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Section S1. Materials and Methods
1. Reagents and Chemicals
Silver nitrate (AgNO3, ≥99.9%), cobalt nitrate hexahydrate [Co(NO3)2·6H2O, ≥98%], lanthanum oxide (La2O3, ≥99.9%), chitosan (medium molecular weight, degree of deacetylation ≥75%), glacial acetic acid (≥99.7%), hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH, ≥98%), and ethanol (≥99.8%) were of analytical grade and used without further purification. Methylene blue (MB, ≥95%) and crystal violet (CV, ≥90%) were used as model dyes. 2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA, ≥97%) was used for ROS detection. Mueller-Hinton agar, nutrient broth, and the selected antibiotic standard were used for the antibacterial assay. All aqueous solutions were prepared using distilled water. Certified Ag and Co standard solutions (1000 mg L-1) were used for atomic absorption spectrometric calibration. 

2. Instruments
UV-Vis spectra and dye-removal measurements were recorded using a Spekol 11 spectrophotometer (Analytik Jena AG, Jena, Germany). Fourier-transform infrared (FTIR) spectra were obtained using a Nicolet iS10 spectrometer (Thermo Fisher Scientific, USA) to identify the characteristic functional groups. The morphology and particle structure were examined by high-resolution transmission electron microscopy (HR-TEM; Thermo Scientific Talos F200i) and scanning electron microscopy (SEM; FEI, Czech Republic) operated at an accelerating voltage of 30.0 kV and magnifications of 1000-5000×. Elemental composition and spatial distribution were determined by energy-dispersive X-ray spectroscopy (EDX) and elemental mapping using the FEI SEM system under the same operating conditions. X-ray diffraction (XRD) patterns were recorded using a PANalytical Philips diffractometer to determine the crystalline phases of the synthesized materials. Specific surface area and porosity were evaluated using a BELSORP-mini X surface-area analyzer (MicrotracBEL Corp., Japan); samples were degassed under vacuum at 120 °C for 6 h prior to analysis. An Elma Schmidbauer GmbH sonicator (Singen, Germany) was used for ultrasonic dispersion during nanocomposite preparation, while centrifugation was performed using an Allegra X-15R centrifuge (Beckman Coulter, California, USA).


Section S2: Results
Table S1. Linear fitting equations obtained from the Tauc plots  versus photon energy and the corresponding calculated direct optical band-gap energies () of rosemary extract, Ag/Co/La2O3 nanocomposite (NC), and Ag/Co/La2O3/chitosan (CS) nanocomposite.
	Sample
	Material
	Linear fitting equation a
	x-intercept (Eg=-c/m)) (eV)
	Calculated direct band gap, (Eg) (eV)

	A
	Rosemary extract
	(y = 3.2812x - 5.7786)
	1.761
	1.76

	B
	Ag/Co/La2O3 NC
	(y = -7.2986x + 28.379)
	3.888
	3.89

	C
	Ag/Co/La2O3/CS NC
	(y = -3.0481x + 15.304)
	2.943
	2.94


[a] The optical band-gap energy () was estimated from the intercept of the linear region of the Tauc plots according to: 

where is the absorption coefficient, is the photon energy, is a proportionality constant, and was calculated from the x-intercept of the fitted line using , where and are the slope and intercept of the linear fitting equation, respectively.


Table S2. FTIR absorption bands (cm-1) and functional group assignments of rosemary extract, Ag/Co/La2O3 nanocomposite (NC), and Ag/Co/La2O3/chitosan (CS) nanocomposite, demonstrating the involvement of phytochemicals in nanoparticle synthesis and the successful incorporation of chitosan into the hybrid nanocomposite.
	Functional group / Vibrational assignment
	Rosemary extract (cm-1)
	Ag/Co/La2O3 NC (cm-1)
	Ag/Co/La2O3/CS NC (cm-1)

	O-H/N-H stretching
	3383
	3549
	3231

	Aliphatic C-H stretching
	2936, 2881
	2915
	-

	C=O stretching / Amide I
	1673, 1613
	-
	1559

	Aromatic C=C / N-H bending (Amide II)
	1570, 1539
	1534
	1533

	CH2 deformation / C-N stretching
	1465, 1397, 1349
	1448, 1407, 1349, 1305
	1452, 1423, 1396, 1332

	C-O-C / C-O stretching
	1259, 1194, 1146, 1079, 1048, 1027
	1014
	1052, 1015

	Aromatic C-H out-of-plane bending
	987, 928, 875, 825, 780
	940, 872, 830, 732
	943, 833, 734

	Metal-oxygen (La-O, Co-O, Ag-O) lattice vibrations
	659, 600, 554, 522, 428
	666, 630, 614, 530, 467, 408, 367
	664, 610, 507, 465




Table S3. Electrophoretic and zeta potential parameters of the green-synthesized Ag/Co/La2O3 nanocomposite (NC) determined by laser Doppler electrophoresis at 23 °C. The measured zeta potential and electrophoretic mobility reflect the surface charge characteristics and colloidal stability of the synthesized nanocomposite.
	Parameter
	Ag/Co/La2O3 NC
	Unit / Description

