm−3; m/V = 125–1250 mg dm−3). 

Adsorbent  T (K) qm (mg g−1) KL (dm3 mg−1) KL (dm3 mol−1) R2 

wCF/EpKL 

Cr(VI) 

298 85.37 ± 6.52 0.99301 ± 0.17 51,608.9 ± 2638.2 0.977 

308 87.52 ± 6.29 1.04710 ± 0.17 54,442.9 ± 2629.1 0.980 

318 87.94 ± 6.11 1.14706 ± 0.18 59,649.7 ± 3205.2 0.980 

Pb(II) 

298 155.6 ± 12.60 2.42635 ± 0.49 502,524.9 ± 7377.1 0.969 

308 156.3 ± 11.48 2.63319 ± 0.48 545,407.1 ± 7256.1 0.973 

318 157.0 ± 10.51 2.87237 ± 0.49 594,987.0 ± 8125.2 0.977 

DFC 

298 51.80 ± 4.35 0.12407 ± 0.024 50,587.3 ± 8117.7 0.983 

308 51.23 ± 3.26 0.14599 ± 0.018 59,529.5 ± 7969.4 0.988 

318 51.93 ± 3.75 0.16750 ± 0.024 68,300.5 ± 8015.1 0.983 

BPA 

298 194.4 ± 11.77 0.14657 ± 0.023 33,460.4 ± 3537.9 0.982 

308 203.2 ± 7.82 0.15582 ± 0.018 35,572.2 ± 1894.2 0.993 

318 215.0 ± 7.52 0.15875 ± 0.015 36,241.1 ± 1948.3 0.994 

wCF/EpKL/TA 

Cr(VI) 

298 88.78 ± 8.25 2.92629 ± 0.71 152,137.8 ± 37,068.9 0.957 

308 97.18 ± 10.10 3.19022 ± 0.85 165,859.5 ± 44,206.1 0.954 

318 107.9 ± 13.74 3.61750 ± 0.97 188,073.8 ± 50,366.9 0.944 

Pb(II) 

298 163.9 ± 15.29 2.22925 ± 0.50 461,900.6 ± 102,903.8 0.971 

308 169.3 ± 15.16 2.31805 ± 0.49 480,299.9 ± 100,661.9 0.974 

318 167.6 ± 9.81 3.09049 ± 0.43 640,349.5 ± 89,288.1 0.987 

DFC 

298 84.49 ± 9.153 0.09948 ± 0.018 40,402.6 ± 7312.7 0.984 

308 79.50 ± 4.268 0.13581 ± 0.013 55,170.1 ± 5281.4 0.994 

318 83.24 ± 5.100 0.14612 ± 0.016 59,354.6 ± 6500.2 0.992 

BPA 

298 195.4 ± 14.48 0.10059 ± 0.02 22,963.7 ± 3657.4 0.980 

308 197.3 ± 11.49 0.10505 ± 0.01 23,981.9 ± 1843.3 0.987 

318 198.6 ± 10.38 0.10931 ± 0.01 24,954.4 ± 1703.6 0.989 

Based on the results obtained with the help of the Langmuir adsorption isotherm, 

shown in Table 2 and Figures S9 and S10, it can be concluded that with an increasing 

temperature, there is an increase in capacity (qm) in both materials. The Langmuir-derived 

apparent maximum adsorption capacities (qm) at 298 K, 85.37 and 88.78 mg g−1 for Cr(VI), 

155.6 and 163.9 mg g−1 for Pb(II), 51.80 and 84.49 mg g−1 for DFC, and 194.4 and 195.4 mg 

g−1 for BPA, indicate that the modified wCF/EpKL and wCF/EpKL/TA membranes, re-

spectively, are very efficient when removing pollutants. For all types of pollutants, with 

both types of materials, at all temperatures, higher values of the Langmuir constant, KL, 

were observed. Higher values of the Langmuir constant, KL, indicate that the adsorbent 

surface has a higher affinity towards the pollutants. Based on the results presented in Ta-

bles S4–S11 and Figures S9 and S10, the Freundlich model generally provided a beIer 

description of the equilibrium data than the Langmuir model, indicating adsorption on 
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heterogeneous membrane surfaces. The temperature-driven change in the Freundlich 

constant 1/n reveals how each membrane’s surface chemistry controls adsorption. Alt-

hough the Langmuir qm values were used for comparison of maximum adsorption capac-

ities with literature data, the Freundlich model generally provided a beIer description of 

the experimental equilibrium data, confirming the heterogeneous nature of the modified 

membrane surfaces. The 1/n values were within the range characteristic of favorable ad-

sorption, while their moderate temperature-dependent variations suggest that tempera-

ture affects the accessibility and energetic distribution of adsorption sites in a pollutant-

dependent manner. 

The temperature-dependent variations in the Freundlich heterogeneity parameter 

1/n further support the pollutant-dependent nature of adsorption on both membranes. 

For DFC, 1/n decreased with an increasing temperature on both wCF/EpKL and 

wCF/EpKL/TA, suggesting that heating favors access to more specific high-affinity sites 

and leads to a more heterogeneous distribution of adsorption energies. In contrast, cr(vi) 

showed only minor changes on wcf/epkl, whereas a gradual increase in 1/n was observed 

on wcf/epkl/ta, indicating that tannic acid incorporation may partially homogenize the 

chromate-binding environment at a higher temperature. For pb(ii), the 1/n values changed 

only moderately and followed a slight increase–decrease trend, which suggests that tem-

perature affects the accessibility of amino-, hydroxyl- and phenolic binding sites rather 

than producing a simple monotonic change in surface heterogeneity. bpa also showed 

only limited variation in 1/n, indicating that its adsorption remains favorable over the in-

vestigated temperature range and is governed by a balance of hydrogen bonding, hydro-

phobic association and π–π interactions. Overall, these trends indicate that tannic acid 

modifies the energetic distribution of adsorption sites in a pollutant-specific manner, es-

pecially for dfc and cr(vi), while the adsorption of pb(ii) and bpa remains comparatively 

less sensitive to temperature-induced change 

Temkin and Dubinin–Radushkevich fits (Tables S4–S11) support this conclusion: as 

temperature rises, the mean free-adsorption energy (Ea) for Cr(VI), Pb2+, DFC and BPA 

climbs from about 8 to 16 kJ mol−1 on both membranes, suggesting an increasing contri-

bution of specific, energetically stronger adsorption interactions at elevated temperature. 

Taken together with the 1/n trends, the data indicate that Pb2+ and Cr(VI) bind predomi-

nantly through temperature-enhanced complexation at amino and phenolic sites, whereas 

DFC and BPA rely on a mix of hydrogen-bonding and π–π interactions that are increas-

ingly accessed or reorganized with heating. Thus, the two lignin-based surfaces offer en-

ergetically stronger and progressively more heterogeneous sites for cationic or hydropho-

bic guests at higher temperatures, while chromate uptake becomes more uniform as pro-

ton-donor complexes form. 

3.4.3. Thermodynamic Parameters of Adsorption 

Van’t Hoff equations (Equations (S17) and (S18)) were used in the analysis of ther-

modynamic parameters, free Gibbs energy (∆G), enthalpy (∆H), and entropy (∆S) [71]. In 

Table 3, the calculated values of thermodynamic parameters for wCF/EpKL and 

wCF/EpKL/TA adsorbents are shown. 

Table 3. Calculated Gibbs free energy ΔGΘ), enthalpy (ΔHΘ), and entropy (ΔSΘ) for Cr(VI), Pb(II), 

DFC, and BPA adsorption onto wCF/EpKL and wCF/EpKL/TA adsorbents. 

