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Introduction
Hexavalent chromium, Cr(VI), is a highly toxic, 
carcinogenic heavy metal extensively released in the 
environment by industries such as tanning of leather, 
electroplating, and dye production. In developing 
nations like Ethiopia, the absence of adequate wastewater 
treatment facilities has resulted in the release of massive 
amounts of Cr(VI) into surface water, and this has been 
posing severe threats to ecosystems as well as to human 
health (1,2).

Hexavalent chromium contamination exceeds WHO’s 
0.05 mg/L safety limit by a factor of 1000 in Ethiopian 
industrial zones (3), creating an urgent need for affordable 
remediation. Conventional methods fail in resource-
limited contexts due to high costs and infrastructure 
demands (4). Our FeNP-PVA-sawdust composite 
addresses this gap through sustainable waste valorization 
and nanotechnology.

Conventional Cr(VI) elimination technologies, 
e.g., ion exchange, membrane filtration, and chemical 
precipitation, are usually energy-intensive and inefficient 
at trace concentrations, and they produce harmful sludge 
(5,6). Thus, low-cost, naturally derived biosorption 
materials such as industrial waste, agricultural by-
products, or natural clays have emerged as a greener 
alternative (7).

Cordia africana, a native Ethiopian tree, yields sawdust 
as a regular wood processing waste. Raw sawdust, although 
usable for Cr(VI) adsorption, is not very effective because 
of its low surface area and limited active sites (7). Several 
surface modification methods have been practiced to 
increase its efficiency.

Despite growing biosorbent research, practical adoption 
remains limited by poor stability and regeneration 
challenges (8). Most modification approaches rely on 
toxic chemicals, undermining environmental benefits. 
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Abstract
Introduction: Ethiopian leather industry wastewater often contains poisonous hexavalent 
chromium (Cr(VI)). The effectiveness of a novel low-cost biosorbent, synthesized by iron 
nanoparticle-modified Cordia africana sawdust with polyvinyl alcohol (FeNP-SD-PVA), for 
Cr(VI) removal was investigated in this research.
Methods: Composite FeNP-SD-PVA was prepared using chemical precipitation and characterized 
using SEM, FTIR, XRD, BET, and TGA. Batch experiments were performed to examine the 
influence of pH (3–8), initial concentration of Cr(VI) (21–47 mg/L), and contact time (10–120 
min). Optimization was performed using response surface methodology (RSM). Desorption and 
reusability were examined with 0.1 mol/L HCL and NaOH.
Results: The improved adsorbent attained maximum removal efficiency of 97.57% and 
adsorption capacity of 2.29 mg/g under optimal parameters (pH 5.5, 47 mg/L, 120 min). The 
material exhibited high surface area (102.81 m²/g), mesoporosity, and thermal stability. The 
material was also found to possess good reusability, as only 9.52% capacity was lost in three 
cycles. Desorption was found to be most efficient with HCl, recovering 88% of the Cr(VI).
Conclusion: FeNP-SD-PVA is a promising green, recyclable adsorbent for the removal of Cr(VI) 
from industrial effluent. Its affordability, effectiveness, and magnetic recoverability make it the 
most promising candidate for tannery waste water treatment in Ethiopia and other developing 
nations.
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Our innovation combines iron nanoparticle enhancement 
with PVA stabilization, preventing leaching while boosting 
performance through three synergistic mechanisms.

Herein, a novel composite adsorbent was prepared 
by iron nanoparticle (FeNPs) deposition onto Cordia 
africana sawdust and polyvinyl alcohol (PVA) 
encapsulation. The method improves the adsorption 
by three prime mechanisms: 1) electrostatic attraction 
through surface –OH and –COOH functional groups, 
2) Cr(VI) reduction to the less toxic Cr(III) through Fe⁰/
Fe²⁺ species, and 3) facile recovery due to the magnetism 
of Fe₃O₄ (7-9). Agglomeration or leaching of FeNPs is 
avoided by encapsulation with PVA.

This study seeks to 1) synthesize and characterize the 
FeNP-SD-PVA composite, 2) evaluate its efficiency 
in Cr(VI) adsorption under different conditions, and 
3) examine its reusability and suitability for actual 
application.