	Average zeta potential
	+8.19
	mV

	Average electrophoretic mobility
	+0.57
	×10-4 cm2 V-1 s-1

	Frequency shift
	1.11
	Hz

	Sample peak frequency
	261.23
	Hz

	Reference peak frequency
	260.12
	Hz

	Cell current
	0.88
	mA

	Conductivity factor
	4.04
	Dimensionless

	Electric field strength
	3.75
	V cm-1

	Sample temperature
	23.0
	°C

	Liquid viscosity
	0.995
	cP

	Dielectric constant
	78.50
	Dimensionless

	Refractive index
	1.333
	Dimensionless

	Laser wavelength
	632.8
	nm (He–Ne laser)

	Scattering angle
	90
	°

	Channel width
	500
	μs

	Measurement time
	2 min 13 s
	Total acquisition time





Table S4. Electrophoretic and zeta potential parameters of the Ag/Co/La2O3/CS NC determined by laser Doppler electrophoresis at 23 °C. Chitosan functionalization increased the positive surface charge and electrophoretic mobility, indicating enhanced colloidal stability through protonated amino groups on the polymer-coated nanocomposite.
	Parameter
	Ag/Co/La2O3/CS NC
	Unit / Description

	Average zeta potential
	+13.78
	mV

	Average electrophoretic mobility
	+0.96
	×10-4 cm2 V-1 s-1

	Frequency shift
	1.54
	Hz

	Sample peak frequency
	261.40
	Hz

	Reference peak frequency
	259.86
	Hz

	Cell current
	0.74
	mA

	Conductivity factor
	4.89
	Dimensionless

	Electric field strength
	3.75
	V cm-1

	Sample temperature
	23.0
	°C

	Liquid viscosity
	0.995
	cP

	Dielectric constant
	78.50
	Dimensionless

	Refractive index
	1.333
	Dimensionless

	Laser wavelength
	632.8
	nm (He-Ne laser)

	Scattering angle
	90
	°

	Channel width
	500
	μs

	Measurement time
	2 min 17 s
	Total acquisition time



Table S5. EDX elemental composition of the synthesized nanocomposites.
	Nanocomposite
	Element
	Line
	Weight (%)
	Atomic (%)
	Error (%)

	Ag/Co/La2O3 NC
	O
	K
	31.52
	76.86
	11.12

	
	Ag
	L
	37.29
	13.49
	1.89

	
	La
	L
	28.87
	8.11
	4.78

	
	Co
	K
	2.33
	1.54
	15.36

	Ag/Co/La2O3/CS NC
	C
	K
	1.10
	2.54
	24.88

	
	N
	K
	8.32
	16.50
	11.24

	
	O
	K
	39.13
	67.94
	9.47

	
	Ag
	L
	5.72
	1.47
	6.03

	
	La
	L
	36.89
	7.38
	3.87

	
	Co
	K
	8.85
	4.17
	5.72




Table S6. Elemental mapping composition and contribution of the synthesized nanocomposites.
	Nanocomposite
	Element
	Line
	Weight (%)
	Atomic (%)
	Error (%)
	Mapping contribution (%)

	Ag/Co/La2O3 NC
	O
	K
	25.17
	71.29
	10.28
	12

	
	Ag
	L
	35.30
	14.83
	1.76
	53

	
	La
	L
	37.31
	12.17
	2.68
	30

	
	Co
	K
	2.22
	1.71
	9.72
	6

	Ag/Co/La2O3/CS NC
	C
	K
	1.15
	2.82
	21.10
	2

	
	N
	K
	7.50
	15.70
	11.05
	5

	
	O
	K
	36.49
	66.83
	9.30
	27

	
	Ag
	L
	5.78
	1.57
	5.73
	13

	
	La
	L
	39.51
	8.33
	3.41
	38

	
	Co
	K
	9.56
	4.75
	5.30
	16



Table S7. X-ray diffraction peak indexing, phase identification, and crystallographic parameters of the green-synthesized Ag/La2O3 nanocomposite (NC). Experimental diffraction peaks were matched with the ICDD/PDF database to identify the crystalline phases, crystal systems, space groups, and corresponding Miller indices (hkl). Rietveld phase analysis revealed the coexistence of AgCl, metallic Ag, La(OH)3, and La2O3 phases, confirming the successful formation of a multiphase crystalline nanocomposite.
	2θ (°)
	d-spacing (Å)
	Relative intensity (%)
	Identified phase
	Chemical formula
	ICDD/PDF No.
	Crystal system (Space group)
	(hkl)

	15.786
	5.6096
	6.8
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P6₃/m)
	(100)

	27.397
	3.2527
	13.1
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P6₃/m)
	(110)

	27.940
	3.1908
	40.5
	Silver chloride
	AgCl
	PDF 00-001-1013
	Cubic (Fm-3m)
	(111)

	29.493
	3.0262
	9.2
	Lanthanum oxide
	La2O3
	PDF 01-088-3887
	Hexagonal (P-3m1)
	(011)

