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Abstract: 
The use of activated lignocellulose-based biomaterial for wastewater treatment has gained more and more attention due to its availability, efficiency, and low cost. In this study, corncobs were activated using phosphoric acid, and the adsorptive efficiency of the obtained adsorbent was tested by crystal violet (CV) and Zn(II) ion removal from an aqueous solution. The Central composite design methodology was applied for phosphoric acid activation of corncobs (experimental ranges: H3PO4 0.68-3.32 mol/L; contact time 1.08-3.32h). The results show that the activated corncobs of the highest surface area (130m²/g) and highest iodine value (150mg/g) were obtained for an initial phosphoric acid concentration of 2.12 mol/L and a contact time of 5.8 hours. Central composite design was used for the assessment of simultaneous removal of CV and Zn(II) (experimental ranges: mass of adsorbent 0.04-0.35g; pH 1.08-6.78;  molar ratio Zn(II)/CV 0.24-1.76). It was found that maximum adsorption of CV (0.0082mg/g) and Zn(II) (0.0036mg) was obtained at pH 4.5 for activated corncob mass of 0.12g and Zn(II)/CV molar ratio of 1.3. Kinetic studies reveal that pseudo-second-order kinetic models perfectly describe the adsorption process with kinetic constants of 0.004min.g.µmol⁻¹ and 2.653min. g.µmol⁻¹ for CV and Zn(II), respectively. Adsorption data fit both Langmuir and Freundlich adsorption models, this implied that the Zn(II) and CV are adsorbed in the form of a monolayer and that there are different types of adsorption sites uniformly distributed over the activated corncob surface. The adsorption mechanism proposed is pore filling for the Zn(II) ion and surface bonding for CV.
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1. Introduction
Industrial, agricultural, and urban activities have led to an increase in water pollution due to the associated generation of effluents that contain organic and inorganic pollutant species. Textiles are one of the fastest-growing industries in Cameroon. Among the various dyes used in textiles, one notable organic dye is crystal violet. Zn(II) is also used in textiles and other industries such as electroplating, metal processing, paint, pigment, and fertilizers (Sasireka et al., 2021). Crystal violet and Zn(II) are toxic their removal from the aqueous environment is necessary to obtain water quality and a green environment.
[bookmark: _Hlk195606991]Various methods, such as chemical precipitation, electrochemical and adsorption techniques, and biological processes, are applied for the removal of dyes and heavy metals from solutions (Karim et al 2024; Ndjeumi et al 2024; Benessoubo et al 2021). Among these methods, adsorption has become one of the most preferred in many cases due to its high efficiency and ease of operation. The cost of the adsorption process can be further reduced by used of low-cost adsorbent (Yanne et al 2021, Anombogo et al 2016).
[bookmark: _GoBack]Biomass is considered as promising and low-cost adsorbent for the removal of pollutants from wastewater (Tahina and Herizo 2023; Ying et al.,2023; Adama et al., 2022; Yi and Bin 2021; Nick et al.,2021; Januszewicz et al.,2020). Around 1.11 million dry tons per year of lignocellulose residues are generated per year in Cameroon (Samomssa et al., 2015). These residues include corncobs and cornstalks, millestaks/sorghumstalks, rice hulls, cotton shell, cassava, potato, and plantain peelings (Natália et al., 2020; Karima et al., 2020; Samomssa et al., 2015; Emmanuel et al., 2013). These residues can be used as adsorbents because their lignocellulose content is higher than 70% (Samomssa et al., 2021; Rangabhashiyam and Balasubramanian 2019; Sankhadeep et al., 2018; Allou et al. 2013).