Materials and Methods 
Chemicals and reagents
All chemicals used were of analytical grade and used 
without further purification. Iron (II) sulfate heptahydrate 
(FeSO₄·7H₂O, 99%) was sourced from Lab Tech Import 
Trading (Ethiopia). Polyvinyl alcohol (PVA; MW ≈ 
30,000–70,000) was purchased from Sigma-Aldrich. 
Potassium dichromate (K₂Cr₂O₇, 99.8%) served as the 
Cr(VI) source. Hydrochloric acid (HCl, 37%) and sodium 
hydroxide (NaOH, 98%) were used to adjust pH. Sodium 
nitrate (NaNO₃, 99%) was employed for point of zero 
charge (PZC) determination.

Preparation of raw sawdust
Sawdust collection and pre-treatment 
Raw sawdust (R-SD) was collected from Cordia africana 
wood waste at Abera Wanza Wood Sales (Addis Ababa, 
Ethiopia). The material was sun-dried, sieved to a particle 
size of 250–500 µm, thoroughly washed with distilled 
water, and oven-dried at 105 °C for 24 hours.

Synthesis of FeNP-SD-PVA composite
Step 1 – Iron nanoparticles (FeNPs) preparation
FeSO₄·7H₂O (0.5 g) was dissolved in 50 mL of distilled 
water and stirred at 700 rpm. NaOH (0.5 g) was 
added dropwise to reach pH 10–11. After 30 minutes, 
nanoparticles were collected via centrifugation at 3,500 
rpm for 10 minutes and washed three times with distilled 
water.

Step 2 – Composite formation
Five grams of pretreated sawdust were mixed with the 
freshly prepared FeNPs in 50 mL of 1% PVA solution and 
stirred for 2 hours at room temperature. The mixture was 
vacuum-filtered, then oven-dried at 105 °C for 24 hours. 
The final FeNP-SD-PVA composite was stored in airtight 
containers.
Characterization techniques
The adsorbent was characterized using scanning 

electron microscopy (SEM), Fourier transform infrared 
spectroscopy (FTIR), X-ray diffraction (XRD), Brunauer–
Emmett–Teller (BET) surface area analysis, and 
thermogravimetric analysis (TGA). Instrument details 
and test conditions are provided in Table 1.

Batch adsorption experiments
Experimental design and parameters
A Box–Behnken design under response surface 
methodology (RSM) was used to optimize process 
parameters: solution pH (3–8), Cr(VI) concentration 
(21–47 mg/L), and contact time (10–120 min). Fixed 
conditions included: temperature (25 °C), adsorbent dose 
(1 g/L), and agitation speed (120 rpm).

Adsorption procedure
A 50 mg/L Cr(VI) stock solution was prepared using 
K₂Cr₂O₇. Working solutions were adjusted to target pH 
using 0.1 mol/L HCL or NaOH. In each run, 50 mL of 
Cr(VI) solution was treated with 1 g/L of FeNP-SD-PVA 
and agitated for the designated time. Samples were filtered 
and analyzed using fluorescence spectroscopy (excitation 
wavelength: 300 nm).

Adsorption performance metrics
Removal efficiency (%) and adsorption capacity (qₑ, mg/g) 
were calculated as follows:
Removal Efficiency (%):
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where C₀ is initial concentration, Ce is equilibrium 
concentration at time t, V is volume in liters, and m is 
adsorbent mass in grams.

Desorption and reusability
The spent adsorbent was regenerated using 0.1 mol/L HCL 
or 0.1 mol/L NaOH (100 mL). The adsorbent loaded with 
Cr(VI) was agitated for 1 hour at 120 rpm, then filtered, 
washed with distilled water, and reused for up to three 
adsorption–desorption cycles. Desorption efficiency was 
calculated as:

( )Desorption %   =  mount desorbed  1 00
Amount adsorbed
A

×  

Table 1. Characterization instruments used 

Technique Instruument Condition 

SEM JCM-6000Plus(JEOL) 10kV,1,000Xmagnification

FTIR
Nicolet iS50 (Thermo 
Scientific )

400-4000cm,4cm resolution 

XRD XRRD-7000(Shimadzu) Cu-kά(λ = 1.5406Á), 2θ = 5-550

BET surface Area SA-9600(Horiba) N2 adsorption, 77K

TGA DTG-60H(Shimadzu)
25-600OC, 10OC/MIN, N2 
atmosphere



Environ Health Eng Manag 2026;13:1659 3

Woldu et al

Quality control
All experiments were conducted in duplicate with < 5% 
deviation. Blank samples (without adsorbent) were 
used to detect non-adsorption losses. Instruments were 
calibrated daily to ensure accuracy.