	31.741
	2.8169
	5.4
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P6₃/m)
	(200)

	32.346
	2.7655
	100.0
	Silver chloride
	AgCl
	PDF 00-001-1013
	Cubic (Fm-3m)
	(200)

	38.220
	2.3529
	63.3
	Metallic silver
	Ag
	PDF 01-087-0720
	Cubic (Fm-3m)
	(111)

	39.604
	2.2738
	19.2
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P6₃/m)
	(201)

	44.387
	2.0392
	23.5
	Metallic silver
	Ag
	PDF 01-087-0720
	Cubic (Fm-3m)
	(200)

	46.332
	1.9581
	70.5
	Silver chloride
	AgCl
	PDF 00-001-1013
	Cubic (Fm-3m)
	(220)

	48.782
	1.8653
	19.6
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P6₃/m)
	(202)

	54.911
	1.6707
	24.1
	Silver chloride
	AgCl
	PDF 00-001-1013
	Cubic (Fm-3m)
	(311)

	57.552
	1.6002
	21.4
	Silver chloride
	AgCl
	PDF 00-001-1013
	Cubic (Fm-3m)
	(222)

	64.541
	1.4427
	26.4
	Metallic silver
	Ag
	PDF 01-087-0720
	Cubic (Fm-3m)
	(220)

	76.798
	1.2402
	23.7
	Silver chloride
	AgCl
	PDF 00-001-1013
	Cubic (Fm-3m)
	(420)

	77.485
	1.2309
	31.6
	Metallic silver
	Ag
	PDF 01-087-0720
	Cubic (Fm-3m)
	(311)




Table S8. X-ray diffraction peak indexing, crystallographic phase identification, and quantitative phase composition of the Ag/Co/La2O3/chitosan (CS) nanocomposite. Diffraction peaks were indexed using the ICDD/PDF database, confirming the formation of a multifunctional hybrid nanocomposite consisting of crystalline AgCl, metallic Ag, La2O3, La(OH)3, Co(OH)2, and chitosan L-ascorbate phases after polymer functionalization.
	2θ (°)
	d-spacing (Å)
	Relative intensity (%)
	Identified phase
	Chemical formula
	ICDD/PDF No.
	Crystal system (Space group)
	(hkl)

	7.804
	11.3200
	3.0
	Chitosan L-ascorbate
	(C12H21NO11)n
	PDF 00-054-1952
	Monoclinic (P21)
	(100)

	9.045
	9.7690
	100.0
	Chitosan L-ascorbate
	(C12H21NO11)n
	PDF 00-054-1952
	Monoclinic (P21)
	(001)

	15.694
	5.6422
	40.7
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P63/m)
	(100)

	18.626
	4.7600
	67.0
	Chitosan L-ascorbate
	(C12H21NO11)n
	PDF 00-054-1952
	Monoclinic (P21)
	(012)

	20.165
	4.4000
	64.0
	Cobalt hydroxide
	Co(OH)2
	PDF 00-001-0357
	Hexagonal
	-

	21.136
	4.2000
	11.0
	Lanthanum oxide
	La2O3
	PDF 00-022-0641
	Monoclinic (P21/m)
	(-202)

	24.780
	3.5900
	21.0
	Lanthanum oxide
	La2O3
	PDF 00-022-0641
	Monoclinic (P21/m)
	(202)

	27.357
	3.2575
	57.2
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P63/m)
	(110)

	27.839
	3.2022
	42.9
	Silver chloride
	AgCl
	PDF 01-071-5209
	Cubic (Fm-3m)
	(111)

	28.015
	3.1824
	99.9
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P63/m)
	(011)

	30.753
	2.9050
	100.0
	Lanthanum oxide
	La2O3
	PDF 00-022-0641
	Monoclinic (P21/m)
	(-501)

	31.692
	2.8211
	23.6
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P63/m)
	(200)

	32.254
	2.7732
	99.9
	Silver chloride
	AgCl
	PDF 01-071-5209
	Cubic (Fm-3m)
	(200)

	35.452
	2.5300
	100.0
	Chitosan L-ascorbate
	(C12H21NO11)n
	PDF 00-054-1952
	Monoclinic (P21)
	(014)

	36.073
	2.4879
	7.3
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P6₃/m)
	(111)

	36.806
	2.4400
	27.0
	Cobalt hydroxide
	Co(OH)2
	PDF 00-001-0357
	Hexagonal
	(101)

	38.121
	2.3588
	99.9
	Metallic silver
	Ag
	PDF 01-071-3762
	Cubic (Fm-3m)
	(111)

	38.958
	2.3100
	100.0
	Cobalt hydroxide
	Co(OH)2
	PDF 00-001-0357
	Hexagonal
	(002)

	39.557
	2.2764
	89.2
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P63/m)
	(201)

	42.350
	2.1325
	18.1
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P63/m)
	(210)

	44.307
	2.0428
	52.5
	Metallic silver
	Ag
	PDF 01-071-3762
	Cubic (Fm-3m)
	(200)