However, the direct use of biomass as an adsorbent is limited by its weak mechanical properties, low physical and chemical stabilities, and low exchange capacity (Roberto et al.,2023; Meriem et al.,2023; Uchechi, & Onyewuchi, 2024). Hence, the activation of biomass is usually applied to enhance its adsorption properties and then improve its efficiency (Tahina and Herizo 2023; Akindolie & Choi  2022; Adama et al., 2022; Nick et al.,2021; Biké et al.,2020). However, it has been shown that the efficiency of activated biomass is related to the physicochemical properties of the used biomass and the activation process (Hermavathy et al 2021; Benessoubo et al 2021; Rashi et al.,2020; Annie et al., 2009; Babel and Kurniawan, 2003). The phosphoric acid activation has shown satisfactory results compared to other acids as well as NaOH and ZnCl₂ activation. Different studies have been carried out on the performance of activated corncobs using phosphoric acid as an activation agent. However, the results obtained vary from one author to another (Yanne et al., 2021; Segu et al., 2020; Ihsanullah et al., 2016). This is probably due to the interactions between the main factors of the activation process. Although studies have been done on the elimination of pollutants using activated corncobs, there are very few works on the optimization of the acid activation process of corncobs and the use of the obtained adsorbent for the removal of crystal violet and Zn(II). The objectives of this work was to determine the optimum conditions of phosphoric acid activation of corncobs and the use of the obtained adsorbent for crystal violet and Zn(II) adsorption.
2. Material and Methods
2.1. Reagents
Crystal violet (C25H30ClN3) is a commercial grade (Mw 408, λmax 586 nm), it was used without further purification (Fig. 1). A stock solution of crystal violet (CV) was prepared by dissolving 1g of CV in distilled water.
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Fig 1: Structural formula of crystal violet
All other reagents were of analytical grade and were used without further purification. Phosphoric acid (H₃PO₄) 85% W/W was purchased from OCP Group. Working solutions were prepared by dissolving the required amount of phosphoric acid in distilled water.
A stock solution of Zn(II) was prepared by diluting zinc nitrate (purchased from Zinc Nacional) in distilled water. Working solutions were prepared by diluting the stock solution with distilled water.
The initial pH of the working solution was adjusted by adding dropwise 0.1mol/L HCl or 
0.1mol/L NaOH.
2.2. Production of activated corncob adsorbent using central composite design methodology
The corncobs were collected in the Nom-Kandi locality of the Adamawa region of Cameroon, located at 7.43 latitude and 13.92 longitude. The corncobs were washed several times with distilled water to remove impurities. The washed corncobs were cut into small pieces and dried in an oven at 50°C for 24 h. The dried corncobs were ground and sieved to obtain a particle size lower than 2mm.
A 100g of corncob powder was added to 400 mL of phosphoric acid solution stirred at 100 rpm for 24 h. After that, the mixture was filtered over Wattman No.1 filter paper. The solid material was washed several times with boiling distilled water to remove phosphoric acid until neutral, immersed in 500 mL sodium bicarbonate solution (1%) for 18 h to neutralize the residual phosphoric acid, and then dried in an oven at 50°C for 24 h. The activated corncob was crushed and sieved over a sieve of mesh size of 500µm.
The central composite design was used to perform the activation of corncob. Previous works and preliminary tests led to the selected concentration of phosphoric acid and contact time as the main parameters and defined the associated levels. The experimental range is presented in Table 1.
Table 1 : Experimental ranges and levels using central composite design
	Factor
	Code
	 