Statistical analysis
RSM optimization and model fitting were performed 
using Design-Expert® software version 13. Analysis of 
variance (ANOVA) was applied, and results with P < 0.05 
were considered statistically significant.

Results
Characterization of FeNP-SD-PVA adsorbent
Surface morphology (SEM)
SEM images revealed significant differences between 
raw and modified sawdust. Raw Cordia africana sawdust 
exhibited a relatively smooth, compact surface with fewer 
visible pores (Figure 1a). In contrast, the FeNP-SD-PVA 
composite displayed a rough, heterogeneous structure 
with dispersed iron nanoparticles (~20–50 nm) embedded 
within the matrix (Figure 1b). The PVA coating formed a 
thin, uniform film that reduced pore size but enhanced 
structural stability.

Functional group analysis (FTIR)
FTIR spectra showed characteristic peaks at 3330 cm⁻¹ 
(O–H stretching), 1733 cm⁻¹ (C = O from hemicellulose), 
and 1028 cm⁻¹ (C–O stretching) in raw sawdust. In FeNP-
SD-PVA, new peaks at 556 cm⁻¹ and 488 cm⁻¹ confirmed 
Fe–O bonds, indicating successful incorporation of iron 
nanoparticles. The O–H stretching band also shifted to 
3295 cm⁻¹ due to hydrogen bonding with PVA (Figure 2).

Crystallinity (XRD)
XRD patterns of raw sawdust showed broad peaks at 2θ ≈ 
22°–23° and 15°–16°, indicative of amorphous cellulose. 
The FeNP-SD-PVA composite displayed a similar 
amorphous profile due to PVA encapsulation, with no 

distinct Fe₃O₄ or Fe₂O₃ peaks—likely due to the small 
particle size or polymer coating.

Surface area and porosity (BET)
BET analysis showed that surface area increased 
from 10.33 m²/g (raw sawdust) to 102.81 m²/g after 
modification. Pore volume also increased from 0.0106 
to 0.0557 cm³/g, while average pore size decreased from 
4.1 to 2.17 nm. These mesopores (2–50 nm) are ideal for 
Cr(VI) ion adsorption, which has a hydrated ion radius 
of ~0.4 nm.

Thermal stability (TGA)
Thermogravimetric analysis revealed three weight-loss 
stages for FeNP-SD-PVA:
	• 30–150 °C: ~5% loss due to moisture evaporation
	• 200–400 °C: ~40% loss from cellulose and PVA 

degradation
	• 400 °C: lignin decomposition with ~25% residual ash 

Compared to raw sawdust, the composite exhibited 
enhanced thermal stability, attributed to PVA 
incorporation (Figure 3).

Batch adsorption experiments
Effect of pH
Adsorption of Cr(VI) was strongly influenced by solution 
pH. Maximum removal (97.57%) was achieved at pH 5.5 
(Figure 4a). Below the point of zero charge (PZC = 6.5), 
the surface of the adsorbent was positively charged, 
promoting electrostatic attraction of anionic species such 
as HCrO₄⁻ and Cr₂O₇²⁻. At higher pH, removal efficiency 
declined due to reduced electrostatic interaction and 
slower redox kinetics.

Effect of initial Cr(VI) concentration
Adsorption capacity increased with rising Cr(VI) 
concentration, from 0.89 mg/g at 21 mg/L to 2.29 mg/g 
at 47 mg/L (Figure 4b). However, removal efficiency 
plateaued at higher concentrations, likely due to saturation 
of active sites.

Effect of contact time
Cr(VI) removal occurred rapidly within the first 
10 minutes (~50% removal) and gradually reached 
equilibrium at 120 minutes (Figure 4c). The initial fast 
phase was driven by abundant surface sites, followed by 
slower intraparticle diffusion.

Optimization via response surface methodology (RSM)
A Box–Behnken design was used to evaluate the 
interaction between pH (A), Cr(VI) concentration (B), 
and contact time (C). The adsorption capacity model was 
statistically significant (F = 1796.85, P < 0.0001) with good 
predictive ability (R² = 0.9970). For removal efficiency, 
the model also showed a good fit (F = 33.49, R² = 0.8590). 
See Table 2 for RSM runs and response and Table 3 for 
ANOVA. 