	46.261
	1.9609
	68.0
	Silver chloride
	AgCl
	PDF 01-071-5209
	Cubic (Fm-3m)
	(220)

	48.357
	1.8807
	36.1
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P63/m)
	(102)

	48.765
	1.8659
	72.6
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P63/m)
	(211)

	50.674
	1.8000
	62.0
	Cobalt hydroxide
	Co(OH)2
	PDF 00-001-0357
	Hexagonal
	(102)

	54.856
	1.6723
	15.0
	Silver chloride
	AgCl
	PDF 01-071-5209
	Cubic (Fm-3m)
	(311)

	55.349
	1.6585
	27.1
	Lanthanum hydroxide
	La(OH)3
	PDF 01-077-3933
	Hexagonal (P63/m)
	(112)

	57.516
	1.6011
	19.3
	Silver chloride
	AgCl
	PDF 01-071-5209
	Cubic (Fm-3m)
	(222)

	61.799
	1.5000
	15.0
	Cobalt hydroxide
	Co(OH)2
	PDF 00-001-0357
	Hexagonal
	(111)

	64.456
	1.4444
	37.2
	Metallic silver
	Ag
	PDF 01-071-3762
	Cubic (Fm-3m)
	(220)

	67.496
	1.3866
	7.0
	Silver chloride
	AgCl
	PDF 01-071-5209
	Cubic (Fm-3m)
	(400)

	68.425
	1.3700
	55.0
	Cobalt hydroxide
	Co(OH)2
	PDF 00-001-0357
	Hexagonal
	(200)

	76.795
	1.2402
	14.8
	Silver chloride
	AgCl
	PDF 01-071-5209
	Cubic (Fm-3m)
	(420)

	77.414
	1.2318
	43.5
	Metallic silver
	Ag
	PDF 01-071-3762
	Cubic (Fm-3m)
	(311)




Table S9. Antibacterial efficacy of rosemary extract, Ag/Co/La2O3 NC, Ag/Co/La2O3/CS NC, and azithromycin (1 mg mL-1) against representative pathogenic bacteria as determined by the agar diffusion method. Data are expressed as mean ± standard deviation (SD) of three independent experiments (n = 3). NA indicates no detectable inhibition zone.
	Microorganism
	Rosemary extract (mm)
	Ag/Co/La2O3 NC (mm)
	Ag/Co/La2O3/CS NC (mm)
	Azithromycin (1 mg mL-1) (mm)

	Gram-negative bacteria
	
	
	
	

	Escherichia coli (ATCC 10536)
	NA
	NA
	12.0 ± 0.58
	NA

	Salmonella typhimurium (ATCC 25566)
	NA
	13.0 ± 0.58
	NA
	13.0 ± 0.58

	Klebsiella pneumoniae (ATCC 10031)
	NA
	12.0 ± 1.00
	14.0 ± 0.58
	12.0 ± 0.58

	Enterobacter cloacae (DMS 30054)
	NA
	12.0 ± 0.58
	16.0 ± 1.00
	11.0 ± 0.58

	Gram-positive bacteria
	
	
	
	

	Bacillus subtilis (DMS 1088)
	NA
	18.0 ± 1.00
	19.0 ± 0.58
	14.0 ± 0.58

	Bacillus cereus (EMCC 1080)
	NA
	21.0 ± 0.58
	19.0 ± 1.00
	21.0 ± 0.58

	Staphylococcus aureus (ATCC 6538)
	NA
	14.0 ± 0.58
	16.0 ± 0.58
	18.0 ± 1.00

	Staphylococcus epidermidis (EMCC 1353T)
	NA
	18.0 ± 0.58
	22.0 ± 1.00
	19.0 ± 0.58


Values are presented as the mean inhibition zone diameter ± SD (n = 3). The diameter of the paper disc (6 mm) is included in the measured inhibition zone. NA indicates that no measurable inhibition zone was observed under the experimental conditions.


Table S10. Dark adsorption of MB and CV onto Ag/Co/La2O3/CS NC as a function of contact time. Experiments were performed using an equimolar binary MB/CV solution ([MB]₀ = [CV]₀ = 10 mg L-1), catalyst dosage of 0.50 g L-1, initial pH 9.0, and temperature of 25 °C. Adsorption approached equilibrium after approximately 40 min. Values are presented as mean ± SD (n = 3).
	Dark-contact time (min)
	MB adsorption (%)
	CV adsorption (%)

	0
	0.0 ± 0.0
	0.0 ± 0.0

	5
	12.5 ± 1.0
	15.0 ± 1.1

	10
	20.5 ± 1.1
	24.0 ± 1.2

	20
	27.5 ± 1.3
	32.0 ± 1.4

	30
	32.0 ± 1.4
	37.0 ± 1.5

	40
	33.5 ± 1.4
	38.5 ± 1.5

	50
	34.0 ± 1.5
	39.0 ± 1.6

	60
	34.2 ± 1.5
	39.2 ± 1.6



Table S11. Control experiments for MB and CV removal.
	Experimental condition
	Catalyst
	Light
	MB removal (%)
	CV removal (%)