	Level and range

	 
	 
	
	-α
	-1
	0
	1
	α

	C
	X1
	
	0.68
	1
	2
	3
	3.32

	t
	X2
	 
	1.08
	3
	9
	15
	16.92


C, phosphoric acid concentration (mol/L) and t, contact time (h).
The α value was obtained using the equation:
[image: ]                                                                                       (1)
Where Nf is the number of trials in the factorial design 2k and N is the total number of trials.
The responses were specific surface area and iodine value. The iodine value is an indication of the porosity of the material.
2.3. Characterization of corncobs and activated corncobs
X-ray diffraction (XRD) patterns of the solid materials were obtained using a D8 Burker diffractometer with Co-kα1 radiation (λ= 1.7891). The functional groups attached to each sample were analysed using FT-IR spectroscopy (Nicolet 5700 spectrometer) in a scan range of 400 to 4000 cm⁻¹; 64 scans with a resolution of 4 cm⁻¹ were performed for each analysis.
The solid materials were primarily mixed with KBr (1:100, W/W) and pressed into tablets using a bench press.
Morphological features and elemental composition of the sample were determined by SEM/EDX (Scanning Electron Microscopy coupling with Energy Disperse X-ray Diffraction) using a spectrophotometer.
The pHpzc (point of zero charge) was determined by sparging 50 mL of 0.01M NaCl with nitrogen gas to remove the dissolved air. The initial pH was adjusted between 2 and 10 by adding dropwise 0.1mol/L HCl or 0.1mol/L NaOH. Then, 10 mg of the adsorbent was added to each flask. These flasks were allowed to stand for 72 h, and the final pH of the solutions was measured using a pH meter. The pHpzc was then identified as the intersection of the curves of ΔpH as function of initial pH with ΔpH = 0.
The specific surface area was determined using the methylene blue method (Anombogo et al., 2016). Accordingly, 1 g of the ground corncob was mixed with 20 mL of distilled water, and the mixture was stirred for 5 min. Then, 5 mL of methylene blue solution (10 g/L) was added; the mixture was stirred for one minute and allowed to stand for 1 minute. A drop of the supernatant solution was deposed on Wattman n°1 filter paper. If the edge of the drop turns to sky blue, the volume of methylene is noted and will be used for the determination of specific surface area. If not, 5 mL of methylene blue is added until the blue contour is obtained. The specific surface area (Ss) was calculated using equation 2.
											(2)
Where C, is the concentration of methylene blue solution; V, is the volume of methylene blue solution; NA, is the Avogadro number; σB (1,2×10-18m2), is the molecular surface area of methylene blue; and m, is the mass of the adsorbent used.
Iodine number (II) was determined according to the usual method (Nayda et al., 2018). For this purpose, 0.05g adsorbent was mixed with 15 mL of 0.1N iodine solution, and the mixture was stirred at 100 rpm/min for 4 min and then filtered. 10 mL of the filtrate was titrated with 0.1mol/L thiosulfate solution in the presence of 2 drops of starch until a clear solution. The iodine number (In) was calculated using equation (3) :
                                                                                                                              (3)
Where V, is the volume of sodium thiosulfate at equivalent point; C is concentration of the solution of sodium thiosulphate in (mol / L); M (126,9) is molecular weight of iodine and m the mass of the adsorbent.
2.4. Adsorption experiments
The adsorption experiments were performed in a bath system at room temperature (24±1°C) by mixing a predetermined amount of activated corncobs with 20 mL of Zn(II) and crystal violet solution with known concentrations and stirred at 80 rpm for the desired time. The mixture was then filtered on Wattman No1 filter paper. CV and Zn(II) concentration in the filtrate were UV-visible spectroscopy with zinc ferrocyanate λmax 650 nm for Zn(II) and λmax 586 nm for CV, in a 1cm glass cell using prepared calibration curves. The amount of solute (Zn(II), CV) adsorbed per gram of activated corncobs was calculated using equation (4).

                                                                                                                                               (4)
Where q is the quantity adsorbed per gram of adsorbent µmol/g; C₀ and C are the initial and equilibrium concentrations of CV, respectively, in µmol/L; m is the mass of activated corncob used (g), and V is the volume of crystal violet solution.
The central composite design was used to perform the simultaneous adsorption of CV and Zn(II) on activated corncobs (AC). The experimental range is as follows (Table 2).
[bookmark: _Toc163477645][bookmark: _Toc177984764][bookmark: _Toc192018695][bookmark: _Toc192583786]Table 2 : Experimental ranges and levels using central composite design
	Factor
	Code
	Levels and range

	
	
	-α
	-1
	0
	+1
	+ α

	Mass
	X1 
	0.04
	0.1
	0.2
	0.3
	0.35

	pH
	X2
	2.21
	3
	4.5
	6
	6.78

	Molar ratio
	X3 
	0.24
	0.5
	1
	1.5
	1.76


X1, mass of adsorbent; X2, pH and X3, molar ratio Zn(II)/CV
2.5. Kinetic and isotherm modelling 
The pseudo-first-order, pseudo-second-order, and intraparticle diffusion models were used to fit the experimental data. The respective linear equations of these models are reported in Table 3.
The Langmuir and Freundlich model equations were tested to fit the experimental data. The Langmuir and Freundlich linear equations are also reported in Table 3.
Table 3: Equation and parameters
	Equation
	Parameters