Adsorbent 
Ion/ 

Pesticide 

ΔGΘ (kJ mol−1) ΔHΘ 

(kJ mol−1) 

ΔSΘ 

(J mol−1 K−1) 
R2 

298 K 308 K 318 K 

wCF/EpKL 
Cr(VI) −37.33 −38.69 −40.13 4.37 139.81 0.979 

Pb(II) −43.07 −44.74 −46.43 7.06 168.13 0.999 
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DFC −37.18 −38.73 −40.31 9.46 156.40 0.999 

BPA −35.74 −37.13 −38.42 4.20 134.02 0.961 

wCF/EpKL/TA 

Cr(VI) −40.19 −41.96 −44.01 16.63 190.43 0.980 

Pb(II) −42.98 −44.57 −46.48 9.11 174.55 0.925 

DFC −36.88 −38.56 −40.05 10.29 158.31 0.974 

BPA −34.91 −36.17 −37.43 2.69 126.10 0.999 

The thermodynamic parameters (Table 3) confirm that adsorption on both mem-

branes is spontaneous, endothermic and entropy-driven. All ΔGΘ values are negative and 

become more negative with rising temperature, showing that higher thermal energy fa-

cilitates pollutant binding spontaneity; the most negative ΔGΘ on wCF/EpKL is observed 

for Pb(II), whereas on wCF/EpKL/TA, the most negative ΔGΘ values were also obtained 

for Pb(II), while the introduction of TA particularly improved the thermodynamic favor-

ability of DFC adsorption compared with the non-TA membrane. Because the absolute 

ΔGΘ values are below the commonly used threshold of −80 kJ mol−1, they may indicate a 

chemisorptive contribution to some extent, but not a predominantly chemisorptive mech-

anism [72]. The magnitude of ΔGΘ suggests strong and favorable adsorption rather than 

purely weak physisorption; however, these values alone do not prove a purely chemi-

sorptive mechanism. Therefore, the uptake is more appropriately described as a mixed 

process involving specific surface interactions, including coordination/electrostatic inter-

actions for ionic species and hydrogen bonding/π-interactions for organic micropollutants 

(Figures 5 and S12). Positive ΔHΘ values across all solute–membrane pairs indicate that 

the process is endothermic; BPA shows the lowest enthalpy on both membranes, suggest-

ing weaker interaction energies than those for the metal ions or DFC. Finally, the positive 

entropy changes (ΔSΘ) imply an overall increase in randomness, consistent with displace-

ment of bound water and counter-ions from the membrane surface during complex for-

mation. These entropy gains corroborate the high affinity of both wCF/EpKL and 

wCF/EpKL/TA for the target contaminants, with the greatest entropy gain recorded for 

Pb(II) on wCF/EpKL and for DFC on wCF/EpKL/TA. 

Entropy changes (ΔSΘ) reflect the balance between the ordering that accompanies 

formation of surface complexes and the disorder introduced when solvated ions or water 

molecules are released into bulk solution. For Cr(VI) on wCF/EpKL and for BPA on 

wCF/EpKL/TA, the ΔSΘ values are comparatively low, indicating that their uptake yields 

a more ordered interfacial layer—consistent with chromate coordinating in a relatively 

rigid inner-sphere geometry and BPA anchoring through specific π–π/hydrogen-bond 

contacts that restrict molecular motion at the adsorbent–solution boundary. In contrast, 

the larger positive ΔSΘ recorded for Pb(II) and DFC is aIributed to the displacement of 

multiple hydration or counter-ions during complexation, which increases the number of 

mobile species in solution and therefore the overall disorder of the system [68]. Because a 

higher positive entropy contribution favors a more negative Gibbs energy, these larger 

ΔSΘ values translate into more thermodynamically feasible and ultimately more stable 

pollutant–membrane complexes, in line with the correlation reported by reference [35]. 

However, these thermodynamic parameters should be interpreted together with spectro-

scopic and modelling results, rather than used alone as definitive evidence of chemisorp-

tion. 
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Figure 5. Schematic representation of plausible cooperative interaction pathways involved in Pb(II), 

Cr(VI), BPA and DFC uptake by the wCF/EpKL/TA membrane. The illustrated arrangements are 

conceptual and do not represent experimentally resolved atomic-level binding geometries. 

3.4.4. Competitive Adsorption 

Competitive adsorption was investigated using two experimental sets. In Set 1, the 

initial concentrations of Cr(VI), Pb(II), DFC, and BPA were 10, 15, 18, and 44 mg L−1, re-

spectively, whereas, in Set 2, all pollutants were present at 20 mg L−1. The obtained results 

are presented in Tables 4–6 [73,74]. 

Table 4. Competitive adsorption of Cr(VI), Pb(II), DFC, and BPA onto wCF/EpKL and 

wCF/EpKL/TA membranes in single-solute and four-component systems at pollutant-specific initial 

concentrations (298 K, pH 6.5). 

Pollutant Membrane 
Ci 

(mg L−1) 

qe,single 

(mg g−1) 

qe,mix 

(mg g−1) 

Rq 

(%) 

Decrease 

(%) 

Ce,mix 

(mg L−1) 

Removal 

(%) 

Cr(VI) wCF/EpKL 10 14.7 6.1 41.5 58.5 6.19 38.1 

Pb(II) wCF/EpKL 15 22.3 9.6 43.0 57.0 9.00 40.0 

DFC wCF/EpKL 18 11.6 2.0 17.2 82.8 16.75 6.9 

BPA wCF/EpKL 44 52.7 15.4 29.2 70.8 34.38 21.9 

Cr(VI) wCF/EpKL/TA 10 15.8 6.3 39.9 60.1 6.06 39.4 

Pb(II) wCF/EpKL/TA 15 23.6 9.9 41.9 58.1 8.81 41.2 

DFC wCF/EpKL/TA 18 14.6 2.2 15.1 84.9 16.62 7.6 

BPA wCF/EpKL/TA 44 48.2 13.8 28.6 71.4 35.38 19.6 
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The multicomponent matrix decreased adsorption for all pollutants. Cr(VI) and Pb(II) 

retained approximately 40–43% of their corresponding single-solute capacities, BPA re-

tained approximately 29%, whereas DFC retained only approximately 15–17%. Thus, the 

resistance to competitive suppression followed approximately Pb(II) ≈ Cr(VI) > BPA > 

DFC. 

Table 5. Competitive adsorption of Cr(VI), Pb(II), DFC, and BPA onto wCF/EpKL and 

wCF/EpKL/TA membranes in single-solute and equimass four-component systems (20 mg L−1 of 

each pollutant, 298 K, pH 6.5). 

Pollutant Membrane 
qe,single 

(mg g−1) 

qe,mix 

(mg g−1) 

Rq 

(%) 

Decrease 

(%) 

Ce,mix 

(mg L−1) 

Removal 

(%) 

Kd 

(L g−1) 

Cr(VI) wCF/EpKL 28.6 11.2 39.2 60.8 13.00 35.0 0.862 

Pb(II) wCF/EpKL 30.2 12.8 42.4 57.6 12.00 40.0 1.067 

DFC wCF/EpKL 13.1 2.9 22.1 77.9 18.19 9.1 0.159 

BPA wCF/EpKL 27.8 11.1 39.9 60.1 13.06 34.7 0.850 

Cr(VI) wCF/EpKL/TA 29.2 12.1 41.4 58.6 12.44 37.8 0.973 

Pb(II) wCF/EpKL/TA 31.8 13.3 41.8 58.2 11.69 41.6 1.138 

DFC wCF/EpKL/TA 15.5 3.5 22.6 77.4 17.81 10.9 0.196 

BPA wCF/EpKL/TA 24.1 10.4 43.2 56.8 13.50 32.5 0.770 

At equal mass concentrations, Cr(VI), Pb(II), and BPA retained approximately 39–43% 

of their single-solute adsorption capacities, while DFC retained only approximately 22%. 

The same paIern was observed for both membranes. Based on Kd, preferential uptake 

under the investigated equimass conditions followed Pb(II) > Cr(VI) ≈ BPA >> DFC for 

wCF/EpKL, and Pb(II) > Cr(VI) > BPA >> DFC for wCF/EpKL/TA. 

Table 6. Distribution coefficients and pairwise preferential adsorption factors for Cr(VI), Pb(II), DFC, 

and BPA in the equimass four-component system (20 mg L−1 of each pollutant, 298 K, pH 6.5). 