	Dark stability
	Absent
	Absent
	0.5 ± 0.2
	0.6 ± 0.2

	Photolysis
	Absent
	Present
	4.5 ± 0.6
	4.0 ± 0.7

	Dark adsorption
	0.50 g L-1
	Absent
	33.5 ± 1.4
	38.5 ± 1.5

	Photocatalysis
	0.50 g L-1
	Present
	97.5 ± 0.7
	94.0 ± 0.9





Table S12. Effect of different experimental parameters on the photocatalytic removal of methylene blue (MB) and crystal violet (CV) by Ag/Co/La2O3/CS NC. Unless otherwise indicated, the experiments were performed using an equimolar binary MB/CV solution ([MB]₀ = [CV]₀ = 10 mg L-1), catalyst dosage of 0.50 g L-1, initial pH 9.0, temperature of 25 °C, and irradiation time of 180 min. For the irradiation-time and catalyst-dosage experiments, the initial pH was maintained at 7.0 and the temperature at 25 °C. For the pH experiment, the catalyst dosage was 0.50 g L-1, and the temperature was 25 °C. For the initial dye-concentration experiment, the MB: CV concentration ratio was maintained at 1:1. For the temperature experiment, the initial pH was 9.0, the catalyst dosage was 0.50 g L-1, and irradiation time was 180 min. Values are presented as mean ± SD (n = 3).
	Parameters
	Variables
	MB removal (%)
	CV removal (%)

	Irradiation time (min)
	0
	0.0 ± 0.0
	0.0 ± 0.0

	
	10
	42.0 ± 1.5
	37.5 ± 1.7

	
	20
	58.5 ± 1.6
	51.0 ± 1.8

	
	30
	70.5 ± 1.7
	62.5 ± 1.9

	
	60
	85.5 ± 1.3
	78.0 ± 1.5

	
	90
	91.5 ± 1.1
	84.0 ± 1.3

	
	120
	95.0 ± 0.9
	88.0 ± 1.1

	
	150
	96.8 ± 0.8
	92.0 ± 1.0

	
	180
	97.5 ± 0.7
	94.0 ± 0.9

	Catalyst dosage (g L-1)
	0.10
	68.0 ± 2.0
	63.5 ± 2.2

	
	0.25
	82.5 ± 1.6
	74.5 ± 1.8

	
	0.50
	97.5 ± 0.7
	93.5 ± 1.1

	
	0.75
	98.0 ± 0.6
	94.8 ± 0.9

	
	1.00
	98.1 ± 0.6
	95.5 ± 0.8

	
	1.50
	97.8 ± 0.7
	95.7 ± 0.9

	Initial pH
	3
	72.5 ± 1.8
	68.0 ± 2.0

	
	5
	86.0 ± 1.4
	82.5 ± 1.6

	
	7
	95.5 ± 0.9
	93.5 ± 1.1

	
	9
	97.5 ± 0.7
	94.0 ± 0.9

	
	11
	92.5 ± 1.1
	90.5 ± 1.3

	Initial dye concentration (mg L-1)
	MB 5 / CV 5
	98.0 ± 0.6
	97.0 ± 0.8

	
	MB 10 / CV 10
	97.5 ± 0.7
	94.0 ± 0.9

	
	MB 20 / CV 20
	91.5 ± 1.2
	89.5 ± 1.4

	
	MB 30 / CV 30
	84.0 ± 1.5
	81.5 ± 1.7

	
	MB 50 / CV 50
	71.5 ± 2.0
	68.5 ± 2.2

	Temperature (°C)
	20
	91.5 ± 1.2
	93.0 ± 1.3

	
	25
	97.5 ± 0.7
	94.0 ± 0.9

	
	30
	94.0 ± 1.0
	94.5 ± 1.1

	
	40
	96.0 ± 0.8
	95.0 ± 1.0

	
	50
	97.0 ± 0.7
	95.5 ± 0.9

	
	60
	97.5 ± 0.7
	94.0 ± 0.9




Table S13. Time-dependent photocatalytic removal and adsorption capacity of MB and CV
	Irradiation time (min)
	MB removal (%)
	MB, qt (mg g-1)
	CV removal (%)
	CV, qt (mg g-1)

	0
	0.0 ± 0.0
	0.00
	0.0 ± 0.0
	0.00

	10
	42.0 ± 1.5
	8.40
	37.5 ± 1.7
	7.50

	20
	58.5 ± 1.6
	11.70
	51.0 ± 1.8
	10.20

	30
	70.5 ± 1.7
	14.10
	62.5 ± 1.9
	12.50

	60
	85.5 ± 1.3
	17.10
	78.0 ± 1.5
	15.60

	90
	91.5 ± 1.1
	18.30
	84.0 ± 1.3
	16.80

	120
	95.0 ± 0.9
	19.00
	88.0 ± 1.1
	17.60

	150
	96.8 ± 0.8
	19.36
	92.0 ± 1.0
	18.40

	180
	97.5 ± 0.7
	19.50
	94.0 ± 0.9
	18.80


Note: qt was calculated from the percentage removal using qt = (C0-Ct) V/m, where C0 = 10 mg L-1, V = 0.100 L, and m = 0.050 g.