	  
(5)


	: amount of adsorbate adsorbed at time (µmol/g)
qe : equilibrium adsorption capacity (µmol/g)
k1 : pseudo-first-order rate constant (µmol/g.min)
t : Time (min)


	 
(6)

(7)


	k2: pseudo-second-order rate constant (µmol/g·min)


	 
	kid: intraparticle diffusion rate constant (µmol/g.min1/2))
C: intercept (µmol/g)


	 
(9)

(8)


 

	qm: maximum adsorption capacity (µmol/g)
KL: Langmuir constant (L/mg)
Ce: equilibrium adsorbate concentration in solution (µmol/L)
C0: initial adsorbate concentration in solution (µmol/L)
RL: separation factor


	 (10)


	KF: Freundlich constant (µmol/g(L/g)1/n)
n: heterogeneity factor


3. Results and discussion
3.1 Analysing of the production of activated corncobs and validation
[bookmark: _Hlk195602345]The preparation of activated corncobs was carried out using central composite design. The experimental plan and responses are presented in Table 4. The number of experiments for 2 factors in central composite design matrix is 9, in this study 5 other experiments at central point (all the variables at their central level) were added to improve statistical analysis. Table 5 presents the validation indicators and the required limits. It is observed that the correlation value R², the adjusted R², the Absolute Average Deviation (AAD) and bias factor (Bf) are within the limit defined in literature (Samomssa et al.2024; Benessoubo et al 2021). Thus, it is evident from the validation indicators that the models are validated.
Table 4: Response matrix of the production of activated corncobs  
	
	Parameters
	Responses
	

	N°
	X1 
	X2 
	Ss
	In

	1
	1.00
	3.00
	85.12
	165.51

	2
	3.00
	3.00
	127.69
	148.05

	3
	1.00
	15.00
	82.89
	125.44

	4
	3.00
	15.00
	119.45
	157.30

	5
	0.68
	9.00
	90.00
	142.05

	6
	3.32
	9.00
	125.00
	163.12

	7
	2.00
	1.08
	100.81
	159.89

	8
	2.00
	16.92
	89.61
	137.05

	9
	2.00
	9.00
	135.00
	149.28

	10
	2.00
	9.00
	137.00
	144.67

	11
	2.00
	9.00
	136.00
	145.00

	12
	2.00
	9.00
	135.00
	145.20

	13
	2.00
	9.00
	130.00
	146.00

	14
	2.00
	9.00
	130.00
	144.70


X1, Phosphoric acid concentration (mol/L); X2, residence time (h); Ss, specific surface area (m2/g); In, iodine number (mg/g)

Table 5: Validation indicators of specific surface area and iodine number 
	Validation indicators
	Ss (m²/g)
	In (mg/g)
	Acceptable value

