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Fig. S1. Energy-dispersive X-ray (EDX) spectrum of AO@Cs, confirming the elemental composition of the synthesized material.
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Fig. S2. (a) TGA and (b) DSC curves of α-AO@CS, showing the thermal stability, weight loss behavior, and characteristic transitions of the composite.









































Fig.S3. Pseudo-first order (PFO) kinetic model for humic acid adsorption onto Al₂O₃, chitosan, and α-AO@CS composite. The PFO model shows poor correlation with experimental data, with calculated qe​ values deviating significantly from experimental ones. This indicates that the PFO model is not suitable to describe the adsorption kinetics of humic acid.
Table: S1. Effect of key operational parameters   pH, adsorbent dosage, contact time, initial humic acid concentration (C₀), and temperature   on the removal efficiency (%R) of humic acid using Al₂O₃, chitosan, and the α-AO@CS composite.

	Parameters
	Al2O3
	Chitosan
	α-AO@CS

	pH
	3
	89.68 
	22.26 
	42.10 

	
	5
	80.97 
	16.59 
	47.16 

	
	7
	49.19 
	74.90 
	91.70 

	
	9
	23.47 
	46.55 
	89.47 

	
	11
	19.22 
	42.50 
	58.30 

	Dosage (g)
	0.05
	67.81 
	41.69 
	67.00 

	
	0.1
	79.76 
	82.83 
	77.12 

	
	0.2
	88.66 
	80.65 
	96.36 

	
	0.4
	89.68 
	69.23 
	90.08 

	
	0.6
	90.89 
	49.79 
	96.15 

	
	0.8
	88.26 
	32.79 
	95.34 

	
	1
	89.68 
	50.60 
	95.95 

	
	Avg.
	84.96 
	58.23 
	88.29 

	
	Min.
	67.81 
	32.79 
	67.00 

	
	Max. 
	90.89 
	82.83 
	96.36 

	Time
	10
	81.78 
	65.99 
	90.28 

	
	30
	86.84 
	72.47 
	89.47 

	
	60
	85.83 
	78.14 
	91.09 

	
	90
	86.33 
	78.14 
	88.66 

	
	120
	88.36 
	78.95 
	87.85 

	
	160
	87.85 
	75.71 
	86.23 

	
	180
	89.88 
	66.80 
	82.18 

	
	Avg.
	86.70 
	73.74 
	87.97 

	
	Min.
	81.78 
	65.99 
	82.18 

	
	Max. 
	89.88 
	78.95 
	91.09 

	Conc (C0)
	5
	90.04 
	85.42 
	96.98 

	
	10
	89.61 
	80.04 
	96.44 

	
	20
	88.56 
	73.46 
	94.52 

	
	40
	91.19 
	73.32 
	82.98 

	
	60
	91.56 
	66.53 
	73.76 

	
	80
	93.94 
	37.41 
	68.38 

	
	100
	92.49 
	39.75 
	64.49 

	
	Avg.
	91.06 
	65.13 
	82.51 

	
	Min.
	88.56 
	37.41 
	64.49 

	
	Max. 
	93.94 
	85.42 
	96.98 

	Temperature (oc)
	25
	71.66 
	90.28 
	95.95 

	
	35
	73.68 
	91.90 
	96.76 

	
	45
	75.71 
	92.71 
	97.57 

	
	55
	77.73 
	94.33 
	97.57 

	
	65
	79.76 
	95.14 
	98.38 

	
	Avg.
	75.71 
	92.87 
	97.25 

	
	Min.
	71.66 
	90.28 
	95.95 

	
	Max. 
	79.76 
	95.14 
	98.38 




Al2O3

5ppm	10	20	30	40	50	60	-8.2940496401016937	-7.1954373514338803	-7.1954373514338803	-6.5022901708739349	-6.5022901708739349	-6.0968250627657703	10ppm	10	20	30	40	50	60	-7.6009024595417483	-8.2940496401008055	0	-7.1954373514338803	-6.9077552789818029	-6.2146080984220795	15ppm	10	20	30	40	50	60	-4.4439020383919186	-6.5022901708742307	-4.6051701859881575	-5.8091429903141378	-7.1954373514344718	-6.6846117276677708	20ppm	10	20	30	40	50	60	-3.8167128256238505	-6.0968250627657703	-8.2940496401043582	-5.4608362960458434	-6.907755278982691	-6.5022901708739349	25ppm	10	20	30	40	50	60	-5.4608362960458434	-4.6051701859881131	-7.6009024595426364	-4.9267538101155566	-5.2983173665480576	-4.9618451299268704	30ppm	10	20	30	40	50	60	-3.3524072174927193	-3.9373408134124435	-7.1954373514326955	-4.2867164548695618	-4.7105307016459781	-4.6051701859880243	Time (min)


 ln(qe-qt)




Chitosan

5ppm	10	20	30	40	50	60	-5.4036778822058746	-5.460836296045791	-8.2940496401016937	-5.7291002826404984	-5.3496106609355802	-5.5859994389998393	10ppm	10	20	30	40	50	60	-4.6051701859880687	-4.4022293419913749	-7.1954373514338803	-5.4608362960457386	-4.5563800218186641	-4.9618451299268074	15ppm	10	20	30	40	50	60	-4.9982127740976603	-4.5098600061837955	-5.8961543673035655	-6.9077552789818029	-6.9077552789822469	-4.9267538101154953	20ppm	10	20	30	40	50	60	-4.3428059215206076	-4.2336066295556112	-4.6051701859881131	-4.8928522584398344	-6.9077552789818029	-5.1159958097540441	25ppm	10	20	30	40	50	60	-3.8996004854295947	-3.783190133585205	-4.5328495244084825	-4.6051701859881131	-7.1954373514338803	-4.9982127740977926	30ppm	10	20	30	40	50	60	-4.268697949366798	-4.1351665567422993	-4.860062435616805	-4.0035901989536313	-8.2940496401008055	-6.9077552789818029	Time (min)


 ln(qe-qt)



AO@CS  

5ppm	10	20	30	40	50	60	-5.5214609178622451	-6.2146080984221905	-8.2940496401016937	-6.0968250627657703	-5.72910028264043	-6.2146080984221905	10ppm	10	20	30	40	50	60	-6.9077552789822469	-4.7105307016459292	0	-5.8961543673037271	-6.9077552789822469	-5.5214609178622451	15ppm	10	20	30	40	50	60	-7.6009024595426364	-3.7831901335851659	-4.0893570207110592	-4.422848629194136	-4.017383521085959	-4.7387015786126101	20ppm	10	20	30	40	50	60	-5.035953102080553	-4.4873871503316698	-4.7975420786355096	-4.4873871503316698	-6.9077552789818029	-4.4022293419914114	25ppm	10	20	30	40	50	60	-3.5666618213896912	-4.2867164548695618	-3.9246017876349981	-4.6304879939724346	-3.9246017876349981	-3.9899845468978361	30ppm	10	20	30	40	50	60	-3.0683029663888077	-3.2126452751175782	-4.5804775733976246	-8.2940496401008055	-3.4498625536434453	-3.7722610630530395	Time (min)


 ln(qe-qt)
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