Membrane Factor Value 

wCF/EpKL α Pb(II)/DFC 6.69 

wCF/EpKL α Cr(VI)/DFC 5.40 

wCF/EpKL α BPA/DFC 5.33 

wCF/EpKL α Pb(II)/Cr(VI) 1.24 

wCF/EpKL α Pb(II)/BPA 1.26 

wCF/EpKL α Cr(VI)/BPA 1.01 

wCF/EpKL/TA α Pb(II)/DFC 5.79 

wCF/EpKL/TA α Cr(VI)/DFC 4.95 

wCF/EpKL/TA α BPA/DFC 3.92 

wCF/EpKL/TA α Pb(II)/Cr(VI) 1.17 

wCF/EpKL/TA α Pb(II)/BPA 1.48 

wCF/EpKL/TA α Cr(VI)/BPA 1.26 

The strongest contrast is observed relative to DFC. For example, αPb/DFC is 6.69 for 

wCF/EpKL and 5.79 for wCF/EpKL/TA. These values indicate preferential Pb(II) uptake 

relative to DFC under the tested 20 mg L−1-per component conditions. Because the mixture 

is equimass rather than equimolar, these factors should be described as conditional pref-

erential adsorption/separation factors, not as intrinsic selectivity constants. 

The adsorption experiments discussed above were performed using single-solute 

systems and therefore describe the adsorption behavior of the prepared membranes to-

ward individual pollutants. To assess the influence of coexisting contaminants, 
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wCF/EpKL and wCF/EpKL/TA were additionally evaluated in four-component systems 

containing Cr(VI), Pb(II), DFC, and BPA. Two concentration sets were investigated. In the 

first, the initial concentrations corresponded to those used in the pollutant-specific batch 

experiments (10, 15, 18, and 44 mg L−1 for Cr(VI), Pb(II), DFC, and BPA, respectively). In 

the second, all four pollutants were present at 20 mg L−1, providing an equimass multi-

component system for direct comparison of preferential uptake. 

In the first concentration set, the presence of the other three pollutants decreased ad-

sorption of all investigated contaminants. The relative adsorption capacity, Rq, was ap-

proximately 40–43% for Cr(VI) and Pb(II), approximately 29% for BPA, and only 15–17% 

for DFC. Importantly, both membranes exhibited nearly the same trend, indicating that 

DFC adsorption was the most strongly suppressed by the multicomponent matrix. The 

equimass 20 mg L−1 system further supported this trend independently of the unequal 

initial mass concentrations used in the first set. Cr(VI), Pb(II), and BPA retained approxi-

mately 39–43% of their corresponding single-solute capacities, whereas DFC retained ap-

proximately 22% on both membranes. Distribution coefficients calculated for the multi-

component system further showed preferential uptake of Pb(II), Cr(VI), and BPA relative 

to DFC. The Pb(II)/DFC preferential adsorption factor was 6.69 for wCF/EpKL and 5.79 

for wCF/EpKL/TA. 

The pronounced suppression of DFC suggests stronger competition or lower com-

petitive affinity for the available adsorption domains in the presence of the other contam-

inants. In contrast, the comparatively higher retention of Cr(VI) and Pb(II) adsorption is 

consistent with their ability to interact with polar and ionizable functional groups of the 

membranes, while BPA can additionally interact with aromatic lignin/tannin domains. 

Because several interaction mechanisms may operate simultaneously, the present multi-

component data are interpreted as evidence of competitive and preferential adsorption 

rather than proof of a unique binding mechanism. 

3.4.5. Kinetics of Adsorption 

Adsorption kinetics were evaluated with six rate expressions: the pseudo-first-order 

(PFO, Equation (S19)), pseudo-second-order (PSO, Equation (S20)), general second-order 

(SO, Equation (S21)), Weber–Morris intraparticle-diffusion (W–M, Equation (S22)), Dun-

wald–Wagner (D–W, Equation (S23)) and homogeneous solid-diffusion (HSDM, Equation 

(S24)) models [75]. Model constants were obtained by combined linear and non-linear 

least-squares regression; the non-linear fits for PFO, PSO and SO are summarized in Table 

7 [76,77], while diffusion-based fits are given in the Table 8 [76,78,79]. Activation energies 

(Ea) were derived from Arrhenius plots of the PSO rate constant at 25, 35 and 45 °C and 

are also reported in Table 7. 

Table 7. PFO, PSO and SO model parameters for the adsorption of Cr(VI), Pb(II), DFC and BPA onto 

wCF/EpKL and wCF/EpKL/TA adsorbents (Ci[Cr(VI)] = 10 mg dm−3; Ci[Pb(II)] = 15 mg dm−3; 

Ci[DFC] = 18 mg dm−3; Ci[BPA] = 44 mg dm−3; m/V = 125 mg dm−3, T = 298 K). 

Pollutant Eq. Parameter 
wCF/EpKL 

PFO PSO SO Ea (KJ mol−1) 

Cr(VI) 

qe 64.62 ± 3.24 75.18 ± 3.24 - 1 

12.06 k (k1, k2) 0.0772 ± 0.017 0.0012 ± 0.0001 0.002 ± 0.0001 

R2 0.822 0.995 0.928 

Pb(II) 

qe 127.1 ± 2.81 135.6 ± 1.23 - 1 

7.31 k (k1, k2) 0.227 ± 0.029 (2.95 ± 0.23) × 10−3 0.023 

R2 0.829 0.983 0.787 

DFC qe 41.94 ± 1.88 48.08 ± 2.52 - 1 13.00 
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k (k1, k2) 0.0835 ± 0.013 (2.2 ± 0.53) × 10−3 0.018 

R2 0.928 0.947 0.578 

BPA 

qe 184.6 ± 3.96 209.9 ± 7.84 - 1 

4.82 k (k1, k2) 0.0960 ± 0.007 (5.90 ± 1.07) × 10−4 0.0054 

R2 0.980 0.986 0.481 

Pollutant Eq. Parameter 
wCF/EpKL/TA 

PFO PSO SO Ea (KJ mol−1) 

Cr(VI) 

qe 53.91 ± 2.42 85.43 ± 3.62 - 1 

7.34 k (k1, k2) 0.0175 ± 0.008 (1.1 ± 0.079) × 10−3 (3.5 ± 0.08) × 10−3 

R2 0.992 0.994 0.991 

Pb(II) 

qe 37.87 ± 5.96 139.0 ± 4.60 - 1 

2.05 k (k1, k2) 0.0422 ± 0.009 (2.83 ± 0.08) × 10−3 (7.39 ± 0.2)× 10−4 

R2 0.871 0.999 0.865 

DFC 

qe 55.22 ± 1.17 62.37 ± 2.12 - 1 

9.06 k (k1, k2) 0.103 ± 0.008 (2.18 ± 0.37) × 10−3 0.022 

R2 0.978 0.989 0.569 

BPA 

qe 180.1 ± 3.08 200.8 ± 7.85 - 1 

5.16 k (k1, k2) 0.119 ± 0.008 (8.26 ± 1.73) × 10−4 0.0076 

R2 0.928 0.948 0.478 

1 Not applicable; �� is not an independently fiIed parameter of the concentration-based SO model. 

Among the tested kinetic models, the PSO model generally provided the best or one 

of the best descriptions of the experimental uptake data, although the quality of fit varied 

depending on the pollutant and membrane. This indicates that the adsorption rate is 

strongly influenced by the availability of active sites and by specific adsorbent–adsorbate 

interactions. However, PSO fiIing alone should not be considered definitive proof of 

chemisorption, and the kinetic results should therefore be interpreted together with equi-

librium, thermodynamic and spectroscopic evidence [68,80]. The apparent PSO rate con-

stants and adsorption activation energies indicate a mixed-control adsorption process. 

The calculated activation energies, ranging from 2.05 to 13.00 kJ mol−1, are relatively low 

to moderate and are consistent with adsorption controlled by a combination of surface 

interactions and diffusion-related contributions, rather than by a single purely chemical-

bond-forming step [68]. 

The equilibrium capacities, qe, obtained from kinetic fiIing follow the same general 

order as the adsorption-capacity trends discussed in the isotherm section. On both mem-

branes, BPA showed the highest uptake, followed by Pb(II), Cr(VI) and DFC. The incor-

poration of tannic acid increased the kinetic qe value for DFC and slightly improved Pb(II) 

uptake, while Cr(VI) remained comparable and BPA changed only marginally. This be-

havior supports the role of tannic-acid-derived galloyl groups in providing additional 

phenolic and π-electron-rich domains, which are particularly favorable for aromatic or-

ganic pollutants and can also contribute to Pb(II) binding through oxygen-containing co-

ordination sites. 

The activation-energy values should be regarded as apparent kinetic parameters that 

describe the overall energy barrier for uptake under the applied experimental conditions. 