	R² (%)
	96.00
	96.00
	90-100

	Adjusted R² (%)
	94.00
	93.00
	80-100

	AAD
	0.020
	0.006
	0-0.3

	Bf
	0.850
	1.000
	0.75-1.25



Table 4 shoes that the surface areas vary from 82.89 m²/g to 135.00 m²/g while the iodine value range from 125.44 mg/g to 165.51 mg/g.
Ss = 4.118+70.578X1+9.914X2–0.250X1X2 –12.894 X12 – 0.554 X22   			 (11)
In = 198.704–25.776 X1- 5.901 X2+2.055 X1 X2+3.230X12+0.024 X22   			 (12)
Eq 11 and 12 shoes the respective variations of surface area and iodine value of activated corncobs as function of phosphoric acid concentration and contact time. These equations are illustrated in Fig 2 and it is observed a non-linear variation of the response (surface area and iodine value) as function of the contact time and phosphoric acid solution. 
This non-linear variation of the responses could be explained by the fact that, when corncob is treated with low concentration of phosphoric acid, only the elimination of extractable compounds occurs and contributes to create pores on the adsorbent surface and thus, the specific surface of the biomaterial increases. However, low concentration of phosphoric acid is ineffective for the removal of all extractable, while high concentration of phosphoric acid lead not only to the removal of all extractable but also to the destruction of the initial structure of the biomaterial (Nayda et al.2018).
[bookmark: _Hlk195602303][bookmark: _Hlk195602102]The effect of contact time could be explained by the fact that the contact time corresponds to a reaction time and is related to the activated corncob properties and to the acid concentration. When this reaction time is too short, the removal of extractable is incomplete whereas beyond a certain time, the extraction reaction is completed but the destruction of initial structure of the activated corncob also occurs (Rashi et al.,2020; Ihsanullah et al., 2016; Annie et al., 2009).
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Fig 2:  Iso-response curves of specific area (a) and iodine index (b) of activated corncob 
To find the optimum condition for activated corncob production, that is, the phosphoric acid concentration and contact time for which simultaneous high specific area and high iodine number are obtained, the iso-response curves were superposed (Fig. 3). It is observed that a specific surface area of 130 m²/g and an iodine value of 150 mg/g are observed for two coordinate points, that is (2.12 mol/L ; 5.8 hours) and (2.6 mol/L ; 12.2 hours). The first point is more adequate as it requires lower phosphoric acid concentration and shorter contact time.
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Fig 3:  Overlay plot of iso-response curves 
3.2 characteristics of raw and activated corncobs
3.2.1 Ultimate content of raw and activated corncobs
The ultimate analysis of raw and activated corncob is shown in Table 6. The proportions of elements on raw corncobs are similar to those usually found in lignocellulose materials (Samomssa et al., 2015). The carbon and oxygen contents are the highest both in raw and activated corncobs, while hydrogen is third in proportion. The high carbon and oxygen contents of raw and activated corncob is attribute to their organic nature which forecast the presence of a phenol (-OH), acid (-COOH) and aldehyde (CO) groups on the surface. The low nitrogen content indicated the small amount of protein in the raw corncobs. This protein is removed during acid activation (Benessoubo et al 2021). 
[bookmark: _Toc76972733][bookmark: _Toc177320409]Table 6: Ultimate analysis of raw corncob and activated corncob
	Ultimate 
	Raw (%)
	Activated (%)

	C
	49.20
	50.32

	H
	6.70
	5.90

	O
	43.5
	45.90

	N
	0.28
	UD

	S
	0.19
	0.24

	C/H
	7.34
	8.53


 			UD: Undetected
3.2.2 Crystalline phases
The X-ray diffraction patterns of raw and activated corncob displayed in Fig 4 showed that the 2 solid materials have almost similar crystallinity. In fact, the two diffractograms display peaks at 22° and at 34°. The peak at 22° is attributed to native cellulose. Cellulose II is usually assigned to the 2θ angles of 12°; 20° and 22°; while the peak at 34° is characteristics of cellulose I. (Samomssa et al.,2022; SAEED et al., 2010; Yukselen et al., 2008).
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Fig 4: X-ray diffraction patterns of raw and activated corncob powders 
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   	Fig 5: FT-IR spectrum of activated corncobs

3.2.4 Surface morphology
[bookmark: _Hlk195602617][bookmark: _Hlk195604743]The SEM experiment has been used to ascertain the structure of corncob and activated corncob. Corncob image reveal continuous surface morphology with pits of different diameters dispersed over the surface. The SEM image of activated corncob present many particles with different sizes dispersed over the lignin matrix. In fact, extractable have been leached during acid treatment, but the lignin structure remains (Samomssa et al., 2015; Allou et al., 2013; Saeed et al., 2010).
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Fig 6: Scanning electron micrograph of corncobs (a) and activated corncobs (b)
3.2.5 Point of zero charge
The pHpzc (point of zero charge) is the pH at which the met charge on the surface of the adsorbent becomes zero. The point of zero charge of raw and activated corncob is displayed in Fig. 7. The phosphoric acid treatment leads to the decrease of the pHpzc, which is reduced from 6.6 to 4.6. This indicated that acid treatment led to the protonation of corncob surfaces. It should be notice that, if the pH is lower than pHpzc, the surface charge of the adsorbent becomes positive, and an anion may be adsorbed. When the pH is higher than pHpzc, the surface of the adsorbent is negatively charged, and cation may be adsorbed.
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Fig 7: Zero charge pH of corncobs and activated corncobs


