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1. Synthesis of Fe;O4 nanoparticles

Magnetite (Fe;0O4) nanoparticles were synthesized via hydrothermal co-precipitation of ferric
and ferrous salts, following the method reported by Elwakeel et al. (2020).! Briefly, ferrous
sulfate heptahydrate (FeSOas-7H20, 5.0 g) and ammonium iron(III) sulfate dodecahydrate
((NH4)Fe(SO4)2-12H-20, 17.35 g) were dissolved in deionized water (250 mL). The solution
was heated to 333 = 1 K under a nitrogen atmosphere with continuous magnetic stirring for 60
min. Aqueous NaOH (3 M) was then added dropwise until pH 12 was attained, and the reaction
proceeded for an additional 5 h at 318 K. The resulting Fe;O4 nanoparticles were magnetically
separated, repeatedly washed with Milli-Q water (Millipore, Billerica, MA, USA) until neutral

pH was achieved, rinsed with acetone, and vacuum-dried at 333 + 1 K for 5 h.



Table S1: Some physicochemical properties of cadmium, copper, and lead?

Parameter Cu(1l) Cd(1n) Pb(II)
Atomic radius (pm) 128 149 175
Covalent radius (pm) 117 141 154
Divalent ion radius (pm) 72 97 120
Hydration heat (kJ/mol) 83 373 697
Ion charge density? 6.2517 5.3718 1.7059

Standard electrode potential (V) -0.762

-0.4029  -0.1263

Table S2: Kinetics models

Kinetics model Equation References
) X ;
Pseudo-First order 9= quum(l-¢ ")
2
ket 4

Pseudo-Second order g =——"—

Intraparticle diffusion ~ Te=k;+x

dqf _‘Bqt
=qae

Elovich equation o

g, (mg g !): amount of metal ion sorbed at time (t).

ehy (Mg g 1): equilibrium sorption.

K; (min™'): pseudo first -order rate constant of adsorption.

K, (g mg! min!): pseudo second-order rate constant of adsorption.

K; (mg g™! min*3): the intra-particle diffusion rate.

X (mg g'): the boundary layer diffusion effects (external film resistance).

a (mg g! min™"): the initial sorption rate.

B (g mg"): the desorption constant.




Table S3: Sorption isotherms

Isotherm Equation References
. KLque
Langmuir 9. = T+ K,C, 7
. Y
Freundlich q,=KpC'" 8
RT
Temkin qe= b_Tln (K7C.) 9

C, (mg L™"): equilibrium concentration of metal ion in solution.

g. (mg g 1): amount of dye sorbed at equilibrium.

¢n (mg g1): Langmuir maximum sorption capacity.

K; (L mg™'): Langmuir constant related to affinity of sorptive sites.

K (mg g") (L mmol")"": Freundlich constant relative sorption capacity.
n: Freundlich constants related to the sorption capacity and intensity

K7 (L g!): Temkin constant.

Br (kJ mg™"): Temkin constant.




Table S4: Chemical analysis of water samples collected from a drinking water supply facility
in Port-Said, Egypt

Parameter Unit Result Parameter  Unit Result
Temperature °C 24 NH;-N ppm 0.03
Turbidity NTU 0.5 NO,-N ppm 0.004
PH - 7.1 NO;-N ppm 0.9
TDS ppm 514 PO,4-P ppm 0.1
Total Hardness ppm 174 Fe ppm 0.04
Ca Hardness ppm 111 Mn ppm 0.032
Mg Hardness ppm 63 Cu ppm 0.01
Cl ppm 93 Zn ppm 0.03
Alkalinity ppm 141 Al ppm 0.121
Total
SO, ppm 171 bacterial CFU/ml 2
count

Table S5: Chemical analysis of wastewater sample collected from petrochemical plant
discharge, Port Said, Egypt

Parameter Unit Result
Conductivity uS/cm 11240
TDS ppm 7530
PH - 7.84
Total hardness ppm 1131
Alkalinity ppm 97
[ron ppm 0.28
Turbidity NTU 2.8
Ammonia ppm 0.8
TSS ppm 15.4




Table S6: Comparison of sorption performance for Pb(II) with various sorbents in the present
and other studies

Sorption

Adsorbent . _;, References
capacity (mg g')

Porous Carbon nanofibers 7.1 10
Untreated Biochar 7.57 1
HCI deashed Biochar 9.77 1
HF deashed Biochar 16.70 i
Activated Potassium acetate biochar ~ 38.49 1
Mesoporous coral limestones 39.26 12
Activated Potassium acetate - HC1 4039 1
deashed Biochar '
Iron hydroxyphosphate composites 43.203 13
Magnetic cellulose acetate 44 14
The ion-imprinted and CNF-grafted 15