Lower Ea values for Pb(II) and BPA suggest easier access to favorable binding environ-

ments, most likely involving coordination/electrostatic contributions for Pb(II) and hydro-

phobic/π–π interactions for BPA. The somewhat higher Ea values obtained for Cr(VI) and 

DFC indicate that these species require more pronounced diffusional or configurational 

adjustment before stable retention occurs. In the case of DFC, the decrease in Ea after TA 

incorporation supports the formation of more accessible aromatic and hydrogen-bonding 

adsorption domains. For Cr(VI), the slight increase in Ea on the TA-containing membrane 
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may reflect a more complex balance between electrostatic aIraction, hydrogen bonding 

and diffusion through the modified polymer network. Overall, the kinetic data support a 

mixed adsorption mechanism governed by active-site availability, pollutant-specific in-

teractions and intraparticle diffusion, rather than by a single rate-controlling process 

[68,80]. 

Table 8. Kinetic parameters of the W–M, D–W and HSDM models for the adsorption of Cr(VI), 

Pb(II), DFC and BPA onto wCF/EpKL and wCF/EpKL/TA adsorbents (Ci[Cr(VI)] = 10 mg dm−3; 

Ci[Pb(II)] = 15 mg dm−3; Ci[DFC] = 18 mg dm−3; Ci[BPA] = 44 mg dm−3; m/V = 125 mg dm−3, T = 298 

K). 

Intra-Particle Constants 
wCF/EpKL 

Cr(VI) Pb(II) DFC BPA 

W-M 

(Step 1) 

kp1 (mg g−1 min−0.5) 6.635 ± 0.25 15.404 ± 30 5.497 ± 1.28 32.089 ± 7.25 

C (mg g−1) 15.83 57.80 5.80 7.73 

R2 0.998 0.996 0.999 0.998 

W-M 

(Step 2) 

kp2 (mg g−1 min−0.5) 0.574 ± 1.28 0.439 ± 0.51 0.638 ± 1.06 1.98 ± 2.30 

C (mg g−1) 61.55 127.8 36.58 167.6 

R2 0.999 0.998 0.999 0.994 

D-W 
K 0.0181 ± 7 × 10−3 0.0334 ± 7 × 10−3 0.0195 ± 5 × 10−4 0.021 ± 1 × 10−3 

R2 0.944 0.786 0.863 0.830 

HSDM 
Ds (2.17 ± 0.02) × 10−11 

(3.62 ± 0.1) × 

10−11 
(2.15 ± 0.5) × 10−11 

(2.66 ± 0.01) × 

10−11 

45 229.1 ± 4.93  2.236 ± 0.12 0.998 

Intra-Particle Constants 
wCF/EpKL/TA 

Cr(VI) Pb(II) DFC BPA 

W-M 

(Step 1) 

kp1 (mg g−1 min−0.5) 6.663 ± 2.80 16.109 ± 4.10 9.730 ± 3.82 35.501 ± 8.32 

C (mg g−1) 23.03 55.85 3.20 7.44 

R2 0.999 0.996 0.999 0.999 

W-M 

(Step 2) 

kp2 (mg g−1 min−0.5) 4.130 ± 1.52 1.974 ± 1.37 0.657 ± 0.23 1.966 ± 1.03 

C (mg g−1) 37.68 118.0 49.74 163.3 

R2 0.992 0.900 0.999 0.996 

D-W 
K 0.0192 ± 1 × 10−3 0.0330 ± 5 × 10−3 0.022 ± 1 × 10−4 0.0236 ± 7 × 10−4 

R2 0.985 0.854 0.837 0.793 

HSDM 
Ds 

2.26 × 10−11  

 ± 8 × 10−15 

3.59 × 10−11 

 ± 78 × 10−14 

2.73 × 10−11 

 ± 18 × 10−15 

2.89 × 10−11 

 ± 8 × 10−14 

45 0.990 0.842 0.790 0.745 

The intraparticle-diffusion analysis confirms a two-stage uptake process for both 

membranes. In the initial Weber–Morris step, the introduction of TA markedly increased 

kp1 for DFC and slightly increased kp1 for BPA, while the changes for Cr(VI) and Pb(II) 

were minor. This indicates that the additional galloyl phenols expose more accessible, π-

rich external adsorption sites that facilitate the initial capture of aromatic molecules, 

whereas the early-stage uptake of charged species remains only slightly affected. Once the 

solutes enter the fiber matrix, the second Weber–Morris step becomes slower than the in-

itial uptake stage for all pollutants, confirming that intraparticle diffusion contributes to 

the overall mass-transfer resistance. In this second stage, TA incorporation markedly in-

creased kp2 for Cr(VI) and Pb(II), whereas the kp2 values for DFC and BPA changed only 

slightly. Therefore, the effect of TA on mass transfer should be interpreted as pollutant-

dependent rather than as a uniform acceleration of diffusion for all species. Consistently, 

the homogeneous solid-diffusion coefficients, Ds, changed only moderately after TA 
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incorporation: they slightly increased for Cr(VI), DFC and BPA, while remaining almost 

unchanged for Pb(II). These trends suggest that TA modifies the accessibility and internal 

transport pathways of the membrane network, most likely through the introduction of 

additional phenolic/aromatic domains and local changes in pore accessibility, rather than 

simply increasing diffusion in a non-selective manner. Dunwald–Wagner constants re-

mained in the same general range for both membranes, with Pb(II) showing the highest 

values, further supporting the conclusion that diffusion behavior is governed by both pol-

lutant structure and membrane composition. Collectively, these results show that TA 

grafting improves the accessibility of aromatic binding domains for organic micropollu-

tants and modifies internal transport for ionic species, while the overall uptake remains 

controlled by a combination of surface interactions and intraparticle diffusion. The statis-

tical validation of the selected adsorption models is presented in Tables S14 and S15. 

3.4.6. Adsorption Mechanism 

The adsorption behavior of the wCF/EpKL and wCF/EpKL/TA membranes can be 

rationalized by a cooperative, pollutant-dependent combination of plausible interaction 

pathways rather than by a single dominant mechanism (Figures 5 and S11). The modified 

cellulose/lignin-based network contains several chemically distinct adsorption domains, 

including hydroxyl-rich cellulose chains, amino/ester-functionalized cellulose sites, 

epoxy-derived ether linkages, phenolic and aromatic kraft-lignin domains and, in the case 

of wCF/EpKL/TA, additional tannic acid-derived galloyl units. This structural heteroge-

neity provides both polar/ion-binding sites and π-electron-rich aromatic domains, ena-

bling the simultaneous retention of inorganic ionic species and neutral organic micropol-

lutants. This interpretation is consistent with previously reported cellulose/lignin/tannic-

acid bio-membranes and lignin-based adsorbents used for cation, oxyanion and organic 

pollutant removal [30,35]. It is also supported by mechanistic precedent from our previous 

studies on chemically related cellulose- and lignin-based adsorbents, in which semi-em-

pirical quantum-chemical calculations and, in selected systems, post-adsorption XPS sup-

ported analogous coordination, electrostatic, hydrogen-bonding and aromatic interac-

tions [81]. This interpretation is with the known structural features of lignin and tannin-

based networks [39,42] 

For Pb(II), adsorption is proposed to involve oxygen- and nitrogen-containing func-

tional groups. Amino groups, phenolic hydroxyls, deprotonated hydroxyl/carboxyl-type 

sites, ether oxygen atoms and carbonyl groups may contribute through electrostatic at-

traction, surface complexation and partial ion-exchange-type interactions. The high den-

sity of neighboring phenolic groups in tannic acid can further contribute to Pb(II) coordi-

nation, while lignin-derived aromatic structures may provide additional stabilization of 

the adsorbed metal species. Therefore, Pb(II) uptake should be interpreted as a combined 

electrostatic/coordination process involving several oxygen- and nitrogen-rich binding 

environments [30,35]. 