3.3 Assessment of the simultaneous adsorption of Zn(II) and crystal violet
The simultaneous adsorption of Zn(II) and crystal violet on activated corncobs was carried out using a central composite design. The experimental plan and responses are presented in Table7.
Table 7: Response matrix of the simultaneous adsorption of Zn(II) and crystal violet
	N° exp
	Factors
	Reponses

	
	X1
	X2
	X3
	Y1
	Y2

	1
	0.2
	4.5
	1
	0.008
	0.051

	2
	0.2
	4.5
	1
	0.008
	0.051

	3
	0.2
	4.5
	1
	0.008
	0.052

	4
	0.2
	4.5
	1
	0.008
	0.051

	5
	0.2
	4.5
	1
	0.008
	0.052

	6
	0.1
	6
	1.5
	0.023
	0.139

	7
	0.2
	4.5
	0.24
	0.002
	0.014

	8
	0.2
	2.2
	1
	0.005
	0.014

	9
	0.3
	3
	0.5
	0.002
	0.015

	10
	0.2
	4.5
	1.7
	0.013
	0.074

	11
	0.1
	3
	1.5
	0.022
	0.079

	12
	0.3
	6
	0.5
	0.003
	0.023

	13
	0.3
	6
	1.5
	0.004
	0.049

	14
	0.047
	4.5
	1
	0.032
	0.160

	15
	0.1
	3
	0.5
	0.005
	0.041

	16
	0.1
	6
	0.5
	0.009
	0.055

	17
	0.2
	6.7
	1
	0.007
	0.051

	18
	0.35
	4.5
	1
	0.004
	0.026

	19
	0.3
	3
	1.5
	0.007
	0.025

	20
	0.2
	4.5
	1
	0.008
	0.052


X1, mass (g); X2, pH; X3, molar ratio (Zn(II)/CV); Y1, amount of CV (µmol/g); Y2, amount of Zn(II) (µmol/g)
The respective R² (95.6; 94.8), adjusted R² (91.6; 90.1), AAD (0.13; 0.18), and Bf (0.98; 0.95) are within the limits defined in literature.
The amount of Zn(II) adsorbed lies between 0.023 µmol/g and 0.160 µmol/g, while the amount of CV adsorbed lies between 0.002 µmol/g and 0.023 µmol/g.

The following respective mathematical models for CV and Zn(II) adsorption were obtained.
Q (Zn(II)) = 0.0275 – 0.6106X1 + 0.0432X2 + 0.0726X3 - 0.0360X1X2+ 0.0102X2X3 –0.2167X1X3 + 1.6695X12 – 0.0042 X22 – 0.0178 X32   					(13)
Q (CV) = 0.0104 – 0.1338X1 + 0.0079X2 + 0.0322X3 - 0.0074X1X2- 0.0572X1X3 – 0.0014 X2X3 + 0.3923 X12 – 0.0005 X22 – 0.0032 X32         						 (14)
The main factor is mass (X1), followed by molar ratio (X3) and pH (X2). The interaction and quadratic effect are very high; therefore, the variation of the response as a function of any of the variables is non-linear. This observation is also valid for CV adsorption.
Eq 13 and 14 are illustrated in Fig 8. It is observed a non-linear variation of the amount of molar ratio and mass. In general, as the amount of the adsorbent increases, the number of active sites increases; however, after reaching the maximum adsorption efficiency, the adsorption capacity starts to decrease even if the amount of the adsorbent increases. Excessive amounts of adsorbent in solution can cause the particles of the adsorbent to become entangled and clump (Won-Jung and Hee-Jeong 2023).
[image: ]
(a)
[image: ]
(b)








Fig 8 : Iso-response curves of amount Zn(II) (a) and amount of CV (b)
To find the optimum condition for simultaneous maximum adsorption of Zn(II) and CV, the iso-response curves were superposed (Fig. 9). It is observed that the highest amount of CV adsorbed (0.020µmol/g) and of Zn(II) adsorbed (0.055µmol/g) are obtained for 0.12g of activated corncobs and molar ratio (Zn(II)/CV) of 1.3.
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Fig 9: Overlay plot of iso-response curves amount Zn(II) and amount of CV
3.4 Adsorption Kinetics and Isotherms
3.4.1 Adsorption Kinetics
Analysis of kinetic data can help understand the physical/chemical interaction of adsorbent and adsorbate, mass transport, and adsorption rate. The influence of contact time on the adsorption efficiency of Zn(II) ion and crystal violet (CV) onto activated corncob is illustrated in Fig. 10. The adsorption efficiency of the Zn(II) ion and CV drastically increases within the first 10 min and then reaches maximum.