Figure 1. SEM images of (a) raw sawdust adsorbent and (b) FeNP-SD-PVA 
composite
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Optimal conditions
The model identified the optimal parameters as pH 5.5, 
Cr(VI) concentration 47 mg/L, and contact time 120 min, 
yielding 97.57% removal and 2.29 mg/g capacity.

Factor interactions
	• pH × Concentration: Cr(VI) adsorption increased 

with higher concentration at low pH. At pH > 6.5, 
efficiency declined due to electrostatic repulsion 
(Figure 5a).

	• pH × Time: Longer contact times compensated for 
lower adsorption efficiency at higher pH (Figure 5b).

Model equations
Adsorption capacity (qₑ, mg/g):

qe = −0.326 + 0.0059A + 0.0543B + 0.00015C

Removal efficiency (%)

R% = + 45.16699 + 9.29244A + 1.14098B − 0.089558C 
0.064127A*B + 0.003436A*C + 0.000844B*C − 0.747050A2 

− 0.005998B2 + 0.000255C2

Desorption and reusability
Desorption was most effective using 0.1 mol/L HCL, 
which recovered ~88% of adsorbed Cr(VI), compared to 
~45% using NaOH. HCl promoted proton exchange and 
solubilized Cr(III) precipitates. The adsorbent retained 
93.21% efficiency in the second cycle and 88.05% in 

Figure 2. FTIR spectra of (a) raw sawdust adsorbent and (b) FeNP-SD-PVA composite

Figure 3. TGA result for (a) Raw Cordia africana sawdust adsorbent, (b) FeNP-SD-PVA composite
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the third, with less than 10% cumulative capacity loss, 
demonstrating good reusability and structural stability.

Discussion 
Adsorption Mechanism
FeNP-SD-PVA removal of Cr(VI) is done via the synergic 
mechanism of electrostatic attraction, redox reaction, and 
complexation (Figure 6).

The synergic mechanisms work to provide efficient and 
strong removal at low pH.

At the point of zero charge (PZC = 6.5), the adsorbent 
surface gets protonated, enhancing strong electrostatic 
attraction of anions like HCrO₄⁻ and Cr₂O₇²⁻ (10,11). This 
agrees with previous studies on iron-based biosorbents 
that indicate optimum Cr(VI) adsorption at acidic pH (3).

The second primary mechanism is the reductive 
conversion of Cr(VI) to Cr(III) through zero-valent 
iron (Fe⁰) or Fe²⁺ nanoparticles incorporated within 

the sawdust. The redox process is activated by the high 
electron-donating ability of FeNPs, particularly in the 
presence of acid where the presence of protons accelerates 
the process (10). The mechanism can be described as 
follows:

Fe0 + HCrO4− + 7H + → Fe3 + + Cr3 + + 4H2O

Lastly, the reduced Cr(III) is stabilized through 
complexation with surface functional groups –OH and 
–COOH in the sawdust-PVA matrix. This adsorption is 
evidenced by FTIR, which registered peak shifts in the 
O–H and C = O ranges following Cr(VI) exposure (9,12). 
This multi-mechanism process makes FeNP-SD-PVA 
have better removal efficiency than unmodified or mono-
functional adsorbents.

FeNP-SD-PVA achieves 2.29 mg/g Cr(VI) removal 
at pH 5.5, outperforming both unmodified sawdust 

Figure 4. Factors affecting chromium adsorption removal efficiency (R%): (a) initial Conc. 34 mg/L, time = 65 min.; (b) pH = 5.5, time = 65 min.; (c) pH = 5.5, 
initial Conc. 34 mg/L

Table 2. Box-Behnken design experiments and the response Fe-NP-PVA modified adsorbent

Factor 1 Factor 2 Factor 3 Response 1 adsorption capacity mg/g Response 2 removal efficiency

Run A: PH B: Conc. C: Time Actual value Predicted value Predicted value Actual value 