The removal of Cr(VI), present mainly as oxyanionic chromate species under the ap-

plied experimental conditions, is expected to proceed through interactions with proto-

nated or strongly hydrogen bond-donating surface groups. Electrostatic aIraction be-

tween HCrO4−/CrO42− species and locally protonated sites, together with hydrogen bond-

ing involving surface –OH, –NH and phenolic groups, can promote chromate retention 

within the membrane network. Additional Cr-speciation measurements showed that dis-

solved Cr(III) remained below 10 µg L−1 throughout the 90 min adsorption experiment, 

indicating no measurable accumulation of Cr(III) in solution (Supplementary Materials 

Section S2.5.14.) [82–84]. Therefore, Cr(VI) reduction is not considered a demonstrated or 

dominant pathway in the present system. A possible redox contribution involving lignin- 
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or tannin-derived phenolic groups cannot be completely excluded, particularly for sur-

face-bound species, but is considered only a hypothetical secondary pathway [35]. 

For BPA, which is largely present in neutral molecular form under mildly acidic to 

neutral conditions, electrostatic aIraction is not expected to be the main driving force. 

BPA adsorption may instead involve hydrogen bonding between its phenolic hydroxyl 

groups and the oxygen-containing groups of cellulose, lignin and tannic acid. In parallel, 

the two aromatic rings of BPA may interact with lignin and tannic-acid aromatic domains 

through π–π interactions, while its hydrophobic backbone promotes partitioning into less 

polar regions of the composite network. Such behavior is consistent with adsorption pro-

cesses on nanocellulose/lignocellulosic surfaces, where hydrogen bonding, hydrophobic 

association and surface heterogeneity can jointly control adsorption affinity [30,71]. 

DFC adsorption is also consistent with a non-covalent mechanism involving hydro-

gen bonding, π–π interactions, dipole–dipole interactions and hydrophobic association. 

Its triazole nitrogen atoms, ether oxygen atoms and chlorinated aromatic rings can interact 

with hydroxyl, carbonyl, amino and aromatic domains of the adsorbent. The stronger im-

provement of DFC uptake after tannic acid incorporation supports the role of additional 

galloyl phenolic sites and π-electron-rich domains in stabilizing aromatic micropollutants 

[30,35]. 

The FTIR spectra recorded after adsorption provide supportive evidence for these 

interactions (Figure S12). Changes in the intensity and position of bands associated with 

–OH/–NH stretching, C=O, C–O/C–O–C and aromatic vibrations indicate the involvement 

of hydroxyl, amino, carbonyl/ether and phenolic/aromatic groups in pollutant binding. 

After Pb(II) and Cr(VI) adsorption, changes in the C–O/C–O–C and hydroxyl-related re-

gions support the participation of oxygen-containing sites in metal/oxyanion retention. In 

the spectra recorded after DFC and BPA adsorption, the appearance or intensification of 

bands characteristic of aromatic C–H and ring vibrations, together with comparison with 

the spectra of pure DFC and BPA (Figure S13), confirms the successful adsorption of or-

ganic micropollutants and is consistent with the possible contribution of hydrogen bond-

ing and aromatic interactions. 

Overall, pollutant uptake by the prepared membranes is proposed to involve com-

plementary contributions from surface complexation, electrostatic aIraction, hydrogen 

bonding, hydrophobic association, aromatic/π–π interactions and diffusion-controlled 

transport within the porous fibrous network. The incorporation of tannic acid does not 

fundamentally change the principal inorganic-pollutant uptake pathway, but increases 

the density of phenolic and π-electron-rich sites, which is particularly beneficial for the 

adsorption of aromatic organic pollutants such as DFC and BPA [85]. 

3.4.7. Bed Column Experiments 

In order to apply the adsorption process in industrial processes, the Bohart–Adams 

(B-A, Equation (S25)), Thomas [86] (Equation (S26)), and Yoon–Nelson [87] (Y-N, Equa-

tion (S27)) models were used. With the help of these models, the possibilities of removing 

pollutants with the help of wCF/EpKL and wCF/EpKL/TA membranes by the adsorption 

process were examined. Clark’s mathematical model (Equations (S28)–(S31)) was used to 

investigate aspects of mass transfer during dynamic removal of pollutants. 

A fixed-bed column was used to evaluate the effectiveness of wCF/EpKL and 

wCF/EpKL/TA adsorbents for real-world applications in water treatment. Based on the 

results obtained in Tables 9, 10, S16 and S17, it can be concluded that there is a good agree-

ment with the experimental results for all the studied process parameters and that the 

wCF/EpKL and wCF/EpKL/TA membranes can be successfully applied, even when the 

water flow rate entering the system is high. 
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Table 9. Bohart–Adams and Yoon–Nelson Clark model fiIing for Cr(VI), Pb(II), DFC and BPA ad-

sorption by wCF/EpKL (Ci[Cr(VI)] = 5 mg dm−3; Ci[Pb(II)] = 7.5 mg dm−3; Ci[DFC] = 5.0 mg dm−3; 

Ci[BPA] = 5.5 mg dm−3; mads = 502.5 mg; t = 25 °C; BV = 0.75 cm3). 

Model and Parameters  
Q (cm3 min−1) 

0.5 1.0 1.5 

B-A 

KBA (dm3 mg−1 min−1) 

Cr(VI) 

0.067 ± 0.0015 0.126 ± 0.0018 0.194 ± 0.0036 

q0 (mg g−1) 66.044 ± 0.29 57.80 ± 0.25 48.99 ± 0.31 

R2 0.999 0.999 0.998 

KBA (dm3 mg−1 min−1) 

Pb(II) 

0.041 ± 0.0011 0.080 ± 0.0019 0.122 ± 0.0029 

q0 (mg g−1) 120.93 ± 0.71 108.40 ± 0.66 93.61 ± 0.592 

R2 0.996 0.997 0.998 

KBA (dm3 mg−1 min−1) 

DFC 

0.170 ± 0.0019 0.350 ± 0.0025 0.640 ± 0.0049 

q0 (mg g−1) 34.01 ± 0.072 31.016 ± 0.015 27.78 ± 0.041 

R2 0.999 0.999 0.999 

KBA (dm3 mg−1 min−1) 

BPA 

0.265 ± 0.0070 0.258 ± 0.0051 0.308 ± 0.0060 

q0 (mg g−1) 72.778 ± 0.099 62.907 ± 0.15 55.860 ± 0.19 

R2 0.995 0.995 0.995 

Y–N 

KYN (min−1) 

Cr(VI) 

0.67 ± 0.011 0.63 ± 0.009 0.65 ± 0.012 

θ (min) 6.44 ± 0.029 5.81 ± 0.025 4.92 ± 0.031 

R2 0.999 0.999 0.998 

KYN (min−1) 

Pb(II) 

0.609 ± 0.016 0.603 ± 0.014 0.644 ± 0.015 

θ (min) 8.06 ± 0.047 7.22 ± 0.044 6.24 ± 0.039 

R2 0.996 0.997 0.998 

KYN (min−1) 

DFC 

1.707 ± 0.019 1.777 ± 0.012 2.139 ± 0.012 

θ (min) 3.39 ± 0.0072 3.06 ± 0.0045 2.77 ± 0.0028 

R2 0.999 0.999 0.999 

KYN (min−1) 

BPA 

2.906 ± 0.076 1.413 ± 0.028 1.125 ± 0.021 

θ (min) 6.64 ± 0.010 5.74 ± 0.015 5.10 ± 0.019 

R2 0.996 0.996 0.995 

The fixed-bed data confirm that the flow rate governs column performance and that 

tannic acid grafting chiefly benefits the uptake of aromatic solutes. For both membranes, 

the Bohart–Adams, Yoon–Nelson, Thomas and Clark fits (Tables 9, 10, S16 and S17) dis-

play excellent correlation coefficients (R2 ≥ 0.95), indicating that bed utilization and break-

through can be described reliably by these models. As flow increases from 0.5 to 1.5 cm3 

min−1, the characteristic capacities (q0 or θ) fall systematically (e.g., Cr(VI) on wCF/EpKL 

drops from 66.04 to 48.99 mg g−1 (Table 9 and Figure S14))—because the shortened resi-

dence time limits intraparticle diffusion and contact with high-energy sites. A similar de-

cline is observed for Pb2+, DFC and BPA, and for both membranes, in line with the kinetic 

evidence that internal diffusion becomes rate-limiting as linear velocity rises. 