Fig 10:  Kinetic of adsorption of Zn(II) and crystal violet onto activated corncob 
The linear equations of the different models and kinetics parameters calculated from slopes and intercepts of each linear representation (Fig. 11) are summarized in Table 8. The correlation coefficients for the pseudo-first-order and intraparticle diffusion models were lower than the required validation value, and kinetics parameters were not calculated.
The correlation coefficient values for the pseudo-second-order kinetic model are close to unity (R² = 0.999) for Zn(II) and CV, and the calculated adsorbed quantities equal to the experimental values, 0.378 µmol/g and 0.061 µmol/g, respectively, for Zn(II) and CV. The pseudo-second-order kinetic constants K2 are 2.635 and 0.004 min µmol/g, respectively, for Zn(II) and CV. This result shows that the pseudo-second-order kinetic model is appropriate to describe the adsorption of Zn(II) and CV into activated corncob. Thus, the adsorption of Zn(II) and CV occurs in two stages, notably the diffusion of the molecules on the surface of activated corncob and the interaction between the molecules and the adsorbent surface.

Fig 11: Linear regression plot of the pseudo-second order kinetic model of Zn(II) and crystal violet adsorption onto activated corncob





Table 8 : Kinetic constants 
	Kinetic model
	Parameters
	Zn(II)
	Crystal violet

	 Pseudo first order

	R²
	0.003
	0.052

	
	qe exp
	/
	/

	
	k1 (min-1)
	/
	/

	
	R²
	0.999
	0.999

	Pseudo-second-order
	qcal (µmol/g)
	0.378
	0.061

	
	K2 (µmol/g.min)
	2.653
	0.004

	
Intra-particle diffusion
 
	R²
	0.491
	0.494

	
	qcal (µmol/g)
	/
	/

	
	Kint (µmol/g.min1/2)
	/
	/



3.4.2 Adsorption isotherm
 The adsorption isotherm helps to determine the arrangement of adsorption sites and the adsorbate on the surface of the adsorbent. The adsorption isotherm for Zn(II) and CV is illustrated in Fig. 12. 
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Fig 12: Adsorption isotherm of Zn(II) (a) and crystal violet (b)
The experimental data were analysed using the respective eq8 and eq10 of Langmuir and Freundlich models. The results are summarized in Fig. 13 and Table 9.
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Fig 13: linear plot of Langmuir (a,b) and, Freundlich (c,d) for adsorption of Zn(II) and crystal violet adsorption isotherm
Table 9: Parameters of isotherm model for adsorption of  Zn(II) and CV
	Pollutants
	Langmuir isotherm
	Freundlich isotherm