Table S14. Kinetic parameters for photocatalytic removal of MB and CV by Ag/Co/La2O3/chitosan nanocomposite.
	Kinetic model
	Parameter
	MB
	CV

	Experimental
	qe,exp (mg g-1)
	19.50
	18.80

	Pseudo-first-order
	k1 (min-1)
	0.0296
	0.0221

	
	qe,cal (mg g-1)
	14.54
	13.38

	
	R2
	0.9923
	0.9852

	Pseudo-second-order
	k2 (g mg-1 min-1)
	0.00308
	0.00244

	
	qe,cal (mg g-1)
	21.28
	20.75

	
	h (mg g-1 min-1)
	1.393
	1.051

	
	R2
	0.9998
	0.9996

	Elovich
	1/β slope
	3.910
	3.983

	
	intercept
	0.154
	-1.398

	
	R2
	0.9723
	0.9907

	Intraparticle diffusion
	kid (mg g-1 min-1/2)
	1.027
	1.063

	
	C (mg g-1)
	7.338
	5.782

	
	R2
	0.8825
	0.9279





Table S15. Experimental equilibrium data used for adsorption isotherm analysis
	C0 (mg L-1)
	MB removal (%)
	MB Ce (mg L-1)
	MB qe (mg g-1)
	CV removal (%)
	CV Ce (mg L-1)
	CV qe (mg g-1)

	5
	98.0
	0.10
	9.80
	97.0
	0.15
	9.70

	10
	97.5
	0.25
	19.50
	94.0
	0.60
	18.80

	20
	91.5
	1.70
	36.60
	89.5
	2.10
	35.80

	30
	84.0
	4.80
	50.40
	81.5
	5.55
	48.90

	50
	71.5
	14.25
	71.50
	68.5
	15.75
	68.50


Note: The qe values were calculated using qe = (C0-Ce) =V/m, where V = 0.100 L and m = 0.050 g. The values represent the adsorption capacity corresponding to the residual concentration after the 180-min treatment.


Table S16. Adsorption isotherm parameters and coefficients of determination () for MB and CV adsorption by the Ag/Co/La2O3/chitosan nanocomposite.
	Isotherm model
	Parameter
	MB
	CV

	Langmuir
	(mg g-1)
	75.925
	75.062

	
	(L mg-1)
	0.765
	0.522

	
	
	0.9828
	0.9867

	Freundlich
	[(mg g-1)(L mg-1)]
	27.863
	23.143

	
	
	2.628
	2.353

	
	
	0.9731
	0.9891

	Temkin
	(J mol-1)
	11.833
	12.657

	
	(L mg-1)
	19.311
	10.076

	
	
	0.9741
	0.9697

	Dubinin-Radushkevich
	(mg g-1)
	50.727
	44.697

	
	(mol2 kJ-2)
	0.0490
	0.0645

	
	(kJ mol-1)
	3.193
	2.784

	
	
	0.9096
	0.8082


Note: For the Langmuir model, and . For the Freundlich model, and . For the Temkin model, and . For the D-R model, , , and . Linear regression was performed using the corresponding linearized forms of each isotherm.


Table S17. Temperature-dependent equilibrium parameters used for thermodynamic analysis of MB and CV removal by Ag/Co/La2O3/chitosan nanocomposite.
	Temperature (°C)
	Temperature (K)
	MB removal (%)
	MB Ce (mg L-1)
	MB qe (mg g-1)
	MB Kc (L g-1)
	CV removal (%)
	CV Ce (mg L-1)
	CV qe (mg g-1)
	CV Kc (L g-1)

	20
	293.15
	91.5
	0.85
	18.30
	21.529
	93.0
	0.70
	18.60
	26.571

	25
	298.15
	97.5
	0.25
	19.50
	78.000
	94.0
	0.60
	18.80
	31.333

	30
	303.15
	94.0
	0.60
	18.80
	31.333
	94.5
	0.55
	18.90
	34.364

	40
	313.15
	96.0
	0.40
	19.20
	48.000
	95.0
	0.50
	19.00
	38.000

	50
	323.15
	97.0
	0.30
	19.40
	64.667
	95.5
	0.45
	19.10
	42.444

	60
	333.15
	97.5
	0.25
	19.50
	78.000
	94.0
	0.60
	18.80
	31.333


Note: , , and , where mg L⁻¹, L, and g. is reported according to the commonly used adsorption equilibrium expression . For rigorous thermodynamic comparison, the convention used to define the equilibrium constant should be stated explicitly.