Comparing the two adsorbents at identical flow rates reveals the role of TA inside 

the wCF/EpKL/TA adsorbent (Table 10 and Figure S15). For Cr(VI) and Pb2+, q0 values are 

almost unchanged (≤5% difference), whereas for DFC, and especially BPA, the TA-modi-

fied bed affords 15–30% higher capacities (for BPA, 98 vs. 79 mg g−1 at 0.5 cm3 min−1). These 

gains echo the batch results and stem from the additional galloyl π-sites that favor hydro-

phobic and π–π interactions without substantially altering the electrostatic landscape for 

metal uptake. The q0 values show that TA incorporation consistently improves the column 

capacity for BPA and DFC, whereas the changes in kBA are flow-dependent and should 

not be interpreted as a uniform acceleration of the breakthrough kinetics. This is consistent 

with earlier observations that TA modestly enlarges pore accessibility for organics but 

does not accelerate metal transport. 
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Table 10. Bohart–Adams and Yoon–Nelson model fiIing for Cr(VI), Pb(II), DFC and BPA adsorp-

tion by wCF/EpKL/TA (Ci[Cr(VI)] = 5 mg dm−3; Ci[Pb(II)] = 7.5 mg dm−3; Ci[DFC] = 5.0 mg dm−3; 

Ci[BPA] = 5.5 mg dm−3; mads = 558.6 mg; t = 25 °C; BV = 0.75 cm3). 

Model and Parameters Pollutants 
Q (cm3 min−1) 

0.5 1.0 1.5 

B-A 

KBA (dm3 mg−1 min−1) 

Cr(VI) 

0.0433 ± 0.001 0.0888 ± 0.0015 0.149 ± 0.0018 

q0 (mg g−1) 83.36 ± 0.54 77.86 ± 0.42 63.24 ± 0.25 

R2 0.998 0.999 0.999 

KBA (dm3 mg−1 min−1) 

Pb(II) 

0.048 ± 0.0018 0.086 ± 0.0034 0.128 ± 0.0038 

q0 (mg g−1) 124.7 ± 0.75 111.8 ± 0.92 94.46 ± 0.70 

R2 0.994 0.992 0.996 

KBA (dm3 mg−1 min−1) 

DFC 

0.410 ± 0.0050 0.402 ± 0.007 0.579 ± 0.014 

q0 (mg g−1) 47.97 ± 0.060 46.31 ± 0.090 44.07 ± 0.13 

R2 0.999 0.997 0.996 

KBA (dm3 mg−1 min−1) 

BPA 

0.366 ± 0.010 0.231 ± 0.0082 0.307 ± 0.0089 

q0 (mg g−1) 97.85 ± 0.080 89.667 ± 0.29 79.215 ± 0.28 

R2 0.993 0.977 0.987 

Y–N 

KYN (min−1) 

Cr(VI) 

0.433 ± 0.010 0.444 ± 0.0082 0.498 ± 0.0062 

θ (min) 9.32 ± 0.060 8.70 ± 0.045 7.07 ± 0.028 

R2 0.998 0.999 0.999 

KYN (min−1) 

Pb(II) 

0.735 ± 0.027 0.643 ± 0.025 0.639 ± 0.027 

θ (min) 9.28 ± 0.056 8.32 ± 0.069 7.03 ± 0.056 

R2 0.994 0.992 0.996 

KYN (min−1) 

DFC 

2.056 ± 0.025 2.016 ± 0.036 1.937 ± 0.046 

θ (min) 5.34 ± 0.0060 5.16 ± 0.010 4.91 ± 0.014 

R2 0.998 0.998 0.996 

KYN (min−1) 

BPA 

4.011 ± 0.11 1.263 ± 0.045 1.12 ± 0.032 

θ (min) 9.987 ± 0.0082 9.152 ± 0.030 8.00 ± 0.029 

R2 0.993 0.977 0.987 

The Yoon–Nelson parameter θ, which marks 50% breakthrough, decreases with 

faster flow on both beds but remains longer for BPA and DFC than for the metal ions, 

reflecting their slower intraparticle diffusion, confirmed by kp2 and Ds in the kinetic anal-

ysis. Notably, θ(BPA) on the TA bed is ~50% longer than on the parent bed at each flow 

rate, translating the higher capacity into an extended service time in a continuous system. 

Clark constants (Tables S16 and S17) echo these findings: the dimensionless adsorption 

capacity A jumps from 37 to 45 min for DFC and from 48 to 98 min for BPA when TA is 

present, whereas Cr(VI) shows only a modest rise. 

Overall, the column studies reinforce the mechanistic picture drawn from batch ki-

netics and thermodynamics. TA grafting leaves metal-ion behavior largely unchanged but 

creates a phenol-rich, π-donor surface that both raises the equilibrium capacity and lowers 

the kinetic barrier for aromatic pollutants, benefits that persist across practical flow rates. 

Consequently, wCF/EpKL/TA is the membrane of choice for simultaneous removal of 

Pb(II) and organic micro-pollutants, while wCF/EpKL already performs optimally for 

Cr(VI) in systems where the hydrodynamic residence time is the limiting factor. 

3.5. Desorption and Regeneration 

The desorption process was carried out in order to test the possibility of reusing 

wCF/EpKL and wCF/EpKL/TA membranes. The reuse of membranes is directly related 

to the sorption potential of the material. Regeneration of wCF/EpKL and wCF/EpKL/TA 

membranes would prevent pollution of the environment with pollutants, such as, e.g., 
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pesticides containing biomass. Based on the efficiency of the regenerated mass and the 

degree of pollutant desorption, the reuse potential of wCF/EpKL and wCF/EpKL/TA 

membranes can be evaluated. Table S16 show the results for the adsorption capacity, the 

amount of desorbed material, and the concentration of the polluting substance after the 

five cycles of adsorption/desorption. The regeneration tests (Table S18) confirm that both 

lignin membranes can be reused at least five times with minimal capacity loss and desorp-

tion efficiencies consistently above 94%. For each pollutant, the adsorbed/desorbed ratios 

remain almost parallel, indicating that the chemisorption complexes identified earlier—

amine/phenolate coordination for Pb(II) and Cr(VI), π-π + H-bonding for DFC and BPA—

are strong enough for uptake yet readily disrupted by the alkaline eluent. The tannic acid 

modification lifts the absolute uptake of Cr(VI) and DFC by ≈26% and 41%, respectively, 

without compromising desorbability; indeed, Δqtot after five cycles is only 10.3 mg g−1 for 

Cr(VI) and 4.1 mg g−1 for DFC on wCF/EpKL/TA, values comparable to or slightly higher 

than those on the parent membrane. 

For BPA, the TA-containing membrane showed a higher initial adsorption capacity 

in the regeneration experiment (97.9 mg g−1) than wCF/EpKL (72.8 mg g−1), while both 

systems maintained high desorption efficiencies throughout five cycles. The cumulative 

irreversible retention was 9.5 mg g−1 for wCF/EpKL and 12.2 mg g−1 for wCF/EpKL/TA, 

indicating slightly higher absolute retention on the TA-containing membrane but compa-

rable desorption efficiency. For Pb2+, both adsorbents showed similar regeneration behav-

ior, with desorption efficiencies remaining ≥94% over five cycles, although the adsorption 

capacities decreased by about 19–20% from the first to the fifth cycle. 

Overall, the combination of high reversible uptake and small Δq values corroborates 

the thermodynamic picture of endothermic yet moderately strong complexation, and it 

positions wCF/EpKL/TA as the more versatile membrane, delivering superior capacities 

for chromate and DFC and comparable multi-cycle stability for Pb(II) and BPA while 

maintaining the >95% desorption efficiency required for sustainable column operation. 

3.6. Stabilization/Solidification and Leaching Assessment of Desorbed Inorganic Pollutants 

3.6.1. Precipitation of Chromate and Lead from the Desorption Solution 

After completion of the adsorption–desorption cycles, the metal-containing desorp-

tion solutions were subjected to an additional stabilization step in order to reduce the mo-

bility of the released inorganic pollutants. Lead and chromate species were converted into 

a sparingly soluble PbCrO4-containing solid phase by precipitation. This route was se-

lected because it enables the simultaneous immobilization of Pb(II) and chromate species 

into a low-solubility inorganic phase, which can subsequently be stabilized within a ce-

mentitious matrix. 

The formation of the PbCrO4-containing precipitate was supported by FTIR spectros-

copy, where bands in the 893–744 cm−1 region were assigned to Cr–O stretching and chro-

mate-group deformation vibrations. Additional AAS analysis indicated an approximately 

64 wt.% Pb content in the precipitated solid, which is consistent with the expected com-

position of a lead chromate-rich phase. 