. 47.62
polymeric beads
Activated Potassium acetate - HF 49 47 1
deashed Biochar ’
Phosphorus rich biochar 62 16
Diethylenetriamine/magnetic
chitosan/glycidyl methacrylate 70.42 Present study

composite




Table S7: Comparison of sorption performance for Cd(Il) with various sorbents in the
present and other studies

Adsorbent Sorption (mg g!) References
Light-restricted C. vulgaris 8.0 17
Cyanobacterium of Aphanothece 820 18
sp cultivar based adsorbent '
Deposited silt 10.25 19
Nitrogen-restricted C. vulgaris  11.9 17
ol 20
Raw vermiculite (VER) 14.98
Dodecyl dimethyl betaine
modified vermiculite (BS- 20
VER) 16.03
Potassium permanganate 19.79 )
activated black seeds ( KMBS) '
Nanoscale zero-valent iron - ”
. ) 20.6
zeolite composite
Natural Jordanian (NJ) zeolite 25.9 23
Diethylenetriamine/magnetic 5917
chitosan/glycidyl methacrylate ' Present study

composite




Table S8: Comparison of sorption performance for Cu(Il) with various sorbents in the

present
and
: : her
Adsorbent (S;;p;_?;l capaclty  peferences Sttugies
Manganese oxide (MnO,) 2972 24
nanowires
Activated carbon derived from 385 ”
modified rice husk '
Magnetic activated carbon derived 450 95
from modified rice husk '
C-phenylcalix[4]pyrogallolarene 8.14 26
Ceramsite 9.42 27
Granular activated carbon- 13.37 )8
magnetite nanoparticles composite ’
Granular Activated Carbon-
Supported Titanium Dioxide 2342 29
Particles
Powdered activated carbon- 723 61 )8
magnetite nanoparticles composite ’
Histidine modified montmorillonite  30.72 30
Diethylenetriaminepentaacetic acid- 31
chitosan sewage sludge composite ~ 31.42
Polyethylenimine modified wheat 13
straw 48.6
Diethylenetriamine/magnetic
chitosan/glycidyl methacrylate 5594 Present study

composite
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Figure S1: (a) Magnetic hysteresis loops of Fe;04, MCGMA, and P-DETA composites
measured at room temperature, showing the variation in magnetization (emu g') as
a function of the applied magnetic field (Oe); (b) Particle size distribution profiles
of Fe;04and P-DETA materials obtained by dynamic light scattering (DLS).
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Figure S2: Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) curves

of P-DETA. The TGA curve (solid blue line) shows the percentage weight loss as a

function of temperature, indicating distinct decomposition steps, while the DTG

curve (dotted red line) reveals the corresponding rate of weight loss.
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Figure S3: Speciation diagrams of Pb(II), Cd(II), and Cu(II) ions as a function of pH; (a) Lead
(Pb) species distribution showing predominant presence of Pb** at low pH, and successive
formation of hydrolyzed species Pb(OH)*, Pb(OH)., Pb(OH);~, and Pb(OH)+* with increasing
pH 33; (b) Cadmium (Cd) species distribution, where Cd?*" dominates at pH < 8, followed by
the gradual appearance of Cd(OH)*, Cd(OH), and polynuclear complexes such as Cds(OH)4
and Cd(OH).?" at higher pH 34; (¢) Copper (Cu) species distribution illustrating the prevalence
of Cu?" under acidic conditions, and formation of CuOH", Cu(OH)2, Cu(OH)s~, and Cu(OH)+*"

in more alkaline media 3%.
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Figure S4: Kinetic modeling of Pb(II), Cd(II), and Cu(II) adsorption onto the adsorbent

surface using three linearized models; (a) Pseudo-first-order model: Plot of log(q. —

qo) versus time (t); (b) Pseudo-second-order model: Plot of t/q; versus time (t); (¢)

Intraparticle diffusion model: Plot of q; versus In(t).
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Figure S5: Intraparticle diffusion model plots showing the multi-stage adsorption kinetics of
(a) Pb(II), (b) Cd(II), and (c) Cu(II) ions onto the adsorbent. The plots reveal three
distinct linear regions corresponding to different adsorption phases:1st stage — rapid
external surface adsorption, 2nd stage — gradual intraparticle diffusion, and 3rd stage

— equilibrium phase.
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Figure S6: Adsorption isotherm models for the removal of Pb(II), Cd(II), and Cu(II) ions

using the prepared adsorbent. (a) Langmuir isotherm model; (b) Freundlich

isotherm model; (c¢) Temkin isotherm model.
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