	
	R2
	qm
	KL
	RL
	R2
	1/n
	KF

	CV
	0.97
	0.09
	154.5
	6.10-5
	0.90
	0.39
	0.27

	Zn(II)
	0.90
	0.37
	4.9
	0.002
	0.90
	1.72
	0.36


[bookmark: _Hlk195605223][bookmark: _Hlk195605238]The correlation coefficients R² were 0.90 and 0.97 for Zn(II) and CV adsorption, respectively. Therefore, the adsorption isotherm data fit the Langmuir equation, which implies that Zn(II) and CV were adsorbed in the form of a monolayer on the surface of activated corncob. This observation is consistent with most of the research works using lignocellulose-based adsorbents (Won-Jung and Hee-Jeong 2023; Hee-Jeong 2022). If the separation coefficient is 0< RL < 1, it means that the adsorption process is suitable (Ghanizadeh and Asgari 2021;   Dauda et al 2023). The separation coefficients for Zn(II) (0.002) and CV (6.10-5) indicated that the adsorption process for each of the solutes is suitable.
The correlation coefficient for the Freundlich model R² was 0.90 for both Zn(II) and CV adsorption. This implied that there are different types of adsorption sites. The small values of KF (0.36 for Zn(II) and 0.27 for CV) indicated low adsorption ability. If the 1/n value between 0.1 and 0.5 indicated excellent adsorption, 1/n of 0.5 to 1 indicated easy adsorption, and 1/n > 1 indicated difficult adsorption (Nwori et al. 2019). The calculated 1/n showed excellent adsorption for CV and difficult adsorption for Zn(II).
3.5 Effect of pH
The effect of pH on Zn(II) and CV removal is illustrated in Fig. 14. It is observed a respective increase in the amount of Zn(II) and the amount of CV as a function of the pH up to pH 4.5; over pH 4.5, the quantities adsorbed remain constant. The highest amounts of Zn(II) and CV adsorbed are around pH 4.4, which is the point of zero charge of activated corncob. Various functional groups on the adsorbent surface play an important role in bonding the adsorbate to the adsorbent surface (Roa et al 2021). These groups include OH, O-, COOH, and COO-. The proposed interactions are electrostatic attraction, hydrogen bonding, pore filling, Π-Π interaction, and surface bonding (Hua et al 2022). CV is a large molecule therefore pore filling by CV is excluded due to steric hindrance. Then the probable mechanism is surface bonding and hydrogen bonding. At pH lower than pHpzc, the surface charge density is positive and then OH and COOH are surface groups available to interact with CV. At pH higher than pHpzc, O- and COO- are the surface groups available for surface bonding. Π-Π interaction is also negotiable. Lignin is a natural polymer that contains many aromatic ring phenol and aldehyde carboxylic groups. The hydrogen bonding and surface bonding with CV are possible using an aromatic ring for Π-Π interaction or dative bonding (OH/O- and COOH/COO-). Cellulose is a polysaccharide that contains many OH groups, which can contribute to hydrogen bonding or surface bonding.
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Fig 14: Effect of pH on Zn(II) and CV adsorption on activated corncob
Phosphoric acid treatment of lignocellulose material led to the creation of macropores and mesopores (Hanzade et al 2019).  Zn(II) is a small ion therefore, pore filling is a possible interaction; however, at pH 2, there is competition between Zn²⁺ ion and H⁺, as a consequence, the amount of Zn(II) adsorbed is very low. As the pH increases, the H⁺ densities decrease, and the amount of Zn(II) adsorbed increases. Over the pHpzc, the amount of Zn(II) is constant, this shows that electrostatic interaction and surface bonding interaction are negligible. The proposed equations for the proceeding reactions are the following:
Insertion reaction:
Zn(II) + activated corncob 	                      Zn(II) activated corncob
 Surface bonding reaction:Activated corncob         OH   
OH
+ C25H30N3Cl
O
C25H30N3
Activated corncob            
+ 2H+
O
+ Cl-


Activated corncob         COOH   
COOH
+ C25H30N3Cl
COO
C25H30N3
Activated corncob            
+ 2H+
COO
+ Cl-



Activated corncob         O-   
O-
+ C25H30N3Cl
O
C25H30N3
Activated corncob            
O
+ Cl-


Activated corncob         COO-   
COO-
+ C25H30N3Cl
COO
C25H30N3
Activated corncob            
COO
+ Cl-


A schematic representation of the obtain product are sketched in Fig 15.[image: ]
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Fig 15: Schematic of adsorption mechanism of  Zn(II) and CV onto activated corncob


4. Conclusion
Corncob is a lignocellulose-based material. A phosphoric acid treatment led to an activated corncob with high surface area and high porosity and -OH and -COOH at the surface. The adsorption of Zn(II) and CV on activated corncob follows a pseudo-second-order model. Adsorption isotherms follow both Langmuir and Freundlich isotherm models. This implies that there are different adsorption sites that are distributed uniformly over the activated corncob surface. The adsorption mechanism proposed is pore filling for Zn(II) and surface bonding for crystal violet.
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