This stabilization/solidification approach follows the principles previously applied 

for cement-based immobilization of hazardous inorganic residues with their reduced mo-

bility in the environment [44]. The leaching behavior of the solidified PbCrO4-containing 

samples is summarized in Table S19 [68], which confirmed the successful stabilization of 

highly stable lead salts (Supplementary Material Section S3.6.1), while the compressive-

strength results confirm the formation of mechanically coherent cementitious matrices. 

The obtained PbCrO4-containing solid was further treated by stabilization/solidifica-

tion in a cementitious matrix, as described in the Supplementary Material. The resulting 

solidified specimens showed compressive strength values of 20.7, 23.0 and 22.8 MPa, 
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confirming the formation of mechanically coherent materials. However, since PbCrO4 is 

still a hazardous inorganic phase despite its low solubility, the environmental acceptabil-

ity of the stabilized product should be assessed primarily through leaching behavior ra-

ther than mechanical strength alone. Accordingly, this step should be regarded as a mo-

bility-reduction and waste-stabilization approach within the integrated regeneration/dis-

posal strategy, rather than as complete detoxification of the inorganic pollutants. 

3.6.2. Photodegradation of BPA and DFC 

With the help of UV radiation, photodegradation of BPA and DFC was carried out, 

where ZnO was used as a photocatalyst. In addition to TiO2, photocatalysts based on ZnO 

are one of a series of widely studied material classes. Compared to other semiconductors, 

ZnO possesses high efficiency during the degradation process due to higher photosensi-

tivity, electron mobility, a longer lifetime and photocatalytic capacity [88]. Photocorrosion 

is the biggest drawback of this class of material [89]. The initial pollutant concentration, 

pH value and catalyst concentration are the parameters that have the greatest influence 

on the efficiency of photocatalytic degradation. Figure 6 shows the influence of the initial 

concentration of the catalyst on the reaction rate photodegradation. 

 

Figure 6. Photocatalytic degradation of DFC and BPA under optimal conditions. 

As can be seen in Figure 6, with the help of ZnO after 20 min of irradiation, 82% of 

DFC degradation and 62% of BPA degradation were achieved, respectively, while 99% of 

DFC and 82% of BPA were degraded after 210 min. Based on the literature results [56], 

the degradation of these pollutants is much faster in the presence of a catalyst, compared 

to UV radiation in the absence of the same. Compared to TiO2 in the case of BPA, based 

on previous research [56], beIer photocatalytic degradation was achieved with the help 

of ZnO. The higher efficiency of ZnO compared to TiO2 is due to its hexagonal structure. 

In photocatalytic reactions, an important role is played by the polar planes of ZnO, which 

are suitable for creating vacancies for O2 [90], while the number of vacancies in the case of 

the tetragonal TiO2 structure is limited [91,92]. ZnO has a higher adsorption power in the 

UV spectrum from 320 to 385 nm and from 200 to 400 nm and, therefore, a higher effi-

ciency for generating electron–hole pairs, compared to TiO2, which absorbs no longer than 

387.5 nm [91,93]. Based on the presented results and by comparing these two catalysts, it 

was established that ZnO is in this case a much more suitable catalyst for the photodegra-

dation of DFC and BPA. ZnO photocorrosion is a recognized limitation of ZnO-based 
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photocatalysis in aqueous media. Photogenerated holes can participate in oxidative de-

composition of the ZnO laIice, ultimately leading to Zn(II) release; the overall process is 

commonly represented as [94] 

ZnO + 2h+ → Zn2+ + ½O2 

Because ZnO dissolution depends strongly on irradiation conditions, pH, surface 
structure, and the composition of the aqueous medium [94,95], dissolved-Zn determina-
tion under the actual photocatalytic conditions provides a direct assessment of catalyst 
stability. 

The dissolved-Zn concentrations after DFC and BPA photodegradation were 0.042 
and 0.036 mg L−1, respectively, compared with 0.040 mg L−1 in the pollutant-free irradiated 
ZnO control and 0.033 mg L−1 in the dark ZnO control (Table 11). Thus, the DFC system 
was only 5.0% above the irradiated control, whereas the BPA system was 10.0% below it. 
The irradiated pollutant-free control was numerically 21.2% higher than the dark control. 
These small differences, considered together with the narrow overall range of dissolved 
Zn (0.033–0.042 mg L−1), show that neither DFC nor BPA produced an appreciable increase 
in Zn release relative to irradiation of ZnO alone. In the absence of a statistical comparison 
of the Zn measurements, the difference between the irradiated and dark controls is inter-
preted only as a small numerical increase and not as evidence of a statistically significant 
irradiation effect. 

Table 11. Dissolved-Zn concentrations measured under photocatalytic and control conditions. 

Condition 
Dissolved Zn  

(mg L−1) 
Relative to Matched Control 

DFC + ZnO, irradiated 0.042 +5.0% vs. irradiated ZnO control 
BPA + ZnO, irradiated 0.036 −10.0% vs. irradiated ZnO control 

ZnO, irradiated; no pollutant 0.040 +21.2% vs. dark ZnO control 
ZnO, dark; no pollutant 0.033 Reference 

The observed behavior is consistent with literature reports showing that ZnO disso-
lution and photocorrosion are highly condition-dependent. Lee et al. identify photocorro-
sion as an important limitation of ZnO photocatalysts in water treatment [94], while 
Dworschak et al. demonstrated by time-resolved ICP-MS that Zn dissolution is affected 
by UV irradiation, pH, and the ZnO surface structure [95]. These findings support the use 
of matched irradiated and dark controls rather than an external absolute concentration 
threshold when evaluating ZnO stability under a specific photocatalytic protocol. 

A useful quantitative context is provided by Bellanger et al. [96], who directly meas-
ured Zn leakage from approximately 4 nm surface-functionalized ZnO quantum dots. 
Conversion of their reported final Zn concentrations gives approximately 0.49–1.70 mg L−1 
dissolved Zn, with reported Zn leakage of about 9–21%, depending on surface function-
alization, illumination, and the presence of bacteria. The dissolved-Zn concentrations 
measured here (0.033–0.042 mg L−1) are therefore approximately 12–47 times lower. This 
comparison is intended only to place the present results in a literature context, not as a 
direct performance ranking, because Bellanger et al. investigated freely dispersed ul-
trasmall functionalized ZnO quantum dots under substantially different experimental 
conditions. Recent mechanistic work further indicates that ZnO photocorrosion can in-
volve both surface degradation and partial regeneration during UV exposure [97], further 
emphasizing the importance of assessing stability under the actual operating conditions. 

Overall, the results demonstrate limited but measurable Zn release under the applied 
conditions. Most importantly, DFC and BPA did not appreciably enhance Zn release 



Sustain. Chem. 2026, 7, 63 27 of 37 
 

https://doi.org/10.3390/suschem7040063 

relative to the pollutant-free irradiated control, indicating that photocatalytic treatment of 
these pollutants did not promote additional destabilization of ZnO. 

3.6.3. Biodegradation of Membranes 

The soil-burial behavior of the prepared membranes was evaluated gravimetrically 
by monitoring mass loss over 112 days. Overall, both membranes exhibited substantial 
mass loss and disintegration under the applied soil-burial conditions (Figure 7), confirm-
ing the preliminary soil-burial biodegradation/disintegration assessment of the cellu-
lose/lignin-based network. The wCF/EpKL membrane exhibited a mass loss of 82%, 
whereas the wCF/EpKL/TA membrane showed an even higher mass loss of 93%. This 
difference indicates that the membrane composition and incorporation of tannic acid not 
only contribute to adsorption performance but also facilitate the environmental disinte-
gration of the membrane after use [98,99]. 