mg/L Min. %

1 3 34 120 1.51763 1.56 89.24 89.2722

2 5.5 21 120 0.895444 0.8642 84.90 85.2804

3 5.5 34 65 1.54097 1.56 91.89 90.6453

4 5.5 47 120 2.29281 2.28 97.43 97.2346

5 5.5 34 65 1.54071 1.56 91.89 94.6298

6 5.5 21 10 0.874391 0.8480 87.08 87.2753

7 3 47 65 2.2636 2.25 96.16 96.3235

8 8 21 65 0.842812 0.8709 80.43 80.2678

9 8 34 10 1.56018 1.57 85.80 85.7753

10 8 47 65 2.27097 2.28 87.58 87.987

11 3 21 65 0.842812 0.8413 80.67 80.2678

12 5.5 34 65 1.55255 1.56 91.89 91.3264

13 5.5 47 10 2.27518 2.26 97.19 96.8162

14 8 34 120 1.62176 1.58 85.78 85.5643

15 5.5 34 65 1.58781 1.56 91.89 93.4007

16 5.5 34 65 1.52097 1.56 91.89 89.4688

17 3 34 10 1.55334 1.54 91.16 91.3728
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(0.89 mg/g) and nZVI-doped chitosan (2.01 mg/g) (13-
15). The dual FeNP-PVA modification enables superior 
performance through combined redox activity and pH 
stabilization (effective up to pH 6) (14,16).

Benefits of Cordia Africana sawdust as a base material
The utilization of Cordia africana sawdust is economically 
and environmentally beneficial. As a plentiful agricultural 
waste in Ethiopia, utilizing it valorizes waste in harmony 
with circular economy principles. Compared to expensive 
imported activated carbon (often > $1.50/kg), Cordia 
sawdust is readily available locally for < $0.10/kg, a cost 
decrease of over 90% (17).

Aside from being cost-effective, the modification of 
FeNP and addition of PVA significantly increase the 
surface area, functional groups, and adsorbent stability. 
The surface area was enhanced 10 times (10.33 to 102.81 
m²/g) as verified by BET analysis, and SEM verified 
structural stability even in successive use. This renders 
FeNP-SD-PVA a cost-effective yet efficient material.

The high lignin content of Cordia africana sawdust 
(∼25%) enables superior FeNP binding compared to other 
agricultural wastes (17). While coconut shell achieves 
similar loading, it requires energy-intensive activation 
(18). The FeNP-PVA modification yields 10 times surface 
area increase (102.81 m²/g), outperforming conventional 
modified sawdust (19).

Reusability and environmental safety
Reusability is a serious concern for large-scale applications. 
In the present study, the adsorbent retained > 88% of its 
initial removal capacity in three adsorption–desorption 
cycles with 0.1 mol/L HCL. This was significantly better 
than that of other engineered materials like Fe₃O₄-
graphene composites, which often experience 10–15% 
loss after the same cycling (20). The low iron leaching 
( < 0.1 mg/L) is also in line with US EPA requirements, 
with little risk of secondary pollution (21).

The application of HCl as a regenerate, with 88% 
recovery of Cr(VI) through proton exchange followed by 
Cr(III) complex re-dissolution, was superior to NaOH 
use for this purpose. The results justify the industrial 
applicability of mild acid regeneration.

The > 88% regeneration efficiency of FeNP-SD-PVA 
with 0.1 mol/L HCL outperforms Fe₃O₄@alginate (∼72% 
after 3 cycles) (22) and Fe-ZIF-8 MOFs (∼80%) (23), 
which suffer from structural collapse in acidic regenerants. 
The < 0.1 mg/L Fe leaching is superior to nZVI-coated 
sand (0.4 mg/L) (24) and Fe³⁺-loaded zeolite (0.6 mg/L) 
(25), critical for avoiding secondary contamination. This 
stability aligns with EPA guidelines (26) and matches 
commercial ion-exchange resins (e.g., Dowex™, 0.08 mg/L 
Fe leaching) (27) but at a tenth of the cost.

Industrial practical implications for wastewater 
treatment
The optimum conditions (pH 5.5, 47 mg/L Cr(VI), 120 
min) are also consistent with the Ethiopian tannery 
wastewater pH, which is usually 4–6. The wide pH 
tolerance of FeNP-SD-PVA reduces the requirement 
for expensive pH adjustment, which reduces operation 
costs up to 40% as compared to chemical precipitation 
techniques (28). Magnetic recovery has one additional 
practical advantage. Addition of Fe₃O₄ confers magnetic 
capability for facile separation of the adsorbent from 
treated water without filtration hardware. The pH 
5.5 operability of FeNP-SD-PVA avoids the costly 
acidification needed for activated carbon (pH 2), saving 
∼$0.50 per cubic meter of wastewater treated (29). 
Comparable pH tolerance is seen in Fe-Mn binary oxide 
(pH 4–6) (30), but its synthesis is 5 times more expensive 
due to Mn precursors. The magnetic separation feature 
reduces operational time by ∼40% compared to granular 
activated carbon filtration (31), with energy savings akin 
to Fe₃O₄@biochar (32) but with higher Cr(VI) selectivity 
(Kd = 2.5 L/g vs. 1.8 L/g) (33).