Table S18. Van’t Hoff parameters for thermodynamic analysis of MB and CV removal by Ag/Co/La2O3/chitosan nanocomposite.
	Temperature (°C)
	Temperature (K)
	1/T (K-1)
	ln Kc (MB)
	ln Kc (CV)

	20
	293.15
	0.0034112
	3.0694
	3.2798

	25
	298.15
	0.0033540
	4.3567
	3.4447

	30
	303.15
	0.0032987
	3.4447
	3.5370

	40
	313.15
	0.0031934
	3.8712
	3.6376

	50
	323.15
	0.0030945
	4.1692
	3.7482

	60
	333.15
	0.0030017
	4.3567
	3.4447


using the linear Van’t Hoff equation:
where is the adsorption equilibrium constant, is the absolute temperature (K), is the gas constant (8.314 J mol-1 K-1), is the standard enthalpy change, and is the standard entropy change.


Table S19. Thermodynamic parameters for MB and CV removal.
	Dye
	Van’t Hoff slope
	Intercept
	R2
	ΔH° (kJ mol-1)
	ΔS° (J mol-1 K-1)

	MB
	-2129.392
	10.7465
	0.4082
	+17.704
	+89.347

	CV
	-560.257
	5.3225
	0.2897
	+4.658
	+44.251


The values were obtained from:
ΔS°= intercept × R

Table S20. Gibbs free-energy changes for MB and CV removal.
	Temperature (°C)
	Temperature (K)
	ΔG° MB (kJ mol-1)
	ΔG° CV (kJ mol-1)

	20
	293.15
	-7.481
	-7.994

	25
	298.15
	-10.799
	-8.538

	30
	303.15
	-8.682
	-8.915

	40
	313.15
	-10.079
	-9.471

	50
	323.15
	-11.201
	-10.070

	60
	333.15
	-12.067
	-9.541


where:

Table S21. Reusability of Ag/Co/La2O3/chitosan nanocomposite.
	Cycle
	MB removal (%)
	CV removal (%)
	MB retained activity (%)
	CV retained activity (%)

	1
	97.5 ± 0.7
	94.0 ± 0.9
	100.00
	100.00

	2
	96.8 ± 0.8
	93.2 ± 1.0
	99.28
	99.15

	3
	95.9 ± 0.9
	91.3 ± 1.1
	98.36
	97.13

	4
	94.8 ± 1.0
	88.2 ± 1.2
	97.23
	93.83

	5
	93.7 ± 1.1
	86.1 ± 1.3
	96.10
	91.60

	6
	92.6 ± 1.2
	84.0 ± 1.4
	94.97
	89.36

	7
	91.5 ± 1.3
	82.8 ± 1.5
	93.85
	88.09


Conditions: [MB]₀ = [CV]₀ = 10 mg L-1, catalyst dosage = 0.50 g L-1, pH = 9, 25 °C, irradiation = 180 min.

Table S22. Comparison of the photocatalytic performance of Ag/Co/La2O3/chitosan nanocomposite with recently reported photocatalytic materials.
	Photocatalyst
	Target dye(s)
	Irradiation
	pH
	Time (min)
	Removal (%)
	Reusability
	Ref.

	Ag/Co/La2O3/CS NC
	MB + CV
	Light irradiation
	9.0
	180
	MB: 97.5; CV: 94.0
	MB: 93.85%; CV: 88.09% after 7 cycles
	This work

	MgFe2O4-TiO2/chitosan
	MB
	Light irradiation
	-
	60
	99.53
	Not stated
	[1]

	TiO2/ZnO-chitosan
	MB
	Visible light
	-
	90
	≈99
	89% after 4 cycles
	[2]

	TiO2 nanostructure
	MB + CV
	Direct sunlight
	-
	30
	≈100
	Up to 10 cycles
	[3]

	Zr-modified ETS-4
	MB
	Visible light
	-
	Not stated
	86.6
	Not stated
	[4]

	Zr-modified ETS-4
	CV
	Visible light
	-
	Not stated
	76.6
	Not stated
	[4]

	Co2GeO4/m-g-C3N4
	MB + CV
	Visible light
	-
	30
	MB: 95.5; CV: 95.0
	4 cycles
	[5]

	CaMoO4/g-C3N4
	MB + CV
	Photocatalysis
	-
	Not stated
	High removal
	3 cycles
	[6]




Table S23. Silver and cobalt release from Ag/Co/La2O3/chitosan nanocomposite at different nanocomposite concentrations after incubation in deionized water at 37 ± 1 °C and 150 rpm for 24 h. Metal concentrations were determined by atomic absorption spectrophotometry using acid-digested nanocomposite controls as the reference for total extractable metal content. Values are presented as mean ± SD (n = 3).
	Ag/Co/La2O3/chitosan NC concentration (g/L)
	Ag release (mg/L)
	Co release (mg/L)
	Ag release (%)
	Co release (%)