 
(a) 

 
(b) 

Figure 7. Degradation of wCF/EpKL and wCF/EpKL/TA membranes over time: (a) photographic 

documentation of the disintegration of the membranes at different degradation times (0–112 days); 

(b) mass loss (%) of the membranes as a function of degradation timeʹ and the change is highlighted 

in green in the manuscript 

The higher degradation degree of wCF/EpKL/TA can be aIributed to the chemical 
structure of tannic acid and its influence on the polymer network. Tannic acid is a hydro-
lysable polyphenol containing multiple galloyl units connected through ester linkages, 
which are susceptible to hydrolytic cleavage under moist soil conditions. Hydrolysis of 
these ester bonds can progressively weaken the cross-linked structure, increase the acces-
sibility of water and microorganisms, and promote fragmentation of the membrane. In 
addition, the high density of phenolic hydroxyl groups in tannic acid increases the 
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hydrophilicity of the material, facilitating water uptake and microbial colonization. Con-
sequently, the TA-containing membrane is expected to undergo faster hydrolytic and bi-
ological degradation than the lignin-only membrane. 

In contrast, the wCF/EpKL membrane showed slightly lower, although still substan-
tial, mass loss. This can be related to the more recalcitrant aromatic structure of kraft lig-
nin, which generally slows down microbial degradation compared with polysaccharide-
rich or hydrolysable ester-containing structures. Nevertheless, the high mass loss ob-
served for wCF/EpKL demonstrates that the cellulose-based matrix remains accessible to 
microbial and hydrolytic degradation. Overall, the results show that both membranes are 
highly degradable under soil-burial conditions, while the presence of tannic acid enhances 
degradation due to the combined effects of hydrolysable ester bonds, increased hydro-
philicity and improved accessibility of the polymer network. 

Therefore, the incorporation of TA provides a dual function: it increases the density 
of adsorption-active phenolic sites and, at the same time, improves the post-use degrada-
bility of the membrane. 

3.7. Literature Review 

To evaluate the relevance of the obtained adsorption capacities, the performance of 
wCF/EpKL and wCF/EpKL/TA membranes was compared with previously reported lig-
nocellulose-, lignin- and tannin-based adsorbents for Pb(II), Cr(VI), BPA and DFC re-
moval. The capacity of lignocellulosic adsorbents used for Pb(II) ion removal varies de-
pending on the selected starting material and the type of modification used. Adsorption 
material based on aminated epoxy lignin reached the maximum adsorption capacity of 
55.35 mg g−1 [100], while much higher values were obtained using carboxymethylated lig-
nin, reaching 150.33 mg g−1 [101]. The maximum adsorption capacities of Pb(II) ions on 
adsorbents based on tannin and epoxy lignin are 23.75 mg g−1 [102,103] and 99.9 mg g−1 

[35] at room temperature. In the case of cellulose, which was modified with succinic acid, 
a significantly higher adsorption capacity was recorded, 207.90 mg g−1 [58]. In the case of 
a composite adsorbent, based on α-cellulose and chitosan, where the cellulose was modi-
fied with HCl and H2SO4, the capacity for Pb(II) was 91 mg g−1 [104]. By comparing the 
capacities of both membranes, with literature data, it can be concluded that the Pb(II) re-
moval is higher, except in the case when the cellulose is modified with succinic acid. 

During the removal of Cr(VI) ions, where epoxy cellulose modified with D-glucose 
(Cell-g-GMA-D-Glu) was used as an adsorbent, the maximum adsorption capacity was 
54.59 mg g−1 [105], while in the case of Cell-g-GMA-D-GluN+, it was 61.05 mg g−1 [106], 
which is lower than the capacity values of both membranes presented in this work, 
wCF/EpKL and wCF/EpKL/TA. The adsorption capacity for the bio-material in which the 
cellulose is modified with polyvinylimidazole is 134 mg g−1 at a temperature of 25 °C. 

By using cetyltrimethylammonium bromide (CTAB) cellulose as a biosorbent, 95% 
of BPA was removed, at pH = 5.5 [107]. Adsorption capacities in the removal of BPA by 
hydrophobic [108] and persulfuro-alkoxylanose cellulose fibers are 4.86 ± 0.3 mg g−1and 
50.37 mg g−1, respectively [109]. Cellulose membranes, Cell-X and Cell-D, modified with 
2,6-pyridine dicarbonyl dichloride and 2-furan carbonyl chloride [110], respectively, show 
a significantly lower qmax, when removing DFC, compared to wCF/EpKL and 
wCF/EpKL/TA. Unlike Pb(II), Cr(VI), and BPA, DFC is not always sufficiently investi-
gated in the literature, and its removal with the help of modified lignocellulosic materials 
has not been carried out. The comparison with reported lignocellulosic adsorbents con-
firms that the prepared membranes exhibit competitive or higher adsorption capacities, 
particularly considering their combined performance toward metal ions and organic mi-
cropollutants. Although Langmuir qm values were used for comparison of maximum ad-
sorption capacities with literature data, the equilibrium data were generally beIer 
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described by the Freundlich model, confirming the heterogeneous nature of the modified 
membrane surfaces. The kinetic data were best represented by the pseudo-second-order 
model. 

Overall, the comparison with literature data confirms that the prepared membranes 
exhibit competitive adsorption capacities, particularly considering their combined perfor-
mance toward both metal ions and organic micropollutants. In addition, the pseudo-sec-
ond-order model provided the best fit to the kinetic data. 

4. Conclusions 

This work demonstrates that waste-derived cellulose fibers can be successfully trans-
formed into functional bio-based membrane adsorbents through a multistep modification 
strategy involving amino/ester and epoxy functionalization, followed by cross-linking 
with epoxy-modified kraft lignin and tannic acid. The obtained wCF/EpKL and 
wCF/EpKL/TA membranes combine a porous fibrous morphology with chemically active 
nitrogen- and oxygen-containing groups and aromatic lignin/tannin domains, providing 
multiple binding sites for both inorganic and organic pollutants. The combined FTIR, Ra-
man, SEM and physicochemical analyses confirmed that the modification strategy pro-
duced structurally altered and chemically enriched membrane surfaces suitable for ad-
sorption applications. 

Both membranes showed efficient removal of the selected model pollutants, Cr(VI), 
Pb2+, DFC and BPA, confirming their versatility toward diverse contaminant classes. The 
presence of tannic acid further improved the functionality of the membrane, particularly 
toward aromatic micropollutants, by introducing additional phenolic groups and π-elec-
tron-rich domains. The adsorption behavior was not governed by a single mechanism, but 
rather by the combined contribution of surface complexation, electrostatic interactions, 
hydrogen bonding, hydrophobic effects, π–π interactions and diffusion-controlled 
transport within the porous membrane network. 

The mechanistic interpretation suggests that Pb2+ and Cr(VI) are mainly retained 
through interactions with amino, hydroxyl, phenolic and carboxyl-containing groups, 
with the contribution of electrostatic aIraction depending on solution pH and pollutant 
speciation. In contrast, DFC and BPA adsorption is primarily associated with hydrogen 
bonding and aromatic interactions with lignin- and tannin-derived domains. The thermo-
dynamic and kinetic analyses support favorable and spontaneous adsorption, while also 
indicating that active site availability and intraparticle diffusion contribute to the overall 
uptake process. 

Importantly, the membranes were effective not only in batch systems but also under 
fixed-bed continuous-flow conditions, demonstrating their practical relevance for water 
treatment applications. Their ability to undergo repeated adsorption–desorption cycles 
with preserved performance further supports their potential for reuse. In addition, the 
integration of pollutant stabilization/degradation steps and preliminary soil-burial mass-
loss/disintegration assessment provides a broader sustainability perspective for the pro-
posed system. 

Overall, cellulose/lignin–tannin membranes represent a promising platform for re-
generable and environmentally oriented water purification materials. Future research 
should focus on testing real wastewater matrices, evaluating long-term hydraulic and me-
chanical stability, optimizing membrane scale-up and performing more detailed life-cycle 
and ecotoxicological assessments. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

wCF Waste cellulose fiber 
EpKL Epoxy-modified kraft lignin 
TA Tannic acid 
BPA Bisphenol A 
DFC Difenoconazole 
AN Amino number 
AV Acid value 
EEW Epoxy equivalent weight 
DMSO Dimethyl sulfoxide 
wCF/Am Amino modified waste cellulose fiber 
wCF/Ep Epoxy modified waste cellulose fiber 
ECB 4-chloro-4-oxobutanoate 
EtLysChl Ethyl L-lysinate dihydrochloride 
LA Levulinic acid 
SA Succinic acid 
ECH Epichlorohydrin 
RSM Response surface methodology 
FTIR Fourier-transform infrared spectroscopy 
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