Table 3. ANOVA for chromium removal

Adsorption capacity Removal efficiency 

Source df χ² F-value p-value df χ² F – value P-value

Model 3 1.33 1796.85  < 0.0001 9 416.05 17.63 0.0005

A-PH 1 0.0018 2.37 0.1480 1 38.90 14.84 0.0063

B-Concentration 1 3.99 5387.48  < 0.0001 1 256.17 97.71  < 0.0001

C-Time 1 0.0005 0.7040 0.4166 1 1.89 0.7208 0.4240

AB 1 17.37 6.63 0.0368

AC 1 0.8927 0.3405 0.5779

BC 1 1.46 0.5554 0.4804

A² 1 91.79 35.01 0.0006

B² 1 4.33 1.65 0.2398

C2 1 2.50 0.9547 0.3611

Residual 13 0.0007 7 18.35

Lack of fit 9 0.0008 1.31 0.4253 3 0.8345 0.0635 0.9764

Pure error 4 0.0006 4 17.52

Cor. Total 16 16 434.41
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Comparison with other adsorbents
FeNP-SD-PVA surpassed several reference materials on 
capacity, pH range, and reusability. See Table 4. 
Reasons for superior performance:
	• Higher functional group density (–OH, –COOH) 

than biochar (34).
	• Magnetic Fe₃O₄ enables easier recovery than non-

magnetic alternatives (14).
These benefits make FeNP-SD-PVA a viable and mass-

producible solution for removing Cr(VI) in industrial and 
rural environments. 

The 2.29 mg/g capacity of FeNP-SD-PVA rivals 

industrial-grade materials like nanoscale zero-valent 
iron (nZVI) (2.4 mg/g) (34) but avoids nZVI’s oxidation 
susceptibility (14). It also surpasses layered double 
hydroxides (LDHs) (1.9 mg/g) (35), which require high-
temperature calcination. For rural applications, its $0.10/
kg cost is competitive with raw clay ($0.05/kg) (36) but 
offers 10 times higher capacity, addressing scalability gaps 
in low-income regions.

Conclusion 
This work verifies that FeNP-SD-PVA is a low-
cost, green, and efficient adsorbent for the removal 

Figure 5. 3-D and contour plots to show the interaction effects (a) at time = 65 min; (b) at Conc. 34 mg/L; (c) at pH = 5.5
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Figure 5. 3-D and contour plots to show the interaction effects (a) at time =65min.; (b) at conc. 
34mg/l; (c) at PH=5.5. 
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Figure 5. 3-D and contour plots to show the interaction effects (a) at time =65min.; (b) at conc. 
34mg/l; (c) at PH=5.5. 
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of hexavalent chromium from water solutions. This 
composite is a combination of the adsorption properties 
of Cordia africana sawdust with the redox capacity of iron 
nanoparticles and the stabilizing properties of polyvinyl 
alcohol. Under optimal conditions (pH 5.5, 47 mg/L 
Cr(VI), 120 min), 97.57% Cr(VI) was adsorbed with an 
adsorption capacity of 2.29 mg/g. The achievement is based 
on synergistic actions of electrostatic attraction, redox 
reduction of Cr(VI) to Cr(III), and further complexation 
with surface functional groups. Characterization analyses 
(SEM, FTIR, XRD, BET, TGA) were affirmed for the 
successful addition of FeNPs and PVA with improved 
surface area, porosity, and thermal stability. The material 
exhibited remarkable reusability with more than 88% 
efficiency for removal after three cycles of adsorption–
desorption using 0.1 mol/L HCL. Iron leaching was less 
than EPA-safe levels ( < 0.1 mg/L), an aspect that reflects 
environmental compatibility. Compared to conventional 
adsorbents, FeNP-SD-PVA has superior capacity, pH 
stability, magnetic recyclability, and longer shelf life. The 
economic feasibility and flexibility of FeNP-SD-PVA 
make it well-adapted to industrial wastewater treatment, 
especially in economically tight environments such as the 
Ethiopian leather tanning industry.

For future studies, pilot-scale treatment is recommended 
for showing long-term stability and performance of the 
composite under real industrial effluent conditions.
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