	0.10
	0.18 ± 0.02
	0.09 ± 0.01
	3.6
	2.7

	0.25
	0.42 ± 0.04
	0.21 ± 0.02
	3.4
	2.5

	0.50
	0.81 ± 0.06
	0.40 ± 0.03
	3.2
	2.4

	0.75
	1.17 ± 0.08
	0.57 ± 0.04
	3.1
	2.3

	1.00
	1.52 ± 0.10
	0.73 ± 0.05
	3.0
	2.2




Table S24. Concentration-dependent generation of reactive oxygen species (ROS) by the Ag/Co/La2O3/chitosan NC. ROS generation was determined using the 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescent probe at increasing concentrations of the nanocomposite. The fluorescence intensity of the oxidized DCFH-DA product was measured under identical incubation conditions. Relative ROS generation was calculated relative to the untreated control. Values are presented as mean ± SD (n = 3). 
	Ag/Co/La2O3/chitosan NC concentration (µg mL-1)
	DCFH-DA fluorescence intensity (a.u.)
	Relative ROS generation (%)

	25
	118.4 ± 4.2
	18.4 ± 1.5

	50
	143.7 ± 5.1
	29.7 ± 1.8

	100
	186.5 ± 6.3
	45.8 ± 2.2

	200
	254.8 ± 8.1
	65.9 ± 2.7

	400
	341.6 ± 10.4
	91.3 ± 3.1

	800
	458.2 ± 13.7
	132.6 ± 4.0

	1000
	501.5 ± 14.8
	144.2 ± 4.3



Table S25. FTIR spectral characteristics of Crystal Violet (CV), Methylene Blue (MB), CV and MB after treatment with the Ag/Co/La2O3/chitosan nanocomposite, and the treated CV/MB binary dye mixture. Wavenumbers are reported as whole-number values. The observed spectral shifts, attenuation, and disappearance of characteristic dye bands were used to assess changes in the molecular environment and chemical structure of the dyes following nanocomposite treatment.
	Sample
	Wavenumbers (cm-1)
	Major functional-group/vibrational assignments
	Interpretation

	Crystal Violet (CV)
	3382, 3213, 1662, 1583, 1518, 1478, 1440, 1362, 1328, 1290, 1221, 1185, 1163, 1110, 1058, 938, 907, 833, 795, 755, 721, 663, 618, 561, 508, 415
	O-H/N-H stretching; aromatic C=C/C=N vibrations; aromatic C-C skeletal vibrations; C-N stretching; C-H in-plane/out-of-plane bending; fingerprint-region aromatic/ring vibrations
	The numerous characteristic bands confirm the aromatic and amine-rich structure of CV. The broad high-wavenumber bands indicate O-H/N-H-type stretching, whereas the bands around 1583-1478 cm-1 are mainly associated with aromatic skeletal vibrations.

	Methylene Blue (MB)
	2987, 2902, 1640, 1587, 1526, 1483, 1439, 1382, 1317, 1276, 1238, 1208, 1165, 1127, 1073, 1032, 942, 921, 876, 819, 701, 660, 616, 529, 489, 445, 391
	Aliphatic C-H stretching; aromatic C=C/C=N vibrations; C-N stretching; aromatic C-H bending; heterocyclic/ring vibrations; fingerprint-region skeletal vibrations
	The MB spectrum displays the expected aromatic heterocyclic and amine-associated vibrations. The bands at approximately 1587, 1526, 1483, and 1439 cm-1 are characteristic of aromatic/heterocyclic skeletal vibrations, while the lower-wavenumber bands represent ring and fingerprint-region modes.

	CV after treatment with Ag/Co/La2O3/chitosan NC
	3300, 3261, 2921, 1665, 1532, 1446, 1409, 1301, 1152, 1078, 1014, 983, 891, 821, 665, 609
	O-H/N-H stretching; aliphatic C–H stretching; aromatic C=C/C=N vibrations; C-N/C-O-related vibrations; aromatic C-H bending; fingerprint-region ring vibrations
	Treatment produced substantial attenuation/disappearance of several CV bands and shifts of the remaining bands. The disappearance of many fingerprint-region signals and changes around 3300, 1665, 1532, and 1446 cm-1 indicate alteration of the dye molecular environment following nanocomposite treatment.

	MB after treatment with Ag/Co/La2O3/chitosan NC
	3297, 1552, 1531, 1449, 1407, 1332, 1302, 1150, 1078, 1014, 983, 941, 821, 665, 609, 466
	O-H/N-H stretching; aromatic/heterocyclic C=C/C=N vibrations; C-N/C-O-related vibrations; aromatic C-H bending; ring/fingerprint vibrations
	Compared with untreated MB, several characteristic bands disappeared or decreased, while the remaining bands exhibited positional changes. These spectral modifications demonstrate changes in the chemical environment of MB after nanocomposite treatment and support interaction/degradation of the dye.

	CV/MB binary mixture after treatment with Ag/Co/La2O3/chitosan NC
	3346, 2917, 1586, 1252, 1024, 990, 790, 612, 532, 464, 415
	O-H/N-H stretching; aliphatic C-H stretching; aromatic/heterocyclic skeletal vibrations; C-N/C-O-related vibrations; aromatic C-H out-of-plane bending; fingerprint-region vibrations
	The binary treated sample exhibited a markedly simplified FTIR profile compared with the individual untreated dyes. The disappearance of numerous CV- and MB-associated bands and the persistence of only selected vibrational features indicate substantial modification/removal of dye-related molecular structures during nanocomposite treatment.
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